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Rendering for Multiplanar 3-D Displays

All references to published works herein are expressly incorporated herein by reference.
Potentially relevant information includes:

o U.S. 6,888,545 (to Actuality) “Rasterization of polytopes in cylindrical
coordinates”

o U.S. 6,489,961 (to Actuality) “Rasterization of Lines in a Cylindrical Voxel Grid”
e U.S. 6,554,430 (to Actuality) “Volumetric Three-Dimensional Display System”
e U.S. 6,885,372 (to Actuality) “Rasterization of Lines in a Polar Pixel Grid”

e Publication No. US-2004-0135974-A1 (to Actuality) “System and Architecture
for Displaying Three-Dimensional Data”

Introduction

Perhaps an underestimated challenge is providing an effective software framework for
developing 3-D applications for spatial displays. Solving this problem is the ultimate task
for Actuality Systems’ Spatial GL API. The analogous problem of developing 3-D
software for 2-D displays is well studied and solutions are widely deployed. A
straightforward but naive application of such a framework, while likely to be marginally
effective, is unlikely to fully exploit the intrinsic advantages afforded by a true spatial
display. In fact, each of several classes of spatial display possesses such distinguishing
characteristics. Ultimately, the goal of Spatial GL is to provide a universal framework for
all spatial displays (including conventional 2-D displays). The particular focus of this
disclosure is the Spatial GL pipeline implementation on Actuality Systems’ Perspecta
display.

Still, the current state-of-the-art in traditional 3-D graphics on 2-D displays provides two
ample foundations on which to design and implement Spatial GL. Even in light of
substantive differences between rendering to 2-D and spatial displays, there remains a
conspicuous analogy between the two. At least conceptually, segments of the entire
process can be adapted to motivate particular implementations. Also, the considerable
mass-market penetration of powerful and affordable 3-D graphics processing units
(GPUs) is impossible to ignore. Even if GPUs cannot directly implement Spatial GL, they
can be reprogrammed to perform certain parts of Spatial GL. Tying the implementation of
Spatial GL to the performance of commodity GPUs, which double in performance every 6
to 9 months (compared to 18 months for CPUs), will be a tremendous advantage in the
future.

This being said, first consider the canonical 3-D graphics pipeline.
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The Canonical 3-D Graphics Pipeline

The canonical 3-D graphics pipeline converts descriptions of 3-D objects and scenes into
2-D images. Several different approaches are available (e.g. ray-tracing, voxel, surfel,
Reyes), but, particularly for real-time applications, the most common approach by far is
the triangle rendering pipeline (Figure 1: Canonical 3-D Graphics Pipeline). The two
most ubiquitous real-time 3-D graphics APIs, Direct3D and OpenGL, both expose such a
pipeline.
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Figure 1: Canonical 3-D Graphics Pipeline

The triangle rendering pipeline has many advantages for real-time applications. Because
it uses triangles as a rendering primitive, all major operations can by evaluating linear
equations. Other primitives, such as points and lines, can be rendered as triangles, and
curved surfaces can be approximated to an arbitrary degree of accuracy using triangles.
Each stage of the pipeline is itself highly parallel, encouraging extremely efficient
hardware implementations in GPUs.

The goal of the triangle rendering pipeline is to synthesize 2-D digital images that a
camera would capture in a virtual scene comprised of triangles. The basic operation is
described as follows. An application passes geometry (described as vertices) to a GPU
through an API (e.g. Direct3D or OpenGL). The GPU maps these vertices into a view
volume, which is the region of space that can be seen by the virtual camera. The view
volume is projected onto a 2-D surface that represents the view of the camera. This
surface is sampled to synthesize the final 2-D digital image output.
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Modern GPUs are now programmable. Instead of providing a small set of selectable
rendering modes for each stage, certain stages expose an instruction set to allow client
applications to request arbitrary computations. This provides the opportunity to tap a
GPU as a general-purpose computation resource; essentially, the programmable stages
are used as highly parallel floating-point processors. The inexpensive, mass-market
nature of video cards, as well as their extremely steep performance growth, makes GPUs
an attractive target for non-graphical computation (ref: www.gpgpu.org), or non-
traditional graphics algorithms such as Spatial GL. Actuality Systems is developing
Spatial GL.

SpatialGL Graphics Pipeline for Perspecta
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Figure 2: Spatial GL Graphics Pipeline for Perspecta

The Spatial GL graphics pipeline (Figure 2: Spatial GL Graphics Pipeline for Perspecta) is
strongly modeled after the canonical 3-D graphics pipeline. Conceptually, they are
structured the same way. However, unlike the canonical 3-D graphics pipeline, the
Spatial GL graphics pipeline does not necessarily project the entire virtual scene onto a 2-
D image surface.

Instead, it divides the scene into a sequence of slices.

The Perspecta display contains a spinning screen synchronized to a high-speed digital

projector. Each revolution, Perspecta strobes 396 different image slices so rapidly that
visual persistence causes an observer to perceive the images as a single image volume.
The goal of the Spatial GL graphics pipeline is to compute the contents of each of these
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image slices to present a synthetic image volume to observers. The Perspecta display is
described in R.K. Dorval, et al, “Volumetric three-dimensional display system,” U.S.
6,554,430 (2003).
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Slice View Volume

The key observation is that computing the contents of these image slices is very similar to
what a GPU does. However, instead of rendering a single view per 2-D image, the GPU
must render 396 slices per 3-D image on Perspecta. Because the screen is constantly
spinning, and the high-speed digital projector strobes images for a brief duration, each
slice actually occupies a volume of space. To compute the image for a particular slice,
render the scene using the canonical rendering pipeline while setting the view volume to
be the occupied by the slice. Usually, setting a projection matrix transformation or
writing a vertex shader program accomplishes this task. Unfortunately, the shape of the
slice volume is not simple; instead of being a convex volume, it crosses itself along the
axis of screen rotation (Figure 4: Slice Volume). It is impossible to specify such a view
volume in the usual ways.
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Figure 4: Slice Volume

Figure 3: top-down view of
Perspecta

Bounding Slice Volume

The simplest approach is to make the best effort using only the standard projection matrix
transformation. It is impossible to specify the actual shape of the slice volume this way,
but it is possible to specify a view volume that tightly bounds the slice volume. The
bounding slice volume is simply a rectangular prism with near and far clip planes that are
parallel to the slice plane, and whose left, right, top and bottom clipping planes frame the
left, right, top and bottom boundaries of the slice image (Figure 4: Slice Volume) The
result is a thin orthogonal view volume, which is easily expressed as a projection matrix
transform.

The bounding view volume includes too much of the synthetic image, particularly near
the axis of rotation. Using bounding slice volume generates recognizable synthetic image
volumes, but the parts of the image volume near the axis of rotation are very blurry and
too bright.

Clipping

The bounding slice volume is a good start, but insufficient to synthesize satisfactory
image volumes. Slice rendering should avoid including the extraneous regions of the
bounding view volume. This can be done using clip planes.

User Clip Planes

Most 3-D rendering APIs (including OpenGL and Direct3D) include clip planes. Clip
planes constrain rendering to occur only in an arbitrary half-space. The clip plane
partitions the view volume, and only rendering on one side of the clip plane is accepted.
Multiple clip planes can be enabled, and only rendering accepted by all enabled clip
planes is accepted. This means that multiple clip planes can only bound convex volumes.

However, the actual slice volume is concave. In order to use clip planes to bound this
actual slice volume, the slice volume must be decomposed into concave regions, and each
concave region must be rendered separately. Using this technique, slice rendering
requires two passes, one for each concave “lobe” of the slice volume.
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Shader Clip Planes

It is possible to program a GPU to perform clipping to the slice volume in a single pass
by using vertex and fragment shader programs rather than user clip planes. Two
intersecting planes bound the slice volume, but user clip planes do not combine correctly.
Instead, a vertex shader can evaluate the clip plane equations, and a fragment shader can
accept only the appropriate fragments.

A clip plane equation (a, b, ¢, d) partitions the view volume into a negative half-space
and a positive half-space. A projective point (X, y, z, w) is in the negative half-space if
ax+by+cz+dw < 0 and in the positive half-space otherwise. Because it is a linear
expression, the plane equation can be evaluated per-vertex and interpolated during
rasterization. The interpolated plane equation evaluations are passed to the fragment
program.

~———— S~

gamq_ g\\\bn D“\Q'FU@,\AV g\\

jV\
AftowWs ?6\\/\_\ \a —\\J\q. A\«cc‘;\\m & *}a,
Qos‘\\\w_ \I\q\'F—B?Q(&.

Figure 5: Slice Orientation

If the clip planes are oriented as shown on the left, then the fragment program should
accept fragments where both clip plane signs are the same sign (their multiplicative
product is positive). Alternatively, if the clip planes are oriented as shown on the right,
then the fragment program should accept fragment where the clip plane signs are
different (their multiplicative product is negative).

Rendering Dead Zone

The axis of rotation persists in creating problems whether user or shader clip planes are
used. Because of numerical precision problems, clipping suppresses rendered near the
axis of rotation. Because the distance between the clip planes is so short near the axis, it
is unlikely that any fragments will be accepted in this region, creating a visible dead
zone.

Plane Offset

One simple solution to eliminate the dead zone is to offset clip regions. Instead of setting
the clip planes to tightly enclose the slice volume, bias the clip planes to enclose more
space particularly near the axis of rotation. The clip planes can be tapered so that the clip
region is tighter near the edge of the slice (Figure 6: Tapered Slice Volume), where the
offset is not necessary.
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Figure 6: Tapered Slice Volume

If the clip planes are tapered, then each lobe of the slice volume requires its own clip
planes. This means that clipping must be done in two passes.

Evaluation Bias

If the clip planes are parallel to the slice planes, then clipping can be done in a single
pass. The plane equation evaluations for parallel planes differ only by a constant bias, so
the plane equation evaluation can be reused in the fragment program with different
biases. This allows clipping to occur in a single pass, even with plane offsets.

Figure 7: Biased Plane Equation Evaluation

Hyperbolic Clipping

There are several disadvantages to using clip planes parallel to slice planes. This
technique uniformly dilates the clip volume, but the dilation is only necessary near the
axis. Rendering to the slice either requires two passes or requires additional computation
in the fragment program. One solution is to apply the bias after the plane equation
evaluations are multiplied rather than before. The resulting clip region is a hyperbola
(hyperbolic cylinder), where the clip planes are the asymptotes. The region near the axis
is dilated, and bounds near the edges shrink asymptotically tighter.
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Figure 8: Hyperbolic Clipping Volume

ACS-0026/ ASI0128



Degenerate Sections

Some triangle orientations produce sections that are very thin. For example, any plane
perpendicular to the axis of rotation would only intersect each slice in a line. However,
because triangle rendering within each slice is ultimately performed as triangle rendering
on the GPU, degenerate sections will not generate any fragments during GPU
rasterization. The GPU will cull the lines as triangles with zero projected area during
primitive assembly.
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Figure 9: Sliver Triangle

The case does not improve substantially for nearly degenerate or sliver triangles (Figure
9: Sliver Triangle). The GPU rasterizer samples triangles with limited resolution, so
nearly degenerate triangles cause aliasing that manifests as disconnected groups of
fragments. The GPU implements rasterization rules that are robust enough to ensure that
meshes of nearly degenerate triangles produce connected groups of fragments, but
adjacent fragments may not necessarily be part of the adjacent triangles. This is an
adequate guarantee for OpenGL, but it insufficient for SpatialGL.

In fact, it is extremely difficult to achieve analogous guarantees for triangle rasterization
for a display whose geometry is as unusual as Perspecta. Ideally, Spatial GL prefers
rasterization rules that guarantee continuous fragment generation even for degenerate
primitives, but of course these rules are incompatible with the rasterization rules
implemented on GPUs. The solution, instead, is to reduce the likelihood of geometric
aliasing artifacts during slice rendering.

The brute force solution is to simply increase the sampling resolution of each slice to
reduce the set of triangles that induce geometry aliasing. This can be done simply by
increasing the render target resolution (supersampling) or slightly more efficiently by
enabling multisample anti-aliasing. Unfortunately, this solution is very detrimental to
performance; the GPU is already fillrate limited during Spatial GL rendering. More
importantly, it can never properly handle all slivers or prevent the culling of truly
degenerate sections.

Instead, the solution is to manipulate the projection of the primitives. The projected area
of a triangle depends on the projection matrix transformation. The projection matrix
should be modified to distribute degenerate triangle orientations so that no single
orientation (e.g. perpendicular to the axis of rotation) reliably creates degenerate
triangles, and that no individual triangle is degenerate over a wide range of slices.
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It is simple to predict triangle degeneracy for a given projection transformation. Each
triangle defines a plane; degenerate triangles define planes that contain the eye point
(sliver triangles define planes that nearly contain the eye point). For an orthogonal
projection, the eye point is infinitely distant, but in a particular direction; this is a well-
defined point in projective geometry.

This observation indicates that an orthogonal projection is not a good choice for slice
rendering; for a given slice, all triangles with a particular plane orientation will be
degenerate. A perspective projection is a better choice; in this case, triangle degeneracy
depends on both plane orientation and position.

If each slice had a different projection transformation then it is unlikely that a triangle
degenerate in one slice is also degenerate in adjacent slices. The implementation of
Spatial GL does this by jittering the eye point location and randomly shearing the
projective planes by subpixel distances. This technique also has the beneficial side effect
of suppressing aliasing patterns that could arise from other sampling issues; such aliasing
patterns will produce uncorrelated noise instead of Moire patterns. The jitter and shearing
is randomized between slices, but each slice consistently uses the same projection matrix
to maintain rendering invariance.

Conservative Rasterization

A different approach to handling degenerate sections is to perform conservative
rasterization through a per-primitive fixup. Currently, this is difficult (but not impossible:
see GPU Gems 2) cannot be hardware accelerated because of the single vertex in/single
vertex out constraint in vertex shaders. Future GPUs will include geometry shaders that
will allow per-primitive operations to be completely programmable and hardware-
accelerated.

An alternative is to perform conservative rasterization on a CPU. Doing so obviously
negates the benefits of a GPU, but can be viable for very simple shading (e.g. flat shaded
untextured rendering). One approach is to use the method described in <Hierarchical
Triage Masks>. The choice of CPU v. GPU rendering can be performed by the SpatialGL
implementation; in fact, both can occur simultaneously and composited later (e.g. simple
cursor rendered on CPU in parallel with complex scene rendered on GPU).

Image Reformatting

After the GPU computes a slice image, it must be downloaded from the GPU and
uploaded to the digital projector. However, the most efficient image format for the GPU
is 8-bits for four channels (red, green, blue and alpha for a total of 32-bits per pixel), but
the digital projector only supports 1-bit per color channel (red, green and blue for a total
of 3-bits per pixel). One solution is to simply transfer the 32-bit images directly to the
projector. However, this amounts to over 90% waste in bandwidth because only 3-bits are
necessary. This waste is unacceptable because bandwidth out of a GPU is typically too
low.

ACS-0026 / ASI0128
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A better solution is to halftone the image and pack as many 3-bit pixels into a single 32-
bit pixel using the GPU. A fragment program binds the slice image as a texture and
fetches 8 horizontally adjacent pixels from the slice image. The red, green, and blue color
channels of each pixel are compared against a threshold from an ordered dither matrix,
resulting in a 3-bit, halftoned color for each input pixel. Each 8-bit color channel of the
output color contains the 8 halftoned bits for the corresponding color channel of each
input pixel.

Theoretically, it is possible to pack 10 3-bit pixels in a single 32-bit pixel, but it is
computationally more efficient to align the packing on color byte boundaries. The
tradeoff is GPU computation for GPU bandwidth, and more complicated approaches
simply shift the bottleneck to computation rather than communication.

SpatialGL Optimizations for Perspecta

GPUs are substantially more efficient than CPUs at 3-D rendering, but each SpatialGL
frame still requires hundreds of slices to be rendered and hundreds of megabytes of image
data to be processed and transmitted. Binning and tiling are two important techniques to
improve the performance of the Spatial GL implementation on Perspecta.

Binning

Overall Spatial GL rendering performance can substantially improve if a small amount of
CPU work can coarsely simplify the scene for each slice. This CPU operation is called
binning. During binning, the CPU determines which primitives must be rendered in each
slice. Binning is a conservative estimate; for each slice, the rendered set of primitives
must contain all the primitives that would be actually visible in that slice. Essentially,
binning is a scene acceleration algorithm (such as frustum culling) adapted for Perspecta
display geometry.

Tuning a scene acceleration algorithm to find the sweet spot between CPU and GPU load
is a difficult problem exacerbated by the disproportionate performance scaling between
CPUs and GPUs. If an algorithm is tuned to a particular generation of CPU/GPU
technology, that same algorithm will almost certainly become CPU bound for the next
generation technologies. This phenomenon happens regularly and predictably in
computer games. The situation is so severe that developers must undertake extreme
measures to avoid overloading the CPU even for contemporary technologies; function
call overhead to the rendering API alone can become a significant if not dominant
performance factor (more so for Direct3D than OpenGL) in a 3-D application.

Thus, it is extremely important to be sensitive about the issue of CPU load, particularly
because the CPU is almost always performing other tasks besides issuing function calls to
the rendering APIL. In the case of Perspecta, the CPU is responsible for the general
management of the entire embedded system, including running a full operating system.
Binning is necessarily simple, and likely to become even simpler in future generations.

Binning occurs in two stages; the first stage sorts each vertex into binning regions, and
the second stage sorts each primitive into binning regions. Like slice planes, bin regions
are bounded by planes coincident with the axis of rotation. Bin regions contain the slice
volumes bound with the bin planes. Each slice in a bin must only render the primitives
contained in the bin.
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Figure 10: Bin Planes and Bin Regions

Vertex Outcodes

Binning computes the post-transform positions for each vertex. This process is different
from executing the complete vertex program because optional attributes are not
computed. From the post-transform position, each vertex is labeled with binning
outcodes. A binning outcode is the whether the vertex lies on the positive or negative
half-space of a bin plane.

Bin planes are selected so that the half-space computation is as simple as possible. The
planes are coincident with the axis of rotation (the y-axis), so the y and w coefficients
must be 0. The coefficients of bin planes should only be 0, 1 and -1, so evaluating the
plane equation only requires addition. The bin planes are the xy plane (0, 0, 1, 0), the yz
plane (1, 0, 0, 0), the x=z plane (1, 0, -1, 0) and the x=-z plane (1, 0, 1, 0).

Primitive Outcodes

The vertex binning outcodes are used to compute primitive binning outcodes. The
vertices in a primitive computes the primitive outcodes by combining the vertex outcodes
with Boolean operations. The “and” of all the vertex outcodes in a primitive computes the
bin planes for which the primitive is entirely on the positive side. Correspondingly, the
“or” of all the vertex outcodes in a primitive computes the bin planes for which the
primitive is entirely on the negative side (Figure 11: Triangle Outcode).
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Figure 11: Triangle Outcodes
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Two bin planes bound each binning region. Primitive outcodes effectively determine the
binning regions that the primitive intersects (primitives may extend into several binning
regions) in a manner similar to frustum culling. Primitives entirely on the opposite side of
a bin plane from the binning region are rejected.
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Binning Refinements

The outcode computation is fast, but relatively coarse. By necessity, binning is
conservative, so triangles are issued to more slices than necessary. There are a number of
techniques that may be used to make binning more accurate, so triangles are issued to
fewer slices.

Complete Sectioning

The most obvious approach is to compute the intersection between each primitive and
each slice. This can be performed either by computing the intersections between the
bounding planes of the slice and the edges of the triangles, or by performing cylindrical
rasterization <see U.S. Pat. 6,888,545, to Actuality>. The intersection method has the
advantage of being simpler, linear and easily parallelizable, but requires more
multiplication instructions, which can create a computational bottleneck. Performing
coarse, outcode-based binning first and implementing plane intersections in parallel
reduce the cost of these multiplications. The cylindrical rasterization method has the
advantage of requiring fewer multiplications, but requires more complicated primitive
setup computation involving evaluating high-precision trigonometric functions.

Both methods require handling several different cases for primitive/slice intersection
including when the primitive intersects the axis of rotation and when the slice volume
clips different numbers of vertices. In return, this approach has the benefit of eliminating
slice volume clipping. However, in the current implementation of Spatial GL for
Perspecta, this would shift much of the computational burden from GPU to CPU.
Primitive/slice intersections are simple for points and lines and absolutely mandatory for
tetrahedra. For triangles, this may be a feasible solution at the present, but in the future it
is probably not desirable because GPUs are scaling in performance much faster than
CPUs.

Slice-Accurate Binning

An approach that reduces the CPU burden from complete sectioning is to compute the
range of slices occupied by each primitive. Effectively, this performs slice-accurate
binning. Given the vertices that define the primitive, it is possible to compute the
cylindrical theta ranges for that primitive. If the coarse, outcode-based binning occurs
first, most of the case handling has already been hoisted outside the loop, streamlining the
range computation. Because coarse binning is in semi-quadrants, slice ranges can be
computing by slopes rather than angles. This reduces arctangent computations (expensive
library calls) to a single division operation (which is still expensive, but much cheaper
than atan2).

Hierarchical Binning

Binning does not need the precision of slice-accuracy. There exists an implementation-
and data-dependent division of labor between CPU and GPU. One approach to
accomplish this is to perform binning hierarchically. The binning tests can return triage
results — whether the triangle is completely inside, completely outside or partially in and
out of a bin. Binning can be selectively refined for the partial in/out case and can proceed
until the implementation-/data-dependent optimal is reached. Like the top-level, coarse
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binning planes, finer binning planes should be selected based on computation efficiency
rather than slice alignment. Effectively, this means performing the binning computation
in slope-space rather than angle-space, much like CORDIC methods for trigonometric
computation.

Primitive Sorting

The problem with the other binning refinements is that they do not consider how GPU
performance varies wildly depending on the way primitives are issued. The other
approaches would either require many element buffers or direct/immediate-mode
rendering, both of which are undesirable. A different approach is to perform coarse or
hierarchical binning up to a statically determined level, and then interval sort the
primitives by slice ranges. This way, the number of element buffers is fixed, but the draw
calls address different, dynamically adjusted ranges of the element buffer. The per-slice
draw calls are no more complex than the coarse, outcode-based binning draw calls, but
can be targeted at a much finer slice granularity.

Large primitives make interval sorting much less beneficial. This can be addressed during
hierarchical binning by keeping all the primitives in a single element buffer, but issuing a
separate draw call for each level of the hierarchy. Effectively, the hierarchy is sorted first
be size, then by position. As in hierarchical binning, this division can be made adaptively.

Tiling

Perspecta slice images tend to be very sparsely populated; most of the content of a slice is
empty space. Halftoning, packing, and downloading this empty space wastes GPU
computation and bandwidth. Tiling provides a way to skip empty regions and improve
halftoning, packing and downloading performance.

Tile Queries

GPUs provide a stencil buffer that can be used to mark regions that have been rendered
to. They also provide occlusion queries that can be used to query regions of the stencil
buffer for marked regions. Before each slice is rendered, the stencil buffer is cleared to 0
and stencil writes are enabled. Every rendered fragment marks the stencil buffer as 1.
When the slice rendering is complete, the GPU disables all framebuffer writes and sets
the stencil test to check where the stencil buffer equals 1. Then, occlusion queries are
issued by rendering tiles to the slice. Because framebuffer writes are disabled, this has no
effect on the image itself. Because the stencil test is enabled, the occlusion query for each
tile will return the number of pixels where then stencil buffer is 1.
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Figure 12: Tile Query Example

Now, it is known which tiles contain non-empty regions. Only these regions are
halftoned, packed and downloaded. Smaller tiles are more effective at eliminating empty
space, but smaller tiles may not be rendered as efficiently by the GPU, leading to a
tradeoff. The current implementation of Spatial GL uses tiles that are 32 pixels square.
For most scenes, only 10% of these tiles are non-empty, yielding large performance
benefits.

Tile Batching

Performing stencil clears and issuing occlusion queries adds some overhead to slice
rendering. Performing tiling on groups of slices significantly reduces this overhead;
effectively, tiles extend into adjacent slices, making 3-D tiling regions. The current
implementation of Spatial GL performs stencil clears and occlusion queries only every 4
slices.

Adaptive Tiling

There are intrinsic costs to performing tile queries. First, there is the overhead of issuing
(API overhead, queuing, and geometry issuance) and reading occlusion queries (potential
synchronization and/or polling overhead). Second, there are the rasterization/fragment
tests used by performing the query. In the case where tiles are mostly empty (as in point,
line, and triangle scenes), this means too many occlusion queries are issued. In the case
where tiles are mostly full (as in typical volumetric scenes), too many fragment tests are
generated. An adaptive tiling scheme can mitigate both scenarios.

If each tile had an empty/non-empty history, the tiling scheme could take advantage of
temporal coherence. It can assume that tiles that are frequently non-empty will remain
non-empty. This means that queries for such “hot” tiles are issued less frequently, and are
assumed to be non-empty when queries are not issued. A simple implementation would
be to have a single bit of state per tile. If the bit is true, then the query is assumed to
succeed and set to false. If the bit is false, then the query is issued.
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If tiles were sorted in a hierarchical fashion (e.g. quadtree), then groups of adjacent tiles
with similar histories can be issued with a single “super query.” The super query
encompasses the rasterization results for an entire group of adjacent tiles and would
reduce the total number of queries issued. <see GPU Gems 2>
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