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Abstract - 

Recent studies have focused on increasing energy 

efficiency in commercial buildings through 

technological means (e.g., efficient HVAC systems, 

sensors and sensing systems). However, most studies 

underestimate the impact of occupants’ behavioural 

choices. Lighting systems account for approximately 

a fifth of the total electricity consumption in the US; 

commercial buildings account for 71 percent of such 

consumption. This paper focuses on human 

behaviour related energy consumption by 

investigating the impact of personal control on 

lighting use in office environments. To effectively 

examine human energy consumption behaviour, 

alternative 3D design models of an office are created 

using an immersive virtual environment to visualize 

different lighting control features. Participants are 

brought into these immersive virtual environments by 

wearing Head-Mounted Displays and are asked to 

interact within these environments and perform a 

defined task. Participants were then allowed to 

control and change the room’s lighting settings based 

on their preferences in order to perform their 

assigned task. Unique to our experimental design is 

the use of immersive virtual environments, enabling 

measurement and control of a series of design feature 

isolations and combinations. The work presents the 

impact of decisions made both during design and 

operation of buildings on occupants’ energy related 

behaviour. The experiment demonstrated that when 

participants are provided with personal controls for 

the blinds and the artificial light, there is no 

significant difference in their preferences between 

natural and artificial lighting; however participants 

are significantly more likely to open the blinds 

remotely if they are only provided with a personal 

control for the blinds. 
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Immersive virtual Environments; Energy-use 
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1 Introduction 

Buildings consume roughly 44 percent of the energy 

produced in the United States [1]. Global energy 

consumption and CO2 emissions have significantly 

increased in the recent years by 49 percent and 43 percent, 

respectively, and these figures are estimated to annually 

increase by 2 percent and 1.8 percent, respectively 

[11,20].  

In order to reduce the energy consumption of 

commercial buildings and CO2 emissions in general, 

many researchers are investigating ways to make 

buildings more sustainable, intelligent, and responsive to 

occupants, environment, and the societal needs [4,14]. 

One potential way to improve the performance of 

buildings is to increase the interaction between buildings 

and their occupants. For instance, by allowing users to 

have more control over the available natural lighting in 

their office, the daily lighting energy-use could possibly 

be reduced. 

Buildings are designed based on standard set-points 

and assumptions about occupants’ behaviours and 

comfort levels that are thought to provide satisfaction to 

occupants. However, research studies have shown that 

occupants are not always satisfied and such set-points do 

not guarantee occupant comfort [3,13-15]. One method 

to incorporate occupants’ behaviour in to the buildings’ 

systems is through simulating defined behaviour models 

[9,21]. Simulations are commonly used to estimate the 

occupant activities and needs. However, due to the 

complexity of human behaviour and the diversity among 

building occupants, simulations are usually not a realistic 

representation of all occupants in a building [14,25]. 

Therefore, an accurate measurement of occupant 

behaviour could be an influential factor in reducing the 

energy consumption in buildings [14,25].  

Lighting systems account for 18 percent of the total 

electricity consumption in the United States, where 71 

percent of this consumption is from the commercial 

buildings [12,20]. Previous research has indicated that a 

large amount of energy can be saved with incorporating 
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well-designed lighting controls to the building systems 

and more importantly by understanding the occupant’s 

lighting needs and preferences [7]. In order to gain 

information on occupant behaviour and resultantly better 

understand the occupants’ energy-use behaviour, the 

authors examine the impact of end-user’s control on the 

available lighting (adjusting lighting levels both artificial 

and natural lighting) in a single-occupancy office room. 

To effectively examine the end-user behaviour, the 

authors have used an immersive virtual environment 

(IVE) to create alternative design environments of the 

office room with various lighting settings and controls 

that the users can interact with in order to measure the 

impact of user control on energy use. The participants 

were put in a dark room and were asked to read a passage. 

They were given a set of manual and semi-automatic 

lighting control options to adjust the room’s available 

lighting in order to be able to fully read the passage. This 

paper measures the impact of having personal control on 

energy use through the use of immersive virtual 

environments. 

2 Background 

Previous researchers have studied occupants’ lighting 

preferences when they are provided with different 

options of natural lighting vs. artificial lighting [22,24]. 

For instance, [24] showed that employees strongly prefer 

natural lighting and an outdoor view in an office 

environment. Other researchers have studied the effect of 

windows sizes and occupants’ preferences about window 

types [19]. Many researchers have explored the effect of 

lighting control systems and the reaction of occupants 

towards such control systems [10,16]. Such studies have 

suggested that occupant satisfaction is increased with 

semi-automatic and manual modes of operations [23]. 

For instance, in the fully automated systems, the 

researchers studied the effect of sensor-controlled 

settings, in which the sensors determined how much 

natural lighting and artificial lighting should be available 

based on the availability of the natural light through the 

windows and the time of the day. In the semi-automated 

systems, the users were given limited control to manually 

adjust the sensor-controlled available lighting (i.e., 

dimming down/up the artificial lighting) [6]. Prior studies 

do not investigate the impact of having personal controls, 

though which occupants can increase the illuminance 

level from where they are located (impact of convenience) 

when performing a task, such as reading a passage. They 

also do not consider the energy consumption behaviour 

of occupants. 

With the advent of virtual reality, augmented reality, 

and computer science fields, such as artificial intelligence 

and human-computer interaction, in recent years, 

Architecture, Engineering, and Construction (AEC) 

professionals have also access to such technologies more 

than ever. Such technologies provide AEC professionals 

with opportunities such as evaluating alternative designs 

[18], interacting and improving 3D models, 

communicating among parties [17,18], and more 

importantly studying human behaviour and preferences. 

Understanding human behaviour and preferences during 

the design phase allows architects and engineers to 

develop designs that would fit the end-users’ needs the 

best, resulting in a higher satisfaction and comfort. For 

instance, [5] brought healthcare organization end-users 

(e.g., doctors, nurses, etc.) to an IVE in order to present 

different designed environments and get their feedback 

to make the necessary changes and adjustments, resulting 

in a more improved design based on the end-users’ needs. 

In this paper, in order to evaluate the effect of 

different lighting control options on energy consumption, 

an IVE was used to create alternative models with 

different settings, controls, and lighting settings, while 

providing realistic representations of physical 

environments. In another study, the authors investigated 

how human performance, perception and behaviour  

differ in an immersive virtual environment compared to 

an actual physical environment [8] and found no 

noticeable difference in terms of human performances 

between the two environments.  The use of IVEs gives 

the researchers an opportunity to create environments 

with various control settings and evaluate end-users’ 

behaviour and preferences given different scenarios. This 

process might also significantly help the AEC 

professionals during the design phase of buildings to 

ensure their design not only meets the end-users’ 

preferences but also is more energy efficient. 

3 Methodology  

This paper examines human energy consumption 

behaviour and the impact of personal control on using 

different light sources (artificial vs. natural) in an office 

environment.  

To evaluate the participants’ energy consumption 

behaviour, two parameters were measured: (1) 

participant preference (natural vs. artificial) and (2) the 

impact of availability of a personal control on preference. 

Parameters were measured based on the choices the 

participants made in choosing the source (manual light 

switch, personal light switch, manual window blinds, 

personal window blinds) to increase the brightness of the 

room along with responses to the set of questionnaires 

asked to the participants. 

 

3.1 Experiment and Hypothesis 

In this experiment, three possible lighting settings (no 

light, natural light, and artificial light) for an office were 

designed within an IVE to evaluate the participants’ 

behaviour when they were given the option to increase 
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the brightness (Figure 4). The participants were randomly 

assigned to 1 of 3 experimental groups that varied the 

options available to increase the brightness in the office 

(          Figure 1). In group 1, participants only had the 

options of manually opening the blinds or manually 

turning on the light switch, requiring the participants to 

physically move within the IVE to either turn on the light 

switch or open the blinds (Group 1 in           Figure 1). In 

group 2, the participants had the options of manually 

opening the blinds or manually turning on the light 

switch but they also were provided with a “personal 

remote control” that automatically opens the blinds; this 

control was set on the desk where the participants had to 

perform an assigned task (Group 2 in           Figure 1). In 

group 3, the participants not only had the options to 

manually turn on the light switch and open the blinds, but 

they also were provided with two “personal remote 

controls” that could open the blinds or turn on the 

artificial light while they were sitting at their desk next to 

where they had to perform an assigned task (Group 3 in           

Figure 1). Figure 2 shows the different control options 

that each participant had to make the room brighter.  

 
 

          Figure 1 - Experimental Groups 

Four hypotheses were developed to compare ‘within’ 

group and ‘cross’ group behaviours: 

H1: There is no significant difference between 

participants’ choice of manually turning on the light 

switch and opening the blinds in group 1. 

H2: Participants choose natural lighting significantly 

more than the artificial lighting when they are 

provided with a personal control only for opening the 

blinds (group 2). 

H3: There is no significant difference between 

participants remotely turning on the light or remotely 

opening the blinds (group 3). 

H4: There is a significant difference between 

remotely increasing the room’s brightness (both for 

artificial and natural) and manually doing so (group 

3).  

 

3.2 Model and Apparatus  

In order to create a realistic model of an office space, 

an actual office room at the University of Southern 

California’s campus was selected and all dimensions of 

this office room were measured. At first, a base structure 

of the room was designed in Revit© 2013. The Revit 

model was then imported to Autodesk 3ds Max© to 

create a realistic rendering of the room by adding lighting, 

shadows, reflections, furniture, and materials. The 3ds 

Max© file was then imported to Architecture 

Interactive© (the IVE software), in which the 

participants were able to fully navigate and interact with 

the models and objects within the model.  To make the 

models more realistic and interactive, animations for 

opening the blinds, clicking on the remote controls, and 

turning on the light switch were designed; this allowed 

the participants to have a more realistic interaction with 

the model. 

 

 
 

Figure 2 - Participants Lighting Control Options 

 

The system configuration used for this experiment 

composed of a Microsoft© Xbox Kinect, an Oculus 

HMD, a tracker, a Microsoft© Windows graphics 

Artificial 

Lighting System

Natural Light / 

Blinds

Manually turning 

the lights on

Manually opening 

the blinds
Group 1

Manually turning 

the lights on

Manually or 

remotely opening 

the blinds

Group 2

Manually or 

remotely turning 

the lights on

Manually or 

remotely open the 

blinds

Group 3

a) Manual Light Switch

b) Manual Blinds

c) Automatic Blinds

d) Automatic Blinds (Light 

Blue) and Light Fixture 

(Dark Blue)
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workstation with NVIDIA© 3000M graphics card. To 

increase the sense of presence and to allow participants 

to realistically interact with the IVE, a Kinect was used 

to track the body’s displacement (3 Degrees-of-Freedom 

- DoF), a Head Mounted Display (HMD) was used to 

track the head rotation (3 DoF), and a tracker was used to 

navigate through the room, providing 4 DoF. Figure 3 

shows the procedure for creating the models and the 

apparatus used for this experiment. 

 

 
 

Figure 3 – Modeling procedure and apparatus 

3.3 Procedure 

In order to test the hypotheses, an experiment was 

conducted with 30 participants. The participants were 

undergraduate and graduate students at the University of 

Southern California between the ages of 18 to 36 years 

old. All participants completed a consent form. The 

participants had none or limited prior experience with 

IVEs. Since the participants were given the option to 

choose between the personal controls that were depicted 

in light and dark blue colours (Figure 2d), they were 

asked if they had normal or corrected visual acuity 

through a questionnaire for the purpose of this pilot 

experiment. Once the participants reviewed and agreed to 

the consent form, they were trained on how to navigate 

within an IVE, using a model different from the 

environment used in the actual experiment. During the 

training, they were instructed to find objects, navigate to 

different sides of the room using the tracker, and grab and 

move objects from one location to another.  Once the 

participants felt comfortable with the IVE, they were 

instructed to remove the HMD and asked about their 

general feelings to ensure there was no motion sickness 

or headache caused by the IVE environment. Once the 

participants were ready, they were asked to put the HMD 

back on and were put in the experimental environment 

(the virtual office). 

 

 
 

Figure 4 - Different Brightness Options Available in the 

Room. (a) Dark room with no available natural or artificial 

lighting, (b) bright room lit by natural light and (c) bright 

room lit by artificial light  

In order to eliminate any order effect, participants 

were given a random number when they entered the 

office room that corresponded to one of the experimental 

groups (10 participants per each group – see           Figure 

1). In each environment, the participants were instructed 

to navigate in the room and sit behind the desk and read 

a passage placed on the desk. At first the room was 

designed to be dark enough so the participants could not 

read the passage but were able to navigate and see the 

furniture in the room (Figure 4a). Then they were 

instructed on the possible choices they had in order to 

make the room brighter. For instance, if a participant was 

in group 2, he/she were instructed that he/she could (1) 

walk towards the door and manually turn the light switch 

on, (2) walk towards the window and manually open the 

blinds, or (3) click on the personal control right next to 

the passage to automatically open the blinds (Figure 2c). 

Alternative Models

Oculus 

Goggles

Revit 3D Max
Architecture 

Interactive

Modeling Adjustments

Interactivity 

tool3D Model Rendering

Xbox Kinect

Tracker / 

Controller

3 DoF – Head 

Rotation

3 DoF – Body 

Displacement

4 DoF –

Rotation + 

Displacement

Immersive Virtual Environment

ENERGY AND ENVIRONMENT



Once he/she chose one of the options available in his/her 

group, he/she either turned on the artificial lights or 

opened the blinds (see Figure 4). The participants were 

then asked to read the passage on the desk to complete 

the experiment.  

4 Results 

To examine the impact of personal control on using 

different light sources (artificial vs. natural) and test the 

a priori hypotheses, ‘within’ group and ‘cross’ group 

comparisons were performed. 

In Group 1, three participants chose to use the light 

switch manually and seven participants chose to open the 

blinds manually. In Group 2, nine participants chose to 

remotely open the blinds, one participant chose to 

manually open the blinds, and no participants turned on 

the light switch manually. In Group 3, two participants 

chose to remotely turn on the lights, six participants 

chose to remotely open the blinds, one participant chose 

to manually open the blinds, and one participant chose to 

manually turn on the light switch. Table 1 summarizes 

the details of the experimental data.  

Table 1 – Cross-tabulation between the groups and conditions 

 
 

4.1 Within Group Comparison 

The ‘within’ group comparison examined the effects 

of different lighting control options within each group. 

The Null Hypothesis (H0) for each group was that 

participants would choose each option equally at chance. 

If participants do not have a prior preference of the 

lighting options and/or are not influenced by the presence 

of personal controls, they are expected to choose the 

options randomly, leading to an approximately equal 

chance of choosing each option.  

4.1.1 Group 1 

The Null Hypothesis (H0) specifically for this group 

was that 50 percent of the participants would choose to 

manually turn on the light switch while 50 percent would 

choose to manually open the blinds. To test the H0, a Chi-

square (χ2) test confirmed that the percentage of 

participants that opened the blinds manually did not 

significantly differ from the percentage that manually 

turned on the light switch, χ2 (1, N=10) = 0.21, p > 0.05. 

See Table 2 for more detail. 

 
Table 2 - Group 1 χ2 Analysis 

 

4.1.2 Group 2 

The (H0) for group 2 was that 33.3 percent of the 

participants would choose to manually turn on the light 

switch, 33.3 percent would choose to manually open the 

blinds, and 33.3 percent would choose to remotely open 

the blinds. A Chi-square (χ2) test confirmed that the 

percentage of participants who opened the blinds 

remotely significantly differed from the percentage that 

manually on turned the light switch, χ2 (1, N=10) = 0.01, 

p > 0.05. See Table 3 for more detail. 

 
Table 3 - Group 2 χ2 Analysis 

 

4.1.3 Group 3 

The Null Hypothesis (H0) for this group was that 25 

percent of the participants would choose to manually turn 

on the light switch, 25 percent would choose to manually 

open the blinds, 25 percent would choose to remotely 

open the blinds, and 25 percent would choose to remotely 

turn on the artificial light. Since the number of expected 

participants is less than 5 for each condition, Yates’ 

correction is applied to the Chi-square (χ2) test to make it 

a more conservative test. The first test compared the use 

of remote control for both blinds and artificial light. The 

Yates’ chi-square test confirmed that the percentage of 

Condition Crosstabulation

Room1

Total

Remote 

Blind

Manual 

Blind

Remote 

Light

Manual 

Light

G
ro

u
p

1

Count N/A 7 N/A 3 10

% within 

Condition
0.0% 70.0% 0.0% 30.0% 100.0%

2

Count 9 1 N/A 0 10

% within 

Condition
90.0% 10.0% 0.0% 0.0% 100.0%

3

Count 6 1 2 1 10

% within 

Condition
60.0% 10.0% 20.0% 10.0% 100.0%

Total

Count 15 9 2 4 30

% within 

Condition
50.0% 30.0% 6.7% 13.3% 100.0%
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participants that opened the blinds remotely did not 

significantly differ from the percentage that remotely 

turned on the artificial lights, χ2 (1, N=8) = 0.15, p > 0.05. 

See Table 4 for more detail. 

  
Table 4 - Group 3 χ2 Analysis (Remote) 

 
 

The second test compared the use of manual control 

(both for artificial lighting and blinds) vs. remote control 

(both for artificial lighting and blinds). This group 

comparison shows whether the participants were more 

likely to use the remote options more than the manual 

options. The chi-square test confirmed that participants 

used the remote options marginally significantly more 

than the manual options, χ2 (1, N=10) = 0.057, p ≈ 0.05. 

See Table 5 for more detail. 

 
Table 5 - Group 3 χ2 Analysis (Grouped) 

 
 

4.2 Cross Group Comparison 

The within-group comparison in group 2 revealed that 

participants chose the personal control option for natural 

light significantly more than the manual control option 

artificial light. However, in group 3, when a remote 

control is added for artificial lighting, the participants did 

not choose the natural light personal control option 

significantly more than the artificial light personal 

control option. Therefore, comparing these two groups, 

having only a personal control for the blinds is far more 

effective than having a personal control for both the 

blinds and artificial lighting. This is indicated by the 

significant chi-square p-value for the remote blinds in 

group 2 (Table 3) and the non-significant chi-square p-

value in group 3 (Table 4). 

 

4.3 Questionnaires  

Through a set of questionnaires, the authors examined 

the knowledge of the participants about green building 

features and their familiarity with IVE. On a scale of one 

to seven [2] (one being not environmentally friendly at 

all and seven being very environmentally friendly), 

participants rated their concern for the environment as 

4.86 on average. Meanwhile, 13 people were familiar 

with the term LEED (Leadership in Energy and 

Environmental Design), the only word indicative of the 

participants’ environmental knowledge in the series of 

words given to them. This indicates that the pool of 

participants could be slightly more knowledgeable about 

green buildings and energy efficient features than an 

average person. 

The participants were also asked about how realistic 

they thought the IVE looked/felt and whether they 

thought the model was a good representation of an 

average office space, on a scale of one to seven (one 

indicating the model to be very unrealistic), they gave the 

modelling of the room a 5.22 on average. With regards to 

their familiarity with IVE, only three participants 

indicated that they have previous knowledge about the 

term; these participants indicated that they had an 

average amount of experience with virtual gaming. 

5 Limitations and Future Work 

Although served as a first step toward the research 

goals, this study had several limitations. There was a 

small sample size of 30 participants (10 for each group). 

In future studies, the number of participants will be 

increased. Also, most of the participants were 

engineering students, whom could be more 

environmentally friendly than the average population; in 

future studies a more diverse pool of participants will be 

used to reduce any bias in their decision making.  

In future studies, a ‘fourth’ group will be added. This 

group will provide participants with the options of 

manually opening the blinds and manually turning on the 

light switch but also provide the artificial light personal 

control option without the natural light remote control 

option. We will then compare the effects of the remote 

control for artificial lighting on participants’ energy 

consumption behaviour to investigate whether 

participants will choose to open the blinds manually or 

prefer to semi-automatically turn on the artificial lights.  

Some of the features of the models could also be 

improved (shadows, reflections, objects in the room) that 

could provide the participants with more realistic view of 

the office environment. As part of the future work, the 

authors will further investigate the effects of different 

design choices on human energy-use behaviour using 

IVEs. The authors will also use IVEs to explore the 

integration of multi-agent systems to impact building 
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design performance and occupant satisfaction. 

6 Conclusion 

Understanding occupant behaviour and their impact 

on the buildings’ energy consumption is an important 

avenue of research in order to reduce building’s 

electricity consumption. The authors aimed to explore the 

impact of personal control on lighting use in office 

environments using alternative 3D design models within 

immersive virtual environments. This paper 

demonstrated occupants are significantly more likely to 

use natural lighting if they are only given a personal 

control for blinds, but not more likely to use natural 

lighting if a personal control is available for both blinds 

and artificial light. Additionally follow-up questionnaires 

revealed that the participants chose the personal control 

feature for the blind, just because it was ‘easier’ and more 

convenient for them, which shows that such features 

could potentially not only be integrated to the existing 

operational buildings but more importantly could also be 

part of the design options for during the design phase of 

future commercial buildings. The use of IVE enables us 

to measure and control a series of design feature 

isolations and combinations to further understand what 

features are more effective compared to one another. This 

paper reveals an important application IVEs to increase 

the interaction between building design and construction 

and user behaviour and satisfaction.  
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