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Inspection of bolted flange joints is a routine procedure typically done manually in process-based industries.
However, this is a time-consuming task since there are many flanges in a typical operational facility. We
present a computer vision-based tool that can be integrated into other systems to enable automated inspection
of these flanges. We propose a multi-view image classification architecture for detecting a missing bolt or
nut in a flange joint image. To guide the training process, a synthetic dataset with 60,000 image pairs was
created to simulate realistic environmental conditions of flange joints. To demonstrate the effectiveness of
our approach, an additional real-world dataset of 1,080 flange joint image pairs was manually collected. The
proposed approach achieved remarkable performance in classifying missing bolt instances with an accuracy
of 95.28% and 95.14% for missing nut instances.

1 INTRODUCTION

Flanges are commonly found in the energy industry to
connect joints of pipelines with piping or plant equip-
ment (Xue et al., 2019). These flanges are typically
bolted together according to relevant standards to en-
sure the safe and reliable operation of the facilities.
Fluctuations in thermodynamic parameters, pressure
shocks, process upset, or other environmental phe-
nomena can potentially disrupt the integrity of the
flange joints, causing leaks and possibly leading to
catastrophic disasters (Saad et al., 2022). To mitigate
this, engineering departments develop inspection and
maintenance protocols that govern the operation and
maintenance of these flanges. These typically include
periodic visual surveillance of flanges and taking cor-
rective actions as needed.

One of the most critical components, particularly
noted by maintenance personnel during an inspec-
tion, are the bolts and nuts, as most common flange
anomalies are attributed to their dysfunction. Ap-
propriate bolt torque is essential, as inaccurate bolt
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Figure 1: Sample Results. Our model uses two images
of a flange from different perspectives to determine if a
bolt or nut is missing. The model is trained on syntheti-
cally generated data. A real flange sample for each anomaly
type is shown with two views, and GradCAM visualizes the
model’s focus on the anomaly.

forces can lead to failure in the sealing of flange
faces, causing leaks (Zhang et al., 2015). Typi-
cal bolt and nut related anomalies include: missing
bolts/nuts, loose bolts/nuts, short bolting, and long
bolting (ASME, 2019). These anomalies are typi-
cal after a major turnaround and inspection (T&I),
where flanges are completely opened and maintained,
wherein bolts or nuts are either missed or incorrectly
installed. However, manually monitoring and inspect-
ing flanges is time-consuming, considering the large
number of flanges in a typical operational facility. As
such, there is a need for an automated or more ef-
ficient inspection method for ensuring the complete
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assembly of flanges with no missing parts to achieve
the required integrity and process safety of flanges.

With the advancement of digitalization and Indus-
trial Revolution (IR) 4.0, the oil and gas (O&G) indus-
try is also going through a digital transformation ef-
fort (Wanasinghe et al., 2021). Accordingly, we pro-
pose a tool for automated visual inspection of flanges
and define a computer vision-based pipeline that al-
lows detecting anomalies on flange images, such as
missing bolts and missing nuts from varied view-
points. The scope of this paper is specifically targeted
toward detecting a missing bolt or nut, as it serves as
the first sanity check for flange integrity and its suc-
cessful assembly. Due to the scarcity of real-world
images, our method focuses on developing a robust
model that can generalize well with real-world data
while being trained on generated synthetic flange im-
age data.

The generation of synthetic data using 3D mod-
eling software was focused on creating a balanced
dataset of representative flange images by randomly
augmenting flange and scene conditions from various
viewpoints. We artificially augmented 60,000 image
pairs of training data using multiple spatial and pixel
augmentations to train our proposed multi-view archi-
tecture. We validate the performance of the proposed
method on real-world flanges with varying diameters:
8, 16, and 20 inches.

Our paper brings forth three major contributions:
i) We introduce a 3D model for simulating flanges
that can render images at various orientations, light-
ing, and spatial conditions. ii) We propose a multi-
view image classification architecture for identifying
a missing bolt or nut in a flange joint image. iii) We
create a real-world dataset with 1,080 pairs of flange
images divided into three balanced classes (healthy,
missing nut, and missing bolt) manually captured and
labeled for the test dataset.

2 RELATED WORK

The flange maintenance and integrity surveying pro-
cess involves various inspection tasks. These inspec-
tions mostly revolve around bolt and nut integrity, as
they are critical elements that hold the flange faces
together with appropriate forces.

Contact-based solutions are typically used for bolt
looseness detection (Nikravesh and Goudarzi, 2017,
Wang et al., 2013) and include direct measurements
using devices, such as strain gauges, or indirect meth-
ods of looseness detection, such as measuring vibra-
tions and ultrasonic-based methods. These traditional
techniques require manual operation and direct con-
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tact with the bolts. Therefore, they are costly and im-
practical for elevated and hard-to-reach flanges.

In addition to contact-based methods, academic
research has leveraged computer vision algorithms for
analyzing bolt tightness through bolt rotation detec-
tion. The framework of these methods can be gen-
erally classified into two main categories: classical
computer vision and deep learning (DL). These solu-
tions often aim to detect and quantify changes in the
rotational orientation of bolts over time. The classi-
cal approaches (Park et al., 2015; Cha et al., 2016;
Hongjian et al., 2015) perform perspective transforms
to align the bolts, followed by a Hough transform line
detection algorithm to detect rotations in the hexago-
nal screw heads.

On the other hand, while deep learning ap-
proaches still seek to assess the rotational movements
of bolt heads over time, they employ a range of dis-
tinct techniques to achieve this goal. (Wang et al.,
2019) uses handwritten digits on the bolts to detect
and adjust for rotations by training on the MNIST dig-
its dataset (Deng, 2012). Additionally, DBSCAN is
used on the detected bolts to detect rotations. (Zhao
et al., 2019) uses Single Shot MultiBox Detectors to
infer rotations. Finally, (Sun et al., 2022) uses two
colored markers on the bolt and the YOLOvV5 object
detection network to determine the bolt rotation.

These computer vision methods rely on rotation to
measure bolt tightness but require a secure baseline
image, which is often unavailable. In addition, frontal
images of flanges are required, which can be more
difficult to obtain than side images, particularly for
elevated flanges.

Previous models for detecting missing bolts have
been developed (Alnumay et al., 2022). However,
their training set lacked diversity in flange types and
was relatively small. Additionally, these models re-
lied on a basic architecture, which restricted their per-
formance. As a result, these models achieved higher
testing accuracies only when tested on real images
that closely matched the characteristics seen during
training with a single model backbone. Furthermore,
it is important to note that the real testing dataset used
in their experiments was limited, comprising only 36
images. Consequently, when tested on our extensive
real-image test dataset, these models demonstrated
reduced classification accuracies, averaging around
65%.

In this paper, we tackle the fundamental problem
of detecting a missing bolt or nut, as they are the first
step towards a successful flange inspection. Unlike
most previous work, our method requires no prior in-
tervention or markings on the flange. Additionally, it
is robust to various types of bolts and nuts.
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Figure 2: Synthetic Image Samples Palrs of images representmg each of the three classes within our training dataset. The
synthetic images, generated using Blender, exhibit variations in size, paint, rust, and camera perspective, corresponding to
different dataset versions. Here, we present three distinct dataset versions.

3 FLANGE ANOMALY
DETECTION METHOD

(b) Missing nut

(a) Missing bolt
Figure 3: Anomaly examples.

The model development process is divided into two
stages. First, generate synthetic training data. Sec-
ond, fine-tuning an image classification network pre-
trained on ImageNet (Deng et al., 2009). The initial
stage generates synthetic flanges from 3D models to
produce surrogate training data. The second compo-
nent outlines the Deep Learning (DL) Network archi-
tecture for image classification using single and multi-
ple flange views as inputs. The goal of this network is
to identify whether a given image or a pair of images
of a flange joint has a missing nut or bolt. Examples
of such anomalies are shown in Figure 3

3.1 Synthetic Data Generation

Training an effective deep learning model typically
requires large labeled datasets. However, obtaining
sufficient images of flanges with varying sizes, mate-
rials, environments, and anomaly locations is labor-
intensive. Therefore, our method relies on generating
labeled synthetic images to create our training set.
Our synthetic images were generated using the
open-source 3D modeling and animation software

Blender (Blender, 2018). We designed a 3D model
of a flange joint that enables us to control some ba-
sic visual characteristics, such as standardized di-
mensions following the ASME 16.5 specifications
(ASME, 2020), paint color, background, rust, bolt,
and nut color.

Blender’s flexibility enables the generation of var-
ious flange joints by adjusting physical parameters
and camera settings and simulating ground truth val-
ues to train supervised deep learning models.

We developed a Blender script to randomly sam-
ple parameters for the camera, flange dimensions, and
anomaly locations. The script renders pairs of images
for each flange and records the ground-truth class la-
bel. A sample of this dataset is shown in Figure 2.
The resulting synthetic dataset contains 60,000 image
pairs, with 20,000 pairs for each of the three classes:
healthy, missing bolt, and missing nut. The synthetic
data was split into a proportion of 60/20/20 for train-
ing/validation/testing.

The diversity and realism of synthetic datasets
considerably impact model performance. In our ini-
tial models, we generated basic and untextured flange
renders without background. These models produced
high-accuracy results when applied to synthetic data.
However, the feature distributions between synthetic
and real images differed significantly, limiting the use
of the models on real images. Consequently, our
initial models produced nearly random results when
tested on real images. To address this disparity, we
adopted an iterative approach, refining our synthetic
dataset based on observed characteristics in real im-
ages (see Figure 2). This strategy continued until
we achieved the satisfactory results presented in sec-
tion 4.

The synthetic data was generated using all flange
sizes between 3—-24 inches and pressure classes of 150
and 300 pounds, as described in the ASME 16.5 stan-
dard. We uniformly sampled the flange size and class
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from the finite set of sizes and classes. We added
camera perturbations to the synthetic image pairs to
closely emulate real images because it is unrealistic
to expect the user to dependably capture the flange at
specified viewpoints and distances in both views. In
addition, we constrained these perturbations so that
the bolts and nuts from both sides of the joint flange
were always visible in the image. Detailed attribute
variations are described in Table 1.

Table 1: Synthetic Data Camera Attributes. A (u, 62)
denotes a normal distribution with mean u and standard de-
vitation 6. U(a, b) denotes a uniform distributation on the
range [a,b]. These attributes are sampled independently,
even for different views of the same image pair. The sam-
pled values are clamped if they exceed the specified range.

Attribute Distribution Range

Camera pan A(0, 3%) [—5°,+5°]
Camera tilt A0, 12) [-2°,42°]
Camera roll A0, 12) [—2°,42°]
Zoom percentage Uu(-15,+15) [—15,+15]

2-view angle difference 45+ N(0, 10%) [20°,70°]

3.2 Model Architecture

We developed two main model architectures, single-
view, and multi-view, which take one or two images,
respectively. We tested multiple state-of-the-art back-
bone architectures for our single- and multi-view ap-
proaches to classify a missing nut or bolt. These in-
clude ViT (Dosovitskiy et al., 2020), ConvNeXt (Liu
et al., 2022), and SqueezeNet (Iandola et al., 2016).
Additionally, for comparison purposes with (Alnu-
may et al., 2022), we tested a VGG-16 (Simonyan
and Zisserman, 2015) backbone for the missing bolt
model. For each architecture, two independent mod-
els were developed, one for missing bolt and the other
for missing nut.

3.2.1 Single-View

) Healthy
g’ or

= Missing
< Nut/Bolt

Model

Figure 4: Single-view model architecture.

The single-view architecture, shown in Figure 4, is a
standard image classification pipeline where we in-
put a single image and output whether a flange is
healthy or anomalous. We tested various CNN and
transformer-based backbones.
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3.2.2 Multi-View

(b) Flange appears healthy
after perspective change

(a) Flange appears to have
a missing bolt in the mid-
dle

Figure 5: Perspective is Critical. When observed from
non-ideal viewpoints, a healthy flange may appear to be
missing a nut or bolt due to center nuts and bolts being
closer to the camera and lens distortions on nuts and bolts
closer to the image’s edge.

Our multi-view model architecture is inspired by (Su
et al., 2015), where they used a multi-view CNN
(MVCNN) to improve the 3D object recognition per-
formance of CNNs by taking images from multiple
angles. We hypothesized that this architecture could
benefit our task, as we noticed that some perspectives
can be deceiving, as illustrated in Figure 5. Addition-
ally, MVCNN methods have improved performance
compared to single-view methods alone in other in-
dustrial use cases (Tilgner et al., 2019; Shamsafar

et al., 2023).
View 1
( features \

L o Healthy
2 or
2 T Missing
< Nut/Bolt

View 2

View 2
\_ J
eatures Model

Figure 6: Multi-view model architecture.

Figure 6 summarizes the architecture of our multi-
view model. It is similar to the single-view model in
that it takes images of flanges and outputs a classifi-
cation if they are healthy or anomalous. Again, two
separate models were developed to identify a missing
bolt or nut. However, this model takes two images of
the same flange from different perspectives as inputs.
It extracts features of each view from the same DL
model. These features are then combined and passed
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Flange 1

View 1

View 2

Flange 2

Figure 7: Real Image Samples. Sample image pairs from three real flanges that form our testing set. e indicates a missing nut,
while e indicates a missing bolt. The perspectives and backgrounds were varied for all anomalies and flange combinations.

to the final classification network. We attempted to
use various combination methods for the two feature
vectors, such as taking the sum, concatenation, max-
imum, or adding an attention layer. The best aggre-
gation method for missing nut was concatenating the
feature vectors, and the best method for missing bolt
was taking the mean of the two feature vectors. Sim-
ilar to the single-view model, we experimented with
multiple CNN and transformer-based backbones.
Our experimental setup used state-of-the-art
deep convolutional neural network architectures pre-
trained on the ImageNet dataset. We fine-tuned
these models for our specific tasks. We utilized the
widely adopted Adam optimizer with a learning rate
of 0.00008 and Reducel.LROnPlateau with a factor of
10 to facilitate rapid convergence. The batch size
was set to 16, and data augmentation techniques were
applied to enhance the model’s generalization capa-
bility, including photometric transformation such as
random flips, sun flares, brightness, occlusions, and
color jittering. The training was conducted on a
high-performance computing cluster equipped with
NVIDIA A100 GPUs, expediting convergence and
significantly reducing training time. Our training
pipeline was implemented in PyTorch 2.0, leverag-
ing the CUDA toolkit for GPU acceleration. These
hyperparameters and resources were selected by an
extensive grid search and rigorous cross-validation to
ensure the best performance on our specific tasks.

4 RESULTS AND ANALYSIS

In this section, we first describe our Real Test Dataset.
Then, we provide the evaluation of our models in the
proposed test dataset for missing nut or bolt. In addi-
tion, we use GradCAM (Selvaraju et al., 2017), an in-
terpretability technique that highlights the important
regions of an image used by a CNN to make a par-
ticular classification decision to explain these results
qualitatively. Finally, we compare the performance

of our method against the previous work (Alnumay
et al., 2022) in the case of missing bolt.

4.1 Real Test Dataset

This lab-based dataset was manually collected using
a tablet device equipped with an HD camera. It com-
prises images of three distinct flange joints, each asso-
ciated with different pipe sizes: 8, 16, and 20 inches.
Every image in the dataset was rigorously labeled ac-
cording to our three classes: healthy, missing nut, and
missing bolt. Importantly, we maintained a uniform
number of images within each class, ensuring a bal-
anced dataset.

To replicate real-world conditions, the flanges in
our dataset exhibit environmental wear and tear. Ad-
ditionally, controlled movement of the flanges was in-
cluded during image capture to provide diverse yet
natural backgrounds and lighting effects.

In the multi-view configuration, we captured 360
image pairs for each class, resulting in 1,080 image
pairs, equivalent to 2,160 individual images. Fig-
ure 7 shows a subset of our real dataset as image
pairs. In the single-view configuration, we exclu-
sively used the first image from each pair. This de-
cision was grounded in the assumption that the distri-
bution between the two views remains identical, leav-
ing the second image redundant for single-view anal-
ysis. Each image pair was captured from a different
viewpoint by moving the tablet’s camera around the
flange. These viewpoint variations were randomly se-
lected within a range of £20° to emulate natural hu-
man movement during the capturing process.

4.2 Missing Nut

We started by evaluating the effectiveness of our two
methods in identifying a missing nut on the Real Test
Dataset. For this evaluation, we leveraged the syn-
thetic dataset to fine-tune state-of-the-art backbones,
such as ConvNeXt, ViT, and SqueezeNet. Table 2
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summarizes the results.

The best results are obtained with the ConvNeXt
backbone in both methods, single-view and multi-
view. Our method’s comparison shows that the multi-
view approach consistently outperforms the single-
view. In addition, the performance of our method is
greatly improved with the synthetic data when using
a multi-view approach as opposed to a single-view.

We observed that the multi-view method could re-
duce the gap between synthetic and real domains for
the analyzed backbones to make inferences on real
data while training only on synthetic images. Our best
model reports an accuracy of 82.22% using the multi-
view method, while the best single-view model only
reports 66.81%.

To enhance the generalization capabilities of our
multi-view model while mitigating overfitting on the
Real Test Dataset, we applied the feature alignment
technique AdaBN (Li et al., 2018). This approach fur-
ther improved the accuracy to 95.14%.

Table 2: Missing Nut Results. Testing accuracies for miss-
ing nut detection, based on the Real Test Dataset. Multi-
view increases the accuracy by 15% and by 28% when com-
bined with AdaBN

Method ConvNeXt  ViT  SqueezeNet
Single-View 66.81 62.81 57.36

Multi-View 82.22 76.39 72.92
Multiview + AdaBN 95.14 - —

4.2.1 Qualitative Analysis

We tested our methods on real-world flanges (Real
Test Dataset). Figure 8 shows classification samples
as a visual confusion matrix. The model’s areas of
interest for correct classifications focus more on the
whole flange for healthy flanges and the nuts for miss-
ing nut cases. The false positive probably occurred
from other background flanges confusing the model,
while the false negative can likely be attributed to a
short bolt.

Overall, we observe a considerable difference in
recall between our two methods for the healthy and
missing nut classes. Our single-view method cor-
rectly predicts more healthy flanges than missing nut
instances. However, while our multi-view approach
successfully predicts almost every case of missing
nut, it fails to identify more healthy flange cases.

4.3 Missing Bolt

We followed the same methodology as in subsec-
tion 4.2 to assess our two methods for identifying a
missing bolt. Additionally, we compare our results to
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Figure 8: Missing Nut Qualitative Results. We show sam-
ple images of correct and incorrect classifications, using the
multi-view method and ConvNeXt backbone, for missing
nut as a visual confusion matrix. We use GradCAM’s visu-
alization capabilities to highlight the model’s areas of inter-
est used for classification.

prior work (Alnumay et al., 2022). Table 3 summa-
rizes the results.

4.3.1 Comparison Against Prior Work

The work of (Alnumay et al., 2022) collects its own
real-world dataset. Their test set consists of 36 im-
ages, where 20 images belong to missing bolt in-
stances of the same flange (8 inches) and 16 images of
healthy flanges, where 68% of the cases are from the
8-inch flange. Due to the precise data imbalance and
bias towards 8-inch flanges, we run their proposed
model in our test set (see details in subsection 4.1)
and perform a direct comparison.

Our model displays notable robustness when con-
fronted with various pipe sizes, even in cases where
the size is not explicitly provided as input, inferring
the pipe size from flange to pipe ratio. Leveraging
this unique ability, the model proficiently determines
the number of bolts required for a specific flange type
set forth by the relevant standards.

Overall, we observe that our best single-view
model (ConvNeXt) outperforms the comparable
model of (Alnumay et al., 2022) by 9%. Likewise,
our best multi-view model (ViT) outperforms (Alnu-
may et al., 2022) model by 29%. This suggests that
our proposed multi-view model has a better general-
ization capability than prior work.
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4.3.2 Real Dataset Evaluation

In contrast to Table 2, different backbone models pro-
duce the best results for each method. In particu-
lar, ViT succeeds in multi-view, whereas ConvNeXt
stands out in single-view. Additionally, our multi-
view approach consistently exceeded the performance
of single-view models, as previously seen in subsec-
tion 4.2. This outcome emphasizes the advantages of
leveraging a multi-view method.

In general, our findings suggest that identifying a
missing bolt is significantly easier than identifying a
missing nut due to the salient visual cues present in
the images. When identifying missing bolts, we ob-
served three instances of missing items (2 nuts and 1
bolt) compared to only one instance of a missing item
(one nut) when identifying missing nuts. The analysis
of the GradCAM results showed a significant differ-
ence in attention distribution. For missing bolts, at-
tention was mainly on the flange and bolt-related el-
ements, while for missing nuts, attention was more
scattered. The multi-view method alone achieved
the highest accuracy for missing bolts at 95.28% and
for missing nuts at 82.22%. Our best single-view
model for detecting a missing bolt has an accuracy
of 75.28%. Additionally, by using feature alignment
methodologies, we can increase the accuracy of miss-
ing nut identification to 95.14%.

Contrary to the promising results observed in Ta-
ble 2, applying AdaBN to our multiview model for
identifying missing bolts resulted in a 5% decrease
in accuracy, significantly compromising the model’s
generalization capabilities.

Table 3: Missing Bolt Results. Testing accuracies for miss-
ing bolt detection, based on the Real Test Dataset. Multi-
view increases the accuracy by 20%.

* VGG model from (Alnumay et al., 2022) tested on our Real Test Dataset.

Method ConvNeXt ViT SqueezeNet VGG*
Single-View 7528 73.61 55.14 65.83
Multi-View 90.14 9528 91.11 -
Multiview + AdaBN - 90.28 - -

4.3.3 Qualitative Analysis

We tested our methods on real-world flanges (Real
Test Dataset). Figure 9 shows classification sam-
ples as a visual confusion matrix. The model’s ar-
eas of interest for correct classifications focus more
on bolts for healthy flanges and the specific regions
where missing bolt cases happen. The false positive
case likely resulted from background objects in the
top image, while there is no clear indicator for the
cause of the false negative. However, it is noted that

Ground-Truth

Missing Bolt

Prediction

issing Bolt

Figure 9: Missing Bolt Qualitative Results. We show sam-
ple images of correct and incorrect classifications, using the
multi-view method and ConvNeXt backbone, for missing
bolt as a visual confusion matrix. We use GradCAM’s vi-
sualization capabilities to highlight the model’s areas of in-
terest used for classification.

when images with similar viewpoints are provided to
the network, the model may be confused and focus on
areas that appear to have missing bolts.

Overall, we observe a considerable difference in
recall between our two methods for the healthy and
missing bolt classes. Our single-view method cor-
rectly predicts more healthy flanges than missing
nut instances. However, our multi-view approach
successfully reduces the number of misclassified in-
stances for both healthy and anomalous cases.

S CONCLUSION AND FUTURE
WORK

In this paper, we present a multi-view image classifi-
cation approach based on computer vision for detect-
ing a missing nut or bolt in a flange joint image. This
was achieved using CNN and transformer-based net-
works that were exclusively trained on synthetic im-
age data and augmented with varying parameters en-
countered in real scenarios. The model demonstrated
its efficacy when tested on a real-world dataset, illus-
trating robust performances in most scenarios.

In future work, we aim to enhance material and
texture modeling and illumination techniques for syn-
thetic images, benchmark the number of views, and
evaluate the model’s performance in detecting multi-
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ple missing nuts or bolts, short/long and loose bolts
using our two-step methodology. We will also ex-
plore domain adaptation techniques to reduce the gap
between the source and target domains.
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