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Abstract
A head mounted display is developed for use in an immersive augmented reality 
simulator for virtual training. The simulator requires a video see-through parallax-
free display to accurately mix the real and virtual worlds. High field of view is also 
required to allow use of peripheral vision in order to create a higher sense of 
awareness for the user. Due to high cost associated with commercial off-the-shelf 
display systems, a custom solution is designed and developed by combining 
hardware and software. It is shown that it is possible to build a low cost display 
system that provides the necessary attributes and acceptable compromises for the 
current type of application.
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1 Introduction and Previous Work
Training in virtual environments is becoming increasingly important since it enables training of 
hazardous and expensive tasks. Virtual environments can also emulate places and situations that 
are impossible to visit in advance. Furthermore, it can provide training today for what may be 
developed in the future, such as preparing pilots for a next generation aircraft or the assembly 
workers that will build it. Virtual training can be conducted on a variety of hardware, ranging 
from desktops (Shebilske et al, in press), to fully immersive simulators (Marshall et al, 
2004).

In augmented reality applications, a head-mounted display (HMD) equipped with eye emulating 
cameras is referred to as a video see-through (VST) system, (Azuma, 1997). Two cameras can 
be used to create stereoscopic registration of the real world, thereby allowing users to extract 
depth information. One effect of VST is that the accommodation distance becomes the same for 
both real and virtual objects. The accommodation distance is in the real world the same as the 
convergence distance, the distance at which the eyes converge. A stereoscopic HMD generally 
has an infinite depth of view, which means that the plane of focus is at infinity. The 
convergence distance on the other hand is dependent on the distance of the viewed real or 
virtual object. This is referred to as accommodation-convergence conflict, (Drascic and 
Milgram, 1996). Prior research shows however that the brain quickly adapts to this 
circumstance.
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Chroma-keying (CK) is a commonly used technique to mix different video channels into one. 
With it, augmented reality can be created, such as a meteorologist in front of a computer-
generated map. In the studio the meteorologist acts in front of a single coloured background and 
camera images of him or her are analysed in real-time to render the background colour 
transparent. The camera images are then superimposed on the computer-generated images.

(Johansson and de Vin, 2008) describes the design and development of an inexpensive simulator 
that uses a VST HMD combined with software-based chroma keying to create an augmented 
immersive environment. The simulator is focused on high user mobility, which means that users 
are able to physically move in a correlated co-ordinate system, common to the real and virtual 
world. The user interface is kept simple and natural to heighten the immersiveness. Applications 
are within industrial and military training as well as entertainment and education. Image 1 
shows a graphical illustration of the simulator. The blue cylinder represents the real world with 
the user inside. The goal is to create a natural interface between the simulator and the user. The 
cylinder is translated in the virtual world by adding offsets when the user is outside the virtual 
circle, displayed on the cylinder floor. 

Image 1. A graphical illustration of the simulator.

2 Design Goals
The current stereoscopic VST HMD used in the simulator offers a relatively small field of view 
(FOV) of 40 degrees diagonal. This small FOV hampers the human central/peripheral vision 
interplay and therefore limits the user’s feeling of immersiveness. Peripheral vision is critical to 
spatial awareness and the loss of it results in difficulties with for instance navigation and object 
detection (Peli, 2000). The simulator currently employs a military, urban environment 
application. Here spatial awareness is, for instance, crucial to enable accurate path planning and 
hostile detection and for interaction with co-trainees. Due to this requirement the simulator 
would benefit from an HMD with maximised FOV to allow better use of the human peripheral 
vision system. To maintain the visual acuity, an increase in the FOV will require an increase of 
the resolution. Current commercial off-the-shelf (COTS) high resolution HMDs, with relatively 
high FOV of over 80 degrees diagonal, cost at least €20.000. The goal therefore is to build a 
stereoscopic HMD with as high resolution and FOV as possible to a reasonable cost. Since the 
HMD is inevitably subject to rough treatment, given the application and users, the design also 
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needs to be inexpensive for this reason, and a mechanically rugged but light design is a 
prerequisite.

In the simulator, the VST capability combined with software based chroma-keying enables the 
user to see the own person, including hands and tools, which in this case is a weapon, inside the 
virtual environment. However, since the cameras on the current HMD are mounted at a distance 
from the eyes, there is a noticeable parallax error, due to the depth translation between eyes and 
cameras. Hence, it would be desirable to reduce the parallax error for the new HMD.

3 Optical Solution

3.1 Imaging Hardware
Today, most HMDs use micro displays as visualisation elements combined with complicated 
optics, specifically constructed for the display element and the desired FOV. This technology is 
expensive and therefore beyond the scope of this design. Instead, a somewhat ordinary LCD is 
considered. LCDs provide comparable resolutions at a significantly lower cost. LCD-kits for 
prototyping are readily available. A kit contains the LCD monitor unit, backlight inverter and an 
interface to convert, for instance, a VGA source to the required LVDS signals.

To get a reasonable high acuity the current prototype employs a Samsung 10.6-inch widescreen 
monitor that provides 1280x768 native resolution. There has to be a trade-off between FOV, 
weight and resolution. Although somewhat large and heavy, a smaller monitor with sufficient 
resolution could not be found at the time of development.

The use of a large LCD implies a single screen set up, since weight and size of dual monitors 
would make it unpractical for use in an HMD. Although comparably large in size, an LCD in 
this case therefore requires less complicated optics. It’s well known within the enthusiast flight 
simulator community that a Fresnel lens in front of a monitor can enhance the sense of 
immersion by shifting the focus plane to infinity (rickleephoto.com/rlcoll.htm). This idea is 
incorporated into the design of this HMD. The plastic lens has a focal length of 185 mm, which 
allows both eyes to receive a clear view of the monitor and it also allows the monitor to be 
situated fairly close to the eyes. A decrease in focal length would allow the monitor to be closer 
to the lens. The lens, however, would need to be farther from the eyes in order for both eyes to 
get a clear image. Therefore the current lens is chosen as it can be situated closer to the centre of 
gravity and also since it can be made smaller than the size of the monitor, thereby reducing 
weight.

The FOV of the HMD with the mentioned components in this set up is 99(H) x 71(V) degrees.

3.2 Stereoscopy
To create stereoscopy with a single screen while maintaining full resolution to both eyes the 
HMD requires the application to present colour coded graphical information, such as anaglyphic 
stereo, (Zhang, 2002) and (Wei et al, 1998). The user then wears eyeglasses or clips that 
filter the correct stereo channel to the respective eye.

To enable the VST capability of the HMD, currently two USB2.0 web cameras are used. The 
image analysis software, used in the simulator for chroma keying, creates overlays using the 
GPU. It’s generic and independent of the application that renders the virtual environment. 
Therefore this software complements the HMD by generating an anaglyphic overlay above any 
application, created from images from the two HMD cameras. The anaglyphic image is created 
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by first performing the chroma key algorithm on an image from the respective camera. This step 
generates an alpha value for each pixel. If the alpha value is set to zero, which will be the case if 
the pixel is matching the background colour of the cylinder, the pixel will be rendered 
transparent. In the next step both images are iterated pixel by pixel in parallel to calculate the 
final single anaglyph pixel. If the alpha value for the left channel is not zero, the red component 
of the result pixel is calculated. If, analogous to the left channel, the alpha value of the right 
channel indicates opaque, the green and blue colour components in the result pixel are 
calculated. If any of the two channels indicate an opaque pixel, the alpha value of the result 
pixel is also set to opaque. The end product is a pixel with three colour components, if both 
stereo channels’ alpha values are above zero.

There are different ways to calculate the colour components of the result pixel. Colour anaglyph 
can reproduce colours most accurately and here the red component is simply the red component 
of one of the stereo channels, and blue and green is taken from the other channel. In some cases 
this can lead to retinal rivalry, where bright objects cause a difference in colour intensity 
between the two stereo channels. This ultimately can cause headache and eyestrain. There are 
ways, though, to minimise the retinal rivalry at the cost of colour reproduction. The best 
algorithm tried so far is referred to as optimised anaglyph. Here the red component of the result 
pixel is calculated with the use of only the green and blue components of one stereo channel. 
The components are multiplied with static variables and then added together. This eliminates 
most of the disturbing retinal rivalry. Since the algorithm can alter the way the colours are 
blended, different anaglyph modes can be tested in the future. The best mode though is 
dependent on the application and tools used.

Although anaglyphic stereoscopy has the benefit that it can be displayed on a single screen, and 
therefore enables a less complicated and expensive solution, there are several drawbacks. For 
instance, it renders the user partially colour blind since the filters prohibits some colours to pass 
through. Also, the filters reduce the total amount of light that reaches the eyes, which makes the 
image darker than normal. Furthermore, the filters must be precisely matched against the 
monitors colour range, to avoid colour spill to the wrong eye, (Woods and Rourke, 2004). 
There exist various types of filters and if unsuitable filters are used the result can be too much 
spill, which can cause unpleasant side effects. It can also prevent the stereoscopic merge. As the 
visual system is highly individual, for now the user of the simulator is able to select among 
different filters and chose the most comfortable.

3.3 Parallax Error
To minimise the parallax error the cameras have to be mounted as close to the eyes as possible 
in all directions, i.e. vertical, horizontal and depth, while maintaining rotational alignment. 
Vertical and horizontal mounting is usually straightforward to achieve simply by aligning the 
cameras on the front of the HMD. However, this leaves the depth parallax, due to that the 
cameras are mounted closer than the eyes to objects displayed. Since objects mainly appear at 
an arm’s length in this VST simulator the parallax error is highly noticeable and therefore 
necessary to eliminate.

To achieve the same depth as the eyes it’s possible to relay the light with one or several mirrors, 
as shown in (State et al, 2005; Fuchs et al, 1998). The cameras can therefore be situated at a 
position where they can receive light that has travelled the same distance as it would if it had 
reached the eyes.
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This idea is implemented in the design of the HMD. The visualisation solution requires a 
distance between the eyes and lens, and between lens and LCD that makes it quite deep, roughly 
10 cm. Since the cameras have 64(H) x 49(V) degrees FOV this means that already at this 
distance each camera has a viewable plane of 12,5 x 9,1 cm. The resulting distance, however, is 
even larger than 10 cm, due to the fact that the mirror must be at an angle to prevent the cameras 
to be visible in the captured images. This angle means there will be a greater distance between 
the eyes and the centre of the mirror, and this distance increases with the angle. A larger 
distance means that the cameras have to be placed further from the mirror and therefore a larger 
mirror is required to reflect the full FOV. Therefore the angle of the mirror is kept to a minimal. 
Image 2 shows a principal overview of the set up. It shows the eye, lens, monitor, mirror and 
camera. The fine dotted lines represent the camera view.

Image 2. Parallax reduction principle.

The FOV of the cameras is smaller than the HMD’s FOV. This requires the overlay image to be 
scaled accordingly. Since the overlay is created with the use of the GPU it can easily be 
manipulated. The overlay is scaled to the size of the viewable plane at the distance of the LCD 
screen and a horizontal and a vertical ratio are set to determine the size. A ratio of one means 
that the overlay will be displayed on the whole imaging area. Since the LCD cannot be bent 
around the eyes, this means that the arcmin/pixel factor is not constant but increases towards the 
edges of the monitor. Therefore the FOV ratio between the cameras and the HMD is not the 
same as the ratio between viewable planes at a given distance. For correct FOV the ratio should 
be calculated based on the latter, i.e. dividing the horizontal and vertical size of the viewable 
plane of the cameras with the corresponding size of the viewable image plane of the LCD.

The interpupillary distance (IPD) between the cameras is limited due to the anaglyphic 
stereoscopy. When the IPD becomes too large the brain cannot merge the two stereo channels 
accurately. A maximum usable IPD is found at 40 mm and the cameras are therefore mounted 
accordingly. This, however, means an inconsistency between the cameras and the user’s IPD, in 
any case where they don’t coincidentally match.

The IPD between the cameras, as well as the projected IPD in the virtual environment, should 
under normal circumstances be exactly matched to the user’s IPD, where the human IPD 
normally varies between 45 mm to 75 mm, (Drascic and Milgram, 1996). If not matched, either 
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real or virtual objects appear at a different distance to the user than they actually are. Also, if the 
camera and projected IPD are not the same, there is a distance inconsistency between the real 
and virtual world. Image 3 shows the fast growing convergence distance error when the IPD of 
the user and the camera or projection does not match. As an example, an average IPD of a 
grown male population, 65 mm, is compared to 40 mm used in this VST solution. The object is 
presented at a range of 700 mm, which is roughly an arm’s length.

Image 3. Interpupillary distance mismatch contra convergence distance error.

A person with an IPD of 65 mm that is presented with an object at a certain distance, in this case 
700 mm, will normally converge the eyes at a certain angle, represented in the image as α0. This 
angle is closely tied to the perceived distance to the object. However, when the shorter IPD of 
40 mm is used, the convergence angle is smaller, represented by α1. Then when presented to a 
person with the larger IPD the angle to the object is smaller than it should and is therefore 
instead associated with a larger distance, in this case 1137,5 mm.

Since the focus plane is static in an HMD, it cannot help the vision system to determine the 
correct distance to an object. The convergence angle is the only stereoscopic way to accomplish 
this and an error here can have dramatic consequences. The error is increased with the distance 
at which objects are presented. At 700 mm the error is 437,5 mm. At 7 m the error would be 
almost 4,4 m. However, since in this simulator’s current set up, the user is alone in the cylinder 
and therefore the real objects are presented close to him or her. Usually the objects are hands 
and weapon when aiming. Even though this minimises the effect of the distance error, further 
testing will be needed regarding human adaptation and side effects. It is known though, that the 
brain is extremely adaptable. Even regular vision correcting spectacles distort the world 
somewhat, but the brain quickly adapts to the new circumstances.

By mounting the cameras with a horizontal angle, static convergence can be achieved. This 
means that the IPD can be set to 65 mm, or more. However, the brain can then only merge 
objects in the images that are presented at the convergence distance of the cameras, and within a 
span of around 150 mm, depending on the user. This method is therefore unpractical in this 
application.
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It is also worth to mention that the effective IPD is only equal to the real IPD when the viewed 
object is presented horizontally precisely between the centred eyes, at any distance, as shown in 
Image 4a. When the object is presented at any horizontal angle, the effective IPD will degrade 
relative to the angle, and to a small extent the distance to the object. This is due to the angular 
movement of the eyes away from their centre position. The effect is a smaller IPD and a depth 
translation in one eye, as shown in Image 4b. This means that the depth perception degrades 
with the angle of the eyes and that the brain is used to varying IPD. It can also be speculated 
that this is a reason why the head is moved towards attention-demanding visual objects in order 
to centre the eyes and therefore get the best depth measures to them.

Image 4. Effective interpupillary distance contra angle towards object.

The angle to the object is measured relative to the direction of the head, indicated by α. The 
effective IPD is measured perpendicular to a line drawn from the centre between the eyes to the 
object. The outer lines represent the angle of the eyes without convergence, which would be 
when the object is at an infinite distance. In practice, the effective IPD can be calculated 
between these lines, with [1], as the error due to convergence is around 2 mm already at an 
object distance of 300 mm, and decreases with greater distance.

[1] IPDIPD *|)cos(|* 

3.4 Distortion
The non-constant arcmin/pixel ratio in this HMD means that there is a distortion in the visual 
field that increases towards the edges. Future tests will investigate if the brain can compensate 
for this automatically. Since the distortion affects mainly the peripheral vision and since the 
FOV isn’t large enough to sufficiently highlight it, early trials suggest that this issue isn’t 
substantial, at least for the price/performance ratio of this HMD and for suitable applications.

4 Mechanical Solution
An integral helmet is used to mount the HMD and VST hardware on. This type of helmet is 
stable and provides good mounting opportunities for the visualisation equipment, as shown in 
image 5. The lens and monitor are mounted on the helmet with as little extra weight in hardware 
as possible while the stiffness of the construction is maintained. Even so, due to the 
concentration of equipment in front of the eyes, the HMD is front heavy. Instead of using 
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counter weights at the back of the helmet, which only work well when the helmet is in a 
horizontal position, an elastic band is used. This is connected to the back of the helmet and to 
the user’s trousers or belt. With this solution the helmet’s weight is kept to 1.5kg. If a smaller 
monitor, preferably OLED, with high resolution is found it would enable a more compact and 
lightweight solution and potentially a more efficient mounting.

Image 5. Mechanical mounting of the visualisation equipment.

5 Practical Usage
The HMD is tested with a military operation on urban terrain (MOUT) training mission. The 
user is free to physically move within the correlated real and virtual world. Early tests shows 
that this type of application is forgiving to the drawbacks of the HMD. This is due to that the 
brain is able to adapt almost in the same way as if the user had put on a pair of vision correcting 
spectacles. 

Due to that the HMD occupies a rather large amount of space in front of the user’s head the tool 
used in the simulator has to be changed. In this application the tool is an M16 rifle replica 
equipped with a wireless interface. Due to the size of the HMD, aiming becomes difficult. Since 
the simulator is a demonstrator and the goal is to maintain low cost during development, the 
weapon is simply exchanged to a pistol to allow natural aiming.

Initial tests shows that the wider FOV of the HMD, combined with a low parallax error VST, 
makes the user more relaxed during use of the simulator. There are less unnatural head 
movements to compensate for low FOV, potentially lowering the risk of side effects. The VST
solution allows hands and weapon to appear where they are expected and thereby lets the user 
focus on the mission in a more natural way.

6 Summary
To build an inexpensive VST HMD with high FOV, certain compromises need to be made. The 
main drawbacks are that the HMD is somewhat bulky and with less than full colour 
reproduction if stereoscopy is enabled. On the other hand the helmet is fairly lightweight and 
stable and provides a minimum parallax VST. The high FOV stimulates natural behaviour and 
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creates a feeling of immersion in the virtual world. The total cost in hardware for the helmet is 
€500. Table 1 shows a comparison between popular HMDs. The table specifies the weight 
without the VST hardware.

Table 1. HMD comparison.
HMD ~Horizontal 

FOV (deg)
Resolution ~Weight (kg) ~Cost (€)

eMagin Z800 32 2*800*600 0,2 1.000
Rockwell Collins 
ProView SR80

60 2*1280*1024 0,8 20.000

HMD 99 1*1280*768 1,2 500
Fakespace Wide5 150 2*1600*1200 1,0 est. 38.000
Sensics piSight 179 2* 2400x1720 1,0 >100.000

Would future testing imply that stereoscopy is redundant, or perhaps even prohibitive, to the 
quality of training, a monoscopic version of the HMD would eliminate the disadvantages of the 
anaglyphic stereoscopy, the mismatched IPD as well as the accommodation-convergence 
conflict.
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