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A Systematic Exploration of Collaborative Immersive Systems for Sense-Making
in STEM

BRANDON V. SYIEM, School of Computer Science
The University of Sydney, Australia
SELEN TURKAY, School of Computer Science

Queensland University of Technology, Australia

Scientific sense-making in STEM fields is a complex, yet essential activity, that greatly benefits from collaborations. However, challenges
associated with collaboration, such as the geographic separation of experts, access to specialized equipment, and meaningful data
representation, often hinder this process. Solutions to collaborative challenges have been extensively explored in CSCW and HCI
literature. Among such solutions, immersive systems offer novel data visualizations, interactions, and representations that can
support collaborative sense-making in STEM fields. Recognizing the increasing interest from HCI researchers on the intersection of
collaboration and immersive systems, we conduct a systematic review to answer pertinent questions regarding the research landscape,
the design and implementation of collaborative immersive systems for STEM sense-making. We find that current research leans
towards synchronous collaborations, AR technology, and sense-making for learning in science domains. We further discuss prevalent

trends and considerations observed in our findings, to inform future research directions.

Additional Key Words and Phrases: Immersive Systems, Virtual Reality, Augmented Reality, Mixed Reality, STEM, Sense-making,

Collaboration, Systematic Review

1 INTRODUCTION

Complex challenges in scientific domains have often motivated experts to collaborate in search of solutions [1].
Historical evidence of such collaboration can be found as early as 335 BC, when Aristotle founded the Peripatetic
School in Athens. This school served as a hub for philosophers, mathematicians, and scientists to gather, store, and
interpret information across fields [2]. In contemporary times, the need for collaboration in scientific fields has become
more pronounced. As scientific problems become increasingly niche and demand interdisciplinary perspectives, the
need for experts from diverse backgrounds to collaborate has intensified [3]. In response to such needs, a growing
number of technological tools and solutions have been developed to support scientific collaboration, such as emails,
videoconferencing applications, scheduling software, digital libraries, shared authoring tools, and shared remote access
to instrumentation [1].

These technological advancements are often employed to support collaboration across various stages involved
in the scientific inquiry process, which underpins knowledge creation. For example, extensive work has been done
in the field of computer-supported cooperative work (CSCW) on the use of technology to support the collection,
storage, and management of data used for scientific purposes [4]. Among the various stages in scientific inquiry,

the process of scientific sense-making has garnered attention from various perspectives, including psychology [5],
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philosophy [6], and human-computer interactions (HCI) [7, 8]. ‘Sense-making’ broadly describes the process of ‘making
sense’ of data/information to achieve understanding [7], while the term ‘scientific’ alludes to the rigorous methodologies
employed in the sense-making process [9]. However, the semantics of both ‘scientific’ [6, 10] and ‘sense-making’ [5]
have stirred debates within the scientific community, their precise definitions often eluding consensus. For instance,
multiple theories have been developed to describe the sense-making process [11-13]. Regardless of this uncertainty,
technological solutions have sought to support, replicate, and/or enhance the scientific sense-making process [14-20],
given its crucial role in scientific fields.

Immersive technologies/systems, such as augmented reality (AR), virtual reality (VR), mixed reality (MR), and
extended reality (XR), offer great potential for supporting collaborative scientific sense-making through immersive 3D
visualizations, manipulations, and data sharing. Recent work has demonstrated the use of these systems for enabling
and enhancing collaboration [21, 22], sense-making [19, 20, 23, 24], and domain-specific problem-solving in science,
technology, engineering, and mathematics (STEM) [25-28]. Such growing interest has led to numerous surveys on
how immersive systems are designed and subsequently shape modern collaborative work [29-34], and scientific
work in STEM-related disciplines [35-39]. However, despite the pivotal role of sense-making in STEM [1, 40, 41],
current surveys fail to address the complexities of designing and using collaborative immersive systems to support
sense-making practices in specialized domains. Additionally, it remains unclear how to reconcile knowledge of existing
sense-making theories with the developing trends of immersive systems and real-world scientific practice. Immersive
systems present a wide range of novel capabilities for viewing, processing, and interacting with data and collaborators
in specialized application domains in STEM. However, realising this potential requires a deeper understanding of how
to design and leverage these systems effectively. As such, we aim to complement existing research by conducting a
comprehensive literature review to answer the following relevant questions: How are collaborative immersive systems
applied in supporting the process of scientific sense-making in STEM?; How have considerations related to sense-making
processes in STEM influenced the design of relevant collaborative immersive systems?

Our review resulted in 39 papers focused on the use of collaborative immersive systems for sense-making in STEM.
Our analysis revealed prevalent trends and notable considerations related to the design of these systems for scientific
sense-making in STEM and further highlighted features of collaborative systems, immersive systems, and sense-making
that were less explored. Specifically, we find that current research leaned towards AR technology, real-time (synchronous)
collaborations, and sense-making for learning primarily in the science domain. We discuss our findings in light of
real-world scientific collaboration practices and the influence of sense-making processes on current research practices
related to collaborative immersive systems in STEM.

This work contributes to HCI and STEM research communities by offering an in-depth analysis of collaborative
immersive systems tailored for sense-making within STEM disciplines. Our findings highlight predominant trends,
notably a significant focus on the science domain with an emphasis on the use of sense-making for learning. We uncover
the adaptability of the HCI community in response to real-world dynamics, such as the rise in remote collaborative
systems post-2019. We further spotlight the influence of different sense-making characteristics on collaborative immer-
sive system and experimental design. We further discuss notable methods of analysis, observed in our sample, that are
used to provide valuable insights into the sense-making process. Additionally, we identify research gaps, such as the
underrepresentation of asynchronous collaborations and the integration of physical elements in AR setups, to help guide
future innovations. In essence, this research bridges the gap between STEM and HCI, illuminating prevailing research
trajectories and uncharted avenues and highlighting the potential of collaborative immersive systems for supporting

sense-making in STEM.
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2 BACKGROUND

We split our discussion of relevant literature into three parts; 1) On Scientific Sense-making, 2) Collaboration in

Immersive Systems, and 3) Immersive Systems for STEM.

2.1 On Scientific Sense-making

To discuss the concept of ‘scientific sense-making’, we first introduce the term ‘scientific discovery’. ‘Scientific discovery’
refers to new findings in relation to objects, properties, events, processes, theories, hypothesis or methods, that is a
direct result of the scientific inquiry process [42]. This processes can be loosely summarised by the following steps;
1) generate hypotheses, 2) collect relevant data, and 3) make sense of the data to confirm or reject the generated
hypotheses [43, 44]. The sense-making process, listed in step 3, has been a topic of ongoing interest for academics
in fields such as psychology, philosophy, history, anthropology, and sociology [6]. Klahr and Simon [6] states five
reasons for this interest in the scientific sense-making process; for its human and humane value, its mythology, to
understand complex human thinking, to understand the developmental course of the process, and to design systems
that can replicate the process of scientific sense-making. Additionally, prior work has demonstrated another reason
for studying the mechanisms of scientific sense-making — and sense-making in general - to innovate on systems and
methods to support learners and practitioners of (scientific) sense-making [17, 18, 45-47].

To this end, previous work has studied different methods to support and replicate both scientific and general sense-
making. For example, research as early as the 1980s have attempted to replicate the process of scientific sense-making
through computer programs, such as the DENDRAL [15] or KAKEDA [14]. More recently, the conversation around
the use of technologies in relation to scientific sense-making has broadened from strictly replicating sense-making
processes to supporting learners [16, 17] and practitioners [18] of sense-making. Significant efforts have also been
directed in supporting ‘general’ sense-making in the field of HCI [46—49] and artificial intelligence [50, 51]. But what
differentiates ‘scientific’ sense-making from ‘general’ sense-making?

Prior work disagrees on the precise distinction between scientific and everyday sense-making [52]. Some define
‘scientific’ as the use of scientific methods (precise definitions, critical questioning, meticulous evidence seeking,
objective reasoning) for sense-making [9], while others argue that scientific sense-making is named so, as a consequence
of the discovery being scientific and not on account of the process itself [6]. Others still, consider the relationship
between scientific sense-making and everyday sense-making as fundamentally continuous [53], i.e., the absence of a
dichotomy between knowledge and language used in everyday experiences (such as those expressed by children) and
those used in science (such as those expressed in academic writing). This lack of consensus on the precise boundaries
between “scientific” and “everyday” sense-making, leads us to adopt a broader perspective on the sense-making process
for this review (including both “scientific” and “everyday” sense-making).

Sense-making, itself, is a complex topic that has been likened to phenomena such as creativity, curiosity, comprehen-
sion, mental-modelling and situational awareness, with none capturing the complete essence of the term [5]. Five major
theories have surfaced in the literature that describe the phenomena of sense-making from different perspectives [11-13].
We adopt Kolko’s [12] terminology and refer to these approaches as Dervin’s theory, Russel’s theory, Hoffman, Klein &
Moon’s theory, Snowden’s, and Weick’s theory of sense-making.

Dervin’s theory positions sense-making as an individual and continuous process that substantiates learning of
complicated ideas through actions, as opposed to studying them abstractly [12, 54]. They describe sense-making

as a process of seeking, using, creating and rejecting knowledge and information to ‘bridge’ ‘gaps’ that individuals
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encounter when moving through time and space [54]. Russell et al. [8] view sense-making as a process for information
processing and mental-modelling of data specific for a set task or problem [8, 12, 55]. They describe sense-making
as ‘the process of searching for a representation and encoding data in that representation to answer task-specific
questions’. Russel’s work on sense-making lies primarily within the context of information systems and reducing costs
of information processing. A broader perspective on sense-making was presented by Klein et al. [5]. They describe
sense-making as a process to model connections for the purpose of problem-solving/decision-making for a specific and
contained problem [12]. Specifically, Klein et al. [5] refers to sense-making as a motivated and continuous effort to
understand connections between people, events and places to anticipate future trajectories and act effectively. Similar to
Klein, Snowden’s [56] theory of sense-making centres on problem-solving/decision-making, but from an organizational
perspective. They proposed a ‘sense-making framework’, called Cynefin, that supports collective sense-making for
tackling unspecified problems and considering intractable problems in new ways. Lastly, Weick et al. [57] pivots their
discussion of sense-making around organizational behaviour. They view organizations, not as an static individual entity,
but as a continuously changing collective of interacting individuals that ‘orgnizes’ information for orgnizational growth
and planning [12].

These theories largely agree that sense-making is a process, but disagree on the approaches/methods involved and
the purpose of the process (i.e., what is sense-making a process of?) [11]. Within these five theories of sense-making,
we discern four broad categories of sense-making as a process of ; learning, mental-modelling/information processing,
problem-solving/decision-making, and organizational growth and planning. We also acknowledge that the particularities
of each approach/method within the different sense-making theories is beyond the scope of this paper, and is extensively
discussed in prior work (see Turner et al. [11], Harteveld [55] and Kolko [12]).

These categories of sense-making processes highlight key differences that may influence the design and evaluation
of supporting tools and technologies. For instance, technologies designed to support sense-making as a process of
learning may wish to incorporate user actions that facilitates understanding of broader abstract concepts. In contrast,
sense-making as a process for problem-solving/decision-making may require technological solutions that provide
specialized tools and interactions for a specific and contained problem. Such differences also influence the methods
used in evaluating the success of these solutions, with the former assessing the long-term and broader effects of the
sense-making process, and the latter focusing on performance related to the specific problem task. As such, these
categories of sense-making will serve as one of several lenses through which we scrutinize existing research to better

understand how current collaborative immersive systems support different sense-making processes.

2.2 Collaboration in Immersive Systems

The use of technology for collaboration has been extensively pursued in the context of work and education, leading to
the formation of their respective sub-fields; Computer-Supported Cooperative Work (CSCW) and Computer-Supported
Collaborative Learning (CSCL). Such attention on collaboration can be attributed to its importance in addressing the
complex challenges and opportunities that arise in science and society [3]. With the advent of accessible immersive tech-
nology hardware (such as the Meta Quest 2), an increasing amount of research has been directed towards understanding
the use of immersive technology in supporting collaboration. This can be attributed to the unique affordances provided
by immersive technology that enables the design of collaborative tools unavailable through other technology. For
instance, immersive technology can enable deictic and non-verbal communication between remote and/or co-located
collaborators present in the same virtual space [21, 58], a feature not easily replicable with other technology for remote

users.
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Despite the growing interest in collaborative immersive systems, recent reviews have mainly limited their discussion
to perspectives of CSCW theories and frameworks, and/or individual human factors (including user experience and
interactions). For example, Ens et al. [31] strongly drew on concepts related to CSCW and classified the papers included
in their review along five dimensions; Time and Space [59] (a well known matrix in the CSCW literature), Symmetry
(based on the collaborators roles), Artificiality (based on the reality-virtuality continuum [60], i.e., the degree to which
the collaboration space was virtual or real), Focus (based on the primary target of collaborative activity), and Scenario
(based on the application use case of the system).

Prior reviews have also discussed relevant works along isolated concepts related to CSCW. For instance, Ouverson
and Gilbert [32] expanded the discussion presented by Ens et al. [31] along the axis of ‘Symmetry’, and focused their
review on asymmetric collaborations in immersive systems. Similarly, Schéfer et al. [29] discusses real-time remote
collaboration (Time and Space concepts in CSCW literature) in MR systems, but does so primarily through the lens
of human factors. Schifer et al. [29] creates a taxonomy to classify papers along contributions related to the virtual
environment, the virtual avatars, and the provided interactions. They discuss the significance of these concepts in relation
to human factors such as telepresence, social presence, embodiment, interaction preference, and awareness, among
others.

Human factors, in relation to the individuals within the collaborative scenario, has also taken centre stage in recent
reviews on collaborative immersive systems. van den Oever et al. [33] and Laskay et al. [34] presents discussion related
to user performance, cognitive challenges, situational awareness, perception, and mental workload, in addition to
methodological and design approaches employed in collaborative immersive systems for maritime operation and
preoperative planning respectively. Other reviews have presented significant discussion through both perspectives;
discussing CSCW concepts in relation to collaborative immersive systems, and the human factors associated with the
design of such systems. For instance, de Belen et al. [30] discuss both the user experience and interaction aspects of
collaborative immersive systems, along with the CSCW ‘Space’ dimension (which they term ‘collaborative setups’).
Additionally, they analyse the reviewed papers’ contributions based on the application domains and hardware used for
immersive applications.

These reviews highlight an increasing interest in the use of immersive systems for collaborations. They also spotlight
pertinent decision that need to be considered when designing collaborative immersive systems. The dimensions utilized
by Ens et al. [31] provides an insightful overview of the design considerations and variations between collaborative
immersive systems explored in current literature. However, these dimensions alone fail to capture the nuances and
complexities arising from the use of immersive systems for collaboration in specific domains, such as seen in those
presented by van den Oever et al. [33] and Laskay et al. [34]. Such specialized application domains, as seen in STEM
fields, can benefit greatly from expanding the current literature to better understand the design, effects, and evaluation
of collaborative immersive systems used to support their core needs and activities. As such, in this review, we aim
to complement the existing body of work on collaborative immersive systems by focusing on the crucial process of

sense-making in STEM application domains.

2.3 Immersive systems for STEM

Compared to collaboration in immersive systems, the topic of immersive system use in STEM has benefited from a
wider set of perspectives in recent reviews, albeit in a limited context, i.e., education. Consequently, reviews have mainly
discussed the topic from the perspectives of learning and instructional theories. For example, a review on AR use for

STEM by Ibanez and Delgado-Kloos [35] presents their discussion through the lens of instructional processes (strategies
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and techniques). They define instructional strategy according to Akdeniz [61, p.57-105] as the approaches followed
by instructors to achieve the fundamental aims of instruction, and identify three distinct categories in the papers
they reviewed: presentation, discovery and cooperative learning. Ibafiez and Delgado-Kloos [35] refer to instructional
techniques as the rules, procedures, tool and skills to deploy instruction techniques [62], and identify five distinct
categories in the papers they reviewed: observation, inquiry, game, role-play, and concept maps. In addition, Ibafez and
Delgado-Kloos [35] sheds light on the measures used to evaluate the affective and cognitive outcomes, along with the
design considerations for AR applications in STEM, specifically in the context of AR features employed (Location-based,
Marker-based, Camera-based registration, etc.). The prominence of instructional processes related to discovery and
collaboration in prior work, as seen in the review, highlight the importance of these activities within STEM education
and potentially in STEM professions.

The focus on instructional strategies and techniques in relation to immersive system use in STEM was also adopted
by Theodoropoulos and Lepouras [36] and later by Mystakidis et al. [37]. The former narrows the scope to programming
education, but broadens the discussion to include technology, design, and user interaction [36]. They extensively discuss
and highlight both the pedagogical outcomes (cognitive and affective outcomes, learning gains, motivation, etc.) and
processes (cognitive behaviour, collaboration, affective processes, etc.), as well as the user experience and interaction
aspects (satisfaction, usability, engagement, etc.) of the reviewed papers. The latter review by Mystakidis et al. [37]
directs their attention to the use of AR for higher education in STEM, discussing the instructional strategies and
techniques employed, along with design considerations for the immersive interventions through the lens of cognitive
multimedia learning theory [63]. In addition to the three categories of instructional strategies identified by Ibaiiez
and Delgado-Kloos [35], Mystakidis et al. [37] discuss two additional categories of activity-based and experiential
strategies. They also categorize their instructional techniques as; observation, simulation, project, problem-solving,
and question-answer. These reviews highlight the core themes that appear in the discussion around instructional use
of immersive system in STEM education, and clearly indicate the prominence of both collaboration and discovery
(including instructional techniques related to problem-based learning) in the literature.

Prior work has also extensively discussed the learning outcomes and contributions to learners of immersive systems
use in STEM education [38, 39]. Categorization into themes of the different learning outcomes and learner contributions
was carried out in both the reviews presented by Sirakaya and Alsancak Sirakaya [39] and Ajit [38]. Themes related
to learning outcomes largely overlapped between the two reviews, such as visualization, fun learning, collaborative
learning, concretize abstract concepts, and student-centered learning. Conversely, themes related to learner contributions
had fewer overlaps, with Sirakaya and Alsancak Sirakaya [39] focusing on more specialized themes, such as outcomes
related to spatial or cognitive abilities, and Ajit [38] discussing broader outcomes, such as knowledge construction.
Both reviews also commonly discuss the benefits of immersive systems in increasing interaction amongst students and
between students and teachers.

Other works have explored the prevalence of immersive systems research in various STEM domains, and the
research methodologies employed in evaluating such systems [64, 65]. For instance, Ciupe et al. [64] investigated the
most prominent fields in engineering education where immersive systems were employed and found that Production
Engineering and Computer Engineering comprised the majority of the application domain. They also found that the
most common type of study involved a solution proposal, and the most common intervention involved simulations
of 3D environments and tools. A more detailed view of the research methodologies employed in evaluating virtual
reality systems in computer science education was presented by Agbo et al. [65]. Their findings provide insights on the

employed research methods (qualitative, quantitative, mixed method, design and development, etc.), data collection
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tools (observations, surveys, system generated data, questionnaires, etc.) and analysis methods (descriptive analysis,
learning analytics, reflective analysis, etc.). Additionally, Agbo et al. [65] present an analysis of the author keyword
co-occurrence pattern of the reviewed articles, which highlights a strong relationship between ‘virtual reality’ and
keywords of ‘visualization’, ‘virtual environment’, ‘immersive learning’, ‘games’, ‘gamification” and ‘collaborative
learning’.

The reviews discussed in this section shows a trend in employing immersive systems to facilitate collaboration
and sense-making (among others) within STEM education. This may be attributed to the fact that collaboration and
sense-making (including discovery, problem-solving and decision-making) are core activities within a majority of
STEM disciplines (both within and beyond the educational context) [1, 6]. Despite the critical importance of these
activities, current literature limits their focus on perspectives of instructional learning and outcomes, only addressing
collaboration and sense-making concepts peripherally. In this work, we call attention to these crucial elements of
scientific enquiry and conduct a systematic review to better understand the current considerations and approaches

used in realizing collaborative immersive systems for sense-making in STEM.

3 METHODS

In this systematic review, we aim to understand the current state of collaborative immersive systems used for scientific
sense-making in the fields of science, technology, engineering and mathematics (STEM). Specifically, this review
is centered around the following research questions: how are collaborative immersive systems applied in supporting
the process of scientific sense-making in STEM?; how have considerations related to sense-making processes in STEM
influenced the design of relevant collaborative immersive systems? By answering these questions, we provide insights
on the relationship between properties of collaborative immersive systems and the sense-making processes that they
support, and how such relationships have evolved over time. We draw on these insights to reflect on the current state
of collaborative immersive systems for scientific sense-making in STEM, and propose future directions.

We reviewed articles from academic databases that include substantial Human-Computer Interaction related papers,
namely the ACM Digital Library, Web of Science, and Scopus. We adopt the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) [66] guidelines to conduct our review. The inclusion of a paper in our review

was determined by the following criteria:

e Use of Immersive System: The paper needs to include an immersive [67] augmented, virtual, mixed, or
extended reality system. We include mobile-based or screen-based displays if they present digital information
that matches the users’ body movements or interactions with the physical world [67].

o Designed for and evaluated with collaborative tasks: The paper must describe system design or development
for the purposes of collaboration between 2 or more users.

e Includes User Study: The paper must include an empirical user study that evaluates a system, validates a
methodology, or tests a theoretical concept/framework. We rely on the description of the experimental design,
procedures and/or findings to understand the specific sense-making processes involved during the use of
collaborative immersive systems.

o Is related to a STEM field: The application context of the collaborative immersive system described in
the paper must be related to a STEM discipline. As the categorization of a field as a STEM field is not often
consistent [68], we decided to include papers that fall under the high-frequency STEM education or occupation
fields as presented by Koonce et al. [69].



3668 papers
imported for screening

3615 papers screened

184 full-text papers
assessed for eligibility

26 papers included
+

13 additional papers

identified by authors

-
I

| 158 papers excluded

61 Not collaborative

13 Not immersive AR/VR/MR
40 Not empirical

25 Not included in STEM

17 Not related to sense-making

1 Missing details

1 Document unavailable
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Fig. 1. Overview of our literature review detailing each stage of sampling process as per the PRISMA guidelines.

e Involves Sense-making: The paper must discuss sense-making processes, including tasks related to organi-

zational growth and planning, learning, problem-solving/decision-making, or mental-modelling/information

processing [11, 12, 55] (see section 2.1 for details on sense-making processes).

3.1 Sampling

This review spans papers published between 2011 and 2023. This review was initially started in 2021 and aimed to

review papers published in the past 10 years. However, as circumstances did not allow us to complete the analysis in

2021, this review was redone in 2023 — adding papers published in 2022 and 2023. The search was conducted using the

following search query:

[Abstract: "virtual reality" OR "augmented reality" OR

"mixed reality" OR "extended reality" OR "immersive reality"]

AND

[All: collab* OR teamwork OR co-operatx]

AND

[All: sense-making OR discovery]
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AND
[All: science OR technology OR engineering OR mathematics OR "STEM"]

We included terms relevant to immersive systems in the abstract as this was a core requirement for our review.
Additionally, we searched for terms related to collaboration and sense-making in the whole document as we wanted to
review papers that included both these terms but did not necessarily focus on either application, i.e., terms related to
both, either or neither may appear in the abstract or title, but were necessary to appear in the whole document.

The initial dataset included 3668 articles. A team of five researchers, specializing in HCI and immersive systems,
proceeded to remove all duplicate papers from the initial search result, and screened all papers for relevance based on
their title and abstract. We followed with a full review of the remaining papers, including papers based on our inclusion
criteria. We conducted frequent meetings to ensure that all researchers were consistent with the inclusion and exclusion
of papers.

A total of 26 papers fit our criteria and were included in our review. An additional 13 papers were identified using
manual search techniques that have been used in prior work [70-73] and are compatible with the PRIMA guidelines [66].
We used a combination of backward and forward citation snowballing [74] and leveraged our contact with study
authors of relevant papers [66]. We conducted backward snowballing by examining the reference lists found in the
papers included through our database search and the relevant reviews discussed in section 2. Forward snowballing was
achieved by examining sources that cite the papers included through our database search and the relevant reviews
discussed in section 2 1. Our screening using snowballing was restricted to the title only, and we only considered articles
that were related to immersive systems and at least two of the three other keywords used in our search string, i.e.,
collaboration (including teaching/instructing), sense-making, and STEM. If we found literature surveys on immersive
systems (that could potentially include relevant sources based on their title) or new articles that met our eligibility
criteria, we further screened them using the snowball approach. We limited our search to a depth of 2. As per the
PRISMA guidelines [66], we have highlighted the sources included through our manual search in table 5 of our appendix

section to increase transparency. Figure 1 shows a summary of our review process as per the PRISMA procedure.

3.2 Analysis

We extracted meta-data and information related to the problem statement, system description, experiment design, user
study, and data analysis from the included papers. Following data extraction, one researcher led the analysis of the
extracted data and engaged in open coding to identify elements related to collaboration, immersive system use and
sense-making. We followed with an axial coding exercise to organize our codes into themes [75].

We used the developed themes to categorize each paper along dimensions related to the discussed system’s 1)
collaborative properties, 2) immersive qualities, and 3) sense-making use cases. The first six dimensions, related to the
CSCW concepts of time and space, the symmetry of collaborator capabilities, the extent of artificiality of the immersive
system, the focus of collaboration, and the collaborative scenario, are directly taken from the work presented by Ens
et al. [31]. We adopt these dimension as they encompass important distinction pertaining to the collaborative and
immersive properties of the described, developed, and/or evaluated system. The seventh dimension is derived from Lee
and Paine’s [76] matrix which describes the scale of collaboration enabled by the immersive system i.e, the number of
collaborators that the system allows. Finally, the eight dimension categorizes papers based on the primary purpose of

the sense-making process involved in the experimental task presented in the paper. This dimension is based on the

'We used Google Scholar for forward snowballing
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different theories of sense-making discussed in our background (section 2.1). We summarize each dimensions and their

possible values as follows:

1

@

®)

(4)

&)

(6)

™

®

Time: Includes the value synchronous for systems that enable collaborators to use the system at the same time,
and asynchronous, for systems that enable collaborators to work at different times while maintaining state.
Similar to Ens et al. [31], we also include the category both for systems that enable both synchronous and
asynchronous workflows.

Space: Includes co-located category for systems that require users to be in the same physical space to work, and
remote category for systems that enable users to work while physically separated. The category both is also
included to classify systems that enabled both co-located/remote collaborations.

Symmetry: Categorizes papers based on the similarity/dissimilarity of interactions and visualizations afforded
to different collaborators. Includes the value symmetric when all collaborators have the same interactions and
content access, and the value asymmetric for when collaborators are not afforded the same capabilities. We also
included the category both for papers that discussed systems that involved both symmetric and asymmetric
collaborations.

Focus: Derived from the dimension with the same name presented in Ens et al. [31], this dimension categorizes
papers based on the focus of collaboration. Includes workspace referring to collaborations primarily focused on
the workspace, object where the focus on collaboration is a physical object or a digital recreation of a physical
object that is transmitted to a collaboration, person when the focus of collaboration is the 3D, augmented
or physical representation of the collaborator(s), and environment where collaboration is centered on the
surroundings of the participating collaborators.

Scenario: This category includes shared workspace for papers focusing on a combined physical or artificial
workspace, remote expert for collaborative systems that involve remote guidance or interaction between a local
novice and a remote expert, and Telepresence for systems designed around communication between collaborators,
and co-annotation for papers focusing on enabling collaborators the ability to author and register content into
the immersive environment. These categories adopted from the review presented by Ens et al. [31], but exclude
the category shared experience which categorizes systems that focus on the experiences of each individual and
not the task. This was excluded as our review specifically focuses on the sense-making task that the collaborative
immersive system enables.

Artificiality: Refers to the degree of digital and physical content incorporated by the system [31, 77]. Includes
the category mostly physical for systems that require users to primarily attend to or interact with the physical
environment, the category mostly digital for systems that places more utility on digital visualization and
interactions, and hybrid for systems that emphasizes both physical and digital content and interactions.
Scale: Indicates the number of collaborators the system is designed for. While ScALE was treated as a continuous
value ranging from 2 to N in the matrix presented by Lee and Paine [76], we adopt a simpler categorization
including Dyad (for specifically 2 collaborators) and Multi-user (For systems enabling more than 2 collaborators).
Sense-making purpose: The primary purpose of the sense-making process in the experimental task used to
evaluate the collaborative immersive system. This can take the value learning, organizational growth and planning,
problem-solving/decision-making , and mental-modelling/information processing. These categories are derived
from established sense-making theories (discussed in section 2.1 and summarised in prior work [11, 12, 55]).

We focus on the primary purpose of sense-making due to its multifaceted nature within tasks in STEM domains.
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Consider the tasks related to word problems (commonly observed in education, such as mathematics) and
qualitative data analysis. Both tasks involves processes related to parsing of data (e.g., text describing a "real-
world" scenario for word problems or participant related transcripts for qualitative research) extracting key
information (mental-modelling/information processing), deciding on and applying appropriate methods to arrive
at a solution (problem-solving/decision-making), and making connections between data and abstract concepts
(learning). However, the primary purpose of sense-making for these task differ. For instance, the sense-making
process in most word problems is used to support learning, with success being evaluated through broader
learning outcomes of abstract concepts. In contrast, sense-making in qualitative analysis serves varied purposes
depending on the task, such as problem-solving/decision-making to address specific research problems, or
mental-modelling/information processing to realize connections between concepts distilled from the data. We
posit that these distinctions are important as they provide insights for the design and evaluation of technological
solutions catered towards the different sense-making purposes. For instance, learning focused tasks may require
a refined feedback loop to strengthen learning goals, whereas, tasks focused on mental-modelling/information

processing may require tools for effectively searching for and filtering through information.

Examining the papers using the identified dimensions enables us to gain a better understanding of the landscape
surrounding the use of collaborative immersive application for sense-making processes in STEM. Specifically, our
analysis provides insights on the relevant collaborative properties adopted for tasks involving sense-making, the
sense-making processes that are supported by immersive systems, and the relationship between collaborative factors,

sense-making, and STEM domains.

4 FINDINGS

We report the findings from our analysis of the 39 included papers in three separate subsections: 1) the distribution
across dimensions related to collaboration, 2) the immersive technology used and the degree of artificiality, and 3) the

sense-making purposes used in STEM areas supported through collaborative immersive systems.

4.1 Distribution across Collaborative Dimensions

We present Table 1 which displays the various dimensions and their corresponding categories associated with the collab-
orative nature of the immersive systems. This table also indicates the number and percentage of papers corresponding
to each category. Additionally, Figure 2 illustrates the distribution of papers across these collaborative dimensions
(represented by the vertical axes) over time (grouped in 3 years, except for the last 2 years). Detailed plots for each

collaborative dimension, distributed over the sampled years, are provided in the appendix section.

Time. We found that all 39 papers (100%) addressed synchronous collaboration under the TIME dimension. This means
that all collaboration using the immersive systems described took placed in real-time. These papers focused on scenarios
and tasks where one collaborator’s action or prompt was often followed by another collaborator’s reaction or response
within a reasonable span of time. For example, Maria et al. [78] describes a system where a remote radiologist, using a
desktop, assists a surgeon in an operating room to make sense of and identify structures, such as tumors or nodes, on
a shared image of a patient’s medical scan. Such a procedure necessitates synchronous collaboration, given that the
expert’s actions are contingent upon the local user’s queries or actions. Similar task scenarios are depicted in other
surveyed works, like those by Neroni et al. [79], Nikolic et al. [80] and Sarkar et al. [81], where collaboration required

real-time discussion and interactions amongst collaborators.
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Table 1. Collaborative dimensions and their respective categories as exhibited by systems described in the included papers. Note that
categories for dimensions that were not recorded during our analysis do not appear in the table.

COLLABORATIVE DIMENSION NUMBER OF PAPERS PERCENTAGE

TimME

Synchronous 39 100%
SPACE

Co-locates 32 82%

Remote 6 15%

Both 1 3%
SYMMETRY

Symmetric 27 69%

Asymmetric 11 28%

Both 1 3%
ScALE

Dyad 16 41%

Multi-user 23 59%
Focus

Workspace 38 97%

Object 1 3%
SCENARIO

Shared Workspace 36 92%

Remote Expert 3 8%

Space. Compared to the TIME dimension,the SPACE dimension showed greater variation. The majority of papers (32
papers, 82%) fell under the co-located category. These papers primarily leveraged the affordances of physical co-location,
such as face-to-face communication, awareness of collaborators, non-verbal communication, and deictic expressions to
enable collaboration within an immersive environment. For instance, Kang et al. [82] developed a system that enabled
groups of students to discuss, inquire and solve simple mathematical problems through experimentation with everyday
physical objects. These items were collectively decided to be displayed in front of a tablet camera equipped with a
custom built AR application. Similarly, the immersive application described by Benk et al. [83] enabled dyads in the same
room to explore, discuss, and interact with visualizations of an machine learning (ML) model predictions. Following
this, they could collaboratively design their own ML model.

Six papers (15%) were found to describe remote immersive systems within the SpAcE dimension. These systems were
primarily designed to address challenges stemming from collaborators’ inability to share the same physical space. For
instance, Maria et al. [78], Aschenbrenner et al. [84] and Gasques et al. [85] enabled users located in-situ to collaborate
with remote experts using immersive systems for tasks that require expert assistance. The remaining papers under the
remote category facilitated peers to collaboratively work (interact, discuss, and observe) around a shared visualization
of relevant workspace. For example, Sedlak et al. [86], Saginka et al. [87] enabled students, remotely located, to interact
and observe 2D contour plots of geographical locations along with their 3D counterparts, to form better association
between the different representations. Finally, 1 paper (3%) describes an immersive system that enables both co-located
and remote users. O’Connor et al. [88] presented and evaluated a framework that allows collaborators to explore physics

simulations in a shared virtual environment.
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Fig. 2. Distribution of papers over time across the different collaborative dimensions. Each vertical axes represents a collaborative
dimension; excluding the first which represents the years (2013-2023) divided in buckets. The division of each axes represent the
different categories and the size of each division represents the number of papers that fall under that category for that dimension.
The width of the path along the different categories over each axis represent the number of papers that fall under that category
for that axis. The abbreviations under each axis are: Time (Syn = Synchronous), Space (Re = Remote, Co = Co-located, Bo = Both),
Symmetry (Sym = Symmetric, Asym = Asymmetric, Bo = Both), Scale (Dy = Dyad, Mu = Multi-User), Focus (Wo = Workspace, Ob =
Object), Scenario (SW = Shared Workspace, RE = Remote Expert).

SYMMETRY. We identified 27 papers (69%) that fall under the symmetric category of the SYMMETRY dimension. This
category consists of the majority of our samples and includes papers where every collaborator has the same affordances
with respect to the interactions and visualizations offered by the immersive system. For instance, Williams-Bhatti et al.
[89] investigates the effects of a multi-user VR collaborative application on knowledge acquisition, and performance for
doctors and nurses. While the roles that the doctors and nurses take within the system described by Williams-Bhatti
et al. [89] are different, the basic affordances offered by the systems to every user is the same, hence the categorization
as a symmetric collaborative system.

In contrast, Asymmetric collaborative systems was the focus of 11 papers (28%) in our sample, and comprise of
papers that involve immersive systems offering different interactions and visualization to users based on their role.
In the application described by Webb et al. [90], one user (designated as the pilot) immersed themselves in a virtual
environment using a head-mounted display while a collaborator (termed the co-pilot) viewed the pilot’s interactions
and provided instructions available on physical materials. Finally, only one paper (3%) was designated as both. [91]
investigated student’s attitude towards learning science and acceptability of MR applications through multiple MR
applications that enabled either symmetric or asymmetric collaboration. This included an application where a single
student using a VR headset interacted with a virtual object while other students observed a projection of the interaction
on a large screen. Conversely, another application presented the same visualizations and interactions to all student

through an AR application on tablets or smartphones.
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Scare. Of our sample, 16 papers (41%) detailed immersive systems that facilitated Dyadic collaborations. Papers
involving dyadic collaborations made up the entirety of expert-novice applications, as can be seen by tracing the lines
passing through the Asym category in the SYMMETRY dimension to the RE category in the SCENARIO dimension in
Figure 2. Dyadic collaboration were also notably prevalent in paired learning applications, and applications that required
collaborators to perform different tasks. For example, [92] explored how student pairs could learn about a science
related topic through an AR systems that incorporated multiple physical images augmented with educational visual
content. The physical images triggered additional information once the correct combination of images were placed
together in front of the AR device. Other dyadic collaborative systems were designed for users assigned primarily to
different tasks, such as seen in the works by Gasques et al. [85], Thompson et al. [93], Uz-Bilgin et al. [94] and Wang
et al. [95].

Multi-user collaborative systems was featured in 23 papers (59%) in our sample. These papers explored a wider range
of applications when compared to systems focused on dyadic collaborations. Immersive systems designed for multi-user
collaboration included applications in design [96], review of 3D models and recreations [80, 97], decision-making and
problem-solving [79, 88], collaborative learning [82, 87], and collaboration for specialized tasks, such as surgery [89].
We also found that papers categorized as multi-user were published consistently in our yearly groupings, with each

grouping spanning three years, except the final one, which covered only two years, as illustrated in Figure 2.

Focus. The vast majority of the papers were categorized as workspace (38 papers, 97%) under the Focus dimension,
indicating that the focus of collaboration was primarily on the physical and/or virtual object(s) relevant to the collabo-
rative task. For instance, Barrett et al. [98] developed an immersive system where collaborators focus on both physical
and virtual elements of their shared workspace. In their implementation students explored concepts related to chemical
engineering through experimentation with tangible objects to receive corresponding virtual feedback on a MR tabletop
display. Other studies primarily directed collaborators’ attention towards a virtual workspace. Such approaches are
exemplified in the works of Williams-Bhatti et al. [89], Tan et al. [99], de Back et al. [100] and Neroni et al. [79]. A
comprehensive list of all incorporated papers, along with their categorization across the identified dimensions, can be
found in Table 5 in the appendix section.

Only a single paper (3%) fell under the object category in the Focus dimension. All other categories, as described in
section 3.2, were notable absent in our sample. The system presented by Kang et al. [82] focuses collaborating students’
attention on everyday physical objects. These objects can be scanned using an AR device, enabling students to solve
rudimentary mathematical problems. For instance, they could sum up the count of similar physical objects detected,
or divide a numerator (represented by a set of physical objects) by a denominator (represented by a different set of

physical objects).

ScENARIO. In our sample, 36 papers (92%) were categorized as Shared Workspace, while 3 papers (8%) were identified
as Remote Expert with respect to the SCENARIO dimension. Papers categorized as Shared Workspace focused on using
immersive systems in enabling collaborators to engage with tasks and topics of interest with novel interactions
and visualizations, or provide collaborators with tools and/or visualizations to better communicate around a shared
workspace. For instance, Kang et al. [101] incorporated multiple physiological sensors to enable groups of children
to interact with a shared display for collaborative science learning. Similarly, Barrett et al. [98] and Chen and Wang
[102] (among others) enabled users to use tangible objects to interact with a display for collaborative experimentation
and inquiry. Other works in our sample focused on the use of immersive systems to better communication between

collaborators within virtual environments; either by enabling co-located users to explore, interact with, and discuss
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Table 2. Categories of immersive technology used. AR + VR category includes papers that utilize both AR and VR systems. Single
categories, such as AR, VR, CAVE VR, and MR only discuss/use systems falling under that category. Note that MR systems include
systems that includes AR and augmented virtuality [60], i.e., focusing on the physical objects/interactions within the immersive
environment.

IMMERSIVE TECHNOLOGY NUMBER OF PAPERS PERCENTAGE
Augmented Reality 14 36%
Virtual Reality 11 28%
Cave Automatic Virtual Reality 4 10%
Mixed Reality 8 21%
Augmented and Virtual Reality 2 5%

Number of Papers
N w

=

| WL

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Year

Immersive Technology AR B AR+VR I CAVE I MR 0 VR

0

Fig. 3. Distribution of papers over the years based on the immersive technology used.

a shared visualization together [80, 100, 103], or by enabling remote (and/or a mix of remote and co-located [88])
collaborators to inhabit and interact with a shared virtual workspace [87, 97].

Papers classified under the Remote Expert category emphasized the introduction of novel interactions and visualization.
These systems were designed to bolster the ability of remote experts to better guide and communicate with a local novice,
along with means for the local novice to better gain support from the remote expert. For instance, the immersive system
in Gasques et al. [85] enabled remote experts to observe the local novice user’s workspace through 3D recreations,
point of view of the novice user, and external cameras in the novice user’s workspace. Their system also enabled the
novice user to observe annotation created by the remote expert, along with the remote user’s virtual avatar. Remaining
papers classed as Remote Expert include papers by Aschenbrenner et al. [84] and Maria et al. [78]. They describe similar
immersive systems to the one presented by Gasques et al. [85], which aim to enhance communication and guidance

between a remote expert and local user through shared annotations and mutually accessible perspective views.

4.2 Immersive Technology use and Artificiality

Immersive Technology. Table 2 shows the number and percentage of papers that used various categories of immersive

systems. These categories have been streamlined for simplicity, omitting granular details such as the specific type of
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Fig. 4. Distribution of papers over the years based on the ARTIFICIALITY dimension described in section 3.2.

AR used (e.g., spatial, head-mounted, mobile). A more detailed breakdown is available in Table 5 in the appendix. We
found that 14 papers (36%) reported focusing on augmented reality for their study, 11 papers (28%) used virtual reality,
4 papers (10%) used a cave automatic virtual reality system, 8 papers (21%) focused on mixed reality technology, and 2
papers (5%) reported using both augmented and virtual reality for their work.

Figure 3 shows the distribution of papers over time, and the immersive technology utilized. AR papers appear in
every year from 2013-2023 except 2017, 2018 and 2021, whereas VR papers for collaborative immersive system for
sense-making in STEM initially appeared in 2018, and reappeared starting 2021 all the way through to 2023, with
the most number of papers appearing in 2022. The other categories (MR, CAVE, and AR+VR), with relatively smaller
number of papers, were published between the years 2015 and 2023.

Table 3. The number and percentage of papers based on the ARTIFICIALITY dimension.

ARTIFICIALITY NUMBER OF PAPERS PERCENTAGE

Mostly Physical 3 8%
Mostly Digital 23 59%
Hybrid 13 33%

Artificiality. We found three papers (8%) in our sample that employed immersive technology where the focus was
primarily on real physical objects or the real-world, i.e., Mostly Physical category. These papers primarily used virtual
content to supplement information about a task that users are performing in their physical context. For example, some
integrated virtual content authored by a remote user to assist a local user with a task related to their immediate physical
surrounding [78, 84], while others deployed algorithms to generate relevant virtual content for the user(s) [82].

Papers categorized as Mostly Digital accounted for the majority of our sample, with 23 papers (59%). These papers
focused on primarily two areas. The first area of focus relates to the effects of shared 3D visualizations and interactions

in immersive systems on collaborative tasks (learning, decision-making, etc.) typically performed in-situ, in-person,
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and/or through other non-immersive technology (non-immersive VR, collaboration through skype, etc) [83, 91, 96,
99, 100, 104]. For instance, Tan et al. [99] explored the effects of 3D recreations of steel reinforcement bars in an
immersive AR environment on student learning and collaboration when compared to 2D drawings and non-immersive
3D models on a 2D desktop. The second area of focus related to the creation of novel visualizations and interactions for
workspace/objects with no physical counterparts, or physical counterparts that are impractical to work with under
normal circumstances [93-95, 105]. For instance, Matovu et al. [105] developed a system allowing students to experiment
with hydrogen bond simulations through embodied interactions in VR.

Thirteen papers (33%) were categorized as Hybrid under the ARTIFICIALITY dimension. The majority of these papers
(12 out of 13 papers) focused on the use of physical objects and sensors as a means of interaction with virtual objects or
workspaces in an immersive environment. For example, Ens et al. [106], Radu and Schneider [107], and Matcha and
Rambli [103], among others, use physical object to interact with an immersive system, either tabletop display with
AR [106] or augmented reality displays [103, 107]. Additionally, one paper [85] in the hybrid category enabled individual
collaborators to either view a fully virtual environment or a physical environment augmented with virtual content.
Table 3 and Figure 4 provide details on the number and distribution of papers over time based on the ARTIFICIALITY

dimension.
4.3 STEM and Sense-making Purpose

Table 4. The number and percentage of papers based on the SENSE-MAKING PURPOSE dimension within the observed STEM areas.
SENSE-MAKING PURPOSE categories and STEM areas that were not observed in our sample do not appear in the table.

STEM AND SENSE-MAKING PURPOSE NUMBER OF PAPERS PERCENTAGE
Science
Learning 18 46%
Mental-Modelling/Information Processing 2 5%
Problem-solving/Decision-making 10 26%
Engineering
Learning 2 5%
Problem-solving/Decision-making 5 13%
Mathematics
Learning 2 5%

Table 4 shows the distributions of papers focusing on the different purposes of sense-making grouped by STEM fields.
We found that most papers focused on science applications (30 papers, 77%), with a majority centered on the use of
sense-making for the purpose of learning (18 papers, 46%). Remaining papers falling under the science umbrella centered
on sense-making for mental-modelling/information processing (2 papers, 5%) and problem-solving/decision-making (10
papers, 26%). Papers under engineering accounted for 18% of our sample with 7 papers, and centered on learning (2
papers, 5%), and problem-solving/decision-making (5 papers, 13%). Papers focusing on the STEM area of mathematics
included 2 papers (5%) both of which emphasized sense-making for learning.

The papers focusing on the use of sense-making for learning primarily harnessed immersive systems to realize
diverse learning paradigms, including embodied learning [101, 107], computer-supported collaborative learning [87, 103],
scientific discovery learning [86], cognitive affective model of immersive learning [86], experiential learning [107], and

game-based learning [87]. For instance, Sedlak et al. [86] developed a collaborative immersive VR environment based
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Fig. 6. Distribution of papers over time based on the SENSE-MAKING PURPOSE dimension as described in section 3.2. Here, the abbreviated
legends refer to: Le - Learning, MM/IP - Mental-modelling/Information processing, PS/DM - Problem-solving/Decision-making, and
O G/P - Organizational growth and planning.

on learning through problem-solving [108] and scientific discovery learning [109], enabling students to learn geographical
concepts related to hypsography.

Mental-modelling/information processing centered papers primarily focused on the use of sense-making in under-
standing connections, and cause-effect relationships, for a specific topic or context. For instance, Philips et al. [110]
adapts and assesses MacEachren and Kraak’s [111] 3D immersive geovisualization cube for supporting research students
in hypothesis generation, assessment, and modelling of flood risks in a given region. Finally, papers highlighting
sense-making for problem-solving/decision making primarily tackled tasks with well-defined problems or narrow set of

end goals. For example, Neroni et al. [79] proposed a new method for investigating design activities, by observing how
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Fig. 7. Distribution of papers based on the SENSE-MAKING PURPOSE across all dimensions. The abbreviations under each axis are: Time
(Syn = Synchronous), Space (Re = Remote, Co = Co-located, Bo = Both), Symmetry (Sym = Symmetric, Asym = Asymmetric, Bo =
Both), Scale (Dy = Dyad, Mu = Multi-User), Focus (Wo = Workspace, Ob = Object), Scenario (SW = Shared Workspace, RE = Remote
Expert), and Artificiality (Hy = Hybrid, MD = Mostly Digital, MP = Mostly Physical).

users build and test constructs to solve a specific problem in immersive virtual reality game that adheres to physics
constraints.

Figure 5 and 6 show the temporal distribution of our sample, based on the STEM Area and the SENSE-MAKING PURPOSE
dimensions. We found that papers focusing on collaborative immersive systems for sense-making in science have been
published in every year between 2013 and 2023. Conversely, papers focusing on mathematics have seen the least number
of publication and were only published in the year 2020 (apart from technology which saw no publications during
the span of our review). Papers with an engineering focus were primarily published between the years 2015 and 2022.
The use of sense-making in our sample exhibits similar trends, with learning focused papers appearing in every year.
Mental-modelling/information processing related papers had the least number of publications (excluding the absent
organizational growth and planning sense-making focus), with one publication in each of 2015 and 2016. Papers using
sense-making for problem-solving/decision-making were primarily published between 2018 and 2023.

Lastly, Figure 7 shows the intersection between the diverse categories of SENSE-MAKING PURPOSE with the different
categories along the other identified dimension described in section 3.2. It can be discerned, for example, that papers
focused on mathematics all centered on the use of sense-making for learning, were all published between 2019-2021,
used co-located immersive systems, were symmetric in nature, differed in ScaLE (with presence in both dyadic and
multi-user applications), differed in Focus (with presence in workspace and object), and fell under the Shared workspace

SCENARIO.
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5 DISCUSSION & FUTURE DIRECTIONS

Our analysis reveals recurring patterns and prevalent properties of collaborative immersive systems for scientific sense-
making in STEM fields. Notably, our findings show that research in recent years has demonstrated particular interests
in the science domain, with a focus of sense-making as a process for learning (82%). We found a noticeable preference
towards certain collaborative dimensions, specifically synchronous (100%) and co-located(82%) systems. This might
reflect the natural dynamics of many STEM collaborations but it also raises questions about the underrepresentation of
other forms of collaboration. This discussion is based on the observed trends and gaps in our findings and is divided
into two subsections. The first subsection discusses the progression of collaborative immersive systems observed in
our findings in relation to real-world scientific practices. Specifically, this subsection focuses on the temporal shifts
in the collaborative and immersive properties (see section 3.2) of systems described in the included papers.The second
subsection discusses our findings in relation to the sense-making theories introduced in section 2. This subsection
focuses on relevant extracted information (see section 3.2) used to categorize papers along the sense-making purpose

dimension.

5.1 Parallels and Dissimilarities to Real-world Scientific Collaboration

Our findings indicate that the evolution of collaborative immersive systems for sense-making in STEM largely reflect
the challenges and opportunities that arise from available technology and real-world scientific needs. A notable trend is
observed when examining figure 2 indicating that a majority of the papers focusing on remote collaborative systems
appear during or after 2019. This surge can be tracked back to the uncertainties introduced by social distancing norms
and policies, which reshaped the collaboration modalities available to researchers and and scientists. While only three
papers [78, 86, 97] explicitly attribute their focus to the influence of these social distancing policies, we hypothesize
that these restrictions catalyzed a renewed interest in exploring remote collaborations. This hypothesis finds support in
works like Sasinka et al. [87] and Gasques et al. [85], published after 2019. These papers not only delve into remote
collaboration but also resonate with the inherent need of scientific communities that often span vast geographical
divides, as highlighted by Sonnenwald [1].

The trajectory of immersive system development and its expanding capabilities provide a lens into how technology
has shaped collaborative immersive systems over time. In earlier research endeavors, the prevalent use of marker-based,
mobile, and/or screen-based AR devices was evident, as seen in Figure 3. These devices, largely due to their accessibility
and capabilities, catered primarily to co-located collaborations. However, a pivotal shift towards VR systems becomes
evident from 2018 onward. This transition aligns with significant advancements in VR technology during that period,
exemplified by the release of the first untethered VR headset, Oculus Go in 2018 2).

Our findings also reflect the interests and need to support educational endeavours using immersive systems in STEM
expressed in recent prior work (as discussed in section 2.3), with more than half of the sampled papers (22 out of
39 papers) focused on the use of collaborative immersive systems to support sense-making for learning (see table 4).
This emphasis on learning might be rooted in the potential of immersive systems to bring to life a wide spectrum of
learning theories and paradigms. Such potential and its implications are both evident in our findings (see section 4.3),
and echoed in prior research (discussed in our background 2.3). However, some important questions arose that are

beyond the scope of this paper. These questions relate to the influence of collaborative immersive systems on current

2See Oculus Go
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learning paradigms. Future research is needed to understand if and how collaborative immersive systems disrupt
existing learning taxonomies and how these taxonomies should be adapted and used in response to this technology.

Research on collaborative immersive system for sense-making in STEM have evolved rapidly, adapting to address
real-world challenges and harnessing emerging opportunities and needs. However, there seems to be a glaring oversight:
the absence on certain collaborative dimensions that, while perhaps not of immediate urgency, remain crucial for
holistic STEM collaboration. A case in point is the overwhelming focus on synchronous collaborations in the sampled
papers. This is surprising given that the real-world scientific landscape thrives on a blend of both synchronous
and asynchronous collaborations, as evidenced by prior work [1, 112]. This sole focus on synchronous collaborative
immersive systems for sense-making in STEM is puzzling, especially when previous research has already showcased
its feasibility and benefits of asynchronous collaboration in immersive systems. For example, early work presented
by Irlitti et al. [113] demonstrates how mobile AR devices can be used to author content in real-time and placed in-situ
of a workspace for collaborators to access as and when necessary, without the need for collaborators to be present
at the same time. While the application presented by Irlitti et al. [113] was not designed for scientific collaboration,
such asynchronous collaboration are commonplace, and an important part of long-term collaboration in scientific
domains [114]. More recent works have also explored new paradigms in asynchronous collaborations [115], opening
the door for transformative tools for sense-making in STEM. This observed trend (or lack thereof) underscores a larger
implication: Are we, in our quest to harness the latest and most immediate opportunities, inadvertently sidelining
other impactful avenues? As the field progresses, it is crucial to ensure a balanced exploration, one that embraces both
immediate innovations and foundational principles of collaboration.

Our findings also indicate that the use of immersive systems for long-term collaborations in STEM sense-making
has been largely neglected. While many of today’s non-immersive collaborative tools (like emails, shared worksheets,
video/audio recordings) inherently supported prolonged interactions, it is concerning to note a dearth of research effort
in exploring immersive systems for persistent collaborations. This gap becomes even more pronounced given our obser-
vation that most studies pivot around the theme of a collaborative workspace (Focus: Workspace and SCENARI1O:Shared
Workspace). As such, there is a clear avenue for future research to delve into the additional CSCW related dimensions,
especially those that cater to persistent collaborative practices. For example, the paradigms introduced by Lee and
Paine [76] which encompasses interdisciplinarity, the freshness of collaboration (nascence), dynamics of collaborator
turnover, and the nature of collaboration longevity (short- vs long-term collaboration), could be pivotal in shaping the
next wave of immersive collaborative systems.

A separate, yet equally intriguing trend from our findings, is the pronounced tilt towards mostly digital content in
immersive systems, especially when many of these systems are grounded in AR technology and emphasize co-located
collaborations. On the surface, this bias could be attributed to the natural inclination of users to lean on familiar
co-located collaboration modalities, like physical gestures and deictic expressions, supplemented by the rich digital
visualizations AR offers [83, 104]. However, sidelining the integration of physical objects, interactions, and spaces might
be counterproductive. The exclusion of these physical elements can inhibit the sense-making processes [116], reduce user
presence [117, 118], and have negative consequences on awareness within the immersive environment [119, 120]. We
did find papers that have capitalized on the benefits of tangible interactions (example, Ens et al. [106]) and incorporating
digital content in physical spaces (example, Maria et al. [78]). However, this group of papers represented a minority,
and focus on highly specific use cases. As we progress in this domain, it’s vital to ensure that immersive systems
seamlessly integrate the digital with the tangible and the immediate with the long-term, to fully harness their potential

for collaboration and sense-making in STEM.
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While significant advances have been made in realizing and understanding collaborative immersive system use for
supporting sense-making processes in STEM, our findings highlight new opportunities and shortcomings in current
research and use of these systems. Growing interests in collaborative immersive systems for learning present fresh
opportunities to explore novel learning paradigms and expand existing learning taxonomies enabled through such
systems. However, the excessive focus on sense-making as a process of learning, synchronous collaborations, mostly
digital content, and transient work paradigms, fail to reflect the range of real-world collaborative practices observed in
scientific domains. As such, future work is needed to address these shortcomings and expand our knowledge on the

implication of collaborative immersive systems for the different sense-making processes in STEM, and beyond.

5.2 Influence of Sense-making in STEM on Collaborative Immersive System Design

As detailed in section 3, our analysis of the experimental design, procedures and findings of the experimental tasks
used in our sample papers highlight the multifaceted nature of sense-making tasks in STEM domains. Many of the
sense-making tasks observed involved multiple stages, making them resistant to simple categorization based solely on
the methods/approaches/processes used, as outlined in section 2.1). However, the primary purpose of sense-making
often stands out distinctly. For instance, the task used by Sedlak et al. [86] involved problem-solving, where student
participants were required to draw conclusions about a terrain based on given contour plots. While this evokes elements
of problem-solving sense-making characteristics, the end goal of the system was to support students in learning broader
concepts related to hypsography, which were assessed through pre- and post-test scores; thereby placing this under the
SENSE-MAKING PURPOSE: Learning category.

This categorization based on sense-making purposes provides a lens through which we scrutinize our sample for
similarities, differences and patterns in the design of collaborative immersive system and related experiments. For
instance, papers related to learning using collaborative immersive systems in STEM often incorporated elements of
inquiry and exploration in their system and task design, such as discovering the effects of an embodied action on the
designed MR environment, and the subsequent use of the action within the learning application [105, 121-125]. Such
design considerations reflect Dervin’s view of sense-making as a process of discovering and bridging ‘gaps’ through
actions [54], thus substantiating learning [12].

Similarly, papers focused on problem-solving/decision-making largely designed their tasks around established problems
with known decisions/solutions/actions that allow for assessments in correctness and user performance. For exam-
ple, Aschenbrenner et al. [84] and Sacks et al. [96] both employed tasks where user solutions/decisions can be timed, and
marked for correctness. This is not always the case in our sample, as few papers [80, 85] opted for tasks with uncertain
outcomes and employed purely qualitative measures to assess the interactions, collaborations, and the problem-solving
processes involved. While these tasks differ in prior availability of known solutions/decisions, they share similarities in
their focus on a specific and contained task, which is reminiscent of sense-making for problem-solving/decision-making
described by Klein et al. [5]. The sampled papers categorized as sense-making for problem-solving/decision-making
were less inclined towards Snowden’s [56] view, which includes idea generation for unspecified problems. This may
indicate that unspecified problems are overlooked in current research related to collaborative immersive systems, or
suggests a lack of research tools and methodologies to evaluate systems designed for uncertain and/or unspecified tasks.

Our categorization also enabled us to discern trends in the current literature. We find a predominant emphasis on
sense-making for learning, followed by problem-solving/decision-making, and finally on mental-modelling/information
processing in our sample. Across the categories found in our sample, we observed a lack of discussion around the

sense-making process. Papers primarily discussed sense-making in relation to the experimental task used, and focused
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on the related outcome measures hypothesized to be affected by the collaborative immersive system (e.g., learning gains,
or accuracy in problem-solving tasks). While the processes involved in sense-making were not explicitly discussed, we
found that concepts related to the sense-making process permeated the discussion around system and experimental
design, and influenced the experimental task, evaluation and analysis in the sampled papers.

Additionally, we observed differences in evaluation methods between papers focusing on the various sense-making
categories. Papers focused on problem-solving/decision-making primarily employed methods concerning the participants’
performance, such as accuracy and completion times, within the contained experimental task (for example, see works
by Aschenbrenner et al. [84], Sacks et al. [96], etc.), while papers focused on learning focused on evaluations that
assessed the participants’ gain in understanding of broader learning objectives beyond the immediate experimental task
(for example, see papers by Lin et al. [92], Barrett et al. [98], Matovu et al. [105], etc.). Lastly, while papers categorized
as mental-modelling/information processing were sparse in our sample, we noticed a trend towards using tasks that
focused on a specific context or topic, and evaluating participants’ abilities in gathering and connecting information
within that context, as opposed to a specific problem. For instance, [101] designed and evaluated a system where users,
visualized as different organs on a projected screen, explored the relationship between different human organs, their
respective biological systems, and the effects of physical activities, through individual and collective embodied action.
Such trends and influences observed between sense-making categories and experimental task/evaluation may help
inform future studies focused on collaborative immersive systems for sense-making in STEM fields.

However, while our focus on the primary purpose of sense-making offers the mentioned insights into the design and
experimental patterns and trends within the current literature, it neglects the complexity and interconnections between
the different sub-processes involved in sense-making tasks. These sub-processes may belong to sense-making categories
other than the primary purpose of sense-making (see section 3.2), and future work is needed to better understand the
interconnections between the primary purpose of sense-making, the sense-making sub-processes involved, and their
influence on collaborative immersive system design and evaluation.

Irrespective of the different categories of sense-making, we observed that the sampled papers employed various
means of analysing both qualitative and quantitative measures to evaluate the effects of collaborative immersive system
on sense-making tasks in STEM. For both qualitative and quantitative measures, we found an emphasis on analysing
the outcome measures related to the sense-making task, such as learning gains, performance measures, and change
in user understanding (through qualitative coding and interpretation of data). This provides valuable insights on the
benefits, or detriments, of the proposed system for sense-making in STEM. However, less attention was paid towards
the influence of the collaborative immersive system on the process of sense-making. We deem this as an important
oversight, as our categorization of sense-making suggest patterns in the choice of task, and in turn, the processes
involved in approaching those tasks.

Despite this, few papers in our sample offered rich insights into the sense-making process, albeit without specifically
focusing on the sense-making process. These papers, in addition to analysing measures of sense-making outcomes,
employ techniques that were effective in distilling deeper insights into the sense-making process. Methods such as
lag sequential analysis [126] were used in the works by Lin et al. [92] and Sarkar et al. [81], and served as way to
further analyse qualitative codes to find sequential patterns in the sense-making process. As an example, Lin et al.
[92] used lag sequential analysis to elaborate on the steps that users undertook in constructing the problem space, the
conceptual space, and their interaction, for a physics activity involving sense-making for learning. Another method of
analysis, called ‘Epistemic Network Analysis’ [127, 128], was used by Uz-Bilgin et al. [94] and Thompson et al. [93] to

find and present the relationship between coded data that appeared in conversation between users of a collaborative
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immersive system. This form of analysis represents each code as a node in a network — each node representing and idea
or topic of conversation observed in the use of a collaborative immersive system — and the connections between nodes
represent their presence in the same ‘segmentation of time’ [129]. The presentation of such findings, along with the
effects on sense-making outcomes, enables richer dialogue on the effects and use of collaborative immersive systems
for sense-making in STEM, and possibly for other application domains.

Our findings highlight the complexity of sense-making tasks and demonstrate the influence of underlying sense-
making processes on current research practices. Notably, papers placed in different categories of SENSE-MAKING PURPOSE
exhibited observable patterns in system design, choice of experimental task, and/or evaluation methods. Patterns related
to system design were minimal and observed primarily within the SENSE-MAKING PURPOSE: Learning category (e.g.,
enabling interactions for inquiry and exploration). However, more prominent patterns were observed in the choice of
experimental task, evaluation, and analysis methods between the different categories. Understanding these patterns,
along with knowledge of the sense-making processes involved for a task, can aid researchers in better designing and
evaluating collaborative immersive systems to support the task. Further, our analysis did not reveal trends in the
results and takeaways of the empirical studies presented in our sample. This is expected, given the vast differences
in the technology used, experimental tasks, and STEM domains explored in our sample. Future work could focus on
narrower aspects to investigate takeaways and results related to specific sets of technology, tasks, or STEM domains for
sense-making in collaborative immersive systems.

Our findings also underline the focus of current literature on sense-making outcomes, and highlight the need
to employ a broader range of evaluation methods, such as ‘Lag Sequential Analysis’ [126] and ‘Epistemic Network
Analysis’ [127, 128], to elicit richer insights on how collaborative immersive systems support sense-making processes,

and the desired outcomes, in STEM application fields.

6 CONCLUSION

In this paper, we present a systematic review of collaborative immersive systems for sense-making in STEM. Our review
focused on the nature of collaboration, enabled through immersive systems, to support sense-making in STEM, and the
influence of sense-making characteristics prevalent in STEM fields on the design of collaborative immersive systems and
related research. Our findings show that recent work has focused on collaborative properties that leverage technological
advancements, and provide solutions to address the challenges and needs of real-world scientific collaborations. A
pronounced focus on the science domain, particularly within the context of learning, was observed as a dominant trend.
The preference for synchronous and co-located systems mirrors prevalent STEM collaboration practices, but also points
to overlooked opportunities in the wider research landscape. The field’s adaptability is evident in the post-2019 surge in
remote collaborative systems, likely spurred by global social distancing measures. Additionally, the progression from AR
to VR systems underscores the symbiotic relationship between research directions and available technologies. Despite
these advancements, there is a marked emphasis on sense-making outcomes in current research, with little attention paid
to the processes underlying sense-making in collaborative settings within STEM domains. This focus, while valuable, may
overshadow the nuanced dynamics and complex interactions between the processes involved in different sense-making
tasks and the collaborative immersive systems designed to support them. It is essential to strike a balance in our research
to better understand both sense-making outcomes and processes to achieve a comprehensive understanding of STEM
collaborative sense-making. The underrepresentation of engineering, mathematics, and technology domains indicates

unexplored potentials. Furthermore, gaps like neglected asynchronous collaboration research and sparse integration of
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physical elements in AR systems pinpoint untapped innovative avenues. As the field continues to mature, ensuring a

balanced exploration that blends immediate innovations with foundational principles will be pivotal.
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Table 5. Summary table of all the papers included in our review, along with their respective categories along the collaborative dimensions, artificiality dimension, and the
sense-making purpose dimension as described in section 3.2. The table also presents the STEM field of focus, and immersive technology used/discussed in each paper. Rows
with a gray background in the first column highlight papers identified by authors but did not appear in our database search.

Ref STEM Field . Collaborative Dimensions . fmmersive Artificiality Sense-making Purpose
Time Space Symmetry Scale Focus Scenario Technology
[84] Engineering Synchronous Remote Asymmetric Dyad Workspace Remote HMD AR Mostly Physical Problem-solving
- Robotics Expert Handheld AR Decision-making
Spatial AR
[91] Science Synchronous Co-located Both Multi-user Workspace Shared Handheld AR Mostly Digital Learning
- Health Workspace HMD VR
- Planetary
[98] Engineering Synchronous Co-located Symmetric Multi-user Workspace Shared MR Hybrid Learning
- Chemical Workspace -Tabletop Display
-Tangibles
[102] Science Synchronous Co-located Symmetric Multi-user Workspace Shared Screen-based AR Hybrid Learning
- Earth Science Workspace
[100] Science Synchronous Co-located Symmetric Multi-user Workspace Shared CAVE Mostly Digital Learning
- Neuroanatomy Workspace
[85] Science Synchronous Remote Asymmetric Dyad Workspace Remote HMD AR Hybrid Problem-solving
- Medicine Expert HMD VR Decision-making
[101] Science Synchronous Co-located Asymmetric Multi-user Workspace Shared MR Hybrid Mental-modelling
- Health Workspace - Projected Display Information Processing
- Biology - Physiological
Sensors
-Motion Capture
[82] Mathematics Synchronous Co-located Symmetric Multi-user Object Shared Handheld AR Mostly Physical Learning
- Arithmetic Workspace
- Geometry
[130] Science Synchronous Co-located Symmetric Dyad Workspace Shared Screen-based AR Hybrid Learning
- Chemistry Workspace
- Geology
[92] Science Synchronous Co-located Symmetric Dyad Workspace Shared Handheld AR Mostly Digital Learning
- Physics Workspace
[103] Science Synchronous Co-located Symmetric Dyad Workspace Shared Screen-based AR Hybrid Learning
- Physics Workspace
[79] Engineering Synchronous Co-located Asymmetric Multi-user Workspace Shared HMD VR Mostly Digital Problem-solving
- Industrial Workspace Projected Display Decision-making
Engineering
Physics
[80] Engineering Synchronous Co-located Symmetric Multi-user Workspace Shared CAVE Mostly Digital Problem-solving
- Construction Workspace Decision-making
[88] Science Synchronous Both Symmetric Multi-user Workspace Shared HMD VR Mostly Digital Problem-solving
- Biology Workspace Decision-making
[110] Science Synchronous Co-located Symmetric Multi-user Workspace Shared CAVE Mostly Digital Mental-modelling
- Geology Workspace Information Processing
Continued on next page
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Table 5 - continued from previous page

Ref STEM Field . CollaborativelDitensions . Immersive Artificiality Sense-making Purpose
Time Space Symmetry Scale Focus Scenario Technology
[107] Science Synchronous Co-located Symmetric Dyad Workspace Shared HMD AR Hybrid Learning
- Physics Workspace
[96] Engineering Synchronous Co-located Symmetric Multi-user Workspace Shared CAVE Mostly Digital Problem-solving
- Construction Workspace Decision-making
[81] Mathematics Synchronous Co-located Symmetric Dyad Workspace Shared Handheld AR Mostly Digital Learning
- Geometry Workspace
[87] Science Synchronous Remote Symmetric Multi-user Workspace Shared HMD VR Mostly Digital Learning
- Geology Workspace
[97] Engineering Synchronous Remote Symmetric Multi-user ‘Workspace Shared HMD VR Mostly Digital Problem-solving
- Construction Workspace Decision-making
[93] Science Synchronous Co-located Asymmetric Dyad Workspace Shared HMD VR Mostly Digital Problem-solving
- Biology Workspace Handheld VR Decision-making
[94] Science Synchronous Co-located Asymmetric Dyad Workspace Shared HMD VR Mostly Digital Problem-solving
- Biology Workspace Handheld VR Decision-making
[95] Science Synchronous Co-located Asymmetric Dyad Workspace Shared HMD VR Mostly Digital Problem-solving
- Biology Workspace Handheld VR Decision-making
[131] Science Synchronous Co-located Symmetric Dyad Workspace Shared Handheld AR Mostly Digital Learning
- Physics Workspace
[90] Science Synchronous Co-located Asymmetric Dyad Workspace Shared HMD VR Mostly Digital Learning
- Biology Workspace
[104] Science Synchronous Co-located Symmetric Dyad Workspace Shared HMD AR Mostly Digital Problem-solving
- Computer Workspace Decision-making
Science
[83] Science Synchronous Co-located Symmetric Dyad Workspace Shared HMD AR Mostly Digital Problem-solving
- Computer Workspace Decision-making
Science
[106] Science Synchronous Co-located Symmetric Multi-user Workspace Shared HMD AR Hybrid Problem-solving
- Computer Workspace MR: Decision-making
Science -Tabletop Display
-Tangibles
[78] Science Synchronous Remote Asymmetric Dyad Workspace Remote HMD AR Mostly Physical Problem-solving
- Medicine Expert Decision-making
[105] Science Synchronous Co-located Symmetric Dyad Workspace Shared HMD VR Mostly Digital Learning
- Chemistry Workspace
[86] Science Synchronous Remote Symmetric Multi-user Workspace Shared HMD VR Mostly Digital Learning
- Geology Workspace
[99] Engineering Synchronous Co-located Asymmetric Multi-user Workspace Shared HMD AR Mostly Digital Learning
- Civil Workspace
[89] Science Synchronous Co-located Symmetric Multi-user Workspace Shared HMD VR Mostly Digital Learning
- Medicine Workspace
[121] Science Synchronous Co-located Symmetric Multi-user Workspace Shared MR Hybrid Learning
- Physics Workspace -Projected Display
-Motion Capture
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Table 5 - continued from previous page

Ref STEM Field . Collaborative Dimensions . WTIIEie Artificiality Sense-making Purpose
Time Space Symmetry Scale Focus Scenario Technology
[132] Science Synchronous Co-located Asymmetric Multi-user Workspace Shared HMD AR Mostly Digital Problem-solving
- Astronomy Workspace Decision-making
[122] Science Synchronous Co-located Symmetric Multi-user Workspace Shared MR Hybrid Learning
- Ecology Workspace -Projected Display
-Motion Capture
[125] Science Synchronous Co-located Symmetric Multi-user Workspace Shared MR Hybrid Learning
- Physics Workspace -Projected Display
-Motion Capture
[124] Science Synchronous Co-located Symmetric Multi-user Workspace Shared MR Hybrid Learning
- Physics Workspace -Projected Display
-Motion Capture
[123] Science Synchronous Co-located Symmetric Multi-user Workspace Shared MR Hybrid Learning
- Ecology Workspace -Projected Display
-Motion Capture
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