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ABSTRACT 
 

Future military aviation platforms such as the proposed Joint Strike Fighter F-35 will integrate helmet mounted displays 
(HMDs) with the avionics and weapon systems to the degree that the HMDs will become the aircraft’s primary display 
system.  In turn, training of pilot flight skills using HMDs will be essential in future training systems.  In order to train 
these skills using simulation based training, improvements must be made in the integration of HMDs with out-the-
window (OTW) simulations.  Currently, problems such as latency contribute to the onset of simulator sickness and 
provide distractions during training with HMD simulator systems that degrade the training experience.  Previous research 
has used Kalman predictive filters as a means of mitigating the system latency present in these systems.  While this 
approach has yielded some success, more work is needed to develop innovative and improved strategies that reduce 
system latency as well as to include data collected from the user perspective as a measured variable during test and 
evaluation of latency reduction strategies.  The purpose of this paper is twofold.  First, the paper describes a new method 
to measure and assess system latency from the user perspective.  Second, the paper describes use of the testbed to 
examine the efficacy of an innovative strategy that combines a customized Kalman filter with a neural network approach 
to mitigate system latency.  Results indicate that the combined approach reduced system latency significantly when 
compared to baseline data and the traditional Kalman filter.  Reduced latency errors should mitigate the onset of 
simulator sickness and ease simulator sickness symptomology.  Implications for training systems will be discussed. 
 
Keywords:  Latency, system latency, helmet mounted displays, HMDs, simulations, simulator sickness, training, neural 
network, Kalman filters. 

 
 

1. INTRODUCTION 
 

Wearable head or helmet mounted displays (HMDs) are becoming increasingly prominent in military and 
commercial applications and are particularly evident in military aviation platforms.  Future HMD systems will offer a 
greater capability to process and display a larger amount of data from a greater number of sensors located onboard the 
aircraft.  As the capabilities of HMD systems grow, so do the challenges associated with their use, implementation, and 
associated user training.  A number of challenges currently existing for HMD simulations that need to be resolved in 
order to use simulation-based training to foster the knowledge, skills, and abilities (KSAs) that are relevant to effective 
HMD use.  One major challenge is the mitigation of system latency.   

 
While researchers are developing techniques to mitigate latency errors, successful mitigation depends on first having 

an accurate assessment of the precise degree of latency present for each particular system.  This paper describes a test 
bed used to assess latency in HMD simulations from the user’s perspective, and the results of a test of the effects of three 
strategies intended to mitigate or eliminate system latency.   
 
 
1.1  Simulation Systems and Helmet Mounted Displays 
 

Training systems that utilize see-through HMDs consist of two distinct display sub-systems: the HMD display and 
the out-the-window (OTW) display.  The HMD display system includes the HMD itself, the head tracking device 
attached to the HMD, and the image generator (IG) which generates the images for the HMD display.  The OTW display 
system consists of a projection screen and multiple independent IGs creating and projecting an OTW view on the 
viewing screen. 
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In aviation training, the combined HMD simulation system must generate the OTW view in high fidelity and real-

time for the pilot to view through the see-through HMD display [2].  Additionally, the system must generate imagery for 
the HMD and, in turn, correlate that imagery in space and time with the OTW view.  Integrating the images produced by 
these two distinct display sub-systems is a complex problem and has yet to be done to a satisfactory level.   
 

Patterson, Winterbottom, and Pierce [1] described HMDs as displays that present information (symbolic or pictorial) 
to the user's eyes via one or two miniature visual displays (e.g., an aiming reticle or full-color imagery) mounted on the 
head via a helmet or other arrangement.  In visually immersed virtual environments, HMDs are enclosed with no view of 
the outside world; however, other HMDs allow the user to view the simulated outside world as well as the computer 
generated, augmented display.  It is this second type of HMD/training system configuration which uses see-through 
HMD technology that is the focus of the current paper.   

 
Consider a situation where an HMD provides supplemental target information to an aircraft pilot.  The system 

detects a target on the ground (e.g., a vehicle).  Since the target may be difficult for the pilot to detect, the HMD image 
generation computer may generates an icon that directly overlays the target in the background view and enables the pilot 
to better locate the target.  These two images (the ground target produced by the OTW IGs, and the symbology produced 
by the HMD IG) must be perfectly correlated in time and space if effective training is to take place.  This and other 
HMD in-flight capabilities are important for future flight training.   
 
 
1.2  Effects of System Latency  
 

In this paper, latency refers to the delay between a user's action and the display response [3].  During a period of 
latency, the effects of the user’s actions are not yet observed and, thus “latent.”  In simulation applications, latency is 
measured in milliseconds (ms) or frames (one frame = 16.67 ms), and is usually obtained by analysis of position data 
generated by sophisticated magnetic or inertial head tracking systems. 

 
Overall latency depends on the time necessary for each of the following: 1) the head tracker to sense and process 

head movement; 2) the image generator to compute the appropriate image for the user looking in the new direction; 3) 
the electronic processing between the image generator output and the HMD display: and 4) the system to “draw” or 
regenerate the new image in the HMD. 

 
Relevant literature indicates that latency should be between than 16-80 milliseconds (ms) in order for system latency 

to be imperceptible to the user or have minimal effect on the user.  System latency greater than 80 ms can often result in 
significant perceptual problems for the user which, in turn, can lead to simulator sickness [1].  One possible explanation 
for the onset of perceptual problems is that the images on the display (symbology, video, imagery, etc.) are linked to the 
user’s head movement.  During normal situations, as the user scans the environment for objects or targets, the head 
moves or the eyes rotate, but the environment essentially remains still, and thus the head or eye movement creates a 
change in the pattern of stimulation on the retinas of the user. 

 
However, when using an HMD, the image on the visor moves with the head.  The resulting unnatural pattern of 

retinal stimulation, coupled with the natural pattern of vestibular stimulation experienced when the head moves or 
rotates, produce conflicting cues that, in turn, may contribute to symptomology related to the onset of simulator sickness.  
These symptoms may include eyestrain, headache, nausea, sweating, dizziness, and a general sensation of not feeling 
well.  Latency has been strongly implicated as a contributor and trigger for the onset of simulator sickness [4], [5], [6].  
The greater the latency, the greater the potential for perceptual cue conflict resulting in adverse, detrimental, and 
unwanted physiological symptomology that can contribute to a degraded training experience. 

 
In addition to simulator sickness, latency errors can result in negative transfer of training.  Negative transfer occurs 

when trainees react to a training stimulus as practiced in training, but incorrectly in relation to the real world [7], [8]. 
When latency is present in HMD simulation systems, users may demonstrate different behavior(s) than they would when 
performing the actual task.  For example, some users adapt to system lag by moving their heads toward a prospective 
target and then waiting for the computer-generated graphics and imagery to catch up before executing any further action.  
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This strategy, while helpful in the simulation, can result in negative transfer of training once the user moves to the real 
world and performs the same task using real equipment such as is available in high performance combat aircraft.  
 
 
1.3  Latency Reduction 
 

While progress in the areas of faster information transmission and processing may eventually reduce latency 
completely, the rapid movement of the user’s head is currently too great for technology alone to mitigate completely.  
Thus, researchers are pursuing supplemental innovative approaches to reduce latency. 

  
Hardware approach:  Warper Board. A hardware approach to latency reduction developed through Small 

Bussiness Innovative Research (SBIR) initiatives by RPA Electronic Solutions is known as a "Warper Board."  The 
warper board is a sophisticated circuit board [9] that provides both static and dynamic image processing and correction to 
compensate for system latency and alignment error.  Based on real-time head positioning data, the warper board provides 
dynamic display distortion correction.  It also manipulates input video from the training system IGs to provide a two-
dimensional extrapolated image that adjusts the picture for differences in attitude (yaw, pitch, and roll) from that 
commanded by the IGs to the most current data available from the head tracker.  This image correction helps mitigate 
system latency.  The end result may yield virtually imperceptible latency of displayed imagery in the HMD with respect 
to the OTW scene.  

  
Software approach: Predicting head movement.  Other latency reduction research has focused on prediction of 

user head movements.  Software algorithms can extrapolate where the user’s head will be at a time ahead of the real-time 
position of the head tracker.  This allows the system to calculate where the user will be looking at the completion of a 
head movement and render the appropriate image at the appropriate time.  This approach known as the “Kalman 
predictive filter” or “Kalman approach,” has been applied to the problem of head motion prediction since the early 
1970s.  The Kalman filter has only recently been used for simulations involving see-through HMDs [2].  Further research 
is needed to determine their effectiveness in these new display environments. 

 
In addition, a new approach which involves using neural networks in combination with the Kalman filters may 

improve the prediction capability [2].  Neural networks use a network model to predict system performance.  This 
includes using a “cognitive” learning process to model the system and generate predictions.  The notion is to use the 
multiple inputs for head tracking (the current position and attitude, a history of those values, and feedback of results) to 
stimulate a network.  Using real world head motion data, the network could be optimized to use the right amount of 
history and trained to set the coefficients throughout the network to provide the most accurate predictions possible when 
compared to test data sets.  The one obvious drawback to this approach is that data is needed to “train” the neural 
network, and until an adequate amount of data is processed by the system, performance of the neural network may not be 
optimized.  As more data is processed by the cognitive learning neural network, predictions should become more 
accurate.  We tested these methods of latency reduction using an approach to assess latency from the user perspective.   

 
 

2.  METHODOLOGY 
 

The purpose of the current project was to develop a new and innovative approach to latency measurement and 
mitigation, baseline the current test bed, implement the latency mitigation strategies developed, and systematically test 
for differences in system performance from the baseline condition.   
 
 
2.1  NGHMDS Test Bed 
 

A generic test bed was developed and assembled at the Naval Air Warfare Center Training Systems Division 
(NAWCTSD) in Orlando, FL.  The test bed integrates Image Generators (IGs) that create the OTW display, the HMD IG 
that generates the visor scene, and the head tracker which tracks head movement in the X, Y, and Z axes, forcing them to 
operate together in a coordinated fashion and in a manner that supports rapid head movements.  Additionally, a high 
speed video recording system (the HMD Test Suite – see Figure 1 below) recorded the user view through the HMD, and 
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thus enabled measurement of foreground/background image correlation via analysis of captured video on a frame by 
frame basis.  The software used to break down and analyze the high speed video capture on a frame by frame basis was 
Adobe Premier Elements 7.0. 

 
Assembly and configuration of the generic test bed involved the physical connection of three dome OTW IGs linked 

through a hub that connected the computers to the HMD IG and head tracker PC.  The PCs used to generate the OTW scene 
consisted of three DELL XPS Model 720 Intel Core E6850 (4MB Cache, 3.0Ghz 1333 FSB) computers using the Nvidia 
8800 GTX graphics cards.  The outputs from the three IGs that were used to generate the OTW view were combined and 
corrected for geometric distortion through a 3D Perceptions™ Box that bent, warped, and blended the images coming from the 
individual IGs sending them to the projectors to look coordinated and corrected when viewed on the semi-circular dome 
display screen.  The actual dome screen allows a 200 degree horizontal by 50 degree vertical FOV.  The dome screen radius 
was 10.5 feet.  The dome projection system consisted of three JVC D-ILA 1920 x 1080P projectors, each covering one-
third of the screen to display the OTW scene.  The software used to generate the OTW scene was Presagis VEGA PRIME 
2.2.  The HMD integrated into the test bed was the Rockwell Collins SIM EYE SXL50 STM.  The HMD had 1280 x 
1024 resolution and a see-through monochrome display for each eye that allows approximately 70% of the light from the 
dome display to reach the eye.  The HMD is driven by another DELL XPS with the same graphics card and VEGA 
PRIME software.  VEGA PRIME software was used to integrate with the Polhemus Scoµt Head Tracker to support head 
movement.  The Scoµt Head Tracker was a magnetic head tracker that supports six degrees of freedom tracking up to a 
rate of 240 Hz (frames per second).   
 

The HMD test suite consisted of a high-speed video recording system that was mountable within the confines of a 
standard training or operational helmet commonly worn by combat fighter pilots (Figure 8).  The camera was a Sony 
HDR-CX7 series slow motion recorder mounted in a hard plastic mannequin head to provide a monocular view as seen 
by the trainee.  The high-speed video recording system was mounted inside a HMD and recorded three (3) seconds of 
high-speed video image capture at a rate of 240 Hz.  The main objectives of this design were: 1) to allow it to fit many 
HMDs used on a variety of aviation platforms, and 2) to allow it to be manipulated in a manner that is realistic and 
representative of the manner in which a pilot’s head will move when executing realistic flight and combat scenarios in 
the actual aircraft.  

 
The HMD Test Suite also includes a sophisticated, controllable, and programmable pan/tilt unit.  The pan/tilt 

unit was a Directed Precision™ model PTU-D46 pan/tilt unit that utilized stepper motors with an asymmetrical worm-
gear design.  This unit has a remote control capability that allows a researcher to manually control the pan/tilt unit.  It is 
also programmable so that a series of varied movements or a standard pattern of movement can be programmed for 
repeated, continuous movement.  The body is made of machined aluminum providing rigid, repeatable positioning.  
Maximum payload is nine pounds with a turn speed of up to 300 degrees per second.  It includes a standard camera 
mount that was modified to support the hard plastic head with the high speed video camera mounted inside.  

 

    
 

Figure 1. HMD Test Suite developed for the NGHMDS R&D test bed at NAWCTSD in Orlando, FL. 
 
 
2.2  Predictor Conditions 
 

Three latency mitigation strategies were used in various combinations to test the effectiveness of each strategy 
individually and combined.  The latency mitigation strategies included a: 1) customized Kalman filter (K), 2) Cognitive 
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“Learning” Neural Network (NN), and 3) Extrapolated Frame Correction (EFC) provided by a hardware strategy known 
as a “Warper Board.”  Each strategy was tested individually and in combination with each other to produce seven 
possible predictor conditions plus the baseline condition for a total of eight data collection points.  The seven predictor 
conditions were: 1) K on, 2) NN on, 3) EFC on, 4) K and NN on, 5) K and EFC on, 6) NN and EFC on, and 7) All (K, 
NN, and EFC) on.  The baseline condition consisted of all latency mitigation strategies turned off. 

 
 

2.3  Procedure 
 

Data collection occurred in two (2) phases.  Phase I involved baselining the system before any interventions were 
employed.  This involved testing and measuring the base system to quantify, as accurately as possible, the degree of 
system latency present before the introduction of any mitigation strategies were integrated into the system.  System 
latency viewed through the HMD from the user’s perspective is termed “apparent latency” because it is latency that is 
“apparent” to the user.  Apparent latency increases as displacement speed increases.  Phase II involved video recording 
of apparent latency after implementation of the mitigation strategies, and measurement of the effect produced by the 
mitigation strategies to determine the degree of latency reduction produced.   

 
Phase I Procedure. The HMD test suite was positioned on a rigid platform at the proper distance from the OTW 

screen and eyepoint for the dome system being used.  The distance from the dome screen was 10.5 feet, and the height of 
the eyepoint was 51.75 inches.  A grid pattern with 10 degrees separation between gridlines (5 degrees between each dot) 
was used as the OTW visual (Figure 2).  The same image was projected onto the HMD and the two images were aligned 
and initialized using a procedure known as “bore sighting” the system.  Bore sighting the system involves the alignment 
of crosshair symbology whose position and location in the simulator is a known quantity.  Once the crosshairs were 
aligned on both the OTW view and the HMD display, the head tracker was initialized and aligned at the bore sighted 
position.  From that point on, if the head moved in any direction, the head tracker would sense that movement and keep 
both images perfectly aligned. 

 
The HMD Test Suite was positioned facing the extreme right of the visual displacement allowed by the dome (100 

degrees right of center screen) and energized to allow the HMD Test Suite the opportunity to accelerate to the proper 
displacement speed before reaching the point in the field of view (FOV) where data was to be recorded (center screen at 
the point of initial alignment and bore sighting).  For the baseline portion of the data collection, the HMD Test Suite 
speed of movement started at an initial speed of 10 degrees per second horizontal displacement and data was recorded as 
the high camera view moved across the initial point of alignment and bore sighting.  Video data was collected 3 times at 
10 degrees per second. 

 
This same procedure was followed for each subsequent incremental increase in speed.  The horizontal speed was 

increased 5 degrees per second systematically for each trial until the top speed of 120 degrees per second was reached.  
Data was collected 3 times each time the speed was incremented.   
 

Phase II Procedure. Once the test bed/training system was initialized and the HMD Test Suite had been 
properly positioned, the camera was turned on and the HMD Test Suite was energized at various speeds, moving to the 
opposite extreme of the visual field upon which it was initialized.  Since the baseline data collection revealed that the 
apparent latency for the NGHMDS test bed was relatively linear in nature, the data collection procedure was slightly 
modified in order to simplify data collection.  The pan/tilt platform was set to move across the allowable field of view 
beginning at 15 degrees per second and increased at 15 degree per second increments on every trial until 120 degrees per 
second was achieved, the maximum speed of displacement for the HMD Test Suite with weight loading of the helmet, 
camera, and HMD optics and electronics.  The video and other data described above were recorded.  Data were collected 
three separate times for each speed.   
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Figure 2. NAWCTSD Test Bed visual display grid (OTW view) for test and evaluation. 
 

3.  RESULTS 
 

3.1  Phase I - Baseline Data Collection Analysis and Results 
 

As can be seen in Table 1, the apparent latency associated with the slowest speeds was less than half a degree of 
latency, but steadily increased until at the highest speeds (120 degrees per second) it was almost 6 degrees of latency.  
These data are graphed in Figure 3.  The data were inspected to determine if a low threshold existed for displacement 
speed where apparent latency became noticeable and problematic.  Similarly, data were inspected to determine if an 
upper threshold existed above which apparent latency did not change.  The results did not indicate the existence of either 
a lower or an upper threshold.  The mean apparent latency for the NGHMDS Test Bed was 44.363 ms. 

 

 
 

Figure 3.  Graph of apparent latency at all displacement speeds. 
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Table 1.  Means Apparent Latency (degrees) and Standard Deviation for All Displacement Speeds taken during 
baseline system measurement.  

 
Displacement 

Speed 
(degrees/second) 

Apparent Latency 

Mean (degrees) SD (degrees) 
10 0.3306 0.0000 
15 0.6336 0.0477 
20 0.7163 0.0954 
25 0.9091 0.0826 
30 1.2948 0.0477 
35 1.3223 0.1653 
40 1.5978 0.1909 
45 2.0661 0.0826 
50 2.0386 0.2525 
55 2.5344 0.0954 
60 2.4793 0.1653 
65 3.0853 0.2525 
70 3.0303 0.1909 
75 3.6364 0.4373 
80 3.5813 0.4160 
85 4.0220 0.2525 
90 4.7521 0.0584 
95 4.5730 0.4160 

100 5.0138 0.0954 
105 5.0689 0.3441 
110 5.6198 0.0000 
115 5.7300 0.2525 
120 5.8953 0.2525 

 
 

3.2  Phase II - Predictive Algorithms and Warper Board Latency Mitigation Strategy 
 

The means for all displacement speeds and mitigation strategies are shown in Table 2.   
 

Results of the 8 x 8 between groups analysis of variance (ANOVA) (see Table 3 ) showed a significant main effect 
for displacement speed, F(7, 188) = 146.81, p < .001, Partial η 2  = .85.  Figure 4 presents the mean latency as a function 
of displacement speed.  It is clear that as displacement speed increases, so does apparent latency.   
 

The main effect for Predictor Condition (type of mitigation strategy) was likewise significant, F(7,188) = 300.59, p 
< .001, Partial η 2 = .92.  The mean latencies for the various strategies can be seen in Figure 5.  As was anticipated, most 
of the predictor strategies produced smaller mean latencies than the baseline in which no mitigation strategy was used.  
The notable exceptions were when the EFC condition and the Kalman filter condition were on by themselves.  When the 
EFC and the Kalman filter were on by themselves we saw some minimal differences compared to baseline (Baseline 
mean = 2.6132, Kalman filter mean = 2.2801, and EFC mean = 2.6840), however, these differences did not result in 
statistically significant differences.   
 

Likewise, the remaining five (5) mitigation strategies (NN on, Kalman on/NN on, Kalman on/EFC on/ NN on/EFC 
on, and All on) appear to produce distinctly improved results in terms of reductions in apparent latency than the 
Baseline, Kalman filter, and EFC conditions alone.  These remaining five (5) mitigation strategies (NN on, Kalman 
on/NN on, Kalman on/EFC on/ NN on/EFC on, and All on) were significantly different than the Baseline, Kalman filter 
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and EFC alone, however, the remaining five (5) mitigation strategies means did not result in any significant differences 
when compared to each other.   
 

Finally, the results of the ANOVA indicated a significant interaction effect, F(49, 188) = 11.80, p < .001, Partial η 2 

= .76.  Figure 6 shows the interaction of condition (type of mitigation strategy) x displacement speed.  Interpretation of 
this figure is complex given the many possible post hoc comparisons involved.  As stated earlier, the purpose of this 
paper is not to analyze all relationships, but to initially focus on general findings.  Having said that, it is clear that when 
EFC is combined with Kalman, we see the smallest mean latencies across the majority of the displacement speeds.  
Again, as seen in the results of the main effects, we see a general increase in latencies as displacement speed increases 
across all strategies, with non-significant differences resulting between the baseline, Kalman filter, and EFC conditions 
by themselves.  
 
 
Table 2.  Means of Apparent Latency (degrees) for All Displacement Speeds and Predictor Conditions. 

 
Speed Baseline Kalman 

on 
NN on EFC on Kalman on, 

NN on 
Kalman on, 
EFC on 

NN on, 
EFC on 

All 
on 

Row 
Means 

15 0.598 0.410 0.000 0.756 0.032 0.055 0.080 0.274 0.276 
30 1.080 0.999 0.076 1.604 0.155 0.295 0.250 0.534 0.636 
45 1.871 1.573 0.240 2.339 0.218 0.175 0.228 0.726 0.921 
60 2.538 2.050 0.542 2.716 0.515 0.255 0.736 0.933 1.286 
75 2.850 2.491 0.729 3.703 0.691 0.255 0.864 0.688 1.534 
90 4.088 2.969 0.320 3.859 0.819 0.253 0.383 1.223 1.739 
105 4.227 3.526 0.427 3.316 0.812 0.916 0.921 1.568 1.964 
120 4.688 4.219 1.835 3.177 1.463 0.395 2.633 1.448 2.325 
Means  2.613 2.280 0.521 2.684 0.588 0.325 0.717 0.924  

 
 
Table 3.  Analysis of Variance for Apparent Latency. 
 

Source df F Partial η 2 p 
Speed 7 146.81 .85 p < .001 

Condition 7 300.59 .92 p < .001 
Speed x Condition 49 11.80 .76 p < .001 

Error 188    
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Apparent Latency as a Function of Displacement Speed
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Figure 4.  Means of apparent latency as a function of displacement speed. 
 
 

Apparent Latency as a Function of Predictor Condition
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Figure 5.  Means of apparent latency as a function type of predictor (type of mitigation strategy). 
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Figure 6.  Interaction of condition (type of mitigation strategy) x displacement speed. 
 
 

4.  DISCUSSION 
 
 

4.1  Phase I: Baseline Data Collection Analysis and Results 
 

This is the first research to produce an accurate, consistent measure of latency from the user’s perspective in a HMD 
training simulation.  The test bed recorded both the OTW view and the HMD view, and human observer raters measured 
the discrepancy between the two views (effective system latency present from the user’s perspective).  The high inter-
rater reliability indicated that the measurements were consistent.  Prior to the development of this test bed, system 
designers relied on system generated latency data, with no validation that it was accurate.  With the addition of the 
measurement methods established in the current work, additional precision and verification is now possible.  In other 
words, future latency and alignment work should include both system collected data as well as the user perspective data 
collection technique used in the current research.  Combining both will lead to the most exact and valid measurements 
possible.  The development of this innovative approach demonstrates the potential of human factors psychologists 
working together with system designers and optical engineers to effectively collect accurate data from the user’s 
perspective which can be compared and validated with other computer generated and system generated sources.  The 
evidence of a linear relationship between head movement speed and apparent latency corresponded with the current 
literature.  These results further validate the measurement system used in this study.   
 
 
4.2  Phase II: Predictive Algorithm and Warper Board Latency Mitigation Strategy Analysis and Results 

 
Mean latency data were collected using seven predictor strategies (Kalman filter, neural nets, and extrapolated frame 

correction) used alone and in combination.  Latency data obtained from these seven mitigation strategies were compared 
to baseline conditions in which no predictor support was provided.  Data were gathered in a test bed constructed at 
NAWCTSD in which the HMD Test Suite designed for this research rotated at 8 different displacement speeds and 
combined with 7 predictor latency mitigation strategies, plus a baseline condition.  Results indicated significant main 

Proc. of SPIE Vol. 7688  76880F-10

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/17/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



 

 

effects for speed and conditions/strategies.  The interaction of speed and condition was significant.  These results 
indicate that compared to baseline conditions, the following mitigation strategies resulted in superior performance: 1) the 
Kalman filter and EFC combined (mean = 0.3255) resulted in the smallest mean latency, 2) followed closely by the 
Neural Network alone (mean = 0.5215), 3) followed closely by the Kalman filter/Neural Network combination (mean = 
0.5887), 4) the Neural Network/EFC combination (mean = 0.7171), and lastly 5) the combination of all mitigation 
strategies on (mean = 0.9247).  The Kalman filter alone (mean = 2.2801), and the EFC alone (mean = 2.6840) were not 
notably different from the baseline (mean = 2.6132).  It appears, then, that mitigation strategies can be useful in 
decreasing apparent latency in training simulations using HMDs.   
 

Since the results of these five (5) mitigation strategies (NN on, Kalman on/NN on, Kalman on/EFC on/ NN on/EFC 
on, and All on) were not significantly different from each other, selection of any of these five (5) mitigation strategies 
would produce superior results in terms of latency mitigation, training system optimization, performance improvement, 
enhanced user acceptance, and enhanced transfer of training.  In the short term, the numerically best solution would be 
the combination of the Kalman filter and the EFC strategies (mean = 0.3255, standard deviation =0.3603).  However, 
since the Neural Network was designed as a learning cognitive network running on multiple nodes, it is our belief that 
the Neural Network alone, over time and given the opportunity to “learn” as more data is processed through the system, 
would produce the optimal solution. 

 
Beyond the current research, it is vital for future research to examine data from human subjects regarding latency 

(e.g., subject matter experts’ opinions, simulator sickness questionnaire data, user acceptance, and performance data).  
Despite the cut in original funding for human subject testing from this project, we have also completed an initial study 
using human subjects.  This proposed study was part of a master’s degree thesis conducted in conjunction with the 
Florida Institute of Technology Aviation Human Factors graduate program.   

 
The study complemented the current project in several ways.  Currently, there is a lack of knowledge concerning the 

effect of latency on the physiological state of users wearing HMDs in a simulator environment.  A variety of studies have 
manipulated different variables to gain information about the effect of latency, but the results of these studies are 
conflicting.  The proposed study will use the established test bed to examine the effects of displacement speed and 
predictive compensation on simulator sickness. 

 
While Phase I and Phase II of the current project focused primarily on engineering solutions to accurately measure 

and quantify effective system latency, and the implementation and evaluation of new and innovative latency mitigation 
technologies, the NAWCTSD/FIT thesis study provided the opportunity to test and evaluate the solutions produced in 
this project using human subjects.  The results indicated that the latency mitigation strategies produced in this project did 
have a significant effect on the mitigation of onset of simulator sickness in the participant population sampled, and 
provided further evidence that these strategies and technologies produced in the NGHMDS project are effective.  The 
significance of these findings in relation to enhanced training experiences and the possible decrease of physiological 
symptoms and negative transfer of training needs to be explored in greater detail in future studies.  
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