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Abstract

We present RenderAnts, the rst system that enables interactive
Reyes rendering on GPUs. Taking RenderMan scenes and shade
as input, our system rst compiles RenderMan shaders to GPU
shaders. Then all stages of the basic Reyes pipeline, including
bounding/splitting, dicing, shading, sampling, compositing and |-

tering, are executed on GPUs using carefully designed data-parallel
algorithms. Advanced effects such as shadows, motion blur and
depth-of- eld can also be rendered. In order to avoid exhausting
GPU memory, we introduce a novel dynamic scheduling algorithm
to bound the memory consumption during rendering. The algorithm
automatically adjusts the amount of data being processed in paral
lel at each stage so that all data can be maintained in the availabl
GPU memory. This allows our system to maximize the parallelism
in all individual stages of the pipeline and achieve superior perfor-
mance. We also propose a multi-GPU scheduling technique based
on work stealing so that the system can support scalable rendering
on multiple GPUs. The scheduler is designed to minimize inter- -
GPU communication and balance workloads among GPUs. Figure 1: A character in Elephants Dream, named Proog, is ren-

) ) dered at 640 480 resolution with 8 8 supersampling. The upper-

We demonstrate the potential of RenderAnts using several complex|eft of the image is rendered with PRMan while the lower-right half

RenderMan scenes and an open source movie entitled Elephantss generated using our RenderAnts — the seam is barely visible. The
Dream. Compared to Pixar's PRMan, our system can generate im-map shown at the top left corner displays error as a percentage of
ages of comparably high quality, but is over one order of magnitude the maximum 8-bit pixel value in the image. RenderAnts renders the
faster. For moderately complex scenes, the system allows the usefmage in about 2 seconds on three GeForce GTX 280 (1GB) graph-
to change the viewpoint, lights and materials while producing pho- ics cards, while PRMan needs 40 seconds on a quad-core CPU.
torealistic results at interactive speed. The scene contains 10,886 high-order primitives for the body and

) clothes, and 9,390 transparent curves for the hair, whiskers, and

Keywords: GPGPU, RenderMan, feature- Im rendering, shaders, eyebrows. With RenderAnts, the user can change the viewpoint,
dynamic scheduling, out-of-core texture fetch lights, and materials while receiving feedback at 2.4 fps. See the

) accompanying video for live demos.
1 Introduction

The Reyes architecture is a successful architecture for photorealis-exploit the massive parallel architecture of modern GPUs. Our sys-
tic rendering of complex animated scenes [Cook et al. 1987]. Sev- tem takes RenderMan scenes and shaders as input and generates
eral Reyes implementations, including Pixar's PhotoRealistic Ren- photorealistic images of high quality comparable to those produced
derMan (PRMan), have become the defacto industrial standard inpy PRMan. By capitalizing on the GPU's formidable processing
high-quality rendering, and they have been widely used in Im pro- power, our system is over one order of magnitude faster than exist-
duction [Apodaca and Gritz 1999]. While these systems are rel- ing CPU-based renderers such as PRMan. With RenderAnts, mod-
atively fast and some of them (e.g., NVIDIAs Gelato) even use erately complex scenes such as those shown in Fig. 1 and Fig. 4 can

GPU acceleration, they are all CPU-based off-line renderers. Nonepe rendered at interactive speed while the user changes the view-
of them executes the whole rendering pipeline on the GPU. point, lights and materials.

In this paper, we present RenderAnts, the rst Reyes rendering sys 1 design a high performance GPU system for Reyes rendering,

tem that runs entirely on GPUs. The name “RenderAnts” refers t0 \ye have to address three major issues. First, we need to map all

the fact the_tt in our system, rengjering is performed by tens o_f thou- stages of the basic Reyes pipeline to the GPU. While some stages

sands of lightweight threads (i.e., CUDA threads) that optimally haye heen successfully implemented in the past [Patney and Owens

2008], handling the other stages remains a challenging issue as

http://www.renderants.org noted in [Patney 2008]. Second, we must maximize parallelism
while bounding the memory consumption during rendering. CPU-
based Reyes renderers deal with the memory issue by bucketing.
However, a naive adaptation of bucketing to the GPU would lead
to suboptimal rendering performance. Finally, we should make the
rendering system scalable via multi-GPU rendering so that complex
animated scenes can be ef ciently processed.

We present a scheme for mapping all stages of the basic Reyes ren-
dering pipeline to the GPU using carefully designed data-parallel
algorithms. The basic Reyes pipeline includes bounding/splitting,
dicing, shading, sampling, compositing and Itering stages. Our



focus is on stages whose GPU mapping has not been established ipotential of Reyes rendering on GPUs. Although our work only
previous work. For the shading stage, we develop a shader compilerfocuses on basic Reyes rendering, we believe this is an important
to convert RenderMan shaders to GPU shaders. Several previouslystep forward because it shows for the rst time that it is possible to
unaddressed issues such as light shader reuse and arbitrag deriv map all stages of the basic pipeline onto the GPU and signi cantly
tive computation are resolved. In addition, the texture pipeline is improve rendering performance. We are going to release the Ren-
designed to support out-of-core texture fetches. This is indispens-derAnts system as an open platform for future research on advanced
able to feature Im production where typical scenes have textures Reyes rendering on GPUs.

that are too large to be stored in GPU memory. For the sampling . . . . .
stage, we propose a GPU implementation of the stochastic Sam_Thelremaln.der of this paper is orga}nlzed as foIIows._The following
pling algorithm described in [Cook 1986]. Besides supporting the S€ction reviews related work. Section 3 brie y describes all stages
basic pipeline, our system can also render advanced effects such af the RenderAnts system. In Section 4, we introduce the dynamic

shadows, motion blur and depth-of- eld, completely on GPUs. scheduling algorithm. The data-parallel algorithms for all individ-
' ' ual stages of the basic Reyes pipeline are described in Section 5.

We also propose a dynamic stage scheduling algorithm to maximize In Section 6, we describe how to extend the system to support ren-
the available parallelism at each individual stage of the pipeline dering on multiple GPUs. Experimental results are presented in
while keeping data in GPU memory. This algorithm signi cantly ~ Section 7, followed by the conclusion in Section 8.

improves the rendering performance over a naive adaptation of the

bucketing approach. The original Reyes system bounds the mem-2 Related Work

ory consumption by dividing the screen into small rectangular re- e Reyes architecture was designed to be able to exploit vector-
gions, known as buckets, before entering th_e renderln_g plpelln_e_ ization and parallelism [Cook et al. 1987]. Over the past few years,
The buckets are processed one by one during rendering. While oy research has been conducted to seek ef cient parallel imple-

this static bucketing works well for CPU-based systems, it is inap- mentations of the entire rendering pipeline or some of its stages.
propriate for a GPU-based renderer as it signi cantly slows down

rendering. Different rendering stages have different memory re- Owens et al. [2002] compared implementations of the basic Reyes
quirements. To ensure that a bucket can be successfully processegipeline and the OpenGL pipeline on the Imagine stream proces-
through all stages, the bucket size must be bounded by the stagesor. Their implementation simpli es the original REYES pipeline
with the highest memory requirement. This greatly restricts the considerably in many stages. For example, they employed a screen-
available parallelism at other stages and leads to inferior perfor- space dicing approach whereas Reyes performs dicing in the eye
mance. To solve this problem, we add three schedulers to the Reyespace. As noted in [Owens et al. 2002], a huge number of mi-
pipeline, each dynamically adjusting the degree of parallelism (i.e., croploygons are generated, which leads to a signi cant performance
the amount of data being processed in parallel) in individual stages overhead. They also used a simple rasterizer in the sampling stage
to ensure that the data ts into the available GPU memory. Thus whereas Reyes uses stochastic sampling. Moreover, out-of-core
we can fully exploit the GPU's massive parallelism at all rendering texture access is neglected in their implementation. In order to fully
stages without exhausting GPU memory. exploit modern GPUs' large-scale parallelism at all stages of the

. . pipeline, it is necessary to design new data-parallel algorithms to
Finally, we have designed RenderAnts to support scalable render-map these stages to the GPU.

ing on multiple GPUs by using a multi-GPU scheduling technique

to dispatch rendering tasks to individual GPUs. The key to achiev- Lazzarino et al. [2002] implemented a Reyes renderer on a Paral-
ing ef cient multi-GPU rendering is the minimization of inter-GPU  lel Virtual Machine. The renderer consists of a master and several
communication, as inter-GPU communication is prohibitively ex- slave processes. The master divides the screen into buckets, which
pensive with current hardware architectures. GPUs cannot directly can be processed independently, and dispatches them to slave pro-
communicate with each other; instead they must communicate cesses. A bucket-to-slave allocation algorithm is used to achieve
through the CPU. CPU/GPU data transfer is signi cantly slower load balancing among slaves. PRMan also has a networking ren-
than the GPU's processing speed. Moreover, only one GPU candering scheme, known &etRenderManfor parallel rendering on
communicate with the CPU at a time, which serializes all commu- many CPU processors [Apodaca 2000]. With this networking ren-
nication processes. Our solution is a multi-GPU scheduling algo- derer, a parallelism-control client program dispatches work in the
rithm based on work stealing, which can be easily combined with form of bucket requests to multiple independent rendering server
the stage scheduling algorithm described above. The multi-GPU processes. Our system supports Reyes rendering on multiple GPUs.
scheduler is also designed to balance workloads among all GPUs. We propose a multi-GPU scheduler to minimize inter-GPU commu-

o i nication and balance workloads among GPUs.
Our GPU-based Reyes renderer has potential in a variety of ren-

dering applications. An immediate example is the acceleration of NVIDIAS Gelato rendering system is a GPU-accelerated Reyes
the preprocessing computation required by recent light preview sys-renderer [NVIDIA 2008]. However, only the hidden surface re-
tems [Pellacini et al. 2005; Ragan-Kelley et al. 2007], which need moval stage of the pipeline is accelerated on the GPU [Wexler et al.
to cache the visibility information evaluated by the Reyes render- 2005]. A technique is also proposed to achieve motion blur and
ing pipeline. Our system also extends the application domain of depth-of- eld by rendering scenes multiple times into an accumu-
the Reyes architecture from off-line to the interactive domain. With lation buffer, with the number of time or lens samples as a user-
RenderAnts, the user can change the viewpoint, lights and mate-supplied parameter. Our system uses a similar approach to render
rials while viewing the high-quality rendering results at interactive motion blur and depth-of- eld. However, since we execute the en-
frame rates. Since the systemis linearly scalable to the GPU's com-tire rendering pipeline on GPUs, our approach completely runs on
putational resources, real-time Reyes rendering is achievable in theGPUs and can achieve higher performance.

near future with advances in commaodity graphics hardware. ) "
Patney and Owens [2008] demonstrated that the bounding/splitting

It is important to note that the goal of this paper is not to de- and dicing stages of the Reyes pipeline can be performed in real-
scribe a complete, production-ready Reyes rendering system thattime on the GPU. Both stages are mapped to the GPU by using
is functionality-wise competitive to PRMan; instead what we pro- fundamental parallel operations of scan and compact [Harris et al.
pose is a system that focuses on the basic Reyes pipeline on GPUs2007]. Patney [2008] also described the probability of mapping

The comparison with PRMan is only intended to demonstrate the other stages to the GPU and listed challenging issues. Most of



these issues are resolved in our work. In addition to mapping the
entire Reyes pipeline to GPUs using well-designed data-parallel al-
gorithms, we introduce a dynamic scheduling algorithm to maxi-
mize the available parallelism in individual stages and thus greatly
improve the overall rendering performance. We also design a multi-
GPU scheduler for ef cient rendering on multiple GPUs.

Recently, several techniques have been developed for high-quality
preview of lighting design in feature Im production [Pellacini et al.
2005; Ragan-Kelley et al. 2007]. These methods cache visibility in-
formation evaluated in the Reyes pipeline as deep or indirect frame-
buffers during preprocessing and later use these framebuffers to
perform interactive relighting at runtime. Our work explores a dif-
ferent direction: we focus on implementing the Reyes pipeline on
GPUs, which can be used to signi cantly speed up the preprocesses
of these techniques. Since our system takes RenderMan scenes and
shaders as input, we develop a shader compiler to compile Ren-
derMan shaders to GPU shaders. Although a few methods have
been proposed to perform this compilation [Olano and Lastra 1998;
Peercy et al. 2000; Bleiweiss and Preetham 2003; Ragan-Kelley
et al. 2007], some problems such as light shader reuse and arbitrary
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derivative computation have not been addressed before. Owershad Figure 2: RenderAnts system pipeline. Three stage schedulers (in
compiler provides good solutions to these problems. Our out-of- red) are added to the basic Reyes pipeline.

core texture fetching mechanism is similar to GigaVoxel [Cyril et al.
2009]. The key difference is that GigaVoxel only implements the
out-of-core function in a speci ¢ rendering algorithm, while our
system is capable of adding out-of-core support to general, arbi-
trary shaders.

We implemented the RenderAnts system using BSGP [Hou et al.
2008], a publicly available programming language for general pur-
pose computation on GPUs. BSGP simpli es GPU programming
by providing several high level language features. For example, it
allows the programmer to pass intermediate values using local vari-
ables as well as to call a parallel primitive having multiple kernels
in a single statement. We also employed the GPU interrupt mecha-
nism and debugging system described in [Hou et al. 2009] to assist
our development. The interrupt mechanism is a compiler technique
that allows calling CPU functions from GPU code. As described
later in the paper, all of our algorithms can also be implemented
using other GPU languages such as CUDA and OpenCL.

3 System Overview

Fig. 2 shows the basic pipeline of RenderAnts running on a single
GPU. It follows the Reyes pipeline with three additional schedulers
(drawn in red). The input of the system is RenderMan scenes and
shaders, which are written in the RenderMan Shading Language
(RSL), a C-like language designed speci cally for shading. After
converting all RenderMan shaders to GPU shaders in a preprocess
using the shader compiler described in Section 5.2, we execute the
following stages to produce the nal picture.

Bucketing In the beginning of the pipeline, the screen is divided
into smallbucketswhich are processed one at a time. Only those
primitives which affect the current bucket are rendered in the
subsequent stages. This scheme is used to reduce the memory
footprint during rendering.

In existing CPU-based renderers, the bucket size is bounded by
the stage that has the peak memory requirement in the pipeline.
In our system, since individual stages have their own schedulers
as described later, the bucket size only needs to satisfy the mem-
ory requirement of the bounding/splitting stage, i.e., the data size
of all primitives in each bucket should be less than the currently
available GPU memory. Unless mentioned otherwise, all im-
ages shown in this paper are rendered using a single bucket — the
whole screen.

Bound/Split For each input primitive whose bounding box over-

laps with the current bucket, if the size of its bonding box is

greater than a predetermined bound, it is split into smaller prim-
itives, which follow the same procedure recursively. At the end
of the stage, all primitives are ready for dicing.

Dicing Scheduler The dicing scheduler splits the current bucket
into dicing regions which are dispatched to the dicing and sub-
sequent stages one at a time. The memory required to process
each dicing region should be less than the currently available
GPU memory.

Dice Every primitive in the current dicing region is subdivided
into a regulargrid, each having a number of quads known as
micropolygons The micropolygon size in screen space is con-
strained by theshading rate a user-speci ed parameter. Unless
mentioned otherwise, all rendering results shown in this paper
are rendered with shading réit®, which means that the microp-
olygon is no bigger than one pixel on a side. In our currentimple-
mentation, each primitive generated from the bounding/splitting
stage is no greater than 31 pixels on a side. Therefore each grid
has at most 3131 micropolygons.

Shading Scheduler The shading scheduler works inside the
shading stage. For each GPU shader that is converted from a
RenderMan shader, the scheduler splits the list of micropoly-
gons into sublists before shader execution. The sublists are to be
shaded one by one, and each sublist should be shaded with the
currently available GPU memory.

Shade Each vertex of the micropolygon grids generated after
dicing is shaded using GPU shaders.

Sampling Scheduler The sampling scheduler splits the current
dicing region intosampling regionswhich are dispatched to the
sampling and subsequent stages one at a time. The memory re-
quired to process each sampling region should be less than the
currently available GPU memory.

Sample All micropolygons in the current sampling region are
sampled into a set cfample pointdy using the jittering algo-
rithm described in [Cook 1986].

Each pixel in the current sampling region is divided into a set of
subpixels Each subpixel has only oreample locationwhich

is determined by adding a random displacement to the location
of the center of the subpixel. Each micropolygon is tested to see
if it covers any of the sample locations. For any sample location



(b) dicing regions (c) sampling regions

Figure 3: Micropolygons, dicing and sampling regions generated when renddtigg. Note that for the purpose of visualization,
micropolygons in (a) are generated at a shading rate of 400, and theglgampling regions are generated at a shading rate of 0.1.

that is covered, the color, opacity, and depth of the micropolygon | schedule(quad r, list(prim) 1)

. . if  memoryUse(r,l)<=memoryFree()-C:
are interpolated and recorded as a sample point. process(r)

Composite and Filter The sample points generated in the sam- return .
. . . (r0,r1) = BSPSplit(r)
pling stage are composited together to compute the color, opacity (n0,n1) = countPriminQuads(l,0,r1)
and depth values of all subpixels in the current sampling regions. if nO>n1: swap(r0,rl)
The nal pixel colors are then computed by blending the colors 10 = priminQuad(l,r0)
and opacities of subpixels. Note that we do not have a scheduler Schedule(f0.0)
for the compositing and Itering stage because the memory re- Jioverwrite |
quirement at this stage is similar to that of the sampling stage. I = priminQuad(l,r1)
The sampling scheduler already takes into account the memory schedule(rd,))

usage at this stage. - -
g 9 Listing 1: Pseudo code of the dicing scheduler.

Currently all these stages are executed in the GPGPU pipeline via
BSGP. While the traditional graphics pipeline (i.e., the hardware

rasterizer and vertex/geometry/pixel shaders) is more suitable for
certain tasks, currently we are unable to utilize them in the Reyes
pipeline due to some practical reasons including interoperability is-

sues, the lack of exact rasterizer behavior speci cation and rela-
tively high switch cost between GPGPU/graphics mode.

ulers. The value o€ can be adjusted using @ption statement

in RIB (RenderMan Interface Bytestream) les. For all examples
shown in our papeiCis set as 32MB, which is a conservative es-
timate of the minimum memory required to fully utilize the GPU
during shading in our graphics card. Note that the nally dispatched
dicing regions do not necessarily consume all memory available to
the dicing stage (i.ememoryFree()-C ). Therefore, the memory

4 Dynamic Scheduling available to the subsequent stages is typically much largerGhan

The key idea of dynamic scheduling is to estimate the memory re-

quirements at individual stages of the rendering pipeline and maxi- The functionmemoryUse estimates the peak memory required to

mize the degree of parallelism in each stage while making sure thatprocess a region in the dicing stage, which is caused by the mi-

the data ts into the available GPU memory. cropolygons generated after dicing. Recall that each primitive is
. . . .. subdivided into a grid. The size of micropolygon data in each grid

As described in Section 3, we have three schedulers for the dicing, .3, pe computed exactly. The memory peak of the dicing stage thus

shading and sampling stages, respectively. The dicing stage always.a pe accurately estimated by summing up the micropolygon data
consumes much less memory than subsequent stages because tRg;es of all primitives in the region using a parallel reduce operation.
micropolygons generated during dicing consume a lot of memory

and these micropolygons need to be retained until the end of theNote that the scheduler dispatches all tasks in strictly sequential
Reyes pipeline. Based on this observation, our dicing schedulerorder and operates in a strictly DFS (depth rst search) manner.
rst divides the current bucket into a set of dicing regions, which Subregions are dispatched to the dicing and subsequent stages one
are processed one by one. The schedulers of subsequent stages that a time. After a subregion has been completely processed, its in-
operate on the micropolygons in the current dicing region. termediate data is freed and all memory is made available for the

. - . . next subregion. Currently we do not reuse information across sub-
Dicing Scheduler The dicing scheduler recursively splits a screen  eqions. primitives overlapping multiple subregions are re-diced in
region using binary space partitioning (BSP). It begins with the cur- every subregion.

rent bucket and the list of primitives contained in this bucket. For

a given region, the scheduler rst estimates the peak memory re- Shading SchedulerUnlike the dicing scheduler which is executed
quired to process this region. If the peak ts in currently available prior to the dicing stage, the shading scheduler works inside the
memory minus a constant amount, the region and all primitives in shading stage. For each GPU shader, the scheduler estimates be-
it are dispatched to the dicing and subsequent stages. Otherwisefore shader execution the memory peak during shader execution
the region is split into two subregions at the middle point of the and computes the maximal number of micropolygons that can be
longer axis. The scheduler then recurses to process the two subreprocessed with the currently available memory. The input microp-
gions, with the one having fewer primitives being processed rst. olygon list is split into sublists according to this number and the
The pseudo code of this process is shown in Listing 1. sublists are shaded one by one.

Fig. 3(b) shows the dicing regions generated by this process. TheThe memory peak in the shading stage is caused by the temporary
constant amount of memorg(n Listing 1) is reserved for the sub-  data structures allocated during shader execution. The temporary
sequent shading and sampling stages which have their own schedédata size is always linear to the number of micropolygons. How-



ever, the exact coef cients are different for different shadess.
typical scene may contain many different shaders, with signi cant
variation in per-micropolygon temporary data size. Estimating the
memory peak of the whole shading stage will result in overly con-
servative scheduling and thus leads to suboptimal parallelism for
many shaders. Therefore, we design the shading scheduler to work
for every shader execution instead of the whole shading stage.

Sampling Scheduler Like the dicing scheduler, the sampling
scheduler recursively splits a screen region using BSP. The main
difference is the peak memory estimation algorithm. The sampling
scheduler needs to estimate the memory peak of the sampling, com-
positing and lItering stages. This peak, reached during the com-
positing stage, is caused by the subpixel framebuffer and the list of
sample points. We estimate the total number of sample points us-
ing the same algorithm in the sampling stage (see Section 5.3 for
details). The framebuffer size equals the region size.

Another difference is that the sampling scheduler operates within Figure 4: This indoor scene has about one-half gigabytes of tex-
the current dicing region, whereas the dicing scheduler operatestures and contains 600K polygon primitives. At 64880 resolu-
within the current bucket. As an example, Fig. 3(c) shows the sam- tion with 4 4 supersampling, our system renders the scene at about
pling regions generated by our algorithm for the Proog scene. 1.3 frames per second when the user is walking around in the room.

Design Motivation Note that the most obvious solution to the See the accompanying video for live demos.

memory problem is to have a full virtual memory system with pag-

ing. This is actually the rst solution we attempted. Based on the The output of these shaders are displaced vertex positions, colors,
GPU interrupt mechanism described in [Hou et al. 2009], we im- and opacity values. Light shaders are bound to light sources. They
plemented a prototype compiler-based GPU virtual memory system are invoked when a displacement/surface/volume shader executes
during preliminary feasibility evaluation of the RenderAnts project. anilluminanceloop.

However, we found that it is unrealistically expensive to heavily ) o

rely on paging in massive data-parallel tasks. Paging is especially For each object, our renderer composes its displacement, surface,
inef cient when managing the input/output streams of data-parallel volume shaders, and light shaders from all light sources that illu-
kernels (e.g., micropolygons, sample points) — the page faults areMinate this object into ahading pipeline The shader compiler is
totally predictable, and paging can usually be entirely avoided by called to compile each shading pipeline into a BSGP GPU func-
simply processing less data in parallel. This observation motivated tion. The function is inserted into a BSGP code stub that spawns
us to prevent data from growing out of memory rather than just pag- shading threads and interfaces with the dicer and sampler, yielding

ing them out — leading to our current memory-bounded solution. @ complete BSGP program. This program is then compiled into a
DLL (Dynamically Linked Library) and loaded during shading. To

5 GPU Reyes Rendering maximize parallelism, we spawn one thread for each micropolygon
In this section we describe the GPU implementation of each stage Ve/e. Therefore, the function generated by our shader compiler
of the basic Reyes pipeline. only shades one vertex. Note that the memory required to shade
one vertex is proportional to the maximum live variable size at tex-
5.1 Bound/Split and Dice ture/derivative instructions in the shader. In our experiments, this
Our GPU implementation of the bounding/splitting and dicing is always less than 400 bytes per vertex. This value grows approxi-
stages follows the algorithm described in [Patney and Owens 2008]. mately logarithmically with respect to the shader length. The mem-
While [Patney and Owens 2008] only handleszir patches, our ory consumption of a 2000-line shader is only a few dozens of bytes
implementation supports a variety of primitives, including bicubic larger than a 50-line shader.
patches, bilinear patches, NURBS, subdivision surface meshes, tri-

angles/quads, curves, and spheres. Typical scenes in Im production have a few large textures within

a single shot. It is impossible to store all texture data in the GPU
In the bounding/splitting stage, all input primitives are stored in a memory. Simply translating RSL texture fetches into native GPU
queue. In every iteration of the bounding/splitting loop, the prim- instructions does not work for such scenes because it requires all
itives in this queue are bound and split in parallel. The resulting texture data to reside in GPU memory. In the following, we describe
smaller primitives are written into another queue, which is used as a mechanism to handle out-of-core texture fetches. Several other
input for the next iteration. The parallel operations of scan and com- algorithmic details for implementing the shader compiler and the
pact [Harris et al. 2007] are used to ef ciently manage the irregular shading stage, such as light shader reuse and arbitrary derivative
gueues. When the bounding/splitting stage nishes, all primitives computation, are described in Appendix A.

are small enough to be diced. The dicing stage is much simpler. In .
parallel, all primitives in the current dicing region are subdivided ©Out-of-core Texture Fetch Reyes uses an out-of-core algorithm to

into grids, each of which has at most 331 micropolygons. manage textures [Peachey 1990]. Textures are split into xed-.sized
2D tiles. Whenever a texture fetch accesses a non-cached tile, the
5.2 Shade tile is loaded into the memory cache. This mechanism allows arbi-

To perform shading computations on GPUs, we need a shader comdrarily large textures to be ef ciently accessed through a relatively
piler to automatically translate RenderMan shaders to GPU shaders small memory cache.

Our system supports four basic RenderMan shader types: displaceTo map this algorithm to the GPU, we split the texture pipeline into
ment, surface, volume, and light. The rst three types of shaders a GPU texture fetcher and a CPU-side cache manager. Our com-
are bound to objects. During the shading stage, they are executediler compiles each RSL texture fetch into an inline function call
on all vertices of micropolygon grids generated by the dicing stage. to the GPU fetcher, while the cache manager is a static component
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Figure 6: Two micropolygons are sampled at sample locations be-
tween the-th andi + 1 -th scan lines.

In the rst step, we scan the bounding box of each micropolygon
line-by-line from bottom to top. The interval between adjacent lines
is set to bel subpixel. For tha-th line, the intersections of the
line and the micropolygon in screen space are computed as shown

Figure 5: 696K blades of grasses rendered at 204%36 with in Fig. 6. Suppose that the_set of intersgctions is reprgsenlléid as
11 11 supersampling. This generates 30.1M micropolygons and The number of sample points of the micropolygon lying between

4.7G sample points. The rendering time of RenderAnts and PRManthei'th andi+1-th lines is no greater tha®i L +1, where
are 23 and 1038 seconds, respectively. Ri = dmaxfp:x;p 2 P; [ P+ geand

Li = bminfp:x;p 2 P [ Pi+1 gcC:
shared by all compiled shaders. Whenever a texel is required in a

shader, the GPU fetcher is called to fetch the texel from a GPU- . ; . . -
side texture cache which contains a number of tile slots packed asmgtte;galg?aigggze?\z?els?ﬁ;g'g?]t;igftﬁ]ﬁnrg'scggoggg?nil\ﬁg'ges
a large hardware 2D texture. The GPU fetcher uses a hash table to

map the texture le name and tile position to texture coordinates on In the above formula to estimate the number of sample points.

the cache texture. If the requested tile is not in the cache, the fetcherAfter estimating the number of sample points of each micropoly-
calls a GPU interrupt [Hou et al. 2009] to fetch the requested tile. gon, we use a parallel scan operation to compute the required mem-
The interrupt handler computes a list of required tile IDs and calls ory size for sample points of all micropolygons and compute the
the CPU-side cache manager. The cache manager then reads thetarting addresses of each micropolygon's sample points in mem-
required tiles from the disk, copies them to the GPU, and rebuilds ory. Finally, a global memory buffer of the required size is allocated
the mapping hash table. Note that the loss in ef ciency due to GPU for sample points.

interrupts is relatively small (see Section 7 for details). The GPU . o

interrupt mechanism is carefully designed to minimize overhead. !N the second step, we scan each micropolygon again in the same

Threads of the same interruption status are grouped together, andn@nner asinthe rststep. For theh line,L; andR; are computed
interrupt calls are issued in batches. again. For each subpixel betwelenandR;, we compute the sam-

ple location by adding a random displacement to the location of the
Raw textures are preprocessed into mipmaps stored in tiles beforecenter of the subpixel and then test if the micropolygon covers the
rendering begins. We let neighboring tiles overlap by one texel sample location. If the sample location is covered, a sample point is
so that we can utilize the GPU's hardware bilinear Itering. Both generated by interpolating the color, opacity and depth values of the
the cache texture and the address translation table have xed sizesmicropolygon, and the sample point is contiguously written into the
They are allocated in the beginning of our pipeline and thus do not sample point buffer. Note that the sample point needs to record the
interfere with scheduling. index of its associated subpixel. The starting address of the microp-
53 Sampl olygon is used to ensure that its sample points are written into the
. ple . . L : . )
. ) . . right places without con icting with other micropolygons' sample

The sampling stage stochastically samples micropolygons into a setpoints. At the end of this step, the sample points of all micropoly-
of sample points. Each micropolygon is rst bounded in the screen s are stored in the sample point buffer, ordered by the indices
space. If the micropolygon is completely outside of the current ot micropolygons. Note that for opague micropolygons, we atom-
sampling region, it is culled. Otherwise, we test the micropoly- jc4|ly ypdate the depth values and colors of the covered subpixels
gon to see if it covers any of the predetermined sample locations using atomic operations supported by the NVIDIA G86 (or above)
in its bounding box. For any sample location that is covered, the family of graphics cards, and do not generate the sample points.
color, opacity, and depth of the micropolygon are interpolated and 1o depth values of subpixels are stored inztmiffer.
recorded as a sample point. We use the jittering algorithm [Cook
1986] to determine the sample locations. Note that there are other methods for estimating the number of sam-

) . i . . . . ple points of a micropolygon. For example, we can simply compute
As descrlped in Section 3,.the jittering algorithm divides gach p|>§el an upper bound of sample points based on the area of the microp-
into subpixels. Each subpixel has only one sample location, which qyq6n's bounding box. This saves the line scanning process in the
is determined by adding a random displacement to the location of gt'step, but leads to a larger memory footprint and a higher sort-
the center of the subplxel. The_randor_n displacement is computeding cost in the compositing stage. Our approach is able to compute
solely from the subpixel's coordinates in the screen space. To map 5 tighter bound, resulting in an overall gain in performance.
this algorithm to the GPU, we take a two-step approach. The rst
pass conservatively estimates the number of sample points of eactp-4 Composite & Filter
micropolygon, computes the required memory size for all sample In this stage, the sample points generated in the sampling stage are
points, and allocates the memory. The second pass computes andomposited together to compute the nal color, opacity and depth
stores the actual sample points. In both steps, we parallelize thevalues of all subpixels. The nal pixel colors are then computed by
computation over all micropolygons. blending the colors and opacities of subpixels.

p:x denotes the horizontal coordinate of pgirih the screen space.



Figure 8: Motion blur and depth-of- eld: two frames from an an-
imation. The scene is rendered at 64080 resolution with 8 8
supersampling. The rendering time of RenderAnts and PRMan are
1.37 and 13 seconds, respectively.

5.5 Advanced Features

Besides the basic Reyes rendering pipeline, our system can also

. render shadows, motion blur and depth-of- eld directly on GPUs.
Figure 7: Depth-of- eld: an army of 100 ants rendered at P y

640 480 resolution with 13 13 supersampling. In total, Render-  We render shadows using shadow maps with percentage closer |-

Ants renders the scene 169 times, shades 545.5M micropolygonstering [Reeves et al. 1987]. Shadow maps are generatsthitiow

and generates 328.1M sample points in producing this image. Our passesin each shadow pass, a depth map is rendered from the point

rendering time on three GPUs is 26 seconds, compared to 133 sec-of view of a light source, using the basic Reyes pipeline. Shadow

onds with PRMan on a quad-core CPU. maps are managed using the out-of-core texture fetching system.
Therefore, the number of shadow maps is not constrained by the

Composite In order to perform composition for each subpixel, we number of texture units on hardware.

need to know the list of its sample points, sorted by depth. To \ye jmplement motion blur and depth-of- eld by adapting the accu-

get this information, we sort the sample points using their asso- myjation buffer algorithm [Haeberli and Akeley 1990] to the Reyes

ciated subpixel indices and depths as the sort key. In particular, pipeline. Here we use motion blur as an example to illustrate our
the depth values are rst converted to 32-bit integers and packed jmplementation. Each subpixel is assigned a unique sample time
with the subpixel indices into 64-bit code. The lower 32 bits indi- according to a randomly-created prototype pattern [Cook 1986].
cate the depth value and the higher 32 bits are for the subpixel in- primitives are interpolated and rendered multiple times for a se-
dex. Then the binary search based merge sort algorithm describedjes of sample times. At each rendering time, only those subpix-
in [Hou et al. 2008] is used to sort the sample points. After sorting, a|s whose sample time is equal to the current rendering time are
sample points belonging to the same subpixel are located contigu-sampled. Then the same compositing and Itering stage described
ously in the buffer, sorted by depth. Note that some elements in the apove is applied to generate the nal results. Depth-of- eld can be

sample point buffer may not contain any sample point because thegjmilarly handled. Each subpixel is assigned a sample lens position

number of sample points of each micropolygon is over-estimated gnq primitives are rendered from various lens positions.
in the sampling stage. After sorting, these empty elements will be

contiguously located in the rear of the buffer since their subpixel Our implementation of motion blur and depth-of- eld needs to ren-

indices are initialized to be 1 during memory allocation. They  der primitives multiple times. Although this always gives accurate

will not be processed in subsequent computation. rendering results for arbitrary motions, the computation is expen-
sive. In the future, we are interested in investigating methods to

After sorting, we generate a unique subpixel buffer by removing el- shade moving primitives only at the start of their motion as de-

ements having the same subpixel indices in the sorted sample pointscribed in [Apodaca 2000].

buffer. We do this through the following steps. First, for each el-

ement of the sorted buffer, the element is marked as invalid if its 6 Multi-GPU Rendering

subpixel index equals that of the preceding element in the buffer.

Then, the compact primitive provided in BSGP is used to generate

the unique subpixel buffer which does not contain invalid elements.

During this process, for each element of the subpixel buffer, we ag shown in Fig. 9, the dicing scheduler on each GPU is enhanced
record the number of sample points belonging to this subpixel and p,y, 5 multi-GPU scheduler which is responsible for dispatching ren-
the index of the rst sample point in the sample point buffer. dering tasks to individual GPUs. All other schedulers and stages
. . ) ) ) remain unchanged. To design an ef cient multi-GPU scheduler, we
Finally, in parallel for all subpixels in the subpixel buffer, the sam-  pee( to solve two key problems: minimizing inter-GPU communi-
ple points belonging to each subpixel are composited together in cation and load balancing among GPUSs.
a front-to-back order until the depth of the sample point is greater
than the depth of the subpixel in tebuffer. Our multi-GPU scheduler is based on work stealing [Blumofe et al.
1995] and is combined with the dicing scheduler. The dicing sched-
Filter We perform Itering for all pixels in the current sampling  uler runs on each GPU as usual. Whenever a GPU becomes idle
region in parallel. For each pixel, the color and opacity values of (i.e., its DFS stack of unprocessed subregions becomes empty), it
its subpixels are retrieved and blended to generate the color andchecks other GPUs' DFS stacks for unprocessed subregionghif su
opacity of the pixel. The depth value of the pixel is determined by a region is found, the idle GPU steals a region from the skextk
properly processing the depth values of its subpixels according totom It adds the region to its own stack and removes it from the
the depth Iter option (e.g., min, max, or average). The pixels are original one. The GPU then proceeds to process the stolen region.
sent to the display system to be putinto a le or a framebuffer. The pseudo code of the multi-GPU scheduler is shown in Listing 4

In this section we describe the extension of our system to support
ef cient Reyes rendering on multiple GPUs.



in Appendix B. Note that this work stealing scheduler does not in- l l l

volve any signi cant computation and is implemented on the CPU. | Bucketing | | Bucketing | | Bucketing |
One CPU scheduling thread is created to manage each GPU. All
stack operations are done by these CPU threads. ! ! !

o . ) . . Bound/Split | | Bound/Split | | Bound/Split |
Recall that the dicing scheduler requires a region and a list of prim- | | 1
itives contained in this region. Stealing the primitive list along with S ST T G
the region requires more inter-GPU communication, which is ex- ork Stealng ork >teatng ork >teatng
pensive and intrinsically sequential. To avoid this problem, we | Dicing Scheduler Dicing Scheduler Dicing Scheduler
maintain a complete list of all primitives on all GPUs. When a | | |
GPU steals a region, it recomputes the list of primitives in this re- | Dice [ | Dice | | Dice |
gion using the complete list. This way, work stealing only requires | | |
transferring one region description, a simple 2D quad. Shade, Sample Shade, Sample Shade, Sample
Some preparations are required to set up this work stealing sched- | omposite & Filter Composite & Filter Composite & Filter
uler. At the beginning of the pipeline, all scene data is sent to all l l I
GPUs. Each GPU performs the bounding/splitting stage once to
compute the complete primitive list. This redundant computation is Figure 9: Multi-GPU rendering with RenderAnts.

designed to avoid inter-GPU communication. Before executing the
scheduler, a region equal to the current bucket is pushed onto the

rst GPU's stack and other GPUs are set to idle. Rendering Performance As shown in Table 1, our system out-

performs PRMan by over one order of magnitude for most scenes.
Another important problem is load balancing. For the work stealing In the ants scene (Fig. 7), the performance gain is only around ve
scheduler to achieve good load balance, the total number of subredimes. This is because our current implementation of depth-of- eld
gions cannot be too small. Otherwise, some GPUs cannot get re-needs to render scenes multiple times while PRMan only renders
gions and will remain idle. Generating many very small subregions once as described in Section 5.5.
would not be good either because that would lead to suboptimal ) .
parallelism on each individual GPU. Our scheduler deals with this R€nderAnts is capable of rendering moderately complex scenes
issue using an adaptive subregion splitting criterion. We rst set a (Fig- 1 and Fig. 4) atinteractive frame rates on three GPUs when the
primitive count thresholehmin  such that good load balancing can ~ USer i changing the viewpoint. In this case, the shadow_ pass time
be expected if all subregions contain no more thap primitives. is saved — we do not need to re-render shadow maps if only the
Subregions that tin memory and contain fewer thag, primi- wewpomt_and m_aterlals are changed. Also, since in practice only
tives are never split. When a scheduling thread encounters a subre©n€ light is modi ed at a time, only the shadow map of this light
gion that ts in available memory while containing more thagi, ne_eds to be re-render_ed and o_ther s_hadpw maps remain uncha_nged.
primitives, it checks whether the work queue of any other GPU is ' Nis allows us to modify the viewpoint, lights and materials while
empty. If such a GPU is found, the subregion is split. Otherwise, Viewing high-quality results on the y.
it is dispatched for processing. This strategy allows an adaptive

tradeoff between parallelism and load balancing. We also compared RenderAnts with Gelato on four scenes, the

Proog, the ants, the grass, and the motion blur scene provided in
Once a region nishes its rendering on a GPU, the pixel colors are Gelato's tutorial. As shown in Table 1, RenderAnts is about 12
sent to the CPU and stored. After all regions have nished render- times faster than Gelato for the Proog scene. For the ants scene,
ing, the nalimage is putinto a le or sent to a GPU for display. RenderAnts outperforms Gelato by a factor of three. Note that

) o ) ] Gelato is not a RenderMan compliant renderer and does not di-
Design Motivation Note that our multi-GPU scheduling strategy  rectly support RIB le format and RenderMan shaders. To perform

comes out of our hard learned lessons. Our initial design was ag comparison, we had to load a scene into Maya and manually re-
general task stealing scheduler aimed at balancing workloads in allp|ace all surface shaders using Maya's materials.

stages. However, this design did not work out. For a long period,

we were unable to achieve any performance gain, as the inter-GPUPerformance Analysis Fig. 10 shows the percentage of each
task migration cost consistently canceled out any improvement in stage's running time in the rendering time. Just like in traditional
load balancing. We eventually switched strategy and carefully re- CPU-based renderers, shading accounts for a large portion of the
designed the scheduler to eliminate all signi cant communication. rendering time for most scenes in our system. The grass and hair
The task representation was designed to allow each GPU to quicklyscenes contain a lot of ne geometry, resulting in a huge number of
re-compute all necessary data from very little information, and non- sample points. Therefore, the sampling and compositing/ ltering
pro table parallelization was replaced by redundant computation. stages take a lot of time. The percentage for initialization is quite
The current strategy works reasonably well on our large test scenesdifferent for different scenes. For the indoor scene (Fig. 4)yitap

(see Fig. 11 in Section 7). data from the CPU to the GPU consumes considerable time since
_ _ it contains 600K polygon primitives. On the other hand, although
7 Results and Discussions the ants scene contains 100 ants, only one ant model needs to be

We have implemented and tested the RenderAnts system on arfopied to the GPU — others are all instances of this model. The
AMD 9950 Phenom X4 Quad-Core 2.6GHz processor with 4GB initialization time for this scene is thus negligible.

RAM, and three NVIDIA GeF GTX 280 (1GB hi ds. . . C .
-andthree erorce ( ) graphics cards Note that the scheduling time is insigni cant for all scenes, which

Rendering Quality We use our system to render a variety of demonstrates the ef ciency of our scheduling algorithm. In our
scenes including characters, outdoor and indoor scenes. Visual ef-experiments, scheduling can improve the overall rendering perfor-
fects including transparency, shadows, light shafts, motion blur, and mance by 30%-300% over the bucketing approach, depending on
depth-of- eld have been rendered. For all scenes, our system gen scene complexity and rendering resolution. For example, for the
erates high-quality pictures visually comparable to those generatedProog and the grass scenes rendered at 880 resolution, our al-

by PRMan, with slight differences due to different implementation gorithm improves the performance by 38% and 164%, respectively.
details of individual algorithms (e.g., shadow maps). If the two scenes are rendered at 192@40 resolution, the im-



Proog (Fig. 1) | Ants (Fig. 7) | Blur (Fig. 8) | Indoor (Fig. 4) | Grass(Fig.5) | Hair (Fig. 13)

Resolution 640 480 640 480 640 480 640 480 2048 1536 1600 1200
Supersampling 8 8 13 13 8 8 4 4 11 11 13 13
Lights 12 6 2 30 2 4
Light shader length 188 74 160 1,789 75 75
Surface shader length 266 132 113 7,555 266 154
Total texture size 368MB - 80MB 491MB 3.4MB —
PRMan

4 CPU cores 40s 133s 13s 197s 1038s 3988s
Gelato

1 GPU 29.92s 246.32s 20.74s — 706.94s —
RenderAnts

1GPU 2.43s 71.82s 2.47s 10.12s 48.94s 700.73s

2 GPUs 2.26s 37.32s 1.64s 9.47s 27.46s 360.24s

3 GPUs 2.11s 25.71s 1.37s 9.26s 22.85s 256.02s

Rendering rates 2.4 1ps - 1.0 fps 1.3 fps - -

Shader compilation 41.52s 4.26s 8.11s 147.80s 26.61s 17.86s

Micropolygons 1.0M 545.5M 29.7M 2.9M 30.1M 442.4M

Sample points 56.1M 328.1M 24.6M 48.9M 4.7G 24.0G

Table 1: Measurements of scene complexity and rendering performance o&dPRB10.6, Gelato 2.2, and RenderAnts. For all renderers,
the rendering time includes the le loading/parsing time, the shadow pass @ntkthe view pass time. For RenderAnts, we also report the
rendering rates on three GPUs when the user is changing the viewpa@nttfie reciprocal of the view pass time), the shader compilation
time, the number of shaded micropolygons, and the number of samipls.pblote that shader compilation is executed only once for all
shaders. Also note that Gelato crashed and reported insuf cient mefapthe hair scene.

B E
The overhead of out-of-core texture fetches consists of two parts — ]
context saving at interrupts and texture copy from CPU to GPU. We I
evaluate this overhead on three complex scenes shown in Fig. 12,
each of which has more than one gigabyte of textures. Table 2 gives
the total number of interrupted threads and the total number of out-
of-core texture fetches when rendering these scenes. For eaeh inter
rupted thread, a maximum of 236 bytes need to be stored. Assum-
ing the memory bandwidth is 100GB/s, context saving time should
be 20-150ms. Each out-of-core texture fetch copies a 128 tex-

ture tile (64KB) from CPU to GPU. Assuming CPU-to-GPU copy
has a 1.5GB/s bandwidth ad@ s per call overhead, the copy time
should be 70-170ms. The total estimated overhead is thus less than
5% of the total rendering time.

provements increase to about 106% and 255%, respectively. 1007

I schedule
I comp. / filtet
[ lsample

[ Ishade

I dice

I split

Il initialize

Percentage of timespent

Ants Indoor Grass Hair

Proog Blur

Figure 10: Breakdown of the rendering time on a single GPU. The
initialization time is the time for data loading (i.e., copying data
Srom the CPU to the GPU).

The vast majority of our system is implemented as GPU code and
runs on GPUs. GPU memory allocation, kernel launch con gura-
tion, and some operations (e.g., stack) in the schedulers are nece
sarily performed on the CPU with negligible costs. Our system al-
ways consumes all available GPU memory to maximize parallelism complex scenes, the performance scales well with the GPU number,
and rendering performance. although the scaling is not perfectly linear.

Performance Scalability The scalability of our system with re-  Animation Rendering Since the animations of Elephants Dream
spect to the number of GPUs depends on the scene. As shown inwere produced using Blender, we use RIB MOSAIC [WHiTeRaB-
Table 1, the performance scales well for complex scenes such asBiT 2008] to export Blender les to RIB les. Fig. 12 shows three
the ants, grass and hair scenes. For scenes like the indoor scengendered pictures from the three shots. These shots contain 656
the initial preparation required to set up the multi-GPU scheduler frames in total and were rendered in about one and a half hours
takes a considerable portion of the running time, leading to much on three GPUs using RenderAnts, including the rendering time and
less performance gain using multiple GPUs. le input/output time. Note that our rendering results are different

- from the movie released by the Blender Foundation due to different
To better demonstrate the scalability of our system, we render threerendering algorithms and le conversion problems.

shots (see the images in Fig. 12) exported from an open source

movie entitled Elephants Dream [Blender Foundation 2006], at Limitations Currently there are two major limitations in the Ren-
1920 1080 resolution with 1313 supersampling. These scenes derAnts system. The rst is the geometry scalability. We assume
are reasonably complex — the scene shown in the middle row of grids generated during bound-split and their bounding boxes tin
Fig. 12 contains 407K primitives that are diced into 12.2M microp- GPU memory. This may be problematic for production scenes that
olygons, generating 1.2G sample points, which is comparable to contain a large number of primitives. For instance, increasing the
some examples shown in previous papers such as [Pellacini et al.number of hairs in Fig. 13 to 600K would break the assumption
2005] and [Ragan-Kelley et al. 2007]. Table 2 and Fig. 11 show and make the system crash. Also, a huge number of sample points
the rendering time for the three shots, using 1 to 3 GPUs. For thesewill be created for scenes that contain a lot of transparent and ne



Fig. 12 (top)| Fig. 12 (middle) Fig. 12 (bottom

Lights 12 19 22
Texture size 1.24GB 1.38GB 1.19GB
PRMan

4 CPU cores 303s 440s 329s
RenderAnts

1GPU 17.24s 16.45s 21.53s

2 GPUs 11.32s 10.34s 12.60s

3 GPUs 8.91s 8.84s 9.92s

Micropolygons 15.4M 12.2M 29.1M

Sample points 1.5G 1.2G 2.8G

Out-of-core

#fetches 3.15K 1.43K 2.53K

#threads 65.54M 12.15M 44.17M

Table 2: Statistics of three shots from Elephants Dreams. To eval-
uate the overhead of out-of-core texture fetches, we count the total
number of out-of-core texture fetches (#fetches) and the total num-
ber of interrupted shading threads (#threads).

25
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Figure 11: Scalability study: rendering performance of three im-

ages shown in Fig. 12 on 1 to 3 GPUs, with each shot's results
plotted related to the performance on one GPU.

geometry. For example, 24.0G samples are generated in the hair

scene. The sampling scheduler splits the image region into small

sampling regions (see Fig. 13(c)). Increasing the number of hairs

would result in more sample points and smaller sampling regions,

greatly reducing the degree of parallelism and slowing down the

rendering performance. In the extreme case, the system will crashrigure 12: Three frames of Elephants Dream, rendered with Ren-

if a single pixel contains substantial sample points that are too many derAnts at 1920 1080 resolution with 1313 supersampling.

to be stored in GPU memory. Note that using smaller buckets can-

not resolve the limitation completely because we need to know the ggting directions for further investigation. First, some algorithms

bounding boxes of all primitives before we can do the culling with i, ;- system can be improved. For example, the current dic-
the bucket. A complete solution to this limitation is a virtual mem-  j,4/sampling schedulers simply split a region at the middle point

ory system with paging and is left for future research. Another ihe |onger axis. We believe that a splitting scheme which bal-

limitation is motion/focal blur. Our current accumulation buffer  5nceg the number of primitives/micropolygons contained in the two
based algorithm is more of a proof-of-concept approach and is not g regions will generate a better partitioning of the region and im-
intended for actual production. Efcient production-quality mo-  5ye performance. We also wish to avoid patch cracks which are
tion/focal blur on the GPU is a non-trivial task that should be inves- 5,5aq by various errors in the approximation of primitives by their
tigated in future work. tessellations. These cracks will introduce rendering artifacts.

8 Conclusion and Future Work Second, we are interested in incorporating more advanced features
We have presented RenderAnts, a system that enables interactivénto the system, such as deep shadow maps, ambient occlusion,
Reyes rendering on GPUs. We make three major contributions in Subsurface scattering, ray tracing and photon mapping. Some fea-
designing the system: mapping all stages of the basic pipeline to thetures can be added to RenderAnts by adapting existing algorithms.
GPU, scheduling parallelism at individual stages to maximize per- For example, GPU ray tracing of production scenes has already
formance, and supporting scalable rendering on multiple GPUs by been demonstrated in [Budge et al. 2009]. For photon mapping,
minimizing inter-GPU communication and balancing workloads. Hachisuka et al [2008] proposed a progressive algorithm that can
As far as we know, RenderAnts is the rst Reyes renderer that en- achieve arbitrarily high quality within bounded memory, which
tirely runs on GPUSs. It can render photorealistic pictures of quality Should t well in our pipeline. Culling is also an important fea-
comparable to those generated by PRMan and is over one order ofiure in modern Reyes implementations. It is possible to incorporate
magnitude faster than PRMan. For moderately complex scenes, itSome traditional culling techniques into our system, like computing
allows the user to change the viewpoint, lights and materials while depth buffers prior to shading.

roviding feedback interactively. .
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data ow analysis on this SSA form for light reuse and derivative
computation as described below. Note that the téghmt shader
reusehas a different meaning here when compared withlitte
reusein previous lighting preview systems such as [Pellacini et al.
2005; Ragan-Kelley et al. 2007]. In our system, light shader reuse
refers to the reuse of light shader output across different shading
components during shader execution. In a lighting preview system,
light reuse refers to reusing the shading result from unadjusted light
sources during lighting design. They are completely different tech-

A Shader Compiler nigues used in completely different rendering stages.

In this section, we describe several algorithmic details for imple- Derivative Computation  Modern RSL shaders use derivatives in-
menting our shader compiler and the shading stage. tensively to compute texture lIter sizes for the purpose of anti-
aliasing. Derivative computation needs to get values from neigh-

Light Shader Reuse A typical RSL surface shader may call illu-  borhood vertices, which we have to fetch through inter-thread com-
minance loops multiple times to compute various shading compo- mynication.

nents. This is especially true for shaders generated from shade trees

[Cook 1984]. In such shaders, individual shading components suc We use a temporary array in global memory to get values from
as diffuse and specular terms are computed in individual functions neighborhood vertices. An alternative is to use CUDA shared mem-
and each function has a separate illuminance loop. As a result, eactory. While shared memory is more ef cient, it is limited to threads
illuminance loop would execute light shaders for all light sources, within the same CUDA thread block. For derivatives, this implies
which is very inef cient. This problem is illustrated in Listing 2. that each grid has to t in a single CUDA block. Unfortunately,
our grids are up to 3232 in size and do not always tin a block.

In addition, we nd that the performance gain of using larger grids

Original code After illuminance merging

/IDiffusePart color  Cd=0; outweighs the entire derivative computation. Therefore, the com-
color  Cd=0; float  r=0.2; munication required for derivatives has to use global memory.
illuminance  (P) f color  Cp=0;

Cd+=lambert(); illuminance  (P) f

Inter-thread communication via global memory requires barrier

g

/ISpecularPart

float  r=0.2;

color  Cp=0;

illuminance  (P) f
Cp+=blinn(r);

/Imerged loop

Cd+=lambert();

Cp+=blinn(r);

/lcombination
Ci=Cd+Cp;

g
/lcombination
Ci=Cd+Cp;

Listing 2: Pseudo code demonstrating illuminance merging.

synchronization to ensure that all threads have computed the val-
ues to exchange. This poses a problem: barriers cannot be used
in non-uniform ow control structures, whereas derivative instruc-
tions are not subjected to this limitation. To address this issue, our
shader compiler relocates all derivative computation to valid barrier
positions.

For each derivative instruction, there may be multiple valid posi-
tions for relocation. We need a way to nd an optimal relocation
so that the number of required barriers is minimized. Observing

Conventional CPU-based renderers solve this problem by cachingthat consecutive derivative instructions can be relocated to the same
light shader results during the rst execution and reusing it in sub- Parrier, we nd an optimal relocation by minimizing the number of

sequent illuminance loops with equivalent receiver con gurations.
This caching approach, however, is inappropriate for the GPU.
While we know all light shaders at compile time, we do not know

distinct target positions to relocate derivatives to. To do this, we
rst eliminate trivially redundant derivatives, i.e., multiple deriva-
tive instructions of the same value. After that, we nd all valid

the number of lights that use each shader. Therefore, the size ref€location positions for each derivative. A graph is constructed for

quired for the light cache is known only at runtime. Current GPUs
do not support dynamic memory allocation, which makes runtime
light caching impractical.

the derivatives. Each derivative corresponds to a node in the graph
An edge is created for each pair of derivatives that can be relocated
to the same position. The minimal barrier derivative relocation cor-
responds to the minimal clique cover of this graph. The number

To address this issue, we seek to reduce light shader execution usof derivative instructions is typically very small after eliminating

ing compile time analysis. Speci cally, we nd illuminance loops

with equivalent receiver con gurations and merge them into a sin-
gle loop. During merging, we rst concatenate all loop bodies.
Then we nd all values read in the concatenated loop body and

trivially redundant ones. We simply use an exhaustive search to
compute the optimal solution.

Note that derivatives are only well-de ned for variables that have a

place their assignments before the merged loop. This is illustrated de ned value for all vertices in a grid. This guarantees our deriva-

in Listing 2. Note that the variableSp andr are used in the later

specular illuminance loop and they have to be placed before thenot allow placingbarrier

merged illuminance.

The merge may fail in cases where one illuminance loop uses a

tive relocation to be successful. A minor problem is that BSGP does
statements in uniform ow-control
structures. In such cases, we implement the synchronization using
a GPU interrupt [Hou et al. 2009].

value de ned by another illuminance, e.g., if a surface has its spec- Listing 3 illustrates our derivative relocation process. In the original

ularity computed from its diffuse shading. We check for this sort

of data dependency prior to illuminance merging as a precaution-

code, there are four derivative instructiobs. All of them are
written in ow control structure. After the derivative relocation,

ary measure. In practice, such data dependencies are not physicallghe derivatives are pulled out and redundant ones are eliminated.
meaningful. They have never occurred in any of our shaders. Our The compiler can then proceed to insert barrierstanehd.get

compiler consistently succeeds in merging all illuminance loops.
Optimal light reuse is achieved without any additional storage.

Our shader compiler rst compiles shaders to static single assign-

ment (SSA) form as in [Cytron et al. 1991] and then performs

calls to compute these derivatives.

Other Features RSL shaders use strings to index textures and ma-
trices. We follow the approach in [Ragan-Kelley et al. 2007] to im-
plement strings as integer tokens. Corresponding texture informa-



Original code After derivative relocation B Pseudo Code of the Multi-GPU scheduler
if (swapst!=0) f tmpO=Du(s); P .
dsdu=Du(t): tmp1=Du(t): Listing 4 shows the pseudo code of the multi-GPU scheduler.
dtdu=Du(s); if (swapst!=0) f
gelse f dsdu=tmp1; thread local storage:
dsdu=Du(s); dtdu=tmp0; list(quad) stack
dtdu=Du(t); gelse f multi _schedule(quad r, list(prim) 1)
9 dsdu=tmpo0; if memoryUse(r,))<memoryFree()-C:
dtdu=tmp1; process(r,l)
9 return

Listing 3: Pseudo code demonstrating derivative relocation.

tion and matrices are organized into arrays indexed by these tokens
and sent to the GPU prior to shading.

Shaders within a shading pipeline may communicate with each
other by exchanging variable values through message passing.
Since we compile each shading pipeline into a single function, vari-
ables in different shaders actually belong to the same local scope in
the nal BSGP function. We simply replace message passing func-
tions with variable assignments after inline expansion.

Our system currently does not support imager shaders written in
RSL. Instead, a post-processing function written in BSGP is substi-
tuted in place of the imager shader in the original pipeline. After

rendering each frame, the renderer calls this function with a pointer
to the output image, and overwrites the output image with the post-

processed image. The user can write his/her own post-processing Listing 4: Pseudo code of the multi-GPU scheduling algorithm.

function to implement any desired effect. This post-processing fea-
ture is used to compute the color adjustment and HDR glowing in
rendering Elephants Dream shots. Note that the PRMan version 13
that we use also provides its own scriptable compositor tool “it” for
post-render processing, and does not support RSL imager shader
[Pixar 2007].

(r0,r1) = BSPSplit(r)

(n0,n1) = countPriminQuads(l,r0,r1)
if  nO>nl: swap(r0,rl)

/lpush the larger region explicitly
stack.push(rl)

10 = priminQuad(l,r0)
schedule(r0,l0)

delete 10

/Ireturn if the other region is stolen
if  stack.empty(): return

rl = stack.pop()

| = priminQuad(l,r1)

schedule(rl,l)

multi  _main(list(prim) 1)
if inMainThread():
r = bucketQuad()
multi  _schedule(r,l)
renderNotDone():
r = stealTask()
multi _schedule(r,priminQuad(l,r))

while




