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Industrial Prognostics and Health Management

Large Data 
Diversity & 

Volume

Shortage of 
Expertise

Complex 
Workflows

Time-
critical 

Decisions 

The Challenges:

Information 
& Data 
Silos
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The Human Perspective 

 dozens of log entries
 unclear fault codes
 the manual is hundreds of pages long, 
 the team expert is unavailable,
 and production is at risk.

Imagine you’re a maintenance engineer on a late shift, standing in front of a critical machine 
that just triggered an alarm... 

The Human Perspective – The Overwhelmed Engineer
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The Human Perspective – The Experienced Engineer

Condition Monitoring 
Dashboard

Technical Documentation
Past Malfunction Reports
FMA Analysis

Asset 
Condition Data

Years Of Experience 

Experte Domain  
Knowledge

Physics / Models

Image Data

Reliability Data

Past Alarm Logs

Faults 
Diagnostics

Maintenance 
Troubleshooting

& 

Maintenance 
Recommendations

But even the best engineer is limited by how quickly they can search, 
cross-reference, and analyze. 
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Opportunity

Can we have an AI assistant that helps engineers working on PHM?

AI 
Assistant

+

Easy 
Interface

Extensive 
Knowledge Automation

Improved Efficiency

Bridge
Data and 

Knowledge
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Successful Applications 

Automate maintenance recommendations triggered by 
PHM alerts for monitoring the health of physical assets

Lukens, Sarah, Lucas H. McCabe, Joshua Gen, and Asma Ali. "Large Language Model Agents as Prognostics 
and Health Management Copilots." In Annual Conference of the PHM Society, vol. 16, no. 1. 2024.

O
Output: Troubleshooting 

Recommendations
O

I
I Input: Historical 

Malfunction Reports

Prognostics and Health Management Copilot - An OEM perspective

A

A

A

A

A Actions: 
 Info extraction
FME
Recommendations 
Evaluation



The Scope

Condition
Monitoring Data

Technical 
Manuals

Maintenance 
Data

PHM Algorithms
• Fault Detection
• Diagnostics
• Prognostics
• Management

Condition Monitoring 
Dashboard

M&D Analyst

Historical Case 
Database

Initiate Action (i.e. 
Work Order) Troubleshooting

Maintenance 
Professional

Maintenance
Recommendation

Maintenance
& Operation Planning

Planner

Alarm Logs 
Data
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The Vision – Key Features

Condition
Monitoring Data

Technical 
Manuals

Maintenance 
Data

PHM Algorithms
• Fault Detection
• Diagnostics
• Prognostics
• Management

Condition Monitoring 
Dashboard

M&D Analyst

Historical Case 
Database

Initiate Action (i.e. 
Work Order) Troubleshooting

Maintenance 
Professional

Maintenance
Recommendation

Maintenance
& Operation Planning

Planner

AI Assistant

PHM algorithm insights as 
inputs to AI Assistant

1

4

2

PHM algorithms with 
extended modalities. E.g. 
Relevant historical cases, 
maintenance data

Detailed iterative analysis:
 customized plotting
 trend analysis
 alarm log analysis
 WO history analysis

6 Workorder generation

3

5 Maintenance
recommendation

1

Alarm Logs 
Data

Complete data integration 
for domain fusion

2 3 4

56

7 Maintenance planning

7
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Condition 
Monitoring Data

Resources

PHM 
Assistant

Alarm Logs

Operation & 
Maintenance 
Manual

Information 
Retrieval

Data 
Analysis

System 
Condition
Analysis 

Task 
Planning

Historical Cases
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FunctionalityInterface

Expert Knowledge

The Vision – Proposed Strategy



How to Realize This Vision?
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What is Large Language Model?

Observation Prior Knowledge
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How to guide generation?
Pr

om
pt

 
En

gi
ne

er
in

g Persona

One-shot / Few shot

Retrieval Augmented Generation (RAG)

You are an expert in PHM …

Here are the examples of how I will deal 
with the task …

With the [retrieved documents] answer the 
question …

User Prompt
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Retrieval Augmented Generation (RAG)

Question Decision

Vector
Database

Retrieved
Documents

LLM Answer
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Design Pattern

https://langchain-ai.github.io/langgraph/concepts/agentic_concepts/
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Agent

LLM

MemoryTool History of interaction 
with the environment.

Access to private 
database and functions
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Agent Architectures

Agent Multi-Agent

Supervisor Agent

Sub-Agent A Sub-Agent B Sub-Agent C
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Example: Multi Agent Framework in PHM

PHM Supervisor
• Project Management
• Answer Validation

System Expert
• Domain Knowledge
• Trouble Shooting

Data Scientist
• Data Exploration
• System Monitoring

Customization
• …
• …
• …

Question

Maintenance Engineer
• Work Order Generation
• Reporting
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Information 
Retrieval

Data 
Analysis

System 
Condition
Analysis 

Task 
Planning

PHM Assistant Architecture
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Data Scientist

Plotting Expert

Anomaly Detection

Diagnostics

Prognostics

PHM 
Assistant

Research Group

Balancing Flexibility and Accuracy

Work Order

Flexible Agents Domain Knowledge Workflows



Case Study: CFM56 
Turbofan Engine
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Case Study – Turbofan Engine CFM56

The best-selling engine in 
commercial aviation history

Technical documentation and failure history are well established
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 Key Components
− LPC (Low Pressure Compressor)
− HPC (High Pressure Compressor)
− HPT (High Pressure Turbine)
− LPT (Low Pressure Turbine)

The best-selling engine in 
commercial aviation history

Case Study – Turbofan Engine CFM56
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Foreign Object Damage @ Fan

Rubbing @ Turbine

Fouling @Compressor

Case Study – Failure Modes
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New
𝑡𝑡𝑁𝑁𝑁𝑁𝑁𝑁

MP#1 MP#3 MP#4 MP#6 MP#7MP#2

Fault 
HPT/LPT70 cycles

Fault 
HPT/LPT

MP#5

Preventive Maintenance  – Scheduled 

Corrective Maintenance  – Unscheduled

Partial Scope Preventive Maintenance – Scheduled 

Sensor Malfunction

Work Order (WO) 
Maintenance Finding report (MFR)

Alarm Logs

 Is there any anomaly detection?

 Do we see a degradation trend?

 What are possible failure modes with this signature?

 Can we safely operate until the next scheduled 

maintenance?

Single Engine

Fault 
HPT/LPT

Case Study – Considered Scenario

MP#8
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Monitoring 
System Database

AI PHM 
Assistant

Alarm Log

Expert 
Knowledge

Operation & 
Maintenance 

Manual

Historical
Case Database

Asset Condition 
Monitoring Data from 

Single Asset

PHM Algorithms

Fault Detection
Diagnostics
Prognostics 

Case Study – Required Resources
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Operation & 
Maintenance 

Manual

Case Study – Technical Documentation
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Historical
Case Database

Case Study – Historical Cases

Work Order (WO) 
Maintenance Finding report (MFR)
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Arias Chao, Manuel, Chetan Kulkarni, Kai Goebel, and Olga Fink. 2021. "Aircraft Engine Run-to-Failure Dataset under
Real Flight Conditions for Prognostics and Diagnostics".

• Real flight conditions from a commercial jet
− NASA DASHlink
− ~500 different (1-12h) flights
− Recordings covering climb, cruise and descend

• Fault and degradation generation process
− Random initial condition
− Degradation divided in two parts: regular and abnormal

 Regular degradation   Linear evolution 
 Affects to 5 components: fan, LPC, HPC, LPT and HPT

Asset Condition 
Monitoring Data from a 

Single Asset

Case Study – Monitoring Data
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ANOMALY 
DETECTION DIAGNOSTICS PROGNOSTIC

Detect Sensor Faults, 
Degradation

Physics + AI

Learn to calibrate –
Inverse Problem

AI

Estimate Remaining Useful Life

AI

Sensor 
dataSensor data

AI

Physics Model 
Parameters 

(𝜃𝜃)

Sensor 
Residuals 

(𝜹𝜹)
Symptoms

Sensor 
Residuals 

(𝜹𝜹)
Symptoms

Physics Model 
Parameters (𝜃𝜃)

Anomaly 
Scores

Physics Model 
Parameters 

Inferred RUL 
with UQ

Sensor 
Residuals 

*All the model developed using a set of 20 run to failure dataset 

IHM 
Algorithms

Case Study – Monitoring System

AE

Physics 
+ 
AI
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Critical Sensor Anomaly

System Anomaly Warning

System Anomaly Error

Alarm Log

Critical

Error

Warning

Case Study – Alarm Logs
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Next cycle

YES

Degradation 
Analysis

Trend 
Analysis

RUL
Analysis

NO

Current data

Check system 
health versus 

threshold

For each sensor check 
score versus threshold

Predict 𝜃𝜃, log 
anomalies

Compute trends 
on residuals/𝜃𝜃

NO

Estimate RUL

System
Anomaly

Sensor
Anomaly

YES

Case Study – Alarm Logs
Se

ns
or

 R
es

id
ua

ls
 (𝜹𝜹

)
Sy

m
pt

om
s

Tr
en

d
re

si
du

al
s/
θ



33

Expert 
Knowledge

Case Study – Expert Knowledge

Fault Signature

PHM Algorithms

Fault Detection
Diagnostics
Prognostics 

Condense Summary

System Domain Knowledge

Monitoring System Component and Strategy

Workflow Design



Demo
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Architecture

Monitoring 
System Database

Alarm Log

Expert Knowledge

Operation & 
Maintenance Manual

Historical Cases

gpt-4o
gpt-4o-mini

Structured Data

Unstructured Data

LLM

UI / API

Performance Monitoring

Local Environment = Data Secured
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A Typical Day

Data Screening Statistical Analysis Trouble Shooting Task Planning

http://gpro1.cloudlab.zhaw.ch:5173/

http://gpro1.cloudlab.zhaw.ch:5173/
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Industrial Prognostics and Health Management

Large data 
diversity & 

volume

Shortage of 
expertise

Complex 
workflows

Time-
critical 

decisions 

The Challenge:

Integral 
Monitoring 

System

RAG & 
Multiagent

Automated 
Workflow Rapid Response

Information 
& Data 
Silos

Cross Domain 
Fusion



Looking Ahead
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Research Areas

Algorithm #1
Algorithm #3

Algorithm 
Discovery

Algorithm #4

Solution Strategies

Algorithm #2

Anomaly Detection 
Research Group

PHM 
Expert

AI 
Expert

 Research Group finds best 
solution strategy & algorithm 
for problem:
• No brut force
• Creative  

Data 
Scientist

Rule Based Residual-Based

R
eg

re
ss

io
n-

Ba
se

d AE-Based

LLM guided Strategy Search

Li, Ziming, et al. "Autokaggle: A multi-agent framework for autonomous data science competitions." arXiv preprint 
arXiv:2410.20424 (2024).
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Research Areas

Build Knowledge from Real Life Cases

LLM

( A, leads to , B)

( A, caused by, C)

…

Knowledge Graph

Zhang, Bowen, and Harold Soh. "Extract, define, canonicalize: An llm-based framework for knowledge graph 
construction." arXiv preprint arXiv:2404.03868 (2024).



41

Research Areas

Asset 
Condition Data

Technical 
Manuals

Maintenance 
Data

Sensor 
Embedding

Contextual 
Embedding

Alarm Logs

Fusing Text/Context Embeddings and Time Series Features

Multimodal PHM Algorithms

Multimodal
PHM Algorithm

Anomaly Detection
Diagnostics
Prognostics

Knowledge 
Graph
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Research Areas
Process Documents to Structured Database 

LLM

Inspection Date: …

Inspection Part: …

Failure Reason: …

Actions: …

“Big Data” for unstructured data
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Research Areas

Architectures & 
Scaling

Reasoning and 
Cognitive 

Capabilities

Alignment, 
Ethics, and 
Governance

Evaluation, 
Benchmarking, 

and 
Robustness

Optimal PHM 
strategies 
(Workflow

Vs
Agent)

Root-cause 
Analysis, 
Causal 

Inference, 
Scenario 
Planning

Safety-aligned 
maintenance 
advisors with 

Human-in-the-
loop decision 

support

Robustness 
testing via 

synthetic data 
& lifecycle 

benchmarking

Data, 
Knowledge, 

and 
Representation 

Learning

LLMs 
augmented with 

Knowledge 
Graphs (KGs)

Multimodal 
Learning

LL
M

PH
M
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Key Takeaways

• What We Learned
 LLM assistants bridge data and knowledge for maintenance decision-making.
 Integration with PHM algorithms enables fast, explainable, data-driven insights.
 Multi-agent frameworks bring scalability, adaptability, and workflow automation.

• What Comes Next
 Multimodal PHM
 Robust deployment: move from prototypes to field-ready tools.

• Key
 Collaboration: align research, OEMs, and operators for real impact.



Thank you!
Dr. Sc. ETH Manuel Arias Chao

Senior Lecturer, Smart Maintenance,  Institute for Data Science
School of Engineering, Zurich University of Applied Sciences
Technikumstrasse 81, CH-8400 Winterthur, Switzerland

Assistant Professor, Operations and Environment Group
Faculty of Aerospace Engineering, Delft University of Technology
Kluyverweg 1, 2629 HS Delft, The Netherlands

Tel. +41 (0) 58 934 44 92

Email: manuel.ariaschao@zhaw.ch | m.a.c.ariaschao@tudelft.nl
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