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Digitizing Cyrillic Manuscripts for the Historical Dictionary of the Serbian Language
Using Handwritten Text Recognition Technology

Abstract

The paper explores the possibilities of using information technologies based
on the principles of machine learning and artificial intelligence in the process
of digitizing Cyrillic manuscripts for the purposes of creating a historical
dictionary of the Serbian language. Empirical research is based on the use
of the Transkribus software platform in the creation of a model for automatic
text recognition of the manuscripts by Gavril Stefanovi¢ Venclovi¢, the most
significant and prolific Serbian cultural enthusiast of the 18th century, whose
extensive manuscript legacy in Serbian vernacular represents the most signif-
icant primary source for the historical dictionary of the Serbian language of
this period. Following the results of conducted research, it can be concluded
that the process of digitizing Cyrillic manuscripts for the purposes of creating
a historical dictionary of the Serbian language can be significantly accelerat-
ed using Transkribus by creating specific and generic models for automatic
text recognition. The advantage of automatic text recognition compared to the
traditional methods is particularly reflected in the possibility of continuous
improvement of the performance of specific and generic models in accordance
with the progress of the transcription process and the increase in the amount
of digitized text that can be used to train a new version of the model.

Keywords

Transkribus, automatic text recognition, artificial intelligence, machine learn-
ing, historical lexicography, serbian language, Gavril Stefanovi¢ Venclovi¢

Pe3siome

B cTarpe mccaeAyioTcs BO3MOXKHOCTY MCIIOAB30BaHMUA MHPOPMAIIMOHHBIX TeX-
HOAOTU1, OCHOBAaHHBIX Ha IIPUHINMIIaX MaIIMHHOTO OOYJYeHMs I MICKYCCTBEHHO-
IO UHTeAAeKTa, B Iporiecce OIM(ppPOBKY KUPUAANIECKUX PYKOIHUCEI B I1eAX
CO34aHNs UICTOPUIECKOTO CAOBapsl CepOCKOTO sA3bIKa. DMIIMPUYECKOe 1ccAe 0Ba-
HIle OCHOBAaHO Ha MCII0Ab30BaHUU IIporpaMmHoil naardopmsl Transkribus npn
CO3JaHNNU MOJAEAU aBTOMaTM4YecKOro paclio3HaBaHU TeKCTa pyKonuceit ['aspu-
aa Credanosuya Benriaosmda, caMoro sHa9MTeABHOTO U ITA0J0BUTOTO CEpOCKO-
ro KyasTypHoro sHTys3muacta XVIII B, ube oOmupHOe pyKOmMCHOe Hacaeaue B
cepOCKOM HapOAHOM SI3BIKe IIpeAcTaBAseT co00i Hanbo.1ee 3HAIUTEABHEII Iep-
BOMCTOYHUK MICTOPUYECKOTO CA0Baps cepOCKOTO A3bIKa, OTHOCAIIETOCs K 9TOMY
nepuogy. Ilo pesyapraTaM HpOBeAeHHOTO MCCAeAOBaHMUA MOXHO CAeAaTh BbI-
BOJ, YTO IpoIfecc oNMPPOBKU KUPUAANIECKUX PYKOINCEN B IIeAAX CO3AaHUA

* The paper was financed by the Ministry of Education, Science and Technological
Development of the Republic of Serbia and German Academic Exchange Service
(DAAD) (project: Automatic Text Recognition of Serbian Medieval Manuscripts and
Early Printed Books: Problems and Perspectives). The previous version entitled Serbian
Written Heritage of the 18th century: Towards Automatic Text Recognition of Gavril
Stefanovic Venclovic’s Manuscripts was presented at the 17th annual conference of the
Slavic Linguistics Society (19-21st September 2022, Hokkaido University, Sapporo,
Japan). The team of authors would like to express its gratitude to Academician Vasilije
Kresti¢ (manager) and Dr. Miroslav Jovanovi¢ (vice manager) of the SASA (Serbian
Academy of Sciences and Arts) Archives for providing the digital copies of Venclovi¢'s
manuscripts used in this paper.
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UCTOPUYECKOTO CAOBapsl CepOCKOTO A3bIKa MOYXKHO 3HAYUTEABHO YCKOPUTH C
nomomsio Transkribus yepes coszanue ompejeaeHHBIX U TeHePUYIECKUX MO/e-
A€l A5 aBTOMATMYECKOTO pacIio3HaBaHMsA TeKcTa. IIpeumyrecTso aBroMarTn-
YEeCKOro pacIio3dHaBaHIs TeKCTa IO CPaBHEHUIO C TPaAUIIMOHHBIM, B 4aCTHOCTH,
BBIpa’kaeTcsl B BO3MOXKHOCTM TIOCTOSIHHOTO YAYYIIEeHUs ITPOM3BOAUTEALHOCTH
ompejeAeHHBIX UM TeHepMYecKuX Mojeadell B COOTBeTCTBUM C XOAOM IIpoIiec-
ca TPaHCKPUMIIUN U yBeAuUdeHNeM o0BbeMa onudPpOBaHHOTO TEKCTa, KOTOPHIN
MOXHO UCIIOAb30BaTh 445 O0y4eHIUs HOBOI BePCUI MOAAN.

Knioyesble CnoBa

Transkribus, aBTomMaTu4eckoe pacriozHaBaHMe TEKCTa, MCKYCCTBEHHBIN MHTeA-
AeKT, MalllMHHOe 00yJeHe, ICTOPIYecKas AeKCUKOrpaduis, cepOCKmMii sA3bIK, I'aB-
pua Credpanosud Benraosma

1. Introduction

Recent research on the use of the Transkribus software platform! for the
automatic recognition of Russian and Serbian Church Slavonic Cyrillic
manuscripts and printed books [Rabus 2019; Polomac, Lutovac Kaznovac
2021; Polomac 2022a; 2022b] triggered the investigation to be performed
in the present article. In his pioneering study, German slavist A. Rabus
[2019a] demonstrated that the first version of the automatically recog-
nized text can be digitized with only 3-4% of misrecognized characters,
using this particular software platform. Furthermore, this could be done
in a significantly shorter amount of time, simultaneously reducing human
and financial resources. The obtained output might later be used for further
philological and linguistic research, especially after a manual correction
(editing) by a competent philologist. The present paper further contributes
by underlining that the models for automatic recognition have been made
available to all Transkribus users; hence, its performance can be checked on
other Slavic medieval manuscripts. A paper by V. Polomac and T. Lutovac
Kaznovac [2021] examined the performance of Rabus’s models for automat-
ic recognition of Serbian medieval manuscripts written in different types
of Cyrillic script. The authors concluded that the application of Rabus’s

1 The Transkribus software platform (https://readcoop.eu/transkribus/) represents a tool
for manual and automatic reading and searching of old manuscripts and printed books,
regardless of the time of creation, language or script. The key advantage of Transkribus
compared to other similar applications is reflected in the ability of the user to create his/
her own model for automatic text reading. Training a model for automatic text reading is
an example of machine learning based on advanced neural networks in which the model
compares photographs of manuscripts and the corresponding letters, words and lines of
text in the diplomatic edition. For more information on the technological background
and the way this platform works, see [Miihlberger et al. 2019; Rabus 2019a].
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models yielded relatively favorable results on Serbian medieval manuscripts
written in poluustav (‘semi-majuscule Cyrillic script’), while the creation
of specific models was suggested for manuscripts written in brzopis (‘dip-
lomatic minuscule Cyrillic script’). The current paper underscores the ne-
cessity of creating specific models for the recognition of Serbian medieval
manuscripts and printed books in particular to speed up the work on cur-
rent projects in historical corpus linguistics and lexicography of the Ser-
bian language. It was precisely the creation of a model for the automatic
recognition of Serbian Church Slavonic printed books that was the focus of
the studies by V. Polomac [2022a; 2022b]. The most important result of the
aforementioned studies relates to the creation of a publicly available gener-
ic model for the automatic recognition of Serbian Church Slavonic printed
books of the 15th and 16th centuries, entitled Dionisio 2.0. In continuation
of the research, the authors of the current study were interested in whether
the Transkribus software platform can be used for the automatic recognition
of the Serbian manuscript heritage of the 18th century, as well as to speed
up the preparation of the electronic corpus for the historical dictionary of
Serbian. Empirical research was conducted on the manuscripts by Gavrilo
Stefanovi¢ Venclovi¢, one of the most significant and prolific Serbian cul-
tural forerunners of the 18th century, whose legacy, written in Serbian
vernacular and the Serbian Church Slavonic language, includes more than
20 manuscripts, with around 10,000 pages in total.? The second chapter
of the paper provides a more detailed presentation of conceptualization of
the Serbian historical dictionary, especially referring to the principles of
text digitization. After a brief review of Venclovi¢’s manuscripts written in
Serbian vernacular, the third, and central chapter of the paper presents and
discusses the results of the experiments on creating and evaluating models
for the automatic recognition of the texts in question using the Transkribus
software platform. The fourth, and final chapter, summarizes the results
and perspectives for further research.

2 All his writings represent autographs—in some of them he left his name in the preface,
afterword or inscription, while others were attributed to him based on paleographic
and orthographic analysis and, possibly, language or illumination. Venclovi¢’s Serbian
Church Slavonic manuscript fund is somewhat more extensive (about 6,200 pages) than
the one in Serbian vernacular (more details here in point 3.1), and it consists mainly of
manuscripts for liturgical purposes. In them, Venclovi¢ appears primarily as a copyist
and illuminator, and less often as an editor or translator [[Tasuh 1972: 98]. The largest
part of Serbian Church Slavonic manuscripts is preserved in the SASA Archives (see
|Crojanosuh 1901: 19-21, 34-36, 38-39, 102-120]) and in the Szentendre Archives
(see [Cunauk et al. 1991: 107-117, 120-121]).
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2. On the Historical Dictionary of the Serbian Language
and Principles of Digitization

A project entitled the Dictionary of the Serbian Language from the 12th to
the 18th Century was established in 2013 as part of the activities of the De-
partment of Language and Literature of Matica srpska. Since the Serbian
historical lexicography still, to a large extent, falls behind the lexicography
of the Slavic world,* creation of such a dictionary represents one of the pri-
mary goals of Serbian diachronic investigations. Materials from the oldest
preserved manuscripts in Serbian (end of the 12th century) until the begin-
ning of the pre-standard phase in the development of the Serbian literary
language (end of the 18th century) represent the corpus for the dictionary.’
Simultaneously, the upper time limit refers to the period from which the
oldest corpus for the Dictionary of Serbo-Croatian Literary and Vernacular
Language [PCAHY] dates, thus ensuring the continuity in the lexicographic
processing of the corpora in Serbian. The corpus was divided into prima-
ry, secondary and tertiary for several reasons. Namely, Serbian vernacular
functioned as a complementary and functionally marked member of a di-
chotomy during the period of diglossia (12th—18th century),®i.e. polyglossia
of the 18th century.” Moreover, it is a well-known fact that the boundaries
between the literary languages and vernacular are often not sharply delin-
eated, yet blurred and fuzzy [PagoBanosuh 2015; Kypemesuh 2016], which
should likewise be taken into consideration. Thus, the primary corpus con-
sists of texts written in Serbian vernacular, which will be lexicographically
processed using total excerption. The secondary corpus is comprised of texts
in which the presence of both Serbian vernacular and literary language/s
was attested. These sources will be processed selectively: only the Serbian
lexis not recorded in the primary sources® will be excerpted. Tertiary sources

3 The project leader is academician Jasmina Grkovi¢-Major (a full member of SASA),
and the project team gathers language historians (experts on the history of Serbian
vernacular and literary language idioms) from the Republic of Serbia, the Republic of
Srpska and the Republic of Montenegro.

4 The only historical dictionary based on Serbian linguistic material is [Tanuduh
1863-1864], which contains not only Serbian but Serbian Church Slavonic corpora, as
well.

> We should use this occasion to emphasize that there is an open possibility for Serbian
words recorded in earlier sources to be processed lexicographically [['pkosuh-Mejiiop
2021: 14].

¢ For more information about diglossia in Serbian medieval literacy see in [I'pkoBuh-
Mejiiop 2007: 443-459].

7 For more information about polyossia in Serbian literacy in the 18th century see:
[Cy6oTuh 2004].

8 More on the secondary corpus of the Serbian historical dictionary cf.: [LIBerkoBuh
Teodunosuh 2021; Jopuh 2021].
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include editions to be taken into account only after we make sure the orig-
inal or its transcription has not been preserved and can be regarded as a
valuable historical and linguistic resource [I'pkoBuh-Mejop 2021: 19]. In
order to ensure reliability in the lexicographic processing of the material,
the intention of the team of authors is to perform the excerption exclusively
from the original, that is, from its digital copy. In addition to defining the
theoretical concept of the dictionary [I'pkoBuh-Mejuop 2021], theoretical
and methodological solutions for various issues of its microstructure have
been proposed in the previous work done so far on the project (cf. [CaBuh,
Munanosuh 2021; Kypemesuh 2021; ITaBnosuh 2021; I'pkoBuh-Mejuiop,
Bjenakosuh 2021; Bjenakouh 2021]), as well as theoretical principles of
digitization [Kypemesuh et al. 2021]. As part of the practical work on the
project, comprehensive registers of corpora for the dictionary have been cre-
ated thus far. Furthermore, digital copies of most sources have been acquired
and manual digitization has already begun.

Since the materials for the historical dictionary of Serbian were written
in different types of Cyrillic and Latin script, the basic principle of digitiza-
tion was to standardize the paleographic variants of the letters according to
the corresponding solutions in the Civil script. For these purposes, the Beo-
gradPro font was used, since it contains all modern Cyrillic and Latin charac-
ters, as well as additional characters for specific old Cyrillic and Latin graph-
emes. The following principles were used for Cyrillic corpora digitization:
1) punctuation is transferred according to the original, 2) abbreviations are
transferred without resolving, with a titlo mark and/or with the superscript
letter written in the exponent where it belongs in the word structure, 3) types
of letters are generalized, and those that have an orthographic function are
retained (e.g. the letters e and € are retained, then o, 0 and w, and the letter
dervis transferred with the letter 7), 4) when it comes to the superscript char-
acters, a titlo mark is transferred (as a mark for an abbreviated word or as a
mark for the numerical value of a letter) and a pajerak mark in its original
place, 5) ligature grapheme connections are resolved, and only traditional
ligatures are retained: 3, ui, ra, K, 10, W and ®, 6) phonetic clusters with proclit-
ics and enclitics are separated, 7) the spelling of compounds, as well as cer-
tain adverbs and conjunctions created by grammaticalization is standardized
in favor of using a hyphen in texts that are not consistent in their use, 8) the
beginning of a line is marked with a vertical line next to which there is also a
number of the row in the exponent, and the end of the sheet is marked with a
double vertical line next to which the number of the sheet/page is written in
the exponent (more details in [Kypemesuh et al. 2021]).

Bearing the scope of the chronological arc of the historical dictionary of
Serbian (12th-18th century) in mind, as well as the volume of its corpus, the
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process of digitization is currently the primary task in the realization of the
project. How demanding this process is, especially in the context of limited
human and financial resources, can be proved by the fact that from 2017 until
today, the material of about 500,000 words (mostly from business and legal
literacy and literary pieces) has been digitized, representing only an insignifi-
cant part of the entire corpus.’ If this process continues in the traditional way
and with this dynamic, it is more likely that it will take decades, rather than
years, to complete. The inclusion of technology for automatic text recognition
in the process of digitization could significantly improve and speed up the
work on the creation of the historical dictionary. Choosing the Transkribus
software platform for this endeavor is suitable for several reasons.'® Not only
is the software characterized by a fairly simple user interface, but also de-
manding computer tasks are performed on the server so that the user does
not need special computer equipment. Additionally, starting from version
Transkribus 1.18.0. this software platform has allowed training and reco-
gnition of textual tags (including text styles such as bold, italic, superscript,
etc.) using the Include Properties option. The final reason is particularly im-
portant since, in accordance with the aforementioned principles of trans-
ferring material for the dictionary into electronic form, superscript letters
and tirlo marks are transferred by raising them to an exponent (Tag as a
superscript).

3. Creating and Evualuating Models for Automatic Text Recognition
of Venclovi¢'s Manuscripts in Serbian Vernacular

3.1. Reflecting upon Venclovi¢'s Legacy Written in Serbian Vernacular

Venclovi¢’s manuscripts in Serbian vernacular were selected for investigating
the possibility of including the Transkribus software platform in the process
of the historical dictionary corpus digitization, as they represent the most
extensive (about 4,400 pages) and important primary source for a dictionary
of 18th century language. The advantage of automatic digitization by means
of artificial intelligence and machine learning compared to traditional manual
digitizing is especially evident when working with voluminous manuscripts,
such as these ones. Manual digitizing requires enormous human, tempo-
ral and financial resources. It is not surprising, therefore, that even though

° At this moment, it is not possible to provide even an approximate estimate of the size of
the corpus by the number of words.

10 Transkribus is not the only software platform for automatic text recognition. At the
University of Paris (Université Paris Sciences et Lettres) an open-access software
platform eScriptorium was developed within the project Scripta-PSL which is currently
most widely used for automatic recognition of Hebrew, Syriac and Arabic manuscripts.
More on the project and platform itself see the following link https://escripta.
hypotheses.org/, as well as in [Kiesling et al. 2019].
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Venclovi¢’s manuscripts were discovered in the second half of the 19th cen-
tury,!! they have not yet received a complete critical edition. In Serbian ver-
nacular, Venclovi¢ composed texts directly addressed to Orthodox believers—
sermons, letters, and lessons. The choice of language is explained in several
places by the need for his presentation to be understandable (according to
[TTaBuh 1972: 120-121]). This part of Venclovi¢’s written legacy includes:
1) Hoyuenuja u cnosa pasauxa (CAHY 94 (271), 1732); 2) Mau dyxoenu I
(CAHY 92 (267), 1733/34); 3) Mau dyxoenu II (CAHY 93 (268), 1733/34);
4) Benukxonocnux (CAHY 97 (136), 1740/41); 5) Cnosa usabparna (CAHY
101 (137), 1743); 6) Ilenmuxocmu (CAHY 98 (272), 1743); 7) XKumuja, cno-
8a u noyke (CAHY 84 (270), 1744/45); 8) Iloyuenuje uzabpanoje I (CAHY 99
(139), 1745); 9) Iloyuenuje usabparoje II (CAHY 100 (269), 1746).12

3.2. Creation and Quantitative Evaluation of the Model

The initial methodological problem was ascribed to the fact that we lacked
high-quality digital copies of any of Venclovi¢’s manuscripts written in Serbi-
an vernacular, or transcripts that could be used to train models for automat-
ic text recognition. By the courtesy of the SASA Archives, digital copies of
the first 100 pages of the manuscript of Crosa uzabpana (CAHY (101) 137)
(hereinafter abbreviated as CAHY 137) were made available to us. The choice
of this manuscript was motivated by the fact that it is one of Venclovi¢’s most
voluminous manuscripts in Serbian vernacular (745 pages in total), with a
very neat and uniform ductus throughout. The process of creating a model for
automatic text recognition started with manual digitization of the first 35 pag-
es of the manuscript in Transkribus. Consequently, we obtained the minimum
amount of Ground Truth data!®* (about 15,000 words) necessary for training
the model.™ During the process, we adhered to the principles of digitizing the

11 Venclovi¢’s manuscripts reached the SASA Archives in 1870 thanks to Gavrilo
Vitkovi¢, who was engaged in collecting antiquities in southern and central Hungary
[Cunzuk et al. 1991: 3].

12 All the mentioned books were created in the parishes of Komdrno and Gyér. They
were described for the first time in [Crojanosuh 1901: 42-51, 84-171]. Based on the
analysis of watermarks, M. Grozdanovi¢-Paji¢ [1992] offered more precise or slightly
different dates of origin for many of them, which we present in this paper. Although
the degree of Venclovi¢’s originality is also questionable here, since we are talking
about adaptations/translations to a considerable extent [ITaBuh 1972: 243-246;
Tpudyuosuh 2009: 68], these manuscripts represent a very important resource in the
study of the history of the Serbian language [MBuh 2014: 112-113].

13 The term Ground Truth Data in machine learning refers to completely accurate
data used to train the model. In our case, these would be exact transcripts of digital
photographs of the manuscript. For more details on this term, see Transkribus Glossary
at https://readcoop.eu/glossary/ground-truth/.

The minimum amount of data necessary to train a model for manuscript recognition is about
15,000 words, while training a model for recognizing printed books requires much less data
(about 5,000 words) [Miihlberger et al. 2019: 959].
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Cyrillic manuscripts for the historical dictionary specified here in chapter 2,
except in case of compounds, certain conjunctions and adverbs. The latter
were always transferred as one word (without a hyphen), since Venclovi¢’s
texts belong to the epoch when the process of grammaticalization of the words
in question had already ended.

The parameters and performance of the first version of the model named
Venclovic¢ 0.1. are shown in the following table.

Table 1. Parameters and performance of the Venclovi¢ 0.1. model

Engine® Word count ~ Word count Number of CERon CERon
on Train Set  on Validation Set epochs®  Test Set  Validation Set"

CITlabHTR+ 15806 717 50 0.57%  6.87%

In the continuation of the transcription process, we used the Venclovic 0.1.
model for automatic digitization of the next 35 pages of the CAHY 137 manu-
script. After manual correction of the automatically obtained transcripts, we
had twice as much Ground Truth data necessary for training the second ver-
sion of the model at our disposal. The parameters and performance of the sec-
ond version of the model entitled Venclovic 0.2. are displayed in the following
table.

Table 2. Parameters and performance of the Venclovi¢ 0.2, model

Engine Word count ~ Word count Number  CERon  CERon
on Train Set  on Validation Set of epochs  Test Set ~ Validation Set

CITlab HTR+ 32039 1675 50 1.39% 4.87%

We digitized the remaining 30 pages using the Venclovic 0.2. model. After
manually correcting the transcripts, we trained the Venclovic 0.3. model, the
parameters and performance of which are presented in the following table.

15 Users of the Transkribus software platform have two engines for model training and
automatic text recognition at their disposal: CITlab HTR+ and PyLaia. Training the
model on the same material using different engines yields almost identical results,
which was also shown in our research. The advantage of the PyLaia engine is reflected
only in the fact that it allows certain changes in its structure, and is thus suitable
for adaptation to the specific needs of users who are familiar with the IT aspects of
machine learning. For more detailed information see Transkribus Glossary at https://
readcoop.eu/glossary/htr-plus/ and https://readcoop.eu/glossary/pylaia,/.

=
N

The term epock in machine learning stands for “one complete presentation of the data
set to be learned to a learning machine” [Burlacu, Rabus 2021: 1].

-
3

In all the models trained to recognize Venclovi¢’s manuscripts described in this paper,
the amount of data in the validation set was 5% of the total training set.
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Table 3. Parameters and performance of the Venclovi¢ 0.3. model

Engine Word count ~ Word count Number CERon CERon
on Train Set  on Validation Set  of epochs  Test Set  Validation Set
CITlab HTR+ 46118 2421 50 2.04% 4.49%

The quantitative indicators of the models for the automatic recognition
of Venclovi¢’s manuscripts can be rated as exceptional, since it was already in
the second version of the model Venclovic 0.2. that the percentage of incor-
rectly recognized characters fell below 5%.!8 In other words, this means that
the model can be trained to automatically recognize the rest of the manuscript
with 95% accuracy only on the basis of one tenth of the manuscript. The prog-
ress in the quantitative performance of the model is more pronounced between
its first and second versions—cf. CER on Validation Set for model Venclovi¢
0.1. and Venclovic 0.2. The Venclovic¢ 0.3. model shows that each subsequent
version of the model exhibits minimal improvement in quantitative perfor-
mance with the new training material. Unfortunately, as we did not possess
digital recordings of the rest of the manuscripts, we were not able to continue
the process of automatic recognition and model enhancement. However, even
based on this experiment, as well as on the experience with training models
for automatic recognition of Serbian Church Slavonic printed books [Polomac
2022a; 2022b], we can assertively assume that further refinement of the model
could lead to the percentage of misrecognized characters dropping even lower.
Nevertheless, insisting on reducing the percentage of incorrectly recognized
characters to an even lower percentage does not contribute much in the prac-
tical sense, since the text obtained by automatic recognition must be edited by
a competent philologist anyhow".

All three versions of Venclovi¢’s manuscripts recognition model were
trained in a fifty-epoch process. The dependency of the training results ex-
pressed by the percentage of incorrectly recognized characters and the num-
ber of epochs for training the model can be shown for each model using the
learning curve. A typical learning curve can be seen in the example of the
Venclovic 0.3. model in Figure 1.

The learning curve demonstrates that, in the process of machine learning,
the model achieves the most significant progress during the first few epochs

8 According to [Miihlberger et al. 2019: 962] it can be considered exceptional if
the percentage of incorrectly recognized characters during automatic manuscript
recognition is less than 5%. In the case of printed books, this percentage can be lower
and amount to about 1-2%. Cf. our results on the material of Serbian Church Slavonic
printed books in [Polomac 2022a; 2022b].

In the paper by J. Besters-Dilger and A. Rabus [2021] a very interesting thesis

was presented stating that a large amount of material obtained by automatic text
recognition and tagging can be used for quantitative linguistic research even without
the manual correction of the text.

e}
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Learning Curve
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Figure 1. The learning curve of the Venclovi¢ 0.3. model

of training. Subsequently, the percentage of incorrectly recognized characters
stabilizes very quickly at a certain level (only after ten epochs). By the end of
the training process, it only slightly decreases, which means that increasing
the number of epochs would not necessarily lead to a lower percentage of
misrecognized characters.

3.38. The Qualitative Analysis of the Venclovi¢ 0.3. Model

Previous research (cf. only [Rabus 2019b: 13]) showed that the percentage of
incorrectly recognized characters was not always a realistic indicator of model
quality. Considering that during the automatic statistical calculation of the
percentage of incorrectly recognized characters all interventions in the text
are taken into account (e.g. insertion, deletion or replacement of characters,
including spaces and punctuation marks),? qualitative indicators of the mod-
el’s success are often better than quantitative ones. For the qualitative analysis
of the Venclovic¢ 0.3. model a comparative display of sheet 90b CAHY 137 was
used along with the automatically digitized text, which is presented in the fol-
lowing figure.

2 For more precise data on the method of calculating the percentage of incorrectly
recognized characters see Transkribus Glossary at https://readcoop.eu/glossary/
character-error-rate-cer/.
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1-2 canuMck8 chOOP'HS aNCIKY CT8 PKBY, HCTOTHHI 3aKOHD .

1-3 xoraHO ce MPO3UBYJIlE MO IPOPOYACKOM CKa31MBAHIO MTH CBIUM

1-4 npkBa, u dXKie oy HiwH SopaBIEcHIE . KAKO HaM allC/rb TaBa-

1-5 oykasse . eq*Ha Bbpa, €'HO Kp'lIeH € EJJaHb O, a He BH-

1-6 me 1o . €TO Te KA'He Bbpe HbpW, Oy3e U XC . Ha CBOR paMe-

1-7 Ha, naKkb 3 Ap'BeHBIM IOLC/IOHOM C YCTHUM KPCTO 33[1HXKe TaMO

1-8 0 rop*Hiera ;KMBOTA . U BIEMA'HO ¢' alTiu xpchaHe 3Ap8KiN .

1-9 1wipre kaHO 8 MOMpPKHEL ¢b cBBhoOM cBsfaa nomposasnia mo-
1-10 c8p'm8IBl MakeHbl U NI'MIMJIKA HOHUCKA . [{UXe ¥BIUCH Kaa Be-
1-11 k8 nam'dans ropshs 3" d:kcrBOM cBbhs Ha KpXb cBOE THIIO .

Figure 2. CAHY 137, part of sheet 90b and the automatically digitized text

A comparison of the photo and the automatically digitized text de-
monstrates that the Venclovic 0.3. model failed to recognize the superscript
textual tag, which, in accordance with the principles of digitizing corpora for
the historical dictionary of Serbian, introduces a superscript letter. The cor-
rection of the automatically cleared text was performed in two steps: in the first
version, all the errors of character recognition were corrected, followed by the
correction of the superscript textual tag that marks superscript letters in the
second step. The percentage of misrecognized characters was identical in both
versions (2.69% in total). The latter indicates that, not only did Transkribus fail
to recognize the superscript textual tag, but also did not take its corrections into
account when calculating misrecognized characters. This fact sheds a different
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light on the quantitative indicators of the model presented in Tables 1-3. The
percentage of incorrectly recognized characters on the validation set does not
include the correction of the superscript textual tag. This actually means that
the quantitative indicators of the model are slightly worse because of the specific
way of marking superscript letters when digitizing the dictionary material.

If we return to our example of a part of sheet 90b and analyze individual
errors in automatic text recognition, we can conclude that, most frequently, the
Venclovic 0.3. model makes mistakes in recognizing superscript letters and a titlo
mark: so instead of canu“cks 2, upksa* 4, nasa’ 4, kpcro 7, kp<"s 11 the model
incorrectly reads canuficks 2, npksa 4, nasa- 4, kpcro 7, kpxs 11. In two exam-
ples, errors were recorded in the recognition of spaces between words: instead
of mo nposania 8, no c8p'nsupt 8/9 the model incorrectly reads nonposania 8,
nocsp'msubl 8/9. Other errors refer to superscript letters and zirlo marks that are
recognized but not raised to a superscript: instead of an‘nks 2, ucro®ss 2, np°p®™
vyackoM 3, cBin™ 3, Ha* 4, an“sis 4, Hppw* 6, 1p'BeHbI" 7, mo*coHo" 7, 4 THU 7, Tam®
7, xp® hane 8, cbho* 9, 6x°reom 10 the model reads aricnks 2, ucrount 2, npopo-
vyackoM 3, cBiuM 3, HaM 4, aricib 4, Hbpo 6, IP'BEHBIM 7, TIOICIOHOM 7, YCTHUM 7,
TaMo 7, xpchane 8, cebhiom 9, 6:cTBom 10. Taking the aforementioned errors into
consideration, it seems that the Venclovic 0.3. model can be rated as excellent
in the qualitative sense, as well. We hope that the problem of not recognizing
textual tags will be solved in the future by technical improvement of Transkribus.
However, even if it stays the same, the process of digitizing texts for the historical
dictionary of the Serbian language will be accelerated significantly.

3.4. Application of the Venclovic 0.3. model on other manuscripts
in Serbian vernacular

In continuation of the research, we hypothesized that the Venclovic 0.3. model,
trained on CAHY 137 material, will be able to successfully automatically
recognize Venclovi¢’s other manuscripts in Serbian vernacular. In order to test
the hypothesis, we created an experiment in which we used the Venclovic 0.3.
model applied to the first ten pages of the manuscript Beauxonocnux (CAHY
97 (136) from the year 1740/41) (hereinafter CAHY 136) and Ioy4enuja
uzabpana I (CAHY 99 (139) from 1745) (hereinafter CAHY 139). These
two manuscripts were chosen for the experiment because they were written
in the same style as CAHY 137, as well as because their high-quality digital
recordings already existed in the SASA Archives.

As can be seen in Graph 1, the quantitative performance of the Venclovic
0.3. model on the manuscripts CAHY 136 and 139 is negligibly lower than
on CAHY 137. Excluding the superscript letters and titlo marks in the super-
script, the percentage of misrecognized characters on CAHY 136 is 5.95%,
and on CAHY 139 is even lower—4.90%.
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Graph 1. Application of the Venclovi¢ 0.3. model on manuscripts CAHY 136 and CAHY 139

For the qualitative evaluation of the result, a comparative view of a part
of sheet 9a of the CAHY 136 manuscript is presented in the following figure.

1-1 nupoB® 3r7(aHs .

1-2 KoM TOMB IOC/I8 HAaXofie TOBOPH, a He CHOCHBI IPUTOBapa, 3ps-

1-3 b 3 psTOM Ce He DOPUTH Hi @ YeM8§ ce SOUNTH . aMa BBl KOMHO XCBO-
1-4 ume Ha ceDbl HOCHTe, M HU CTe C' HIETa TIOT83/H . » OpahoM | J{p8xKu-
1-5 HO XCBa M'HIETOBBIM OYUHIIBI, IOHO BAC U aIlCJIM XBaJie . Te BeJjie . pojie
1-6 H36paH“Hb1 IIPCKOM cifieHie, 3bIKb CTh, JIIOH WO'HOBYIKCHIN . HEro JIN
1-7 na mMare cBoe modpe mocnoBe WOIABUTH, TOMe, KOMHO BaM € JI03Baw

Figure 3. CAHY 136, part of sheet 9a and the automatically recognized text
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Along with the errors in recognizing superscripts: instead of ko* 2, npsgro*
3, X°Bo 3, X°Ba 5, Ba® 5, ar“m 5 there is the incorrect xom 2, npsrom 3, Xcso- 3,
XcBa 5, BaC 5, aricnu 5, the model makes errors in recognizing superscript let-
ters and titlo marks, as well as spaces between words, more frequently than in
the case of the manuscript CAHY 137: thus instead of nposbsrna®us 1, nec-
HOCHBI™ 2, Gpahio 4, a u Hierossl 5, np°ko 6, Ba® 7, the model incorrectly reads
npoBb 3rians 1, He cHocHbI 2, 6pahoM 4, M'HIETOBBIM 5, npckom 6, Bam 7; thus
instead of nposb3rna®us 1, Hecnocuw* 2, x°o 3, nucre 4 the model incorrectly
reads npos®b 3rn4 us 1, He cHOCHBI 2, XCBo- 3, Hu cte 4. Unlike CAHY 137, er-
rors of recognizing a pajerak mark are recorded here: thus instead of ¢ uiera
nonss'iu 4, a U HIETOBBI 5, W6'HOBIEH N 6, w6'raBuTu 7 the model incorrectly
reads c* Hiera nons3nu 4, M'HIETOBBIM 5, ®6"HOB TIEHTH 6, wbraBuTu 7. Errors in
recognizing letters in examples aps- 2, a u Hreross 5 (incorrect 3ps- 2, m"Hiero-
BbiM 5) can be explained by an illegible recording.

For the qualitative evaluation of the results of the efficiency of the model
on the CAHY 139 manuscript, a comparative view of a part of sheet 1b and the
automatically recognized text is displayed in the following figure.

1~ ] i k M"f-ﬁ $
TG ALWHA mg@;/smumnar LA

e
WM&MWMM
ummuﬂpﬁsmm&m%mum

o -
m%mwwmm;
. S 3 L
Mmﬁa;uﬂ*ﬂ&mm&@m
Py
mmmmwﬁmmz €

1-1 mo 3uenie .

1-2 5e3" yacTHa raapes3 iMBa U MHOTPBITTUBaA, aMa

1-3 10 nod'Ha KMBOTa . TOra pajib U CMP*THOM DBICMO

1-4 wcsrieHsl . ¥ Bpars BeJIMKO HallleMb A8II'MaHU

1-5 us, nop psKe M8 Oy B/1afi8 ¢ IOCJIOBU M8 CBOUM 3aHOBe

1-6 TaHU, IOAJIOK'HU Ce JUPHUH'IIEHI0 8Y4UHH CMO JIAKOMO .

1-7 u 3apuT OBe HaMb MaJjio Bp‘cHe OBO cBETCKe mosaa-

1-8 ne cnaacry, ¥ cBake XKeMBe Hallle BOJIK . NaKb €-

Figure 4. CAHY 139, part of sheet 1b and the automatically recognized text
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The previous presentation shows that the Venclovic 0.3. model makes
most frequent errors in recognizing spaces between words: thus instead of
noguenie 1, 6esuactha 2, a Mmanono6'na 2/3, nsm'manuus 4/5, sanoseranu 5/6,
gunHuCcMO 6, MmasioBp'che 7, oBocshcke 7 the model incorrectly reads no guenie
1, 6e3" yactHa 2, ama yio Jo6'Ha 2/3, nsu'Manuns 4/5, saHoBe TaHu 5/6, 8unHU
cMo 6, masio Bp'cHe 7, oBo cBETcke 7. Digitizing superscripts represents an issue
in the following examples: cmp'Tho 3, Benuko™ 4, cBou 5, nonaa’™ 7, 3a”nu 7 the
model incorrectly outputs cmp*tHom 3, Benuko 4, cBoum 5, nonaa- 7, saaui 7. In
relation to this category and in relation to CAHY 137, there are a few examples
with unrecognized superscript textual tag: instead of 6bicM® 3, 10" 5, no*nox’-
Hu 6, nakom® 6, opocsb’cke 7 the model outputs 6bicM0 3, mog 5, ook Hu 6,
nakoMo 6, oso ceETcke 7. The errors in the recognition of the pajerak mark
appeared in two examples only: instead of 6esyactna 2, gupunyenio 6 the
model incorrectly outputs 6es* yactna 2, pupus‘yenio 6.

4, Concluding Remarks and Future Research Perspectives

The results of the previously presented research point to the conclusion that
following the principles of artificial intelligence and machine learning, and
using the Transkribus software platform, the digitization process of Cyrillic
manuscripts can be significantly accelerated in order to create an electron-
ic corpus for the historical dictionary of Serbian. Using the example of the
Gavril Stefanovi¢ Venclovi¢’s manuscripts written in Serbian vernacular of
the 18th century, the study shows that the process of transcription of volumi-
nous manuscripts can be digitized by creating specific models for automatic
text recognition. The Venclovic 0.3. model was created on the material of 100
pages of the voluminous CAHY 137 manuscript (774 pages in total), with an
acceptable percentage of misrecognized characters of about 4-5%. Using the
same model, the rest of the voluminous manuscript CAHY 137 can likewise be
digitized in a significantly shorter amount of time, significantly reducing hu-
man and financial resources, if, of course, complemented by a final proofread-
ing and edition by a competent philologist. The Venclovic 0.3. model can also
be used fairly successfully for the automatic recognition of other Venclovi¢’s
manuscripts in Serbian vernacular written in similar style. The percentage of
incorrectly recognized characters on the CAHY 136 and 139 manuscripts was
around 5-6% and is only slightly lower than the CAHY 137 manuscript on
which the model was trained. The qualitative analysis of the most common er-
rors in automatic recognition can lead to the conclusion that the most frequent
problems the model has pertain to recognizing superscript letters, titlo marks
and spaces between words. Errors in the recognition of a pajerak mark are
much less frequent, and errors in the recognition of regular letters are found
merely exceptionally.
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The recognition of the superscript textual tag used to mark the super-
script letter following the principles of digitization of dictionary materials is
tairly problematic. Although Transkribus ofters the possibility of training and
recognizing textual tags since version 1.18.0., our research has shown that
this option is still not fully applicable.?! Transkribus does not read textual tags
during initial recognition, yet only if there is a version of the digitized text in
Transkribus. In neither case does it take textual tags into account when calcu-
lating misrecognized characters. Therefore, the qualitative performance of the
Venclovi¢ 0.3. model is slightly less efficient than the percentage of incorrectly
recognized characters shows, but still excellent, especially compared to tradi-
tional manual digitizing. This problem could be overcome in the near future
either by further improving the technical performance of Transkribus or by
minimally modifying the principles of digitization and, also by improving the
font, so that superscript letters could be marked with special characters com-
pliant with the Unicode standard. After solving this problem, the manually
digitized material obtained so far throughout the project of digitizing the his-
torical dictionary of Serbian could, after prior preparation, be imported into
Transkribus and used for training specific and generic models to automatically
recognize other Cyrillic manuscripts.

The advantage of automatic text recognition as compared to the tradition-
al process is especially evident in the possibility of constant improvement of the
performance of specific and generic models in accordance with the progress of
the transcription process and the increase in the amount of digitized text that
can be used to train a new version of the model. In order to further improve
the model for automatic text recognition of Venclovi¢’s manuscripts written in
Serbian vernacular, it seems necessary to completely digitize the manuscripts
within the SASA Archives, and to establish cooperation with scientific and
cultural institutions (SASA and Matica srpska) to become potential leaders of
a particular project related to preparing and publishing the critical edition of
Venclovi¢’s manuscripts in Serbian vernacular. With the development of tech-
nology for automatic text recognition, we are not only approaching the critical
edition of Venclovi¢’s manuscripts, but also the possibility of creating a digital
edition and a special electronic corpus.

2 Transkribus software, version 1.20.0. was used for all the experiments described in the
paper.
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