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Abstract

Up until now, educational applications of VR technologies and research into their effectiveness have achieved only moderate success. We have learned some useful things about when to use VR for learning and when not to use it. But our applications and research have been limited in two ways. First, as is the case with all new technologies, we have tended to use and study VR in terms of technologies we think it is like and might replace rather than in terms of its unique properties and potential. Second, we have not developed a coherent conceptual framework within which to build applications and conduct research. This paper provides an overview of the current state of our knowledge about VR and learning and of the research we are conducting. It suggests how we can identify the unique potential of VR to support learning and will describe ways in which we can develop a new approach to building applications and doing research. 

Introduction

We describe, study and judge a new technology in terms of what it replaces, not by its new unique characteristics and potential. Early television was little more than radio with pictures. The first films recorded everyday events that happened to occur in front of the lens of a stationary camera. The first educational computer programs simply automated the established formats and procedures of programmed instruction. It took time for the unique properties of the technologies to become apparent and their potential to be realized – the intimacy of the television close-up, the narrative power of cinematic editing and montage, interactive intelligent computer-based tutorials and expert systems for instance. 

We are still in the early stages of our experience with Virtual Reality (VR). True to form, we have conceived of it in terms of what it can replace. Looking over our shoulders at the engineering, computing and industrial roots of VR, we have thought about how it may allow us to do better what we already do. The purpose of this paper is to look forward as well as backwards, with guidance from some important ideas that have recently appeared in the literature. This will lead from a review of what we have learned so far about using VR in education and training to a sketch of a conceptual framework that will help us develop new applications for VR and find the research questions we need to ask and answer. 

What We Have Found Out About Learning With VR

A number of publications appeared in the 1990's that summarized what we thought VR could do for education and provided some evidence for its efficacy (Furness et al., 1997;  McLellan, 1996; Winn, 1993; Youngblut, 1998). This section is organized around the expectations for the technology suggested in these early reports and summarizes a few of the important things we have learned about the effectiveness of VR in learning.

Immersion. 

Often the most obvious features of VR are that the student wears a head-mounted display (HMD) and communicates with the computer through natural gestures. If the HMD's position and attitude are tracked, the computer can re-render the image in the HMD in close to real time to reflect changes in the student's gaze and position. The student can look around “inside” the three-dimensional display, and interact with it as one would in the natural world. Hypotheses arising largely from the idea that immersion gets rid of computer interfaces that interfere with learning (Bricken, 1991) have been tested. Some of these studies apparently show that immersion in a virtual environment (VE) improves learning. For example, Winn et al. (2002) found that immersed students learned more about certain concepts from oceanography than students using an equivalent desktop program. Lee (2005) reported greater learning gains for immersed students than for students studying equivalent text and maps. On the other hand, Moreno & Mayer (2002) found no difference in learning or transfer between students working with an HMD or a non-immersive equivalent program that taught botany. Byrne (1996) varied the degree of immersion and the amount of interaction students had with objects in a VE where students learned about the structure and behavior of atoms. Her data showed that the extent to which students were able to control the atom's behavior made a far greater difference to what they learned than whether or not they worked with a desktop system or in an immersive environment using gesture recognition and an HMD. The findings from studies comparing immersion with other technologies are therefore not clear cut. It is likely that immersion only provides added value in some cases. Two of these are when immersion improves a student's sense of presence in the VE, and for certain kinds of content

Presence.

We must first make a distinction between physical immersion and what we might call “psychological immersion”. Physical immersion simply requires that the student wear an HMD and be able to look and move around inside a VE. Physical immersion in a VE is, in a narrow sense, a necessary though not sufficient condition for psychological immersion, or what we call the sense of presence. Presence is defined as the belief that you are actually “in” the VE and not in the lab. or classroom wearing an HMD. As we shall later, recent thinking (Waterworth & Waterworth, 2003) suggests that presence is more complicated than this. Presence may or may not result from immersion. And presence may be experienced in many ways without using VR technology. But, remaining with this simple definition, there is evidence for significant positive correlation between presence and what students learn in a VE (Lee, 2005; Winn et al., 1999, 2002). The corollary is also true. Students who are uncomfortable in a VE, who experience simulator sickness for example, learn less than students who are comfortable. There is no evidence that a high sense of presence interferes with learning. 

Another way of looking at presence is that it takes you mentally away from the real world into an artificial one. This can be useful if the place you are leaving is unpleasant. Hoffman has used this property of presence in two ways: With therapy for phobias and traumatic events; and as distraction from pain during wound care. His many studies are summarized in Hoffman (2004). For the treatment of phobias, originally fear of spiders, Hoffman builds VEs in which the patient can gradually and safely recreate the experiences that originally caused the phobia, and learn that they are not threatening. For example, seeing a virtual spider, then handling it, then handling a toy spider in the VE,  then handling a real spider, all under the guidance of a skilled therapist, can bring the patient to realize that spiders are not frightening or dangerous. Hoffman has applied the same technique for patients suffering from post traumatic stress arising from the attack on the World Trade Center in New York and for people traumatized by car bombs. In the case of pain reduction, Hoffman works with burn patients whose wounds need frequent cleaning. This is a terribly painful procedure that cannot be effectively soothed by drugs. During wound care, patients visit a VE that affords some interaction and which is dynamic and entertaining. Hoffman has reported significantly greater pain reduction for patients visiting the VE than for those playing a Nintendo game, which was originally used to distract them. 

Types of content. 

The second reason that immersion might improve learning concerns the nature of the content to learn. Some kinds of content are learned better if the students use immersive VR. Some are not. For example, we have found (Winn et al., 2002) that immersion in a dynamic, three-dimensional VE, rather than interaction with the same simulation on a desktop computer, helped students understand dynamic three-dimensional processes, in this case the movement of ocean water due to tides and currents. In the same study, we noticed that students who actively moved around while they were immersed learned more than those who stayed in one place. Changing points of view allows a student to observe phenomena in different ways, which improves recall of objects and their locations (Arthur et al., 1996) and probably helps in other ways as well.

Seeing and experiencing in new ways: Metaphor and scale.

A VE can allow students to experience phenomena that are beyond natural sensory experience and to interact with them as if they were real. We call this property of a VE “reification”. Among the best examples are the VEs built by Dede and his colleagues for the Science Space project (Dede at al., 1997). Science Space consist of three immersive VEs. In Newton World, students learn Newton's laws by controlling and observing the properties and behavior of a ball that moves back and forth along a track, bouncing at each end and with another ball, or even with the student. Properties of the ball, like its mass, which are invisible in the normal world, have to be reified through metaphors. In Newton World, these include the size of the shadow cast by the ball on the ground, changes to the colors of poles that line the track, and the sounds that are emitted when certain things happen. In Maxwell World, the phenomena described by Maxwell's equations are reified as curved arrows representing lines of force in an electromagnetic field, as points representing charged particles, even as the student's finger tip as a controllable source charge. In Pauling World, the student can control the way in which complex organic molecules are shown, using the standard metaphors for showing chemical structure. In all of these cases, Dede at al. report that students learn successfully.

Poorly chosen metaphors can have the opposite effect. In one of our studies (Winn et al., 2002), we used arrows to reify current vectors in the ocean. The faster the current, the longer the arrows. Students needed to learn that water speeds up when it flows through a narrow channel. One student concluded that it slows down. He explained that the long arrows that appeared when the current increased its speed in a narrow channel made the channel look “clogged”. He added that when he drove on the highway with a lot of traffic, it slows down. Clearly this metaphor was inappropriate for this student. It caused a new misconception to occur.

Scale in a VE is also an issue. The student can become small enough to interact naturally with subatomic particles or large enough to interact naturally with planets. The scaling-down of students to atomic size has been shown to be effective in learning Chemistry in both immersive VR (Byrne, 1996) and augmented reality (Chen, 2005; Fjeld et al., 2003). Likewise, scaling up students to interact with the sun, moon and planets has proven effective for helping them learn about seasons and eclipses using, again, immersive VR (Barab et al., 2000) and augmented reality (Shelton & Hedley, 2002). Temporal scaling has received scant attention, but may be problematic. In our VE that simulates ocean processes, we compress one tidal cycle, that takes almost twenty-four hours to complete in the real world, into eight seconds. More than one student thought they were watching the movement of waves rather than tides.

Safety. 

Of particular interest to those who use VR in training is the fact that students can practice activities and improve their performance under circumstances where they do not put themselves or other people in danger. A good example is the use of VR to train the astronauts who repaired the Hubble space telescope (Loftin & Kenney, 1996). Hands-on training “on site” was, of course, impossible. But not to train would have endangered the astronauts' lives and seriously reduced the likelihood of the mission's success. An interesting aspect of this project was that some of the training used the Web to bring together astronauts from different places. There are plenty of other examples. Mellet-d'Huart (2004) describes TRUST (“Truck simulator for training”), a VR simulator for people training people to drive heavy trucks. Poor performance at this driving skill could be extremely dangerous. Morrissey (1996) describes a system for training personnel in the British Royal Navy who maintain and repair nuclear reactors on ships. Performance here needs to be efficient because the time the engineer is exposed to radiation must be as short as possible. Learning on the job is therefore out of the question. There are also many applications of VR to training in surgery (McCloy & Stone, 2001). Practicing an operation in a VE, especially one that provides tactile feedback to the surgeon-in-training, can make surgical training more efficient and can make it easier for the surgeon to perform the first “real” operation, under the supervision of a senior surgeon.

Cost.

Finally, there is some evidence that VR can be cheaper to develop and use than, say, fully functional physical simulators (Schlager et al., 1993). Its is still not cheap to develop VEs that have sufficient fidelity to the real world to permit effective transfer from training to performance on the job. Nor are VEs easy to build for novices in computing and instructional development. Nonetheless, trainers in particular are well advised to consider using VR for training as a cheaper yet still effective alternative to more traditional approaches.

Looking Forward

So far, we have looked at how VR has been used to extend the ways we have always educated and trained our students. Our claims for the potential of VR in education and training have been made mainly about two of its properties: The interface; and what we might call “the VR experience”. First, no-one disputes that the HMD, coupled with head and hand position tracking, rapid re-rendering of the scene the user sees, input based on natural gestures and so on, have radically altered the way in which users can interact with a computer (Bricken, 1991). Yet, with hindsight, we must admit that these improvements to the computer interface, for all their remarkable affordances, have not changed the fact that the user still has to interact deliberately and consciously with a computer. Likewise, the VR experience has not proven to be as strikingly innovative as we thought it would be. We can pretend to take people to places where they could never really go, or where they could only go with great risk or difficulty. If we are clever, we can recreate enough of the sensations of those places that people start to believe that they are actually there and not in the lab wearing an HMD, and experience a noticeable degree of presence. Yet, again with hindsight, these accomplishments, while significant, have merely extended the capability and intensity of what people have always been able to do when their imaginations are stimulated by some compelling re-creation of real or virtual places and events. In short, neither the VR interface nor the VR experience is really anything new. Like early films, VR is still something of a curiosity whose novelty is starting to wear off. 

However, important new thoughts about VR are emerging, and seem to be coalescing around a number of “big ideas”. In this section, we will look at these and sketch a conceptual framework for future applications and research.

“Presence” and “Absence”

Waterworth & Waterworth (2003) contrast the terms “presence” and “absence” to make three crucial points. The first point is that presence is high when we are engaged with the world around and within our body. Absence is engagement with an internally-realized world. This means that the source of presence is primarily physical, that of absence primarily mental. Second, the presence-absence dimension of experience is independent of the real-virtual dimension. We can be equally present in or absent from real and virtual environments. Third, presence depends on the degree of abstraction of the information from which the experience is created. The more concrete, the higher the sense of presence. These three points require us to extend our consideration of presence to include experiences people have in any kind of environment, whether they are real or imagined. VR can no longer stand alone as the sole source of presence. And we must consider what is a reasonable balance of presence and absence in interactions with the environment. Echoing Hoffman's research, though from a different point of view, Waterworth and Waterworth suggest as part of their conclusion that many psychological problems, including phobias, may be the result of an imbalance between presence and absence – too much focus on the inner world and not enough on the world that surrounds us, for example.

“Virtual” and “Actual” Realities

Waterworth and Waterworth's definition of presence to include awareness of our bodies as well as of our physical environment finds echoes elsewhere. For instance Mellet-d'Huart (2004) defines “virtual” by contrasting it with “actual”. A key idea for him is that “actual” implies “action” (or “enaction”). A VE is essentially inert, like a film or an architect's plan, until someone acts to make a film or build a house. To get from the one to the other requires interpretation, action and imagination, in short a judicious mix of presence and absence. The implication is not simply that students learn best when they are active. Nor is it that understanding is constructed by the student, rather than a property of the environment or of messages that emanate from it. The implication of enaction as Mellet-d'Huart describes it is that a VE in which we act to learn something is in a profound sense an intimate part of ourselves. It cannot exist without us. How we are connected to it will be examined below. But first we need to look more carefully at what we really mean by “environment”.

“Umwelt”

The biologist Jakob von Uexküll (1934) tried to imagine how different the world must seem to different creatures. The eye of a bee or a scallop is receptive to different frequencies of light than our own. A scallop's “eyes” are arrayed around the rim of its shell. A bees eyes are multi-faceted. What they see, and any image they construct of the world, must therefore be very different from what we see. Likewise, animals whose knowledge of the world is derived mostly from sound rather than sight, like cetaceans or bats, must also have a very different sense of the world than we do. Von Uexküll called each creature's construction of the environment its “Umwelt”, the German word for “environment”. (For the rest of this paper, I will use “Umwelt” to refer to the environment as known by individuals, and “environment” to mean the real world on which Umwelt only opens a small window.)

There are a number of influences that work on the construction of Umwelt. As we have seen, a person's Umwelt is determined partly by biology. The bandwidth available to humans to interact with the environment is limited by the human sensory system and different in varying degrees from that available every other creature. Each person's Umwelt therefore has elements in common with everyone else's, because we belong to the same species. While humans' Umwelten converge because of biology, they diverge under the influence of cognitive and cultural processes. Each person's Umwelt is cognitively idiosyncratic. We have all had different experiences in our lives, have learned unique things, and know the world differently from each other. Also, Umwelt is shaped by culture. From birth, each of us interprets experience through the accumulated sciences, myths, beliefs and forms of expression of the society that surrounds us.

The biological, cognitive and cultural influences on the development of Umwelt require us, again, to look much further than we have in order to understand how VR, or any other educational technology or strategy for that matter, can help students understand the world. The biological constraints on our interactions with the environment can be eased somewhat through the use of instruments that extend our senses, like telescopes, microscopes, x-rays and MRI equipment. We have argued elsewhere (Winn & Windschitl, 2001) that a VE can extend our sensory bandwidth in a similar way by acting as a virtual instrument. The cognitive constraints can be reduced by technologies that help us reason, either by off-loading cognitive effort onto the environment (Scaife & Rogers, 1996) or by providing external supports for reasoning, which Jonassen (1996) has called “Mindtools”. Finally, the cultural limits on Umwelt development have been quite thoroughly penetrated by the World Wide Web. The conclusion this leads to is that while VR can help a student learn by extending Umwelt, it cannot do so effectively alone. 

Coupling

Mellet-d'Huart's (2004) idea of enaction and the subsequent inseparability of student from Umwelt requires closer examination. How are the two connected? To say they interact implies that the student and the Umwelt are separate and communicate through some kind of interface. Clark (1997) has called this kind of relationship to the environment “catch and toss”, where the student first catches some information from the environment, processes it, and tosses it back. This is certainly not the idea behind enaction. Another approach is to think of the student as embedded in the environment (Winn, 2003). This captures the idea of interdependence, but suggests that the student is passive, carried along as it were by the environment's behavior. Van Gelder (1997) has suggested that “coupling” is the best way to think about the relationship between student and Umwelt. The following discussion draws extensively on his ideas.

Van Gelder (1997, p. 437) writes, “...two variables are coupled when the way each changes at any given time depends directly on the way the other is at that time.” [Italics in the original.] There are three key ideas in this statement. The first is that the two variables are mutually interdependent. The second is that the influence of one on the other is instantaneous. The third is that coupling is concerned with the way variables change, not their end or intermediate states. In other words, coupling is intimately concerned with the system's dynamics. Van Gelder's illustration of coupling, thus conceived, is the Watt Governor, developed by James Watt in the eighteenth century to make steam engines run at a constant speed. The Governor consists of a rotating shaft, driven by the engine, onto which are attached two weighted arms. These are hinged at the top to let them swing out as centrifugal force increases with the speed of the engine, or to fall back as engine speed drops. The arms are connected in turn to a collar around the shaft that is coupled to the engine's throttle valve, such that as they swing out when speed increases they close the valve, and open it as they fall when speed decreases. The Watt Governor meets the three criteria for coupling perfectly.  The Governor and the throttle are mutually interdependent. The influence of each on the other is instantaneous. The result of the coupling is a change in the dynamics of the entire system, a rapid and predictable convergence on a stable state – the constant speed of the engine.

Coupling in a physical system like the Watt Governor may seem a long way from our discussion of learning and VR. However, Van Gelder uses his example to make two further points. First, the Governor is not a computational device. Another way to control the engine would be to measure its speed with a tachometer, compute the difference between the measured speed and the desired speed, use that value to compose some kind of instruction to the throttle, send the instruction, and measure the engine's speed again. This approach would require that information be represented symbolically and that an algorithm be applied to compute new information. Van Gelder's point is that systems in which variables are coupled in this way use neither representations of information or algorithms. Second, therefore, the appropriate framework within which to develop and study learning systems is dynamical system theory.

How might this apply to human activity? Clark (1997, p. 163) offers an example, which he calls “continuous reciprocal causation”, when he invites us to imagine trying to catch a hamster with a pair of tongs. As with the Watt Governor, the actions of the hamster and of the person wielding the tongs are interdependent, instantaneous and dynamic. At no one time can we say that the hamster's attempts at evasion cause us to move the tongs in a particular way, nor that the way we use wield the tongs causes the hamster to act the way it does. 

Summary

It is harder to look ahead with certainty than to look back. In this section, however, we have looked at some emerging ideas about learning environments and how VR might fit into the picture they paint. The most important issue is the idea of coupling the student to an Umwelt, which is a limited and idiosyncratic yet changing view of the environment, whether virtual or real. Coupling requires us to consider the student and the Umwelt as one dynamic system, not two interacting ones, in which presence and absence are kept in sufficient balance for the system to thrive and grow. Coupling also places a heavy emphasis on action without which no learning can take place. This conceptual framework requires that we consider the role of VR somewhat differently, both as we build applications and as we study their effectiveness.

New Directions: A Systemic View

All that we have looked at points to the conclusion that we have thought of VR too narrowly in both application and research. This is because we have seen it, first, just as a new kind of interface to computers and, second, as an amplifier of normal experiences that have been difficult to create artificially. The view of learning sketched in the preceding section suggests that learning in VEs is unlikely to succeed if it takes place in isolation from other learning environments or from learning strategies that VR does not support well. What is more, there are issues related to all learning in any environment that must supercede concern for the specific concerns about learning in VEs. We must place VR in a wider context and consider it is part of the student-Umwelt system along with everything else. That said, the particular characteristics of VR, such as immersion and the inducing of presence, can be put to use in support of learning systems conceived more broadly. In this concluding section, we look at how this might happen in applications of VR to learning and in research on its effectiveness.

Applications

The first consideration is largely technical. A developing but still under-used application of VR is “mixed reality” – a more comprehensive term than “augmented reality”. Here, the student is not completely immersed in a VE. Rather, virtual elements are mixed with the real environment in a variety of ways using a variety of display techniques to amplify, cue or clarify what the student is experiencing. This can be as simple as seeing animations of chemical processes “pop up” as you read a textual description of protein structure and function (Chen, 2005), or as complex as witnessing past events in a heads-up display as you visit the places where they actually occurred (Feiner, 2002). In both of these examples, VR technology is used to connect the physical to the conceptual world. In the first case, it does this by reifying molecular processes at radically altered spatial scales, overcoming the inability of the student to do so unaided, and showing them when the student turns to the page that they accompany. In the second case, which requires a wearable computer and a GPS tracking system so that the computer knows where the user is and therefore what to display, the user is physically present in a real world that engages all the senses, and simultaneously experiences re-created events from another time. In neither case is the sense of presence in the computer-created part of the environment very high. Indeed, experience of the real world is more important in both cases. What is important is the way in which both the real and the artificial interact in a balanced way under the control of the student actions, whether turning a page or walking around.

A second consideration is curricular and concerned with how VR can best be used with other pieces of a large instructional system, such as a course. Yen-Ling Lee is currently studying how expert and novice teachers and expert and novice oceanographers construct lesson plans around a simulation of physical oceanography. One of her most interesting (and as yet unpublished) findings is that content experts take a more systemic view of the potential usefulness of VR in their courses. Their superior familiarity with the subject matter makes it easy for them to spot the shortcomings of the simulation and to compensate for these with other ways of presenting information to students, other activities for students to do, and things they might do themselves to fill in the gaps. Further, expert oceanographers are also more familiar with modeling and simulation than novices, and use Lee's VE to talk about the value and shortcomings of models as part of the content they plan to teach. 

A third consideration when designing applications of VR is that it can allow the student to experience the world from someone else's point of view. In this way, it can break both the cognitive and cultural constraints acting on the creation of a student's Umwelt. This requires the creation of an entire environment that represents, for the user, a completely altered view of the world. Brenda Laurel's “Placeholder” (Laurel et al., 1994) is a fine example. Placeholder is a VE in which two people improvise drama based on the characteristics of totemic creatures and myths of native Canadian culture. Each person can assume the persona of one of four characters, crow, spider, fish or snake. Placeholder alters the person's sensory experiences to match those of the creature who he has become. For example, snake sees in the infra red part of the spectrum, and thus in the dark. This makes snake the only creature who can see well in a cave that is one of the settings in which the drama unfolds. Control over movement in Placeholder is also matched to each creature's capabilities. For example, crow has a tracker on each hand and “flies” by flapping his “wings”. Also, each creature's voice is altered to match how we would expect it to sound. Snake sounds sibilant. Since the dynamics of Placeholder comes from people improvising actions within roles, it is a good example of how a complex technology-based system can be actualized through people's imaginations working with the affordances of the artificial environment in which they find themselves.

These three examples of VR applications are quite different from each other. But each embodies in its own way a broader, systemic view of VR. Mixed reality technology tightly couples physical and artificial realities. Bringing VR to a real classroom requires that it be considered as part of a larger learning system, something that it is easier for content experts to do than novices. Placeholder shows us that it is possible to build a complete set of experiences using just VR technology, but to do so requires careful attention to all aspects of those experiences which is both challenging and time consuming.

Research

Most research on the effectiveness of VR for learning has either used controlled laboratory experiments or observations in classes. Neither of these is entirely satisfactory. Controlled experiments cannot examine the complex behavior of all the coupled variables in a dynamic system. Observations in the field usually lack the rigor that quantitative analysis can bring to research. Yet the research questions that we must ask concern precisely the behaviors of student-Umwelt systems, which we have seen to be complex and dynamic. Following Van Gelder's (1997) lead, we need to think of ways to apply the techniques of systems analysis to the study of VR. At first, this may seem a daunting task. Writing systems of differential equations that describe the dynamics of learning is next to impossible, let alone solving them analytically. Even so, our research into VR should at least be guided by what we already know about the properties of complex systems. 

First we can expect that what students learn will be emergent, meaning that it will not be predictable if we only know the component skills, concepts and principles the student has mastered. We must look for emerging patterns of behavior in as complete a record of a student's activity in the learning environment as we can create. In all our studies, we log and time-stamp every action the student takes in the VE, look for emerging patterns of events and triangulate the inferences we draw from these patterns with other data sources. A great many useful insights can arise from this kind of analysis, including where students encounter difficult (they slow down), where they are guessing (they repeat the same or similar operations over and over, often randomly), and when an a new conception forms (they rapidly try variations on the preceding successful action).

Second, we must expect students' understanding to be self organizing. Dynamic systems, with the exception of chaotic ones, move naturally and inevitably towards a stable state. This is true in learning whether the student-Umwelt system is changing so as to conform to some external criterion or is diverging from it. Most students can explain something to themselves even if it wrong, which is why unguided discovery learning does not work (Mayer, 2004) and why it is necessary to carefully scaffold learning in VEs by means of additional teaching and learning strategies. Continuous monitoring of student activity in a VE and corrective interventions when appropriate improve the learning experience.

Third, learning systems are hierarchical. We need to look at the different levels at which they operate and move easily among the levels as we conduct our research. This requires a continual “zooming in” on details of the system's behavior and “zooming out” to the details' context (Roth, 2001). This kind of examination will often reveal top-down causality, another feature of dynamic systems. Some behaviors emerge from their components. Others are determined by the overall state of the system. What a student understands about the theory of evolution, for example, may just as well be explained by the epistemological stance of the culture or community as by the student's understanding of reproduction, mutation or genetic drift. Often a misconception in a student's “big picture” of the content makes it impossible to learn particular concepts. One student working in our oceanography VE thought that water in fjords was saltier than that in the open ocean because the salt was concentrated through evaporation. In fact the water is less salty because fresh water flows in from rivers. This overall misconception prevented the student from making sense of the details he was observing in the VE.

Finally, we must expect the behavior of the student-Umwelt system to be difficult to predict. Systems that rapidly settle into stable states contain little information and exhibit simple behavior. Their stability precludes the changes that are necessary for learning to occur. Significant changes to a dynamic system can only occur when their behavior is sufficiently complex, at the “edge of chaos” (Beatty, 1995). The closer a system moves towards a chaotic state, the more sensitive it becomes to its initial condition. Thus, while still completely determined, the behavior of a dynamic system capable of significant learning is difficult to predict. This requires that we be extra vigilant about inducing misconceptions and bad habits in students learning in VEs. We have already seen a couple of cases where this has happened in our work.

Summary

To take a systemic view of the application and study of VR in learning may seem to be a somewhat feeble conclusion to this paper. Yet it has some fearsome implications that we have only touched on in our discussion. There is a tendency among scientists and engineers not just to think of innovations in terms of what they will replace, but to expect them to do everything that is even remotely connected with their intended function. The claims for VR have often fallen into this trap. We have seen that VR can indeed do better some of the tasks performed by technologies it can replace. But we have also seen evidence that its efficacy in this may be more limited than we hoped. We have also examined how learning takes place in a coupled student-Umwelt system, which not only opened our eyes yet again to the limitations of VR, but insisted that we discover how it works with alongside other ways of helping students to learn. Once we begin to see VR as one part among many in a learning system, its truly unique contributions will become clearer. These contributions will likely include the judicious mixing of the real world and artificial worlds, the creation of both real and imagined experiences – presence and absence, VR's placement in curricula under guidance from content experts, and its ability to show startling and compelling new views of the world, as in Placeholder. We must also work hard to find ways of applying the ideas and methods of systems dynamics to our study of VEs. That ground has been broken and cultivating it productively will be hard. But it is certainly worth our while to try.

References

Arthur, E., Hancock, P., & Telke, S. (1996). Navigation in virtual environments. Proceedings of the SPIE – International Society for Optical Engineers, 2704, 77-85

Barab, S.A., Hay, K.E., Squire, K., Barnett, M., Schmidt, R., Karrigan, K., Yamagata-Lynch, L., & Johnson, C. (2000). The virtual solar system: Learning through a technology-rich, inquiry-based, participatory learning environment. Journal of Science Education and Technology, 9, (1), 7-25.

Beatty, I.D. (1995) Neural network dynamics, complexity and cognition. University of Massachussetts Physics Education Research Group. Retrieved from http://umperg.physics.umass.edu/perspective/neuralNet/

Bricken, M. (1991). Virtual worlds: No interface to design. In M. Benedikt (Ed.), Cyberspace: First steps. Cambridge MA: MIT Press.

Byrne, C. (1996). Water on tap: The use of virtual reality as an educational tool. Ph.D. Dissertation, College of Engineering, University of Washington, Seattle.

Chen, Y-C. (2005, April). Usability testing of the Protein Magic Book. Paper presented at the Annual Meeting of the American Educational Research Association, Montreal, Quebec.

Clark, A. (1997). Being there: Putting brain, body and world together again. Cambridge MA: MIT Press.

Dede, C., Salzman, M., Loftin, R. B. & Ash, K. (1997). Using virtual reality technology to convey abstract scientific concepts. In M. J. Jacobson & R. B. Kozma (Eds.) Learning the sciences of the 21st century: Research, design and implementing advanced technology learning environments. Mawah NJ: Erlbaum.

Feiner, S.K. (2002). Augmented reality: A new way of seeing. Scientific American, 289 (April), 50-55.

Fjeld, M., Juchli, P., & Voegtli, B.M. (2003): Chemistry Education: A Tangible Interaction Approach. Proceedings of INTERACT 2003, pp. 287-294. 

Furness, T.A., Winn, W.D., & Yu, R. (1997). The impact of three dimensional immersive virtual environments on modern pedagogy. Seattle WA: Human Interface Technology Laboratory.  

Hoffman, H. (2004). Virtual reality therapy. Scientific American, 291 (August), 58-65.

Jonassen, D.H. (1996). Computers in the classroom : Mindtools for critical thinking.  Englewood Cliffs, NJ: Merrill.

Laurel, B., Strickland, RF., & Tow, R. (1994). “Placeholder”: Landscape and narrative in virtual environments. ACM Computer Graphics Quarterly, 28 (2), 118-126.

Lee, Y-L (2005, April). A comparison of learning in immersive virtual reality and print learning environments about oceanography. Paper presented at the Annual Meeting of the American Educational Research Association, Montreal, Quebec.

Loftin, B., & Kenney (1994, November). Virtual environments in training: NASA’s Hubble Space Telescope mission. Presented at the 16th Interservice/Industry Training Systems and Education Conference, Orlando, FL. Retrieved from http://www.vmasc.odu.edu/vetl/html/Hubble/hubble.html  

Mayer, R.E. (2004). Should there be a three-strikes rule against pure discovery learning? American Psychologist, 59, 14-19.

McLellan, H. (1996). Virtual realities. In D. Jonassen (Ed.), Handbook of Research for Educational Communications and Technology. New York: Macmillan.

McCloy, R., & Stone, R. (2001). Science, medicine and the future: Virtual reality in surgery. British Medical Journal, 323, 912-915.

Mellet-d'Huart, D. (2004). De l'intention à l'attention: Contributions à une démarche de conception d'environnements virtuels pour apprendre à partir d'un modèle de l(én)action. Ph.D. Dissertation, Université du Maine.

Moreno, R., & Mayer, R.E. (2002). Learning science in virtual reality multimedia environments: Role of methods and media. Journal of Educational Psychology, 94, 598-610.

Morrissey, M. (1996). Virtual reality: An industry user’s perspective. IEE Colloquium on virtual reality – user issues (Digest No 96/068). London: IEE.

Roth, W-M. (2001). Situating cognition. The Journal of the Learning Sciences, 10, 27-61. 

Scaife, M., & Rogers, Y. (1996). External cognition: How do graphical representations work? International Journal of Human Computer studies, 45, 185-213.

Schlager, M., Bowman, D., & Piantanida, T. (1993). Virtual environment systems for maintenance training. Volume 3 – Cost-effectiveness analysis. Palo Alto CA: SRI International.

Shelton, B., & Hedley, N. (2002, September). Using augmented reality for teaching earth-sun relationships to undergraduate geography students. Presented at the First IEEE International Augmented Reality Toolkit Workship, Darmstadt, Germany.

Van Gelder, T. (1997). Dynamics and cognition. In J. Haugelund (Ed.), Mind design II: Philosophy, psychology and artificial intelligence. Cambridge MA: MIT Press.

Von Uexküll, J. (1934). A stroll through the worlds of animals and men. In K. Lashley (Ed.), Instinctive behavior. New York: International Universities Press.

Waterworth, J.A. & Waterworth, E.L. (2003). The meaning of presence. Presence-Connect, 3(3). Posted 13-02-2003.

Winn, W.D. (1993). A conceptual basis for educational applications of virtual reality. Human Interface Technology Laboratory Technical Report. Seattle, WA: Human Interface Technology Laboratory.

Winn, W.D. (2003). Learning in artificial environments: Embodiment, embeddedness and dynamic adaptation. Technology, Instruction, Cognition and Learning, 1, 87-114.

Winn, W.D., Hoffman, H., Hollander, A., Osberg, K., Rose, H., & Char, P. (1999). Student-built virtual environments. Presence: Teleoperators and virtual environments, 8, 283-292.

Winn, W.D., & Windschitl, M. (2001). Learning science in virtual environments: The interplay of theory and experience. Themes in Education, 1 (4), 373-389.

Winn, W.D., Windschitl, M., Fruland, R., & Lee, Y.L. (2002). When does immersion in a virtual environment help students construct understanding? Proceedings: International Conference of the Learning Societies, Seattle, WA.

Youngblut, C. (1998). Educational uses of virtual reality. IDA Document Report No. D-2128. Alexandria VA: Institue for Defense Analysis.

