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ABSTRACT
All the disruptive e!ects autonomous vehicles (AVs) might have on
urbanmobility in the near future still need to go through the seldom
addressed issue of how society will react to this new technology.
Since AVs are an emergent technology, with very few pilot tests
deployed, studies focusing on how people perceive and react to
autonomous vehicles are commonly based on online surveys.
Although important, these studies measure people’s opinions on
AVs, but not their actual reaction when using them. In this paper,
we assess users’ perception of AVs using an immersive virtual
reality experiment. As a case study, we modeled autonomous
boats that are intended to be deployed in Amsterdam, the
Netherlands. The goal is to compare users’ reactions to manned
and unmanned boats in a virtual reality environment. In total, 30
participants were exposed to a Virtual Reality (VR) simulation,
where we collected skin conductance data, which was compared
with the participant’s responses to a questionnaire regarding
perceived risk, stress, and trust toward manned and unmanned
boats. We conclude that complexity of the environment
in"uences the experience of trust, stress and perceived risk.
Moreover, the study also #nds that autonomous boats do not
substantially in"uence the experienced stress, trust, or perceived
risk in comparison with human-controlled boats. Besides the
results on AV, this article also shows the gains that virtual reality
can bring to studies of the social appropriation of technologies.
The results from this work show the need for objective,
quantitative data regarding the societal acceptance toward
autonomous systems to better understand how these
technologies will be appropriated.
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Introduction

Autonomous vehicles (AVs) might transform urban mobility in radical ways the way
internal combustion vehicles did about one hundred years ago. Similarly, AVs will have
societal consequences that deserve attention from industry, public o!cials, and academia.
AVs might change the way we move, how frequently we move, the design of roads and
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cities, real estate value, and how we interact with each other (Duarte and Ratti, 2018). As in
any radical technological transformation, how society will react and appropriate these
technologies is of critical importance: technology and society shape each other. As such,
there is an increasing interest in how people will interact with AVs and how AVs interact
with the urban fabric, other mobility modes, and society, in general.

One of the challenges of analyzing people’s reactions to emergent technologies is that
they are not implemented yet. For example, Hulse et al. (2018) surveyed 925 people and
found that gender, age, and risk-taking behavior in"uence trust in, and the risk perception
of AVs. Furthermore, Hulse et al. (2018) found that pedestrians perceived less risk than
passengers when comparing autonomous and human-controlled cars. Lee et al. (2015)
measured how the introduction of anthropomorphic cues (i.e., human-like appearance,
high autonomy) induced higher safety perception among 89 participants of their exper-
iment. Similar research has been providing important insights into how society will
adopt AVs, and how AVs need to be adapted to be incorporated into society.

Despite the important insights brought by these studies, their main limitation is that
participants most likely will have little to no experience with the technology itself. This
means that responses are based on preconceived information about AVs, and the inter-
action with the experiment is either based on computer-based 2D representations or
using gadgets, such as remote-controlled cars for children.

The goal of this paper is to compare people’s reactions when using human-controlled
and autonomous boats in relation to stress levels, trust, and risk perception. The question
we ask ourselves is how immersive virtual reality can aid in evaluating passengers’ experi-
ences inside an autonomous boat and how this experience di#ers from that in a human-
controlled boat.

In order to provide an immersive experience, we built a virtual reality (VR) scenario, in
which all conditions were the same, except the presence of a human in control of the
vehicle. As a case study, we used the deployment of autonomous boats in the canals of
Amsterdam, in the Netherlands. The additional advantage of using autonomous boats
rather than cars is that, because usually people tend to not use boats regularly, there is
a smaller chance that preconceptions or driving experiences would interfere with the
results.

Human–Robot Interaction and Virtual Reality

Human–robot interaction (HRI) studies how people and robots, or autonomous technol-
ogies, interact. Initially, HRI focused on teleoperations, in which a robot is controlled
remotely, but since more robotic technologies have become part of our daily lives, the
$eld has been shifting to the interactions between humans and robots, including the estab-
lishing of cooperation, the building of a#ective and e#ective bonds, and the creating of
trust (Lazar et al., 2017). Autonomous robots are capable of carrying out processes and
operations with minimal or no participation of humans (Beer et al., 2014). However,
the complete withdrawal of humans from the performance of a technological device
requires that humans trust technology and that it will perform its tasks e!ciently
without damaging other human and non-human participants of the process. In fact,
Hancock et al. (2011) demonstrates that trust is the predominant factor in"uencing the
e#ective collaboration between humans and autonomous systems. Therefore, HRI has
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been studying the emotional, cultural, and behavioral factors that in"uence the ways
people interact with and experience autonomous technologies (Long and Sitkin, 2006).
More objectively, three of these factors are stress, perceived risk, and trust.

Stress is the perception of threat, with resulting anxiety discomfort, emotional tension,
and di!culty in adjustment (Selye, 2013). Perceived risk is the combination of uncertainty
and the seriousness of the consequences (Mayer et al., 1995). Trust is the willingness to be
vulnerable to the actions of another person or to the actions of autonomous technology
(Mayer et al., 1995). These three components are interdependent. The de$nition of
trust includes vulnerability, which is closely related to the perception of risk, as vulner-
ability implies that interaction could result in negative consequences. In turn, the
de$nition of stress includes the perception of a threat, which is closely related to the per-
ception of risk. Finally, trust has been shown to increase the ability to deal with stress
(Schill et al., 1980; Costa et al., 2001).

As VR becomes more sophisticated, it is expected that it will be more widely used in
di#erent disciplines, such as psychology (Meyerbroker and Emmelkamp, 2010) and
social sciences (McCall and Blascovich, 2009). VR environments can be easily manipu-
lated to evaluate di#erent variables independently (Pan and Hamilton, 2018). Equally
important, studies have shown that people react in a very similar way to a virtual
reality scenario as they do in real-life scenarios (Alghamdi et al., 2017; Webb et al.,
2015; Durlach and Slater, 2000). Finally, VR allows for the introduction of features and
stimuli that we cannot study in real life (Durlach and Slater, 2000). This creates possibi-
lities for studying emerging technologies that are currently infeasible to implement.

Virtual Reality to Assess Trust in Autonomous Vessels

In this paper, we analyze trust, stress levels, and perceived risk experienced by subjects
immersed in a virtual simulation of being passengers in both human-controlled and
autonomous boats. In order to measure stress, perceived risk, and trust we studied how
the presence of a human in control of a vehicle in"uenced these factors. Items measuring
stress were inspired by Healey and Picard (2005); items measuring trust were based on the
work of Schaefer (2013) and Jian et al. (2000), and items measuring perceived risk were
inspired by the work of Dowling (1986).

We employed two methods for quantifying stress: a post-experiment questionnaire,
and the use of skin conductance, or Galvanic Skin Response (GSR). This is a technology
commonly employed to measure stress levels (Figner and Murphy, 2011; Healey and
Picard, 2005). The experiment setting was a VR environment. We designed two VR
scenarios in which the subjects became “passengers” on boats navigating the canals of
Amsterdam, with the only di#erence between the scenarios being that in one of them
there was a captain on board, and in the other scenario the boat was autonomous.

In total, we had 30 participants, with an average age of 31 years (ranging from 19 to 58),
43 percent were female. Participants were most likely from the Greater Boston area, as the
study required them to be physically present. In addition, the participants were assigned at
random to either the human-operated or autonomous scenario. This framework was
su!cient to prevent the participant groups from being in"uenced by one another. Two
independent measurements of stress were employed, as discussed above: a traditional
questionnaire and the use of GSR. The GSR is a reaction of the human body to stressful

JOURNAL OF URBAN TECHNOLOGY 3

95

100

105

110

115

120

125

130

135



stimuli. The reaction increases the secretion of "uids in the hands, which increases the skin
conductance. This increase is measurable by running a small, undetectable current
through a section of skin. Therefore, GSR is commonly used to measure stress in
various settings (Healey and Picard, 2005).

To begin, participants were out$tted with GSR testing equipment and asked to watch a
relaxing video. The video featured audio and was $lmed from the $rst-person perspective.
It featured a view overlooking the sea. Similar video examples are often used as relaxation
aids, although other approaches exist to create a baseline (Healey and Picard, 2005). By
using the above, we were able to establish participants’ average skin conductance and
thereby overall stress levels. These would later be used as a baseline against which to
compare future measurements.

Participants were seated in the prepared space, which was designed to contain two
couches which consequently acted as the “seats” in the boat. In addition, the participants
were asked to put on a head-mounted VR display (HMD) and were then reconnected to
the GSR measurement equipment for the test to begin. After a small adjustment period,
their GSR level would be checked to see whether the baseline stress levels were still
within the same range (+/– 5 percent) as before the movement. This was done to ensure
that the initial GSR measurements were not substantially a#ected by the movements of
the participant. Accordingly, both groups were subjected to a four-minute VR scenario,
in which they appeared to be on the canals of Amsterdam in either a human-controlled
boat or a driverless, autonomous boat. A diagram of both VR implementations can be
found in Figure 1, including the various stages of the experiment. Finally, upon $nishing
the VR simulation, the participants were asked to $ll out a questionnaire, which used a
visual-analogue scale for each item from 0 to 100. The items are depicted in the Appendix.Q3

¶
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Figure 1. Flow diagram outlining the two tests and the steps in the experiment.
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Before the VR simulation, participants were informed about the study and the scenario
they would experience in the VR environment. After the study, participants were briefed
on the wider purpose of comparing their responses between autonomous and human-con-
trolled boats.

It could be that when an environment becomes more complex to navigate while
using driverless technology, human emotion and capacity for the tested parameters
involved would di#er from another simpler environment. Therefore, we developed
two environment typologies for the boat to navigate through. To begin with, the par-
ticipants would experience the $rst environment over a period of approximately 60
seconds. This typology is the less complex of the two environments, in which no
other boats or objects exist as potential obstacles along the route. Following this, the
boat would navigate an intersection on the route and enter the second environment.
This environment would last for approximately three minutes and the experience
would be substantially more complex, involving close navigation to other boats that
pass quickly alongside the participants’ vessel. An overview of the developed VR
environment is depicted in Figures 2 and 3.

In both situations, there were four moving boats; one of the boats was clearly con-
trolled by a human, two other boats had no operator visible, and there was one
clearly autonomous boat (open design without human inside). The stationary boats
did not have an operator visible as they did not move. The participants’ boat was
assumed to be electric, as in 2025 all commercial boats in Amsterdam need to be electric.
Therefore, we simulated an electric engine and water sounds to create the sound e#ects
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Figure 2. Birdseye view of the entire developed VRE.

JOURNAL OF URBAN TECHNOLOGY 5

185

190

195

200

205

210

215

220

225



of moving through water. Additionally, a passing car on the quay produced the sounds
of a petrol engine while passing. Furthermore, clouds were simulated using already exist-
ing prefabricated animated 3D models. These boats all moved with an average speed of
six km/h; however, one boat only accelerated after the participants’ boat came relatively
close. Another boat passed underneath a bridge, blocking the participants’ boat. The
participants’ boat consequently decelerated and moved out of the way to allow the
other boat to pass.

Data Analysis

In order to evaluate the e#ect of the environmental complexity, a paired t-test was
performed. For di#erential analysis and evaluation of the control type (autonomous vs
human), an independent t-test was performed. In order to compare and contrast the
questionnaire for the participants within the autonomous or human-controlled group, a
two-tailed paired t-test was performed. For the evaluation for the di#erent control
types, autonomous and human-controlled, an independent t-test was performed. To
validate that the data adheres to assumptions for these tests, the data were subjected to
the Kolmogorov-Smirnov (KS) test.

For the collected GSR data, the non-parametric Scheirer-Ray-Hare extension of the
Kruskal Wallis test was implemented. Additionally, to validate these results, an individual
Kruskal Wallis test and a Wilcoxon Ranks sum test was performed for both the e#ect of
the complexity of the environment and the control type.
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Figure 3. Street-level view of part of the VRE.
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Furthermore, by manually reviewing each frame of the VR scenario, the environ-
mental complexity was determined relative to the GSR measurement. This was done
by capturing a 360-degree video of the entire four-minute scenario and scoring each
frame of complexity of the environment on a scale of 1 to 10. The 248 frames were
scored manually by the authors and resulted in a second-by-second complexity score
for the environment. For the scoring, the following ranking was adopted: 1 was con-
sidered extremely simple (e.g., the boat is lying still without other obstacles around)
and 10 was considered extremely complex (e.g., immediate action is required to avoid
a collision). These scores were translated into two segments for data analysis, with
either a simple environment (average score <5), or a complex environment (average
score >5).

Besides the statistical analysis of stress, trust, and perceived risk, there were two
manipulation checks. In order to validate that participants experienced the designed VR
scenario as intended, several questions in the questionnaire queried details of what they
perceived in the VR environment. Additionally, several questions asked about the partici-
pants’ experience of immersion. These questions were based on the work of Pan and
Hamilton (2018). To evaluate the immersion and complexity of the environment we
had two manipulation checks. First, we studied whether the participants rated the com-
plexity of the environment higher after the intersection than before the intersection in
the VRE. Second, we evaluated whether the participants rated their “presence” in the
environment higher than 75 out of 100.

Data Analysis Methods

Based on the performed factor analysis, we concluded that the items relating to either
stress, perceived risk, or trust could be combined. Therefore, all items relating to either
stress, perceived risk, or trust were averaged, resulting in one score for each construct.
To evaluate the e#ect of environmental complexity a paired t-test was performed. For
the evaluation of the di#erence of the control type (autonomous vs human), an indepen-
dent t-test was used.

The Galvanic Skin Response equipment used throughout the test should report one
value per second, and so before data analysis was performed, the output was checked
for missing values. Only two missing values were found out of a total of 3,515 data
points. These two values were subsequently $lled in based on the average between the
two surrounding numbers. After this, the data were further prepared by subtracting the
mean of the relaxed, baseline state, from the data collected during the VR simulation,
to account for naturally higher levels of skin conductance of the di#erent participants.
The manually created complexity score for the environment was used to de$ne whether
the measurement of the skin conductance belonged to the complex or simple environ-
ment. This resulted in 67 measurements from the start of the scenario to be considered
from the simple environment, and 172 measurements to be considered from the
complex environment. Based on this division, the mean of each participant was calculated
for both the simple and complex environments. The Scheirer-Ray-Hare extension of the
Kruskal Wallis test was performed to analyze the data. As this test is not commonly used,
the Kruskal Wallis test and the Wilcoxon Rank sum test were performed for the individual
factors as well.
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Results

VR validation

Based on the conducted t-tests, the results indicate that participants observed a signi$cant
di#erence in the complexity of the environment (p<0.000) between the $rst stage, which
consisted of a simple environment, and the second stage, which consisted of a more
complex environment. This di#erence was seen for both the human-controlled and the
autonomous boat. Additionally, participants in the human-controlled boat observed
that they felt the environmental complexity had increased more when entering the
second stage, in comparison with the participants in the autonomous boat (t-test:
p<0.05). Participants in both the autonomous and human-controlled boat rated their
immersion above the 75-point threshold (human-controlled boat: 76.7, autonomous
boat: 80.2).

GSR and questionnaire

Data collected from the questionnaire regarding stress indicated that the participants experi-
enced no increase in stress levels when navigating through either the human-controlled or
autonomous boats in the simple environment. However, in the complex environmental
conditions, participants indicated that they experienced more stress in autonomous boats
than in human-controlled boats (t-test: p < 0.05). Furthermore, for both the autonomous
and human-controlled boats, there was a signi$cant di#erence between the simple and
complex environments (t-test: p < 0.005). These results and the results of the questionnaire
data of the perceived risk and trust can be found in Figure 4.
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Figure 4. Mean of each of the emotional components, stress, perceived risk, and trust.
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No signi$cant results were found from the analysis of the collected GSR data. The data typi-
cally ranged between 0.7 to 5 micro Siemens, but peaks were detected of 15 micro Siemens.
Based on the conducted analyses, participants experienced no di#erence in stress from the
simple to the complex environment (p = 0.790). Additionally, participants using autonomous
boats did not show signi$cantly increased stress levels (p = 0.081) compared to the human-
controlled boat. The graph in Figure 5 shows the di#erence between the average of the
GSR data for the human and autonomous tests. Cyan being the average for users in the auton-
omous boat, and purple being the average in the human controlled boat. The transition
between the simple and complex environment happens at 67 seconds. Although the increase
in GSR is not signi$cant, we can see an increase in GSR levels once this transition happens.

Thequestionnairedata found that theparticipants didnotperceivemore risk in autonomous
boats, compared to human-controlled boats. However, participants did experience a di#erence
between the simple and the complex environment. The perceived risk for both human-con-
trolled and autonomous boats increased when in the complex environment, compared with
the simple environment (t-test: p<0.001). The questionnaire data on trust indicates no di#er-
ences between participants who used human-controlled and autonomous boats. But partici-
pants who experienced the autonomous boat indicated that they had signi$cantly more trust
in autonomous boats in the simple environment than they did in the complex environment
(t-test: p<0.05). Interestingly, this di#erence in trust was not found for the human-controlled
boat group.

Discussion

Discussion of the study

This study aimed to investigate the relationship between human-controlled boats and
autonomous boats with respect to the environment’s complexity. The purpose was to
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Figure 5. The average GSR measurements for the virtual reality scenario.

JOURNAL OF URBAN TECHNOLOGY 9

365

370

375

380

385

390

395

400

405



investigate whether autonomous boats will a#ect emotional components in a way that
could negatively in"uence their implementation. Based on the results, the case can be
made that these emotional components (stress, trust, and perceived risk) are not
heavily in"uenced by the type of control of the boat. Furthermore, although the environ-
mental complexity did change the perception of risk and the experienced stress levels,
these changes were seen for both the human-controlled and the autonomous boat.

By assessing the reaction of users towards AV instead of their opinion, this study pro-
poses a novel methodology to evaluate the societal acceptance towards these technologies.
Therefore, this study aids in the tools and methodologies about how we study AVs and
their societal impact. Additionally, it provides a new way of evaluating novel and emergent
technologies.

Discussion of results

Based on the questionnaire data, the perceived risk of an operation does not increase sig-
ni$cantly when the boat is autonomous versus when it is operated by a captain. The
environmental complexity does a#ect the perceived risk, though. The stress data indicates
an increase in stress in autonomous boats, but the di#erence is not substantial. Further-
more, the increase in stress with respect to environmental complexity is inconclusive, as
the questionnaire supports the hypothesis, but the GSR data does not. Trust generally
does not di#er with control type or the complexity of the environment. Although
minor di#erences can be detected, the results suggest that there is no substantial increase
in stress and perceived risk nor a substantial decrease in trust when comparing auton-
omous and human-controlled boats.

The main limitation of this work is the study design. Each participant experienced both
the simple and the complex environment, while traditionally these are independent groups.
Moreover, participants were asked similar questions for both environment types, resulting in
the possibility that people considered their previous score while scoring for the other
environment. Furthermore, the in"uence of experience with VR systems was not evaluated.
The exposure or familiarity with VR might decrease the experience of immersion, as fam-
iliarity with VR would make someone more aware of the fact that they are in VR. On the
other hand, none or limited exposure to VR might result in the opposite e#ect. Namely,
that participants may react too much to VR resulting in inaccurate stress measurements.

As there are only limited social science studies involving VR, this exposure e#ect has to be
accurately quanti$ed and incorporated into a theoretical framework. Another limitation is
that the results of this study might be context-speci$c and based on a speci$c cultural back-
ground. Di#erences in age and acceptance towards autonomous technologies might also
heavily in"uence the results. Especially considering that many of the subjects came from the
Boston area andmost of the participants are assumed to have an a!liation with theMassachu-
setts Institute of Technology (MIT), these resultsmight be skeweddue to the general acceptance
towards these technologies.However, theGSRdata shouldprovide amoreobjective assessment.

Discussion of measurements

To further strengthen the results, we proposed the combination of quantitative measure-
ments, the GSR, and qualitative measurements such as a questionnaire. In an ideal
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scenario, these two measures would point in the same direction. Therefore, it is surprising
to see a di#erence in the reported stress levels in the questionnaire and the measured skin
conductance. The time between the experience and $lling out the questionnaire might
have in"uenced responses. Additionally, considering the small di#erences in stress
levels observed by the GSR data, the questionnaire might have directed their answers.
The questionnaire asked to evaluate the environment on its complexity. It is likely that
if participants rated the environment to be more complex, that they projected this assess-
ment onto their assessment of their stress levels.

Questionnaires are often the only measure to be taken to evaluate stress, as such this dis-
crepancy does not come to light often. This should be considered a limitation of the study
design and the results obtained by the questionnaire. As mentioned before, the GSR data did
not yield any signi$cant results. This can partly be attributed to the number of participants,
which should be higher to uncover smaller di#erences in the experience of stress. Another
part might be how e#ective immersive VR is in stimulating a stress response. Although stress
responses are recorded in other research using VR (Alghamdi et al., 2017), this does not vali-
date the VR scenario used in this research to elicit stress responses. Another potential limit-
ation of the GSR data is the participant’s sensitivity to a stressor. This was accounted for by
subtracting the subject’s baseline from the measurements during the VR simulation;
however, this does not account for the peaks. For example, participant 1 might have a
more substantial GSR than participant 2. When a stressor is introduced, participant 1 has
a peak of 5 micro Siemens, while the peak of participant 2 is only 0.5 micro Siemens.
This can be the case while the experience of stress is the same.

Discussion of Virtual Reality as a tool

VR has the potential to advance the way we research emergent technologies. It allows
researchers to easily experiment and iterate, yet there are some limitations to consider.
One of the ambiguous issues with VR is the sense of presence people experience. The vali-
dation hypotheses indicate that participants felt reasonably present in the VR; however,
these measurements were based on the work by Pan and Hamilton (2018) and although
they consider the aspect of immersion, it does not provide the needed validation of these
measures.

The VR scenario was developed in an iterative process to ensure that participants
experienced the scenario as intended. However, improvements could still be made. Due
to limited computing power and the lack of advanced rendering algorithms to reduce
the needed memory and GPU of the computer, only a limited number of animations
were implemented in the scenario. Therefore, the scenarios could have been more
extreme in their complexity. Furthermore, the animated human in the scenario with
the human-operated boat could have been more realistic. Virtual interaction with ani-
mated humans in VR is still in its infancy (Pan and Hamilton, 2018), hence further devel-
opments regarding this are necessary.

Recommendations for further research

As perceptions of technologies di#er between cultural backgrounds, further study could
focus on how people experience autonomous boats in di#erent cultures. One limitation
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of this paper is that the experiment was not conducted in Amsterdam, with residents with
$rsthand knowledge of the speci$c aquatic environment. We believe, however, that the
results are still valid to understand how VR environments can be used to test perception
of risk, trust, and stress in autonomous modes.

It is also important to note that this study only considers a small range of scenarios that
could be investigated. It is recommended to further evaluate other scenarios, such as
di#ering weather conditions or environment types, and compare the results to this
study. Furthermore, several other types of measurements could be considered to quantify
more than one physiological aspect, such as heart rate and skin temperature. Another
route to follow is using Electroencephalography (EEG) to evaluate the emotions of the
subjects more quantitatively. Furthermore, there is a general need to create a comprehen-
sive framework for VR studies involving human subjects. This framework should include
measures of presence that go beyond current methods and a way to quantify the exposure
e#ect of human subjects in VR.

It is also recommended to further study how humans and AVs interact for di#erent
types of scenarios and interactions—such as what type of information an autonomous
boat should provide to the passengers and at what time, or the interaction, and formal
and informal communication between the autonomous boat and other human-operated
boats, or the interactions among passengers inside the autonomous boat.

Conclusion

This study aimed to assess and compare users’ reactions between human-operated and
autonomous boats. We proposed a new methodology to evaluate these emergent technol-
ogies with the use of immersive VR. Therefore, this paper proposes a more in-depth per-
spectiveQ4

¶
on the human experience of AVs. Throughout the VR scenario, stress data were

collected using GSR (galvanic skin response, or skin conductance), sensors. After the scen-
ario was completed, participants evaluated their stress levels, trust, perceived risk, immer-
sions, and the complexity of the environment.

Therefore, the study provides insight into how the complexity of the environment and
the control type of the boat—either autonomous or human-operated—a#ect trust, stress,
and perceived risk of users. The results indicate that increasing environmental complexity
can result in a decrease in trust and an increase in perceived risk and stress. Additionally,
users did not have less trust in autonomous boats than in their human-controlled counter-
part. Moreover, users did not perceive more risk or experience more stress in the auton-
omous boat.

This paper aimed to evaluate the human experience of a still-developing technology.
Therefore, it also presents evidence of the applicability of VR to prototype new and cur-
rently unavailable autonomous systems.
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