
IMAGE 2012 Conference  

 

 

Presented at the IMAGE 2012  Conference 

Scottsdale, Arizona – June 2012 

EFFECTS OF STEREOPSIS, COLLIMATION, AND HEAD TRACKING 

ON AIR REFUELING BOOM OPERATOR PERFORMANCE 
 

 

Charles J. Lloyd 

President 

Visual Performance LLC* 

St. Louis, MO, USA 

 

Steven G. Nigus 

Chief Engineer  

FlightSafety Visual Systems 

St. Louis, MO, USA 

 

 

ABSTRACT 

This paper describes an evaluation of the effects of three 

practical display design variables on air refueling boom 

operator estimates of distance, ratings of image stability 

and ratings of visual comfort.  Eight combinations of three 

design variables were tested.  Two separate display 

systems, one collimated and the other direct view, were set 

up such that stereopsis and head tracking could be turned 

on or off.  For each experimental condition, ten observers, 

of which eight were experienced boom operators, 

produced repeated estimates of distance between the boom 

nozzle and the receptacle on receiver aircraft positioned 

just seconds away from contact.  The data collected 

revealed boom operator estimates of nozzle-to-receptacle 

distance were significantly more precise for the 

stereoscopic and collimated conditions with stereopsis 

having the largest effect.  Ratings of visual comfort were 

higher for the collimated displays than for the direct view.  

Comfort ratings were higher when tracking was used with 

the stereoscopic displays but were decreased when 

tracking was used with the non-stereoscopic displays.  The 

design implications of these and related results are 

discussed, and recommendations for the next-generation 

boom operator trainer are provided. 

INTRODUCTION 

This evaluation was conducted under the Immersive 

Display Evaluation and Assessment Study (IDEAS) by the 

Air Force Research Laboratory (AFRL) and FlightSafety 

International in the spring of 2011.  At that time managers 

in the KC-10 program had identified a need for 

significantly improved display systems for ground-based 

training of air refueling boom operators.  Early in the 

project, discussions with experienced boom operators 

(BOs) and boom operator instructors (BOIs) revealed the 

current boom operator trainer (BOT) display system did 

not provide the depth cues required to allow BOs to judge 

the distance of approaching receiver aircraft or the 

distance between the boom mounted nozzle and the 

receptacle on the receivers.  Due to these shortcomings, 

course developers could not move much of the training 

from the aircraft to ground-based trainers. 

Discussions with a range of stakeholders revealed that if a 

significant improvement in the ground-based display 

system could be made, three advantages would emerge.  

First, the potential for direct cost savings is high.  Aircraft-

based training requires a tanker and crew and the pilot and 

crew for the receiver aircraft which are estimated to cost 

several tens of thousands of dollars per hour.  Second, the 

availability of valid ground-based trainers would reduce 

the complexity of coordinating the schedules of BO 

students, qualified BOIs, and qualified receiver pilots.  

Third, effective ground-based training could reduce 

training completion times on all of the desired receiver 

types.  In the simulator a BO could train with multiple 

receiver types in a single session and with uncommon 

receiver types that are rarely encountered in the air.  

Visual Cue Analysis 

The results of our BO task analysis identified six distinct 

visual cues for relative distance and motion of the receiver 

that are in play in the aircraft: 

• Binocular disparity 

• Shadows 

• Motion parallax 

• Familiar size 

• Binocular vergence distance 

• Accommodation distance 

______________________________________________ 

*Evaluation completed in the spring of 2011 while author was 

employed by L-3 Communications, Link Simulation & Training. 
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Binocular Disparity 

The binocular disparity cue is available to the BO in the 

aircraft and provides the most reliable and useful 

information regarding the relative distance and motion of 

the receiver relative to the tanker and refueling boom.  A 

number of studies show that observers with a normal 

stereoscopic depth capability can reliably see disparities in 

the range of 3 to 10 arcsec
1-4

.  Since BOs must pass the 

same vision standards test as Air Force pilots, we can 

assume that they have normal stereoscopic vision.  The 

data in Figure 1 indicate that the binocular disparity cue 

allows the BO to discriminate distances of about 1.5% of 

the range (1 ft.) at the 20 m working distance of a receiver 

aircraft just before contact.  The binocular disparity cue is 

not available in the current BOT. 

 

 

Figure 1.  Effect of viewing distance on the threshold 

difference in depth using the binocular disparity cue. 

 

Shadows 

Shadows of the tanker on the receiver provide information 

regarding the distance and relative position of the receiver.  

The shadow of the refueling boom on the receiver provides 

a strong cue to the distance of the nozzle from the 

receptacle.  The movement of this shadow across the 

receiver during the last few seconds before contact helps 

the BO estimate the time to contact.  In daylight, shadows 

are not always available due to the relative angles of the 

tanker, receiver, and sun, or on days with heavy overcast.  

A strong and consistent shadow is available at night due to 

the use of lighting mounted in the tail of the tanker.  

Shadows are provided in the current BOT. 

Motion Parallax 

When the BO moves relative to the aircraft, the motion 

parallax cue provides information regarding the relative 

distances of objects derived from their differential 

motions.  In the aircraft, lateral movements of the BO 

relative to the tanker reveal the relative distances of the 

refueling window, tanker empennage, boom, and receiver.  

Since the BO is highly familiar with the actual distances of 

the window, empennage, and boom, the motion parallax 

information helps them scale the distance between the 

boom and receiver.  In the BOT, lateral movements of the 

BO provide a powerful cue indicating the receiver aircraft 

is at the plane of the projection screen 1.14 m from the 

BO.  Thus, the motion parallax cue provides conflicting 

distance information that is difficult for the BO to ignore.   

Familiar Size 

With practice, BOs can learn to judge the distance to 

familiar objects by remembering their angular (retinal) 

size
3
.  While the familiar size cue is less precise than the 

disparity and motion parallax cues discussed above, it is 

important to this analysis because it is one of only two 

cues provided in the current BOT. 

Vergence and Accommodation 

The binocular vergence and accommodation cues provide 

useful distance information to an observer for working 

distances of less than a few meters
5
.  While not very useful 

in the aircraft, these cues must be considered in our 

analysis because they provide powerful conflicting cues in 

the current BOT where they indicate that the image is 1.14 

m from the observer. 

Summary 

In summary, only two of the six depth cues available on 

the aircraft are provided in the current BOT: Shadows and 

familiar size.  The most powerful cue, binocular stereopsis, 

is not provided.  Unfortunately, the three remaining cues, 

motion parallax, binocular vergence distance and 

accommodation distance, provide strong conflicting depth 

information.  Thus, it appears a significant improvement in 

the ability of BOs to judge distances in ground-based 

trainers is attainable if the disparity and motion parallax 

cues can be employed and if the vergence and 

accommodation cue conflicts are eliminated.  

METHOD 

Our evaluation methodology focused on obtaining 

objective performance data and subjective evaluation for 

each of eight different display permutations.  Namely, all 

eight permutations of:   

• Stereo and non-stereo displays 

• Collimated and non-collimated displays 

• Head tracking and no head tracking 
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Display Systems 

This evaluation was conducted using two separate display 

systems—one direct view and one collimated—that were 

constructed from components loaned for the duration of 

the evaluation.  The FlightSafety Visual Systems Division 

provided image generators, screens, platform, models, 

scenarios, and evaluation control software.  The 

FlightSafety Displays Division (Austin, TX) provided the 

glass collimating mirror and Christie Digital provided the 

two stereoscopic projectors.  The setup and operation of 

the systems was managed by the FlightSafety Visual 

Systems Division and the evaluation was conducted in 

their production facility in St. Louis. 

The two display systems were set up on a single raised 

platform such that the observer and experimenter could 

rapidly switch from one display system to the other by 

turning around 180°.  A schematic showing the layout of 

the display systems is shown in Figure 2 and a photograph 

of the system is provided in Figure 3. 

Field of View 

The size of the FOV used in the evaluation was as large as 

could be created using the single glass collimating mirror 

segment that was available for the evaluation.  The 

resulting horizontal FOV was not quite as wide as the 

FOV of the KC-10 window as seen from the operator 

position.  The computed FOV used for both display 

systems in the evaluation was 45° x 27° with the center of 

the FOV tilted down 21°.   The projected image for the 

direct view display was 42 x 26 inch and produced an 

angular field of view that was approximately the same as 

the collimated system. 

Projected Images 

Two prototype projectors from Christie Digital (WU-L 

WUXGA DLP 3D) were used for the evaluation.  Each 

projector was capable of producing stereoscopic images at 

120/60 Hz at a resolution of 1920 x 1200 pixels.  The 

projectors were equipped with long life LED light sources 

rated at 500 lumens.  The angular pixel pitch produced on 

the display systems was approximately 1.5 arcmin in the 

center of each display. 

The peak white luminance of the display system, measured 

through the glasses, was approximately 4 fL, for the direct 

view system and 8 fL for the collimated system.  This 

difference was due primarily to the relatively low gain of 

the back projection screen used in the direct view system.  

The higher luminance of the collimated system is not 

expected to improve depth discrimination performance by 

a measurable amount because the disparity threshold 

asymptotes at about this level of luminance
6, 7

. 

Image Generators 

The air refueling scenario was created by FlightSafety 

engineers and was generated using their VITAL X image 

generator, which could be switched between the two 

projectors for each block of trials.  The image generator 

was connected to both projectors through DVI splitters.  

The configuration of the image generator was different for 

each display condition, thus the trials were blocked such 

that only four changes between the Collimated and Non-

collimated displays were required for each observer.  The 

trials were divided between KC-135 and F-35 receiver 

types. 

For all display conditions, the image generator employed 

FlightSafety’s “Adaptive Supersampling” antialiasing 

algorithm to achieve the subtle changes in edge positions 

required for accurate stereoscopic disparity.  The 

technique enhances the quality of the basic 16 sub-sample 

per pixel edge antialiasing and 16x anisotropic texture 

filtering provided by the Image Generator’s NVidia 

Graphics Processing Units (GPUs).  The enhanced 

technique provides the subjective equivalent of 32 sub-

samples per pixel. Adaptive Supersampling also improves 

texture filter quality without sacrificing downrange texture 

sharpness.   

Stereoscopic Display Parameters 

The stereoscopic presentation was set up to be as close to 

physically correct as practical.  The inter-pupillary 

distance used to calculate the images for both display 

systems was set to 64 mm, about the average for military 

personnel.  Observers wore Volfoni Edge 3D active shutter 

stereoscopic glasses with fast-response liquid crystal 

lenses for all of the experimental conditions. A Volfoni 

DBD 1000 synchronizer received stereo sync signals from 

the Christie WU-L WUXGA DLP 3D projector.  The 

synchronizer, in turn, drove a Volfoni EBD 1000 IR 

Emitter, which provided sync to multiple 3D glasses for 

simultaneous viewing. For the non-stereoscopic viewing 

conditions, the inter-pupillary distance was set to zero 

which had the effect of generating identical images for 

each eye. 

Shadows 

The use of shadows for air refueling training is considered 

essential as the effectiveness of this cue has been proven in 

the current BOT.  Shadows were not used in this 

evaluation because their utility is not in question.  

Shadows are not always available to the BO in the aircraft 

and we expect no interaction between shadows and the 

design variables under investigation. 
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Figure 3.  Photograph of the elevated platform where the observer and experimenter were seated during the 

evaluation.   In this photograph the observer is looking at the experimenter’s computer monitor.   The image above 

the observer is on the projector side of the collimated display screen, the image seen through the collimator is below 

this image and cannot be seen in the photograph.  The image on the right is on the projector side of the direct view 

display.  The lower apparent contrast of the direct view system is caused by the camera flash used to capture this 

photograph. 
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Figure 2.  Schematic diagram of the two display systems used in the evaluation.   The left side of the figure shows the 

observer looking into a spherical mirror set up to produce a collimation distance equal to the distance of the observer 

from the nozzle/receptacle (20 m).  The right side of the image shows a direct view display set at a distance of 1.4 m (55 

in) from the observer. 



IMAGE 2012 Conference  

 

 

Presented at the IMAGE 2012  Conference 

Scottsdale, Arizona – June 2012 

The vergence distance produced by each display system 

was calibrated using the vergence scope shown and 

described in Figure 4.  Using this device the binocular 

vergence distance of each display system was set to within 

approximately +/- 2 arcmin. 

Figure 5 shows the image presented on the direct view 

display for an observer not wearing the stereoscopic 

glasses.  In this case, image doubling is readily apparent as 

the images are separated by 2.6 deg at the distance of the 

nozzle/ receptacle.  For the direct view display system, the 

horizontal shift in the right and left images approaches 

zero as the object distances approach the refueling 

window.  When the BO wearing the tracking device 

moved, this was seen as a movement of the receiver 

aircraft and terrain by the person not wearing the tracking.  

The aircraft structure at the distance of the window did not 

move with the movement of the tracked BO. 

 

Figure 6 shows the image presented on the collimated 

display for an observer not wearing the stereoscopic 

glasses.  In this case two images, separated by 2.6 deg, are 

readily apparent for objects near the refueling window.  

No image doubling occurred for objects at the 

nozzle/receptacle distance.  For the terrain, the horizontal 

shift in the images was 0.2 deg or about 7 pixels. 

 

When the tracked BO moved in the collimated system, the 

non-tracked observer saw no movement of objects at the 

distance of the nozzle/receptacle and a slight amount of 

movement of the terrain.  The non-tracked observer saw a 

large movement in the aircraft structure near the window 

when the tracked BO moved. 

Head Tracking 

During the evaluation the observer wore a baseball cap on 

which was mounted a set of four 1-cm diameter retro-

reflective balls (see Figure 7).  These balls were measured 

by a pair of cameras that were illuminated by a pulse-

coded light source surrounding each camera.  We used a 

NaturalPoint OptiTrack head tracking system to accurately 

determine subject head position and orientation.  The setup 

used two OptiTrack V100:R2 IR cameras operating at 100 

Hz to provide tracking coverage over the full range of 

head positions and orientations.  The IR cameras contain 

IR sources that illuminate the subject area.  That 

illumination is reflected by IR reflectors mounted in a 

distinctive array worn by the subject.  Head tracking 

software captures images from the IR cameras and uses 

image processing techniques to determine head locations 

and orientations.  An OptiHub unit supported simultaneous 

operation of the IR sources from the camera and from the 

3D emitter for the active 3D glasses. 

Figure 6.  Photograph of the collimated display with no 

glasses.  The horizontal shift is zero for objects at the 

distance of the nozzle/receptacle and about 2.6 deg for 

the visible aircraft structure near the window.  The 

horizontal shift in the terrain is approximately 0.2 deg 

(7 pixels). 

Figure 5.  Photograph of the direct view display with 

no glasses.  The horizontal shift is near zero for the 

visible aircraft structure near the window and 

increases to 2.6 deg at the nozzle/receptacle distance. 

Figure 4.  Laser scope used to validate the collimation 

distance of the display system, consisting of a laser 

mounted 65 mm from the LOS of a 10 power rifle 

scope.  The vergence distance of the device is set by 

moving to the desired distance from a wall, aiming the 

device at the wall, and adjusting the horizontal axis of 

the scope to align the crosshairs on the laser spot. 
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Test Execution 

Data was collected from ten observers, eight of which 

were experienced KC-10 BOs from Scott AFB and Travis 

AFB.  Three types of data were collected: 

1. Distance Estimates – For each of the eight display 

configurations each observer provided eight estimates 

of nozzle-to-receptacle distance for randomly selected 

distances between boom and receiver aircraft.  These 

trials were repeated for two receiver aircraft types and 

for two replicates of the data for a total of 512 

distance estimates per observer. 

2. Stability Estimates – For each of the 8 display 

permutations, each BO was asked for a subjective 

rating of geometric “stability.”  The BO was asked to 

judge stability both from both the BO and BOI 

viewpoints since the BOTs are used to train BOIs as 

well as BOs. 

3. Comfort Estimates – Aside from stability, each BO 

was also asked for a “comfort” rating, again both from 

the BO and BOI viewpoints.   

RESULTS 

The significance of the effects of the design variables on 

each dependent variable was assessed using an analysis of 

variance (ANOVA) computed using the MATLAB 

Statistics toolbox. 

Distance Estimation 

In this application we are interested in ability of BOs to 

estimate when the nozzle will make contact with the 

receptacle.  Note that we are not particularly interested in 

the absolute accuracy of the distance estimates provided.  

We know from published research that the absolute 

magnitude of exocentric distance estimates are highly 

variable and that people tend to significantly underestimate 

the distance (in depth) between pairs of distant objects 

when common cues such as linear perspective and texture 

gradients are not present
8, 9

.  In this analysis we are more 

interested in measuring the ability of operators to 

discriminate one distance from another, and most 

interested in how well they can estimate when they will 

make contact. 

To focus our analysis on depth discrimination and contact 

estimation, regression lines were fit to the data from each 

experimental condition.  The regression line was used to 

compute the estimated distance for a modeled distance of 

zero.  The data presented in Figure 8 are from a non-

stereoscopic and non-collimated condition and illustrate 

the case where insufficient depth cues were present. 

 
Figure 8.  Estimated distance as a function of modeled 

distance for a non-stereoscopic, non-collimated 

condition. 

 

The grand mean of the 2560 distance estimates collected in 

this evaluation was 5.17 ft.  For the case that a BO had no 

ability to discriminate depth, we would expect the slope of 

the regression line to be zero on average and highly 

variable.  Thus, we would expect the mean estimated 

distance for the contact position (modeled distance = 0) to 

be 5.17 ft and would expect a high standard deviation in 

this estimate. 

For the case where good depth cues are present, we would 

expect the regression line to intersect the contact position 

at zero distance and that the variance of the data about the 

regression line would be reduced.  Two examples of 

conditions where good depth cues (stereopsis and 

collimation) were present are provided in Figure 9. 
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Figure 7.  Observer wearing the active shutter glasses 

and the retro-reflective head mounted device used by 

the  OptiTrack tracking system. 
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Figure 9.  Estimated distance as a function of modeled 

distance for two separate instances of Stereoscopic x 

Collimated display conditions.  The figure illustrates 

how the intersects can be near zero with a large 

variance in the slopes of the data. 

 

Effect of Receiver Type 

Results of the ANOVA revealed the main effect of aircraft 

type was statistically significant (p = 0.0038).  Distance 

estimates at contact for the F-35 were 0.46 ft. lower than 

the estimates for the KC-135.  None of the interactions 

between the aircraft type and any of the display design 

variables or interactions were significant, indicating that 

the design variables had the same effects for both aircraft 

types.  Thus, the data were averaged across aircraft type 

for all subsequent analyses. 

Effects of the Design Variables 

The ANOVA for the distance data indicated three of the 

seven effects tested produced significant (p < 0.05) results; 

the main effects of collimation and stereopsis and the 

Stereopsis x Tracking interaction.  The stereopsis variable 

had a large and highly reliable (p < 0.0001) effect on 

performance as shown in Figure 10.  Estimates of the 

distance at contact were 1.53 ft. (2.93 times) larger for the 

non-stereoscopic conditions relative to the stereoscopic.  

Additionally, the standard deviation of the estimates was 

smaller for stereoscopic conditions. 

 
Figure 10.  Effect of stereopsis on distance estimates at 

contact (p < 0.0001).  Bars represent 95% confidence 

intervals. 

 

The ANOVA results indicated the collimation variable 

also had a highly reliable (p = 0.0007) effect on 

performance as illustrated in Figure 11.  Estimates of the 

distance at contact were 0.54 ft. (1.42 times) larger for the 

Non-collimated conditions relative to the collimated.  The 

standard deviation of the estimates was smaller for the 

collimated conditions. 

 
Figure 11.  Effect of collimation on distance estimates 

at contact (p = 0.0007).  Bars represent 95% confidence 

intervals. 

 

The net effect of these two significant main effects was 

that the error in estimating the distance at contact was 2.07 

ft. (4.30 times) higher for the design conditions most 

representative of the current BOT (Non-stereoscopic x 

Non-collimated) relative to the Stereoscopic x Collimated 

conditions.  The median standard deviation of the distance 

estimates about the regression lines for the 80 stereoscopic 
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x collimated conditions was 0.61 ft.  This corresponds 

with a disparity threshold of 6 arcsec which is right in line 

with the 3 to 10 arcsec disparity thresholds reported in the 

vision science literature. 

The ANOVA also revealed a marginally significant (p = 

0.044) interaction between stereopsis and tracking that is 

illustrated in Figure 12.  Adding tracking to the non-

stereoscopic conditions reduced distance estimation 

performance whereas it had no effect for the stereoscopic 

conditions. 

 
Figure 12.  Effects of stereopsis and tracking on 

distance estimates at contact (p = 0.0444).  Bars 

represent 95% confidence intervals. 

 

 

Cue Effectiveness Ratings 

Ratings were very highly correlated with distance 

estimation performance (R
2 

= 0.917, 7 df) indicating that 

the operators had a good sense of how well they could 

estimate distance.   An ANOVA of the effectiveness 

ratings revealed the same pattern of results found for the 

distance estimation data. Thus, these data are not plotted in 

this report since they do not convey any information in 

addition to that presented in the previous three figures. 

Stability Ratings 

Results of the ANOVA of stability ratings revealed the 

main effect of collimation was significant (p = 0.0041).  

Ratings of stability were 0.35 points higher for the 

collimated conditions relative to the non-collimated. 

The analysis also revealed two of the two-way interactions 

were significant.  The data shown in Figure 13 indicate 

adding the stereoscopic cue to the collimated displays 

increased stability ratings, but had no effect for the non-

collimated displays. 

 
Figure 13.  Effect of stereopsis and collimation on 

stability ratings (p = 0.0125).  Bars represent 95% 

confidence intervals. 

 

 

Figure 14 reveals adding tracking to the non-stereoscopic 

display decreased stability ratings whereas adding tracking 

to the stereoscopic display increased stability ratings. 

 
Figure 14.  Effect of stereopsis and tracking on ratings 

of stability (p < 0.0001).  Bars represent 95% 

confidence intervals. 

 

Comfort Ratings, Boom Operator 

The ANOVA of the BO comfort ratings indicated the main 

effects of collimation (p = 0.0017) and stereopsis (p = 

0.0145) and two of the two-way interactions were 

significant.  Comfort ratings were 0.40 points higher for 

the collimated conditions relative to the non-collimated.  

Comfort ratings were 0.31 points lower for the 

stereoscopic conditions relative to the non-stereoscopic. 
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While the main effect indicated stereopsis reduces BO 

comfort, examination of the interaction of stereopsis and 

collimation (see Figure 15) reveals comfort is reduced 

only for the case of the non-collimated display conditions.  

Comfort is not reduced when the stereopsis cue was added 

to the collimated display. 

 
Figure 15.  Effect of stereopsis and collimation on 

comfort ratings (p = 0.0197).  Bars represent 95% 

confidence intervals. 

  

The second significant two-way interaction, shown in 

Figure 16, indicates the addition of tracking to the non-

stereoscopic display decreased comfort whereas adding 

tracking to the stereoscopic display improved comfort. 

 

 
Figure 16.  Effect of stereopsis and tracking on comfort 

ratings (p = 0.0027).  Bars represent 95% confidence 

intervals. 

 

 

 

The net effect of the non-stereoscopic, non-collimated, 

non-tracked)design variables was that comfort ratings for 

the Stereoscopic x Collimated x Tracking condition was 

equal to comfort in the current BOT configuration. 

 

Comfort Ratings, Instructor 

For the instructor comfort ratings the ANOVA indicated 

all three main effects were significant (p < 0.0001).  

Instructor comfort ratings were 0.87 points higher for the 

collimated conditions relative to the non-collimated, 0.84 

points lower for the tracking conditions relative to the non-

tracking, and 1.64 points lower for the stereoscopic 

conditions relative to the non-stereoscopic. 

The interaction of stereopsis and collimation, illustrated in 

Figure 17, indicates the instructors found the combination 

of stereoscopic and non-collimated to be particularly 

uncomfortable.  Figure 18 reveals the use of tracking with 

the non-stereoscopic displays reduced instructor comfort 

for non-stereoscopic display conditions and did not have a 

reliable effect for the stereoscopic conditions. 

 

 
Figure 17.  Effect of stereopsis and collimation on 

instructor comfort ratings (p < 0.0001).  Bars represent 

95% confidence intervals. 
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Figure 18.  Effects of stereopsis and tracking on 

instructor comfort ratings (p = 0.0019).  Bars represent 

95% confidence intervals. 

CONCLUSIONS 

Stereopsis 

The use of stereoscopic display for BO training is clearly 

indicated as it produces a large and highly reliable 

improvement in the ability of BOs to estimate the distance 

between the nozzle and receptacle.  This performance 

improvement is supported by significantly increased 

ratings of depth cue effectiveness.  When combined with 

collimation, the use of stereopsis increases ratings of 

image stability.  While stereopsis decreases BO comfort 

ratings for non-collimated displays, there is no decrease in 

comfort for collimated displays.  One disadvantage of 

using a stereoscopic display is that it decreases comfort 

ratings made by instructors, however, this decrease in 

comfort is much larger for the non-collimated displays 

than it is for the collimated. 

Collimation 

The use of collimated displays for BO training is clearly 

indicated because it significantly improves BO distance 

estimation performance and ratings of cue effectiveness.  

Collimation produces higher ratings of image stability and 

comfort for both the BO and the instructor.  Five technical 

reasons supporting the use of collimation have been 

identified.  The use of collimation: 

1. Minimizes the accommodation-vergence mismatch 

that has been identified as a primary cause of 

discomfort with stereoscopic displays 

2. Minimizes the observer parallax errors caused by 

offsetting the BOI and observer eyepoints 

3. Minimizes the vertical disparity (dipvergence) error 

that occurs when a BO rolls their head 

4. Minimizes image doubling for objects at the receiver 

distance producing a reasonable image for BOIs and 

observers who may choose to view without glasses 

5. Minimizes tracker-induced image movement observed 

by the BOI and observer 

Head Tracking 

The use of head tracking is supported by the results of this 

evaluation, but only for the Stereoscopic x Collimated 

case.  Tracking did not improve distance estimation 

performance or BO ratings of cue effectiveness; however, 

tracking did improve ratings of stability and comfort for 

the stereoscopic conditions.   Tracking clearly decreased 

ratings of stability and BO comfort for the non-

stereoscopic conditions.  Tracking without collimation 

significantly decreased comfort for the instructor. 

While the demonstrated effects of tracking are more 

modest than the benefits of stereopsis and collimation, the 

cost of the tracking option is expected to be much lower 

than the cost of either stereopsis or collimation. 

Antialiasing and Pixel Pitch 

Given that the disparity threshold is a small fraction of the 

pixel pitch, we expect any process in the imaging chain 

that can shift the effective positions of edges, lines, and 

points can significantly degrade the fine disparity cues 

present in the image pairs.  Thus, we expect stereoscopic 

display effectiveness to depend on the quality of processes 

such as antialiasing and nonlinear image remapping.  The 

results described in this paper were obtained using display 

systems with a reasonably fine display pitch (1.5 arcmin) 

and high quality antialiasing. The reader is advised that 

they may not see a significant advantage for stereoscopic 

displays unless high quality antialiasing is performed and a 

reasonably fine display pitch is used. 

The design variables antialiasing and pixel pitch were not 

the subject of the current evaluation but were examined in 

our latest evaluation
10

 that confirms our expectation 

regarding the criticality of these variables.  The spatial 

sampling artifacts produced with insufficient antialiasing 

can seriously degrade the benefits of the stereopsis cue 

described in this paper.  It appears that the sole use of the 

hardware-based antialiasing available on the PC-based 

graphics boards commonly used in the simulation training 

industry over the past few years may be insufficient for 

producing the fine disparity cues required to support BO 

training. 
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