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Abstract

Videos featuring research results, laboratory tutorials, and online webinars are
fundamental tools for disseminating science and boosting scientific impact. However,
extended reality (XR) video technologies, which include virtual reality (VR), represent new
challenges for scientists and science communicators. XR and VR can enhance, bend, or
distort the reality surrounding scientific facts. The London Charter and Seville Principles
are standards for computer-based visualization and reconstruction in a virtual
reproduction of heritage sites and research in domains such as archaeology. Here, we
develop a similar set of standards for the representation of scientific results in XR
and VR and clarify the use of implicit XR and VR elements such as storytelling,
setting, agency, interactivity, and other factors. Finally, the authors propose a
framework XR/VR Model of Science Representation and Communication, derived
from the context and other frameworks for representing information in virtual
environments.
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1  Introduction: representing science in extended reality

The advent of open databases, research blogs, and live-streamed experiments through
advancements in information and communication technologies has significantly
broadened the dissemination and accessibility of scientific knowledge to the public.
Despite ongoing debates about its roles and values, digital media’s expressive power and
diversity continue to shape scientific knowledge. The integration of Extended Reality (XR)
and Virtual Reality (VR) into science communication offers promising avenues for making
complex topics engaging and understandable to the public. XR, encompassing virtual,
augmented, and extended realities, can demystify processes, environments, or concepts
that are otherwise challenging to observe. However, the adoption of XR is not
without challenges. Beyond the potential for epistemological or cultural biases,
XR introduces specific aesthetic and technical hurdles. The absence of proper
guidelines could lead to misrepresentation or distortion of scientific facts. Therefore,
establishing production and visualization standards is critical. These standards must
balance rigidity and flexibility, accommodating the unique needs of scientific
disciplines, the complexity of the knowledge communicated, and the diversity of target
audiences.


 The lack of best practices for XR in science communication creates a significant
knowledge gap, leaving scientists and content creators without the guidance needed to
deploy these technologies confidently and effectively. Unanswered questions about
ensuring factual accuracy, avoiding biases, and considering sensory and cognitive impacts
on users highlight the need for adaptable standards. These standards must evolve with
rapid technological advancements and respect the nuances of scientific disciplines and
audience needs.


 Drawing from a rich, multidisciplinary base encompassing computer graphics,
narratology [Rubio-Tamayo, Barrio & García, 2017], human-computer interaction,
cognitive science [Markowitz & Bailenson, 2019], and communication studies, this paper
outlines a framework for the use of XR as a system for scientific communication. The idea
of VR as “systems” was first postulated by Biocca and Levy [1995] and was later taken up
by other authors such as Marini, Folgieri, Gadia and Rizzi [2012] who proposed
VR as a communication process between humans and information, mediated
by computers, and involving factors such as visualization and sensory stimuli
and interaction. Houck, Hassan, Thiis and Solheim [2013] further underlined
VR’s role as a set of pivotal communication tools that bridge diverse disciplines
through interactions with virtual objects, images, and spaces. In addition to these
foundational studies, this paper synthesizes technical systems with cognitive
phenomena like the “chameleon effect” [Bailenson & Yee, 2005] and the uncanny valley
effect, originally identified by Mori [1970, 2012]. Linking systems-theory with
perception studies helps to underscore the complexity of social construction within XR
environments.


 In education and academia, XR and VR have revolutionized the way we simulate
experiments and environments, facilitating multisensory learning and interactive study
tools across various disciplines. The concept of using virtual reality in education,
including extended reality, was pioneered over three decades ago by visionaries like
Helsel [1992] and Wickens [1992]. Contemporary research, such as that by Azevich [2019],
delves into XR and VR’s pedagogical benefits, underscoring their transformative potential.
Insights from fields as diverse as 3D computer graphics, archaeology, STEM, and
communication sciences enrich our understanding and application of these technologies
in science communication.


 The development of XR and VR standards in science communication is pivotal for
enhancing the dissemination and impact of scientific knowledge. Such standards should
ensure that the representation of scientific results in XR and VR closely aligns with the
original research findings, maintaining a high fidelity to the studied facts or phenomena.
This foundational principle is crucial for the integrity of science communication.
Moreover, the clarity and immersive nature of XR and VR offer additional advantages,
such as highlighting unexplored areas within scientific knowledge, thereby guiding future
research directions.


 Developing standards for XR and VR in science communication can help scientists
disseminate results and increase the impact of scientific knowledge that can, ideally, solve
society’s most pressing problems. First and foremost, the content of scientific
communication must have a maximum degree of correspondence with the fact or
phenomenon studied in the research. This correspondence between scientific results and
the XR or VR content must be investigated as an elementary factor in the discipline itself.
However, the use of XR and VR could have secondary benefits as clearer dissemination
through these mediums could contribute to identifying gaps that scientific knowledge
itself has not yet reached.





2  Research questions and objectives

This research builds upon existing frameworks for cultural heritage representation
and information digitization, aiming to refine and expand these models for the
XR/VR domain. Our investigation is steered by two principal research questions:



	
 How can fundamental features of communication like narrative and
 storytelling be applied to science communication in XR/VR?
 


	
 What standards are necessary to ensure the accurate depiction of scientific
 research findings in XR/VR environments, given the complexities of science
 communication?



 To answer these questions, the study aims to adapt and connect features
from existing communication and representation models, tailoring them for the
dissemination of scientific knowledge via the immersive and interactive capabilities of
XR/VR.


 The main objectives are: 


	
Analyze augmented reality communication and representation characteristics,
 including virtual and augmented reality.
 


	
Conceptualize how to represent different scientific ideas/objects with XR/VR
 media and determine the most accurate representation approaches based on
 established visual correspondence parameters.
 


	
Adapt prior representation theories and standards from different knowledge
 domains to a 3D scientific knowledge representation model for virtual
 experiences by describing immersive VR/XR scenario elements.



Through these focused objectives, guided by our central research questions, the study seeks to
connect and extend existing models of representation into a comprehensive framework for
the effective and standardized communication of scientific knowledge using the evolving
technologies of XR and VR.





3  Methodological and research framework

Our research is anchored in the foundational frameworks provided by the London Charter
and the Seville Principles, which have set the standards for 3D representations in
disciplines such as archaeology and cultural heritage. These disciplines, which fall under
the broader umbrella of the humanities and historical research, have benefited from these
guidelines in documenting and analyzing historical and archaeological sites. The
guidelines address various critical aspects, including the specificity of the represented
environment, the accuracy of the portrayed information, ethical considerations, user
interaction, and the fidelity of the representation to the original data. Applying these
standards to cultural heritage has proven invaluable, offering a robust framework for
baselines in the depiction of scientific knowledge. This is particularly relevant in the
context of XR and VR, where the challenge lies in accurately representing complex
scientific concepts.


 To adapt and extend these principles to science communication in XR and VR, we
conducted a narrative literature review focusing on scientific communication and
knowledge representation using XR and VR. This review aims to identify critical features
from various disciplines and how they might inform a model for XR/VR in science
communication. This step also involves a critical assessment of the current research
landscape to pinpoint gaps and explore potential new applications of XR/VR in scientific
contexts.


 Following the literature review, our research proceeds with a content analysis of the
London Charter and the Seville Principles to extrapolate the main features and standards
of these guidelines that could be applied to the representation of scientific knowledge in
XR and VR. Our analysis of these texts helps us draw parallels between the established
practices in cultural heritage representation and the emerging needs of science
communication. This comparative analysis is pivotal in crafting a model that harnesses
XR/VR’s immersive and interactive capabilities to make scientific communication
engaging and precise.


 The analysis also establishes the criteria that define the units of representation and
their levels of representation. Two taxonomical classifications of information provide
further support for immersive and interactive digital media such as XR/VR.
First, the degree of iconicity discussed by Gallego [1985] focuses on the levels of
abstraction from a semiotic approach and deals with the relationship of resemblance or
similarity between the two aspects of a sign, its meaning, and its forms. Degrees of
iconicity may range from the real object in its natural form to a nonfigurative
representation of this object. Second, the scales of evidence of Aparicio Resco and
Figueiredo [2014] address the accuracy of historical/archeological evidence for its
representation in virtual environments. Both the degrees of iconicity and scales of
evidence models are helpful for the development of guidelines and help keep
in mind variables such as representation, interaction, and immersion, among
others.


 Our framework identifies key variables that should evolve alongside advancements in
augmented reality technology. These include the degree of iconicity, which gauges the
visual similarity between represented and actual elements, and the complexity of the
information represented in XR and VR media. This development process aims to provide a
benchmark for evaluating the viability of depicting scientific phenomena through
interactive elements and narrative threads, acknowledging augmented reality’s expressive
capacity and the specifics of scientific knowledge to establish representation
criteria.


 Finally, we conduct a comparative analysis of XR and VR’s main features,
characteristics, and underlying technologies. The foundational aspects of the London
Charter and Seville Principles serve as a conceptual springboard for devising
comprehensive new models. As VR and XR continue to evolve as complex media, it is
crucial to adapt and integrate pre-existing domain model features. The proposed
framework endeavors to facilitate the scientific representation of phenomena in
augmented reality, enabling interactive elements to span various representational levels.
This systematic approach aims not only to bridge historical practices with modern
technology but also to innovate in the science communication field through XR and
VR.





4  Literature review




4.1  Virtual and Extended Reality as media and technical features

XR and VR technologies are evolving at a rapid pace, leading to continual advancements
in their narrative and rhetorical capabilities. Despite these changes, two key features
consistently underline their potential: the ability to simulate physical environments and
facilitate user interaction within these virtual spaces. These capabilities enable XR and VR
to offer powerful expressive and representational opportunities. They allow for the
representation of text, 3D objects, images, visual effects, and sounds, providing
users with a compelling sense of presence within the generated environments.
This makes XR and VR invaluable tools for developing guidelines in scientific
communication, where the accurate and immersive portrayal of information is
crucial.


 Utilizing digital information, XR and VR can emulate the experience of being in a real
or fictional environment, enhancing the sense of immersion even in fantastical settings.
This is achieved through the integration of 3D objects with varying levels of
interactivity, offering users the freedom to look around (three degrees of freedom, or
3doF) or move within the environment (six degrees of freedom, or 6doF). Such
capabilities are essential for creating engaging and interactive scientific communication
experiences.


 Despite their powerful expressive potential, academic exploration of XR and VR in
science communication remains limited. Tham et al. [2018] highlighted the need for a
deeper understanding of VR elements like presence and embodiment to enhance the
accuracy and efficiency of fact communication. Similarly, Wuebben, Rubio-Tamayo,
Gertrudix Barrio and Romero-Luis [2023] focused on science communication through 360
videos, outlining specific production and narrative considerations that distinguish 360
video from traditional 2D formats. These studies underscore the importance of technology
in accurately conveying scientific facts and narratives, pointing to the gap between
XR/VR’s potential and its current utilization in academic research on scientific
communication.


 Other studies identify the components that form part of the VR experience and
configure the narrative. Taborda-Hernández, Rubio-Tamayo and Rajas Fernández [2022]
focus on the “components of significance of the story in VR”, which includes the
combination of the virtual landscapes (VL), the virtual atrezzo (VA), plot key objects
(PKO), plot key actions (PKA), parallel stories (PS) and main plot (MP). Those components
are explained in Table 1 and illustrated in Figure 1.
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Table 1: Components of significance of the story in virtual reality, adapted to VR
and XR. Source: own elaboration based on Taborda-Hernández et al. [2022]. 
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Figure 1: Components of the significance of the story in virtual reality, adapted
to a VR and XR science communication and dissemination context. Source: own
elaboration based on Taborda-Hernández et al. [2022]. 

 The identification of these components determines the importance of an element’s
structure in the plot. In scientific communication, this is crucial for evolving the design of
guidelines. These guidelines establish standards for creating immersive and interactive
experiences in virtual reality. They also aim to transmit scientific knowledge effectively to
various types of users.
 

4.2  The narrative factor of XR and VR

Narrative plays a crucial role in media evolution, particularly in immersive technologies
like XR and VR, which offer interactive experiences with nearly limitless narrative
possibilities. These technologies enhance science communication by enabling “transversal
content” creation, where users engage with content integrated within a structured, virtual
environment. The design process aims to impart knowledge through a narrative shaped
by the informative goals of the experience, emphasizing the necessity of narrative in
representing and disseminating information effectively.


 Narrative and storytelling are pivotal in science communication, serving as the
foundations for generating “transversal content” that enhances the representation of
scientific concepts with a focus on accuracy, traceability, and adherence to the scientific
method. In the realm of XR, the narrative potential is significantly amplified, where every
element — whether text, photographs, or immersive 3D objects — plays a critical role in
constructing the story. This complexity underscores the assertion that no medium exists
without narrative — every form of media inherently encapsulates a narrative, shaping the
discourse and composition of the story, especially in contexts where the clarity and
integrity of scientific communication are paramount. Thus, developing a narrative
approach that not only aligns with but also amplifies these principles is essential for the
effective dissemination of scientific knowledge, ensuring that even the most
basic immersive experiences contribute meaningfully to the broader discourse of
science.


 The evolution of narrative theory in virtual reality is supported by scholars like Ryan
[2003] and Aylett and Louchart [2003], with contributions from a range of studies
exploring immersive narratives and their applications in XR. This body of work
forms the basis for developing an Immersive Communication model in extended
reality, highlighting the importance of narrative structure in the medium. As the
medium has evolved, scholars such as Liestøl [2011], Ryan [2015], Bucher [2017],
Mills, Courtney, Dede, Dressen and Gant [2020], Weech, Kenny, Lenizky and
Barnett-Cowan [2020], Dincelli and Yayla [2022], and Vallance and Towndrow [2022]
have elaborated a range of narrative theories related to XR. Notably, studies like
Harley, Tarun, Germinario and Mazalek [2017] delve into the diegesis of 3D objects
within immersive narratives in virtual reality, which significantly contributes to
the development of an Immersive Communication model in extended reality
(XR).


 The importance of narrative and storytelling in science communication has been
underscored by various authors, highlighting its role in effectively conveying complex
and abstract scientific concepts. Joubert, Davis and Metcalfe [2019] emphasize
storytelling’s significant potential in science communication, exploring diverse
methodologies within the research landscape. Similarly, Martinez-Conde and Macknik
[2017] address the criticality of narrative techniques in enhancing the efficiency of science
communication, pointing out the complexities and interdependencies of various
contributing factors. Further, Green, Grorud-Colvert and Mannix [2018] propose a
structured process for embedding storytelling into science communication, which rests on
six foundational pillars: learning, implementation, practice, telling, discussion, and
reflection. Suzuki, Feliú-Mójer, Hasson, Yehuda and Zarate [2018] delve into the role of
storytelling in formulating and communicating scientific concepts, particularly those that
are complex, abstract, and challenging to represent, with a focus on cognitive
communication strategies.


 In addition to narrative aspects, Finkler and Leon [2019] have developed a
conceptual framework tailored for the audio-visual format in science communication,
highlighting the significance of rhetorical and visual language in content creation. This
discussion extends to the representation models, including Villafañe’s Iconicity Scale
[Gallego, 1985] and the Scale of Historical Evidence [Aparicio Resco & Figueiredo,
2014]. These models provide a theoretical basis for the relationship between an
item’s original form and its representation across different mediums, offering
valuable insights into the visual and rhetorical aspects crucial for effective science
communication.


 There are notable examples of virtual and extended reality applications across various
research domains within science communication. Barnidge et al. [2022] explore immersive
journalism for disseminating climate science knowledge. Similarly, Tibaldi et al. [2020]
apply VR in vulcanology research, also emphasizing its utility in science communication
and education. Helbig et al. [2014] delve into 3D visualization of atmospheric
data in VR environments, showcasing the potential for immersive information
representation. Simões, Morais and Moreira [2019] investigate the integration of
multimedia and VR in science centers, focusing on how these technologies aid in
communicating research achievements to the public. Or, finally, approaching VR
as a tool for research, dissemination and mediation in the field of humanities,
through projects such as VESPACE [François, Leichman, Laroche & Rubellin,
2021].





4.3  XR and VR in science education and an approach to science communication

In the realm of science communication, the integration of XR and VR with science
education has garnered significant attention, evidenced by studies from Jackson, Taylor
and Winn [1999], Allison and Hodges [2000], Shin [2002], Piovesan, Passerino and
Pereira [2012], Johnston, Olivas, Steele, Smith and Bailey [2018], Durukan, Artun
and Temur [2020] and Matovu et al. [2023]. The expertise developed in crafting
science-themed virtual reality content for educational purposes highlights the
potential to bridge the gap between education and communication [Riva, 1999]. VR,
as a hybrid medium, necessitates that the design of interactions across various
components — still images, videos, 3D, and sound — be intricately linked to
an overarching narrative and facilitate interaction with new knowledge and
environments.


 Experimental XR and VR environments, like the early ScienceSpace project by Dede,
Salzman and Loftin [1996], showcased the potential of virtual environments in enhancing
the comprehension of scientific knowledge. These initial endeavors contributed to the
development of standards such as the London Charter. The rapid evolution of video
technologies and web tools has further accelerated the application of XR and VR in
science education, making the representation of complex concepts more accessible
in fields like astronomy [Mintz, Litvak & Yair, 2001] and biology [Shim et al.,
2003].


 The use of VRML for engineering studies [Manseur, 2005] and the development of
motion systems within virtual environments [Chen, Yang, Shen & Jeng, 2007] highlight the
expansion of narrative-driven educational experiences in sciences. Systematic reviews by
Freina and Ott [2015] and Kavanagh, Luxton-Reilly, Wuensche and Plimmer [2017] have
dissected the diverse applications of virtual reality in education, identifying key factors
like gamification and constructivist pedagogical methodologies that enhance classroom
experiences.


 Comparative studies, such as those by Lamb and Etopio [2019] and Liou and Chang
[2018], have evaluated the effectiveness of XR and VR as supplements to traditional
learning processes, emphasizing their role in boosting motivation and content
assimilation. Durukan et al. [2020] and Makransky, Petersen and Klingenberg [2020] each
discuss the evolving language of XR and VR and their impact on student retention of
knowledge, suggesting immersive technology’s potential for providing effective feedback
processes.


 The application of XR and VR technologies is increasingly common in STEM
education, as highlighted by Al-Azawi, Albadi, Moghaddas and Westlake [2019],
reflecting a trend towards integrating technological advancements with scientific
education. Research by Matovu et al. [2023] emphasizes the need for a systematic design,
implementation, and evaluation process for VR in science learning, highlighting the
importance of establishing standards for scientific communication within XR and VR.
Such standards ensure fidelity to scientific data and optimize representation in immersive
mediums. The development of dedicated disciplines for scientific communication
in XR and VR involves an interdisciplinary approach, incorporating fields like
interaction design, storytelling, and human-computer interaction. Establishing
guiding principles, akin to the Seville Principles or the London Charter, is crucial
for standardizing content development in immersive learning environments,
underscoring the boundless potential for representing scientific phenomena in extended
reality.





4.4  The London Charter and the Seville Principles in heritage

The use of three-dimensional digital media for communication and visualizing
content has been applied in various fields, most notably in history and archaeology.
However, certain standards and norms needed to be established to ensure a
meaningful connection between representation and reality. Considering that
3D objects can be depicted with varying levels of abstraction and symbolism,
the ideal level of representation that maximizes efficiency and accuracy must
be examined. Despite different levels and types of abstraction and synthesis,
the information must faithfully capture the essence of the phenomenon being
represented.


 The London Charter and Seville Principles serve as widely accepted and influential
guidelines for utilizing a particular technology in a specific field of knowledge. They are
developed in the first two decades of the 21st century with the purpose of representing
cultural heritage through computer graphics and developing standards and guidelines for
this aim. Even if both models have different approaches, which are further explained in
the adaptation of this model, the contribution of both models is essential for a scientific
and rigorous representation of a domain of knowledge and discipline such as, in
this case, cultural heritage. They focus also on the term “virtual archaeology”,
by highlighting the idea that the information can be represented by the means
of computer graphics and standardized. They are one of the first approaches
to standardizing the visualization of information with the help of 2D and 3D
computer graphics in a scientific discipline and with the aims of preservation and
dissemination.


 The London Charter [2006; Denard, 2012] for the computer visualization of
cultural heritage is created with the aim of establishing a set of principles and
guidelines in the representation of archaeological items in a virtual version. It was
conceived to develop a set of principles “technically rigorous as longer established
cultural heritage research and communication methods” [Denard, 2012, Preamble
and Objectives]. It has six principles, based on six pillars to be considered, as
follows: Implementation, Aims and Methods, Research Sources, Documentation,
Sustainability, and Access. The primary text may be accessed on the following domain
[https://londoncharter.org/].


 The Seville Principles [2017] are international principles of virtual archeology
which offer a list of objectives related to virtual representation of heritage. While
the subject of study and representation is similar to the London Charter, the
Seville Principles offer distinct approaches and establish definitions for related
terms, such as virtual archaeology, archaeological heritage, virtual reconstruction,
and virtual recreation, among others. The eight principles of Seville include:
Interdisciplinarity, Purpose, Complementarity, Authenticity, Historical Rigour, Efficiency,
Scientific Transparency, and Training and Evaluation [The Seville Principles,
2017].


 Thus, both the London Charter and the Seville Principles are focused on archaeology
but consider contributions of other disciplines and the relevance of digital media. It’s
important to note that each media technology and system has its own unique
characteristics and areas of expertise. Scholars like Denard [2013] emphasize this point,
acknowledging that both the technology itself (such as 3D representation systems) and
the specific fields of knowledge in which it is applied continually evolve over
time.


 The London Charter, rooted in archaeological standards, extends its application
beyond its original disciplinary boundaries, raising questions about its relevance. In the
realm of information representation across 2D, 3D, and extended reality technologies,
diverse approaches incorporating insights from various disciplines emerge as
direct derivatives. For instance, principles governing the digital representation of
scientific knowledge may differ between science communication and science
education. Academic literature emphasizes the significant influence of the intersection
between science and representation, with a predominant focus on educational
applications. Clear principles for communication are yet to be fully developed,
necessitating an open, transparent, inter-disciplinary, and intra-disciplinary process.
Emphasis should be placed on applying these principles to create communicative and
informative scientific content, thereby influencing the development of educational
materials.


 Representation in virtual space and with 2D and 3D technologies presents a practically
unlimited degree of possibilities that are only going to evolve in the coming years.
Through disciplines such as ergonomics, user interaction, and design, we can understand
how people interact with the physical environment. Some of this knowledge has
been transferred to the design of extended realities. In addition, the limitations
of the devices themselves, the inputs-outputs of the users on the space, or the
limitations in the correspondence between the virtual space designed and the
physical space that can be traversed must be considered. These factors impact
the technological transition to more complex technologies and yet, developing
common standards can help optimize and efficiently carry out this communication,
maintaining the principle of equivalence between the scientific phenomena — data and
experiences cultivated through scientific methods — and the represented knowledge,
including its narrative structures. Creating such a framework can help promote
content that is more comprehensible for the user and generates a greater degree of
interest.





5  A framework for science representation and communication in XR and
VR




5.1  Features of XR and VR for represent information

Based on this literature review and identification of the main features of different models
and approaches, such as those mentioned, the authors of this research have developed a
framework with the aim to be applied to the research area of science communication,
by considering, science representation and application of extended and virtual
reality on science education. The number of models and the complexity of the
medium of XR/VR makes it a puzzle with pieces that are difficult to fit together, but
necessary.


 The standards for science communication in XR and VR can be subdivided into several
categories. Therefore, the following are General Operating Principles related to technology
and its adaptation to the story, and then the principles that would be an adaptation of
those principles of the London Charter and the Seville Principles that may have an
equivalent in these new principles.


 In the following, then, we detail the general principles of how virtual reality works and
its implication in the field of scientific communication. The overall principles
(general operating principles) approaching the virtual and extended reality in the
field of scientific communication, identified by the authors of this manuscript
from the literature review in applications of XR/VR, are the following ones:



	
Virtual reality makes it possible to represent, in immersive first-person virtual
 environments, information of different kinds: 2D images, 3D objects, video,
 special sound, etc., and other sensory inputs we receive in the physical
 world. It has the potential to reconstruct and recombine different kinds of
 visual, auditory, and tactile sensations. These combinations allow for scientific
 communication to incorporate the highest possible degree of fidelity.
 


	
This factor also allows for two types of potential environments to be generated:
 a faithful representation or more symbolic reconstruction. In either case, the
 elements represented must have an informative or didactic function revealing
 an attempt to produce new information. For example, data visualizations
 and graphics of different colors, sizes, and measurements may be peripheral
 functions for the understanding of the main story. The symbols appear as if
 part of a real, physical space. The equivalence is applicable in an analogous
 way to an artificial environment designed to be visualized in virtual reality.
 


	
The levels of symbolic representation and abstraction may differ. However,
 they must always represent the object as faithfully as possible. Any
 modifications must be clearly and concisely indicated. The most immediate
 model is the equivalence of symbolic representation in other media in
 which this representation is fully understood, considering that virtuality
 adds the variables of potential interaction and increased viewpoints through
 three-dimensionality in the displacement in space.
 


	
The representation also must follow the postulates of the scientific method,
 insofar as it cannot provide information that is incorrect or misleading.
 Likewise, elements must be incorporated to integrate the traceability of
 the original source, be it the scientific publication, the data, etc., into the
 environment, so that all information is traceable and verifiable.
 


	
If a phenomenon has been extensively studied, references and citations should
 always give credit to the existing scientific literature.
 


	
A usability study and the involvement of multidisciplinary profiles are
 necessary to optimize the representation with respect to the phenomenon
 represented.
 


	
If there is a fictitious, symbolic, or abstract element to represent a specific
 scientific phenomenon, it should be clearly and concisely indicated.
 


	
Rhetorical figures, insofar as natural language is a complex construct, can
 contribute to the representation of a particular phenomenon, especially if its
 literal visual representation is complex. It is necessary to make explicit such
 phenomena and why they have been represented in this way, using rhetorical
 figures.
 


	
Many scientific concepts require an enormous degree of abstraction. This is
 the case, for example, with quantum physics. In this case, strategies must be
 devised that optimize the potential representation of the complexity of the
 phenomena studied in a way that is as equivalent as possible to the idea to be
 represented and, at the same time, as comprehensible as possible. Develop a
 science of representation of scientific phenomena, based on STEM disciplines
 


	
There are several different levels of narrative. On the one hand, the narrative
 of the scientific fact itself must be verifiable and traceable through reference
 to the source of the research conducted. Parallel narratives can be developed
 that serve the primary narrative, if they contribute to a greater understanding
 of the phenomenon and that they make clear the difference between the
 main narrative (the fact) and peripheral stories and contexts (narrative
 additions to the understanding of the phenomenon). On the other hand, the
 model proposed in the current publication incorporates an adaptation of the
 principles developed in the London Charter, especially those which call for a
 faithful “correspondence” between the concept represented and the medium
 of representation, the former being the scientific information and the latter the
 medium. This implies that the accuracy of the narrative should be considered
 in relation to the virtual technologies used to represent it.



 All these factors are relevant to understanding the medium of virtual and extended
reality, and how other procedures related to computer graphics work. For sketching a
framework set in front of scientific communication and extended and virtual reality
technologies, it is necessary to understand how computer graphics and virtual reality
work and put on the table research related to this domain, as well as pre-existent
frameworks.





5.2  London Charter: principles and adaptation to the proposed model

The authors’ proposed model for XR/VR for science representation and communication,
is, as explained, a framework that helps to understand how to design and structure
information in immersive environments with some level of interaction, such as
virtual and extended reality. As shown in Table 2, a comparative focus with the
London Charter has been drawn to better understand the model proposed. The
differences include, on the one hand, the origin of the information and, on the other
hand, the medium in which the information is represented. In addition, as the
London Charter was published in 2006, technologies have advanced dramatically in
the intervening decades allowing for new possibilities and requiring certain
adaptations.
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Table 2: Comparative table between the London Charter and the proposed XR/VR
Science Representation and Communication Model. Source: Denard [2012] and own
elaboration (Model of Scientific Representation and Communication in XR). 



 Thus, as the framework proposed is a model based on (in part) the London Charter,
the principles have been also considered to be adapted. This adaptation of these principles
is determined by the disciplinary values of archaeology, a multifactorial field of
knowledge in which representation is scaled. But, in fact, the new model proposed must
be adapted to science communication.


 For example, an adaptation to the XR/VR Model of Science Representation and
Communication, based on London Charter Principle 2 “Aims and Methods” should be
carried out as follows: 


	
Virtual reality is not the medium of representation par excellence, but it
 is a complete and complex medium of representation. Knowledge can be
 understood through other more traditional media, such as written text or
 images. In fact, for the moment, the scientific community highly values the
 publication of scientific findings in peer-reviewed academic journals, although
 their dissemination is often feasible by other means such as social media, 360
 videos, and XR.



 In the case of Principle 3, “Research Sources”, would be adapted from the London
Charter as follows: 


	
The scientific knowledge process reveals various sources of research. The
 process and results are independent of their subsequent dissemination,
 although their representation in media such as virtual reality can contribute
 to the illustration of the concepts presented therein and their dissemination.
 Therefore, the representation should be contextualized by the research
 surrounding the scientific finding (cited research, established methods) and its
 research environment (university, government, or private laboratory).



 The next table (Table 3) explains how the principles of the London Charter have been
adapted to science representation and communication through the analogy between the
representation of information between disciplines.
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Table 3: Comparative table of the models of adaptation of the London Charter
to the XR/VR Science Communication Model. The proposed XR/VR Science
Communication Model makes equivalences with the rankings of other disciplines.
Source: London Charter [2012] (left column) and our adaptations of the 6 principles.




5.3  Adaptations of the Seville Principles

The six Seville Principles [2017], established as guidelines for computer-based
visualizations in archaeology and heritage, seek to refine and standardize concepts such as
virtual archaeology, management, and virtual reconstruction. Developed after the London
Charter [2006], these principles aim to make criteria understandable and applicable,
promoting responsible digital technology use. While they share some goals and
approaches with the London Charter, the Seville Principles are distinct, often serving
complementary purposes. The ensemble of eight principles provides a comprehensive
framework detailed in Table 4.
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Table 4: Adaptation of the Seville Principles to the potential XR Model of Science
Representation and Communication. The left column shows the Seville Principles
and the right column shows how the authors of this document have adapted them to
the model. Source: the Seville Principles [2017] (left column) and authors’ adaptation
(right column). 



 These guidelines recognize the unique challenges and features of scientific
representation, advocating for interdisciplinary approaches to optimize visualization in
extended reality (XR) environments. The Seville Principles [2017] specifically address the
nexus between scientific methodology and the knowledge gleaned from representing
environments in immersive and non-immersive virtual media.


 The document below outlines how the Seville Principles could be adapted
to the XR Science Representation and Communication Model. This adaptation
involves reinterpreting the principles for a context where science is represented,
considering XR/VR’s interactive and immersive qualities. Unlike the original focus
of the Seville Principles (and the London Charter) on computer graphics, this
adaptation considers the broader spectrum of digital representation within XR/VR
environments, showcasing the potential for integrating these guidelines into scientific
communication.
 

5.4  Adaptation of other levels of representation and degrees of rhetorical
matching

Both the London Charter and Seville Principles were developed for archaeology, which
often sets its focus on cultures or objects engaged with by humans. In archaeology,
historical evidence is represented by categorizing the relationship between the
represented object and the physical remains of the actual object. This can be observed in
the Scale of Historical Evidence developed by Aparicio Resco and Figueiredo [2014]
(Figure 2), 
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Figure 2: The scale of archaeological evidence developed to identify the degree of
correspondence of an archaeological find and the level of conjecture based on the
remains and existing information. This scale is not applied to assemblages, but, on
an individual basis, to sections within assemblages, as archaeological finds usually
present different levels of evidence in the same site. Source: based on Aparicio Resco
and Figueiredo [2014]. 

 which is influenced by the Bizantium 1200 project. Furthermore, this scale has
been enhanced through various approaches, including the subsequent studies by
Cáceres-Criado, García-Molina, Mesas-Carrascosa and Triviño-Tarradas [2023]
(Figure 3). Therefore, the XR or VR media is reconstructed from a physical object or
space.
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Figure 3: Comparison of different scale models of archaeological evidence based
on the information available for a representation unit. The three scales shown
[Byzantium 1200, Aparicio Resco & Figueiredo, 2014; Ortiz-Cordero, León Pastor
& Hidalgo Fernández, 2018] are based on the levels of evidence left by an
archaeological unit within an assemblage. The analogy of concepts in the three
models indicates precisely a continuous line drawing between what are conjectures
(a high level of abstraction) and what would be the direct testimony through, in this
case, the real object. Source: elaborated from Cáceres-Criado et al. [2023]. 

 Yet for many scientific disciplines, the “represented object” does not have a realistic
visual equivalence to the represented concept. For example, we cannot represent radio
waves with a standard camera, and some concepts, such as bird migration flows, cannot
be readily captured even with documentary evidence of birds or flocks in flight. The point
is that XR as a medium can potentially accommodate all these representational models,
although it is necessary to analyze the nature of the medium and determine the
representational need.


 The Scale of Historical Evidence [Aparicio Resco & Figueiredo, 2014] and similar
models proposed by Cáceres-Criado et al. [2023] employ a color scale to gauge the
correspondence between an item’s original and represented forms. This color-coding
aids in depicting items in documents, plans, and reconstructions, emphasizing
digital media applications. Such scales are invaluable for identifying items in
representations and can be applied to various taxonomies and models for clarity and
consistency.


 Exploring the degree of correspondence between original and represented forms
allows for applying these concepts to scientific dissemination. In archaeology, the
spectrum from “imagination” to “existence” highlights the importance of representability,
tracing the journey from abstract concepts to precise 3D replicas with high resolution.
Details of this progression are further outlined in Table 5, contextualized within
representation frameworks, and acknowledging the pre-existing evidence criteria in
various scientific domains.
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Table 5: Levels of rhetorical representation in a three-dimensional medium,
through their degree of iconicity and levels of representation. Levels of
representation are based on Villafañe’s degrees of iconicity. This adaptation is the
rhetorical-representative approach of the proposed XR/VR Science Communication
Model framework. Source: own elaboration simplified from the adaptation of
models such as the Seville Principles [2017] and Villafañe’s Iconicity Scale [1985]. 



 Additionally, rhetorical and communication fields propose scales like Villafañe’s
Iconicity Scale [1985], which rates the likeness between an entity and its depiction
across eleven levels, from natural imagery to abstract representation. This scale is
crucial for determining the accuracy of information and its fidelity to the original
subject.


 Building on these principles, Table 5 is crafted to offer a taxonomical classification for
representing information in scientific knowledge, specifically within XR and VR mediums.
This taxonomy aims to facilitate information portrayal in XR and VR by harnessing their
expressive capabilities and integrating narrative elements into 3D interactive
environments. Given the complexity of XR and VR, this approach represents one facet of a
broader model addressing various dimensions and methodologies necessary for effective
representation in immersive technologies.


 Exploring such similarities, it becomes possible to analyze and apply varying degrees
of correspondence to other dimensions within the realm of scientific dissemination. In
archaeology, for instance, the linear principle between “imagination” and “existence” in
relation to the original maintains significant relevance in terms of representability. This
progression can be observed from an abstract concept to a precisely replicated 3D object,
preserving high resolution. Additional details regarding this progression are elaborated
upon in Table 5, as part of framework elaborated by authors. It’s important to note that the
table is adapted to the context of representation, considering that the factor of evidence is
already explicitly formulated within scientific frameworks across different branches of
knowledge.


 The scales of evidence and iconicity are pivotal in constructing virtual worlds, focusing
on the relationship between objects and their representations. The scale of evidence
assesses the correspondence between an object’s original and remaining forms, while the
scale of iconicity evaluates the likeness between an object and its depiction. In XR/VR,
ensuring fidelity between the represented item and its original is crucial, especially for
models depicting scientific concepts.


 These scales serve as taxonomies to classify information across various research
disciplines, emphasizing the optimal representation of information within a medium.
They address how information is structured and adapted to fit the medium’s
unique characteristics and the specific research field. In XR/VR, representation
strategies should aid in classifying information types and integrating them into
the narrative. By categorizing items based on their expression in the medium,
developers and scientists can better design virtual environments to effectively convey
scientific knowledge. XR/VR offers vast potential for knowledge representation,
necessitating organized and systematic approaches to fully exploit the medium’s
capabilities.


 A proposed chromatic scale could visually represent the levels of correspondence and
symbolism in scientific representations, enhancing communication of complex concepts.
This suggestion builds on existing models like the archaeological scale of evidence, but
with a focus on the object’s inherent properties. Such a chromatic scale, outlined in Figure
4 and Tables 5 and 6, would be part of an XR/VR Science Communication Model, offering
a novel approach to categorizing and conveying scientific information within immersive
environments.
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Figure 4: The scale of visual correspondence level of a scientific phenomenon
represented in the virtual world is necessary for the development of a scientific
communication model in the field of XR. Source: own elaboration of the model,
taking as previous references scales applied to other analogous scientific domains,
among which are Villafañe’s scale of iconicity and Aparicio-Resco & Figueredo’s
Scale of Archaeological Evidence [2014]. 
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Table 6: Explanation of levels in the scale of visual correspondence level of a
scientific phenomenon represented in the virtual world. The identification of those
levels of representation and correspondence are essential for the development of
the XR/VR Science Representation and Communication Model framework. Source:
own elaboration. 



5.5  Narrative factors in the framework

Narrative and storytelling are crucial in designing content to communicate science
effectively within virtual and extended realities. Integrating visual rhetoric and
semiotics helps developers create environments that accurately represent scientific
knowledge. Establishing principles to navigate the challenges of representing
scientific concepts in immersive media is essential, with narrative serving as a key
pillar.


 Given the academic focus on narrative’s role in science representation, the
development of models for XR and VR is critical. These mediums’ complexity, heightened
by immersion and interactivity, underscores narrative’s significance in shaping user
experience. Narrative elements like sound, images, characters, and interactive
3D objects contribute to a rich, multifaceted environment. In XR/VR, narrative
transcends linearity, offering varying degrees of interactivity crucial for science
communication. This shift necessitates guidelines to ensure that XR/VR maximizes
scientific knowledge dissemination, leveraging the medium’s comprehensive
potential.


 Therefore, narrative encompasses various degrees of conceptualization and abstraction
within the environment, treating components as narrative units. As depicted in Figure
5, these elements vary in their level of representation, design, structure, and
narrative function. Understanding these variables is fundamental for scripting
effective science communication in XR/VR, highlighting the importance of narrative
in enhancing the representational fidelity and interactive quality of scientific
content.
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Figure 5: Definition of narrative items in a virtual space and their function within an
immersive experience, applicable to the representation of scientific knowledge in the
proposed XR/VR Science Communication Model. Source: own elaboration based
on analysis of structures from different sources [Gallego, 1985; Taborda-Hernández
et al., 2022; Aparicio Resco & Figueiredo, 2014]. 

6  Discussion and projection

This study explored the feasibility of representing scientific knowledge within XR/VR. We
noted the boundless potential of these technologies for information dissemination and
XR/VR’s versatility in blending diverse media formats — from text and images to 3D
objects. These features reveal the potential for XR/VR to communicate scientific
content.


 The developed “XR/VR Science Representation and Communication Model”
framework, drawing from computer graphics, narrative, and human-computer
interaction, aims to tackle the challenges of depicting complex scientific information in
immersive environments. This model not only enhances the expressive power of XR/VR
but also aids in cultivating a deeper comprehension of scientific concepts and fostering
novel communication strategies suited to this immersive medium.


 As XR/VR technologies progress, they promise enhanced interaction and narrative
depth, highlighting the importance of ongoing research to refine information
representation within these dynamic fields. The model presents a foundational framework
for future exploration in the representation of scientific knowledge, positioning it as a
crucial orientation point for subsequent studies.


 Furthermore, this model illuminates the diverse elements of XR/VR, offering insights
into the possibilities for representation within these platforms. It acts as an essential tool
for deciphering the medium’s language rhetoric, facilitating the establishment of new
communication protocols by leveraging XR’s interactive capabilities. Similar to the ways
that literature, cinema, and photography have each developed unique codes and
languages, XR/VR expands the expressive spectrum, accommodating a wide array of
media and interactions.


 This model also serves as a guide for structuring and categorizing integrated concepts
within XR/VR, aiming to advance the development of standards that address narrative
construction, language use, information depiction, and workflow optimization. It
represents a multifaceted puzzle, each piece essential to the coherent assembly of scientific
communication standards in immersive realities.


 Acknowledging the rapid evolution of technological mediums, our model underscores
the necessity for continuous research to enhance the portrayal of scientific knowledge
in XR/VR. This ongoing endeavor is vital for maximizing the educational and
communicative potential of virtual and extended realities.
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Degrees of correspondence Representation Examples

A high degree of visual correspondence 3D literal Representation of the earth or a planet

High degree of literalness representation ~ photographed and extensively studied.
3D representation of an animal or plant

High degree of visual correspondence 3D visual Representation of a micro-organism in

reconstruction  a 3D environment with components

adapted for readability and
comprehension.

High degree of “fictionalized” visual Realistic Ilustration to recreate an exoplanet

correspondence recreation

Interpretation from the knowledge base

Optimization of the representation for Symbolic Representation of a proton or

comprehension. representation components of an atom by means of

The representation may incorporate understandable elements (e.g. by

figures of speech, provided that this is means of spheres)

specified and literal representation is

not possible or the best option.

The level of literalness of the object Processes Reconstruction of the operation of a

representation varies, being machine from diagrams and graphical

subordinate to the representation of the elements.

process.

It may sometimes use rhetorical figures  Data Representation of data from graphs, in

or literal elements. a virtual environment, which can be
interactive.

Narrated audio description. Can havea Sound Narrative about the history of life on

high degree of accuracy and provide earth. Description of a phenomenon.

data through concepts.

Narrated text description. It can also Text Any kind of written description that

have a high degree of precision and
provide data through concepts.

provides extra information about the
elements of an immersive 3D
environment.
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Seville Principles

Interdisciplinarity
Purpose

Complementarity

Authenticity

Historical rigor

Efficiency

XR/VR Science Representation and Communication Model

The development of content for science communication is
interdisciplinary, so this principle is transferable.

Likewise, the purpose must be clear and well-specified when
representing scientific knowledge in XR.

In the case of the proposed model, the XR medium must be
complementary and at the same time maintain traceability to other
existing sources such as data or peer-reviewed scientific research.

The representation of science experiments or outcomes should be as
faithful as possible to the phenomenon represented. Elements can be
represented at a certain level of abstraction to improve understanding,
but they must be truthful and traceable.

In this case, it would be adapted as a principle of scientific rigor.

The principle of efficiency applied to the proposed model must also have
similar applicability, seeking to optimize the available resources and to
ensure that the XR content developed is as potentially accessible as
possible to the population as a whole.
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Element represented

Means of representation

London Charter

Cultural and historical heritage

Non-immersive 3D environments
— Extrapolatable to immersive
virtual reality

XR/VR Science Representation
and Communication Model
Scientific knowledge
Immersive and interactive

virtual reality: environment,
objects, narrative context
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Virtual Landscape (VL)
Virtual Atrezzo (VA)

Plot Key Objects (PKO)

Plot Key Actions (PKA)
Main Plot (MP)

The environment itself. It hosts the rest of the components.

The set of components found in the environment. It corresponds
with the scenery of the environment.

They participate actively in the plot, either with a narrative role or
a narrative-interactive role.

Actions relevant to the narrative of the virtual environment.

Main story’s timeline in the set of events of the virtual
environment.
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London Charter

XR/VR Science Representation and Communication
Model

Principle 1. Implementation

The principles of the London Charter are
valid wherever computer-based
visualization is applied to the research or
dissemination of cultural heritage.

Principle 2. Aims and Methods

A computer-based visualization method
should normally be used only when it is the
most appropriate available method for that
purpose.

Principle 3. Research Sources

In order to ensure the intellectual integrity
of computer-based visualization methods
and outcomes, relevant research sources
should be identified and evaluated in a
structured and documented way.

Principle 4. Documentation

Sufficient information should be
documented and disseminated to allow
computer-based visualization methods and
outcomes to be understood and evaluated
in relation to the contexts and purposes for
which they are deployed.

Principle 5. Sustainability

Strategies should be planned and
implemented to ensure the long-term
sustainability of cultural heritage-related
computer-based visualization outcomes
and documentation, to avoid the loss of this
growing part of human intellectual, social,
economic, and cultural heritage.

Principle 6. Access

The creation and dissemination of
computer-based visualization should be
planned in such a way as to ensure that the
maximum possible benefits are achieved for
the study, understanding, interpretation,
preservation, and management of cultural
heritage.

The applicability of this principle would be valid for
science communication research and the
dissemination of scientific results.

The applicability of Principle 2 of the London Charter
to the XR Model of Science Communication would be
slightly different from the London Charter insofar as
extended reality is a further means of representation.

In this particular case, adapting principle 3 to the XR
Science Communication Model, traceability of
sources and scientific documentation of the
phenomenon or series of phenomena to be
represented are essential.

It is necessary, as in Principle 4, to provide in the XR
environment the necessary documentation for a
better understanding of the phenomenon to be
represented. This is possible and favored due to the
multimedia idiosyncrasy of XR itself, and the
aggregation of layers of information in other formats
such as still images, text, etc. is possible.

In its adaptation to this context, the representation of
scientific information in the extended reality medium
must also obey these principles of sustainability.
Scalability, narrative reordering of the medium, and
the possibility of expanding the information as a
scientific phenomenon becomes more widely known
must also be considered. Constant evaluation of the
user experience is also necessary.

As in Principle 6 of the London Charter, the creation
and development of an XR environment or
experience for scientific representation and
communication should be planned to ensure the
maximum number of benefits to the advancement of
science in its different disciplines and its
dissemination and access to society. The
development of digital content in this medium must
be adapted to different audiences and must be
comprehensible using the factors of narrative (the
story), immersion (the ability to move to another
digital reality), and interaction (the ability offered by
technology for the user to influence and be
influenced by the environment).
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2D IMAGES

VIRTUAL LANDSCAPE 2D TEXTS

CONTAINS THE ELEMENTS OF THE VIRTUAL ENVIRONMENT REPRESENT "AUGMENTED" INFORMATION
IN THE VIRTUAL ENVIRONMENT.

VIRTUAL ATREZZ0

SERVES AS A JOINT SETTING FOR THE VIRTUAL ENVIRONMENT
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30 OBJECTS/ITEMS
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SYMBOLISM AND ABSTRACTION
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USER (VR)
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Item represented in XR/VR
Realistic 3D object

Synthetic 3D object

Narrations in video

Images/pictures

Narrations in sound

Narrations in text

Description/subcategories Colour code

Realistic and accurate representation of a figurative ~ Red
item or concept

Synthetic and optimised representation for Red-Orange
understanding
Two approaches: Orange-Yellow

— Documentation of a scientific phenomenon
— Symbolic representation of a phenomenon

Four levels: Yellow-Green
— Scientific photography: depicts a phenomenon

literally as seen

— Scientific graphical imaging methods: reconstruct

an exact phenomenon which cannot be visually

interpreted by sight

— Scientific illustration: with varying degrees of

painterly realism or abstraction and symbolism.

— Charts/data infographics

Narrates a phenomenon through a voice-over Blue
explanations
Is a fairly accurate mean of explaining scientific Cyan

phenomena
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