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transportation finance; transportation technology; and and other technology transfer mechanisms. Additionally,
workforce and labor. MTI research publications undergo expert MTI promotes the availability of completed research to 
peer review to ensure the quality of the research. professional organizations and works to integrate the

research findings into the graduate education program.

Education and Workforce Development MTI’s extensive collection of transportation-related
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prepare the next generation of skilled transportation professionals world-class Martin Luther King, Jr. Library.

who can lead a thriving, forward-thinking transportation industry 
for a more connected world.To help achieve this, MTI sponsors 
a suite of workforce development and education opportunities.
The Institute supports educational programs offered by the Lucas 
Graduate School of Business:a Master of Science in Transportation 
Management, plus graduate certificates that include High-Speed 
and Intercity Rail Management and Transportation Security 
Management. These flexible programs offer live online classes 
so that working transportation professionals can pursue an 
advanced degree regardless of their location.

Disclaimer 
The contents of this report reflect the views of the authors, who are responsible for the facts and accuracy of the information presented herein.
This document is disseminated in the interest of information exchange. MTI’s research is funded, partially or entirely, by grants from the U.S.
Department of Transportation, the U.S. Department of Homeland Security, the California Department of Transportation, and the California 
State University Office of the Chancellor, whom assume no liability for the contents or use thereof.This report does not constitute a standard 
specification, design standard, or regulation.
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Executive Summary 
Recent data show an increase in cyclist fatalities, highlighting the urgent need for more 
comprehensive research on how various environmental and design factors affect cyclists' behaviors, 
attention, and awareness. Unlike the extensive studies available for automobile drivers, there is a 
significant gap in research for cyclists, primarily due to the inherent safety risks of real-world 
studies. To address this, our study explores the use of Immersive Virtual Environments (IVE) as a 
viable alternative for evaluating cyclist behaviors. The primary objective is to assess the 
effectiveness of an IVE bike simulator in replicating real-world conditions and its impact on 
cyclists' perceived safety and behaviors. By comparing cyclists' behaviors and perceived safety in 
real-life settings with those in the IVE bike simulation, we aim to validate the realism of these 
simulators. Additionally, we have integrated low-cost human sensing devices to create a 
multimodal data collection system, tracking participants' gaze, heart rate, and head movements. 
Preliminary findings from a pilot study involving six participants suggest that our IVE simulators 
successfully replicate cyclists' speed profiles, heart rate variations, and most head and gaze
behaviors, demonstrating sensitivity to environmental changes. This indicates the potential of IVE 
simulators to provide valuable insights for safer roadway planning and design for all users. 

M I N E T A  T R A N S P O R T A T I O N  I N S T I T U T E  1 
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1. Introduction and Background 
More than ever, non-motorized travel safety is a critical issue in transportation research. While 
motor vehicle occupant fatalities, adjusted for Vehicle Miles Traveled, have generally been 
decreasing since the 1970s (with a small increase in 2015 and 2016), non-motorized traveler 
fatalities are increasing at alarming rates. According to the National Highway Traffic Safety 
Administration (2017),1 the 2016 pedestrian fatality count was the highest since 1990, and the 
2016 cyclist fatality count was the highest since 1991. 

Cycling is a mode of transportation that is healthy for individuals and sustainable for the 
environment and transportation infrastructure, and by increasing the number of cyclists on the 
road, there is great potential to increase its safety profile through the safety-in-numbers effect.2,3,4  

Cities in California have been experiencing a rapid increase in bicycle ridership over the past 
decade. This increase correlates with a rise in cyclist accidents. Cities with higher rates of cyclists 
exhibit lower fatality rates for all road users.5 However, cyclists described as vulnerable road users 
are still discussed less than others in research. It has been shown that perceived cycling safety issues 
inhibit potential cyclists from choosing this mode of transportation.6 While there exists a rich body 
of literature examining (cyclist, roadway, and environmental) conditions influencing measured 

 
 
1 National Highway Transportation Safety Administration (NHTSA). (2017). 2016 Fatal Motor Vehicle Crashes: 

Overview. US Department of Transportation. 
https://crashstats.nhtsa.dot.gov/Api/Public/Publication/812456 

2 Yao, S., Loo, B. P., & Yang, B. Z. (2016). Traffic collisions in space: Four decades of advancement in applied 
GIS. Annals of GIS, 22(1), 1–14. https://doi.org/10.1080/19475683.2015.1085440 

3 Elvik, R., & Bjørnskau, T. (2017). Safety-in-numbers: A systematic review and meta-analysis of evidence. Safety 
science, 92, 274–282. https://doi.org/10.1016/j.ssci.2015.07.017 

4 Jacobsen, P. L., & Rutter, H. (2012). Cycling safety. In J. Pucher & R. Buehler (Eds.), City Cycling (pp. 141–
156). MIT Press. 

5 Marshall, W. E., & Ferenchak, N. N. (2017). Assessing equity and urban/rural road safety disparities in the 
US. Journal of Urbanism: International Research on Placemaking and Urban Sustainability, 10(4), 422–441. 
https://doi.org/10.1080/17549175.2017.1310748 

6 Manaugh, K., Boisjoly, G., & El-Geneidy, A. (2017). Overcoming barriers to active transportation: Understanding 
frequency of cycling in a University setting and the factors preventing commuters from cycling on a regular basis. 
Transportation, 44(4), 871–884. https://doi.org/10.1007/s11116-016-9682-x 
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safety outcomes (such as crash rates and injury severities),7,8,9,10 cyclists’ perceptions of safety are a 
relatively unexplored topic. Perceived safety refers to feelings of how safe cycling is; the reasons 
behind this feeling must be better understood, whether it involves concerns about heavy traffic, 
proximity to automobiles, bicycle infrastructure, or other elements of the environment. 

Mid-block crossings are particularly unsafe for pedestrians. Conflicts arise due to the reliance on 
nonverbal communication between users and the individual choices each user must make.11,12 
Connected Vehicle technology provides the opportunity to increase situational awareness for all 
users, potentially reducing the number of vehicle-pedestrian incidents. Previous research 
conducted by the Prime Investigator (PI) of this project involved the development of a mobile 
phone application that allows pedestrians to broadcast a message directly to approaching vehicles 
at mid-block crosswalks that notifies drivers, in-vehicle, of the pedestrian’s presence and intent to 
cross the crosswalk.13,14 As this study primarily focused on the drivers’ reactions and perception of 
the application, it is paramount to investigate how pedestrians perceive this type of messaging and 
whether or not they become more reliant or trusting of this information and alter their behaviors 
at the mid-block crosswalk when attempting to cross. 

Virtual Reality (VR) technology is now commonly used in many domains for its ability to give 
users a realistic experience and expose their natural behaviors through interactive and immersive 
environments. Recent studies have shown that VR is an effective tool with which to replicate 

 
 
7 Robartes, E., & Chen, T. D. (2017). The effect of crash characteristics on cyclist injuries: An analysis of Virginia 

automobile-bicycle crash data. Accident Analysis and Prevention, 104, 165–173. 
https://doi.org/10.1016/j.aap.2017.04.020  

8 Reynolds, C. C., Harris, M. A., Teschke, K., Cripton, P. A., & Winters, M. (2009). The impact of transportation 
infrastructure on bicycling injuries and crashes: A review of the literature. Environmental Health, 8(47). 
https://doi.org/10.1186/1476-069X-8-47  

9 Eluru, N., Bhat, C. R., & Hensher, D. A. (2008). A mixed generalized ordered response model for examining 
pedestrian and bicyclist injury severity level in traffic crashes. Accident Analysis and Prevention, 40(3), 1033–1054. 
https://doi.org/10.1016/j.aap.2007.11.010  

10 Kim, J., Kim, S., Ulfarsson, G. F., & Porrell, L. A. (2007). Bicyclist injury severities in bicycle-motor vehicle 
accidents. Accident Analysis and Prevention, 39(2), 238–251. https://doi.org/10.1016/j.aap.2006.07.002  

11 Ibrahim, N., Karin, M., & Kidwai, F. (2005). Motorist and pedestrian interaction at unsignalised pedestrian 
crossing. Proceedings of the Eastern Asia Society for Transportation Studies, 5, 120–125. 

12 Katz, A., Zaidel, D., & Elgrishi, A. (1975). An experimental study of driver and pedestrian interaction during the 
crossing conflict. Human Factors: The Journal of the Human Factors and Ergonomics Society, 17, 514–527. 
https://doi.org/10.1177/001872087501700510 

13 Amouhadi, R., Balali, V., Zuidgeest, M., & Heydarian, A. (2019). Measuring walkability using a mobile phone 
sensors and applications. Proceedings of the 98th Annual Meeting of the Transportation Research Board, 13–17, 
Washington, DC, USA. 

14 Balali, V., Fathi, S., & Aliasgari, M. (2020). Vector maps mobile application for sustainable eco-driving 
transportation route selection. Journal of Sustainability, 12(14), 5584. https://doi.org/10.3390/su12145584 



 

    

 

 

 
 

 

 
 

 

 
 

                  
            

 
               

         
 

               
          

 
               

   
                 

        
 

                    
           

  
               

   

 

realistic environmental settings at a low cost and reduced risk to the user.15,16 With VR, human 
behaviors can be studied in settings/scenarios that (1) there is limited or no access to (e.g., the 
design of a new intersection that has not been built yet) or (2) are considered high-risk 
environments for collecting real-life data (e.g., cyclist safety or crash rates at an intersection and 
pedestrian crash rates at mid-block crossings). This makes VR an ideal medium with which to 
control different situations for cyclists and pedestrians and thus provide an accurate means for 
behavior studies. Additionally, these tools provide the freedom to control and manipulate different 
variables of interest when there is no access to them in real-life environments. By coupling VR 
tools with biometric sensors such as eye trackers and functional Magnetic Resonance Imaging caps, 
users’ physiological information can be collected and analyzed in addition to behavioral 
information. 

Past research using VR environments with non-motorized travelers has come from psychology and 
focused on training non-motorized travelers to safely use existing transportation
infrastructure.17,18,19 Very few recent works (from engineering) have started examining non-
motorized travelers’ reactions to new vehicle technology and transportation infrastructure.20,21 

Nonetheless, the current literature is focused on adapting and assessing the reactions of the non-
motorized traveler to automobile-oriented transportation infrastructure design, a perspective that 
has largely failed non-motorized travelers in terms of safety. A cost-effective investigation of 
elements that influence cyclists’ perceived safety (inferred via stated preference survey and revealed 
preference observed data) can inform targeted design approaches and policies to alleviate such 
concerns, and in turn, increase cycling rates and safety for all road users. 

15 Noghabaei, M., Heydarian, A., Balali, V., & Han, K. (2020). Trend analysis on adoption of virtual and augmented 
reality in the architecture, engineering, and construction industry. Journal of Data, 5(1), 26. 
https://doi.org/10.3390/data5010026 

16 Balali, V., Zalavadia, A., & Heydarian, A. (2020). Real-time interaction and cost estimating within immersive 
virtual environments. Journal of Construction Engineering and Management, 146(2), 04019098. 
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001752 

17 Meir, A., Oron-Gilad, T., & Parmet, Y. (2015). Are child-pedestrians able to identify hazardous traffic situations? 
Measuring their abilities in a virtual reality environment. Safety Science, 80, 33–40. 
https://doi.org/10.1016/j.ssci.2015.07.007 

18 Schwebel, D. C., & McClure, L. A. (2010). Using virtual reality to train children in safe street-crossing skills. Injury 
Prevention, 16(1). https://doi.org/10.1136/ip.2009.025288 

19 Schwebel, D. C., Gaines, J., & Severson, J. (2008). Validation of virtual reality as a tool to understand and prevent 
child pedestrian injury. Accident Analysis and Prevention, 40(4), 1394–1400. 
https://doi.org/10.1016/j.aap.2008.03.005 

20 Brown, H., Sun, C., & Qing, Z. (2017). Investigation of alternative bicycle pavement markings with the use of a 
bicycle simulator. Transportation Research Record: Journal of the Transportation Research Board, 2662, 143–151. 
https://doi.org/10.3141/2662-16 

21 Pillai, A. (2017). Virtual reality based study to analyze pedestrian attitude towards autonomous vehicles. [Master’s 
thesis, Aalto University].
https://aaltodoc.aalto.fi/bitstream/handle/123456789/28563/master_Pillai_Anantha_2017.pdf?seque
nce=1&isAllowed=y 
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https://doi.org/10.3141/2662-16
https://doi.org/10.1016/j.aap.2008.03.005
https://doi.org/10.1136/ip.2009.025288
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This research proposes to assess non-motorized travelers’ perceptions of safety and acceptance of 
technology, under existing and proposed transportation infrastructure environments, to inform 
better design guidelines for future transportation investments. 

Before conducting experimental studies, the bicycle and pedestrian simulation environment must 
be tested and validated to ensure that (1) the cyclist and pedestrian simulator is calibrated with the 
VR environments and (2) the collected data is a proper representation of a real-world scenario 
(assessed through conducting benchmark studies between VR vs. physical settings). In the 
application of VR to cycling research, a few recent studies have shown bicycle simulators can be 
successfully built, and validated, and can have their environment replicated in VR.22,23 

22 O’Hern, S., Oxley, J., & Stevenson, M. (2017). Validation of a bicycle simulator for road safety research.” Accident 
Analysis and Prevention, 100, 53–58. https://doi.org/10.1016/j.aap.2017.01.002 

23 Schramka, F., Arisona, S., Joos, M., & Erath, A. (2017). Development of virtual reality cycling simulator. 
Arbeitsberichte Verkehrs- und Raumplanung, 1244. https://doi.org/10.3929/ethz-000129869 
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2. Methodology 
This project aims to help investigate cyclists’ safety by creating a controlled test platform through 
a stationary bike and VR headset. The user can view a simulated road environment by wearing a 
Head Mounted Display (HMD) and pedaling on a bike that relays information in real time to the 
simulation. This setup makes it easy to study the reactions of a cyclist in different traffic scenarios, 
bicycle facilities, and environmental stimuli without endangering that cyclist. 

This research used a bicycle simulator combined with an immersive 360-degree VR headset. A 
unisex city bicycle was placed on a bicycle stand, which provided resistance while cycling. The 
bicycle was equipped with a series of rotation sensors on the back wheel, pedal, brake, and 
handlebar to translate cyclists’ movements in VR. Each rotation sensor consisted of a small 
microcontroller, a gyroscope, Bluetooth, and a Li-Ion battery. For this experiment, the steering 
sensor on the handlebar was disabled because steering causes severe motion sickness. Therefore, 
cyclists could only ride along a straight line. Immersive virtual reality was provided by an HMD. 
This HMD provided positional tracking; the virtual environment was rendered based on the 
position of the participant, thereby reducing motion sickness and providing a more realistic VR 
experience. Furthermore, participants could wear glasses underneath the HMD. Sensors on the 
bike sent electrical signals to the Arduino which processed the information and then passed it to 
the model. The model then ran that information through Unity simulation which was connected 
to the HMD. 

Participants answered a questionnaire before and after cycling in VR. This approach provided a 
consistent condition for all the participants, as the experiment was repeated under the same 
conditions for each individual. Participants bicycled through different environments in VR— 
which enhanced their understanding of the hypothetical designs—before answering the questions. 
There were four Likert scale questions on willingness to bicycle in each environment and five 
Likert scale questions on the perceived level of safety which were repeated after each scene to 
evaluate the subjective impression of the riders. Participants were encouraged to reflect on their 
accumulating experience while proceeding through the experiment; they were provided with their 
previous answers to the perceived level of safety questions to be able to give relative answers and 
hence can regrade as they complete each environment. This functionality was particularly devised 
to address the intrinsic challenge of descriptive surveys where scales are commonly designed in 
absolute terms (i.e., independence of Likert responses) even though participants, consciously or 
unconsciously, report scores in a relative sense by basing their later scores on previous ones. 

The anticipated outcome of this research project is the creation of a system in which cyclist
behaviors can be easily monitored and evaluated, providing a safe and effective method to conduct 
cyclist safety studies, cyclist training, and rehabilitation. The results will be used by human factors 
researchers, transportation engineers, and software developers in designing, developing, and 
testing pedestrian-to-vehicle interactions in connected environments to increase the safety and 
efficiency by these technologies for real-world deployment. 

M I N E T A  T R A N S P O R T A T I O N  I N S T I T U T E  6 



    

 

 

  

 

 

  

 
   

  
 

 

Additionally, to address pedestrians, the goal is to place them in an environment where they can 
naturally interact with vehicles without the safety concerns of a real-world experiment by utilizing 
VR technologies. Specifically, this research aims to study how pedestrians behave in scenarios 
where they have to cross the street at a mid-block crosswalk while interacting with multiple types 
of connected vehicle technologies, including the integrated mobile phone application mentioned 
earlier, or making do without these technologies. Furthermore, this research aims to alter this 
interaction by changing multiple factors in the experiment such as whether an approaching vehicle 
is autonomous with no driver. Pedestrians were observed and evaluated based on how and when 
they crossed, their physiological reactions (collected via integrated biometric scanners), and by 
conducting a post-test questionnaire aimed at understanding the pedestrians' perceptions of safety, 
technological acceptance, and level of interaction with vehicles. 

2.1 Experimental Design 

To achieve the research objectives, we conducted a pilot study benchmarking participants’ cycling 
behaviors and performance in both a real-life environment and its corresponding Immersive 
Virtual Environment (IVE) setting. The study employed a within-subjects design to control for 
inter-subject variability. The IVE was meticulously developed to a 1:1 scale of the real-world 
environment. 

The study corridor that was chosen is East Anaheim Road between North Studebaker Road and 
East Campus Drive in Long Beach, CA (Figure 1). This segment is frequently used by cyclists 
and has been identified as high-risk for vulnerable road users. During the development of the IVE 
model, we calibrated the scale of the road, surrounding buildings, and other roadway design 
features (e.g., markings and traffic lights) to ensure accurate 1:1 representation. 

The selected section comprises two city blocks with specific features: a 4% downhill grade in the 
westbound direction, shared lane markings in both directions, traffic signals at the intersections of 
North Studebaker Road and Palo Verde Avenue, and a parking lane in the eastbound direction. 

Figure 1. Illustration of Experimental Area 
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To accurately simulate traffic patterns and gather data on existing operating conditions, the 
research team collected approximately two weeks of video data at the selected corridor. This 
involved recording the number of cars and other roadway users passing through the corridor along 
with their speeds. With permission from the City of Long Beach and California State University,
Long Beach, four cameras were installed along the East Anaheim Road corridor to capture the 
necessary video footage. 

The team focused on peak traffic hours (7:00–9:00 AM and 4:00–6:00 PM), reviewing the footage 
to record traffic volumes during these times. These peak traffic volumes informed the design of 
the corresponding IVE settings, enabling the simulation of realistic traffic flow, including the 
number and speed of vehicles within the IVE. 

A pilot test was conducted with the research team and transportation experts from California State 
University, Long Beach, who evaluated the realism of the IVE model and provided feedback for 
improvements. Figure 2(a) shows a Google Maps view of the corridor, while Figure 2(b) presents 
the corresponding IVE setting. 

Figure 2. Comparison of (a) Real Road and (b) IVE Environments; (c) Video Collection System 
of IVE Bike Simulator; (d) Heart Rate Distribution of Experiment 

(a) (b) 

(c) (d) 

2.2 Data Collection 

This section details the hardware components selected for both simulators. Figure 2(c) illustrates 
the appearance of each simulator. Both simulators were equipped with HTC Vive Pro VR headsets 
and their corresponding controllers. Table 1 provides a cost estimation of the IVE framework 
compared to a comparable real-world road test. 
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Table 1. Cost Comparison Between the IVE and Naturalistic Studies 

Cost IVE Real Road Test 

Environment Thousands to millions for road 
$3,500 

Building reconstruction 

$1,200 (Wahoo Kickr Climb + 
Additional Bicycle 

Wahoo Kickr Headwind + Wahoo $500 (Smartphone + software) 
Components 

Kickr Smart Trainer + ANT) 

> $10,000 (Eye Tracking Glasses Like 
Headset $1,500 (HTC VIVE Pro EYE) 

SMI or Smart Eye Pro) 

Cameras $50 (2 web cameras, $25 each) $700 (2 GoPros, $350 each) 

Eye Tracking Free (Tobii Pro Unity SDK + Self-
$1,300 per year (iMotion academic) 

Software Developed Code) 

Video Recording & Video integration requires a lot of label 
Free (open-sourced OBS studio) 

Integration work 

Potential risk to researchers & 
Safety Concerns Very low 

participants in the real road environment 

The IVE-based framework offers significant cost savings in hardware and planning while 
eliminating safety concerns for test subjects. At the time of this experiment, the initial setup cost 
of the virtual environment was approximately $3,500. This included $1,500 for the HTC Vive Pro 
Eye with controllers and base stations and $50 for two web cameras used to collect room video 
data. The software used to integrate all virtual reality videos is OBS Studio, which is open-source 
and free for research purposes. For eye tracking within the IVE, the Tobii Pro Unity SDK was 
used, which is also free for research purposes. 

The authors developed documentation and code examples to set up and access eye-tracking data 
from the HTC Vive Pro Eye. In contrast, on-road tests require more flexible and expensive eye-
trackers, such as SMI or Smarteye Pro eye-tracking glasses, along with costly software licenses. 

Additionally, real-world road tests pose risks to researchers and participants due to unforeseen 
accidents, especially during busy traffic hours. Conversely, the risk to participants and researchers 
in an IVE is minimal. Therefore, if the IVE setting accurately represents real-world conditions, it 
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can provide valuable insights into designing and managing roadway systems to ensure the safety 
and comfort of all users. 

The following equipment was specifically chosen for the bicycle simulator: 

(1) Wahoo Kickr Smart Trainer: power measurement system of ± 2% for accurate, realistic 
resistance feedback. 

(2) Wahoo Kickr Climb: adaptive, real-time indoor bicycle grade simulator attached to the 
front fork of the bicycle that accurately raises or lowers the front end of the bicycle based 
on on-road grade. 

(3) Wahoo Kickr Headwind: adaptive, real-time variable speed vortex fan capable of reaching 
wind speeds experienced by cyclists on the road. 

(4) ANT+: wireless protocol used for communications between the Wahoo training
equipment and desktop computer. 

(5) Physical Trek Verve bike: the main body structure of the bicycle simulator. 

The data collection framework and system architecture for measuring cyclists’ behaviors and 
physiological responses are illustrated in Figure 3. The IVE bike simulator utilized HTC Vive Pro 
Eye headsets and accompanying controllers to track interactions within the IVE. This VR headset 
featured an integrated Tobii Pro eye tracker with movement tracing capabilities, providing 
seamless integration compared to traditional eye tracking systems (such as screen-based or eye-
tracking glasses). The spatial positioning of the controllers, attached to the handlebars, enabled 
the system to detect actions such as turning and braking. 
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Figure 3. System Architecture and Data Framework 
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The VR environments were designed and programmed in Unity and operated through the Steam 
VR platform. Using Unity C# scripts, all headset and controller movements were tracked and 
extracted. An instrumented Trek bicycle was utilized for the experiments, connected to Unity via 
Wahoo indoor cycling training equipment. This setup allowed for the collection of real-time data 
on speed, instantaneous power, and distance traveled and also provided haptic feedback to 
participants. 

Additionally, two external video recording devices captured participants’ movements during the 
IVE experiments. These recordings were used to monitor and analyze participants' movements 
and reactions. The participants' view within the IVE was recorded using OBS Studio software, 
which integrated all videos with uniform timestamps and frames per second. Furthermore, two 
Android smartwatches equipped with the "SWEAR" app were used to track participants'
physiological signals, such as arm movement and heart rate. 

2.3 Experiment Procedure 

In this pilot study, five participants (mean age = 20.3, SD = 3.3) were recruited. All participants 
were 18 or older with normal color vision and familiarity with the chosen corridor. 

Upon arrival at the lab, participants were asked to wear Android smartwatches and complete a pre-
experiment survey capturing demographic information. Before the formal experiment, participants 
engaged in a training scenario to familiarize themselves with the virtual environment, navigation, 
and calibration of the eye tracker and bike simulator. The experimental task involved cycling to 
the end of the experimental area, as shown in Figure 1. After completing the experiment, 
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participants were invited to sign up for an on-road study scheduled for a few weeks later. The IVE 
experiments took approximately half an hour to complete. 

For the on-road experiments, the same model of the bicycle was used, instrumented with sensors 
to collect a range of variables as depicted in Figure 3. All on-road tests were conducted on clear 
weather days during peak traffic hours. The procedures for the on-road study mirrored those of 
the IVE experiments. 

2.4 Performance Metrics and Analysis 

To evaluate the validity of the IVE bike simulator in different contextual settings, performance 
data were analyzed separately for different road segments. As illustrated in Figure 1, Road Segment 
1 spans the area between Intersections 1 and 2 and includes a 4% downhill grade with a wall on 
the right, blocking the parking lot. Road Segment 2 is a level road with a parking lot visible to 
cyclists. 

As shown in Figure 3, the following metrics were measured as indicators of participants’
performance: cyclist speed (km/h), head movements (three-dimensional unit vector), gaze 
direction (focus within the current field of view), and heart rate (beats per minute). Performance 
measurements include the average and standard deviation for each road segment. Performance 
data from the on-road and simulator experiments were compared to assess both the relative and 
absolute validity of the simulator. 

In this context, the term ‘validity’ refers to the simulator’s ability to accurately represent real-world 
cycling conditions. Two primary forms of validity were assessed: 

• Absolute Validity: Direct comparison of values from simulator and on-road testing. 

• Relative Validity: Comparison of patterns or effects observed, even if absolute validity is 
not established. 

Absolute validity was evaluated using paired sample t-tests at a significance level of 0.05. If absolute 
validity was not established, Pearson correlations were used to assess relative validity between the 
two settings. 
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3. Results and Discussion 
Among the five participants, one participant's eye-tracking data and another participant's heart 
rate data were missing from the IVE experiment. Consequently, these data were excluded from 
the analysis. 

The on-road experiment exhibited a higher average speed and standard deviation compared to the 
IVE experiment. However, the difference in average speed was not significant for either road 
segment 1 (p = 0.09) or segment 2 (p = 0.23). The standard deviation of speed showed a significant 
difference for both segments (segment 1: p = 0.04, segment 2: p = 0.002). Pearson correlations for 
speed were positive for both segments, with significance achieved only for segment 1 (r = 0.865, p
= 0.026), indicating relative validity for this segment. 

In the downhill road segment, participants on the real road exhibited greater control over their 
speed, leading to a larger variance in speed standard deviation. This can be attributed to the 
challenge of replicating real-world elements within the VR environment. Factors such as user 
weight, which affects acceleration and speed in real-world conditions, were not considered in the 
IVE bike simulator. Additionally, road friction played a role; on the real road, participants often 
freewheeled without pedaling, whereas in the IVE, they continued pedaling to maintain speed. 

For head movements, paired t-test results showed no statistically significant differences, except for 
the up and down head movements in road segment 1 (p = 0.002). The Pearson correlation for up
and down head movements in segment 1 was positive but not statistically significant (r = 0.689, p 
= 0.20). Video recordings from the HoloLens 2 revealed several manholes on the real road (4 in 
segment 1 and 7 in segment 2) that were not modeled in the IVE. The absence of pedestrian 
models in the IVE may also explain the significant differences in vertical head movement. This 
suggests that in real-road conditions, cyclists lower their heads to attend to obstacles like manholes
or other roadway conditions and contextual settings. 

There were no significant differences in left and right gaze directions. However, for up and down 
gaze directions, only the average in road segment 1 was not significant. Participants exhibited 
significantly more up-and-down scanning behaviors on the real road than in the IVE for both 
segments. The average gaze center was lower in on-road tests for road segment 2. Pearson 
correlations did not establish relative validity for other pairs, including mean up-and-down gaze 
direction in segment 2 (r = -0.276, p = 0.653) and the standard deviation of up-and-down gaze for 
both segment 1 (r = -0.660, p = 0.226) and segment 2 (r = 0.013, p = 0.984). The gaze direction 
trend mirrored head movements, with more frequent up-and-down scanning due to the complexity 
of real road conditions. 
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4. Conclusion 
This study aimed to evaluate the effectiveness of an IVE bike simulator in understanding cyclists’ 
behaviors using multiple low-cost human sensing devices. A pilot study was conducted both in an 
IVE and on a real road, employing various sensors to ensure comparable data output. The study 
established both absolute and relative validity across several cyclist performance measures. While 
most performance metrics demonstrated absolute validity, certain features from eye-tracking data, 
particularly in the vertical direction, did not achieve either absolute or relative validity. This 
discrepancy may be attributed to changes in road geometry, the presence of other road users, and 
hardware limitations, especially with the headsets used in the study. Overall, the results suggest 
that the IVE bike simulator holds potential for further exploration in understanding cyclists’ 
behaviors. 

Despite these positive findings, the study faced several limitations. Firstly, the small sample size 
of participants restricts the generalizability of the results. Future experiments with a larger sample 
size are planned to address this limitation. Secondly, participants were unable to change bike gears 
within the current IVE bike simulator, as it does not support gear changes. Consequently, the gear 
was consistently set at a middle level for all experiments, potentially affecting speed variations. 
Lastly, the study did not annotate or collect specific events within the real-road condition, a crucial 
aspect given the event-based nature of psychophysiological data. Future studies will aim to 
incorporate and integrate such event-specific information into the IVE design. 

Further research should include a broader age range of participants, validate additional sensor 
measurements, and explore various locations to enhance the robustness and applicability of the 
findings. 
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