wo 20237218020 A1 |0 0000 AP0 00 0 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
16 November 2023 (16.11.2023)

(10) International Publication Number

WO 2023/218020 A1l

WIPO I PCT

(51) International Patent Classification:
GO6T 7/00 (2017.01)

(21) International Application Number:
PCT/EP2023/062732

(22) International Filing Date:
12 May 2023 (12.05.2023)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

22305713.4 13 May 2022 (13.05.2022) EP

(71) Applicant: FRAMATOME [FR/FR]; 1 place Jean Millier
Tour Areva, 92400 COURBEVOIE (FR).

(72) Inventors: PETIT, Christophe; 5 rue Bellicard, 69003
LYON (FR). HASSELBACH, Artur; Fichtestr. 7a, 96052
Bamberg (DE). FLORENTINO, Rachel Joy; 18 rue
Michelet, Bat. D, 92500 RUEIL MALMAISON (FR).
CLOUTEAU, Thibaut, 39 rue Desaix, 69003 Lyon (FR).

Agent: PHILIPPE BLOT et al.; LAVOIX, 2 place d'Esti-
enne d'Orves, 75441 Paris Cedex 09 (FR).

(74)

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CV, CZ, DE, DJ, DK, DM,

DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,

HN, HR, HU, ID, IL, IN, IQ, IR, IS, IT, IM, JO, JP, KE, KG,
KH, KN, KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY,
MA, MD, MG, MK, MN, MU, MW, MX, MY, MZ, NA,
NG, NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO,
RS, RU,RW, SA, SC. SD, SE, SG, SK, SL, ST, SV, SY, TH,
TJ, TM. TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS,
ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, CV,
GH, GM,KE, LR,LS, MW, MZ, NA, RW, SC, SD, SL, ST,
SZ, TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ,
RU, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ,
DE, DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT,
LU,LV,MC, ME, MK, MT, NL, NO, PL, PT, RO, RS, SE,
SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN,
GQ, GW, KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

in black and white; the international application as filed
contained color or greyscale and is available for download
Jiom PATENTSCOPE

(54) Title: METHOD AND SYSTEM FOR INSPECTING AN OBJECT, SUCH AS A NUCLEAR REACTOR COMPONENT, E.G.

A NUCLEAR FUEL ASSEMBLY

Obtaining a first image of the a region of interest of an
object, e.g. a nuclear fuel assembly

v

Calculating a second image with an autoencoder

v

Comparing the first image and the second image
to dectect the representation of a defect

FIG.4

(57) Abstract: The inspection method is for detecting a defect
onanobject, in particular a nuclear reactor component, €.g. a nu-
clear fuel assembly, the inspection method comprising the steps
of: - obtaining a first image (F1) of a region of interest of the
nuclear component; - inputting the first image (F1) to an autoen-
coder (34) configured for encoding the first image (F1) into an
image code and decoding the image code to output a second im-
age (F2); and - comparing the first image (F1) with the second
image (F2) for detecting the representation of a defect in the first
image (F1).
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Method and system for inspecting an object, such as a nuclear reactor component,
e.g. a nuclear fuel assembly

The present invention relates to the field of detection of defects of an object, for
example a nuclear reactor component, e.g. a nuclear fuel assembly, in particular during an
inspection carried out during a manufacturing process or during a maintenance operation
carried out in a nuclear reactor.

A nuclear fuel assembly for a pressurized water nuclear reactor generally
comprises a bundle of nuclear fuel rods extending along a longitudinal axis and a support
skeleton configured to support the nuclear fuel rods.

The support skeleton comprises two end pieces spaced apart along the
longitudinal axis, a plurality of guide tubes extending along the longitudinal axis and
connecting the end pieces to each other and spacer grids distributed along the guide tubes,
each spacer grid being fixedly attached to the guide tubes and being configured to support
the nuclear fuel rods and maintain them in a transversely spaced relationship.

Each spacer grid has cells, the fuel rods extending through the cells of the spacer
grid, each cell receiving a respective fuel rod. Each cell is provided on its internal surfaces
with elastically deformable springs and/or rigid bosses configured to maintain the nuclear
fuel rod extending through this cell transversely and longitudinally.

In operation, a plurality of nuclear fuel assemblies is arranged side-by-side in a
nuclear reactor vessel with their longitudinal axes extending vertically, thus forming the core
of the nuclear reactor. A coolant fluid flows vertically at high velocity through the nuclear
fuel assemblies for moderating the nuclear reaction and removing heat from the nuclear
fuel assemblies.

Debris present in the coolant fluid may be caught in a nuclear fuel assembly and
cause damages to the nuclear fuel assembly.

Damages mays also be caused to a nuclear fuel assembly during handling of the
nuclear fuel assembly, in particular upon insertion of the nuclear fuel assembly in the reactor
core or extraction of the nuclear fuel assembly from the reactor core.

During maintenance operations on a nuclear reactor, a nuclear fuel assembly may
be inspected for detecting defects, such as debris caught in a nuclear fuel assembly and/or
damages caused to the nuclear fuel assembly.

During such maintenance operations, the nuclear fuel assembly is kept underwater
in a pool of the nuclear plant and the inspection of the nuclear fuel assembly has to be
performed remotely and underwater, which makes the maintenance operations more
difficult.
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The inspection may be performed by capturing images of regions of interest of the
nuclear fuel assembly and analysis of the images by a human operator.

However, the quality of the images taken remotely and in a difficult environment,
namely underwater and with low light, renders the human interpretation of the images
difficult and prone to errors, leading potentially to undetected defects.

Inspections may also be carried out during the manufacture of a nuclear fuel
assembly to detect defects that may occur during manufacturing steps such as scratches,
debris, etc..., in particular during a final inspection step of the nuclear fuel assembly.

One of the aims of the invention is to propose an inspection method for detecting
a defect on an object, for example a nuclear reactor component, in particular a nuclear fuel
assembly, the inspection method be easy to perform and efficient.

To this aim, the invention proposes an inspection method for detecting a defect on
an object, in particular a nuclear reactor component, e.g. a nuclear fuel assembly, the
inspection method comprising the steps of:

- obtaining a first image of a region of interest of the nuclear component;

- inputting the first image to an autoencoder configured for encoding the first image
into an image code corresponding to a compression of the first image and decoding the
image code to output a second image; and

- comparing the first image with the second image for detecting the representation
of a defect in the first image.

The inspection method based on the processing of a first image of a region of
interest of the object under inspection using an autoencoder to produce a second image
and the comparison of the first image with the second image allows an efficient detection of
defects in a simple manner.

Defects detected by implementing the inspection method comprise for example a
debris caught on the object and/or a damage caused to the object. Damages comprises for
example deformation of the object or removed material on the object, due e.g. to an impact
onto the object.

In particular, in the case of a nuclear fuel assembly, a defect is for example a debris
caught in the nuclear fuel assembly or a damage caused to any part of the nuclear fuel
assembly, e.g. a damage caused to a nuclear fuel rod and/or a spacer grid.

In specific embodiments, the inspection method comprises one or several of the
following optional features, taken individually or in any technically feasible combination:

- the comparison of the first image with the second image is performed by image
differencing;
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- image differencing is performed with calculating a correlation coefficient between
the first image and the second image;

- the inspection method comprises the generation of a correlation image in which
each pixel corresponds to a pixel of the first image and is assigned a color indicative of a
correlation between the pixel of the first image and the corresponding pixel of the second
image;

- the inspection method comprises the identification of a potential representation
of a defect in each region of the first image for which the correlation coefficient is low;

- the inspection method comprises the identification of a potential representation
of a defect in each region of the first image for which the correlation coefficient is below a
correlation threshold;

- the step of obtaining the first image comprises capturing the first image using an
image capture device;

- the step of obtaining the first image comprises capturing an inspection image and
extracting the first image from the inspection image by implementing image segmentation
of the inspection image, the first image being a segment of the inspection image containing
the region of interest;

- the segmentation is performed via the implementation of an artificial intelligence
model previously trained for detecting specific instances in an inspection image, in particular
representations of sections of fuel rods or representations of spacer grids in an inspection
image of a nuclear fuel assembly;

- the artificial intelligence model is a convolutional neural network (CNN), in
particular a region based convolutional neural network (R-CNN), more in particular a mask
region based convolutional neural network (Mask R-CNN).

The invention also relates to an electronic inspection system configured to perform
the inspection method as recited above.

The invention also relates to a computer program comprising instructions which,
when the program is executed by a computer, cause the computer to carry out the
inspection method as recited above.

The invention also relates to the use of an autoencoder for detecting
representations of a defect on a first image of a region of interest of an object, in particular
a nuclear reactor component, e.g. a nuclear fuel assembly, by comparing the first image
with a second image calculated by the autoencoder based on the first image.

In specific implementations, the use comprises one or several of the following

optional features, taken individually or in any technically feasible combination:
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- the first image is extracted from an inspection image by implementing image
segmentation of the inspection image, the first image being a segment of the inspection
image containing the region of interest;

- the segmentation is performed via the implementation of an artificial intelligence
model previously trained for detecting specific instances in an inspection image, in particular
representations of sections of fuel rods or representations of spacer grids in an inspection
image of a nuclear fuel assembly;

- the artificial intelligence model is a convolutional neural network (CNN), in
particular a region based convolutional neural network (R-CNN), more in particular a mask
region based convolutional neural network (Mask R-CNN).

The invention and its advantages will be better understood upon reading the
following description that is given solely by way of non-limiting example and with reference
to the appended drawings, on which:

- Figure 1 is an elevation side view of a nuclear fuel assembly;

- Figure 2 is a diagrammatical view of an electronic inspection system configured
for the detection of defects on a nuclear fuel assembly;

- Figure 3 illustrates an autoencoder of the electronic inspection system of
Figure 2, the autoencoder being configured for converting a firstimage into a second image;

- Figure 4 is a block diagram illustrating an inspection method for the inspection of
a nuclear fuel assembly, the inspection method being operable with the electronic
inspection system of Figure 2; and

- Figure 5 illustrates a first image of a nuclear fuel assembly, a second image
resulting from the processing of the first image by the autoencoder of Figure 3 and a third
image resulting from the comparison of the first image and the second image;

- Figure 6 illustrates an inspection image of a nuclear fuel assembly, a first image
resulting from segmenting the inspection image, a second image resulting from the
processing of the first image by the autoencoder of Figure 3 and a third image resulting
from the comparison of the first image and the second image.

The nuclear fuel assembly 2 illustrated on Figure 1 comprises a bundle of nuclear
fuel rods 4 and a support skeleton 6 configured to support the nuclear fuel rods 4.

The nuclear fuel rods 4 extend parallel relative to each other and to a longitudinal
axis L.

The longitudinal axis L extends vertically when the nuclear fuel assembly 2 is
placed in a core of a nuclear reactor.

In operation, a coolant fluid flows vertically from the bottom to the top through the
nuclear fuel assembly 2 as shown by the arrow F in Figure 1.
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In the remainder of the description, the terms "vertical, "horizontal", "top",
"bottom", "longitudinal", "transverse", "upper" and "lower" are to be understood with
reference to the position of the nuclear fuel assembly 2 in the core of the nuclear reactor,
the longitudinal axis L being substantially vertical.

The support skeleton 6 comprises a lower end piece 8, an upper end piece 10, a
plurality of guide tubes 12 and a plurality of spacer grids 14.

The lower end piece 8 and the upper end piece 10 are spaced apart along the
longitudinal axis L.

The guide tubes 12 extend along the longitudinal axis L and connect the lower end
piece 8 and the upper end piece 10 to each other, with maintaining the spacing between
the lower end piece 8 and the upper end piece 10.

The nuclear fuel rods 4 are accommodated between the lower end piece 8 and the
upper end piece 10.

Each guide tube 12 is open at its upper end to allow for the insertion of a control
rod (not shown) into the interior of the guide tube 12, through the upper end piece 10. Such
a control rod provides the ability to control the reactivity of the nuclear reactor core.

The spacer grids 14 are distributed along the guide tubes 12 while being spaced
apart from one another along the longitudinal axis L. Each spacer grid 14 is rigidly attached
to the guide tubes 12, with the guide tubes 12 extending through each spacer grid 14.

Each spacer grid 14 is configured to support the nuclear fuel rods 4 by maintaining
them in a configuration in which they are spaced apart from one another transversely. The
nuclear fuel rods 4 are preferably maintained in position at the nodes of a substantially
regular imaginary network.

Each spacer grid 14 comprises for example a plurality of cells, each cell being
configured to receive a respective one of the nuclear fuel rods 4, the internal surfaces of
the cell being provided with support elements that come into contact with the external
surface of the nuclear fuel rod 4 in order to maintain the nuclear fuel rod 4 longitudinally and
transversely.

The support elements of each cell comprise for example at least one elastic spring
and/or at least one rigid boss. Each spring of a cell is configured to push the nuclear fuel
rod 4 into abutment against other spring(s) and/or boss(es) of the cell.

In use, debris present in the coolant flowing through the nuclear fuel assembly 2
may get caught in the nuclear fuel assembly 2 and cause damages to the nuclear fuel
assembly 2, in particular to one or several nuclear fuel rods 4 of the nuclear fuel assembly
and/or to one or several spacer grids 14 of the nuclear fuel assembly 2.
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The nuclear fuel assembly 2 may also be damaged during handling of the nuclear
fuel assembly 2, notably upon insertion of the nuclear fuel assembly 2 into the core of the
nuclear reactor or upon extraction of the nuclear fuel assembly 2 out of the core of the
nuclear reactor.

In particular, a spacer grid 14 of the nuclear fuel assembly 2 may hit a spacer
grid 14 of an adjacent nuclear fuel assembly upon insertion of the nuclear fuel assembly 2
into the core of the nuclear reactor or upon extraction of the nuclear fuel assembly 2 out of
the core of the nuclear reactor.

During maintenance operation on the nuclear reactor, inspection of the nuclear fuel
assembly is preferably conducted to detect defects, such a debris caught in the nuclear fuel
assembly 2 or a damage of the nuclear fuel assembly 2 or a spacer grid 14 damage and/or
wear.

Besides, defects such as scratches or debris may also appear during the
manufacture of the nuclear fuel assembly 2 and a final visual inspection is generally carried
out, e.g. in the nuclear fuel assembly manufacturing plant.

Figure 2 illustrates an electronic inspection system 20 (herein after “inspection
system 20”) configured to implement an inspection method for the detection of defects
affecting a nuclear reactor component.

The inspection system 20 is preferably configured for detecting defects comprising
a debris caught on the nuclear reactor component and/or a damage caused to the nuclear
reactor component or a part of the nuclear reactor component, due e.g. to an impact.

Damages comprises for example a deformation caused to the nuclear reactor
component or a part of the nuclear reactor component or removed material on the nuclear
reactor component or a part of the nuclear reactor component, due e.g. to an impact.

The inspection system 20 is for example configured to implement an inspection
method for the detection of a defect affecting a nuclear fuel assembly 2, such as the
presence of a debris caught on the nuclear fuel assembly 2 and/or the detection of a
damage on the nuclear fuel assembly 2, caused e.g. by debris caught on the nuclear fuel
assembly 2 and/or by handling of the nuclear fuel assembly 2.

Damages comprises for example a deformation caused to the nuclear fuel
assembly or a part of the nuclear fuel assembly or removed material on the nuclear fuel
assembly or a part of the nuclear fuel assembly, due e.g. to an impact.

The inspection system 20 comprises an image capture device 22 configured for
capturing digital images.

The image capture device 22 comprises for example a camera 24, which is for
example a CCD camera or a CMOS camera.
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The image capture device 22 optionally comprises a protection assembly (not
shown) for protecting the camera 24 from radiations of the nuclear fuel assembly 2.

As illustrated on Figure 2, the image capture device 22 is configured for capturing
an image of a region of interest of the nuclear fuel assembly 2, for example an image of a
region of a side face of the nuclear fuel assembly 2.

The image capture device 22 is for example configured for operating underwater
and for being controlled remotely, by a human operator or automatically by an electronic
control device.

The inspection system 20 optionally comprises a database 26 configured for
storing images captured by the image capture device 22.

The image capture device 22 is connected to the database 26 via a communication
system 28, e.g. a communication network.

The inspection system 20 comprises an image module 30 configured for obtaining
a first image representing a region of interest of the nuclear fuel assembly 2 under
inspection.

The image module 30 is configured for example for receiving a first image F1
captured by the image capture device 22 and/or for retrieving a first image F1 from the
database 26, the first image F1 being previously captured by the image capture device 22
and stored in the database 26.

The image module 30 is connected to the inspection system 22 and/or to the
database via the communication system 28.

The inspection system 22 comprises an autoencoder 34 configured to receive the
first image F1 from the image module 30 and to successively encode the first image F1 to
produce an image code and to decode the image code to produce a second image F2.

The image code is a compressed representation of the first image F1 or a
“‘compression” of the first image F1. The second image F2 is a reconstruction of the first
image F1 from the image code.

The second image F2 results from the encoding of the first image F1 to produce
the image code and then the decoding of the image code to obtain the second image F2.

The autoencoder 34 is configured to produce a second image F2 that is close to
the first image F1 but that is altered with respect to the first image F1 due to the
coding/decoding operated by the autoencoder 34.

The second image F2 represents the region of interest of the nuclear fuel assembly
that is represented on the first image F1 but the second image F2 is altered relative to the
firstimage F1 due to the coding/decoding operated by the autoencoder 34.
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As illustrated on Figure 3, the autoencoder 34 is an artificial neural network in which
the nodes define three components processing data successively, including, in this order,
an encoder 36, a code 38 and a decoder 40.

The encoder 36 is configured to process the first image F1 to produce the image
code that is represented by the code 38, and the decoder 40 is configured to process the
image code to produce the second image F2.

The autoencoder 34 is for example a feedforward artificial neural network in which
data propagates forward from an input layer L1 to an output layer L2 with passing via hidden
layers which include a code layer LC that forms the code 38.

The autoencoder 34 is for example a stacked artificial neural network in which
nodes N are organized in successive layers from the input layer L1 to the output layer L2.

Preferably, the successive layers of the autoencoder 34 are fully connected. In
such case, each node N of a preceding layer is connected to each node N of the following
layer.

The input layer L1 is the first layer of the autoencoder 34 and the output layer L2
is the last layer of the autoencoder 34.

Preferably, the layers of the autoencoder 34 have a decreasing number of nodes N
from the input layer L1 to the code layer LC and an increasing number of nodes N from the
code layer LC to the output layer L2.

The code layer LC has a number of nodes N that is strictly inferior to the number
of nodes N of the input layer L1 and strictly inferior to the number of nodes of the output
layer L2.

The ratio between the number of nodes N of the input layer L1 and number of
nodes N of the code layer LC somehow corresponds to a rate of encoding operated by the
autoencoder 34.

The ratio between the number of nodes N of the output layer L2 and number of
nodes N of the code layer LC somehow corresponds to the a of decoding operated by the
autoencoder 34.

Preferably, the input layer L1 and the output layer L2 have the same number of
nodes N. In such case, the rate of encoding and the rate of decoding of the autoencoder 34
are equal.

This allows a comparison between the first image F1 coded on the input layer L1
and the second image F2 coded on the output layer L2, either during implementation of the
inspection method or during training of the autoencoder 34.

Preferably, the encoder 36 comprises several layers of nodes N and/or the
decoder 40 comprises several layers of nodes N.
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In an example, the encoder 36 and the decoder 40 have the same number of
layers.

In particular, the layer structure of the autoencoder 34 is for example symmetric
with respect to the code layer LC.

In such case, the encoder 36 and the decoder 40 have the same number of layers
of nodes N, and each layer of nodes N of the encoder 36 corresponds to a layer of nodes N
of the decoder 40 that has the same number of nodes N, with a same number of layers
between that layer of nodes N of the encoder 36 and code layer LC and between the
corresponding layer of nodes N of the decoder 40 and the code layer LC.

The autoencoder 34 is trained previously to the implementation of the inspection
method.

The autoencoder 34 is adapted for performing a self-supervised training as the
autoencoder 34 aims at producing a second image F2 that is close to the first image F1,
the second image F2 being however slightly altered relative to the first image F1 due to the
encoding/decoding.

The autoencoder 34 is data specific in the sense that it is only able to meaningfully
encode/decode images it has been trained to process.

The autoencoder 34 is for example trained specifically for the inspection of a
specific nuclear reactor component, in particular for the inspection of a nuclear fuel
assembly 2.

The autoencoder 34 is for example trained such as to provide meaningful second
images F2 allowing to detect defects on a nuclear fuel assembly 2, such a debris caught in
the nuclear fuel assembly 2 or a damage on the nuclear fuel assembly 2, including
deformation or removed material on a part of the nuclear assembly 2, in particular on a fuel
rod 4 of the nuclear fuel assembly 2 or a spacer grid 14 of the nuclear fuel assembly 2.

In the present case, the images are images of a nuclear fuel assembly 2, in
particular images of regions of side faces of a nuclear fuel assembly 2.

The autoencoder 34 is trained for example by using backpropagation. For each of
a plurality of training input images, the training input image is processed by the
autoencoder 34 to produce an output image, the input image and the output image are
compared using a loss function and backpropagation is performed to fine tune the output
image.

The autoencoder 34 has at least four parameters that possibly influence the results
provided by the autoencoder 34 and that need to be set before performing the training.

The four main parameters include the number of nodes N in the code layer LC, the
number of layers of the encoder 36 and the number of layers of the decoder 40, the number
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of nodes N for each layer, and the loss function used for performing the training of the
autoencoder 34.

Due to the training of the autoencoder 34 specifically with images of nuclear fuel
assemblies, when the nuclear fuel assembly 2 has a defect such as a debris caught in the
nuclear fuel assembly or a damage that is represented on the first image F1, the
autoencoder 34 tends to produce a second image F2 on which the representation of the
defect is mitigated.

The inspection system 22 comprises a comparison module 42 configured for
comparing the first image F1 with the second image F2 for detecting the representation of
a defect in the first image F1.

The comparison module 42 is for example configured for performing the
comparison of the first image F1 with the second image F2 by image differencing.

The comparison module 42 is for example configured for performing a comparison
with calculating correlation coefficients between the first image F1 and the second
image F2.

A correlation coefficient is calculated for example using a Pearson’s correlation

coefficient. A correlation coefficient can be calculated with the following formula:

r= Zi(xi - xm) (yi - ym)
\/Zi(xi - xm)z \/Zi(yi - ym)z

Where

r is the correlation coefficient

xi is the intensity of the ith pixel in the first image F1

yi is the intensity of the ith pixel in the second image F2

Xm is the mean intensity of the first image F1

Ym is the mean intensity of the second image F2.

The intensity of each pixel is determined for example using the grey scale.

The comparison module 42 is for example configured for the generation of a
correlation image F3 in which each pixel corresponds to a pixel of the first image F1 and is
assigned a color indicative of the correlation between the pixel of the first image F1 and the
corresponding pixel of the second image F2.

The comparison module 42 is for example configured for the automatic detection
of a potential representation of a debris in each region of the first image F1 for which the
correlation is low, in particular below a correlation threshold.
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The comparison module 42 is for example configured for highlighting a detected
representation of potential defect, e.g. by generating a modified first image F1.

Highlighting the detected representation of a potential debris is performed for
example by changing the colors or placing a visual indicator marker in the image, such as
a circle circumventing the detected representation of a potential defect or an arrow pointing
on the detected representation of a potential defect.

The inspection system 22 comprises for example a display module 44 configured
for displaying the first image F1, the second image F2, the correlation image F3 and/or the
first image F1 modified for highlighting a detected representation of a potential defect, on a
display 46 for displaying the image(s) to a human operator.

The inspection system 22 comprises a data processing unit 50 that is configured
to implement the image module 30, the autoencoder 34, the comparison module 42 and the
display module 44.

The image module 30, the autoencoder 34, the comparison module 42 and the
display module 44 are for example provided as computer instructions that can be stored in
a memory and executed by a processor.

The data processing unit 50 comprises a memory 52 in which the image
module 30, the autoencoder 34, the comparison module 42 and the display module 44 are
stored and a processor 54 for executing the image module 30, the autoencoder 34, the
comparison module 42 and the display module 44.

In a variant, at least one of the image modules 30, the autoencoder 34, the
comparison module 42 and the display module 44 is provided as a programmable logic
component or an application specific integrated circuit.

In operation, the inspection system 22 is configured for implementing the
inspection method for detecting defects on a nuclear fuel assembly 2 as it will be explained
hereinafter with reference to Figures 4 et 5.

The inspection method comprises a step of obtaining a first image F1 of a region
of interest of the nuclear fuel assembly 2. The region of interest is for example a region of
a side face of the nuclear fuel assembly 2.

The step for obtaining the first image F1 is performed by the image module 30.

In an implementation, the firstimage F1 is captured by the image capture device 22
and the image module 30 receives the first image F1 from the image capture device 22.

In another implementation, the first image F1 is first captured by the image capture
device 22 or any other image capture device and stored in the database 26 and then the
first image F1 is obtained by the image module 30 by retrieving the first image F1 from the
database 26.
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The inspection method comprises a step of inputting the first image F1 to the
autoencoder 34 such as to obtain a second image F2, the autoencoder 34 being configured
for encoding the first image F1 into the image code FC and decoding the image code FC to
output the second image F2.

The inspection method comprises a step of comparing the first image F1 to the
second image F2 to detect the representation of a defect on the first image F1. The
comparison step is performed by the comparison module 42

The comparison step comprises for example the generation of a correlation
image F3 in which each pixel corresponds to a pixel of the firstimage F1 and is assigned a
color indicative of the correlation between the pixel of the first image F1 and the
corresponding pixel of the second image F2.

The comparison step comprises for example the detection of a potential
representation of a debris in each region of the first image F1 for which the correlation is
low, in particular below a correlation threshold.

The comparison step comprises for example the generation of a control
image corresponding to the first image F1 modified to highlight the detected representation
of a potential debris.

The inspection method comprises optionally a step of displaying the firstimage F1,
the second image F2, the correlation image F3 and/or the modified first image F1 onto a
display 46 such as to present it to a human operator.

As illustrated on Figure 5, a first image F1 represents a region of interest that is a
region of a side face of the nuclear fuel assembly 2. Representations of sections of nuclear
fuel rods 4 and an upper edge of a spacer grid 14 are visible on the first image F1.

A first representation D1 of a defect such as a debris caught in the nuclear fuel
assembly 2 is visible on the first image F1.

Although the defect is perfectly visible on Figure 5 (which is diagrammatic and only
for illustration purposes), the first representation D1 of the defect may be difficult to identify
and/or to classify in practice.

A second image F2 is calculated by the autoencoder 34.

The second image F2 is very close to the first image F1 but the autoencoder 34
tends to alter the second image F2 with respect to the first image F1 such that a second
representation D2 of the defect on the second image F2 is mitigated with respect to the first
representation D1 of the defect on the first image F1.

The comparison of the first image F1 and the second image F2 provides a low
correlation between the pixels of the first image F1 and the pixels of the second image F2
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specifically in the area of the first representation D1 of the first image F1 and the second
representation D2 of the second image F2.

A third image F3 illustrates the correlation between the first image F1 and the
second image F2, e.g. by highlighting the pixels for which the correlation is low, in particular
below the correlation threshold, e.g. using a color code and/or adding a visual marker.

The firstimage F1 is for example an inspection image FO as captured by the image
capture device 24, such as a photography or a video frame. The first image F1 corresponds
to the entire inspection image FO.

In another example, the first image F1 is a segment extracted from an inspection
image FO by segmentation of the inspection image FO. In such case, the first image F1 is a
fraction of the inspection image FO. The first image F1 corresponds to a subgroup of pixels
of the pixels of the inspection image FO.

The first image F1 is a segment of the inspection image FO which contains a
representation of region of interest of the object under inspection. In the case of a nuclear
fuel assembly 2, a region of interest is for example a spacer grid 14, sections of fuel rods 4,
a lower end piece 8 or an upper end piece 10.

The image module 30 is for example configured for processing the inspection
image FO to identify at least one image segment, each image segment corresponding to a
representation of a region of interest of the inspection image FO.

The image module 30 is preferably configured for implementing an artificial
intelligence model previously trained for detecting representations of regions of interest in
an inspection image FO of a nuclear fuel assembly 4.

The artificial intelligence model implemented by the image module 30 has been
previously trained with training data, during a training phase operated before the
implementation of the artificial inteligence model. The training is performed with
implementing a training method.

The artificial intelligence model is trained for example with using transfer learning.
Transfer learning is a training method wherein a pre-trained model is used as the starting
point to create a model that can detect new objects. In one particular example, a model is
pre-trained on the Common Objects in Context dataset (or “COCO dataset”). This dataset
contains 1.5 million object instances and 80 object categories. Using the pre-trained model
allows to use features that have been detected from images that were used during pre-
training, such as object edges. The pre-trained model is then trained to recognize
representations of regions of interest, in particular fuel rods and/or spacer grids.

Based on a set of training images for fuel rods and/or spacer grids, an annotation
tool is used to manually annotate each fuel rod and/or spaced grids. The annotations are
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fed as input into the pre-trained model. The outputs of the newly-trained model are the
bounding boxes, masks, and the classes of each detected fuel rod or spacer grid.

The artificial intelligence model is for example a convolutional neural
network (CNN), in particular a region based convolutional neural network (R-CNN), more in
particular a mask region based convolutional neural network (Mask R-CNN).

A mask R-CNN detects objects in an image and generates high-quality
segmentation masks for each instance. This task is known as image segmentation. The
structure of Mask R-CNN is built on top of Faster R-CNN. Similar to Faster R-CNN, Mask
R-CNN outputs the object class label and bounding box for each detected object.
Additionally, Mask R-CNN outputs the mask of the detected object (also called the Region
of Interest).

The image module 30 is for example configured for detecting each image segment
representing a predetermined region of interest on the inspection image FO and for
generating a first image F1 corresponding to each image segment that is detected.

The first image F1 is the used to implement the inspection method as disclosed
above.

In particular, the first image F1 generated by image segmentation of the inspection
image FO is inputted to the autoencoder 34 which generates the second image F2 and then
the first image F1 is compared with the second image F2 for detecting the representation
of a defect in the first image F1, e.g. in a comparison module 42.

Figure 6 illustrates the implementation of the inspection method including a
segmentation step comprising the segmentation of an inspection image FO for extracting
from the inspection image FO a first image F1 representing a region of interest.

The image module 30 is for example configured for detecting each image
segment IS representing a spacer grid 14 on the inspection image FO and for generating a
firstimage F1 corresponding to each image segment IS.

The thus obtained first image F1 is then inputted to the autoencoder 34 which
generates the second image F2 and the first image F1 is compared with the second
image F2 for detecting the representation of a defect in the first image F1.

Owing to the invention, it is possible to detect defects on a nuclear fuel assembly
easily and efficiently, by inputting a first image F1 representing a region or interest of a
nuclear fuel assembly 2 into the autoencoder 34 to produce a second image F2, and
comparing the first image F1 with the second image F2 to detect a representation of a
potential defect, in particular a region of low correlation between the pixels of the first
image F1 and the pixels of the second image F2.
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The inspection method is performed at least in part in an automated manner, the
second image F2 and the comparison being performed by an electronic inspection
system 22, in particular by the autoencoder 34 and by a comparison module 42.

The result of the comparison can be provided and in particular displayed to a
human operator, e.g. for a decision on an intervention on the nuclear fuel assembly.

The human operator can operate the inspection and classify the images more
precisely and more efficiently.

The training of the autoencoder 34 is performed easily in a self-supervised manner,
with providing images of nuclear fuel assemblies, in particular images with no
representation of defects.

The autoencoder 34 is for example trained such that the inspection method
implemented using the trained autoencoder 34 allows detection of defects on a nuclear fuel
assembly 2, such a debris caught in the nuclear fuel assembly 2 or a damage on the nuclear
fuel assembly 2, including deformation or removed material on a part of the nuclear
assembly 2, in particular on a fuel rod 4 of the nuclear fuel assembly 2 and/or a spacer
grid 14 of the nuclear fuel assembly 2.

However, the invention is not limited to the examples described and illustrated
above. Other examples and variants are possible.

In particular, the invention is not limited to the detection of defects on fuels rods or
spacer grids of a nuclear fuel assembly 2.

The invention may be applied to other components of a nuclear fuel assembly such
as a lower tie plate, a lower nozzle, an upper tie plate, a hold-down device or a fuel channel.

Besides, the invention is not limited to the detection of defects on a nuclear fuel
assembly 2.

The invention may be applied more generally to the detection of defects on a
component of a nuclear reactor, even more generally to the detection of defects on an
object.

The training of the autoencoder 34 will determine the object onto which the
inspection method is to be implemented.

A nuclear reactor component refers to a component used in a nuclear reactor.
Other components of nuclear reactors onto which the inspection method may
advantageously be carried out include for example a nuclear control rod, a core plate, in
particular a lower core plate, a steam generator, in particular components of a steam

generator, e.g. a tube of the steam generator.
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CLAIMS

1.-  An inspection method for detecting a defect on an object, in particular a
nuclear reactor component, e.g. a nuclear fuel assembly, the inspection method comprising
the steps of:

- obtaining a first image (F1) of a region of interest of the object;

- inputting the first image (F1) to an autoencoder (34) configured for encoding the
first image (F1) into an image code and decoding the image code to output a second
image (F2); and

- comparing the first image (F1) with the second image (F2) for detecting the
representation of a defect in the first image (F1).

2.- The inspection method as recited in claim 1, wherein the comparison of the first
image (F1) with the second image (F2) is performed by image differencing.

3.- The inspection method as recited in claim 1, wherein image comparison is
performed with calculating correlation coefficients between the first image (F1) and the
second image (F2).

4.- The inspection method as recited in claim 3, comprising the generation of a
correlation image (F3) in which each pixel corresponds to a pixel of the first image (F1) and
is assigned a color indicative of a correlation between the pixel of the first image (F1) and
the corresponding pixel of the second image (F2).

5.- The inspection method as recited in claim 3 or 4, comprising the identification
of a potential representation of a defect in each region of the first image (F1) for which the
correlation coefficient is low.

6.- The inspection method as recited in any one of claims 3 — 5, comprising the
identification of a potential representation of a defect in each region of the first image (F1)
for which the correlation coefficient is below a correlation threshold.

7.- The inspection method as recited in any one of the preceding claims, the step
of obtaining the first image (F1) comprises capturing the first image (F1) using an image
capture device (24).

8.- The inspection method as recited in any one of claims 1 — 6, wherein the step
of obtaining the first image (F1) comprises capturing an inspection image (F0) and
extracting the first image (F1) from the inspection image (FO) by implementing image
segmentation of the inspection image (FO0), the first image (F1) being a segment of the

inspection image (FO) containing the region of interest.
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9.- The inspection method as recited in claim 8, wherein the segmentation is
performed via the implementation of an artificial intelligence model previously trained for
detecting specific instances in an inspection image (F0), in particular representations of
sections of fuel rods (4) or representations of spacer grids (14) in an inspection image (FO0)
of a nuclear fuel assembly (2).

10.- The inspection method as in claim 9, wherein the artificial intelligence model
is a convolutional neural network (CNN), in particular a region based convolutional neural
network (R-CNN), more in particular a mask region based convolutional neural
network (Mask R-CNN).

11.- An electronic inspection system (22) configured to perform the inspection
method as recited in any one of the preceding claims.

12.- A computer program comprising instructions which, when the program is
executed by a computer, cause the computer to carry out the inspection method as recited
in any one of claims 1 —10.

13.- Use of an autoencoder for detecting representations of a defect on a first
image (F1) of a region of interest of an object, in particular a nuclear reactor component,
e.g. a nuclear fuel assembly (2), by comparing the firstimage (F1) with a second image (F2)
calculated by the autoencoder (34) based on the first image (F1).

14.- Use as in claim 13, wherein the first image (F1) is extracted from an inspection
image (FO) by implementing image segmentation of the inspection image (FO0), the first
image (F1) being a segment of the inspection image (FO) containing the region of interest.

15.- Use as in claim 14, wherein the segmentation is performed via the
implementation of an artificial intelligence model previously trained for detecting specific
instances in an inspection image (F0), in particular representations of sections of fuel
rods (4) or representations of spacer grids (14) in an inspection image (F0) of a nuclear fuel
assembly (2).

16.- Use as in claim 15, wherein the artificial intelligence model is a convolutional
neural network (CNN), in particular a region based convolutional neural network (R-CNN}),
more in particular a mask region based convolutional neural network (Mask R-CNN).
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