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ABSTRACT

~

-

This thesis 1s concerned with the use of ‘computer .
. “
generated binary masks, invented by A. W. Lohman, as nodthed

filters. “ - e

N
»

A theéretical analysis of the'transnission
propérties of a filter previously invented by A. B. Vander

Luéht is 'presented and it is shown that the Lohman filter

can be regarded as a binary siamulation of a Vander Leghx

filter. ‘ L )
- A\
Using fingerprints as test objééts,'the
computational reqnirenents’for .the evaluation of parameters

desq:ibing a th-qn tilttf are oxanipqd and the production
b .

\ ] . ’

SQ!!KCI Lohman g&lte:n deaignvd to detect

A

of a tiltar is cxplained in detail*

;ngotpx:ut; .axe made anil qgminntany tut;.q,  The .
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g ' INTRODUCTION . o
'v’ ' . . . .
1.1 Spatial Filtering S .

/,
In reCent yeane ‘the interest in optlcal data

‘proce551ng,‘or optical afnpnting as it has come to ke

called, has increased napidly. Amongst the most successful

‘branches of cptical qélputing is the field of spatial
ey , .

filtering L1]." « /T A o .
" : ) / - . , .o _I\

/

n The légﬁing of spat1a1 f11tering vill' be explained
‘later in some iﬁéail but at this moment it Ls sufficient to

say that a-spvfial filter'ﬁs a tuo-dinen*ional transparepcy.

A"

ﬁ
or mask vhic‘ in- the most general case 15 required tda

control, ip a predefined napnex, the spatial distribution of
bot@ the .npiitude aqd phasg'oﬁ a light n‘hs pliSing through

»

1g.;’ m'e At;eﬁiption of Q!pli gdg can he aasily , l
accoa 1§hed hy the n%e of, ‘fo exa-ple,,a dankenqd

"4 [

ggot,gxqghie plqhe, ;‘_he contro; ot the phqse ot a light

Y




The Fournier transforl plays an ilportant role 1n\\

] o

" the theory of matched fllterigg. While the Four1er

,utransforlaticn of electric signaLs is a rather conplicated

I '
operatlon, requirlng extensive hardvare, a single lens can-

perforn the ronrler trancforlatron on any optical signal,

that is the tvo dimensional d&strlbution of lagnitnde and

. -

phase of the qytical aidturban . It\is this abrlity of a

lens to readily perforn'a Fourl&r transforlation vhich makes
’ LR
an 0ptica1 natched filter an attractlve tool regardless of

the statxstical distribntlons of the noise in uhich the

'

'signals to be detectei are, bnried. * I I ’

£V Priorﬂto hologrephzc techniques, spatlel fllters, C

includlng matchead filters, vere generally produced iq hqo
separame stqges.‘ 1Ihe attenuation of a-plitude’uas ' _ e
acconp;ished by the nse Qf a darkened pghtqgrAphic plate and

. ‘the ccntr01~0ﬁ phaae was qenernlly achieved bx the nse oq a ‘.

v -
. :‘s-, . ‘

?Ar“" rent tilg uith Apg:opriate variations in tpiqhness ‘i;,A
':fh gheae tgghnigunsdit vqa oﬂl; pqgaihls to inglenent [ ;);

"..1"0‘

MR*‘F 54»!21!» &rnnaniasinn iqmt:ions'“: Sk L \ N




'y 4 | accuracy hy the Vﬁnde Lught\filtﬁrog. Bven if only n ‘: ';y

v K P ,‘ «‘ '..“ “\‘.'
generally complex tnansnissxqp function of a latohed filter
c,' -

to'a real transmission functloh,}" L
'PA" " '

Yol

. The Vander Lught method was thé¢ first convenient

method of prcduc1ng optlcal patched fllters and reguires-'

that the signal to be detected (the signal to which. the }'
O .
o filter is netched) is avallable 1n the forl of a
1
. photographic transParency. This restricts the use of the.

A
\

Vander Lnght technique tc real signals, thqt is signals

L] “
vhlch cons1st of alplitude distr1but10ns alone. N

. . . " .
- . 4 . Cooar N e

Co The ‘Vander Lnght filters have been appl@ed to

" .
~

verlous szgmal detection problels 1ncluding the nﬁccgnitxon

Y +
--,

L daf alphanuneric Qharacters [u] and fingerpgint
oy

.

9

dént1fication [5,@] The experilents with f1ngenpr{}hﬂ

Alden&ificatlon have\shonn psﬂizculquy in;etesting rgsults.\
, 0»:‘I,“ ]

These experilents shgu that aeap&te ;he dolﬁlex;ty of R
fingerprints theg qre %fgeeg d.uithﬂq high degree of

¢

- y i
[} 1 I v
) i i

::qction of & ﬁinge#p:ﬂnt iq’gvailahle,‘n

,,a,‘

i nqsei.hie [51,.
A-u\eri,ty ‘yhan the: p:inry;
s ?‘%Mﬁklslw

filte;,’recognltion
”1ndicgtn3;

eqo’”&




\

-
*

.

\
) !

investigations, since the prints collected at the scene.of a

crime are often incom te or obscured‘by superiaposed

prints. ’ //

——

Systems have been developed which use the vander

Lught filter to'identify a particular print from a file of a
‘ 9

rge number of prints [7]. In one experiment 'hQEF such a

System was usged to identify 64 prints from a file of 10,000,
N

in 765% of the cases the correct print only was identified
<

and in 90X of the cases the system reduced the number of
prints !hat had to be manually searched to less than 0.24X%

of the coane§9 tile.)

In 1966, A.W. Lohman repdrted a method of
producing optical filters (masks) consisting of only two

W
different transaission levels (8] These masks were

originally intended for use as holograms but the inventors

[} - ’ .’ ) .
shoved that they could alag' be used as matched filters,

\

'this method of making\matched filters uses a

L . i .
digital complter to evaluate paxjmeters gescribing the

:agni’nq falter. The filter is theh Plotted by a co;put.r-

gnidqd plotter in a greatly’ qa&ncgnﬁ nenle and tinnlly thia

plot is photcg:pghicgllx :ndacod to the desired sixs.

J -Some of the spplications’ which the Lohman mask has

Y
1 l.

bn.a ed for are Iologr!ghr (2 code trapslation [10) lld\
wn:t tilto:iug ogoca&&oag [11] Lsolndiag edge

“M&mh v o

Y

’

4



1.2 Yander Lugbs ¥s. Lebman Filtsrs

The main advantage of a Vander Lught filter ig

that when the signal to ke detected is available on a

R VAN

photogrnphic transparency the filter 1s very easily:
produced. In the experiments mentioned previously the

—
signals to be detected (letters and fingerprints) were

N

avaflable and the~production of a Tapder Lught filter was

straightforvarad. rox this reasorn fdkhei’lipitep attention

has been paid to the Lohman masks nbr;atcheg filters and no

¢oaprehensive study of their prope;tles‘has been published.

»
e In many respects, however, the Lohman filter has

LY

L]

ud:\atages ovér the VQndet Lught filter. In qQrder to
produce a Lohman filter it is only nccoasa?y that the a1gna1
is known in sathematical teras. This is particularly
important if the signal to be matched is not & real function
but a complex one (i.e. the signal is both an amplitude and
pPhase tnnctiqn), In this case a Lohman filter can easily
be p:oauch‘uhotoaa the difficulty in obtaining the complex

signal in the form of a tranapareancy is codsiderable.

o

. The uitnqtion"dqncribod abovey vhere itlin desired
tQ‘pbtnqt aouplnx aacadla. freguently arises when optical

compofients aze to he ‘tented (12).

It thg uaganl to bn detected is knonn to hc
anbnox‘nﬂ ia moise, bther thqn nh&gs aoise, o filter which

in e@txnun in tha aendie thas 1t g;:&l&:nn thg n&gu.l te
3 ‘

~.

L1



/ | | St

anoise ratio, can eésilyﬂte’lade by the Lohman techniqué;';
A1§ that is raquir;d is that the ;on-white'noise ‘
gxs;ribution is allowed for when the filter is calculated.
Such an optimun filter can also be produced by a
modification of the Vander Lught technique (3] but the

;)procedure is much more cumbersome than when the Lohman

method 1s‘qged}

It may be required'to produce a gilter matched to
a signal vgich is not actually Kknown but is to be found
through experimentation cr somse sort of a 1earning‘proc955.
In this case a Lohsan filter could be éynthesized directfy
‘whereas to synthesize a vander Lught filter a signal would

‘¢irst have to bhe selected and realized.

The advantageq of the Lohman filter described
nbovq oni& npply o its use-as a natbhed filter, but it
shonld be reiterated that the Lohman mask. glao haa many

othqr{;ppliouiions as indicated in the p:,viona secfion,

sask is more unitnblg‘thon ﬁ_vnndor Lught filter. TFor this

There are therefore many instances where a Lohman

. reason it is dplitubdq tc 1nvos;1gntq in some dothil the

éo:t+num of the Lohman filter apd cospare it to the ' !f‘

Yander Lnght' filter. 'y | E .

ot

1.3 soepe of 3bs ZThasias
The mggq of this ﬂqnu a.a to M! the

rohumunp m:«n the two tumu pnxmu namm



In Chapter 2 some theoretical background is given so that
the content o% the remaining chapters may be bétter
understood. In Chapter 3 a detailed desgription is given
of both the Lohman and Vander Lught filters and it is
explained how a mask consisting only of an absorption

attern can act as a matched filter.

‘ Also in Cﬁaptex 3 the relationship between the
Vander Lught and Lohman filters is exanined,‘and it will be
shown that the translissjpn functions of the two filters are
so siailar that the Lohnan filter can be regarded as a

binary approxilation to the Vander Lught filter.

. ‘ IR . ‘
¥hen a L?hlan filter is being produced, the signal
must be salpled in order to enable the computing of the

filter parameters. This leads to the question of how many

samples are necegsary to Adequatelg represent the signal and

l-‘-hat the computing costs involved are. This problem is
« ,

considered in Chapter 4. As Aentionfgbprovicusly the '/

]
results of g}pexinenta vith fingerprin have shown ‘ /

prosising reasults so all the okpatiqqnta perforaed are Qone,f

A

using tingoxpxintu as test ob?scta. v
‘ ‘ »

e ‘ |
’ ~ In ‘Ghapter 5 thq‘yariounrotcpn &n tha-ptndncttvn !
’> of & Lohmaa’ tilter, ;aclagigg the colpntntion of the tiltqr

parameters and alottingigijcho tiltq:' ;:q SXpiained in mne

detaid and 42 ch;ptox 6 tgb resuits of £ingerpriat anéqqtion

R

"y Lotngg g:ntha ggq gxasqntaﬁ. !bo :a-nlts ‘of. these St
| . L .
'“Qangxgqatg nxn conqp:qﬂ nizg the ggblaqhga :qanlgq 9! | ,5, ;_,

er by ]
’ l I ¢ : -
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[

similar experiments carried out with Vander Lught filters..

A\

Finally, in Chapter 6 both theoretic%l and

experimental results are summarized and discussed.



CHAPTER 2

@A

THEQBE3ACML BASKGBOUND

s | ‘ \
2.1 The Fourier 1xansfors

~ As previously sentioned the Fourier transforl is '

A,

 F

an 1-portant concept in the theory of spatial filtexing.

-t o - -
1f g(x,y) 1is an optical signal 1n}a.plnne with
0,
.. spatial coordinates (x,Y) the Fourier transforn of g(x,y) ﬁs

e

» ‘defined by

. »

F (9 (Xe7)}= N g x, 1) EXP[~32 m(ux+vy) Jaxdy (2.1

\

vhere F{ ) denotes npourier transform of". A Pourier
tf&nstorn is also referred to as a Fourier spgctrun,
freqqency spectrum or spectral density. The’coordinates u

and v in the Fourier transfora domain are. refarred to as

: apg;ial f:ggngngx cogrdinates.

‘ *:\h' | ' R .

- The Fourder tranafora has am Anverse which is

A ‘

dq:incd. for any co\slsx function G of two 1wcnpandant

’ .
7 ) s -

!arichlﬁﬂ v nn& ve by
[ ' .

,~n(e(n,v))njL”QJQQv[lxp[jzn(nxfwx)Jdudw ; , (z!zy

0 ! f
PEERY ' ‘.

‘vpoggf o ) Agnotqa '1;!0:9: ranrag: tqqagtofn at*

*. \

!haxg gx#ut n-vusga ghqoana pra:aap4ng Q!ttaia

pzapnztics,st !Q;!i!t tzgantgsgq. aoun ng tha ngqg 'f;_;{fjg

¥
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1. Linearity Theoren.

If‘§ and h are two complex functions of two independent

\

then o

variables x and Yy and a and b are co‘plex constanta\\. '

r(axg(x.y)*bxh(x.r)1-ar(9(x.r)1*br(h(r.r)1 (2.3)

2. Convolution Theorea.
If P(9(x,Y)}=G(u,v) and
F(h(x,y)}=H(u,v) then

P(/[9(Pe9)b(x~P,7-9)APAq) =G (u, V) B (u,v) @

. The quaptity inside the curly brackets on the left hand:
. side of the equation is, by definition,” :he convolutionv 
of the tnnctigna g and h. o
3. rourier integral theorea. : .

I1f g4x,y) is a continuous function then - | _ T

f(r”!(g(l-!))l?r“(llg(xér)llf9(xo2) S (2.5)
,,1 atatencnt of these thsorens ‘and others togethe: -
with p:oota is given in :etexencq [13]. ’
LY A \
z;gg;;asax s1atans e };,

e

" In, optical dntq a:ngqaning an is tgsqu!lt%!

, qoncqmcd uith ‘the :q],

| qqnpqu an;litnﬁc diat:ihgtipn (SOQQtipqp ;qégngﬁ to s;nply
ga ﬂlaght A;utxahntagnﬂ) 4n thq annt glaac 9! gn qpt&@»l G




N

v
}
[

Thusjif i(xl,yl) is the lighf distribution in the input
plahe ana o(x,.Y,) is the 1light distribution in the output

pPlane, the effect of the system can be expressed as

( °(‘2"2)8P‘{1 (xIOYI)l ’ )(2 6)

.
al

' As an example i(xl,yl) could be the light distribution in
|
the object plane cf an isaging system and o(xz,yz) the 1ight

v ’

distrihution in the image plane.

.\3 i ' . ) - ‘.
Qe A system i8 said tc be linear if the following

expression 1§ true for all complex constants a and t and aIl
. ' -~

‘inputs i(xl;ylf and 1(11.]1)2 . N
-y

AR PC FUACIENC T 213 BN
T -ARti(xl.yl)}+bP(J(x1.yl)1 12.7)

‘ v
The line(/;ty cf a systen 1lplies that any 1npnt

can be docolgosed into as -any parts as desired provided

only that the parts add np to the actual input, ”

. ] N ‘
“ : . zhn Dirac delta’ tnnction is a convenient vay oq

dgcoapdng an inpnt, m Dirac delta fmeticn nay ho,
) . q‘o
'mam by ; ’ : o . . ‘
o /

LA

. - ‘“. |

‘,f;ﬁ;6‘;,;)niii.llnxp[altn(xﬂox')] P -7(§§oi=4

‘;'_5 SRR S SR o - | ﬂ
f’f ank&ng nu 9& thq Pixag Qq,l’ta tuncugn thn uppt i(; L” L’ te
- R A =

,ngggagggg ;,:;qu egnlgg ssnxgsgéﬁ qs

AEF
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i(xloY1)=f£:i(P.Q)5(11‘P1Y1‘q)dpdq | (2.9)

The property of the deltarfunction which makes it so useful
for the purpcse of decomfposition is called ch sifting

property and is discussed in detail in referehce [13].

Conbihing.equations (2.6) and (2.9) the output of

a linear optital system can be writtenm as

O(X 90 Y9)=f[71(P,2) PUS(X P ,¥~q) )} dpdg C O (2.10)

]
In the above eguation the linearity property has been used

to bring the operator P under the 1ntegr91. Tt should be
pointed out that while the right hand‘si%e of equation
(2.10) does not debend.explicitaf’on x, and yj,, the res&lt
of “the oparation by P is a function oi/}z and y, as can be

seen from equation (2.6) .°

The gpantity P{d(x1~é.y1-q)} is the output of the
system due to an ‘impylse (delta function) at coprdinates

(p,9q) in the input plane, This 15 called the 1npulseb
response of the systel and will be denoted by h. Tgnsf

* Y

S | ;’st." is said to be spwrinnrunﬂ if the

=T

.

_ upulgc tnpenm doqns mt dspem qxplmit.lx gm n:u. ﬂe, L
: .’com:diuatsa xz. lz- P gm\q .m otﬂ.; on tha ditccmﬁma : , e

; "(x g-p) AM* uzng). xn thh eus qgnguon 12.19) tccbmq, :

e

. .h(lgaxzvp'q)'gw(11*9‘:1:'&)} n (211




o(x, ¥ )=f[T1(P a)h (x,"peyy=q) dpdg (2.12)

Comparing equation (2.12) to equation (2.4), the right hand
. - \ '

'side of equation (2.12) is seen to be the convolution of i
and h. From now on the convolution operation will be

denoted by * and equation (2.12) can be reuritten.as

O(&Zpyz) =i*h \\‘_ (2.3
Using the convolution theorep (2.4) equation (2.125‘ran be
Fourier transformed: '

rl

0(u,¥)=8 (u, ¥) I (u,¥) | ' (2-34)

/’\

The upper cése'lestprs dengte the Fourier transfo::/of the
. . ] ’ A
functions indjcated by the cosfesﬂonding lover case letters.

A d *

Equation (2. 12) As a space dona1n descriptxpn of

?he systen vhile . 1“) is a frequency donain descri
ﬂ(u,v) 15 the Fou * ﬁ:ansfcrl 05 h(p, q), the sy,ku‘

,,gpse, gnd is called the transfer funcé!%r :}

I

Y “‘ '_‘,,.c,,'

t:anstgxn As A mthqu: ma;;l;cggaa png m\m b“ the N
s:hpl.ggt. tmeﬁgns, i NN




time taken to perfora tﬁé fransfornation_is the tinme takep .
by -1ight to travel fro- the input to the output of the .
optical systenm). Ihis property of an optical lens makes it
an extremely powerful tool for the purpose of optical e

spatial filtering.

‘40
iFigure 1 shows an optical confiéurition HJICh can
. be used for ‘any spatial filtering task, including natéhed
filtering. o - o
Plane P1 contains s(xlirli' the input to the
sysién,_i.e. thef?attérn that is to be filtered.v s(x;;yi)
is illuminated by a plane wave of anpii%ﬁde'a; so the Q

complex 1ight Aiplitude distribgﬁion b(x,,Y;) of the vave)\

emerging from P1 is given by
‘r‘ IR VLU A L s

mhn g;anes R1 and P2 are each separated from the
plane of the (thin) lens by £, ‘the, tocal length of the lens.'

Under these ci:culstgnces 11 g,nﬁorns a tuo-diqonsional

e
ey

rourier ttanstornatian on b(gl.yl) [1“] ana thg r rtgn ’ |
K svﬂ¢tsnn of h(‘1'!q) 1.&41_’ ﬂled in 91‘“‘ B2, ghc 119ht
smgm c(xz.w at - Flang/

e " o e

o
I ) ' m y

¢



ical- ::Eilterizag system.
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AR ; o
P2 are related to the real coordinates (X,,¥,) by

w

uaiéf(kf);‘and v=1,/(\f) '@ | . 2.179 -
vhere A is the wavelenght of'the’cghefe;; plane uave'vhie‘.
illulinetes s(xl,yl).. |
Whenev e the 119ht distribution in one plane of an
0ptica1 s;eteq as a Pourier transtorl rela ionship u}th
that of ancther plane of the systen it 1s convenzent to '“fvxf
consider one of the planes in terms of the frequency B
.coordinates.'! This is ftequently;none throughout the '
~remainder ‘of thiswthesis. ‘Under these c1rculstanc;s it s
nust alvays be born in mind that the two types of |
‘coordinqtes are related Ly eguation;(2;17). The~nnip_ofe '?

the real cqordxnatbs is that*"

fngth vhereas the unit of

the qutidl treguency cocrdiﬁhtes is 1/(1ength)

n
o

cOordinate-axis in figures in the thesis a:e 1ahe11ed vith

ERCIR,

,.:the eedxdlnates nost ﬁreguently used in the tegt.| Loy f' o

'vr'q q




ld B ' "

\ A\

'

thereby aitering the freguéncy content of s“l"l)‘. This

nodified‘spectrun is then Fourier transfonled once more by

)
lens L2 and the filtered versidn of s(xl,yl) appears in

plane P3.

1

-

)

’a"f ‘The lens L2 perforis a Pourier triysforlation

whereas an inverse Pourier»transfor; is required. -

}if‘ at an inyerse Pourier transform is"in fact % Foprier . -
o u , r
tnansforn in reflected coordinates. (x is replaced by -x

y); Th}s is’'the reason for -the rEflection'ef-

fates (Xx,,¥,) in plaee P3. %\

It should be poxnted oyt that the transfer

+ L )
«“".,'.! )

e i
fnnction of this optical systel is sinply the transniwgipn_

o

fuiction of the filter placed “in plane Pi 0

ZSILLSS_AHL&Q: \ . .

S St

\ ! . A fntering systen is said to hg Natched to a |

¢

signul s(x,n-u it hqg g trgnster fupe&ton gﬂgn by S*(u, v)
gZJ ‘ S(n.v) is the rqum.er tx:nneforn ot the signql sm,rw

gnﬂ LE denoteﬁ co-plex conjngate.. _‘ Sincq the t:mnstex; *

‘.,o'~\ LI oﬂ,p\\

function of*the eystel shov& iﬁ riV“’

1 15 the t:gnsnission
.‘)Ltiltem :Ln plw!ﬁ"thqvqhqu deﬂnti.oq
1iter matched) to x?mgx,h

'-. P
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I W Lot &

t "he 1ight alplitude d(x;,Y,) bahind plane P2 is given by
hgﬁ

a(xy,¥,)=5 (u,v) 5% (uyv) 1 (2.19)

" \‘ . '(" R
:tThe right hand side of equatikn (2.19) 1is pecessarily a real

Y
A4

uantity.  This implies that the 1xgh;¢¢$p11tuae

-

) diatributxon behind plane PZ hus a conéthht phase t hroughout
‘4 .

the plane 1. e. 15 a plane nuve. A plan@ wave ene:ging from
v

i plane »2'is rocused to a point in plane Ps

l

a

Iﬂ aé} iransnd@aﬂyn tquﬁxoqﬂpther than s(x,y) is .

. \ 1
. present at the input, equatiou \2 13) 1& no longer true and
‘&
the -ave anerging froa plane P2 is no‘ a plane wvave, and

will npot be tochsed to a point in plane F? Since a spot
»

of 1light in plane P3 indicates that s(x,y) "is present at the

Anput or that s(x,y) ™has been :ecoénized" at the inpput, it

]

S . - N
is referred to as a recognition spot. The above also

explains why the filter is'callcd a matched tilter.‘

i -
A latchad ti?fer can also bhe d|"$’% in terms of
ita Ampulse reaPonse. It 12 assuned that:the filterding
systea is sapcéd-invariant and thqa Aa can be seen from

seGtion 2.2 tho ingulae xoghﬁug‘f ‘systea is givan by

the inverse logriar ;rqnatorl ﬂ‘ %h\ transfer tnnction.
Q o’ . /

*

“} txhnsforas

. »

*
L

[15] that ‘

i ‘ : I- F
C R (~x,~7)) P8t (u,7) L (2.20)

4 . . . . ¢
E »
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\
' {

vhere S(y,v) is the Fourier transform of s(x,y)-. A matched

filter 18 then required to have an impulse response given by

,‘5'('10"”"- | o

Consider now the oétical systenm shéun in Figure 2.
Lens L1 Fourier transforss the spherical wave diverging from
the point sourqge in glape P1, so plane P2 is jilluminated by
a plane’unvé. Lens L2 perforas an inverse Fourier

transfora on the light emserging from plane R2.

A matched filter can nowv be equivalently dgfined
'in terms of the optical system of Figure 2 as any mask which
. when introduced into plane P2 gives rise to s*' (-x,-yf
“nppeéring in plane.PB. Two coaments should be made about
ghe last definition of a matched filter. First, it is
strictly required that s°(~x,-y) and Qply s'(-x,fy) appears
. An plane P2 uhen‘a filtex matched to'a(x,y) is praaegi in

. hal .
plane P2, - However, if 8'(~x,~y) appears somewvhere in P3 it
Q

i &lvays possible to shield off any liiftfﬁlerlbution

which may appear elsewhers in t§§\plane on Y. since
the axnéin of rignxg } is ;puhncd to be space-inwvariant, the
lpoint soarce in plane P1 may bq displaced off the opticnl .
axis. . The only effect of thia is to tilt the plane vave “
incident on P2 naa tq displace the complete light

«4istribuation 1a plane P3.
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'2.6 production of Batched Filters

In order to realize an optical matched filter it
is required to produce a transparency with fransnission
function given by S*(u,v). This 418 in general a complex
function, i.e. it is required to control both the amplitude

and phase of 1ight passing through the filter.

LY

While 5°(u,v) is a complex function, S'+S is
always a real function. Techniques exist by which S'45 are
reéorded on photographic fila in such a vay that when the
film is inserted 1nto'plaﬁe P2 of Figure 2, the tesponses in
plane P3 due to the two teras S' and S are separated. Tvo
of these techniques were ountlined 1nrqeapter 1, and will be

examined in sore detail in the next chapter.

’ hi %
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CHAPTER 3
\

YANDER LUGHI ABD LQHHAN FILIERS

3.1 The Yopdex Lught Filter =
A vander Lught filter is a Photographic record of‘p

the interference fringes due to a 1ight amplitude St (u,v) *
A

and a tilted plane wave.

rigure 3 shows a schdmatic diagram of an optical

system which could be used to record a'Vander Lught filter.

A mofe practical confjiguration 1is the modified
Hach-Zehnder inierferOleter o:iginaily used by Vander Lught
(3] apd other configuraticnsg later shown by Vander Lught

[16].

Reterring to rigure 3, plane P1 confains a

: tranqurency with a tranzmission function s'(-x,«x). This
is the inpulse response which the filter is tggnired to have
and 1is genarallg'g real fumction. | The lens perforas a
Pourier trlna:o:lntion on n'(-x.-x) and diaglaxs s!(n.v) in

plane P2, thq back focal plape of L.

:&c part of the plane wave which pnuooa Ahd'! the

: nn-k in P1 is deflected vy nganq of the pqinn to ntxikq thq ’

w,plgac  H nt a8 qngln e The anpqu qapl&tngg gﬁgqlglng in -
‘Plang na gmn um g;;mc Mase: wave (msmub called & .

| xnanx: nn) 3; ﬂns by

. R N . . . .
) i RN -t ’
% it 2 - . ‘ ., * : t 'J’ I
oA [ . : - - .
. L . i Lown . o . M s ® B ERaY
(} LK o ; oy S R . . L & . X ' ; L.
N % PERI R S OEEVET ot E B L s . . 13
co : . . . ‘ RV toa : i
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r(xl.yl)'asxp(—j2ﬂuxl)» (3.7)

vhere a is the amplitude of the plane wave and v is given by

(171

w= (S10h9) /A o L (3.2)

and ) is éie vavelenght cf 1ight used.

To produce a Vander Lngﬁt filter, a photographic
plate is inserted into plane P2 and exposed to the light

amplitydes previously described. L

It is assumed that after development, tée plate
, will have transnittance froportional to the intensity of

light which €xposed the flate, The trqnslission function

of the fiﬁishéd“filtcr can then be written as' | ,t'*

i

T (u, v) = |aBxp (-J27wx PAs (w12 (3.3)

In the above expression a constant of proportionality is

neglected. Expanding eguation (3,3) and replacing x, by

)

uAf yields®* ; .

- T(u, )‘“"5' (u, ') l‘“s‘ ('!c v) l!P(Jzﬂ')\tu)
il cnm F!P("jzﬂ;\tn) Ny _-"(3;5:;

u‘,- o

. ¢ ) 3 Wit -
LI I F \) LS -'f

If thq golpqu tunction :!(n.v) ts acpnrntqa 1nbo anp&&tudo

i ot

nnd pmn hx o L A A
C . JE A By
o 1 ! J T v ..

o, R o
K .

]i o f’(npvbnl(ngillxp( 1!*‘,:)] ';';'Q




25

~
the transamission function can be rewritten as
N | .

fT(u,v)-a!OA‘(u.')OZAA(u.v)Cos[2nkau-¢(u,v)] (3.6)

Bquations (3.4), (3.5) and (3.6) describe fully

,
the transaission function of a Vander Lught filter.

\ 1

Before these equations are considered nmore clés Y
it will be s;éin t§at this filter does indeed satisfy the‘T
requirepents for a iatched filter in that the 1lpuise
reéponse of the filter contains the tefn 8¢ (-x,-y) and this
tera can be separated from other terms in plane P3 of
F%sure.z.

Referring to Figure 2, when T(n,v) is introduced
into plane P2: the inverse Fourier transtor-‘of T (u,v)
'§§p§:}s in plane P3.  Performing the inverse Fourjier
trqnsforl;tion on equation (3.4) (or eguivaléntlj Fourier
t:ahstor@ing T(4,v) and then replacing x by ~x and y by ~y)
shows that u(x;Y)s the Aight aistribution in P3, is given

b

(X,1)=l'5(l,1)08(!p’)‘8'(Kp])
’lﬂ'(‘10‘11‘6(1*'Afc¥)*is(lcl)*d(x-lAtgy) 3.7

’ f H. ' \ i

| con'°1°ti°9 of & ‘“ﬁ°¥i°ﬂ vith ‘s dqlta thnqtagn results in .-
f»Vthﬂ ﬂﬂas tnnctian,nith Ap ogxgis shittnd tn the location of
'«f'gb’ 5’**‘ “’9*@9“ (133~: SQnatzqn 43.7) tﬂgngggk’ gonggin'f~:5




)

.
spatial extent this teram can always, by an appropriate
choice of w, be separated from the other teras of eguation
3.7). The filter does therefore satisfy the requirenents

for a matched filter.

From equations (3.4) to (3.7) some of the

properties of the Vander Lught filter can be deduced;

1) Comparing eguaiions (3.4) apd (3.7) it is seen
that the first two terms in eguation (3.4) do not cantribute
to the buildin@ ug of s8' (-X,~Y) . the 1-pott-ant part of the

impulse response.

2) In order that T (u,v) remains ponQnegativg a,
the asplitude of the referefice wave, must be chosen at least

as high as the highest amplitude of S* (u,v).

5 3) The thiéﬁ'terl of equation (3.6) is both an
'anglitude and phASe record of S(u,v) ¢ S*'(u,v). Here i§ is
seen how the tno co-plex vaveforms are recorded together as

a real record.

4) It, dnxing the recording of a tilter. 8(X,¥) is
pteaqnt in plane P ot rigu:c 3 instead of s!(-x,-y) it is

tqnnd that oqgation (3,7) chgng&q to. o
. o . ~Pz R
u(xQX)-nts(x,xitp(x.xtﬁs'(&pr) '
*tA(xgx)*JX!?!Xtcx)*tS'(*x.ﬁx)'é(x*'Afgrl (3 7n)‘

P v T : ’
N 'Q . c'

‘x;wﬁﬂhﬁ 1*9"t “*!tnihntion in Pllns nz 18 thoyﬁgogc the x.., as A‘j

“‘;Jm:qmo nmh ‘thn 10943;10115 qt'!(lm AM - r'm:) h"! o
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been interchanged. . This impulse response again satisfies
the requirements for a matched filter and since s(x,y) is
usuaily more readily available than s*(-x,-y), .a Vander

Lught filter is most often produced with s(x,y) in plane P1

' of‘rigure 3 instead of s'(-x,-y). . ) ’&

3.2 The Lobman Eilter ~

A;H{ Lohman and co-workegs have published several
papers about' their method of using a computer and a
computer-guided plotter to produce holograis vhich amongst

other uses can serve as matched filters.

The principie behind these holograms vas first
expiained in ;ernslof‘uhat‘the inventors have called the
detoar phase [8]. In a subsequent paper [9] a more
detailed explanation of théée filters vgsmg%ven and the

function of the holograms examimed in terams of diffraction

theory. . ‘ .

The description of the Lohman filter that follows

o~

,is mainly based on the two above nbniioned publications.
‘ . ) , .
! ‘ . N

'The Lohsan fil ter consists ogfq great numper of i
fectanqnlnr aperturqévonzan‘opaqus bnckgrbuhd, The plane ‘
of the filtgg cgn be thonght of as- aiviqna lqto a two- .

“dilcnsional Qtta’ ot qguutc cells uit* ;14,; of langth a.

| laqh cnll.stn be' 'given tua Anﬁiqaa B gng TRTY ngntifg 1t. o
lqt n nnd v hc tchngncy coqtdinlﬁqa 1@ th@ plnng nt thn ‘ )
tinq: and Lct tln 1n¢qx n bc inctns;\ng inf,;hc ﬂt diroqt.é.nn;
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"and m be increasin n the +v direction.

Referring to fig re 4 each cell contains one “
aperfure whose width in the u direction is given by cd.
Its feight in the v dixection is W, d. . The aperture is
centered in the cell in the v direction but displaced £y

P d froa the center of the cell in the u direction.

Since the fiitdrjis being described in terms of
frequency coordinates, .all distances in the plane of the

]

filter have a unit of 1/ (length).

The variables (filter parameters) W,, and P, are
to be selected in such a nannenkthat the mask has the

properties reguired of a matched filter.

The transaissiocn function of such a mask can be

wpitten as (9] ¥
" u~(n+P a v-md ‘.‘ R
CT(u,v)= ] zRect n Rect|—— © (3.8) .
n N cd "ond : :

[

I, | .

X Z indicutes suamation cyer all possible values of n and m

nm L ‘

and she Rectvfunction is defined hy "
. "':' . . *

we §;1.” if lxl<1/2 R

,?Rect(g)a o R | 1_(3’?)'
o (0 “ lx|>w S a0

vt

xhgs tilter As plagnd ia plane 22 ot thc cptical .

,”‘.

ﬂrl5f &xlt!! shoﬁn in liqnti 5 gnd ;1Auninand hx thgaggxtqd glnne ’ h

'
: . LR % L ;
' 3 WL R P
N ’»’”‘h’!’ L SR T
» N 'y o o poef W
i DRI P R .
y AR

mq"dcrind mon q_?;poin mnrqc Aﬂmﬁ‘l At W!Q ia @F’-"&’
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by a tilted plane wave.,

ted’

umina

111

lter

i

tched £




At
R o
o

e,

f . .
The system shown in Figure 5 differs froam that of

]

Figure 2 only in"that the point source in plane P} is
displaced off the optical axis in Figure S.but is‘on‘the‘
axis in Figure 2. As was pointed out in sectlon 2.4 the

d1splacement of the source off the axis results only in the

conplete light dlstrlbutlon in plane P3 being shifted. If
therefore s'( X,-Y) appears in plane P3 of Fxgure 5 1t does
also, appear in plane P3 of Flgure 2, only at a different

1ocation. Thus either systen can be used to def1ne a’

* " -
'

matched filter.

~

o | ‘ ' N . e
AsSuning that the tiited‘plane wave has unit
anplltude, the conplex 1ight anplltude of the unve energing

from P2 is equal to [9] n
3(;;,&)@"1gq_.‘v)mfp(j,znxé‘iu SR L (3.10)

S C : C o S . x
Thq inverse Fourier transfo:n of mhis gnplitud& aypears in V{y

plane P3 ‘ This is grven bg ; ':'731 | jf*v
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b(x,y)-cdlsinc[(x‘xé)cd]x

[ ] WopSine (YW, d) Exp(~32740 (neR ) (x+x )4my ]} (3.12)
n m
(N .
vhere the Sinc function is defined by
\

Sinc (x) =Sin (7x) N - T
X (3.13)
To establish that the Lohman mask is suitaple for

use as a matched filter, it must be shown that b‘f,y) in

equation (3.12), 18 at least approximately e%fnl to

8 (~x,~Y) somewhere in plane P3 of Figure 5.

Let it be assumed that s'(~x;~y) is’ 1imited in
spatial extent édch that it is completely contained within a
Fectanqulnr windov w(x,y). The window v(x,y) has aidﬁf ;t\
length ix and Ly in the x and y directions respectgvei;‘and

is given by
¥(x,y)mRect (x/L ) Rect(y/hy) g 0'& (3.14) »
’ o e
rh:n it i‘ reguired to show that

@b exep ¢ (3.15)

The' sysbol » ] ﬂapprcxi;atgly egual ton,

2 o y.
X » { ) a:&;} t0 establish :olntionnhiﬂﬁns.15) sOne
‘approxzimations ihsg be nade to b(x,y) in equatdiog (3.12).

| The approxisationa made by LohRAM .aze the 'tau.bun% :

[
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) Sinc((x+x_)cd}=1 for |x|SLx/2

2) sinc{(y¥,d)}=1 for lylSLy/z, all Wom (3.16)

3) Exp(jananp)ul for Ix|sL,/2, all an

Lohman has given both theoretical und expcrinental
justifications for these approximations thch are discussed

in detail in reference [ 9]. Adopting these'npproxinations,

Al

equation (3(12) becomes . ‘

b(x,y)=cdz | {Hnmxxp(‘jZWd[(nfEnm)xo¢nx¢ly]] (3.17)
n e

The .above exfression is seen to express b(x,Y) in terms of a
Pourier series, so in order to facilitage c&lparison of

"b(x,y) and s*(-x,~y) the latter will first be expressed as a

r&urier integral
. . : \
8 (~x,~y)=[[S* (u, " MBXp (~]2T(xutyv)} dudv (3.18)
v

and finally i'(~x,~y),l§'qpproxinat’d by a sa’gled version

‘of the above infinite series

' a'&-x.ax)édl {‘fs‘(nd,;d)lxp(-jzwd(xnoxg)] (3.19) -
na '
. , ’

rho tiqht -ha nd aidga of equations (3.17) and (3.19) can now

be ogngiqusctn by. ters which results in 1 .

aas-m,-a;-qoan Rxp(~ jzwgﬂ'm)x 1 a0

0: AL 80 1s ::;tton in. qssl&tndn And phase tqnn ,’.QJ
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S*(na,md) =A__Exp (~3F, ) (3.21)

vhere A and ¢nm are the amplitude and phase respectively
of S* (u,v) at ; point (nd,md) in the u,v plane. ‘Now
equation (3.19) can be rewritten as

'nm-lnm/c ' (3.22)

and

Exp (19, ) ~Exp (~9214 (a+R )X ) (3.23)

W
This last equation can be silpéitled it x 1s chasen such
that x 4 is an integer, K. Equation (3.22) can then be
vgitten as |

"om™ o . (3.24)

Pnﬁ-ﬂnm/(Z“K’ .

These last two equations determine the values of

R g ond ¥ . such that the Lohman mask does act as a matched
filtex. It still remains %0’ select values fof the free
constants K and ¢. The phxaicnl inpartquo of thaze
conatantn ufll be aunch mgoxe oqsilg understood when the
relationship of Lohman and vAndet Lught t&ltqra has heen
established. At this point it will only bqenotod that the
values Lohaan moat freguently mses for these c;n;tqntg are

k=1 and c=1/2.

Ia auinn:i% a Iohsan filter is Tealized in the
'tollquinq vays = .
, 1) The ronzia: t:;ns:qzn of thg rnguitcd inpnlnq
| rq:pgnan 1: cqnputed ‘in 419&&41 co;pnﬁgt. aqunllr

A
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according to the fast Fourier transform algorithm due to
Cooley and Tukey [19]. The value of the Fourier transfora

is codputed for n x m points spaced on a regular grid.
. v e

) 2) An array of n x m apertures is drawn on paper.

The size and shapes of the apeftures are described.
previously, in particular by Figure 4 and relationship
(3.24).

3) The'plot is photoreduced to the required size.

3.3 The Belationship betwgep Yander Lught and Lohman Rilters
| It has been suggested [20)] that the Lohman filter

is the ﬁpatial equivalent of pulse modulation while the

L4

Vander Lught filter is based on amplitude and phase

modulation of a sinusoiﬂal carrier. However, nowhere in

4

the literature is it shown what the relationship betneen a

Vander Lngh% and a Lohmap tiltet is.

y

In'this section the transmission properties of the

v

two filters will be analyzed and compared. The analysis
)

. \
vill be conducted in the following way. The light

amplitudaes uhic* éxpose a photographic plate during the

, W AR
recording of a Vv nqor Lught filter are analyzed and 5*'(n,v),
thq paxt of the 1 qht an;;itudc uhlch 1s derived from

a'(-x.-x): is app xilstcd by a piccqwian continnona
xh;; allona the v;adq: Lught

function cngnqtion (3;2&31.
filtex to be’ appquw,«jwigvx an l:tl! of 9011-, qqch having
A sinusoidally tn:r_ 9 tibaanigaion tnuctina (qglntiea

(amn .. Pisally

¥




36

of the ceilé in the Vander Lught filter are approxilated by
binary tfanslission functions and they compared with the
transaission functions qf cells in a Lohman mask. The
conclusion of the analysis is that the Lohman filter can be
regardedqgs a binary approxisation to the Vander Lught

filter.

In section 3.1 it was seen that the Vander Lught
filter is the photographic recording of a coaplex amplitude

given by
' = ~
C{u,v)=akxp (-J2TwAfu) +S°* (u,v) - (3.25)

The varinblea are the sase as defined in section 3. 1 and
S'(n.v) could Slternqtivoly be uritten as (see equntion

(3.5)) .

S* (u, v) =A (u, %) Exp (~3F (u,v) } ‘ (3.26)

Throughout the following apalysis it must be born
in mind that the spatial freguency coordinates (u,v) in }hs
pianq of ‘the filter are related to the real coordinates
(x.y) 4in thn plno by uax/ A\ and vay/A. Thus the unit of
the real cootd&nqtnu (:,1) 1: that of lggqth. lhcrcus the

snit of thn t:cqugncy coordipates (n,v).in l/(longph)., ',

»
- -
’ ! T

Let At be nnued gm: s' (*:,-r) is @qqun’cy-
. y P o
" bandlimited p tht L (@,v) is nt:o ontsuc Aone r«;unglc o

in t.hn n,: pft

_4a ngd.mp
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filter is contained within a rectangular windovw g(u,v) in
the u,v plane. This window is turther'diiided intc n x m
cells, each having sides of length 4 in the spatial
frequency domain. Thus the window E(u,v) can be expressed
as

E(u,v)= | [Rect [u-nd] Rect['-ld] ‘ | (3.27)

. nm gy —da

Further, 1f is assumed that & is so small that'é'(u,v) is
almost constant Qithin each cell, and the continuous .
function S*(u,v) is replaced‘in each cell Qy its value in)’
the middle of the cell

S‘(u,v)“z Z S* (nd,nd) Rect (u-nd Rect’ Q-ld (3.28
T 25 o %) !

»

uith:he above approxilaiicns the complex amplitude of the
vave incident on the photographic plate in plane P2 of
rigure 3 vhen the VAnde: Lught f£ilter 18 being recorxded, is

written as
(u,v)-anxp[ejanA£01 _
L] . * ’
+) 7sv(pd,nd)Rect[u~nd] Rect[v-nd] -us 3.29
.!Z!Z(\) [] []g@k (‘)

R R

e

. In cguqtion (3,29) " 1; :olgtpd to 6, thn tilting
. ngls of tl\o mtqpqncq vave Mm:lcgtsd ;in rigure 3. -}
cqmtiop (3,2). . In q:dop that, the mhﬁhm vave has the
nu dint:ihut&oa mmu nch cell An tug m;ao: &ught.
::.nnr. 19% l hu c:hgnn 1& @mh . ng mm; ‘ o

! f




thd refnrence iave ; CAN be vritﬁcn as

: :nnagxan ot t}q cogrﬁinatq tn : xht plot gztgnda 9!@: :f :
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wAfd=K | - (3.30)

wvhere K if an iqt??er. :w"
/ . , 1

By inspection of eguation (3.%3) it is readily
seen that this choice of © means that theﬁperiodic reference
vave.distribution has an integral nuiber bf perioésninside
each cell' of width d. !urtherlorb. t;é‘absolute'phase of
the refer;;ce vave depends on the tine-origin, which can be
chosen at will. Let the time-origin be chosen in such a
way that the phase of the reference wave is 7 at the left

hand side of any one cell. Since there is an integral

number of periods inside each cell, this choice'of time-

J

origip ensures ‘that the phase at the lqtt hand side of each

cell is 7M. Finally, a new coordinqte x, As introduced for

each cell. This new coordinate has an axis pqrallel to thel

R . ‘ . e . }
X, is a coordinate comman to all cells with the same walue

of the index n but a diﬁ:exeét vaiuq for;g; . !
. , . ‘.: . ",l s ’é
In terss of the ‘n coaﬁuinate& the diatribution ot

Q—u . . '
. vh:r o /\ ' . ‘ & is

# Wl S
nxp(—jmm;s Zneet {gm ]n:w[*jm!ngd*jn - (3.31)

'qttqd qa q
'

ugum 6 nou; t.ho z:nl @m ot _nM;;lon (3@31)

!

L]

LA
e

u axis and x,<0 at the left hadd side of each tell, Thus
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becomes . . ”{J

Expreséing the reference wave as in' the right hand
side of (3.31) allovws it to be brought under the susmation

sign in egquation (3.29) which results in

, - 3.32)
FC(n, V)= Rect [u~-nd Rect[i nd]c (u, v) (
‘ C(uV)EE [ ] | am »
wvhere
cnm(u,v)=s-(nd,hd)0aExp(-j2ﬂKxn/d—jn}" (}.33)

Af ter development of the phOtographic plate the

transmission function of the Vvander Lught filter 1is given by -

{

T(u,v)=1C (4, V)2

EVE ERect[g:%g]Rect[}:ﬁg]cnm(u,v)‘2 (3.34)

t
.

At any given point in the u,v plane, only one set of Rect-

funtions has a non-zero valne. Consequently, in squaring

the .s0R ot equation (3.34) no cro%s teras appear.

rurtherlore, since a Rect- function only has the values zero

[}
and pne, the sguarq of a BRect-function is equal to the

'tunction 1tself. ” Thus expanding equatxon (3. 34), m(u,v)

R
[ . ¥

B ‘

TR nd] Bect[v-ad] a,v) |2 (3.35) -
N“!"‘f. T ZBGCt[ﬂfgé] Ro‘pt.[v gd] Icnm( oY) l ;

qnnring t.lm -odulns gg cqnation (3 33) yj.oldg ‘

d"ljcm'..mm|‘“‘”“' “""’mmm“’ o
e mgnc,-d)sxu—*:amnm—-m R A

Lok . " N
\ ! o e i ¢ o . ;; 2 % < .
g it ® . N

i : . P 5 - . R . VoL s
. i f P T Oy “;’ .
ot Eh R ¥ - M . i
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N

If S* is written in terms of amplitude and phase as in
equation (3.21), T(u,v) can be written as

T (u,v)= ) ZRect[u-nd]Rect[!—ld]
4 d |

)

(azeAz +2aAm;‘Cos(2n(Kxn(d*1/2)—yInm}j ((37)

The transmissicn function expressed iﬂ eéuation
(3.37) is seen to vary in one direction only within each
"""“‘—
cell. This is the x  (cr u) direction. A cross-sectlon
of the transmission function indijcated by equation (3.37) is

plotted in‘rignre 7 as a function of X In Figure 7, K

//

" has been given the value 1 gnd'ﬁnm is ‘taken as T/4.

It vas explained earlier that K determines the
umber of petiods of the cosine-funtion within each cell and
by 1nspection of (3.37) it is seen that & detgtnines the ,
phase of the cqsue-function. ' ﬁeferring to Rigure 7, the. ﬁ

distancq 6, md by which the max imum of the gosine fun?g.on

devntes fronm the niddla of the cell( and Hppe the peak to

yegk anplitnde ot the sinnsoidal transniss;on fnnction, are

‘.'giien b] \

_’ns sqen mt the x::cmatut; tqu D ginn by

L " ,;«
)

XE ,,i '

In aqexon 3. a1 lc.t. ;gna;'_.

. . L bt

g-qlugm Yoha oL ,-‘m,,"";b?'*i el
VO A
, o . 3 . et

‘ «
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did not conmtribute to the part of the impulse response which
vas necessary forla matched filter. The inportancé of the
consfnnt D was to prevent the transmission function froam
beconing.negative.' If therefore the transaission function'
of each cell is reduced by a constant amount, such that it
still rel;iné positive or zero, the propertieé uith.respect
to a matched filter have not changed. For this reason the
modified ﬁréns;ission function shown in Figure 8 is equally

valid as the one in Figure 7.

. Finally, in order to produce a binary filter it
is required to.apprdxi-ate the éoutindous'ton? tpansmission
function by a binary transaission function, i.e. an opaque’

. mask with some transparent areas.

’ There are lany uays ia which the sinusoidal
ransniasion function of each cell can be apppoxilated by
one aperture 1n each cell., One of these is to use’ ‘the ;
anpagqenent previously described for n Lohqg!@filtex. and is

draunfin rignre n, , : ') ' : “.,

; . _ o .
| : ‘ 1: thg am:angelept of .ignre l&, :Ls nsed t.o .
apprqxintﬁn the transnigaion tnnction of rignro 8, thef' "
tollrg*pg reguirqnentS\ahonlq bg -qt’ ' ‘ -
g ~4;f‘ ‘?“j 1). xag totq; ;-p;xggae ot 119ht cvnins &:o- fhe L
lpqétnks.nnst hq psopnrtiqnnl to Ham -
2) mhn qpertnre*ghqulg pq qcuﬁq:ad in the sg-e

'”qt xg,a ﬂisﬁqnee

¢ i as. thq gggx og @hq sogingligg*
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‘Since ¥, ’héte:liqes the f:tél anﬁlitude‘cgling
‘fron the aperture in Pigure 4 and an deternines the
displacanent of the aperture from the middle of the cell in
the u direqtipn. these'tuo requirements imply the kolloginq

relagiodship‘begxgea :nm and H,., and between P . aﬁd”cnm K\

, . Lt .
‘e . " f

W . =H L , -
m“Hnm « . . : . |
Spmen . ¢ . (3.80)

B Gnm ‘ S
" . K ‘ é)A. ' * . [ |
'JESinca Hnmdhnm‘and Gnm is equal to,ﬂnn/(ZnK) it-is seen that

equat;on (3. 40) expresses the same choice of filter Lo
’ AL N

paraneters Pom and Wom as Lohlan arrived at. by diffraction

o
;.. . N

theory (equation (3 28)) . ﬁ« . - 'M“ o

. o . . .
g “ ‘ ' . N

'In conclnsion, the anqusis of a Vande:alught

I

SH

filter has ;esnlted in a’ hinary version of: the filter which

o
[

. has the sala,filte: parangte;s qs Lohgan dgrire& by a

i

P conpletely diftenent app;oach. &hqg~1¢ ‘has heen

1‘it¢0nah§.@ ; betne if
et 11

S,DQQR nggg;;shgd tha tre@

! YM-
IR
O IVERLOY I
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integral number ot p%riods within each cell. This
requtrelent‘leads to a sinplification in the computation of
the filter gince the reference wave distribution is the same
tor each cell. K=1 implies that there 1s‘only one aperture
in each cell which is obviously more convenient to plot than
for example two apertures as ‘in the case when K=2.

However, as seen from equations (3.2) and (3.30) K is
related to the tilting angle of the reference vave and thus
also to the separation of s*' (-x,-y), the required part of
the impulse response, from the spurious pafts (c.f. equation
(3.7)). Thus 'K=1 is an appropriate choice. only if the

o h

separation so obtained 1s sufficieat..

The choice of ¢=1/2 means that the cosine wave in
Pigure 8 is approximated by a square wave.  This choice is
intuitivali easily undqrstood. Other choices are, ‘however,

a

possible and have in .some cases been made by Lohman [8].

*

. A choice cf K=1 and c-1<2 leads ta a problen vhich
by Lohggn is reta:ted to aa the verlap proglenﬂ To
explain this, conazdor a cell ':::*Enm'1)2* ¢ 3 1§ seen hy
conai‘oting rigure Q that the apecture of this cell would
ﬂpxtond into the adjacent cell by a/8,  If now the’ deacont
‘9011 hnpycnot to ha:, Phel m =172, then the two apertures
vésld céupla

ltﬁqxltood in terss of thn p:‘aqnt nnqlxaih of the Vander
Luﬁ :u.m.- aad can be cqtﬂgtu.. rigure 9 -h\qu the

tEap et a fangtion of N cell 4n & Yapder x.nght £ilter -

ind « &, *

ely avo:lnp. This prob}on is n;silx

E

L ; A . : & N , "
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.
wvhich would lead to P.m® /2, and it also shows hov a Lohman
filter approximates fhe transaission function. It is seen
that the aperture extends into the.udjacent cell. The
problem of‘overlupggng can be eliminated by choosing the
alternative approxisation to the Vander Lught transmission
function drawn ig -Figure 9. Using this alternative
N

approximation the aperture is inided‘into tvo parts, and is

conpletéiy contained within one cell.

.

It has now been established that the Lohman and
Vander Lught filters are %Bquivalent, fn that one can be
regarded as a binary approximation of‘the other. The
ch.!!z as to which filter is to be used in a matched
filtering experiment does thereforé depend primarily on the
particular application and which of the two filters is more

easily produced.

oy
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CHAPTER 4

SANPLING CONSIDERATIONS

4.1 Introduction

Despite the equivalence of & Lohman and a Vander
Lught filter which has been explain%d in the previous
chapter, there is an impcrtant difference'in the%r
production. While the Vander Lught filter is made using
optical methcds only, the produétion of a Lohman filter
requires that the signal to be_matched, s(x,y), is sampled
at ?;gular intervals and the rasulting array of numkers

Fourier transformed using a digital computer.

Prior to an algoritham gue‘to Csoley and Tukey
[19), known as the fast Fourier transform (PFT) algoritha,
the Fourier transforming of large arrays of numbers was a
very time caonsuming oonputntion,.so that the evaluation of

\ Lohnan.nasks would have keen highly unpractical.
"
The FFT Alqgrithn is a very efficlent way of

‘
computing the Pourier transfora of sénpled.dqtg.‘ A prograns
‘)qgﬁcen according to this algorithm requires as an input 2"
(n being an integer) equally spaced samples of a sigpal
vhose Fourier ttnnatotl 1n'requ1qed. The prégrau'than
Ronnicr‘tranaforyatho array of saaples, returning 2"
freguency components oguql’g spaced in the tr0qnenc; apaco.
The Mghoct (¢+ve and ~ve L“’ f:aquency obtained is 1/(2%) -herc

X is, the dtstnnco bqﬁ;ﬁon saaples, or in thg case of tinme

B, - ‘
3 N .
e : ‘ A . C .
R ' . ¢ Lo .
" ¥ . N » ., 49 . N ] s :
' L} ~"'. » ’ E ) rw

e +

‘i' ar ’
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series, X is the time interval between samples.

| Even wvhen a fast FPourier transform algoritha is

used, computing and plotting costs incggase rapidly as the
nqlber of datapoints increases. The number of arithletic
operations required to conput; the Fourier ?ransforl qs;ng
conventional techniques is préportional‘to N2 whereas using .

FFT they are proportional to 2Nlog,N [21]). N is the number

of samples to be transformed.

Using- the IBN 36Q/67 computer belonging to thé

Department of Lomputing Services, University of Alberta, it
S e

takes approiilately 15 seconds (CPU-tiqe)'to compute thé r
Fourier transform of a 128x128 array using the FFT

algorithm, It would take approximately two hours tg
compute this tinnsforl using conventional techniques.. For \
+a& 256x256 array the figures would be 1 minute and 36 hours

respectively. " .
, ® ‘
Dsing the Calcomp 663 plotter be;ongin? ta
®  computing SexviGes the plotting time for a 128x128 cell
Lohman filter is approximately 1 hon:,'indﬂfor a filter of

256x256 cella the piotting time wonld thus be ahout 4 hours.

v . L
, To give an indication of the Fost'ot making a
!AA . A 'v‘» "‘ [ : ’
Lohman filter, thq ou:tnnt rates for the computing

I 4

J t;ci;&tios at thiu q'ivqxsity q:c as tollon;a conpnting tino
| (cnntxtl p:ocqsﬂgng nlig) 860Q/heur, Calcomp plotter.
S16/hon:. . AA a tongh thinntq, qonttpl processing qnit .

-

) . ., N . ' m
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0
- storage costs during execution are similar to the cost of

computing time used.

The rntés quoted above are the ones commercial
non-university establishments are chargéd. At these rates
the ccst of computing and plotting a 128x128 cell Lohman
filter can be estimated as $20 and the cost of a’256x256
cell filter would be about $85. The number of samfples
né€cessary to give a good representation of a signal is
theréfore an important factor in ghe production of a Lohman

L

filter.

In this chapter the sampling requirements for 5
W '

Lohman filter“}illlbe examined, using fingerprihis as test

patterns.

The reason for using fingerprints as test patterns
is, as mentioned in Chapter 1, that the work done on
fingerprint identificaticn using Vander Lught filters [5.6]
indicates that fingerprints are vell suited for detech(on by
matched filters and unlike nannnde objects, such as
alphanuleric chqractgga, tingexprints seel to possess the’

A
arbitrariness cqnnon to sany naturaily occu:ring.objeqts.

\ * .
. -
% [

azmumnmm mum

It is rqguirqx to men tho fhst rourier tnanstoxl

| dlggrithl to conpntc thT rourLQ: tzanatq:n of s(x,x)._u Ta
xthiﬂ snd a(x,z) innLgnglqg avqt a :qgglg: g:id‘ot qalpliug
*“.pninaa; lp&cid A dithncn X apart &a thc x d&xsszion And a

/ ; L4 : Y ¢ LI

v
H i 3 g N i . ., : R ‘ N
o - B T L "9‘\ .
L. ' B . . . . e o . '
. - A . - N - . K : RN
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distance Y apart in the y direction. The array of saaples

a(x,y) so obtained can be ;fitteﬂ as
!
\

. ;
-~y 'a(x,y)a Z ZS(x,y)c(x-nX,y—lY) (4. 1)
co n A _

_ The FFT algorithm éan be used to éonpute the
rogrier transform of ;(x,y) which 18 also known as the
discrete (or fiﬂitg) Fourier transform of s(x,y).  The
qu;stion arises, hov accurately the discrete Fourier
transfora approxinatesrtbe continuous Fourier transform of

S(XsY)e The ansver to this question 'is given by sampling

theory:

If s(x,yY) is.a contin&%us functién and a(x,y) is
related to s(x,Y) by eguation (4. 1), then the fr guency
spectra A(u,v) and S(u,v) of the two functions are related
by [ 18] ‘
A(u,v)=[1/(XY) ) Z ZS(u-n[x,v Y, (4.2)

A

r . *

The right hand side of nggtion (4.2).1s propo:tional to an
array of functions aqual to S(u,v) centered at (n/X, l/!)
vhere n and R can have any values between -« and ©. Thus
the nearédst S(u.v) functions are snparated hx 172 % and 7Y 4in

the n and v di:ectiona rcspdctivqu.

s id X ;
",‘w . . -

it s(xen) s a bapdlisited tnnct:mn thei, S(nm in

; .nqn—zqm only in a luq.tqd nqion o: the t:qgnmgx plang,»

.

LM; M: hp umgcﬁ that" nn.v) ia aevm:o qnl} for C

i,
PR

trcqnm&n u\m! gn@ |w|<l, nndo: shén gonnq.gns tn. "

‘,,, o wa '
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'
various S(u,v) functions in equation (4.2) are separated

provided X and Y are chosen such th;t
X<2Ww and Y<2W ¢ ‘ (4.3)

The situation described above is drawn in
\
Figure 10a for the part cf the spectrum along the line v=0.
Only the central part of the infinite array of S (u,v)

functions is shown.

Suppose nowv that X is increased such that the
relationship (4.3) is no longer true. Then as is shown in

Figure 10b the various 5 (ufv)\ terms are no longer separated

but overlap. Thus it i4 no Aonger possible tc recover

S(u,v) exactly from A (u The damage to S(u,v) is

referred to as aliasing axd\it is sajd that high frequency

coaponents from an adjacent function alias high

'y

freguency co.ponents of the centxal S(n,v) function.

‘Prior to the experiments with fingerprint

. 1dentification deSc:ibed here, some experiments were done
-with Iohman filters in character peéognitign. In these

experiments the problem of aliasing whs gquite apparent.

A

‘ rignre 1 shons the amplitude of the Fourier

t:qnafcxn ot thq 1cttet A, computed uaing the FPT algorithq.

The eblputad xourie: tranatarn is cémposed of 12&:128 ‘
datnpoint& chh of thq dntnpoxnta is xaprqsanted in
rignrg 11 by a blne; sgnlrc, the aren of the qguare boing
ptﬂpnt&ioncl to thc A-plitndq ot tha zaqzxqr t;anstorn at.

L Y. YR
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: A(u,0)

1/X

AN

(a) No aliasing present.

A(u,0)

(b). Aliasing presenf.

L3
’

.
»

"I{’,igqra 0. Th‘@qpeenrﬁm of a sampled signal.
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that point. : .

When the computed Fourier transform of Figure 11
vas ccmpared with the optically ob;ained Fou:ier transform
of the same letter A, it 'was found that tﬁé line of specS;al
components indicated by (1) in Figure 11 was in fact She
continuation of the line (2) from an adjacent spéctrum,

appearing in the central spectrum because of aliasing.

Intuitively one might suspect that fingerprints,
being complicated patterns, possessed a vide rgnge of
spat&al frequencies. If this uaé’the case, it uould be
neoessary to employ a great number oﬁ'samples to adequqﬁély
discribe a given area of a fingerprint. This would lead to
high cpaéﬁting costs and thus rendegythe Lohnaﬂ filter'very.
uneggnonicél'for fzégerpfint identification.  For this
reasan a survey u;s undertaken to invéstigage-lf
fingerprints are indéedpbandliniSéa, and if‘§o,.to establish

an appropriate sampling raie.

ndlipit

4.3 Freguepncy ations of Fipgerprints.
. In order to investigate the frequency content of

‘fingerprint§, ten finge:pxinta vere selected ‘at randoam fron
£ile of priats, joriginally ohtained from tha R.C.H.P. o
" Rach .of these prints was nqgni;;ed approxinntelx 10 tinas |
and the nesnlting photg'raph sg-gled at ‘a high ;ate to- |
nininize aliaggpg,‘h mhe tesulting array ot galales vas |
i,Fontﬁur transfcrled hx thq mnr alqprithq and the :eanlting

L ]
i

fgﬁt’ﬁ“°"°Y apqctru. Anquzed. \ . ’;r?7: ,‘ ’f,~ i
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-
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‘*':\, _“‘ . | | |
¢I The samplihg of the enlarged print was performed

psing an image ccnversion systen belonging to the departlent

}6f'Conputing Science. . This systen consists of a Sony DXC-
f f20TOA TV camera which scans the prlnt, and a quantizer
fieéigned and built by Technical Services, University of
ljdl%erta. The quantizer saaples the video output of the TV
‘”‘qﬁ*era at 1nstad;s that correspond to a regular. grid of

ﬁoints on .the fingerprints, The quantizer is connected to
p. DP-9 co.puter which stores the sanples from the quantizer

'onpa nagnetic disc. Also copneqted to the PDP-9 is’a

ﬁqHﬁbecied. '

. - —
TR

) The guantizer is capahle of distingnishing between

1eval$ of gray and the. total field of vien of the TV

era correSponds to 448x4us8 sall;ng points. Smaller '

e

3

eas can be selected with a corresponding reduction in the

T TS T - e

t“&\:‘_

bnber of salpling points. ,

. The time taken ‘hy the syste. to salple apd store 'fﬁ

|

‘,k ne - picture 48 ahout 40 geconds. ths ‘the sxsten is vell

fqited for the processing Of sti;l pictures.
1 e o , SV

,
»

utﬁ’_ ﬁf The salples of the prints uere ery closely gpchd

gﬁ"finﬂﬁtytint PVGI “oé:?%§ &;?,.“

‘ . ,,A‘,y’,\ R :
L . o o . o e ) ) - . R ! L ',
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could be neglected.’

The array of samples obtained in this manner ;as
then Fourier transformed using the FFT algo§jthn reshlting

in a frequency‘spectrnn‘of each of the ten prints.. -

As was Just lentioned, it was assumed that
aliasing was negligible. " This assumption was jnstified by
the fact that the highest spectral oonponents obtained nere'
" very, snnl} ccnpared to the lower ones. The conputqﬂ b
alplxtudﬁ of these high eelponents is the gﬁn of the
oonponenﬁ in the fingerprint at that fregnency and the
anplitudh'uhich appears at that frequency because of
alia81ng. Since the total amplitude computed for high
frequenqies was low, certainly the anplltnde appearing at

these‘frequencies pecause of aliasing must haye been lov.
. ) .

. In order to give some rdpresentatiof of the

bandlimitatiog of the prints, éhe total powvericontained ‘

1

~within the ﬁ:equency band |u|<n and |v|<i vas calculated for.

sqvenal valmes of R. All 10 prinhs shoued sililgr ggfults,

n
80 onlx the two: extteles are presented he:e. Y

o, . . Lo
' /"v ' . i",'r":l.

it

ltgqxes 12 and 13:shqg'the two extxsle qgsgs."

: &hg gnint representg@ﬁin rigq:g 12 1s the p:int uith thev
e
A greqtdgt-concentragion og poneq at Lgnxﬂreqnanies (1.6 the

L'.l

11na pl]‘@ed 1n riquroa 12 and 13 rqsgLfastpst fn:‘thss
| ' 4rign:e 13 1: thg)

?fqu:qs htdd i
' "ls'st ¢oppentraﬁiqn qﬁ pgiég»
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at lov frequencies (thé line in Figures 12 and 13 rosé
slapest tor this pr?nt). From now on the for:?r vil¥ be
referred to as "the lov-frequency print' and the latter as
"the high- trequency print™. ’Ptol Figures 12 and\13 it is
seen that tle prints are indees fairly well bandliliéed.
Even in the case of the high~frequency print, 90% of the
total pouef of the print i=s contained at spatial frequencles

lover than 4.2 1lines/nan.

In selecting an appropriate sampling rate it
should be kept in mind that the power at frequencies outside
the band-limit W dictated bf the saapling rate
(c.f. equation (4.3)) will not only be neglected, but will
in fact, through aliasing cogfrupt the frequency components
within W, On the 6the; haﬁd it is desirable to keep the
saapling rate ‘down so that A large area of a fingergrint can

be represented by a small numbaer of samples.

With these critqfiq in mind it was decided,that‘n
sauplin§ rate of . 11 linesy/an (yialding a frequency band-
11ait of 5.5 lines/mp) uqi an agb:op:lato colpronil&.

Using this sampling ;qtoi in the worst case (see PFigure 13)
only about 5% of the total power in a print 19 affected by
aliasing and in the best cass (see Pigure 12) abount é.SS{éi’
the total gower is affectad. At this Qaspling rate -
).2:1 2 c:' o a tingotpxipt can be rnptnaont-a by 126x128 '
.-uuplod. nnd 256x256 tnlslqn nolid be tutt&ciont to

Eepresent a complets ﬁingctprint. '
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CHAPTER 5

EROPUCTION OF A LOHUMAN FILTER

5.1 Data Collection : oo

In Chapter 3 the theoretical basis of the Lohman
filtgr vas explained and in the lgst chapter it was ‘
described how a pqtfern can be sampled in order to obtain
the data reqdlred to construct the filter. In this chapter
th complete process.ot making a Lohman filter wildl be

l A

dXdpuSSedi Wt | \

4,
l\
Figure 14 shows a flow diagram of the operations
L
required ta froduce a Lohman filter, starting with a
Photographic record of a fingerprint and. finishing with a.

Lohman filter latched to that print,

M -

The fingerprints used in the experiments were
obtained 'as records on a microfilm.” Thus the firsf step in
the gzaducticn\of € Lohman filter is to enlarge the print
vhose filter is required omto phatographic paper. The .
scale of the reproduction}la deterained by the imade

conversion ayatnﬂ used to agnpié the prints and was in the

present vork approximately 10 times the natural size. This
ehlargement was performed by Photographic Serviges,

University of Alperta,.and was done by a tvo~step procoéa.

L]
hd ’

The impge copvarsion system used was described in

- the previous chafter and is drawn in a schematic foram in

L3

<
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Pigure 14, The, image ccnversion system outputs an array of
‘numbers describing the darkness of the print at points on a
regular grid. In the experiments 128x128 samples were used
and a sampling density of 5.5 semples/ma in the two B

perpendicular directions in the print plane was used.

The output used from the PDP-9 Computer was ;n the
form of punched paper tape and contained the data as a
1;8x128 (=16384) element vector of integers 0 to 63, ‘
corresponding to the 2? Jevels of gray distinguishakle by

the quantizer.

-
N\~

Unfortunately the computing systea !x the
Department of Computing Services did not include a high
speed pgper tape reader at the time of the experiments. In

" ]
order’tb’input the data to the IBM 360,67 computer the paper

tapes first had to be transiuted onto magnetic tape which '
could be read by thepibn 360/,67. This translation was done
in the Division of Biomedical Engineering, Clinical Scienées
Building, University of Alberta, using their ccmputing
facilities. The translation is not indicated ih the'tlev '

diggram in Tigure 14. 7

5.2 Copputing and Rjetting

Once the array of aanples has been stored in the
IBR systea it 1s required to evaluate the patatntern
docvquing a thnnn €ilter ahd then use the ca;cdip 663
ploﬂtnx to plot an qunxged vo:aion of tho filter. VCP

. i ’ ¥



Twc coﬁputer programs were written for this
purpose. The first program uses the Fourier transforaing
subroutine HARM whic¢h is available in the IBHN Scientific
Subro-‘ Package to Fourier transfora the array of samples
obtained from the image conversion systeam. The eleients of
the Fourier transform are thenm Gonverted to an amplitude and
phase notation instead of the real and inaginary.ﬁotation
outputted from HARM. Finally, the amplitudes and phases
are used to calculate the parameters of the filter according
to equations (3.23) and (3.24). Both this program ané the

program used to create the plots are listed and e;plained in

! '

~Appendix B.

As pointed out in Chapter 3 there are many shapes
! ' 0 ' N
of apertures that fulfill the requirements placed on a

5

Lohman filter, Referring to the notation of Figure 4 the
shape of aper;ﬁres used in the present filters vas the same

as drawn in PFigure 4 except that W__ was pot varied but was

nm
taken as Q constant equal to 1, Instead ¢ was allowed to
vary between 0 and 1/2 tovaefqrnine the amplitude of light
emerging froa each cell. Thué each aperture extends over
the whole cell in the v diéeqtion and the width in‘the u
_direction was varied fiom 0.to 1/2 the cell width. If an -
amplitude called for an qpertn:q.nid;hjof less than one
.stroke of the plotter ped, a single line was dravn and the
length reduced app:opxx;tglx; 'if\thg area of the required

"aperture was less than the pen tip no aperture was drawa,

£ . ’



N

/
As an indication that neglecting these small

t

apertures was reasonable, it should be poig;éd out that the
. :

largest aperture neglected is only about 1/500th of the area

pof the largest aperture.

The plotting program listed and explained in
Appendix B plots the filtér column py column, decides for,
each cell which type of aperture is required and draws it
according to the procedure described above. This
plotprogram makes use of s?brout1ne PLOT which is available

in the Calcomp Subroutine Package.

The final step in the production of the filter is
to photographically reduce the plot onto photographic fila
sych that apertures drawn in black on the plot become

transpaijpf and the white background becomes opaque.

The scgie'used in the plotting was .22 inches/cell
(.56 ca/cell) and this was reduced to a filter of size 100
microns/cell or a 55 times redugtion. This reductfon was
again carried out by Photographic Services and was done in

{ .
tvo steps.

5:3 cost of a Filter,

In the last chapter the cOSt of computing and
plottng was, found to be about ‘20 for a 128x128 cell filtex N
and about $85 for a 756:256 ‘cell filter. Costs other .than
couputinq and plotting uoats are the cost ot aa-gling a
pietnrq, and thgt of thq photogrgphic procnninq. f it is

!

Ll



difficult to assess the cost of sampling since in the
b} " "
present work the image ccnversion system was lent free of

charge by the Pepartment of Computing Science.

The cost of the photographic work involved, both
the enlargement of the print and photoredudtion of the
‘plotted filter, was about $5-10 for each filter.

In "
Thus the cost cf a complete filter can be

estimated as $25-30 for a 128x128 cell filter and about $95-

-

100 for a 256x256 cell filter.



CHAPTER 6

o FXPERINENTS ‘
. |
6.1 Experjimental Azssnggésﬂs

In Chapter 2 spatial filtering is explained in

terms of the optical system shown in Figure 1. Thié Systen‘
can be used fd!fany spatial filtering experiment and has the
advantage thab?.ﬁurieﬁ transforming properties of lenses can
easily be explaiﬁed in terms of thié system. The system
sketchedlin Pigqre 15 is, however, better suited for
practical experimentation (23] as will be seen later and
vill be used 1n‘the equxiients described in tRis chapter.
The proper}ieé of this latter system are derived in detag;

\

in reference {23)] and only the most important results will
. r

be meptioned here.

\

In order to obtain an exact Fourier transfora of
any object it must be placed one focal length in fromt of

the Fourier iransforning lens and then the exact Fourier

transform Apgears in the back focal plane of the lens [1“]
This 1s E’e arrnnge-ent used in the systea shoun in

Figure 1.

¢
T

- If on the other hnnd, the object is placed hehinq
the lens less than one :pcal 1ength away, the Fourier .
transtorn qf the object atill appet:a in the back focal
plane of the lens but this time it is multiplied by a
spherical éhnne.ticto:f[1nj._ The filferiég systes <drawn in

—_—
Y
. ) - 1 ’ .
LR A " . ’
o . . ) . - B »~ .
o L B ' 68 A . . . . Yo
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Figure 15 makes use of this arrangement of lens and object

to perform the Fourier transformation.

Referring to Figure 15, L1 is the lens which
perforas the Fourier transformation and is illuninateg S} a
plane iave. The object to be filtered is !'aced in plane
P1 which may be moved along the optical axis of the systen.
As préviously mentioned in tgis case the Fourier transform
of the qbject which appears in plane P2, the back\fccal

plane of lens L1, is multiplied by a spherical phase factor.

Using the notation of Chapter 2 and with reference
to Figure 15, the spatial frequency coordinates, u and v in

plane P2, are related to the real coordinates by
\

b 1

u=x/(AD) and  w=y/(XD)’ | (6.1)

*»

'
h

CO-parfng Fﬁe aboi§ equation to equation (2.17) it
is seen that fhey are the-same except the focal length f in
equation (2.17) is replaced by D, the distanég between P1
and P2 in Pigure 15. Sipnce plane P1 can be moved along the
optical axis; D is a variable and thus the gca}e of the' .
transtq/x:- in phne P2 is vnlriahlq.. - This feature is one of

the main 'advantages of the sxst.i'shown in Pignre 15 aver

‘the ape in Figure 1 s}nca it al s errors in scale of v

. eithgr the object or the filter to be conpensnt'
A

:qr by an
A

‘ . ‘ . . C , .. ‘ ‘7‘ : . .
‘ lncthu mnntgge of the system in Mgure 15 is

i N
" v

that it is -oxc conpact sine.thﬂ Fpurie: tx‘angforntion . o



70

. -— ' . ~ .

..co..npmpﬁwﬁa..am&xm I0F posn walsds butxaiTty teotrado ST QH#?TH
-~ , ,

A T

-




\
only requires one focal length compared to two focal lengths

required by the sfstem oT Figure 1.

Referring again to Figure 15, lens L2 images the
fiitgred version of the pattern in plaﬁe P1-onto plane P3.
In oradr that a focused i;age appears in plane P3 the .
relative positions of P1, L2 and P3 have to satisfy the ueli/.
known imaging condition [14] vhich in terms Qf the |

A

parameters in Figure 15 can be written as
Va + 1 b=1/1, (6-2)
vhere £, is the focal length of lens L2.

6.2 Positioning AccuracyReguired

, It can be seen by ihspection of équatidn (6.1)
that the origin of the spaliallfreguency cbordina£es in
plane Pgéis def;ned bf tpé égtical axis and does not depend
. on the exact positio_n of the objeét perpendi;:ui;:,% ae
optical axis inwpidne P1. The positioning‘of the object in
this direction is therefore not very critical. ' It is only
necessary,that‘.le object rhnqﬁ?s fully illuninated during
the ﬁiltering e;periﬂent. Hovever, as ﬁhélquect is moved -
 Vin élane P1 (perpendicular to the optical axis),fthe |
I;lte#ed imager also moves in plane P3. Thus in g;der to
  6§¢16§‘nhet§er recogniticn has taken piace or pot the point
of;;xght inﬁﬁﬁ&{iyé reéoggiiiép‘iu;t bé séggchea'fbrv}ﬁ‘
plane P3. ﬂ"_' AR o R D .

] ’

I TN
. ® It is, however,'important that the filter is

Sy
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accurately placed in plane P2. | As previously mentioned the

origin of the spatial frequency cdordinatesnis the cptigal
[ ] .

'

axis. In order 'that the filter matches the Fourier

S /
transform in plane P2, the point on~£§e filter which
)

corfespon@s to zero frequency.én the Fourier transfqrm of

-

the object must be placed on the optical axis with

sufficient accgfaéy;
In order to obtain some estimate of the accuracy
required in the positioning of the filter perpendiculat to

the optical axis the follcwing argument is adopted:

L
In' the derivation of a Lohman filter it was

assumed that the complex transmittahce varies slowly within

each cell.  (THis was the assumptiqn which allowed the

¢ {

transmittance of each cell to be qpptoxinated by one

aperture only.) If therefore the egror in placegeﬁé of the
filter in plane P2 is. small compared to the dimensicn of a

cell, the resulting érrox in light t:ansiitted‘thréugh’the'

filter can bhe expected to be small.

‘?~7") - In the expdrinents performed all the filters

L

Wl
ggp'féKed of ﬂ28x128 cells and had an ovenall size cf
f3x13 ARz, Ihus the sidq of each eel% is approxilately !

0.1 ma or 100 nicxons. a . ﬂ

5] Laﬁ the)phrnse ﬂslall cq-pared t9 the dinension ot

iy csll« leq "less than’ 1710 the cell side“ Then it an N

» (-

— ) [

hg estilgted thatjit 13 n1§essaty tor nqugnition thqt the

¥,



‘These studies-'show that displacement'

62 3 Eugnes..a.l. .a.imnt R R P

\
{ \

filter deviates no more than 10 microns from its correct
- ) S . .

4
.

position.
Ny »/' . .
Of course it is possible that:the complex .

transmittance does not ohly vary slowly within each cell, it

may vary slowly within several cells. If this was the case

C N -
“the above estimate of-the accuracy to be achieved is a worst

-

case estimate.

| U | ®

+vander Lught has published some theoretical
studies abogt the detériq;ation in signai to noiée\ratio as
a functibn of the erfor‘in the placemeunt of his filter [ 24].
. & the filter® in 'tlhe
axial direction is relatively unimportant so'that.the .
accuracy regquired can ‘easily be achieved by nan;ally slf%ing..

the filtg; hclder along an Bpticql birchf‘
, S o v ‘
) In designlng a holder for thteter the nin

|

cr1terion to ‘be met vas . therefore that th fllten could be

positioned with ik dccuracy of. .at least 10 microns in the

directiaJLwierpendicular to the" optical axis. .

i

Retenring once no;e to rigure 15, the glane wave

sed as illnnlnthon vas Qerived from a Spectra’ ghysics

:‘ Stabi;ite HeliunANeon laser of . wavelength .6328 nic:on and a \'

. Spectrél Phxaicq nodel 311, colliuating lens asse-bly. The
' 5 SR

?7faad a dianete: Qf 10. a c-.‘ xhq ila§199 Len ‘ Lz h‘d a -

_.rouriec trgnsgoxning leﬂs L1 had a focgl 1ength of 152 cn

' ! -

F4
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VA Y
focal len&t? of 54 cm and a diameter 5.2 cm. The two
lenses L1 and L2 vere mounted on a heavy cast-iron optical - e

bench toqetheg with a holder in plane P1 containing the
object (tinggrprint) and a hqﬂder in plane P2 for the 2

-

filter. All the components on the aptical bench cou\d be .
n
8114 along the bench and by means of a vernier positioned

”

with a 0.2 mm accuracy. ’.

!

.Plane P3 contained a simple paper sheet to enable
the 1napéction ot.the light diatribution in the plane. All
pover noaéufenants in phene P3 were performed by the use of
a Spectra Physics model 40Q1B:pover meter. In all cases the
power Qni measured through a circular aperture of diameter

approximately 1 ma. .

. »
The £ilter holder was made at the Bachine Shop,

Dopar%nenf of Blectrical Engineering. rigure 16
[ ]

1lluatrqtch tho nechnnical design used to‘qchie'%athe '
: » ‘
"

roquucd Accm:ncy 1n pouuoniug tho filter. flw i’mua-
frane is composed of two frames - B&ch trano s cut out of
3/4 ioch sheet aluminien and g:;av:l u.'o cut into the frames .
;o nccqnodnto thql_ha‘tduod q:onnﬁ -tc’;L rods shown in

uqu:a 16. The qdddn shown niidu nlong the stedl rods on

. .ptocuica lov frictiom ball bushipgs n:tnfbod in thd fashion

1

hdxcnpt *.!{gnn 16.  In \n'dax mconm;-'tn poutaon

.o»\‘

. .muMo ’!gug tc pnﬂ the uodqq aloag. A ttnl apthg
'mxu zn Q;Msp nniut the n:l.o:watnm _*’A . ;; )

t nc u«m mcnrauu . nictantqt u mutu th:oagh tho

. - ‘
H v . . . . .
L N [ S ] & . ; . . N
. T : L] w8 ;v ¢ . ‘ 3



“UOTIDIITP 0 UT I931T7T3 uorytsod o3 ubrsap tveor
k2

N

- e e o w w wm— -

oONIdds

g




Th? micrometer is a 40 tucrns/inch niéron;ter which
indicates th&t each turn of the IiCIOI;tet shaft corresbonds
to a.motiop of the sledge of approxilntely 625 microns and
ten microns correspond tc 6 degrees of turning uh;ch is

easily contrclled.

Pinaily, in order to achieve the same accuracy of
positioning 1in fhe othi; direction a similar. device is
mounted on th; sledge, 'the orientation of the segond dgvice
being perpendicular to the first one. The apertures ﬂﬁ the
two devices overlap to allow light to pass thpough. ‘' Now
the filter can bhe mounted on the sledge of the second
devic;, covering tﬁe circulax openings of both sledges.

The tilte: can be mounted with or without a liguid gate {
*

which uill be descrihed shortly.

-

7 g

!
When a Vander a Lught or a Lohman tiltar 15 said

to nttcct only the nlplltqdc of a light vave 1t 1: assuaed
that the photog:npﬁic £11a used %o record tha tifter 1a of
nnitotn ghicknons, Nith coanu:ciallx nvnilablo-tilus this

is unnally not thu case and the tnrlation &ﬂ&th&Ckn‘.‘ of

thq £€11m can givn :1:0 tc Qttqcn in tha Rhase distripntion

of a 119ht n.vo onorging.trou th- filtexr and 3oduco 1ta Yo
perforsance (n). In o;a.g to :ohnc- the affect of - '
thickness tn:tntlou of ttc f4la tho p:ctxong nontaonaa

lﬁgnilagliq $ _4 g@nd I ‘ *_r@

‘sl T ' Jvu~

a 1&‘!&‘%19 CORELAYS Of a0 Aighly polished »

S5 : i LR s o . f
. Los B . ' '
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glass plates‘befceen vhich the film is inserted together B
with a small amount of oil nitA index of refraction as close
lns possibie to that of the fila. In this arrangement the ,
oil fills the dhpressions ?n the film and the spatial

.;arintion in optical path length through the gate is small.
Py \, .

]
LY

The glass plates used. for t)e liquid gates were
polisheq fn the optics shofp'of this Department and dibutyl

phtalate was used as \dndex matching oil

As previously stated, liquid gates could be
mounted on the filter holder and also on the holder which
contained the object (fingerprint). The latter holder

¢ ‘
could also be tilted about the optical axis and the angular

. position set accugate to 310 ninutes. This enables the ’

.object to be adjusted in angulnr position to match the

:11ter.‘

-

Mmsxusnmzsum !

The first osparinont was designef to confirm and

' demonstrate the abilitr,gt the Lohman filter to recognize
¢ . .

fingexprints. -f

-

-

. ‘ night pxiuga tcrq ;ol:ftod fxom the tila qﬁ ptinta

*

Acgntnd‘ t&*ou the l.c ""t of these Qight printl thq«
_vere used as, Qg&g&n&ln te }znducb Lohnnn 11;&0&:.;

. ‘ '
Py g “h

fiacl of these 3 ﬂ,.ltqu ng t‘hn usdd to actmt

* o

| th"npgtopxiucg p:&ng tron the solnctgqn of oisht.v e

E +



The prints vere prepared in a form suitable for
the experimental systes described in &he last section. A
1..211.2 cm? gsection of the print was made int‘ negative
transparency of 0.8x0.8 cam?. This particular reducfion
(33%) was chosen because it vas convenient to work with in
the system used. These trad§parencies vere used as objects
in the experiments and mcunted in plane P1. %

» .
The filters were made by magnifying the

approp;iate object about 15 tilesl(10 times the real size of
a tinqerprint)'dx to a sige suitable for sampling by the
i-dge conversion system described in sectiom 4.3. The
128x128 array of. sdﬁples was Fourier transformed and a
Lohaan f11§§r nade using the prograas dhd computing

facilities described in Chapter 5.

Fach of the :\tilters vas then tested bb the

f

[ ,
d/ r9 * Both the filter nna the object which it was knonn‘

following nethod: | . "

natch were nounted in 1iquid gntos .and inserted 1nto
‘the1t holdnr:. ‘!hc 11gh¥ iﬁtenqitx distribat}on in plane
| P3}n obsexved and tho positiop ot tbc :uga‘ adjuat.ad hy
) use of tha a;c:ontan on the tutq: holde:. and {u s:l.i.d*m

"

tﬁnud. !ho uy!tqn lll Qhan tnrthqt ndjnstn

nisc tho. pont y\ na mcoqnitinn sgqt, u., T thug
' stes La Jnomn, }om mrmcux bt ' for

.‘q

' w.‘ . %«, S " 4

)

b e~
eﬂ holda: uang thn oyt:lcnl bane’ qntu 8. Yeco ;Maop 5pdt

[
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earlier. (The system is set for the correct scale of
objects and the zero frequency in the filter is at‘the
optical axis.) "

Now the print in plané P1 was replaced by.bne of
the other eight and a recognition spot visually searched for
in plane 93.. If a recognition §pot was found its fpower was .
measured but otherwise the power in plane P3 where the
recognition spot should have appeared was measured. ?his
vas repeatqd:for all the eight prints, ending with the one

' . L)
the filter was known to match. . o4 o

The results of thege experinents are S}o'n in
tables 1.2 and 3. The . tables indicate for each filter anéd
each object whethar a recogdltion Spot was observed ;n plane

P3 and the power in plane P3 at the location where the

-

recognition sgot should have appeared.’ 1In each table the

-~

pover has been normalized to the powér of the recognition

spot. . -®

| From the tablas it 15 seen that q recognition spot,
is viaunlly‘obae:vbd only when' the objegt ia the print to N

uhiah the filter 15 nntchqd. , !hq,gaxin R poner 1n tha N
&

lecation of thq tecognation SPQt whan thd t;&tﬁr does uot

ngtch is oplx 14& ot thq ponqr aeqangga uhen an;oning to thn

. : . 'a".‘b
,\ ‘-. A.:.' ~ 5..‘A '} ,-’“
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¢
RECOGNITION POWE R
" OBJECT SPOT IN
NO. QOB§ERVED PLANE P3
‘l :
; 1 YES 1.00
" . 2 . ' NO 0.05
3 NO . 0‘04 » \‘ !
4 NO 0.05 it
5 NO . 0.08 «
¥ 6 NO 0.04
7 NO 0.10
8 NO . . 0.07 ~ e e e o
(o
\'\\k‘~ e
) - ‘1 ' '

"PABLE 1.. RESULTS OF FINGERPRINT RECOGNITION

:  EXRERIMENT. FILTER MATCHED TO L
‘ OBJECT NO. 1. S |

! » i ! : R . B ey
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.
» TABLE 2.

OBJECT
NO.

;> wN } od

s » 9 oo v

'
RECOGNITTON
SpPOT
OBSLIRVED

NO
YES
NO
NO

'NO
NO

® o

NQ

L}

POWER
"IN
PLANE P3

0.14
1.00
0.04
0.06
0.06
0.02
0.06

0.04

RESULTS OF FINGERPRINT RECOGNITION

EXPERIMENT.

OBJECT NO. 2.

¢

»

FILTER MATCHED TO

[P R .
. 3 N
W H ' .
. “) »~
e o
.o X
A
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i
oy
-‘ ’ '
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.
.
’x "u‘ + i
[} * *

RECOGNITTON POWLR
OBJECT  * SPOT IN
'NO. OBSERVED PLANE 13
i . " v r'
1 NO { 0.07
2 NO ‘0.05
3 YES © 21,00
4 NO 0.10
5 NO - 0.03
G NO 0.08
7 NO ’ 0.04
8 No 0.12
M “ f‘; “ ‘.}.
’ . | ‘I‘-" . '
T i‘iTx~

RESULTS OF FINGERPRINT RECOGNITION

EXPERIMENT. .

I

FILTER MATCHED TO
. Fr !

OBJECT NO. 3.  a "
. fl ‘
. '.' "‘ ' ' ,;: "
. N . t ‘

82

e



83
s B
studied. The filters were first adjust;d to maximize the
pover in the reéognitiqn spot and then deliberately moved
from their correct position in both the p&sitive and
negative x and y directians. The reduction in poJer‘ig the
recognition spot was reccrded’as a function of the / O

. ( :
displacement. Figure 17 shows a typical result.

From Figure 17 it is seen that the po§e£ in the
recognition spot ‘drops,by 10% if the positioﬁ of thé'filter
is incorrect by approximately 175 nicrons: ' Thus thé 3
g¢stimates of the accuracy rqguired fﬁ éﬁsition1ng presenfed .
iﬂ section 6.2 are seen to be too stringent. This could .
have been expected since' the estimate applied to_the uo;sﬁ‘ .

. . . o . /,,\,' /
case. o . p {/%’f

Th'e effect of angular displacement of thszilterwq

\),%"

e;perinents ‘the object hclqer vas used to initially adjust,y Vo

from its correct pqsition vas also studied. ' In these

3

the relative angular position oq/ rint and filter to ’

K

' angnlar position of the :f?

clockgise auﬂ countercggjiu;ae &ﬁrections an@ tuh pover 1n

'7'ghe rgcogniticn gpot reqotded!as g*tunction of the angulat ;

4

. ! W : .; P
A N Pontm" * E I o : ‘ ) _, " o i :’;” : 'x ! i
- S0 ' S L
4Egsn:e 1& shoua a ﬂ;pical set ot thesa v‘;l'gw- B
'f;nggqn:ggnnta,,‘ It a poqu doss, of 0% is ol@h aore’ tgkqn as 'ﬂx

o i gs;*':1°",1§ i‘ P’*n ﬁt@! qunxn 1& tggt 3
«-1, mwigiéaug A g e

i ‘
v ‘“‘»’5‘

",!, . ’ .."L‘.%Af »
Sean it gt p;t ’ T
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" only 65-75% cof maxiaunm.

, gqte vas not used. It was. found, houeyer, that thi
“and reuched 40—45{ at tue end gf the experinents. The .
"end‘uashed. redncing tue efficiencx of the objpct. This ‘

| reduction in ettigiency conld ﬁﬂ;
-.?'préctieal a?g%;qgtion 1£ ligdid gAtes are\ggt nsed since &- .

;pereentage slouly increesed as the exper}nents progr

86

-

approrinately 11.5 degrees. This reéult'-ay be compared ’

~

with reference (5] where it is stated that recognition takes
place if the positioning of a Vander Lught filter is
accurate to 13 degrees. In the preSent experinent< a
recognition spot was observed vhen the engularvpositlon 6f

the filter was inaccurate by 13 degrees but its pover was
. “‘. A “‘ 'I. . ¢
" Finally, it should be -entioned that throgghowf/
f%e experlnents ap inprovelent vas observed due to the use Y
: L3 .
of a liquid gate for the objects. The objects were used

uany times for different experlnents end affer each use they

" whre wvashed in detergent to remoye any o0il left fron the

use, In the first experinents it was found that the .pover

in the recogniticn spot decreased by abont 20! nhen a' iquid

rea$qn for this phenonencn;is very llkely thht snall

§cratchs and ilperpections develop as tne objects qre used

'w,&tq ser,xous ima T

‘;;

- !’a

”gZQx redngtign ngx ;ossihly be tolerahle bdt nqt QO*Q&I. «,f.‘f'ﬁ

,:\l' \
B . \

| ;{'am,;nx pc qe Mi&n :a.m; mﬂmmemg

LY .

- .
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fingerprints;“ For each of the three filters a visual

A \

inspection left no doubt that the prlnt vhich the filter vas
natched to was t?e only :rint vhidh caused a recognition
spot to appear in plane B3. The power ne‘knrelents ‘ -'ﬁ

substantiate the above statement but it should be pointed
’ ' |

dut that the power nééSureiengs do not really tell the full
story. * When matching did not occur the light distributlon

in plane P3 was fairly slouly varyiug wvhereas a sharp p01nt

)

© of lighttuas observed vhen natchlng occurred.
\I ‘ y " | | ' ‘ | Q | ‘ * 4 ‘ [
The results of thxs experiment lay be conpared ' £
‘ -

with the results lent1oned 1n the introductgon wvhere 64

Vander Lught filters véfe tested vith a file of 10, 090. P”
I ) i’
I prJ.nts. » Since in*lﬁ of the cases the vVan er Lughw fllter '

4 .
oA

‘identifxed the correct print alone out of 1 ,000 it can be }'

seen that uhile the present experilents codtlr. the ability ¢
' of the Lohlan filter to 1dent1fx fingerprints RO speCif(

eonclusions as to its’ capebiiity for prescreening n 1&%ger

nuiber of’ ﬁinge:prinﬁs tan be reached frog the snall umber , -

’Oﬁ !eaaure-ents,~‘r - .;ffy,.
i L,“ )‘ g y o o ,\ ol ) ' " “”‘ .‘ » ’0\ . .',’
A R /
S

nulbdr et 9;9 1H

Lo [

S
J
’4\

t1ltering .y
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Vs .

show that the positioning agcuracy required for the present

experiments 1is easily achieved.

¢ The experimental system described can be used to
. TN\ N . '
process more than one print at the ‘sam¢ tinme. If an array
Py 4

of . printe, eech preganld in the way previously descrihrd is

N : o

presented as. En object end one of thpsge prints aatches the
filter then the locntion Qf the recognition epqt tells which
of the prints matches the filter (the location of the
recognition apot ROves as the correct print 18 moved ih.

a

plane 91).

As the nunber of prints processed in parallel

increases, the eccaracy required in pogitioning chreeses.

The reasén for thia is that while eech print(in the inpht

has the sane benduidth the epetigl extent increases. The
"epece'behd-idth product®™ (SB product) is A measure of the .
tota} amount of information contained in the object. All .
the Inreramstion 4f the object is also contained'in its
Fourier tr;n;tor +  The overall aize of the\rennie;

transfora of t 8 object deeq mot inereene as the 3B product

incree-ea. : ﬂb, to ecconnqﬁqte the incroeaed intoruqtion.

the structure of the ronrienhssnuetern beconeu finer and -

r"’

‘thus peﬂitionipg becomes more critieal. S,
. . ) ' N . ' w'. ¥ [}
N 1e ie_ﬁenndr; iinentellx that ‘with the present
syaten the tinei he pdettiemf nnn tinn e&( |
nmsuqiy thea 4 ?mmm tes\me pzpt. Thas: ft only

. the cross mm ek\ﬁn Hé: bear is umudhd the WM

mwf

i L 5 " . N \} _{rth
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is capable of processing 49 (7x7) prints in parallel. e

" The expefipgnts vith angular positioning show that
in order to maintain 9% of the laxinqn'pouer in the

recognition spot the angular positioning accuracy sust be

apprqoximately 1.5 degrees. A
- B
when a fingerprint is found at the scene of a

*

* crime the polfce are generally able to pinpoint its

orientation tc 215 degrees (25]. Thus for the pur poses of

criminal investigation a print would have to be tried at 10

L]

.d1fferent angular positicns in order to process it

\

coap¥ately. ,This could.be done by construcfing 10
aiffefent filters and procqfsinq the ptiqi'gequéntiallx by
these 10 filters in separat* systems or separate branches of
the same lackid@. ) Alte:nagirely the pnr(ilel pgocessing
capability of the filtering system cogld be used to this

.nd- ¢ - »

The qsyccifog the equrinontnl results which ace

11:011 to cause the most ditticnlty in p:acticnl naq is the

_ d.pqndannq on a liguid date to 1uaq:t the ohject 1nto in

| tha xncognitign apot gag tonnﬂ tg dqctggsa bx nh:nt 20% xlqn

order to achieve conaiatont and nccn:n&n seasurements.. To
nonnt each e;jqct of a lltqt“colllnllon sn a liquid gate 13
agpractiocal Qna.to nonﬁ@ nlch obiect jnnt p:$Ot to . '4IF~

unnnn:nnent 48 tire cnnann&pqh S S .

!hcn tbg objoctl veze pew and nnuotn the pover &nﬁ.=‘

&
#
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a liqpﬂh('ate was not used for the object. aovever{/a
recognition spot vas gtill obsetved. Thus it may be
~possible to do without a liqiud gate and obtain useful

-

results. - . a

:‘It appears that in order to increase the useful
iife cf an object other cleaning methods or alternatively,
[ ! .
better recording materials than the photographic film have

. to be develofed.
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" CHAPTER 7

»

SUMNARY AND CONCLUSIONS

a Ct “ oo

tn:recent‘yeafs optical spatjal filtering and in -
particular optical matched filtering has found‘ﬁ:ny

practical applications and the iaterest }.%this field 'has

: ,
\ ' N ] et .

been considerable.

1]

A convenient way of,pfodhcing filters capable of. .
-controllin; the spatial distfithibn of hoth amplitpde qnd'
phase oi ligh§ transaitted through.the- vas fot a léng time
the main obstacle in the field éf matched filts ing. Tais
problem has Qeén greatly'rednceq in recent yearé_by the
'devélopient of neﬁhddé tc¢ produce.a special Ey;e of |

ho’logran; or masks, consisting of absorption patterns only
+ B '

which can be -used as matched filters, . ' j y
4' . The ficst of these methods is an optical
inta:tn:QIQtric) method due to A. VAnder Lnght.. vuqnf

qunr&nqntsQ gone of which are -cntiopqd 1a/}hc
,&ntreantion, hqvg bcqg ca@:iuﬁ ont uasng filtexs y:odncqﬁ
~b; this-ncthaA»had ths potqnt&ml aa« liuitaasnnt of thnnn

g . s .l
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fr/ou a natheuatical knovwledge of the filt?ring operation. o

In many applicd‘tmns a Vander Lught filte& can bd

)

very easily produced. For this reason less attent‘on has

been paid to natched filters produced by Lohman's method

L d

'-than to the’ Vander Lught filters and no study of the
peifoqi'lance of the Lah!an filters asymatched filter;)@s:
been ‘published. ' | AN
N ~ #hile the -ethcd of product1on 1s quite ditferent N
" for the two filtgrs, they appear to have many propeé:\es-in ‘-
>’ coam®n. Gﬂouever, no study of these sinilatities of ktfxe_‘ two
_ filters‘has been published. - A ) | ;
oo ® ‘ . y,
In this thesis a thaoretica! study o: the' '\’
trnnsnission prope:ties of the two filigrs has been cutied ".
out and 1t. ‘has been shoun t,hat the transnission fnnctions\pf
the two filtera are indeed very’ sinilap. ' 'rhn sinilatity 1s ’
' sq stromg that the Lohnn filter cam he ;Qqarded as a

qonputea binary s.hn),a\t,tan _pf thé hnder Lught ﬁiltu:.

&

Ihs qbo‘n thno;etiml atndies j.ndiqgmﬁ that: in ‘-‘
noalt M.lm;::lng prqblng dt;m: Y Mngqr ‘l.gght ar a Lohnn
_-‘nmz con,;g he ma. : m ckeam s to -um :nm; u L

mag meu uhqm\ﬂ},‘jj

» m&ma tnﬁaf i
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: ' S L ,
properties of Lohman filtérs, fingerprints hnve‘been~n§éd as
test pattgrns in the present studies. ', Initially n‘sunvey
waslcarriag’out to deterdine. the‘;}tpling degsity reguired
from a flnge:print*to conpute a Lohman fii:ep . It was
shown that a salpling rate of 5.5 snnpleS/ln was sufticieqt
and thus a conplete fingerprint can be represented ky )
256x256 samples. In this ccnnecézgﬂ\\he cost of producing
4 Lohlan filter has been cutlined and it vas found that the
cost of producing a typical filter consisting of 128x128
,SlelentsviS-approxinately 325~30 ,Using the sampling rate
previouslyideterlinen, some filters of4fingerpr1nts ue;; |
made according to the Lohnan leth a. These filters vere
experinentally tested to study tfri: properties and the
prnctic:l diﬁficnlties in tneir application to.finger rint
identification. The first experinent perfqr-ed with these
-filters wvas designed to test the ability , the filters ta
1dentify fingergrints. In the expﬁﬁlqent each oﬁ. t.hree
filters vas. used to identifx one grint t‘m a callection of
fgighta | ths :aéultp of the qxp?rinqnt uesq vsrx nnequraginq
\ #4pGe . in. AIL mnn a a’hun,zzecnqmuon spot; ns ohsmed -
“ " when gpg.btint nhiqh ths iltot naa doatgnqd te dstqot vgg »'ﬁ‘

bqing @onndetn%-. uo otlm: puh’t euug . ﬂ;u.; fi ;}‘

+




good results in the recognition experllent the filter had to
be accuratq}f positioned 15 the appropriate plane of the

recognition systel. . The accuracy required in the

position{eg no;nal to the optical axis of\the sys m Was
foond to bg 175 ‘microns while it vas fonnd,thar t filto;'
and objoot ﬁx& to be adjusted to within 21.5 degr®és in rﬁé

“relative angular position. B o | ' o

)
. . ]
%

2  The experimental system used could be adjusted to ’
. . .. . |’

LY ' . -

210 microns normal to the optical axis and apn angular ¢ N

positiqn of .210 ;sinutes. Thus the accuracy reqnifod is

easily achieved, It should in fact be possible to design a
’5. . . ke

‘device to auxorqtically change the g};ter'gﬁd position it

ui£h~the‘:eguired agcuracy. - ‘. l/f ' o '

]

- TL
£

‘It was 'shown that thq experinental system is
capable of. procqssing/lany prints in parallel and with the -

achievable accngncx in the present systen up to ﬁ§ prints

can be procesaed at, the aa-e-ﬁine,
. . . E RPR L .

‘ i - The quqrinentnl'roqnlt !hich vas fonnd tq°
potéqtinllx qause 5#0 !ogt crrziculyx Vtﬂlth!t during tnn ,
qxeqxiaonta tho t;&ton,and,pxqtarohlg also thg ohj.cg'hgd to

-iu\

ﬁlianﬂ@ et ,‘Ti}w/_Apzi‘“;

"‘ A }ﬂ‘ (‘\ ,»-, ‘_~ .

’M 9 I!tej um:"not tnd.‘ |
i gy ‘”‘4aesnsaa4 zdagag
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1
!

3 ’ )
idevkification 1t nay be possible to tolerate a 20% droﬁ in:

\effﬁciency 1t other checks, such as human observation arﬁ
incgﬂ&eed. ‘ Houever. a usx drop in. efficiency would in -ost

applic:%?ons be excessive. . f I

’

Y C ‘ .
Sinde the mounting of a large collection cf

/ fingerprints in Iigqid ga&es'uould be exceedingly cqubersone

P

and expensive the use of liquid gateé ‘similar xo the ones

/

—~
ased in 'the present exPerilents nonld be disqdvantageous.A
It\ﬂonlﬁ thetefere be invortant to . develop resordinq
naterials uhieh ao not require the nSe qx liguiq gates.
Alternati ely,ﬂ}t liqht be possible to-design moxre
conyenient liguzd gntes and develog lethods for p:eservan

®  the object in e goog condition hespite repeated use.

Finglly it, yay %e pointed oyt that uhile the . \'
requirenent otﬁ;ﬁqniﬂ gatea might be a getious lilitaxio" ::'
dne ta. the large nnihe# of ohjeets thnt vould likeiy q;wS'to
pg ;ested. Qhe:e are naqy‘mpdiicatiqns foz &ohnen ﬁilters L"

. uhq:c thn qggeq ith Lh;ch the objact (ﬁnd/Or filtGR) G&ﬂ 50
“<@gnged 1: nqt esuigal,g 5;‘ A R | w
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_ % DEBIVATION OF EQUATION (3.12),
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It is reqguired to evaluate the inverse Pou;ierV

\

~transforna of-equation,(3,ﬁ1).vhich 15'raprodﬁﬁéq4¥h5e.fo:

. reference. e/ : \
¢ ; 4 -
, / »u-(n+pnm)& ~v—pd :
b(x,y)=F-1 Z Znect » — Rect. Exp (127X u)
' : / : cd . o
» i R /e At B N . l ‘(3.\q 11) .
r ) Tpg  nvqtse rourier transforn oﬁ eguation (3 1)

can be obfiinf by rourier transfo:ning eqnnticn (3 11”and

plane, » I: rigure 5 tﬂ§ coordinates in plqne 23 aTe nega&gd,

'

;ouriér transtq:- qxptﬂpm\ h thq :efwd Qordanﬁes 4'

. ) ‘.,. A iy \.‘
“An faot tl@ me:se'roun;q: '_..xm\ato;- (c&f. secn.oq 2, 3).,
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‘t(y)=F lnect[;-ng]} S, . . (A.2)
! ‘ ‘ ' [) . lv."af‘\ ) \\

In order to evaluate the above eguations the shift

anq Sililqrity theoreas: of Fourier tr&nsforls are used. .

i

These theorels are stated belqu in terls of the coordinates

in equations (A- 1) ‘nd (2.2) but a proof can be‘found in

-reference [13.,].Q . r , .
S
shift Theotkm: 4y -
If G(u) is a ccafple function such that | G[

p(c(n)jsg(a) and a 1s\a~conp1ex conetént then

f

' \ M ' ,
.

»

:te'(#*g)lwtqrixp(&‘:mal e S e

‘ : 5 N L p
S sgillarity mheore-.-‘ G .

. l ;f G(u) is as defined above and b is e conplex
cqnstant then.“"\ I e ny‘, '_'”»:” ,; Co

f,‘; ?i?K /P)}ﬂlhlxg(bx)

: W oy 8
1 ‘pi '\-‘ :
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\ . F{Rect(Q/b-a/b)=|b|xSinc(t)Exp{Nj2ﬂta/b} . e

\ L ' S'bl"“SiﬂC(bx) Bxp( 3211'& }' - .: . (A."’) ,'\."i
. & .

: ’A’\%" N ' ' *
This last equation can be dsed to solve (A.l) and (A 2).

L ‘ -

J
Cons1der first (A.1). In eguation (A.7) let a—(n+P 9 qnd

let b=cd. . With these values of a and b eguation A 7) :
A ]

- . [ h

gives the Fqurier transfcrn of: the Rect-function 1n (A.1

i
i *;x
Applyinq ‘the shift thgorel oncexlore to allov for the B
exponential factor in (A.1) results in - o
, ’ 8 ' " | ' | ,
L (x) =cds | (x+ - (xt% )} 8
o ( ) 1nc[cd(xfxo)]Bxp{ J2ﬂd(n*an)(x+;oA}‘ (A-B)‘

: . e
Next in order to solve (A.2)’ 1et az=nmd and b=y d in equation

-

. (A.T). This gives the direct resulﬁ;t
» [ N '9 ‘,, .4 '
IR 364 Whhﬁ%“ﬂ!“nmﬁ) S (A. 9)

L
'

. * "
‘. ' -

Nou in order tq finq Ehdr?ourier transfotn of, thg‘sun of | ';:
prqdqcts of Rect?functions ;n eq@#&ion*t; 11» the '

\eonﬁhihutiqfugug ﬁ\g*ﬂa:ipu§¢nectnfnnqtiqns 1s au-neds
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APPENDIX B

CONEUTEE BROGRAMZ

The conputétionul task involved in the production
Oof Lohman filters is conveniently split in two. First the
computation of the parameters which describe the filtet and
secondly the plotting of the filter. \ =~
Programs which perform these tasks are listed on
the :ollouing pages. Comment statements have beén
extegsively used so that the prografs may be easily
undarstood\in‘cont?xt‘uith the discussions in the main body
;f the thesis. Subroutipes used in the main programs are
listed 1-|ediatelj following the main program, gxcefpt the
systea subroutines READ and WRI®R and the ROurier’
tranatorninq aubtoutinn Blil. This last subroutine i=s
. ‘available in the Iam s.&tntitic Subroutine Package which 18
stored in thc public tilq *5SPLIB in the computing systea qt‘:
. f Alberta. ' Subroutine PLOT

chpnthg sqxvi o8, Upiversi
18 ip the xlp Calcomp Subroutfye PackAye atoted n the
-pnblic file m.onxa. « . . -
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RROGRAN IQ GALSULAIE EILTER RARANETERS

THE POLLOWING IS A PFORTRAN SOURCE PROGRAMN TO POURIER.
TRANSFORN AN ARRAY OF NUMERICAL RXICTURE SAMPLES AND
COMPUTE THE PARAMETERS HHICH»DQﬁCR}BElA LORMAN FILTER

DIMENSION A (256, 128) ,8(3),INV (4096) ,5(4096),VA (32768)
INTBGER*2 VP (16384) ,LEN ’

COMPLB} CA(128,128),C(64,64) ,CHPLX -~
EQUIVALENCE (VA,CA), (VA,A)

READ INPUT‘DATA FROM A" PILE : N

L)
{

DO 77 I=1,128 . A S
K= (I~1)4128+1 : i .
77 CALL READ(VE(K),LEN,0,LNR, v |

THE INFUT FILE CORTAINS IHTEG!RS 0 TO 63, CONVERT
THESE TO RBILS 0.0 TO 1,0 AND RQATE TO THR REAL PART
OF THE COMPLEX NUMBERS TO BE INPUTTED TO HARA.

+ DO 10 I=1,16384

"\ 10 VA(2°1-1) =FLOAT (VR (T)) /63.

OO

noOHNHOD

,

annonn

SRT IRPUT PARANRTERS POR snsaoowxnfj HAR® AND SFLE

N1=128 -

N2=1286

H1=68

n2=64

n(1)=7

B(2)=7 -

n(3)=0 .

REARRANGE INRUT FILE TO A SUXTABLE FORN FOR HARN, CALL
HARA TO PBRFORA FOURIRR TRIISIOIBAEIOI ARD- REARRANGE
QUTRUT PFILR .

CALL sr;xqca.n1.n3.a1,nx.c) ‘
CALL EARB (A M INV,S,1,XPRRR)
CALL SPLE(CAN1,N2,M1,82,C)

CORYERY SR s;a; ARD IBAGINARY PARTS QUTPUTTRD FRON
ARR TO-ANPLITUDR AND PEASE WOTATION HAKING SURR THAT

au:antl B3AL ABD IRAGIMAAY.PARTS ARI SERO, CORTRRSION
I8 50T ARTINNTID AND Aprsxrnan 23T 10 §335

gs;:»w:a. o
3:1:’3’ e S o

[

g
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5 IF (RP.EQ. o..nun.sa}sq 0. )GO TO 21 ©
ANP=CABS (CA(I,J)) .
punsz-ATAnz(cp RP) / (2. *PIJ '

3‘ THE ABOVE STATEMENT NORMALIZES THE PHASE TO VAI.UBS
. C BRTWREN =1/2 AND 1/2. K IN BQR. (3.23) HAS axnn
C TAKEN AS 1.0,
C NEXT STORE AMPLITUDE AND PH‘SB IN CA(X,J) AND GO
C, BAC]( TO CONVERT NEXT NUMBER.
C {
79 CA (1,J)=CHPLX (ABP,FHASE)
21 CONTINUR o
c | | .
C NBX‘{‘ NORNMALISRE AMPLITUDES TO VALUES I.T.OR.EQ.H.O, BY
C * FINDING THE LARGEST AND DEVIDING ALL BY THAT VALHUE. \
C A\ .
BIGanp=C. . !
DO 22 I=1,128
« DO 22 J=1,128
22 IF(REAL(CA(I,J) .GT.BIGANP) BIGANP=REAL (CA (I,J))
DO 23 I=1,328 .
DO 23 J=1,128 o .
23 CA(I,Jd)=CMPLX(RRAL (CA(I,J)/BIGANP,AINAG (CA(X,J)))
C
C FINALLY STORE THE FEARAMETERS IN A FILE WHERE f‘l'ﬂB! CAN
\ € .® BR USERD BY THE P}.O‘M‘IHG PROGRAN.
C i
LER=4Q96 .
do 20 1J=1,32
K= (J-1)*1028¢1 .
% ' 20 CALL WRITB(VA(K),LEN,0,LNR,2) .
STOP A
21D | . - 4
. .
c (~sonnonrxlx SILE INTERUBANGES 15T AND 3RD QUASRANT AND
C 20D AND ATH QUADRANTS or THR INPUT/QUTRUT AATRIX QF
c SUBROUTINE BARM
¥ *SUBROUTINR aru(cg.n.nz.n,uz,c; T
CORPLEX CA(W1,¥2),C(01,82)
C
C. ' . STORR 2un QOADRAI! I cex.a)
C S L |
PO 1 ;al A1 - o ! /
" po 1 J" n2 " C : q} .
19(x,a)-cux a) 3 , N
.C - ‘ . ]
¢ unv: ASR QUAD lz 1!:0 20D QUADRANT L S
M | ‘ o .
) 3 1'1'.1 ' ; » j‘ e e N o \
: m 2 4’1 3 ’ Ce .“.‘"’ , ‘ o o o ‘ . ’j
o 3 m(x..n-cagm,mm b A
. e R
e ' .movs ea,.n xm am enmuz S

A RS L o
o E 3 LR Syt : o = . folr ) LT RN .

U e s B \\; : RUUTI IR B AT

G R T s T g [ A & Coe ™ [ “A,! S R R
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Oonn

oMol

DO 3 I~1 .M

o 3 J=1,mM2 .

CA (1+M1,J+A2) =C (I, J)
STORE 1ST QUADRANT IN C(I,J)

DO 4 I=1,m1

C(I,J) =CA(L,J+H2)
MOVE 3RD QUADRANT INTO 1ST QUADRANT

DO 5 I=1,81 —

DO 5 J=1,A2

CA (1,J4R82) =CA (1+81,9)
DO 6 I=1, N1

DO 6 J=1,H2
CA(I+n1,J)=C(L,J)"
RETURN

ERD .
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THE FOLLOWING IS A FROGRAM TO PLOT THE ENLARGED
OBIGINAL OF A LOHMAN FILTER. THE PROGRAN MAKES USE OF
ONE SUBROUOTINE, PLCIL

Nnnnon

o« DIMENSION VA (32768) ,WORK (2048)

- COMPLEX CA(128¥128)
- INTRGER*2 LEN
EQUIVALENCE (VA,CA)

C - ' -
c* SET THR SIZE OF BACH CELL (DINENSION OF CELL= U X U)
) Cc ARD THR THICKNESS OF PEN TQO BER USED FOR PLOTTING
€ v C - ' " ]
Ux.22' :
pnu-.olu.
E/ .. READ FILTER PARAMNETRES FRONM FILE WRITTEN BY
‘PROGBARN PREVIOUSLY LISTED AND SCALRE THE AMPLITUDES
C IF REQUIRRD, - ° « ~
,: RMULT=Q, = - ‘ , L
CHOP=2. . Gow o,
po 88 I=1,32767,2 v
VA (I)=VA(I) *RAULT a
88 IR (VA(I).GT.CHOP) VA (I) =CHOP i
C L '1 .
C INITIALISE PLOTROUTINES 4T A LOW ADDRESS IN CORE AND
C SET ORIGIN AT TOP LEFT HAND CORNRR OR FILTER, ALLOWING
RN FOR A .5 INCH MARGIR, T
C . T . !
.CALL PLOTS(NOBK,8192) )
.CALL PLOT(.5,128.#7,+3)
C o :
C ISITIALISE A COUNTER FOR THE COLUNNS PLOTTAD ARP SX, TH
.. ¢ PXSPLACENENT FRON THE ORIGIN IN THE X~DIRBCTION OF THR
/L ¢ LBET TOP CORNBER OF TBE.CELL TO BE PLOTZSD. THEW PLOT~
A THE FIRST COLUAN. 'SUBROUTINE PLCL PLOTS THR APERTURE .
¢ ‘WRBR GIVEN (8X,8Y), THE CQORDINATE OF THR 20P LEFT
c 'CORNER OF THE CELL.NAD THE, ASRLYXUDR AND RPEAS} :
. q ‘PARAMBTRRS SR e L
@ ' - T
BT K 50 VPR S
' SRS ¢ (1 L3 BT IR S ’
AT 0,10 Ied g2 o e o
S BYmoRLOAR RN . . | ot

OAT (X




"

J=J+1
oo SX=SX+0
. DO 20 1=1,128
’ * SY=~PFLOAT (129-I)*0 _ ’
v AupaaEAL(cn(129-1,J)) ‘ S
" PHASE=AINAG (CA (129-1,Jd))
, CALL PLCL({SX,SY,ANE, Pnnsn.u PEN) o .
- 20 CONTINGR T .
C !
C IF ALL coxunus HAVE BREN PLOTTED STOP. OTHRRWISE
* c CONTINUR WITH NEXT COLOMN. , v
p o | .
- IF(J.LT.128)GO TO 9 . .t
STOP L
END _ ! Al

o SQUBROUTIRE PLCL
SUBROUTINE PLCL DECIDRS WRICH TYPE OF APERTURE IS {

REQUIRED POR EACH CELL AND PLOTS IT. !

NoOonOnOnON

SOBROUTINE PLCL (SX,SY,ANP,PHASE,U,PEN) '’
A

IF AREA REQUIRED IS LESS THAN 1 pxuhrnoxs GO TO 10 ¢

)

noon

IF(ABP.LT.2. @RS!/U)GO 10 19

EVALUATR X1, 12,!1,!2 HBICB DBQBR!IN! CORNERS OF
APERTURE

i

nonn

/
s

Y1=SY+REN

Y2=SY+ 0 ' . o
'DX=, S*0*ANE . o X

X1=5X+PRASE*U~, S¥DX+PEN - Lo |
;xzss; HAS KD+, 500X ‘ e

- PRAW. wns onxxxun rnAnn OF THE Apnnruan o .

CALL PLOT(X1 1,3) , T R T T ;
- . CALL PLOT(X1, ﬂg e o
| . GALL *LOT (X2, 12, ; ” S S
. . CM BLQ!(!3,11.2 , R \l' “

R - ca&; PROT (K1 X1.2) n ; PR S

' P :;nxg'gy“n' . xa xx.ox, 70 2 FINSTRORRS
AR TLCITING. 19 CONRIRTED, ,;nutmnxm AL L w
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X1=X1¢PEN .
IF(X1.6T.X2)X1=X2 : c '
CALL PLOT(X1,Y2,2) ‘ .
CALL PLOT(X1,Y1,2) .

¢ IP(X1.EQ.X2)GO T0 1000

‘QO T0 1 - ' \ , " . ’ ‘
THE FOLLOWING STATEMENTS PLOT APRRTURES WITH AREA
LESS THAN 1 PENSTROKE. FIRST, CHECK IF AREA .
REQUIRBD IS LESS THAN THAT oL THE PENTIP, IF SO
NOTHING IS PLOTTED. OTHRRWISR DRAW A_LINE.OF THE LENGT \

REQUIRBD T0 PLOT THE DESIRED AREA. ‘ .

sNoNsNoNoNoNe!

10 PI=3.1T4159 , ) A
CH=.5% AMP#* (U*%2) ~ ( (PEN/2.) *#2) *PT . ' Lo Lot
, IF(CH.LT.0.)GO TO 1000 :

. ~ DY=CH/PEN , : .
x X1=SX¢PHASE#U+PEN : v

Y1=SY+PEN¢ (U-DY) /2. o S '
(. Y2=SY+PEN+ (U+DY) /2. o ’ R
CALL PLOT(X1,Y1,3) : S o
CALL PLOT(X1,Y2, 2) . R
1000 RETURR > 4
END - | : . B

~
a




