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Abstract

The aim of this study is to determine, test and present a set of suggested per-
formance optimizations for hardware-accelerated, real-time 3D rendering systems.
The study focuses on efficient GPU resource management and primarily addresses
systems pertaining to 3D CAD software, interactive simulation and video game de-
velopment. An exclusive GPU memory environment is also assumed, which is by far
the most common at the time of writing. After a thorough series of comparative tests,
the efficacy of each suggested technique is quantitatively measured and demon-
strated. By collectively applying all suggested techniques, the tests performed indi-
cate a 55.04% increase in rendering speed as opposed to the initial, non-optimized
configuration. System responsiveness is also increased by 9637 times. Detailed
efficacy analysis for each individual technique allows readers to make informed de-
cisions and prioritize their choices if considering to adopt any presented techniques
in their own systems.



1. Introduction

1.1 Topic description

This study concerns the subject of determining computational optimizations that
can be applied to the process of real-time, 3D (3-dimensional) rendering, which is
a sub-field within the greater field of computer graphics research. Rendering is a
computationally intensive process, something that is particularly true in the case
of 3D rendering, where 3 spatial dimensions of data are involved. This inherent
computational complexity makes it a prime target for efforts to optimize it while
retaining as much visual quality as possible, and has also led to techniques utilizing
dedicated hardware (Graphics Processing Units or GPUs) to process such data with
exponentially higher speed than conventional CPUs (Central Processing Units).

Such additional hardware components necessarily bring with them an increased
overall system complexity and inter-component communicational overhead. Hence,
to make the most of the system’s capabilities, a rendering software developer must
be able to address that increased complexity, and manage the system’s resources
with a good knowledge of the underlying system architecture and its distinctive
characteristics and behaviour.

The focus of this study is on such hardware-accelerated 3D rendering, its optimal
resource management, and on making the best possible use of such a system’s con-
figuration for achieving optimal rendering speed. It also adds the performance con-
straint of the rendering being real-time and thus necessitates that no less than 24
frames (see Moller, Haines and Hoffman, 2008; Poynton, 1996; also see Appendix,
B.4) are rendered per second, imposing on the rendering software an elapsed time
with an upper limit of 0.0416 seconds for rendering a single frame (ibid.).

Finally, since real-time 3D rendering is a fairly extensive field with many areas
of distinct application and requirements, this study focuses on interactive real-time
3D rendering, and it is considered that the optimizations discussed more directly
apply to the context of 3D CAD software, interactive simulation and video game
development. Attention is given to considering as widely applicable optimization
scenarios as possible, in the hope that the research’s contribution will be relevant
and possibly useful to an equally wide audience of real-time renderer developers.
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1.2 Structure of this document

The rest of this introduction contains an overview of the field literature so far, and
notes important milestones in computational techniques as well as in the software
and hardware involved. A brief background on related previous personal work con-
ducted by the author is also provided, followed by a delineation of the aims of this
research.

The research methodology is thoroughly described is section 2, followed by section
3 which contains an in-depth analysis of all findings and observations. In section
4, the research conclusions are summarized, while section 5 suggests a number of
areas of interest for possible further research on the selected topic.

The appendices have two main sections: Appendix A contains a full table with all
the measurements for all test cases discussed throughout the study, while Appendix
B contains descriptions of fundamental technical terms pertaining to real-time ren-
dering that are utilized throughout this document. Unless the reader is already
familiar with this subject, it is recommended to read Appendix B first in order to
familiarize oneself with the terminology and concepts involved.

1.3 Previous work

1.3.1 Literature review

Early work

Early publications of relevance in the field include the work of Watkins (1970),
which discusses the technique of scanline rendering, of Gouraud (1971), which in-
troduces the Gouraud surface-shading model, and of Newell, Newell and Sancha
(1972) which constitutes an early approach aimed at resolving the issue of 3D hid-
den surface removal.

Phong’s 1975 PhD thesis (Phong, 1975) has been a very influential contribution
in 3D computer graphics research, in which Phong proposes a 3D surface-shading
model constituting an attempt to approximate the physical behaviour of light to
a degree that, although simplified computationally (to make it more feasible for
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use in 3D rendering), still maintains an amount of apparent photorealism that is
superior to other contemporary models (Fig. 1.1). His shading model soon became a
basis for subsequent research in 3D shading and rendering, and eventually proved
particularly important for real-time rendering uses. His thesis also led to several
other important publications that followed soon after.

Figure 1.1: Rendering results using Phong’s shading model (Phong, 1975).

Two years later, Blinn (1977) made a significant contribution to the field by sug-
gesting his modified version of Phong’s shading model. This model, usually referred
to as the Blinn-Phong shading model or the "modified Phong" shading model, of-
fered some additional computational efficiency compared to Phong’s original model,
while essentially retaining most of the (apparent) photorealism that Phong’s pro-
duced. This model also became quite significant in the years that followed, and was
eventually the default shading model used by the fixed-function pipeline of the real-
time graphics APIs OpenGL and Direct3D, up to OpenGL 3.1 and DX10, respectively
(Van Oosten, 2014).

Blinn made other important contributions in early 3D computer graphics re-
search, such as refinements in the process of texturing (Blinn and Newell, 1976)
— which was a technique established originally by the work of Catmull (1974) -
as well as introducing the techniques of environment mapping (Blinn and Newell,
1976; see Fig. 1.2) and bump mapping (Blinn, 1978; see Fig. 1.3). While working
for NASA's JPL (Jet Propulsion Laboratory), Blinn also participated in the creation
of a number of 3D animations for JPL's Voyager program (see Blinn and Kohlhase,
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1978 and Fig. 1.3).

Figure 1.2: Images from Blinn and Newell’s 1976 paper, which introduced the tech-
nique of environment mapping (Blinn and Newell, 1976).
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Figure 1.3: Left: Image from Blinn’s 1978 paper, which introduced the technique
of bump mapping (Blinn, 1978). Right: Screenshot from a 3D animation by Blinn
and Kohlhase which JPL released the same year (Blinn and Kohlhase, 1978).

In the same year, Williams introduced shadow mapping (Williams, 1978). Two
years later Whitted introduced the significant technique of ray tracing (Whitted,
1980; see Fig. 1.4), with Appel having already laid a foundation for it by introducing
ray casting (Appel, 1968). Both of these techniques — particularly ray tracing —
offered increased apparent photorealism although involved a considerably higher
computational cost.

Several of the techniques discussed so far had far-reaching effects and applica-
tions, but were not directly applicable in a real-time context upon their original
publication. Due to the optical phenomenon of the persistence of vision (Moller,
Haines and Hoffman, 2008; Poynton, 1996), for real-time rendering to occur it is a
requirement that a minimum of 24 consecutive images (or frames) are rendered per
second. If this is not maintained, the human eye no longer sees continuous mo-
tion, but a series of static images. Hence, real-time rendering requires a minimum
framerate (see Appendix B.4) of 24 frames/sec to occur, which was not computa-
tionally viable by the hardware capabilities of the time. These techniques were used
with non-real-time framerates initially, although as we will see, when the hardware
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Figure 1.4: Image from Whitted’s 1980 paper which introduced ray tracing (Whitted,
1980).

eventually allowed it, they became the basis for real-time 3D rendering techniques
that followed.

Real-time implementations and further advancements

The period between 1970 and 2010 involves much work that resulted in the real-
time implementation of techniques and models previously discussed, and which led
to further advancements both in the software and hardware involved. To illustrate
this, a number of chronologically-ordered real-time rendering applications are men-
tioned as indicative examples of their contemporary systems’ rendering capabilities.
The choice of examples is based on the applications’ capacity to be computationally
demanding for their respective rendering systems, and primarily involves 3D video
gaming and CAD software.

An example of early "nearly-real-time" 3D rendering is the video game "Spasim"
(Bowery, 1974; see Fig. 1.5), which included wireframe 3D content only (i.e. com-
posed of points and lines, but no solid surfaces), due to the hardware limitations of
the time. Another example from about 10 years later, which achieved even higher
frame rate but still not actually a minimum of 24 frames/sec is the "Freescape"
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game engine (Incentive Software, 1987), which became popular for featuring 3D
solid surfaces (Fig. 1.6). It was used in a number of video games developed by the
same company, and eventually led to the 3D CAD software "3D Construction Kit"
(Incentive Software, 1991; see Fig.1.7), which allowed the user to generate 3D con-
tent and use Freescape’s game engine features to also add custom gameplay and
game-related rules to the content.
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Figure 1.5: "Spasim", an example of early "nearly-real-time" 3D rendering, featured
the wireframe technique (Bowery, 1974).

Figure 1.6: The Freescape 3D engine featured solid 3D surfaces (Incentive Software,
1987; Teque Software Development, 1990).

As hardware capabilities increased, achieving a real-time frame rate for non-trivial
3D content became possible. Polygon count (see Appendix B.3) increased (Fig.
1.8, 1.10 and 1.11), and eventually, the allowable shading calculations’ complexity
started increasing too, giving rise to various techniques for better manipulating and
making the most of the available potential of the hardware.

Phong-derivative shading models were the norm in all cases involving real-time
3D rendering until the late 2000s, because of the model’s shading computational ef-
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Figure 1.7: The 3D CAD software and game engine 3D Construction Kit (Incentive
Software, 1991).

Figure 1.8: "Quake II: The Reckoning" (Xatrix Entertainment Inc., 1998) (left) and
"Unreal" (Epic MegaGames, Digital Extremes and Legend Entertainment, 1998)
(right), competitors at the time. Compare with the current state of Unreal Engine,
shown in Fig. 1.16.
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ficiency. Various additions were made over the years, becoming industry-standard
techniques that were expected to be addressed in any shading model utilized by
a real-time renderer, such as texturing, dynamic lights and shadows, normal and
specular texture maps, ambient occlusion, and several others. Shading approach
variations such as deferred shading appeared in use (Hargreaves and Harris, 2004;
Fernando and Pharr, 2005; also see Fig. 1.9) — which utilized ideas originally in-
troduced in Deering et al (1988) and Saito and Takahashi (1990). Furthermore,
progress was steadily made in real-time ray-tracing implementations (Harris, 2008;
see Fig. 1.12).

Figure 1.9: Forward (left) and deferred (right) shading comparison for the same
scene (Fernando and Pharr, 2005).

Video games like "Crysis" (Crytek, 2007; also see Fig. 1.13) — which was com-
mended for its real-time graphics’ quality at the time (Adams, 2007) — and "Call
of Duty: Modern Warfare 3" (Infinity Ward and Sledgehammer Games, 2011; see
Fig. 1.13) still essentially used Phong-derivative shading models. During this pe-
riod however, a new type of shading model gained prominence, and soon became an
industry-standard for real-time: the Physically Based Rendering model, or PBR.

The PBR shading model

As mentioned earlier, the capabilities of hardware increased dramatically over
time, allowing for more real-time computational complexity. This naturally led to
more extensive shading models — and gradually — models that no longer assumed
Phong-like foundations, but rather based their calculations a lot more directly on
the physical behaviour of light, because they were now allowed to by contemporary
hardware. These are all models that employ ray tracing (Pharr and Humphreys,
2010). Due to the models’ basis on physics, that family of models gradually be-
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Figure 1.10: Wireframe and solid views of a character from two installments of the
video game series "Tomb Raider" (Core Design Ltd., 1996; Crystal Dynamics, 2007),
showing the differences in polygon count, texture resolution, and shading model.

Figure 1.11: Comparison of a character from two installments of the video game
series "Metal Gear" (Konami Computer Entertainment Japan, 1998; Kojima Pro-
ductions, 2014).
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Progress in Ray Tracing

9 i Py 2

Games Convention
IDF 2004 2007 Fall IDF 2007
50 Intel ° Xeon™ Yorkfield Dual-X5365
Processors (45nm Quadcore) (total: 8 cores)

4 Frames per Second  ~90 frames per ~90 frames per
640x480 Second Second
768x768 1280x720

Figure 1.12: Comparative framerates, resolutions and types/numbers of proces-
sors used in ray tracing benchmark scenes between 2004 and 2007, indicating the
increasing feasibility of ray tracing for real-time use (Harris, 2008). By 2007, ray
tracing achieved 90 frames per second for this test scene, rendering at a 1280 x 720
resolution.

Figure 1.13: Crysis (Crytek, 2007) (left), and Call of Duty: Modern Warfare 3 (Infin-
ity Ward and Sledgehammer Games, 2011) (right).
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came known as "Physically-Based" (ibid.). Initially, such models were only available
in CPU-rendering implementations (and thus not real-time), and were used for pro-
ducing high-quality, photorealistic images that might take several hours to compute.
An example of such a CPU-based PBR renderer is "pbrt" (ibid.; see Fig. 1.14).

Figure 1.14: A CPU-rendered frame by the open-source PBR renderer "pbrt" (Pharr
and Humphreys, 2010).

In recent years, hardware capabilities made rendering with PBR models possible
in real-time (two examples are shown in Figures 1.15 and 1.16). PBR has thus fast
become the new standard shading model for photorealistic real-time rendering.

Reviewing main changes in real-time rendering techniques

Having briefly covered a period of about 5 decades of 3D and real-time rendering,
by now it can be observed that the allowable amount of pixels that are process-
able per frame, along with the permissible per-frame shading calculations, have
increased substantially. The same applies for the number of polygons that can be
rendered in real-time for a given frame (see Fig. 1.10). This is primarily due to uti-
lizing more powerful hardware, and the result is the exponentially increased scene
complexity that can be observed in the previously shown figures.
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Figure 1.15: A real-time rendered PBR frame from the video game "Uncharted 4"
(Naughty Dog, 2016).

In terms of actual shading computational approaches, the main difference is the
transition from the simpler Phong-derivative models (mostly dividing light compo-
nents to "ambient", "diffuse" and "specular" terms) to a fully supported real-time
PBR model. While the Phong-derivative models tend to rely on mostly arbitrary
and non-standardized values and formulas, with the main aim to reach apparent
photorealism, PBR models follow more physically accurate formulas, strictly en-
force energy conservation, involve several additional material attributes, and also
rely more on systematic generation of standardized reference tables for those values
(Fig. 1.17).

In terms of implementing these models and designing software that effectively
manages system resources, the utilized techniques necessarily vary, depending on
the underlying hardware and its configuration. Hardware acceleration has been
used from very early on, as will be discussed below. However, the main issue in
harnessing hardware acceleration is always to perform the best possible resource
management, since dedicated hardware brings with it the overhead of module in-
terfacing, data copying, or — in the case of shared memory models — the overhead
and complexity of synchronizing and securing that shared access.
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Figure 1.16: A screenshot from a 3D scene in Unreal Engine 4’s real-time PBR-
shaded environment (Walker, 2014).

18



‘H

canvas plaster brick

ITITI'

rust leaves satin

2l ad
B0
q_ "l

painted metal ceramic

wood plastic (rough) mud

o R R

plastic (glossy) brushed metal rough steel gold chrome

| a=albedo (sRGB) | | m = microsurface (linear) | | r = reflectivity (sSRGB) |

Figure 1.17: Top: Real-time PBR render performed by the material-authoring soft-
ware "Substance Designer" (Allegorithmic, 2017). Bottom: Example of 3D-scanned
materials with standardized PBR value tables (Wilson, 2015).

Recent developments and publications

A number of fairly popular (Schauerte, 2014) annual international conferences,
which focus on computer graphics research and publish a large number of papers
on the subject, are the ACM Special Interest Group on Computer Graphics and
Interactive Techniques (ACM SIGGRAPH, 2017), the Symposium on Interactive 3D
Graphics and Games (I3D, 2017) and IEEE’s Visualization and Computer Graphics
conference (IEEE, 2017). The transactions of these conferences thus serve as a
primary resource elucidating recent developments in the field.

Another noteworthy set of publications, specifically focusing on real-time 3D ren-
dering, is the GPU Gems series (Fernando, 2004; Fernando and Pharr, 2005; Nguyen,
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Figure 1.18: A timeline summarizing major milestones of the field.

2008). This is a collection of white papers and articles on real-time 3D render-
ing which focuses on discussing high-performance real-time software architecture,
3D transformation and shading algorithms, as well as overall GPU resource and
memory management. It also covers effectively using the GPU to perform General
Purpose Computing tasks.

Although not strictly constituting an academic resource/publication, one other
important set of publications worth mentioning are those by the international Game
Developers’ Conference (GDC, 2017), which is widely considered the largest con-
ference focusing exclusively on video game development worldwide (Nvidia Corpo-
ration, 2017c; Advanced Micro Devices, Inc., 2017b; Khronos Group, 2017b). The
conference features speakers from various real-time 3D graphics development back-
grounds, often under the auspices of a group or company, and tends to focus on dis-
cussing instructive case studies of recent projects, highlighting development chal-
lenges met and choices made, or discuss emerging workflows and contemporary
good development practices.

A review of graphics processing hardware

In terms of hardware, and specifically the availability and use of dedicated hard-
ware for graphics computation (i.e. GPUs), these have been utilized since the 1970s
by different vendors and in various vendor-specific configurations (Bauer, 2015).
They were initially used for the faster production of 2D images, and later also for 3D

20



(ibid.). Their growing capacity to efficiently process greater amounts of data made
it possible for more complex shading models and higher amounts of polygons to be
utilized.

The earliest dedicated hardware for processing graphics occurred on arcade video
game systems of the 1970s, with Fujitsu’'s MB14241 (Fig. 1.19) perhaps being the
first dedicated "GPU" (ibid.).

Figure 1.19: The MB14241 was used to accelerate 2D sprite drawing and supported
RGB colour. It was used in video games such as Gun Fight (Taito, 1975), and Space
Invaders (Taito, 1978).

In PCs, no dedicated hardware was used for graphics until the 1980s, with all
graphics computations performed in software by the CPU. One of the first dedi-
cated hardware units for processing graphics for PCs was the NEC uPD7220 High-
Performance Display Adapter (Fig. 1.20), released in 1981 for NEC’s APC personal
computers (Stengel, 2016; Bauer, 2015).

Figure 1.20: The NEC uPD7220 was used for drawing 2D points, lines and arcs to
the computer’s bitmap display. It was the first graphics hardware to qualify as a
LSI ("Large Scale Integration") due to it containing tens of thousands of transistors
in a single chip (Stengel, 2016; Bauer, 2015).

Other hardware worth mentioning is IBM’s Color Graphics Adapter for the IBM
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PC, released in 1981, and Intel’s iISBX 275 Video Graphics Controller, released in
1982 (Bauer, 2015).

Moving to more recent time periods, Nvidia's GeForce 256 (Fig. 1.21), released
in 1999 (Nvidia Corporation, 2016a) and promoted by the manufacturer as "the
world’s first GPU", popularized the term "GPU" to refer to such dedicated graphics-
processing hardware. It supported the Direct3D 7.0 and OpenGL 1.3 APIs. The
GeForce series became very popular, and also helped further standardize devel-
opment workflows and tools for real-time graphics programming (ibid.). The sub-
sequent GeForce 3 series added programmable shader support (vertex and pixel
shaders) and support for Direct3D 8.0, while the GeForce 8 series was first to sup-
port USA (Unified Shading Architecture) (Nvidia Corporation, 2017a).

GeForce 256

The World's First GPU

SPECIFICATIONS | PERFORMANCE S
((}ﬁ'

Graphics Core: 256-bit RVIDIA,

Memaory Interface: 128-bit |

Triangles per Secand: 15 million groRcE:y

Pixels Par Second: 480 million

Memory: Up to 128MEB

Figure 1.21: A screenshot from the GeForce 256 information page at the manufac-
turer’s website (Nvidia Corporation, 2016a).

By this time, the GPUs discussed are highly parallel processing units, containing
a large number of SIMD (Single Instruction Multiple Data) processor cores, where
the programmable shaders constitute and specify the instruction(s) to be executed,
and the input vertex and pixel data get distributed across those SIMD cores to be
processed in parallel. This is the reason why such GPU architectures (Fig. 1.22) have
also proven very appropriate for General Purpose Computing and Parallel Comput-
ing uses (Nvidia Corporation, n.d.; Harris, 2008).

It should be noted at this point that there are other graphics hardware configu-
rations than dedicated GPUs. It is possible to have integrated GPUs, in the CPU or
motherboard, which can be assigned a portion of system memory for exclusive use
(partitioned memory), and it is also possible to have an integrated processing unit
share memory with the CPU (see Figures 1.23 and 1.24). In this later case, CPU
accessible data is also directly accessible by the GPU, alleviating the need to copy all
data to GPU-visible memory (see Appendix B.7), and making the system’s behaviour
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Figure 1.22: Due to its SIMD and data parallelism approach (as opposed to task
parallelism that is characteristic of modern CPUs), a contemporary GPU is capable
of containing a much higher number of ALUs in the same area than a contemporary
CPU, thus managing to contain very high processing power (Nvidia Corporation,
n.d.).

Computing Evolution: A Collision Course

Multi-threading Multi-core Many Core
Small Number Arrays of
SMT Of Traditional Throughput
Cores Cores

Future

Evolving toward throughput computing General Purpose
Motivated by energy -efficient performance

Programmability

Programmable
Evolving toward general-purpose computing
Motivated by higher quality graphics and
GP-GPU usages Fixed Function

Throughput Performance

Figure 1.23: CPU and GPU evolution, moving towards eventual integration (Harris,
2008).
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more uniform and more similar to CPU-based programming (Advanced Micro De-
vices Inc., 2017a). Note that the video game consoles XBox One and PlayStation
4 both use a GPU that corresponds to this third category of shared memory (Tay-
lor, 2013; Shimpi, 2013; see Fig. 1.25), which the manufacturer, Advanced Micro
Devices, Inc. (commonly known as AMD), also refers to as an "APU" or "Acceler-
ated Processing Unit" due to the CPU and GPU being integrated in the same chip
(Advanced Micro Devices Inc., 2017a).

Another related area of interest for real-time 3D graphics development which
emerged in recent years is that of Heterogeneous Computing, along with the quite
more recent Heterogeneous Systems Architecture (HSA) specification (HSA Foun-
dation, 2016). A heterogeneous computing system is one that utilizes more than
one type of processor, and HSA specifies a development and execution context that
allows not only sharing memory but also tasks across heterogeneous processor
types. The specific types of processors of the underlying system may be unknown
to the developer of the executing program, and the program’s tasks are appropri-
ately scheduled for execution by the HSA platform. AMD’s recent "APU"s mentioned
previously make a good and relevant example of such a system, by combining the
CPU and GPU not only in terms of shared memory, but in accordance with the HSA
Foundation’s specifications, of which AMD is a founding member.

INTRODUCING hUMA
. u

CPU

CPU Memory GPU Memory

CPU CPU GPU

Figure 1.24: A diagrammatic illustration of a Unified Memory Access (UMA) archi-
tecture, a Non-unified Memory Access (NUMA) architecture, and what AMD refers
to as a Heterogeneous Unified Memory Access (hUMA) architecture (Advanced Micro
Devices Inc., 2017a).

Similar approaches are seen from other CPU/GPU manufacturers as well. For
example, Nvidia’s Tegra series (Fig. 1.26), for use with mobile devices, has similar
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HSA FEATURES: FEEDING THE “KAVERI” APU COMPUTE UNITS AMDQ

UNLOCKING All APU GFLOPS EQUAL FLEXIBILITY TO DISPATCH EQUAL ACCESS TO ENTIRE MEMORY

APU
GFLOPS
\ [
CPU GPU
GFLOPS GFLOPS

4 Access to full potential of APU 4 Heterogeneous queuing (hQ) 4 First time ever: GPU and CPU
compute power defines how processors interact have uniform visibility into entire
equally memory space (up to 32 GB)
4 GPU and CPU have equal flexibility
to create/dispatch work

Figure 1.25: According to this 2013 presentation from AMD’s annual developer
conference (Smith, 2013), the "Kaveri" APU allows both the CPU and GPU to have
uniform visibility into the entire system’s memory, through the use of hUMA (Ad-
vanced Micro Devices Inc., 2017a).

features of multi-core CPU and GPU integration in a singe chip (Nvidia Corporation,
2017Db).

NVIDIA TEGRA X1 THE NEW LEVEL OF
MOBILE PERFORMANCE

TEGRA X1 PROCESSOR SPECIFICATIONS

NVIDIA Maxwell 256-core GPU

Lk DX-12, OpenGL 4.5, NVIDIA £ 0 ~®, OpenGL ES 3.1, AEP, and Vulkan
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DispLay  4Kx 2K @60 Hz, 1080p @120 Hz

HDMI 2.0 60 fps, HDCP 2.2

Figure 1.26: Nvidia Tegra X1 specifications and size (Nvidia Corporation, 2017b).

Other recently released hardware by different manufacturers with similar hetero-
geneous core integration principles include Intel’s Haswell and Broadwell microar-
chitectures, Qualcomm’s Snapdragon 810 and Apple’s A7 and A8 (Bauer, 2015).

As noted already, this research focuses on GPUs with exclusive memory (parti-
tioned or physically discrete), being significantly more common in use at the time of
writing, and thus making the contribution of this research more widely applicable.
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1.3.2 Author’s work

The author also had the opportunity to work on some real-time rendering projects
in previous years, a contributing factor in deciding to pursue this research topic,
since it directly relates with questions and difficulties that the author had faced
during performing work on those projects.

.OBJ 3D File Loader / Viewer (C++ / OpenGL), 2009-10

A personal educational endeavour constituting a real-time 3D viewer application
for Microsoft Windows. The viewer loaded and displayed 3D data stored in Wavefront
.OBdJ files, allowing them to be interactively inspected by the user in real time (Fig.
1.27). A small portable library of linear algebra and 3D math functions was also
implemented as part of it, providing all the required functionality to display and
transform the imported 3D data.

Figure 1.27: Indicative screenshots of the Wavefront .OBJ loader/viewer applica-
tion, developed in 2010.

Real-time 3D Engine project (C++ / DirectX), 2010 - (ongoing)

An ongoing endeavour which so far has led to the development of i) a portable
3D math utilities and collision detection library in standard C++, ii) a renderer that
conforms to a Phong-derivative shading model, iii) a dynamic, "open-world" scene-
loading system using discrete spatial sectors, iv) a Al path network generation and
path-planning system, and v) a set of custom file types, importers and exporters for
efficient handling of the engine’s data (see Fig. 1.28 and 1.29).
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Figure 1.28: By 2011, the developed real-time 3D engine supported a Phong-
derivative shading model fully, along with alpha-masking, depthmap shadows, and
normal and specular texture maps.
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Figure 1.29: A diagrammatic overview of the developed 3D engine’s main system
components.
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1.4 Aims & objectives

1.4.1 Problem definitions

This study focuses on determining key performance optimizations in the field of
real-time 3D rendering — particularly when dedicated hardware acceleration with
exclusive GPU memory is involved. Performance is of pivotal importance for such
systems, although there are problems that always need to be addressed:

1. Increased system complexity: The dedicated hardware used increases the
heterogeneity of the system, and in this way also increases its overall com-
plexity (see section 1.3.1). System component interaction — such as CPU-GPU
interaction and synchronization — also introduces overhead.

2. Overhead caused by exclusive memory: Exclusive GPU memory introduces
the need for additional data copying to be performed as part of interfacing
with the GPU (see Appendix B.7). Data to be processed needs to be copied into
the GPU address space, while the results require to be copied back to system
memory. This increases the overhead of the interfacing process.

To effectively make the most of such a system and deliver the optimal performance,
the developer must address these problems in an informed and appropriate manner.
Furthermore, there are several factors requiring the constant review and refinement
of previously determined solutions to these problems. System architectures change,
making past solutions suboptimal when applied to newer systems.

1.4.2 Research aims

The primary aims of this study are:

1. Identify common performance bottlenecks in contemporary real-time 3D ren-
dering;

2. Determine key optimization areas to address them;

3. Determine the most appropriate techniques to resolve those bottlenecks.
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As it has been pointed out, this study more directly addresses managing the type
of 3D data sets characterizing the fields of 3D CAD software, interactive simulation
and video game development, without this excluding applicability to other areas as
well.
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2.

Methodology

This study employs a quantitative comparative method of analysis that is based on

the process of "Performance Optimization and Tuning Testing" as delineated in Liu

(2009). According to Liu, performance optimization testing for software typically

consists of the following steps:

1.

2.

3.

10.

Extract performance requirements for the software in question
Develop appropriate test cases

Decide on appropriate hardware for testing

Set up the testing environment

Form a detailed procedure about how your tests are conducted

Begin testing with an initial set of configuration parameters

. Analyze performance bottlenecks

Implement optimizations at the application level
Get reliable quantitative data for all test cases

Use the collected measurements to arrive at recommendations for further op-
timization and tuning

The way each of these steps have been applied by the author in the course of this

study is discussed below.

2.1 Performance requirements

2.1.1 Framerate

As noted in section 1.1, this study focuses on real-time, hardware-accelerated 3D

rendering. In the same section, it has been pointed out that for rendering to qualify

as real-time, it needs to comply with the lowest framerate allowing persistence of
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vision, which is 24 FPS. Interactive rendering is preferred to comply with the higher
limit of 60 FPS, which creates higher animation fluidity and is known to provide less
exertion to the user in an interactive context (Moller, Haines and Hoffman, 2008).
For this reason, 60 FPS is a common performance requirement in the field of video
game development (ibid.). Since this study focuses on applications pertaining to the
fields of 3D CAD software, interactive simulation and video game development (see
section 1.4), a minimum framerate of 60 FPS is adopted as a requirement.

As for an upper FPS limit, no such limit is set for the initial configuration and
measurements, although appropriate upper limits are discussed in the analysis
(see section 3.5).

2.1.2 Response time

Beyond the system’s framerate, another fundamental aspect of software perfor-
mance that must be considered here is response time. An interactive real-time
rendering system contains a central loop structure which constantly iterates, re-
ceiving user input and outputting rendered frames (a full description of the process
can be found in Appendix B.5). In a single-threaded context, the iterations of this
loop constitute a useful measure for reliably representing the system’s response
time, since they directly correspond to the frequency of its I/O processing capabil-
ity. Naturally, if frame rendering is unconditional, the achieved FPS will also equal
the number of iterations per second. However, if rendering is conditional, these
values can vary substantially, as will be demonstrated in the analysis.

Maximizing responsiveness is of central importance to an interactive real-time
rendering system, since in many cases the effective and timely processing of high-
reflex user input is of pivotal importance for the software’s success. For example,
a low degree of responsiveness is extremely noticeable and can make use of 3D
CAD or video game software very frustrating for the user, due to the high level of
interactivity involved.

Also, particularly in a real-time rendering context, maximizing responsiveness is
an always desired and never wasted effort because such increased responsiveness
can represent a "raw resource" for the software involved to sustain future expan-
sions: The execution speed gained through optimization can be directly re-invested
in increasing the complexity of the computations, and be translated into features
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such as more physically accurate shading, higher polygon count, more 3D assets,

and more complex user interaction.

As treated in section 2.1.1, 60 FPS has been set as the minimum acceptable
framerate. This is a requirement that also indirectly sets the minimum number
of acceptable iterations per second to 60. As the analysis will show however, even
a fully non-optimized contemporary system maintains a frequency of several thou-
sand iterations per second. Hence, this study adopts the more realistic performance
requirement of measuring the iterations per second achieved by the initial configu-
ration (see section 2.6), and then attempting to maximize that through resolving all
observed performance bottlenecks (see section 2.7).

2.2 Test scripts

2.2.1 Test data set

Before considering the applicable test cases, it is important to first determine the
characteristics of a representative data set to be used in the tests, and to also obtain
such a data set.

Current field literature discussing 3D asset creation for interactive real-time use
adheres to modularity and reusability (Fig. 2.1) as the main principles that should
guide the asset creation process (Perry, 2002; Burgess and Purkeypile, 2013; Plu-
ralsight LLC, 2012; Stephens, 2011, 2014; Kinney, 2014). With these principles in
mind, the desired 3D content should be systematically broken down to more man-
ageable objects/pieces, to be individually constructed by the 3D artists involved in
the project (ibid.). The resultant 3D object data would then be used as modular
components to assemble a larger 3D scene or "world".

Using this approach, a 3D data set was assembled from the 9 objects listed in
Table 2.1:
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Figure 2.1: Modularity and reusability in contemporary 3D content creation. Top:
A typical 3D modular "kit", composed of tens of individual components, capable of
being variously assembled to compose more complex environments (3DRT, n.d.).
Bottom: Screenshot from a demonstration of 3D modular asset production work-
flows (Pluralsight LLC, 2012).
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Name Triangle count | Material count | Times used

Stanford bunny (reconstructed) 12394 1 1
Stanford dragon (reconstructed) 49512 1 1
Teapot 1232 1 5

Ground 19200 1 4
Wall segment 274 1 64

Pyramid 6 1 3

Sphere A 30 1 8

Sphere B 1140 1 8

Cylinder 80 1 3

Table 2.1: The test data set’s 3D objects.

The resultant 3D scene contains in total 97 instantiations of these 9 objects,
totaling 172020 triangles. It is noted that the Stanford bunny and dragon are low-
polygon versions of their originals (Stanford Computer Graphics Laboratory, 2017).
As illustrated in Fig. 2.2, the instantiated objects’ placement is such that facilitates
tests that examine the effects of overdraw (see Appendix B.11), since the position
and orientation of the camera creates a high-overlap area in the centre of the frame.
The modularity and high number of instantiations also serve in making this an ap-
propriate data set for demonstrating the effects of the GPU’s "Instancing" rendering
mode (as discussed in section 3.4).

2.2.2 Test cases

The test cases employed are designed to address efficient GPU resource manage-
ment. This area of focus was chosen because it is one that necessarily applies to
a wide range of real-time rendering application types. By avoiding to make specific
assumptions about the content and calculations involved in the scene, the con-
tribution of the study becomes more relevant and applicable to a wider range of
situations. For example, in a contemporary video game development context, shad-
ing is frequently particularly demanding, due to attempting to accurately represent
environments with a high degree of photorealism. In contrast, 3D CAD software,
while also real-time and highly interactive, usually has much simpler shaders be-
cause its focus is different. The same applies for real-time 3D simulation, where
the highest complexity most likely is in the simulated effect or phenomenon. Hence,
different application types can make widely different usage of GPU resources, al-
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Figure 2.2: Screenshots of the test data set used in the study. Top: The virtual
camera is positioned at "A", and oriented in the direction of the vector. Bottom: The
test data set, as seen from the point of view of the virtual camera.
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though efficient management of those resources is pivotally important in all these
situations.

There are 14 test cases employed:

e TC-01: This test case represents the initial system configuration (discussed in
section 2.6), where no optimizations are employed and initial measurements
are taken.

e TC-02: Computationally identical with TC-01 except a collective vertex and
collective index buffer is used.

e TC-03: Computationally identical with TC-02 except a frame limiter is used,
with an upper limit of 60 FPS.

e TC-04: Computationally identical with TC-02 except 5 constant buffers are
used instead of a collective one.

e TC-05: Computationally identical with TC-02 except front-to-back sorting is
applied to rendered objects.

e TC-06: Computationally identical with TC-02 except back-to-front sorting is
applied to rendered objects.

e TC-07: Computationally identical with TC-02 except immobile objects are pre-
transformed to World Space.

e TC-08: Computationally identical with TC-02 except instancing is enabled.

e TC-09: Computationally identical with TC-08 except a frame limiter is used,
with an upper limit of 60 FPS (as in TC-03).

e TC-10: Computationally identical with TC-08 except 5 constant buffers are
used instead of a collective one (as in TC-04).

e TC-11: Computationally identical with TC-08 except front-to-back sorting is
applied to rendered objects (as in TC-05). Sorting is applied independently to
each batch of instances.

e TC-12: Computationally identical with TC-08 except back-to-front sorting is
applied to rendered objects (as in TC-06). Sorting is applied independently to
each batch of instances.
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e TC-13: Computationally identical with TC-08 except immobile objects are pre-
transformed to World Space (as in TC-07).

e TC-14: All optimizations are enabled for a cumulative effect: Collective ver-
tex/index buffers, 5 constant buffers instead of one, instancing, front-to-back
sorting per instance batch, a frame limiter with an upper limit of 60 FPS, and
pre-transformation of immobile objects to World-Space.

The rationale and effects of each of these test cases is thoroughly covered in sec-
tion 3. As the above description demonstrates, the focus of the tests is on GPU
buffer management and minimizing the overhead caused by graphics API calls.

Also, for reasons mentioned above and due to the focus of these tests, the shaders

(see Appendix B.8) employed are intentionally kept very simple (Fig. 2.3):

e Solid mode with back-face culling enabled
¢ Diffuse shading according to the Blinn-Phong shading model (see section 1.3.1)
e A single directional light, no shadows

e Texturing is used to sample the diffuse colour of each object per-pixel. A single
2048 x 2048 texture is employed for all models

2.3 Hardware

A system with exclusive GPU memory and DirectX 11 support has been used:

GPU: NVIDIA GeForce GTX 750 Ti

Graphics clock: 1058 MHz

Memory data rate: 5400 MHz

Memory interface width: 128-bit

Memory bandwidth: 86.40 GB/sec

Dedicated video memory: 2048 MB GDDR5
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Figure 2.3: The data set after import into the testing environment, and shaded by
it.

System video memory: O MB

Shared system memory: 2048 MB

Direct3D feature level: 11 _0O

CPU: Intel i5-6500 (3.20 GHz)

System memory: 16 GB

2.4 Testing environment

The testing environment is a real-time rendering application developed for the pur-
poses of this study. It incorporates multiple implementations that collectively rep-
resent the test cases mentioned in section 2.2.2. Based on the given user-defined
configuration at the time of initialization, the application uses the appropriate im-
plementation and renders the test data set from a specifically defined camera posi-
tion and orientation (Fig. 2.2). After sampling and processing all relevant measure-
ments, it outputs the test case’s results in a log file.

Underlying software used by the testing environment is:
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e OS: Windows 7 Professional SP1 64-bit

e Direct3D API version: 11

e GPU driver version: 355.82

2.5 Testing procedure

The procedure begins with the application initializing and receiving a configuration
description provided by the user. The description is made to correspond to a given
test case, informing the application regarding the desired configuration and allowing
it to create and manage the needed CPU and GPU resources in the specified way.

Once initialized, the application begins rendering the data set and initiates the
sampling process for the conducted measurements (see section 2.9). Among the
settings defined in the configuration description are the "seconds to skip" and the
"seconds to measure". The "seconds to skip" correspond to an amount of seconds to
wait after real-time rendering is initiated but before sampling actually begins, in or-
der to allow the application to achieve a more stable condition before measurements
are taken. The "seconds to measure" represent the amount of time that sampling
should last for a given session.

For the values listed in Appendix A and analyzed in this study, the seconds to
skip were set to 10 and the seconds to measure were set to 300 (five minutes). This
configuration was adopted due to the high amount of variance observed in the initial
measurements that were conducted. This type of variance is most likely the result
of the operating system’s preemption combined with the complexity of the graphics
APT's internal operations, which can behave differently across successive API calls.
To reliably filter out this variance prior to analysis, samples were initially taken
for each application iteration (see Appendix B.5 for a full description of the central
loop structure) for the duration of the sampling process, and then post-processed
in order to acquire their arithmetic mean value. This operation’s results form the
measurements analyzed in this study.
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2.6 Initial system configuration

The initial system configuration corresponds to test case TC-01, and is the fully
non-optimized state initially tested. As discussed in section 2.6.1 below, TC-01 is
configured to represent a real-time implementation of an otherwise generic render-
ing algorithm. Although employing hardware acceleration, it does not take into con-
sideration or address hardware-accelerated rendering’s distinctive bottlenecks (see
section 2.7), capabilities and peculiarities, thus resulting in a suboptimal, some-
what naive implementation — the particulars of which are treated extensively in the
analysis (section 3).

TC-01 uses 4 vertex and 4 index buffers, a single constant buffer, renders frames
unconditionally, does not sort objects prior to rendering, and does not use GPU in-
stancing. This initial system configuration will also be referred to as "A1" ("Algorithm-
01") in this study, as opposed to "A2" which represents TC-14 and incorporates all
the optimizations treated in the analysis.

2.6.1 The generic algorithm Al

The A1 algorithm represents and applies the basic principles of the rendering pro-
cess as specified in Appendix B. After application initialization and loading of the
3D content is complete, it simply follows the abstract main loop of i) Process user
input, ii) Update scene, and iii) Render scene (described in Appendix B.5) until the
exit condition is met. In pseudocode, it amounts to:

[Initialization] :

1. Initialize application
2. Load 3D content

3. Execute [Per-loop]

[Per-loop] :

1. Process user input

2. Update scene based on input

3. Sequentially draw all 3D objects

4. Check exit condition, repeat [Per-loop] if false

What makes it a generic algorithm is that it does not address its implementation
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user input scene objects
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Figure 2.4: A diagrammatic overview of the generic algorithm Al.

context in more specific terms than required, but only performs the steps of the
abstract main loop from a very high-level standpoint. Hence, although it is imple-
mented in a real-time and hardware-accelerated graphics context, it does not take
any specific features of that context into account, resulting in a suboptimal im-
plementation that ignores all the areas that optimizations specific to the real-time
rendering context could be made. In turn, Al embodies the performance bottle-
necks this study aims to resolve, listed below.

2.7 Performance bottlenecks

The performance bottlenecks addressed in the present study, and around which the
remaining test cases have been designed, are the following:

1. GPU buffer management: The inefficient configuration of GPU buffers - in
terms of their number, their size and their contents - is a significant source of
overhead (Luna, 2012; McDonald, 2012). Several of the test cases are designed

to illustrate and examine how different configurations can impact performance.

2. Overdraw: Overdraw involves the full recomputation of a given pixel’s value
during rendering (see Appendix B.11), and is a factor that can affect perfor-
mance (Luna, 2012). The test cases examine ways that overdraw can be re-
duced, increasing frame computation speed.

3. Graphics API calls: API calls like these are required for purposes like manag-
ing/updating GPU resources and issuing rendering commands (i.e. performing
"draw calls"). These quite often involve high overhead (McDonald, 2012), and
it is desirable to minimize them.
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4. 3D transformations: As noted in Appendix B.13, transformations occur across
a number of different coordinate spaces as a frame is rendered. Since these in-
volve a high number of floating point multiplications, it is desirable to minimize
them wherever possible.

2.8 Tested optimizations

To address the performance bottlenecks listed in 2.7, the optimizations to be tested
are as follows:

1. Collective vertex/index buffers, addressing the overhead of managing multiple
buffers and reducing the required graphics API calls to do so. This optimization
is analyzed in section 3.1.

2. Frequency-of-update constant buffers, distributing buffer content across sev-
eral smaller buffers (as opposed to a collective constant buffer) and grouping
data members in accordance with their frequency of update. This optimization
is analyzed in section 3.2.

3. Front-to-back sorting of objects prior to rendering, which reduces the overdraw
while rendering the frame. This is analyzed in section 3.3.

4. Instancing, a GPU rendering mode that dramatically reduces API draw calls
for a given frame. Analyzed in section 3.4.

5. Employing a frame limiter, which conditionally skips rendering of a frame if
the specified frame limit is met, and in this way radically reduces the amount
of API calls performed in a given second. Analyzed in section 3.5.

6. Pre-transformation of strictly immobile objects, allowing them to skip per-
frame World-Space transformation and be only transformed once when they
are loaded. Analyzed in section 3.6.

These optimizations are collectively enabled in test case TC-14, which also repre-
sents the optimized algorithm referred to as "A2" (as opposed to "Al", represented
by TC-01).
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2.8.1 The optimized algorithm A2

The A2 algorithm addresses the system’s increased complexity (see section 1.1), and

more importantly the system’s areas characterized by high computational overhead

— and pays attention in their optimal management. It contains all optimizations

treated in this study. In pseudocode and from a sufficiently high-level standpoint,

the algorithm amounts to:

[Initialization] :

1.

ok wN

Initialize application

Load 3D objects

Pre-process loaded content for GPU
Create GPU buffers

Execute [Per-loop]

[Per-loop] :

1. Process user input

2. Update scene based on input

3. Conditionally render frame

4. Check exit condition, repeat [Per-loop] if false

Areas of particular interest for this study are:

e In [Initialization], step 2, the object loader makes a clear distinction between

3D objects that are strictly immobile (e.g. the ground), and objects that are not.
The first are pre-transformed to World Space coordinates (see Appendix B.13)
during loading. This is done so that subsequent per-frame (and per-vertex)
World-Space transformation can be avoided for those objects, with the clear
assumption that their World-Space position will never change. This is part of
the optimization analyzed in section 3.6.

In [Initialization], step 3, the pre-processing performed involves the aggrega-
tion of the loaded 3D object data into collective vertex and index buffers. Indi-
vidual objects can be referred to through their indices relative to the buffer’s
beginning (analyzed in section 3.1).

Also in [Initialization], step 3, the instance batches and contents of the in-
stancing buffer to be used are assembled. The "instancing buffer" referred to
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is a vertex buffer containing per-instance data, required for using the GPU’s
instancing rendering mode (analyzed in section 3.4).

e In [Initialization], step 4, among the GPU buffers (see Appendix B.7) created
(i.e. vertex, index and instancing buffers), the algorithm creates a number of
constant buffers that represent the frequency of updates that their content
has (analyzed in section 3.2).

e In [Per-loop], step 3, the algorithm makes use of a frame limiter (a rendering
system component implemented as part of the testing environment), to deter-
mine if the elapsed time since last rendering a frame necessitates rendering
another one. This depends on the specified frame limit, which the author de-
fines as a value representing the desired maximum framerate (see Appendix
B.4) to be adhered to by the application. This optimization is analyzed in sec-
tion 3.5.

e Also in [Per-loop], step 3, and provided that a new rendering is required (which
is determined by the frame limiter), the algorithm sorts the objects of each
batch to be rendered in _front-to-back order from the point of view of the camera.
This is done to reduce overdraw (see Appendix B.11), and is analyzed in section
3.3.

e Lastly, once again in [Per-loop], step 3, while the frame is rendered, the algo-
rithm checks each batch prior to rendering it. If the contents are classed as
strictly immobile (and thus pre-World-Space transformed, as discussed in [Ini-
tialization], step 2), a vertex shader is used (see Appendix B.8) that assumes
that the object rendered already is in World Space, rather than Local Space
(see Appendix B.13), skipping the World-Space transformation.

The above is also summarized in a diagrammatic overview of the algorithm, in Fig.
2.5 (depicting the [Initialization] part) and Fig. 2.6 (depicting the [Per-loop] part).

2.9 Conducted measurements

The measurements conducted during the sampling process are intended to reliably
represent the test cases’ performance level in accordance with the requirements
listed in section 2.1, both for framerate and response time. The measurements are
the following:
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Figure 2.5: Overview of the "initialization" section of the optimized algorithm. Atten-
tion is drawn to areas where optimizations (noted as "Opt.") have been performed:
1) Pre-transformation of immobile objects to World-Space (see Appendix B.13), 2)
use of collective vertex/index buffers (see Appendix B.7), 3) use of GPU instancing

(see section 3.4) , and 4) creation of constant buffers whose number is determined

by their frequency of update.
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Figure 2.6: The "per-loop" section of the optimized algorithm. Again, attention is
drawn to areas where optimizations have been performed, and noted as "Opt.". Opt.
#5 constitutes a frame limiter for conditional rendering, and Opt. #6 the front-to-
back sorting of objects prior to rendering. Opt. #1 and #3 continue from what
was noted in Fig. 2.5. This diagram also contains parts of the algorithm that
execute on the CPU and others that execute on the GPU, respectively noted as such.
Lastly, the reason for using a separate vertex shader instead of a conditional flow
for immovability inside a single vertex shader is explained in section 3.6, along with
the entire optimization #1.
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1. Draw calls per frame: The amount of API draw calls performed for a given
frame.

2. Frames per second (FPS): As discussed in the Appendix B.4, this value rep-
resents the amount of rendered frames for a given second.

3. Average frame-rendering time: The average amount of time, in milliseconds,
for a frame to be rendered with a given system configuration (i.e. test case).

4. Iterations per second: The amount of iterations of the central loop of the
application (see Appendix B.5) for a given second. Since the application is
single-threaded, this measure reliably represents response time.

2.10 Evaluation process

The evaluation process used to determine the efficacy of the optimizations is detailed
comparison of the measurements for the evaluated test cases. Generally speaking,
the average frame-rendering time is the most important value to observe, since a
reduction indicates that the current configuration has a positive effect in improving
performance. Correspondingly, an increase generally indicates that the current
configuration has a negative effect in improving performance.

In addition, since iterations per second represent the response time of the appli-
cation, an increase generally denotes a positive effect for performance, since more
I/0 iterations get completed in a given second. A decrease denotes the opposite.

Draw calls per frame are not directly used to determine performance, although are
mentioned wherever it is relevant to demonstrate the effect on performance (directly
determined by avg. frame-rendering time and iterations per second) that different
amounts of API calls can have. Fewer draw calls are generally preferred, provided
they achieve the desired rendered result.

Frames per second have a requirement to not be less than 60, and apart from this
their increase provides no benefit because it is not visually appreciable to a view-
er/user. However, FPS are often listed in the analysis to provide a fuller appreciation
of the varying factors involved when comparing test cases and their configurations.

It is noted that the above is merely a general skeleton of the evaluation process
employed, and does not necessarily represent all criteria considered in the analysis.
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Hence, the reader is directed to the analysis section (section 3), where all consider-
ations for each reached conclusion are treated and discussed in full.
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3. Analysis

3.1 Collective vertex/index buffers

The GPU’s vertex and index buffers contain 3D data used for rendering primitives
(see Appendix B.3). After their creation, such buffers need to be "bound" to the
rendering pipeline in a specific GPU input slot, so that the data can be used for
rendering (MSDN, 2016; Luna, 2012).

In the context of the DirectX API, the exact number of GPU input slots available
depends on the capabilities of the specific GPU in question and is measured through
so-called Direct3D "feature levels" that represent discrete grades of GPU capacity
(MSDN, 2016). For DirectX 11 and DirectX 12, the different feature levels all offer a
maximum of 32 available input slots, while DirectX 10 offers 16 input slots (ibid.).

The number of GPU vertex and index buffers that can be created by an application
is not specifically constrained by the API, and primarily depends on the amount of
memory available to the GPU. However, it is generally suggested to keep it relatively
low (Luna, 2012), since binding buffer resources to the input slots for rendering
use involves computational overhead, and also having data separated across several
buffers will eventually require consecutive binding to occur on a per-frame basis.
APIs like DirectX, OpenGL and Vulkan offer functionality to utilize sub-portions of
buffers in rendering computations (MSDN, 2016; Shreiner et al., 2013; Luna, 2012;
Schott and Bishop, 2016; Sellers and Kessenich, 2016). Hence, even though the
maximum available input slots offered by GPUs increase over the years, it is always
best to try and collect one’s data in larger, collective buffers. In some cases it is
also possible to achieve data aggregation allowing multiple heterogeneous buffers
to be stored in a single memory allocation (Schott and Bishop, 2016; Sellers and
Kessenich, 2016).

In this section, the importance of avoiding buffer-switching overhead is high-
lighted, and what is proposed is to minimize the number of vertex and index buffers
employed. If possible, 3D data should first be loaded in full, then copied over to the
GPU in a collective vertex and collective index buffer, after indexing of individual ob-
jects’ positions (i.e. offsets, see Fig. 3.1) within those buffers has been conducted by
the application through CPU-based pre-processing (see section 2.8.1). Afterwards,
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the application can bind these buffers once, and render the entire scene’s content
by accessing sub-portions of those two buffers (ibid.).

Object A Object B Object C

o 1

1) Load required objects
from disk to
system memory (RAM)

‘ 2) Assemble a collective
buffer for the
object data

I
]

— 11— 3) Send buffer to GPU

Object B
base offset

Object C
base offset

Figure 3.1: Diagrammatic overview of using collective GPU buffers. Minimizing the
number of buffers in this way also minimizes the overhead caused by the need to
switch among, and re-bind resources to the GPU pipeline.

Clearly, there are several situations where, due to the requirements and restric-
tions imposed on certain types of 3D applications, the use of only a single vertex
and index buffer can prove untenable. This is particularly true for interactive ap-
plications. Here are some indicative examples:

e It is not uncommon for the exact content of a 3D scene to be impossible to
be known in advance, but rather to be determined dynamically based on user
input — e.g., in "open world" types of environments, where the scene is di-
vided in discrete sections that are loaded and displayed sequentially as the
player/viewer approaches them, and where the user’s input may dynamically
request content.

e The structure of the utilized 3D data may also be non-uniform - e.g. data with
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different type and number of vertex attributes, etc. — often requiring that it is
stored in different containers.

¢ In certain cases it may even be desirable to make the 3D data non-uniform in
order to conserve overall GPU memory (Fernando and Pharr, 2005, ch. 5).

Despite the fact that use of only a single vertex/index buffer may be inapplica-
ble in such scenarios, the suggestion made in this section is to nevertheless try
to minimize the number of such buffers, because the API calls required for their
management are a source of high overhead. The following analysis of relevant test
cases demonstrates this effect.

Test case analysis

Two test cases were specifically designed for testing this assumption (Table 3.1).
TC-01, representing the generic algorithm Al in its entirety, utilizes 4 vertex and 4
index buffers to store the scene’s data. The first vertex/index pair contains the Stan-
ford dragon (see section 2.2.1), the second the Stanford bunny, the third contains
the ground, and the fourth contains all other models. As the frame is computed,
it is required to switch among these buffers, until all objects are rendered. TC-02,
involves exactly the same configuration and computations as TC-01, with the only
difference being that it uses a collective vertex and collective index buffer, which
contain all scene data. This eliminates the need to re-bind buffers between draw
calls, thus reducing the number of API calls required to compute the frame.

TC-01 TC-02
FPS 3441 3676
Avg. frame time (ms) | 0.290503 | 0.271727

Table 3.1: TC-01 and TC-02 comparison.

The taken measurements listed in Table 3.1 demonstrate that TC-02 rendered
6.46% faster than TC-01 (also see Appendix A for a collective table listing all mea-
surements). This difference is to be directly attributed to the absence of the over-
head caused by switching among vertex and index buffers. Hence it demonstrates
that it is optimal to employ the smallest possible amount of such buffers.

This observation, although small in itself in terms of direct performance gains,
is significant in other ways that will be made clear in the course of this study.
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Subsequent test cases attempt various sorting approaches for the order the objects
get rendered in. The underlying notion is to minimize computations and context
re-setting operations between draw calls, so objects with identical resource depen-
dency contexts are sorted adjacently in order to avoid setting that context more
times than is required. Buffers are one such resource, as are textures, material
attributes, etc. . These can often create conilicting requirements during sorting,
creating an inability to sort the objects efficiently because of their heterogeneous
resource dependencies.

As a result, apart from its direct performance gains, collective buffers usage also
increases homogeneity in resource dependency between objects, which will boost the
effectiveness of subsequent sorting techniques discussed in the sections to follow.
For this reason, collective buffers usage is employed in all subsequent test cases.

3.2 Frequency-of-update constant buffers

For hardware-accelerated rendering systems using exclusive GPU memory, data re-
quires to be copied to GPU memory before it can be used in GPU-based calculations
(see Appendix B.7). The destination of such copying is GPU buffers. However, it is
often the case that the data involved is not constant, but must be updated during
the course of the application session. Common examples of such data can be a
light's direction vector or its intensity, a rotation angle value or an object’s colour,
and so on.

A GPU buffer with data meant for shader program input (see Appendix B.8) is
called a "constant buffer" in DirectX API terminology (MSDN, 2016). Also do note
that, despite their name suggesting invariable content, constant buffers are pri-
marily used to store shader-accessible variables, and thus require very frequent
updates. The word "constant" derives from its contents’ invariability during the
course of a draw call’s execution (ibid.).

Updating a portion of data placed in a constant buffer requires the update of the
entire constant buffer (ibid.). No individual members of the buffer can be updated
independently. This is a feature aimed at aiding overall performance, provided the
application utilizes it conscientiously and the developer understands how it oper-
ates. Misuse of this feature can severely affect performance due to the overhead
associated with interfacing with the GPU (McDonald, 2012).
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In such a context, it is always desirable to minimize interaction with the GPU
due to such overhead. According to McDonald (2012), inefficient GPU resource
management introduces what he refers to as CPU-GPU "Sync Points" into a real-time
rendering application. These sync points are caused when the CPU requires that
the GPU completes work before CPU work can be resumed (ibid.), thus increasing
total frame rendering time. The same source mentions that a single sync point has
the potential of possibly halving an application’s frame rate — it is thus particularly
important to manage GPU resources effectively.

According to guidelines commonly given when discussing real-time rendering sys-
tems (as in McDonald, 2012; MSDN, n.d. b; Luna, 2012; and others), it is suggested
to group data in constant buffers based on their frequency of required updates. This
is done so that the performance impact of the updates is minimized, an effect that
will be thoroughly examined in the subsequent test case analysis for this section. At
the same time, the data should conscientiously be grouped so that the total number
of constant buffers used is relatively small (McDonald, 2012; Luna, 2012), thus re-
ducing the number of updates required. Usually, the suggested number of constant
buffers is about 5 (ibid.). It should be noted here that this particular number is of
course a rule of thumb based on mostly empirical observations, involving real-time
applications such as video games mainly rendering 3D environments representing
physical landscapes, realistic lighting conditions, and so on. It is clear that a real-
time rendering application with a different purpose could require a different amount
of constant buffers, making this determination ultimately dependent on the scope
and purpose of the application at hand.

In any case, it remains certain that in any given real-time rendering context, one
should attempt to distribute data into constant buffers based on their frequency
of updates, while at the same time trying to keep the number of constant buffers
relatively low. Let us now examine some test cases that can demonstrate this.

Test case analysis

Two test cases are examined in this section, TC-02 and TC-04. TC-02, as men-
tioned in section 3.1, employs only the collective vertex/index buffer optimization.
In terms of constant buffer usage, TC-02 uses a collective constant buffer contain-
ing all data requiring such a buffer. This buffer is updated once per object, so that
the subsequent draw call can have access to all shader constants needed by that
object.
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TC-04 computationally replicates TC-02 with the exception that, instead of using
a collective constant buffer, it distributes its content into 5 smaller constant buffers.
Each buffer’s content is chosen in accordance with the "frequency of updates" ap-
proach described earlier in this section. As demonstrated in Fig. 3.2, the total size
of the data members remains the same, it is only the distribution of those members
across buffers that changes.

Since TC-04 employs 5 distinct constant buffers, it updates them in appropriate
intervals. Buffers with lower frequency of update than "per-object" get pushed back
accordingly in the pipeline:

¢ "Immutable CB" is updated only once at the application’s initialization

e "Per-frame CB" is updated once per frame

"Per-camera CB" is updated once per frame (only one camera is employed)

"Per-object CB" is updated once per object (97 updates)

"Per-material CB" is updated once per object (97 updates)

“Immutable” CB
Size: 256 Bytes

“Per-frame” CB
Size: 256 Bytes

Collective
Const Buffer

“Per-camera” CB Total size:
Size: 96 Bytes 944 Bytes

Size: 944 Bytes

“Per-object” CB
Size: 80 Bytes

“Per-material” CB
Size: 256 Bytes

Al A2

Figure 3.2: Comparison of the constant buffers employed by the generic algorithm
Al and the optimized algorithm A2.
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TC-02 TC-04
FPS 3676 3797
Avg. frame time (ms) 0.271727 | 0.262851
Draw calls/frame 97 97
Const. buffer updates/frame 97 196
Total bytes updated/frame 91568 32944

Table 3.2: TC-02 and TC-04 comparison.

As shown in Table 3.2 and Fig. 3.2, for a given frame, TC-02 performs 97 updates
of its single, collective constant buffer, with a size of 944 bytes. On the other hand,
TC-04 performs 196 updates, since its buffers get updated with varying frequen-
cies. Note that these updates are excessive and could be easily sorted and batched
further in order to reduce update API calls for even better performance than what
TC-04 achieves here, but they intentionally were not in order to simply observe the
difference by employing the "frequency of updates" principle without any additional
changes or applied improvements.

TC-04 may perform more than twice TC-02’s update API calls, although it still
updates 64% less bytes per frame than TC-02 does. This difference in the size of
the updates is the reason for the performance difference we see, which amounts to
a render speed increase by 3.26% (see Table 3.2).

Hence, in this case, due to the unconditional full updating of constant buffers,
using a collective buffer was not an optimal approach, as it was in the cases dis-
With regard to
constant buffers, employing the "frequency of updates" principle to determine their

cussed in section 3.1, which involved vertex and index buffers.

number has the best results.

3.3 Front-to-back rendering

As demonstrated in Appendix B.11, given a set of 3D objects, the order that the ob-
jects get sequentially rendered in matters. A 3D scene’s content must be translated
into a series of draw calls (described in Appendix B.7) in order for a frame of that
scene to be rendered. The order of the draw calls affects which objects get rendered
first and which afterwards. When depth culling (see Appendix B.10) is enabled,
subsequent draw calls often overwrite pixel fragments calculated previously. This
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occurs if the new fragment has a lower depth value than the old fragment, thus
representing an object that is closer to the camera.

In consequence of the above, it can be suggested that sorting the draw calls so that
the rendered objects are in front-to-back order (that is, so that an ascending order of
the rendered objects’ distance from the camera is achieved), the pixel fragments that
result from a draw call will likely not be overwritten by the next draw call — at least
not while depth culling is enabled. This is because the previous pixel fragments will
fully occlude the new ones, resulting in the new ones to skip full computation and
be discarded.

Test case analysis

In order to test the efficacy of this optimization of sorting draw calls in front-to-
back order, a series of test cases are examined. TC-05 and TC-06 are both computa-
tionally identical to TC-02, with the only difference that they apply distance-based
sorting to the scene’s objects prior to rendering. TC-05 applies front-to-back sorting
relative to the camera, while TC-06 applies back-to-front sorting. Table 3.3 contains
the relevant measurements for them:

TC-05 TC-06
FPS 3772 3671
Avg. frame time (ms) | 0.26461 | 0.271991

Table 3.3: TC-05 and TC-06 comparison.

Due to the increased overdraw caused by back-to-front sorting, TC-06 has a de-
creased rendering speed by 2.78% compared to TC-05 (see Table 3.3). TC-05 man-
ages to avoid the recomputation of a large portion of the frame’s pixels by success-
fully culling pixel fragments of occluded objects during the depth culling phase.

By examining a sample frame of TC-05 in Visual Studio’s Graphics Analyzer utility
(Microsoft Corporation, 2015), the pixel history of a pixel in a high-overlap area of
the frame indicated an overdraw of x1 — corresponding to the object occupying that
pixel that was closest to the camera across that ray. An equivalent frame of TC-06
indicated an overdraw of x10 for the same pixel, since all objects from the back-
ground all the way to the foreground passed the depth culling phase successfully
(Fig. 3.3).

TC-05 also demonstrates a 2.61% increase in rendering speed compared to TC-

56



Figure 3.3: The camera is positioned at A, looking towards B. All these 10 pixel
fragments successfully passed the depth culling test during TC-06, and were fully
computed in succession. In TC-05, due to front-to-back ordering, only the pixel
fragment #10 passed, and the others were skipped and discarded.

02. This is to be expected by now, and again to be attributed to TC-05’s front-to-
back sorting prior to rendering, since TC-02 and TC-05 are otherwise identical. In
general, an unsorted rendering order is expected to achieve a speed between those
achieved by front-to-back and back-to-front rendering orders, respectively — as is
the case between TC-02, TC-05 and TC-06 in the tests conducted here. As will be
shown subsequently, a situation where this is not always the case is when front-
to-back sorting is combined with instancing. This will be analyzed in section 3.4,
along with additional test cases demonstrating the effect.

It is clear from the above analysis that the minimal overdraw achieved through
front-to-back sorting makes this distance-based sorting approach preferable, and
that it is more efficient than simply employing unsorted rendering. Also, it has
been demonstrated that a back-to-front rendering order serves as a performance
inhibition due to its maximizing overdraw.
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3.4 Instancing

Instancing is a GPU rendering mode that allows instructing the GPU to render a
batch of objects, instead of one, through the performance of a single draw call (see
Appendix B.7). It requires utilizing an additional type of buffer that contains per-
instance data, which the GPU uses in order to instantiate the drawn object in dif-
ferent configurations (ibid.). In situations where 3D objects are used multiple times
in a scene, it can be an effective way to reduce draw calls and the overhead they in-
volve. Its usage is well documented (MSDN, 2016; Luna, 2012; Fernando and Pharr,
2005; and others) so it is unnecessary to elaborate more regarding its particulars
here. Instead, at this point we will consider a number of test cases to determine the
performance benefits that instancing can provide to the data set used in this study.
The effects of combining instancing with previously discussed techniques will also
be investigated.

Test case analysis

TC-02 TC-08
Draw calls/frame 97 9
FPS 3676 4193
Avg. frame time (ms) | 0.271727 | 0.238032

Table 3.4: TC-02 and TC-08 comparison.

Through instancing, TC-08 manages to reduce the required number of draw calls
dramatically, lowering them by 90.72% compared to TC-02 (Table 3.4, Fig. 3.4).
It also achieves a rendering speed increase of 12.4% compared to TC-02. This
degree of achieved performance improvement naturally depends on the content of
the given scene, which lent itself to instancing because most objects were utilized
multiple times. Instancing efficiency increases when more objects can be batched
into a single draw call, as is the case here. It is however very common to have 3D
scenes that can benefit from employing instancing, due to the reasons discussed in
section 2.2.1, and the fact that 3D assets are commonly designed with modularity
and reusability as guides.

An additional point to be made regarding TC-08, is that it is slightly more efficient
than TC-11, as Table 3.5 demonstrates. This is one of the cases where front-to-back
sorting can have worse performance than unsorted rendering, as noted in section
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Figure 3.4: Comparison between TC-02 and TC-08. TC-08 demonstrates a 12.4%
rendering speed increase compared to TC-02. This is to be attributed to the use of
instancing, which lowered required draw calls by 90.72%.

3.3. It is thus time to re-examine the effect of different distance-based sorting
methods when used in conjunction with instancing.

TC-08 TC-11 TC-12
FPS 4193 4163 3975
Avg. frame time (ms) | 0.238032 | 0.239366 | 0.251118

Table 3.5: TC-08, TC-11 and TC-12 comparison.

TC-11 employs instancing, and then sorts all instance batches internally in front-
to-back order. TC-12 does the same, but instead uses a back-to-front order. TC-08
employs instancing with no distance-based sorting applied. As expected, TC-12 is
suboptimal due to excessive overdraw, and is 4.9% slower than TC-11. TC-11 does
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not have the optimal performance among these three test cases however, contrary
to what would be expected after what was treated in section 3.3. Instead, front-to-
back sorted TC-11 has a 0.56% slower rendering speed compared to the unsorted
TC-08, which is the most efficient among the three in this case.

0.25

0.245

0.24

0.235

0.23

frame time (ms)

0.225

Avg

0.22

0.215

0.21

TC-08 TC-11 TC-12

Figure 3.5: Comparison between TC-08, TC-11 and TC-12. Due to the effect of
"instancing-induced overdraw", the unsorted TC-08 achieved slightly better perfor-
mance than the front-to-back sorted TC-11. Back-to-front sorted TC-12 is expect-
edly suboptimal, due to excessive overdraw.

The reason for the reduced performance of TC-11 is the introduction of overdraw
due to instancing itself. This "instancing-induced overdraw" effect is explained be-

low.
Instancing-induced overdraw

Instancing requires objects to be batched based on the criterion of being able to
be rendered together in a single draw call. The objects may or may not be sorted
inside the batch, but in all cases the batches remain independent of one another,
and are sequentially rendered. Hence, even after internal sorting, a subsequent
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batch can overwrite pixels drawn by a previous batch, thus introducing overdraw.
This is illustrated with an example in Fig. 3.6.

2

‘a B | '
- R

Instance batch A Instance batch B
(sorted in front-to-back order) (sorted in front-to-back order)

vy

Batches are
rendered sequentially:
1: Batch A
2: Batch B

Computed frame Frame overdraw
0 x 1x 2 X
overdraw overdraw overdraw

Figure 3.6: This example scene is composed of two batches, A and B, internally
sorted in front-to-back order. The batches get sequentially rendered, with A first,
and B second. The order the objects get rendered in is A:1, A:2, A:3, B:1, B:2,
B:3. Even though the batches are internally sorted in front-to-back order, object
B:1 overwrites some of A:2’s pixels, because B:1 is closer to the camera than A:2 is.
This overdraw could have been avoided if instancing was not used. Instancing is very
effective for improving performance however, so this type of overdraw is acceptable.

Due to this effect, TC-11 and TC-12 both have overdraw that is introduced by
instancing. In particular, this partially reduces TC-11’s speed, since front-to-back
sorting can only be applied relative to each batch, rather than to the scene con-
tents as a whole. It is this reduction that makes TC-11 slightly less efficient than
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the unsorted TC-08 in this case. However, the combined effect of instancing and
front-to-back sorting is generally more effective than using any of these techniques
individually (as has been done in TC-05 and TC-08 respectively). The reason for
this is the following:

e The order resulting from distance-based sorting is dependent on the camera’s
relative position to the scene objects. As the camera and/or objects move,
the objects get re-sorted accordingly on a per-batch basis. Hence, the result
of sorting is highly variable through the progression of a typical application
session. This makes situations like TC-11 transient, whenever they may occur.

e The alternative of using unsorted instancing is naturally unpredictable and
equally likely to result in performance such as that demonstrated by the back-
to-front sorted TC-12 (see Fig. 3.5), which is clearly suboptimal.

Hence, in the majority of cases, using both front-to-back sorting and instancing
will be optimal, and even in cases when front-to-back sorting will introduce a degree
of inefficiency, the effect will be slight (-0.56% in the case of TC-11) and dependent
on the current positions of the camera and the objects of the scene.

3.5 Frame limiter

As discussed in Appendix B.5, a real-time rendering application involves a main loop
structure that renders frames continuously, throughout the application session.
The achieved framerate must comply with the minimum of 24 frames per second in
order for the output to meet the persistence of vision limit and qualify as real-time
(Moller, Haines and Hoffman, 2008; Poynton, 1996).

The idea behind the optimization suggested in this section is the following: Con-
temporary systems are quite capable of maintaining very high framerates for solid
3D rendering of typical complexity data sets, and have been for some time now (see
section 1.3.1). This leads to the observation that it is very likely that the framerate
achieved by a real-time renderer will — at least at times — be exponentially higher
than the 24 FPS minimum limit. It is suggested by the literature that higher FPS
limits are desirable for interactive rendering that does not cause exertion to the user,
such as 60 FPS (Moller, Haines and Hoffman, 2008). However, from approx. 75 FPS
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and upward, the eye can no longer determine any display differences (ibid.). Hence,
when rendering at framerates considerably higher than this, a large portion of the
invested computational effort is unnecessary, and effectively wasted. Additionally,
in many situations, after first being fully computed, such superfluous frames even-
tually get discarded because the monitor used as output cannot support such a
high refresh rate. Hence, it is suggested that, by actively limiting the maximum
frames rendered for a given second through explicitly assigning and enforcing an
upper limit, that wasted computational effort can be avoided, and instead redirected
to performing other tasks.

Test case analysis

As all test cases discussed so far demonstrate (also see Appendix A), the achieved
FPS for the tested data set range between 3000 to 4000. This corroborates what was
discussed above, indicating that there is much room for optimization in reducing
such an unnecessarily high frame rate.

In consequence of this behaviour, a "frame limiter" component was developed to
be used in conjunction with the A2 algorithm. It is cursorily noted that this frame
limiter is entirely independent from specifying DirectX API's DXGI_SWAP_CHAIN_DESC: :
BufferDesc.RefreshRate during swap chain creation, although naturally this too
should correspond to the desired frame limit.

When the frame limiter is enabled, the system no longer allows the unconditional
performance of a render, but first checks the elapsed time since the last rendering
of a frame (Fig. 3.7 and 3.8), and only renders the frame if the specified frame limit
is not exceeded. For example, for achieving and maintaining a maximum frame rate
of 60 FPS, this would require that a render should occur if and only if the elapsed
time dt satisfies the following condition:

if(dt >= (float)(1/60)){Render Scene();}

This could be further generalized for any desired frame rate n:

int n=60; // desired maximumlimt of frames per second
if(dt >= (float)(1/n)){RenderScene();}

At this point, two test cases are considered to observe the effects of this frame lim-
iter on the application: TC-02, as discussed in section 3.1, only employs a collective
vertex/index buffer. TC-03 performs the same computations as TC-02, except for
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Figure 3.7: A flowchart summarizing the effect of adding the frame limiter to the ap-
plication’s main loop (compare with Fig. B.2). Instead of unconditionally rendering,
the frame rate limit is first checked, allowing skipping of unnecessary frames.
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bool bExitConditionMet = false;
float dt; //elapsed time (in seconds) since RenderScene() was last called

int n = 60; // desired maximum limit of frames per second

while ( bExitConditionMet != true )
{

//process user input
M ooc

//update scene content, including dt
N ooc

if ( dt >= (float)(1/n) ) //conditionally render the scene
{

RenderScene(); //render frame
}
}

Figure 3.8: A short code segment representing the main loop with the frame limiter
added, corresponding to the flowchart of Fig. 3.7.

the addition of the frame limiter.

TC-02 TC-03
FPS 3676 60
Iterations per sec. 3676 32792276
Avg. frame time (ms) | 0.271727 | 0.303235

Table 3.6: TC-02 and TC-03 comparison.

Table 3.6 indicates that by limiting the framerate to the maximum perceptible
rate of 60, the responsiveness of the application (represented by the iterations per
second) increased by more than 8920 times (Fig. 3.9). Visually, this makes no
difference in the perceived fluency of the animation, although the significant pro-
cessing power conserved in this way can be applied to other useful tasks, increasing
the efficiency of the application, and possibly its functionality as well.

A very interesting aspect of TC-03 is that it has a decreased rendering speed of
11.59% compared to TC-02. This apparent "anomaly" may initially appear like an
erroneous measurement, considering that the only thing modified between TC-02
and TC-03 is the frequency of issuing the draw calls. It has been resilient to scrutiny
and test repetition however. TC-08 and TC-09 also initially may seem to suggest the
"anomaly" is likely due to an error, since the effect of the frame limiter appears to
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Figure 3.9: A chart demonstrating how the skipping of unnecessary frames in TC-
03 exponentially boosts system responsiveness.

clearly increase rendering speed (specifically, by 32.83%) when used in conjunction
with instancing (see Table 3.7 and Fig. 3.10).

TC-08 TC-09
FPS 4193 60
Avg. frame time (ms) | 0.238032 | 0.159883

Table 3.7: TC-08 and TC-09 comparison.

To investigate the causes of TC-03’s decreased speed further, let us examine some
additional tests demonstrating the effect that modifying the frame limit (originally
set at 60 FPS, both for TC-03 and TC-09) has on the application’s performance (Fig.
3.11). These tests are listed in Table 3.8 below.
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Figure 3.10: Chart comparing TC-02, TC-03, TC-08 and TC-09, and the apparently
anomalous speed decrease of TC-03 compared to TC-02.

Frame limit | Avg. frame time (ms) | Instancing enabled | Draw calls/frame
5 0.425524 No 97
20 0.347363 No 97
60 0.303235 No 97
200 0.298149 No 97
1000 0.297752 No 97
5 0.259747 Yes 9
20 0.179845 Yes 9
60 0.159883 Yes 9
200 0.14692 Yes 9
1000 0.137616 Yes 9

Table 3.8: Additional tests demonstrating the effect of modifying the frame limit.

These additional tests greatly clarify the relationship between TC-02, TC-03, TC-
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Figure 3.11: Chart demonstrating the effect adjusting the frame limit has on render-
ing speed. Both with instancing enabled and disabled, a very regular proportional
decrease in rendering speed is observed as the frame limit decreases.

08 and TC-09. What Table 3.8 and Fig. 3.11 demonstrate is a very regular and
hardly anomalous effect originally hidden in the frame rendering speed relationship
observed between these test cases in Fig. 3.10. Apparently, the frame limit specified
has a strong effect on rendering speed, causing it to proportionally decrease as the
frame limit decreases.

Furthermore, the following observations can be made at this point:

1. The only factor that changes in these tests is the frequency of issuing draw
calls

2. The great difference in the number of draw calls (90.72% less) between en-
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abling and disabling instancing does not seem to significantly affect the pat-
tern’s regularity, but only offset it along the Y-axis (Fig. 3.11)

Based on these observations, the author’s interpretation of this behaviour is that
the effect observed is likely related to cache misses. Most likely, increased elapsed
time between rendering a frame makes the GPU more liable to subsequent cache
misses because the application’s GPU data is gradually replaced by other data in
cache memory.

Having discussed the indirect effects of applying and adjusting the upper frame
limit, let us now conclude this section by assessing the frame limiter’s overall effi-
cacy in improving performance. The frame limiter has a very significant influence in
response time (Fig. 3.9) which makes it clearly one of the most effective techniques
discussed in this study. The effect it has on rendering speed is proportional to the
specified frame limit, making higher frame limits render faster than lower ones. Af-
ter considering that a) the lowest possible framerate enabling real-time rendering
is 24 FPS, b) 60 FPS is desirable for interactivity, and ¢) ~75 FPS is the upper limit
that is visually distinguishable, the rendering speed decrease caused by the limiter
is not particularly significant in this range, but the benefits in increased response
time are quite noteworthy (Fig. 3.9). Furthermore, as demonstrated by TC-09, at
60 FPS, the frame limiter is actually beneficial to rendering speed as long as it is
combined with instancing (discussed in section 3.4). Hence, the effectiveness of the
frame limiter is clearly demonstrated here.

3.6 Pre-transformed immobile objects

In a real-time rendering context, 3D transformation calculations are normally per-
formed on the GPU (MSDN, 2016; Luna, 2012), and usually in the vertex shader
program (see Appendix B.8). Such calculations are fairly computationally inten-
sive, involving 4x4 square matrix multiplications, and represent a large portion of
the overall computational load of the 3D rendering process. Through them, a 3D
object’s coordinates get transformed from Local Space (see Appendix B.13) to World,
View, Projection, and eventually reach all the way to Window Space for it to get ren-
dered. This process is repeated every time a frame is rendered.

It is often the case however, that a 3D scene contains objects that are strictly
immobile. Common examples of such objects in a hypothetical urban scene can
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include the ground or architectural elements. When known to be strictly immo-
bile, the World Space coordinates of such objects are guaranteed to never change
and could be treated as constant. This can eliminate their per-frame World-Space
transformation, which can alleviate some of the computational overhead that 3D
transformations involve.

What is proposed in this section is to treat strictly immobile objects separately
from potentially mobile ones within the rendering system: Immobile objects are ex-
plicitly specified as such during the creation/design of the 3D scene’s content. They
are pre-transformed once to World Space at application initialization. In contrast,
potentially mobile objects are in Local Space, getting transformed to World Space
on a per-frame basis as normal. For the remainder of this section, strictly immobile
objects will be referred to as "pre-WS" ("pre- World-Space") objects, and potentially
mobile ones as "OS" ("Local/Object Space") objects.

In the optimized algorithm A2 (see section 2.8.1), "pre-WS" transformation is im-
plemented in the following manner: The 3D object is initially loaded by the CPU.
Once determined that it is "pre-WS", it gets transformed once to World Space by
the CPU. Then the object (now already in World Space) is copied to the GPU and a
"pre-WS"-specific vertex shader is used when rendering such objects. Instead of per-
forming the transformation from Local to World Space, the "pre-WS" vertex shader
skips this computation and treats the data it has as being already in World Space.
See section 2.8.1 and Figures 2.5 and 2.6, which can complement this description
and offer a diagrammatic overview of these features.

As noted, A2 uses two separate vertex shaders to handle "pre-WS" and "OS" ob-
jects respectively. An alternative approach possibly suggested is to use a single
vertex shader with a conditional World Space transformation, e.g. through passing
a boolean flag representing immobility to the vertex shader. There are some points
to make in favor of using separate shaders however:

e To make a boolean flag accessible to the shader, this would likely require
GPU constant buffer updating (see Appendix B.7 and section 3.2) to copy
the boolean value to the GPU on a per-frame and per-object basis, so that
the shader can examine it!. Remember that constant buffers are necessar-

1 An alternative, and possibly superior approach in favor of using a boolean flag could be to embed
this flag in the instancing buffer (i.e. the vertex buffer containing per-instance data). This would
require no additional buffer updates apart from updating the instancing buffer itself prior to render-
ing the frame. This was not tested in this study, although it would likely perform even better than
A2’s current pre-WS implementation of separate shaders does.
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ily updated in full (see section 3.2), so this boolean flag makes full per-object
constant buffer updates required. By contrast, the separate shader approach
allows potentially skipping per-object constant buffer updates altogether (pro-
vided no other required data is stored in that constant buffer). This update
skipping is employed in the A2 algorithm.

e Using additional shaders requires additional API calls per frame in order to
sequentially bind those shaders to the pipeline. This is an overhead that A2’s
pre-WS implementation does involve, although batching of pre-WS objects is
also performed, so that the shader is switched only once per frame for all
specified pre-WS objects, thus minimizing the overhead.

e Shader programs have additional limitations, such as the number of allowable
nesting levels and the total number of contained instructions (MSDN, n.d. a).
It is generally suggested to keep them as short and simple as possible (McDon-
ald, 2012), and to avoid unnecessarily complex and overly-conditional flows
(ibid.). Given that a system’s requirements may necessitate shaders of already
reasonably high complexity, it may be beneficial to avoid adding even more
conditional execution.

e Shaders are very small programs, occupying comparatively little GPU memory
(MSDN, 2016; Luna, 2012; McDonald, 2012). Hence, code reduplication for
shaders is generally a negligible issue, provided it is conscientiously employed.

Hence, the main advantage offered by the use of a separate shader is the flexibil-
ity of optionally skipping per-object constant buffer updates. This introduces the
overhead of re-binding shaders, which A2 minimizes by batching pre-WS objects
separately, as noted above.

Before beginning the test case analysis, it is important to also mention some lim-
itations of pre-transforming immobile objects:

1. Since objects are treated as already in World-Space, this makes them not eas-
ily instantiated more than once in a given scene (note that the "instantiation"
referred to here is unrelated to using GPU instancing as described in section
3.4). Hence, strictly immobile objects that are also desired to be multiply in-
stantiated (like a modular architectural element, e.g. a column) cannot benefit
from this technique, because additional instantiations would require retrans-
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formation in World Space. This is possible of course, although nullifies the
benefits and purpose of employing pre-transformation in the first place.

2. For pre-transformation to be effective, the added cost of employing it must
be less than the cost of actually computing those immobile objects’ World-
Space transformations every frame. This makes pre-WS usage inefficient when
applied to a small portion of the total scene’s polygon count (see the test case
analysis for exact percentages tested).

Considering that 3D assets are usually designed with modularity and reusability
as guides (see section 2.2.1), the inability to instantiate pre-WS objects multiple
times certainly limits their applicability. Even so, this technique can prove useful
in usage scenarios where a scene contains a moderate portion (in terms of total
polygon count) of single-instantiation, strictly immobile objects.

Test case analysis

The test data set employed in these tests (described in section 2.2.1) contains two
objects intentionally added for testing pre-transformation in World Space. These are
the single instantiations of the Stanford bunny and Stanford dragon models (Stan-
ford Computer Graphics Laboratory, 2017), both reconstructed to a lower polygon
count for this study. Having a total triangle count of 61906 triangles, they amount
to 35.98% of the total triangle count of the tested scene. This ratio proved sufficient
to demonstrate clear efficiency with this technique and is utilized by the test cases
discussed below and listed in Table 3.9.

TC-02 TC-07 TC-08 TC-13
FPS 3676 3775 4193 4221
Avg. frame time (ms) | 0.271727 | 0.264411 | 0.238032 | 0.23638

Table 3.9: Comparison of TC-02, TC07, TC-08 and TC-13.

Four test cases are examined here. TC-02 which employs only collective vertex/in-
dex buffers (originally mentioned in section 3.1), TC-07 which is identical to TC-02
but also uses pre-WS objects, TC-08 which uses collective vertex/index buffers and
instancing (originally mentioned in section 3.4), and TC-13 which is identical to
TC-08 but also uses pre-WS objects.

As Table 3.9 and Fig. 3.12 demonstrate, pre-WS objects have proven effective both
with and without being combined with instancing. When used without instancing,
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Figure 3.12: Chart demonstrating the effect of pre-WS objects usage on rendering
speed. Both with instancing disabled (TC-07) and enabled (TC-13), the achieved
rendering speed is higher than without using pre-WS (TC-02 and TC-08).

a 2.69% rendering speed increase was observed (by comparing TC-02 and TC-07).
When used with instancing, this technique was still slightly more efficient, with a
rendering speed increase of 0.69% (by comparing TC-08 and TC-13).

Hence, the above demonstrates that provided the limitations of pre-WS objects
are not prohibitive, employing this technique can increase rendering performance.
It is also repeated here that the above test cases involve a 3D data set where pre-WS
objects correspond to 35.98% of the total triangle count of the scene, and therefore
data sets with an even higher percentage of such immobile objects would benefit
proportionally more by this technique.

On the other hand, from the above it follows that data sets with a progressively
lower percentage of immobile objects would benefit progressively less, until employ-
ing pre-transformation would provide no performance benefits at all. In connection
with this observation, it is noted that initial measurements performed for this study
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tested pre-transformation with lower triangle count versions of the Standford bunny
and dragon, which only amounted to 15.78% of the total triangles of the scene. This
percentage was low enough to make pre-transformation of immobile objects partly
inefficient: It resulted to a rendering speed increase of 3% for TC-07 compared to
TC-02, but to a 1.098% decrease for TC-13 compared to TC-08.
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4. Conclusions

This study has successfully demonstrated the following:

e Using collective vertex/index buffers is more efficient than distributing data
in more buffers of this type. In the performance optimization tests conducted,
the use of collective vertex/index buffers improved rendering speed by 6.46%,
as demonstrated in section 3.1.

e A small number of constant buffers determined by the frequency of updates
of the contained data is more efficient than using a collective constant buffer.
The conducted tests demonstrated a 3.26% increase in rendering speed when
this was applied, as discussed in section 3.2.

e Sorting opaque objects to be rendered in front-to-back order relative to the
camera position improves rendering speed by reducing overdraw. Back-to-front
sorting has the opposite effect. With front-to-back sorting, the conducted tests
indicated a 2.78% increase in speed compared to back-to-front sorting, as
discussed in section 3.3.

e Use of the GPU’s instancing rendering mode has a very strong effect in in-
creasing rendering speed due to the reduction of API draw calls required. In
the conducted tests, its use increased frame rendering speed by 12.4%, as
discussed in section 3.4.

e When combined with instancing, front-to-back sorting can be less effective
due to being applied on a per-batch basis. It is still generally advised to use
both front-to-back sorting and instancing simultaneously if possible. This is
discussed in section 3.4.

e Rendering frames with a rate higher than the viewer can distinguish is sub-
optimal. Instead, a frame limiter should be employed, with an upper limit no
higher than 75 FPS. This has no visual difference for the viewer, but skipping
unnecessary frames can exponentially improve system response time. In the
tests performed, using a frame limiter with a limit of 60 FPS increased response
time by more than 8920 times, as discussed in section 3.5.

e The frame limit specified when using a frame limiter has a proportional in-
fluence to frame-rendering speed. Hence, lower frame limits result in lower
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rendering speed. In the conducted tests and with a limit of 60 FPS, use of the
limiter demonstrated a 11.59% decrease to rendering speed when instancing
was disabled. When instancing was also enabled however, the limiter instead
had the effect of a 32.83% increase in rendering speed. This behaviour is
discussed in section 3.5.

e When the rendered scene contains objects that are strictly immobile, it can
be efficient to pre-transform them and treat them separately than potentially
mobile objects, even if this leads to using a small number of additional shaders
and API calls. This technique does not allow those immobile objects to be
instantiated multiple times, but can be effective if they are high-polygon-count,
single-instantiation objects. In the tests conducted, employing such immobile
objects comprising 35.98% of the scene’s total polygon count brought about
a 2.69% increase in rendering speed when GPU instancing was disabled and
0.69% when it was enabled. This is discussed in section 3.6.

By cumulatively employing all optimizations treated in this study, the conducted
performance tests demonstrated a frame rendering speed increase of 55.04% and
a responsiveness increase by 9637 times (Fig. 4.1 and 4.2).
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Figure 4.1: Collective chart comparing the rendering speed of all test cases exam-
ined. TC-14, employing all optimizations discussed, demonstrates a 55.04% speed
increase compared to TC-01, which is the initial configuration.
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Figure 4.2: Collective chart summarizing the study’s results by comparing the initial
configuration TC-01 with the optimized TC-14. TC-14 demonstrates a reduction in
draw calls, an adhered-to upper FPS limit of 60, a 55.04% rendering speed increase
and a response time increase by 9637 times.
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5. Further research

There are several areas where additional research could be performed after what
has been demonstrated through the current study. Some important areas worth
considering are the following:

e Multithreading: This study employed a single-threaded testing environment
in order to somewhat narrow the scope of the test scripts and the variety of
the test cases to be analyzed. Concurrency is most commonly employed in
contemporary systems, however. A multi-threaded implementation can allow
much higher efficiency, such as by allowing user input to be processed in a
separate thread, or by performing multi-threaded rendering (Fig. 5.1).

e Unified CPU-GPU memory address space: This study intentionally focused
on resource management in a system with a discrete GPU memory address
space (see sections 1.3.1 and 1.4). However, it would be interesting to see the
results of the same test cases applied to a system with a unified CPU-GPU
memory address space — such as the ones discussed in the hardware review of
section 1.3.1. Such a system would not necessitate the copying of data to and
from GPU memory (see Appendix B.7), making the areas of likely overhead to
differ, and thus perhaps indicate different optimization approaches.

e LODs and occlusion culling: Techniques like LODs (Luebke et al, 2003; Wat-
son, Walker and Hodges, 2004) and occlusion culling (Yoon, Salomon and
Manocha, 2003) - as illustrated in Figures 5.2 and 5.3 respectively — are com-
monly used methods for improving real-time rendering performance. They
could be used in conjunction with what is discussed here in order to deter-
mine their joint efficacy and performance benefits.

e Triangle reordering: The pre-processing of 3D data prior to rendering so that
the triangles composing them can be reordered (Fig. 5.4) is a subject that
has been discussed in several studies (Han and Sander, 2016; Sander, Nehab
and Barczak, 2007; Storsjo, 2008). The aim is to reorder the triangles so
that optimal use of the GPU’s vertex cache is made and a minimal amount of
overdraw occurs (ibid.). Note that this refers to self-overdraw of the object and
thus cannot be addressed by the rendering order of the objects discussed in
section 3.3. Here, it is the order of the objects’ triangles that matters. Such
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techniques could be employed in conjunction with what has been discussed in
this study, to further improve rendering performance.
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Figure 5.1: A Nvidia sample showcasing threaded rendering using Vulkan (Nvidia
Corporation, 2016b).
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Figure 5.2: LODs ("levels of detail") can improve performance by rendering progres-
sively lower polygon-count (and texture resolution, etc.) versions of objects when
their placement indicates that the substitution will be unnoticeable to the view-
er/user. Typically, heuristics are employed to control the LODs (Watson, Walker and
Hodges, 2004). Left: Various possible LODs for the Stanford bunny model (Stanford
Computer Graphics Laboratory, 2017). Right: Example of a chain of distance LODs
for a 3D object (CRYTEK GmbH., 2016).
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Figure 5.3: Left: An occlusion culling algorithm at work on a complex interactive 3D
scene (Yoon, Salomon and Manocha, 2003). Right: Occlusion culling is concerned
with objects that have passed frustum culling (and thus lie inside the view frustum)
but are occluded by other objects closer to the camera (Young, 2005).
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Figure 5.4: A triangle reordering study by (Sander, Nehab and Barczak, 2007). Left:
The red triangles indicate areas where a vertex cache miss occurred. Right: Darker
areas are portions of the frame where more overdraw occurs.
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A. Table of measurements

Key Notes / Abbreviations:

"CB" — Collective vertex/index buffers

"FL" — Frame limiter

"FOU" — Frequency-of-update constant buffers

"FTB" - Front-to-back rendering order

"BTF" — Back-to-front rendering order

"PRE-WS" — Pre-transformation of immobile objects to World Space
"INST" - Instancing
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Test case | Description | Draw calls | FPS | Avg. frame time (ms) | Iter./sec
TC-01 - 97 3441 0.290503 3441
TC-02 CB 97 3676 0.271727 3676
TC-03 CB, FL 97 60 0.303235 32792276
TC-04 CB, FOU 97 3797 0.262851 3797
TC-05 CB, FTB 97 3772 0.26461 3772
TC-06 CB, BTF 97 3671 0.271991 3671
TC-07 ¢B, 97 3775 0.264411 3775

PRE-WS
TC-08 CB, INST 9 4193 0.238032 4193
B, INST,
TC-09 c L S 9 60 0.159883 32633789
TC-10 CB, INST, 9 4228 0.235997 4228
FOU
B, INST,
TC-11 c S 9 4163 0.239366 4163
FTB
B, INST,
TC-12 c S 9 3975 0.251118 3975
BTF
CB, INST,
TC-13 9 4221 0.23638 4221
PRE-WS
CB, INST, FL,
TC-14 FOU, FTB, 9 60 0.130589 33162978
PRE-WS

Table A.1: Collective table of measurements for all examined test cases.
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B. Real-time rendering: Fundamental tech-
nical terms and concepts

B.1 Renderer

A renderer is a computer program that generates images based on the input data
it receives (Moller, Haines and Hoffman, 2008). The process it performs is called
"rendering" in computer graphics (ibid.). Based on the inherent dimensions of the
render data involved, the process of rendering can be distinguished primarily into
2D (2-dimensional) and 3D (3-dimensional). In the case of 2D rendering, the data
manipulated often directly corresponds to on-screen objects or pixels. In 3D ren-
dering, the data is first manipulated in 3-dimensional space, and is eventually pro-
jected on 2-dimensional space, in a region ultimately corresponding to a portion
of the computer screen. In every case, prior to seeing the result on-screen, ras-
terization must occur, which is the process during which the computation of the
individual colours of the pixels involved for displaying the image is performed (ibid.;
Luna, 2012).

B.2 GPU and real-time rendering

GPU is an acronym for "Graphics Processing Unit" (Bauer, 2015). Due to the high
demand for performance in graphics-related computations, contemporary computer
systems usually utilize a specialized hardware unit (either discrete, or integrated to
the CPU or motherboard) specifically for performing graphics-related computations,
rather than using the computer’s more generically designed CPU (Central Process-
ing Unit). This is especially true when real-time rendering techniques are involved,
which expect real-time response times and have particularly high performance re-
quirements (ibid.; Méller, Haines and Hoffman, 2008; Luna, 2012).

Note that there is an emerging tendency towards the use of integrated GPUs (as
opposed to dedicated ones, being the norm for several decades), to alleviate some of
the synchronization difficulties and added complexity that exclusive GPU memory
models cause (see section 1.3.1). Even so and despite the differences noted here,
the following are invariant for real-time rendering:
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1. Specialized hardware (GPUs) is always used for real-time graphics computa-
tion, and

2. The interfacing with such hardware increases overall system complexity, due
to its heterogeneous processing components

GPU-rendered graphics are also often referred to as "hardware accelerated" graph-
ics, and the techniques that produce them as employing "hardware rendering". In
contrast, rendering techniques that primarily utilize the CPU are often referred to as
"software rendering", or CPU-based rendering. Software rendering, although con-
siderably slower compared to hardware rendering (and in general non real-time),
is a technique allowing considerably more flexibility in the development phase of
a rendering system, because it does not need to directly interface with the GPU,
effectively reducing the amount of system complexity that requires to be addressed
by the implementation.

Software rendering is also capable of producing much more accurate results, at
the cost of longer rendering time. Due to this reason, it is often used in conjunction
with higher-accuracy algorithms (e.g. for physically accurate simulation of lighting
and shadows, kinematics, etc. ), and is still widely used for various types of scientific
visual computation applications, as well as in the film and visual effects industry.

GPU-rendered graphics are used where real-time visual performance is critical —
often because of the requirement for the rendering system to be interactive. It is
a somewhat less flexible system imposing additional requirements and inhibitions
during the development phase (such as passing data to the GPU using specific
structures and formats, having a limit of maximum instructions per compiled GPU
shader program, etc. ) but makes it up in terms of highly increased rendering speed.
As GPUs become more powerful and sophisticated, the quality and complexity of
real-time graphics that they are capable of increases exponentially, coming nearer
to that of CPU-rendered graphics.

B.3 Polygons and polygon count

A 3D renderer typically takes its main input in the form of 3-dimensional coordi-
nates, representing positions in 3D space. These positions (or 3D points, technically
called vertices) are then combined by the renderer to produce renderable primitives.
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Phase 1: Vertices Phase 2: Triangle primitive Phase 3: Polygon Mesh

Figure B.1: The constituent phases of assembling a polygon mesh to be displayed by
the GPU. Vertices are used to assemble triangle primitives, which in turn collectively
formulate a polygon mesh.

Such primitives are later combined themselves in order to create more complex 3-
dimensional shapes (Fig. B.1) (Moller, Haines and Hoffman 2008; MSDN, 2016;
Luna, 2012).

Typical primitives supported by contemporary graphics APIs like DirectX, OpenGL
and Vulkan are points, lines (which technically are line segments connecting two
points), and polygons. These polygons, when actual rendering is concerned, are
expected by the GPU as a set of triangles, each of which is defined as a set of 3
points representing its vertices (ibid.).

The term "polygon count" refers to the number of polygons that collectively com-
pose a 3D object (i.e. a polygon mesh). It can also be used to refer to the total
number of polygons contained by the entire 3D scene that is being rendered. An
object’s polygon count is one of the measures commonly used for determining the
average impact the object being rendered will have on a rendering system’s resources
and overall performance (ibid.).

Also, note that in this document there is frequent reference to the triangle count of
an object. In the context of this study this term is intended as interchangeable with
"polygon count", since this study is concerned with GPU rendering and the GPU
expects polygonal meshes to be strictly composed of triangles. However, in contexts
that allow the use of other polygon types, a given polygon count may be a distinct
value from the corresponding triangle count, because the polygons referred-to are

97



not necessarily triangles (but perhaps are quadrilaterals, etc.).

B.4 Frame rate and Frames per second (FPS)

The amount of rendered frames output by a rendering system in a given period
of time represent the frame rate of that system, often measured in the number
of output frames per second, abbreviated as "FPS" (Méller, Haines and Hoffman,
2008; Luna, 2012; Eberly, 2005). Depending on the collective complexity of the
calculations performed by the system per loop, the maximum frame rate that it can
output at any given time can vary greatly, and depends on a number of factors.
These can include:

e The size of the data composing the 3D scene: larger scenes that are composed
of more polygons and higher resolution textures will require more time to be
processed by the GPU, resulting in a comparatively lower frame rate.

e The complexity of computations performed during the "Update" phase: The
more complex the calculations performed during the "Update" phase of the
loop (treated in detail in section B.5), the lower the frame rate will be. Indica-
tive computations performed here can be: Computing the current positions of
the scene’s objects, performing collision detection, physics simulation and an-
imation computations, Al behaviour and/or path planning computations etc.
. Applications whose main loop is mostly spent in performing this phase are
often called "CPU-bound", because the majority of the computational weight
falls on the CPU.

e The complexity of computations performed during the "Render" phase (see B.5):
Similarly, more complex rendering computations will also lower the frame rate.
Typical rendering computations can include computing lighting and shadows
and post-processing visual effects applied to the frame. In contrast to the
"CPU-bound" applications mentioned above, when an application is spend-
ing the majority of time comprising the main loop in rendering calculations
(typically performed on the GPU), it is often referred to as a "GPU-bound" ap-
plication.
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B.5 Main loop structure of an interactive real-time
rendering application

An interactive real-time rendering application is expected to render frames continu-
ously and output them on screen. In consequence of this, it is required to maintain
a minimum frame rate of 24 frames per second, since a frame rate lower than that
would no longer allow real-time responsiveness or satisfy the persistence of vision
limit (Mo6ller, Haines and Hoffman, 2008; Poynton, 1996). In fact, for applications
requiring smoother interaction with the user (such as video games, where often-
times fast user reflexes are expected), the suggested minimum frame rate to avoid
user exertion is 60 frames per second (ibid.).

Fundamentally, the "main loop" of an interactive real-time rendering application
consists of a looping control structure which performs three main steps: process
user input, update data based on input, and render a frame using the updated data
(Fig. B.2). This process repeats for the duration of the application session, and
allows the user input to directly control the rendered output displayed on screen
(Moller, Haines and Hoffman, 2008; Luna, 2012; Eberly, 2005). As mentioned,
"CPU-bound" real-time applications spend more time in the "Update" phase, while
"GPU-bound" ones spend more time in the "Render" phase.

B.6 Textures

Textures are data structures that contain an array of raster data (i.e., pixels). Usu-
ally, textures are used to store image data that constitutes an input and/or output
of the rendering process. The dimensions of the texture’s array can vary — textures
of 1, 2 and 3 dimensions are commonly used (Méller, Haines and Hoffman, 2008;
Luna, 2012; Eberly, 2005).

The resolution of a texture corresponds to the size of its contained array of raster
data. The resolution has an impact on the amount of GPU memory a texture occu-
pies when loaded, and also on the amount of computations required to process or
update that data when rendering is performed. Consequently, the efficient manage-
ment of textures is a matter that can affect the overall performance of a rendering
system (ibid.).
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Begin

User input /

Process
q .
user input

l

Update
3D scene content

l

Render
3D scene content

/ Rendered frame /

bool bExitConditionMet = false;

while ( bExitConditionMet != true )

{
ProcessUserInput(); //process user input
UpdateScene(); //update 3D scene content
RenderScene(); //render 3D scene content
¥

Figure B.2: The structure of the "main loop" of an interactive real-time rendering
application consists of 3 main phases: Process user input, update the scene, and
render a frame of the scene. This sequence is repeated continuously throughout
the application session.
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B.7 GPU Buffers and draw calls

In GPU-based rendering, data is required to be made accessible to the GPU prior
to its computations being performed - in turn requiring CPU-GPU synchronization
techniques for managing these system resources. As discussed in section 1.3.1,
this increased complexity and heterogeneity of the system requires to be adequately
addressed in order to have satisfactory performance results. Until now, exclusive
GPU memory models are the ones more often in use, and are also the focus for this
study. It is noted however that recently, there is an emerging tendency for shifting
to a unified CPU-GPU memory model (as discussed in section 1.3.1).

Assuming the much more common exclusive GPU memory model is employed,
the CPU and GPU utilize mutually exclusive memory address spaces. For GPU-
based rendering to occur, data is sent from system memory (corresponding to RAM)
to GPU memory (sometimes referred to as "VRAM" or "video RAM"). Depending on
the GPU, this can be either a portion of the system memory allocated specifically
for GPU use (i.e. partitioned), or can be physically located on the GPU itself (i.e.
physically discrete). In some cases, both techniques are simultaneously employed.

In any case, in order for the data to become accessible by the GPU, they must
be loaded through the graphics API used into GPU buffers. These are allocated
portions of GPU memory that contain render data, which is typically copied there
from system memory (Fig. B.3).

System Memory (RAM) GPU Memory (VRAM)
( J > Render Data —— . . .
GPU uses data
( J to render frame
Render Data
Data copied to
GPU Memory

Figure B.3: The sequence of steps for render data to reach the GPU: In the exclusive
GPU memory model, data needs to be copied from system memory (RAM) to GPU
memory (VRAM) before the GPU can utilize the data for rendering.

Once that is done, the GPU can be directed to render the data corresponding
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to one or more objects, by performing a "draw call". A draw call is a graphics API
function call performed by the application, that directs the GPU to "draw" (that is, to
render) the specified data (Méller, Haines and Hoffman, 2008; Luna, 2012; Eberly,
2005).

As we will see, interaction between the application and the GPU is expensive, and
comes with a computational overhead that reduces system responsiveness. Due to
this, GPU buffer data updates, draw calls and similar operations should be kept to
a minimum so that the related overhead is correspondingly minimized (ibid.).

B.8 Shader programs

Contemporary GPUs allow the composition of relatively short programs that are
subsequently loaded on, and executed by, the GPU. These programs, called shader
programs, allow programmable control over parts of the rendering pipeline adhered
to by the GPU. There are several rendering stages that shader programs can be
composed for, although the most fundamental operations that could be briefly men-
tioned here are those of the vertex shader and the fragment shader. These are of
main concern to us, as they are directly connected to optimizations proposed in this
study.

e Avertex shader is a program that is executed for every vertex of the input data
to be rendered.

e A fragment shader is a program that is executed for every pixel fragment gen-
erated by processing the input data to be rendered.

B.9 Pixel fragments

A pixel fragment is a set of data generated during the rasterization process (see
section B.1). It is capable of representing the potential final colour of a pixel, and
also stores a depth value corresponding to that fragment. After being generated,
pixel fragments are evaluated. During their individual evaluation, a generated frag-
ment may be discarded, combined with, or may overwrite another fragment (Moller,
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Haines and Hoffman, 2008; Luna, 2012; Eberly, 2005; MSDN, 2016). This pro-
cess continues until all the fragments corresponding (and potentially contributing)
to a pixel’s value are considered, and the final colour value of that pixel becomes
computed (ibid.).

B.10 Depth culling

One of the ways the evaluation of pixel fragments is performed is by the process
of depth culling. During depth culling, the distance of the pixel fragment from the
renderer’s "virtual camera" position is considered. This is done by evaluating the
fragment’s depth value. If subsequent fragments are found whose distance from the
camera position is greater than that of the last fragment, they are discarded. On
the other hand, if subsequent fragments have shorter distances from the camera
position, they overwrite the previous fragment’s value (Fig. B.4). This behaviour
occurs to mimic the effect that opaque objects that are closer to the viewer occlude
objects that are farther away. Hence, through depth culling, the computation of the
colour value of pixel fragments that are not going to be visible is skipped, expedit-
ing computations (Moéller, Haines and Hoffman, 2008; Luna, 2012; Eberly, 2005;
MSDN, 2016).

B.11 Overdraw

When subsequent pixel fragments do not get discarded, but either replace or com-
bine with previous ones, overdraw occurs. Essentially, overdraw represents the
overwriting of a pixel’s prospective value by a new one (Moéller, Haines and Hoff-
man, 2008; Luna, 2012; Eberly, 2005; MSDN, 2016). Computationally speaking,
the following brief but important observations can be made regarding overdraw’s
influence:

1) The greater the degree of overdrawing, the higher the overhead in computing
the resultant frame. That is because the presence of overdraw increases the to-
tal number of pixel fragments that are fully computed (and not skipped). So it is
desirable to have minimal overdraw when rendering.

2) The order of rendering 3D objects matters. Rendering the same data in a
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Figure B.4: Overview of the depth culling process. Since the green pixel fragment
(#1) has a lower depth value, it is retained, and the red fragment (#2) is discarded.

different order can greatly influence the extensiveness of the required computations
(see Fig. B.5 for an example). As will be seen, render data can be effectively sorted
prior to beginning rendering.

B.12 Shader complexity

Since shader programs are required to execute per frame with very high frequencies
- such as for every scene vertex or even for every pixel fragment within the frame
— the inherent computational complexity of these shader programs is an important
factor for system performance. This term corresponds to the amount and complex-
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Order #1: back-to-front: Order #2: front-to-back:
pyramid, cylinder, cube. cube, cylinder, pyramid.

[[]0xoverdraw
[ 1 x overdraw

. 2 x overdraw
. 3 x overdraw

Figure B.5: An example illustrating the overdraw process, and how the rendering
order can affect the amount of overdraw for a given frame.
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ity of compiled GPU instructions that the shader program in question amounts to
(MSDN, 2016; Luna, 2012; Eberly, 2005). Shader complexity can vary a lot across
different portions of a 3D scene, and even different portions of a single frame (Fig.
B.6). This is particularly true for fragment shaders, which may involve very elab-
orate computations to accurately determine a pixel fragment’s colour value. Mini-
mizing such complexity wherever applicable is always desired for all types of shader

programs (ibid.).

Complexity

scale:

B
Low Very

High

Figure B.6: A visualization of per-pixel shader complexity for a given frame (Epic
Games Inc., 2016).

B.13 Coordinate systems and spaces

For more effective and flexible results, 3D data is manipulated across several co-
ordinate spaces in the process of rendering a frame (Lengyel, 2004; MSDN, 2016;
Moller, Haines and Hoffman, 2008; Luna, 2012; Eberly, 2005; Shreiner et al., 2013).
The data is manipulated, then transformed to another space, where manipulation
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continues until the process results in rasterization and pixel fragment computa-
tion. Since this study involves optimizations pertaining to such coordinate spaces,
a short overview for those that are discussed is given here (also see Fig. B.7):

e Local (or Object) Space: This is a 3-dimensional space where coordinates are
specified with the assumption that the origin (0,0,0) of the space is local - i.e.
represents the immediate 3D object being specified. This is particularly helpful
during the creation of 3D assets, since the origin (0,0,0) is made to lie close to
or exactly at the centre of the 3D object being designed.

e World Space: This is the 3D space that all Local-Space objects must be even-
tually converted into, each assuming its respective position, orientation and
scale in the 3-dimensional "world" (or "scene") that contains them.

e View Space: A 3D space where the origin is made to coincide with the position
of the renderer’s current viewpoint, or "virtual camera". All other objects are
specified relative to that position. The direct conversion of an object’s coordi-
nates from Local Space to View Space is also often referred to as the "Model-
View" transformation.

World
Space

Local ' View

Space Space
Model-View

Transformation ¢ Projection

Homogeneous
Clip Space

Viewport
Transformation
Window
Space

Figure B.7: Common coordinate systems and spaces for 3D transformations
(Lengyel, 2004).
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