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INTRODUCTION. 
(j 

Once the value of fingerprints for personal identifica­

tion ''las recognized, the degree of individuali~y present in a 
o 

fingerprint pa,ttern naturally became of interest. Attempts to 

provide a probabilistic estimate of fingerprin~ individuality 

began ~ith Galton's investingations in 1892, and continue to 

the present day. There have been seven,distinct appoaches:' 

Galton (1892), Henry/Balthazard (1,900/1911), Roxb'urgh (1933), 

Amy (1946), Trauring (1963) ,OKingston (1964) ,and Oster.burg 

et.al.(1977). lUnor mocUfications ·of the Henry/Balthazard 

approach have been ma'de by Bose (1917), by Wentworth & ~'lilder 
'c' 

(1918), and by Cummins & lUdlo (1943). Osterburg',s method has 

been extended hy SClove (1979, -1980). 

Revie\'ls and cr'itiscms of" the above approaches have been 

few, "and' none have be.en comprehensive. Wentworth & t'1ilder 
,J 

(191~) br.iefly discussed th~ methods'- of Bal thazard and 
, I 

Galton. Roxburgh (1933a) and Pearson (1930) have reviewed 
Ii 

Galton's model in more detail, and Amy (1~46, 1947, rg'48) has 
D 

reviS!wed Balthazard's model. King:;oton(1964, 1965) 'reviewed 

the methods of Galton, Bal thazarq, {'lentworth & t'1ilder, and 

" Cummins & lo11d],0, but erroneously claimed these to be the only 
,-:0 

imporGant i?reviousattem~ts to quantify fingerprint individ­

uality. Roxburgh, Amy, and Traur"ing each have distinct and 
8 ~ () 

c impo'I'tant contributions to i;he problem. Osterburg (1977)' 

, critiqued Kingston's ttethod and compared Kingston's resu1ts 

to his' own". .' 
r", " 

The lacl. of ct-Jcornprehensive revie,., of the. existing . <;;0" 

/) 

. , 
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() 

() 

fingerprint probability models justifies their detailed 
,~. 

consideration. 

C GALTON'S HODEL (1892). 
'-' 

Galton made the first attempt to quantify fingerprint 

individuality. His basic idea wa~ to divide a fingerprint 

into small regions, such that the ridge' detail \·1ithin each 

" region could be treated as an independent variable. 
\) 

Galton worked with photographic enlargements of finger-

print~. The enl"argements were placed on the floor, and paper 

squares of various sizes were allowed to fall randomly on the 
. r 

ehlarged fingerprint. Gatton then 
o 

attempted to reconstruct, 

by the paJ~r squares, given the ridge detail whic:;h was masked 

the "surroundi~g ridge flow. Based on his experiance, G~lton 

" chose reconstructions with a"natural appearance, such as 

would q,l! expected to ocpur given these surrounding ridges. He 

." sought "the size of squa,re region where he could. successfully 

predi9t the actual ridge detail with ~ frequenC'~y of 1/2. 
C;~I; 0 

Galton found that for a squa't,t;! region ·six ridge-intervals· 

on aside he was able to predict (the hi'dgen detail correctly 

with a frequency of 1/3. He concluded that a square region 

with. fiveridge"'intervals on a side \-Ias very nea,,rly the size 

he was seeking • 
o 

TO ensure that any errors ~ould overestimate the chance 
, ). ~ 

of Yfingerprint~uplication, Galton used a 6 ridge-interval 
D c 

square region, and assumed a pr~bab~lity or I/2for finding 
-;" ., 

. ~ & ~ 
the existing minutia configuration, given the surrounding 

u 

" 

-2-

" ,0 

) 
" 

~ I 



o 

f. J 

'. 

•• 

/' 

---.---'~- o 
o 

,-3- Cj. 

ridges. A cOIlplete fingerprint \'1as estir.lated to consist of 24 0 

o 0 

'7:' 

o 

such square regions. Assucing independence among the~~ 

regi()n~, Galton calculated .~he probabili.ty afo a specific 
-'; 

~ingerprint configuration, given the surrounding ridges, 

Next (Ga'l ton estimated the chance that a partiCu'lt'~ 
Co \Y 

as: 

configuration of surrounding ridges would ~ccur. T\'10 factors 

were considered: the occurrence of the general fingerpr,j.nt 
() Q., 

pattern type, and the occurrence of the correct nucber of 
n 

ridg~s entering ~nd exiting each of th~ twenty-four regions. 

Galton ~stir.lated the probability for coincidence of pattern 

type (b) as 1/16, and t11e probability that tlfe correct number 

of rifiges \~q,uld enter and exit each region (cl as 1/256. ('i'he 

latter estimate \'1a~ largely-arbitrary, 'and both were pre-

(/ sented as grossly over ... estirnating the tr~e probabilities~) 

Combin~tlgO the frequencies of finding thet'!e~ess,,"ry ridge 

pattern outside the si~ ridge-interval regions \-lith the 

frequenci~s of finding all necessa~y ridge ~ t"l "th' ae a1 W1 1n t~~ 

regions, Galton pre(cted the f.requency"of. finding a.ny given 
'0 

fingerprint as: 

o , 

cd" 0 0 
Gal ton concluded that since the'''' total number of hUr.lan l: 1ngers 

is about 16 billion, the odds o~ finding a persoil a~ywhere in 

o the Y-1orl..:! Wl." th a patter&i'n ,1" dent1' cal • ... to a 'given fingerprint 
o 

would be approximately lr4. 

1 

IJ 
'_f"';~~_ .... """, ____ , 

.. 

;J 

Discussion of ,Galton's Hodel. 
o c / 

Gal~on's mOd:l has been criticised by Pearson (1930), by 

Ro:;:burgh (1933) ,':'and by Kingston (1964, 1965). Most of this 

criticise has focused on Galtpn's basic ass~ption that, 

given the "surrounding ridges, ther:e is probability of 1/2 for 

the occurrence of any particular ridge configuration in one 
G 

'.' 
o~ his six ridge-interval regions. 

o 
" Pearson cons~deredthis assumpton "drastic" and suggested 

an alternative approach for determining the probability ~f a 
G _ \) i 

partic~lar conf iguralton. Assuming that the posi ~on of a 

minutia may b~ resolved to with,in"one sql;1are ridge-interval, 

there would be 36 possible minutia locations ~'lithin one of 
o 

Galton's regions. An assumption of one minutia in eac~;~f 24 
(l 

independent regions gives a probability of 

o 
o 

fo~aoparticul-7r configuration of minutiae, given the 
~ 

surrounding ridges. If we combine this figure \'lith Galton's 

fa9tors ~~b" ~nd "C", the probability of" a particular 9 

fingerprint becomes: /) 

o L'k )(ik)(~t'f en. 01.0'1 X 10-11' 

~'\ , 

Pearson noted that the actual figure \-Iould be smaller for 
o ". u 

. two reason's. First, "because minutiae. are not uniformly 

restricted toone in each Galton region, and secondly beqause 
o 

of ~al'iat)'iiity in. minutia type. '-' 
G 

OQROXpUi:gh's criticism is more f.undamental. He notes that 

,;;t. 

(~ 
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Galton }:las investigat~d only "variation within single 
'.\ ' 

" 
fingefprints, l'lh!!rEfas his concl:usions concern variation among 

entire fingerprints. (~This i·s a basic confusion of ·wjLthin­

group· and .• between-gro~p. variation. Roxburqb preserts a 

series 0; illustrations sh.d~ingc that these.two l~ve~!s of, 

variation need have noorelationship with one<o~nothe:t. 
" " II 

Jt0xpurgh concedes that "G~alt;on has calculate'd the, cptobability 

that, given any particu,lar print, he "can reconstruct it 
I) 

wholly in. square regions, six ridge-intervals on a ,~side. The 
(0 

n 

proba'bility of 1/2 for a, correct guess, however, is~ 

determined by the size of ~he"region ;eiativ~Bto the ridge 
" 

characteristics, rather than QY the variation or distribution 

of the characteristics themselves. Ifa .one ridge-interval 
(b 

o " 

~quare region were 1!sed "w~ cou~d always guess correctly. One 

'" could recons~r,uct any particular print, given the ridges 
ra ).:~./ ,I 

surrounding the" squares, yet one could say' nothing about 

varia:tion betweeJ} fingerprints. 
o c. 

Roxburgh points out that Gal~on's analysis proceeds as if 

he: had surveyed a: numbet of fingerprints, comparing square 
" 0 

regions in corresponding pOSitions within thf! prints. If 

Galton- had done thi,~, Roxburghwould agree with'the analysis. 
~ 

The actual experiments, how~ver,Qwere quite 'different, and as 
" 

a r,esult Roxburgh di~misses Galton's model. 
o 

Kingston makes somewnat the same point", noting that 
D 

o 

a Galton's ability to guess the content ofasquar:e region is 
o (j' C 1> " , o 

not anindica.tion olf the" variation in actualfingerpri~t e 

.. 0 0 

patterns. 'If G'alton h&d fhO\r.lIl that,giv,n~the"sur'~ou~ding 

n. o. _ 0 .. ; 'Q ' 

-- -- - - - --- - ------ ._- --

o 
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,., 
o 

''<) • 

o 

o 

.' 

o 

ridges, his .. ~E~gj;bn could contain only t\,IO configuratons, 

Kingston would ,see some merit to his calculations. Seeing no 

evidence to support this contention, Kingston rejects 

Galton I s model. _"'" 
i_' ~ 

151 
The above criticisms are only partially valid. Galton 

intendeg his factors of·b" and ·c· to summarize much of the 

variation among fingerprints. His factor "b" accounted for 

variation in general pattern type, and his factClr ·c· 
<) 0 

accounted for variat~on in the number of ridges entering and 

leaving each square region. Clearly the values of "c" would 

change radically were the", size of the region to vary. In 

particular ,for the limiting cases l'lhere the ability to guess 

.the content of the region approach,ed(l certa~nty, the factor 
o cO 

"c" would become very small. Unfortunately, 'Galtolll did not 

considerU,these factors in any detail. Instead he chose 

arbitrary and excessively large estimates for both factors. 
D 0 

If we accept the concept of Galton's factors ·b" ana "c", 

the question becomes 'whether or not. Galton's 'experiments 

reasonably apprd'ximate a survey of. corresponding regions in 
1/ 

Q 

\Sl different fingerprints .• It is cle~r that Galton had this in 
d! 

mind when he wrote (page 10'7): 

o 

" ·When the o reconstructed squares were wrong, they 
had none the less a~atural appearance •••• Being so 
familiar with "the ruri'E of. these ridges in fingerprints, 
I can speak with confidence on this. l·ly' assumption is 
that any one ofthes~ reconstructions represents 
lineations that might have occurred in Nature, in 

"associati,onwith. the. conditions outside the squar,e, 
ju~t asw~ll as the ;Lineations of the actual print." 

0" 

o Galton makes a further assuniptlon (pag,e 108): 
!l 'J "'""'\ 

.. ~ .•• when the surrouri'dlng~ conditions""'al'bne are taken 
o " 

l)Q () 

() 

D 

o 

" 

'.' 
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o 

i~to account, the ridges within their limits may 
ei ther run ,in the observed way or in a diff,erent way, 
the chance"of" these two contrasted events being taken 
(for safety's sake) as approximately equal.· 

The ''1eakness of G'al ton's model lies in the,e" 

magni"tude of this approximation and in the arbitrary value 

chosen for ·c·. lie may"justly criticize his final figure" as a 

gross underestimate of fingerprint variability. Pearson's 

calculations of the variability in one ofGalt~n's regions 

may be closer to the mark, but both his hypothesis and 

Galton's remafh untested. 

o 
o 

-7-
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THE HEURY!BALTBAZARD nODELS (1~9QO-1943). r-·C/ 
I)') 

The Henry/~althazard approach is used in five closely 
o 

related, simple models for fingerprint individualitYil Each 
o 

employs a fixed probability "P"for the occurrence of one ,r, 

minutia.<;::, Assuming independence of' "these occur rences, the 

probability of a particula-rconfiguration of U minutiae is 

given by: 

(p) N 

\) 

Henry (1900) w~,s the first to use this approach, and 

Balthaza::-d (1911) -made the ~most extensive analysis. lUnor 
o 

y"ariations are encountered in the ,.,or~s of Bose (1917), 
o 

tient,.,orth & l-1ilder (1918), and Cummins &. r-11dlo (1943). 
o 

Henry. 

" 

'\ c;;. Henry (1900, pp. 57-58) chose ~narbitrary p~obability OI: 
(J () 

1)4 for the occurrence of each m~nutia, ,as ~.,ell as for the 

general pattern type, and" the cor,e~to-delta ridge count. 

-8-

o I' ~t' 

USing his methtodcne wo,uid, count the numher of minutiae, and - (/ 
" 

if the pattern type t-1ere vi,sible, add two mi~ut~a-­

~uivalents. This vallie ",ould.be used a's N, with 1/4 as P. 

Balthazard. 
" 

Balthazard's method (1911) is important particularly 

~ecause~t is the 'hi'storical .basi~ for widely acc:epte~ ";,rulefS 

regarding fingeorpriht indiviBualitY.°l'lhile noting t~at other 
.,. 

mi'n,utiae types;elCist, Balth~zaid,assumep that f·or e~ch'" 
t,; 

~~~~"~4 _________ "~_" __ ~ ____________ ~ __________ ~ ____ __ 
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mi~utia there»were four possible events: 

~»"fork directed to the right 
3) for~ dir~cted to the ~eft 

end7ng r1dge directed to the 
4) end1ng ridge· directed to the 

" 

right 
left 

Assigning equal probability to each of these events, 

Bal thazard tool~ P as 1/4", ~nd n o .1.-' ,~s the number of minuti,ae. He 
\i 

concl,uded that to observeN coincidentally corresponding 

-9-

minutiae it would b ," N e necessary to examine "lI f ingerpr ints .\\ 

Balthazardwent on to calculate the n~ger of minutiae 

need~d for conclusive identification. Using an estimate of 

the, world popu;ation of 1.5 billion there would'. be 15 ~illion 
finge;rs. According to his ,model, seventeen corresponding 

,minutiae would b f d -e oun with a frequenc~y of only one in 17 

billion~ Balthazard concluded<~that 17 minutiae, should be';'-~sed 
to avoid error ",hen th Id" v e wor population was considered. A 

lesser number "'of corresponqing minuti,ae, such as 11 or 12, 

was considered ~? be sufficient if one could be certain that 

the fingerprint donor was restricted to a particular 
o 

geographical area (e.g. Nort~ America, California). 

o 

Bose. 

Bose (1917) a"s, sumedthe~same valu'e" , of 1/4 for P, but 

arri,yed at this value using a different rationale. He 

~ reasoned that there we're at least fourpossiblitjes at each 

square ridge-interval, location in~~fingerprint: 
1) an island 
2) a fork " 
3) an ending:idge 

() 4) a continuous ridge 
[) 

Cl 
I.;; 

(;} (j 

e, 

.,1 

) 

i) 

J 

J I.' 

It 
~ 

.. 
() 
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~'lent\,lorthdl'!ilder • 
\'lentworth & l'1ilder (1918)" felt that Balthazard's value of 

1/4 for P was absurdly high, and proposed without 

justification a value of 1/50~ 

0 

Cummins & r·lidlo. 

Cumt:1ins '& I>1idlo (1943) adopted tl:le value of 1/50 

suggested by wentworth & t'lilder ,but they also introduced a 

.pattern fac~or· similar to Galton's. For(,r-.ee most common 
" \".-/' 

fingerprint pattern they used a probability of 1/31. This 

{~. 0 0 est1mate was for an ulnar looP, and included the core-to-
o 

delta ridge count. CumI:1ins & I>1idlo's calculation for H 

corresponding minutiae and a '0 corresponding pattern \-las 

thel:efor: 

Discussion of the Henry/Balthazard !-lodels. 
(/~ 

~h~Henry/Balthazard models have been justly criticised o .' 

" 
as arbitrary over-simplification~i:lenry' s method is purely 

o ,. 

arbitrary, as is wentworth & Wilder's. Balthazard's choice of 

1\ P was based on the number of possible minutia events. ~e has 0 

<0 

" 

c 

been criticised for allowing only four possible events () 

"; u " .', 
(lientworth & ~·1ilder, p. 321; Kingston, 1965, p. 67), and for 

failing to included a ·pattern factor· (Amy, 1948, p. 96). 

Amy's exper_iment~, ,(1946) have shown that Balthazard,' s ev.ents·, 

are not equally \'robable. 
o 

L\ 0 

o 

o 

C' 
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(f 

Bose's model does not consider the possible events for 

each miputia, but rather possible events at each ridge-
o 

interval location. Thus one of the allowed events is "a 
CI 

o 

continuous ridge", i.e~, no minutia at all. Bose's assumption 
f/;::: e 

of "'equal probability for his four events is grossly in error, 

" as pointed out by Roxburgh (1933, ~). 62). A continuous ridge 
,-, 

is by far the most common event, and islands are much less 

co~on than either forks or ending ridges. 

In spite of the simplicity of the Henry/Balthazard 
" " models, they may be useful as a measu're of finge'rprint ... 

individuality. Roxburgh has criticized the value of 1/4 for 

P because this grossly underestimates th~individuality of 

fingerprints. Wentworth ~Wilder's valu! of 1/50 could be 

closer "to reality. The primary weakness .of these models is 

the absence of experimental verification. There may 'be some 

empirically chosen value oof P, hO\-lever of or which the model 
" tPL 

ois adequet:$. This possibility remains unexplored. 
"' 

r.tost of the remaining models partitiQn fingerprint 

indviduality into three categories: variation in overall 
o 

ridge pattern, variation, in minutia location" and variation 
", 

in~inutia ty~. t"lith the exception of 'Cummins &r'Iidlo' s G 

·pcittern factor", the Benry/Balthazard models assign 

variation SOley;~O the minutia type. Varia,tion due to ~inutia 
Ii ., II 

location is not/, ,explie,itly cqnsidered. Balthazard'S-"">t' ... o 
)1 

possible minutia types, \-lith two ,'possible orientations, \-lill 
o 0 

be seen inc;:or .. porated into the models of Roxbu,rgh, Amy, and 

be 

10 

o 
'\l;:) 

0' 

o 

o 

"
.,',, 

, ' , 

f~ 

, ' 1"\ 
, ..... 

,:; .{) 

o 

o 

r) 

o 

" ..... --~~~,...-..---.'*. 

.) 

seen in Osterburg et al.'s model. Note that,Bose ignores 

minutia orientation, allows a wide·r'.var~ety ... of minutia types, 

and includes "continuo".us -~,dges" as . ~... one of these types. 

() 

o 

o 

o 

'" 
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:> . ROXBURGH'S HODEL (1933'). 
. ('"' 0 Ja. 

.:c.= Roxburgh based his model on apol4>r coordinate system. 
'0 v 

Concentric circles spaced one ridge-interval" apart represent. 

the fingerprint pattern. An axis is dr a\'ln 0 extendlnguP\,lard 

from theorigi,n, intersecting the concentric "ridges. n Frofu 

this initial position, tbe axis is rotated C+Ock",ise about:' 

the origin. As the~·angle. from .. , the initial positir-Q,nincreases, 
. ~ . ~ 

minu~iae are encountered. For each minutia, the ridge count 

fDom the origin is not.ed, along with the type ,of minutia. "The 

full rQtation of the axiS' Cibout tile co'ncentrvic pattern 

, "results in an order~? list ,of the minutia typ~.s togetheJ;: "lith 
o 

/I/~ ,j7 

/ 
their ridge counts from

Q 

the origin. "(Hl)ereas the angle of . . 

'rotation itsel~ might be~', used"for positioning, Roxburgh 
o 

elected to simp],y order the minutiae.: This ,avoids defining 

angular resolution along each of the concentric ,circles.) 
u~ ~ 
/"C'~After defining this' system of minutia coding, ,Roxburgh 

. .1) .' 'Q '. 

calculated the total varia-bill t:¥.,which co111c:1occur. Th.iS 

orepresents the uppe,r bounafor variationil1. h~sJl\odel. 

Calc~lationofTotal Variability. 

gnder 1:h~model,)alterna:tiveJ;:idgecountsare,~qlJally 
, . ,', .'\ ,' .. ", " \ 

. likely , as, are ,each oftQe.mlI?:utia <~pes ... Assumingn . 

mj;nutiae ,M..concen~ricridg;e,S ,;nd il't'\tm1riutia 1;ypes, 

num.per of 'possiblef.irigerprint va'ti~tiesis: 
o 

.(\ 

0. 

:",:.',' <i o 

o 
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" " .'~ 

'." "2.::t~:tt;,.:1~~~~""" .... , .... , ____ -.:.._ 

o 

I.] 

~n.adgitional pattern factor "P" is included to estimate the 

probability ofoencountering the particular fingerprint 

°pattern and core type. Thu$ the final .formula is: i1 

o -<:, 

. . . [I 

ToestiI:late the total varia1;>ility in a fingerprint Roxburgh 

-14- 0 

.. ; 
-:i 

'takes P = 1000, n = 35, ML = 10 ~ and M*= 4. The allowable Vi 
" 

minutia types are ideriti'Cal to Balthazard's: a minutia may be 
o • 

o 
. either a fork or an endina ridge and may be orfented inr' . one 

J. c. ( 

of two (opposite) directions. Substitution of these values 

results in apredicti~n "of 1.lBoX 10sY possible fingerprint . r~ 
types as an upcper boun9 ,for 'this model. 

c' ,,= . 
o 

c Correction for Corr,elation. 

Roxburgb p.ext considered the question of correlation of 
() ., 

successi ver idgeco,unts a,ndvsuccessi ve minutia types. Using a 

ser:i?es of 271 fingex:,prfnts herecoidedth,e first four 
'il ". 

, 'il 
minutiae in each print. The data were classif~ed according to 

" 
the se~uence .of ridgenumbersa.nd s'equenc~ of minutia , types .• 

~ . 
I • (, • ;:) 

: v1i thQut statistical analysis,.~ RQxbtlrgh (noted 'that there 

appeared to be=roughly evendistrib\1tion w.ith respect to the 
'.' '. Q R 

.r.idge ~umber .sequences, Cind :also ,\th .r.espect to types of 

m.;ilutiaeon each particular. ri.dge. There ",a~" hOl'leVer, an 
'. a r~ 

'~) : 

~xcess of minutiae which 'cause prOduction of ridges, .compared" 
'. 0 Q 

···.,., .. ""'~:".;;.;·:to:.:cminut·iae·;whichcause,lossof rid.ges.R6xburgh at'j:ributed 
: . •. ',.'" "'0, ' "h. ~ .. " • ,':' '. " . ' . " ':" - . , '.." .1' ;;i 

.0 

·thistoGthe· clock,;,:i;~e rotation of his axis, an4a tendency 
o 

• <:;; , "... '0" 

. for ?rid~.es to diV~Fgeas._oneproceedsfror.l the' vertical. The 
:",.:;,:;.;.",:",~".,6:';~.:i; .• ;,,,,;",,-;.;,,'C..:;:;.:. 

,:;;-, 

"'~, 

-,> 
."":"."..'X"· .. ~ .. "tI-'.;~.tJt;;'..:.:;:'r'''~·~.h'-!'.::t;,.,f;'-''..w:I~'~~·'''"'~~~-___ :...,,=~ "IIC'JIII '" , ..,.,_ ... -_~_'. __ • ____ • ___ -__ "'---__ . 
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c' 
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" 

largest group of fingerp):ints sho\'Ting~/the same sequence of 
~' 

~minutia types had e!-gP?",---members." Roxburgh therefore estimated 
~ ,,~ 'u 

that the,val"ue (271/8) cou~d be used as a conservative 
() 

estimCl,tefor the variability of fo~r minutiae with respect to 

type" and that for one minutia the value \'lould the fourth 

root of this (2.412)."This corre~ted value oJ M,i \'las 

proposed to adj ustfor the observed corrf!~;atioIJ't, 
~ , ~ 

o I~. 

IJ 

Correction for Connective Ambigui~y. 

-15-

"Up to this point only idealfing:~rprints bad been",~;,~,-j:':' 

considered. Roxburgh maee ,il further mo~fication to allO\:t,fo-t' 

poorly defined or poorly recorded prints. DU~ 1;o:va~e{on in 
'. ,_ '" G ./ ....... :'.' 

recordi~g of fingerprints, a truE! ,forkmayappe~r as an 

endinogridge, either a.bove or below the ridge~be~u;ingthe /' 
. J 

fork. Similarly, a true ending ridge maya:p~ear as a f'orko, 
G /~1\1 \'1 

joining eitner, the ridgeabo,ve OJ:' the ridge below. Apart from 
!) 

,~ecordi~~diff~culties,Othe natoureo,f soJn'e minutiae °is 

9ncert~lin on the skin surface,. The term ·connective ambig­

ui ty·., isusef,ul to de sc r,j. be ,the general phenomenon \o1hereone 
(/ . , 0 

is unc,ertain ,of the minutia type. In the ext'reme, connective 
" :' "" ' - ~, 

ambiguity, ~OWSt."10 adgitional COnfiguratipns,f~~ each G ' 

minutia. Th,ere is nO~~~IY'oPPo'rtunit:y ,for cha, ng~')in:m1_·.rrl1ti.a 
,,' 

"type, but-a potential change in ridge cOQnt" al;,]\~e'!l., Depend-

ing bn,the q:.uality of th~ f,ingerprirtts bein~Qompar.d" Q'ne' 
,:J . \\ ".. .. " 

may select a ,fCactor -O-varying, fr,oml, ,in, an' i,aeal\i'pti.nt!,· 
. n ,__ . . 

;' 3in aiJ,print where complete connective a~biguity must be 

ot~ll~ed. ROXbur~h estimates 'Q as 3/2 ffo.r a' good av~ ,0 
... 0 " 

·r." .. ' .;.' D 
-0 

t) o 
, " ,,' 

Da 
<;) 0 

, Itl' 

() 

:t 

.. ' tJJ. 

<3 

print, 2 for a poor average print, and 3 for a poor print. 

The factor Q for connective" ambiguity decreases the number of 
, 0 

distj.,nguishable fingerprint configurations by a fac~or of /n ':' 
(1QO) • . ", 

" r ~~~,:.~t:td?oit'for Uncertainty in Positioning of the t'1hole 0 

/~ ..·Confj.~uration. 

:;.5,V·;;~-/Roxbur~h made one additional . ~ 
~orrection for c1rcumstances 

where the fingerprint pattern is insufficiently clear to 
, 

allow proper determination of the ridge count fro~ ithe core \J o· .• 

The relativecpositionsof the minutiae are not affected, but 

oth~~e/is .some uncertainty about the posi tion of the whole 

configu~~tion "relative to the co.re. The fa~tor ·C· is the 
o 

.11 number"of possible .posi tionings fo~ the conf tguration, and 
" Q.~ 

the'""number of distinguishable patter~.s (P) must be divided by 

C.'~nthe~xtre'ine, where the pattern is not at all appar~nt, 
the factor P m'ust be dropped altogether. 

0.> 

, ... .i".~ .. 

~:::;:;Result. 

RQxbutgh'sfinal formula for calculating the chance for 
.:". ,t..t ",- .... _, .f' 

" ciuplic~tion of 
'':'/ 

agiven~'lConf ig~ration is one chanc~, in: . 

(.e ... ,)' )(c?(' ."1. ~ "£)' , .n 
\c.. ..' ~ .' 

o 

.,whe."_re .n,.' "b . "f" i' ", i M. -. . .num e.r:o .;m 'nutae;"" ,.'~. number; of minutia types 

··p(,ssibj.~,M.L·' .nWilber of ··Possible·ridgec,.~un1;s f'tOlllthecor.e; 
lJ'l 

'. ,P,'. nQt;lber of di23tirigqishaQle "pattetntypes, C 'I.nlllDbero.f 
:." .' .', ',' ~.' - r.I C\ . • , 

possfb,lepositioningE5 Of;' th.conf igut·ation~lithintbe 
l , 

z::y' 

-16-
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pattern~ and Q = quality factor fot the 'print. For a good 

~verage fingerpr"intshowi~g the pattern type and 35 minutiae, 

the values for the variables are = 2~4l~, = 10, n • ~5~ P =0 
lO~O, C = ~'o and 0 = 3/2. This 0 givea an estimated chance of' 

duplication of 
() 0 

o 

o 
o 

[) For any specific cas~ circumstances, Roxburc;h recommends 

estimating the nUJllber o~) individual;s with acce'ss to the 
., 

fingerprillt loc~tion (be it t;he entire popula;~~on of a 
" /) ' ...... . 

c~untry, city, orwhateverl. The chance for a cluplication of 

a particular configurationo ·of minutiae in this po' pulation may 
<P,,~' ' ' 

then be considered,~' and the number of ,minutiae needed for~he 

o "desired;confidence l,~el may be determ~;ed. Roxburgh suggests , » 

o 

eO '! Q 

a chance of duplication of ~ in 50,000 as anappropria.te 
Cl 

confidence level, and presents a table with the number of 

corresponding m1nutiae needed for va~~ous populations and 

fingerprint qualities. 

o 

Dis~ssion ,of, R'oxbUrgh's l<iodel. 
'" 

Q) 

o 
o 

':Ro~burgh"s ,model isboth~novel. ,a,nd ·concept.ually' advanced. 

'Therea,re anumbet of notewo;rthyil'$pects which warrent? 

. . '~i Scussl.on: 

'- .. l.1se· of .t:h'epe,lorcQor,dinate system to'assess the 

ei!ldiVill~alitlt 9£ m~!lti. pQJiiti~ ; ..' { , 

aaj~s~ment for '-cQrr.;LatloDCUIlollg ,neighboring Ild.nutiCle; 

',;;- ap:jl1~tment:fo'r.'~'in'g~rprl·nt,qual1ty· b~ca~e o~" 
(~ 0 

. '{tJ '.' 
D.' 

D . (} .' 

o·~,! 

o' I,; 

a 

o 

c C) 

.. t, 
D 

Q 0 

o 

, 
c) 

, 
.It'.":' ' 

'J 

o 
I, 

,'" 
.> • 

() 

'," 
o 

• 

• 

---------------====.~--;==~~~:~ 
o 

connect1ve ambiguity~ o 

, 

- conSideration of uncertainty in the pOSition of the 

entf'te minutia config~ration, relative to th~ pattern 
\ 

core. 
o eo 

Roxburc;h introduced most x: oihese" concepts for the first 

t · 0d dYe 1me, an repeate ly dre\'l apon his experi@ental oobservations. 
Q 

Hisb
o 

work must be considered 0 revolutionary in. these respects. 

It is remarkable that Roxburgh's m, odel has escaped th . 

"'~o rev1' e~'" "oer,o ~I attention of all subsequent investigators. ~.. ,y 
() 

o 

ci tation of Roxburgh' s \-lorlt has. been founa. 

Before Ro~bur9h, the contriblttion~f minutia position to 

individ~alityhad onlybee~ considered briefly by Pearson"in 

his qiscussion of Galton' s \,lorlt. Pearson had proposed f?ir.tplY 

tha,teach squat='e. ri'dge-interval tlc:.S 'a distingui.shable minutia 

fOsi;ion~ Roxbursh defined-minutia position using a polar 
~~.' 

o"coordinate system, \-lith- -r'idge count-for the radial. me.a(l_tl.-';~': 

anCisimple ordering of minutiae with increa~ing angular " 

measure. 

pattefjns 

Polar coordinates are a natural'choicerfor whorl 
0) 0 

0.0 r.. • 

with~adial symmetry, and for fingertips, where 
.' '.'J 

• ~ r, 

.' .• ,0' <it .," ~ 
r1dges o are semi-c1rcula.r: and nearly; concentric; The model is 

cnot directly" applicable where ridg~sform l~OPso'J.tr.iradj.i, or 
~ , 

pat:ternless,parall:,~l ridge~;. Broader appl,icatiorfres~ts if 

the origin is allowed t,o ,move 'along a referencer ;ldge.An 
Ji.";,''', ./ 

0." 

"axis .Day tbussweepupone SideQ.t:',a"loop 
~. 0' ~. ' .. ' : '), -' -7'·.' -':, ... 

'an.ddown ~the other, 
o 

o.r ,across ao seriesofpClrallelr'i~,ge$: 
, -' . ~ ·,~j~~,'H~r t;~ " (5, 

"/1 

~Fi9ure 1 • 
. 0 

·u 
{F , 

D 
() 
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Roxburgh briefly cO,n_sider'ed a second model, s,icilarto 
,') 

Pearson's, whic;h,~sed rectangular coordinate~to define 

minutiao posi ton. Each minut.ia was assumed to occupy 2.5 
II 

C> 

square ridge-units, and minutia density was esti.~ted as one 
r.l 

per 2S units. Assuming minutiae are evenly distributed, this 
{)c 

allo\,1s for ten possibl~ pc)si ~ionsper minutia. If each 
o 

positvlJln is equally likely, then theOprobability for 
\I 0~, c, " 

occupancy for a given minutia position 'is estimated at 1/10. 
, e~ a 

For more'~c~uracy,0Roxburgh'su9gested that resolution of 
s.\ ti 9 

minutia Positions be treated differently along" ridges than 
I . D ~ 

') '(: 

acr,ass> them. Acrolis crl~es we may easily' distifigui~h a one 
" o _ 

ridge-unit interval, whereasoalong ridges Roxburgh suggested 
" an averagE'r'es,plution ,of 3.5 ridge intervals. Here Roxburgh 

G • 

points oui;. the convenience of his polor-coordinate model, 

where the question of resolution need not be cOnsidered. 
DOC 

Al,tbougt'}:o Roxburgh' s model avoids this definition, 
" 

resolution i'f. Cl~r~y ~,f,U~damental aspect Offingerp~i~t J! 

individuality. Computational excerc.Lses deSigned to 

demonstrate individuality might justifiably omit considera- P 

tion' of resolgtion~ but such omission, is a major d~fect in is 

fingerprint model. Roxburgh argues that, in pra~tice, it, is 
-" 

relative distances betwe'enominutiae which we compare,' and 
o ~. 

I~ ~ ~ 'I G 

thatoour criteria fpr corres~ndenceamong minutia poSitions 
'." ~.- ~. 0 

varies with the. distance between them. 1-1inutlae on .~ 
Q ~ 

neighboring cridges w'ill q shcm; cOI3~ratively Ie,. variation in 
, 0 

r:elative positio~; than will minutiae separa.te4 .by. several °0 
, 0 

zidges. These observati9ns:' help ,character:lze thecoml;)l'exi ty . 
~ 

0.' -

o 

1I , 

(/ 

j 

- ,'t 

" 

o 

o 
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'Of thej\'pr'oblem,' bu~~ do not diminish its fundamental 
() . = 'i'l , 0 

import~nce. By side-stepp1ng the issue of resolution Ro::burgh o 

weakens his model. 

The imperf'ections we note in the definition of minutia 

,<,positi~n are overshadoved by the zeal with which Roxburgh 
v t~ ..... :? 0 0 l.) \J I) • 

refines his model. He f->irst'considers correlation of 
o 

minutiae. Even though he "eyeballs" the lack of correlation 

among successive v ridge counts and among minutia types, hi So 

obse'rvations have an exprimentalZ basis and are distinguisheq 

as the first Jand nearly on,ly) consideration of correlation 

among minutiae. Roxburgh does find a correlation aI:long 
D 

~i~utia orientations, attributable to the generally observed 

aivergece of ridges at the fingertips. A SOr.le\'1hat crude over-

" correction is made for tllis' 'co~relation, as Roxburgh assumes 

it to be "the maximum he observes. 

Uext' Ro~burghcons'iders the effect of,_ print quality on 
c:: • '.-J 

conr~l~e ambi'guity. Galton, discusse4 connective ambiguity 

(1892, p. 91-92) .and undoubte'dly'~made allowances for it when 

h.ejudged his .ability to guess:r:id9~ atructures. Roxburgh, 

bOltever, wa(~ tbe~first to make spe~ific allowance for 
\) 

. '~onnective ambiguity, and to link th~allowance to print 

= 

quality .• l:'rint q~alitYfs ~ry ~im~rtant in defining DltO\'lmuch 
I,! . 

connective ambi;g~ity' is allo\,1able. Even in excellent prints 
• 0 

!. "'an, 9ccasionalmin\iltia ',(,ill exhibit variability in recording. 

"The presenc!, 'of more than a. ",fet1
q

woulc1. warrant suspicion of 
o 0 ,r 

non-identity. In ve~ypoorly recor<ledprints,-hQWever, one 
~ 0 

~)f.iust allo'!" this variation in virtually all minutiae. In this 

o o 

c 

" 
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o 

ext~eme we know only thai "'tine-w ridge appears in a given 
,,:~'::;",;J I) 

{Ilocati.on. The three ~ssible minutiae which could produce thee 
G ., 

ridg~ account for Roxburgh "s correction factor Q • 3. 
~~ 

,Roxburgh's last refinement of his 'model is an "assesscent 

of the~uncertainty of' the position of an ~ntire minutia 

cOIifiguraton \'lithin the overall pattern. RoxQurgh 9bserved 

that when one does not have a clearly defined reference 

point, such as a pattern core, one may·make several 

positio~,in9s in. an attempt to find a corresponding'minutia 

conf\\guration.The absen~e of a reference point thus 

i~cre\ses the possibility of chance correspondence by a 

factor equal to the numbe'r of possiblepositionings •. tUth 
, 

hindsight this point is obvious and amounts simply to a~ 

observation 1:hat th~re are several opportunities forca 

particular event to occur. Of the rema~ning fingerprint 
o 

models, only Amy's and Osterburg's incorporate this, important 

feature. 
o 
a"~ 

/) il 

fie 

0 
C> 

fi " ,i:;llt 

0 

o 

" 
~ 
" ) ..j;;.' " 

".. 

Q 

9 

" 

" 

o 

Any'S nODEL (1946-48). 
(j 

Amy defined':ot\,10 general contributions to fingerpril'1t 

o individuality: v~ri~bilitY .in minutia type (ifs";teur 

d'alternance), and variability in thej.Jll.!ILlber and positioning 

of minutiae (fact@ur topolog~). 
'" 

Variability ina lUnutia Type. 

Amy assum'ed the same ,Possible minutia typeSj as did both 
n .' (/ Ii 
t...::..}" c' 'I 

Balthazard and Roxburgh: minutiae can be either forks or 
• , /1 

" 

ending ridg~s, and can ffav'e one of t;~'lO (opposite) 

-22-

orientations. USing a database of, 100 fingerprints, Ar.J.y 

getermined "th~t therJ!lative frequencies" of <forks and ending" 

ridlles we.eO. 40. and 0 .60, $espeC~i ~elY • He also noted that 

. div,~rgenceot sronverg~nce of ridge~ was very common, and that" 

W'he~tbisoccuJ:s thete, Is an excess of mrhutiae with one 
,n, n 0 

II }',,) f. r- • () 

orientation. Amy estimated a ,fr'eq'uency of 0.15 for 'm1nuf'l.ae 

with oneor~C!p.tat4o~ and a ,frequency of 0 ~125: for minutiae 
'";' " 

thfi!PPPQsite,orientation.,. ", 
~ • - < • .., • 

·:>.,:t,f:onenas'·fj- foi;ks and rJe,· endi~g ridge~ in one, 

and>J'f,·, fork~ and ·e,,· end£ng ridges in the '.. ........ ' .. ,i, ': < ,'., , .... .,.. .' " c 

' ...•. >~t~~J:'",'1imyc~lC:Ulates·, theprpbability of a particular 

>Qf~~~!~;IAd~~::t)l.¥c;U·' (.,U")('~Dt& [(.ls)(~Wl~~fr.U){.~o)]~ 
• ,-" " '. ,,' 'J ()r) , 

.:.' ~ ('J .' 

Q 

" 

o 
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o 

Vi> Q . 
In the general case we do not know the absolute orientation 

~g 

of the minutia configuration. Therefo,~Amy also considered 
'" 

the probability of the ord~ring of ,where the relative 

or ientation is opposite' (At.): if' 

v () ,. '. ~ 

At. =0 '3)-1& (.l )f, (.'l.s)t.l. (./~)e,' 

The complete probability is given by: 

A = ~I .... 112.:: (.J)f.+fa. (.IS")e,~~2.o(3f,+e, +·3fz +&z.) 

'r} 

Variation, in Number and Position of IUnutiae. 

AlyconsiderQ a square ridge patch, n ridge-interval 

units on a side'. Let L 'be the probability that there ''Iill be 
o 

p m~nutiae in a patch of area fJ.~. Let It beG the total number 
(1 • 

of-arrangements of the pminutiae, and let N~ be 'the number 

of these ar,ran9~ents wli.i.ch are indistinguishable from the 
o <;;,. ." • 

particular arrangement of minutiae at issue. The probability 

that we Wf,ffI,av~ pminutiae forming a ~siqft. of tYl'1r t in a ' 

patch of area n%. isgive.n by: 0(' ~ 

= 
, " 

. . .'. c. 

. The patch Jilize (n)is !~r~ab.le'be,ca,,,se tbe·boiJ;'ders of the 
~- G. 

patch are.notPltec.i.selY~~fil\eQ,.ci,lqemust 1:herefOIeSU1nOV;r 

tbe,po~sibleV;alues-"of, n: - c' .0 ",0 

-23-

o 

) 

• 1/ 

= 

• 

o 

Assuming a minimum distance between two minutiae of one ridge 

interval, we have n~ posiutioilS in \-Ihich to place p minuti;;ae. 

Usi,ng an estimate of \~Jerage minutia' densi ty of one minutia 
. . .~~ - . '. 

/ per -22.5 square rl.dge Ul~;; (o~e per square 4.7'rldge units 

and U: 

Uaking these replacements in the eqt:atiori' for T \-Ie have: 

T= p! . . i 

L 'l"~! It;'· -p)!) ( .'1sfS)" o 

'. 0 
" 

a It rema",ins to 'calculate NX' .the number of the to,tal 

possible minutia. ar'rilngements ''Ibich are of the particular 

type -t- (i.e. indistinguisha~ble from one given arrangement). 

I.> Amy notes that relative, rather tban absolqte, poSitioning is 
< 

of concern, and pr;oposes that the event necessary for 

positional identity betweent~lo fingerprints is only that the 
cD 

same number of minutiae appea.r' on corresponQirig r;idges Of th~ 

fi:bge r;prints.'b>Th1s mean~1 that. variation due to absolute 
..,.. ... ',; 

positioning of minutiae aJ:.:o'ngQthe ridge is disregarded. One 
• i' 

r~.;:;r ~'" if 
minut:ia on a,~J.i~ge'~1,;as;?'nL'possible positions,t,.,o minutia'e, 

, . , ( ',"' ,- .... __ ,:':'-"'';;':;:'f!"'';:~:':'''-"h-':~ " 
~:"'i'<.::::::!~.,~ '::;~S;,"::;'~: ::'~~~b~ye~rwtrf~ ~) /21 possible positions, three minutiae hav'e 

[n:;(1'.l -, l)::(n ... 2)I31]possiblepos,~~,ions, etp • 
. 0 

.. A¥conaty~of varia:t:ionto be Ciisregarded arises" f r~r:1 
j 

,. 
" . •• o 

/, 
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"d w1'tliout minutiae at the fingerprint boarder. If there r,1 ges " 0 "' 

are q such featureless ridges at
0
the upper boarder, then 

arrangements with (q - 1) featureless ridges at the upper 
(! (J 

boarder and one featureless ridge at the bottom boarder would 
~ • b 

be indistinguishable. General!;g, for q featureles.s ridges at 

the boarders there would b'e (q + 1) possible arrangements of 

these ridges, each resulting in an indistinguishable 

fin,serprint pattern. 

Based on the above, N (the numberofc indistinguishable 

minutia arrangements of type t) may be. calculated given n, 

p, and the number qf. ridges with 0, "1,2,, etc. minutiae. If 
" ' 

., -/J, 1 m1' nut1' a. per r·1' dge and no interior lines . ther:e 1S on y one f) 

~rithout ridges, then q a'~(n p), and.: 

o 

I;) 

(,' ,Nx=nP(.,,-p +/) 

Ifa there are nO~lZ internal. ridges without minutiae the 

formula becomes: 

o 

with«,two minu.tiaeon one ridge,and~ne on each of the 

. others: 

Nlt = ,n(i-')"n(r-Z)Cn-1' +~-e)i'" 
o 

witlt two riQges tlitb two minutiae, ,and one on each of the 
. ~G:T ,j 

I), 

others,: Q 

.' 
o , 

". 
~ ... """._~_. ~"_~ .. ~ .""t, .. , 

[~~ 
i, 

.~ . 

.~ " 

Q 

.1 

/,:0 2 
·f '. , 

, I," 

• 

c 

,. 
o 

\) 

and the formula generalizes easily. 
\) 

(, 
Correction for Minutia Clusters on"One Ridge. 

'I 

c 

Amy noted that the forgoing theory failed',when clusters 

of minutiae appeared on one ridge.o A problem of definit+on 
'I 

results: whenudoc~s one ridge become two ridges? Amy defines 
(.) 

il 

"q,J:oups n as c~ ihterconnected cluster of minuti~e which is 
I 

treated as if ~it were a Single ridge. Within one of these 

groups not Jall rE!lati ve posi t'ions of minutiae may be 

possibJ.e, and some ne"lpositions may be cr~ated. Consider':blo 
c 0 c II 1 ridge ~ndings. fie predict 4 possible a,rra,ngements (ea,ch 

ending has t,.,o pc)ssible orientations). However, if bro ridge 

, .j) 

(\ 

endings appear 011 the same ridge, they ,must point in opposite 
! II . -directions; if tbeypo'int in the same direct,*-",on then there 

are two ridges: 

"'one .ridge: 

i 
0, 

;::~;1':";"-::~'r'~"'J 

J 

D 

Figure 2. -_. 
o 

o 

t~10 ridges: 

llhere patterns of mul tlpleforks appear, there is not a loss 
c ~ ~ ,j 

of pOss~ble orientations, but an increase. In essence, 
o '< 

Jilultiple fOJ:'ks c:r.eate a 'compol.lnd ridge wherein thet,e is 
g ,.'~: . (:\ 

,gr!;eater po';;entiailvariation. Consider t''10' ·forks. lie predict 

fourpossibl~arra~geJnents.as ''lith the ri~ge endings. -In fact 
0' ' th . , . h ?;fJ) 

· .. ··ereare e19. t: •. & 

o 

.. ~ 

. '" .. 
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-P,igur.e 3.· 

=-
0' 

,-0 

Q_" 

~y,introduc.ed 'afa'C:t~pi"cfnto 'correct fort'he~e f,ilIii:hgs. 
, .• ,., IJ 

the model. G ~is' t~eratio~f theposs.ibilities ;predicctedby" 
'.. '. ' , . 

On t. 

, . the. model to 6the actually" observedpossibil.ities,. AIny 
, g' ' 

calculate'd' (f'for clusters' o.f· two, to six minutiae., 

Frequency-of Occurrence of 
COI:lbining the, factorsA,T',and,oG, .tllefrequency ;,;of a 

c ::; . 

',pa'rtiCtilar minutia ,cO~binatlon 'ft 9~ve~ oby: , •.•. ' " 
'. f" 

. '¢hances .of False 
~ - 0 . ' . . 

,Arnynot:ed thattne'chance 

the " n~mb~r 

.of'a 

area 

o 
ri)' 

o IJ 

o 
o 

l'lhich for small tp and small , f reduces to: 

{) 

The number of Gcomparisons (f» may be caltjulate'd as foI16l-rs. 
~ = 

Consider a print left at a crime scene which fills a square 
o 

region of arean~, n ridge~intervals o~ a side. This print is 

to'b~, .. ~ompared to an area of ridges ~f size N2., ~1 ridge';;: 

in,;tervals on .a side,,~ The number of horizontal positions l'lhich 
il ~ 0 

, the sma!ler cri:~e sC:~,e print may occupy" in the larger print. 

is .given by: 

o <l. 

u _" 

Ther,e are an ~q~al number ofverticalposltions, one for each 

.r~;dge.Theref:or the t;Ptal.rttimber of positions fot c:ofuparison 

is:', " . . 

.l:;' • l~ _ ,'" : .. ()2-
,,~. 

\\ 
\', ~'1 :'.) It 

'. "'i ' .\ o. 
The ·values ,of ,~. q"'(insquate rldge-,:1nterval ;Jtnits) are 

o j l! 

; ,.','" ,,, ..... ,,~.,.,;~~~,~:~~~~~.;~~~~~.~~,g.;~~: e~c;ll:t:~lUtlP ,,~70 for' eachof,tbeother 

f'~nger,s, and:l:OOO ' "The,:tota~ 'nllm~~ro:fposltions 
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o 

D 

-...,...-~~ --~-

o 

. , We have thus fa~ consideredpatt~rnless fingerprint 

~ traces and patternless ridges on the" hands. t'1here loops, 

whorls and triradii exist", the number of positions for 
(l 

a . u ' 
s,.qot:lparison is less, regardlesfs of whether the finge,rprint 

o 
., . a . ":.. ,- ".J" »U ' l'. 0 

,trace contains these pOints. If i:th~ fingerprint trace cis, 

(;.1/J ~ ~ patternl~ss, then for each pattern singularity n positlons 
o 0-, _ a 

areexclud
J
e(3. Letting sequal the number of pattern 

c:P 
{) ,. 

singularitioes, we 'have,: °0 
,,-

<1) o 

J,I 

::::;;(' 

Result. o· 
" Amy's final equ,ation for thejfihance Qf a ,random 

trace. is given. by assoc<iation Qf a particular·fing,efprint 
%Q 'o)j .• " ' " ~~. ~ 

combil})~ng the .factors der!ovedabQve:" 
15"'>" . 0 ,tv 

(j 

, 8 
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c 

suspect, the factor ! incre~ses, and the criteria, for '"' 

identification becomes more stringent. 
"'Discussion of Amy"s "lodel • 

Amy's model ~ like RQxburgh i S', ~ has nei tiler been revie\'Ted 

.nor~ cited in the English literature. Amy himself was 
\} , 6 

appar'ently unaware of Roxbursh's work, . and possfbly even of 

Gal ton's: only Bal thazard is ci ted by Amy .• 

Amy's ~odelois comparable to Roxburgh's in complexity, 
I) C::::; '.' 

innovation, and general approach. The two investigators 
o 

0) 

recognize many of the same issues and their responses are 

und~rstandably closely rslated. Both model~ begin by dividing 
. " D . 

fingerprint individuality'iJlto two parts: :variability of 

minutia type, and variabili £y 'of mln~a posi tion". 

~y' s co.nsideration of minutia ty;Pe is more sophisticated 

than Roxburgh's, in "two respects. F.irst,ol\IJlY experimentally 
tV .. 

deternlines the relative frequericies of' forks and ending 

. tidg_s,'inStead of ,ass~i~gthei twci? types ~reequally likely. 
.' . . "'-I,t' 

'.' Secondly,' AntY' makes. an ,estimate o~ the \jnol\;';'illd~pendence of 

obse rva ti ons i.n IO 0 . 

ridges 

ar>eas. ' 

·1 

.: 

; . 
o I 

•• J. , 



1 

c 

~\ 

0" 

{j' 

(ll 0 

more sophistic~ted that Roxburgh·s. Amy~treats both the 
9 

number of minutiae and the area of the fingerprint as 
'\) <' 

variables. ,.He us~~,s the binomial t;heor~' and an estimate of 
tJ 

minutia density to calculate both ~he pr~bability of a given 

number of minOutiae andu the probability, of ~ny particula,r 

poSitional arrangement. These calculations require defi~ition 

of the possible minut,ia positionswi.thin ,a fingerprint. Amy 

assumed the minimum distance' 6~&een two minutia4;! wa~ Qn~", 
ridge interval. The number of pos&ible ('minutia positions was 

thus equal to the area ins~Qar~ridge"int~rvals. itote that 

the issue here isOnot our abili~~B~ ,to resolve minutia 
'0\,,' , " 

~ •• C't . 

positions, but rather, to determine the
o 

number of possiJ:?le 
" ,> • • 

o minutia posl,tions.o kly considers, the probl~mof' minutia 

,;':~'::!"'r,es9lution by another, more questionable, process. 
"". , . . 

1'111en comparin~ fingerprint~ weare unabl~ 'tQdistinc.:Jii~ish 

among all the possiblemi;utla conf~,at:iOnS. Roxburgh 0 "" 

recognized this and was content to use, a. resol!.1tionofon~ 
. .. " i~, , " __ 

rldge inte,rval across ridges, an.d to m~r~ly order .:the " 

Q 

minutiae along ridg~s. Thi.sessentialcly :ayoi(l,S'the, iSsu'e •. · ,. , 
,," , ", " , '" "'~, ,;, ,.,"':. ;,",: ::~,'.:" ':;:"",,"'"7C::;:C ~_",:'."~:,:;~:::::::~::~"~~";":,:,-,,,,,:!::;:,,,;,,,:::.-:::;;;:;;~:::::,,,,,-;::..:-; .. :::=:..:;;::;'o:;;';:,~,,:,;:;-~:-:-:-:,,,~:;;;;:: ,""':o':::·;::".J;"'~~;:;-::::::~7:::::":_""::"'~",::::::·;~~''''':::::::;'' ~: 

AmY'streatment is' morecofilPle~"Qut~i.h~: m.k~sa f~ncti,Qnally" ," : 
.' '. - . .' '" 1./': : _.' . ," .""'. ," ,\1:, ...... ".' .. ~ .;~. q:.;o.'.- ';.'.: ",:: :~" tl. " " ',., ,_.", " 

equivalent apprQ~l.~tion.:~Y:, ass.uliu!$ U~;~hat,:any'pQ$j.iti(ma.l' 
- ,.'. ",-': . .. - .., . . ~ .. ', - .... '. . 

" 

a 

o 

o 
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cOnf~gqftions 1s,far greater 'than to merely note their 
r,~, '! I, 

sequence along.a ridge. In Amy's model the approximation is 

also particularly difficult to apply. Roxburgh'only required 

a ridge count as a radial measure -~ the continuity along a 
" 

palit,," icular·ridge \'1as of no concern. Amy strives to preserve 
, 0 " 

the concept of individua'l .ridges, while still allo\'ling 

multiple minutiae on a "ridge. Amy ,must thus introduce the 
,:,'1) (J 0 (,0 '! 

,con6c~pt of "·~groups·" and define interconnect~d ridq~ systems 
II • ~ Q .' '; 

as a Single compoun'd ridge. qThe ,~complexi,ty introduced }11o 
. " ,. 

:{ " 

, Amy'S group?cotrectiol'l factor is awkward ehough, but mol'e 

importantly, Amy's model can in no way accou,nt for connective 
. 0 ,,' ' 

ambiguitie~ aJl!ong rid~es. Connective ambiguities prevent the 
~ . .".. I 0 

definition of discrete;, inter,connected ridge systems. Amy 
, • " - '", ""'J' 'J , .' Q 

tot~lly i~nor.e~~;thii'<issue, and provides no con~ide'ration of,· % r ,'. ~ d 

or c:orrection for, connective ambiguities •. Inasmych as 
, ". I) 

.connec':l:ive ambi~u~~y is an unavoidable featUre >:of fingerpf,illt 

comparison (see, 'e~9., Cowger 1983, p. 174; B~ttley\\ 1932, 

p.9)" Amy'smQC1el is not a realistfc assessme~tOf 
." . , 

fln9~rprint 1ndiv,iduality. 0, 

" . 'rbis:deficiency asfde, ,Amy continues his innovative anq . ," - " . 

"sophisticated approach. Nex~heintr~d,~ces a correction for 
'. . . ~ 

, " . 0 .. d' " d" 'Am 'notes .t,ha·t 1",t do. es cn.ot m. a. tter , ',~~relessbQ~~.er ~r 1 ,ges. '. y , ' 

,; wh,~thet °sucbridge's\~ppear' above or below the central" 
, " ,,,, ,Ir,' ,...'. '.;"". ,'" 

" minu1:,ia~,bearj.ng 't,iclges': tpe' .ce,ntral"r1clges alonecoptain' 
o 

'di~,tin9~1shabilityamolig minutia 

. ". 
, .' .~ 

" m. 

(), 

, 
~ 
i 
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ii 

------~-~,---..... 
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o 

\~. 

o 

De, ridges are thus indisutinguishable and' contribute to his value 

of N.e. 

,,' 

Amy concludes his work with" a calculation of the chances 
o ~~ • 

of false association. Giv:en"the size 9f the ridge 
" 

configuration, ~y estl"mates the number of> po~~ible 

posftiorilngs for these ridges on a person's hands. The number 

of po~itions varies depending on the size of the ridge 

configuration, on whether both .. palms and fingers are to be 
o ~ ,~ 

'I (. 0 _ 

considered,,, andDon the presence "of pattern elements in either 

the. ~;ingerprinttrace'" or on the person's. hands.. The purpose 
o i} 

o 

of calculating the possibl,e'posi tionings is to estimate the 

n~be~ of tGrials one has in which to find an indis1;inguish­

ableQ~idge configuration. At each possible positioning one 

makes a ,comparison and there is a chance of rall:ieassocia~ 

tiona 

-33-

,Obf'iously, the'more Possible positioningsfo.r a 

fipgerprint trace 01) ~~ individual, the greater. the chance .Qf .. ' 
~ . ~ 

o 

"fa,lse association. This concept was not new, Galt.on~nd 
. " ... 

,,;':! •• Bal'thazardrecognizedOne . post tioningfor, eClchof: 

ten fingers. 

" 
" j$I 
" 
t,:' 

.:l 

" . 

.• ;-? 

\1 

o 

,'I 

'I' II ~--,,--
Ii' ___ ---<1,, _____ .. · .. ··· __________ -==~=._n 

association. Only Amy treats this issue properly. Othe;s 

either assume one compares each fingerprint against~an entire 

pbpulation, or that" othere i.s only one comparison. Amy alone 
Q 

appreciates that the, actual number of trialsois the retevant 

quantity. 

L 
o " 

,D 

() 

o 

6) 

. l' 

• '. IS "<;". 
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TRAURING' S MODEL (1963'). 
o 

" -:rrauringestimateQ, thechance.s of false ,association by /l 

fingerpri~ts in co~ect~with a ~r~posed, autOmatic iden~;: 
fication ,~ystem. ~he system is based~n prior selection of 

three reference minutiae on a finger" and the recording of a 
. ' " ~ 

number of test: minutiae. (Relative coordinates derive.d fcrom 
r:, 

'" the reference minutiae are used to describe "the positions, of 
" 

th~ test min~tiae. As pro~sed, fhe test. ml~~tiae appear 

U(l withinD the triangular regionQ described by the t'eference 

min~tiae,:m) t~e ,ap~roXimate positions of the reference 
'" 

minut.iae'\::::"onthe finger a-r~" knqwn. 

Trauring.makes the fo~lowing assumptions: 

-'-l}}; :minu'tiae-'are'di,~1:r-r6UteQ:~~1ihQomly; 

2.) ,there are ttl0 minutia tyPes: for,ks and ending. ridges, 

'" 3) the t,.,o· minutia type's are equ .. lly likely to occur; "" 
.?:.~ .J 

"4) the: t~o ppssible orientations of minutiae ate equally 

li,,~elY toocc;uv, ('. 

5)~inutiaposition and o~ient~1:ionat!! independent " 
• • Q 

. . ,1 , . 'variables -. and' .' .. ' 0 

#:~~~~= '- .;-.:::::::'~t-;~-::;'.-=:;;::;:::';;;;;;::';:;;;;;-:,~c::-=:.,,:.,~::::,~"":::~ ""'-'- --=:c,~,;."'~"';. '.-:';;C''- ~,' "',," ",-:cc-'::', '~;;:?"~':':-':;:::~~"'-:;;:~~~":::';:'=':'==':-"'7"::~==-. :..' II P, '. '. ') .0 

6) for rePeat~"B ~egi$tri1t!oOn.of ~ne inaiv~dual' s fin,ger . ' 
D 'j"" !-f .. ". _ .,0 .. q'" ".'~. - :. ' .. ~ , '~",,: :'. ,". '.' . ,- -;:! 

, .. th(!un.certaln1;Y' in the .po.ition Qf thetest.minutiae' 
~ 

;8 .• 
r~la~ivetotne ;efeF.ence.,.inutiae does 'not 

Q
q 

. <1 

.~~ .. 
0), . 0 .' . . 

Q •••• ' .·Co.tr:e$pond"enc;e of. a .' te~t: "~in\1ttao t:equJre~' it. 
, • J • • 

j • 

.. \ .: 
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multiplied by, the~'rea. The minutia may be one of two. equally 

likely types, and have one of two equally li,~elY orienta­

:::t.ions. The proba'bility of a· corresponding test minutia, given 

acceptable reference' minutiae is t~s: 

o 

If the chance of acceptable'refere'nce minutia.e on 'one finger 
~ 

is ·r,··~hen a person would have [10 X r] charices of regis-

tering an acceptable set 9f ref~rence minutiae. .If th~ number 

of test minutiae is ·N,· then the chance of/random corres-
1. ,,x"" 

pondence bf a. finger from one individual with a.previously 
(,",) 

. defined print is: 

Based on a seri,es of ·'twenty. prints, .. Trauring found a maximum 
. ..,.::;=;::;:=:;;:~:: .:;:", ",. ~'~;'" ('f , 

'i:::Jvalueof 0.11 for .,..in\1tia density. He .lso .e.t!imateothat the 

~!probability. Of;C()f,re$po~~ence' of tpr,!e~andomly cQrrespgnding ff 

.", ~~~e,"E!ncemi'n~tiaeCQUld be cQnservati,vely taken.as 1/100. 

() 

•.... ~,~b.ti.t:,uting th~$evalJi.e~ ~,fo~ J:I ~nd ~, t;~~ .. c.~.9x;#'.!Jl~".c~tt~,9~~~~~".""'~:;:~.'8.=::".;.=~o: 

. • "".'fj. 10 c..,L) .... r(eI71){.'I)',~· =' (. '1'tf)rt "'" 0 

" \ It;p.. 1.: .' 'J ·0 ' '0 

-;1 , 
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computerized optics to identify a particular finger. Our 

purpose here is to evalua,te Trauring's model as it applies to" 
" 

fingerprint individuality, .a function for \-Ihich it was not 
" actually proposed.C;, The computeriz,ed system works more ;easily 

with independent rectangular 'coordinates than with the actu'al 

ridge system. t'1hen fingerprints are compared manually, actual 

distances bet\-Ieenminutiae are not compared; inste'ad, ridge 

counts are made across ridges, and r,elative distances are 

compared along ridges. It is understandable that foro 
o 

computerized recording and comparisOn of' fingerprints, the 

riQgeCount might be dispensed witll",QU~ i~ so doing one 
. '"'~ ~ .- : . . -::::-: 

departs from reality. Ridge count is an essential part of the 

actual identification criteria. 

Trauring's mocel iso similar to the Henry/Balthazard 

models, alihough better thought out. Tr~urin9's first five 
,) . ~ 

assumptions are.i,denticalto Balthaza,rd's, ~nQtheresult 

fi1:~ 1;p~, R~nryl~al,thazard,.form.t,:(p: ~ ,0,.4641, c,for ,:th,e,·three .. · 

reference minuti~e and en{reafter p". O~,1944) •. , Trauril'lgt ' 
", 

" 

howev,er, lays a, better, foundation, forh,is m~del.,Bls " 

derivatlon .is baaed on c~l'lsideratioribf,' }Il,lnutia 'density,' 
"J' 

o 

estimates of, ,errQr ,in minutia' 'poa1tioning,'al1d,the, co~c.eptoof ' 
. ..', '. '. ~" . ~.. ..' .' - ,. '.' .. (i: ". . 

() refere.l)ce.ndtest 1D1nutiae. 'Tr.uring'.Jhat:e..S~()Ill'Of1:he. '", 

faul,ts ',ofthe.$lmp~e'moc1els: be..~a,$\lJtle$.:iD.i.ti~~;,atypes .an~ 
, ori entatiol'ls,tobe..'qual1Y·'PrQ~,b,1:e~,.~d,,:qon'.i.qer, s,n~,it:he,r,' ','. 

, " ' '" ". ",' , ,,"". "", ... ". ",.:"'",.::;,\;j:/<".,, '. '" 
",c:o,nnecti ve amblglJity' •. _ nor,'~o.r~el.t:1orr'~0r19;m:J;:n\lt:l"'.,,' .. : . 

. /;:llje .·ia9st.im~tta~~¥~;i;u#9Jtr~~t'I~~~II"~~~'~""i.~.tfil; .~ ..... . 
. . conce.P1: .qfreferen«::e m1nut;~.e. ~r,ur~!.~g uses ~l1e ·lac~tion~ of'. 

'0 ',' ',.,' ~ ,',' -, 

o 

) 

) 

I 

" 

:. 

'--------------~, . 

'three reference minutiae to bring a f~nger into register. 

Positions of the remaining "test" minutiae are determined 

relative to the reference m±nutiae. In actual fingerprint 
o Q 

identification a iimilar process is follo,.,ed. A character-

istic group of minutiae or a ridge "pattern such as a loop or 
If!,'. 

deltaq is used as a referenge pOint. Comparison with other 

prints begins by searching for this reference point. If an 

corresponding refer·ence pOint is found, the remaining 

minutiae are used to test the comparison. Ridge count from 

the reference pOint, relative latera). position, orientation 

and minutia type are compared. ~achminu!:ia sought is a test 

of the hypothesis that the prints are from the same 

indi vidual,'. 
{J 

Altbough no other fingerprint model explicitly 

dist~nguishes between reference and test minuti'ae, the issue 

has arisen in' d.if.fere.nt forms. Galton, -Henry,Cumr.tins & lUdlo 
- . ' ~ 

. and RoxbuJ:'gh used ·patternfactors·· to estimatethechanc.es 

o,f ez:icountering a particularfingerprintpa~teI'n type. 

,. "Pa~te,rncores and :delta"r:egion~, and even diverc;ing ridges ~n 
" _. c 

arch patterns, provide good reference. points •. Roxburgh also 

allo\-l$ for \1l1certia:nty in position of minutiae w~th hiS 
°e, 

factor·C· ... -thenumber .ofpossible poSit:i.oningsof the 
, , 

~$nl,1t{a 'c;:onfigurtipnrelat.i,ve,to the patte't'ncore.Ar.lY· 

~ ~cc;ms;i.de~~d,tlienJlr.lber of po~sibleposltiQ;in9S of'a" 

"f,.1ngerpr i nt'otl:ace qn .the . whole of, tJ:le Palma:r sl,1rf~c;e'!The 

II r~f~repc& :poil1t~· .ofloop$ "tr l.rjdiiand whorlselimina te 
~, '. '. " ',' ':.!f:j '. . ." . . 

pd'sitionings,~in'Crea'sing . hiSf~ctoI' "n~ • 
~ '. ~. . . 

ci 
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Apart fJ;otl theseindirec~ treatments, the concept.of test and 
(j 

referenCe minutiae rer.tain$ undeveloped in its application to 
.~ ~ 

l" i) 

'convqtllti onalf ingerpr int ,:=ornpar ison. 
. 0 _ 

o . 

,0. o 

. .... 
.. 't«', 

. 0>, til 

o 

9 

I' 
KInGSTOn' S l·mDEL (1964) •.. 

Kingston divides his model for fingerprintlf individuality 

into three probability calculations, much like Amy did: 

1) thepr.obabili ty of finding the observed nUmber of 
,~ 

minutiae in a fingerprint of the observed size, . . 

2) the probability that the particular positions of the 

minutiae would be observed "given "the above, ahd 
0' . 

'~)theprobability that minutiae of? the observed type 
Cl. . III 

would occupy the positions,. 
o 

Probability of theO.bserved Number of l-linutiae. 
. . 0 o 

Kingston est~mated ~theprobability. of a particular number., 
. . 

of minutiae· ft~tpemin'f~1:ia <Jdel!.~J::ty,. using a POi"sson 

" .. distr"*buti'on •. ' (Kingston gemti~stratedthat . this dlstribution 

';~ approxi.mated ··experiillental'obse'rvat.i,onsfor the core, area,oof 
- • .' >_' ,::,':-¢'" r '" ' • :',' 

,.>'~'''''-. _ . '- " r • 

u"'J~jlJ~,~o.:ll:g~,p5~ll·tinutiadensity wasmea's.ured ,for the specific 

'~fit19~t:prifit'p;tt~r~, "~~d~the ~pe~if i~' locatj.~&~in 
.... \1 . . " 

II tbis . pattern. ·Gra.phStlere .constructed·o.f expected. minutia " 

-40-

. t) . " .. ' . . .' 0 
'riui:lbe~v~~'size' of thesampl,e region •. For a. region of given 

s1=:e, ~the' 'e~Peet.~d . ~~nutianl.Ullber (~. ) ,<as . read, and the 

".prObabi!i~y pf' tpe .observed nUmber was calcula.t.ed: 
1/, 0 Cl ~ 

(). 

, . 



0\ ~ 

\ 

~:t~'5;i.:io;;;:"''''~~_'' ~_. "'-'" _-,~ ___ :":""",,.~)_c_~_· __ . 
() 

',' 

o experimental oJ)~.ervations of minutia clustering. ,tv'ithln this 

region other minutiaear.e, excluded. The centerpQsibiops of 
'c' 

other minutiae a1:e thus eXC,luded from a squareregiQn \~hich 

is 0,.571 mIltOn a side. 

An un<?ertainty in ~;~asur~~ent ofmiinutia, poEiition, of 

0.286 mm' along each axi's was. a'i"so assumed,based o on repeated 
u 

~oor.dinate reading~, "from a sin9le fingerprint. 
',:) ,j '6 

Consider N minutiae occurring in a region ItS" square nun, 

ih area. The number of distinguishab:le'minutia locations 
. ,..' 0-' '. 

within the region is: L:1S)/(0.082) •. orie minut,ia pOSition 

is used for ,r:eference, and located at any pOSition \'lith a 

pr.obability 8f unity. Subsequent minutiae are lOcated with 
., ,0' 
.' ~[ 0 

equal probability over ther~rnaining~noccupied, area. The 

excluded, o,ccupiedarea:Ls generallyequao~, to: .' .G. 

'. (i'~ ,) X l O.s-J .)'1.. 

"', 
for the "ith" minutia. The probability of,' the particular ,set 

Q,f positioninqs, is therefor c,alculat~d as: 
" t:: ~\1 {, :0 _':'i 

" 

This~alue isused'~xcept wei'ethe ,minut-iae 

close~so that 

. 'c) 
. ,- -

next minutia 
, ~ .. 

'd~~etlapalso 

..... 

,eheo overlap,', but does ' not ',consider 
., " ".>' - , 

o 

" 

o 

c::::; 

o 

c) 

!? 

o o 

this would cause. Should significant error occur, Kingstofi 
'.;) 

,~ . 
recommends taking an average over alJ possible orderings of 

the minutiae.) 

proba~~ity of: rUnutiaeo:'pf the Observed Types. 
a 0 ~ 

I<ingsto~ estimated the' frequenci,es of minutia )lPes ~G 

using a survey of ,2464 minutiae in 100 ulnar 10~P$! The 

results were: 
(7 

Ending Ridge .45'9 

Fork 
P) , ,.~ 

o 

D,01: 

F;nclosure 

Bridge 

T'ri-radii" 

;O~h~~, 
" 

",.34:t 

.,,0,83 

.032 

.019, 

..017 

.031 

, Q, 

The ptobability of ,;the observed minutia types filling the observed, 

positions is ,q iv en by: 
b 

\" 0 

included Jrather., 
.. ", 

.. , 
'0 . 

'," , 



.. 

,,' 
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ofgi,ven~ize;secondly,,) they compute the possible 
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. -' . 

.. as'tni.nut~~~above, and an .' 
. .' . <9 

.. arbitraryf~equency of 0.25 was a'sslgned torecurving 

'Probability of False AssOqiation. 
D 

Kingston calculaj;E;!JJ °th'e probability of false a~sociation 

using the foissondistribution. suppose ther,~ ,exist K persons 

with the given minqtiaconfiguration. The probability that we 
. 0, " o' ' . ,~) " . ' 

have the correct person, given this configuration, is (11K). 
" 

For smallprobabi:J;ities' of90ccurrence, -J{ ta~es on ,a. Poisson 
" 

(1i str.ibliti on with :parametei X·· '=npi" where n is the . relevant 
, . ' " 

~ Q ' 0' :' 

popuiationand l? is the" probability of the event. The 
. . . 

c· 

expecta tion o.f l/I{ is thus:. " 
, . ~ot J.. .~'!)¥ -

E(L) _L.i'K..~ ". 
'. K ~ ' .. " ...), Ii . 

. '.' ',''5"' I'~T . r .~-. 

'Substitution for the demoninat:dryi~i,ds: 
. .) ", 

, .1. 0 ..L, .' . '0,." '. '.).'':' "~.' 
E (.i) '" .e.)~""~'K.l!.! 

Sihce(l/K) " i.s. theprobabii~,ty that,> the . - -. " . .,' .. ' ". 

0, ,_: 1"">'-

. Q . . ~. 

''li J 
._~ ~ _____ ... ~, ,',r....,·' .. " ............. - : ...... ,. 

o 
0: ' 

clos~to 

c: 

". ,~, .. 
J, ••• '. 
,., 

o 

of minutia" Position~:; and thirdly, they consider 

,minut;i,a type. ·The principle difference bet\,leen 
'.'.. • > • ~ 

" t"10 mOQels is that Amy ~escribes minutia position within 

, .. 

. otheridge structure"whereas Kingston uses only the 
'" 

c.oordinate.s of ' minutia pos·itions. 

Fot calculating the ,probability of a par.ticular number of 
(. D < • 

minutiae, Kingston uses" the pois~onDistribution. Amy had 
(, . 

us(;!dthe~inomialDistribution. ,These tl10 probability 

distributions are closely related: the Poisson is merely a 
• . ~ c' 0 0 

spec1al case of the Binomial. Both"distributions dEscribe the 
" 0 .:.", 

probability of a particular numbeJ:: 'ofstati,'stically 

independent eVf;!nt~!. ~iv.E;!n.a n\llnb~rof trials. I~ our case, n 

events are the occurJ;ence of minutiae and the: probability is 
"~ ,-' " ,,:-':';"d.-t-::~'"' "...; .' '. ;. "0 » 

that '~particular numpeJ:'of minutiae will Occur in a region 

of a giVen size. Twoparam~ters are necessa,r:ytoodescribef/the 
.. Q:. ': . .' . . 

Bin~omiai Distribution: the probability of the. (;!vent, and the 
, ',. \\, , • .', . '.' -(> 0 

@.I}Umber,o~trials ... 'Th,us,Amy,.uses a probability of 0.0444 for a 

minutia t'bo,ccur within ,~ .. uni t : area. and: takes: the n~berof 
,j 
1\ •• ' " ", ";:~' 

trials Cls'~otali1rea of the region.tYben the nUmber of trials 

if bighand1\ ~he:probabilitY. of the ~vent is 10\'1, the Binomial 
. ~ 

,~robabili tie,'isare acc~ra.telY" gi"ven" ~y ,tbe" Poisson 

I>i,stributiori~. The Poisson cDistribution,is 'described usj'ng 

only :a. singlJ\';~flraIneter: ,the~~pected Q!.lmb~rofev-ints. ' 
, ,'Ii .... . " .' .: '. ' " ' . . . . II 

Although. thi$: \~xpectati,on . is, pependent . on t·hem.1lllber of. " 
. ~ I' ' , '.'. " ' ," " , 

parameters 

uses average ' 
" 
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o 

. )1" oj. 

• . b 

'" 

an 
o 

" ~."' ." • ,,';' > " • • , ~ ',. • ;' • • • <J 

Amyhadsimply.assumec.la,uni~ormritirlutia.density. Kingston's 
0-' c {., ... " \' : '. _. " ,,,', ,', ", • _ ~ • • ,0' ",' 

data estaQli.sheQ ' .• tha~ " inc'reas~dminutia "densities. occur near 

,< ..• del~asaPdn~~r<"10()p,:60r~s.:,Asorie ,pr()'cee(lS'outwa"~d froc" . 
Q \ . _ • . 'N . '.:, ~ '. . . . ..... .. 

. . these locations', .'. thE!:de,nsi tYfa~ls off,~r_a·t·1ng a. ·lower 
'. . .... '. ,: . " . - .. 

overall 
'0 

·regl.ortj.ncreases. Kingston" 

a'dJusts :t:~~sePh'~.rl()Jena b¥r;e,strieti~g •. hisi$:onsiderrtion 

··to:circ1l1arregiOnSab0\1~tll~dore:Qf'10qps.:alld ~emp~rically 

denSity 
• ; F' . 

·decreases'a,s,we. ntov~ ,Qutward,'ft()IJl' .. . . '. "'," - " ' '. .. ~. ' . . , 

c pr()babil~ty ~fmini.Jtiao.¢cl1r:r~nc~ ,the' 

'aistalll>eC:Pte, ·if,. ma1i ~"t; aSs~ii).tbere~ P" .tbat 

withJn a tf!gloliabQut<:tJ:le ;. . 'th~re ~~'a~uJliforrn 
, . . 

• " <l 

probabili tyof ntinutia '. 
. :' . '. ,-, .r)" 

an .a.swnpt"ionis. 
-:-" " ", .' 

inherent in (i,the~seof . _. ...'. ~; . - .. ,(o~ Binomial) . ,~ .' 

Distributi.on, .. 'andthus"1:here "is ,'all in'Qonsi"tencY 1n the. 

model. t'le mayfnferthatfot ~Suial1re9iJ;»Jl~::J.(in9ston assLmles. 
j~,. Q)' - ", a 

that the dens1ty may be ,taken as constant. This assumption f 

migbt wel~ be valid in ar ... ", Of' tbe .J!illgeJPrillt wbe~e aensity.1 

,Ii '.' 

Q 

\. '. D ' .. : t __ -.,----:-"~---.; ___ ......;._...;,... ____ ...,.._ ....... r! ____ _._-__ .....;..._:"""'" _0 _" ..... , ____ _ 
, .;-- > 

. .-w 

. .' ...... : ..... ~,. 

,- "'0 

"',. 
~",*",~.' 

t.~"""';. ::"'" 

~o. n 

.. 

a 

o 

([ . 

o 

is reasonab~y coestant. Unfortunately, Kingston has chosen an 
, 

area where the density varies dramatically;. His ow.n data 

refl.ects that the density fall~ o'ffnearlySO, as the. radius 

of his regi.on changes from three ridge-intervals to six. 

-46-

Kingston makes this same i{l,consistent assumption \'1hen he ~,. 

considers variation in minutia position. His method is to 

sequentially add minutiae to a· re,gion. The probab{lity that 

each succes~ive minutia will occupy ~ny particular Position 

is determined by the ratio of ,minutia size to the remaining 

ounoccupi,ed space. No provision is made for th~ proximity of 

the minutia to the core, o'r for any variations in minutia 
n· o 

'density. 0 

c', 

o 

An interesting consequence of Kingston's sequential 
o 

introduction ,Qfminutiae i,s that Clustering" of minutiae is b 

Q "I 

slightly disfavored. l'lhen minutiae are close together ,the 
Q • 

spaCepexcluded to subsequent0minutiae may ove~lap,producing 

a lOwer overall exclUded area. Arrangements wheJ:e .theoverlap 

occUJ:S will be slightly less probable because subsequent, 
~ ~ a 

minutiae \.,ill have more available space. This feature Of 

Kingston's model'is inaccurate: cl~stering of minutiae is 
~' 

aqJ:uall.y more probable, a.13 detnonstrated ,by Scl~ve (1979). " 
C'J t, ", r;:" .. 

"I\. 0 0 . 

of.u~ther d~fficulty with:Kingl:;ton' smoQe,ling of minutia 

post tion is encountered, w±t:h hisdef;inltions o~ minutia" size 

and resolution. Kingston assumes that each minutia ,occupies 

'.a square region O.286mm on a ~}.ae. 'l'hisis equivalent to 

0 .• 333 ,square ridge. interv,~ls.Alny he'd used a fUll squ~re 
, " . tl Q) . . 

- '.".. " 
r~Qge interval region, thus Ki'ngston allo\'1s three tiial'es mo~e 

[) . :. 

""J 
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() 

o 

o Q 

" o 

minutia positions than Amy did. "This 'dif:tereri~eobviously 
'~' 

has a profound effect on numbe~of'possible1Ain,~tia 
- .",' 

afrangem~nts. Kingston' smi.nutia si'ze is unre~l'i$tic:When,~, 
evaluated ,.,ithin the actual ridge structure. Minuti,aeoh 

. a. . "..", 

.adjacentricges c~ribe no "closer '"than one ridge inte'rVF1:'~\ 
Along aridge,t:hequestidn b'ecomes one of~efitlition. l'lhen 

, ",',: " 8 " 

o ,dO: two minutiae, \"hi.:chare very close be,come one ... event~ 
. ..' , ., 

~ ~ 

Kinston does not describe his criteria ford~termining 

"minutia type, but he does classify "spurs" and "double 

bifurcations" ·as simpre bifurcations (forks). "Dots·, 
,0 I! . 

-47-, ' 

.""ens:losure·s'" and "·bJ?idges" are given separatecaotegori~s~BY 

allowingthls variety in minutia type, Kfngston,in effect, 

rt;!def'inesany tw~ ~inutiae which become close' toone' another. 

TWo opposing forks arere.defined, as,~anenclosUJ:'.e; ,. fork Wyith, .; 

a quickly ~erminating br~nchis' l':ede:tined 'as a spur and 

inc;:ludedas a simple fork; a vary short:,egmept,of a ri~~e, is 
, . 

re-def·itled as a dot,. This'req~finlti~nQf 'e.v~ntsprevents , 

,minut~:~ef,J:'ont ,getting :clo,s~:t" 
."', .' r; . , '. _' 

,intervals 

, ',= 
:Kii19sto~, als~, uses .n ,iiiappr.op,i,_t.e.lY" small value for 

,minuti.r esol utiori.He. :ae;:c_PtscorrespOn4ence.olllyifa o. 
. "" ";' " ..... , "':1-. ," .", '.. ' .. 

. "'; '. 

• it 

is ':fOUhd J.naJi·arf!.~~',;O.O'a2square~"mm"abC)utth.~ 
) ... - .. 

o 

D 

,--__________ ._.w~~ 

" ,finger. This' i'a a fundamantal error. t1e ar·e not interest,ed in 
~ 0 . 

:1 . 

hO\,lmany disti:ng.~ishable patterns t4e may measure, but in ho\., 
" 

we may distinguish among prints from differentf~ngers. " 
-1\ .~\ 

Kingston makes no cil"~o,.,ance for the minor printin~ variations 
} ~~,,' f' 

"which ,are present e~eri under ideal conditions. . . . o>,}; 

Kingston's model.ingot' minutia positional\0 va~iation, 

thel'efozt" has three serious flaws,: the inconsistent 
,d."tI,.. :;1, v:;:.,, 

assumpti~n o:t uniform densi ty, exces~i vly sm~ll minutia, size" 
1/ ~ ';, 

and excessively high "minutia t~'~olution. An additional fla\'l ,0 

" 

is Kingston's failure to conside'~,'positioning of themirtutia 
I) ~ \. 

configur~tion as a whole. Since his model is restricted to 

the core areas of l?ops, this omission",i,s not ,serious: t~ 

loop pattern allows posi tionin~ Oft:lt~\.\:onfiguration ~'n the 
~~. , " 

finger·o Furthermore, King~ton allo\'1s ar,bi trar:yposi ti()ning of' 

one minutia as a starting pOint. ' 
,\ " 

Kingston's approach to ~ariation ~nminutiatypet3iffers 

f'undamentally frOm the ·previ()us'l rnodeis..Kingston,allows a 
o " 

mUch grea~e:cvarietY~Of,; ,minu:ia~aridasS:i9nsprobabilities 
, . ' ,/J _ • ~\ .... _ . ....~,...;! " . 

based qn t~eir J:'elative frequenc.i;es:i'~iptlentation of minutiae, 

howeve1:" is not' incorporated wi~)inthem"odel.ltwould bOe 
0.. ;.,' • ,", '." • 

difflcultto utilize orienta~~on'l:n'a~me~nln9fql Wr,:ly without 
'. (J "0 - {::t:-

reference to ,the riQge structute.~,Si"ne.~ingst(m' s mOdel is . . . '. '.:" 
" 

independent of this structure';, .. t~eom,i.$sion 'is' not If 

, surir:islng. 0 ' t) 

1::1 :..> j~ 

, , t'lhe~~nutia tyPes other than forks and ending ridges are, 
~~ .. 

defoinedl 'threelss.u,s are highlight_d. Fir,st., ,one notes that 
, ~ ~ . 

. . - ': - ,:, ~~.; . - , ~. . . 

tbeone,., J!l*m.l~ia types arecompoundforlds, >Offo(~s,endin,g,~ 
. i, 0" 

\' ; 

Q " 

, , 

1 

, , 
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ridge-vs, or both. This i",_,'1;5 n.,ecessar1°1y, s f th ~." 0, pt ere ~re ,only 
. -';0 ' i:,. . t~,. . ": 
t",of~damental,(( operatiori:S;';;:\t1Jl~Ch mayoc~ur to proc1uce a n~\~l 

<Xl ridge. Secondly, on~. n~,tes .t~~€"·',~Jlere,i'~ a continuwn bet~ee~ 
thecor.1pound forms and .d~stinct fundamentoal' forms.ihat is, 

C fo,r example," if we ~ave t\'lO opposing forlt~' cloSe toone 

anQtherthey are 4~~ine9 a$"i' anG -enc10sureil,.As the distance'" 

be1;ween the ~orks is increased, one finds a, continuum betwe,en 

what is defined as an enclosure and what is defined as t,.,o 

disti,nct forks. Definition o~ the cOr.lpound forms ,must 

t'herefor include a ,(somewhat arbitrary) jUQge-'mentof when the . ' ' 

compound character i~ lost. The thiJ:'d issue ",hich one notes 
, " 

" is t~at, the frequencies 'of the compound for~,s are much lower 

than those of the ",fundamehta1 forms, and that there is 
, .'. ~ 

substant1° al 0 to' I;) , " var1a 10n among the frequencies.of.compound 

If one 'is to use theco~P9und foras, it is,appropriate to 

,assign ,,,eightshlised on .their frequenCy of occur~eilC;. :;rhis 
,,0 • '.. en ,.' 

'''cpr1n,ciple h~s been"app~.led subjectively ·,fo,r s~met.lJi!.e in 

... fing~~!tintc~pari~On(See~e"9. , Locard mO, p. 221), but 
(J., \{I ". • . _.' 0 ": ~ , : .~ . ' ': 

Ost!t~burg's Survey (O_sterbllrg, "1964,) deD.lons1;r"tedthatthere 

was no conce~sus .. aJaQng . fingetP~iQt.exaJainer 8~eg~rdi'lg thes~ 
a f r~uEmcles. "Amy:: (1946) assi,gned" vari~ble . weights to 

~ • 0 • • " . ': 

minutiae, but ~nly considtaredthe fu~damenta!'typeli. 
'" ' ' ' ' , -Ii ,.' " 

'Santama( ia (lo955)," was.the f.irst t(jpro~sespecifi~ W(d~ht±n9 
QfcOm~und ~inutia;e.Q· ai$Jnethod was ··Si~PIy' ~o:· assign '.'~. 

" wej.ght .equal t:oth~'number£' o~ "fundaDJen~,~l~ll'lutia~ . which '~lere' 
"r~uiredto prodUce 

H . 

," 

, 
'; .) 

~ ' .. 

'~ .. , 

t, .~:;. ~ 

'J 

,,. , .'1. 

to,incluq~frequencies of compound minutiae in a model for 

0fingerprinti~diVid~a;LitY~ (J q 

o 

T\-lopr091ems .arisef rom, Kingston' s use of compound'. 

minutiae. The .first; as alluded to a~ove, is a problem of ,~ 

definitlon.t'lhen uat(! t,·to. fundamental minutiae sufficiently 
, • Q 

, ' 

cl.ose to form a compou,nd m.inutia?Kings.ton doe's not state his 

own criteria, but does observe that differences in ~nint;ltia 

classi£' icati,on account'for«~'rariatiC)nQ between his own 
" ~ \' ,.. " 

frequencies and those det~rIftinedby other investigators. The. 
" . ""-' 

second probl.~m . is thatnoprovisi.on is' made for connective 

ambiguity. 'JQst'as no all.owance ~1as made for po~itional, 

varia.tion ~mons prints from onefinge,r, here no allowance is o 

made for type vClriatio~~ This' affect.s not only the' comparison 
~ . 

of Jilinutiae, but a;lsotbe frequencieswhic.h are assigned. A 
, ' ~ " - . 

Qconnec1:1ve ambig~ityact one endoof an encloEiure (frequency 

o .032" 'wou1'dr'~sult:inclassification as either a spur, which 

Ki.ngston (~nclud~s with forks' (0.341) ,o~as a combination of 
.; " ,,' " 0, co' " 

, I ",' ' 

a forka~d an "endingr.idge (0 •. 459.l 0,.341- 0.157). Re- . 

,cla;ssif ica 1:ion ~~;t\10/:lminutiaewou1d.also markedly atf~ctt.he 

calculations ~or inQi;vidualityof both number a1'\~ positio.nof 

Iilinutiae. ' 4 
:t(4.n9ston concludea his model with "acalculationo~ot;he 

'chiric~soffa;lse ,sso~iation,aSSunfing aparti.al :firigerpri.t1t ," 

.w.ith~g~y~~ inq;~:~t!nQe.", l"le have,~~n ~ var~ety OfCl~proaches 

,',tci,:-t,"lil,'s',-lss,',ue, .'G,,: a, It.', on, 'a' nd s',':a"1' t'T'h&','Z',a' r' d' c' omn""r' ed th"e i' cOd' , .'. ~....... . .. ' . .I't 1., E:tnce 

.""',, 

".n, 
-, '. (; 

" ,,0 
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population was le$s·than one. Ro;burgh acceptecl an 

identificat.ion \-lhen, the incidence OS belo"l lin 50,000. Amy 

took the actual numb~,~ ofcpmparisons. into account • His 

,chance of Wse association \~as the, probabtlityof 

~~currence,multipliedbYthe number of comparisons. 
o 

Kingston's method is analogous to Gal ton's ang Bal thazard' s'" 
, > .' • • 0,\ • 0 

'although his techniques ;are much more refined. Q 

Using thePoissonDist~ibutio~" Kingston c!lculates 

probability "that among the world population ,there would 

. lTindividuals' w(,itba finge~print identical to thegl:,ven 

one. H mustbeq;eater, than or equal to one becaQse the 

the 

be 

',7 

e~i·st.nce of the' print is' kno\,m. 'fne'Poisson probabilities 

are multiplied 'bY lIn ,wh1chis the. c::b~nge of, randomly 
. ." . - '- .' ,. '. 

selecting any particular one 'of these ind~v~du~lS. lfthere, . ". .. , 

~is only one individual lnthe world ""ithigelttical 

'fingerp.rints,' then·the.ident1fi'ca'~iciJi:.i@ 'val~d, if ,there'~re 
. . ' , ". '0. ," '.' '. ":, , .' ,.,', 

, tl'10 individual~, thec::banc::e is,.1/2 that·th,eidelt,tification is 
, , , "D'~' 

Q 

.' 0 

Q 

\ 

·1 
1 ~O 

• 

, J , 

'J 

. _\\ 

o 

'~" 

,~, J , 

"l 

o • 

j) 

that this operson i~( the actual source' of the print. t'le can 
, ,\. . 

but note that t~e ~~rson is one of the possible sources and 
11 6 
" , 

that the probability is lIN. that "Ie have the 'correct person. 
. )1 0 

Fingerprint probabi'lities enter by determining the m~gnitude 
" of U, the number of persons in the ro@m. 

Contrast this situation "lith one '''lhere the individuals\! 
. 1) '. 

wi.thin the, room are selected randomly with respect to' 

fingerprint tYPe and where we test the in£!ividUals to 

'·determin.e if, they cOQld have actually made the evidence' 
" print. ' "ll"iPnq,\'1 ,represents a population of sus:pects to be' 

• ~y 
- . e 

print, 
(,J 

wh~t is the' st~"'nif,i.cance' o.f this. finding? .' Th1~s CJuest.~on Fi , 

= 
PCl~allelsthe practi(:eo~ fl119~rpri.nt~omparison, whereas 

• Kingston 's ~ doesn~t., IUngstc).n has assUI;1edtha,t his suspect 

ba~ beense,lectedsolely on_the ,basis of corresPQndenc~ \,lith' 

thefingerprini;. Rar'elywouldthis be the ,case. r·to,stoften 
. . -" , ' 

'" ident,~fi.~ation by .. ~. partial fingerprint tl0U,l,Q b~ a nea~ly 
.' " 

'indepenQent·e.ven1:",'TheC::ompa,r:isonvoula~' b~ 1.l$edto test a fe\-;:) 
. . . . 

. possible SQspe(!ts,,r~therthan' to aef.i,;nethesuspect group. 

". t'lh~n many 'Osus~cts are.s;creened Using thefi.ngerprint, the 

ch~nce~ offal$e. assC)piation rise" as Amy . has pointedout!l' 
", ", " " 

, 0' 

. "pOPlllation of· J:he tlO,r1 q., 1.s screened, is RingstQn' s 
o 

" .' ,c~.l.cU14tj.onvalid, •. " 

"~Q an$"I.e~tbeappropriate·Oque$tion', ~.,hic::bwe. pos~d, a:bove, 
.. : ~:. ~: " '.'.' ,. -.: ,:r_t' . ""', '. .a. 

'.. ""~ 0 c', " " ' . , i' un'·.'de' ~. 
on~ Jt)ust .¢oJnpa~e . ,tne the .C)~C'-lr,rrl.9' . 

;(, ., .•.... , . 

. ':,{)' '(I'I '," ., 
-'-.:~ ", 

J'~""""---~i .. ,~ .. ~,:" .. t.h::-.':. if. . 
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individJi in the SJlspeCI: gr'Oup made the 
,', , 

'.~~, ,'. 
, 0" 

,r', . 

, .' ,'", 

QnderHl,' it.i~certainthat' the'print' ~ouldma~ch the 
. '~. " 

the ptobability ls\t;hefreq1.iency of 

th~ number· of 'atteinp1;$ we ,have made 

.comp~~ethe .p~.int:A l~keiihood ratio 'o~. the.se tWQ 
, \:~, .-' . 

, " probabil.itil!$giv:estiie . relative, support of the evidence for '" 
. . . " " . - , . . ~, :~, 

:the ,tw~;competin911Ypotheses (see Evett ,1983) • 
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" "OSTEP~URG' S HODEL ,( 1977). 

Osterburg, Parthasarathy., Raghavan & Selove (1977) used a 

lr.un grid 1:0 divide fingerpr.ints into di·serate cells. l'1ithin 
, ' - II 

each cell one of thirteeh events ''las allowed. These events 
!,\ r; (I' " () 

, -c IJ ,'~ 

are listed below ,"lith their frequencies of "oeeur,rence iIL3S 
.' 'I:::~I' 

fingerprints {S,59l cells)~ 
\J. 

'0, 

" 

, EYent 

Empty Cell 

"Ending Ridge' 

,Fork; 

IsI.arid 

Dot 
" 
Bt,ol;'en Ridge 

,B.ridge 
'c 

, Spur 

Enclosure 

. 'Delta 
o 

Double "ForI: 
, , . . : . - - . 

. 'l'rifurc.at:ion' 

- '::.r' 

,':) 

"6,584 

715 

328 

152 

130' JI 

119 

,,105 

55 

17 

12 

5 

305 

D 

<) 

\~ 

Probability 

.'166 

.0832 

.0382 

.' .0177 

0. 0151 

.0139 
" o 

.0122 

.00745 

._"00640 
("" 

.00198 

.00140 

.000,582 

I, .0355 . 

" 

, ~, 

,J 

() 

(Sclpv e) 

.497 

.159 

.103 

.102 

<::;, .0558 

.0350 

,.0263 

.0135 
, ~"l, . 

,.00637,0 
;: .. 

, p 

,0 

,cP', . 0 
o 

I< 

~I 

. Under ~hea.$SUf;lption of ,c~ll independence ,theprobab-
-'.l • <' , .- .' .,. - " ," ': " " " • , !;:'J' " '. ," _. ", '. 

' .. ilityo.£. a; ,giv~nce11 confi.9Q:rat10nwastaken' astheprodu~t 
.. '.' " , , " 0." 6, 

',. of tnepr'()Qabllities' of "the ·indfvidual "cell type;:"' 
1,". " " • ,j , ,"M'" ' '" . ;.", , ' , I) 

.~ .' 

II 

o. 
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Osterburget,al. not~d that' accordingto\)general practice 

t~e"weak~st identificafion which ~s ~onsidered absolute is an 

iden,tification based. on t\rl~lve ending J:'idgE!S,. Their model 

gave an est0imate oflO-ZDfor this configuration," given an 
~ G 

avera.ge print area of 72 square mm. They propos.ed that any., 

fingerprint correspondence ''1i1;.h a cell configuration 

probability this 10"1 should be accepted as absolute, 

regardless of the °actua;L number and type of minutiae,. 

Correction for Positionings. 
/) 

t'1hen a fingerprint of unknown origin i~ compared to "all' 

ten fingers ofn ~ suspect,. there is "a, reduction in ,the 

probapility because .of the repeated' comparisons. Supoose the 
~c, . -

unkno\"m partia,* fingerprint 'occupies, a r~ctangulai! region "w" 
,) 

mm ,i1, .. ide and "1 n mm longj An averag',efull fi"ngerprl"nt measu . 'c: res 

~ about 15mm by 20nun. Therefore the number of possible 

posi tioningsof ~he unkno\rTn' parti~i fingerprint on ten full 

fingerprints 'may be calculated ~s: ·0 

10 (IS"' - w -t-~)(~O-;/+') 

The r,andom frequency· 9fa pattern must be mUltiplied by the' 

"num,per of positioni,ngs" to getthc:pro,bability of random 
~ ~U} , 

association. " 

Chance of False Association~ o 

. . 'I 

Procee~;ng w'~thanalysis identl~ial to Kingston' s, 0 
. IP· . 

, ,I 

Osterburget ale use,p a Poisson disti!ribution tocornputethe 
& j;" 

, .. /1-

\, 

\" 
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probability p,i f,afSe identification. The essen,tial feature of 

the ~pproach is estimating the number of possible sources for 
I, 0 

,~he finge.rprint (N), and equating the probability of false 

association to (1 - lIN): 

Sclove's Modifications. I 
Sclove (1979, 1980) modified Osterburg's model to 

account for experimentally observed non-independenc~ of cells 

and for multiple occurrences within one c~ll. Sclove found 

that minutiae tend to cluster. The probability that anyone 

c~ll ~is occupied increases regularly ,'lith the ,number of () 

occupied neigl'ibor.:,ing cells. :'!To model this" dependency" Sclove 

~ssum~d(a one;"'sided Harkov-type process .. That is, the 

assumption was Il1ade that the probability that a cell is 

occupied depends only~ on the outcomes of th,efour preceeding 

cells., Thus the occupancy of th~ cells "X" determines the 

dependency of the cell "Y" upon its neighbors: 

() 
X X X 

x Y 0 

000 
a 

By weighting the four possible orientations of the "X" cells, 

estimates were made of the conditional probability of 

occupancy ofRy, R given t,pe number of occupied X cells. For 

boarder cells, \"lhere information regarding the occupancy of 

adjacent X cells is incomplete, estimates of occupancy of the 

Y cell may be made using the partial information. For these 

cases ''1e have a minicum ~nd a maximum number for adjacent 

c 

, , 

o 



" 

f'---"""-' ...... -' ---....~:'~~~*i'-..<,~',:J;:.~~'~~:l~~~;Z~~I<_. 
if 

o 

" 

" 

cell occupanc.y. 
" 

o 
'0 

,Sclove also proposed a different treatment fo~/imul tiple 
:.,:.;'":~;-'"":,"::.:~:~:.::'".:::. 

occurrence's \·lithin one cell .• O.~terburg et al.'s .Iil~thod 

included 'So cell ~ategory ofRJultiPl~ events.RBased on 

a \o1ithin-cello data analysis, ~c~ove justliiedanassumption 

of a Poisson distr,ibution 'for the number of oharac~eristics 

per cell. The mean number of occurrences used in this 

distribution is, in turn, affected by the number of occupied 

adjacent cells., 

sclove notes that his method avoids the need to define 

minutia density variations ac:cording to locations within the 
" fingerprint patterns. Local difference,s in den~ity are 

accounted for by the dependent probabll~ti-:,es of cell 

occupancy. 

Calculation of the probability of a given cellconfigur~' 

ati~nproceeds as follo\~s. The .number",of ,occurrences .. in each 

~~~l is noted, along with the number' of adjacent occu,pied 

cells. The appropriate, conditi.onal mean is selectedc from a 

i:?able based on'lhEf~c;numpe'r(9f' occupied cells and the Poiss'on " 
o 

() probabil i tyof the observed ollmber of occur r~flces within Q·tpe 
,,;l ,'1 

cell,~iscalculate.d.,,,,,"This .. orobabil i,tyis mul tipli.e(i by tbe 
,.. ,. , ," ". ,.,"',' , ' , ',.- ...., (J Co 

relative frequencies cofDany ,occu'rrences which appea;r in the 

cell •. ';rhes:latter ~r,equencies ,.,er~ determin~dfrom Osterburg 
()~ 

et al.' s -data, . and are presented in the tabl,e above. 

Disc~ssion ofOsteJ;buts's Hoc;1el~ 

Osterburg-a's .. model is a1?peali~gJ)ecause ~t('; is' simple to 

o 
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apply" and is statist,l." .cally h"" sop l.stlcated. It isoparticularly 

useful for the c(mparison of individuality among different 

fingerprints. If\we define .soce standard configuration of 

min~tiae, the model provides ~ means to compare other minutia 

C0!1figurations tc? the standard. The feature \tlhich allows this 

cornparisVn' is simply the tieighting of compound minutiae bY" ., 

thei! frequencies of ocgurrence. Both Sa~tamaria (1955) and 

Kingston (1963, 1964) had used this concept, but Osterburg's 

treatment is far more rigorous and perceptive. He"has been 

the only investigator to conSider the error's in minutia 

ftequencies. Santamarl"a's eth d ",. t d 'I ~ 0 amoun e t:o mere suggestion 

that compound minutiae be weighted according to the number of 

fundamental minutiae \'Ihl" ch CO"'pose th u" 
&.. em. ~ln,9ston used actual 

frequencies of occurrence of the cornpound minutiae, but did 

not consider errors in these frequencies ~nd did not give his 

criteria for claSSification of compound minutiae types. As a 

result, one does not kno,~ when two closely spaced minutiae 

should be considered as a compound fQrm. Osterburg defines 
,'" 

his compound ~inuti~e precise~y, and Sclove provides definite 

treat;raent fot other o closely spaced minutiae. 

POSitioning of minutiae is also treated well for 

comparing the /in~lividuality of different fingerprints. 
" 

Osterburg defin~d pOSition using a o mil.limeter gtid whi~h 

odivided "the fingperprintinto disprete cells. Discrete cells 

allowed extensive treatmeg.t of correlaton by:' Selove, making 

the mOGel robust to local va;iat:ions in d~nsity.'l'bese 
o 0 

",v'ariations h,~d been a major", protile:m in Kingston's rnodel. 

o. 
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(! 

() 

. ' 

o 

Po~itioning within the cells is ignored, but the cells are 

small, equivalent to about tl10 ridges on a side. Furthermore, 

SClQve's treatment of multiple events provides flexibility 

\d thin the cell structure. 

Cells which are empty contribute to individuality within 

Osterburg's oodel. This is an important issue which has been 

overlooked in many of the fingerprint" models. Bose (1917) \,ias 
o 

the only other investigator to directly consider the va+ue of. 

featureless ridges: >J3ose's 'c;rudimentry iuodel allol'ledfour 
o 

equally likely ev'ents at each square ridge interv~l, one of 
(iJ 

l'1hich",as a continuous ridge. The model grossly exaggerates 

the value" of a continuous ridge: a single ridge extending for 

five ridge intervals \-[ould be aSSigned a frequency of less 

tha~ one ina thousand. It is clear, !fo\-lever, that a patch of 

ridges without minutiae does' possess some individuality. 

Cl.Unr.lins & Uidlo (1943, p. 152) point out that this contribu­

tion makes thei.r estilOlate of f.ingerprint individuality more 
a 

conservative. The other Henry/Balthazard .models; along \-litho 

Roxburgh and Traur~ng, deny this contribution. Kingston and 

Amy indirectly ~ddress the issue. Each includes a separate 
c? 

c 

calculation Qf the pr.obability of finding ·the observed number 
. " 

o 

of~ m~onutiae, given the area of the fingerprint.' Galton allmls 
o 
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,/ 
a factor of 0.5 fora six ridge-interval squat, regi.on, 

G () 
a I 

! regardless of conten~. A featureless region of this size 
o 

\-lould be assigned a frequency of 0.0908" by Osterburg. 
o . 

tie have been making a distinction bett;een the use of ,p 
o 

d 

Osterburg '.s model for comparing the individuali1;y in 

" 

\) 

r,:'-'~---_____ _ 

;t 

a 

" . 

I "1; 

1 ~'y ~ , 

t .w. ~ 
i" 

... ' .. 

,,\< 
" , . .\, , . 

'. " 

~" :., l' 

) -,., 

o 

• '@ 

o 

diff.erent prionts~ and its use for determining tti signif­

icance Qf a fingerprint comparison: This distinction is 

important. Compariso~ of i~dividuality among prints amounts 

to determining the inf.ormation content of a fingerprint 
fJ ., 0 

, -:60-

pattern. tole are not particularly concerned with the different 

ways in which the pattern may be expressed, or with the 
\' Q 

details of the pattern. Precise ridge counts '-Iould not be . . . 

expected to affect the information content very much. Two 

prints differing onlt in the placement of one or two minutiae 

would h~ve n(larly the same identificaton value'. Connective 

ambiguities and deformation of the fingerprint affect the 

calculation o~ information content to some degree, but the 

problem is not serious •. A ty.pical connective ambiguity for 
Q 

example, would create uncertainty about l-lhether a minutia ",as 
t 

a fork o"r an ending ridge. t'1e might assume the minutia to be 

one or the other, or perhaps tal~e an average the blo 

frequencies of occurrence. "'Deformation would affe'ct th.e 

relationship of the fingerprint paGttern to Osterburg's grid, 

but 'fithout gr.oss distortion these changes will ha,ve"little 
o 

ef'fecton the overall Calculation: the number of cells 

containing the various features would remain practically the 

s,arne. t"lhere events "are grouped differently by the. 

deformation, the effect is. also small, as demonstrated by 

Scl.ove(19S0, p~ 6.91-2). 
o 

l'1hen Osterburg'l:jmodel is usedt.o evalua.te .a. fingerprint 

comparison, hOliev,r, these minor irritatiorls become major 

weakness~s. The InostO serious is Osterburg' s failure to 
a 

;, i.!I 

/.1 j 
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incorporate the ridge struct.ure i,ntQhisf.lodel.~ Selove(lS7$, 

p. 594) coneeded that a ridge-dependentm~tric miSl'ltbe 

appropriate for the model,:butno·liiodificatj.·onhasbeen . '.' 

proposed.Departure from the ridge ~tr:uctur'(!b~$ been······ 

discussed in connection with Traur ing" sa.ndKing$'ton'".s 
". ,".' , 

. , 

models. A model which does notrecognizeridge$ canI).ot . 
. ". p 

. ", <, .' r· < C, 0 

incorporate the basic features of fingerprint ccnnparison. 

Relative., positions of minutiae are not eS1?abli~.hed-' by 

absolute distances: only in a topological sense are 'these ~ , 
. 0 " 

positions constant. It is the .ridges \fhichserve, .as landmarks 
"' 

in" fingerprint comparison, establishing relative pOSitions 
\) 

through ridge-count, establishin9orientati,on of minutiae, 

'an.d correcting for distortionsowhich may be present. Trauring 

at least recogniz.ed that distortions \-lould occur and 

corrected' for them using refer~0nce minut~ae.BothKingston 

and Osterburg ignore this fundamental issue'. Osterb\lrg' s 
% 

identification cr.iteriaisthe occurrence of the sat:le e\~ents 

in corresponding cells as defined by t!le grid. Should a print 

be slightly compressed or ''Stretched there could be no such 

cor.respondence •. If deformation of the grid is allowed, then 

we. admit that not all of the possibleconfiguratlons of cells 

aredistinguishabl~, and the foundation of the model is: 
" seri.ously threatened. 

Uncertainty in po~~ri tioning of thegr id has a similar 
" 

co effect. Ost e'rbuJ:g p~opo~es that the" grid first be placed on 
• I~ • 

o 

the fingerprint of .unknown or.igin,and, that ilhe comparison 

proceed byattemptinq ,positionings on knO\1n fingerpri~t-s. 
'0 

.0 

J 

~J 

D 

o 

~----------~----------==~~--. ~ 

Cell' by cell~positionin9s are accounted for in t~e model as a 

feature oOf the comparison process, but minor positionings and 

rotations are not. On'a si~gle print, these ninor operations 

will create mUltip~e descriptions under Osterburg's model. 

Again, this means that not all. fO th 
o D 0 0 e possible descriptions 

will represent distinguishable fingerprints • 

The presence of a.variety of descriptions ~ithin the 

model fqr a singlef ingerprint is reminiscent of Amy's IIx; 

the number of minutia arra.ngements . d" ~ /N . ln lstlnguisll~~lt~ \t rom the 

one at issue. o A correction of this type might be intr~duced 
if the number of possible descrrptl' ons for on'e - f inge rpr int 

were calcula~ed. the calculation '-lould need to incorporate 

,minor horizontal and vertical POS1' tl' onl'ngs, rota~ional. 

,'POsitionings, and allo\,lab~e d~formations of the print •. Some' 
of th d' ff . ~;J \1 \'\ 

en 1 l.cul ties could 'be avoided if the gr id \-lere 

Jl POSitioned in a definite manner relatiVe to some landrnarl~ 

,.,ithin the print. This amounts to the use of C reference 

minutiae. The print core, delt~ regions, or characteristic 

groups of minutiae might
Q 

be used." If uic1elyspace minutiae 

wereused,deformati-ons could be corrected forij using 

Trauring's techn~~ue. The si'mpli"city of Osterburg'sm~del 

would be lost if the above cor'r' e.ctl· ons" 
;J '-lere introdUced, and 

eve~ so, the fundamental importance of ridge coul~t: WOUld' 
o 0 . • (? 11 

r_ainunrec:ogn£ze~. 
<0 

ConnectiV\~eambig~itY also poses a" serious problemt;o the 

use of Osterburg'smoa~l to' evalua,t; fingerprint comparisons. 
'" 

Por., aQy"'one f~~gerprint there will be a variety of' m~n~tia 

o , ,. 

o 
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cQnfJgurations,which ",ould be identifiable. Variat;,ion in 

minutia type must be allo,"1(!d during .tbe comparison process. 

Oste~ur9\~tO ale join Kingston, Amy, Trauring andtbe 

'HenrY/Balt~azara models in failirtq to provide for th:iS~ c; " '. 

essential feature of f.ingerprint ~ comparison. 
~ ~ 

11 Osterburg completes his 'moSlel with a discussion of the 

probabilitfes cof false alss9ciation. Included iea correcticm 

for possible,Opositionings, analoqoUs to Amy's. Th.e 'chanc~,of 
\j 0 

'" Q (} 

false association increases \-lith the number o:Epossible 
) 6 

,com.parison 0 po~itions. ':'he bull: of Osterburg'sar.gurnent, 

Q hO\'lever, is identical to V-ingston's and suffer s the same 
'" f; 0 

2 flat'ls. 

Q 

(1· 

iF 

(j 

o 

" 0 

" ' 
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o 
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