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probably know, tilebased GPUs are vecgmmon*in mobile. What these GPUs have in

common is that they split the framebuffer processing into multiple regions, called tiles, that

are processed one at the time. As part of this they will have some amountdfiprmemory

that is used to store color, depth, and stencil values for the tile that is being processed. The
obvious benefit of this approach is that there is no need to write to external menoain

memory) forevery fragment that is processed. Instead, all writes go to thelop buffer

until all processing for the tile is completed and then the contents of the entire tile is written

back to memory. It is this echip memory we refer to as Tile Lo&tbrage (TLS).

During normal renderingfLS contents are typically loaded/stored to/from maiq memory
whenever you begin/end rendering atited dziT A 1 Qa Ll2aairoftS G2 RSOAL
can instead be exposed more directly and the loading/storing can be managed explicitly.

TodaywS Qf f £ 2 2 &nd theivarkous éxtetsfors that exposean be used to do
efficient deferred rendering and approximate ordedependentransparencp 2 SQf f | f & 2
spendsome time examining where this technology could go next.

* (Side noteg actually the vast majority of all GPUs in the world arelitsed due to the
massive volumes mobile GPUs ship in!)



Previously...
 SIGGRAPH 2013

— Many techniques are bandwidth-
intensive

— Demonstrated bandwidth-efficient
deferred rendering

— [Martin et al, 2013]

 OpenGL ES 3.0 extension

— EXT_shader_pixel local_storage
— Cross-vendor support from IMG

Lastyear we presented our work to expose and use TLS. Wesbeiistom driver on
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experimentedwith a range of rendering techniques addmonstrated deferred

rendering running on a mobile device with a dramatic reduction in memory

bandwidth compared to traditional deferred rendering using multiptescreen

render targets.

Since thatalk the extensiorwas revised and the newer version renamed as
EXT_shader_pixel_local_storage . As part of this it gained crosgndor
support with backing and contributions from Imagination Technologies.

Details of the extension on théhronosregistry are available here:
https:// www.khronos.org/reqistry/gles/extensions/EXT/EXT_shader pixel local stora

ge.txt

Further discussion can be found here:
http:// community.arm.com/groups/armmali-graphics/blog/2014/04/01/pixelocal
storageon-arm-mali-gpus

And sample code using it can be found here:
http://malideveloper.arm.com/develogor-mali/samplecode/shadespixetHocal
storagesampld
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A couple of other things has also happened since our presentation last year.

An existing extensiosEXT_framebuffer_fetclwas also updated to support MRTs and
more flexible precision controls and now also enables access to TLS when @sed on
OpenGL ES 3.0 device

However, it does not have the same set of functionality as PLS. In this talk we will
compare and contrast the two extensions.
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exposes some features related to TLS that we will mention later.



So today we will:

Look at these extensions in more detail, and compare/contrast their feature sets
2S5Qft 221 I -éfficikndeferied rgnRedirdg Bain Be achieved with

these extensions.

Then look at how approximate ord@mdependent transparencfAOIT) can be

I RFLISR (2 dzasS ¢[{® 2SQff 221 4G aS@SN
local storage and how these techniques compare in terms of quality and efficiency.

Pixel local storage is unique in that it allows more flexible chaining of techniques
GAGK2dzi -ARMNED 22SF FoAff aK2g K29 RSTSNNBHF
AOIT in a single render pass.
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future work.






Framebuffer Fetch (FBF)

Exposed as EXT_shader_framebuffer fetch

Originally written against OpenGL ES 2.0
Updated for OpenGL ES 3.0

— Allows reading of MRT framebuffer values
— Can override precision qualifier

ARM extensions
— ARM _shader_framebuffer_fetch
— ARM_shader_framebuffer_fetch_depth_stencil

[SGQa GF{1S I Oft2a8NIt221 G FTNIYSodZFTSNI FSiic

TheEXT_shader_framebuffer_fetch extensiondiffers between versions. OpenGL ES

H®n RARY QO adzLIL2 NI awé¢a 2NJAyd F2N¥IFGa a2 ¥FN
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programmable blending. The extension was updated to work against OpenGL ES 3.0. At this

point MRTSs, integer formats and the ability to override the defenddiumpprecision

qualifier enabled it to support deferred rendering. It is commonly available on iOS for A7

based devices.

In both case&XT_shader_framebuffer_fetch allows you to readback the
framebuffer, but not the depth or stencil values. To readback depth it must be stored in one
of the MRTs at sufficient precision. MSAA framebuffers are supported but are expensive.

There are other closely related framebuffer readback extensions:
- ARM_shader_framebuffer_fetch provided an alternative to the OpenGL ES 2.0
variant ofEXT_shader_framebuffer_fetch FYR RAFFSNBR Ay AGQa
framebuffer formats. What the most desirable behaviour of these extensions in the
presence of MSAA framebuffers should be is an interesting question that we will return to
towards the end of this tallARM_shader_framebuffer_fetch provides single
framebuffer readback but with a more efficient approximate MSAA path.
- The ARM FBifepth_stencil variation providedadditionalreadback of the depth and
stencil buffer. This is a naturahd useful extension of any framebuffer readback
extension and complements TLS by exposing motieeobn-chip pertile data.
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on i0OS8&levices based on the A7 chip and onwards.

One of the major strengths of the new API is the ability to explicitly start and end
render passes with load/store actions. This allowspplication to easily save
bandwidth and computation by removing unwanted loads and stores. It also provides
clearer user intentions to the driver.

Compute shaders in Metalso expose the TLS memory explicitly as local threadgroup
memory. However data is not persistdmtyond the workgroup and seannot be

passed between workgroups other kernels in a similar fashion to how computation
can be chained together with FBF or PLS.

The approach taken by framebuffer fetch and Metal are similar in the sense that in
both cases theatorage format of the TLS memory is dictated by the render target
configuration. Once configured it is immutalite the lifetime of the render pass.



Pixel Local Storage (PLS)

« Exposed as EXT_shader pixel local_storage
* Written against OpenGL ES 3.0

* Per-pixel scratch memory available to fragment shaders
— Automatically discarded once a tile is fully processed
— No impact on external memory bandwidth
« Shader declares a view (struct) of PLS memory
— View can change within a single render pass
— Can have separate input and output views
— Independent of framebuffer format

PixelLocal Storage (PLS) is a more flexible approach to exposing the TLS to the
fragment shader. The extension does not rely on the framebuffer configuration to
specify the storage formagnd primarily impacts the GLSL code rather than the C
API.

With PLS enabled a shader can access the TLS memory agigepsructthat is

persistentfor the lifetime of the render pass. You would typically use this memory to

build up the final pixetolorprogressively using multipe K RSNA X A GK | F
shader at the end to explicitly copy to the framebuffer outplibe TLS is

automatically discarded once the tile is fully processed, so it has no impact on

external memory bandwidth. The only data that goesdifipis the data you

SELX AOAGte O2LR G2 (GKS wW2dziQ OFNARlIofSaz

On mobile, where you really want to stay-ohip and do everything in a single pass
to be energy efficient, this extension is a powerful tool for chaining computations and
reducing memory bandwidth.

Unlikethe other extensionseach shader is allowetd declareits pel,JA ESt  WGA S6 O
the TLS as atruct. This allows you to raterpret the data and change the view

between shaders. The pgixel view of the TLS is completely independent of the
OdzZNNBY G FNFYSOodzZFFSNI F2NXIF G YSEFEYyAy3 GKI G
end will still conform to the current framebuffer format.



I S NB eample declaration of a PLS shader view.

The layout qualifier on the left is used to specify the data format of the individual PLS
variables. Currently all formats are-Bts in size; that will likely not change in the
future. There is a larger number of formats supported for PLS variables than is
supported asramebuffer formats, including floating point and half float formats.

The precision and type specified in the middle describes the type the shader uses to
read/write to these variables. There is an implied conversion between this type and
the layout format when you read and write from your shader.

Werecommend reading the extension spec if you want more information about the
supported formats, and how to use the extension.

10



Storage format

Read/write format

11



Tile execution

Although slightlysimplified,this is what the rendering pipeline looks like when using
PLS. Main memory is on the left and thenp tile resources are on the right.

As you can see there are basically two paths from the fragment shader to the TLS,
depending on whether it is storing PLS variables or framebadier data. One path
goesthrough the blender and the other allows direct read/write access. The key

point here is that it is still allowed to read from the PLS and output values through the
blenderc this is required in order to be able to convert the stored PLS data to the
native framebuffer format when finally writingack to memory

Note alsathat all operations on the PLS happen in fragment submission order. The
pipelineenforces this to ensure shaders execute in the intended sequence, which is
required for correct operation.

You may also note that theLS variables and the framebuféeior share the same
memory locationg so writing to one of them will discard the other.

12



Framebuffer fetch

Close to traditional API

Storage format fixed for render pass lifetime
— Inflexible but can be good fit for some hardware
Correct MSAA requires per-sample shading
— Accurate but expensive

Tricky to use glInvalidateFramebuffer

— Seen real examples with incorrect use
— [Harris 2014]

FBF is close to the existing APl and so may be the smallest delta for existing deferred
renderers. However it lacks the flexibility and additional storage formats of PLS as the
storage format is defined and fixed for the render pass by the render target
configuration. This is not an issue for deferred renderers, but does limit other
applications. The fixed storage format can also be a better fit some hardware.

FBF supports MSAA framebuffer formats, but does so by forcinggmeple shading.
This is required for correct operation but the cost of shadingganple can be
prohibitive. Whether this is the best route in the future is something we are actively
debating and investigating.

The best known concern with FBF is the requirement to correctly place calls to
glinvalidateFramebuffer . Making a mistake will not affect rendering
behaviour and so is very difficult to detect in practice. The explicit load/store actions
demonstrated in Metal and PLS offer a more robust and semantically clear
alternative.

Pete Harris wrote a blog post describing how to correctly call
glinvalidateFramebuffer here:

http:// community.arm.com/groups/armmalirgraphics/blog/2014/04/28/mak
graphicsperformance2-how-to-correctlyhandleframebuffers

13
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Pixel Local Storage

« Simple, explicit on-chip rendering
* More flexible use of memory
« Easier to extend — just shader changes

* Flexible storage formats may have cost
— HW requires convert on load/store or software conversion

* Current implementation doesn’t support MRT
— Resolve to single output - likely to change

 No MSAA support

PLS is still a simple delta to support from an existing deferred rendering setup, but
has clearer semantics and additional flexibility. We have found we can support
multiple variants of deferred rendering with the same shaders and modest use of
#defines in the shader code. It should also allow easier future extensions as PLS is
independent of the framebuffer configuration and C API.

The ability to change the pgaixel view the shader is unique to PLS, but can imply
require additional overhead. If the GPU has hardware to convert to the PLS storage
formats, and this hardware is not configured by or otherwise dependent upon the
framebuffer configuration, then the additional flexibility of PLS would have negligible
cost. However, some devices may need to perform software format conversions
where hardware does not exist or cannot be used independently of the framebuffer
configuration. If the use cases of PLS justify the hardware investment required this
should not be a concern in the longer term.

The more immediate limitations of the current PLS extension are the lack of MRT and

MSAA support. MRT support (the ability to resolve to multiple framebuffers) is a
comparatively simple addition and a likely future addition. As mentioned with FBF,
support for MSAA is not so straightforward. There are several options and we will
return to this discussion when we discuss future work.
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y PediewdhNPd&eFréddendering can be achieved through these
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Rendering with Many Lights

Deferred lighting is well adopted

Requires decoupled material and light evaluation
— Alternatives: clustered forward, forward+, lightstack
— Issues with shader complexity and multiple passes

Deferred maps well to all existing extensions/APls

Focus on deferred rendering

Last year, we investigated a variety of renderers using an eartyon of the PLS
extAension. In this we sawvsignifigant bapdeidthnfi thgrqfore energy savingsby
LISNF2NXYAY 3 RSTOKMBEE INSYRSNAY 3 azy

A possible limitation of deferred is that your material description must be decoupled
FNR2Y (KS fAIKGAY T SOt dzi G A 20/dzFoTeS NiE(E2ONACYKTS N
alternatives where the materials and lights are computed in a single shader. While

these alternatives have been shown to be feasible in some settings they can be

limited by the resulting shader complexity if the number of light types and shadowing
options supported is large, and some (forward+ and lightstack) require depth to be
rendered in a first pass. This requires two submissions of the scene geometry which
naively requires twice the vertex processing and geometry bandwidth which is a
considerable overhead, particularly on a filased renderer.

As a result, although these options are clgaidable and have shipped in games,

they are not as practicacross such a wide spectruas deferred today, although
further innovation could improve this situation. For our purposes today we will focus
on deferred rendering. Deferred rendering also maps to all extensindsAPIsve

have discussed.

16



Transporter demo with deferred lighting

* “Transporter” mobile demo
— Original in Unity 5 pre-alpha using Enlighten
— Simplified physically based shader
— Single pass with max 2 dynamic lights per
object
+ Deferred implementation
— Same materials + Enlighten lighting
Fully dynamic lighting
Stencil-based light culling
Use depth readback on ARM
— HDR linear blending in RGB10A2

» Both 30fps +

The original Transporter demo was made in a-@igha build of Unity 5 using Enlighten. We
have reconstructed the scene from the source artwork in a custom deferred renderer.

The original demo used a simplified physicallly a SR a KIF RSNJ 0l aSR 2y . NA
presentationin the PhysicalyBased Shading SIGGRABM3course(http:// bit.ly/IKDCPSE.

It uses indirect lightmaps and cubemaps from Enlighten with the sameb@s&2d material

response. The direct lighting is more basic as this is wt@rguting the response/ould

become excessive on mobile platforfios large numbers of lights. (Fewer higher quality

lights would likely be feasible though.)

The original demo was a singtass forward renderer that supported a maximum of 2

dynamic lights per object and dynang@imissive surface®©ther direct lighsources were

baked into lightmapdn our reconstructed version we keep the same geometry, materials

and Enlighten setup but render all lights dynamically using the light geometry and well

known stenciculling trick. Using PLS wencaupport a HDRnear pipeline with the RGB10a2
storage format, or fp16 if we also use the ARM depth readback extension (which allows us to
avoid storing depth). As well as testing a lighting configuration similar to the original demo
with around 70 lights, we also benchmark using procedurally generated lights as has become
customary for deferred rendering demonstratiohs

The demos are different enough that it does not make sense to compare them directly, but

both implementations run on the same device (a Samsung Note 10.1 2014 edition, with ARM
Mali-T628MP6 GPit reattime framerates Reporting absolute performance figures are

also rather uninformativas the scene/lights/camera can be arbitrary adapted to suit! But as

a rule of thumb, tens of lights are certainly feasible with this level of scene and material
complexity on the GPU in question. We see significant bandwidth reductigns (see last years _
ult1 F2NJ FA3IdzNBaov FyR LISNF2NXYI yOS AYONBI asa
comparing to traditional deferred renderingndications of around 1:@5% uplift overall. This

figure should be treated with some caution though as hardware has not yet been tuned to
content created with these use cases in mind and these extensions are still relatively new.

17
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We cannow look at how approximate OIT can also be restructured to use TLS, and
severdpossible implementations of it based on pixel local storage.
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Orderindependent transparency (OliE)a well knowrthallenge.

Several approximate OIT techniques have been presented recently.

The flexibilityof PLS allows us to easily implement and test different OIT
approximations. So we implemented and compared two different algorithms, both
which are based on compressing fragmealors¢ Multi-layer alpha blending and
Adaptive Range blending.

19



Multi-layeralpha blending was introduced by Marco Salvi and is atireal
approximate order independent transparency solution that operates in a single
rendering pass and in bounded memory. In other words a perfect fit for PLS.

It works by storing transmittance and depth, together with accumulateldrin a

fixed number of layers. New fragments are inserted in order when possible and
merge when required. This way the strict ordering of requirements of alpha blending
can be somewhat relaxed.

Please see the Marc®alvipaper for more details about how this works.

20



RGBAS R32F RGBAS

RGBAS8 RGBAS8 RGBAS8 RGB10_A2

Weimplemented two versions of MuHiayer Alpha Blending for PLS, one with 2
layers and one with 3 layers.

They way these approaches work is that we accumulate the blended layers in the PLS,
then resolve them to a single outpablor at the end.

6¢KS 2NRAIAYLFE LI LISNI dzaSR n tFre8SNRX odzi o
storage on current implementations.)

The one with 2 layers is partitioned with RGBA&tdor and 32bit float for depth.
The 3 layer version stores thec8lorsas RGBAS8, while the depth values are stored as

10-bit unsigned normalized values. This yields quite low precision for depth, but may
be OK for some scenes.

21



Another OlTalgorithm we implemented was based on keeping track of the min/max

depth of the incoming fragments. The main motivation behind the idea was to

allocate more PLS space tmior fragments and leave a fixed portion for keeping

track of min/max depth range. This works well in comparison to rayer alpha

blending when we have a small amount of storage space for fragments, but since it
2yfe 1SS GNF¥O1 2F GKS RS Lligesphdaygaditen A i R
the fragments are far apart and highly out of order.
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For each incoming fragment the adaptive range algorithm compheefragment
depth value to the current pixel depth range.

If the fragment is in front of the range, the existing stack of fragments are pushed
towards the end and the new fragment is inserted at the front. The fragment that
exits the stack is blended with the last fragment.

If the fragment is inside the range, it is blended with an existing fragicaot
depending on its position inside the range.

If the fragment is behind the range it is simply blended with the last fragment on the
stack.

Dependingon where the fragment hits the range, it is either used as destination or
source of the blend function.

23



RGBA8 RGBA8 RGBA8 RG16F

For adaptive range the PL$atitioned with a stack of 3 RGBAS8Iorvalues and 2
FP16 values for keeping track of the depth range.
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To compare the Oldpproximations we implemented a reference OIT implementation
using depth peeling. We can use PLS for this by keeping track of previous and current
minimum depth together with their correspondirgglor values. It requires that we

draw the object multiple times until all layers have been rendered, so it might not be
usable for reatime applications

Fixed function alpha blending is used to compare typical image quality

Note: all the reference images are rendered using depth peeling with 20 layers, so in
order to match the reference quality we would need to be able to store at least that
many layers in PLS.
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Reference
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will make erroramore apparent
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Alpha blending
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Even 2 layers is much bettért we observe an obviouastifact onthe lowerleft
sphere.
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Adaptive Range
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3 layers gets us closer, but some depth artifacts on the middle sphere
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Reference
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OIT performance

Synthetic Dragon far Dragon near

We measuredhe performance of the different OIT implementations running 3
different scenes.

The synthetic test shades is an extreme test that shades a total of 46.4M fragments.
Dragon far is our deferred shading implementation chained withcQvith the
transparent geometry at some distance.

Dragon near is the same scene but with the transparent geometry covering more of
the screen.
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Performance comparison between the different implementations running different
content. The performanceumbers have been normalized in comparison to alpha
blended renderingTheseresults are from a Note 10.1 device running a Mali
T628MP6 GPU.

As you can see the MLAB algorithms scale down in performance when increasing the
number of layerg; this is expected. The adaptive range algorithm achieves the

highest performance, whilequalig A 8 S A1 Qa a2YSGKSNB o6Sig

S
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Opaque phase OIT phase

Transparent
rendering

Accumulate
lights

Fill gbuffer Tonemap Init OIT Resolve

| ReB10A2 | RGB10A2

PLSallows us to chain techniques together. This makes combining techniques such as
deferred shading and ordendependent transparency very easy.

In the above schematics we have a regular deferred shading opaque phase which fills
up the PLS ®Buffer, accumulate lights and resolve. After this is done we render all
transparent geometry using OIT. For this we repartition the layout of the PLS
according to the different OIT algorithm we tested.

This is what makes PLS unigtilee ability to chaircomplex techniques together
without hitting external memoryWe achieve this by repartitioning the TLS. All
processing; up to the finalcolor resolve- is completely independent of the output
framebuffer format.
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Deferred Shading with referen€2 T
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Deferred shadingvith regular alpha blending

Deferred Shading +
Alpha Blending
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37



Deferred Shading +
Adaptive Range

Deferredshading with approximated OIT using the adaptive range algorithm
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Deferred Shading +
MLAB

Deferred shading with MuHliLayer alpha blending
This gives visually good resuit&airly close to the reference.

Note that with TLS thiand the preceding adaptive range example can both be
renderedin a singlepass.
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Deferred Shading with referen€2 T

Deferred Shading +
Reference OIT
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Tile Local Storage Size
Currently 128-bits / pixel

— Future HW could increase this

— Smaller tiles would make more available
— MSAA support would reduce this
Extend with cache memory

— IMG proposal to expose “normal” PLS variables
— Would enable full OIT

With more TLS we could have gone beyond 3 layers of MLAB. So lets examine that controls
the amount of data available pgaixel.

The amount of pepixel TLS available on the GPU we tested with ishlt3foixel - the

minimum required by both FBF and Ru&ich at a tile size of 16x16 is 4k of TLS in total. The
PLS extension allows the exact amount to be specified by the implementation and is reported
to the application bygueryingMAX_SHADER_PIXEL_LOCAL_STORAGE_FAST_SIZE_EXT. It
would therefore be very simple to add additional TLS and access it through the existing PLS
extension. In comparison exposing additional memory through the FBF extension would
require an updated extension as it would require > 4 simultaneous MRTSs, which impacts the
C API and requires more changes from the application.

Another way to provide additional TLS memory-pixel would be to change the tile size

used during rendering. This wouldt require additional GPU memory, is already possible in
some architectures and is supported by the existing PLS extension while FBF would require
extending for the same reasons described above. The same number of fragment threads
would execute as before but with higher pile overheads. (Or conversely for smaller PLS
footprints we can employ larger tile sizes.)

In both scenarios we see advantages in decoupling the amount of TLS availgtibeep&om
the framebuffer configuration.

LYy UKS t[{ SEuS)/a)\Q)/ gS NBFSNIL G2 ¢[{ La WTl
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Normal PLS variables are likely to map to cached main memory in practice. They have the

same lifetime and formats as their fast siblings and differ only in performance. In principle, a
example use case of this would be full OIT where pixels that require more storage than TLS

aIIO\I/(vs could spill to cach&ully exploring the potential 3y 2 NXY I £ Q isfufure g NA | o f
work.
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MSAA

Pixel local storage * Does not support MSAA today

* MSAA framebuffer performs per-sample shading
Framebuffer fetch * 4xMSAA requires 4x memory and 4x shading
» Correct but expensive

» Supports MSAA but uses approximate averaging
VI ELE S ET I S Il « Avoids per-sample shading
» 4XxMSAA requires 4x memory but 1x shading

[ SGQa GdzNy G2 a{!! o

In order to implement 4xMSAA tHeased GPUs typically use 4x the AdSAA

storage to keep the pesample results before blending them together when

resolving. So when working with 4XMSAA on 4 MRTs you need the equivalent storage
2F mMc awt¢ad LF &2dz 6yl G2 daAasS (GKSasS SEI
require 4x the computation as doing so impliesssample shading. AA is an essential
component of modern graphics, but MSAA is only part of the AA picture and at these
costs we would like to also considering whether a different geometryalissing

strategy is required.

As of today, PLS does not support MSAA and can only be enabled-dAS»ol
framebuffers. We have examined some possible ways of incorporating it but have not
yet settled on an approach. This is future work.

C.C R2Sa (GKS GO2NNBOlGE¢ GKAYy3 odzi 6S adzalL.
prohibitive in practice.

ARM _shader_framebuffer_fetch does not support MRT but does present a
possible alternative for MSAA handling. It approximates the true result by producing
an approximate average (approximate in the sense that is does not always return the
result true MSAA would do). It still requires 4x storage but does not need to run
shading at sample rates. Whether this approximate approach is suitable for enough
uses cases is the main question to answer.
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MSAA

« How should MSAA and PLS interact?
— Support MSAA formats but ignore MSAA?
— Per-sample shading?
— MSAA controls for each PLS variable?
— Support approximate averaging?

* Do we really need MSAA?
— Many sources of aliasing, MSAA has limited impact

28 g2dA R tA1S G2 1412 aR2 68 NBrfte ySSR af{!

Graphics certainly does nedd, but 4MSAA only has a modest impact. In particular, it has
no impact on aliasing related to shader outpsomething which is especially visible in
physicallybased shading where smalleighlights are more common. It is also likely to be
unaffordable at higher rates.

¢t SOKYAljdzSa &adzOK Ia C-!! KIFI@S aKz2g¢y GKIFG AGQ3
problem entirely in image space (contrary to everything you may have learned from signal
processing lessons!). But thesehniquesalso require large amounts of memory bandwidth
especially at higher resolutions. An advantagehefexistingSAA implementation oMali

GPUs\a UKFUO A0 R2SayQu AyOdzNJ I yé SEUNI YSY2NE

Oneoption could be to ignore MSAA altogether when using PLS. This would allow PLS to be
compatible with MSAA buffers but all shading would occurfpagment.

We could also allow pesample shading, but with the costs outlined earlier.

We could allow applications to specify MSAA per PLS vatisivlg additional qualifiers. This
would allow much finer grained control. Particularly for PLS where the view can be changed
per-shader and not everything you are likely to store in TLS would want MSAA (e.g. an array
of indices such as we employed in the lightstack renderer). This appears to be a better fit for
PLS but it does introduce a considerable amount of extra complexity.

Supportingmore than one of these options is also a possibility.
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Tiago Souza froi@rytechdescribed aelated techniquen:

http:// www.crytek.com/download/Sousa_Graphics_Gems_CryENGINES.pdf

In brief, they create a custom psample mask which they write to the stencil buffer.

This mask is then used to select whether a shader should be rupixedror per

Al YL S® LGQa Ll2aaAiaotsS G2 AYF3AAYyS GKFG |
in our setting.

Another promising option is Coarse Pixel Shading. This introduces a logical extra
shading stage for coarse pixels, and makes decisions ontdepleasis as to what
resolution coarse pixel shading operates at. There are many other works onratelti
shading. We may find that combining PLS with some form of waiétishading
provides a better long term solution, but this is future work.
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http://www.crytek.com/download/Sousa_Graphics_Gems_CryENGINE3.pdf
http://www.crytek.com/download/Sousa_Graphics_Gems_CryENGINE3.pdf

In summary, we have seen how existing technology and extensions can be used to
implement deferred shading, approximate OIT, as wetlasbining them into a
single pass ia verybandwidthefficient manner.

In thefuture:

- We would like to explorethe convergence dPLS/MSAA/Coarse. Thiea being that

work can be done & variablerate.

WSRO PA2dzat e fA1S (G2 aSS GKSaS G(SOKyz2ft23
the current form or a different variation.

- All TLSelated extensions assume a well defined framebuffer lifetime. In Metal this

is explicit but in the current OpenGL/ES standards this is implicit. We would very

much like to see explicit lifetimes in graphics APIs.

- Ageneralizatiorof the PLS ideas to GPU compite2 ¢ KA OK ¢S YSIy af
shader computé iB contrast tosay,OpenClg A 1 K f 20l f YSY2NE® 2S5Q
shaders create the input data for the compute state using the rasterizer.
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Thanks! If you have any questiomisfeedback please do get in contact.
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