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Supplementary Tables S1–S10 and Supplementary Methods provide model settings, extended numerical results, and definitions of the 44 candidate features.
Supplementary Table S1. Main random-forest settings
	Parameter
	Value
	Definition

	Model
	RandomForestClassifier
	Random-forest classifier

	n_estimators
	300
	Number of trees

	max_depth
	8
	Maximum depth of each tree

	min_samples_split
	5
	Minimum samples required to split an internal node

	min_samples_leaf
	3
	Minimum samples required at a leaf node

	max_features
	sqrt
	Maximum features considered at each split

	class_weight
	balanced
	Class weights adjusted automatically from class frequencies

	bootstrap
	True
	Bootstrap sampling used to construct each tree

	criterion
	gini
	Split-quality criterion

	random_state
	42
	Random seed for reproducibility

	Cross-validation
	Stratified 5-fold CV
	Stratified fivefold cross-validation within the training set

	Tuning method
	RandomizedSearchCV
	Randomized search within the training set

	Search iterations
	40
	Forty parameter combinations

	Primary optimization metric
	Good-execution F1
	F1 for the minority good-execution class

	Final classification threshold
	0.519
	Selected from training out-of-fold probabilities by maximizing good-execution F1


Fixed random-forest settings and the training-set tuning overview. The 40 random-search trials constitute a separate tuning analysis. CV denotes cross-validation. The final classification threshold was selected using training-set out-of-fold predictions.
Supplementary Table S2. Internal test-set performance of the baseline models
	Model
	Accuracy
	Balanced accuracy
	Precision
	Recall
	F1
	ROC-AUC
	PR-AUC

	EBM
	0.841
	0.841
	0.642
	0.841
	0.728
	0.918
	0.793

	CatBoost
	0.862
	0.830
	0.712
	0.766
	0.738
	0.917
	0.806

	Random Forest
	0.853
	0.824
	0.689
	0.766
	0.725
	0.917
	0.803

	Gradient Boosting
	0.839
	0.817
	0.655
	0.772
	0.709
	0.913
	0.785

	LightGBM
	0.860
	0.806
	0.737
	0.697
	0.716
	0.912
	0.809

	RBF-SVM
	0.857
	0.804
	0.727
	0.697
	0.711
	0.912
	0.800

	Logistic Regression
	0.834
	0.832
	0.632
	0.828
	0.716
	0.909
	0.782

	Linear SVM
	0.839
	0.783
	0.688
	0.669
	0.678
	0.905
	0.770

	KNN
	0.836
	0.792
	0.667
	0.703
	0.685
	0.875
	0.660

	Decision Tree
	0.808
	0.753
	0.616
	0.641
	0.628
	0.753
	0.486

	Dummy-most frequent
	0.747
	0.500
	0.000
	0.000
	0.000
	0.500
	0.253


All benchmark models used the 44 candidate features and the internal test set (572 shots). Precision, recall and F1 refer to good executions. Values are point estimates. EBM, Explainable Boosting Machine; SVM, support vector machine; RBF, radial basis function; KNN, k-nearest neighbours; ROC-AUC, area under the receiver operating characteristic curve; PR-AUC, area under the precision–recall curve. The random-forest row is the full-feature benchmark, not the final ten-feature model in main Table 2.
Supplementary Table S3. Best cross-validated combination at each feature-group count
	Number of groups
	Best combination
	Features
	ROC-AUC
	Good-execution F1

	1
	B
	3
	0.9018
	0.7275

	2
	B+E
	7
	0.9223
	0.7428

	3
	A+B+E
	10
	0.9248
	0.7457

	4
	A+C+E+F
	26
	0.9236
	0.7464

	5
	A+B+C+E+F
	29
	0.9251
	0.7385

	6
	A+B+C+D+E+F
	41
	0.9224
	0.7323


Results summarize stratified five-fold cross-validation within the training set. Feature groups A–F are defined in main Table 1; group G was excluded. The group-level combination analysis was independent of selection of the final ten individual features. ROC-AUC, area under the receiver operating characteristic curve; F1 refers to good executions.
Supplementary Table S4. Variable-level feature-selection workflow
	Selection step
	Before
	Removed
	Retained
	Rationale

	Original numerical variables
	44
	0
	44
	44 candidate features

	Data-quality screening
	44
	1
	43
	Removed constant N_Blue_Points

	Removal of non-core variables
	43
	4
	39
	Removed Impact_X, Impact_Y and sample-count variables

	Permutation-importance screening
	39
	2
	37
	Removed features with unstable or negative permutation importance

	Correlation-based redundancy control
	37
	6
	31
	Retained one feature from each pair with |r| ≥ 0.90

	Top-K sensitivity analysis
	31
	21
	10
	Selected Top-10 from the performance plateau and model parsimony


Counts refer to candidate variables at each training-set selection step. The final ten variables are listed in Supplementary Table S7. The test set was not used for feature selection.
Supplementary Table S5. Removal of highly correlated redundant features
	Removed feature
	Retained feature
	|Spearman r|
	Rationale

	Blue_Speed_Mean
	Blue_Trajectory_Length
	1
	Higher importance and/or clearer interpretation

	Yellow_Area
	Yellow_Density_Index
	1
	Higher importance and/or clearer interpretation

	Blue_End_To_Yellow_Center
	Impact_To_Yellow_Center
	0.9982
	Higher importance and/or clearer interpretation

	Blue_End_To_YellowHull_SignedDistance
	Impact_To_YellowHull_SignedDistance
	0.998
	Higher importance and/or clearer interpretation

	Yellow_Speed_Mean
	Yellow_Trajectory_Length
	0.9976
	Higher importance and/or clearer interpretation

	Impact_Inside_YellowHull
	Blue_End_Inside_YellowHull
	0.9651
	Higher importance and/or clearer interpretation


Absolute Spearman correlations were evaluated among the 37 variables retained after importance screening. For highly correlated pairs, the retained variable was preferred for its model importance and technical interpretability.
Supplementary Table S6. Cross-validated random-forest performance across Top-K feature counts

	Top-K
	Balanced accuracy
	Good-execution F1
	PR-AUC
	Top-10% precision
	Top-20% precision

	5
	0.8307
	0.7255
	0.7835
	0.8696
	0.7522

	10
	0.8342
	0.7312
	0.7992
	0.9174
	0.7609

	15
	0.8347
	0.7313
	0.8024
	0.9043
	0.7783

	20
	0.8388
	0.7402
	0.8006
	0.8957
	0.763

	25
	0.8471
	0.7474
	0.8007
	0.8913
	0.7674

	30
	0.8446
	0.7451
	0.7995
	0.8826
	0.7674

	31
	0.8446
	0.7451
	0.7995
	0.8826
	0.7674


K is the number of selected features, not a percentage of shots. Metrics summarize stratified five-fold cross-validation within the training set. Top-10% and Top-20% precision refer to the proportion of good executions among shots with the highest predicted good-execution probabilities. PR-AUC, area under the precision–recall curve.
Supplementary Table S7. Final ten features and technical categories
	Rank
	Retained feature
	Technical category
	Permutation importance

	1
	Impact_To_YellowHull_SignedDistance
	A (Impact point–yellow trajectory relation)
	0.0616

	2
	Impact_To_Yellow_Center
	A (Impact point–yellow trajectory relation)
	0.0565

	3
	Green_Yellow_Center_Distance
	E (Green–yellow enclosure relation)
	0.031

	4
	Blue_End_Inside_YellowHull
	B (Terminal blue point–yellow trajectory relation)
	0.0194

	5
	Green_Area
	E (Green–yellow enclosure relation)
	0.0123

	6
	Impact_Inside_GreenHull
	F (Impact position and relations to green/blue trajectories)
	0.0117

	7
	Steady_Std_500ms
	D (Pre-shot stability)
	0.004

	8
	Yellow_Compactness
	C (Yellow-phase stability)
	0.003

	9
	Yellow_Points_Inside_GreenHull_Ratio
	E (Green–yellow enclosure relation)
	0.0025

	10
	Impact_Delta_From_Blue_X
	F (Impact position and relations to green/blue trajectories)
	0.0017


Rank is based on random-forest permutation importance used for variable selection and differs from the SHAP ranking in main Figure 4. Technical groups are defined in main Table 1; individual feature definitions are in Supplementary Table S10.
Supplementary Table S8. Threshold selection from training-set out-of-fold predictions
	Threshold
	Balanced accuracy
	Good-execution precision
	Good-execution recall
	Good-execution F1

	0.45
	0.8498
	0.6622
	0.8468
	0.7432

	0.50
	0.8451
	0.6890
	0.8158
	0.7470

	0.519*
	0.8455
	0.7059
	0.8055
	0.7524

	0.55
	0.8387
	0.7165
	0.7831
	0.7484

	0.60
	0.8206
	0.7374
	0.7298
	0.7336


All metrics were calculated from out-of-fold probabilities generated by stratified five-fold cross-validation in the training set. Representative thresholds are shown; * marks the final threshold of 0.519. Precision, recall and F1 refer to good executions. The final threshold maximized good-execution F1, with balanced accuracy as a secondary criterion.
Supplementary Table S9. Ranking-based Top-K evaluation
	Ranking range
	Shots
	Good executions
	Precision
	Good-execution coverage
	Mean predicted probability

	Top 5%
	29
	27
	0.931
	0.1862
	0.959

	Top 10%
	58
	48
	0.8276
	0.331
	0.9367

	Top 20%
	115
	86
	0.7478
	0.5931
	0.8611

	Top 30%
	172
	118
	0.686
	0.8138
	0.7695


The internal test set comprised 572 shots, including 145 good executions. Shots were ranked by predicted good-execution probability. Precision is the fraction of good executions among selected shots; good-execution coverage is the fraction of all 145 good executions recovered. Mean predicted probability is averaged over the selected shots. Values are point estimates.
Supplementary Methods
Definitions and calculation formulas for the 44 SCATT candidate features
Let P = {pᵢ = (xᵢ, yᵢ), i = 1, 2, …, n_P} denote the trajectory points in a phase, ordered by relative time tᵢ. G, Y, and B denote the green-, yellow-, and blue-phase point sets, respectively; q = (q_x, q_y) is the SCATT virtual impact point; and b_start and b_end are the first and last points of the blue trajectory. H(P) denotes the two-dimensional convex hull of P, A(H(P)) its area, and I[·] the indicator function.
Common calculations are c(P) = (1/n_P)Σᵢpᵢ; L(P) = Σᵢ₌₁ⁿᴾ⁻¹‖pᵢ₊₁ − pᵢ‖₂; R_x(P) = maxᵢ(xᵢ) − minᵢ(xᵢ); R_y(P) = maxᵢ(yᵢ) − minᵢ(yᵢ); and RMS(P) = √[(1/n_P)Σᵢ‖pᵢ − c(P)‖₂²].
Velocity and acceleration are calculated as vᵢᴾ = (pᵢ₊₁ − pᵢ)/(tᵢ₊₁ − tᵢ) and aᵢᴾ = (vᵢ₊₁ᴾ − vᵢᴾ)/(tᵢ₊₂ − tᵢ₊₁). Intervals with |Δt| ≤ 10⁻⁹ are excluded from adjacent-point differencing, and no additional smoothing is applied in the archived implementation.
The signed distance s(z, H(P)) is the shortest distance from point z to the convex-hull boundary; it is positive inside the hull, negative outside the hull, and zero on the boundary. Y₁ and Y₂ denote the first and second halves of the yellow trajectory after division at the median time.
With firing defined as t = 0, the phases are G: t < −1.0 s, Y: −1.0 ≤ t < −0.3 s, and B: −0.3 ≤ t ≤ 0 s. P_[−0.5,0] denotes the trajectory points recorded during the final 500 ms before firing.
Supplementary Table S10. Feature groups, definitions, calculation formulas, and units for the 44 SCATT candidate features
	Category
	Feature name
	Definition
	Calculation formula
	Unit

	A
	Impact_Inside_YellowHull
	Whether the virtual impact point lies inside the yellow-trajectory convex hull (1 = inside; 0 = otherwise)
	I[q ∈ H(Y)]
	0/1

	A
	Impact_To_YellowHull_SignedDistance
	Signed distance from the virtual impact point to the yellow-trajectory convex-hull boundary (positive inside; negative outside)
	s(q, H(Y))
	mm

	A
	Impact_To_Yellow_Center
	Euclidean distance from the virtual impact point to the center of the yellow trajectory
	‖q − c(Y)‖₂
	mm

	B
	Blue_End_Inside_YellowHull
	Whether the terminal blue point lies inside the yellow-trajectory convex hull (1 = inside; 0 = otherwise)
	I[b_end ∈ H(Y)]
	0/1

	B
	Blue_End_To_YellowHull_SignedDistance
	Signed distance from the terminal blue point to the yellow-trajectory convex-hull boundary
	s(b_end, H(Y))
	mm

	B
	Blue_End_To_Yellow_Center
	Euclidean distance from the terminal blue point to the center of the yellow trajectory
	‖b_end − c(Y)‖₂
	mm

	C
	Yellow_Area
	Convex-hull area of the yellow trajectory, representing the extent of the stable pre-shot region
	A(H(Y))
	mm²

	C
	Yellow_Trajectory_Length
	Total yellow-phase trajectory length, representing the amount of pre-shot muzzle movement
	L(Y)
	mm

	C
	Yellow_Density_Index
	Yellow-trajectory density based on the relationship between the number of points and the covered area
	n_Y / A(H(Y))
	points/mm²

	C
	Yellow_Aspect_Ratio
	Ratio of the larger to the smaller horizontal and vertical ranges, representing the predominant direction of sway
	max[R_x(Y), R_y(Y)] / {min[R_x(Y), R_y(Y)] + 10⁻¹²}
	dimensionless

	C
	Yellow_RMS_FirstHalf
	Root-mean-square sway radius about the trajectory center during the first half of the yellow phase
	RMS(Y₁)
	mm

	C
	Yellow_RMS_SecondHalf
	Root-mean-square sway radius about the trajectory center during the second half of the yellow phase
	RMS(Y₂)
	mm

	C
	Yellow_Stability_Improvement
	First-half RMS minus second-half RMS; a positive value indicates greater stability in the second half
	RMS(Y₁) − RMS(Y₂)
	mm

	C
	Yellow_Center_Drift
	Distance between the trajectory centers of the first and second halves of the yellow phase
	‖c(Y₂) − c(Y₁)‖₂
	mm

	C
	Yellow_Compactness
	Ratio of the yellow-trajectory convex-hull area to squared trajectory length, representing trajectory compactness
	A(H(Y)) / L(Y)²
	dimensionless

	C
	Yellow_Speed_Mean
	Mean muzzle speed during the yellow phase
	meanᵢ ‖vᵢʸ‖₂
	mm/s

	C
	Yellow_Speed_Max
	Maximum muzzle speed during the yellow phase
	maxᵢ ‖vᵢʸ‖₂
	mm/s

	C
	Yellow_Acceleration_Mean
	Mean muzzle acceleration during the yellow phase
	meanᵢ ‖aᵢʸ‖₂
	mm/s²

	C
	Yellow_Acceleration_Max
	Maximum muzzle acceleration during the yellow phase
	maxᵢ ‖aᵢʸ‖₂
	mm/s²

	D
	Blue_Flinch_Angle
	Direction angle of muzzle motion during the blue phase
	atan2(Δy_B, Δx_B) × 180/π
	°

	D
	Blue_Linearity_R2
	Concentration of blue-trajectory variation along its principal direction
	λ_max[Cov(B)] / Σⱼ λⱼ[Cov(B)]
	dimensionless

	D
	Steady_Std_500ms
	Trajectory dispersion during the final 500 ms before firing
	RMS(P_[−0.5,0])
	mm

	D
	Fire_Acceleration
	Maximum muzzle acceleration during the blue phase
	maxᵢ ‖aᵢᴮ‖₂
	mm/s²

	D
	Blue_Start_End_Distance
	Straight-line displacement from the start to the end of the blue trajectory
	‖b_end − b_start‖₂
	mm

	D
	Blue_Delta_X
	Horizontal displacement of the terminal blue point relative to the starting point
	b_end,x − b_start,x
	mm

	D
	Blue_Delta_Y
	Vertical displacement of the terminal blue point relative to the starting point
	b_end,y − b_start,y
	mm

	D
	Blue_Trajectory_Length
	Total blue-phase trajectory length
	L(B)
	mm

	D
	Blue_Directness
	Ratio of start-to-end displacement to total trajectory length, representing movement directness
	‖b_end − b_start‖₂ / L(B)
	dimensionless

	D
	Blue_Speed_Mean
	Mean muzzle speed during the blue phase
	meanᵢ ‖vᵢᴮ‖₂
	mm/s

	D
	Blue_Speed_Max
	Maximum muzzle speed during the blue phase
	maxᵢ ‖vᵢᴮ‖₂
	mm/s

	D
	Blue_Acceleration_Mean
	Mean muzzle acceleration during the blue phase
	meanᵢ ‖aᵢᴮ‖₂
	mm/s²

	E
	Green_Area
	Convex-hull area of the green trajectory, representing the movement range during the earlier aiming phase
	A(H(G))
	mm²

	E
	Green_Yellow_Center_Distance
	Distance between the centers of the green and yellow trajectories
	‖c(G) − c(Y)‖₂
	mm

	E
	Green_Yellow_Area_Ratio
	Ratio of the green-trajectory convex-hull area to the yellow-trajectory convex-hull area
	A(H(G)) / A(H(Y))
	proportion

	E
	Yellow_Points_Inside_GreenHull_Ratio
	Proportion of yellow-trajectory points lying inside the green-trajectory convex hull
	(1/n_Y) Σᵢ₌₁ⁿʸ I[yᵢ ∈ H(G)]
	proportion

	F
	Impact_X
	Horizontal coordinate of the coordinate-corrected virtual impact point
	q_x
	mm

	F
	Impact_Y
	Vertical coordinate of the coordinate-corrected virtual impact point
	q_y
	mm

	F
	Impact_Inside_GreenHull
	Whether the virtual impact point lies inside the green-trajectory convex hull
	I[q ∈ H(G)]
	0/1

	F
	Impact_To_Blue_End
	Euclidean distance from the virtual impact point to the terminal blue point
	‖q − b_end‖₂
	mm

	F
	Impact_Delta_From_Blue_X
	Horizontal difference between the virtual impact point and the terminal blue point
	q_x − b_end,x
	mm

	F
	Impact_Delta_From_Blue_Y
	Vertical difference between the virtual impact point and the terminal blue point
	q_y − b_end,y
	mm

	G
	N_Green_Points
	Number of valid trajectory points in the green phase
	n_G
	points

	G
	N_Yellow_Points
	Number of valid trajectory points in the yellow phase
	n_Y
	points

	G
	N_Blue_Points
	Number of valid trajectory points in the blue phase
	n_B
	points


Feature names match the variables used in the analysis. Mathematical notation and trajectory phases are defined in Supplementary Methods immediately above. Groups A–G correspond to main Table 1. Binary indicators take values 0 or 1; ratios are dimensionless.
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