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Abstract

Hypergraph neural networks (HGNNs) effectively model multi-way interactions but suf-
fer from severe scalability limitations due to quadratic computational costs across mul-
tiple behavioral contexts. Existing pruning approaches reduce computation using fixed,
hand-crafted heuristics, which fail to adapt to diverse graph structures and often introduce
representation distortions by removing semantically related nodes or creating spurious sim-
ilarities that degrade contrastive learning. We propose TriPrune-HGNN, an adaptive
hypergraph pruning framework with learnable mechanisms that eliminates manual hyper-
parameter tuning (over 80% reduction) while achieving a superior accuracy—efficiency trade-
off. TriPrune-HGNN learns pruning schedules from graph statistics and training dynamics,
adaptively mines informative contrastive pairs, and automatically balances competing learn-
ing objectives via meta-optimization. Extensive experiments on five benchmarks show that
TriPrune-HGNN achieves the best overall accuracy—efficiency tradeoff among all evaluated
methods, matching or exceeding competitive baselines on all predictive metrics, while re-
ducing inference time by 72.3% and memory usage by 81.1% compared to unpruned models.
Compared with efficient baselines of similar memory footprint, TriPrune-HGNN attains up
to 5.6% lower error. We note that methods optimized purely for speed (e.g., Light HGNN)
achieve lower raw inference time at the cost of higher prediction error; our contribution is a
favorable tradeoff rather than dominance on every individual dimension.

1 Introduction

Heterogeneous hypergraphs (HHGs) extend standard graphs by replacing binary edges with hyperedges that
connect multiple nodes simultaneously, and by encoding multiple relation types (also called contexts)
as separate components {& k}szl, each with its own incidence matrix. For example, in a recommendation
system, one context may capture purchase behaviour while another captures social connections (Kim et al.|
2024;|Zhou et al.,[2020). This heterogeneous structure is essential in real-world systems where a homogeneous
hypergraph would conflate fundamentally different relation types into a single edge set, losing the semantic
distinction between them. Our work specifically targets this heterogeneous setting; the scalability and
pruning challenges we address are qualitatively different from those in homogeneous hypergraph compression.

However, HGNNSs face critical scalability barriers. Processing K contexts simultaneously incurs complexity
O(K nmcfed), where n and m are the numbers of nodes and hyperedges, d. is the average hyperedge degree,
and d is the feature dimension. This is quadratic in the graph scale: for graphs where m = O(n)
and d. = O(y/n), the cost grows as O(n??). For large-scale graphs (n,m > 10°) with multiple contexts
(K > 5), this complexity becomes prohibitive for real-time applications. Moreover, maintaining dense
hyperedge connections requires substantial memory — recent models like HEAL consume up to 15.9 GB for
moderate-scale datasets (Ju et al., |2024]).

Example 1 (Cascading Pruning Failures on MovieLens-1M). Counsider a movie recommendation hypergraph
with three contexts: wviewing history, genre preferences, and social connections. Uncoordinated pruning
refers to independently pruning each context without considering cross-context dependencies — for instance,
removing low-weight hyperedges from each context separately, with no mechanism to preserve edges critical
to other contexts.
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In our preliminary experiments on the MovieLens-1M hypergraph (following the heterogeneous formulation
of Kim et al| (2024)), uncoordinated pruning using HSL (Cai et al., [2022)) that removes 30% of low-weight
edges per context independently orphans up to 58% of cross-context node connections. On the five bench-
marks used in this paper (IMDB, DBLP, Yelp, Amazon, Douban), applying static threshold-based prun-
ing (Cai et all |2022; [Lin et al., |2024]) with thresholds set to achieve 50% edge retention breaks 35-48%
of cross-context node co-occurrences (measured as the fraction of node pairs co-occurring in at least two
contexts that become disconnected in at least one after pruning).

These properties create three fundamental challenges. Challenge 1 (Cross-Granularity Cascading
Failures): Pruning at any single level triggers failures across all structural levels, which single-level meth-
ods (Cai et al. [2022) cannot anticipate. Challenge 2 (Cross-Context Dependency Preservation):
Context-agnostic strategies (Liang et al,|2021)) cannot identify which cross-context relationships are critical,
leading to significant information loss. Challenge 3 (Contrastive Learning Under Structural Modi-
fications): Pruning introduces false negatives — semantically similar nodes that become disconnected and
are incorrectly pushed apart — and hard negatives — dissimilar nodes whose embeddings become spuriously
similar after pruning due to shared retained neighbours in subsequent message-passing steps. We emphasise
that pruning does not create new graph paths; the spurious similarity is purely an embedding-space artefact
of the topology change. Without explicit correction, these distortions degrade representation quality by
15-22% (Wu et al.| [2024]).

Example 2 (Hard Negative in Practice). In the IMDB hypergraph, pruning the “Sci-Fi Thriller” hyperedge
removes the direct co-viewing signal between users who watch Inception and users who watch The Notebook.
These two groups share many retained social-connection neighbours. After 10 message-passing steps, their
embeddings converge to cosine similarity s=0.72, above a fixed threshold u=0.6. Our attention mechanism
correctly identifies the pair as spuriously similar (o™ =0.87) by comparing hyperedge contexts (Action vs.
Romance), whereas a fixed threshold would incorrectly push them apart.

The root cause of existing limitations is twofold: treating structure, behaviour, and representation as in-
dependent rather than interdependent objectives, and relying on fixed hand-crafted heuristics that cannot
adapt to diverse graph characteristics or evolving training dynamics. We propose TriPrune-HGNN, a
unified framework that jointly addresses all three challenges through three adaptive components.

Our framework reduces method-specific manual hyperparameters from 23 to 5. The 23 eliminated
parameters include: pruning schedule shape (exponential vs. linear vs. cosine decay), warmup duration, per-
level initial thresholds (Gécomp), HSEdge), Hémde)), decay rates per level, per-component similarity thresholds
(), hard negative thresholds (u), and four loss weights (A1, ..., A4). The five remaining constants are:
T0s €5 Oy Nmeta, a0d Apeta, all of which require only coarse tuning (<3% MAE variation across wide ranges,
Table . Standard deep-learning hyperparameters (learning rate, batch size, epochs) are shared across all
methods and not counted.

We make three contributions:

o (1) TriPrune-HGNN: The first adaptive hypergraph pruning framework to jointly address all
three challenges above, reducing method-specific hyperparameters from 23 to 5 and achieving the
best accuracy—efficiency tradeoff on all five evaluated benchmarks.

» (2) Meta-learned multi-task optimisation: A gradient-based scheme that automatically dis-
covers dataset-specific loss weights without grid search, applicable beyond pruning to general multi-
objective hypergraph learning. Meta-learned weights achieve 4-6% better validation performance
than uniform weighting.

« (3) Empirical evidence of adaptivity: Each learnable component individually outperforms its
fixed counterpart by 1-4% MAE; combined gains reach 5-6%. Learned modules retain 68% of their
benefit when transferred to unseen datasets without fine-tuning, confirming they capture domain-
invariant pruning principles.
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2 Preliminaries

2.1 Notation

Table 1: Mathematical notation used throughout the paper.

Symbol Description ‘ Symbol Description
Graph Structure
H Hypergraph (V, ) H e R"™™ Incidence matrix
Vm Primary nodes % Secondary nodes (comp. k)
K # components Ay Adjacency for comp. k
X € R™*d Node features d Feature dimension
Pruning
H,H A Pruned graph/matrices l Level: comp/edge/node
7 Importance score 0952) Learned threshold
g® Soft gate B Learned balance weight
Tcomp, Tedge, Tnode ~ Retention ratios € Smoothing (0.01)
Neural Modules
MLPéO Threshold controller MLPg Balance predictor
MLP- Temperature predictor sﬁ’” €RS Graph state vector
Attng, False negative attn. Attnng Hard negative attn.
Contrastive Learning
z; € R? Node embedding h . € R? Hyperedge embedding
J
s(+y0) Cosine similarity T, T Temperature (global/node)
F False negative pairs HE Hard negative set
gn)’ g_m) Learned attn. scores gr{retain) Component retention

Meta-Learning € Loss

AeR? Learnable loss weights () Model parameters
Ninner, Pmeta Learning rates Proja Simplex projection
Lecis Classification loss LY Contrastive loss

Ler False negative loss Lhard Hard negative loss

2.2 Hypergraph Neural Networks

Traditional Graph Neural Networks (GNNs) model pairwise relationships, limiting their ability to capture
high-order interactions (Feng et all 2019). HGNNs address this by introducing hyperedges, which connect
multiple vertices simultaneously. A hypergraph is defined as H = (V, £) with an incidence matrix H € R™*™
indicating vertex-hyperedge connections, where n = |V| and m = |€|. The vertex and hyperedge degree
matrices are:

(Dy)ii = ZHW (De)jj = ZHU (1)

Feature propagation in HGNNs follows a two-step process: vertex-to-hyperedge aggregation followed by
hyperedge-to-vertex propagation:

X (1) — U(D;%HWDjHTD;%X@@(”) , 2)

where @1 is a learnable weight matrix, W = diag(ws, ..., w,,) is a diagonal hyperedge weight matrix, and
o(+) is a non-linear activation function.
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2.3 Heterogeneous Hypergraphs

Real-world systems often exhibit multiple types of relationships that cannot be captured by a single hyper-
graph structure. A heterogeneous hypergraph extends the standard hypergraph by partitioning nodes into
distinct roles and encoding multiple behavioral contexts through separate components (Kim et al.| 2024]):

Hhet = (V"w {Vf}i(:h {gk}le) (3)

where V,, denotes Primary nodes (central entities, e.g., users in recommendation systems), V¥ denotes
Secondary nodes for component k (auxiliary entities, e.g., products, tags), and ¥ represents hyperedges in
behavioral context k (e.g., purchase behavior, social connections). Each component k has its own incidence
matrix Hy € RIVnl*IE"] and normalized adjacency matrix Ay. Processing K components with attention
mechanisms incurs complexity O(K nmd, d) where d. is average hyperedge degree and d is feature dimension.
For large-scale graphs (n,m > 10°%) with multiple contexts (K > 5), this becomes prohibitive for real-time
applications.

2.4 Contrastive Learning in Hypergraphs

Modern HGNNs leverage contrastive learning to learn discriminative representations by maximizing agree-
ment between semantically similar nodes (positives) while contrasting dissimilar nodes (negatives) (Qian

et al., 2024). Given node embeddings z; € R? and hyperedge embeddings h® € R?, the contrastive loss for
component k is:

L= Y log — Ol b /7) (4)
1 zez\/m © Zjevm exp(s(z;, h%)/7)

where s(-,-) is cosine similarity, 7 is the temperature, and e¥ denotes the unique hyperedge assigned to
node i in component k (each node belongs to exactly one hyperedge per component by construction of
the heterogeneous hypergraph (Kim et al.l |2024)).

Clarification on the denominator. The denominator sums over all nodes j € V,,, using the hyperedge
embedding h® of each node’s assigned hyperedge. This implicitly pushes apart node ¢ from all nodes j whose
assigned hyperedge e? # ek (i.e., nodes in different hyperedges), because those terms appear only in the
denominator and not the numerator. The effect described in the text — “pushing apart nodes in different
hyperedges” — is therefore an implicit consequence of the softmax normalisation, not an additional explicit
term. Only one hyperedge per node per component is used; the multi-hyperedge generalisation is left for
future work.

2.5 Problem Formulation

Let Hiet = Vi, {VEHE |, {EF}E ) denote a heterogeneous hypergraph with labeled primary nodes
Viab C Vi and corresponding class labels y € {1,...,C’}Wlab‘. Our objective is to learn a compressed
hypergraph representation Hyet that achieves an optimal balance between three competing desiderata: pre-
dictive performance, computational efficiency, and semantic consistency.

Desideratum 1: Preserve Predictive Performance. The compressed model should maintain classifi-
cation accuracy on labeled nodes by minimizing the supervised loss

c
Ecls = - Z Zyi,c IOggi,c' (5)

1€ V)ap ¢=1
Ideally, accuracy degradation should be minimal (e.g., < 2%) compared to the unpruned baseline.

Desideratum 2: Achieve Substantial Compression. The framework should reduce model complexity
through coordinated pruning across hypergraph components, hyperedges, and nodes. Formally, we seek a
reduced hypergraph Hpes with retention ratios rcomp; T'edges 'node € (0,1) such that:

‘g| = Tcomp * Tedge * ‘6|7 |9‘ = Tnode * |V‘ (6)
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where typical settings target reomp, Iedge; "node € [0.3,0.7], yielding substantial reductions in both inference
time and memory consumption.

Desideratum 3: Maintain Semantic Consistency. The compressed representation must preserve se-

mantic relationships under structural modifications. Modern HGNNs rely on contrastive learning to align

node embeddings z; with hyperedge representations h,», maximizing agreement for co-occurring nodes
J

while contrasting dissimilar nodes. However, pruning introduces two critical distortions: (1) false nega-
tives—semantically similar nodes that become disconnected and are incorrectly pushed apart, and (2) hard
negatives—dissimilar nodes that appear spuriously similar due to altered topology. Maintaining semantic
consistency requires explicitly correcting these distortions to preserve the quality of learned representations.

Problem Statement. Under the constraint that pruning must be differentiable (to enable end-to-end
training) and adaptive (to accommodate diverse graph characteristics), the problem is to jointly learn: (1)
optimal pruning strategies {w(comp),W(edge),w(mde)} that coordinate decisions across structural granulari-
ties, (2) contrastive correction mechanisms that identify and rectify false and hard negatives introduced by
topology changes, and (3) loss balancing weights A that automatically prioritize objectives based on dataset
characteristics and training dynamics. The goal is to achieve superior accuracy-efficiency trade-offs without
manual hyperparameter tuning of pruning schedules, similarity thresholds, or loss coeflicients.

3 Methodology

Figure [1| shows the structure of the model. Our framework consists of four stages: (1) Hypergraph Gener-
ation, (2) Neural Adaptive Hierarchical Pruning with learnable threshold controllers, (3) Attention-Based
Contrastive Learning with neural negative pair discovery, and (4) Meta-Learned Multi-Task Optimization.

1) Transform the heterogeneous graph into the hypergraph
) 9 grap ypergrap 2) Hierarchical Triple Dynamic Pruning

- o0
o0 — - < Component-Level Pruning
o O
e °®

| —

Master Slave Slave nodes

nodes nodes —_— \;b

Embedding Anchor Node | Positive Negative Samples
Samples —».
False Negatives oo A Y . ‘ <= Attention Head Pruning
(9 MasterNode | @ . Attention Head Pruning
Positive Samples. djo ¥ ¥
Negative Samples Contrastive Embedding Space
1 False Negatives Hard Negatives Edge-Level Pruning Node-Level Pruning
@ it oY <
= ® @  Postive Samples ‘.. }j/ r/—‘: o \""g
assification [ ] — . AL T
G Hidden ayer output ° g 0.
. B 2 12 [ ]
.._ = False Negative Correction Hard Negative Correction o @ High Attention Pruning
> . O . . High Attention Pruning
inout Classtcation O

4) MLP-based Classification 3) Pruning-Aware Contrastive Learning

Figure 1: The TriPrune-HGNN framework consists of four sequential stages: (1) Hypergraph Generation
transforms heterogeneous graphs into hypergraph structures; (2) Hierarchical Triple Dynamic Pruning pro-
gressively applies pruning at component, edge, and node levels; (3) Pruning-Aware Contrastive Learning
adapts to structural changes with false negative and hard negative correction; (4) Embedding Generation
produces final node representations for downstream tasks.

3.1 Neural Adaptive Hierarchical Pruning

Existing pruning methods rely on fixed schedules (e.g., exponential decay 6; = 6 - ') that require careful
tuning for each dataset. However, optimal pruning rates vary dramatically across datasets and training
phases: early epochs benefit from aggressive pruning to eliminate irrelevant structures, while later epochs
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require conservative pruning to preserve critical features. Fixed schedules cannot capture these dynamic
requirements. We propose learnable neural threshold controllers that automatically adjust pruning rates
based on real-time graph statistics (sparsity, importance distributions) and convergence signals (training
loss trends, gradient magnitude).

Role of Message-Passing. TriPrune-HGNN is built on top of standard hypergraph message-passing. The
base HGNN propagates node features through the two-step aggregation in Equation equation [2} features are
first aggregated from nodes to hyperedges (vertex-to-hyperedge), then broadcast back from hyperedges to
nodes (hyperedge-to-vertex), producing node embeddings z; that encode both local features and higher-order
neighbourhood structure. Pruning operates on the graph structure, not on the message-passing
equations themselves: by removing components, hyperedges, and nodes before propagation, TriPrune-
HGNN reduces the size of the incidence matrices H* on which message-passing is performed, thereby reducing
its computational cost. The contrastive losses (Section then act on the node embeddings {z;} produced
by message-passing on the pruned graph, correcting for distortions introduced by the topology change. In
summary: message-passing produces embeddings; pruning controls which graph structure is available to
message-passing; contrastive learning corrects the embedding quality after pruning.

Hierarchical Pruning Framework. We perform pruning at three granular levels—components (behavioral
contexts), hyperedges, and nodes—using differentiable soft gates controlled by learned thresholds. We use
consistent notation: Hj and ﬁk denote original and pruned incidence matrices for component k, and ¢ €
{comp, edge, node} indexes the pruning levels. The key innovation is replacing manual thresholds with a
neural predictor that adapts to graph state and training progress.

Neural Threshold Prediction. Instead of manually setting thresholds 9,5“, we introduce a learnable

threshold predictor:
4 14 4

where o(-) is the sigmoid activation ensuring 9,@ € (0,1), and s§‘) € RS is the graph state vector at level ¢

and epoch t:

g im im t
§O _ [Itl a0 L ALy VL

|g|7 t (8)

where AL¢ain = Lﬁf;}j - ng;i) measures the training loss trend over a 5-epoch window to capture conver-
gence dynamics while maintaining strict train/validation separation. The state vector captures six critical
signals: (1) current sparsity ratio |&|/|€| indicates how much pruning has already occurred, (2) importance
score statistics M,E““p) and Ut(imp) capture the mean and spread of the element-importance distribution
— a high mean indicates overall high importance (prune conservatively), while high spread indicates many
prunable low-importance elements. These two moments do not fully characterise the distribution but pro-
vide a computationally efficient and empirically sufficient signal for threshold control, as validated by our
ablation studies (Section[d.3)), (3) training progress t/T enables phase-dependent behaviour (aggressive early,
conservative late), (4) training loss trend ALmin captures convergence speed and stability—positive values
indicate improving training performance enabling aggressive pruning, while near-zero or negative values sig-
nal convergence requiring conservative pruning, and (5) gradient magnitude ||V L||2 indicates convergence
status (small gradients suggest stable pruning is safe). Critically, we use ALy;ain instead of validation loss to
maintain strict train/validation separation and prevent information leakage during threshold learning. The
threshold controller is implemented as a 2-layer MLP:

MLP{ (s) = Wg)a(ng)s + b§‘)) + b 9)

with hidden dimension dpjggen = 32 and ReLU activation. We use a shallow architecture to minimise
computational overhead—our ablation studies (Section show that deeper networks provide negligible
accuracy gains while increasing overhead by 3-5x. This learned controller eliminates manual scheduling and
automatically adapts to dataset characteristics.
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Differentiable Soft Gating. At each pruning level ¢, we compute importance scores 7(¥) € [0,1] for
elements (components, edges, or nodes) and apply differentiable soft gates using the learned thresholds:

[ w6 — 9?})
g( ) = opard | ———— ,  Ohard(z) = max(0, min(1,z 4+ 0.5)), (10)

€

where oparq is @ piecewise-linear hard-sigmoid that provides straight-through gradient estimates during
backpropagation (Bengio et al.l 2013). Elements with ¢ > 0.5 are retained; those with ¢ < 0.5 are
masked. In the forward pass, the gate controls which elements are active; in the backward pass, gradients
flow through the gate as if it were the identity in the active region (0 < ¢) < 1) and are zeroed only
at the hard boundaries. This straight-through estimator (Bengio et al. [2013)) is standard in differentiable
pruning (Louizos et all 2017, |Guo et al.l 2016]) and enables end-to-end gradient-based optimisation of both

importance scores 7(9 and threshold predictors MLP((f).

Hard binarisation at inference time only. During training, ¢*) takes continuous values in [0, 1], allowing
gradient-based threshold optimisation. Only after training are gates binarised: elements with g(© > 0.5 are
retained in the final pruned graph. This clean separation between differentiable training and discrete inference
is standard in learned-mask pruning (Louizos et al., [2017]).

Component-Level Pruning. We prune entire functional units (attention heads or behavioural context
layers) by scoring each component k with learnable importance balancing:

) = softmaxy(By - [[W[|p - [MLP(Xy)[l2 + (1 — Bx) - St () (11)

where W;CL) € R%*? is the weight matrix of the final HGNN layer for component & (the layer whose out-

put feeds into classification), ||W§€L) || » measures its structural importance via Frobenius norm, ||MLP(Xy)||2
captures feature-activation strength, and Sut(k) is the average attention coefficient across all atten-
tion heads in component k, computed as:

1 k
Sa (k) = @ Z Qij (12)
(i,5)€€*
where afj are the normalised attention weights output by component k’s self-attention mechanism. Critically,

Br. is component-specific and learnable:
B = o (MLP ([1WL 1, Sua (k). Var(X,)])) (13)

This allows each component to automatically determine its optimal balance between structural magnitude
and attention-based importance. For instance, components with high feature variance may prioritise Sat (k)
over weight magnitude. Components with g,(:omp) > 0.5 are retained, with a safety constraint ensuring at

least K i = max(1, |0.1K]|) components remain active to preserve model expressivity.

Edge-Level Pruning. For each hyperedge (i,7) in retained component k, we score edges by combining
structural strength (adjacency weight) and semantic similarity (feature cosine similarity):

(489

i = softmax(; jyee, (Aij - cos(xs, X;)) , (14)

where A;; captures observed interaction frequency and cos(x;,x;) ensures we retain edges connecting se-
mantically similar nodes. The pruned incidence matrix applies both component and edge gates:

e d
(Hi)ij = (Hg)ij - g™ - g5t (15)
We enforce that each retained component maintains at least one edge to prevent complete disconnection.

Node-Level Pruning. Finally, we score nodes by their connectivity strength in the already-pruned graph

and their feature magnitude:
7_‘_(node)

i = softmax;ey, (5 - [[x:l2), (16)
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1
INi(pruned) |

This ensures we retain nodes that are both feature-rich and well-connected. The pruned feature matrix is:

(Xi)i = (Xp)i - g™ - TN Y| > 0] - gm0, (17)

?

where s; = Zj p(praned) cos(x;,x;) is the average similarity to neighbours in the pruned graph.

where I[-] is the indicator function that automatically removes isolated nodes (those with no remaining
neighbours). Each component retains at least max(2,0.05|Vx||) nodes to maintain minimum expressivity.

Computational Complexity. With retention ratios rcomp,7edges "node € (077 1) determined by learned
thresholds, TriPrune-HGNN reduces the base HGNN complexity from O(Knmd.d) to:

O(Tcomp * Tedge * Tgode : Knmded + detatedhidden) . (18)

The first term represents the reduced hypergraph operations, while the second term Kdgtatedniqden accounts
for the overhead of neural threshold controllers. For typical settings (K = 5, dstate = 6, dhidden = 32), this
overhead is 5 x 6 x 32 = 960 operations, which is negligible compared to the O(10°) scale of hypergraph
message passing on real-world datasets.

3.2 Attention-Based Contrastive Learning

Pruning fundamentally alters graph topology, creating two types of problematic node pairs for contrastive
learning. First, false negatives arise when semantically similar nodes become disconnected after pruning
— for example, two users who purchased similar products but whose connecting hyperedge was removed.
Standard contrastive loss treats these as negative pairs and incorrectly pushes them apart, damaging seman-
tic comsistency. Second, hard negatives occur when topology changes create spurious similarity — dissimilar
nodes whose embeddings become spuriously similar after pruning, because the removal of their shared hyper-
edge causes their representations to converge via retained common neighbours in subsequent message-passing
iterations. Existing methods use fixed similarity thresholds (e.g., cos(z;, z;) > 0.7) to identify such pairs (Wu
et al.} |2024), but optimal thresholds vary across datasets and training phases. We introduce learnable atten-
tion mechanisms that automatically discover false and hard negatives based on node embeddings, structural
changes, and component context.

Component-Weighted Contrastive Loss. Instead of treating all components equally, we weight each
component’s contribution based on how much it was affected by pruning:

K exp(s (s, h,x) /7)

£51r _ _ Z 7_(_I(Cretauin) Z lOg

= ) (19)
k=1 i€V, Zjevp exp(s(z;, he;v)/ﬂ‘)

where s(-, -) is cosine similarity, fle? is the hyperedge embedding in the pruned graph, and 7; is a node-specific
learnable temperature:

7i = 7o - exp(MLP([deg(é), [[xill2, 5])) , (20)
where deg(i) is node degree, ||x;||2 is feature magnitude, and s; is average similarity to neighbours. This
adaptive temperature allows dense regions (high degree) to use sharper distributions (lower 7;) for fine-
grained discrimination, while sparse regions use softer distributions (higher 7;) to tolerate more noise. The
retention weight ﬂlgretain) down-weights components that experienced severe topology disruption:

(retain) |ﬁk|0 ||Ak - Ak”F
uetain) _ el 0 AR = Avflr ) 21
C T p( Alr 2y

where |ﬁk|0 /|Hplo is the edge retention ratio and the exponential term penalises large structural changes
(measured by Frobenius norm distance between adjacency matrices). Parameter o > 0 controls sensitivity
to topology changes.

Attention-Based False Negative Discovery. Instead of using fixed similarity thresholds ~y; to identify
false negatives, we employ a learnable attention mechanism:

ol = Attentiong, ([z:, 2;, AAy, crl), (22)
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where z;,2z; are current node embeddings, AA;; = (Ag);; — (Ak)ij € {0,1} indicates whether edge (i,7) was
pruned, and c; € R? is a learnable component embedding that captures behavioural context. The attention
network is implemented as:

£

o) = o (wi, tanh(Wi[zi]|z; | AAs;[ex])) | (23)

1.7

where Wy, € R64x2d+1+d) and wyp, € R4 are learnable parameters. The attention score agn) € [0,1]
represents the confidence that (4, 7) is a false negative. We define the false negative set as:

=) o) > 05, (A =0} (24)

The false negative correction loss pulls these pairs closer to maintain semantic consistency:

R DD DI LR i R (29

e ZleNi(aug) exp(s(zi,z1) /i)

where ./\/'i(aug) = N'i(pruned) U{j : (¢,7) € Fy'} includes both retained neighbours and recovered false negatives.

The attention weight agn)

correction.

serves as an importance factor — strongly confident false negatives receive higher

Attention-Based Hard Negative Discovery. Similarly, we identify hard negatives (dissimilar nodes that
appear spuriously similar) using learned attention:

hn :
O‘z(j ) = Attentlonhn([zi, Zj, ef, e?]) ) (26)

where ef7 ej € R? are hyperedge embeddings for nodes i and j in component k. The attention network has

the same architecture as Equation equation [23| but with separate parameters. The hard negative set is:
b = {j Lol > 0.5}. (27)

The hard negative reweighting loss pushes these pairs apart with attention-based importance:

K
retain n €Xp\—5\Zi,2;5)/ T
Lrond = — Z Z Z 7Tl(c tain) -agl ) log p(—s( 3)/7i) ' (28)

k=1i€V, jeHEF Zleﬂf exp(—s(zi, 21)/7)

Note the negative similarity —s(z;,z;) in the numerator, which encourages dissimilar embeddings.

Why Attention Outperforms Fixed Thresholds. Learnable attention mechanisms provide three
key advantages over threshold-based approaches (1) Context-awareness—attention considers component
embeddings ¢, and hyperedge information e , allowing different behaviors for different behavioral con-
texts, (2) Adaptive discrimination—attention scores adapt during training as embeddings improve, whereas
fixed thresholds remain static, and (3) Soft weighting—attention provides continuous importance values
rather than binary decisions, enabling fine-grained correction. Our ablation studies (Section show that
attention-based mining improves contrastive learning by 3-5% compared to similarity thresholds.

3.3 Meta-Learned Multi-Task Optimization

Balancing multiple objectives—classification accuracy, contrastive learning, false negative correction,
hard negative reweighting—requires careful loss weight tuning. Existing methods use grid search over
{M1, A2, A3, As}, which is computationally expensive (requiring O(10%) training runs for fine-grained search)
and dataset-specific (optimal weights vary significantly across domains). We introduce gradient-based meta-
learning that automatically discovers optimal loss weights by treating weight selection as an outer optimiza-
tion problem: weights should minimize validation loss after one step of inner training.

Bi-Level Optimization Formulation. Let A = [\, A2, A3, \4]7 € R* be learnable loss weights, ini-
tialized uniformly as A(®) = [0.25,0.25,0.25,0.25]". The meta-learning objective is formulated as bi-level
optimization:

mgn La1(©*(A)) subject to OF(A) = arg rrgn Lirain(O; A) (29)
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This formulation ensures that loss weights are optimized to maximize generalization (validation performance)
rather than just training set fit. Intuitively, if increasing A3 (false negative correction) improves validation
accuracy, the meta-optimizer will automatically upweight this objective.

Meta-Learning Algorithm. At each meta-step ¢ (every Apeta = 5 epochs), we perform three operations:

Step 1 (Inner Loop - Training Update): Perform one gradient step on the training set with current
weights A(*):

" =0 - ninnerv(a‘ctotal(@; A(t)) (30)
where 7ipper = 0.001 is the inner learning rate and
Liota1(O; A) = M Lais + ALY + ALY + AaLhara (31)

This simulates how model parameters would evolve under the current loss weights.

Step 2 (Outer Loop - Meta Update): Update A to minimize validation loss after the inner step:
)\(t+1) = A(t) - nmetav)\‘cval(Q*; )‘(t)) (32)
where meta = 0.01 is the meta learning rate. The meta-gradient is:

o aLval 86* o al:val 82£train
Vakal = 5gc gx = e e 5eaN (33)

2
The second-order term % represents how training loss changes with respect to both parameters and

weights. Computing this Hessian-vector product exactly is expensive (O(|®]?)). We approximate it using
finite differences:
00"  ©*(A+de;) — O (A —de;)
N 26

(34)

where e; is the i-th standard basis vector and 6 = 107° is a small perturbation. This reduces computational
complexity to O(|®|) while maintaining sufficient accuracy for gradient estimation.

Step 3 (Simplex Projection): Project A onto the probability simplex to ensure ), A\; = 1 and A; > 0:
AGHD o proj, (Mt“)) (35)

The simplex projection ensures that loss weights remain normalized and non-negative, preventing any single
objective from dominating. We use Duchi et al’s efficient O(nlogn) projection algorithm (Duchi et al.
2008)).

Why Meta-Learning Outperforms Fixed Weights. Meta-learning provides three advantages: (1)
Dataset adaptation—weights automatically adjust to dataset characteristics (e.g., if a dataset has many
false negatives, A3 increases), (2) Training dynamics—weights can change during training (e.g., early epochs
prioritize A; for classification, later epochs increase Ay for contrastive refinement), and (3) Zero manual
tuning—eliminates the need for expensive grid search, reducing hyperparameter optimization cost from days
to hours. Our experiments (Section show that meta-learned weights achieve 4-6% better validation
performance than uniform weighting and 2-3% better than grid-searched weights, while requiring no manual
tuning.

Implementation Note. We update loss weights every Ao = 5 epochs rather than every iteration to
reduce computational overhead. The meta-update requires two forward passes (for @*(A £ de;)) and one
backward pass (for %L@Vil ), adding approximately 15% overhead compared to standard training. This overhead
is negligible compared to the cost savings from eliminating manual hyperparameter search. In practice,
we approximate the second-order term using finite differences to avoid expensive Hessian computation.

Algorithm [I] presents the complete TriPrune-HGNN framework with neural adaptive components.

10
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Algorithm 1 TriPrune-HGNN: Adaptive Hierarchical Pruning

Require: Hypergraph H = (V, &), features X, hyperparameters {79, €, a}

Ensure: Pruned graph 7-7, embeddings Z*, learned weights A*
1: Initialize {Wx}<,, A ~ Uniform(0, 1), neural modules {MLP$", MLP 5, MLP,, Attng,, Attny, }
2: for epoch ¢t =1 to T do

3: [Stage 1: Neural Threshold Prediction]

4 for E 6 {comp7 edge, node} do

5 — [|EN/IE], pimP) G mP) 4/ AL i, VL2 > CORRECTED: Uses ALain
6 95‘ (Mpr>< "))

7 end for

8 [Stage 2: Hierarchical Pruning]

9: for component £k =1,..., K do

10: Br < o(MLP([[Wi| r, Sase (k), Var(Xy)]))

11: T P softmaxy, (B | W || £ |[MLP(Xg)||2 + (1 — Bk)Satt (k)

12: .7 < onara (7P — 0,°77) Je)

13: if g;°"" > 0.5 then

14: V(i,5) € & - WEdge <+ softmax(A;; cos(x;,x;)), gf]dge — Jhard((wedge 0595 /¢)
15: Vi€ Vy W?Odc < softmax(s;[|x;[|2), g pode ¢ gy ara (w2048 0“°d°)/e)

16: (Fp)ij  (Hy)ij - g5 - 9555, (Xk)z (Xk)i-g Comp ~ING| > 0] - gpode

17: end if

18: end for

19: [Stage 3: Attention-Based Negative Mining]
20w o |Fylo/[Hylo - exp(—allAg — Aplr/I| Akl )

21: Vi:T;, < 7o exp(MLPT([deg(z), ||XZ‘||2, EZD)

22: V(i,7) : ag? — Attngm (24,25, AAj, ci), o h“ — Attnhn([zi,zmef,ef])

23 FP« {(i,§) 1 o} > 0.5, (Ag)y; = 0}, 7—[’“ —{j:alr >0.5}

24: [Stage 4: Loss Computation]

25: Lets < =D icyn y; log 9;

pr retain CXP(S(Ziﬁhe?)/n)

26: Ly — = metmy log > exp(s(zhgc?)/m

2 LR = T N pen, o log sREIETES

S

29: [Stage 5: Meta-Learning Update]

30: £total — >\1£cls + )\QACE{ + )\3£?rf + )\4£hard

31: O <— O — Ninner Vo Ltotal > Inner loop
32: if t mod Apeta = 0 then

33: A Proja (X — Nmeta VaLval (©%)) > OQuter loop
34: end if

35 Update ®, {MLPY", MLP 3, MLP,, Attng,, Attny, }

36: end for

37: return ﬁ, Z* "

Theoretical Motivation (see Appendix . Appendix |§| provides three informal propositions that
motivate the meta-learning design under local regularity conditions. Proposition (1| (Local Convergence)
shows that meta-gradient descent moves loss weights toward a stationary point at rate O(1/T). Propo-
sition [2| (Approximation Error) bounds finite-difference gradient error at O(/finner), justifying 6 = 1075.
Proposition [3| (Generalisation) gives an informal bound on the validation-to-test gap. Three important
caveats apply (detailed in Appendix : (i) all results rely on local assumptions that do not hold globally;
(ii) the convergence regime (T ~ 1,000 meta-steps) exceeds our training budget; (iii) full rigorous proofs are

11
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not possible because global non-convexity of the HGNN objective violates the required assumptions — see
the disclaimer in Appendix [A] for details.

4 Experimental Evaluation

We evaluate methods across three categories with fundamentally different optimization objectives: (1) Stan-
dard HGNNs optimize predictive accuracy without compression constraints; (2) Pruning and distilla-
tion methods target the accuracy—efficiency tradeoff under resource budgets. Our primary comparison of
interest is against efficient baselines (pruning and distillation) with comparable memory footprints, where
the tradeoff evaluation is most meaningful. Improvements over standard HGNNs are expected but repre-
sent a secondary baseline. Accordingly, we present both a comprehensive accuracy table (Table |2)) and a
Pareto-frontier visualization (Figure [2) to situate all methods in accuracy—efficiency space.

Datasets. We evaluate on five hypergraph benchmarks: IMDB (Tang et all, [2009)) (movie ratings with
actor/director contexts), DBLP (Tang et al., 2008) (author-paper-venue citations), Yelp (Asghar] [2016)
(business reviews with category/location contexts), Amazon (McAuley et all 2015) (product ratings with
brand/category contexts), and Douban (Zheng et al., 2021) (movie ratings with genre/director contexts).
All five benchmarks are used in their heterogeneous hypergraph formulation following [Kim et al.| (2024).
Datasets span 10K-100K nodes and 50K-500K hyperedges, covering recommendation, citation, and review
prediction tasks.

Baselines. We compare against 13 state-of-the-art methods across three categories: (1) Standard HGNNs:
HGNN (Feng et al., 2019) (foundational hypergraph message passing), HHGSA (Khan et al.,|2023|) (multi-
head self-attention), HyGCL-AdT (Qian et al., |2024) (contrastive learning with adaptive temperature),
HEAL (Ju et al.,[2024)) (dual-branch contrastive framework), TriCL (Lee & Shin [2023)) (tri-directional con-
trastive learning); (2) Pruning Methods: HSC (Lin et al.|2024), SAVIT (Zheng et al.,|2022a), HSL (Cai et al.,
2022)), HGNN-Struct (Jiang et al.}|2023), AdaGLT (Zhang et al.,|2024)), Shaver (Tran et al.l2025); (3) Distil-
lation: LightHGNN (Feng et al., [2024)), DistillHGNN (Forouzandeh et al.,|2025a), SHARP-Distill (Forouzan-
deh et al., [2025b)).

We report Mean Absolute Error (MAE), Root Mean Squared Error (RMSE), and Accuracy (ACC) for
rating/classification tasks, along with inference time (seconds) and peak memory consumption (GB). Lower
MAE/RMSE and higher ACC indicate better performance. TriPrune-HGNN uses 2-layer MLPs (hidden
dimension 32) for neural threshold controllers MLP‘(QZ), balance predictor MLPg, and temperature predictor
MLP.. Attention networks Attng,, Attny, have single-head architecture with 64-dimensional hidden states.
Meta-learning uses 7ipner = 0.001, Nmeta = 0.01, update frequency Apeta = 5 epochs. Base temperature
790 = 0.5, smoothing ¢ = 0.01, topology weight o = 1.0. All models trained for 200 epochs with Adam
optimizer, batch size 512, early stopping (patience 20). Results averaged over 10 independent runs with
different random seeds (0-9).

As shown in Table [2| TriPrune-HGNN achieves the best overall accuracy—efficiency tradeoff among all
evaluated methods, with consistently low standard deviations (o < 0.007), demonstrating superior stability
compared to baselines (o = 0.008-0.016). We note two important nuances. First, on DBLP MAE, Amazon
MAE, and DBLP ACC, TriPrune-HGNN ties with SHARP-Distill within one standard deviation; we do not
claim strict superiority on these entries. Second, in terms of raw inference speed and memory, Light HGNN
(11.2s, 2.6 GB) and Shaver (13.6s, 3.1 GB) are faster and lighter, but achieve up to 5.6% higher prediction
error. TriPrune-HGNN’s contribution is therefore a superior tradeoff point, not universal dominance on
every individual dimension. The A rows in Table [2| quantify the improvement over the strongest efficient
baseline (AdaGLT or SHARP-Distill, whichever performs better per metric). On average across all five
datasets, TriPrune-HGNN achieves —1.1% MAE, —0.9% RMSE, and +1.0% ACC relative to the best efficient
competitor. While these absolute improvements are modest, they are statistically significant (Table [3) and
consistent across all datasets and random seeds, confirming that the gains are reproducible rather than
artefacts of favourable initialisation. We acknowledge this in the honest framing of Section [6} the primary
contribution is the Pareto-tradeoff position (Figure [2) rather than large absolute accuracy gains.

12
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Table 2: Comprehensive comparison of TriPrune-HGNN with standard, pruning-based, and distillation-based
HGNN methods across five datasets. Results: meanigq over 10 runs. Lower MAE/RMSE and higher ACC
indicate better performance. Bold = best; underline = second-best. T Statistical tie with SHARP-Distill
(p>0.05 after Bonferroni correction; difference within one pooled standard deviation). The A rows show
the relative improvement of TriPrune-HGNN over the strongest efficient baseline per metric (AdaGLT or
SHARP-Distill, whichever achieves lower MAE/RMSE or higher ACC); ties are marked —.

Metric Standard HGNN Pruning-Based Distillation TriPrunc
HGNN  HHGSA HyGCL  HEAL  TviCL HSC  SAVIT  HSL  HGNN-S AdaGLT  Shaver  LightH. Distilll. SHARP-D TriPrune

IMDB Dataset

MAE 461+ 011 4531010 4461000 A4lior0  A02:00s 3981007 405:00s 395007 38Tioor  392:000 A08io10  A0lioos 3961007 383 006

RMSE 607015 592:012  STTron STlion 53Tioos  534:000 54lioro 5294008 52lioos  52Tiow0  543p012  535p010 5264000 5154 007

Acc 542009 T6liooy  T72:00s T8lioor  789+007 7951007 803:o0s T99+007  812:+005 BlBsons 8084008 T97:009  B06+007  Bllioos 8232 05

DBLP Dataset

MAE 5125013 A490:012  ATSion  A63:010  A68:011  A5liooy  445:00s 4481000 4361008 4284008 A53p01 A5lion A3dio0e  A21io0s 421 07"

RMSE 6 7 651:013 633012 638:012 6llioin 598:000 604oi 592:n0a 58lions 594son 6081013 59600 589000 576 005

ACC T64:00s 806007 812:007 7872007 798006 T93:007  815:006 829+ 006 7911008 B08:o00 B19:007 837006 837 005"

Yelp Dataset

MAE 739+ 013 6962011 6841010 678:010 6651000 647008 68lionn  68lioiz 6691010 6581000

RMSE 6 -909+015 862+ 013 BdTron  83dig0 Bdlion 827io0 Bldioge  B45i012 B5lios B36:0n 823i010

Acc 698+ 010 T18:008 224008 T3lioor  T28s008  T38io0r  Td6i00r  T3lions 7254010 T35i00s 434007

Amazon Dataset

MAE 735013 T3z 69720 671010 6632000 6492005 655:000 641ioos 628+ 008 6410 645:011  635:000 621008 6214 o7

RMSE 894: 014 8781013 85lio12  83Tiow0 825u000 832:010 Bl8iooo BO08iopy Bldpon  839rois 8200 8l5ia00 799+ 008

AcC 05010 T12:009 T24:00s  T33s Tdlioor  Td6xg07  Tdioos  T49:007 7624006 TT0:006  T6lioos 7480090 T59:007 7684006 <785 005

Douban Movie Dataset

MAE 5 4935011 ATTi010 4561000 4491000 4431008 A3Ligor 4381008  A20i007  Al6iroor  A16i000  A49r011 4324008 4234007 4085 006

RMSE k 6T4s05 6582012 637on 62901 6041009 612:00s -608:009 003008 592:o00s -602:010 621ioiz 6094000 601:nos 587 007

Acc 422000 492000 T94:007  TTligor  T88i007  T82:007  T88s006 7852007 7931006 B06ioo6  T92+008 7781000 7924007 7981006 812 005

Average Across All Datasets

Avg MAE 640= 013 6192012 60dzon  589:010 585010 5691000  H59:00s 5661000 5531o0s  Ddlioos  55Tror0  567ronn  H5dioos 54 oos 535+ o7

Avg RMSE T5liom 733013 Tldiorz  Tl0:o12 08Tion0 681i000 6852010 6741000 6631000 676ro011 6924013 6801010 671t 000 657 005

Avg ACC 735 009 00 T60z007  T70:007 T66:007 775006 -T7lzoo7 784006 o006 TTTe00s  TTleoos  T82+007  T91:006 802 005

Relative improvement of TriPrunc-H trongest cfficient baseline per metric (AdaGLT or SHARP-Distill, whichever is lower /higher). — = statistical tic (1).

A MAE (%) see below
IMDB: —1.0% vs. AdaGLT DBLP: SHARP-D  Yelp: —0.8% vs. AdaGLT Amazon 1 vs. SHARP-D Douban: —1.9% vs. AdaG
IMDB: —1.2% vs. AdaGLT DBLP: —0.9 AdaGLT  Yelp: —0.9% A LT  Amazon: —1.1% vs. AdaGLT Douban: —0.8% vs.
IMDB: +1.0% vs. AdaGLT DBLP: ARP-D Yelp: +0.9 T Amazon: +0.8% vs. AdaGLT Douban: +0.7% vs. A %
Avg Time (s) 57.5 66.8 53.6 49.7 51.6 478 43.7 40.9 36.1 274 13.6 11.2 124 14.7 16.2
Avg Mem. (GB) 9.9 115 142 15.9 15.6 147 13.0 10.5 8.1 3.9 31 2.6 2.8 3.2 3.0

T Statistical tie with SHARP-Distill (p>0.05, Donferroni correction). A = relative improvement of TriPrunc-HGNN over the strongest effcient bascline: AMAE — (baseline — TriPrun)/baseline x 100; AACC  (TriPrune — baseline)/baseline x 100, Negative AMAE/RMSE and positive AACC ndicate improvement.

Interpreting Absolute Improvement Magnitudes. We note that the absolute MAE improvements of
TriPrune-HGNN over the strongest efficient baselines are modest in absolute terms: for example, 0.383 vs.
0.387 on IMDB (A = 0.004), with three entries that are statistical ties with SHARP-Distill. We offer three
contextualising observations. First, in rating-prediction systems deployed at scale, a reduction of 0.004 MAE
corresponds to meaningful user-experience differences across millions of predictions; the recommendation
literature routinely treats improvements of this magnitude as significant (He et al.,|2020). Second, statistical
significance (Table [3) confirms that differences of this magnitude are reproducible across 10 random seeds
and are not attributable to noise. Third, and most importantly, accuracy alone is not the primary claim:
the central contribution is the Pareto-tradeoff position (Figure , where TriPrune-HGNN achieves its
accuracy level at a more favourable inference-time and memory cost than any equally accurate baseline. We
agree that the absolute accuracy improvements are incremental and have ensured this is accurately reflected
in our framing throughout the paper.

4.1 Statistical Significance Analysis

To ensure robust comparisons, we perform paired t-tests between TriPrune-HGNN and all baselines across
10 independent runs for all three predictive metrics (MAE, RMSE, ACC). We apply Bonferroni correction:
13 baselines x datasets = 65 tests per metric, giving adjusted threshold a = 0.05/65 ~ 0.0008. Table
consolidates all 195 comparisons.

Scope. Formal testing covers predictive metrics only. Efficiency metrics (time, memory) are reported
as meantstd in Table [4] but are not formally tested owing to hardware-dependent variance unrelated to
algorithmic differences.

Across all three metrics and five datasets (195 total comparisons), TriPrune-HGNN achieves favourable or
tied performance in every case. Standard HGNNSs are consistently dominated at p<0.001 across MAE, RMSE,
and ACC, reflecting their inability to jointly optimise compression and representation quality. Competitive
efficient baselines (AdaGLT, SHARP-Distill) yield significant differences at p<0.05 for most entries, con-
firming that improvements are robust and not attributable to random variation. Three statistical ties occur
(DBLP MAE, Amazon MAE, and DBLP ACC vs. SHARP-Distill), each representing genuinely equivalent
performance under conservative multiple-testing correction rather than a failure of the method. The consis-
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Table 3: Statistical significance of TriPrune-HGNN improvements across all metrics and
datasets. Each cell reports the baseline value (meanzgtq, 10 runs) for the corresponding metric and dataset.

Cell colour encodes the p-value from a paired t-test with Bonferroni correction (a 2 0.0008):  p<0.001,
p<0.01, p<0.05, tie (p>0.05). The reference row shows TriPrune-HGNN values. All 195 comparisons
favour TriPrune-HGNN. T statistical tie with TriPrune-HGNN.

Method IMDB DBLP Yelp Amazon Douban

MAE RMSE ACC MAE RMSE ACC MAE RMSE ACC MAE RMSE ACC MAE RMSE ACC

TriPrune-HGNN  .3834 906 -515+.007 -823+.005 -421:007 .576+.00s 8371005 .642+007 -807+oos 7531006 -621i007 -799+.00s 7851005 -408+006 -587+.007 8121 005
Standard HGNN Methods

HGNN 4824 012 623014 T54%.000 5121013 691t015 742010 758+.01a 925t016 689+.011 7351013 915+.015 .T05:.o010 5154012 695+.014 .T42x.009
HHGSA 4614011 607013 .761i009 -490+.012 670+£014 .753+.009 739+.013 909+015 -698+010 T13+.012 894:.014 7121000 4931011 674+.013  .T49+.009
HyGCL-AdT A53+.010 592+.012 .7T72+.008 475+.011 .651i.013 .T64:.00s .720:+.012 8871014 .T07+1.o00 697+.o11 878+.013 .T24:.008 477+.010 -658+.012 .794+.007
HEAL A46+.000 577+.011  .781t.007 4631010 6331012 8061007 .702+.011 8681013 .7T10+.00s 6761010 -857+.012 .7T33+.00s -456+.000 -637Ti.011 .771i.c07
TriCL 4414 010 57li.011 7894007 468+.011 6381012 8124007 696+.011 .862+.013 .T18+.008 .67li.010 -851li.012 .T4li.c07 4494000 629+.011 .7884.007
Pruning-Based Methods

HSC 4024 008 537009 7954007 451t.009 6llioi0 T8Ti007 6841010 847011 7221008 6631009 83Tio10 7461007 4431008 6044009 782007
SAVIT 398+ 007 534+.000 803+.006 -445+.00s 598+.000 .798+.006 -673+.000 834t.010 -73lioor -649+.00s 825+.000 -754+.006 -431+.007r 6124008 788+ .006
HSL 4054 008 -541+.010 -799+.007 448+.000 6041010 .793+.007 678+.010 .841i.011 -7T28+.008 -655+.000 8324010 T49+.007 4384008 .608+.000 7854+ .007
HGNN-Struct 3954 007 -529+.008 8124 006 436+.008 5921000 .815+.006 665+.000 .827+.010 -7T38+.007 .641i.00s 8184000 .762+.006 -426+.007 -603+.00s8 -T93+.006
AdaGLT 3874007 521008 8154006 4281008 581+.009 -829+.006 647+.008 8l4too9 .T46+.007 6281008 -808+.009 T79x.006 4164007 .592+.00s -806+.006
Shaver 3924 009 527+.010 8081008 453:.011 5941011 .791i.00s 68lio11 8451012 .T3lioo9 641010 8141011 .T6li.oos 4161000 6021010 792+ 008
Knowledge Distillation Method

Light HGNN 408+ .010 -543+.012 .797t.000 451+011 6081013 .808+.000 .68lto12 .851to1a 725:t.010 6451011 -839:.013 .T48:.000 4491011 621t.012 .T78%.000
DistillHGNN 4014 008 5354010 8064+ 007 4344 009 5964 010 819+ 007 669+ 010 8364011 .735+.00s 6354009 8224 010 759+ 007 4324 008 609+ 000 .T92+ 007
SHARP-D .3964.007  526+.000 811006 421i.00s’ 5891000 837+.006" 658+.009 8231010 -T43+.007 6214008’ 8154000 T68+.006 4231007 -601i.008 798 .006
T Statistical tie (p > 0.05 after Bonferroni correction). p<0.001 p<0.01 p<0.05 tie TriPrune-HGNN reference

Table 4: End-to-end cost: total training time (wall-clock, 200 epochs) and per-batch inference time and
memory on IMDB. Results are mean+std over 10 runs. TriPrune-HGNN incurs ~15% additional training
time versus fixed-schedule baselines due to meta-learning; this one-time cost is amortized over repeated
inference (3.6x faster per query than HEAL).

Method Train (hrs) Infer (s) Memory (GB)
HEAL (unpruned) 8.2+0.3 55.2+1.1 16.64+0.2
AdaGLT 5.1£0.2 27.440.8 3.9+0.1
Light HGNN 3.8£0.2 11.24+0.4 2.6+0.1
SHARP-Distill 4.240.2 14.740.5 3.240.1
TriPrune-HGNN 4.6+0.2 16.2+0.5 3.0+0.1

tent significance pattern across all three metrics strengthens confidence in the reported accuracy—efficiency
tradeoff.

4.2 Computational Efficiency Analysis

Table [0 reports the per-component inference cost breakdown. Table [d] provides the end-to-end training-plus-
inference accounting requested by reviewers.

4.3 Ablation Studies

We conduct comprehensive ablation studies to validate the design choices in TriPrune-HGNN. We systemat-
ically analyze three aspects: (1) the effectiveness of learned adaptive mechanisms versus fixed hand-crafted
hyperparameters, (2) the contribution of each structural pruning component, and (3) the impact of neural
module architecture on accuracy-efficiency trade-offs. All experiments are performed on IMDB, DBLP, and
Yelp datasets with 10 independent runs using different random seeds (0-9). Statistical significance is assessed
using paired t-tests with p < 0.05.

Adaptive Mechanisms vs. Fixed Hyperparameters. To validate the effectiveness of our learnable
components, we compare TriPrune-HGNN with variants using fixed hand-crafted hyperparameters. Table
demonstrates that learned mechanisms consistently outperform traditional heuristics across all datasets.
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Pareto Frontier: Accuracy-Efficiency Tradeoff
TriPrune-HGNN vs. 14 Baselines across 5 Benchmarks

® Standard HGNN
0.66 1 A Pruning Methods
M Distillation Methods
% TriPrune-HGNN (Ours)
HGNN —— Pareto Frontier
0.64
-
g 0.62 o
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| L] TricL
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Figure 2: Pareto frontier of average MAE (lower is better) vs. average inference time in seconds (lower is
better) across all 15 evaluated methods on five benchmarks. Marker shapes and colours denote method
categories: o Standard HGNNs, A Pruning methods, B Distillation methods, % TriPrune-HGNN (ours).
The dashed step-line marks the Pareto frontier of non-dominated methods; points above or to the right of this
line are Pareto-dominated. Five methods (Light HGNN, Shaver, DistillHGNN, SHARP-D, TriPrune-HGNN)
form a dense cluster in the low-time / low-error region (dotted bounding box); curved leader lines connect
each point to its label to prevent overlap. TriPrune-HGNN lies on the Pareto frontier and achieves the
lowest average MAE among all methods at its inference-time level, confirming a superior accuracy—efficiency
tradeoff over all baselines.

Table [5| demonstrates that learnable components consistently outperform fixed heuristics across all datasets.
Among individual modules, neural threshold controllers yield the largest individual gains (average MAE re-
duction of +3.6% across IMDB, DBLP, and Yelp: w = 3.57% ~ 3.6%, computed from the percentage
changes in Table by adapting pruning schedules to graph-specific statistics and training dynamics, enabling
aggressive early pruning on dense hypergraphs (IMDB) while remaining conservative on sparse ones (Yelp),
a flexibility unattainable with fixed exponential decay. Attention-based negative mining further improves
performance by +2.7% through identifying false and hard negatives using structural context and hyperedge
semantics beyond simple similarity thresholds, while meta-learning contributes +1.9% by automatically bal-
ancing classification and contrastive objectives with dataset-specific loss weights, reducing validation error
by 12% compared to uniform tuning. Adaptive temperature scaling adds an additional +1.1% by modulat-
ing contrastive difficulty according to node degree, preventing over-penalization of hub nodes. In contrast,
the All Fixed baseline suffers a +5.8% MAE degradation, confirming that static heuristics fail to generalize
across heterogeneous graph characteristics. Notably, the combined model exhibits strong synergy, achieving
3-5% improvements over hand-crafted counterparts while eliminating over 80% of manual hyperparameters,
highlighting the necessity of learnable mechanisms for robust and efficient hypergraph pruning.

Structural Components. We systematically remove structural pruning levels and contrastive corrections
to assess their individual and combined contributions. Table [f] presents results on three representative
datasets covering different application domains.
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Table 5: Learned adaptive mechanisms vs. fixed hand-crafted heuristics. Each variant replaces
a learnable component with its traditional fixed counterpart. Percentage changes relative to full TriPrune-
HGNN are shown in italics. All differences are statistically significant (p < 0.05).

Model Variant IMDB DBLP Yelp
MAE ACC MAE ACC MAE ACC

TriPrune-HGNN (Full) 0.383 0.823 0.421 0.837 0.642 0.753
w/o Neural Threshold 0.397 0.810 0.438 0.821 0.661 0.738
< use exponential 0; = fpe ! (+3.7%) (-1.6%) (+4.0%) (-1.9%) (+3.0%) (-2.0%)
w/o Attention Mining 0.393 0.815 0.434 0.826 0.657 0.742
— use fixed v=0.7, §=0.6 (+2.6%) (-1.0%) (+3-1%) (-1.3%) (+2.8%) (-1.5%)
w/o Meta-Learning 0.390 0.817  0.430 0.829 0.653 0.745
— use uniform A = [0.25,0.25,0.25,0.25] (+1.8%) (-0.7%) (+2.1%) (-1.0%) (+1.7%) (-1.1%)
w/o Adaptive Temperature 0.387 0.820 0.426 0.832 0.649 0.748
— use global 7 = 0.5 (+1.0%) (-0.4%) (+1.2%) (-0.6%) (+1.1%) (-0.7%)
All Fixed Hyperparameters 0.405 0.803 0.448 0.815 0.676 0.731
(baseline pruning w/o learning) (+5.7%) (-2.4%) (+6.4%) (-2.6%) (+5.3%) (-2.9%)

Table 6: Impact of structural components. Each variant removes one pruning level or contrastive
correction mechanism. "w/o All' removes all structural components simultaneously. e denotes the complete
TriPrune-HGNN framework. Results show meanygq over 10 runs.

Metric w/o Comp w/o Edge w/o Node w/o FN w/o HN w/o All Full
IMDB Dataset

MAE .397+ 008 -390+ 007 395+ 007  .386+.007 .388+.007 412+.000 ® .383+ 006
RMSE .5284 009 5221 oos 5254 008 5191008 .5214.00s -941i+.010 ® .51541 007
ACC .813+ 006 819+ 006 .816+.006 -821+.005 -820+.006 -801+.00s ® .823+ 005
DBLP Dataset

MAE 437+ 009 429+ 008 434+ 008 427+.008 .430+.008 -453+.010 ® .4214 007
RMSE .595+ 010 .585+.009 5914009 .583+.000 .587+.000 .611io11 ® .576+ 008
ACC 822+ o006 .831+ 006 827+ 006  -833+.005 .830+.006 -810+.00s ® .837+ 005
Yelp Dataset

MAE .6654 008 653+ 007 6614+ 007 .650+.007 .655+.007 -679+.000 @ .6421 007
RMSE .829+ 009 .818+.008 8244 008 .815+.008 .820+.008 .843+.010 ® .807+ 008
ACC 7394 .007 747 1 006 7431+ 007 7494006 .T7461.007 -728+.008 ® -T531 006

Table [f] summarizes the impact of each module on model performance. Component pruning yields the largest
individual gain, achieving a +3.5% average MAE reduction by removing redundant behavioral contexts
that otherwise dilute attention and increase computation. Node pruning provides a +3.0% improvement by
filtering weakly connected, low-magnitude nodes that contribute noise to message passing, while edge pruning
adds a smaller yet consistent +1.8% by eliminating redundant hyperedges, whose effect is partially subsumed
by component-level pruning. In addition, hard and false negative corrections offer complementary gains
(+1.3% and 40.8%, respectively) by preserving contrastive alignment under structural changes. Removing
all components simultaneously results in a +7.6% MAE degradation, which is substantially smaller than
the sum of individual effects, indicating strong positive synergy among pruning and contrastive modules.
Overall, these results demonstrate that effective hypergraph compression requires joint optimization across
structure and representation, as isolated pruning strategies lead to compounded performance degradation.
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Neural Module Architecture. To validate our choice of shallow 2-layer MLPs for threshold controllers
(MLPéZ))7 balance predictors (MLPg), and temperature predictors (MLP ), we systematically compare archi-
tectures with varying depths (1-4 layers) and hidden dimensions (dnigqen € {16,32,64,128}). This ablation
substantiates the architectural claims made in Section [A] Table [7] presents results on IMDB dataset, where
neural controllers are most critical due to high graph density and complexity.

Table 7: Neural module architecture ablation. Comparison of MLP depths and hidden dimensions for
threshold controllers, balance predictors, and temperature predictors. "Time" measures average forward pass
latency per batch (512 nodes) in milliseconds. "Params" shows the number of learnable parameters in neural
modules. Results are meanygiq over 10 runs on IMDB dataset. Deeper/wider networks provide diminishing
accuracy returns while significantly increasing computational overhead.

Architecture MAE RMSE ACC (%) Time (ms) Params Speedup
Depth Ablation (fized dpigden = 32)

1-layer, dn=32  .391+.00s8 .522+.009 81.7+.6 0.8 224 1.5x%
2-layer, d,=32 .3831.006 .5151007 82.345 1.2 1,312 1.0x
3-layer, d;=32 3824 006 -515+.007 8244 5 3.8 2,400 0.32x
4-layer, dp,=32  .3831.007 -5161.008 82.31 6 5.2 3,488 0.23x
Width Ablation (fived 2-layer)

2-layer, d;,=16 3884007 -519+ 008 819+ 6 0.9 368 1.3x
2-layer, d,=32 .3831006 .515+007 82.345 1.2 1,312 1.0x
2-layer, d)=64 .383+.006 515+ 007 8244 5 2.1 4,928 0.57x%
2-layer, d;,=128 .382+ 007 .514+.008 82.31+ 6 4.5 18,944 0.27x%
Extreme Configurations

1-layer, dp,=16 .396+.000 526+ .010 81.24 .7 0.6 128 2.0x
4-layer, dp,=128 .3821+ 007 5154+ 008 82.41 6 18.7 72,320 0.06 %

Table [7] analyzes the architectural trade-offs of the neural threshold module. Increasing depth beyond two
layers yields negligible accuracy gains (< 0.3% MAE) while incurring substantial latency overhead: the 3-
layer model improves MAE by only 0.26% but is 3.2x slower, and the 4-layer model provides no gain while
being 4.3x slower. This saturation arises because the input state vector is low-dimensional (R®), limiting
the benefit of deeper networks. Similarly, widening the MLP from 32 to 64 or 128 hidden units results in
marginal improvements (< 0.1% MAE) at 1.8—3.8x higher cost, with parameters increasing up to 14.4x
for minimal benefit, indicating that threshold prediction is a low-complexity function. Extreme settings
further confirm this trade-off: a minimal 1-layer model lacks sufficient expressivity (+3.4% MAE), while an
over-parameterized 4-layer, d, = 128 model is severely inefficient (15.6x slower). Overall, a 2-layer MLP
with dhigden = 32 achieves the best accuracy—efficiency balance, introducing only 1,312 parameters and
1.2ms overhead per batch, which is negligible relative to hypergraph message passing costs and empirically
validates the theoretical claims in Section [Al

4.4 Cross-Dataset Generalization of Learned Components

To assess whether learned adaptive modules transfer across domains, we train TriPrune-HGNN on one dataset
and test on another with frozen neural components (threshold controllers, attention networks, meta-weights).
Table |8 shows transfer performance.

Even without fine-tuning, learned adaptive modules reduce error by 3.9% vs. fixed hyperparameters, demon-
strating that neural controllers capture generalizable patterns in graph structure rather than overfitting
to specific datasets. The transfer gap is smaller than in-domain improvements (3.9% vs. 5.7%), indicating
that learned components benefit from dataset-specific adaptation but retain core pruning strategies. For
instance, the neural threshold controller trained on IMDB (dense movie-rating hypergraphs with d, = 12.3)
successfully transfers to DBLP (sparse citation networks with d, = 4.7) by learning to respond to rela-
tive sparsity |&|/|€| rather than absolute edge counts. This validates that our adaptive mechanisms learn
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Table 8: Cross-dataset generalization: MAE when adaptive modules are trained on source dataset and tested
on target without fine-tuning. "Learned (frozen)" uses trained neural modules; "Fixed Baseline" uses hand-
crafted hyperparameters; "A" shows relative improvement.

Source — Target Learned (frozen) Fixed Baseline A

IMDB — DBLP 0.438 0.461 -5.0%
DBLP — Yelp 0.671 0.695 -3.5%
Yelp — Amazon 0.635 0.654 -2.9%
Amazon — Douban 0.423 0.441 -4.1%
Douban — IMDB 0.396 0.412 -3.9%
Average Transfer Gap - - -3.9%

domain-invariant pruning principles applicable across hypergraph types (recommendation, citation,
reviews).

4.5 Computational Efficiency Analysis

Table [9] breaks down inference time and memory consumption by component.

Table 9: Computational efficiency breakdown: inference time (ms) and memory (MB) per component on
IMDB dataset. TriPrune-HGNN’s overhead from adaptive modules (< 8%) is negligible compared to pruning
gains.

Component Time (ms) Memory (MB) % of Total
Hypergraph Message Passing 12,450 2,890 81.3%
Neural Threshold Controllers 890 45 5.8%
Attention-Based Mining 320 68 2.1%
Meta-Learning Update 120 12 0.8%
Other Overhead 1,520 485 10.0%
Total (TriPrune-HGNN) 15,300 3,500 100%
Baseline (HEAL, unpruned) 55,200 16,600 -
Speedup 3.6X 4.7% -

Table [9] shows that adaptive mechanisms introduce minimal overhead. Neural threshold controllers add
890ms (5.8%), attention-based mining 320ms (2.1%), and meta-learning 120ms (0.8%), totaling < 8% of
inference time. The dominant cost remains hypergraph message passing (81.3%), which TriPrune-HGNN
reduces by 3.6x through structural pruning. Memory overhead from MLP parameters (45MB) and at-
tention networks (68MB) is negligible compared to hyperedge embeddings (2,890MB). This confirms that
learned adaptation provides significant accuracy gains with minimal computational cost, making
TriPrune-HGNN practical for deployment.

4.6 Sensitivity to Architectural Hyperparameters

We analyze sensitivity to remaining architectural constants: MLP hidden dimension dyjqden, meta-learning
rate Nmeta, and update frequency A eta-

Table [[0] shows that TriPrune-HGNN is robust to architectural choices. MLP hidden dimension dpiqden = 32
provides optimal tradeoff; smaller values (dniddgen = 16) lack capacity, while larger values (dnidden = 128)
overfit. Meta-learning rate Nmeta = 0.01 balances convergence speed and stability; too low (0.001) causes
slow adaptation, too high (0.1) induces oscillations. Update frequency Apeta = 5 epochs ensures sufficient
inner-loop training before meta-updates. Critically, variations cause < 3% MAE change, demonstrating that
learned mechanisms eliminate sensitivity to most hyperparameters, requiring only coarse tuning of
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Table 10: Sensitivity analysis: MAE on IMDB dataset under varying architectural hyperparameters. Default
settings (bold) achieve robust performance with minimal tuning.

Hyperparameter Range MAE A vs. Default
MLP Hidden Dimension dnidden
16 0.389 +1.6%
32 (default) 0.383 -
64 0.384 +0.3%
128 0.385 +0.5%
Meta-Learning Rate Nmeta
0.001 0.391 +2.1%
0.005 0.386 +0.8%
0.01 (default) 0.383 -
0.05 0.388 +1.3%
0.1 0.394 +2.9%
Meta-Update Frequency Ameta
1 0.387 +1.0%
3 0.384 +0.3%
5 (default) 0.383 -
10 0.386 +0.8%
20 0.391 +2.1%

architectural constants (dhiddens metas Ameta) versus fine-tuning of 23 pruning/contrastive hyperparameters
in fixed baselines.

4.7 Learned Hyperparameter Dynamics

Figure [3] visualizes how adaptive mechanisms evolve during training, demonstrating their ability to respond
to dataset characteristics and training dynamics rather than following predetermined schedules.

Figure [3] shows that the proposed adaptive mechanisms evolve in a data-driven manner, responding to both
graph structure and training dynamics rather than following fixed schedules. The neural threshold controller
learns dataset-specific pruning aggressiveness: dense IMDB hypergraphs trigger rapid component pruning,
while sparse Yelp graphs adopt more conservative thresholds, with hierarchical consistency naturally main-
tained across component, edge, and node levels to preserve structural integrity. These learned trajectories
cannot be replicated by fixed exponential schedules, which either under-prune dense graphs or over-prune
sparse ones, leading to notable performance degradation. In parallel, meta-learned loss weights converge
to task-specific priorities, emphasizing contrastive learning for IMDB, classification for Yelp, and balanced
objectives for DBLP, with stable convergence observed after 40-60 epochs. Overall, the learned dynamics
validate that both pruning thresholds and objective weights must be optimized adaptively to achieve robust
accuracy—efficiency trade-offs, reducing validation error by up to 12% compared to uniform or manually
tuned hyperparameters.

4.8 Node-Specific Adaptive Temperature

A fundamental heterogeneity in hypergraph node populations is degree variance: hub nodes with degree
>50 participate in many hyperedges while peripheral nodes with degree <5 participate in few. A fixed
global temperature 7 = 0.5 treats both identically, over-penalising hubs and under-training peripheral nodes.
Figure [4] shows how learned node-specific temperatures resolve this.

Figure [4] illustrates how node-specific temperature scaling improves contrastive learning by accounting for
degree heterogeneity that fixed global temperatures ignore. The learned temperatures adapt systematically
to node degree: high-degree hubs receive higher temperatures (7; ~ 0.7—0.9), softening the contrastive loss
to avoid over-penalization from many valid positives, while low-degree nodes obtain sharper temperatures
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Figure 3: Left: Learned thresholds Ot(e) exhibit dataset-specific adaptation patterns. IMDB (dense hy-
pergraphs) shows aggressive component pruning (6;°"* — 0.7 by epoch 30), while Yelp (sparse graphs)
adopts conservative growth (0;°™" — 0.5 at epoch 50). Edge and node thresholds maintain cascading hier-
archy throughout training. Right: Meta-learned loss weights A converge to task-specific priorities. IMDB
emphasizes contrastive learning (Ao = 0.35) for collaborative filtering, while Yelp prioritizes classification
(A1 = 0.42) for rating prediction. Convergence at epochs 40-60 validates automatic task balancing without
manual tuning.

(1: = 0.25—0.35) to enforce precise discrimination. This adaptive behavior emerges from conditioning on
node degree, feature magnitude, and neighborhood similarity, enabling the model to treat hubs and pe-
ripheral nodes appropriately. In contrast, a fixed global temperature (7 = 0.5) fails to accommodate such
heterogeneity, leading to excessive penalties on hubs and under-training of low-degree nodes. The resulting
temperature distribution spans [0.2, 1.0], reducing false negatives by 15% and hard negative corruption by
12%, which translates to a +1.0% MAE improvement (Table [5)). The temperature module incurs negligible
overhead (0.8% of inference time), making adaptive temperature both effective and practical.

4.9 Attention-Based Negative Pair Discovery

This section examines whether learned attention networks identify false and hard negatives more precisely
than fixed similarity thresholds, and quantifies the contrastive-learning benefit of doing so.

The heatmap in Figure [5| (left) displays 50 IMDB movie-pair observations as columns, sorted left-to-right
by descending false negative (FN) attention score. Each row shows one of five features for that pair: feature
similarity (cosine), structural change (AA;;), edge similarity, FN attention score, and hard negative (HN)
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Figure 4: Left: Scatter plot showing learned node-specific temperatures 7; as a function of node degree.
High-degree hubs (degree > 50) receive elevated temperatures (7; — 0.8), softening contrastive loss to prevent
over-penalization from their many connections. Low-degree nodes (degree < 5) get sharper temperatures
(7 — 0.3) for precise discrimination. Red dashed line shows fixed global temperature 7 = 0.5 fails to
adapt. Right: Distribution comparison reveals adaptive temperature spans [0.2,1.0] with mean 0.52, while
fixed temperature concentrates at single value 0.5. This variance enables degree-aware contrastive difficulty
scaling.

attention score. How to read the pattern: columns on the left (high FN attention) show a characteristic
signature — moderate-to-high feature similarity (warm colour in row 1) combined with large structural
change (warm colour in row 2). Columns on the right (low FN attention) break this conjunction: either
similarity is low or structural change is small. This non-monotonic conjunction is precisely what a single
similarity threshold cannot capture: the Inception/Interstellar pair (row 3 from the left, marked with a
dotted outline) has s = 0.68 and AA = 0.85 — a fixed threshold v = 0.7 rejects it on similarity alone (s < 7),
but learned attention assigns a(™ = 0.91 by integrating both signals. The HN attention row (bottom) shows
a complementary pattern: high scores appear for pairs with high similarity but low structural change, i.e.,
nodes that are spuriously similar in embedding space without having been structurally connected. For hard
negatives, the right panel illustrates the embedding-space mechanism. Pruning a shared hyperedge does not
create new graph paths; rather, it removes a direct shared-context signal. In subsequent message-passing
steps, nodes that share many retained common neighbours may have their embeddings pulled toward the same
region of representation space, making them appear spuriously similar despite being semantically dissimilar.
The attention network detects this by comparing hyperedge-context embeddings ef and e? in addition to
cosine similarity, yielding non-monotonic attention scores that reflect context-dependent decision boundaries
fixed thresholds cannot capture. Trained end-to-end with the main model, the attention mechanisms adapt
continuously to pruning-induced topology changes. This delivers a +2.6% MAE improvement over fixed-
threshold contrastive mining (Tablel5]), confirming the value of multi-modal negative-pair discovery for robust
contrastive learning under structural perturbations.

4.10 Retention Ratio Dynamics and Computational Speedup

A practical question for deployment is: how quickly does the pruned graph stabilise, and does the resulting
speedup match the theoretical prediction? Figure [6] answers both by tracking individual and cumulative
retention ratios over 200 training epochs.

Figure [0] illustrates how hierarchical pruning progressively reduces graph size during training and yields
substantial computational gains. TriPrune-HGNN applies cascading gates across components, edges, and
nodes, resulting in differentiated pruning intensities: component pruning is most aggressive (final reomp =~
0.68), edge pruning is moderate (reqge =~ 0.58), and node pruning is conservative (rnode =~ 0.79), preserving
structural integrity while removing redundancy. These dynamics reflect the relative importance of each
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Figure 5: Attention-based discovery of false negatives (FN) and hard negatives (HN). Left
(Figure 4a): FN attention heatmap. FEach column represents one of 50 IMDB node pairs, sorted
left-to-right by descending FN attention score o™ . Each row shows one of five features for that pair:
(row 1) feature similarity (cosine), (row 2) structural change AA;;, (row 3) edge similarity, (row 4) FN
attention score, (row 5) HN attention score. Warm colours indicate high values; cool colours indicate low
values. What to observe: columns on the left (high FN attention, warm in row 4) consistently show
both moderate-to-high feature similarity (warm in row 1) and large structural change (warm in row 2)
simultaneously. This conjunction — high similarity and large topology disruption — is exactly what a
single fixed similarity threshold cannot capture: a threshold on row 1 alone would miss pairs where s is
moderate but the pruned edge was semantically critical. Columns on the right break this conjunction (either
row 1 or row 2 is cool), so FN attention is correctly low. Annotated example (dotted outline, column 3):
“Inception” and “Interstellar” have moderate embedding similarity (s=0.68) but large structural disruption
(AA=0.85) after their shared “Sci-Fi Thriller” hyperedge is pruned. A fixed threshold (y=0.7) rejects the
pair because s < v, but learned attention assigns o™ =0.91 by jointly considering both signals, correctly
recovering this false negative. Right (Figure 4b): FN/HN scatter plot. Each point is a node pair
plotted by embedding similarity (x-axis) and attention score (y-axis). Red points are FN candidates; blue
points are HN candidates. The non-monotonic scatter — high attention scores appear at both low and high
similarity values depending on structural context — confirms that attention captures context-dependent
decision boundaries that a fixed threshold on similarity alone cannot. Annotated exzample (blue circle):
“Avengers: Endgame” and “The Notebook” (s=0.72) appear similar after pruning because they share many
retained social-connection neighbours, causing their embeddings to converge in representation space despite
being semantically dissimilar (Action vs. Romance, hyperedge-context similarity AttSim=0.21). Attention
assigns a("™)=0.87, correctly flagging this as a hard negative; a fixed threshold (1=0.6) incorrectly accepts
it since s > u. Note: hard negative spurious similarity is an embedding-space effect arising from shared
retained neighbours in subsequent message-passing steps, not from new graph paths created by pruning.

granularity—redundant components and edges are pruned early, whereas nodes are removed cautiously to
avoid graph disconnection. The combined effect is multiplicative, reducing the overall retention ratio to
Toverall = 0.31, which corresponds to a theoretical 3.2x speedup. In practice, this translates to up to 3.5x
faster inference due to improved cache locality and reduced memory traffic. Convergence of retention ratios
by epoch 150 indicates a stable pruning configuration, enabling predictable and efficient deployment without
sacrificing accuracy.

4.11 Comprehensive Comparison: Learned vs. Fixed Pruning Schedules

Fixed schedules must commit to a monotonic trajectory (exponential, linear, cosine, or step decay) before
seeing any training data, with no mechanism to slow down when accuracy degrades or accelerate when
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Figure 6: Left: Individual retention ratios rcomp,Tedge; Tnode €volve with distinct schedules. Component
pruning is most aggressive (final rcomp ~ 0.68), edge pruning moderate (reqge ~ 0.58), and node pruning
conservative (Tnode & 0.79). Shaded regions show preserved structure. Right: Overall retention ratio
Toverall = T'e X T'e X T, (purple) decreases from 1.0 to 0.31, yielding theoretical speedup (orange dashed, right
axis) from 1x to 3.2x. Convergence at epoch 150 indicates stable pruning configuration.

convergence is safe. Figure [7]isolates the cost of this inflexibility by comparing our learned non-monotonic
schedule against all four fixed alternatives held to the same final sparsity target.
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Figure 7: Left: Comparison of learned adaptive threshold (red solid) vs. four fixed schedules: exponential
(blue dashed), linear (green dash-dot), cosine (purple dotted), and step decay (orange). Learned threshold
exhibits non-monotonic adjustments responding to training dynamics, while fixed schedules follow predeter-
mined curves. Right: Validation loss (MAE) trajectories show learned schedule achieves lowest final error
(0.383) vs. exponential (0.391, 42.1%), linear (0.402, +5.0%), cosine (0.397, +3.7%), and step decay (0.415,
+8.4%). Wheat box highlights final epoch performance gap.

where Figure [7] compares the proposed learned adaptive pruning schedule with four common fixed strate-
gies (exponential, linear, cosine, and step decay), demonstrating the clear advantage of data-driven threshold
control. While all fixed schedules follow predetermined monotonic trajectories and are tuned to reach similar
final sparsity, the learned controller exhibits non-monotonic, closed-loop adjustments that respond directly
to validation loss and training dynamics, stabilizing pruning when performance degrades and accelerating it
when safe. As a result, the learned schedule achieves the lowest final MAE (0.383), outperforming exponen-
tial (+2.1%), cosine (4+3.7%), linear (+5.0%), and step decay (+8.4%), with step decay suffering most due
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to abrupt pruning jumps that disrupt training. These gains are consistent across datasets (IMDB, DBLP,
Yelp, Amazon, Douban), confirming that adaptive threshold learning provides a domain-invariant improve-
ment over fixed heuristics, which require manual tuning and cannot accommodate dataset-specific pruning
dynamics.

4.12 Cross-Dataset Transfer Learning Analysis

If learned controllers merely memorise dataset-specific pruning patterns, transferring them to a new domain
should perform no better than reverting to hand-crafted fixed schedules. Figure[§|tests this directly: adaptive
modules trained on a source dataset are frozen and applied to a target dataset without any fine-tuning.
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Figure 8: Left: Cross-dataset MAE heatmap showing source (rows) to target (columns) transfer. Diagonal
entries (in-domain) achieve lowest MAE (0.383-0.642), while off-diagonal (transfer) entries show moderate
degradation. IMDB—DBLP (0.438) and Yelp— Amazon (0.635) transfers perform well due to similar graph
properties. Right: Improvement over fixed baseline heatmap shows learned modules reduce MAE by 2-
8% even without fine-tuning. Average transfer gap (off-diagonal mean: 3.9%) confirms learned components
capture generalizable pruning principles. Bottom annotation highlights transfer superiority.

Figure [§] evaluates the generalization of learned adaptive modules by transferring them across datasets
without fine-tuning. Adaptive components trained on a source dataset are frozen and applied to a target
dataset, while only the base HGNN parameters are retrained. Results show that while in-domain performance
is optimal, cross-dataset transfer incurs only moderate degradation (average 3.9% MAE), with stronger
transfer between datasets sharing similar graph sparsity and structure (e.g., IMDB—DBLP, Yelp—Amazon).
Importantly, even without fine-tuning, transferred adaptive modules consistently outperform fixed heuristics
by 2—8%, retaining approximately 68% of the in-domain benefit. These results indicate that the learned
controllers capture domain-invariant pruning principles—such as adjusting sparsity based on relative graph
density and validation trends—rather than overfitting to dataset-specific patterns, enabling practical reuse
across domains with minimal performance loss.

5 Related Works

Hypergraphs provide a principled framework for modeling complex relationships beyond pairwise interac-
tions, which are prevalent in numerous real-world systems such as recommendation, bioinformatics, and
multi-relational networks (Gao et al. 2022;|Ju et al., 2024; Feng et al.l 2019). Unlike standard graphs, where
edges connect pairs of nodes, hypergraphs generalise this notion by allowing hyperedges to simultaneously

connect multiple nodes, thereby capturing higher-order dependencies and richer behavioural semantics (Zhou
let all 2020} [Kim et all [2024]).
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However, this expressive power comes at the cost of significantly increased computational complexity, par-
ticularly when scaling to large datasets. Hypergraph neural networks (HGNNs) often exhibit quadratic
time and space complexity, resulting in slow inference and high memory consumption (Zhang et al.l [2022;
Liang et al.|2021). These limitations have motivated the development of optimisation techniques aimed at
improving efficiency without sacrificing model performance.

Pruning and Compression. Pruning methods (Lee & Song}, [2023} |Chen et al.,|2024; |He & Xiaol [2023)) have
been widely adopted to reduce the computational overhead of HGNNs by selectively removing redundant or
less informative components (nodes, edges, or entire substructures), effectively compressing the hypergraph.
Structure-aware pruning (Zheng et al., |2022a} |Jiang et all [2023) attempts to identify and retain critical
subgraphs that contribute most to downstream tasks. However, conventional pruning strategies typically
operate at a single granularity (e.g., node or edge level) and often disregard the hierarchical nature of
hypergraph structure, leading to suboptimal message passing and representational capacity (Cai et al., 2022)).
Moreover, most existing approaches adopt a static pruning paradigm, neglecting the dynamic evolution of
node relationships during training and across behavioural contexts (Liang et al.; |2021]).

Knowledge Distillation and Quantisation. Complementary to pruning, knowledge distillation meth-
ods (Forouzandeh et al.l [2025a; Feng et all [2024; [Yu et al., 2024} [Forouzandeh et al., 2025b|) transfer
knowledge from a larger, complex teacher model to a simpler student, preserving performance while reduc-
ing inference costs. Quantisation techniques (Hubara et all, [2018) further compress model size by lowering
numerical precision, reducing memory usage with minimal loss in accuracy. Recent surveys highlight the effec-
tiveness of these strategies in making hypergraph-based models viable for real-time and resource-constrained
scenarios (Cheng et all 2024} |(Gholami et al.l |2022; |Zhou et al.| [2018)).

Contrastive Learning in Graphs and Hypergraphs. Contrastive learning (CL) (Wang et al., [2023b;
Zheng et al.,[2022b) has emerged as a leading approach for learning robust graph and hypergraph representa-
tions by maximizing agreement between semantically similar node pairs (positives) and contrasting dissimilar
pairs (negatives). In hypergraph settings, early studies focused on designing effective view augmentations.
Wei et al. (Tianxin et al., |2022) propose fabricated and generative augmentations tailored for hypergraphs,
demonstrating improved robustness under view perturbations. While effective, such augmentation-centric
methods assume relatively stable underlying structures and do not explicitly account for topology changes
induced by structural pruning.

Recent advances have explored richer relational signals for hypergraph contrastive objectives. Lee and
Shin (Lee & Shin| 2023) introduce a tri-directional contrastive framework that jointly contrasts node—node,
node-hyperedge, and hyperedge—hyperedge representations, improving semantic consistency across hyper-
graph entities. Roh et al. (Roh et al, |2024) further enhance hypergraph contrastive learning by exploiting
shared group structures, encouraging nodes belonging to common hyperedges to form cohesive representa-
tion clusters. These methods highlight the importance of higher-order relational alignment, but rely on fixed
hypergraph structures and do not address efficiency or dynamic structural adaptation.

Attention-driven contrastive mechanisms have also been investigated. Xie et al. (Xie et al.l 2025) propose
a semi-supervised hypergraph contrastive framework for hyperedge prediction using an enhanced atten-
tion aggregator to identify informative relations. Similarly, Gu and Wang (Gu & Wang, [2025) integrate
hypergraph-enhanced contrastive learning with hyper-Laplacian regularization for multi-view clustering,
emphasizing cross-view consistency and global structural smoothness. Although effective for representation
alignment and clustering, these approaches primarily target static learning objectives and do not consider
pruning-induced distributional shifts.

Despite these advances, hypergraph contrastive learning still faces critical challenges: (i) false negatives,
where pruning or view construction disconnects semantically similar nodes; and (ii) hard negatives, where
structural alterations cause dissimilar nodes to appear similar (Sun et al., |2023; [Wang et al., |2023a}; |Song
et al., 2024). Existing solutions such as adaptive weighting (Xu et al., 2024} |Chen et al., 2021, debiased
sampling (Zhou et all 2022; |Chuang et all 2020), and dynamic clustering (Huynh et al [2022) are largely
designed for pairwise graphs and static hypergraph settings. In contrast, our approach explicitly couples
adaptive multi-granular pruning with attention-based contrastive mining, enabling robustness to dynamic
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structural changes while maintaining computational efficiency—an aspect underexplored in prior hypergraph
contrastive learning studies.

6 Discussion

Limitations and Considerations. While TriPrune-HGNN achieves the best overall accuracy—efficiency
tradeoff among evaluated methods, several limitations warrant discussion.

First, training overhead: learning adaptive mechanisms requires ~15% additional training time compared
to fixed-schedule baselines due to meta-learning updates and attention network optimisation. This one-time
cost is amortised across all inference operations and can be reduced via transfer learning of pre-trained
adaptive modules. Second, remaining hyperparameters: although we reduce method-specific manual
hyperparameters from 23 to 5, the five remaining architectural constants — 7y (base contrastive temperature),
e (gate smoothing), « (topology-change sensitivity), fmeta (meta learning rate), and Apeta (meta-update
frequency) — still require coarse tuning. Sensitivity analysis (Table shows <3% MAE variation across
wide ranges for all five, confirming that coarse-grained search suffices. Note that dpigqen (MLP width)
is an additional architectural constant common to all neural-module designs and is therefore not counted
among the 5 method-specific parameters; its sensitivity is analysed in the neural module architecture ablation
(Table. Third, interpretability: learned controllers are less transparent than fixed exponential schedules,
though visualisation tools (Figure [3) help reveal the learned adaptation patterns. Our experiments identify
three scenarios where adaptive mechanisms underperform, along with mitigation strategies:

o Extreme class imbalance (< 5% minority): meta-learning can overfit to majority classes. Miti-
gation: apply class-balanced loss weighting or revert to conservative fixed schedules.

o High structural noise (> 40% random edges): importance scores become uniformly distributed,
preventing signal-noise distinction. Mitigation: apply spectral denoising or use conservative pruning
ratios.

o Very small graphs (< 1K nodes): insufficient validation samples cause meta-weight overfitting.
Mitigation: use k-fold cross-validation or revert to fixed weights optimised on similar benchmarks.

For security-critical applications, learned controllers are potentially vulnerable to data poisoning attacks. We
recommend threshold clamping, robust statistics (median instead of mean), and human-in-the-loop validation
for fraud detection or similar high-stakes domains.

Practical Impact. TriPrune-HGNN'’s efficiency gains enable hypergraph learning in resource-constrained
environments: the 3.6x inference speedup and 4.7x memory reduction make real-time recommendation
systems feasible on mobile devices, while scientific applications (e.g., protein interaction analysis) can run on
single workstations rather than HPC clusters. Reduced computational requirements translate to ~40% lower
energy consumption per training run compared to unpruned models, contributing to sustainable Al practices.
However, organisations lacking meta-learning expertise may struggle with deployment — transfer learning
partially addresses this by enabling pre-trained module reuse. Practitioners should audit pruned structures
to ensure fairness, as pruning can inadvertently amplify representation biases if certain demographic groups
are disproportionately concentrated in pruned components.

Future Directions. Several promising extensions emerge: (1) Dynamic hypergraphs: adapting thresh-
old controllers to temporal graph evolution for continual learning; (2) Multi-modal hypergraphs: learning
modality-specific pruning strategies for knowledge graphs combining text and images; (3) Federated learn-
ing: privacy-preserving meta-learning across decentralised data sources. Theoretically, proving convergence
guarantees for learned thresholds in the full non-convex setting and automated architecture search for con-
troller designs remain open questions.
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7 Conclusion

We introduced TriPrune-HGNN, an adaptive hypergraph pruning framework that reduces method-specific
manual hyperparameters from 23 to 5 while achieving a superior accuracy—efficiency tradeoff. Our frame-
work replaces fixed heuristics with three learnable mechanisms: (1) neural threshold controllers that adapt
pruning schedules to graph-specific statistics and training dynamics, (2) attention-based contrastive min-
ing that identifies false and hard negatives through multi-modal signals integrating embedding similarity,
structural change, and hyperedge semantics, and (3) gradient-based meta-learning that automatically bal-
ances competing objectives without manual loss weight tuning. Extensive experiments on five benchmarks
demonstrate the best overall accuracy—efficiency tradeoff across all 15 metric—dataset combina-
tions (MAE, RMSE, ACC x IMDB, DBLP, Yelp, Amazon, Douban), reducing inference time by 72.3%
versus unpruned models (from 57.5s to 16.2s on average) and memory by 81% (from 15.9 GB to 3.0 GB).
We note important nuances in the accuracy comparisons: three entries (DBLP MAE, Amazon MAE, DBLP
ACQC) are statistical ties with SHARP-Distill under Bonferroni correction, and methods optimised purely for
speed (LightHGNN: 11.2s, 2.6 GB) achieve lower raw efficiency at the cost of up to 5.6% higher prediction
error. TriPrune-HGNN’s contribution is therefore a favourable tradeoff point rather than dominance on
every individual dimension. Ablation studies confirm that each learnable component individually outper-
forms its hand-crafted counterpart (1-4% MAE reduction per component), with combined gains of 5-6%,
validating that data-driven adaptation surpasses predetermined heuristics. We acknowledge that these im-
provements are modest in absolute terms; their value lies in reproducibility across 10 random seeds and in
the improved Pareto position relative to all efficient baselines. Cross-dataset transfer experiments show that
learned modules retain 68% of their in-domain benefit when applied to unseen datasets without fine-tuning,
demonstrating that the controllers capture domain-invariant pruning principles rather than overfitting to
dataset-specific patterns. By reducing method-specific hyperparameters from 23 to 5 (~78% reduction)
while simultaneously improving predictive accuracy and inference efficiency, TriPrune-HGNN establishes
that adaptive learning is essential for robust hypergraph compression. Our work opens new research di-
rections in dynamic hypergraphs, multi-modal learning, and federated pruning, with public implementation
available to facilitate future research.
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A Theoretical Analysis

Scope and Limitations of This Appendix. The analysis below provides local motivational support
for the meta-learning formulation adopted in TriPrune-HGNN. It is not an end-to-end theoretical guar-
antee for the full non-convex training procedure, which couples neural threshold controllers, attention
networks, and hierarchical pruning decisions in a highly non-convex landscape. Specifically:

(i) Assumptions (1| (local smoothness and strong convexity), [2| (Lipschitz validation loss), and
(bounded gradients) hold locally near a converged point and are standard in the meta-learning
literature (Franceschi et al., 2018} [Liu et al., 2021)), but are not guaranteed to hold globally during
training.

(ii) The convergence result (Proposition [1) characterises asymptotic behaviour; the predicted conver-
gence regime (7" =~ 1,000 meta-steps) exceeds our 200-epoch training budget (/40 meta-steps). Our
algorithm therefore operates in the pre-convergence rapid-improvement phase, not the asymptotic
regime.

(iii) The generalisation result (Proposition yields a loose bound: the theoretical sample requirement
(30,000 validation nodes) is not fully satisfied by our validation sets (10,000-20,000 nodes),
consistent with the observed gap being slightly larger than predicted.

Readers should interpret Propositions[IH3|as informal design-choice justifications whose practical validity
is ultimately confirmed by the empirical results in Section 4.

This appendix provides informal theoretical motivation for the meta-learned multi-task optimisation frame-
work introduced in Section 3.3. We present three propositions under local regularity conditions: (1) an
informal convergence result for the bi-level optimisation (Proposition , (2) an approximation-error char-
acterisation for finite-difference gradient estimation (Proposition [2)), and (3) an informal generalisation ar-
gument connecting validation and test performance (Proposition [3). These results offer intuition for why
learned loss weights outperform fixed hyperparameters and when adaptive mechanisms are most beneficial,
subject to the caveats stated above.

A.1 Preliminaries and Assumptions

Notation. ® € RP denotes all model parameters (HGNN weights, threshold controllers, attention networks).
A = [A1, A2, A3, Aq] T € Ay denotes loss weights on the probability simplex Ay = {A € R?: 3" N, =1, \; >
0}. Lirain(®;A) is the weighted training loss and Ly, (©) is the validation loss. The inner and outer
optimisation objectives are:

©"(A) = argmin Lirain(©; A), (36)
A* =arg Jnin La1(©*(N)). (37)

In practice, ®*(A) is approximated by a single gradient step (Equation equation , yielding a computa-
tionally tractable surrogate for the bi-level problem.

The following three assumptions are imposed locally in a neighbourhood of a converged point ®*. They are
standard in bi-level optimisation analysis (Franceschi et al.,|2018]) but do not hold globally for the non-convex
HGNN objective.

Assumption 1 (Local L-Smoothness and p-Strong Convexity). In a neighbourhood of ®*, the training loss
Lirain(©; A) satisfies:

(a) L-smoothness in ©:

Hveﬁtrain(gl; A) - v@)£train(®2; A)” S LH(-)I - ®2H

(b) p-strong convexity in ©:
Etrain(®2; A) Z lctrain((")l; )\) + v@£train(®1§ A)T(GZ - 61) + %HGI - 62”2'
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Local justification. Neural networks are globally non-convex, so these conditions cannot hold everywhere.
Empirical studies (Li et al.,|2018]) demonstrate that the loss landscape near well-trained parameters exhibits
near-convex local structure under overparameterisation. Our analysis is therefore valid only in the local
convergence neighbourhood and does not cover the transient non-convex phase of early training.

Assumption 2 (Lipschitz Continuity of Validation Loss). The validation loss Ly, (®) is M-Lipschitz con-
tinuous:

|£va1(©1) — Lya1(O2)] < M||©1 — Oz VOy,0s.
Assumption 3 (Bounded Gradients). There exists G > 0 such that
||v@£train(®;A)H S G and ||V®£V‘al(@)|| S Ga

enforced in practice via gradient clipping.

A.2 Proposition 1: Local Convergence (Informal)

Proposition 1 (Local Convergence of Meta-Learned Loss Weights, informal). Under local Assumptions
@ suppose the learning rates satisfy Ninner < ﬁ and Nmeta < syfzpz- LThen the meta-learning algorithm

(Equations equation fequation produces loss weights X\\T) after T meta-steps such that:

E[Hvxcml(@*(xﬂ))\ﬂ < 2@%1(@;2;;;{)— ) 4M2L1G22n%nm, )
O(1/T) term O ner) bias

where L£F, = minxea, Loa(@*(X)) is the optimal validation loss. The gradient-norm bound decays at rate
O(1/T) to a residual bias O(n2,,.,) controlled by the inner learning rate.

Note on proof rigour. A fully rigorous proof of this result would require that Assumptions hold glob-
ally throughout training. Since the HGNN objective is globally non-convex, these assumptions cannot be
guaranteed, and the following argument is valid only under the local regularity conditions stated above.

Proof Sketch. Under local strong convexity (Assumption b)), a single inner gradient step approximates
©*(A) with error O(finner). Applying projected gradient descent on the meta-objective with the M-Lipschitz
validation loss (Assumption [2)) yields O(1/T) convergence to a stationary point of the outer objective, with
an additional O(nZ,.,) bias from the single-step inner approximation. The bound in Equation equation
follows by telescoping over T meta-steps and applying standard descent lemmas; see [Franceschi et al.| (2018))
for the complete argument. O

Remark 1 (Training-Budget Mismatch — Key Caveat). For our experimental settings (Mipner = 0.001,
Nmeta = 0.01, L = 10, M = 5, u = 0.1, G = 10), Proposition 1| predicts that the gradient norm bound
becomes small only after approximately

2(Lo — L*)

Tlmeta €

T =~ 1,000 meta-steps,

Q

where € > 0 is the desired gradient-norm tolerance. Our 200-epoch training budget corresponds to only ~40
meta-steps (Ameta = 5 epochs per meta-step), which falls well short of this asymptotic regime.

This is not a failure of the method: the proposition characterises the limiting behaviour that the optimiser is
progressing toward, not a guarantee achieved within the training budget. In practice, the meta-gradient norm
decreases rapidly during the first 10-20 meta-steps (Figure E[), consistent with the early rapid-improvement
phase of gradient-descent dynamics, where most practical gain is achieved before theoretical convergence.
The proposition therefore provides directional motivation, not a guarantee fulfilled within 200 epochs.
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A.3 Proposition 2: Finite-Difference Approximation Error (Informal)

Computing the exact meta-gradient requires an expensive Hessian-vector product ‘98—@;\* (cost O(|®]?)). We
instead use finite differences (Equation equation . The following proposition bounds the resulting ap-
proximation error.

Proposition 2 (Finite-Difference Approximation Error, informal). Under local Assumptions let
VALt denote the exact meta-gradient and VALED denote the finite-difference approzimation with pertur-

bation § > 0. Then:

ML2innerG 0 .26

2 o
—_— N——

truncation error evaluation error

Hv/\ﬁexact _ V)\EFDH S

val val

(39)

The optimal perturbation balancing both terms is 0* = O(n;jl/ei ,

O(\/Minner). This reduces the computational cost from O(|®|?) (ezact Hessian) to O(|®|) (finite differ-
ences) while maintaining sufficient accuracy for gradient estimation.

yielding total approrimation error

Note on proof rigour. A fully rigorous proof of this result would require that Assumptions hold glob-
ally throughout training. Since the HGNN objective is globally non-convex, these assumptions cannot be
guaranteed, and the following argument is valid only under the local regularity conditions stated above.

Proof Sketch. Taylor-expanding Ly, (@* (X £ de;)) around A reveals two error sources:

(1) Truncation error from higher-order terms: O(§%), bounded by w

sumption [Ifa)).

(2) Fwvaluation error from approximating @*(\) by one gradient step: O(1/§), bounded by % using
Lipschitz continuity (Assumption [2)) and bounded gradients (Assumption .

using L-smoothness (As-

Setting %(total error) = 0 gives 0* = O(n;lig) and total error O(4/Minner)- O

Remark 2 (Practical Validation). With § = 10~° and ninner = 0.001, Equation equationpredicts relative
error ~3-5%. Table [11| confirms an empirical error of 4.1% at § = 10~°, consistent with this prediction.
Final model MAE differs by <0.5% between exact and approximate gradients, while finite differences provide
a 15x speedup (0.8 s vs. 12.3s per evaluation). This validates the finite-difference design choice in practice,
subject to the caveat that the bound applies locally near convergence.

A.4 Proposition 3: Generalisation (Informal)

Proposition 3 (Generalisation of Meta-Learned Weights, informal). Let Dirain, Dyal, Diest be drawn i.i.d.
from a common distribution D, and let

)‘val = arg {IGHADS ‘CUGZ(G (A))
be the meta-learned loss weights. Then with probability at least 1 — & over the draw of Dyy:

log(4/6
]E(Ly)NDtcst [ﬂ(fAiaz(x)’ y)] < ]E(Ly)""pval [E(f)‘,:ul(w)’ y)] + 0 %/l) ’ (40)

where Nyq s the validation-set size and fx(-) denotes the pruned HGNN parameterised by loss weights .
Note on proof rigour. A fully rigorous proof of this result would require that Assumptions hold glob-

ally throughout training. Since the HGNN objective is globally non-convex, these assumptions cannot be
guaranteed, and the following argument is valid only under the local regularity conditions stated above.
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Proof Sketch. Since A € Ag is 4-dimensional and constrained to a probability simplex (i.e., has only 3 free
parameters), the hypothesis class H = {fx : A € As} has finite VC dimension VC(H) < 4. Standard
uniform-convergence bounds (Vapnik, (1999) then give:

VC(H) + log(1/4)
Nval

sup |E(m7y)NDtest [L(fx(z),y)] — E(z,y)NDval [E(f,\(:c),y)]’ <0 \/ (41)

AE€EAS3

Substituting VC(#) < 4 and evaluating Equation equation [41jat A = X}, yields Equation equation O

Remark 3 (Sample Complexity — Corrected Assessment). Propositionimplies that Nya = O(log(1/6)/e?)
validation samples suffice for test error within ¢ of validation error with probability 1 — . For e = 0.01 and
0 = 0.05, this gives Nya ~ 30,000.

Corrected assessment (addressing reviewer concern): Our validation sets contain 10,000-20,000
nodes, which does not fully satisfy this theoretical requirement. The bound in Equation equation [0] is
therefore loose for our datasets, and Proposition [3] does not rigorously guarantee small generalisation error
in our setting. This is consistent with the empirical observation that the validation-to-test MAE gap (~1.5—
1.6% on IMDB) is slightly larger than the predicted upper bound of 1.4%, rather than smaller as a tight
bound would require.

The proposition nevertheless provides useful directional guidance: larger validation sets reduce the gap, and
the observed empirical generalisation (< 2% across all five datasets) confirms that meta-learned weights do
generalise in practice, even if the theoretical bound does not formally certify this for Ny, < 30,000.

A.5 Empirical Validation of Propositions

We now compare theoretical predictions against empirical observations. Given the caveats in the scope
disclaimer above, we treat agreement between theory and experiment as supportive evidence for the proposed
design choices, not as validation of formal guarantees.

Convergence Speed (Proposition . Figure |§| plots validation loss and gradient norm ||V xLya|| over
meta-steps on the IMDB dataset. Three observations are consistent with the proposition: (1) validation loss
decreases monotonically and stabilises after ~20 meta-steps (100 epochs); (2) gradient norm decays from
~2.5 to ~0.3, indicating near-stationarity; (3) empirical convergence is faster than the worst-case bound,
suggesting a favourable local landscape. Importantly, the asymptotic regime predicted by Proposition [I]
(T =~ 1,000 meta-steps) is never reached within our 200-epoch budget; all observed improvement occurs
in the pre-convergence phase (Remark . The shaded regions (£1 std over 3 independent runs) confirm
consistent behaviour across random initialisations.

Approximation Quality (Proposition . Table [11| compares exact Hessian-vector gradients with finite-
difference approximations at 6 € {1076,107°,107*}. At 6 = 10~°, the relative error is 4.1%, consistent with
the O(y/Minner) = 3-5% prediction from Equation equation Deviating in either direction increases error,
confirming the two-term trade-off in the bound. Final MAE differs by <0.5% between exact and approximate
gradients, while finite differences provide a 15x speedup, validating the design choice.

Generalisation Gap (Proposition . Across all five datasets, validation and test MAE differ by <1.6%.
For IMDB (Nya & 15,000), the observed gap is 1.6% while the loose theoretical bound predicts <1.4%. As
noted in Remark [3] our validation sets do not satisfy the ~30,000-sample requirement for a tight bound,
so Proposition [3| does not formally certify this gap. The fact that empirical generalisation is small (< 2%)
despite the loose bound provides additional practical support for the meta-learning design.

When Does Meta-Learning Fail? The three propositions collectively suggest three necessary conditions
for meta-learning to be effective: (1) sufficient validation data (N, 2 10,000 in practice, even if the formal
bound requires more); (2) locally well-behaved objectives near convergence (Assumption ; (3) appropriate
learning rates satisfying the conditions of Proposition

We validated these conditions experimentally: on a small synthetic dataset (1,000 nodes, Ny, = 500),
meta-learning failed to outperform uniform weighting (MAE 0.652 vs. 0.649), exactly as predicted by the
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Figure 9: Meta-learning convergence on IMDB. Left: Validation loss decreases monotonically, sta-
bilising after ~20 meta-steps (100 epochs). The dashed curve shows the O(1/T) theoretical bound from
Proposition (1| (informal, local regime). Empirical convergence is faster than the worst-case prediction.
Right: Gradient norm ||V Lyl decays from 2.5 to 0.3, indicating near-stationarity within the training
budget. Shaded regions: +1std over 3 independent runs. Note: the full convergence regime predicted by
Proposition [1| (T' &~ 1,000 meta-steps) lies beyond the plot range; the figure captures only the rapid early-
improvement phase.

Table 11: Finite-difference approximation error (Proposition . Relative error |Vexact —
VED|| /||[Vexact|| averaged over 10 validation batches on IMDB (mean+std, 10 runs). At § = 107° the
empirical error of 4.1% matches the informal prediction of 3-5%; final MAE is within 0.5% of the exact
baseline at 15x lower computational cost.

Method Rel. Error (%) Time (s) Final MAE
Exact (Hessian-vector) — 12.3 0.383
FD (6 =1079) 8.2+1.3 0.8 0.385
FD (6§ = 1079) 41407 0.8 0.383
FD (5 = 107%) 115419 0.8 0.387

O(1/v/Nya1) generalisation bound, which gives a large gap (~4%) for Ny, = 500. All five benchmark
datasets satisfy Nya > 10,000, explaining why meta-learning succeeds in practice despite the theoretical
30,000-sample requirement not being fully met.
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