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Abstract: In gear manufacturing, the longevity and cost-effectiveness of power
skiving tools are essential. This study presents an innovative approach that
combines artificial intelligence and robotics in manufacturing automation to
prevent tool breakage to improve the remaining useful life (RUL). Using a
robotic cell, the system captures six images per tooth from different angles. An
unsupervised generative deep learning model approach is used because it is
more suitable for industrial application as it can be trained with a small number
of defect-free images. It is used in a first step as a classifier and, in a second
step, to segment tool wear. This approach promises economic benefits by
reducing manual inspection and, through automated tool inspection, detecting
wear earlier to prevent tool breakage.
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This paper is a revised and expanded version of a paper entitled ‘Anomaly
detection in hobbing tool images: using an unsupervised deep learning
approach in manufacturing industry’ presented at 5th International Conference
on Industry 4.0 and Smart Manufacturing (ISM 2023), Lisbon, Portugal,
22-24 November, 2023.

1 Introduction

This paper introduces an anomaly detection approach in gear manufacturing, leveraging
the capability of artificial intelligence (AI) and robotics fo prevent tool breakage to
improve the remaining useful life (RUL) of power skiving tools.

This research is part of a project at a leading family-owned German company in
hydrodynamic transmissions and provider of diverse drive and braking systems, with
applications across energy, transportation and the automotive sector (henceforth referred
to as the small and medium-sized enterprise (SME) project partner). Small and medium-
sized enterprises (SMEs) often face significant challenges in adopting Al, primarily due
to the complexity of Al technologies and the limited resources available to these
businesses to keep pace with rapid technological advancements (Kiefer et al., 2022;
Zamani, 2022). Neural network models in manufacturing automation offer distinct
advantages and challenges. Their ability to process large, unorganised datasets
significantly enhances system flexibility and accuracy, proving beneficial in defect
detection and workflow acceleration (Dey and Yodo, 2022; D’Urso and Quarto, 2023).
However, their effectiveness is tempered by the need for extensive training data and the
high computational costs associated with their operation, which can limit their practical
application in resource-constrained settings. Thus, the application of neural networks
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in manufacturing should consider the availability of data and computational resources
(Pang et al., 2022).

The need for a solution that is both cost-effective and capable of quick deployment is
particularly strong in this context, given that SMEs may not have extensive datasets
typically required to train Al models effectively (Bauer et al., 2021). Research indicates
that SMEs encounter various operational difficulties. These are exacerbated by external
factors such as the COVID-19 pandemic, leading to disruptions in supply chains,
workforce availability and market demand, which further strain SMEs’ limited resources.
The pandemic has underscored the importance of technology adoption for SMEs as a
survival strategy, pushing them towards innovative technologies to sustain operations
during challenging times (Zamani, 2022).

Given these constraints, developing Al solutions that can function efficiently with
smaller datasets and require minimal upfront investment can be particularly valuable for
SMEs. This approach would not only address the need for low-cost and rapid
deployment, but also cater to the specific operational contexts of SMEs, enabling them to
leverage Al for competitive advantage despite their size and resource limitations
(Gladysz et al., 2023). Despite expectations that manufacturing would lead in new
technology adoption, the penetration and effectiveness of AI in this sector are
surprisingly limited, as identified in various scenarios (Villalonga et al., 2021).

The SME project partner has implemented power skiving for manufacturing as new
manufacturing technology in its production plant. Gear or power skiving is less common
than traditional grinding, honing, shaving and skiving (Nagata et al., 2017; Spur et al.,
1999). Until recently, computational limitations are the reason the method had never
reached series production grade. The efficiency of power skiving in comparison to
traditional methods has led to a revival of this technique, with an increased frequency of
its use in production technology today (Antoniadis et al., 2004). However, current
challenges of gear production with power skiving are high frequency vibrations caused
by cutting power fluctuations during the cutting process, which lead to form errors in cut
gear profiles, leads, and chip packing under high-speed cutting conditions, which increase
tool wear. Companies have limited experience and empirical values with power skiving
(Nagata et al., 2017).

This results in tools wearing out quickly. The cost of a new tool is approximately
€5000, in contrast to re-sharpening costs of €500. The SME project partner has noticed an
increase in tool expenses due to improvable decisions in sending tools for re-sharpening
by the maintenance department. Currently, both shop floor and maintenance workers
visually inspect the tool, which typically has around 48 teeth, to determine whether it
requires re-sharpening or is still good for production. This task is inherently complex for
humans, as wear and damage can be minor, and only detectable from certain angles and
under specific lighting conditions (Shen et al., 2021; Xia et al., 2024). Additionally, the
assessment is subjective, leading to variability in decisions among different workers.
These difficulties can result in a reduction of the RUL of power skiving tools.

The latest developments in Al, especially image classification and segmentation, are
promising because these could detect the wear on images of the cutting edges.
Consequently, this would result in the formulation of more stable and improved
decisions.Furthermore, it would relieve workers of unnecessary tasks and provide support
in light ofthe increasing shortage of skilled workers (Brixiova et al., 2009). Robotics are
becoming affordable for SMEs, just as they are becoming easier to program.
Unsurprisingly, their useis on the rise: a study by Fernandez-Macias et al. (2021) found
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that, between 1995 and 2015, robot stock per thousand workers rose from 9,410 to

13,417. The combination of Al combined with robots could enhance manufacturing, as

shown by Emaminejad and Akhavian (2022) through their adoption in the architecture,

engineering and construction (AEC) industries and by Dhouib and Zouari (2023) with

non-productive time optimisation of a robotic arm for drilling circular holes. Through

precision and efficiency, human errorcan be reduced to meet complex requirements.
There are two types of algorithms:

i generative algorithms, which can learn from normal (or wear-free) tools alone
it discriminative algorithms, which need normal and anomalous (or worn out) tools.

This distinction is crucial for two reasons. Firstly, anomalies are usually rare, and when
production with new tools and processes begins, it may be that no worn-out data for
training are available. Secondly, by definition, ‘anomalous’ encompasses everything that
is not normal, making it virtually impossible to capture all possible anomalies with
adequate training data (Pang et al., 2022; Xia et al., 2021). This last point is particularly
important and deserves a closer look. Our approach is designed to be robust to unseen
defects, and makes it much easier for SMEs to adopt to the application of Al in
manufacturing.

The objective of our industrial anomaly detection approach involves training a
generative model with only defect-free images. A key consideration for manufacturers is
how these training datasets are generated. For example, some basic algorithms require
extensive datasets for reliable operation (typically around one thousand images or more
for each product type and defect), which can be costly and often unfeasible (Yang et al.,
2022). The necessity for examples of tools with wear and breakouts to train algorithms
marks another distinction since this is a state which is usually undesirable in
manufacturing. Therefore, we focus on a generative approach with few-shot training that
can operate effectively with significantly fewer examples, usually in the hundreds.

The aim is to develop a method for the SME to classify images taken by a low-cost
robot of power skiving tools, to decide whether the tool can continue to be used or is
worn out, and to improve the overall RUL of the tools.

The remaining paper is structured as follows. In Section 2, related work and research
gap of power skiving as well as the wear anomalies are highlighted. In addition, anomaly
detection and the state-of-the-art is discussed in greater detail. It is from this that the
research gap is highlighted, which leads to the formulation of the research questions.
Section 3 presents the method and the proposed experimental design to answer these
questions. Section 4 then presents the results of the experiments. To further enhance the
contributions made by this paper, an assistance procedure for companies is discussed in
Section 5. Finally, Section 6 summarises the paper and outlines further research
possibilities.

2 Related literature

2.1 Related work

To follow our research, it is essential to understand the current state-of-the-art in power
skiving wear, anomaly detection and their approaches as well as methods from Al. For
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the analysis and preparation of the related work, the guidelines of Levy and Ellis (2006)
as well as Webster and Watson (2002) are followed.

2.1.1 Power skiving, tool wear and remaining useful life

Power skiving was patented in 1910 by George Adams in London (Adams, 1910) but, at
that time, it was not economically feasible. It was only the progressive improvement of
electronic gear coupling in recent times that has allowed the technology to become
economically viable. The cutting speed is generated during power skiving when the
workpiece and tool rotate at a relatively high speed and at a defined angle with an offset
axis. The inclined position of the axes generates differently directed vectors for the two
circumferential speeds, the difference vector of which dictating the cutting speed (Tsai,
2016). The process of power skiving is not trivial, and to prevent collisions between the
workpiece and tool flanks, a constructive clearance angle is necessary on the tool. The
design of the skiving tool mirrors that of a gear shaping cutter, which is essentially an
external gear, but modified to improve the efficiency and accuracy of the machining
process (Olivoni et al., 2022).

Tool wear is a critical parameter requiring monitoring in the power skiving process,
see Figure 1. A study by Olivoni et al. (2022) provides an extensive literature review on
key factors simulated in power skiving. From 23 analysed papers, only six of them focus
on tool wear. Most of these focus on chip thickness and cutting forces. From the six
remaining papers focusing on tool wear, they predict the tool wear in accordance with
Ren et al. (2021) by estimating the distribution of the stress and temperature on the rake
face of the cutting tool. No one has done this based on images, which represents a clear
research gap. Generally speaking, the power skiving community is small compared with,
for example, milling and turning as a result of its narrow focus on gear production. For a
deeper understanding of the kinematic of power skiving, see Ren et al. (2021).

Figure 1 An example of wear on power skiving tool from the SME (see online version
for colours)

The RUL of an asset or system refers to the duration from the present moment until its
useful life concludes. This concept is extensively applied in the fields of operational
research, reliability and statistics, and holds relevance in other areas including material
science, biostatistics and econometrics. Most work concentrates on estimating the RUL
through different approaches, mostly with statistical data-driven methods (Si et al., 2011),
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although machine learning-based methods have been used in the recent past (Ferreira and
Gongalves, 2022). Methods are commonly based on event data, such as past recorded
failure data as well as on condition monitoring (CM) data, such as vibration data, oil
analysis data, temperature and pressure etc.

The RUL can be commonly defined as:

f(t+x,)

ST =f(x)= RO

(M

e {time as age or usage

e X, as the random variable of the RUL at time ¢

e Y, is the history of operational profiles and CM information up to ¢
e  R(?) is the survival function at 7.

The availability of ¥, will certainly provide more information about the RUL of an asset.
However, it is a non-trivial task to incorporate Y; into the estimation of X,. This has led to
a large body of literature in the past decades on the formulation and estimation of the
RULTto focus on the property of f{x,) or E(x,) without the influence of Y, (Si et al., 2011).
For a derivation, see Banjevic (2009).

The related work approaches require a significant amount of data as well as a wide
variety of data sources (Ferreira and Gongalves, 2022; Si et al., 2011), which makes these
very complex. Therefore, it is not suitable for SMEs or our use case. This is why we aim
to extend the RUL through better maintenance decisions of the tools based on images and
not by estimating it through a probability function. Every time the shop floor or
maintenance worker can make a better decision based on our Al model, and the power
skiving tool does not break down in the field, but is re-sharpened, the RUL increases.

2.1.2 Anomaly detection

Anomaly detection is the process of identifying data instances that deviate from what is
considered normal or expected (Sarafijanovic-Djukic and Davis, 2019). Normal data
refers to the majority of data instances. Abnormal data, on the other hand, are the
deviants in data instances, which are related to wear in the field of RUL (Wei et al.,
2018). The anomaly score describes the degree of abnormality for each data point (Pang
et al., 2022). In manufacturing, improvements have been made in anomaly detection.
D’Urso and Quarto (2023) introduced an artificial neural network (ANN) that predicts
defects in metal-material extrusion, enhancing part selection by avoiding unnecessary
post-processing. Concurrently, Dhouib and Zouari (2023) implemented a deep learning
approach to detect real-time defects in fused filament fabrication, targeting irregular
filament sizes and poor surface quality, thereby improving the technology’s industrial
applicability. Figure 2 describes anomalies in a two-dimensional dataset. Regions
labelled as ‘N1’ and ‘N2’ contain the majority of observations and are therefore
considered normal data instance regions. Conversely, the ‘O3’ area, and the ‘O1’ and
‘02’ data points are located far from the bulk of the data points and are therefore
considered anomalies. These anomalies may occur due to data errors, but sometimes
indicate a new basic process that was not previously known.
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Figure 2 Illustration of anomalies in two-dimensional dataset

2.1.3 Discriminative and generative models

Regarding learning approaches of models for anomaly detection there are discriminative
and generative models. These models represent two different approaches to divide the
data space into classes. Discriminative models learn the boundaries between classes,
while generative models understand how the data is embedded into the space. Each
approach is suited to specific tasks (Pang and Li, 2022).

Discriminative models are widely used in fields such as natural language processing,
handwriting recognition, time series analysis, etc. by ANNs, convolutional neural
networks (CNNs) and recurrent neural networks (RNNs). These are the fields where
discriminative models are effective and better used for deep learning as they work well
for supervised tasks (Pang et al., 2022; Pang and Li, 2022; Xia et al., 2021). Generative
models are used for tasks such as exploratory data analysis of high dimensional datasets,
image denoising, image compression anomaly detection, and even generating new images
(Pang et al., 2022; Xia et al., 2021) with deep learning and machine learning approaches
including autoencoder, Boltzmann machine and self-organising maps.

Figure 3 shows the approach of a discriminative model. This is followed by an
explanation of the downsides of this approach.

Discriminative algorithms look at the training data of the two classes (normal and
anomalous) and attempt to extract discriminating features when constructing the decision
boundary. As such, these algorithms are likely not robust on unseen and novel defect
types.

To understand the limitations of a discriminative algorithm, it is important to note that
anomalous images, which are defined as those that are not normal, occupy a small
volume in the feature space. In contrast, the surrounding space of anomalous images is
vast. Therefore, it is difficult to gather enough diverse examples of such images for
training purposes (Pang et al., 2022).



208 D. Kiefer et al.

Figure 3 The two subfigures show a simplified two-dimensional feature space of a discriminative
model (see online version for colours)
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Figure 3 shows that the training images (outlined in blue) only cover the lower part of the
space, resulting in a decision boundary that is effective in distinguishing defects in that
area. However, it does not account for the possibility of defective products being located
further above, to the right, or to the left, as is the case with unseen example (d). This
highlights the limitations of discriminative models when defect types are not included in
the training set. The decision boundary may perform well on the training data, but it may
not accurately classify previously unseen defects that fall within the ‘normal’ side of the
boundary. In this example, image (d) is closer in feature space to the non-defective
images than the defective images (b) and (c).

Therefore, it is recommended that generative algorithms which focus on learning the
concept of normality are used. Such algorithms can be trained solely from normal
images. Algorithms can also benefit from defective images in their training set to
improve robustness to specific types of defects. While it is important to note that this is
not a requirement, for the reasons set out above, this approach is very suitable for
industrial anomaly detection.

Generative unsupervised anomaly detection can be achieved through feature
embedding-based methods, such as teacher-student architecture, one-class classification,
distribution map and memory bank approaches. Another area is reconstruction-based
methods, including autoencoders, generative adversarial networks, transformer and
diffusion models (Liu et al., 2024).

Currently, memory-based methods are the most effective in industrial anomaly tasks
(Liu et al., 2024). These methods do not require a loss function for training and models
can be constructed quickly. Their performance is ensured by a robust pre-training
network and additional memory space (Yang et al., 2022). The main difference between
memory bank- based methods and one-class classification-based methods is that
memory-based methods, such as support vector data description, require additional
memory space to store image features. Figure 4 illustrates that these methods need
minimal network training and only require the sampling or mapping of the collected
normal image features for inference. During the inference phase, the characteristics of the
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test image are compared to those stored in the memory bank. The probability of the test
image being abnormal is determined by its spatial distance from the normal features
stored in the memory bank (Liu et al., 2024).

Figure 4 Architecture of memory bank-based methods (see online version for colours)
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Memory bank-based methods, such as semantic pyramid anomaly detection (SPADE)
(Cohen and Hoshen, 2020), the self-organising map for anomaly detection (SOMAD)
(Li et al., 2021), PatchCore (Roth et al., 2022) and fast adaptive patch memory (FAPM)
(Kim et al., 2023) share the characteristic of being pre-trained, which is a concept of
transfer learning (TL) that achieves the best results on the ResNet (Zagoruyko and
Komodakis, 2016) backbone (Liu et al., 2024).

TL is a machine learning technique that involves adapting a model trained for one
task to a related task. This approach is widely used in various domains, including natural
language processing, image classification, and specialised fields such as atmospheric
particle classification and disease prediction. TL addresses challenges such as data
scarcity and can significantly improve model performance by leveraging pre-existing
knowledge from related tasks (Weiss et al., 2016).

PatchCore by Roth et al. (2022) represents a significant advancement in industrial
image anomaly detection, significantly improving the performance of MVTec AD.
PatchCore has two unique features. Firstly, the memory bank of PatchCore is coreset-
subsampled to ensure low inference costs while maximising performance. PatchCore
determines whether the test sample is abnormal by measuring the distance between the
test sample’s nearest neighbour feature in its memory bank and other features. This
reweighting process enhances PatchCore’s robustness (Liu et al., 2024).

Despite challenges in collecting diverse and sparse abnormal data, supervised
learning still offers potential in anomaly detection by utilising a small set of abnormal
samples alongside a larger set of normal ones. Chu and Kitani (2020) introduced a semi-
supervised approach to address significant data imbalances in anomaly detection. They
leverage changes in loss values during training as indicators of anomalies, employing a
reinforcement learning-based neural batch sampler to identify the loss curve differences
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between normal and anomalous data regions, thus enhancing detection capabilities
(Liu et al., 2024). Additional resources and literature reviews on anomaly detection can
be found in Liu et al. (2024), Allogmani et al. (2021) and Yang et al. (2022).

2.2 Research gap

There are very few comprehensive studies on the application of deep learning — both
discriminative and generative models — for anomaly detection and wear analysis in power
skiving tools within an industrial setting. Rather, related work has focused mainly on
conditional monitoring data for tool wear prediction.

Although Bergs et al. (2020) presented a CNN for classifying tools and an additional
network based on the U-net architecture for segmenting wear on cutting tools, there are
few areas where we aim to contribute. Firstly, while they focused on various tools, we
concentrate on power skiving tools, an area where research is scarce, and which we aim
to enrich. Secondly, they trained the model with 3000 images. We aim to use a generative
approach with only normal images to detect wear, as this is a more feasible approach for
industry applications. Additionally, we develop an automated system that includes image
recording, wear detection and segmentation to assist workers in making better decisions
and improving overall RUL.

This gap highlights the need for empirical research on how such Al-driven
methodologies can improve efficiency and decision-making in manufacturing
automation.

Building on this identified research gap, the following research questions are
formulated to directly address these unexplored areas in the context of power skiving tool
maintenance using Al-driven methodologies:

RQI: Is it feasible for a generative deep learning model trained solely on normal
data images to detect anomalies in power skiving tools with an accuracy level
suitable for industrial applications compared to a discriminative model?

RQ2: Can the generative deep learning model accurately segment and highlight wear
on images of power skiving tools, providing insights for decision-makers?

RQ3: How does the learning curve for accurately classifying defect-free images in
anomaly detection models vary with the number of training examples provided?

RQ4: Overall, does the implementation of a deep learning-driven, automated
imaging system support the decisions regarding tool re-sharpening in gear
production?

3 Materials and methods

In order to answer the aforementioned research questions and expand upon existing
investigations, we propose an experimental design that is adapted to the shortcomings
mentioned in the previous sections regarding an appropriate metric as well as the
highlighted methods. Our methodology integrates advanced Al techniques with robotic
automation to predict and enhance the RUL of power skiving tools.
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3.1 Robotic image automation setup

An image generation automation system was required to record all relevant surfaces of
each tooth of the power skiving tool. This includes the rake face, as well as the five
clearance surfaces. It is necessary to consider each tooth individually, since recording
only the rake face from above is not sufficient. The physical resolution must be within the
range of <1 um due to the common wear of [10,100] um in power skiving. This means
that teeth can only be measured individually. A resolution of 2.5 MP (mega pixels) is
sufficient witha field of view of 10 x 10 mm.

Figure 5 displays some of the results from the different approaches pursued. One
approach was to introduce a laser distance measurement. Although the results were
encouraging, they were ultimately discarded due to limited resolution and difficulties in
handling all relevant surfaces. In imaging approaches, the use of orthogonally aligned
illumination (coaxial illumination with strictly parallel light guidance, see Figure 6(a))
provides the most informative images. However, the necessary kinematic guidance of the
camera system to reach all relevant surfaces makes the large-volume setup of such
lighting a hindrance. Additionally, this variant is very cost intensive. As an alternative,
we investigated the use of incident light illumination with a ring light (Figure 6(c)). With
properly aligned illumination, we were able to achieve very good images, as
demonstrated by the comparison of images (a) and (b) in Figure 6, both of which clearly
show the individual grinding grooves on the rake face of the tool.

Figure 5 Example images from a comparative test for optical detection of worn tools or cutting
edges are shown. The images include: (a) dark field illumination and coaxial
illumination using hardware from Keyence; (b) laser triangulation sensor for measuring
the front face of the tool tooth from Aku.Automation and (c) incident light illumination
proposed by Rauscher (see online version for colours)

a)

b)

c)

A decision was made in favour of a variant with simple incident lighting using a ring
light (see Figure 5(c)). The camera system comprises a monochrome 5-megapixel Basler
acA2040-35gm camera (with a sensor size of 2/3 inch and a 1/1.8 inch Sony IMX265,
manufactured by Basler AG), a macro lens Opto 100-MC100 (with a working distance of
87 mm, aperture of 14, depth of field of 0.4 mm and a field of view of 8.8 x 6.6 mm,
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manufactured by Opto GmbH), and an LED illumination ring MBJ SRL-07-WT-s (with
anouter diameter of 73 mm, manufactured by MBJ Imaging GmbH).

Figure 6 Sketch of the measuring system with an articulated robot for camera guidance:
(a) illustration of the robot and tool and (b) original images of the robot cell (see online
version for colours)

Initially, a portal axis system was pursued due to its high accuracy. However, due to
ongoing delivery delays, a less accurate and more flexible system was used instead. This
system features a lightweight articulated robot (UR S5e, Universal Robots) that is
significantly more flexible and will allow for investigations to be extended to other tool
geometries in the future.

The system requires only one camera despite the articulated arm robot. The accuracy
of positioning for a 6-axis articulated arm robot is lower (0.1 mm) compared to a portal
axis system (e.g., Festo: 0.01 mm). To verify feasibility, a repeat test was conducted in
advance. Two positions were defined, and the robot moved alternately between them. An
image was captured by the camera system at one of the positions. The tests conducted on
150 images demonstrated that the robot’s positioning and repetition accuracy is adequate
for the application. Figure 7 displays a random selection of these images.

Figure 7 Sample image series of the repeat test

Six surfaces must be considered when analysing the tool geometry, namely, the rake face
and the five clearance surfaces (see Figure 8). The positioning of these surfaces depends
on the orientation of the tool. The positions are calculated ad-hoc, ensuring that the size
of the power skiving tools is limited only by the reach of the robot. The positions are
determined using a spherical coordinate system that starts from the centre of the tool.
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Figure 8 Images of all six angles from a defective free tooth
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The individual elements of the measurement system are programmed using various
programming languages and interfaces. To minimise complexity, we aim to modularise
according to the microservice architecture. Regardless of the programming language,
individual modules are linked together via the REST interface. We encapsulate individual
functions and services in virtual containers. These can be developed separately from each
other. This type of architecture is standard in scalable server applications from large
cloud providers and is also set to be used in edge computing in the future. The reusability
and easy maintainability of individual containers are of central importance.

The benefit of this architecture is that it allows for the flexible addition of new
functionalities by different developers. The central NodeRED container provides the
programmable logic controller (PLC) with functions that would require significant effort
to implement using a classic, PLC-based architecture. For instance, during the research
project, various models can be made available as containers. The same applies to the
development of a user interface to explain the decisions of the models to the operator.
The structure is a recent development for many industries and SMEs. Program cycles
were created on the PLC side, which also include the selection of different tool types.
The PLC also offers an intuitive user interface for the operator. Additionally, it can store
data for new tools, which are retrieved from the NodeRED container as required, see
Figure 9 for the microservice architecture.

Figure 9 Structure of the microservice architecture (see online version for colours)
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3.2 Database and handling

The images captured by the robot were stored in a MongoDB. An open-source software
called Label Studio was used to create the image masks with information concerning the
wear on the tool. The generated masks are called ground truth because they provide the
true answer to the wear localisation. These were uploaded to Label Studio were they got
classified and segmented: see Figure 10.

Figure 10 Tool with wear segmented classified as not OK (see online version for colours)

In total we obtained 600 images. 250 of these are classified as good as they can be used
for training for the generative classifier. 350 images are classified with wear in addition,
and are segmented into wear, critical wear and outbreaks. The latter are used for the
generative supervised segment model. During the label process all images from one tooth
are stitched together to provide holistic information for the expert. For training purposes,
the images are not stitched together and are fed into the model as a single image.

3.3 Training and evaluation approach

In deep learning, it is standard practice to divide the dataset into separate subsets. The
most important subset for the training phase of a neural network (NN) is the training data.
Apart from this, a subset of the data, known as the test data, is reserved for evaluating the
network’s performance on images it has not encountered before. This means that,
although the test data come from the same pool as the training data, they are withheld
from the network throughout the training phase, ensuring that the network is tested on
entirely new data.

The unsupervised generative classifier was trained with 150 images of good nominal
examples of the power skiving tool and evaluated on 30 different wear defective images.
The supervised generative approach was trained with 150 images of good nominal
examples as well as on 50 defective examples, and evaluated on 30 different wear
defective images.

For training purposes, the images are scaled down to 1.200 pixels as well as grey
scale images.

A comparison of the training procedure of the unsupervised classifier and the
supervised segment version with ground truth is shown in Figure 11.
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Figure 11 Unsupervised training examples are at the top (defect free images only) for
classification. Segmentation training examples are at the bottom. Original image (left),
image during label process (middle), ground truth mask (right) (see online version
for colours)
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For the first experiment regarding the classifier, we used Accuracy and F1, which are
common metrics for evaluating classifiers (Wardhani et al., 2019). In addition, we
investigated the image-level anomaly detection performance via the area under
the receiver operator curve (AUROC), which is a common metric for this purpose
(see Kim et al., 2023; Li et al., 2021; Roth et al., 2022). To measure the segmentation
performance, we used pixel-wise AUROC. The AUROC is calculated as the area under
the ROC curve. A ROC curve shows the trade-off between true positive rate (TPR) and
false positive rate (FPR) across different decision thresholds (Baratloo et al., 2015).

e True positive (TP) = the number of cases correctly identified with defect.

e False positive (FP) = the number of cases incorrectly identified with defect.

e True negative (TN) = the number of cases correctly identified as defect-free.

e False negative (FN) = the number of cases incorrectly identified as defect-free.

TP+TN
Accuracy = 2
TP+TN+ FP+FN

FIZL (3)
2TP+ FP+FN

3.4 Al model

Since the PatchCore (see Figure 12) algorithm achieved such good results in the MV Tec
Challenge dataset, we chose this as our main Al model (Bergmann et al., 2021). It meets
the requirements of a generative deep learning model, which can only be trained on error-
free images. At the same time, it is memory-based, which is the current state-of-the-art.
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In addition, comparisons show good few-shot results (Roth et al., 2022) and very fast
inference times, which are relevant within the SME application.

Figure 12 PatchCore algorithm (see online version for colours)
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PatchCore by Roth et al. (2022) consists of two relevant parts, local patch features
aggregated into a memory bank as well as a coreset-reduction method to increase
efficiency.

1 PatchCore uses a network trained on ImageNet and emphasises the importance of
features from different levels within this network for image analysis. It assigns
features from different hierarchical levels of a pre-trained network to images,
focusing on feature maps common in ResNet-style architectures. These features,
particularly from the final outputs of the spatial resolution blocks, are critical to the
performance of the model to preserve localised information and avoid bias towards
unrelated tasks. This method aims to improve anomaly detection by focusing on
patch-level features and local neighbourhood aggregation to increase the model’s
sensitivity to spatial variation, without compromising the resolution of the feature
map. For all nominal training samples x; € X, the PatchCore memory bank M is
simply defined as in equation (4).

M= ] P,@jx)) )

xekXy

2 The coreset reduction method aims to improve the efficiency of anomaly detection
by significantly reducing the size of the memory bank and the inference time without
compromising performance. This approach uses a coreset subsampling mechanism to
ensure that the reduced memory bank retains a similar coverage of nominal features
as the original, allowing for faster and nearly equivalent problem solving. This
technique is particularly beneficial for handling large datasets and is implemented
through an iterative greedy approximation, supported by dimensionality reduction to
speed up the selection process.

The PatchCore anomaly detection method uses a memory bank of nominal patch features
to score test images by comparing test patch features to their nearest neighbours in the
memory bank. This comparison produces an anomaly score that is adjusted based on the
rarity of the nearest nominal features. This approach enables robust image-level anomaly
scoring and segmentation, where the segmentation map is generated by spatially aligning
the patch anomaly scores and refining the resolution as required. For more details, see the
original paper on PatchCore (Roth et al., 2022).
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As a benchmark we used classic AlexNet architecture with and without pretraining on
ImageNet.

We implemented our models in Python 3.7 (Van Rossum and Drake, 2010) and
PyTorch (Paszke et al., 2019). Experiments were run on a GPU Nvidia RTX 2080 TI
with a CPU Intel Core 19-10900X, 10x 3.70GHz and RAM of 256GB, DDR4. We used
torchvision ImageNet-pretrained models. PatchCore uses a WideResNet50-backbone
(Zagoruyko and Komodakis, 2016) for direct comparability. Patch-level features were
taken from feature map aggregation of the final outputs in blocks 2 and 3. For all nearest
neighbour retrieval and distance computations, we used faiss (Johnson et al., 2021).

4 Results

This section presents the findings of the benchmark model and the PatchCore
experiments. We only report out of sample (i.e., test set) results, because superior results
on the in sample (i.e., training set) can be misleading as regards to overfitting.

In the experiment 1 (see Table 1 for results), the models were trained exclusively on a
generative basis using 84 defect free images. PatchCore emerged as the top performer,
with an AUROC of 0.85, an accuracy of 0.88 and an F1 score of 0.93, indicating a
commendable balance between precision and recall. The pre-trained AlexNet model
achieved moderate results with an AUROC of 0.66 and an accuracy of 0.70, along with
an F1 score of 0.83, indicating a respectable performance. Conversely, AlexNet without
pre-training faced significant challenges, as evidenced by its AUROC of 0.48, a low
accuracy of 0.07, and an F1 score of 0. This highlights the critical role of pre-training in
deep learning frameworks. The SVM model also showed remarkable effectiveness with
an AUROC of 0.59, an accuracy of 0.86 and an F1 score of 0.92, demonstrating its
robustness even with a limited training dataset. The experiment 2 (see Table 2 for results)
introduced a discriminative training regime where, in addition to the 84 defect-free
images, 268 images with defects were also used to train all models except PatchCore,
which continued to be trained generatively using only the defect-free images. Notably,
the performance metrics for PatchCore remained consistent with Experiment 1,
highlighting its robustness and effectiveness in generative training. The pre-trained
AlexNet showed a significant improvement in this setting, with an AUROC of 0.83, an
accuracy of 0.71, and an F1 score of 0.83, suggesting that discriminative training with a
balanced dataset of defect and defect-free images improves its performance. AlexNet
without pre-training also showed improvement, with an AUROC of 0.81, an accuracy of
0.58 and an F1 score of 0.61, although it still lagged behind the pre-trained version. The
SVM showed a decrease in performance compared to Experiment 1, with an AUROC of
0.64, an accuracy of 0.69, and an F1 score of 0.78, suggesting that the addition of defect
images may have introduced complexity that slightly reduced its effectiveness.

Table 1 Experiment 1, classification — generative training with 84 defect free images
PatchCore AlexNet —pretrained ~ AlexNet — nopretraining SVM

AUROC 0.85 0.66 0.48 0.59

Accuracy 0.88 0.70 0.07 0.86

F1 0.93 0.83 0.00 0.92
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Table 2 Experiment 2, classification — discriminative training with 84 defect free images and
268 defect images

PatchCore AlexNet — pretrained AlexNet — nopretraining SVYM

AUROC 0.85 0.83 0.81 0.64

Accuracy 0.88 0.71 0.58 0.69

Fl1 0.93 0.83 0.61 0.78

PatchCore still trained generative with only 84 defect free images.

Figure 13 PatchCore shows notably higher sample efficiency in generative setting than other
algorithms and achieves higher AUROC with a fraction of nominal training data
(see online version for colours)
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In experiment 3 (see Table 3 for results) calculated the anomaly pixel AURCO with the
threshold values from PatchCore and the ground truth masks to assess the anomaly
segmentation skill. A AUROC from 0.94 is very good, to show the capabilities see
Figures 18 and 19.

Table 3 Experiment 3, segmentation — generative training with 84 defect free images, since the
other algorithms have no segmentation capability there is no comparison

PatchCore
Anomaly pixel AUROC 0.94

In summary, these experiments demonstrate the strengths and limitations of generative
vs. discriminative training approaches in the context of defect detection and
classification. PatchCore’s consistent performance across both experiments underscores
the potential of generative models in scenarios with limited training data. The findings
from these experiments contribute valuable insights to the field, particularly for
applications requiring high precision in defect detection with constrained training
datasets. In Figures 14-19, we demonstrate the input image, the anomaly and the
threshold.
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Figure 14 Example from the industry manufacturing dataset with classification. Front view. Image
anomaly score 0.13. True negative since there is no wear or breakouts at the power
skiving tool (see online version for colours)
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Figure 15 Example from the industry manufacturing dataset with classification. Front view. Image
anomaly score 0.97. True positive since it is a breakout at the power skiving tool
(see online version for colours)
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Figure 16 Example from the industry manufacturing dataset with classification. Top view. Image
anomaly score 0.61. False positives since it is just a marking on the power skiving tool
(see online version for colours)
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Figure 17 Example from the industry manufacturing dataset with classification. Front view. Image
anomaly score 0.73. True positive since there is wear on the power skiving tool from
industry machine usage over time (see online version for colours)
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Figure 18 Example from the industry manufacturing dataset with segmentation and ground truth.
Side view. Image anomaly score 0.35. True positive since there is a breakout (see online
version for colours)
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Figure 19 Example from the industry manufacturing dataset with segmentation and ground truth.
Side view. Image anomaly score 0.35. True positive since there is a breakout (see online
version for colours)
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5 Implications for practitioners

Based on our experience in this industrial anomaly detection use case, we have identified
a series of steps that we believe will be beneficial for industrial users and summarised
them in Figure 20. We see that Al already has its place in industrial applications and can
offer improvements and support. Even with just a few error-free images, it was possible
to train a generative model that works well. This is very important for industry. It also
shows that a low-cost approach is already possible. A basic articulated robot paired with
an exposure and camera system effectively trained the model. The few-shot distribution
in Figure 13 shows that acceptable results can be obtained quickly. Based on the holistic
framework for Al systems in industrial applications developed by Kaymakeci et al. (2021),
we have developed our own framework for Al applications in industrial settings, focusing
on a fast MVP and small datasets, as well as a generative approach.

Figure 20 Generic step model for Al applications in industrial settings
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6 Discussion and further research

This paper proposed both an approach to tool type classification and an approach to tool
wear detection for cutting tools. Our findings demonstrate that generative deep learning
models trained solely on normal (defect free) data outperform traditional discriminative
models in classifying anomalies and segmenting wear on power skiving tools. This
confirms their industrial-grade accuracy and effectiveness in enhancing decision-making
processes for gear tool re-sharpening. The approaches performed on unknown
defects well, so a generalisation that allows inferring could be reached. In comparison,
Bergs et al. (2020) could not achieve the generalisation on unknown data. Further
improvements could be made by augmentation of the training data such as flip, multiply,
rotate, blur or contrast normalisation. This could further reduce the needed amount for
defect-free training images and lower the hurdle for application.

i Addressing RQ1, our research confirmed the feasibility of using generative deep
learning models trained only on normal data to detect anomalies in power skiving
tools with industrial-grade accuracy, outperforming traditional discriminative
models.

it With respect to RQ2, these generative models perform well at segmenting and
highlighting tool wear, providing actionable insights for decision-makers.

iii  In response to RQ3, we observed a direct relationship between the number of
training examples and the accuracy of defect-free image classification, highlighting
the importance of a robust training dataset. More important we also saw, that the
generative approached performed better than the discriminative models with less
data.

iv  Finally, in response to RQ4, the use of an automated deep learning-based image
processing system can help to improve the decision-making process in gear tool
re-sharpening through the automated classification and segmentation of wear,
demonstrating the transformative potential of deep learning in industrial settings.

This paper contributes to both academic research and practical applications by
demonstrating the effectiveness of generative deep learning models in industrial anomaly
detection, specifically in gear sharpening tools. Research wise, it extends the
understanding of the capabilities of generative models in anomaly detection with limited
data. Practically, it provides a proven framework for implementing advanced Al in
manufacturing, improving decision-making processes, and increasing the efficiency of
tool maintenance, thereby bridging the gap between theoretical research and real-world
industrial applications. The method may transfer well to other cutting or manufacturing
processes where tool degradation occurs. For generalisation, in Section 5 we proposed a
step-by-step model for industrial Al use cases to achieve a rapid minimum viable product
(MVP) status, on the basis of which a decision can be made whether to build on it or not.

Potential shortcomings of the proposed systems include their dependency on training
data with a defect free dataset which may hinder their effectiveness in practical, diverse
industrial environments.

Future research could integrate machine data (axis torque, axis speed, vibrations, axis
feed speed, etc.) to improve decision-making quality. Another important step would be to
develop an explainable artificial intelligence (XAI) framework that the workers
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acceptance improves. The combination of our approach and the suggested future research
could achieve superior results. The image-based anomaly detection highlights a level of
wear. With machine data it could be proved or even correlated as to which setting was the
cause for too much wear. An XAI framework could explain the relationships to workers.
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