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Abstract: Point cloud (PC) processing using deep neural networks (DNNs) has been attracting an
increasing amount of attention due to its high performance in tasks, such as Industry Foundation Classes
(IFC)-based object classification. DNNs typically rely on large labeled-sample sizes for training. On the
other hand, 3D IFC object annotation is a time-consuming task, and the existing datasets are only small-
sized labeled samples. In this study, we perform a set of experiments to assess the training progress and
generalization capacity of two state-of-the-art DNNs for IFC object classification. The results show that
limited training samples can lead to inefficient learning by DNNs, even if a large portion of the annotated
samples are allocated to the training task. The conducted experiments indicate that overfitting on the
training set as well as low speed convergence during the training are some of the main issues for
classification of 3D IFC objects using DNNs. To tackle these issues, future studies could take advantage
of unsupervised and semi-supervised learning methods to use a greater volume of unlabeled samples for
training and decrease the reliance of DNNs on annotated data.
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1 INTRODUCTION

As research into the development and application of building information modeling (BIM) in the field of
Architecture, Engineering, Construction and Facilities Management (AEC/FM) continues to grow, the
numerous advantages BIM provides as a centralized information exchange platform is becoming
increasingly prevalent (Motamedi, Hammad, and Asen 2014; Shahinmoghadam, Natephra, and Motamedi
2021). Despite the great benefits of BIM, one of the challenges it faces is its reliance on manual modeling
for the creation of BIModels. Various approaches have investigated the application of artificial intelligence
(Al) in the creation of BIM using generative design approaches (Karan and Asadi 2019; Karan, Safa, and
Suh 2020) and in performing efficient operation and maintenance (Cheng et al. 2020; Kwon et al. 2021). In
this study, the focus is on the reconstruction of a BIM using scanned data, an approach called scan-to-BIM.
The scanned data enables the representation of the “as-is” conditions of the building. The creation of BIM
from scanned data has been the subject of many research projects over the past two decades. The primary
methods mainly relied on labor-intensive and arduous manual modeling (Tang et al. 2010). However, with
the introduction of deep neural networks (DNNs) and machine learning (ML)-based methods, researchers
have been trying to enhance the Scan-to-BIM pipeline. In particular, IFC-based object detection using
scanned data is one of Scan-to-BIM’s sub-tasks that has been addressed by several recent DNN studies
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(Koo, Jung, and Yu 2021; Emunds et al. 2021; 2022). In general, object detection from scanned data is a
challenging task due to various noise effects (Charles R Qi et al. 2017) and occultations (Kim and Kim
2021). In recent years, DNNs have performed efficiently in the detection (Charles R Qi et al. 2017; Charles
Ruizhongtai Qi et al. 2017) and classification of various objects from scan data using well-known datasets
(Dai et al. 2017; Avetisyan et al. 2019; Chang et al. 2017). However, IFC-based objects in indoor
environments (e.g., stair, pipe, railing) are under-represented in most of the existing datasets. To address
this issue, the IFC object detection methods typically rely on manual data annotation and then use the
annotated data for the DNNSs training. Since 3D data annotation is a time-consuming task, the annotated
samples are usually limited, which can lead to inefficient DNNs training for IFC object detection. In this
study, we assess the learning progress of the state-of-the-art DNNs for 3D IFC object detection in two
scenarios: (a) training with a larger set of training samples; and (b) training with limited training samples
using the publicly available IFCNet dataset (Emunds et al. 2021). These experiments will enable us to
evaluate the effects of limited training samples in the training and inference of DNNs. Moreover, this study
discusses the possible research avenues to tackle the performance degradation of DNNs, caused by the
lack of labeled data. The paper starts by describing related studies that tackled the problem of limited
training data for DNN training. The methodology is then described, followed by the experimental
configuration and applied methods for the comparison task. Finally, the results are presented and the
effects of limited training samples based on the results are discussed.

2 RELATED WORK

Many studies have introduced different DNN-based methods to overcome the limitations of traditional
methods in the tasks of interpreting 3D data, such as object recognition and classification (Feng et al. 2019;
Wang et al. 2019). Typically, DNNs use hierarchical feature-extractor architectures to robustly extract
semantic and abstract features from the PCs (Charles Ruizhongtai Qi et al. 2017; Li et al. 2018). The robust
feature-learning pipeline of DNNs provides remarkable results in IFC object detection (Emunds et al. 2022;
Koo, Jung, and Yu 2021; Emunds et al. 2021). However, DNNs require a large set of labeled samples to
update and tune the weights of their layers (i.e., parameters). This is because DNNs utilize a significant
number of parameters that are explicitly optimized via training samples. This said, datasets with parametric
objects and attributes (e.g., IFC-based objects) are very limited since object annotation from scanned data
is time-consuming and arduous. Recently, a limited number of IFC-based datasets, such as IFCNet
(Emunds et al. 2021) and BIMGEOM (Collins et al. 2021) have become publicly available to promote Scan-
to-BIM using DNNs. However, the size of these datasets is usually insufficient to robustly train the DNNs.
In the literature on DNN training, many studies have addressed the problem of performance degradation of
DNNs under the conditions of limited training samples (Zhao, Chua, and Lee 2020; Meng et al. 2021).
Unsupervised learning (Ma and Leite 2022), weakly supervised learning (Beyer and Dai 2022), and semi-
supervised learning (Zhao, Chua, and Lee 2020) are among the well-known approaches to alleviate the
problem of limited training data. However, these methods are rarely investigated as a potential solution to
overcoming the issues related to 3D IFC object detection from PC.

3 ASSESSMENT METHOD

This section briefly describes the employed dataset and DNNs for the 3D IFC object classification. Also,
the assessment criteria and experimental configurations to perform the comparison are explained.

3.1 DATASET

To perform 3D object classification for IFC objects, the publicly available IFCNet dataset (Emunds et al.
2021) was used. IFCNet contains roughly 8,000 samples in twenty classes, such as, air terminal, beam,
and duct. The dataset was divided into two subsets, namely train and test. However, the samples in two
subsets were combined to perform random sample selection for the training scenarios in this study.

3.2 EXPERIMENTAL DNNs AND ASSESSMENT CRITERIA

To perform 3D IFC object detection, two well-known DNNs, namely DGCNN (Wang et al. 2019) and
MeshNet (Feng et al. 2019) were used. DGCNN is a dynamic graph convolution-based network that has




demonstrated high performance in the task of 3D IFC object classification (Emunds et al. 2021; 2022). This
method uses an edge-preserving strategy, which enables it to capture the geometrical information of the
PC more effectively. DGCNN also shows superior performance compared to other state-of-the-art rivals
such as PointNet ++ (Charles Ruizhongtai Qi et al. 2017) on the ShapeNet dataset (Wu et al. 2015).
Therefore, DGCNN was employed in this study under the condition of limited labeled data. The general
pipeline of DGCNN utilization for the 3D IFC object classification is illustrated in Figure 1, where the Blender
application (“Blender Foundation” 2002) was used to perform uniform point sampling.
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Figure 1: Pipeline of 3D IFC object classification with DGCNN; a) IFC object b) generated points using
uniform sampling.

The second DNN-based method, MeshNet, takes advantage of the geometric properties of the mesh data
(Feng et al. 2019) first by converting the raw PC to a set of convex polygons (i.e., faces) along with their
adjacency information (i.e., neighbors), then by using the extracted information to perform 3D object
classification. MeshNet demonstrates comparable performance for 3D IFC object classification, but its
performance under limited labeled data has not yet been investigated for 3D IFC object classification. Figure
2 shows the pipeline of MeshNet for the task of mesh generation and IFC object classification. Specifically,
MeshLab (Cignoni et al. 2008) was used to convert the raw point sets to mesh data.
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Figure 2: Pipeline of the 3D IFC object classification using MeshNet.

To perform the training of the chosen methods, the methods’ hyperparameters were set using the Tune
platform (Liaw et al. 2018), and the methods were trained for § epochs on the training set. To assess the
performance of the experimental methods, five assessment criteria, namely accuracy (AS), F;, precision
(PS), recall (RS), and balanced accuracy (BAS) were used. In particular, AS was calculated to determine the
percentage of predictions that matched with the test set and F; to reflect the harmonic mean accuracy score
of the PS and RS. F; was defined using Eqg. 1

PS XRS
PS+RS

F,=2X , (Eq. 1)

where
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ST, SE, and S§ are the number of true positives, the number of false positives, and the number of false
negatives predictions, respectively. Lastly, BAS, which was used as an accuracy metric for an imbalanced
dataset, was defined in Eq. 3 as
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where ST is the number of true negatives in the confusion matrix between the predicted labels and true
labels for the IFC objects. These assessment criteria were used to evaluate the performance of the
competing methods in the experiments.

4 EXPERIMENTAL RESULTS

In this section, the results of the two sets of experiments are discussed. Scenario (a) and (b) were performed
to assess the sensitivity of the methods to the number of available training samples. For this, we randomly
selected 70% of the samples for the training and reserved the rest for the test assessment in scenario (a).
For scenario (b), 30% of the samples were randomly selected for the training and the rest were reserved
for the test assessment. The § was set to 150 to train and compare the methods equally and fairly. It should
be noted that the training task was performed using two NVIDIA RTX™ 3090 Ti graphic processor units
(GPUs) and the training time for DGCNN and MeshNet were 235 and 45 minutes, respectively.

In the first set of experiments, our aim was to assess the effects of limited training samples in the speed
and quality convergence of the methods to the optimum learning spot. To this end, we used 30% of the
training samples in each scenario as a validation set and obtained the F; accuracy score after each epoch
training. This enabled us to assess not only the generalization performance of the competing methods on
an unseen sample set, but also to compare the learning curves of the training and validation set. The
comparison between the learning progress of the two sets of samples, where one was seen by the methods
(i.e., training set) and the other, indirectly seen (i.e., validation set) enabled us to detect the over-fitting
issue during the learning procedure (Srivastava et al. 2014). Figure 3 illustrates the results of the learning
progress and generalization capacity for the DGCNN in both the training and validation sets.
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Figure 3: Training progress analysis of the DGCNN; a) using large training set b) using small training set.

According to the results presented in Figure 3, the DGCNN is unable to converge to the optimum learning
spot in both scenarios, which shows its lack of capacity in extracting abstract and semantically rich features
from the point set of the IFC objects regardless of the size of the training set. Specifically, the F; scores of
the training sets in both scenarios did not exceed 80%. Moreover, shrinking the size of the training set leads
to an overfitting issue and decreases the generalization performance in scenario (b). The training progress




in scenario (a) shows more consistent convergence of both training and validation sets. Nevertheless, the
learning curves show limited progress after epoch 50, which could be due to the gradient saturation and
optimization inefficiency of the DGCNN for the task of IFC object classification.

F1 Score%

1004
90
80

704 i

504
404
304

204

o0f

F1 Score%

50 100
Number of Epochs

(@)

150

1004

30

204

o0 ¢

404

pa| mmmmn Training Set Results

Validation Set Results

50 100
Number of Epochs

(b)

150

Figure 4: Training progress analysis of the MeshNet in scenarios (a) and (b).

The same assessment was then performed for MeshNet, and this is illustrated in Figure 4. According to the
results, the overfitting problem is inevitable for the MeshNet in both scenarios, which can show the extreme
reliance of the method on the training data and the lack of capacity to perform regularization to decrease
the gap between the performance on the training and validation sets. However, by comparing the F, score
on the validation sets in scenarios (a) and (b), we can infer that the overfitting problem intensified after the
size of the training samples was decreased. Overall, we can observe the high sensitivity of MeshNet to the
training samples in the learning progress as well as to the high degree of uncontrolled overfitting issue.

After the evaluation of the applied methods during the training stage, the performance on the test set using
the assessment criteria, described in the methodology section, was assessed in two scenarios. Figure 5
shows the assessment results of the applied methods on the test set. According to these results, decreasing
the size of the training set leads to a greater performance drop (up to 12%) in the MeshNet method. This
validates the effect of overfitting, observed during the training progress. DGCNN also shows performance
degradation, specifically in the F; score, but there was only a 2% performance drop, which could indicate

that DGCNN is more effective in training progress with limited label samples compared to MeshNet.
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Figure 5: Assessment of the experimental methods’ performance on the test set in two scenarios; a)
DGCNN b) MeshNet




5 CONCLUSIONS

In this study, we assessed the performance of two state-of-the-art DNNs for the task of 3D IFC object
classification from point cloud, based on training and inference tasks in two scenarios: (a) large training and
small test-sample sets; and (b) small training and large test-sample sets. Based on our observations, the
performance of DNN-based methods for IFC 3D object classification significantly depends on the annotated
data. Moreover, during the training, issues, such as overfitting and slow training convergence, were
observed in the experiments for both scenarios.

The findings of this study highlight the importance of the regularization schemes in the DNNs configurations
to improve the robustness of the generalization of methods and to decrease the gap between the training
and validation results. Based on the observations of the result of the learning progress of DGCNN, more
effective schemes to analyze the raw point cloud of IFC objects and to extract semantic features need to
be investigated to enhance the learning progress during the training task. Moreover, since the existing
dataset for the task of IFC object recognition is extremely limited, future studies can take advantage of
unsupervised and semi-supervised methods for 3D object recognition and classification to alleviate the
problem of performance degradation in DNNs with limited labeled data.
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