
����������
�������	�������
���������
�����������
�����
����������������������������������������������
�����������
���������������������
�����
���	���������������������������
���������
�������

��������������������������������������������������

������������������ ������������������� �������!������

�"�������������� �# �$ �# �%�����&�'�(�)�����* �+ �, �-

�.�����������������/�!�� �.���0

�1�0�2 �������!���3�4�4�
�����5�����
�4�(�'�5�(�)�6�(�'�4�7�'�7�8�9

�����
������

� ������

���������1�����������������/���������:�����;�����	���������������������������<�����������
�
���������������������3���:�1�<��

�������!���3�4�4�����5�����=�������/�5�������;���>���5�����5�?�!�4

���������1�����������������/���������:�����;��





 

 
 



 

 
i 

 

Abstract 
Building simulation engines have become an integral part of predicting the energy performance of 

buildings at the early stage of design. A major barrier of using a conventional energy model has been 

the required manual inputs data to define a building, its geometries information, material properties, its 
heating, ventilation, and air conditioning (HVAC), and other systems related to building operation. On 

the other hand, most of the building element information required in energy simulation is available in 
the Building Information Modeling (BIM). Utilizing BIM technology as data repository of building 

information and interoperability as format exchange for building energy efficiency analysis has become 
an effective tool for design decision-making methods and supporting building energy simulation. 

However, using BIM alone is not effective in supporting advanced analysis/simulation for improving 

the building design in terms of energy efficiency. In addition, the lack of integration between BIM with 
the respect to several standards for measuring energy efficiency design prevents BIM from being 
efficiently used for achieving ambitious energy efficiency requirements. 

Although some BIM and energy simulation tools have been combined to provide the users with an 

opportunity to explore different energy saving solutions, some limitations exist in those tools. First, due 
to the lack of interoperability between BIM and environmental sensor data, it is difficult to evaluate the 

building performance in the actual locations efficiently. Furthermore, practicing architects and 
engineers are not familiar with programming to integrate various systems. Second, as the BIM database 

and the requirement of building regulations in different nations are not integrated for measuring thermal 
performance of building envelopes, it is hard to efficiently identify appropriate thermal characteristics 

for the building being designed. Third, it takes much time for deriving analysis outputs from the BIM 

model with lighting simulation tools. Additionally, to achieve the requirement of lighting design 
standards and design satisfaction, perceiving lighting phenomena and atmosphere through human visual 
perception is impossible in traditional lighting simulation tools. 

Energy consumption of buildings is influenced by different factors. Based on previous studies, 

significant proportion of the total energy demand for buildings corresponds to the electricity required 
to maintain indoor environmental conditions and lighting system. The success of indoor thermal control 

can be achieved through understanding of the thermal performance of building envelope and to achieve 
a higher degree of satisfaction in terms of lighting design a better perceive and optimize lighting 
conditions through an immersive environment is required. 

This thesis emphasizes on proposing novel methods to extend the capability of using BIM to evaluate 

three factors that has a profound effect on building energy consumption, i.e, indoor thermal comfort, 
thermal performance of building envelope and lighting design. The first part of this research presents a 

method for integrating environmental sensing data and thermographic images with BIM using visual 
programming. To map and extract spatio-temporal thermal data and to connect air temperature data 

with a 3D BIM model, the user develops visual scripts. This proposed method enables calculating 
thermal variables, e.g., mean radiant temperature (MRT) and assessing the thermal comfort level of  
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properties of building elements become possible to support the process of energy-efficiency design 

assessment of buildings in various purposes. 

 

Thus, this research presents a BIM-based data model and integrated frameworks for building 

performance evaluation and environmental simulations. This thesis emphasizes on investigating 

methods to facilitate the assessment of building performance as follow: 1) indoor thermal comfort; 2) 

thermal performance of the building envelope; and 3) lighting design by using an integrated database 

and interoperable information of a building between the BIM database and tools, including 

environmental sensing data, infrared camera, visual programming interface, and virtual reality (VR). 

The main purpose of this thesis is to explore the possibility of sharing and connecting BIM database 

(e.g., geometry information, thermal and physical properties) created by BIM authoring software with 

visual programming interface tools (such as Dynamo and Grasshopper) and game engine software tools 

(such as Unreal Engine) to extend the capabilities of the current BIM to support building design 

improvement based on ASHRAE standard regarding the measurement of indoor 

environments,  Illuminating Engineering Society of North America (IESNA) lighting design standard 

regarding illumination level requirement for working space, and Overall Thermal Transfer Value 

(OTTV) standard.   

 

1.2 Problem statement and research gaps 
The main problems of using the current BIM regarding the assessment of thermal performance of 

building envelopes, thermal comfort evaluation, and lighting design can be attributed to the following 

main issues:  

(1) Regarding the assessment of thermal performance of building envelopes, the current BIM is not yet 

mature enough to be readily used for integrating thermal and environmental sensor information to assess 

thermal comfort. BIM requires tools to enable building professionals to effectively detect the location 

of thermal defects and to extend its ability to analyze thermal performance and thermal comfort by 

accommodating environmental information to be used in the analysis process. In addition, to effectively 

maintain a comfortable temperature in a building, the selection of material for the building envelope 

during the design stage requires careful attention to limit the heat transferred through the building 

envelope. The traditional method of calculating and assessing thermal characteristics of building 

envelopes is impractical and time-consuming. BIM represents the building as an integrated database of 

coordinated information (Rahmani Asl et al., 2015) that can be shared as the central model and it 

contains details of geometric and non-geometric information of the BIM model.  

 

Although the previous research showed that utilizing BIM can benefit to verify and to analyze indoor 

thermal comfort and improve the thermal performance in different phases of the building process, 
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Chapter 7 Conclusions and future work: This chapter summarizes the presented frameworks, and the 

findings of the study and suggests recommendations for future research.  

 

Figure 1 Thesis organization diagram 
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XML (gbXML) , Industry Foundation Class (IFC), and Drawing Interchange Format (DXF). The IFC, 

gbXML, and DXF standards are used for sharing the physical and functional characteristics of a 

building between stakeholders throughout the entire project lifecycle. 

 

2.1.3 BIM -based building performance simulation 

BIM tools are increasingly being used to improve the design collaboration, and the modeling process 

through the construction of buildings with a promise of providing an effective design process and data 

sharing at all stages of the construction cycle (Jones et al., 2008). BIM has recently become an integral 

tool in the analysis of multiple performance measurements, including energy efficiency (e.g., Ahn et 

al., 2014; Hitchcock et al., 2011; Bazjanac, 2009), architectural design (e.g., Sanguinetti et al., 2012), 

structure design (Niggl et al., 2004; Ahuja et al., 2017; Zotkin et al., 2016), acoustics (e.g., Wu et al., 

2013; Tan et al., 2017), and lighting (e.g., Shah et al., 2017; Kota at al., 2014). 

Based on the previous studies that considered BIM as the central data model for buildings energy 

performance analysis are mainly focused on the automatic preparation of building models for various 

simulation tools (Rahmani Asl et al., 2015). Typical workflow and data exchange between the BIM and 

analysis software applications require the export of model geometry from the BIM to analysis 

applications depending on the analysis purposes (Aksamija et al., 2011). In the exchange model, one 

software system maintains the master copy of the data internally and exports a snapshot of the data for 

others to use  (Isikdag et al., 2007). A neutral file that presents and contains the numerous information 

of a building is generated by System A. Then, another software system receives the neutral exchange 

file created by System A. System B will have to provide a functionality in its implementation for 

accessing the neutral file as well as for interpreting the contents and creating an internal representation 

of that information (Kemmerer, 1999). 

Using BIM-based building performance analysis allows designers to efficiently generate and modify 

building model components in a single place and allows the system to propagate changes of model 

objects throughout all the views in a set of deliverables (Krygiel et al., 2008). To evaluate building 

performance in the early design stage, the information of the building contained in a BIM database, 

such as the geometry, material properties, and technical systems, needs to be accessed by design 

stakeholders (Schlueter et al., 2009).  

Lee, (2012) surveyed the use of BIM for simulation and analysis to achieve green objectives in 

architectural and engineering companies. The result revealed that 67% of the used of BIM as an analysis 

tool was for energy performance, 60% for lighting analysis, 52% for heating ventilating and air 

conditioning (HVAC) design, and 48% for green building certification. Among the energy performance 

simulations are lighting and daylighting analysis (74%), whole building energy use (72%), and energy 

code compliance (70%). 
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et al., 2013). Moreover, it is difficult to visualize the overall building layout from 2D images, and 

photographs cannot be attributed to a particular side of the building (Wardlaw et al., 2010). Conversely, 

a 3D thermal model provides more comprehensive 3D views of the thermographic data by integrating 

thermal imagery with the geometric model. A number of previous studies have proposed methods for 

3D thermal modeling based on field surveys of thermal data of building envelopes (e.g., Ham et al., 

2014; Lagüela et al., 2012; Schreyer et al., 2009; Borrmann et al., 2012). However, these studies focused 

only on creating 3D thermal models for various purposes without considering the integration between 

temperature sensing data with the 3D thermal model for verifying the effect of thermal data on the 

indoor thermal condition.  

Techniques for creating 3D thermal models for measuring the surface temperature of existing buildings 

can be divided into three categories. The first category includes techniques for mapping infrared images 

to a 3D model, and the second category involves image fusion and matching infrared images and digital 

images. Finally, the third category involves mapping infrared images to 3D point clouds (Wang et al., 

2013). Furthermore, a structure from motion (SfM) technique can be used to generate a 3D 

reconstruction by combining a sequence of 2D thermographic images of a building (e.g., Hoegner et 

al., 2015). Thermographic images mapped on a BIM model can provide an accurate 3D geometry of a 

building with thermographic textures. Providing RGB color values in thermal images supports the 

interpretation of the different temperature values. The RGB value of each of the individual pixels in a 

thermal image refers to the apparent temperature value, which is useful for thermal verification of object 

temperatures. 

 

2.5 Visual analytics for root-cause detection 
Visual analytics is the science of analytical reasoning facilitated by interactive visual interface (Thomas 

et al., 2005). Visual analytics evolved from combining automatic data analysis techniques and 

information visualization for an effective understanding of very large and complex datasets (Keim et 

al., 2009; Keim et al., 2012). The goal of visual analytic techniques is to make the best possible use of 

the huge amount of information involving multiple processes and a variety of applications by 

appropriately combining the strengths of intelligent automatic data analysis with the visual perception 

and analysis capabilities of the human user (Kohlhammer et al., 2011). The development of such 

techniques enables users to: 1) synthesize information and derive insight from massive, dynamic, 

ambiguous, and often conflicting data; 2) detect the expected and discover the unexpected; 3) provide 

timely, defensible, and understandable assessments; and 4) communicate assessments effectively in 

order to take appropriate actions (Thomas et al., 2005).  

By integrating the analytical ability of humans and information visualization, visual analytics 

methodology can significantly support the process of the root-cause detection of building defects 
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captured by infrared thermography. Spatiotemporal data generates abnormal temperature profiles of 

surfaces. Thermographic data is displayed primarily using false colors, which serve as a basis for 

distinguishing the areas of the lowest temperature and highest temperature. Danese et al. (2010) 

confirmed that the visual analytics method can be used to facilitate the interpretation of multi-temporal 

thermographic imagery and can serve to identify spatial and spatio-temporal patterns that could provide 

valuable information about the building structure, the level of decay of material, and the presence of 

other physical phenomena in the building envelope. 

 

2.6 Evaluating thermal performance of building envelopes  
The building envelope plays a significant role in regulating indoor temperature and minimizing the 

amount of energy required for heating and cooling. To effectively maintain a comfortable temperature 

in a building, the selection of materials for the building envelope requires careful attention to limit the 

heat transferred through the building envelope. Globally, there are two building standards that are 

popularly used to measure the thermal performance of a building envelope: (1) thermal insulation 

standards, which are used in cold climates (using this standard, thermal transmittance values (U-values) 

of the envelope material are measured) and (2) OTTV building regulations, which are used in hot 

climates, especially in Southeast Asia (Li et al., 2010). OTTV regulation is applicable to mechanically 

cooled buildings. The aim of the OTTV code is to prescribe the thermal characteristics of the building 

envelope (Szokolay, 2004). 

 

2.6.1 Building envelopes 

The evaluation of building performance can be divided into five aspects: (1) the building envelope, (2) 

the air conditioning and ventilation, (3) the water heating system, (4) the dynamic equipment, and (5) 

the illumination (Egwunatum et al., 2016). A building envelope is a physical separator between the 

internal and external environments. Building envelopes are required to perform a combination of 

structural roles, such as space-enclosing and environmental protection (e.g., heat and noise) or 

modification roles (Murthy, 1978). Materials utilized for the building envelope are typically considered 

to be thermal storage components. Building envelopes include the exterior walls, roofs, and floors. A 

thermal barrier (or insulation) and an air barrier are the two components of a building envelope. The 

thermal barrier is a boundary for heat flow, and the air barrier is a protective, air-resistant material that 

controls air leakage in and out of the building envelope (Kruger et al., 2013). 

To maintain comfortable indoor conditions, the entire building envelope must provide a good thermal 

barrier and prevent heat losses and gains. The building envelope has been considered to be the most 

important factor affecting energy efficiency (Egwunatum et al., 2016). A number of studies have shown 

that the thermal properties of building enclosure materials have a major impact on the proportion of 
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operational energy required by the buildings, especially for cooling and heating systems (Kruger et al., 

2013; Noori et al., 2015; Sadineni et al., 2011).  

 Noori et al. (2015) proposed strategies to minimize heat gain through the envelope by enhancing the 

design and choosing appropriate building materials, including (1) redesigning the envelope, (2) using 

alternative materials, (3) using insulation materials, (4) installing shading devices and enhancing the 

surrounding microclimate, and (5) selecting an optimum building orientation and area of windows. An 

appropriate choice of the combination of envelope materials is one strategy that can lower the thermal 

impact, minimize solar heat transmission, and help architects achieve high energy efficiency in 

buildings (Sadineni et al., 2011). 

 

2.6.2 Building regulations worldwide for energy-efficient building envelope design 

Regulations to control building envelope design are a set of rules that specify the minimum/maximum 

acceptable limit of heat gain penetrating through envelopes, to help a designer obtain an energy-efficient 

design with optimal thermal characteristics of materials, for example, the U-value, thermal resistance 

(R-value), and Solar Heat Gain Coefficient (SHGC). Prescriptive requirements for building envelope 

designs for evaluating thermal performance have been established in many countries worldwide. 

Different standards cover different climate conditions. For example, Li et al. (2010) stated that there are 

two standards that are popularly used to measure the thermal performance of building envelopes 

worldwide: the U-value for countries with cold climates and the OTTV for countries with hot climates. 

An example of the minimum requirements of the U-value of building envelopes in cold-climate 

countries (i.e., in Europe) is shown in Table 1.  The Perimeter Annual Load (PAL), adopted in Japan, 

is another standard to evaluate the envelope performance of buildings. PAL refers to the annual thermal 

load of perimeter spaces per unit area and is expressed in MJ/m2yr (Energy, Act, & Program, 2016). 

Prescriptive requirements for heat transfer coefficients and the resistance of insulation materials were 

adopted in Japan only for residential buildings (Laustsen, 2008). In the U.S., the American Society of 

Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) 90.1 and the International Energy 

Conservation Code (IECC) are used as standards for designing high-performance buildings. ASHRAE 

90.1 provides a minimum prescriptive/mandatory requirement for R-values and a maximum 

requirement for U-values of building envelopes for thermal performance assessment in different climate 

zones (McGuerty et al., 2013). 
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2.6.3 Measurement of the thermal performance of a building envelope 

To measure the performance of a building envelope in a hot climate, an important regulation, known as 

the OTTV, was developed to reduce external heat gains through the building envelope and the electricity 

demand of an air-conditioning system (Chan et al., 2014). The OTTV calculation method was initially 

created in 1975 by the ASHRAE. The OTTV concept has been described in the U.S. with the aim of 

determining heat gains and losses of a building (Janda et al., 1994). Since then, it has been employed in 

many countries. However, the OTTV is only applicable to mechanically cooled buildings (Li et al., 

2010; Sadineni et al., 2011). A number of countries have created mandatory building energy efficiency 

standards and used the OTTV as part of their requirements. The maximum OTTVs for non-residential 

and residential buildings in various countries are shown in Table 2.  
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As discussed, different countries use varying forms of OTTV equations with different choices of variables 

and calculation methods. Our prototype system provides a flexible approach to enable different OTTV 

calculation methods applicable to the systems used in different countries. 

 

2.7 Lighting design analysis using BIM and VR technology 

2.7.1 Integrating building information modeling (BIM) with a game engine 

Using BIM-based simulations are increasingly being used to assess the success or failure of indoor 

lighting design. Lighting simulation plugins for BIM applications help users to analyze design options 

in order to provide sufficient lighting for occupants and improve building energy efficiency and overall 

building performance (Aksamija et al., 2010). Two types of lighting simulation plugins are compatible 

with the BIM: external plugins and internal plugins (e.g., Lighting Analysis in Revit, Lighting Assistant 

in 3ds Max, Radiance, Daysim, Diva, and DesignBuilder). Internal plugins or internal extensions can 

be added to BIM applications, e.g., Revit, to enable the highest degree of interoperability (Nasyrov et 

al., 2014). External plugins are needed for data exchange across platforms to perform simulations and 

visualizations. Generating quantitative results is the main use of such plugins. However, qualitative 

results of lighting design, which refers to the illumination of an entire scene and has complex 

characteristics, such as aesthetics, are difficult to quantify (Sorger et al., 2016). 

A few studies have focused on using game engines and VR for lighting design visualization. For 

example, Gröhn et al. (2001) presented a method for visualizing indoor climate and visual comfort in a 

3D VR environment. In their method, photo-realistic visualization was used to visualize the lighting 

distribution on the surfaces of the architectural model. However, they did not include real-time control 

of lighting conditions. In addition, Sik-lányi. (2009) studied how using different types of lights 

influences the development of realistic VR scenes. Sampaio et al. (2010) developed a virtual interactive 

model as a tool to support building management by focusing on the lighting system. Santos et al. (2003) 

developed an immersive VR system for interior and lighting design using the cave automatic virtual 

environment (CAVE). This system provided users with an interface to change the design elements of 

the building, e.g., walls, floor, furniture, and decoration, in a virtual environment. However, their system 

focused only on the appearance of lighting design using ray tracing as the rendering algorithm, which 

did not provide a function to simultaneously generate quantitative outputs of lighting design, e.g., 

il luminance level and energy consumption feedback. 

 

2.7.2 Lighting design metrics in the game environment 

Lighting plays an important role in indoor environmental conditions. Lighting performance depends on 

several factors, such as energy cost, energy savings, illuminance, and energy consumption (Deru et al., 

2005). Designers want to achieve an optimal design with minimum energy consumption. The design of 

daylighting and artificial light rely on a combination of specific scientific principles, established 









 

30 
  

quantify glare, a major obstacle in quantifying discomfort glare is the difficulty in analyzing complex 

lighting distributions due to the dynamic nature of daylight (Hirning et al., 2014). Every equation 

evaluate glare differently, and the evaluation of discomfort glare indices in practice is complicated 

(Stone et al., 1973; Clear, 2012). However, in the advanced lighting research, the assessment of 

discomfort glare in spaces increasingly involves the use of simulated high dynamic range (HDR) images 

(Boyce, 2003; Giraldo et al., 2016). 

A number of studies have focused on using HDR images for discomfort glare analysis from daylight, 

e.g., (Clear, 2012; Suk et al., 2017; Mcneil et al., 2016). Existing glare assessment studies were typically 

based on real-world building. A few studies have proposed methods to simulate light illuminance and 

glare in a virtual environment, (e.g., Mangkuto et al., 2014; Inanici et al., 2003). HDR images store 

luminance data on a pixel scale, which enable the possibility of detecting glare sources to compute 

discomfort glare metrics. With the digital evaluation of HDR, it is possible to integrate the HDR 

rendering scenes generated by a game engine with glare evaluation tools, such as Evalglare, Photolux, 

Find- glare, to improve the lighting design and discomfort glare measurement during the design process. 
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Chapter 3  Overview of the research 

3.1 Introduction 
This chapter presents an overview of the proposed methodology. This thesis proposed a BIM-based 

data model and integrated frameworks for building performance evaluation and environmental 

simulations. This research comprises three main systems. As mentioned in Section 1.3, this research 

aims to extend the capabilities of the current BIM for aiding the evaluation of building performance 

with respect the requirements in building energy-efficient standards (i.e., ASHARE standard, IESNA 

lighting standard, and OTTV standard). Four main technologies have been proposed to integrate with 

BIM: graphical visual programming software, environmental sensing data, infrared thermography, and 

VR technologies. Figure 2 shows the overall structure of the dissertation and content relationship of this 

research, and it also presents how the literature review sections are related to the subsequent chapters. 

 
Figure 2 Content relationship 
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3.2 Overview of the proposed methodology 
In this research, the BIM technology is used as a central data repository of building information that 

facilitates interoperability between BIM and the technologies mentioned in Section 3.1 proposing the 

evaluation of the thermal performance of building envelopes, indoor thermal comfort, and lighting 

design. As shown in Figure 3, for evaluating the thermal performance of building envelopes, two 

systems have been developed on the basis of different phases of a building project. In this research, the 

systems for evaluating building envelopes for thermal performance during the design stage and 

operational stage have been developed. For lighting design feedback, a system has been developed to 

coupling BIM and game engines to create a highly interactive environment with a digital geometry 

model that is derived from the BIM software and to simulate daylighting and artificial lights of a 

designed building.  

 

Figure 3 Overview of the proposed methodology 
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3.3 Integrating thermal data with BIM  for evaluating thermal performance 

of building envelope and indoor thermal comfort in the operational stage 
The first developed a method is to systematically collect environmental and thermal data and to 

integrate them with the BIM model in order to be used for various applications during the operation 

and maintenance phase of the building lifecycle. Surface temperature values are extracted from 

thermographic images and are geometrically referenced using a BIM model. This is done by mapping 

time coded thermal images on modeled surfaces. Additionally, time-coded thermal data together with 

an as-built BIM model are used to calculate variables to evaluate the thermal comfort. Furthermore, 

the integrated thermographic images on the surface of building envelope assist spatio-temporal analysis 

through 4D visualizations. The proposed method does not aim to reconstruct the BIM model from 

thermal images, however, it proposes mapping such images on the surfaces of an existing BIM model. 

The proposed methodology comprises six main steps as shown in Figure 4. The first step is BIM 

modeling and data collection. Thermal and environmental data, including surface temperature reading 

(i.e., thermographic images), sensors reading (i.e., air temperature and humidity values), and weather 

condition descriptions, are collected for a building, and a 3D BIM model of the building is then created 

(Figure 4a). The second step is to map the thermographic images to the BIM and to integrate sensor 

data with the BIM model (Figure 4b). The integrated thermal images provide information for the visual 

analysis and can be used to create a database of numerical thermal data. The third step is data extraction 

and data processing. The obtained raw data are processed to support thermal comfort evaluation 

(explained in Section 4.2.4) (Figure 4c). The fourth step is to create appropriate outputs from the BIM 

to be used for thermal performance analysis and thermal comfort measurement. In this step, 3D (spatial), 

4D (spatio-temporal) visualizations, and statistical outputs are obtained (Figure 4d). In the fifth step, 

the analysis of spatio-temporal thermal data is performed using visual analytics to investigate spatial 

thermal data, and to identify root causes of problems, defects, and inefficiencies. In addition, 

calculation of thermal comfort variables and measurement of the thermal comfort level are also 

performed in this step (Figure 4e). The sixth step is to execute improvement scenarios (Figure 4f). 
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Figure 4 Overview of the system for integrating infrared thermography and sensing data with BIM model 

3.4 Extracting BIM database for overall thermal transfer value calculation 
The second system focuses on extending BIM using its visual programming to better select an 

appropriate thermal characteristic of envelope materials. Graphical visual programming provides the 

opportunity to extend the capability of BIM. BIM can also be used as a central repository of information 

related to the thermal characteristics of building envelopes. Integrating BIM with its graphical algorithm 

editor can aid designers in accessing and extracting the required parameters regarding the thermal 

properties of materials from a BIM model to evaluate the performance of envelope construction 

materials.  

The BOTTVC prototype system was developed as an integrated framework to establish a relationship 

between a BIM model and physical/thermal assets that are available in the BIM database, in order to 

optimize the evaluation of the thermal performance of building envelopes during the design process. 

The BOTTVC system is proposed to help users reduce the time required to test and examine the 

potential to control the thermal transmittance of multiple building envelope design alternatives. 

The proposed methodology comprises seven main steps, as shown in Figure 5. The first step is BIM 

modeling. After the multiple building envelope design alternatives (e.g., type of construction material, 

material thickness, type of insulation, and thickness of material) are proposed in the design stage, 

building envelope elements (e.g., opaque and fenestration walls, external doors, roofs, floors, and 

shading devices) are modeled and their geometric and non-geometric information (e.g., thermal 
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properties and physical assets of materials) are created using BIM authoring software (e.g., Autodesk 

Revit) (Figure 5a). The second step is to create effective interoperability between a 3D BIM model and 

its database by connecting the BIM database with a visual programming interface (e.g., Dynamo) to 

access the material properties available in the BIM model (Figure 5b). The third step is to extract the 

building information stored in the BIM database to calculate variables relevant to the OTTV estimation 

(Figure 5c). In this step, deriving coefficients to calculate the OTTV from the BIM model information 

using BOTTVC can be divided into three categories: (1) coefficients that can be directly extracted from 

thermal and physical properties in a BIM model (e.g., U-value, R-value, specific heat, thermal 

conductivity, SHGC, width, and thickness of the building envelopes); (2) the extracted database 

information from the BIM model that is to be used as input data to calculate coefficients (e.g., WWR 

and SSR); (3) the extracted information from the BIM model combined with a constant coefficient 

given by OTTV standards through equations to calculate OTTV coefficients (e.g., TDeq, ESC, SC, 

ESR, and SF). The fourth step is to calculate OTTV coefficients (Figure 5d). The fifth step is to 

accommodate all relevant coefficients from the previous step to compute the OTTV. The sixth step is 

to generate the OTTV result (Figure 5f). The seventh step is to evaluate and analyze the thermal 

performance of a building envelope by comparing the output of the OTTV with the relevant OTTV 

code/standard (Figure 5g). If the OTTV of the building fails to comply with the OTTV standard, then 

the system provides an ability to change the new material and its thermal and physical properties via a 

visual programming interface, which enables designers to efficiently choose an appropriate combination 

of building enclosing materials to control thermal transfer into their design building.   

 
 

Figure 5 Overview the proposed method of BOTTVC 
 

 



 

36 
  

3.5 Integrating BIM and VR for lighting design feedback 
The goal of this study is to develop a system for visualizing lighting design that allows users to 

experience, analyze, and assess the lighting quality of their designed space in an immersive 

environment. The proposed methodology comprises seven major steps, as shown in Figure 6. The first 

step is to create the building model using a BIM authoring software application. In this step, a 3D BIM 

model comprising the virtual equivalents of veritable building elements is created using a BIM tool, 

e.g., Autodesk Revit. Building elements (e.g., walls, columns, ceiling, floor, furniture, light bulbs, and 

fixtures), and their geometric and non-geometric information (e.g., material and properties) are created 

in the BIM software (Figure 6a). The model is then exported to a game engine (Figure 6b). The next 

step is to adjust the model in the game environment and to set initial values using the user interface 

(Figure 6c). Then, visualizations such as lighting illumination (shown with realistic scenes or false-

colors), lighting atmosphere, and energy consumption feedback are provided (Figure 6d). In this step, 

lighting simulation is performed in the game environment using an embedded physics engine. The fifth 

step is to use immersive visualizations provided in the system to identify and analyze the conditions of 

the lighting design by visually analyzing the lighting conditions, examining visual comfort to achieve 

an optimum lighting design, and analyzing and comparing quantitative information (Figure 6e). If the 

design is not satisfactory, the system provides options to change and update the parameters for 

simulating new scenarios and visualizing lighting results via its graphic user interface (GUI) widgets 

(Figure 6f). Once a satisfactory design is achieved, new design parameters are updated in the BIM 

software (Figure 6g). 

 
 

Figure 6 Overview of the proposed method for integrating BIM and VR for lighting design feedback 
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3.6 Chapter conclusions  
An overview of the proposed methodology of this thesis is provided in this chapter. This chapter also 

contains details on the concept of combining BIM with infrared thermography images, environmental 

sensing data, graphical visual programming, and VR technology to provide a tangible evaluation of the 

performance capability of the design building. The overview of each system is explained in this chapter 

to show the procedure of system development. 
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thermal data are used as inputs to automatically calculate thermal comfort variables (MRT and operative 

temperature) based on equations (explained in Section 2.3) using visual scripting. The details of the 

developed prototype system are described in the following subsections. 

 

4.2.1 3D BIM modeling and environmental data acquisition 

A 3D BIM model of a building is created using a BIM authoring software application such as Autodesk 

Revit. The geometry of building elements, e.g., walls, ceiling, windows, and doors, and their material 

properties, are modeled. The model data are then exported to Rhinoceros, which is a BIM compatible 

application. 

 

Environmental data collection 

Several types of environmental data, e.g., air temperature, humidity, air-flow, lighting levels, and solar 

radiation patterns, can be collected. In the present study, air temperatures and humidity are required to 

be collected with sensors at regular intervals. The collected raw data contain numeric values of dry-

bulb temperatures, relative humidity, and timestamps. 

 

Thermographic data acquisition  

In order to acquire the surface temperature of a building, periodic data collection of surface temperatures 

variation is using a thermal camera. The interior thermographic images should not be captured during 

rainy weather condition as water and excessive humidity on building envelope affects the results (unless 

the target analysis is specific to rainy conditions). Additionally, thermographic imaging should be done 

in sunny, mostly cloudy, overcast, or at night. This is because the changes of radiation patterns of 

sunlight on building surfaces affect the results. The description of weather condition is recorded for 

each image capturing round. In order to perform a thermographic survey of the interior of a typical 

rectangular room, the following general guidelines are proposed: 1) if the target surface can be covered 

in one shot, the camera should be perpendicular to the surface with its focus on the surface (Figure 7a); 

2) if multiple shots are required to cover a surface, thermographic images must have at least 30% 

overlap with each other while covering the entire surface (Figure 7b); however, the perspective 

distortion should be corrected at a later stage; and 3) a fixed coordinate system should be used for 

identifying locations of the thermal camera when capturing thermographic images.  
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Figure 7 Capturing thermographic images 

Additionally, obstacles and assets blocking the target surface should be cleared. If 2D thermographic 

images are not taken with a parallel view of the surface, a step to automatically remove the perspective 

distortion is required. Additionally, after fixing the perspective distortion, if multiple images of one 

surface are acquired, they must be adjusted and stitched together to create a seamless image (Figure 8). 

These changes are performed using a raster graphics editor, such as Adobe Photoshop. In this step, 

considering the dimensions of the surface is important, because the size of the combined images should 

correspond to that of the surface. Combined images for each surface are then mapped into the BIM 

model. In order to avoid the temperature legend from changing when capturing multiple thermographic 

images, the temperature range of the thermal camera should be fixed to be constant. 
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Figure 8 Adjusting the perspective distortion and stitching multiple thermographic images 

 

4.2.2 Mapping thermal data on a BIM model and preparing environmental data 

After creating an as-built 3D BIM model of the building and assigning materials and thermal properties 

(Figure 9a), the BIM model is imported into BIM compatible software, such as Rhinoceros (Figure 9b). 

The thermographic data and sensor data are also collected (Figures 9c and e). In order to integrate 

thermographic images of the building envelope with the 3D BIM model, a series of thermographic 

images that are captured at various times are adjusted (Figure 9d) and processed for mapping. A 

developed visual script is used in this step (Figure 9g) (explained in Section 4.2.3). Additionally, in 

order to transfer the collected data, such as sensor readings, to the model, a visual script is used to 

retrieve sensor readings from spreadsheet files (Figure 9f). The spreadsheet contains air temperature 

values, coordinates of sensors, and timestamps. Consequently, the prototype system produces an 

integrated BIM model having thermographic textures with color codes, coordinate references, and the 

environment sensor data (Figure 9h). 
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Figure 9 Workflow for integrating sensor data and thermographic data with BIM 

 

4.2.3 Creating 4D thermal information  

4D thermal visualizations were created in Rhinoceros using its visual scripting in Grasshopper. The 

visual script integrates thermographic images and their timestamps with geometric information in the 

BIM model. A series of thermal images are loaded and displayed on the 3D model by using a file path 

of the ImageSampler component in Grasshopper (Figures 10a and b). In order to visualize the thermal 

information over time, a series of static thermal images that entirely cover each interior surface of the 

building envelope are overlaid on the surface of the model according to the sequence of thermal image 

timestamps (Figure 10c). Consequently, a 3D BIM model with time coded thermal images is created 

(Figure 18). In the prototype system, a sidebar control in Rhinoceros is used to visualize thermal patterns 

at different times. 
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Figure 10 Process flow for creating 4D thermal information 

4.2.4 Data extraction and data processing 

Figure 11 shows the workflow for data extraction and data processing. Visual scripting (Figure 12a) is 

used to acquire temperature data from thermographic images that are mapped onto the BIM model in 

Rhinoceros (Figure 11a). Visual scripting extracts numeric RGB values from images with their 

coordinates (x,y,z). The RGB values are extracted based on a planar grid of pixels that contain 

temperature values (Figure 12b).  

The size of a grid can be adjusted to suit the requirements of the user. The RGB values are translated to 

temperature values using a Visual Basic for Applications (VBA) script. The correct values from the 

RGB conversion step are then used to compute the surface temperature using Equation (5) (described 

in Section 2.3.3). In the next step, the computed surface temperatures are used as input to calculate 

MRT considering angle factor of the user and the operative temperature. Calculation of the angle factor 

between the user and the surrounding surfaces is also performed in this step. Consequently, these 

variables are used to assess the thermal comfort level (Figures 11c and d). 
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Figure 11 Workflow for data extraction and data interpretation 

 

Figure 12 Data extraction and data interpretation 
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temperature, the operative temperature is calculated using Equation (3). Ladybug (a plug-in for 

Grasshopper (Sadeghipour et al., 2013)) is used to evaluate the thermal comfort level based on the 

adaptive method. The adaptive method parameters are based on ASHRAE standard 55-2013. The output 

is a series of integers indicating a three-point scale: -1 (the input condition is too cold for the occupants), 

0 (the input condition is comfortable for the occupants), and 2 (the input condition is too hot for the 

occupants). 

Figure 14 Reading the recorded data by the data processing module 

4.2.7 Information output   

After integrating the timestamped thermographic images with the BIM model and importing a set of 

data series from sensors into our system, various outputs can be generated. The possible outputs are: 

- 3D thermal data, which show the building envelope with added thermographic images as 

textures. Surface temperatures of building envelopes are extracted from RGB values of 

thermographic images. 

- 4D visualizations, which shows changes of thermal values over time. 

- Statistical data outputs, e.g., MRT, and operative temperature 

- The result of the measurement of thermal comfort levels over time, which is reported as 

ASHRAE comfort chart for naturally ventilated buildings (adaptive method). 

 

4.2.8 Visual analysis 

The 3D BIM model that is integrated with thermal information of the temperatures of interior surfaces 

can help users to visually observe the surface temperature of different areas and identify patterns of 

inefficiency or sources of problems using color coding. Each part of the thermal scene can be used in 

surface temperature measurement, detecting exact locations of heat sources, monitoring the 

performance of the building envelope, and visualizing potential problem areas by showing the locations 

of heat leakages on the building envelope. 4D thermal visualization allows users to view changes in 

thermal information over time and can provide a basis for spatio-temporal analysis. 
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Figure 18 Example of 4D thermographic visualization 

 
4.3.5 Calculating thermal comfort variables 

Six locations in the model were chosen for calculating the MRT and the operative temperature and for 

evaluating thermal comfort during working hours (from 9 a.m. to 8 p.m.). The BIM model of the 

experimental room (6 m × 3.90 m × 3.2 m) with windows (4.80 m × 2.00 m) is shown in Figure 19. 

 

Figure 19 Locations of assessment points 

The surface temperature values of each wall are extracted from the thermal model and are converted to 

the actual surface temperature. As described in Section 4.2.4, the average surface temperatures are used 

as input data for calculating the MRT and the operative temperature. Visual scripting by Grasshopper 

in Rhinoceros is used to automatically calculate the corresponding angle factors between the occupant 

and the surrounding surfaces based on Equations (1) and (2) (described in Section 2.3). This automatic 

calculation method helps experts to save time in calculating the comfort level when occupants change 

their position in the room. The values of MRT considering the occupant position and operative 

temperature are computed and are shown in Figures. 20-22.  
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The proposed method investigated a tool for visualizing qualitative and quantitative thermal information 

and evaluating the indoor thermal comfort conditions at different locations in a building. 

A BIM compatible application (Rhinoceros and its Grasshopper plug-in) was used to develop the 

prototype system. The proposed method has been validated and verified in a student lounge at Osaka 

University. The developed system enabled users to visualize changes in thermal information mapped to 

the BIM model and automatically calculates indoor thermal comfort values. In addition, the proposed 

system simplifies the process of calculating MRT for a complex environment. Furthermore, the 

proposed system helps users to examine the thermal comfort conditions of buildings and to identify 

potential problems in order to achieve a higher degree of comfort for occupants. The proposed method 

allows only visual analysis the surface temperature of building envelopes in order to identify patterns 

of excessive heat loss or heat generation over time. In order to better analyze the thermal performance 

of the building envelope, a system by which to calculate the overall thermal transfer value (OTTV) 

using a BIM thermal properties database should be developed. 
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5.2.1 3D BIM modeling  

A 3D BIM model comprising the virtual equivalents of veritable building elements is created using 

Autodesk Revit, in which the geometries of building elements (e.g., opaque and fenestration walls, 

windows, doors, roofs, floors, shading devices, and their material properties) are modeled. Building 

enclosing constructions and material thermal and physical assets are transferred into a BOTTVC 

prototype system developed using Dynamo.  

 

5.2.2 Acquisition of required thermal properties and physical assets from the BIM 

database 

Performing the automated OTTV calculation requires information of the thermal properties of different 

material combinations in an envelope system available in the BIM database, including the U-value, R-

value, SHGC of glass, absorptivity, density, and specific heat capacity. The BOTTVC prototype system 

proposes two methods for acquiring such information from the BIM database in order to measure the 

overall thermal performance of the building envelope (Figure 24): (1) defining arbitrary variables in the 

Code Block node and (2) using Python scripting (detailed in Subsection 5.2.3).  
 

 
Figure 24 Process flow for acquiring OTTV coefficients from the BIM database 

 

5.2.3 Text-scripting in Code Block node 

Accessing and extracting the thermal properties of a material from the BIM database requires the BIM 

model to be connected with a visual programming environment using SelectModelElements, which is a 

basic node of Dynamo. The SelectModelElements node is used to select the target model elements in 

order to acquire material properties. After selecting a target element, material properties and their 

coefficient values in the BIM model are accessible and are extracted using text-scripting in Code Block. 

At this step, typeParameters is specified as an input in Code Block in order to access and display a list 

of material property identifiers (IDs) in the properties box. A parameter ID is determined to derive the 

required variables, which include numerical data and their units. The parameters must be converted into 

pure numeric datasets. Coefficients regarding OTTV measurements, including the U-value, the R-value, 
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and the SHGC of the construction materials are extracted using the proposed visual scripting (Figure 

25). 

 
Figure 25 Example of extracting coefficients from the BIM thermal properties database 

 
5.2.4 Python scripting  

Although the current Dynamo (0.9) visual programming provides the ability to extract thermal 

properties from the BIM model, there is no function available to access some coefficients, including 

thermal conductivity, density, and specific heat of each individual material. Therefore, the BOTTVC 

prototype system uses Python scripting to access these coefficients from the BIM material assets. 

ThermalAssetClass in API for Revit is used. The ThermalAssetId class, which represents the properties 

of a construction material relevant to energy analysis, is used to access the thermal conductivity, density, 

and specific heat of the building material (Figure 26). 

 
Figure 26 Example of extracting some coefficients from the BIM thermal properties database 

 

5.3 Calculating OTTV coefficients using visual scripting 
Further coefficients are required for OTTV calculations, including WWR, SSR or SKR, SC of external 

shading devices, ESC of external shading devices, TDeq, and SF, as well as physical properties (e.g., 
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properties can be made accessible and a 3D geometry is automatically created after connecting the BIM 

model with Dynamo; (d) the required thermal and physical properties for OTTV calculation are  

extracted from the BIM model; (e) some OTTV coefficients are calculated using the BIM database as 

input data to obtain values through equations; (f) accumulation of all OTTV coefficients is performed 

and then all OTTV coefficients are set according to the calculation guidelines; (g) the OTTV calculation 

is executed, which enables users to immediately measure the OTTV of their design; in this step, the 

designer also evaluates the thermal performance of building envelopes by comparing the result to OTTV 

standards/codes; (h) the BIM model and its properties are saved. If the OTTV calculation result 

complies with the requirement of the OTTV standards. If the OTTV output does not meet the minimum 

requirement for the OTTV, then the user can change the combination of construction materials for the 

building envelope and run the calculations until the users find the optimal design solution and the overall 

thermal performance of the building envelope that complies with the OTTV requirements.  

 
Figure 30 Usage process flow for BOTTVC 

 

5.5 Case study  

5.5.1 Baseline building  

The applicability of the BOTTVC prototype system is validated in a non-residential building in the 

context of OTTV calculation methods for three countries that have employed the OTTV as a mandatory 

requirement for building energy conservation (i.e., Thailand, Hong Kong, and Singapore). The 

BOTTVC system is validated in a five-story building with a typical rectangular layout. The 3D BIM 
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Table 7 Results of SC, ESM, ESR, SF, and CF values for the baseline building 

 Thailand  Singapore  Hong Kong 

North South East West North South East West  North  South East West 

SC 0.95 0.94 0.97 0.97 SC 0.48 0.48 0.46 0.46 ESM 0.74 0.62 0.62 0.62 

ESR 185.06 267.41 244.53 234.58 ESR Not required ESR Not required 

SFwall Not required SFwall Not required SFwall 121 197 183 157 

SFroof Not required SFroof Not required SFroof 264 

CF Not required CF 0.80 0.83 1.13 1.23 CF Not required 
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5.6 Calculating OTTV for assessing the performance of a building envelope  
Due to the fact that OTTV equations in various countries vary depending on their local climates, specific 

geographic locations, and OTTV standards, which have been established by the governments in 

different countries, the OTTV calculation method for each country requires different variable inputs as 

shown in Table 8. With the help of visual scripting, defining input variables in each equation can be 

flexible and easy for calculating OTTV under the methods given by the OTTV code of practice in 

different countries. All OTTV coefficients are accommodated in our system. The OTTV results of non-

residential buildings in Thailand using Equation (9) and (10) and Hong Kong using Equations (11) and 

(12) were calculated using the BOTTVC system, as shown in Table 8. The OTTV calculation of a 

building envelope is divided into four orientations on the basis of the building orientation: North, South, 

East, and West.
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Table 8 Summary of all input coefficients and OTTV outputs of the baseline building  

External wall Thailand Singapore Hong Kong 

 North South East West North South East West North South East West 

Uwall 4.89 4.89 4.89 4.89 4.89 4.89 4.89 4.89 4.89 4.89 4.89 4.89 

Uglass 3.68 3.68 3.68 3.68 3.68 3.68 3.68 3.68 3.68 3.68 3.68 3.68 

SHGC 0.78 0.78 0.78 0.78 Not required 0.78 0.78 0.78 0.78 

SCglass 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 

SC or ESM shading device 0.95 0.94 0.97 0.97 Not required 0.744 0.620 0.620 0.620 

SCglass × shading devices Not required 0.48 0.48 0.46 0.46 Not required 

1-WWR 0.613 0.322 0.548 0.592 0.613 0.322 0.548 0.592 0.613 0.322 0.548 0.592 

WWR 0.386 0.511 0.133 0.049 0.386 0.511 0.133 0.049 0.386 0.511 0.133 0.049 

TDeq 7.90 9.70 9.80 8.70 Not required 1.70 1.40 2.40 2.10 

ESR 185.06 267.41 244.53 234.58 Not required Not required 

SF Not required Not required 121 197 183 157 

CF Not required 0.80 0.83 1.13 1.23 Not required 

OTTV each orientation (W/m2) 83.32 109.14 52.01 44.04 56.34 62.19 28.15 24.36 50.13 54.54 41.45 45.06 

Overall  OTTVwall   (W/m2) 80.89 51.62 50.17 

Overall OTTVroof   (W/m2) 76.18 42.80 167.30 
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Figure 32 Comparing OTTV results of different optimization scenarios
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Table 9 OTTV outputs of different optimization scenarios 

Material layers  Material properties Total OTTV wall 

(W/m2) 

Uwall Uglass SHGC SCglass  

Scenario (1) Reducing U-value for opaque wall and roof Thailand Hong Kong Singapore 

 

 

A 

 

 

 

2.567 

 

 

6.701 

 

 

0.59 

 

 

0.5 

 

 

78.40 

 

 

39.68 

 

 

45.58 

 

 

 

B 

 

 

 

2.567 

 

 

6.701 

 

 

0.59 

 

 

0.5 

 

 

77.63 

 

 

38.01 

 

 

49.33 



 

 
  

78 

Material layers  Material properties Total OTTV wall 

(W/m2) 

Uwall Uglass SHGC SCglass  

Scenario (1) Reducing U-value for opaque wall and roof (continue)     Thailand Hong Kong Singapore 

 

 

 

 

C 

 

 

 

 

 

 

 

 

 

0.216 

 

 

6.701 

 

 

0.59 

 

 

0.5 

 

 

73.72 

 

 

33.07 

 

 

41.96 

 

 

 

D 

 

 

 

 

 

 

0.218 

 

 

6.701 

 

 

0.59 

 

 

0.5 

 

 

74.44 

 

 

33.07 

 

 

41.92 
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Material layers  Material properties Total OTTV wall 

(W/m2) 

Uwall Uglass SHGC SCglass  

Scenario (3) Reducing the gross glazing area facing South/North (continue)    Thailand Hong Kong Singapore 
 

 

 

K 

 

 

 

2.567 

 

 

3.129 

 

 

0.21 

 

 

0.2 

 

 

33.28 

 

 

19.55 

 

 

28.03 
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Chapter 6  Integrating BIM and VR development 
engines for building indoor lighting design 
 

6.1 Introduction 
This chapter investigates a new method that uses BIM, game engines, and VR to facilitate lighting 

designs and lighting energy performance analysis via an immersive and interactive user experience. In 

this chapter, a method is proposed and BLDF prototype system is developed for realistic visualization 

of lighting conditions and the calculation of energy consumption with a user-friendly interface using an 

interactive and immersive VR environment. BLDF provides qualitative and quantitative outputs related 

to lighting designs. The BIM database and scripting features of the game engine are used to create a 

robust prototype system that performs fast calculation and image rendering. The developed system 

utilizes an interactive and immersive VR environment to simulate daylighting and the illumination of 

artificial lights in buildings, and it visualizes realistic VR scenes using HMDs. BLDF allows users to 

interact with design objects, to change them, and to compare multiple design scenarios and it provides 

real-time lighting quality and energy consumption feedback. VR technology enables designers to 

perceive realistic lighting scenes in their designs. Tools such as Autodesk Revit, and Unreal Engine, 

and its scripting environment are used in our system to create an interactive environment that allows 

changing and visualizing lighting scenes and to facilitate the comparison of different design scenarios 

in our experiments. 

 

The objectives of this chapter are: (1) to investigate a method by which to use serious game simulations 

for lighting design visualization and performance analysis; (2) to develop a prototype system with a 

user friendly interface, which integrates BIM and a game engine to support lighting designers in 

identifying the optimal design parameters; (3) to investigate the applicability of the system for assessing 

lighting design factors, such as visual comfort, energy consumption, and lighting performance; and (4) 

to validate the proposed method and assess the performance of the developed tool using a real-world 

case study. 
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views; (b) Shading devices menu: to change the type of shading for windows; (c) Material types menu: 

to change the materials of indoor surfaces; (d) Time slider: to set time for adjusting the daylight; (e, f) 

Light switches: to turn on/off individual artificial lights; (g) Lighting intensity menu: to change the 

intensity of light sources; (h) Color temperature control: to change the color of lights; (i) Lighting 

fixture types menu: to choose the type of lighting fixtures; (j) Moving and rotation tools: to move and 

rotate the light source, lighting fixtures, and furniture; (k) Lighting illuminance legend: to help measure 

the illuminance level (for false- color views); (l) Total energy usage: to display the total lighting energy 

consumption of the room; (m) Compass: to show the orientation of users when moving; (n) Lighting 

occupancy sensor: to switch lights on/off when the space is occupied and unoccupied; (o) Task light: to 

add individual light controls to each workstation. 

Figure 33 Screenshot of the main interface of the prototype BLDF system with all widgets visible 

 
The global illumination algorithm in the Unreal Engine is used to automatically produce lighting 

illumination scenes and calculate detailed shadows at runtime. The scenes can also be visualized in 

false-color, which shows the illuminances at different levels in the scene. Red indicates an illuminance 

level that exceeds than 1000 lx, and dark blue indicates an illuminance level of less than 100 lx. The 

user can hide/unhide each widget on the viewport. A keyboard and mouse are used as input devices to 

change design parameters in the proposed system. A designer can change the light intensity (measured 

in lumens) and the color temperature of a light (measured in Kelvins) using associated widgets on the 

interface (Figures. 33g and h). Additional lighting equipment items are modeled in the BIM application 

and are added to the game environment as an alternative equipment repository. However, it is possible 

to import libraries of lighting elements from the BIM application into the game engine. After adding 
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