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摘要

隨著人們對施工監控數位化轉型的期望增加，工地傳感器技術的使用越來越

普及。沒有明確的使用策略，來自傳感器收集的視覺資料將無法得到充分利用，

從而導致數據浪費。為了改善此類問題，本研究提出了一個基於視覺化方法監測

建築物施工的系統框架。該框架可以提供工地數位化等級以及符合收集視覺化資

料的技術給工程師參考。具體來說，從 BIM模型中導出需要監控的構件，結合工

地辨識的活動來創建基於視覺的監控計劃。該計劃提供對於監控的構件、進行中

的工作、資源以及最佳的視覺化資料收集方法的建議。最後，本文通過結合實際

案例研究並與多位營建業領域相關的專家進行訪談，證實了本研究框架具有可行

性，有助於在工地管理和監測中應用新方法的規劃設計過程，為在施工現場實施

數位化創造機會。

關鍵字：工地數位化、施工監測、BIM、施工規範
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Abstract

Sensing technology utilization in construction sites has grown exponentially due to

the expectation of its impact on jobsite digital transformation for construction monitor-

ing. However, without clear utilization strategies, the massive amount of visual data from

various sensors often remains underutilized, resulting in wasted data. To address these

problems, this study proposes a framework for adopting vision-based construction mon-

itoring methods that utilize BIM and construction documents. The framework enables

construction practitioners to define the digitalization level needed for their projects and

then provide the appropriate techniques required through model-driven analysis. It in-

volves extracting element information from BIM and activity information from progress

taxonomy to generate a vision-based monitoring plan. The monitoring plan identifies the

elements, work-in-progress, resources, and the most suitable data acquisition methods.

We evaluated the method through a case study and conducted extensive interviews with

experienced VDC managers. This study contributes to planning processes and creates op-
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portunities for facilitating jobsite digitalization on the construction task level monitoring.

Keywords: Jobsite Digitalization, Construction Monitoring, BIM, Construction Docu-

ments
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Chapter 1 Introduction

1.1 Background

The construction industry is undergoing a digital transformation. This transforma-

tion is driven due to the requirement of efficient resource management [48]. Paper-based

data management processes have been applied for a long time. In order to ensure the

completion of work-in-progress and supervise the activities of workers and machinery,

site engineers primarily rely on a multitude of drawings. Toward applying digitalization

transformation in the firms, one of the activities is integration of advanced technologies

[17]. Because of the complicated management process, construction projects faces nu-

merous challenges, such as cost overruns, rework, low project performance, poor safety

records, substandard quality, and undesired productivity. The industry hopes that adopt-

ing advanced technologies and processes could improve productivity, efficiency, and sus-

tainability. Technological innovations have the potential to address and overcome these

challenges effectively. By applying cutting-edge advancements, construction firms can

improve their project performance through better project planning and management [3].

When applying these high-tech approaches to projects, construction companies must

consider various aspects for effective implementation. Many studies proposedBIM frame-

works and workflows over the last decade. Researchers developed theoretical BIM frame-
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works to define the general requirements, processes, and policies for supporting planning,

coordination, energy analysis, and maintenance [28, 40]. They also created industry-

oriented informationmanagement frameworks for BIM implementation at the project level

on construction sites [18, 40]. However, these methods often require manual effort to in-

clude as-built information. Recently, many researchers have developed novel computer

vision methods to process visual data collected from construction sites for various ap-

plications, including progress monitoring, safety inspection, quality control, and energy

analysis [37]. The results have shown that vision-based methods are critical in digital

transformation. To leverage the advantages of vision-based monitoring techniques, it is

essential to establish an efficient framework that enables construction firms to adopt these

methods and promote digital transformation in the construction field.

Vision-based technologies offer significant potential for advancing construction pro-

cesses by providing accurate, real-time data, enhancing decision-making, improving ef-

ficiency, and ensuring higher quality and safety standards. In the monitoring progress,

vision-based monitoring methods have been proposed to monitor construction activities

in task and operation levels [48]. For task monitoring, researchers proposed methods to

recognize building elements and visualize the progress deviations based on the metaphor

of traffic light colors [12]. Furthermore, a lot of element materials are classified from the

images collected daily on sites using RGB-D cameras [9]. For operation monitoring, it is

possible to detect entities such as workers, excavators, concrete bucket which are working

on construction sites by activity recognition algorithms [29, 46]. Besides, the interaction

among the entities are necessary to be analyzed, which helps understand the relationships,

dependencies, and impacts of different elements within the system [47]. Due to the ex-

ploration of vision-based monitoring approaches, developing an integrated framework to
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characterize and categorize potential data acquisition methods in vision-based technolo-

gies for construction applications would facilitate a systematic investigation and docu-

mentation in this domain.

Despite the potential benefits, implementing vision-based construction monitoring

technologies across building projects remains challenging. Several theoretical and prac-

tical bottlenecks hinder the digital transformation process. First, the collected visual data

from various sensors is not effectively used for all monitoring analysis. Construction

practitioners are not being provided with informative instructions for computer vision ap-

plications to monitor construction sites [33]. Besides, Reja et al. [37] highlighted the lack

of connections between the visual sensing technologies with progress estimation. Sec-

ond, many efforts have been put into applying digitalization to collect the data without

thoroughly understanding the applications, which could result in more resource waste.

For example, vision-based methods can only be used to monitor physical actions and ob-

jects because of their unique capabilities and limitations [38]. Therefore, Omar and Nehdi

suggested that a reasonable plan was essential for properly employing these monitoring

methods before significant investments [31]. To address these research gaps, the next

section introduces research objectives.

1.2 Research Objectives

The research aims to develop a novel framework that facilitates digital transforma-

tion on construction sites by adopting vision-based monitoring methods. The framework

defines the requirement for different jobsite digitalization levels and guides practitioners

to implement it in building projects. This study develops a building element and activity
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taxonomy by to define the objects of the monitoring process. A recommended systematic

visual data capture plan can be generated automatically by identifying the desired jobsite

digitalization level.

To achieve that, the research objectives include:

1. Develop jobsite digitalization levels based on monitoring outcomes. This module

involves creating a target range to identify the various objectives that need to be

accomplished.

Research questions: What are the outcomes of the monitoring process? What are

the objectives of monitoring outcomes? What results can be attained when apply-

ing vision-based monitoring methods? What completeness level and detail level of

monitoring outcomes should the project aim to obtain? Which building elements is

the project aiming to monitor using vision-based techniques?

2. Develop a taxonomy of building elements and activities by utilizing construction

documents to clearly define the objectives of the monitoring process. This mod-

ule provides guidance on creating a document that defines the necessary activities

to form a building element and activity sequence based on construction standards,

UniFormat, and MasterFormat.

Research questions: How can project managers define the activities that should be

monitored? What are the processes involved in the formation of an element? What

resources are necessary for a construction task? What are the names of the activities

and resources for utilizing computer vision to track?

3. Develop a reference that provides guidance on how to select appropriate data ac-

quisition methods. This study module defines the potential requirements for data
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acquisition process, including data types, technologies, and devices. The require-

ments correspond to the levels of digitalization at the job site, as identified in the

first objective.

Research questions: Which methods should be used for visual data acquisition?

Which requirements should we consider before choosing data acquisition methods?

4. Develop an automation script in Revit to export visual data capture plans from the

selected jobsite digitalization levels.

Research questions: How to have the monitoring plan from the BIM model auto-

matically? How to summarize the element information that the project desires to

capture by vision-based methods?

5. Develop a performance assessment method for project managers to assess their im-

plementation of using vision-based monitoring methods to monitor construction

sites.

Research questions How to assess the performance of using these proposed meth-

ods?

6. Develop a guideline to implement the framework, then validate the framework by

applying it to a case study and interviewing the experts who are working in that

project vb to demonstrate the competency of the framework.

Research questions: How can we instruct construction practitioners to use the

framework and export reports automatically from BIM models? Is the framework

applicable to the planning process? Can the proposed framework provide useful in-

formation if applied to the planning process that considers the vision-based methods

adoption?
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1.3 Research Scope

To create a novel framework for vision-based monitoring methods adoption, this re-

search clarifies different level of digitalization based on monitoring outcomes, which are

task and operation monitoring in the construction domain. This study focuses on moni-

toring the building shell and reinforcement concrete structure part.

The interviews to evaluate the proposed framework are conducted with two visual

design and construction (VDC) experts in the a case study. Experts were asked about the

current task and operation monitoring process and the proposed framework’s competency.

1.4 Thesis Structure

This thesis includes five chapters:

Chapter 2 presents the literature review related to vision-based methods for monitoring

construction sites, information retrieval from BIM model, framework to apply vision-

based monitoring methods and digitalization levels on construction sites.

Chapter 3 details the framework, including jobsite digitalization identification, element

and activity taxonomy, data acquisition requirements identification, and performance as-

sessment method.

Chapter 4 describes the implementation and evaluation of the framework.

Chapter 5 gives the research conclusions, contributions, limitations, and future works.
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Chapter 2 Related Works

This chapter comprehensively reviews key research components related to vision-

based methods for monitoring construction sites. It encompasses four main sections: (1)

Vision-based methods for monitoring construction sites, (2) Information retrieval from

Building Information Modeling (BIM) for construction monitoring, (3) Framework for

applying vision-based monitoring methods, and (4) Identification of digitalization levels

on construction sites.

In the first section, the chapter addresses the current state of task and operation mon-

itoring and explores advanced research to resolve existing monitoring process issues. The

discussion emphasizes the ongoing digital transformation in the industry and the practi-

cal application of visual data collected on construction sites. Moving forward, the chap-

ter delves into the integration of vision-based methods with BIM. It examines previous

studies that utilize BIM as a foundation for implementing vision-based techniques. The

subsequent section presents a framework for the practical application of vision-basedmon-

itoring methods. Next, the final section analyzes the digitalization level definition when

integrating new advancements. Lastly, the chapter summarizes the identified knowledge

gaps in the field. These gaps highlight areas where further research are needed to ad-

dress the challenges and leverage the potential of vision-based methods in construction

monitoring.
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2.1 Vision-basedmethods formonitoring construction sites

Effective control and management of construction sites are of utmost importance due

to the multitude of activities taking place simultaneously. Construction sites are dynamic

environments where various tasks, operations, and resources converge. Without proper

control, these sites can become chaotic and susceptible to delays, errors, and safety haz-

ards. Therefore, it is crucial to implement robust monitoring and control measures to

ensure that activities are carried out efficiently, resources are optimally utilized, timelines

are adhered to, and safety protocols are followed.

Onsite project monitoring encompasses the tracking of both task-level and operation-

level information. It involves variousmethods, including direct observations, surveys, and

interviews, to gather comprehensive data for monitoring purposes. The requirement for

automation in data collection and analysis for project- and operation-level monitoring is

evident due to the time-consuming nature and human error prone of traditional methods

[48]. This need for automation has led to the increasing application of advanced infor-

mation and communication technologies (ICT) in construction projects. Over the past

decade, there has been a growing trend of utilizing ICT to address existing limitations and

facilitate automatic data collection and analysis. Images and videos, easily captured and

prevalent on construction sites, have emerged as widely used media [31]. Consequently,

there has been significant interest from civil engineers and computer scientists in applying

vision-based technology to analyze recorded images and videos for monitoring purposes

automatically.

Vision-based monitoring refer to a set of innovative technologies and techniques that

leverage visual sensing technologies, such as cameras, sensors, and image processing al-
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gorithms, to monitor and analyze construction projects [20]. In vision-based monitoring

methods, cameras and sensors are strategically deployed across the construction site to

capture visual data. This data can include images, videos, or point cloud data that repre-

sent the physical elements and activities occurring on the site. These methods harness the

power of computer vision, artificial intelligence, and BIM integration to enable a more

comprehensive and efficient approach to project monitoring.

To advance beyond a digitization world and autonomous monitoring, the comple-

tion of physical items contained in BIM models and the related activities can be captured

through images and recognized by employing computer vision. We can automatically

capture such pictures every day, thus it makes sense to use visual data to track it. The

following subsections detail the previous research on automatic task and operation moni-

toring.

2.1.1 Task Monitoring

Monitoring task-level information involves tracking the progress of constructing build-

ing elements and ensuring the work’s quality. To identify any discrepancies between the

construction plans and the project’s actual status, this process heavily relies on the supervi-

sion of onsite inspectors. However, it is essential to note that this method is subjective and

susceptible to errors [48]. The widespread availability of affordable cameras has substan-

tially increased the number of photographs taken on construction sites daily. Researchers

have recognized the potential of utilizing these images collectively for monitoring pur-

poses. The concept illustrated in Figure 2.1 depicts how still images can effectively be

used for monitoring the progress and quality of construction projects [12, 13].
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Figure 2.1: Overall concept of progress monitoring using images

Task-level monitoring refers to evaluating different components’ presence and visual

characteristics within a construction site. Assessment methods that rely on occupancy are

utilized to determine the presence of these components. Golparvar-Fard et al. [14] have

developed a methodology that uses comprehensive representations of dense image-based

3D point clouds andBuilding InformationModeling (BIM) data, incorporating both the as-

planned and as-built perspectives. Farzad et al. [36] proposed a framework for automated

simulation of construction projects. They targeted the building elements, such as walls,

columns, and floors, to reconstruct those in a 3D virtual environment. Besides, another

method to create an as-built model is registering the as-planned BIM model and point

cloud, which is generated by photogrammetry imaging with a single off-the-shelf camera

[5]. The performance deviation will be defined by comparing as-built and as-planned

states through the presence of building elements. Most of the generated point clouds can

express the essential structural elements by using images [26] or laser scanner [21].

Although occupancy-based assessment methods have shown progress, this approach
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fails to distinguish between the various stages of operations involved in constructing an

element. In the next step, the up-to-date appearance-based methods are introduced to

monitor the material of building elements [15]. These researches use images collected

from RGB-D cameras to reconstruct a point cloud and apply material recognition algo-

rithms to detect the different states of building elements such as drywall [22], concrete

columns [45]. Dimitrov and Golparvar-Fard [9] introduced a Construction Material Li-

brary, which contains material categories for discriminative classification of construction

materials from depth images.

2.1.2 Operation Monitoring

Operation monitoring refers to supervise construction entities and their relationships.

To reduce human resources in monitoring activity operation, several researchers proposed

methods to recognize activities and collect the working time of workers and machines

through videos captured. Xiao et al. [47] proposed a vision-basedmethod to automatically

tracking machines via construction videos. A separate study introduced a novel approach

to action recognition utilizing vision-based techniques, specifically dense trajectories, to

identify workers in video footage. This was achieved by employing a Support Vector

Machine (SVM) integrated with a bag-of-features pipeline. [49]. Moreover, Zhu et al.

[52] designed a framework that facilitates the process of tracking workers and equipment

on construction sites via videos captured by High definition video cameras. Figure 2.2

presents an overview of operation monitoring using images.

Monitoring construction activities provides valuable insights for project managers

to analyze construction productivity and optimize resource allocation. Project managers

can determine the number of workers actively engaged in specific activities. Tracking the
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time spent on each activity provides crucial data for analyzing construction productivity.

By understanding how long it takes to complete various tasks, project managers can iden-

tify bottlenecks, areas of delay, and opportunities for process improvement. Identifying

and categorizing specific activities being performed on the construction site offer insights

into the sequence and progression of work. Monitoring the materials and resources uti-

lized for each activity enables project managers to assess resource consumption and costs.

Operation-level monitoring helps in tracking resource availability, identifying potential

waste or inefficiencies, and optimizing material procurement and resource allocation.

Figure 2.2: Overall concept of operation-level monitoring using images

2.1.3 Data Acquisition Methods

2.1.3.1 Data Type

In the process of creating an accurate as-built model for a construction project, the

collection of various data types is crucial. These data types include text data, visual data
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and geospatial data [31]. Each type of data contributes to the comprehensive documen-

tation and representation of the project. This chapter focuses on reviewing the data types

and highlights the exceptional characteristics of visual data. Additionally, it explores the

significance of text data, geospatial data, and numeric data, with a specific emphasis on

environmental parameters like humidity, noise, air quality, and atmospheric pressure.

• Text Data: Text data encompasses information obtained from contracts, records,

regulations, mandates, and standards related to the construction project [41]. These

textual sources provide critical insights into project specifications, design require-

ments, and compliance standards. Text data serves as a foundation for understand-

ing the project’s context, constraints, and legal obligations. It enables accurate rep-

resentation and documentation of the physical construction in alignment with the

intended design and industry guidelines.

• Visual Data: Visual data is a highly valuable and remarkable type of data for cre-

ating an as-built model. It encompasses images, photographs, videos, and other

visual representations captured during the construction process [25]. Visual data

provides the physical characteristics, spatial relationships, and aesthetic aspects of

the constructed elements. Visual data aids in detecting discrepancies, identifying

deviations from the design, and ensuring the accuracy of the as-built model. It is

particularly effective in showcasing the visual quality and appearance of the finished

project [16].

• Geospatial Data: Geospatial data, includingGPS orGNSS data, plays a vital role in

aligning the as-built model with real-world coordinates. It provides precise location

information, such as latitude, longitude, and elevation, enabling accurate georefer-
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encing of the model [31]. Geospatial data ensures that the as-built model is aligned

with the physical site and facilitates integration with external geographic informa-

tion systems (GIS). By incorporating geospatial data, the as-built model becomes

geographically accurate and interoperable with other spatial datasets.

However, there are many outstanding characteristics of visual data include:

• Richness of Information: Visual data presents an abundant amount of informa-

tion in a concise and easily understandable format. It conveys details that may be

challenging to describe solely through text or numeric data. The visual represen-

tation allows stakeholders to grasp complex spatial relationships, material textures,

finishes, and overall aesthetics.

• Contextual Insight: Visual data provides context and situational awareness. It

captures the construction site’s surroundings, existing structures, and nearby infras-

tructure, which contribute to a holistic understanding of the project’s environment.

This contextual insight enhances the accuracy of the as-built model.

• Documentation of Progress: Visual data allows for the chronological documenta-

tion of the construction progress. It enables a step-by-step visual representation of

the construction timeline. This documentation can be useful for monitoring project

milestones, conducting progress reviews, and analyzing the efficiency of construc-

tion activities.

Collecting various data types is essential for creating an accurate as-built model. Text

data, visual data, geospatial data, and numeric data each contribute unique and valuable

information. Visual data stands out for its richness, contextual insight, and ability to docu-
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ment progress, ensuring an accurate representation of the physical construction. However,

the output of a construction project is a tangible good that can be plainly recorded and ob-

served through visual data. There is a lot of potential for using visual data for further

analysis.

2.1.3.2 Data Acquisition

To create an accurate as-built model, it is crucial to employ appropriate methods for

collecting the different types of data required. This part reviews the methods commonly

used to collect text data, visual data, geospatial data, and numeric data for creating an

as-built model. The methods discussed include scanning and natural language processing

(NLP) for text data, vision-basedmethods for visual data, global positioning system (GPS)

and motion sensors for geospatial data, and environment sensors for numeric data [10].

• Text Data: Text data can be collected using scanning techniques and processed

using natural language processing (NLP) methods. Scanning involves digitizing

physical documents, contracts, records, regulations, mandates, and standards related

to the construction project [41]. Optical Character Recognition (OCR) can be used

to convert scanned documents into machine-readable text. Once digitized, NLP

techniques can be applied to analyze and extract relevant information from the text

data. NLP methods can include tasks such as named entity recognition, information

extraction, or sentiment analysis, enabling effective data organization and retrieval.

• Visual Data: Photogrammetry, 3D laser scanner, Videogrammetry, and Range im-

age are the four leading data acquisition imaging technologies. However, each

technology has its unique capability and limitation to apply on construction sites
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[31]. For example, an automated approach using dense image-based to create 3D

point clouds and compare them with BIMs is proposed to monitor the progress of

physical elements in progress [14]. Moreover, dirt loading activity was tracked by

object detection (excavator and dump truck) using Videogrammetry [39]. Other-

wise, workers and equipment on construction are detected using SVM and tracked

by particle filtering - Hue, Saturation, Value features [52]. However, researchers

in construction focus on selecting a suitable one for their specific purposes but less

on building a comprehensive approach for applying these methods on construction

sites.

• Geospatial Data: The location and quantity information of construction people and

components can be ascertained by sensors such as the Global Positioning System

(GPS), Radio-frequency identification (RFID), Quick Response Code (QR code),

and others to assess the progress of the construction project [44]. GPS receivers

capture satellite signals to determine precise location coordinates, including lati-

tude, longitude, and elevation [6]. Motion sensors, such as accelerometers or gy-

roscopes, detect movement and changes in orientation. They can be used to track

the position and motion of equipment, vehicles, or workers on the construction site.

These sensors provide essential geospatial data, aiding in accurate georeferencing

of the as-built model and facilitating integration with GIS [11].

Despite the potential benefits, the adoption of data acquisition technology on con-

struction sites is still in its early stages, and there is a need to guide the various technologies

available and their impact on project outcomes.
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2.2 InformationRetrieval fromBuilding InformationMod-

eling (BIM) for Construction Monitoring

It is clear that using BIM in the construction stage hasmany contributions to construc-

tion schedule management [24]. To establish a comprehensive construction schedule, it

is crucial first to delineate the specific construction activities necessary to create build-

ing elements. These activities serve as a vital reference for site engineers. To formalize

the schedule, it becomes imperative to utilize regulations, construction methods instruc-

tions, and activity codes to determine the appropriate sequencing of construction activ-

ities. Construction specifications are essential in communicating different requirements

on a construction project. Those regulations provide the instruction for quality inspec-

tion and control [4], construction procedural sequence [38], construction regulation [51].

Despite the availability of construction specifications, its application is only at the design

stage. At the same time, its usage can be enhanced not only in the preparation stage but

also in the implementation stage. The Building Information Modeling (BIM) model of-

fers a comprehensive list of elements, which is the foundation for generating the schedule.

Although specific studies have demonstrated the potential of BIM in facilitating quantity

take-off [27] its efficacy in generating schedules remains limited.

BIM-based systems also drive several benefits to construction monitoring. One of

the most important benefits is that it enhances visualization by creating a digital represen-

tation of the project, allowing stakeholders to track progress and monitor various elements

visually. Several researchers integrated the BIM model with the as-built model generated

by visual data collected on construction sites. The availability of the Building Informa-

tion Model has been increasing due to its virtual design and data management capabilities
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[42]. A BIM-based construction database system is studied to merge the different con-

struction data by linking the BIMmodel with on-site documents [23]. A four-dimensional

as-built model with progress information such as images and time is integrated to support

the owner during subsequent life cycle stages. However, there is currently a gap in ef-

fectively utilizing element data from the BIM model in conjunction with computer vision

techniques.

2.3 Framework forApplyingVision-basedMonitoringMeth-

ods

Several frameworks have been proposed to facilitate the adoption of computer vision

in construction monitoring. At the industry level, Moragane et al. [30] researched the

factors that influence implementing vision-based monitoring methods. They presented

a conceptual framework to support decision-making processes for adopting such prac-

tices. This framework considers various considerations, such as technical feasibility, cost-

effectiveness, and organizational readiness, to guide the implementation of vision-based

monitoring solutions on a broader industry scale.

On the project level, Reja et al. [37] introduced the CV-CPM framework, which visu-

alizes the monitoring processes from data acquisition to progress estimation. This frame-

work allows for the seamless integration of computer vision-based monitoring methods

at different stages of the project monitoring process. By incorporating computer vision

technology into each step, the framework effectively utilizes vision-based techniques and

ensures that the outcomes align with the project’s objectives and requirements. Qureshi

et al. [35] proposed a characteristics-based framework identifying 21 effective parame-

18 doi:10.6342/NTU202302552



ters under five categories. The framework contributes to the construction industry’s digital

transformation process by providing a theoretical base for understanding technical param-

eters that affect monitoring outcomes.

Despite these advancements, there is still a need for a framework that focuses on the

task level. This framework would define appropriate vision-based technologies and data

processing methods for specific construction activities.

2.4 Digitalization Levels on Construction Sites

Digital transformation on construction sites includes the application of BIM, the In-

ternet of Things, robotics, cloud and edge computing, and cyber-physical systems within

the concept of Industry 4.0 [43]. Computer vision is widely researched to support the

monitoring process on construction sites, which is a part of digital transformation. On the

project level, previous researches assess the degree of automation in executing tasks from

no electronic tools to fully-automated systems [50]. One of the limitations of previous

attempts to measure digitalization in construction projects is that they assess the degree

of technology used after the tasks are completed. As a result, the leading index of digi-

talization tends to be overlooked. Therefore, to reach the desired digitization level, it is

essential to have a framework that enables a clear understanding of the potential of visual

sensing technologies.
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2.5 Gap of Knowledge

Applying vision-basedmethods to facilitate themonitoring process in building projects

is still challenging. The following is the knowledge gap summarized from the literature

review.

• The lack of a framework to define appropriate vision-based technologies and data

processing methods on the task level.

• The leading index of digitalization tends to be overlooked.

• The element information from Building Information Modeling (BIM) models often

gets underutilized during the construction stage.

• Monitoring tasks and operations remain time-consuming and rely on humans with-

out an implementation plan.

• The fixed surveillance installed on sites has been primarily used for security pur-

poses, and the visual data collected on sites have been only stored, which overlooks

the potential of visual data usage for progress analysis.
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Chapter 3 Systematic Visual Data

Capture Plans Generation

Framework

3.1 Overview

This study consists of three modules: (1) Jobsite Digitalization Level Identification;

(2) Element and Activity Taxonomy Creation, and (3) Data Acquisition Mean Require-

ments Identification and (4) Vision-based Monitoring Plan. Figure 3.1 below illustrates

the research framework for creating a vision-based monitoring plan.

Figure 3.1: Systematic Visual Data Capture Plans Generation Framework
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In order to organize plans for capturing visual data, this study creates a range of

digitalization levels, establishes a classification system for elements and activities, and

identifies the requirements for acquiring visual data. The input for this process consists of

three blue modules that are imported into the BIM model, while the output is represented

by the orange modules that is exported automatically. Our chosen platform for working on

the Building Information Model (BIM) is Autodesk Revit, and Dynamo to interact with

the information within the model. The specific details of each module are explained in the

following section.

3.2 Jobsite Digitalization Level Identification

The first module aims to create the jobsite digitalization levels described by the com-

pleteness and detail level of objects which are monitored by vision-based methods. Figure

3.2 below shows the steps to define different monitoring objectives of applying vision-

based techniques.

Figure 3.2: Jobsite Digitalization Level Identification Process
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3.2.1 Define Completeness Level

The first step defines the as-built output for task and operation monitoring, catego-

rized into three levels: building element recognition, material recognition, and activity

recognition. The higher levels of monitoring can provide more comprehensive informa-

tion about the status of the construction site. The expected output for these levels is clari-

fied in Table 3.1 to give a clear understanding to construction practitioners.

Table 3.1: Completeness Level

Completeness Level As-built Output

Level 1 - Building Element Recognition Geometry Point Cloud, Element Detection

Level 2 - Material Recognition
Geometry Point Cloud, Element Detection,

Material Recognition

Level 3 - Activity Recognition Entity Detection, Activity Recognition

The level one is building element recognition, where our focus is on monitoring the

occupancy of different building parts. Site engineers can utilize cameras to capture im-

ages of the completed sections and analyze the progress by applying an object detection

algorithm to the visual data. The result of this stage includes a geometry point cloud and

the number of completed elements. For instance, if engineers want to identify columns,

column images are collected by data acquisition methods and applied a detection algo-

rithm to determine the presence of columns. The number of completed columns also is

calculated to show the project’s progress.

The next level of monitoring is material recognition, which entails applying more so-

phisticated algorithms to detect the specific type of material used in completed elements.

This advanced capability allows for a detailed understanding of the construction process
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for each specific element. For instance, when monitoring the construction of reinforce-

ment columns, multiple steps are involved, ranging from formwork installation to cement

layer application. Each step utilizes distinct material layers. By capturing images with

cameras and analyzing them using computer vision, it becomes possible to predict the sta-

tus of the materials at a given point in time. This material recognition process provides

valuable insights into the construction progress and facilitates accurate monitoring of the

element’s development.

At the highest level of completeness, activity recognition focuses on capturing and

monitoring more complex resources such as workers and machinery. The objective is to

obtain information about the number of workers engaged in the construction process, the

types and quantities of machines being utilized, and the specific actions being performed

by both workers and machines. To achieve this, images collected through data acquisi-

tion methods are analyzed using entity detection algorithms. These algorithms identify

and classify the entities present in the images, establish relationships between them, and

determine the types and quantities of entities for further analysis. This level of monitoring

provides valuable insights into workforce productivity, equipment utilization, and overall

progress of construction activities.

Higher levels of digitalization are attained bymore information inside the BIMmodel

and the use of visual sensing technology. Notably, even activities that do not directly in-

volve the creation of building materials, such as earthwork and site clearance, can be ef-

fectively monitored at higher degrees of digitalization if the as-planned BIM model con-

tains enough information about these activities. Level 4 should be monitored this type

of activity. Level 5 aims to incorporate quality inspection ensuring a comprehensive as-

sessment of the completeness of building parts. This feature improves the precision and
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reliability of the monitoring process by confirming whether pieces are fully completed

or not. Furthermore, level 6 of digitization can include progress estimation capabilities.

Project teams can correctly calculate installed amounts by using visual sensing technol-

ogy to capture photos and advanced algorithms. This feature provides real-time visibility

into project progress and enables proactive decision-making throughout the construction

process. To summarize, as the information in the BIM model grows and visual sensing

technologies are deployed, increased levels of digitalization enable the monitoring of di-

verse operations, including some that go beyond traditional building element fabrication.

The addition of quality inspection and progress estimation to vision-based monitoring in

construction projects improves the overall effectiveness and value of the system.

3.2.2 Define Detail Level

The second step in the process involves identifying and categorizing different build-

ing components into three levels of detail: building shell, building utility system, and inte-

rior components. This categorization helps determine which specific project components

will be monitored using vision-based methods. The results of this step are summarized in

Table 3.2, which provides an overview of the detail levels and examples of corresponding

building components. The first level is the essential component of a building, while the

upper level serves as a supplementary component that supports the building’s function. It

is important to note that as the detail level increases, more complicated algorithms are re-

quired to process the captured images. Additionally, higher detail levels may necessitate

more flexible devices and additional time to collect visual data effectively.
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Table 3.2: Detail Level

Detail Level Example

Level 1 - Building Shell Foundation, Column, Beam, Wall, Floor

Level 2 - BuildingUtility System
HVAC System, MEP System, Fire Protection Sys-

tem

Level 3 - Interior Component Furniture, Fixtures

At the first level of detail, the focus is on the building shell, which includes essential

components such as the foundation, columns, beams, walls, and floors. These compo-

nents form structural frameworks of a building and are typically prioritized in construc-

tion processes due to their importance. Monitoring processes for these components are

comparatively easier as they offer clear visibility and involve fewer conflicts with other

elements. Several research studies have proposed methods for detecting and monitoring

these building shell components, specifically columns, walls, and floors as mentioned in

the literature review. These methods leverage computer vision techniques to analyze im-

ages and identify the presence and status of these components accurately.

At the next level of detail, the monitoring focus shifts towards the building utility

system, which encompasses components such as the HVAC (Heating, Ventilation, and

Air Conditioning) system, MEP (Mechanical, Electrical, and Plumbing) system, fire pro-

tection system, and other utility-related elements. This level of monitoring is more chal-

lenging compared to the building shell level because these components are typically in-

stalled after the completion of the building framework. As a result, the captured images

become more complex due to potential conflicts and overlaps with numerous other ele-

ments present on the construction site. The algorithms used to detect the occupancy and
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appearance of these utility system components are still under development and may not

be as mature as those used for the building shell components. However, ongoing research

and advancements in computer vision techniques are continually improving the capabili-

ties in this area. Despite the challenges, monitoring the building utility system is crucial

to ensure the proper installation, functionality, and integration of these systems within the

building, contributing to its overall performance and safety.

At the third level of detail, the monitoring focus is on the interior components of the

building, including furniture and fixtures that are installed for the customers’ use and con-

venience. These interior components are considered less critical than the building utility

system but play a significant role in enhancing the aesthetics and functionality of the build-

ing. Unlike the utility system, these components can often be installed after the completion

of the building framework and utility system. The monitoring of interior components in-

volves tracking and ensuring the proper installation and arrangement of furniture, fixtures,

and other smaller items that contribute to the overall design and usability of the building.

However, monitoring at this level requires more time and resources as visual data must be

collected for each location, necessitating thorough documentation and analysis.

3.2.3 Define Monitoring Elements and Activities

Once the jobsite digitalization level is established, the monitoring elements and ac-

tivities can be defined using the element information from BIMmodels and the taxonomy

described in the subsequent chapter. This process aims to identify the specific compo-

nents and aspects that need to be monitored by vision-based methods. The outcome of

this step is the identification of the desired monitoring objects, which serve as inputs for

the monitoring process. A 3Dmodel could include structural elements, MEP (mechanical,
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electrical, plumbing) systems, equipment installations and the taxonomy, as described in

the subsequent chapter, provides a classification system for defining element and activi-

ties, resources relationships.

3.3 Element and Activity Taxonomy

The second module involves creating a taxonomy showing the relationships between

building elements and the required construction activities, as depicted in Figure 3.3. This

taxonomy provides the monitoring objectives on construction sites. The process of creat-

ing element and activity has three main steps, which aims to give the relationship between

elements and required actions to develop specific elements and the necessary resources.

The activities and resources are the objects of using the computer vision process to monitor

operation level on construction sites.

Figure 3.3: Element and Activity Taxonomy Creation

The first step is extracting the element categories from the UniFormat level 5 [7]

and then matching the work results from the MasterFormat classification [8] to these cat-

28 doi:10.6342/NTU202302552



egories. UniFormat level 5 provides adequate details about the categories of elements,

including their names and materials. Generally, the BIM model cannot illustrate the con-

struction process with its elements [32]. For example, typical concrete wall construction

includes reinforcement installation, formwork installation, concrete placement, curing,

and plastering. However, a lack of detailed activity information in BIM models often

makes monitoring activity progress challenging. Therefore, the next step identifies critical

activities to construct elements based on the construction method standards and Master-

Format. For instance, we define the steps of concrete column construction based on ACI

318-19 Building Code Requirements for Structural Concrete and Commentary [1]. The

work results are defined and matched to element categories. The following step involves

extracting resource data for each activity from RSMeans Building Construction Cost Data

[34] and complementing it with the related construction activities. This process results

in an element and activity taxonomy that illustrates the relationships between elements,

activities, and resources. The taxonomy can create project detail schedules and cost es-

timations based on model-driven analysis. The material, actions, and resources provide

input information for using computer vision to analyze the visual data collected on a daily

basis. Figure 3.4 shows a partial of the taxonomy including the activities, resources for

the reinforcement concrete column construction.
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Figure 3.4: Taxonomy Table (partial)

3.4 Data Acquisition Requirements Identification

The third module defines the requirement of data acquisition application that should

be considered before applying on construction sites. Figure 3.5 illustrates the process to

determine the requirements for data acquisitionmethods to use vision-basedmonitoring on

construction sites. The process consists of defining vision-based techniques corresponding

with monitoring categories and representing data acquisition means matching the jobsite

digitalization level. For different levels of completeness and detail, it is essential to define

the appropriate techniques to apply to obtain the monitoring outcomes of that level.

In the first step, the vision-based techniques related to completeness levels are de-

fined, including visual data requirements, camera specifications, technological prereq-

uisites, and as-planned model necessities. The recommended data acquisition methods

are identified as the minimum requirements for implementing vision-based approaches in
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progress monitoring through a comprehensive review of the literature. For example, the

level one, recognition of a building element which is occupancy monitoring. This level’s

outcomes include geometry point clouds and object detection, hence the data type should

be digital photos that would be captured by image cameras. After that, photogrammetry

method should be utilized to create a point cloud and object detection algorithms is used to

determine the presence of building components in order to achieve progress. Additionally,

the level of development (LOD) needed from the BIM model and schedule are identified

according to task and operation monitoring purposes. The LOD system, consisting of five

levels ranging from LOD 100 to LOD 500, is utilized to specify the desired level of detail

[2]. This research proposes a minimum LOD 200 for occupancy monitoring and LOD 300

for appearance task monitoring and operation monitoring. Table 3.3 presents fundamental

techniques necessary to achieve the desired monitoring outcomes at each completeness

level.

Figure 3.5: Data Acquisition Requirements Identification
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Table 3.3: Potential Data Acquisition Methods

Completeness

Level

Data

type

Camera

Type

Data Processing

Techniques

As-planned

Require-

ment

Reference

Level 1 -

Building

Element

Recognition

Digital

Image

Image

Camera

Photogrammetry

Object Detection

BIM model

LOD200
[12]

Level 2 - Ma-

terial Recogni-

tion

Depth

Image

Depth

Camera

Photogrammetry

Material Recog-

nition

BIM model

LOD300
[15]

Level 3 -

Activity

Recognition

Depth

Video

RGB-D

Camera

Pose Detection

Activity Recog-

nition

BIM model

LOD300
[19]

In the subsequent step, we delve into defining the device types associated with the dif-

ferent levels of detail. This consideration takes into account the mobility requirements and

aims to identify the most suitable devices based on the specific characteristics of camera

devices. The purpose is to ensure efficient and effective data acquisition for monitoring

purposes. Table 3.4 serves as a comprehensive reference, summarizing the appropriate de-

vices for different accessibility capacities. When it comes to monitoring elements within

the building shell category, a careful selection of device types is necessary. To capture a

comprehensive view of the building framework, including its foundation, columns, beams,

walls, and floors, a top-view perspective is crucial. In such cases, the use of UAVs, also

known as Unmanned Aerial Vehicles, proves to be indispensable. UAVs offer the advan-
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tage of flexibility and accessibility, allowing for the capture of high-resolution images

from different angles and heights. However, the monitoring process should not be limited

to external views only. It is equally important to collect visual data from within the build-

ing, where various interior components are installed. To achieve this, alternative device

types are required. Unmanned Ground Vehicles (UGVs) or portable 360-degree cameras

are recommended for capturing images inside the building. UGVs provide the ability to

navigate through the construction site, reaching areas that are difficult to access by other

means. By deploying UGVs equipped with cameras, comprehensive visual data can be

collected, enabling detailed monitoring of interior components, such as furniture, fixtures.

Table 3.4: Potential Data Acquisition Devices

Detail Level Device type

Level 1 - Building Shell UAV, Fixed Camera

Level 2 - Building Utility System UGV, Portable 360 Camera

Level 3 - Interior Component UGV, Portable 360 Camera

3.5 Visual Data Capture Plans Generation

After establishing the input for the planning stage, threemodules are imported into the

BIMmodels. To simplify the selection process, we utilize Dynamo, a visual programming

tool, to develop a user interface. This interface allows project managers to easily choose

the desired levels of detail for monitoring purposes. Once the desired levels are defined,

the monitoring information is automatically exported and organized.
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3.5.1 Jobsite Digitalization Selection User Interface

To enable project managers to easily select their desired level of monitoring, we have

developed a user interface that facilitates the process. Upon running the Dynamo script,

three modal windows will appear, as depicted in Figure 3.6. These modals provide a user-

friendly interface for project managers to make their selections.

The first modal presents completeness levels, along with a guideline description of

each level’s scope and objectives. It offers insights into the recommended devices, tech-

nologies, and data acquisition methods to achieve the desired monitoring outcomes. This

information helps project managers understand the different completeness level available

to them. The second modal displays the specific levels of detail. Project managers can

choose the level that best aligns with their project requirements and objectives. The third

model shows the whole category included in the BIMmodel. Project managers can choose

specifics elements that they want to monitor by vision-based methods. This approach en-

sures that project managers have a clear understanding of the available options and can

make informed decisions to achieve their desired level of monitoring.
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Figure 3.6: Jobsite Digitalization Selection User Interface
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3.5.2 Export Summary Report

The summary report serves as a comprehensive document that provides essential

information about the monitoring process. It includes general project details, monitoring

objectives, the selected methods and technologies to be used, as well as information about

the elements to be monitored. Figure 3.7 shows the content of summary report.

Figure 3.7: Summary Report Template
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3.5.3 Export Detail List

The taxonomy is imported from an Excel sheet and utilized to extract the necessary

information into a detailed list, taking into consideration the level of digitalization at the

jobsite. At level 1, the detail list includes element IDs, categories, UniFormat codes, and

element positions. At level 2, the list expands to include the names of material layers, as

defined by MasterFormat. At the highest level, the monitoring objectives are the entities

present at construction sites, encompassing the activities and resources required to create

specific elements. Consequently, the detail list displays the actions and resources sourced

from RS Mean. An example of the detail list can be found in Table 3.8.

Figure 3.8: Detail List Template

The detail list plays a crucial role in facilitating the integration of visual sensing

technologies for construction project monitoring. By incorporating essential information

about each element, including its type, position, and unique element ID, the detail list

provides project managers with an overview of the monitored elements.

The detail list allows project managers to easily identify and locate specific elements

within the BIM model. Visual sensing technology may precisely capture and follow the

progress of individual elements by tying each element to its own element ID and location

on the construction site.

The detail list acts as a label table or a key reference for the computer vision system
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during the next stage of using visual sensing technologies for recognition and monitoring.

As the computer vision algorithms process the visual data captured by visual sensors, the

detail list identifies and categories various building elements, materials, activities, and

resources on the construction site.
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Chapter 4 Implementation and

Validation

This section is dedicated to operationalizing the framework introduced in Chapter 3.

The primary aim is to evaluate the framework’s efficacy by implementing it in a real-world

context and soliciting expert feedback. Initially, the framework’s application on a Building

Information Modeling (BIM) model is carried out during the project’s implementation

phase. Subsequently, the framework and the results obtained from the implementation

phase are shared with the experts who were involved in the project. Finally, the experts’

perspectives are discussed and deliberated upon.

4.1 Implementation

The proposed framework was validated through a case study conducted on a building

project at National Taiwan University. In the construction planning phase, the design team

must ensure that the model includes adequate information to define an instance element

that can be visually recognized during the construction stage. This process is further ex-

plained in the initial subsection. Subsequently, the procedure for exporting the monitoring

plan is described, then presenting both a summary and detailed reports.
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4.1.1 Pre-processing Model

In order to implement the framework, there are some prerequisites information should

be included in the BIM model.

• Wemust ensure that the element IDs are extracted from themodel. Figure 4.1 shows

the element ID belongs to an instance of basic wall.

Figure 4.1: Set element IDs
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• It is necessary for each element to possess its own Assembly Code, which serves

to categorize the elements. The Assembly Code in Revit is created based on the

UniFormat. Specifically, in this study, we focus is on pre-processing the structural

elements, whereby the assembly code is assigned solely to these elements. Figure

4.2 shows the information that included in an element.

Figure 4.2: Set assembly code
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4.1.2 Jobsite Digitalization Levels Selection

During this stage, the project manager selects suitable degree of digitalization for

their jobsite, in accordance with their specific requirements. This selection process is fa-

cilitated by consulting the information presented in Table 1 and Table 2. Furthermore, the

project manager determines the specific elements to be captured through data acquisition

methods by referring to the details provided in Table 3 and Table 4. The outcomes of this

process are automatically generated by Dynamo Script. The overall implementation pro-

cess of this framework is depicted in Figure 1, which offers a comprehensive overview of

the steps involved in the selection of the appropriate level of jobsite digitalization and the

definition of the specific elements to be monitored.

The implementation process of the framework commences by accessing the BIM

model within the Revit platform and ensuring that it contains the requisite data for vision-

basedmonitoring. The user then navigates to the ”Manage” tab in the taskbar and activates

the Dynamo Play button. Next, they select the Dynamo file titled ”Vision-Based Moni-

toring Planning” and initiate the framework by clicking the run button. Consequently, a

guideline materializes, elucidating the level of digitalization on the construction site and

delineating the procedure for employing vision-based techniques. This guideline furnishes

the user with essential instructions. Concurrently, the initial modal for completeness level

emerges, enabling the user to make sequential choices based on their preferred plan, en-

compassing steps 4 to 9 as stipulated in the framework. Once the selections for complete-

ness level have been made, the framework automatically generates a summary report and

a detailed list, offering a comprehensive overview of the monitoring objectives and the

specific elements to be monitored through vision-based approaches.
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Figure 4.3: Selection Procedure

4.1.3 Summary Report and Detail Report

After selecting the desired jobsite digitalization, the summary report will automati-

cally be exported. Figure 4.4 shows the report exported from the case study’s BIMmodel.

The general information is exported from the BIMModel project information. The moni-

toring objectives are defined based on jobsite digitalization levels that the project manager

imported. The report shows vision-based monitoring methods: data type, device type,

technique, and requirement of the BIM Model.

In this project, the project manager selects level 3, which focuses on activity recog-

nition, specifically for monitoring the building shell, particularly the structural columns.

To achieve this, the required visual data to be collected is depth video, which provides

additional depth information for activity analysis. The recommended device for capturing
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this data is a video camera equipped with a depth sensor, allowing precise measurements.

The technique utilized for the data analysis is the pose detection algorithm, which en-

ables the recognition and tracking of human activity in relation to the structural columns.

Additionally, to support this level of monitoring, the BIM model should have a level of

development (LOD) of 300, which includes detailed information about the material layers

of the building elements. In the element information section,

Figure 4.4: Summary Report
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In this case study, the generated reports showcase the results obtained from the BIM

model based on the chosen level of jobsite digitalization by the project manager. Figure

4.7 represents the detailed report for level 3, which focuses on activity recognition. The

other two images, Figure 4.5 and Figure 4.6 illustrate sample reports for the lower levels.

For level 1, the report includes essential information such as the element ID, base

level (position of the elements), assembly code, and assembly description (Uniformat

code). For level 2, the report expands to include the work result code and description,

which are extracted from the element and activity taxonomy . Additionally, the report

provides the name of the task and the material layers associated with the elements. For

level 3, the report goes further by exploring the actions and resources required to complete

each task. The last column of the report indicates the status of the activity monitoring, in-

dicating whether they have been recognized successfully by the vision-based methods or

not. This information is used for performance assessment.

Figure 4.5: Detail Report - Level 1
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Figure 4.6: Detail Report - Level 2

Figure 4.7: Detail Report - Level 3

4.1.4 Interact the results with BIM models

• The element parameter within the BIM model includes information about the re-

quired activities and resources for each building element. By leveraging this data,

project managers can automatically create a task schedule. This integration stream-

lines the scheduling process and ensures that all necessary activities and resources

are accounted for.

• The guideline explaining the jobsite digitalization level is dynamically shown when

the Dynamo script is executed. This means that as the script runs, project managers
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and stakeholders are presented with a clear understanding of the current digitaliza-

tion level achieved on the jobsite.

• During the monitoring process, the point cloud with the detection results and infor-

mation of the completed elements generated by visual sensing technologies, such

as photogrammetry, is registered with the BIM model. This registration involves

aligning the point cloud data with the BIM model’s geometric representation, pro-

viding a spatial reference.

4.2 Validation

The validation process was carried out by interviewing three experts who have direct

involvement in the project. The primary aim of the validation process was to evaluate the

competency of the framework component. During the validation rounds, open-ended in-

terviews were utilized as the chosen method due to their inherent flexibility. Open-ended

interviews allowed for adaptable discussions tailored to the expertise of each participant,

ensuring that the conversation delved into the specific areas of interest related to the frame-

work components. The use of open-ended questions provided an opportunity to gather

detailed feedback, insights, and opinions from the participants, enabling a comprehensive

assessment of the framework’s effectiveness.

The interview procedure consists of 4 parts, namely the introduction of the frame-

work objectives, inquiries about personal background, practical demonstrations involving

the utilization of the framework to generate automated reports, and competency-based

questions.
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1. Introduction of the framework objectives: We provided experts briefly about the

objectives of this study and the overall knowledge related to vision-based monitor-

ing.

2. Inquiries about personal background: Inquiries regarding personal backgroundwere

conducted in two stages. Initially, the experts were requested to provide details re-

garding their personal information, including company affiliation, job title, and pro-

fessional experience. Subsequently, the experts were asked a series of basic ques-

tions related to the domain of visual data capture. These questions were designed to

assess their fundamental knowledge and understanding of the subject matter. The

questions are presented below:

• Can you describe quickly your current process of monitoring progress on your

project’s construction sites?

• Do your project management team use the camera for monitoring construction

project progress?

• Do your organization plan to adopt the vision-based monitoring methods to

monitor construction project automatically?

3. Practical demonstrations: In our study, we presented the components of the frame-

work that we developed, as well as the levels of digitalization on the construction

site. Additionally, we demonstrated the reports extracted from the Building Infor-

mationModeling (BIM)model. Furthermore, we executed the Dynamo script based

on the input from industry experts and showcased the outcomes derived from the

BIM model.

4. Competency-based questions: Experts were presented with a set of competency
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questions to evaluate the effectiveness of the framework. These competency ques-

tions were designed to assess various aspects of the framework, such as its usability,

comprehensiveness, practicality. The experts were asked to provide their feedback,

opinions, and evaluations based on their expertise and experience in the field. This

part starts with a set of questions including:

• Do you find this process is useful for understanding the potential of using

vision-based monitoring methods?

• Do you find the reports which are exported from BIM model is meaningful

for monitoring process?

• Do you have any other comments to improve the competence of this process?

More information of the participating experts can be found in Table 4.1.

Table 4.1: The interviewee’s information

No Background company Role Experience (years)

1 Contractor Project manager 21

2 Contractor AI engineering 2

3 Contractor Safety manager, Site manager 19

During the interview, the interviewee was given the opportunity to lead the conver-

sation and provide answers to questions through discussion. The duration of the meeting

typically lasted for one hour. The interview began by discussing the current methods

employed to monitor construction progress on their sites. Presently, there are multiple ap-

proaches in place for this purpose. Firstly, an information management system has been

implemented to track and display the progress of the project. This system provides up-

dates on various aspects of the construction. Another immediate method being utilized is
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the LINE group report, which offers real-time updates on the scheduled progress and the

actual progress achieved each day. This allows for a daily overview of the ongoing con-

struction activities. Additionally, weekly business meetings are held to conduct progress

reviews. These meetings serve as a platform to discuss and evaluate the progress made

during the week. Furthermore, a monthly project meeting is conducted specifically to

monitor the progress of the construction site. This meeting provides an opportunity to

comprehensively assess the advancements made on the project. It is important to note that

the progress monitoring process still heavily relies on human involvement, particularly

the site engineers who manually check the images collected by cameras. While there are

systems and methods in place to track and display the progress of the construction project,

the actual assessment and verification of the collected images are currently conducted by

the site engineers.

In terms of the competency of the framework, two out of three experts agree that

the application of the framework will be effective in utilizing vision-based methods for

progressmonitoring. The report generated from theBuilding InformationModeling (BIM)

model is deemed useful for providing task information that is being executed on the con-

struction sites. However, one out of three experts expressed concerns when reviewing

reports that lack camera location, capture time, and budget for utilizing vision-basedmeth-

ods. This expert is uncertain about the clarity of using cameras to automatically define

progress in the construction stage. Additionally, the experts believe that it is challenging

to adopt algorithms to track work-in-progress, and they are unsure about the efficiency

and benefits that vision-based methods bring to their firm.

In addition, experts have provided further suggestions to enhance the framework. It

is imperative to carefully deliberate the implementation of cameras in specific areas due
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to resource constraints. This entails devising a thorough plan encompassing the setup pro-

cess, determining the optimal number of cameras to be deployed at construction sites, as

well as formulating a strategy for collecting visual data in accordance with the construc-

tion schedule. Overall, the framework provide promising guideline in instructions and

planning for applying vision-based monitoring methods on tracking WIP.
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Chapter 5 Conclusion

5.1 Research Conclusion

Construction sites can be particularly complicated because of different activities.

Several advanced monitoring methods has been developed to facilitate the monitoring

process on construction sites with many kinds of devices. Thus, the increasing trend to-

wards advanced technologies suggests that the monitoring process will become increas-

ingly digitized and automated. This study introduced a framework for generating a sys-

tematic visual data capture plans using BIM and construction documents. The framework

first includes (1) creating a jobsite digitalization level, (2) a taxonomy for identifying ob-

jects of the monitoring process, (3) visual data capture methods for different levels. An

automated process is implemented to integrate with BIM models in order to generate vi-

sual data capture plans. These plans enable construction professionals to choose suitable

levels of monitoring according to their specific requirements. The results show that by im-

plementing this framework, it is possible to further understand and apply visual sensing

technologies for task monitoring and operation monitoring. The level of jobsite digital-

ization serves as a valuable indicator for construction practitioners to determine the areas

where they can begin applying vision-based monitoring methods. By understanding the

necessary level of digitalization, practitioners can identify the specific fields and tasks
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that would benefit from implementing vision-based monitoring techniques. The taxon-

omy plays a crucial role in this process by providing a structured framework for defin-

ing the activities necessary to create specific building elements. It allows practitioners

to categorize and prioritize their monitoring efforts based on the elements and tasks in-

volved in the construction process. Additionally, data acquisition methods are essential

in guiding practitioners toward the appropriate techniques for collecting visual data. By

understanding the specific requirements, such as the data type, camera specifications, and

technologies needed, practitioners can distinguish the most suitable methods to capture

and process visual information. Overall, the level of jobsite digitalization, combined with

the taxonomy and data acquisition requirements, provides construction practitioners with

valuable insights and guidance in implementing vision-based monitoring methods.

5.2 Research Contribution

This research has the potential to provide a guidance for project managers to ap-

ply vision-based monitoring methods on construction sites through systematic visual data

capture plans. The contributions of this research are presented below:

1. The jobsite digitalization level based on monitoring scope is proposed. This range

of digitalization levels plays a crucial role in establishing a leading index that project

managers can use to evaluate and determine the level of digitalization they aim to

achieve on their construction sites.

2. The taxonomy makes a valuable contribution to the identification of monitoring

schedules in construction projects. By providing a structured framework and clas-

sification system for building elements and activities, the taxonomy enables project
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managers to clearly define and organize the specific objects that need to be analyzed

by computer vision.

3. The framework makes a significant contribution by addressing the problem of the

lack of guidelines for construction practitioners regarding vision-based monitoring

methods. By providing a clear and systematic approach, the framework offers a

step-by-step procedure and guidance for practitioners to understand the potential

vision-based monitoring techniques in planning stage.

4. A simplemethod for assessing the performance of vision-basedmonitoring adoption

in construction is proposed. It allows practitioners to evaluate the effectiveness and

efficiency of implementing vision-based monitoring methods on construction sites.

5.3 Research Limitations and Future Works

Although the research has effectively accomplished its goals, there are still certain

limitations that need to be addressed in future studies:

• Future studies could explore integrating other data acquisition methods, such as

geospatial technologies or thermal scanners. By incorporating different technolo-

gies, the framework could be enriched and offer a broader range of monitoring ca-

pabilities.

• The study primarily focused on the structural part of the building when developing

the taxonomy. It would be beneficial to extend the taxonomy to encompass other

complex building components, such as electrical systems, plumbing, or interior fin-

ishes. This expansion would provide a more holistic approach to monitoring and
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facilitate a comprehensive understanding of the entire construction project.

• The study emphasized the technical aspects of adopting vision-based monitoring

methods. However, it is crucial to consider other factors, such as budgetary con-

straints and resource availability, when proposing new technologies in construction

projects. Future research could incorporate these practical considerations into the

framework to provide a more realistic and feasible approach to adopting vision-

based monitoring methods.

In future studies, several potential research can be implemented to address the constraints:

• A RevitAPI script should be developed to create an activity schedule automatically

when clicking an element.

• Develop a comprehensive guidance framework that covers all aspects, from plan-

ning to implementation and performance assessment. This framework would pro-

vide construction practitioners with a complete roadmap for adopting vision-based

monitoring methods.

• Implement the recommended data acquisitionmethods during the construction stage

to assess the competency of visual data capture plans and make necessary adjust-

ments or improvements.

• Incorporate resource constraints into the planning phase. Future studies should de-

velop strategies and decision-making models that take into account the financial im-

plications and resource requirements associated with the adoption of vision-based

monitoring methods. This would help project managers make informed decisions

and optimize the allocation of resources during the implementation process.

58 doi:10.6342/NTU202302552



References

[1] American Concrete Institute. Building code requirements for structural concrete:

(ACI 318-19) ; and commentary (ACI 318R-19). American Concrete Institute, Farm-

ington Hills, MI, USA, 2019.

[2] American Institute of Architects. Guide, instructions and commentary to the 2013

aia digital practice documents. In Project Building Information Modeling Protocol

Form, 2013.

[3] J. Blankenbach and R. Becker. Bim and the digitalization in the construction indus-

try. In Handbook Industry 4.0: Law, Technology, Society, pages 659–679. Springer,

2022.

[4] F. Boukamp and B. Akinci. Automated processing of construction specifications to

support inspection and quality control. Automation in construction, 17(1):90–106,

2007.

[5] A. Braun, S. Tuttas, U. Stilla, and A. Borrmann. Towards automated construction

progress monitoring using bim-based point cloud processing. eWork Ebus. Archit.

Eng. Constr. ECPPM, 2014, 2014.

[6] C. H. Caldas, D. G. Torrent, and C. T. Haas. Using global positioning system to

59 doi:10.6342/NTU202302552



improve materials-locating processes on industrial projects. Journal of Construction

Engineering and Management, 132(7):741–749, 2006.

[7] Construction Specifications Institute. Uniformat - a uniform classification of con-

struction systems and assemblies. In UniFormat, 2010.

[8] Construction Specifications Institute, C. S. C. Masterformat numbers & titles. In

MasterFormat, 2016.

[9] A. Dimitrov and M. Golparvar-Fard. Vision-based material recognition for auto-

matedmonitoring of construction progress and generating building informationmod-

eling from unordered site image collections. Advanced Engineering Informatics,

28(1):37–49, 2014.

[10] S. El-Omari and O. Moselhi. Data acquisition from construction sites for tracking

purposes. Engineering, Construction and Architectural Management, 16(5):490–

503, 2009.

[11] S. El-Omari and O. Moselhi. Integrating automated data acquisition technologies for

progress reporting of construction projects. Automation in construction, 20(6):699–

705, 2011.

[12] M. Golparvar-Fard, F. Peña-Mora, C. A. Arboleda, and S. Lee. Visualization of

construction progress monitoring with 4d simulation model overlaid on time-lapsed

photographs. Journal of computing in civil engineering, 23(6):391–404, 2009.

[13] M. Golparvar-Fard, F. Peña-Mora, and S. Savarese. D4ar–a 4-dimensional aug-

mented reality model for automating construction progress monitoring data col-

lection, processing and communication. Journal of information technology in

construction, 14(13):129–153, 2009.

60 doi:10.6342/NTU202302552



[14] M. Golparvar-Fard, F. Pena-Mora, and S. Savarese. Automated progress monitoring

using unordered daily construction photographs and ifc-based building information

models. Journal of Computing in Civil Engineering, 29(1):04014025, 2015.

[15] K. K. Han and M. Golparvar-Fard. Appearance-based material classification for

monitoring of operation-level construction progress using 4d bim and site photologs.

Automation in construction, 53:44–57, 2015.

[16] K. K. Han and M. Golparvar-Fard. Potential of big visual data and building in-

formation modeling for construction performance analytics: An exploratory study.

Automation in Construction, 73:184–198, 2017.

[17] M. Hermann, T. Pentek, and B. Otto. Design principles for industrie 4.0 scenarios.

In 2016 49th Hawaii International Conference on System Sciences (HICSS), pages

3928–3937, 2016.

[18] M. Kassem, N. Iqbal, and N. Dawood. A practice-oriented bim framework and

workflows. In Computing in Civil Engineering (2013), pages 524–532. American

Society of Civil Engineers, 2013.

[19] A. Khosrowpour, J. C. Niebles, and M. Golparvar-Fard. Vision-based workface as-

sessment using depth images for activity analysis of interior construction operations.

Automation in Construction, 48:74–87, 2014.

[20] J. Kim, Y. Ham, Y. Chung, and S. Chi. Systematic camera placement framework for

operation-level visual monitoring on construction jobsites. Journal of Construction

Engineering and Management, 145(4):04019019, 2019.

[21] S. Kim, S. Kim, and D.-E. Lee. Sustainable application of hybrid point cloud and

bim method for tracking construction progress. Sustainability, 12(10):4106, 2020.

61 doi:10.6342/NTU202302552



[22] C. Kropp, C. Koch, and M. König. Drywall state detection in image data for auto-

matic indoor progress monitoring. In Computing in Civil and Building Engineering

(2014), pages 347–354. American Society of Civil Engineers, 2014.

[23] D.-G. Lee, J.-Y. Park, and S.-H. Song. Bim-based construction information manage-

ment framework for site information management. Advances in Civil Engineering,

2018:1–14, 2018.

[24] X. Li, J. Xu, and Q. Zhang. Research on construction schedule management based

on bim technology. Procedia engineering, 174:657–667, 2017.

[25] J. J. Lin and M. Golparvar-Fard. Visual data and predictive analytics for proac-

tive project controls on construction sites. In Advanced Computing Strategies for

Engineering: 25th EG-ICE International Workshop 2018, Lausanne, Switzerland,

June 10-13, 2018, Proceedings, Part I 25, pages 412–430. Springer, 2018.

[26] H. Mahami, F. Nasirzadeh, A. Hosseininaveh Ahmadabadian, and S. Nahavandi.

Automated progress controlling and monitoring using daily site images and building

information modelling. Buildings, 9(3):70, 2019.

[27] M. Mayouf, M. Gerges, and S. Cox. 5d bim: an investigation into the integration

of quantity surveyors within the bim process. Journal of Engineering, Design and

Technology, 17(3):537–553, 2019.

[28] J. McArthur. A building information management (bim) framework and supporting

case study for existing building operations, maintenance and sustainability. Procedia

engineering, 118:1104–1111, 2015.

[29] M. Memarzadeh, M. Golparvar-Fard, and J. C. Niebles. Automated 2d detection

62 doi:10.6342/NTU202302552



of construction equipment and workers from site video streams using histograms of

oriented gradients and colors. Automation in Construction, 32:24–37, 2013.

[30] H. Moragane, B. Perera, A. D. Palihakkara, and B. Ekanayake. Application of

computer vision for construction progress monitoring: a qualitative investigation.

Construction Innovation, ahead-of-print(ahead-of-print), 2022.

[31] T. Omar and M. L. Nehdi. Data acquisition technologies for construction progress

tracking. Automation in Construction, 70:143–155, 2016.

[32] A. Pal, J. J. Lin, and S.-H. Hsieh. A framework for automated daily construction

progress monitoring leveraging unordered site photographs. In Computing in Civil

Engineering 2021, pages 538–545. American Society of Civil Engineers, 2021.

[33] S. Paneru and I. Jeelani. Computer vision applications in construction: Current state,

opportunities & challenges. Automation in Construction, 132:103940, 2021.

[34] S. C. Plotner. RSMeans Building Construction Cost Data. R. S. Means Company,

Incorporated, 2014.

[35] A. H. Qureshi, W. S. Alaloul, W. K. Wing, S. Saad, S. Ammad, and M. Altaf.

Characteristics-based framework of effective automated monitoring parameters in

construction projects. Arabian Journal for Science and Engineering, 48(4):4731–

4749, 2023.

[36] F. P. Rahimian, S. Seyedzadeh, S. Oliver, S. Rodriguez, and N. Dawood. On-demand

monitoring of construction projects through a game-like hybrid application of bim

and machine learning. Automation in Construction, 110:103012, 2020.

63 doi:10.6342/NTU202302552



[37] V. K. Reja, K. Varghese, and Q. P. Ha. Computer vision-based construction progress

monitoring. Automation in Construction, 138:104245, 2022.

[38] R. Ren and J. Zhang. Semantic rule-based construction procedural information ex-

traction to guide jobsite sensing and monitoring. Journal of Computing in Civil

Engineering, 35(6):04021026, 2021.

[39] E. Rezazadeh Azar, S. Dickinson, and B. McCabe. Server-customer interaction

tracker: computer vision–based system to estimate dirt-loading cycles. Journal of

Construction Engineering and Management, 139(7):785–794, 2013.

[40] L. Sanhudo, J. Poças Martins, N. M. Ramos, R. M. Almeida, A. Rocha, D. Pinto,

E. Barreira, and M. L. Simoes. Bim framework for the specification of infor-

mation requirements in energy-related projects. Engineering, Construction and

Architectural Management, 28(10):3123–3143, 2021.

[41] L. Soibelman, J. Wu, C. Caldas, I. Brilakis, and K.-Y. Lin. Management and anal-

ysis of unstructured construction data types. Advanced Engineering Informatics,

22(1):15–27, 2008.

[42] K. Ullah, I. Lill, and E. Witt. An overview of bim adoption in the construction in-

dustry: Benefits and barriers. In 10th Nordic conference on construction economics

and organization, volume 2, pages 297–303. Emerald Publishing Limited, 2019.

[43] A. Ustundag and E. Cevikcan. Industry 4.0: managing the digital transformation.

Springer, 2018.

[44] W. Wei, Y. Lu, T. Zhong, P. Li, and B. Liu. Integrated vision-based automated

progress monitoring of indoor construction using mask region-based convolutional

neural networks and bim. Automation in Construction, 140:104327, 2022.

64 doi:10.6342/NTU202302552



[45] Y. Wu, H. Kim, C. Kim, and S. H. Han. Object recognition in construction-site

images using 3d cad-based filtering. Journal of Computing in Civil Engineering,

24(1):56–64, 2010.

[46] B. Xiao, H. Xiao, J. Wang, and Y. Chen. Vision-based method for tracking

workers by integrating deep learning instance segmentation in off-site construction.

Automation in Construction, 136:104148, 2022.

[47] B. Xiao, X. Yin, and S.-C. Kang. Vision-based method of automatically detecting

construction video highlights by integrating machine tracking and cnn feature ex-

traction. Automation in construction, 129:103817, 2021.

[48] J. Yang, M.-W. Park, P. A. Vela, and M. Golparvar-Fard. Construction performance

monitoring via still images, time-lapse photos, and video streams: Now, tomorrow,

and the future. Advanced Engineering Informatics, 29(2):211–224, 2015.

[49] J. Yang, Z. Shi, and Z. Wu. Vision-based action recognition of construction workers

using dense trajectories. Advanced Engineering Informatics, 30(3):327–336, 2016.

[50] L.-R. Yang. Exploring the links between task-level automation usage and project

satisfaction. Automation in construction, 17(4):450–458, 2008.

[51] J. Zhang and N. M. El-Gohary. Semantic nlp-based information extraction from

construction regulatory documents for automated compliance checking. Journal of

Computing in Civil Engineering, 30(2):04015014, 2016.

[52] Z. Zhu, X. Ren, and Z. Chen. Integrated detection and tracking of workforce and

equipment from construction jobsite videos. Automation in Construction, 81:161–

171, 2017.

65 doi:10.6342/NTU202302552


	Verification Letter from the Oral Examination Committee
	Acknowledgements
	摘要
	Abstract
	Contents
	List of Figures
	List of Tables
	Denotation
	Introduction
	Background
	Research Objectives
	Research Scope
	Thesis Structure

	Related Works
	Vision-based methods for monitoring construction sites
	Task Monitoring
	Operation Monitoring
	Data Acquisition Methods
	Data Type
	Data Acquisition


	Information Retrieval from Building Information Modeling (BIM) for Construction Monitoring
	Framework for Applying Vision-based Monitoring Methods
	Digitalization Levels on Construction Sites
	Gap of Knowledge

	Systematic Visual Data Capture Plans Generation Framework
	Overview
	Jobsite Digitalization Level Identification
	Define Completeness Level
	Define Detail Level
	Define Monitoring Elements and Activities

	Element and Activity Taxonomy
	Data Acquisition Requirements Identification
	Visual Data Capture Plans Generation
	Jobsite Digitalization Selection User Interface
	Export Summary Report
	Export Detail List


	Implementation and Validation
	Implementation
	Pre-processing Model
	Jobsite Digitalization Levels Selection
	Summary Report and Detail Report
	Interact the results with BIM models

	Validation

	Conclusion
	Research Conclusion
	Research Contribution
	Research Limitations and Future Works

	References



