L s 5 a5 3 lite Jal o (s Siuadinb
e YOUE dgus (sl oA Lk jl o dlasuwl
a5 ulS dino Sl3ss y 3uSGEEG 53939

S sLJLU 9
T 9151 aSle Y IS anbls

\u‘).b‘ ‘J-er**-“ ‘(8) La) ‘BLO‘ ;u.o.”u...u oli...;lo ‘é..u).' ‘SA-UW 05; A...u)l Ls..uL..w)lS
ol agan () Loy plol (Mol olKiils o Sy cwadige 09,5 Lol
*Qlﬁ‘ PRVINY ‘(6) Lb) raLol ;ll.o.ﬂu,.) olKisls eodlw 9 (o) dbéjjhé Oladss ;Jﬁ

ol

S aue Gl 650 b b po (omas b L le S50 50 GalS 5l plered (BEG) (1,5 gl s gloesls Judons
S yg:l Anwgi (JUSw (23105 Sl bg)y 50 jdl (o iy 3929 b ol 10,95 1 (S Lb Clas] pole )0 (YL Coonl
MWl S pleea (Lo (5 p50L (> iR (2ligy HLEL O o594 EEG glaosls I loline sbaeSl gl pmiw! sly g
(Pl Hebar el (Siglem ool Sl e waa mi el S Byl pole Glagh planil I Sus cwl zike A9k
03 EEG (glaools 3l .cuwl aid)S 518 cwyp )90 wux Oylee Sy (55530 )0 EEG sboosly chmogi 5 (g3l b3,
9 o3liiw! TEEEDataPort ;8 39290 (P4 g POz P3 .C4 [z (C3 F4 Fz F3) 300 JUIS 4 43 (350 )l g (1) ind) ouiaS &S o
Hb e o 51 S o iog Slalgs uuls axbo 7 yb 5l colaswl b« w0 duds 083190 50 &by j0 b ol Jb jo a5
STy (g (g St Gl A gy @5l g il oy (g0 LIS (b EEG gbacdd Lol I,
Slaxi b Juo ¢ pilo dnllan 53 3,10 palild’ BB S 8 slaad b S a5 Ll a5 w8 p20 JUSGow Julod 6l (5999,
4 5ol it Jolp gilwlaa lp (F999) (oo 30 ()W 398 g (e W (LD dw ol (bl S5 o Uy
2 §lp gaib @i b3, b Juwe )0 dnte LS RS slus g 300 GLJLE i .k 00ld (SVM) gl )l 2 oeile
TH) dler 003l SIS (gl cdnd Jilio 50 S 0,09, b (oW 90 el guls .l (ow) g wilTas SIS Slaai g JUK
i ol g ls oy e Hlez S ol Slasi 9 POZ (C4C3Fz F3 s JUI 6y dol Cwdas A¥/Y B YA/Y s (w0 dww x 1,55
s g (YY/7P /) pid 9 (A+7) oyl «(AV7) o33L Al 4y gy po o s G (2 WL (o3 Al dwr guiuadb 5o
Sl d (ol pogdle 109 ge Jlab (gmwipy 9 aibdl (Gliny 5l pold Gblo (0 S uli ol pla ;0 Wad e (L
10 AVl SIS CabiB ()l dd) xS0k Adgl Jolpe 50 g (p235l dd) S0l wialyd JuosT eS8 53 (5300

ol BEG JUSoms Judoni 55 o by 8035 )y (999 (sioxin gloas L oYl o ,Sas

O 09 Al (JUKmw (0310 31 ¢ S3999) (SFo (5 5 Ol ¢ B ) gliunily yiSUl 1 guls” 5 5y

Classifying Various Stages of Typing Learning through
EEG Rhodonea Curve Asymmetry Indices: A Focus on
the Optimal Number of Petals and Brain Channels

Fateme Jalaly'?, Ateke Goshvarpour® 3"
MSec., Department of Biomedical Engineering, Imam Reza International University, Mashhad,
Razavi Khorasan, Iran'
Assistant Professor, Department of Biomedical Engineering, Imam Reza International
University, Mashhad, Razavi Khorasan, Iran’
« ; Health Technology Research Center, Imam Reza International University, Mashhad, Razavi
~ 3
L Khorasan, Iran

* Corresponding author Sl lveugs 3“-—*..55'

Pf 2 Vo el FeF Jlo imgy tanlln £o5 @ VEF/S/VY Ll g, @ VEYNYNE 1 by iy G, @ VEY/ Y/ F tallie Jlyl Gu b @



Abstract

Background: Electroencephalography (EEG) is a cornerstone in cognitive neuroscience, providing
critical insights into the neural mechanisms underlying skill acquisition. Despite significant
advancements in signal processing techniques, extracting meaningful patterns from EEG data —
especially in the context of dynamic neural shifts during learning—remains a persistent challenge.
Traditional analytical approaches often fail to account for the nonlinear temporal dynamics inherent in
learning processes, which limits their ability to decode subtle neural reorganizations. This study
addresses this gap by proposing an innovative computational framework based on Rhodonea curves—
sinusoidal patterns resembling flower petals—to analyze EEG signals during the acquisition of a
complex motor skill: touch-typing by the Colemak keyboard layout.

Objective and Innovation: The study aims to develop and validate a computationally efficient algorithm
for classifying EEG data across distinct stages of skill learning. Central to this approach is the
introduction of asymmetry indices derived from Rhodonea curves, which quantify nonlinear features of
brain activity. This work represents the first application of Rhodonea-based analysis in EEG signal
processing, providing a geometrically intuitive and computationally lightweight alternative to
conventional nonlinear methods, such as entropy or fractal dimension analysis.

Methodology: The dataset, available on IEEEDataPort, consisted of EEG recordings from 10
participants (6 females and 4 males), focusing on 9 channels (F3, Fz, F4, C3, Cz, C4, P3, POz, P4)
collected during 12 typing sessions. Data from sessions 4, 8, and 11—representing the early,
intermediate, and advanced learning phases—were analyzed, with each session repeated five times to
capture intra-session variability. For the first time, a Rhodonea curve-based method has been
introduced for signal analysis, featuring a structure resembling a flower with an adjustable number of
petals. The Rhodonea model was parameterized with one to ten petals, and three new indices based on
asymmetry in the Rhodonea curve were computed to characterize spatiotemporal variations in EEG
signals. A Support Vector Machine (SVM) utilizing a one-vs-all strategy was employed to classify 15
classes (5 repetitions x 3 sessions). Channel-specific optimizations and petal-count analyses were
conducted to identify discriminative brain regions and optimal model configurations.

Key Findings: The analysis revealed robust classification performance, with two-class classification
achieving accuracies ranging from 79.3% to 93.3%. Optimal results were observed in channels F3, Fz,
C3, C4, and POz using a 4-petal Rhodonea configuration. In the three-session classification, the highest
accuracy was recorded for the advanced learning phase (Session 11: 92%), followed by the early phase
(Session 4: 90%) and the intermediate phase (Session 8: 72.6%). The lower accuracy in Session 8
suggests a transitional neural state marked by unstable skill consolidation, where neither novice nor
expert patterns dominate. Neuroanatomically, the frontal (F3, Fz), central (C3, C4), and parieto-
occipital (POz) regions demonstrated heightened discriminative power, consistent with prior studies
implicating these areas in cognitive control, motor planning, and visuospatial integration during
learning. Session-specific activation patterns indicated early-phase prefrontal engagement for attention
allocation and advanced-phase parietal consolidation for skill automatization.

Comparative Analysis: This study diverges from prior work by integrating geometric asymmetry
metrics—rather than spectral or entropy-based features—to model learning-induced neural plasticity.
The computational efficiency and interpretability of Rhodonea-based features (e.g., petal-count
visualization) offer distinct advantages for real-time brain-computer interface (BCI) applications.
Notably, the intermediate phase’s lower accuracy (72.6%) highlights the methodological challenge of
decoding transitional neural states, a limitation underrepresented in earlier literature.

Limitations and Future Directions: This research had limitations that should be considered in future
studies. First, the small sample size (N=10) and fixed signal length (1280 samples) may limit
generalizability; future work should incorporate larger datasets and variable-length signal analysis.
Second, although the non-linear features presented are computationally simple and low-cost, using other
complex features might enhance the model's performance. Third, while SVM demonstrated efficacy,
comparative studies with deep learning models (e.g., CNNs, LSTMs) could further validate the method’s
robustness. Fourth, physiological validation via multimodal neuroimaging (e.g., fMRI/fNIRS) is needed
to spatially localize the observed dynamics. Finally, statistical refinements—such as ANOVA or t-tests
for feature selection—could enhance model rigor and mitigate overfitting risks.

Conclusion: This research pioneers the application of Rhodonea curves in EEG analysis, establishing a
novel framework for decoding the neural correlation of skill learning. The high classification accuracies
and neuroanatomically consistent results underscore the method’s potential for both academic research
and applied domains, including adaptive learning systems and neurorehabilitation. Future efforts
should prioritize large-scale validation and integration with multimodal neuroimaging to advance our
understanding of learning-related brain plasticity and refine real-world applications.

Keywords: Electroencephalography, Learning, Rhodonea curve, Signal processing, Classification,
Asymmetry.
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(figure-1): Representation of periodic, random, and
electroencephalogram time series along with Rhodonea curve (a)
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Rhodonea curve with k=3, (d) Rhodonea curve with k=4, (c)
Rhodonea curve with k=5, (g) Rhodonea curve with k=6, (h)
Rhodonea curve with k=7, (x) Rhodonea curve with k=8, (d)
Rhodonea curve with k=9, (z) Rhodonea curve with k=10.
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