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Abstract

This paper descibes some of the principles in the computation and
displaying of High Dynamic Range images. Various methods have been de-
veloped in computing High Dynamic Range images in higher precision and
virtual ly unlimited range, and displaying the images on low-dynamic-range
devices, such as CRT/LCD monitors. Tone mapping is a topic closdy re-
lated to the latter subtopic. Current state-of-the-art commadity hardware
is able to do HDR-rendering.

1 INTR ODUCTI ON

The need for HDR-rendering ariseswhen comparing standard display devices,
which have a dynamic range of luminance of about 100:1, with human vision
which has a dynamic range of about 1000000 000:1,from bright sunlight down
to starlight ( Devlin et al. , 2002). Also in computer gererated images(CGI)

createdwith global illu mination algorithms a factor of 2000betweenthe highest
and lowestintensity valuesis commonand a factor of 30000is sometimeseaded
( Schlick, 1994). Typically the imagesdisplayed on the screenare 24-ht - 8-bit

per color component or a dynamic range of 256 intensity levels. The dynamic
rangein real-world ervironmerts thus far exceed the rangerepresertable in 8-hit

per-channel texture maps ( Cohenet al. , 2001).

Becauseof thelimitation sin standard display devicesthe computer gererated
HDR imagesstill have to be displayed on the LDR display devicesomelow. Sev-
eral techniqueshave beendeweloped, including work in Real-Time High Dynamic
Range Texture Mapping ( Cohen et al. , 2001), A Tone Mapping Algorithm for
High Contrast Images( Debevec & Gibson 2002), Photographic tone reproduc-
tion for digital images( Reinhard et al. , 2002), Gradient domain high dynamic
range compression ( Fattal et al. , 2002), A multiscale madel of adaptation and
spatial vision for realistic image display ( Pattanaik et al. , 1998), Two methals
for display of high contrast images( Tumblin et al. , 1999) and Adaptive gain
control for high dynamic rangeimage display ( Pattanaik & Yee, 2002). Some
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other cortrib utors have been menioned in a STAR report Tone Reproduction
and Physially Baseal Spectral Rendering ( Devlin et al. , 2002).

HDR rendering, i.e. increasedaccuacy throughout the graphics pipeline, is
possibe in real-time with the current state-of-the-art commadity hardware from
ATI ( Mitchell, 2002)and NVIDIA.

In the section 2 of this paper we will go through various ways of computing
HDR images. It's followed by section 3, which describes a method which uses
the current NVIDIA Geforce2 -classLDR hardwareto achieve HDR images,and
further emphasizesthe needfor true HDR rendering. Section 4 discussesthe
concept of tone mapping and various methods of doing it, and nally section5
exploresthe tru e real-time HDR rendering.

2 COMPUTI NG HDR IMA GES

Computing and acquring imageswith high dynamic rangecanbe donein various
ways. One of the non real-time ways is to render imageswith a technique called
Physically Based Spectral rendering ( Devlin et al. , 2002). This technique was
already noted early in the 1980iesbut computer graphics mainstream has up
to now avoided thesetechniquesin favor of the seemimgly more robust and less
compicated colorspaceapproad.

Spectral rendering is a group of image synthesismethods which usea repre-
sertation of the assaiated light spectrum for color values,as opposedto corver-
tional systemsthat perform thesecalcuations with tristim ulus color values(red,
green blue). This can be bere cial as a part of HDR rendering to ultimately
provoke the sameresponsesthat a viewer would have to a real scere. Problems
that require Spectral Rendering for correctrendering behavior include problem of
metamerism,dispersionin dielectric materials (‘rainbow e®ect'), polarization of
light and ° uorescee. Metamerismmears a pair of colorswhich di®erspectrally
but yield similar tristim ulus valueswhen viewed in someviewing conditions. In
other viewing conditions they may seemdi®eren to the human visual system.
Polarized light makes a di®ererce especially in outdoor sceres, but the subject
hasrit gotten a lot of attention yet. More obvious problems reside with current
renderers,like scere compexity and global illumination isstes.

Another way of creating a HDR imageis to collectthe data from a real-world
environmert. Utilizin g a seriesof di®erenly exposedphotographs, enough data to
represen a high dynamic range photo canbe collected( Debevec& Malik, 1997).
A lot of data canbeacqured, asseenin Figure 1, wheresixteenphotographs were
taken at 1-stop incremerts from 30 secomls to 1=1000secomis. In the photos,
sun is directly behind the rightmost stained glasswindow, making it especially
bright.

Schlick's implemertation, High Dynamic Range Pixels ( Schlick, 1994), uses
nonlinear quantization of pixel valuesin only 24 bits per pixel. The gereration
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Figure 1. 16 photographs at di®eren exposues (Debevec & Malik, 1997)

of imagesare done in software sothat no specializedhardware is used In other
works a logarithmic function has sometimesbeenused which maps the high dy-
namic range (e.g. 4000)to a lower range by enlarging the gaps for adjacert high
values and keepsmaller gaps in the lower range. This is done becatse the hu-
man visual systemis much more sersitive to small di®erercesbetweenlow values
than betweenhigh values. Instead of logarithmic function, Schlick usesa slightly
di®eren bias function which has a parameterby which the strength of deforma-
tion applied to the incoming range can be varied. Furthermore,the function has
desiralde features for making decaling/encoding easier. This technique can be
usedfor keepng HDR imagedata in a 24-hit imageformat.

3 DISPLAYING HDR IMA GES ON LDR DEVI CES

Displaying HDR imageson current display hardware is possilde either by a pure
software soluion, by exposing the limited resouces of lower class3D-hardware
using e.g. Real-Time High-Dynamic Range Texture Mapping ( Cohen et al. ,
2001), or nally, by using state-of-the-art commadity hardware with support
for 64-hit, 96-ht or 128-hit °oating point color spaceswhich have the required
dynamic range throughout the rendering pipeline (seesection5). With recen
hardware, the whole rendering processis then done in high dynamic range in
hardware, and only reduced to an LDR output device at the very end of the
rendering pipeline.

Real-Time High-Dynamic Range Texture Mapping ( Cohen et al. , 2001) uti-
lizesthe possihlit y of allowing texelsfrom multip le texturesto be conmbined dur-
ing texture fetching or in the framebu®erto producethe nal renderedcolor. The
method is illustrated in Figure 2. An exposue level may be de ned, which then
a®ectsthe resutin g image. Thus 8-hit textures can be usedto create hardware
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Figure 2: Real-Time HDR Texture Mapping (Cohen et al., 2001)

acceleratedreal-time HDR graphics.

True HDR-rendering throughout the pipeline is often neeced, when multi-
ple passeson framebu®erinformation is done. The precisionin ordinary 24-hit
framebu®ersis not enough when the data is re-usedand rounding errors occur,
causing artifacts and lossof visual impressiveness. Examplesinclude various vol-
umetric e®ectslike ground fog, spherical fog and fading of distant objects - these
e®ectscant be done smaoothly when bu®erirg and reusing per-pixel color infor-
mation. Also, rounding errors can be noticed e.g. in bump mapping even with
64-hit °oating point precisionversws 128-kt, asseenin Figure 3 (64 bits mears
16 bits per color channel). In °oating point formats, someof the bits areresened
for sign and exponert, reducing the increasein dynamic range over traditional
24/32-bit integer formats. In the gure, a normal texture is usedto simulate a
displaced surface and there are shadesof gray that are very closeto ead other.
If two closevaluesare subtracted with low precisionformats, the resut coud be
0 rather than a small ° oating point value, altering the end resut.

A 24-bit framebu®eris enough for the nal display device, but the visual
quality hasto be manually xed in order to produce a good-looking image to
the framebu®er. By using HDR data and hardware in order to have all the
data in high precisionright until it's going to be shown on the LDR device, no
visual quality will belost if only the nal stageof HDR->LDR corversionis done
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Figure 3: Bump Mapping Artifacts

properly. Whenewer\tru e"HDR rendering is done, tone mapping is usedto bring
the HDR imageto the display device.

4 TONE MAPPI NG

Tone mapping is what brings the computed HDR image to the display device.
Since human visual systemhas such a wide dynamic range, someform of repro-
duction procedure to create percefually accuate imageson display devicesis
neeced ( Devlin et al. , 2002). The knowledge of Human Visual System (HVS) is
still not thorough, but basedon the facts we know new psydophysically-based
visual models are being deweloped to addresstone mapping problems. Most of
the tone mapping techniques available today are concertrated on singular as-
pects for given purposes. The fact which makestone mapping possible is that
HVS has a greater sersitivity to relative rather than absolue luminance levels.
Thus, dark/ligh t adaption of HVS may be simulated using tone mapping to bring
the desiredresponsefor the viewer.

According to Tone Reproduction and Physially Basel Spectral Rendering
( Devlin et al. , 2002), two types of tone reproduction operators can be used
spatially uniform (aka single-scaleor global) and spatially varying (aka multi-
scaleor local). Spatially uniform operators apply the sametransformation to
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ewvery pixel regardessof their position in the image. Spatially varying operators
apply a di®eren scaleto di®eren parts of an image. Implemertations on these
two types of tone reproduction operators usually do not accownt for temporal
di®erertessuch asadaptation of HVS over time, and are hencetime independent
methods.

An exampge of usageof spatially varying operator is presertied in Gradient
Domain High Dynamic Range Compression ( Fattal et al. , 2002). They use
luminance gradients, attenuating large gradients in order to bring areascloser
together in the dynamic range. Di®eren kind of tone mapping is usedin di®eren
zoresfor compression The resuts demorstrate that this method is capable of
drastic dynamic range compression preservirg ne details and avoiding common
artifacts (halos, gradient reversals, loss of local cortrast). An examgde of the
resut of Fattal's method compared with a method of Ward Larson et al. and
Tumblin and Turk is preserted in Figure 4. The top-most picture is the resut of
Fattal's method, which presenesdetails in both high and low luminance areas.
Thetwo other picturesshow either lossof detail in someareasor various artifacts.

Another recent examge is the so-called\Zone System" ( Reinhard et al. ,
2002), which can be usedfor digital imagesor imagescapured using high dy-
namic range photography ( Debevec & Malik, 1997). The method " rst applies a
scaling that is analogois to setting exposure in a camera. After that, the method
applies automatic dodging-and-burning to accomgish dynamic range compres-
sion. Dodging-and-burning is a concegg from photography, where this printing
technique with holds somelight from a portion of the print during the dewelop-
mert or adds more light. In computer graphics terms, they uselocal adaptation
of percepually-driven tone mapping operators. They tested various methods
and nally selectedthe best one, which used Gaussianpro lesthat scaleat dif-
ferert image positions accordngly. A comparison picture with a couple of other
methods is shown in Figure 5.

One time dependert method is preserted in A madel of visual adaptation
for realistic image synthesis( Ferwerda et al. , 1996). They deweloped a com-
putational model simulating the adaptation in Human Visual System. In HVS,
adaptation is achievedthrough the coordinated action of medanical, photochem-
ical, and neural processesThe model capturesthe changesin threstold visibilit y,
color appeararce, visual acuty and sersitivity over time, all of which are caused
by the visual system'sadaptation medanisms.

As of this writin g, no time dependent spatially varying operator had been
seemimgly proposedin scierti ¢ papers,though it might yield better resuts when
properly implemerted.



Figure 4: Tone mapping examgde (Fattal et al., 2002)



Figure 5: Tone mapping examgde (Reinhard et al., 2002)- Reinhard's newmethod
is demorstrated in the bottom right corner



5 CURRENT STATE OF THE ART HARD WARE |M-
PLEMENT ATI ONS

The current commality hardware cando HDR-rendering in real-time, asATI has
demorstrated by creating a real-time version( Mitc hell, 2002) of a non real-time
animation that was presened at SSIGGRAPH98 ( Debewec, 1998). In the ATI's
version a 64-bt image(16-16-16-16or RGBA) is renderedby using a 16-16-16-16
planar re°ection map and HDR di®use,specuar and rough specuar illu mination
maps as appropriate for eah material in the demo. Additional " Iters are used
(seebelow) in the high dynamic range to erhance the image, and nally tone
mapping is usedto presert the image on the monitor. The exposue level can
be changedin real time, asthe LDR image (8-8-8-8bits that can be read by the
Digital-to-An alog Converter (DAC)) is createdfrom the HDR data ead frame.
This is illustrated in Figure 6.

One of the e®ectgossille on the HDR-capable hardware is post-processglow
(also known as the bloom e®ect). A glow applied to the bright parts of the
imagegivesa pleasar, soft e®ectand emphasizeshe perceived brightnessof the
image. The glow e®ectsimulates light scattering in the eye or the optics viewing
the virtu al scere, in the caseof high cortrast di®ererces. An examgde of glow
usageis also seenin the ATI's HDR-image (Figure 6), where it's usedin the
bright spots of the globe(s). In theimage,a glow " lter is applied to the imageto
achieve the\b looming”. The bloomsare added bac to the HDR rendering, and
this sum is vignetted (softened) and tone mapped down to the displayable range.

To adhieve full HDR-rendering on the hardware, ° oating point precisioncolor
hasto be used Currently, if real-time HDR-rendering is done, it's mostly being
done in 64-kt integer or °oating point colors, asin the examgde above. In the
future 128-bt FP colors will probably be used asthey are already supported
in all the newest consumer graphics chipsets from the major vendors NVIDIA
and ATl (Geforce FX 5200/5600/5800and Radeon 9500/9600/9700/9800)and
in the standards like OpenGL. Ead color channel has 32-hit FP precision which
cormsistson 1 signbit, 8 exponert bits and 23 mantissabits. This allowsa dynamic
rangefrom 2i 128 to 2127 or 23 bits (mantissa) versusthe old 8 bits per channel. In
real-time graphics, this will allow imagesof greater quality than today, but with
an expense of the requremert of more processig speedand especially memory
bandwidth.

6 CONCLUSI ONS

HDR-rendering as a whole is a wide subject and there are many approadesto
the problem of gererating and visualizing HDR images.Somemay just approacd
the problem by tryin g what looks good, otherstry the old methods known from
the 150 yearsof history of photography, and yet otherstry to go deeger in the



Figure 6: ATI's HDR examgde (Mitc hell, 2002)
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workings of the human visual system (HVS) in order to nd out how the\bio-
logical tone reproduction” works. Regardessof the approad, HDR imagesare
bringing more realistic computer imagesto the display devicesin the future. For
examgde, HDR rendering allows the graphic desigrer to truly set somepart of
the image/texture \v ery bright", without the need of manually ~xing all of the
environment sothat the resutin g bright portion would truly look bright. With
thefreshy releasechew commality graphics hardware, and the upcoming models
in the following couwple of years,new levels of real-time graphics may be achieved
John Carmad, the creator of the Doom and Quake seriesof graphics engines,
has said at Quakecon 2002 keynote speed that the next ewlution in graphics
dewvelopmert will be tone mapping, amongst with higher precisionof color.
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