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Vision-based monitoring techniques, not necessitating additional sensors 

or tags to be installed except cameras, have been widely introduced to support 

construction site monitoring. However, challenging issues still remain as to 

how to determine the locations of cameras to improve monitoring 

performance under the limitations in installation and visibility. A suitable 

camera placement must be determined before installation to obtain high 

monitoring performances. To help making reasonable decisions, this research 

proposes a camera placement system that includes specific installation criteria 

and quantitative analysis metrics. To establish the camera placement system, 

3D modeling of the site was first carried out to build a virtual environment 

based on the actual images collected by Unmanned Aerial Vehicles (UAVs). 



 

Second, factors to consider derived from site investigations and related 

researches were reflected in the 3D models of the site as installation criteria. 

Third, virtual cameras with intrinsic parameters such as focal length, field of 

view, and visible distance were placed. Lastly, quantitative assessment was 

made by calculating the overall coverage of the multiple cameras. Introducing 

a systematic and quantitative system for camera placement by considering site 

conditions, this study contributes to improving construction site monitoring 

performances by successfully obtaining quality image data for vision-based 

monitoring. 
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Chapter 1. Introduction 

 

 

This chapter deals with the needs for construction site monitoring and 

related research in the construction industry. Then, the problems identified in 

related research are introduced and the research objectives are established. 

 

1.1 Research Background 

 

Monitoring project related resources such as materials, equipment, and 

workers on site is essential for efficient and effective construction project 

management (Leung et al., 2008; Martínez-Rojas et al., 2015; Memarzadeh et 

al., 2013; Rezazadeh Azar et al., 2012; Seo et al., 2015). However, existing 

site monitoring has been conducted manually by managers, which makes the 

practice time-consuming, inspector-oriented, and error prone. Also, it 

becomes more challenging to monitor a number of resources simultaneously 

on large-scale construction sites (Chi and Caldas, 2011; Golparvar-Fard et al., 

2013). Among various automated monitoring techniques such as Radio-

Frequency Identification (RFID), Ultra-wideband (UWB) and Global 

Positioning System (GPS), vision-based monitoring techniques not requiring 

additional sensors or tags to be installed except cameras are easy to 

understand site conditions and provide additional information about the 

surrounding environment (Brilakis et al., 2011; Golparvar-Fard et al., 2013). 
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To be specific, studies for productivity analysis (e.g. Figure 1.1), safety 

management (e.g. Figure 1.2) and progress management (e.g. Figure 1.3) are 

being actively conducted (Part et al., 2015; Yang et al., 2015; Gong and 

Caldas, 2011). Furthermore, it is expected that the demands for vision-based 

monitoring will continuously increase as the Korean government has 

legislated the safety management plan to include CCTV installation and 

operation plan since 2016 (Korea Construction Technology Promotion Act, 

the 98th Article and 99th Article 2016). 

Although existing vision-based studies using cameras showed various 

possibilities and effects, there are limitations in applying the technique to the 

construction sites. The use of these cameras for vision-based monitoring can 

be limited due to the characteristics of the construction sites such as limited 

installation to the working spaces and frequent occlusions between materials.  

On the other hand, most of vision-based applications require the layout of 

cameras to assure a minimum level of image quality and camera placement 

not considering the site conditions can lead to low accuracy and poor 

performance (Seo et al., 2015). In order to deal with the problems, studies on 

optimal camera placement have been performed (Hörster and Lienhart, 2006; 

Bodor et al., 2007). Therefore, objective camera placement system based on 

the quantitative evaluation is required for efficient vision-based monitoring. 

Accordingly, this research presents a systematic and quantitative approach for 

camera placement that addresses the limitations as previously mentioned, 

which would help an operator easily determine advanced camera positions 

and orientations on construction sites. 
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Figure 1.1 Example of Construction Equipment Productivity Analysis 

 

 

Figure 1.2 Example of Construction Safety Management  

(Park et al., 2015) 
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Figure 1.3 Example of Construction Progress Management  

(Yang et al., 2015) 
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1.2 Problem Statement 

 

Previous studies showed various possibilities and effects however, there 

are limitations in applying the vision-based technique to the construction sites. 

When compared with other sites such as secured buildings or indoor spaces, 

construction site have a tendency to be changed constantly and be highly 

influenced by the external environment. For example, as the construction 

project has been progressed, preloaded cameras may lose their functions as 

shown in Figure 1.4.  

On the other hand, camera related parameters like orientation/location of 

cameras, Filed-of-View (FOV) and image resolution have a significant impact 

on the performance of vision-based monitoring by collecting substandard 

images (e.g. Figure 1.5). 

 

 

Figure 1.4 Example of Problems Caused by Construction Progress 
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Figure 1.5 Possible Problems of Vision-based Monitoring 

 

Therefore, it is necessary to design where to install the cameras and what 

to consider in advance in order to collect high quality images for the purposes 

of monitoring. Likewise, there are still several problems on the application of 

vision-based monitoring techniques on the construction site. The following 

specific problems need to be addressed. 

 

1) Lack of actual data that contains current situation and surrounding 

environment for efficient camera placement design.  

2) Not fully reflecting the components of the cameras and the variables 

to consider when selecting the camera installation location by 

depending on empirical methods. 

3) Insufficient quantitative evaluation methods to compare monitoring 

performance according to camera placement. 
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1.3 Research Objectives 

 

Camera placement plays a considerable role in vision-based monitoring. 

Inappropriate camera placement can lead to low accuracy and poor 

performance. Therefore, objective camera placement design based on the 

quantitative evaluation is required for efficient vision-based monitoring. 

Accordingly, this research presents a camera placement system that addresses 

the limitations as previously mentioned and helps an operator easily determine 

advanced camera positions and orientations. This research allows us to better 

understand the processes and solutions for placing cameras. 

 

The specific objectives are as follows. 

1) Identifying the construction site conditions through site modeling 

and site investigations. 

2) Designing a mathematical modeling of cameras for simulation in the 

site model. 

3) Considering the above factors, developing a system that evaluates 

monitoring performances when cameras are installed. 
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1.4 Research Scope 

 

This research develops and validates a camera placement system for 

construction site monitoring using image data acquired from actual projects. 

Experiments are carried out on outdoor construction sites with heavy 

construction equipment and many workers. 

 

The research process is as follows. Related literature, including vision-based 

monitoring and camera placement methodology, is reviewed in Chapter 2. A camera 

placement system design for construction site monitoring is proposed in Chapter 3, 

and Chapter 4 describes the implementation process of the proposed system along 

with evaluation. In conclusion, chapter 5 summarizes the contributions of the research 

and discusses future research opportunities and challenges.  
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Chapter 2. Literature Review 

 

 

This chapter presents background information for the research, allowing 

the readers to grasp the recent trend, limitations, and possible extensions of 

vision-based monitoring and camera placement methodology. 

As the proposed camera placement system is for efficient and effective 

construction site monitoring, such as productivity management, safety 

management, and progress tracking. Studies on vision-based monitoring and 

camera placement methods in construction industry are reviewed. 

 

2.1 Vision-based Monitoring 

 

Various applications of vision-based monitoring on construction sites 

have received a lot of attention recently. The demand for CCTV installation is 

continuously increasing due to the various purposes such as progress tracking, 

productivity analysis, and safety management. Furthermore, it is expected that 

the demands for vision-based monitoring will continuously increase as the 

Korean government has legislated the safety management plan to include 

CCTV installation and operation plan since 2016 (Korea Construction 

Technology Promotion Act, the 98th Article and 99th Article 2016).  

The main objectives of site monitoring by using cameras are as follows: 
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1) Access control: Identifying the person who is entering and leaving, 

and counting the number of people allocated in the construction 

projects (Fidera Oy, 2015). 

2) Construction machine, equipment, and material monitoring: 

Providing the information on what has been put in and how many has 

been allocated and where the things are located. In addition, it can be 

used for productivity analysis by recognizing the action of equipment. 

3) Safety monitoring: Measuring safety conditions in accordance with 

the organization’s safety standards to ensure that safety is well 

managed (Seo et al., 2015). 

4) Progress tracking: Measuring the actual progress of a construction 

project and comparing it to the planned progress (Kim et al., 2013). 

 

According to Rezazadeh et al. (2012), proposed computer vision-based 

algorithms to find a way to analyze the productivity and estimate the quantity 

of carried soil. In another study, Golparvar-Fard et al. (2013) proposed action 

recognition of earthmoving equipment using vision-based analysis algorithms. 

These studies, which aim to monitor heavy equipment, are highly influenced 

by the position of the equipment or the resolution or relative size of the 

images collected by visual sensors such as cameras.  

Park, M. W. et al. (2015) developed a methodology for detecting whether 

the construction workers are wearing hardhat or not to improving the safety 

conditions to prevent from danger of accident. Dai, F. et al. (2015) proposed a 

vision-based method to prevent trucks from colliding with tunnels or 

overpasses by measuring the height of the truck. 
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A study on construction progress monitoring are suggested by Han, K. K. 

and Golparvar-Fard, M. (2017). The study discussed the potential of image 

data collected by cameras for construction progress monitoring.  

The literature reviewed in this section provided background for this 

research, allowing the reader to understand the trends of vision-based 

monitoring researches in the construction industry.  

It is important to note that previous studies have rarely discussed how to 

collect suitable data with cameras for site monitoring and are primarily aimed 

at enhancing the performance of the vision-based analysis algorithm. 
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2.2 Camera Placement Methodology 

 

Although a considerable amount of research has been done in vision-

based monitoring, the research on camera placement has not been addressed 

enough in the field of construction (Hörster and Lienhart, 2006; Seo et al., 

2015).  

Camera placement method is a procedure for efficiently selecting the 

position of the camera to acquire images suitable for the monitoring purpose 

by reflecting the characteristics of the camera and the surrounding physical 

circumstances. Figure 2.1 shows general process of vision-based monitoring. 

It is essential to analyze in order to produce information through vision-based 

monitoring, and the images required for analysis should be collected by the 

cameras installed on the sites. However, most of previous studies in 

construction industry have primarily focused on improving the performance 

of the analysis algorithm such as detection and tracking algorithms (e.g. SVM, 

Machine learning, Haar-HOG, Blob-HOG) (Chen et al., 2013; Ryu et al., 

2009). Thus, the camera placement method for collecting appropriate images 

should be preceded prior to applying the analysis algorithm from the collected 

images.  

 

 

 

 

 



13 

 

 

In order to place cameras appropriately, the following conditions should 

be considered: 

1) First of all, it is important to calculate the coverage of the camera 

because the object users want to observe should appear within the 

coverage of the camera. In general, coverage is affected by the 

camera’s predetermined intrinsic parameters such as Field-of-View 

(FOV), focal length, and image sensor like CCD (Charge Coupled 

Device) and CMOS (Complementary Metal Oxide Semiconductor).  

2) In order to apply the vision-based algorithm, the object shown in the 

acquired image should have sufficient resolution and image size. To 

meet the conditions, we need to consider the resolution of the camera 

lens and the distance between the camera and the object. 

3) In addition, there is problem that occlusion occurs between objects 

resulting in blind area, as shown in Figure 2.2. Occlusion between 

objects or other obstacles occurs frequently in environments where 

there are many objects, especially in construction sites with large 

heavy equipment. 

 

Research on camera placement is quite limited in terms of quantifying 

and evaluating surveillance performance. Bohn and Teizer (2010) discussed 

the advantages and limitations of site monitoring by using cameras and also 

emphasized the importance of optimal camera placement. However, the 

research did not defined quantitative analysis metrics. Korea Expressway 

Corporation (2007) and Ok (2012) verified the applicability to the on-site 

monitoring system with experiment of actual camera installation and 
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discussed the criteria that need to be considered when installing cameras. 

These studies were limited to qualitative assessment based on the 

questionnaire results. 

On the other hand, E. Horster and R. Lienhart (2006), Janoos et al (2007), 

Chen et al. (2013) developed camera placement method which is applicable to 

indoor space and relatively simple coverage constraints. The main objective 

of the researches was to increase the coverage of cameras by finding optimal 

placement to acquire appropriate image data. However, these studies have two 

limitations as follows:  

1) These studies were aimed at urban or inside of buildings, which have 

controlled environment and simple site conditions compared to the 

construction site in progress. 

2) They did not take into account relative importance in the monitored 

area and primary objects to be observed. 

 

In addition to that, research that focused on techniques for minimizing 

occlusion in object tracking systems was performed (Ryu et al., 2009). Choi 

and Lee (2014) focused on evaluating surveillance performance taking into 

account the position and orientation of observing targets. Table 2.1 

summarizes the related researches to this study. 
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Figure 2.1 General Process of Vision-based Monitoring 

 

 

Figure 2.2 Example of Occlusions between Trucks 
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Table 2.1 Summary of the Related Research 

 

  

2.3 Summary 

 

As stated above, previous studies did not reflect the characteristics of the 

construction site and developed the camera placement method for the virtual 

indoor space. Failure to consider construction site conditions will result in 

inefficient camera placement which requires a much larger storage space and 

excessive installation cost. And cameras placed in this way often have 

problems to disassemble and re-install. 

Unlike other approaches, we proposed a camera placement approach to 

evaluate the monitoring performance of camera placement after performing 

site modeling based on the actual site images to reflect the characteristics of 

the construction sites and coverage modeling considering camera 

intrinsic/extrinsic parameters.  
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Chapter 3. Camera Placement System Design  

for Construction Site Monitoring 

 

 

The methodology used for this research is presented in this chapter. The 

camera placement system proposed in this research has been designed and 

developed to support efficient and effective construction site monitoring. The 

system composed of four modules as shown in Figure 3.1.  

First, the images collected by using UAVs were processed and merged to 

create a three-dimensional site model. Second, variables affecting the 

monitoring performance and camera placement were derived and classified 

and described on the site model created above with the site investigation and 

review of literature. Third, on the site models reflecting the characteristics and 

constraints of the construction sites, we simulated the placement of virtual 

cameras considering the physical properties. Finally, quantitative assessment 

was made by calculating the overall coverage of the virtual cameras on the 

site models. To achieve the established objective, the proposed system focuses 

on four main problems of existing camera placement systems. These problems 

and solutions are described below. 
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Figure 3.1 Camera Placement System Overview 
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3.1 Site Modeling 

 

As a first step, 3D modeling of the site was processed to build a virtual 

environment based on the actual images collected by UAVs. The virtual 

environment created based on actual data can describe the presence of entities 

such as construction equipment and materials that are not reflected in the 

existing design drawings. 

 

 

Figure 3.2 Site Modeling Process 
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3.1.1 Image Data Collection 

To construct the site models, image data collection was first carried out 

by using Unmanned Aerial Vehicles (UAVs). Taking photographs 

automatically, rather than manually taking photographs, provides more stable 

and accurate raw image data. In general, a minimum overlap ratio of 70% is 

required to create a three-dimensional site model. However, image data were 

collected by setting the overlap ratio to 90% to build a more precise site 

model. And the collected images are orthophotograph with the same height 

and scale. A UAVs having a digital camera was used to collect images over 

the construction sites.  

 

 

Figure 3.3 Module1 Execution Result Screen 
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3.1.2 Image Processing for Site Modeling 

With the image data collected in the previous process, image processing 

to create a site model follows six main steps: 

1) Camera Intrinsic Parameter Derivation 

2) Features Extraction and Matching 

3) Coordinate Calculation 

4) Point Clouds Creation 

5) Reconstruction 

6) Image Stitching 

 

With the collected images, features extraction and point cloud creation 

were processed. After that, three-dimensional site model was built by 

reconstructing the point clouds in the form of ply file. In this study, we used a 

commercial software, Pix4D to make a PLY file which is composed of 

coordinates and RGB color of each points. 

On the other hand, we performed the process of converting the PLY file 

to the PCD file in order to use viewer program which was offered as an open 

source library of Linux environment. 
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3.2 Identification and Visualization of Factors 

 

In order to install cameras on a construction site with complex 

environment, it is essential to understand the site conditions and the physical 

characteristics of the camera to be installed. 

The second step is the factor identification and classification process. In 

this step, site investigations and review of the literature have been conducted.  

 

3.2.1 Factors Identification 

To identify the factors to consider, site investigations were conducted on 

two construction sites. The first site investigation was conducted at a small 

scale extension site at Seoul National University, Korea and the second was at 

an underground road construction site in Namyangju-si, Korea as shown in 

Figure 3.4. 

 

Figure 3.4 Site Investigations on the Construction Sites: Extension 

Construction Site (top) and Underground Road Construction Site (bottom) 
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First, we constructed a camera placement for the extension work site. 

Power supply and data transmission were available through the existing 

building owing to the small-scale site (length: 50.4m, width: 33.1m). 

Moreover, the primary working areas were limited and movement of 

construction workers was relatively simple.  

 

 

Figure 3.5 Changes of Camera Placement Design 

The camera placement without consideration of site characteristic was 

shown on the left of Figure 3.4. However, it was impossible to install a 

camera on the existing building, and there was a large height variation along 

the boundary of the site. Thus, the modified camera placement considering the 

site characteristics is shown on the right side of Figure 3.4 and Figure 3.5 

including factors to consider. 

 

Next, we conducted a pilot study on the underground road construction 

site located in Namyangju-si, Korea. Narrow width of the site and complex 

circumstances by materials and workspace caused a problem that an object 

close to the camera would be out of sight. Also, power supply and data 

transmission by cable was limited to certain areas. The installation and 

dismantling of cameras were required due to the changes of site environment. 
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Table 3.1 Deviations between Initial Design and Actual Results 

 

 

Due to the irregular circumstances, initial installation design had been 

changed as shown in Figure 3.6. The piled materials such as rebar interfered 

with the coverage of camera and camera installation inside the box-type 

section was not available. 

 

 

Figure 3.6 Modified Camera Placement Design  
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By reviewing related researches in Chapter 2, additional factors to 

consider were identified as below: 

1) It is necessary to install cameras when the initial stage of the 

construction progress is done to avoid the relocation due to frequent 

environmental changes. 

2) Monitoring a place where safety accidents can occur such as high 

place work or many heavy construction equipment are moving. 

3) It is advisable to install cameras in a position where maintenance is 

easily completed in cased of the camera malfunctions. 

 

 

3.2.2 Clarification: Controllable/Uncontrollable Factors 

Factors derived from the site investigations conducted earlier are as 

shown in Table 3.2. In addition to the factors listed in the table below, there 

were limitations in data transfer rates and mismatch in camera network 

equipment specifications. 
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Table 3.2 Factors to Consider 

Factors Impacts 

Power supplies Impacts on stable image monitoring by 

internal/external supplies 

Camera positions 

and distances 

between cameras 

and recorder 
Image degradation and noises 

Installation 

accessibility 
Influence on network construction due 

to changes in further progress 

Primary moving 

path 
Influences on the accuracy and 

efficiency of vision-based monitoring 
Working areas 

 

We distinguished the factors derived from the pilot studies based on 

whether we could arbitrarily adjust and resolve or could not change. The 

result is shown in Figure 3.7. In this research, we defined that the controllable 

factors could influence monitoring performances by adjusting the camera 

intrinsic (camera types such as focal length, filed of view) and extrinsic 

variables (camera positions and orientations). The uncontrollable factors are 

defined as the external environment excluding the variables related to the 

camera. 
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Figure 3.7 Factors Classification 

 

The site conditions and variables to consider when designing a camera 

placement, derived from site investigation have been verified by site 

managers and camera installation experts. 

 

3.2.3 Visualization of Non-installable Area 

Among the factors to consider, the uncontrollable factors have a 

significant influence on the possibility of installing the camera. Therefore, 

find and visualize the area where the camera installation is not possible in 

advance. To support the objective judgement of the possible or impossible 

installation areas, reference was made to the camera installation standard 

(Korea Expressway Corporation, 2007; Ok 2012).  

We created an algorithm representing limited area on the site model that 

was created in module 1. In this algorithm, user can select two points directly 
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on the site model at once and the selected points are stored in a text file. Each 

point represents a starting point and the ending point (e.g. Figure 3.10), and 

the small points connecting the two points represent the installation restricted 

area. To prevent the displayed area from being occluded by the other points, 

the highest z value of the points adjacent to the selected point is used.  

 

 

Figure 3.8 Example of Module 2 Execution Screen 
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Figure 3.9 Example of Module 2 Result Screen 

 

We created an algorithm representing limited area on the site model that 

was created in module 1. In this algorithm, user can select two points directly 

on the site model at once and the selected points are stored in a text file. Each 

point represents a starting point and the ending point (e.g. Figure 3.8), and the 

small points connecting the two points represent the installation restricted area. 

To prevent the displayed area from being occluded by the other points, the 

highest z value of the points adjacent to the selected point is used. Density of 

the connecting points could be determined by input value. 
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3.3 Camera Placement Simulation 

 

Camera placement simulation module is designed to represent the 

coverage of the cameras considering camera specification such as Field-of-

View, focal length, resolution, and effective visible distance. By simulating a 

virtual coverage model which takes into account the camera specifications on 

a site model, it allows the user to visually check the results of camera 

placement. 

 

3.3.1 Camera Intrinsic and Extrinsic Parameters 

To prevent the unnecessary installation of the cameras, it is necessary to 

confirm the result through pre-simulation. For accurate and practical 

simulation, we need to recognize the variables affecting the coverage of 

camera. 

In general, the variables that affect the camera coverage are divided into 

intrinsic parameters and extrinsic parameters. In this research, FOVs, focal 

length, and visible distance of the camera were used as intrinsic parameters. 

And the position and orientation of the camera were defined as extrinsic 

parameters affecting the camera coverage. These variables can be entered in 

the algorithm to be discussed below. 
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3.3.2 Coverage Modeling 

Input data on the following variables is required to model the coverage of 

a camera located at an arbitrary point: 

1) Field-of-View (FOV): Typical FOV of commercial cameras for site 

monitoring is 60 to 90 degrees, and the larger the FOV, the more 

distortion occurs. 

2) Visible distance: Visible distance of the camera depends on the 

purpose of the monitoring in general. For example, 60 pixels / ft is 

required for monitoring objects from CCTV images, and 20 pixels / 

ft for general monitoring (Theia Technologies, 2009). 

3) Position: It can be represented through point composed of x, y, z 

coordinates. 

4) Orientation: Camera direction towards the objects.  

 

In the coverage model, coverage is defined by a visible distance 𝑑, field-

of-view, and a camera position. For representing arbitrary camera coverage, 

the coordinates of two points are input first. The first input point P1(x1, y1) 

is the position coordinate where the camera is placed, and the second input 

point P2(x2, y2) is the camera orientation. To reduce the computation, the 

coverage do not consider the z coordinate temporarily.  

Finding the point that matches the coverage model when drawing a 

vertical line at point P1. First of all, find the two points on the straight line 

between P1 and P2 that are spaced by the effective radius (visible distance) 

from P1. 
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                                     (𝑥 − 𝑥1)2 + (y − y1)2 = 𝑑2                 (1) 

                 𝑥 = (𝑥 − 𝑥1) ×
(𝑥2−𝑥1)

(𝑦2−𝑦1)
                     (2) 

 

The points that satisfy the equations (1) and (2) are as follows. 

 

       𝑥 = 𝑥1 + 𝑑 × (1 ÷ (1 + ((y2 − y1) ÷ (𝑥2 − 𝑥1))2))
1

2     (3) 

       y = y1 + (y2 − y1) ÷ (x2 − x1) × (𝑥 − 𝑥1)             (4) 

 

We can find two points through the equations (3) and (4), and the point in 

the direction from p1 to p2 is what we wanted to find.  

 

Then, find the remaining vertices with the found point above and given 

FOV angles to indicate the boundaries of coverage. Naming the points as an 

upper and lower point to distinguish easily. 

 

Find the upper point. 

𝑥𝑢 = 𝑥1 + (((cos
𝐹𝑂𝑉

2
) × (𝑥 − 𝑥1) − sin

𝐹𝑂𝑉

2
× (𝑦 − 𝑦1)))/ cos

𝐹𝑂𝑉

2
 (5) 

𝑦𝑢 = 𝑦1 + (((sin
𝐹𝑂𝑉

2
) × (𝑥 − 𝑥1) − cos

𝐹𝑂𝑉

2
× (𝑦 − 𝑦1)))/ cos

𝐹𝑂𝑉

2
 (6) 

 

Find the lower point. 

𝑥𝑙 = 𝑥1 + (((cos(−
𝐹𝑂𝑉

2
)) × (𝑥 − 𝑥1) − sin(−

𝐹𝑂𝑉

2
) × (𝑦 − 𝑦1)))/

                       cos(−
𝐹𝑂𝑉

2
)                                         (7) 
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𝑦𝑢 = 𝑦1 + (((sin (−
𝐹𝑂𝑉

2
)) × (𝑥 − 𝑥1) − cos (−

𝐹𝑂𝑉

2
) × (𝑦 − 𝑦1))) /

                    cos(−
𝐹𝑂𝑉

2
)                                           (8) 

 

Now that we have found all the vertices of the coverage triangle, we are 

looking for the boundary points and internal points that make up the triangle. 

 

Find the boundary points by using three vertices. The density of the 

triangle is defined as 𝑑𝑒𝑛𝑠𝑖𝑡𝑦. 𝑖 is incremented by one from 0 to 𝑑𝑒𝑛𝑠𝑖𝑡𝑦. 

 

                  𝑥𝑢𝑖 = 𝑥1 +
𝑥𝑢−𝑥1

𝑑𝑒𝑛𝑠𝑖𝑡𝑦
× 𝑖                    (9) 

𝑦𝑢𝑖 = 𝑦1 +
𝑦𝑢−𝑦1

𝑑𝑒𝑛𝑠𝑖𝑡𝑦
                       (10) 

                  𝑥𝑙𝑖 = 𝑥1 +
𝑥𝑙−𝑥1

𝑑𝑒𝑛𝑠𝑖𝑡𝑦
× 𝑖                    (11) 

𝑦𝑙𝑖 = 𝑦1 +
𝑦𝑙−𝑦1

𝑑𝑒𝑛𝑠𝑖𝑡𝑦
× 𝑖                    (12) 

 

Find the inner points by using the boundary points. 𝑗 is incremented by 

one from 0 to 𝑖. 

 

               𝑥𝑣𝑖𝑗 = 𝑥𝑢𝑖 + (𝑥𝑙𝑖 − 𝑥𝑢𝑖) ÷ (𝑖 + 1) × 𝑗          (13) 

               𝑦𝑣𝑖𝑗 = 𝑦𝑢𝑖 + (𝑦𝑙𝑖 − 𝑦𝑢𝑖) ÷ (𝑖 + 1) × 𝑗          (14) 

 

The coverage model created through the above calculation process is 

expressed as follows in Figure 3.10. 
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Figure 3.10 Coverage Model Example 

 

When placing the coverage on a site model, it is possible to adjust the 

size of each point to make it easier to recognize (e.g. Figure 3.11). 

 

Figure 3.11 Example of Coverage by Multiple Cameras 
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3.4 Coverage Estimation 

 

The key to effective monitoring performance is to identify a range of the 

camera’s coverage. It should be able to cover the site to be monitored, and the 

extent to which it covers is the criteria for evaluating monitoring 

performances. Therefore, we used the projected area of coverage as a 

reference for evaluating the performance of monitoring.  

Obtaining the coverage area of a single camera is a simple matter that 

can be estimated by using visible distance and FOV. Moreover, the visible 

distance is calculated as 25 m based on a general camera and FOV is also 

provided by the manufacturer. 

For instance, it is like the formula for finding the area of a triangle as the 

equation (15) 

Coverage Area =
1

2
× 2 × (Visible Distance) ×

                                                                {(Visible Distance) × tan
𝐹𝑂𝑉

2
}      (15) 

 

However, in many cases, there are multiple cameras that are placed in the 

field, and the coverage is often overlapped each other as shown in Figure 3.12. 
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Figure 3.12 Example of Overlapped Area  

 

In the previous step, we found all the points that make up coverage of a 

camera. Using three vertices of these points to estimate the total coverage 

area of multiple triangles. 

We made micro squares smaller than the coverage triangle (e.g. Figure 

3.13), and calculate the total coverage area by multiplying the number of 

squares in the triangle with the area of a micro square. 

In the case of a micro square included multiple triangles, avoiding the 

duplicated area calculations by counting the square only once. 
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Figure 3.13 Grid Zone Composed of Small Squares 

 

The smaller the size of squares, the higher the accuracy of area 

estimation. In order to obtain the length of micro square, the shorter between 

the length of the width and height is divided by the density. On the other hand, 

the larger the size of the scene, the more computational time it takes to 

calculate the entire grid. Thus, find the minimum and maximum x, y 

coordinates of the points that make up the triangles. By calculating from the 

smallest rectangle including triangles, the computation time can be greatly 

reduced. Thus, the vertices of rectangle are composed of four points such as 

{(min x, min y), (min x, max y), (max x, min y), (max x, max y)}. 

A micro square moves by its length at a time and counts as it is included 

within triangular clusters.  
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Figure 3.14 Example of Coverage Area Estimation 
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3.5 Summary 

 

To develop the camera placement system for efficient and effective 

vision-based monitoring, construction site conditions and considerable factors 

were identified based on the pilot tests and previous researches. The system 

consists of four modules and provides camera placement method for decision 

making.  

A brief description of each modules as follows: 

 

1) Module 1 is 3D modeling of the site to build a virtual environment 

based on the actual images collected by Unmanned Aerial Vehicles 

(UAVs). 

2) Module 2 is derivation of factors to consider from site investigations 

and related researches. 

3) Module 3 is coverage modeling of the cameras with intrinsic and 

extrinsic parameters. 

4) Lastly, in module 4, a quantitative evaluation is made to determine 

the total monitoring area by the multiple cameras. 
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Chapter 4. System Implementation and 

Evaluation 

 

 

This study focuses on developing a camera placement system and 

evaluating the feasibility of the proposed system with experiments on actual 

construction projects. Data collection, validation and analysis are based on the 

actual construction projects with permission from the site managers of Seoul 

National University, Samho Development. Co., LTD and Daelim Industrial 

Co., Ltd. 

Data collection has been conducted by using Unmanned Aerial Vehicles 

(model: DJI Inspire1 V2) and multiple cameras (model: SONY HDR AS-20). 

The site conditions and variables to consider when designing a camera 

placement, derived from site investigation and preliminary study, have been 

verified by site managers and camera installation experts.  

The validation process for the actual construction projects confirms that 

the system we have developed is applicable to the construction industry and 

could help users make decisions. 

The designed camera placement system has been validated on two 

construction sites with different monitoring purposes. The first one was a 

housing development project in which large-scale earthworks were being 

conducted. The second site was the outdoor storage area where the materials 

used in the construction site were piled up. 
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The input and output data of each modules are as follows (e.g. Table 4.1). 

 

Table 4.1 Input and Output Data Overview Classified by Modules 

 

 

The algorithm codes were written using the C++ programming language 

and Python programming language in a Linux environment. The aerial image 

data were collected using a DJI InspireⅠ V2 drone equipped with a Zenmuse 

X3 digital camera. Sony HDR-AS20 digital camcorder was used to obtain 

images that are collected from the perspective of an actual placed camera. 
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4.1 Case StudyⅠ 

 

The targeted construction site of the camera placement system was the 

site of housing development project that covered 1.5 million square meters of 

land in Songpa-gu, Seoul. Dozens of heavy construction equipment such as 

dump trucks, excavators, and dozers were working on the site. As large-scale 

earthwork was underway, the camera placement system was applied to collect 

images to analyze the productivity of construction heavy equipment. 

 

4.1.1 Implementation of Camera Placement System 

 

 

Figure 4.1 Aerial View of Case Study Ⅰ 

 

Since the construction site was too large to monitor, the camera 

placement system was applied to the partial district of the site where the 

earthwork was actively performed. 
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The three-dimensional site model was created by using a total of 77 

images collected by UAVs at a height of 70 meters as shown in Figure 4.2. It 

took 19,361 ㎳ to create the site model which was composed of. 3,709,794 

points. We assumed the purpose of monitoring case study Ⅰ was to monitor the 

operation of each pair of excavators and dump trucks. 

 

 

Figure 4.2 Site Model of Case Study Ⅰ 

 

Then, module 2 was used to indicate the installation restricted area and 

module 3 was done to simulate the virtual camera placement considering the 

future construction process (e.g. Figure 4.3). Case study Ⅰ was able to be 

installed in entire areas except the spaces in the direction of the excavators in 

operation. Meanwhile, it is preferable to monitor the site by using a portable 
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camera rather than a fixed camera because power and data transmission was 

not easy to supply, and the primary working areas was moved continuously. 

Therefore, it is necessary to move cameras according to the progress of the 

projects, and it is necessary to replace cameras due to the limited shooting 

time. 

 

 

Figure 4.3 Camera Placement Simulation of Case Study Ⅰ 
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4.1.2 Evaluation 

Qualitative evaluation focuses on how well the system performs and how 

much this system is needed on an actual construction site. In the Case Study Ⅰ, 

total area of the targeted site was 4846.70 m2. Compared with the total area, 

the monitored area covered by three cameras was 4046.52 m2. As a result, 

83.49% of the total area was monitored. If the monitoring purpose was to 

prevent safety accidents that may occur in the field, an additional camera may 

be installed to reduce blind areas. 
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4.2 Case StudyⅡ 

 

The targeted construction site of the camera placement system was the 

site of outdoor storage area that covered 499.17 square meters of land in Seoul 

National University, Gwanak-gu, Seoul. A pile of materials such as rebar, 

timber was stacked on the ground and there was a dump truck in the middle of 

the site. The dump truck in the center was causing a considerable blind spot. 

Since the outdoor storage area should be monitored from material theft, a 

camera placement system was applied for the purpose of capturing images for 

video surveillance like controlling people entering and leaving. 

 

4.2.1 Implementation of Camera Placement System 

Since the area to be monitored was not wide, a satisfactory camera 

placement design was found in a relatively short time. The three-dimensional 

site model of the storage area was created by using a total of 28 images 

collected by UAVs at a height of 50 meters as shown in Figure 4.4. It took 

11,965 ㎳ to create the site model which was composed of. 2,102,186 points 
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Figure 4.4 Site Model of Case Study Ⅱ 

 

Then, the module 2 and the module 3 were used to simulate the 

installation restriction area and the camera placement on the virtual space 

model (e.g. Figure 4.5). Case study Ⅱ was able to be installed in entire areas 

except the entrance spaces because it was easy to supply power and data from 

facilities close to the site and there were no obstacles except for the border 

fence. Since the area is relatively narrow, we applied the virtual simulation by 

using two cameras and confirmed that most of the space is covered. 
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Figure 4.5 Camera Placement Simulation of Case StudyⅡ 

 

4.2.2 Evaluation 

In the Case Study Ⅱ, total area of the targeted site was 499.17 m2. 

Compared with the total area, the monitored area covered by two cameras was 

455.7 m2. As a result, 91.29% of the total area was monitored. The results 

indicated that the smaller the area and the simpler the space, the easier it was 

to find the camera placement suitable for the purpose of monitoring. However, 

it is important to find appropriate camera installation height considering 

various situations because indoor space of the site could be occluded 

depending on the position and height of materials. 
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Figure 4.6 Actual Images Collected by the Cameras Installed on the Site 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



50 

 

 

Chapter 5. Conclusions 

 

This chapter deals with the results which are obtained from the 

implementation of the proposed system and describes future work we would 

like to pursue. 

 

5.1 Summary 

 

Previous studies have researched the applicability and effectiveness of 

the vision-based monitoring techniques and have proposed camera placement 

methods focusing on their applications in controlled environment. However, 

these studies have not reflected the various construction site conditions and 

have not indicated monitoring performances in a quantitative numerical value. 

In this research, we show that by solely developing a camera placement 

system that includes specific installation criteria reflecting the construction 

site conditions and quantitative analysis metrics to support reasonable 

decision-making. We derived construction site conditions from pilot studies 

for two construction sites and then we built 3D site models with the collected 

images by Unmanned Aerial Vehicles (UAVs). We tested the camera 

placement system for two actual construction sites. 

Comparing to the heuristic camera placement method, our results provide 

efficient and appropriate camera locations and coverage by considering site 

conditions and camera-related parameters. Experimental evaluation showed 
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the suitability of the system and practicality of the approaches. In the case of a 

large field experiment in which the earthwork is in progress, it was confirmed 

that the placement using the camera placement system collects images of 

better quality than the placement by the heuristic method.  

However, several simplifying assumptions made here should be 

advanced in the future; We formulated the coverage of a camera into a simple 

triangle with a certain visible distance and only considered the horizontal 

coverage. With further related studies, this study contributes to improving 

construction site monitoring performances by collecting quality image data 

for vision-based monitoring. 
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5.2 Contributions and Future Study 

 

5.2.1 Contributions 

Vision-based monitoring techniques have been studied widely to achieve 

successful construction management. Nevertheless, previous camera 

placement methods are not viable to place the cameras to collect the images 

on the construction sites. This is because of the characteristics of the 

construction site that is distinctly different from the city center or the indoor 

space, which is the subject of existing video surveillance.  

In this study, we proposed a camera placement system specialized on the 

construction sites, it is possible to infer the appropriate layout of the cameras 

on the site model. We have validated our system over the actual construction 

sites such as outdoor storage area filled with thousands of construction 

materials and equipment and land development site where the large-scale 

earthwork was in progress. 

The contributions of our research are summarized as follows: 

 

1) We could provide the newly updated camera layout by creating a site 

model that fits the constantly changing site environment. 

2) By considering the site constraints and the characteristics of the 

cameras, it is helpful to select a camera suitable for monitoring 

purposes. 

3) We contribute to the users to determine better camera layout by 

evaluating the monitoring performances based on the coverage of 
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cameras quantitatively. 

 

The proposed camera placement system will play a key role in the 

construction site monitoring by improving the effectiveness and efficiency of 

the vision-based monitoring. 
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5.2.2 Future Study 

This research introduces a systematic and quantitative camera placement 

system to contribute to improving construction site monitoring. The module 3 

which presents the coverage of cameras mathematically, could not reflect the 

limitations of visible distance caused by obstacles. Thus, further study is 

required to reflect the occlusions between the coverage of cameras and 

obstacles. 

In addition to that, the module 4 which calculates monitoring area by 

cameras considering circumstance around the construction sites. As a result, it 

enables decision-makers to place cameras that are suitable for monitoring 

purposes based on the monitoring area as quantitative criteria. However, the 

module is limited to only reflecting the horizontal Field-of-View of the 

cameras. Therefore, coverage modeling of the cameras can be further 

extended to reflecting the vertical Field-of-View.  
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초    록 

 

효율적인 건설프로젝트 관리를 위해 자재, 장비, 인력 등의 

자원에 대한 실시간 모니터링이 중요하다. 기존의 현장모니터링은 

관리자의 현장방문과 보고에 의해 이루어지므로 많은 시간이 

소요되며 현장 전체를 관리하는데 어려움이 있다. 따라서 이를 

해결하기 위한 영상모니터링에 관한 연구가 활발히 진행되고 있다.  

영상모니터링에 관한 연구들은 작업자 및 중장비의 생산성 분석, 

공사 진척도 평가, 안전사고 예방 등을 위해 카메라로부터 

영상데이터를 수집하여 분석하는 것을 목적으로 하고 있다. 하지만, 

이러한 연구들은 실제 현장에서 카메라의 접근과 설치가 제한되는 

구역이나 발생 가능한 제약조건(전원공급가능구역 제한, 데이터 

전송 범위 제한 등)을 고려하지 못한다는 한계점이 있다. 또한 

현장에 존재하는 다수의 장애물 또는 중장비에 의해 나타나는 

사각지대를 고려하지 않은 카메라 배치는 영상모니터링에 적합한 

영상을 수집하는데 상당한 영향을 미쳐 영상 분석의 정확도와 

성능을 저해하는 요인이 된다.  

이러한 문제를 해결하기 위해 건설현장의 여건 등 다양한 

요소들을 고려한 카메라 배치 설계에 관한 연구들이 있지만 

구체적인 설계기준이나 정량적인 평가에 따른 결과를 제시하지 

못하고 있다. 그러므로 사용자의 모니터링 목적을 만족하는 

효과적인 건설현장 영상모니터링을 위하여 정량적인 평가를 

바탕으로 한 객관적인 카메라 배치 설계 방법에 관한 연구가 

필요하다.  
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본 연구에서는 영상모니터링을 위한 카메라 배치 시스템 개발을 

연구 범위로 한다.  

카메라 배치 시스템은 다음의 4단계로 이루어져 있다. 

  

1) 정확한 카메라 배치 설계를 위해 실제 현장과 유사한 가상 

공간이 필요하므로 무인비행기를 이용하여 현장에서 수집한 

이미지 데이터 기반의 공간 모델링을 수행한다.  

2) 현장조사 및 관련 연구를 통해 건설현장의 특성과 카메라 

배치에 영향을 주는 제약조건들을 도출하고 이를 공간 

모델에 반영하여 나타낸다.  

3) 카메라의 초점 거리, 화각 등의 내부 변수와 카메라의 위치, 

방향 등의 외부 변수를 고려한 가상의 카메라를 수학적으로 

모델링하여 사용자가 가상의 공간 상에 배치하는 

시뮬레이션을 통해 관측 범위를 눈으로 확인하고 결정할 수 

있도록 한다.  

4) 앞서 사용자에 의해 가상의 공간에 배치된 카메라의 관측 

범위(면적)를 계산하고 전체 면적 대비 비율을 구함으로써 

정량적인 평가가 가능하도록 한다.  

 

개발된 카메라 배치 시스템을 이용하여 사용자의 모니터링 

목적에 맞는 카메라 배치 방안을 찾고자 하였다. 시스템을 통해 

도출한 카메라 배치안에 따라 실제 현장에 카메라를 배치하여 

수집한 영상을 비교∙평가하는 검증과정을 수행하였다.  

본 연구를 통해 정량적 평가가 가능한 현장맞춤형 카메라 배치 

시스템을 개발하여 불필요한 데이터의 수집을 줄이고 고품질의 
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데이터를 수집함으로써 사용자의 목적에 맞는 합리적인 의사결정을 

지원하고 현장 모니터링의 성능을 향상시키는데 도움이 될 것이다.  

향후 연구 결과를 통해 건설현장에 영상모니터링 활용 가능성을 

높일 수 있기를 기대한다. 

 

주요어: 건설현장 모니터링, 카메라 배치 시스템, 영상 기반 

모니터링 
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