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* Voxelize the geometry to
build Sparse Voxel
Octree.

e Sparse Voxel OctreeZ
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Voxelize the geometry to build Sparse
Voxel Octree.

Inject Irradiance.
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* Voxelize the geometry to build Sparse
Voxel Octree.

* Inject Irradiance.
* Filter the Irradiance up the SVO.
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Voxelize the geometry to build Sparse
Voxel Octree.

Inject Irradiance.
Filter the Irradiance up the SVO.
Trace cones per pixel through the SVO.
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Voxelize the geometry to build Sparse
Voxel Octree.

Inject Irradiance.

Filter the Irradiance up the SVO.

Trace cones per pixel through the SVO.
Accumulate Irradiance.
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footprint

Quadrilinearly
interpolated

samples
Sparse MipMap pyramid
Voxel-Based cone of pre-integrated values
(stored in the octree) J
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First experiment on DX11 & early PS4 SDK
Worked but quite slow (30+ms)

Finally returned to utterly rotten code 1 year later.
Decided to K.1.S.S. for 2"d attempt

Just use a 3D texture!

DX11 & #]#A PS4 SDK THRET X

V=D FEEITELN(30+ms)
—FRICIFELICGESEN IR 0T
BOTQRDIES VT IIGEAREFEIEITLL:

3D textureZ{HEHD !

2014/09/03

PH
&

AL

13



Wna

* 6 Cascades of 3273 voxels.

*  Anisotropic Voxels (6 facing directions)

*  Packed into a single 3D texture for each attribute ((6*32)x(6*32)x32).
* Tracein 16 directions (spherical t-design)

*  2-3 Bounce Diffuse Indirect Lighting

*  Also handles Direct Lighting.

*  We don’t use any shadow maps.
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Cascades and faces all packed into
a single texture per attribute.

Attribute textures for albedo,
normal, occlusion and emission.

WRT—KRE@IETARTTZRIEaA—FTE
[T IWWTHORFNY—IZH-oTULNS
FRJEA—FTIO9RF—ILTILAREK, &
B.AIIL—230 ISy aviZEbn
TL\%

2014/09/03

21




* Algorithm split into two phases:

1. Internal update of cascades
2. Screen space cone trace.

o ZILOAYXLIF2D:
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Gf.Qm

We only voxelize/update one level of the cascade per frame.

Use simple incrementing counter and find the lowest set bit.
CountTrailingZeroes (( (count++)) &~ ( (1<< (kVoxelCubeGILevel
s=1))-1));

Each cascade updated twice as frequently as the next.
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Gf.Qm

Calculate new cascade center.

Scroll cascade data if we have
moved.

Voxelize to update any geometry
that has changed, if necessary.

“Surface” voxels are identified
during voxelization.

We then propagate illumination
through the cascade via cone
tracing (in 16 directions), starting
at these voxels.
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Only voxelize static geometry.

Voxelize at each cascade at
128x128x32 for each axis to get 16x
super sampling.

Landscape uses a LDC, and is thus
trivial to voxelize.

Objects use a block based cache.
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Gf.Qm

Important to be a solid voxelization.

Fill spans between voxelized surfaces with
black opague voxels.

Propagate surface attributes to first inner layer
of voxels.
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 Want to get multiple bounces of light propagated in
our cascades.

* Also need to inject direct lighting from lights and
from the sky.
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For a given voxel + direction, a cone
trace to determine direct illumination,
and one for 15t or 2" bounce light, all
touch the same voxels, and
accumulate the same occlusion
information.

Just need to provide extra textures as
input to the cone trace,and return
multiple results.

Have to be careful about how we
accumulate to ensure we don’t get
feedback!
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Occlusion cascade.

Input Light cascade— radiance from point
lights.

Direct Light cascade — all direct lighting at a
voxel on the last step.

Bounce Light cascade — Light that bounced

on the last step
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Gf.Qm

ol

Direct Light cascade
Bounce Light cascade

Bounce Bounce Light Cascade — Direct
Light + 15t bounce light + 2"4 bounce
light + extra magic. Used by Screen
Space Cone Trace.

FTALINZANART—R
INDURZGAMART—F
INDURINDURSANART—R
Direct Light + 1st bounce light + 2nd

bounce light + extra magic. A1) —2 AN
—RAO—Uh—R%E={EH
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Bounce Light

Direct Light
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* Two bounces at voxel granularity is good,

. o FHURARIEILTO2EORSGTIFRL
but would like more. $EBF N oL B0

* Fake more by looking for places that

received more second bounce of light than ~ ° _IEI_E J:[')'_l; == @ﬁ%‘fﬁ'ﬁ’é%ﬁ'
first bounce, and boost them slightly. If;:éﬁ_;%’&?ép LT.#FnozxzdblL)—X

float3 bounce diff = min(10.f*max (second bounce -

bounce, 0.f), second bounce*0.5f);
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Gf.Qm

Propagate irradiance up our
cascade levels.

Do this for all 3 irradiance
textures, Direct, Bounce and
Bounce Bounce.

These textures will be scrolled to
as we move around.

Missing edge info taken from next
cascade up.
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Gf.Qm

Final pass, handles *all* per pixel
diffuse lighting, both direct and
indirect.

Trace at 1/4 dimensions, and
intelligently upscale. (16 directions
again)

Build up append buffer of “fail case”
pixels as we upscale, and use
dispatchindirect() to do extra cone
traces.

Blend starting cascade for trace based
on distance.
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Cone Tracing is still slow with * I—~FL—RE3DTIRAFYAHR

T—RZEESTHEN

g o« RBRMLERI)—2VRAR—ZIADLL—
Cascade. ZADT=HIZ10IYF MM B

10’s of ms for final screen o« TFTORFILYITITHIEEIZELN
space traces.

even with a 3D texture

Way too many texture
lookups.
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Gfgm

For each Cone Trace step, we must
interpolate between values from 3
voxel faces.

Weighting is determined by the
direction we trace.
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But our directions are fixed.

Pre-combine and store for each of
our 16 directions (in a
(16*32)x(6*32)x32 texture!)

1/3 the texture cost.

LAOL. -0 ARIFEFESNTLNS
16 5EDNFNIZONTFOHEESLTE

S =

FZ&177((16 *32) X (6*32)x32MDTHU R
F!)
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Think of two cones traced in the same
direction that are close in world
space.

The samples we take as we trace each
cone will become increasingly similar
the further down the cone we get.
This work is redundant.
D—ILFAR—XTRILAMIZFL—RE
NTWSI—rmM2D2H 556
TNETNDI—2FEN—RTBEIC Y
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Build another texture cascade with
the “far” cone data, for each of our 16
directions.

Per-pixel, only trace the “near” half of
the cone (using our pre-combined
cascade).

Interpolate the “far” data from our
“far” texture, and combine.
16AMDERIZHHA—2T—3&HIDTIRTF
YhRYr—REED

EOwILZEIC, a—VITANEREN—RT
% (BRICHMELIhRT—FEER)

EBLDTHIORAF I, EV I T—2%4ME/EL .
HAEHLED
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Gf.Qm

Cone tracing gives us a lot of large scale lighting detail

But our smallest voxels are only 0.4 meters.
Still need augment with fine detail computed in Screen Space.
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Integrate 2 band SH, rather than a scalar occlusion value.
Easy to convert this into a visibility cone.

Intersect the visibility cone with cones for each of the directions we trace, and modulate the
incoming light accordingly.

See “Ambient Aperture Lighting” ( Chris Oat ) for Cone-Cone overlap approximation details.

AT—Z5—F 9 IL—30/\1) 2a—TII%L 2\ FSHEEELT-
ECEY)T4a—2%F2/\UKRSHIZaV/N—hFBD (X 5L
No—RARDEFNZFNDIA—DERETBECEYToa—2,
FNEN—RTBHARAT. ESEYTF—a—20%0—2 THRUTY ., ZNIZIECTASTE
=XRATH

O—2&a—2 DA —N—Z9TDEPUIZDNTIFITELES LTS, “Ambient
Aperture Lighting” ( Chris Oat )
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Characters are not voxelized, due to size.

Would also cause extra voxelization overhead.

Use collision capsules, perform cone occlusion tests instead.

Similar to “Lighting Technology of Last of Us”, but in 16 directions, rather than just 1.
Fills a 16 deep screen space texture array.

XS5 P3—T YA XNINES RIESAXIZEENLELD

Fl=. KROERIEIMED A —/N\—~AYEDREAIZHS
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Not easy to define with capsules.
Integrate visibility into 2 band SH and store in a 3D texture.
Easy to intersect again with cones in our 16 directions.

Apply to same screen space texture array as capsules.
H7EIIIZELTOEWZIRDOES
ECEYT4%2/\RSHESDTORFNY—IZEZSD
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16 Cone Traces per pixel per particle — too expensive!

Use a simplified 2 band SH Cascaded Texture, like simple irradiance probes.
Tessellate, and sample per vertex.

Particles also fill Dynamic Occlusion texture.

Feeds into cone trace. Provides self occlusion and shadowing.

16 ARINDIA—2EL—REN—TAJIEBEATITODIESMTE !
BMAGBEIERD LIV TIVE2INVRSHART —KR TR FvEDMS
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Gf.Qm

To give a SS look we need to simulate
light that has bounced inside the
material.

Possible to work in texture space or
screen space and blur.

Doesn’t necessarily deal with light
bleeding from behind the object.
SSORFBEE5ZBIZIE. TTUT7ILONR
BIZHDINDURG BHLAZL—MAE
TIRAFr—AR=ZAHLLER Y=V R
R—RETFT—THET HKDIC

AT IORDERNMOILHHIGEEILIE
LSETESNGULAIBEELH S
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Gﬂ,?m

SH Texture for particle lighting can
quickly give us the irradiance at any
point.

Moving up cascade levels gives us the
average over a wider area.

FAFEBEARDOSHTIVAFYIIEEDAT
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Also allows us to raymarch away from
the eye.

Gathering light falling on the back of
the object.

Change SSDO calc to provide screen
space thickness. Used to “frost” thin
objects.
TLANV—REmhSLAIYFTHIEN
TES
FFITIAMIBBERDRIZET-S
A= ERDORIZTIRLETH-OI,

SSDONFTHREIEZZLEET S, JARTA”
NDATcHMZFEH
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Single Step Ray March

Multiple SH Cones
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Fast to build.
Uses Jump Flooding.

One for landscape and objects, and
one for dynamic lights.

Can be extended to work with Voxel
Cascades.
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Ray march through these distance
fields.

Sample from SH cascades to
accumulate radiance.

Provides very rough view of the world.
But not dependent on screen space.

LAR—FIETARIVRAT4—ILEERD
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Typically bias Cone Tracing away from the surface by ~0.5 a voxel to avoid
self occlusion.

Still face subtle aliasing issues on planar and smoothly curving surfaces.
Abuse SSDO again, to get a screen space metric for curvature.
Increase bias in low curvature areas.
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Only have 6 levels of cascade.

Want to trace cones further than we have data for (our landscape objects are huge!).
A Clipmap doesn’t fit naturally with our texture addressing.

Data tends to propagate up mipmaps faster than our cone trace ascends them.

The top MIP voxel (nearly) always ends up semi opaque. Not good for direct lighting.

FF-BIEELARILDHRT—RLMFE-TULVEL
Fo—RLFzWI—2 DIEENT —LDT—2% LESFF-BDMFEITETEEX)).
D)TIVTIE. TORFYTRLYL T IZBRIZTybLEEL
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FYIMIPRIEILITEIZERBRATH S, CHNIXEEBIAD-HIZ LAY
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Currently we just clamp to the top
cascade level.

Not an ideal solution.
Causes Undersampling.

Sometimes visible on shadows of large
objects.

K TIEMYTDHRT—RLRILEI S
LT

HR AR R A TIE R
ToR—Y2 )G %#5|E_IT
BEXGATOIMDELETIEE

2014/09/03

79



Extra cascade levels

Similar to Clipmap, but voxel
resolution stays the same (Not a MIP)

Prefilter our precombined direction
voxels in the plane perpendicular to
the direction?
IDANSHRT—FLAR)L
21)wTIvTITHEND., RIEILDFEE
EX(MIPTIEGL) RILESE
16AMCEIIO—VAREEET SAM

[CERNZEBLI=HDRY—FZEDJ0)LELE
j—

2014/09/03

80



~3ms to update our cascades (only one level done a frame), more if we have to voxelize.
~3ms to do our screen space cone tracing

~3.5ms for specular ray march.

~2.5ms to do our final upscale, and combination with our various occlusion textures.
600mb+ of textures for voxel data and the like.

~3ms WRT—FDT7VTT—HrIENBERB (TL—LIZ—DDLARNIL) KIES14XL
A A OATEYAYRY: T,

~3ms RYY—UAR—ZOIA—rL—RIZHEH D EFR

~3.5ms ARFX15—DLAIYFU T ZH Hh B

~2.5ms TIRHET YT RT—IILERRBA VI —23 0 THORTFr—DHHA EHEIZHH
Y icdis

600mb+ RITILT—EOENIZETEITIRAFVYEE
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Most of our Screen Space (and Voxel Space) shaders have been moved to
Compute.

Frame is pipelined. Post processing overlaps Gbuffer fill for the next frame.
Massive win compared to just graphics pipe.

~5ms back on a 33ms frame from using Async Compute.

Everyone should do this!

A= ZAR—=R(BLURIEILAR—=R) 1—F DIFEAEE, AV E1—bx—FI2FHLT
IL—LABINATS5A1T B, RANTARRIEIRDIL—LEGINY T 7D IAILINELES
GPUZ YT T4 VT2 TIE B RIGCEITESI DA E R
AsyncaAE 12—k MD33msM55msiz (15
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Async Compute: ~ 27ms

Wb eDistanc
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Gf.Qm

Higher Frequency Shadows.
— Possibly Voxel Soft Shadows.

Higher Resolution Grid.

— Investigate using a brick map.
Bounce from Characters.

— Some form of limited injection.
Improve Material Model.

— Currently not very physically
correct.
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