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ABSTRACT

Graphs are data structures that represent complex interactions in artificial and nataral systems. While deep learning has revolu-
tomised tasks Hke image processing, andlofvideo analysls, and natural language processing, these tasks can be viewsd as speclal
cages of graph representation learning. Real-world data is often graph-structured, representing complex dependencies in physical
systems, molecular signatures, and disease prediction. Graph neural nebworks (GNNs) excel at processing such non-Buclidean
data by capturing dependencies through message passing between graph nodes. This review provides an organised in-depth
overview of existing GMN models, emphasising thedr applicaticns in bioinformatics apart from most stroctured and unstroctured
GNN data utility. We provide formal mathematical foundations, compare key model variants, and evaluate their performance
acrogs real-world tagks, To enable systematic analysis, we proposea unified taxonomy based on three core axes: bearning settings,
expressive capacity, and aggregation mechanisms. The taxonomy defines four main GNN types structure-agnostic, structure-
aware, sparsity-optimized, and advanced learning-based models. Regarding applications, we stodied them under a proposed
tavonomy in detail. Additionally, we provide resources for evaluating and implementing GNN models, including open-source
code, bioinformatics databages, and general GNN benchmark datasets. Finally, we propose eight GNN challenges along with
corresponding research directions to advance the field. Our survey aims to establish a common reference point for researchers,
empowering them to harness the full potential of GMMs in tackling the complexities of both natural and artificial systems.

1 | Introduction

Graphs are the mathematical uhjn:h: I:Curm et al, 21'!’14) that can
misdel complex relationships across diverse domainga—from so-
cial networks {Ma, Chen, and Xiao 2018) to biological ecosys-
tems (Duvenaud et al, 2005). All the real-life objects as a system
can be modelled using graph structures (Velifkovie 2023). These
objects conslst of nodes {representing entitles) and edgea (repre-
senting relationships or interactions). Graphs effectively describe

Interactions In various contexts, such as molecules formed by
atoms linked by chemical bonds; connectomic structure of the
brain (Cui et al, 2023), where neurons connect through synapses
or biomedical knowledge graphs linking penes, drugs, and dis-
cases, Graphs serve as a universal language for deplcting living
organisms at all levels of organisation. They are equally crucial
in representing arlificial constructs like transportation net-
works, where intersections are connected by roads, and social
networks, where individuals are connected by social links,
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