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Abstract

Background: Lighting simulation tools are extending the functionality of Building Information Modeling (BIM)
authoring software applications to support the lighting design analysis of buildings. Although such tools enable
quantitative and qualitative analysis and visualization of indoor lighting, they do not provide an interactive environment
between users and the design context. Moreover, their visualization environments do not allow users to experience
visual phenomena such as glare. In addition, lighting energy consumption generated from traditional tools is often
separated from the 3D virtual context of the building. Therefore, an incorrect interpretation by designers regarding the
relationship between their desirable lighting design and energy feedback may occur.

Methods: This research proposes a method and develops a BIM-based lighting design feedback (BLDF) prototype
system for realistic visualization of lighting condition and the calculation of energy consumption.

Results: The results of a case study revealed that BLDF supports design stakeholders to better perceive and optimize
lighting conditions in order to achieve a higher degree of satisfaction in terms of lighting design and energy savings for
future occupants.

Conclusions: The developed system utilizes an interactive and immersive virtual reality (VR) environment to simulate
daylighting and the illumination of artificial lights in buildings and visualizes realistic VR scenes using head mounted
displays (HMD). BLDF allows users to interact with design objects, to change them, and to compare multiple design
scenarios, and provides real-time lighting quality and energy consumption feedback.

Keywords: Building Information Modeling (BIM), Serious game simulation, Indoor lighting design, Design feedback,
Virtual reality (VR), Lighting design optimization, Energy feedback
Background
Lighting design relies on a combination of scientific, aes-
thetic, and human factors (Benya et al., 2001). The follow-
ing determinants are amongst the factors that need to be
considered in lighting design: daylight availability, aesthet-
ics, lighting quality, and efficiency of lighting. Benya et al.
(Benya et al., 2001) stated that lighting design primarily
affects energy efficiency and lighting quality. The World
Energy Council (World Energy Resources 2013 Survey,
2016) estimated that buildings account for nearly 40% of
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the total global energy consumption. A major proportion
of the total energy demand for buildings is electricity for
lighting. For example, lighting consumes approximately
16.7% of commercial building energy in the U.S. (Book,
2016), 20 to 40% in large office buildings in China (Zhou
et al., 2015), and 40% in commercial buildings in Japan
(The Energy Conservation Center Japan, 2010). A reduction
in lighting energy consumption can make a substantial con-
tribution toward lowering the energy demand for buildings.
The use of Building Information Modeling (BIM)-based

computer simulation tools is growing rapidly, and such
tools assist designers in making better decisions to reduce
energy consumption and to create better lighting condi-
tions for occupants. Several existing commercial simula-
tion tools that are compatible with BIM have been widely
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used in visualizing, identifying, and examining indoor
lighting performance as well as simulating lighting energy
consumption. Conventional simulated outputs often com-
prise quantitative and qualitative data, and the
visualization features are based primarily on static two-
dimensional (2D) images. Energy consumption outputs
are usually generated as numerical data and presented as
complex graphs, documents, and/or tables (Sarhan &
Rutherford, 2009; Hailemariam et al., 2010), which are
separate from the visual context of the building
(Hailemariam et al., 2010). Such numerical data are used
by experts who are experienced in interpreting such data.
However, this creates a barrier for collaboration between
design teams and clients who are not familiar with inter-
preting numerical results, and this prevents the parties
from understanding the energy requirements of different
design options.
Some BIM-based lighting analysis tools, such as Elum-

tools (What Is ElumTools™?, 2016) and Dialux (Lighting
Design Software DIALux, 2016), provide three-
dimensional (3D) visualizations and walkthrough feature.
However, such tools can only provide static outputs with
no interaction between the users and the environment
e.g., (Bille et al., 2014; Kumar et al., 2014), and are inad-
equate for dynamically updating or changing design pa-
rameters (Kensek & Noble, 2013) and providing
simultaneous energy feedback when comparing multiple
design scenarios. Moreover, when using traditional tools,
designers are unable to directly experience some lighting
phenomena that may affect the visual perception of the
occupants, e.g., brightness, darkness, glare, or insufficient
illumination. In addition, when using conventional BIM
authoring software applications and their plugins, tasks
related to preparing lighting simulation and sharing infor-
mation between different tools are very time-consuming
(Huang et al., 2008). Furthermore, the rendering step for
achieving a photo-realistic output is very time consuming.
On the other hand, virtual reality (VR) provides new

perspectives for designers to visualize their design
through an immersive experience (Weidlich et al., 2007).
Game engines are designed for creating dynamic activ-
ities, interacting with objects (Edwards et al., 2015), and
providing accurate and timely feedback when users
interact with building elements in a virtual environment.
To this end, coupling BIM and game engines can extend
the capabilities of BIM and makes BIM a more powerful
tool for addressing the aforementioned issues.
Therefore, this paper proposes a framework for inte-

grating BIM and a game engine for lighting design
visualization and analysis. The objectives of this research
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 for identify-
ing optimal design parameters; (3) to investigate the ap-
plicability 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.
This paper presents a prototype system called BIM-

based lighting design feedback (BLDF), for realistic
visualization of lighting conditions and calculation of
lighting energy consumption with a user-friendly inter-
face using an interactive and immersive VR environ-
ment. BLDF provides qualitative and quantitative
outputs related to lighting design. The BIM database
and scripting features of the game engine are used to
create a robust prototype system that performs fast cal-
culation and image rendering. VR technology enables
designers to perceive realistic lighting scenes in their de-
signs. Tools such as Autodesk Revit, Unreal Engine, and
its scripting environment are used in our system to cre-
ate an interactive environment that allows changing and
visualizing lighting scenes and to facilitate comparison
of different design scenarios in our experiments.
The main contributions of the present research are:

(1) the proposal of a novel method and a tool for sup-
porting lighting design to assess the required amount of
light, the lighting aesthetic, and the total energy con-
sumption using an interactive and immersive VR envir-
onment; (2) the proposal of an alternative approach to
use a virtual environment to facilitate collaborative and
participatory design between designers and clients that
provides an efficient decision support system for indoor
lighting design; (3) the development of a system that re-
duces the time required for calculating the illuminance
level and achieving a more realistic lighting scene, as
compared to conventional lighting simulation software;
and (4) the investigation of a method by which to trans-
fer lighting design properties from the VR environment
to the BIM database.

Literature review
Lighting design review in the architecture, engineering,
and construction (AEC) industry
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 suffi-
cient lighting for occupants and improve building energy
efficiency and overall building performance (Aksamija &
Zaki, 2010). Two types of lighting simulation plugins are
compatible with the BIM: external plugins and internal
plugins (e.g., Lighting Analysis in Revit, Lighting Assist-
ant in 3ds Max, Radiance, Daysim, Diva, and Design-
Builder). Internal plugins or internal extensions can be
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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 number of previous studies proposed methods for

using lighting analysis tools with the BIM model. For
example, Özener et al. (Özener et al., 2010) developed
BIM-based daylight-ing simulations and analyses for
educational purposes. Such tools help students to under-
stand the impact of design decisions on the performance
of daylight and artificial lights in different design op-
tions. Daysim, Radiance, and Ecotect were used in their
experimentation. In addition, Yan et al. (Yan et al., 2013)
and Kota et al. (Kota et al., 2014) developed a system to
connect the BIM database and building energy modeling
(BEM) to support thermal simulations and daylighting
simulations using an application programming interface
(API) called Physical BIM (PBIM). Stavrakantonaki et al.
(Stavrakantonaki, 2013) proposed a framework for
selecting different BIM tools for daylighting assessment.
DesignBuilder, Diva, and Ecotect were used in their
experiments. However, Hu et al. (Hu & Olbina, 2011)
argued that limitation of traditional lighting simulation
tools, e.g., Radiance, is that the setup process is time-
consuming and such tools are not easy to use in real-
time simulations.

Integrating building information modeling (BIM) with a
game engine
BIM has created an opportunity for stakeholders to col-
laborate and share multidisciplinary building informa-
tion (Eastman et al., 2008) that can help designers to
save time when creating new models (Ham &
Golparvar-Fard, 2014). Integration with computer gam-
ing environments is a new capability of BIM technology
that allows users to better observe facilities and experi-
ence their surrounding environment before it is con-
structed (Figueres-Munoz & Merschbrock, 2015).
Coupling of a game engine and the BIM can create a
highly interactive environment with a digital geometry
model derived from the BIM software. Figueres-Munoz
et al. (Shiratuddin & Thabet, 2011) indicated that inte-
gration of BIM and gaming technology has the potential
for combinatorial innovation. A number of previous
studies have proposed methods for integrating game en-
gine, BIM, and VR experience for various purposes, e.g.,
design review (e.g., (Shiratuddin & Thabet, 2011; Wu,
2015)), construction management (e.g., (Bille et al.,
2014)), education (e.g., (Wu, 2015; Goedert et al., 2011)),
energy conservation (e.g., (Niu et al., 2015; Jalaei &
Jrade, 2014; Brewer et al., 2013)), real-time architectural
visualization (e.g., (Yan et al., 2011)), and design feed-
back (e.g., (Hosokawa et al., 2016; Fukuda et al., 2015;
Bahar et al., 2013; Motamedi et al., 2016)).
A few studies have focused on using game engines and

VR for lighting design visualization. For example, Gröhn
et al. (Gröhn et al., 2001) presented a method for visual-
izing indoor climate and visual comfort in a 3D VR en-
vironment. In their method, photo-realistic visualization
was used to visualize the lighting distribution on the sur-
faces of the architectural model. However, they did not
include real-time control of lighting conditions. In
addition, Sik-lányi et al. (Sik-lányi, 2009) studied how
using different types of lights influences the develop-
ment of realistic VR scenes. Sampaio et al. (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. (Santos & Derani, 2003) de-
veloped an immersive VR system for interior and light-
ing 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 simultan-
eously generate quantitative outputs of lighting design,
e.g., illuminance level and energy consumption feedback.
Methods for fully integrating the BIM database, game

engine, and VR for real-time lighting design and energy
consumption feedback have not yet been proposed, and
this topic remains an area of research. Therefore, the
present paper investigates a new method that uses BIM,
game engines, and VR to facilitate lighting design and
lighting energy performance analysis via an immersive
and interactive user experience.

Lighting design metrics in the game environment
Lighting plays an important role in indoor environmen-
tal 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 princi-
ples, established standards and conventions, and aes-
thetic (Benya et al., 2001). The following five physical
parameters that influence occupants’ visual comfort in
architectural spaces should be considered: lighting illu-
minance levels, lighting distribution (diffusion), corre-
lated color temperature (CCT), brightness ratio, and
glare (Fielder, 2001), (Descottes & Ramos, 2011).
Designers must ensure that the visual comfort



Natephra et al. Visualization in Engineering  (2017) 5:19 Page 4 of 21
parameters comply with the standard of lighting design.
Regarding human visual perception, the most important
variables are CCT and illuminance level (Shamsul et al.,
2013). Visual perception is defined as an interpretation
capability of visual sensation when people visually per-
ceive their surrounding environment. As mentioned
above, illumination level and CCT are two variables that
have a significant influence on human perception. The
illuminance value is an indicator for verifying the quan-
tity of light in a given environment. International light-
ing standards and building regulations specify the level
of illuminance required for providing visual comfort to
facilitate human visual performance. Correlated color
temperature describes the characteristics of light colors.
Color temperature plays a particularly important role in
both the physical properties of light and the physio-
logical and psychological response of humans when light
enters the eyes (Descottes & Ramos, 2011; Shamsul
et al., 2013).
VR experience is based on users’ perception of the vir-

tual world (Mihelj et al., 2013). VR technology enables
the creation of realistic models and makes scenes look
real (Stahre & Billger, 2006). Immersion (perception)
and real-time interaction (action) are two properties of
VR. VR allows users to experience an artificial environ-
ment through human senses (Souha et al., 2005). Head
mounted displays (HMDs) have been used as 3D immer-
sive tools to provide an experience that is close to the
human perception of reality (Ciribini et al., 2014; Scarfe
& Glennerster, 2015).
In the game environment, lighting plays a significant

role in making scenes look realistic. Game engine tech-
nology has lighting features that resemble real-world
lightings (Shiratuddin & Thabet, 2011). Lighting simula-
tion for gaming and VR presentations relies on a mix-
ture of rendering algorithms, including path tracing and
photon mapping. It is possible to effectively and physic-
ally simulate indoor illuminated environments at a level
of quality where concepts of photorealism and percep-
tual accuracy can be discussed and measured (Murdoch
et al., 2015). Lighting simulation in game engines can
produce realistic scenes based on the inverse square law,
which states that illumination intensity varies directly
with luminous intensity on a surface and is inversely
proportional to the square of the distance between the
light source and the lighted surface (IESNA, 2000; de
Rousiers & Lagarde, 2014). Other lighting metrics, such
as luminous flux and light color, are also provided in the
game engine. Luminous flux (light output or intensity),
measured in lumens (lm), determines the quantity of light
emitted from the lamp to illuminate the entire scene.
Light color is expressed as color temperature (kelvins or
the SI abbreviation “K”). Another parameter for measuring
light is luminance, measured in footlamberts (fL) or
candelas/m2 (cd/m2). Luminance refers to perceive bright-
ness which describes the amount of light delivered into
space and reflecting off of a surface in a space that affects
human ability to see (The Energy and Resources Institute
(TERI), 2004). Luminance measurement affects the
measurement of exterior/interior design and finishes
in reflecting light rather than measuring lighting qual-
ity. Luminance is a useful baseline metric to identify
sources of glare within a person’s field of view.
The advanced dynamic lighting feature in game engines

allows pre-visualization of various designs. Consequently,
lighting features in game engines replace conventional
methods and enable faster lighting simulation when chan-
ging parameters. Moreover, it is possible for players to
perceive the characteristics of light in order to determine
which design pattern is more appropriate for the users.

Human visual perception through VR technology
A number of previous research has studied visual per-
ception dimensions of VR technology. Menshikova et al.
(Menshikova et al., 2012) studied the Simultaneous
Lightness Contrast (SLC) illusion and the results of their
study showed that VR technologies may be effectively
used in studies of lightness perception. Their study
showed that the VR technology enables reproducing vis-
ual illusions in depth and to construct complex 3D
scenes with controlled parameters to create articulated
effects. Scarfe et al. (Scarfe & Glennerster, 2015) stated
that immersive VR opens up new possibilities for study-
ing visual perception in much more natural conditions.
The quality of an HMD display screen depends on its

resolution as well as luminance and contrast ratio of the
screen, field of view (FOV), exit pupil, eye relief, and
overlap (Vince, 2004). The contrast is the ratio between
higher luminance and the lower luminance that defines
the feature to be detected, a value of 100:1 is typical.
Luminance is the amount of light energy emitted or
reflected from a screen in a specific direction (Fuchs,
2017) and a measure of a screen’s brightness, and ideally
should exceed 1000 cd/m2 (Vince, 2004). The luminance
that can be observed in nature covers a range of 10−6 to
106 cd/m2 and the human visual system can accommo-
date a range of about 104 cd/m2 in a single glance
(Fuchs, 2017). The FOV is a measure of the horizontal
and vertical angle of view. The horizontal FOV of HMDs
is restricted to about 100–120 degrees for each eye
(Fuchs, 2017).
VR has a great potential to become a usable design

tool for the planning of lighting design in buildings
(Stahre & Billger, 2006). However, due to the techno-
logical limitations, there are still problems in represent-
ing realistic lighting condition. A virtual world may
produce semi-realistic lighting phenomena, however,
precisely perceiving illuminance and glare of scenes in
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HMD is impossible with the current technology. The
FOV of a typical head based-display is limited and the
resolution can vary from the relatively few pixels offered
in the early system to very high resolution (Sherman &
Craig, 2003). The screen of VR headset should display a
huge number of pixels about 6000 pixels horizontally
and 8400 pixels vertically, which are not compatible with
the current technology (Fuchs, 2017). Although the vis-
ual perception is still different from the reality using the
current technology, there are many visual details in the
luminous environment that cannot be expressed through
numerical information, such as misaligned luminaries
and disturbing light-shade patterns (Inanici, 2007).

Discomfort glare indices
Glare refers to a physical discomfort and is caused by
non-uniform luminance distribution within the visual
field (Fasi & Budaiwi, 2015). Glare occurs in two ways;
excessive brightness and the excessive range of lumi-
nance in a visual environment (IESNA, 2000). Glare is
typically divided into three categories: 1) disability glare,
which is caused by excessive brightness areas in the field
of view of a person with greater luminance than that of
which eyes can adapt to; 2) veiling glare, which is caused
by reflections on specular or diffusive materials that
might reduce the contrast and visibility of the task; 3)
discomfort glare, a psychological sensation that does not
necessarily impair vision in short term and can remain
unnoticed to observers, it can cause annoyance, head-
aches or eyestrain after long exposure (Abraham, 2017).
Discomfort glare is caused by luminance that are high
relative to the average luminance in the field of view
(IESNA, 2000). A glare index is a numerical evaluation
of the acceptability of the presence of glare using a
mathematical formula.
Several principal indices of discomfort glare have been

proposed to quantify discomfort glare generated from
small lighting sources (e.g., artificial lighting) and large
luminous sources (e.g., windows) (Abraham, 2017). For
discomfort generated by small sources, examples of dis-
comfort indices include visual comfort probability (VCP)
(Guth, 1963), unified glare rating (UGR) (Sorensen,
1987), and CIE glare index (CGI) (Einhorn, 1973).
Example of discomfort indices generated by large
luminous sources includes daylight glare index (DGI)
(Chauvel et al., 1982) and daylight glare probability
(DGP) (Wienold & Christoffersen, 2006). VCP is a rating
that evaluates lighting systems in term of the percent-
ages of people that will find a given discomfort glare
(IESNA, 2000). VCP is defined as a number that corre-
sponds to the percentage on a scale of 0–100. UGR is
used to measure glare possibility in a given environment.
UGR is the logarithm of glare from electric light sources
(Boyce, 2003). UGR value ranging from 10 for low levels
of discomfort glare to 28 for high levels of discomfort
glare. DGI index was developed to predict glare from
large area sources, such as a window. The DGI uses cat-
egorical rating to explain quantitative value between 16
for just noticeable to 28 for intolerable glare (Hirning
et al., 2014). DGP is a metric for an estimate of the ap-
pearance of discomfort glare in daylit spaces. DGP con-
siders the vertical illumination at the eye level as well as
on the glare source luminance, its solid angle and its pos-
ition index (Wienold & Christoffersen, 2006).
Recently, most architect and lighting designers prefer

not to be guided by glare indices (Hirning et al., 2014).
However, preventing glare is important for design con-
sideration (Reinhart et al., 2012) such as work safety.
Various studies have investigated that there are other po-
tential subfactors which influence the large variations in
individual glare sensitivity, such as age of the person
(Reinhart & Wienold, 2011; Van den Berg et al., 2009),
gender (Wolska & Sawicki, 2014), culture (Amirkhani
et al., 2016), and physical differences (Pulpitlova &
Detkova, 1993). Although various metrics have been
developed attempting to quantify glare, a major obstacle in
quantifying discomfort glare is the difficulty in analyzing
complex lighting distributions due to the dynamic na-
ture of daylight (Hirning et al., 2014). Every equation
evaluate glare differently, and the evaluation of discom-
fort glare indices in practice is complicated (Stone &
Harker, 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
Vásquez et al., 2016).
A number of studies have focused on using HDR im-

ages for discomfort glare analysis from daylight, e.g.,
(Clear, 2012; Suk et al., 2017; Mcneil & Burrell, 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 vir-
tual environment, e.g., (Mangkuto et al., 2014; Inanici &
Mehlika, 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.
Overview of the proposed method
The goal of the present study is to develop a system for
visualizing lighting design that allows users to experi-
ence, analyze, and assess the lighting quality of their
designed space in an immersive environment. The
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proposed methodology comprises seven major steps, as
shown in Fig. 1. 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 equiv-
alents 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 infor-
mation (e.g., material and properties) are created in the
BIM software (Fig. 1a). The model is then exported to a
game engine (Fig. 1b). The next step is to adjust the
model in the game environment and to set initial values
using the user interface (Fig. 1c). Then, visualizations
such as lighting illumination (shown with realistic scenes
or false-colors), lighting atmosphere, and energy con-
sumption feedback are provided (Fig. 1d). In this step,
lighting simulation is performed in the game environ-
ment 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 de-
sign by visually analyzing the lighting conditions, examin-
ing visual comfort to achieve an optimum lighting design,
and analyzing and comparing quantitative information
(Fig. 1e). If the design is not satisfactory, the system pro-
vides options to change and update the parameters for
simulating new scenarios and visualizing lighting results
via its graphic user interface (GUI) widgets (Fig. 1f). Once
a satisfactory design is achieved, new design parameters
are updated in the BIM software (Fig. 1g).
BIM-based lighting design feedback is a system for

visualizing lighting design using VR technology. This
system provides two types of game views: first-person
and birds-eye views. In the first-person view, an HMD
can be used. The HMD responds to the motion and
rotation of the user’s head and provides a lifelike lighting
experience in game scenes. A first-person view is also
suitable for perceiving phenomena caused by excessive
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Fig. 1 Overview of the proposed method
luminance in the field of view (FOV), e.g., glare. A birds-
eye view (or top-down view) is provided in order to clar-
ify the overall setup of the environment and the position
of the player when they are moving in the game environ-
ment. Realistic scenes and false-color scenes are two
types of visualization outputs of the BLDF system. The
system calculates the amount of illuminance and gener-
ates real-time false-color visualizations. Moreover, the
system helps to verify the illuminance level of the design
area. A mouse and a keyboard are used as input devices
to help users to navigate in the first-person view, and to
change parameters.
Development of the BLDF system
Autodesk Revit (Revit Family, 2016), 3ds Max (3ds Max
3D Modeling, 2016), Unreal Engine (What Is Unreal
Engine 4, 2016) with its scripting feature, and the visual
programming in Dynamo (Dynamo, 2016) are used to
develop the BLDF system.
The built-in lighting feature in Unreal Engine 4 uses

physically based shading, in which the lighting and shad-
ing algorithms approximate the physical interaction be-
tween light and materials (Walker, 2014). For example,
light intensity in lumens falls off at a rate that follows
the inverse square law (Bruneton & Neyret, 2008). BLDF
system uses the built-in lighting algorithm in Unreal En-
gine to generate lighting scenes in a virtual environment.
To simulate daylighting, Unreal Engine 4 uses Bruneton
sky model, which is an accurate method to simulate
skylight in real-time, and considers effects of light scat-
tering, such as Rayleigh and Mie multiple scattering
(Bruneton & Neyret, 2008). Precomputed lighting fea-
ture in Unreal Engine is available for evaluating the
lighting results at runtime. Ray Traced Distance Field is
the rendering technique used in Unreal Engine 4 (Ray
Traced Distance Field Soft Shadows, 2017).
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BLDF system user interface components and supported
interactions
The prototype system supports interactivity with which
users can experiment and adjust lighting design parame-
ters in real-time. The following interactions are
supported: (a) First-person movement: to control the
movement of users’ avatars as they walk in the space; (b)
User interface control: to customize parameters such as
time (to observe the dynamic of sunlight), lighting fix-
tures, types, orientation, intensity, and color temperature
of the bulbs, as well as the location of furniture. Unreal
Motion Graphics (UMG), a visual user interface in
Unreal Engine, is used to create various GUI elements in
the BLDF system. The GUI interface of the proposed
system is shown in Fig. 2. The menus of the game envir-
onment enable players to change parameters and freely
navigate among game objects using input controllers.
The following widgets are created, as shown in Fig. 2: (a)
Plan view: to show the layout of furniture and the pos-
ition of the user. Users can switch between false-color
view and realistic 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 inten-
sity 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)
a

c

b

d

Plan view can be switched 
to visualize false color and 
realistic scenes

n

o

Fig. 2 Screenshot of the main interface of the prototype BLDF system with
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.
The global illumination algorithm in the Unreal

Engine is used to automatically produce lighting illumin-
ation 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 in-
put devices to change design parameters in the proposed
system. The 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 (Figs. 2g and h). Additional lighting equip-
ment items are modeled in the BIM application and are
added to the game environment as an alternative equip-
ment repository. However, it is possible to import librar-
ies of lighting elements from the BIM application into the
game engine. After adding items to the equipment reposi-
tory, new types of lighting equipment are shown on the
interface (Fig. 2i). The material and texture of indoor en-
velopes, e.g., the floor, walls, and ceiling, can be modified
using the developed widget (Fig. 2c).
Ambient lights can be switched on/off using the light

switch panel (Fig. 2e). The system provides the ability to
set up lighting zones when lighting control per zone is
required. An additional option for lighting control is the
lighting occupancy sensor, which automatically controls
ambient lights and task lights (Figs. 2n and o) in the
BLDF system. In order to implement occupancy sensing,
the Box Trigger tool and visual scripting of Unreal En-
gine are used. The lights will automatically turn on when
l

k

m

e

g

f

h

i

j

all widgets visible
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the user walks into a specific zone and automatically
turn off when the specific zone is vacated.
The total energy consumption of lighting equipment is

shown in the energy consumption bar. A simple lighting
energy calculation formula is used to calculate lighting
energy in watts (number of fixtures × light power
(W) = total consumption). The system also provides an
interface to enter the time and date for adjusting the
daylight duration (Fig. 2d). In order to simulate sunlight,
directional light is added as an actor in the game envir-
onment, and visual scripting is used to automatically
control the yaw and pitch of the sun and to control the
position of the sun based on the time and the season.
Alternatives for shading devices, e.g., horizontal panel,

horizontal multiple blades, vertical fin, slanted vertical
fin, and egg crate (Fig. 2b), are provided in the system.
Shading device models are created in BIM and are
imported into the game environment as an alternative
equipment repository. Users can compare the influence
of shading devices on indoor lighting. The illuminance
range legend (Fig. 2k) is used to identify the illuminance
values, and the compass (Fig. 2m) helps to identify the
orientation. Fig. 2a shows a false-color visualization,
which helps designers to preview the amount of illumin-
ance. The sample visualizations in Fig. 3 show the results
of various simulations when parameters are changed
using the developed widgets.

BLDF’s usage process flow
The usage process flow of the BLDF system (as shown
in Fig. 4) is as follows: (a) The BIM model is created in
Autodesk Revit, in which the geometry and material
properties of building elements are modeled; (b) A static
mesh is created after exporting the FBX file from Revit
to 3ds Max; (c) A 3D geometry in the game environment
is automatically created after importing the FBX file of
the BIM model into Unreal Engine. Due to interoper-
ability issues between the current versions of applica-
tions, although the geometry information of the building
elements and lighting equipment are successfully
imported into Unreal Engine, some of their properties,
such as color/texture and lighting properties, are not
transferred; (d) Light bulbs and their properties (e.g., in-
tensity and color temperature) are manually added to
the game engine. In addition, the orientation, the scale
of the building, and the color and textures of interior en-
velopes are manually configured in the game environ-
ment; (e) Lighting parameters, such as intensity, color
temperature, position of lighting equipment, and interior
materials, are configured using the GUI (as explained in
Subsection 4.1); (f ) The simulation is executed, which
enables users to immediately view quantitative results
(e.g., energy consumption) and visualizations; (g) The
user analyzes the lighting design outputs; (h) If the
results are satisfactory, the game parameters are saved
and a text file is generated; (i) The final design informa-
tion parameters, such as lighting intensities, color tem-
peratures, and positions of fixtures and bulbs are
updated in the BIM using visual programming in Dy-
namo (explained in Subsection 4.3); (j) The BIM model
is saved with the updated parameters. The user can set
new parameters and run simulations until a satisfactory
design is achieved. Realistic scenes with walk-through
capability support qualitative assessment and the false-
color scenes support quantitative assessment. The sys-
tem is used in design meetings to facilitate discussions
between designers and clients.

Updating BIM with new design parameters
Dynamo (Dynamo, 2016) visual programming is used to
update new design parameters in the BIM application.
Figure 5 shows the process flow of updating the the de-
sign parameters in BIM. After finalizing parameters,
such as intensity, color temperature, and fixture position
for each individual light bulb, and the positions of furni-
ture and shading devices, and the material types of inter-
ior envelopes, the new parameters are saved in a text file
(Fig. 5a). The developed visual script (Fig. 5b) automatic-
ally updates the lighting properties in Autodesk Revit
(Fig. 5c) using unique IDs of model objects.

System accuracy verification
An office on the fourth floor of the M3 building at Osaka
University, Japan, was chosen as the area for the experi-
ment. Figure 6 shows the actual room condition. The
room has a typical rectangular shape (Fig. 6a). First, a veri-
fication test was performed in order to evaluate the
accuracy of the BLDF system. The verification test was
performed in a section of the room shown in Fig. 6b.
In order to verify the accuracy of the lighting simula-

tion outputs, lighting illumination levels calculated by
the proposed system, those calculated by third-party
lighting simulation software applications (i.e., Radiance
and Lighting Analysis for 3ds Max) and the actual mea-
sured values using a light meter were compared. Radi-
ance is a physically-based lighting simulation developed
by Lawrence Berkeley National Laboratories in the U.S.
In order to simulate lighting in Radiance, the building
geometry information from Autodesk Revit is imported
into Ecotect using gbXML file format to define an ana-
lysis grid, location of artificial lights, sky condition, and
time. The model from Ecotect is then exported to
Radiance to perform the lighting analysis. Radiance is a
radiosity based lighting simulation program and uses
backward ray tracing to compute lighting values for a
scene and store scene values (Ochoa et al., 2010).
In the verification test, the lighting intensity and color

temperature of lamps were set based on their



(d) Adding shading devices (Fig. 2b)

(e) Changing material (Fig. 2c)

(f) Adding task light (Fig. 2o)

(a) Changing lighting intensity and color temperature (Fig. 2g and 2h)

(b) Changing the position and type of lighting equipment (Fig. 2i and 2j)

(c) Lighting switch panel and occupancy sensor (Fig. 2e and o)

Fig. 3 Sample visualizations using BLDF's GUI
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Fig. 4 BLDF’s usage process flow
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specifications with no obstacles between the lights and
light-measuring devices. The verification area (shown in
Fig. 6b) has four ceiling lighting fixtures with eight tubular
fluorescent (T8) lamps of 32 W each (2850 lm, CCT
5000 K) (Fig. 6c). The test was performed on the 23rd of
August in Osaka, Japan, under a clear-sky weather condi-
tion (Fig. 7). The illuminance values were collected at
10:00 a.m. to evaluate the daylight (Fig. 7a), at 10:10 a.m.
in order to evaluate the combination of daylight and artifi-
cial lights (Fig. 7b), and at 8.00 p.m. to evaluate only the
artificial lights (Fig. 7c).
The illuminance values were measured at six locations

on the tables shown in Fig. 6c using a light meter (CEM
DT-1308 light meter; accuracy: ±5%) (Fig. 7). The meas-
urement results of the illuminance level on the table
when the only lighting source is daylight are reported in
Table 1(a). The results for the case of the combination
of daylight and artificial lights are reported in Table 1(b),
and the measured illuminance levels produced by artifi-
cial lights at night are reported in Table 1(c). The same
scenarios were configured in the BLDF system, and the
illuminance values were collected. Table 1 shows the
data collected by light sensors, the BLDF simulation re-
sults, results of Lights Analysis for 3ds Max, and results
of Radiance. The false-color visualizations of BLDF
simulation are shown on Fig. 8.
As shown in Table 1, in the case of daylighting

simulation, the largest errors of the BLDF simulation,
Radiance, and 3ds Max were 6.94, 12.38, and 40.92%,
respectively. The average errors in the daylight simu-
lation for the BLDF, Radiance and 3ds Max were
3.61, 6.65, and 11.80%, respectively. In the case of the
combination of artificial lights and daylight, the lar-
gest absolute errors for the BLDF, Radiance and 3ds
Max were 11.08, 6.85, and 37.87%, respectively. The
BLDF system shows all values above 1000 lx with one
color. Hence, an accurate comparison for points A
and B in this case is not available. However, the aver-
age absolute errors for four other points (i.e., C, D, E,
and F) were 5.25% for BLDF, 4.09% for Radiance, and
17.06% for 3ds Max. In addition, in the case of artifi-
cial light only, the maximum error of the BLDF sys-
tem was 5.71%, whereas the maximum error of
Radiance was 3.58%, and 3ds Max was 32.42%. Fur-
thermore, the average absolute error for artificial light
was 3.03% for BLDF, 1.85% for Radiance, and 15.48%
for 3ds Max. Fisher et al. (Fisher, 1992) recommended
an acceptable error range between measurements and
simulation is 10% for average illuminance calculations
and 20% for each measurement point. Therefore, the
BLDF system provides a consistent level of accuracy
similar to other lighting simulation systems and its
accuracy values are within an acceptable range.

Case study
BIM modeling and game engine integration
The applicability of the BLDF system is validated in a de-
sign assessment and renovation project. The case study



(a) Text file containing design parameters

(c) Updated lighting properties in Revit
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Fig. 5 Updating the design parameters in BIM
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was performed in an office at Osaka University, Japan.
Figure 9 shows 3D BIM model and 2D plan of existing
fixtures position of the case study room. The BIM model
of the room was created using Autodesk Revit Architec-
ture 2015 (Fig. 9a). The BIM model contains details of the
lighting system, and geometric and non-geometric infor-
mation of components, e.g., building envelops and
furniture. Lighting properties, such as the intensity and
the color temperature, are configured based on the speci-
fications of the lamps. Figure 9b shows a 2D plan of exist-
ing lighting fixtures. The room has 16 lighting fixtures
with 32 tubular fluorescent (T8) lamps of 32 W.
The goal is to facilitate lighting design by allowing

users to interact with the design and to perceive and
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Fig. 6 Actual room condition
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experience the effects of the modifications simulated
by the system. In order to integrate BIM with a game
engine, the geometry information of building elements
with their reference IDs are transferred from the BIM
application (i.e., Revit) to the game engine (i.e., Unreal
Engine). The BIM geometry data are transformed to a
static mesh using 3ds Max. Figure 10 shows the
process of transferring the model, in which the FBX
file format is used to export the model from Revit into
Unreal Engine. Regardless of the data export format,
some important information, e.g., material textures,
color temperature, and light intensity, is lost while
exporting data to the game engine. The lost features
must be redefined in the game environment.

Immersive VR for BLDF
In the experiment, users were invited to use the BLDF sys-
tem with an HMD (Oculus Rift Kit 2, OLED display,
1920 × 1080 pixels per eye with 100° nominal field of view)
to visualize the design through a first-person perspective.
In the first-person perspective with an HMD, a mouse is
used to interact with game objects and a keyboard is used
to navigate in the virtual environment. The user can move
the game objects and change the lighting design proper-
ties by clicking on the GUI buttons. The goal is to reduce
Lux meter Lux 

(a) 10:00 a.m. (daylight only)           (b) 10:10 a.m. (daylig

Fig. 7 Conditions for the accuracy test
the energy consumption while providing adequate illu-
mination on desks in an aesthetically pleasant environ-
ment. In order to achieve this goal, the following six test
cases were designed. The test cases are based on three
fundamental aspects of lighting design of buildings: (1)
evaluating the illuminance level, (2) calculating the energy
consumption of the lighting system, and (3) visualizing
lighting appearances.

Current design assessment
In order to evaluate the quality of artificial lights in the of-
fice zone, a simulation is performed in the daytime
(8 a.m.) and at night (8 p.m.). This office zone has 12 light-
ing fixtures with 24 tubular fluorescent (T8) lamps of
32 W. The results revealed that the illuminance levels on
desks were approximately 500 to 700 lx throughout the
day. In the daytime, the illuminance levels on the desks
that were close to the windows, reached 800 to 900 lx.
This confirmed that the current lighting condition of the
office areas complied with the minimum standard of light-
ing design requirements (Fig. 11).

Daylight availability assessment
The amount of illumination on all desks from 8 a.m. to
4 p.m. for different scenarios was analyzed in the BLDF
meter Lux meter

ht + artificial lights) (c) 8:00 p.m. (artificial lights)



Table 1 BLDF lighting simulations and comparison results

Points Illuminance levels (lux) BLDF error Illuminance levels (lux) Radiance error Illuminance levels (lux)

Sensor Reading BLDF Radiance 3ds Max 3ds Max error

(a) 10:00 a.m. (daylight)

A 864 870 0.69% 819.14 5.42% 789 8.68%

B 910 870 4.39% 800.09 12.07% 868 4.61%

C 792 750 5.30% 782.38 1.21% 767 3.15%

D 667 670 0.45% 708.49 6.22% 940 40.92%

E 754 725 3.84% 847.35 12.38% 662 12.20%

F 720 670 6.94% 738.82 2.61% 711 1.25%

Average 3.61% 6.65% 11.80%

(b) 10:10 a.m. (daylight + artificial lights)

A 1203 > 1000 – 1102.06 – 1064 –

B 1350 > 1000 – 1175.67 – 1145 –

C 1012 950 6.12% 982.36 2.92% 876 13.43%

D 895 900 0.55% 952.15 6.85% 1234 37.87%

E 982 950 3.25% 925.38 5.76% 951 3.15%

F 956 850 11.08% 964.17 0.85% 824 13.80%

Average 5.25% 4.09% 17.06%

(c) 8.00 p.m. (artificial lights)

A 832 850 2.16% 837.13 0.61% 732 12.01%

B 875 825 5.71% 847.62 3.12% 774 11.54%

C 768 750 2.34% 750.20 2.31% 519 32.42%

D 822 850 3.40% 833.16 1.35% 891 8.39%

E 844 850 0.71% 845.58 0.18% 850 0.71%

F 722 750 3.87% 747.89 3.58% 521 27.83%

Average 3.03% 1.85% 15.48%
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system. Figure 12 shows an example of daylighting illu-
mination on the work desks at various times of day
without using artificial lights. This shows that work-
ing desks in the windows zone still have sufficient il-
luminance. The working zone near the windows to a
distance of approximately 4 m, can use daylight and
does not require artificial light. The zone far from
windows requires artificial light throughout the day.
(a) 10:00 a.m. (daylight) (b) 10:10 a.m. (daylight

Fig. 8 BLDF lighting simulations and the comparison of the results
Figure 13 shows lighting energy consumption of two
setups in the daytime (8 a.m. to 4 p.m.): (1) all artificial
lights are on; (2) lights close to window are turned off.
The results revealed that when all artificial lights are on,
the lighting power usage is 1280 W and the energy con-
sumption is 10.24 kWh. Moreover, the illuminance levels
on the desks are approximately 700 to 800 lx. When
lights for windows zone are switched off, the results
 + artificial lights) (c) 8.00 p.m. (artificial lights)



Lighting fixture

(a) 3D BIM model (b) Positions of lighting fixtures

Fig. 9 3D BIM model and 2D plan of existing fixtures position of the case study room
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revealed that the illuminance levels on the working
desks in the windows zone are in the range of 450 to
650 lx, which is more than the minimum lighting re-
quirement in the office (Shamsul et al., 2013). In
addition, the power usage of electric lights is 720 W,
and the energy consumption is 5.76 kWh. In this experi-
ment, by turning off the artificial lights in the windows
zone (10 bulbs) from 8 a.m. to 4 p.m., lighting energy
consumption can be reduced by 43.75%.

Lighting type design and assessment
The BLDF system shows the changes in the lighting
power usage and lighting illuminance when different
types of bulbs are used. In our case study, the illuminance
levels and the power usage for three lamp alternatives, i.e.,
fluorescent T8 (32 W, 2850 lm), T5 (28 W, 2750 lm), and
LED (T8) (15 W, 2000 lm) are compared when all artificial
lights (32 bulbs) are turned on from 8 a.m. to 4 p.m (Fig.
14). The results show that the lighting power usages are
1024 W, 896 W, and 576 W, respectively. The total energy
consumption when using T8, T5, and LED (T8) is 8.192
kWh, 7.168 kWh, and 4.536 kWh, respectively. Different
illumination levels, i.e., approximately 760 lx (Fig. 14a),
740 lx (Fig. 14b), and 700 lx (Fig. 14c), were generated at
each work desk. In this experiment, LED lights provide
more energy savings than T8 and T5 lights, at 35% and
FBX

Autodesk Revit 3ds

Fig. 10 BIM model transfers to the game environment
25%, respectively. Adequate illuminance levels were gener-
ated by LED lights at every desk that satisfy the lighting
standard for computer tasks.

Aesthetics of lighting design assessment
As explained in Section 3, the BLDF system provides a
holistic overview of the design atmosphere that helps de-
signers to aesthetically assess the design and to present
the outcomes of the setup to their clients. Figure 15 shows
visualization examples of lighting atmospheres of different
design options. For example, warm color (Fig. 15a) pro-
duces orange and yellow lighting colors, which creates a
relaxing atmosphere for occupants (Tomassoni et al.,
2015). Cool colors or daylight colors are commonly used
in office spaces (Fig. 15b). Tomassoni et al. (Tomassoni
et al., 2015) stated that colder chromatic temperatures
help to stimulate greater work efficiency and productivity.
For our case study, the white color temperature (7000 K)
generated by fluorescent bulbs is used. The white color
temperature is a mixture of cool and warm colors, which
is a suitable choice for an office environment.

Furniture layout and illuminance level
Figure 16 shows an example of illuminance levels of dif-
ferent furniture layouts. Figure 16a shows the results of
a simulation before placing a bookshelf. The illuminance
FBX

 Max Unreal Engine
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Fig. 11 Lighting illumination level at daytime (left) and nighttime (right)
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level on the desk surface is approximately 720 lx. For
the case in which a bookshelf is placed in the room, the
illuminance level on the desk surface is reduced to ap-
proximately 550 lx, which is still within the acceptable
lighting level required for working areas (Fig. 16b).
Integrating lighting sensor control
The occupancy sensor in the BLDF is an optional light-
ing control that can create an opportunity to achieve a
more energy efficient design for the building (Fig. 17).
Ambient lights and task lights will be automatically
turned on when the specified zone becomes occupied
and will be automatically turned off when the specified
zone is unoccupied. The user can experience the quality
of lighting when occupancy sensors are added to the
snoitazilausiv citsilaerotoh
P

Time 8.00 a.m. 12.00 p

Fa
ls

e
co

lo
r

vi
su

al
iz

at
io

ns
fo

r
ill

um
in

an
ce

Fig. 12 Examples of the illumination visualization outputs
environment and can visually analyze the quality of the
illuminance level when various lights are turned on/off
in a specific work area.

Results and Discussion
The result of the aforementioned validation scenarios
provide several new regarding the integration of a BIM
and VR for indoor lighting design feedback.
Although using existing lighting simulation software

packages (e.g., Ecotect, Radiance, Dialux, 3ds Max) can
help improving iterative lighting design processes, such
commercial software application have limitations. For
example, these applications require long processing time
to calculate the illuminance level. There are also limita-
tions in handling models with complex geometries. Add-
itionally, operating existing software packages, such as
.m. 4.00 p.m.

1000
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(a) All lights are on (b) Lights in the windows zone are off

Fig. 13 Lighting energy consumption for two scenarios
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Radiance and Dialux, usually requires specialized know-
ledge and technical skills. Furthermore, such applica-
tions do not provide analysis of the appearance of
lighting design and quantification of the amount and the
distribution of lighting in real-time. The lighting simula-
tion outputs are mostly generated and presented as 2D
photorealistic, false-color, and HDR images, which lack
complementary information such as the geometry, volu-
metric information of the target space, and the real-life
experience of the space. The conventional lighting simu-
lations applications primarily measure the amount of light
falling on surfaces (i.e., illuminance) and do not provide
information about the luminance in the target area. Fi-
nally, using traditional lighting simulation applications,
the human visual perception is not directly involved in the
analysis process. The developed BLDF system introduced
a new idea to address some of the above-mentioned
drawbacks.
One of the goals of the development of the BLDF system

was to provide a tool to explore and perceive luminance
distribution and illuminance in a virtual environment.
BLDF system provides a unique experience for realistic
visualization of lighting design in an immersive environ-
ment. It allows previewing the effect of lighting in a target
space and quantifying the amount of illumination with real-
time visual feedback.
(a) Fluorescent T8        
(8 p.m.)

(b) Fluorescent T
(8 p.m.)

760 lx 740 lx

Fig. 14 Illuminance levels using different bulbs
Currently, the BLDF system enables a holistic overview
of lighting design through its visualizations. This benefits
not only designers but also all parties involved in the
design process (e.g., owners). Compared with non-
immersive feedback (e.g., through a computer screen), the
system provides more efficient feedback via immersive
visualization through a first-person perspective, which
helps to present and communicate ideas, and provide ex-
plicit decision support regarding future designs, by clearly
indicating areas that require improvement in lighting
quality. Using immersive VR display technology, BLDF de-
livers a semi-realistic perception of artificial and daylight-
ing. It also generates realistic and false-color scenes at
runtime. Using the GUI, material and texture of indoor
envelope and several lighting parameters can be modified
to suit the requirement of the designer. Performing such
modifications can be very time-consuming using conven-
tional lighting simulation applications.
The BLDF system was tested in an office building.

However, other types of buildings can be easily analyzed
by the system. The current BIM authoring software lack
features to transfer data on light bulbs, materials and
textures when exporting BIM data to VR authoring soft-
ware. Although the game features worked well for our
case study, a number of improvements should be con-
sidered in future research:
(c) LED (T8)                                    
(8 p.m.)

5                         

700 lx

 1000



Gray wall Yellow wall Gray wall Yellow wall

(a) Warm white (Fluorescent T8, 2700 lm, 2700K ) (b) Cool white color (Fluorescent T8, 2700 lm, 7000K )

Fig. 15 Lighting atmospheres
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– The ability to visualize and compare the outcomes
of different lighting setups by switching between
views of alternative design settings makes visual
comparison more effective.

– In false-color scenes in VR, providing the numerical
data of illuminance values for each measurement
point can reduce the error of estimating the illumin-
ance value. In our system, 1000 lx is the maximum il-
luminance value that can be measured and visualized
in false-color scenes. Therefore, improving the system
to visualize and measure illuminance values above
1000 lx is required.

– The electric power consumption in the interface
only considered the total wattage. However, in
order to approximate lighting energy
consumption, both wattage and the duration of
use per day are required. Therefore, providing an
occupancy schedule that corresponds to the
operating hours of artificial lights can help in
calculating the total energy consumption more
thoroughly.

– Although HMD provides maximum immersion in
the virtual scenes, in order to accurately perceive
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Fig. 16 Illuminance levels of different furniture layouts
lighting phenomena, such as glare, HMDs with
high-resolution display screens are required. It is
also possible to use BLDF with an LED display with
a higher resolution.

– The effect of different sky conditions that influence
outdoor/indoor illumination over time should be
included in the BLDF.

– Using conventional input devices, such as a mouse
and keyboard, is difficult while wearing an HMD.
Therefore, interruptions may occur when the
system is being used. The use of game controllers
and motion tracking technology can solve this
problem.

– The final design parameters in VR need to be
updated in the BIM database both for geometry
information and other properties, e.g., bulb types
and light intensities. Although this can be done with
the help of visual programming tools, such as
Dynamo, automatic synchronization between design
parameters in VR and BIM should be developed. In
addition, using visual programming requires
additional time and programming experience.
Hence, open source data exchange formats, such as
Bookshelf
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1000

(b) With bookshelf
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occupied 
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Fig. 17 Adding occupancy sensors for ambient light and task light in the virtual environment
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the industry foundation classes (IFC), can be used
for exchanging data between applications.

Conclusions and future research
This paper investigated a method by which to integrate
BIM and a game engine for lighting design visualization
and analysis. The prototype system is developed using
the Unreal Engine game authoring software system with
its visual scripting environment. In order to use the
BLDF system, the following activities should be per-
formed: 1) creating a BIM model; 2) exporting the BIM
model into the game engine; 3) adjusting the model in
the game environment and redefining the initial values
of the design parameters; 4) visualizing lighting illumin-
ation, lighting atmosphere, and energy consumption
using VR; 5) evaluating and analyzing the condition of
lighting design; and 6) configuring design parameters
using a GUI to achieve the desired lighting results. An
approach to allow users to interact with design objects
created in a BIM application and experience lighting de-
sign in an immersive environment was discussed. The
user can define and explore design parameters, and the
results can be simulated in real-time.
The developed system presents a solution for integrat-

ing lighting simulation with interactive visualization to
support lighting design. The users can perceive the influ-
ence of the design modifications on characteristics of
light in the space. Using an immersive virtual reality ex-
perience, BLDF facilitates the process of design for users.
The proposed system can aid understanding, predicting,
and assessing indoor lighting environment in real-time
during the design phase, which is not possible with trad-
itional lighting simulation tools.
The proposed method was validated in a case study in

a campus building at Osaka University, Japan. The initial
results revealed that the data can be successfully ex-
changed between the BIM database and the game en-
gine. The BLDF system enables design parameters to be
determined by comparing multiple lighting setups. The
BLDF is easy to use with its GUI, which allows design
parameters to be redefined interactively. The user can
easily change, move, and rotate fixtures. Quantitative
and qualitative outputs of the proposed system help in
analyzing the lighting design and evaluating visual
comfort.
There are several limitations for our developed proto-

type system. Some of these limitations are related to the
use of hardware and some are related to the developed
tool. Although using HMD provides a sense of
immersion and realism of lighting condition, there is a
constrained FOV on distance perception and the pixel
density of the current VR headsets. Such factors can de-
crease the accuracy of perceiving lighting phenomena,
such as glare, brightness, and darkness. With the rapid
advancement of HMD technologies, a higher level of
perceptual accuracy of lighting in a future release of
HMDs is expected. Our system currently rely on the
physics engine of Unreal Engine for simulating glare on
available HMD headsets, hence, accurate and realistic
perception of glare is not possible. However, the simula-
tion outputs of glare in the current implementation is
still helpful for lighting designers.
Exchanging information between BIM and the chosen

game engine is limited to only 3D geometry, and infor-
mation such as the properties of light bulbs, materials,
and textures cannot be transferred. Thus, the user has to
manually redefine bulbs and recreate textures in the
game environment. Furthermore, complex geometries
contained in the BIM model, e.g., furniture models, were
not transferred into the game engine. Therefore, the use
of low-polygon models (level of development (LOD)
100–300) (Level of Development Specification, 2016)
should be considered in the BIM modeling process.
Areas of future research include integrating the occu-

pancy schedule in the system for the energy simulation,
developing a method to export lighting information to
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the IFC format file using the proposed IFC resources,
and developing a system to analyze the amount of exces-
sive light and heat in VR. In addition, the influence of
geographic locations and weather conditions were not
considered in our prototype system. Therefore, in future
work, we intend to study the influence of such factors
on natural light in VR. Furthermore, performing glare
analysis using VR technology is considered as future
work of this research.
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