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Hybrid Hidden-Line Processor and Method

[0001] This invention relates to a method, a product data management data processing
system and a computer-readable medium for providing hybrid hidden-line processing

for a plurality of polygons according to the independent claims.

BACKGROUND OF THE DISCLOSURE

[0002] The present disclosure is directed, in general, to computer-aided design,
visualization, and manufacturing systems, product lifecycle management (“PLM”)
systems, and similar systems, that manage data for products and other items
(collectively, “Product Data Management” systems or PDM systems).Conventional
computer graphics display systems use various types of processing to generate two-

dimensional images of three-dimensional objects.

SUMMARY OF THE DISCLOSURE

[0003] Various disclosed embodiments include systems, methods, and computer-
readable media. A method for providing hybrid hidden-line processing for a plurality
of polygons representing tessellated image data, wherein each polygon comprises a
plurality of edges, is disclosed. The method includes generating a back-facing plate
comprising polygons on a back-facing side of a silhouette of the tessellated image
data and a front-facing plate comprising polygons on a front-facing side of the
silhouette of the tessellated image data. The method includes tracing the edges and
identifying at least one visibility change pixel in each of a subset of the traced edges.
The method includes, for each visibility change pixel, determining whether the traced
edge is from the same plate as a polygon corresponding to the visibility change pixel.
The method includes, for each traced edge that is determined to be from the same
plate as the polygon corresponding to the visibility change pixel, displaying the traced
edge.

[0004] The foregoing has outlined rather broadly the features and technical
advantages of the present disclosure so that those skilled in the art may better
understand the detailed description that follows. Additional features and advantages
of the disclosure will be described hereinafter that form the subject of the claims.

Those skilled in the art will appreciate that they may readily use the concepts and the
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specific embodiment disclosed as a basis for modifying or designing other systems for
carrying out the same purposes of the present disclosure. Those skilled in the art will
also realize that such equivalent constructions do not depart from the spirit and scope

of the disclosure in its broadest form.

[0005] Before undertaking the DETAILED DESCRIPTION below, it may be
advantageous to set forth definitions of certain words or phrases used throughout this
patent document: the terms “include” and “comprise,” as well as derivatives thereof,
mean inclusion without limitation; the term “or” is inclusive, meaning and/or; the
phrases “associated with” and “associated therewith,” as well as derivatives thereof,
may mean to include, be included within, interconnect with, contain, be contained
within, connect to or with, couple to or with, be communicable with, cooperate with,
interleave, juxtapose, be proximate to, be bound to or with, have, have a property of,
or the like; and the term “controller” means any device, system or part thereof that
controls at least one operation, whether such a device is implemented in hardware,
firmware, software or some combination of at least two of the same. It should be
noted that the functionality associated with any particular controller may be
centralized or distributed, whether locally or remotely. Definitions for certain words
and phrases are provided throughout this patent document, and those of ordinary skill
in the art will understand that such definitions apply in many, if not most, instances to
prior as well as future uses of such defined words and phrases. While some terms
may include a wide variety of embodiments, the appended claims may expressly limit

these terms to specific embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] For a more complete understanding of the present disclosure, and the
advantages thereof, reference is now made to the following descriptions taken in
conjunction with the accompanying drawings, wherein like numbers designate like

objects, and in which:

[0007] FIGURE 1 illustrates a block diagram of a data processing system in which a
hybrid hidden-line processor may be implemented in accordance with the present

disclosure;
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[0008] FIGURES 2A-G illustrate examples of various images that may be processed

by the data processing system of FIGURE 1 in accordance with the present

disclosure;

[0009] FIGURE 3 illustrates a portion of the data processing system of FIGURE 1 in

accordance with the present disclosure;

[0010] FIGURE 4 illustrates details of the hybrid hidden-line processor and memory

of FIGURE 3 in accordance with the present disclosure; and

[0011] FIGURE 5 is a flowchart illustrating a method for providing hybrid hidden-

line processing in accordance with the present disclosure.

DETAILED DESCRIPTION

[0012] FIGURES 1 through 5, discussed below, and the various embodiments used to
describe the principles of the present disclosure in this patent document are by way of
illustration only and should not be construed in any way to limit the scope of the
disclosure. Those skilled in the art will understand that the principles of the present
disclosure may be implemented in any suitably arranged device. The numerous
innovative teachings of the present application will be described with reference to

exemplary non-limiting embodiments.

[0013] A common problem in generating two-dimensional images of three-
dimensional objects relates to the identification and removal of hidden lines, (i.c.,
lines that a user may not want to display because they would appear as hidden due to
the viewing angle and/or because they are obscured by another object in the scene).
Generally, the methods of identifying hidden lines are either image space algorithms
or object space algorithms. However, disadvantages exist with respect to both of

these techniques.

[0014] Image space processing includes the use of a depth buffer, or Z-Buffer, which
divides the screen into pixels and performs visibility processing based on the pixels.
If more than one object exists at a pixel location, the data related to the part of the
object closest to a viewer would be used in generating the display, thereby hiding any

part of the image that is farther away from the viewer at that pixel. Using image
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space processing results in relatively quick image generation. However, the accuracy

associated with this process is less than what is desired for many applications.

[0015] Object space processing, such as those using facetted or precise mathematical
representations of the image data, provides greater accuracy as compared to image
space processing. However, for users creating drawings of relatively large assemblies
(e.g., entire automobiles, ships, etc.), object space techniques may require too much
time in displaying the image and too large of a memory footprint. In general, the
more accuracy provided by a particular technology, the slower the image generation

and the larger the memory footprint associated with the technology.

[0016] Thus, for example, a Z-Buffer may define a fixed resolution across the view
(e.g., 1000 pixels in X and 1000 pixels in Y). The image to be displayed may be
tessellated, which provides a planar approximation of any curved faces of an object by
generating a connected mesh of polygons, or facets, representing the object. The
polygons and edges are scanned into the Z-Buffer. The “winner” of each of the pixels
after the scan corresponds to the hidden-line image. This Z-Buffer algorithm has
linear performance as the size of the model increases (i.e., it is an order-n system).
Due to its order, this is generally the fastest type of hidden-line processor. In
addition, the memory requirement for the polygons is constant as the number of
polygons increases, and the memory requirement for the edges is linear as the number

of edges increases.

[0017] However, the accuracy of a Z-Buffer technique is limited by the number of
pixels placed across the view (e.g., 1000 pixels across a large assembly is relatively
small). This is manifested by overshoots and undershoots on the resulting image.
Also, all coordinates are rounded to an integer in order to map to the Z-Buffer pixels.
This rounding can produce degeneracies and associated visibility flaws in Z-Buffer
coordinates. In addition, it is difficult to extract an edge from the Z-Buffer, and a

polyline or curve output is required for drawing creation and annotation.

[0018] A facetted hidden-line processor, which uses an object space technique,
generally requires that all of the facetted edge segments be intersected with all other
facetted edge segments in the model. This creates a series of edge pieces, each of

which has one visibility. Visibility of each of the edge pieces is then determined by
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topology, ray casting, or other geometric test. Object spaced algorithms attempt to

limit the number of intersection candidates and ray fire candidates to the fewest

number possible.

[0019] The benefits of an object space, facetted hidden-line processor over a precise
hidden-line processor include only having to perform intersections between facetted
edge segments instead of between precise curves. Line segments are two lines and
thus their intersection is relatively fast. Also, the accuracy of the visibility change
points is limited by the tessellation tolerance (e.g., 1.0e-03 or 1.0e-04 model units),
which results in a much more accurate image as compared to that obtained from a Z-
Buffer. Finally, the edges are readily available to place on a drawing (i.c., the edges

are the output of the hidden-line processor directly).

[0020] However, the order of any object space algorithm is n®. Thus, while each of
the intersections of a facetted algorithm is relatively cheap, the order of the algorithm
will eventually dominate, making this technique much slower than the Z-Buffer
algorithm. In addition, although all techniques attempt to limit the number of
intersection candidates, n, the order of the technique remains n’. Furthermore, the
edges appear facetted as they are placed on a drawing. Also, the memory requirement
for the polygons is linear as the number of polygons increases, and the memory

requirement for the edges is linear as the number of edges increases.

[0021] A precise hidden-line processor, which also uses an object space technique,
generally requires that all of the precise edges be intersected with all other precise
edges in the model. This creates a series of edge pieces, each of which has one
visibility. Visibility of each of the edge pieces is then determined by topology, by ray
casting, or some other geometric test. Precise object space algorithms attempt to limit
the number of intersection candidates and ray fire candidates to the fewest number

possible.

[0022] The benefits of a precise, object space hidden-line processor include providing
an accuracy for the visibility change points that is limited by the modeling tolerance
(e.g., 1.0e-05 or 1.0e-06 model units), which results in a much more accurate image as
compared to that obtained from either a Z-Buffer or object space facetted technique.

In addition, the edges and their precise curves are readily available to place on a
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drawing (i.e., they are the output of the hidden-line processor directly). Finally,

because precise curves are used in generating the drawings, the edges appear smooth

and exact like in real life.

[0023] However, the intersection between two precise edges is an intersection
between two general curves, which is relatively slow as compared to intersections
between two lines. In addition, the order of a precise object space algorithm is n*.
Thus, because each of the intersections is relatively time-consuming and because the
order of the algorithm, which will eventually dominate, is n’, a precise algorithm is
much slower than the Z-Buffer or facetted algorithms. In addition, although all
techniques attempt to limit the number of intersection candidates, n, the order of the
technique remains n®. Furthermore, the memory requirement for the surfaces is linear
with regard to the number of surfaces, but each surface can be relatively expensive in
the amount of required memory. Finally, the memory requirement for the edges is

linear as the number of edges increases.

[0024] In order to overcome the limitations with conventional hidden-line processing
algorithms, a hidden-line processor has recently been developed that intersects line-
segment edges in the manner of a facetted algorithm, but with only certain edges
being intersected as opposed to all edges being intersected. The edges to be
intersected are identified through the use of a Z-Buffer. Thus, accuracy is provided at
a level close to that of a facetted algorithm, while speed is provided at a level close to
that of a Z-Buffer algorithm. This technique, called a fast hidden-line processor, is
based off the facetted model. However, a software Z-Buffer is used to store the

polygons. This technique provides linear performance (i.c., order n).

[0025] For fast hidden-line processing, the polygon scan conversion includes
annotating a pixel if the edge of a polygon is part of an external edge. Winning edge
and polygon information are stored in the Z-Buffer. Visibility of the edges is traced
through the software Z-Buffer. This process has linear performance (i.e., order n).
The Z-Buffer trace identifies any external edge that might hide the edge being traced
by looking at the pixel where the current edge goes hidden. This allows the fast
hidden-line processor to identify all edge intersections with linear performance
instead of n® performance, as required by conventional, object space facetted hidden-

line processors. After the visibility of a pixel is determined, the winning edge in a
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pixel is used to further refine the visibility change point to tessellated precision (e.g.,

edge segment, edge segment intersection).

[0026] The benefits of the fast hidden-line processor include the identification of
edges to be intersected in a linear time (i.e., the time is constant based on the number
of edges). This is in contrast with most object space hidden-line processors that
require n® performance to identify all intersections (i.c., intersections of cach edge
with every other edge). In addition, this technique is a relatively fast-performing
technique due to its order and the fact that it uses a software Z-Buffer as its core
processor. The memory requirement for the polygons is constant as the number of
polygons increases, and the intersections performed are between facetted edge
segments, which are intersections between two lines. Furthermore, the locations of
visibility change points are detected by the Z-Buffer, and only the intersections where
visibility changes are performed. Finally, the accuracy of the visibility change points
is limited by the tessellation tolerance (e.g., 1.0e-03 or 1.0e-04 model units), which is
much more accurate as compared to results obtained from a Z-Buffer, and the edges
are readily available to place on a drawing (i.e., they are the output of the hidden-line

processor directly).

[0027] However, intersection clean-up with the fast hidden-line processor has
limitations relating to edges and silhouettes. Edges often do not win a pixel that they
should due to inaccurate Z-depth polygon scan conversion and interiors of polygons
winning over exterior edges of polygons. Furthermore, silhouettes generated with this
technique are generally inaccurate because they follow the boundaries of polygons in

accordance with standard facetted processing techniques.

[0028] FIGURE 1 illustrates a block diagram of a data processing system 100 in
which a hybrid hidden-line processor may be implemented in accordance with the
present disclosure. For some embodiments, the data processing system 100 may be
implemented as a PDM system particularly configured by software or otherwise to
perform the processes as described herein. For a particular embodiment, the data
processing system 100 may be implemented as each of a plurality of interconnected
and communicating systems as described herein. The data processing system 100
shown in FIGURE 1 comprises a processor 102 coupled to a level two cache/bridge

104, which is coupled to a local system bus 106. The local system bus 106 may be,
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for example, a peripheral component interconnect (PCI) architecture bus. Also

coupled to the local system bus in the depicted example are a main memory 108 and a

graphics adapter 110. The graphics adapter 110 may be coupled to a display 111.

[0029] Other peripherals, such as a local area network (LAN)/wide area network
(WAN)/wireless (e.g., Wi-Fi) adapter 112, may also be coupled to the local system
bus 106. An expansion bus interface 114 may couple the local system bus 106 to an
input/output (I/O) bus 116. The I/O bus 116 may be coupled to a keyboard/mouse
adapter 118, a disk controller 120 and an 1/O adapter 122. The disk controller 120
may be coupled to a storage 126, which may be any suitable machine-usable or
machine-readable storage medium, including but not limited to (i) nonvolatile, hard-
coded type media, such as read-only memories (ROMs) or clectrically erasable
programmable read-only memories (EEPROMSs), (ii) magnetic tape storage, and (iii)
user-recordable type media, such as floppy disks, hard disk drives, compact disc read-
only memories (CD-ROMs) or digital versatile discs (DVDs), and (iv) other known

optical, electrical, or magnetic storage devices.

[0030] In the illustrated example, the I/O bus 116 may also be coupled to an audio
adapter 124, which may be coupled to speakers (not shown in FIGURE 1) for playing
sounds. The keyboard/mouse adapter 118 may be coupled to a pointing device (not

shown in FIGURE 1), such as a mouse, trackball, track pointer, etc.

[0031] Those of ordinary skill in the art will appreciate that the hardware depicted in
FIGURE 1 may vary for particular implementations. For example, other peripheral
devices, such as an optical disk drive and the like, also may be used in addition or in
place of the hardware depicted. The depicted example is provided for the purpose of
explanation only and is not meant to imply architectural limitations with respect to the

present disclosure.

[0032] The data processing system 100 comprises an operating system employing a
graphical user interface. The operating system permits multiple display windows to
be presented in the graphical user interface simultancously, with each display window
providing an interface to a different application or to a different instance of the same
application. A cursor in the graphical user interface may be manipulated by a user

through the pointing device.
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[0033] One of various commercial operating systems, such as a version of Microsoft
Windows™, a product of Microsoft Corporation located in Redmond, Wash., may be

employed if suitably modified. The operating system may be modified or created in

accordance with the present disclosure as described.

[0034] The LAN/ WAN/Wireless adapter 112 may be coupled to a network 130 (not
a part of the data processing system 100), which may be any public or private data
processing system network or combination of networks, including the Internet. The
data processing system 100 may communicate over the network 130 with a server
system 140 (also not a part of the data processing system 100). For some
embodiments, the server system 140 may be implemented as a separate data

processing system.

[0035] According to one embodiment of this disclosure, the data processing system
100 may provide hybrid hidden-line processing to generate images to be sent to the
display 111. As described in more detail below in connection with FIGURES 3-5,
images may be processed by identifying, based on a Z-Buffer technique, a relatively
small number of edges to be intersected (such as the intersections performed in a
facetted technique). Thus, a speed similar to that of a Z-Buffer algorithm is provided
with accuracy similar to that of a facetted algorithm. In addition, for some
embodiments, precise edges may be intersected instead of facetted edges, resulting in
accuracy similar to precise algorithms with a speed similar to that of a Z-Buffer

algorithm.

[0036] Using the hybrid hidden-line processing described below, edges win pixels
that they should due to accurate polygon scan conversion and due to exterior edges of
polygons winning over interiors of polygons. In addition, silhouettes are generated
not based on polygon edges but from vertex normals. Thus, a silhouette may cross
through the middle of a polygon and is more accurate than those that follow the

boundaries of polygons.

[0037] FIGURES 2A-G illustrate examples of various images that may be processed
by the data processing system 100 in accordance with the present disclosure. These
examples simply illustrate various terms used in the present disclosure. FIGURE 2A

illustrates a process of displaying three-dimensional images on a two-dimensional
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display, such as the display 111 of FIGURE 1. The two-dimensional display may
correspond to the plane defined by the x-axis and the y-axis. The example illustrated
includes a cone 202 and a block 204. The solid lines represent lines that may be
displayed, while the dashed lines represent hidden lines that may not appear in a two-
dimensional display of the cone 202 and the block 204. Thus, as illustrated, the block
204 partially obscures a portion of the cone 202 where the block 204 is in front of the
cone 202 from the perspective of a viewer looking directly at the plane defined by the
x-axis and the y-axis. One visible line 208 and one hidden line 210 are labeled as

examples of these types of lines.

[0038] When the three-dimensional image of the cone 202, for example, is processed
for display on a two-dimensional screen, the cone 202 may be tessellated to generate a
tessellated cone 220, as illustrated in FIGURE 2B. Thus, the curved surface of the
cone 202 may be approximated by a mesh of polygons, or facets, in order to begin
processing the image for display. The tessellated cone 220 shown in FIGURE 2B
does not include the hidden lines on the back side of the cone 220 for simplicity.
However, the lines hidden by the block 204 of FIGURE 2A are illustrated in the
tessellated cone 220. Also, the block 204 is not shown in tessellated form for

simplicity.

[0039] In this example, one of the silhouettes 222 of the cone 220 is labeled. This
silhouette 222 corresponds to an edge that shares a front-facing polygon and a back-
facing polygon. Thus, the silhouette 222 is not a true edge of the object (i.c., the cone
202); however, the silhouette 222 would appear as a visible line to a viewer of the
cone 202 from the x-y perspective. As described in more detail below, it will be
understood that a true precise silhouette for many images will pass through a polygon,
known as a silhouette polygon, instead of lying exactly along the edge between a

front-facing polygon and a back-facing polygon.

[0040] One of the external edges 224 is also labeled in the example illustrated in
FIGURE 2B. This edge 224 is a visible edge, as indicated by the solid line. A hidden
silhouette segment 226 and a hidden external edge 228 are each shown as a dashed
line. An internal edge 230 is also labeled. Although shown as a solid line, it will be

understood that internal edges may not be displayed as they correspond to the edges
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of polygons that make up the tessellated object and, thus, do not correspond to actual

or visible edges of the object.

[0041] FIGURE 2C shows a portion of the tessellated cone 220, along with a portion
of a tessellated block 240 that obscures part of the cone 220. For simplicity, the
internal edges have been omitted in this illustration. As described in more detail
below, during polygon scan conversion, external edges are identified. For example,
an external edge 242 of the block 240 is identified. After polygon scan conversion,
cach external edge is traced through the Z-Buffer in search of visibility change pixels.
Thus, for the illustrated example, an edge 244 of the cone 220 may be traced until that
edge 244 becomes hidden at the visibility change pixel 246. The hybrid hidden-line
processor may then recall the previously identified external edge 242 as existing at the
visibility change pixel 246. The hybrid hidden-line processor then performs an
intersection on the traced edge 244 and the external edge 242 to identify the visibility
change point 248. Thus, as shown in FIGURE 2C and described in more detail
below, a visibility change pixel 246 comprises a pixel at which an edge may become
hidden (plate protection may result in the edge not actually being hidden), and a
visibility change point 248 is a point at which the edge does become hidden. The
visibility change pixel 246 is less precise than the visibility change point 248;
however, it will be understood that the illustrated embodiment shows what may be an

exaggerated difference between the resolution of the pixel 246 and the point 248.

[0042] FIGURE 2D illustrates a three-dimensional cone 250. A plane 252 is shown
intersecting a portion of the cone 250 in order to illustrate a potential problem with
currently implemented hidden-line processing techniques. The intersection of the
plane 252 with the cone 250 results in a circular cross-section 254 of the cone 250. A
front-facing plate 256, which corresponds to pieces of a face that are on the front side
of the silhouette, and a back-facing plate 258, which corresponds to pieces of a face
that are on the back side of the silhouette, may be used as described below to provide
plate protection. FIGURE 2E shows a tessellated cross-section 260 that represents the
circular cross-section 254 of FIGURE 2D approximated by a polygonal tessellation.

[0043] A technique to improve the accuracy of the Z-Buffer trace in the hybrid
hidden-line processor is illustrated in FIGURE 2E. In this example, a point 268 on an

external edge of one polygon has the same x and y Z-Buffer coordinates as a point
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270 on an internal edge of a neighboring polygon. Thus, using standard processing,
the point 270 would win the pixel as compared to the point 268 because the point 270
has a greater z-value than the point 268. However, since the point 268 is on an
external edge, that point 268 should win the pixel. Therefore, as described in more
detail below, the hybrid hidden-line processor provides plate protection to ensure that

the external edge point 268 is displayed over the internal edge point 270.

[0044] FIGURES 2F and 2G illustrate how additional plate protection may also be
provided for doubly-curved surfaces, such as surfaces 278 and 280. For the illustrated
examples, the surface 278 has external edges 282 and both surfaces 278 and 280 have
silhouettes 284 and plate-break lines 286. For doubly-curved surfaces, silhouettes
284 may not completely define the boundaries between front-facing plates and back-
facing plates. Thus, silhouette cusp points 288 may be identified for these surfaces
278 and 280 and used to generate additional plate-break lines 286 that further define

the boundaries between plates.

[0045] FIGURE 3 illustrates a portion 300 of the data processing system 100 in
accordance with the present disclosure. It will be understood that the data processing
system 100 is an example of one type of system in which the components illustrated
in FIGURE 3 may be implemented, and that these components may be implemented
in any other suitably arranged image-generating system without departing from the

scope of the present disclosure.

[0046] For the illustrated embodiment, the portion 300 comprises a tessellator 302, a
memory 304, a hybrid hidden-line processor 306 and a display 308. For some
embodiments, the tessellator 302 and/or the hybrid hidden-line processor 306 may be
implemented using a general-purpose processor, such as the processor 102 of
FIGURE 1. The tessellator 302, which may be coupled to the memory 304, is capable
of receiving image data that represents three-dimensional objects for display. For
some embodiments, the tessellator 302 may be capable of retrieving the image data
from the memory 304 via path 310. For other embodiments, the tessellator 302 may
receive the image data from another component (not shown in FIGURE 3) of the data

processing system 100.
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[0047] The tessellator 302 is capable of tessellating the precise image data to generate
tessellated image data. The tessellated image data comprises data capable of
identifying a plurality of polygons, or facets that make up the tessellated version of
the object to be displayed. For example, for some embodiments, the tessellated image
data may comprise coordinates for each of the vertices of a plurality of triangles or

other polygons making up the tessellated image.

[0048] For some embodiments, the tessellator 302 is capable of providing the
tessellated image data to the hybrid hidden-line processor 306 via path 312.
However, for other embodiments, the tessellator 302 may be capable of storing the
tessellated image data in the memory 304 via the path 310 and providing a ready
signal via the path 312 alerting the hybrid hidden-line processor 306 of the presence
of the tessellated image data in the memory 304.

[0049] The hybrid hidden-line processor 306, which is coupled to the tessellator 302
and the memory 304, is capable of receiving the tessellated image data or the ready
signal from the tessellator 302. For embodiments in which the tessellated image data
is stored in the memory 304, the hybrid hidden-line processor 306 is capable of
retrieving the tessellated image data from the memory 304 based on the ready signal.
However, it will be understood that, as used herein, “receiving” the tessellated image

data comprises passively receiving the data, as well as actively retrieving the data.

[0050] After receiving the tessellated image data, the hybrid hidden-line processor
306 is capable of identifying the edges of the polygons represented by the tessellated
image data and selecting a subset of the edges for performing intersections based on a
Z-Buffer algorithm. As described in more detail below in connection with FIGURES
4 and 5, the hybrid hidden-line processor 306 is capable of identifying visibility
change pixels along the edges of the polygons and intersecting those edges with any
external edges also at the visibility change pixels in order to determine visibility
change points on the external edge. The hybrid hidden-line processor 306 is also
capable of genecrating accurate silhouettes based on vertex normals, performing
accurate Z-depth polygon scan conversion with regard to the Z-Buffer, and providing
plate protection for external edges and silhouettes. In performing this hidden-line
processing, the hybrid hidden-line processor 306 is capable of generating display data

based on the tessellated image data relatively quickly and relatively accurately.
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[0051] The display 308, which is coupled to the hybrid hidden-line processor 306, is
capable of receiving the display data from the hybrid hidden-line processor 306 via
path 316 and displaying a processed image based on the display data for a user of the
data processing system 100. In another embodiment, the hybrid-hidden-line processor

could send the image data out to a plotter to create hard copy paper drawings.

[0052] FIGURE 4 illustrates details of the hybrid hidden-line processor 306 and the
memory 304 in accordance with the present disclosure. For some embodiments, the
hybrid hidden-line processor 306 may be implemented using a general-purpose
processor, such as the processor 102 of FIGURE 1. For the illustrated embodiment,
the hybrid hidden-line processor 306 comprises a silhouette generator 402, a plate
generator 404, a polygon scan converter 406, a Z-Buffer divider 408, a visibility
tracer 410, a plate protector 412, an edge intersector 414 and an optional precise edge
tracker 416. In addition, the memory 304 comprises polygons 420, edges 422, plates
424, a Z-Buffer 426 and optional precise edges 428.

[0053] Although illustrated and described as separate components for simplicity, it
will be understood that any two or more of the components 402, 404, 406, 408, 410,
412, 414 and 416 of the hybrid hidden-line processor 306 may be implemented
together as a single component without departing from the scope of the present
disclosure. Also, any one of the components 402, 404, 406, 408, 410, 412, 414 and
416 may be implemented as two or more components in some embodiments. In
addition, the following description assumes the polygons represented in the tessellated
image data are triangles. However, it will be understood that the tessellated image
data may represent other types of polygons without departing from the scope of the

present disclosure.

[0054] The silhouette generator 402 is capable of accurately generating silhouettes
based on vertex normals of the vertices of the polygons 420 represented by the
tessellated image data. Silhouette points occur where the dot product of a polygon
normal and the eye vector is zero. If a point is on a back-facing polygon, the dot
product is negative, while if a point is on a front-facing polygon, the dot product is
positive. Thus, the silhouette generator 402 is capable of performing a silhouette
function, i.e., the dot product of the normal and the eye vector, at each of the

polygon’s three vertices for each of the polygons 420 in order to generate silhouettes.
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[0055] Based on the silhouette functions, the silhouette generator 402 is capable of
determining whether the polygon is front-facing or back-facing. If the silhouette
generator 402 determines that the silhouette function for each of the three triangle
vertices is negative, the silhouette generator 402 identifies the polygon as a back-
facing polygon. Thus, no silhouettes exist for this polygon. The silhouette generator
402 is also capable of labeling the polygon as back-facing in the polygons 420 portion
of the memory 304.

[0056] Similarly, if the silhouette generator 402 determines that the silhouette
function for each of the three triangle vertices is positive, the silhouette generator 402
identifies the polygon as a front-facing polygon. Thus, no silhouettes exist for this
polygon. The silhouette generator 402 is also capable of labeling the polygon as
front-facing in the polygons 420 portion of the memory 304.

[0057] However, if the silhouette generator 402 determines that the silhouette
functions for a triangle are mixed, i.c., at least one silhouette function for one of the
three triangle vertices is negative and at least one silhouette function for one of the
three triangle vertices is positive, the silhouette generator 402 identifies the polygon
as a silhouette polygon. In this situation, the silhouette generator 402 is capable of
performing a linear interpolation along each polygon edge to identify true silhouette
points. However, because the silhouette functions for two of the vertices will have the
same sign, no silhouette point exists on the edge connecting those two vertices.
Therefore, the silhouette generator 402 may perform the linear interpolation along the
other two edges of the triangle. This process identifies two silhouette points in the
triangle. The silhouette generator 402 is then capable of forming a silhouette segment
by connecting the two silhouette points. Once the silhouette generator 402 is finished
forming silhouette segments, the silhouette generator 402 is capable of coupling the
silhouette segments formed from different triangles together to generate a silhouette

edge and storing the silhouette edge in the edges 422 portion of the memory 304.

[0058] For some embodiments, the silhouette generator 402 is capable of generating
precise silhouette edges. For example, for certain types of faces, the precise type of
the silhouette is known (e.g., silhouettes of spheres are circles). For these types of
faces, the silhouette generator 402 may be capable of fitting a precise curve of the

correct type to the tessellated silhouette. For other surface types, the silhouette
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generator 402 may be capable of fitting a cubic B-spline through the tessellated

silhouette points to generate a precise silhouette curve.

[0059] For doubly-curved surfaces, such as the surfaces 278 and 280 of FIGURES 2F
and 2@, the silhouette generator 402 may also be capable of identifying any silhouette
cusp points for the surfaces and generating plate-break lines based on the silhouette

cusp points.

[0060] The plate generator 404 is capable of generating the front-facing plates and the
back-facing plates, such as the front-facing plate 256 and the back-facing plate 258
illustrated in FIGURE 2D. For some embodiments, the plate generator 404 is capable
of generating a front-facing plate based on the identification by the silhouette
generator 402 in the polygons 420 portion of the memory 304 of front-facing
polygons and generating a back-facing plate based on the identification by the
silhouette generator 402 in the polygons 420 portion of the memory 304 of back-
facing polygons. Thus, for some embodiments, the plate generator 404 is capable of
generating a front-facing plate by adding each front-facing polygon to the front-facing
plate stored in the plates 424 portion of the memory 304 and generating a back-facing
plate by adding each back-facing polygon to the back-facing plate stored in the plates
424 portion of the memory 304. For other embodiments, the plate generator 404 is
capable of generating a front-facing plate by adding each front-facing polygon to a
plate stored in the plates 424 portion of the memory 304 and generating a back-facing
plate by not adding each back-facing polygon to the plate stored in the plates 424.
Thus, for these embodiments, the absence of a polygon from the plates 424 portion of
the memory 304 indicates that the polygon is from the back-facing plate. For doubly-
curved surfaces, such as the surfaces 278 and 280 of FIGURES 2F and 2G, the plate
generator 404 may also be capable of generating the plates based on the plate-break

lines generated by the silhouette generator 402.

[0061] The polygon scan converter 406 is capable of scan converting the polygons
represented by the tessellated image data, or polygons 420, into the Z-Buffer 426. For
some embodiments, the polygon scan converter 406 is capable of providing
barycentric scan conversion in order to produce a continuous function in the Z-Buffer
visibility map. During scan conversion, the polygon scan converter 406 is also

capable of identifying external edges of the polygons 420 being scan converted. For
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some embodiments, the polygon scan converter 406 is capable of storing the external
edge identifications in the Z-Buffer 426 by marking pixels that are part of external

edges or silhouette edges as belonging to external edges.

[0062] The Z-Buffer divider 408 is capable of storing the division of the polygons
420 into plates 424 in the Z-Buffer 426. Thus, the Z-Buffer divider 408 is capable of
dividing the Z-Buffer 426 into separate regions, or plates, which correspond to pieces
of a face that are on the same side of the silhouette, based on the plates 424 generated

by the plate generator 404.

[0063] The visibility tracer 410 is capable of tracing each edge through the Z-Buffer
426 and identifying a visibility change pixel, such as the visibility change pixel 246
illustrated in FIGURE 2C, if the traced edge appears to become hidden. For some
embodiments, the visibility tracer 410 may determine where a traced edge appears to
become hidden by stepping the edge through the Z-Buffer 426. During the stepping
process, the visibility tracer 410 identifies the pixel where the traced edge appears to

become hidden as a visibility change pixel.

[0064] The plate protector 412 is then capable of performing plate protection. For
some embodiments, the plate protector 412 may perform plate protection by
determining whether the traced edge is behind a pixel from the same plate. If the
plate protector 412 determines that the traced edge is behind a pixel from the same
plate, the traced edge is not hidden. Thus, if an edge and a polygon are from the same

plate, the polygon does not hide the edge regardless of the Z-values.

[0065] If the edge is actually hidden, i.e., the plate protector 412 has not determined
that the edge should be visible based on plate protection, the edge intersector 414 is
capable of checking the Z-Buffer 426 portion of the memory 304 to determine
whether the visibility change pixel contains an external edge as previously marked
during the polygon scan conversion. If the visibility change pixel does contain an
external edge, the edge intersector 414 is capable of extracting the external edge from
the edges portion of memory 422 and performing an edge intersection of the edge
being traced by the visibility tracer 410 and the external edge identified as
corresponding to the visibility change pixel. For some embodiments, the edge

intersector 414 is capable of intersecting precise edges. For example, the edge
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intersector 414 may be capable of intersecting a non-uniform rational basis spline

(NURBS) curve with a NURBS curve instead of simply a line segment with a line

segment.

[0066] For embodiments in which the hybrid hidden-line processor 306 comprises a
precise edge tracker 416, the precise edge tracker 416 is capable of substituting
precise edge information, which is stored in the precise edges 428 portion of the
memory 304, for facetted edge information. Thus, the precise edge tracker 416 is
capable of substituting a precise edge for each facetted edge of each polygon in order
to provide more accurate display data. The hybrid hidden-line processor 306 is
capable of gencrating the display data for the display 308 based on the processing

described above.

[0067] For some embodiments, a conversion from facetted to precise images may be
more directly implemented, as opposed to simply substituting precise edges 428 for
facetted edges. For these embodiments, the precise edge tracker 416 may be capable
of converting facetted silhouettes to precise silhouettes based on a projection of the
facetted silhouettes to the precise surface. To accomplish this, the end points of the
facetted silhouette may be projected onto their associated precise edges 428. The
interior points of the facetted silhouette may be projected onto the underlying precise

surface.

[0068] In addition, the precise edge tracker 416 may be capable of fitting a precise
curve to the projected points according to the underlying surface type. For example,
for planes, no silhouettes exist. For cylinders and cones, no interior points are used
along the silhouette. Instead, the two end points of the silhouette that have been
projected onto the precise edge are used and a line is generated between these two end
points. For spheres, a circular arc is generated through the projected tessellated
silhouette points. For other surface types, a cubic B-spline curve may be generated
through the projected tessellated silhouette points. During each type of curve fitting,
the end points of the curve are maintained on the precise edges to which they are

attached.

[0069] Also for these embodiments, visibility change points may be converted from

facetted to precise. For some of these embodiments, this conversion uses a Newton
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Raphson stepping algorithm to find the location of the visibility change point on the
two precise curves. For the first visibility change point, it is explicitly moved to the
beginning of the precise edge. For each interior visibility change point, the current
visibility change point is projected onto the current edge to obtain a starting
refinement value. The mate visibility change point is projected onto the mate edge in
projected coordinate space to obtain a t-value. A Newton Raphson stepping function
is executed to refine the visibility change point in 2D. This refined visibility change
point is used as the visibility change point. The list of visibility change points is

buffered up along the edge.

[0070] FIGURE 5 is a flowchart illustrating a method 500 for providing hybrid
hidden-line processing in accordance with the present disclosure that may be
performed by one or more PDM data processing systems as disclosed herein. The
method 500 begins with the hybrid hidden-line processor 306 receiving tessellated
image data (step 502). For some embodiments, the hybrid hidden-line processor
receives the tessellated image data from the tessellator 302. For other embodiments,
the hybrid hidden-line processor 306 retrieves the tessellated image data from the
memory 304. For example, the hybrid hidden-line processor 306 may retrieve the
tessellated image data from the polygons 420 portion of the memory 304. The
following description assumes the polygons 420 are triangles. However, it will be
understood that the tessellated image data may represent other types of polygons

without departing from the scope of the present disclosure.

[0071] The silhouette generator 402 labels the polygons 420 while generating
silhouettes based on vertex normals of the vertices of the polygons 420 (step 504).
For example, the silhouette generator 402 may perform a silhouette function, i.c., a
dot product of the normal and the eye vector, at each of the polygon’s three vertices
for each of the polygons 420. If the silhouette function is negative for each of the
three triangle vertices, the silhouette generator 402 identifies the polygon as a back-
facing polygon and labels the polygon as such in the polygons 420 portion of the
memory 304. If the silhouette function is positive for each of the three triangle
vertices, the silhouette generator 402 identifies the polygon as a front-facing polygon
and labels the polygon as such in the polygons 420 portion of the memory 304. For

both back-facing and front-facing polygons, no silhouettes exist.
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[0072] However, if the silhouette generator 402 determines that the silhouette
functions for a triangle are mixed, the silhouette generator 402 performs a linear
interpolation along each polygon edge to identify two, true silhouette points and
forms a silhouette segment by connecting the two silhouette points. Because the
silhouette functions for two of the vertices will have the same sign, no silhouette point
exists on the edge connecting those two vertices. Thus, the silhouette generator 402
may perform the linear interpolation along the other two edges to identify the true
silhouette points. The silhouette generator 402 then couples the silhouette segments
together to generate a silhouette edge and stores the silhouette edge in the edges 422

portion of the memory 304.

[0073] For some embodiments, the silhouette generator 402 generates precise
silhouette edges by fitting a precise curve of the correct type to the tessellated
silhouette for known types of faces and fitting a cubic B-spline through the tessellated
silhouette points for unknown types of faces. For doubly-curved surfaces, such as the
surfaces 278 and 280 of FIGURES 2F and 2G, the silhouette generator 402 may
identify any silhouette cusp points for the surfaces and generate plate-break lines

based on the silhouette cusp points.

[0074] The plate generator 404 generates plates, which comprise pieces of a face that
are on the same side of the silhouette (step 506). For some embodiments, the plate
generator 404 is capable of generates a front-facing plate by adding each front-facing
polygon 420 labeled by the silhouette generator 402 to the front-facing plate and
generates a back-facing plate by adding each back-facing polygon 420 labeled by the
silhouette generator 402 to the back-facing plate. For doubly-curved surfaces, such as
the surfaces 278 and 280 of FIGURES 2F and 2G, the plate generator 404 may
generate the plates based on the plate-break lines generated by the silhouette generator

402.

[0075] The polygon scan converter 406 scan converts the polygons represented by the
tessellated image data, or polygons 420, into the Z-Buffer 426 (step 508). For some
embodiments, the polygon scan converter 406 performs barycentric scan conversion
to produce a continuous function in the Z-Buffer visibility map. During scan

conversion, the polygon scan converter 406 identifies external edges and silhouette



WO 2013/048906 51 PCT/US2012/056620

edges of the polygons 420 and marks pixels that are part of these edges as belonging
to external edges in the Z-Buffer 426 portion of the memory 304 (step 510).

[0076] The Z-Buffer divider 408 divides the Z-Buffer 426 into separate regions, or
plates, based on the plates 424 generated by the plate generator 404 (step 512). The
visibility tracer 410 begins to trace the visibility of an edge through the Z-Buffer 426
(step 514). If the visibility tracer 410 completes the trace of the edge without the
traced edge appearing to become hidden (step 516), the visibility tracer 410 selects the
next edge to be traced (step 518) and begins a new visibility trace (step 514).

[0077] However, if the visibility tracer 410 determines that the traced edge appears to
have become hidden (step 516), the visibility tracer 410 identifies the visibility
change pixel, i.e., the pixel at which the traced edge appears to become hidden (step
520). The plate protector 412 performs plate protection to ensure that silhouettes and
edges are preferred over polygons by verifying whether or not the traced edge is
actually hidden. The plate protector 412 makes this verification by determining
whether the traced edge is behind a pixel from the same plate (i.e., the traced edge and
the visibility change pixel are both from the front-facing plate or both from the back-
facing plate) (step 522).

[0078] If the plate protector 412 determines that the traced edge is behind a pixel
from the same plate (step 522), the plate protector 412 determines that the traced edge
is not actually hidden and should be displayed. Thus, if an edge and a polygon are
from the same plate, the polygon does not hide the edge. The visibility tracer 410
then continues to trace the edge without hiding the edge behind the previously
identified visibility change pixel (step 514). However, if the plate protector 412
determines that the traced edge is behind a pixel from a different plate (step 522), the
edge intersector 414 makes a determination as to whether or not the visibility change
pixel is part of an external edge (step 524). If the edge intersector 414 determines that
the visibility change pixel is not part of an external edge, as marked by the polygon
scan converter 406 in step 510 (step 524), the visibility tracer 410 simply marks the

edge as hidden at the pixel location and then continues to trace the edge (step 514).

[0079] However, if the edge intersector 414 determines that the visibility change pixel

is part of an external edge, as marked by the polygon scan converter 406 in step 510
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(step 524), the edge intersector 414 performs an intersection on the traced edge and
the external edge of which the visibility change pixel is a part to identify the visibility
change point (step 526). For some embodiments, the edge intersector 414 is capable
of intersecting facetted edges, i.c., line segments. For other embodiments, the edge

intersector 414 is capable of intersecting precise edges, ¢.g., NURBS curves.

[0080] For embodiments in which the hybrid hidden-line processor 306 comprises a
precise edge tracker 416, the precise edge tracker 416 may substitute precise edge
information, which is stored in the precise edges 428 portion of the memory 304, for

facetted edge information, if desired (optional step 528).

[0081] If additional edges remain to be traced (step 530), the next edge is selected
(step 518) and the visibility tracer 410 begins to trace the next edge (step 514).
However, when no edges remain to be traced (step 530), the hybrid hidden-line
processor 306 generates display data for the display 308 based on the above-described
processing techniques, and the display 308 displays a processed image based on the
display data (step 532). It will be understood that the hybrid hidden-line processor
306 may generate the display data for the display 308 while the edges are being traced

instead of waiting until all the edges have been traced to generate the display data.

[0082] In this way, a more accurate and faster hidden-line processing technique is
provided. For example, the implementation of plate protection ensures that edges,
including silhouette edges, are not hidden by the interiors of polygons. Edges that are
not hidden may be used to perform secondary error clean ups. Accurate silhouettes
are generated from the vertex normals and may actually cross through the middle of
polygons, as opposed to inaccurate silhouettes that are based on polygon edges. In
addition, more accurate polygon scan conversion is provided when barycentric scan
conversion is implemented, as opposed to Z-Buffer stepping. Finally, for
embodiments that provide for precise refinement, precise silhouettes may be
generated from facetted silhouettes and known precise surface types, and line segment
intersections may be replaced with precise edge intersections to provide even more

accurate results.

[0083] Those of skill in the art will recognize that, unless specifically indicated or

required by the sequence of operations, certain steps in the processes described above
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may be omitted, combined, performed concurrently or sequentially, or performed in a

different order. Processes and clements of different exemplary embodiments above

can be combined within the scope of this disclosure.

[0084] Those skilled in the art will recognize that, for simplicity and clarity, the full
structure and operation of all data processing systems suitable for use with the present
disclosure is not being depicted or described herein. Instead, only so much of a data
processing system as is unique to the present disclosure or necessary for an
understanding of the present disclosure is depicted and described. The remainder of
the construction and operation of the data processing system 100 may conform to any

of the various current implementations and practices known in the art.

[0085] It is important to note that while the disclosure includes a description in the
context of a fully functional system, those skilled in the art will appreciate that at least
portions of the mechanism of the present disclosure are capable of being distributed in
the form of instructions contained within a machine-usable, computer-usable, or
computer-readable medium in any of a variety of forms, and that the present
disclosure applies equally regardless of the particular type of instruction or signal
bearing medium or storage medium utilized to actually carry out the distribution.
Examples of machine usable/readable or computer usable/readable media include:
nonvolatile, hard-coded type media such as read-only memories (ROMs) or
electrically erasable programmable read-only memories (EEPROMs), and user-
recordable type media such as floppy disks, hard disk drives and compact disc read-

only memories (CD-ROMs) or digital versatile discs (DVDs).
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112 Local Area Network / Wide Area Network / Wireless adapter
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CLAIMS

1. A method performed by a PDM data processing system (100) for providing
hybrid hidden-line processing for a plurality of polygons (420) representing
tessellated image data, each polygon (420) comprising a plurality of edges (422), the
method comprising:
identifying (504) by a silhouette generator (402) a back-facing plate
comprising polygons (420) on a back-facing side of a silhouette of the
tessellated image data and a front-facing plate comprising polygons on a
front-facing side of the silhouette of the tessellated image data;
labeling (506) the polygons (402) of the identified facing plates as such in a
memory (304);
performing (508) a Z-depth polygon (402) scan conversion, identifying
external edges and silhouette edges of the polygons (420) and storing the
converted and identified data into a Z-Buffer (426);
marking (510) pixels in the Z-Buffer (426) that are part of external edges;
tracing (514) the edges;
identifying (520) at least one visibility change pixel in each of a subset of the
traced edges;
for each visibility change pixel, determining (522) whether the traced edge is
from the same plate as a polygon corresponding to the visibility change pixel;
and
for each traced edge that is determined (524) to be from the same plate as the
polygon corresponding to the visibility change pixel,

displaying (532) the traced edge.



WO 2013/048906 58 PCT/US2012/056620

2. The method of Claim 1, wherein each of at least a subset of the edges
comprises one of an external edge and an internal edge, further comprising:
for each of a subset of the traced edges that is determined (524) to be from a
different plate as compared to the polygon corresponding to the visibility
change pixel, identifying an external edge corresponding to the visibility
change pixel; and
for each identified external edge, intersecting (526) the traced edge with the

external edge to identify a visibility change point.

3. The method of Claim 2, wherein intersecting (526) the traced edge with the

external edge comprises intersecting a first line segment with a second line segment.

4. The method of Claim 2, wherein intersecting (526) the traced edge with the

external edge comprises intersecting a first curve with a second curve.

5. The method of one of the Claims 1 to 4, wherein the polygons comprise
triangles and performing a silhouette function at each of the triangle’s vertices,
wherein the silhouette function is a dot product of a normal and a eye vector at each

of the triangle's three vertices.

6. The method of Claim 5, wherein
if the silhouette function for each of the three triangle vertices is negative,
identifying the polygon (402) as a back-facing polygon and determining that
no silhouette exists for the polygon;
if the silhouette function for each of the three triangle vertices is positive,
identifying the polygon as a front-facing polygon and determining that no
silhouette exists for the polygon; and
if at least one silhouette function for the polygon is negative and at least one
silhouette function for the polygon is positive, identifying the polygon as a
silhouette polygon, performing a linear interpolation along edges of the
silhouette polygon (402) to identify two silhouette points, and forming a

silhouette segment by connecting the two silhouette points.
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7. The method of Claim 6, wherein performing the linear interpolation comprises
performing the linear interpolation along a first edge of the silhouette polygon and a
second edge of the silhouette polygon, and wherein the third edge of the silhouette
polygon is bounded by the two vertices for which the silhouette functions have a same

sign.

8. The method of Claim 6, wherein generating the silhouettes further comprises
coupling together the silhouette segments for each of the silhouette polygons to

generate a silhouette edge.

9. The method of Claim 8, wherein generating the silhouettes further comprises
refining the silhouette edge by at least one of (i) fitting a precise curve to the
silhouette edge for a known type of face and (ii) fitting a cubic B-spline through the

silhouette points for each silhouette segment for an unknown type of face.

10. A data processing system comprising:

a memory configured to store polygons representing tessellated image data, external
edges of the polygons, and a front-facing plate comprising polygons on a
front-facing side of a silhouette of the tessellated image data;

a hybrid hidden-line processor coupled to the memory, wherein the processor is
configured to generate display data based on the tessellated image data by
generating silhouettes based on vertex normals for the polygons and
providing plate protection for the external edges and the silhouettes; and

a display coupled to the processor, wherein the display is configured to display a

processed image based on the display data.

11.  The data processing system of Claim 10, wherein the processor comprises:
a plate generator configured to generate the front-facing plate and to generate

a back-facing plate comprising polygons on a back-facing side of the silhouette;

a visibility tracer configured to trace the edges and to identify at least one
visibility change pixel in each of a subset of the traced edges; and

a plate protector configured to provide the plate protection by, for each
visibility change pixel, determining whether the traced edge is from the same plate as

a polygon corresponding to the visibility change pixel, and for each traced edge that is
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determined to be from the same plate as the polygon corresponding to the visibility

change pixel, causing the traced edge to be displayed.

12.  The data processing system of Claim 11, wherein the processor further
comprises an edge intersector that is configured to (i) for each of a subset of the traced
edges that is determined to be from a different plate as compared to the polygon
corresponding to the visibility change pixel, identify an external edge corresponding
to the visibility change pixel, and (i) for each identified external edge, intersect the

traced edge with the external edge to identify a visibility change point.

13. The data processing system of Claim 11, wherein the polygons comprise
triangles, and wherein the processor further comprises a silhouette generator
configured to generate the silhouettes by, for each polygon:
performing a silhouette function at each of the polygon’s vertices;
if the silhouette function for each of the three triangle vertices is negative,
identifying the polygon as a back-facing polygon and determining that no
silhouette exists for the polygon;
if the silhouette function for each of the three triangle vertices is positive,
identifying the polygon as a front-facing polygon and determining that no
silhouette exists for the polygon; and
if at least one silhouette function for the polygon is negative and at least one
silhouette function for the polygon is positive, identifying the polygon as a
silhouette polygon, performing a linear interpolation along edges of the
silhouette polygon to identify two silhouette points, and forming a silhouette

segment by connecting the two silhouette points.

14.  The data processing system of Claim 13, wherein the silhouette generator is
further configured to identify a first edge of the silhouette polygon that is bounded by
the two vertices for which the silhouette functions have a same sign and to perform
the linear interpolation along a second edge of the silhouette polygon and a third edge

of the silhouette polygon.

15. The data processing system of Claim 13, wherein the memory is further

configured to store a Z-Buffer, and wherein the processor further comprises a polygon
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scan converter configured to provide barycentric scan conversion of the polygons into

the Z-Buffer.

16.  The data processing system of Claim 15, wherein the processor further
comprises a Z-Buffer divider configured to divide the polygons in the Z-Buffer into
plates based on the front-facing plate and the back-facing plate generated by the plate

generator.

17. A non-transitory computer-readable medium encoded with executable
instructions that, when executed, cause one or more data processing systems to:
generate a back-facing plate comprising polygons on a back-facing side of a
silhouette and a front-facing plate comprising polygons on a front-facing side
of the silhouette, each polygon comprising a plurality of edges;
trace the edges;
identify at least one visibility change pixel in each of a subset of the traced
edges;
for each visibility change pixel, determine whether the traced edge is from the
same plate as a polygon corresponding to the visibility change pixel; and
for each traced edge that is determined to be from the same plate as the
polygon corresponding to the visibility change pixel, generate the traced edge

for display.

18. The computer-readable medium of Claim 17, wherein each of at least a subset
of the edges comprises one of an external edge and an internal edge, and wherein the
computer-readable medium is further encoded with executable instructions that, when
executed, cause one or more data processing systems to:
for each of a subset of the traced edges that is determined to be from a
different plate as compared to the polygon corresponding to the visibility
change pixel, identify an external edge corresponding to the visibility change
pixel; and
for each identified external edge, intersect the traced edge with the external

edge to identify a visibility change point.
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19. The computer-readable medium of Claim 17, wherein the polygons comprise
triangles, and wherein the computer-readable medium is further encoded with
executable instructions that, when executed, cause one or more data processing
Systems to:
for each polygon,

perform a silhouette function at each of the polygon’s vertices,

if the silhouette function for each of the three triangle vertices is negative,
identify the polygon as a back-facing polygon and determine that no
silhouette exists for the polygon,

if the silhouette function for each of the three triangle vertices is positive,
identify the polygon as a front-facing polygon and determine that no
silhouette exists for the polygon, and

if at least one silhouette function for the polygon is negative and at least one
silhouette function for the polygon is positive, identify the polygon as a
silhouette polygon, perform a linear interpolation along edges of the
silhouette polygon to identify two silhouette points and form a silhouette
segment by connecting the two silhouette points; and

couple together the silhouette segments for each of the silhouette polygons to

generate a silhouette edge.

20. The computer-readable medium of Claim 19, wherein the polygons comprise
triangles, and wherein the computer-readable medium is further encoded with
executable instructions that, when executed, cause one or more data processing
systems to refine the silhouette edge by at least one of (i) fitting a precise curve to the
silhouette edge for a known type of face and (ii) fitting a cubic B-spline through the

silhouette points for each silhouette segment for an unknown type of face.
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