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ABSTRACT

Theoutput of image coding and rendering algorithms are presentediverse array of
display devices.To evaluatghesealgorithms image qualitymetrics should includemore
information abouthe spatial and chromatieropertiesof displays To understand how to best
incorporatesuchdisplay informationwe need a compational and empirical framework to
characterize displays. Here we descatset of principles anahintegrated suite of software
toolsthat provide such a framework. The Display Simulation Toolbox (DST) iistegrated
suite of software toolthat helpthe userccharacterize the key pgrerties of display devices

and predict the radiance of displayed inmg@essuming that pixel emissions are independent,
the DST uses the syixel point spread functions, spectral power distributions, and gamma
curvesto calculatedisplay image radiance. We tested the assumption of pixel independence
for two LCD displays and two CRT displays. For the LCD displays, the independence
assumption is reasonably accurate. For the CRT displays it is not. The simulations and
measuements agree well for displays that meet the model assumptiopscamie

information about the nature of the failufes displays that do naheet these assumptions



Introduction

The vast majority of image and videompression andoding tools arelesignedn the
assumption that consumesigw theimages on one type of displayaconventional CRT.

For exampledigital camerasre typically designed tproduce outputor display on a

standard sRGB displawhich isamodel of aCRT. Yet, most lapbp and workstation
computers are equipped with LCD displayisose color properties differ significantly from
CRTs Further, standard models of displays doamxtount forthe spatial structure of the
display pixelsor their subpixel color components. Thaffect of such display featurean be
quite significant for the proper display of fonts and fine detail in images diversity of
devicesrequiresan expansioim the scope of image processing algorithms and metrics: such
algorithms and metrics shoultcludemore information about displaspatial and chromatic

properties.

To understand how to best incorporate display informati@meed acomputational and
empiricalframeworkto characterize displaysdere we describe amtegrated suite of
softwaretoolsthat provide such a framework. These tools help the(ayeharacterize the
key properties of display devices, (b) build images that contain controlled amounts of
specific digital coding artifacts, and (c) predict the visibility of these arsifgigen the
display properties.

In this paper, we describe a seriesm@fasurements and analy#ieatcharacterizéhe spatial,
spectral and chromatic propertieswb LCD displaysandtwo CRTdisplay. For these

displays measurements of the pixedipt spread, the spectral power distribution and the
gamma functions for the red, green and blue pixel components of the display enable us to
predict the spectral radiance faryamage bitmap rendered on a lind@play We describe
adisplay simulatiortoolboxthat accepts digital data as input and produces an estimate of the
image radiance emitted by the displand finally, we discuss how the display simulation
toolbox can béncorporated to measure image quality when developing image coding and

compession algorithms



Display Analysis

The display simulation toolbox (DSPpyovides a framework that guides #simaton and
simulation ofthe spatiatspectraradianceemitted from a display by any image. Calculating
the spatialspectral radiancis the usefulinput because, unlike the digital image values

usually used for compression and codithgs is the stimulus that actually reaches the.ey

The DSTuses three functions to predict $matiatlspectrakadiance emitted by a display.
First,the DS convers digital values inta measure of thenear intensity(display gamma)
Secondthe DST models the spatigppreadf light using a point spread function for each
color component (supixel point spread function)Third, the DSTuses the specirpower
distributions of the display color primaries to calculate the spectral composition of the
displayed image. These three functidrtee display gamma, trsub-pixel point spread
functions and the spectral power distributginaresufficient to chaacterize the performance
of linear displays with independent pixeBmplifying the process of modeling the radiance
distributionmakes it possibleo use the radiance field as the input to objective image quality

metrics.

The display simulation toolboreliesupon the assumption that displays can be modeled as
linearelements controlled by digital values coupled to the display by a static nonlinearity
(display gamma) We assume, for example, that the light emitted by salpixel

component (red, gem and blue)an be described kyspectral power distribution and a
spatial point spread function.h& spectral power distribution describes how much light is
emitted as a function of wavelengthhe spatialpoint spread function describes how the light
is distributed over spac&he DSTmodel is valid ifthe displaypixel componerg have the
samespectral power distribution and the same spabait spread function except for a scale
factor that accounts for intensity differences and a spatial trastagt accounts for
differences in positionHence, we set out to measure how wedr poorlyi this assumption

is met in several conventional displays.



The display simulation toolbaxodels thegixel componentsas(a) spacewavelength
separable funatnsand (b)subpixel independent Separable means that the spectral power
distribution emitted by a component is the same across the entire pixel. Fotheadipatial
spectral distribution of lighemittedfrom thei™ subpixel can be defined by thegduct of

two functions:

P(XY/)=s(xy W)

The functionw (/) describes the spectral power distribution of theuibpixel. The
function 5(x ) is the spatial spread of the light from tBatpixel. Sub-pixel

independece meanghat the light emitted frora pixel is the sum of the light emitted by the

pixel color components

P(x %./)=a p(x ¥% /)

This additivityassumptiormeanghatthe light emitted from the"isubpixel does not depend

on theintensityof the othersubpixels

We introduce notation to descrilblee usualstatic nonlinearity between the digital value=
(R,G,B),and the emitted lighteferred taasthe display gammaWe describe the static
nonlinearity for tha™ sub-componentsg; (V) . Thei™ gamma function converts the digital
controller valuesy = (R,G,B) into the intensity of each syixel. Taking all of these
assumptions together, we expect the spatisbmatic image from a pixel, ginea digital
input, (R,G,B), to be

pOx %/ )=& a(V (X ¥ )
=8 6(Ms(x Y W)



These equations apply to the light emitted from a single pWl.create the full display
image by repeating this process across the array of display pixetsdoing, v assume
that thelight emitted from a pixel is independent of the valateadjacent pixelsWe refer to
thespatiatspectraindependence between pixels as disptaependenc@rainard,1989).

These assumptions are a practical stgrpioint for display simulation,ub theywill not be
sufficientin many casesFor examplethe pixel independence fails fsomeCRTsbecause
they are designed with underpowered components that are unable to adequatedpikive
full-swing signakchanges in the electron bea®ome ICDs are designed so that the
differential path taken by photons through the liquid crystal element causes the spectral
composition of each supixel to differ as a function of positiofThe practical model we use,
however s a good firstorder approximabn thathas many desirable featur@s generalpne
would prefer to build displays with these simple properties. Moreover, some displays do
satisfy thefirst-ordermodel well. Hence, we believe tlthe model forms a good basis for
an initial toolboxand this model is a good foundation ttzan be extended tocludemore

complexdisplayproperties.

Results

In this section we describe measusnts of foudisplays:two LCD monitors (a Dell Model
Number 1907FPc and a Dell Model Number 19056&#Itwo CRT monitors(a Dell Model
Number P1130 and an HP Model D2845

We usel aPhotoResearch PR650 spectrophotometer to measure the gamma functions and the

spectral power distribution&PD) of the color primaries for the 4 different displays.

*** Insert Fi gure 1 about here ***

We usel a calibrated Nikon D100 digital camera with a customized lens and light baffle
(Figurel) to measure the spatial distribution of light intensity produced by red, green, blue
and white pixels. The lens is a 20 mm focal lergdijective placed in theeversediirection.



In this position, the lens magnifies the pixels by a factor of 10 on the camera sensor. In raw
mode, the Nikon D100 produces digital values that are linear with the display radiance. The
spatial image, comging 200 x 200 camera samples per display pixel, measures the spread
functions at a spatial resolution abInicrons per sample. This sampling rate is adequate to
measure the spread of spixels in all conventional displayBigure2 shows camera images

of a white pixel illuminated on thieur different displays.

*** Insert Figure 2 about here ***

We developed tools faresing the various properties of the spattaromatic distribution

emitted by pixels.First, we determine if the relative spectraiyer distribution of the

display color primariess invariantas digital value increasespgectrahomogeneity).

Second, we test whether the spectral power distribution of any combination of pixel
components can be predicted by the sum of the spectrairplstribution of the individual

pixel components measured separatshetraladditivity). Third, we determine whether the
relative spatial spread of each pixel component is unchanged as digital values increase
(spatialhomogeneity). Finally, we test wther the spatial distribution of light emitted by any
combination of pixels is predicted by the sum of the spatial light distribution of the individual

pixels Gpatialadditivity).

Spectral Homogeneity

For each color pixel componente measuredhe SPDet several different digital valuesi .
We then found the scale facta,, that bestin the mean squared error sensegles the
SPDat maximum digital value into the measuf®D. The value, is always between O

and 1.

Figure3 compares the scale factor for each color pixel component to the gamma function
measuredy luminance (a weighted sum of the three-pixels) as a function of digital

value In all cases, the scalectar, a,, andthe luminancébasedyamma function

(normalized so that the peak luminance is scaled toagreg to withir0.35%.



*** Insert Figure 3 about here ***

Spectral Additivity

We tested the spectral additivity the dispaysusing the method described by Brainard

[1,2]. We measured the spectral power distributions (SPD) for red, green, and blue display
primaries for each display and the SPD when all three primaries are turned on simultaneously
(i.e., a white signal). Weéhen determined whether the SPD measured for the white signal

can be accurately predicted by the sum of the SPDs measured for the individual red, green

and blue pixel primaries.

*** Insert Figure 4 about here ***

Figure4 plots the SPD measured foetiwhite signal and th8PD calculated by adding the
SPDs for the individual redyreen andblue signal components measured separafiéhg two
SPD functions are indistinguishable thefour displays we testedlt is safe to assume,

therefore, that thesdisplaysareadditivein the spectral domain.

Spatial Homogeneity

We tested the spatial homogégef the displays by comparing lineeameramages of
pixelsthat weredisplayed withdifferent digital values. If the spatial properties of the display
obey the principle of homogeneity, the relative spatial spread of each pixel component should

remain unchanged as digital values increases.

For each displaywe calculated the scale factor that miapages of a pixel displayed at one
intensity into themage of the same pixel displayed at maximum intenBigure5
superimposes scalactorsfor each pixel intensity on the gamma functions measured for
each of the display color primaries his figureshows thathe scale factors derived from the
imagesof asingle red, green or blue pixaisplayed on the LCD monitocanbe predicted

by thenormalizeddisplay gammdor the red, green and blue color channels, respectively
(panels AB). The mean square errbetween observed and predicsadle factorss less

than 0.86 for bothLCD displays.The mean square error betwde&RT scale factorss



1.3%% and 1.944 for the HP and Dell CRTs, respectivelihe CRT errorscan be traced to
the fact thathe measuredntensity of a single re@RT pixel is higher tha predicted

*** Insert Figure 5 about here ***

Spatial Additivity

We tested the spatial additivity of each of the displaydetermining whethehe spatial
distribution of light emitted by any combination of pixels is predicted by the sum of the
spatal light distritution of the individual pixelsTo test thantra-pixel spatial additivity of
color pixel components, we compared R@B values in the lineatamera image of a white
pixel (with all three color components simultaneously displayetheBGB values
predicted by theum of thecamera imagesf the three color pixelamponents displayed

separately.

The difference between the camera image of a single white pixel and the composite image
(created by adding camera images of the red, green aagixlel components displayed
separately) is shown in the left column in FigureT®e graphs plot the red, green and blue
pixel values of the camera image of the white pixel against the red, green and blue pixel
values of the composite camera imagece both images are RGB camera images, we plot
the data separately for the R, G and B camera values. If the color pixel components add
linearly, then the data should fall alotige identity line The data show théte color pixel
components add linearfgr the LCD displag but not for the CRT display The CRT
displays bothhavean interaction between the color components within the feglels C

D). Thedeviatiors of the data from the identity line show that #matial structure of the light
spreadrom one component dependstbe illumination of anothecolor componentThese
measurements are made for a siriglly illuminated pixelon an otherwise dark ssn.

These conditions place stromigmands on the amplifies switch on and off, rapidlyHence
the spatialnteractions may represent imperfections indhdity of theamplifiersto respond
to thedemandunder these conditior{slew rate limitations)Manufacturers respond to these
demands in a variety of ways, including the introductiogpafcial circuitry to detect and
manage theselew ratdimitationson the amplifier



*** Insert Figure 6 about here ***

To test thanter-pixel spatial additivity of adjacent pixels, we compared the camera image of
two adjacent pixels displayed simultansly to the composite camera image created by
adding camera images of the two pixels displayed separately. We tested the additivity of
horizontally adjacent pixels and two vertically adjacent pixels. Figptets the R, G and B
values for the cameranages of two vertically adjacent pixels against the composite camera
image created by adding images of the two pixels displayed separatebll fBar displays,
spatial additivity holds for vertically adjacent pixelsigure 7 shows that the differersce
between camera images of two vertically adjacent pixels and their corresponding composite

camera images is small.

*** Insert Figure 7 about here ***

Figure8 compares the R, G and B values for the camera images of two horizontally adjacent
pixels to he composite camera image of the same two piX¥&ds.both LCD displays, the

linear camera RGB values in the two images are the same (within measurement noise). This
is not true for the two CRT displays. For these displénsR, G and B values for iges of

two horizontally adjacent pixels are higher than predicted by the composite iffage.

failure of spatial additivity for horizontally adjacent pixels illuminated on the CRT displays

is illustrated by the difference images shown in Figure 8.

The gsuccess of additivity for vertichl adjacent pixelsand theailure of spatial additivityor
horizontaly adjacent pixelscan be explained by sample and hold circuitry that presumably
exists in the CRT displays. CRT manufacturers use sample and toolithgito compensate
for the slew rateimitations of the electron beam as it moves horizontally across the screen
[3]. Vertically adjacent pixels are not affected by the slew rate limitations of the electron
beam and, consequently, are both indeperalghtadditiveThe failure is most extreme in

the case of additivity for single illuminated pixels (Fig. 6).

*** Insert Figure 8 about here ***



Display Simulation Toolbox

We implemented a Matlab toolbaeferred to hereafter dlse Display Simulation Tabox
(DST), to predict the image radiance from a digital image on a calibrated displaged/e
themeasured display properties parameters to predict the radiance of the displayRorage.
each sukpixel component these parameters are 1) the spectrairbstribution, 2) the

spatial point spread function, and 3) the static nonlinearity (gamma function).

TheDST is capable of simulating theoretical displays; it is also capable of using calibration
from real displays as the basis for the simulatinrihe case here, we simulate real displays,
based on several paramefunctions(displaygamma, sulpixel point spread and spectral
power distribution). These quantitiaree measured using the procedures described in
Methodsandstored in physical urst In this way, the simulated radiance functomcan be
describedn absolutephysical units

The DST includes a variety of functions to calculate different conventional measures of the
display (e.g., color gamusubpixel point spread functiohsnd to adjusthe simulated
parameters (e.g., pixel size, spatial arrangement cuihpixels) of boththeoreticaland
calibrated displaysFinally, the DST contains functions to render the display radiance

function at fine spatial scale for any image.

To evaluatehe accuracyof the display snulations we compareimulations of diplayed

images to measured display images. We medbamageson the displaysing the Nikon
D70 camera with a 20 mm lens and a lens extender ring. We chiphiaiges ofa lower case

0 91D pt, Georgiaasrenderedising the Microsoft ClearType technologgthe Dell LCD
Display Model 1905FP and the Dell CRT Display model P1130. These two displays had
the smallest and largest departure from display linearity, resphcti

We used th®ST to compute the expected image radiance for this character twahe

differentdisplays. The prediction represents the screen at a spatial sampling resolution of 20



microns. We then used the simulated image radiance and ar2I8EiDdel of a Nikon D70
camerd4], to predict thecameraRGB responsesdn this way, we have a comparison of the

predicted and observédkon images

Figure 9 compares the measured and simulated characters for the Dell LCD Display Model
1905FP. The point-by-point RMSE between the measured and simulated imageris
small,0.95%. This error is on the order of the camera measurement éfece the display

simulator produces a representation of the display radasaecurate dhe camera image.

*** |nsert Figure 9 about here ***

Figure 10compares the measured and simulated characters fPeth€RT Display Model
P1130.There are noticeable differences betweemtbasured (left) ansimulated(right)
and imagesrevealing the failures of the DSnodel for this display The point-by-point
RMSEbetween the measured and simediaimagas 3.1%. The prediction failures are
anisotropic: errors in thieorizontal directioraresignificantlylarge thanthosein the vertical
direction. We quantified his anisotropy by comparing the RMSE for the collsumsand
row sumsseparately. When we sum the columatues, predicing the rowsumsthe RMSE
is relativelylow (2.7%) When we sum the rowpredicting the column sums, the RMSE is
muchhigher (15.3%).The large horizontal errors can be traced to the failure of spatial
additivity in this direction (Figure 8). Additivity fails becaube pixel intensitywithin a row
does not switch off as rapidly as theditivity model predictsHence, the measured aain

means differ substantially from the predicted column means.

It is possible to create a more complex model for CRTs. For example, the failures of
additivity can be useds an empirical basis fanodelng the distortion introduced by the
sample and hdlcircuitry. The measurements and simulation sti@t/this added
complexity is necessary to adequately characterize these CRT digpidysrobably many
others



*** Insert Figure 10about here ***

Discussion

Display simulation is an important toolrfthe design and evaluation of imaging systems

For example, display simulation technology has been used to 1) evaluate the design of color
matrix display pixel mosaic$§5, 2]) characterize the angtbependent color properties of
LCDs[6], and 3) evaluatgrayscalgesolution tradeoffs in digital typography]. We

extend this prior worky modeling the spatial and chromatic properties of display pixels and

predicting the radiance of a displayed image.

The displaysimulator saves considerable time affdréin predicting the radiand® a wide

range of important calibration targetsleasuring the spatiahromatic radiance from a

display screeto each of these targassa challengingind timeconsumingexperimental
procedure. To obtain estimatestioé radiance field involves the use of expensive

radiometric equipment and high quality digital imagers and leride&ing a relatively small
number of measurements, and using these measurements to create accdidplaiemodel
permits the user to westigate how the display will represent a wide variety of test images
saving thaime and expense of making additional measurements. The purpose of the Display
Simulation Toolbox is to assist the user in capturing the information necessary for creating a
simulation of the displgymanaging these data, and performing the fisimate®f the

radiance field

The Display Simulation Toolbomodelsone componentf an imaging systerthat may
include other components, suchimsage acquisitiomnd processindgy modeling these

other componentgl], it is possible to evaluate the effect that chamgésese separate
components have upon the perceived quality of the final output. A controlled simulation
environmentthen,can provideenginees with useful gudance that improves the
understanding of design considerationstfi@individual parts and algorithms a complex

imaging system.



Summary

We describe aimulationtechnology that models the display image radiance from a small
number of measurement¥he model incorporates the spkxel point spread functions,

spectral power distributions, and gamma curves. Using these inputs and the assumption that
pixel emissions are independent, we can calculate the anticipated display image radiance.

We tested tb model assumptions using data frimo LCD displays and two CRT displays.
For the LCD displaysthe independence assumption is reasonably acci@téhe CRT
displays it is nat Wedeveloped software to use the parameter measurements needed to
implement the model and create a simulated display imddee simulations and
measurements agree well for displéyat meet the model assumptions and depart for

displays that do not.

LCD displays are rapidly replacing CRT displays, both in the home and affite It is
fortunate thatnost of theLCD devices we have tested satisfy the simple model properties.
This makes it easier to calibrate, control and model these digpidythus predict their

effect in the imaging pipeline.
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Figure 1. Nikon D100 digital camera with a stomized lensnd light baffleco measure the
spatial distribution of light intensity produced by red, green, blue and white pixels. The
is a 20 mm focal length objective placed in teeersedlirection. In this position, the lens
magnifies the pixels by a factof 10 on the camera sensor




LCD: Dell Model Number 1907FPc LCD: Dell Model Number 1905FP

CRT: Dell Model Number P1130 CRT: HP Model Number D2845

Figure 2 Camera images of a white pixel illuminatedaell LCD Display Model
1907FPc (top left), a Dell LCD Display Model 1905FP (top right), a Dell CRT Display
Model P1130 (bottom left) and an Hewlett Packard AR3play Model Number D2845
(bottom right).
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Figure3: Scale factors that map the SPD measured at each intensity into the SPD mea
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displays fop) and the two different CRT displaylsattom).
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Figure 5: Scale factors that map the luminance values in images of a single pixel (disp
with different digital values) into the luminance values of the same pixel displayed with
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line) and blue (dashed line) channdlke data are plotted separately for the two different

LCD displays fop) and the two different CRT displayisatton).




Figure 6:0n the right areameramages of a single white pixel displayed on four differen
displays. On the left is the difference betweach camera image and a composite image
createl byaddingcameramages of the red, green and blue pixel compordispdayed

separately The graphs plot the red, green and blue pixel values aftineramageof the
white pixelagainst the red, green and blue pixel vahfgfie compositeameramage.If the
color pixel components add linearly, then the data should fall along the identity line.




