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Abstract

Advances in 3D scanning technologies have enabled the creation of 3D models with several
million primitives. In such cases, point-based representations of objects have been used as
modeling alternatives to the almost ubiquitous triangles. However, since most optimizations
and research have been focused on polygons, our ability to render points has not matched their
polygonal counterparts when we consider rendering time, or sophisticated lighting effects.

We further the state of the art in point rendering, by demonstrating effects such as reflections,
refractions, shadows on large and complex point models at interactive frame rates using Graphic
Processing Units (GPUs). We also demonstrate fast computation and rendering of caustics on
point models. Our system relies on efficient techniques of storing and traversing point models
on the GPU.
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Chapter 1

Introduction

3D objects in a scene can be represented in several ways. The most popular technique is to break
the scene into many polygons and rasterize each polygon independently. With the increase in
the complexity of geometry, points as primitives are increasingly being used as an alternative to
polygons [PZvBG00, RL00]. These points can be thought of as samples from the surface that
we want to model. As soon as triangles get smaller than individual pixels, the rationale behind
using traditional rasterization can be questioned. Perhaps more important is the considerable
freedom modelers enjoy with points. Point models enable geometry manipulation without hav-
ing to worry about preserving topology or connectivity [ZPvBG01]. Simultaneously, modern
3D digital photography and 3D scanning systems [LPC+00] acquire both geometry and appear-
ance of complex, real-world objects in terms of a large number of points. Points are a natural
representation for such data.

Figure 1.1: Rendering of point models.

While modeling and editing point based geometry is an interesting topic in itself [ZPK+02],
we are concerned with rendering of points. Most of the research in this area, has so far has
been devoted to rasterization of point models by various splatting techniques [LW85, KL04,
PZvBG00, RL00, ZPvBG01]. Although this technique is straightforward and blends well with
existing hardware architectures, the complexity of rendering is now linearly dependent on the
complexity of the scene (which can be very large in the case of point models). Further, high-
quality photorealistic effects such as shadows, reflections and refractions are increasingly harder
to achieve.
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1.1 Raytracing
The aforementioned drawbacks of rasterization can be resolved using a different approach to
render point models, an approach known as raytracing. Raytracing is a technique where the
scene is rendered by shooting rays out of the viewers eye, and identifying which parts of the
scene each ray hits. These rays, known as primary rays, hit objects in the scene, which con-
tribute to the color of the pixel through which the ray was shot. These rays can also reflect or
refract from the surface of objects, thereby producing secondary rays which can hit other ob-
jects.Further, at each hit point, a test can be performed to check whether each light source in the
scene is visible from this point, thereby producing accurate shadows. This technique is capable
of producing a very high degree of photorealism, in a very succinct manner. It can simulate a
wide variety of optical effects, such as reflection and refraction, caustics and scattering.

Shadow Ray

Primary Rays

Refracted Ray

Reflected Ray

Image Plane

Camera

Figure 1.2: Illustration of Raytracing.

Raytracing is the natural choice when it comes to rendering scenes containing large amounts
of geometry. This is because there are algorithms to traverse rays through a given scene in time
that is proportional to the logarithm of the scene complexity. The actual time taken to raytrace
an image is governed primarily by the resolution at which we are rendering the image (since
there are more rays to trace). More importantly, raytracing is a succinct technique which models
various interesting light transport phenomena like reflections and refractions in a simple manner.
It is much harder to render such effects in a rasterization framework, because rasterization does
not simulate light rays in the scene. Instead, the effects are rendered in a contrived and non-
intuitive manner that usually results in coarse approximations and places additional burden on
artists.

Raytracing has traditionally been a slow and memory intensive process, used in applications
where quality is more important than speed, such as rendering photorealistic stills and films. In
realtime applications like games and walkthroughs, Graphics Processing Units (GPUs) are used
to perform hardware accelerated triangle rasterization, which is typically an order of magnitude
faster than raytracing. However, with the advent of high speed, fully programmable GPUs,
this speed gap is closing fast. General purpose programming languages for GPUs, such as
CUDA and OpenCL have inspired several projects geared towards fast raytracing on commodity
graphics hardware.
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1.1.1 Raytracing Point Models
The key challenge faced while rendering (both rasterization and raytracing) point models is that
they do not contain connectivity information. This means we have to deal with an ill defined
surface representation. To handle this issue, three main approaches for raytracing point models
have emerged.

The first one proposed by [SJ00] and [WS03] used ray-beams and ray-cones respectively to
perform intersections with singular points. [WS03] introduced a similar concept of tracing ray-
cones into a multi-resolution hierarchy. These approaches can only be used for offline rendering,
as tracing ray-cylinders or cones requires one to traverse large portions of the acceleration data-
structure, thereby increasing the computation time.

The second approach is to raytrace implicitly constructed point-set surfaces. [AA03] pro-
posed this method where the intersection of the rays was performed with the locally recon-
structed surfaces. It resulted in an computationally expensive algorithm. This approach was
improved by [WS05], with an interactive ray-tracing algorithm for point models.

The third approach, presented by [LMR07, KGCC10], is to raytrace splat models i.e. grow
the point primitive such as to cover a small area around it (disks or ellipse). This approach is
conceptually quite simple compared to the others.

1.2 Problem Statement
This project aims to develop a fast GPU raytracer that can render the surface represented by a
given list of points and associated normals. The raytracer should support reflection, refraction,
shadows, caustics and other interesting light transport phenomena.

1.3 Contributions
1. We design a GPU friendly, memory efficient, variable height octree. This enables us to

perform fast ray traversal in large scenes. We also design an efficient mechanism for
several threads on the GPU to trace rays in parallel.

2. Since no explicit surface representation is available for point models, a surface represen-
tation must be defined to support ray-object intersections. We formulate techniques to
raytrace a splat based point representation. To overcome certain issues associated with
splat based raytracing, we also develop a GPU friendly surface representation based on
implicit surfaces.

3. Using the above traversal technique and surface representations, we develop a GPU ray-
tracer for point models that supports reflections, refractions and shadows at interactive
frame rates.

4. We demonstrate fast generation of caustics as an application of our raytracer.

5. We present a simple technique to texture point models.
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We use the NVIDIA Compute Unified Device Architecture (CUDA) to program the GPU.
Details on the architecture are presented in §7.1. Note that all experiments are performed on a
machine with 2.6 GHz Core 2 Quad processor, 8 GB DDR3 RAM, and an NVIDIA GTX 275
GPU with 896 MB RAM. All images are rendered at 1024×1024 unless otherwise stated.

1.4 Overview
The remainder of this document is organized as follows:

• Parallel raytracing on the GPU: Here we describe the data structures and algorithms used
to accelerate raytracing on the GPU.

• Splat based raytracing of point models: We present methods to efficiently store splat data
in a ray-acceleration hierarchy, and discuss the speed/quality tradeoffs that are possible
while raytracing splats.

• Implicit surface representation of point models: We design a GPU optimized data struc-
ture for rendering surfaces represented by point models, which gives us better speed and
quality than the splat based approach, at the expense of more precomputation.

• Local and global shading: We describe our lighting and shading model, texturing, and the
generation and rendering of caustics.

4



Chapter 2

Raytracing on GPUs

Raytracing fundamentally aims to find the first object that a ray hits while traversing a scene.
Performing this search in a brute force manner involves checking each ray for intersection
with each primitive in the model. While this is acceptable for simple models, for models with
millions of primitives (as is the case with point models), this method is extremely slow. To speed
up this process, the primitives of the 3D model are stored in a special data structure generally
referred to as an acceleration structure. We describe how such a structure can be implemented
on the GPU.

While raytracing on both CPUs and GPUs can benefit from an acceleration structure, a GPU
raytracer has to tackle a host of other issues:

1. Lack of recursion: Raytracing, which is inherently recursive, should be iteratively formu-
lated.

2. Ray Coherence: Rays that take similar paths should run in the same multiprocessor, so as
to reduce warp divergence.

3. Memory latency: Raytracing is a memory bound problem, and GPU main memory suffers
from very high latency.

In this chapter, we describe how these challenges have been overcome. We describe the
octree structure used to traverse the scene, the data structures used to encode scene information
on the GPU, the fast ray traversal algorithm, and a technique to improve ray coherence.

GPU programs are written in the form of “kernels”, which are pieces of code that run in par-
allel on different data units. As a result, there are several possible GPU raytracing architectures.
We implement two of these approaches, a monolithic kernel approach and a modular approach,
and discuss their advantages and shortcomings.

2.1 Related Work
With the introduction of fully programmable GPUs, there has been considerable interest in
GPU based raytracers in recent years. [CHH02] develop a raytracer which uses CPU to perform
ray traversal and pixel shaders on the GPU to perform ray-triangle intersections. [CHCH06]
present a raytracing technique called Geometry Images where the scene geometry is encoded
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in images and processed on graphics hardware. They demonstrate effects such as reflection and
depth of field. [HSHH07] implement an interactive GPU raytracer based on stackless kd tree
traversal. All of the above techniques are developed with polygonal models in mind.They are
typically limited to scenes with about 100K to 500K polygons. More recently, [CNLE09] have
implemented a realtime GPU raycaster for out-of-core rendering of massive volume datasets.
They stream large datasets from secondary memory onto the GPU and demonstrate up to 60
frames per second (fps) for raycasting, and around 30 fps when shadow rays are generated.
They are easily able to achieve soft shadows and depth of field due to their multi-resolution
representation of volume data. Octrees are used to store voxels in a multi-resolution hierarchy.
Top-down octree traversal is performed to trace rays through the scene.

More recently, [LK10] introduced the Sparse Voxel Octree, a data structure specialized
to render surfaces. They improve the performance of GPU raytracing by introducing beam
optimizations, where they calculate the approximate starting point of primary rays in batches,
instead of computing it each time for every ray. [GL10] propose a new raytracing pipeline for
GPUs, based on ray sorting and breadth-first frustum traversal. They report up to 2× speedup
over conventional raytracing, for primary rays. When ray divergence is high, the cost of frustum
traversal and sorting becomes very high and their method becomes slower than conventional
raytracing.

2.2 Octree – Acceleration Structure on GPU
As described earlier, when tracing huge number of rays for image synthesis, it is not efficient
to test for intersection of each ray with all objects in the given scene. It is therefore necessary
to construct a data structure that minimizes the number of intersection tests performed. We
partition the space containing the primitives into a hierarchical octree data structure, each node
being a rectangular axis-aligned volume.

... ... ...

Internal Node

Filled leaf

Empty Leaf

Figure 2.1: Representation of an octree. Each internal node contains eight children (represent-
ing the eight octants)

The root node of this octree represents the entire model space. The model space is recur-
sively divided into eight octants, each represented as an internal node, an empty leaf or a filled
leaf. If the current node is divided further, its an internal node. If it does not have any splats in
it, it is an empty leaf, else its a filled leaf. Every internal node in the octree has 8 children.

The octree structure is stored on the GPU as a 1D-texture. We use textures because of the
texture cache, which enables faster data access than if we used the GPU global memory directly.
Currently, 1D textures in CUDA allow for 227 elements to be accessed, allowing us to create
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30 bit addressFlags

...
Root Eight Children of Root

Structure of a Node

Figure 2.2: Octree Node-Pool in texture memory of the GPU.

large octrees. Each location in the texture is called a texel. A texel is generally used to store
color values (RGBA). CUDA allows each texel to contain 1, 2, or 4 components, of 8 or 32
bits each. Thus a texel can store up to 128−bits of data. We make use of these texels to store
the octree nodes instead of color values. All the nodes that the octree contains are stored in a
specific texel in this texture. Each node can be indexed with an integer address. This array of
nodes stored in the texture is called the Node-Pool.

It is desirable to minimize the storage per node so that we can store larger octrees on limited
memory, and also to improve the texture cache hit-miss ratio. We store each octree node as
a single 32 bit value. The first 2 bits are used as flags to represent internal nodes (00), filled
leaves (10) and empty leaves (01). The remaining 30 bits are used to store an address. In case
of internal nodes, this address is a pointer to the first child node. Filled leaves use these 30 bits
to store a pointer to the data that they contain. In the case of empty leaves, these 30 bits are left
undefined.

Further, all the 8 children of any internal node are stored in a fixed order. We make use
of a local Space Filling Curve (SFC) ordering amongst the children. We store no other extra
information in this octree, to keep it as memory efficient as possible. Note that we do not require
a parent pointer, as we never have to traverse upwards in the octree. Also, each type of node
actually has different information stored in it. We handle this by storing additional information
in separate textures/arrays.

2.2.1 Ray Traversal
The main parallelism in ray-tracing stems from the fact that each ray is independent from the
other ray. To exploit this, we spawn as many threads on the GPU, as there pixels to render. So,
we can think of each ray in the raytracer, as a single GPU thread.

For rays starting from outside the octree, the intersection of the ray with the bounding box
of the root node is computed. We increment this intersection point by a small ε in the direction
of the ray, so that it is inside the octree. The leaf node to which this point belongs is determined.
This node now becomes the current node.

If the current node is a filled leaf, we check if the ray intersects any of the contained ob-
jects/primitives. If the ray does not intersect any of the objects stored in that node or if the node
is empty, we find the point where this ray exits the current node, and increment it by a small

7



Empty Leaf

Filled Leaf

Object

Ray Hit-Point

Incident Ray

Figure 2.3: Tracing a ray through the acceleration structure.

number, ε, in the ray direction. If this point is outside the root node of the octree, it means that
the ray left the scene. Otherwise, we find the leaf node corresponding to this point and iterate
this entire process till the ray hits an object or exits the scene.

2.2.2 Top-down traversal
As mentioned above, each traversal starts from the root node. During the traversal, the current
node is interpreted as a volume with range [0,1]3. The ray’s origin p ∈ [0,1]3 (3 is the dimen-
sion) is normalized such that it is located within this node. Note that p is a vector with (x,y,z)
components, each normalized to the range [0,1]. Now, it is necessary to find out which child-
node n is contains ray-origin p. Thus if R is the current node, we let p ∈ [0,1]3 be the point’s
local co-ordinates in the node’s volume bounding box, and find child node n containing p. If c
is the pointer to the grouped children of the node in the node pool, the offset to the child node n
containing p is simply SFC(2∗ p), where SFC() of a vector is defined as:

SFC(V ) = f loor(V.x)∗4+ f loor(V.y)∗2+ f loor(V.z); (2.1)

Now it is necessary to update p to the range of the newly found child node and continue the
descent further. The appropriate formula to update p is:

p = p∗N − int(p∗N) (2.2)

The new p is the remainder of the p ∗N integer conversion. Now the traversal loops until
a leaf (or an empty node) is found. After finding the node containing the point, the algorithm
continues as mentioned in § 2.2.1.

2.2.3 Neighbor Precomputation
Note that we traverse the octree structure from the root each time we want to query a point in
the octree. When a ray exits from one leaf and enters another, we are effectively performing
a neighbor finding operation in the octree. Instead of doing this each time a ray hits a node,
we could instead pre-process the tree so that the neighbor information is readily available for
the ray, and we no longer have to begin our search from the root node. We can do this with
the addresses of the six neighboring nodes that are at the same level or higher than the current
node. Using this structure, we were able to rapidly traverse through the octree without need
for a full top-down traversal at each step. Although this method can be faster than our current
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method, we chose the existing traversal model for its simplicity of representation. Currently,
we store 4 bytes of data to represent each octree node. The information about node boundaries
is not stored at each node. Instead, it is stored at the root level, and dynamically reconstructed
for each node in the tree, as we traverse down the tree.We would need 16 additional bytes to
store center and side length of each node. Further, to store the neighbor information, we would
require an additional 24 bytes of data, bringing the total to 44 extra bytes of storage, which is
11x the current requirement.

We evaluated neighbor precomputation on a CPU raytracer and found it achieves around 30
percent speedup depending on the scene complexity. We are able to achieve a similar speedup
on the GPU by storing the octree data as a texture. The texture cache is optimized for locality
of reference. The octree texture stores level 1 nodes, then the level 2 nodes, and so on. Since
level 2 nodes are stored close to the level 1 nodes in the tree, when we read level 1, level 2 is
loaded into texture cache, and so on. Thus, the first few levels of octree lookups are essentially
free, thereby giving us an advantage similar to neighbor precomputation. Note that this does
not work for lower levels because the data is too large to fit into the texture cache.

2.3 Ray Coherence
One of the standard techniques used to speed up ray tracing is that of coherent rays. Multiple
rays that follow very similar paths through the acceleration structure are said to be coherent
with respect each other. CPU raytracers generally exploit coherence through the use of SIMD
units, where ray-bundles or ray-packets are traced at a time by packing multiple rays inside
SIMD registers and performing the same operations on all the rays in a packet, but essentially
reducing processing time by a factor proportional to the SIMD width (usually 4 on current
CPUs).

Figure 2.4: The Z-Order Space Filling Curve. source: Wikipedia

A similar trick can be employed on GPUs. NVIDIA GPUs process threads in batches of
32, called “warps”. As explained in §7.1, all threads in a warp are bound by the instruction
scheduler to take the same path. This means that it makes sense for us to assign coherent rays
to threads in a warp. Threads are assigned to warps based on their thread-ids. CUDA threads
are provided with a unique thread-id which they can use to identify which part of the data they
are working on. The first 32 thread-ids are assigned to the first warp, the next 32 to the second
and so on. We can exploit coherence of rays by mapping this linear thread-id to rays, in a
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spatially coherent manner. The obvious mapping function that comes to mind is the Z-Curve, a
type of space filling curve (SFC). A given linear ordering of thread-ids can be converted to the
corresponding Z-order by using this simple mapping function:

x = Odd-Bits(Thread-ID)
y = Even-Bits(Thread-ID)

The (x,y) pairs can be obtained in constant time from a given thread-id. These pairs denote
the location on the screen through which the ray originates. A clear visual picture of the z-
ordering can be seen in Fig.2.3. A 30% performance boost can be obtained by assigning the
rays to threads using the Z-order, as opposed to assigning rays using linear sweeps across the
screen.

2.4 Raytracing Architecture
As described earlier, GPU programs are written in the form of “kernels”, which are pieces of
code that run in parallel on different data units. We can think of each ray as being processed by
a separate thread. The simplest approach to building such a raytracer is to write a monolithic
kernel that reads rays from a ray-buffer and processes them to produce color values on the
screen. This is similar to the approach taken while building CPU raytracers.

This architecture is not recommended while programming on GPU. The reason is that a
large kernel increases the register and memory footprint of each thread. This means that fewer
threads can be scheduled on each GPU multiprocessor. Since the GPU hides memory latency by
scheduling as many threads as possible, having fewer threads can increase the impact of memory
latency on the running time. NVIDIA calls this phenomenon “occupancy”. Occupancy is the
ratio of number of threads that have been scheduled on each multiprocessor, to the theoretical
limit of number of threads that can be scheduled on each multiprocessor. If the number of
registers required is less than or equal to 16, then the kernel has an occupancy of 1. For larger
kernels, CUDA imposes a limit of 60 registers and spills the rest of the register requirement
onto GPU global memory. This causes occupancy levels of 0.25 or lesser.

To circumvent this problem, the recommended model is to spread the computations over
multiple simple kernels (Fig. 2.4). The advantage is not only that we increase occupancy, but
the code also becomes easy to manage and modular. The disadvantage is that after a kernel
terminates, the GPU “forgets” its internal state. So the results of computations that have to be
carried over from one kernel to another, have to be written to global memory. What we observe
in practice is that the occupancy advantage of smaller kernels is more or less nullified by the
added overhead of transferring data between kernels. In some cases, this overhead causes an
overall slowdown. This means that rather than indiscriminately splitting kernels into smaller
pieces, we should achieve a compromise between the modularity offered by smaller kernels,
and the data transfer overhead that comes with them. The relative time taken by each of these
stages in the pipeline has been reported in Fig. 2.4.
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Figure 2.5: Modular Architecture. Each light blue box is a GPU kernel. A single trace and
intersect kernel was found to be faster than a separate trace kernel followed by an intersect
kernel, both looping on the CPU. The color and normal computations were placed in their own
kernels due to the large number of registers required to perform normal interpolation and color
interpolation. The CPU loops (green box) over each shadow casting light, and calls a shadow
ray kernel similar to the trace and intersect kernel. The only difference is that the intersection
test is simpler since we don’t need exact hit parameters. After shading, the secondary ray kernel
computes reflected or refracted rays and the whole process starts over again. If no secondary ray
is generated, the post process kernel is invoked. This kernel was added to tone map the floating
point image buffer generated by the raytracer to a 24 bit per pixel buffer that can be displayed
by conventional monitors. Other post processing effects can be added here as well.
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Figure 2.6: Relative time taken by each stage of the raytracing pipeline. A major chunk of the
time is taken in tracing rays through the scene. The chart shows timings for a scene with a
single shadow casting light source. Since shadow computation also involves tracing, it takes up
a significant chunk of the time. The sections of the chart are labeled counter clockwise, starting
with Initialization. It can be seen that the post process kernel takes the least time. This kernel
currently only clamps floating point color values to 3 byte color values. The CPU overhead
is mainly due to the OpenGL window management and copying the CUDA output buffer to
a Pixel Buffer Object for display. Note that this chart has been generated using the surface
representation method described in Chap. 4, since this method takes up the least ray-surface
intersection time.
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Chapter 3

Splat Based Raytracing

3.1 Splats
As mentioned in § 1.1.1, the main issue with raytracing point models is that both points and
rays are entities with zero volume, and to calculate the intersection of rays with a point sampled
surface, one, or both have to be “fattened” in some way.

A popular solution is to assign a finite extent to each point [PZvBG00, ZPvBG01, LMR07].
Apart from the position and normal, we associate a radius with each point sample. This forms
an oriented disk that we refer to as a splat. The radius is chosen such that each point on the
original surface is covered by the footprint of at least one splat.

In a splat based approach, it is important to obtain good splat sampling and correct splat radii
so that the resultant model is hole free [WK04]. In this work, we utilize a simple technique
based on finding the first ‘k’ near neighbors of each point (typically around 9 neighbors). The
distance to the farthest near neighbor is chosen to be the radius. The rationale is that each point
sample is typically surrounded by 8 to 9 other samples on the surface.

Given a model consisting of splats as defined above, we sub-divide the model space using an
adaptive octree (leaves appear at various depths). The root of the tree represents the complete
model space and the sub-divisions are represented by the descendants in the tree; each node
represents a volume in model space.

3.2 Point Data Structure on the GPU
As mentioned in § 2.2, the input point data is stored in a 1D texture referred to as the data pool.
Every point is the data pool has the following attributes:

• Co-ordinates of the point (x,y,z – 3 floats)

• Normal at the point defining the local surface (n1,n2,n3 – 3 floats)

• Radius of the splat around the point (r – 1 float)

• Material Identifier, which stores the material properties like color, reflectance, transmit-
tance etc of the point (mID – 1 float)
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Points in the selected leaf

......

Figure 3.1: A Filled Leaf in the Node-Pool, and its associated data.

Each float occupies 4 bytes (32-bits) in memory. Thus, with every point we need to store a
total of 8 floats or 32 bytes. Note that each texel can hold a maximum of 128-bits of information.
So, we store each point as 2 consecutive texels to store one single point.

A filled leaf can contain several points. This is due to the way we construct the octree. We
divide the octree in a fashion such that each leaf contains a maximum of X points (usually, X is
10 to 50). Thus, to quickly access all the X points belonging to the specific leaf, we store them
contiguously in memory.

Each filled leaf should know where its point data is stored. Point data is stored in a separate
point data texture § 3.2. The starting and ending point indices for each filled leaf are stored in a
third 1D-texture, which can also store any additional information that a filled leaf node would
require. This texture is referred to as the Leaf-Info texture. Each texel in the Leaf-Info texture
is a 32 bit value representing the beginning index of a leaf node’s data block. The immediate
next texel gives the data block end for that specific leaf. The leaf in the node pool stores the
location of this texel in the Leaf-Info texture.

To access the point data after reaching a filled leaf, we follow the leaf pointer to this texture
where we obtain the begin and end of this leaf’s data block. Note that we need not explicitly
store the end location for a leaf, as the value in the next texel is the begin for some other leaf
and end for the current leaf. Thus the size of the texture is equal to number of filled leaves in
the tree.

3.3 Ray-Splat intersection
Once we hit a leaf node, we need to check which of the splats in this node intersects the in-
coming ray. At a high level, ray-splat intersections are handled as ray-disk intersections. The
key difference is that in splat based models, rays can hit multiple splats on the surface, and it
now becomes necessary to interpolate the parameters at these points. We choose to record the
position of each hit, and the surface normal at that point. We then perform a weighted average
of these parameters to obtain the final hit position and normal vector. The weights for averaging
are inversely proportional to the distance of the intersection point on each disk, from the centers
of those respective disks. As shown in Fig. 3.3, the final hit point is calculated as follows. Let
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Figure 3.2: Ray-splat intersection. A single ray can intersect multiple splats due to overlapping
splats on the surface.

the hit-point on the splats be V1 and V2 respectively. Then, the final hit location is given by:

V =
V1(1− X1

R1
)+V2(1− X2

R2
)

(1− X1
R1

)+(1− X2
R2

)
(3.1)

Other attributes like the surface normal, color and material properties can be similarly
blended at the point of intersection.

After the interpolated hit information has been obtained, the the material-id of the nearest
splat stored in the current cell is retrieved. This material id is used to shade the pixel according
to the local illumination at this point, and also to send out secondary rays (reflection, refraction
and shadows). After each reflection or refraction, the current ray intensity is reduced by the
coefficient specified in the material file. Finally, the color value at any given pixel is multiplied
by the current ray intensity (starts from 1.0), and added to an accumulator. Ray traversal stops
when the ray hits a diffuse surface or when it has bounced more than b times, b being some
pre-defined maximum bounce limit set by the user.

3.4 Splat Replication and Culling
The octree construction algorithm described in § 2.2 adds the centers of each splat to the oc-
tree. This can cause problems when the splat center is inside a particular node, but the splat
itself spans multiple neighboring nodes (as seen in Fig. 3.3). In such situations, a ray can pass
through a node, without hitting a splat that it should have hit, because the node does not know
that it contains that particular splat. This can cause rendering artifacts in the form of holes in
the model. To fix this, [LMR07] have proposed a method where the octree is constructed using
splat centers, and a second pass is performed where the splats are added to any leaf nodes that
they intersect. This second pass does not change the structure of the octree. This method causes
individual splats to be replicated several times. Typically, we could expect about 5× to 10×
increase in the number of splats. When the initial number of splats is close to a few million,
this increase can be drastic in terms of memory usage. On the CPU, an obvious workaround
is to replicate pointers to the data, rather than the actual data itself. This approach is not suit-
able on GPU implementations because the actual data is now scattered all over the memory. A
bandwidth starved system such as the GPU cannot efficiently access random locations in mem-
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ory, and we find that storing the point data of each leaf node in contiguous locations offers a
significant performance boost (around 30 percent).

To mitigate these effects, we propose a technique by which we can reduce the total number
of splats to around 2× the original, in most cases.

Probe Rays

Selected Splat

Rejected Splat

Original Splat

P
ro

b
e

 R
a

ys

Figure 3.3: Culling replicated splats. The splats that were originally in the node are shown in
green. The blue splat was selected, while the orange splat was culled (no probe rays hit it)

The key idea here, is that by adding extra splats, we are solving the problem of holes in the
model. After the splat replication process, if we can run some kind of post process to find out
which of these splats are really contributing towards patching up holes, then we can remove
other redundant splats. We do this by first adding all splats to all nodes that they intersect, and
then pruning away redundant splats. We take each leaf node that contains splats, and raytrace it
from various viewpoints using a set of probe rays. We first check for the ray-splat intersection
with the original splats of the leaf node.

If a probe ray goes through the leaf node, but does not hit any of its original splats, we
check if the ray hits any of the newly replicated splats. If the ray now hits a replicated splat,
we increment a counter associated with the splat, which tells us how many rays have hit this
replicated splat. In the end, we retain only those replicated splats that have been hit at least once
by a probe ray (Fig. 3.4).

Note that aggressive splat culling can lead to artefacts in the form of incorrect surface nor-
mals, and in extreme cases, holes in the surface (Fig. 3.4). While holes can be fixed by using
more conservative culling (by increasing the number of probe rays), the surface normal errors
cannot be avoided. The reason for this is that culling tries to ensure that each part of the surface
is represented by some splat. It does not account for the fact that the normal at that point on
the surface can be properly reconstructed only if all the splats that contribute to the surface are
blended together. Thus splat culling is suitable for raycasting, but produces noticeable artefacts
if used with reflections and refractions.
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Figure 3.4: Impact of splat culling on image quality. The images on the left are rendered with
splat culling (2 million splats total, at 6.5 fps), the images in the middle are without splat culling
(11 million splats total, at 2 fps), and on the right are 2× difference images. The original model
is 1 million points. While splat culling gives very good memory savings and increases frame
rates (Fig. 3.5), the reduced quality of silhouettes and normals is clearly visible in a close-up
shot. This makes splat culling a good candidate for models that are viewed from afar.

3.5 Deep Blending
Working with normals is particularly tricky when specular objects are present. Consider the
situation shown in Fig. 3.5. Splats S1 and S3 are associated with Leaf A. However, since the
octree is a regular space partitioning technique, it fails to record the presence of S2 being related
to Leaf A. These intersections are quite important for normal blending, as can be seen in Fig. 3.5.

To circumvent this problem, [LMR07] generates a complete normal field over the surface
of each and every splat. Storing this normal field with every splat implies a large memory
footprint, thus making it infeasible for use on the GPU.

Our solution to this problem is a two pass approach illustrated in Fig. 3.5. In the first pass,
we iterate over all the splats in the current node (Leaf A in the current example) and determine
a reference splat. This is the splat whose intersection point with a candidate ray R is closest
to its center (in the example, the ray is R1 and the reference splat is S1). We now consider all
intersecting splats along the ray, within a small interval (based on input point data) around the
reference splat intersection point. This generally involves accessing splats from only the next
node along the ray direction. This process is a bit computationally intensive (Fig. 3.5), but it
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Leaf A

A 2D side view of the splats is shown in Fig(a). Ray R1 hits splat S1 and S3. S3 has been added 
to leaf A due to multiple leaves per splat technique demonstrated in Section (). We blend the 
normals and materials of splats S1 and S3. However, the extended ray (dotted line) shows ray 
R1 also hits splat S2. But since splat S2 is not part of leaf A (as they do not overlap), the 
blending function does not consider S2 giving rise to inconsistent, non-smooth normal 
interpolation. Fig(b) shows the 2D top view (Leaf B below Leaf A) of the same scene with the 
ray hit points marked in ‘x’. The top view here corresponds to what the ray sees. We note 
that ray R1 intersects all the 3 splats and hence all three should be considered for blending.

S3

S2

S1

Leaf B

Leaf C

(a)

S1 S3

S2

x

x

Leaf CLeaf A

(b)

Figure 3.5: A 2D side view of selected splats is shown in (a). Ray R1 hits splat S1 and S3. S3
has been added to Leaf A even though the splat center lies outside leaf A. However, the ground
truth (top view (b)) indicates that even S2 represents the same surface, and has simply been
placed in Leaf B due to the spatial quantization of the octree. We note that ray R1 intersects all
three splats and hence all three should be considered for blending, otherwise the difference in
normals with a neighboring ray R2 is too large.

Figure 3.6: (a) Incorrect normal blending, (b) Correct normal blending, (c) Difference image.

significantly increases the quality of results (Fig. 3.5).

3.6 Seamless Raytracing
The algorithm as described above works perfectly in a ray-casting environment, where only pri-
mary rays are used. In case of secondary reflections/refractions and shadow rays, the algorithm
begins to break down because of the problems associated with overlapping splats.

Consider the situation in Fig.3.6. In this case, a ray that gets reflected can hit a splat that is
really part of the same surface, and keep getting reflected multiple times along the same surface.
This can cause the raytracer to slow down drastically, and also produce shading artifacts on
reflective surfaces. The same problem manifests itself in the case of refraction, as shown in
Fig.3.6. Here, a ray that gets refracted can hit another splat (or potentially several other splats)
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Splat S1 is considered as a reference splat. We then record all intersections of the ray R1 within 
a small interval around the reference splat intersection point (highlighted in orange). 
Splat S2 is also thus considered for blending. This gives us near-to-continuous blending of 
normals.

Figure 3.7: Splat S1 is considered as a reference splat. We then record all intersections of the
ray R1 with splats in a small interval around the reference splat intersection point (highlighted
by a rectangle). Splat S2 is thus considered for blending.

on the same surface, thereby producing incorrect results. All prior techniques to handle this
inherent problem of splat based raytracing have in some way or the other involved the use of a
“minimum distance between intersections”. This means that if a ray encounters an intersection
point that is within some distance δ of its source, this intersection is ignored. This trick breaks
down in cases where there are sharp corners in the scene, or when the point models are dense
and complex, where reflections occur within very short distances of each other, as illustrated in
Fig.3.6. The consequence of this is that we can see “seams” in the raytraced output at regions
where we would expect to see reflections (like at the corners of a room).

To prevent this problem, we introduce the concept of “Seamless Raytracing” of splat models.
This is essentially a technique that allows us to prevent incorrect collisions with splats from the
same surface. The idea here, is to associate some “intelligence” with each ray that is being
traced in the scene. Let us assume that a ray can tell what kind of surface it must intersect next,
a front face, or a back face. Front face intersections occur most of the time on the outer surfaces
of objects. Thus, a ray, when it begins its life, expects to hit a front face. This is of course,
assuming that the ray is not starting inside an object. Back facing intersections occur during
refraction, when the ray enters an object and hits its surface from inside. We can represent these
situations by associating a flag with each ray in the scene. If the flag is set, the ray expects to hit
a front face, and will ignore all back facing hits. Similarly, if the flag is not set, the ray expects
to hit back facing surfaces. We can find out what kind of intersection occurred, by looking at
the dot product of the ray direction with the surface normal at that point. If this value is positive,
we have a back facing hit, and if it is negative, we have a front face hit.

All rays start with this bit set. A reflection does not affect this bit. A refraction on the other
hand, flips the bit. It is easy to see how all the problem cases listed above are easily handled
by this system. Multiple splats belonging to the same surface have similarly oriented surface
normals.

The effect of this on raytracing is illustrated in Fig.3.6. The corners of the reflective room
are clearly incorrect when using the δ threshold method. Using seamless raytracing, we are able
to correctly reproduce the reflections in corners.
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Figure 3.8: Timing comparison of various methods for 1 million point model of David, rendered
at 512× 512. X axis denotes frames per second. Note that while the frame rate increases
drastically with splat culling and without deep blending, the image quality suffers.

Incoming Ray

Incoming Ray

Multiple Reflections (Incorrect)

Single Reflection (Correct)

Figure 3.9: Incorrect reflections due to overlapping splats.
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Figure 3.10: Incorrect refractions due to overlapping splats.

Surface Normal Surface Normal
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Figure 3.11: Incorrect reflection due to the “minimum distance between intersections” trick.
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Figure 3.12: Seamless raytracing (left) vs. regular raytracing (right). Notice how regular ray-
tracing is unable to capture the effect of reflection at corners. Since the reflected ray strikes a
surface that is too close to its origin, it assumes that this surface should be ignored, and moves
into the background, thus generating a black patch. Seamless raytracing is able to identify this
case because the reflected ray strikes a front facing surface. This intersection is registered as a
valid hit, and we can observe correct reflections at the corners.
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Chapter 4

Implicit Surface Octrees

While splat based raytracing is intuitive and simple, it has its share of shortcomings. The most
common issue with splat based methods in any rendering system is that splats do not properly
represent edge boundaries. At sharp corners and regions of high curvature, the splats protrude
out of the surface and cause object silhouettes to be incorrectly rendered. At edges, the splat
blending step fails because rays intersect only one splat (Fig. 4). In a rasterization pipeline,
this problem is usually handled using point-and-edge models [ZK07] or clip lines [ZRB+04].
These methods require some way to mark the edges in the model and are not general enough
to work on arbitrary models. [Bal03] develop techniques to find edges at run-time, but we do
not follow this direction, since what they are introducing is really a new rendering paradigm to
reduce shading costs.

Figure 4.1: Result of splat based raytracing compared to a reference image produced by our
implementation of [WS05]. The splat render contains border artefacts where splats are clearly
visible.

Therefore, to produce high quality renderings of point data, we need to revisit the surface
approximation method used in the raytracer. A more accurate reconstruction can be obtained by
defining a moving least squares (MLS) approximation to the surface as in [WS05]. The method
involves defining a signed distance field in space, by using the points, their normals and their
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radii. The surface is then the zero-isosurface of this distance field.

4.1 Related work
Implicit surface representations of point models have been raytraced in [AA03] and more re-
cently in [WS05], as described in §1.1.1. We implemented [WS05] on the GPU and found that
it runs exceedingly slowly. The main reason for this is that each leaf can contain an arbitrary
number of splats, that we have to load at runtime and compute the implicit surface definition.
Since we cannot dynamically allocate memory on the GPU, we need to load these splats from
memory each time we want to evaluate the function. The recommended number of evaluations
(as used in [WS05]) is 4, which means we need to iterate through the point data 4 times per leaf
node. The authors solve this problem by restricting the number of splats stored in each leaf to
a small number (3 to 4). This requires a large number of subdivisions, which in turn increases
the number of splats due to replication across nodes. On the GPU, we are limited to around 700
MB of memory and cannot afford to arbitrarily replicate data. Further, as explained in §3.4,
we cannot mitigate replication cost by replicating pointers instead of actual data. Due to these
reasons, our implementation of this technique runs about 3 to 4 times slower than the deep splat
blending based raytracer.

An alternative approach, [KWPH06] uses adaptive-resolution octrees to interactively render
isosurfaces. The distance field values are available as input volume data. The method works
by sampling the volume at octree leaf centers, and using neighbor finding operations in a min-
max tree to find the eight nearest samples and perform trilinear interpolation. It uses a CPU
implementation, citing the GPU’s incapabilities to handle memory-heavy models.

The use of octrees for defining and rendering surfaces can also be see in [LK10]. The
technique uses polygonal models as input to generate a Sparse Voxel Octree. The representation
power of a voxel is enhanced by storing two planes in each voxel, such that the surface inside
the voxel is bounded by these planes. This allows rendering of sharp corners and thin surfaces,
using voxels of relatively large size (12 to 13 levels of an octree)

4.2 Defining the implicit surface
Given a collection of points, the implicit surface approximation can be computed as follows:

Each point P = (pi,ni,r)N
i=1 is defined by its position pi, normal ni and its local radius of

influence r. We assume the surface to be smooth manifold and orthogonal to the normal within
this radius r, although multiplied by a decreasing weight function (gaussian in our case)

wi(P) =
1√

2πr2
e
−‖x−pi‖2

2r2 (4.1)

We can then define a weighted average of position and normal of neighboring points.

p̄(x) = ∑wi(x)pi

∑wi(x)
, n̄(x) = ∑wi(x)ni

∑wi(x)
(4.2)

This gives us a function that implicitly defines a surface at query point Q:
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f (Q) = (Q− p̄(x))n̄(x) (4.3)

The root of this function gives us a locally smooth surface at Q.

4.3 Implicit Surface Octree
An Implicit Surface Octree (ISO), is an octree where each leaf node contains a surface patch
(or, the leaf could be empty). This surface patch is defined as follows. We consider each of
the eight corners of every octree leaf as a query point Q. At each query point, we evaluate the
isovalue from the neighboring points using the method described in §4.2. The radius of the
search is set equal to the maximum radius of influence of any point in that leaf. A positive
isovalue means that Q is outside the surface while a negative value means it is on the inside.
A zero value indicates the point is present on the surface. We similarly calculate the average
weighted normals at the corners.

Every octree leaf now has a set of 8 function values evaluated at its corners. We can define
a smooth surface within each leaf, by trilinearly interpolating the isovalues and normal values
stored at the leaf’s corners. This is similar to the approach followed in [KWPH06]. Given these
values, we no longer require the original points and thus, just the ISO suffices.

The construction of the ISO data structure is a pre-computation stage. The ISO is then
transferred to the GPU during the start of ray tracing. We organize the input points in an octree,
as described in §3.1 and §2.2. The ISO construction takes 60 seconds for the 1 Million point
model of David, and 15 seconds for the 0.5 Million point model of the Dragon.

4.3.1 Pseudo Point Replication
We construct an octree only over the input point locations pi(i = 0...N) only without considering
their respective radii of influence ri. Leaves which contain points are termed as filled and active
(Leaves 1 and 3 in Fig. 4.3.1). However, there are leaves which are within the points influence
but do not contain the point itself (Leaf 2 in Fig. 4.3.1). We term such leaves as passive. By
our method, isovalues would not be calculated for leaf 2 as it does not contain any point and
hence termed as an “empty leaf”. To prevent such holes, we need to find passive leaves and
calculate the isovalues at their corners. The finding of such passive leaves is a simple test of
box-disk intersection (disk representing the point’s radius of influence) while recursing through
the octree. Note that we never replicate the points themselves in passive nodes. Once we find
a passive node, we simply change its status from “empty” to a “filled” leaf and calculate the
respective isovalues.

4.4 GPU Octree Structure
The octree structure on GPU is similar to that described in §3.2. The main difference is that we
do not store the Leaf-Info and Point Data textures. Instead, each leaf node in the octree refers to
a corresponding set of values in a data pool. Each entry in the data pool stores the isovalues, the
normals, and the color values at the corners of the corresponding leaf node. This organization
is described in Fig.4.4.
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Figure 4.2: Point p1 (with normal n1 and radius of influence r1) is located in leaf 1 and point
p2 (with normal n2 and radius of influence r2) in leaf 3. Leaves containing the points (1 and 3)
are termed as “filled” or active leaves. Leaf 2 does not contain any points (is “empty”) but is
under the radius of influence of both points p1 and p2. Such leaves are termed passive leaves.
Passive leaves are a part of the surface but due to point sampling, are considered empty. In
such a situation, if a ray passes through leaf 2, it would not perform any surface intersections,
resulting in a hole in the surface. We detect such passive leaves and calculate isovalues at its
corners so that the surface is properly defined within it, while maintaining continuity across
neighboring leaves.

Figure 4.3: Figure shows the links between the node and the data pools. The leaves from the
node pool point to a structure of arrays containing the 8 iso-surface, normal and color values
evaluated previously at its corners.

To reduce the memory footprint, we can quantize the isovalues, normals and color values, so
that they occupy one byte per component. Thus each node will have eight isovalues (8 bytes),
eight normals (24 bytes) and eight color values (24 bytes), for a total of 56 bytes. Quantization
artefacts are not noticeable in the case of isovalues and normals, because of the trilinear inter-
polation that smooths out values in space. The only issue that arises is that color values can no
longer contain high dynamic range (HDR) data.

Note that each corner value is shared between eight octree nodes. We could store only
unique values separately, and then have eight pointers in each node, to index into this array of
values. We instead choose to replicate the data in each node. The main reason for this is that
memory lookups are slow. We would have to perform a second level of indirection if we stored
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pointers to data instead of actual data. Secondly, data quantization reduces the impact of this
data replication. Each corner stores 7 bytes of information, as opposed to a pointer that would
require 4 bytes per corner, plus the actual 7 bytes of storage. In the best case, the pointer method
would consume 8× 4 + 7 = 39 bytes, while the replication method consumes 56 bytes, which
is a 43 percent increase. While this sounds like a good improvement, in practice, since we store
leaf nodes only at the surface, the average number of leaf nodes sharing a corner around 4. This
reduces the memory advantage of the pointer method to around 21 percent, which is offset by
the 25 percent speedup that data replication provides.

4.5 Ray Surface Intersections

Figure 4.4: Figure shows a ray hitting a surface within the leaf. The surface hit-point is found
by marching along the ray within the leaf, and evaluating the surface value at the sub-interval
sample points (shown in gray). On a sign change in the evaluated isovalue, we do a weighted
interpolation between the positive and negative sample points (I1 and I2 in this figure) to ap-
proximately find the hit point (shown in red).

On finding a filled leaf along the ray direction, we proceed to find whether the ray intersects
the surface defined in this leaf. The ray is sampled at regular intervals within the leaf (Fig. 4.5).
At each sample, we use trilinear interpolation to compute the isovalue from the values stored at
corners. If we detect a sign change between consecutive samples (say I1 and I2), we know that
the surface exists between I1− I2. We now do a weighted interpolation of positions of I1 and I2
using their respective isovalues as weights (the sample having value closer to 0 has more weight
than the other since its closer to the surface defined by isovalue 0). The simple interpolation
routine makes ray-surface intersection extremely light on memory and computations.

To perform smooth shading and generation of secondary rays (shadows, reflection and re-
fractions), we need correct normals at the intersection points. As we did with isovalues, we
interpolate the normals from the corners of the leaf, to obtain the normal at the intersection
point. This maintains smoothness within the leaf (due to interpolation) and across the leaves
(due to the pre-computed normals being shared across adjacent nodes). If storing normals is not
feasible, an approximate normal can be calculated for the same computational cost by calculat-
ing the gradient of the isovalues at the intersection point.
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4.5.1 Continuity
When adjacent leaf nodes share a common surface but are at different levels, a discontinuity is
produced in the surface. This is because the larger nodes sample the surface at larger intervals
while smaller nodes have a more accurate sampling of the surface.

To ensure continuity across adjacent nodes, we can restrict all leaf nodes to be formed at the
same level (similar to voxels). This approach tends to be wasteful in regions of low curvature,
like floors and walls. An alternative approach is to run a post-process on the ISO to ensure that
adjacent leaf nodes that share a surface, do not differ by more than one level. In case they do,
we subdivide the nodes such that this condition is satisfied. This subdivision can be performed
in an iterative manner by checking for inconsistent leaf nodes and subdividing the bigger leaf.
If the maximum level difference between leaf nodes in the ISO is L, then we need L iterations
to converge to an ISO that satisfies the constraint. What we observe in practice is that in ISOs
with seven or more levels, this constraint ensures that the seam between leaf nodes at different
levels is very thin. We can now patch this seam by allowing rays to hit surfaces that are slightly
outside a leaf node. This slightly extrapolates surfaces outside leaf nodes, and covers up any
seams that may exist (Fig. 4.5.1).

Level N Level N+1

Discontinuity

Figure 4.5: Discontinuity due to difference in adjacent leaf levels. The dotted green lines show
the extrapolated surface which patches up the hole caused by the discontinuity. Similar discon-
tinuity also exists in normal and color interpolation, but cannot be perceived in practice. This is
the reason that the patched up surface appears to be continuous and smooth.

4.5.2 Seamless Raytracing
When secondary rays and shadow rays are involved, the ray-surface intersection test must also
be carefully considered for reasons other than normal blending. Note that we have two different
interpolations while determining the ray-surface hit point. The first interpolation deals with
trilinearly interpolating isovalues from the corners of the leaf. The second interpolation (linear)
takes place between the interval values (I1 and I2 in Fig. 4.5) where the sign change occurs and
the surface is detected. This interval approximation gives us an approximate hit point, which
can be below or above the actual iso-surface (Fig. 4.5.2). If the surface is specular, the reflected
or the refracted ray generated from that hit point might hit the same surface again. This can
cause the raytracer to slow down drastically, and also produce shading artifacts on reflective or
refractive surfaces.
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One way to solve this problem is to find the root of the iso-surface function using itera-
tive methods ([WS05, KWPH06]) rather than linearly interpolation. But this method tends to
make the ray-intersection routine heavy. Instead, this problem can be solved using the seamless
raytracing technique described in §3.6.

Figure 4.6: Approximate intersection point and the need for seamless raytracing

4.6 Results
Implicit Surface Octrees provide an interesting alternative to render point models. The method
outperforms all previous methods that raytrace point models on the GPU, at a given rendering
quality. To illustrate this, we reproduce the splat-based raytracer timings graph (given in Fig.
3.5), and add the ISO results to it. Fig 4.6 shows that the ISO renderer running at full quality, is
as fast as the splat based raytracer at a low quality setting (with all speed optimizations turned
on). We see the same trend in the results for the Dragon model (Fig. 4.6).

One observation we can make here is that the size of the ISO can be essentially independent
of the actual number of points in the model, thereby allowing us to render the same model at
various levels of detail (Fig. 4.6). This can be very useful while dealing with limited memory
GPUs, since we can render very large point data sets by building an ISO at lower levels of
detail. This enables us to handle large datasets (like the 12 million point Sponza Atrium),
which the splat based raytracer cannot load into memory. Our implementation allows us to set
the minimum and maximum levels at which leaf nodes are created, thus allowing us to control
the level of detail.

At the beginning of this chapter, we compared the splat based raytracing approach to our
reference implementation of [WS05]. This implementation uses the entire point data set, and
has no approximations. So we consider it as a reference renderer and compare its results to
the ones produced by ISO. (Note that while this reference renderer can produce high quality
images, it is very sensitive to splat footprint (radius) and produces images with several holes
in most cases. Still, it works reasonably well for the 1 million point model of David.) As can
be seen in Fig. 4.6, our method produces results comparable to the reference render. It slightly
smoothens out the surface (this is natural, since our method is an approximation), but runs
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Figure 4.7: Timing comparison for 512×512 render of 1 Million point model of David.

Figure 4.8: Timing comparison for 512×512 render of 0.5 Million point model of Dragon.

around 17× faster on the GPU. We achieve close to 10 FPS at 1024×1024, while the reference
renderer runs at 0.5 fps. Further, we consume lesser memory since the ISO has only 1,087,966
leaf nodes, while the reference renderer needs to replicate the splats 11× (from 1,001,943 to
11,052,273). For models larger than this, we run out of GPU memory on our GTX 275 (896
MB), while ISO only occupies around 84 MB on the GPU. While we can attempt to reduce the
memory footprint of the reference renderer by using quantization similar to that used in ISOs
(§4.4), the frame rates will not show any significant improvement.

ISOs can be seen as a more expressive form of voxels since they define a smooth surface
inside each voxel. This can be seen in Fig. 4.6, where we render a 4 level deep ISO which is
equivalent to a 16×16×16 voxel grid. With such a small ISO, we are able to render a full torus
with smooth normals, as can be seen from the refractions of the background.

ISOs also provide a form of smoothness control. The implicit surface definition (§4.2)
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Figure 4.9: Dragon model at various levels of detail.

Figure 4.10: Left: ISO rendering. Middle: Reference render. Right: 2× difference image

contains a radius term in the weight function. The radius acts as the standard deviation in the
gaussian function. If we multiply the radius by a constant factor, we can control the variance of
the weight function and change how sharp or smooth the model appears. Reducing the variance
will make the model sharper, while increasing it makes it smoother, as can be seen in Fig. 4.6.
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Figure 4.11: Expressive power of Implicit Surface Octrees. A refractive torus is rendered
against an environment map. The ISO is only four levels deep. Since each leaf node has a
smooth surface definition, the torus can be rendered with so few leaf nodes.

Figure 4.12: Varying degrees of smoothing applied to the David dataset.
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Chapter 5

Lighting and Shading

Up until now, we have described a system that can traverse rays through a scene, find hit points
and generate secondary rays. To generate the actual image, we need to compute the color
value at each hitpoint. This process is called shading. Each ray produces a set of hit param-
eters, namely the hitpoint, the surface normal at the point and the surface material properties
at that point. The shading kernel takes these values along with the light sources defined in
the scene, and calculates the color at the point. This accounts for the local illumination at the
point. Effects like diffuse inter-reflections and caustics, which are global illumination effects,
are pre-computed offline. This global contribution is stored in an illumination map in the case
of caustics, and baked into the color values of the octree leaf nodes in the case of diffuse inter-
reflections (radiosity). The shading kernel simply queries these values at the given hitpoint and
adds them to the local contribution, to produce a full global illumination solution for the scene.

5.1 Material Properties
The raytracer uses a simple material model that includes the following properties:

1. Ambient Color

2. Diffuse Color

3. Specular Color

4. Specular Exponent

5. Refractive Index

6. Reflectivity

7. Transmissivity

8. Diffuse reflectance

The specular color and exponent are used in Phong shading. Reflectivity, transmissivity
and diffuse reflectance specify what fraction of light gets perfectly reflected, transmitted and
contributes to local shading. They add up to unity unless the material absorbs light. These
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properties are stored as an array in the constant buffer of the GPU. Each splat or leaf node (in
the case of implicit surface octrees) is assigned a material-id. This material-id is used by the
shading kernel to shade the hitpoint. The reflectivity, transmissivity and refractive index are
used to generate secondary rays. The material properties can be changed at runtime, and the
local illumination will remain correct, since there is no pre-computation that involves material
properties. The global illumination components on the other hand, use the material properties
in the precomputation step, and they will no longer be correct.

5.2 Lights
The raytracer supports simple point lights. Each light source has a position, color, and a flag
to enable shadow casting. As with the materials, lights are stored as an array in the constant
buffer. Lights are stored independent of the scene, ie: there is no spatial hierarchy defined on
the light sources. The raytracer supports dynamic change of position, color and shadow-casting
properties of any light source, as long as only a local illumination solution is desired. For global
illumination with caustics and diffuse maps, a precomputation pass is required and moving the
light sources will change the solution.

Before the shading kernel, a shadow kernel runs once on each light source. A shadow flag
is set for each light source, for each hitpoint. The shading kernel iterates through each light
source for which the shadow flag is off. It computes the color value due to this particular light
source and adds it to the overall color of the fragment. The light source is used to compute local
lambertian and phong shading components.

Note that since materials and lights are stored in the constant buffer, there is a limit to the
maximum number of materials and lights. we typically set this limit to 16. Further, the shadow
flag is stored in a 8 bit buffer for each hitpoint. Thus, there can only be eight shadow casting
light sources in the scene, and these have to be the first eight lights defined for the scene. While
this limit could easily be extended by using a larger shadow buffer, a large number of shadow
casting light sources will drastically reduce the frame rate.

5.3 Light Maps
A light map is a collection of points, normals and color values at those points. Such an map
can be the output of a precomputation phase where a path tracer or radiosity solver is used to
compute the indirect illumination and caustics. The points in the light map are stored in an
octree hierarchy to facilitate near neighbor queries. As a data structure, the light map answers
a light gather query, ie: queries of the form “what is the illumination on a query point q, with
normal vector n, and light-gather footprint g”. Only those points in the light map, which are
within the light-gather footprint, contribute towards the illumination at the query point.

If the light map is used to store a photon map, then the gather phase adds up the intensities
of the samples within the gather footprint, since photon gather amounts to density estimation.
Let the points in the illumination map be denoted by pi, and their corresponding color values
be ci. Then, for a query point q, with gather radius g, the color value output will be:

yi = (
‖q− pi‖

g
)2 (5.1)
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color = ∑
2
π
× (1− yi)× ci (5.2)

In case the light map is used to store a diffuse map (output of radiosity step), then the output
is a weighted average of the samples within the gather footprint.

yi =
1

(1− ‖q−pi‖
g )2

(5.3)

color = ∑yi× ci

∑yi
(5.4)

Note that the above summations are only performed on those sample points that are withing
the gather radius. A further restriction can be to use only those points that have a normal
vector similar to that of the query point, ie: the dot product of these normals is high. This can
prevent spurious color bleeding when two surfaces are close to each other. For example, at wall
corners, we would like to differentiate between samples meant for one wall and the other. Since
the normal vectors of these samples have a low dot product, one wall will not pick up color
samples from the adjacent wall.

Figure 5.1: Scenes rendered with precomputed Light Maps.

5.4 Caustics
Caustics are bright patches of light produced when light is concentrated by reflection (like a
parabolic reflector), or refraction (like a sphere or magnifying glass). In the regular expression
syntax [Jen96], rays of type LD?S*E are handled in classic ray tracing, where L represents the
light source, S and D represent specular surface and D diffuse surfaces, and E represents the eye
or the camera. The general path for caustics is LS+D, i.e., caustic effects generated on a diffuse
surface are caused after at least one specular hit from a ray originating from the light source.
Path tracing is a popular way to compute caustic illumination maps. By placing the camera at
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the light source position and using our existing raytracing framework, we simulate path tracing.
Our algorithm consists of two steps.

5.4.1 Photon Shooting
In path tracing, photons, with some specific power, are emitted from the light source and traced
through the scene. These photons, emitted from a light source, should have a distribution cor-
responding to the distribution of emissive power of the light source. If the power of the light
is Pl and the number of emitted photons is ne, we define the power of each emitted photon as
Pphoton = Pl/ne. For the light source, we define the maximum number of photons (ne) it can
contribute.

Photon shooting is done in parallel, on the GPU (pre-computed before the ray tracing starts).
A thread may conceptually be thought of as being attached to a photon being shot from the light
source. We cover the light source with a cube and treat each of its faces as a shooting plane.
We pixelize each of the cube’s faces with some resolution, dependent on the required quality of
caustic map (we use 512×512). We then shoot multiple rays per pixel with Pphoton power per
photon and their directions randomly jittered within the respective pixel. This process reuses
the GPU raytracer we have developed. The only major difference is that instead of rendering an
image, we output the photon intensity and hitpoint, whenever it hits a diffuse surface.

In our current implementation we allow only LS+D paths as we believe these to be significant
contributors to caustics than the more general LD+S+D paths. Thus, most photons hitting the
diffuse surface or exiting the scene (not intersecting the octree) are quickly culled. The ones
that strike the specular surface are registered and traced further until they hit a diffuse surface or
exceed some pre-defined bounce limit (we set it to 10). The power of every photon is reduced on
every hit depending on the reflectivity/transmissivity of the specular surface. Once the photon
hits a diffuse surface, we add its intensity and deposit-point co-ordinate into a caustic light map.
We do this for all light sources in the scene. Note that this is a pre-computation phase and does
not happen while ray tracing.

5.4.2 Photon Gathering
Typically, the photon gathering pass extracts information about incoming flux at any point in
the scene. This is performed by gathering the caustic values from the caustic light map while
ray tracing, as described in §5.3. However, the cost for performing near neighbors query for
density estimation, is quite expensive when compared to the fast ray tracer we use for render-
ing. Further, the recursion used while performing the caustics gather operation is expensive to
implement on the GPU.

The caustic illumination map is quite sparse and hence an octree based subdivision can store
this data efficiently. Further, since the caustics are concentrated, it is preferable to have octrees
for caustics with greater depths than for storing points or diffuse colors. Similar to ISO, we
introduce a caustic octree which is sparse and has greater depths. A local density estimation for
every corner of every leaf node in the caustic octree is performed as shown in Fig. 5.4.2. We
then store this caustic octree as a texture on the GPU. This octree is similar to the one described
in §2.2. Each leaf from caustic node pool has access to 8 intensity values, each corresponding
to one corner of the node.
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Leaf A Corner under consideration
All caustic points within the
gather radius are used for
density estimation

Corners of leaf A where 
density estimation is 
performed

Caustics photons

Gather Radius

Figure 5.2: A classic density estimation technique is employed as a preprocessing step for leaf
corners.

To render caustics, the shading kernel simply queries the caustic octree with the point to
be shaded. This query uses the top-down traversal described in §2.2.2. On finding the leaf in
the caustic octree, we apply tri-linear interpolation on the caustic brightness values stored at its
corners to compute the caustic intensity at the query point. The application of tri-linear interpo-
lation from corners of an octree node is not only much faster than the near neighbors search but
also provides good quality results. Fig. 5.4.2 shows scenes rendered using the caustics photon
map.

5.5 Textures
Since only a few materials can be defined for a given scene, the eight color values stored at each
leaf corner are used to vary the colors on a node by node basis (in the splat based raytracer, each
splat is associated with a single color value, which has a similar function). These color values
can be used to represent indirect illumination as seen in §5.3, or they can be used as a texture
map for the scene.

To generate such a texture map, we propose a simple technique. Consider a point sample
pi with normal ni. We wish to calculate the texture color at this point and we want to do this
without explicitly creating texture coordinates, or performing any sort of uv mapping. Let us
say we have a single image available to us. We create three orthogonal, axis aligned planes, and
tile this texture on each plane. Let the normals of these planes be nx, ny and nz. Further, let the
2D projection of point pi on each of these planes be px, py and pz. We sample the texture using
these three projected points, to obtain three color values cx, cy and cz. The final color assigned
to the point sample, is simply a weighted average of these three color values, where the weights
are the dot products of each plane’s normal vector with the point’s normal vector.
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Figure 5.3: (a) Reflective ring, forming a characteristic cardioid caustic pattern (0.7 Million
photons, 6 seconds to trace, 10 seconds to gather), (b) Refractive sphere focusing light on the
wall, producing a round caustic pattern (1.25 Million photons, 13 seconds to trace, 15 seconds
to gather). This scene is also rendered with a diffuse light map, demonstrating diffuse inter-
reflections, color bleeding and soft shadows.

color =
cx× (ni.nx)+ cy× (ni.ny)+ cz× (ni.nz)

(ni.nx)+(ni.ny)+(ni.nz)
(5.5)

This turns out to be a simple but effective way to map a texture onto any arbitrary surface.
For added complexity, a different texture can be used for each texture plane. Further, more than
3 texture planes, or non-axis-aligned planes can also be used if required.

To actually map the texture onto the point model and render it, we treat these color values
obtained from the texture generation phase, as a light map, and make a small change in the
shading kernel, that allows the light source to modulate the color values obtained from the light
map. Originally, the light map color was simply added to the fragment in the shading step. Now
it gets multiplied by the dot product of the light vector and surface normal, and the light map
emulates a traditional texture map (Fig. 5.5, Fig. 5.5).
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Figure 5.4: Bunny and dragon models rendered with texturing

Figure 5.5: The Sponza Atrium, a 12 million point model, rendered with textures at 5 fps. The
model is rendered using an ISO with 7.8 Million leaf nodes (276 seconds precomputation time).
Texture mapping is performed using a diffuse gather that takes 156 seconds. The scene contains
16 non-shadow casting light sources and consumes 720 MB of GPU memory.
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Chapter 6

Conclusion

We have evaluated two approaches for raytracing point models, Splat Based Raytracing, and
Implicit Surface Octrees. We have shown that the ISO outperforms the splat based approach
in terms of both speed and quality. We now have a framework for fast raytracing of point
models on the GPU, which achieves framerates of 5 to 40 fps on various scenes. The system
is modular and can be easily extended. It supports large point models, dynamic reflections,
refractions and shadows, and precomputed light maps for indirect illumination and caustics.
We also demonstrate how we can accelerate the computation of caustics using our raytracing
framework. Finally, we develop a simple texturing algorithm for point models and integrate
texture mapping into our framework.

It has been said that the killer application of general purpose GPU (GPGPU) programming,
is graphics. This is turning out to be true, as more and more people use new GPU programming
APIs such as CUDA, OpenCL and DirectCompute, to implement advanced graphics algorithms,
that were previously restricted to slow CPU based renderers(REYES [ZHR+09]). With future
improvements in graphics hardware, customized GPU renderers such as our raytracer will be
increasingly used in production environments such as games and movies.

6.1 Future Work
This section details how our work on GPU raytracing can be extended further to achieve better
speed and quality.

1. Primary ray casting optimizations: Primary ray casting can be accelerated by using the
rasterization hardware ( [CNLE09]) or using beam optimizations ( [LK10]). This is simi-
lar to the packet traversal approach followed in CPU raytracers, and reuses the work done
while traversing nearby rays.

2. Out-of-core rendering: The main issue with raytracing on any platform is that scenes that
do not fit in memory are very hard to render. Each part of the scene can have complex
interactions with any other part of the scene (due to the various paths that rays can take
after reflection and refraction). This calls for a completely different approach to raytracing
where parts of the scene that a ray wants to visit are not present in memory. The ray should
then request for this scene, and go into a waiting phase. Performing this dynamic scene
swapping is referred to as out-of-core rendering. On the GPU, this approach can be quite

40



challenging since memory swapping operations should be interleaved with computations
to mitigate the performance hit ( [CNLE09]).

3. Compression and dynamic decompression of scene data. Most production level graph-
ics pipelines incorporate some sort of compression/decompression scheme to offset the
memory load caused by today’s massive datasets. Such a scheme will allow us to handle
larger models and higher levels of detail than currently possible.

4. Full Path tracing on GPU: Currently, we have a system to generate caustics (LS+D paths)
on the GPU. This system can be extended to support other possible light paths (LD+S+D
paths). This will predominantly enable diffuse inter-reflections.

5. Better sampling in ISO: The implicit surface octree currently performs a sub-optimal
sampling of the isovalues in space. The Body Centered Cubic (BCC) lattice has been
shown to be a better sampling strategy [FEVM10]. This involves adding an additional
sample to the center of each leaf node, and a more complex interpolation routine.
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Chapter 7

Appendix

7.1 GPU Architecture and CUDA
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Figure 7.1: Hardware Model of GPU [Gor09]

We have implemented the GPU raytracer on NVIDIA’s CUDA (Compute Unified Device
Architecture) framework. This section provides a brief overview of the GPU architecture and
the features and limitations of the CUDA programming model.

The GPU is a highly parallel device that executes thousands of threads at a time. Programs
written for GPUs are called Kernels. Each thread executes the same kernel at a time. Although
it seems like all threads are performing the same task, each thread has access to a thread id
which we can use to assign different data for each thread to work on. Further, it is possible to
perform data dependent branches in the kernel so that different threads can execute different
pieces of code. Threads are organized into blocks and grids, for easier management.
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The GPU consists of a large number of simple processors (ranging from 112 in the GeForce
9800GT to 240 in the GTX 275). These processors consist of floating point arithmetic units and
special units to perform transcendental operations. Since it is extremely complex to manage
instruction streams for such large numbers of processors, they are grouped into Multiproces-
sors, which contain 8 processors each. Each processor inside a multiprocessor shares the same
instruction stream. nVidia GPUs execute 32 threads on each multiprocessor at a time, and this is
called a warp. Each thread in a warp takes the exact same branches as every other thread. This
is because they share the same instruction stream. If even one thread takes a branch, then the
remaining 31 threads are also required to take that branch and execute all instructions present
in it. To prevent wrong results, the outputs of operations are not written to registers in threads
that execute these spurious branches. Therefore it is advisable for multiple adjacent threads to
take the same branches. Otherwise a large performance hit will be incurred.

GPU memory is organized into registers (8192 registers per multiprocessor on a 9800GT,
16384 on GTX 275), shared memory (16 KB per multiprocessor), and global memory (the full
size of the RAM on GPU, in several hundred MegaBytes). Registers are used to execute code
and cannot be directly accessed by the programmer. The existing registers are shared between
the executing threads, and are also used to store the context of waiting threads. Therefore, to
ensure high occupancy(large number of threads), we need to ensure that each thread requires
as few registers as possible. At around 10 registers per thread, the code runs at near optimal
efficiency. If a thread uses around 32 registers, the theoretical throughput is halved. At close to
50 registers, the occupancy falls to around 25 percent.

Shared memory is fast, low latency memory local to the multiprocessor. It can be thought of
as a user managed cache. Data stored in shared memory cannot be accessed by other multipro-
cessors. Shared memory is optimized for multiple accesses at the same time. Global memory
is high bandwidth (60-170 GBps), high latency (around 400 clock cycles) memory. Coalesced
accesses to global memory are quite fast, while random accesses are slow. To speed up random
global memory access, a texture cache is provided. This is an automatically managed cache
which is optimized for 2D spatial locality in accesses.

Programming in the CUDA framework is similar to writing C code. The major differences
between CUDA and C++ code are:

1. No support for recursion

2. No dynamic memory allocation

3. Limited support for classes

Further, a CUDA kernel(device code) cannot launch another CUDA kernel. All kernels
must be launched from the CPU(host code).
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7.2 Raytracing equations
1. Reflection

Figure 7.2: Reflection

r = i−2×n×n.r (7.1)

2. Refraction

Figure 7.3: Refraction

r = (−n2

n1
× (i.n)−

√
1− n2

n1
×

√
1− (i.n)2 ∗n+

n2

n1
× i) (7.2)

where n1 and n2 are the refractive indices of the source and destination media respectively.
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