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• Mathematical AI Challenges
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Introduction
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4AI becomes the 
core and engine in 
science and 
technology

•Large language models
•Fancy applications
•AI 4 Science
•You name it
•…
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1. Introduction

•5G, AI for Networking
•6G, Networking for AI 
 - from GPU centered AI  
           to network centered AI

Industrial roadmap (around 2020)
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1. Introduction

Big data （AI） and networking 

Song Guo, Shui Yu, Jie Li, and 
Nirwan Ansari, “Big data for 
networking,” IEEE Network, vol 
30, no 1, 2016.

Shui Yu, Xiaodong Lin, and Jelena 
Misic, “Networking for Big Data,” 
IEEE Network, vol 28, no 4, 2014.
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Limited progress in recent 
decades （2020）

Has AI become 
alchemy ? （2018）

AI application is brilliant, AI itself is mainly stalled
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Current AI research is mainly application oriented 
 (Reasoning is less important, or not the top priority)

The Current Landscape of AI Research
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Statistics of AI for communication papers on the 
leading journals (early access).

Assessed on 

July 1, 2024

Assessed on 

October 7, 2019

Statistics of AI for communication papers on the 
leading journals (early access)).
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Computing power demanding
- Do you have the money ?

Data based
- Do you have the data?

The Current Landscape of AI Research

It is time for theoretical solutions – mathematical AI (MAI)
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2. Current Research Landscape of Mathematical AI
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Explainable AI (XAI)
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Sample level:
Heatmap for learning contributions

Model level:
Contribution of neural nodes 



Explainable AI (XAI)

 
Geometric deep learning 
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Capability of XAI

XAI is NOT the core of the 
business.

XAI can NOT predict directly in 
general.



Two Fundamental 
Problems of 
MAI

•High dimensional space 
 - The curse of 
dimensionality in AI
•Non-linearity 
(Riemannian Space)
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3. Mathematical AI Challenges 
and Promising Directions
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Mathematical AI (MAI)

X Y

[vectors                  matrices            vectors]

high 
dimensional 
space

high 
dimensional 
space



Mathematical AI (MAI)

Challenge 1: Deal with high dimensional space
 

A popular solution: reduce the dimension
e.g. Primary Component Analysis (PCA), 
an Euclidean space solution



Problems in Dimension 
Reduction

High dimensional space is DIFFERENT 
from lower dimension space 

Euclid space vs Riemannian space 

Distance Parallel lines



Differential Geometry 
– a tool for high dimensional space

Manifold



Basic Concepts of Differential Geometry

• Vector (space), v (V)

• Dual vector (space),                        (V*)

• Tensor,  

• Metric, curvature, parameterised curves, geodesic, 
… 
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How to model our 
AI problems

Mathematical tools

• Digital Differential Geometry
• Optimal Transport 
• Wasserstein Distance
• Persistent Homology
• Lie Group, Lie Algebra
•… 

Many Engineering Problems



Example 1 Geodesic

• Shortest distance in curved surface (then high 
dimensional space)                        



AI Model Training

Geodesic for convergence 
optimization in AI training

NeurIPS 2022



Accurate Distance 
MeasureGeodesic for similarity measurement

S. Mei, H. Wang, and B. Ni, GeoMM: On Geodesic Perspective for Multi-modal Learning, CVPR 2025
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4. MAI for Networking 
and Communications
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Semantic 
Communications

AI + Communications 
AI + networking



As Weaver and Shannon summarized communications 
problems in a broad sense comprise three serially 
escalating levels as following: 
• LEVEL A. The technical problem: How accurately can the 
symbols of communication be transmitted?

• LEVEL B. The semantic problem: How precisely do the 
transmitted symbols convey the desired meaning?

• LEVEL C. The effectiveness problem: How effectively does 
the received meaning affect con- duct in the desired way?

Existing 
Communications

Semantic 
Communications

Three levels of communication



Critical Problems in Semantic 
Communications

• Semantic extraction
• Knowledge alignment
• Encoding & decoding

…

An Asynchronous Multi-Task Semantic Communication Method, Zhiyi Tian, Hiep Vo, et al., IEEE Network, Vol: 38, 
Issue: 4, July 2024.



Simple Examples

• Knowledge base 
alignment, integration
• GAI for many tasks, e.g., 

image compress, 
recovery
• …
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Take away points

•  It is time for theoretical research for AI.
•  Morden math tools should and can be hired to tackle the 
challenges.

 LET US WORK TOGETHER TO EXPLORE

We must know, we will know - David Hilbert
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Thank you 
                        &
                Questions

http://www.uts.edu.au/syu
email: shui.yu@uts.edu.au
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