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This is a perspective that presents a viewpoint on immersive informal learning applications built as digital twins of the natural world. Such applications provide multimodal, interactive, immersive, embodied, and sensory experiences unique and different from typical game art environments because they are geospatial visualizations of data and information derived from ecological field plot studies, geographical information systems, drone images, and botanically correct 3D plant models visualized in real-time interactive game engines. Since they are constructed from geometric objects, they can programmatically self-express semantic data and connect to knowledge stores on the Internet to create a web of knowledge for both exploration of a virtual environment as a natural landscape and for exploration of connected knowledge stores for informal learning at the moment of curiosity. This design is exceptionally powerful for informal learning as it supports the innate human desire to understand the world. This paper summarizes the construction methods used for creating three digital twins of natural environments and the informal learning applications created and distributed, namely, augmented reality (AR), virtual reality (VR), and virtual field trips. Informal learning outcomes and emotional reactions are evaluated using mixed-methods research studies to understand the impact of design factors. Visual fidelity and navigational freedom are combined to increase learning outcomes and many effective and emotional outcomes as well. Access to facts and story increase learning outcomes, and applications evaluated as beautiful are correlated with emotional reactions of awe and wonder, and awe and wonder are correlated with higher learning gains. Beauty is correlated with other system-wide subjective evaluations largely accepted as important to create a context conducive to support learning outcomes, such as calmness, excitement, and curiosity, a desire to share, and a desire to create. This paper summarizes the highlights of the author’s prior work to give the reader a perspective on the body of work.
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1 INTRODUCTION
Virtual field trips, if used for education, should be designed to prevent misconceptions (McCauley, 2017). Informal learning, like what happens on a field trip, represents experiential learning directly from the environment, often facilitated by a knowledgeable adult. Something salient catches the child’s eye in the environment, a question is asked to satisfy that innate human need to understand its world, and if a knowledgeable person is there, an explanation is offered (Ash, 2004), or the kids just Google it. This ambient array of signals sensed from the natural world, queried from the social network and often supported by artificial systems, represent the top level design context in which informal learning occurs. Accurate educational content is required to prevent misconceptions. That content is represented in the semantic information layer, the ontology that became part of my application design as a critical success feature. It is useful to have ontology of the world to represent the semantic meaning of virtual objects if one wishes to model it. This problem of naming and organizing the natural world was solved by Carl Linnaeus, recognized as the father of botanical taxonomy. It also makes machine learning, automation, and connections of large heterogeneous systems possible with semantic interfaces, all necessary for the construction of digital twins and educational metaverse applications of the natural world.
Data visualization is an established method used to communicate the meaning of large datasets and context. Typical geographical information system (GIS) datasets are normally presented as abstract dots on a 2D map, which tend to lack emotional engagement. They are emotionally “cold.” They do facilitate exploration, pattern recognition, hypothesis creation, collaboration, and insights. When the data sources are real-time data feeds from sensors in the real environment, such as data recording a hurricane approaching the shores of Florida, over time, we can see patterns in spatial temporal data, the path, speed, rainfall, and storm surge associated with all hurricanes approaching Florida, to then build models and simulations to forecast and predict future impacts and to inform our collective decisions and responses. Then, it becomes a powerful decision support tool and offers insight into the future unknowns.
Game engines such as the Epic Games Unreal Engine and Environmental Systems Research Institute (ESRI) have recently converged and collaborated to create ArcGIS Maps SDK for the Unreal Engine (Epic Games, 2023; ESRI, 2023), exploiting the powerful graphical, immersive, extended reality capabilities of the Unreal Engine to visualize and interact with large accurate GIS datasets and real-time data feeds. It is now easier to ingest terrain data, waterbody data, forest data, and ecological biosphere data, to produce 3D GIS models as immersive, interactive, and embodied experiences. Companies such as Blackshark.ai Inc. (Blackshark.ai, 2023), Cesium (Cesium, 2023), and NVIDIA Earth 2 (Huang, 2021) are quickly working to create 3D models of Earth. These models may evolve into future digital twins of Earth systems that will be important for scientists to better understand the state of the natural world (Gritz, 2022). Such applications, designed as digital twins, may prove to be valuable beyond virtual field trips for informal learning (Harrington, 2008, Harrington, 2009, Harrington, 2011, Harrington, 2012, Harrington, 2019, Harrington, 2020a, Harrington, 2020b, Harrington, 2020c, Harrington, 2021a, Harrington, 2021b), when geospatial information of the natural environment is required.
The user experience design for these virtual field trip applications had to support the learners’ objectives. Real field trip ethnographic observations provided a use case for the design, demonstrating the importance of high information fidelity, high graphical fidelity, and high visual fidelity combined with free choice in exploration and interactivity to access the educational material at moments of interest (Harrington, 2008; Harrington, 2009; Harrington, 2011; Harrington, 2012). These moments are salient signals or events triggered by the environment, a teachable moment (Bentley, 1995). Informal learning is self-directed, unlike formal education that represents someone else’s learning objectives. The key observations were that each individual was curious and motivated to learn about the natural world in their own way. There was a level of excitement, awe, and wonder, interactions, and questions. At the same time, each child’s attention was captured by slightly different salient signals or salient events in the environment, or all responded to a very strong salient signal or event that was unexpected and surprising, such as finding a salamander when none was expected (Harrington, 2009). This research is based on the assumption that we all seek to understand our world, and if given the chance with the right tools, we will all do so.
Information fidelity (Harrington et al., 2021b) is a requirement in all digital twins and a requirement for immersive informal learning applications as well, since the transmitted signals (e.g., graphical fidelity) represent the meaning (e.g., information fidelity) and are perceived as real (e.g., visual fidelity). Information fidelity is not graphical fidelity, but it may produce graphical fidelity as a byproduct of photorealistic representations of the natural world. The movie Avatar (Cameron, 2009) and Avatar: The Way of Water (Cameron, 2022) are photorealistic, but completely fake, so the reverse is not always true. Photorealistic applications produce high graphical fidelity and high visual fidelity, but do not necessarily have high information fidelity. Conversely, schematic representations of the world, such as air traffic control displays, have low graphical fidelity and low visual fidelity, but have high information fidelity required for correct perception of the situation and fast error-free decision response. When the photorealistic model is a byproduct of the accuracy of the data, it has high information fidelity and high visual fidelity, and informal learning may occur from direct observation, perception, experience, and interaction with the virtual models. If those models are connected to accurate semantic metadata, they can be made interactive to expose correct facts, concepts, and stories, and if presented in context, then informal learning may occur. This interaction results in new knowledge about the environment, dynamically changing perception and sensitivity to those signals in future encounters. Over time and with exposure, the connections between the environmental signals and its meaning are strengthened. This new knowledge is often quickly shared with others in social networks to spread the information to those who have not encountered the environmental signal directly.
2 PRIOR CREATIVE WORKS AND RESEARCH STUDY RESULTS
The main goal of the creative works reported here was to produce applications that were both beautiful and functional, and used as accurate simulations to support informal learning that occurs on a field trip in nature (Harrington, 2008). The main research focus was on understanding the design, development, and evaluation of immersive informal learning applications. Using game engines as a general-purpose visualization tool, the design process became an extension of the traditional user-centered design to include domain experts, stakeholders, educators, and learners in an iterative multidisciplinary co-creative process, called the expert-learner-user-experience (ELUX) design process (Harrington et al., 2021a). This process was critical for the location and identification of the plants, and the details required to construct accurate 3D plant models. The photographs of each part of the plants, including leaves, petals, stamens, and pistils, and recording of height and spread data, along with the collection of the plant inventory and population densities by geolocation from field work, were all combined to increase information fidelity and visual fidelity (Harrington et al., 2021a). Real-time interactive computer graphics of AR and VR constrained the models to highly efficient low-polygon models without the sacrifice of salient botanical features. However, with the optimized release of Epic Games Unreal Engine 5.1 and Nanite, high-polygon plant models are now viable in large virtual open-world environments without degrading the models for the past runtime constraints.
The learning and emotional impacts were evaluated using mixed-methods experimental research designs by the internal review board (IRB)-approved studies for publication in journals and conferences. Since 2016, the Harrington Lab at the University of Central Florida (UCF) has produced two major projects. Both the Virtual UCF Arboretum application (Figure 1) and the AR Perpetual Garden Apps (Figure 2) are based on similar data visualization methods used to produce the Virtual Trillium Trail, an earlier project. The creative works may be found and downloaded from the Harrington Lab website (https://the-harrington-lab.itch.io).
[image: Figure 1]FIGURE 1 | Virtual UCF Arboretum image of the environment. Inset is the author using the HTC VIVE VR headset and the Infinadeck omnidirectional treadmill configuration. Harrington, Maria. “Digital Twins of Nature Demo Reel I/ITSEC 2022 The Harrington Lab.” Video, 2.03 minutes, November 28, 2022. URL: https://youtu.be/FP9Ottj7cCA.
[image: Figure 2]FIGURE 2 | AR Perpetual Garden App in use in the Carnegie Museum of Natural History. Harrington, Maria. “AR Perpetual Garden App.” Video, 3.21 minutes, September 29, 2018. URL: https://youtu.be/maJ7iOu2BT4
2.1 Virtual Trillium Trail Project
The Virtual Trillium Trail Project started in 2003 as a modification of Unreal Tournament. Terrain and waterbody data from ESRI were imported after transferring to file formats that Unreal could recognize and visualize. Alpha maps in Unreal were used to define and visualize the plant inventories and population densities using geolocation. Part of a Ph.D. dissertation in information science it used non-experimental ethnographic studies and a co-design iterative process to build, test, and refine the application (Harrington, 2008). After the application was designed, built, and tested, experimental research studies were used to measure usability, emotional, behavioral, and learning outcomes influenced by design factors.
The first pilot study directly compared the real and the virtual environments to establish a control base-line condition for external validity. The pilot study recruited volunteers (n = 12) from a local suburban public elementary school in the greater Pittsburgh area, ranging in age from 8 to 10 years. The ethnographic component of this pilot study showed more learning events were triggered by salient signals in the real environment, such as a surprise salamander find, that were not programmed into the virtual field trip (e.g., no virtual salamander to find!) (Harrington, 2009). A within-subject design counterbalanced the two experimental conditions of real and virtual experienced by two groups in reverse order, to allow for a meaningful post-survey direct comparison. When the educational content evaluated was restricted to content present in both environments (e.g., only plants), the learning activities (e.g., map annotations of salient findings) were identical between the real (M = 2.75, SD = 1.96) and the virtual (M = 2.83, SD = 3.43) and showed no difference, F (1,11) = 0.00, p = 0.95 (Harrington, 2011). A Wilcoxon test was used to evaluate the 5-point Likert scale post-survey results, and it showed no difference between the users’ evaluations of the two experiences. The user evaluation of exploration, desire to create, sense of excitement, levels of curiosity, desire to re-experience, sense of calmness, desire to share, awe and wonder, assessment of beauty, level of frustration, and disinterest were no different between the virtual field trip and the real field trip (Harrington, 2009). This suggests that at a subjective level, the two environments were experienced in similar ways. There appears to be evidence of priming, transfer, and reinforcement, indicating that the best educational practices are to use the virtual and real experiences together to increase total learning outcomes. However, the small sample size and low power reduced confidence in such a conclusion.
The larger empirical research study used a factorial design with a two-way ANOVA between visual fidelity and navigational freedom. The high-visual-fidelity condition used photorealistic plants with high information fidelity (immersion dimension) and high navigational freedom that supported 360° free choice in navigation and exploration of that environment (embodiment and embodied presence dimensions). These two dimensions of design are fundamental to all virtual environments that are large open worlds representing geospatial information. While technology may change and improve levels of immersion and embodiment, the design dimensions of visual fidelity and navigational freedom will not.
Each independent variable was set to high and low levels of fidelity using the one system in a planned orthogonal contrast of system design parameters for rigorous internal validity. The resulting four combinations of system design parameters were high visual fidelity and high navigational freedom, high visual fidelity and low navigational freedom, low visual fidelity and high navigational freedom, and low visual fidelity and low navigational freedom, while holding all other independent variables constant. Such a research design was important in order to measure the impact of the two independent variables and determine their separate and interactive effects on the dependent variables of learning, emotional reaction, behavioral, and usability outcomes.
Several dependent variables were measured as ratio or interval scale data. Learning was measured as the percent change between a pre-test and a post-test of facts and concepts (knowledge gained). Emotional reactions and subjective evaluations were measured using a post-survey 5-point Likert scale across many items of interest, including beauty, awe and wonder, curiosity, calmness, excitement, inquiry, learning, frustration, desire to create, desire to share, and presence. Behavior was measured across several dimensions of free choice in engagement with design features in the system, such as total time in the condition (time), count of fact cards selected (fact inquiry), and count of audio stories selected (salient events).
This study recruited volunteers (n = 64) from the same population as the pilot study and randomly assigned subjects to one of the four conditions. Visual fidelity showed a strong significant effect on learning outcomes, F (1,60) = 10.54, p = 0.0019, and navigational freedom showed a trend effect on learning outcomes, F (1,60) = 2.71, p = 0.105. The combined conditions of high visual fidelity and high navigational freedom resulted in higher knowledge gained on tests (M = 37.44% increase in test scores, SD = 13.88). When compared to the lower learning gains recorded in the low-visual-fidelity and low-navigational-freedom condition (M = 20.93% increase in test scores, SD = 13.36), the results showed significant statistical interaction effects F (1,60) = 4.85, p = 0.0315, of visual fidelity and navigational freedom on learning outcomes. The study supports the importance of the design choice impacts and the combination, on learning outcomes, independent of all other factors. The results strongly support using the high-visual-fidelity and high-navigational-freedom design factors together when learning outcomes are desired (Harrington, 2012).
A Pearson correlation (n = 64), Sig (2-tail), showed several significant relationships. Knowledge gained showed a significant positive relationship with visual fidelity (r = 0.367, p < 0.01). Knowledge gained showed a significant positive relationship with salient events (stories) (r = 0.455, p < 0.01). Knowledge gained showed a significant positive relationship with fact inquiry (accessible facts) (r = 0.374, p < 0.01), further supporting the importance of the design for education (Harrington, 2008).
A Spearman rank-order correlation (n = 64), Sig (2-tail), was run on all of the survey data to evaluate relationships between learning and subjective evaluations of the experiences. Knowledge gained showed a positive correlation with awe and wonder (rs = 0.273, p < 0.05), indicating the importance of designing that emotional response into the applications. Beauty was correlated with awe and wonder (rs = 0.506, p = 0.01) indicating a complex causal chain of relationships between the aesthetics of the experience and the emotional responses required to enhance informal learning activity (Harrington, 2008).
Beauty was correlated with other self-reported ranks on emotions and subjective evaluations of the experiences in a post survey, showing system-wide effects of beauty on other emotions important for learning. Beauty showed a positive correlation with inquiry (rs = 0.420, p < 0.01), learning (rs = 0.376, p < 0.01), curiosity (rs = 0.305, p < 0.05), calm (rs = 0.450, p < 0.01), excitement (rs = 0.377, p < 0.01), desire to create (rs = 0.456, p < 0.01), desire to share (rs = 0.434, p < 0.01), and presence (rs = 0.589, p < 0.01) (Harrington, 2008).
2.2 AR Perpetual Garden App Project
The AR Perpetual Garden App was started in 2017 and released in 2018 as a virtual diorama. It was launched on the Carnegie Museum of Natural History Apple iTunes and Google Play Android stores in 2018. In an iterative co-design process, users, museum curators and educators, botanists, and scientists all worked together to create the AR app design and vet and approval all content. An AR virtual forest appears to cascade out of the real diorama to cover the gallery floor, effectively creating a virtual woodland springtime bloom inside the museum. As one of the first to use SLAM technology (ARCore and ARKit SDKs), it visualized a spatial 3D forest understory. The design shows two data visualizations of the woodland understory, one in balance and one out of balance, so the user can toggle between two data visualizations for comparison and contrast (Harrington, et al., 2019). Each of the 25 plant 3D models is accurate in detail acting like a 3D botanical model and museum exhibit to convey information (Harrington M., 2020). It is designed to trigger a salient event and a surprise and invoke questions. The goal is to communicate a complex scientific educational narrative about trophic cascades. Facts, concepts, and story are accessible through the interactive design of the interface.
Several IRB-approved studies have been conducted to gather data on usability, emotions, and learning outcomes with this AR app. The 2019 research study used a between-subject design to test user learning outcomes, perceptions of learning, and usability in the context of the Carnegie Museum of Natural History, Hall of Botany. Volunteer participants (n = 56) were recruited from the normal museum visitor population. Adults and parent–children pairs ranged in age from 5 to 56 were assigned to each condition to maintain equal proportions of gender and parent–child pairs, a block design based on convenience. There were two conditions. The experimental condition (AR), which used the AR app, and the control condition (No-AR) that used a booklet much like any museum catalog. Both conditions contained the same educational concepts and facts for internal validity.
Learning behavior was observed to be different between the AR and no-AR conditions. In the AR condition, children acted like they would in a real field of flowers, not a museum. They were observed to bend down to touch the virtual flowers and excitedly moved about the entire gallery hall dragging parents and grandparents to share finds. These document observations that demonstrate behavior representing a high sense of presence, engagement, and excitement (Harrington, March 2020). Immersive embodied experiences using contrasting visualizations in context appear to enhance context sensitivity (Koster & Kartner, 2018) critical for triggering a moment of insight, or a Gestalt. Such designs exploit the affordances of immersive AR to quickly communicate complex expert domain knowledge to a novice. It is unique as it offers an immersive, multimodal, interactive, embodied learning experience showing behavior indicative of presence, even in AR (e.g., AR Holodeck). These document observations demonstrate behavior representing a high sense of presence, engagement, and excitement (Harrington M., 2020).
Both conditions showed similar actual learning gains of approximately 40% (Harrington, 2020b). In this study, actual learning was measured as the percent change in pre- and post-test scores on facts and concepts. The post survey measured perceived learning with a 7-point Likert scale and is considered subjective and different from actual learning. An independent two-sample t-test revealed no difference between actual learning in the AR condition (M = 40.13%, SD = 24.62) and the no-AR condition (M = 46.72%, SD = 30.54), t (54) = 0.89, p = 0.38. However, significant differences were found in the perceptions of learning between the two conditions using the post-survey data, the AR condition (Mdn = 6, SD = 1.60) was higher than the no-AR condition (Mdn = 4, SD = 1.32), and a Mann–Whitney U-test showed the AR (mean rank = 34.95) to be higher than the no-AR (mean rank = 22.05) condition, U = 572.50, z = 3.01, p = 0.00. Dwell times, often used as a proxy measurement of engagement, showed no difference between conditions. An independent two-sample t-test revealed no difference in dwell times between the AR condition (M = 8.98 min, SD = 6.72 min) and the no-AR condition (M = 8.15 min, SD = 3.60 min), t (54) = 0.58, p = 0.57 (Harrington, 2020c).
A Spearman rank-order correlation coefficient was used on the AR only condition dataset (n = 28) to investigate the relationships between learning outcomes and each of the AR app design features, story, data visualizations, 3D flowers, bioacoustics, plant info, and usability (ease of use) on actual learning (percent change in test scores) and perceived learning outcomes (survey ranks). Actual learning outcomes showed a positive statistically significant correlation with story (rs = 0.41, p = 0.03) and plant info (rs = 0.41, p = 0.03), indicating a positive relationship between these AR app design features and actual learning outcomes. In contrast, perceived learning showed positive statistical significant correlations to different design features, 3D flowers (rs = 0.52, p = 0.01) and ease of use (rs = 0.54, p = 0.01). Important to note, the AR design factors correlated with perceived learning are different than the ones correlated with actual learning (Harrington, 2020d).
Significant positive correlations exist between all of the immersive AR design features and AR story, indicating that these features amplify the strength of the relationship of story on actual learning impact. The AR app design feature of data visualization scenarios showed a strong positive correlation with story (rs = 0.45, p = 0.02), with AR bioacoustics (rs = 0.53, p = 0.00), and with AR flowers (rs = 0.38, p = 0.00). Furthermore, more significant positive correlations exist between the AR app design features, indicating a deeper layer of amplification on learning outcomes. AR data visualization scenarios and AR bioacoustics show a significant positive correlation (rs = 0.53, p < 0.05). AR bioacoustics and AR flowers show a significant positive correlation (rs = 0.69, p < 0.01). AR flowers and AR data visualization scenarios show a significant positive correlation (rs = 0.62, p < 0.01) (Harrington, 2020b).
The post-survey responses were evaluated using the independent-sample Mann–Whitney U-test statistic to identify significant differences between conditions. The surveys asked subjects to rank impressions or emotional reactions to the different conditions. Beauty (Mdn = 6, p < 0.01), awe and wonder (Mdn = 6, p < 0.000), curiosity (Mdn = 6, p < 0.01), and want to visit the real (Mdn = 6, p < 0.05) were all significantly ranked higher (modes of 7) in the AR condition when compared to the no-AR condition. Need to know more (Mdn = 4, p = 0.06) showed a strong trend. Thus, emotional reactions when using an AR app for learning are different than those of a booklet. These emotions are considered important to motivate learning, thus demonstrating the impact of such a design.
There were several statistically significant positive correlations between actual learning and post-survey responses. Actual learning shows a positive relationship with ranks of understanding (rs = 0.516, p = 0.005), important (rs = 0.456, p = 0.015), and with want to visit the real (rs = 0.530, p = 0.004). Thus, when actual learning occurs, it appears to shift learner efficacy, attitudes, and a change in desired future behavior. This could also indicate how an AR app could shift perception towards the real world.
The subjective evaluation of beauty showed statistically significant positive correlations with perceived learning (rs = 0.582, p = 0.001), imagination (rs = 0.444, p = 0.018), awe and wonder (rs = 0.689, p = 0.000), surprise (rs = 0.433, p = 0.021), understanding (rs = 0.555, p = 0.002), insight (rs = 0.493, p = 0.008), and want to visit the real (rs = 0.769, p = 0.000), but not to actual learning gains. Interestingly, beauty showed statistically significant positive correlations with design features in the AR app. Beauty was correlated with the AR data visualization scenarios (rs = 0.389, p = 0.041), AR flowers (rs = 0.496, p = 0.007), and the AR plant info (rs = 0.556, p = 0.002).
These findings indicate a complex multidimensional relationship between the immersive and embodied AR app design features and the emotional responses and their connections to human reactions that increase actual learning outcomes.
2.3 Virtual UCF Arboretum Project
The Virtual UCF Arboretum Project, started in 2016, is unique in that it visualized field study data stored in an ESRI GIS database of native plants and flowers to represent 100 hectares (247 acres) of the real UCF Arboretum. As a large open world created in the Epic Games Unreal Engine it supports free exploration and navigation in high fidelity photorealism. Such combined design factors amplify immersive embodied experiences for AR and VR applications. Each of the 35 plant 3D models is botanically accurate in photorealistic detail, scale, and morphology to match the real native species, producing high information fidelity, graphical fidelity, and visual fidelity. True to the GIS map data, ten natural communities are visualized to match the field study data in terms of real plant inventories and plant population densities per location, creating a digital twin (Harrington, et al., 2021a; Harrington et al., 2021b). As an example of an early digital twin of a natural environment, it achieves high information fidelity in the accuracy of plant models, plant inventory, and plant population distribution data, producing a high graphical and a high visual fidelity experience. The design not only visualized the data but also made all objects interactive and, using metadata, connected the semantic information of each virtual object and each virtual plant to a website field guide with educational information. This design produced an interactive user interface connecting the digital twin of nature to online educational materials to support informal learning. Accurate bioacoustics of birds and insect sounds and natural environmental sounds by geolocation support the multimodal, multisensory immersive embodied experience. The entire model is currently being updated using Epic Games Reality Capture and photogrammetry techniques for Unreal Engine 5.1 to improve graphical and visual fidelity (Harrington, et al., 2022). To enhance immersion and embodiment, the entire virtual environment has been integrated with an Infinadeck omnidirectional treadmill and an HTC VIVE VR headset. A new study with my graduate student is currently in process to measure different levels of combined immersion-embodiment effects on learning, emotion, and other human reactions to the experiences (Martin, 2023).
3 DISCUSSION
In all three systems, immersive embodied interactive experiences depend on design factors to produce learning outcomes. It is a complex multidimensional design space. A few of the known design factors are information fidelity, graphical fidelity, visual fidelity, multimodal signals, immersive displays, free choice in navigation, embodiment, embodied presence, salient signals and salient events, and interaction with knowledge (semantically accessible), facts, and story in context while experiencing these virtual environments.
The application the Virtual Trillium Trail demonstrated an interaction effect between the visual fidelity (e.g., a dimension of immersion) and navigational freedom (e.g., a dimension of embodiment) on learning outcomes. The high-visual-fidelity condition combined with the high-navigational-freedom condition nearly doubled learning gains over the low-visual-fidelity condition combined with the low-navigational-freedom condition. It showed positive correlations between beauty and the emotional reaction of awe and wonder, and awe and wonder was correlated to higher learning gains. Beauty was also positively correlated to other emotions and evaluations largely accepted as important to support learning outcomes, such as calmness, excitement, curiosity, desire to share, and desire to create. Small hand-held AR apps, such as the AR Perpetual Garden app, showed that for learning to occur, access to facts and story is required. It also showed the immersive features are correlated to story, possibly amplifying the effects. Beauty was correlated to AR app design features that relate to motivation, efficacy, desired behavior, and shifts in attitudes about the real world.
Since informal learning interacts with environmental signals, real or virtual, the virtual environments constructed must be accurate and access facts and story from trusted sources. Their graphical and visual representations should accurately communicate the information, so as to not misrepresent and to invoke emotional reactions that are accepted as important for engagement, motivation, and learning outcomes.
Since 2008, computer hardware and software has advanced to replicate multisensory signals that now approach the fidelity of real environmental signals. Computer graphics rendering capacity is approaching real world visual fidelity with photogrammetry. Fidelity in all sensory dimensions is increasing as well. Theaters with surround sound and use of simulated smells and full-body haptic devices are all combining to increase the aggregate sensory fidelity in all modalities of these application designs. Industrial digital twins offer high trust and accuracy because of internal controls in dimensions of policies, procedures, and protocols that hardcode security into the review and publication process of data trustworthy information. The metaverse does not. These are all just tools.
An artist, designer, or developer may use these tools to communicate and evoke emotions, shift attitudes, and change behavior. Only when there is high information fidelity combined with the high immersion and embodiment will actual educational learning occur in them. If not, it is fantasy entertainment, a sales pitch, or misinformation and propaganda. We cannot distinguish real from virtual in these systems based on the visual fidelity alone.
Libraries are the historical cultural stores of knowledge freely open to the public and widely used for learning. Digital libraries have accurate and trusted sources of knowledge to connect to applications for learning. Libraries have discoverable facts and story, as data, multimedia assets, and resources in books that can be trusted as accurate, protected, and secure. These sources of knowledge should be connected to virtual objects and applications for the metaverse for learning, distributed to AR apps or VR headsets, or used to enhance immersive exhibits in museums.
As artificial artifacts, a digital twin of the natural world, used in immersive AR and VR as metaverse applications could provide a platform for informal learning. Evolutionary biology has programed us, hard-coded into us, the desire to understand our world, the environment, and organism co-evolved (Reed & Jones, 1977). If such a platform is designed in such a way to support individual exploration and inquiry, learning can be supported. These are a few of the ideas that drove the creation of this body work. The model and equations to frame this idea were proposed in the simulated ecological environments for education (SEEE) tripartite model (Harrington, 2008) and used to describe the dynamic feedback framework and interactions between the human, the environment, and the user interface as well as connections of signals transmitted, received, and the feedback paths for changes in states of knowledge. The design factors are dimensions representing the visual fidelity of the sensed environment (e.g., also multisensory fidelity), the fidelity of movement (e.g., embodied navigational freedom), and the fidelity of interaction (e.g., natural interfaces). The theoretical framework is a simple system network with only three nodes and connecting arcs. A human without knowledge is the novice and when possessing complete knowledge of the entire environment becomes an expert. The human interacts with the environment, real or virtual, to learn in a feedback loop supported by the user interface that is connected to authenticated and trusted information stores of knowledge. Such applications of virtual nature makes knowledge beautiful.
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