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ABSTRACT 

In-lab driving simulators have been favored by human-vehicle 
interaction researchers and interface designers due to their 
capabilities in unfettered construction of surrounding environments. 
On-road driving simulators, meanwhile, were developed for 
experiments in a real-world context. We introduce new methods 
and tools for simulating driving via virtual vehicle in real-world 
environments. The proposed system fully exploits the benefits of 
vivid sensory information in real road environments without 
sacrificing the unlimited potential of environment construction for 
it. In this paper, we explain the system design of the platform, and 
we verify its capabilities as a driving simulator through a pilot study 
(N=10). The proposed platform is perceived as highly realistic and 
can easily be augmented to test new urban landscapes and futuristic 
interfaces before occupancies. 
 

Keywords: Immersive technology. mixed reality. autonomous 
vehicles. on-road simulation. methodology. 

Index Terms: Human-centered computing—Human computer 
interaction (HCI)—Interaction paradigms—Mixed / augmented 
reality; Software and its engineering—Software organization and 
properties—Contextual software domains—Virtual worlds 
software—Virtual worlds training simulations. 

1 INTRODUCTION 

Driving simulators are key elements in designing human 
autonomous vehicle interactions. They empower researchers to 
simulate a range of scenarios that real self-driving cars cannot 
replicate, either safely or at all. In-lab driving simulators help 
researchers create controlled events, making it possible to test 
various automotive UI/UX technologies in advance [4]. However, 
human-vehicle interaction (HVI) researchers still cannot 
completely replicate inertial forces and vehicle motions that would 
be detected by the vestibular system. To address these challenges, 
some on-road driving simulators have adopted the Wizard-of-Oz 
technique (WoZ). In such simulators, a “wizard” driver either hides 
herself inside a seat [17] or partition [1, 22], or is separated from 
the virtual space that the subject views [6]. 

 
 
 
 
 

In this paper, we introduce MAXIM, an on-road mixed-reality 
driving platform that supports high-fidelity WoZ self-driving 
simulations in-the-wild. MAXIM provides a driving experience in 
a virtual vehicle surrounded by real-world environments streamed 
from a 360° camera. The platform can provide an immersive 
experience of self-driving in a real-world environment as well as 
augment vehicular interfaces. The natural sound of a car and 
kinesthetic feedback from real-vehicle dynamics make our system 
even more realistic. We expect the platform may also frame various 
scenarios by superimposing virtual objects on the environment. 

Immersive technologies enable augmentation of visual objects in 
real spaces or connect real-world environments to virtual spaces. 
Recent advances in virtual, augmented, and mixed reality 
technologies are facilitating, though limitedly, for now, their uses 
in moving platforms. These technologies, when implemented 
inside a moving vehicle driven by a driving wizard, give passengers 
the illusion of driving an autonomous vehicle. Thus, they allow 
HCI researchers to investigate human-vehicle or human-
environment interactions. 

1.1 The Wizard of Oz Method for HVI Studies 

The Wizard of Oz (WoZ) technique is a research method in HCI in 
which experimenters operate a computer system. In the Wizard of 
Oz experiment, the “wizard” manipulates the system and controls 
events without participants knowledge. The method empowers 
researchers to test scenarios beyond the technical constraints [5]. It 
has facilitated HVI studies by creating the illusion of the car being 
autonomously controlled [1]. WoZ can fill the technical gaps 
required to build a self-driving car or an in-vehicle interaction, all 
while avoiding the legal, ethical, and regulatory worries on 
autonomous vehicles. For this reason, the method has been widely 
used within HVI research communities, when studying interactions 
in vehicles [13] or user experience in self-driving cars [1, 6, 18, 20, 
22]. 
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Figure 1: (top) subject’s viewpoints in the MAXIM (sit on driver’s seat 

in VR space surrounded by real image and (bottom) physical space 

of the MAXIM. 
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1.2 On-road Driving Simulators 

Compared to their in-lab counterparts, on-road driving simulators 
provide a more immersive experience with real-world views and 
kinesthetic feedback. Several on-road self-driving simulators have 
been proposed with the adoption of the Wizard of Oz method. First, 
Schmidt et al. [18] applied the method to study design implications 
for driver assistance systems. To maintain the illusion of an 
autonomous vehicle, human-vehicle interaction researchers hid the 
wizard by installing a partition between the driver seat and the front 
passenger seat [1, 20, 22]. However, the interior of the platform 
may leave the suspicion that the wizard driver, not the autonomous 
vehicle, is driving the car. The number of scenarios tested with the 
on-road WoZ simulators to date is limited since they only drive on 
the real roads. 

Mixed reality is facilitating UX research for the technologies yet 
to be perfected, and the autonomous vehicle is not an exception. 
Hock et al. first introduced the use of virtual reality technologies in 
on-road vehicles [8]. Goedicke et al. developed the VR-OOM, a 
WoZ autonomous driving simulation platform [6] that connects the 
subject to a pre-constructed virtual reality environment in which the 
subjects cannot see the wizard driver. We developed MAXIM, an 
on-road mixed-reality driving platform that supports low-cost and 
high-fidelity WoZ self-driving simulation in the wild. Our platform 
enables WoZ self-driving driving simulation in real-world driving 
contexts and environments. The proposed platform can empower 
quick construction and augmentation of the real-road environments 
and futuristic vehicular interfaces with immersive mixed reality 
technologies. Technical details of the system and its potential 
applications are also mentioned in the paper. 

2 OUR DRIVING SIMULATION PLATFORM 

In MAXIM, the subject is placed behind the driving wizard in a car. 
The subject is asked to wear a VR head-mounted display (HMD), 
which allows them to see themselves sitting in the driver's seat of a 
virtual car surrounded by real-time streaming of a road environment 
from a 360° camera (Live streaming resolution: 4K， Frame 
rate(USB): H264/3840×1920/29.97fps/120Mbps). During the 
experiment, the participant experiences on-road autonomous 
driving, simulated by the driving wizard. 

Our platform inverts the traditional TNO simulator setup [3] by 
providing a real-world and a virtual car (see Figure 3, left). The 
visual experience of the participant is a mixed reality that projects 
real-space images in virtual space. As Figure 2 shows, the subjects 
sit behind the wizard driver in the real vehicle and experience the 
autonomous driving simulation. Therefore, their auditory and 
haptic experience, including motion and vibration is realistic. 

There has been significant research on how to resolve challenges 
of using VR HMD in moving platforms either by fixing or tracking 
its position [8, 14]. To minimize this issue, we computed the 
relative rotation and displacement between the HMD and the VR 
controller put inside the vehicle. We then compensated vehicle 
rotation and movement for the total HMD shift from the global 
reference frame. 

The system gathers the vehicle’s speed and its quaternion data 
from OBD2 and IMU sensor with accurate timestamps, which may 
also be used for the replication of the same environment in in-door 
simulation configurations. MAXIM also supports graphical 
rendering of real-world road environments, virtual vehicle models, 
and novel vehicular interfaces. All systems have been integrated 
into the SsangYong Kyron. 

A simulation platform diagram that illustrates the system 
components for MAXIM is illustrated in Figure 2. The 360° camera 
stands in front of the windshield. The camera-streamed video has a 
similar viewpoint to that of the driver. An IMU and VR controller 
are placed in the center of the vehicle to measure the accurate 

movement of the vehicle. The VR controller, more specifically, is 
put on the site visible from the calibration camera of VR HMD.   

Software design in Unity for MAXIM is presented in Figure 3, 
left. We placed the spherical screen in the Unity virtual space while 
putting the virtual vehicle at the center of the screen. Around the 
virtual vehicle, we presented real-time streaming of the 
environments that surround the moving real-world vehicle. Since 
the real-time streaming of the surrounding environment gives a 
sense of motion and relative velocity, the virtual car is fixed at the 
simulation software. The subject’s point of view is set on the driver 
seat of the virtual vehicle, not on the passenger seat. The simulation, 
thus, gives an illusion that he or she is riding in an autonomous 
vehicle, seated in the driver seat of the virtual vehicle. 

3 EXPERIMENTAL PROCEDURE 

To validate the functionality of our system as an HVI research 
platform, we conducted a pilot test with 10 participants (M=25.1, 
SD= 3.54, Min: 21 ~ Max: 31, 6 males, 4 females). 

Participants who experienced the MAXIM vehicle had agreed to 
a survey and video recording for post-analysis. During the 
experiment, the driving wizard sat in the driver seat. Participants 
sat behind the driver. Participants were told that they would ride in 
an autonomous vehicle VR simulation (see Figure 1 for a 
participant’s view). After the initial calibration for the position of 
VR HMD, the driving wizard drove along a pre-defined rectangular 
driving course on a university campus (see Figure 3, right). During 
the drive, participants experienced four curves, two-speed bumps, 
deceleration, and acceleration. We observed and listened to the 
participants’ free-response feedback, which were videotaped for 
further analysis. At the end of the drive, participants answered post-
questionnaires assessing simulation sickness and sense of presence 
to identify participants’ experiences in the vehicle. The experiment 
lasted about 20 minutes in total for a single individual. 
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Figure 2: MAXIM Simulation Platform Diagrams 
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3.1 Presence Questionnaire 

Presence is the subjective sensation of being in an environment 
while you’re actually situated in a physically different place (e.g. 
virtual environment) [19, 23]. We measured the presence of our 
system through Witmer and Singer’s presence questionnaire, 
version 2 [23], with a 7-point Likert. The subscales and the items 
of the questionnaire were partially adopted and partially modified 
to make sense for our particular system. Specifically, involvement 
& control (INV/C items 2, 5, 10, 13, 14, 18, 23, 25, 26, 27, 32 from 
W&S), natural (3, 7, 12), auditory (6, 15, 16), resolution (19, 20), 
and interface quality (28) were checked as subscales of presence. 
Items irrelevant to our system were excluded from the 
questionnaire. 

3.2 Simulator Sickness Questionnaire 

The conflict between the physical motion and virtual environment 
can cause simulation sickness, which may lead to the dropout of the 
simulation experiment [9]. We assessed participants’ simulation 
sickness scores using the Simulator Sickness Questionnaire (SSQ) 
[11]. Participants were asked to rate their experience of 16 
symptoms on a scale of 0-3, to assess subscores related to nausea 
(N), oculomotor discomfort (O), and disorientation (D). 

The 16 SSQ symptoms includes general discomfort, fatigue, 
headache, eye strain, difficulty focusing, increase salivation, 
sweating, nausea, difficulty concentrating, fullness of head, blurred 
vision, dizzy (eyes open), dizzy (eyes closed), vertigo, stomach 
awareness, and burping. Nausea-related subscore is affected by the 
symptom items general discomfort, increase salivation, sweating, 
nausea, difficulty concentrating, stomach awareness, and burping. 
Oculomotor-related subscores consists of the symptom items 
general discomfort, fatigue, headache, eye strain, difficulty 
focusing, difficulty concentrating, and blurred vision. 
Disorientation-related subscores comprises the symptom items 
difficulty focusing, nausea, fullness of head, blurred vision, dizzy 
(eyes open), dizzy (eyes closed), and vertigo. 

4 RESULT & DISCUSSION 

4.1 Presence 

The overall presence was reported as M=5.14 with SD=0.67. 
Specifically, Involvement & Control scored M=5.25 with SD=0.66, 
Natural scored M=5.3 with SD=0.99, Auditory scored M=5 with 
SD=1.51, Resolution scored M=5.15 with SD=1.31, Interface 
quality scored M=5 with SD=1.83. The subscale Natural was rated 
the highest among the five subscales. We believe the streaming of 
a real-world environment in conjunction with the experience of 

vehicular motion in a real car supports a natural user experience of 
real driving. The results for all subscales are depicted in Figure 4.  

4.2 Simulation Sickness 

Results for the SSQs are shown in Figure 5. To calculate the scaled 
scores, each symptom score was multiplied by unit weight, and the 
weighted values were summed to get the weighted total. The 
subscores were then computed by multiplying proper coefficients 
to the weighted totals (N: 9.54, O: 7.58, D: 13.92). The total score 
(TS) is obtained from all weighted totals using the total score 
conversion (TS = (Sum of three weighted totals) × 3.74) [11]. All 
factors, including nausea (M=31.4, SD=16.2), oculomotor, 
discomfort (M=51.5, SD=28.1), and disorientation (M=58.9, 
SD=31.5), and overall (M=53.9, SD=26.2) scored relatively high. 
This is probably due to the conflict between the subjects' physical 
experience and the expectations of their sensory systems [9, 15]. To 
reduce simulation sickness, the movement of vehicle needs to be 
compensated from the VR HMD more accurately to reduce 
unanticipated responses to head movement in the moving platform.  

4.3 Feedbacks 

In this section, we report on the feedback and comments from our 
participants before, during, and after the experiment. As subjects 
began the experiment, they were asked to freely report whatever 
they saw or felt in order for us explore subjective user experiences 
in our simulator and their potential causes, which cannot be 
investigated through structured questionnaires. We introduce 
selected comments from our participants, followed by lessons and 
findings from them. 

Participants generally reported that they were surprised with the 
graphical realism and immersion within the simulation, which 
accords with the Presence Questionnaire. 

“When the simulation started, it felt like I’m sitting in the driver 
seat of an autonomous vehicle” Participants 3(male, 27) 

“When making a curve or going over a speed bump, the visual 
and motion experiences shown was almost identical to those of 
reality” Participants 5(male, 27) 

Participants also commented on feelings of immersion and 
sickness. The leading cause of discomfort seems to be the low 
resolution of the camera stream. 

“The road environments of low resolution kept reminding me 
that I was in the simulator, not in a driver’s seat” Participants 
5(male, 27) 
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“I got eye-strain because of the low-resolution view of the 
surrounding environments... Subtle tremors interrupted me from 
immersion in simulation and caused nausea.” Participants 4(male, 
29) 

Some participants gave us suggestions for how we should 
improve the presence of the simulator. 

“You’d better put a fake steering wheel in front of the subject so 
that subject can touch it while experiencing the virtual reality 
scenario. If you design the physical experience more consistent 
with the virtual experience, it will give people more sense of 
presence.” Participants 3(male, 27) 

“If I could watch either virtual or my legs, I could have immersed 
better in the simulation. In the current simulation, only an empty 
legroom could I see when I lower my head down.” Participants 
8(female, 30) 

Productive comments from participants show which parts need 
to be improved for the simulator to increase presence and reduce 
simulation sickness. Cameras with higher resolution should be used 
for better scores in presence. Also, tremors in the video should be 
ameliorated to reduce simulation sickness. We also believe 
designing the physical and haptic experience in the simulator to be 
consistent with the virtual reality can improve users’ presence in 
the simulation. Installing a dummy handle or making it possible for 
the participants to see their hands and legs in the virtual space can 
be good examples. These works, together with the following future 
works, are our next steps for HVI research. 

5 FUTURE WORKS 

MAXIM connects visual and kinesthetic experiences in a real-
world environment to the vehicle in the virtual space. MAXIM 
exploits benefits both from the real and virtual world. It intrinsically 
reflects the natural driving environments and contexts into the 
simulation, providing more immersive experiences to users. It also 
enables rapid construction of virtual environments in the virtue of 
mixed-reality. The platform carries enormous potential for research 
in domains such as human-vehicle interaction, interface design, and 
urban planning. We expect that our simulator can proliferate 
human-vehicle interaction studies that could not be investigated 
under restricted simulation configurations or strict regulations for 
autonomous vehicles. 

5.1 Twinned MAXIM 

MAXIM allows indoor replication of the outdoor simulation with 
the collected driving data in real road environments. In MAXIM, 
videos created from filming the surrounding environment in 360° 
are annotated with vehicle speed, and motion data read from OBD2 
and IMU sensor. Based on these data, on-road driving experiences 
can be repeated multiple times indoors with motion platform-based 
driving simulation. Besides, by constructing a virtual reality 
environment reflecting real-world GIS and GPS, the same driving 
experience can be transplanted into the virtual reality space as well. 

5.2 UI Design Augmentation 

MAXIM can also be used for the automotive user interfaces 
research before physical implementation. The virtual reality car in 
the MAXIM platform opens the possibility of prototyping and 
testing various automotive interfaces such as vehicular NUI, full 
windshield HUD. Furthermore, MAXIM can even ease the burden 
for building prototypes by deploying an interaction wizard that 
enables the functioning of the dummy interface, following the 
Wizard-of-Oz method, when the user interface is unstable or hard 
to achieve with today’s technology available. 

5.3 Urban Planning 

MAXIM augmentation of the urban landscapes with immersive 
technologies is another potential application of our platform. It has 
been actively studied to explore user experience toward different 
designs of buildings and urban environments before the occupation 
in light of advances in virtual and augmented reality technologies. 
Advances in AR/VR technologies supported urban rehabilitation 
with user-centered design and evaluation of the environments 
without physical engagement [2, 12, 16]. These methodologies, 
however, demand designers and researchers replicate every detail 
of the urban landscape, which is tedious and time-consuming work. 

Our mixed-reality approach can reduce the required efforts of 
constructing environments. MAXIM includes streaming and 
recording of the surrounding environments with its 360° camera. 
Simple registration or superimposing of computer graphics for 
target buildings or landscapes to the real-world environment can 
lead to the accessible iteration of virtual urban planning. MAXIM, 
in this way, supports rapid construction of simulation environments 
and scenarios for mixed-reality city planning. 

We also believe that WoZ autonomous driving of our simulator 
helps participants immerse themselves better in the surrounding 
landscape, releasing them from the driving task. For the 
quantitative assessment of user experience toward virtual urban 
landscapes and affective states, while experiencing city architecture, 
various methods including physiological responses [7], head-
tracking [10] and, eye-tracking [21], as well as interviews and 
questionnaires [2, 12] can be combined with our simulator. 
MAXIM can be used for testing and planning urban architectures 
and landscapes from users’ perspectives, which may include the 
regeneration of urban environments, with roads, signage, traffic 
light, and buildings of different designs. 

6 CONCLUSION 

In this study, we introduced a mixed reality in-vehicle simulator 
MAXIM with a wizard driver. In the platform, a subject sits in a 
real car and wears an HMD. The subject experiences a virtual 
vehicle and watches surrounding images streamed from a 360° 
camera. We recruited 10 participants for our user study, which 
included assessments for the sense of presence and simulation 
sickness. The result for PQ shows that our simulator gives a high 
sense of presence. The high score on our SSQ suggests our system 
can be improved by better compensating for vehicle motion from 
the acceleration of the HMD. The simulator harnesses benefits of 
both on-road simulator and virtual-reality simulator. The simulator 
allows researchers to construct on-road driving simulations without 
building virtual road environments while the driving wizard is 
excluded from the VR space. Proper superimposing or registration 
of virtual objects and images may lead to the further enrichment of 
the simulation environment. The system can be further developed 
to digital or physical twins in VR or indoor physical spaces. Besides, 
our mixed-reality approach enables quick augmentation and 
assessment of user experience toward urban landscapes. The 
proposed system may also be used for rapid prototyping and 
evaluation of various automotive user interfaces and experiences 
technologies, facilitating researches in the domain of urban 
planning and human-vehicle interaction. 
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