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ABSTRACT
Voicu Sebastian Popescu
Forward Rasterization: a Reconstruction Algorithm for Image-Based Rendering
(Under the direction of Professor Anselmo Lastra)

In a recent aternative research path for interactive 3D graphics the scene to be rendered is
described with images. Image-based rendering (IBR) is appealing since natural scenes, which are very
difficult to model conventionally, can be acquired semi-automatically using cameras and other devices.
Also IBR has the potential to create high-quality output images if the rendering stage can preserve the
quality of the reference images (photographs). One promising IBR approach enhances the images with per-
pixel depth. This allows reprojecting or warping the color-and-depth samples from the reference image to
the desired image. |mage-based rendering by warping (IBRW) is the focus of this dissertation.

In IBRW, simply warping the samples does not suffice for high-quality results because one must
reconstruct the final image from the warped samples. This dissertation introduces a new reconstruction
algorithm for IBRW. This new approach overcomes some of the maor disadvantages of previous
reconstruction methods. Unlike the splatting methods, it guarantees surface continuity and it also controls
aliasing using a nove filtering method adapted to forward mapping. Unlike the triangle-mesh method, it
requires considerably less computation per input sample, reducing the rasterization-setup cost by afactor of
four.

The agorithm can be efficiently implemented in hardware and this dissertation presents the
WarpEngine, a hardware architecture for IBRW. The WarpEngine consists of several identical nodes that
render the frame in a sort-first fashion. Sub-regions of the depth images are processed in parallel in SIMD
fashion. The WarpEngine architecture promises to produce high-quality high-resolution images at
interactive rates.

This dissertation also analyzes the suitability of our approach for polygon rendering and proposes
a possible algorithm for triangles. Finding the samples that must be warped to generate the current frame is
another very challenging problem in IBRW. The dissertation introduces the vacuum-buffer sample-

selection method, designed to ensure that the set of selected samples covers every visible surface.
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Chapter 1 Thesis

This chapter will first introduce the reader to the problem addressed by the present dissertation.

The thesis of the dissertation is stated next followed by a thesis demonstration summary.

1.1 Motivation

1.1.1 The problem of interactive 3D computer graphics

The first great achievement in the field of interactive 3D computer graphics consisted of
successfully suggesting a 3D scene to the user. Although the scene was quite simple and the interaction
between matter and light was crudely approximated, the fundamental laws of physics such as perspective
projection and occlusion-visibility were respected. The user, heavily relying on his imagination and prior
life experience, correctly associated cuboid-and-prism objects to be houses, red little spheres to be apples
and so on. In order to reach this stage fabulous inventions were required like the framebuffer, fast geometry
processors, the z-buffer, fast rasterizers.

The suggestion stage enabled numerous interactive 3D graphics applications in visualization,
training, and entertainment. However, it was obvious that increased realism of the images would greatly
benefit to all these applications. The special look-and-feel of computer generated imagery does not have
any intrinsic value. It is an approximation, and, as with al approximations, one desires to reduce the
differences when compared to the original as much as possible. The ironic expression "it looks like
computer graphics' was coined to indicate the lack of realism of computer generated images due to al the
drastically simplifying assumptions used during rendering. The interactive 3D graphics researchers were
unanimous: the next level of the art is achieving the perfect illusion for an exploring user. This level has not
been reached yet. Generating images, at interactive rates, that can be mistaken for photographs is still an
open problem.

Some researchers have sacrificed interactivity and focused just on obtaining photorealistic results.
The physical phenomena associated with image generation are fairly well understood and, with no upper
bound on the amount of per-frame computation, images that look like photographs are successfully
generated. Most 3D graphics applications require interactivity; thus numerous efforts were made to
improve the quality of rendered images while maintaining high refresh rates.

At the beginning, graphics hardware could render only simple geometric models that only vaguely
resembled the scene they modeled. Thus, much effort was concentrated on increasing the rendering power.
Bottlenecks like fill-rate (the time required to set the color of pixels inside a surface to the color of the

surface), transformation (computing the new screen positions of the objects to give the user the illusion of



moving), and primitive sorting (communication costs between various components of the graphics
hardware) were aleviated in turn. As more geometric primitives could be processed each second, new
obstacles in achieving high-quality interactive rendering were encountered:

the manual creation of the scene model is a very laborious task that requires minute description of

object shapes, materials and lights;

the cost of representing all surface details with geometric primitives is prohibitive.

Also rendering hardware will probably never be powerful enough to render the entire model of a
complex scene at each frame. A more practical approach is to find and adapt the subsets of the model that
are necessary for the current view. Unfortunately, finding and adapting the model subsets is a very
challenging problem.

Images can help alleviate these problems. They were first used in 3D computer graphics for
rendering flat-surface detail in the classic technique of texture mapping. In texture mapping, photographs or
previously rendered images are pasted onto polygons. For example the label of a bottle is easily rendered
by texture mapping without resorting to numerous polygons (triangles) to model the drawings and text of
the label.

In the last few years the usage of images in 3D graphics has been extended. Numerous modeling
and rendering methods have been developed that rely on images, creating the sub-field of image-based
rendering (IBR). One of the great appeals of IBR is the potential to alleviate the modeling bottleneck as
images (photographs) can be easily acquired. Early IBR results enabled quick modeling and then
visualization (albeit from select locations) of natural scenes that could not have even been modeled before,
and all this with modest hardware.

IBR techniques that allowed full range of motion followed. A radical method relies on building a
database of color samples (rays) that is queried at rendering time. One of the advantages of the method is
that a (static) scene can be acquired with just a calibrated camera. Another advantage is the simplicity of
the rendering algorithm, the rays of the desired image are readily available in the database. However the
method is impractical since the database grows too large for interesting scenes. Storage and bandwidth
requirements are, at least for now, orders of magnitude too high.

McMillan and Bishop propose enhancing images with per pixel depth [McMillan95]. A color and
depth sample can be easily reprojected onto the desired image. The reprojection of the samples, called 3D
warping, is essentially a mechanism of reusing the original rays in many desired images, achieving a
significant compression when compared to the ray-database method. Image-based rendering by warping

(IBRW) is discussed in more detail in the next subsection.

1.1.2 The problem of image-based rendering by warping

If enough photographs of a scene are taken, every surface that can ever become visible to an
exploring user is captured in at least one of the photographs. Photographs are obviously very high-quality

renderings of the surfaces, thus, assuming that the color of a same surface does not change too much from



the photograph (reference image) to the desired image, it seems that all the information required for high-
quality renderingsis available. An IBRW application must solve three problems:
1. find samplesin the reference images for all surfaces visible in the desired image
2. project them in the desired image
3. reconstruct the desired image

McMillan and Bishop presented an elegant solution for the reprojection problem, which | will
review in the next subsection. The first and third problems had no or unsatisfactory solutions. The present
dissertation focuses on the desired-image-reconstruction problem but it also addresses the sample-finding
problem. The algorithm developed for reconstruction can be efficiently implemented in hardware and the
dissertation presents the WarpEngine, a hardware architecture for image-based rendering that relies on the
algorithm devel oped.

1.1.2.1 3D image war ping

A necessary and sufficient condition for reprojecting the samples is to know the reference- and
desired-image camera views and the depth of each sample. The reference image camera parameters define
the 3D ray along which the sample lies, the depth marks the position of the sample along the ray and the
camera parameters of the desired view alow projection from 3D to the desired image plane. These
transformations are elegantly condensed in the 3D warping equations shown in Equation 1.1.

W, W, XU, + W X+ W, d (U, V)
Wy, + Wy, XU, + Wy 3, + W, >d (U, V)
_ Wy W, XUy + Wy W+ Wy, d(u;,v,)

Wy + Wy, XUy + Wy X, +W,, >d (U, V)

u,

vy

Equation 1.1 3D warping equations.

Uy, V, are the desired image coordinates,

uy, v; the original (reference) image coordinates,

the w's are transformation constants obtained from the reference and desired image
camera parameters,

d(uy, vy) is the generalized disparity at sample (u;, v4), which is defined as the ratio
between the distance to the reference image plane and zyo(Us, 1).

The warping equation is equivalent to the vertex transformation operations commonly used in
computer graphics, but allows one to take advantage of the regular structure of images to perform
incremental transformation. The warped coordinates of a sample can be computed with six adds, five
multiplies’, and one divide.

Reconstructing by simply setting a desired image pixel to the color of the sample that warps

within its boundary results in holes thus is not acceptable. Also, more than one visible sample can warp to

L 1f wa, is non-zero (there is a non-zero translation from the reference position) one can save a multiply by
dividing al w's by way.



the same pixel, and ssimply discarding all but one sample produces aliasing. Reconstruction is a challenging

task when warping images with depth.

1.1.2.2 Reconstruction

The 3D warping equation is a forward mapping that takes samples from the reference domain and
maps them to the destination domain. This is fundamentally different from conventional texturing where
an inverse mapping, from the desired image to the texture, is used to establish the color at a particular
location in the desired image. An inverse mapping would be ideal for reconstruction since one could easily
look up all desired image pixels and ensure proper filtering. Unfortunately there is no analytically
computable inverse for 3D warping since the warped coordinates depend also on the depth of the input
samples, which is afree variable. One could search for the reference sample that warps to a certain desired-
image pixel by trying al possible depth values as described in [McMillan97], but the procedure is rather
costly.

Reconstruction for IBRW has been done in one of two ways [Mark97, McMillan97]: with splats
and with a polygonal mesh.

A splat [Westover90] is a representation of the projected shape of the reference sample. The
original use for splats was to render transparency for volume rendering; thus the splats were blended in
front-to-back order. For IBRW, we do not want to blend samples that are at different depths. Rather we
want to overwrite samples that should be hidden and only blend samples that represent the same surface.
Thisis very difficult to do because in IBRW we have no information about surfaces. To prevent samples of
hidden surfaces from showing through, the sizes of the splats are overestimated [Shade98]. However,
overlapping splats can incorrectly erase visible samples, resulting in aliasing. Such a case occurs when a
splat covers completely a neighboring splat that originates from a sample that should be visible.

Good reconstruction can be obtained by connecting the samples of the reference image into a
polygona mesh. Not all samples should be connected, of course, and one has to first find where the mesh
must be disconnected; a simple but robust solution to this problem is presented later in this chapter and then
in more detail in Chapter 4. With meshing, continuity of the surfaces is maintained where desired, and
hardware acceleration increases performance. Although the quality of the resulting images is good, the
mesh method is not satisfactory. One reason is performance; another is efficiency.

Assume that 1280 by 1024 is the targeted resolution and that on average we warp twice the
reference samples as the desired resolution. Two triangles must be rendered for every warped sample. The

average number of triangles per second to sustain aframe rate of 30 Hz is given in Equation 1.2.

N »1280° 1024" 2" 2" 30 » 157Mtris/ s

Equation 1.2 Estimate of the number of triangles that must be rendered every second when
the mesh reconstruction method is used to generate XV GA output.

Neither high-end systems like PixelFlow [Molnar92] or InfiniteReality [Montrym97], nor the

rapidly improving PC 3D graphics accelerators, can produce the necessary performance. Moreover, we



speculate that it will take years for them to reach this sustained level of performance. Even then, we
contend that it will take more hardware than for a machine optimized for IBRW.

The main motivation of this dissertation is the belief that there are reconstruction algorithms for
IBRW with efficient hardware implementation that take advantage of the regularity of image-based
primitives and of the small screen-size of the warped samples.

More must be said to explain the number of reference-image samples required at each frame, used
in Equation 1.2. This number depends on the scene, on how it is modeled, and also on the performance of
the algorithm used to find the necessary samples. One must process (on average) more than one reference
image sample per desired image location because:

there are surfaces that are redundantly captured in more than one reference image;

there are surfaces captured in the reference images that are not visible in the desired image (depth
complexity is greater than one);

there are surfaces that were better sampled in the reference image than in the desired image, which
leads to more than one visible sample per desired image pixel.

Two input samples per output pixel is areasonable lower bound; in practice, | have found that it is
difficult to use fewer. Chapter 6 describes an algorithm for finding the reference image samples needed for
the desired image. With real-time depth-image updates (immediate mode), the number of samples will be

determined by the number, resolution and update rates of the cameras.

1.2 Thesis Statement

The mesh method generates high-quality images because the triangles of the mesh are precisely
rendered employing well-established antialiasing methods that guarantee sub-pixel accuracy. One would
like to achieve the same precision in reconstructing the final image from the warped samples without
paying the high cost of rasterizing two micro-triangles per sample.

Traditionally, triangle rasterization implies the following steps:

1. Setup:
1.1. Compute desired-image plane discrete derivatives of rasterization parameters (color
channels, depth for z-buffering, etc.).
1.2. Compute expressions used to determine which pixels are inside the triangle.
2. Process pixelsinside the triangle (scan-conversion):
2.1. Increment previous pixel parameters to obtain current pixel parameters.
2.2. If not visible, continue.
2.3. If visible, set and continue.

In the case of IBRW, the triangles are typically very small in screen-space (one pixel or less), so
the setup cost cannot be amortized over alarge number of interior pixels at step 2. Setup is expensive since
it isin essence equivalent to solving an equation, or an inverse computation, in order to answer the question

"what should the difference be between the z of two consecutive pixels?' The depth z in the previous



question can be replaced by any of the other parameters such as color channels, texture coordinates. When
the triangle is large, the effort spent answering these questions pays off since the result is used over and
over again for all pixelsinterior to the triangle.

For clarity, traditional rasterization was described above omitting antialiasing. In the case of
antialiasing using k x k regular super-sampling the parameter variations (derivatives) computed at step 1.1
are for 1/ k desired image pixels; in the case of the widely adopted jittered supersampling method, the |
sub-samples are located on a high-resolution K x K regular grid, and at step 1.1 the variations computed are
for 1/ K desired-image pixels. At step 2, all the sub-samples interior to the triangle are processed. Although
the sub-samples are not located in the center of the pixel anymore, they are fixed with respect to the pixel
boundaries. Rasterization is still done backward, from the destination domain (discrete desired-image plane
locations) to the source domain (parameter space); for differentiation with the method | propose, | will call
the traditional rasterization described above backward-mapped rasterization.

The forward rasterization method | introduce processes an entire quad directly and does not
require splitting the quad into two triangles. It generates samples for the quad to be rasterized that are
independent of the pixel grid of the desired image by simply bilinearly interpolating in parameter space.
The interpolation can take place either before or after the perspective projection of the quad, which in the
IBRW context means before or after the 3D warp. Chapter 7 analyses the suitability of forward
rasterization to polygon rendering; for the remainder of this chapter the forward rasterization discussion
will bein the context of IBRW, which isthe main focus of this dissertation.

For further clarification and to begin to convince the reader that the proposed method works, here
are succinct answers to important questions.

In the case of backward rasterization the entire desired-image area covered by the triangle
projectionisvisibility tested and all hidden samples are overwritten. For forward rasterization, how can one
ensure that continuity of surfaces is maintained and that back-surface samples do not show through? To
prevent the problem described, in the case of forward rasterization enough samples have to be generated by
interpolation. Choosing appropriate interpolation factors is described later but for now note that
interpolation factors cannot be overestimated by much since it results in inefficiency.

The method described saves on the rasterization cost, but does it achieve the same high-quality,
sub-pixel accurate reconstruction? Proper antialiasing requires several samples per desired-image pixel,
thus the first step in insuring proper reconstruction is to warp into an intermediate buffer (warpbuffer) that
is of higher resolution than the final image. Remember that interpolation is done in parameter space so the
samples do not map exactly in the center of the warpbuffer locations. The higher the resolution of the
warpbuffer, the smaller the warpbuffer locations and the smaller the truncation errors are. In order to avoid
the large cost of a very dense warpbuffer a pair of offsets is used to more precisely record the point where
the sample warped. After visibility is solved, the offsets are used at reconstruction as described later; two

two-bit offsets and 2 x 2 supersampled warpbuffer produce very good reconstruction results.



The two samples that are compared in the z-buffer visibility test are not exactly coincident in the
desired-image plane, that is the 3D samples do not belong to the exact same ray. Does this cause visibility
artifacts? In rare cases, the problem can cause a farther sample to be incorrectly ruled as visible to the
detriment of a closer sample. For such a case to occur, the two 3D surfaces that generate the pair of
incorrectly z-buffered samples must be close to each other and at an angle with the desired-image plane.
The samples for such surfaces are typically taken from images that sample the surfaces better than the
desired-image thus severa samples of each surface will land at the same warpbuffer location. This
minimizes the chances of a visibility artifact since it is unlikely that all samples of the front surface are
farther than the closest sample of the back surface. In practice | did not find this to be a problem and neither
have researchers who have used splatting for reconstruction, which is al'so prone to the artifact described
(even more so since no higher resolution warpbuffer was used).

Forward rasterization is a simple algorithm, consisting only of bilinear interpolation and a slightly
modified convolution (that uses the offsets), showing potential for efficient hardware implementation.

My thesis:

I mage-based rendering by warping using forward rasterization,
which means parameter-space interpolation and offset reconstruction,
produces high-quality images and can be efficiently implemented in
hardware.

The next section presents a summary of the demonstration detailed in the other chapters of the
dissertation.

1.3 Summary of Demonstration

The thesis makes two direct claims:

1. High-quality images of a 3D scene modeled with depth-images can be obtained using forward

rasterization.

2. The method can be accelerated by efficient hardware.

The proof of the first claim begins with a detailed description of the rendering agorithm, which
shows that the output image is computed according to principles that were proved correct in the literature
and are generally accepted by practitioners as a guarantee for high-quality results. Then empirical evidence
is presented, which consists of images generated with the proposed method for a variety of scenes; the high
complexity of the scenes suggests that the method is general. The image quality is illustrated by the image
itself; no quality metrics are used?.

2 No robust image-quality metrics exist for computer generated images; moreover, image-based rendered
images exhibit different artifacts than the geometry-based rendered images, which makes the existing
quality-metrics unusable.



The second claim will be sustained by presenting a hardware architecture that implements the
algorithm described. Efficiency is demonstrated by showing the reduced number of arithmetical operations
compared to the backward rasterization. Also the architecture is a single-chip design. Configurations with
several identical nodes are capable of sustaining interactive framerates even in the case of high output
resolutions.

It is important to note that the thesis makes an indirect third claim. The reader will remember that
image reconstruction is just the third step of IBRW. A complete IBRW system also must solve the problem
of finding the depth-and-color samples required for the current desired view, which, as stated earlier, is an
open problem. Although not strictly required for the soundness of the thesis demonstration, | do address the
problem of sample finding for completeness and in order to give the devised architecture practical
usefulness.

The next three subsections el aborate demonstrations of the three claims.

1.3.1 Rendering Algorithm

One has to treat the depth image as connected (as in the mesh approach) in order to prevent
samples of hidden surfaces from showing through. The triangles resulting from the mesh method are very
small in screen space, thus scan-conversion time is dominated by setup. Instead of conventional, backward
rasterization, | propose simply bilinearly interpolating between connected samples in the reference image
domain, reducing per-sample setup.

The algorithmis:

For all adjacent, connected samples

Bilinearly interpolate color and depth to obtain subsamples
Warp resulting subsamples to desired image space
Z-composite war ped subsampl es into the war pbuffer

In order to reduce aliasing, the warping is done into a sub-pixel resolution warpbuffer (usually
2x2), which is then filtered to produce the final image in the frame buffer. The subsamples are z-buffered.
The interpolation factor (number of subsamples created in each of the x and y directions) is critical in order
to ensure that (1) back surfaces do not show through, and (2) not too many subsamples are generated®. The
computation of the interpolation factor is described in more detail in Chapter 4.

Recall that the reference-image depth information is stored as generalized disparity that is
proportional to 1/Z., which is linear in image space. Consequently, if the four neighboring samples are
planar, the sub-samples resulting from the interpolation are correctly located on the same plane. If the
samples are not coplanar, the sub-samples define a general bilinear patch. Adjacent patches exhibit C°

continuity.

% Out of efficiency considerations, one must generate the smallest number of subsamples that meets
condition (1).



An alternative rendering algorithm, to save the cost of warping the sub-samples (dominated by the
inverse computation, see Equation 1.1) is to first warp the reference-image samples and then interpolate.
This till avoids the triangle setup costs. Just as when interpolation is done in reference-image space, if the
original samples lie on a plane, the sub-samples are also on the plane. However the similarity between the
two methods ends when the four original samples are not coplanar and the resulting screen-space quad
might be concave (resulting in a "bow ti€", see Figure 1.1). The simulations show that this is a very

infrequent case, which usually occurs between silhouette samples that were marked as disconnected

anyway.
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Figure 1.1 Four neighboring samples forming a concave quad when warped. Interpolating
in desired-image space produces the sub-samples shown with little squares, which is different from
the projection of the surface on the image plane. When interpolating in reference-image space and
then warping, the surface projection is approximated better, but at higher computational cost.

1.3.1.1 Determining Connectivity

| developed an inexpensive way of detecting which samples should not be connected by
interpolation, based on the surface curvature. At every reference image sample an approximation of the
second derivative® of the generalized disparity is computed along four directions: E-W, SE-NW, N-S, and
SW-NE. If the surface sampled is planar the second derivative is exactly zero. If it exceeds a threshold

(which is unique per scene) the samples are marked as disconnected (see Figure 1.2).

1.3.1.2 Reconstruction Using Offsets

The goal is to render high-quality, antialiased images. Conventional jittered supersampling is not
an option because of the forward-mapping nature of the warping process; warping produces sub-samples
that do not correspond exactly with the centers of warpbuffer locations. Even with a 2x2 warpbuffer,
aliasing is noticeable.

The proposed alternative is to compute the (X, y) location of the warp to a precision higher than
that of the warpbuffer, and store that more precise location as an offset from the corner of the warpbuffer

location. The offsets are used during reconstruction to obtain better filtering and a higher-quality final

* difference of neighboring differences



image. | have found that a 2-hit offset in each of x and y directions (total of 4 bits per warpbuffer location)
provides good results. This, combined with a 2x2 warpbuffer, locates the warped subsamples to within one-

eight of apixel (see Figure 1.3). Theresultsareillustrated in Figure 1.4.

Figure 1.2 Depth-discontinuity detection in the reference image. The vertica and
horizontal depth discontinuities are marked in green and red, respectively. On black and white
copies the depth discontinuities appear as lighter pixels at silhouettes. The detection algorithm
works well in spite of the great range of distances in the image.
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Figure 1.3 Efficient reduction of the truncation errors using offsets. In the