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ABSTRACT

The dynamic range in many real-world environmentpasses the capabilities of traditional displaghtelogies by
several orders of magnitude. Recently, a novellayspapable of displaying images with a dynamiageamuch closer
to real world situations has been demonstrateds Wais achieved through a spatially modulated bgitklbehind an
LCD panel. Combined with the modulating power of thCD panel itself, this enabled the display of mingher
contrast compared to an LCD panel with a spatiatijorm backlight.

In this paper, we describe a further developmertheftechnology, namely a high dynamic range ptimjacsystem.
This makes such display systems more widely applkcas any surface can be used for the displaygbf ¢hynamic
range images.

Our new system is designed as an external attachimesn regular DLP -based projector, which allows the use of
unmodified projectors. It works by adapting thejpoted image via a set of lenses to form a smadigien This small
image is then modulated via an LCD panel and tkaltrés projected via another lens system ontagelascreen, as in
traditional projection scenarios. The double motioig by the projector and the LCD panel togetleeates a high
dynamic range image and an ANSI contrast of ovér17.0

Finally, we discuss the advantages and disadvastafgeur design relative to other high and low dyitarange display
technologies and its potential applications.
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1 INTRODUCTION

1.1 HDR Background

In the past few years, the issue of limited dynaraitge of both imaging devices and displays has lestensively
studied in the computer graphics community. In &ddito being able to produce such imagery via washsuch as
physically based rendering [8], algorithms havenba@eveloped for capturing both still images [1769] and videos [4]
of real environments with extended dynamic range.

As the dynamic range of luminance of real and stithimages often exceeds the capacity of currsplals by orders
of magnitude, new approaches to enable their prasem were also developed. One of the ways tolalspigh
dynamic range images is to transform the origiaalge of intensities into a significantly smallenge of intensities a
common desktop monitor can reproduce. This proisesalled tone mapping and a number of tone mapppegators
have been developed to date. While these tone mgympierators (e.g. [2, 5, 11,12] among othershaftir displaying
high-dynamic-range (HDR) images in a recognizalild aven aesthetically pleasing way, nobody wouldfise a
photograph rendered in this fashion with, say, hiat the same scene through a window. The dynaamge of
conventional displays is simply inadequate for tingga visual sensation of watching a real sunselriging a car into
oncoming traffic at night. To ease this problemnpew class of high dynamic range displays has ricdrgen
demonstrated [10], which allow for a contrast ratianore than 50000:1, and have peak intensiti¢sémange of 2700
cd/nf to 8500 cd/m while lowering the black level to 0.05 cdinfFor comparison, traditional displays usually
reproduce a contrast of about 300:1 with a lumiraange of approximately 1-300 cdim
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1.2 High Dynamic Range Display Technology

The principle underlying a high dynamic range (HRIgplay is the use of a specialized spatially wahigh-intensity
backlight for a transmissive LCD panel [10]. In etlwords, light is filtered twice, once in the blght, once in the
front LCD panel. In one of the implementations bistfundamental idea, the image projected by at8lidiight
Projector (DLP ) was used as backlight, in another a grid of higénsity white light emitting diodes, each of whic
could be controlled individually. If the maximumrteast of the backlight image ¢s:1, and the maximum transmissive
contrast of the front LCD panel i=:1, then the theoretical contrast ratio of the allesystem is ¢i-c2):1. The
maximum luminance of such system will increasediewith the maximum luminous power of the bachtig

Both HDR display prototypes mentioned above emplogaly a monochrome spatially varying backlight cador
perception does not extend to high contrast rafosther interesting property of the above prestulisplay systems
is that the resolution of the backlight image cardwer than the front panel. This is based onifigsl from the field of
psychophysics, which show that for contrasts higthem 150:1 cannot be perceived by humans at higttiad
frequencies [13], i.e. within a small spatial ateay. the area covered by one LED of the backiatypical viewing
distances [10]). However, on a global scale huntamsperceive much higher contrasts, and HDR disptay indeed
display such images.
Displaying images on such a screen then requigefotlowing technical steps:

Obtaining a linearly encoded high dynamic rangegen@adiance majp

Generating the background image.

Generating the foreground image.

1.3 Motivation for High Dynamic Range Projectors

In the last few years, we have seen data projecepable of displaying images with contrasts oesaivhundred-to-
one. Although such dynamic range is adequate faromgictures, computer generated graphics andimmedtia; there
are other potential applications, which could b#&n&bm increased dynamic range, such as visuatqmion
experiments, medical research, and virtual realityulators. In cases like these, the ability tojgrba high-dynamic
range image onto almost arbitrary surfaces is UsaAfuadditional benefit is that the surfaces, ontaich the images
are projected, do not need to contain any metaiclwis important in the environments that use mégrteacking
devices or MRI equipment.

In the original implementations of the HDR displagsflat LCD panel is used as the display surfawe faces the
viewer. This severely limits the maximum size oftsulisplays, as larger LCD panels (say more thdrd&@onal) are
currently still considerably more expensive.

Another reason for desirability of projection-basksplays is geometric design constraints for prige surfaces. Even
though most projection systems are designed to &rimage on a flat surface, it is relatively e@swglter the optics to
enable projections onto curved surfaces, such assl®r cylinders. Such surfaces cannot be handigddisplay-
based technologies.

2 PROJECTION-BASED HDR DISPLAY SYSTEM

Here, we will present a novel approach to signifitaincrease the dynamic range of the existingitBigMirror
Device-based data projectors.

2.1 Design Decisions

Like in an existing display system for HDR imagdsscribed in [10], the idea is to modulate thetligtensity more
than once.

2.1.1 Integrated vs. Separate Unit

One common natural desire when designing things wmmag them is to have everything in one compadt. Ore
disadvantages of such approach can be multiplst, iirere are few ways to modulate light intentigt are free of side
effects. E.g. if high image contrast is not needéd, second modulator should display a spatialljoum image.



However, the image may still be affected by theosdcmodulator, as some light may be lost, and switiebe
scattered. This will respectively reduce the imagghtness and decrease the contrast.

2.1.2 Choice of Modulators

As mentioned, in order to achieve contrast highantis possible with existing devices, one needsddulate the light
more than once. There are fwuoajor alternatives for light modulation, suitalite creating an image: Liquid Crystal
Displays (LCD) and Digital Light Processing (DLFP. Each of them has their own distinct properties.

LCD panels contain a film of liquid crystals, sanched between the transparent electrodes and tVesiziag filters.
The presence of two polarizing filters alone irstbtructure significantly reduces the maximum tngittance of the
modulator to about 15-20%. Due to use of polarizérss not always practical to combine two or maresuch
modulators in sequence, as adjacent polarizers ttebé aligned for optimal performance. Furthermanee would
have to create a collimated light beam the sizb@sandwiched panels to make this idea work.

DLP technology is implemented via use of microchipsctsmicrochips contain a microscopic mirror for kegixel
that can be quickly (~15s) rotated between two orientations through therotler circuitry built into the chip. One
orientation directs a collimated beam of light toggathe imaging optics, creating a bright spot nriraage; another
directs it towards a light absorbing material witktie projector. To obtain intermediate pixel isignlevels, the mirror
orientation is pulsewidth modulated (PWM) [3]. DLPtechnology by itself is already capable of relaltvhigh
contrast ratios, with commercially available proges demonstrating ANSI contrast ratios of sevéraidred-to-one.
Unlike LCD, DLP chips are significantly more optically efficientjth early models passing as much as 60% of the
light when oN [3]. However, sequentially combining more than dbeP chip to achieve higher contrast is not
possible, as two PWM modulations running simultarsip don't give the correct result (the momentates of the
pixel at the end will be a logicaND operation of the states of the corresponding piiebll DLP chips on the path).

As a result of the above constraints, we decideds® a DLP projector with an additional LCD panel and optics
between the projector and the screen for our prpéot

2.2 Description of the System

The light beam exiting a normally functioning prctier is diverging, in order to be focused into emage some distance
away. However, in order to combine, that is, taagdy multiply the transmission ratios, the remlsiges created by one
modulator must be focussed on the other. In argiated system, this could be accomplished, by ilggan LCD
panel with a DLP chip. In our prototype, this requirement has tethe following design (Figure 1).

Screen Field lenses

Objective Macro lens

DLP projector

LCD panel

Figure 1: HDR projection system.

! One additional technology also exists, called IdgDrystal on Silicone (LCOS), which consists ajiiid crystals and
corresponding polarizers deposited directly onghlyireflective substrate. Applying voltage to thigiid crystals allows light to be
either reflected from the chip surface or absorlesedcept similar to DLP. Colour is usually creatéuse of three chips for each
primary. The technology is very young, relativepensive, and has optical properties somewhatainalthose of LCD-s.



We used arOptoma EP755DLP -based projector. Its colour wheel was removedntyeiase the maximum light
output, as in an earlier HDR display prototype [I}e projector has a 1024-by-768 resolution, doata 200W UHP
(ultra-high-pressure mercury) lamp and is specifiechave a 2000 Im output and a 600:1 contrasb.r&tie used a
digital DVI interface to connect it to one of thetputs of a PC video controller. As the projectafzics are designed
to create an image more than one meter away, wedaald 00 mm focal length achromatic lens directlfront of the
projector to enable it to project a (smaller) imafgpeut 100 mm away.

Then, the image created by the projector (Figurés Zpcussed onfoan LCD panel. Originally, the intention was to
employ the type of LCD panel used in Personal Bigitssistants (PDAs). As had been discussed atzosecondary
modulator can be monochromatic and need not haveame high resolution as the primary one. For pi@none of
the HDR display designs uses 760 white LEDs, agdrig a hexagonal grid, as a backlight (for detsegls [10]). Thus,
a small, monochrome display of a typical PDA (ab®0x50 mm) would have enough resolution for thipligation.
However, driving such a display would require depehent of a controller. Hence, we opted to usgharp QA-75
computer projection panel, designed to be used elittoverhead projection units, as it accepts @gulGA input. As
this panel is larger than needed, we use only @l sewatral portion of it, about 40-by-30 mm, or tB®-90 pixels (see
Figure 2).

Figure 2: Left: image created by the projector pddbrough a transparent LCD panel. Right: LCD panage while the projector
is displaying a white background; note the lowasbotetion of the LCD image. Also note the grid visiin both images, created by
the LCD panel. The left portion of each image hearbartificially brightened to show the measurimget

As the rays after passing through the panel woaltticue to diverge, in order to aim them into thgeative lens, we
used two 120 mm plano-convex lenses, acting ael™fens.

Finally, a single achromatic lens with a focal lmgf 125 mm was used to project the compositiorthef two
coinciding images, — of the original DLPchip inside the projector, and that of the LCD @ar onto a white wall,
about 70 cm away.

2.3 Driving the System

The algorithm for driving the system was adaptednf{10]. The essential idea is that one would tikeninimize the
guantization errors between the intended luminaaoéesthe displayed luminances.

First, we start by determining the luminance resgoaf the projector and the LCD panel. In our dpeciase, the
external LCD panel has a substantially lower cattratio than the projector. Then, the inptt&ndc, for both of the

2 Actually, the alignment is intentionally made imjeet, to blur the grid lines of the LCD panel.drder to eliminate moiré patterns.



components can be described by a following setjafons, which ensure that the relative errogisadly spread over
modulators:

C1C =,
C1/ Co= Cimax/ Comax
where ¢ is the target transmission ratio of the syst@&ma, Comax @are maximum contrast ratios of the respective
modulators.

Algorithm:
Use the value determined from this equation forlii® panel as is.
Compute the image created by the LCD panel, bygussroptical point spread function.
Divide the target luminance by that image, pixeldixel, to obtain the value with which to drive thejector.

The last step will ensure that the blurring of pireels of the low-resolution LCD panel is comperskfor.
3 MEASUREMENTS
3.1 Procedure

We used a Minolta LS-100 luminance meter for ounsoeements. For contrast measurements, we addpedNSI
display testing procedure. The procedure spedifiés4 black-and-white checkerboard pattern (Fi@re

Figure 3: ANSI pattern for contrast measurement.

The contrast value is determined as the ratio ®fatrerage luminance of the white squares to theaggduminance of
the black squares. The contrast measured in poogeeaccording to this procedure is always smahan tfull ON/OFF
contrast, and is considered to be fairer and mocerate, as it takes into account undesirable bghtter from white
areas onto black areas, which invariably incretfseslack level and thereby decreases the contrast.

3.2 Reults

Here, we present measurements of contrast, trasisitys and luminance, associated with the HDR lgigsystem, as
well as with each of the components of the syst&linmeasurements took place in a completely dardlerm®m. All
surrounding surfaces, other than the white walduse a screen, were covered with black cloth amepater monitors
were switched off during measurements.



3.2.1 DLP Projector

For these measurements, the projector was pogitiabeut 1.2 m away from the white wall. With theo@oset to
“tele”, the image size on the wall was 300-by-40® (approx. 12-by-16 inches).

Maximum luminance: 610 cd/m

Minimum luminance: 4.5 cd/m

ANSI contrast ratio: 136:1.

Note: the ratio is substantially lower than 60@jaoted in the specification.

3.2.2 LCD Panel

Here, the values were determined through three une@ents of luminance on the screen generated eopribjector
displaying a uniform white image: with projectoriygrwith the LCD panel added to the path in “trasxgmnt’ mode, and
with the panel in “black” mode.

The following results were obtained:
Maximum transmissivity: 0.172.
Minimum transmissivity: 0.018.
ANSI contrast ratio: 9.56:1.

3.2.3 Complete System

The following measurements were taken when theesystas fully assembled (as in Figure 1). The scisaabout
90 cm away from the foremost lens. The image sizbout 150-by-200 mm (approx. 6-by-8 inches).

Maximum luminance: 425 cdfn
Minimum luminance: 0.6 cd/m
ANSI contrast ratio: 708:1.

Figure 4: Display content when measuring the cehtihe projector image was offset slightly
for this image to better demonstrate the effe¢hefdouble modulation.

4 ANALYSIS OF THE DESIGN AND IMPLICATIONS

As has been demonstrated, the addition of an LQi2Ip@a the optical path of the DLRbased projection system can
noticeably improve the contrast ratio. In this sectwe will discuss the strengths and the limitasi of this design.

Our complete system produces a luminance leveR6fotl/nf, which is about 4 times higher than the level ofgical
desktop CRT monitor. However, this is still not faiént to properly represent luminance values esponding to



directly visible light sources (sun: ~1.6%1€d/nf), their specular reflections, or even diffuse whiturfaces under
sunlight (~3:16 cd/nf). Note that while the size of the obtained imaggsvemall, which worked in favour of the
measurements, particularly maximum luminance measents, we used a plain white wall as the “screBuabstituting

it with a specialized front- or back-projected serewith a higher optical gain will markedly improike peak
luminance, allowing for a much brighter “white”.

Since no new light is added to the system, an siianof the dynamic range is possible only into dlagk regions.
Phrased differently, the complete HDR projector eaieve significantly deeper “blacks” than the \amtional
projectors. This is under the assumption thattege size remains constant; otherwise, higher lamae can easily be
achieved by optically decreasing the size of th@jguted image or by moving the screen closer toptogector.
Another way of achieving higher maximum luminanseby using a “brighter” light source. The latternist always
practical, since the price increases very rapidi Wwigher light output. In our current implemendat we achieved
substantially higher maximum brightness by remowimg colour wheel of the projector, thereby limitiourselves to
black-and-white images of the overall system. Mynaising an LCD panel with greater transparencyhia “white”
state can also markedly improve the maximum brigggnWhile theoretically an LCD panel may tranamito 50% of
the light, almost all available monochrome pangsdmit around 17% of the light and many colour etedlike the
one used in [10], are rated at around 7..8 %.

We achieved an ANSI contrast of 708:1. Admittedhis is not very impressive compared to the speatifons for
HDR displays. The main reason behind this is tive ¢dontrast ratio of the LCD panel, which, when pdiwith a
projector for overhead transparencies, was desigméxd used for presentations at the times whdrceatained data
projectors were unavailable. Even a marginallydsgteinel can improve this situation. On the otlzerdy note that even
with such contrast, the black level remains reashyriaw; as it is typically specified that 1 cdfiis an acceptable value
[10]. It also evident that the final achieved castris not actually the product of the individuahtrast ratios, which
would give approximately 1300:1. The discrepancynisst probably due to imperfections in optics, &sused very
simple optical schemes and the lenses were ngt éultlosed in a light-absorbing container. Boththaf mentioned
deficiencies can be easily dealt with in productibhere is also a possibility that the low contthst we achieved is an
indicator that, at such high contrast ratios, tipics become a limiting factor. Two observationpmurt this last
statement: first, the lens that is the closeshéoscreen is responsible for the fidelity of theafiimage more than other
individual components of the system; second, maongem projectors, which quot®r/OFF’ contrast ratios in the
order of thousands-to-one, and which probably doriight modulators capable of such contrast, whesasured with
the ANSI method, demonstrate an ANSI contrast ¢f arfew hundreds-to-one.

5 CONCLUSIONS AND FUTURE WORK

We described a method of increasing the dynamigerari a conventional data projector via the usanoéxternal light
modulator. The measured ANSI contrast of the newRHfrojector was more than 700:1. While in the aufrre
incarnation the range of luminances and contrasbsras modest, the overall outlook is promisindneTsystem is
designed as an external attachment to a regular Bidsed projector, which allows the use of unmodifieojectors
and makes the system reasonably compact. We prbpsasee technical refinements to make the spediicatmore
competitive with those for HDR displays.

As for the future work, it would be interesting ¢onsider how an additional LCD modulator insideuarent DLP
projector could be used. This would significanthduce the number of optical components in the systempared
with the current design and could allow for mucgHar contrast ratios.
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