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Virtual reality users are susceptible to disorientation, particularly when using locomotion interfaces that lack self-motion cues. Environmental cues, such as boundaries defined by walls or a fence, provide information to help the user remain oriented. This experiment evaluated whether the type of boundary impacts its usefulness for staying oriented. Participants wore a head-mounted display and performed a triangle completion task in virtual reality by traveling two outbound path segments before attempting to point to the path origin. The task was completed with two teleporting interfaces differing in the availability of rotational self-motion cues, and within five virtual environments differing in the availability and type of boundaries. Pointing errors were highest in an open field without environmental cues, and lowest in a classroom with walls and landmarks. Environments with a single square boundary defined by a fence, drop-off, or floor texture discontinuity led to errors in between the open field and the classroom. Performance with the floor texture discontinuity was similar to that with navigational barriers (i.e., fence and drop-off), indicating that an effective barrier need not be a navigational impediment. These results inform spatial cognitive theory about boundary-based navigation and inform application by specifying the types of environmental and self-motion cues that designers of virtual environments should include to reduce disorientation in virtual reality.
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1 INTRODUCTION
Small virtual environments (VEs) can often be explored by foot, whereby physical walking through the real environment corresponds directly to movement through the VE. However, most VEs are larger than the surrounding real environment, requiring a locomotion interface in order to completely explore the VE. Locomotion interfaces have proliferated in recent years, and their diversity is captured in a database called the “Locomotion Vault” (Di Luca et al., 2021). Fundamentally, locomotion interfaces separate movement through the real environment from movement through the VE. For example, joystick locomotion typically involves a stationary user moving smoothly through the VE.
The teleporting interface is widely used in VR applications due to its ease of use (Bozgeyikli et al., 2016; Langbehn et al., 2018) and low incidence of cybersickness (Christou and Aristidou, 2017; Langbehn et al., 2018; Moghadam et al., 2018; Weissker et al., 2018). To teleport, the user selects a position (and sometimes an orientation) in the VE and is then instantly transported to that location without the visual and body-based self-motion cues that accompany real world movement. The lack of self-motion cues when teleporting reduces cybersickness, but can also cause disorientation. For example, participants in one study (Cherep et al., 2020) performed a triangle completion task in which they traveled along two outbound path segments before attempting to point to the path origin (i.e., to complete the triangle). Triangle completion errors were smallest when participants traveled the outbound path by physically walking and turning, were larger when they teleported to translate (i.e., to change position) but rotated their own bodies to turn, and largest when they teleported to change their position as well as their orientation. The latter two conditions are referred to herein as partially concordant teleporting (teleport to translate, use the body to rotate) and discordant teleporting (teleport to translate and rotate). These labels reflect the level of concordance between movement of the body and movement through the VE. The disorientation consequences of teleporting occur across multiple scales of movement (Kelly et al., 2020), and they also impact the accuracy of acquired cognitive maps (i.e., knowledge of distances and directions between environmental locations) after exploring a large-scale VE (Lim et al., 2020). This study explores whether appropriate use of boundaries might mitigate spatial disorientation.
In addition to self-motion cues, human navigators also rely on environmental cues, including boundaries and landmarks. Environmental boundaries were found to be particularly useful at reducing disorientation when using the teleporting interface (Cherep et al., 2020). Although the theory that environmental shape (commonly defined by boundaries) is processed in a dedicated module within the human mind has fallen out of favor (Cheng, 2008; Twyman and Newcombe, 2010), boundaries are undoubtedly important navigational cues (Hartley et al., 2004; Doeller and Burgess, 2008; Kelly et al., 2009; Chen et al., 2015; Zhou and Mou, 2019; Cherep et al., 2020). One reason for their importance is their ubiquitousness in the environment: the walls of a surrounding rectangular room can be seen from nearly any perspective. Animal research has identified specialized neurons, termed “boundary vector cells,” in the rodent brain which respond specifically to environmental boundaries such as walls (Lever et al., 2009). Detailed discussion of these cells can be found later in this section, but evidence indicates that humans may possess a similar representational system (Lee et al., 2018; Shine et al., 2019).
Given that boundaries can mitigate disorientation inherent in some locomotion interfaces, VE designers should be motivated to include boundaries in order to combat disorientation. One remaining hurdle before recommending this approach is that the definition of a useful boundary is unclear. Kevin Lynch’s classic architectural analysis of cities (Lynch, 1964), for example, noted that boundaries between city regions can be “hard, definite, precise” or “soft or uncertain” (p. 69). More concretely, must a boundary be defined by a vertical barrier (e.g., a wall) in order for it to positively impact navigation, or would a texture-defined boundary on the ground plane (e.g., a flooring transition) suffice? These questions are central to the current project, and research in psychology and neuroscience provides some clues to help narrow the focus.
One related study used a spatial memory task to compare the effect of boundaries that did or did not impede movement (Negen et al., 2020). Prior to the spatial memory task, participants in one condition were instructed to move their hand through a virtual wall, which showed them that it was not a navigational impediment. In another condition a plywood board was co-located with the virtual wall so that participants experienced it as a navigational barrier. Yet another condition presented a virtual wall that extended beneath a transparent floor and therefore could not impede movement. Participants then learned and later recalled locations of objects placed near the boundary. Recalled locations were biased away from all three types of boundaries (passable, non-passable, and below the floor), and the bias patterns were distinct from a fourth condition in which landmarks (specifically traffic cones) replaced the walls. These results indicate that boundaries have a similar effect on spatial cognition whether or not they are perceived as impediments to movement, and that the effect of boundaries differs from that of landmarks (i.e., the traffic cones). Although that study investigated spatial memory and not navigation, it is possible that a boundary defined by walls, a drop-off, or a texture discontinuity on the ground will all serve as effective cues for reducing disorientation in VR.
Animal neuroscience research has developed an exquisite picture of how space is represented in animal brains (Barry and Burgess, 2014). One component of this system is the boundary vector cell (Lever et al., 2009), which may also exist in the human brain (Lee et al., 2018; Shine et al., 2019). Boundary vector cells respond selectively based on the direction and distance of environmental boundaries, and likely play a key role in orienting the animal to the surrounding environment. In rodents, boundary vector cells respond strongly to walls (Lever et al., 2009), drop-offs (Stewart et al., 2014), and floor texture discontinuities (Wang et al., 2020). If humans possess a similar mechanism for representing boundaries, and if that boundary representation directly impacts spatial orientation, then one might hypothesize that walls, drop-offs, and floor texture discontinuities will all serve to reduce disorientation within the environment. Of course, extrapolating from animal neuroscience to human behavior involves many assumptions that should be approached with a good deal of caution.
In contrast to the animal research, human neuroscience research on boundaries suggests that texture discontinuities may be processed differently from navigational barriers. One study (Julian et al., 2016) used transcranial magnetic stimulation (TMS) to selectively interfere with neural activity in the occipital place area, which is centrally involved in visual scene processing. TMS negatively affected spatial memory for locations relative to walls but did not affect memory for locations relative to a texture discontinuity on the ground, indicating that texture boundaries are represented outside of the occipital place area. This does not rule out the possibility that texture discontinuities could still be useful for navigation, but it does show that texture discontinuities and walls are processed in distinct neural pathways.
Returning to disorientation in VR, boundaries defined by walls or a fence have been shown to reduce disorientation caused by the teleporting interface (Cherep et al., 2020). However, past research has not systematically evaluated whether boundaries defined in other ways, such as drop-offs or texture discontinuities on the ground, are similarly beneficial. This information would not only be useful to the VE designer interested in reducing disorientation by adding useful cues to the environment, but can also add to our understanding of how people recognize and treat something as a navigationally-relevant boundary. Therefore, the current study explored the impact of these boundaries on disorientation in VR. Participants performed a triangle completion task in five VEs varying in the available environmental cues. Participants traveled the outbound path of the triangle using two teleporting interfaces, partially concordant teleporting and discordant teleporting, which differ in the availability of rotational self-motion cues. A baseline walking condition has been used in some related studies, but was excluded here because triangle performance is much more sensitive to environment manipulations when locomotion occurs by teleporting compared to walking (Cherep et al., 2020, 2021).
2 MATERIALS AND METHODS
2.1 Participants
The desired sample size for this experiment was determined through a power analysis. This study was focused primarily on comparison across VEs containing different boundary cues, so the effect size of the VE manipulation was estimated by averaging the effect size from Experiments 2, 3, and 5 reported by Cherep et al. (2020) because those experiments compared performance between a VE with no useful cues and a VE with useful boundary cues. Only effect sizes associated with the partially concordant teleporting interface were included because the effects were smaller and thus more conservative than those associated with the discordant teleporting interface. This process yielded a d = 0.427. Using a one-tailed, paired sample t-test in G*Power, a sample size of 36 was required to achieve a power of 0.80 with an alpha of 0.05. Due to potential data loss from technical issues and outliers, the target sample was set at 40 participants.
A total of 40 individuals (19 men, 21 women) participated in the experiment in exchange for a gift card worth 16 US dollars. Participants were recruited through a mass e-mail to students at Iowa State University. To be eligible, participants were required to be 18 years or older, able to walk short distances, and without history of photosensitive seizures.
2.2 Design
The study followed a 2 (interface: partially concordant teleporting or discordant teleporting) by 5 (VE: open field, drop-off, fence, texture, or classroom) within-participant design. Participants completed two blocks of trials corresponding to the two interfaces, and block order was counterbalanced. Within each interface block, participants completed five blocks of trials corresponding to the five VEs. VE block order was counterbalanced using a balanced Latin square, and the same VE block order was used for the two interface blocks. Within each VE block, participants completed 8 triangle completion trials corresponding to 8 unique path turn angles (see below). Each participant completed 80 triangle completion trials in total.
Triangle completion paths were defined by a sequence of three vertical posts, green, yellow, and red. For each combination of interface and VE, participants performed 8 triangle completion trials corresponding to 8 unique turn angles (−135°, −101.25°, −67.5°, −33.75°, +33.75°, +67.5°, +101.25°, and +135°). Turn angle was manipulated in order to prevent stereotyped responses. Order of turn angle presentation was randomized within each block. Path leg length was randomly selected on each trial from a range of 1.4–2.0 m. Green post locations were randomly selected from 8 possible locations arranged in an elongated ring, shown in the bottom-center panel of Figure 1. Yellow post locations generally led the participant toward the center of the space, and red post locations generally led the participant back out from the center. Two sample paths are depicted in Figure 1.
[image: Figure 1]FIGURE 1 | Top row shows screenshots of the open field VE (left), drop-off VE (center), and texture VE (right). Bottom row shows screenshots of the fence VE (left) and classroom VE (right), as well as a top-down view of the triangle completion stimuli (center). The screenshots show views from outside of the space used in the triangle completion task. The top-down view shows all possible locations of the green post, as well as two sample trials marking the locations of the yellow and red posts.
2.3 Stimuli
Virtual environments were experienced through an HTC Vive head-mounted display (HMD) outfitted with a Vive Deluxe Audio Strap. The HMD was wirelessly connected to a gaming capable PC. The experiment took place within a 6 by 7 m research lab that was mostly empty except for equipment and small furniture placed at the edges of the room.
There were two teleporting interfaces used to travel the outbound path when performing the triangle completion task. Task videos showing the two interfaces are available on the Open Science Framework (https://osf.io/ckua3/). To travel using the partially concordant teleporting interface, the participant teleported to translate (i.e., to change position) and turned the body to rotate. Pressing and holding the touch-pad button on top of the controller caused a small white ring to appear on the ground plane of the VE (see Figure 2A), connected to the controller by a thin red line (similar to a laser pointer). Pointing the controller changed the position of the circle on the ground plane. Once the participant had selected their intended position in the VE, releasing the touch-pad button caused the participant to be instantly teleported to that location without any translational self-motion cues. Rotating in the VE was accomplished by rotating the body, which generated body-based and visual self-motion cues normally associated with rotation.
[image: Figure 2]FIGURE 2 | (A): To use the partially concordant teleporting interface, the participant positioned the concentric white circles to match the position of the post. (B): To use the discordant teleporting interface, the participant positioned and oriented the magenta ring to match the position and orientation of the green post and the arrow at the base of the post.
When using the discordant teleporting interface, the participant traveled the outbound path of the triangle by teleporting to translate and rotate. When pressing and holding the touch-pad button on the controller, a magenta circle with an arrow on one side appeared on the ground plane (see Figure 2B), connected to the controller by a thin red line. Pointing the controller changed the position of the circle, and sliding the thumb around the edge of the circular touch pad changed the orientation of the circle. In this way, the participant selected their intended position and orientation within the VE. Upon releasing the touch-pad button, the participant was instantly teleported to the selected position and orientation with no associated self-motion cues.
The VEs were built in Unity. Screenshots of the 5 VEs are shown in Figure 1. The open field VE contained a large (90 m diameter) grass circle, beyond which was a brown dirt texture extending to the horizon. The fence VE added a 9 by 9 m square white fence (0.75 m tall) to the grass ground plane. The texture VE added a 9 by 9 m square on top of the grass ground plane. The square was textured with a wood flooring pattern that was flush with the ground plane. The drop-off VE included the same wood-textured square, except the square was elevated above the grass ground plane by 2.5 m, creating a drop-off at the edges of the square. The classroom VE (previously used in other similar studies; (Cherep et al., 2020)) displayed a 9 by 9 m room with typical classroom objects, such as windows, a door, and a blackboard. Tables and chairs that would normally be arranged in the center of a classroom were moved to the walls of the room, leaving the center of the room open for the triangle completion task. A practice VE, which was used to give participants an opportunity to familiarize themselves with the task and the interfaces, contained an endless ground plane textured with a grid pattern.
The path used for triangle completion was defined by a sequence of semi-transparent vertical posts, each 1 m tall and 0.25 m in diameter. Arrival at the first post triggered the disappearance of that post and the appearance of the next post in the sequence, and so on until reaching the third post. A green post marked the start of the path (i.e., the path origin), a yellow post marked the end of the first path leg, and a red post marked the end of the second path leg. At the base of each post was a blue arrow pointing to the location of the next post in the sequence. An example of the blue arrow can be seen at the base of the green post in Figure 2. In this example, the blue arrow at the base of the green post points in the direction of the yellow post, which is the next post in the path sequence. The blue arrow was necessary in order to give participants a target orientation when using the discordant teleporting interface (i.e., the post location specified their target location and the blue arrow specified their target orientation). The blue arrow at the base of the red post pointed in the same direction as the arrow at the base of the yellow post. The blue arrow was not necessary when using the partially concordant interface, but it was provided in order to avoid a potential confound. The blue arrow was not expected to provide a useful global orientation cue for performing the task: its orientation differed from the green post to the yellow post, it was only visible until the participant arrived at the post, and its orientation varied across trials (since each triangle completion trial used a different configuration of post locations).
2.4 Procedure
Upon arrival at the research lab, the participant completed the informed consent form as well as a COVID-19 screening form. The researcher then provided a basic description of the triangle completion task and the two teleporting interfaces.
The researcher assisted the participant with donning and adjusting the HMD. The participant first experienced the training VE, where the participant practiced at least three trials of the triangle completion task following the researcher’s instructions. The participant’s task was to travel to a sequence of three posts and then, while standing at the location of the third post, to point to the unseen location of the first post (i.e., to complete the triangle). At the start of each trial, a green post appeared marking the location of the path origin. The participant then traveled to the location of the green post, which disappeared on arrival. Next, a yellow post appeared marking the end of the first path leg. The yellow post disappeared on arrival, and a red post appeared marking the end of the second path leg. The red post disappeared upon arrival and the participant then attempted to point to the location of the path origin (i.e., the green post) by positioning a small blue disk on the ground plane. The disk was connected to the controller by a thin red line. The participant pulled the trigger on the controller to log their response, and the researcher then pressed a key to advance to the next trial. Performance-based feedback was never provided. Participants typically spent less than 5 minutes performing practice trials within the training VE.
Once the participant was comfortable with the task and the teleporting interface, the researcher loaded the first of the five experimental VEs. Upon entering each VE, the researcher instructed the participant to briefly walk around to visually inspect the VE. This was done to ensure that the participant experienced and understood the spatial layout of the boundary (e.g., that the wood floor in the drop-off VE was elevated above the grass). While walking, the researcher described the key features of the VE and confirmed that the participant understood. For example, in the drop-off VE the researcher stated, “The grass is several feet below the wooden platform that you are standing on.” The participant then returned to the center of the lab and began the triangle completion task.
After completing eight trials in each VE, the participant was placed back into the practice VE to practice using the other teleporting interface, after which they repeated the same process in each of the five experimental VEs. Participation lasted up to 1 hour.
3 RESULTS
Two participants (1 man, 1 woman) did not complete all conditions of the experiment within the allotted time and their data were therefore excluded prior to analysis. Analyses were conducted using data from the remaining 38 participants (18 men, 20 women). All data are provided on the Open Science Framework (https://osf.io/ckua3/).
There are numerous ways to quantify triangle completion performance based on two-dimensional pointing responses. A detailed understanding of the responses is provided by separately analyzing the directional (i.e., angular) component of the response from the distance (i.e., axial) component of the responses. For example, error in perceived facing direction (e.g., misperception of the turn angle on the outbound path) will lead directly to angular error in the pointing response. On the other hand, error in encoding perceived travel distance (e.g., overperception of the outbound path distance) will lead to axial error in the pointing response. Therefore, the analyses focus on these two primary components of pointing error, angular error and axial error.
Travel time (the time elapsed between the start of a trial and when the participant reached the red post) and response time (the time elapsed between arrival at the red post and completion of the pointing response) were also analyzed but are not reported here in detail. In general, these measures responded little to the experimental manipulation of VE and primarily reflected the greater difficulty associated with the discordant teleporting interface through slower travel time and slower response time.
3.1 Absolute Angular Error
Absolute angular error was defined as the absolute angular deviation between the direction of the response and the direction of the path origin, relative to the participant’s location at the end of the path (i.e., the red post). This variable captures the directional component of the participant’s response, irrespective of the response distance. Visual inspection of signed angular error revealed no notable overall bias toward leftward or rightward responses, nor differences in bias across conditions, so the emphasis is on absolute angular error.
Absolute angular errors were not normally distributed, so a log transformation was used to remove skewness from the data (Osborne and Costello, 2008).1 The result was a more normal distribution with minimal skewness and more similar variances across conditions compared to the untransformed data. Figure 3 shows average untransformed absolute angular error. Plots showing log-transformed data are available on the Open Science Framework (https://osf.io/ckua3/). All participants were within three standard deviations of the log-transformed mean error, so all were included in the analyses.
[image: Figure 3]FIGURE 3 | Mean untransformed absolute angular error shown separately by condition. Higher values correspond to greater error (i.e., worse performance). Error bars represent +/−1 SEM. Asterisks represent significant differences using repeated contrasts. Note that not all possible pairs were tested, see Section 3.1 for details.
Analyses using non-parametric tests on the untransformed data and parametric tests on the log-transformed data led to similar conclusions. For example, comparisons of performance between pairs of VEs led to identical conclusions when conducted using Wilcoxon signed-rank tests with untransformed data and t-tests with log-transformed data. Only the results of parametric tests on log-transformed data are reported here. Unless stated otherwise in the analyses below, all analysis of variance (ANOVA) assumptions were tested and confirmed.
Absolute angular error was analyzed in a 2 (sex) by 2 (interface) by 5 (VE) mixed ANOVA. Primary findings from this analysis and from follow-up tests are summarized in Table 1. The effect of order was not significant and is therefore excluded from the reported analyses. Mauchly’s test of sphericity was violated for the VE variable, so the analysis proceeded using a Greenhouse-Geisser correction for comparisons involving VE. The main effect of interface was significant, F(1,36) = 27.642, p < 0.001, [image: image] = 0.434, with larger errors associated with the discordant teleporting interface (M = 46.951, SE = 6.531) compared to the partially concordant interface (M = 23.201, SE = 2.040). The main effect of VE was also significant, F(3.140,113.037) = 28.486, p < 0.001, [image: image] = 0.442, along with a significant interaction between between VE and interface, F(3.674,113.037) = 6.7824, p < 0.001, [image: image] = 0.159. Details of this interaction are further explored below. The main effect of sex was also significant, F(1,36) = 5.615, p = 0.003, [image: image] = 0.219, with men (M = 24.167, SE = 4.126) performing better overall than women (M = 44.894, SE = 6.158). A more detailed figure with men and women plotted separately is available on the Open Science Framework (https://osf.io/ckua3/). No other interactions were significant.
TABLE 1 | Summary of key findings from the statistical analyses. For repeated contrast results, OF, open field; DO, drop-off; F, fence; T, texture; and C, classroom.
[image: Table 1]Repeated contrasts comparing pairs of VEs were conducted separately for the two interfaces, in light of the significant interaction between interface and VE. When using the discordant interface, errors in the open field VE were significantly higher than those in the drop-off VE, which produced the next-highest errors, F(1,37) = 4.339, p = 0.044, [image: image] = 0.105. Errors in the drop-off VE were significantly larger than those in the fence VE, F(1,37) = 7.036, p = 0.012, [image: image] = 0.160, which did not differ from the texture VE, F(1,37) = 0.630, p = 0.433, [image: image] = 0.017. The classroom VE led to the lowest errors, which were significantly lower than those in the texture VE, F(1,37) = 28.017, p < 0.001, [image: image] = 0.431.
When using the partially concordant interface, repeated contrasts showed that errors in the open field VE did not differ from those in the drop-off VE, which did not differ from the fence VE, which did not differ from the texture VE, ps >0.114. Errors in the classroom VE were significantly smaller than those in the texture VE, F(1,37) = 17.240, p < 0.001, [image: image] = 0.318.
Finally, errors were larger when using the discordant teleporting interface compared to the partially concordant interface in the open field, drop-off, fence, and texture VEs, ps <0.003, but did not significantly differ in the classroom VE, t(37) = 1.767, p = 0.085.
3.2 Absolute Axial Error
Absolute axial error was defined as the absolute value of the difference between the response distance and the distance to the green post (i.e., to the path origin), divided by the distance to the green post. This variable captures the accuracy of the distance component of the participant’s response, irrespective of the angular component, and is scaled relative to the correct distance. Larger values represent greater axial error.
Absolute axial errors were not normally distributed, so a log transformation was used to remove skewness from the data (Osborne and Costello, 2008).2 The result was a more normal distribution with minimal skewness and more similar variances across conditions. Figure 4 shows average untransformed absolute axial error. Plots showing log-transformed data are available on the Open Science Framework (https://osf.io/ckua3/). All participants were within three standard deviations of the log-transformed mean error, so all were included in the analyses.
[image: Figure 4]FIGURE 4 | Mean untransformed absolute axial error shown separately by condition. Higher values correspond to greater error (i.e., worse performance). Error bars represent +/−1 SEM. Asterisks represent significant differences using repeated contrasts. Note that not all possible pairs were tested, see Section 3.2 for details.
Absolute axial error was analyzed in a 2 (sex) by 2 (interface) by 5 (VE) mixed ANOVA. Primary findings from this analysis and from follow-up tests are summarized in Table 1. The effect of order was not significant and is therefore excluded from the reported analyses. Mauchly’s test of sphericity was violated for the VE variable, so the analysis proceeded using a Greenhouse-Geisser correction for comparisons involving VE. The main effect of interface was significant, F(1,36) = 74.286, p < 0.001, [image: image] = 0.674, with larger errors associated with the discordant teleporting interface (M = 0.480, SE = 0.034) compared to the partially concordant teleporting interface (M = 0.321, SE = 0.028). The main effect of sex was also significant, F(1,36) = 6.762, p = 0.013, [image: image] = 0.158, as was the interaction between interface and sex, F(1,36) = 10.508, p = 0.003, [image: image] = 0.226. Women had larger axial errors overall than did men, but this difference was exaggerated when using the partially concordant interface compared to the discordant interface. A more detailed figure with men and women plotted separately is available on the Open Science Framework (https://osf.io/ckua3/). The main effect of VE was also significant, F(2.931,105.531) = 19.401, p < 0.001, [image: image] = 0.350, along with a significant interaction between between interface and VE, F(3.238,116.575) = 6.917, p < 0.001, [image: image] = 0.161. Details of this interaction are further explored below.
Repeated contrasts comparing pairs of VEs were conducted separately for the two interfaces, in light of the significant interaction between interface and VE. When using the discordant interface, errors in the open field VE were significantly larger than those in the drop-off VE, which produced the next-highest errors, F(1,37) = 10.815, p = 0.002, [image: image] = 0.226. Errors in the drop-off VE were significantly larger than those in the fence VE, F(1,37) = 6.459, p = 0.015, [image: image] = 0.149, which did not differ from the texture VE, F(1,37) = 0.920, p = 0.344, [image: image] = 0.024. The classroom VE led to the lowest errors, which were significantly lower than those in the texture VE, F(1,37) = 27.254, p < 0.001, [image: image] = 0.424.
When using the partially concordant interface, repeated contrasts showed that errors in the open field VE were worse than those in the drop-off VE, F(1,37) = 7.076, p = 0.011, [image: image] = 0.161. Errors in the drop-off VE did not differ from those in the fence VE, which did not differ from the texture VE, which did not differ from the classroom VE, ps >0.23.
Finally, errors were larger when using the discordant teleporting interface compared to the partially concordant interface in the open field, drop-off, fence, and texture VEs, ps <0.001, but did not significantly differ in the classroom VE, t(37) = 0.955, p = 0.346.
4 DISCUSSION
Considering the collective results from the angular and axial errors reported above, the effect of VE on triangle completion performance was mostly similar across the two teleporting interfaces, with some small but important deviations. Across both teleporting interfaces, the open field VE generally led to the worst triangle completion performance, the classroom VE generally led to the best triangle completion performance, and the drop-off, fence, and texture VEs fell in between the open field and the classroom. One exception was the absolute angular error measure when using the partially concordant teleporting interface, where the open field was no worse than the single-boundary VEs (i.e., drop-off, fence, and texture VEs), although the numerical trend was consistent with predictions. Angular errors were generally smaller when using the partially concordant interface, and so participants apparently benefited less from the direction cues provided by the environmental boundaries. The finding that the open field and classroom VEs generally led to the worst and best performance, respectively, is not especially surprising. The open field possessed no orientation cues (boundaries or landmarks) and the classroom contained more orientation cues than any of the other VEs. Although past research has shown that the classroom VE leads to better performance than the open field VE (Cherep et al., 2020, 2021), the current study adds new data comparing boundaries defined by a fence, drop-off, and texture.
Triangle completion performance in the drop-off, fence, and texture VEs, all of which contained a single square boundary, generally fell in between the open field and classroom VEs. When using the partially concordant teleporting interface, the drop-off, fence, and texture VEs all produced comparable performance. However, when using the discordant teleporting interface, the drop-off VE was worse than the fence and texture VEs. This is surprising for a couple of reasons. First, the drop-off VE is quite similar to the texture VE: both are defined by a wood ground texture within the square boundary and grass ground texture beyond. The key difference is that the grass and wood textures are on the same plane in the texture VE, whereas the grass texture lies below the level of the wood texture in the drop-off VE. The drop-off VE therefore provides an additional cue defining the square boundary, which furthermore represents a navigational impediment. Given that the drop-off VE contains an extra boundary cue compared to the texture VE, it is unclear why the drop-off VE led to worse performance than the fence VE and the texture VE when using the discordant teleporting interface.
The texture VE led to performance that was no worse than and occasionally better than performance in the fence VE and the drop-off VE. This provides clear evidence that texture-defined boundaries can be as effective as boundaries that impede navigation. This finding echoes other human behavioral research reporting that boundaries do not need to impede movement in order to be useful cues for spatial memory (Negen et al., 2020). The current findings are also in alignment with animal neuroscience research showing that boundary vector cells in the rodent brain respond to texture boundaries as well as walls and drop-offs (Lever et al., 2009; Stewart et al., 2014; Wang et al., 2020), and preliminary research that humans possess analogous neural representations (Lee et al., 2018; Shine et al., 2019). On the other hand, human neuroscience research indicates that boundaries defined by textures and those defined by walls are processed in distinct regions of the brain in the service of scene recognition (Julian et al., 2016). Whether the current findings conflict with this research would require a model explaining how scene recognition informs navigation.
The size of the VEs and the triangular paths were relatively small, which may have impacted the availability of visual cues during travel. For example, participants had to keep their head tilted downward in order to fixate the posts forming the triangle, which may have made visual cues on the ground plane (e.g, intersections between the boundary and the ground plane) more prominent in the visual field. Future research using larger VEs and larger paths should evaluate whether the current results generalize across scale.
On average, men performed the triangle completion task with lower error than did women. A larger study by Cherep et al. (2021) reported similar results when participants performed triangle completion in VR using the same two teleporting interfaces, although sex differences did not occur when participants physically walked the outbound path. That study also found sex differences in spatial measures such as mental rotation and perspective taking, as well as sex differences in video game hours. Ultimately, the authors concluded that perspective taking ability was most predictive of individual differences in performance. Spatial skills are known to be malleable (Baenninger and Newcombe, 1989; Voyer et al., 2000; Uttal et al., 2013; Jirout and Newcombe, 2015; Lauer et al., 2019), so it is possible that differences in spatial experiences underlie the sex difference reported here. However, the current study did not assess spatial ability, spatial experience, or video game experience. Future studies should include individual difference measures such as these.
Although the current study did not include conditions to evaluate the necessity of boundaries, past research (Cherep et al., 2020) found that landmarks alone were insufficient to stay oriented when teleporting. In that study, performance in a VE with landmarks only was no better than an open field devoid of cues. Yet, the landmarks were beneficial when presented in the context of a boundary: triangle completion performance was better in a VE with landmarks positioned beyond the boundary of a circular fence, compared to a VE containing only the circular fence without landmarks.
Past research indicates that VE designers should include spatial boundaries to facilitate navigation and avoid disorientation associated with some locomotion interfaces (Cherep et al., 2020). Regarding the type of spatial boundary to include, the current findings indicate that a drop-off, a fence, and a texture boundary are all similarly valuable. Although the drop-off boundary was somewhat less effective than the fence and texture boundaries, the drop-off was still effective and differences among the boundary types were relatively small. The classroom VE, which contained boundaries as well as numerous landmarks, led to the best performance. The classroom VE also eliminated the difference between locomotion interfaces, indicating that sufficient visual information can overcome the disorienting effects of VR.
AUTHORS’ NOTE
Pre-registration, complete data, videos, and supplemental figures are available on the Open Science Framework: https://osf.io/ckua3/. Some of this research was previously reported at the 2021 Symposium on Spatial User Interaction (Kelly et al., 2021).
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://osf.io/ckua3/.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Iowa State University Institutional Review Board. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
The research was conceptualized by JK, TD, LC, and SG. JK supervised data collection and analyzed the data. JK drafted the paper. TD, LC, and SG provided feedback and revisions on the paper.
FUNDING
This material is based upon work supported by the National Science Foundation under Grant Number CHS-1816029. The open access publication fees for this article were covered by the Iowa State University Library.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
Thanks to Moriah Zimmerman for assistance with creating the virtual environments, to Jason Terrill, Nicole Powell, and Owen Perrin for assistance with data collection, and to Melynda Hoover for helpful discussion and technical assistance.
FOOTNOTES
1A constant value of 1.5 was added to all absolute angular error values prior to the log transformation (Ekwaru and Veugelers, 2018), as this was found to minimize skewness.
2A constant value of 0.02 was added to all absolute axial error values prior to the log transformation (Ekwaru and Veugelers, 2018), as this was found to minimize skewness.
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