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Abstract

GPU becomes popular in modern computing devices due to its outstand-
ing processing ability. Modern GPUs usually consist of multiprocessors that
are suitable for parallel processing. As the design of GPU becomes more
general in recent years, not only traditional 3D graphics rendering but also

many general applications tend to' utilize tle plentiful resources on GPU.

For mobile GPUs, the computlng resOUrces ae rather limited; therefore
some techniques should be estabhshed to| reduce Workload It is known that
the rendering operation$ of.eccluded ij?“gﬁs ghould be avoided in 3D graphics
applications. Moreover;-for'som phci‘lrtloné Wthh exploit region of interest
(ROI) processing, only the-opeela?clons in th!elROI should be executed. In
order to reduce the computatlon with the above mientioned concepts, in this
thesis, a configurable thread Culhng unit (TCU) is proposed to enhance the

performance of mobile GPUs.

TCU can be configured into two operating modes and performs at both
tile and pixel levels. First, for 3D rendering applications, an early Z test is
employed to remove occluded regions and detect visible regions. Experimen-
tal results show that in average 14-% of pixels are discarded, 15-% of pixels
are marked as visible and the speed up of 1.1x can be achieved compared
to the case where no culling is carried out. Second, an early stencil-like test
is executed to discard non-interested regions in ROI processing. Experimen-
tal results show that compared to predicate execution, the performance is
enhanced by 25x and 6x for Viola-Jones face detection and Gabor feature

ix



extraction in salient region, respectively.

Finally, the proposed design is integrated into GPU and is verified in hard-
ware implementation. Designed with TSMC 65-nm technology, less than 5%
total area is increased with TCU, including a 1KB cache, which shows that
the hardware cost overhead of proposed TCU is quite small. Furthermore, the
GPU system is prototyped on a FPGA platform and the function has been
verified, where about 40K slices are utilized in Xilinx Vertex-5 XC5VLX330.




Chapter 1

Introduction

GPU(graphics processing unit) is develope&"tc accelerate graphics ren-
dering applications. As. the comp“}exlty of renderlng a: scene increases, the
heavy workload exhausts the resouri}Eof QPU GPU then evolves to pro-
vide outstanding processing povy : I},fi the lbegmmng, GPU is a dedicated
ASIC targeting at the fixed plpra ne ‘of rend:eilrlng Wlth the improvements

in technology and researches GIJ’U has become programmable through some

specific programming models.

Nowadays, GPU becomes an important computing resource in either com-
modity desktops or mobile devices. It evolves rapidly to deliver significant
processing power for supporting the growing demands on high-throughput
and complex applications. Owing to the property that a large amount of
data usually run the same shader program in rendering, SIMD architecture
with either scalar processors or vector processors is usually adopted in most
GPUs to exploit data parallelism. Among the latest graphics card in desk-
tops, NVIDIA GTX 590 has 1024 scalar processors and AMD Radeon HD
6990 has 3072 processors. Modern products tend to provide amazing power
of parallel processing in multi-processor architecture.

1



1.1 Graphics Rendering

Put into primitives Lighting and texturing

SO T

Application T T
o %o
Vertex Primitive N Fragment Per-fragment
> = —> —> >
° 5 Shader Assembly Rasterization Shader Operation (ROP)
¢}

J ! }

: %ﬁ 4

Lighting and transform Interpolation Tests and color
blending

F;_é‘ure I ]{f@{;aphigs"pipelinéi};
| ."""h.l— n._.i l

The traditional rendering plT hnf fitains five stages as shown in Fig-
ure 1.1. In the beginning, input fis ﬂ{ggeo try information of the scene
provided by programmerSﬂs'uchLL* the positi#) Sy coiors and other attributes
of vertices together with the env1r0nmenta1 setups ofiscenes. These data are
fetched and transferred to vertex shad(;r. Vertex shader is a programmable
stage that processes each vertex with the shader program. In this stage, ver-
tices can be transformed, rotated and shaded based on the shader program.
Next, primitive assembly puts those processed vertices into a primitive, which
can be a point, a line or a triangle. Then in rasterization stage, vertices are
transformed from world coordinates into camera coordinates first. Then all
values, including color, position, depth and attributes are interpolated for
each pixel (or fragment) that a primitive is projected to in the screen. The
interpolation is calculated with plane equations setup by the attributes of
vertices of a primitive. Before executing pixel shader, some techniques such

as depth test, frustum culling, small-primitive culling and back-face culling

2



can be applied to this stage to reduce the workload. Fragment shader then
processes lighting and texturing on each interpolated fragment. Texturing
is a procedure that shades a pixel with a texel fetched from a texture im-
age. It can present dedicated scenes without complicated computations so
is frequently used in applications. Fragment shader and vertex shader are
the only two stages that are programmable in this pipeline. Programmers
can define the operations on vertices and pixels in shading languages such as
Cg, openGL shading language (GLSL) [2] and high level shading language
(HLSL) [3]. In GPU architecture, a vertex or a fragment is assigned as an ac-
tive thread which is scheduled to processors and run through the whole shader
program independently. Finally, per-fragment operations are performed on
shaded fragments in ROP.gtage. This stag',éj contains.scissor test, depth test
(Z test), stencil test and colbr blending. Scissi’)r:test defines a rectangular
region on the screen thz;ﬁ s Writarble Z test compdfés the depth values of
the coming fragment and the corr?spemimg [plxel on the depth buffer. If the

JLl | ¢

coming fragment is farther; it Wl}l ot be drakzv[n on the screen. Stencil test is
ent-éan bempdated or not with a per-pixel

used to determine whether a fragi
mask. It is usually used. for spebhl efféets sméh as shadows, reflections and
cut-outs when rendering a scerio. I the end,,the color buffer will be updated

if a fragment passes all the tests.

Early Z test which performs Z test before ROP stage to reduce redundant
work is commonly adopted in GPUs. It is proposed to discard occluded
regions as shown in Figure 1.2 as early as possible during the pipeline stages.
In Figure 1.2, the darkened region of Triangle 2 is occluded by Triangle 1
so it will not be shown on the screen. Early 7Z test detects these occluded
regions and discards them so that the processing power and bandwidth of

shader, texturing, and per-fragment operations can be saved.

In a similar way, early stencil test performs stencil test before ROP stage
for saving computing resources. The stencil buffer stores a per-pixel mask

3



Triangle 1 Triangle 2

7

< N

eye

Depth

[/

Figure 1.2: Early Z test Example : Occluded region(darkened region) in

triangle 2 can be discarded during early Z:test.
2 =

rendered in last frame and is aceessed in early -{s::ﬁag(i_fco remove failed frag-

ments. It appears in thé’KI;)iroduct'%sﬁT)‘f"*ATI I,-['Zgﬂ'and NVIDIA [5] [6], however is
| (e=sl] |
|

less concerned in researches. | -—’; |

| H,i '.:'
-2 GPGPU*hJI nY;”

To better utilize the plentiful Erocéssin-g resources on GPUs, General-
Purpose computation on Graphics Processing Units (GPGPU) is proposed to
exploit the advantage of parallel processing ability. Many researches in the
fields of physics simulation [7], linear algebra [8], multimedia applications [9]
endeavor to figure out the method of implementation which gets the best
gain.

Several programming models are designed to support GPGPU, starting
from earlier Cg, GLSL, HLSL, which are originally dedicated for graphics
rendering pipeline, to current tailored general purposed programming mod-
els - CUDA [10] and OpenCL [11]. Among them, CUDA and OpenCL draw
most of the attention. As CUDA arises, many researchers focus on exploiting

4



the parallelism inside GPUs for computationally intensive applications. Such
general-purpose programming model drives the popularity of GPGPU. Par-
allel threads resources are allocated hierarchically, where block and thread are
the basic execution units used in CUDA. OpenCL, which is a general-purpose
computing framework across heterogeneous platforms, supports parallel pro-
cessing as well. Through the API setting, the idea behind OpenCL is similar
to CUDA. Work-group and work-item are the corresponding basic units used
in OpenCL. While CUDA is not available on mobile devices now, OpenCL
establishes an embedded profile which is a subset of full standard running on

embedded systems with more restrictions [12].

It is known that most low-level image processing and computer vision
algorithms can be effectively accelerated Wi-th GPUs because of the charac-
teristic of independenee between regions or pii?:’eis such as image filtering
and linear feature extractlon however 1t iSsnot tha. case for high-level ap-
plications, where object-based proce@g a;ﬂd] processing in ROI (Region of
Interest) are often involved. That ‘ls nq.t everylextracted feature is significant
for later processing stages, and is bstantial ﬁeature mformatlon is generally
concentrated in salient reglons 13] orROL For example the stage rejection
process in Viola-Jones face detectlon framework [14] can incrementally elimi-
nate possible face candidate positions. Feature extraction [15] [16] computes
the description vectors for only interested points. These ROI processing on

GPU will cause branch divergence and may degrade the performance due to

distinct behavior between threads especially in processors with wide SIMD.

1.3 Limitation of GPUs on Mobile Devices

Under the consideration of power consumption and area cost, the com-
puting resource of mobile GPUs is more limited compared to the GPUs on
desktops. For example, NVIDIA Tegra2 has only 8 cores and PowerVR SGX

5



series 5 has only 2 to 16 cores (SGX543, SGX544, SGX554). It is then
more challenging to realize the mentioned applications efficiently by GPUs

on mobile devices.

On nowadays mobile devices, the programming of GPGPU is done through
a light-weight open graphics standard — OpenGL ES 2.0 instead. Before
CUDA and OpenCL become mature on mobile devices, it is common to uti-
lize the general-purpose processing power of GPUs with shading language. In
such programmable graphics pipeline, users can write vertex programs and
pixel programs running on multiprocessors. Initially, vertex programs oper-
ate on geometry models. Next, the rasterizer takes charge of a scan conver-
sion procedure to convert transformgd vertex data into fragments. The gen-
erated fragment threads then activﬁté the gﬁader,processors to run fragment
programs. Identically; it is straightforward to agébciai‘ge fragment threads as
2-dimensional threads, and the allocated tlhtjéqd numbéi‘ is determined by the

\-an :;(bpenCL, the same programming

.

size of frame buffer. Similar to Clj

concepts can also be performed {N th éj‘t@ding ianguage.,

Bal
i |
i B 2

1.4 Motivation

In this work, we want to reduce redundant evocation of threads for both
graphics rendering and ROI processing of GPGPU, targeting at mobile GPUs
where resource is not sufficient. A configurable thread culling unit is proposed
to improve the efficiency of GPUs. When rendering a scene, an early Z
test is performed; and when processing ROI of multimedia applications, an
early stencil-like test is performed. The experimental results show that the
performance of GPU is enhanced and the hardware cost is relatively small

through hardware sharing.



1.5 Thesis Organization

The thesis is organized as follows. Algorithms of early Z tests of previous
works are introduced and summarized in Chapter 2. Besides, some related
solutions to the ROI processing on GPU are also presented in Chapter 2.
In Chapter 3, we explain the architectures of proposed configurable thread
culling unit and simulation model. Two operating modes and their exper-
imental results are also presented in this chapter. Then in Chapter 4, the
hardware analysis and implementation results are demonstrated. Finally,

Chapter 5 concludes the thesis.







Chapter 2

Related Works

In this chapter, some previous works of early 7Z test algorithms will be
discussed in Section 2.1.4 Moreover, issues sind curtent solutions of branch

divergence on GPU will be disetissed in Section2:2.

2.1 Early Z Test Algorithm
R | ,
Early 7 test algorithmsfcan tbl& clzié:siﬁed;by theirr design targets; Z-max
algorithm reduces five tlmes Qf;mémory acceés: by detecting occluded pixels;
Z-min algorithm saves one timé of miemory access for each visible pixel; hy-

brid algorithm contains Z-max and Z-min algorithms to take advantages of

saving memory accesses for both occluded and visible pixels.

2.1.1 Z-Max Algorithm

As explained in Figure 1.2, Z-max algorithm is designed to skip redundant
works by finding occluded regions in an object. During the process, the
maximum of Z-values for each region of currently unfinished scene is stored
in an additional memory. Usually maximums are stored for every tile (8 x 4
pixels in our system) to save memory area. When the Z-value of the coming
object is farther than the corresponding stored Z-value, which indicates it is

9



occluded by other objects that are already drawn, it is discarded from the
pipeline. Usually, Z-max algorithm is implemented before, during or after
rasterization depending on the culling level, which will be explained later.
When an object is culled, redundant stages of pixel shader and ROP can be
saved; besides, texture read, color read/write, and depth read/write can be

saved.

Hierarchical Z-buffer (HZ-buffer) [17] is the most popular Z-max algo-
rithm proposed in 1993. They hierarchically examines whether an object is
occluded by using a Z-pyramid. Z-pyramid contains many layers of Z-values
where each upper layer is downsampled from the lower layer by a factor of
2 on each side as shown in Figure '2 1. When.downsampled from the lower
layer, a 2 X 2 maximum ﬁlter is 1s$ued to—et;sure that every stored Z-value is
the farthest depth in its corréspondmg reglon Besndes ‘the bottom layer of
a Z-pyramid is the exter-nal dep ffer ssed i ROP stage. Whenever
a new depth is updated after th E‘N t&—.&ﬁ R 2 stage a maximum filter is
employed from bottom layer to t<!> lay?tlto update the entlre Z-pyramid with

correct Z-values. HoweVer thlsil troduces s stantlal overhead of memory

bandwidth and Computmg latenc

5 Maximum
value
/- 816
% 513 ] Maximum
A % 1 value
1[4]o]e
8[2]1]3
3(5]2]1
1{4(3]1
(a) The Z-pyramid of a scene. (b) Construction of a Z-pyramid.

Figure 2.1: Hlustration of Z-pyramid.
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In HZ-buffer, comparison tests are performed between the coming Z-value
and several stored Z-values, which are fetched gradually from the upper layer
to the lower layer of the Z-pyramid, until the object is confirmed to be re-
jected or it reaches the bottom layer of the Z-pyramid. The advantage of
HZ-buffer is that it is efficient to cull large occluded objects since fewer com-
parison tests are needed in upper layers. However, it costs more comparison
tests for non-occluded objects because tests are terminated only when the

bottom layer is reached.

Many works [18] [19] [20] [21] are originated from HZ-buffer. Since the
management of HZ-buffer is hard, they implement only a few layers of Z-
pyramid. Usually, an additional memory js allocated with the size of the
lower resolution than that of the deié)th buffer. That is, maximum Z-values
are stored for each tile, not for each pixel instoad. Updates are then ac-

complished by managing this additignal memory, Wlthout accessing to the

I

original depth buffer. However, in t'-f’vvayl additiona] mechanisms are re-
quired to record the Z-values 1d tllq Jfor edrrect updates As illustrated
in Figure 2.2 it is needed to mz*x sure we hﬁ)date the Z-pyramid with the
maximum Z-value within the rgmge a tile covers If we do not know the
range the entire tile covers, updates can not' be carried out. In [21], a cache
is implemented to store Z-values in a tile.” The maximum Z-value can be

updated to the additional memory when all values in a tile have already be

drawn and cached.

Among these works, different culling levels are selected. Culling level is
the granularity of an object that is used to perform 7Z test, varying from
primitive, tile to pixel. For example, every tile an object covers will go
through 7 test if the culling level is at tile. Finer the culling level is, the
higher culling rate can be achieved, but on the other hand, more processing

time is taken.

Depth filter [22] proposed in 2008 uses the concept different from HZ-
11



1|alole|1]a]o]2 1|alo]e]|1]\a
712(1]3]5|2[1]3 7]2]1[3]5]%
3[s[2]1]3]s]1]2 3[5]2]1]3]5
1|al3]1]7]a]3]1 1]4(3[1]7]4)\3

(a) Z-values of a fully-covered tile. (b) Z-values of a partially-covered

tile.

Figure 2.2: Illustration of Z-max update. The current stored Z-max value is
9 for example. In case (a), 7 is updated since it is smaller than the stored Z-

max. However, in case (b), 7 can not be updated because the depth values of

S EA
those darken pixels are not known. ‘[Ij; can g’ét besure that 7 is the maximum
of entire tile. V. = G

eye Reference-Z

Figure 2.3: Ilustration of depth filter. Triangle 1 encodes the pixels it covers
as 1 because it is in front of reference-Z. Although Triangle 2 is farther than
reference-Z, Pixel A can not be discarded since the corresponding value on
bit-mask is 0, which means no pixel is drawn in front of Pixel A. However,
Pixel B on Triangle 2 can be discarded with the corresponding value on

bit-mask being 1.
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buffer. In order to reduce hardware overhead, a bit-mask instead of a Z-
pyramid is utilized as shown in Figure 2.3. In the beginning, a Z position
(called reference-Z) is chosen and a bit-mask is created for each pixel on
screen with initial value - 0. Then if the Z-value of coming pixel is in front of
reference-Z , corresponding position on the bit-mask is encoded as 1. Besides,
if it is farther than reference-Z and the corresponding value on the bit-mask
is 1, the pixel is occluded by other objects so is discarded. The advantage is
that memory is simply managed and is of small size. But the disadvantage is
that it is hard to find a proper position of reference-Z, which is influential to
the culling rate. [22] records the distribution of Z-values in ROP stage and

calculated the best value as the reference-Z for the next frame.

2.1.2 Z-Min Algorithm

Z-min algorithm [23] is proposed tg;_klp ZF read in ROP stage by indicating
visible regions. Different frem Z- mam'ﬂrgo'rlthms the minimum of Z-values
for each region (usually-per tile) is stgrf,d 11‘1 an additional memory. If the
Z-value of the coming ebject is me%arer than t‘lhb stored Z-value, the object is
marked as visible so that Zrehdin ROP stage cattbegaved because the Z test
in ROP will certainly pass. It'is be}leﬁcial eépecially for pixels that are first
drawn. [23] claims that more bandwidth can be saved in Z-min algorithm than
that in Z-max algorithm for scenes whose depth complexity is smaller than
4. Besides, the management of memory update is quite simpler compared
to that in Z-max algorithm. In Z-min algorithm, the coming Z-value can
be updated as long as it is nearer than the stored Z-min value. However in
Z-max algorithm, it is needed to be sure that the coming Z-value is not only
nearer than stored Z-max value but also is the maximum in that region (or
tile).

[24] [25] adopt both Z-max algorithm and Z-min algorithm in their early
7 tests. Both advantages mentioned can be taken to save more bandwidth.

13



2.1.3 Summary of Previous Works

The collection of previous works on early Z test are summarized in Table
2.1. Check mark indicates the selected culling level in each work. And in the
memory column, an n x m-buffer is the additional memory of the size of the
original Z-buffer downsampled by n xm. A LR-buffer indicates the size is not
specified in that work. Besides, some works use masks to manage updates
in Z-max algorithm. The disadvantages of each work are also listed in the
table. Culling at primitive or tile level is fast but leads to low culling rate.
In the opposite, culling at pixel level results in high culling rate but is less
efficient. Although [21] culled at both-primitive and pixel level, a primitive
is actually hard to be culled entirely. Fur,’!chermore, there are two layers of
Z-pyramid with a cache'for updates'in [21], and al{éo a compression technique

is exploited to reduce mémory usage. The hardwarecost is relatively high.

N3
| <= ||
A |

2.2 Branch Dlvergéfnceon IGrPU

Modern GPUs typically bundle;multiple scalar threads into a batch, re-
garded as a warp by NVIDIA CUDA, and execute them by the same program
in a lockstep on SIMD architecture. While more non-graphics GPGPU appli-
cations are realized on GPUs, complex control flows make threads in a warp
divergent, leading to efficiency degradation on SIMD processors. Branch
divergence occurs when threads in the same warp take different executing
paths after a conditional statement such as if-then-else, for, switch and while.
For some multimedia applications as mentioned in Section 1.2, processing of
ROI causes thread divergence in a warp. In the following sections, possi-
ble implementations will be discussed, including jump instruction, predicate
execution, warp re-scheduling and stream reduction.
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Table 2.1: Summary of previous works of early Z test algorithm.

Previous works | Primitive | Tile | Pixel | Memory Disadvantage
AHV [18], 1999 v LR-buffer Low culling rate
Delay  stream v 8x8-buffer

[19], 2003

Z-min  culling

23], 2003

Blocked-Z  [20],
2009

ATDF [24], 2006 |

Depth filter [22],
2008

UEZT [25], 2010

: Slow

Two-level HZ-
buffer [21],
2003

8x8-buffer

16x16-buffer

1. Low culling rate

(primitive level)

2. Hard manage-

ment of memory
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2.2.1 Jump Instruction

Jump instructions are commonly used in sophisticated processors such
as CPUs or multiple instruction multiple data (MIMD) architectures when
encountering conditional statements. An example program and its assembly
pseudo code is shown in Table 2.2. "beq” and ”j” are used to control the
branch path of a thread. However, in SIMD architecture, jump instructions

usually lead to complicated scheduling mechanism and degrade the perfor-

mance of GPUs.

Table 2.2: Program example with jump instruction.

Program code Assembly pseudo.code
If (il=j) beq iyj Labell // bz”gnch torLabell if i equals to j
Data — i + j: | add Data i 0
else j Label2™// jump t_o_(Labél?*_’_
Data = i-j: | Labell : su.b..:j_gat_:;ﬁF j
Label2 : 1;;—‘" | |

& |
lil 1] L | I

i
|
|

2.2.2 Predicate Execﬁtidh

Predicate execution [26] is another scheme to deal with thread diver-
gence within a warp. When encountering conditional branches, a predicate
is allocated for each thread and is referred to as a flag for indicating taking
or not-taking the current instruction. The operation of predication within
a warp is shown in Figure 2.4. Conditional statements occur among the
segment A-F in a program. Processors execute these segments one by one
where some active threads will take calculating results while other inactive
threads will not. Another simple program and its corresponding pseudo code
in assembly is shown in Table 2.3. "PSET”, "PFLIP” and "PEND” are
generated to control the predicate flag for each thread. "PSET” sets the

16



flag as true if the condition matches. "PFLIP” reverses the flag when en-
countering ”else” statement. Finally, ”’PEND” indicates the flag is invalid
when conditional statement ends. During this period, only threads with pos-
itive flag will take results. Predicate execution is easy to be accomplished
on SIMD organization; however, it introduces redundant computation since

instructions with false predicates in a thread are still executed.

v v \ A B C D E F
[ 1100/ | [o0010/c | [o001/D | [ > >
—> —> — ||
—> || — ||
== ==

>

Processing time

Figure 2.4: Predicate execution FE Sifﬁplicity, it is assumed that four
threads are executed in a loek SF Lfft ArF indicate different segments
of a program. All threads are val i segment Al Only left two threads are
valid in segment B. S1m11ar concept in other segrnents Right : Segments
are executed successively. Only darkened threads will take results after each

segment is processed.

2.2.3 Warp Re-Scheduling

To mitigate the performance degradation caused by branch divergence on
CUDA architectures, [27] proposes a reformulation mechanism to generate a
new warp when threads diverge. Based on a coarse-grained multi-threading
architecture, interleaving multiple warps is commonly exploited in modern
GPUs to hide memory latency. If branch occurs and threads in a warp take
different paths, a new warp is generated by collecting inter-warp threads

17



Table 2.3: Program example with predicate excution.

Program code Assembly pseudo code

It (il=j) Cmp equalij // equal = (i==j)

Data =i+ j; | PSET equal // set predicate = 1 if equal is TRUE
else sub Data i j

Data =1 - j; PFLIP // flip the value of predicate if encounters "else”
add Data i j
PEND // predicate is invalid

that branch to the same pathi.1t is crucial to balance the inter-warp process-
ing speed and avoid bank conﬁlcts m regrsters ﬁle when re-grouping a new
warp. Therefore, [28] proposes to partltrorr al drverged warp into two warp-
splits, each of which gathers thréads: ﬁ-ﬂ'ﬁ‘ branch to the same path and thus
contains fewer threads than the rlglnr;j wafp These, warp-splits are addi-
tional scheduling entities to hide |latency. To sulstarn high utilization of SIMD
lanes, properly re-converging: Warp sphts 1S necessary Both these algorithms
endeavor to alleviate the performance overhead of conditional divergence,
but complicated scheduling mechanisms cause substantial hardware design

efforts.

2.2.4 Stream Reduction

Stream reduction, also known as stream compaction, is commonly used
in parallel algorithms to eliminate unwanted elements from a data stream.
It is usually employed in multi-pass GPGPU applications, and the collected
valid elements from stream reduction are sent to the next pass for further
processing. This approach can be employed for many applications, such

18



as tree construction, traversal [29], ray tracing on GPU [29] and feature
extraction [30]. Stream reduction can also be treated as a technique to
discard branching statements in shader programs and further improve the

workload balancing among shader processors [29].

Lalola]xfsf2|x]x]1]e]7]a]x|x]5]8]

Prefix sum

.

Lof1]2]3]3[a]s]s[s]e]7]8]9[o]o]10]

Scatter operation

Lalo]sfsl2f1]e]7]2]s a]x]x]x]x]x]

Figure 2.5: Mlustration of stream 1r(43du(:1;10nﬂ Input“stream contains both
wanted and unwanted (marked a$ g—eledlents After the reduction pro-

gram, wanted elements_are wrlt‘Je ouﬂsequepntlally in-an array.
s | l
| !I | ,

Usually, stream reductior'll is composed .of a::":fwo—pass procedure: prefix
sum (scan) computes the displacerﬁént by.accumulating the number of valid
elements before each element; in the second pass, the calculated displace-
ment is used to write each valid element to the correct position in the output
stream, as shown in Figure 2.5. General shading langauges support only
gather operations that enable a thread to access arbitrary data but lack the
ability of writing to random positions. [31] and [32] use binary search to
locate valid element for each corresponding output with the complexity of
O(Nlog N). [1] improves the complexity to O(K log K) by subdividing input
stream into chunks of size K. However, with the emerging of CUDA archi-
tecture, scatter capability is also available on recent GPUs. The searching

procedure in the second pass can be replaced with flexible scatter operations.
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Being implemented with CUDA, [33] achieves a complexity of O(N) and [34]
gets even better performance. Although many efficient stream reduction al-

gorithms are developed, it still takes additional efforts to realize, especially

for GPGPU with shading language.
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Chapter 3

Proposed Configurable Thread
Culling Unit

3.1 Overview’

Tile-based rasterization [35] aslshgé‘l'f in Figure 3.1 i§ implemented in our
system. It consists of three s.taglés&7 setgpz tile;based traversal and interpola-
tion. In setup stage, edge .equatiohs, plane e(.mationsrand the bounding box
are calculated for later stages; Tile-based tréveféal finds tiles that are inter-
sected with the primitive by checking the corners'of each tile in the bounding
box against edge equations. Only when four corners of a tile are detected to
be outside the primitive, the tile will not be passed to the next stage. Then,
the visibility of every pixel in a intersected tile is checked against edge equa-
tions. Besides, the varyings of each fragment are calculated by interpolation
with plane equations. During the whole process, setup stage appears once
for a primitive; tile-based traversal and interpolation are executed several
times, depending on how many tiles a primitive covers. Among these stages,
interpolation is the most time-consuming part since plenty of floating-point
operations are needed for interpolating 32 fragments in a tile.

Thus, a configurable two-level thread culling unit (TCU) is proposed and
21



v

Tile-based .
Setup —> —> Interpolation
traversal
[ 30 cycles / primitive »| 25 cycles / tile > | 120 cycles / 32pixels >
[
[
[ ] Tile (8x4 pixels)

Figure 3.1: Tile-based rasterization.

introduced into our system. The modified pipeline is in Figure 3.2. TCU is
configurable for two operating modes; an early Z test is performed for graph-
ics rendering and an early sténcil-like test.is performed for ROI processing
in GPGPU. In either of them; two levels of tests are carried out; in tile-level
test, comparison test, 18 performed for every 'tile after:'tlle—based traversal in
order to enhance the efﬁClency of r;stgﬂza’clen by Savmg interpolation, which
costs most of the time;*in pixel- lefve],,ta!!t,-cpfnparlson test is performed for

| [

| II
i | L2

3.2 GPU Simulaf‘ion‘ Archifécture

every pixel after interpelation tQI (ieachrlhlgh culling rate.

In this work, a scalable mobile GPU simulator is developed, and the ISA
(instruction set architecture) is compatible with OpenGL ES 2.0 shading
language. The GPU architecture is composed of a rasterizer, programmable
unified cores, texture units, ROP, vertex/pixel scheduler, Configurable Mem-
ory Arrays (CMA) [36] and TCU as shown in Figure 3.3. The number of
shader processors can be configured flexibly. The simulator is configured
with eight unified cores for later experimental results.

Each unified core contains a 4-way vector processor that supports in-
structions in either vertex or pixel program. These instructions operating on
one-dimensional array of data are beneficial for vector operations in graphics
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Vertex Shader
Primitive Assembly

Rasterization

Configurable Thread Culling Unit AN Tile-based Traversal Texture
N Memory

Two-level Early Z Test Tile-level Test
(for graphics rendering) ' External
Memory

Two-level Early Stencil-like Test , Pixel-level Test
(for ROI processing in GPGPU) s

7
7
7 Pixel Shader

Per-Fragment Frame
Operation Buffer

Figure 3.2: Pipeline ovelview with proposed TCU.

rendering. Different fro:rn CUDA ngbr,].t:ebt*fe whete geveral scalar threads
are packed together as a warp, a vi Cf;;ﬁ;éacil is generated instead and then
assigned to a vector progessor injour si_gi_;lati'l()%l model:To balance heteroge-
neous workloads among unified péres, vertexl/i)ixel épﬁheduler is designed for
coordinating operations amoﬂgl'quules and di.éi)atching threads to shader
processors. Vertex scheduler fetchéé Veétex data and stores into CMA, and
then distributes vertex programs to the idle unified shader processors. CMA
acts as local memory buffers and can be dynamically configured for storing
input data or intermediate processed results, depending on how scheduler
manages threads. As long as vertex threads of a primitive are completed,
rasterizer is triggered to generate pixel threads from transformed vertex and
meanwhile interpolates the attributes of each pixel thread. Tile-based ras-
terization [35] is adopted and proved to be efficient for enhancing the data
locality in texture cache. It leads to bandwidth reduction for external texture
memory access. Texture unit is an auxiliary module of shader processors, typ-

ically coupled with an L1 texture cache while supporting texture fetch with
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Figure 3.3: GPU Sirﬁiélai:ion architecture.

specific filtering patterns. For each.textiuie sample request, texture unit takes
cycles to fetch required texels from-the off-chip texture memory and calculate
the filtered value. Similar to the vertex scheduler, pixel scheduler dispatches
generated pixel threads to available shader processors. Once a shader pro-
cessor finishes executing pixel program, ROP collects shaded pixel data for

stencil/depth test, anti-aliasing and alpha/color blending. Post-processed

pixels are then written out to the external frame buffer.

3.3 Two-Level Early Z Test

TCU is configured to perform two-level early Z test when rendering 3D

scenes. Both Z-max and Z-min algorithms are exploited in our early Z test
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to save shader processing and memory accesses.

3.3.1 Scheme

Two external memories are required for storing the maximum and min-
imum of Z-values for each tile, called Zmax-buffer and Zmin-buffer re-
spectively. The size of Zmax-buffer/Zmin-buffer is that of the original Z-
buffer downsampled by 8 and 4 on each side, with the consideration that the
tile size is 8x4 pixels in our system. That is, a value in Zmax-buffer/Zmin-
buffer represents the maximum/minimum Z-value in that tile region. In the
beginning, the values on Zmax-buffer and Zmin-buffer are initialized with
OxFFFF (each Z-value is of 16 bits).

In our scheme, two levels .of tests are f)'erformed. In tile-level test, each
tile will go through Z-max and Z=min tests. A fﬂe is discarded if the depth
range it covers fails the Zanax test and a tlle can skipZ read in ROP stage if
the depth range it covers passes the Zﬂr'gn.testt In pixel;level test, every pixel
will go through Z-max test only. | A pmM is dgsearded if.its depth fails the Z-
max test. Z-min test is not 1mp1€% ente-ci _1n thls levelin order to be consistent
with the operation of ROP-stagl;e‘ in our syslcem In order to hide memory
latency, as long as there is‘a yisible tile generated during rasterization, the
memory access unit in ROP stage will be issued to fetch the corresponding
Z-values from external Z-buffer, a tile at a time. Thus performing Z-min test

for every pixel is actually unable to save Z reads in ROP.

The tile-level Z test contains several steps.

e Stepl : Find the maximum( 7ileZmaz) and minimum(TileZmin) of the

depth range a tile covers.
e Step2: Fetch StoredZmaz/ StoredZmin from Zmax-buffer /Zmin-buffer
e Step3 : Perform Z-max/Z-min test.

e Step4 : Update Zmax-buffer/Zmin-buffer.
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First, the depth range a tile covers should be found to perform Z-max test.
More accurate TileZmax and TileZmin are, a higher culling rate at tile level
could be achieved. Because a tile is more likely to be discarded if its depth
range is narrower, a loose bound is easy to miss-culled tiles that are actually
occluded. [20] calculates the intersections of tile and primitive, and then finds
the extremums among interpolated Z-values of intersections. Extremums
are accurate but the hardware cost is high. Instead of calculating intersec-
tions, [18] directly uses the the Z-values of vertices for partially-covered tiles,
which is too coarse and leads to low culling rate. In this work, an intermedi-
ate method is proposed to make trade-off between cost and accuracy. For a
fully-covered tile, as shown in Figure 8.47 TileZmax and TileZmin are found
among the Z-values of fout'corners of the lﬁle. The Z-values of four corners
are interpolated by plane eqﬁations, which ‘are ﬁéﬁally processed in interpo-
lation stage (Figure 3. l)zrbut now.executed-earlier. On the other hand, for a
partially-covered tile, TileZmazx a]ild -f-Ez‘leme are found among the corners

1Ll 1 i

that are inside the primitive and It e veirlflces of the edges that are intersected
which edges are 1ntersected with the tile

with the tile. It is simple to detf
by checking the sign bit of! the edgb equation Cérrespondmg to the corner po-
sition. This is usually processed in:tile-based traversal stage (Figure 3.1) so
no extra calculation is needed. Therefore the proposed method can achieve

higher culling rate than [18] and lower hardware cost than [20].

After StoredZmaz is fetched from Zmax-buffer, Z-max test is performed
according to the conditions in Table 3.1. If a tile fails the Z-max test, in-
dicating it is occluded by other objects due to its depth range falls behind
StoredZmacz, it is discarded from the pipeline. If a tile passes the update con-
dition, its TileZmax will be updated to the Zmax-buffer. Since we need to
ensure the value in Zmax-buffer is the maximum within the entire tile, only
fully-covered tile can update. That is, if we update the Z-value of a partially-
covered tile, other tiles in the following may be culled incorrectly. Here, the
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Tile 1 Tile 2 Tile 3 Tile 4 Tile 5
|:| : Fully-covered tile |:| : Partially-covered tile

Figure 3.4: TileZmax and TileZmin are calculated from the selected can-

didates(red points) in different cases.

Table 3.1: Condition of tile-level Z test.

Z-max Test i 8 Z-II,Jlin Test

Pass condition : ) Pass Condition :

1. TileZmin < SﬁéredngX I TJ_leZmaX < StoredZmin

' F!'J;? :I |
| - ‘
Update condition : I *"ﬁ%@ condition :
1. Fully-covered tile 1 Ti é'me <:StoredZmin

2. TileZmax < Sto’fédZingax \ | 7
3. TileZmin > 0 2

update mechanism is simple thus does not require additional management as

in [21] where a cache was implemented.

If a tile passes Z-max test, Z-min test will be performed in the following
by repeating the similar procedure as Z-max test does (Step2 ~ Step4).
Noted that the update condition is more instinctive since Z-min test is used
to detect visible regions. Even if there is only one visible pixel in a tile with
Z-value smaller than StoredZmin, its value should be updated to ensure the
following Z-min tests for other tiles work correctly. The concept is quite
different from that in Z-max test.
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Table 3.2: Condition of pixel-level Z test.

Z-max Test Z-min Test

Pass condition : Not implement

1. Interpoated Z-value < StoredZmax

The pixel-level test performs Z-max test (step3 in level one) only. At this
stage, the Z-value of each pixel is already interpolated and directly used to
check the pass condition in Table 3.2. No updates are required since fully-
covered tile is detected at level one and updated at that time. Remind that
Z-min test is not implemented in pixel-level test with the consideration of
the operation in ROP stage. Thé,ébmple’ﬁg algorithm of two-level early Z
test is shown in Table 3.3. P NS

g—

o
!

3.3.2 Experimental Re Hl

- |

Test scenes are in Figure 3.5 with scg*__e_n silk%a of 812%:512. Detection rate is
calculated by Equation(3:4) anjrtihe results a*lu"rp in Figure 3.6(a). In average,
14.8% threads are culled bermax test a,n(_i 15‘:.:0% threads are marked as
visible by Z-min test. Besides, sa\;éd Bandﬁidth is calculated by Equation
(3.2) and the results are in Figure 3.6(b). In average, 13.6% bandwidth are
saved by Z-max test and 19.6% bandwidth are saved by both Z-max test and

7Z-min test.

Number of total threads (after cull)
Number of total threads (no cull)

Detection rate (%) =1 — (3.1)

R/Wof ROP + R/W of Early Z Test (after cull)

Saved BW (%) =1 — R/W of ROP (no cull)

(3.2)
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Table 3.3: Pseudo code of two-level early 7 test.

Tile-level Z Test :

01 For every tile covered by a primitive

02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20

Calculate TileZmax and TileZmin
Fetch StoredZmax from Zmax-buffer
Perform Z-max test
if (Pass condition of Z-max test in Table 3.1 is TRUE)
{
if (Update condition of Z-max test in Table 3.1 is TRUE)
Update TileZmax to Zmax-buffer
Transfer StoredZmax to pizcel—levg Z test
Fetch StoredZmz’n(from Ziﬁin—b;ifffer
Perform Z-min test

if (Pass conditiod of /e mﬂ'g test 1n Table 3 1is T RUE)

I i?'-“-_- E-' I
{ S | |
Mark | !
ark curreng tile aj Vlafﬂe I l s
if (Update COIldl ion of Z-mi ﬁest in, Table 3.1is TRUE)

Update Id__eme to Zm!n-b_:uﬁ'er

}

else

Discard this tile

Pixel-level Z Test :

01 For every pixel generated from passed tiles

02
03
04
05
06

Perform Z-max test
if (Pass condition of Z-max test in Table 3.2 is TRUE)
else

Discard this pixel thread 00




-1y

Csie L f ! .! "- Tomcat
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-
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Figure 3.5: Test scenes.
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(c) Performance speedup.

Figure 3.6: Simulation results of early Z test.
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Finally, speedups are in Figure 3.6(c), normalized to the performance of
no culling. Since Z-min test does not reject any pixel and results in subtle
effect on the overall performance, only the Z-max test at pixel level and at
both tile and pixel level are discussed. In average, 1.05x speedup is achieved
by pixel-level Z test and 1.16x speedup is achieved by two-level Z test. The
results show that the proposed two-level Z test outperforms pixel-level Z test

by 1.1x by improving the efficiency of rasterization.

3.4 Two-Level Early Stencil-Like Test

Inspired by scissor and stencil test, TCU is configured to perform early
stencil-like test to mitigate the overhead of ROI processmg in GPGPU. Orig-
inally, scissor and stencil-tests are dedlcated for spemal effects in graphics
rendering algorithms and are 1mp1emented n ROP stage Stencil test can be
used to determine whether a plxelﬁshauﬁ‘ be .updated or not with a per-pixel
mask; and scissor test provides a adgfolonélx clipping, level by specifying a
rectangular region idicating whi Eplxels in thlegframebuffer are writable. Ap-
plying the same rendering cohéepts(of these ROP tests to ROI processing,
TCU is intended to reject invalid :pixel thf.eads in early stage. Since ras-
terization is the stage for generating pixel threads before shader execution,
stencil-like culling can immediately intercept pixel threads and determine

which pixels should be execute or not.

To illustrate the functionality of TCU, a simple program is taken as an
example in Figure 3.7. The program contains a branch of if-then-else. In con-
ventional graphics pipeline of SIMD architecture, branch divergence occurs
among threads with MaskValue greater and less than threshold, respectively.
Even if in MIMD architecture where jump instruction is adopted and thus no
divergence occurs, redundant shader evocations are still issued. The per-pixel
mask which consists of MaskValue is pre-determined and stored in external
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Read MaskValue from texture memory
If MaskValue is larger than threshold
do Code Segment 1

}
Else

do Code Segment 2
} do Code Segment 1

Figure 3.7: Program example. Left : Original shader program. Right : With

early stencil-like test.

memory. It can be used i in early stage to reJect redundant threads. With the
introduction of TCU, cotdition- fa;lﬂe‘?i ;hreadg are d1scarded and condition-
passed threads can exeeute the fract ﬂgﬂqﬁt%ﬂen code segment. That is, the
discarded threads would net be|s hed;med tpl-be proeessed by shader cores
while only condltlon—passed thrﬁlafls are schelfll_\led tosincrease the hardware

utilization.

Moreover, the external memory is accessed with a TCU cache. This cen-
tralized accessing scheme can increase cache hit rate and relieve the overhead
of overlapped off-chip memory accesses when the branching operation is han-
dled by the shader cores. Without TCU, threads are dispatched to several
cores and MaskValues are accessed through texture operations among cores.
In this way, the footprints of memory accesses are separated and overlapped,
which is less efficient compared to centralized accesses in TCU. Therefore,
TCU provides a simple yet effective approach to alleviate branching over-
head in SIMD architecture and also reduce the redundant threads in MIMD
architecture, too.
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Table 3.4: API functions

glMaskImage (GLenum format, GLsizei width, GLsizei height, GLenum

type, const void* mask_values)

format the format of the image data, can be:
GL_RGBA
GL_RGB
GL_LUMINANCE_ALPHA
GL_LUMINANCE

GL_ALPHA

width the width of the i 1mag? 1I‘1r_ p}xels

height the height of the11mage in :palxéis 7

type the typeko%tlie_ppl IL” —:E‘ %“’,
GL b‘NSl P

G[‘:-_UNSIGNE :
el :
i
¥
Y 4R W ..:‘:“';T
glMaskFunc (GLenum fung, GL{m;.- mf.ﬁizlﬁé}l-
func the comparison function for early stencil-like test, can be:
GL_EQUAL
GL.NOTEQUAL
GL_LESS
GL_GREATER
GL_LEQUAL
GL_.GEQUAL
GL_ALWAYS
GL_NEVER
ref_value the comparison value for early stencil-like test
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3.4.1 API Control

To be integrated to the framework of OpenGL ES 2.0, two new API func-
tions are introduced for early stencil-like test to set hardware configuration
as shown in Table 3.4.

Similar to glTexImage2D in OpenGL ES 2.0, glMaskImage function binds
a user-defined mask and loads the mask into the external memory. Note
that only one mask of storage is supported since it is adequate for most of
the applications. In addition, if a mask value has more than one chan-
nel, GL_RGB for example, only the first component r will be valid for
comparison test. The conditional constraint is then established by apply-
ing glMaskFunc, which is analogous to glStencilFunc. A comparison test
is performed by fetching the mask value (;T' corresponding position. Condi-
tional comparison can be configured as in depth and stencil test, such as
GL_EQUAL, GL_LESS, Y LEQUAL GL GREATER GL_GEQUAL, and
GL_NOTEQUAL through setting the@t _pfgrameter Also, a reference value

Ak 1 |
| |
11

r 1
el !

is set by the ref value parameterl J[s a ﬂlreshq)ld for comparison.

3.4.2 Scheme

To enhance the efficiency of raéferization, two levels of stencil-like tests
are performed in our scheme. It is noted that for some images whose ROI
occupies only a small fraction of total threads, many shader cores are idle
and waiting for interpolated threads. That is, rasterization can not produce
threads in time and thus becomes the system bottleneck. It costs a lot to en-
hance the processing power of rasterization on mobile devices which requires
plenty of floating-point calculations. Thus the two-level culling is proposed
to relieve the workload by early culling. In tile-level test, comparison test is
performed on every tile. If a tile fails the user-defined constraint, it is then
discarded and the interpolation effort is saved. In pixel-level test, comparison
test is performed on every thread. Similarly, if a thread fails the user-defined
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constraint, it is then discarded.

Two external memories are required for tile-level and pixel-level tests,
called LR-buffer (low-resolution buffer) and Ori-buffer, respectively. Ori-
buffer stores the per-pixel mask provided by users. LR-buffer stores the
low-resolution image downsampled from the original mask by the factor of
8 x 8. Since a tile is of the size of 8 x4 and the implementation for generating
LOD of textures can be utilized, the factor of 8 x 8 is chosen. Downsampling
is accomplished by calculating the maximum or minimum of 8 x 8 pixels
in Ori-buffer, depending on the user-defined constraint. For example, the
maximums of every 8 x 8 pixels are stored into LR-buffer if GL_.GREATER
or GL_.GEQUAL is set when calling' API functions. On the other hand, the
minimums of every 8 x 8 pixels are Stored if GL_LESS.or GL_LEQUAL is set.
The overall configuration for eagh API function isshown'in Table 3.5. In this
way, a value in LR-buffer reépresents 'the extreme Valﬁ@ in the corresponding
region, and thus can be easily use(ffféjpéliforrm tile-level test.

In tile-level test, mask values! re (;.fched fromLR-buffer for every tile.
Similarly, in pixel-level test, masF.{ altte'is fet.d.led from Ori-buffer for every
pixel. Comparisons are performed on.fétched values and ref-value according
to the user-defined constraint. Noted that| GL,NOTEQUAL performs only
pixel-level test because the pass eondition in tile-level comparison is not

conservative with either max or min configuration of LR-buffer.

3.4.3 Experimental Results

To evaluate the performance of the proposed TCU performing early stencil
like test, Viola-Jones face detection and linear feature extraction in salient
region are implemented for analysis. Results are compared to the methods of
jump instructions, predicate execution and reduction program as mentioned
in Chapter 2.2. Reminded that our GPU simulator (Chapter 3.2) generates
vector threads and schedules them to four-way processors independently.
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Table 3.5: The configuration of different functions. In LR-buffer, max or min

indicates the downsampling method. A tile or pixel is culled if it fails the

pass condition in the last two columns respectively.

func LR- Tﬂeﬁ@%‘é‘i pass %’éﬁd;tlon Pixel-level pass condition
buffer | ¥ [ecs ‘&'2 Hﬂ%‘
GL_EQUAL fax | etgehed value = ref value
. N 1":_31

GL.NOTEQUAL fes:hed value # ref_value
GL_LESS : d value < fref- . ,f:’iched value < ref_value
GL_GREATER Bl "'"fetched value > ref_value
GL_LEQUAL min fét,cl}(;_a"value <§r;if;1)&liue fetched value < ref-value
GL_GEQUAL max fetched VaﬂleL; ref-value | fetched value > ref_-value
GL_ALWAYS X all pass all pass

GL_NEVER X all fail all fail
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Then, a processor executes a single vector-thread at a time. Thus the pro-
gram assembled with jump instructions are reasonably executed, which is
different from that in CUDA architecture. Besides, in order to realize the
overhead of predicate execution in those architectures which execute a bun-
dle of threads in a lock step, assembly codes with predicate instructions are
also generated in our architecture for analysis.

Finally, the solution by using reduction program is also considered for
comparison. As shown in Figure 3.8, a mask image is processed by a reduc-
tion kernel first and valid pixels are written out in a continuos array. Then
the face detection or Gabor filter kernel is issued. The processing time of
the reduction program in Figure 3:9is referenced from [1] which is realized
in OpenGL. The results in{1] are meesurefdrfzusing a GeForce 8800 GT'S of 96
cores at 1.2GHz, so the proeres'sing time is scaledr’?-for fair comparison. Also,
the processing time is scaléd Wlthat-hﬁ number of stream elements but with a
little variation under different raft 05! &!yahq elements For each test image,
the processing time of the reduc|t1 n fﬁlel fsu‘efereneed from Figure 3.9(b)
according to their resolutions aT ratios of valid elements Noted that the
second kernel is 1mplemented n OLr system fﬂd the total processing time is

accumulated from two kernels

T I T - [

Valid Pixels

Reduction Application
Kernel Kernel

Figure 3.8: The operation flow of face detection or salient-region feature
extraction with reduction program. Reduction kernel writes out valid pixels
of a mask into an array. Then the application kernel is launched to process

these valid pixels.
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Figure 3.9: Processing time of the reduction program in [1].

3.4.3.1 Viola-Jones Face Detection

A well-known face detection framework, Viola‘-Jones face detection [14],
requires great amount of computatlonal efforts This- approach as shown in
Figure 3.10, utilizes a set of pre—tfalgad Harar basi§ functions as facial fea-
tures. With the training procesr of ﬁﬂk B’oost few to hundreds of features
form a weak classifier within eacki stage, and multlple weak classifiers con-
stitute an ultimate classifier ca,11|e<§1 cascaded 'f:lassﬂier Each feature window
of different sizes slides over ‘the 1mage and COHSequently determines if the
potential candidates can pass the stage or.not. Those passed candidates will
be indicated as possible face positions for subsequent stages. Candidates can
be gradually eliminated and the left ones after the last stage are detected as
facial regions.

To achieve even higher performance, [37] has presented a thorough anal-
ysis on parallelizing Viola-Jones face detection framework using CUDA on
desktops. Three different approaches to parallelize face detection are dis-
cussed: parallelizing computation by features, by scales and by windows,
respectively. Parallelizing by windows performs better than the other two
solutions. Thread for each feature window can independently examine face
candidates through the image, which is suitable for parallel implementation
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To evaluate the performance of face detection with our proposed TCU,
face detection is implemented with OpenGL ES 2.0 shading language. Fig-
ure 3.11 illustrates the detecting procedure. In each stage, a Haar feature
response is calculated for each remaining face candidates. Meanwhile, a mask
is stored in the external memory, composed of those calculated feature val-
ues. For the next stage (next pass of shader code), a new kernel is launched
and the mask image from previous stage is fetched by TCU. Comparison

tests are executed according to the threshold value and pass condition of the

previous stage to remove those non-face candidates.

Because of the small variation of the selected test images, the amount
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Figure 3.11: Operation flow of Viola-Jones face detection with proposed

TCU.

v )
of passed candidates of each sta ¢ d%};:ha\“fe much difference. Therefore,
the result is presented by the aveLagei]tt).'f_ thé face data set, which is chosen
from [38], as shown in Figure 3‘152:. Figure 312(&) shows the ratio of remain-
ing candidates after each Cascéded stage. Eor most' of the images, 90 percent
of the candidates are rejected after étagel. Figure 3.12(b) illustrates the per-
formance comparison of our proposed architecture with conventional pred-
icate scheme, jump instruction and reduction. The performance speedups
are normalized to the processing cycle of predicate scheme. It can be seen
that in the best case, two-level TCU outperforms predicate by 25.5x, jump
by 1.9x, reduction by 1.4x and pixel-level TCU by 1.06x. The shader pro-
gram is quite complex for calculating feature values, especially in later stages
where hundreds of Haar features are required. Although only a few threads
are generated to cores, rasterizer can still catch up the speed that cores finish
threads with. Thus the effort of two-level test is less obvious for this kind of

application.
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(b) Performance speedup of face detection.

Figure 3.12: Experimental results of Viola-Jones face detection.
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3.4.3.2 Linear Feature Extraction in Salient Region

Salient regions indicate the positions human would pay more attention
to. In such visually salient regions [13], feature information is more mean-
ingful than those of unaware regions, for example, [39] employs this idea in
object recognition. Therefore, unnecessary feature extraction and matching
efforts can be prevented with saliency information. In addition, computa-
tional complexity can thus be reduced without sacrificing accuracy, which is
beneficial for mobile devices. We turn this concept into a mobile GPGPU
application for efficient processing, where TCU can use saliency map to per-
form thread culling. Gabor feature extraction is selected as the linear feature
for performance evaluation. )

Combining with TCU, the feature e:&faction flow in salient region is
illustrated in Figure 8.13. Adsaliency map is K}f)'fovided and stored in the
external memory, and thén' TCU can exa‘mme salleney with a user-defined
threshold. Only the passed plxei t‘l;gad; are permitted to trigger kernel
program of Gabor feature extraJt on. i'L l f :

The test data set and the leq mah;ed speedups for each image are il-
lustrated in Figure 3.14. The percentage below each image is the ratio of
saliency region with the mask valie larger than05. Take mule as an exam-
ple, if the salient regions are revealed as sparsity and occupy small portion in
the image, more processing efforts can be saved. In average, two-level TCU
can achieve 6.3x, 2.1x, 3.1x and 1.4x improvement compared to predicate,
jump, reduction and pixel-level TCU respectively. Cores tend to idle when
running Gabor feature extraction with only pixel-level TCU since the pro-
gram is simpler than that of Viola-Jones face detection. In this case, the
two-level TCU provides remarkable enhancement in the efficiency of rasteri-

zation.

43



External Memory

|
|
|
|
|
- | Tcu
|
|
|
|

saliency Map Passed Threads
o EE TR,
Figure 3.13: Operation flow of salient: Gaborfeature extraction with proposed
A - S,
TCU.
..p“
> Jctipri -'Zi-ﬂfﬁuiixel B TCU_TilePixel
16 - =
5.2x 1.9x
o 14 T
=)
g 12 ~ clock boy badminton palace mule
s 10 .| [400x400 | 400x267 | 400x300 | 400x267 | 400x300 2.9x
» 37.4% | 31.0% 22.4% 18.2% 7.2%

3.1x 1.4x

o N b O

clock boy badminton palace mule Average

Figure 3.14: Test images and performance speed up of Gabor feature extrac-

tion.
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Chapter 4

Hardware Analysis and Design
of the Proposed Configurable
Early Thread Culling Unit

! p—
i

4.1 Architecture || .

The proposed TCU is integratéd into thé rasterization unit with the ar-
chitecture shown in Figure 4:1." The architecture ‘contains level-one culling
and level-two culling which are implemented after tile-based traversal stage
and interpolation stage in rasterization, respectively. Moreover, two caches
are allocated to reduce the overhead of accessing external memory. Through
hardware sharing, two operating modes, early Z test and early stencil-like
test, can be executed under different control schemes.

Figure 4.2(a) illustrates the active path for early Z test. Two caches
are utilized to store Z-max and Z-min values. In level-one culling, Z-max
test is performed by fetching depths through Z-max cache and Z-min test is
performed through Z-min cache. After tests are performed, update modules
write new depths to caches if update condition is passed. Then the fetched
Z-max value is transferred to level-two culling directly to perform Z-max test

45



| External Memory |

—)I Cache

Levé¢l One - Tile-Based Test

Calculate Tile’s
Zmax Zmin

Fetch

Level Two - Pixel-Based Test

T
Update k—|  Test Test [~ Update ﬁDﬂ Test
/I\

Fetch Fetch
II\

| External Memory |

Figure 4.1: Configurable architeeture of proposed TCU.

against interpolated depth for eaéh,‘ghread_.,

e

Figure 4.2(b) illustrates, the a¢tive pa 'h,for early stencil-like test. One

|

cache is used to store 10W—resolutbic}n mgé_k for level-ong, culling and the other

one is used to store original'mask for leyel-two culling: The data path is less
| § o

complex since there is unmecéssary.to calculate the tile values and write out

cache to external memory, which is due to no update is carried out.

Beside, the functionality of ROP is modified for Z-min test where tiles
that pass Z-min test can skip Z reads. In our system, there is a depth cache
in ROP stage to enhance the performance of accessing external Z-buffer. A
tile of depth values are fetched into cache at once. The management of depth
cache is adapted to handle the situation when tile is coming with a must-
visible flag. For example, if current tile is marked as visible, the depth values
of this tile will not be loaded from external Z-buffer into cache. That is, the
cache is filled with values of last tile. A 32-bit mask is thus created for this
tile to indicate which positions are drawn by the coming pixels. When cache

miss occurs, only the values in the cache with a positive bit can be written
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Figure 4.2: TCU architecture in different operating modes.
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to the external Z-buffer to ensure the correctness. Since the emphasis is put
on the implementation of rasterization, the implementation details in ROP

stage will be omitted.

4.2 Cache Analysis

For early Z test, both caches are utilized in tile-level test, thus the path
of tile-based traversal is taken into consideration for designing caching mech-
anism. In our system, tile-based traversal starts from the middle of top of
the bounding box. It goes right first until current tile is already outside the
primitive or bounding box, and then. it goes left, terminating with the same
condition. To the next row,.if-starts :from J'ci1e poSition corresponding to the
final position on prev10us TOW and ‘then follows the same direction, to the
right and to the left; as sHown i in4, ?.)_La {t is noted that the geometry of
primitive varies when scenéchan LS aFﬂr some scenes, primitives are flat and
wide; however for somerothers clnesqrf)rlmﬁtlves are Jong and narrow. In
order to benefit both cases;a QL[blocked ca}cbmg is‘exploited as shown in
Figure 4.3(b). Considering the efficiency of buirst requests to bus transfer,
a bank is designed to contains 4 ><4 32—bit'-words, which is equal to 8 x 4
Z-values. All values in a bank are read or written at once when cache miss
occurs. The analysis of hit rate is listed in Table 4.1. Cache size varies from
64 bytes to 8K bytes, indicating from 1 bank to 128 banks with the place-
ment as in Figure 4.3(b). According to the simulating results, the size of 512
bytes with 8 banks is selected with the hit rate of 0.96 in average for each
cache, thus 1K bytes with 16 banks in total are used.

For early stencil-like test, one cache is used in tile-level test and the
other is used in pixel-level test. In a similar way, path of tile-based traversal
is considered when designing the first cache. Generally, the primitives in
GPGPU applications are usually wide as shown in Figure 4.4(a). Thus it is
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Figure 4.3: Cache design of early Z test.
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Table 4.1: Cache hit. nz_l;c’e it configuration in Figure
. N
= ]
4‘3(b)- o Ly
T M I L L2
. e Ry ERE
Render W, &P *éﬁ 7t (Eg_z;te).r:"‘

scene 64 198 356’ 512 1K 2K 4K 8K
Csie 071 087 0.93 097 0.99 099 1.00 1.00
Easter  0.72 0.83 0.89 091 091 0.94 094 0.96
Tomecat 070 0.81 0.87 095 095 099 099 1.00
Carroad 073 0.90 0.97 098 099 0.99 1.00 1.00
Kangaroo 0.71 0.86 0.92 097 0.97 0.99 099 0.99
Mig27 076 085 096 0.99 099 099 1.00 1.00

Average 0.72 0.84 091 0.96 0.97 098 0.99 0.99

49



S

1
1
1 Replace size = cache size
1
1
1

External memory

___________

(a) Tile-based traversal. (b) Data caching in level one test.
Bank 0
index 1
2 Replace size
COO0000O0 3 = cache size
0000000
0000000
CO0OO0000O0 External memory

(c) Interpolation of a tile. (d) Data caching in level two test.

Figure 4.4: Cache design of early stencil-like test.
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adequate to cache data Wlth sunple mdexmg Where a, Jline is fetched at one
time as in Figure 4.4(b). Be&desb Lt‘lwt!éfeftlng to reahze that mask values
that have already undergone steT il- %E-F{i’é'sts are no longer used later. That
is, each mask value is demanded! at mégf ondeI The hit rate is influenced by
how many data are fetcheel at :Le} time, As %LLonsequence it is designed to
read and replace all the Values Wlthln a Cache at'a time. The analysis of hit
rate is in Table 4.2. The cache size here also represents the amount of data
that is read from external memory at a time. Although there is higher hit
rate with larger cache size reasonably and the maximum size can be used is
512 bytes, which is determined before for rendering scenes, it costs longer
latency since more data are requested. Thus the access latency of different
cache size is also considered in Table 4.3. A simple latency model is adopted
with 10 cycles of latency for the first data comes and 1 cycle of latency for
the subsequent burst requests, as in Equation 4.1. After observing both hit
rate and access latency, only 64 bytes out of 512 bytes with 1 bank out of
8 banks are used when performing tile-level stencil-like test. It is mentioned

that, for different systems, more accurate latency model can be employed
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and the cache size can be adapted to different considerations.

Miss latency (cycle) = (10 + Number of burst requests ) ()
4.1

x Number of transactions

For the other cache in pixel-level test, the data path of interpolation is consid-
ered. In our system, a column of pixels in a tile are processed simultaneously
as in Figure 4.4(c). In order to provide mask values for four pixels at a time,
a 4-bank cache is proposed as in Figure 4.4(d). Four banks of values are
replaced at a time due to the same reason that mask values will not be de-
manded twice. The hit rate a_l d th : Z Aﬂlﬁf&iﬁﬁ;{ are in Table 4.4 and Table
4.5, respectively. Recall th;a't

Based on the &mulat%";m _'1;_elsjfh

: eqm@i&ﬂ,‘c to the replacing size.

of 8 banks, are used w
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Table 4.2: Cache hit rate of level one early stencil-like test with the configu-
ration in Figure 4.4(b).

Render Cache Size (Byte)

scene 16 32 64 128 256 512 1K 2K
clock 0.74 0.86 092 095 0.97 0.98 0.99 1.00
boy 0.74 0.85 091 094 0.97 0.98 0.99 0.99
badminton ~ 0.74 0.86 0.92 0.95 0.97 0.98 0.99 1.00
palace 0.74 0.85 0.91 0.94 0.97 0.98 0.99 0.99
mule 0.74 0.86 0.92,0.95 0.97 0.98 0.99 1.00
faret01~faret05 0.7540.87 40104 007 099 099 1.00 1.00
Average 074 586002 095 Q.97 10.98 0.99 1.00

NE YN

| "_‘,;":|'

o a |

Table 4.3: Access latency of level lone early stencil- hke test with the config-
uration in Figure 4.4(b) (Cycle count v plxel)

Render ~ Cache Size (Byte)
scene 16 32 64 128 256 512 1K 2K
clock 3.57 247 2.04 256 3.16 3.18 3.10 2.94
boy 3.67 2.61 223 288 356 3.62 3.62 4.34
badminton 3.64 257 217 278 3.27 3.46 3.46 3.46
palace 3.67 2.61 223 283 356 3.62 3.62 4.34
mule 3.64 257 217 278 327 3.46 3.46 3.46
faretOl~faret05 3.45 2.27 1.53 1.53 1.53 1.53 2.04 1.02
Average 3.61 252 2.06 257 3.06 3.14 3.21 3.26
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Table 4.4: Cache hit rate of level two early stencil-like test with the config-

uration in Figure 4.4(d).

Render Cache Size (Byte)
scene 16 32 64 128 256 512 1K 2K
clock 0.75 0.87 094 097 098 099 1.00 1.00
boy 0.75 0.87 094 097 098 099 0.99 1.00
badminton 0.75 0.87 094 097 098 099 1.00 1.00
palace 0.74 087 094 097 098 099 0.99 1.00
mule 0.75 0.87 094,097 098 099 1.00 1.00

faretOl~faret05 0.75.40.87 0193 0:97 0.98 0.99 0.99 1.00
| = =<
Average 074 0874004 097 -0.08 0.99 1.00 1.00

NE YN
"'"_;- | l
| [l |
Table 4.5: Access latency of lev%el WO early ét‘encﬂ hke test with the config-
uration in Figure 4.4(d Cycle county/ plxel
Render Cache Size (Byte)
scene 16 32 64 128 256 512 1K 2K
clock 11.10 6.07 3.54 223 1.64 1.70 1.84 1.97
boy 11.17 6.13 3.60 226 1.73 1.85 2.10 2.32
badminton 11.13 6.08 3.57 220 1.74 191 2.01 1.99
palace 11.23 6.16 3.63 225 1.72 196 221 2.95
mule 11.10 6.07 3.56 2.13 1.70 2.04 1.80 3.18
faretOl~faret05 11.20 6.14 3.66 2.11 1.77 1.96 2.21 1.89
Average 11.15 6.11 3.59 220 1.71 1.90 2.03 2.38
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4.3 Verification Flow

Verification of the proposed TCU consists of several stages in Figure 4.5.
Initially, the functionality is proved by the GPU simulator (Chapter 3.2) in
C language. The simulator models the detailed hardware architecture with
cycle-approximated accuracy. Then the hardware architecture is realized in
Verilog. We use VCS as our simulator to perform functional verification and
use nWave to view waveform behavior. After the functional verification, the
architecture is synthesized with Synopsys Design Complier as in traditional
ASIC design flow to evaluate the area overhead of the proposed TCU. Finally,
through the processes of synthesis with Synopsys Synplify, and place and
route with Xilinz ISE, the system is fulﬁlléa in FPGA implementation.

Hardware-C Design | Architecture Design
Algorithm and

Specification Analysis

Verilog RTL and

C-model Simulation | . X
‘ Simulation

a |
|

Synthesis
Gate-level

Synopsys Design o Simulation

Complier

Synthesis Place and Route
Synopsys Synplify > - »{ FPGA Simulation
. . . Xilinx ISE

with Design Premier

Figure 4.5: Verification flow.
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4.3.1 Area Results

The specification of the GPU synthesized with Design Compiler is in Ta-
ble 4.6. The GPU system is fabricated with TSMC 65nm technology and op-
erated at 200MHz. The total area of GPU with proposed TCU is 4379265.03
um?, where logic circuit occupies 1627170.86um?(37%) and memory occupies
2752094.18 um?(63%). 20 KBytes of on-chip SRAM are used in total.

The area of individual module with original version and that with TCU
version are listed in Table 4.7. For operating the functionality of TCU, areas
are increased in ROP and raster unit; and additional 1K bytes of cache are
implemented in raster unit. From the results, TCU increases 3.9% of logic
area, 4.7% of memory area and 4.2%L0f total area. After all, TCU introduces

quite small area overhead into the értire sgfétem. :

O‘f-‘.i.:

1 |
n | E
' \

[
We use Socle MDK-3D. EVBras our emulatmg platform which is a highly

ol
4.3.2 FPGA Impleme? ati

integrated, pre-verified and sﬂlcon—proven System-on-Chip (SoC) design plat-
form. Its block diagram is shown in Figure 4.6. Two major features are
mentioned here. First, L6021 is a 16/32-bit RISC microprocessor, which is
designed to provide high performance processing for multimedia and general
applications. Both ARM1176JZF and ARM926E.J processor cores are built-
in and either one of them could be activated when operating system. Second,
the on-chip FPGA, supporting Xilinx Virtex-5 XC5VLX330FF1760, can be
used to verify the hardware design with programmable logic cells. IPs are

communicated through the protocol of AHB/AXI bus.

To emulate the functionality of our GPU on the SoC platform, kernel
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Table 4.6: System specification.

Technology

Working Frequency

Total Area
Logic
Memory

Gate Count (Logic)

Memory Usage
Memory Type

e

TSMC 65 nm

200 MHz
4,379,265.03 um?
1,627,170.86 um?
2,752,094.18 um?
1,129,979

20,128 Bytes
8bx40b SRAM x8
16bx40b SRAM x8
39bx32b SRAM 6
395 40h SRAM x38
39bx56D SRAM x1

T PODNA0b SRAM 1
lri

E%l!)*l% SRAM X1

J‘L128t]><32b SRAM x4

128bﬁ64b SRAM x2
128b>128b, SRAM 3
128b%256b SRAM x1

applications are programmed and executed by ARM1176JZF and GPU is
fabricated in FPGA with required external memories loaded into DRAM.
The software program in C language is built by the cross compiler to become
compatible with ARM core under Linux operating system. Then the driver
is carried out to configure control registers in GPU though the method of
memory-mapped /O (MMIO). Next, GPU is triggered to start the execution.
In the system, GPU serves as both a master and a slave. Being a master

IP, GPU will send requests to the bus for accessing external memories such
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Table 4.7: Synthesis area of each module.

Modules Area(um?)

Original ~ With TCU

Texture unit 213373.08 213373.08
Scheduler 61659.36 61659.36
Shader cluster 676839.61 676839.61
ROP 323446.32  332820.72
Raster unit 530465.40  695413.08
TCU Cache 0 101905.92

Data fetch 95030.64 95030.64
Global register _ 160508.32 61732.08
CMA g 2542396_,;46 2242396.46
Total e 0 42Qfl_019.20—-’_'4379265.03

<= |

as instructions, texture images a]n co}!ﬁ. buffe:;r, WhiCh. are stored in DRAM
in advance. Besides, GPU. 1s a140 a sl’gmif—'é; IP: ﬂor resp{or-lding to the requests
from the ARM processor.ﬁA-_fte;rI execiitionsis ﬁggshea in GPU, an interrupt
signal will be triggered to notify the ARM é’ore. Finally, the rendered scene
is displayed on the LCD screen.

The specification of GPU with FPGA implementation is shown in Table
4.8. The system is operated at 33MHz and 40K slices are utilized. In order to
minimize the utilization of LUT, floating-point multiplication and addition
are synthesized with DSP48E elements. Otherwise, the LUTs in FPGA can
not afford the amount that GPU requires. Finally, the layout is in Figure

4.7.
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Table 4.8: Results of plg%é?a

T
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voute in

Touch Panel

&

Y@’GA implementation.

=)

Specification Utilization
Platform Xilinx Virtex-5 XC5VLX330
Working Frequency 33MHz
DSP48Es 188 97%
Slices 40,873 78%
Slice Registers 38,780 18%
Slice LUTs 112,510 54%
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Chapter 5

Conclusion

Considering the limited computing resources en mobile devices, we aim to
enhance the processing ability of mobﬂe Glf"U. Itis noted that in traditional
graphics rendering, many,_pixels are occluded by d:fher, objects in a scene, and
will not be drawn on the screen. Cg(;mputa*m;ns are wasted for those unneces-
sary threads. In addition, general—bu—ﬁ%i@{obessing ot GPU is popular and
is suitable for regular applicatio_Lw Wh%{e_ threifads run: the identical routine.
However, for ROI processing\i pertéiﬁ muit?imediaf, applications, different
behavior between threads deg'r{adetzs the perfc;rrﬁénce of GPU. Based on the

observation, we proposed a conﬁguféble thread culling unit (TCU) to discard

redundant threads in early stage and thus enhance the performance of GPU.

The proposed thread culling unit is configured to perform early Z test
when rendering 3D scenes. In rasterization stage, Z-max test is executed at
both tile and pixel levels to remove hidden pixels and Z-min test is executed
at tile level to save Z reads for visible pixels. Experimental results show that
14.8% threads are rejected by Z-max test and 15.0% threads are marked as
visible by Z-min test. Finally, speedup of 1.1x can be achieved by TCU

compared to no culling mechanism.

In addition, thread culling unit is configured to perform early stencil-like
test while processing ROI calculations in multimedia applications. Stencil-
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like test is carried out according to the mask value at both tile and pixel levels.
For Viola-Jones face detection, performance is improved by 25.5x, 1.9x and
1.4x compared to predication, jump and reduction program, respectively.
Moreover, performance is enhanced by 6.3x, 2.1x and 3.1x, respectively for
Gabor feature extraction in salient region.

Finally, the hardware implementation of the proposed configurable thread
culling unit is integrated in a multi-core GPU system. The system is fab-
ricated with TSMC 65nm technology working at 200 MHz, and the total
area was 4,378,341.27 um?. Through hardware sharing, the area overhead
is less than 5% of the total area. Besides, the system is also verified on the
FPGA platform. By using Socl? MB&{@B;E}/B environment, 40,873 slices

are consumed at operatm‘lg{requeﬂc%; of 3_£MHZ N
- S
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