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[Abstract]

This study proposed and validated a cycle-specific pattern analysis method of Convex Hull centroid
trajectories to diagnose the dynamic stability of the one-arm kettlebell swing using only a single video.
Joint estimation errors occurring in uncontrolled recording environments were buffered through
preprocessing and normalization steps such as outlier removal and smoothing, after which the
trajectories of the full body, upper body, and lower body were constructed on a per-cycle basis.
Stability was defined as the inter-cycle reproducibility of the patterns, and suitability was evaluated
against the expert reference distribution. As a result of analyzing 12 expert videos with 96 valid cycles
and 24 layperson videos with 161 valid cycles, the lower body across all layperson cycles was judged
as unsuitable. This confirmed that the reproducibility of pelvic propulsion is a key indicator for
distinguishing proficiency. The full body showed a suitability rate of 8.1 percent, while the upper body
showed 23.6 percent. Consequently, by clearly distinguishing between fixed and unstable pattern states

through internal reproducibility analysis, this study provides a practical basis for on-site sports coaching.
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Representative postures by phase within one cycle
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2. Vision-Based Pose Estimation Techniques
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III. Convex Hull Pattern Analysis

1. Analysis Process for Dynamic Stability
Evaluation
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establishing dynamic stability evaluation criteria.
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3. Convex Hull-Based Pattern Construction
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3.1 Convex Hull and Centroid Calculation
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Fig. 4. Configuration of the Convex Hull and centroid

trajectory patterns.
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3.2 Cycle Segmentation and Time Normalization

: ’ /‘ \ “ }
N \w/ i ARt

(c) valid Cycle Segmen!ation.

(d) Cycle Phase Detail

Fig. 5. Cycle segmentation process.
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4. Expert Group Baseline-Based Analysis and
Stability Evaluation
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4.1 Baseline and Tolerance Range Construction

Pro Tolerance
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\ —— Amateur Cycle
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Normalized Cycle Phase (%)

(a) X Coordinate (Forward/Backward)

Pro Tolerance
= = Pro Median
Amateur Cycle

7 \\/I \

o 20 40 ﬁb 80 100
Normalized Cycle Phase (%)

(b) Y Coordinate (Up/Down)

Fig. 6. Visualization of the expert distribution—based
reference trajectory, tolerance range, and target cycle
trajectory deviation.
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IV. Experiments and Result Analysis
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Table 1. Physical characteristics of participants.

Age Height Weight
Group N (yrs) (cm) (ka)
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Fig. 7. Expert baseline and tolerance range.

Table 2. Expert group baseline construction results:
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3. Evaluation Results
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results for the general group.
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(a) Full body - X

[Full Body - Y | Inclusion: 79% | Threshold: 78.9%

(b) Full body - Y

[Upper Body - X | Inclusion: 86% | Threshold: 56.5% | PASS]

(c) Upper body - X
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(d) Upper body - Y
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(f) Lower body - Y

Fig. 8. Comparison of the representative performance
trajectory of the general population and the baseline
tolerance region.
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4. Pattern Interpretation by Segment and
Implications for Movement Feedback

4.1 Segment-Wise Pattern Interpretation and
Movement Feedback
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Table 6. Detailed coverage rates by segment for acceptable cycles in the general group (Unit: %).
. . Full Full Upper Upper Lower Lower
S VLY el Body X Body Y Body X Body Y Body X Body Y
1 1 Cycle 1 54
Cycle 8 49 59 21
Cycle 4 44 64
1 Cycle 7 47 67
Cycle 9 35 59
Cycle 10 39 59
) Cycle 3 63 49 52
2 Cycle 5 54 48 54
Cycle 8 53 54 47 47
3 Cycle 3 48 41 25 55
5 Cycle 2 61 44 42 51
Cycle 7 60 43 54 31
1 Cycle 5 61 66 41 65
Cycle 6 67 65 39 64
5 ) Cycle 7 60 49 75 47
Cycle 8 62 62 72 48
3 Cycle 1 53
Cycle 1 67 51
Cycle 2 58 51
8 1 Cycle 3 53
Cycle 5 54
Cycle 6 53
Cycle 7 52
Cycle 1
Cycle 2 57
9 1 Cycle 3 62
Cycle 4 59
Cycle 5 56
Cycle 1 56
Cycle 2 54
10 1 Cycle 3 50
Cycle 5 43
Cycle 6 43
Cycle 1 53
1 1 Cycle 3 53
Cycle 4 51 52
Cycle 5 65 53
13 1 Cycle 4 60 71 50 47
Cycle 5 61 72 51 49
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4.2 Self-Reproducibility Analysis
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Table 7. Self-reproducibility % values by segment
for individual expert group members.

_ Full Upper Lower 6-axis
SUI:J Vidas Body Body Body | Average
ec
k k k k
1 5 2.61 2.65 2.63 2.63
2 2 2.20 2.23 2.44 2.29
3 5 2.54 2.46 2.71 2.57
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Table 8. Self-reproducibility % values by segment
for general group videos.

_ Full Upper Lower 6-axis
Subj | e Body Body Body | Average
= ; ; ; ;

13 1 1.92 1.93 1.94 1.93
5 3 2.51 2.42 1.98 2.30
12 1 2.42 2.62 2.65 2.56
4 1 2.56 2.40 3.34 2.77
7 1 3.03 2.58 2.92 2.84
8 1 2.61 3.32 2.80 2.91
2 1 3.00 2.80 312 2.98
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