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Abstract: Automatic line segmentation plays a crucial role in the digitization and automatic recognition of handwritten
and historical documents. The variability of handwriting styles, curved baselines, touching characters, ink diffusion,
and uneven backgrounds make this task particularly challenging. Traditional methods based on projection profiles or
morphological operations are effective for printed and well-structured texts but often fail when applied to degraded or
historical documents. In recent years, advanced approaches based on probabilistic modeling, energy minimization, graph
theory, and deep neural networks have emerged. This study presents a detailed review and comparative analysis of twenty-
five leading line segmentation methods. The analysis encompasses language-independent probabilistic approaches,
morphological hybrid models, the Mumford—Shah variational framework, and state-of-the-art deep learning architectures
such as ARU-Net, Adaptive U-Net, Mask R-CNN, and GAN-based models. For each method, working principles,
preprocessing requirements, evaluation datasets, and accuracy metrics are systematically examined. The results reveal
a clear evolution from rule-based and geometry-driven algorithms toward data-centric, binarization-free methods capable
of processing multilingual and noisy manuscripts. Furthermore, the analysis consolidates existing research achievements
and identifies open research directions, including the integration of multimodal cues, self-supervised learning, and adaptive
segmentation strategies. Overall, this comprehensive review contributes to a systematic understanding of progress and
remaining challenges in the field of handwritten text line segmentation.

Key words: handwritten text image, text line segmentation, projection profile, handwritten document, parchment.

Annotatsiya: Qo‘lyozma va tarixiy hujjatlarni ragamlashtirish hamda avtomatik tanib olish jarayonlarida matn qatorlarini
avtomatik segmentatsiyalash muhim o'rin tutadi. Qo‘lyozma yozuv uslublarining xilma-xilligi, egri asosiy chiziglar, bir-biriga
tegishgan belgilar, siyohning tarqalishi hamda notekis fon kabi omillar bu jarayonni ancha murakkablashtiradi. Proyeksiya
profillariga yoki morfologik amallarga asoslangan an’anaviy usullar bosma va tuzilmasi aniqg matnlarda samarali bo‘lsa-da,
eskirgan yoki buzilgan hujjatlarda ko‘pincha natija bermaydi. Shu sababli, so‘nggi yillarda ehtimollik modellashtirish,
energiyani minimallashtirish, graf nazariyasi va chuqur neyron tarmoglarga asoslangan ilg‘or yondashuvlar paydo bo‘lgan.
Ushbu tadgiqotda matn qatorlarini segmentatsiyalashning yigirma beshta yetakchi usuli chuqur tahlil gilinadi va o‘zaro
solishtiriladi. Tahlil doirasida tilga bog‘lig bo‘lmagan ehtimollik yondashuvlari, morfologik gibrid modellar, Mumford—Shah
variatsion yondashuvi, shuningdek, ARU-Net, Adaptive U-Net, Mask R-CNN va GAN asosidagi ilg‘or chuqur o‘rganish
arxitekturalari gamrab olingan. Har bir yondashuvning ishlash prinsipi, oldindan ishlov berish talablari, sinov ma’lumotlar
to'plamlari va aniqlik ko‘rsatkichlari tizimli ravishda tahlil gilinadi. Tadgigot natijalari qoidaga asoslangan va geometrik
algoritmlardan ma’lumotga yo‘naltiriigan, binarizatsiyasiz hamda ko'p tilli hujjatlar bilan ishlay oladigan usullarga o‘tish
evolyutsiyasini ko‘rsatadi. Shuningdek, tahlil mavjud ilmiy yutuglarni umumlashtirib, ko‘p modal belgilarni birlashtirish,
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0'z-0'zini o'gituvchi hamda adaptiv segmentatsiya strategiyalari kabi ochiq tadqigot yo‘nalishlarini aniglaydi. Umuman
olganda, ushbu keng gamrovli tahlil qo‘lyozma matn gatorlarini segmentatsiyalash sohasidagi yutuglar va mavjud
muammolarni tizimli tushunishga hissa qo‘shadi.

Kalit so‘zlar: go‘lyozma matn tasviri, matn qatorlari segmentatsiyasi, proyeksiya profili, go‘lyozma hujjat, pergament.

AHHOTauus: B npouecce oungpoBKkM U aBTOMaTUYECKOrO pacno3HaBaHUS PYKOMUCHBIX U UCTOPUYECKNX AOKYMEHTOB
BaXHYI0 pONb UrpaeT aBToOMaTuyeckas CerMeHTaumsi CTpok TekcTa. PasHoobpasue ctunen nucbma, KpvBble 6a3oBble
NVHUW, COoMpUKacalLmnecss CUMBOMbI, pacTekaHue YEpHWUNT U HepaBHOMEPHbLIN (DOH 3HAYMTENbHO YCMOXHAIOT ITOT
npouecc. TpaguuMOHHbIE METOAbl, OCHOBAHHbIE Ha MPOEKLUMOHHbLIX NPOMUMAAX UM MOPAONOrMYECKNX onepaumsx,
3P EKTUBHLI AN MeYaTHbIX U XOPOLLO CTPYKTYPUPOBAHHbLIX TEKCTOB, HO YacTO OKasblBalOTCA HepaboToCnoCobHbIMU
ANsi NOBPEXAEHHbBIX UMW AerpaavMpoBaHHbIX AOKYMEHTOB. B C€BSi3u ¢ 9TMM B mocriegHue rogbl NosBUNUCL NepenoBble
Noaxodbl, OCHOBaHHbIE Ha BEPOSTHOCTHOM MOAEMUPOBAHUW, MUHWMU3ALIMU SHEPruv, Teopumn rpadoB u rnyBokux
HeMpOHHbIX ceTax. B AaHHOM uccrnenoBaHny NpoBeAéH AeTarnbHbIN aHanu3 n CpaBHUTENBHOE UCCNeaoBaHne ABaaLaTu
NATU BedyLMX METOAOB CEerMeHTauuu CTPOK TekcTa. AHanum3 oxBaTblBAeT BEPOSATHOCTHblIE MOAENU, He 3aBuCsLuMe
OT A3blka, Mopdornornyeckne rmbpuaHble noaxodbl, BapvaumnoHHeln Metogq Mamdopaa—Lla, a Takke coBpeMeHHble
apxuTtekTypbl ry6okoro obyveHus — ARU-Net, Adaptive U-Net, Mask R-CNN n mogenun Ha ocHoBe GAN. [1nsa kaxaoro
Nnoaxo4a CUCTEMHO PacCMOTPEHbI NpUHLUMNLI paboTkl, TpeboBaHMA Kk NpeaBapuTensHON obpaboTke, HABopbl TECTOBbLIX
AaHHBIX U MOKa3aTenu TOMHOCTU. Pe3ynbraThl NOKasbiBaKOT 3BOMOLMIO OT MPaBUN-OPUEHTUPOBAHHBLIX N FEOMETPUYECKNX
anropuTMOB K METOAAM, OCHOBaHHbLIM Ha AaHHbIX, He TpebyoLLm GuHapusaLmm n cnocobHbIM paboTaTb C MHOTOSA3bIYHBIMU
AokymeHtamu. Kpome Toro, nccnegosaHve o6o6LaeT CyLlecTByoLmMe HayYHble OCTKEHUSA U onpedenseT oTKpbITble
HanpaeneHns NCCNefoBaHWN, Takne Kak MHTerpaums MynstuMogarnbHbIX MPU3HaKkoB, camooby4aroLmecs n aganTuBHble
cTpaterum cermeHtauun. B uenom npoBedéHHbIN 0630p Cnocob6CTBYET CUCTEMHOMY MOHUMAHUIO OOCTUXKEHUN U
HepeLLéHHbIX NpobnemM B 06nacTn cermeHTaumm CTpoK PyKONMCHOMO TEKCTa.

KntoyeBble crosa: pyKOI'IVICHbIVI TEKCT, CErMeHTaLMsa CTPOK TeKCTa, MPOEKLMOHHbIA Npodusb, pyKOI'IVICHbIVI OOKYMEHT,
nepramMmeHT.

INTRODUCTION

Segmentation of Handwritten Text Lines is one of the most crucial stages in document image analysis,
as it determines the accuracy of subsequent processes such as character detection, recognition, and text
reconstruction. For historical manuscripts in particular, this task is challenging due to factors like line curvature,
overlapping lines, diacritical marks, noise, and uneven background illumination — all of which directly affect
segmentation quality. Therefore, in recent years, numerous studies have explored geometric, morphological,
probabilistic, energy-minimization, graph-based, and deep-learning approaches to improve performance. While
classical methods (such as projection profiles, Hough transform, morphological operations, and energy-based
functions) produced effective results at early stages, most of them remained dependent on the type of script,
language, or document conditions. Modern research, on the other hand, aims to overcome these limitations
through binarization-free, language-independent, and neural network—based segmentation techniques.

REVIEW OF LITERATURE ON THE SUBJECT

This study analyzes both traditional and modern approaches to text-line segmentation in handwritten and
historical documents, highlighting their evolutionary development. Li, Zheng, Doermann, and Jaeger proposed
a language-independent segmentation model based on probabilistic density functions, which identified line
boundaries through level sets and laid the theoretical foundation for later deep-learning models. Louloudis,
Gatos, and Pratikakis achieved over 95% accuracy on skewed, dense, and diacritic-rich manuscripts using
Hough transform and skeleton-based methods. Dos Santos et al. developed a fast and robust morphological
projection approach that reached 99% accuracy on the IAM dataset. Du, Pan, and Bui introduced a script-
independent segmentation method using the Mumford—Shah variational model, providing a parameter-free
solution.

Papavassiliou and colleagues presented a probabilistic approach based on the Viterbi algorithm and
hidden Markov models, while for word segmentation they used an SVM-based “soft-boundary” metric. Alaei
and Nagabhushan proposed a “piecewise painting” technique, applying morphological dilation to accurately
separate handwritten lines. Ryu and Cho designed an energy-minimizing algorithm based on connected
components, and Saabni and El-Sana introduced a binarization-free, language-independent energy-map
approach achieving 98% accuracy.

Later, Kavitha, Shivakumara, and Lu developed a novel method for degraded Indus manuscripts by
combining Sobel and Laplacian filters. Khare and collaborators achieved 97-98% accuracy using a “Weighted-
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Gradient Features” approach, while Grining and Labahn proposed the ARU-Net model, demonstrating high
performance on curved baselines. Kurar Barakat and El-Sana introduced an unsupervised graph-cut method,
and Hu and Wang presented a hybrid approach integrating baseline and component analysis for Tibetan Uchen
manuscripts.

In the latest developments, Sahare proposed a graph-based shortest-path algorithm, and Kumar and
Doermann applied graph clustering for Arabic manuscripts. Garz and Bunke used probabilistic clustering for
binarization-free parchment texts, while Renton and Paquet, as well as Vo and Lee, achieved high accuracy
with fully convolutional networks. Daldali and Souhar proposed an energy-map—based Arabic text segmentation
method with resizing normalization. Gader and Echi developed the AR2U-Net model, Mechi and Amara
designed a two-stage Adaptive U-Net approach, Barakat and Droby combined FCN with EM, Droby and EI-Sana
implemented Mask R-CNN, and Ozseker and Ozkaya introduced an advanced GAN-based architecture.

Overall, recent research trends demonstrate a clear shift from rule-based and geometric methods toward
deep-learning—driven, binarization-free, language-independent, and multi-scenario segmentation models.

RESEARCH METHODOLOGY

This paper systematically analyzes the main approaches proposed for handwritten text-line segmentation
— including algorithms, methods, techniques, and systems — by examining their advantages, limitations, and
evolutionary development paths.

ANALYSIS AND RESULTS

Inthe study by Li, Y., Zheng, Y., Doermann, D., and Jaeger, S., alanguage- and script-independent approach
based on probability density functions was proposed for text-line segmentation in handwritten documents.
The goal of the research was to automatically detect curved, adjacent, or touching text lines in a way that
differs from traditional Docstrum or projection profile methods. The proposed approach relies on constructing
a probabilistic density map that estimates text density, followed by segmentation through the level-set method.
First, an anisotropic Gaussian kernel is applied to the binarized image to produce a smoothed probability
density map. Then, line boundaries evolve over time according to the level-set equation, naturally separating
the text lines. The resulting segments are merged during post-processing based on orientation and distance
criteria. The scientific significance of this approach lies in its integration of bottom-up and top-down probabilistic
reasoning, which later provided a theoretical foundation for deep-learning—based page layout analysis models
such as DAS, U-Net, dhSegment, and DAN.

Louloudis, G., Gatos, B., Pratikakis, |., and Halatsis, C. developed a comprehensive algorithm for
handwritten text-line detection that effectively handles arbitrary skew angles, overlapping or touching lines,
and diacritical marks. The algorithm consists of three main stages: preprocessing, Hough transform—based
mapping, and post-processing. During preprocessing, connected components are extracted and categorized
into three spatial subsets based on their size characteristics: regular characters, large/touching components,
and small diacritics. In the detection stage, a block-based Hough transform is applied, where each connected
component contributes multiple voting points rather than a single one, thereby improving positional accuracy for
non-uniformly slanted lines. In the post-processing stage, line merging, recovery of missed lines, and character-
level vertical segmentation using skeleton-based techniques are performed. Evaluation on 152 multilingual
documents (English, Greek, French, and German), comprising 3382 text lines, achieved a 95.8% detection rate
and 93.8% recognition accuracy. These results outperformed projection-profile, uncertainty-based, run-length,
and standard Hough-based methods. The proposed algorithm effectively integrates connected component
analysis with parametric geometry, ensuring robustness for dense and multi-slanted handwritten texts, while
maintaining computational efficiency.

Later, Louloudis, G., Gatos, B., Pratikakis, I., and Halatsis, C. extended their work by integrating skeleton-
based segmentation and a Gaussian mixture model-based clustering stage to simultaneously handle text-line
and word segmentation within a unified geometric—statistical framework. This approach operates with the same
parameters across multiple languages, including Latin, French, Greek, and German scripts.

Inthe research by Dos Santos, R. P., Clemente, G. S.,Ren, T. ., and Cavalcanti, G. D., afastand morphology-
based method was proposed for handwritten text-line segmentation, optimized for the IAM database. The
method combines mathematical morphology with horizontal (Y-axis) and vertical (X-axis) projection histograms
to accurately detect and refine line boundaries. The process begins with morphological binarization, applying
closing, opening, and thresholding operations to enhance text clarity and suppress background noise. The
Y-axis projection then identifies candidate line regions, while adaptive thresholding eliminates false lines.
During the line reconstruction stage, interruptions caused by descending or ascending strokes are restored.
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Finally, the X-axis projection determines word boundaries and filters out false word segments, preserving only
genuine text regions. Experiments conducted on 150 IAM manuscript pages (1353 lines) yielded a 99% line-
detection accuracy and a 1% false-line rate, confirming the method’s high precision, low computational cost,
and robustness to variations in illumination, skew, and noise.

Du, X., Pan, W., and Bui, T. D. proposed a script-independent text-line segmentation algorithm based
on the Mumford—Shah variational model. The method focuses on processing overlapping or broken lines in
free-style handwritten documents. The algorithm models the image as two homogeneous regions—text and
background—and minimizes the Mumford—Shah energy functional under a piecewise-constant approximation
using the level-set method, thus eliminating the need for explicit iteration control. The procedure consists of
three stages:

(1) Gaussian blurring to enhance horizontal line continuity,

(2) MS-model-based segmentation to isolate text regions, and

(3) morphological erosion and dilation to remove overlapping areas and reconnect broken lines.

Compared with previous level-set—-based methods, this approach is faster, parameter-free, and more robust
to merged or fragmented text lines. It is considered an efficient alternative to the Mumford—Shah functional for
analyzing multi-script handwritten documents.

Papavassiliou, V., Stafylakis, T., Katsouros, V., and Carayannis, G. introduced two novel approaches
for line and word segmentation in handwritten documents. They formulated line segmentation as a Viterbi
algorithm problem, identifying sequences of text and gap regions along vertical zones. For each zone, text
boundaries are modeled using a Hidden Markov Model (HMM), and smoothed projection profiles are employed
for fine segmentation. Separators between zones are merged based on proximity and character density, while
connected components are assigned to the corresponding lines or separated along skeleton paths when
necessary. For word segmentation, the authors proposed a new gap metric based on a soft-margin linear SVM,
which evaluates the separation degree between consecutive components and classifies gaps as either “intra-
word” or “inter-word.” The boundary threshold is automatically selected across the entire page using kernel
density estimation, resulting in a flexible and statistically robust segmentation approach compared to earlier
script-dependent methods.

Alaei, A., Pal, U., and Nagabhushan, P. proposed a novel script-independent algorithm for text-line
segmentation in freehand handwritten documents. To overcome the limitations of projection and Hough-
transform—based techniques, they introduced a “piecewise painting” algorithm, a new technique that divides
the image vertically and smooths black (text) and white (background) regions within each block, improving the
precision of line separation. Then, morphological dilation is used to merge each line into a single component,
while morphological thinning is applied to background regions to generate candidate separator lines. These lines
are analyzed and merged based on length, orientation, and proximity, yielding the final segmented lines. The
algorithm effectively addresses issues of touching and overlapping characters: in the first case, segmentation
is based on minimum stroke thickness, and in the second, components are assigned to their correct line via
contour tracing.

Ryu, J., Koo, H. I., and Cho, N. I. developed a parameter-free line segmentation algorithm capable of
handling various writing styles without modification. The method is based on connected component analysis,
normalizing overly merged components and ensuring consistent interpretation across different scripts
and handwriting types. The algorithm consists of three stages: connected component segmentation and
normalization, component evaluation, and energy minimization—based line formation, together enabling robust
line detection across diverse handwritten documents.

Saabni, R., Asi, A., and EI-Sana, J. proposed a language-independent and binarization-free algorithm
for text-line segmentation in historical manuscripts. Their approach constructs an energy map by combining
character distance transform and gray-level distance transform, and identifies text lines through minimal-energy
paths using dynamic programming. The gray-level algorithm eliminates the binarization step entirely, locating
the median and boundary lines of each text row using medial and border maps. The method was tested on
Arabic, English, Spanish, and Chinese scripts, achieving approximately 98% accuracy on ICDAR 2009 and
specialized historical datasets. It remains stable even in documents with uneven, noisy, or curved lines. The
authors highlighted the method’s advantages: no need for binarization, language independence, and high
precision.

Kavitha, A. S., Shivakumara, P., Kumar, G. H., and Lu, T. proposed a new segmentation technique for
historical Indus manuscripts, which are degraded, low-contrast, and have uneven backgrounds—conditions
under which traditional methods fail. Their approach is based on the observation that text components tend
to be less branched and smoother, while non-text components (such as decorative or animal figures) exhibit
higher branching. To address this, they combined Sobel and Laplacian filters and used gradient intersections to
enhance low-contrast text areas. A skeleton is then extracted from the image, and highly branched components
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are discarded as non-text. In the next step, nearest-neighbor clustering groups components based on spatial
proximity into text and non-text clusters. The number of branches in each cluster is analyzed—clusters with fewer
branches are labeled as text, while those with more are classified as non-text. This technique provides a robust,
language-independent segmentation method for degraded and noisy epigraphic documents, demonstrating the
efficiency of Sobel-Laplacian fusion and clustering-based analysis.

Khare, V., Shivakumara, P., Navya, B. J., Swetha, G. C., Guru, D. S., Pal, U., and Lu, T. introduced
a “Weighted-Gradient Features (WGF)” method for handwritten line segmentation that operates without
binarization and is independent of writing system or language. The core idea is to reduce line overlapping by
enhancing the middle zone of text through a combination of zero-crossing points and gradient magnitudes. First,
Canny edge detection is applied to compute zero-crossing points along text lines, which are then weighted by
gradient values to generate a weighted-gradient image. Next, K-means clustering (K=2) separates text and
background pixels. Morphological filtering and PCA-based linearity analysis are used to determine text-line
orientations and progressively separate touching lines. The method was evaluated on multilingual datasets
(English, Hindi, Tamil, Kannada, Oriya) as well as ICDAR 2013, ICDAR 2015-HTR, and Alaei datasets, achieving
an F-measure of about 97-98%. It performed robustly on noisy and low-quality documents.

Grining, T., Leifert, G., Straul3, T., Michael, J., and Labahn, R. proposed a two-stage approach for text-
line detection in historical documents. In the first stage, an ARU-Net neural network classifies each pixel as a
baseline, separator, or background. In the second stage, the results are clustered to form the final baselines.
This two-stage method provides an accurate, stable, and efficient solution for curved, irregular, and complex
historical documents.

Kurar Barakat, B., Cohen, R., Droby, A., Rabaev, |., and El-Sana, J. developed an unsupervised,
binarization-free segmentation algorithm for historical manuscripts. It detects streak-like lines crossing text
rows using anisotropic Gaussian filters, and converts them into valid text lines through graph-cut optimization.
The method automatically adapts to various font sizes via auto-scale selection and a component tree structure,
correctly separating touching characters. Tests on cBAD and DIVA-HisDB datasets achieved F-measure =
86.38% and Line IU = 99.46%, respectively. The algorithm is fast, unsupervised, and language-independent,
performing effectively on curved, blurred, and low-quality historical pages.

Hu, P., Wang, W., Li, Q., and Wang, T. proposed a method for segmenting overlapping text lines in Tibetan
Uchen manuscripts, based on local baseline detection and connected component distribution. The process
begins by identifying false lines through horizontal projection and straight-line detection, followed by local
baseline extraction. A convolutional neural network then distinguishes between character-to-character and
character-to-line overlaps. Finally, skeletonization and watershed segmentation algorithms separate connected
components, which are subsequently assigned to appropriate lines according to their position relative to the
baseline. The method demonstrated high accuracy in processing curved, distorted, overlapping, and broken
lines, proving to be a robust, efficient, and binarization-free solution for Tibetan Uchen manuscripts.

Sahare, P.,, Tembhurne, J. V., Parate, M. R., Diwan, T., and Dhok, S. B. introduced a graph-based shortest-
path approach for script-independent document segmentation. The method treats each pixel as a node and
applies the Dijkstra algorithm to identify text-line boundaries through the shortest paths. An energy map is then
generated via wavelet transform, and Gaussian filtering with connected component analysis is used to isolate
words. The algorithm functions without binarization or language constraints and remains stable on curved or
noisy documents, making it an effective and generalized segmentation technique for multi-script historical
manuscripts.

Kumar, J., Abd-Almageed, W., Kang, L., and Doermann, D. addressed the text-line segmentation problem
in handwritten Arabic manuscripts, tackling challenges such as diacritical marks, curved writing, and closely
spaced lines. They modeled the segmentation as a graph-based clustering task, where each connected
component’s local orientation is calculated to construct sparsity-based similarity graphs. Lines are first detected
using Breadth-First Search (BFS), then refined through proximity-based clustering that automatically determines
the number of clusters—eliminating the need for prior knowledge of line count. Diacritical marks are assigned
to their respective lines based on bounding box and orientation line analysis. Experiments on a dataset of 125
Arabic pages (1974 lines) achieved up to 95% accuracy. The method performed effectively on curved and
densely written lines while maintaining computational efficiency, though minor errors occurred in fully detecting
diacritics and tightly touching characters. Overall, the integration of global graph analysis with local orientation
estimation makes it a powerful technique for curved-line Arabic manuscripts.

Garz, A., Fischer, A., Sablatnig, R., and Bunke, H. proposed a novel binarization-free approach for text-line
segmentation in historical manuscripts. The goal of the study was to develop a segmentation method robust
to noise on parchment backgrounds (a writing material made from animal skin), ink bleed-through, stains, and
touching text lines. The proposed algorithm works directly on grayscale images, completely avoiding errors that
typically arise during binarization.
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The algorithm operates through several stages:

1. Interest Point Detection — Local structures such as stroke ends, curves, and junctions are detected
using Gaussian difference filtering, forming a simplified model of the document image.

2. Word Clustering — Using the DBSCAN clustering algorithm, high-density points are grouped, each
cluster enclosed in a minimal bounding box, with the main text orientation automatically estimated.

3. Component Separation — Overlapping upper and lower parts are separated via linear-scale
normalization, identifying minimal-energy paths that respect character shape boundaries.

4. Line Reconstruction — Word clusters are linked with neighboring clusters along the main text direction,
and the resulting chain of clusters forms final text lines, merged through a probabilistic map.

This algorithm does not rely on page layout analysis and is independent of language, script, or background
conditions. Therefore, it is particularly well-suited for historical documents, uneven pages, or low-contrast texts.
The study demonstrated the effectiveness of binarization-free segmentation and established a new paradigm
in this field.

Renton, G., Chatelain, C., Adam, S., Kermorvant, C., and Paquet, T. introduced a deep-learning-based
approach for handwritten text-line segmentation using a fully convolutional network (FCN) model. The authors
represented each text line by its average height, which eliminated problems caused by overlapping lines. The
network architecture comprises seven layers: the first two are standard convolutional layers, the next four use
dilated convolutions with dilation rates of 2 and 4, and the final layer performs classification. This architecture
completely removes the need for a merging stage while preserving spatial relationships between lines.

Vo, Q. N., Kim, S. H., Yang, H. J., and Lee, G. S. also proposed an FCN-based method for handwritten
document segmentation. Their model labels each pixel as text or background, generating a line map. A
line adjacency graph (LAG) is then applied to this map to correctly assign touching or partially overlapping
characters to their respective lines. The FCN-pool3 architecture achieved outstanding results with F-measure
= 98.56%, recognition accuracy (RA) = 98.68%, and detection rate (DR) = 98.45% on the ICDAR 2013 dataset,
remaining stable for text lines slanted up to +5°. The approach offers fast processing (=5 seconds per page on
GPU), language independence, and compatibility with multilingual documents (English, Greek, Bengali). The
study proved that the FCN+LAG combination outperforms traditional geometric methods for handwritten text-
line segmentation.

Daldali, M., and Souhar, A. proposed a content-preserving rescaling technique for Arabic handwritten
manuscripts. The algorithm operates directly on grayscale images, using energy maps to find the lowest-
energy paths corresponding to text-line boundaries. It applies dynamic programming to detect inter-line gaps
and then merges local maxima via projection-profile analysis to construct the final baselines. The method is
binarization-free, language-independent, and robust to curved or overlapping text lines, making it a reliable
segmentation technique for degraded historical Arabic documents.

Gader, T. B. A., and Echi, A. K. introduced a deep-learning model named AR2U-Net for Arabic handwritten
text-line segmentation. Based on the U-Net architecture, it incorporates residual blocks, recurrent convolutions,
and an attention mechanism, enhancing performance in detecting complex, curved, and overlapping lines. The
AR2U-Net method is recognized as an advanced, binarization-free, and language-independent model that
performs robustly on intricate Arabic manuscripts.

Mechi, O., Mehri, M., Ingold, R., and Essoukri Ben Amara, N. proposed a two-stage deep-learning
framework for text-line segmentation in historical Arabic and Latin manuscripts. In the first stage, several fully
convolutional networks (U-Net, Dilated FCN, RU-Net, Adaptive U-Net) were compared, with Adaptive U-Net
found to be the most effective for detecting the X-height (main text body) region of text. In the second stage,
structural post-processing was applied, reconstructing final text baselines using sequence-length smoothing
and diacritic component analysis. The proposed two-stage model successfully combines deep learning and
structural analysis, achieving high-precision, language-independent segmentation even on complex, curved,
and noisy historical documents.

Barakat, B. K., Droby, A., Alaasam, R., Madi, B., Rabaey, |., and El-Sana, J. developed a two-stage
approach for handwritten text-line segmentation based on a Fully Convolutional Network (FCN) and energy
minimization. In the first stage, the FCN identifies streak-like lines corresponding to text rows; in the second
stage, a graph-cut optimization method assigns each pixel to its respective text line. The approach incorporates
Gestalt’s principle of proximity, taking into account the spatial coherence of visual elements, which enables
accurate segmentation of curved, overlapping, and irregular-height lines. The method was evaluated on the
VML-AHTE, VML-MOC, and DIVA-HisDB datasets, achieving F-measure = 94.3%, 68.7%, and Line IU =
100%, respectively. The proposed FCN+EM model operates without binarization, is language- and orientation-
independent, and provides an effective segmentation solution for complex, curved, and uneven historical
documents.
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Droby, A., Kurar Barakat, B., Alaasam, R., Madi, B., Rabaey, |., and El-Sana, J. presented a Mask R-CNN-
based deep-learning algorithm for text-line segmentation in historical manuscripts. The main idea is to divide
the page into smaller patches and segment line fragments within each patch using Mask R-CNN; these are
then merged into full-page lines via a line-aggregation algorithm. To refine results, an enhancement stage
automatically corrects merged or split lines. The algorithm performs well without binarization and can handle
Arabic manuscripts with diacritics, curved, intersecting, or uneven lines, producing higher accuracy than
previous deep-learning methods.

Ozseker, i., Demir, A. A., and Ozkaya, U. proposed a Generative Adversarial Network (GAN)-based
model for text-line segmentation in complex handwritten documents. The segmentation task is formulated as
an image-to-image translation problem, where the model generates corresponding line masks for each input
document image. The GAN architecture consists of a U-Net generator and a PatchGAN discriminator. The
proposed GAN-based method effectively detects historical, curved, multi-directional, and overlapping lines,
offering binarization-free and language-independent segmentation. Moreover, it achieves higher accuracy than
Mask R-CNN and FCN+EM approaches.

CONCLUSIONS AND SUGGESTIONS

This study consolidates both traditional and modern approaches to text-line segmentation in handwritten
and historical documents, clearly illustrating their evolutionary development. The analysis covers methods
ranging from projection, Hough, and morphological techniques to probabilistic, energy-minimization, graph-
based approaches, and modern deep-learning architectures such as ARU-Net, Adaptive U-Net, Mask R-CNN,
and GAN. Findings indicate that binarization-free, language-independent, and adaptive methods perform more
robustly under challenging conditions such as curved baselines, touching characters, uneven backgrounds,
and noise. However, challenges remain for dense lines, strong degradation, and diacritic marks. Promising
future directions include integrating multimodal features, self-supervised learning, and adaptive post-
processing mechanisms. This comprehensive analysis provides a strong scientific foundation for improving
digitization processes and establishing more consistent and equitable evaluation metrics in historical document
segmentation research.
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