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The article presents the development of an intelligent writing analysis system based on touch trajectories
and spline filtering methods, focused on the diagnosis and development of graphomotor skills in pre-
schoolers in digital writing learning. The relevance of the study is due to the need for early detection of
difficulties in the formation of handwriting and motor coordination using objective digital tools, which is
especially important when preparing children for school.

Polygonal approximation, piecewise linear functions, and Catmull-Rom spline interpolation are used
as the basis for mathematical analysis of trajectories. An algorithm for processing user input is proposed,
which includes the stages of normalization, smoothing, comparison with a digital standard, and error
categorization. The system allows you to take into account the specifics of the tool used (finger or stylus),
distinguish between types of tasks (lines, continuous and discontinuous letters), as well as analyze spatial
and temporal parameters of execution.

As part of the testing, an experimental test of the effectiveness of the Dexterous Fingers application was
conducted on a sample of 110 children aged 4-6 years. The results demonstrated a statistically significant
improvement in graphomotor skills in the experimental group compared with the control group using
paper records (p < 0.001). There was an increase in the proportion of children with a high level of skills,
a decrease in the error rate and an increase in motivation to learn writing.

The proposed system provides teachers with a tool for automated handwriting analysis, building indivi-
dual development trajectories and selecting corrective tasks, and also creates the basis for further integra-
tion of artificial intelligence technologies into the processes of digital pedagogy and monitoring of child-
ren’s development.

Keywords: graphomotor skills, preschoolers, digital writing training, Catmull-Roma spline, intelligent
handwriting analysis system, digital handwriting diagnostics.
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Makanazia 1{udp/IbIK >Ka3y[bl OKBITY >KaFJalibIH/ja MEeKTell yKachlHa AeliHri O6amanapzaa rpadomoTop-
JIBIK, A AbUIap/bl AUarHOCTUKAJIayFa >K9He JaMbITyFa OaFbITTaIFaH CeHCOPJIBIK TPAeKTOPHsiIap MeH CIijia-
WH/BIK CY3Y 3/iCTepiHe Heri3/e/reH jKa3y/bl Ta/l[ay/blH UHTe//IeKTyasl/ibl )KYUeCiH 33ip/iey YChIHbUIFaH.
3epTTey/iH 63eKTiTiri 00beKTUBTI IUQPIbIK KYPaIZap/bH KOMeriMeH Ko/bka30aHb! Ka/IbINMTaCThIPyAarbl
)K9He MOTOP/bl Yi/IeCTipy/eri KUbIHBIKTAp/bl €PTe aHBIKTAY KA)KeTTi/IiriHe OaiylaHbICThI, OYJT acipece
Gasanap/ibl MeKTeITe OKyFa JalibIH/jay[la 6Te MaHbI3/bI.
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KasTbY XABAPHIBICHI - VESTNIK KazUTB - BECTHUK Ka3YTb

TpaekTopusiiap/ibl MaTeMaTHKa/bIK Tasay/[bIH HeTi3i peTiHae KemOypHIIITHI )KYbIKTay, 06/1iK-ChI3bIK-
TBIK, QYHKLIMsL/IAP )KoHe KaTMy/ui—-PoM CriiaiiH MHTeprossALusACHl Ko/AaHbliazbl. Kanbinka KenTipy, Te-
ricTey, CaHIbIK 5TaJIOHMEH CaJIbICThIPY XKoHe Karesiep/li caHaTTay KaJlaM/lapblH KAMTUTBIH Mak/ja1aHy1lbl
eHTi3yiH eHJiey a/lrOpUTMI YCbIHbLIFaH. JKylie Ko/laHbUIaThIH KypaJ//IblH epeKllieliKTepiH (caycak Heme-
ce KajaaMm) ecKepyre, XYMbIC TypJiepiH (CbI3bIKTap, Y31/IMENTIH >KoHe Y3i/IMEeWTiH apinTep) aKblpaTyra,
KeHiCTIiKTiK yKoHe YaKbITTBIK OPbIH/a/Ty TlapaMeTpJ/IepiH TajjayFa MyMKiHZIK Oepei.

Arpobaryst asiceiHza 4-6 kactarel 110 6amaHbIH y/TiCiHIeTi” enTi caycakTap ” KOChIMIIIAChIHBIH THIM-
JiiriHe SKCIIePUMEHTTIK TeKcepy >Kyprisinzi. HaTvkesep Kara3 yka30aapbiH MakziananFad Oakpliay To-
ObIMEeH Ca/bICTBIPFAHZA KCIIEPUMEHTTIK TONTa TPadOMOTOPJIBIK AaFAbLIap/blH, CTaTUCTUKAJIBIK MaHbI-
37161 )KakcapraHbIH KepceTTi (p < 0,001). Jarabuiapsl >korapbl Oananap/plH, y/IeCiHiH apTybl, KaTeTiKrep-
[JliH a3arobl JKIHe >Ka3y/bl YUpeHyTe /leTeH bIHTaHbIH, apTybl TipKeJ/i.

¥ ChIHBITFAH KYle MyFamiM/epre Ko/bka30aHbl aBTOMAaTTaHAbIPbIIFAH Tas/jay, AaMyAbIH XKeKe Tpaek-
TOpUsI/IapbIH KYPY ’K9He TYy3eTy TarCblpMa/lapblH TaHZAy KYpa/blH YCbIHA/Ibl, COHbIMEH KaTap >KaCaH/bl
VHTEJUIEKT TeXHOJIOTUSIAPhIH IUMPIIBIK Melarorhka MeH Oasiasap/blH AaMyblH OaKpliay MporecTepiHe
0JlaH 9pi UHTerpaLusijiay YIIiH Heri3 >Kacai/bl.

TyitiH ce3aep: rpadOMOTOPJIBIK AaFAblIap, MeKTell )KacblHa JeiiHri 6ananap, LudpIIbIK a3yl OKbI-
Ty, crtaiiH Katmynn—Poma, vHTeneKTyanabl Kokaz0aHsl Tasaay sxyieci, nudpiibik Komka30aHbl [ua-
THOCTHKasIay.

UHTEJUIEKTYAJIBHASI CHUCTEMA AHAJIU3A ITMCBbMA HA OCHOBE TPAEKTOPUI
KACAHUIA 1 CINTAMHOBOM ®NIBTPALINN
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e-mail: annvolkova@mail.ru
B craTbe npecTaBieHa pa3paboTKa MHTe/IEKTYalbHOM CHCTeMbI aHa/IM3a MMMChMa Ha OCHOBE Tpaek-
TOpI/Iﬁ KdCdHHUSA U METO0B CILJITAtHOBOU Cl)I/IJ'IpraL[I/II/I, OpHeHTHpDBaHHOﬁ Ha WMarHOCTHUKY W pa3BUTHE
Fpa(fl)OMOTOprIX HABBIKOB Y OOIIKOJ/IBHUKOB B YCJIOBUAX L[I/I(fl)pOBOFO O6YIJEHI/I$I MUCbMY. AKTyaJIbHOCTB
rccrieloBaHusl 00yc/ioB/ieHa He0OX0IUMOCTBI0 PaHHEro BhISIB/IEHUs TPYAHOCTel B (hOpMUPOBAaHUU T10-
yepkKa ¥ MOTOPHOM KOOPJWHALIMU C TIOMOIIbIO 00BeKTHUBHBIX I[U(MPOBLIX HHCTPYMEHTOB, UTO 0COOEHHO
Ba)XHO TIPH TIOJITOTOBKeE ZleTel K 00yUeHUO B IIIKOJIe.

B kauecTBe OCHOBBI [ijisi MaTeMaTHUeCKOTO aHajiM3a TPAeKTOPHU MCIOb30BaHbl TIOIMTOHAIBHAS arl-
MPOKCHMAI[Usi, KyCOUHO-TMHelHbIe (QYHKIUM U UHTeprossius craitHom Katmynn—Poma. TlpeasioskeH
anropuT™M 06paboTKH T0J/Ib30BaTe/IbCKOTO BBOJA, BK/TIOYAOIMIN 3Tarbl HOPMasn3alli, Crla’KUBaHUS,
COTIOCTaB/IeHusI C U(POBBIM 3TAJIOHOM M KaTeropu3alyu oimubok. CrucTeMa Mo3BoJisieT yUUThIBaTh CIie-
MUKy UCMONMb3yeMOoro MHCTPYMeHTa (Tiajiel] WM CTUIYC), pa3/idyaTh TUIbI 3a/laHui (TMHUM, Hepas-
PBIBHBIE U pa3pbIBHbIE OYKBBI), a TaK)Xe aHAIM3UPOBATh MPOCTPAHCTBEHHbIE U BPEMEHHbIE TTapaMeTphbI
BBITIOJTHEHUSI.

B pamkax anpobaruu Obuia poBe/ieHa YKCIepUMeHTabHast TPOBepKa 3 GeKTUBHOCTH MTPUTOKEHHUST
«JIoBKHe TasibuMKu» Ha BbIOOpKe U3 110 feteii 4 - 6 neT. Pe3ynbraThl POJJeMOHCTPUPOBAU CTaTUCTU-
YyeCKH 3HaurMMOoe yiydlleHre rpa()OMOTOPHBIX HAaBbIKOB B 9KCIIePUMeHTa/IbHOW IPyIIIe 10 CPABHEHUIO C
KOHTDOJILHOM, UCTIO/b30BaBIel OymakHbie rporicH (p < 0,001). 3adhukcrpoBaHO yBeTMueHHe 10/ Jie-
Tell C BBICOKMM YPOBHEM HaBBIKOB, CHIKEHHE YaCTOThI OIIMOOK U POCT MOTHBALIMU K 00yUeHHUIO THCHMY.

[IpennoxxeHHast cucTeMa rpefjoCTaB/IsieT NeflaroraM HHCTPYMEHT [i/1s1 aBTOMaTHU3MPOBaHHOIO aHaIu3a
royepkKa, TOCTPOeHUs UH/IUBUIYya/IbHBIX TPAaeKTOPUM pa3BUTUs U TIOA00pa KOPPEKTUPYIOIIUX 3a/JaHUH,
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a TaKXKe CO3JaeT OCHOBY /1/Is1 la/ibHelIlell HHTerpalyy TeEXHOJIOTMM NCKYyCCTBEHHOI'O UHTeJ/IeKTa B Ipo-
1jecchl LM(pOoBOY MejJaroruky U MOHUTOPYHTA Pa3BUTHS JeTel.

KnroueBble c/10Ba: rpa)OMOTOPHBIE HAaBBIKH, [OIIKOIBHUKY, L(PpOBOe 00yueHre MUCbMY, CII/IaliH
Kstmynn—PoMma, MHTe/IeKTyaslbHasi CUCTeMa aHa/iM3a 1ouepka, Lugposas JUarHOCTHUKa IouepKa.

Introduction. Digital writing training and
writing analysis on a device is a promising area
combining pedagogy, neurotechnology, artificial
intelligence and digital interfaces. Digitization of
handwriting, digital handwriting diagnostics and
the creation of digital standards of letters is one
of the urgent interdisciplinary problems of modern
education, medicine and criminology.

Much attention in the scientific literature is paid
to assessing the development of graphormotor skills
of preschoolers using digital devices. The article
[1] discusses a tablet-based platform designed to
quantify graphomotor skills, focused on both the
speed of pen movement and the quality of graphics
output. In the article [2], the author studied the
development of handwriting and fine motor skills
in preschoolers using digital devices and analyzed
the influence of handwriting on academic success.

The article [3] discusses an experimental study
that tests an innovative tactile device designed to
analyze graphomotor performance and coordination
of movements in real time. The article [4]
discusses an original approach to the diagnosis of
graphomotor disorders using an objective analysis
of handwritten text on the Internet. It presents
the ”Graphomotor and Handwriting Disorders
Assessment Scale” (GHDRS), which allows for a
detailed assessment of children’ s difficulties with
writing. The article [5] discusses the assessment of
graphomotor skills in preschoolers and elementary
school students using graphic tablets. The article
[6] presents an analysis of graphomotor skills using
graphic tablets, which focuses on a tool for the
preliminary diagnosis of dysgraphy.

The relevance of this study is due to the fact
that the development of models, methods and
algorithms for early diagnosis of graphomotor
skills of preschoolers when learning to write using
digital devices will help to timely select corrective
tasks, which will have a positive impact on school
preparation.

The purpose of the study is to substantiate and
test the use of the Catmull-Rom spline for letter
spelling analysis in digital writing training, as well
as the developed algorithm for error analysis in
writing training.

The hypothesis of the study is that the use of
an electronic application containing an intelligent
writing analysis system ”Dexterous Fingers” will
increase the interest of preschoolers in learning
to write, and the built-in intelligent writing
analysis system will help educators to timely select
corrective tasks for preschoolers.

Materials and methods. When digitally
teaching preschoolers to write using electronic
applications, the images shown in Figure 1 were
obtained.

It was revealed that when doing tasks on the
tablet, preschoolers make the same mistakes as
when doing tasks in the registration form.

The most commonly used tools for solving
problems of the accuracy of writing letters and lines
of various trajectories on digital devices are [7]:

- Polygonal approximation -
trajectory into segments;

dividing the

- Piecewise linear model - analysis of shapes and
angles in letter elements;

- Splines (for example, Catmull-Rom) -
smoothing of trajectories for shape analysis;

- Speed filtering - removing noise, identifying
significant phases of movement;

- Similarity metrics: DTW (dynamic Time
Alignment), Hausdorff Distance, etc.

In our case, the mathematical apparatus
underlying the analysis of the results of drawing
a curve on a tablet screen is a polygonal chain
(Piecewise linear function). The input data for
constructing the trajectory is formed from a
sequence of user touch points S = {Pg, P, ,...,P.},
where each point Pj =(x; ,y;) represents coordinates
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on the touch screen. This sequence of points is used
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Fig.1 - Examples of completing tasks

A polygonal chain L is defined as the union
of straight line segments connecting consecutive
points of tangency.

Each segment P, P, is a linear function. Thus,
the entire trajectory at this stage is a piecewise linear
function.

To improve the visual quality and eliminate
the sharp angles characteristic of a polygonal
chain, smoothing based on the Catmull-Rum spline
is used. The Catmull-Roma spline is a type of
cubic Hermitian spline that has the property of
interpolation, that is, the constructed curve passes
through all specified control points.

To construct a segment of the C,(t) curve of the
Catmull-Roma spline between two control points Py
and P, ., (where P, are the points of the original
polygonal chain), four consecutive control points
are used: P, _,, Py, P,,¢, Py,,. The parameter t varies
from 0 to 1. The segment of the curve C, (t) for
t [0,1] can be represented in the following matrix
form (2):

Py

By,
P
Pyig

C,(t) = [t3t*t1] Mg 2)

where M is the Catmull-Rum basis matrix:
1

—1
B
0

This shape corresponds to the standard Catmull-
Roma spline with a tension parameter 1=0.5, which
provides a so-called ”centripetal” spline that copes
well with possible self-intersections and sharp
angles with uneven point distribution.

For the extreme segments of the polygonal chain
(initial and final), special processing is required, for
example, by duplicating the extreme points (P_; =
P, u P, ,; = P,) in order to provide a sufficient
number of control points for the formula [9].

Using the Catmull-Rom spline allows you to
achieve continuity of the curve at the points where
the segments connect (with the possible exception
of the start and end points of the entire curve), which
ensures a smooth transition between segments and
eliminates visual kinks. This approach effectively
combines the accuracy of the basic polygonal chain
approximation with the aesthetics of a smooth curve
without the need for additional manual correction
[10].

A system of parameters reflecting the key
characteristics of the writing process has been
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developed for the quantitative and qualitative

assessment of a child’ s graphomotor skills.

These parameters allow you to capture and
interpret the features of the outline of the
lines, providing an objective diagnosis of
deviations and developmental dynamics. The
analysis methods are based on mathematical
representations of trajectories and consideration
of time characteristics. Table 1 shows the key
parameters for analyzing a letter based on sources
[11-15].

To analyze the quality of material assimilation, it
is advisable to use a two-way analysis of variance,
the purpose of which is to assess the level of
graphomotor skills relative to the group and time
parameters.

The hypotheses tested within the study are:

Main effect of group: Is there a significant
difference in results between the experimental and
control groups (regardless of time)?

Main effect of time: Is there a significant
difference in results ”before” and ”after” (regardless
of group)?

Interaction of group and time: The improvement
in results in the experimental group is significantly
greater than in the control group. This hypothesis is
key to proving the effectiveness of your application.
If you find a significant interaction, it will be direct
evidence that the use of your application led to an
improvement in skills.

As a result of processing the experimental data,
the following conclusions were obtained:

Significant main effect of ”time” (p<0.05): This
means that, overall, all children’ s skills improved.
This is an expected result, as children grow and
develop.

Insignificant main effect of group” (p>0.05):
This may indicate that at the start of the experiment,
the groups were approximately the same in terms
of skill level, which is a good sign of proper
randomization.

b

Significant interaction of ”group x time’
(p<0.001): This result is the most important. It
shows that the positive change in the experimental
group was statistically significantly greater than in
the control group, which confirms the effectiveness
of your application.

Table 1 - Key parameters for letter analysis

Parameter

Analysis method

Characteristic of the measured parameter

Curvature and angles of
rotation

Polygonal chain

Frequency and sharpness of direction
changes

Length and regularity of

Piecewise linear

The stability of the writing pace

segments function

Smoothness and continuity

Catmull Spline-Roma

Assessment of motor coordination, detection
of tremors

Writing speed
time)

All methods (by point

Associated with confidence and experience

Fluctuations and jerks

filtering

Spline + velocity

Indicators of motor disorders or overwork

A comparative analysis of the characteristics of
various input methods makes it possible to increase
the accuracy of interpretation of graphomotor data
and adapt processing algorithms taking into account

the specifics of the device. Special attention is
paid to the differences between the stylus and
the finger as the main tools for user interaction
with the screen. These differences affect both
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the physical and technical parameters (accuracy,
sensitivity, pressure support) and the shape features,
which affects the choice of filtering, smoothing,
and interpretation methods. Table 2 shows the key

differences between a stylus and a finger, which are
taken into account in the analysis process based on
sources [16-19].

Table 2 - Key differences between a stylus and a finger

Parameter

Stylus

Finger

Positioning accuracy

High (up to ~0.1mm)

Medium/Low (~2-4 mm)

Sensor frequency

Higher (60-240 Hz)

No Lower (30-60 Hz)

No

Pressure support

Yes (for many models)

The presence of tilt (tilt)

Yes (for some models)

No

Line thickness

Variable (depending on pressure)

Static or severely limited

The naturalness of writing

Closer to the paper

Less controlled, more rounded

When analyzing a curve drawn with a finger,
the permissible deviations increase when compared
with the reference. For a stylus, a lower error is
allowed, and the accuracy requirements are higher.

To analyze the spelling of letters, it is necessary
to create a digital reference letter or font.

"letter™: "A",
"strokes™: |
"order™: 1,
"points™: [ {"x": 50, "y":
: 8@, "y": %@} 1,

For example, for the letter ”L” it can be
three points: upper, lower center, upper right.
For more complex curves, more points will be
needed to adequately describe the shape. Letter
standards, including their coordinate representation
and metadata, should be stored in the application as
JSON or XML files (Figure 2).

10}, {"x":

"direction_start_point_index": @,
"direction_end_point_index"™: 2

"arder": 2,
"points™: [ {"x":

35, uyu:

sal, {"x":

"direction_start_point_index": @,
"direction_end_point_index™: 1

"total_strokes™: 2

Fig.2 - An example of a letter structure in JSON

For an objective assessment of graphomotor
skills, the algorithm for error analysis in writing
training presented in Figure 3 provides a
comprehensive error analysis when the user
performs graphomotor tasks in the Dexterous
Fingers electronic application. The process begins

with receiving input data and ends with the
formation of an assessment and feedback.

A: The beginning. This block represents the entry
point to the error analysis algorithm.

B: Data from the user (points, events). At this
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stage, the system receives primary data about
user actions. This data includes a sequence of
coordinate points (x, y) recorded when touching
the touchscreen, timestamps for each point, and
the type of accompanying event (for example,
the beginning of the touch is ACTION_DOWN,
movement is ACTION_MOVE, and the end of the
touch is ACTION_UP). This information forms the
“raw” trail left by the user.

C: A reference for standard assignments/letters.

P

In parallel with user input, the system accesses its
database to download a reference representation of
the current task. The standard is a digital model
of perfect execution. It can be a trajectory for a
simple graphic element (*Track”), the shape of
an unbroken letter, or a set of strokes indicating
their characteristics (shape, order, direction) for
discontinuous letters. Benchmarks are usually
stored in a structured format (for example, JSON)
and contain all the necessary information for
comparison.

| B: Data from the user (points, events) |

v

| C: Benchmark for standardised tasks/lctters |

7

| D: Pre-processing

of user input |

G: Unbroken letter
(1 stroke)

F: Simple Linc/Track

H: Breakout letter (multiple
strokes)

¥

v
F1, G1: Single user stroke processing: ‘

H1: Segmentierung von Benutzereingaben (basierend auf

Touch/Tap-Ereignissen)

Normalise, Smooth

\

H2: Verarbeitung der eindelnen Striche: Normalisierung,

Glittung; |

I |

v

A 4

Fl, G1: Laden der referenzspur

Referenzstriche mit Metadaten: Reihenfolge, Richtung)

H3: Laden eciner Berstbuchstabenreferenz (Liste der

A

F2.G2: Abgleich: Benutzerdefinierter
Strich und Referenzpfad

matches

3" 1: Checking the strol
sequence

- Vergleich der Schlaganfallzahlen (Benutzer vs. Benchmarky=

yes
115_2: Strokes are out o
order

don't
match

H6: Pairwise comparison of
user and reference strokes

/

’ J: Identification and categorisation of errors |

|

‘ I: Calculation of deviations |

v

‘ K: Comprehensive error assessment and aggregation (Calculation of final score) |

¥

L: Results of the analysis feedback

Fig.3 - Error analysis algorithm for learning writing

D: Preprocessing user input.

Before the main analysis, the user’ s “raw”

data goes through a preprocessing stage. This may
include:
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— determining the type of input tool (stylus
or finger, which may affect the thresholds for
analysis),

— filtering noise (for example, removing points
that are too close due to shaking),

— preparing data for further segmentation and
analysis.

E: The type of task. This is a key decision-making
node, where the algorithm determines the nature of
the current task in order to choose the appropriate
analysis path. There are three main types of tasks:

F: A simple line/Track (for example, tracing
straight, wavy lines).

G: An unbroken letter (1 stroke) (letters that are
written in one continuous motion).

H: A discontinuous letter (several strokes)
(letters consisting of two or more separate
elements/strokes).

Processing for paths F (Simple Line/Track) and
G (Continuous Letter): Since both of these types of
tasks usually involve a single continuous stroke on
the user’ s part, their initial processing is similar:

F1, G1 (Step 1): Processing a single user stroke:
Normalization, Smoothing. The custom stroke is
first normalized — its size and position are adjusted
to the standard form so that the comparison with
the reference is invariant to the scale and place of
writing. Then the normalized stroke is smoothed,
for example, using the Catmull-Rum spline, to
eliminate small vibrations and obtain a clearer
representation of the intended trajectory.

F1, G1 (Step 2): Loading the reference path.

The corresponding reference for a given line or
continuous letter is extracted.

F2, G2: Matching a custom stroke with a
reference path. The processed custom stroke is
directly compared with the reference path. The
results of this comparison (data on similarities and
differences) are transferred to the general deviation
calculation unit (I).

Processing for the path H (Discontinuous letter):

This path is designed to analyze letters consisting
of several separate strokes, and involves more
complex logic.:

H1: Segmentation of user input into strokes. All
user input for a given letter is divided into separate
strokes. Stroke boundaries are used for events when
the tool is lifted off the screen (ACTION_UP) and
then touched again (ACTION_DOWN).

H2: Processing each user stroke: Normalization,
Smoothing. Each identified custom stroke
undergoes an individual normalization and
smoothing procedure, similar to that described in
F1, G1 (Step 1).

H3: Loading the broken letter reference. A
reference is loaded, which for such letters is a list
of individual reference strokes, including metadata
about their correct execution order and, possibly,
direction.

H4: Comparing the number of strokes (user and
reference).

If the number of strokes drawn by the user does
not match the reference one, the algorithm proceeds
according to the scheme to Block H6: Step-by-
step comparison of the user’ s strokes and the
reference one. This implies an attempt to perform
an analysis based on the available data, perhaps
to identify missing or superfluous strokes, or for
the best possible comparison. The results of such a
comparison are then sent to the error identification
unit (J).

If the number of strokes matches, the check
continues in Block H5_1: Checking the sequence
of strokes. It analyzes whether the time order of
custom strokes corresponds to the prescribed order
in the reference.

If the sequence is correct (“yes”), then the
analysis process proceeds to Block I: Calculation
of deviations, where a detailed comparison of each
pair of matched strokes (user and reference) will be
carried out.

If the sequence is broken (”no”), this is recorded
as an error in Block H5_2: The stroke order
is broken, and information about this error is
transmitted directly to Block J: Error identification
and categorization.

General stages of analysis (Blocks I, J, K, L):

After the custom strokes (or stroke) are compared
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with the reference ones (for paths F, G, or a
successful branch H), or if the analysis has moved
on to processing structural errors (from H4/H6,
H5_2), the following general steps are performed:

I: Calculation of deviations. This block quantifies
the differences between the actual spelling and
the reference for the compared strokes. Metrics
are calculated, such as: the average and maximum
distance from the points of the user curve to the
reference line, the difference in angles between
segments, deviations in the starting/ending points of
strokes, as well as possibly more complex metrics of

curve similarity (for example, the Frechet distance).

For multi-stroke letters, the relative position and
proportions of strokes can also be analyzed here.

J: Identification and categorization of errors.

Based on the calculated deviations (from block
I) and information about structural errors (for
example, an incorrect number of strokes from
H4/H6 or a violation of the order from H5_2),
the algorithm identifies and classifies specific
types of errors. Examples of categories: significant
distortion of the shape, going beyond the contour,
incorrect direction of movement, incorrect number
or order of elements, violation of proportions.

K: Comprehensive assessment and aggregation
of errors (Calculation of ErrorCount / Final
Score). All identified errors and their severity are
aggregated into a single comprehensive assessment.

This can be a numerical indicator, such as
ErrorCount (the total number of errors, as in the
user’ s CSV file), or the percentage of accuracy
(for example, calculated using the formula P = (1
- E/n) x 100%), or a more detailed error profile.
At this stage, weights can be applied for different
types of errors depending on their criticality.L:
Analysis results / Feedback. The final assessment
and information about specific errors (possibly with
recommendations for their correction) are generated
to provide feedback to the user directly in the
application, as well as for saving and subsequent use
in reports for parents and teachers.

Based on the types and number of errors, the
application can give the user specific hints (for
example, ”Start this line a little higher”, ”Lead the
line more smoothly”, ”You missed one element”).

Results and discussion. The results of a
randomized controlled trial of 110 children aged
4-6 years in kindergartens in Petropavlovsk and
the North Kazakhstan region were used as an
empirical basis to confirm the effectiveness of
an electronic application containing an intelligent
writing analysis system “Dexterous Fingers”. The
children were randomly divided into two groups: an
experimental group (using the app) and a control
group (performing tasks on paper). The level of
graphomotor skills development in 4-6-year-olds
before the introduction of the Dexterous Fingers
electronic application is shown in Table 3.

Table 3 - The level of graphomotor skills development in children aged 4-6 years (before
the introduction of the Dexterous Fingers electronic application)

Level
Groups
high medium low
experimental (54 children) | 8 (14%) | 23 (43%) | 23 (43%)
control (56 children) 8 (14%) | 21 (38%) | 27 (48%)

For classes on the development of writing
and graphomotor skills in the experimental group,
an electronic application containing an intelligent
writing analysis system ”Dexterous Fingers” was
used. At the end of each lesson, the teacher in the
experimental group generated an Excel report file

on the quality of tasks performed by preschoolers.
An example of the report is shown in Figure 4. The
report shows how many children from the group
completed the task correctly and how many children
made mistakes. When you click on the "NAME”
link, the teacher receives a list of children.
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A B C
Task

Writing a letter
You did it right

Made mistakes

Failed to comply

=== B B T O B SR S Ry N

Total

[y
=

D E F
npn
7 Name
21 Name
0 Name
28

Fig.4 - Task completion report for the tutor

A B

1 |Letter "AY
2

3 |Done

a4

5 |Letter "B"
6

7 |Done

8

9 |Letter e
10

11 |Done

12

13 Letter ik
14

15 |Done

C D
80 % Mistakes
100 % Mistakes
100 % Mistakes
30 % Mistakes

Fig.5 - Individual report on the progress of writing letters

A file is also generated for each child in
accordance with Figure 5, which records the
progress of writing letters in percentage terms. The
percentage of completion is calculated according to
the error analysis algorithm. A database of mistakes
is formed for each letter, so that in the future the
teacher can select corrective tasks.

During the prescribed period, the children
systematically completed tasks aimed at developing

graphomotor skills, taking into account the
recommendations of the Dexterous Fingers
electronic application. The results of the survey are
presented in Table 4 and Figure 6.

Table 4 shows that the experimental group is
characterized by better development of graphic
skills: the majority of children are at intermediate
and high levels (79%), while in the control group
almost half of the children have a low level (45%).
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Table 4 - The level of graphomotor skills development in 4-6-year-olds (after the
introduction of the Dexterous Fingers electronic application)

Level
Groups
high medium low
experimental (54 children) | 25 (46%) | 18 (33%) | 11 (21%)
control (56 children) 10 (18%) | 21 (37%) | 25 (45%)

The level of development of graphomotor skills after testing the
electronic application "Dexterous fingers"

20% 46% 45%

45%
40% 37%

35% 33%

30%
2% 21%
20%
15%
10%

5%

0%

EG

18%

CG

m high mmedium

low

Fig.6 - The level of development of graphomotor skills in children aged 4-6 years after testing the electronic
application ”Dexterous fingers”

Statistical analysis showed no differences
between the groups at the entrance and a significant
improvement in the results in the experimental
group after using the application, especially
in the age subgroups of 4-5 and 5-6 years
(p < 0.001). Improved accuracy, smoothness

and coordination of movements were recorded.

Qualitative observations by teachers confirmed
the high level of motivation and involvement of
children in working with the digital tool.

Conclusions.The conducted research has
confirmed the effectiveness of the use of
intelligent systems in digital writing teaching
among preschoolers. The developed system
for analyzing writing trajectories based on
polygonal approximation, piecewise linear models
and the Catmull-Rom spline provides accurate

and visual diagnostics of graphomotor skills.

Unlike traditional approaches, the proposed
algorithm allows taking into account the
individual characteristics of the tasks, automatically
identifying typical errors and forming feedback for
both the child and the teacher.

The results of the approbation conducted in
preschool institutions of the North Kazakhstan
region showed a statistically significant
improvement in graphomotor skills in children
using the Dexterous Fingers electronic application.
Improving the accuracy of movements, improving
coordination, reducing the number of typical errors
and increasing motivation to learn to write indicate
the high practical importance of the developed
system.

The introduction of such a digital tool into
educational practice allows not only to personalize
learning, but also lays the foundation for the
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formation of a flexible digital environment for
diagnosis and correction. In the future, it is possible
to integrate this system with adaptive learning
platforms, develop automated classification of
writing disorders, and expand functionality through
neural network data analysis methods.

Based on the analysis, this study successfully
demonstrates the effectiveness of the “Dexterous
Fingers” intelligent system in developing
graphomotor skills in preschoolers. A two-way
analysis of variance confirmed that the application’
s use resulted in a statistically significant
improvement in children’ s skills. While a general
improvement in skills was observed over time in all
participants, the most crucial finding was the highly

significant interaction between group and time.

This result confirms that the positive change in the
experimental group was substantially greater than
in the control group, establishing the application as
the primary driver of the observed progress. Based
on these findings, we recommend integrating the
system into early childhood educational programs

as an objective and effective tool for diagnosis and
correction, with a view to exploring the potential
of neural networks in future research to further
enhance its diagnostic accuracy and adaptability.

Thus, the system of intellectual analysis of
writing presented in the work can be used as
an effective diagnostic and developmental tool in
the practice of preschool education and primary
education.

Funding: This research is funded by the
Committee of Science of the Ministry of Science and
Higher Education of the Republic of Kazakhstan
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of graphomotor skills in children aged 4-
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Karymsakova.).

Note: During the preparation of the article,
artificial intelligence tools were used, including the
GPT-4 language model provided by OpenAl. The
model was used exclusively to assist in text editing
and structuring scientific presentation [20].
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