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Abstract 
Stereoscopic 3D remote vision system (sRVS) design can be 

challenging. The components often interact such that changing one 

parameter will cause unintended distortions in the perceptual image 

space. For example, increasing camera convergence to reduce 

vergence-accommodation mismatch will have the unintended effect 

of increasing depth compression. In this study, we investigated the 

trade-offs between changes in two parameters: viewing distance and 

camera toe-in. Participants used a simulated telerobotic arm to 

complete a precision depth matching task in an sRVS environment. 

Both a comfort questionnaire (subjective) and eye-tracking metrics 

(objective) were used as indicators of visual stress. The closer 

viewing distance increased both depth matching performance and 

objective measures of visual stress, demonstrating the inherent 

trade-offs associated with many sRVS design variables.  The camera 

toe-in had no effect on either user performance or comfort. While 

these results suggest that small amounts of camera toe-in may be 

more tolerable than larger manipulations of viewing distance, the 

consequences of both should be carefully considered when 

designing an sRVS. 

Background 
The use of stereoscopic remote vision systems (sRVS) is 

increasing in industry, military, and medical applications [1-4]. 

Design of such systems can be complex, as distortions in perceptual 

image space will be introduced unless the parameters of image 

capture and display exactly match the user’s visual system (i.e., 

orthostereo) [5-7].  While sRVS designers should aim to minimize 

distortions, it is often impossible to eliminate them completely. 

Further, the effect of sRVS design variable manipulations and 

interactions are poorly understood. Thus, characterizing any effects 

of resulting distortions is critical for understanding both usability 

and comfort.  

One modifiable element of an sRVS is the convergence angle 

of the stereoscopic cameras, which can be manipulated in one of two 

ways. The optical axes of the two cameras can be rotated inward, 

called camera toe-in. Alternatively, the camera sensors can be 

selectively cropped or physically shifted. This method, camera 

sensor shift, often requires additional computational processing and 

can reduce the camera field-of-view (FOV). On the other hand, 

camera toe-in distorts the resulting image space by producing both 

unresolvable dipvergence (vertical misalignment between the image 

channels) and depth plane curvature where horizontal motion in 

object space can appear as both motion-in-depth and horizontal 

motion in image space, [5,8].  

The viewing distance of the display is also modifiable with 

trade-offs to consider. A nearer viewing distance generally increases 

both image space depth compression and vergence-accommodation 

(VA) mismatch. Increased depth compression can lead to perceptual 

inconsistencies including velocity misperception when an object 

moves in depth and incorrect size cues [5,9]. Under natural viewing 

conditions, the eyes both focus and converge to the depth of the 

object of interest. VA mismatch occurs with any sRVS where the 

eyes focus at the screen distance but converge to the stereo imagery. 

This inconsistency in depth cues can cause discomfort and lead to 

decreased task performance [10,11]. However, a nearer viewing 

distance likely increases the usability of binocular disparity, a 3D 

depth cue, which is of greater value for distances within 1-meter [12, 

c.f. 13]. 

A particular concern for sRVS use is user discomfort, 

specifically eye strain. In previous studies we have used variations 

of a visual comfort questionnaire based on those developed by 

Shibata et. al. [10] and Kennedy et. al. [14]. However, subjective 

stress metrics are limited in their sensitivity to internal 

psychological changes, and we have found that voluntary 

complaints participants make verbally to researchers during sRVS 

task performance are not reflected in their respective survey answers 

[15]. Another means of gaining insight into visual strain is to 

analyze objective measures related to the user’s oculomotor 

behavior. Informative oculometrics include pupil size, pupil 

velocity, and saccade statistics [16-21]. 

In this study we investigated how changes in both camera toe-

in and user viewing distance affected performance on a telerobotic 

precision depth task in an sRVS environment. We also measured 

changes in visual comfort, comparing eye tracking metrics and  

subjective survey results. Our findings exposed a tradeoff between 

performance and eye strain with viewing distance, while camera toe-

in produced no significant differences. The resulting oculometrics 

provided insight into visual strain while the survey showed no 

significant differences. Not only do these results provide useful 

information for sRVS designers, but they advocate for the 

importance of eye tracking metrics as a tool for gaining insight into 

visual comfort information where subjective surveys are lacking. 

Methods 

Participants 
The study was carried out at Wright-Patterson Air Force Base 

(AFB) and accomplished in accordance with approved Air Force 

Research Laboratory Institutional Review Board human subjects 

research protocols. Forty participants were recruited though two 

were unable to complete the experiment.  

Apparatus 
Temporally interlaced stereoscopic images were presented 

using a SONY 4k projector (VPLGTZ280) at 60 frames per second 

to each eye, with a standard VPLL Z7013 lens (SONY, Tokyo, 

Japan). Temporal interlacing is a technique wherein full frame 2D 

imagery is presented to one eye at a time on alternating frames. 

Projection images were shown on a Proscreen Proflight 1.0 Gain 

HCWA Tint Cast Acrylic rear projection screen (Proscreen, Inc., 

Oregon, USA). During testing, participants viewed the display 

through active shutter 3D Volfoni Edge RF glasses. The Volfoni IR 
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emitter failed 42% of the way through the study and the remaining 

sessions were completed using SONY TDG-BT500A glasses. 

Projector contrast was adjusted so that measured luminance through 

the new shutter glasses (70 cd/m2) remained the same. No difference 

in outcome metrics were found between the sessions completed 

before and after the change in glasses. Participants used a flight 

control stick (Saitek X56 flight controllers; Logitech, Lausanne, 

Switzerland) to perform the task. The experimental apparatus is 

shown in Figure 1. 

 

 

Figure 1.  Apparatus showing chin rest, eye tracker, RVS screen, and survey 
tablet. 

3D imagery was rendered using a multi-channel FlightSafety 

International Vital 1100 image generation (IG) system (FlightSafety 

International Visual Systems, Columbus, OH). Stereoscopic images 

were generated from two IG channels, each using an Nvidia Quadro 

P6000 video card (Nvidia, Santa Clara, CA) while frame buffers 

were synchronized using NVidia Quadro Sync II cards. 

Two sRVS design variables, viewing distance and camera toe-

in, were manipulated in a fully crossed design. Hyperstereo (i.e., 

camera separation) was also manipulated but those results are 

discussed elsewhere [22].  The complete set of viewing conditions 

are summarized in Table 1 along with computed depth compression 

and VA mismatch values. Three examples of the resulting image 

space distortions are shown in Figure 2. Dipvergence values across 

image space with camera toe-in at the near viewing distance is 

shown in Figure 3; note that with no camera toe-in, dipvergence 

values are zero. All calculations are based on analysis described by 

Woods et. al., 1993 [23]. 

Binocular eye position was recorded at 1000 Hz using an 

EyeLink 1000 Plus (SR Research Ltd., Ottawa, Canada) following 

a 13-point calibration. Participants rested their head on a chin rest 

throughout the experiment for stability. Ballistic saccades were 

detected based on their velocity profile [24] and the frequency of 

saccades was quantified as an estimate of visual stress [25-27]. 

Average pupil size and average pupil size velocity were also 

calculated. All three measurements were averaged at the trial level.  

 

 

 

 

 

 

 

 

Table 1. Depth compression and VA mismatch values for all 3x 

hyperstereo conditions at x = 0 and z = 12m. 

Viewing  
Distance 

(m) 

Camera  
Toe-In 

Display 
FOV (°) 

Depth 
Comp. 

(%) 

VA Mis 
(D) 

1.70 None 29.02 22.1 0.29 

1.70 0.37° 29.02 -20.0 0.39 

0.96 None 49.25 116.2 0.51 

0.96 0.37° 49.25 41.6 0.69 
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Figure 2. Image space distortions of 3 viewing conditions. A: Far viewing 
distance, no camera toe-in (parallel cameras). B: Far viewing distance, 0.37° 
camera toe-in. C: Near viewing distance, no camera toe-in. Note the scale 
change between images to represent the same object space. 

  

Figure 3. Dipvergence map for the near viewing distance with 0.37° camera 
toe-in. 

Tasks 
Participants were instructed to drop a 6-in ball into a 12-in 

diameter receptacle that was situated on the ground of a runway 

environment (Figure 4). The ball was held by a telerobotic arm and 

gripper. The gripper arm hovered to prevent the use of arm geometry 

as a depth cue. For the same reason, there were no shadows or 

lighting cues in the simulation. The participant used the flight 

control stick to move the gripper around the image space until they 

felt it was directly over the receptacle, aiming as close to the center 

of the receptacle as possible. They pressed the joystick trigger to 

drop the ball and pressed it again to start the next trial. Participants 

were told that speed would be recorded, but accuracy was more 

important. On each trial the receptacle was randomly placed 

between 6 and 12 m downrange, and up to 1.5 m left or right of the 

origin. Performance was calculated in two ways: error (the distance 

from the ball and the center of the target), and gripper velocity (the 

distance between the receptacle and the starting point of the gripper 

divided by the length of the trial).  

Participants completed the questionnaire on visual comfort 

after each condition of the gripper task (two times per session). This 

six-item questionnaire addressed issues associated with the use of 

stereoscopic displays, including: eye strain, eye tiredness, vision 

blur, headache, refocus, and eye dryness (modified from Shibata et. 

al. [10]). Participants responded to each question using a five-point 

Likert scale. The questionnaire was administered electronically.  

Each session lasted 30 minutes during which the participant 

completed as many trials as possible. There was a mandatory 15-

minute rest period between each session after they completed the 

visual comfort questionnaire. Each participant ran two sessions per 

day over the course of 4 days.  

 

 

Figure 4.  Gripper task (2D for clarity) 

Results 

Gripper task performance 
Overall, participants made significantly smaller errors (F(1,37) 

= 10.66, p = 0.002, d = 0.24) at the near viewing distance as 

compared to the far viewing distance (Figure 5). The same trend was 

true as measured by gripper velocity (F(1,37) = 15.72, p = 0.001, d 

= 0.14), wherein participants were faster to complete each trial in 

the near viewing condition (Figure 6). There was no significant 

difference across the camera toe-in conditions for error (F(1,37) = 

2.85, p = 0.10) or gripper velocity (F(1,37) = 0.54, p = 0.14). Results 

are averaged across hyperstereo conditions. There were no 

significant interactions between viewing distance and camera toe-in 

for any of the performance metrics. 

 

 

Figure 5. Average error for near and far viewing distances with parallel 
cameras and 0.37° toe-in. Error bars represent standard error. 
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Figure 6.  Average gripper velocity for near and far viewing distances with 
parallel cameras and 0.37° toe-in. Error bars represent standard error. 

Eye tracking metrics 
The near viewing distance led to a significant increase in 

saccade frequency (F(1,24) = 114.43, p < 0.001 d = 1.46) and 

significantly smaller pupil sizes (F(1,23) = 5.31, p = 0.03 d = 0.22) 

as compared to the far viewing distance (Figures 7, 8) . There was 

no significant difference in either saccade frequency (F(1,23) = 

2.37, p = 0.14) or pupil size (F(1,23) = 0.72, p = 0.40) across the 

camera toe-in conditions. Pupil size velocity showed no significant 

differences across either viewing distance (F(1,23) = 0.80, p = 

0.38) or camera toe-in (F(1,23) = 3.00, p = 0.10; see Figure 9). 

There were no significant interactions between distance and 

camera toe-in conditions for any of the oculomotor metrics. 

Results are averaged across hyperstereo conditions.  

Subjective visual comfort scores were not statistically 

significantly different between conditions, using the sign test (see 

Table 3).  

 

 

Figure 7. Top: Average saccade frequency for near and far viewing distances 
with parallel cameras and 0.37° toe-in. Error bars represent standard error. 

 

Figure 8. Average pupil size for near and far viewing distances with parallel 
cameras and 0.37° toe-in. Error bars represent standard error. 

 

Figure 9. Average pupil size velocity for near and far viewing distances with 

parallel cameras and 0.37° toe-in. Error bars represent standard error. 

Table 3. Visual comfort questionnaire results. 

Survey Question F approximation p-value 

Eyestrain 0.04 0.96 

Eye tiredness 0.10 0.90 

Vision blur 0.10 0.90 

Headache 0.42 0.66 

Fatigue 0.07 0.93 

Nausea 0.24 0.79 

Discussion 
This study investigated the effect of two sRVS design 

variables, viewing distance and camera toe-in, on task performance 

and visual fatigue. Overall, results showed a trade-off between task 

performance and visual comfort with viewing distance, but no 

effects of a small degree of camera toe-in.  

The near viewing distance condition led to an increase in task 

performance as quantified by both smaller error and faster task 

completion. This suggests that the benefit of the near stereopsis cue 

outweighed any effect of the larger amounts of depth compression 

and VA mismatch (as compared to the far viewing condition; see 

Table 1). However, the increase in saccade frequency, an indicator 

of visual stress, may have been related to those image space 

distortions [5-9].  
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The near condition also led to smaller measured pupil sizes – 

another potential indicator of eye strain [16, 18]. However, if this 

decrease in pupil size was due to visual strain, we would expect to 

see an increase in pupil size velocity in the same conditions, which 

we did not. Therefore, it is more likely that this result is related to 

the physiological effort of the near oculomotor response. During this 

response, a small pupil increases the depth of focus and reduces 

accommodative demand, potentially mitigating some discomfort 

from VA mismatch [28]. This trade-off between increased 

performance and increased eye strain should be considered by sRVS 

designers as the strain may become a more significant problem with 

longer viewing periods, particularly for tasks where rest periods may 

not be practical for the sRVS operator (e.g., air refueling, 

telesurgery, ordinance disposal, etc.).   

Surprisingly, camera toe-in did not lead to any observable 

changes in task performance or visual comfort. In previous research 

using a simulated air refueling task, we have found that camera toe-

in contributes to impaired performance and visual stress [15, 29]. 

However, simulated air refueling was a much more dynamic task 

with motion spanning the users’ FOV, whereas the gripper task in 

the present study was at a relatively slow speed and generally 

confined to the center of the screen.  In addition, the sRVS design in 

the air refueling simulation had a larger camera toe-in which 

resulted in a large amount of dipvergence. The dipvergence for the 

toed-in condition in the present study was within acceptable 

tolerances (< 5 arcmin) throughout the center of the display and only 

exceeded tolerances in the far corners (Figure 3) [30]. Larger 

degrees of toe-in could not be tested here due to design limitations. 

Therefore, a small amount of toe-in, similar to the degree tested 

here, may be acceptable in sRVS design in some applications. 

However, any amount of toe-in will create depth plane curvature and 

dipvergence which may be problematic. 

The null survey results found here are consistent with our 

previous research [15] and may indicate that the physiological 

stressors hadn’t yet met the threshold for awareness and reporting. 

It is likely that oculometric assessments of visual stress are generally 

more sensitive than subjective surveys. Extended sRVS usage may 

still lead to significant subjective reports, but the sensitivity of 

oculometric variables is likely to reduce overall human factors study 

time in addition to providing more reliable metrics for determining 

the state of internal physiological activity (e.g., eye strain) [30,31]. 

Conclusion 
This work adds to the increasing evidence that there is no one-

size-fits-all ideal design for any stereoscopic remote vision system. 

We demonstrated that viewing distance changes result in a trade-off 

between performance and comfort. And, while the results of this 

study showed no effect of camera toe-in on performance or visual 

stress, the consequences of toe-in should generally be avoided in 

sRVS displays. 
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