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Began VR research 3+ years ago

Both hardware and software engineers

Custom optics designed for VR

Display technology low persistence, global display

Tracking systems

VALVE]

b Fiducialbased positional tracking
b Desktop dotbased tracking and controllers
b Lasertracked headset and controllers

SteamVR\PI¢ Crossplatform, OpenVR
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HTCNive Develeper Edition-SpedgALVE]

Refresh rate: 90 Hz (11.11 ms per frame)
Low persistence, global display
Framebuffer: 2160x1200 (1080x1200 js3re)

Off-screen rendering ~1.4x in each dimension:
b 1512x1680 perye = 2,540,160 shaded pixels {@3te (bruteforce)

FOV is about 110 degrees
b 0 C N X -shdezracking
b Multiple tracked controllers and other input devices

ot o ©O O

ot



GAME DEVELOPERS CONFERENCE® 2015 MARCH 2-6, 2015 GDCONF.COM

ReomScalel Tracking VALVE]

|
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Optics & Distortion {(RPreVarp) VALVE

Warp pass uses 3 sets of UVs for RGB separately to account for spatial and chromatic di

7

',,/, N

P & e iR

(Visualizing 1.4x render target scalar)
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Opticsi&Distortion (PosVarp)  [VALVE

Warp pass uses 3 sets of UVs for RGB separately to account for spatial and chromatic di

(Visualizing 1.4x render target scalar)
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ShadedNisiblei Rixels percSecondVALVE]

b 720p @ 30 HZ7 million pixels/sec

b 1080p@ 60 Hz:124 million pixels/sec

boné az2yAld2NI Hp246nkElioc pixals/séc
b 4k Monitor 4096x2160 @ 30 HZ65 million pixels/sec

b VR 1512x1680x2 @ 90 H&7 million pixels/sec
b We can reduce this t878million pixels/sec (later in the talk)
b 9ljdzA Gl £ Sy (2 oné¢ a¥RréndereNI X
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ChK- SNBSS0 “EnNB Effbc2 & { VARV ﬂ

b Tracking allows users to get up close to anything in the
tracked volume

b/ Yy Qi AYLI SYSyd | adzLJSNJE
2dza i GKAa avylrtt €tAGGES O°f

b Even your floors need to be higher fidelity than we hav
traditionally authored

b LT A0Qa Ay @&2dzNJ GNF O1 SR ¢
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VRRendering Goals VALVE]

b Lowest GPU min spec possible
b We want VR to succeed, but we need customers
b The lower the min spec, the more customers we have

b Aliasing should not be noticeable to customers
b/ dzZAG2YSNE NBFSNI G2 |fAlFaAy3

b Algorithms should scale up to muEPU installations
bl al @2dz2NEStFTI da2Af-Dt - O OROR
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b Methods for Stereo Rendering

b

VALVE]
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StereoRendenng (Singl@RU) ATVl

b Bruteforce run your CPU code twice (BAD)

b Use geometry shader to amplify geometry (BAD)

b Resubmit command buffers (GOOD, our current solution)

b Use instancing to double geo (BETTER. Half the API calls, impr¢
cache coherency for VB/IB/texture reads)

b al AGK t SNF2NXI YOS { Tn®thgpvaiison, Sah BRisged
Virtual RealityMeetup
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StereoRendenng(MuHBGPU) VALVE]

b AMD and NVIDIA both provide DX11 extensions to accelerate sl
rendering across multiple GPUs

b We have already tested the AMD implementation and it nearly doubles ol
frameratec have yet to test the NVIDIA implementation but will soon

b Great for developers
b Everyone on your team can have a m@#U solution in their dev box
b This allows you to break framerate without uncomfortable {vamerate VR
b But lie to your team about framerate and report singg®U fps :)
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Outline VALVE]

b

b

b Timing: Scheduling, Prediction, VSync, GPU Bubbles

b
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Prediction VALVE]

b We aim to keep prediction times (render to photons) for the HMD and control
transforms as short as possible (accuracy is more important than total time)

b Low persistence global displays: panel is lit for only ~2 ms of the 11.11 ms fr¢
: 22.22 ms of prediction '

. 11.11 ms Dy 11.11 ms ;
VSync VSync VSync
Render
‘\ - Image Sent To HMD Panels ]
Predict HMD Pose &
Tracked Controllers Panels illuminated,
22.22 ms user sees frame!

NOTE: Image above is not optimal VR rendering, but helps describe prediction (See later slide
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Pipelined:Architectures VALVE]

b Simulating next frame while rendering the current frame

. 11.11 ms
L]

. 11.11 ms 1 11.11 ms .
VSync VSync VSync VSync
Game Simulation / Render Prep
o R  submit D3D Calls
Y N
Predict HMD Pose & \ Render
Track??gl 3(’:??ntrollers Predict HMD Pose & | Image Sent To HMD Panels -
+33 MS Tracked Controllers
22.22 ms

Panels illuminated,
user sees frame!

b We repredict transforms and update our global cbuffer right before submit
b VR practically requires this due to prediction constraints

b You must conservatively cull on the CPU by about 5 degrees
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Waiting fior MSync VALVE]

b Simplest VR implementation, predict right aftésync
b Pattern #1: Present(), clear back buffer, read a pixel
b Pattern #2: Present(), clear back buffer, spin on a query

b Great for initial implementation, but please DO NOT DC(
THIS. GPUs are not designed for this.

b {SS W2KyYy aO52ylIfRQa Ol f 1>
b ! @2 Cidstyophic Performance Loss: Detecting-GiPU
Synd 2 A yJéha BlcDonaldNVIDIAGDC 2014
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GPU:Bubbles VALVE]

b If you start submitting draw calls after VSync:

/ Tl B !
GPU e GPU —
Bubble! Bubble!
VSync VSync
b ldeally, your capture should look like this:

-

"I'L

VSyn VSync
(Images are screen captures of NVINBEigh)
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Gundzy’ A1y 3

{ O NJIi

If you start to submit D3D calls after VSync:

VALVE]|

Render thread
submitting work
to D3D

b7 Present

110

! ‘i__'I'L'I'

GPU
Bubble!

VSync

b7 Present
Rgnder threadk r
submitting wor
to D3D GPU
Bubble!

VSync

Instead, start submitting D3D calls 2 ms befdfeync(2 ms is a magic number

based on the 1.2.0ms GPU bubbles we measured on current GPUSs):

Render thread
submitting work
to D3D

Present

=T

VSyn

Render thread
submitting work
to D3D

VSync

Presenit

"I'L

But, you end up predicting another 2 ms (24.22 ms total)
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Grwndzys ViAtY \Byne{ O I NI € VARV

b Question: How do you know how far you are from VSync?
bl VASSNY LOGQA GNRAO]TE@d wSYRSNR)

b The SteamVRIpenVRAPI on Windows In a separate process spit
on calls tdDXGIOutputWaitForVBlan® and notes the time and
Increments a frame counter. The application can then call
GetTimeSincelLastVSyhthat also returns a frame ID.

b GPU vendors, HMD devices, and rendering APIs should provide
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O(R\Ahdﬂ)éﬁa?‘rtYDﬂtallé 0 NI € VAEVS

To deal with a bad frame, you need to partially synchronize with the GPU
b We inject a query after clearing the back buffer, submit our entire frame, spin
that query, then call Present()

b This ensures we are on the correct side of VSync for the current frame, and v
now spin until our running start time

Present L Present

Clear Predict
\ Inject Event Query

Present

Clear
l‘In]ect Event Query

“II Wait until 2 ms before next VSync
]

Predict Predict

CPU

GPU

Clear™ Event Query Finishes Clear™ Eyent Query Finishes

VSync 11.11 ms VSync 11.11 ms
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Why the Queryss Critical VALVE]

b If a frame is late, the query will keep you on the right side of VSy
for the following frame ensuring your prediction remains accurat

Present Present Predict Presen
Clear Clear
Inject Event Query Inject Event Query ! 2 ms d
I“ Wait until 2 ms before next VSync I Wait until 2 ms before next VSync i Suhmlt i
‘ ! ‘
CIea Event Query Finishes Clear™ eyent Query Finishes

vSync 11.11 ms VSync 11.11 ms VSY"° 11.11 ms VSV"
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Ruwmnrrgs&arﬁ&ummary VALVE]

This is a solid 1-2.0ms GPU perf gain!
b You want to see this in NVIDNSight

Present Present

N 110 R\
Renqehhread L_II E l. Renqer_\thread I'l L

submitting work submitting work
to D3D to D3D

VSyn VSync

b  2dz 6l yG (2 &S&PUViENE AY aAONRA&A2THQ

Render thread Render thread

submitting work submitting work

to D3D\‘mm to D3D\‘mm
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Outline

b

b Specular Aliasing & Anisotropic Lighting

VALVE]
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Aliasingls Your-Enemy VALVE]

b The camera (your head) never stops moving. Aliasing |
amplified because of this.

b While there are more pixels to render, each pixel fills a
f F NASNI Fy3tS GKFEY FyeéeiKAy
some averages:.
bHpcnNnEMcAnn o50gixel¥degfde (52 dedree fv)

b 720po n € Y 2Pvhiker/tSgree (5@egree Hov)
b VR: 15.3pixels/degreg110degreefov w/ 1.4x)

b We must increase the guality of our pixels
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AXMSAANMintimunQuality VALVE]

b

Forward renderers win for antialiasing because MSAA just work:
We use 8XxMSAA if perf allows

Imagespace antialiasing algorithms must be compared-figside
with 4xMSAA and 8xMSAA to know how your renderer will comy
to others in the industry

WAGOGSNBR {{!! A& 200A2dzateée Ot
but only If you can spare the perf
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Normal IMaps Arel/Nob Delad

b Most normal maps work great in VR...mostly.
b 2 KFEFd R2SayQi @g2NJY
b Feature detail larger than a few cm inside tracked volume i
b { dZNF I OS &aKI LIS AYyairARS I GNF
b What does work:
b 5Aa0lyld 202S00a 2dziaARS GKS UGN Of

b { dzZNF I OS &G SEGdzN RSO A
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Normal Vap Mippitag: Error VALVE

Expected Incorrect
glossiness glossiness

N

Zoomed out Zoomed out
super -sampled normal map
36 samples box filtered mips

Blinn -Phong Specular
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Normal WMap Mipping’ Problems [VALVE]

b Any mip filter that just generates an averaged normal Ic
Important roughness information

A e e e WY e Wl o e W

8x1 flat normal map 8x1 rough normal map

These should NOT
be the same!

1 & We've lost the g 1
roughness information!
1x1 flat normal map 1x1 rough normal map
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4096x4096 Normal Map 4x4 Mip Visualization
Fire Alarm
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4096x4096 Normal Map
Fire Alarm

_W__g;v..;{f@jf?@f v
- = B

- ’3 \Z//L | S W

8x8 |\/|Ip Visualization

16x16 Mip Vlsuahzatlon
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4x4 Mip Visualization

Dota 2 Mirana Body
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4096x4096 Normal Map 4x4 Mip Visualization
Dota 2 Juggernaut Sword Handle
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Normal IMap\Visualization VALVE]

o " g -
| I
Nl : J ‘j. } 'I // / ..
= . / , '
i
W ‘ _ .
4096x4096 Normal Map 4x4 Mip Visualization

Shoulder Armor
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Normal IMap\Visualization VALVE]

4096x4096 Normal Map 4x4 Mip Visualization
Metal Siding
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Roughness kEncoded iniMips

b We can store a single isotropic value (visualize
as the radius of a circle) that is the standard
deviation of all 2D tangent normals from the
highest mip that contributed to this texel

b We can also store a 2D anisotropic value
(visualized as the dimensions of an ellipse) for
standard deviation in X and Y separately that c
be used to computéangentspace axisaligned
anisotropic lightind
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Final MipChain VALVE

R = Roughness X G = Normal Y B = Roughness Y A = Normal X

f

77777777 77777777'71 \\\\\\\\\\\\\\ \\\\\
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Add ArtistAuthored Roughness [VALVE]

We author 2D gloss = 1¢roughness
Mip with a simple box filter
Add/sum it with the normal map roughness at each mip level

Because we have anisotropic gloss maps anyway, storing the generated nori
map roughness is FREE

oo o o o

Isotropi Gloss Anisotropic Gloss
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TangeniSpace Axidligned/Anisotropicikighting VALVE]

b Standard isotropic lighting is
represented along the diagonal

b Anisotropy Is aligned with either of
the tangentspace axes

b Requires only 2 additional values
paired with a 2D tangent normal =
Fits into an RGBA texture (DXT5
>95% of the time)

Tangent V Roughness

1.0 0.8 0.6 0.4
Tangent U Roughness
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Roughnessdokxpenent Ganversiﬂﬂm@

b Diffuse lighting is Lambert raised to exXpon ieslekes
(N.LX) where k is in the range G54 w* Y Y

b Experimented with anisotropic diffuse
lighting, but not worth the instructions

b Specular exponent range is16,384 and is gt
modified Blinn-Phongwith anisotropy (more 8
on this later)

Tangent U Roughness

o
i

o
o
-

Tangent V Roughness

void RoughnessEllipseToScaleAndExp ( float2 vRoughness,
out float o_fIDiffuseExponentOut , out float2 o_vSpecularExponentOut , out float2 o_vSpecularScaleOut )

o_fIDiffuseExponentOut =( ( 1.0 - ( vRoughness.x + vRoughnessy )* 05 )* 08 ) + 0.6; //Outputs0.6 -1.4
0_vSpecularExponentOut .xy = exp2( pow 1.0 - vRoughness.xy, 1.5 ) * 14.0 ); // Outputs 1-16384
0_vSpecularScaleOut .xy = 1.0 - saturate ( vRoughness.xy * 0.5 ); // This is apseudoenergy conserving scalar for the roughness exponent

}
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How Anisotropy ds €Computed VALVE]

Tangent U Lighting Tangent V Lighting Final Lighting
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Shader Code

VALVE

void RoughnessEllipseToScaleAndExp ( float2 vRoughness,
out float o_fIDiffuseExponentOut , out float2 o_vSpecularExponentOut , out float2 o_vSpecularScaleOut )

o_fIDiffuseExponentOut =( ( 1.0 - ( vRoughnessx + vRoughnessy )* 05 )* 08 ) + 0.6; //Outputs0.6 -1.4
o_vSpecularExponentOut .xy = exp2( pow 1.0 - vRoughnessxy, 1.5 ) * 14.0 ); // Outputs 1-16384
0_vSpecularScaleOut .xy = 1.0 - saturate ( vRoughness.xy * 0.5 ); // This is apseudoenergy conserving scalar for the roughness exponent

}
Isotropic Diffuse Lighting:

float fIDiffuseTerm = pow( fINDotL , fIDiffuseExponent ) * ( ( fIDiffuseExponent +10 ) * 05 );

Anisotropic Specular Lighting:

float3 vHalfAngleDirWs = normalize ( vPositionToLightDirWs .xyz + vPositonToCameraDirWs .xyz );

float3  vSpecularNormalX
float3  vSpecularNormalY

= vHalfAngleDirWs .xyz - ( vTangentUWsxyz * dot( vHalfAngleDirWs .xyz , vTangentUWsxyz ) );
= vHalfAngleDirWs .xyz - ( vTangentVWsxyz * dot( vHalfAngleDirWs .xyz , vTangentVWsxyz ) );
float fINDotHX = max 0.0, dot( vSpecularNormalX .xyz , vHalfAngleDirWs .xyz ) );

float fINDotHkX = pow( fINDotHX, vSpecularExponent .x * 0.5 );

fINDotHkX *= vSpecularScale .x ;

float fINDotHY = max 0.0, dot( vSpecularNormalY .xyz , vHalfAngleDirWs .xyz ) );
float fINDotHkY = pow( fINDotHY , vSpecularExponent .y * 0.5 );
fINDotHKY *= vSpecularScale .y ;

float flISpecularTerm = fINDotHkX * fINDotHKY ;

Isotropic Specular Lighting:

float fINDotH = saturate ( dot( vNormalWsxyz , vHalfAngleDirWs .xyz ) );

float fINDotHk = pow( fINDotH , dot( vSpecularExponent .xy, float2 ( 0.5, 05 ) ) )

fINDotHk *= dot( vSpecularScale .xy, float2 ( 0.33333, 0.33333 ) ); // 0.33333 is to match the spec intensity of the aniso algorithm above
float flISpecularTerm = fINDotHk ;
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GeometricsSpecular/Aliasing VALVE

b 5SyasS YSaKSa ¢gAl0K2dzi y2NXIFf Yl LA |faz

b We use partial derivatives of interpolated vertex normals to generate a geometric
roughness term that approximates curvature. Here isibekymath:

float3 vNormalWsDdx ddx vGeometricNormalW.gyz);

float3 vNormalWsDdy ddy( vGeometricNormalWsyz);

float flGeometricRoughnessFactepow( saturatd max dot( vNormalWsDdxyz vNormalWsDdxyz), dot( vNormalWsDdyyz vNormalWsDdyyz) ) ), 0.333);
ghnessy =max vRoughnessy, flGeometricRoughnessFactex);// 9 y & dzNB ¢ S -Boanyroughnéss itizdrinab map encodes geometric roughness

Visualization of flGeometricRoughnessFactor
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GeometricsSpecular AliasingrPart[2ALVE]

pa{!! OSYUSNI ga OSYUNRBAR AyudSt!

b Normal interpolation can cause specular sparkling at silhouettes
to overinterpolated vertex normals

b | SNBEQ&a | GNARO] ¢S INX dzaAy3y

b Interpolate normal twice: once with centroid, once without
float3 vNormalWs : TEXCOORPO
centroid float3 vCentroidNormalWs : TEXCOORDP1

b In the pixel shader, choose the centroid normal if normal length squared |
greater than 1.01

if ( dot( i.vNormalWsxyz , i.vNormalWsxyz ) >= 1.01 )
{
I . vNormalWsxyz = i.vCentroidNormalWs .xyz ;

}
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Outline

b

b MiscellaneousvVR Rendering opics

VALVE]
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Normal MaprEncoding VALVE]

b Projecting tangent normals onto Z plane only uses 78.5%
the range of a 2D texel

b Hemioctahedron encoding uses the full range of a 2D tex
b a! {dz2NBSe 2F 9FFAOASY(d wSLINKaAS
Cigolleet al., Journal of Computer Graphics Techniques Vol. 3, No. 2
2014

(Image modified from above paper)



GAME DEVELOPERS CONFERENCE® 2015 MARCH 2-6, 2015 GDCONF.COM

ScalerRenderaTarget Resofution [VALVE]

b Turns out, 1.4x is just a recommendation for the HTC Vive (Eact
HMD design has a different recommended scalar based on optic
and panels)

b On slower GPUs, scale the recommended render target scalar d

b On faster GPUs, scale the recommended render target scalar uf

b LT &82dzQ@¥S 320G Dt! Oe0fsSa G2 ¢



GAME DEVELOPERS CONFERENCE® 2015 MARCH 2-6, 2015 GDCONF.COM

AnisotropicTEexture iFiltering VALVE]
b LYONBFasa (KS LISNOSAOSR |
forget, we only have fewer pixels per degree)

b Force this on for color and normal maps
b We use 8x by default

b Disable for everything else. Trilinear only, but measure
ISNF P ! yAA2UNRLIAO FAL GSNJ
nottlenecked elsewhere.
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Noise!$ YourFriend VALVEl

b Gradients are horrible in VR. Banding is more obvious than LCD

b We add noise on the way into the framebuffer when we have
floating-point precision in the pixel shader

float3 ScreenSpaceDithgfloat2 vScreenPo}

{
Il lestyn'sRGHlither (7 asminstructions)from Portal2 X360 slightlymodified for VR
float3 vDither=dot( float2(171.0 231.0), vScreenPagy+g_flTime).xxx;
vDitherrgb =frac( vDitherrgb/ float3(103.Q 71.0, 97.0) ) - float3( 0.5, 0.5, 0.5);
return (vDitherrgb/ 255.0) * 0.375
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Environment Maps VALVE]

b Standard implementation at infinity = only works for sky
b Need to use some type of distance remapping for environment maps
b Sphere is cheap

b BoxIs more expensive
b Both are useful in different situations

b Read this online article:
b @& L Y tha&@& Lighting approaches and paralzotrectedcubemaps, Sébastien

Lagarde2012 % B
\ ]

| RCI;}E 4 m .l-' e W .| /-

P JE 0

| 7
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StencillMesh {HiddenrAreadviesh)VALVE]

b { GSYOAf 2dzi GKS LIAESf A& &:
lenses. GPUs are fast at early stengjction.

b Alternatively you can renddpo the depth buffer at near z
so everything early-mjects instead

b Lensegproduce radially symmetric distortion which mea
you effectively see a circular area projected on piamels
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Stencili\Mesh\(\Wasted Rixels)
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StenciliMesh (Unwarped Miew)

VALVE




