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Abstract

The article is devoted to the development and application of an algorithm for analyzing graphomotor
writing trajectories in digital educational systems using the Catmull-Rom spline. The problem of improving the
accuracy and stability of processing user input received from touch devices (stylus or finger) in the context of
digital writing learning is considered. The proposed method includes the stages of coordinate data collection,
normalization, noise filtering, and trajectory smoothing. The Catmull-Roma spline is used to ensure the continuity
of curves and preserve key motion features, which increases the accuracy of comparison with reference patterns.

The paper presents a computational algorithm that implements an automatic assessment of the quality of
letter writing based on a number of parameters: curvature, angular deviations, speed stability and the number of
strokes. The algorithm is integrated into a digital diagnostic system capable of generating detailed reports,
identifying common errors, and offering personalized tasks. The developed solution can be used in intelligent
learning platforms, biometric authentication systems, neuropsychological diagnostics and computer forensics.

The proposed approach demonstrates high adaptability to various input scenarios and provides the basis for
building more complex machine learning systems focused on recognizing, analyzing, and generating handwritten
text.

Keywords: Catmull-Rom spline, algorithmic analysis, digital diagnostics, processing of writing
trajectories, intelligent systems, mathematical modeling, educational technologies.
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Amnjarna

Maxkana Karmynn-PoM crimaitHeH KoJgaHa OTHIPSI, HH(PIBIK O1miM Oepy »KyHenepinae rpadoMoTOpPIIbI
JKa3y TPACKTOPHACHIH Tajgay AJTOPUTMIH 93IpacyTe >KOHC KomaHyra apHayFaH. CaHOBIK JKa3yabl OKBITY
KOHTEKCTIH/IE CEHCOPIBIK KYPBUIFbIIAPIAH (KaJaM HEMECE CAaycak) ajbIHFAH MaHaJaHyIIbl CHri3ylH OHICYdiH
JIONAITI MEH TYPAKTBUIBIFBIH APTTHIPY MACENIECi KapacThIPhLTy1a. ¥ ChIHBIIFAH 9/JiC KOOPAMHATANIBIK ACPEKTEPAi
JKHHAY, KAJbIIKA KENTIPY, MYyIbI CY3y JKOHE TPACKTOPISTIAPIABI TETIiCTeY KaaaMaaphH KamTuabl. Karmymn-Pom
CrumaliH KHCBIKTapABIH Y3AIKCI3AITiH KAMTAMACHI3 €Ty *KOHE KO3FAIBICTBIH HETI3T1 EPEKIICIIKTEPiH CaKTay YIIiH
KOJIZIAHBLIAABL, OYJT AaHBIKTAMAJIBIK YITIJIEPMEH CANBICTBIPY ASJIITIH apTTHIPAIBL.

JKympicra opinTep ChI30achIHbIH CaNachIH OipKaTap mapaMeTpiep OOHBIHINAG AaBTOMATTHI Oaraay Ibl Ky3ere
achIPATHIH €CETEY AMTOPUTMI OCPIAreH: KUCHIKTHIK, OYPBIMITHIK aybITKYIAp, *KbUITAMABIK TYPAKTBUIBIFEI )KOHE
COKKBUIAp CaHbl. ANTOPHTM EIKEH-TEIKECHI €CenTep i KATBINTACTBHIPYFA, THNTIK KATEIEPAl aHBIKTAyFa >KOHE
JKEKE TaICHIPMATIAp/Ibl YCHIHYFA KaOIICTTI CAaHIBIK JHATHOCTHKAIBIK XKyHere OIpiKTIpIreH. O3ipIeHICH MeiM
HHTCJUICKTYANABl  OKBITY  IUIaropManapbiHAa,  OMOMETPISUIBIK  ayTeHTHQHKAWs  sKyHelepiHze,
HEWPOTICHXOJIOTHSITIBIK JHATHOCTHKA/IA KIHE KOMITBIOTCPIIIK KPHMHHAIACTHKAIA KOJIJAHBIIYBI MYMKIH.

YCBHIHBUFAH TOCILI OPTYPJl CHTI3y CICHAPHMIJICPIHE >XOFapbl OcHiMIeIyal KepceTell KOHE KOJDKaz0a
MOTIHIH TaHY¥a, TAIAAYFA JKOHE TEHEpaUMsUIayFa OarbITTaIFaH Kypaesl ManmmHaIBIK OKBITY JKYHEIepiH KypyFa
HETi3 Oepeni.
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AHHOTAHSA

Cratss nocesmeHa pa3padoTKEe W MPUMECHEHHIO AITOPHTMA aHAIH3A TPAQOMOTOPHBIX TPACKTOPHH IMHUChMA
B IM()POBBIX 00PA30BATEIBHBIX CHCTEMAX C HCIOIb30BaHHEM CIuIaiiHa Katmymn-Poma. PaccmarpuBaercs 3agaua
TIOBBIIICHUS TOYHOCTH M YCTOHYMBOCTH OOPabOTKH MOJIB30BATEIBCKOTO BBOJA, IOJYUCHHOTO C CEHCOPHBIX
VCTPOHCTB (CTHIIYC WIIH MAaje), B KOHTEKCTE Hu(PPoBOro oOyueHUsI MHChMY. IIpennoKeHHBIH METO BKIIFOYACT
3Tamnsl cO0pa KOOPIMHATHBIX TAHHBIX, HOPMAM3AUKH, (PHIBTPAIMH IIYMOB M CTIIAKUBAHUS Tpackropui. Criaitn
Kormymn-Poma wcmons3yercs a1 OOECHEUCHHS HENPEPBIBHOCTH KPHUBBIX W COXPAHCHUS KIFOUCBBIX
0COOCHHOCTEH IBIKCHMS, UTO MOBBIIIACT TOUYHOCTh CPABHEHHIS C 3TAJIOHHBIMH MIA0IOHAMH.

B pabote mpeacTaBicH BHMHCIHTENBHBIA AITOPUTM, PEATH3YIOIINI ABTOMATHUCCKYIO OIICHKY KadecTBa
HA4YCPTAHU OYKB IO PAAY MAPaMETPOB. KPHBHU3HA, YITIOBBIC OTKJIOHCHHS, CTAOMILHOCTh CKOPOCTH M KOJIHICCTBO
ITPUXOB. AITOPHTM WHTETPHPOBAH B CHCTEMY IH(POBOH JHATHOCTUKH, CIOCOOHYIO (OpMHpPOBATH
JICTATH3APOBAHHBIC OTYETHI, BBLIBIATH THUIOBBIC OINMOKM W IPEJIArarh INEPCOHATM3HPOBAHHBIC 33JAHMS.
PazpaboTaHHOE peIICHHE MOMKET IPUMEHITHCS B HHTCIUICKTYATBHBIX OOyYarommX mIardopMax, CHCTEMax
OmoMeTpPUUECKOH ay TCHTU(HKALIY, HEHPONICHXOIOTHIECKOHN JHATHOCTUKE U KOMITBIOTCPHOI KPHMHHATHCTHKE.

[TpeanoxeHHbIH MOIX0 AEMOHCTPHPYET BBICOKYIO QJANTHBHOCTh K PA3IMYHBIM CICHAPWSIM BBOJA H
00ECTICYMBACT OCHOBY UL IIOCTPOCHHUS 00JIEeE CI0KHBIX CHCTEM MAIIMHHOTO OOYUCHUS, OPHECHTHPOBAHHBIX HA
PACTIO3HABAHKE, AHAJIN3 M TEHEPALMIO PYKOMHCHOTO TEKCTA.

Kmrouernie ciroBa: Catmull-Rom spline, anropurmuteckuii anamms, mu@posad JHATHOCTHKA, 00padoTKa
TPACKTOPUH NHChMA, WHTCIUICKTYAJbHBIC CHCTEMBI, MATEMATHYECKOC MOJCIHMPOBAHHE, OOPA30BATEIBHBIC
TEXHOJIOTHH.

Introduction

Writing analysis on a device is a promising field 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. Analyzing handwriting and writing
letters and symbols using digital tools, methods, models, and algorithms can be used to solve a
variety of tasks. For example:

— Diagnosis and development of graphomotor skills in children;

— Automatic verification of written papers;

— Neuropsychological diagnostics (early diagnosis of neurological diseases such as
Parkinson's disease, dementia, stroke; to monitor patients' condition by changing their
handwriting);

— Assessment of cognitive functions (analysis of motor coordination, reaction speed and
cognitive deviations);

— Identity authentication (biometric identification by handwriting, signatures, security
signatures on documents);

— Forensic examination (comparison of handwriting to establish forgeries or authorship
of manuscripts).
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— Digitization and translation of historical and archival documents, simplification of
archive search;

— Automation of office processes (recognition and translation of handwritten notes, forms
and questionnaires into electronic documents).

— Helping people with disabilities. Converting handwriting into text for the visually
impaired or people with motor impairments and generating "handwriting" based on text to
simulate writing.

— The use of human-machine interfaces, for example, the creation of intelligent
recognition systems (based on machine learning).

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 the framework of digital writing training. The article presents
algorithms for writing analysis and error analysis when learning to write, as well as
demonstrates the possibilities of their use to assess the accuracy and quality of writing letters,
identify deviations from the standard and personalize training tasks when using a digital
learning platform.

Let's consider research in the field of digitization of handwritten text and recognition of
handwritten images. In the study [1], the authors presented advances in handwriting recognition
(HTR), focusing on the digitization of historical documents such as civil registry records in
Belfort. The article [2] presents an improved handwriting recognition system that digitizes
handwritten texts using CNNS and RNNS with LSTM cells, providing an error rate of 8% in
characters and 12% in words after integrating the autocorrect function. The article [3] discusses
handwritten digit recognition using deep learning, in particular convolutional neural networks
(CNNS), with an accuracy of 99.87%. It highlights the potential of future research in the field
of handwriting recognition and symbolism, as well as the application of these systems in various
real-world scenarios. The article [4] presents an author-independent handwriting recognition
system using a pen equipped with a sensor, which allows achieving promising results in
recognizing characters on plain paper without special user training.

Much attention in the scientific literature is paid to assessing the development of
graphormotor skills of preschoolers using digital devices. The article [5] 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 [6], 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 [7] analyzes the graphomotor skills of young children (aged 6 years) when
writing and drawing on a tablet screen. It highlights such characteristics as writing speed and
pressure during these actions. The study involved 108 children, and it was found that those who
created both text and drawings were more common than those who only wrote. It was also noted
that the children showed lower speed and greater stress when drawing compared to writing,
which allowed them to gain an idea of their movement control skills.

The article [8] discusses an experimental study that tests an innovative tactile device
designed to analyze graphomotor performance and coordination of movements in real time. The
article [9] 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
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Handwriting Disorders Assessment Scale" (GHDRS), which allows a detailed assessment of
children's difficulties with writing. The article [10] discusses the assessment of graphomotor
skills in preschoolers and elementary school students using graphic tablets. The article [11]
presents an analysis of graphomotor skills using graphic tablets, which focuses on a tool for the
preliminary diagnosis of dysgraphy.
Materials and methods

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:

— Polygonal approximation — dividing the trajectory into segments;

— 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;

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 = {Po, P1,...,Pm},
where each point P} =(x; ,y;j) represents coordinates on the touch screen. This sequence of points
is used to form a polygonal chain (polyline) [12].

A polygonal chain L is defined as the union of straight line segments connecting
consecutive points of tangency (1):

L = UjZ5 PiPjsa. ey

Each segment P;P;44 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 Ck(t) curve of the Catmull-Roma spline between two
control points Px and Px+1 (where Py are the points of the original polygonal chain), four
consecutive control points are used: Px —1, Pk, Px +1, Px 2. The parameter t varies from O to 1.

The segment of the curve Ci(t) for t€ [0,1] can be represented in the following matrix
form (2):

Py

P
Ce() = [t2 t? t 1M Pkil (2)

Pies2

where Mcr is the Catmull-Rum basis matrix:

-13 -31
1|12 -54 -1
Mer=31"10 1 o ®)
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This shape corresponds to the standard Catmull-Roma spline with a tension parameter
t=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-i = Po u Pm+1= Pm) in order to
provide a sufficient number of control points for the formula [13].

Using the Catmull-Rom spline allows you to achieve C1- curve continuity at the junction
points of the segments (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 [14].

Effective line drawing analysis in teaching writing to children requires consideration of
individual motor skills, sensory input parameters, and the ability to track the dynamics of
changes. This system implements an adaptive algorithm for processing trajectories, including
the steps of determining the method of data entry, filtering and smoothing, comparing them
with reference samples, as well as saving results and building progress reports. The developed
algorithm for analyzing emails with the stages of saving and tracking progress is shown in
Fig. 1

Start

A: Sensor data (coordinates, time, pressure)

B: Input type identilicatio;

C |: Stylus data processing C2: Finger data processing
C: Preprocessing: normalization,
filtering, noise removal

D 1 Construction of a D2: Piecewise linear LW : Catmull-Rom
polygonal chain approximation construction  spline interpolation
El: Analysis of angles, E2: Detection of rhythm E3: Analysis of smoothness
segment lengths, sharp turns  and stability disturbances and trajectory continuity

F: Integrated module for handwriting quality assessment

H: Saving results to the database
E Comparative analysis with previous attempts

K: Building an individual skill development trajectory

G: Report generation and recommendations for the teacher

Figure 1 Writing analysis algorithm

Changing the input method - with a stylus or afinger - significantly affects the algorithm
for analyzing the outline of lines, especially in tasks to assess the quality of writing in children.
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These two input methods differ in sensor specifications, accuracy, pressure level, and trajectory
characteristics, which requires algorithm adaptation.

Description of the stages:

Block B determines the type of input (with a finger or a stylus) using the touch APL
Divides the data into two streams: TOOL TYPE STYLUS and TOOL TYPE FINGER.

Changing the smoothing and filtering parameters. For example, you can use more
aggressive filtering for finger input (for example, median filters or a spline with a large
smoothing parameter). To enter with a stylus, apply smoothing with a lower level that preserves
details.

A system of parameters reflecting the key characteristics of the writing process has been
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 [15-19].

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 segments | Piecewise linear function | The stability of the writing pace

Smoothness and continuity Catmull Spline-Roma Assessment of motor
coordination, detection of tremors

Writing speed All methods (by point time) | Associated with confidence and
experience

Fluctuations and jerks Spline + velocity filtering | 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 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 [20-23].

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)
Pressure support Yes (for many models) No
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
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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.

Blocks C1 and C2 contain different filtering parameters (softer for the stylus, harder for
the finger); different tolerance standards and sampling rates.

Block F aggregates the results from all three approaches, forming a comprehensive
characterization of the child's handwriting, taking into account both the structure of the line and
its dynamic features.

Block H stores numeric metrics, type of analysis, timestamps, device type, and
preschooler ID.

Block I performs a comparative analysis and compares current data with previous ones
(child's profile, date, age).

Block J evaluates the level of assimilation by calculating dynamics based on key metrics
(improvement of smoothness, reduction of fluctuations, etc.).

Metrics used in J:

— average angular deformation (along a polygonal chain);

— the variance of the length of the segments (piecewise linear function);

— the average curvature and its continuity (spline);

— the smoothing coefficient of the trajectory;

— motor stability index (for fluctuations in pressure and speed).

Block K is the formation of an individual trajectory. Output of writing skill level (low,
medium, high), tasks are offered.

Block G. Generates a report on the formation of graphomotor skills in preschool children.

Results and discussion

Creating a digital reference for a letter or font is an important task in the context of
learning to write using digital devices. The importance of creating a digital benchmark is due
to the following factors:

— The lack of uniform standards in digital writing education. Most applications use
arbitrary or stylized letter shapes, which can lead to incorrect learning of the shapes and
negatively affect the child's handwriting.

— Early correction of violations. The standard allows you to record deviations from the
norm (for example, in children with impaired development of fine motor skills), which makes
it possible to connect corrective techniques in time.

— Integration with artificial intelligence. Digital benchmarks are used as a base for training
machine learning models that can recognize, interpret, and correct writing errors, as well as
generate adaptive feedback.

— Consideration of age and physiological characteristics. With digital standards adapted
to age categories, it is possible to more accurately select the level of difficulty of tasks and letter
shapes, taking into account the child's motor and cognitive abilities.

The standard letter should be not just a static image, but a sequence of reference points
and, possibly, additional information about the order and direction of the stroke.

Let's present the main steps for the formation of reference letters and their storage.

1. Graphical representation. A sequence of anchor points (x, y): This is the basic way.
Each letter (or its individual element/stroke) is set as an array of coordinates through which the
line should pass. In fact, this is a piecewise linear function, similar to the one that a child draws.

For example, for the letter "A" it can be three dots: upper, lower center, upper right. For
more complex curves, more points will be needed to adequately describe the shape.
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2. Bezier curves or splines. For smoother and more complex reference curves,
mathematical descriptions such as Bezier curves or splines can be used, for example, the same
Catmull-Rom. The control points of these curves will determine the reference.

3. Metadata of the reference. Number of strokes (elements): How many individual lines
form a letter.

— The order of strokes. In what order should the letter elements be drawn (critical for
learning the correct writing technique).

— The direction of each stroke. The start and end points of each element, indicating the
correct direction of movement.

— Key points. Particularly important points on the trajectory through which the line must
pass (for example, the points of the beginning, end, bend).

— Acceptable deviations (tolerance): You can set a "corridor" around the reference line,
within which writing is considered acceptable.

4. Ways to create benchmarks. Manual rendering by an expert, i.e. the teacher or designer
draws the perfect letter in a graphic editor, then the coordinates of the key points are exported.

Software definition: based on standard fonts and inscriptions, followed by vectorization
and selection of reference points.

An example of storing standards. Letter standards, including their coordinate
representation and metadata, must be stored in the application as JSON or XML files.

The algorithm for error analysis in writing training shown in Figure 2 provides a
comprehensive error analysis when performing graphomotor tasks by the user. 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 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. 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.

D: Preprocessing user input.

Before the main analysis, the user's "raw" data goes through a preprocessing stage. This
may include:

— 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 movement).

H: A discontinuous letter (several strokes) (letters consisting of two or more separate
elements/strokes).
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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 custom 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, Gl (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 includes
more complex logic:

A: Start of the algorithm
B: User data (points, events)

C: Reference lor standard tasks/letters

D: Preliminary processing ot user input

G: Continuous letter : Di i i
F: simple line /Path H: Discontinuous letter (multiple
(1 stroke) strokes)
H1: Segmentation of user input strokes (based on

FI, G 1: Processing ot a single user louch/lift events)

stroke: normalization, smoothing
;er stroke: normalization,

smoothing

FI, GIl: Loading the reference path Ha: Loading the rclcrcncce discontinuous letter (list ot
reference strokes with metadata: order, direction)

F2, G2: Matching: user stroke Stroke count comparison (user vs. referen Docs

reference path Correct not
match

1: Stroke sequent 116: Pai[wise comparison
check ) of user and rclcrence
strokes
H5.2: Stroke order
violation

J: Error identification and categorization

I: Deviation calculation

K: Comprehensive evaluation and error aggregation (final score calculation)

L: Feedback results analysis

Figure 2. Error analysis algorithm
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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 custom 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 a discontinuous 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. 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 HS 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 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, HS 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 the segments, deviations in the starting/ending points of the 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 1) and information about structural errors (for example, an incorrect number of strokes
from H4/H6 or a violation of the order from HS 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
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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").

Conclusions

The most important stage was the development of algorithms for digital processing of
user input. Each interaction with the screen was recorded as a sequence of coordinate points,
touch time, pressure parameters, and type of input device. These data were transformed into
polygonal chains describing the trajectory of movement. In order to improve the accuracy of
visual analysis and subsequent assessment of the smoothness of movement, approximation and
smoothing methods were used, in particular, interpolation using the Catmull-Rom spline. A
comparative analysis of the user trajectory with the reference template was carried out based
on an assessment of deviations in the shape, order and direction of graphic elements.
Mathematical models based on the use of piecewise linear functions were implemented, which
made it possible to formalize trajectories in the form of parametric descriptions suitable for
quantitative analysis. The developed metrics included indicators of angular deformation,
dispersion of segment lengths, curvature, and smoothing coefficient.
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