Effects of transformed visual-motor spatial mappings and droplines on 3-D target acquisition strategy and performance
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This study investigated effects of transformed visual-motor mappings and a depth cue dropline on a 3-D target acquisition task. A cursor and target were displayed within a 3-D reference framework ”Box” and participants were instructed to move the cursor into the target as quickly and accurately as possible by manipulating a 3-D input device called a “Spaceball.” The Box was presented with several lateral orientations. By tying the Spaceball movements to the frame of reference defined by the Box, the visual-motor mapping was transformed. Additionally, a depth cue dropline was manipulated. With the transformed mappings, movement times and path lengths to acquire the targets increased as the Box rotation angle increased. Droplines reduced movement times and path lengths. Participants’ general acquisition strategy was to sequentially acquire the azimuth, elevation, and then range dimensions of the target, i.e., first visually overlapping the target with the cursor, and then acquiring the target along the line

of the sight.

                  INTRODUCTION

The present study tested the effects of transformed visual-motor spatial mappings and the utility of dropline depth cueing on 3-D target acquisition. Also of interest was whether droplines could help operators adapt to new visual-motor spatial mappings. Additionally, the study examined the utility of a new technique, measuring the sequential acquisition of target dimensions, as a method for understanding operators’ 3-D target acquisition strategies.

Transformation of visual-motor spatial mapping: Visual-motor spatial mapping refers to the linkage, or coupling, between the directions of manual control motions and resulting visual motions. A familiar and intuitive 3-D mapping has compatible manual and visual directions, with left-right, up-down, and backward-forward control movements yielding commensurate visual movements on the display. However, this is not the case in many 3-D computer-graphic or telerobotics applications where manual control motions and resulting visual motions on the display are often not aligned. Non-standard (transformed) visual-motor spatial mappings are then required to perform tasks within those applications. Studies have shown that human operators can perform tracking tasks under transformed visual-motor spatial mappings in 2-D and 3-D spaces (Cunningham, 1989; Cunningham & Vardi, 1990; Cunningham & Pavel, 1993; Cunningham & Welch, 1994; Kim, Ellis, Tyler, & Hannaford, 1987; Ellis, Tyler, Kim, & Stark; 1992). The present experiment extended these studies with an investigation of how misaligned visual-motor frames of reference affect 3-D target acquisition performance. A cursor and a target sphere were presented within an explicit 3-D reference framework  ”Box” on a computer screen and participants were instructed to move the cursor into the target as quickly and accurately as possible. Participants used the up-down, left-right, and forward-backward axes of an input device called a “Spaceball” to manipulate the cursor movements. The 3-D Box was presented in several lateral orientations (i.e., rotated about the Box’s vertical axis) (Figure 1). However, the Spaceball was never rotated.

There were two visual-motor spatial mappings linking cursor movement to Spaceball movement. In the standard mapping, the movements of the Spaceball were tied to the reference system defined by the display screen (e.g. a leftward movement of the Spaceball yielded a commensurate leftward cursor movement on the display surface; or a forward Spaceball movement would cause a commensurate movement in depth of the cursor away from the observer). In the transformed mapping, the movements of the Spaceball were tied to the intrinsic frame of reference defined by the Box (e.g. a leftward Spaceball movement yielded a commensurate leftward movement relative to the plane defined by the front of the Box; or a forward Spaceball movement would cause a commensurate movement in depth toward the back of the Box). The standard visual-motor mapping was intuitive and familiar. The transformed mapping, however, required an adaptation of the perceptual-motor coordination system. The first goal of the present study was to test the effects of transformed mapping on 3-D target acquisition performance.

Dropline depth cueing: Auxiliary depth cues have been shown to substantially aid the perception and utilization of 3-D displays. The dropline in particular has been shown to facilitate 3-D visual judgment and tracking tasks (e.g., Ellis & McGreevy, 1983; Kim et al., 1987; Kim, Tendick, & Stark, 1991; Yeh & Silverstein, 1992; Hendrix & Barfield, 1997). For example, Hendrix and Barfield (1997) found that a grid plane and droplines on the perspective display aided participants in judging the azimuth and elevation separation between two computer-generated cubes. Droplines also benefited 3-D control movements. Kim et al. (1987) found 
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Figure 1. The 3-D Box with 30o clockwise rotation.

that, with the aid of droplines and suitable perspective parameters, participants could perform a pursuit-tracking task as well with a perspective display as with a stereoscopic display. A similar study done by Kim and his colleagues (1991) also showed that a monoscopic display with droplines allowed pick-and-place task performance to be equivalent to that with the stereoscopic display. The second goal of the present study was to examine the utility of droplines in 3-D target acquisition performance. Of particular interest was whether droplines could in any way facilitate operators’ adaptation to transformed visual-motor mappings.

Dimensional coordinative strategy:  The present experiment not only examined the acquisition of the entire target, but also the acquisitions of display dimensions of the target (azimuth, elevation, and range). This was done by identifying when the target azimuth, elevation and range were last acquired, and then measuring the corresponding movement times associated with each acquisition. Problems with depth perception, constraints of input devices, or potential 3-D display-input device incompatibility, may all affect how operators attempt to capture an object within a 3-D display. That is, different acquisition strategies may be developed to compensate for these constraints to optimize performance. In the present study, the order of acquiring the 3 target dimensions was identified for each trial. How the transformed visual-motor spatial mapping and the appearance of droplines affected participants’ acquisition sequences were of interest. A simple hypothesis was that elevation and azimuth dimensions of the target were acquired first (the target was overlapped by the cursor), and then range dimension was captured. On the other hand, transformed axes may disrupt this, or droplines may encourage an earlier capture of range dimension.

In summary, the present study investigated the effects of transformed visual-motor spatial mappings and droplines on 3-D target acquisition strategy and performance. The movement time and movement path length to acquire the target, and the strategies to acquire the 3 display dimensions of the target were examined. 

          METHOD
Participants

Twenty-four participants, 12 males and 12 females, participated in the present experiment. They ranged in age from 18 to 43 years. All participants had normal or corrected-to-normal vision. One participant was left-handed. They were paid for their participation.

Apparatus

A cursor and a target sphere were presented within a 3-D perspective Box on a Pentium III computer screen. The computer screen was approximately 20 inches from participants’ eyes. Participants controlled the cursor movements by manipulating the Spaceball (model 2003, Spaceball Technologies Inc.). The movement velocity of the cursor was proportional to the force/torque applied to the Spaceball. The Spaceball position was sampled at 30 to 50 Hz by the computer. 

Design and Stimuli

The study used a mixed design. The between-participant variables were visual-motor Transformation (standard/ transformed) and Dropline (present/absent), with six participants receiving each combination of the two variables. The within-participant variable was the visual orientation of the Box (0 o, 30 o, and 60 o clockwise and counter-clockwise rotation). The depicted 3-D perspective Box had a grid ground and was 8.5 inches in width, height, and depth. The cursor was a red solid sphere and the target was a blue semi-transparent sphere. The depicted cursor diameter was 0.4 inches and the depicted target diameter was 1.2 inches. Both the cursor and target had white wires on their surfaces. The target could appear at any one of 24 locations corresponding to 3 distances (1.28, 2.34, and 3.4 inches) from the center, and lying along each of the eight oblique line segments connecting the center to the eight corners of the Box. The effect of target location was not examined in the present study. Figure 1 shows an example of a 30o clockwise rotation (note that the front of the Box was highlighted). 

Two additional cues were also included in the present study (but not manipulated). First, the target was semi-transparent. Zhai and his colleagues found this depth cue facilitated performance of a dynamic 3-D target acquisition task (Zhai, Buxton & Milgram, 1994), providing information equivalent to occlusion without making the cursor totally disappear when behind or within the target. Second, once the cursor was entirely within the target, the target would become transparent and the wire frame of the target would turn green.

Procedure

At the beginning of each trial, the cursor appeared in the center of the 3-D Box while the target appeared at one of the 24 possible locations. A beep signaled the beginning of each trial, at which time participants were instructed to use the Spaceball to move the cursor into the target as quickly and accurately as possible. The cursor had to remain in the target for 1 s to complete the trial. The movement time, which was defined as the duration beginning when participants started moving the Spaceball and ending when the cursor was moved into the target, was then displayed on the screen as feedback. There was a period of 1 s between trials.

Participants received the same section of trials twice. Each section consisted of 10 blocks of trials with the 5 Box orientations repeated twice. Each block consisted of 24 trials, one of each of the 24 target locations. The order of the blocks was partially counterbalanced among participants. Only the data from the second section were analyzed. Note it was assumed that participants were able to shift among different visual-motor mappings for different Box orientations, and the cost of shifting from one mapping to another was small with practice. Cunningham and Welch (1994) have shown that participants could shift among different visual-motor mappings effortlessly after practice. 

RESULTS

The movement times and movement path lengths, and the sequences of acquiring the 3 display dimensions of the target were analyzed. Additionally, participants’ movement trajectories were also examined.

Movement Time and Path Length Analyses

ANOVAs on movement time and path length both revealed significant main effects of visual-motor Transformation (F(1,20)=17.47, p=.00 for movement time; F(1,20)=16.31, p=.00 for path length) and Box orientation (F(4,80)=29.52, p=.00 for movement time; F(4,80)=12.44, p=.00 for path length) and their interactions (F(4,80)=36.91, p = .00 for movement time; F(4,80)=14.68, p =.00 for path length). Figure 2 shows that movement time increased with the Box rotation angle for the transformed group, but not for the standard group. Also, note the performance was poorer for Box clockwise rotation. A similar pattern was found in the movement path length data. The dropline was shown to shorten movement times and path lengths, although the main effect of Dropline was only statistically significant for the path length analysis (F(1,20)=8.56, p = .01). 

Dimensional Coordination Analyses

Acquiring sequence. There were 6 different possible sequences to acquire the 3 display dimensions of the target, excluding the sequences with simultaneous dimension acquisitions. The percentages of trials using each acquiring sequence were calculated for the 4 experimental groups. Figure 3 plots the 3 most frequently used acquiring sequences for the 0o and 60o Box orientations (combining clockwise and counter-clockwise rotations). The patterns for the 30o orientations were similar to that of the 0o and are not reported here. Overall, participants typically acquired target azimuth and elevation prior to acquiring target range. The primary effect of the visual-motor transformation observed at the 60o orientation, was an increased probability of acquiring elevation before acquiring azimuth, and a corresponding decreased likelihood of acquiring azimuth before elevation. Since the lateral rotations used in this study only affected the coupling of azimuth and range with manual control, it is perhaps not surprising that participants tended to capture elevation first. Finally, while infrequent, there were some sequences where range was not acquired last. Almost all of these sequences had droplines present, suggesting a strategy where participants first lined up the cursor and target droplines on the grid ground, and then matched their heights.
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Figure 2. Movement time to acquire the targets for the 5 Box orientations and for the 2 Transformation groups.
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Figure 3. Percentages of the trials using the 3 acquiring sequences for the 0o and the 60o Box orientations for the 4 experimental groups.
Movement trajectories. Movement trajectories of each trial for each participant were approximately reconstructed. Figure 4 represents the top-down view of the movement trajectories of the 4 top target acquisitions for the Box 60o clockwise rotation. Generally, participants tended to overlap the cursor with the target first (moved the cursor in front or behind the target) and then adjusted the cursor positions along the line of sight to acquire the target. 

In summary, the present results showed that 1) participants with transformed visual-motor spatial mappings performed worse as the rotation angle of the 3-D Box increased; 2) clockwise Box rotations resulted in poorer performance than counter-clockwise rotations; 3) droplines facilitated shorter and faster movements; 4) transformed visual-motor spatial mappings and droplines had minor effects on participants’ acquisition sequences; and 5) participants tended to visually overlap the cursor with the target first, and then adjust the cursor positions along the line of sight to acquire the target. 
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Figure 4. Top-down view of participants’ approximate movement trajectories for the Box 60o clockwise rotation for the 4 experimental groups. The 4 circles correspond to the 4  targets on the upper part of the Box.

       DISCUSSION

The increase in movement time as a function of visual-motor transformation mirrors findings in other target acquisition and tracking tasks, and indicates that participants did not fully adapt to the new mapping. Ellis et al. (1992) suggested one potential reason for this movement time effect. They hypothesized that movement times increase with misalignment of the visual and motor reference frames due to a process of mental rotation. This hypothesis is based on Cooper and Shepard’s (1978) finding that the time needed for mental rotation is proportional to the rotation angle. However, Cunningham and Welch (1994) in their 2-D tracking task reported that participants quickly gave up mental rotation after several trials because it delayed their movements. Since the present experiment emphasized both speed and accuracy, it is similarly likely that participants would quickly abandon mental rotation. Furthermore, there is little effect at the 30o orientation, and a relatively large effect at the 60o orientation, which does not correspond to the linear function predicted by mental rotation models. Similarly, previous studies have also shown that manual tracking performance degrades when the misaligned azimuth angles exceeded 45o (Kim et al., 1987) and 50o (Ellis et al.,1992).

The sudden degradation at 45o is also consistent with an alternative hypothesis. When the misaligned azimuth angle exceeds 45 o, horizontal deflection of the control generates a greater movement of the cursor in depth than in azimuth. There is also a similar reversed coupling for manual back-forth deflections and cursor azimuth movement. Therefore, use of the original mapping would generate more error than it removed. On the other hand, for misalignments less than 45o using the original visual-motor mapping would result in movements that decrease overall error. Further detailed analysis of the acquisition trajectories is needed to determine whether the data are consistent with this hypothesis. 

The present results also showed an asymmetric effect where clockwise Box rotations resulted in poorer performance than counter-clockwise rotations. Kim et al.’s (1987) study showed a similar asymmetric effect in which normalized tracking errors were greater with a clockwise azimuth angle rotation. In the present experiment, all participants in the transformed group were right-handed and so laterality could have played some role in this effect. A test of the task with left-handed participants may provide some insights into understanding the role of laterality in this asymmetric effect. On the other hand, an asymmetric effect has been found in 2-D aiming tasks where aiming errors associated with targets on the right oblique were lower than those on the left oblique (e.g., Keele, 1968; Cunningham & Pavel, 1991). Although Keele (1968) attributed this right oblique advantage to biomechanical factors, Cunningham and Pavel’s (1991) study only partially supported this explanation. Further investigation may determine if a common mechanism underlies these apparent asymmetric effects. 

The data also did not support the hypothesized value of droplines as aids in the transformed mapping condition.  Although there was a significant, positive main effect of Dropline, a closer examination of the data provides no evidence that droplines aided adaptation to the transformed mapping condition. Instead, droplines, whose primary value is to aid in the perception of display depth (distance from the nominal observation point), were only useful for the standard visual-motor mapping, i.e. when the Spaceball movements were tied to the display screen (Figure 5). The lack of any statistically significant Transformation by Dropline interaction may be due to higher variability within the transformed groups. In summary, droplines do not appear to have as much utility when the depth axis is no longer intuitively coupled to the manual control.
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Figure 5. Movement time to acquire the targets for the Transformation and Dropline groups.

Finally, analysis of the display dimension acquisition sequences, and examination of movement trajectories, showed that participants had a strong tendency to overlap the target with the cursor first, and then move along the range dimension to acquire the target. The utility of this strategy was very likely enhanced because of the semi-transparency of the targets, the changing relative illumination levels of the overlapped target and cursor, and the transparency of a captured target which provided salient relative depth information. Although the use of transformed mappings and droplines did somewhat modify the acquiring sequences, the overlap and capture sequence was the dominant mode in all conditions. Together with these relative depth cues, overlap and capture proved to be a robust strategy that was used across several conditions.

Many factors, such as display characteristics, input devices, and the task nature can all affect the strategies participants adopt while performing a 3-D task. However, some factors may be more dominant in some situations. In the present study, semi-transparency of the target may have been such a dominant factor that it led participants to use an overlapping-ranging strategy most of the time. The design of interactive 3-D displays requires an appreciation of the complementary nature of cues, controller properties, and the types of strategies that participants are likely to adopt to meet task goals.
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Demo 5, Section 1 Time to completion: 4.4
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