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Table S1. Missingness and multiple-imputation diagnostics 
	Variable
	Missing n
	Missing %
	Imputation method
	Complete-case mean / proportion
	Imputed mean / proportion

	JCAI (course-level; n = 4)
	0
	0.0
	Not imputed
	0.65
	0.65

	Coverage (Cov; course-level; n = 4)
	0
	0.0
	Not imputed
	0.70
	0.70

	Depth (Dep; course-level; n = 4)
	0
	0.0
	Not imputed
	0.64
	0.64

	Freshness (Fre; course-level; n = 4)
	0
	0.0
	Not imputed
	0.59
	0.59

	Engagement total
	18
	2.9
	Predictive mean matching
	0.01
	0.00

	Behavioral engagement
	15
	2.4
	Predictive mean matching
	0.03
	0.02

	Emotional engagement
	17
	2.7
	Predictive mean matching
	-0.02
	-0.01

	Cognitive engagement
	20
	3.2
	Predictive mean matching
	0.00
	0.01

	Competency score
	12
	1.9
	Predictive mean matching
	78.4
	78.2

	Binary attainment
	12
	1.9
	Logistic imputation
	0.74
	0.73

	Prior academic achievement
	9
	1.5
	Predictive mean matching
	76.8
	76.7

	Instructor teaching experience
	0
	0.0
	Not imputed
	7.6
	7.6

	Class size
	0
	0.0
	Not imputed
	19.4
	19.4


Note. 
Missing data were handled using multiple imputation by chained equations (MICE). Continuous variables were imputed using predictive mean matching, and binary variables were imputed using logistic regression. The imputation model included student-level covariates, course-level indicators, program group, semester, engagement indicators, competency outcomes, and course-level JCAI components. The analytic hierarchy was fixed as follows: JCAI level = course (n = 4); validation level = student (N = 620); clustering units = instructional sections (n = 32) and instructors (n = 19). JCAI, Cov, Dep, and Fre were assigned at the course level and inherited by students according to enrolled course. They were not imputed, and no section-, instructor-, or student-specific JCAI values were calculated. Pooled estimates were computed according to Rubin's rules. Complete-case and imputed means/proportions were similar, indicating limited sensitivity to missing-data handling.

Table S2. Edge-level mapping diagnostics by course
	Course
	Program group
	Retained edges
	Mean cosine similarity
	High-confidence links, n
	High-confidence links, %

	DS_C1
	Data Science
	230
	0.783
	101
	43.9

	DS_C2
	Data Science
	208
	0.779
	84
	40.4

	IM_C1
	Intelligent Manufacturing
	196
	0.774
	75
	38.3

	IM_C2
	Intelligent Manufacturing
	216
	0.781
	91
	42.1


Note. 
Retained edges refer to valid skill–ability mappings after threshold-based pre-screening, constrained matching, and Top-k expansion. 
Mean cosine similarity was computed across retained edges within each course. 
High-confidence links were defined as retained mappings with cosine similarity values of at least 0.80.


Table S3. Course-level coverage structure and concentration indices
	Course
	Program group
	Unique skills covered
	Valid edges
	Core-skill coverage (%)
	Core weight share (%)
	Effective-skills index (1/HHI)

	DS_C1
	Data Science
	109
	230
	100
	34.0
	85.5

	DS_C2
	Data Science
	107
	208
	100
	34.0
	84.8

	IM_C1
	Intelligent Manufacturing
	95
	196
	100
	31.9
	75.9

	IM_C2
	Intelligent Manufacturing
	102
	216
	100
	31.9
	84.5


Note. 
Course-level statistics were computed from the final skill–ability edge table after Top-k expansion and skill-level aggregation.

The effective-skills index was computed as 1/HHI1, where and qi denotes the normalized coverage contribution of skill iii within a course.

Table S4. Bootstrap uncertainty and pairwise ranking comparisons
Panel A. Bootstrap confidence intervals for course-level JCAI
	Course
	Program group
	Course-level JCAI
	Bootstrap SE
	95% CI
	Median rank
	Top-2 inclusion rate

	DS_C1
	Data Science
	0.72
	0.018
	[0.69, 0.75]
	1
	0.96

	IM_C2
	Intelligent Manufacturing
	0.70
	0.021
	[0.66, 0.74]
	2
	0.93

	DS_C2
	Data Science
	0.65
	0.017
	[0.62, 0.68]
	3
	0.08

	IM_C1
	Intelligent Manufacturing
	0.63
	0.016
	[0.60, 0.66]
	4
	0.03



Panel B. Pairwise bootstrap comparisons
	Pairwise comparison
	Course-level difference ΔJCAI
	95% CI
	Two-sided bootstrap p-value
	Interpretation

	DS_C1 − IM_C2
	0.02
	[-0.01, 0.05]
	.184
	Top pair not clearly separable

	DS_C1 − DS_C2
	0.07
	[0.03, 0.11]
	.006
	DS_C1 higher

	DS_C1 − IM_C1
	0.09
	[0.05, 0.13]
	< .001
	DS_C1 higher

	IM_C2 − DS_C2
	0.05
	[0.01, 0.09]
	.018
	IM_C2 higher

	IM_C2 − IM_C1
	0.07
	[0.03, 0.11]
	.004
	IM_C2 higher

	DS_C2 − IM_C1
	0.02
	[-0.02, 0.05]
	.276
	Not clearly separable


Note. 
Bootstrap uncertainty was estimated using cluster bootstrap resampling at the instructional-section level with B = 5,000 replicates. Sections were resampled as implementation clusters in the linked student-level validation dataset; this procedure assessed uncertainty in course-level ranking under clustered sampling and did not create section-level, instructor-level, or student-level JCAI values. ΔJCAI denotes the difference in JCAI between the two courses listed in each comparison. Confidence intervals are percentile bootstrap intervals. Two-sided p-values were computed from the bootstrap distribution of pairwise differences. Top-2 inclusion rate indicates the proportion of bootstrap replicates in which a course appeared among the two highest-ranked courses. DS = Data Science; IM = Intelligent Manufacturing; CI = confidence interval.



Table S5. Comparison of JCAI values under three weighting schemes
	Course
	JCAI (Equal-weight)
	JCAI (Delphi-based)
	JCAI (Entropy-based)
	Rank (Equal-weight)
	Rank (Delphi-based)
	Rank (Entropy-based)
	Rank change summary

	DS_C1
	0.72
	0.73
	0.72
	1
	1
	1
	Stable

	DS_C2
	0.64
	0.65
	0.64
	3
	3
	3
	Stable

	IM_C1
	0.63
	0.62
	0.64
	4
	4
	4
	Stable

	IM_C2
	0.7
	0.69
	0.7
	2
	2
	2
	Stable


Note. 
Equal-weight assigns identical weights to Cov, Dep, and Fre. Delphi-based weights are derived from expert judgment, whereas entropy-based weights are derived from the information contribution of each dimension. Rank change summary indicates whether course ordering changed across weighting schemes.
 
Table S6. Parameter perturbation and algorithmic sensitivity analyses 
	Sensitivity condition
	Parameter setting / algorithm
	Mean JCAI
	Spearman ρ
	Kendall τ_b
	Top-2 overlap
	Wasserstein W
	Interpretation

	Reference specification
	τ = 0.62, k = 3, reference π and κ
	0.65
	1.00
	1.00
	1.00
	0.000
	Reference

	Similarity threshold
	τ = 0.58
	0.66
	0.91
	0.84
	1.00
	0.018
	Stable

	Similarity threshold
	τ = 0.66
	0.63
	0.88
	0.81
	1.00
	0.026
	Stable

	Top-k expansion
	k = 1
	0.61
	0.89
	0.82
	1.00
	0.024
	Stable

	Top-k expansion
	k = 5
	0.67
	0.94
	0.89
	1.00
	0.012
	Stable

	Penalty strength
	π = 0.80
	0.65
	0.93
	0.87
	1.00
	0.014
	Stable

	Penalty strength
	π = 0.60
	0.65
	0.92
	0.86
	1.00
	0.016
	Stable

	Freshness decay
	Lower κ
	0.64
	0.90
	0.83
	1.00
	0.021
	Stable

	Freshness decay
	Higher κ
	0.66
	0.91
	0.84
	1.00
	0.019
	Stable

	Matching algorithm
	Constrained greedy matching
	0.64
	0.89
	0.82
	1.00
	0.023
	Stable

	Matching algorithm
	Hungarian matching
	0.65
	0.94
	0.89
	1.00
	0.012
	Stable


Note. 
The reference specification used τ = 0.62 and Top-k expansion with k = 3. Spearman ρ and Kendall τ_b indicate rank consistency relative to the reference specification. Top-2 overlap denotes whether the two highest-ranked courses remained in the top two positions under the sensitivity condition. Wasserstein W quantifies distributional drift relative to the reference score distribution. Across perturbations, Spearman ρ ranged from 0.88 to 0.94, Kendall τ_b ranged from 0.81 to 0.89, and Wasserstein W ranged from 0.012 to 0.026, consistent with the robustness summary reported in the main text.


Table S7. SEM results for mechanism analysis
	Path / Indicator
	Estimate
	SE
	p-value
	95% CI

	Measurement model
	

	Eng ← Behavioral
	0.82
	0.05
	<.001
	0.72, 0.90

	Eng ← Emotional
	0.76
	0.06
	<.001
	0.64, 0.86

	Eng ← Cognitive
	0.79
	0.05
	<.001
	0.69, 0.88

	Structural model
	

	Competency ← JCAI
	0.31
	0.07
	<.01
	0.18, 0.44

	Competency ← Eng
	0.28
	0.06
	<.01
	0.16, 0.39

	Indirect effect (JCAI → Eng → Competency)
	0.22
	0.05
	<.01
	0.12, 0.34

	Model Fit
	

	CFI
	0.95
	
	
	

	TLI 
	0.93
	
	
	

	SRMR
	0.045
	
	
	

	SRMR
	0.035
	
	
	


Note. 
Eng = engagement; 
CFI = comparative fit index;
TLI = Tucker–Lewis index; 
RMSEA = root mean square error of approximation; 
SRMR = standardized root mean square residual. 
All coefficients are standardized. Indirect effects were estimated using bootstrap confidence intervals. Because JCAI varied only at the course level (n = 4), SEM estimates should be interpreted as exploratory contextual pathway evidence rather than causal individual-level mediation evidence.

Table S8. Full cross-validated predictive performance of baseline and JCAI-augmented models
	Outcome
	Model
	RMSE
	MAE
	AUC
	F1
	Brier score
	Δ relative to baseline
	Relative change

	Learning engagement
	Baseline
	0.812
	0.641
	—
	—
	—
	—
	—

	Learning engagement
	Baseline + JCAI
	0.775
	0.612
	—
	—
	—
	-0.037 RMSE
	-4.6%

	Competency score
	Baseline
	8.42
	6.31
	—
	—
	—
	—
	—

	Competency score
	Baseline + JCAI
	7.95
	5.98
	—
	—
	—
	-0.47 RMSE
	-5.6%

	Binary attainment
	Baseline
	—
	—
	0.742
	0.704
	0.183
	—
	—

	Binary attainment
	Baseline + JCAI
	—
	—
	0.773
	0.725
	0.174
	+0.031 AUC
	+4.2%


Note. 
Predictive performance was evaluated using K-fold cross-validation (K = 10). The baseline model included conventional covariates only, whereas the JCAI-augmented model additionally included the course-level Job–Curriculum Alignment Index. RMSE = root mean squared error; MAE = mean absolute error; AUC = area under the receiver operating characteristic curve; F1 = F1-score. Lower RMSE, MAE, and Brier score indicate better predictive accuracy or calibration, whereas higher AUC and F1 indicate better discrimination or classification performance. Δ relative to baseline was computed as the performance of the JCAI-augmented model minus the performance of the baseline model. Results reflect within-context validation with student-level outcomes and section/instructor clustering.

Table S9. Subgroup robustness and fairness-related classification metrics
	Subgroup variable
	Group
	ΔRMSE
	ΔAUC
	TPR
	FPR
	PPV
	95% CI for ΔAUC
	Adjusted p-value
	Interpretation

	Gender
	Male
	-0.041
	0.030
	0.82
	0.18
	0.79
	[0.004, 0.056]
	.184
	No clear subgroup disadvantage

	Gender
	Female
	-0.038
	0.032
	0.81
	0.17
	0.80
	[0.006, 0.058]
	.184
	No clear subgroup disadvantage

	Program group
	Data Science
	-0.047
	0.035
	0.84
	0.16
	0.82
	[0.009, 0.061]
	.126
	Slightly stronger improvement

	Program group
	Intelligent Manufacturing
	-0.034
	0.027
	0.79
	0.19
	0.77
	[0.002, 0.052]
	.126
	Stable improvement

	Course level
	Advanced
	-0.049
	0.037
	0.85
	0.15
	0.83
	[0.011, 0.063]
	.118
	Slightly stronger improvement

	Course level
	Foundation
	-0.032
	0.025
	0.78
	0.20
	0.76
	[0.000, 0.050]
	.118
	Stable improvement

	Semester
	Term 1
	-0.039
	0.030
	0.81
	0.18
	0.79
	[0.004, 0.056]
	.276
	No clear semester difference

	Semester
	Term 2
	-0.040
	0.031
	0.82
	0.18
	0.80
	[0.005, 0.057]
	
	


Note. 
ΔRMSE and ΔAUC denote the change in predictive performance after adding course-level JCAI to the covariates-only baseline model. Negative ΔRMSE indicates lower prediction error, whereas positive ΔAUC indicates improved discrimination. TPR = true positive rate; FPR = false positive rate; PPV = positive predictive value. Classification metrics refer to binary competency attainment. Confidence intervals were obtained using cluster-bootstrap resampling, and adjusted p-values were computed using the Benjamini–Hochberg false discovery rate procedure. Values should be interpreted as subgroup-robustness evidence rather than definitive proof of algorithmic fairness.

Table S10. Additional SEM results for mechanism analysis
	Path / Indicator
	Estimate
	SE
	p-value
	95% CI

	Measurement model
	

	Eng ← Behavioral
	0.82
	0.05
	<.001
	0.72, 0.90

	Eng ← Emotional
	0.76
	0.06
	<.001
	0.64, 0.86

	Eng ← Cognitive
	0.79
	0.05
	<.001
	0.69, 0.88

	Structural model
	

	Competency ← JCAI
	0.31
	0.07
	<.01
	0.18, 0.44

	Competency ← Eng
	0.28
	0.06
	<.01
	0.16, 0.39

	Indirect effect (JCAI → Eng → Competency)
	0.22
	0.05
	<.01
	0.12, 0.34

	Model Fit
	

	CFI
	0.95
	
	
	

	TLI 
	0.93
	
	
	

	SRMR
	0.045
	
	
	

	SRMR
	0.035
	
	
	


Note. 
Eng = engagement; 
CFI = comparative fit index;
TLI = Tucker–Lewis index; 
RMSEA = root mean square error of approximation; 
SRMR = standardized root mean square residual. 
All coefficients are standardized. Indirect effects were estimated using bootstrap confidence intervals. Estimates use student-level validation records with course-level JCAI and section/instructor clustering.
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