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ABSTRACT

In this paper, we present a robust and font independent
Gurmukhi OCR system, which performs reasonably well on old
documents as well. The OCR is based on four classifiers
operating in serial and parallel mode. For combining the results
of the classifiers operating in parallel mode, a corpus based
weighted voting method is used. Combining multiple classifiers
in such a way, that their individual weaknesses are compensated
while their individual strengths are preserved, results in
significantly better performance than what can be achieved with
a single classifier. The problem of broken characters, which
frequently appear in old documents, has also been tackled using
a structural feature based algorithm.
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1. INTRODUCTION

The idea of combining classifiers for increasing the recognition
accuracy has been widely used in recent pattern recognition
applications[1-5]. It has been experimentally shown that
combination of several complementary classifiers leads to
classifiers with improved performance. There are a number of
classification algorithms available developed from different
theories and methodologies. Usually, for a specific application
problem, each of these classifiers could reach a certain degree of
success, but generally none of them is totally perfect for
practical applications. Similarly, for a specific recognition
problem, there are often numerous types of features which could
be used to represent and recognize patterns. These features are
also represented in very diversified forms and it is rather hard to
lump them together for one single classifier to make a decision.
As a result, multiple classifiers are needed to deal with the
different features [6]. It also results in a general problem how to
combine those classifiers with different features to yield the
improved performance.

In this paper, we present a multiple classifier based Gurmukhi
OCR based on four classifiers operating in serial and parallel
mode. For combining the results of the classifiers operating in
parallel mode, a corpus based weighted voting method is used.
We had earlier developed a Gurmukhi OCR, with recognition
accuracy of around 97%, which used two classifiers in serial
mode [7]. Though the OCR performed very well on good quality
text, its accuracy went down for bad quality text images. To
increase the accuracy of the OCR, particularly for poor quality
documents, we added two more classifiers in parallel to the
existing one. The experiments, which are discussed in following
sections, have given very encouraging results. Another problem,
we faced for recognition of old documents was the presence of

broken characters. Many papers have appeared in literature for
handling this problem[8-12]. Most of the techniques suggested
in literature use character image restoration techniques
simultaneously with the recognition modules. In this paper we
present a structural feature based algorithm to detect and join
broken word and character components in Gurmukhi text, which
works independently of recognition module.

2. CHARACTERISTICS OF GURMUKHI
SCRIPT

Gurmukhi script is used primarily for the Punjabi language,

which is the world’s 12" most widely spoken language. The

structural properties of the Gurmukhi script, from OCR point of

view are:

e  Gurmukhi script is syllabic in nature. Gurmukhi script
consists of 41 consonants called vianjans, 9 vowel symbols

called laga or matras, 2 symbols for nasal sounds ( <, <),
one symbol for reduplication of sound of any consonant (
') and three half characters ( =g <& <), which lie at

the feet of consonants. The complete Gurmukhi character
set is shown in Fig 1.
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Figure 1. Gurmukhi Character Set



e A majority of the characters have a horizontal line at the
upper part. The characters of words are connected mostly
by this line called head line and usually there is no vertical
inter-character gap in the letters of a word. The words are,
however, separated with blank spaces.

e A word in Gurmukhi script can be partitioned into three
horizontal zones (Fig 1). The upper zone denotes the
region above the head line, where vowels reside, while the
middle zone represents the area below the head line where
the consonants and some sub-parts of vowels are present.
The lower zone represents the area below middle zone
where some vowels and certain half characters lie in the
feet of consonants.

e All the characters in the middle zone, touch the headline at
least once.

e The vertical line if present in a character, is mostly present
on the right most end of the character.

e  The consonant height is usually greater than its width. The

exceptions are W and W
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Figure 2. Three zones of a word in Gurmukhi script

3. SYSTEM ARCHITECTURE

In our present work, we have used four classifiers for
recognition of the Gurmukhi text image. The first two classifiers
operate in serial mode. The result of these classifiers is next
combined in parallel mode with the other two classifiers using a
rule based voting method. The system architecture is shown in
Fig. 3.

was found that frequently in old documents, the word images
had broken headlines and characters, which resulted in low
recognition accuracy. To increase the recognition accuracy it
became necessary to repair these broken headlines and
characters.

In our present work, we have developed a structural feature
based algorithm to detect and join broken word and character
components in Gurmukhi text. We tackle the breakage in words
at two levels: breakage in headline and breakage in characters.

Gabor filter + Strucinmal, Siatistical
SVM classifier featurest+ SVM
classifier

Recognized word

Figure3. Multi Classifier Gurmukhi OCR System
Architecture

The word images are extracted from the text image and after
skew correction and cleaning are sent to the recognizers for
character segmentation, feature extraction and classification. It

Figure 4. Sample word images with broken headlines

4. HANDLING BROKEN HEADLINES IN
GURMUKHI WORD IMAGES

As discussed above, in a Gurmukhi word the middle zone
characters are glued along the headline. The character segmentor
expects the middle zone characters to be touching the headline,
with no vertical inter-character gap. But in type written and old
text, as well as locally skewed word images, the headline is
frequently broken and the characters are not aligned along the y-
axis as a result the word image is split into a group of single or
multiple characters (Fig. 4). This creates problem for the
character segmentor as it becomes difficult to identify the
position of the headline and the components lying above and
below it. Thus it becomes necessary to join the broken headlines
and align the headline of the characters of the word by
displacing the character images along the y-axis. To solve the
problem, first the horizontal row in the word image
corresponding to the word headline (WHL) in the upper half of
the word image is determined, based on the following four
factors:

4.1 Position of the headline in the sentence. This is determined
as the horizontal row in the sentence image with having
maximum number of black pixels.

4.2 Position of the headline in the previous two words. It may
happen that there is some local skew in the word images
due to warping or tilt at end of the sentences, as a result the
word headline may not be aligned with the sentence
headline.

4.3 Row with maximum horizontal span of black pixels in the
word image.

4.4 Row having maximum number of black pixel count in the
word image.

Once WHL is determined, the word image is decomposed into

connected components (CCs) separated by vertical white space.

Each of these CC could represent a group of one or more

characters.

For each of the Component, determine the row corresponding to

the position of component headline (CHL) satisfying one or both

of the following criteria in the following order:
e  Row with maximum horizontal span of black pixels.
e  Row having maximum number of black pixel count.



e Row should be at most d pixels apart from WHL
where d = 0.2*height of CC

Let delta = WHL — CHL
Move all the pixels of CC by delta pixels along y axis.
Lastly, join all the CCs by drawing a horizontal line between the
CCs along WHL.
Fig. 5 displays some of the sample word images with broken
headlines, which were joined back by applying the above
algorithm.

Figure 5. Some sample reconstructed broken word headlines

5. BROKEN CHARACTERS IN
GURMUKHI

For the first two classifiers, which operate in serial mode, the
image is thinned (reduced to single pixel width) before being
sent for recognition. These classifiers use structural features and
are thus highly sensitive to cuts and joints. Thus it was necessary
to repair the broken characters in such skeletonized images. An
in-depth analysis was made of the common broken characters in
Gurmukhi. For this purpose about 2500 words containing
broken characters scanned from old books were collected. The
broken characters can be broadly categorized as:
e  Characters broken from the headline
e  Characters split vertically into  non-overlapping
bounding boxes
e  Characters split horizontally into non-overlapping
bounding boxes
e Character split into two or more parts with
overlapping bounding boxes.
It is to be noted that we ignore the headline, while looking for
overlapping regions.

Table 1. Categories of broken characters in Gurmukhi
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As already discussed above, a Gurmukhi word can be
partitioned into three zones. We found that the majority of
broken character segments are present in the middle zone. It is
also to be noted that there are six multiple component characters
in the middle zone and care has to be taken that we do not join
those components. Also many times, the characters in the lower
zone are very closely placed near the middle zone characters and
they should not treated as broken components of middle zone
characters and joined with them. The broken components have
to be joined with the appropriate components to form the
character. Decision also has to be taken which connected
component pairs have to be joined and which were to be
ignored. All this calls for a detailed study of the structure of
Gurmukhi characters and words, while designing the algorithm.

First the position of the headline in the word image is noted
and the headline is then rubbed off. The word image is then
decomposed into connected components (CCs) and the relevant
information about the CCs is extracted and stored. The closely
lying CCs are determined. It is observed that in many cases,
genuinely separated CCs, are lying very close to each other and
care has to be taken that they are not joined. We have
categorized such closely lying CCs, which should not be joined
in Table 2.

Table 2. Closely lying Gurmukhi Connected Components to
be ignored for joining

Category CC Images with headlines
removed

1. CCs of middle zone
characters containing dot i i

like symbol at feet of 'd' -u ﬂ H Qe
characters called nukta

2. Closely lying CCs of the

characters in  middle and (‘) :j u
lower zone = ¢ -

3. Vertically closely lying or
overlapping CCs nﬁ O‘E E'ﬁO( (X:‘
4. CCs which are vertically

very close and one of the CC i
is a vertical line dl :5 :5‘

For the joinable pairs, their joining points are found. These
joining points could be, depending on the overlapping category,
endpoints, bend points, joints or boundary points in the CC.

We define the endpoint, joint, bend point and boundary point as
follows:

e End Point

A black pixel not lying on the y-axis corresponding to the
headline and with only one black pixel in its 3 x 3
neighbourhood.

e Joint

A black pixel not lying on the y-axis corresponding to the
headline and having three or more black pixels in its 3 x 3
neighbourhood.

e Bend Point

A white pixel where two or more lines meet at 90 or 45 degrees.
e Boundary Point

A black pixel lying on one of the boundary of the CC.

These points are extracted from the CCs and the point pairs,
where the first point is from one CC and second point from the
other CC, lying within the threshold value are collected. If no
such pair is found then the CCs are not joined. The decision to



join the CCs is kept pending, till all the CC pairs have been
processed. If any of the joining points have some common
points, then only the nearest pair is retained. The points are then
joined by drawing lines between them. If there remain some
CCs, which are not touching the headline, we use the structural
property of Gurmukhi script that all the characters in the middle
zone touch the headline at least once and increase the threshold
value to test if they can be joined with any other CC or headline.
The complete algorithm is described in the next section.

6. Algorithm for Repairing Skeletonized
Gurmukhi Characters

The algorithm to repair the skeletonized Gurmukhi characters is
as follows:

1. Skeletonize the word image.

2. Determine the position of the headline in the word
image and rub off the headline.

3. Decompose the word image into connected
components. Create the list, CList, of all the connected
components (CCs) which lie horizontally below the
position of headline in the middle zone. For each of
the CC, store the information about the global position
of its bounding box, number and position of end
points, joints, bend points and boundary points in the
CC and other such relevant information.

4. Sort the CCs along the x-axis. Find the heights of the
CCs touching the headline. Set threshold = (height of
the tallest CC) / 4.

5. Find all pair of CCs, whose bounding boxes are at
most threshold distance apart. Set their overlap type
as
e 0if the bounding boxes overlap horizontally and

vertically

e 1 if the bounding boxes share some common
points along x-axis, but not along y-axis.

e 2 if the bounding boxes share some common
points along y-axis, but not along x-axis.

e 3 if the bounding boxes do not share any
common points in X or y axis.

6. If for any pair of CCs, CC1 and CC2, if CC1 lies in
the lower quarter of the word image along y-axis,
check that:

e The minimum value of bounding box of CC1
along y-axis should not be greater than the
median height of the CCs touching the headline.

e The area of CC1 should be at least 2*threshold
pixels.

e If the overlap type is 0, then CC1 should not lie
in the middle or left of CC2.

7. If any of the above condition is false, remove the
connected component pair from the list. This is to
avoid joining the nukta signs and the characters lying
in lower zone with the middle zone characters
(Category 1 and 2 of Table2).

8. If overlap type is 0, set thresh = 1.25*threshold.

9. Let S1 = Set of all endpoints, bend points and joints in
CCl.

10. Let S2 = Set of all endpoints, bend points and joints in
CcC2.

11. Find C= Set of all pairs of points from S1 and S2
which lie within thresh distance.

12. If for any pair, their bounding boxes overlap, retain
the smaller distance pair and delete the other pair to
avoid creation of cycles.

13. If overlap type is 1 or 3, set thresh = threshold.
Assume CC1 is nearer to headline.

14. Let S1 = Set of all endpoints, bendpoints, joints and
boundary points lying along the lower horizontal
boundary of the bounding box of CC1.

15. Let S2 = Set of all endpoints, bend points, joints and
boundary points lying along the upper horizontal
boundary of the bounding box of CC2.

16. Find C= Set of all pairs of points from S1 and S2
which lie within thresh distance.

17. If overlap type is 2, set thresh = threshold. Assume
CC1 occurs before CC2 in the sorting order along x-
axis. If CC1 is a vertical line or the width to height
ratio of the bounding box formed by joining CC1 and
CC2 is greater than 1.25 then ignore this pair for
merging. This is to take care that the closely lying
characters are not merged together (Category 3 and 4
Table2).

18. Let S1 = Set of all endpoints, bendpoints, joints and
boundary points lying along the right vertical
boundary of the bounding box.

19. Let S2 = Set of all endpoints, bend points and joints
and boundary points lying along the left vertical
boundary of the bounding box of CC2.

20. If CC2 is a vertical line then exclude the joints and
boundary points from S1. This is to avoid joining CCs
similar to first and third pairs of CCs of category 4 in
Table 2, as their nearest joining points lying within the
threshold are on boundary or on joints.

21. Find C= Set of all pairs of points from S1 and S2
which lie within thresh. If both the points in a pair are
boundary points, remove that pair.

22. Examine all the candidate pairs in set C. If any pair
has a common co-ordinate point, retain the one having
smaller distance.

23. At the end join all the candidate pairs in set C by
drawing a straight line between them. Update CList,
the list of Connected Components, by replacing the
CCs which have been joined with the new merged CC.

24. Let SList be the sublist of CList containing connected
components not touching the headline. If SList is not
empty, then add the skeletonized image of headline to
ClList.

25. If SList empty then Stop, else

26. Set thresh = 1.5 * threshold. Repeat the steps 5 to 11
and then stop. Instead of taking both pairs of CCs
from Clist, one element is from CList and second from
SList. This is to ensure the Gurmukhi Script property
that all the characters in the middle zone, touch the
headline at least once. So if we find a CC not touching
the headline, then it is a candidate for joining with
either the headline or some other CC which is
touching the headline.

The algorithm was tested on a set of 2500 words containing
broken characters and in 82.3% of cases, the broken components
were correctly joined together to form a recognizable unit, while
in 4.9% of cases, the components were wrongly joined and in



12.8% of cases the broken components were not joined with any
other component. Some sample images are shown in Fig. 6. The
first image in each row is the thinned binary image of the word.
The second image is the image obtained after joining the broken
components and smoothening the headline.

Figure 6. Sample broken character images repaired

7. CLASSIFIERS USED IN GURMUKHI
OCR

As already mentioned, we have used four classifiers in our
Gurmukhi OCR system. For the first two classifiers, which
operate in serial mode, the image is skeletonized before being
sent for recognition. As an example, we have in Fig. 7(a), a
word image for recognition. The image after skew correction
and headline repair is sent to the C2 and C3 classifiers is in Fig.
7 (b), while the same image after skeletonization and headline
smoothening (Fig 7c) is sent is to C1 classifier. The classifier
C1 is a combination of two classifiers (Binary Tree Classifier
and KNN Classifiers) , which operate in serial mode. The
details are available in [7].

Figure?.
a) Original Image b) Repaired Image  c¢) Thinned Image

The binary tree classifier, operates on middle zone
characters and its purpose is to classify the patterns into classes
of similar looking characters. The purpose is to precisely divide
the set of characters lying in middle zone into smaller subsets
which can be easily managed by the kNN classifier. The KNN
Classifier next classifies the patterns to the final class. The
binary tree classifier uses the following Boolean valued
structural features:

e Number of junctions with the headline

e  Presence of sidebar

e  Presence of a loop

e  Presence of a loop along the headline

The KNN classifier operates on the following structural

features:

e  Number of endpoints and their location

Number of junctions and their location
Horizontal Projection Count
Left and Right Projection profiles
Left and Right Profile depth
Left and Right Profile Direction Code
e  Aspect Ratio
e Distribution of black pixels about the horizontal mid
line
Classifier C2, which is an SVM classifier, uses Gabor filters as
features and the feature vector size is 189.
Classifier C3, is also SVM classifier and it operates on the
following structural and statistical features:
The number in the brackets represents the feature vector size.
o Left, right, top and bottom profile direction codes (12)
Directional Distance Distribution (144)
Black to White Transition (100)
Zoning (49)

8. CLASSIFIER COMBINATION
There have been extensive studies on the combination of results
multiple classifiers. There are two architectural methodologies
for classifier combination. In multi-expert methods, the
classifiers work in parallel. All the classifiers are trained on all
patterns and given a pattern, they all give their decisions and a
separate combiner computes the final decision. Multistage
methods use a serial approach where the next classifier is
trained/consulted only for patterns rejected by the previous
classifiers.
For multi expert systems, voting is the simplest combination
method[13-14]. Voting considers only the best class output by
each classifier and regards the class which appears most often in
the output of the classifiers as output of the combined classifier.
For classifiers with different performances, weighted voting is
more appropriate, which assigns a weight wt; to each classifier
Ci and regard the class which has the highest sum of weights of
classifiers outputting this class as the result of the combined
classifier.
We have used a rule based weighted voting classification
scheme, which uses Gurmukhi corpus for decision making. As
shown in Fig. 3, the output of the three classifiers (C1, C2 and
C3) are recognized words w1, w2 and w3 respectively. The
words are then combined to give the final recognized word as
discussed in the following algorithm.
From experiments it was found that the classifier C3 had highest
recognition accuracy followed by C2 and C1 classifiers in that
order. Thus highest priority is given to word w3 followed by w2
and wl. The algorithm makes use of Punjabi word frequency list
generated from a 10 million word Punjabi corpus and a character
bigram list generated from the same corpus. The word frequency
list guides in word selection while the character bigram list is
used to detect illegal character combinations. The algorithm
works as follows:

First we search for the three words in the word frequency list.
If any two words are same and found in the list then they are
retained as final word, else if only one of the word is found or if
more than one word found but they are not same then the words
are selected according the priority assigned to them. It was also
observed that due to thinning and small size of the characters in
upper zone, some of the similar characters in upper zone were
confused by C1 but the same characters are usually recognized
properly by C2 and C3. Thus if for any upper zone character, C2



and C3 agree on same character, then their decision is given

higher weight age as compared to C1.If none of the word is

found in the frequency list, then we generate combinations of
words from the three words and select the word with highest
frequency.

The algorithm is as follow:

Input
1) Recognized words from C1, C2 and C3 classifiers.

(w1, w2 and w3 respectively)
2) Set of Unigrams extracted from a 10 million word
Punjabi corpus. (UG)
3) Set of valid bigram character combinations
Output
Final recognized word

Algorithm

o if (wl=w2=w3) return wl

e Ifwl, w2 and w3 € UG then if

=  wl=w2return wl (Rule 1.1)
= wl=w3return wl (Rule 1.2)
= w2 =w3return w2 (Rule 1.3)

e Ifw3eUG return w3 (Rule 2)

o Ifw2eUG returnw2 (Rule 3)

e IfwleUG then

= Let uwl[], uw2[] and uw3[] be the set of
upper characters in wl, w2 and w3
respectively.
= If(w2eUG)or (w3 eUG) then
if for any i (uwl[i] <> uwZ2][i]) and
(uw2[i]==uwa3[i]) then uwl[i] = uw2[i]
= returnwl ((Rule 4)
e  Else if // when none of wl, w2 or w3 € UG
=  wl=w2return wl (Rule 5.1)
=  wl=w3returnwl (Rule5.2)
= w2=w3returnw2 (Rule5.3)

e Else Create a list of all valid combination of words
formed by taking individual characters from each
word in same zonal position as follow:

= Create a tree with the root node containing empty
string and at each level the children nodes are added
and the words stored in them are formed by
concatenating the word stored in parent node with the
non-unique characters in same corresponding zonal
position in the three words. If any of the new word
formed contains an invalid bigram character, then that
branch is cut off and not further expanded. At the end
the words in the leaf nodes are considered and the
word with highest frequency of occurrence is returned
as final word. (Rule 6)

e In case no valid word found in above step, then count
the invalid bigram character combinations in w1, w2
and w3. Return the one with least count of invalid
combinations. In case of tie, return the word with
higher priority. (Rule 7)

Table 3. Classifier combination output

Image | C1 C2 C3 Final Rule

A Bl EE/8 &t Iqt 3

B WA A3 ES) S 4
C foe Br g &R 3
D g557 g551 | g3t a3t | L1
E g5 55 55 83 13
F cJgt GEEM I g | 2
G WIS | W LCIE] wag | 52
H &g fedsr féar ISE] 6

!
i
]
i

K fHows | fgomrs | famrs famrs

st wWAd feg 9331 @3 e

a) b) 5] d) €) f)

Mg feel famadt were! fanrs

Figure 8. Some sample images

For illustration purpose, we have some sample images taken
from Gurmukhi text. The quality of some of the images is not
good, including some broken and heavy printed images. Table 3,
depicts the words recognized by the three classifiers as well the
final word after combining the classifier results. The rule used
for combination is also displayed in the table. The words found
in the frequency list are italicized. It can be seen in Table 3, that
individually the classifiers are not able to correctly recognize the
images, but on combining the results the final word is correctly
classified. We will like to make special mention of images. First
we consider the word image in Fig 8h. It is recognized by the

three classifiers as, wl= f&og, w2 = f&2t and w3 = fedst. As

none of wl, w2 and w3 € UG and no two words are same, SO
we find the combinations of all the valid words that can be
formed from corresponding characters in same zonal positions in
wl, w2 and w3 as shown in Fig. 9. The leaf nodes have four

words and as the word f&2 has the highest frequency of

occurrence, so it is finally selected. Similarly, the image in Fig.
8K, is wrongly recognized by the three classifiers. But when the
characters at similar zonal positions are combined from the three
words and the resulting words are checked in the frequency list,
we get the correct final word. In another example of image in
Fig. 8j, we see how simple majority voting fails, while the
lexicon lookup helps in identifying the correct word. The image
is wrongly recognized by classifiers C2 and C3. Even though w2
and w3 are same but since they are not present in the lexicon
and w1l is found in the lexicon, so w1l is selected as final word
according to rule 4.



WoRD IMAGE: fg&]

RECOGNISED worps: fe &t &t fe<t

feet féet  feet feet 1

| FINAL WORD: Il

Figure 9. Combination tree for a sample image

It was found from experiments that the three classifiers, which

operate in parallel, complement each other, very well.
Particularly C1 complements C2 and C3. This is clear from the
complementary table, discussed in next section.
It was observed that classifier C1, which operates on thinned
images and uses structural features, is font and size independent
and works very well for average or good quality text. But its
limitations are: low recognition accuracy for upper zone
characters which are usually small sized and after thinning
resemble each other, and failure to correctly recognize heavy
printed characters, characters with broken loops or extra loops or
badly broken characters. On the other hand the other two
classifiers, which use combination of statistical and structural
features are font dependent but have better recognition accuracy
for upper zone characters, as well as heavy printed and broken
characters. Thus when the results of the recognizers are
combined, in most of the cases the words wrongly recognized by
individual classifiers were finally corrected.

9. EXPERIMENTAL RESULTS

We have tested the system on 31 pages taken from different
sources containing 42650 characters and 10 different font types.
The recognition accuracy of the classifiers is shown in Table 4.
It can be noted that that C3 classifier gives best recognition
accuracy of 96.51%. On combining the outputs of the three
classifiers, the accuracy increased to 98.18%, an increase of
1.67% over the best classifier.

Table 4 : Classifier Recognition Accuracy

Classifier Percentage Recognition Accuracy
C1 94.05
C2 95.61
C3 96.51
Combined 98.18

A graph is also plotted in Fig.10, showing the recognition
accuracy of all the classifiers on the 31 pages. The minimum
recognition accuracy for C1, C2, C3 and combined classifiers is
88.17%, 89.27%, 90.41% and 93.60% respectively, while the
maximum recognition accuracy for C1, C2, C3 and combined
classifiers is 97.88%, 98.79%, 99.31% and 99.84% respectively.
As discussed earlier, the classifier C1 had been used in the
previous version of Gurmukhi OCR[7]. Thus we have a

substantial gain of 4.13% in recognition accuracy over the
present OCR using the combination of classifiers.
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Figure 10. Recognition Accuracy of the Classifiers

We also analysed the combined performance of the classifiers at
word level, since the basic input and output unit used for
classifier combination is the word. Table 5 provides quick
answers to questions such as : If all the three classifiers agree on
the same word, then what is the recognition accuracy or if none
of the classifier agrees on a common word, then what are the
chances of correctly recognizing the word. The first column in
Table displays the common words recognized by the classifiers.
The second , third and fourth columns display the total count,
correct word count and percentage of correctly recognized
words respectively. The last count gives the percentage of
occurrence of the words. Thus from the first row, we conclude
that if all the three words are same, then in 99.57% cases, the
word has been correctly recognized. In 79.74% of cases the
three classifiers give the same output. We can also observe from
the table that in 12.7% of cases classifiers C2 and C3, which
operate on same unthinned image give the same output, though
it is correct in only 72.32% of cases. On the other hand, if
classifier C1 and C2 agree on same word then in 93.92% of
cases the word has been correctly recognized. In only 0.81% of
cases classifiers C1 and C2 give the same output and C3 gives
different output. If all the three classifiers give different outputs
then the chances of correct classification is only 59%.

Table 5 : Similar Word Analysis

Similar Count | Correct | Percentage Percentage

Words Recognition Count
Accuracy

wl, w2, w3 | 8790 8752 99.57 79.64

wlandw2 | 89 72 80.89 0.81

wland w3 | 263 247 93.92 2.38

w2 and w3 | 1402 1014 72.32 12.70

None 493 291 59.02 4.47

Total 11037 | 10376 94.01 100

Next, we examine just how different the errors of the classifiers
are. For this, we use the complementary error rate.
Complementary rate of classifiers A and B, Comp(A,B),
measures the percentage of time when classifier A is wrong and



classifier B is correct. In Table 6 we show the complementary
rates between the different classifiers. For instance, when the C1
classifier is wrong, the C3 classifier is right 61.63% of the times,
and when the C3 classifier is wrong, the C1 classifier is right
25.9% of the times.

The complementary rates are quite high, which is

encouraging, since this sets the upper bound on how well we can
do in combining the different classifiers. If all classifiers made
the same errors, or if the errors that lower-accuracy classifiers
made were merely a superset of higher accuracy classifier errors,
then combination would be futile.
As already discussed before, classifiers C1 and C2 operate on
different versions of same image, C1 operates on thinned images
while C2 operates on unthinned images. On the other hand, C2
and C3 operate on same images. Thus it is interesting to see that
even though overall C1 has the lowest recognition accuracy still
in 25.9% of cases it correctly classifies the characters wrongly
classified by C3, while C2 even though it has better recognition
accuracy than C1, correctly recognizes 13.32% characters
wrongly classified by C3.

As already discussed above, it was found that classifier C1
performs poorly on upper zone characters. This was borne out in
table 7, where we analysed the performance of the classifiers on
upper zone characters. As can be seen in 79.84% of cases
classifier C3 correctly classified upper zone characters when C1
was wrong and only in 12.25% of cases C1 correctly classified
the wrongly classified upper zone characters by C3. For middle
and lower zone characters, C3 rightly classifies 51.14% of
characters wrongly classified by C1, while C1 correctly
classifies 34.11% of characters wrongly classified by C3.

Table 6: Complementary Table for all characters

ye 3z 39 9133 fed uym F'wdt few yafsz 3, w3 walzg
fdgaz @ né3 31 ug fegat @ Hf3 fea fams W3 Fanals yars 31
ferm @ 38 mezgere, yaz) yar wfe @ yafss 951 § 912 gz
mEeeaEl 1 AgagrdlaT @ 43 fog =g e, aagrd) feg < fon m—fﬁ
Syaed faz @il ua 83t w3t @ fes3r 1D fa foga
@ w33, AT 3 233 AuAz 95 1 WA Fa fam & qJINf3 feg
fsealw fafem fawr, wrafss ffggz feg yus 3, w3 gra
wa'g 3131 e few gaH fams Qug fears aas foz fon
5331 mAfza yduar @ fars wdnx 3 3t 9 =3 gl AeTIEst
w3 Tenfsa fegrawar § 98t 913 mufgwr a1 R

Figurell. A Sample Image

U= § I 393 feu un Sest feg uarss 9, w3 niHEfEa

fogg= @ AL 31 Ud feos @ Wi feo s wis Iavais uos J
fern € 3% wEseee, Yo3l ui wife 2t Uifss o3l A 3= 3=
HEYRS] A HEdadi © H3 =9 =33t 7€, gegel f=e = fier wii|
2 ugie a3 v 3=, ug 2gt H3i @ f9a fost d fa fegs

2 »i33, AT 3 9 muPS I3l 73t 3T fan & aevfs fee

f&eatA fafens famn, wmfss feses fes s 4, W2 R &

g 31 3t =t a9t feu Zod s Gus feog =95 fos fen
Il YRR UUT @ fanis wWi=ra d 31 4 =931 318l mae=s!

Comp (Ci, Cj) C1 Cc2 C3
C1 0 54.17 61.63
Cc2 33.43 0 34.26
C3 25.9 13.32 0
Table 7: Complementary Table for upper zone characters
Comp (Ci, Cj) C1 c2 C3
Cl 0 70.94 79.84
Cc2 19.25 0 32.76
C3 12.25 18.93 0
Table 8: Complementary Table for middle and lower zone
characters
Comp (Ci, Cj) C1 Cc2 C3
Cl 0 44.63 51.14
C2 41.51 0 11.45
C3 34.11 34.78 0

For illustration purpose, we have a sample image in Fig. 11. The
recognition results of the different recognizers are shown in Fig
12. Characters in red represent wrongly recognized characters.

nZed TgHiad feggua & o831 g3 AHiEnT 7 Fal
a) Output from Classifier C1 (Recognition accuracy 95.29%)

UE g I1a 993 f2d UA ded f=9 Uafss J, w3 WHfsd

foess v AEs d1 U9 feas € W3 feg famrs nE sovas uos di
fon € &% na3esy, Hast ud wife =t UsSfss gal A 9% o2
mET=SEt A TEggeh § W3 feo =33t ael, aeeet fes =t fer it
D318 fas v e, ug St Woi 1 feE fBst I fa feos

d viiz3d, AE 3 204 AUHE sl AET g2 AR & JroHis fee

f&eaia fafent o, WHf fdesz fes ygs I, S QR @
wWos d1 3t 2t gges! f=u goH femis Qua feaa a9s fos fer
3Fgl wAfEa YT @ fomis wWiEra J 31 A 2951 318l neeest
2 Tanlaa fegaua § g1 g3 Ay A1 B4l

b) Output from classifier C2 (Recognition accuracy 94.47%)

uE' ge IR 993 feg un e e usfss 4, w3 wmfsa

fogg= @ AE8 JI U3 feast @ His feg fans w3 IaHa3 uds di
fer € &% w=ge=Ee, Hagl ur wife St usfes oal A 92 a2
wae=sl A fagedhd @ U3 feo =g9t aiel, geuet fea =t fer W
2 ugr=g fos wr aiEl, ug =ot WSt <t fias f&st 3 fa feost

€ %39, FiF 3 209 AUdS I35 ATl 9 fAa § JoHis f=e

f&oatm fafent famd, nAfsE fies= feo uws 3, B3GR O

g d1 3¢ A aeeet fes ggd famis Bus feg ags fas fen
3T WAz uSus T famis wiena 3 3t 7 =93t ot meeest
w2 Tonfaa fegaua & g&1 g2 AW A1 Bl

¢) Output for Classifier 3 (Recognition accuracy 97.13%)



g g 311 993 feg uA Jed feo uofss d, w3 wimEa

fogs= o FE9 91 ug feost © His f=9 famis w8 FaHa3 uTs JI
fer @ &% niEzgew, st ul wife & yefss o A 3= a8
TETEEt A Teggan € W3 feo =odt o, oot fes =t fem vl
2 ygeg fg3 nh 919, us S0 W3t & fEae it 3 fa feos

T WiZe, A 3 F0I AURE I8l 731 g AR & geHis =8

fEeata fafsny famd, wWAfsa Hese fes ugs J, nE ER &

g 31 3 2t goue feu 5oH famis Gus feog 9% fos fer
FI31 WAEE Udug' @ fanis wieha d 3 7 =931 98! pae=st
w3 Tonisa feogua & s 83 AHfgwT 7 Hel

d) Output after combining results of all the recognizers
(Recognition accuracy 99.59%)
Figure 12. Recognized text of sample image of Figure 11.
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