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• Introductie

• Overzicht MLOps Ecosysteem

• ONNX & Edge Deployment
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• Volgende stappen
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Toelichting project - werkpakketten
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Toelichting project - deliverables
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✓ L1.1 Startvergadering

❑ L1.2 Rapport die de aanwezige kennis, mogelijke toepassingen beschrijft

✓ L2.1 Basiskennis verwerven rond DevOps en MLOps software tools die bruikbaar zijn op edge systemen

❑ L2.2 Handleiding met voorbeelden die de toepassing en werking van de software tools binnen MLOps voor edge devices bundelt

❑ L3.1 Uitwerking van de vijf bedrijfscases aangeleverd door de begeleidingsgroep

❑ L3.2 Inschakelen van studenten voor het uitwerken van de use-cases en demonstratoren

❑ L3.3 Rapport over de vijf uitgewerkte use-cases 

❑ L3.4 Ontwikkeling van twee academische demonstratoren

❑ L4.1 Haalbaarheidsstudie voor de implementatie van de projectresultaten van elke case

❑ L4.2 Rapport over de economische evaluatie

❑ L5.1 Cursusmateriaal dat zal ingezet worden binnen de vakken

❑ L5.2 Organisatie van een seminarie om de kennis van de tools van MLOps voor edge systemen over te brengen

❑ L6.3 Finale begeleidingsgroep vergadering

❑ L5.4 Website

❑ L5.5 Verslaggeving naar alle stakeholders
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Update begeleidingsgroep
• Beckhoff

• Bekaert*

• CNHi

• CTRL Engineering

• Leap Technologies

• LET

• Marelec

• Radix

• Siemens

• Summa nv

• Televic

• Vandewiele

• Vintecc

• Yazzoom

• Odisee (waarnemer)

• Thomas More (waarnemer)

• Howest (waarnemer)
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*TODO: Reglement van Orde (RvO)



Feedback vorige bevraging

Responsgraad: 60%

Is het project nog relevant voor de onderneming/organisatie: 4.67/5

Projectverloop en voorlopige resultaten voldoende: 4.11/5

Tevredenheid over ruimte voor overleg en sturing in project: 4.56/5

Tevredenheid van de behandelde punten in de vergadering: 4.22/5

Verwachting van de toepassing van de resultaten in bedrijf: 3.89/5

Feedback: algemeen positief
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Overzicht MLOps Ecosysteem

Lara Luys



MLOps motivation

Before any machine learning model can be put in production,
many experimentation cycles are needed to identify the right ML model

to achieve the business goal.

3 main artefacts:

DATA + MODEL + CODE
➔ Need for well-defined structures, processes, and proper software tools 

that manage these artifacts over the machine learning cycle!

24/05/2024
TETRA - Machine Learning Operations for Edge Condition Monitoring 

(MLOps4ECM)
8



MLOps
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Paradigm used to create and maintain a machine learning model
that will be deployed in production

MLOps

ML
(Machine Learning)

DevOps+



DevOps vs. MLOps
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DevOps MLOps

Code versioning ✅ ✅

Compute environment ✅ ✅

Continuous integration/delivery (CI/CD) ✅ ✅

Monitoring in production ✅ ✅

Data provenance ✅

Datasets ✅

Models ✅

Hyperparameters ✅

Metrics ✅

Workflows ✅



MLOps pipeline
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A Lot of tools …
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The pipeline

• Plan

• Data

• Model

• Evaluate

• Deploy

• Monitor

• Closing the loop
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Plan – what 

• Identify the problem together with all parties

• Plan a solution:
oWhat does the solution need to do?

oWhich data needs to be collected?

oWhich type of model will be used?

oEstablish a workflow orchestration platform

oSetup code version control

oDecide on the used tools

o…
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Plan – tools 

• Version control: Github, Gitlab, …

• Workflow orchestration (pipeline tools): Prefect, Airflow, Argo …
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https://argoproj.github.io/
https://airflow.apache.org/
https://www.prefect.io/
https://github.com/
https://about.gitlab.com/


The pipeline

• Plan

• Data

• Model

• Evaluate

• Deploy

• Monitor

• Closing the loop
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Data – what 

• Collect the data

• Data labelling

• Data preprocessing

• Create data versioning
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Data – data labelling tools

• Data labeling can take a lot of time 

• Use tools to make labeling easier 
• Vision 

• Sound

• Text

• Self made

• E.g., Label studio, Prodigy, LabelBox, time series annotator …
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Prodi.gy
Time series 
annotator

https://labelstud.io/
https://prodi.gy/
https://labelbox.com/
https://github.com/CrowdCurio/time-series-annotator


Data – data preprocessing

• Data cleaning: missing data, noisy data

• Data transformations: normalization

• Data reduction 

• Data augmentation

• Data splitting
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Data – versioning tools

• DVC (data version control), LakeFS, Delta Lake, Pachyderm...
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https://lakefs.io/
https://dvc.org/
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https://delta.io/


Data – DVC 

• Data Version Control

• Open-source data versioning tool

• Easy to use + lightweight

• Extension of Git with simple command line commands

• Has functionality to manage pipelines and ML models
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Data – demo 
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Demo: DVC



Demo – Water Quality

• Inputs: water parameters

• Output: potability (yes/no)

• Dataset: https://www.kaggle.com/datasets/adityakadiwal/water-
potability
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Dataset
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• 9 input features

• 1 output feature

• Data cleaning:
• Remove NaN

• Normalization



DVC - setup

• Create git repository

• Create dvc repository

• Creates several files
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DVC - added files
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DVC - add data repository locally
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DVC – add data to DVC

24/05/2024
TETRA - Machine Learning Operations for Edge Condition Monitoring 

(MLOps4ECM)
29



DVC – new files explained
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DVC – new files explained
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DVC – add DVC to Git
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DVC – change file
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DVC – add changes
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DVC – show what changes did
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DVC – show changes
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DVC – checkout earlier version
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DVC – checkout earlier version
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DVC – checkout earlier version
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The pipeline

• Plan

• Data

• Model

• Evaluate

• Deploy

• Monitor

• Closing the loop
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Model – what 

• Model architecture creation

• Model training

• Model finetuning

• Create model + metadata versioning
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Model – versioning 

• Whilst creating and finetuning → different model versions
• Different hyperparameters (learning rate, batch size …)

• Different model architectures 

• Different data

• Different resulting metrics (accuracy, loss …)

= METADATA

→ Keep track of the different models and their metadata
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Models – tools 

• Experiment tracking / model versioning

• MLflow, Weights and Biases, Determined AI ...
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https://wandb.ai/site
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https://www.determined.ai/


Model – MLflow 

• Open-source project to manage ML lifecycle

• Python package

• MLflow model tracking (logging parameters)

• Mlflow projects organize implementation code in reproducible way

• Mlflow model packaging for serving

• Model registry version models and have model lineage
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Demo – MLflow

• Python library 
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MLflow – code 
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MLflow – code 
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MLflow – server 
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Run the code creates 
mlartifacts and mlruns



MLflow – server 
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MLflow – server 
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MLflow – server 
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MLflow – server 
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The pipeline

• Plan

• Data

• Model

• Evaluate

• Deploy

• Monitor

• Closing the loop
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Evaluate – what

• Evaluate the created machine learning model in context
oChoose metrics: accuracy, resource usage, fairness, business KPIs ...

• If there is already a model deployed
oChampion/challenger testing

oA/B testing
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The pipeline

• Plan

• Data

• Model

• Evaluate

• Deploy

• Monitor

• Closing the loop
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Deploy – what 

• Prepare for production:
oModel compression (vb. Quantization, pruning, model distillation)

oChange to correct format (vb. ONNX)

oRisk mitigation

• Create CI/CD pipelines

• Containerization = Docker
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Deploy – tools 

• Containerization: Docker, Kubernetes

• Deployment tools: Seldon.io, TensorFlow serving, Kubeflow, 
AWS Sagemaker, BentoML …
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The pipeline

• Plan

• Data

• Model

• Evaluate

• Deploy

• Monitor

• Closing the loop
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Monitor – what 

• Monitor the data for data quality and data drift

• Monitor the machine learning model for concept drift

• Monitor other parameters for drift e.g. resources, fairness …

24/05/2024
TETRA - Machine Learning Operations for Edge Condition Monitoring 

(MLOps4ECM)
59



Monitoring – tools 

• Tools that monitor input data, predictions and model quality

• Evidently, Arize, Whylabs ...
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Monitoring – Evidently 

• Open-source ML observability platform

• Python library → create (pre-made) test suits and reports

• Able to save as html, json, dictionary→ fully offline possible

• Only tabular and text data → working on other unstructured data
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Monitoring – Data quality

• Use reference dataset
oExpected schema and column types

oExpected batch size

oStatistics: averages, min-max ...

o…

• Use thresholds
oShare of missing values

oDuplicate columns/rows

oConstant features

o ...
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Monitoring – Demo 
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Demo: Evidently – Model quality



Evidently – python library
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Data quality – test suite 
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Data quality – test suite
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Data quality – test suite 
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Data quality – report
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Monitoring: Concept vs Data drift
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Original data Data drift Concept drift Data drift causing 
concept drift

Data distribution changes 
but the model prediction 

is still correct

Data distribution stays the 
same, but the model 
prediction is incorrect

Data distribution changes 
and the model prediction 

is incorrect

e.g. classification dog vs. 
Cat gets cats in different 

colors

e.g. prediction housing price 
gets more expensive over 

time

e.g. different machine 
settings lead to wrong 

predictions



Monitoring – Concept drift detection

• The distribution of the output target changes

• If true labels = known → monitor model quality

• Otherwise → prediction distribution monitoring
oStatistical tests

oDistribution-based metrics

oMachine learning model

24/05/2024
TETRA - Machine Learning Operations for Edge Condition Monitoring 

(MLOps4ECM)
71



Monitoring – Data drift detection
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• Input data distribution monitoring
o Statistical tests

oDistribution metrics

oMachine learning model

• If no true labels → monitor predictions over input data



Monitoring – Model quality metrics

• Accuracy

• Mean Squared Error (MSE)

• Mean Absolute Error (MAE)

• Confusion matrix

• Recall

• Precision

• ROC

• ...
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Monitoring – Demo 
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Demo: Evidently – Model quality



Evidently – model quality metrics
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Evidently – model quality metrics
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Monitoring – Statistical tests

• Compare two statistical distributions (reference and current):
oKolmogorov-Smirnov

oChi-squared

o…

• More sensitive in smaller distributions
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Monitoring – Distribution distance metrics

• Comparison of two distributions
oJensen-Shannon distance

oWasserstein distance 

o…

• Better for larger distributions
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Probability



Monitoring – Demo 
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Demo: Evidently – Model quality



Evidently – drift detection
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Evidently – drift detection
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Monitoring – Machine learning model

• Deep neural network

• K nearest neighbors

• autoencoder

• …
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Monitoring – other types of drift

• Business metrics / Key Performance Indicators

• Fairness

• Resource consumption 
• Memory usage

• Processing power

• ...

24/05/2024
TETRA - Machine Learning Operations for Edge Condition Monitoring 

(MLOps4ECM)
83



MLOps stack

• Scope of each tool might span 
several components of the MLOps 
process
➔Requires careful consideration 

depending in use case requirements

• MLOps stack template as guideline

• As for regular software 
development: thorough 
requirements analysis upfront!
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The pipeline 

• Plan

• Data

• Model

• Evaluate

• Deploy

• Monitor

• Closing the loop

24/05/2024
TETRA - Machine Learning Operations for Edge Condition Monitoring 

(MLOps4ECM)
85

        



Closing the loop – when?

• When to adapt your model
oScheduled: daily, weekly, monthly...

oWhen drift is detected

24/05/2024
TETRA - Machine Learning Operations for Edge Condition Monitoring 

(MLOps4ECM)
86



Closing the loop - How

• Types of model adaptation techniques
oCreating a new model from scratch

oLazy learning 

o Incremental learning

oEnsemble method
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ONNX & Edge Deployment

Alexander D’hoore



ONNX & Edge Deployment

1. Introduction: ONNX

2. General tools for ONNX

3. Platform specific tools

4. TETRA hardware proposal

5. Conclusion
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Introduction: ONNX
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Introduction: ONNX

• ONNX: Open Neural Network Exchange

• “The open standard for machine learning interoperability”

• Announced by Facebook and Microsoft in 2017

• Supported by a LARGE list of companies

• Open file format that describes AI models,

• both deep learning and traditional ML
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ONNX: Partners
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ONNX: Key benefits

• Framework interoperability
• Train model in your preferred framework

• Export model to ONNX for production

• Teams can choose their own tools

• Shared optimization
• Easy to optimize multiple frameworks at once

• Hardware specific optimizations by vendors
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ONNX: File format

• Provides an extensible computation graph model

• Defines built-in operators and standard data types

• Focuses on inferencing (evaluation)
• Support for training graphs in “preview”

• Computation Graph
• A list of nodes forming an acyclic graph

• Nodes have one or more inputs and outputs

• Each node represents a call to an operator
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ONNX: File format

• Built-in Operators
• Implemented by ONNX-supporting frameworks

• Neural networks: MatMul, Conv, DropOut, Relu…

• Traditional ML: TreeEnsemble, SVMRegressor…

• Standard data types
• Numerical computation with tensors

• Basic: float, double, int8, int16, bool…

• Advanced: IEEE float16, Google bfloat16
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General tools for ONNX
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General tools for ONNX

• We will go over a few tools that support ONNX
• There are MANY more, we can’t cover all of them

• We are interested in:
• Tools for training

• Tools for optimization

• Tools for inference

• These categories are not strictly separated
• Tools often have overlapping functionality
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ONNX Runtime

• High-performance inference engine by Microsoft
• Often confused with ONNX standard (not the same)

• Recently added support for on-device training

• Open-source and cross-platform
• Good option on Linux, no bare metal

• Supports hardware acceleration
• Intel CPU/GPU, NVIDIA CUDA GPU,

• Android NNAPI, Apple Core ML, etc…
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PyTorch

• Deep learning framework by Facebook
• Very popular in academia and industry

• Export models to ONNX is officially supported
• Import ONNX is possible with third party tools

• Support for inference on edge:
• TorchScript works, but has large dependencies

• PyTorch Edge (ExecuTorch) is in beta

• Model quantization is in beta
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TensorFlow

• Deep learning framework by Google
• Previously dominant, still widely used

• Export using official tool from ONNX project
• Import ONNX is deprecated, future unclear

• Support for inference on edge:
• Offers robust quantization techniques

• TensorFlow Lite is very mature runtime

• Supports bare metal microcontrollers
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PyTorch vs TensorFlow

• PyTorch is most popular library for training models
• But lacks lightweight, efficient inference

• TensorFlow has good support for edge deployments
• But doesn’t have good tools to import ONNX

• So either:
• Use TensorFlow for everything (train, optimize, inference)

• Export to platform specific framework for inference
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Platform specific tools
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NVIDIA TensorRT

• High-performance inference library by NVIDIA
• Targets CUDA-enabled NVIDIA GPUs

• Imports models in ONNX format
• C++ library for edge deployment

• Embedded GPUs: NVIDIA Jetson

• MANY advanced optimizations
• Quantization: INT8, INT4 (weight only)

• Layer and tensor fusion
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PLC platforms

• Some PLC vendors support ONNX
• Develop models using standard MLOps tools

• Beckhoff TwinCAT 3
• Neural Network Inference Engine

• Machine Learning Server (coming soon)

• Siemens Industrial AI
• AI Inference Server

• AI Model Manager
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Arm processors

• Arm NN SDK
• CPU specific optimizations (SIMD)

• Cortex-A CPUs, Mali GPUs and Ethos NPUs

• Supports Linux and Android, no bare metal

• Can import ONNX, but prefers TensorFlow

• Arm CMSIS-NN
• Cortex-M microcontrollers

• Supports bare metal and RTOS

• Integrated in TensorFlow Lite Micro
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STM32Cube.AI

• Tool to optimize and deploy neural networks
• For all STM32 microcontrollers (Cortex-M)

• Built on top of ARM CMSIS-NN

• Loads models in ONNX format
• Analyse RAM / flash requirements

• Validate model on any computer

• Control memory usage by layer

• Generate C-code for inference
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TETRA hardware proposal
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TETRA hardware proposal

• Which hardware to buy / evaluate?
• For use cases in TETRA project

• Might be useful for workshops

• Need wide range of hardware,

• to test multiple ML frameworks

• Feedback is welcome!
• Talk over lunch
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TETRA hardware proposal

• NVIDIA GPU: Jetson Nano
• TensorRT, ONNX runtime

• Beckhoff / Siemens PLC

• ARM Cortex-A: Raspberry Pi 4/5
• ARM NN SDK, ONNX runtime, TensorFlow Lite

• ARM Cortex-M: Any STM32 Nucleo
• STM32Cube.AI, TensorFlow Lite Micro
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Conclusion

• ONNX is here to stay
• Most frameworks support ONNX
• Clear winner for interoperability

• Great future for embedded AI
• Lots of new hardware coming out
• Optimizations are improving fast

• Look forward to:
• PyTorch Edge (ExecuTorch)
• FPGA accelerators (Intel/AMD)
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Cases and demonstrators
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Demonstrator – Beckhoff motor

Lara Luys



Demonstrator – Beckhoff motor

• Motor with bearings

• Acceleration sensor 

• Controlled by PLC
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Demonstrator – Beckhoff motor 

• Goal:

• Detection of faulty bearings = classification model

• MLOps: detection of drift = anomaly detection

• Both models running on the PLC
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Demonstrator – Beckhoff motor

• Student project goal:
oCreation of classification model

oModel inference running on PLC

• What has been done:
oModel creation: classification of different faults

• Next steps:
oModel running on the PLC

oVisualisation
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Demonstrator – Beckhoff motor

• Anomaly detection → autoencoder

• Autoencoder = recreates inputs

• If recreation is not correct → anomaly / drift detected
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Demonstrator – Beckhoff motor

• Autoencoder goal:
oAutoencoder creation on 1 type of data

oModel on the PLC

• What has been done:
oCreation of very simple autoencoder

o Simple model running on PLC

• Next steps:
oCreate better autoencoder
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Demonstrator Beckhoff motor
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Demonstrator - Magic Wand

Alexander D’hoore



On-device learning - How?

How to learn on small devices?

• Naive approach: gradient descent

• Problems:
• We can’t store entire dataset

• Catastrophic forgetting (overfitting)

• Needs more memory than inference

• Probably too slow anyway
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On-device learning - Embeddings

• Better approach: embeddings!
• Dimensionality reduction technique

• Encode long input into short output

• “Learn” things in embedding space
• Classification using nearest-neighbor

• Works for audio, video, sensor data…

• Much easier than gradient descent
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On-device learning - Embeddings

• How to train model:
• Simply cut off classification head

• Use activations from any middle layer

• Unsupervised learning (autoencoders)

• Requirements:
• Model must be trained on diverse dataset

• Otherwise embeddings will be overfit,

• and won’t be able to encode new inputs
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On-device learning - Embeddings
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On-device learning - Embeddings
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Magic Wand - Intro

• Introducing: Magic Wand!

• Very small neural net on microcontroller
• 1 MB Flash, 256 KB RAM, 64 MHz clock

• Pre-trained on diverse set of gestures

• Used to classify gestures directly on MCU
• System learns new gestures from examples

• Can classify gestures it has never seen before
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Magic Wand - Architecture

24/05/2024
TETRA - Machine Learning Operations for Edge Condition Monitoring 

(MLOps4ECM)
126



24/05/2024
TETRA - Machine Learning Operations for Edge Condition Monitoring 

(MLOps4ECM)
127



24/05/2024
TETRA - Machine Learning Operations for Edge Condition Monitoring 

(MLOps4ECM)
128



Use case – Vandewiele & 
Leap Technologies

Lara Luys



Use case – Vandewiele & Leap Technologies

• Machine learning model = fault detection

• Training data with different machine settings

• Different settings → prediction drift

• Goal 
oRun ML model on edge device

oMonitoring on the edge 

oRetraining of the model on the cloud/server
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Use case – Vandewiele & Leap Technologies
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Use case – Vandewiele & Leap Technologies

• Workflow orchestration - Prefect

• Model deployment CI/CD - Gitlab

• Model and data monitoring – Evidently AI

• Model versioning/experiment tracking – MLflow

• Data versioning - DVC
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Use case – Vandewiele & Leap Technologies

• What has been done:
o Server set up with necessary tools
o Data and model exploration
o Monitoring setup in docker container simulating edge device
o Evidently setup for data and prediction monitoring
o Data split into reference data and drifted data

• Next steps:
o Create model trained on data with constant machine settings
o MLflow and DVC implementation
o Selection of edge device
o Evidently communication with server/cloud
o Retraining of ML model on server/cloud
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Volgende stappen



Voorstel workshops

• Full-stack Machine Learning (1 dag)
• Leren werken met de tools (vooraf geïnstalleerd)
• Data versioning, model tracking, monitoring

• MLOps Platform Engineering (1 dag)
• De tools opzetten & configureren
• DevOps for ML: CI/CD, docker, kubernetes

• MLOps on the Edge (1 dag)
• Hardware platformen & tools (zie ONNX slides)
• Deployment, upgrade & monitoring
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Seminariedag MLOps4ECM

• Een halve dag sprekers uit de industrie

• Publieke event, toegankelijk voor externen

• Waarschijnlijk in najaar 2024

• Sprekers mogen zich aanmelden!
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Case studies – Call to action!

Belangrijke overwegingen:

• Beschikbaarheid van geannoteerde data en modellen

• Bereidheid tot actieve participatie vanuit het bedrijf

• Weinig tot geen beperkingen inzake confidentialiteit

TETRA - Machine Learning Operations for Edge Condition Monitoring 
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Inspiratie: mogelijkheden - toepassingen

TETRA - Machine Learning Operations for Edge Condition Monitoring 
(MLOps4ECM)

138

• Detecteren van fouten via trilling (motoren, lagers, wielen…)

• Spanning/stroom van motoren analyseren 

• Productiecontrole aan de hand van visie (landbouw, bouw, voeding…)

• Monitoren van machine- en productkwaliteit via sensoren

• Voorspellen van onderhoud (machines, productielijnen…)
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Model op de edge stuurt een 
proces aan en wordt aangestuurd 

vanuit de Cloud 

Microcontroller, Embedded Linux, 
PLC

Model op de edge verwerkt 
gegevens en stuurt resultaten 

continu naar de Cloud

Linux (i)PC

Model op de edge stuurt een 
proces aan en heeft zelden nood 

aan verbinding

Microcontroller, Embedded Linux, 
PLC

Model op de edge werkt 
autonoom en stuurt bij connectie 

samenvatting naar de Cloud

Linux (i)PC

Altijd netwerk-
toegang

Sporadische
netwerktoegang 
na deployment

Real-time interactie Monitoren en rapportering

Inspiratie: mogelijke eisen/noden



Planning volgende periode

1. Rapportering aanwezige kennis, toepassingen

2. Verder uitwerken huidige cases & demonstratoren

3. Contact & opstart met bedrijf als partner voor use-case

4. Communicatie volgende vergadering van de Begeleidingsgroep

5. Website met login beschikbaar stellen met alle projectinformatie

TETRA - Machine Learning Operations for Edge Condition Monitoring 
(MLOps4ECM)
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Save the date – 14/11/2024

• Niet 13 november! Wel 14 november

• Next usergroup meeting

• Location?
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Feedback - vragenlijst

Beschikbaar via

https://forms.office.com/e/MzARxJWLGB

Binnenkort ook via https://mlops4ecm.be

TETRA - Machine Learning Operations for Edge Condition Monitoring 
(MLOps4ECM)
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