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Supplementary Materials
This file contains the supplementary materials referenced in the main manuscript: Supplementary File S1 (reporting checklist), Supplementary Table S2 (model hyperparameters), and Supplementary Table S3 (ablation results). Values are drawn from the study reported in the main text and should be read alongside Sections 2.1, 2.4, and 3.4.1.
Supplementary File S1. Reporting checklist (TRIPOD-AI and SRQR/COREQ)
The study followed TRIPOD-AI for the predictive-modelling component (Collins et al., 2024) and the Standards for Reporting Qualitative Research (SRQR) / Consolidated Criteria for Reporting Qualitative Research (COREQ) for the qualitative component (O’Brien et al., 2014). The table below maps the key reporting items to where each is addressed in the manuscript.
	Guideline
	Reporting item
	Location in manuscript

	TRIPOD-AI
	Title / abstract identify study as developing/validating a prediction model
	Title; Abstract

	TRIPOD-AI
	Background, objectives, and rationale
	Sec 1; 1.2

	TRIPOD-AI
	Source of data and study setting
	Sec 2.2; 2.3

	TRIPOD-AI
	Participants / eligibility and data sources
	Sec 2.2; 2.3; Table 2

	TRIPOD-AI
	Outcome definition and predictors
	Sec 2.4; Table 2

	TRIPOD-AI
	Sample size and missing-data handling
	Sec 2.2; 2.3

	TRIPOD-AI
	Model development, specification, and training
	Sec 2.4; 2.4.1; Table S2

	TRIPOD-AI
	Model performance measures
	Sec 2.4; 3.1; Table 5

	TRIPOD-AI
	Validation (internal-external; temporal and geographic hold-outs)
	Sec 3.1

	TRIPOD-AI
	Model performance results and comparison with baselines
	Sec 3.1; Fig 4; Table 5

	TRIPOD-AI
	Limitations, interpretation, and generalizability
	Sec 3.6; 3.6.1

	TRIPOD-AI
	Data and code availability
	Data Availability Statement

	SRQR/COREQ
	Qualitative approach and research paradigm
	Sec 2.1; 2.5

	SRQR/COREQ
	Sampling strategy and participants
	Sec 2.5.1

	SRQR/COREQ
	Data collection methods and instruments
	Sec 2.5

	SRQR/COREQ
	Data saturation
	Sec 2.5.1

	SRQR/COREQ
	Analysis approach and inter-coder agreement
	Sec 2.5; 2.5.1

	SRQR/COREQ
	Findings, themes, and representative quotations
	Sec 3.5; Table 6

	SRQR/COREQ
	Ethics approval and informed consent
	Sec 2.2; Ethical Statement



Supplementary Table S2. Model hyperparameters: search ranges and selected values
Hyperparameters were tuned by grid search over the ranges below, evaluated only on the inner validation folds of the rolling-window cross-validation scheme (never on the test folds), selecting the configuration with the highest mean validation F1 (main text, Sections 2.4 and 2.4.1). Random seed = 42; environment: Python 3.11, TensorFlow/Keras 2.15, scikit-learn 1.4, XGBoost 2.0; NVIDIA T4 GPU.
	Component
	Hyperparameter
	Search range
	Selected value

	LSTM forecaster
	Recurrent layers
	1 – 3
	2 (64, 32 units)

	LSTM forecaster
	Recurrent dropout
	0.0 – 0.4
	0.2

	LSTM forecaster
	Inter-layer dropout
	0.0 – 0.4
	0.2

	LSTM forecaster
	Activation
	tanh / ReLU
	tanh

	LSTM forecaster
	Output layer
	sigmoid (binary)
	sigmoid

	LSTM forecaster
	Input sequence window
	4 – 12 weeks
	8 weeks

	LSTM forecaster
	Optimizer
	Adam / RMSprop
	Adam

	LSTM forecaster
	Learning rate
	1e-4 – 1e-2
	1e-3

	LSTM forecaster
	Batch size
	16 – 64
	32

	LSTM forecaster
	Max epochs (early stopping patience)
	100 – 300 (10 – 30)
	200 (20)

	LSTM forecaster
	Loss
	binary cross-entropy
	binary cross-entropy

	XGBoost detector
	Number of trees
	100 – 600
	400

	XGBoost detector
	Maximum depth
	3 – 8
	6

	XGBoost detector
	Learning rate
	0.01 – 0.20
	0.05

	XGBoost detector
	Subsample
	0.6 – 1.0
	0.8

	XGBoost detector
	Column subsample
	0.6 – 1.0
	0.8

	XGBoost detector
	L2 regularization (lambda)
	0.1 – 5.0
	1.0

	XGBoost detector
	Class-imbalance handling
	scale_pos_weight
	scale_pos_weight (by prevalence)

	Feature selection
	Importance method
	SHAP-based
	SHAP (stable across folds)

	Feature selection
	Collinearity threshold
	|r| > 0.85 – 0.95
	|r| > 0.90 removed

	Feature selection
	Final feature set
	—
	15 variables

	Cross-validation
	Training window
	8 – 12 weeks
	10 weeks

	Cross-validation
	Forecast horizon
	3 – 14 days
	7 days

	Cross-validation
	Origin slide interval
	1 week
	1 week

	Cross-validation
	Folds (train/val/test split)
	—
	10 folds (80/10/10, chronological)


Supplementary Table S3. Ablation results: isolating each loop’s contribution
Four pre-specified configurations were compared on identical data folds (main text, Sections 2.6 and 3.4.1). The increment D − C estimates the effect attributable to bidirectional feedback. Dashes indicate endpoints not applicable to a configuration (e.g., no workforce-learning outcome under a surveillance-only condition). AUC, area under the curve; pp, percentage points.
	Config.
	Description
	AUC
	Competency gain (pp)
	Reporting completeness gain (pp)

	A
	Surveillance-only (forecasting; no workforce-learning feedback)
	0.893
	–
	–

	B
	Learning-only (tutor with static, non-surveillance-driven content)
	–
	12.2
	11.5

	C
	Both loops, bidirectional feedback severed
	0.893
	12.2
	11.5

	D
	Full dual-loop system
	0.940
	20.4
	30.0

	D − C
	Effect of bidirectional feedback
	+0.047
	+8.2
	+18.5


All pairwise differences for the full dual-loop system versus single-loop configurations were statistically significant (p < 0.001). The full configuration exceeded the best single-loop configuration on every endpoint, indicating that the bidirectional coupling contributes over and above either loop in isolation.
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