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Fig. 1. (A) The experimenter employs PilotAR, a desktop-based experimenter tool, for Optical See-Through Head-Mounted
Displays (OHMD) based pilot studies. (B) PilotAR facilitates real-time monitoring of participants’ experiences from both
first-person and third-person perspectives, enabling experimenters to track ongoing studies dynamically. In addition, the
tool’s annotation features allow for the precise marking and capture of significant moments in a photo or video format.
Quickly logging quantitative metrics, such as event time, can be done using shortcut keys. Furthermore, a real-time summary
of the observed moments and recorded data, available for post-study interviews, promotes in-depth discussions, insights,
and support for collaborative review and interpretation. (C) In a separate room, the participant interacts with the simulated
AR system, maintaining communication with the experimenter.
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Pilot studies in HCI research serve as a cost-effective approach to validate potential ideas and identify impactful findings before
extensive studies. Yet, the additional requirements of AR/MR, such as multi-view observations and increased multitasking,
make it challenging to conduct pilot studies effectively, hindering innovations in this field. Based on interviews with 12 AR/MR
researchers, we identified the key challenges associated with conducting AR/MR pilot studies with Optical See-Through
Head-Mounted Displays (OST-HMDs, OHMDs), including the inability to observe and record in-context user interactions,
increased task load, and difficulties with in-context data analysis and discussion. To tackle these challenges, we introduce
PilotAR, a desktop-based tool designed iteratively to enhance OHMD-based AR/MR pilot studies. PilotAR facilitates data
collection via live first-person and third-person views, multi-modal annotations, and flexible wizarding interfaces. It also
accommodates multi-experimenter settings, streamlines the study process with configurable workflows and shortcuts, records
annotated data, and eases results sharing. Formative testing, conducted using three case studies, has highlighted the significant
benefits of PilotAR, as well as its potential for further development and refinement.

CCS Concepts: • Human-centered computing → Ubiquitous and mobile computing systems and tools; User interface
toolkits; Mixed / augmented reality.

Additional Key Words and Phrases: toolkit, tool, pilot, heads-up computing, augmented reality, OST-HMD, smart glasses,
evaluation, interaction
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1 INTRODUCTION
Thomas Alva Edison’s journey to perfect the light bulb involved conducting thousands of experiments with
various potential solutions [31]. This highlights a common pattern in scientific discoveries and technological
innovations: significant breakthroughs often emerge from thorough explorations of various hypotheses and
potential solutions [7, 63].

In the field of human-computer interaction (HCI), exploring alternative hypotheses and potential solutions is
closely linked to conducting pilot studies. Traditionally, pilot studies are defined as small-scale preliminary studies
that evaluate the feasibility, duration, cost, and possible adverse events, aiming to refine the study design before
a full-scale research project is undertaken [44, 52, 64]. However, within the HCI context, the term “pilot study”
does not only refer to scaled-down versions of larger studies but also encompasses formative testing of various
prototypes, such as early samples, models, or product releases of interactive solutions [42]. The underlying
principle remains consistent: both scientific discovery and technological innovation involve venturing into the
unknown, where conducting a full-scale investigation without preliminary exploration can be risky; thus, it is
wise to send out low-cost probes to gather more information, and based on the results, decide on how to proceed
to the next steps.

The objective of pilot studies is to gather as much insight into the unknown as possible while minimizing the
costs of the investigation. This principle is widely practiced in HCI, where cost-effective methods and tools are
employed extensively. Techniques such as low-fidelity prototyping and the Wizard of Oz (WOz) testing allow
researchers and designers to test and refine potential solutions without significant effort [19, 23, 24].
However, the scenario changes when it comes to conducting pilot studies in Augmented Reality (AR) and

Mixed Reality (MR) using Optical See-Through Head-Mounted Displays (OST-HMDs, OHMDs). As an emerging
field, OHMD-based AR/MR is garnering considerable attention due to its potential to realize concepts such as
the metaverse and heads-up computing [75]. OHMDs have the capability to enable users to interact seamlessly
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with a blended environment of physical and digital elements, regardless of their location and time [3, 32]. This
capability aligns closely with the vision of ubiquitous computing (UbiComp), which advocates for technology
that integrates effortlessly into everyday life, making digital interactions as natural as those in the physical world
[72].

Despite their potential, pilot studies in AR/MR using OHMDs face unique challenges. Insights from interviews
with twelve AR/MR researchers highlight the complexities involved in these studies. They point out difficulties
such as setting up complex testing environments and procedures, monitoring virtual content and real-world
interactions at the same time, managing various tasks, including observation, facilitation, and real-time manual
adjustments during experiments, and the need for quick analysis and sharing of results with collaborators. These
complexities not only increase the costs associated with conducting pilot studies but also hinder the researchers’
ability to gather meaningful insights efficiently. As a result, pilot studies in AR and MR using OHMDs are less
straightforward compared to traditional HCI methods.

We developed PilotAR (Figure 1), a desktop-based tool specifically designed for AR/MR research using OHMDs,
tailed to WOz pilot studies. PilotAR features a guided workflow to simplify setup and use. The tool offers manual
and automatic event tagging and shortcut annotation interactions to reduce experimentation costs. It facilitates
the easier conduct of pilot studies by streamlining task distribution between the during- and post-pilot phases.
To generate more and better insights, PilotAR supports rich data capture through integrated first-person and
third-person video streaming, enhancing real-time understanding of user interactions. The previously introduced
tagging and annotation mechanisms are designed to simplify post-study analysis, thereby increasing the potential
to generate deeper insights.
A preliminary usability evaluation of PilotAR, conducted with three AR/MR research teams using OHMDs,

suggests that it effectively reduces the costs of conducting studies and enhances insight generation. This positions
PilotAR as a promising tool to accelerate research and innovation in OHMD-based AR/MR.

The contribution of this paper is threefold: 1) It provides empirical knowledge into AR/MR pilot study practices
and challenges; 2) It introduces PilotAR, an open-source tool tailored for these studies; 3) It demonstrates the
tool’s comprehensive data collection capabilities, reduced experimenter workload, and enhanced support for
in-context discussions through empirical validation.

2 RELATED WORK
In this section, we review the literature on pilot studies in HCI, particularly for developing AR/MR technology.
We then explore the challenges AR/MR researchers face during experimentation and review existing AR/MR
tools, highlighting their advantages and limitations.

2.1 Pilot Studies
A pilot studies traditionally refers to small-scale preliminary investigations conducted before the main study to
test hypotheses, validate experimental procedures/designs, and identify possible errors or issues [44, Ch 5][52,
Ch 55][29, 62, 64, 66, 67, 70]. In the context of HCI, the term “pilot study” can also refer to informal or small-
scale evaluations of various prototypical solutions [42, 44, 64]. These evaluations are crucial for assessing the
feasibility of a concept and identifying any usability issues early in the development process. This approach
allows researchers and designers to make necessary adjustments before further development and larger-scale
testing [44, 62, 64, 66].

Pilot studies are designed to be low-cost and small-scale, typically involving a limited number of participants
and less rigorous testing procedures [29, 44, 62, 64, 66]. Their primary goal is to refine hypotheses and solutions,
preparing the groundwork for more comprehensive investigations. This approach helps ensure that resources are
used efficiently and effectively in the early stages of research.

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 8, No. 3, Article 106. Publication date: September 2024.



106:4 • Janaka et al.

Pilot studies serve an essential but often less noticeable role in human-computer interaction (HCI) research.
While formal studies, such as large-scale controlled experiments, are featured in scientific publications due to
their rigorous methodologies and larger sample sizes, pilot studies frequently go unmentioned. Researchers might
report only those pilot studies that support the narrative of their papers, often omitting many other attempts
that did not yield the desired outcomes, primarily due to space constraints in publications. Despite their lower
visibility, pilot studies are crucial for shaping these comprehensive investigations. Without the preliminary
insights they provide, the structured and formal studies commonly seen in academic papers would not be as
well-founded or effectively designed [29, 44, 52, 64, 66, 67]. Below, we further elaborate on a few specific reasons
why pilot studies are indispensable for HCI research.

Firstly, conducting comprehensive formal studies is both labor-intensive and costly. A single oversight could
invalidate months of work. Therefore, seasoned researchers rely on pilot studies to test procedures and designs
and to identify potential errors early in the process. Secondly, even well-executed formal studies can sometimes
yield uninspiring results or fail to demonstrate improvements over existing approaches. Pilot studies provide a
lower-cost avenue to assess the potential for significant findings, increasing the likelihood that the formal studies
will lead to meaningful breakthroughs. Lastly, the complexity of HCI research often requires consideration of
multiple variables. It’s impractical to address all these in one formal study. Pilot studies help in refining the focus
by eliminating less relevant factors, thereby narrowing the scope of the study. In conclusion, pilot studies are
indispensable methods/tools that facilitate quicker advancements in knowledge and innovation in the field of
HCI [44, 52, 64]. Effective pilot studies aim to achieve maximum learning/insights with minimum effort.

2.2 Challenges in OHMD-based AR/MR Research and Pilot Studies
The importance of conducting pilot studies is amplified when the cost of running the formal study increases.
This is particularly significant in the context of HCI studies related to OHMD-based Augmented Reality (AR)
or Mixed Reality (MR) technologies. Unlike traditional UI design (e.g., 2D interfaces), OHMD-based AR/MR
research encompasses both the virtual and physical worlds and their interconnections [24, 59], which entails
higher costs due to the inherent complexities and challenges associated with setting up and executing such
studies [2, 37, 50, 60]. Furthermore, as an emerging field, researchers encounter more challenges during the
design, development, and testing phases of OHMD-based AR/MR research due to a lack of authoring tools that
require minimal technical competencies yet still provide the desired functionalities [37, 50], and a deficiency of
experimentation tools supporting data capture and analysis [6, 14].

Raffaillac and Huot emphasize that the research studying the requirements of HCI researchers is surprisingly
sparse compared to the array of toolkits designed for them [54]. While the challenges and needs concerning
AR/MR design and development aspects have been examined [2, 37, 50, 60], there remains a lack of information
about the needs of experimenters regarding AR/MR testing and evaluation of research (e.g., [55]). Carter et al.
[14] investigated experimenter needs in the domain of ubicomp experiments, but given the unique characteristics
of AR/MR experiments (e.g., context, interface, relations [73]), certain needs (e.g., different views to understand
the relationships) were overlooked in their study. Thus, we conducted a formative interview study (Sec 3) to
build upon previous research, providing new empirical insights into the experimentation process of AR/MR
researchers with pilot studies.

2.3 Tools for AR/MR Pilot Studies
Our formative study (Sec 3) identified that AR/MR researchers using OHMDs require support across all phases of
the pilot study, including pre-pilot (e.g., setup), during the pilot (e.g., experimentation), and post-pilot
(e.g., analysis and summarization). In reviewing related work, most previous studies fall into one of two
categories. The first category consists of tools that support all study phases but are designed for formal studies.
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These tools often require signi�cant e�ort to set up and use, which makes them unsuitable for the rapid iteration
needed in pilot studies. The second category includes tools that are lightweight and easy to use, but they only
cater to one stage of the pilot study lifecycle and do not support the entire process.

2.3.1 Tools for Formal Studies.MRAT [51] is designed to support high-�delity MR studies involving all phases.
While being useful, it demands advanced skills in developing MR scenes using Unity3D, which is both time-
consuming and requires speci�c technical skills, making it less e�ective as a pilot study tool.

2.3.2 Tools Supporting Specific Phases of the Pilot Study Lifecycle.

Tools for Setup.Existing AR/MR tools primarily focus on the initial setup phase [21, 27, 51], emphasizing
rapid prototyping and content creation. This includes content authoring tools (reviewed in [49, 50]) and rapid
prototyping tools (reviewed in [24]), as well as gesture interaction tools (e.g., [71, 74]), which are mainly used for
the pre-pilot phase. This gap has motivated us to develop a tool that supports the entire pilot study lifecycle.

Wizard-of-Oz in AR/MR Pilot Studies.During initial study phases, including pilots, experimenters often use
low-�delity prototypes and basic applications to accelerate iterations and reduce setup costs [14, 19, 20, 24]
(Sec 3.2). The wizard-of-oz (WOz) protocol [18, 23], where experimenters simulate the expected application
behavior using (low- to high-�delity) prototypes, is commonly used in AR/MR studies to reduce setup and
simulation costs [5, 19, 22, 23]. Our tool,PilotAR, supports this approach by facilitating the setup process with a
range of interfaces from low-�delity (e.g., paper [15]) to high-�delity (e.g., Unity3D1 [10]), enhancing �exibility2

and reducing the resources3 needed for the pre-pilot setup.

Tools for Experimentation.During the pilot phase, which includes observation, data collection, and task man-
agement (Sec 3.4),PilotARo�ers functionalities similar to AR tools like the Immersive eXperimenter Control
Interface (IXCI) [56, 57] and the Designer's Augmented Reality Toolkit (DART) [25, 43]. However, unlike these
platforms that often require high-�delity implementation skills (i.e., higher setup cost),PilotARprovides more
accessible multi-view observations and in-situ data annotations, supporting even low-�delity prototypes (i.e.,
lower setup cost).

Tools for Analysis.In the post-pilot phase, which involves data analysis and summarization (Sec 3.5),PilotAR,
while not as specialized as tools like ReLive [30] or MIRIA [12] (or others4 [17, 53, 61]), provides essential func-
tionalities for immediate retrospective observations and e�cient note-taking enabling higher insight capturing,
which are crucial for the iterative design and re�nement of pilot studies.

In summary,PilotARdistinguishes itself by streamlining every phase of the OHMD-based AR/MR pilot study
lifecycle, e�ectively the need for rapid iterative exploration by optimizing both costs and insight generation at
various stages. For a comprehensive feature comparison, please refer to Appendix A.

3 STUDY 1: UNDERSTANDING THE CHALLENGES FACED BY RESEARCHERS DURING THE
EARLY STAGES OF AR/MR STUDIES

To understand the experimenters' challenges during AR/MR pilot studies which are underrepresented in literature
(sec 2.2), we conducted semi-structured interviews with 12 AR/MR researchers (R1-R12), all of whom have

1https://unity.com/
2enabling to use existing prototyping tools, serving to generate content or function as wizarding interfaces such as remote paper prototypes
[15], 360 experiences with paper [48], in-situ 3D sketches in video prototypes [41], spatial prototypes incorporating real-world motion [47],
and cross-reality prototypes [26]
3lowers the technical skill barriers for high-�delity prototyping (e.g., IXCI [56, 57], Welicit [5], UXF [10])
4non-MR tools like Noldus's Observer XT5 [77], ANVIL [36], EXCITE [45], EagleView [11]
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experience with OHMD-based experiments ranging from 2 to 10 years (see Appendix B.1-Table 2 for details). We
employed the critical incident technique [58] to discern the design requirements for our tool. Thus, we asked the
researchers about their past AR/MR research projects, the tools or methods they used, the team collaboration, the
stages of the projects, how they progressed, challenges faced during the early stages of the projects, and their
mitigating strategies. The interviews, each lasting approximately 45 minutes, were transcribed and subsequently
thematically analyzed following Braun and Clarke [8] (see Appendix B.2 for details). The insights from this
study o�er a more nuanced picture of the challenges experimenters face during di�erent phases of OHMD-based
AR/MR pilot studies and subsequently helped us articulate design goals for thePilotAR.

3.1 Purposes of Pilot Studies in AR/MR
As our interviewees detailed, pilot studies play a crucial role in the early stages of AR/MR research projects,
serving three primary functions: 1) guiding design space exploration to identify potential research avenues
(10/12). �� I often use pilots to see how conditions change and if it looks promising ... how it a�ects user behaviors...
they help narrow down on things to test and their practicality(R2)�, 2) comparing multiple interfaces, interactions,
or systems to discern their pros and cons (9/12) quickly. ��I compared our system with others [during piloting] to
see whether the formal study would work(R1)�, 3) identifying usability concerns to improve them (12/12). ��Pilot
studies helped me identify usability issues to re�ne our proposed interface and layout.(R1)�

3.2 Pilot Study Process
All researchers conducted multiple iterative pilot studies, integrating �ndings from each study into the next,
leading to either a formal study or project discontinuation. They employed prototyping [19] at varying �delity
levels, either alone (5/12) or in combination with the wizard-of-oz technique (7/12) [19, 23], for quick and
systematic design testing and validation (5th-6th column of Table 2).

Similar to the formal experimental lifecycle (i.e., setup, experimentation, analysis, summarizing) [5, 14], pilot
studies encompass multiple steps, which we categorized intopre-pilot, during-pilot, andpost-pilotphases.Pre-pilot,
experimenters create and set up testing environments, like AR/MR content and OHMDs.During-pilot, they
observe behaviors, take notes, and collect data to evaluate their designs, preliminary research questions, and
hypotheses. Finally, inpost-pilot, experimenters interview participants to resolve any ambiguities and gain deeper
insights. They analyze data, summarize the evidence supporting or opposing the research questions, and validate
the hypotheses. This phase ends in discussions with collaborators to plan future/next steps (e.g., iteration).

The following sections describe the challenges researchers faced in each phase. Due to the iterative nature of
pilot studies, some challenges spanned multiple phases. Additionally, certain challenges are not unique to AR/MR
pilots with OHMDs but also relevant to other HCI studies, like ubicomp experiments [14].

3.3 Challenges in thePre-pilotPhase
Aligned with previous research, researchers faced challenges in content preparation [2, 37] and tool usage
[24, 25, 37, 50], particularly due to the absence of quick authoring tools for AR/MR experiences. To address these
issues, researchers employed low-�delity prototyping methods, such as PowerPoint/Google Slides, paper, and
video (Appendix B.1-Table 2). They also utilized wizard-of-oz techniques with digital tools like Figma, Miro, and
Google Slides via platforms such as Zoom or Google Meet, in addition to mirroring 2D content to AR/MR devices
by connecting devices like Nreal/Xreal Light glasses to a tablet. However, because there are no standardized
procedures or preparation guides, this process often becomes ad hoc and tedious and consumes a signi�cant
amount of time and energy to set up.

A prominent but less-known challenge is the necessity of testing AR/MR content on OHMDs in realistic
settings, as opposed to other platforms like mobile phones or video see-through HMDs (mentioned by 10/12
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researchers). This need stems primarily from color blending issues on transparent displays [32]. As R2 highlighted,
� I create video content on the computer, which looks great. However, when transferred to smart glasses, it di�ers
signi�cantly, especially outdoors or in motion. The content that looks good on one pair of glasses may need recreation
for another.�

3.4 Challenges in theDuring-pilot Phase
During the pilot study, researchers faced challenges in study execution and data collection. Generic challenges
included managing multiple tasks simultaneously (8/12), such as observing, note-taking, and wizarding, leading to
task overload and fatigue [5], and unfamiliarity with the pilot steps (3/12), resulting in inconsistent experiments.
This multitasking often hindered detailed observation note-taking (9/12), hindering subsequent in-depth post-
interview questioning.

Although these challenges could be partly mitigated by enlisting additional experimenters, over half of the
researchers (7/12) conducted pilot studies alone due to resource constraints, such as limited trained personnel.

3.4.1 Challenges with Data Collection.AR/MR studies pose unique challenges compared to traditional usability
lab tests, especially in observing participants (11/12) and the system (10/12).

In traditional settings, such as desktop (2D) environments, researchers observe participants' behaviors and
digital interactions from a third-person view (TPV). However, in AR/MR environments, TPV alone is insu�cient to
capture interactions with virtual content, which remains invisible from this perspective. Access to the �rst-person
view (FPV), which includes egocentric views with virtual content, is often restricted by experimenters' lack of
specialized skills or knowledge. This limitation is particularly problematic in wizard-of-oz (WOz) methodologies
[1, 23, 24, 40], leading researchers to �guess� participants' intentions. Such constraints often result in the need for
repeated trials when errors are recognized post-trial without access to real-time monitoring capabilities.

When experimenters have access to both TPV and FPV, managing multiple viewpoints increases multitasking
demands and complicates detailed note-taking, especially when they must simultaneously operate multiple
devices or tools (e.g., wizarding).

To address these challenges, researchers employed semi-automatic recording methods such as audio, video,
and system logs [57], alongside tools from OHMD vendors for virtual content observation, including Windows
Device Portal6 for HoloLens 2 and Meta Quest Developer Hub. They also implemented think-aloud protocols
and pre-tested systems before trials. However, similar to the challenges encountered in thepre-pilotphase, the
absence of standardized procedures or preparation guides often renders this process ad hoc, tedious, and highly
time-consuming.

3.5 Challenges in thePost-pilotPhase
In the post-pilotphase of AR/MR studies, researchers commonly face two primary challenges: data analysis and
results sharing. These challenges, while typical in HCI research [14], are particularly pronounced in AR/MR
settings due to their context-dependent nature [6], especially when contextual information is lacking during
analysis and results sharing.

3.5.1 Challenges with Data Analysis.Researchers (7/12) encountered di�culties during interviews, primarily due
to insu�cient contextual information and a lack of processed quantitative data. On the one hand, the absence of
contextual information sometimes made it di�cult to ask relevant questions or recall speci�c user experiences
without detailed notes. On the other hand, participants often forgot their earlier behaviors, which hampered
the research process. Additionally, without preliminary quantitative analysis, researchers found it challenging
to validate hypotheses or discern between the e�ectiveness of di�erent techniques, such as technique A versus

6https://learn.microsoft.com/en-us/windows/mixed-reality/develop/advanced-concepts/using-the-windows-device-portal

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 8, No. 3, Article 106. Publication date: September 2024.



106:8 ˆ Janaka et al.

technique B. This limitation made it di�cult to pose meaningful questions during post-pilot interviews that could
provide deeper insights into speci�c issues, which typically only emerged after a detailed quantitative analysis of
the results.

To address these issues, researchers took detailed notes and recorded key moments. Some attempted �live�
analysis, which involves consolidating measures or processing data in real time, to better prepare for interviews.
Although a few researchers (3/12) tried using video analysis to aid their work, they struggled with e�ciently
navigating to relevant segments due to limited search capabilities. Conversely, another group (3/12) opted to
avoid detailed recordings altogether to save time on extensive post-pilot analysis.

3.5.2 Challenges with Results Sharing.Sharing AR/MR �ndings with collaborators who hadn't experienced the
application �rsthand was particularly challenging (6/12). Traditional text notes often failed to adequately convey
the nuanced, situated experiences of participants, making it di�cult for collaborators to grasp the behaviors
observed and suggest e�ective design improvements fully.

To tackle these challenges, researchers employed detailed note-taking and video recording of crucial moments.
Additionally, some researchers (3/12) allowed on-site collaborators to directly �try out� the pilot study, which
enabled them to experience the participants' perspectives �rsthand and contribute to more informed discussions
and feedback. However, this direct involvement isn't always feasible. In cases where �rst-hand observation isn't
possible, it becomes challenging for collaborators not actively involved in the study to understand the outcomes
and provide valuable input fully.

3.6 Summary and Design Goals
Based on our interviews and related literature, we formulated design requirements for a tool that addresses
common challenges in OHMD-based AR/MR pilot studies.

Ease of Setup in Conducting Pilot Studies:To signi�cantly reduce the costs associated with setting up pilot
studies (Sec 3.3), it is essential for the tool to o�er a guided setup procedure, pre-con�gured templates, and
user-friendly interfaces. These features should be designed to accommodate users with varying levels of technical
expertise, streamlining the setup process and minimizing the time and resources required. This approach enhances
e�ciency and makes the pilot study process more cost-e�ective.

Support for Familiar Wizarding/Simulation Interfaces:The tool should be equipped to handle a range of familiar
wizarding and simulation interfaces, facilitating quick iterations across diverse experimental setups (Sec 3.2).
This feature is instrumental in the rapid testing of ideas and ensures compatibility with existing presentation and
simulation technologies (Sec 2.3.2), thereby reducing both technical and �nancial barriers for researchers and
experimenters.

Support for Observations in Situated Contexts:To achieve comprehensive data collection, the tool needs to
support monitoring user interactions from both �rst-person and third-person perspectives (Sec 3.4, [59]) in their
natural environments. This multi-perspective approach is vital for accurately identifying system errors and
unexpected user behaviors, enriching the depth of insights derived from the study.

Reduce Task Load of Experimenters:Automating processes such as recording, note-taking, and measuring
can signi�cantly alleviate experimenters' cognitive and physical load. Moreover, enabling collaborative use by
multiple experimenters (Sec 3.4) helps evenly distribute the workload. This ensures continuous observation and
maintains data accuracy while reducing the overall e�ort required to manage the study.

Expedite Data Recording, Analysis, and Generation of Creative Insights:The tool should o�er immediate access
to data recordings and support easy annotation during and after experiments. These features facilitate faster
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turnaround times in data analysis and the generation of creative insights (Sec 3.1�3.2). Additionally, function-
alities, like annotated video recordings [36, 77] and straightforward navigation to speci�c instances during
post-experiment reviews, are crucial for quickly pinpointing relevant data, thus enhancing both the speed and
quality of insight generation.

4 PILOTARTOOL
In this section, we delineate the functionalities of the tool that meet the design goals speci�ed in Sec 3.6 and
describe a typical usage scenario ofPilotAR(Figure 2). For details on iterative tool design and its role in verifying
the design goals and elucidating detailed requirements, refer to Appendix C.

Fig. 2. Overview of the system components and workflow withPilotAR.

4.1 Major Functions
4.1.1 FPV and TPV Live Streaming.Although relatively straightforward in design, as an essential feature, we
enabled experimenters to observe participants wearing OHMD in situated contexts through the live �rst-person
view with grids (FPV)7 and third-person view (TPV). These video streams are simultaneously recorded for
subsequent analysis. Speci�cally, FPV streams the overlay of digital content and the realistic environment
rendered by the OHMD. TPV streams video from a user-attached camera or one positioned by experimenters.

4.1.2 Annotations with Function Shortcuts.To facilitate documentation during pilot study observations, we enable
a variety of annotations. These encompassScreenshot(to capture the current screen, optionally with a colored
block highlighting a speci�c Region of Interest (ROI)),Focuscapturing only a selected screen region),Correctand
Incorrect(for accuracy calculations), andCounter(for tracking interaction attempts). The communication between
experimenters and participants is recorded and transcribed toVoice Annotationin text format. During pilot
studies, experimenters can use customized keyboard shortcuts to activateAnnotationfunctions. These shortcuts
can be mapped to UI, user, or experimenter actions for automatic annotations. Additionally, eachAnnotation's
color can be customized for easy identi�cation, and all annotations are time-stamped for later review.
7The current implementation accommodates multiple camera/video streams, with successful testing for up to three streams. As determined
through iterative design (Appendix C), we have implemented grids on the video stream to assist experimenters in locating and positioning
virtual content.
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4.1.3 Multi-experimenter Support.To reduce task load during pilot studies, we support multi-experimenter
scenarios alongside single-experimenter setups. In a single-experimenter scenario, the experimenter concurrently
manipulates the wizarding interface, conducts observations, and makes annotations. In the multi-experimenter
con�guration, one experimenter can act as the wizard, adjusting the interface based on users' actions observed
via FPV and TPV, and another experimenter can focus solely on observation and annotations. After the pilot,
annotations from both experimenters are seamlessly synchronized8.

4.1.4 Analyzer.To allow experimenters to get a real-time summary of the collected data, we implemented the
Analyzerview. By reviewing the annotation index on the recording's timeline, experimenters can identify key
moments and use video playback to assist participants in recalling their experiences. Experimenters can adjust
annotations recorded during the pilot session (e.g., change timestamp, modify manipulation correctness, modify
notes), add new notes, and take screenshots. The analyzer also provides a quick summary of accuracy and the
time duration between two indices ofAnnotationand corresponding events.

4.1.5 Summary Review.To facilitate information sharing among collaborators, a comprehensive review of the
pilot results can be exported from the analyzer, including overall descriptive statistics, selected annotation
timestamps, notes, and screenshot images. Raw data (e.g., video) can be shared for subsequent analyses.

4.2 PilotARUsage Scenario
Experimenters might adopt various strategies withPilotAR. Here, we outline a basic approach for conducting a
pilot study usingPilotAR, with the replication of `Mind the Tap' [46] as an example to highlight its usage.

Mary, an AR researcher, conceives a novel idea employing foot-tapping as an input interaction for OHMDs [46]
(Figure 1). She identi�es two potential interactions:direct (i.e., the menu appears on the �oor within leg's reach)
and indirect (i.e., the menu displays in front of the eyes, requiring users to use proprioception to associate it with
their foot, Figure 1C). She aims to discern the strengths and limitations of each foot-tap interaction. Choosing
a within-subject design for an initial comparison, Mary opts to employ the wizard-of-oz technique to minimize
developmental e�orts in a tangible system (e.g., Unity development with optical tracking) and to persuade colleagues
to explore this concept further.

4.3 System Components
To support the scenario described above, as shown inFigure 2 andFigure 1, we utilize additional hardware
and software components besides thePilotAR. These include an OHMD, speci�cally the HoloLens29, and a TPV
camera stream, which can be provided by devices such as a phone, tablet, laptop camera, USB camera, or IP
camera (e.g., DroidCam10 mobile app). On the software side, we utilize a wizarding interface to display and
manipulate OHMD content based on user reactions. This interface can range from low-�delity solutions like
slides (e.g., Google Slides11) and whiteboards (e.g., Miro12, Figma13) with communication software (e.g., Google

8Note: Additional tags have been added for annotations made by the other experimenter.
9https://www.microsoft.com/en-us/hololens/hardware
10https://play.google.com/store/apps/details?id=com.dev47apps.droidcam&hl=en&gl=US
11https://docs.google.com/presentation
12https://miro.com/
13https://www.�gma.com/
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Meet14, Zoom15, MS Teams16), to high-�delity prototypes such as Unity3D17 or Unreal Engine applications with
holographic remoting capabilities (e.g., Holographic Remoting Player18).

4.4 Interface and Workflow
The main work�ow usingPilotARis divided into three phases:pre-pilot, during-pilot, andpost-pilot. This section
demonstrates how Mary can utilizePilotAR's interfaces throughout these phases.

4.4.1 Pre-pilot Phase.As shown in Figure 3, the experimenter set up system components and con�guresPilotAR,
which involved role selection, device con�guration, checklist creation, and shortcut key customization for
Annotations.

Fig. 3. Workflow of Setup UI. Upon starting the tool, the experimenter is prompted to select the role (A), including single-
and multi-experimenter (wizard/observer). Then, menu (B) indicates the three major steps of conducting a pilot study: Setup,
Pilot, and Analyzer. In Setup (C), there are three sub-steps, including device configurations (C1), checklist configuration (C2),
and annotation customization (C3).

Mary quickly crafts a wizarding interface using Google Slides with a 2x4 menu, where the target location randomizes
on subsequent slides. She mirrors these slides to the HoloLens 2 (HL2) via Google Meet on a browser. She uses a
phone camera as the TPV by linking it to Google Meet. Fordirect interactions, the mirrored WOz interface is �xed
on the �oor. Conversely, forindirect interactions, it's positioned in front of the users' eyes.

Role Selection (Figure 3A).Upon launching the tool, the experimenter is prompted to select their role:single-user
for single-experimenter pilots, orwizard/observerfor multi-experimenter pilots.

Device Con�guration (Figure 3C1).This task allows the experimenter to input essential information such as FPV
and TPV connections (e.g., IP address, credentials),Wizarding Interface(e.g., Google Slides URL link or python
�le path), and screen recording inputs (e.g., video and audio source), making them all displayed on the monitor.

Checklist Creation (Figure 3C2).The checklist aids in remembering crucial steps during the pilot study, such
as con�rming OHMD, TPV camera, and recording. Customizable items can be added by typing in the provided
space at the bottom.

14https://meet.google.com/
15https://zoom.us/
16https://www.microsoft.com/en/microsoft-teams/group-chat-software
17https://unity.com/
18https://learn.microsoft.com/en-us/windows/mixed-reality/develop/native/holographic-remoting-player
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Shortcut Key Customization (Figure 3C3).Experimenters can manage whichAnnotationsare displayed during
the pilot session (known as PinnedAnnotation) and customize aspects like color, name, and shortcut key.

Mary initiates the PilotAR, selects `Single User' (Figure 3A), and sets up the devices (Figure 3B) with the HL2 IP
address for FPV, a Google Meet link for TPV, and Google Slides for the Wizarding Interface (Figure 3C1). She then
adds a �Check foot visibility� checklist item (Figure 3C2) to verify the FPV setup is accurate before each pilot
session. To ascertain accuracy and usability, she enables (Figure 3C3) Correct, Incorrect, Counter, and Screenshot
annotations.

4.4.2 During-pilot Phase.After setting up and con�rming the checklist, experimenters can enter the anticipated
duration19 and participant and session ID and initiate the �Pilot� phase by clicking the �Start/Stop� button on the
top bar (Figure 4A).

Fig. 4. Pilot interface, which includes two major areas. Area (A) is the Top Bar showing (pinned)Annotations' live statistics
(A1), the session progress (A2), and session information (A3). Area (B) presents the main working panel housing the FPV (B1,
which shows the digital interface and user's feet from their FPV), TPV (B2),Wizarding Interface(B3), and a sidebar for the
annotation table (B4).

Top Bar (Figure 4A).The top bar displays session-related metadata, including live statistics of measures
(e.g., count of Annotations, Figure 4A1), session progress (e.g., duration and timeline, Figure 4A2), and session
information (e.g., participant info, anticipated duration, Figure 4A3). Experimenters will receive a noti�cation
when the anticipated time has elapsed and can stop the session by clicking the �Stop� button located at the right
corner of the top bar.

19The experimenter can estimate the session's duration; exactness is not required.
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Main Working Panel (Figure 4B).The working panel displays FPV (Figure 4B1), TPV (Figure 4B2), andWizarding
Interfaces (Figure 4B3), with a layout that can be customized according to the experimenter's preferences. In the
right corner of the working panel, the capturedScreenshotandFocusannotations using keyboard shortcut keys
(e.g., �3� key key) are shown as images with timestamps in the Annotation Table (see Figure 4B4). Clicking on
these images opens a pop-up window, allowing the experimenter to add notes to the annotations.

[Piloting with the First Interface] Mary then invites a friend to participate in the pilot, a�xing the TPV phone to
their chest to monitor foot interactions (Figure 4B1). After the brie�ng and training, the pilot starts with thedirect
interface (Figure 1C). Adjusting the target location on the Wizarding Interface (Figure 4B3), she annotates accuracy
across ten trials, taking screenshots of any unusual or interesting behaviors (Figure 4B4). Mary also monitors the
trial count and accuracy via the live statistics dashboard (Figure 4A1).

4.4.3 Post-pilot Phase.The �nal step involves apost-pilotanalysis. Upon completion of the pilot session, the
Analyzerwindow appears (Figure 5), displaying the video panel on the left (Figure 5A) andAnnotationspanel on
the right (Figure 5B).

Fig. 5. The Analyzer interface comprises two main panels: the video panel (A) and the annotation panel (B). The video panel
includes video playbacks of the pilot (A1), video controls, and a new note panel (A2). The annotation panel features an
annotation preview (B1), annotation filtering options (B2), an annotation table (B3), and an exporting bu�on. The Analyzer
supports exporting the annotations (C) in PDF format (C1) and CSV format (C2).

Video Panel (Figure 5A).The video panel can play20 the recorded video (Figure 5A1) and navigate to any
timestamp by clicking the timeline (Figure 5A2) or using three buttons to rewind, pause, and fast-forward. Exper-
imenters can create newAnnotationswith notes in the �New Note� area below the video timeline (Figure 5A2).

Annotation Panel (Figure 5B).The annotation panel features an annotation preview (Figure 5B1), annotation
�ltering options (Figure 5B2), an annotation table (Figure 5B3), and an exporting button. The annotation preview
(Figure 5B1) provides an overview of the pilot, including its duration, manipulation accuracy, and collected
screenshots. Experimenters can click on these screenshots to pinpoint annotated moments in the recorded video.

20at a 0.5x, 1x, 2x; the default is 1x
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Within the Annotation table (Figure 5B3), experimenters have the capability to view and adjust annotation
details by double-clicking on a cell. Additionally, speci�c Annotations can be highlighted by clicking the corre-
sponding icon in the �rst column or applying the �lters available (Figure 5B2). The tool also facilitates the export
of summaries and selectedAnnotationsin both PDF and CSV formats (Figure 5C).

[Analysis] Upon �nishing the session, the Analyzer activates, presenting screenshots, accuracy data, and annotations
(Figure 5). Before the interview, Mary reviews these annotations and accuracy (Figure 5B1-B3), devising questions
for further inquiry. For clarity on speci�c screenshots, she replays footage from 5 seconds prior (Figure 5A1-A2).
She then conducts the interview, discussing the participant's experiences and challenges, and incorporates their
feedback into the annotation notes (Figure 5B3).
Experimenters can return to the �Pilot� session for subsequent pilot studies and initiate new recordings. All

interactions in theAnalyzerare stored, enabling experimenters to switch between di�erent pilot recordings using
the drop-down menu in Figure 5B1.

[Piloting with the Alternative Interface] After assessing thedirect interface, Mary tests theindirect interface in the
same approach.

[Overall Analysis] After piloting both interfaces, Mary invites the participant for an overall interview, utilizing the
Analyzer to toggle between pilot recording sessions or view them simultaneously (Figure 5B1). This comparison
o�ers insights into �rough� accuracy and usability variations, which are noted in Analyzer (e.g., direct one is
slightly more accurate while causing neck pain for long usage, (Figure 5B3).

[Repeating] Mary replicates this process with three more participants, counterbalancing the interface. Mary exports
participant data summaries in PDF (Figure 5C1) and shares them with colleagues to convince the di�erences
betweendirect and indirect interfaces. She cites participant feedback and replays speci�c recordings for context
when queried for details.

[Further Exploration: Multi-experimenter] Seeing the team's interest, Mary broadens their exploration to assess
how interaction accuracy and speed vary between two interfaces as menu size changes. She trains a colleague
to act as the wizard, thus reducing the wizarding workload and focusing more on observations. After creating
additional slides for varied menu sizes (e.g., 1x2, 2x4, 3x6), they conduct pilot tests with four participants using a
between-subjects design. To calculate the speed of interactions, they combine Correct/Incorrect annotations with
custom annotations that automatically mark target changes (linked to slides' changes). After each pilot session,
data is exported to CSV (Figure 5C2) for graph generation in Excel, which facilitates comparing relationships
among speed, accuracy, and menu size. Convinced that their pilot study has uncovered a notable trend, the team
decides to transition to a formal study.

[Summary] Employing the wizard-of-oz methodology with PilotAR, the team expedites (e.g., less than one week as
opposed to a full-�edged motion tracking application, which can take several weeks to months) the identi�cation
of viable research directions. Using PilotAR, experimenters can overcome challenges in rapidly evaluating diverse
concepts, gathering preliminary quantitative measures for comparison, and convincing colleagues, signi�cantly
shortening the knowledge discovery phase.

4.5 Implementations
We used Python (3.9) as our primary programming language due to its cross-platform compatibility (e.g., Windows,
MacOS). To achieve the tool's functionalities, we incorporated several third-party packages. The user interface
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(UI) was developed using Tkinter21 and related theme packages, such as CustomTkinter22. ThePilotARutilizes
Pynput23 to monitor user inputs and FFmpeg24 to handle screen recording. For video playback, we used Python-
VLC25 and audio transcription we used Whisper26. FFmpeg and websocket were incorporated to enable video
and data streaming between the wizard and the observer in multi-experimenter settings. Detailed information
about theopen-source implementation can be found in https://github.com/Synteraction-Lab/PilotAR.

5 STUDY 2: CASE STUDY EVALUATION AND EXPERT REVIEW
To assess the usage ofPilotAR, we adopt the usability study approach outlined by Ledo et al. [39]. We observed
three research teams usingPilotARfor their initial investigations to understand whether and howPilotARcan
facilitate AR/MR pilots. In addition, we presentedPilotARto two renowned senior AR/MR research experts and
sought their input. None of the volunteers had participated in previous studies or received any compensation27.

5.1 Observation Study
To evaluate the usage ofPilotARin realistic settings, we partnered with a local research institution specializing in
smart systems related to HCI, design, XR, AI, and robotics for both academia and industry, and performed three
case studies with three teams (T1, T2, T3), as detailed inFigure 6. Two teams used a single experimenter setting,
while one team used a multi-experimenter setting.

We tracked tool usage during the pilots, conducted post-pilot interviews with experimenters, and gathered
questionnaire data onPilotAR.

5.2 Expert Review
We extended invitations to two renowned senior researchers (E1, E2) with more than 15 years of experience in
the AR/VR �eld. E1 is a pioneer in AR development, AR display technology, and 3D rendering. E2 is an expert in
wearable devices, including smart eyewear, attention-aware computing, and embedded systems. They provided
feedback on its usage after a walkthrough demonstration of the functionalities ofPilotARand using it in a
wizard-of-oz study.

Throughout the usability study, volunteers engaged in a messaging task while multitasking. The participants
replied to OHMD text messages sent by the wizard (i.e., experimenter) using speaking or typing (Wizarding
Interface : Python program ). Using thePilotAR, E1 and E2 acted as the experimenters who had to identify the
usability issues with the OHMD texting prototype and observe how participants' texting behavior changed with
multitasking complexity.

5.3 Findings
We categorized our observation notes and user interview feedback based onPilotAR's design requirements and
other emerging themes, using the same analysis method as inStudy 1(see Appendix B.2).

All experimenters (T1-T3) and experts (E1-E2) expressed a positive outlook on the tool's design and features.
They also proposed suggestions for the tool's future improvement. We observed thatPilotAR's all-in-one support
capabilities, such as centralized views, recording, annotating, note-taking, and exporting, enable experimenters to
conduct OHMD-based pilot studies more e�ciently and gather quick insights for further exploration. Moreover,

21https://docs.python.org/3/library/tkinter.html
22https://github.com/TomSchimansky/CustomTkinter
23https://pypi.org/project/pynput
24https://�mpeg.org
25https://pypi.org/project/python-vlc/
26https://openai.com/blog/whisper/
27All participants were given free access to use thePilotARin their future studies.
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