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Abstract Optical character recognition (OCR) systemholds
great significance in human-machine interaction. OCR has
been the subject of intensive research especially for Latin,
Chinese and Japanese script. Comparatively, little work has
been done for Urdu OCR, due to the complexities and seg-
mentation errors associated with its cursive script. This paper
proposes an Urdu OCR system which aims at ligature-level
recognition of Urdu text. This ligature based recognition
approach overcomes the character-levelsegmentation prob-
lems associated with cursive scripts. A newly developed
OCR algorithm is introduced that uses a semi-supervised
multi-level clustering for categorization of the ligatures.
Classification is performed using fourmachine learning tech-
niques i.e. decision trees, linear discriminant analysis, naive
Bayes and k-nearest neighbor (K-NN). The system was
implemented and the results show 62, 61, 73 and 90% accu-
racy for decision tree, linear discriminant analysis, naive
Bayes and K-NN respectively.
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1 Introduction

Script recognition system is considered to be a huge part
of Natural Language Processing (NLP) [1]. It deals with
the interaction between the computer and human languages.
The main aim of NLP is to make a machine able to ana-
lyze, understand and generate human languages such as text
translation, speech processing, voice controlled machines
and automated scene understanding [1,2]. Communication
improvement between man and machine has been the pri-
mary motivation for many researchers. One fundamental
application of NLP is a text processing system. A text pro-
cessing system, also known as optical character recognition
(OCR), has served numerous benefits in this technology era,
including conversion of century-old literature into computer
understandable format.

OCR systems are “Systems which use a process by which
text-based input patterns producemeaningful output” [3]. An
OCR includes several phases, primarily its two major phases
are feature extraction and classification. Currently, the OCR
technology has developed and expanded to include several
types of texts and fonts, as well as, support for handwrit-
ten text recognition [3]. Intelligent Character Recognition
(ICR) and Intelligent Word Recognition (IWR) are both pre-
decessors of OCR; they support handwritten character level
recognition and word level recognition respectively. How-
ever, the advancements still haven’t excelled for processing
and recognition of cursive languages such as Urdu, Arabic,
Persian, Pashto, Korean and Chinese. On the contrary, non-
cursive languages such as English, German and French script
are relatively easy to recognize [4].

Urdu is the national languageofPakistan and itsNastalique
calligraphic script is extremely cursive and context sensitive
in nature [5,6]. Urdu script also shares the same level of
written complexity with Arabic, Pashto and Persian scripts
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[4]. The abundant complexities associated with Urdu Script
makes it a scarce language to be considered for OCR [6],
hence limiting its research and development as compared to
the Latin script [7]. In Urdu, a word is composed of sub-
words (ligatures) and isolated characters. Ligatures itself is
a unit block of text, composed of a combination of two or
more characters. Due to extreme cursiveness and overlapping
issues such as inter-ligature overlapping and intra-ligature
overlapping, it is extremely challenging to perform segmen-
tation [8]. Hence, Urdu character-level recognition systems
that require excessive segmentation processes may lead to
erroneous outcomes and disfigure the actual shape of char-
acters. If working with ligature-level recognition systems,
there are copious ligatures forms possible, each cannot be
classified separately, and therefore, clustering them based on
certain features seems to be a suitable solution. This research
paper aims at developing a ligature based recognition system
forUrdu script usingmulti-level clustering and classification.

The main goal of this research paper is threefold: (1) For
Urdu script beginners, wewant to highlight all the challenges
associated with an Urdu OCR system. (2) For technical
researchers, wewant to emphasize on all algorithms that have
been previously used for Urdu OCR and provide a distinc-
tive clustering approach to successfully cluster Urdu script
at ligature-level. (3) For NLP experts, we believe that this
research will prove to be a great contribution to Urdu Infor-
matics.

2 Related work

As discussed in Sect. 1, we can divide the existing litera-
ture into two broad categories, character-level recognition
systems (analytical approach) and ligature-level recognition
systems (holistic approach). Previously, several authors have
opted ligature-level recognition systems [9–17]. Husain [9],
recommended the use of a multi-holistic approach for recog-
nition of Urdu script. Holistic approach has the capability of
recognizing whole word or sub-parts. Similarly, Shah [10]
opted to work on a ligature based OCR system for Urdu
Nastalique font using an isolation algorithm, templatematch-
ing technique was used for ligature classification. Khan et al.
[12] used template matching technique along with correla-
tion algorithm. The recognized characters were converted
into the text based on dictionary searching algorithm. It was
also observed that the higher are the number of ligatures,
recognition rate increases. A 100% accuracy was achieved
for 5-character and 4-character ligatures. On the contrary,
Husain et al. [11] used Back Propagation Neural Network
(BPNN) for recognition of Urdu ligatures. The main con-
straint of the system was that the secondary stroke must be
written after the primary stroke.

Razzak et al. [13] proposed fuzzy-based preprocess-
ing techniques to recognize and normalize the handwritten
ligature stroke using both online and offline domain. The pro-
posed system achieved an accuracy of 74.3% for Nastalique
font and 60.7% for Naskh font. In another research paper,
Razzak et al. [14] used segmentation free approach for recog-
nition of online Urdu handwritten script. The handwritten
script was recognized using three major algorithms (hybrid
classifier, hidden Markov model and fuzzy logic) and robust
features (structural and statistical). A total of 26 time-variant
structural and statistical featureswere extracted from the base
strokes. Contrarily, Akram et al. [15], targeted size and font-
invariant text recognition, using the concept of text resizing
using splines. In splines, the outline of the ligature was cap-
tured and scaled to an OCR trained size. Outline capturing
was applied for font size normalization in situations when
the input ligature was not standard. Lastly, the ligature out-
line was captured using a chain coding algorithm. Javed et
al. [16] also stressed on features for ligature recognition.
Global transformational features were extracted from the
image and fed to HiddenMarkovModel recognizer for iden-
tification purposes. After identification, diacritics and main
body were further divided into frames, discrete cosine trans-
form was calculated for each frame. Once the diacritics were
recognized a global transformational feature vector was cre-
ated.

Analytical approach based systems have also been the
center of attention of many researchers [18–26]. Pal and
Sarkar [18] developed a character recognition system to
deal with printed Urdu script having Nastalique calli-
graphic style. Horizontal projection profile and vertical
projection profile was used for line segmentation and char-
acter segmentation respectively. Similarly, Chanda and Pal
[20] also used horizontal and vertical histogram for text
segmentation. A binary tree classifier was used for clas-
sification of characters and achieved 97.51% accuracy.
Another tree based dictionary searching method was sug-
gested by Malik and Khan [19] for online handwriting
recognition.

Moment invariant technique, primary and secondary com-
ponent separation and support vector machine for clas-
sification was used by Pathan et al. [21]. In contrast,
Shahzad et al. [23] formulated an OCR that had the capa-
bility of recognizing hand-sketched Urdu characters. For
each character, the strokes were divided into two groups
namely “primary strokes” and “secondary strokes”. These
features were then trained and classified using a linear clas-
sifier. For Urdu Naskh, Nawaz et al. [24] presented an
offline optical character recognition, the characters were
considered in their isolated forms and pattern matching
technique was used for classification. Another system was
proposed using finite state model by Sattar et al. [17].
The Nastalique text recognizer included two components;
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character shape recognizer and a next-state function. For
recognition of characters within a ligature, cross-relationwas
used.

Neural Network is one of the most famous classifiers for
an analytical approach based Urdu OCR. Zaman et al. [22]
proposed a recognition system for segmented Arabic/Urdu
characters, having four phases (input, preprocessing, classifi-
cation and recognition) using Feed Forward Neural Network
(FFNN). This FFNN classified a total of 53 classes, using
2500 input neurons, 20 hidden neurons, and 53 output neu-
rons. Similarly, Ahmad et al. [25] developed an OCR system
based on two modules; segmentation and classification. The
pixel strength was used to detect words in a sentence and
joints of characters in a compoundword. In the second phase,
the segmented characterswere fed to a trained neural network
for classification and recognition. The FFNN was trained on
56 different classes of characters, each having 100 samples.
Shamsher et al. [26] also, used FFNN for printed isolated
Urdu characters. The neural network was composed of three
layers i.e. input layer, hidden layer, and an output layer; hav-
ing 150, 250 and 16 neurons respectively. Input layer was
responsible for receiving binary data. A prototype of the
system was tested to achieve 98.3% of accuracy for Urdu
characters.

3 Background and characteristics of Urdu Script

Urdu is the national language of Pakistan [6,27,28] and spo-
ken by 70 million people [28]. It is also an official language
of five Indian states [6]. Urdu, like Arabic and Persian, is
written in Perso-Arabic script; therefore, these scripts share
similarity at the written level. Arabic and Persian has great
influence on Urdu, therefore it uses a modified and extended
set of Arabic and Persian alphabets. Urdu alphabet has a total
of 38 characters [23], 28 are similar to the Arabic alphabet
[18] (see Table 1 and Fig. 1).

In Urdu, a word is a composition of ligatures while a liga-
ture is a combination of characters [17,29]. In addition, blank
spaces may or may not be regarded as separation/boundary
between words. Urdu is written in the famous Nastalique cal-
ligraphic style, very complex and context sensitive in nature

Table 1 Comparison between Urdu and Arabic writing systems

Characteristics Urdu Arabic

No. of letters 38 28

Writing direction Right to left Right to left

Cursiveness Yes Yes

Vertical justification Center Base

Diacritics Yes Yes

[30], whereas Arabic script is written using Naskh font. Urdu
alphabet can be divided or grouped into 21 classes based on
the similarity of primary strokes. Primary stroke is the when
a character is considered without the accompanying dots or
diacritics. These diacritic marks are also used in combination
with characters for proper pronunciation.

3.1 Urdu Nastalique OCR challenges

The extremely cursive and calligraphic nature of Nastalique
makes the development of an Urdu OCR system challeng-
ing [17]. To write Nastalique text a pen is used having a
special nip called “qat” [8], which results in script with
varying stroke width, making handwritten text recognition
difficult. Even if developing an OCR for printed Urdu script,
wehave twoapproaches holistic and analytical. Regardless of
the approach used, Nastalique font poses several challenges
in developing a robust optical character recognition system.
Below, we discuss key challenges that are faced at the time
of an Urdu OCR system development.

3.1.1 Context sensitivity

Arabic script is cursive; characters are joined together to form
ligatures/words. It’s written in Naskh font and the characters
can have two to four basic forms based on their location in
the ligature/word; isolated, initial, middle and final [31]. On
the contrary, Urdu is written in Nastalique font that is far
more complex than this 4-shapes phenomenon. In Urdu, the
shape of a character is not only affected by its position but
also by its neighboring characters. This sensitivity is referred
to as context sensitivity [17]. Figure 2 shows the context
sensitive behavior of character ‘te’ from Urdu alphabet. It
can be observed easily that the neighboring characters and
its position (start, middle or final) in the ligature affect its
shape.

3.1.2 Diagonality

One of themain characteristics of theNastalique font is that it
iswritten diagonally, from top right to the bottom left [32,33].
As new characters are joined to the former characters, a slant
or slope is introduced in the ligature beingwritten, this feature
is known as diagonality. In comparison, English and Arabic
are written horizontally along a single baseline. Figure 3a
shows the diagonal nature of Urdu script, on the contrary,
the horizontalness and straightness of Arabic script can be
seen in Fig. 3b.

3.1.3 Overlapping problem

Urdu text takes less horizontal space as compared to the
Arabic Naskh style of writing. Therefore, Urdu has extreme
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Fig. 1 a Urdu alphabet. b
Arabic alphabet

Fig. 2 Shape of character ‘Te’ affected by its neighboring characters

ligature overlapping issues [6,17]. Overall the overlapping
can be divided into two types [34]. First, in intra-ligature
overlapping, a character overlaps another character(s) within
the same ligature. The second type of overlapping is knownas
inter-ligature overlapping, a character of one ligature over-
laps a character(s) of another ligature. Both, inter-ligature
overlapping and intra-ligature overlapping can be seen in
Fig. 4. Inter-Ligature overlapping makes the process of lig-
ature segmentation extremely difficult while intra-ligature
overlapping makes the process of character segmentation
challenging [35].

Fig. 3 a Diagonality in Urdu. b Horizontal baseline in Arabic

3.1.4 Diacritics

Urdu Characters are surrounded by special type of marks
known as diacritics. The diacritics surrounds the characters
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Fig. 4 a Inter-ligature overlapping. b intra-ligature overlapping

Fig. 5 Placement of dots at non-standard position

Fig. 6 a Spacing between Urdu ligatures. b Spacing between Arabic
Ligatures

main body and lie aboveor below it [36]. There are three types
of diacritics i.e. Nuqta (Dot), Aerab and ‘ ’ Superscript.
The context sensitive and sloping nature of Nastalique script
makes the placement of diacritics difficult, standard positions
cannot be followed (see Fig. 5). The diacritics for a character
are shifted with the addition of every new character. The
diacritics may be moved to a nearby position instead of its
standard position [34]. This is mainly performed to avoid any
clash or overlapping to occur between the nuqtas. Therefore,
identifying the character to which the diacritics belong is
difficult due to inter-ligature and intra-ligature overlapping.

3.1.5 Spacing

The Nastalique font consumes very less space and ligatures
arewritten very tightly [35]. It is a difficult task to identify the
fullword [37]. This lack of space between ligaturesmakes the
task of segmentation in Urdu OCR problematic [35]. Figure
6a shows Urdu written in its Nastalique calligraphic style,
with little space between ligatures, as compared to Arabic
Naskh font shown in Fig. 6b.

3.2 Application areas of Urdu OCR

Urdu script has a rich historical background. Pakistan, India,
and Bangladesh are few of the countries where Urdu is spo-
ken, understood and written widely. Due to the popularity
of Urdu language at verbal and written level, and its mas-
sive hardcopy literature, abundant efforts have been directed
towards Urdu OCR systems. A fully functional and efficient
Urdu OCR system can have abundant applications in various
fields. Some of the most renowned and emerging applica-
tion areas of Urdu OCR are digital reformatting, automated
text translation, text-to-speech conversion, Automated Num-
ber Plate Recognition (ANPR) and static-to-electronicmedia
conversion. These application areas have been discussed in
detail below.

• Digital reformatting In digital reformatting, original doc-
uments are converted into digital form. These digital
documents act as surrogates, preserving and eliminating
the need to use the original version. With an automated
system, like OCR, it is possible to convert all the physi-
cal libraries into digital libraries. The Internet can then be
used to transfer and spread the literature, making it avail-
able worldwide. Currently, the Internet is being used as a
repository for making textual material online, it has been
successful but with a few tradeoffs. Most of the litera-
ture on the internet now is in form of images containing
text. These images consume a lot of storage space, also
the time required to transfer the files from one place to
another through the internet is slow. Hence, digital refor-
matting will allow the conversion of physical libraries
to digital libraries with lesser time and space consump-
tion.

• Automated text translation This is a famous application
area of OCR, sometimes also referred to as “Machine
Translation (MT)”. Generally, automated text translation
software translates text from a source language (for e.g.
Urdu) to a target language (for e.g. English). Nowadays,
Text translation software is being designed for personal,
business as well as enterprise usage. These software’s
are extremely useful and lets you understand and convert
a language script into the target language script in real
time.

• Text-to-speech conversion OCR technology also pro-
vides handicapped accessibility to low-vision users.
This is generally known as, “text-to-speech conversion”
and more technically known as “speech synthesis”. It
involves converting the recognized text using OCR soft-
ware into computer generated speech. This technology
allows low-vision or blind people to read books, mag-
azines or any other reading material after scanning
it.
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Fig. 7 Block diagram for
recognition system

• Automated number plate recognition (ANPR) ANPR is
a technology that reads vehicle registration plates using
OCR technology. ANPR requires a fast video camera
to capture the image. ANPR technology is being used
worldwide by law enforcement agencies to keep track of
vehicles such as vehicle license, vehicle registration and
electronic toll collection on pay-per-use roads.

• Static-to-electronic media conversion E-media (Elec-
tronic media) is an emerging application area of OCR
technology. Electronic media encompasses the use of
electronics by the end user to access any content. On the
contrary, the static media (print media) doesn’t involve
any use of the electronics. Staticmedia such as newspaper
can be converted to E-media using the OCR technology,
by recognizing the newspaper headlines. Any handheld
device, having a camera can be used to take a snap of
the headlines or recognize the headlines in real-time.
Once the headlines are recognized, the same news and
its detailed content can be accessed online in a video
form on the same handheld digital device.

4 Proposed methodology

In this study, we have proposed a unique clustering method,
agglomerative hierarchical clustering, for ligature based
Urdu OCR system. A corpus of 2430 ligatures was used for
the clustering process. First, images containing the ligatures
were fed to the system.Color image segmentationwas carried
out using global thresholding method, where the background
was represented by black color and foreground (text) with
white color. Next, segmentation was performed, horizontal
projection profile and vertical projection profile was used

for line and ligature segmentation respectively. In Urdu, the
script is composed of characters of varying length, hence
the segmented ligatures may be accompanied with unwanted
pixels. Trimming was applied to remove unwanted pixels
from top and bottom of the ligature images. Certain geo-
metric features such as height, width, area, perimeter, aspect
ratio, density function, area to perimeter ratio, horizontal his-
togram, vertical histogram, start-point, end-point and slope
were extracted from each image. Agglomerative hierarchi-
cal clustering was applied and divided into two levels i.e.
level-1 and level-2 clustering. In level-1 feature clustering,
32 clusters were generated for each of the 12 features. In
level-2 feature clustering, an optimal number of sub-clusters
(417) were generated for the already clustered features from
level-1 for recognition feasibility. To verify the robustness
of the clustering procedure, the classification was performed
using fourmachine learning techniques; decision trees, linear
discriminant analysis, naive Bayes and k-nearest neighbour.
The research methodology described and proposed here can
be broadly divided into 7 major phases (see Fig. 7).

4.1 Image acquisition, thresholding and segmentation

In the first phase of the recognition, ligature images were fed
to the recognition system. These images were noise free and
had no skew (see Fig. 8). Each of the images that were fed
to the recognition system was converted to pure black and
white colors using image thresholding. This image thresh-
olding procedure resulted in the color image segmentation.
The proposed system used the grayscale level of the image
as the threshold level and applied global image thresholding.

In the final version of the bi-level thresholded image, Urdu
ligatures were presented in a white color and the background
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Fig. 8 Sample image fed to the OCR system

in black (see Fig. 9a). Thresholding procedure was followed
by image segmentation. Image segmentation is a process of
partitioning a digital image into multiple segments. In our
proposed system, the segmentation module was divided into
two sub-modules; line segmentation and ligature segmenta-
tion. For line segmentation, horizontal projection profile, the
sum of pixel intensities over each row was used. Horizontal
projection profile splits the text along horizontal text strips

(see Fig. 9b). Next, ligature segmentation was performed
using vertical projection profile, lines were analyzed one by
one and individual ligatures were segmented (see Fig. 10).
The resultant segmented imageswere used for feature extrac-
tion, classification and clustering purposes.

Next, the trimming process was carried out. Generally,
trimming refers to cutting or clipping pieces of something.
In our research, trimming is used to remove unwanted image
segments. In Urdu, ligatures are formed from a combination
of characters of varying heights, the height of each ligature
may vary from its neighboring ligatures in a line of text (see
Fig. 11).

4.2 Feature extraction and agglomerative hierarchical
clustering

In this research, we have extracted a distinct set of geomet-
rical features and then clustered the ligatures based on these
features. The features proposed are easier to extract than
morphological or topological features that require extreme
knowledge overhead. The geometric features proposed for
Urdu OCR were (see Fig. 12),

(1) WidthMeasurement from side to side of ligature image.
(2) Height Measurement for the tallness of ligature image.
(3) Aspect ratio Ratio of height divided by width of a lig-

ature image.
(4) Density function Ratio of total number of pixels owned

by the ligature to the area of image.
(5) Perimeter Sum of sides of a ligature image.
(6) Area Product of width and height.

Fig. 9 a Horizontal project profile for line segmentation. b Result of segmented lines with horizontal projection profile
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Fig. 10 Vertical projection
profile for ligature segmentation

Fig. 11 Showing original
ligatures (first row) followed by
its trimmed version (second
row)

(7) Perimeter to area ratio Division of perimeter by the
area of a ligature image.

(8) Horizontal projection profile Sum of pixel intensities
along each row in a ligature image. The row index
for which we have the maximum horizontal histogram
value was considered as a geometric feature.

(9) Vertical projection profile Sum of pixel intensities over
each column in a ligature image. The column index for
which we have the maximum vertical histogram value
was considered as a geometric feature.

(10) Start-point The first white pixel scanned from top to
bottom at the left-hand side border of the ligature
image, where the ligature stroke touches the left-hand
side border. Vertical-axis value was stored for the pixel.

(11) End-point Thefirstwhite pixel scanned from top to bot-
tom at the right-hand side border of the ligature image,
where the ligature stroke touches the right-hand side
border. Vertical-axis value was stored for the pixel.

(12) Slope The slope or diagonal line drawn from the start-
point to end-point.

Once the geometric features were extracted, agglomer-
ative hierarchical clustering was carried out. The agglom-
erative hierarchical clustering was divided into two levels
i.e. level-1 and level-2. In level-1, the ligatures were divided

into 32 clusters for each of its features. Next, in level-2, the
ligatures were clustered again using the results of level-1
clustering. The total number of clusters in level-2 were gen-
erated using the equation,

L2c = (CMin − CLig>2)+ CA (1)

Here L2c stands for clusters generated for level-2,CMin refers
to the minimum number of clusters generated by the cluster-
ing algorithm in default against the results of level-1. The
total number of clusters generated, CMin were 798 (see Fig.
13). But there was an issue, few of the clusters held only
one or two ligature images, hence, overburdening the system
with more number of clusters. Therefore, all those clusters
that held only one or two ligatures images were collected and
put into a single global cluster CA. CLig>2 represents all the
clusters having at least three ligature images. There were a
total of 382 clusters that had more than 2 ligature images.
Hence as result for level-2 (L2c), a total of 417 clusters were
generated (see Fig. 14).

4.3 Classification and recognition

To verify the robustness of this two-level clustering, four dif-
ferent classification algorithms were tested. Overall the Urdu
ligature dataset was divided into two groups i.e. training and
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Fig. 12 Geometric features for the proposed Urdu OCR system. a Width. b Height. c Aspect ratio. d Area. e Perimeter. f Perimeter to area ratio.
g Density function. h Horizontal and vertical projection profile. i Start-point, end-point and slope

Fig. 13 Total number of
clusters generated by default
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Fig. 14 Total number of
clusters generated at level-2

Fig. 15 Classification results

Fig. 16 Geometric Features
Misclassification Rate

testing. Training datawas used to train the classifier, themore
is the data used for training the better are the results. Hence,
for training, all 2430 ligatures were used. For testing, a total

of 1215 ligatures were selected randomly. The same datasets
(testing and training) were used for each of the classifiers i.e.
decision tree, linear discriminant analysis, naive Bayes and
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k-nearest neighbor. The accuracy, classification and misclas-
sification rate for each of the classifiers was computed (see
Fig. 15).

5 Conclusion and future directions

In this research study, a unique multi-level agglomerative
hierarchical clustering was used to generate an ideal number
of clusters. Classification and recognition were performed
using four machine learning techniques i.e. decision trees,
linear discriminant analysis, naive Bayes, and K-NN. The
accuracy for decision tree, linear discriminant analysis, naive
Bayes and K-NN were 62, 61, 73 and 100% respectively.
Geometric features were also analyzed as to know which
featuresweremisclassified themost using each classifier (see
Fig. 16).

To improve the overall accuracy of the proposed recog-
nition technique for Urdu ligatures, we might need to apply
preprocessing techniques such as noise removal on the lig-
ature images. Similarly, in future research, the proposed
ligature based clustering and recognition technique can be
applied to real-world documents. In future, the proposed
research robustness and effectiveness can be improved by
using larger datasets as well as more robust geometric or
morphological features. Since, deep learning is one of the
best classifiers, applying it to this research will prove to be
great contribution in the field.
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