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Abstract

Two common limitations of modern Head Mounted Displays
(HMD): the narrow �eld of view andlimited dynamicrange,call
for renderingtechniquesthat cancircumvent or even take advan-
tageof theselimiting factors. In orderto improve visual response
from HMDs, we proposea new methodof creatingvariouslight-
ing effects, by using view-dependentcontrol over lighting. Two
implementedexamplesareprovided: simulationof a blinding ef-
fect in dark environments,andcontrastenhancement.The paper
is intendedfor the audienceinterestedin developingHMD-based
Virtual Realityapplicationswith improvedsceneillumination.

CR Categories: I.3.6 [ComputerGraphics]: Methodologyand
Techniques—Interactiontechniques;

Keywords: view-dependentlighting, improvedHMD response.

1 Intr oduction

Viewing with a trackedHMD in immersive Virtual Reality(VR) is
fundamentallydifferentfrom desktopandprojectorbasedsystems.
Unlike stationarydisplays,a trackedHMD allows viewersto con-
tinuously“sample”thescenein all directionsby usingnaturalhead
movements,creatinganintegratedimageof theenvironment.This
processis similarto whathappensin reality, whereeyesareactively
scanningthescene,focusingon importantfeatures.

Humaneye hasa very high dynamiccontrastratio, approximately
oneto million. Spatialresolution,acrossthe visible �eld, on the
contrary, is relatively low. Weareableto seeobjectsin sharpdetail
only if they fall onaverysmallareaof theretina,calledfoveacen-
tralis,wheremostlight photoreceptorsareconcentrated.Projected
outwardsinto theviewablescene,this areais aboutthesizeof the
full moon,or 15 degrees. Everythingoutsideof this high-acuity
areais basicallyablur [WilliamsonandCummins1983].

Buildingon[2009],weadvocateanideathatrenderingfor wearable
displaysmustaccountfor and,whenever possible,take advantage
of thesefeaturesof humanvision. This approachwill help to cir-
cumvent the limitations of the currentdisplays. In particular, low
contrastandbrightnessof modernHMDs donotallow to reproduce
thewholerangeof light intensitiesthatthehumaneyecanperceive.
As aresult,sceneswith widerangeof luminanceoftenlook uncon-
vincing in VR, which signi�cantly affects the senseof presence.
We proposea framework for renderingimmersive environments,
basedon theprinciple thatobjects'appearanceis view-dependent.
In this work, we focuson improving lighting partof therendering
process,andprovide a palliative solutionto theproblemof limited
brightnessandcontrastof availableHMDs.
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2 Related work

At the�rst glance,theproblemdescribedabove falls into thescope
of High Dynamic Range(HDR) rendering. HDR imaging tech-
niqueswereinitially developedfor photography andthenwereap-
plied to computergraphics[LarsonandShakespeare1998]. HDR
renderingaims to compensatefor the limits (insuf�cient contrast
andbrightness)setby traditionalgraphicspipelinedesignedfor dis-
play devicesandshow asmuchdetailaspossiblein areaswith ex-
tremeillumination. Being computationallyexpensive, HDR tech-
niqueswere �rst usedpredominantlyin off-line rendering. With
theadventof powerful andinexpensivevideocards,HDR methods
movedinto domainof real-timegraphicsandwereimplementedin
graphicsengines,bothcommercial(CryENGINE1, Unreal2, Unig-
ine 3 ) andopensource(Ogre4). Thetypical setof real-timeHDR
andrelatedtechniquesinclude

� tone-mapping, which allows to transforma wide rangeof
sceneradiancevaluesontodisplayableintensitiesinterval al-
lowedby displayhardware[Devlin etal. 2002];

� gloweffects, or colorbleedingof brightareasover theedgeof
occludingobjects,whichmakestheseareaslook brighterthan
they aredisplayed[Spenceretal. 1995];

� lens �ar e, a visual effect which appearswhen camerais
directed towards a very bright light source, such as the
sun[King 2000];

� eye accommodation, an effect that mimics how humaneyes
adjusttochangesin lightingconditions[Ferwerdaetal.1996].

Real-timeHDR renderingbecameverypopularin videogames,be-
causeimagesit producesarevisuallyappealing.However, notall of
thesemethodsseemto besuitablefor immersive VR applications,
for anumberof reasons.

First, renderingin gamesassumesthe useof a stationarydisplay
device: acomputerscreenor atelevisionset.As aresult,themodel
layout and lighting areoptimizedfor viewing the sceneasa pre-
dominantlystaticimage.All thevisual informationis deliveredto
usersat once,post-processedfor theentireframe. In otherwords,
the sceneis renderedwithout considerationswhereexactly is the
user's focusof attention.

Secondly, certainHDR effects,suchas lens-�are andcross-�are,
reproduceartifactsthatcanonly happenwhenconventionaloptics
is used,for example,aphysicalcamera.In VR, thevisualcontentis
deliveredby two virtual cameras,whicharefreefrom �are. There-
fore, useof lens-�are effect is not justi�ed in VR, unlessviewers
areofferedvirtual binocularsor someotherviewing-aiddevices.

Finally, effects that mimic adaptationof humaneyes to changes
in light brightnessmaycausediscomfort. Thesesimulatedeffects
will becompetingwith theactualphysiologicaladaptation.It is not
clear, if concurrentrealandsimulatedaccommodationwill enhance
or degradeuserexperiencein VR.

1http://www.crytek.com/
2http://www.unrealtechnology.com/
3http://unigine.com
4http://www.ogre3d.org



In summary, picture-perfectrenderingprovidedby real-timeHDR
techniques,is perfectfor pictures,or stationarydisplays,whenthe
whole scene�ts into a single view frame. For dynamicviewing
in immersive VR applications,whena perpetualmotion of user's
focusof attentioncanbeestimated,othermethodsarerequired.

3 View-Dependent Lighting

Our approachis basedon an observation that for non-panoramic
HMDs, orientationof the userheadapproximateshis or her gaze
direction.Fieldof view (FOV) of mostpopularHMD modelsis rel-
atively low, rangingbetween40and60degreesdiagonally[Bungert
2006].To compare,humanvisual�eld extendsto 180degreeshor-
izontally and75 degreesvertically. Limited �eld of view leadsto
a “tunnel vision” effect which is generallyregardedasoneof the
mostobjectionabledrawbacksof HMDs.

However, this disadvantagebecomesa very helpful feature, for
tasksthat requireestimationof the usergazedirection. The tun-
nel vision effect promptsviewersto turn their headsmoreactively,
in order to seethe sceneoutsideof the visible HMD frame. As
a result, fastsaccadiceye movementsthat happenin real life, are
replacedby wide andrelatively slow headrotationsin VR. Head
rotationcanbe reliably tracked by a variety of availabledevices,
andusedasanapproximationof theview direction.

3.1 Algorithm

On eachcycle of the main graphicsloop, each light sourceis
checked against the currentuserposition and orientation. If the
light sourceappearsto bein thehigh acuityareaof theuser's gaze
(approximatedby theheaddirection,asdescribedabove), thelight
intensity is magni�ed to matchthe higher eye sensitivity in this
area.

For different typesof light sources,the magni�cation factorsare
computeddifferently. For positionallights, this factoris inversely
proportionalto thedistancefrom thepositionof thelight sourceto
thecenterof theviewing plane,in thecameraspace.For directional
lights andspotlights,thedirectionof the light sourcemustalsobe
taken into account:if thecameraandthe light sourceareoriented
towardseachother, thelight becomesbrighter. Theview-dependent
light control algorithmfor differenttypesof light sourcesis sum-
marizedin Figure1.

for all active light sourceL do

f actor  

8
>>>>>>>>><

>>>>>>>>>:

� L:dir ection � cam:dir ection;
for directionallight;

1=distanceto screencenter(L:pos);
for positionallight;

1=distanceto screencenter(L:pos)�
L:dir ection � cam:dir ection;
for spotlight:

L:intensity  L:intensity � f actor
end for

Figure 1: Summaryof the view-dependentlighting control. The
valuesreturnedbydotproduct� areclampedto [0; 1] range. Eval-
uating distanceto screencenter requires transformationof light
positionfrom world to camera space. An alternativeway of com-
putingdistancefactor is shownin Figure2.

3.2 VR System

The algorithm was implementedin open-source3D visualization
systemFlatland[2002]. FlatlandrunsunderLinux with OpenGL
graphicsAPI. It providesstereoscopicrenderingfor bothactiveand
passivestereocon�gurations.In oursystem,bothtypesof displays
wereused:Virtual ResearchV8 HMD (640x 480pixels,60� FOV,
passive) and5DT800HMD (800 x 600 pixels, 40� FOV, active).
For motion tracking,Flock of Birds by Ascensionwasused,run-
ning in 9 feetextendedtrackingrange.

3.3 Example 1: Programming a Flying Projector

In Flatland,eachlight sourceis a nodein thescenegraph,with its
own update() function. Thesefunctionsareexecutedin themain
graphicsloop, after updatingall scenetransformationsandbefore
lighting is applied.Duringupdate() , eachlight sourceinquiresthe
systemfor the currentpositionandorientationof the cameraand
adjustsits intensityaccordingly.

If a light sourceis attachedto anobjectwith visible geometry, cal-
culationsof light ampli�cation factorsmustalsoaccountfor addi-
tional light that comesfrom that object. For example,a spotlight
may be placedat the apex of a semi-transparentpolygonalcone,
which will make the light beamvisible, shown asshadedareain
a top diagramin Figure2. In this scene,a very bright spotlightis
attachedto a helicopterobjectthat �ies arounda building, looking
into windows. Whentheusermovescloserto theaxisof thebeam,
the visible light conemust look brighter. The standardOpenGL
spotlightwill not provide this effect, becauseit doesnot account
for theviewer's positioninsidethecone.Figure2 shows how light
magni�cation is calculatedfor the helicopterlamp. Renderedre-
sultsareshown in Figures3 and6 Videoclip is available5.
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1: procedure HelicopterLightUpdate(Cameracam, Light lamp)
2: dist  distancefrom cam positionto

thelamp light beamline

3: D  

(
1 if dist < dist min ;
0 if dist > dist max ;
fallsoff linearly otherwise:

4: A  � lamp:dir ection � cam:dir ection
5: lamp:intensity  c0 + c1 � D + c2 � A
6: endprocedure

Figure 2: A scenelayoutandupdate() functionof thehelicopter
lamp.Thelight intensityis modi�ed according to therelativeposi-
tion andorientationof thelight with respectto theviewer. Rendered
resultsare shownin Figure 3. Notes.Line 3, calculatingdistance
factorD : constantsdist min anddist max weresetat 1 and10me-
ters, respectively. Line 4: Anglefactor A falls off asa cosine. Line
5: c0 , c1 , c2 areuser-de�nedparameters,usefulvaluesare5, 5, 6.

5http://www.tri.jabsom.hawaii.edu/tri/video/projects-
triage/full/helicopter2.avi



Figure 3: Rendered examplesfrom the helicopterscene. When
thelight pointsawayfromcamera, lighting with standard OpenGL
spotlightproducesacceptableresult (top). Whenthe light points
directly into the camera, standard lighting looks unnaturally �at
(middle). Dynamiclight ampli�cation createsthedesiredblinding
effect(bottom).

Thisscenewasdesignedfor training�rst respondersin hostileenvi-
ronments[Vincentet al. 2008]. Thehelicopterobjectwith a blind-
ing light wasmodeledandprogrammedto adda senseof dramato
trainingscenarios.

3.4 Example 2: Luminous Objects and Negative
Lights

In addition to conventional light sources,the sceneillumination
may be affectedby presenceof variousluminousobjects. Exam-
plesinclude: a window with bright daylightoutdoors,a computer
or television screen.We implementedthis extensionby addingthe
update() methodto their datastructureandregisteringeachsuch
objecttwice in thescenegraph:asa drawableentity andasa light
source.This doublerole of luminousobjectsallows themto par-

ticipatein lighting calculations.Implementationsof theupdate()
methodareobject-speci�c. The objectmustevaluateits own im-
portancefor the currentviewing conditionsandmake appropriate
adjustmentsto sceneillumination.

An interiorscenewith atelevisionset,illustratedin Figures4 and5,
provide anexamplehow luminousobjectsareprocessed.TheTV
screenis texturedwith averybright imageof adesert,with thesun
in direct view. The texture is appliedin decalmode,making the
TV screenexemptfrom lighting calculations.In orderto make the
TV screenlook brighter, a negative light is applied,that darkens
all otherobjectsin view. The negative light was implementedas
anOpenGLspotlight,parentedto theuserheadobjectandoriented
in the samedirection. Its intensity is controlledby TV screen's
update() function,listedin Figure4. Notethat theroundwindow
in Figure5, top, is alsoa luminousobjectandcanbeprocessedin
thesamemannerastheTV screen.For thatpurpose,thenegative
light is sharedby all luminousobject,collectingtheircontributions,
Figure4, line 5.

Othertypesof luminousobjectsmayrequiremoreaccurateevalu-
ation of their contribution to scenelighting. Objectsthat arevery
largeor areextremelybright mustcalculatetheir exactpixel foot-
print on theviewing frame.Thiscanbedoneby anumberof avail-
abletechniques,suchas[Sekulic2004]and[Bittner etal. 2004].

screen_normal

negative light cone

screen_center

TV set

cam_dir
negative light
head_lamp with

0: head lamp:intensity  0
...
1: procedureTV Update(Cameracam, Light head lamp)
2: if TV objectis visible then
3: A  � screen:normal � cam:dir ection
4: D  (screen:center � cam:pos) � cam:dir ection
5: head lamp:intensity + = c1 � A � D
6: end if
7: endprocedure

Figure 4: Enhancingperceivedbrightnessof a TV screenobject,
usinga negativespotlight,attachedto camera. Thespotlighthas
maximalintensityc1 = 5, whenthe TV screenis centered in user
view (D = 1) andorientedtowardsthecamera (A = 1). Rendered
imagesaredisplayedin Figure5.

3.5 Notes on View Dependent Level of Detail

In thiswork,weexploredonly thelightingpartof therenderingpro-
cess.Shaperepresentationis anothervery importanttaskthat can
beoptimizedby addingview-dependentcontrols.Objectsthat fall
within thecurrentline of sightof theviewer, shouldbedisplayedat
themaximalgeometricalresolution,or level of detail (LOD). Ob-
jects in the peripheralareamay be representedwith lower LOD
models. Dynamic control over LOD is widely usedin real-time
graphicsapplications,�rst andforemostin video games,because
it allows to increasevisual complexity of the scenewithout com-
promisingrenderingspeed.Themostcommonlyusedmethodsof



Figure 5: A scenewith a wall-mountedtelevision set, with its
screentexturedin decalmode. Top: general roomlayout. Middle:
close-upview of theTV setundernormal illumination. Bottom: a
negativelight is applied,which darkensthewall andtheTV frame
andspeakers. TheTV screen,unaffectedby this new light, appears
nowbrighter.

selectingLOD modelsarebasedondistancefrom thecameraor the
pixel footprint of theobjecton theviewing plane[Akenine-Möller
et al. 2008]. At the time of this writing, view-basedmethodsfor
selectingLODs have not yet beenusedin immersive VR systems,
althoughthepotentialof thisapproachwasclearlydemonstratedby
Ohshimaetal. [1996].

Interestingly, the ideaof variablespatialresolutionfor immersive
VR renderingwas recentlyimplementedin hardware. The near-
panoramicHeadMount Display Wide5 (150� FOV), hastwo ac-
tively updatedviewportsfor eacheye,built asa display-in-display.
Thewiderviewport thatcoversthewholescene,is implementedon
a largerdisplay, at 800by 600pixels. Thesmallercentralareaof
the sameviewport is renderedon an encloseddisplay, which has
thesamenumberof pixels800x 600. This layereddesignensures
thattheobjectsalongthecurrentline of sightaredisplayedin more
detail. The resultsof pilots studiesarepresentedin [Bolas et al.
2007].

4 Conc lusions

Our contribution canbe summarizedasfollows: we extendedthe
basicOpenGL-stylelighting processby takingtheuserpositionand
gazedirectioninto account.This extensionallowed to createvar-
ious lighting effectsandimprove the overall visual responsefrom
HeadMounteddisplays,in immersiveVR settings.

Theview-dependentlighting control,presentedin thispaper, is not
intendedto simulatenor accountfor processesthat happenin the
humaneyeduringadaptationto light. Thesemechanismsarerather
complex. They includefastopticaladjustments(pupil dilationsand
contractions,which happenin seconds)and slow chemicalpro-
cessesthat happenin the retina and take minutes. Thereis also
a large hysteresiswith respectto the directionof changesin light
intensity.

Instead,we useda morepragmaticalapproach,basedon thesimi-
larity betweenthenarrow �eld of view, typical for commonHMDs,
andthesmallsizeof high-acuityvision areain a humaneye. From
that perspective, many problemsof improving lighting for HMD
renderinghave simplegeometricsolutions,thatcanbeeasilypro-
grammedfor mostVR systemsandapplications.

Thedescribedsystemwastestedandprovedusefulfor two HMDs,
V8 (60� FOV) and 5DT-800 (40� FOV). We believe that it will
work for most consumer-gradeHMDs, with FOV up to 60 de-
grees. For panoramicand near-panoramicdisplays,the assump-
tion of equalitybetweenthegazedirectionandheaddirectionwill
fail, andtrueeye trackingwill berequired.However, it seemsun-
likely thatpanoramicHMDs will dominatethemarket of wearable
displays,at least,not in the nearestfuture. On the contrary, low
and mediumgradedisplaysremain in high demand. The long-
standingV8 modelby Virtual Researchwasrecentlyre-engineered
from NTSC to full 1280x 1024resolution.The popularlow-cost
Z800 HMD by eMagineis now distributedby several companies,
in ruggedizedform, with bettershapefactorandimprovedperiph-
erals.Theopticsremainedthesame,though,in bothcases:60� and
40� diagonal�eld of view, respectively. Thatgivesreasonsto be-
lieve that the view-dependentlight-control mechanism,described
in this work, will remainvalid and useful for someconsiderable
time.
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Figure6: ”Blinded bythevirtual light”. A helicopterwith a bright
projector lamp is orbiting an of�ce building, ”looking” into win-
dows.Whenthebeamlight hits theviewer's eye, thelight intensity
is magni�ed, producinga blinding effect (bottomimage). For de-
tails, seeSection3.2 in thetext.


