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Fig. 1. Portobello enables platform portability, so that the same study can be run on in-lab (left) and on-road (right) driving simulation
platforms.

In automotive user interface design, testing often starts with lab-based driving simulators and migrates toward on-road studies

to mitigate risks. Mixed reality (XR) helps translate virtual study designs to the real road to increase ecological validity. However,

researchers rarely run the same study in both in-lab and on-road simulators due to the challenges of replicating studies in both

physical and virtual worlds. To provide a common infrastructure to port in-lab study designs on-road, we built a platform-portable

infrastructure, Portobello, to enable us to run twinned physical-virtual studies. As a proof-of-concept, we extended the on-road

simulator XR-OOM with Portobello. We ran a within-subjects, autonomous-vehicle crosswalk cooperation study (N=32) both in-lab

and on-road to investigate study design portability and platform-driven influences on study outcomes. To our knowledge, this is the

first system that enables the twinning of studies originally designed for in-lab simulators to be carried out in an on-road platform.
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• Computing methodologies→ Simulation tools; Simulation environments.
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Fig. 2. Complete execution pipeline using the Portobello infrastructure. During the design phase, researchers can drag and drop
virtual objects on the point cloud map. At run time, the LiDAR-based navigation system locates the vehicle’s position within the same
map and sends the relative vehicle position to Unity. As a result, passengers wearing the video-see-through headset can see virtual
objects at their corresponding real-world locations.

1 INTRODUCTION

Driving simulators play a critical role in human-centered automotive research applications because they allow people to

experience different driving scenarios in a safe and repeatable fashion. Researchers have full control over the simulation

setup and can program complex events in virtual environments. However, one of the major challenges for driving

simulation has always been the difficulty of replicating the inertial forces and vehicle dynamics present in on-road

driving [43]–even the most high-end motion platform driving simulators only replicate a fraction of the forces felt in

real-world driving [19]. These forces are more critical in testing automated vehicle (AV) scenarios, where participants

are often given non-driving-related tasks that keep them from looking at the screens of the simulations (e.g., [56]).

Without the physical sensation and the visual engagement of the simulation environment, the immersiveness of the

environment drops, making the evaluation of novel user experience and interaction techniques such as VEmotion [5]

or SoundsRide [30] difficult. One way to address this problem is to incorporate driving simulation into a real vehicle

driving on real streets (on-road simulators) [2].

On-road simulators are possible due to the maturity of XR, where digital displays blend reality and virtuality to

increase the level of a user’s immersion. The use of XR-in-the-car using simulated or actual dash-mounted heads-up

displays have been explored by prior researchers such as Tonnis et al. [53], Kim and Dey [32], Schall Jr et al. [49],

Ghiurãu et al. [15], McGill et al. [39], Colley et al. [9], von Sawitzky et al. [54], Narzt et al. [41], and Bark et al. [3].
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Despite this in�ux of on-road simulators under development, it remains challenging to migrate studies from in-lab

simulators to on-road simulators. From a study design perspective, the key di�erence between in-lab and on-road

simulators is that with in-lab simulators, designers have full access not only to the virtual vehicle but also to the virtual

environment. The position and orientation of every brick are available to the designer with high precision, which makes

event staging as simple as dragging-and-dropping modules into a map. However, researchers do not have easy access to

objects outside the vehicle in on-road simulators. As a result, no on-road driving simulation system to date considers

the surrounding context outside the vehicle for event staging, which limits the range of applicable studies. To replicate

in-lab simulation on on-road platforms, access to the out-of-vehicle surrounding context is crucial.

In this paper, we describe a novel driving simulation infrastructure called Portobello, which enablesplatform

portability in virtual driving simulation by incorporating localization technology and software from robotics. We

de�ne platform portabilityas the ability to run the same study on di�erent (in-lab vs. on-road) platforms, an approach

which we refer to as the twinning of studies. For this demonstration, we extended XR-OOM, a state-of-art XR driving

simulation [16], to support on-road, location-based event staging (see Figure 2.) To validate Portobello'splatform

portability, we developed a within-subjects crosswalk-cooperation study (N=32) to be run on both an in-lab �xed-based

vehicle chassis driving simulator and the on-road driving simulator built on top of the Portobello system [55]. As

part of this work, we investigated how the di�erent simulation platforms may a�ect the design process and results of

user studies. The primary contribution of this work is the technical infrastructure system of Portobello, as validated

by the proof-of-concept study. In addition, we provide a de�nition of platform-portability in virtual reality driving

simulation and contribute insights into the process needed to develop twinned studies whose deployment is intended

across multiple platforms. Finally, we demonstrate the relative strengths of di�erent study platforms in the course of

automotive research.

2 RELATED WORK

Driving simulation platforms are intended to be proxy environments that enable researchers to conduct studies where

real-world experiments are dangerous or impossible. The standard for such platforms is face validity [14]: when

participants take a simulation seriously, researchers can have greater faith that the study's results will be applicable to

the real world. It is more important that the simulation allows participants to behave as if they are in a realistic setting

than it is for the simulation itself to replicate reality in �ne detail. In-lab and on-road simulators provide di�erent

approximations of driving scenarios.

2.1 In-Lab Driving Simulators

In-lab driving simulators are used to test interactions between drivers and the vehicle, the driving environment, and

other in-world agents [27]; simulation allows researchers to observe in-vehicle behaviors safely, without physical risk

to study participants [52]. Simulations can be implemented with low �delity but still provide insights into how drivers

will react sitting in a real vehicle [10]. When used to simulate outdoor environments, in-lab driving simulators can

be used to test the usage of AR on roads [53]. In-lab simulators can also be used to test how other road users, such as

pedestrians and cyclists, interact with autonomous vehicles [23, 38]. However, simulator sickness remains a large risk

for in-lab driving simulators because a user's vestibular senses do not align with their visual senses when taking part

in a simulation [4]. Researchers have tried to address this with methods such as aligning vehicular motion with VR

content [7] or simulating movement [11, 22], but even the highest-end simulators replicate a fraction of the forces felt

in normal on-road driving. [19]
3
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2.2 XR On-Road Driving Simulators

XR technology enables simulating AV driving either by allowing users to move through completely virtual spaces with

real vehicle dynamics or by overlaying virtual objects on top of real-time video footage of the surroundings to increase

the immersion of pre-programmed interfaces or interactions [6, 16, 17, 21, 45, 46, 48, 58]. Recently, XR systems have

been deployed on-road to take advantage of the realistic road environment and vehicle dynamics. The XR-OOM system

developed by Goedicke et al. [16] employed an XR headset for drivers to drive through virtual, external obstacles in a

parking lot. The MAXIM system developed by Yeo et al. utilized a virtual reality headset coupled with 360� cameras for

subjects to experience an autonomous virtual vehicle situated in a live environment created from live streamed 360�

videos [58]. Ghiurãu et al. [15] showed a proof-of-concept headset-based XR driving experience revealing that original

equipment manufacturers (OEMs) such as Volvo use such technology. Finally, McGill et al. [39] presented PassengXR,

an open-source toolkit to create passenger XR experiences. While providing XR experiences, they did not compare

their system to an in-lab simulator.

Although all the systems mentioned above track the vehicles' dynamics to accurately position virtual objects related

to the participant, they do not natively support high-precision interaction staging based on the surroundings outside

of the vehicle, which we refer to assurrounding contextin this paper. In essence, previous approaches are mostly

concerned with aligning virtual and physical motions, such as CarVR, but not the worlds themselves [21]. The authors

of PassengXR introduced a hypothetical application that requires high-precision alignment between virtual and physical

worlds, where passengers on a bus tour could view AR-style information overlaid on historic buildings outside the

vehicle, but their demonstration was still carried out indoors without discussing how feasible it was to implement such

application on-road [39]. Potential issues for designing such applications with existing platforms are two-fold. First,

current systems make it challenging for designers to stage interactions, where they need to manually locate event

trigger positions (in the bus tour example, buildings' coordinates either in GPS coordinates or relative coordinates in

the vehicle frame) and program corresponding AR information boards to be at those precise coordinates. Second, the

GPS-based tracking system may not provide enough accuracy for small-scale interaction, especially in cities where

buildings can disrupt GPS signals. The authors for PassengXR commented that their "approach prioritizes perception

of motion over location accuracy," which is not best suited for location-based XR experience [39]. These hardships

limit the capability of these on-road systems to act as participant testing platforms compared to traditional in-lab

simulators. Most autonomous driving studies require su�cient staging and surrounding context [8]. For example,

driver-to-driver communications mostly happen at intersections, and pedestrian-vehicle interactions usually occur

at crosswalks [24, 35, 37, 50]. Our work makes high prevision interaction staging possible while keeping the design

process intuitive.

2.3 Platform Portability

Previous research has focused on how to replicate on-road scenarios in in-lab simulators, which is crucial when

studying problems that are dangerous to experiment on the road, such as near-collision scenarios and passive rail

level crossing [13, 36]. However, compromises are necessary to compensate for the lack of motion and sensory cues

in in-lab simulators, and little research has been conducted to reduce the performance gap between on-the-road and

in-simulators [18]. As such, merely pursuing statistical signi�cance with in-lab simulators may result in overlooking

issues of practical relevance in real-world contexts. [18].

4



Portobello: Extending Driving Simulation from the Lab to the Road CHI '24, May 11�16, 2024, Honolulu, HI, USA

Because in-lab and on-road driving simulation environments o�er di�erent strengths when it comes to control and

realism of driving scenarios, it can be desirable to run the same study in both when possible� an approach we call

twinning of studies � to understand how study results from di�erent environments relate to each other. Hammel et al.

[20] found that, when they replicated an on-road study in a �xed-based simulator, participants' eye-scanning behavioral

patterns were similar, which demonstrates �x-based simulators' ecological validity. In a systematic review of validation

studies featuring comparisons of driving simulation and on-road driving between 1977 and 2017, authors Wynne et al.

[57] found only 44 validation studies comparing simulation to real driving. This is out of the 21,312 found by the same

researchers to be English-language publications of original research having to do with driving simulation. Such studies

are so rare that the 44 represent less than 0.25% of the published driving simulation research Wynne et al. [57]. They

report that "There was little consistency in the dependent measures used to assess di�erences between the simulator

and on-road drive...Of particular concern is the fact that only half of the driving simulators were found to be valid and

some were valid for one measure but not others." They note that since policy, legislation, and training are built o� of

simulator studies, a better understanding of which aspects of simulated studies are likely to carry over to real road

conditions, and which are not is critical [57].

Frequently, we believe, the lack of validation studies is due to the signi�cant challenge of creating "twinned" studies

in both environments. The advent of on-road mixed reality simulation [2, 16, 39, 58, 59] makes it possible to bridge the

divide using software events in the real world. However, no system has yet ported the same study course, code, and

event design from one environment to the other. By making it possible to port studies developed for in-lab simulators

to be run on-road�what we callplatform portability�we improve the ability for automotive researchers to extend their

in-lab studies to the real road, and thereby improve the validity of simulation research. This would improve the ability

of researchers to validate their simulation studies in on-road environments, as recommended by Wynne et al. [57]:

"Ideally this would see authors report empirical validation evidence for their own simulator, and not relying on other

simulators as support for validity. Even if modeled on a previously validated simulator, each set-up is unique and should

be validated for those speci�cations."

3 SYSTEMS

In this work, we present a study we developed meant to run on two driving simulator environments: a lab-based driving

simulator and an on-road XR driving simulator equipped with our Portobello system. Here, we recap the features of

both environments and introduce the key adjustments made to accommodate the Portobello system.

3.1 In-Lab Driving Simulator

Our in-lab �xed-base driving simulator features a modi�ed Fiat 500 in front of three projector screens (see Figure 1).

The projector screens cover participants' visual �eld when they sit in either the driver's seat or the passenger's. The

three projectors are DLP-based and can produce an image with low latency on the projector screens. The projectors

are connected to the computer over HDMI and use the TripleHead2Go to split one DisplayPort signal into the three

outputs.

The vehicle is coated with non-re�ective material to reduce the backscatter onto the projector screens, increasing the

contrast of the projector screens. ButtKicker haptic transducers are installed under the front seats to provide realistic

tactile feedback from road noise and the engine. The simulation software is run by an Alienware Area-51 R4 computer

with two NVIDIA GTX1080 in SLI. The vehicle's side mirrors are small digital displays rendered by the same computer.
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Fig. 3. The Portobello system uses a LiDAR-based navigation stack to localize the vehicle's runtime position within a given map. The
location information is transmi�ed to the Unity Desktop through ROS. The black do�ed line indicates a virtual divider appearing
only in the headset.

In our simulation software, our vehicle model was imported from the open-source Genivi Vehicle Simulator, which

has been widely used in driving simulation studies [1].

3.2 On-Road XR System

To enable cross-environment study deployment, we used Portobello with the XR-OOM system designed by Goedicke

et al. [16]. In the original XR-OOM system, tracking and positioning of virtual objects are managed by a ZED 2 camera

(for visual-SLAM) and the ART SMARTTRACK31 (for headset tracking within the vehicle) [16]. An onboard desktop

running the Unity 3D game engine in version 2020.3.26f1 overlays virtual objects on top of the "passed-through" video

of surroundings in the XR headset.

3.3 Portobello System

In the Portobello system, we used a LiDAR-based navigation system on the car roof driven by the Robot Operating

System (ROS 1 Noetic) [44]; this replaces the XR-OOM's ZED 2 camera in front of the vehicle. The Portobello navigation

system features an Ouster OS-1 3D LiDAR with a built-in Inertial Measurement Unit (IMU) and a ZED-F9R u-Blox

GPS module. The communication between the navigation system and the Unity Desktop is managed through the

ROS-TCP-Connector2 provided by Unity [29].

Platform portabilityalso drove augmentations to the XR-OOM software structure. Whereas XR-OOM used real-time

visual SLAM to compute short-term vehicle odometry, the Portobello LiDAR system enables global vehicle localization

1https://ar-tracking.com/products/tracking-systems/smarttrack3/, accessed Jan 20, 2023
2https://github.com/Unity-Technologies/ROS-TCP-Connector, accessed Oct 20, 2022
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within a given map. As a result, virtual objects' positions are no longer associated with the vehicle position directly as

its children. Rather, the vehicle and virtual objects share a common parent � the world frame � which is introduced by

a map of the environment. Instead of staging virtual events around the vehicle, as was done in XR-OOM (and in all the

other XR-based driving simulation systems mentioned in [15]), Portobello can stage virtual events in a static shared

map through which the vehicle drives. As Portobello replaces the car-centered reference frame with a map-based global

frame, out-of-vehicle virtual objects remain �xed with respect to the map instead of to the arbitrary starting position of

the vehicle. We detail the map generation process and staging process in Section 4.

At runtime, Portobello's LiDAR-based navigation system updates the position of a virtual vehicle in Unity. The relative

position and orientation between the virtual vehicle and the participant's headset are managed by SMARTTRACK3.

The virtual vehicle has the same shape as our research vehicle and is aligned with the research vehicle throughout the

ride. To simulate proper depth ordering, the virtual vehicle is transparent with the alpha clipping option enabled. By

acting as a cutout shader, the virtual vehicle occludes virtual objects outside. From the participants' view, the virtual

objects are occluded by the real car they sit in. As we are rendering virtual events in XR over a large area (half of an

island), we capped the headset's maximum rendering distance to 45 meters in order to improve motion parallax.

From a system design perspective, the computer running Portobello with ROS is a separate computer from the

computer running XR-OOM with Unity. In essence, the communication between the ROS localization algorithm and

Unity is achieved through the ROS transform package (TF), which is a hierarchical tree structure that tracks the relative

position of multiple coordinate frames (map, LiDAR, etc.). These coordinate frames can be accessed from Unity as game

objects. Isolating the system on a hardware level allows researchers to develop ROS and Unity in their own environments

and for one driving simulator to be swapped out for another. Designers can focus on designing studies by placing

objects in the course map in Unity, rather than being concerned with low-level ROS localization of objects. Another

bene�t of this practice is that the Portobello system consumes no computational resources in the original on-road

platform at run time. The LiDAR-generated point-cloud map is rendered into Unity in the design phase. At runtime,

the on-road platform computer imports the Unity map at start-up, and does not require the additional computational

resources that would be needed to manage the point cloud map data. (This does mean that the Unity map might be

missing physical features that change between the design phase and runtime.)

4 ENABLING PORTABILITY OF STUDY DESIGN USING COMMON MODELS

To run twinned studies across platforms, we must keep portability in mind during the design of the study. We outline

the necessary components to guarantee equivalent performance in cross-environment twinned studies and detail our

system pipeline to showcase the components' connections using our system.

4.1 Course Design

On-road simulators are limited by real-world road infrastructures. Based on the study focus, researchers should carefully

consider test routes to ensure e�ciency and reproducibility.

As our study focused on interactions at crosswalks, we chose the southern loop of Roosevelt Island as our study

course. Most of the 0.9-mile long route is single-track and has a high density of crosswalks, 15 in total. The drive takes

about 8 minutes. The route has no tra�c lights and overlaps with two bus lines.
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4.2 Map

A map (model of the study area) is the starting point of event design, and its precision and resolution greatly a�ect

design complexity and quality. In cross-environment twinned studies, a map is a bridge between simulation and the

real world, and it is also the shared common ground on every simulator platform.

To generate a high-quality map, we used the LiDAR-based navigation system to scan the entire test area. Speci�cally,

we ran the real-time LiDAR-inertial odometry package (LIO-SAM) developed by Shan et al. [51] to create a true-to-scale

point cloud mapping of the study area. We drove through the testing route multiple times to ensure loop closure. The

resulting map is a monochromatic digital twin that includes over one million points and captures the test area in �ne

detail. Researchers can manually contextualize the point cloud map in Unity with colored assets and use the map as the

background in in-lab simulators.

4.3 Event Design

Staging events along the planned course requires researchers to consider two major questions: where and when events

occur. Staging is relatively easy for in-lab simulations, where agents' movement and speed pro�les can be carefully

controlled to guarantee timing and location. In this section, we discuss how we stage events using on-road simulators.

4.3.1 Planned Events.

Where?A one-to-one scaled map is necessary to plan events for on-road simulations because the vehicle will drive

through the real world during the study. Any scaling or shifting on the map will cause signi�cant errors at runtime.

With a loaded digital twin in Unity, researchers can drag and drop virtual agents and objects just like they would for

in-lab simulators.

When?Timing of events for on-road simulators can be controlled through the placement of collision-based triggers.

Triggers in Unity are colliders that trigger events upon external contact. For example, invisible triggers can be placed

at some distanceGin front of a virtual tra�c light. Once the vehicle collides with the trigger, the tra�c light starts

changing colors, and participants should react accordingly. The distanceGgoverns the start of the interaction, which

essentially a�ects the maximum response time for participants.

Of course, a vehicle on-road cannot "collide" with the virtual collider in simulation. In our system, the LiDAR-based

navigation system synchronized the position of the real vehicle with a virtual vehicle in the digital twin through the

�3; _;>20;8I0C8>=andROS-TCP-Connectorpackages in real-time [33]. (The�3; _;>20;8I0C8>=algorithm has an accuracy

of less than 0.2 meters.) As the real vehicle drives through the world, the virtual vehicle simultaneously moves through

the digital twin to trigger planned events. Note that this is the same virtual vehicle mentioned in section 3.2 for proper

depth ordering.

4.3.2 Unplanned Events.We de�ne events outside the simulation, which researchers have no control over, asunplanned

events. In in-lab simulations, unplanned events are rare and typically caused by system failures or external interruptions.

However, in on-road simulators, unplanned events are common and can even be valuable for ecological validity; they let

researchers know if their �ndings are robust to real-world variation. Findings that are only true in the tightly controlled

environment of a study have little practical application.

Nevertheless, researchers must factor in potential unplanned events during the design phase to ensure safety

and preserve meaningful study results. Unplanned events come in di�erent forms, from unexpected appearances of
8
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