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Abstract

e introducethe conceptof vision-realisticrendering-the geneation of imagesthat incorporate characteristics
of a particular individual's optical systemWe thendescribea pipelinefor creatingvision-realisticimages.Fir st,
a subjects optical systems measued by a Sha&-Hartmannwavefont aberometrydevice Thisdevice outputs
a measued wavefont which is sampledo calculatean objectspacepoint spreadfunction(OSPSF)The OSPSF
is thenusedto blur input images. This blurring is accomplishedy creatinga setof depthimages, corvolving
themwith the OSPSFand nally compositingo form a vision-realisticimage. We discussapplicationsof vision-
realisticrenderingin computergraphicsaswell asin optometryand ophthalmolgy and notethat our methods
a post-pocessand canhandlesimplecamen modelsasa specialcase

CatgyoriesandSubjectDescriptorgaccordingo ACM CCS) 1.3.3[ComputerGraphics]Displayalgorithms View-

ing algorithms

1. Intr oduction

We introducea nev conceptwhich we call vision-realistic
rendering-thegeneratiorof imagesthatincorporatecharac-
teristicsof a particularindividual's optical system.We de-
scribe a pipeline to achieve vision-realisticrenderingand
shav someexampleimages.Theseare the rst imagesin

computegraphicghataregeneratean the basisof the spe-
ci ¢ opticalcharacteristicef actualindividuals.

Therearetwo distinctimpactsof this researchpnefrom
the point of view of optometryandophthalmologyandthe
otherfrom the perspectie of computergraphics.Our tech-
nigue enableghe generatiorof vision-realisticimagesand
animationsthat demonstratespeci ¢ defectsin howv a per
son sees.Suchimagescould be shavn to an individual's
optometristor ophthalmologisto corvey the speci c visual
anomalief the patient.Doctorsandpatientscouldbe edu-
catedabout particularvision disordersby viewing images
that are generatedusing the optics of various ophthalmic
conditionssuch as keratoconus(Figure 1) and monocular
diplopia

One of the most compellingapplicationsis in the con-
text of vision correctionusing lasercornealrefractve eye
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Figure 1: Vision-realisticimage simulatingvision basedon
actualwavefontdatafroma patientwith keratoconus.

sugeriessuchasLASIK (laserin-situ keratomileusis)Cur-

rently, in the United Statesalone,a million peopleperyear
chooseto undego this electve suigery By measuringsub-
jects pre-op and post-op,our techniquecould be usedto

corvey to doctorswhatthe vision of a patientis like before
andafter suigery (Figure5). In addition,by usingmodeled
or simulatedwavefront measurementshis approachcould
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provide accurateandrevealingmedicalvisualizationof pre-
dictedvisual acuity and of simulatedvision. Potentialcan-
didatesfor suchsuigery could view theseimagesto enable
themto make moreeducatedlecisiongegardingthe proce-
dure.Still anotherapplicationwould beto shawv suchcandi-
datessomeof the possiblevisualanomalieghatcouldarise
from the sulgery, suchasglareatnight.

Therearealsointerestingapplicationsof ourtechniquen
the context of computergraphicsand computeranimation.
For example vision-realistiacenderingcouldenhancéehere-
alismof a rst-personview. As a specialcasethis approach
canbeusedasapost-procest® simulatecameraeffectssuch
asdepthof eld. Notethatthedepthmapcanbemanipulated
to achieze non-photorealistiéocusingeffects,suchaskeep-
ing arangeof depthsall in perfectfocus.This aspecbf our
systemprovidespowerful controlthatis not availablewhen
thecameramodelis incorporatedn therenderer

1.1. Previous and Related Work

The rst synthetidmageswith depthof eld werecomputed
by Potmesiland Chakraarty?® who convolved imageswith
depth-basetlur lters. However, they ignoredissuesrelat-
ing to occlusionwhich Shirya®! subsequentlgddresseds-
ing aray distribution buffer. Rokite2® achieved depthof eld
at ratessuitablefor virtual reality applicationsby repeated
convolutionwith 3 3 lters andalsoprovided a suney of
depthof eld technique¥®. Stochasticsamplingtechniques
wereusedto generatéemageswith depthof eld aswell as
motion blur by Cook et al.%, Dippe and Wold’, and Lee et
al.18, More recently Kolb et al.1> describeda more com-
plete cameralens model that addressedoth the geometry
and radiometryof image formation. Isaksenet al.'3> mod-
eled depthof eld effects using dynamicallyreparameter
ized light elds. Although we are also convolving images
with blur lters thatvary with depth,our Iters encodethe
effects of the entire optical system,not just depthof eld.
Furthermore,since our input consistsof two-dimensional
images,we do not have the luxury of a ray distribution
buffer. Consequentlywe handleocclusionin anadhocman-
ner

Thereis asigni cant andsomevhatuntappedgotentialfor
researchthataddressethe role of the humanvisual system
in computergraphics Oneof the earliestcontritutions,Up-
still's Ph.D.dissertatio?, consideredhe problemof view-
ing syntheticimageson a CRT andderived post-processing
techniquesfor improved display Spenceret al.32 investi-
gatedimage-basedechniquesf addingsimple ocularand
cameraeffects such as glare, bloom, and lenticular halo.
Bolin and Meyer? useda perceptually-basedamplingal-
gorithm to monitor imagesas they are being renderedfor
artifactsthatrequirea changen renderingtechnique Tum-
blin andRushmeiet, Chiu etal 5, Ferwedaetal 8, Ward et
al .38, and Pattanaiket al.2* studiedthe problemof mapping
radiancevaluesto thetiny x edrangesupportedoy display

devices.They have describedh variety of tonereproduction
operatorsfrom entirelyadhocto perceptualljpasedMeyer
andGreenbeg?? presented color spacede ned by thefun-
damentakpectralsensitvity functionsof the humanvisual
systemThey usedthis color spaceto modify afull colorim-
ageto represena color-de cient view of thesceneMeyer?!
discussethe rst two stagegfundamentaspectrakensitvi-
tiesandopponenprocessingdf thehumancolorvisionsys-
temfrom asignalprocessingpoint of view andshavs how to
improve the synthesiof realisticimagesy exploiting these
portionsof the visual pathway. Pellaciniet al.26 developed
apsychophysically-basdiht re ection modelthroughex-
perimentaktudiesof surfaceglossperceptionMuch of this
work hasfocusedon humanvisualperceptiorandperceved
phenomenahowever, our work focusesexclusively on the
humanoptical systemand attemptsto createimageslike
thoseproducedon the retina. Perceptuatonsiderationsre
beyondthe scopeof this paper

In humanvision researchmostsimulationsof visiont8 25
have beendoneby artistrenditionsandphysicalmeansnot
by computeigraphicsFor example FineandRubirf 10 sim-
ulatinga cataracusingfrostedacetateéo reduceimagecon-
trast. With the adwent of instrumentsto measurecorneal
topographyand computeaccuratecorneal reconstruction,
severalvision scienceresearcherbave produceccomputer
generatedmagessimulatingwhata patientwould see Prin-
cipally, they modify 2D testimagesusingretinal light dis-
tributions generatedvith ray tracing techniquesCamp et
al3 4 createda ray tracing algorithm and computermodel
for evaluation of optical performance Maguire et al.19 20
employed thesetechniquego analyzepost-sugical corneas
using their optical benchsoftware. Grevenkamp? created
a sophisticatednodel which includedthe Stiles-Cravford
effect3, diffraction,andcontrastsensitvity. A shortcoming
of all theseapproacheis thatthey overlookthe contritution
of internal optical elementssuchasthe crystallinelens of
theeye.

Garcia,Barsky, andKlein!! developedthe CWhatUCsys-
tem, which usesa reconstructectornealshapeto blur 2D
imagesto simulatean individual's visual acuity Sincethe
blurring is donein 2D image space,depth effects are not
modeledln asimilarvein, Barsky etal.l extendedthework
of Kolb etal.’® by tracingraysthrougha cornealsurfaceex-
tractedfrom actualpatientdatainsteadof a systemof cam-
eralensesBoth theseapproachesnly considereffectsdue
to the cornea,whereasve areableto includeeffectsof the
entireoptical system.

2. Methods
2.1. Shack-Hartmann device

The Shack-HartmanrSensot’ (Figure 2) is a device that
preciselymeasureshe wavefront aberrationspr imperfec-
tions, of a subjects eye33. It is believed that this is the
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Figure 2: Measuringthe speci c vision characteristicsof
a subjectusing a Sha&-Hartmannwavefont aberometry
device

mosteffective instrumenfor themeasuremerdf humaneye
aberratio®’. A low-powver 1 mmlaserbeamis directedatthe
retinaof the eye by meansof a half-silveredmirror. Thereti-

nalimageof thatlasernow senesasa point sourceof light

for a wavefront that passeghroughthe eye's internal opti-

cal structurespastthe pupil, andeventually out of the eye.
Thewavefrontthengoesthrougha Shack-Hartmantenslet
arrayto focusthewavefrontontoa CCD imagearray which
recordsit.

The outputfrom the Shack-Hartmansensoiis animage
of bright points where eachlenslethasfocusedthe wave-
front. Image-processinglgorithmsareappliedto determine
the position of thesecentroidsto sub-pixel resolutionand
alsoto computethe deviation from wherethey would ide-
ally be. The local slopeof the wavefrontis determinecby
the lateral offset of the focal point from the centerof the
lenslet.Phasanformationis thenderived from the slopé+.

The limited numberof lensletsprovides only a sparse
sampling of the overall wavefront; thus, a Zernike-
polynomial surfaceis t to thesesamplesThis providesa
continuoussurface enablingusto samplethewavefrontata
muchhigherrate.

2.2. Object SpacePoint SpreadFunction

We introducethe object spacepoint spreadfunction (OS-
PSF),whichis similarto theusualimagespacepointspread
function, exceptthatit is de ned in objectspaceandthus
it varieswith depth.The OSPSFis a continuousfunction
of depth;however, we discretizeit, therebyde ning a se-
quenceof depthpointspreadunctions(DPSF)atsomecho-
sendepths.

Sincehumanblur discriminationis nonlinearin distance
but approximatelylinearin diopters(a unit measuredn in-
versemeters)the depthsarechoserwith aconstantlioptric
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Figure 3: Asimpli ed view: Raysare castfroma pointlight
sourceontheretinaandpassthrougha virtual lens,thereby
creatingthe measued wavefont. Thiswavefontis sampled
andraysare castnormalto it. The DPSFsare determined
by intersectingtheseraysat a sequencef depths.

spacingDD andthey rangefrom the nearestlepthof interest
to thefarthest.

The DPSFsare histogramsof rays castnormal to the
wavefront. To computethesefunctions(Figure 3), we rst
placeagrid with constantingularspacingateachof thecho-
sendepthsandinitialize countersin eachgrid cell to zero.
Thenwe iteratively choosea point on the wavefront, calcu-
latethenormaldirection,andcastaray in this direction.As
the ray passeghrougheachgrid, the cell it intersectshas
its counterincrementedThis entireprocesss quitefastand
millions of rays may be castin a few minutes.Finally, we
normalizethe histogramsothatits sumis unity.

In general,wavefront aberrationsare measuredvith the
subjects eye focusedatin nity . However, it is importantto
be ableto shift focusfor vision-realisticrendering.This is
achieved by reinding the DPSFs,which is equivalentto
shifting the OSPSFin the depthdimension.Note that this
mayrequirethecomputatiorof DPSFsatnegative distances.

2.3. Blurring

Our vision-realisticblurring algorithm can be summarized
asfollows: (1) createa setof depthimages,(2) blur each
depthimage,and(3) compositethe blurreddepthimagesto
form asinglevision-realisticimage.

We beggin with the depthinformationfor the image,and
createa setof disjoint images,one at eachof the depths
chosenin the precedingsection.ldeally, theimageat depth
d would be renderedwith the near clipping plane set to
d DD 2 andthefar clipping planesettod DD 2. Un-
fortunately this is not possiblebecausave areusingprevi-
ously renderedmagesand depthmaps.However, we have
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Figure 4: Simulationof vision of an aberration-free model
eye

foundthatin practice,the following techniqueworks well:

For eachdepth,d, thosepixels from the original imagethat
arewithin DD 2 dioptersof d arecopiedto thedepthimage.
Sinceoccludedpixelsarelik ely to be similar to neighboring
pixels, partial occlusionis handledby cornvolving the depth
imagewith a Gaussiarandcopying pixelsfrom theresultto

pixels occludedin the depthimage(i.e., pixels nearerthan
d DD 2). Although we believe that this approachworks
fairly well, the obserantviewer will noticesomesubtlear

tifactsin our exampleimages.

Oncewe have the depthimageswe convolve themwith
thecorrespondindpPSFgo createa setof blurreddepthim-
agesFinally, we compositeheseblurreddepthimagesinto
asingle,vision-realisticimage.This stepis performedfrom
farto near following the alphachannelcompositingules.

3. Samplelmages

Figuresl, 4 and5, arevision-realisticrenderingsf aroom
scene Theseimagesdemonstratehe vision of actualindi-
viduals basedon their measurediata. The eld of view of
theimageis roughly46 andthe pupil sizeis ratherlargeat
5.7mm.

Figure 1l usesdatameasuredrom the left eye of female
patientKS who hasthe eye conditionkeratoconus Thisim-
ageshavsthedistortiondueto theirr egular astigmatisnthat
is associateavith this comple-shapedtornea.

Figure5 useshoth pre-opandpost-opdatafrom theright
eye of male patientDB who hasundegoneLASIK vision
correctionsuigery Pre-opvisionis simulatedn Figure5(a)
while Figure 5(b) simulatespost-opvision. The pre-opim-
age shavs the characteristicextreme blur pattern of the
highly myopic patientswho tendto be prime candidategor
this suigery. Although the vision hasbeenimproved by the
sumgery, it is still not asgood asthe aberration-freenodel
eye (Figure4). Validationof suchimagess anareaof future
work for us.

Figure6 shavs several framesfrom a rack focusapplied

Figure 5: Simulationof vision of LASIK patientDB based
on (a) Pre-opand (b) Post-opdata.

to ashotfrom Pixar's short Im Tin Toy. The original short

Im wasrenderedwithout depthof eld. We adddepthof
eld to this shotto drav the audiences attentionaway from
the Tin Toy to the baby as he entersthe scene.The depth
information for this short Im no longer exists; thus, we
hand-generatethe depthmap. We deduceda 100 mm fo-
callengthlenswhich corresponds$o a23 eld of view. In
theseframes we setthe apertureto /2.8.

Table 1 provides computationtimes, numberof DPSFs
computednumberof wavefrontsamplegrayscast),andthe
maximumwidth of the DPSFsfor the gures in this paper
Not all the DPSFsareusedduringblurring; thenumberthat
wereactuallyusedis givenin parentheses.

4., Conclusion

We introducedthe conceptof vision-realisticrendering-the
computergenerationof syntheticimagesthat incorporate
the characteristicef a particularindividual's entire optical
systemWe presentedanethod<or achieving vision-realistic
renderingand demonstratedhosemethodson sampleim-
ages Applicationsof vision-realisticrenderingin computer
graphicsaswell asin optometryand ophthalmologywere
presented.
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Figure #DPSFs #Samples DPSFWidth DPSFComputatioriTime ConvolutionTime Total Time

1 26(11) 1 million 63 0:26 1:46 2:12

4 26 (11) 1 million 1 0:05 0:35 0:40
5(a) 26 (11) 1 million 127 0:26 2:03 2:29
50b)  26(11)  1million 127 0:27 2:02 2:29
6(a) 136(133) 1 million 33 0:24 19:30 19:54
6(b)  136(133) 1 million 25 0:23 6:08 6:31
6(c) 136(133) 1 million 41 0:24 8:35 8:59

Table 1: Numberof DPSFscomputednumberof wavefont samplesmaximunDPSFwidth, timeto computehe DPSFs time
to performcorvolution,andtotal timefor vision-realisticrenderingon a Pentium4 runningat 2.4GHzwith 1 GB of RAM.

Figure 6: Framesfroma rack focussequencaising a shot
from Pixar's Tin Toy asinput.
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