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Abstract: Magnetic Particle Inspection (MPI) is one of the most used methods in Non-Destructive
Testing (NDT), allowing precise and robust defect detection on industrial-grade manufactured parts.
However, human controllers perform this task in full black environments under UV-A lighting only
(with safety glasses) and use chemical products in a confined environment. Those constraints tends
to lower control performance and increase stress and fatigue. As a solution, we propose an Al-based
assistive machine (called "PARADES") inside the hazardous environment, remotely manipulated by a
human operator, outside of the confined area, in cleaner and safer conditions. This paper focuses on
the development of a complete industrial-grade Al machine, both in terms of hardware and software.
The result is a standalone assistive Al-based vision system, plug-and-play and controller-friendly,
which only needs the usual power supply 230 V plug that detects defects and measures defect length.
In conclusion, the PARADES machines address for the first time the problem of occupational health
in MPI with an industrial standalone machine which can work on several parts and be integrated
into current production lines. Providing cleaner and healthier working conditions for operators will
invariably lead to increased quality of detection. These results suggest that it would be beneficial to
spread this kind of Al-based assistive technology in NDT, in particular MPI, but also in Fluorescent
Penetrant Testing (FPT) or in visual inspection.

Keywords: NDT; magnetic particle inspection; deep learning; object detection; dataset; vision system;
quality control; hardware; software; transfer learning; faster R-CNN

1. Introduction

NDT is widely used in industries such as manufacturing, construction, aerospace,
automotive and energy, among others. It helps ensure the quality [1] and safety of materials
and structures by detecting flaws or defects early in the manufacturing or operational
processes [2]. Some of the most used NDT methods are Magnetic Particle Inspection (MPI)
and Fluorescent Penetrant Testing (FPT) because they are quick to implement, efficient and
cost-effective. In this study, we will only explore MPL

This method can suffer from lower control performance and increase stress and fatigue
for human controllers due to the specific working condition, as depicted in Figure 1a. In
order to overcome those drawbacks, a strong demand for a semi-automatic vision system
has been expressed by our customers, leading to the design of the PARADES machine.

Customers’ requirements concentrate on exceeding human controller performance
in terms of percentage of defect detection, false detections and accuracy regarding defect
length measurement. Parts” defect lengths and widths are summarized from several
customer’s requirements as well as the maximal system mechanical footprint. A summary
of the important PARADES machine specifications is given in Table 1.
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Figure 1. MPI control without and with PARADES machine. (a) Human controller in a usual black,

hazardous confined area. (b) Human controller remotely controlling defects with PARADES machine.

Table 1. PARADES machine important specifications.

Specification Value
Percentage of Detection (PoD) >90%
Max average FP per image >1
MAE on defect length measurement <3 mm
Scene area size 1200 x 800 mm
Minimal UV irradiance on scene area 1500 pW/cm?
Maximal vision system size 700 x 400 x 150 mm
Min defect length 3 mm
Min defect width 50 um

The assistive “PARADES” machine was briefly described in [3] and updated informa-
tion can be found on the official company website (https://www.cmphy.fr/nos-produits/
276/systeme-de-vision/, accessed on 7 February 2024). It consists of a standalone vision
system with industrial-grade mechanical enclosure outer layer, powered from a standard
230V socket. The operator can remotely use an external display as well as keyboard /mouse
inputs as depicted in Figure 1b. A comparative control performed by a human operator
with and without a PARADES machine is depicted in Figure 1.

Our main contributions are the following:

1.  We developed an industrial machine for defect detection that can be integrated into
every production line.

2. We proposed a way to design a customized lighting panel with specific simulation
and optimization software.

3. Weimplemented a tool to measure defect length no matter the distance between the
part and the PARADES machine.

The next sections will describe the related work (Section 2) and the PARADES machine,
both in terms of hardware (Section 3) and software (Section 4). Hardware includes a custom
UV-A lighting panel (Section 3.1), the RGB vision system (Section 3.3) as well as the depth
sensor (Section 3.4) and an embedded Al-ready computer. The software section will detail
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the Al-based defect detection module (Section 4.2.1), the dedicated dataset in Section 4.1
(which was built using the PARADES machine itself) and the defect length measurement
feature (Section 4.3). The results are then presented (Section 5), followed by the conclusion
and future works.

2. Related Work

A substantial number of works have been found in the literature on the MPI topic. For
instance, [4] shows an industrial application of a conventional computer vision algorithm
on a rails wheelset. The non-standalone system built around a camera and a small lighting
system must be coupled with an external PC for image processing, moreover, PoD results
are not given and only qualitative examples are shown. Another example of industrial
automatic defect detection in MPI is given by [5], showing material selection for specific
image capturing on MPI. As stated in this article, optical filters are mandatory, and thus
were used with the PARADES machine. A mobile machine based on a robot is depicted
in [6] for use with MPI control on wide parts. It shows an interesting embedded magnetic
excitation material as well as an MPI suspension dispenser. The defect-detection feature is
not developed and shows the need for an external computer in order to process acquired
images, due to the embedded Raspberry Pi Zero low computational performance.

The study in [7] is another example of an industrial machine used to detect defects
with the MPI technique along with computer vision. It uses hardware as well as the usual
computer vision algorithms to detect flaws. The paper focuses on detection speed rather
than Percentage of Detection (PoD) and shows an insufficient detection accuracy (around
50%) for flaws less than 10 mm.

An experimental hardware setup is presented in [8] and aims to improve defect-detection
precision using a conventional computer vision algorithm based on Hough transform. It
visually shows how the false detections are removed but quantitative metrics are not given.
Another approach was taken in [9], in order to find the 3D reconstruction of cracks on parts. The
result is quite similar detection conditions as in PARADES, with defect size representing 1/4000
of the entire image with a few pixels for the defect width (7 pixels in their case). The scene
area seems a lot smaller than ours, with a 7-pixel defect width at 2046 x 2040 full resolution
compared to the PARADES high-definition >96 Mp camera system.

An experimental platform is detailed in [10] and uses conventional image processing (i.e.,
a Canny operator); however, it cannot be used in a production line. Another example of an
Al-based defect-detection system is presented in [11], which uses a CNN coupled with a set of
cameras to find defects on a specific crankset. A 3000 x 4096 pixel camera is used to feed a
ResNet34 CNN, which has been trained on 100 x 100 image patches. This study shows a very
high score on classification and a 0.9 mAP@0.5 (mAP computed with IoU score over 0.5) for
object detection. A segmentation Al-based method is proposed in [12].

Study [13] shows a good 96.5% recall with 91.7% precision on industrial bearing using
a custom mobileNetV3 CNN but the hardware setup is not presented.

To summarize, a lot of work has been done on MPI using image processing and deep-
learning methods, achieving better performance than human controllers while lowering risks
and improving working conditions. However, most of the studies concentrate on developing
the software side with a laboratory minimal hardware setup most of the time. The literature is
missing industrial-grade production-ready hardware for MPI automatic defect detection. The
goal of this paper is to present the PARADES machine, which is designed as a versatile platform
with industrial production use in mind and with a focus on Al-ready image acquisition. The
PARADES machine aims to achieve the best detection performance in MPI but might be
sufficiently generic for a variety of industrial computer vision tasks.

3. Hardware

Fluorescent Magnetic Particle Testing uses 365 nm-based UV illumination. The PA-
RADES machine is built around a custom designed lighting system that matches the
international aeronautics standard limit of 1500 uW /cm?. Indeed, international standard
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[14] ISO 9934-1:2015 requires a minimum of 1000 pW/ cm?, but the PARADES machine will
also be used by aeronautics manufacturers and so needs to reach those specific standards.
Airbus Helicopter, Rolls-Royce, Turbomeca and other manufacturers have defined their
own standards. For example, a minimum of 1500 uW/cm? is required (Airbus Helicopter
EI070, Turbomeca TS-00616, Paris, France) . In terms of spectrum, the requirement of
the ISO standard [15] (ISO 3059:2012) matches aeronautics manufacturers and the most
restrictive requirement is made by Airbus Helicopter. In this case, the UV peak must be
within 365 and 370 nm. The FWHM'’s most restrictive criterion is given by Rolls-Royce
RRES-90061 (Derby, UK) as a maximum of 20 nm. The PARADES specification is directly
derived from those standards, so the minimal lighting irradiance will be 1500 uW /cm?
with a peak between 365 and 370 nm and an FWHM <20 nm, in order for PARADES to
be able to be used in a variety of domains and by many customers. In the next section,
we describe our custom lighting panel based on flood and narrow beam UV spots. As
explained in the previous section, the illuminated scene size is 600 x 400 mm. First, we
will test two versions of UV spots in order to characterize the relative emitted irradiance
regarding angle. Then, multi-spot lighting simulation software which has been specifically
developed is presented. Next, we propose to optimize UV spot location in order to fulfill
the 1500 uW/cm? requirement on the 600 x 400 mm scene with a minimum number of
spots, based on spot characterization and a simulation algorithm.

3.1. Wavelength Measurement

As explained in the previous section, the standards requirement, in terms of spec-
trum, is a peak between 365 and 370 nm with FWHM less than 20 nm. This validation
was performed using a calibrated Hamamatsu mini spectrometer model TG-C9404CAH
(Hamamatsu, Japan) with specifications given in Table 2.

Table 2. Spectrum measurement device Hamatsu TG-C9404CAH.

Feature Value
Spectral response range 200 to 400 nm
Spectral resolution (FWHM) (typ.) 1nm
Spectral resolution (FWHM) (max.) 2.2 nm

The measured spectrum is depicted in Figure 2 and shows a peak located at 369 nm
with an FWHM of 11 nm. The results are summarized in Table 3.

Table 3. Spectrum data of narrow and flood UV spot compared to requirements.

Characteristic Requirement Value Ours
Main spectrum peak (nm) 365 < peak < 370 nm 369 nm
FWHM (nm) <20 nm 11 nm

The characterized UV spots are within the standard requirement; they can then be
used in the PARADES Machine.
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Figure 2. Measured spectrum of both narrow and flood UV spot used in the PARADES machine.
3.2. Custom UV Lighting Panel

Industrial UV spots are used in order to light a surface of 600 x 400 mm with a mini-
mum irradiance of 1500 uW/cm?. A few 365 nm UV spots have been used in the PARADES
machine. Two versions (flood and narrow beam) were used in a specific combination in
order to reach the 1500 uW /cm? requirement on all of the 600 x 400 m scenes.

3.2.1. Characterization Setup

The setup consists of a tripod supporting the UV spot to be characterized, over a
graduated line where a radiometer is moved along at a defined vertical distance of 68 cm
above the scene area. The setup is depicted in Figure 3. A measurement is done using a
radiometer every 1 cm, ranging from 0 to 40 cm. A horizontal radiometer position from
spot beam axis is then converted to an angle using the distance between the spot and the
scene surface.

The radiometer used to measure UV light irradiance is a calibrated Pfinder UVLuxCHECK.

3.2.2. Measures and Characterization

Figures 4 give the measured and the interpolated data both with narrow (Figure 4a)
and flood spots (Figure 4b). Those figures represent the relative irradiance versus the angle
from vertical direction. As we can see, the flood spot (Figure 4b) has a wider emitting beam
angle (35°) than the narrow beam spot (19°) shown in Figure 4a.

The flood spot emission feature is interpolated using a quadratic function clipped from
35°. The narrow spot is characterized using a SplineTransformer with 14 knots and degree 3.
Despite the 68 cm distance between the radiometer and the spots, those measurements are
then converted into an angle, allowing the use of those spots at any vertical distance.
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UV spot to be characterized

Tripod

Radiometer (moving along X)

Graduated line (every cm)

Figure 3. Hardware material setup to characterize UV spots.
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Figure 4. Measured and interpolated narrow and flood spot characteristics. (a) Relative irradiance

regarding angle for narrow beam UV spot. (b) Relative irradiance regarding angle for flood beam
UV spot.

The estimation error used is RMSE between measured and interpolated data. The
narrow and flood spot RMSEs are given in Table 4 and show an error around 5 pW /cm?

which is low compared to the requested 1500 uW/cm?. Basically, an RMSE less than
10 uW /cm? is considered as acceptable.

Table 4. RMSE error for flood and narrow beam UV spot characterization.

Spot type RMSE (uW/cm?)
Flood 5.25
Narrow 6.52
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3.2.3. UV Lighting Simulation

Based on those results, we are able to estimate the amount of UV light received at any
location (X and Y) of our studied surface (e.g., 600 x 400 mm) by either a narrow or a flood
spot located in a parallel plane distant from a defined distance (50 cm in our case). This is given
by the spot characterization performed in the previous section. The next step is to estimate
the received amount of light when a given set of narrow or flood spots are used with their
own spatial disposition. Please note that in our case, all spots are located on the same surface,
parallel to the illuminated surface and 50 cm distant. Basically, the UV irradiance received
by a X,Y point from several spots is the sum of the irradiance received by each spot at this
location. This computation is done for every point of a 1 x 1 mm grid pattern of the 600 x
400 mm studied surface. In order to perform the computation, simulation software written in
Python has been specifically developed and uses the spots characterization. A screenshot of a
simulation performed with our software is shown in Figure 5.
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Figure 5. Two-dimensional visualization of UV light received.

3.2.4. UV Spots Disposition Automatic Optimization

Achieving 1500 tW/cm? on every point inside our studied surface of 600 x 400 mm is
not an easy task. Trying and testing several spot dispositions in order to reach the minimum
UV light specification will require a lot of tests with unlimited combinations of:

*  Spot type (narrow, flood);
*  Spotnumber;
*  Spotdisposition (X and Y).

To obtain a working disposition (all of the 600 x 400 mm surfaces above 1500 uW /cm?),
we used an optimization algorithm based on our light simulator results which gives us
a suitable spots disposition (X and Y for each spots). Spot number and spot type will
be tuned manually. Optimization is done using a combination of “Simulated annealing”
and the “Nelder-Mead” algorithm, both implemented with Scipy library in Python. The
optimized output variables are the (XY) location of each spot. All spots are considered on a
fixed horizontal plane, on the same Z location as the camera system (e.g., 50 cm) above the
illuminated surface.



Appl. Sci. 2024, 14, 1499

8 of 19

In our tests, a minimum of 10 spots are required, with the following mix:

. 8 narrow spots;
* 2flood spots.

The validation step was performed using the same Pfinder UVLuxCHECK radiometer,
measuring the absolute received UV irradiance on a 10 cm x 10 cm grid pattern under
the lighting system at 50 cm distance (Figure 6), covering a surface of 600 x 400 mm. The
results show a perfect similarity with the simulated one, since no measured points were
less than 1500 W /cm?.

3000
UV-A measured light intensity
400 2500
E ~
£ &l
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< 200 4 - 1500 Z
° c
£~ [J]
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o -
100 1 - 1000 £
=
07 500
o o ° o ° o °
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Figure 6. Measured UV light irradiance under the lighting system at 50 cm distance.

3.3. High-Definition Camera Imaging System

The machine must be able to detect defects with length above 3 mm with at least
50 um width. In order to achieve this requirement, we state the hypothesis that we need at
least one pixel representing the defect width (e.g., 50 um).

Contrary to the initial scene size requirement (1200 x 800 mm), we decided to reduce
this value to 600 x 400 mm due to hardware and performance limits. Considering we need
at least 1 pixel on the defect width, this leads to:

¢ 50 um on 400 mm — 8000 pixels;
¢ 50 pm on 600 mm — 12,000 pixels

We need at least a sensor with 8000 x 12,000 (96 M) pixels, so we choose a camera
sensor with more than 100 M pixels fulfilling the requirement.

3.4. Depth Camera System

In addition to defect detection, a human controller needs to measure the defect length.
Defects are located on a part’s surface. Due to the complex and unpredictable 3D shape of
the part, the distance between the defect and the 2D camera could be different from 50 cm,
leading to an over or under length estimation, if length is computed from a 2D image only
with a fixed pixel-to-distance ratio. In order to overcome this issue, a depth camera was
used to obtain the previously unknown distance between the defect and the camera system,
enabling an accurate defect length measurement. The integration of the depth sensor inside
the vision system is depicted in Figure 7.
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The depth camera is able to provide 2D images (Figure 8a) as well as a depth array
(Figure 8b). Both data can be merged using the manufacturer SDK. A custom method to fill
the missing depth point information has been implemented as shown in Figure 8c.

UV-A Spots

Figure 7. Integration of depth sensor along with 2D camera and UV-A spots in PARADES standalone

vision system.

(0)
Figure 8. Output images from depth camera system. (a) 2D image. (b) Colorized depth image.
(c) Processed depth image.

The complete hardware setup is depicted in Figure 9a,b.
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(a) (b)
Figure 9. Pictures of PARADES machine ready for production. (a) PARADES vision system. (b) PA-
RADES vision system with UV lighting on.

4. Software

The hardware detailed in the previous section permits us to acquire MPI images in
a controlled and repeatable way, thus enabling efficient Al-based defect detection. The
images acquired by our system are >100 MP where defect length is about 3 — 20 mm with
a minimal width of 50 pm. Only one class representing defects is used which changes from
the usual paradigm in object detection where images are usually smaller (640 x 480 pixels
in COCODataset) with more classes (80 classes in COCODataset). In this case, objects to
be detected are only four or five times smaller than the image size. Those characteristics
remain the same with the PascalVOC dataset with 207 images of size 500 x 375 pixels
with 20 classes. With our hardware, in our use-case, a small defect (50 pum x 3 mm) is
~8000 times smaller than the image size, leading to a lot of missing detections if using
current unchanged object-detection models. An example of an acquired MPI processed
part is given in Figure 10. The part size is 80 x 80 mm in the 600 x 400 mm scene and
as observed in this figure, a defect is present on the part with a size of ~20 x 20 mm. In
addition, none of the trained object-detection models have labels for cracks and none of the
image datasets used during training have fluorescent colorimetry, contrary to our acquired
images. Indeed, usual crack datasets such as in [16] represent cracks in visible light but not
using UV-based fluorescence. Moreover, cracks appear a lot bigger in the acquired image
than defects seen with the PARADES machine. Based on those observations, a PARADES
dedicated dataset is mandatory and so must be created. For that purpose, a custom UV-based
MPI dataset is first built using PARADES hardware and will be detailed in the next section.
Then, a specifically tuned object-detection module based on Faster R-CNN will be trained and
presented. Finally, a defect length measurement feature is detailed.
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Figure 10. An example MPI result acquired with PARADES machine.

4.1. MPI Custom Dataset

A dataset of images similar to those acquired via the PARADES system is mandatory to
train our model. The images in this dataset must match the distribution of images that will
be acquired by controllers using the PARADES machine in the production line. Therefore,
the images must be green fluorescent (linked to the MPI process) with defects (linear
scratches) ranging from 2 to 25 mm length in a 600 x 400 mm field of view. Those images
must show mechanical steel parts with granulated and smooth textures in order to represent
forged, milled and foundry parts. In the literature, previous similar works in deep learning
in MPI have been found [9,11-13]; authors had to build their own dataset because there
is no such dataset available publicly on the market. Unfortunately, those authors did not
give access to their datasets. On the other hand, similar dataset in other fields could have
been used, datasets of cracks on concrete [17,18] representing scratches, but unfortunately,
images in those datasets are not green fluorescent and furthermore cracks appear bigger
in the images than in our case. Another approach could have been to use the NEU-DET
dataset [19] or GC10-DET dataset [20], dedicated to steel surface defects. However the
images are not fluorescent; images are small compared to our required 600 x 400 mm field
of view. In addition, the images in those datasets show defects other than scratches (crazing,
inclusions, patches, etc.) which are useless in our case of MP], containing only linear scratch
defects. Regarding those considerations, we decided to build our own dataset, with the
PARADES machine. Existing customer (forgery, foundry, etc.) parts have been used, along
with manually created defects on metal plates or tubes in order to increase the number of
total defective parts.

Some image examples of our built dataset are given in Figure 11.

The complete dataset consists of 233 train images and 29 test images. Some continuous,
discontinuous, curved or straight line defects are presents. Defect length varies from small
(3 mm) to longer defects (>25 mm). Several types of manufactured parts compose the
dataset, such as welded, milled and raw foundry parts. Defect types can be foundry defects
(Figure 12) or defects induced by mechanical stress (Figure 13).

An example of a discontinuous foundry defect is shown in Figure 12.

For the trainset, some smartphone-based (not PARADES machine) images acquired by a
human controller during control sessions have been also included. The testset only includes
images from the PARADES machine with all the diversity explained previously. This dataset
is still under construction and will continuously be completed. It contains some proprietary
manufacturer parts and so cannot be publicly available at the time of writing.
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(b)

(c) (d)
Figure 11. Customer’s part used in our dataset (1st row) and manually created parts (2nd row).
(a) Forgery defect on customer’s part. (b) Stress defect on a customer’s screw. (¢) Manually created
defect on a metal tube. (d) Manually created defect on welded metal sheet.

Figure 12. Example of a foundry defect on image acquired with the PARADES machine.
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Figure 13. Example of stress-induced defect on a rod, acquired with the PARADES machine.

4.2. Defect Detection
4.2.1. Faster-RCNN Architecture

The usual available Al-based architectures for object detection are:

e Yolo[21];
e  Faster R-CNN [22];
¢  Transformer-based (Deformable-DETR [23]).

Real-time detection is not a requirement for our project (the maximum allowed detec-
tion time is set to 60 s), but having a high PoD (which is similar to high recall) is mandatory.
This eliminates Yolo-based architecture which is faster than the accurate sort due to its
single stage architecture, contrary to Faster-RCNN [19,24] built around a two-stage archi-
tecture. Transformers (*-DETR) using ViT cannot be used because of the non-uniformity of
the lighting. Indeed, the attention mechanism will detect non-uniformity as possible defect
zones, leading to a high number of false detections.

Faster-RCNN is based on feature extraction (backbone), then a Region Proposal Net-
work (RPN) followed at the end by the classification. Backbone based on convolution layers
provides features to the RPN. RPN selects the best possible regions of interest (Rols), to
feed the classifier (Figure 14). The RPN part is relevant to our defect detection. Indeed, this
defect represents 1 to 5 % of the whole image. Therefore, selecting Rol is more efficient. In
this study, we used the official Pytorch implementation of Faster R-CNN.

During training, trainset images were compressed to be able to train with the CCUB
(Centre de Calcul de I'Université de Bourgogne) cluster. The validation on the testset was
carried out with the original image size. Data augmentation [9,11,13,20] was performed on the
trainset only, with rotation as well as horizontal and vertical flips. This is motivated by the
fact that during machine utilization defects can appear rotated and horizontally or vertically
flipped. Data augmentation is implemented using a Python library called ‘Albumentations’.

Transfer learning [11,25] using argument ‘weights’ set to IMAGENET1K_V2’ was
used with Pytorch implementation of Faster R-CNN to obtain the best possible recall with
a limited number of training epochs. Indeed, only the fully connected layers used for
classification are trained; the backbone remains frozen. This is useful for re-using the
feature extraction capability of the backbone trained with a huge dataset, while specializing
our network for our specific detections.

The PARADES machine is a commercial product; thus, the source code and implemen-
tation details cannot be released.
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Figure 14. Faster R-CNN architecture.

4.3. Defect Length Measurement

Semi-autonomous length measurement is carried out by human controllers using a
specifically developed software tool upon parts of acquired images from the PARADES
system. Using a drawing tool coupled with depth information, the operator draws lines or
splines on a merged 2D/3D image from a depth camera as shown in Figure 15. The 2D
image from the depth camera is relatively close to the high-definition camera image used
for detection: the field of view is quite similar and both are positioned close to each other

and oriented the same way.

The defect length measurement tool provides two ways of measuring to the operator:

¢  The bird’s eye distance between two points;
¢ the path length measurement (using pencil drawing).

— Defect

Figure 15. Two types of defect length measurement: straight line (bird’s eye) and path.

® - ® Defect length measure (bird's eye)
===- Defect length measure (path)
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Thanks to the depth camera system, pixels drawn by operators are converted into
3D voxels, using the manufacturer’s SDK. The 3D coordinates of voxels in real space are
extracted from depth array using SDK. To compute the path length (red line in Figure 15)
we discretize the path drawn by the operator using the 3D voxels. The bird’s eye distance
(blue line in Figure 15) is computed using only the first and the last point. Both lengths are
computed using euclidean distance.

5. Results

The goal of the PARADES machine is to help human operators detect defects between
3 and 25 mm on MPI processed parts. The first measuring performance criterion is PoD
(same as recall in classification), with a requirement of >90%. Indeed, the PARADES system
is used as a semi-autonomous machine to provide help for operators detecting defects. In
this case, the machine shall not miss any defect but false detections will be easy and quicker
for an operator to manually delete. So, precision is less important and is converted into
average false detection per image to be more understandable by customers and human
controllers. Average false detection per image shall not be more than 1. For defect length
measurement, the Mean Absolute Accuracy (MAE) is chosen and must be less than 3 mm.

5.1. Defect Detection

A common performance metric in object detection is mean Average Precision (mAP).
This represents the area under the recall/precision curve. In this study, according to the
customer’s requirements, the Intersection over Union (IoU) threshold is set to 0.02 for mAP
computation. This can be seen as very loose but it makes sense for this use case. PARADES
detection is then analyzed by a human operator who will adjust the surrounding box of
detections to perfectly fit the defect.

The recall/precision curve of the PARADES machine, at IoU threshold = 0.02 is given
in Figure 16. The mAP is 0.9043 with fl_max equal to 0.8434. To reach the minimal
requirement of recall = 0.9, the chosen confidence score threshold is 0.31579, leading to:

*  Recall =0.9012 (>90%);
*  Mean false positive per image = 0.9 (<1).

An example of defect detection on a test customer’s part is given in Figure 17. As we can
see, a defect is not detected (FN), there is a detection that does not match an actual defect
(FP). Three other present defects (GT) are successfully detected (TP).

Recall / precision curve

1.0

0.9 A

Precision

0.5 A

0.4 -

0.3

0.0 0.2 0.4 0.6 0.8 1.0
Recall

Figure 16. mAP@0.02 of the PARADES defect detection AI model.
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D GT: Ground Truth
D TP: True Positive

D FN: False Negative

FP: False Positive

Figure 17. Example of detections on testset with correct detection (TP), missing detection (FN) and
false detection (FP).

At this stage, the defect-detection model reaches the minimal recall requirement
(i.e., 90%) without exceeding the average false detection per image limit (i.e., 1 FP per
image). Increasing the number of parts in our dataset may increase those performances, as
well as ongoing fine-tuning operations, enabling a possible fully autonomous machine.

5.2. Defect Length Measurement

Length measurement accuracy is defined as MAE on four artificially created ground
truth straight paths representing defects. Those paths are straight lines ranging from
20 to 60 mm drawn on stickers which are applied on the curved surface of a real customer’s
part, as depicted in Figure 18. The results are summarized in Table 5. The computed
MAE is 0.925 mm. We can see that MAE is not proportional to defect length. Indeed, the
operator draws the defect line on an unzoomable image. This leads to operator-dependant
position errors.

Figure 18. An example part with ground truth defect length (20 to 60 mm).

Table 5. Defect length measurement performance.

Ground Truth (mm) Measured Value (mm) Relative Error (%) Absolute Error (mm)
50.0 51.8 3.6 1.8
20.0 20.0 0.0 0.0
60.0 60.1 0.2 0.1

30.0 28.2 6.0 1.8
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Table 6 summarized the PARADES machine performances compared to previous work.

The paper [7] shows an industrial machine used to detect flaws longer than 10 mm
and wider than 0.3 mm on steel wire rod and bar. The system is designed for a specific
production line at Kobe Work, with a dedicated eight camera system. The work carried
out in [8] shows an experimental setup to detect flaws of 15 mm length with widths of
0.2 mm, 0.4 mm, 0.6 mm and 0.8 mm. The machine is dedicated for small parts, for
example a bearing of size 20 mm x 20 mm x 20 mm. Authors in [9] present a robotic MPI
defect-detection system with external PC as computing unit. The machine is used to detect
small defects on big mechanical parts (a defect represents 1/4000 image size). The paper
[10] presents an automatic device for MPI defect detection dedicated to crankshaft. An
experimental setup is presented with one UV light bulb and a camera, plugged into an
external PC as a computing unit. In the paper [11], the authors present another way of
detecting defects on crankshaft using the MPI technique. Authors in [13] present a software
block to detect defects with MPI on bearing rings. The hardware side is not detailed.

As we explained in the previous paragraph, only some of the related works are
industrial-grade products [9,11]; the others are experimental setups that cannot be used
in industry. In those works, the detection performance (i.e recall) is either not given or is
below our expectations. Only [9,11,13] perform better than our needs. In addition, some
presented machines are dedicated to a chosen mechanical part; the system cannot be used
for another part. Only [10,11] can be used with several mechanical parts. None of the
presented related works offer a tool to measure defect length nor allow for wide mechanical
part image acquisition (600 x 400 mm).

Based on this comparative study, we show that none of the previous works had success
building a versatile and automatic defect-detection machine in MPI which can be used in
production lines. Some works present advanced mechanical construction, but specifically
dedicated to a kind of mechanical part. Other works show improvement in terms of defect-
detection performance, but with an experimental and non-industrial machine that cannot be
used in production lines. The PARADES machine gathers the following two important features:
a versatile production-ready mechanical machine and high-performance defect-detection
software. In addition, the PARADES machine provides a non-existing tool to accurately
measure the defect length whatever the distance between the part and the machine.

Table 6. Comparison of automatic defect detection machines for MPL

Machine Industrial  Defect Length Versatile >90% Field View 600
Grade Measure Applications Recall X 400 mm
[7] ? No No ? No
[8] ? No No No No
[9] Yes No No Yes No
[10] No No Yes ? No
[11] Yes No Yes Yes No
[13] ? No ? Yes No
PARADES Yes Yes Yes Yes Yes

?: This property is not provided in the cited paper.

6. Conclusions

In conclusion, we have proposed the first semi-autonomous defect detection for MPI
with a novel hardware block, Al-ready, standalone, performing UV-A lighting, image
acquisition and detection for several kinds of visual NDT tasks. The versatile hardware
built around a lighting system, a camera and the computation module in an industrial
way should be used for any tasks requiring vision computer. This hardware is perfectly
characterized, in particular the lighting system, enabling customization for smaller or wider
part checking. Electronics is designed to be able to use human-spectrum UV spots for usual
visual inspection. Features and the purpose of the machine can be easily extended with
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dedicated software development. Indeed, the Arm-based, Al-ready computer runs Ubuntu
to make new application developments easy.

The PARADES machine is operated from outside the darkroom, so controllers are
able to work in a clean environment with natural lighting, without UV light only, thus
improving operators’ working conditions and health. The PARADES machine reaches the
minimal required specifications in terms of detection performance (PoD) and defect length
measurement, so it is ready for production.

In the future, we will implement a zoomable depth image to lower the position error
during defect length measurement. Ongoing works are focused on improving PoD by
increasing dataset size and testing the SOTA transformer-based model. The PARADES
machine is going to be integrated into a customer production line. Then, finetuning and
using TensorRT will be implemented. An FPT images dataset is under construction for
detecting FPT defects. An upcoming stitching feature will allow one to cover an area of
1200 x 800 mm using four 600 x 400 mm image acquisitions.

On the other hand, a new smaller handheld PARADES machine is being designed, in
order to fulfill small parts manufacturers’ needs as well as bigger complex and inaccessible
parts such as cumbersome nuclear or hydraulic installation parts. A human controller
handles the machine or fixes it with a dedicated articulated mechanical arm.
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The following abbreviations are used in this manuscript:

CCUB Centre de Calcul de I'Université de Bourgogne
FP False Positive
FPT Fluorescent Penetrant Testing
ToU Intersection over Union
MAE Mean Absolute Error
mAP mean Average Precision
MPI Magnetic Particle Inspection
NDT Non Destructive Testing
PARADES  Projet d’Automatisation de Reconnaissance et d’Analyse de DEfauts Surfaciques
PoD Percentage of Detection
RMSE Root Mean Square Error
SDK Software Development Kit
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