VIII Brazilian Symposium on Games and Digital Entertainment Rio de Janeiro, RJ — Brazil, October, 8th-10th 2009

A Novel Multithreaded Rendering System based on a Deferred

Approach
Jorge Alejandro Lorenzon Esteban Walter Gonzalez Clua
Universidad Austral, Argentina Media Lab + UFF, Brazil
jorgelorenzon@gmail.com esteban@ic.uff.br

Figure 1: Mix of the final illuminated picture, thiéffuse color buffer and the normal buffer

Abstract Therefore, the architecture of newer game engines
must include fine-grained multithreaded algorithms
This paper presents the architecture of a renderingand systems. Fortunately for some systems likeiplys
system designed for multithreaded rendering. Theand Al this can be done. However, when it comes to
implementation of the architecture following a deéel ~ rendering there is one big issue: All draw andestat
rendering approach shows gains of 65% on a dual cor calls must go to the graphics processing unit (GiAU)
machine. a serialized mannkrThis limits game engines as only
one thread can actually execute draw calls to the
Keywords:  multithreaded  rendering, deferred 9graphics card. Adding to the problem, draw calld an

rendering, DirectX 11, command buffer, thread pool ~ State  management of the graphics pipeline are
expensive for the CPU as there is a considerable

1. Introduction overhead created by the APl and driver. For this
' reason, most games and 3D applications are CPU

Game engines and 3D software are constantlybound and rely on batching 3D models to feed the

changing as the underlying hardware and low IeveIGPU'
APls evolve. The main driving force of change is th

pursuit of greater performance for 3D software, chhi

means, pushing more polygons with more realistic
models of illumination and shading techniques te th
screen. The problem then becomes how to design 3
software in order to use the hardware to its marimu

Microsoft, aware of this problem, is pushing
forward a new multithreaded graphics API for the PC
Direct3D11. Direct3D11 was designed to remove the
pFurrent restriction of single threaded rendering. |

allows this by:

potential. - Providing the ability to record command
buffers in different threads
Central processing unit (CPU) manufactures are - Free threaded creation of resources and
evolving the hardware to multi-core solutions. states

Currently dual core CPUs have become the common Command buffers are basically lists of functions to
denominator while quad cores, like the recently execute. There are two types of command buffers:
released Intel Core i7 Extreme Edition processdth w
the capability of running 8 processing threads, arel
slowly filling the high end market. In order for
software to use all the capabilities and poterafathe
hardware it is now imperative that it divides its
execution tasks among the different cores.

This holds true for multi-GPU solutions, such as
those that use SLI. The actual speedup with these
setups (using alternate frame rendering) is
accomplished by having the graphics API buffer
commands for multiple frames so that each GPU can
work on one. For this to happen effectively the
application must not be limited by the CPU.
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those that are part of an API and those that atreTie Multithreaded engines have adopted different
common benefit that both provide is that by defeyri combinations of the techniques of multiprocessor
the communication with the GPU to a later stageyth pipelining and parallel processing. One approach ha
allow the application to simulate multiple devicad been to let each system of an engine run in adhoéa
divide its rendering work across multiple threads its own [Gabb and Lake 2005]. In this solution eyss
Natively supported command buffers can provide an use the latest available data for them, many tiries,
additional performance benefit: Usually part of the in multiprocessor pipelining, the data has been
graphic APIs' functions have a part that needs ¢o b processed in a previous frame by a different system
executed in the CPU like the validation of the data The data independent systems benefit from the Iparal
passed to them. So if the command buffers areprocessing speedup. Data sharing between systems is
designed to only hold commands ready to be executedhe biggest challenge in this type of architecturgage
by the GPU, the CPU load of the graphic APIs' of synch primitives around shared data can be very
functions can be processed at the time of thelding, expensive, so a buffering scheme is usually used to
thus benefiting from the use of all the CPU cofidse make it possible to for a system to write to a éuff
execution of these buffers is then easier on th&) CP while another system reads from a previously writte
leading to increased performance in CPU bound buffer, thus avoiding heavy use of synch primitives
applications. However, there are two problems with buffering
schemes; firstly they utilize more memory, a scarce
This paper proposes a new architecture of aresource in some platforms. Secondly, copying of
multithreaded rendering system and shows thememory between buffersnight be expensive in terms
performance gains in different scenarios with an of processing time [Lewis 2007]. In conclusion,sthi

implementation based on DirectX11. type of architecture is adequate while the number o
systems is greater or equal to the number of cores.
2. Related Work However, to scale further the game engine systems

need to be designed to be internally multithreaded.

Games traditionally use a game loop that execute
update and render logic serially. The first apphoac The system that this paper focuses on is the
game engines to increase performance in multi-coregraphics — system.  The internal multithreaded
hardware was to execute natural independent systemarchitecture relies on the use of command buffens.
in parallel. The problem with this approach is thety ~ Next paragraph gives an overview of the current
few systems are independent from each other. Forsupport of command buffers under different platferm
example: a particle system is independent fromAthe
system, however, the Al system is not independent Microsoft's XBOX 360 DirectX and DirectX 11
from the physics engine as it needs to have thestlat Support native command buffers [Lee 2008]. For othe
state of the world objects to compute the behawfor platforms, non-native command buffers can be used.
Al driven entities. The rendering and sound system The development team of Gamebryo has created an
need to have all the final data for the frame tespnt ~ open source command buffer recording library for
to the user so they depend on all of the SySte“ﬂBS,T older versions of DirectX [SChelb 2008] Their
just multithreading independent systems is not animplementation currently only supports DirectX 9t bu
adequate enough solution for current hardware. they are currently working on the implementation fo
DirectX 10. The multithreaded architecture of the

An engine has to be designed from the ground uprendering system is discussed in section 3, butrbef
with multiprocessing in mind to fully utilize Jjumping to that section, it is important to readatthe
multiprocessor hardware. There are two classic ways Pipeline that will follow the rendering system.
approach this task: multiprocessor pipelining and
parallel processing [Akenine-Moller et al. 2008]. A deferred rendering pipeline is used in the
Multiprocessor pipelining consists in dividing the 9raphics system treated in this paper. This type of
execution in different stages so that each processoPipeline was chosen as many modern games, like
works on a different pipeline stage. For examgfléhe ~ S.T-A.L.K.E.R [Pharr 2005] and Tabula Rasa [Nguyen
pipeline is divided into stages APP, CULL, and 2007] among others, have adopted this technigse. It
DRAW. For a given frame N, Core 0 would work on Main benefit is the decoupling of the geometry stag
APP on frame N + 2, Core 1 would work on CULL on from the light stage [Deering et al. 1988]. This
frame N + 1 and Core 2 would work on frame N. This decoupling allows rendering to have a linear N + L
architecture increases the throughput with the thegya ~ complexity instead of the greater N * L complexaty
effect of increased latency. Parallel processimgthe ~ the forward rendering approach, where N is thel tota
other hand, consists in dividing up the work intoas number of objects and L is the total number ofthgh
independent packages. This approach provides a
theoretical linear speedup but requires for the
algorithm to be naturally parallel. Memory copying is necessary so that a system that

reads, processes, and writes to buffer 1 is ablilipe
the data written in buffer 1 in the next frame wiiten
will need to do the same process using buffer 2.
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Older games did not use this technique, as it requi Having a mapping of one to one between contexts and
the support of multiple render targets, extra video threads is a necessary limitation to avoid the
memory, and a higher memory bandwidth. However, performance penalty that would appear from the need
with current hardware these requirements are ngelon  of synch primitives to maintain a rendering

prohibitive. consistency. The Device, on the other hand, may be
called from any thread. The best alternative, thous
3. Multithreaded Rendering System to have an independent thread that manages the

creation of resources. This could allow an appiicat

Games usually have a 25% to 40% of the frame timet0 go through a continuous world without needing to
used by the D3D runtime and driver [Davies 2008]. Stop with loading screens.

The overhead would not be such a problem if the _ .

engine could work on something else while the séene The second step in creating the low level
being rendered. However, because the graphicsmsyste abstraction was to abstract resource and statetebje
needs for the shared data to remain unmodifiedewhil ~An abstract data type was declared for each ofethes
is doing its work the other engine systems becomeAdapter classes were created to extend from these
stalled. So if the graphics system is single thedathe ~ aPstract data types to make the adaptation negessar
application wastes much of the CPU power. Therefore COMmunicate with the various graphic APIs. Figure 3
the system architecture discussed in this paper isShows the UML class diagram for the depth stencil
designed to utilize all of the CPU cores to create State.

command buffers to give back to the other systdmas t

ownership of the shared data as soon as possibte O  DepthStencistate [ |
the buffers are created the 2update® systems can ru ,\c'“‘ J
again while only one graphics thread remains f '

submitting the command buffers to GPU. Figure 2

illustrates the flow described. E S

)
)

[ D3D10DepthStencilState [ D3D11DepthStencilState [

Class Class
—+ DepthStencilState —+ DepthStencilState
Frame 0 Frame 1 Frame 2 Sl o Fietds
; ¢ mID3D10DepthStencilState @ mID3D11DepthStencilState
Core 0 E Methods 5 Methods
% ~D3D10DepthStencilState % ~D3D11DepthStencilState
Core 1 % D3D10DepthStencilState % D3D11DepthStencilState
Core 2 Figure 3: Depth stencil state abstraction
Core 3 - - :
i i 3.2 Rendering in different contexts

B Update systems .
The instances of Context are the @renderers®. &b ,su

o they are the ones that receive the messages toairaw
' Submission of command buffers to GPU change states. Having a number of them allows the
application to submit geometry in parallel.

[l Creation of command buffers

Figure 2: Top level application flow

The next sub section explains the approach and However, not all of them are equal, since there is

design used to build such a rendering system. one context with a special privilege: The Immediate
Context. This is the only one that can effectively
3.1 API abstraction layer communicate with the GPU. The other contexts called

Deferred Contexts submit state and draw calls to
The first step in the design of the system is tetrst ~ c0mmand buffers. Each of the deferred contexts then
it from the API that will be used. This allows the cpntains a command buffer ready to be executed by
software products that will later be constructedtam either another deferred cont(_axt or by the immediate
of the engine to be able to target more platforms. context. Therc_efore, the cr(_aatlon of co_mr_nand buffers

becomes multithreaded while the submission of tleem

Engines commonly grouped the creation of state single threaded. The distinction of contexts is enad

and resources objects with the draw and state call2ecause the nature of the CPU-GPU hardware allows
under a single rendering interface. The first desig Only one CPU thread to send content to the GPU. The

decision was to divide the responsibilities in two Penefit in speed comes reducing the time that other
different interfaces: Device and Context. Devicdnis ~ Systems remain stalled and from using idle CPUsore
charge of the creation of resources and state tsbjec to help in the task of converting the state/drawsca

while Context is responsible for the actual remagri ~ ffom the APl into a list of low level calls ready be
The Device is expected to be only instantiated pnce executed by the GPU. The immediate context can then

while from Context many instances may be created; 8xe€cute the command buffers at a faster rate than t
one for each thread that will submit rendering work €duivalent content via direct calls.
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The Render Process abstract class is the second
3.3 Graphics manager and render processes most important class of this layer. Its importarscdue
to the ability that this class provides to applizat
In the previous section the low level abstractiayel specific rendering work to be executed by the Giaph
was presented. Its designed was influenced grégtly Manager through polymorphism.
the Direct3D11 API. In this section the next laydr
the architecture will be presented. This layer Joid The applications can define their rendering
responsible for the load balancing of renderingkwor pipelines by creating and implementing subclasdes o
Render Process. The Graphics Manager commences
Context and thread creation is not a lightweight the execution of the rendering work by calling the
task and so creating them to render every franmotis  virtual methodexecute()  of Render Process from one
an option if we want to keep a high performances Th of the pool threads.
knowledge of how many contexts to create is part of

the application design. Therefore, when initialgzihis The Render Process and the derived classes receive
layer that information will need to be communicated the context in which they can submit work as a
it so it can allocate the resources needed atiptart parameter ofexecute() . This frees the Graphics

Manager from needing to keep a record of which
The Graphics Manager, represented in figure 4, iscontext was used for each render process and aitows
the central class of this layer. It is responsifile to do an optimal load balancing.
initializing a pool of threads and subsequentlydfeg
them with the work that comes from the application. 4. Multithreaded Deferred rendering
For each of the threads created a context is iosthn
and assigned to it. This ownership extends througho |n the previous section we have discussed the
the thread's life. Changing the ownership of the architecture of the rendering system. In this sectie
context is not possible because different threadg m || discuss how a deferred rendering pipeline 6its
never make calls to the same context. top and benefits from the multithreading renderiAg.
] _pipeline of this nature includes: a geometry byffer
These threads remain asleep as long as no work i$ighting, transparency and post processing effects
assigned to them. This prevents the Graphics Managestages [Policarpo and Fonseca 2005]. The latter two
from consuming CPU cycles when the application is were not implemented for the testing of the
not rendering. architecture. The following sub sections descrithatw

) ) the stages do and how they were encapsulated to be
By making the number of possible worker threads myltithreaded rendered.

variable the application developer has the freedom
choose as many threads as cores are availableyor ang 1 Geometry buffer
other number that the developer feels that it will

provide a better performance. The geometry buffer (G-Buffer) creation is the ffirs
step in a deferred rendering pipeline. The purpafse
the creation of the G-Buffer is to store the infation
necessary for the shading of each pixel during the
lighting stage [Policarpo and Fonseca 2005]. The
values that get stored depend on what illumination
model the application will use. For the purpose of
testing the performance of the architecture by keep
the application CPU bound a simple G-Buffer was
used. The values stored are depths, normals afuselif
color.

- - - - The flow of data to the G-Buffer for every pixsl i
what consumes a lot of bandwidth. This is why befor
starting to create the G-Buffer itself it is betterhave

a rendering pass that just calculates the vertices'
Figure 4: Graphics Manager Diagram positions in order to set the Z-buffer. This pass,
however, was not implemented for the test setup.
Because the developer should be limited as litle a
possible by the engine, the type of work that can b The steps to create the G-Buffer were all
submitted to the pool can be as fine grained asencapsulated in a class called Geometry Buffer
executing a single draw call or as coarse as raémglar Creator, which, extends from Render Process. The
shadow map. The only limitation is that all workka steps that it goes through are:
need to be of the type Render Process.

1. Set viewport
2. Setrender targets
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3. Set depth stencil state (read
and write depth enabled)

4. Set rasterizer state
back, solid fill)

5. Clear the depth texture

6. Render each of the objects

7. Finish the command buffer

(cull

4.2 Lighting

Next is the lighting stage, where the applicatiends
to the pipeline the lights that affect the scenbe T
effect that each light has on the pixels is catada
with the stored information in the geometry buféerd
added to the final frame buffer.

4.2.1 Non-shadow casting lights

There are different alternatives to render non-ehad
casting lights. The most efficient is to use geayntt
represent lights [Calver 2003]. With this approach
spotlight is represented as a cone, a point lighta
sphere and a directional light as a screen aligjued!.
The benefit of using geometry is that the Z-Buffer

rejects pixels more effectively than using scissors

rectangles.

For the pixels that are not rejected by the scisso

test or Z-Buffer a pixel shader that calculates hbev
light is influencing it is executed.

The process of rendering the non-shadow casting

lights is isolated in another render process caled
Shadow Casting Lighting. The steps that this preces
goes through are:

Set viewport

Set final buffer as the render

target

3. Set depth stencil state (depth
test enabled, write disabled)

4. Set rasterizer state (fill solid)

5. Set the G buffer as
resources

6. Render each light

7. Finish the command buffer

1.
2.

shader

4.2.2 Shadow casting lights

The difference between non-shadow and shadow

casting lights is that the latter have to calcultte
obstruction of light due to the scene's geometrpeO
effective way to calculate this obstruction is tigh a
technique called shadow mapping [Akenine-Moller et
al. 2008]. Rendering the scene from the light'snpoif
view while having writes and reads on the deptHdyuf

The test application uses one shadowing light It
a hemispherical light and the shadow map algorithm
used was parabolic mapping. The process to crbate t
shadow map and light the pixels was encapsulated in
the Shadow Renderer class. The steps that it goes
through are:

1. Set viewport

2. Set depth buffer

3. Set depth stencil state (read and
write depth enabled)

4. Set rasterizer state (cull back,
solid fill)

5. Clear depth buffer

6. Render all objects that -casts
shadows from the point of view of
the light

7. Set the shadow map (depth buffer
recently set) as a shader resource

8. Render light

9. Finish command buffer

5. Discussion

When designing the graphics system it was assumed
that the application would give to it the total aship

of the CPU and data. With this in mind it, the
architecture was built to fulfill two major objeetis:

stall the other application systems the less time
possible, and provide transparent scalability thhmut
different platforms, current and future ones.

To make the system flexible enough it was
designed to follow a producer-consumer model. The
work products (encapsulated in render processes) ar
produced by the application and are consumed by the
available threads. The means of distribution of the
render processes is the Graphics Manager's
responsibility. This decision was made to encapsula
the necessary platform dependent code that craatks
manages threads. Clean encapsulation of platform
dependent code makes not only porting, but also
optimizations for different platforms easier.

It is important to note that if the number of cores
increases beyond the number of stages that the
rendering pipeline has, a further splitting will be
needed. The split can occur at the application data
level. For example, the Geometry Buffer Creator can
be instanced twice so that each instance works on a
subset of the application data. The split wouldbbst
done by object's material, this way the shader
swapping in the GPU is kept to a minimum. Another
possible split is to calculate the shadow maps for
different shadow casting lights in parallel.

enabled creates a shadow map. The shadow map With a further increase in cores it will become

contains depth information where the is

obstructed by geometry.

light

The shadowing lights' pixel shader, before shading
checks if the pixel is affected by the light oiitifis in
shadow.

harder to divide rendering work in an efficient wag
there are a limited number of materials used beabj
or shadow casting lights at a given frame. So dioop
for the job-based architecture could be to stantliag
some real time raytracing for some effects like
reflections and refractions.



this allowed our application to be CPU bound in the
tests 1006 and 2006 objects.

The tests were made on a Core 2 Duo E7200 CPU with

an ATl Radeon HD4750 GPU. Microsoft's DirectX The following chart (figure 6) shows the frames per
March 2009 SDK was used. Note that the DirectX11 second obtained by the rendering engine with tiee us
version in this SDK is a tech preview. The hardware Of the multithreaded graphics manager versus the

6. Results

and drivers used are DirectX 10 level. DirectX étel
GPUs are not yet available in the market.

The test application did not do any update to the
objects in the scene so that the frame time was
completely used by the rendering system. Even thoug
the objects did not move or update they were tcease
dynamic. The application sent to the renderingesyst
the objects that compose the scene shown in Figure

Figure 5: Test scene

common single threaded solution. The single thréade
results are shown by the green bar titled ST. The
multithreaded ones are represented by the redtlear t
MT.

FPS variation with scene complexity
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Figure 6: FPS variation with scene complexity.
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The first 3 scenarios with 7, 16 and 106 objects
show that the multithreaded design does not proaide
improvement over the common single threaded one.
The multithreaded solution was slightly worse ttiae
traditional one. This is because the multithreaded
solution does add a little overhead. Profiling sbdw

Two scenarios were created to compare the systenthat the CPU only used 15% of its capacity. The

to the traditional ones. The first scenario coesisbf
using a single thread while the second one cormkiste
using the multithreaded solution.

In the first scenario the render processes that
represent the deferred shading pipeline were eadcut
in a sequential way in the main rendering threath wi
straight communication to the immediate contextisTh
way is how traditionally games submit rendering kvor
to the GPU.

bottleneck in these tests, therefore, was creayetthdn
inability of the GPU to render the polygons faster.

The CPU starts to work harder when the number of
objects increases, as it has to issue more dral, cal
which take up CPU time. With 1006 objects, the CPU
work created by the draw calls becomes sufficiently
heavy to shift the bottleneck from the GPU to tHeUC
Profiling of the single threaded scenario showeat th
one the cores was working 4 times more than therpth
which was only running other program's processes in

In the second scenario, the Graphics Manager waghe back. The frames per second were in this sicenar

initialized to work with 3 threads. At the start @ich
frame the render processes were queued
Graphics Manager, which in this particular caseduse
Win32 thread pool as part of its implementation.eWh

all of them were finished building their respective
command buffers the main thread would submit these
to the GPU through the immediate context.

The experiment was repeated with five variations.
These variations were related to scene compleRiy.
scene complexity we mean the number of objects
drawn. The tests were done with: 7, 16, 106, 10@b6 a
2006 objects. It is worth mentioning that the final
image of the scene did not vary in the differestseas
the added objects had the same position and mash th
the original ones. This way the Z-rejection hardavaf
the GPU would cull the objects before they readhed
more processing intensive pixel shader stage. Doing

were 71 in average.

in the

When switching to the multithreaded solution, the
profiler showed a more even load among the cords an
the frames per second rose around 65% to 119. The
explanation to this is that, because the command
buffers used were native to the graphics API, tzal|
that each API call adds to the CPU was now being
distributed along two cores.

With 2006 objects the ratio of frames per second

between the two models only rose 2%. This evidenced
that the two cores had hit their limit.

7. Conclusion

In a low scene complexity scenario the benefits of
distributing the load of graphic API calls among



multiple cores is very low compared to the added AKENINE-MOLLER TomAs, HAINES ERIC, HOFFMAN NATY.
overhead of running a more complex multithreaded Real-Time Rendering hird edition. AK Peters. 2008.
system. Also, without other systems running theneoi
stall caused to them by the single threaded graphic
system. So ir_1 this scenario t_he multithreaded !miut PLAYSTATION 3 [online]
has a Clear_ disadvantage. V\_/'th the test resultwisigo http://research.scea.com/ps3_deferred_shading.pdf

a very slight decrease in performance for the  [accessed July 23, 2009]

multithreaded system. It is promising that with esth

systems running the application will have a better BRABEC STEFAN, ANNEN THOMAS, SEIDEL HANS-PETER
performance using a multithreaded graphics system Shadow  Mapping  for ~ Hemispherical  and
than single threaded one. Omnidirectional Light Sourceg$online] http://www.mpi-
inf.mpg.de/~brabec/doc/brabec_cgi02.pdf [Accessiyl J
23, 2009]

HEIRICH ALAN, BAvoiL Louis. Deferred Pixel Shading on the

In the high scene complexity scenario the results
show -the multlthreaded de3|g_n as clear winner WIt.h GaBB HENRY, LAKE ApAamM. Threading 3D Game Engine
65% increase in speed. This lead would certainly = gocics  November 17 2005. [online]
increase with in an application that utilized other  ptp:/www.gamasutra.com/features/20051117/gabts 01.
systems. The speedup shown by the results is html [Accessed 3 September 2009]
significant considering that the API is still immee
and that hardware and drivers were not the optforal ~ ANDREws JEFr. Designing the Framework of a Parallel

the multithreaded solution. Game Engine. February 25, 2009. [online]
http://software.intel.com/en-us/articles/designihg-

framework-of-a-parallel-game-engine/  [Accessed 3

The speedup of the proposed graphics system will September 2009]

never be linear as there is still a part of thecpss that
is single thfeade‘?" however, it is clear by analyzhe LEe MATT. Multi-Threaded Rendering for Gam&SameFest
results that it is faster and more scalable than 5qgg. [online]
traditional ones. http://www.microsoft.com/downloads/details.aspx?fFam
yID=DA8816C2-CFBE-4208-8DD8-

In conclusion the multithreaded rendering solution 9DEEAOC2E2B5&displaylang=en [Accessed 3
based on a deferred rendering approach provides a September 2009]
promising solution for applications that need high
performance and quality graphics. LEwIS IAN. Multicore Programming Two Years Later.
GameFest 2007. [online]
http://www.microsoft.com/downloads/details.aspx?Fam
yID=DA8816C2-CFBE-4208-8DD8-

. . 9DEEAOC2E2B5&displaylang=en [Accessed 3
The authors would like to thank Andr! Luiz Brand"o September 2009]

for providing scene geometry to test the architectu
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