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A B S T R A C T   

Autonomous-vehicle (AV) technologies are rapidly advancing, but a great deal remains to be 
learned about their interaction and perception on public roads. Research in this area usually relies 
on AV trials using naturalistic driving which are expensive with various legal and ethical ob-
stacles designed to keep the general public safe. The emerging concept of Wizard-of-Oz simulation 
is a promising solution to this problem wherein the driver of a standard vehicle is hidden from the 
passenger using a physical partition, providing the illusion of riding in an AV. Furthermore, head- 
mounted display (HMD) virtual reality (VR) has been proposed as a means of providing a Wizard- 
of-Oz protocol for on-road simulations of AVs. Such systems have potential to support a variety of 
study conditions at low cost, enabling simulation of a variety of vehicles, driving conditions, and 
circumstances. However, the feasibility of such systems has yet to be shown. This study makes use 
of a within-subjects factorial design for examining and evaluating a virtual reality autonomous 
vehicle (VRAV) system, with the aim of better understanding the differences between stationary 
and on-road simulations, both with and without HMD VR. More specifically, this study examines 
the effects on user experience of conditions including presence, arousal, simulator sickness and 
task workload. Participants indicated a realistic and immersive driving experience as part of 
subjective evaluation of the VRAV system, indicating the system is a promising tool for human- 
automation interaction and future AV technology developments.   

1. Introduction 

Autonomous-vehicle (AV) technologies, which offer the possibility of fundamentally changing transportation, are rapidly 
advancing, and are soon expected to become commonplace. AVs promise to improve safety, reduce congestion, improve mobility, and 
deliver more sustainable transportation (Haboucha et al., 2017). However, preparing for their widespread adoption will require a firm 
understanding of how they are perceived and accepted by both the passengers and the general public (Panagiotopoulos and 
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Dimitrakopoulos, 2018). At its core, AV is human-automation interaction (HAI) research, as it “involves automation in the form of an 
embodied, situated agent, which is used by non-professional users in a time-sensitive, safety–critical context” (Janssen et al., 2019, p. 
101). Research into HAI often relies on the use of driving simulators (Greenlee et al., 2018; Li et al., 2019) or trial studies (i.e., field 
tests) (Banks and Stanton, 2016; Eriksson et al., 2017). The major challenge of the former is to replicate naturalistic driving conditions 
in terms of inertial forces and vehicle dynamics, while the latter is expensive, and faces legal obstacles designed to keep the general 
public safe (Eriksson et al., 2017). 

One proposed method of gaining insights into passenger perceptions is to use Wizard-of-Oz simulations, wherein the driver of a 
standard vehicle is hidden from the passenger using a physical partition, providing the illusion of riding in an AV (Wang et al., 2017). 
Much simpler and cheaper to maintain compared to existing lab simulators, and offering a greater degree of freedom, the Wizard-of-Oz 
approach is a realistic alternative to simulation, allowing the rider to experience the physical forces produced by motion in naturalistic 
driving conditions (senses such as acceleration/deceleration and the rocking sensation of passing over the humps). In addition, this 
approach is useful in on-road AV research even in the absence of legal constraints (Kim et al., 2020). More recently, head-mounted 
display (HMD) virtual reality (VR) has been investigated as a means of enabling Wizard-of-Oz studies (Nebeling and Madier, 
2019). HMD VR not only can provide a full view of an AV interior, but can also be used to simulate external events involving other 
vehicles, pedestrians, or other objects that may be unsafe or impractical to produce in a real-world environment. Nevertheless, despite 
its advantages, little is known about the realism of such a system in comparison to other existing simulation approaches. 

The research presented in this paper fills the above knowledge gaps by conducting an empirical study of user experiences in an on- 
road VR simulation which is capable of a level-3 (conditionally automated; SAE International, 2018) AV. The study compares VR- and 
non-VR-based simulations in both on-road (Wizard-of-Oz) and off-road (lab-environment) conditions. The factorial design allows us to 
independently contrast the effects of VR-based and on-road Wizard-of-Oz simulations on participants’ subjective and objective 
perception of the simulator. 

To the best of our knowledge, this is the first study offering a comprehensive overview of user experiences with on-road Wizard-of- 
Oz simulations, and is based on the introduction of a virtual reality autonomous vehicle (VRAV) system. Developing such a system, 
taking advantage of low-cost VR technology, has a great potential to create experiences that are more realistic, immersive and cost- 
effective than the existing conventional fixed-base driving simulators, and allows for greater flexibility and safety in the test envi-
ronments than on-road AV driving. Nevertheless, it is also necessary to examine whether such system will induce greater simulator 
sickness and increased task workload. By no longer requiring a real AV, researchers can test and develop novel interfaces and 
interaction patterns inexpensively and safely. The contributions made in this study in terms of a VRAV system and research protocol 
can allow future researchers to run on-road studies with controlled events, simulate autonomous driving and conduct HAI studies in a 
high-fidelity environment. 

The remainder of the paper is organized as follows: Section 2 reviews relevant prior research. Section 3 includes the VRAV system 
proposal and study design. Section 4 presents results of the evaluation to reveal participant experiences, as well as comparisons among 
study conditions. Section 5 concludes the paper by highlighting areas for future research. 

2. Related work 

This section summarises research relevant to the use of VR in transportation research and on road AV studies. The review 
considered the use of VR in driving simulators, AV research in on-road studies, on-road AV simulation and previous simulator 
validations. 

2.1. VR use in driving simulation 

VR headsets offer an excellent alternative to conventional simulators, with the advantages of being cheaper, more immersive and 
having the ability to easily accommodate multiple users (Pai Mangalore et al., 2019). Several studies have investigated the use of VR in 
driving simulations. 

Specifically, Sportillo et al. (2018) looked at whether VR can be an effective tool for training potential AV users in best practices for 
takeover of partially automated vehicles. They found that participants in a fixed-base simulator and VR systems responded faster to 
takeover requests than users trained on laptop systems. Agrawal et al. (2018) developed a VR, headset-based latent hazard anticipation 
and mitigation training program (V-RAPT), finding a significantly greater proportion of latent hazards than drivers who had completed 
PC-based training programs. Pai Mangalore et al. (2019) evaluated the use of VR headsets for measuring driving performance (latent 
hazard anticipation behaviours), with results showing that VR headsets can be used to effectively measure driver performance. At least 
in hazard anticipation scenarios, VR headsets were found to generate minimal simulator sickness (Pai Mangalore et al., 2019). 

2.2. AV use in on-road studies 

Several studies have made use of AV technology to increase external validity to the study of user perceptions and behaviour. Due to 
the current state of systems, these studies have tended to focus on levels 2 (partial automation) or 3 (conditional automation), which 
require the driver to always be aware of the vehicle’s surroundings, and be ready to take control (SAE International, 2018). 

Eriksson et al. (2017) conducted a study to determine whether observed behaviours, such as non-critical control transitions in 
driving simulators, correlate with observations in on-road AVs. Although there was a strong positive correlation, they found that 
drivers were quicker to take control in on-road than in simulated driving. 
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In a study of level-2 AVs, Shutko et al. (2018) observed that the off-road glancing behaviour was similar to that of drivers of 
manually operated vehicles. They categorized drivers into two groups: active drivers, who keep their hands on the steering wheel, and 
supervisors, who mainly keep their hands away from it. The study found that whether participants kept their hands on the steering 
wheel or not is not related to eyes on/off road glance behaviour. 

2.3. On-Road AV simulation 

Since AV technologies are still in their infancy, researchers have sought to reduce the cost of user studies by introducing Wizard-of- 
Oz protocols to simulate AVs. The first such protocol was the real-road autonomous-driving simulator (RRADS) platform (Baltodano 
et al., 2015), introduced by researchers at Stanford University. This platform uses a partition to shield the driving “wizard” from the 
participant’s view. Rather than deceive participants, the protocol relies on suspension of disbelief, providing the illusion of riding in an 
AV. To show that such a protocol enables ecologically valid testing, the researchers conducted a study to evaluate a haptic feedback 
device that warns of the AV’s intentions. Results present that the platform may be an effective tool to evaluate prototypes and scenarios 
specific to open road human-AV interactions. 

Wang et al. (2017) later built on the RRADS platform with their Marionette system, which provides the driving wizard cues about 
participant intentions. Using a false steering wheel and pedal interface, it gives the driver information about when he or she should 
move the steering wheel or press the accelerator. and aims to increase the ability of researchers to provide a low-cost platform for the 
study of user reactions in partially and conditionally AVs at levels 2 and 3. The study demonstrated that the Marionette facilitates the 
illusion of partially autonomous (level 2) driving while maintaining the safety for on-road studies. 

Our VRAV prototype improves on the implementation suggested by Goedicke et al. (2018), who introduced VR for on-road, Wizard- 
of-Oz simulations. The VR provides a view of an AV interior and the participant’s own hands, tracked by a display-mounted sensor. We 
conducted a pilot validation study with 6 participants. We build on this work by improving the fidelity of the simulation and the user 
experience, as explained in the following section. 

2.4. Validity of driving simulators 

Validity is “the extent to which the results of studies with simulation correlate to the results in reality” (Zhao and Sarasua, 2018, p. 
384). Currently, a vast amount of research evaluating the different types of validity, such as behavioural validity and ecological 
validity (Mullen et al., 2011), of driving simulators has been conducted, with most studies assessing their absolute and relative validity 
(Blaauw, 1982), especially by comparing simulated speeds with those in the real world (Törnros, 1998; Godley et al., 2002; Knapper 
et al., 2015). Methods of assessing simulator validity have not been standardized, and therefore considerable variation in validation- 
study methodologies exists (Wynne et al., 2019). Scholars usually validate specific aspects of driving simulators based on their research 
purposes (e.g., they validate speed in order to conduct speed research). For example, Törnros (1998) used a driving simulator to assess 
driver behavior in a simulated road tunnel by comparing the speeds and lateral positions of 20 subjects; relative validity was good for 
both, and it was determined that the simulator could be used to study problems related to these. By using a driving simulator, and 
comparing the speeds under distracting conditions in real and simulated environments, Knapper et al. (2015) verified the relative 
validity of the simulator for use in speed under distracting conditions research. 

Subjective assessments of research settings are also important for addressing validation; these make use of the perceptions and 
experiences of participants. For example, Llopis-Castelló et al. (2016) conducted a driving-simulator validation by way of driver 
perceptions, with most participants assessing the quality of the virtual environment, and the similarity of the simulated driving tasks to 
those in the real world, as moderate or high. Hussain et al. (2019) validated a fixed-base driving simulator by assessing its subjective 
validity (the quality and performance of the simulator) using a post-test questionnaire covering comfort, speed perception, graphics 
and so on to compare it with the real world. The result was that the participants deemed the simulator to have a high level of realism. 

Note that the above work focused on the users’ experience specifically to validate the use of driving simulators, whereas other 
research was concentrating on human behaviours and their psychology through the users’ experience while using the driving simu-
lators including (Du et al., 2019; Khastgir et al., 2018; Jamson et al., 2008). In particular, Du et al. (2019) conducted a within-subject 
experiment in a driving simulator with 32 participants to investigate the effects of the timing of AV explanations and the degree of 
autonomy on drivers’ trust, preference for AV, anxiety and mental workload (using NASA-TLX). To explore the effect of knowledge 
about the automation capability on trust in the automated system, Khastgir et al. (2018) conducted a driving simulator study with two 
different types of automated systems (low and high capability). In a driving simulator investigation by Jamson et al. (2008), partic-
ipants experienced two forward collision warning (FCW) systems, and questionnaires were administered to give self-reports for mental 
effort using and user acceptance of the FCW. 

Currently, to our knowledge, no study has offered subjective evaluation of driving simulators from a comprehensive range of 
aspects together, namely presence, arousal, acceptance, simulator sickness and realism. For this study, VRAV simulation was validated 
by way of subjective evaluation (participant perceptions) obtained through questionnaires. This also allowed the negative effects of the 
simulations to be determined, which are always an issue with driving simulators (Llopis-Castelló et al., 2016). 
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3. VRAV system design 

This work is the initial step of a longer-term project aimed at understanding the perception of AVs and their responses while 
interacting with other entities on the public roads. We predict that immersive technologies such as VR, and in later stages augmented 
reality (AR), will play an important role in providing affordable and flexible tools to enable the study of user perceptions by allowing 
conditions and events to be simulated at a relatively low cost. This work takes an important step toward this goal by attempting to 
determine how an on-road VR simulation compares to the original Wizard-of-Oz and lab simulations. 

3.1. Initial workshop 

Before beginning development of our VRAV simulation, we conducted a workshop to gather insights on its potential applications. 
This initial workshop involved round-table discussions made up of small groups of experts from both the industry and research 
community in AVs. Their areas of expertise included AR/VR, HMI, in-vehicle design, driving simulation, and road safety. In the first 
step of the workshop, common goals were revealed using a Goals Grid (i.e., what to achieve, avoid, preserve and eliminate) (Nickols, 
2015). Stated goals included making the experience as visually realistic as possible while eliminating negative aspects such as motion 
sickness, and scenario safety operation on public roads. For the second step, scenarios were designed and modelled through a process 
of “object storming,” leading to the creation of imagined application scenarios, for instance scenes of streets with the infrastructure and 
expected impediments to an AV’s progress. Feasibility of these modelled scenarios was assessed using a C-Box chart, based on level of 
innovation and difficulty of implementation. A consensus was reached that, within the available research time frame, a re-creation of 
an uneventful and unimpeded on-road driving scenario would best fulfil our key aspirations of implementing and validating an 
improved VRAV proof of concept. Full details of the workshop procedure and included in Appendix A. 

3.2. Design Goals 

Highly automated test vehicles are still rare, and (independent) researchers often have limited access to them. In addition, 
developing fully functioning system prototypes is time-consuming and costly (Habibovic et al., 2016), and on-road tests involve many 
legal and safety issues. The goal of the current study is to design a VRAV simulation system that can be used to explore HAI (and 

(a) Wizard-of-Oz (b) VRAV 

(c) Simulator (d) Seated VR 

Wizard driver Participant Wizard driver Participant 
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Fig. 1. Multiple variations of our simulation design are created to fulfil each study condition.  
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ultimately, levels of resistance to AV adoption) in a controlled environment at minimal cost and risk. 
To understand the user experience of on-road VR simulations, we need to compare them with a variety of other protocols. To create 

these, we chose to divide the study design into two factors (see Study Design, below, for a full description):  

• Display (with and without HMD VR)  
• Setting (on-road and lab) 

We developed a simulated AV experience that can be used in each of the four set-ups that result, as described in the following sub- 
section. 

3.3. Study design 

We created four different user experiences, corresponding with the conditions created by the Display-Setting matrix in Fig. 1, in 
order to make an overall comparison of our VRAV with a traditional simulator using screens or HMD VR, and a real car without HMD 
VR.  

• Wizard-of-Oz (On Road, No HMD VR) — Following the Wizard-of-Oz protocol used by Wang et al. (2017), with the participants in 
the front passenger seat of a real vehicle along with a driver. A partition is placed in the centre of the vehicle to block the driver from 
the participant’s view (Figs. 1 and 7). 

Fig. 2. Monash connected and autonomous vehicle and driving simulator.  

Fig. 3. VRAV system diagram.  
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• VRAV (On Road, With HMD VR) — Here the participant rides in the front passenger seat as in the Wizard-of-Oz setup, but wears a 
VR display (an Oculus Rift with a resolution of 640 × 800 per eye) which provides a view of the car interior, with an empty seat 
where the driver should be. The participant sees an avatar representing his or her body and hands, and a virtual replica of the 
outside environment through the vehicle windows, while feeling and hearing the real engine and outside environment. Our 
implementation closely follows the proof-of-concept VR-OOM system demonstrated by Goedicke et al. (2018); however, we aim to 
create a more engaging experience through a high-fidelity simulation.  

• Simulator (Lab, No HMD VR) — The participant sits in a driving simulator, Australia DS, viewing the same virtual scene as in the VR 
conditions displayed on three 1280 × 768 resolution monitors at a frequency of 59 Hz, while listening to artificial engine noise 
through speakers.  

• Seated VR (Lab, With HMD VR) — This is similar to the Simulator condition, except that the participants view the simulated scene 
through a VR display instead of the simulator screens, while listening to artificial engine noise through headphones. 

We describe the technical details of each implementation in the following sub-sections. 

3.3.1. Vehicle and tracking 
For the on-road simulation we use a 2004 Subaru Forester XT (Fig. 2) equipped with a power inverter that provides AC power for 

use by the laptop and other on-board equipment. Vehicle position and motion are tracked using a Swift Navigation Piksi Multi GPS 
receiver and an Xsens MTi-3 IMU mounted within the vehicle (Fig. 3). Data from a local mount point 1 km away from the test site is 
obtained through the AUSCORS correction service, which allows GPS correction to an accuracy of 1 cm. Additional data can be ob-
tained through the vehicle OBD-II port or ABS sensors. However, the data available and update rates vary among models and man-
ufacturers. While modern vehicles have higher minimum standards, the vehicle used was manufactured before these standards were 
implemented. While we were able to obtain velocity information, we found the roughly 10 Hz data rate too slow for practical use. 

The robot-localization package in the Robot Operating System (ROS) is used to input the position and rotation data into a digital 
model of the car to estimate vehicle position and speed. An unscented Kalman filter (UKF) with the package’s default parameters is 
used. Specifically, position is input using an East-North-Up frame, with the origin of this frame set along the route. Angular velocities 
from the IMU are also input, but absolute angle relative to north (heading) is not. It was found during testing that the IMU was unable 
to accurately and consistently provide stable angle information due to magnetic-field interference. Heading is therefore determined by 
deriving the GPS position and fusing it with angular velocity. This method only works if the car is in motion, and therefore the heading 
cannot be determined at the beginning using this method. Since the route is the same for all runs, however, an initial heading is 
specified instead. 

3.3.2. Driving route 
The simulation replicated a real 1.0 km stretch of road adjacent to our local campus; it takes roughly 2 min to cover under typical 

driving conditions. We chose this location because of its convenience, and because the low volume of traffic help to ensure safety. The 
route also has some interesting features, such as a large roundabout, several speed humps, and recognizable campus buildings. The 
complete route is shown in Fig. 4. 

Start 

End 
Roundabout 

Fig. 4. The route used in our simulation overlaid on an aerial map. Source: nearmap.com.  
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3.3.3. Simulated environment 
Our simulated environment was created using Unity 2018.2.16f1, with a frame rate of 90 fps. To avoid a sensory disconnect, as was 

reported by participants in preliminary evaluations conducted by Goedicke et al. (2018), we recreated the real route with a high level 
of fidelity, including details such as road surface, speed humps and adjacent buildings. To further enhance fidelity, our virtual car had 
realistic suspension physics and care was taken to model and place the speed humps accurately in the simulated environment in order 
to mimic the sensation of driving over the humps (Figs. 5 and 6). Pedestrians and other cars are automatically generated on the map 
and follow paths that will not interact/interfere with the autonomous vehicle (i.e., they are passive agents). It is not an exact replica of 
what is occurring in the real world, but is to give a sense of realism to the virtual environment. Furthermore, hypothetical scenarios can 
be set up in the virtual environment to study dangerous or rare events without compromising the safety of the participant and/or the 
public. 

As in the VR-OOM system (Goedicke et al., 2018), we used a Leap Motion controller to track participants’ hands, which were 
replicated within the scene (Figs. 7 and 8). We also included an androgynous avatar to provide a sense of presence if a participant 
decided to look down (Fig. 8), which was not included in the VR-OOM. Note that although the participant was seated on the passenger 
side of the vehicle, they actually saw themselves in the driver seat (and in the right side of the vehicle) in the virtual environment. A 
replica of the steering wheel and brake were developed for the participants, while care was taken to model the 3D car interior to the 
same dimensions as the real car to ensure if the participant reached out for the wheel, both their hand and the virtual hand would reach 
it in a similar fashion. To synchronize with the participant’s actions, an indicator can be placed next to the wizard driver which informs 
the rotation and pressure of the imitated wheel and brake. Nevertheless, this might still be difficult for the wizard driver to maintain 
synchronization and consistencies (Wang et al., 2017). However, note that the purpose of this study is not about emergency and control 
handover but about the development of the driving simulator itself, as well as to comply with ethics procedures and local laws, we did 
not provide participants in the On Road experiments with the haptic steering wheel and pedal interface as used in the Marionette 
(Wang et al., 2017) or VR-OOM (Goedicke et al., 2018) on-road systems, since this would have covered the vehicle’s front-passenger 
airbag, posing a safety hazard. Other options (having some kind of collapsible column to mount the steering wheel onto) to allow safe 
mounting of the steering wheel while not blocking the airbag were also investigated, but to comply with local laws, these mounting 
options would have needed to be engineered to collapse. 

N 

Fig. 5. Aerial view of the location used to compare the 3D virtual simulation (upper) and the real world (lower). Note: Locations of speed humps 
are marked with red pins. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 6. Views of speed humps in both the virtual (upper) and real worlds (lower) at the same time.  
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3.3.4. Lab simulator 
The laboratory driving simulator Australia DS (Fig. 2), manufactured by Innosimulation (Seoul, South Korea), comprises a driver 

seat, dashboard with steering wheel, brake and accelerator pedals, and a gear-shifter mounted on a fixed platform. To enhance realism 
a vibration device was mounted under the driver seat. A built-in desktop computer with an NVIDIA graphics card (GeForce GTX 680) is 

(a) Participant view in the virtual world. 

(b) Real view recorded by a camera 
(at the same time). 

(c) Partition used to hide the driver. 

Partition 

Leap Motion 
Controller 

Fig. 7. VRAV (on-road with VR) setting.  

Fig. 8. Virtual hands and body avatar.  
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used to run the (Unity) simulation. The visual display comprises three 32-inch monitors positioned to provide a 135-degree forward 
view (used in Simulator condition, Fig. 1), while the VR headset provides a 110-degree field of view that also enables participants to 
look up and down (used in Seated VR condition, Figs. 1 and 9). This made it far easier for them to look at the mirrors and take in the full 
interior of the car. The scene within the headset is not warped, while the three flat screens have obvious “seams” and presented an 
overall image that is slightly distorted (see Fig. 2). 

4. VRAV evaluation 

The objective of the VRAV evaluation was to conduct an empirical study of user experience with an on-road VRAV simulator. By 
comparing user experience across four simulator conditions, this study highlights the differences between on-road VR simulations and 
laboratory and Wizard-of-Oz AV simulations. The aim is to explore whether the VRAV simulator is an effective alternative to tradi-
tional lab-based simulators, and whether it is able to replicate a real AV for simulating autonomous driving in a high-fidelity 
environment. 

Fig. 9. The “Lab with VR” setting.  

Table 1 
Summary of demographic information.   

Frequency Percentage 

Gender 
Male 15 53.57% 
Female 12 42.86% 
Non-binary 1 3.57% 
How frequently do you drive a motor vehicle? 
Daily 10 35.71% 
4–6 times a week 3 10.71% 
2–3 times a week 2 7.14% 
Once a week 5 17.86% 
Less than once a week 8 28.57% 
Please estimate the number of kilometres you have driven in a vehicle over the past year? 
More than 25,001 km 1 3.57% 
15,001–20,000 km 4 14.29% 
10,001–15,000 km 4 14.29% 
5,001–10,000 km 6 21.43% 
1,001–5,000 km 4 14.29% 
<1,000 km 9 32.14% 
What is your previous experience with virtual reality? 
Have used a lot 2 7.14% 
Have used several times 4 14.29% 
Have used a few times 4 14.29% 
Have tried once or twice 10 35.71% 
Have never used 8 28.57%  
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4.1. Implementation 

The study utilized a within-subject design to investigate user experiences in the four simulator conditions, and control for variances 
among the participants. To control for carryover effects, they undertook the study over two sessions, one week apart, completing the 
two on-road and the two laboratory conditions during separate visits. For the sake of counterbalancing, half of the participants 
completed the on-road session first, the remaining half the laboratory session. Within each of these groups, the participants were split 
in half and assigned to either the VR or non-VR condition first. 

4.2. Participants 

Twenty-eight participants (15 male, 12 female and 1 non-binary) aged 19 to 57 (mean = 28, SD = 8.35) were recruited for the 
study, and provided informed consent. Table 1 shows that 13 (46.42%) of participants drove a motor vehicle at least four times a week, 
while another 13 participants only drove once a week or not at all. Most of the participants (67.86%) had travelled<10,000 km over 
the prior year, which is less than the average distance travelled annually by Victorians (14,100 km) (ABS, 2019). Regarding their 
previous experience with VR, nearly a third of participants had never used VR, and for the majority of those who had, experience was 
very limited. The study excluded participants with medical conditions that might be aggravated by use of the simulators, including 
epilepsy, high blood pressure, and a history of heart attacks, motion sickness, or simulator-induced sickness. Recruitment was un-
dertaken using a combination of methods. We contacted research participants registered in a database, and the study was also 
advertised to undergraduate and postgraduate students. Participants received a small gift voucher as a compensation for their time and 
travel expenses. The University Human Research Ethics Committee approved the study. 

4.3. Measures 

The participants provided information on their demographic characteristics, driving patterns, and experiences using VR (Table 1). 
In order to compare simulator conditions, they also completed a range of previously validated questionnaires assessing sense of 
presence, arousal, acceptance, workload, and feelings of sickness within the simulator. Specific details of the questionnaires are as 
follows. 

4.3.1. Presence 
A greater sense of presence might evoke more realistic driving performance and behaviours, and thus should increase the validity of 

results obtained within a virtual environment (Burnett et al., 2017). In this study, presence was assessed using the ITC-Sense of 
Presence Inventory (ITC-SOPI; Lessiter et al., 2001), which assesses user experiences of immersive environments across four factors: 
sense of physical space, engagement, ecological validity, and negative effects. The “negative effects” aspect of the ITC-SOPI also in-
dicates the degrees of nausea the simulator induces, making it useful for monitoring the user experience (Burnett et al., 2017). This test 
was chosen because it was designed for comparison between different media, while other common presence questionnaires are not. 
With users responding to 44 questions on a five-point Likert scale (strongly disagree to strongly agree), the ITC-SOPI has shown good 
reliability, with Cronbach alphas ranging from 0.76 to 0.94. 

4.3.2. Arousal 
Arousal is an important indicator of ecological validity, and the self-assessment manikin (SAM; Bradley and Lang, 1994) has been 

found effective for evaluating the arousal of a VR system, as well as for verifying it (Liao et al., 2019). In this study, assessments of 
personal arousal levels also used the SAM, measuring the pleasure, arousal, and dominance levels associated with each simulator 
condition on a ten-point pictorial scale. 

4.3.3. Acceptance 
A prerequisite for the introduction of new in-vehicle technology is public acceptance. System acceptance was assessed using the 

Van Der Laan acceptance scale (Van Der Laan et al., 1997), which assesses acceptance of new technology, and consists of nine 5-point 
rating-scale items, scored from − 2 to + 2, of two factors: usefulness of the system, and the satisfaction it provides (Cronbach alphas 
0.91 to 0.94). 

4.3.4. Simulator sickness questionnaire 
When a participant experiences nausea while using a simulator, this has been shown to make the experience sharply negative, as 

well as affecting the fidelity of the simulation being perceived, and the validity of the results (Burnett et al., 2017). This makes it 
essential to assess the degree to which participants feel sick while using the simulator. Participants completed the Simulator Sickness 
Questionnaire (SSQ) to assess simulator discomfort (Kennedy et al., 1993). The SSQ is a self-reported-symptoms checklist that covers 
sixteen symptoms associated with simulator discomfort, and asks participants to rate them on a four-point scale (none to severe). 
Simulator discomfort was measured both in terms of total severity and on three sub-scales: Nausea, Oculomotor and Disorientation. 

4.3.5. Task workload 
Although task workload is not a measure of validity, this measure was included because it is important to examine whether par-

ticipants experience a significantly greater task workload when using the VRAV (in other words, to determine whether the VRAV is 
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significantly worse than conventional simulation in this respect). We assessed subjective workload using NASA-TLX (Hart and Sta-
veland, 1988), a workload-rating scale with six dimensions: mental demand, physical demand, temporal demand, effort, performance, 
and frustration. Participants rated the workload associated with a task for each dimension, on a 100-point scale with 5-point in-
crements; the results are presented as unweighted sub-score scales, with total workload reported as the mean of the six sub-scale scores. 

4.3.6. Simulation realism 
The degree of realism that a simulator presents to a user is also pertinent to its validity, and important because it not only influences 

a participant’s motivation and perception within the simulator, but also affects wider stakeholder acceptance, such as acceptance of 
the results of a simulator study (Burnett et al., 2017). To compare the overall realism of the VRAV and traditional screen-based 
simulators, these were assessed on a 7-point Likert scale (strongly disagree to strongly agree) and scored out of 10. 

4.4. Procedure 

The participants attended two sessions as part of the experiment. At the first session they provided consent, then were administered 
a demographic questionnaire following which (in both sessions) participants completed a baseline SSQ. They were then given an 
explanation of the study tasks, after which they completed the two simulator conditions for the session; each lasted 15–20 min, and was 
followed by an evaluation questionnaire. 

4.5. Analysis 

Statistical analyses were performed using IBM SPSS Statistics (version 25) and STATA version 13.1 (StataCorp, 2013). Generalised 
estimating equations (GEE) with identity links, and an unstructured correlation matrix, were used to test the main effects of and 
interactions between the independent variables, representing the study conditions, and the dependent variables from the survey in-
struments. Pairwise comparisons were utilized to assess differences between conditions, with 95th-percentile confidence intervals (CI) 
reported. A divergent stacked bar chart was used to visualize simulation realism according to the statistics of Likert responses, while 
average realism scores were calculated and compared. 

4.6. Results 

Table 2 below provides a summary of the sub-scale scores for the survey instruments. 

Table 2 
Sub-scale scores [Mean (SD)]  

Survey instrument Sub-scale* On road Lab 

with VR no VR with VR no VR 

(VRAV) (Wizard-of-Oz) (Seated VR) (Simulator) 

ITC-SOPI Engagement (5) 3.76 (0.69) 3.51 (0.56) 3.79 (0.69) 3.17 (0.99) 
Sense of Physical Space (5) 3.63 (0.80) 3.90 (0.75) 3.49 (0.76) 2.76 (1.07) 
Ecological Validity (5) 4.01 (0.98) 4.55 (0.46) 3.85 (0.66) 3.35 (1.12) 
Negative Effects (5) 2.00 (0.84) 1.75 (0.54) 2.06 (0.80) 1.65 (0.65) 

SAM Valence (10) 7.42 (1.93) 7.42 (1.50) 7.17 (1.36) 6.92 (2.14) 
Arousal (10) 4.32 (2.74) 3.60 (2.67) 4.71 (2.43) 3.03 (2.16) 
Dominance (10) 4.39 (2.87) 4.60 (2.62) 4.35 (2.62) 3.92 (2.34) 

Acceptance sale Usefulness (2) 1.08 (0.60) 1.02 (0.63) 1.10 (0.56) 0.79 (0.73) 
Satisfying (2) 1.31 (0.76) 1.27 (0.68) 1.25 (0.62) 1.04 (0.76) 

SSQ Nausea (66.78) 6.47 (10.0) 3.40 (5.92) 10.5 (23.7) 4.42 (9.53) 
Oculomotor (53.06) 9.74 (15.5) 4.60 (7.53) 12.7 (20.0) 5.41 (9.42) 
Disorientation (97.44) 8.94 (17.4) 1.98 (6.24) 15.4 (39.6) 5.46 (15.7) 
Overall (78.54) 9.75 (15.4) 4.14 (6.92) 14.5 (29.1) 5.87 (11.8) 

NASA-TLX Mental Demand (100) 21.0 (23.7) 15.8 (21.7) 24.6 (29.5) 17.6 (23.5) 
Physical Demand (100) 13.5 (17.8) 12.8 (18.9) 14.8 (20.1) 12.6 (21.1) 
Temporal Demand (100) 18.2 (21.7) 18.2 (23.6) 20.8 (24.1) 18.5 (23.1) 
Performance (100) 8.04 (12.4) 4.82 (8.97) 7.68 (13.2) 6.43 (8.37) 
Effort (100) 18.3 (21.9) 11.6 (17.1) 18.0 (23.8) 25.0 (33.6) 
Frustration (100) 16.4 (22.5) 10.0 (15.7) 13.5 (22.2) 11.2 (19.7) 
Overall Workload (100) 16.0 (16.6) 12.2 (15.0) 16.6 (17.1) 15.3 (16.9)  

* Maximum values for each scale are shown in parentheses. 
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4.6.1. Presence 
The sense of presence of participants when using the simulators was assessed on four sub-scales: engagement, sense of physical 

space, ecological validity, and negative effects (see Fig. 10). The two VR-simulator conditions (VRAV and Seated VR) had the highest 
mean engagement scores, indicating high levels of engagement (p < 0.001). 

Not surprisingly, the Wizard-of-Oz condition had the highest mean score for sense of physical space, followed VRAV. A significant 
main effect identified was that the sense of physical space was higher for the on-road than for the laboratory conditions (p < 0.001). 
The laboratory simulator without VR gave the lowest sense of physical space. Similarly, ecological validity was significantly higher for 
the on-road conditions (p < 0.001) than for the laboratory simulators, with the laboratory condition without VR again receiving the 
lowest score. The highest level of negative effects was experienced with the seated VR simulator, and there was a significant main effect 
for the VR study conditions (p < 0.001), albeit with the average score for negative effects being generally low for all conditions. 

4.6.2. Arousal 
Subjective measurement of arousal was undertaken using the SAM (Fig. 11). Across the four conditions, participants reported high 

levels of valence for all simulator conditions, indicating that they were generally pleased and enjoyed them. The on-road conditions 
received higher mean scores, but the differences were not significant (p = 0.513). Across the four conditions, participants generally 
experienced low levels of arousal; however, the self-reported levels were higher for the VR-based conditions (p < 0.001), indicating 
that the VR increased excitement and engagement. There were no significant main effects for the laboratory and on-road simulator 
conditions. Participant scores for the dominance sub-scale tended toward the mean for all conditions, with no significant differences 
identified among them, indicating that feelings of being in control of the experiment and controlled by it were more or less in balance. 
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Fig. 10. Sub-scale scores for ITC-SOPI. Note: error bars represent standard deviations.  
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Fig. 11. Sub-scale scores for SAM.  
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4.6.3. Acceptance 
Using the Van Der Laan acceptance scale, the usefulness of and satisfaction provided by the four simulator conditions were assessed 

(Fig. 12). Overall, the participants found all the simulator conditions useful, with mean positive scores, and the traditional screen- 
based laboratory simulator rated least useful. Participants reported significantly higher levels of usefulness for the VR conditions 
(p = 0.029). All the simulator conditions also received positive mean scores for satisfaction, with the VRAV simulator condition 
receiving the highest mean score. 

4.6.4. Simulator sickness 
Low levels of simulator sickness were recorded on the three sub-scales and overall across the four simulator conditions (Fig. 13). 

The Seated VR condition consistently induced the highest levels, followed by the VRAV. The VR was found to have a significant main 
effect in relation to Nausea (p = 0.018), Oculomotor (p < 0.0010), Disorientation (p = 0.012), and overall simulator sickness (p =
0.003). However, these results were typically low, and no participants experienced levels of discomfort great enough to adversely 
impact participation in the study. 
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Fig. 13. Sub-scale scores for SSQ.  
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4.6.5. Task workload 
The NASA-TLX was utilized to assess workload (Fig. 14). Participants reported the highest levels of mental demand to be associated 

with the VR conditions, with a significant main effect identified (p = 0.01). Of the four conditions, the highest mental demand was 
found to be made by the seated VR condition, indicating that there are benefits to using the VRAV over a traditional fixed-base VR 
simulator. Physical demand was very low of all conditions, and there were no significant differences, which was expected, since the 
simulator conditions did not require any physical actions to be taken by the participants. The self-reported temporal demand indicated 
that participants did not feel time pressure in the simulations, with low scores for each, and no significant differences among them. 

Across the four conditions, self-reported performance was highest for the VRAV condition, while the differences in mean scores 
were not significant, and these scores were all very low, which indicates that the participants found the conditions somewhat difficult. 
Given the low levels of performance reported by participants, it is not surprising that levels of self-reported effort were low for all four 
conditions, with the lowest reported for the Wizard-of-Oz condition. However, again, the differences in effort were not statistically 
significant, and indicate that the participants found the four study conditions relatively easy. Interestingly, the VRAV condition 
received the highest scores for frustration. This indicates that participants found this condition the least relaxing, and indicates the 
need for improvements to the fidelity of the VRAV simulator. This may also reflect the need for improvements in VR technology, since 
both the VR conditions scored significantly higher on the frustration sub-scale (p = 0.047). Nonetheless, the mean scores for frustration 
were all towards the lower end of the scale. 

In terms of overall workload, the highest scores were for the laboratory VR simulator, and there was a significant main effect for the 
VR simulators (p = 0.032), indicating that participants experienced a higher overall workload when using the VR. This suggests that 
VR systems do place an added demand on participants compared to the screen-based and Wizard-of-Oz conditions. Nonetheless, 
overall workload was low for all conditions, indicating that VRAV is a good alternative to conventional simulators. 
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Fig. 14. Sub-scale scores for NASA-TLX.  

Fig. 15. Participants’ responses to “the realism of the simulation condition is almost the same as the real world”. Note: As the Wizard-of-Oz (on-road 
without VR) condition is not virtual, it was not included in the figure. 
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4.6.6. Simulation realism 
Because this question (about the realism of the simulation condition when compared to the real world) is focused on the perceived 

realism of VR displays versus traditional simulator technology, it is not applicable to the real-world Wizard-of-Oz condition. Please 
note that four participants did not complete this question, so the total number of responses is 24. It can be seen from Fig. 15 that about 
half (46%) of the participants agreed that the realism of the traditional screen-based laboratory simulator was almost at the same level 
of the real world with its realism score of 4.96/10, as seen in Fig. 16. As for the VRAV simulator, 71% of the participants agreed (29% 
somewhat agreed, 25% agreed and 17% strongly agreed) that the simulator was as real as the real world, with a realism score of 7.29/ 
10. Although 96% of the participants agreed that the realism of the Seated VR was nearly at real-world levels, its average realism score 
(7.46/10) is very near to that of the VRAV, indicating that VR capabilities for these conditions are similar, while both perform 
significantly better than screen-based simulators. However, the fact that VRAV realism score fall slightly below Seated VR is an 
indication that further work is needed. 

In addition, for the three groups of speed humps (Figs. 5 and 6) distributed along the route, following on-road experiments with the 
VR, participants reported seeing the humps in the virtual world and feeling the rocking sensation of passing over them in the real 
world. This indicates that the simulation has realistic graphics and an accurate representation of the physical world. The results are 
improvements compared with the VR-OOM paper (Goedicke et al., 2018), with participants reporting a disconnect between the virtual 
and real worlds when the car drove over bumps in their driving area, as these were not simulated in the virtual environment. In 
assessing the experience of using the lab driving simulator, participants reported that they had not felt the effects of either hitting 
bumps or of accelerating, and therefore did not feel as if they were riding in an AV. 

5. Conclusion and future work 

In this paper, we present the development and evaluation of a VRAV simulation system incorporating both the Wizard-of-Oz and VR 
techniques for on-road simulated autonomous driving studies on commercial vehicles. To evaluate the VRAV simulator based on the 
driving experiences of participants, surveys were conducted afterward which indicated that they experienced strong feelings of 
presence and engagement, as well as pleasure and enjoyment. They also found the simulation useful and satisfying, and experienced 
low levels of simulator-induced sickness or discomfort. Compared to the traditional screen-based driving simulator, VRAV offers a 
more realistic and immersive experience, and even though the participants experienced a higher overall workload using it, this was still 
at a low level. All in all, the proposed VRAV simulator has proven to be an effective alternative to conventional simulators, while 
providing a relatively safe, affordable and low-effort solution for HAI design and research compared with on-road testing using real 
AVs. 

VRAV is intended to be a flexible and economical set up that enables a wide variety of on-road testing to support assessment of 
human-AV interactions. Potential applications of this system are as follows.  

• VRAV can be used to test and evaluate the graphical user interfaces (GUI) of both AV in-car dashboard and head-up displays (e.g. 
for vehicle control and monitoring) and audio alerts (e.g. for travel-information reminders and system failure/takeover/handover 
alerts or requests). Above all, the VRAV system allows sounds to be assessed under the influence of other environmental noise in 
real-world driving contexts, enabling a good understanding of the effects of overlapping voices, and making for enhanced sound 
design.  

• AVs are expected to free drivers to study, work or engage in leisure activities with better comfort than they now enjoy. VRAV can be 
used to study how people may use their time to conduct in-vehicle activities, and it supports the testing and evaluation of new forms 
of interior design such as office interiors with conferencing equipment and displays, or leisure interiors with recreational equip-
ment, as well as to investigate how the value people place on their time changes with the purposes or times (morning, afternoon, 
and so on) of their trips. 
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• The VRAV simulator is also a promising tool for a variety of driving safety related studies. In future work we would like pursue some 
of the potential applications that emerged from our initial workshop, such as studying the effect of various traffic environmental or 
vehicular factors on driver perception and behaviour (e.g., driver situational awareness, re-engagement), testing critical and 
dangerous scenarios (e.g., a pedestrian who suddenly steps in the road, a car making a sudden stop in front of the test vehicle), 
developing in-vehicle acquisition systems for driver take-over performance recording, and others. However, further appropriate 
validation, especially through dynamic interactive experiences, is essential for determining the suitability of the simulator for each 
of these applications. 

Inevitably, the study has several important limitations as noted here.  

• One practical limitation was not being able to mount our steering wheel and pedals, meaning that we were not picking up on when 
the user wanted to take control of the vehicle or additional changes in behaviour that may result with the inclusion of these el-
ements. The location selected for the study was a short and safe section of road, which may have biased the results. However, this 
was only the first step, and we plan to develop more complicated scenarios for further exploration.  

• A limitation in our study design was the use of a convenience sample, which meant that there was self-selection bias. With an age 
and gender bias, it is not possible to generalize findings for the wider population. We controlled for some of this by performing a 
within-group study design and counterbalancing the study order and that this was a pilot study and that further research is needed. 
Another limitation was that participants were not presented the four scenarios in a randomised order, so that there are likely to be 
order effects in the data.  

• According to participant feedback, one important limitation negatively affecting VRAV realism is the fact that sounds outside of the 
VR headset were not synchronously displayed in the virtual simulation (e.g., the sound of an approaching vehicle, turn indicator or 
rain). Creative solutions to this limitation would be of great value for exploring ways to correlate actual objects and events with the 
VR in real time.  

• Although the VRAV is a valuable intermediary tool that offers benefits of both conventional driving simulator and naturalistic 
driving studies, it is not suitable for all experiments. The hybrid naturalistic and simulation-based environment offered by the 
VRAV needs to be considered prior to undertaking a research study and selection of experimental techniques should consider the 
aim of the study, research questions and required data outputs. 

One potential improvement, which is present in the RRADS paper (Baltodano et al., 2015) in the form of a tablet device on the 
steering wheel, is some form of interface between our “autonomous car” and the user. The ability for the user to press a “go” button and 
have some sort of visual feedback as to the car’s route would help better sell the illusion of an AV. Additionally, a more robust tracking 
system would allow for more complicated actions to be tested, such as turns and parking. However, limitations exist in terms of 
tracking in a moving vehicle. One possibility could be developing an integrated VR headset with a car, which would be a whole new 
research process in itself. 
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Appendix A. VRAV discovery workshop 

Researchers have numerous well-established methods for recording and collecting qualitative data during the early stages of 
project development. For this study, the strategy was to bring together key experts from both the commercial and academic sectors to 
take part in a dialogue framed around a workshop model. The purpose was to share our current work examining autonomous vehicles 
with key influencers and solicit feedback from participants to help focus our direction of the VRAV research. Discussions centred 
around the role that virtual reality could play in augmenting an authentic passenger experience of riding in an autonomous car, as well 
as what sort of specific scenarios should be simulated. 

The workshop was split into two parts. The first required participants to populate a Goals Grid, which is an established method 
intended to clarify aims (Nickols, 2015). It provides a visual structure for collecting and categorising objectives, and for detecting 
conflict between different people’s objectives. The premise is that statements are written on post-it notes and placed in one of the four 
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quadrants that make up the grid (Fig. A1). The position of each statement captures what is aspired to and what is not, as well as what is 
known and what is not. 

The participants’ use of the Goals Grid revealed common aspirations, such as making the experience as visually realistic as possible 
while seeking to eliminate negative experiences such as motion sickness. 

The second activity focused upon modelling scenarios in which the augmented reality experience could be assessed. This was done 
through a process of “object storming”. Similar to brainstorming, this method used scale models and props to aid participants in 
expressing ways in which VRAV scenarios could unfold. Cardboard cut-outs and road plans enable communication of ideas and insights 
at a level that media like interview transcripts may not be able to. 

The “object storming” enabled participants to create scenes in which they populated streets with the infrastructure and expected 
impediments to an AV’s progress. Examples include pedestrian crossings, blind corners with buildings, busy intersections, cyclists and 
pedestrians (Fig. A2). 

Following the workshop, outcomes for each of the modelled scenarios were mapped into a C-Box chart where level of idea 
innovation is mapped against level of implementation difficulty (Fig. A3). This process allowed the research team to sort the relative 
potential challenges with each scenario against the merits of its potential contribution to VRAV experiment. In the collation of 
qualitative workshop data for a pilot study like this one, it became clear that the recreation of multiple “events” (e.g., pedestrian 
impediments and complex intersections) would not be realistically actionable within the given research timeframe. As useful as the 
mapping of future complex scenarios would be, a proof of concept through the recreation of an uneventful and unimpeded on-road 
driving scenario would respond to the key aspirations of VRAV proof of concept. 

Fig. A1. The Goals Grid.  

Fig. A2. Scenario design through “object storming”.  
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