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ABSTRACT

The paper describes the design and development of a novel cost effective simulator for training of situation 
awareness, strategy and co-operation. By mixing real and virtual realities in combination with wireless and 
body-mounted hardware, the result is an augmented environment that allows for high physical mobility 
against a relatively low cost.

1. INTRODUCTION

In many sectors, training of personnel is becoming increasingly important. One example is virtual training of 
assembly workers in parallel with product development, for instance in the automotive industry. Another 
example is virtual training of military personnel to familiarise the military in a relatively short time with the 
situations they may encounter in for instance peacekeeping missions. Typically, these missions are organised at 
short notice and the ability to prepare soldiers and officers for these missions is a key factor. Training in an 
augmented environment also facilitates distributed co-training of forces that have their origin in different 
countries; this is important since many peacekeeping missions have a strong international character.

Situation awareness training is an important tool to prepare a soldier for potentially dangerous situations, 
where environment familiarisation and human behaviour are important factors. Training can be conducted on 
various types of hardware, dependent on the purpose of training. Desktop computers fulfil many needs, but to 
enhance the sense of actually being in the virtual environment, more immersive solutions can be used, with either 
head-mounted displays (HMD) or projectors as visual system. However, many existing solutions today are either 
expensive, do not provide sufficient physical mobility, or simply do not mix realities and thus fail to provide the 
augmented environment that is required.

The simulator described in this paper facilitates the use of real or replicated tools and weapons inside a 
virtual world. With it, a wide range of interesting simulator aspects can be researched, for example if and how an 
increase in fidelity affects training results and if new training areas can be found. Also, human factors such as 
negative training and other side effects can be investigated with the help of this simulator. The goal of this 
project is to create a user friendly, generic and low cost simulator that can be used in many application areas 
where also high mobility is beneficial to the training. Areas, except for the currently investigated military 
application, can be in manufacturing, medical and entertainment industries etc.

A key element in the simulator described in this paper is Chroma keying (CK). CK is a technique that can 
provide a level of transparency to each pixel in a camera-generated image. The transparency information is then 
used to combine it with another graphical input into one output. CK in combination with a camera-equipped 
HMD can in some cases replace far more costly and bulky visualisation hardware. A set up with cameras on a 
HMD is generally referred to as a video-see-though system.
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2. RELATED WORK

Extensive research has been carried out in the field of augmented reality. Some examples of related work, 
where CK and video-see-through are combined, are presented below.

This project is in part based on the work done by the Southwest Research Institute in Texas, USA. In 
essence, they test the concept of using CK with a camera equipped HMD and a cylindrical blue room, [1] and 
[2]. When inside the cylinder, everything seen by the cameras will be blue except the user’s body and weapon. 
The blue colour in each image is exchanged for the corresponding part of a computer-generated image with the 
use of dedicated CK hardware. The simulator described in this paper further develops this concept to support 
natural non-tethered movement with a simple interface towards the user.

At the Media Convergence Lab at the University of Central Florida research is done in augmented reality 
within a variety of fields and applications, [3] and [4]. They use software-based CK and object occlusion, i.e. 
occlusion of real objects by virtual objects and vice versa. Object occlusion is currently not supported in this 
simulator due to two reasons. First, since the CK software is built to be generic, the virtual object information is 
not retrievable. Second, the real objects, e.g. hands and weapon, are found at less than one meter distance and 
hence the actual need is relatively low in the current state.

ChrAVE and VEHELO [9] are projects where real military helicopter cockpits are equipped with blue-screen 
windows and mobile simulation hardware and software. Pilots on deployment can maintain their skills by 
simulating some aspects of flight and navigation.

3. SYSTEM DESIGN AND DEVELOPMENT

3.1. DEFINITIONS

To make the paper more comprehensible regarding software, three different kinds are defined here. 
Simulation software is the software used to create the virtual world, with all its virtual components. The CK 
software is defined as the software implemented to overlay images from the simulation software with partially 
transparent camera images, and also includes image capture and analysis. Tracking software is the software 
responsible for calculation of user positions and the wireless data transfer.

3.2. EQUIPMENT

Only commercial off the shelf hardware equipment is used, as the simulator must be open, adaptable and 
expandable. Furthermore, development of dedicated hardware was considered to be too time consuming and 
prohibitively expensive. The use of dedicated hardware can also have a negative influence on innovation 
adoption and can limit potential application areas of the new technology to a few specific sectors.

The main computer is a Dell XPS1710 laptop equipped with a 2GHz dual core processor. This is the single 
most expensive component of the simulator. To avoid throttling when on internal laptop battery power, a light 
and high power external battery is connected, providing several hours of charge. A much less expensive Dell 
Inspiron is responsible for the tracking system.

For visualisation, an eMagin Z800 helmet is used that displays SVGA resolution at 40 degrees diagonal field 
of view (FOV). The small FOV is already at this stage a given subject of future improvement, since it has a 
relatively low amount of visual information compared to real vision and therefore might lead to unnatural 
behaviour of users. Standard web cameras are used both for tracking and video-see-through. On the HMD, two 
cameras are used to enable stereoscopy and a helmet mount replaces their housings, although they could easily 
be mounted on the helmet directly. However, since the camera placement differ from the actual eye placement, a 
parallax error occurs and hence a sensory conflict between eyes and body. In [8] this issue is addressed by 
placing a mirror on the HMD to allow the cameras to be put at an angle and at the same distance to the mirror as 
the eyes. Due to time constraints, this has not yet been utilised during development of this simulator.

To send the HMD images to an instructor’s station a wireless mini video transmitter is connected to the video 
output on the simulation computer. A receiver is connected to a recording device that stores the information on a 
memory card. The weapon is a soft air gun M16 replica equipped with a bluetooth mouse connected to the 
trigger. The total weight of the body mounted hardware and the weapon is less than 9 kg, compared to 22 kg 
used in a real combat situation [10]. Extra weigh plates can therefore be added if required to match the physical 
load.
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A utility vest is used to strap all body-mounted hardware, i.e. main computer, battery, HMD and video 
transmitter.

The blue room is a wooden cylinder with a diameter and height of three meters, which is roughly enough to 
allow a person to lie down and aim a weapon. It is painted with a matte blue colour and uses a single light 
source. One of the benefits of using CK is that the size of the training room can be upscaled or tailored to 
specific needs without extra cost of visualisation equipment such as more projectors. This means that as long 
there is tracking coverage and sufficient lighting, larger rooms can be built to also contain real world equipment 
and fellow users for co-ordinated training.

3.3. OVERLAY SOFTWARE

Even though software based, the overlay software is an integral part of the simulator as it replaces hardware, 
and therefore it is described relatively in-depth.

To save money, weight, power consumption and gain flexibility, CK is made in software, requiring no 
external dedicated hardware. The CK software works by using an overlay above graphics generated by the 
simulation software. Prior to updating the overlay with new camera images, an additional 8-bit, so called, alpha 
channel is added to them to complement the 8-bit red, green and blue values each pixel has. This channel 
represents the level of transparency for each pixel, and the information is used with a common technique in 
computer graphics called alpha blending. When the finished images are uploaded into the video-memory, the 
graphics-processing unit automatically mixes them with the rest of the rendered frame’s colours, based on this 
added alpha value.

To set the alpha values an algorithm iterates each pixel in an image. Besides the three existing colour values, 
the algorithm also uses a set of restrictions. Restrictions are used to restrict which colours are keyed and which 
are not, and they differ in kind and number depending on the algorithm. A three-dimensional space can represent 
the three colour-components domain. Within this space, various shapes, planes or objects, represented by the 
restrictions, can exist. The algorithm tests each pixel’s colour, e.g. if it exists within a shape, and its transparency 
value is set accordingly. Though different algorithms with various complexities have been tested, the one 
currently selected is very simple and robust, and it is similar to the benchmarked algorithm found in [5]. It uses 
only one restriction value and also relies on the fact that the wall colour is blue. With this knowledge in its 
search for blue pixels, it can sort out all colours in which the blue is not dominant. The restriction in this case is 
that the colour components red and green also must be separated from blue with a certain amount. As a result, 
for instance dark colours, which are in the area of origo, as well as close shades of grey and white, will be left 
opaque, which means that black tools won’t be transparent in the simulator. 

To offload the operator and user of the simulator, the restriction value is calculated automatically by allowing 
the HMD cameras a few seconds with a clear view of the blue background. It can then calculate by comparing 
the amount of keyed out pixels to a satisfaction value. The satisfaction value is independent from the algorithm 
used and is user controllable. However, if the blue room has large colour variance and the satisfaction value to 
high, this process will not work due to the fact that the only acceptable restriction value also will lead to every 
other colour being keyed out.

For comparison, another algorithm developed finds the exact value of the wall colour and creates a box with 
configurable sides around this single point in the three-dimensional colour space. Any pixels inside the box are 
then made transparent. This algorithm performs slightly better than the previous with regards to blue spill, which 
is when blue colour reflects onto reflective objects, thereby making them partly transparent. However, due to the 
higher number of restriction values, which are hard to find automatically within an acceptable amount of time, 
the first algorithm is chosen. It is stable and easy to fine tune should it be necessary by the operator. The blue 
spill will be addressed using another technique and until implemented, reflective surfaces can simply be covered 
with matte tape.

To gain flexibility, the CK software is generic, meaning that it can be used regardless of which simulation 
software is running to generate the virtual environment, as long its rendering is based on either the OpenGL or 
DirectX graphic languages. The software also allows for other added graphical objects, under or over the 
overlay. Examples can be a virtual crosshair on a real weapon, a moving map over the training facility or an 
external video source such as for instance a fellow trainee’s view. The latter can be used to express hand and 
finger signals within a group of trainees, and is relatively straightforward to implement with the use of a video 
receiver to complement the existing transmitter, and a capture card. Additional advantages with software CK are 
also real time adaptability and the possibility to use additional image analysis, such as night vision emulation, 
without increased hardware complexity.

To enable depth perception of the user’s real hands and objects, stereo vision is implemented. The stereo 
mode can be selected depending on the simulation software and hardware capabilities, and the depth perception 
is altered by physically changing the interpupillary distance between the cameras. Also, a selection between full 
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camera FOV and matching the HMD FOV can be made. In the case where the FOV of the HMD is lower than 
the camera, it can be set to matching, which effectively means a lower resolution in the camera images, but easier 
and more natural aiming.

3.4. TRACKING

To let the user move around and use tools in the virtual world, the simulator must know the positions and 
orientations in the physical world at any given moment and forward this information to the simulation software. 
Hence, some sort of tracking system is needed. In this simulator, there is a need for both orientation and position 
tracking because of the high user mobility. However, the current low budget leaves no room for a high-end 
system. The Augmented Reality Toolkit Plus [6] is an open source software library designed to calculate the 
position and orientation information of special markers based on captured camera images. Required hardware is 
limited to a computer, a web camera and a marker, which is printed on, in this case, low-reflecting paper. If 
incorporated into a program and handed an image, the library provides tracking data to any markers found in the 
image. In this case there is a laptop situated on the roof of the simulator and connected to a number of web 
cameras, in turn placed on the inside of the simulator roof. One marker is placed on the HMD and one on the 
weapon. Frames from the cameras are fed to the tracking library and any returned data is converted to a suitable 
representation and sent through a wireless network to the main computer. In order to get uniform positional 
information from different cameras, a marker can be used to automatically calculate camera offsets from the 
centre of the room. This set up, although it is free, has relatively low update rate and accuracy, but is sufficient 
for the demonstration of the simulator’s capabilities.

3.5. PHYSICAL MOVEMENT AND USER INTERFACE

When the user is inside the simulator he or she must be able to move around in and interact with the virtual 
world. Interaction can be done in several ways. For movement often joysticks and buttons are used [7] but also 
weight-shifting devices can be found as well as expensive two-dimensional moving floors, [11]. In this simulator 
the tracking system frees the user from joysticks and other movement equipment. By correlating the co-ordinate 
system of the room, provided by the tracking system, with the simulation software’s co-ordinate system, the user 
can move in both worlds simultaneously. If the user walks one meter in one direction in the room, he or she will 
move one meter in the virtual world in the same direction. However, to be able to move farther away than the 
physical walls of the room, a virtual circle with a predetermined radius is used as a boundary. When the user is 
outside the boundary, the direction and speed of movement are calculated based on the positional information 
only. This means that the movement can be made in one direction while looking in another, and also allows for 
any combination of forward, backward and sideways movement. To alter the course or speed of movement the 
user steps in the desired direction. If he or she returns inside the virtual circle the movement will return to be 
purely absolute. To be more natural the velocity of movement is relative to the distance from the virtual circle. 
The goal is to move the real room inside the virtual world simply by adding positional offsets to the centre of the 
room. Then these offsets combined with the positional and rotational data from the tracking system represents 
the user and weapon transformations in the virtual world. Benefits of this movement scheme are more natural 
and free movement compared to a joystick and also the user steps back from the invisible blue wall to stop 
movement, making it less likely it will be hit.

The weapon is tracked independently from the user. It can therefore be fired in any direction and from any 
position in the room. As mentioned, there is a parallax error in the HMD due to camera placement. With the 
independently tracked weapon, aiming errors will be due to the HMD and not the weapon. As long as the user is 
aware of this, and marksmanship is not part of the training objectives, the negative training, i.e. learning the 
wrong behaviour, regarding aiming should be kept to a minimum. The actual risks and effects however, are not 
fully researched today.

The total amount of buttons on the weapon, apart from the already built in safety catch, is three. The buttons 
consists of the fire trigger, the reload button, and an additional button used to restart the mission. The aim is 
once again to create natural behaviour inside the simulator.

3.6. SIMPLIFYING THE USER EXPERIENCE

To heighten safety and simplify employment of the simulator the tracking software enables the CK software 
to monitor the received data in order to automatically engage or disengage the CK when a user is present or 
absent. When absent long enough, only fully opaque images from the cameras are shown in the HMD. 

A user will hopefully be focused on the pending training task, and the simulator should be designed to not 
disrupt that. Frictional user experiences will ultimately lead to declined attitude towards simulator training and 
perhaps also less than good training effects and unnecessarily wasted time and money. Therefore the amount of 
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user input for utilisation of this simulator is kept to a minimum. Taking into aspect once again the virtual 
movement based on real user movement, the natural weapon interface combined with automatic CK restriction 
value calculation and automatic engaging and disengaging of CK. The user can therefore strap on the gear and 
begin training with very little time consumed for interface adaptation and learning simulator control.

3.7. SIMULATION SOFTWARE AND COLLISION DETECTION

The simulator is currently being tested in a prototype environment, with simulation software built around the 
Delta3D engine to generate the virtual environment. Delta3D is a fully funded open source simulator engine used 
in several military and civilian projects, including aforementioned VEHELO. 

The simulation software lets the user explore a small urban town in search for opponents. When an opponent 
is hit by a bullet he surrenders and lays down. To help the user with aiming, bullet holes shows in the 
environment. By placing opponents both outside and inside buildings the user must locate the most secure path 
in and out of building, utilising both doors and windows, as well as objects in the surroundings such as 
vegetation and brick walls to prevent detection or hits from opponents. This encourages full utilisation of the 
simulator’s movement capabilities. Instead of a recoil-generator, positional sound lets the user hear, and react to, 
the virtual environment. Also, to further benefit natural movement, doors open upon close proximity of the user, 
instead of additional buttons on the weapon. This is a preparation for when a full body tracking system is 
procured and exclusively hand positions can be used for this.

The design of the software revealed a few important points regarding collision detection that are due to the 
movement scheme. To prevent the user from going through virtual walls, collision tests should be complemented 
with a test based on a line between the currently allowed position and the new requested. Otherwise the user 
could simply take a small step in the real world though a virtual wall and end up on the other side. A similar test 
must also be done before firing the weapon. There must be a clear line between the weapon and user to prevent 
the user to put the weapon through a virtual wall and fire from the other side. 

3.8. AFTER ACTION REVIEW AND REAL TIME MONITORING

One of the most important aspects of a simulator is the after action review. To secure maximum training 
transfer, the user with the help of an instructor must be able to review the performance to properly benefit from 
the training session. In this simulator this is supported as an example, even if in a simple way. During training 
the images presented to the user are simultaneously transmitted wirelessly in real time using the mini video 
transmitter. The images are displayed at the instructor’s station and recorded for the after action review. A 
possible benefit with this system over for example projection based is that also the real world, e.g. hands and 
weapon of the user, is included in the recording.

4. NEGATIVE TRAINING AND SIDE-EFFECTS

One of the risks when using any simulator is called "negative training". Negative training occurs when the 
user learns an incorrect behaviour from the simulator and passes this on to the real situation. To lower the risk of 
negative training, several factors are important and the employment of the simulator must be adapted to this. For 
instance, a simulator meant for training situation awareness and team co-operation might not be suitable for 
marksmanship training. The training need should be analysed so the type of simulator can be chosen accordingly. 
Furthermore, the training scenarios should to be tailored to the training need, and proper and consistent training 
instructions are vital.

During design and development of a simulator, human factors need to be addressed as well. A user must be 
able to endure long training sessions without negative health impact such as eyestrain and headache. During the 
simulator development, hardware and software must be built and combined in a way that ensures safe and 
comfortable usage. Also somewhat important to consider when building a simulator is the trainees’ level of 
expectations. Especially younger generations, grown up with high fidelity computer games, could loose focus on 
the actual training if the experience is not sufficiently appealing. Future tests will hopefully show any side effects 
related to this simulator type.

5. FUTURE IMPROVEMENTS

Early tests show that the focus of improvement will be in the areas of tracking and displaying. For this reason 
both are undergoing new development. The issue with blue spill will also be addressed as well as small but 
noticeable delays in camera-images due to bandwidth limitations.
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6. SUMMARY

A simulator utilising augmented reality through chroma keying has been developed that allows users to 
immerse in a virtual world relatively freely in terms of physical movement. Users can utilise real or replicated 
tools with only small modifications. In image 1, a split image represents right and left eye in-game view. The 
views have been swapped in this particular image to allow cross-eyed stereo viewing, where left eye looks at the 
right image and vice versa. In the images, the weapon is shown where the modified bluetooth mouse along with 
matte tape over the most highly reflective parts can be seen. Moreover, the simulator cost < €8.000 in hardware 
to develop but could be built for less. A clean interface allows for training with minimum time spent on set up.

Image 1: In-game horizontal split.
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