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ABSTRACT

In the shape analysis community, decomposing a 3D shape into meaningful parts has become a topic of interest. 3D
model segmentation is largely used in tasks such as shape deformation, shape partial matching, skeleton extraction,
shape correspondence, shape annotation and texture mapping. Numerous approaches have attempted to provide
better segmentation solutions; however, the majority of the previous techniques used handcrafted features, which
are usually focused on a particular attribute of 3D objects and so are difficult to generalize. In this paper, we propose
a three-stage approach for using Multi-view recurrent neural network to automatically segment a 3D shape into
visually meaningful sub-meshes. The first stage involves normalizing and scaling a 3D model to fit within the unit
sphere and rendering the object into different views. Contrasting viewpoints, on the other hand, might not have
been associated, and a 3D region could correlate into totally distinct outcomes depending on the viewpoint. To
address this, we ran each view through (shared weights) CNN and Bolster block in order to create a probability
boundary map. The Bolster block simulates the area relationships between different views, which helps to improve
and refine the data. In stage two, the feature maps generated in the previous step are correlated using a Recurrent
Neural network to obtain compatible fine detail responses for each view. Finally, a layer that is fully connected
is used to return coherent edges, which are then back project to 3D objects to produce the final segmentation.
Experiments on the Princeton Segmentation Benchmark dataset show that our proposed method is effective for
mesh segmentation tasks.
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1 Introduction

Automatic segmentation of 3D shapes is an essential phase for geometric modeling and shape
processing [1]. It aids in shape comprehension and is at the heart of some computer graphics issues,
such as skeleton extraction [2], mesh parameterization, resolution modeling [3], and so on. Several of
these applications need to be segmented into more useful parts at a greater level; others, on the other
hand, need to be segmented into disk-like fragments at a lower level [4]. As a result, the goal of this
paper is to address mesh segmentation using a data-driven strategy. We design a deep network using
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input mesh training data and the corresponding, intended segmentation to try to understand the trend
of segmentation supplied through the training sets to categorize an unknown mesh. As a consequence,
we do not, however, make any assumptions about the shape’s geometry or topology nor make use of
any descriptors that have been handcrafted.

This paper offers a three-stage method for automatically segmenting a 3D shape into visually
recognizable sub-meshes using a deep learning approach, which works well on the Princeton dataset
[5]- This is interesting to note that the major goal would be to categorize the 3D mesh rather than
perform semantic segmentation. Semantic segmentation assigns the same name wing to an aircraft’s
two feathers. The feathers, on the contrary, belong to two separate regions in mesh segmentation and
therefore are not labeled in any way. Semantic segmentation, in summary, aids in the comprehension
of a 3D model. Mesh segmentation, on the other hand, has significant advantages in mesh processing
algorithms such as skeleton extraction [2], mesh parameterization, and resolution modeling [3].

In multi-view segmentation, a 3D shape is created from many views to create multi-view images,
which are then fed into a neural network to yield richly labeled images before being converted into to
3D shape. A multi-view segmentation procedure should, in general, solve several technical issues. To
begin, there must be sufficient views to reduce occlusions while still encompassing the shape surface. It
could be accomplished by producing a huge number of views that are distributed evenly all around the
object. Second, shape components could be viewable from multiple perspectives; consequently, the pro-
posed model must efficiently correlate information from various perspectives. One of the fundamental
drawbacks of existing multi-view approaches, such as [6,7], is that different views are not connected,
resulting in a 3D region with widely varying outcomes from differing perspectives. Furthermore, the
view-pooling tactic considers all perspectives evenly, without considering the relationships between
them or the discriminative strength of each.

To respond to these challenges, we contend that two essential components are required, to begin,
designing the region-to-region connections. If certain aspects of a 3D object are still not explicitly
understood from one viewpoint, for instance, (slightly occluded, reflective, and insufficient), other
points of view can provide the missing details. When there is a tactic for pairing the areas within a
particular view image and the corresponding areas in other viewpoints, the data of that given view
could be reaffirmed by utilizing the connections among pairing areas. Furthermore, create a model
of the view-to-view connections. When many portions of a 3D object are completely invisible from
certain points of view, designing region-to-region connections will not assist some of these views in
learning about the invisible parts. To ascertain the discriminatory ability from each perspective, we
should design the view-to-view connections and then combine those viewpoints to create the final 3D
object and then combine those viewpoints to produce the final 3D object.

We developed an integrated method for 3D mesh segmentation as a result of the preceding
analysis. The general concept of our approach is depicted in Fig. |. The framework uses a three-
stage approach and handles the sequential viewpoints in a temporal order. The first stage involves
rendering the object into different views. We ran each view through (shared weights) CNN and
Bolster block to create a probability boundary map. The Bolster block simulates the area relationships
between different views, which helps to improve and refine the data. The feature maps generated are
correlated using LSTM and a fully connected layer to return consistent edges, which are then back-
projected to the 3D surface and assimilated by a Conditional Random Field (CRF) to produce the
final segmentation.
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Figure 1: The complete architecture of the presented approach

To address this, we ran each view through (shared weights) CNN and Bolster block to create a
probability boundary map. The Bolster block simulates the area relationships between different views,
which helps to improve and refine the data. In stage two, the feature maps generated in the previous
step are correlated with LSTM to obtain compatible good details responses for every view as well as
to obtain the overlap among neighboring viewpoints. Finally, a layer that is connected fully is used to
deliver coherent edges, that are projected back to the 3D surface to produce the final segmentation.
For instance, on every area in the provided view image, the Bolster block tries to find correlation areas
from the other views and strengthens the data of that area by leveraging clues from the corresponding
areas. Views can be bolstered in this way. The main contributions of this paper are:

1. We created an efficient block called the Bolster block. The Bolster block locates correlation
areas from other views and strengthens the data of that area by using key information from
the corresponding areas for every area inside the given view image.

2. We propose a network that simulates the area relationships between different views for the task
of 3D mesh segmentation. The model employs Long Short-Term Memory layers to generate
compatible details responses for every viewpoint as well as the overlap between neighboring
viewpoints.

3. Our model predicts the 3D model’s edges, which is easier for the approach to learn than using
large numbers of semantic labels, which is relevant for several other tasks including ridge-valley
detection and suggestive contours.
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2 Related Work

In this section, we will start by looking at existing handcrafted features and other deep learning
methods for 3D mesh segmentation. Then, we discuss Multi-view recurrent neural network and long
short-term memory (LSTM) which is used as the recurrent neural unit.

2.1 Hand-Crafted Features

In the field of computer vision and graphics, there is a growing body of literature on handcraft
features for 3D mesh segmentation. Such as random walk [8,9], hierarchical clustering [2], region
growing [10], k-means [11], spectral clustering [12], normalized cut [13], heat walk [14], and so on.
The local characteristics were used to determine the handcraft features to partition a 3D object, like
geometric proxies (spheres, cones, etc.), various forms of planarity, and curvatures [1 5] triangles [16]. A
comprehensive review of 3D segmentation techniques is given in [17-19]. In summary, these methods
are usually focused on a particular attribute of 3D objects and so are difficult to generalize. Deep
learning models benefited from the ability to learn hierarchical discriminative features efficiently.

2.2 3D Deep Learning

Whereas deep learning is commonly used in 2D for more than a decade. Although, unlike
photos, 3d models lack fixed structure, Deep learning is used as a method for learning features of
high level from lower level features that have been produced in the early stages. The model input
segmentation, computation of feature representations, learning of high-level features using auto-
encoders, and Graph-Cut segmentation are the steps of an unsupervised shape segmentation approach
that was proposed in [20]. For every triangle, local features at various scales are calculated in [21] and
are then organize together into a rectangular image, which is then fed back into a network to output the
semantic tag for every triangle. Even though these two methodologies employ deep learning methods,
they do not fully utilize deep learning’s capability to learn features of high level from low-level features.

Deep learning has received much interest and gained remarkable pragmatic success when com-
bined with appropriate 3D data representations. A thorough overview of 3D data representations can
be found in [22]. In this paper, we used mesh as our idle data representation due to its advantages in
visualization. This is also why graphics and computer games production companies almost always use
polygonal models. Additional 3D shape analysis tasks using 3D mesh data can be found in [23-27]. As
a result of the success of deep learning [28,29] and the rapid growth of large 3D archives [30] several
solutions for 3D shape analysis tasks were proposed. In general, some of these approaches can be
categorized into three main research lines given the input modality: view methods [6,7], voxel methods

31,32], and point methods [33,34].

In voxel approaches, the object is characterized as a 3D occupancy grid, which is subsequently
evaluated with neural networks. View approaches render the 3D object from various perspectives and
apply image classifiers over each view while the point-based frameworks consider the object to be
a muddle of scattered points and generate estimates of the point cloud. Our method is part of the
multi-view paradigm, which has in recent times been shown to be capable of a wide range of visual
analysis and classification [35]. One of the benefits of view-based methods is that, in comparison to
other methods, input views can be easily captured, which is especially useful when access to 3D object
models is not possible. Another gain of view-based data is that it is relatively low-dimensional when
compared to certain input methods, allowing for more good details regarding the actual 3D object.

Scribble [36] is another deep learning method that proposed a novel weakly-supervised algorithm
for segmenting 3D shapes. Their method learns deep neural network parameters while simultaneously
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propagating information from scribbles to unlabeled faces. As a result, it does not require labeled
training shapes and instead relies on a scribble-based partially labeling approach that is relatively
easy and convenient. Numerous test results reveal that their proposed method improves earlier
unsupervised methods and is comparable to state-of-the-art fully supervised methods in terms of
segmentation performance. Shu et al. [37] introduced a unique 3D shape segmentation semi-supervised
technique. Using a soft density peak clustering method, users can locate numerous seeds faces with
relatively easy interaction. The approach then uses an innovative optimization model to automatically
learn the relevant label information and generate satisfactory segmentation results.

Multi-view CNN [6] is the first to use multiple viewpoints together with CNN for the recognition
of 3D objects. The 3D shape is rendered in various viewpoints, which are passed through the same
image-based CNN. View pooling is used to merge features collected from different views after which
it was forwarded via another CNN to obtain the final object label. Xie et al. [35] produced per-
view segmentation from depth images using an extreme learning machine as well as merged them
using Graph-Cut. Easiness of training an extreme learn algorithm. The above model is often quick
to implement. However, the accuracy is still not higher. Kalogerak et al. [38] proposed a much more
comprehensive multi-view structure. They begin by rendering the 3D object from various angles which
are run through a common CNN before it is unprojected to 3D. A conditional random field is used to
rectify the label consistency problem and it’s a network component that is optimized from end to end.
Although this method uses the CRF for resolving the consistency problem following 3D un projection,
the semantical label pictures were gathered in a max-pooling fashion and are still uncorrelated.

2.3 Recurrent Neural Network

Recurrent neural networks (RNNs) are now successfully used in a number of time series data
processing frameworks when working with time-series data, as proposed by [39]. The RNN design is
made up of three distinct layers with different timelines that consists of the recurrent layer, the input
word layer, and the output layer. A multi-view RNN architecture for generating captions for visual
images was proposed in [40].

The multi-view RNN is composed of three subnetworks which are, a network for vision, a
network for language, and a network for multiple points of view. Primarily, the network for vision
typically employs a deep CNN, like Alexnet, Inception, or Resnet, intending to map an image’s
visual information into its representation of deep features. The network for the language takes the
representation for the task-specific as well as the temporal dependency. The multi-view network
discovers the correlation between language learned and the visual representation using a hidden
network. Having followed [40,41] developed a Multiview alignment system based on RNN to connect
the inter-view relation among textual and visual data.

An RNN is made up of extremely similar feed-forward neural networks, per each instant or step
in times that are known as RNN cells. Many such cells are composed because they function with their
output. They also can work with external data to obtain the external outcome, based mostly on RNN
cells used, such as Vanilla RNN, LSTM, and so on. Vanilla RNN, despite being efficient and fast, has
a few drawbacks. First, it’s hard to make use of post-information if it is changing constantly, as a result,
the problem of degenerative changes arises. Furthermore, since Vanilla RNNs are trained using the
over-time algorithm back-propagation, vanishing gradient, as well as bursting, seem to be frequent.

The long short-term memory (LSTM) unit [42] was proposed to address the shortcomings
of Vanilla RNN and guarantee data integrity. LSTMs also employ gates as a tool for managing
and arranging writing, i.e., selectively written, read, and forgotten information is stored in the cell
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memory. Image segmentation [43], video description [44], and 3D object reconstruction [45], aircraft
Operational Loads Monitoring [46], Aerodynamic Modeling [47] are all examples of how LSTMs have
been utilized.

3 The Proposed Method

Our approach builds on computer science subfields on randomized algorithms for graph parti-
tioning. Perhaps the most valuable of this work is the technique by [48], which employs a randomized
approach to find an optimal cut of a graph. The central concept is to use repeated edge contractions
to produce a great number of randomized cuts and then, among the resulting set, find the smallest
cost cut. Our work differs in that we use a deep learning method to simulate the area relationships
between different views for the task of 3D mesh segmentation. The model employs Long Short-Term
Memory layers to generate compatible details responses for every viewpoint as well as the overlap
between neighboring viewpoints.

We now present the proposed method, starting with a discussion of the processing of the view
Section 3.1, followed by the introduction of the Bolster block Section 3.2, and subsequently edges
generation Section 3.3. Finally, we go over the network structure’s specific organization, as shown in
Fig. 1.

3.1 Views Processing

Our goal is to use prior knowledge from a pre-segmented training dataset to segment a 3D mesh
into parts. We create a Multi-view recurrent neural network to accomplish this. The network is fed an
unordered set of 2D perspective projections (rendered views) of surface neighborhoods that capture
local context around any surface point at different scales as input. Due to probable occlusions and
the absence of adequate surface parametrization characteristics like isometry and bijectivity, such an
input representation may seem non-ideal on a first impression. Initially viewing directions are sampled
equally about the object defined by spherical coordinates in the pre-processing stage.

A 3D object defined as a polygonal mesh is used as the data input to our method. We simplify
and scale it to accommodate a unit sphere as a pre-processing process. The object is then rendered
in K variety of views, which are set to 60 based on our tests. Initially, we use [49] to divide the unit
sphere into K areas. These areas are where the cameras are placed. We produce grayscale images with
the source of light well behind the camera for each view because CNN is relatively resistant to lighting
illumination and select a 128 x 128 image resolution to make the training go faster without having to
sacrifice the framework’s total segmentation performance. The shaded images generated are handled
using an image-based CNN that is identical.

3.2 Bolster Block

When humans identify a 3D object in the environment from a specific viewpoint, they do so
naturally, some portions of the object are commonly obscured, reflected, partial, or completely
undetectable to human vision. Therefore, humans will require information from other viewpoints
to properly grasp the object. For this reason, how to incorporate knowledge from varied viewpoints
remains a critical question. Unfortunately, conventional view-based approaches, in general, are inad-
equate for solving this problem effectively. They lack a technique for reasoning about the connections
between 2D appearances from various perspectives. The technique in [6], for example, employs a view-
wise pooling mechanism to combine features from individual views into a global 3D object description.
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The spatial correlation between 2D appearances from multiple viewpoints is neglected by the view-
pooling technique.

As a result, the relevant regions from different perspectives are misaligned, and the data from
multiple views cannot be successfully merged. To address these concerns, our method is based on
the idea that by integrating correlating areas from differing viewpoints and reasoning regarding their
connections, the viewpoints can represent the 3D object more effectively. Therefore, the primary
objective for every area in a particular view is to locate its correlating areas in other views.

Let Y represent the 3D object. The view series that describes the 3D object is defined by Y = {Y,
Y,,..., Yg}. Here K denotes the total number of views. To acquire features at the region level, for
every view Y, its feature convolutional map R; € R”*™”  can be considered as P x P vectors feature,
all of which correlates to a location in viewpoint Y; as a D_,-dimensional representation:

Ri:{thariza---arflﬁ}a’”ijGRD" (1)

where r; is an area feature which is derived from Y; viewpoint within the view series, the bolster block
identifies all potential areas and calculates a scalar M, using a matching function M between r; and
every identified area’s feature r,,,, indicating how closely these two areas are related:

M[/’,mk = M(rija rmk) (2)

then, based on their similarity measures with r;, all identified areas strengthen the area feature r;.
The information from related regions in different views is used to reinforce the region feature. We
acquire area features by using the same image-based CNN and used shaded images to generate per-
view boundary maps, which we then correlated to get the consistent edges.

3.3 Edges Generation

The works of [28,50,51] are widely used in numerous visual recognition issues and have also
been extended to image semantic segmentation effectively [52,53]. Fully convolutional network (FCN)
Long et al. [53], for example, was a success in deep network image semantic segmentation. Convolu-
tions with wide receptive fields substitute fully connected layers in a normal CNN in this method,
and with coarse class score maps created by feed forwarding an input image, image segmentation
is achieved. Moreover, the network’s upsampling deconvolution is limited to bilinear interpolation,
and fine-tuned is done only on the CNN portion. The holistically nested-edge detection [54] model
transforms traditional edge detection into a CNN-based task. Because of the benefit of fusing the
final edge map from numerous edge maps collected at different sizes, we chose HED as a sub-module
for our CNN part. Our multi-scale edge maps are side outputs of a VGG-16 network [55], with shallow
edge maps capturing fine details and deeper edge maps capturing more salient edges.

The images generated in the previous step are subjected to the same image-based CNN processing.
We used the Holistically-Nested Edge CNN architecture [54] to generate the boundary probability
map. The discrepancy of the probability maps is resolved by aggregating them using LSTM layers to
provide consistent details responses for every viewpoint. The LSTM network, which considers view
sequences as time series, is well-suited for this task. To begin, the boundary maps of the ground truth,
as well as the boundary probability maps, are unwrapped to vectors 128 x 128 = 16,384 of this size.
Two LSTM layers are used with one placed above the other. While the first layer receives a series of
unwrapped sorted edge maps and creates a set of embeddings for the second layer, which will effectively
create a set of cohesive border maps. For both peepholes, LSTMs [56], we employ the 1024 hidden
unit’s number. The results of the subsequent LSTM are relayed across a layer that is fully connected
to convert straight to the dimensional edges image.
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4 Experiments and Discussion

The testing analyses and evaluations of the method are presented in this section. We run the
segmentation technique through its paces using the challenging Princeton dataset [5]. In Section 4.1,
we present the dataset details, thereafter, in Section 4.2; we go through the evaluation metrics. In
Section 4.3 and Section 4.4, we present training details and back projection to 3D as well as post-
processing. Finally, we discuss the results with current state-of-the-art methods on the Princeton
Segmentation Benchmark dataset [5] in Section 4.5.

4.1 Datasets and Evaluation Metrics

Princeton Segmentation Benchmark Dataset [5] is commonly utilized thoroughly in assessing 3D
mesh segmentation algorithms. There are 20 objects in each of the 19 object categories in the collection
which gives in a sum of 380 models. We choose 4 models for testing and 16 models for training
at random for each category. Because each model has several human-generated segmentations, we
carefully choose one segmentation from each object category that is the most consistent. By rendering
the edges between various segments covered by a 3D object of the same coloring as the environment,
the ground truth edge pictures could be readily obtained. To improve the ground truth quality, we
employ a polygon offset of OpenGL. Both the CNN modules and the LSTM layers are trained using
the ground truth edge data.

4.1.1 Evaluation Metrics

We use four metrics defined by [5] to evaluate our segmentation algorithm, which is Cut
Discrepancy, Hamming Distance, Rand Index, and Consistency Error. In all four metrics, a lower
value implies a better result.

Cut Discrepancy: The first measure, Cut Discrepancy, adds the distances between points along
with the calculated segmentation’s cuts and the ground truth segmentation’s closest cuts, and vice
versa. It is a boundary-based technique that calculates the distances across cuts [5]. This metric has
the advantage of providing a simple and direct assessment of how well borders align.

Hamming Distance: A second metric, Hamming Distance, is used to compare two segmentation
outcomes by measuring the entire region-based difference. Given two mesh segmentation S, and S,, the
fundamental concept is to locate the best corresponding segment in S, for each segment in S,, then add
the set differences. If' S, is regarded as the ground truth, the missing rate R,, and false alarm rate R; can
be calculated using Directional Hamming Distance. Its key benefit is that it is based on establishing
correspondences between segments, which helps to provide a more relevant evaluation metric.

Rand Index: Rand Index determines whether two faces are in the same segment in two segmenta-
tions or distinct segments in both segmentations. The key benefit of this measure is that it can simulate
segment area overlaps without the need to find segment correspondences.

Consistency Error: The Consistency Error attempts to account for layered, hierarchical similarities
and discrepancies between segmentations. It consists of Local Consistency Error (LCE) and Global
Consistency Error (GCE). GCE and LCE are both symmetric. The distinction is that GCE requires
all local refinements to be made in the same direction, but LCE permits refinement to be made in
multiple directions in different sections of the 3D model. These measurements have the advantage of
accounting for layered, hierarchical variances in segmentations.



CMES, 2023, vol.135, no.2 1753

4.2 Training Details

All of the tests in the Pytorch environment are run on a standalone GeForce GTX NVIDIA 1650
Super, CUDA10.1, and cuDNNVS8 with 16 GB RAM. The CNN module is trained in the first stage.
We rotated all 3D models in Sixteen various ways at random. Pair of two images, a boundary map
ground truth, and a shade image are fed into the network. The cross-entropy sigmoid loss is utilized.
We train for 100,000 iterations using the Adam optimizer with a constant learning rate 0107 and a
16-batch size. After the CNN module has been trained, it is positioned for the second step of training
the Edge Generation module.

A combination of boundary maps and boundary maps ground truth is fed into the LSTM layers.
Due to memory constraints, we also employ [5] with a 0.01 starting learning rate and 1 batch size.
To produce the final segmentation, the consistent edges are projected back onto a 3D surface shape,
preceded by Conditional Random Field (CRF) and region growth. Because a significant number of
pixels from various viewpoints are likely to match the same vertices, we choose the highest feedback
as the peak value. We assign a boundary probability to each edge of the mesh, which is characterized
as the mean of the edge values of the vertex connecting. The above border edges define the boundaries
of the segmented areas. As a result, we employ a basic region growth method to generate the initial
segmentation, with boundary edges functioning as stoppers and segments defined as a sufficiently
sized region.

4.3 Post-Processing

The LSTM network’s edge probability maps are reverse projected onto a 3D surface by applying
the pixel-to-vertex data that has been stored. A large number of pixels from several viewpoints likely
map to the same vertex, as a result, we use the highest response to be the final value. For every mesh
edge, we allocate the edge likelihood, which is characterized as the average of the edge likelihoods of the
pair of vertices it connects. Lastly, thresholding is used to generate a binary border edge map. These
border edges serve as the segmentation of regions’ borders. To obtain the segmentation, we employ
a simple region growing method with the border edges serving as blockers. A segment is defined as
a region under a large sufficient area. To avoid projection error, the polygons at the borders were
unlabeled. Assume that x is the first label for polygon A, x =0 if A does not have a label and we used
Conditional Random Field (CRF) to propagate labels to them.

4.4 Results Discussion

Figs. 2 and 3 show the 2D visualizations of edges for various representative types of 3D meshes
from the Princeton dataset. Despite the wide range of shapes, the vast majority of the outputs are
desired and consistent. The Rand Index score findings of the segmentation on this dataset, along with
other competing techniques, are shown in Table 1. As can be shown, our method achieves an average
Rand Index of 0.137, which is comparable to state-of-the-art approaches.

Comparison with previous segmentation algorithms: We compare our method to WcSeg [57],
RandCuts [13], Clustering [27], NormCuts [13], RandWalks [8], Scribble [36] and Shu et al. [20] on
the PSB dataset. The metrics are used to evaluate the data, and the comprehensive statistics charts
are displayed in Fig. 4. The consistency error score of the approach proposed in WcSeg [57] for both
GCE and LCE is 0.098 and 0.065, respectively, as shown in Fig. 4, which is lower than our values
of 0.088 and 0.064. Figs. 2 and 3 show that our method is capable of precisely identifying the desired
borders of 3D shapes. As shown in Fig. 4, our method outperforms [20] in terms of hamming distance,
consistency error, and cut discrepancy.
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Figure 2: Different views of model 381 edges were obtained using the presented method

Figure 3: Visualization of the edges generated by our method across different categories on the
princeton segmentation dataset
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Table 1: The rand index segmentation scores for every category using a variety of methods

Categories  Scribble = K.means  Wcseg  R.cuts  N.cuts R.walks C2022  Ours

Human 0.064 0.160 0.128 0.136 0.150 0.176 0.119 0.142
Cup 0.021 0.520 0.171 0.266 0.411 0.416 0.036 0.312
Glasses 0.048 0.201 0.173 0.119 0.151 0.244 0.150 0.113
Airplane 0.081 0.209 0.089 0.126 0.184 0.235 0.070 0.153
Ant 0.007 0.011 0.021 0.050 0090 0.084 0.016 0.031
Chair 0.029 0.210 0.103 0.197 0.112 0.160 0.059 0.105
Octopus 0.022 0.141 0.029 0.096 0.104 0.103 0.019 0.065
Table 0.014 0.441 0.091 0.401 0.266 0.273 0.035 0.099
Teddy 0.068 0.186 0.056 0.064 0.133 0.125 0.050 0.046
Hand 0.078 0.185 0.116 0.113 0.166 0.191 0.054 0.141
Plier 0.050 0.196 0.087 0.133 0.191 0.220 0.087 0.141
Fish 0.100 0.413 0.203 0.300 0.367 0.394 0.118 0.271
Bird 0.092 0.196 0.101 0.116 0.191 0.220 0.087 0.141
Armadillo  0.065 0.129 0.081 0.112 0.142 0.133 0.098 0.080
Bust 0.222 0.353 0.266 0.247 0.330 0.329 0.157 0.248
Mech 0.128 0.469 0.182 0.342 0.349 0.367 0.106 0.074
Bearing 0.106 0.289 0.122 0.160 0.235 0.288 0.078 0.112
Vase 0.101 0.397 0.161 0.157 0.300 0.311 0.141 0.151
Fourleg 0.148 0.197 0.152 0.179 0.209 0.234 0.150 0.153
Average 0.076 0.263 0.123 0.174 0.216 0.237 0.084 0.137

Scribble [35] is another deep learning method that we compare our approach with which uses a
weakly-supervised algorithm for segmenting 3D shapes. Although the 3D shapes in their training set
only include partly labeled data (acquired via scribbles) rather than fully labeled ones, their learning
process automatically completely annotates all of the 3D shapes in the training set as a by-product of
their algorithm. In certain significant categories, such as mech and teddy, our method outperforms
this approach, as shown in Table 1.

We also compared our method to [37], a recent Clustering method. Their method is a two-stage
semi-supervised method. They partially tag the training dataset in the first stage using a very simple
method that selects clustering centers on the decision graph and trains a neural network model based
on the clustering results. The learned neural network model is used to automatically segment the testing
3D shapes in the second stage. The Rand Index R, a comprehensive evaluation metric developed by
[5], is the major evaluation metric employed in [37]. The Rand Index is a measure of how different
the two segmentation outputs are. Table | demonstrates that [37] attains an average Rand Index of
0.084, which is slightly above ours with 0.053 but our approach still outperforms this method in some
categories such as mech, armadillo, and teddy.
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Figure 4: Segmentation algorithms’ performance plots with three assessment metrics. Lower values
imply a closer match to the ground truth

4.5 Comparisons with Randomized Algorithms

Rather than finding a single minimum cut, Rand cuts [13] employ randomized cuts to build a
partition function and a set of scored cuts. Randomized algorithms have been utilized by other authors
to analyze graphs. For example, randomized repetitions of hierarchical clustering were used by [58] to
make several cuts in a graph representing an image, resulting in a similarity function showing the
likelihood that two nodes belonged to the same group. By generating cluster centers of the graph
produced by leaving edges of likelihood greater than 0.5, the probabilities were utilized to segment the
image with “typical” cuts.

For the task of 3D mesh segmentation, we utilize a deep learning method to simulate the area
correlations between different viewpoints. This strategy is motivated by two factors. First, previous
segmentation methods often include parameters, and differing values for those parameters can
drastically vary the set of segments produced. Second, segmentations created by various techniques
and parameter settings often cut many of the same edges [59]. As a result, combining the information
offered by many discrete segmentations in a probabilistic framework could be beneficial.

We further investigate the qualitative properties of the edges produced by our method. The steps
involved in converting the inputs into 2D images, creating the boundary map, and then creating the
edges, which are then back-projected to the 3D surface and finally integrated by a CRF, are shown
in Fig. 5. The Teddy, Cup, and Chair models are visually compared in Fig. 6 between our approach
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with Randomized cut and Normal cut. From these examples, we see that our proposed approach
successfully generated edges that 1) rest on concave-edged cuts that divide the mesh, 2) focus on
cuts that split the mesh into almost equal-sized parts, and 3) do not reside alongside several other
desirable cuts.

Bk §
L LN
@li

Rendered 2D 8 d y Edges
Images

Output after unprojection to 3D

Figure 5: The phases involved in transforming the inputs into 2D images, generating the boundary
map, and then the edges, which are then back-projected to the 3D surface and finally integrated by a
CRF

Ours Randcuts Normalcuts

-

Figure 6: Visual comparison of our approach with randomized cut and normal cut

The first property results from treating numerous views as a temporal sequence and employs
RNN to forecast edge images by aggregating the relevant edge probability maps acquired by feed-
forwarding the network. The second comes from the LSTM network that correlates these edge maps
across different views and outputs a well-defined per-view edge image. The third is a combined result
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of detecting 3D edges in an end-to-end manner and the segmentation is obtained as post-processing.
The processes shown in Fig. 5 show how the inputs are transformed into 2D pictures, the boundary
map is produced, followed by the edges, which are then back-projected to the 3D surface and finally
integrated by a CRF.

4.6 Ablation Experiment

We alter the number of views and run the experiment with and without LSTM to evaluate the
effect of the number of views on the Rand Index and Hamming Distance. As previously stated, the
purpose of the LSTM layers is to connect different views and provide consistent edges. The Rand
Index is significant because it analyzes two segmentations of the same shape to evaluate how close
they are and is mathematically related to accuracy. The relevance of the LSTM block is observed.
After removing the block, the network is trained using only the CNN module and all 3D models are
rotated in sixteen different ways at random. A pair of images, ground truth from a boundary map, and
a shade image are supplied into the network. We train for 100,000 iterations using the Adam optimizer
with a constant learning rate of 10’ and a 16-batch size. Due to occlusion, using a small number of
views is not a viable option, as shown in Fig. 5. Using a larger number of views evenly spread across
the whole object, because the surface area of the object is more completely covered, we obtain a greater
level of precision (lower Rand Index).

As a suitable trade-off for both effectiveness and latency consumption, we selected 60 views as
the number of views. Fig. 7a demonstrates the Rand Index achieved by inserting the LSTM block
into the network which results in boosting the Rand Index and Fig. 7b shows the results without
the LSTM block. Lower values imply a closer match to the ground truth. We then conducted the
experiments for the Hamming Distance using the same setup as our prior Rand Index experiment. The
Hamming Distance is a region-based approach that determines how many substitutions are required to
transform one region into another. Also, Fig. 8a displays the Hamming Distance obtained by putting
the LSTM block into the network, which enhances the Hamming Distance, while Fig. 8b shows the
results obtained without the LSTM block, with lower values implying a closer match to the ground
truth.
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(a) Rand Index using LSTM

Figure 7: (Continued)
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5 Conclusion

In this paper, a three-stage approach for automatically segmenting a 3D shape into visually
meaningful sub-meshes using a deep learning approach is presented. For the task of 3D mesh
segmentation, it is necessary to model the area interactions between distinct viewpoints. This is
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achieved by employing a multi-view network that produces consistent 3D shape segmentation. The
proposed system utilizes imaged-based CNN to effectively create the edge feature map and simulates
these edge maps throughout other different viewpoints to return consistent edges. Our model predicts
the edges of the 3D model, which is easier to train than using a huge number of semantic labels.
Edges are valuable for a variety of tasks, including ridge-valley identification, and suggestive contours
among others. The presented approach compares favorably to other mesh segmentation algorithms
on the Princeton Segmentation Benchmark dataset, according to the experimental results.
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