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Many real time applications such as games or animation engines wish to simulate realistic
light transport to present the user with streams of high fidelity images. For decades raster-
ization was the rendering technique of choice because it is fast and produces high quality
images. However, in recent years graphics hardware has begun including specialized cores to
accelerate ray tracing, an alternative rendering solution to rasterization and a type of light
transport simulation. Ray tracing is generally the more desirable choice due to its ability
to present images with higher fidelity than rasterization, and due to advances in graphics
hardware it can now be simulated in real time. However, with the price increases of graphics
processing hardware outpacing their performance increases, and with many other devices
still not including this specialized hardware due to power constraints, we present an opti-
mized model which uses ray tracing to produce a higher quality output than that of a raster
engine while at the same time not requiring the use of specialized hardware accelerators to
achieve real time frame rates. In this thesis we present two experiments we performed in
pursuit of this goal, one which simulated global illumination but could not maintain reason-
able levels of accuracy, and another which simulated lighting, shadows, and reflections and
produced images which closely resembled our reference model while achieving consistent real

time frame rates.
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There are many use cases for which a real time rendering engine is needed. Realistic image
synthesis is a common goal of such rendering engines and this normally involves simulating
how light interacts with a virtualized three dimensional scene. Most techniques which can
realistically approximate light transport in a scene are far too computationally expensive
to run in real time. However, recent advances in graphics processing hardware have begun
commercializing the use of ray tracing, a form of light transport simulation, for real time
use. While this is a significant step forward, many devices still do not contain the special-
ized hardware needed to accelerate ray tracing. In this thesis, we present two experiments
which work towards the goal of finding a compromise between rendering speed and quality
using ray tracing. Our first experiment considers caching methods to speed up runtime cal-
culations while our second produced a model which can synthesize an image that displays
characteristics of a ray tracing engine while also running in real time without the use of

specialized hardware accelerators.
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For a long time, performing image synthesis on dynamic, three dimensional scenes in real
time has relied on rasterization techniques due to performance constraints. Realistic light
transport simulation, or fast approximations of it, was simply too expensive to compute in
real time. Rasterization is fast and has benefited from decades of research making it the
de facto choice for many interactive or real time applications. However, the desire for more
realistic image synthesis always leads one away from rasterization and towards models which

are able to more accurately reflect the way that light interacts in the physical world.

Many rasterizers fall short of the modern standard for realism because they implement local
lighting and shading models. Every object is processed according to itself and the lights
in the scene, without regard for how others may affect it or how it may later affect others.
Global illumination, reflections, refractions, and shadows are all examples which share the
requirement of information outside of the object being rendered to be realistically simulated.
However, due to the local shading model employed by rasterization, realistic simulations of
these features cannot be expressed easily and thus many models rely on crude approximations

which easily break down outside of a carefully controlled environment.

However, in recent years, ray tracing, a form of light transport simulation which aims to
simulate the behavior of light rays in the real world, has become popular due to the increased
fidelity of the images it produces. Since it mimics the way that light behaves in the real

world, a plethora of complex effects can be achieved such as global illumination, caustics,
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reflections, and refractions. Even better, many desirable behaviors follow naturally from

basic simulations such as color bleeding, ambient occlusion, and bloom.

One major enabling factor for the recent popularity of ray tracing in real time graphics
has been the addition of hardware accelerators in graphics processing units (GPUs). GPUs
had previously been designed specifically to handle rasterization problems, however with
better technology available, many manufacturers are now providing ray-tracing specific cores
such as NVIDIA’s RT cores and AMD’s ray accelerators. This allows modern programs to
get hardware level support for expensive ray tracing algorithms, making them possible to

compute and converge in real time.

Ray tracing is difficult because of the nature of trying to simulate light in a physical way. We
know that the number of light rays emitted from a source is very large, so it is not tractable
to simulate a fully realistic scene. Instead, many approximations are used to estimate the
radiance of each point in space as seen by the camera. Due to this, noise is one of the most
common and difficult problems in ray tracing because of the nature of approximating and
discretizing a continuous spectrum in a computationally tractable way as well as because
of the random nature of light interacting with diffuse surfaces. Many ray tracing engines
that do not have to run in real time, such as Blender’s Cycles engine, will iteratively add
illumination passes over time to refine the image. This leads to a wholly more realistic image
because with the drastically increased sample size, we can simulate more realistic models
without worrying about computational time. However, since we cannot afford to do this in
real time, sampling techniques must use multiple strategies to cull the workload down to a

reasonable level while at the same time maintaining an acceptable degree of realism.

The computational complexity of such systems is due mainly to the rendering equation, which
was originally presented in Immel et al. [7] and Kajiya [9] and has been widely adopted for

its ability to generalize the depiction of a scene.



Z
Lo(0; o) = Le(0; 1)+ F(O; Vi 1) Li(0; 1) (D 1) dy, (1.1)

This equation will be further explained later, but the integral is impossible to solve analyti-
cally, so many times approximations are used, such as Monte Carlo integration, which uses
random samples and computes an average. However, as the authors in [16] point out, many
of these techniques that involve random samples come at the price of huge amounts of noise.
There are a number of noise reduction techniques, but as mentioned in the work by Wright
et al. [30], the problem usually occurs before the denoiser even gets the results, normally due
to a computational budget cutting off the number of samples too early to allow the image

to converge well.

From this, we see that we need a high number of samples to approximate the scene well and
this is why hardware level support is generally required. The core of a ray tracing algorithm
involves casting rays and testing for intersections in the scene to model where light rays hit.
This operation is generally expensive and is often the part which is implemented in hardware

when such a GPU is available.

However, this hardware support is typically absent from lower end machines like laptops and
embedded processors such as the ones found in virtual reality headsets. Many laptops and
headsets choose to prioritize power saving over performance and for this reason do not ship
GPUs with ray tracing hardware. Many older desktops also cannot use ray tracing hardware
because they do not contain graphics cards with the capability. For this reason, ray tracing
on these types of devices is far less common. Many rendering engines which target low end
hardware stick to rasterization because it generally out performs ray tracing in terms of
computational complexity. However, because ray tracing is able to produce more realistic

images it is generally more desirable to a vast population of consumers. In recent years,
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there has been a strong correlation between hardware capability and cost, that being that
as ray tracing cores are added to GPUs, both the monetary price and power consumption of
the device increase leading to a situation which prevents many consumers from being able

to purchase or utilize hardware capable of running modern ray tracing engines.

This problem is especially important because of the prevalent use of real time rendering
engines in common applications such as video games and virtual or augmented reality pro-
grams. The inflation seen in the monetary value of graphics processing hardware in recent
years makes ray tracing inaccessible to many people. As an example, Figure 1.1 shows per-
formance benchmarks as reported by an online GPU benchmark and the current prices of
each of the base 40 and 50 series GPUs released by NVIDIA. The price increase between the
best GPUs of the previous and current generation releases, the 4090 and 5090, was 10% de-

spite performance only increasing by slightly over 4%. We see this trend throughout Figure

1.1.
GPU Performance and Price Comparison (Stacked by Model Generation)
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Figure 1.1: Comparison of GPU performance and price.

Because of these limitations, in this thesis we propose a custom approach which combines



elements from both rasterization and ray tracing to produce an image with increased visual
fidelity but which converges in real time without relying on hardware accelerators. Our
goal is to render three dimensional scenes at a higher quality than typical rasterization can
achieve while at the same time keeping the computational complexity in the range of generic
graphics hardware. Many of our techniques that will be presented favor speed over accuracy,
but all aim to maintain an acceptable level of realism. The main contributions of the thesis
will be described in Chapters 3 and 4. Our solution in Chapter 4 works to mitigate nearly all
noise by using a combination of many techniques. It should be noted that our solution still
relies heavily on the existence of a GPU due to the massively parallel nature of rendering

and that performance will scale depending on the quality of the GPU being used.

At a high level, the process and application of our solution is as follows. First, we sample the
color of a pixel directly to provide a lit basis from which to derive an approximation of the
ray traced scene. Doing this allows us to remove a huge portion of noise at the expense of
some inaccuracy because instead of relying on rays to fully light the scene, we start with an
estimation and refine it rather than construct it. Next, we cast various lighting rays using
importance sampling to reduce the number of rays which are wasted by missing light sources
entirely. However, these lighting rays reintroduce some noise, so to combat that, we use a
custom method to further refine the noisiest areas of the render. First, we generate a mask
to determine where the noisiest areas are, then we send additional rays from those areas
to attempt to converge the estimation of the irradiance faster. We dynamically decide how
many rays should be sent to do further refinement based on the current frame rate so that

we can ensure our system does not slow past the real time frame rate.

This thesis will be organized into five chapters, the first of which is this introduction. Chapter
2 will present all background information which is necessary to understand the problem and

proposed solution in full. It will cover theory pertaining to ray tracing, including various
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equations and approximations and will define terms which will be used throughout the thesis.
It will also go into common issues which make ray tracing difficult and which motivated
the specific solution to be presented, as well as explore various current techniques which
are employed by commercial ray tracing engines to accelerate the computations. Finally,
it will look at the implementation details and justifications of a custom model which we
implemented and treated as ground truth throughout the research process. The custom
model which will be covered is a path tracer and is not intended to run in real time, but can

provide images which are close to complete physical accuracy.

Chapter 3 will be dedicated to exploring the first solution which was attempted. The key idea
of this solution was to spend time caching the results of the physically accurate path tracer,
then to quickly estimate the incident light on a point based on the precomputed values. This
solution ultimately failed to sythesize images with an acceptable level of quality, but it is

technically interesting and contains elements which could inspire future work.

Chapter 4 will detail the final solution to result from this research. This solution leverages
both rasterization and ray tracing techniques to present an image which has a higher fidelity
than rasterization normally achieves. The images produced specifically achieve higher de-
grees of realism in the lighting, shadowing, and reflections because of the global context of
the simulation while at the same time significantly reducing the amount of noise typical in a
ray tracer at the cost of some accuracy. The main contribution of this research is the unique
combination of various techniques from both ray tracing and rasterization algorithms to
produce a high quality image in real time as well as our custom post processor which works

to dynamically reduce noise in an image.

Finally, Chapter 5 will provide a conclusion and ideas for future work that could expand this
topic. Figure 1.2 shows a comparison of static frames rendered by various different renderers,

including Unity’s built in solution, our solution, and our ground truth model.
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Figure 1.2: A comparison between Unity’s built in renderer, our solution, and ground truth.
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Ray tracing is a rendering model that is heavily based on physical phenomena. Generally,
it aims to simulate the way that light bounces around a scene, and as we will see, there are
many variations on this core concept. In this chapter, we will explore all the necessary theory
underlying modern ray tracing as well as look at current methods and commercial solutions.
However, due to the strong increase in GPU abilities in the past decade, nearly all modern
solutions will rely on this computing hardware. Since our goal is to synthesize a solution
which does not rely on hardware accelerators, we will also introduce relevant rasterization
techniques which we will make use of. In recent years, research on ray tracing that does
not utilize hardware accelerators has become much less common; however, we will look at
Unreal Engine 5’s Lumen system which offers both a hardware and a software ray tracing

pipeline to facilitate customers who do not have ray tracing hardware [30].

00 bd ooooitb tbbdbobbod

Ray tracing is a general term for casting rays in a scene. In our context, these rays are nor-
mally querying material, surface, and lighting properties from a simulated three-dimensional
environment. This section will describe how ray tracing works by giving information on the
required elements and then giving background on some of the specific techniques which our

solutions utilize.
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A scene is a three-dimensional (3D) representation which can be rendered by a computer.
To define a scene in a language that the computer can understand, we must define geometry,
lights, and an eye or camera (eye and camera will be used interchangeably). Geometry refers
to all the things in the scene, such as boxes, spheres, cars, hills, or buildings. Lights are
sources of illumination which will light up the scene by casting light on the geometry present.
This is technically not how lights will work, but conceptually a fine model to understand a

scene. Finally, the camera defines the perspective by which the user will view the scene.

Qoofoood

The most common representation of geometry, and the one which this thesis uses, are triangle
meshes. Triangles are the most basic unit of rendering because they cannot bend or warp
in non-planar ways as quads can. This is useful because we can unambiguously define and
interpolate data across the surface of a 3D object using barycentric coordinates which are
a local coordinate system based on the vertices of a triangle [32]. By combining many
triangles, we can create arbitrary shapes which with high enough resolution can achieve

excellent approximations of smooth geometry.

Qibood

Simulated lights come in many forms. The most common are point lights, directional lights,
spot lights, and area lights. Point lights are infinitely small points that illuminate geometry
in a radius, while directional lights give constant-strength illumination to a scene in a given
direction. These are approximations of an infinitely far away point light with an infinite

radius. Spot lights are similar to point lights, but illuminate the scene in a specified cone
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with the apex at its location. Area lights are the most important for us as they can be any
shape or mesh and provide illumination only to points which have direct line of sight to part
of the area light. Of the lights mentioned, only area lights can provide soft shadows since
the illumination of a point depends on the number of rays which hit the area light rather
than the a single ray binary decision. This allows for natural transitions between the umbra
and penumbra due to light occlusions [21]; the umbra being a region fully in shadow and the

penumbra being only partially in shadow.

000 00000 0ohoobooD oo0oibcoooo 000 Dooiooo 000 00000 0000oooo 0oooioctioo foood oo
0000 07 ooooo 00000 roooo

Figure 2.1: A comparison of soft and hard shadows. Note the blending between penumbra
and umbra when using soft shadows.

goooon 0otooo

To view the scene, we need to define a camera which specifies the perspective, and we need
to be able to project the 3D representation of the scene onto a two dimensional (2D) screen
for display. A pinhole camera is a simple but effective way to do this. The pinhole model of a

camera assumes that all light which is visible to the camera comes through a single point in
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space and is projected onto an image plane [22]. This model of camera does not incorporate
distortion or noise terms without modification, but this is generally a desirable trait as our

goal is to render scenes as they would be perceived by a human in the real world.

Because of this projection, the image plane is upside down and backwards; however, if we
consider the plane which is an equal distance to the focal length in front of the pinhole (the

virtual image plane) we see a corrected image. We will use this plane for our calculations.

00000 000 0oooooo

When light collides with objects in the real world, there are many ways that it can respond,
and this is how we get a multitude of different effects. For our use case of rendering opaque
objects, we will consider two main interactions, diffuse reflections and specular reflections.
With just these two lighting interactions, we can simulate a believable scene where light

scatters randomly and transfers energy to various surfaces.

In the physical world, light emits from sources and is registered by cameras when it bounces
into the lens. Similarly, in our simulation, a surface will only be lit and shaded if we happen
to trace a ray which travels from a light source then bounces off said surface and into the
camera. With each bounce, the ray will lose energy according to the per-channel attenuation
constant, or albedo, of the surface which is hit. A ray’s energy is recorded as a color in red-
green-blue (RGB) color space so that each channel can react independently to the simulated
pigments of surfaces. If the ray finally hits the camera, we render the energy as a color to

the screen to perform the projection from a 3D virtual scene to a 2D monitor.

One important optimization that is universally adopted is to generate rays from the camera,
rather than from light sources. Though this is backwards to the physical way that light

behaves, it drastically culls the amount of wasted computation. Rather than trying to land
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a ray on the camera, we now test if it ends on a light source. If not, there are generally two
cases. In case one, the ray exceeds it’s bounce limit and collides with another surface. In
this case, we either discard the ray, or, if there is light energy cached at this location, we
interpolate what energy it might have picked up to gain some benefit from an other wise
wasted computational path. In case two, the ray hits nothing and extends infinitely into
space. Typically this is considered to be the sky and an ambient term is added to again
salvage the computation. It also allows us to affect the render based on a simulated sky

which can increase the fidelity as well.

L0000 Qoiitoooboo

Lambertian reflectance is a powerful model of diffuse scattering which simulates rough sur-
faces that cause light rays to bounce randomly in a hemisphere around the normal direction
upon collisions [12]. This reflectance model assumes ideal diffuse surfaces in which the
light scatter is uniformly distributed and is independent of the viewing angle. Derived from

Lamberts’ cosine law, Equation 2.1 models Lambertian reflectance

Lo = Li(¥i)cos( i) (2.1)

where L, is the uniform radiance in all directions given a collision in which the angle between
the surface normal and the incident lighting ray is j, the incoming radiance from direction
I, is Lj, and the surface reflectance coefficient, or albedo, is . Note that the cos( j) term
reduces the contribution of light rays that are at progressively more grazing angles. This is
due to foreshortening as the angle gets steeper; the same amount of light energy is being
distributed over a larger surface area, thus reducing its density and reducing the irradiance

of each point on the surface. Lambertian shading is a convenient choice because it linearly
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relates incoming light energy per area to an outgoing irradiance that is constant over all

viewing directions.

Another popular and more sophisticated model is the Blinn-Phong model, which extends
Lambertian shading to simulate glossy surfaces with highlights [23], [10]. This model is

represented by Equation 2.2

0+ 0

V=00 5ok

)" (2.2)

where I} is the incoming light, [ is the surface normal, 0 is the incoming light direction,
[J is the viewing direction, and n is a constant representing the shininess of the surface.
Typically, you would see this term summed with a Lambertian term to apply full shading

to an object.

0ooooooD gonotooood

Some surfaces will reflect more directly than diffuse surfaces and are known as specular
surfaces. These surfaces tend to reflect incident light rays over the surface normal keeping
the angle of reflection close or equal to the angle of incidence. The law of reflection is shown

in Equation 2.3 and models how an incident ray is reflected specularly on a surface

O, =0; 20; O)O (2.3)

where the normalized reflected direction [, is expressed in terms of the normalized incident

direction, [, and the surface normal [J.

A Whitted-style ray tracer [29], [28], [13] is one which models perfect reflections by using
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Equation 2.3 when light rays intersect with surfaces. It uses recursive rays to model accu-
rate reflections by querying the radiance of surface points both in and out of the camera’s

viewport.

0O0ibion boobibd ooomo

Believable image synthesis can be achieved by combining Lambertian or Blinn-Phong shading
for diffuse modeling, and Whitted style reflections for reflective modeling into a single kernel
which can interpolate between both. Most objects in the real world exhibit characteristics
of both, so to create a believable approximation of light transport, we must consider both
terms. A good way to approximate this is to define a material which has properties to
control the albedo, specularity, roughness (a term analogous to the intuitive concept of how
matte a surface is), and emission of a surface. There are many more terms that can be
simulated, especially in more complex cases which consider more realistic phenomena like
refraction, transmission, and subsurface scattering, but for our purposes these are enough.
For a given point, the albedo, or color, is an attenuation rate which simulates pigmented
surfaces in the real world and diminishes the energy a ray carries with each bounce while
carrying a per-channel granularity, meaning the red, green, and blue color channels can be
affected independently to allow for a full hue spectrum. The specularity property governs
how likely a surface is to reflect a ray specularly as opposed to diffusely. This is treated as
binary operator in the kernel and is analogous to a probability of choosing a specular bounce
over a diffuse bounce. The roughness controls how random a diffuse bounce should be, with
a fully rough surface scatterly light uniformly in the hemispherical domain defined by the
surface normal and a fully smooth surface being analogous to a specular surface. Finally,
the emission property of our materials will declare how much light energy is generated by

this surface. For simplicity, we will assume in our models that surfaces which emit light do
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not also reflect it, because we can save performance by calculations who’s contributions are

likely to be overshadowed by the dominant light emitter.

ool OOdo tod bbbt oobotidb odooooo

To discuss the bidirectional reflectance distribution function and the rendering equation,
we must formally define radiance and irradiance as they relate to radiometry. Radiance is
the density of light energy which flows in a given direction measured at a given point [5].
Irradiance is moment of radiance which is the total energy per area on a surface. The BRDF
is a general function that relates the incoming radiance from a direction to the outgoing
radiance in another direction at a point in space. The function generally describes the ratio
of light which a surface will reflect, Lambert’s cosine law being an example of a BRDF

already discussed.

The rendering equation is the most fundamental equation in the field of realistic light trans-

port and is shown here

Z
Lo(0; 10) = Le(D; 1)+ F(0; 1is 1) Li(D; 1) (0 13)dl (2.4)

where Lo(0; 1,) is the outgoing radiance at point 0 in direction 14, Le(0; 1,) is the emitted
radiance, F(O; ¥; 1) is the bidirectional reflectance distribution function (BRDF') describ-
ing how light is reflected, Lj(0; ¥;) is the incoming radiance from direction Vi, and 0 I;
represents the cosine of the angle between the surface normal [ and the incoming direction

I, accounting for Lambert’s cosine law.

This integral is intractable because it is a summation of incoming radiance L;j(O; ¥;) over

all directions, and the emitters in those directions must themselves recursively evaluate the
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rendering equation. Because of this, an approximation model must be used, and regardless

of the BRDF we will assume some error.

Monte Carlo integration is a numerical technique that approximates integrals by averaging
random samples between the limits of integration [1]. This method is highly versatile because
it can approximate the rendering equation, which is recursive and in many cases depends
on incoherent radiance distribution functions. The radiance of a scene is discontinuous as

occluders frequently disrupt light flow.

One particular downside of Monte Carlo integration is that the approximation often depends
on high amounts of samples to minimize error. In the case of light accumulation, low
sample counts often appear as noise in the output render as we fail to correctly estimate
the contribution of all light sources and reflections in the scene. These problems will be
discussed more below, and also provide a motivation for the use of raster-style local color

shading which is used in our solution in Chapter 4.

QoooiD  Ooodbodd Qoditiibbobo Coodomooog

We employ several rasterization techniques in our hybrid pipeline to achieve a faster sim-
ulation while still maintaining better visual quality than pure rasterization. For decades,
raster-based rendering was typically done with a forward rendering pipeline in which each
object was lit and shaded locally and independently of the rest. This can be inefficient for
large numbers of lights because each object but search through each light leading to a com-
putational complexity of O(objects lights) [25]. Deferred rendering addresses this problem
by introducing a geometry buffer and handling geometry separately from lighting. The idea
of a geometry buffer which caches information that will be repeatedly accessed during the

current frame is useful to use because in Chapter 4 we will apply many effects which wish to
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read this information and querying and caching the scene data once far outperforms querying
it many times. The geometry buffer contains information to describe the scene, such as the
albedo, distance, and normal direction of the surface that is hit by a ray which travels from

the camera through the pixel at the corresponding location on the virtual image plane.

Another useful idea for us is the light attenuation model that rasterization normally uses.
Convergence through large sample counts is one reliable way to denoise a render and ac-
curately estimate the irradiance of a point, but this is not feasible in real time. We can
instead use importance sampling (defined later) along with an exponential falloff to weight

the illumination that a surface receives. This costs accuracy but is computationally feasible.

0i0 0bOoOod gdoobioto

Ray tracing rendering engines face a plethora of common problems which require careful
attention to reduce. In most cases, the goal will be minimizing error rather than removing
the problem entirely which follows from the nature of simulating realistic light transport in

real time.

00000 OJoooo

Noise appears everywhere in ray tracing simulations due to the numerical nature of approxi-
mating integration. By nature, rendering requires a recursive integration of the contributions
of every possible direction in a scene at every visible point, but this is clearly impossible
to compute, let alone in real time. Monte Carlo and other numerical approximations can
achieve believable results at best, and noisy, uninterpretable results at worst. Due to the

limited computational power that all processors, even GPUs with hardware support, must
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operate in, noise reduction is a very challenging problem. Clever sampling techniques, com-
putational batching, heuristics, and many other optimizations can be used to reduce noise,
however, each normally has a tradeoff, computational cost, or both. Denoisers are normally
post process effects which take as input the noisy render and attempt to extrapolate the
converged result from it. Traditionally, denoisers have used classical methods like temporal
accumulation (averaging frames across time to effectively achieve greater sampling counts),
real time adaptive filters, or stochastic measures [18], but more recently artificial intelligence

has been experimented with as in Reeze et al. [17] and Yen et al. [31].

Qoo Oobbo Dbobbiogdo

There are many common problems, but as noise is the most common and most apparent, we
will just mention and define a few others without giving them as detailed a look. Leaking
can occur, especially when using caching techniques, when elements in the foreground begin
to bleed illumination to the background. This typically appears in the form of artificially
bright or dark patches due to the lighting information being shared in a local screen space
region without properly considering the or L2 norm. Wasting computational power on rays
which will not contribute majorly to the final render is another common problem. To address
this, importance sampling is used to direct rays to spots that will contribute more to the
overall convergence. Conceptually, many of these techniques are attempting to sample with
larger values of the incoming light function evaluated in the rendering equations with higher
resolution. However, if this is overdone, sampling bias can become a problem which normally

manifests itself as artificially brighter scenes.
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While most ray tracers today rely on hardware, Unreal Engine 5’s Lumen technology provides
a notable exception. As a commercial game engine, Unreal found it important to provide
a software approximation of their hardware ray tracing pipeline. The results presented by
Wright et al. [30] are very impressive and are state of the art for commercial rendering.
However, they use a slightly different technique from ray tracing. They utilize a technique
called ray marching which requires all geometry in the scene to be converted to signed dis-
tance fields rather than triangle based meshes and requires additional tooling for developers
and artists. It also relies heavily on another Unreal Engine 5 subsystem called Nanite which
virtually removes polygon limits in real time rendering. Due to its Nanite dependencies, it
does not handle skinned mesh rendering, which are meshes whose vertices can move dynam-
ically at runtime. While Lumen is an impressive system, our research focuses on different
techniques due to time constraints and the presented dependencies on the Unreal Engine
ecosystem. Our model is general purpose and can be translated to any environment without

special dependencies.

Oi0  Obodoo boobd ¢doodd

In order to guide our work, we created a Monte Carlo path tracer to compare our solutions
against. The path tracer traces the paths of rays in the scene in a physically accurate but
computationally naive way. It takes a relatively long time to converge due to the large
number of samples required for noise reduction and thus cannot be considered a real time
renderer, but it produces images that are very close to physical accuracy in the domain of

problems we care about (opaque objects with reflections). The goal of the work presented
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in both Chapter 3 and Chapter 4 is to appear as visually similar to the output of the path
tracer as possible, but to render frames at real time. We will see that the work in Chapter
3 displays levels of accuracy and quality that are not acceptable due to the low fidelity of
the output. However, the work in Chapter 4 looks very similar to the output from the
path tracer, with few noticeable differences visually, but a convergence rate that is nearly
3000x faster than that of the path tracer. We considered a refresh rate of 60 frames per
second (FPS) to be the real time standard as most games pick this value for their minimum

acceptable frame rate.

Qoo bootoooog

Creating our own path tracer to use as a reference is greatly beneficial because we can
validate our methods of comparison by controlling the entire experiment. Firstly, we created
it without using hardware accelerators. This gives us a reasonable baseline to compare our
new solutions to in order to calculate a speed up because they make the same assumptions.
Secondly, the same development and runtime environments were used for both, once again
increasing the validity of comparisons. Also, something we have not mentioned yet is that our
solutions do not use any ray-triangle intersection acceleration structures. Commonly, a ray
tracing engine will compute a bounding volume hierarchy or some other search accelerator
to cull large amounts of work, and though this would be a natural step for future work, it
was not implemented in our solutions yet [6], [4]. We created the path tracer without one
as well which once again allows us to make comparisons in an unbiased way. Generally, by
creating a reference, we are able to make unbiased comparisons and note the speed ups of

our methods without side effects.
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Using ideas presented in [19] and [2], as well as examples from [14], we implemented a Monte
Carlo path tracer. It gets its name from the numerical style it utilizes to solve the rendering
equation. By taking and average many samples, we can progressively improve our estimation
of the lighting in the scene until the image converges. Our solution sends multiple samples
per pixel and each sample bounces multiple times in the scene before recording the final
contribution. Direct lighting is simulated when rays hit a single surface before bouncing into
a light source. Indirect lighting is simulated when two or more bounces occur before hitting
a light source and terminating. Any rays which do not ultimately hit a light source are
discarded as they contribute nothing to the final output. We use a Lambertian BRDF for
diffuse surfaces and interpolate between diffuse and specular bounces based on a surface’s

roughness property.

For each sample in a single pixel, we add a small jitter to the ray configuration so as to
sample a slightly different spot on the first surface hit. This decreases sampling bias and
helps to converge a more realistic image. We vary the direction the ray casts in randomly
within the square representing the area for a given pixel on the virtual image plane. In
addition to this we also jitter the ray origin slightly. This is essentially a small defocusing
constant which acts as a blurring mechanism. With a small amount of defocusing we can
build anti-aliasing into our model which helps to reverse the aliasing cause by discretizing

the continuous representation of the scene for display on a monitor.



Looooot O
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In a static scene, irradiance, the summation of all radiance incident upon a surface, is
constant and can be precomputed to save computational cost at run time. Various methods
exist to do this, including photon mapping [8], [11], and the irradiance volume proposed by
Greger et al. [5] which most heavily inspired this work. In the original paper, Greger et al.
[5] propose a system which stores irradiance in a volume rather than only on surfaces. Then,
they use this cached lighting information to light dynamic objects in a semi-static scene
where only dynamic objects are rendered using the cached lighting. In our first experimental
approach, we looked to implement the solution described here but to extend it to fit rendering
an entire scene including the static objects considered in the caching process as well as any
dynamic object added afterwards. In addition, we use a more physically accurate method
to collect samples for the cache than the original paper and will discuss its merits. It could
be useful to implement a system like this because we could avoid having multiple rendering
systems active at once in a scene and reduce the amount of redundant data which would
likely mean eliminating baked lighting maps. In this chapter we will look at the motivation,

implementation, results, and reasons for failure of this experiment.

22






	Titlepage
	Abstract
	General Audience Abstract
	Dedication
	Acknowledgements
	List of Figures
	List of Tables
	Introduction
	Background
	Ray tracing Background
	Scene Definition
	Ray Bounces
	BRDF and the Rendering Equation
	Relevant Rasterization Techniques

	Common Problems
	Noise
	Other Problems

	Lumen in Unreal Engine 5
	Ground Truth Model
	Motivation
	Implementation


	Irradiance Caching
	Motivation
	Implementation
	Cache Layout
	Cache Sampling
	Cache Building

	Results
	Cache Build Times and Memory Usage
	Render Results

	Insights

	Hybrid Approach
	Motivation
	Implementation
	Core Render Loop
	Post Processing

	Results
	Comparison to Reference
	Limits
	Post Processing

	Insights

	Conclusion
	Bounding Volume Hierarchy
	Adding Global Illumination to the Hybrid Approach

	Bibliography
	Appendices
	Appendix Appendices I
	A1
	A2


