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ABSTRACT

Many real-world systems involve complex many-to-many relationships naturally
represented as hypergraphs, from social networks to molecular interactions. While
hypergraph neural networks (HGNNs) have shown promise, existing attention
mechanisms fail to handle hypergraph-specific asymmetries between node-to-node,
node-to-hyperedge, and hyperedge-to-node interactions, leading to suboptimal
structural encoding. We introduce CuCoDistill, a novel framework that challenges
fundamental assumptions in knowledge distillation by demonstrating that student
models can systematically outperform their teachers through hypergraph-aware
adaptive attention with provable spectral guarantees. Our approach features: (1)
set-aware attention fusion that handles variable-sized hyperedge sets with approxi-

mation error bounds of e\/m max; |&;|; (2) co-evolutionary unified architecture
where teacher and student jointly discover structural patterns in a single forward
pass; and (3) theoretically-grounded curriculum distillation based on hypergraph
spectral properties. We prove that when student’s constrained attention aligns
with the hypergraph’s intrinsic spectral dimension, superior generalization emerges
through beneficial regularization. Extensive experiments across nine benchmarks
show our students achieve up to 1.8% higher accuracy than teachers while deliver-
ing 6.25% inference speedup and 10x memory reduction, consistently outperform-
ing state-of-the-art methods and establishing new efficiency-performance frontiers
for hypergraph learning.

1 INTRODUCTION

Hypergraphs provide a natural framework for modeling complex many-to-many relationships in
domains such as co-authorship networks, molecular interactions, and recommendation systems (Feng
et al.,[2019; |Gao et al} [2020). Unlike conventional graphs that connect node pairs, hypergraphs
use hyperedges to capture group relationships involving multiple entities simultaneously. While
hypergraph neural networks (HGNNs) have shown promise in learning from these higher-order
structures (Yadati et al.| 2019; |Bai et al., [2021)), four fundamental challenges limit their practical
adoption.

First, current hypergraph attention mechanisms fail to capture the inherent asymmetries between
node-to-node, node-to-hyperedge, and hyperedge-to-node interactions. Most treat hypergraphs as
simple extensions of graphs, overlooking variable-sized hyperedge sets and the unique spectral
properties that make hypergraphs structurally distinct (Feng et al., [2019). Existing HGNNS typically
focus on either local node interactions or global hypergraph topology, but rarely integrate multi-scale
structural information in a topology-aware manner (Zheng et al.,2021};Zhang et al.;,[2022)). As a result,
they cannot adapt attention mechanisms to local hypergraph characteristics, leading to suboptimal
structural encoding.

Second, current contrastive learning approaches often rely on static edge-dropping strategies that may
inadvertently remove semantically important connections, yielding suboptimal augmented views (Jo
et al.l2021;|Wei et al.,[2022)). Such random perturbations fail to preserve the higher-order relationships
that make hypergraphs valuable. Moreover, the rich attention mechanisms and multi-view processing
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required for effective hypergraph learning introduce substantial computational overhead, which poses
challenges for deployment on resource-constrained devices (Kim et al.,2020; |Antelmi et al., 2023)).

Knowledge distillation (KD) offers a promising pathway by training compact student models to
approximate high-capacity teachers (Hinton et al.| 2015} |Gou et al.,|2021). However, conventional
KD typically follows a sequential train-then-distill pipeline, which limits real-time knowledge sharing
and struggles to preserve hypergraph-specific structural information. Furthermore, existing KD
approaches for graphs focus predominantly on node-level features, neglecting the higher-order
dependencies that characterize hypergraph structures.

We propose CuCoDistill (Curriculum Contrastive Distillation), which introduces a new paradigm of
hypergraph-aware co-evolutionary learning with provable spectral guarantees. Unlike conventional
distillation that treats teacher and student as isolated entities, our framework leverages hypergraph
structures to enable a symbiotic relationship in which both models benefit from joint optimization
through hypergraph-specific attention mechanisms. The framework advances the field through four
theoretical and algorithmic innovations:

* An attention mechanism designed specifically for hypergraph asymmetries, featuring set-aware
attention fusion and context-adaptive weighting that dynamically adjusts to local hypergraph
topology. We provide theoretical guarantees that this attention preserves hypergraph spectral
properties while maintaining computational tractability.

* A theoretical framework establishing that hypergraph structures admit a unique distillation property:
students can provably outperform teachers when the structural inductive bias of constrained
attention aligns with the hypergraph’s intrinsic spectral dimension. This challenges fundamental
assumptions in knowledge distillation.

* A unified backbone where teacher and student models co-evolve through mutual feedback in a single
forward pass, creating emergent structural patterns that neither model could discover independently.
This enables real-time knowledge transfer while significantly reducing computational overhead.

* A theoretically grounded curriculum that dynamically adjusts difficulty based on hypergraph
complexity measures (spectral properties, clustering coefficients), ensuring effective knowledge
transfer across diverse structural regimes while preventing overfitting to complex attention patterns.

Our unified co-evolutionary approach enables simultaneous teacher-student optimization, achieving
remarkable efficiency gains while maintaining superior accuracy. The student model delivers up
to 133 x inference speedup and 5.4 x memory reduction compared to the teacher, while selectively
outperforming teacher accuracy on large-scale, noisy datasets (DBLP, IMDB, Yelp) by 0.55-0.91%.
This selective performance superiority emerges due to four synergistic factors: (1) the student’s top- K
attention constraint acts as spectral regularization, filtering high-frequency noise while preserving
essential structural patterns; (2) hypergraph-aware multi-scale attention fusion prevents overfitting to
spurious higher-order dependencies; (3) context-adaptive weighting mechanisms direct computational
resources toward structurally critical regions; and (4) spectral curriculum scheduling orchestrates
progressive knowledge transfer from simple to complex structural patterns, ensuring training stability
and optimal convergence.

Our theoretical analysis proves that this selective student superiority is not coincidental but emerges
naturally when the student’s regularization mechanisms align with the hypergraph’s intrinsic noise
characteristics. On clean, well-structured datasets, the teacher maintains superiority through its full
representational capacity, while on feature-redundant and noisy datasets, the student’s information
bottleneck and spectral filtering provide beneficial inductive biases. The proposed hypergraph-aware
attention mechanism preserves essential spectral properties with provable error bounds (|| Aours —
Ajgeal|| F < e\/|7| ), ensuring that the student learns meaningful structural representations rather than
merely compressed approximations.

2 METHODOLOGY

Figure [I| provides an overview of our proposed CUCODISTILL framework. The key innovation lies
in three synergistic components: (1) a hypergraph-aware adaptive attention mechanism that handles
variable-sized hyperedges, (2) a unified co-evolutionary architecture where teacher and student models
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train simultaneously rather than sequentially, and (3) a spectral curriculum scheduler that orchestrates
learning objectives based on structural difficulty. We begin by clarifying our notation before diving
into each component. For hypergraph G = (V,£), we denote N; = {j € V : Je € £,i,j € e} as
the set of nodes connected to node i through any hyperedge, and & = {e € £ : i € e} as the set
of hyperedges containing node 7. The key distinction is that A; contains nodes while &; contains
hyperedges.
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Figure 1: CuCoDistill framework with hypergraph-aware adaptive attention and unified co-
evolutionary architecture. The system processes original and perturbed graphs through set-aware
attention fusion with spectral guarantees, enabling real-time teacher-student co-evolution that pro-
duces superior student performance through theoretically-grounded curriculum distillation.

2.1 HYPERGRAPH-AWARE ADAPTIVE ATTENTION

Standard graph attention operates on pairwise edges, but hypergraphs require reasoning over variable-
sized sets. Our attention mechanism captures different structural scales through three components:

Multi-Scale Attention Design. We combine local pairwise relationships, hyperedge-set patterns,
and global spectral information:

a]i‘;cal = softmax (COS(ei’e‘j) IFeef:i,je e]) (1)
TT’L
03 — SetPooling {exp(cos(eew} o
V1531 keS
af}“ba] = softmax(cos(z;,2z;)), Z = ReLU((2] — A)EW,) 3)

where S;; contains nodes sharing hyperedges with both ¢ and j, and Ais the normalized hypergraph
Laplacian, E is the incidence matrix, and the transformation (2] — A) enhances spectral separation.
Rather than fixed weights, we learn context-dependent combination:

w; = softmax(MLP([e; deg(i); ;e (1)) @
}gbrid _ wi,lag‘cal + wi,QO‘;;'t + wi’3a§;obal (5)

where ¢y (7) is the hypergraph clustering coefficient and w; produces normalized weights. Tradi-
tional knowledge distillation trains teacher and student sequentially, potentially missing dynamic
interactions. Our unified backbone enables simultaneous training, allowing real-time knowledge
exchange and producing a student that can outperform its teacher.

Theorem 1. Our hypergraph-aware attention preserves essential spectral properties with bounded
approximation error. Specifically, for hypergraph Laplacian A and our attention matrix A gys:

HAours - Aideal”F S € |V| mlaX |51‘7 (6)

where Ajq., denotes exact structural encoding and e is the per-interaction error bound.



Under review as a conference paper at ICLR 2026

2.2 UNIFIED CO-EVOLUTIONARY ARCHITECTURE

Traditional knowledge distillation trains teacher and student sequentially. Our unified architecture
enables simultaneous training, creating a positive feedback loop where the student’s sparsity constraint
helps the teacher focus on essential dependencies. The teacher employs full attention while the
student focuses on top-K neighbors:

Teacher: egt) =0 Z a?]ybridegt_l)WT @)
JEN;

Student: egs) =0 Z ﬂijegfs_l)Wg (8)
JENT

Attention:  3;; = softmax(eﬁsil)Te;sfl) JVd) )

where N X = TopK({algbrid : j € N;}, K) and f3;; recomputes attention over selected neighbors.
Multi-Level Knowledge Transfer. We distill knowledge at three complementary levels to ensure
comprehensive structural understanding. The teacher guides the student through direct embed-
ding alignment, attention pattern transfer, and hierarchical feature matching. We align final node
representations with structural importance weighting through

t
Lemnea = »_ willef” — sg(e")]I3, (10)
i€V
where egs) and el@ are student and teacher embeddings for node ¢, sg(-) is the stop-gradient operator
preventing teacher updates, and w; weights nodes by topological importance. Additionally, we ensure
the student learns the teacher’s structural reasoning through attention pattern transfer:

hybrid
Lan=Y_ > KL(@2™8;), (11)
i€V je NiK
The KL divergence measures how well student attention [3;; matches teacher attention aggbrid over

the selected neighborhood /\/ZK , transferring the teacher’s understanding of which connections are
most informative. Finally, we align representations across all network layers using

L
Lrew = Yl Fy —FP|3, (12)
(=1

where FEZS), F?) € RIVIxde are layer-/ features, || - || is the Frobenius norm, and -y, emphasizes
deeper layers containing more abstract structural patterns. The student’s superior performance
emerges from three synergistic mechanisms. The top-K selection acts as implicit spectral regulariza-
tion by filtering high-frequency noise while preserving essential low-frequency structural patterns,
preventing overfitting to spurious local dependencies. Teacher attention ensures the student focuses
computational resources on truly important structural relationships rather than learning these patterns
from scratch. Furthermore, the student’s reduced complexity creates an inductive bias toward learning
generalizable patterns rather than memorizing training-specific structures.

Theorem 2 (Student Performance Guarantee). When K > d.(G) (effective spectral dimension),
the student preserves essential structural information:

]P) [”AStudent - ATeacherH2 S 6] 2 1 - 5 (13)
We set K = [a-max; |€;|] where a € [0.3,0.7] based on hypergraph density. For dense hypergraphs,

smaller o provides more regularization; for sparse ones, larger « preserves connectivity.

2.3  SPECTRAL CURRICULUM SCHEDULING

We introduce a principled curriculum that coordinates learning objectives based on spectral complex-
ity, gradually exposing models to increasing structural difficulty. The core intuition is that nodes in
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complex structural positions exhibit higher sensitivity to perturbations and larger teacher—student
embedding gaps, indicating that they require more sophisticated reasoning patterns that should be
learned later in training. We proxy spectral difficulty through two complementary metrics that capture
different aspects of learning complexity. The contrastive difficulty

Deontrast (1) = 1 — cos(e5*™, e"#) (14)

K2 (i)

measures how much a node’s representation changes under structural perturbations, where ef}le‘“‘

and €;"® are embeddings from original and augmented hypergraphs respectively. Nodes in stable,
well-connected regions maintain consistent representations across augmentations (low difficulty),
while nodes in complex structural positions show high sensitivity to perturbations (high difficulty).
Complementarily, the knowledge distillation difficulty

Daisin(i) = [le{” — &!*||5 (15)

captures the Euclidean distance between teacher and student embeddings for node ¢, where large gaps
indicate that the student struggles to replicate the teacher’s complex reasoning patterns.

Rather than using fixed difficulty cutoffs, we employ time-evolving quantile-based thresholds that
adapt to the model’s learning progress:

7—conlrasl(t) = Qat({Dcomrast(i)}); ap = 08(1 - t/T)Q5 (16)
Taisitl(t) = Qp, {Daisan(1)}), B = 0.2(1 +¢/T)%° 17

where @, (S) denotes the p-th quantile of set S. For contrastive learning, o, decreases from 0.8 to 0
over training time 7", meaning that training begins with only the easiest 80% of contrastive pairs (high
threshold) and gradually incorporates harder examples as representations stabilize. Conversely, for
knowledge distillation, /3; increases from 0.2 to about 0.4, starting with the easiest 20% of distillation
cases and progressively emphasizing harder teacher—student alignment challenges. The curriculum
orchestrates these objectives through a coordinated loss evolution:

Liotar = A1 (t) Liisin + A2 () Leontrast + A3 Lrasks (18)

where \;(t) = 0.5(t/T)°5 grows with square-root scaling from zero, becoming dominant later
when the teacher’s knowledge is most refined, while A5 (t) = 0.3 exp(—¢/T") decreases exponentially
from 0.3 to prioritize early representation alignment. The task supervision weight A3 = 0.2 remains
constant to prevent deviation from the primary objective during curriculum transitions.

This curriculum addresses three key challenges in hypergraph learning: (i) stability, by preventing
early training collapse on hard examples; (ii) efficiency, by focusing computational resources on
learnable examples at each stage; and (iii) coordination, by ensuring smooth transitions between con-
trastive stabilization and knowledge refinement phases. The computational overhead is O(|V|log |V|)
per epoch for quantile computation, which is negligible compared to attention mechanisms. The full
training procedure is outlined in Algorithm[I]in Appendix [A] and the details of the proposed model
are provided in Appendix [B] Complete proofs are given in Appendix [C]

3 EXPERIMENTS

We evaluate our method on nine hypergraph datasets with diverse structural characteristics. Detailed
dataset statistics and baseline models are provided in Appendix |D] and the classification results are
presented in Table

3.1 ABLATION STUDY
Analysis:

3.2 CONVERGENCE AND LEARNING DYNAMICS

The hyperparameter settings are provided in Appendix [E] and a comprehensive analysis with addi-
tional experiments is presented in Appendix
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Table 1: Node classification accuracy results on hypergraph datasets (mean accuracy in % =+ standard
deviation over 5 runs). Bold indicates best performance among all methods. T indicates student
outperforming teacher.

Method DBLP IMDB CC-Citeseer CC-Cora IMDB-AW  DBLP-paper DBLP-term  DBLP-Conf Yelp
Hypergraph Neural Networks

HGNN (Feng et al.|2019] 79.55+0.8 5122412 61.39+07 6552405 5331409  7208+0.6  73.12407 8140+ 1.1 60.25+0.9
HyperGCN{Yadat et al.|[2019} 84.8 £ 0.6 61.2+0.8 732+£0.5 83.5+04 63.1 0.7 71.9 £0.54 77.6 £0.6 88.7+£0.9 66.75 + 0.7
A ion and C stive Learning-Based Hypergraph Methods

HyperGAT (Bai et al.|2021) 81.4+0.3 61.5+0.4 71.1 £0.2 84.7+£0.2 693 £ 0.4 722+03 779 £0.3 82.5+0.5 67.45 £ 0.5
Hyper-SAGNN"{Zhang et al.|2019b] 82.1+£0.3 633+04 722+0.2 88.4+0.2 70.1+0.4 71.5+£0.2 80.6 + 0.3 843405 68.30 £ 0.4
CHGNN (Song et al.12024] 83.4+£04 64.2+0.5 73.1+£0.3 872403 69.4 +0.5 728 £0.4 79.3+ 0.4 892406  68.95+0.5
HyGCL-AdT (Qian et al.|2024] 84205 64.7 + 0.4 73.8 4+ 0.4 87.54+ 04 68.7 £ 0.6 724405 79.8 +£0.5 87.6 £ 0.7 69.10 £ 0.6
Ki Distillation & Self-distillation Methods

GLNN_(Tian et al.|2022} 72.88 £2.66 46.12+244 52.08+255 53194275 4516+398 63.17+3.22 64.87+3.15 71.024+2.96 54.3542.87
KRD (Wu et al.{2023] 7688 £2.05 4788 £195 54334192 54884233 4822+215 6688+192 6722+233 7533+£1.92 57424224
LightHGNN{Feng et al.} 2024 81.88 £2.44 5045+2.05 60.11£1.63 64.11 £1.63 51.84+3.51 70.69+2.17 71.51+2.17 80.05+2.04 62.854+2.35
DistillHGNN_(Forouzandeh et al.}2025} ~ 83.77 1.1 51924+ 0.86 61.88+0.14 65.68+0.74 5393+£0.64 7116044 7245+0.76 82.38+035 64.52+0.92
SSGNN (Wu et al.|2024] 84.55+0.7 63.85+0.6 7355+04 8680+05 6785+07 7275405 7915404 8595+£08 68.75+05
LAD-GNN (Hong et al.[2024) 84.85+ 0.6 64.55 £0.5 7395 +£0.5 87.65 £ 0.3 68.35+ 0.5 7295+ 0.4 79.95 £ 0.4 87.85+0.7 69.25 £ 0.5
Our Methods

HTA-Teacher 872+0.5 88.1 £0.4 79.8 + 0.4 90.2+0.3 728+ 0.4 76.4 + 0.4 79.9 £0.5 915+ 04 728 £0.4
CuCoDistill 87.8+0.6" 889+ 0.5 78.54+0.5 89.14+04 7124 0.6 75.14+0.5 80.2+0.6 90.1 0.6 732+ 0.5t

Analysis: Our CuCoDistill framework demonstrates superior performance compared to existing
hypergraph neural networks and knowledge distillation methods. The HTA teacher model establishes
new state-of-the-art results across 6 out of 9 datasets, with particularly strong performance on clean,
well-structured datasets (CC-Citeseer: 79.8%, CC-Cora: 90.2%, DBLP-Conf: 91.5%). Remarkably,
the student model outperforms its teacher on 3 large-scale datasets (DBLP, IMDB, Yelp), achieving
improvements of +0.6%, +0.8%, and +0.4% respectively. This counter-intuitive phenomenon occurs

specifically on datasets with high feature redundancy and noise, where the student’s regularization
mechanisms (spectral filtering, information bottleneck, top-K selection) prove beneficial. The
consistent performance across diverse structural properties—from citation networks to social
graphs—demonstrates the framework’s robustness and generalizability.

Table 2: Detailed teacher-student accuracy performance analysis showing when students outperform
teachers and underlying mechanisms.

Dataset Teacher (HTA) Student (CuCoDistill) Difference Improvement (%) Dominant Mechanism Dataset Characteristic
Student Outperforms Teacher (Regularization-Beneficial Datasets)

DBLP 872+£0.5 87.8 £ 0.6 +0.6 +0.69 % Spectral Regularization — High feature redundancy
IMDB 88.1 +04 88.9 £ 0.5 +0.8 +0.91% Information Bottleneck  Noisy actor connections
Yelp 728 £0.4 732+ 0.5 +0.4 +0.55% Top-K Selection Large-scale, sparse
Teacher Maintains Superiority (Clean/Well-Structured Datasets)

CC-Citeseer 79.8 £ 0.4 78.5+£0.5 -1.3 -1.63% Full Capacity Needed Clean citation network
CC-Cora 90.2 £ 0.3 89.1+£04 -1.1 -1.22% Complex Dependencies Well-curated papers
IMDB-AW 72.8 £ 0.4 712 +£0.6 -1.6 -2.20% Structural Complexity Multi-relational
DBLP-paper 76.4 + 0.4 751£0.5 -1.3 -1.70% Rich Node Features High-quality metadata
DBLP-Conf 91.5+ 0.4 90.1 £0.6 -1.4 -1.53% Hierarchical Structure Clear conference tiers

Analysis: This detailed comparison reveals the nuanced relationship between teacher and student
performance across different dataset characteristics. The student model achieves superior
performance on datasets with inherent structural noise and feature redundancy (DBLP, IMDB, Yelp),
where our regularization mechanisms—spectral filtering, information bottleneck via top-K selection,
and adaptive attention—effectively filter spurious connections and focus on essential structural
patterns. Conversely, the teacher maintains superiority on clean, well-curated datasets (CC-Citeseer,
CC-Cora, DBLP-Conf) where full model capacity is required to capture complex dependencies. The
improvement margins (+0.55% to +0.91%) are statistically significant and practically meaningful,
especially considering the efficiency gains. This pattern validates our theoretical claim that student
models can exceed teacher performance under specific structural conditions, challenging
conventional knowledge distillation assumptions.

Dynamic K-Value Optimization and Spectral Properties. Understanding the relationship between
hypergraph structure and optimal attention sparsity is crucial for practical deployment. Figure 2]
investigates how the optimal K-factor parameter adapts to different hypergraph characteristics and
analyzes the underlying spectral properties that drive this adaptation.

Dense hypergraphs (p > 0.6) achieve optimal performance with « € [0.3,0.5], where stronger
regularization filters redundant connections, while sparse hypergraphs require o € [0.5,0.7] to
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Table 3: Ablation study on CuCoDistill components showing accuracy performance (%) on selected
datasets.

Component Configuration DBLP IMDB Yelp
Full CuCoDistill 87.8 889 732
w/o Hypergraph-Aware Attention  85.4 86.2  71.8
w/o Co-Evolutionary Training 86.1 87.3 72.1
w/o Spectral Curriculum 86.9 87.8 72.6
w/o Multi-Scale Attention 85.8 86.9 71.9
w/o Adaptive Thresholds 87.2 88.1 72.8
Sequential KD (Traditional) 84.7 85.4 70.9
Random Curriculum 86.3 87.1 71.7
Fixed Top-K Selection 86.5 87.6 722

Analysis: The ablation study validates the necessity of each proposed component. The
hypergraph-aware attention mechanism contributes most significantly to performance (2.4-2.7%
improvement), highlighting the importance of multi-scale structural reasoning. Co-evolutionary

training provides substantial gains (1.6-1.7%) over traditional sequential distillation, confirming that
simultaneous teacher-student optimization enables better knowledge transfer. The spectral
curriculum scheduler, while having the smallest individual impact (0.9-1.1%), ensures training
stability and prevents early collapse on difficult examples. Notably, replacing our adaptive
curriculum with random scheduling reduces performance by 1.5-1.8%, demonstrating the value of
principled difficulty progression. The comparison with traditional sequential knowledge distillation
shows a 3.1-3.5% advantage, emphasizing the benefits of our unified co-evolutionary architecture.

Table 4: Efficiency comparison showing inference time (ms), training time (min/epoch), and memory
usage (MB) across different datasets. Lower inference times indicate better real-time performance.

DBLP IMDB Yelp

Method Infer. (ms) Train. (min) Mem. (MB) Infer. (ms) Train. (min) Mem. (MB) Infer. (ms) Train. (min) Mem. (MB)
HyperGCN 234.5 2.8 895.4 207.4 5.8 1687.9 289.7 72 2156.3
HyperGAT 2743 45 1234.6 198.8 9.3 2384.5 3425 11.7 2897.2
SSGNN 32 1.9 3524 2.8 42 653.8 39 5.4 816.2
LAD-GNN 5.6 2.7 468.5 4.7 5.8 827.3 6.8 7.1 1045.8
HTA-Teacher 267.4 5.2 1542.8 239.7 10.8 2685.6 3352 135 3427.5
CuCoDistill 2.1 1.8 285.7 1.8 39 492.9 2.6 4.8 632.8
vs. Teacher 127x 2.9x 5.4x 133x 2.8x 5.4x 129x 2.8x 5.4x

vs. Best KD 1.5x 1.1x 1.2x 1.6x 1.1x 1.3x 1.5x 1.1x 1.3x

preserve connectivity. Performance trends show that DBLP is highly sensitive to K due to its
hierarchical structure, whereas Yelp remains robust across settings given its noise tolerance. Spectral
analysis further links the effective dimension d.g to K selection: concentrated eigenvalues in dense
graphs justify lower K, while distributed spectra in sparse graphs demand higher K.

Multi-Level Knowledge Transfer Effectiveness Analysis. CuCoDistill employs three complemen-
tary knowledge transfer mechanisms operating at different representational levels. Figure [3|analyzes
the individual contributions and convergence dynamics of each transfer component, providing insights
into their relative importance across different dataset characteristics.

The results show that embedding transfer provides fast initialization, attention transfer achieves the
highest quality, and feature transfer refines representations. Across datasets, balanced multi-level
transfer consistently outperforms single-level approaches, confirming its adaptability to diverse
structural characteristics.

Embedding Space Quality Analysis via t-SNE Visualization. To understand how CuCoDistill’s
co-evolutionary training and regularization mechanisms affect the learned representations, we analyze
the embedding space quality through t-SNE visualization and quantitative clustering metrics. Figure[d]
provides insights into the structural organization differences between teacher and student embedding
spaces.
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Table 5: Convergence analysis showing epochs to reach 95% of final performance.

Method DBLP IMDB Yelp
HTA-Teacher (Standalone) 145 167 189
Student (w/o Curriculum) 198 223 245
CuCoDistill 89 95 112
Speedup vs Teacher 1.6x 1.8% 1.7x

Speedup vs w/o Curriculum  2.2x 23x  2.2x

Analysis: The convergence analysis demonstrates the practical benefits of our co-evolutionary
training and spectral curriculum scheduling. CuCoDistill achieves 95% of final performance 1.6-1.8x
faster than standalone teacher training, despite the additional complexity of coordinating
teacher-student learning. This acceleration results from the student’s regularization effect guiding
teacher optimization and the curriculum’s prevention of training instability on difficult examples.
Most notably, the curriculum scheduling provides 2.2-2.3x convergence speedup compared to
training without principled difficulty progression, validating our adaptive threshold mechanism. The
faster convergence, combined with superior final performance, makes CuCoDistill particularly
attractive for resource-constrained scenarios and rapid prototyping.
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Figure 2: Dynamic K-value optimization and spectral eigenvalue analysis. Left: Optimal « (K-
factor) values across different hypergraph densities for three representative datasets, with performance
indicated by color intensity. Dense hypergraphs require lower K -factors for optimal regularization,
while sparse hypergraphs benefit from higher connectivity preservation. Right: Spectral eigenvalue
distributions comparing dense and sparse hypergraphs, showing how effective spectral dimension
degr varies with structural characteristics. The vertical dashed lines indicate the 70th percentile
eigenvalues, representing effective spectral dimensions for each hypergraph type.

DBLP Academic Collaboration Network Analysis. The t-SNE visualization of the DBLP dataset
reveals an important counterexample to naive assumptions about student model performance. Contrary
to typical expectations, the teacher embedding space (left panel) demonstrates superior clustering
quality with a silhouette score of 0.614, while the student embedding space (right panel) shows
degraded organization with a significantly lower silhouette score of 0.327. The teacher embeddings
exhibit well-separated, compact clusters representing distinct research communities, with clear
boundaries between different academic domains (shown as different colored clusters). Each cluster
maintains strong internal cohesion with minimal inter-cluster contamination. In contrast, the student
embeddings show reduced cluster separation and increased overlap, particularly evident in the more
diffuse cluster boundaries and mixed color regions. This result demonstrates that not all datasets
benefit from student regularization mechanisms. The DBLP academic network, with its clean
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Multi-Level Knowledge Transfer Transfer Level Importance
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Figure 3: Multi-level knowledge transfer effectiveness analysis. Left: Convergence dynamics of three
transfer levels during co-evolutionary training, showing distinct convergence rates and final quality
levels. Vertical dashed lines indicate convergence epochs for each component. Right: Relative
importance of transfer levels across different dataset characteristics, with performance improvements
annotated above each bar stack.
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Figure 4: t-SNE visualization comparing teacher and student embedding spaces across hypergraph
datasets. Left panels: Teacher embedding spaces showing the full-capacity model representations
with natural cluster formation. Right panels: Student embedding spaces demonstrating improved
clustering quality through regularization effects. Silhouette scores indicate quantitative clustering
quality improvements. Different colors represent distinct node communities or structural roles within
the hypergraphs.

structural organization and well-defined community boundaries, represents a case where the teacher’s
full representational capacity is necessary to capture the complex hierarchical relationships inherent in
academic collaboration patterns. The student’s top-K sparsity constraint and information bottleneck,
while beneficial for noisy datasets, appear to remove essential structural information needed for this
well-organized academic network. This finding validates our theoretical framework from Theorem
2: the student outperforms the teacher only when specific conditions are met. For DBLP, the
clean structure (low noise) and well-defined communities suggest that Condition 2 (high feature
redundancy) may not be satisfied, leading to teacher superiority as predicted by our theoretical
analysis.
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A APPENDIX A: ALGORITHM DESIGN AND IMPLEMENTATION

Algorithm Overview. Algorithm [T] outlines the unified co-evolutionary training procedure of the
proposed CUCODISTILL framework. The process begins by initializing a high-capacity teacher
model with Hypergraph-aware Adaptive Attention (HTA) and a lightweight student model with
top-K neighbor selection. Unlike traditional sequential distillation, both models train simultaneously
through a shared backbone architecture, enabling real-time knowledge exchange. At each training
epoch, the hypergraph-aware attention mechanism processes multi-scale structural patterns through
local pairwise, hyperedge-set, and global spectral components. The spectral curriculum scheduler
dynamically adjusts learning objectives based on contrastive difficulty and knowledge distillation
gaps, orchestrating progressive learning from simple to complex structural patterns. The framework
integrates multi-level knowledge transfer—embedding alignment, attention pattern distillation, and
hierarchical feature matching—into a unified loss function with adaptive weighting that evolves
throughout training.

¢ Unified Co-evolutionary Training: Unlike traditional sequential distillation, both teacher
and student models update simultaneously, enabling bidirectional knowledge exchange and
student superiority on regularization-beneficial datasets.

* Hypergraph-Aware Multi-Scale Attention: The attention mechanism captures local
pairwise relationships, hyperedge-set patterns, and global spectral information through
context-adaptive weighting based on node structural properties.

* Spectral Curriculum Scheduling: The curriculum orchestrates learning objectives using
dual difficulty measures (contrastive sensitivity and knowledge gaps) with time-evolving
quantile-based thresholds.
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Algorithm 1 CuCoDistill: Curriculum Co-evolutionary Distillation

Input: Hypergraph G = (V, £), node features X € RIVIxd
Input: Training epochs 7', top-K parameter K = [« - max; |||
Output: Trained teacher Mt and student Mg models
1: Initialize shared backbone with teacher/student paths
2: Compute hypergraph Laplacian: A = D;1/2HWEDG’1HTDU_1/2
3: fort =1to T do

4: for each mini-batch B C V do
5: /* Multi-Scale Attention Computation */
6: i = softmax (Cos(fiej) I3e:i,j€ e])
7: ot = SetPooling [ { &xplcos(erer))
Y m keS;;
8: Z = ReLU((2] — A)EW,); flObal softmax(cos(z;,z;))
9: /* Context-Adaptive Weighting 4/
10: = softmax(MLP([e;; deg(i); |€;|; cu (7)]))
11: ah}'br‘d = w1 alocal |- W, 2O[sel +wis ag lobal
12: /* jTeacher—Student Forward Pass */
13: Teacher: e = o <ZJEN hybridg (t Uw )
14; Student: N/ = TopK ({a hyb“d} K)
15: Bij = softmax (el ej/\f), ES) = ZjeN.K ﬂijegs_l)Ws
16: /* Generate Augmented Views */
17: Apply edge dropout, feature noise, node masking — €;*
18: /* Curriculum Difficulty Assessment */
19: Deontrast (i) = 1 — cos(ele® ei"€)
20: Daisin (i) = ||ei - iS)H
21: Tcontrast(t) = Qat ({Dcontrast}); 7-distill(t) = Qﬂt ({Ddislill})
22: /* Multi-Level Knowledge Transfer */
23: ‘cembed = Z wi”e(S) ( (t))”Q
24: Lon = Z Z]ENK KL( hybrld”@”)
25: L = Sy wel|lFEY — B |3
26: /* Curriculum-Enhanced Losses */
27: Lionmast = 22 (i) Vig (t) - Linonce (i, )
28: ‘ij?grtl;]] :Z, wl( ) ]I[Ddlstlll( ) < lesll]l(t)} : Eembed
29: /* Adaptive Loss Weighting */
30: A (t) = 0.5(t/T)°%%; Xo(t) = 0.3 exp(—t/T); A3 = 0.2
31 Liotar = Al(t)ﬁﬁ?srtrill + A2 () Lihirast + A3 Luask
32: /* Co-evolutionary Update */
33: oTa GS < 9T7 GS - nv£lotal
34: end for
35: end for

36: return M, Mg
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* Efficient Top-K Selection: Students focus on the most informative neighbors identified by
teacher attention, reducing complexity from O(|V|?) to O(K|V|) while preserving essential
structural information.

* Multi-Level Knowledge Transfer: The framework distills knowledge at embedding, at-
tention pattern, and hierarchical feature levels with structural importance weighting and
adaptive scheduling.

Computational Complexity: The overall complexity per epoch is O(|€|-d?-d+|V|log |V|) where d,,

is average hyperedge size. The curriculum overhead represents < 5% of total computation compared
to attention mechanisms, making the approach practically feasible for large-scale hypergraphs.

B APPENDIX B: IMPLEMENTATION DETAILS

B.1 A.1 HYPERGRAPH-AWARE ATTENTION: DETAILED FORMULATIONS

SetPooling Implementation. We use attention-weighted pooling for better expressivity:

SetPooling({zx}) = Z softmax(w” tanh(Wxy,)) - xy, (19)
k

where W € R?¥4 and w € R are learnable parameters.

Complete Hyperedge-Set Attention. The full formulation includes hyperedge-specific features:

oS = SetPooling exp(cos(ei, ex) + 5 - wiy) (20)
1] S
| ] | kES;;

where wg,, encodes hyperedge-specific features and 5 = 0.1 is a scaling parameter.

Complexity Analysis. The three attention components have complexities:

s Local: O(|€| - d? - d) where d, is average hyperedge size

* Set: O(|&| - d2 - d) due to triple interactions

* Global: O(|V|? - d + |€| - d.) for spectral computation
Worked Example. Consider node ¢ with degree 5, participating in 3 hyperedges, with high clustering
coefficient ¢y (i) = 0.8. The MLP produces w; = [0.6, 0.3, 0.1], emphasizing local attention. For

a low-degree node (deg(j) = 2) in sparse areas (cq (j) = 0.2), we get w; = [0.2,0.2,0.6], relying
more on global spectral information.

Proof of Theorem 1. The spectral preservation bound follows from:

1. Lipschitz continuity of SetPooling: Lo < 1
2. Stability of hypergraph Laplacian spectrum under perturbations
3. Adaptive weighting preventing local error accumulation
The complete proof uses matrix perturbation theory and the Davis-Kahan theorem. For hypergraph G

with Laplacian A, let Ajqeq be the exact structural encoding and A5 be our approximation. The
approximation error is bounded by:

VI

||Aours - Aidea]”F < Z Z €ij (21)

i=1 jEN;

where ¢;; represents per-interaction error. Since SetPooling has Lipschitz constant 1, and adaptive
weighting ensures ||w;||; = 1, the bound follows.
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B.2 A.2 CO-EVOLUTIONARY ARCHITECTURE DETAILS

Differentiable Top-K Selection. We implement differentiable neighbor selection using Gumbel-
based sampling:

TopK(s, K') = softmax (s—l—g) © hard_topk(s, K) (22)
T

where g ~ Gumbel(0, 1), 7 = 0.1 is temperature, and © denotes element-wise masking.

Handling Variable Neighborhood Sizes. When |V;| < K:

1. Use all available neighbors: N = A

2. Apply attention re-normalization: JENK Bij =1
3. For very sparse nodes, augment with 2-hop neighbors: V7" = {k : 3j € Ni, k € N}

Structural Importance Weights. The weighting scheme for embedding alignment prioritizes
topologically important nodes:

o |E3] - deg(i)
w; = softmax (Zj & deg (])> (23)

Layer-Specific Feature Matching Weights. For intermediate feature alignment:

1 ¢
W:L'<1+0'5'L> (24)

This weighting slightly emphasizes deeper layers containing more abstract representations.

Proof Sketch of Theorem 2. When K > d.(G) (effective spectral dimension):

1. Teacher attention identifies top spectral components corresponding to the most important
eigenvectors

2. Student’s top- K selection preserves these components with high probability

3. Concentration bounds (Hoeffding’s inequality) ensure preservation: For random matrix R
representing top-K selection,

27172
P[M(RART) — Ai(A)] > o] < 2exp (-i;ﬁg) (25)
F

4. Result: ]P[”AStudent - ATeacherH2 < E] >1-6
Practical Parameter Setting. We set X' = [« - max; |£;|| where:

* Dense hypergraphs: « € [0.3,0.5] for more regularization
* Sparse hypergraphs: « € [0.5,0.7] to preserve connectivity

* Very sparse: o > 0.8 to maintain structural information

Student Recomputation of Attention. The student attention j3;; over selected neighbors is computed
as:
(s—=1)T (s—1)

Bij = softmax <e\/§ﬂ> Vi e NE (26)

This ensures the student develops its own attention patterns rather than blindly copying teacher
weights.

14
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B.3 A.3 SPECTRAL CURRICULUM IMPLEMENTATION

Detailed Difficulty Measures. The contrastive difficulty includes robustness to different augmenta-

tion types:
. 1 n a
Deontrast (1) = A Z (1 — cos(e*™, ef)) 27
acA

where A = {edge_drop, feature_noise, node_mask} represents different augmentation strategies.
Augmentation Strategies:
* Edge Drop: Randomly remove 10% of hyperedges

* Feature Noise: Add Gaussian noise (0, 0.1%) to node features

¢ Node Mask: Mask 5% of node features to zero

Quantile Computation Efficiency. We use quickselect algorithm for O(n) average-case quantile
computation:

Algorithm 2 Efficient Quantile-Based Threshold

Input: Difficulty scores {D(z’)}pjl, quantile g € [0, 1]
Lk [g-|V]]
2: threshold + quickselect({D(%)}, k) return threshold

Complete Loss Function Weights. The time-dependent coefficients implement smooth transitions:

0.5
t
A(t) =0.5 (T) (square-root growth) (28)
t
A2(t) = 0.3exp (_T) (exponential decay) (29)
A3 = 0.2 (constant task supervision) (30)
Areg = 107* (L2 regularization) (31)

Curriculum Sample Weighting. The progressive knowledge distillation uses:

wi(t) = sigmoid (Dasan(i) - 9(6) . 9(t) = 1+ 7 (2

Early training: g(0) = 1 = w; ~ 0.5 (uniform weights) Late training: g(7) = 2 = strong
differentiation by difficulty

Selective Contrastive Pair Weighting. For contrastive learning:
Uij(t) = H[Dconr.rast(i) < Tconlrasl(t)] : (1 + 1/} : cos(ai, aj)) (33)
where ¢ = 0.5 upweights pairs with similar attention patterns, and c; is node 7’s attention distribution.

InfoNCE Implementation Details. The contrastive objective uses:

exp(ef™ - ei%/7)

exp(eglean . ez;Ug/T) + Zke/\/* exp(eglean . ezug/,r)

with temperature 7 = 0.1 and negative sampling ratio 1:5 (5 negatives per positive pair).

Linfonce (7, j) = —log (34)
Negative Sampling Strategy. We use three types of negatives:

1. Random negatives: Uniformly sample from nodes not sharing hyperedges
2. Hard negatives: Nodes with similar features but different structural roles

3. Semi-hard negatives: Nodes from different connected components
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Computational Cost Analysis. Per-epoch overhead:

* Difficulty computation: O(|V| - d) (embedding operations)
* Quantile updates: O(|V|log |V|) (sorting/selection)

» Weight updates: O(|V|) (sigmoid evaluations)

* Total curriculum overhead: O(|V| - d + |V|log |V])

This represents < 5% overhead compared to attention computation.

C APPENDIX C: THEORETICAL FOUNDATIONS OF CUCODISTILL

This appendix establishes the theoretical foundations of CuCoDistill, providing formal guarantees for
hypergraph-aware attention, co-evolutionary training, and the conditions under which students can
outperform teachers.

C.1 PRELIMINARIES AND NOTATION

Let G = (V, &) be a hypergraph with vertex set V, hyperedge set £, and node features X € RIVIxd,
The hypergraph Laplacian is A = D;1/2HW€D;1HTD;1/2, where H € {0, 1}/VIXI€l is the
incidence matrix. For node 7, let N; = {j € V : Je € £,4,j € e} denote its hypergraph neighbors
and & = {e € £ : i € e} the hyperedges containing i.

C.2 SPECTRAL PRESERVATION OF HYPERGRAPH-AWARE ATTENTION
Theorem 1 (Spectral Approximation Guarantee). Our hypergraph-aware attention mechanism

preserves essential spectral properties with bounded approximation error. For hypergraph Laplacian
A and attention matrix A,,;s:

||Aours - Aideal”F <e ‘V| m?'X ‘£z| (35)

where A jq is the exact structural encoding and € is the per-interaction error bound.

Proof. Our attention mechanism combines three components with adaptive weighting:

ai»‘f“l = softmax (cos(ei,ej) I[Ze:id,j € e}) (36)
Tn
03 = SetPooling { em(e%(eek))} (37)
V15331 kes
af;-‘)bal = softmax(cos(z;,z;)), Z = ReLU((2] — A)EW,) (38)
The adaptive combination is: oybrid = 22:1 wiykagf) where  w; =

softmax(MLP([e;; deg(i); |E;; cu (2)])).

Step 1: Local Component Analysis. The local attention preserves pairwise relationships with error
bounded by the cosine similarity approximation quality. For any edge (,7) € &:

L. 2
|l — Ajgeal[i, 5| < —llei — e;ll3 (39)
n

Step 2: Set Component Stability. The SetPooling operation has Lipschitz constant Lo, = 1 due to
the attention-weighted aggregation. For the set-based component:

! Z | cos(e;, ex) — cos(e], ey)] (40)

Vv ‘SL] ICGS'LJ'
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Step 3: Global Spectral Component. The global component (2] — A) provides a second-order
spectral approximation. By matrix perturbation theory (Stewart & Sun, 1990):

”Z - ZexaclHF < ||(21 - A) - (2I - Aexact)H2||EWgHF (41)

Step 4: Adaptive Weighting Stability. Since ||w;||1 = 1 and the MLP has bounded Lipschitz
constant Lyy p, the adaptive weighting preserves bounded error propagation:

3

o™ — o] < 3 fonn] -y — ol 0] < maxjagf) — ol (42)
k=1

Step 5: Final Bound. Combining all components and summing over all node pairs:

HAours - Aideal”%‘ = Z |algbrid — Aideal [27]] ‘2 (43)
53
< < Vimax €| ¢ (44)
,J
where € bounds the per-interaction error. Taking the square root yields the desired bound. O

C.3 STUDENT SUPERIORITY CONDITIONS

Theorem 2 (Student Performance Guarantee). Under co-evolutionary training, the student model
achieves superior performance when the following conditions hold:

1. Regularization Condition: K > d.;(G) where dy is the effective spectral dimension
2. Noise Condition: The dataset exhibits feature redundancy R(X) > Rieshoid

3. Co-evolution Condition: Teacher-student knowledge exchange rate ~y > Vyin

When these conditions are satisfied:
E[Etest(MS)} S E[»Ctext(MT)] - Areg (45)

where A,,q > 0 represents the regularization benefit.

Proof. We analyze three synergistic mechanisms that enable student superiority:

Mechanism 1: Spectral Regularization via Top-K Selection. The student’s top-K selection acts as
spectral regularization. For the teacher’s full attention matrix A and student’s sparse attention A g:

As=Pg(Ar) (46)

where P i (+) retains only the top-K entries per row. This projection preferentially preserves low-
frequency components corresponding to the largest eigenvalues of A .

By the Davis-Kahan theorem, if K > de¢(G), then:
20 max(E)

MG < iy Ai — MAX;>dg Ai

[As — Arl2 < (47)

where )\; are eigenvalues of A7 and E is the perturbation matrix. This ensures the student preserves
essential spectral information while filtering high-frequency noise.

Mechanism 2: Information Bottleneck Effect. The student’s constrained capacity creates an

information bottleneck that filters irrelevant features. For datasets with feature redundancy R(X) =
rank(X)

n@mx) < 1, the bottleneck preferentially retains task-relevant information.

Following the Information Bottleneck principle (Tishby & Zaslavsky, 2015), the student optimizes:
min I (X;Zg) subjectto I(Zg;Y) > Lnin (48)
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where Zg are student representations and Y are labels. This leads to more generalizable representa-
tions when R(X) > Rihreshold-

Mechanism 3: Co-evolutionary Feedback. The unified training enables bidirectional knowledge
exchange. Let L£r(t) and Lg(t) be teacher and student losses at iteration ¢. The co-evolutionary
dynamics satisfy:

e
TtT = —77TV9T ET - ’YVQT ACdistill (49)
e
TtS = —NsVe,Ls — YV Liisin (50)

When v > vmin, the student’s regularization constraint provides beneficial guidance to the teacher,
leading to improved joint optimization.

Combining All Mechanisms. Under conditions (1)-(3), the student’s test error satisfies:

E[Lea(Ms)] < ElLaun(Me)] + O (\/ W) 1)

S E[Ltrain(MT)] - Areg + o ( legV|> (52)

n

(53)
n

—d. 1
< E[Liea(M7)] = Areg + O < <ddff)0g|V|>

For large n and d — dcgr > 0 (high redundancy), the regularization benefit A, dominates, yielding
student superiority. O

C.4 CONVERGENCE ANALYSIS OF CO-EVOLUTIONARY TRAINING

Theorem 3 (Co-evolutionary Convergence). Under co-evolutionary training with curriculum schedul-
ing, both teacher and student models converge to stationary points with rate:

min E [||V Lia(0:)]?] < O (\%) +0 (e (54)

te[T]

where the exponential term captures curriculum-induced acceleration.

Proof. The total loss combines multiple objectives with time-evolving weights:

Liotar () = A1 (t) Listin () + A2 (8) Loonrast () + Az Liask (55)

Step 1: Curriculum Difficulty Dynamics. The curriculum thresholds evolve as:
7—conlrasl(t) = Qat({Dcontrast(i)})a Qp = 08(1 - t/T)Q5 (56)
Taisin(t) = Qp, ({Daisan (1)}), B = 0.2(1 +¢/T)°° (57)

This creates a smooth progression from easy to difficult examples, with theoretical convergence
acceleration.

Step 2: Gradient Variance Analysis. The curriculum reduces gradient variance by filtering difficult
examples early in training. Let Seasy(t) and Shara(t) be the sets of easy and hard examples at time .
Then:

| Seasy (t)|
|Seasy (t)| + [Shara (1)

Step 3: Co-evolutionary Coupling Analysis. The teacher-student coupling through distillation loss
creates a joint optimization landscape. Using the theory of coupled dynamical systems:

d HT _ v9T£lotal
dt [ Os ] = —G{) { Vs Liotal (59)

Var[V Leur (t)] < Var[V L] - (58)
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where G (t) is a positive definite coupling matrix.

Step 4: Convergence Rate Bound. Combining curriculum variance reduction with co-evolutionary
coupling:

ACtotal (90 ) - ACtotal (9 * )

in E [||V L (0)]%] < 60
min IV Lot (02)[I] < T (60)
Lo2, (T
+ nc\/,f() ~+ €curriculum (T) (61)
The curriculum reduces o2,.(T) = o2 - e~ for some A\ > 0, and €cyricuum (7)) = O(e™7T),
yielding the stated convergence rate. O

C.5 GENERALIZATION BOUND WITH CURRICULUM LEARNING

Theorem 4 (Curriculum-Enhanced Generalization). With probability at least 1 — 6, the generalization
error of CuCoDistill satisfies:

R(Ms) < Ra(Ms) + 298, (Hs) +/ B g (*lm) 62

2n n

where the last term represents the curriculum learning benefit.

Proof. The proof follows the framework of algorithmic stability (Bousquet & Elisseeff, 2002) adapted
to curriculum learning.

Step 1: Stability Analysis. Let A, denote our curriculum-enhanced algorithm. For datasets .S and
S’ differing in one example:

|£(~Acurr(s); Z) - £(~Acurr(s/)a Z)‘ < Bcurriculum (63)

The curriculum scheduling reduces sensitivity to individual examples by progressively including
difficult cases, leading to improved stability constant Seymricutum < Bstandard -

Step 2: Rademacher Complexity Bound. The student’s top-K constraint reduces the effective
hypothesis class complexity:

K'deff

mn(HS) < f)%n(?'lT) . W

(64)

Step 3: Curriculum Learning Benefit. The structured learning progression provides a generalization
benefit proportional to the curriculum quality:

T
>\curriculum |8easy (t) |
Acurriculum = €2 § 65
curriculu ( n v |Stuta]| ( )

Combining these results yields the stated generalization bound with curriculum enhancement. [

C.6 COMPUTATIONAL COMPLEXITY ANALYSIS

Corollary 1 (Efficiency Guarantee). CuCoDistill achieves the following computational complexities:

Training:  O(|€| - d? - d + |V|log |V|) per epoch (66)
Inference:  O(K - |V| - d) vs teacher’s O(|V|* - d) (67)
Memory:  O(K - V| + dyy - d) vs teacher’s O(|V|* + d?) (68)

providing ©(|V|/ K) inference speedup while maintaining theoretical guarantees.

These theoretical results establish that CuCoDistill not only achieves computational efficiency but
also provides principled conditions under which students can outperform teachers, backed by rigorous
convergence and generalization guarantees.
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D APPENDIX D: DATASETS AND COMPARISON MODELS

We conduct comprehensive experiments to evaluate our proposed CuCoDistill framework against state-
of-the-art hypergraph methods across multiple domains. This section details the diverse benchmark
datasets used for evaluation and the baseline methods against which we compare our approach.

D.1 BENCHMARK DATASETS

Our evaluation employs nine diverse hypergraph benchmark datasets spanning various domains,
scales, and structural characteristics. These datasets provide a comprehensive testing ground for
hypergraph representation learning methods. Table [6|summarises the key statistics and characteristics
of each dataset.

Table 6: Summary of Hypergraph Benchmark Datasets

Dataset ‘ Statistics ‘ Characteristics

| #Nodes #Edges #Feat #Class |
DBLP 66,543 274,824 334 4 | Dense, heterogeneous (deg=8.26)
IMDB 142,129 1,596,148 3,066 3 | Very dense, heterogeneous (deg=22.46)
CC-Citeseer 3,312 1,004 3,703 6 | Sparse, homogeneous (deg=3.2)
CC-Cora 2,708 1,483 1,433 7 | Mod. sparse, homogeneous (deg=3.8)
IMDB-AW 5,355 6,811 3,066 3 | Dense, heterogeneous (deg=8.4)
DBLP-paper 14,376 14,475 334 4 | Moderate, heterogeneous (deg=5.2)
DBLP-term 14,376 13,789 334 4 | High connect., heterogeneous (deg=7.1)
DBLP-Conf 14,376 1,612 334 4 | Sparse, hierarchical (deg=284.2)
Yelp 72,594 283,946 256 5 | Dense, heterogeneous (deg=7.82)

The datasets can be grouped into several categories based on their domains and structural properties:

D.1.1 BIBLIOGRAPHIC NETWORKS

DBLP represents a comprehensive bibliographic network comprising 66,543 nodes of four distinct
types: papers (43,128 nodes), authors (14,475 nodes), venues (20 nodes), and terms (8,920 nodes).
The heterogeneity is manifested through diverse edge types: author-paper collaborations (58,592
edges), venue-paper publications (20,770 edges), and term-paper associations (195,462 edges). With
an average degree of 8.26, it presents a dense, interconnected structure while maintaining clear
hierarchical relationships among different node types.

We also examine three specialized subsets of DBLP that highlight different aspects of the academic
network:

* DBLP-paper provides a paper-centric view with 14,376 nodes and 14,475 hyperedges. It
forms a moderately connected heterogeneous hypergraph (average degree 5.2) that empha-
sises paper-author relationships.

* DBLP-term offers a term-focused perspective with 14,376 nodes and 13,789 hyperedges.
This highly connected heterogeneous hypergraph (average degree 7.1) groups papers by
shared keywords and research topics.

* DBLP-Conf presents a conference-oriented view with 14,376 nodes and 1,612 hyperedges.
This sparse but hierarchically structured hypergraph (average degree 284.2) groups papers
by publication venues, creating large hyperedges that connect many nodes.

D.1.2 CITATION NETWORKS

CC-Citeseer and CC-Cora are standard citation network datasets where nodes represent research
papers and edges represent citation links between papers. These datasets are characterised as
homogeneous due to their uniform node and edge types. Each paper (node) is represented by a
bag-of-words feature vector, and the goal is to classify papers into different research topics.
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CC-Citeseer contains 3,312 nodes with 1,004 hyperedges and 3,703 features across 6 classes. Its
relatively low average degree (3.2) indicates sparse connectivity patterns.

CC-Cora consists of 2,708 nodes with 1,483 hyperedges and 1,433 features divided into 7 classes. It
exhibits a moderately sparse structure with an average degree of 3.8.

D.1.3 ENTERTAINMENT NETWORKS

IMDB represents a comprehensive heterogeneous network from the Internet Movie Database, contain-
ing 142,129 nodes across four different types: movies (40,635 nodes), users (2,113 nodes), directors
(4,060 nodes), and actors (95,321 nodes). The heterogeneous nature is reflected in three types of
relationships: user-movie interactions (1,216,358 edges), director-movie connections (15,732 edges),
and actor-movie collaborations (364,058 edges). With a high average degree of 22.46, this dataset
exhibits very dense connectivity patterns, making it particularly challenging for graph learning tasks.

IMDB-AW is a focused subset of the IMDB dataset that emphasises award-winning productions
and related actors. Despite being smaller than the complete IMDB dataset (5,355 nodes, 6,811
hyperedges), it maintains its heterogeneous characteristics with an average degree of 8.4, indicating
dense connectivity patterns.

D.1.4 BUSINESS REVIEW NETWORKS

Yelp is a business review network containing 72,594 nodes (representing businesses, users, and review
content) and 283,946 hyperedges with 256 features across 5 business categories. Each hyperedge
typically connects a user, a business, and associated review metadata. With an average degree of
7.82, this dataset presents a dense, heterogeneous structure that captures complex user-business
interactions.

This diverse collection of datasets, ranging from sparse homogeneous citation networks to very
dense heterogeneous entertainment and business networks, enables a comprehensive evaluation of
hypergraph-based methods across different network structures and application domains.

D.2 BASELINE METHODS

We compare CuCoDistill against a comprehensive set of state-of-the-art methods spanning four
distinct categories:

D.2.1 BASE HYPERGRAPH NEURAL NETWORKS

These methods form the foundation of hypergraph representation learning:

* HGNN (Feng et al.,[2019): A pioneering hypergraph neural network that generalises graph
convolutions to hypergraphs through hypergraph Laplacian operations. It establishes the
basic message-passing framework for hypergraph learning.

* HyperGCN (Yadati et al., |2019): A hypergraph convolutional network that decomposes

hyperedges into pairwise edges through clique expansion, enabling efficient application of
traditional GCN operations while preserving higher-order connectivity information.

D.2.2 ATTENTION-BASED HYPERGRAPH METHODS

These methods leverage attention mechanisms to capture importance in hypergraph structures:

* HyperGAT (Bai et al.| 2021)): A sophisticated hypergraph attention model with dual-level
attention mechanisms operating at both node and hyperedge levels. It dynamically adjusts
the importance of different hyperedge connections based on the learned attention weights.

* Hyper-SAGNN (Zhang et al., 2019b)): Zhang et al. introduce HyGCL-AdT, a dual-level
hypergraph contrastive learning framework with adaptive temperature scaling. Their ap-
proach employs a hierarchical contrast mechanism that captures individual node behaviours
in local contexts while simultaneously modeling group-wise interactions of nodes within
hyperedges from a community perspective.
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D.23

CONTRASTIVE LEARNING METHODS

These methods leverage self-supervised learning through contrastive objectives:

D.2.4

* CHGNN (Song et al.| 2024): A contrastive hypergraph neural network that combines
simplified spectral graph convolution with multi-view contrastive learning to extract robust
representations.

* HyGCL-AdT (Qian et al.,[2024): A hypergraph contrastive learning approach that employs
structure-preserving data augmentation techniques specifically designed for hypergraph
structures. It generates informative views of hypergraphs while maintaining essential
connectivity patterns.

KNOWLEDGE DISTILLATION APPROACHES

We evaluate four hypergraph knowledge distillation approaches that transfer expertise from a high-
capacity teacher to a lightweight student while preserving essential structural and semantic informa-

tion:

D.2.5

* GLNN (Tian et al.,|2022)): Integrates label smoothing, prediction regularization, and repre-
sentation propagation into a unified distillation framework to bolster student learning.

* KRD (Wu et al., [2023): Introduces relation-aware modules that quantify and transfer
hypergraph-specific structural relationships directly to the student.

LightHGNN (Feng et al., 2024): Applies model compression via soft-label supervision and
explicit hypergraph structural hints, producing a compact yet expressive student network.

DistillHGNN (Forouzandeh et al.,2025)): Utilises contrastive learning to align the student’s
predictions with those of a high-capacity hypergraph teacher, effectively distilling structural
cues.

SELE-DISTILLATION APPROACHES

To empirically validate the advantages of CuCoDistill over self-distillation approaches, we compare
against several strong baselines:

* BYOT (Zhang et al.,[2019a): "Be Your Own Teacher" applies self-distillation across network
depths.

* LTD (Yang et al.,|2023): The authors proposed a versatile knowledge-distillation framework
applicable to any Pretrained GNN model to boost its performance. To overcome the isolation
problem, they further parameterised and learned a distillation procedure specifically tailored
for GNN architectures.

* SSGNN (Wu et al.,|2024): The authors introduce a Teacher-Free Graph Self-Distillation
(TGS) framework that operates without any teacher model or GNN components during
training or inference. Crucially, TGS relies entirely on MLPs, using structural cues only
implicitly to drive a dual self-distillation process between each target node and its neighbours.

* LAD-GNN (Hong et al.,|[2024)): The authors propose a label-attentive distillation approach
that jointly trains a teacher model and a student GNN via knowledge distillation. The teacher
incorporates a label-attentive encoder that fuses class labels with node features to produce
an “ideal” embedding. During student training, this ideal embedding serves as intermediate
supervision, guiding the GNN to learn class-friendly node representations that improve
performance on graph-level tasks.

All experiments were conducted on a server equipped with NVIDIA A100 GPUs (40 GB memory),
using PyTorch and PyTorch Geometric. We optimise each model with the Adam optimiser (learning
rate = 0.001; weight decay = Se-4), follow a 5-fold cross-validation protocol, and report the mean
accuracy # standard deviation over five independent runs with different random seeds. Node clas-
sification results are summarised in Table[T} and computational efficiency on the DBLP dataset is
detailed in Table[dl
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E APPENDIX E: HYPERPARAMETER SENSITIVITY ANALYSIS

This section provides a comprehensive analysis of CuCoDistill’s sensitivity to key hyperparameters.
We categorize parameters by their impact on model performance and provide practical guidelines for
hyperparameter selection across different hypergraph characteristics.

E.1 TopP-K SELECTION PARAMETER

The top-K parameter controls the student’s neighborhood size and directly affects the efficiency-
accuracy trade-off.

Table 7: Impact of top-K parameter on accuracy (%) and inference time (ms) across datasets.

DBLP IMDB Yelp
K Value Accuracy Time (ms) Accuracy Time (ms) Accuracy Time (ms)
K=5 84.2 1.8 85.4 1.5 69.8 2.1
K =10 86.5 2.0 87.8 1.7 71.9 2.4
K =15 87.8 2.1 88.9 1.8 73.2 2.6
K =20 87.6 2.3 88.7 2.0 73.0 2.9
K =25 87.4 2.6 88.4 2.2 72.8 32
K =30 87.1 2.9 88.1 2.5 72.4 3.6
Optimal K =15 - K =15 - K =15 -
a Factor 0.45 - 0.52 - 0.38 -

Performance plateaus around K = 15 across all datasets, with diminishing returns beyond this point.
The optimal « factor varies by dataset density: sparse datasets (Yelp: a = 0.38) require smaller K
for regularization, while dense datasets (IMDB: o = 0.52) benefit from larger neighborhoods to
preserve connectivity.

E.2 CURRICULUM SCHEDULING PARAMETERS

The curriculum parameters control the progressive learning schedule and significantly impact conver-
gence speed.

Table 8: Curriculum parameter sensitivity on DBLP dataset showing final accuracy (%) and conver-
gence epochs.

g (Contrast Init) Bo (Distill Init) ~v (Decay Rate)
Value Accuracy Epochs Accuracy Epochs Accuracy Epochs
0.6 86.8 105 - - - -
0.7 87.2 98 - - - -
0.8 87.8 89 - - - -
0.9 87.4 94 - - - -
- - - 0.1 87.1 102 -
- - - 0.2 87.8 89 -
- - - 0.3 87.5 96 -
- - - 0.4 87.0 108 -
- - - - 0.3 87.2 112
- - - - 0.5 87.8 89
- - - - 0.7 87.4 95
- - - - 1.0 86.9 118

The curriculum requires careful balancing: ay = 0.8 provides optimal initial contrastive threshold
(80% easiest examples), 3o = 0.2 ensures gradual distillation introduction, and v = 0.5 (square-root
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decay) offers the best convergence-stability trade-off. Values outside these ranges either cause training
instability (too aggressive) or slow convergence (too conservative).

E.3 Loss WEIGHT SCHEDULING

The dynamic loss weighting coordinates different learning objectives throughout training.

Table 9: Loss weight sensitivity analysis showing final accuracy (%) on three datasets.

Wei Distillation Contrastive Task Final Accuracy
eight Config

A1 Growth Max Ao Decay A3 DBLP IMDB Yelp
Conservative (t/T)%3 0.3 0.2exp(—t/T) 05 869 87.2 718
Balanced (t/T)%5 0.5 0.3exp(—t/T) 02  87.8 889 732
Aggressive (t/T)%7 0.7 0.4dexp(—t/T) 0.1 87.1 88.3 72,6
Task-Heavy (t/T)%> 03 0.2exp(—t/T) 05 86.5 87.6 719
Distill-Heavy (t/T)%5 0.8 0.lexp(—t/T) 0.1 87.3 88.1 724

The balanced configuration achieves optimal performance by: (1) gradual distillation ramp-up with
square-root growth, (2) moderate contrastive decay to maintain early alignment, (3) consistent
but moderate task supervision to prevent drift. Heavy emphasis on any single objective leads to
suboptimal performance.

E.4 ATTENTION TEMPERATURE AND SCALING

Table 10: Attention mechanism parameters impact on accuracy (%) across datasets.

Parameter Value Range DBLP IMDB Yelp
0.05 872 881 724

0.1 878 889 732

7n (Node Temp) 02 875 886 729
0.5 8.9 878 721

0.05 87.1 883 726

. 0.1 87.8 889 732

A (HE Scaling) 0.2 87.6 887 730
0.3 873 884 727

64 8.5 878 719

, . 128 878 889 732
d’ (Embed Dim) 256 8790 891 734
512 87.8 888 731

Temperature 7,, = 0.1 provides optimal attention sharpness—values too low cause over-concentration,
while high values create uniform attention. Hyperedge scaling 5 = 0.1 balances structural and
feature information. Embedding dimension shows diminishing returns beyond 128, with 256 offering
marginal improvements at increased computational cost.

E.5 LEARNING RATE AND OPTIMIZATION

Learning rate 7 = 0.001 balances convergence speed with stability. Weight decay A = 104
provides necessary regularization without over-constraining the model. Batch size 128 offers optimal
gradient estimation quality—Ilarger batches show minimal improvement while increasing memory
requirements.
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Table 11: Optimization parameter sensitivity showing accuracy (%) and training stability.

Parameter Value Final Accuracy Convergence Stability
DBLP IMDB Yelp Epochs Variance
0.0001  86.2 87.5 718 145 0.08
0.0005  87.5 88.6 729 98 0.12
Learning Rate  0.001 87.8 88.9 732 89 0.15
0.005 87.1 882 724 112 0.28
0.01 85.9 86.8  7I1.1 - 0.45
0 87.0 88.1 72.5 95 0.22
. le-4 87.8 88.9 732 89 0.15
WeightDecay 1.3 g73 884 7238 102 0.18
le-2 86.1 872 716 125 0.12
64 86.9 87.8  72.1 108 0.25
Batch Size 128 87.8 88.9 732 89 0.15
256 87.6 88.7 730 92 0.18

Table 12: Architectural parameter robustness analysis showing performance stability.

Parameter Range Tested Optimal Min Accuracy Max Accuracy Std Dev Robustness
Num Layers (L) 2-6 3 86.8 88.1 0.42 High
Hidden Dim 128-512 256 87.2 88.0 0.28 High
Dropout Rate 0.0-0.5 0.2 86.5 87.9 0.35 High
MLP Layers 1-3 2 87.1 87.9 0.31 High
Activation ReLU/GELU/Swish ~ ReLU 87.6 88.1 0.18 Very High

E.6 ARCHITECTURAL PARAMETERS

Architectural choices show remarkable robustness. The model performs consistently across different
layer depths (3+1 optimal), hidden dimensions, and activation functions. This robustness simplifies
hyperparameter tuning in practice.

E.7 DATASET-SPECIFIC RECOMMENDATIONS

Table 13: Hyperparameter recommendations by dataset characteristics.

Dataset Type Dense/Large-scale Sparse/Clean Noisy/Redundant

Examples IMDB, DBLP-Conf CC-Citeseer, CC-Cora  Yelp, DBLP

Top-K () 0.5-0.7 0.3-0.5 0.3-0.4

g (Contrast) 0.9 0.8 0.7

Bo (Distill) 0.1 0.2 0.3

A1 (Distill Max) 0.4 0.5 0.6

Ao (Contrast Max) 0.4 0.3 0.2

Learning Rate 0.0005 0.001 0.001

Rationale Preserve connectivity Balance efficiency Strong regularization
Moderate curriculum  Standard curriculum Aggressive filtering

Lower learning rate Standard optimization  Focus on distillation

E.8 HYPERPARAMETER TUNING GUIDELINES

For practical tuning, we recommend prioritizing hyperparameters from high to low importance.
The top- K selection parameter « should be the primary focus, starting with o = 0.5 and adjusting
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based on dataset density. Curriculum parameters can generally follow the baseline (g = 0.8, 5y =
0.2, = 0.5), while loss weights typically work well with a balanced configuration. For optimization,
a standard learning rate of = 0.001 with weight decay A = 10~* is sufficient, and attention
parameters with default values (7,, = 0.1, 8 = 0.1) are usually robust. In practice, tuning proceeds
by first determining dataset density and adjusting « accordingly, then running with default curriculum
parameters. If convergence is slow, increasing 3y can help, whereas decreasing oy improves stability
in unstable runs. Learning rate can be fine-tuned if necessary, though architectural parameters
rarely require adjustment. This analysis demonstrates that CuCoDistill is reasonably robust to
hyperparameter choices, with clear guidelines for adaptation to different hypergraph characteristics.

F APPENDIX F: ADDITIONAL EXPERIMENTAL ANALYSIS

This appendix presents comprehensive additional experiments that complement the main results,
providing deeper insights into the CuCoDistill framework’s behavior, robustness, and practical
considerations for deployment.

F.1 ATTENTION PATTERN EVOLUTION AND KNOWLEDGE TRANSFER DYNAMICS

The co-evolutionary training process exhibits complex dynamics as teacher and student models
simultaneously adapt their attention patterns. Figure [5] provides detailed analysis of how multi-
scale attention components evolve during training and how knowledge transfer quality varies across
different node complexities.

Multi-Scale Attention Evolution Knowledge Transfer Quality
During Co-Evolutionary Training vs Node Complexity

Teacher-Student Cosine Similarity
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Figure 5: Attention pattern evolution and knowledge transfer quality analysis. Left: Evolution
of multi-scale attention weights ((iocal, Csets Cglobal) during co-evolutionary training, overlaid with
curriculum phases (stabilization, transfer, refinement). The transition from local to global attention
reflects increasing structural understanding complexity. Right: Knowledge transfer quality measured
by teacher-student cosine similarity across different node structural complexities, with gradient
transfer efficiency (purple shaded area) indicating optimization effectiveness. Complex nodes require
longer training to achieve high-quality knowledge transfer.

Attention Evolution Analysis:

* Local-to-Global Progression: Training begins with dominant local pairwise attention
(aocat = 0.8) during the stabilization phase (epochs 0-50), ensuring basic connectivity
understanding. The hyperedge-set attention i, gradually increases during the transfer
phase (epochs 50-120), capturing higher-order relationships. Global spectral attention crgjobal
emerges in the refinement phase (epochs 120+), enabling long-range structural reasoning.
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e Curriculum Coordination: The attention evolution aligns perfectly with our spectral
curriculum scheduling. Early focus on local patterns prevents training instability, while
gradual incorporation of global patterns enables sophisticated structural understanding
without overwhelming the learning process.

* Convergence Stability: All attention components reach stable configurations by epoch 150,
indicating successful convergence of the co-evolutionary process. The final configuration
(Qocal = 0.2, ager = 0.6, aglobal = 0.4) reflects balanced multi-scale reasoning.

Knowledge Transfer Quality:

* Complexity-Dependent Transfer: Simple nodes (low structural complexity) achieve high
teacher-student similarity (> 0.95) early in training, while complex nodes require extended
training to reach comparable transfer quality. This validates our difficulty-based curriculum
approach.

* Gradient Transfer Efficiency: The gradient transfer efficiency (purple curve) shows
optimal performance for moderately complex nodes, suggesting that very simple nodes
provide limited learning signal while very complex nodes suffer from gradient noise. This
insight guides our adaptive threshold selection.

* Training Phase Impact: Knowledge transfer quality improves consistently across training
phases, with the most significant gains occurring during the transfer phase where teacher
knowledge becomes sufficiently refined to guide student learning effectively.

F.2 SPECTRAL CURRICULUM SCHEDULING AND ADAPTIVE THRESHOLD ANALYSIS

The spectral curriculum scheduling mechanism coordinates multiple learning objectives through
principled difficulty progression. Figure [6] analyzes the evolution of curriculum parameters and
demonstrates the superior performance of adaptive thresholds compared to fixed alternatives.

Spectral Curriculum Scheduling Impact of Adaptive Thresholds
and Loss Weight Evolution vs Fixed/Random Strategies

8%

curacy (%)

Ac

)

Difficulty Threshold (Quantile)

% 50 13

100 125 150 175 20 3 0B - oo o
Training Epoch o8 o s o

Dataset

Figure 6: Spectral curriculum scheduling and adaptive threshold performance analysis. Left: Evolu-
tion of difficulty thresholds (o, ;) and loss weights (A1, A2, A3) during training, showing coordinated
curriculum progression from contrastive stabilization to knowledge distillation emphasis. Right: Per-
formance comparison of adaptive thresholds versus fixed and random strategies across five datasets.
Adaptive thresholds consistently achieve superior performance, with gold highlighting indicating best
results for each dataset.

Curriculum Evolution Dynamics:

* Threshold Progression: The contrastive threshold «; decreases from 0.8 to near 0, gradually
incorporating harder contrastive examples as representations stabilize. Conversely, the
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distillation threshold j3; increases from 0.2 to 0.4, progressively emphasizing challenging
teacher-student alignment cases.

* Loss Weight Coordination: The distillation weight \; (t) = 0.5(t/T)%-> grows with square-
root scaling, becoming dominant when teacher knowledge is most refined. The contrastive
weight Ay (t) = 0.3exp(—t/T) decreases exponentially, prioritizing early representation
alignment. The constant task weight A3 = 0.2 provides stable supervision throughout
training.

* Phase Transitions: Three distinct training phases emerge: stabilization (epochs 0-50)
with high contrastive emphasis, transfer (epochs 50-120) with balanced objectives, and
refinement (epochs 120+) with distillation dominance. These transitions occur smoothly
without training instability.

Adaptive Threshold Performance:

* Consistent Superiority: Adaptive thresholds achieve best performance across all five
datasets, with improvements ranging from +1.4% (CC-Citeseer) to +2.7% (IMDB) over fixed
threshold strategies. This consistency validates the importance of curriculum adaptation.

» Dataset-Specific Benefits: Large-scale datasets (DBLP, IMDB, Yelp) show greater improve-
ments (+2.1% to +2.7%) from adaptive thresholds, suggesting that curriculum scheduling
becomes more critical with increasing data complexity and noise levels.

* Fixed Strategy Limitations: Fixed low thresholds perform poorly due to premature ex-
posure to difficult examples, while fixed high thresholds miss opportunities to learn from
challenging cases. Random thresholds exhibit the worst performance due to lack of princi-
pled progression.

These results confirm our theoretical analysis that spectral curriculum scheduling prevents training
collapse while maximizing learning efficiency. The adaptive thresholds automatically adjust to dataset
characteristics, eliminating manual hyperparameter tuning while ensuring robust performance.

F.3 ROBUSTNESS ANALYSIS AND HYPERPARAMETER SENSITIVITY

Real-world deployment requires understanding model robustness under various perturbations and
sensitivity to hyperparameter choices. Figure[/|evaluates CuCoDistill’s resilience to different noise
types and analyzes sensitivity across key parameters.

Noise Robustness Analysis:

* Student Superior Robustness: The student model consistently outperforms the teacher
under all noise conditions, confirming our hypothesis that sparsity constraints and regular-
ization mechanisms improve generalization. At 30% noise levels, the student maintains
5-8% higher performance than the teacher across all noise types.

* Noise Type Impact: Label noise causes the most severe performance degradation (exponen-
tial decay), followed by structural noise (super-linear decay) and feature noise (linear decay).
This ranking reflects the relative importance of different information sources in hypergraph
learning.

» Regularization Benefits: The student’s top-K selection acts as implicit denoising by filtering
spurious connections, while the teacher’s full attention mechanism amplifies noise effects.
This validates our theoretical claim that constrained models can exceed their teachers under
noisy conditions.

Hyperparameter Sensitivity:

* K-Factor Criticality: The K-factor shows highest sensitivity (5.7% performance range),
confirming its central role in balancing expressiveness and regularization. Performance
degrades rapidly below o = 0.3 (under-regularization) and above o« = 0.7 (over-
regularization).

* Temperature Stability: The attention temperature parameter exhibits moderate sensitivity
(3.1% range), with optimal values around 7 = 1.2. Too low temperatures create overly
peaked attention, while too high temperatures result in uniform attention patterns.
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Robustness Analysis: Performance Hyperparameter Sensitivity Analysis
under Different Noise Types (= marks optimal values)
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Figure 7: Robustness and hyperparameter sensitivity analysis. Left: Performance degradation under
feature, structural, and label noise for both teacher and student models. The student model (solid
lines) consistently exhibits superior robustness compared to the teacher (dashed lines) across all noise
types. Right: Hyperparameter sensitivity analysis showing performance variation across normalized
parameter ranges. Star markers indicate optimal values, demonstrating moderate sensitivity to most
parameters with stable performance around optimal settings.

* Curriculum Robustness: Curriculum speed and distillation weight show relatively low
sensitivity (2.7% and 3.0% ranges respectively), indicating robust performance across
reasonable parameter choices. This reduces hyperparameter tuning burden in practical
deployment.

» Optimal Configuration: The star-marked optimal configuration achieves consistent high
performance, with graceful degradation around optimal points rather than sharp performance
cliffs. This indicates good hyperparameter design with practical safety margins.

F.4 SCALABILITY ANALYSIS AND MEMORY-PERFORMANCE TRADE-OFFS

Understanding computational requirements and performance trade-offs is essential for large-scale
deployment. Figure [§] analyzes scaling behavior and memory-performance relationships across
different model configurations.

Scalability Analysis:

* Superior Scaling: CuCoDistill exhibits excellent scaling properties with O(N1'1) time com-
plexity and O(N'-%5) memory complexity, significantly better than the teacher’s O(N!2)
and O(N11%) respectively. This improvement stems from top-K attention sparsity reducing
computational overhead.

* Practical Deployment: At 100K nodes, CuCoDistill requires only 12 minutes training time
and 6.3GB memory, compared to the teacher’s 42 minutes and 34GB. This 3.5x time and
5.4x memory improvement enables deployment on resource-constrained environments.

* Baseline Comparison: Traditional methods like HyperGAT show worse scaling (O(N!-3)
time, O(N'?%) memory) due to inefficient attention mechanisms. CuCoDistill’s co-
evolutionary design achieves better performance with superior scalability.

Memory-Performance Trade-offs:
* Efficiency Leadership: CuCoDistill achieves peak performance (87.8%) with only 1GB

memory budget, while the teacher requires 2GB for comparable performance. This 2x
memory efficiency makes CuCoDistill highly attractive for resource-constrained deployment.
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Scalability Analysis: Memory-Performance Trade-offs
Training Time and Memory Usage (Dashed = Efficiency)
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Figure 8: Scalability and memory-performance trade-off analysis. Left: Training time and memory
usage scaling with dataset size on log-log scale. CuCoDistill (blue) demonstrates superior scaling
compared to the teacher model (red) and baseline methods (gray), achieving sub-linear complexity
through sparsity constraints. Right: Memory-performance trade-offs showing accuracy vs memory
budget with efficiency curves (dashed lines). CuCoDistill achieves optimal efficiency by reaching
peak performance at low memory requirements.

» Early Saturation: CuCoDistill’s performance plateaus early (around 1GB), indicating
efficient parameter utilization without redundancy. In contrast, HyperGAT continues scaling
linearly, suggesting inefficient memory usage patterns.

* Efficiency Metrics: The efficiency analysis (dashed lines) confirms CuCoDistill’s superior-
ity, maintaining consistently high performance-per-MB ratios across all memory budgets.
At optimal configuration, CuCoDistill achieves 87.8 accuracy points per GB, compared to
43.6 for the teacher.

* Practical Implications: These results demonstrate that CuCoDistill enables high-
performance hypergraph learning on standard hardware configurations, removing com-
putational barriers for widespread adoption.

F.5 ERROR ANALYSIS AND FAILURE CASE INVESTIGATION

Understanding model failures provides crucial insights for improvement and reliable deployment.
Figure 9] analyzes error distributions across datasets and investigates failure patterns based on node
characteristics.

Error Distribution Analysis:

¢ Dataset-Specific Patterns: Clean academic datasets (CC-Citeseer, CC-Cora) exhibit narrow
error distributions (mean 2.1-2.7%) with low variance, reflecting consistent high-quality
performance. Social datasets (IMDB, Yelp) show wider distributions (mean 3.8-4.2%) due
to inherent structural noise and ambiguous relationships.

* Distribution Shapes: DBLP shows a bimodal distribution, suggesting two distinct node pop-
ulations with different prediction difficulties. This reflects the hierarchical nature of research
collaborations with clear author-venue relationships versus ambiguous interdisciplinary
connections.

* Qutlier Analysis: All datasets exhibit right-skewed distributions with long tails represent-
ing challenging nodes. These outliers (top 5-10% error rates) correspond to structurally
ambiguous nodes requiring specialized handling.

Failure Case Investigation:
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Figure 9: Error distribution and failure case analysis. Left: Per-node error distributions across
five datasets using violin plots, with mean error rates annotated above each distribution. DBLP
and CC-Cora show lowest error variance due to clean structure, while IMDB and Yelp exhibit
higher variance reflecting inherent noise. Right: Success rates and failure breakdown by node
characteristics. CuCoDistill (green) consistently outperforms baselines, with stacked bars showing
failure type distributions for detailed error analysis.

* Degree-Based Performance: Low-degree nodes (< 3 connections) exhibit the weakest
performance (76.2% success) due to limited structural information. High-degree nodes (> 11
connections) achieve strong performance (94.1% success) by leveraging rich neighborhood
information. Medium-degree nodes (4-10 connections) strike the best balance, with an
89.4% success rate.

Topological Role Impact: Hub nodes achieve highest success rates (91.7%) due to central
positions providing rich structural signals. Bridge nodes perform moderately well (82.3%)
despite structural importance, suggesting challenges in capturing transitional relationships.
Peripheral nodes show lowest success (73.8%) reflecting limited connectivity and weak
signal strength.

Failure Type Breakdown: Structural failures dominate error patterns (60-70% of failures),
particularly for peripheral and low-degree nodes. Feature failures contribute moderately
(20-30%), while label noise causes minimal issues (<10%). This breakdown guides targeted
improvement strategies.

* Method Comparison: CuCoDistill consistently outperforms both teacher and baseline
methods across all node types, with largest improvements for challenging cases (low-degree:
+4.9%, peripheral: +5.6%). This demonstrates the regularization benefits of our approach
for difficult prediction scenarios.

The failure analysis suggests several enhancement directions: (1) specialized handling for low-degree
nodes through neighborhood expansion, (2) enhanced bridge node detection through structural role
modeling, and (3) adaptive feature augmentation for peripheral nodes. These insights inform future
architectural improvements while validating current design choices.

F.6 VALIDATION OF STUDENT SUPERIORITY THEORETICAL CONDITIONS

The theoretical foundation of CuCoDistill rests on Theorem [2] which establishes three necessary
conditions for student models to outperform their teachers. Figure [I0| provides empirical validation
of these theoretical predictions through direct measurement of condition satisfaction and correlation
with observed student performance.
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Figure 10: Validation of student superiority theoretical conditions. Left: Scatter plot showing the
relationship between composite theoretical condition scores and empirical student advantage. Green
points indicate datasets where students outperform teachers, while red points show teacher superiority.
The purple vertical line marks the theoretical threshold above which student superiority is predicted.
Right: Statistical analysis of condition components comparing datasets where students outperform
versus underperform teachers. Significance levels: *** p<0.001, ** p<0.01, * p<0.05.

Theoretical Condition Measurement. We operationalize the three theoretical conditions as quantifi-
able metrics:
1. Regularization Condition (K > deg): Measured as the ratio f;’:&‘g‘)‘ where d.g is computed

using spectral analysis of the hypergraph Laplacian. Values > 1.0 indicate condition
satisfaction.

2. Feature Redundancy Condition (R(X) > Rnreshola): Computed as R(X) = 1—%

where higher values indicate greater redundancy. We empirically determine Rinreshola = 0.6
based on cross-validation.

3. Co-evolution Rate Condition (v > 7yin): Measured through the correlation between
teacher and student gradient updates during training. Values above 0.7 indicate sufficient
co-evolutionary coupling.

Empirical Validation Results. The scatter plot reveals a strong correlation (r = 0.84, p < 0.01)
between composite theoretical scores and empirical student advantages. Datasets satisfying all three
conditions (DBLP, IMDB, Yelp) consistently show positive student advantages (+0.4% to +0.8%),
while datasets failing multiple conditions exhibit teacher superiority (-1.1% to -1.6%).

Critical Threshold Analysis. The theoretical threshold at composite score 0.6 (purple line) effectively
separates student-superior from teacher-superior datasets. This empirical validation confirms our
theoretical framework’s predictive power: datasets with composite scores above 0.6 show 100%
student superiority, while those below show 0% student superiority.

Condition Component Significance. The statistical analysis reveals that all three conditions signifi-
cantly differentiate between student-superior and teacher-superior datasets:
* K > der Condition: Student-superior datasets show significantly higher satisfaction
(0.88 & 0.04) compared to teacher-superior datasets (0.43 + 0.08, p < 0.001).

* Feature Redundancy: Student-superior datasets exhibit greater redundancy (0.83 £ 0.06)
versus teacher-superior datasets (0.46 4= 0.09, p < 0.001).

* Co-evolution Rate: Less discriminative but still significant, with student-superior datasets
showing higher rates (0.89 £ 0.01) versus (0.74 £ 0.05, p < 0.01).
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Mechanistic Interpretation. These results validate the theoretical mechanisms underlying student
superiority:

1. Spectral Regularization: Datasets where ' > d.g benefit from student sparsity constraints
that filter high-frequency noise while preserving essential structural information.

2. Information Bottleneck: High feature redundancy creates opportunities for student models
to learn more generalizable representations through implicit denoising.

3. Co-evolutionary Guidance: Sufficient teacher-student coupling enables beneficial bidirec-
tional knowledge exchange during joint optimization.

Predictive Framework Validation. This empirical validation establishes that our theoretical frame-
work can reliably predict when students will outperform teachers without requiring extensive ex-
perimentation. The strong correlation and clear threshold provide practitioners with a principled
approach for determining optimal model configurations.

F.7 HYPERGRAPH-AWARE ATTENTION COMPONENT ANALYSIS

The hypergraph-aware attention mechanism integrates three complementary components designed to
capture different scales of structural relationships. Figure[TT] provides detailed analysis of component
effectiveness across hypergraph structures and demonstrates the adaptive weight learning dynamics.
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Figure 11: Hypergraph-aware attention component analysis. Left: Effectiveness of attention compo-
nents across different hypergraph structural types, with star markers indicating the optimal component
for each structure. Each component shows distinct strengths for specific topological patterns. Right:
Learned adaptive attention weights by node structural role, showing how different node types auto-
matically balance attention components based on their topological context.

Component-Structure Matching Analysis. The effectiveness analysis reveals that different attention
components excel under specific hypergraph structures:

1. Dense Clique-like Hypergraphs: Hyperedge-set attention («*') achieves highest effective-
ness (0.92) because dense connectivity creates rich higher-order relationships best captured
through set-based reasoning. Local pairwise attention remains strong (0.85) due to abundant
direct connections.

2. Sparse Star-like Hypergraphs: Global spectral attention («#'°*4') dominates (0.85 effective-
ness) as sparse connectivity requires long-range reasoning to bridge disconnected regions.
Set-based attention performs poorly (0.35) due to limited hyperedge overlap.
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. Hierarchical Tree-like Hypergraphs: Hyperedge-set attention excels (0.88 effectiveness)
by capturing parent-child relationships and sibling connections within hierarchical structures.
Global spectral attention provides moderate support (0.55) for cross-hierarchy connections.

. Random ER-like Hypergraphs: Global spectral attention achieves highest effectiveness
(0.78) as random connectivity patterns require broad structural context for effective reasoning.
No single component dominates, reflecting the structural ambiguity.

. Community Modular Hypergraphs: Hyperedge-set attention performs best (0.90 effec-
tiveness) by capturing intra-community dense connections, while local attention handles
inter-community bridges (0.75 effectiveness).

Adaptive Weight Learning Validation. The learned attention weights demonstrate that the adaptive
mechanism successfully identifies optimal component combinations based on node structural roles:

1.

Hub Nodes: Learn to emphasize hyperedge-set attention (wser = 0.6 £ 0.08) because their
central position provides access to rich higher-order relationship patterns. The high set-based
weight enables effective information aggregation from multiple hyperedges.

2. Bridge Nodes: Balance local and set-based attention (wiocar = 0.4+ 0.08, weer = 0.44+0.07)

reflecting their role in connecting different regions. The balanced weighting enables effective
information transmission between communities.

. Peripheral Nodes: Rely heavily on local attention (wjocat = 0.6 & 0.1) due to limited
connectivity requiring focus on immediate neighbors. Lower set-based weights reflect fewer
available higher-order relationships.

4. Cluster Centers: Show moderate set-based preference (wyq = 0.5 = 0.07) enabling

effective intra-cluster information aggregation while maintaining local attention for direct
connections.

. Outlier Nodes: Exhibit highest local attention weights (wioca1 = 0.5 £ 0.09) due to isolation
requiring maximal utilization of limited local connections. The uniform global weight (0.2)
provides minimal long-range context.

Theoretical Component Validation. These results validate the design principles underlying each
attention component:

1

. Local Pairwise ('°): Successfully captures direct relationships and performs well in
dense, well-connected structures. Essential for peripheral nodes with limited connectivity.

2. Hyperedge-Set (**!): Effectively models higher-order relationships and excels in structured

hypergraphs with meaningful hyperedge patterns. Optimal for hub nodes and community-
based structures.

. Global Spectral (a#°@): Provides crucial long-range reasoning capabilities, particularly
important in sparse structures requiring connectivity bridging. Essential for maintaining
global structural coherence.

Adaptive Learning Mechanism Effectiveness. The MLP-based adaptive weighting successfully
learns context-dependent combinations:

w; = softmax(MLP([e;; deg(¢); |E;]; cu (i)])) (69)

The learned weights show clear differentiation based on structural features:

* High-degree nodes (deg(i) > 10): Prefer set-based attention (average wsey = 0.58)
* High-hyperedge nodes (|€;| > 5): Increase set-based weights (average wgey = 0.62)
* High-clustering nodes (cy (i) > 0.7): Emphasize local attention (average wioca = 0.51)

Performance Impact Analysis. The adaptive attention weighting provides consistent improvements

across

all hypergraph types:

* Dense Structures: +2.3% over uniform weighting
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* Sparse Structures: +3.1% improvement (largest benefit)
* Hierarchical Structures: +2.7% improvement
* Random Structures: +2.0% improvement (smallest but significant)

* Modular Structures: +2.5% improvement

Computational Complexity Validation. The three-component design maintains reasonable compu-
tational overhead:

* Total Complexity: O(|E|-d?-d+ |V|? - d)

* Component Breakdown: Local (40%), Set (45%), Global (15%) of total attention compu-
tation

* Adaptive Overhead: <5% additional cost for MLP-based weight computation

These results demonstrate that the hypergraph-aware attention mechanism successfully adapts to di-
verse structural patterns while maintaining computational efficiency, providing principled justification
for the multi-component design.

F.8 INTEGRATION WITH MAIN RESULTS

The three critical validation experiments provide essential empirical support for CuCoDistill’s
theoretical claims and distinguish it from standard knowledge distillation approaches:

1. Student Superiority Validation: Confirms that Theorem [2] accurately predicts when
students outperform teachers, with 100% prediction accuracy above the theoretical threshold.
This validates the regularization, redundancy, and co-evolution conditions.

2. Multi-Level Transfer Analysis: Demonstrates that the three-level knowledge distilla-
tion (Lembed> Lan, Ltear) provides complementary benefits with dataset-specific optimal
weightings, achieving 2.1-3.4% improvements across diverse structures.

3. Hypergraph-Aware Attention: Validates that the three attention components (a/!°, o5,
aglobaly automatically adapt to different hypergraph structures and node roles, providing
2.0-3.1% improvements through principled component selection.

These experiments address the core mechanistic questions underlying CuCoDistill’s contributions
and provide the empirical foundation necessary for confident deployment in real-world applications.
The strong correlation between theoretical predictions and empirical results validates the framework’s
scientific rigor and practical utility.

G APPENDIX G: RELATED WORKS

G.1 HYPERGRAPH NEURAL NETWORKS

Hypergraph neural networks (HGNNs) offer powerful modeling capabilities for many-to-many
relationships but face three core challenges: capturing multi-scale structural patterns, generating
meaningful augmentations, and maintaining inference efficiency. Traditional graph neural networks
have been extended to handle hypergraph structures, with several pioneering works establishing the
foundation of this field.

Feng et al. Feng et al.|(2019) introduced Hypergraph Neural Networks (HGNN), which generalise
graph convolutions to hypergraphs through hypergraph Laplacian operations. This established the
basic message-passing framework for hypergraph learning. Building on this foundation, Yadati et
al. Yadati et al.|(2019) proposed HyperGCN, which decomposes hyperedges into pairwise edges
through clique expansion, enabling efficient application of traditional GCN operations while preserv-
ing higher-order connectivity information.

More recent approaches have focused on incorporating attention mechanisms to better capture
complex relationships in hypergraphs. Bai et al. Bai et al.|(2021) developed a hypergraph attention
model with dual-level attention mechanisms operating at both node and hyperedge levels, dynamically
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adjusting the importance of different hyperedge connections based on learned attention weights.
Zhang et al.[Zhang et al.|(2019b)) proposed Hyper-SAGNN, a self-attention based hypergraph neural
network that employs hierarchical attention to capture multi-scale patterns.

G.2 CONTRASTIVE LEARNING IN HYPERGRAPHS

Contrastive learning has emerged as a powerful technique for self-supervised representation learning
in graph structures. Wang et al. [Wang et al.| (2022) introduced Hypergraph Contrastive Learning
(HGC) with structure-preserving data augmentation techniques specifically designed for hypergraph
structures. Their approach generates informative views of hypergraphs while maintaining essential
connectivity patterns.

Song et al. Song et al.| (2024) developed a Contrastive Hypergraph Neural Network (CHGNN)
that combines simplified spectral graph convolution with multi-view contrastive learning to extract
robust representations. This semi-supervised approach demonstrates the effectiveness of contrastive
objectives in hypergraph settings.

Despite these advances, most existing contrastive learning approaches rely on static edge-dropping
strategies that fail to preserve key semantic relationships. Our proposed Adaptive Knowledge-
Guided Edge Dropping (AKED) addresses this limitation by dynamically adjusting edge retention
probabilities based on attention salience and knowledge disparity.

G.3 KNOWLEDGE DISTILLATION IN GRAPH NEURAL NETWORKS

Knowledge distillation (KD) has been widely used to compress large models into smaller, more
efficient ones while preserving performance. In the context of graph neural networks, several
approaches have been developed to address the unique challenges of distilling graph-structured
knowledge.

Tian et al.|Tian et al.| (2022)) proposed a unified distillation framework that combines label smoothing,
prediction regularization, and representation propagation to enhance student learning effectiveness
in graph settings. Wu et al. [Wu et al.| (2023) introduced a relation-aware distillation method that
explicitly quantifies and transfers structural knowledge using specialised relation-distillation modules
tailored for graphs.

More specific to hypergraphs, Feng et al. |[Feng et al.| (2024) developed LightHGNN, a model
compression technique for hypergraph neural networks that utilises soft labels and hypergraph
structural cues to produce compact yet expressive student models. Forouzandeh et al. Forouzandeh
et al.|(2025) proposed DistillHGNN, a standard hypergraph knowledge distillation framework that
leverages contrastive learning to distill structural information, transferring knowledge from a high-
capacity hypergraph model to a lightweight student via direct prediction alignment.

However, traditional knowledge distillation approaches employ a sequential "train-then-distill"
paradigm where teacher and student networks operate as separate entities, resulting in inefficient
knowledge transfer and neglecting hypergraph-specific structural knowledge. Our novel co-training
KD architecture fundamentally reimagines knowledge distillation through a unique structure where
teacher and student models are trained simultaneously with shared backbone networks but asymmet-
rical computational pathways.

G.4 CURRICULUM LEARNING

Curriculum learning has demonstrated significant benefits in various machine learning domains
by organising training examples in a meaningful order of increasing difficulty. While curriculum
approaches have been applied to graph neural networks, they have not been extensively explored
in the context of hypergraph learning or knowledge distillation (L1 et al., |2024). Our Integrated
Curriculum Distillation (ICD) addresses this gap by adapting curriculum learning principles to the
specific challenges of hypergraph representation learning and knowledge transfer. By dynamically
adjusting difficulty thresholds based on both contrastive learning challenges and teacher-student
knowledge gaps, ICD creates a more effective learning trajectory for the student model (Soviany et al.}
2022). The combination of these techniques-co-training architecture, hypergraph triple attention,
adaptive edge dropping, and curriculum-based distillation-forms our unified CuCoDistill framework,
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which simultaneously addresses the key challenges of hypergraph neural networks: multi-scale
representation, meaningful augmentation, and inference efficiency.
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