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Abstract

Automated BIM Data Generation
Using Drawing Recognition for

Construction Projects

Juhee Rho
Department of Architecture & Architectural Engineering
The Graduate School

Seoul National University

The number of building information modeling (BIM)-applied
construction projects has been increased with an expectation that it will shift
labor-intensive industry into knowledge-based one. And as of 2018, many
countries including Korea and UK made it mandatory to apply BIM data in
the construction projects. Despite its advantages of applications that
facilitates the continuous utilization of project information in terms of 3D
shape and attribute values in one project’s life cycle, a lot or workers and
managers at the design and construction stage remain to work based on 2D

drawings. Duplicated project information creating task, results from this gap



between the practical and the systemic situation, affects a negative impact on

construction projects, that have limited cost and time.

Therefore, this research develops a framework for transforming project
information of 2D drawings into an object model including drawing
recognition and text-line extraction. In order to use the numerical values of
quantity from the created model at the construction stage, the modeling
specification that includes relationship between building components and
priority between object types, which are based upon estimation standards, are
established. To confirm the performance of the framework, text classification
based on the Bayesian filter and object model generation are experimented.
In addition, the applicability to the construction project is evaluated with the
case experiment conducted with the generated BIM model targeting an office
building and further quantity calculation with three different methods. The
analysis results show the high accuracy of object model generation as well as
more accurate computation to the current work approach. It is expected to the
results of this research with the future technical development will improve
the work process of data creation and further improve the productivity of

construction project.

Keywords: Construction Management, Building Information Modeling (BIM),
Text Classification, Automated BIM Data Generation, Quantity Take-off (QTO)

Student Number: 2017-37092
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Chapter 1. Introduction

1.1 Research Background and Motivation

Building information modeling (BIM), which first appeared in the 1990s
as a form of three-dimensional computer-aided design (3D CAD), has been
applied to construction projects since the late 2000s with improvement in
computer performance (Hardin and McCool, 2015). Since then, the
application of BIM has expanded, and, as of 2018, some countries such as
Korea, Singapore, Hong Kong, and Australia have made it mandatory in
construction projects (Mao, 2017). Being semantic-based and object-oriented,
the application of BIM allows users to gradually accumulate project
information, and use it continuously in management of construction projects
for various purposes (Jung and Kim, 2016; Succar, 2009; Eastman et al.,
2008). Furthermore, its implementation in construction projects influence
more on the way to generate project information as well as to improve
business process than adopting new technology (Howard et al., 2008).
Accurate creation and utilization of data through BIM improves a project’s
productivity by enhancing design quality and further contributes to reducing
wastage of material, resources and costs (Holzer, 2013; Azhar, 2011; Eadie

etal., 2013).



The degree of BIM application is defined by the purposes for which it is
used in the construction project and the detail level of the model created.
Based on the purposes, BIM was initially used for visualization such as 3D
design review and coordination, and its expanded use is data transformation
with values of time, cost, and environmental review (Lee et al., 2017). In
domestic(Korean) and overseas construction projects, BIM has been adopted
for different purposes: in domestic projects, BIM is adopted mainly for
transitional design (2D drawings to 3D BIM model); whereas, in overseas
projects, the focus is more on improving design quality and constructibility

(Koh, 2011).

Researchers have found that these differences are due to the efforts made
by the academia as well as the outcome of the government’s support
programs in the early stage of BIM introduction (Park et al., 2009; Kang et
al., 2007). For instance, in the United States where more than 90%
architectural firms utilize BIM in their projects(as per 2009), the initial
concept of a building description system and the specific descriptions were
formed by researchers in 1970 and 1986 (Eastman et al., 1974; Aish, R. 1986).
Since then, the technical development and the government’s support was
complemented by 50 pilot projects. This resulted in further development of
BIM guidelines and also encouraged its application in construction projects

(Kang et al., 2007).



Unlike in the case of foreign countries, the application of BIM
domestically began with major construction firms, who encountered it while
servicing the requirements of foreign motivation and lack of any systematic
standards, application of BIM in domestic projects did not produce effective
outcomes. Furthermore, due to the nature of the design phase in domestic
construction projects that depend on subcontractors and do not encourage
builders to participate in many cases, the gradual preparation of data BIM is

difficult (Eadie et al., 2013; Choi, 2013).

Consequently, contrary to the expectations of the construction industry,
data management of construction projects remains either in its infancy stage
of visual application focused on design transformation or in a former phase
of 2D drawing-based management. This has resulted in a conflict with the
system, which has mandated the creation and use of BIM data. It has further
led to problems such as BIM data creation only for project delivery
submission, and the duplication of same information in 2D drawings and 3D

models.



1.2 Problem Statement

Problems in Practice

According to the annual BIM utilization survey, 69% construction
companies in United Kingdom are applying BIM to projects (NBS, 2019)
and 59% of all domestic architectural firms, construction companies, and
clients employ BIM to building projects (Lee and Lee, 2019). Among them,
49% of the respondents answered their adopting BIM to the extended
application of quantity take-off (QTO) and cost estimation. As for the
difficulty of BIM application and the limited specific areas, respondents
indicated two fundamental causes: the first is an experts’ inclination to work
in conventional 2D drawing-based work methods (data creation and quantity
calculation) and the second is data inconsistency in terms of modeling criteria

and level of detail (LOD; incompatible data to QTO standards).

(1) Duplicated Task for Project Data Generation

To meet the national construction standards, design information
recorded in the form of 2D drawings must be converted into 3D BIM data
through manual modeling based on the drawings. According to experts, the
time required to create a BIM model that has an LOD sufficient for 4D

simulation (Boton et al., 2015) is about 5% of the total construction period.



As projects in the construction industry repeatedly suffer from delays and
cost overruns (Enshassi et al., 2015), this time-consuming and repetitive data-

writing task may further contribute to the problem.

(2) Non-utilization of Numeric Values from BIM Data

The advantages associated with the use of BIM include the ability to
utilize data with expanded are of time and cost by automatically extracting
and transforming data created with visual and geometric information.
However, the data is not utilized in construction projects (Lee and Lee, 2019)
because of the differences between the modeling criteria and QTO standards,

which causes further time-consuming issues in the construction phase.

Limitations of Previous Efforts

The aforementioned problems can be addressed by developing a method
for automatic generation of BIM data using 2D drawings. Some researchers
suggested the creation of 3D shape data such as wall and room space using
drawing and pattern recognition (Kim et al., 2009; Lu et al., 2005), while
others focused on acquisition of attributes of quantity information, including

area, through an automated simple model generation (Lawrence et al., 2014).

However, these research studies mostly focused on only one aspect of

BIM—form creation or property acquisition—and, therefore, the created data



has limited use in actual construction projects. Even with recent research

studies that facilitates object modeling through drawing recognition, the data

generated can only by used for specific work trades or components (Gimenez

et al., 2016; Janssen et al., 2016); therefore, automated BIM modeling that

works regardless of the work trade remains unresolved.
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1.3 Research Objective and Scope

This dissertation aims to address the aforementioned problems by
developing an automatic BIM generation framework based on drawing
recognition for generating data that can be utilized in the construction stage.
To be specific, the framework includes the overall process, together with the
theoretical description and technical methods, for converting the information
in 2D drawing into 3D object model. In addition, a modeling criteria based
on the relationships (priorities and deduction rules) between objects that
accord with the estimation standards is defined so that the automatically
calculated quantity from the project data completed with the set of generated

objects can be utilized in the construction phase.

To achieve this goal and to develop this framework, the specific
objectives are as follows:

(1) To generate an object model, including shape and properties, through

recognition and conversion of line and text information in drawings that

works regardless of the work trades.

(2) Establishing modeling criteria suitable for quantity calculation

standards that can be used in the construction phase.

(3) Confirming feasibility and project applicability of these based on



experiments both at the object and project level.

By identifying the combinations of line and text in design drawings and
extracting them into separate layers, an object model is created. To be specific,
the line information is used as the planar shape of the object and the text
information is employed for attributes such as its building components. The
framework describes the overall process to create an object model through
drawing recognition and the technical definitions in each stage. This study
also identifies techniques applicable to the framework and highlights their
strengths as well as potential synergies. With an aim to meet the QTO
standards, this dissertation established the modeling criteria, which includes
the reference level, level of modeling detail, and the priorities between
objects. The proposed specification is verified by comparing the results with

the drawing-based quantity calculation method.

The main scope of this research is automated BIM data generation for
construction projects with 2D drawings, specifically regarding data
conversion from 2D drawings to 3D object model as well as establishing
relationships between object models to complete the project model. From the
perspectives of design development, the ‘detailed design’ or ‘construction
document’ phase during a design stage is the detailed stage of the project

information to be targeted. Through the process of drawing recognition, line-



text extraction, text classification, and finally pattern recognition, a project
data created in 2D drawings can be converted into an object model with 3D
shape and attributes. Structural drawings prepared for construction projects
are applied as case studies to confirm the proposed method. Finally, through
implementation of a case project application, we explain the feasibility as
well as the applicability of the proposed framework and the significance of

this work.

The approach of creating 3D objects based on shape features and
acquiring attribute information enables BIM data creation regardless of the
construction work type of the status of design development. Compared to
manual model creation, it can help improve the accuracy of project data by
eliminating information loss and modeling errors. Further, it can enhance the
efficiency and effectiveness during construction management through
utilization of quantities that are automatically extracted from the project BIM

data.



1.4 Dissertation Outline

This dissertation is structured in seven chapters (as described in Figure
1-2), and Figure 1-1 describes the process of employed to achieve the

research objectives introduced above.

To begin with, as research background, the importance and necessity of
a new project data delivery method using BIM is described, and then its
difficulties in practical uses are indicated in this chapter. After explaining the
challenge involved in application of BIM to construction projects, the

ultimate goal and ways to address them are illustrated as following:

Chapter 2, Preliminary Research, examines the use of BIM in
construction phase in the present scenario. It also examines material quantity
calculation based on whether BIM data exists or not. An in-depth review of
current research on automated 3D model generation is also conducted,
specifically from a perspective of data extraction, data-utilized modeling, and
the integrated process of these two. Finally, research hypotheses are
established to address the knowledge gap that is unsolved problem by the

existing body of knowledge.

10



Chapter 3, Research Methodologies, introduces the research framework
and methods adopted to develop the research model that is required to explain
the hypotheses introduced in the previous chapter. The research methods
include information acquisition and utilization approaches for creating object
model as well as the experimental models and result verification methods

applied in object- and project-level experiments.

Chapter 4, BIM Data Generation Framework, describes the overall
process of data transformation and the required technical methods for
drawing-based BIM data generation. The framework is explained separately
at the object level (which automatically converts drawing information created
at the design stage into information of the object model) and at the project
level (which describes the relationship between the types of object models

that meet the quantity calculation criteria).

Chapter 5, Object-level Experiment, applies the proposed automated
object modeling framework to a structural model and a duct model. Two
separate experiments have been described to evaluate the proposed
framework: for a text classifier using text resources from sample drawings

and for object modeling using line from sample drawings.

Chapter 6, Project-level Experiment, explains the applicability of the

11



proposed framework to the case project and the significance of the work. Six
complex building projects are employed for further application with
modeling and further quantity calculation. Both conventional work method
and the proposed method are implemented for case projects and the results

are compared.

Chapter 7, Conclusions, summarizes the overall findings and discusses

the implications, contributions, and limitations of this work. It also presents

the possible directions for future works.

12
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Chapter 2. Preliminary Research

The advantages relate to use of 3D data in construction projects have
been identified and discussed in many previous research studies. For instance,
Eadie (2013) quantitatively explained that the collaborative approach used as
a result of BIM introduction improves project performance in the design and
construction processes (Eadie, 2013). Due to the reluctance of key personnel
involved in the project data generation and its application, duplication of
tasks, wherein 3D models are prepared from 2D drawings sets has continued.
In the construction stage, in particular, quantity calculation and cost

estimation using BIM data is hardly deployed.

This chapter describes the difficulties in employment of this BIM-based
project data and the current efforts to create and use it in an automated manner.
To enable the extracted quantities from project BIM data in construction
phase, the traditional project calculation methods are investigated; we then
establish the 3D model preparation standards that can calculate the project
material quantities automatically. After introducing the considerations
involved in model creation, previous research studies that have focused on
automated model generation are described.

The relevant methodologies—from traditional research works to the

15



recent advanced ones—are investigated. Their findings can be divided into
two types: information extraction-based approaches and automatic modeling
approaches. After an analysis of the technical merits and limitations using
existing related research reviews, the research hypotheses are established.
These assumptions include a framework with the overall process and
techniques for object model generation based on drawing recognition, and
relationships (priorities and deduction rules) between the objects to be

considered for quantity calculation.

16



2.1 BIM in Construction

BIM represents the development and use of computer-generated 3D
models in a building project’s lifecycle. The result is a data-rich, object-
oriented, and intelligent model created in a parametric manner that meets the
needs and aims of various users (Azhar et al., 2008). To be specific, a BIM
model is composed of the shapes and dimensions of the project; the space
made from a relationship between objects; and non-geometric attributes such

as material, zoning, and construction order (Gimenez et al., 2006).

In spite of the advantages of BIM, a preference for traditional
methodology continues to lead to creation and utilization of 2D-based data
(Lee et al., 2014). Hence, the mandatory creation and use of BIM data in
construction projects has resulted in duplicated data creation; one 2D and the
other 3D. The process of construction management utilizing BIM is shown
in Figure 2-1. Figure 2-1 explains the application methods for BIM data
according to the process of construction projects. As mentioned previously,
2D drawing based project data generation at the design stage requires BIM
data generation task to be at the beginning of the construction stage. This
leads to a duplicated data generation process, thereby leading to more time

and efforts (expressed in the figure as gray solid fille).

17
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Figure 2-1. BIM application in construction management

Table 2-1 shows the modified results of a domestic survey conducted in
2019 (Lee and Lee, 2019). According to these results, visual utilization of
design review, 3D coordination, 3D control and plan are the most actively
applied application of BIM data during the construction phase. They are
followed by quantity calculation, cost estimation, as-built model creation,
code verification, and asset management. This is because of the technical

difficulties as well as the professional knowledge required in data

18



modification (for its further utilization), which leads to concerns regarding

return on investment and, subsequently reluctance to employ them.

However, when BIM data preparation is done correctly, the quantities
can be estimated accurately as exact as the planned project without any
separate calculating process (Lee et al., 2011). As there are no potential
errors/omissions resulting from a lack of drawings or the estimator’s
assumptions as in drawing-based calculation process, it is convenient and the
estimated results are accurate (Kim et al., 2009). In the following section, we
consider modeled objects that are automatically generated using drawing
recognition so that the quantities for the construction phase can be calculated

accurately.

19



Table 2-1. The priority of current BIM application in construction project

Priority Ranks Perceived Level of Difficulty
BIM Applications
(Rate of response, %) (Rate of response, %)
3D Coordination 1 (87%) 15 (8%)
Design Authoring 2 (86%) 16 (4%)
Design Reviews 3 (62%) 14 (9%)
3D Controls and Planning 4 (56%) 12 (13%)
Cost Estimation 5 (49%) 7 (27%)
Site Utilization Planning 6 (33%) 12 (13%)
As-built Modeling 6 (33%) 11 (16%)
Digital Fabrication 8 (22%) 9 (24%)
Engineering Analysis (structure, energy) 9 (20%) 7 (27%)
Exsiting Condition Modeling (Laser 10 (18%) 10 (20%)
scanning)
Building System Analyis 10 (18%) 4 (33%)
Building Operation and Maintenance 12 (13%) 2 (38%)
Code Validation 13 (11%) 3 (34%)
Sustainability Analysis 14 (10%) 4 (33%)
Disaster/Refuge Planning 15 (8%) 4 (33%)
Asset Management 16 (4%) 1 (42%)
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2.2 QTO Methods and Requirements

2.2.1 Types of QTO Processes

2D Drawing-based Estimation Process

The traditional method of estimation in the domestic construction
industry follows the method of classifying the numerical results obtained
from 2D drawings by cost item for further cost estimation (Joo and Jun, 2009).
The QTO and subsequent cost estimation processes based on BIM data and
2D drawings are shown in Figure 2-2. The distinguishing feature of the 2D
drawing-based process is the role of estimator in terms of his/her involvement
and his/her subjective judgement. In particular, drawing quality check and
accumulation of construction items need to be performed before calculations
can be made by estimator. The accumulated construction items also need to
be re-arranged as cost items for cost estimation. In case there is insufficient
project data from the drawing set, the estimator assumes the final set of items

to arrive at an estimate.

BIM-based Estimation Process
However, the BIM-based quantity calculation process excludes the steps
involved between modeling and QTO. Specifically, the quantities are

automatically calculated using the object model and therefore, the accuracy
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of the model and the standards of creation are important to meet QTO criteria.

2D Drawing-based Estimation Process (Xu, 2013)
Design Classifying Calculating .
Dra%v]vjin < Drawing Sets —® ProjectDataas [—® Quantity of [ ,?;La:gtgf
& Quality Check Cost-items Cost-items i

-Floor plans e.g.. Bills of
-Section/elevation quantity
-Material schedule (BOQ)
-Specifications
(MM

Resources Cost
Database Estimation

-Material unit cost
-Labor/ Equipment cost
-Overheads

BIM BIM Model ./ Automated
Model Quality Check QTO

-Integrated 3D model

BIM-based Estimation Process (Kim, 2013)

Figure 2-2. QTO and cost estimation process

2.2.2 Types of BIM-based QTO

To relieve the inconvenience of the traditional calculation process and
to utilize information from BIM data, a BIM-based estimation method was
proposed. There are three types of estimation methods depending on the
calculation purpose and objects: finishing material table-based estimation,

material take off, and schedule QTO (Joo and Jun, 2009).
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The first method, using interior finishing material table, calculates only
the interior materials. There are two approaches towards this method: one is
to create all finishing material (single or complex) as object type and then
complete the 3D model; and the other is to utilize room information of the

completed BIM data by entering material information as room attributes.

The material take-off method is applied to building materials that require
total volume, such as concrete or steel. By defining the modeling criteria for
each object types and material, different results can be derived. Lastly, the
schedule QTO is adopted when the number of objects, such as openings or
mechanical electrical and plumbing (MEP) elements, is needed. Here, total

number or length of each type can be calculated.

2.2.3 Required LOD for QTO

The abbreviation LOD was first adopted by the buildingSMART group
and it describes the required accuracy of the BIM model at each stage of a
construction project, with the level of detailed shape information and the
level of detailed attribute information included (Adami et al., 2017). Table 2-
2 compares the level of information required from LOD, building
information level (BIL) that is suggested by Korean Public Procurement

Service, and Singapore LOD promoted by Building and Construction
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Authority (BCA) of Singapore. The level starts from 100, the conceptual

design phase, and ends at 500, the as-built model.

In this dissertation, the steps from 200 to 400—from schematic design
stages to construction drawings—are employed. Originally, LOD 200
defined the model detail at the schematic design, 300 was for developed
design, and 400 was for construction document level. However, to the need
for an additional level between 300 and 400, LOD 350 has been recently
added to explain the detailed design stage. These same phases are indicated

as 20 to 50 in BIL.

Although the level for construction documents is defined as LOD 400,

from the specific contents of model requirements, it is assumed that LOD 350

or BIL 40 has sufficient information for QTO.
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Table 2-2. Comparison of LOD, BIL, and Singaporean LOD

LOD BIL BCA’s LOD
Model / Estimation
- Graphic model with a generic - Graphic model with main structure
Schematic system components without material info.
200 20
Design - Approximate quantity - Approximate data for project review and - Graphic model with
information conceptual estimate general building
) - Graphic model with entire structural components
- Graphic model as a specific ) )
components - Approximate size and
Design system ) )
300 ) ) 30 - Quantity of elements, size, location and quantity
Development - Exact quantity as designed
) orientation for LCC analysis and decision
(size, shape)
making
- Graphic model with a specific
) ) ) - Graphic model with
system with assembles - Graphic model with the entire structural
Detailed ) ) ) specific elements
350 - Quantity data for objects as 40 and architectural elements
Design ) - Quantity data of size,
well as support or connection -QTO
) shape, location
after coordination
- Graphic model with specific data for
] ) - Graphic model with
Construction - Graphic model with sufficient construction
400 50 specific data for
Document data and accuracy for fabrication - Quantity information for cost estimation
construction
and procurement management
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2.3 Research Studies on Automated 3D Modeling Using

Drawing Recognition

Automated model generation is based on the prerequisite that project-
related information already exists, either drawings or existing structure of
buildings, and that these can be obtained through data conversion. Therefore,
the methods of drawing recognition to extract information or knowledge from
existing drawings and the methods of transforming the extracted information
are important. Many research studies and reviews have covered the topic of
automated model generation, and they can be classified into two types based

on the basic information used: as-planned model and as-built model creation.

As-built model creation has attracted considerable attention of
researchers with the development of related technologies such as unmanned
aerial vehicles (UAVs) (GIM international, 2018; Kwak et al., 2014), laser
scanners, and point cloud data (Bosche and Haas, 2008; Brilakis et al, 2011;
Aryaici and Gamito, 2006). Whereas due to expected decline of project
information in the form of 2D CAD drawings in the future, as-planned model
creation has been relatively ignored (Barki et al., 2015) and studies on it have
focused on either specific technologies or on specific work trades like

reinforced concrete or interior finishing work (Kim et al., 2009; Changsoft
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1&1, 2019).

However, as mentioned previously, the use of 2D drawings remains
common in the current scenario and, therefore, as-built models must be
prioritized. This section reviews the previous research studies conducted on
automatic as-planned model creation and the existing approaches on drawing

recognition and information extraction (Figure 2-3, Table 2-3).

Input 2D
DWG

i.’ \‘1 ;‘, Line Pattcrq Shape \!
| } | Recognition i
i Drawi.n‘g . Linc/tgxt 1 3 i
i Recognition Separation 3 | i
i o . Text ;
i i i Text | Classification  |Property ;
| » |
i P !
l\ [Information Extraction] )i [3D Model Creation] /II
¥

Output
BIM Model

Figure 2-3. Process of converting 2D drawings into BIM model

’ ;A2 ehi



Table 2-3. Existing approaches to information extraction and automated as-planned model creation based on 2D drawings

Information Extraction and

Process of Conversion from

Model Creation
Researchers Objective Separation Drawings into 3D Model
Method Method Range of Application
Fletcher and Automated text/graphic
Hough transform X X
Kasturi (1998) separation from documents
Tombre et al. Segmenting the text and Heuristics rules with text
X X
(2002) graphic layer from images bounding box
Zhang and Lu Identifying image techniques | Pattern recognition/ Generic
X X
(2004) for image retrieval Fourier Descriptor (GFD)
Morphological component
Hoang and Text extraction from
analysis (MCA) and post X X
Tabbone (2010) graphical document
process
Text extraction from complex | Sparse Signal Representation
Pan et al. (2007) X X
background and MCA
Lewis and Generation of 3D model Contour extraction by
X X
Sequin (1985) based on 2D plans following the borders
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Information Extraction and

Process of Conversion from

Model Creation
Researchers Objective Separation Drawings into 3D Model
Method Method Range of Application
o Determining the shape of
Kim et al. Automated interior modeling
) X rooms and model interior as X
(2009) for and quantity take-off
composited material
) ) Digital surface model
Bredif et al. Automatic solid model
o X generation by extracting X
(2013) generation in city-level
contour lines and extrusion
Automated floor plan Text/graphics separation and Contour extraction by, and
Ahmed et al.
analysis by finding outer optical character recognition polygonal approximation to X
(2011)
walls (OCR) for space analysis get outlines
Acquisition of priori
Barki et al. Automatic conversion of 2D Simple 3D modeling using
information from CAD X
(2015) CAD into BIM models existing software

drawing
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Information Extraction and

Process of Conversion from

Model Creation
Researchers Objective Separation Drawings into 3D Model
Method Method Range of Application
Drawing recognition and Rebar modeling by
Changsoft &I | Automatic BIM modeling for o Modeling using rules of o )
acquisition of location recognizing rebar placing
(2019) reinforced concrete placement

information

drawing

Gimenez et al.

3D model generation from

Feature extraction for

separation and OCR for text

Pattern recognition (Hough

method) and segment

Wall and enclosed space

modeling using scanned

(2016) 2D plans
analysis analysis drawing
Automated BIM object
Text-line extraction for Pattern recognition and
Automated BIM model modeling based on
Proposed separation and the Bayesian linking acquired knowledge

generation from 2D drawings

filter for text analysis

(textual) to individual object

information from digitalized

drawing
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2.3.1 Drawing Recognition and Information Extraction

Prior to the modeling process, project-related information (such as line
and text data) from digitalized 2D drawings such as DWG or PDF needs to
be extracted. Drawing recognition is one kind of pattern recognition or
graphic recognition technical method that recognizes feature from a
document in the computer engineering field (Kaneko, 1992; Chhabra, 2000).
When the target subject is limited to engineering drawings, it is defined as
drawing recognition, and it is the technique that classifies shape and text
based on the relationship of vectorized pixel from the documents containing
graphics. Geometric patterns from lines are acquired for understanding the
shape of objects, and the attributes from texts are necessary to identify the

material of the object, element type, and location information (Figure 2-3).

Because both data are required to complete the 3D shape of an object
with properties, the process of distinguishing them as separated layers takes
priority and a modeling process is employed consequently (Lu et al., 2005;
Lu et al., 2008). Fletcher and Katsuri (1988) are well known for a research
study that suggested text and line extraction using heuristic rules to separate
data in an image (Hoang and Tabbone, 2008). This method is widely used

due to its simplicity and scalability. Nevertheless, it is difficult to apply when
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the line and text overlap or touch each other.

In order to complement this method and employ it for a graphic-rich
images such as engineering drawings, Tombre (2002) proposed an extraction
method that finds a text string’s direction as well as its boundary box
simultaneously. On the other hand, a morphological component analysis,
suggested by Hoang (2010) and Pan (2007), uses a distinguishing feature
between the text and line to separate them. Further, Zhang (2004) suggested
the shape representation and description techniques using generic Fourier
descriptor, and it became the most effective solution among general image
analysis methods. After information extraction from the 2D drawing set, a
BIM model can be created by linking the obtained information to a basic

object model.
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2.3.2 As-planned 3D Modeling Based on 2D Drawings

There have been many research studies on automatic 3D model
generation using existing 2D graphic information. 2D drawings are
composed of graphic elements of vertices and edges, and these elements can
be utilized to generate 3D model accurately in terms of numerical value and

shape.

However, in engineering drawings lines that overlapped or are very
close to each are common; therefore, a technique that arrange them and leaves
only necessary contour lines is important for further extrusion of the 3D
model. In this direction, Lewis (1998) proposed building model generation
(BMG), which creates the entire building plan in 3D by identifying lines in
floor plans and leaving only closed curves to extrude. The output model can
be employed for the design review stage with accurately created inner and
external spaces and for the building operation plan, especially for building
evacuation plan with walk-in function. Brendif (2013) suggested the digital
surface model (DSM), which generates a city-level 3D model by extracting
non-overlapped square-based outlines from 2D graphic images and
constructing continuous boundaries with the array of line segments. It

extracts outlines not only from CAD drawings but also from aerial
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photographs as well, thereby demonstrating the use of multiple sources for
3D model generation. Kim (2009) proposed the use of pattern recognition for
structural wall modeling. He suggested creating a surface based on line data
first and then creating a complete 3D model by surrounding all sides with the
surfaces. From the resulting model, exact values for length, area, and volume
of a modeled object can be calculated (Kim et al., 2009). However, this
surface model neither contains attributes nor has object-oriented features, and

therefore, it is limited in practical use.

These previous studies have completed a shape-oriented surface model
for design review of simple quantity calculation. Despite their lack of
information in terms of properties of object-oriented features, the boundary
construction and 3D extrusion skills defined may be applied in part or as is

in this research this research study at the object shape creation stage.
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2.3.3 Research Studies Using an Integrated Approach

The aforementioned research studies focused on two different themes:
one distinguishes line and text information when they are mixed in a single
image and the other creates 3D models automatically based on extracted line
data from drawings. However, to utilize these methods in practical
construction projects, these technologies must be integrated under one

framework to ensure that work conducted in a continuous workflow.

There is a commercial software that supports automatic object modeling
using drawing recognition (Changsoft 1&I, 2019). Using this technology,
project location information is defined and saved, and the reinforcement
model is automatically generated after being recognized from the rebar
placement drawings. Although this solution implements drawing recognition
and subsequent automatic modeling, it focuses on a specific type of work

trade.

Ahmed (2011) and Gimenez (2015) proposed a method that separates
geometric elements and textual information through text-graphic
segmentation and generates 3D wall model as well as enclosed space model

surrounded by them (Ahmed et al., 2011; Gimenez et al., 2015). However,
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they focused on wall modeling that constitutes space, and they did not
consider generating the attributes of the objects. Further, a scanned
engineering drawing was used as the source for modeling and, thus, cross-

sectional relationships such as ceiling height or level were not considered.

2.3.4 Limitations of Previous Research Studies

Table 2-3 depicts the methods and findings of 12 research studies,
organized in chronological order and classified under various subjects:
information extraction (5 studies), 3D shape creation (3 studies), and the

integrated process of drawing recognition and shape creation (4 studies).

Preliminary research including literature reviews and research on related
technologies have been conducted to analyze to existing efforts with
theoretical and technical similarities applicable to this study. Research studies
that focused on model creation using drawing recognition showed a similarity
with the purpose of this research study in terms of employing existing
drawings as a basis for automatic model generation. However, most of their
research results are suitable for a specific type of construction such as
reinforcement (Changsoft 1&1, 2019), or for a building component like walls

and enclosed inner space (Ahmed, 2011; Gimenez, 2016). In particular,
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Gimenez (2016) conducted his research along with software development
and performed his experiments under research hypotheses of information
separation and data transformation process. Although this is a similar to the
research objectives of this study, their studies utilize a different approach
based on the assumption that every structural objects are started from the
inner space such as a roon space and enclosing walls, and then openings exist

inside the wall.
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2.4 Research Hypotheses

In order to generate an object model using drawing recognition
regardless of the shape and work trades, this research study considered an
approach that separates individually transforms line and text then integrates
them later. The project data can be created by defining the relationships
between independently created objects as priority and deduction rules
comply with quantity calculation standards. This research model is defined

by following research hypotheses (Fig. 2-4).

Hpypothesis 1: Separate conversion process of shape and property creates
object model regardless of shape or work trade.

The shape and property of the object model is a distinguishing feature
of BIM data from the 3D model. This research study defines the framework
that includes the overall process and related technologies of extracting line
and text information separately, transforming data, and then integrating them.
Based on experimental applications, it is confirmed that this framework
enables to generate object model regardless of the object type and shape.
Hypothesis 1 focuses on the individual object, whereas Hypothesis 2

considers relationships between created objects.
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Hypothesis 2: Modeling criteria that complies with estimation standards

facilitate quantity extraction during the construction phase.

Despite the availability of quantity information that is automatically

extracted from BIM data, BIM-based quantity calculation is hardly utilized

due to the inconsistent modeling standards with the traditional estimation rule.

To confirm Hypothesis 2, the relationships between objects—priority and

deduction when overlapped—are defined, and then the applicability of the

resulted numerical information from BIM data is evaluated in accordance

with the estimation criteria in the construction phase. To this end, the

modeling criteria are established first, and then experiments are conducted.
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Figure 2-4. Description of research hypotheses
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2.5 Summary

In this chapter, the advantages of BIM-based project data and the
difficulties in applying it in the construction industry were addressed. Two
fundamental causes as well as previous efforts to relieve them were
presented. However, an integrated process of these two approaches is needed
for practical use; in other words, an automated 3D object model generation
that can be employed for QTO as well as cost estimation. In this context, this
study compared 2D drawing—based QTO process with the BIM data—based
one to identify points to be considered in model creation. To take advantage
of the ability to automatically calculate the quantities from BIM data without
the estimator’s intervention, the required accuracy and LOD standards that

are needed for model creation were confirmed.

Also, this chapter presented a comprehensive review of previous efforts
to address the problem of repetitive data-writing works. Although some
implications can be drawn by their outcomes, it is still difficult to employ
them in practical applications. Specifically, these previous studies focused
either on the process of drawing-based automatic model creation or on the
extraction of drawing information. Some research studies also proposed an

integrated process; however, they focused on a specific work trade, making
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them difficult to employ in a construction project that includes complicated
work trades and construction types. In order to overcome the limitations of
these existing research studies on automated BIM data generation and to
utilize the created data in the construction phase, two research hypotheses
were established: the first hypothesized that a separate conversion process of
shape and property creates object models regardless of shape or work trade;
the other hypothesized that modeling criteria that comply with estimation

standards facilitate quantity extraction during the construction phase.

Thus, this research study suggested the overall process and step-by-step
methods including pattern recognition and text-line separation, proposed in
the previous studies. To be specific, the automated object model creation was
based on the modeling specification that meets the QTO standards, which is
defined in consideration of the numerical data utilization—quantity and

estimated cost—on construction project.
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Chapter 3. Research Methodology

This chapter introduces the research framework and methods adopted to
develop the research model required to explain the proposed hypotheses. The
developed research framework, based upon specific research objectives,
explains acquisition and utilization of information at the object level and
establishes relationships between objects at the project level. For verification
of the research framework and methodologies, further experiments are
conducted in the next chapters. The research methods include information
acquisition and utilization approaches for creating object model as well as
the experimental models and result verification methods applied in object-

and project-level experiments.
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3.1 Research Framework

The research framework, including research methods, used to validate
and verify the automated BIM generation framework is described in Figure
3-1. First, the automated object model generation framework based on
drawing recognition, and then the priority and deduction rules between
objects for quantity calculation were derived from related literature and

technical reviews.

The experiments to confirm the research hypotheses were conducted
separately at the object level and the project level. The former was performed
with an aim to confirm the feasibility of the individual object generation
framework. The latter was conducted to verify applicability of the completed
project data, for example, it is confirmation of the quantity output result that
has changed due to established relationships between object models. In the
object-level experiment, a text classifier for collecting the properties of an
object model and a line-based 3D shape creation environment were
developed. Its effectiveness is evaluated using the results of the created 3D
shape and the recognized object property as well as self-performance
evaluation. In addition, F1-score and G-mean were calculated for cross

validation.
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In the project-level experiment, performance evaluation was conducted

through quantitative comparison. To be specific, the quantity of the target

case was extracted using three different methods: drawing-based calculation,

BIM model-based calculation, and the BIM model considering priorities

between objects-. Two relative errors in comparison with the drawing-based

quantities were calculated, and the two results were comparatively evaluated

to explain their applicability to construction projects.

Research objectives

| Object model creation with text and line | |

Experiments to evaluate hypotheses

| | Modeling criteria for quantity calculation |

I—$

| Developing framework for object generation ‘

’ Establishing criteria between objects for QTO ‘

Literature Reviews
1

Literature Reviews
1

1
¥ A 4
| Overall process | | Priorities and deduction rules between objects |
| Bayesian filter | | Pattern recognition |
T Input:
I . [ DWGs f—>
; y
Input: - S QTO from
t — T o g
modd — M [
abbreviation model environment with criteria
"""""" > QTO from mmmmmee]
. Yy v DWGs
Output: / Class / / 3D Shape /
. . TO fr
Object’s property Object’s shape Q om mmmmmmmy
BIM
| Model Validation | | Validation |
Comparative evaluation of
Fl-score G-mean Comparative evaluation relative errors

‘ Object-level experiments I |

Project-level experiments ‘

Basis of automatic conversion development

Modeling criteria for BIM modeling |

Practical application

Figure 3-1. Research framework
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3.2 Information Acquisition and Object Generation
Methods

3.2.1 Line and Text Separation Method

The line and text separation algorithm is the basic method employed for
information acquisition and object model creation using drawing recognition.
The separation algorithm is based on the nature of map or drawings, wherein
groups of graphic components (e.g., lines and circles) are connected
continuously with large portions and clusters of text (e.g., annotations, room
names) are arranged in rows with relatively small components (Tombre et al.,
2002). The extracting procedure is conducted in the order of generated
connected components: first creating area and ratio filter and then extracting
text strings. Subsequent to creating an imaginary box surrounding the
connected components, the layer is distinguished based on the composition

of the connected objects in this box, that is, histogram and direction.

Distinguishing Criteria of Density and Direction

Text and line layers mixed in the document are classified based on the
density and direction of components in the virtual box created in the previous
step. Specifically, a set in case of having a direction with a high density is

classified as the text layer, and a histogram with a large number of individual
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components with low density is classified as the graphic layer. The

distinguishing threshold is explained as following equation:

T1=n*max(Amp, Aavg) (Eq.3-1)

In the above equation, Amp represents the components in the bounding
box where the histogram is densest and Aavg represents the number of
components in the box where the histogram is of average density. It is
classified as the text layer when it occupies an area smaller than T1 and the

graphic layer in the opposite case.

Hough Transform and Domain for Word Segmentation

In addition, the Hough transform (HT) and the Hough domain (HD) are
applied to explain the alignment of text groups and make semantic
segmentation. HT is a line-to-point transformation that describes a group of
components lying along a straight line with the centroid and directionality of
the connected components (Flecther and Katsuri, 1988). In HD, a line of

xcos + ysinf =g in the Cartesian space (X,y) is translated as a point (g, 0).

To classify a word based upon meaning, it calculates the average height Havg
of the bounding box and then finds the alignment with horizontal, vertical, or
diagonal direction in HD. In terms of division, the average height 4 is figured

and separated as words when it is smaller than p*h. (u is a variable and is
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considered as stable when it is near to 2.5) (Fletcher and Katsuri, 1988).
Although this separation algorithm does not quite support the division of
single text or dotted line, it works for abbreviations that specify the object’s

classification and for polylines that configurate the object’s shape.

3.2.2 Text Classification Method Using Bayesian Theorem

Text components from the separated layer passes through the text
classifier to determine the building element or object’s category of the BIM
model to which the object model to be created belongs. The simple Bayesian
filter or simple Bayesian classifier (SBC) is known to be the most effective
text classifier due to its capability that the words to be classified are suitable
for supervised machine learning with objects labeled as a specific class (Diab
and Hindi, 2017; Rennie et al., 2003). Specifically, the classification of the
supervised learning model solves the problem deciding to which class a new

input word belongs to, based upon trained model with existing labeled data.

Bayes’ Theorem
Based on conditional probability, the Bayes’ theorem explains the
probability P(A|B) that A will occur after B occurs when P(A) and P(B) are

defined as a probability of occurrences for A and B as follows:

48



{(P(B|A)~ P(a)}
P(B)

P(A|B)= (Eq. 3-2)

By substituting both sides of the above equation, it can be transposed as

follows:

P(A|B)*P(B)=P(B]A)*P(A) (Eq. 3-3)

In case the simple variable A is replaced as a probability of vector, Ai
describes the ith class of the event B, and P(B|A7) can be decomposed as
P(vi|Ai)...P(vj|Aj), where va is the value of the ath attribute in the example

B (Domings and Pazzani, 1996).

Bayesian Text Classifier

When the probabilities are independent from the given class B,
Domingos and Pazzani explained the classes that maximized the following
equation should be predicted, and they called this procedure as the naive

Bayesian classifier:

P(Ai| B) = {P(AD)/PBNT._,(P(valAi))  (Eq. 3-4)

In order to classify a word into a category, the classifier needs to confirm
which class among the plurality of categories is more likely to be included.

Using Eq. 3-2, P(A) presents the probability of the entire input, which are
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replaced by 1, and then the word B is in the category is transformed as per

Eq. 3-5:

P(B/A) = P(BIP(AIB) (Eq. 3-5)

The Bayesian classifier based on the above equations Eq. 3-3, Eq. 3-4,
and Eq. 3-5 hase been developed in two different ways: the first is the multi-
variate Bernoulli model to explain the occurrence or absence of a specific
word, and the other is the multinominal model to calculate the number of

times a specific word occurs (Ying, 2007).

Bernoulli Classification Model
In the Bernoulli model, the presence or absence of the word is explained
as a vector of binary attributes (presence: g, absence: 0), and the Laplace’s

law that predicts the possibility of continuous occurrence is as follows:

P(wt/c =k) =1+ nk (wt) Nk + [v] (Eq. 3-6)

In the above equation, nk (wz) is the number of documents of class & in
which wt is available and Nk is the total number of documents of that class

(Diab and Hindi, 2017).

50



Multinominal Classification Model

The multinominal model, on the other hand, calculates the total
occurrence or frequency of occurrences. The existing Bayesian classification
assumes that the occurrence of each text data is independent, which is called
as a naive Bayesian assumption, and based on this assumption the
classification model is trained and tested. In recent research studies, however,
it was confirmed that the performance of the classifier is still effective when
there is a dependency between words (Domingos and Pazzani, 1996; Diab
and Hindi, 2017). Also a method of optimizing the decision boundary, by
modifying the weight or using a complement class when the data among

classes is imbalanced, was suggested (Rennie, 2013).
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3.2.3 Pattern Recognition for Object Modeling

Pattern recognition is mainly employed in the field of image retrieval

and it includes shape representation and shape description techniques (Zhang,

2004). Two approaches are applied in this recognition method: a contour-

based approach of comprehending the target’s outline to find a shape and a

region-based approach of extracting shape from the entire area of the image

composed of surfaces. For engineering drawing, where basic graphic shapes

are drawn with lines, a contour-based approach is applicable. To create an

object model, it is necessary to discover the shape/pattern of a plane or a cross

section that is the basis of a 3D object shape; this can be defined using three

different approaches (Table 3-1).

Table 3-1. Pattern recognition to configurate the basis plane/section shape

(1) Two Diagonal
Recognition
Points

Subject
(Zhang, 2002)

(2) Two Parallel
Lines at Intervals

(Gimenez, 2016)

(3) Multiple Vertices

Applicable l-fio l -

object type

Beam, column,

girder

Wall

Slab, roof
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First, in case of column and beam, planar or sectional rectangular shape
can be completed by finding two diagonally separated points. In this case, the
outline Bc of the basic object’s shape is expressed using the two points of Pc/

(lower left corner point) and Pcs (upper right corner point) as follows:

Be={Pcl(x, y), Pes(x, y)} (Eq. 3-7)

Secondly, there is an object type shaped with two parallel lines having a
consistent gap with a longitudinal direction such as wall component. The

outline Bw is defined as follows (Gimenez, 2016):

Bw= {el, e2

elshape = eZshape=segment

el/ye2

Smin < d(el,e2)<Smax} (Eq, 3-8)

In the above equation, e represents the geometry primitives of the
longitudinal line of the bottom wall shape and d is the length of the wall

created by parallels el and 2.
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Lastly, the plane required for object model shape recognition is defined

by multiple vertices:

Bs= {{Psi(x,y)} i=1..n} (Eq. 3-9)

The applicable object type has a 2D planar shape with multiple corner

points like slabs and roof.
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3.3 Validation and Verification Methods

In order to confirm the performance of the research model and to
evaluate the experimental results, cross-validation methods and a
comparative evaluation method were employed. For cross-validation, we
employed confusion matrix, which describes the performance of the
classification model, and further F1-score and G-mean, which calculate the
effectiveness as well as the sensitivity to evaluate research model. In addition,

we compared the experimental results with another method as well.

3.3.1 Confusion Matrix, F1-Score, and G-Mean

Confusion Matrix

The traditional metrics to evaluate a text classifier’s effectiveness are
accuracy and error rate (He and Garcia, 2009). The confusion matrix for a K-
class classifier is presented by a k X k table, representing the frequency of
observations between the actual class Ci and the expected class Cj. Although
binary confusion matrix, which describes the positive and negative frequency
for a class, is not often employed in practice, it was adopted in this study to
calculate the performance index with the confusion matrix (Ruuska et al.,

2018). Considering a binary classification question of “yes” or “no,” the
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model can predict “y” for a true “yes” class; in this case, it is called as TP.

However, when the correct class is “no,” it will be called FP. Similarly, for

the opposite cases, we have TN and FN.

This representation of the true class and the classifier’s hypothesis is

described in Figure 5-7 as a confusion matrix.

True class
=
& P n
3
@ Y TP (True positive) FN (False negative)
wy
5]
-;g N FP (False positive) TN (True negative)
:g: Column counts: Pc Nc

Figure 3-2. Confusion matrix for performance evaluation

From this definition, the accuracy and error rate are defined as

Accuracy = (TP+ TN)/(TP+ FN+ TN+ FP),

Error rate = ]—accuracy

(Eq. 3-10)

This traditional model evaluation method is mainly engaged when the

balance of the quantity and distribution of resource data employed for

training and testing in the model development process is guaranteed.

Compared to the amount of data applied in existing research studies that deal
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with text classification problems where 45 to 3000 points are used, the data
in this study was relatively small in number. Therefore, additional evaluation
methods are required to verify the performance of the model developed in

this study.

F1-Score and G-mean
When the amount of data is small or imbalanced, the F1-score and G-
mean, which are comprehensive evaluation methods, are adopted for model

measurement (He and Garcia, 2009; Tang, 2016)

Precision= TF/(TP+FP) (Eq. 3-11)

Recall= TP/(TP+ FN) (Eq. 3-12)

2*RecallxPrecision

Fl=score= (Recall+Precision) (Eq'3_]3)
G-mean = L — (Eq. 3-14)
TP+FN TN+FP

The F-score metric combines precision and recall to estimate the
classifier’s effectiveness. In particular, when precision and recall have equal
weights, it is called as F1-score (He and Garcia, 2009). In addition to this, the
G-mean method explains the sensitivity of the classifier with a positive and

negative accuracy.
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3.3.2 Comparative Evaluation of Relative Errors

Comparative Evaluation

The comparative evaluation method is an analysis method that is
employed when evaluating criteria for direct comparison are clear because
the analysis units between the research subjects are similar (Vartiainen, 2002).
It is effective when trying to compare and evaluate the shape of an object or
numeric values with a clear meaning because the results of comparison
between objects are specific and micro-analysis (Etzioni-Halevy, 1990). It is
considered a more efficacious way to make a rational decision between
alternatives by identifying differences rather than confirming similarities

between options (Scriven, 1967).

Relative Errors

An error represents a deviation from the actual value of the measuring
variable (Helfrick and Cooper, 2005). Similarly, a relative error is used for
making exact numerical comparisons and calculating the error rate between
the target and the baseline. It is also called as relative uncertainty or

approximate error.

In this study, the relative error rate was employed to confirm the degree
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of deviation compared to the baseline for each object type. The following

formula was applied.

Relative Error Rate = (Quantity based on 2D drawings —

Calculated quantity) / (Quantity based on 2D drawings) X100

(%)
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3.4 Summary

In this chapter, the research framework and methods to develop and
validate the research models were introduced. Specifically, research
framework and methods describing the information acquisition and the object
model generation at the object-level, and the establishment of relationships
between object types at the project level were explained. In addition, methods
to validate the experimental results and to verify the performance of the

research model were described.

First, to confirm the first research hypothesis, text-line separation, text
classification, and patter recognition-based 3D shape creation methods were
applied. Layer extraction based on the density and direction of individual
components in drawing, text classifier based on the Bayesian filter, and shape
creation with pattern recognition method were introduced. Second, methods
to evaluate the research model performance and results of research
experiments were described. These includes the confusion matrix, the ctoss-

validation method, comparative evaluation as well as relative error rates
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Chapter 4. BIM Data Generation Framework

This chapter describes the framework that includes the data
transformation procedure and the required technical methods for drawing-
based BIM data generation. This framework is explained separately at the
object level (which automatically converts drawing information created at
the design stage into information of the object model) and at the project level
(which describes the relationship between object models that meet the
quantity calculation criteria). The framework in this chapter is developed to
explain the research hypotheses proposed in Chapter 2, and it will be

validated through the research experiments described in Chapters 5 and 6.
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4.1 Overall Process of Project BIM Data Generation

The overall process for the automated BIM data generation framework
based on drawing recognition is described in Figure 4-1. To generate BIM
data that includes numerical information that can be utilized during the
construction phase, establishment of relationships between object types that
follow the quantity calculation and an automated object model generation

framework are necessary.

At the object model level, the design data from a design drawing is
extracted using text/graphic separation techniques. Lines and texts in a
drawing provide basic knowledge about a building project in terms of
geometric and semantic information. Through project information
recognition, the basic information in terms of planar center lines and the level
information, which are location information of the project, is acquired. The
text data, which is adjacent to a polygon, or object’s shape, is passed through
a Bayesian filter to identify what is the building component of the object to
be modeled. Then, by mapping the geometric features of the planar size and
height to a basic object for modeling defined from the previous step, the
shape of the object model is completed. Finally, the properties of the created

object, such as its location, size, and type, decided from the modeling process,
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are recorded in the form of a lookup table for later use in construction

management

To utilize the object model created in the previous step at the
construction stage, the modeling criteria (that is, object model combination
rules at the project level) are established based on the estimation method.
Specifically, we searched the object types adopted in practice and the points
to be considered for project data preparation. Based on these preliminary
research findings, the modeling specification was defined, which is
integrated with the priority between the objects and the deduction rule from

calculation formula when they are overlapped.

63



2D digitalized drawings

1. Drawing recognition & feature extraction

v

Information
- location

.

,

Text data Line data
i 3. Object
2. Text modeling
classification (1) Pattern
recognition

l

Categorization of
object corresponding
to building element

.

Object’s planar

shape

|

(2) Pattern
recognition

}

Object’s 3D
shape

4

1
1
1
1
1
1
]
1
1
1
1
1
1
1
]
1
1
: Project’s basic
1
1
]
]
1
1
1
1
1
1
]
1
1
1
1
1
1
1

4. Collection of position, shape, and attributes

Figure 4-1. Overall process of conversion from 2D drawings to 3D BIM model
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4.2 Object Model Generation Framework

This section describes the procedures and techniques for recognizing
drawings, extracting requisite information to create an object model, and
finally creating a model. To be specific, this includes the overall process and
three information transforming processes: (a) separating information from
digital format drawings completed in the previous step into text and line; (b)
confirming the classification of each object to be built by identifying an
abbreviation referring to the object; and (c¢) distinguishing line as a shape

through pattern recognition and converting it into a 3D form or an object.

4.2.1 Line-text Extraction from 2D Drawings

First, plan and section drawings are imported to model the exact position
(Fig. 4-2). In particular, the precise location of individual elements to be
modeled is confirmed by comparing them with the center lines of two
dimensions and the sectional level lines of three dimensions, which are the
basic location information of a project. As geometric and semantic
information of each building object used in the design process is described
as not only a form of line but also as text, the recognition of the structural

table should be accompanied.
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Figure 4-2. Confirming object’s location with centerlines and level information
from the structural table

Next, a process to separate the line and text information from the
recognized drawings is employed. As engineering drawings display the
project design information using lines and text, both data must be recognized
and understood. The separation process of these two data was originally
proposed and developed by Fletcher and Katsuri (1988) as text/graphic
separation. However, with the recent developments in CAD software, these

data can now be easily separated and stored.

The third step of this phase involves understanding the meaning of text
located in proximity to the shaped object on the drawing. After storing the
line and text in separated layers, it is imperative to identify an indication of
that letter among the building components, such as column, wall, and slab,
which also are elementary components of the BIM modeler. In other words,

the modeling basic object, which is a building element, and the recognized
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shape are connected to create an object with meaning and shape. To this end,
we developed a text classifier using Bayesian filter based on conditional

probabilities.

4.2.2 Classifying Texts of Abbreviation from 2D Drawings

The resources used for the training process included the extracted words
from the structure list and the actual names of the structural elements. The
reason that the classification training is performed with the character
classifier is because the “object,” the fundamental modeling element of BIM,
is based on building components. That is the identified abbreviation refers to
the basic model object type and the building element at the same time. For
instance, the abbreviation “col” refers to a column that is a basic object type
of column models, and a column that is a component of building structural

system.

Different object types of classifications are applied depending on how
the building components are classified or which object model system or
platform is used by software developers. The classification system applied in
this research study followed the industrial foundation classes (IFC), which is

an interoperable data format developed by the buildingSMART organization
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(shown in Figure 4-3). From the classification system, it is based on a

“project” or a “building.” The sub-category includes specific entities such as

structural system, architectural system, and opening system, and in the case

of the structural system, there are beams, columns, slabs, and walls.

IFC
Member

IFC Slab

IFC Plate

IFC Stair

IFC Project

IFC Building

IFC Building Entity

(Type)
IFC Beam
IFC Column
IFC
Curtainwall
IFC Door

TFC Railing

IFC Wall

Figure 4-3. Building classification used in IFC
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4.2.3 Object Modeling Using Pattern Recognition

(1) Acquisition of Project Location Information
To place objects accurately in the modeling environment based on
the project’s origin point, center lines and level reference lines must be

recognized prior to the modeling step.

The technology from Changsoft 1&I, which recognizes a specific
drawing layer and loads it as separate information, enables a mechanism to
import and utilize guide lines and level information as the project’s basic
information by importing the relative position from the origin of the drawing
(Changsoft 1&1, 2019). To be specific, we can gain the center lines from the

planar drawing and the level information from the sectional drawing
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(2) Planar-sectional Geometry Mapping

Subsequent to the acquisition of the positioning guides, the position,
shape, and abbreviation indicating the object are simultaneously identified by
means of dragging the area including the object to be recognized from the

floor plan.

Pattern recognition is applied to understand an object’s planar shape by
grasping the positions of both diagonal end points that determine the size and
shape of the rectangle. In the case of a perpendicular column C1, the object’s
lower center point (Pcl; where the structural center lines intersect the object’s
footprint) and a left-top point (PIt) and a right-below one (Prb; which are the
two diagonally located end-points of the polyline at the planar section) need

to be ascertained (Figure 4-4).

X1, PIt 2 wOF FRL & __Pch
P CL+4.0
‘\Y1 - - =)
. < §
— Pcl
W IF FFL V|
GL+0

Figure 4-4. Example of extracted points from imported drawings and recognized

column, C1
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After the acquisition of these three points, the geometric information of
position, shape, and size can be mapped to a basic column component. The
sectional position is also identified from the level reference obtained in the
previous section. In a similar way, a 3D shape creation is finished by
identifying the planer center point (Pcl) and the other center point on an upper

reference (Pch) of the object, which is the height value for an extraction.

(3) Property Assignment on Modeled Objects

Property information of the modeled object is saved as a look-up
table and continuously used throughout the lifecycle of the project. This
attribute is a distinguishing feature of the BIM model compared to other 3D
models, and it is filled in two different ways. One is the given information
that is obtained from the design phase, which comprises design information
such as location, size, and material. The other is created after the model is
completed, e.g., specific area and volume of a certain material. Further,
manually recorded information such as construction sequence, zoning, and a
person-in-charge are included. The example of these properties assignment

with lookup table is explained as Table 4-1.

71



Table 4-1. Example of completed column object with lookup table

Object Parameter Variable (Given)
Type Column
Type Name Cl
Constraints
Base Level BI1F
Top Level 1F
Material
Structure Material Concrete
Parameter Variable (Calculated)
Dimension
B 400.0 mm
H 400.0 mm
Volume 0.640m’
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4.3 Establishing Relationships between Object Types

To complete project data facilitated in construction projects based on the
object model prepared in the previous section, the criteria for object model
combinations that meets the estimation standards should be established and
the project BIM model created accordingly. This section describes the object
model, which is the basis for BIM data preparation and examines its various
types being adopted in practical applications. By comparing object types and
building components, the modeling criteria for quantity calculation in the
construction phases are explained. To this end, the calculation equation used
for estimation is investigated and then the object modeling standards, which
include priority and deduction when overlapping, are suggested. The
modeling specification in the last section describes the modeling
considerations or relationships between object types and is applicable for the

experiments described in Chapter 6.
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4.3.1 BIM Objects Definition

The classification system of BIM data is basically composed of
architecture, structure, and MEP system, which is similar to the classification
of building systems. An “object type” or “family” is a basic element for BIM
modeling, and its classification system is comparable to categorization of
building components. For instance, the most basic structural elements of
building components are slabs, columns, and beams; at the same time, these
are also object types in BIM models. An “object” is a basic element in
modeling and it also indicates individual object indicate the exact building
component in the BIM environment. According to the NBS National BIM
Library, “an object is detailed information that defines the product and
geometry that represents the product’s physical characteristics. The
visualization data that gives the object a recognizable appearance and
behavioral data, such as detection zones, enables the object to be positioned

or to behave in exactly the same way as the product itself” (NBS, 2020).

An element’s name or the number of sub-classes are different depending
on the BIM solution (Table 4-2). According to IFC, there are eighteen
composing entities. Whereas the .pla format from Graphicsoft and .rvt format

from Autodesk have 16 elements and 25 families, respectively. Although
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different names and classification criteria are used, they are defined based on

the building construction system.

Table 4-2. Designations and various number of BIM objects

Basic Objects

IFC Format, 18 Entities

Graphicsoft (.pla

format), 16 Elements

Autodesk (.rvt format),

25 Families

(S) Beam, (S) Column,
(S) Wall, (S) Pile, Railing,
Ramp, Stair, (S) Footing,

Member, (S) Slab,
Window, Door, (S)
Reinforcement element,
(S) Plate, Ramp flight,
Stair flight, Building

element Proxy, Covering

(S) Wall, (S) Slab, (S)
Column, (S) Beam, Door,
Window, Object, Stair,
Roof, Shell, Skylight,
Curtain wall, Morph tool,
Zone, Mesh, Railing

(S) Beam, (S) Wall, (S)

Column, (S) Floor/Slab,

(S) Truss, (S)Brace, (S)
Beam System,
Connection, (S)
Foundation, (S)
Reinforcement

Component, (S) Steel,

Wall, Door, window, roof,

ceiling, etc.

Despite the 3D model generation based on the definition of a system and

the basic elements being similar to the building components, utilization of

the BIM data for quantity calculation remains unexploited. To identify the

problems and to address these limitations in applications, interviews with

BIM experts and estimators from construction companies were conducted.

The experts pointed out that models created at the design or construction
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stage were irrelevant for calculation criteria. In order to utilize the prepared

BIM data in the quantity estimation stage, the following three conditions

should be considered (Figure 4-5):

1. Different reference level location as per object type
2. Calculating priority when different object types overlapped

3. Duplicated calculation for overlapping surfaces when plural objects

meet
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(1) Reference level location

(2) Priority between overlapped objects

(3) Duplicated calculation

]

v l_lef._ le‘:el

Beam

(@ ~ ’

(b)

- Deviated reference level location as per

object type

- Calculating priority when different object
types overlap: (a) Slabs over beams or (b)

beams over slabs

- Duplicated calculation for
overlapping surfaces when plural

objects meet

Figure 4-5. List of consideration for object modeling
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4.3.2 Current Quantity Estimation Approaches

Estimation and quantity calculation methods differ depending on the
subject of the application but in Korea, the formula is defined in the
architectural quantity survey (Jang, 1969). In a different way from object
categorization, for example of structural system, classification of objects for
QTO follows building components classification of slab, column, beam,
foundation, and wall. The calculation methods defined in architectural
quantity survey is based on the required dimensions between the objects
depicted in Figure 4-6. As the total number of objects are counted regardless
of the relationships among them, in this study we considered only the formula

for area and volume calculation.

Figure 4-6. Dimensions of object model for quantity calculation
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Volume Calculation for Slabs

The quantity of object is classified into object type with the same size,
and then the total quantity is estimated by multiplying the calculated value of
one object by the number. The object that obtains the highest priority among

the structural system is the slab. Volume calculation for slab is done using the

equation below:

Vs = ts#(Is * lo) (Eq. 4-1)

In the above equation, Vs represents the volume of slab, #s represents the

thickness of slab, /s represents its length and /o represents its width.

Volume Calculation for Columns

The second priority is the column, which is calculated:

Ve = (c*d)*(H-ts)  (Eq. 4-2)

In the above equation, Vc represents the volume of column, ¢ represents
the length of cross-section of column, d represents its width, and H is the

floor height.
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Volume Calculation for Beams

Then, the volume of beams is calculated:

Vb = (a-ts)*b*(ls—d)  (Eq. 4-3)

In the above equation, Vb represents the volume of beam, a represents

its height, b represents its width, and d is length.

Volume Calculation for Walls

For walls, Vw is obtained by:

Vw = (H-ts) *tw*(Is-d) (Eq. 4-4)

In the above equation, V'w represents the volume of wall, H represents

the floor height, rw represents the wall thickness, and /s represents wall length.

Lastly, the relationships with other structures are not considered for

foundation. Using these formulas, priority among structural elements is

confirmed as: slab—>column->beam—>and wall.
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4.3.3 Object Modeling Specification for QTO

An additional consideration in generating object models for quantity
calculation is the difference in reference level by object type. The Korean
architectural documents and information standards, published in 2006 by the
Korean Institute of Architects, describes the standards for building drawings

and is commonly employed (KIA, 2006).

To indicate a building’s reference level, finishing level (FL), which is
based on the finishing level of each floor, or engineering level (EL), which is
based on the structural slab surface excluding finishing materials, are
employed. The reference level for each object type is shown in Figure 4-5 (1).
For slab, reference level is approximately on the top surface and beam
follows its connected slabs’ level. Wall and column identically refer the level
based on their bottom surface. Table 4-3 shows the criteria for model
preparation that reflects the accuracy, priority, and reference level of the

model defined in the previous chapters.
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Table 4-3. Object modeling specification table considering QTO

(1) Reference
LOD (2) Priority
Level
Foundati
Slab Column Beam Wall
on
Foundati
OBB - - - -
on
OTB Slab - -1 -1 -1
LOD350
/BILA OAB Column - +1 -1 -1
OBB Beam - +1 +1 -1
OAB Wall - +1 +1 +1
Creating a separate surface-based model for calculating formwork
(3) Model for Formwork
quantity

In describing the reference level, the relational position between the
object and the reference level is considered. When an object faces the
reference level, it is called as OTB (object touching baseline). When the
object is positioned higher than the baseline, it is OAB (object is above
baseline), and in case the reference level is higher than the object, it is OBB

(object is below the baseline).
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To deal with the intersection relationship, a structure—item—priority
matrix (SIP matrix) was established by comparing the relative priorities
between the five structural items. The relative priority between the structural

items in the row and items in the column is expressed in values as follows:

(1) “1’ represents the item in the row has a higher priority than the item
in the column

(2) ’0’ means both items in the row and column have an equal priority
(3) -1’ represents a lower priority of the item in the row than the item

in the column.

The accuracy level of the object model is defined in LOD and BIL to
indicate the minimum detail required for quantity calculation.
BuildingSMART’s LOD is 350, and BIL is 4. In a case of area calculation
such as concrete formwork, only visible surface is calculated on the internal

space.
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4.4 Summary

This chapter described the proposed framework, which includes the
overall process of data transformation and the required technical methods for
drawing-based BIM data generation. Next, the following were explained in
sequence: The purpose behind deriving the output of the object model by
importing the completed drawings, the process of drawing recognition and
following line/text separation, classifying object to be modeled using text
classifier, and pattern recognition to complete the shape. The relationships
among types of object model were also established according to the quantity
calculation criteria so that the results can be employed during the

construction phase.

It was also described how to the line-based graphic information
constituting the engineering drawings and the text information describing the
graphic were extracted and separated into different layers, using the line’text
separation method. The abbreviation for the object was automatically
recognized through the text classifier. This classifier could be developed
based on Bayes’ theorem, and the object, which is the basis element of BIM
model, simultaneously follows the category of building components. This

research utilized the IFC format of building component.
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The line layer separated in the previous step was used to configure the
object model. In order to discover the planar shape that is basis of the 3D
extrusion, pattern recognition based finding two diagonal points, finding two
parallel lines, and the discovery of a multi vertices methods were employed
to determine its outline. For extrusion of the 2D sketch created to complete a
3D shape, the pattern recognition was re-applied to retrieve the height value

of the cross-section and applied as the extrusion value.

In addition, priority between object types and deduction rule for
overlapped objects were established to complete project BIM data based on
the object model created. The completed project BIM model according to the
established modeling criteria can help reducing extra quantity calculating
task by automatically extracting numerical information along with the

configuration information displayed.
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Chapter 5. Object-level Experiments

In order to confirm the feasibility of the proposed framework for
engineering drawings of real construction projects and to prove Hypothesis
1, this study conducts two separate experiments: (a) an experiment using a
text classifier to automatically identify an abbreviation that refers to a
building component so as to recognize an object’s attribute with a form of
text; (b) an experiment on configurating a 3D object model using graphic
information recognized from drawings so as to confirm the 3D shape creation
with a form of graphic/lines (Fig. 5-1). Through performance evaluation and
quantitative analysis of these two experimental applications, the feasibility
of the framework was confirmed and then the project-level experiment
regarding relationships between objects was performed, as described in

Chapter 6.
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5.1 Text Classification and Attribute Recognition
Experiment

5.1.1 Design of Experiment

As described previously, this section describes a text classifier
experiment for confirming the recognition of object attributes written in text
form. To be specific, abbreviations that refer to building components used in
engineering drawings were employed for the first test. For this, the
abbreviation data for creating and training the classifying model was
extracted from existing drawings. After creating the classifier of a supervised
learning machine-based on the Bayesian filter, new words that follow the
abbreviation generation method were input to the trained model. By
confirming the recognition result and the final score of model performance,
its performance as well as the feasibility of the proposed framework was

validated.

Model
Validation
Model Evaluation Fl-score G-mean

- performance Visualized
Text classifier Result &
Tram & Test model

eviati 3 - Analysis
abbreviation Bayesian filter Class

Test for Validation Object’s property

Figure 5-2. Model development algorithm
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Furthermore, the results were cross validated re-evaluate model performance

due to insufficient data amount (Figs. 5-2, 5-3).

The Bayesian filter was developed using Python 3.6 in Anaconda, ver.
of 4.6. The source codes developed and applied in this experiment are as

shown in Figure 5-4 and further supplementary details are included in

Appendix 1.

Data Collection Model Development Model Validation

1810005 0086215), (wall’, 5.ELSINS1INE))

Test results & performance

Cross Validation

DWG Abbreviations Bayesian filter-based text
classifier

Hypothesis output

Figure 5-3. Data collection and model development
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Counting words
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Algorithm 1 Bayesian Filter Algorithm - Training Algorithm 2 Bayesian Filter Algorithm - Testing
Train Multi-class BF (C, D) Applying Multi-classes BF (C, T, prior, condprob, d)
2: T « Extracted Text (D) 1: W « Extracted Tokens from Text (T, d)

3: N «— Count Text (D)
4. foreachc € C

2:foreachc € C
3: do score[c] «— log prior|c]

5: do Nc « Count Texts in Class (D, c) 4. foreacht € W

6:  prior[c] < Nc¢/N 5:  do score[c]+ = log condprob[t][c] t)
7. textc « Concatenate Text of All Texts in Class (D, ¢) 6: return argmax{c& C}score[c]

8: foreacht € T

9:  do Pct « Count Tokens of Term (textc, t)

10: foreacht € T

11:  do condprob[t][c] « Pett]

Ye(Pct’+1)

12: return T, prior, condprob

Figure 5-4.Model environment and algorithms for the initial experiment of text classification based on the Bayesian filter

91



5.1.2. Data Collection and Model Development

used in engineering drawings was collected. Specifically, by employing text-

line extraction through AutoCAD,

corresponding building elements (Fig. 5-5) were extracted. All extracted data

were saved in extensible markup language (.xml) format for later text

classification experiments (Table 5-1).

Table 5-1

Abbreviations for structural column from four sample engineering drawing sets

abbreviations

Prior to text classification model development, the abbreviation data

labeled with the

Project 1 Project 2 Project 3 Project 4
Column Wall Column Wall Column Wall Column Wall
Cl W1 sCl1 sW1 Col2 RW1 SRC1 SW1
C2 WIA sC2 sW2 Col3 RW2 SRC2 SW2
C3 w2 sC3 Col4 DWI1 SRC3 SW3
C1 SWila
C4 W3 sC4 DW2 C2 SW1b
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<DWG>
Project 1

Project 2

o
R,
LATALTY

Partial Floos Plan

<XML>
Projed Type Category Velue Category Walue Lolumn
1. N_School | Text Column [} Wall Column
. ki b DL bR Wi

N_School Tt Coiurnn ci Wall
1. MN_Schoal Text Column G2 Wwall W3
1. N_School L S— Column .. 1G4 . wall Column
1. N_School Text Column C3 Wali Column
2. B_School Text Column sC1 Wall 'l
2. B_School Text Column sC2 :Wall W2
2. B_School Text “ Calumn sC3 Wall W3
3. T_Hotel Text Column C1 Wall W1
3 Text Column c? Al wz T
3. T Hotel Text Calumn C3 iwall W3

Figure 5-5. Process of text data extraction from structure elements table and conversion to extensible markup language file
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5.1.3 Results and Validation

Test Using New Abbreviation Data

For this evaluation, we tested the developed and trained text classifier
with a new abbreviation and then, monitored the resulting value to identify
whether it indicates the building elements correctly. As shown in Figure 5-5,
abbreviations used in construction drawings are generated using a
combination of numbers and alphabets ‘a’ or ‘b’ together with part of the
corresponding building component name spelling. Specifically, only
consonants in the spelling are used or only the first letter or the front syllable
unit with numbers 1, 2, and 3 with ‘a’, or ‘b’ (if necessary) are found.
Therefore, hypothetical abbreviations for the test were created as Clb, W1b,

and so on (first letter + number + ‘a’ or ‘b’).

This evaluation of building elements was more focused on the resulting
output from the classification and following model creation at the building
level. As the aim of our research is to provide an automated BIM modeling
framework with its environment, this is more compliant with the objectives
of a BIM model that has geometric and topological information with its

attributes.
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The text classification results using the Naive Bayes filter showed a high
level of correct answering rate (Figure 5-6). Regarding abbreviations Clb
and Wb, the classifier found that there is 89.8% probability of “column” and

90.1% probability of “wall.”

from bayes import BayesianFilter
bf = BayesianFilter()

bf.fit("cl™, "column™)
bf.fit("c2", "column™)
bf.fit("c4", "column™)
bf.fit("c5", "column™)
bf.fit("sC1", "column®
bf.fit("sC1", “column™
bf.fit("sc3", "column"
bf.fit("Cla", "column"
bf. fit("wl", "wall"™)

bf. Fit("wl “wall™)
bf. fit("swl", "wall™)
bf.fit("sw2", "wall™)
bf.fit("swla"”, "wall™)
bf.fit("H", "wall™)

bf.fit("C9", “column™)
bf.fit("wall”, "wall™)
bf.fit("J|S1", "column")
bf.fit("J|S2", "column")
bf.fit("co."”, "column™)

bf.fit("wal."”, "wall™)

bf. fit("swWl."”, "wall™)

pre, scorelist = bf.predict("Clb")
print(“result=", pre)

pre, scorelist = bf.predict("Wlb")
print(“result=", pre
print(scorelist)

result= column
result= wall
[('column', -10.12042522046215), ('wall’, -9.814146190511046)]

Figure 5-6. Text classification test results with a new abbreviation input

Cross-Validation

Considering the amount of data, we applied the macro-F1 score for
cross-validation of our results. It gives the same weight to each class among
the two types of Fl-score calculation methods (Yang, 1999). The cross-

validation results are as shown in Table 5-2.
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Table 5-2. Cross-validation results of the text classifier

Precision Recall F1 Score G-Mean
0.97 (+/-0.07) 0.98 (+/-0.09) 0.974 0.975
96 1 ©
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5.2 3D Shape Creation Experiment

5.2.1 Design of Experiment

Next, we conducted the experiment to confirm the feasibility of an
object’s geological and topological shape created using pattern recognition.
Specifically, the creation of an object model’s 3D shape by utilizing the
graphic information of line obtained from the drawing at the correct location
was confirmed. After creating an experimental environment where it was
possible to create a model using pattern recognition, two sets of virtual
drawing for test were drawn (Figure 5-7). For validation, we adopted a
baseline in terms of the model by the existing object modeler and compare
two results model in terms of created objects’ shape, their location, and

quantity (Fig. 5-8).

Comparative

/
Model by BIM S/W
. Results
nvironment Geometry & Topology

2 sample drawings Pattern recognition Object’s shape

Figure 5-7. Model development algorithm
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Comparative Evaluation with
baseline models
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Figure 5-8. Data preparation and validation with baseline
For acquisition of location information, a commercial modeling
software from Changsoft (Changsoft, 2019) was used. The modeling
environment for automatic object creation was built in Microsoft Visual

Studio, as shown in Figure 5-9.

Engine

2D CAD Engine

| ‘ 2D CAD Reader | Interoperability Engine

| 3D Solid Engine

Hoops Rendering
Engine

ACIS
3D Kermnel

Vector Draw ‘

2D Kemel

Autodesk Revit (API)
3D Kemel

‘Window Rendering Developing Engine

| 3D View | 2D View | ] Chart View | Girid View |
| WPF (Window Presentation Foundation) / Application Rendering |
| RADF Fagade / Document-View Manager |
A J
BIM Modeling

BIM Application

Figure 5-9. Building environment for the second experiment of automated object

generation built in Microsoft Visual Studio
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5.2.2. Test Drawings Preparation

Prior to the experiment, two sets of test drawings were prepared to test
the 3D shape creation experiments. Considering that this was only a
preliminary test, sets of plane and section drawings of a simple structure with
two- slabs and four- columns that are capable of basic spatial composition
was created. Similarly, a mechanical drawing with two types of ventilation

ducts was created (Fig. 5-10).

Structure drawing (a) includes four concrete columns with a square
planar shape and a size of 600 x 600 mm and height of 2,800 mm. The two
slabs at top and bottom are identical, having a planar size of 3,000 x 3,000
mm with a thickness of 200 mm and a height difference of 3,000 mm. In
order to test objects with different shapes, another mechanical drawing that
included a duct located in a ceiling was used (b). The duct is located at a
height of 2,400 mm from the floor. The sectional plane sizes are 250 x 200
mm and 350 x 200 mm, and the length is identically 1000 mm(excluding the

fitting units).
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(a) 3000

S 2nd floor

2800

Slab1

c3 c4 1st floor

<Plan> <Section>

3000

w 2nd floor

(b)

250x200 350x200

600,

2400

Ventilation Duct

1st floor

<Plan> <Section>

Figure 5-10. Test sample drawings for 3D creation experiment

5.2.3 Results and Validation

Baseline for Comparative Evaluation

To validate the shape created through pattern recognition, we compared
the results with a baseline model using the previously discussed test drawings.
The baseline model was created manually using a conventional object
modeler, Revit ver. 2017 from Autodesk. The results are compared in Figure
5-11 and Table 5-3. In this study, the experiment was conducted under the
assumption that the building element, which is the result of the text classifier,

is brought into the basic object for modeling.

100 - - .
M2 8w



Results

This evaluation of building elements was more focused on the resultant
output from the model creation at the building level. As the aim of our
research is to provide an automated BIM modeling framework with its
environment, this is more compliant with the objective of BIM model that
has geometric and topological information. To be specific, to compare the
results of these two models, the shape displayed on the screen and the origin
of the generated object models were compared, and theit area and volume of

were also validated.

Test Structure Drawing

The shapes of the two models for the test structural drawing are shown
in Figure 5-12. The origin points of object model from the baseline are
referred to as <vs1>, <vs2> for slabs, and as <vcl, vc2,..vc4> for columns.
We added on apostrophe in front of object names to signify objects of the
proposed model. Each origin position value converted to Cartesian
coordinates is shown in Table 5-3. To check the numerical information
associated with the create objects, the area and volume of the generated

object in each model area was confirmed; the results are shown in Table 5-4.
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e

<Model 1>

Figure 5-11. Comparison of created structure models: model 1 is the baseline and

model 2 is the research model

Table 5-3. Converted coordinates of each object’s origin points

Calculated Objects
values
Column | Column | Column | Column
(x-y-z Slab 1 Slab 2
1 2 3 4
coordinates)
(2400,
(0, 2400, 0,0, (2400, 0, 0,0, 0,0,
Model 1 2400,
3000) 3000) 3000) 200) 3200)
3000)
(31, (2431,
(31,0, | (2431,0,| (31,0, (31,0,
Model 2 2400, 2400,
3000) 3000) 200) 3200)
3000) 3000)
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Table 5-4. Quantity of area and volume of generated object models

Objects

Column | Column | Column | Column
Slab 1 Slab 2
1 2 3 4

Model Area 7.44 7.44 7.44 7.44 204 20.4

1 Volume | 1.008 1.008 1.008 1.008 1.8 1.8

Model Area 7.44 7.44 7.44 7.44 204 20.4

2 Volume 1.008 1.008 1.008 1.008 1.8 1.8

Test MEP Drawing

Figure 5-10 shows the size and location for test mechanical duct drawing.
Due to the feature of objects that are not on the reference level, the origin
points of each created model is converted into x-y-z coordinates and the
length of the three duct items are measured (Table 5-5). As the 3D shape
creating environment for this experiment did not develop a duct fitting object
type, the reducer and elbow connectors between duct objects were omitted as

shown in model 2 in Figure 5-12.
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" <Model 1> <Model 2>

Figure 5-12. Comparison of created duct models: model 1 is the baseline and

model 2 is the research model

Table 5-5. Converted coordinates of object’s origin points and length

Objects
Duct 1 Duct 2 Duct 3
X-y-Z (275, -3000, (1475, -3000, (3000,
Model 1 coordinates 2100) 2100) -24000, 2100)
Length 1000 1000 1000
X-y-Z (275, -3000, (1475, -3000, (3000,
Model 2 coordinates 2100) 2100) -24000, 2100)
Length 1000 1000 1000
104
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5.3 Discussion

Two separate experiments were conducted to confirm Hypothesis 1, and

the following results of experiment were derived.

Result Analysis

The first experiment’s result showed data acquisition and storage
without any loss of design data. Additionally, the cross validation results
(Table 5-2) for the classifying model showed the high stability. The standard
score that evaluates a classifier to have stable classification performance is
0.8 (Zhang, 2015); therefore, our text classifier with a result of 0.974 F1-
measure and 0.975 G-mean can be determined to be stable. The result of the
second experiment (Table 5-3, Figure 5-9) showed the location deviation
compared to the baseline. The comparison between the created models using
the basic location and line information of the project with the baseline
indicated, six total mapped objects with the correct size. However, there was
a difference between these two models in terms of their positioning. The
relative position of each object was created correctly; however, the object
from our developed environment had a position deviation of 31mm along the
x-axis and it was identical for all objects, which is considered an error in

origin point recognition. In addition, for the 3D shape creation test with the
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duct sample drawings, even though the fitting items were omitted, the created
duct items with the baseline were confirmed to be identical. Hence, based on

these results the feasibility of the proposed framework was confirmed.

Research Hypothesis and Expected Practical Application

From the aforementioned experiments, it was confirmed that the
generating object model is not limited to a specific shape or work type. These
experiments were planned to test the first research hypothesis, and the results
show that this approach will resolve the problems of construction projects
that prepare data in duplicate and thereby suffer from time shortages and cost
overruns. The developed framework, which includes the data separation-
conversion-integration process with related technologies is expected to be
used as the basis for automatic data conversion development from 2D
drawing to BIM data in practical applications. However, this research
conducted research hypotheses and experiments in separate procedures, and
the automation of the entire process was not fulfilled. For technical
supplementation to achieve theoretical research hypotheses and objectives,
future research should carry out research proposal and following experiment

on platform that can incorporate individual processes.
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5.4 Summary

With the purpose to confirm the applicability of the proposed framework
to engineering drawings of the real construction projects, this chapter
conducted object identification and pattern recognition-based object
generation experiments with an imaginary drawings. Environment for two
experiments were prepared respectively: one is for text classification based
on the Bayesian classifier with four sets of abbreviation applied in the
construction drawings in the Python environment; and the other is to
configurate object model with the graphic information from drawings in the

visual studio environment.

The developed text classifier showed high performance for model
evaluation and cross validation, and the accurate test result. The 3D shape
creation experiments with two sample drawings also showed the results of
geometric and topological shape acquisition for the main objects. The
proposed framework and experiment process to test the first research
hypotheses showed effective results, and the individual object model

generation based on the drawing recognition was confirmed.
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Chapter 6. Project-level Experiment

In order to confirm Hypothesis 2, we conducted this second experiment
with the specifications as defined in Chapter 4. To apply the modeling criteria
as the only independent variable under the controlled experimental
environment, all project BIM data was built with commercial software. Three
quantity results were calculated: one with a manual calculation based on 2D
drawing; one with the existing modeling method and inherent standards; and
the other was modeled with the modeling specification. Quantitative
numerical comparison is performed by calculating the relative error and error
rate between the other two quantities based on the results of manual
calculation (Fig.6-1.). To improve the reliability of the impact of modeling

criteria, expanded case application and their results are compared.
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Project Model 1

Project Level
Expermment

Structure Model
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(b) Manually
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Quantity

Comparison of
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Volume of Conc.

Project Model 2

Structure Model

Figure 6-1. Design of experiment
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6.1 Design of Experiment

We conducted the experiment based on the existing building to confirm
the applicability of the framework and modeling criteria proposed in the
previous chapter. Based on the results of the experiments in Chapter 5 on
attribute recognition and shape creation, this experiment confirmed the
feasibility of calculating quantities, which is a critical information for
construction management tasks such as scheduling, planning, and
commencement. Two comparison targets were adopted to confirm the
adequacy of the numerical values derived from the project model generated
based on the framework and criteria in this research study. To be specific,
there were two results of estimated quantities: one was the automatically
derived from the created BIM model that did not follow the modeling
specification, while the other was manually derived using 2D drawings that

is the currently employed method in the construction industry (Fig. 6-2).

: Project BIM Evaluation
E data Compared
Result 1

" Automatically extracted
ﬁ i Relative Error 1
{ 2D drawings  } - ‘{‘ Baseline P
7 Case Projects E

Manual Quantity Calculation Compared
i Result 2
Project BIM Relative Error 2
data

Identical modeling environment

Figure 6-2. Model development algorithm
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Considering the initial experiment circumstances, the target was limited
to building elements with concrete as material among the structural systems,
and it was assumed that there was no additional model modification process
like steps on slab or staircases. After performing automatic QTO using the
model created by the proposed method for the target project and the model
created by the existing modeler, both were compared with the baseline
(manually calculated result based on the same project drawings) to confirm

their applicability.

The calculation of BIM-based quantities in this chapter was conducted
through the material QTO and schedule QTO (among the methods described
in Section 2.2). The calculated results were described as the total number and

area or volume based on the object type and for each floor of the building.
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6.1.1 Case Project Description

The target subject for the case experiment was a building with 2-
underground and 28- overground stories completed in 2010 in Seongnam,

Gyeonggi-do. It is a high-rise facility with a total floor area of 96,972 m’

and the maximum height of 135.3 m; the main structure is made of steel-
and- reinforced concrete (Fig. 6-3). To measure precise numerical values,
and further comparison, only concrete structure elements among the

structural systems were tested.

— Pt mﬁfmﬁ:: i

(a) (b)

Figure 6-3 (a) Site plan drawing and (b) facade of target project
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6.1.2 Project BIM Data Creation

Three concrete volume estimations were made to compare the

results between the calculation methods and the modeling methods.

® Two different modeling methods: One used a commercial BIM
modeling method and the other was based on the modeling
specification proposed in this research study.

® Three calculation results: Two automatically calculated concrete
volumes from the above-mentioned BIM models, and the third was

manually estimated concrete volume using 2D drawings.

The three results were arranged in the order of object types and as floor
levels, and then the total amounts were compared. The modeling scope was
defined to be 30 stories and we excluded any modeling work that required
additional modifications such as stairs and steps on the floor. The modeling
was based on the detail level of construction drawings, and the total number
of created object models (instance of model creation based on the
specification from this research study) were 33 slabs, 805 columns, 779

beams, and 1736 walls (Table 6-1).
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Due to the different deduction standards in case of overlap between

objects, the two models have different display and number of objects as a

result of deduction or Boolean split.

Table 6-1 Number of generated objects in different modeling standards

Building Elements Traditional Modeling Proposed Modeling
Method Method
Slab 33 33

Column 805 805
Beam 799 779

Wall 1,729 1,736

Total Object Amount 3,366 3,353
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6.2 Quantity Comparison by Calculation Methods

6.2.1 QTO with Traditional BIM Method

(1) Deduction of Overlap between Objects in Traditional Method
Commercial BIM solutions in the market have been developed to make
it easy to configurate the model easily and quickly, and to create and modify
it immediately for use in various stages of one project. Unless otherwise
specified from the project team, overlaps between building elements created
for immediate communication follow the basic overlapping reaction and

further calculation deduction rules defined by each solution (Kim, 2011).

Tables 6-2 and 6-3 explain the priorities for calculating the quantities
according to the reaction against the overlapped elements from two BIM
solutions that are popular in Korea. Model (1), which is mainly employed for
apartments and general buildings with regular-shaped buildings, confirmed
that the priority among objects was in the order of Beam>Slab=Wall>Column
(Kim, 2011). Modeler (2), which has been recently applied in the majority of
cases has a different priority of deduction, and follows the order of Slab =

Wall >Beam > Column.
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(1) Modeler 1

Properties between object type: Beam>Slab=Wall>Column

Table 6-2 Priority and deduction basis for overlapped objects

Slab Column Beam Wall
Slab Column<Slab Beam>Slab Wall=Slab
Column Slab>Column Beam>Column | Wall>Column
Beam Slab<Beam | Column<Beam Wall<Beam
Wall Slab=Wall Column<Wall Beam>Wall
(2) Modeler 2

Properties between object type: Slab=Wall>Beam>Column

Table 6-3 Priority and deduction basis for overlapped objects

Slab Column Beam Wall
Slab Column<Slab Beam<Slab Wall=Slab
Column Slab>Column Beam>Column | Wall>Column
Beam Slab>Beam | Column<Beam Wall>Beam
Wall Slab=Wall Column>Wall Beam<Wall
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(2) OTO0 of Models in Traditional Modeling Method

In this research study, we utilized Modeler (2), and the calculation

results of the created model are shown in Table 6-4. The derived material

volume of concrete for 3,366 object models resulted in 29,528.58 m? for slab;

3,360.8 m? for column; 471.22 m? for beam or girder; 11,433.07 m? for wall;

and a total sum 44,792.6 m3.

Table 6-4 Quantities with the traditional modeling method

Slab Column Beam Wall
Counts Volume | Counts Volume Counts Volume Counts Volume
Floor
(ea) (m°) (ea) (m°) (ea) (m?) (ca) (m?)
Bl 1 2219.65 65 347.37 85 1330.24
1 2 1319.39 34 247.07 29 159 90 760.18
2 1 1092.93 34 178.85 31 17.03 103 581.76
3 2 883.12 34 190.26 27 16.64 84 605.39
4 1 1355.66 32 124.99 25 15.86 72 394.27
5 1 1277.46 26 101.33 25 15.86 52 313.1
6 1 899.08 26 98.12 26 15.54 52 313.1
7 1 899.08 26 98.12 26 15.54 52 313.1
8 1 899.08 26 98.12 26 15.54 52 313.1
9 1 899.08 26 98.12 26 15.54 52 313.1
10 1 899.08 26 98.12 26 15.54 52 313.1
11 1 899.08 26 98.12 26 15.54 52 313.1
12 1 899.08 26 98.12 26 15.54 52 313.1
13 1 899.08 26 98.12 26 15.54 52 313.1
118



14 1 899.08 26 98.12 26 15.54 52 313.1
15 1 899.08 26 98.12 26 15.54 52 313.1
16 1 899.08 26 98.12 26 15.54 52 313.1
17 1 899.08 26 98.12 26 15.54 52 313.1
18 1 899.08 26 98.12 26 15.54 52 313.1
19 1 899.08 26 98.12 26 15.54 52 313.1
20 1 899.08 26 98.12 26 15.54 52 313.1
21 1 899.08 26 98.12 26 15.54 52 313.1
22 1 899.08 26 98.12 26 15.54 52 313.1
23 1 899.08 26 98.12 26 15.54 52 313.1
24 1 899.08 26 98.12 26 15.54 52 313.1
25 1 899.08 26 98.12 26 15.54 52 313.1
26 1 899.08 26 98.12 26 15.54 52 313.1
27 1 899.08 26 102.53 26 15.54 54 293.28
28 1 884.99 7 7.08 27 25.78 51 352.32
28.5 1 334.29 1 0.8 21 12.1 46 227.43
Roof 1 380.33 0 0 42 10.17 0 0
Total 33 29527.58 805 3360.8 799 471.22 1729 11433.07
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6.2.2 2D Drawing-based Calculated QTO

(1) Manual Estimating Method Based on 2D Drawings

The method of calculating quantities using 2D drawings is described in
Chapter 3, and its equation for each object type when the structure system is
reinforced concrete is shown in Figure 6-4. This method is the basic formula
used for quantity calculations currently in the construction industry. The
concrete quantity of the case project is derived in the next section using the
formula that manually checks and calculates the numerical dimensions

identified in the drawings.

Calculating volume of RC elements

1. Slab
Vs =ts*(Is * lo)
2. Column
Ve = (c*d)*(H-ts)
3. Beam
Vb = (a-ts)*b*(ls-d)
4. Wall
Vw = (H-ts) *tw*(ls-d)

Figure 6-4 Reinforced concrete volume calculation equation
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(2) OTO of Models in Traditional Modeling Method

The calculated results for the created model using the traditional

modeling method is shown in Table 6-5. The derived volume for total 1,736

concrete material are 29,527.58 m? Slab, 3,032.97 m?® column, 471.22 m?

beam or girder, 10,964.46 m® wall, and a total sum 45,996.23 m*.

Table 6-5 Quantities with manual calculation

Slab Column Beam Wall
Counts Volume | Counts Volume Counts Volume Counts Volume
Floor
(ca) (m’) (ca) (m’) (ca) (m?) (ca) (m?)
Bl 1 2219.65 65 329 85 1254.17
1 2 1319.39 34 234 29 15.9 93 673.37
2 1 1092.93 34 160.5 31 17.03 103 550.45
3 2 883.12 34 147 27 16.64 85 472.45
4 1 1355.66 32 115.6 25 15.86 72 385.24
5 1 1277.46 26 92.8 25 15.86 53 292.5
6 1 899.08 26 88.3 26 15.54 52 292.5
7 1 899.08 26 88.3 26 15.54 52 292.5
8 1 899.08 26 88.3 26 15.54 52 292.5
9 1 899.08 26 88.3 26 15.54 52 292.5
10 1 899.08 26 88.3 26 15.54 52 292.5
11 1 899.08 26 88.3 26 15.54 52 292.5
12 1 899.08 26 88.3 26 15.54 52 292.5
13 1 899.08 26 88.3 26 15.54 52 292.5
14 1 899.08 26 88.3 26 15.54 52 292.5
15 1 899.08 26 88.3 26 15.54 52 292.5
16 1 899.08 26 88.3 26 15.54 52 292.5
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17 1 899.08 26 88.3 26 15.54 52 292.5
18 1 899.08 26 88.3 26 15.54 52 292.5
19 1 899.08 26 88.3 26 15.54 52 292.5
20 1 899.08 26 88.3 26 15.54 52 292.5
21 1 899.08 26 88.3 26 15.54 52 292.5
22 1 899.08 26 88.3 26 15.54 52 292.5
23 1 899.08 26 88.3 26 15.54 52 292.5
24 1 899.08 26 88.3 26 15.54 52 292.5
25 1 899.08 26 88.3 26 15.54 52 292.5
26 1 899.08 26 88.3 26 15.54 52 292.5
27 1 899.08 26 92.7 26 15.54 55 292.5
28 1 884.99 7 6.37 27 25.78 52 348.69
28.5 1 334.29 1 0.7 21 12.1 46 348.69
Roof 1 380.33 0 0 42 10.17 0 203.9
Total 33 29527.58 805 3032.97 799 471.22 1736 10964.46
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6.2.3 QTO with the Proposed BIM Method

(1) Deduction of Overlap between Objects

The object modeling standards for quantity calculation are described in

Chapter 3, and the priority of each object type is: Slab>Column>Beam>Wall.

(2) OTO0 of Models in Proposed Modeling Method

Object models of experiment target project were created excluding the

overlapped area to be subtracted by this procedure, and the results of the

quantity are shown in Table 6-6.

Table 6-6 Quantities from the model with the specification

Slab Column Beam Wall
Counts Volume | Counts Volume Counts Volume Counts Volume
Floor
(ea) (m°) (ea) (m°) (ea) (m?) (ca) (m?)
Bl 1 2219.65 65 324.21 85 1330.24
1 2 1319.39 34 235.05 29 4.83 93 718.07
2 1 1092.93 34 168.75 31 18.21 103 555.63
3 2 883.12 34 175.03 27 17.07 85 579.17
4 1 1355.66 32 116.7 25 16.92 72 377.07
5 1 1277.46 26 92.85 25 17.56 53 282.66
6 1 899.08 26 88.39 26 17.83 52 282.66
7 1 899.08 26 88.39 26 17.82 52 282.66
8 1 899.08 26 88.39 26 17.82 52 282.66
9 1 899.08 26 88.39 26 17.82 52 282.66
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10 1 899.08 26 88.39 26 17.82 52 282.66
11 1 899.08 26 88.39 26 17.82 52 282.66
12 1 899.08 26 88.39 26 17.82 52 282.66
13 1 899.08 26 88.39 26 17.82 52 282.66
14 1 899.08 26 88.39 26 17.82 52 282.66
15 1 899.08 26 88.39 26 17.82 52 282.66
16 1 899.08 26 88.39 26 17.82 52 282.66
17 1 899.08 26 88.39 26 17.82 52 282.66
18 1 899.08 26 88.39 26 17.82 52 282.66
19 1 899.08 26 88.39 26 17.82 52 282.66
20 1 899.08 26 88.39 26 17.82 52 282.66
21 1 899.08 26 88.39 26 17.82 52 282.66
22 1 899.08 26 88.39 26 17.82 52 282.66
23 1 899.08 26 88.39 26 17.82 52 282.66
24 1 899.08 26 88.39 26 17.82 52 282.66
25 1 899.08 26 88.39 26 17.82 52 282.66
26 1 899.08 26 88.39 26 17.82 52 282.66
27 1 899.08 26 93.71 26 17.82 55 287.65
28 1 884.99 7 6.61 27 26.52 52 346.38
28.5 1 334.29 1 0.7 22 11.89 46 197.7
Roof 1 380.33 0 0 21 11.89 0 0
Total 33 29527.58 805 3069.8 779 516.94 1736 10610.43
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6.3 Results and Validation

Table 6-7 shows the results of calculating the concrete quantities of the
project using the three different methods: (a) is the result of automatic
calculation from the project model created by using the existing modeler, (b)
is the drawing-based quantity calculation result, and (c) is the estimate based
on the proposed modeling specification for quantity estimation. The deduced
deviation between the results of the existing modeling method and the
method proposed in this research study are +764 and -303, respectively, with
the 2D drawing-based manual calculation as the baseline.

In addition, to confirm the degree of deviation compared to the baseline
for each object type, the following relative error rate calculation formula was

applied (Table 6-8).

Relative Error Rate = (Quantity based on 2D drawings —

Calculated quantity) / (Quantity based on 2D drawings) X100

(%)
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Table 6-7 Comparison of total concrete amount for each element

(b) Manual (c) Proposed
Concrete Volume (a) Traditional
Calculation Modeling
for Each Element | Modeling Method
Method Method
Slab 29,527.58 29,527.58 29,527.58
Column 3,360.8 3,032.97 3,069.8
Beam 471.22 503.37 516.94
Wall 11,433.07 10,964.46 10,610.43
44,792.67 43,724.75
Total 44,028.38
(+764) (-303)

Table 6-8 Relative error rate of quantity comparison based on the manual approach

Proposed
Traditional Manual Calculation
Concrete Volume Modeling
Modeling Method Method
for Each Element Method
(%) (Baseline, m?)
(%)
Slab 0 29,527.58 0
Column +10.8 3,032.97 +1.21
Beam -6.38 503.37 +2.7
Wall +4.27 10,964.46 +3.2
Total +1.73 44,028.38 -0.63
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6.4 Results of Extended Cases Experiment

In order to improve the reliability of the numerical results, the number
and variety of case projects were increased and they were then processed the
same way as described earlier to calculate the relative error and error rate for
each calculated quantity. These case projects included: two residential
buildings, an office building, a hotel, and a hospital projects (Figure 6-5).
Tables 6-9 to 6-18 describe the total estimation per object types and

comparative evaluation of relative error and error rates for each building.

Case project-hotel

Case project-hospital

Figure 6-5. 3D model for case project experiments
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Case Project 2. Residential Building 1

Table 6-9 Comparison of total concrete amount for each element

(b) Manual (c) Proposed
Concrete Volume (a) Traditional
Calculation Modeling
for Each Element | Modeling Method
Method Method
Slab 2,721.66 2,721.66 2,721.66
Wall 3,399.51 3,218.06 3,153.9
6,121.17 5,875.56
Total 5,939.72
(+181.45) (-64.16)

Table 6-10 Relative error rate of quantity comparison based on the manual approach

Proposed
Traditional Manual Calculation
Concrete Volume Modeling
Modeling Method Method
for Each Element Method
(%) (Baseline, m?)
(%)

Slab 0 2,721.66 0
Wall +5.64 3,218.06 -1.99
Total +5.64 5,939.72 -1.99
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Case Project 3. Residential Building 2

Table 6-11 Comparison of total concrete amount for each element

(b) Manual (c) Proposed
Concrete Volume (a) Traditional
Calculation Modeling
for Each Element | Modeling Method
Method Method
Slab 2,582.43 2,582.43 2,582.43
Wall 4,529.58 4,238.18 4,214.36
7,112.01 6,796.79
Total 6,820.71
(+291.3) (-23.92)

Table 6-12 Error rate of quantity comparison based on the manual approach

Proposed
Traditional Manual Calculation
Concrete Volume Modeling
Modeling Method Method
for Each Element Method
(%) (Baseline, m?)
(%)
Slab 0 2,582.43 0
Wall +6.87 4,238.18 -0.56
Total +6.87 6,820.71 -0.56
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Case Project 4. Office Building 2

Table 6-13 Comparison of total concrete amount for each element

(b) Manual (c) Proposed
Concrete Volume (a) Traditional
Calculation Modeling
for Each Element | Modeling Method
Method Method
Slab 1,297.52 1.297.52 1.297.52
Column 181.48 181.48 181.47
Beam 970.39 958.47 956.56
Wall 1,036.53 1,008.11 950.65
3,485.92 3,386.2
Total 3,445.58
(+37.34) (-59.35)

Table 6-14 Relative error rate of quantity comparison based on the manual approach

Proposed
Traditional Manual Calculation
Concrete Volume Modeling
Modeling Method Method
for Each Element Method
(%) (Baseline, m®)
(%)
Slab 0 1.297.52 0
Column 0 181.48 0
Beam +1.24 958.47 -0.2
Wall +2.82 1,008.11 -5.6
Total 4.06 3,445.58 -5.8
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Case Project 5. Hospital

Table 6-15 Comparison of total concrete amount for each element

(b) Manual (c) Proposed
Concrete Volume (a) Traditional
Calculation Modeling
for Each Element | Modeling Method
Method Method
Slab 10,060.42 10,060.42 10,060.42
Column 1,543.21 1542.9 1542.71
Wall 2,875.18 2,774.9 2,753.04
14,478.81 14,356.17
Total 14,378.22
(+100.59) (-22.05)

Table 6-16 Relative error rate of quantity comparison based on the manual approach

Proposed
Traditional Manual Calculation
Concrete Volume Modeling
Modeling Method Method
for Each Element Method
(%) (Baseline, m®)
(%)
Slab 0 10,060.42 0
Column +0.2 1542.9 -0.01
Wall +3.6 2,774.9 -0.78
Total +3.8 14,378.22 -0.79
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Case Project 6. Hotel

Table 6-17 Comparison of total concrete amount for each element

(b) Manual (c) Proposed
Concrete Volume (a) Traditional
Calculation Modeling
for Each Element | Modeling Method
Method Method
Slab 3,336.15 3,336.15 3,336.15
Column 441.42 440.6 440.43
Wall 1,134.35 1,087.22 1,076.69
4,911.92 4,853.27
Total 4,836.97
(+74.95) (-10.7)

Table 6-18 Relative error rate of quantity comparison based on the manual approach

Proposed
Traditional Manual Calculation
Concrete Volume Modeling
Modeling Method Method
for Each Element Method
(%) (Baseline, m®)
(%)
Slab 0 3,336.15 0
Column +0.19 440.6 -0.03
Wall +4.33 1,087.22 -0.97
Total +4.52 4,836.97 -0.1
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6.5 Discussion

Result Analysis

From the results of the first case experiment, it was confirmed that the
relative error rate were +1.73% and -0.63% using the traditional modeling
method and the proposed modeling method, respectively, compared to the
calculation results, and that the model for the purpose of the calculation based
on the estimation standards also showed a difference from the 2D drawing-
based manual method. Despite the more accurate quantity value with the
proposed method, some numerical deviation remains. These differences are
considered to be a consequence of the difficulty in understanding of 3D
information with the manual calculation process that is based on 2D graphic
of planar and/or cross sectional engineering drawings.

As the research limited its target of experiment to be construction
structure system of concrete material, the error that would occur when the
scope and target are extended to the entire project is expected to be greater.
In addition, considering that the numerical standard employed for
procurement and implementation of the current construction project is based
on the result of manual work, the error that is expected to occur continuously
should be deemed as an additional considerations so that the construction

manager can understand the deviation and prepare for an unexpected
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situation resulting from numerical differences.

Table 6-19 Comprehensive relative error rate of quantity comparison for case projects

Traditional Modeling Proposed Modeling
Case Projects
Method (%) Method (%)
Case 1 +1.73 -0.63
Case 2 +5.64 -1.99
Case 3 +6.87 -0.56
Case 4 +4.06 -5.8
Case 5 +3.8 -0.79
Case 6 +4.52 -0.1

From the results of additionally performed case experiments, it was
confirmed that the calculated quantities with the modeling criteria are close
to manual calculation, except in one case project. From Table 6-19, with a
minimum deviation of 0.1% and a maximum deviation of 1.99%, the
reliability of calculated quantities from BIM data at construction projects was
confirmed and consequently, the second research hypothesis was confirmed
through these experimental results. The derived error rates should be
considered as a relative extra error rate. The automatically derived quantities
based on the model created in consideration of the specification will help

construction managers working with traditional calculation methods.
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6.6 Summary

This chapter described the experiments conducted to test Hypothesis 2
and to confirm the applicability of the modeling specification defined in
Chapter 3. The quantities were calculated in three different ways to confirm
the applicability of the modeling criteria in this research study for QTO-based
modeling. For the 30-story office building constructed in 2010, the results of
automatic volume calculation of the model according to the existing object
creation method as well as the proposed method were compared with the

drawing-based manual calculations.

The comparison of three results can be seen in Table 6-19. As shown in
the table, the modeling method without QTO consideration showed an error
of +1.7~6.87% compared to the current calculation method, but the quantity
based on the proposed modeling method showed -0.6~1.99%, which is a
much smaller error rate range. It can be seen that the difference in numerical
values still exists because drawing-based calculation of quantities cannot take
into account the 3D relationship between objects. However, because the
details used as the basis for procurement and implementation used at
construction projects are estimates based on drawing-oriented methods, the

error rates should be understood and considered accordingly.
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Chapter 7. Conclusions

The objective of this dissertation was to develop a framework that
includes a detailed process with applicable techniques for the automated
generation of a 3D object model for construction projects based on drawing
recognition and text-line extraction. This would have helped address the
following problems: (a) Used of traditional 2D-based project information
creation and utilization; (b) duplicity in project data creation task due to the
mandatary use of BIM in construction projects; and (c) consequent delays in

construction commencement.

In this chapter, we summarize the findings derived from the results of
this dissertation. Then the expected contributions, both in academic and in
practice, are discussed. Finally, the last section concludes with the limitations

that will be handled with further studies.
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7.1 Research Results

The question addressed in this research study was how to shorten and
further automate the data transformation process from 2D drawing to 3D
object models with properties that can be adopted in practice. Furthermore,
the aimed was to have a discriminative ability to extract the numerical values
required in a construction project regardless of the shape or type of the target
object. Unlike the previous researches with similar research objectives, the
research studies scope was not limited to a specific work trade or building
elements. This was achieved by using an independent conversion processes
for text and lines. This dissertation was based on two research hypotheses: 1)
that a separate conversion process of shape and property creates
object model regardless of shape or work trade; and 2) that modeling

criteria with estimation standards facilitate quantity extraction

during the construction phase.

To achieve this, current efforts in terms of extracting information from
text or graphic—oriented documents as well as how to create a 3D model from
2D shape through a pattern recognition process were contemplated. Then, it
was confirmed that the existing drawing-based automated 3D model creation
and its applications are limited in term of applicability. Therefore, this study

developed a framework for creating objects based on drawing recognition,
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considering the used of precise numerical values in the construction stage.
This included: — (a) the overall process of automated modeling based on
drawing recognition, (b) drawing recognition and line-text extraction, (c) text
classification to obtain object’s properties, (d) pattern recognition to
configurate object shape, and (e) object modeling specification for quantity

calculation.

In addition, the performance of the model and the applicability of the
framework were verified by conducting separate tests. The first tested
extraction of abbreviations from engineering drawings through the text
classifier. The second tested 3D shape generation using pattern recognition.
From the text classifier experiment, it was confirmed that the building
components were distinguished with a high probability for a new input term
generated by similar abbreviation creating rule as a result of trained and
tested object-referenced abbreviations applied in construction drawings. In
the second experiment, 3D shape generation based on the pattern recognition
was performed with two sets of test drawings and the feasibility of the

proposed framework and technology was confirmed.

Based on this discussion, it was confirmed that (a) the calculated
numerical values required in the construction phase were derived. To be

specific, case experiments were conducted to confirm the project
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applicability in the construction stage with the numerical values of data
generated based on the model preparation criteria. The calculated quantities
(b) through automatic overlap deduction from the existing modeling process
and (c) based on the two-dimensional drawing-were compared with the

deductive value from the model based upon the modeling specification.

While the quantities derived from (a) and (b) showed numerical
differences, the deviation was smaller than the deviation between (b) and (c)
and it was in the acceptable range. This difference between (a) and (b) was
analyzed as a non-considered priority relationship among multiple objects
occurring in three-dimensions. However, the current construction planning
and management is based on (b), so it can be effective to consider the

estimated error rate with (a).
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7.2 Research Contribution

This study was conducted with the purpose of solving the problem of
duplicated tasks carried out due to the difference between the government-
mandated system and the workers’ preference. It is hoped that through this
work, it is possible to reduce the workload of the projects and further
contribute to resolving the chronic problems of time shortcoming and cost

overruns that are common in the construction industries.

The developed framework that generates shape and identifies attribute
information and then aggregates these as an integrated object information, is
a distinctive feature of our study. From a construction management
perspective, this research study develops a modeling specification capable of
an accurate quantity calculation. The output quantity values provided by the
proposed methodology were found to be similar to the drawing-based
quantity estimation, thereby providing practically applicable numerical
information. In addition, it is possible to skip the separated drawing-based
calculation process by providing an error rate to be considered for numerical

deviation due to the lack of precision in the drawing-based quantity process.

As an academic contribution, this research study has developed the

framework by integrating knowledge and techniques from various fields.
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Specifically, machine learning technology was used for text classification,
and pattern recognition was used for the 3D object creation process. In
addition, knowledge of architectural arithmetic was applied to the modeling
specification, in the form of relationships between objects, as the criteria for
preparing the project BIM data. The study also contributed by enlarging the

body of knowledge in the field of construction BIM research.

By reducing the time and efforts required to convert drawing data into
BIM data, it is expected that the study will help improve the efficiency and
effectiveness of construction management. Specifically, it will improve
productivity in the early construction stage or at the construction documents
preparation stage. Project data created in 2D drawings and 3D BIM data will
ensure smoother communication among various participants in construction
projects. For example, by automatically creating identical project data, the
construction manager, who may bes familiar with the BIM environment will
be able to understand the project information without communication
problem with the designers or sub-consultants who may be accustomed to a

2D-base work environment.
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7.3 Future Research

It is acknowledge that the proposed framework needs to be improved in
order to make it applicable various circumstances. For instance, in buildings
that include cross-sectionally irregular building components, these object
models do not correspond to the pattern recognition to configurate, so it is
difficult to create their shape using an automated object model framework.
As another example, model creation and quantity calculation cannot be made
in the case of finishing materials in which construction and modeling bases

are composite materials rather than individual objects.

To address these limitations, the creation of an object shape considering
the 3D configuration of an object that is not in a faceted shape and further
calculating for these atypical shaped objects needs to be considered. For
example, a supplementary equation of iterative integral can be adapted for
area and volume calculation methods or for shape creation. Otherwise in case
of composite materials, a rule for object creation based on the finishing
material specification should be considered and then be integrated to the

current framework.

In order to take an advantage of existing approaches, future research
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studies can complementary integrate the framework and modeling
specification for expanding the applicability of this research. Future research
would expand the framework and specification for further applicability for
automatic BIM generation, and would support technical platform that
integrates conceptual and technical development including specifications that
can contribute both academically and practically. Considering the scalability
to specific information required at the field level in addition to the basic
project data in this research study, future research should include more
detailed numerical information combined with construction schedule, daily

progress management, cost information, and role of sub-consultants.

It can also be said that this research has followed a passive approach in
terms of solving the research problem at the construction stage. Thus, to
enable a positive feedback effect that can contribute to improve productivity
in the design phase, further research should lead to an active conversion
between drawings and BIM data from the early design stage. This implies
that the results of this research can be continuously applied in an alternative
project delivery method environment, such as of design build (DB) system
where the design and the construction services are contracted simultaneously

by one entity.
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Appendix A: Terminology

Term

Acronym

Explanation

As-built Model

As-built model refers to the creation of a
digital 3D model based on the current state
of construction or an existing structure. With
a development of related technologies,
photogrammetry or laser scanning is mainly
adopted to generate as-built 3D models
(Wang et al., 2015).

As-planned Model

It means the model created as planned in the
construction project, and mainly refers to a
3D model created based on 2D drawings
from the design stage. It is compared with as-
built model to confirm the construction status

comparing to the planning.

Bayesian Filter

It is the simplest and most widely used
classification model based on the Baye’s
therorem (McCallum and Nigam, 1988). It is
practically used with a feature that classifies
text regardless of their dependency (Diab and
Hindi, 2017; Rennie et al., 2003).

Baye’s Theorem

It is a conditional probabilities that deals
with decision-making problems
mathematically under uncertainty. Unlike
other probabilistic inferences that are based
upon the deductive reasoning, this method is

based on inductive and empirical reasoning.
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Term

Acronym

Explanation

Building

Components

Building components mean the basic
elements of a building that includes building
structure with foundation, floors, walls,
beams, column, roof, stair with an aim to
support and enclose it (Building Technology
Guid, 2020).

Building

Information Level

BIL

Definition of the detailed BIM level data
published by the Public Procurement Service
in Korea (Public Procurement Service,
2016). Different level of detail is defined
according to the purpose of utilization, and it
is divided into 10 units from BIL 10 at the
planning level to BIL 60 at the facility

management level.

Building
Information

Modeling

BIM

Building  Information = Modeling(BIM)
represents the developed work process by
adopting a computer generated model based
upon the object in a building lifecycle (Azhar
et al., 2008; Eastman et al., 2008). It also
means Integration as well as utilization of

information for building project.

Cost Estimation

Cost estimation is an approximation of
project cost and accurate calculation helps
avoid project overruns. Based on the quantity
from the design phase, the total construction
cost can be estimated considering direct cost
of material, labor, equipment and indirect

cost as well (Xu and Liu, 2013).
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Term

Acronym

Explanation

Drawing

Recognition

It refers to the process of recognizing line
and text information in a 2D drawing to
reconstruct 3D model. Although there is a
difference in methods and procedures for
classifying an recognizing information, the
purpose to use line that includes geometric
and topological information and to use text
of annotation, dimension, and table (Lu et al.,

2007; Tombre et al., 2002).

Hough Domain

HD

It means a virtual spatial area applied for the
Hough Transform, and refers to a space that
contains the converted point when
transforming an expression describing a

specific line into a single vertex.

Hough Transform

HT

Hough transform is a feature extraction
technique used in image analysis, in specific,
a line to point transformation in which, when
applied to the centroids of connected
components in an image, can be used to
detect sets of connected components that lie
along a given straight line (Fletcher and

Katsuri, 1988).

Industry

Foundation Classes

IFC

IFC is an open, international standard BIM
data format developed by buildingSMART
group. Interoperable feature of the data
promotes  vendor-neural and  usable
capabilities regardless of device, software
platform, and interfaceses for manu different

cases (buildingSMART, 2020).
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Term

Acronym

Explanation

Level of Detail

(Development)

LOD

It means the details of 3D model in computer
graphic, and explains the complexity of
model representation. In the case of BIM
model defined by buildingSMART, the level
500 means the 3D model similar to the actual

building and 100 is model in planned level.

Line/text

Separation

It is originated on the graphic/text separation
that is suggested and developed by Tombre
(2013) and Fletcher (1998). It refers to a
technique of classifying and storing two into
separate layers based on the feature of line

and text from one drawing.

Object Model

It is a basic element of BIM data generation,
architectural elements are created with their
shape and size attributes, with information
and knowledge regarding the -elements
constituting the building are expressed as an

object model (Park et al., 2000).

Pattern Recognition

It is a technique of shape representation and
description generally employed in image
search. In 2D drawings, region-based
approach and contour-based approach can be
applied according to the graphic’s feature

(Zhang, 2004).

Project BIM Data

It means data model including information
related to one construction project. It is made
of a set of object models, which are building

components, and is utilized by purpose.
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Term

Acronym

Explanation

Property (of object

model)

Property of BIM is the most distinguished
feature from the general 3D model. It
comprehensively means information such as
materials, architectural codes, zoning for
construction, schedule, and structure
required for a construction project, and any
information can be added according to

project characteristics (Kim et al., 2017).

Quantity Take Off

QTO

QTO is a detailed measurement of materials
and manpower required to complete a
construction project. It is conducted by the
estimator at the pre-construction stage
traditionally, and with the BIM data, it can be
automatically calculated without a separate

calculation process (Eastman et al.).

Relative Error

Relative error means the ratio of the error to
the true value when an error occurs. It is used
in absolute value to show the difference and
expressed as a percentage(%). When
multiple errors happen, it is used to explain

accurate information of the approximation.

Shape (of object

model)

Shape information is component of the
object model with property information. It
shows the model in three-dimensional
environment with accurate shape, size, and
material. In order to construct BIM project
data, the method of joining between objects
should be considered and displayed in the

display environment.
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Term

Acronym

Explanation

Text Classification

Text classification is a technique that
automatically  allocates natural texts
according to the predefined categories. The
basic method is to convert text to the method
of answering to the user’s problem and
extracting data (Rahman et al.,, 2001).
Algorithms for developing classification
model varies by purpose, and the Naive
Bayes-based classifier is used often (Lewis et

al., 1992).
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Appendix B: Source of Code for Text Classifier

Python # for creating text classifier using Bayesian filter and training
import math, sys
from konlpy.tag import Twitter
class BayesianFilter:
def init_ (self):
self.words = set()
self.word dict= {}
self.category dict = {}
def split(self, text):
results =[]
twitter = Twitter()
malist = twitter.pos(text, norm=True, stem=True)
for word in malist:
if not word[1] in ["Josa", "Eomi", "Punctuation"]:
results.append(word[0])
return results
def inc_word(self, word, category):
if not category in self.word_dict:

self.word dict[category] = {}
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if not word in self.word_dict[category]:
self.word_dict[category][word] =0
self.word_dict[category][word] += 1
self.words.add(word)
definc_category(self, category):
if not category in self.category dict:
self.category dict[category] =0
self.category dict[category] += 1
def fit(self, text, category):
word _list = self.split(text)
for word in word _list:
self.inc_word(word, category)
self.inc_category(category)
def score(self, words, category):
score = math.log(self.category prob(category))
for word in words:
score += math.log(self.word prob(word, category))
return score
def predict(self, text):
best category = None
max_score = -sys.maxsize

words = self.split(text)
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score_list =[]
for category in self.category_dict.keys():
score = self.score(words, category)
score_list.append((category, score))
if score > max_score:
max_score = score
best category = category
return best_category, score_list
def get word count(self, word, category):
if word in self.word_dict[category]:
return self.word_dict[category][word]
else:
return 0
def category prob(self, category):
sum_categories = sum(self.category dict.values())
category v = self.category dict[category]
return category v /sum_categories
def word_prob(self, word, category):
n = self.get word count(word, category) + 1
d = sum(self.word_dict[category].values()) + len(self.words)

returnn/d
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Python # for calculating the precision rate of the created model
import numpy as np

from sklearn import cross_validation

from sklearn import datasets

from sklearn import svm

from sklearn.model selection import StratifiedKFold

from sklearn.metrics import precision_score, recall score

iris = datasets.load_iris()
skf = StratifiedKFold(n_splits=10)

clf = svm.SVC(kernel="linear', C=1)

X =iris.data
y = iris.target
precision_scores = []
recall scores =[]
for train_index, test_index in skf.split(X, y):
X train, X test = X[train_index], X[test index]

y_train, y_test = y[train_index], y[test_index]

y_pred = clf.fit(X train, y_train).predict(X test)

precision_scores.append(precision_score(y_test,y pred,average="macro'))
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recall _scores.append(recall score(y test, y pred, average="macro'))

print(precision_scores)

print("Precision:  %0.2f (+/- 9%0.2f)" % (np.mean(precision_scores),
np.std(precision_scores) * 2))

print(recall_scores)

print("Recall: ~ %0.2f  (+/-  %0.2)" %  (np.mean(recall scores),

np.std(recall scores) * 2))

Python # for test the created text classifier

from bayes import BayesianFilter

bf = BayesianFilter()

bf.fit("c1", "column")
bf.fit("c2", "column")
bf.fit("c4", "column")
bf.fit("c5", "column")
bf.fit("SC1", "column")
bf.fit("sC1", "column")
bf.fit("sc3", "column")
bf.fit("Cla", "column")
bf.fit("w1", "wall")
bf.fit("wla", "wall")
bf.fit("sw1", "wall")
bf.fit("sw2", "wall")
bf.fit("swla", "wall")
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bf.ﬁt(" I:%:i n’ "Wall")

bf.fit("C9", "column")
bf.fit("wall", "wall")

bf.fit("7| S 1", "column")

bEfit("7| S 2", "column")

bf.fit("co.", "column")
bf.fit("wal.", "wall")
bf.fit("sW1.", "wall")

pre, scorelist = bf.predict("C1b")
print("result=", pre)
pre, scorelist = bf.predict("W1b")
print("result=", pre)

print(scorelist)

175



Appendix C: Case Project Description

Overview of the project
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Generated Project Models

(a) Project model with current modeling standards
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