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ABSTRACT Tibetan is a low-resource language, and Tibetan culture carried by historical Tibetan documents
is an important part of Chinese civilization. The study of historical Tibetan documents is of great significance
to the protection of Tibetan culture and the promotion of Chinese culture. Character segmentation is an
important step in image analysis and recognition of historical Tibetan documents. However, the following
three challenges prevent solving problems of character segmentation in historical Tibetan documents: 1) the
text lines have different degrees of tilt and twist; 2) there are many complex situations such as overlapping,
crossing, touching and breaking character strokes; and 3) these documents are written by different people
with different stroke styles. To resolve these problems, we propose a character segmentation method based
on key feature information for historical Tibetan documents. The proposed method consists of three parts:
1) projection and syllable point location information are used to shorten the text lines of historical Tibetan
documents and establish a character block database; 2) the local baseline of the character block is detected
by using the location information of syllable points or combined with horizontal projection and straight line
detection, and the character block is divided into two areas above and below the baseline, and different
segmentation methods are adopted; and 3) in view of the large difference in stroke styles, three stroke
attribution distances are used to complete the attribution. The experimental results show that the method
proposed in this paper can effectively solve the problem of character segmentation of historical Tibetan
documents and achieve a better character segmentation effect, which also provides a reference for the relevant
document character segmentation.

INDEX TERMS Historical Tibetan documents, local baseline detection, character detection, character
segmentation, stroke attribution.

I. INTRODUCTION
Historical Tibetan documents record research achievements
in literature, history, philosophy, politics, economy,medicine,
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art and other fields. These documents are rich in content
and have important reference value for the study of Chinese
multiethnic culture. Due to long-time preservation, the mate-
rials and ink of historical Tibetan documents have faded to
varying degrees, and may even appear damaged or unus-
able. The protection, development and utilization of historical

25376
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ VOLUME 10, 2022

https://orcid.org/0000-0002-5332-9358
https://orcid.org/0000-0003-2935-6601
https://orcid.org/0000-0002-3842-2634
https://orcid.org/0000-0002-8587-7017


C. Zhang et al.: Character Detection and Segmentation of Historical Uchen Tibetan Documents

Tibetan documents has become an important topic in the
field of ethnic language research. Tibetan is a low-resource
language, and it is difficult to obtain a large amount of
document data, especially for historical Tibetan documents,
which has delayed relevant research. Research studies on
historical Tibetan documents began in the 1980s. From 1991,
Kojima et al. [1]–[3] studied the recognition of Tibetan doc-
uments in woodcuts. Since 2010, researchers have carried
out relevant studies on image preprocessing [4], [5], layout
analysis [6], [8], text line segmentation [9]–[12], character
segmentation [13], [14], dataset construction [15], [16], char-
acter recognition [17], [18] and other aspects of historical
Tibetan documents.

Character segmentation is an important part of the study
of historical Tibetan documents. To date, there have been
few achievements in character segmentation of historical
Tibetan documents. Ngodrup and Zhao applied the dripping
method to gravity compress the simulated water molecules
above the touching characters and obtained the charac-
ter segmentation path according to the stress of pixels.
Zhao et al. proposed a character segmentation method based
on feature point information to solve the problem of touch-
ing character segmentation. First, the foreground contour
and skeleton were detected, and feature points and base-
line information were extracted. Then, the support vector
machine (SVM) classifier and distance rule were com-
bined to remove the useless feature points near the end-
points of the top vowel and consonant skeletons, and all the
candidate segmentation points were obtained. Finally, the
characters were obtained by using the segmentation graph
method.

In terms of character segmentation of documents in other
languages, character projection, connected component anal-
ysis, character feature information and other commonly
used character segmentation methods have been utilized.
Zhou et al. [19] first used the projection method to per-
form rough segmentation and divided Chinese characters
into touching and untouching categories. Then, the segmen-
tation path was set with the rough segmentation statistics,
and the optimal weighted segmentation path was obtained
based on the shortest path idea to complete the segmentation
of touching characters. Qi et al. [20] first used connected
component analysis to obtain the initial character segmen-
tation, then solved the attribution of Chinese characters in
historical documents by establishing the hesitation fuzzy
set, and finally analyzed the pixel jump to achieve the seg-
mentation of touching and overlapping Chinese characters.
Tian et al. [21] improved the method of Qi et al., taking into
account the problem of character undersegmentation and
using the improved K-means to solve the problem of touch-
ing character segmentation. Zaw and War [22] proposed a
method based on character connected component analysis to
complete the segmentation of Myanmar touching characters.
Thongkanchorn et al. [23] proposed a vertical and horizon-
tal segmentation method based on a 4-direction depth-first
search algorithm and completed the segmentation of Thai

characters. Tamhankar et al. [24] solved the segmentation
problem of the text characters of Microsoft office docu-
ment imaging (MODI) in historical cursive script by using
the double-threshold criterion to minimize the segmentation
error. Ali and Suresha [25] used character geometry and shape
information to solve the problem of vertical segmentation
of touching Arabic characters. Ullah et al. [26] detected the
touching and segmentation of Arabic characters based on
morphological methods and character feature information.
The projection method and stroke width transform (SWT)
were used to solve touching Japanese segmentation [27]. The
drop fall algorithm [28] was initially applied to the segmen-
tation of touching numbers, and then it was continuously
improved and applied to the segmentation of touching num-
bers [29], [30] or touching verification code [31]. It was also
applied to the segmentation of touching characters in mixed
Korean and Chinese historical documents [32].

In addition, the method based on character oversegmenta-
tion and machine learning has been a popular segmentation
method in recent years. The general idea of the segmenta-
tion method is to divide the touching characters into more
characters and then attribute the oversegmented characters
through various methods. Ji et al. [33] segmented histori-
cal Chinese documents by graph nodes and assigned the
segmented characters according to the optimal path of the
graph. Xu et al. [34], when solving the problem of touching
and segmentation of handwritten Chinese characters, first
used character characteristic information to obtain candidate
segmentation paths and then used rules and learning-based
filters to achieve touching and segmentation. Sahare and
Dhok [35] first used the character characteristic informa-
tion to segment the touching characters and then completed
the character segmentation of multilingual Indian documents
composed of Latin and Devanagari by using the graph dis-
tance. Gao et al. [36] proposed a character segmentation
method based on fully convolutional neural networks (FCNs)
to solve the complex problems of Chinese character touching
and breaking, which extracts the spatial features of charac-
ters using convolutional neural networks. Two FCNs were
used to extract features and form a score map. Finally, char-
acter features were used to adjust the exact segmentation
points in the fraction graph to achieve character segmentation.
Xie et al. [37] proposed a weakly supervised character seg-
mentationmethod with recognition and guidance information
in the attention region to solve the problem of touching and
segmentation of historical Chinese documents and realized
high-precision segmentation under strict cross and union
ratios.

Although Ngodrup and Zhao studied the touching and
overlapping character problems in the character segmenta-
tion of historical Wooden Tibetan documents, the number of
character segmentations was small, and the correct rate of
optimal segmentation was not high, so there is still space
for further research. Zhao et al. studied the segmentation
and recognition of touching characters in historical Tibetan
documents, but this method did not involve the situation of
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FIGURE 1. Three main challenges of character segmentation in historical Tibetan documents.

FIGURE 2. Character segmentation framework of historical Tibetan documents.

stroke crossing above the baseline, and the type of touching
character was less. Although the methods mentioned above
are not directly applicable to the segmentation of historical
Tibetan documents, they provide inspiration for the work of
this paper. At the same time, we solved the character segmen-
tation problems of stroke overlapping, crossing, touching and
breaking above the character baseline of historical Tibetan
documents [38] in previous character segmentation work.
However, the more complex character segmentation problem
below the baseline has not been solved. Thus, character seg-
mentation still faces three challenges (Figure 1):
Challenge 1: There are varying degrees of tilt and twist

in the text lines of historical Tibetan documents. Historical
Tibetan documents are printed fromwooden plates, which are
hand-carved, resulting in a certain degree of tilt and twist.
In addition, there is a certain deviation in the placement of
paper during the printing process, which further aggravates
the tilt and twist of historical Tibetan documents. The tilt and
twist of text lines cause serious interference in detecting the
global baseline of text lines.

Challenge 2: There are many overlapping, crossing, touch-
ing and breaking strokes in historical Tibetan documents.
Specific formation reasons are as follows: when carving the
original printing plate, some vowel strokes above the char-
acter baseline span the left and right characters to create
overlapping (vertical projection overlap), crossing and touch-
ing. When printing historical Tibetan documents, strokes
below the character baseline touch the strokes of the left and
right characters. There is considerable separation between the
character strokes on the original printing plate, and the uneven
color of historical documents during printing causes different
degrees of broken strokes.
Challenge 3: Historical Tibetan documents are written by

different people with different styles of strokes; even the same
person’s writing results may not be the same at different
times. The difference in stroke style is embodied in the size,
position and shape of stroke, which seriously affects stroke
attribution after stroke segmentation.

In view of the above character segmentation challenges,
we propose a character segmentation method for historical
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Uchen Tibetan documents based on key feature information
(Figure 2). The proposed method consists of three parts:

First (solution for Challenge 1), amethod of line shortening
processing of historical Tibetan documents is proposed to
reduce the impact of line tilt and twist on baseline detection.
There are two methods to shorten the text line: the first
method is to use the gap of the vertical projection of the
text line for vertical segmentation; and the second method is
based on the position coordinates of syllable points without
overlapping above and below for vertical segmentation. The
text line shortening results obtained in the two methods form
two different character block databases. The text lines are
shortened into character blocks of different widths, and the
global baseline detection of text lines is transformed into
local baseline detection of character blocks, which effectively
solves the problem of inaccurate baseline detection caused by
the tilt and twist of text lines.

Second (solution for Challenge 2), a character segmenta-
tion method based on key feature information is proposed to
segment the characters above and below the baseline sepa-
rately. Through the analysis of historical Tibetan document
texts, it was found that strokes above the baseline are mainly
crossing and touching, and strokes below the baseline are
mainly touching and breaking, while there is more overlap
between the strokes above and below the baseline. To solve
the problem of stroke crossing and touching above the base-
line, the method of multidirection and multipath crossing and
touching is adopted, while the algorithm of stroke touching
below the baseline is based on the position information of the
‘‘head’’ of the character.

Third (solution for Challenge 3), an attribution method
based on three attribution distances for character strokes is
proposed to attribute breaking strokes. We summarize the
morphological features of characters in historical Tibetan
documents by attributing breaking strokes and segmented
strokes to complete character segmentation.

Experiments on historical Uchen Tibetan documents show
that 1) our method only uses the key feature information of
the characters without any postprocessing, and the segmen-
tation process is simple; and 2) our method can effectively
solve segmentation problems such as character overlapping,
crossing, touching and breaking.

In summary, the main contributions of this work are
described as follows:

1) We propose a text line shortening method based on the
position information of syllable points without overlapping
above and below. Using this method, the global baseline
detection of text lines is transformed into a local baseline of
character blocks, effectively solving the interference of text
line tilt and twist on character segmentation.

2) We propose a character segmentation method based on
key feature information, which effectively solves the segmen-
tation problems of characters overlapping, crossing, touch-
ing and breaking in historical Uchen Tibetan documents.
The proposed method can be applied to Tibetan character

segmentation in other application scenarios and can provide
a reference for character segmentation in other languages.

3) We propose a character stroke attribution method based
on three different attribution distances, which effectively
solves the problem of the same character stroke morphologi-
cal differences caused by writing at will.

II. CHARACTER BLOCK DATABASE ESTABLISHMENT
According to the characteristics of text lines in historical
Tibetan documents, we propose two shortening methods:
shortening based on the projection gap of text lines and short-
ening based on the position information of syllables without
overlapping above and below.
Projection-based shortening method (Pro-SM): shorten-

ing based on text line projection gap
Text lines are shortened to produce character blocks of

varying widths. Through the analysis of the characteristics of
text lines in historical Tibetan documents, it is found that there
are different degrees of overlap between character strokes,
which will form gaps with different spacings after vertical
projection (Figure 3(a)).
Syllable points-based shortening method (Syl-SM):

Shortening based on the position information of syllable
points without overlapping above and below

Syllable points are an important part of the Tibetan lan-
guage and a symbol of syllable division. Due to the character
writing characteristics of historical Tibetan documents, there
are different degrees of stroke overlap between characters,
and it is difficult to ensure that each character block has
a complete syllable through projection. In Figure 3(b), the
syllable points in the circle of the solid line are above the
syllable point with overlapping and the syllable points in
the circle of the dotted line are below the syllables without
overlap. We analyze the connected component of the syllable
points without overlapping in a certain height range, and
the left and right outer boundaries of the minimum outer
rectangle of the syllable point are the start point and the end
point of the text line segmentation.

FIGURE 3. Text line projection and syllabic points.

III. LOCAL BASELINE DECTECTION
Local baselines are for character blocks. Local baselines are
extremely important for locating strokes above and below
baselines. Local baseline detection was achieved by using the
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previously proposed baseline detection algorithm based on
the location information of syllable points or combined with
horizontal projection and straight line detection [38]. The
local baseline detection of character blocks is classified as
follows: 1) For character blocks with syllable points, the loca-
tion information of syllable points can be obtained to realize
baseline detection indirectly according to the characteristics
that syllable points are at the same level as the baseline;
2) for character blocks without syllable points and strokes
above the baseline, the distance between ordinates of the con-
nected components of strokes is compared to achieve baseline
detection; and 3) for character blocks without syllable points
and with strokes above the baseline, the method combining
horizontal projection and Hough straight line detection algo-
rithm is used to realize baseline detection, and horizontal
segmentation is carried out at the baseline position.

The local baseline position is used to divide the character
block into two parts above and below the baseline so that the
strokes above and below the baseline of the character can
be located. In addition, dividing the character block at the
local baseline can also solve the touching problem between
the strokes above the baseline of the left and right characters
(Figure 4).

FIGURE 4. Character block before and after segmentation at the local
baseline position.

IV. TOUCHING STROKE DETECTION AND
SEGMENTA-TION
Crossing and touching between character strokes is the core
problem of character segmentation, and crossing is a special
case of touching. The strokes above the baseline exhibit both
crossing and touching, and the strokes below the baseline are
mainly touching. In view of the complexity of the crossing
and touching problems between character strokes, we use
the key feature information of the characters in historical
Tibetan documents (Figure 5) to design different detection
and segmentation methods for the strokes above and below
the baseline.

A. STROKE CROSSING AND TOUCHING ABOVE THE
BASELINE
For the detection and segmentation of stroke crossing and
touching above the baseline, the improved template matching
algorithm (Algorithm 1) and the multidirection and mul-
tipath segmentation algorithm (Algorithm 2) proposed in
the character segmentation work of the previous stage are
adopted. We summarized 14 types of stroke crossing and
touching (Table 1).

FIGURE 5. Schematic diagram of key feature information.

TABLE 1. Type of stroke crossing and touching above the baseline.

Since the stroke size above the baseline is smaller, there
are many types of templates, and the sizes of different tem-
plate types are not uniform, which makes matching diffi-
cult. Therefore, the template matching algorithm based on
the error value has been improved to some extent; that is,
the stroke size to be matched is normalized to the size of the
current template type before the matching calculation, and
the stroke size is dynamically adjusted during the matching
process. The pixel error value corresponding to the template
and the image to be matched is used as the matching criterion.

After detecting the crossing and touching of the strokes
above the baseline in the character block by algorithm 1,
the number Ntouch of crossing and touching in the charac-
ter block and the position of the corresponding strokes are
obtained. According to the obtained crossing and touching
information, crossing and touching strokes are segmented.
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Algorithm 1 Algorithm 1: Detection Algorithm for Stroke
Crossing and Touching Types Above the Baselin

Input: Stroke Sabove above the baseline;
Template database Tdatabase;

Output: Touching type StouchType
for m = 1 . . . 14

TcurrentType← Tdatabase (m);
N = count (TcurrentType);
resize (Sabove)← size (TcurrentType);
for n = 1 . . .N
Ttemp← TcurrentType(n);
EeachType (n) = (Sabove − Ttemp)2;

endfor
EcurrentType (m) = min EeachType;

endfor
StouchType← arg min EcurrentType.

The space between characters in historical Tibetan documents
is smaller, and strokes overlap to varying degrees. Moreover,
there are many types and numbers of strokes crossing and
touching, which make it very difficult to segment strokes.
After observing the crossing and touching of a large num-
ber of character strokes in historical Tibetan documents,
we found that the crossing and touching between strokes
are mainly presented in four types (as shown in Figure 6,
the upper part is a schematic diagram, and the lower part
is the corresponding example). The black and gray squares
in the figure represent different strokes, where subfigure
(a) is the intersection of two strokes, subfigures (b) and (c) are
the touching between the stroke end and the stroke middle,
and subfigure (d) is the touching of the ends of the two
strokes.

FIGURE 6. Diagrams and examples of stroke crossing and touching types.

Because historical Tibetan documents are handwritten
texts, the two strokes of crossing and touching will vary
by different tilts. We summarize seven segmentation paths

applicable to most of the strokes of crossing and touching
(Figure 7).

FIGURE 7. Seven kinds of tilts of crossing and touching strokes.

Weuse the trigonometric formula to calculate the tilt angles
corresponding to the seven segmentation paths in Figure 7 as
follows: 

θD1 = arctan(0.5)
θD2 = arctan (1)
θD3 = arctan (2)
θD4 = π/2
θD5 = π − arctan(0.5)
θD6 = π − arctan (1)
θD7 = π − arctan (2)

(1)

where arctan(·) represents the inverse of the tangent function,
π represents an angle of 180◦, and θD1 − θD7 is the angle
in the corresponding direction within a period of the tangent
function. In crossing and touching stroke segmentation, this
angle corresponds to the direction of stroke segmentation.

The formula for calculating the slope is as follows:

K = abs
(
PleftEndY − PsegStartY
PleftEndX − PsegStartX

)
(2)

B. STROKE SROSSING AND TOUCHING BELOW THE
BASELINE
In historical Tibetan documents, strokes below the baseline
are composed of a prefixed consonant (PFC), a superscript
consonant (SPC), a base consonant (BC), a subscript conso-
nant (SBC), a bottom vowel (BV), a suffixed consonant (SFC)
and a further suffixed consonant (FSFC) according to the
rules of Tibetan construction. Therefore, strokes below the
baseline account for most of the total types of character
strokes; thus, there are more complex problems of touch-
ing stroke below the baseline than above the baseline. The
problem of stroke touching below the baseline is mainly
distributed in the ‘‘head’’ of character (HC) and below the HC
(Figure 8). The baseline is the ‘‘base line’’ in Tibetan writing,
and the HC is the stroke head of the character at the baseline
position (the stroke inside the rectangular box in Figure 8 (a)).
The HC is an important reference stroke for the left and right
characters in the base position. Inspired by this, we use the
HC as an important basis for whether there is adhesion below
the baseline.

We find that the touching position of the strokes below
the HC is always below the gap between the two adjacent
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Algorithm 2 Algorithm 2: Multidirection and Multipath
Crossing and Touching Segmentation Algorith

Input: Touching stroke Stouch;
Crossing and touching types StouchType;
The number Ntouch of crossing and touching strokes;
The position of crossing and touching strokes;
The baseline position of the character block

Output: Segmented stroke Sseged
Sskeleton ← skeleton operation: Stouch;
Ntrifork ← count the number of tri-fork points within a certain
range of Sskeleton;
for n = 1 . . .Ntouch
if Ntrifork == 0 then

Sseged ← segment Stouch(such as composed of

) in the D4 direction
at different widths;

else
Ptrifork ← the tri-fork point with smallest abscissa;
PsegStart ← calculate segmentation starting point
combining Ptrifork and StouchType;
PleftNum, PrightNum ← calculate pixels number extending
to the left and right from Ptrifork in Sskeleton;
PleftEnd, PrightEnd ← calculate left and right end points
in Sskeleton;
K ← calculate the slope using Formula (2);
segmentation direction← arg mini=1...7[θDi -
arctan(K )];
segmentation path← combine StouchType, PleftNum,
PrightNum, and extension threshold PThd;
Sseged ← segment the touching strokes from PsegStart
with different segmentation directions and
segmentation paths.

endif
endfor

FIGURE 8. Example of a touching stroke (marked by a circle) below the
baseline.

HCs. First, the position of the character HC is used to initially
locate the touching range of the stroke. Then, the specific
location of the touching point within the touching range is
determined. Finally, the touching segmentation path is deter-
mined according to the positional relationship between the
touching point and the end point of the stroke. Based on
this, we propose a touching segmentation algorithm based
on the position information of the HC. The algorithm con-
sists of two parts: touching HC detection and segmentation

(Algorithm 3) and stroke touching detection and segmenta-
tion below the HC (Algorithm 4).

Algorithm 3 Algorithm 3: Touching HC Detection and Seg-
mentation Algorith

Input: Character block Bbelow containing only strokes below the
baseline
Output: Character block BsegedHC after touching HC
segmentation
B1 = Bbelow;
Swidth ← [];
Swidth ← calculate widths of the connected component of B1;
B2 ← shield other connected components if Swidth > 1.5
CavgWidth, detect breaking HC in B1 if Formula (3) is met;
B3 ← segment HC at a stroke height (1.25SavgWidth) in B2
B4 ← detect and connect ‘‘point’’ and ‘‘breakpoint’’ type HC
in B3;
BsegedHC ← HC of Bbelow is vertically segmented into Nhead
equal parts if the number and width of the HC in B4 meet
Formula (4).

The method of detecting the breaking HC is shown in
Formula (3), and the method of calculating the actual number
of HCs is shown in Formula (4).

ScenX ≥ CconX

SconX + Swidth ≤ CconX + Cwidth

Swidth ≥ 1.5SavgThickness
SconY ≥ LY

(3)

Nhead =



2, Swidth ≥ 1.2CavgWidth and Swidth
< 1.8CavgWidth

3, Swidth ≥ 1.8CavgWidth and Swidth
< 2.4CavgWidth

4, Swidth ≥ 2.4CavgWidth and Swidth
< 3CavgWidth

(4)

where ScenX is the abscissa of the centroid of stroke, CconX is
the abscissa of the connected component of character, Swidth is
the width of the stroke, SavgThickness is the average thickness
of the stroke, Cwidth is the width of character, SconY is the
ordinate of the connected component of the stroke, and LY is
the ordinate of the baseline.

The formula for deleting useless tri-point points and end
points is shown in Formula (5), and the stop condition of
segmentation is shown in Formula (6).{

PtriforkY ≤ LY + 1.25SavgThickness
PendY ≤ LY + 1.25SavgThickness

(5){
CsegNum > Cnum

CsegMaxWidth < CmaxWidth
(6)

V. CHARACTER STROKE ATTRIBUTION
Stroke attribution is the last step in the process of char-
acter segmentation, in which the breaking strokes and the
segmented strokes are placed according to the position of
the original strokes. There are breaking strokes or sepa-
rating strokes before character segmentation (Figure 9(a)).
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Algorithm 4 Algorithm 4: Touching Strokes Detection and
Segmentation Below the HC Algorith

Input: Character block BsegedHC after segmentation of HC
Output: Character block BsegedbHC after touching segmentation
below the HC
The number of character stroke Cnum = 0;
Maximum width of characters CmaxWidth = 0;
Tri-fork points Ptrifork ← [];
End points Pend ← [];
Manhattan distance DMan ← [];
Cnum, CmaxWidth ← conduct connected component analysis on
BsegedHC;
Ptrifork, Pend ← calculate tri-fork points and end points after
skeletonization on BsegedHC;
Ptrifork, Pend ← delete useless Ptrifork and Pend according to
Formula (5);
Ptrifork ← delete Ptrifork outside the gap between two adjacent
HCs;
if Ptrifork 6= null then
(PtriforkX , PtriforkmaxY )← select tri-fork point of maximum
ordinate from Ptrifork;
DMan ← calculate Manhattan distance between PtriforkX
and all PendX ;
(PendX , PendY )← arg min DMan;

if abs (PtriforkX , PendX ) < 2SavgThickness then
compare the size relationship between (PtriforkX ,
PtriforkmaxY ) and (PendX , PendY );
if PendX < PtriforkX and PendY < PtriforkmaxY then
BsegedbHC ← the left of tri-fork point (PtriforkX ,
PtriforkmaxY ) is segmented in the D6 direction, and
the right is segmented horizontally, if Formula (6)
is met, stop segmenting;

elseif PendX > PtriforkX and PendY > PtriforkY then
(PmedianX ,PmedianY )← calculate the median of tri-fork
points if there are other tri-fork points near
(PtriforkX , PtriforkmaxY );
BsegedbHC ← the above of median point (PmedianX ,
PmedianY ) is segmented in the D4 direction, and the
below is segmented in the D6 direction, if Formula
(6) is met, stop segmenting;

else
BsegedbHC ← segment touching strokes at the
minimum position of the vertical projection pixel
of the gap between the two adjacent HCs in the D4
direction, if Formula (6) is met, stop segmenting;

endif
endif

endif

In Figure 9(a), ‘‘new’’ strokes are broken from a com-
plete stroke marked with an elliptical box, and a complete
stroke marked with a rectangular box is separated from other
strokes of the character. After character segmentation, break-
ing strokes are added to characters, which are marked with a
dotted elliptical box (Figure 9(b)).

The above character strokes are classified as breaking
(or separating) strokes above and below the baseline. The
strokes above the baseline are mainly vowels with fewer
types of strokes, and each vowel has specific geometric fea-
tures. The types of vowels above the baseline can be deter-
mined by detecting geometric features of the strokes, and the
strokes above the baseline are used as the location basis for

FIGURE 9. Examples of breaking (or separating) strokes before and after
character segmentation.

TABLE 2. Vowel stroke types and geometric features above the baseline.

attribution. However, there are many types of strokes below
the baseline, and the degree of breaking varies greatly
between strokes, so the stroke type cannot be determined by
the geometric features of strokes.

A. STROKE TYPE ABOVE THE BASELINE
Most of the strokes above the baseline are vowels, whose
geometric features are obviously different, so the vowel type
can be determined by detecting their geometric features. Let
Yleft and Yright be the corresponding maximum ordinate of
foreground pixels in the first and last columns on the left
and right sides of the stroke connected component, respec-
tively, and let Ycen be the ordinate of the centroid of the
stroke connected component. There are a large number of
Tibetan transliterations of Sanskrit texts in historical Tibetan
documents, and the type geometric features of strokes above
the baseline will increase accordingly. Therefore, we summa-
rized the stroke types above the baseline that might affect the
effect of character segmentation (Table 2) and counted the
type and number of strokes.

B. STROKE BREAKING TYPE BELOW THE BASELINE
The breaking of a stroke below the baseline seriously affects
the effect of character segmentation. Breaking usually occurs
at positions with thinner longitudinal strokes, basically pre-
senting four breaking stroke types (Figure 10). As shown
in Figure 10, A and B are the centroids of the rectangular
box outside the connected component of different breaking
strokes.
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FIGURE 10. Breaking types of strokes below the baseline.

Thus, we conclude the method of determining breaking
strokes below the baseline. The abscissa of the centroids, the
ordinate of the upper boundary and the area of the connected
component of strokes should meet the following conditions
at the same time:

abs(EcenX − FcenX ) < XcenThd
abs(EconY − FconY ) > YconThd
Earea > PareaThd
Farea > PareaThd

(7)

where EcenX , FcenX and XcenThd are the abscissa of the cen-
troids of the connected components A, B and the horizontal
distance threshold of the centroid of connected component,
respectively; EconY , FconY and YconThd are the ordinate of
the connected component and the distance threshold of the
connected component, respectively; Earea, Farea represent the
area of the connected component; and PareaThd is the area
threshold of the syllable points. The area threshold of syllable
points is set to avoid the influence of syllable points during
the determination of breaking strokes.

C. THE ATTRIBUTION DISTANCE OF BREAKING STROKES
ABOVE AND BELOW THE BASELINE
By calculating the distance between the breaking stroke and
other strokes of the original character, the character belonging
to the stroke is realized. There are many types of breaking
strokes above and below the baseline, and the characters
in historical Tibetan documents are handwritten, with great
differences in character styles. For this challenging problem,
we summarize three attribution distances between the strokes.

1) CENTROID-BASED ATTRIBUTION DISTANCE (Cen-AD)
Both strokes above and below the baseline use the centroid of
the connected component

In historical Tibetan documents, the offset of the left and
right positions of the strokes above and below the base-
line of some characters is small and can be attributed to
the horizontal distance between the centroid of each stroke
connected component. According to the horizontal distance
DcenX between the centroid of the strokes (Figure 11(b)),
the strokes above and below the baseline are attributed to a
complete character.

2) CONNECTED COMPONENT-BASED ATTRIBUTION
DISTANCE (Con-AD)
Both strokes above and below the baseline use the abscissa
of the connected component external rectangle box

Historical Tibetan documents are always written from left
to right along the baseline.Most of the strokes below the base-
line tend to tilt slightly to the bottom right, which makes it
difficult to attribute strokes. Through the analysis of the char-
acteristics of a large number of historical Tibetan documents,
it was found that although most of the strokes have different
degrees of right slant, the strokes near the BC hardly slant.
Therefore, the horizontal distanceDconX (Figure 11(c)) of the
abscissa of the connected component external rectangle box
of each stroke is used to attribute each stroke of a character.

3) COMBINED CONNECTED AND CENTROID-BASED
ATTRIBUTION DISTANCE (ConCen-AD)
Only the strokes below the baseline use the abscissa of the
connected component external rectangle box, and the cen-
troid of the connected component is used for the remainder
of the strokes.

In historical Tibetan documents, most of the breaking
strokes are located below the baseline, and the types and
degrees of the breaking strokes are diverse, which seri-
ously affects the stroke attribution effect. The strokes below
the baseline are attributed to the horizontal distance of the
abscissa of the connected component external rectangle box,
and the horizontal distance of the centroid of the connected
component is used for attribution of the remaining strokes
(Figure 11(d)).

FIGURE 11. Schematic diagram of three kinds of attribution distances.

Combining the above three kinds of stroke attribution
distances, we propose a breaking stroke attribution process
(Figure 12).

The three attribution distances used in Figure 12 form
three stroke attribution methods: Cen-AM, Con-AM, and
ConCen-AM.
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FIGURE 12. Character stroke attribution process.

The writing styles of the characters in historical Tibetan
documents are quite different. If the strokes are severely
breaking or strokes with the same features appear repeatedly,
then the attribution of strokes will be difficult. For this rea-
son, the following processing needs to be performed for the
complicated strokes above the baseline when the strokes are
attributed.

(1) The No. 6 ‘‘ ’’ type breaks to form the
No. 9 ‘‘ ’’ stroke type. The left stroke after breaking
has the same geometric features as the No. 1 stroke type, and
the right stroke after breaking is often above the baseline of
the adjacent character on its right. In this case, the horizontal
coordinates of the centroid of the left and right strokes are
used to calculate the horizontal coordinates of the overall
centroid of the stroke, which are defined as:

ScenX = (SleftCenX + SrightCenX )/2 (8)

where SleftCenX is the horizontal abscissa of the centroid of
the left stroke and SrightCenX is the horizontal abscissa of the
centroid of the right stroke.

(2) When strokes No. 1 and No. 9 appear in the same
character block in the left and right adjacent positions and
appear alternately in the form of stroke types of ‘‘ ’’,
‘‘ ’’, and ‘‘ ’’, the horizontal distance between the centroid
of the stroke above the baseline and stroke types should

be combined, and the strokes of each character should be
attributed based on the strokes above the baseline.

To facilitate the statistics of the character segmentation
effect, after the character stroke attribution in the character
block is completed, the red-green-blue (RGB) color value is
used to color each character in the block to represent the result
of character segmentation.

VI. CHARACTER SEGMENTATION EVALUATION METHOD
Historical Tibetan documents belong to the category of hand-
written texts. There are differences in writing styles between
characters, and some characters have serious stroke defor-
mation. To objectively evaluate the advantages and disadvan-
tages of this method, the results of character segmentation are
evaluated by manual statistics.

Manual statistics were carried out using the recall rate
(Rseg), precision rate (Pseg) and harmonic mean (F1seg),
which are defined as:

Rseg =
NCSC
TNC

× 100% (9)

Pseg =
NCSC
TNSC

× 100% (10)

F1seg =
2× Rseg × Pseg
Rseg + Pseg

× 100% (11)

whereNCSC is the number of correctly segmented characters,
TNC is the total number of characters, and TNSC is the total
number of segmented characters.

VII. EXPERIMENTAL RESULTS AND ANALYSIS
We randomly select 212 images from historical Tibetan docu-
ments as the basic data of this paper. Each document contains
left and right marked text, box lines, and text lines. This
paper only studies character segmentation, so we directly
use our research results in document binarization and text
line segmentation, namely, segmented text lines for relevant
research and experimental analysis.

A. CHARACTER BLOCK DATABASE
This paper uses two methods to shorten text lines, namely,
the text shortening methods Pro-SM and Syl-SM. The part of
the text line marked by the dotted box in Figure 3 obtains the
character block by the above two text shortening methods,
as shown in Figure 13(a) and (b). We calculated the number
of different character blocks obtained by the two shortening
methods (Figure 3) and formed the corresponding character
block library. In terms of the number of character blocks,
the shortening method Pro-SM segments out more character
blocks, and the average width of the character blocks is
smaller.

B. TOUCHING STROKE DETECTION AND SEGMENTA-TION
PROCESS
In view of the complexity of character stroke crossing
and breaking in historical Tibetan documents, crossing is
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FIGURE 13. Examples of character blocks after different shortening methods.

TABLE 3. Statistics on the number of character blocks formed by two text line shortening methods.

FIGURE 14. Example of touching stroke detection and segmentation below the HC.

a special case of touching. The crossing and touching of
the strokes above and below the baseline are dealt with
separately.

1) STROKE ABOVE THE BASELINE
Detecting the touching of strokes above the baseline. If there
is touching stroke, then the touching type is obtained.
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TABLE 4. Character segmentation results obtained by systematic sampling statistics.

TABLE 5. Character segmentation results obtained by random sampling statistics.

Otherwise, there was no touching stroke above the baseline.
Algorithm 3 is used to segment the complex touching strokes
above the baseline.

2) STROKE BELOW THE BASELINE
There are many types of touching strokes below the baseline,
and the difference is large. Algorithm 4 and algorithm 5 are
used to detect and segment the HC and below the HC, respec-
tively (Figure 14).

C. CHARACTER SEGMENTATION RESULTS
Stroke attribution is the last step of character segmentation,
which is to form a complete character image according to the
corresponding position of the original complete stroke.When
attributing breaking strokes, the condition of broken strokes
above and below the baseline should also be considered at
the same time. If there are strokes above the baseline, then the
attribution is based on the strokes above the baseline. Accord-
ing to the morphological features of characters in histori-
cal Tibetan documents, we adopt three attribution methods:
Cen-AM, Con-AM and ConCen-AM.

After the establishment of the above character block
database, the detection and segmentation of crossing and
breaking, and stroke attribution, the amount of character
image data obtained reaches more than 230,000. To count
the result of character segmentation more efficiently and
accurately, 10% of the total result of character segmenta-
tion is sampled. Since there are differences in writing styles
between pages of historical Tibetan documents to vary-
ing degrees or even between different lines on the same
page, systematic sampling is adopted to obtain statistics on
the character segmentation results to ensure uniform sam-
pling coverage (Table 4). At the same time, to reflect the

reliability of sampling more objectively, random sampling
is also adopted to conduct statistics on the segmentation
results (Table 5). As shown in Table 4 and Table 5, NCB
is the number of character blocks, NCSCB is the number of
correctly segmented character blocks, NISCB is the number
of incorrectly segmented character blocks, TNC is the total
number of characters, NSC is the number of segmented char-
acters, NCSC is the number of correctly segmented char-
acters, Rseg is the character segmentation recall rate, Pseg
is the character segmentation precision rate, and F1 is the
harmonic mean of Rseg and Pseg (Rseg and Pseg are equally
important).

After analyzing Table 4 and Table 5 obtained by different
sampling methods, the following conclusions can be drawn:

1) There is little difference between the statistical results
of systematic sampling and random sampling, and 10% of the
total number of samples can be feasibly used for statistics;

2) The character segmentation results obtained by text
shortening based on syllable point information are better
than those of the projection-based shortening method on the
whole;

3) The performance results of the three stroke attribution
methods on the character block obtained by the shortening
method based on projection are similar, while the perfor-
mance result of the attributionmethodCen-AM on the charac-
ter block obtained by the shorteningmethod based on syllable
points is slightly better.

Character segmentation speed is also an important indica-
tor to evaluate the effect of character segmentation.

The character segmentation time was tested on a personal
desktop computer (CPU: Core I7-9700 3.00 GHz) (Table 6).
We counted the time consumed by the character block
character databases established by two different shortening
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FIGURE 15. Example of the character segmentation result.

TABLE 6. Statistics of character segmentation time.

methods after segmentation. different attribution methods
were used to attribute the breaking strokes, and finally inde-
pendent characters were formed. Table 6 shows that the aver-
age time of character block segmentation based on projection
shortening and without overlapping syllable point shortening
is 0.1087 seconds and 0.2922 seconds, respectively, which is
faster and can meet the character segmentation task of large-
scale data.

Figure 15 shows character blocks before and after charac-
ter segmentation, and character segmentation problems are
marked in the character blocks. Different colors in the char-
acter blocks after segmentation represent different characters.

D. LIMITATION ANALYSIS
Although character detection and segmentation have
achieved good results, the proposed method has certain limi-
tations in the face of extremely complex touching characters.
Figure 16 shows examples of detection and segmentation
failure. The upper, middle, and lower subpictures in each
group of pictures are the character block, each touching
(or breaking) character or touching syllable point mark in
the character block, and the character block after character
segmentation, respectively. The touching (or breaking) char-
acters are marked with a dotted curve circle, and the touching
syllable points are marked with a solid circle. The dotted line

25388 VOLUME 10, 2022



C. Zhang et al.: Character Detection and Segmentation of Historical Uchen Tibetan Documents

FIGURE 16. Examples of the limitations of character detection and segmentation algorithm.
(a) The touching point is located in the HC. (b) and (c) The touching point is located in the
concave stroke. (d) The handwriting is at will or the original image is of low quality and the
character stroke features are not obvious. (e) Complex touching and breaking among
strokes of multiple characters.

in the box in the following lower subpicture is the correct
segmentation path. The details are described as follows:

1) The width of some characters is small, and the touching
position is special. The touching point is located in the HC
or in the concave stroke, so the touching point cannot be
accurately detected or accurately segmented. Figure 16(a)
shows that the touching point is located in the HC, and
the touching cannot be detected, resulting in the failure of
character segmentation. Figure 16(b) and (c) show that the
touching point is located in the concave stroke, which cannot
be accurately segmented.

2) Characters are written at will or the original image qual-
ity is not high, features of the character stroke are not obvious,
and the character segmentation path cannot be determined.
Figure 16(d) shows that when the handwriting is at will or

the original image is of low quality and the character stroke
features are not obvious, incorrect segmentation follows.

3) The touching between strokes of multiple characters is
complex and simultaneously breaks, so the position of the
touching point cannot be accurately determined. Figure 16(e)
shows complex touching and breaking among strokes of mul-
tiple characters, and the touching position detection fails.

VIII. CONCLUSION
We proposed a character detection and segmentation method
based on key feature information for historical Uchen Tibetan
documents, which consists of four parts: 1) shortening the text
line based on vertical projection gap and position informa-
tion of syllable points without overlapping above and below;
2) baseline detection based on the location information of syl-
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lable points or combinedwith horizontal projection and linear
detection; 3) a multidirection and multipath crossing and
touching stroke segmentation based on key feature informa-
tion; and 4) attribution of breaking strokes based on Tibetan
structure, stroke form and stroke position. Experiments on
historical Uchen Tibetan documents show that our method
can solve the three challenges in the process of character
segmentation and achieve a higher accuracy rate in character
segmentation, providing data support for subsequent research
on document analysis and recognition of historical Uchen
Tibetan documents. In future work, we will consider the
detection and segmentation of the touching of syllable points
and characters.

Although our method is only suitable for character detec-
tion and segmentation of historical Tibetan documents, it can
provide a reference for similar character detection and seg-
mentation challenges as follows: 1) small-scale datasets;
2) characters composed of fixed structural units; and 3) char-
acters that need to be segmented more accurately than
those segmented more roughly. The proposed method can be
applied to the following scenarios: a) digitization of historical
Tibetan documents and cultural relics; b) character detec-
tion and segmentation of other historical Tibetan documents;
and c) Tibetan handwritten signature character detection and
segmentation.
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