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Abstract—This paper presents two algorithms for smoothing and feature extraction for fingerprint
classification Deutsch’s'? Thinning algorithm (rectangular array) 1s used for thinming the digitized
fingerprint (binary version) A simple algorithm 1s also suggested for classifying the fingerprints Exper-
imental results obtamned using such algorithms are presented

Fingerprint Smoothing Thinning

1 INTRODUCTION

To use fingerprints as the basic tool for identification
of criminals n law enforcement (forensic science), for
security clearances 1n the armed services. and for
other civiian identification purposes, it 1s necessary
to mamntamn large files of print records systematically
according to some classification scheme For a new
print identification. one has to go for file searching
With the increase in the quantum of files, manual
file searching becomes difficult and consumes much
time With automatic identification of fingerprints this
problem can be solved to a certamn extent In recent
years, the use of digital computers has increased 1n
almost all fields In the field of automatic identifica-
tion of fingerprints digital computers can be used for
file maintainance, file searching, etc To store finger-
prints 1n the computer, first of all, the prints have
to be digitized by using a scanner After digitizing
the print, again one should follow some procedure
systematically to process the fingerprint in the com-
puter, and some classification scheme to store the
prints This systematic procedure helps in print re-
trieval and identification from large file at a fast rate
Several authors'!” ® ! have suggested different sys-
tems for automatic 1dentification of fingerprints After
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Classification

going through the above systems, here, a simple sys-
tem 1s proposed (Fig 1)

The system consists of five basic subsystems, viz
(1) Preprocessor (2) Feature extractor (3) Classifier (4)
Code generator (5) File

Input to the preprocessor 1s the discretized finger-
print 1n binary form (Fig. 11) Main functions of the
preprocessor are given below

1 Filling the 1solated holes
2 Removing the noise
3 Bridging the gaps
4 Thinning the picture

Several techmques are available at present for digi-
tizing the print But. finally, for converting the
scanned print into the digital version, one has to use
the well-known techmque of ‘thresholding’ After
using the thresholding techmique, it 1s quite possible
to have minor wrregularities 1n the print In finger-
prints these irregularities will be more, because of
fingerprint 1mperfections such as ridge gaps, usually
caused by skinfolds. and contiguous nidges, which
may be caused by spreading of ink due to finger pres-
sure or in the worst cases by excessive nking or by
smearing during rolling of the finger First operation
of the preprocessor will partially remove minor 1rre-
gularities In the digitized fingerprints usually noise
presents at the ridge edges, because of excessive 1nk-
ing or by smearing during rolling Noise removing
operation 1s performed after filling the isolated holes
After this. preprocessor takes up the third operation,
1e bridging the gaps in the ridges Finally, preproces-
sor goes to the thmning operation

11 Previen

In this paper preprocessing (excluding bridging
gaps), feature extraction and classification with the
required algorithms are discussed This work was car-
ried on the IBM 360/44 in FORTRAN IV Language
and results are given at the end of the paper
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Because of msufficient memory the problem 1s
divided 1nto three parts

1. Smoothing and thinming,
2. Feature extraction, and
3 Classification,

for the first two parts a digitized 72 x 72 matrix pic-
ture (Fig 11) 1s considered. In the third part four
figures with different patterns are generated On these
figures (F1g 18) the algorithm 1s applied for classifying
them, and finally the same algorithm 1s used for clas-
sifying Figs 19-22

2. SMOOTHING AND THINNING

21 Smoothing algorithm

Unger* ¥, and Freyer and Richmond® suggested
two approaches for smoothing the data. Unger’s
approach 1s like a parallel processing algorithm, It
changes the value at a pomnt depending upon the
value of the Boolean function of its neighbours
Freyer and Richmonds’ 1s a numerical method. They
use weighting functions for the smoothing filters
Here, a simple algorithm 1s suggested for smoothing
digitized fingerprint Fig 13 and 14 show the finger-
prints before and after applying the smoothing algor-
ithm

In two-tone digitized fingerprint, ridges are repre-
sented by 1s and valleys by Os Each stroke of the
fingerprint 1s represented by more than one element.
This assumption s essential for visual field discretiza-
tion of the print which 1s fine enough

2.2. Algorithm
(Symbols to be noted

A —Logical AND
v —Logical OR)

A convenient submatrix 3 x 3 1s considered for
operating the algorithm (Fig 2) Counting 1n counter-
clockwise direction, let R,, R,, Ri, R4, Rs, R4, R,
Rg be the neighbouring pornts of X, ,, as shown mn
Figs 2-5

Ry R Ry

Rs | Xun | A

A R, Ry
Fig 2

Fig 4

The following 9 conditions and 9 more that follow
by the rotation of the lattice through multiples of
90° are used for smoothing.

1 R,AR;AR;AR,ARg = 1
RyVRsV Rg =0

2. RAAR,AR,AR AR, = 1
R¢VR;VRg =0

3 RVRy =0

4 R,AR(AR, =1
RyVRoVRg =0

5 Ry,AR;ARGAR, = 1
RyVRs =0

6 RyA RyARg =1
RV RgVR, =0

7 RyA R ARg = 1
R4VR1VR3-’=O

8 RyAR,ARg =1
RZVR7VR8=0

9. RyAR,ARg = 1
Ry, VR,VR; =0

RS 4 R33 R32 RBI RSO RZS RZS

36 € 4 3 2 10 26
R37 Rl? ﬁs X(/. 2 Rl RS RZ&
,.?38 Rl a RS "?1 RB RZQ R48
PS& PI 9 RZO PZI RZZ /‘?2 3 47
,?40 P4| 42 Rd.’p R44 R45 RdG

Fig §
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Pont X, , 1s changed from 0 to 1 if ony one of
the first two conditions or their mirror image versions
are satisfied

Point R or R, 1s changed from 0 to 1 provided
X, = 1, and condition 3 and any one of the condi-
tions from 4 to 9 or their murror 1mage versions are
satisfied

Conditions 3-9 or their mirror image versions are
necessary for satisfying the assumption that each
stroke of the fingerprint 1s represented by more than
one element First two conditions and their 180"
rotation are used for filling the 1solated holes Exper-
mmental results are shown 1n Fig 13

Conditions 10-14 and their versions after rotation
through multiples of 90° used to change X, , from
1 to 0 These conditions remove the digitized noise
present at the edges of the ridge These conditions
are applied on Fig 13 and final result 1s shown in
Fig 14

10 R,AR,=0
R,AR, =0

11 R,AR;ARg =1
R,VRg =1

12 Ry,AR;AR, =1
RgVRg =1

13 R,AR,ARg =1
R,=1

14 R, AR, ARy =1
Re=1

23 Thinmng algorithm

Generally, the thickness of the fingerpnnt ndges
varies, because of bad mking, improper printing, etc
The vanations 1n thickness are still worse 1n the digi-
tized pictures due to digitization noise It 1s further
supposed that the visual discretization 1s fine enough.
so that each stroke of the print 1s represented by more
than one element In classifying the prints and
extracting the features from these ndges, 1t 1s necess-
ary to reduce the thickness of the ridges to umty (1e
obtaining the line diagram) The process of reducing
the thickness of the ridges to unity 1s called thinning
or skeletonization of fingerprints

In the digital picture processing literature, several
thinming algorithms are available Among them, the
algorithms of Saraga and Woollons!*?), Stefanelli and
Rosenfeld**), and Deutsch‘® are tested for thinning
the fingerprints Saraga and Woollons’ algorithm 1s
well suited for thinning alpha-numerics Their algor-
ithm did not give satisfactory results when apphied
to fingerprints Stefanelli and Rosenfeld, and Deutsch
have suggested parallel processing algorithms Their
algorithms maintain the connectivity and retain the
medial Iine Deutsch’s algorithm removes isolated 1
and works fast

Here, Deutsch's algorithm'® 1s used for thinning
fingerprints

Deutsch’s algorithm 1s directly applied on Fig 14
and final results are shown in Fig 15
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3 FEATURE EXTRACTION

Input to the feature extractor 1s a thinned picture
which 1s the output of the preprocessor Functions
of the feature extractor are

1 Determination of the exact location of the fea-
ture from the main matrix of the figure e to deter-
mine the coordinates of the feature)

2 Recognition of the type of the feature such as
forks (open upward, open downward, open leftward
or open rightward), ridge ends, ridge bends etc

31 Algorithm

In this paper. two methods are discussed for
extracting forks Experimental results are shown in
Figs 16 and 17

Assume the direction of the line ® as shown m
Fig 3. hne ©® 1s bifurcated into two more lines ®
and ® at the pomt A, called "trisection pomnt’ In a
thinned picture, trisection point has three neighbours
(Fig 4) To determine the coordinates of the trisection
point and type of feature 7 x 7 matrix 1s considered
as shown mn Fig §

For X, , to be the trisection point 1t 1s required

that 8
1 Zx=z 'R(k+l)—R(k)l=6
k=1
24
2 /Cz':z | Rgs 1y = Ry | =6
k=9

Condition 1 searches three neighbours of the point
A Condition 2 only supports condition 1, and decides
whether point A 1s exactly a trisection pomnt Condi-
tions simlar to 1 and 2 on a 3 x 3 submatrx were
used eariier by Deutsch® for skeletmization of
alphanumernic data His conditions adapted to 7 x 7
submatrix are used m the present context

After locating the coordinates of the poimnt A, search
for the type of feature starts Of the two methods,
first method gave 80°, correct results, whereas second
method gave correct results almost always Exper-
imental results of the two methods are shown 1n Figs
16 and 17

3.2 Method—1

For the ease of explanation, let us consider down-
ward fork (Fig 6)

As shown 1n Fig 6, 7 x 7 matrix block 1s divided
mto 3 small blocks (Fig 6b) Lme ® lies in the block

(a} |

Fig 6
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Fig 7

1 and lines ® and @ he 1n blocks 2 and 3 respectively

Let P = sum of the number of 1s in block 1
Q = sum of the number of s in block 2
and § = sum of the number of 15 in block 3

Using the techmque (10) of putting a thresholding
level,

f P>3
0=>3
and S >3,

this feature 1s recognised as downward fork Similar
procedure 18 used for fork upward, fork open towards
left, and fork open towards right

In the feature which was classified as FD1 by the
above algonthm, line @ has been counted in blocks
2 and 3 (Fig. 7) This 1s undesirable because the line
® should be included only 1n one block, and when
1t 1s thus included the feature would not have been
classified as a downward fork which 1t, in fact, 1s not

To avoid this trouble, the possible orientations of
the lines are predefined in the three blocks as follows

(FD—Fork downward)
FDi =Ry + Ry + Ry + Ry; + R, + Ry3 + Ry,
+ R;s + Ry5 + R39 + Ryg + Ry, + Ry,
+ Ry; + R;,
FDZ=R5+R6+R7+R15+R19+R20+R21
+ R3g + Ryg + Ryy + R4y + Ry3
FD3=R1+R7+R3+R21+R22+R23+R24
+ Rys + R4y + Rys + Ryg + Ry

this feature 1s recognised as fork downward Condi-
tions FD,, FD,, FD, take care of not counting the
same line in two blocks Conditions for fork open
nghtward (FHR) are given below

FHR| = R4+ R5 + R(, + R15 + R16 + R17 + RIB
+ Rys + Rys + R3s + R34 + R37 + Ry
+ Rig + Ryo.

FHR; =R, + Ry + R3 + Ry + Rjp + Ry, + Ry,
+ R25 + st + Ryy + st + Ry

FHR3=R1+R7+R3+R9+R2;+Rz3+R24
+ Rys + Rys + Rys + Ru7 + Ryp

If FD, > 3, FD, = 3 and FD; > 3 are satsfied

T CH MALLESWARA RaO

(a)

@ (b)) 1

Horizontal II
line

A

Fig 8

Conditions for fork upward (FU) and fork open
leftward (FHL) follow by symmetry

This method, after locating the trisection point, fits
the feature m any one of the four classes explained
above. Sometimes, this may lead to wrong decisions
(for example, FHR; shown n Fig. 16) This drawback
1s rectified in the second method

33 Method—2

In this method, after locating the trisection point,
the algorithm searches the three hnes starting from
three neighbouring pomts of X,

Consider, again, fork downward (Fig. 8) line @ lies
above the imaginary horizontal line (broken line in
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Feature extraction for fingerprint classification
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Fig 8a) Lines ® and @ are below the imaginary hori-
zontal line

For line @, the search starts from the point I, which
is an immediate neighbour of A, and lies on line ®
(Fig 8b) The search continues up to 9 elements, not
a ngid bound, along the ine ©; if all the 9 elements
lie above the imagmary horizontal hne, algonthm
recognizes this as ine ® Simularly, for lines ® and
@ search starts from potnts II and III (Fig. 8b); and
if all the 9 elements on each line he below the imagin-
ary honizontal line, this feature 1s treated as fork
downward The procedures for FU, FHR and FHL
follow by symmetry Experimental results of the
Method—2 are shown in Fig. 17

Ridge ends can be 1dentified by using the following
two condttions (Results not given in this paper)

8
1 xX= kZ IRygs1) — Ryl = 2,
=1
and
8
2, Y Ry=1
k=1

4. CLASSIFICATION

Many methods for the automatic classification of
fingerprintst! 36-8-12.19 are avajlable in the literature
Here, a simple algonthm 1s suggested for basic classi-
fication such as

1 Whorl,
2 Loop;
3 Arche,
a) Arch
b) Tented Arch (Fig. 18)

41 Algorithm

In this algorithm, eight neighbours of X, , are
divided nto four overlapping parts.

Part 0 contains R;, R,, R,
Part | contamns R,, Rg, R~
Part 2 contains R, Rg, R
Part 3 contains R;, R,, R;

Going round from part 0 to 1, 1 to 2, 2 to 3 and
3 to 0. completes one cycle

Before starting the classification, pomnt X,  1s arbr-
trarly located 1n the given picture matrix, say ¢ = 13
and j =7 If X, , # 1, then the pomt X, , moves
along the 13th row one step forward That means
X.» occuptes X, . ,th position At this new pos-
on, if X, », = 1, then the connectivity of X, , with
the eight neighbours 1s tested by the condition

8
1 Y Ry=2
k=1
As soon as X, ,) = | and condition 1 are satisfied,

the whole 3 x 3 submatrix starts first moving upward
by considering part O In this the algorithm searches

T CH MALLESWARA Rao

for immediate neighbour 1 That means, if 1 presents
1n any one of the three positions of part 0, X, ,, occu-
pies that new position If none of the three positions
of part O contain 1, then part 1 takes the position
of part 0 and searches for neighbouring point Again,
if part | does not contain 1, part 2 will be tested
If the same case happens with part 2, part 3 comes
into the picture As soon as the next neighbour 1
1s found 1n any one of the four parts, say, nth (n = 0,
1, 2, 3), X, shifts from the present pomt to this
neighbouring point The same procedure 1s applied
from this new location but with part n taking prece-
dence over others If none of the positions of part
n contain a 1, the algorithm obviously tests part n + 1
mod 4 That 1s, while tracking a ridge, preference
1s given to continuation in the same direction.

In case of ndge ends encountered in the tracking,
condition | fails Then the moving pont X, wil
Jump to 1ts starting point on the ridge that 1s 13th
row Then X, moves along the 13th row until 1t
finds { From this new position, agan the above pro-
cedure 18 repeated

Let X, be the starting pont on the ridge (Fig
9) and X,  be the one moving from pomnt to point
while searching neighbouring points To decide the
tested print as whorl, followmng conditions have to
be satisfied X, ;, after gomg round along the ridge,
finally should come to

i=Jlandy2J

but final ; should be less than J’, where J' 1s the
column passing through the core of the Fig. 9

Here, further subclassification of whorl can be
achieved as follows

If y < J, tested print will be 1dentified as clockwise
whorl

If j > J, tested print will be identified as anticlock-
wise whorl

If X, , reaches the X, , after going round along
the ridge, the print will be identified as loop

In case of arch and tented arch, the procedure fol-
lowed 1s entirely different.

Observing the figures 10(a and b), we can find one
simple difference In Fig 10(a) number of 1, in pos-
ions R, and Rg (Fig 10(c), starting from left to right)
are more than the total number of I, in positions
R; and R, (neglecting the 1, m position R;) Simlarly,
Fig 10(b) contains more 1, i positions Ry and R,
than 1n positions R, and Rg This poimnt 1s used i1n
identifying arch and tented arch

For classifying arch and tented arch, agamn X,
1s arbitranly fixed First of all, the given print will
be tested for whorl and loop If 1t does not belong
to any one of them, from the pomnt X, ,, the pont
Xy, moves to the left side downwards along the
curve The movement of X, ,, will be stopped when

8
Z R(k\ =1
k=1
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Feature extraction for fingerprint classification
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As shown 1n Fig 18C(a), after satisfying the above
condition, X, , started from X ;0 ;, From this pont,
as X, ; proceeds to right along the ridge, the algor-
ithm counts total number of 1, positioned m R, and
Ry and R; and R, (neglecting 1, positioned in R,)
Let K be the total number of 1s counted in R, and
Rg positions; and L be the total number of 1s counted
tn posttions Ry and R,

If K > L, tested print will be identified as arch.

If L > K, the tested print will be identified as
tented arch.

Experimental results of the 4 figures (Fig. 18) are
shown at the end. Figures 19-22 are identified as
whorl, loop, arch and tented arch respectively with
the above algorithm

5. CONCLUSION

The proposed algorithms for preprocessing feature
extraction and basic classification have been imple-
mented on IBM 360/44 computer and the results are
shown 1n Figs. 11-22, Figure 18 15 generated separ-
ately and fed to the computer to test the basic classifi-
cation. The digitized fingerprint shown wn Fig. 11
belongs to the small area 2 x 2 mm around the core
of the fingerprint. In the proposed system, this small
area around the core 1s used for basic classification
and feature extraction. The coordinates of the core
are entered manually 1n the present system Some of
the problems regarding digitized noise and imperfec-
tion 1n the print are solved to some extent However,
to mmprove the proposed system, some more work
needs to be done 1n the problems hike automatic 1den-
tification of the core pomt, bridging the gaps, and
further subclassification to the basic classification of
fingerprints.
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