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ABSTRACT 
The most important contributor today to the increasing realism of training simulators – and more specifically flight 
simulators – is simulation projection technology.  As Image Generators (IG’s) have become more and more powerful 
and affordable, simulation imagery has reached a very high degree of realism through a combination of high resolution 
and image complexity. The combination of large fields of view and high image resolutions result in pixel counts that far 
exceed the ability of a single projection display.  For example, a hemispherical display of 2pi steradians requires 
approximately 95Mpixels for 1arc -min spot resolution.  It is therefore necessary to devise techniques to seamlessly tile 
images from multiple projectors.  
 
This paper discusses the difficulties in tiling multiple projectors and the methods currently used to overcome them. Large 
field of view images exhibit geometric distortions caused by system optics, projector misalignment, imperfect lenses and 
those from the displays themselves. The images, if uncorrected, generally have luminance and color variations both 
between and within each projector channel. Finally, the images must be tiled in such as way as to have smooth 
transitions between each of the projector channels. 
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BACKGROUND 
Conventional display systems cannot achieve the size and resolution required for recreating real to life environments for 
training purposes. Several factors contribute to this fact. The location of a projector is determined by the throw ratio of 
its lens. This is the ratio of the width of the image divided by the throw distance from the projector to the screen. The 
lower this ratio, the shorter the throw distance for a given screen size. The lowest practical throw ratio is 0.8:1. At this 
value, a 4m wide image requires a throw distance of 3.2m. By using two projectors in this example, the depth of the 
system can be reduced by half to 1.6m. It can be concluded that for simp le optical reasons, tiled projection solutions will 
use less floor area than a single projector solution even if such a projector were possible. This is particularly true for 
systems using cylindrical or spherical screen systems that wrap around the design eye point to achieve fields of view in 
excess of 60 degrees. 
 

 
Figure 1: Three channel tiled display system used for Air Traffic Control (ATC) simulation 
Copyright 2002, National Aerospace Laboratory, Amsterdam, The Netherlands 
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The images to be displayed are delivered to the projectors via video cables. The signals may be in an analog or digital 
form dependent upon the source and capabilities of the projector. The signals carry information for each pixel in the 
image at a typical rate of sixty images per second. This means a 95 million-pixel image is transmitted to the display 
system at 5.7 billion pixels per second. Such a rate is impractical today for many reasons including the ability of a single 
video source to create and generate such an image, the ability to practically transmit the image from the source to the 
projector, and the ability of the projector to process and display the image at such a rate. However, the ability to generate 
such complex data sets is clearly possible and is being done using clusters of PCs or other graphics engines. Such a 
configuration for the source data matches nicely to a tiled configuration in the display system. The total data rate to the 
display system remains the same, however, it is divided evenly over multiple parallel paths thereby easing the 
transmission and processing requirements on any one particular path. 
 
Should the optical and electrical problems be overcome, a final difficulty remains. The cost per pixel of a projector rises 
exponentially with the number of pixels. A QXGA (3.14M pixel) display costs ~$71 per 1000 pixels while a SXGA 
(1.3M pixel) display costs only ~$38 per 1000 pixels, almost half the cost per pixel. At the commodity XGA (786k 
pixel) resolution the cost per 1000 pixels may be as low as $3-4 per 1000 pixels. There are solid physical reasons for 
these cost differences; projectors with greater resolutions necessarily use larger light modulators and possibly smaller 
feature sizes on the modulators leading to lower yields and therefore higher unit costs. As CRT projectors do not need 
computing technology to adapt the source resolution to the native resolution of the picture modulator, they were not 
considered in this cost comparison. However, it is interesting to note that at QXGA resolutions, the cost per 1000 pixels 
of a CRT display is less than one fifth of competing matrix technologies. 
 
The convergence of the needs to train pilots, navigating officers and drivers of large vehicles to react effectively in 
fractions of a second to critical situations, and the availability of high resolution large screen projection systems that 
display pictures from powerful IG’s without any latency, has led to multiple academic and commercial efforts to 
develop, understand, and use tiled projector systems.   
 

 
INTRODUCTION 

The requirements for a large field of view, high-resolution displays are diverse. Applications may require a number of 
different system configurations such as front or rear projection; different screen shapes from spherical to cylindrical, to 
conic, to flat, for example. Screen sizes may range from 1m x 1m to 3m x 20m flat to a 30m diameter hemispherical 
dome. Users may require high brightness, high contrast or both. The system may be single user or for multiple 
simultaneous users. However, the tiling problem remains substantially the same throughout all these variations.  
 
A perfect projector does not exist. If it did, no one could afford it. However, modern projection devices maintain an 
exquisite balance between performance, features, and cost. When used singularly, projected images appear very good 
and design compromises are virtually unnoticeable to even the trained observer. However, when tiled, the eye becomes a 
harsh diagnostic instrument revealing all. When two projectors are used side by side, the most casual observer notices 
that the images do not align, their colors do not match, and they are probably not the same brightness. Many of these 
conditions are caused by the projectors themselves and not how they are used. 
 
The first-order solution towards these tiling problems is to select projectors that have the appropriate mix of features and 
design trade-offs for tiling. To correct geometry problems, look for projectors that have low distortion lenses. If a zoom 
lens is used, operate it at the point of least distortion. If the projector is to be used off axis, meaning the axis of the lens is 
not perpendicular to the center of its tile, look for a design that allows for optical lens shift thereby eliminating 
keystoning of the projected image. Further, some models have lens shift in both the horizontal and vertical axis allowing 
displacements in both of these directions. 
 
Color and luminous variations between matrix projectors is caused by variations in the color spectrum of the lamps used, 
dichroic mirror tolerances, lack of uniformity in the illumination system, poor gamma correction in the modulators, and 
vignetting in the lens. The tolerance problem is one of cost. By using lower cost dichroic mirrors, projector costs can be 
reduced, however, in a tiled display, this tradeoff may not be the best. Typically color correction for this type of error 
requires more than a simple 1-dimensional lookup table for each color to properly match the color spaces between 
projectors. The quality of the design of the illumination system and lens are, again, strongly constrained by cost; leading 
to compromises in the projector’s design that may not be ideal in a tiled projector display. 
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SYSTEM CONSIDERATIONS 
How many projectors should a tiled system use? The simple answer is as few as possible. Pixels are expensive, even 
commodity pixels. The desired screen size and shape must be taken into account, as well as the tiling possibilities. Most 
projectors currently create 3:4 (XGA) or 4:5 (SXGA) aspect ratio images. The aspect ratio is simply the ratio of image 
height to width. UXGA projectors that are just becoming available in quantity, return again to the more typical 3:4 
format. However, the long-range commodity sweet spot for aspect ratios may be 16:9, the HDTV format.  The projectors 
should be arranged to optimally fill the required area with an overlap that ranges from 5% to 20%. Typical overlaps are 
12.5% and 20%. This means that for every pixel purchased, up to 20% will be wasted in the overlap areas to create a 
smooth transition from one projector to the next. Take care as some low cost solutions may use overlaps exceeding 50%. 
Such a large overlap helps to mask many luminance and chrominance errors at the expense of doubling the number of 
projectors needed and halving the system reliability. Projectors are typically tiled in rectangular grid when possible. Such 
an arrangement has the unfortunate characteristic that blend areas may include up to four overlapping corners. However, 
it does fill typical screen arrangements nicely. 
 
The number of projectors is strongly dependent upon the resolution required of the system. Keep in mind the degree of 
overlap anticipated in the design. In our example of a 95Mpixel image, using UXGA projectors with 1600x1200 
resolution, nearly fifty projectors are required if no overlap were used. However, anticipating a 12.5% overlap suggests 
56 projectors. Even further adjustments are necessary to properly tile these projectors into a regular grid that meets the 
system requirements. 
 
The light output of the tiled projectors is also a concern. The desired screen brightness should be determined from the 
user’s requirements according to how the display is to be used, the expected ambient light, and the desired system 
contrast. Each projector’s brightness can be calculated based on the resulting number of channels and screen gain 
characteristics. Truly high-resolution displays generally have a surplus of light available allowing the use of low gain 
screens to improve the system contrast and simultaneously increase the viewing volume of the display. 
 

 
Figure 2: Three channel tiled display system showing projectors, stands, cylindrical screen, and overlap areas. 



 4

 
The viewing volume of the display is defined as the volume where the image formed from the tiled projectors appears 
acceptable to the observer.  It is not immediately obvious that a viewing volume would exists or that the display would 
not appear correct from all viewing positions. In fact, it doesn’t. This is because the light that reaching a viewer depends 
upon the intervening geometry between the viewer, the screen, and the projectors. As the viewer moves within the 
viewing volume these relationships change causing changes in the apparent brightness of the individual projector 
channels. When these differences become great enough, the user is able to distinguish the individual tiled channels 
forming the image. To reduce the effect of these geometric changes, and therefore increase the viewing volume, low gain 
screens are used. 
 
An ideal unity gain screen will emit incident light equally in all directions regardless of the angle of incidence. With 
such a screen, the viewing volume is unlimited. As a practical matter, such a screen does not exist. However, using a low 
gain, high quality screen is a must when a large viewing volume is desired. 

 
PROJECTOR MODULATORS 

Many projection technologies exist to create tiled displays. The oldest is the Cathode Ray Tube or CRT. CRT projectors 
offer extremely high quality images at moderate costs. Their drawbacks are that they are not very bright; they may 
require day-to-day tuning to maintain a high quality image, they tend to be large; and if uncorrected, they do not have 
uniform luminance across their display field. Their cost per pixel is very competitive at UXGA and QXGA resolutions. 
Further R&D efforts in CRT, recently resulted in features like beam astigmatism correction and digital convergence and 
geometry control, raising the resolution to 3,200 by 2,560 pixels at 180 MHz bandwidth. These enhancements lead to 
razor sharp images at maximum contrast levels. Inherent to CRT–technology is that the out-of-the-window view is 
always real-time without any latency. It is interesting to note that much of the current research on automatically 
correcting geometric distortions inherent in matrix based display solutions could be applied to CRT projectors, 
eliminating the day-to-day tuning problem.  As an added bonus, they would reduce the processing overhead in the image 
generator and reduce the latency of the total system.  
 
When one looks at the Federal Aviation Administration (FAA) certified Level D aircraft full-flight simulator 
specifications the daylight contrast ratio, as seen by the pilot, shall be at a minimum 5:1 and the light point contrast ratio 
shall be not less than 25:1. In raster-only systems the 5:1 ratio is hard to achieve and 25:1 is impossible at the required 
resolution because of light scattering in the visual system. Using raster-calligraphic projectors solves this limitation. 
Raster calligraphic projectors write the polygons in raster-mode and draw the light points calligraphically (i.e., 
addressing the light points as individual X-Y coordinates). Addressing these points for a longer time, allows features 
such as the runway strobe lights to be displayed with high brightness and addressable resolutions of 16k x 16k. 
 

 

Figure 3: Typical Level D simulator image using both raster and calligraphic scanning techniques. 
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When used in higher ambient light environments, tiled projection systems use matrix light modulation technologies such 
as poly-silicon Liquid Crystal Display (LCD) or Micro-Electro-Mechanical Systems (MEMS) using mirrors. Poly-
silicon solutions are available from many suppliers. All commercially available MEMS based projectors are based on 
Texas Instruments Digital Light Processing (DLP) technology. Either technology has its strengths and weaknesses 
depending on how it is used and the types of images it is required to display. 
 
By separating the light source from the modulator, LCD technology enables far higher light outputs. LCD projectors can 
be divided into transmission and reflective categories. Light passes through transmissive panels where the polarization of 
the light is modified on a pixel-by-pixel basis according to its desired brightness. Reflective panels reflect light while 
modulating its polarization on a pixel-by-pixel basis. The polarization state of the light can be continuously varied so 
that each pixel’s brightness is also continuously 
variable from off to full on. In either category, 
three panels are used, one for each of the red, 
green, and blue colors used in the projector to 
create a full color image. Resolutions are possible 
up to QXGA. The switching time of a pixel from 
on to off or off to on can be long enough to cause 
smearing in an image where fast moving objects 
appear. Special processing is required to reduce 
this effect 
 
Figure 4: Three panel LCD Projector showing 
lamp, color separating dichroic mirrors, LCD 
panels, color combining X-cube and lens. 
 
DLP technology uses a small mirror for each pixel 
in the display. An inherently digital process 
controls the brightness of each pixel. A mirror or 
pixel can only be fully on or fully off. Gray scales 
are created by a method known as Pulse Width Modulation (PWM). By using PWM techniques, the average time a pixel 
(or mirror) is on during a complete frame is proportional to the desired brightness of the pixel. While such a digital 
approach can lead to a very uniform and linear display, it can also result in potentially disturbing image artifacts. PWM 
sequences must be carefully designed to reduce this effect. DLP processing requires a full frame time before the image is 
displayed. This delay adds another frame time giving a total system latency due to the modulator of two frames, or 33mS 
at 60Hz refresh. This delay confines DLP based projectors to simulation applications where interaction to the projected 
image is less critical, such as Air Traffic Control and Ship Bridge Simulators. However, DLP projectors are known for 
their excellent uniformity and color linearity resulting from the PWM method used to create gray scales on the panels.  
 
 
Figure 5: Three-Panel DLP Projector showing 
lamp, integrator rod, relay optics, and TIR prism. 
 
 
DLP projectors are divided according to the 
number of DLP modulators they use. Single chip 
DLP projectors use a single modulator to reduce 
cost. The display works by flashing red, green, and 
blue images in rapid succession. The repetition 
rate is sufficiently high so that the individual color 
images are fused into a single full color image. A 
variant on the single chip projector flashes red, green, blue, and white images. The white image is added to increase the 
total brightness of the display.  
 
The second design uses three DLP modulators much the same way as the LCD display. Each modulator receives a 
continuous flow of red, green, or blue light that it modulates and is then projected to the screen via the lens. Three chip 
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designs have the advantage of no color break up that can be a complaint of the single chip designs. They also have the 
ability to sustain much higher brightness and superior color fidelity.  
 

 
COLOR MATCHING 

In all projectors, regardless of modulator, it is important that the color and quantity of the red, green, and blue light is 
matched between projectors. Systems such as the High-Density Display at the Sydney VisLab achieve this goal by using 
a single light source for all projectors. The light source is connected to each projector using three fiber optic cables. This 
method has the advantage that all variations in lamp brightness and color, if properly designed, are carried equally to 
each of the projectors. This means that although the image may vary, it varies equally among all the tiled channels. 
Efficient coupling between the light source and fiber bundles used to carry the light to the individual projectors is 
difficult to achieve resulting in lost light and increased lamp power to overcome these losses.  
 
Another solution is to electronically or optically stabilize the lamp output in each projector. This method also reduces the 
effect of light output variations due to lamp aging. It does not require additional cables and has the advantage that if a 
lamp fails, the remainder of the projected environment remains operational. Since each projector has its own lamp, the 
power of the individual lamps will be less than that of a central lamp leading to longer lamp life and greater reliability. 
 
A further enhancement of lamp stabilization is to link the stabilizing electronics between projectors using a simple 
electrical connection. This link allows the stabilization circuits to track the weakest (dimmest) lamp in the system. The 
system can continue to operate with no deterioration in tiling even when a lamp has past its ability to be stabilized at full 
light output.  
 
Once the light source is stabilized, the individual colors must be matched. White light from the lamp is divided into red, 
green, and blue light via dichroic mirrors. Dichroic mirrors alternatively reflect or transmit light based upon its 
wavelength. The wavelength of the transition region from transmission to reflection must be carefully controlled to 
maintain consistent color between projectors. Typical tolerances range from 2-5nm. Additional optical adaptations are 
possible to further match channel-to-channel colors. 
 
The color of the projector’s primaries can be further corrected electronically. By using a 3x3 matrix transform in linear 
color space, the color primaries can be mapped consistent color coordinates from channel to channel. This transform can 
be applied in either the projector or the image generator. As negative light is not possible, the resulting color gamut can 
only be smaller than the original. The color gamut for the entire system is therefore the smaller than all the color gamuts 
combined. Even in well-designed systems, the primary colors may change as a function of image location. A further 
refinement to electronic color correction functionality corrects for this effect. 
 

 
IMAGE WARPING 

Tiled systems using flat screens can be designed and built without the need for image warping capabilities. By avoiding 
warping, system cost and latency may be reduced. Systems employing curved screens or off-axis optical designs beyond 
the capability of lens shift to compensate, necessarily require some form of image warping. When warping is available, 
the tolerances required to position and optically match the projectors are drastically relaxed. Images may be warped 
inside the image generator, by an external video processing box, or by the projector itself.  
 
Low cost systems perform image warping in the image generator. Such rendering is usually a two-pass operation for 
every frame. The desired image is computed and stored in texture memory. In a second pass, the image, in the form of a 
texture, is mapped on to a warping surface to form the final warped image. The advantage of this approach is its low cost 
and that it operates in linear luminance space. The disadvantage is that it adds additional frame delays in the image 
generation chain increasing the total system latency. The quality of the warped image may be significantly lower than 
that of a dedicated hardware solution due to the use of simple but fast bi-linear interpolation in typical IG warping 
methods. 
 
Dedicated image warping solutions may be implemented in external hardware or internally to the projector. The quality 
of warped images varies considerably between systems as it depends on the warp algorithms used. Many commodity 
systems warp using a two-pass process that distorts the image sequentially in the horizontal and vertical directions. This 
approach reduces the amount of hardware required but, as in IG based distortions, adds at least one additional frame 
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delay of latency to the system. Commodity systems also tend to use simple bi-linear interpolation methods. While this 
interpolation method produces images superior to trivial nearest neighbor algorithms, much of the image’s original 
resolution is lost. Such processing is clearly contrary to the goal of producing a very high-resolution display system. 
 
It is possible to design warping systems that overcome all these obstacles. Delaying the warping function only long 
enough to insure the arrival of all necessary pixels to begin processing minimizes latency.  The video inputs must be 
linearized to eliminate the video gamma function typically used in the IG output look up table (LUT). Simple bi-linear 
sampling is replaced with bi-cubic or greater interpolation methods that utilize at least sixteen adjacent pixels for 
interpolation. Adaptive filters may also be used to further enhance the final image. Although not strictly necessary, 
integrating the warp electronics directly into the projector has the additional benefits of avoiding unnecessary digital to 
analog conversions and gamma conversions of the video stream, thereby maintaining its dynamic range. 
 
When warping is available inside the image generator, in an external box, or by the projector itself, the projectors should 
be positioned and aimed according to the system design but their placement will be nowhere near as critical as that of a 
non-warp system. The quality of the system alignment will depend principally on the adjustment of the image warping 
parameters, and not on the placement and aiming of the projectors.  
 

 
PROJECTION OPTICS 

All projection lenses introduce small geometric distortions into their images. When used stand-alone, this distortions are 
sufficiently small to be unnoticeable. However, when multiple projectors are arranged one to the other, differences in 
these distortions become very apparent. Distortions as large as 1% are possible. This means the ideal and actual location 
of the image of a pixel may vary by 1% of the image diagonal. On a SXGA (1280x1024) projector, this error is greater 
than 10 pixels. Clearly, a misalignment of 10 pixels would be very noticeable across a seam. These errors can be 
partially cancelled by using the same type of lens and same lens shift setting (if available) on all the projectors in the 
tiled array. When operated in this manner, the lens distortions should match as the periphery of each image and only the 
variances of the distortions will remain. Having said that, barrel or pincushion distortions will cause the width of blend 
zones to vary along the length of the seam while projected lines parallel to the seam will not properly overlap. 
 

 
PROJECTOR POSITIONING 

Complex interactions of lens distortions, off-axis projection angles, and lens shift all conspire to make proper projector 
positioning a difficult and time-consuming task in systems without warping capabilities. The system geometry must be 
carefully followed. The geometry of the resulting system is completely dependent upon the screen shape, projection 
optics, and positioning of the projectors. Projector alignment becomes critical to the success of the display as it provides 
the only degrees of freedom available to geometrically co-align adjacent images in the system. Each projector must be 
positioned very accurately in six degrees of freedom. To i llustrate, a one-pixel error is caused by an angular error of only 
2.7 arc-minutes on a SXGA projector using a 1:1 lens. Several adjustable projector mounts providing very precise 
positioning and aiming of tiled displays are discussed in the literature. The use of templates to locate the design location 
of the projectors and reference grids attached to the screen also aid in the alignment.  
 
Proper lens shift is critical to properly match adjacent channels and to avoid incorrectly pointing the projector towards 
the screen in an off axis way. Lens shift moves the image up/down left/right much in the same way as rotating the 
projector in azimuth and elevation making these degrees of freedom difficult to separate. If used incorrectly, these shifts 
and rotations will cause keystone distortions in the image that are difficult to detect and properly cancel. 
 

 
BLENDING 

Once the projectors are positioned and aligned, the images must be blended. Edge blending techniques overlap the edges 
of adjacent projected images and blend the overlapped regions to smooth the luminance and chromaticity transition from 
one image to the other. Blending methods fall into two major categories: optical, and electronic. Optical or Aperture 
Modulation blending uses either hard edges or gradients to produce the luminance roll off required. The edges or 
gradients may be internally or externally mounted. Optical blending solutions have the advantage that both the white and 
black light levels are blended. Optical blending solutions may or may not be field adjustable. For simple two or three 
sided blends, almost all optical solutions can be made adjustable. However, complex blends between three or more 
channels may prove to be more difficult. Hard edge blending solutions are easy to manufacture and are relatively low 
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cost, especially when they are used externally. They are limited in their ability to generate blends of variable width. The 
width of a hard edge blend is determined by the location of the edge and the exit pupil size of the lens. The resulting 
penumbra coincides with the region to be blended. Hard edge solutions also suffer when the exit pupil of the lens is not 
uniformly filled by the illumination system within the projector. In this case, rather than producing a smooth gradient, a 
hard edge produces a stair stepping effect. 
 
Gradient blending solutions may use continuous gradient patterns or dither patterns to produce a blended edge. Gradient 
solutions can easily create variable and very wide blend regions. However, such solutions are generally not easily 
adjustable and may have lengthy iteration cycles 
between trials. Gradient solutions are also less 
affected by problems caused by non-uniform 
illumination within the exit pupil. Gradient 
solutions using dither patterns can suffer from 
diffraction problems caused by regular patterns 
in the dither. Projector light can diffract through 
these patterns leading to colors and dim shifted 
images in the blend areas. 
 
Figure 6: Optical Blend Situation showing roll 
off of white and black levels. 
 
  
 
Figure 7: Electronic Blend Situation showing 
roll off of white levels and compensation of 
black levels as described in the text. 
 
Electrical blending can be applied in the 
projector, if so equipped, in an external video 
processing box, or in the image generator itself 
as an alpha channel. Electrical blending is 
desirable as it is easily controlled, conducive to 
automation, and produces generally good 
results. However, electrical blending fails 
miserably for very dark, near black images. This is because all matrix based projectors leak a little light when in the 
black state. This light cannot be stopped electrically. This means that for black or near black images, the electrical 
blending does essentially nothing. The result on the screen is that for black images, areas where two projectors overlap 
are twice as bright as that of a single projector. Areas where three projectors overlap are three times as bright and so on. 
It is possible to electrically add a compensating black level to non-overlapped areas to equalize the entire black field. 
While successful, careful consideration should be made concerning the resulting loss of system contrast. 
 
In applications where a significant amount of ambient light will always be present to wash out the projector’s minimum 
black level rendering it imperceptible, electrical blending is acceptable. In other cases, where mostly bright images are to 
be used, electrical blending may also be acceptable. Electrical blending’s flexibility and automation possibilities make it 
compelling; however, the system designer should take care for how the system will be used and under what conditions 
before proposing its use. 
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EXAMPLE SYSTEMS 
 
Figure 8: A three-channel front projection cylindrical screen system using single-chip DLP projectors with internal 
warping and external optical blending. System resolution is 3520 x 1024. Combined Projector Brightness is 4,500 
lumens. Contrast 1,300:1. 

Figure 9: Helisim, France; Barco Genenis III Calligraphic Technology for Level D Full Flight Simulation 
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CONCLUSIONS 

The confluence of CPU performance, powerful image processors, dedicated simulation projection displays, and high 
quality image software  has produced a plethora of application specific multi-channel tiled display solutions for 
simulators. As no single technology can be considered the best in all circumstances, dedicated solutions are now 
available for full flight simulators, air traffic control simulators, ship-bridge simulators, and gunnery simulators. Tiled 
flat wall, cylindrical, and spherical systems are now commonplace. Software efforts that allow applications to 
transparently use multi-channel tiled display systems without modification further drive this phenomenon. Projection 
displays designed specifically for tiling are now available with features such as luminance stabilization, color matching, 
distortion correction (warping), edge blending, and luminance and color uniformity correction. These devices, when 
coupled with appropriate viewing software and algorithms, human interface devices, and cluster management tools, 
make a collaboration and visualization tools that are unsurpassed by any other competing technology. 
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