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Abstract

We introducetheconceptof vision-realisticrendering–thegeneration of imagesthat incorporatecharacteristics
of a particular individual's optical system.We thendescribea pipelinefor creatingvision-realistic images.First,
a subject's optical systemis measured by a Shack-Hartmannwavefront aberrometrydevice. Thisdevice outputs
a measuredwavefront which is sampledto calculatean objectspacepoint spreadfunction(OSPSF).TheOSPSF
is thenusedto blur input images.This blurring is accomplishedby creatinga setof depthimages,convolving
themwith theOSPSF, and�nally compositingto form a vision-realistic image. We discussapplicationsof vision-
realistic renderingin computergraphicsaswell asin optometryandophthalmology andnotethat our methodis
a post-processandcanhandlesimplecamera modelsasa specialcase.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.3[ComputerGraphics]:Displayalgorithms,View-
ing algorithms

1. Intr oduction

We introducea new conceptwhich we call vision-realistic
rendering–thegenerationof imagesthatincorporatecharac-
teristicsof a particularindividual's optical system.We de-
scribe a pipeline to achieve vision-realisticrenderingand
show someexampleimages.Theseare the �rst imagesin
computergraphicsthataregeneratedonthebasisof thespe-
ci�c opticalcharacteristicsof actualindividuals.

Therearetwo distinct impactsof this research,onefrom
thepoint of view of optometryandophthalmology, andthe
otherfrom theperspective of computergraphics.Our tech-
niqueenablesthe generationof vision-realisticimagesand
animationsthat demonstratespeci�c defectsin how a per-
son sees.Such imagescould be shown to an individual's
optometristor ophthalmologistto convey thespeci�c visual
anomaliesof thepatient.Doctorsandpatientscouldbeedu-
catedaboutparticularvision disordersby viewing images
that are generatedusing the optics of various ophthalmic
conditionssuchas keratoconus(Figure 1) and monocular
diplopia.

One of the most compellingapplicationsis in the con-
text of vision correctionusing lasercornealrefractive eye

Figure 1: Vision-realistic image simulatingvisionbasedon
actualwavefrontdatafroma patientwith keratoconus.

surgeriessuchasLASIK (laserin-situ keratomileusis).Cur-
rently, in theUnitedStatesalone,a million peopleperyear
chooseto undergo this elective surgery. By measuringsub-
jects pre-op and post-op,our techniquecould be usedto
convey to doctorswhat thevision of a patientis like before
andafter surgery (Figure5). In addition,by usingmodeled
or simulatedwavefront measurements,this approachcould
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provideaccurateandrevealingmedicalvisualizationsof pre-
dictedvisual acuity andof simulatedvision. Potentialcan-
didatesfor suchsurgerycould view theseimagesto enable
themto make moreeducateddecisionsregardingtheproce-
dure.Still anotherapplicationwould beto show suchcandi-
datessomeof thepossiblevisualanomaliesthatcouldarise
from thesurgery, suchasglareatnight.

Therearealsointerestingapplicationsof our techniquein
the context of computergraphicsandcomputeranimation.
For example,vision-realisticrenderingcouldenhancethere-
alismof a �rst-personview. As a specialcase,thisapproach
canbeusedasapost-processto simulatecameraeffectssuch
asdepthof �eld. Notethatthedepthmapcanbemanipulated
to achieve non-photorealisticfocusingeffects,suchaskeep-
ing a rangeof depthsall in perfectfocus.This aspectof our
systemprovidespowerful control that is not availablewhen
thecameramodelis incorporatedin therenderer.

1.1. Previous and RelatedWork

The�rst syntheticimageswith depthof �eld werecomputed
by PotmesilandChakravarty28 who convolved imageswith
depth-basedblur �lters. However, they ignoredissuesrelat-
ing to occlusion,whichShinya31 subsequentlyaddressedus-
ing araydistributionbuffer. Rokita29 achieveddepthof �eld
at ratessuitablefor virtual reality applicationsby repeated
convolution with 3 � 3 �lters andalsoprovideda survey of
depthof �eld techniques30. Stochasticsamplingtechniques
wereusedto generateimageswith depthof �eld aswell as
motion blur by Cook et al.6, Dippe andWold7, andLee et
al.16. More recently, Kolb et al.15 describeda more com-
plete cameralens model that addressesboth the geometry
and radiometryof imageformation. Isaksenet al.13 mod-
eled depthof �eld effects using dynamicallyreparameter-
ized light �elds. Although we are also convolving images
with blur �lters that vary with depth,our �lters encodethe
effectsof the entireoptical system,not just depthof �eld.
Furthermore,since our input consistsof two-dimensional
images,we do not have the luxury of a ray distribution
buffer. Consequently, wehandleocclusionin anadhocman-
ner.

Thereisasigni�cant andsomewhatuntappedpotentialfor
researchthataddressestherole of thehumanvisual system
in computergraphics.Oneof theearliestcontributions,Up-
still' s Ph.D.dissertation35, consideredtheproblemof view-
ing syntheticimageson a CRT andderivedpost-processing
techniquesfor improved display. Spenceret al.32 investi-
gatedimage-basedtechniquesof addingsimpleocularand
cameraeffects such as glare, bloom, and lenticular halo.
Bolin and Meyer2 useda perceptually-basedsamplingal-
gorithm to monitor imagesas they are being renderedfor
artifactsthat requirea changein renderingtechnique.Tum-
blin andRushmeier34, Chiu et al.5, Ferwedaet al.8, Wardet
al.36, andPattanaiket al.24 studiedtheproblemof mapping
radiancevaluesto thetiny �x edrangesupportedby display

devices.They have describeda varietyof tonereproduction
operators,from entirelyadhocto perceptuallybased.Meyer
andGreenberg22 presenteda colorspacede�ned by thefun-
damentalspectralsensitivity functionsof the humanvisual
system.They usedthiscolorspaceto modify afull color im-
ageto representacolor-de�cient view of thescene.Meyer21

discussesthe�rst two stages(fundamentalspectralsensitivi-
tiesandopponentprocessing)of thehumancolorvisionsys-
temfrom asignalprocessingpointof view andshowshow to
improve thesynthesisof realisticimagesby exploiting these
portionsof the visual pathway. Pellaciniet al.26 developed
a psychophysically-basedlight re�ection modelthroughex-
perimentalstudiesof surfaceglossperception.Much of this
work hasfocusedonhumanvisualperceptionandperceived
phenomena;however, our work focusesexclusively on the
humanoptical systemand attemptsto createimageslike
thoseproducedon the retina.Perceptualconsiderationsare
beyondthescopeof thispaper.

In humanvision research,mostsimulationsof vision18� 25

have beendoneby artist renditionsandphysicalmeans,not
by computergraphics.For example,FineandRubin9 � 10 sim-
ulatinga cataractusingfrostedacetateto reduceimagecon-
trast. With the advent of instrumentsto measurecorneal
topographyand computeaccuratecorneal reconstruction,
severalvision scienceresearchershave producedcomputer-
generatedimagessimulatingwhatapatientwouldsee.Prin-
cipally, they modify 2D test imagesusingretinal light dis-
tributions generatedwith ray tracing techniques.Campet
al.3� 4 createda ray tracing algorithm and computermodel
for evaluation of optical performance.Maguire et al.19� 20

employed thesetechniquesto analyzepost-surgical corneas
using their optical benchsoftware.Greivenkamp12 created
a sophisticatedmodel which includedthe Stiles-Crawford
effect23, diffraction,andcontrastsensitivity. A shortcoming
of all theseapproachesis thatthey overlookthecontribution
of internaloptical elements,suchas the crystallinelensof
theeye.

Garcia,Barsky, andKlein11 developedtheCWhatUCsys-
tem, which usesa reconstructedcornealshapeto blur 2D
imagesto simulatean individual's visual acuity. Sincethe
blurring is done in 2D imagespace,deptheffects are not
modeled.In a similar vein,Barsky et al.1 extendedthework
of Kolb et al.15 by tracingraysthrougha cornealsurfaceex-
tractedfrom actualpatientdatainsteadof a systemof cam-
eralenses.Both theseapproachesonly considereffectsdue
to thecornea,whereaswe areableto includeeffectsof the
entireopticalsystem.

2. Methods

2.1. Shack-Hartmann device

The Shack-HartmannSensor27 (Figure 2) is a device that
preciselymeasuresthe wavefront aberrations,or imperfec-
tions, of a subject's eye33. It is believed that this is the
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Figure 2: Measuringthe speci�c vision characteristicsof
a subjectusing a Shack-Hartmannwavefront aberrometry
device.

mosteffective instrumentfor themeasurementof humaneye
aberration17. A low-power1 mmlaserbeamis directedatthe
retinaof theeyeby meansof ahalf-silveredmirror. Thereti-
nal imageof that lasernow servesasa point sourceof light
for a wavefront that passesthroughthe eye's internalopti-
cal structures,pastthepupil, andeventuallyout of theeye.
Thewavefront thengoesthrougha Shack-Hartmannlenslet
arrayto focusthewavefrontontoaCCDimagearray, which
recordsit.

Theoutputfrom theShack-Hartmannsensoris an image
of bright points whereeachlenslethasfocusedthe wave-
front. Image-processingalgorithmsareappliedto determine
the position of thesecentroidsto sub-pixel resolutionand
also to computethe deviation from wherethey would ide-
ally be. The local slopeof the wavefront is determinedby
the lateral offset of the focal point from the centerof the
lenslet.Phaseinformationis thenderivedfrom theslope14.

The limited numberof lensletsprovides only a sparse
sampling of the overall wavefront; thus, a Zernike-
polynomialsurfaceis �t to thesesamples.This providesa
continuoussurface,enablingusto samplethewavefrontata
muchhigherrate.

2.2. Object SpacePoint SpreadFunction

We introducethe object spacepoint spreadfunction (OS-
PSF),which is similar to theusualimagespacepointspread
function, except that it is de�ned in objectspaceand thus
it varieswith depth.The OSPSFis a continuousfunction
of depth;however, we discretizeit, therebyde�ning a se-
quenceof depthpointspreadfunctions(DPSF)atsomecho-
sendepths.

Sincehumanblur discriminationis nonlinearin distance
but approximatelylinear in diopters(a unit measuredin in-
versemeters),thedepthsarechosenwith aconstantdioptric

Figure3: A simpli�ed view: Raysare castfroma point light
sourceon theretinaandpassthrougha virtual lens,thereby
creatingthemeasuredwavefront.Thiswavefront is sampled
and raysare castnormal to it. TheDPSFsare determined
by intersectingtheseraysat a sequenceof depths.

spacingDD andthey rangefrom thenearestdepthof interest
to thefarthest.

The DPSFsare histogramsof rays cast normal to the
wavefront.To computethesefunctions(Figure3), we �rst
placeagrid with constantangularspacingateachof thecho-
sendepthsandinitialize countersin eachgrid cell to zero.
Thenwe iteratively choosea point on thewavefront,calcu-
latethenormaldirection,andcasta ray in this direction.As
the ray passesthrougheachgrid, the cell it intersectshas
its counterincremented.Thisentireprocessis quitefastand
millions of raysmay be castin a few minutes.Finally, we
normalizethehistogramsothatits sumis unity.

In general,wavefront aberrationsaremeasuredwith the
subject's eye focusedat in�nity . However, it is importantto
be able to shift focusfor vision-realisticrendering.This is
achieved by reindexing the DPSFs,which is equivalent to
shifting the OSPSFin the depthdimension.Note that this
mayrequirethecomputationof DPSFsatnegativedistances.

2.3. Blurring

Our vision-realisticblurring algorithmcan be summarized
as follows: (1) createa set of depthimages,(2) blur each
depthimage,and(3) compositetheblurreddepthimagesto
form a singlevision-realisticimage.

We begin with the depthinformationfor the image,and
createa set of disjoint images,one at eachof the depths
chosenin theprecedingsection.Ideally, the imageat depth
d would be renderedwith the near clipping plane set to
d � DD � 2 andthe far clipping planeset to d � DD � 2. Un-
fortunately, this is not possiblebecausewe areusingprevi-
ously renderedimagesanddepthmaps.However, we have
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Figure 4: Simulationof vision of an aberration-freemodel
eye.

found that in practice,the following techniqueworks well:
For eachdepth,d, thosepixels from theoriginal imagethat
arewithin DD � 2 dioptersof d arecopiedto thedepthimage.
Sinceoccludedpixelsarelikely to besimilar to neighboring
pixels,partialocclusionis handledby convolving thedepth
imagewith a Gaussianandcopying pixelsfrom theresultto
pixels occludedin the depthimage(i.e., pixels nearerthan
d � DD � 2). Although we believe that this approachworks
fairly well, theobservantviewer will noticesomesubtlear-
tifactsin our exampleimages.

Oncewe have the depthimages,we convolve themwith
thecorrespondingDPSFsto createasetof blurreddepthim-
ages.Finally, we compositetheseblurreddepthimagesinto
a single,vision-realisticimage.This stepis performedfrom
far to near, following thealphachannelcompositingrules.

3. SampleImages

Figures1, 4 and5, arevision-realisticrenderingsof a room
scene.Theseimagesdemonstratethe vision of actualindi-
vidualsbasedon their measureddata.The �eld of view of
theimageis roughly46� andthepupil sizeis ratherlargeat
5.7mm.

Figure1 usesdatameasuredfrom the left eye of female
patientKS who hastheeyeconditionkeratoconus. This im-
ageshowsthedistortiondueto theirregular astigmatismthat
is associatedwith thiscomplex-shapedcornea.

Figure5 usesbothpre-opandpost-opdatafrom theright
eye of malepatientDB who hasundergoneLASIK vision
correctionsurgery. Pre-opvision is simulatedin Figure5(a)
while Figure5(b) simulatespost-opvision. Thepre-opim-
age shows the characteristicextreme blur pattern of the
highly myopicpatientswho tendto beprimecandidatesfor
this surgery. Although thevision hasbeenimproved by the
surgery, it is still not asgoodas the aberration-freemodel
eye(Figure4). Validationof suchimagesis anareaof future
work for us.

Figure6 shows several framesfrom a rack focusapplied

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

to a shotfrom Pixar's short�lm Tin Toy. Theoriginal short
�lm wasrenderedwithout depthof �eld. We adddepthof
�eld to this shotto draw theaudience's attentionaway from
the Tin Toy to the babyashe entersthe scene.The depth
information for this short �lm no longer exists; thus, we
hand-generatedthe depthmap.We deduceda 100 mm fo-
cal lengthlenswhich correspondsto a 23� �eld of view. In
theseframes,we settheapertureto f/2.8.

Table 1 provides computationtimes, numberof DPSFs
computed,numberof wavefrontsamples(rayscast),andthe
maximumwidth of theDPSFsfor the �gures in this paper.
Not all theDPSFsareusedduringblurring; thenumberthat
wereactuallyusedis givenin parentheses.

4. Conclusion

We introducedtheconceptof vision-realistic rendering–the
computergenerationof synthetic imagesthat incorporate
the characteristicsof a particularindividual's entireoptical
system.Wepresentedmethodsfor achieving vision-realistic
renderingand demonstratedthosemethodson sampleim-
ages.Applicationsof vision-realisticrenderingin computer
graphicsaswell as in optometryandophthalmologywere
presented.
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Figure # DPSFs # Samples DPSFWidth DPSFComputationTime 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

5(b) 26 (11) 1 million 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 DPSFscomputed,numberof wavefront samples,maximumDPSFwidth, timeto computetheDPSFs,time
to performconvolution,andtotal timefor vision-realisticrenderingona Pentium4 runningat 2.4GHzwith 1 GBof RAM.

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