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F ll  D i  E i tF ll  D i  E i tFully Dynamic EnvironmentFully Dynamic Environment

 Anything in the world can moveAnything in the world can move
—— Can’t precompute any visibility Can’t precompute any visibility Can t precompute any visibility Can t precompute any visibility 

informationinformation

 Lights completely dynamicLights completely dynamic Lights completely dynamicLights completely dynamic
—— Can’t precompute any lighting Can’t precompute any lighting 

informationinformationo at oo at o
—— Shadows also completely dynamicShadows also completely dynamic



Problems to Be Solved at Problems to Be Solved at Problems to Be Solved at Problems to Be Solved at 
RunRun--timetime
 Determine the set of objects Determine the set of objects 

visible to the cameravisible to the camera
 Determine the set of lights that Determine the set of lights that 

can influence any region of space can influence any region of space 
visible to the cameravisible to the camera

 For each light, also determine For each light, also determine 
what subset of the visible objects what subset of the visible objects 
are illuminated by the lightare illuminated by the light



Problems to Be Solved at Problems to Be Solved at Problems to Be Solved at Problems to Be Solved at 
RunRun--timetime

 Determine the set of objects that Determine the set of objects that 
could possibly cast shadows into could possibly cast shadows into p yp y
the region of space visible to the the region of space visible to the 
cameracamera
—— For each light, this is a superset of For each light, this is a superset of 

the set of the illuminated objects the set of the illuminated objects jj
that are visible to the camerathat are visible to the camera



S t  f Obj tS t  f Obj tSets of ObjectsSets of Objects

 Visible setVisible set
 Illuminated set (x Illuminated set (x nn lights)lights) Illuminated set (x Illuminated set (x nn lights)lights)
 ShadowShadow--casting set (x casting set (x nn lights)lights)

VisibleVisible
Ill iIll i Sh dSh dIllumiIllumi--
natednated

ShadowShadow--
castingcasting



Vi ibilit  D t i tiVi ibilit  D t i tiVisibility DeterminationVisibility Determination

 Organize the world in some wayOrganize the world in some way
—— Tree structures (BSP, octree, etc.)Tree structures (BSP, octree, etc.)Tree structures (BSP, octree, etc.)Tree structures (BSP, octree, etc.)
—— Hierarchical bounding volumesHierarchical bounding volumes
—— Portal systemPortal systemPortal systemPortal system

 A combination of these can work A combination of these can work 
extremely wellextremely wellextremely wellextremely well

 Portals fine outdoors as wellPortals fine outdoors as well



P t l S tP t l S tPortal SystemsPortal Systems

 World divided into World divided into zoneszones
—— A zone is the region of space A zone is the region of space A zone is the region of space A zone is the region of space 

bounded by a convex polyhedronbounded by a convex polyhedron

 Zones are connected by Zones are connected by portalsportals Zones are connected by Zones are connected by portalsportals
—— A portal is a planar convex polygonA portal is a planar convex polygon

From the front side  a portal’s From the front side  a portal’s —— From the front side, a portal s From the front side, a portal s 
vertices are wound CCWvertices are wound CCW



P t l S tP t l S tPortal SystemsPortal Systems

 During visibility determination, During visibility determination, 
only have to worry about zones only have to worry about zones y yy y
that can be seen through a that can be seen through a 
sequence of portalssequence of portalsq pq p

 For each reachable zone, there is For each reachable zone, there is 
a convex region of space visible a convex region of space visible a convex region of space visible a convex region of space visible 
to the camerato the camera



P t l S tP t l S tPortal SystemsPortal Systems

CameraCamera



P t l S tP t l S tPortal SystemsPortal Systems

 The visible regions form a tree The visible regions form a tree 
structurestructure

 The region in the zone containing The region in the zone containing 
the camera is the root of the treethe camera is the root of the treethe camera is the root of the treethe camera is the root of the tree

 Zones seen through Zones seen through nn portalsportals
have regions at the have regions at the nn th level in th level in have regions at the have regions at the nn--th level in th level in 
the treethe tree



P t l S tP t l S tPortal SystemsPortal Systems
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R iR iRegionsRegions

 We define a We define a regionregion to be a convex to be a convex 
volume of space bounded by:volume of space bounded by:p yp y
—— At most one front planeAt most one front plane
—— At most one back planeAt most one back planeAt most one back planeAt most one back plane
—— Any number of lateral planesAny number of lateral planes

 Plane normals point inwardPlane normals point inward Plane normals point inwardPlane normals point inward



R iR iRegionsRegions
Back planeBack plane

Front planeFront plane

Lateral planesLateral planes



R iR iRegionsRegions

 Entrance portal determines the Entrance portal determines the 
front planefront planepp

 Back plane determined by zone Back plane determined by zone 
boundaryboundaryboundaryboundary

 Lateral planes determined by Lateral planes determined by 
extrusion of clipped portalextrusion of clipped portalextrusion of clipped portalextrusion of clipped portal



R iR iRegionsRegions
Back planeBack planepp

Lateral planesLateral planes

Front planeFront plane

pp

Front planeFront plane



B ildi  th  R i  TB ildi  th  R i  TBuilding the Region TreeBuilding the Region Tree

 Start with the zone containingStart with the zone containing
the camerathe camera

 Then, recursively do...Then, recursively do...
Check portals leading out of current Check portals leading out of current —— Check portals leading out of current Check portals leading out of current 
zone for visibilityzone for visibility

—— Clip any visible portals to the Clip any visible portals to the Clip any visible portals to the Clip any visible portals to the 
bounding planes of the current bounding planes of the current 
regionregiongg



P t l Vi ibilitP t l Vi ibilitPortal VisibilityPortal Visibility

 First calculate dot product First calculate dot product dd
between camera view direction V between camera view direction V 
and portal plane normal Nand portal plane normal N

 Define Define  to be half of the to be half of the  Define Define  to be half of the to be half of the 
diagonaldiagonal field of viewfield of view

 If If dd ≥ sin ≥ sin   then portal can’t be  then portal can’t be  If If dd ≥ sin ≥ sin , then portal can t be , then portal can t be 
visiblevisible



P t l Vi ibilitP t l Vi ibilitPortal VisibilityPortal Visibility
VV

NN

H lf f di lH lf f di l



VVHalf of diagonalHalf of diagonal
field of viewfield of view



dd = = V V  NN = cos = cos  = sin = sin 



Portal only visible ifPortal only visible if
sin sin  < sin < sin 





P t l Vi ibilitP t l Vi ibilitPortal VisibilityPortal Visibility

 After fieldAfter field--ofof--view test...view test...
—— Test portal bounding volumeTest portal bounding volumeTest portal bounding volumeTest portal bounding volume
—— If bounding volume visible, then clip If bounding volume visible, then clip 

portal polygon to region planesportal polygon to region planesp p yg g pp p yg g p
—— nn--sided portal clipped against sided portal clipped against mm

planes can have planes can have nn++mm verticesvertices



Vi ibl  Obj t S tVi ibl  Obj t S tVisible Object SetVisible Object Set

 After region tree has been built...After region tree has been built...
—— Traverse the treeTraverse the treeTraverse the treeTraverse the tree
—— Collect objects in each zone that Collect objects in each zone that 

intersect the visible regions intersect the visible regions gg
corresponding to the zonecorresponding to the zone
 Use any frustum/bounding volume test, Use any frustum/bounding volume test, 

but test against region’s planesbut test against region’s planes

—— This is the visible object setThis is the visible object set



R i  Cl ifi tiR i  Cl ifi tiRegion ClassificationRegion Classification

 Three types of regionThree types of region
—— “Camera region” refers to a region “Camera region” refers to a region Camera region  refers to a region Camera region  refers to a region 

of space visible to the cameraof space visible to the camera
—— “Light region” refers to a region of “Light region” refers to a region of g g gg g g

space reachable from a light sourcespace reachable from a light source
—— “Shadow region” refers to a region “Shadow region” refers to a region 

of space from which shadows may of space from which shadows may 
extend into a camera regionextend into a camera region



Li ht R i  TLi ht R i  TLight Region TreesLight Region Trees

 Portals can be used to construct Portals can be used to construct 
illumination treesillumination trees
—— Similar to the visibility tree Similar to the visibility tree 

constructed for the cameraconstructed for the camera
—— One tree for each light sourceOne tree for each light source

 Only recalculated when light movesOnly recalculated when light moves

—— Each node in the tree corresponds Each node in the tree corresponds 
to a convex region of spaceto a convex region of space



Li ht R i  TLi ht R i  TLight Region TreesLight Region Trees

 Three fundamental light typesThree fundamental light types
—— Point lightPoint lightPoint lightPoint light
—— Spot light, special case of point lightSpot light, special case of point light
—— Infinite (directional) lightInfinite (directional) lightInfinite (directional) lightInfinite (directional) light



Li ht R i  TLi ht R i  TLight Region TreesLight Region Trees

 Point lightPoint light
—— OmnidirectionalOmnidirectionalOmnidirectionalOmnidirectional
—— Has maximum rangeHas maximum range
—— Root illumination region bounded Root illumination region bounded Root illumination region bounded Root illumination region bounded 

only be zone boundary and light’s only be zone boundary and light’s 
bounding spherebounding sphere



P i t Li ht TP i t Li ht TPoint Light TreePoint Light Tree
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S t Li ht TS t Li ht TSpot Light TreeSpot Light Tree

 Spot light almost sameSpot light almost same
as point lightas point lightp gp g
—— Difference is the root node of the Difference is the root node of the 

illumination treeillumination tree
—— Spot light starts with a frustum,Spot light starts with a frustum,

just like a camera doesjust like a camera does
—— Point light affects entire root zonePoint light affects entire root zone



A /Wi l  Li htA /Wi l  Li htArea/Wiggle LightsArea/Wiggle Lights

—— Lateral planes need to beLateral planes need to be
adjusted for area lightsadjusted for area lights

—— Same adjustment can beSame adjustment can be
used to optimize ‘wiggle’used to optimize ‘wiggle’
li h  h   li h  h   lights that can movelights that can move
within a small volume bywithin a small volume by
removing need toremoving need toremoving need toremoving need to
recalculate regionsrecalculate regions



A /Wi l  Li htA /Wi l  Li htArea/Wiggle LightsArea/Wiggle Lights
NN

—— Normally, a lateral planeNormally, a lateral plane
is calculated using theis calculated using the rr

ss
e e 

portal edge Vportal edge V11VV22 andand
the light position Lthe light position L
Adj  f  h  fAdj  f  h  f

d d LLVV11,V,V22

—— Adjust for sphere ofAdjust for sphere of
radius radius rr by using theby using the
point L + point L + ssNN rdrdpoint L + point L + ssNN ss ==

rdrd
e e 



I fi it  Li ht TI fi it  Li ht TInfinite Light TreeInfinite Light Tree

 Light rays parallelLight rays parallel
for infinite lightfor infinite lightgg
—— The lateral planes of each The lateral planes of each 

illumination region intersect at illumination region intersect at gg
parallel linesparallel lines

—— The extrusion of planes from a The extrusion of planes from a 
portal always goes in one direction portal always goes in one direction 
instead of away from a pointinstead of away from a point



Vi ibl  Li ht D t i tiVi ibl  Li ht D t i tiVisible Light DeterminationVisible Light Determination

 Each zone keeps a linked listEach zone keeps a linked list
of light regionsof light regionsg gg g
—— One or more region nodes for each One or more region nodes for each 

light that can shine into the zonelight that can shine into the zonegg
—— Each light region knows which light Each light region knows which light 

generated itgenerated it



Vi ibl  Li ht D t i tiVi ibl  Li ht D t i tiVisible Light DeterminationVisible Light Determination

AA BBAA BB

Light 1Light 1
For example, For example, 
consider zone Cconsider zone C

Light 2Light 2

CC DD

Light 3Light 3



Vi ibl  Li ht D t i tiVi ibl  Li ht D t i tiVisible Light DeterminationVisible Light Determination
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Vi ibl  Li ht D t i tiVi ibl  Li ht D t i tiVisible Light DeterminationVisible Light Determination

 For any given zone, we can walk For any given zone, we can walk 
the linked list of light regions and the linked list of light regions and g gg g
collect unique lightscollect unique lights

 Repeat process for all zones Repeat process for all zones  Repeat process for all zones Repeat process for all zones 
referenced in the camera’s referenced in the camera’s 
visibility treevisibility treevisibility treevisibility tree

 We now have the set ofWe now have the set of
visible lightsvisible lightsvisible lightsvisible lights



Ill i t d Obj t S tIll i t d Obj t S tIlluminated Object SetIlluminated Object Set

 Given one visible zone and one Given one visible zone and one 
visible light shining into that visible light shining into that g gg g
zone…zone…
—— Illuminated objects are those which Illuminated objects are those which Illuminated objects are those which Illuminated objects are those which 

intersect both a camera region and a intersect both a camera region and a 
light regionlight region



Ill i t d Obj t S tIll i t d Obj t S tIlluminated Object SetIlluminated Object Set

LightLight

CameraCamera



Ill i t d Obj t S tIll i t d Obj t S tIlluminated Object SetIlluminated Object Set

 Objects are often only partially Objects are often only partially 
within an illumination regionwithin an illumination regiongg
—— Lighting the whole object wastes Lighting the whole object wastes 

rendering time due to extra fillrendering time due to extra fillgg
—— Fortunately, hardware provides an Fortunately, hardware provides an 

opportunity for optimizationopportunity for optimization



Li hti  O ti i tiLi hti  O ti i tiLighting OptimizationLighting Optimization

 Use hardware scissor rectangleUse hardware scissor rectangle
—— Calculate intersections of camera Calculate intersections of camera Calculate intersections of camera Calculate intersections of camera 

regions and light regionsregions and light regions
—— CameraCamera--space bounding box space bounding box p gp g

determines scissor rectangledetermines scissor rectangle

 GL EXT depth bounds testGL EXT depth bounds test_ _ p _ __ _ p _ _
—— Works like a Works like a zz axis for scissor box, axis for scissor box, 

but a little differentbut a little different



Li hti  O ti i tiLi hti  O ti i tiLighting OptimizationLighting Optimization

Max DepthMax Depth

Min DepthMin Depth

Image PlaneImage Plane

Min DepthMin Depth

CameraCamera

Image PlaneImage Plane

CameraCamera



Li hti  O ti i tiLi hti  O ti i tiLighting OptimizationLighting Optimization

 Scissor rectangle andScissor rectangle and
depth bounds testdepth bounds testpp
—— Limits rendering for a single light to Limits rendering for a single light to 

the maximal visible extentsthe maximal visible extents
—— Can also be applied to stencil Can also be applied to stencil 

shadow volumesshadow volumes



S i  d D th B dS i  d D th B dScissor and Depth BoundsScissor and Depth Bounds

DepthDepthDepthDepth
BoundsBounds

Scissor RectangleScissor Rectangle

Image PlaneImage Plane

CameraCamera



S i  d D th B dS i  d D th B dScissor and Depth BoundsScissor and Depth Bounds

DepthDepth
BoundsBounds

ScissorScissor

Image PlaneImage Plane

CameraCamera



D th B d  T tD th B d  T tDepth Bounds TestDepth Bounds Test

 Let P be the projection matrix Let P be the projection matrix 
and let [and let [ddminmin, , ddmaxmax] be the depth ] be the depth [[ minmin,, maxmax] p] p
rangerange

 Viewport depth Viewport depth dd corresponding corresponding  Viewport depth Viewport depth dd corresponding corresponding 
to camera space to camera space zz is given byis given by

d d P P d d max min 33 34 max min

43 442 2
d d P z P d dd

P z P
   

   43 44 



Sh dSh d C ti  Obj t S tC ti  Obj t S tShadowShadow--Casting Object SetCasting Object Set

 All objects in the illuminated set All objects in the illuminated set 
are also in the shadoware also in the shadow--casting setcasting setgg
—— But an object doesn’t have to be But an object doesn’t have to be 

visible to be casting a shadow into visible to be casting a shadow into gg
one of the visible camera regionsone of the visible camera regions

—— The shadowThe shadow--casting set is a superset casting set is a superset 
of the illuminated setof the illuminated set



Sh dSh d C ti  Obj t S tC ti  Obj t S tShadowShadow--Casting Object SetCasting Object Set

 Need to find objects between Need to find objects between 
visible regions and light sourcevisible regions and light sourceg gg g

 We already have a structure in We already have a structure in 
place to make this easyplace to make this easyplace to make this easyplace to make this easy

 From a visible light region, walk From a visible light region, walk 
up the light’s illumination tree to up the light’s illumination tree to up the light s illumination tree to up the light s illumination tree to 
the rootthe root



Sh dSh d C ti  Obj t S tC ti  Obj t S tShadowShadow--Casting Object SetCasting Object Set
AA BB CC CC

LightLight

AA BB CC CC

EE BBLightLight
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Sh d  R iSh d  R iShadow RegionShadow Region

 Objects that can cast shadows Objects that can cast shadows 
into a visible camera region must:into a visible camera region must:gg
1) Lie in the camera region itself, or1) Lie in the camera region itself, or
2) Lie in between the camera region 2) Lie in between the camera region 2) Lie in between the camera region 2) Lie in between the camera region 

and the light positionand the light position

 The shadow region is the convex The shadow region is the convex  The shadow region is the convex The shadow region is the convex 
hull containing the camera region hull containing the camera region 
and the light positionand the light positionand the light positionand the light position



Sh d  R iSh d  R iShadow RegionShadow Region

AA BB CCAA BB CC

LightLight

DD EE

CameraCamera
CulledCulled
CasterCaster



Sh dSh d C ti  Obj t S tC ti  Obj t S tShadowShadow--Casting Object SetCasting Object Set

 Collect objects in branch of Collect objects in branch of 
illumination tree connecting illumination tree connecting gg
visible camera region andvisible camera region and
light sourcelight sourcegg

 But reject objects that don’t But reject objects that don’t 
intersect the shadow region AND intersect the shadow region AND intersect the shadow region AND intersect the shadow region AND 
their corresponding light regiontheir corresponding light region



Sh d  R iSh d  R iShadow RegionShadow Region
CulledCulled
C tC tCasterCaster

LightLight

CameraCameraCameraCamera



Sh d  R iSh d  R iShadow RegionShadow Region

ShadowShadow
CameraCamera
RegionRegion

ShadowShadow
RegionRegion

LightLight

gg

LightLight



Sh d  R iSh d  R iShadow RegionShadow Region

 Calculate dot product of each Calculate dot product of each 
bounding plane of the camera bounding plane of the camera g pg p
region and the light positionregion and the light position

 If positive  then the plane also If positive  then the plane also  If positive, then the plane also If positive, then the plane also 
bounds the shadow regionbounds the shadow region

 Other shadow region bounding Other shadow region bounding  Other shadow region bounding Other shadow region bounding 
planes determined by camera planes determined by camera 
region’s silhouetteregion’s silhouetteregion s silhouetteregion s silhouette



Sh d  R iSh d  R iShadow RegionShadow Region

LightLightSilhouetteSilhouette
EdgeEdge

SilhouetteSilhouette
EdgeEdgeEdgeEdge



Sh d  R iSh d  R iShadow RegionShadow Region

 Lateral planes of camera region Lateral planes of camera region 
are wound CCWare wound CCW

 If two consecutive planes PIf two consecutive planes Pii and and 
PPii 11 have oppositehave opposite--sign dot sign dot PPii+1+1 have oppositehave opposite sign dot sign dot 
products with the light position L, products with the light position L, 
then the edge between them is then the edge between them is then the edge between them is then the edge between them is 
part of the silhouettepart of the silhouette



Sh d  R iSh d  R iShadow RegionShadow Region

—— If PIf Pii  L > 0 and PL > 0 and Pii+1+1  L ≤ 0, then edge L ≤ 0, then edge 
E should point away from cameraE should point away from camera

—— If PIf Pii  L ≤ 0 and PL ≤ 0 and Pii+1+1  L > 0, then edge L > 0, then edge 
E should point toward cameraE should point toward camera

—— Bounding plane normal given byBounding plane normal given by
(L − V) (L − V) ×× E, where V is either edge E, where V is either edge 

d i td i tendpointendpoint



Sh d  R iSh d  R iShadow RegionShadow Region
LightLight



Sh d  R iSh d  R iShadow RegionShadow Region

 Also need to check edges Also need to check edges 
between lateral planes and between lateral planes and pp
front/back planesfront/back planes

 Remember  vertices of front and Remember  vertices of front and  Remember, vertices of front and Remember, vertices of front and 
back planes are wound CCWback planes are wound CCW

 Adding a dummy front plane can Adding a dummy front plane can  Adding a dummy front plane can Adding a dummy front plane can 
help in cases of sharp pointhelp in cases of sharp point



Sh d  R iSh d  R iShadow RegionShadow Region
UnculledUnculled
CasterCasterCasterCaster

CameraCamera



Sh d  R iSh d  R iShadow RegionShadow Region
CulledCulled
CasterCasterCasterCaster

CameraCamera



Sh dSh d C ti  Obj t S tC ti  Obj t S tShadowShadow--Casting Object SetCasting Object Set

 What if multiple light regions What if multiple light regions 
intersect the camera region?intersect the camera region?gg

 What if one light region intersects What if one light region intersects 
multiple camera regions?multiple camera regions?multiple camera regions?multiple camera regions?



Multiple Light Regions for Multiple Light Regions for Multiple Light Regions for Multiple Light Regions for 
One Camera RegionOne Camera Region

LightLight

CameraCamera



Multiple Light Regions for Multiple Light Regions for Multiple Light Regions for Multiple Light Regions for 
One Camera RegionOne Camera Region

 The shadow region only depends The shadow region only depends 
on the camera region that each on the camera region that each gg
light region intersectslight region intersects
—— So the shadow region is the sameSo the shadow region is the sameSo the shadow region is the sameSo the shadow region is the same

for any pairing of light source and for any pairing of light source and 
camera regioncamera region

—— No need to take special actionNo need to take special action



Multiple Camera Regions for Multiple Camera Regions for Multiple Camera Regions for Multiple Camera Regions for 
One Light RegionOne Light Region

LightLight

CameraCamera



Multiple Camera Regions for Multiple Camera Regions for Multiple Camera Regions for Multiple Camera Regions for 
One Light RegionOne Light Region

 A separate shadow region needs A separate shadow region needs 
to be constructed for each to be constructed for each 
camera regioncamera region

 There will be some overlap  so There will be some overlap  so  There will be some overlap, so There will be some overlap, so 
collect objects into some kind of collect objects into some kind of 
container before renderingcontainer before renderingcontainer before renderingcontainer before rendering



D t tiD t tiDemonstrationsDemonstrations



Q ti ?Q ti ?Questions?Questions?

 lengyel@terathon.comlengyel@terathon.com

 Slides available atSlides available at

http://www.terathon.com/http://www.terathon.com/




