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This article provides an in-depth analysis of how virtual and augmented reality (XR)
application development has evolved since the emergence of affordable XR
hardware in the mid-2010s. Based on surveying 158 XR developers about their
experiences between 2003 and 2020, and additional interviews conducted in
2024, our study reveals a significant reduction in barriers to entry for creating XR
applications. Although many of the technical challenges faced by developers have
eased over time, testing-related difficulties remain a major hurdle in XR
application development, and possibly have become more pronounced over
time. Moreover, despite the availability of XR toolkits, developers still tend to build
common features like graphical user interfaces and object manipulation from
scratch rather than reusing existing components. In addition to documenting
these trends in the post-2015 XR landscape, the article proposes strategies to
address ongoing challenges, presents a ranked developer wishlist of XR toolkit
features, and suggests ways to further support and empower XR developers.

KEYWORDS
augmented reality, extended reality, mixed reality, programming environments, software
engineering, software tools, surveys, virtual reality

1 Introduction

XR technology received considerable public attention in the mid-2010s when new
affordable XR products were launched. Companies like Facebook (Meta) and Samsung
have made large investments in XR technology, spanning augmented, mixed, and virtual
reality systems. The introduction of affordable, consumer-level XR hardware has caused
a surge in the number of XR developers and new XR software. For example, as of
2022 there were more than 6,000 virtual reality (VR) applications in Steam alone (Stecuta,
2022), a vast majority of which became available in the preceding 5 years. These rapid
changes in XR hardware, software, and developer constitution have created a knowledge
gap, as their impact on XR application development is not yet fully understood.
Moreover, increasing demands from new augmented reality (AR) and VR
applications have changed development requirements.

The spread of XR technology warrants more attention on XR application
development, so that the quality, reliability, and production of different types of XR
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FIGURE 1

Overview and interrelationships of our surveyed topics. Two decades of XR application development was explored by having developers report their
XR application, its development environment, and personal background. These interconnected aspects (green) contribute to surveyed development
difficulties, for which we propose various remedies involving the tools of the trade (teal) and collective efforts (blue).

applications can be systematically approached. Unfortunately, XR
application development involves numerous challenges compared
to other software development, including unique issues with
testing, the complexity of (spatial) user interfaces, and lack of
standards. If not addressed properly, these challenges could
negatively affect the utilization of XR technology (Wingrave
and LaViola Jr, 2010). Substandard quality of XR applications
may impose significant societal costs, as the overall annual losses
from poor software quality are estimated to be around $2 trillion
in the US alone (Krasner, 2021).

It is against this background that we wish to investigate how to
facilitate high XR software quality. In this paper, we will scrutinize
the aforementioned knowledge gap and the challenges in XR
application development through a large-scale survey of
117 XR developers conducted between 2019 and 2020. The
survey is a follow-up to a prior survey with 41 participants
that explored XR developer experiences spanning from 2003 to
2015. These two surveys examine differing eras of XR application
development-the earlier involving limited public interest that
culminated in the enthusiasm surrounding the Oculus Rift
development kit, while the more recent era is characterized by
the increases in affordable XR hardware and professionalization
of the field. A final study (expert interviews) was performed in late
2024, allowing us to juxtapose our results from the two surveys
against the contemporary, post-2020 era of XR application
development.

This publication analyzes and compares different eras of XR
application development, examining XR developers’ background,
applications, and difficulties
(Figure 1). Our era-wise comparison highlights changes driven

development environment,
by affordable hardware and rising investments in the mid-2010s,
identifying key challenges faced by today’s developers and
proposing solutions to them. Finally, our work acts as a
reference point for future XR research and extends the
foundations for of XR application

systematic  analysis

development.
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1.1 Paper overview

The remainder of this paper is structured as follows. Section 2 on
related work is followed by an introduction to our research questions
and hypotheses in Section 3, while Section 4 describes our
methodology. Our survey results and related analyses are
presented in detail over multiple sections, each with their own
focus: developer background (Section 4), reported XR applications
(Section 6), development environment (Section 7), developer
satisfaction (Section 8), development challenges (Section 9), and
ideal XR toolkit (Section 10). A convenient summary of our
results can be found in Tables 3-5 at Section 11, where we
discuss the implications and derive general guidelines and
regarding
equipment, and software toolkits.

recommendations XR  development  processes,

This paper’s contributions include identifying testing as the most
severe challenge in XR development, the decrease in hardware
difficulties, and the high implementation rates of common XR
features. We also provide ideas for easing XR application
development through improved toolkits, hardware, and standards.
Other contributions include an investigation into the impact of
affordable XR hardware on the XR development landscape,
insights from correlation analyses, and our redesigned reusable
questionnaire to support future XR software engineering research.

2 Related work

Head-mounted display technology has advanced considerably
over the past decades, resulting in affordable, high-performing
XR-headsets that are relatively comfortable to use. Despite
hardware improvements, the design and implementation of XR
applications remains a demanding cross-disciplinary process that
involves programming, interface design, content creation,
immersive technology, and understanding of human perception
(Wingrave and LaViola Jr, 2010). Meanwhile, most XR research is
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focused on hardware, software, or users of XR. There is much less
research literature on XR software engineering, which we will
discuss next.

2.1 XR software engineering

A vast majority of existing XR software engineering research—such
as the work published in the annual SEARIS workshop (SEARIS, 2017)
— is about software frameworks and architectures, as well as
implementation case studies. Investigation into the use of various
software engineering processes in the context of XR has traditionally
been of lesser focus, with few exceptions (Karre et al., 2019; Tischbein
et al,, 2021). Similarly, only a few XR-specific software engineering
processes have been proposed over the years according to our extensive
review of the literature (Kim et al., 1998; da Luz and Kirner, 2006;
Mattioli et al., 2015; Rozo-Torres and Sarmiento, 2024).

Although multiple researchers have discussed challenges in XR
application development, this has been done by providing
qualitative evidence: self-reflection (Green and Jacob, 1991; Steed,
2008), developer interviews with less than 25 participants (Wingrave
and LaViola Jr, 2010; Ashtari et al., 2020), and qualitative analysis of
developer artifacts such as design documents or code (Wingrave,
2008). These approaches have revealed the types of challenges that
exist, but not their severity in relation to each other.

2.2 XR development surveys

With the exception of our past work, research with quantitative
data on XR developers and their challenges has been almost
nonexistent. Despite a broad review of the literature, we have
found only one other study that statistically analyzes quantitative
data on XR application development; Wiebusch (2016) compared four
different VR software toolkits based on evaluations from 19 student
developers. More recently, a small number of exploratory studies have
utilized data from online repositories of open-source XR applications
(Ghrairi et al,, 2018; Nusrat et al,, 2021), which shed light on XR
application software metrics and developer practices.

Our research started in 2011 when we created an extensive online
questionnaire’ filled by VR and AR developers, providing information
about their background, applications created, experienced challenges,
as well as hardware and software used in the development. The
resulting paper was the first large-scale survey on the topic and the
first to present quantitative data on the challenges in XR application
development (Takala et al., 2012). Published in 2012, this paper was
followed by other publications from us (Takala, 2017; Takala et al.,
2016; Takala, 2014) that dealt with data collected between 2011 and
2015, before the launch of contemporary XR products. These results do
not reflect the current situation, which warranted a new and thorough
investigation based on our previous work. Our aforementioned past
work covers most of the quantitative analysis on XR application
development and to the best of our knowledge, our XR developer
questionnaire remains the most extensive one of its kind. Subsequently,

1 T.M. Takala, "Survey: Challenges in VR/3DUI Development”, 2011, https://
docs.google.com/forms/d/1zeelAh4sHY56Glet7pE_g9s0gV7deT47c32
X8MW_o90 (Accessed August 19, 2025)
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Speicher et al. (2018) created a similar questionnaire that differed in
having most of its 30 questions as optional and open-ended, while its
reported results omitted statistical analysis outside of presenting
answer frequencies.

3 Research focus

Our investigation of changes in XR application development
compares consecutive “eras” in time. For us, a natural turning point
in this field was 2015, which we view as the beginning of the “era of
affordable XR hardware”, marked by several key developments:
GearVR’s integrated XR
applications on the Oculus Store, and early access to advanced
headsets, all taking place in 2015. These milestones boosted the

release, Unity’s support, paid

accessibility and commercialization of XR, sparking a surge in new
developers beyond earlier advances like the Oculus Rift DK1.

We examined the validity of our premise about 2015 as a
junction point by consulting 11 expert XR developers who had at
least 15 years of XR development experience. On the whole, the
instilled
Supplementary Appendix Section 1 contains the questions

experts’ responses confidence in this premise.

verbatim and a detailed breakdown of the experts’ answers.
3.1 Research questions and hypotheses

This paper is structured around three research questions that
form the backbone of our methodology and the subsequent results
and discussion. These questions were conceived with the goal of
furthering knowledge about XR application development and how it
could be facilitated in the future.

RQ1: How has the arrival of affordable XR hardware affected XR
application development and developers themselves?

We investigate whether new XR hardware, software toolkits,
and developers migrating from the indie game scene have
changed XR application
comparing the results of our new and previous survey (Takala
et al., 2012).

substantially development by

RQ2: What are the most severe challenges in XR application
development?

Building on past research on XR development challenges
(Wingrave and LaViola Jr, 2010), this study assesses their current
severity in the era of affordable XR hardware and identifies newly
emerging issues.

RQ3: How can future XR application development be facilitated by
addressing its challenges?

Ultimately, our goal is to improve the quality of XR applications
and ease their development by analyzing major challenges and
formulating guidelines informed by our survey data, expert
interviews, and decades of experience with XR software.

For the sake of brevity, we refer to the era of affordable XR
hardware as post-2015 era and the period before it as pre-2015 era.
Alongside our research questions, our a priori hypotheses are
as follows:

frontiersin.org
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H1.1: Era has a significant effect on the severity ratings of
development difficulties (as expressed in difficulty statements that
we created).

H1.2: Era has a significant effect on the importance ratings of the
ideal XR toolkit features.

H2: A significant difference can be found among the severity ratings
of the development difficulty statements.

H3: A significant difference can be found among the importance
ratings of the ideal XR toolkit features.

H4.1: The XR toolkit used to create the reported application has a
significant effect on the development difficulty statement ratings.

H4.2: The type of XR-headset (standalone versus desktop-
connected) has a significant effect on the development difficulty
statement ratings.

H4.3: Developer satisfaction measures are negatively correlated
with development difficulty statement ratings.

Hypotheses H1.1 and H1.2 relate to the research question RQI.
Hypotheses H2 and H3 relate to research questions RQ2 and RQ3,
respectively. Finally, H4.1, H4.2, and H4.3 are more specific
hypotheses on how reported development challenges might
associate with XR toolkits, hardware, and developer satisfaction.

In the context of our survey and this article, we define the
aforementioned term XR foolkit as any development software,
library, and tool utilized for XR application development. For
example, Unity and VRTK are such XR toolkits. The term XR
toolkit is used broadly in this context because developers often use
different terminology for the various software components involved
in XR application development. This term encompasses software
development kits, libraries, integrated development environments,
visual scripting tools, game engines, and their plugins, which all
serve as building blocks for XR projects. Importantly, the definition
of an XR toolkit does not require a direct connection to XR; even
developing an entire XR application using just a text editor and
compiler would qualify as XR development. More specific tools like
game engines and plugins are only referenced when necessary.

4 Research methods

Our research is based on the use of an online questionnaire to
collect qualitative and quantitative data. In this section, we describe
the process of creating the questionnaire and its eligibility criteria, as
well as our analysis methodology.

4.1 XR developer questionnaire background

The initial questionnaire, launched in 2011, collected data from
developers of AR, VR, and spatial interface applications. It introduced
several rating scales designed to measure the experience of developing
an XR application in terms of difficulty, satisfaction, and ideal XR
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toolkit features. The questionnaire remained largely unchanged until
2019, when we redesigned it to reflect the evolving XR landscape. Many
question items were kept the same or only slightly altered to allow
comparison between the pre- and post-2015 eras. Both the original and
updated questionnaires instructed participants to focus on the
development experience of a single XR application, rather than
their entire career. This enabled us to correlate difficulty and
satisfaction variables with specific XR hardware and toolkits. The
updated survey, with 92 items (including 23 difficulty statements
and 18 ideal XR toolkit features), was refined through testing with
non-native English speakers before its final release. A more detailed
description of both the original and updated questionnaires is provided
in Supplementary Appendix Section 2.

4.2 Participant Recruitment

After making final adjustments based on feedback from
10 preliminary participants, the updated questionnaire was
publicly launched in October 2019 by announcing it on various
online venues related to XR development. Observing low
questionnaire completion rates, we later added participation
incentives by converting 18 of the mandatory questions into
optional and introducing a raffle for two 200 USD Amazon gift
cards. The survey excluded developers of handheld AR (Kurkovsky
et al,, 2012), such as those using ARCore and ARKit, as their 3D
interfaces and toolkits differ from the focus of our study. As a result,
responses involving purely mobile AR applications were excluded
from the final analysis. More details on survey incentives and online
announcement platforms are provided in the Supplementary
Appendix Section 3.

4.3 Updated questionnaire data verification

The participants’ responses were reviewed and verified as we
received them, usually within 1 or 2 days. If something was unclear
with the response of a participant, we sent them an email asking for
clarification. We also watched videos of the XR applications when
available, which allowed us to further verify the response. In some
cases, this review process led us to manually update the question item
answers of a participant; typically, this meant updating one or two
multiple choice responses. For example, in one case where a participant
had indicated that their application supported several XR-headsets, we
discovered during our review that this was true only for some of the
headsets, while the rest were on the roadmap to be implemented. We
updated their response to represent the situation at the time of
reporting. In total, we asked for clarification from 72 participants
(62%) - typically regarding one or two question items-using the email
address they provided when filling out the questionnaire. Of these
participants, 59 replied back, subsequently leading to minor manual
updating of answers for 42 participants, where more than half required
correcting only a single data point.

4.4 Old dataset concerning
years 2003-2015

Where possible, we compared the data from the post-2015 era with
the pre-2015 data that was collected between 2011 and 2015 with our
old questionnaire. We limited this pre-2015 dataset to include only

frontiersin.org


https://www.frontiersin.org/journals/virtual-reality
https://www.frontiersin.org
https://doi.org/10.3389/frvir.2026.1769463

Takala et al.

immersive AR and VR applications that overall matched the
applications in the new dataset in terms of XR features and
hardware. Both datasets contained applications utilizing CAVEs and
XR-headsets, though the older data also featured a broader range of
display configurations, including projector- or monitor-based systems
that had either stereographics or head-tracked view rendering only.
Such XR applications were included if they employed additional exotic
XR devices such as haptic devices or datagloves. Furthermore,
91 responses from our students were excluded to prevent skewed
results due to overlap between student team members reporting the
same applications and hardware. Ultimately, our inclusion criteria
were met by 41 responses from pre-2015 participants who reported XR
developer experiences spanning from 2003 to 2015.

4.5 New dataset concerning
years 2015-2020

Our updated questionnaire instructed respondents to report only
XR applications that had been in development since 2015 or later. This
questionnaire was open from October 2019 to July 2020, gathering
129 participants who completed the survey and 65 disqualified
respondents who did not address all the mandatory question items.
Of the latter group, 59 did not progress beyond the first page of the
questionnaire. Twelve participants with complete responses were also
disqualified for not following the instructions. These included
multiple XR
applications, and two reporting handheld AR applications. In the
end, 117 valid responses from the 2015-2020 period were included,
which formed our post-2015 dataset consisting of 14,497 data points.

developers who reported non-XR applications,

4.6 Comparison between the pre-2015 and
post-2015 datasets

The time overlap between the pre-2015 and post-2015 era
questionnaire responses was negligible: Only 5 out of
41 participants (12%) in the old dataset reported XR applications
that had been released in 2015, while all the other applications were
from prior years. In contrast, only 2 out of 117 XR applications (1.7%)
in the new dataset were released in 2015, with all other applications
released later or still being under development at the time of answering
the questionnaire. As for hardware, the overlap between the old and
new datasets was inconsequential with regard to utilized XR-headsets:
GearVR was the only headset that was common for both datasets.
Moreover, the old dataset included only two applications that
supported GearVR, and in both cases it was only an alternative to
Oculus Rift DK1/DK2. The new dataset contained 6 applications with
GearVR support, of which only 2 did not support more modern
XR-headsets.

Most of the Figures and Tables in this article concern data from
the post-2015 era. Where available, corresponding data from the
pre-2015 era is also included.

4.7 Quantitative and qualitative data analysis

Our updated questionnaire contained question items of different
types: open-ended questions, categorical questions, and ordinal scales.
For example, ordinal scales were used to rate the severity of
development difficulty statements, which allowed the identification
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of the most severe challenges (RQ2). Due to the nature of our survey
data, we utilized quantitative research methods to a great extent. This
involved using statistical tests that were appropriate for each situation:
For ordinal data, a Kruskal-Wallis, Friedman, or Wilcoxon signed-
rank test was applied, depending on the compared groups. When
comparing more than two groups, multiple comparison correction was
applied. Where statistically significant results exist, we report the
p-value, effect size, test statistic, and common statistical descriptors.
We also performed exploratory data analysis using Spearman’s rank
correlation coefficients calculated between dichotomous, ordinal, and
interval variables (Supplementary Appendix Figure 10i). Furthermore,
we utilized PhiK (¢ ), which is a novel correlation constant similar to
Pearson’s and is intended to work consistently between categorical,
ordinal, and interval variables (Baak et al., 2020). It allowed us to create
Supplementary Appendix Figure 10ii, which shows more meaningful
correlations between all our questionnaire items, including variables
that indicate the inclusion of individual XR toolkits and devices.
Responses to open-ended questions were subjected to qualitative
content analysis, extracting recurring concepts that the participants
frequently brought up. This was done to highlight any possible
development difficulties that might have been overlooked in the
about how XR software
engineering could be facilitated. The analysis of the latter was an

questionnaire and to elicit ideas

important part of investigating RQ3. Qualitative data analysis was
performed independently by two of the authors who lived on a
different continent and were not involved in conducting the pre-
2015 survey. The purpose of this was to minimize bias from the
conclusions of our previous work or from the quantitative analysis
conducted simultaneously by the corresponding author. The
qualitative analysis followed the recommendations outlined for
thematic analysis by Castleberry and Nolen (2018). The developer
responses were studied with the purpose of identifying recurring
concepts (themes), which acted as a basis for creating a series of
codes associated with the responses. This process was repeated and the
code-set was refined over a period of multiple weeks. A two-level
thematic hierarchy was built by creating top-level categories that each
clustered several code subcategories together. For every code, each
participant’s response either made no mention of a recurring
concept-counted as N/A-or mentioned one or more concepts that
were each counted only once, even if mentioned on multiple occasions
by the same participant.

5 Developer background

A detailed overview of the developer background in the pre-
2015 era dataset (2003-2015) and post-2015 era dataset
(2016-2020) can be found in Supplementary Appendix Section 4
(available online). In general, the questionnaire participants were in
their early career, and the number of developers within each age
group decreased monotonically with age (Supplementary Appendix
Figure 4i). Most of the participants had a professional background
or were students, while only a few were hobbyists. Of the
participating developers, most came from countries with high
activity in XR (Supplementary Appendix Figure 4ii), while the
Finland
overrepresented. The latter was due to the corresponding
The participants’

UK appeared to be underrepresented and

author’s  background. experience  in
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FIGURE 2

The number of engaged and finished XR application projects represented with a scatter plot and histograms, where size of the circles indicate years

of experience in developing XR.

programming, XR development, and using XR applications
(Supplementary Appendix Figure 4iii) shows medium to high
experience in all categories, which is also partially reflected in
the years of experience in developing XR applications (Figure 2).
Changes between the eras in developer background can be
observed in Supplementary Appendix Figures 4i,ii, which present
information from both the pre-2015 and post-2015 datasets.

6 Reported XR applications

Information about the surveyed pre-2015 and post-2015 era XR
application projects is presented in Figures 3-5, as well as in
Supplementary Appendix Figures 5i-iii.

Most of the post-2015 era projects were either commercial or
research, while few were hobby or school projects. Surprisingly, the
vast majority of post-2015 student participants reported a research
project and not a school course project (Supplementary Appendix
Figure 5i). Application development status varied between projects,
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but most were still under development at the time of reporting
(Supplementary Appendix Figure 5ii).

From the post-2015 XR applications 17% were released in an app
store. Of these 38% were created by sole developers and 24% by a team
of 2-3 developers. More than half of these small teams were
independent developers creating an XR game. Interestingly, of all
reported post-2015 XR applications 15% were commercial releases not
available on any app store. These included mainly client projects and
enterprise XR applications that were distributed by other means.

Changes between the eras can be observed in Figures 4, 5, as well
as Supplementary Appendix Figures 5i-iii. There was a considerable
decrease in Science and Engineering applications, and an increase in
Design and Architecture as well as Virtual Heritage applications. In
the post-2015 era, 42% of the reported XR applications were
commercial in nature, which according to Pearson’s chi-squared
test is significantly higher than the 15% of the pre-2015 era
(¥*(1)=8.8, p=0.003, ¢=0.25. The post-2015 era had
significantly more XR applications in development at the time of
reporting (y* (1) = 6.3, p = 0.012, ¢ = 0.21), while the pre-2015 era

frontiersin.org


https://www.frontiersin.org/journals/virtual-reality
https://www.frontiersin.org
https://doi.org/10.3389/frvir.2026.1769463

Takala et al.

10.3389/frvir.2026.1769463

Year of release % of applications

Not released or used
2020
2019
2018
2017
2016
2015

2014
2013
2012
2011
2010
2009
2008
2007
2006
2005
2004
2003

0% 10% 20% 30% 40%

Commercial Research School course
n | |

m u =

Hobby

FIGURE 3
Release year of the XR applications. The “Not released or used”-

option was only added in our post-2015 survey. Regardless of the
release status, the development continued at the time of reporting for
54% and 76% of the pre-2015 and post-2015 XR applications,
respectively.

had more complete applications with ceased development.
Multiuser XR applications were slightly more common in our
pre-2015 dataset (44% versus 28%).

6.1 Input and output devices

Since 2015, XR hardware has become more homogeneous with
6DOF controllers and affordable XR-headsets increasingly being the
norm. Meanwhile, alternative display systems and specialized haptic,
biosensing, or dataglove devices have become very rare in
comparison.

Supplementary Appendix Figures 5v-vii present input and
output device utilization frequencies from both the pre-2015 and
post-2015 eras.

6DOF (Degrees Of Freedom) controllers were by far the most
common input device for the post-2015 XR applications. A 11%
minority of the projects relied on depth cameras such as Kinect
and those built into the Hololens. The traditional 2D input devices
mouse, keyboard, and touchscreen were each present in around 10% of
the XR applications. Only very few respondents reported biosensors,
datagloves, joysticks, 3D mice, or flight simulator cockpit instruments.
There were no projects that used omnidirectional treadmills, haptic
input devices like Geomagic Touch, or ODOF clickers.

Regarding output devices, the majority of post-2015 developers
used one of the widely available affordable commercial headsets. In
total, 22% of the XR applications ran solely on AR-headsets, while 7%
supported both AR- and VR-headsets. The participants’ responses
allowed us to infer that a standalone XR-headset (e.g., Microsoft
HoloLens or Oculus Quest) was the primary display device for 41%
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FIGURE 5
Number of developers involved in the creation of the XR
applications.

of the reported XR applications, while for desktop-tethered headsets
this figure was 52%. For the remaining 7% there was uncertainty about
type of the primary display. Supplementary Appendix Figure 5vi shows
that very few projects used surround-screen displays (like CAVEs or
other multi-screen stereoscopic systems, or semispheres), and none
utilized autostereoscopic displays. This is slightly surprising since a
good number of participants were from research institutions where
such more exotic devices tend to be available. With regard to audio,
headphones and speakers were mostly used. Alternative output
devices—such as haptic vests and Arduino devices-were very rare,
while no olfactory or gustatory devices were reported.

Changes between the eras in device utilization was not analyzed
statistically, because per-device frequency differences are of lesser
interest, and they are adequately illustrated in Supplementary
5i-vii. To summarize changes in XR
application input devices, the prevalence of 6DOF controllers has
increased in the post-2015 era, while the number of Wii Remotes,

Appendix Figures

data gloves, cameras, and Kinects has plummeted. The arrival of
affordable XR-headsets seems to have substantially reduced the use
of other types of visual output devices: The utilization of surround-
screen displays (e.g., CAVEs) has decreased from 37% to 2%,
projectors from 44% to 6%, and monitors from 54% to 14%.
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FIGURE 6

XR application features and whether they were implemented or
inherited (reused) from an XR toolkit. The pre-2015 survey included
only features F1, F2, F4, F5, F8, F10, and F12. Era-wise significant
differences from Pearson’s chi-squared test are indicated with

the minus and plus symbols—significantly less and significantly more in
the post-2015 era, respectively. Symbol color-coding designates
whether the difference concerns XR feature occurrence (black) or
inheritance (green). Two of the symbol instances use a bigger font to
denote a p<0.05 even after Holm correction.

6.2 XR application features

Locomotion and object manipulation features were present in
most of the pre-2015 XR applications, while also being mainly
implemented by the developer instead of being inherited from an
XR toolkit. The prevalence and high implementation rate of these XR
features have continued into the post-2015 era. Our post-2015 survey
introduced additional features, from which graphical Ul elements and
object selection were highly prevalent features that were also mostly
implemented.

Our updated questionnaire listed 12 preselected XR features
(F1 - F12 listed in Figure 6), whose presence in the reported XR
application was inquired from the participants. The frequency of
implementation was of particular interest because implementing
an XR feature usually takes more effort than simply inheriting it
from a useful XR toolkit. Therefore, a high implementation rate
suggests high demand and that the particular XR feature is
inadequately supplied by existing XR toolkits. Conversely, a
high inheritance rate indicates that XR toolkits provide a
satisfactory version of the XR feature, but it does not
necessarily correspond to a high demand. Both the pre-2015
and post-2015 eras are represented in Figure 6, which
visualizes the XR feature occurrence, implementation, and
inheritance frequencies, as well as their relative differences.

6.2.1 Pre-2015 era dataset (2003-2015)
From the aforementioned list of 12 XR features, our old

questionnaire included only a subset of 7 features: F1, F2, F4, F5,
F8, F10, and F12. When assessing the occurrence of these XR
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features among the reported XR applications in the pre-2015
dataset-regardless of whether they were implemented or
inherited—-Cochran’s Q test indicated a significant difference
(x*(6) =40.4, p<0.001). Post-hoc pairwise exact binomial
tests with Holm correction for multiple comparisons revealed
which feature pairs had significant differences between their
occurrence frequencies. These are detailed in the Supplementary
Appendix Table 5i. In summary, XR features F1 (Locomotion)
and F2 (Object manipulation) occurred significantly more
frequently than any of the other features. Incidentally, these
two features were also the most commonly implemented, when
using the same metric of counting pairwise significant
differences. In contrast, the feature F12 (Spatial Audio) had
the highest count of comparisons where it was implemented
significantly less frequently. Details of the implementation
are presented

frequency comparisons in Supplementary

Appendix Table 5iii.
6.2.2 Post-2015 era dataset (2016-2020)

A significant difference was revealed between the occurrence
frequencies of XR features (x*(11) =413.0, p<0.001). Post-hoc
analysis indicated that features F2 (Object manipulation), F3
(Object selection) and F11 (Graphical user interface elements)
were the most common features in the post-2015 dataset. In
contrast, F5 (Full-body interaction) and F6 (Eye interaction) were
the rarest XR features. A detailed tabulation of pairwise occurrence
comparisons is in Supplementary Appendix Table 5ii. A significant
difference in the XR feature implementation frequencies was also
detected (y*(11) = 306.0, p<0.001). Subsequent post hoc tests
revealed which feature pairs had significant differences between
their implementation frequencies, detailed in Supplementary
Appendix Table 5iv. In summary, features F11 (Graphical UI
elements), F2 (Object manipulation), and F3 (Object selection)
had the highest counts of being implemented significantly more
often over the other features.

6.2.3 Changes between the eras
Pearson’s chi-squared test was used for era-wise comparison

of XR feature (Full-body
interaction) was significantly more common in the pre-2015

occurrence frequencies. F5
era even after Holm correction (x*(1)=14.4, p=0.001,
¢ =0.32). This could be affected by the high 27% Kinect
utilization rate in the pre-2015 era, as opposed to the 5% in
the post-2015 era. A similar comparison of era-wise feature
implementation frequencies resulted in three statistically
significant differences: Implementation of F1 (Locomotion),
F8 (Two-handed interaction), and F10 (Gesture recognition)
had decreased and was less common in the post-2015 era.
Finally, we also performed an era-wise comparison of each
with
significant

feature’s inheritance over implementation ratio

The
differences are indicated with green plus symbols in Figure 6.

Pearson’s  chi-squared test. resulting
Details such as effect sizes and non-corrected significant
differences for occurrence, implementation, and inheritance
over implementation -ratio are presented in Supplementary

Appendix Tables 5v-vii, respectively.
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FIGURE 7
Utilized software development processes by project type and
number of developers.

7 XR applications: development
environment

XR development in the pre-2015 era was dominated by C/C++,
which plummeted in the post-2015 era as C# rose to the top due to
the increased popularity of Unity, while Unreal Blueprint became the
most prevalent visual scripting system. Most of the projects utilized an
ad hoc development process, followed by agile development, which
was favored by larger teams.

Supplementary Appendix Figure 6i shows the distribution of
primary programming or scripting languages used to develop the
surveyed XR applications. This was the only development
environment factor outside of XR toolkits, which was inquired
by both our old and new questionnaires.

7.1 Pre-2015 era dataset (2003-2015)

C/C++ was the programming language of choice for 46% of the
developers in the pre-2015 era, even though Unreal Engine was not
reported by any of the pre-2015 participants. The second most popular
language was C# with 20%, all of which came from developers using
Unity. Only two of the developers (5%) utilized visual scripting-one
Virtools and another vvvv.

7.2 Post-2015 era dataset (2016—-2020)

The use of C# as the primary programming increased to 80%,
while Unreal Engine Blueprint emerged as the dominant visual
scripting system. C/C++ was the main programming language for
only a third of the 15 participants who used Unreal Engine as their
primary toolkit, while the remaining two-thirds were relying mainly
on Blueprints. Additionally, one Unity developer reported using
PlayMaker visual scripting. A total of 9% of all developers
programmed primarily using visual scripting.

Our updated questionnaire asked what type of software
development process was used to create the XR application. These
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results are presented in Figure 7, which shows that the most popular
approach was an ad hoc development process, reported by nearly half of
the participants. Roughly one-third of these were projects with only one
developer, while nearly half had 2-3 developers. There was virtually no
difference in the prevalence of an ad hoc process between commercial
and research XR projects. The second most common software
development process, agile development, was less popular than an
ad hoc approach with teams of 3 or fewer developers. However, with
larger teams, there were almost twice as many agile projects as ad hoc
projects. Finally, we suspect that some of these frequencies might be
inflated, particularly the incremental and prototyping approaches,
because of their loaded nomenclature and lesser recognition as
software development processes.

7.3 Changes between the eras

The evolution of the primary programming language distributions
over the two surveyed eras can be observed in the Supplementary
Appendix Figure 6i. The most notable changes include the massive shift
from C/C++ to C#, while Java use went from 12% to 0%. We did not
examine these changes with statistical analysis. That procedure we saved
for our investigation of XR toolkits in the next section, because typically
the choice of an XR toolkit contains more information and is a better
predictor of the programming language rather than the other
way around.

7.4 XR toolkits

Pre-2015 XR development relied on a diverse patchwork of various
toolkits that included many niche solutions. Consolidation around few
major XR toolkits has occurred in the post-2015 era, with Unity
utilization surging to 82% and Unreal Engine emerging at 13%,
while WebXR adoption has remained minimal.

Figure 8 illustrates XR toolkit utilization frequencies from both
the pre-2015 and post-2015 eras.

7.4.1 Pre-2015 era dataset (2003-2015)

Custom toolkits were the most commonly reported class of XR
toolkits, mentioned by 22% of survey participants. Unity had a
utilization rate of 20%, as did the then popular VRPN, OpenNI,
and unofficial Nintendo Wiimote input libraries. The “Other” category
in Figure 8 grouped together every toolkit with fewer than 3 mentions.
For the pre-2015 era, this category contained single mentions for a
multitude of XR middleware-everything from CAVEIlib to Virtools.

7.4.2 Post-2015 era dataset (2016-2020)

Unity acted as the underlying XR toolkit for 82% of the surveyed
XR applications, while this figure was 13% for Unreal Engine. None of
the participants reported utilizing an add-on XR toolkit for Unreal
Engine-such as the VR Expansion Plugin. Interestingly, only two
participants were using WebVR/WebXR. An additional respondent
relied on the A-Frame toolkit, which means that merely 3% of the
participants were creating web XR applications.
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FIGURE 8
XR toolkit utilization among XR application developers, presented
as percentages of each era cohort.

7.4.3 Changes between the eras

The most prominent change was the significant increase in Unity
usage from 20% to 82% (x*(1)=50.0, p<0.001, ¢ =0.58).
Meanwhile, Unreal Engine utilization went from 0% to 13%, which
Fisher’s exact test deemed statistically significant (p = 0.012, ¢ = 0.19).
The pre-2015 dataset included a total of 36 different XR toolkits, more
than half of which were mentioned by a single participant. This seems
rather disproportional compared to the 43 different XR toolkits of the
post-2015 dataset that contained nearly three times as many XR
applications. In other words, the pre-2015 toolkit distribution
appears to be more splintered and with a longer tail.

8 XR applications: developer
satisfaction

XR developer satisfaction remained high across both eras. Our
post-2015 data shows that achieving goals was the main driver of
satisfaction, while dissatisfaction stemmed from incomplete
application features. Various satisfaction variables had (mostly weak)
correlations with Ul testing rigor, 6DOF controller use, AR-only
applications, software complexity, and visual scripting.

Both versions of our questionnaire measured XR developer
satisfaction with four items: two binary questions whether the
participant was willing to show their XR application to a future
employer, and whether they would continue developing XR
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FIGURE 9

Frequencies of (dis)satisfaction areas mentioned by the post-

2015 developers, delineated by their primary XR toolkit. The vertical
black lines indicate where the right endpoint for each Unreal Engine
(green) segment would be, if they would have had the same
proportional frequency as the corresponding Unity segment. In other
words, if the black line is to the right of the green segment’s endpoint,
this signifies proportionally more frequent mentions for Unity than
Unreal Engine, and vice versa.

applications, as well as two agreement ratings for statements “I
am satisfied with my XR application” and “I reached most of the
goals that I had for my XR application”. Supplementary Appendix
Figure 7i presents the satisfaction statement rating distributions
with boxplots.

In the pre-2015 era, 88% of the surveyed developers were willing
to present their XR application to a future employer, and all but one
wanted to continue XR application development going forward. The
post-2015 era participants were equally satisfied with their work; the
respective percentage of willingness being 91% and again only one
participant did not want to continue developing XR applications.
With respect to changes between the eras, there were no significant
differences in the four aforementioned satisfaction items.

Figure 9 shows the frequency of the satisfaction concepts that
were extracted by qualitative analysis (QA) of the post-2015
Roughly half of the

clear or

developers’ open-ended
did not

dissatisfaction in their responses. Achieving goals with the XR

responses.

participants express  any satisfaction
application was the most common reason for satisfaction, which
was articulated by 31% of the developers. A relatively high
proportion of developers (22%) expressed dissatisfaction with
their XR application due to a sense of imperfection that stemmed
from incomplete features or omitted improvements. We examined
the relationship between our satisfaction variables and other
of

coefficients, which are presented in Supplementary Appendix

variables interest using Spearman’s rank correlation
Figure 10i. The aforementioned QA variable about dissatisfaction
due to imperfection had a weak positive and weak negative
correlation with visual scripting (r; = 0.2, p<0.05) and with the
software complexity rating of the XR application (r; = -0.22,
P <0.05), respectively. Developers were also asked to rate their
XR application user interface testing rigor on a 7-point scale,
where a higher value signified increasing rigor. This testing rigor
variable had fair and weak positive correlations with the satisfaction
statement “I reached most of the goals [...]” (r; = 0.31, p <0.001)
and the QA variable about satisfaction from achieving goals
(rs = 0.2, p<0.05), respectively. The developer’s willingness to

show their XR application to a future employer had a fair
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TABLE 1 Condensed versions of our development difficulty statements D1-D23 divided under four broad themes indicated with color-coding.

Top-level issues XR toolkit issues

D1. UI creation in general D7. Poor XR toolkit documentation

D2. XR toolkits in general D8. Difficult to learn XR toolkits

Technology issues
D13. Constantly evolving XR technology

D14. Too expensive input devices

Testing issues
D19. Each new 3D UI feature adds complexity

D20. Constant testing and reimplementation

D3. Programming D9. XR toolkits” bad programming interface

D15. Too expensive output devices

D21. Testing with mouse and keyboard

D4. XR hardware in general | D10. Bugs in XR toolkits

D16. Poor input device performance

D22. Proper testing on the development PC

D5. XR application testing D11. Missing 3D UI building blocks

D17. Poor output device performance

D23. Jumping between development and testing

D6. Teamwork D12. Complex XR application source code

D18. Too low-level hardware input data

positive correlation with the utilization of 6DOF controllers
(rs =0.31, p<0.001). Finally, XR applications that relied solely
on AR-headsets had a weak negative correlation with the ratings
for statements “I am satisfied [...]” (r; = —0.24, p<0.01) and “I
= -0.25, p <0.01), respectively.

reached most of the goals [...]” (v,

9 XR applications: development
challenges

Our updated questionnaire included 23 development difficulty
statements, whose condensed versions are listed in Table 1. The full
statements—as they appeared in the questionnaire-can be found in
Supplementary Appendix Section 4.

The questionnaire presented difficulty statements in four
separate sections, each with their own theme: Statements
D1-D6 formed a section about top-level issues, D7-D12 about
XR toolkit issues, D13-D18 about technology, and D19 -
D23 about testing. Each difficulty statement in the post-2015
questionnaire was followed by two 7-point rating scales: a bipolar
scale on the level of agreement with the stated issue causing difficulty
and a unipolar scale on the severity of that difficulty. The former was
incorporated to allow for direct comparison with the bipolar ratings
of the old questionnaire. We confirmed with multiple statistical tools
that the bipolar and unipolar scales measure the same phenomenon
and are strongly related, which is detailed in the Supplementary

Appendix Section 10.1.

9.1 Overview of XR development
challenge severity

Testing-related issues have remained as the most severe
challenges across both eras, possibly becoming even more
pronounced over time. Hardware performance and affordability
have improved significantly since the pre-2015 era, and the post-
2015 developers rated them as the least severe issues.

Boxplots representing the difficulty statement rating
distributions of both the pre-2015 era dataset (2003-2015) and
the post-2015 (2016-2020)
Supplementary Appendix Figure 8i. We do not have pre-2015

era dataset are available in
ratings for the following difficulty statements because they were
not present in our old questionnaire: D1, D2, D4, D5, D12, D13,

D17, D22, and D23.
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The bipolar difficulty statement ratings from our old and new
datasets were used to investigate the hypothesis H1.1 about changes
between the eras with regard to development difficulties. Pairwise
Wilcoxon rank-sum tests without correcting for multiple
comparisons showed that the post-2015 dataset had significantly
more severe ratings for difficulties D7, D20, and D21. Conversely,
the pre-2015 dataset had significantly more severe ratings for
difficulties D8, D14, D15, and D18. After Holm correction, the
only remaining significant differences between the datasets were
D14, D20, and D21. Effect sizes and more details can be found in
Supplementary Appendix Table 8i. These era-wise differences in
difficulty ratings indicate what kind of changes have occurred in the
broader XR development community around the proliferation of
affordable XR hardware in the year 2015, although we cannot be sure
of causality.

9.2 Ranking XR development challenges
by severity

Our past work presents a detailed analysis of the development
difficulty severity ratings in the pre-2015 era (Takala, 2017). In
summary, two difficulty statements related to testing-D20 and
D21 - stood out because they had particularly severe ratings.
Conversely, the least severe statements were D3 (“Programming”)
and D18 (“Too low-level hardware input data”).

With respect to the post-2015 era, we investigated hypothesis
H2 using the unipolar difficulty statement ratings from the
117 participants of the new survey. This particular analysis
included all the statements except D6 about teamwork being
difficult, because 33 participants had been sole developers
without any teamwork during their project. A Friedman test
detected a significant difference in the severity ratings of the
statements (y*(21) = 230.6, p<0.001). A post hoc multiple
comparisons with the Nemenyi joint rank test followed, revealing
the pairwise significant differences between the difficulty statement
ratings. These are illustrated in Figure 10.

To determine how the severity of D6 about teamwork compares
to the other difficulty statements, we performed a separate analysis
with all 23 difficulty statements utilizing a severity rating subset from
84 post-2015 projects that had two or more developers. A significant
effect was found with a Friedman test (y*(22) = 171.4, p<0.001).
Difficulty with teamwork was rated very low; D6 had the third
smallest severity rating mean rank of the 23 statements. Moreover,
D6 had significant differences only with the six most severely rated
statements D4, D10, D13, D20, D21, and D23. We can see from
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Friedman test mean ranks for development difficulty severity as rated by 117 participants. Statement D6 about teamwork was omitted from this
comparison, because it concerns only a subset answers. Ratings between two statements are significantly different per the post hoc Nemenyi test, if their
comparison intervals (horizontal line segments) do not overlap. Difficulty severity increases from left to right.

Figure 10 that these same six statements—along with D7 - form the
seven most severe difficulties as rated by the entire set of
117 participants. Supplementary Appendix Section 8.1 provides
more detail about how the subset of 84 participants with co-
developers rated the 22 difficulty statements outside of D6 in a
highly similar manner to the full set of 117 participants.

Pairwise effect sizes between the difficulty severity ratings are
presented in the Supplementary Appendix Table 8ii. They were
calculated using the formula r = z/+/N,, (Field, 2013). Here, z is the
z-score from the Wilcoxon signed-rank test and N, is the total
number of observations-amounting to 2pl17 in these pairwise
comparisons. We used established thresholds of 0.1, 0.3, and
0.5 to distinguish between small, medium, and large effect sizes,
respectively (Cohen, 1988). The severity mean rank order of
Figure 10 is in agreement with the number of significant
differences and the associated effect sizes, revealing that the three
most severe difficulties are related to testing. The top two of those,
D20 and D21, were also the top two in the pre-2015 era.

Changes between the eras in the severity ranking order were not
examined because they were of lesser interest compared to the era-
wise severity rating differences from the previous section.

9.3 Qualitative analysis of XR development
challenges

Open-ended responses from post-2015 developers revealed XR
application development issues beyond our questionnaire’s
predefined set of difficulty statements: An assortment of loosely
related device difficulties formed the most populous hardware issue
category, followed by the XR toolkit, learning, user interface, and
testing categories.

Please note that we do not have relevant qualitative data from
our old survey, because it had different open-ended questions. As
such, we cannot report qualitative results on the pre-2015 era, nor
investigate the changes between the eras.

Frontiers in Virtual Reality

Difficulties with % of developers

N/A

Hardware

XR toolkits

Learning

User interface
Testing

Project constraints
Project stakeholders
3D assets

Miscellaneous

1 ! ! L )

0% 10% 20% 30% 40% 50%

m Unity

A-Frame

M Unreal Engine
Other

FIGURE 11
Frequencies of mentioned difficulties extracted from the post-

2015 developers’ open-ended responses about challenges
encountered during the development of their XR application

With respect to the post-2015 era, Figure 11 presents the qualitative
analysis results extracted from the participants comments on
development difficulties. This bar chart follows the convention of
Figure 9, where the vertical black lines indicate the expected right
endpoint for the Unreal Engine bar segment, if its frequency had been
proportionally equal to that of Unity. The most often mentioned
difficulty concepts related to Hardware, with 25% of the participants
reporting at least one such issue. This top-level category gathered a wide
variety of loosely connected issues belonging to four hardware related
subcategories: Devices (15% of participants), Tracking (7%), Graphics
performance (5%), and Multi-device integration (5%). The Devices
subcategory contained mostly various device usability issues, as well as
maintenance, performance, and technical difficulties. The second
largest top-level category, XR toolkits, was composed of two
subcategories: the Toolkit itself and Toolkit updates (e.g., SteamVR
API changes). Most of these concept mentions were extracted from
answers to the survey question “Describe other relevant difficulties that
you encountered while developing your XR application.” This question
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was presented after the 23 development difficulty statements. Therefore,
it is likely that the difficulty concepts related to these statements are
underrepresented in Figure 11.

We investigated statistical differences between mentioned issue
frequencies: Cochran’s Q test indicated a significant difference
(x*(7) = 32.9, p<0.001). Post-hoc pairwise exact binomial tests
with Holm correction revealed which issue pairs had significant
differences between their occurrence frequencies. Hardware issues
were mentioned significantly more often than Project stakeholder
and 3D asset difficulties. The only other significant difference after
Holm correction was that XR toolkit issues were mentioned more
often than challenges with 3D assets. Significant differences without
multiple comparison correction and effect sizes are presented in
Supplementary Appendix Table 8iii.

9.4 Additional analysis of XR development
challenges

Our updated questionnaire provided additional post-2015 data for
analysis: Testing on the development PC was significantly more
difficult with standalone headsets than with tethered headsets.
Various satisfaction variables had weak negative correlations with
issues related to testing, programming, output device cost, and
toolkit documentation, while teamwork difficulties increased with
team size, project man-months, and developer age.

We performed additional analysis about the post-2015 era, but
not about the pre-2015 era or the changes between the eras due to
lesser relevancy. This analysis included testing hypothesis
H4.1 regarding the XR toolkit’s effect on development difficulties.
For this purpose, we first determined the primary XR toolkit used to
create each reported application. This was done by looking at the
underlying game engine for compiled applications and the
JavaScript library for WebXR applications. In the end, we only
compared Unity and Unreal Engine, which were the primary XR
toolkits for 96 and 15 applications, respectively. The other primary
XR toolkits had a count of three instances or less, making them unfit
for our statistical analysis. Pairwise Wilcoxon rank-sum tests
without correcting for multiple comparisons revealed only one
significant difference: The statement D2 about general difficulty
with XR toolkits was rated more severely by Unity developers, when
juxtaposed with Unreal Engine developers (Z = 2.00, p = 0.046,
small effect size r = 0.19). This statistical significance was lost after
Holm correction for multiple comparisons. However, it should be
noted that the two groups were quite unbalanced with 96 versus
15 samples, resulting in low statistical power.

10.3389/frvir.2026.1769463

For testing hypothesis H4.2, we partitioned the difficulty statement
ratings into two-one group for standalone XR-headset applications
and another for desktop-tethered headset applications. This analysis
omitted three XR applications utilizing surround-screen displays and
eight applications supporting both standalone and desktop-tethered
headsets without any clear indication of either’s primacy. Pairwise
Wilcoxon rank-sum tests with Holm correction for multiple
comparisons revealed only one significant difference: Statement
D22 (“My XR application could not be tested properly on the
development PC”) was rated more severely by standalone headset
developers, when juxtaposed with tethered headset developers
(Z =3.61, p=0.008, medium effect size r = 0.35).

Spearman’s rank correlation coefficients of Supplementary
Appendix Figure 10i help to answer our hypothesis H4.3, which
posits that difficulty statement ratings correlate negatively with
developer satisfaction measures. Our analysis found only weak
correlations that were statistically significant: Agreement ratings for
“I am satisfied with my XR application” correlated negatively with D20
(“Constant testing and re-implementation was required”), D22 (“My
XR application could not be tested properly on the development PC”),
and the QA variable about experiencing testing difficulties. Agreement
with “T reached most of the goals that I had for my XR application” had
statistically significant, weak negative correlations with difficulty
statements D3 (“Programming was difficult”) and D15 (“The
output devices [///] were too expensive”). In addition to this, the
QA variable about satisfaction from achieving goals also had a weak
negative correlation with the statement D7 that concerned poor XR
toolkit documentation.

Not surprisingly, difficulty ratings about teamwork D6 had fair and
weak positive correlations with effort in man-months (r; = 0.3) and
the size of the developer team (r; = 0.2), respectively. Interestingly,
D6 also had a weak positive correlation with participant age
(rs = 0.25). All of these correlations were statistically significant.

10 Ideal XR toolkit features

Post-2015 developers rated object manipulation and selection as
the most important features of an ideal XR toolkit, alongside several
other highly valued features. The most frequent suggestions about
easing XR development concerned improving XR toolkits and testing,
according to open-ended responses from post-2015 developers.

Our updated questionnaire contained 18 ideal XR toolkit features,
whose condensed descriptions are presented in Table 2 and full
descriptions in Supplementary Appendix Section 9. Features F1 -

TABLE 2 Condensed descriptions of our ideal XR toolkit features F1-F18 divided under two broad themes indicated with color-coding.

Functional component features Workflow-related features

F1. Locomotion techniques F5. Full-body interaction F9. Avatars

F2. Object manipulation techniques | F6. Eye interaction

F10. Gesture recognition

F17. Teamwork
functionality

F13. Mouse and keyboard emulation

F14. 3D interaction building blocks F18. Open source

F3. Object selection techniques F7. Physics-based interaction

F4. Finger interaction F8. Two-handed interaction

F11. Graphical UI elements

F12. Spatial audio

F15. Visual scripting of UI

F16. Ul variable and relation monitoring
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F2

Object manipulation techniques
F3

Object selection techniques
F11

Graphical UI elements

F16
F7

3D interaction state monitoring

Physics-based interaction

F8 Two-handed interaction

F18
F1

Open source

Locomotion techniques

F14
F12

3D interaction building blocks

Spatial audio

F13
F4
F10

Mouse & keyboard emulation
Finger interaction
Gesture recognition

F17

Teamwork functionality
F9
F6

Avatars
Eye interaction

F15

Visual scripting of UI

F5 Full-body interaction

9 10

1"
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Rating Mean Rank (Critical Distance: 2.9)

FIGURE 12

Friedman test mean ranks for ideal XR toolkit feature importance as rated by 80 participants. Ratings between two statements are significantly
different per the post hoc Nemenyi test, if their comparison intervals (horizontal line segments) do not overlap. Feature importance increases from left

to right.

F12 were functional components that can be incorporated into XR
applications, whereas F13 - F18 were workflow-related features of
the toolkit.

10.1 Overview of ideal XR toolkit feature
importance

Boxplots representing the ideal XR toolkit feature importance
rating distributions of both the pre-2015 and the post-2015 datasets
are available in Supplementary Appendix Figure 9i. With respect to
changes between the eras, we repeated the procedure from our
difficulty severity analysis by performing an era-wise importance
rating comparison for each ideal XR toolkit feature: Post-2015
developers assigned significantly higher importance to features F5,
F8, and F15, where Holm correction dropped the significance of F8.
Effect sizes and more details can be found in Supplementary Appendix
Table 9i. This era-wise comparison omitted features F3, F6, F7, F9, F11,
and F17, because they were not in our old questionnaire.

10.2 Ranking ideal XR toolkit features by
importance

The order of ideal XR toolkit features by importance in the pre-
2015 era has little relevancy now and was not investigated. Similarly,
we did not examine the changes between the eras with respect to
importance order, because they are of lesser interest compared to the
era-wise importance rating differences that were already
investigated in the previous section.

Rating the 18 features by importance was optional in our updated
questionnaire, and only 80 of the post-2015 era participants did so,
using a unipolar 7-point scale chosen for the task. Friedman test
revealed that the ideal toolkit features differed significantly with regard

to their importance ratings (x* (17) = 195.5, p<0.001). Figure 12
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FIGURE 13
Frequencies of mentioned improvementideas extracted from the

post-2015 developers’ open-ended responses to the question "How
could XR application development be made easier?”

illustrates the significant differences between the features and their
mean ranks, while Supplementary Appendix Table 9ii presents
pairwise effect sizes. The mean ranks place Object manipulation
and selection (F2 and F3) as the top two most important features
of an ideal XR toolkit. However, these two features were followed by
11 other important features that did not differ significantly from them.
At the other end of the spectrum, Full-body interaction (F5) and Visual
scripting of UI (F15) were considered the least important features.

10.3 Quialitative analysis of easing XR
development

We do not have relevant qualitative data from the pre-2015 era
survey. As such, we cannot report qualitative results on the pre-2015
era, nor investigate changes between the eras. For the post-2015 era,
Figure 13 presents the qualitative analysis results extracted from the
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participants’ ideas on how XR application development could be
made easier. This bar chart follows the convention of Figure 9, where
the vertical black lines indicate the expected right endpoint for the
Unreal Engine bar segment, if its frequency had been proportionally
equal to that of Unity.

We investigated statistical differences between the mentioned
areas of improvement: Cochran’s Q test indicated a significant
difference (y*(5) = 87.7, p<0.001). Post-hoc tests with Holm
correction revealed that improving XR toolkits was mentioned
significantly more often than any of the other categories.
Similarly, improving testing was mentioned significantly more
than
Significant differences without Holm correction and effect sizes

often improving hardware or project management.

are presented in Supplementary Appendix Table 9iii.

11 Discussion

In this section, we will reflect on our research questions, related
results, and evaluate their post-2024 relevancy by analyzing
additional expert interviews.

11.1 Comparison of XR application
development landscape before and
after 2015

XR application development in the post-2015 era has significantly
reduced barriers to entry due to cheaper hardware, more convenient
XR toolkits, and increasingly streamlined XR technology. Testing issues
have remained as the most severe development difficulties. Common
XR features such as object manipulation are still mostly implemented
by the developer, even as there has been a small overall increase in the
reuse of features from XR toolkits.

Table 3 summarizes our findings on what has changed in XR
application development with the transition from the pre-2015 era
to the post-2015 era. Firstly, our premise about entering an era of
affordable XR hardware-or at the
affordability-is supported by the significantly reduced hindrance

very least increased
stemming from too expensive input and output devices (D14 and
D15). Secondly, we have witnessed an “unification” of XR
development tools, where the number of XR toolkits in active
use has decreased, while a vast majority of developers have
started to increasingly utilize the Unity development platform.
The high usability, abundant documentation, as well as the large
user community of Unity and similar platforms have considerably
lowered the barrier to entry for inexperienced developers. All this is
reflected by the decrease in the severity of D8 (“Difficult to lean XR
toolkits”). We expect that, over time, this difficulty will diminish
further.
development requires only installing Unity and the XR-headset
drivers. Before Oculus Rift DK1 and its Unity plugin, most XR
developers had to select and set up an integrated development

These days, getting started with XR application

environment, laboriously sort out and compile their XR toolkits of
choice together with the required dependencies, and finally get a
hodgepodge of XR devices from different vendors to work together.
In fact, one participant suggested that creating an XR application
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has become too easy: “Market swamped with low quality quick
projects that take attention. [I//] VRTK etc., are a blight on the
market-you may think it makes it easier but people make things with
no understanding leading to an overall lower perception on the
quality of XR as a whole.” Paradoxically the severity ratings of
D7 (“Poor XR toolkit documentation”) have increased even as the
difficulty of learning XR toolkits (D8) has decreased. An indication
of why this might be can be found in the Supplementary Appendix
Figure 10i, which suggests that those who have less experience with
XR application development tend to give a more severe rating for
D7; three variables related to XR developer experience have a weak
negative correlation with severity of D7, while only one of those
variables has a weak negative correlation with D8.

Our surveys’ XR feature inheritance over implementation ratio
is a good indicator of the usefulness of reusable components offered
by XR toolkits. Comparing the pre-2015 and post-2015 eras visually
from Figure 6 shows that with the exception of Full-body
interaction, the inheritance rates of XR features have increased
across the board. Of these, reuse of Gesture recognition (F10)
functionality has become significantly more common in the post-
2015 era. There are weak signals that the reuse of Locomotion, Two-
handed interaction, and Object manipulation features could have
slightly increased as well. But even with the increased reuse, most XR
features continue to be implemented more often than inherited.
From the 7 XR features that we surveyed longitudinally, Object
manipulation has persisted as the most frequently implemented XR
feature, where the post-2015 inheritance rate is only half of its
implementation rate. We also note that from the aforementioned set
of 7 XR features only Spatial audio has become increasingly more
common in XR applications. Meanwhile, the prevalence of Object
manipulation has stayed at the same level, while the other five XR
features that we surveyed over time have become less common.

Identifying aspects of XR application development that have not
changed can also be revealing. Testing-related issues D20 and
D21 remained the two most difficult development challenges
throughout the transition from the pre-2015 era to the post-2015
era. Remarkably, the severity rating for these two issues has
increased significantly over time, suggesting that testing could
have become more difficult or more pronounced compared to
other challenges. The latter could be more likely due to increased
accessibility in the post-2015 era of XR application development,
considering that four development difficulty statements unrelated to
testing were rated significantly less severe in the post-2015 era.

11.2 Overview of XR application
development in 2015-2020

Post-2015 XR developers were mostly young US professionals
working in a small team using Unity to create a commercial
entertainment XR application. Most of the reported XR applications
featured 6DOF controllers, graphical user interface elements, and
techniques for locomotion, object manipulation, and selection.

A typical participant in our post-2015 survey was a professional
developer from the United States with 3-7 years of experience
developing XR applications. The largest demographic group was
men 20-29 years of age. A plurality of the reported XR applications
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TABLE 3Summary of results related to research question RQ1. Curly brackets {} around statistical results signify multiple instances, e.g., the results arising from
pairwise comparisons of several statements. Evidence marked with a t-symbol indicates that the particular result was significant only without multiple
comparison correction. Abbreviations for the types of data are F (frequencies) and R (ratings).

How has the arrival of affordable XR hardware affected XR application development and the developers themselves?

Hyp.  Result description Evidence Type Analysis P-value Effect size Detailed in
data method
Unity utilization in the pre-2015 era was 20% XR toolkit data F Pearson’s y’ il large Section 7.1, Figure 8
and surged to 82% in the post-2015 era.
Commercial XR applications are more common | XR application F Pearson’s y’ ** small Section 6
in the post-2015 era (42% vs %15). data
Continued XR application development at the | XR application F Pearson’s y° * small Section 6,
time of reporting is more active in the post-2015 | data Supplementary
era (76% vs 54%). Appendix Figure 5ii
H1.1 Two testing and one XR toolkit issues are more | (D20, D21); D7 R Mann- ik {small}; medium | Section 9.1,
severe in the post-2015 era. Whitney U Supplementary
Appendix Table 8i
HI1.1 Multiple XR hardware and one toolkit learning | (D14, D15, R Mann- {7 * {small} Section 9.1,
issue is less severe in the post-2015 era. D18"); D8 Whitney U Supplementary
Appendix Table 8i
H1.2 For an ideal XR toolkit, full-body and two- F5, F8', F15 R Mann- {oexg; * {medium}; small | Section 10.1,
handed interaction and visual UT scripting is less Whitney U Supplementary
important in the post-2015 era. Appendix Table 9i
Full-body interaction is significantly less F5 F Pearson’s y° ek medium Section 6.2,
common in the post-2015 era XR applications. Supplementary
Appendix Table 5v
Implementing locomotion, two-handed Fl1, F8, F10 F Pearson’s y° Hr et {small}; medium | Section 6.2,
interaction, and gesture recognition is less Supplementary
common in the post-2015 era. Appendix Table 5vi
Gesture recognition functionality is inherited F10 F Pearson’s XZ ek large Section 6.2,
instead of implemented significantly more often Supplementary
in the post-2015 era. Appendix Table 5vii
Unreal Engine as the primary XR toolkit grew | XR toolkit data F Fisher’s exact * small Section 7.1, Figure 8
from zero to 13% in the post-2015 era. test

were developed by a team of 2-3 people (44%) and entertainment
was the most common application domain (26%). Almost half of the
projects were commercial endeavors (42%). A majority of the XR
applications (76%) were still being developed and a third of them
had not yet been released at the time of reporting (2019-2020).
Unity and Unreal Engine were the two most common development
platforms, used in 82% and 15% of the reported projects,
respectively. Half of the reported XR applications utilized
SteamVR. A subset of 28% of the XR developers reported using
at least one Oculus (Meta) library or SDK, while 17% utilized Valve’s
OpenVR. The use of XR toolkits with a high-level focus on 3D
interactions appears to have been somewhat rare: MRTK and VRTK
were utilized in 17% and 14% of the reported XR applications,
respectively. The following popular features were present in more
than 60% of all XR applications: Locomotion, Object selection,
Object manipulation techniques, and Graphical user interface
elements. Only 3% of the reported XR applications supported
internet browsers, each of which relied on A-frame. A majority
of the XR applications (74%) employed 6DOF-controllers.
Regarding the estimated number of users, the largest segment
(39%) of XR applications had only 16-200 users.

With regard to hypothesis H4.1, there is only a weak indication
that XR application development with Unity is rated as slightly more
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difficult than with Unreal Engine: A small effect size at the
significance level of p =0.046 emerged, but did not survive
correction for multiple comparisons. This could be related to the
fact that visual scripting was used by 66% of the developers who had
Unreal Engine as their primary XR toolkit, while only one of the
Unity developers used visual scripting.

11.3 Prominent challenges in contemporary
XR application development

Post-2015 XR developers rated testing-related difficulties as the
most severe challenges in XR application development. Various XR
hardware and toolkit issues were also prominent, while XR hardware
performance and affordability were the least severe issues.

Table 4 presents results concerning research question RQ2:
Testing-related  difficulties D20  (“Constant
reimplementation”), D21 (“Testing with mouse and keyboard”),

testing and
D23 (“Jumping between development and testing”) are the most
severe development challenges according to the difficulty statement
ratings of post-2015 developers. Conversely, several issues related to
XR hardware performance and cost were rated the least severe (D14-
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TABLE 4 Summary of results related to research question RQ2.

10.3389/frvir.2026.1769463

What are the most severe challenges in XR application development?

Hyp. Result description Evidence Type Analysis P-value  Effect Detailed in
data method size
H2 The most severe difficulties concern testing. (D20, D21, D23) | R Friedman- {rex, x4y {large, Section 9.2, Figure 10,
Nemenyi medium} Supplementary Appendix
Table 8ii
XR hardware and toolkit issues are also severe. (D4, D13); R Friedman- {oex, 4 {large, Section 9.2, Figure 10,
(D7, D10) Nemenyi medium} Supplementary Appendix
Table 8ii
Various loosely related hardware issues and XR | Open-ended F QA, Exact {oe5, %, Section 9.3, Figure 11
toolkit issues are the most common topics in the | responses binomial test il
open-ended responses about difficulties.

D18). The only severe hardware issues were D4 (“XR hardware in
general”) and D13 (“Constantly evolving XR technology”). These
difficulty statement severity ratings are complemented by our
qualitative analysis (QA) of responses to our open-ended
questions. For example, participants were asked what other
they
predefined difficulty statements. Various loosely related hardware
difficulties ranging from multi-device integration to graphics

development challenges encountered in addition to

performance were mentioned by 25% of the participants,
followed by difficulties related to XR toolkits (19%), learning
(15%), user interface (14%), and testing issues (14%). The nature
of the most severe development difficulties is also alluded by the
responses about how to ease XR application development: The most
common suggestions were about XR toolkits (44%) and testing
(24%), while only 6% were about hardware. All in all, these results
suggest that XR developers tend to think that the most pressing
challenges in XR application development should be addressed by
improving development software-despite the various hardware
nuisances that one can encounter.

11.4 Recommendations on facilitating XR
application development

Improving XR toolkits and easing testing were the two most
frequently suggested ideas to facilitate XR application development
in the post-2015 era, with calls for better reusable components,
decoupled modular toolkit designs, faster iteration, and automated
testing. Additionally, there is a need for stronger cross-platform
standards, such as OpenXR, and high-level 3D interaction standards
to promote code reuse, increase interoperability, and reduce XR
technology fragmentation.

Table 5 lists the results related to ideas on how to facilitate XR
application development and address its challenges. These are based
entirely on our analysis of the post-2015 era dataset. In addition to
presenting the ideal XR toolkit feature importance rating results,
Table 5 highlights a number of correlations from Supplementary
Appendix Figure 10i. Some of these associations could stem from a
causal relationship, for example, if the utilized type of XR-headset
had an effect on difficulty or satisfaction variables. Although our
observational study design does not allow us to determine causality,
these correlations point out factors that with proper intervention
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might have the potential to decrease development difficulties or
increase developer satisfaction if such a causal relationship were to
exist. For example, XR developers’ self-reported user interface
testing rigor has a weak positive correlation with satisfaction
from achieving development goals. This could mean that
developers who test their XR application tend to be more
satisfied because it allows them to detect and fix problems, or
perhaps that the dissatisfaction stems from a confounding
variable like external time constraints that do not allow rigorous
testing and quality control.

Before discussing what areas of XR application development
should be improved, we will briefly go through development
aspects that appear to be in good order and not requiring an
immediate intervention according to our results-though
improving them might still further facilitate XR application
development. Firstly, the XR developer community size is less of
a problem currently, following its surge in the 2010s. This was
brought up by 36% of the expert XR developers whom we
consulted. Conversely, only one of the post-2015 survey
participants suggested that a larger community size could ease
XR application development. Secondly, the affordability of XR
hardware has become much less of an issue, which can be seen
in our era-wise comparison of development difficulty severity
ratings related to XR input and output device expenses. For
example, nowadays a capable video pass-through mixed reality
headset can be bought for a mere $500 (Meta Quest 3). Thirdly, the
barrier of entry into XR application development lowered
considerably in the 2010s, as noted by 55% of the expert XR
developers we consulted. Easier XR toolkits along with more
affordable hardware have greatly contributed to this. Lastly, XR-
headset comfort has steadily improved over the years, so much so
that our qualitative analysis did not record any mentions of
discomfort. Conversely, 7 participants expressed wanting in-VR

development capabilities, suggesting at least some level of comfort.
11.4.1 Easing XR software testing

Our difficulty statement rating analysis indicates that testing
related issues have remained the most severe challenges in XR
application development from the pre-2015 era to the post-2015
era—and possibly even becoming more pronounced. Moreover,
our correlation analysis reveals that three of our testing issue
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TABLE 5 Summary of results related—even if tangentially—to research question RQ3. Abbreviations for the types of data are F (frequencies), R (ratings), and D
(dichotomous).

How can future XR application development be facilitated by addressing its challenges?

Hyp. Result description Evidence data Type Analysis P-value Effect size/p corr. Detailed in
method

H3 Object manipulation and (F2, F3); (F11, F16, R Friedman- {rex, o) {large, medium} Section 10.2, Figure 12,
selection are the most important | F7, F8, F18, F1) Nemenyi Supplementary Appendix
XR toolkit features, together with Table 9ii
graphical UI elements, 3D
interaction state monitoring,
physics-based and two handed
interaction, locomotion, and
being open source.
The most frequent idea for Open-ended F QA, Exact freex, ety Section 10.3, Figure 13
easing XR development was responses binomial test
overwhelmingly to improve XR
toolkits, followed by easier
testing.
Graphical UI elements, Object F11, F2, and F3 F Exact binomial | {¥***, ***}, Section 6.2,
manipulation, and Object test R Supplementary Appendix
selection are the most frequently Table 5iv
implemented XR features.

H4.2 Standalone XR-headsets are D22 R Mann- e medium Section 9.4
more difficult to properly test on Whitney U
the development PC than
tethered headsets.
Developing an application that | Device data and D, R Spearman’s p 4} -0.24, -0.25 Section 8, Supplementary
functions only on AR-headsets | Satisfaction ratings Appendix Figure 10i
has a weak negative correlation
with satisfaction.
Having 6DOF controllers has a | Device and D Spearman’s p e 0.31 Section 8, Supplementary
fair positive correlation with Satisfaction data Appendix Figure 10i
willingness to showcase the XR
application.
Self-reported UI testing rigor has | XR application R,D Spearman’s o 0.31, 0.20 Section 8, Supplementary
a weak positive correlation with | ratings, Satisfaction P, QA Appendix Figure 10i
achieving goals for the XR data
application.

H4.3 Multiple satisfaction and testing | D20, D22, Open- R, D Spearman’s F i Mt -0.22, -0.21, =0.29, —0.21 | Section 9.4,
difficulty variables have weak ended responses P QA Supplementary Appendix
negative correlations between Figure 10i
them.

H4.3 Achieving development goals D3, D7, D15, R, D Spearman’s il —-0.25, —-0.25, —0.22 Section 9.4,
has weak negative correlations Satisfaction data P QA Supplementary Appendix
with issues related to Figure 10i
programming, costly output
devices, and poor
documentation.

variables have weak negative correlations with two of our Our survey participants frequently mentioned wanting better

satisfaction rating variables. The trouble with testing is further
evidenced by the participants’ ideas on how to make XR
development easier, where the second most frequent suggestion
was better testing. This prominent severity of testing issues is
perhaps not surprising, considering the spatial interfaces and
exotic hardware that are unique to XR, as well as the
asynchronous nature of the involved processes. Based on the
above, we recommend placing a high priority on facilitating
XR software testing so that the developers of XR applications
can be further empowered. In the following, we will discuss some
approaches to such facilitation.
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testing capabilities, for example, “better support for automated
testing and test-driven development.” To achieve this, we believe
that the existing software testing methodology and tools need to be
supplemented so that the idiosyncrasies of XR-particularly spatial
interaction-can also be properly tested. One way to enable
automated testing of XR user interfaces is to provide means to
save XR input device data streams, so that any recorded XR user
session can be faithfully reproduced. These data streams could be
low-level, close to hardware, and reproduced via virtual devices to
allow deeper testing that involves multiple software stack layers. An
early implementation to record and playback input from XR devices
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was presented by Bierbaum et al. (2003). More recently in 2024 Meta
XR Simulator was updated with the ability to record and reproduce
input from the 6DOF controllers. Generally speaking, a single
recorded XR user session can be further expanded into multiple
test cases by creating modified copies of the original session-for
example, by procedurally altering tracked device motion paths or
button trigger timestamps. A more sophisticated approach would be
to use autonomous virtual agents that would mimic the recorded XR
user sessions to varying degrees while also extrapolating from them.
Such techniques could be used to create large collections of real and
synthetic XR test inputs that are well-suited for parallel testing. A
more detailed discussion about existing tools and research on
automated testing of XR applications is available in Minor et al.
(2023). All in all, better tools for automated testing of XR
applications should help alleviate trouble from “Constant testing
and reimplementation” (D20).

The premise of difficulty statement D23 about the hassle of
switching from development to testing was mentioned by several
developers in open-ended responses like this: “Cycle between coding
and testing code afterwards in HMD takes very long, more than in
traditional development.” Commonly this cycle includes code
compilation and having to switch from the desktop interface to
wearing the XR devices. The issue is pronounced on standalone
headsets, where performance testing on real hardware usually
requires a separate build that has to be transferred onto the
device. For developers, it is important that switching between
development environment and testing of the XR application is as
quick and effortless as possible. XR hardware manufacturers can
ease this by providing XR-headsets and controllers that are quick to
put on and remove, or alternatively allow working comfortably with
mouse and keyboard while being worn. This extra friction with
transitioning between XR development and testing can also be
reduced to some extent through better XR hardware emulation,
which was suggested by 8% of the developers—-some of whom
XR-headset
emulation. Furthermore, emulating input from XR devices using

mentioned  standalone graphics  performance
a mouse and keyboard enables rudimentary testing of the XR
application without having to put on the actual XR hardware,
saving time and effort. Such emulation has existed at least since
the mid-1990s (Pape, 1996) and is also provided by some modern
XR toolkits. However, XR input device emulation is not well-suited
for naturally reproducing complex 3D interactions that require
more degrees of freedom and dexterity than what a mouse and
discrete buttons can offer. This is reflected in the high severity rating
of difficulty D21 (“My XR application’s user interface could not be
tested properly with just mouse and keyboard”). A subset of such
difficulties can be alleviated by conducting testing with the intended
XR input modality without wearing the XR-headset, although this
could the  headset

manufacturer—especially for standalone headsets.

require  explicit  support  from

11.4.2 Increasing XR user interface code reuse

The most frequently implemented XR features in the post-2015
era are Graphical Ul elements (F11), Object manipulation (F2), and
Object selection (F3). This hints that the existing XR toolkits’
reusable components for these features do not meet the needs of
most developers. Custom implementation of a common XR feature
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most likely necessitates increased testing, and as such exacerbates
testing difficulties. Therefore, offering better or more varied reusable
components could save developers’ time and effort from having to
program and test such custom implementations, thus possibly
alleviating the most severe difficulties regarding XR user
interfaces (D1, D11) and testing (D20, D21, D23). This is
supported by our result of the aforementioned three XR features
being rated as the most important for an ideal XR toolkit to have,
which is direct evidence for their demand. It is interesting that the
implementation rate of such fundamental 3D interaction features
has remained so high, despite the existence of XR toolkits like VRTK
that offer these features as reusable components. We speculate that
this might be because the aforementioned features are often very
specific to each XR application. In particular, object manipulation
and selection can vary greatly depending on the desired user
experience and level of novelty. Many game developers try to
create unique game mechanics to distinguish themselves in an
oversaturated market, and one way to achieve this is to have a
distinctive object manipulation scheme. Another contributing factor
to the high implementation rate is that the reusable features in
existing XR toolkits could be difficult to use, extend, or modify, as
some participants mentioned.

11.4.3 Improving XR toolkits

Recall that our qualitative analysis results on facilitating XR
development were (in descending order of frequency): improving
XR toolkits, better testing, improved learning resources, and
stronger standards followed by a handful of mentions about
hardware and project management. How exactly should XR
toolkits be improved then? In addition to better reusable
components and testing capabilities, the results of our survey
suggest a few other guidelines for making better XR toolkits.
Firstly, toolkit creators could address the most severely rated
difficulties concerning XR toolkits—poor documentation (D7) and
bugs (D10). Both can be improved with time and effort. Secondly,
our post-2015 survey’s feature importance ratings in Figure 12 can
be viewed as a ranked wishlist of ideal XR toolkit features. Several 3D
interaction techniques populate the top of this list, together with
graphical UI elements (F11), 3D interaction state monitoring tools
(F16), and open source distribution (F18). Thirdly, our survey’s
open-ended responses show that many participants wished for faster
iteration time from compile to testing, as well as common cross-
platform abstractions and standards. These wishes could be better
accommodated in future XR toolkits.

11.4.4 XR developers’ Golden Hammer

Contrary to what our surveys’ questions about an ideal XR
toolkit might suggest, it is not realistic or even desirable to have a
single XR toolkit that would replace all others. In software
engineering, over-reliance on a familiar tool or approach is
sometimes called the Golden Hammer (Brown et al, 1998),
which comes from the old observation “if all you have is a
hammer, everything looks like a nail”. Generally speaking, the
chosen tools influence the thinking and problem solving of
practitioners, who tend to gravitate toward solutions that their
tools can reach with the least amount of resistance. If all the
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available tools closely resemble each other, then alternative solutions
and ideas will be less explored, which could potentially conceal
valuable discoveries. This implies that the overall evolution of
software engineering benefits from a diversity of different
software development toolkits and processes. Conversely, a
situation where the developer community has access to only one
software development toolkit-no matter how good-could be
detrimental. We should acknowledge that there is a risk that
Unity and its conventions become the Golden Hammer of XR
application development. To some extent, this is alleviated by the
flexibility of Unity and the several XR toolkits created for it, but
inherently every game engine has some low-level constructs and
principles that are set in stone. Therefore, we hope that other
development platforms will remain as viable alternatives to
Unity, so that varied approaches into XR application
development can flourish.

11.4.5 An alternative: self-contained XR
building blocks

Some of the developers reserved criticism toward monolithic XR
toolkits like VRTK: “many XR toolkits are way overengineered making
it difficult/confusing to do very simple things.” An alternative to such
comprehensive toolkits is many smaller XR toolkits or self-contained
components that each focus on a specific XR feature. One of our more
experienced participants suggested the following:

“d rather see just really solid components that handle
individuals things well, rather than complete toolkits that
make your project inflexible (or make it hard to add new
functionality). 'm not a huge fan of, say, VRTK for this
reason, as doing new things with it requires digging too
deeply in the source code.”

A few other participants also echo the same sentiment about
having individual decoupled XR components that are easy to extend
and do their job well rather than having a rigid XR toolkit that tries
to cover all the bases. This approach seems sensible considering the
wide variety of XR device types, their subtle differences, and the
challenges of interoperability. Related to this, one developer pointed
out that any new 3D interaction components should be compatible
with the underlying development platform’s existing components,
e.g., Canvas and EventSystem in Unity. Ultimately, comprehensive
XR toolkits are not mutually exclusive with independent, small-scale
XR components; there is room for both, sometimes even in a
single project.

11.4.6 Advancing XR standards

Many of the post-2015 survey participants expressed the need for
better standards, with one developer suggesting “open cross-platform
toolkits for user interface creation [with] shared or similar APIs across
platforms.” The inadequacy of XR standards is evidenced by the several
similar XR toolkits just for Unity that implement the same basic 3D
interaction functionality, while often supporting only a small subset of
XR-headsets. Better standards and adherence to them can reduce this
overlap so that more effort can be put into more constructive
endeavors, like building cross-platform capabilities. They could also
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help alleviate the rather severe difficulty of “Constantly evolving XR
technology” (D13). For example, better standards might help maintain
compatibility between XR toolkit versions, reducing occasions where a
toolkit update breaks the project.

Currently, the most substantial cross-platform XR standard is
OpenXR, released in 2019. It provides XR toolkit and application
developers with a unified application programming interface to
access XR hardware from any vendor that supports the standard.
OpenXR works relatively close to the hardware layer and lacks high-
level 3D interaction functionality, such as locomotion and object
manipulation. Although widely adopted XR standards beyond
hardware abstraction have been absent, they should not be
neglected; XR developers and the industry as a whole could
benefit from a high-level, hardware- and toolkit-independent 3D
interaction description language standard, something in the spirit of
InTml (Figueroa et al., 2008). User interface designers could utilize
such a language or visual scripting system to define high-level 3D
interaction, leaving the implementation details to the XR device
vendors who want to conform to the standard. For more flexibility,
XR application developers and users should be able to fine-tune and
override the interaction profiles supplied by the vendor. Steed (2024)
imagines a future that goes beyond application-independent XR
interaction standards, and suggests increasing interoperability
between XR applications so that they could be run concurrently
with each providing a different aspect of the overall experience.
Thus, instead of the monolithic XR applications of today that
monopolize all input and output, the user experience could
resemble an operating system or window manager running
multiple smaller XR applications simultaneously.

11.5 Evaluating the post-2024 relevancy of
our findings

Our 2024 expert interviews suggest that XR application
development has changed little since 2020 and that our post-2015
findings and recommendations continue to be relevant. Although XR
hardware and toolkits have improved incrementally, the core
difficulties with testing, spatial interface development, and the low
XR feature inheritance rate have persisted. Moreover, Unity is still the
dominant development platform, the spatial interaction paradigm of
XR remains largely the same, and developers still need to alternate
between traditional development tools and the XR interface of their
application.

At the time of writing, 4 years have passed since our survey’s data
collection ended. Thus, we should consider what might have changed
since 2020 and whether that has had an effect on the lessons learned
from our survey analysis. To investigate this, in late 2024 we contacted
15 expert XR developers, each required to have at least 10 years of XR
development experience, occurring within 2016-2020 and also in
2021-2024. We asked them how XR application development has
changed since the 2016-2020 period, what the most difficult
development challenges are currently, and how future XR
application development could be made easier. Ten experts who
met our eligibility criteria responded. Figure 14 summarizes our
qualitative analysis of the experts’ responses, listing frequencies for
concepts that were mentioned by two or more experts. Each expert
described at least one positive change in the 2021-2024 period of XR
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% of experts mentioned
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Post-2020 helpful changes o
Higher-level device abstraction
Better XR interaction toolkits
Generative Al

Better hand tracking

Only minor changes
Shift towards standalone
Fewer utilized interaction toolkits

Current difficulties (late 2024)

XR toolkit limitations

IXR toolkit itself

Networking

XR toolkit updates
XR user interface
User interface

Testing

External device integration

Multi-device integration

Easing XR development in future
Better interaction abstraction

Better device abstraction

Better generative Al

0%

10%

20% 30% 40% 50% 60% 70% 80%

2016-2020 QA Difficulties
2016-2020 QA Area of improvement

% Eased XR development substantially

Eased XR development moderately or less

FIGURE 14

Frequencies of mentioned concepts relating to present-day XR
application development resulting from qualitative analysis of expert
responses collected in late 2024. Our inquiry focused in development
changes between the 2016-2020 and 2021-2024 periods, what

the present day difficulties are, and how to further ease XR application
development. Normalized concept frequencies from the qualitative
analysis of the post-2015 survey participant responses are provided for
comparison.

application development compared to 2016-2020. Forty percent of the
experts pointed out one or more overarching improvements that had
substantially eased XR application development. Half of the
respondents acknowledged the higher-level XR device abstraction
during the 2021-2024 period, where all but one mentioned
OpenXR. This appears to be the most prominent helpful change
between the two periods, although 30% of the experts wished for
even better device abstraction-e.g., expanding OpenXR beyond
XR-headsets. Generative AI was mentioned in 30% of the
responses, either in the context of facilitating XR application
development in the present day, in the future, or both. There is a
lot of potential in translating ideas into code and content with
generative AI, but for now it is unclear how much this
technology can help with the intrinsic problems of XR
application development such as implementing and testing
3D interaction techniques, or advancing their reusability.

To allow a rough comparison between the 2016-2020 and
2021-2024 periods, the qualitative analysis results concerning
experts in Figure 14 were supplemented with the corresponding
results from the post-2015 survey. Where possible, each expert concept
frequency was matched with the thematically closest QA concept
frequency from the post-2015 participants. In cases where the
expert and participant category names differ, the latter is written
under the participant frequency bar, which is rendered with a
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lighter color. Here, the post-2015 concept frequencies were
normalized with the number of participants who had any kind of
contribution to the corresponding difficulty or facilitation concept
questions, 82 and 76 respectively. Unlike Figures 11, 13 whose
percentages were calculated against the total number of participants
(117), Figure 14 utilizes the aforementioned values because many
participants simply skipped the optional open-ended questions, while
experts from 2024 answered all questions. Despite this inflation, the
participant frequencies still lag behind the expert frequencies. This
should not be taken as an indication that these aspects of XR
application development have become more difficult in recent
years. A more likely explanation involves the fact that on average
the expert responses were longer and included more concepts,
combined with the expert categories often matching with very
specific participant subcategories that had low frequencies. To
support the latter postulation, notice how the only two top-level
participant categories of Testing and User interface—alongside the
rather broad subcategory of Cross-platform open standards—come
closest to reaching the corresponding expert categories in frequency.

We draw attention to the similar order of the concept
frequency magnitudes between the expert and participant
categories; in Figure 11 from the post-2015 survey, the
following top-level difficulty categories of XR toolkits, User
interface, and Testing share the same relative order with the
corresponding expert categories. This provides some indication
that the severity rank of these XR application development
difficulties has not radically shifted after 2020. The most
notable difference is the small number of hardware difficulty
mentions by experts, presumably because XR hardware has
improved since our post-2015 survey. Likewise, the experts’
largest concept categories about easing XR application
development via better interaction and device abstraction are
in the same order as their corresponding participant subcategories
of Better XR toolkits (containing many references to better XR
interaction features and reusability) and Cross-platform open
standards. This suggests that the experts and the post-2015
participants shared similar priorities on how to facilitate XR
application development.

Better interaction abstraction was mentioned by 70% of the
experts, making it the most common proposal to ease XR
application development. This high frequency hints that spatial
fundamental of XR
applications—continues developers,  despite

interaction-a characteristic

to  challenge
improvements in device abstraction. As paraphrased by one of the
experts in 2024: “OpenXR by itself has not, however, simplified the
difficulty of developing applications and interactions themselves.”
Moreover, roughly a third of the experts made comments
suggesting that XR interaction techniques still continue to be often
implemented rather than inherited as per our post-2015 era survey
results: “we need a way to support accessible XR interfaces that do not
have to be (re)invented by each XR application developer.” The same
experts’ proposals to solve this repetition are similar to ours, e.g,
“decoupling interactions from application logic making them more
modular and re-useable could reduce repetition.”

It is not clear from our expert responses whether testing-related
difficulties have been alleviated to a substantial degree since 2020,
when our post-2015 participants rated them as the most severe
issues. However, some of the expert remarks from 2024 indicate that
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the  difficulty D20 and

reimplementation) and D21 (Testing with mouse and keyboard)

statements (Constant  testing
still remain pertinent to this day: “Many test iterations are often
required to arrive at something that feels natural to use and that
requires access to actual hardware for the developer - device
simulators are not really adequate for judging this.” Certain trends
like the growing utilization of standalone XR-headsets might even
have increased some of these challenges, for example, when
conducting system or performance testing.

Overall, these expert interviews give the impression that XR
application development has not changed drastically from 2020 to
2024: 40% of the experts expressed that the changes from
2016-2020 to 2021-2024 have been minor. Half of these
respondents explicitly mentioned that the development of both
the XR application and its interaction is still challenging. One
expert even said that the shift towards standalone XR-headsets
“makes development much harder”, referring to debugging and
graphics optimization. The lack of big changes within XR
application development was summarized by another expert:
“IMHO, the changes from 2016-2020 to 2021-2024 were rather
minor compared to the major changes in this field that happened
in the previous decade (like jumping from plain OpenGL to Unity):
we’re still using Unity; we’re still using the same/similar Unity plugins/
prefabs; we’re still dealing with the same comparatively bad Unity
rendering quality; we’re still writing the same code in Unity’s C#
language.” Fittingly, Unity was the only game engine mentioned,
with 70% of experts bringing it up in a 2021-2024 context. This
proportion resembles our finding that Unity was involved in
developing 82% of the XR applications during 2016-2020,
strongly suggesting that Unity is still the dominant XR
application development platform.

Finally, we list several aspects of XR application development
that have remained more or less the same since 2016-2020:

o Unity continues to be the most widely used development
platform for creating XR applications.

« In most cases switching between development and testing still
requires alternating between a traditional 2D interface of the
development platform and a spatial 3D user interface of the XR
application.

For standalone headsets, proper 3D user interface and system
testing sometimes still necessitate making a separate build that
needs to be uploaded on the device if the development
platform’s in-editor testing differs significantly from the
deployed build, for example, in terms of graphics performance.
o Even though XR hardware’s technical capabilities like
resolution have improved, their core interaction paradigm
has remained the same: Both the XR-headset and its
controllers still have 6DOF tracking, and standalone XR-
headsets with hand
prior to 2019.

It could take many months before newly released XR-headsets

tracking were already available

can take advantage of the many existing XR toolkit features
and development utilities that facilitate the developer’s work.
This is a problem, especially with XR-headsets that do not
adhere to the OpenXR standard. For example, while Unity’s
in-editor play mode supported Apple Vision Pro’s basic pinch
and gaze interaction from the onset of the headset’s launch,
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support for in-editor hand and head pose tracking was not
added until 5 and 9 months later, respectively.

Taking into account the above, we argue that the biggest changes
in XR application development since 2020 have resulted from the
evolution of the XR toolkits. Therefore, any drastic changes would
have to be due to updates to Unity or its XR toolkits. Thus far, the
majority of these updates appear to be mostly incremental and in
certain cases merely reinventing the wheel. For example, some of the
most promising features in modern XR toolkits that address the
more severe post-2015 challenges-such as automated 3D user
interface testing and input device emulation with mouse and
keyboard-were first provided several decades ago. Outside of the
incremental XR toolkit updates and coding with generative Al, the
most notable recent changes are technological advancements such as
better hand tracking or high-fidelity video pass-through AR-
headsets, which have limited impact on development and mostly
concern specific subdomains of XR like AR. In summary, this slow
incremental progress and our expert interviews from 2024 together
suggest that the conclusions and guidelines derived from our post-
2015 survey analysis remain applicable in the post-2024 XR
application development landscape. Having said that, it is
that
substantially due to the incremental compounding progress that
has occurred since 2020.

possible some development aspects have changed

11.6 Future work

Our research gives rise to several further questions of interest
regarding the intricacies of XR from a software developer’s point of
view. Shedding light on the following matters would further increase
our understanding of XR application development and could help to
facilitate it:
factors

1. Identify the most behind the high

implementation rate of fundamental features such as Graphical

significant

UI elements, Object manipulation, and Object selection.

. Identify the most popular reusable XR interaction components
and toolkits, investigate what makes them popular, and
whether they could act as a basis for even better XR
interaction abstraction.

. Determine how frequent the use of various XR development
utilities such as XR device emulators and automated testing
libraries for XR is, and whether they meet the needs of
developers.

. Keep surveying which development difficulties are the most
severe and why, as the XR industry continues to evolve.

. Keep surveying which ideal XR toolkit features are the most
desired and why, as the XR industry continues to evolve.

The above items can be investigated with a questionnaire like
ours, though some additional questions need to be added to get
clarity on the first three items. Considering the large amount of
exploratory research that we have presented, many of the more
interesting significant differences and correlations results would
benefit from being examined with replication studies. This is
especially true for some of the weaker results with a small effect
size or weak correlation, for example, the possible positive
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correlation between UI testing rigor and achieving goals for the XR
application.

11.7 Threats to validity

Like most typical online surveys, ours is affected by uncertain
generalizability of the results due to participation bias. This could occur
if the respondents who chose to answer our questionnaire are
systematically different from the general XR developer population.
Future replication and generalization studies are required to
substantiate the representativeness of our findings. Some additional
bias could have been introduced by asking participants to focus on a
single XR application. This allowed us to analyze the relationship
between the development experience and the environment variables,
with the caveat of forcing those participants with multiple developed
XR applications to choose one project from the era in question. In
contrast, the final section of our questionnaire asked for a holistic view
of easing XR application development and ranking ideal XR toolkit
features, without fixating on any single project. Finally, our efforts to
verify the existence of the reported XR applications and their features
are described in Section 4.3.

12 Conclusion

Our first contribution is the identification of the most severe
challenges in XR application development, which concern
testing and possibly have become more pronounced over
time. In contrast, the least severe difficulties relate to
hardware performance and affordability issues, both of which
have been alleviated since 2015. The second contribution of this
paper is our investigation of how to facilitate XR application
development; we have presented recommendations and
guidelines on XR toolkits, hardware, and standards that
address some of the most severe development challenges.
These can be taken into consideration by XR practitioners
and toolkit developers, who want to ease the creation of XR
applications and advance the field of XR software engineering.
Our analysis of the expert interviews from late 2024 suggests that
the aforementioned results continue to be relevant to this day,
considering the similarity of comments from the experts and our
survey participants, as well as the relatively minor changes in XR
application development that have occurred in the past 5 years.
The third contribution of this paper is our chronicling of how
the XR development landscape has been impacted by the
emergence of affordable XR hardware. This examination
expands the overall understanding of how XR application
development and developer demographics have changed over
the years. Our analysis underscores the importance of high
accessibility of XR devices and toolkits for the vitality of the
XR community.

Our supplementary analysis of the post-2015 dataset provides
other interesting results, e.g., revealing a surprisingly high
implementation rate of certain common XR wuser interface
features. The paper’s correlation analysis examines how
independent variables like developer background as well as
utilized XR hardware and software toolkits could be associated
such as

with outcome variables developer satisfaction or
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experienced difficulties. And finally, the redesigned version of
our questionnaire is another outcome of our research, which can
be further utilized to collect more information about VR and AR
software engineering. The questionnaire is a reusable artefact that
promotes replicability. Our hope is that it can play a role in
advancing the XR software engineering research methodology
and software engineering in general.
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