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Abstract. Heterogeneous graph neural networks (HGNNs) have demonstrated considerable efficacy
in modeling complex relational structures; however, their deployment on edge-constrained
hardware remains critically hindered by prohibitive memory footprints and quadratic attention
complexity. This work introduces a tensor-decomposed sparse attention framework (TDSAF) that
leverages Tucker decomposition and structured sparsity masks to reduce per-layer parameter
density by up to 73% without measurable degradation in downstream node classification accuracy.
Benchmark evaluations conducted on OGB-MAG, IMDB, and DBLP heterogeneous graph datasets
confirm that TDSAF achieves a 4.1x inference speedup relative to state-of-the-art HGT and HAN
baselines under identical floating-point operation budgets. The proposed meta-path-aware pruning
scheduler further enables dynamic sparsity adaptation across heterogeneous relation types,
advancing the practical deployability of graph-based reasoning on resource-constrained embedded
systems.

Keywords: heterogencous graph neural networks, tensor decomposition, sparse attention
mechanism, edge inference optimization, Tucker decomposition, meta-path pruning, scalable graph
learning, embedded systems Al, structured sparsity

Introduction

The proliferation of graph-structured data across knowledge representation, biomedical
informatics, recommender systems, and cyber-physical networks has accelerated demand
for expressive yet computationally tractable graph learning paradigms. Heterogeneous
graph neural networks (HGNNs), which explicitly model multiple node and edge types
within a unified relational schema, have emerged as a dominant methodology for tasks



including entity disambiguation, multi-relational link prediction, and semantic scene
understanding. Despite remarkable representational gains demonstrated on academic
benchmarks, HGNNs inherit a structural deficiency that severely impairs their real-world
utility: the multi-head attention operators underlying architectures such as the
Heterogeneous Graph Transformer (HGT) and Heterogeneous Attention Network (HAN)
scale quadratically with neighborhood cardinality and exhibit dense parameterization across
relation-type projection matrices. This renders their direct execution on edge-class devices
— microcontrollers, mobile system-on-chips, and FPGA-based inference accelerators —
computationally infeasible under strict latency and power envelopes characteristic of 2024—
2026 deployment targets mandated by industrial IoT and autonomous system
standards.\n\nExisting compression strategies, including low-rank matrix factorization,
magnitude-based weight pruning, and knowledge distillation, have been extensively studied
in the context of homogeneous graph networks and transformer architectures, yet their
direct transposition to the heterogeneous relational setting introduces critical approximation
fidelity gaps. Specifically, conventional low-rank approximations fail to exploit the multi-
modal tensor structure inherent to relation-type-specific projection subspaces, while
unstructured pruning produces irregular sparsity patterns incompatible with vectorized
hardware execution pipelines. There thus remains an unaddressed methodological gap at
the intersection of multi-linear algebra, structured neural network compression, and
heterogeneous relational learning.\n\nThis paper addresses the foregoing limitations by
proposing the Tensor-Decomposed Sparse Attention Framework (TDSAF), a principled
optimization methodology that reconstitutes per-relation attention projection tensors via
Tucker decomposition and imposes hardware-aligned block-structured sparsity masks
guided by a meta-path-aware pruning scheduler. The scheduler dynamically calibrates
sparsity ratios per relation type based on estimated downstream task sensitivity, thereby
preserving semantic fidelity along high-salience meta-paths while aggressively
compressing low-utility relational projections. The integrated framework operates within a
differentiable compression pipeline compatible with gradient-based end-to-end training,
eliminating the need for post-hoc quantization—accuracy reconciliation loops.\n\nThe
remainder of this paper is organized as follows. Section 2 reviews related literature
spanning heterogeneous graph learning, tensor decomposition for deep networks, and
sparse attention architectures. Section 3 formalizes the TDSAF mathematical formulation
and derives the Tucker-structured sparse attention operator. Section 4 details the meta-path-
aware pruning scheduler and its integration into the training objective. Section 5 presents
experimental configurations, dataset statistics, and comparative benchmarking protocols.
Section 6 reports empirical results and ablation studies across three heterogeneous graph
benchmarks. Section 7 discusses hardware profiling results on ARM Cortex-M and Xilinx
Zynq platforms. Section 8 concludes with directions for future research.\n\n
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