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Before | start 1 06d just |ike to say than
For those of you who dondét know me,
Hi , | 6m James McLaren, t he-GBmes,eutinor of E

Kyoto, Japan.
| 6ve been doing this whole game dev gig

And my main claim to fame is that | was lucky enough to be in the right place at the
right time to

End up being part of the small 3 man team from Q that worked with Sony on the OS
graphics and visualizers on the PS3.

CEDEC

Q-Games
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So hopefully everyone here has seen our
trailer to give you a hint of what weodve
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When | first joined the project in early 2012, there was already a good deal of
concept art created for the game, showing this very soft look.

2012
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The art team was producing all of this with Octane Render, a
GPUraytracer

And it became clear very quickly that going for a normal
deferred plus shadows rendering solution was not going to cut it

Especially as the world was dynamic.

Octane Render GPU
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Thankfully, the previous year there had been a really nice t&8liggtaphby Cyril
Crassinabout using Voxel Cone Tracing for Indirect Lighting.

Which seemed like it might be able to help us achieve this soft diffuse look.
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And later that year we got some positive reinforcement from Epics elemental demo
that perhaps this was practical for next gen.

Epic



* Voxelize the geometry to
build Sparse Voxel
Octree.

» Sparse Voxel Octree?
FBETH=HIZ, DA A
KN)ZRIESA4 XT3
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for it!

So, how doe¥oxel Cone Tracing work?

l 61l just run through it quickly for any
In the original paper they start bgxelizingtheir scene into a Sparsexel Octree

SVO
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Voxelize the geometry to build Sparse
Voxel Octree.

Inject Irradiance.

SVOZHBET 5102, OF A ERIESAXT

1

%
EEADRHEREMZD

/'
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Then Injecting Irradiance values into the SVO.
Usually using something like Reflective Shadow Maps.

SVO

Octree 8
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Voxelize the geometry to build Sparse
Voxel Octree.

Inject Irradiance. cource S

Filter the Irradiance up the SVO. V

SVOZIBET 5102, DA AN ERIES5/4X i
EES o

EEADRHEREMZD

SVOREBET(ILAYLT TS .
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10

After injection they filter the irradiance up tbetree to get themselvesipmapped
versions of the Irradiance data.

10




Voxelize the geometry to build Sparse
Voxel Octree.

Inject Irradiance.
Filter the Irradiance up the SVO.

Trace cones per pixel through the SVO.

SVOZHRT 21=DIZ, VA AN ZERI£F(4X
EXS)

EEXDORITEHREMZS
SVOXEZT/ILAE) T T B
SVOFBELTEY RIS EIZO—VN—RET S

Diffuse cones

After which they trace a set of cones through the SVO per pixel.

SVO




Voxelize the geometry to build Sparse
Voxel Octree. 4

Inject Irradiance.

Trace cones per pixel through the SVO.

Filter the Irradiance up the SVO. Ray cone
footprint

Accumulate Irradiance.

SVOZEHEET B0, DA AN ERIE51XT S

Quadrilinearly

WETEBEEMZ S interpolated
SVOREZETAIRITT D samples 2
SVOZELTE I EIZa—2—RET D Sparse MipMap pyramid
BEEXDORSIEREFERETS Voxel-Based cone of pre-integrated values
(stored in the octree) )
2014/09/03 12

And takequadilinearsamples at ever increasing levels up the SVO as they trace
along the cone to accumulate the Irradiance for the pixel

Explainquadrilinear

VoxelCone Tracing

Cone
Octree

bilinear 2D Texture interpolation

trilinear -> 3D Texture

quadriliniear-> 4D (interpolating between twirilinear interpolations)

3D texture A trilinear sample + 3D texture B trilinear sample interpolation

12



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.I.S.S. for 2"d attempt

Just use a 3D texture!

DX11 & #IHAD PS4 SDK THEREF R+
LAV IEE (TELN(30+ms)
—FERICIIEOYITGESENI—FIZEo1=
TOREDIF T INGEREEFESLICLE

3D textureZ{EH S !

2014/09/03 13

So,
To cut a long story short.

| did some prototyping and implemented something similar to what the paper did in
early 2011

Got something working, on an early PS4 SDK

But then got diverted to take care of a whole load of other engine work that needed to
happen

And when | finally got a chunk of time to look at the lighting again a year later

It didndt run anymor e, and | was scare
as it hadndét been that fast in the fir

| was always a little unsure hdviddeouswvalking theoctreewas going to be
performancewnise on final hardware

So for my second attempt | decided to go with something simpler
And just get rid of thectreeentirely and use a 3D texture instead.
No complicated traversal, simple!

PS4 SDK SVO
2011 SVO

d
st
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6 Cascades of 323 voxels.

Anisotropic Voxels (6 facing directions)

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

2-3 Bounce Diffuse Indirect Lighting

Also handles Direct Lighting.

We don’t use any shadow maps.

6MHRT—RERMBDRIEIL

EAMRIEIL (6EmAR)

BERMEZE ((6%32) x (6*32)x32) DE—DIDTVRAF¥IZFEHRAL
16 AM DL —R (BRIKTRZAR)

2-3B D /™92 AL B RS 2 R BA

EiEfnnE

xRy ERLGL
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Obviously just a single 3D texture would never be large enough cover our scene, and
fit in memory

So we extended this to use cascades.

We kept the anisotropic voxels from the origin paper, as this proved to be quite
important for getting good results

And so we ended up pack all 6 faces and 6 cascades into a single 3D texture per
attribute

We trace in 16 fixed directions , in a similar way to how Epic traced 9 directions for
the Elemental demo

And this gets us 2 to 3 bounces of Indirect lighting
As well as our direct illumination

3D

3D 6 6
EPIC 9 16
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So, for anyone, who doesndét know what I
Herebds a quick | ook at a debug view on

t

15



G,.,?m

2014/09/03

Hereds whatodos represented in the

32x32x32

16
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And andas we add more and more cascades

17
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And you can see as | add more cascades

18
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You can see that we get something that sort of approximates the original scene
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Looking from above we can see the concentric pattern of the cascades

that will be familiar to anyone
\Volumes.

whoos

20
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Cascades and faces all packed into
a single texture per attribute.

Attribute textures for albedo,
normal, occlusion and emission.

ﬁZ’J’fF&E(iT’{TTHJ Ea—krZE&
(ST WTHOARF—ITlg>TLND
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A quick word about how we store our textures.
We pack everything into a single 3D texture per attribute.

We need repeated blocks of 32é3elsfor each face, as oupxelsareansiotropi¢
and we tile these in X.

We also need to tile them in Y for our cascade levels.
This setup allows us to easily ttdinear interpolation between owoxels

but we do have to be careful when we sample to always clamp to the edge of our
cascades to avoid bleeding from other faces or cascades.

3D

3273
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e Algorithm split into two phases:

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

o ZILOYXLIF2D:
1. AR —FORNEPEH
2. RO)—2UZAR—ZXTHA—2M—XR

GO 2014/09/03 22
for it!

So our implementation is split into two main parts.

In the first we update our internabxel data structuresjoxelizinganything new that
comes into view, and injecting and bouncing light.

In the second phase we trace cones in screen space to get local irradiance information
which will then be used to drive our per pixel lighting.

2
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* 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
g=L))=1))

* Each cascade updated twice as frequently as the next.

o —LARILDORIESARITIYTT— B IL—LITS
o HB#MLEONOUAEERLT. & T EVNEVYRERDITS
o BHRHY—KIE BBEIZ2EEHTS

& 2014/09/03 23
for it!

We made the decision early on to only update one cascade level per frame.

This works well because indirect lightin
high frequency for users to find it convincing.

A simple way to implement this, would be to just cycle through our cascade levels,

But this means our nearest cascade would only be updated every 6 frames, which is a
bit too slow.

So instead we have an incrementing counter, that we mask off, and count the number
of trailing zeros on.

This now gets us a situation where our closest cascade is updated every 2 frames, and
our next closest every 4, and so on.

Which perceptually is a much better balance.

23
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Calculate new cascade center. © HLLWART—FEL5—%5ET D
Scroll cascade data if we have © BBLTWIGE . DAT—FT -2
q ya—)L9%
moved. + BEEELTEBEShTOREROY
Voxelize to update any geometry FAN)ERI A ALEFHT S
that has changed, if necessary. o H—TzARX1DORIEILIE. RIOESA
“ » ; - AR S
Surface” voxels are identified T .
diiFi TR © SMHDORTEILNBRAZ—RL, =Tk
Uring yoxelization. L—R (16 AE) &AL THRT—F %
We then propagate illumination BLTRBAZEGET S
through the cascade via cone
tracing (in 16 directions), starting
at these voxels.
2014/09/03 24

The first thing we need to do is calculate the new center of our cascade if the viewer
has moved.

l'tds i mportant t o miponappingteasy later onnwedavelte r t o
lock this to a grid that is half the resolution of our cascade.

We must then scroll any data we have in our cascade level if we have moved,

And voxelizeany new geometry at the edges of our cascade, or geometry for objects
that have just appeared or been changed.

At the end of ouroxelizationprocess we scan feoxelsthat are on the surface of
our geometry, and write these our toRAW_Buffer.

These are theoxelsthat we will trace from to update the direct and bounce lighting
for our cascade.

24
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RW_Buffer
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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.

B AN DHERIESAXTH
128x128x32MHART—K &, FNEFNDET
16XDRA—/I\—H T 5%/ DI=HIZRY
54X
2 IELDCEFE->TLNDD TR A4 XL
BTY
AT HMIETavIR—ZADF vy ok
FE-oTLVD
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Becauseroxelizationcan be slow, we onlyoxelizestatic objects.
Characters and dynamic objects are dealt with separately, which | will describe later.

Ourvoxels even at the finest level tend to be quite large, and so some degree of
antialiasingwhenvoxelizingis very important.

For this purpose weoxelizeinto 128x128x32 textures for each axis, before applying
a final resolve, to give us 16x AA.

Our landscape is stored as a Layered Depth Cube, which is essentially a set of span
lists in each axis, and is thus very easydrelize

Objects however have to bexelizedvia the hardwareasterizerwith a custom
pixel shadetthat we use to export a list wbxels on each axis.

These are then sorted in a compahliadero ensure correct depth ordering.

This process is relatively expensive, and can be a bottleneck when a large amount of
objects suddenly enter our cascade.

In order to amortize some of this cost, vaxelizeobjects into 8x8x8 blocks, that are
stored in a simple cache, that covers an area slightly larger thaasmade.level

In this way we cawoxelizeobjects that will be needed in the near future over a
number of frames, without causing any undue frame spikes.

25



AA

128x128x32

8x8x8

voxelize

16
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Important to be a solid voxelization.

Fill spans between voxelized surfaces with
black opaque voxels.

. e ,  EEEEN
Propagate surface attributes to first inner layer Sissisis
of voxels. [alaialst

BEEROERFV) YRR UL

BENTRBEBEARIEILERIEILEL-REOR mnnsl}
BN —

RICILDE—BA~AY—TAATME2—
FGiET 5
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One thing that we found important for robustness was to ensure thvaixileation
was solid.

So as a post step aftevxelizationwe fill spans between voxels with opaque black
voxels.

We also propagate our surface attributes inward to the first subsurface layer of voxels
to ensure we canodot trace past i mportant

26
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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.

ART—KRIZBIRT 2D ERED /Y RZERFLIL
Fl SAMORBEANLEERETIATILENDHD
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So, now we have the updated attribute data for our scene.

We need to inject lighting information and propagate bounce light withiwoxet
data structure.

27
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For a given voxel + direction, a cone
trace to determine direct illumination,
and one for 1%t 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!

2014/09/03

Ezont=RovILEAM., BEEREAER
HHA—hL—R. 1, FEIXNEEHDOR
B . RCARIEILIZ DT T, FL
TRIERKFRDERE

A= bL—ZAADAAELTRRDHETY
AFrEiRHL. EHOREERTHE
nHs
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LW ZE, Ta—R w2 8L <Ay
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Because of the look we were going for, we decided not use shadow maps, and to use
cone tracing for our direct lighting as well.

As our tracing directions are fixedyis means that for our surface voxels, the cones
we will trace for direct lighting , are the exact same cones we need to trace for

bounce lighting.

So we can fold everything into one cone trace for each of our 16 directions, and just

feed it with multiple input textures and get multiple results back.
We do have to be careful about how we organize this though, as we want a pipeline of

data fl owing

t hrough

the system, we

donod

28
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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

FON—2avhRT—K

AT ORF MDA -IRAVRSA DD FEN
EEXOHRT—F -REDATYTEOR LIS Direct Light
T. EERH

FALIRSAMNRT—F BREBEDRTYTLEORIEIL
1ZHETRTOEALINSAH
INIURSAMNRYT—F - REDRATYTDINIU RS
1k
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So, our cone trace, takes as input an occlusagoadeelling us which voxels are
occupied.

An input lightcascadewhich contains information about radiance from any point
lights we have in our scene.

A Direct Light cascadewhich is the direct lighting we accumulated last time this
cascade was updated.

And a Bounce Lightascadewhich is the first bounce indirect light that we
accumulated on our last update.

Note, there is no direct light added into the bounce light cascade otherwise we will
get feedback.

29
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Direct Light cascade

Bounce Light cascade

Bounce Bounce Light Cascade — Direct
Light + 1%t bounce light + 2"4 bounce

light + extra magic. Used by Screen
Space Cone Trace.

FALINSAMART—R
INDDORSAMNR T —F

INOUR NGV RSANNRT—R
Direct Light + 1st bounce light + 2nd

bounce light + extra magic. A1) —2 AN
—RXa—VhL—REFEA

Direct Light

2014/09/03 30

Once we have theesults of our cone traces in the 16 directions from each voxel, we
can light each of its faces with the light we have gathered.

And spit out a new direct light and bounce light cascade,
as well as what | like to call the BounBeunceLight cascade,

which is the Final result texture containing our direct lighting, 2 bounce of indirect,
and a tiny bit of extra special magic, to give it an extra kick.

16
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fleat3 beunce diff = min(10.f*max(gedond bounce -

Two bounces at voxel granularity is good, o FRARIEILTO2EOREIZERLY

but would like more. $EREMR ol BT
Fake more by looking for places that

received more second bounce of light than * _IE]_E ‘k[’,}_,‘ —EH 0)\&%’%;&% ¥
first bounce, and boost them slightly. féiﬁ_;)z&%b—cs TnoZxdbLT—R

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

2014/09/03 31

Two bounces of light at our voxel granularity are nice, but we would like to have
even more.

So, we try to fake just a little bit more by looking for places that received more
second bounce light than first bounce light,

and surmising that they would probably get more illumination from a third bounce.
We add this extrapolated extra bounce to our final bobooeceresult.

31
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Propagate irradiance up our o HARAHF—KLARIJLDWBEIBEEZT7 VT

cascade levels. LIciET 5

Do this for all 3 irradiance . 390)?@%7‘7\3?‘?\ 7:T_I'ET_]_~ N
textures, Direct, Bounce and AREINGDRIND  REATD

Bounce Bounce. s NMLDTIRAFYIL, FI=-BEHEE

$HE RIB—IILEITD

These textures will be scrolled to . o
© ROWAT—RT7YIThMoRELIZT

as we move around.

o _ YUIRHRZER®GEI S
Missing edge info taken from next
cascade up.
2014/09/03 32

Finally we propagate the irradiance up the cascades with a cosfauter
We need to do this for all 3 irradiance textures that we have.

ltos also worth noting that we also have

around.

With data that we dondét have at the edge

up, to give us a reasonable starting point.

32



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.

2014/09/03

REBEONR(E, B BEERHT. T
;g@t“bt)b%t")@m’éﬂzﬁﬁ%’é. iz
165 D1IOEBETAL—AL., BL<TYTR
r—ILT5(FU16AMT)

A=V RTCEFTVTRT—IL%ELE
DLERARYEWGE ., BEFLII%
By —RIEEILOTRUR I\ T7EE
2935 dispatchindirect()

IEEEICE DT, FL—RDBI AR T —
FETLURT S
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Now that we have updated the data that we have in our voxel cascades, we can now
go about starting to get this data into screen space.

Because we are dealing with very soft lighting, we can afford to cone trace at a much

lower resolution than 1080p

So, we use a ¥ dimension buffer

and intelligently upscale it, fixing up any pixels that really need it as we go.
Again this is traced in the same 16 directions that we used to trace from the voxels,

And we output to a 16 layer deep, screen space texture array.

1080p
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So you can begin to see what this looks like.
Here is our scene with just direct cone traced illumination.

BTW, a this point itds probably worth no
one for each direction we trace.

As you can see, this all gives us a very soft look to our shadows.

16 SRBFs

34
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And you can see what starts happening as we add in the indirect lighting.
Here we have just orfeouce

35
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And now two.
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And three.

37



 Cone Tracing is still slow with * 3I—~hL—RE3DTIRAFYHR
r—REFES>TEHEL

even with a 3D texture .
o RBHBRD)—DUAR—ZADK—
cascade. ZD1=IZ10IU BN A S
e 10’s of ms for final screen o FHORFYILYITITMNIERIZSZ N

space traces.

e Way too many texture
lookups.

GO 2014/09/03 38
for it!

So all of this works, but is still a little too slow.
So we have had to cut a few more corner to get to a workable speed.

38
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For each Cone Trace step, we must
interpolate between values from 3
voxel faces.

Weighting is determined by the
direction we trace.

ZA—U L —RRTFYTDE=HIZ, Fit=
LE3D2DRIIILENMSDIEXHBETH
WHWELHD

FL—RDAFBIZEST. EHAFITHIRE
Y (%)
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The first thing we do is note that because\mxelsare anisotropic,

as we trace, we are constantly having to do an interpolation between the values of 3
face voxels.

This is quite costly in terms of the number of texture lookups.

39
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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. ] o & [

LML, Bz DA RIFEESN TS

16ARDONFNIZONTFOEESLTR
FE1T5((16 *32) x (6*32)x32MDTHU R
Frl)

3P DUXTFHRAFYaARK

x16
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But because we have fixed the directions we will trace, we can actually just pre
combine these values for each of our 16 directions.

And store the whole thing in another texture.

There is a slight overhead for doing this, but it is relatively cheap, and it reduces the
number of texture lookups we need for the

Cone tracing steps by a factor of 3.

16
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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.

Far

This work is redundant.
J—I)LEAR—RTCRILAMIZFL—RE .
nTW2a—2h205H 5185 e K]
FhFhOa—"%rL—RTHEIC. Y

DTNET—CDTFIZITKIFEEEAE AL
T5

CDEEXIRETY
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The second big optimization we make is simply to take advantage of parallax.
If we trace two cones in the same direction from a similar point in space,

the voxel data we access becomes increasingly similar as we move towards the far
end of the cones.

41



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 Convert to
Far Texture

cascade).

Lookup

Interpolate the “far” data from our

“far” texture, and combine.
16 A ADEIHEI—VT—EH DT VAT Near V V

YHR5—KF%4k3%

ESEILEIC, a—UITENWESENL—RT
5 (BHIRMELIE-HARAY—KE&ER)
BLDTHORAFvh L, EWDNIT—2%MHREL.

Harabhtd
&m 2014/09/03 42
So instead of tracing this data repeated

center of eackroxelin a cascade,

And store this in another texture, which we can tinéinearly interpolate from in the
future, to reconstruct this data.

Then we only need to trace the finear o pa
Afaro part.

Where the fAfaro cone trace starts can be
and speed.
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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.

=2 —RIEFAI=BIC REBRT—=IVIFATAV T DTAT—IVES5ZFET
LHL. COHBRTHESTERL/NESWDRIEILIEZTRIN0AA—FILTT
SHIZRYN) =D AR—RA THINETESN =T AT —IL &R T D2 ELH D
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Cone tracing is great, but our implementations smallest voxel size is only 0.4m, so
we need to augment this with extra detail computed in screen space.

0.4
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In order to do that need some screen space occlusion.

Note, that | left out the word ambient there,

We do something similar to Scre&pace Bent cones from GPU Gems 3
And integrate2 band SH rather than a scalar occlusion value.

Which gets us a visibility cone at each pixel, that we can then intersect with the cones
from our 16 trace directions

Keeping this occlusion directional rather than just a single scalar value really helps,
especially when we deal widpecular

GPU Gems 3

16
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