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Abstract: Building Information Models (BIM) capable of collecting and synchronizing all the data
related to a construction project into a unified numerical model consisting of a 3D representation
and additional metadata (e.g., materials, physical properties, cost) have become commonplace in the
building sector. Their extensive use today, alongside the increase in experience with BIM models,
offers new perspectives and potentials for design and planning. However, large-scale complex data
collection leads to two main challenges: the first is related to the automatic classification of BIM
elements, namely windows, walls, beams, columns, etc., and the second to detecting abnormal
elements without manual intervention, particularly in the case of misclassification. In this work,
we propose machine learning for the automated classification of elements, and for the detection of
anomalies based on geometric inputs and additional metadata properties that are extracted from the
building model. More precisely, a Python program is used to decipher the BIM models (available as
IFC files) for a series of complex buildings, and three types of machine learning methods are then
tested to classify and detect objects from a large set of BIM data. The approach is tested on a variety
of practical test cases.

Keywords: Building Information Modeling; data classification; data detection; machine learning

1. Introduction

In the global trend towards digitization in all engineering fields, Building Information
Modeling (BIM) is currently leading a revolution in the construction sector. From the initial
design of a building to its construction, operations and maintenance phases, all the data
related to a construction project can now be collected and synchronized into a unified
numerical model consisting of a 3D representation enriched with all useful properties
(structural, thermal, budget, planning, etc.) [1]. Using the BIM platform, the architectural
design team, construction unit, operations department and other parties can exchange
engineering information in real time and work together, improving work efficiency, saving
resources, reducing costs and ultimately achieving sustainable development [2—4]. Since
the advent of the Industry Foundation Classes (IFC), more integrated methods to share
construction data have emerged and have thus become adopted industry-wide [5]. The
proliferation of IFC alone has had a major impact on how current tools and methods are
developed in research and development [6]. Currently, a simplified procedure named
META-FORMA (MEchanical-Typological Approach FOR Masonry Aggregates) is devel-
oped to obtain effective results about the seismic vulnerability of masonry aggregates
through an automated mechanical-typological approach [7]. However, as a construction
project that is constantly evolving, the quality and accuracy of the data related to all the
objects of the building must constantly be checked in order to ensure that sufficient data is
available at any given moment and for a given task. For example, to perform a structural
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analysis, the exact geometry of the structure, including all connections and material prop-
erties, must be described in the model with sufficient precision. Unfortunately, this data
verification for all the concerned objects cannot be easily automated with an explicit set of
rules due to the huge number and diversity of possible geometries, objects, etc. [8,9].

The literature reveals that both unsupervised and supervised learning have already
been applied to classification and prediction tasks [10,11]. In 2015, Krijnen [4] et al. showed
how machine learning methods enable computing systems to derive implicit knowledge
from a set of BIM models. In 2018, Lomio [10] et al. used machine learning methods to
classify building images extracted from Building Information Modeling (BIM) software. In
the same year, Valero [11] et al. used machine learning to detect defects in BIM models and
proposed a strategy for monitoring the regression of stone walls in historical monuments
through reality capture, data processing (including machine learning) and BIM models.
In April 2018, Zhang [12] et al. proposed an approach to automate the multi-dimensional,
objective and quantitative evaluation of BIM model quality. In November 2018, Jin [13] et al.
proposed a building space function classification method based on BIM data, which mined
BIM related attributes using unsupervised learning. In 2019, Jung [14] performed the
automatic classification of Building Information Modeling (BIM) using natural language
processing (NLP) and unsupervised learning.

Based on the existing body of research, both domestic and international, on this
subject [15-17], it is not difficult to find that the main direction of the current research on
BIM technology using machine learning is building classification. Most research papers
are concerned with the image reconstruction of geometric objects, using image processing,
including image recognition, image classification, etc. In contrast, the motivation of the
current work is to try and solve the problem of element classification and detection of
abnormal data in BIM models, using machine learning algorithms applied to the IFC
(Industry Foundation Classes) file itself; in other words, the standard format of BIM models.

In the current work, we propose an investigation based on machine learning to first
classify the element (e.g., wall, beam, door, etc.), and then detect anomalies in the geometric
inputs (e.g., length, perimeter, gross area and gross volume). More precisely, a Python
program is used for deciphering the BIM models (IFC files) for a series of complex buildings.
Then, three types of machine learning algorithms are tested to classify and detect objects
from BIM data. Finally, the approaches are tested on practical test cases and numerical
results are obtained.

2. Data Extraction
2.1. Introduction of the Data

The data used in this paper stem from 11 BIM models available in the public domain.
Compared with traditional CAD drawings, BIM models have an obvious advantage in
that they can intuitively contain three-dimensional information about buildings. Some of
the models were directly collected in the IFC format, while others were exported using
Autodesk Revit®, as shown in Table 1. The selection criteria of the model are, in order,
availability, followed by diversity of the elements.

In addition, the IFC format includes all the data related to the building materials,
construction management, cost, maintenance and other data collected during the entire
life cycle of the building. As can be seen in Figure 1, there is a large amount of text
information stored in the IFC file. For example, 20160125.ifc (referred to as etdi.ifc from this
point onwards). TXT total more than 600,000 lines of commands in raw format, hindering
readability. It is understandably critical to extract the information stored in this file in an
automated and coherent manner.
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Table 1. Basic information of BIM.
Visualization Name Standard Num.of Ele
20160125_Existing_Trapelo_Design_Intent IFC2X3 1479
210_King_Toronto IFC2X3 8820
Wyandotte_Lofts IFC2X3 2887
20190104WestRiverSide_ IFC4 14,440

Hospital_Architecture

#633145= IFCCARTESIANPOINT ((-1. 60292847084239, 0. 03125) ) ;

#633147= IFCCARTESIANPOINT ((1. 56470533034653, —0. 03125)) ;

#633149= IFCCARTESTANPOINT ((1.60292847084239, 0. 03125)) ;

#633151= IFCCARTESIANPOINT ((-1.56470533034653, 0. 03125)) ;

#633153= IFCPOLYLINE ( (#633145, #633147, #633149, #633151, #633145)) ;

#633155= IFCARBITRARYCLOSEDPROFILEDEF (. AREA., * Guardrail - Rectangular’, #633153);
#633156= IFCCARTESIANPOINT ( (154. 323080708537, 92. 8332677163632, 13. 595474545007) ) ;
#633158= IFCAXISZPLACEMENT 3D (#633156, #11, #21) ;

#633159= IFCEXTRUDEDAREASOLID (#633155, #633158, #19, 0. 0625) ;

#633160= IFCCARTESIANPOINT ((-1.60292847084239, 0. 03125));

#633162= IFCCARTESIANPOINT ( (1. 56470533034653, -0. 03125)) ;

#633164= IFCCARTESIANPOINT ( (1. 60292847084239, 0. 03125)) ;

#633166= IFCCARTESIANPOINT ( (-1. 56470533034653, 0. 03125)) ;

#633168= IFCPOLYLINE ((#633160, #633162, #633164, #633166, #633160)) ;

#633170= IFCARBITRARYCLOSEDPROFILEDEF (. AREA. ,  Guardrail - Rectangular’, #633168);
#633171= IFCCARTESIANPOINT ( (154. 323080708537, 93. 1666010496965, 13. 3916177956957) ) ;
#633173= IFCAXISZPLACEMENT3D (#633171, #11, #21);

#633174= IFCEXTRUDEDAREASOLID (#633170, #633173, #19, 0. 0625) ;

#633175= IFCCARTESIANPOINT ((-1. 60292847084239, 0. 03125) ) ;

#633177= IFCCARTESIANPOINT ( (1. 56470533034653, —0. 03125)) ;

#633179= IFCCARTESIANPOINT ( (1. 60292847084239, 0. 03125)) ;

#633181= IFCCARTESIANPOINT ((-1.56470533034653, 0. 03125)) ;

#633133= IFCPOLYLINE ( (#633175, #633177, #633179, #633181, #633175)) ;

1#633185= IFCARBITRARYCLOSEDPROFILEDEF (. AREA., Guardrail - Rectangular’, #633183):
#633186= IFCCARTESIANPOINT ( (154. 323080708537, 93. 4999343830298, 13. 1877610463844) ) ;
#633188= IFCAXISZPLACEMENT3D (#633186, #11, #21) ;

#633189= IFCEXTRUDEDAREASOLID (#633185, #633188, #19, 0. 0625) ;

#633190= IFCCARTESIANPOINT ((-1.60292847084239, 0. 03125));

#633192= IFCCARTESIANPOINT ( (1. 56470533034653, -0. 03125)) ;

Figure 1. ETDI model TXT display.

2.2. Data Extraction

Since the required BIM elements and their attributable data cannot be obtained directly
from the IFC model, we needed to consider other methods. By observing and analyzing
the format of the IFC files, it is clear that the version of the information in the beginning is
removed, the IFC data storage format both begin with “#* * * *”, and the number following
this is similar to the bank’s ID, later with specific attributes, and the attribute contains “# * *

**” according to the figure. Finally, the elements corresponding to all the information can
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be found in the following example, which illustrates the storage of the data format. Details
are given in Figure 2.

#34561 =IFCSLAB(2WnDGvXIP14xQJyJ3RQPXxX' ,#29, 'Decke-002', '‘Bodenplatte’, $, #34640, #34629, '5475E190-

48B1-45AA-AB-8C-B1B3FE53C765', .FLOOR.);

#34629= IFCPRODUCTDEFINITIONSHAPE(S, $,(#34623)); # Definition of the shape

#34623 = IFCSHAPEREPRESENTATION(#67, 'Body’, 'SweptSolid',(- )); # Representation of the shape
-= IFCEXTRUDEDAREASOLID (- ,#34617#52,0.3); # Extrusion of a surface to create the volume
-= IFCARBITRARYCLOSEDPROFILEDEF(.AREA.,S, -); # Surfaceused for extrusion

-= IFCPOLYLINE((#34580, #34584 , #34588, #34592, 34596, #34600, #34604, #34608 , #34580 );

#34580= IFCCARTESIANPOINT((0.,0.));
#34584=IFCCARTESIANPOINT((42.,0.) )
#34588=IFCCARTESIANPOINT( (42.,12.))
#34592=IFCCARTESIANPOINT((24.,12.));
#34596= IFCCARTESIANPOINT( (24.,14.));
#34600= IFCCARTESIANPOINT((18.,14.));
#34604=IFCCARTESIANPOINT((18.,12.) ):
#34608= IFCCARTESIANPOINT( (0.,12.) );

Figure 2. Data storage form of IFC files.

The line with “# 34561” represents a SLAB type element with serial number “# 34561”.
The 22 in parentheses with an alphanumeric string is its Globalld, behind the “# 297,
“# 346407, and “# 34629”, respectively the three different attributes of the SLAB. When we
enter “# 34629”, we find that it contains “# 34623”, in which contains “# 34620”. Based on
this logical relationship, you can see every attribute contains a new attribute. Therefore, in
order to find all of the attributes of the element, you need to find them one layer at a time.
Based on the sequence number of each attribute, we can determine all of the necessary
attributes. In Figure 2, layer by layer, we can see the different attribute fields such as
“Body”, “Area”, “Point”, and numerical-valued attributes such as “0.3”, “(42., 12.)”. The
challenge is then finding the best way to form a directly usable data set by matching these
attributes with the corresponding fields.

Given the form of the above data structure and being aware of the idea of regular expression
in Python, a logical solution would be using Python programming to extract attributes from
the IFC files. Using a specific expression, for, e.g., “#(\d+)[ 1?=[ 12(*?)\((*)\);[\\r]?$”, we can
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capture the features containing the string “#***” as information, related to the corresponding
attribute through the keyword. Finally, these are exported as a CSV (Comma Separated
Value) format file containing the object properties of interest.

3. Feature Engineering
3.1. Feature Standardization

The essence of feature standardization is being able to conduct dimensionless opera-
tions on numerical-valued features, thus eliminating the influence of dimension on data
features. For the data set used in this article, the attribute “Volume” had an overwhelmingly
large number of values between 0 and 2, while the attribute “Perimeter” was able to reach
values higher than 2000. To analyze the impact of these two characteristics on the final
classification results, the analysis results will inevitably favor features with larger numerical
values. Therefore, in order to obtain more accurate results, it was important to normalize
the features to ensure similar orders of magnitude and facilitate subsequent analysis.

Standardizing the features of a numerical type can bring all the features into a roughly
identical numerical interval. In subsequent experiments, we adopted the min-max stan-
dardization method. Linear transformation was carried out to scale the original data by
mapping the values to an interval:

Xnorm = X~ Fmin (1)
Xmax — X¥min
where x represents the original data value, and Xmax, Xmin are the maximum and minimum
values of similar features, respectively.

3.2. Imbalance between Classes

The inter-class imbalance refers to an excessive difference in the number of different
samples to be classified. In the model, the largest element number is 512 (BEAM), while
the lowest element number is 11 (COVERING); in other words, the difference is relatively
large. We note that inter-class imbalances are always present.

There are two ways to solve this problem. Let us consider dichotomy as an example
and assume that the positive cases far outnumber the negative examples. One approach is
to under-sample the positive cases, i.e., select only a portion of the positive examples, thus
allowing the number of positive and negative examples to be close to each other. Another
approach would then be to oversample the negative cases; that is, to increase the samples
of negative cases by some means and finally make the number of positive and negative
cases equal. The main idea is illustrated in Figure 3.

The operating cost of the under-sampling method is generally lower than that of
the over-sampling method. When the number of samples is large, we generally prefer
under-sampling. Here, we must ensure that the new data obtained by (the new) sampling
have the same distribution as the original data, otherwise we risk losing critical informa-
tion. When the amount of data is relatively small, the over-sampling method is preferred.
In this paper, since the number of BIM elements in the different categories is not large
overall, we use the over-sampling method. Here, we do not simply repeat the sampling,
which would potentially lead to severe overfitting. The representative algorithm of the
oversampling method is SMOTE, the main idea of which is to generate additional samples
using numerical interpolation.

3.3. Feature Selection

In machine learning, the data determine the upper bound of the model, and the
algorithm only “approaches” this upper bound. Without considering other factors, Figure 4
shows the general relationship between the number of features of the model and the effect
of the model; that is, the number of features reaches the optimal value in the middle [18-22].
In this case, any increase or decrease in the number of features will downgrade the effect of
the model.
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Figure 3. Schematic diagram of over-sampling and under-sampling.

oouewro}rad. [opoN

Number-of-features

Figure 4. Relationship between model effect and number of features.

In this work, combined with the results of the data analysis, the characteristics and
types of different BIM elements obtained are shown in Table 2. The final selection of
6 features, including two character features: Is External, Is Load Bearing, represent whether
it is outside and whether it is load bearing, respectively; four numerical features including
Length, Cross Section Area, Volume and Number of Cartesian points represent Length,
Cross Section Area, Volume and Number of Cartesian points, respectively. Perimeter
and Area have not been retained, since the two corresponding columns have almost zero
attributes out of the four elements we have chosen to categorize.
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Table 2. Feature types and selection.

Characteristics of the Name Type Choose
Representation Type (R) STRING
Is External (IE) STRING 4
Is Load bearing (IL) STRING 4}
Length (L) FLOAT |
Perimeter (P) FLOAT
Area (A) FLOAT [x]
Cross Section Area (C) FLOAT |
Volume (V) FLOAT |
Number of Cartesian points (N) INT |

4. BIM Element Classification

As mentioned above, BIM element classification plays an important role in the con-
struction planning stage, cost estimation process and execution stage. The information
obtained by BIM element classification can facilitate effective communication between
architectural designers, engineers, cost engineers and contractors. On the basis of the com-
pletion of the data set production and the derivation of three machine learning methods
including support vector machine, artificial neural network and decision tree, in this work,
we adopt the above three methods for the classification of BIM elements and compare them
on the basis of the results obtained.

4.1. Data Set and Overall Thinking

As was carried out for the 11 IFC files used for these tests, the information about the
original BIM elements was extracted (using Python) to obtain an overview of the number
of elements in each data set, as shown in Table 3.

Table 3. Number of four elements extracted on the 11 IFC files.

Number of Elements

File Name Total Mark
BEAM DOOR PLATE MEMBER SUM
ETDILIFC 512 122 230 218 1082 1479 ON
11 ... 15.IFC 0 0 0 0 0 78 ™
21... to.JFC 0 211 375 1037 1623 2750 TH
20... re.JFC 0 440 2211 7122 9773 11,328 FO
A ... FC.IFC 0 77 0 0 77 327 FI
Co ... nglIFC 0 0 0 0 0 270 SI
Re... ctIFC 137 0 0 22 159 231 SE
Sim ... leJFC 0 0 0 0 0 0 EI
Te... ol.IFC 14 100 1349 3294 4757 5284 NI
Ur... 15IFC 0 0 0 0 0 23 TE
Wa... ts.JIFC 63 203 483 21 770 1471 EL

It can be seen from Table 3 that there is significant variation in the total number of
selected elements extracted from the different IFC files, ranging from 0 to 11,328. Among the
selected elements to be classified, the six data sets (in bold) all contain at least three types of
elements, and the number of elements therein accounts for over 50% of the total number of
elements, which illustrates the rationale behind the selection of these four types of elements
for classification in the first place. We thus attempt to classify elements separately using a
single dataset and multiple datasets. We note that in the classification using multiple data
sets, we first perform the feature engineering of these data sets, forming a new data set. The
reason is that there is significant variation in the volumes of the different buildings, as well
as the values of their geometric features. If the buildings were to be directly merged into
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the feature project, the feature standardization would lead to extremely small buildings,
and the value of each feature would subsequently be very small, resulting in distortion of
the data set.

Before the BIM element classification, an essential step is partitioning the data set.
A data set is usually randomly scrambled and broken into three parts: a training set, a
verification set, and a test set. Of these, the function of the training set is to train the model
and find the inherent law. The function of the verification set is to tune the hyperparameters
of the algorithm, including kernel function types and the parameters in the Support Vector
Method (SVM), network architecture and learning rate in the Artificial Neural Network
(ANN), number of decision trees in random forest, etc. The purpose of the test set is to
test the performance of the model. As shown in Figure 5, the training set accounts for
60%, the verification set accounts for 20%, and the test set accounts for 20%. Generally
speaking, the higher the proportion the training set accounts for, the better the performance
of the model, without considering fitting. However, we must expect the training time to
increase accordingly.

Figure 5. Data set partitioning.

The construction process of the data set used in this paper has been explained in detail
in the previous sections. There are three main data sets used, as shown in Table 3. The
source of the dataset is the data extracted from the IFC files, each file being represented by
two uppercase letters, and the specific referential relationship is seen in Table 2.

Datal and Data?2 are extracted from a single IFC file, while Data3 and Data4 are merged
with the data extracted from multiple IFC files. The main purpose of datal is to test the
effectiveness of the machine learning algorithm in BIM element classification; that of Data2
is to oversample Datal, so that we have an equal number of elements to be classified to
verify the impact of classification on inter-class imbalance. The five IFC files that make up
dataset three are shown in bold in Table 4. All five IFC files contain at least three categories
of elements to be classified. Dataset IV consists of three IFC files, all of which contain four
elements to be categorized. Data3 and Data4 are used to prove the effectiveness of the
machine learning algorithm in sorting tasks on data sets composed of multiple files in the
final results and comparison.
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Table 4. Overview of data set.
Element
Data Source Total
BEAM DOOR PLATE MEMBER

Datal ON 1082 512 122 230 218
Data2 ON 2048 512 512 512 512
Data3 ON+TH+FO+NI+EL 18,005 589 1076 4848 11,692
Data4 ON+NI+EL 6609 589 425 2062 3533

The overall idea of element classification in this section is illustrated in Figure 6.
Among them, IE, IL and the other six items, respectively, represent the attributes of elements
to be classified, the label being the name of the element. The whole process is divided into
three steps: first, the three algorithms are trained in the training set to obtain the model;
second, the super parameters of the model are adjusted on the verification set; third, the
effect of the model is tested on the test set.

Algorithm

Decision Tree & Random Forest

INPUT OUTPUT

Figure 6. The overall idea of BIM element classification.

4.2. BIM Element Classification Experiment
Here, we adopt various machine learning algorithms for classifying BIM elements.

4.2.1. BIM Element Classification Based on Support Vector Machine

A support vector machine with Gaussian kernel was used to conduct experiments on
data set 1. When the Gaussian kernel is used, there are two super parameters o, C, where o
is the parameter of the kernel function

[l — x|
202

k(x,',Xj) = eXp(— ) )
also known as the bandwidth of the Gaussian kernel, and C is the regularization term,
which can be understood as the weighting factor for adjusting two optimization indices:
interval size and classification accuracy. The mesh method was used to optimize the two
super parameters, as seen in Table 5.

As we can see from Table 5, a SVM based on Gaussian kernel can achieve the highest
accuracy of 1 on the training set and 0.9908 on the test set. Compared with the linear kernel
SVM, the accuracies of both SVMs are greatly improved. In addition, we observed that
the super parameters corresponding to the highest precision on the training set and the
highest precision on the test set are neither unique nor the same. When ¢ is given to 10,
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C equals 10, 20, 50, 100, respectively. Even with the highest accuracy of 1 on the training
set, the accuracy of the test sets is only 0.8479. This is the machine learning of over fitting
phenomenon; the algorithm performance on the training set was very excellent and had a
good effect on the test set. When C is 0.01, the accuracies of both the test set and the training
set are poor, which illustrates the phenomenon of underfitting.

Table 5. SVM Hyperparameter Optimization.

g 0.01
Training Test Training Test Training Test Training Test
0.01 0.4878 0.4147 0.7676 0.7051 0.6971 0.6505 0.6971 0.6405
0.1 0.8462 0.7880 0.8520 0.7926 0.9850 0.9585 0.9791 0.8341
1 0.8520 0.7926 0.9850 0.9677 0.9988 0.9769 0.9988 0.8479
C 10 0.8520 0.7926 0.9988 0.9723 0.9988 0.9862 1.000 0.8479
20 0.9849 0.9677 0.9988 0.9816 0.9988 0.9862 1.000 0.8479
50 0.9942 0.9908 0.9988 0.9816 0.9988 0.9862 1.000 0.8479
100 0.9988 0.9908 0.9988 0.9769 1.000 0.9862 1.000 0.8479

It is very important in machine learning to optimize the hyperparameter by using the
obfuscating matrix corresponding to the optimal hyperparameter. Its main significance lies
first in improving the accuracy of the model, followed by preventing the over-fitting and
under-fitting phenomena. Combined with the results in Table 5, and combining the two
factors of training set accuracy and test set accuracy, the optimal super parameter values
are C =100, o = 0.01, and the corresponding confusion matrix is shown in Figure 7. It can
be seen that all elements are correctly classified, except for a few MEMBER elements that
are misclassified as BEAM. This also demonstrates the effectiveness of the support vector
machine in BIM element classification.

10

BEAM

DOOR

[en)oY

199en

MEMBER

PLATE

o
S
=
=

Predict Label

BEAM
MEMBER
PLATE

Figure 7. The confusion matrix corresponding to the optimal hyperparameter.

4.2.2. BIM Element Classification Based on Artificial Neural Network

In this section, an artificial neural network is adopted for classifying BIM elements,
and the data set used is Datal. The network architecture used here is shown in Figure 8.
The optimization procedure of these super parameters adopts the grid-based search method
(we have not shown the specific process but only the optimal super parameters in Table 6).
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Figure 8. ANN architecture.

Table 6. ANN optimal Hyperparameter.

Hyperparameter Optimal Value
Network Structure N(6,8,4)
Max Iteration 100
Optimization method SDG
Learning rate 0.03
Momentum 0.5

Training and Validation loss

When selecting the optimal super-parameter, the relationship between the loss of the
entire training process and the accuracy and the number of iterations is shown in Figure 9.
It can be seen that the value of the loss function decreases with the increase in the number
of iterations, while the accuracy increases with the increase in the number of iterations. The
above law was satisfied in both the training set and the verification set. 3

Training and Validation accuracy

[ ] # Training loss 100
10 — Validation loss
095
o0& 0.90
= 0.85
g 06 g
g S 080
04

00

02 % 0.70

® Training acc
™ = Validation acc

BIU BD 10|0 ] 20 40 B0 BO 100
Epochs Epochs

Figure 9. The relationship diagram of loss and accuracy with iteration times.

Quantitatively, the accuracy on both the training set and the verification set reached
1, and the loss on the training set was 0.1185 and 0.0144, respectively. The performance
of the final model on the test set is shown in Table 7. The final classification accuracy
reached 0.9816.

Table 7. ANN classifies the optimal results.

Target Result

Accuracy 0.9816
Loss 0.1509
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gini=0.0
samples=97

value=[0,0,97.0]
class =MEMBER

4.2.3. BIM Element Classification Based on Decision Tree and Random Forest

Datal is still adopted. The visualization results of the decision tree classification are
given directly below. As shown in Figure 10, the root node includes 648 classification
elements. The minimum Gini index is 0.674 and the number of corresponding decision
conditions for Volume is less than or equal to 0.074. According to the two types of classifi-
cation decision conditions, the number of elements that do not satisfy the conditions of the
elements is 334. Subsequently, a new decision node was formed, and the above process
was repeated until a new decision condition for the Cross Section Area was chosen, the
result of this being less than or equal to 0.027. According to the satisfied conditions, they
were further divided into two parts and the same classification was repeated until there
remained only two parts and the Gini index was 0. This indicates that the purity of the data
set reached the highest level. In the whole process of BIM classification using decision tree,
it can be seen in Figure 10 that in all leaf nodes, the Gini index was 0.

‘olume<=0.074
gini=0.674
Samples=648
Value=[311,74,125,138]
Class=BEAM

Tru/ \alse

Number of Cartesian points <= 5.5 CrossSectionArea <=0.027
gini=0.646 gini=0.128
samples =314 samples=334
value= [0,74,102,138] value=[311,0,23,0]
class=PLATE class=BE AM
A/ A v Y
Number of Ca'rt.esan points <=16.0 gini=0.0 gini= 0.0
gini=0.479 samples=311 samples=23
samples=217 value=[311,0,0,0] value = [0,0,23.0]
value= [9,74,5,136] class= BEAM class =MEMBER
class= PLATE
gini={ IsLoad-b.earing<=0.5
samples=138 gini=0.119
value=[0,0,0,138] SpAu=/¥
class= PLATE value = [0,74,5,0]
class=DOOR
gini=0.0 gini=0.0
samples=74 samp les=5
value=[0,74,0,0] value=[0,0,5,0]
classsDOOR classsMEMBER

Figure 10. Decision tree results visualization.

Random forest is based on decision tree classifier Bagging learner. Theoretically
speaking, the accuracy that can be achieved by using the random forest method should
not be lower than that of decision tree. Data set 1 is still tested, and the number of base
learners is 10. Since the decision tree starts at the random location of the test set every time,
ten groups of experiments are conducted to obtain the results shown in Table 8.
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Table 8. Random Forest results.

Training Accuracy Test Accuracy
1 1 1
2 1 1
oo 1 1
10 1 1

From Table 8, we can see that in 10 groups of experiments, the accuracy of the training
set and test set is 1, using the random forest method. This implies that the result of the
random forest method has reached the limit of its performance and there can be no further
improvement. The random forest method is implemented in parallel to the 10 decision
trees to obtain the optimal one, while the precision of each decision tree reached a value
of 0.991.

In addition to the final classification results, random forest can also give the impact of
each feature on the classification results, as shown in Figure 11.

Feature Importance

0.4
0.32
03 —Jl——o025—
02
02 N BN 0.16
0l — :I 0.05 _—
N
4 & & & & &
9 W & > \'s S
K ¥ F o ¥
N
& & &
N o

Figure 11. The influence of different characteristics on the classification results.

From Figure 11, we can see that all the six features selected have an influence on the
final classification result, which is one of the reasons why we selected these six features.
The most important feature has an importance of 0.32. In addition, the total impact of the
first four features on the final classification results adds up to 0.9. This essentially provides
anew training strategy: when faced with a large number of characteristics in a classification
problem, we can apply the random forest method to achieve as much as possible without
losing accuracy by reducing the feature dimension, thus improving the training efficiency
of the model.

4.3. Results and Discussion

In this section, we first discuss the classification results of BIM element classification
for single data sets (datal and data2), followed by an investigation of the reliability of the
machine learning algorithm for the Data3 and Data4 sets.

4.3.1. Comparison of Optimal Classification Results

In the first three stages, the support vector machine, artificial neural network, decision
tree and random forest methods were used (in order) to classify BIM elements on data set 1.
All four methods show very high accuracy. The optimal classification results of the four
methods on data set 1 are shown in Table 9.
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Table 9. Optimal classification results.

Optimization SVM ANN Decision Tree Random Forest
Iraining 0.9988 1 1 1
Accuracy

Test Accuracy 0.9908 0.9816 0.9908 1

From Table 9, we can see that the precision of random forest is the highest, but the
difference between this method and the other three is very small, and the final precisions of
these methods are all over 0.98, which fully demonstrates the feasibility of using the above
algorithm for classifying BIM elements on a single data set.

In order to further verify the effectiveness of BIM element classification using machine
learning, we tested the same methods for the other data sets, composed of multiple IFC files.

4.3.2. Comparison of Classification Results in Single Different Dataset

The main purpose of this section is to verify the effectiveness of the machine learning
algorithm for the classification of BIM elements on a single different data set, using the
grid search method to find the optimal super parameters. The particular single data set
selected was ON, NI, and EL, respectively, all of which contain four types of elements:
BEAM, DOOR, MEMBER, and PLATE. Due to the large difference in the number of various
elements, the resampling method was adopted to ensure that the samples ON each data
set are balanced. SVM, ANN, decision tree and random forest were used to obtain the
best classification results of these methods on the above three data sets. The parentheses
following the dataset name in Table 10 represent the number of elements to be classified in
the dataset.

Table 10. Optimal classification results for a single different dataset.

ON(2048) NI(13176) EL(1932)
Training Test Training Test Training Test
SVM 0.9988 0.9908 0.9461 0.9453 0.9784 0.9767
ANN 1 0.9816 0.9456 0.9450 0.9672 0.9587
DT 1 0.9908 0.9461 0.9454 0.9784 0.9767
RF 1 1 0.9461 0.9454 0.9784 0.9767

From the horizontal comparison shown in Table 10, we can observe that, in general,
all four methods have the highest classification accuracy with the data set “ON”, the lowest
with NI, and EL is intermediate, indicating that the main reason for this observation is the
data set. In other words, the data set “ON” has the best separability, while “NI” has the
worst. The reason is that the data set “NI” is much larger, which increases the complexity of
the data set. In machine learning, the features to be “learned” are more complex. However,
that does not mean that the greater the number of elements, the worse the separability, as
can be confirmed by the classification results with data sets “ON” and “EL".

From a vertical comparison of the classification results obtained with different methods
on the same data set, the accuracy of the RANDOM forest method seems to be the highest,
with the test accuracy of “ON”, “NI” and “EL” reaching 1, 0.9454 and 0.9767, respectively.
The difference in accuracy between the random forest and the other three methods is within
two percent of each other. Furthermore, the accuracy obtained on the test sets are all above
0.94, which proves the feasibility of BIM element classification for different data sets using
these four machine learning methods. This provides an answer the question in Section 3.1.

4.3.3. Comparison of Classification Results on Mixed Data Sets

In order to further verify the feasibility and effectiveness of machine learning algo-
rithms in BIM element classification, two mixed data sets (data3 and data4) composed of
three types of IFC data were tested.
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In order to avoid an inter-class imbalance, resampling was carried out on 18,005
elements of data3, so that the number of elements of each type reached 11,692. At this
point, the data set contained 46,768 elements. The data set was divided into training set,
verification set and test set in the ratio 6:2:2, and BIM element classification was carried
out on the data set by SVM, ANN, decision tree and support vector machine, respectively.
The results obtained are shown in Table 11. The optimization of hyperparameters was
performed using the grid-based search method.

Table 11. Data3 optimal classification results.

SVM ANN DT RF
Hyperparameter C = 20,0 =50 r =0.01,a = 0.99 DEFAULT n=10
Train Accuracy 0.8255 0.8221 0.8252 0.8252
Test Accuracy 0.8224 0.8215 0.8241 0.8241

As can be seen from Table 11, the training and test accuracies for the four methods
in Data3 hover around a value of 0.82, which shows a significant decrease compared with
the performance for a single data set. The obfuscating matrix for the four methods above
Data3, shown in Figure 12, explains the decrease in accuracy.
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Figure 12. Confusion matrix about Data3.
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It can be seen from Figure 12 that the confusion matrices for the SVM, decision tree
and random forest methods are all the same, and the difference with ANN lies in the
classification of elements such as MEMBER, which is only 0.03. This indicates that the
main influence on the classification results is not that of the machine learning method
itself, but rather the data set. By comparing the confusion matrices of the four methods, it
can be seen that the element affecting the final classification accuracy is mainly MEMBER.
An element that should be classified as MEMBER is misclassified as PLATE in 62% of
the cases. By looking at the original information in Data3, we can see that the MEMBER
element misclassified is consistent with PLATE in terms of features. Therefore, in order
to improve the final classification accuracy, more features need to be mined in order to
properly distinguish between MEMBER and PLATE. An additional factor (that cannot be
ignored) is the three data sets by ON + TH + FO + NI + EL, i.e., the merging of five IFC
files to extract information; the TH and FO contain only three elements for classification
(excluding BEAM), and the number of elements in 11,396 accounts for more than 60% of the
total elements in the collection data. As a result, these two IFC files of information changed
the original data distribution. This is the main reason why the efficiency of the machine
learning method when applied to the sets of data3 was less prominent.

Next, more complex mixed data are tested with Data4, including all data sets of
data3 and the addition of the other two IFC data. We removed TH and FO and selected
ON+NI+EL, which are all of the four types of elements, to form Data4. Similarly, the
data set was oversampled, resulting in 3533 elements in each category, with a total of
14,132 elements in the data set. Then, the data set was randomly divided according to 6:2:2,
and BIM element classification was carried out by four methods. The results are shown in
Table 12.

Table 12. Data4 optimal classification results.

SVM ANN DT RF
Hyperparameter C=20,0=100 r=0.01,a =0.99 DEFAULT n =10
Training Accuracy 0.9542 0.9510 0.9558 0.9558
Test Accuracy 0.9522 0.9508 0.9558 0.9558

It can be seen from Table 12 that the accuracy of the four methods in data4 is above 0.95,
which is quite high for the classification problem. Compared with Table 11, the accuracy
increased by more than 12 percentage points. It also illustrates that the poor performance
of the four machine learning methods on the three data sets is due to the influence of two
data sets: TH and FO and TH and FO, respectively. Because it does not contain BEAM
elements, and the total number of elements is larger. This changed the distribution of the
whole data set and made it much more difficult to distinguish between MEMBER and
PLATE elements. In order to support the above viewpoints, the obfuscation matrix of the
optimal classification on data4 by four methods is given, as shown in Figure 13.

It can be seen that in data set 3, the classification accuracy of the MEMBER element,
which is difficult to classify, increased from 0.36 to 0.9, thus ensuring good classifica-
tion. This shift also improved the overall classification accuracy from 0.82 (dataset 3) to
0.95 (dataset 4).

The results in Table 12 are very close to the classification results for a single dataset seen
in Table 10. This clearly shows that for the data sets containing BEAM, DOOR, MEMBER
and PLATE together, even from different IFC files, the overall distribution of the data is
more or less similar, which also validates the theoretical basis for the classification of BIM
elements using machine learning. From the classification results, the SVM, ANN, decision
tree and random forest methods show ideal classification accuracies.
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Figure 13. Confusion matrix about Data4.

The above facts show that SVM, ANN, decision tree and random forest are potentially
very useful for classifying BIM elements. It must be noted that there are certain differences
in the distribution of data sets generated from different IFC files, which are seen in the
types and quantities of elements. When several IFC files are identical in element type,
their elements can be imported into the same dataset for classification. When the types
and quantities of elements vary greatly, it is best to use machine learning to classify their
elements using a data set generated from a single IFC file to ensure the accuracy of the
final classification.

5. Abnormal Data Detection
5.1. Abnormal Data and Evaluation Indexes

A problem inevitably brought about by the massive amount of BIM data is that errors
occur in the modeling process during data generation, even though abnormal data only
account for a small percentage compared to normal data. The detection of abnormal data is
very difficult but necessary.

If only the index of accuracy was used, it would be very misleading. Assuming that
the proportion of abnormal data is 1%, in this case, the output of the setting model is
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normal; that is, no matter what the input data is, the final output is normal. In this case,
the accuracy of abnormal data detection can be as high as 99%, since only 1% of the data
is misclassified. This result is obviously unacceptable, because we have not found all the
abnormal data, even though the accuracy rate is 99%. This shows that in the special context
of anomaly detection, merely using the index of accuracy, is not enough, and a new index
is required for objectively evaluating the final experimental results, ideally a combination
of Accuracy, Precision, Recall and F1-score.

Next, we define normal and outliers. The so-called normal data refers to data points
whose attributes match their labels, and the abnormal data refers to data points whose
attributes do not match their labels. The latter may be divided into two categories. For
example, BEAM is considered as normal data here, while one is an abnormal attribute
value (wrong attribute value appearing, which may be one or more). The other category
refers to an abnormal value of the label; that is, the name of the data is not BEAM, but their
label has wrongly been added to BEAM, as seen in Table 13.

Table 13. Definition of normal and abnormal value.

normal data BEAM W-Wide F SweptSoli False True 0.261838 3 0 0 0 0 Normal
BEAM C-Channe SwptSoli ~ False True 0.103896 16 0 0 0 0
BEAM W-Wide F SwptSoli False True 0266505 3 0 0 1 0 Abnormal properties
Abnormal data BEAM W-Wide F SwptSoli False True 0261838 6 0 0 1 0
BEAM Exit Door MappedR  False True 0.266505 28 0 0 0 0 Abnormal label
BEAM Stair: Steel Brep False True 0.261838 95 0 0 0 O

Taking the BEAM type data as an example, we now need an approach for identifying
abnormal data. The solution is: add the label 0 to normal data, and 1 to abnormal data.
Of course, the above operation is used for the two types of abnormal data, as seen above.
Next, we need to investigate the main sources of abnormal data. Here, we see that there
are two main categories again. The first is the data whose label is not BEAM, generally
considered to be the data with an abnormal label. For the other one, there is an artificial
change in the properties of the normal BEAM that render it abnormal. For example, in the
Number of Points in the column attribute, 3 and 16 frequently appear as the normal value
of BEAM. Here, we set 6 or 50, and so on as an abnormal value. A similar idea is applied to
change the last second attributes of AREA. The normal attributes are denoted as zero, the
abnormal ones can be changed by non-zero data, such as 1, 2, 3, and so on.

5.2. Abnormal Data Detection Experiment

According to the category of exception data, three data sets: DATA_L, DATA_F
DATA_LF were constructed on the basis of dataset 1, which are defined as the label
exception data set, attribute exception data set, label and attribute exception data set,
respectively. The duplicate data were removed. Due to label anomaly, BEAM class elements
were marked as normal data and other elements were marked as abnormal data to form
the data set DATA_L. For attribute exceptions, the proportion of exception data was 10%;
that is, for every 10 elements, a random feature of an element was selected and changed to
a random floating-point number between 0 and 20, and marked as exception data to form
data set DATA_F. The dataset DATA_LF was formed by merging the datasets DATA_L and
DATA_F. Due to the particularity of anomaly detection, when partitioning data sets, the
ratio between the training set, verification set and test set was no longer 6:2:2, but rather
8:1:1, which was chosen according to the current situation. The specific composition of the
three data sets were finally generated as shown in Table 14.
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Table 14. Overview of experimental data sets.
Data Set Composition
Data Set Number
Normal Abnormal

DATA_L 278 239 39
DATA_F 1082 973 109
DATA_LF 1360 1223 137

Due to the partition proportion and the imbalance between classes, stratified sampling
must be adopted in the partitioning of data sets to avoid a situation wherein there are either
no abnormal data or excessive abnormal data in the test set, which will subsequently affect
the final experimental results. Here, ANN and random forest are used for detecting the
abnormal data. The entire procedure of super-parameter optimization is not shown here,
and the final experimental results are given in Table 15.

Table 15. Experimental results of abnormal data detection.

DATA_L DATA_F DATA_LF
ANN RF ANN RF ANN RF
Accuracy 1 1 0.9641 0.9590 0.9463 0.9587
Precision 1 1 1 0.9898 0.9669 0.9616
Recall 1 1 0.9327 0.9327 0.9286 0.9512
F1 Score 1 1 0.9652 0.9604 0.9474 0.9590
Hyperparameter ~ Adagrad n =10 Adagrad n =10 Adagrad n=10
r=0.08 r=0.07 r=0.08
iter = 100 iter = 200 iter = 200
6-8-1 6-32-16-2 6-36-64-8-1
r-si I-1-S0 r-si-r-si

As can be seen from Table 15, ANN and RF have four indices of 1 in DATA_L, indi-
cating that both methods have excellent performance in the case of label exceptions. In
DATA_F, the accuracy of ANN and RF were both above 0.95, the accuracy of ANN was
1 higher than that of RF, and the recall rate of RF was 0.9327 higher than that of ANN. The
overall performance of the two methods is comparable, and each has its own advantages.
In DATA_LE the accuracy of RF was two percentage points higher than that of ANN, the
accuracy of ANN was slightly higher, and the recall rate of RF was slightly higher. Overall,
the performance of the two data sets was lower than the first data set, but the recall rate
was able to reach more than 0.91 as a whole (for all the abnormal data). We can detect
more than 91%, using the algorithm, showing that the two methods for abnormal data
detection have high potential. In the future, if the capacity of the data set can be expanded
and the quality of the data set can be further improved, ANN and RF will have a better
performance in BIM abnormal data detection.

6. Conclusions

In this paper we presented a machine learning approach in the context of large-scale
BIM data, with the following salient features:

We used a Python code to parse the IFC files and extract all BIM elements and their
properties for data processing; based on the extracted BIM data, support vector machine,
simple neural network, decision tree and random forest methods were successfully im-
plemented for the classification of BIM elements. The classification accuracy of the four
methods on the test set reached more than 98%, and the classification accuracy of the ran-
dom forest method with the best classification effect reached a value of 100%. In addition,
the random forest method was used to study the influence of different features on BIM
element classification results, which provides fresh perspectives for feature reduction.
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A definition criterion for anomaly detection was given, and K-means clustering was
used to predict the validity of elements. In the context of abnormal data detection, the
artificial neural network algorithm was adopted, and the final recall rate was 92%, which
allowed effective abnormal data detection.
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