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INTRODUCTION

Flight simulators have a history of extensive use in civil-
ian and military aviation, providing a significant reduction
in the overall cost of flight training. Simulators also allow
potentially hazardous situations, such as aircraft failures
and other emergencies to be safely experienced.

Enclosed-cockpit simulators with wrap-around dis-
plays and full instrumentation currently provide an experi-
ence that is very close to a real cockpit, representing a
valuable tool for flight training. For example, Figure 1
depicts an enclosed-cockpit, multiscreen simulator that
was developed by students and advisors of the N85 Aero-
space Club, which largely inspired the research in this arti-
cle. Special attention was taken to reproduce actual
controls in the Cessna C172P aircraft, one of the main mod-
els used for pilot training at N85. Although duplicating a
full cockpit in this way can be valuable for pilot training,
the required space and cost can be prohibitive. For exam-
ple, commercial general aviation (GA) flight simulators
from Redbird Flight Simulations, Inc., with either a wrap-
around display or a fully enclosed cockpit are listed at
$32 800 and $42 800, respectively, and require approxi-
mately 2.7 m x 1.8 m floor space [1].

Virtual reality (VR) is developing into a mature technol-
ogy and offers an interesting alternative to wrap-around dis-
play or enclosed-cockpit simulators described previously.
An early VR-based helicopter simulator was presented
in [2], which employed a stereo head-mounted display
(HMD) driven by the FlightGear open-source flight simula-
tor, hand-tracking gloves to interact with cockpit instrumen-
tation, and a custom designed model for flight dynamics.
Later work in [3] studied the interaction of a virtual hand (or
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“avatar”) with buttons in a VR cockpit, demonstrating the
importance of the shape and configuration of the avatar for
robust pilot-control interaction. The work in [4] proposes
VR as a tool to enhance safety during drone pilot training.
Recently, the U.S. Air Force has been investigating the abil-
ity of VR technology to accelerate flight training, where stu-
dents are exposed to maneuvers in VR as preparation for in-
cockpit instruction [5]. The support of VR has also become a
native feature of commercial flight simulator packages, such
as X-Plane from Laminar Research and Prepar3-D from
Lockheed Martin.

Benefits of VR-based simulation are the fully immer-
sive experience, low cost, and space requirements, and the
ability to simulate many different aircraft with the same
hardware. An important drawback, however, is the loss of
natural tactile interaction with flight controls and instru-
ments. Although this may not be a problem for HOTAS
(hands on throttle-and-stick) controls in fighter aircraft,
where a pilot’s hands do not leave the controls, many trainer
and civilian aircraft require the pilot to move the right hand
to various controls, such as throttle, propeller pitch, carbure-
tor heat, mixture, flaps, trim, landing gear, radios, etc. Fairly
early in training, key controls like throttle and flaps should
become familiar enough to control by touch, keeping eyes
looking outside the cockpit as much as possible. A VR
cockpit without the familiar touch sensation could lead
to the bad habit of spending too much time looking at
controls inside the cockpit. Eventually, advanced VR
hardware, such as force-feedback gloves may bring
natural tactile feel to VR instruments, but current solu-
tions are bulky and will hamper pilot movement.

The purpose of this article is to explore the use of aug-
mented reality (AR) for flight simulation, offering many of
the benefits of VR realism, but without sacrificing natural
tactile interaction with cockpit controls. The term AR was
first used by T. Caudell and D. Mizell, two researchers at
Boeing who developed a see-through, heads-up display for
Boeing-747 factory workers. The headset superimposed
the required assembly patterns on top of wire bundles, pro-
viding a more convenient and flexible solution than the wir-
ing formboards that were in use [6]. Since then, AR has
found significant use in other manufacturing industries [7].
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AR is particularly interesting for space applications, allow-
ing astronauts to execute procedures with minimal proba-
bility of error [8].

In the remainder of this article, we describe a proof-
of-concept AR flight simulator that was developed by stu-
dents and their faculty mentor at Lafayette College, an idea
that was largely inspired by flight simulator development
activities at the N85 Aerospace Club. Although the simula-
tor has a relatively low hardware cost (approximately $4000
USD), it provides not only an immersive flight experience,
but also natural tactile interaction with flight controls.

AR FLIGHT SIMULATOR CONCEPT

Before delving into our specific AR simulator implemen-
tation, we describe the basic idea of its operation. Due to
its low cost, we use the indirect view AR approach, where
a conventional VR HMD delivers video to the user and
tracks the head position and pose, while a stereo camera
attached to the HMD captures images of the user’s sur-
roundings. A personal computer (PC) then combines vir-
tual scenery generated by the flight simulator software
with camera video, allowing certain areas of the virtual

Figure 1.

Enclosed-cockpit flight simulator with wrap-around displays at
Alexandria Field Airport (N85), simulating a full instrument panel
for a Cessna C172P aircraft. Photo by courtesy of Sean Smith and
Linda Castner of the N85 Aerospace Club.
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cockpit to show VR scenery, and other areas to show the
pilot’s hands and controls.

We have explored two ways of combining virtual scen-
ery and camera images, as depicted in Figure 2. The
“geometry-based” method is appropriate for simulators,
where an enclosed physical cockpit has been built, and VR
scenery needs to be presented on window areas. This method
requires a three-dimensional (3-D) model of cockpit window
areas to be available. By combining this information with
headset position and pose, the 3-D model can be properly
oriented in the pilot’s frame of reference, allowing perspec-
tive projections of the window areas to be computed and
overlaid with VR scenery. Note that the 3-D model could
also indicate positions of instruments, allowing VR instru-
ments to be drawn on a generic (blank) instrument panel.

The simple geometry-based method has the disadvan-
tage of requiring an enclosed physical cockpit to be built.
Also, if the pilot’s hand is moved over a window area, it
appears to be “chopped off” as it is overlaid with VR scen-
ery. We therefore explore an alternative “green-screen”
method that uses conventional chroma keying. Here, a
physical green screen is placed in the background, and
pilot controls and instruments are placed in the fore-
ground. Image processing identifies green areas in the
camera video and overlays those areas with the VR scen-
ery, allowing camera images from other areas to show
through. This method avoids the need for a detailed 3-D
model and allows a pilot’s hand to show correctly over
VR scenery. However, chroma key requires good lighting
without shadows, which can sometimes be a challenge.

We expect that a combination of two methods may be
the best overall solution. For example, an enclosed cockpit
could simply have green screen on the window areas,
avoiding the “chopped hand” problem. Or, a compact
three-sided cockpit with front, left, and right green screen
panels could be constructed, which only needs to extend
as far as instruments, controls, and the reach of the pilot’s
hands. A very simple 3-D model consisting of six rectan-
gles could then be created, which when combined with the
green screen panel locations, forms a complete rectangular
box. The image processor then overlays both green-screen
areas and projected 3-D model areas with VR scenery.
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Figure 2.

Processing steps for the proposed AR flight simulator. An indirect view approach is used where input from a stereo camera is processed and
displayed on a VR HMD. The top and bottom image processing chains show operations for geometry-based and green-screen overlay. BG
and FG stand for a background image (drawn first) and a foreground image (drawn second), respectively.

Not only does the pilot have the illusion of being inside a
complete VR cockpit, but also hands placed over window
areas will look natural. Due to space constraints, we only
consider the extremes of geometric and green-screen
methods in the remainder of this article.

SYSTEM DESCRIPTION

HARDWARE COMPONENTS

Table 1 lists the hardware components of the AR flight
simulator we used and their approximate cost (in 2020
USD), where our goal was to simulate a GA trainer air-
craft. The Vive Pro headset provides 1440 x 1600 resolu-
tion per eye, a combined 110° field of view, and 90
frames-per-second (FPS) refresh rate. The Ovrvision Pro
Stereo camera has a USB 3.0 interface and can deliver
dual 960 x 950 color images at 60 FPS. Note that the
Vive Pro has a built-in stereo camera that can be used, but
the resolution is fairly low (480p), and we could only
reach 30 FPS capture rate in our experiments.

A photograph of the desk-based test setup is shown in
Figure 3, which is self-explanatory except for the instru-
ment panel. The idea is to have a generic panel, where dif-
ferent gauges can be placed at desired positions. This is
accomplished using ArUco tags, which are special binary-
code markers that were developed for AR. Each unique
ArUco tag can be detected by the image processing soft-
ware and overlaid with a corresponding gauge. So far we
have only written software to overlay an altimeter, air-
speed indicator, and tachometer, but this illustrates the
basic principle. The panel was made from fiberboard cov-
ered with carpet, allowing Velcro-backed ArUco gauge
tags to be placed at arbitrary locations.

8 |EEE AGE SYSTEMS MAGAZINE

SOFTWARE COMPONENTS

Ubuntu Linux 18.04 was chosen due to ease of develop-
ment and the availability of many open-source libraries.
Figure 4 shows the software components that were
required to implement the AR simulator and the basic data
flow. Existing software components are shown by tan col-
ored boxes in Figure 4 and consisted of the following.

Table 1.

System Hardware Components

Headset / Background

HMD / Tracking HTC Vive Pro $900
Stereo Camera Ovrvision Pro $500
Green Screen, Stands Various $100
Personal Computer (PC) Components

CPU Ryzen-7 2700x $300
Memory 32 GB $150
GPU Nvidia RTX-2060 $300
Motherboard, case, etc. Various $250
Simulator Controls/Instruments

Pedals Thrustmaster Rudder Sys. $500
"Control Stick/Yoke Custom Built ~ $200
Throttle Quadrant Desktop Aviator $150
Instrument Panel Custom Built $50
2Switches, dials, etc. ~ $500
Total $3900

' Although we used a custom-designed two-axis stick that was
available in our lab, a consumer-grade joystick or yoke control
costs under 8200, which is listed in the table.

These are components that were not used in the proof-of-concept
setup, but would be required for a full GA cockpit.
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Figure 3.
Photo showing components of the desk-based setup for AR flight
simulator experiments.

X-Plane Flight Simulator. X-Plane was chosen due to
its low CPU footprint and Linux support, as well as the
power and simplicity of its plugin interface. Program flow of
the custom plugin we developed is shown in Figure 5, which
outputs gauge data (altimeter reading, engine revolutions
per minute, and air speed reading) to the AR Process, and
receives the pilot head position and pose from the AR pro-
cess, updating the required “dataref” structures in X-Plane.
The plugin sends and receives data at a nominal 60 FPS.
X-Plane renders scenery according to the current pose to an
X11 window, which is grabbed by the AR Process.

Ovrvision Pro Camera. The stereo camera appears as
a Video4Linux2 (V4L2) device. Color stereo frames at
960 x 950 resolution per eye are captured through the
VA4L2 interface at 60 FPS and passed to the AR Process.

OpenVR. The AR Process communicates with the
HTC Vive Pro HMD using the free OpenVR library. For
this to operate, SteamVR must also be installed and run-
ning on the system. The OpenVR application program-
ming interface (API) allows pose information of the
headset and controllers to be read, as well as video frames
(OpenGL textures) to be written to the headset screen.

AR Process is a custom command-line program that was
developed for this project, implementing all of the required
data handling, image processing, and graphics rendering for
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Figure 4.

Block diagram of AR flight simulator software components. The
“AR Process” block and X-Plane plugin are the custom compo-
nents that were developed as part of this project.
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Figure 5.
Flowchart followed by the custom X-Plane plugin, indicating
datarefs that are read/written to implement the virtual AR cockpit.

the AR flight simulator. Below we describe the program
flow and operations performed in AR Process, noting that
full source code is provided at [9] for interested readers.

Capture Thread. A flowchart of the Capture Thread is
shown in Figure 6(a), whose purpose is to read stereo cam-
era frames from the V4L2 interface, and send these with a
first-in first-out (FIFO) buffer to the rendering thread.
Additionally, left and right video frames are placed in sep-
arate FIFOs bound for two ArUco tag detection threads.

X11 Grab Thread. Figure 6(b) depicts a flowchart of
the X11 Grab Thread, which grabs video from the X11
window that X-Plane uses to render its scenery. Frame
grabbing in this thread is synchronized with the capture
thread to obtain nearly coincident samples of camera and
rendered X-Plane scenery.

ArUco Detection Threads. The two ArUco Detection
Threads follow the program flow in Figure 7, and their
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Figure 6.

Flowcharts of data input threads: (a) Capture Thread for stereo
camera input, and (b) X11 Grab Thread for grabbing flight simu-
lator scenery.
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Figure 7.
Flowchart followed by the ArUco Detection Threads used to detect
virtual gauge positions in left and right camera input frames.

purpose is to detect the position of ArUco tags on the
instrument panel, allowing them to be overlaid with
VR gauges. This is accomplished using the OpenCV
(Open Computer Vision) library in the CPU domain,
requiring two separate threads to detect tags in the left

corners are passed to the Render Thread via shared
memory.

Render Thread. This somewhat complex thread is the
heart of the system and its program flow is shown in
Figure 8. The thread employs the NVIDIA Compute Uni-
fied Device Architecture (CUDA) API for GPU-based
green-screen detection and the CUDA OpenCV library for
color space conversions and camera fish-eye correction.
OpenGL is used to compute 3-D model transformations
and perspective projections, as well as to render gau-
ges, camera video, and flight simulator scenery onto
the output frames (textures) that are sent to the HMD.
Note that all computationally intensive operations in
this thread are performed on the GPU, minimizing
processing latency and allowing frame rates of 60 FPS
or higher.

NVEnc. For demonstration purposes as well as later
reference, rendered video frames can be recorded to a
video file in the raw H264 format. The RTX-2060 GPU
has a built-in H264 hardware encoder, allowing the video
stream to be encoded in real time with minimal impact on

and right video frames at 60 FPS. The locations of tag CPU or GPU load.
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Flowchart followed by the Render Thread, which implements geometry and green-screen based AR.
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CAMERA-VR CALIBRATION

In order for camera video to be overlaid in the correct loca-
tion on the graphics textures (output frames) sent to the
HMD, some kind of calibration procedure is required. The
procedure outlined below assumes that fish-eye distortion
has already been removed from camera images, which was
accomplished in this article using the CUDA OpenCV
library.

A two-dimensional (2-D) projected VR point is
denoted r, and the corresponding 2-D point in the camera’s
image is denoted r’. For simplicity, we assume the camera
frame for each eye only requires scaling, rotation, and
translation to align a camera pixel with a perspective-
mapped VR point. This means we have the relation
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Note that the M and ¢ matrix entries provide scaling/rota-
tion and translation, respectively. The unknown matrix M
can be found by collecting many samples of coincident r
and r’ into the matrices

R:[I‘l ro ... I'N] (2)
R =[r] r, ... ry] 3)

where NV is the number of camera-VR coordinate sample
pairs. We then solve (1) in a least-squares sense with
M = RR/", where {-}" denotes matrix pseudoinverse.
The method we have chosen for finding each projected
2-D VR point r; and its corresponding camera point r uses
an HTC Vive controller. The controller has a green LED on
the handle that shows up well in camera imagery, and a sim-
ple peak detector can be used to find r/ for that point. Next,
the point r; is found by obtaining the position and pose of
the controller from OpenVR, computing the position of the
LED in VR 3-D space, and then projecting that point with
OpenGL transformation matrices to the 2-D image point r;.
Next we show an example of a camera-VR calibration
phase, where the HTC Vive controller is moved along a
random path within the camera field of view. Figure 9
shows estimated 2-D camera coordinates r; (a) and corre-
sponding projected 2-D VR coordinates r; (b) of all path
points. Note that the two curves on each plot show sepa-
rate information that is gathered for the left and right eyes.
This procedure provides hundreds of pairs of r} and r;,
allowing the M matrix to be computed for each eye. A
visual comparison of Figures 9(a) and (b) indicates eye-
dependent scaling, rotation, and translation, as mentioned
previously, as well as some nonlinear effects, especially
near camera boundaries. Error in the mapping for left and
right eyes can be quantified by evaluating (1) for each
point r; and computing the mean-squared error between
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the actual and mapped r; values. Error histograms are
shown in Figure 10, indicating approximate average error
and peak error of 2% and 10%, respectively, over the com-
plete visible HMD frames. Although more advanced cali-
bration and video mapping methods for indirect-view AR
could be applied, we feel this simple method has suffi-
ciently low error for this initial treatment.

EXAMPLE AR VIDED

In this section, we show some example imagery produced by
the AR flight simulator as viewed by the user in the HMD.

Arllco TAG DETECTION ANDGAUGE DVERLAY

A close-up view of gauge detection and overlay using ArUco
tags is shown in Figure 11. The OpenCV ArUco tag detec-
tion is surprisingly robust, and for a stationary headset, tags
are well detected and gauges do not move appreciably. Since
gauges are currently detected frame by frame without track-

Camera Coordinate VR Coordinate
T

0.25 T T T
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Figure 9.

Example of camera-VR coordinate pairs that are collected by
moving the HTC Vive controller over a random path. The posi-
tion of the Vive controller’s green LED is detected in camera
frames, and the resulting sequence of sample points is shown in
Plot (a) for each eye in pixel units. For the same samples, Plot (b)
shows the 2-D projected OpenGL coordinates where OpenVR
would draw the LED for left and right eyes. Information from
Plots (a) and (b) is used to obtain an approximate linear mapping
from camera to VR-projected coordinates, allowing camera imag-
ery to be displayed properly on the HMD.
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Figure 10.
Error histogram of mapped VR points using estimated M matrices
for left and right eyes.
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Figure 11.

Detection of ArUco tags and overlay with simulated VR gauges.
Moving counter-clockwise from the bottom left, ArUco tag iden-
tifiers 0, 1, and 2 are overlaid with the tachometer, altimeter, and
air speed indicator.

ing, they disappear when moving the head quickly due to
camera motion blur. Also, when the head is moved slowly,
there is approximately one frame (1/60 s = 17 ms) of lag,
causing the gauges to be slightly misaligned with the tags.

GEOMETRIC VERSUS GREEN-SCREEN BASED OVERLAY

As described in section “AR Flight Simulator Concept,”
AR flight simulator imagery can be accomplished using a
geometric model or green-screen detection. This section
shows HMD images from the AR simulator for these two
techniques.

Figure 12.

Forward simulator view for geometry-based (top) and green-screen
(bottom) overlay. Left and right panes show images sent to the left
and right eyes with the HMD. In geometry-based overlay, the hand
disappears behind window scenery, whereas green-screen overlay
produces the correct result.

2 |EEE AGE SYSTEMS MAGAZINE

Figure 13.

AR simulator view when taking a quick glance to ensure the right
hand is on the throttle control for geometry-based (top) and
green-screen (bottom) overlay. Left and right panes show images
sent to the left and right eyes with the HMD.

Figure 12 illustrates the basic forward view of the sim-
ulator for geometry-based (top) and green-screen (bottom)
overlay. The example illustrates how geometric overlay
requires a more complete physical cockpit than green-
screen detection for good aesthetics. Also, whereas geo-
metric overlay “chops off” the user’s hand when placed
over scenery display areas, green-screen detection allows
the hand to show over correctly.

Figure 13 illustrates using the throttle with the right
hand for the two overlay methods. In each case, a quick
glance is all that is required to verify the right hand is
touching the correct control, after which, the user can look
up and actuate the throttle by feel alone.

AR PROCESS TIMING

In the AR Process code, time stamps are stored at key
locations to allow for detailed profiling of the code.
Table 2 shows CPU time required for each thread for a
continuous 1-h and 10-min run of the AR simulator with
green-screen detection enabled. Note that the CPU has
eight cores, allowing all threads to run in parallel. The col-
umn “Time/Frame” indicates how much time on average
is used on a CPU core to process one frame. The column
“Max FPS” is the reciprocal of the first column, quantify-
ing the maximum FPS that could be supported by that
thread. Finally, “FPS” gives the average frames per sec-
ond that were actually processed by the thread, which is
close to the theoretical 60 FPS supported by the stereo
camera input.
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Table 2.

AR Process Timing

Thread Time/Frame | Max FPS | FPS
X11 Grab 9.7 ms 102.7 58.6
Capture 0.3ms 2944.4 | 58.5
ArUco Det. Left 14.4 ms 69.6 58.5
ArUco Det. Right 14.4 ms 69.4 58.5
Render 8.6 ms 116.4 58.5

This timing can also be used to estimate latency from
input to output. The ArUco detection threads are very
CPU intensive and are therefore run independently of the
other threads to avoid impacting latency. Camera input to
rendered HMD output latency is approximately 9 ms
(0.3 ms + 8.6 ms), which is less than one frame period
at 60 FPS (17 ms). Latency of the flight-simulator
scenery from its generation in X-Plane to HMD output is
about 18 ms (9.7 ms + 8.6 ms), which is significantly
longer, mainly due to the simple CPU-based frame copy
method. It is expected that if a GPU-only based method
can be developed, grab time per frame could be reduced
below 1 ms.

CONCLUSION

In this article, we described an AR flight simulator that
provides the immersion of VR, but without sacrificing tac-
tile interaction with physical controls. It was shown that
conventional PC hardware can implement the required
image processing functions at roughly 60 FPS, where the
limitation was the input camera frame rate. Although the
AR concept does place some constraints on the cockpit
layout, we showed how a generic instrument panel could
be used with movable instruments to easily accommodate
different configurations. In general, we expect that AR-
based cockpits could have much simpler and cheaper
instruments than traditional enclosed-cockpit and wrap-
around display simulators that must provide complete
physical instrumentation.

This article presented our basic prototype AR simula-
tor, but we envision many enhancements to this concept,
including the following.

1) Combination of geometry and green-screen based
methods to provide a completely immersive cockpit.

2) Autoregistration of the flight-simulator 3-D cockpit
with the VR coordinate system using AR tags. The
current system requires keyboard input for manual
alignment.
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3) Faster grabbing of flight simulator scenery using a
GPU-only method.

4) Tracking of tag-based instruments to avoid lag.

5) Full time-stamping of stream data throughout the
system to allow better synchronization and lower
jitter.

6) Stereo capture with a higher resolution, higher field
of view camera to match headset capabilities.

7) Movable gauge adjustment dials.
8) Dual headset setup for training purposes.

Although we feel that the AR flight simulator concept
is promising and provides an immersive experience that is
more natural than pure VR, it is unclear how it compares
to wrap-around display cockpits and VR-only simulators
in terms of the user experience and suitability for flight
training activities. Answering this question will require
research on the effectiveness of the AR method across a
wide range of users and use cases, which we expect to
explore in future work.

ACKNOWLEDGMENTS

This research would not have been possible without the
many students, parents, and advisors in the N85 Aerospace
Club, who from 2015-2019 contributed valuable time and
support to the “dynamite room” (immersive flight simula-
tor), which helped inspire the AR flight simulator concept.
We especially thank Linda Castner, the club founder, for
involving students and faculty from Lafayette College in
that effort. We also acknowledge students Shawn Sheng and
Nick Brunetti for introducing club members to VR-based
flight simulation, which was the foundation of this research.

REFERENCES

[1] Redbird Landing. [Online]. Available: https:/simulators.
redbirdflight.com/products

[2] 1. Yavrucuk, E. Kubali, and O. Tarimci, “A low cost flight
simulator using virtual reality tools,” /EEE Aerosp. Elec-
tron. Syst. Mag., vol. 26, no. 4, pp. 1014, Apr. 2011.

[3] T. Aslandere, D. Dreyer, and F. Pankratz, “Virtual hand-
button interaction in a generic virtual reality flight simu-
lator,” in Proc. [EEE Aerosp. Conf., 2015, pp. 1-8.

[4] G.R. Postal, W. Pavan, and R. Rieder, “A virtual environ-
ment for drone pilot training using VR devices,” in Proc.
XVIII Symp. Virtual Augmented Real., Gramado, Brazil,
Jun. 21-24, 2016, pp. 183-187.

[5] E. Pennington, R. Hafer, E. Nistler, T. Seech, and
C. Tossell, “Integration of advanced technology in initial
flight training,” in Proc. Syst. Inf. Eng. Design Symp.,
Charlottesville, VA, USA, Apr. 26,2019, pp. 1-5.

|EEE AGE SYSTEMS MAGAZINE 13

Authorized licensed use limited to: Lafayette College. Downloaded on December 12,2020 at 21:51:00 UTC from IEEE Xplore. Restrictions apply.


https://simulators.redbirdflight.com/products
https://simulators.redbirdflight.com/products

Augmented Reality for Immersive and Tactile Flight Simulation

[6] T.P. Caudell and D. W. Mizell, “Augmented reality: An [8] B. Nuernberger, R. Tapella, S. Berndt, S. Y. Kim, and
application of heads-up display technology to manual S. Samochina, “Under water to outer space: Augmented
manufacturing processes,” in Proc. 25th Hawaii Int. Conf. reality for astronauts and beyond,” IEEE Comput. Graph.
Syst. Sci., Kauai, HI, USA, 1992, vol. 2, pp. 659-669. Appl., vol. 40, no. 1, pp. 8289, Jan./Feb. 2020.

[7] X. Wang, S. K. Ong, and A. Y. Nee, “A comprehensive [9] XWallace. [Online]. Available: http://www.jonwallace.org

survey of augmented reality assembly research,” Adv.
Manuf., vol. 4, pp. 1-22, 2016.

Share Your Preprint

Research with the World!

TechRxiv is a free preprint server for unpublished research in

electrical engineering, computer science, and related technology.
TechRxiv provides researchers the opportunity to share early res&s

of their work ahead of formal peer review and publication.

BENEFITS:

- Rapidly disseminate your research findings

= Gather feedback from fellow researchers

- Find potential collaborators in the scientific community
- Establish the precedence of a discovery

= Document research results in advance of publication

Upload your unpublished research today!

u Follow us @TechRxiv_org TEEh |Q><..|\/TM

Learn more techrxiv.org Powered by IEEE

14 |EEE AGE SYSTEMS MAGAZINE DECEMBER 2020

Authorized licensed use limited to: Lafayette College. Downloaded on December 12,2020 at 21:51:00 UTC from IEEE Xplore. Restrictions apply.


http://www.jonwallace.org


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


