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An Efficient Low-Cost Antialiasing Method
Based on Adaptive Postfiltering

Rynson W. H. Lau

Abstract—Aliasing in computer-synthesized images not only these methods may be too costly for low-cost systems, such
limits the realism of the images, but also affects the user’s concen- gg computer game consoles and palm computers. This explains

tration. Many antialiasing methods have been proposed to solve why most, if not all, computer game consoles do not consider
this problem, but almost all of them are computation intensive, and ..
the aliasing problem at all.

some of them are also memory intensive. While these may not be ) 8 N
limitations for high-end applications such as medical visualization ~ In this project, our objective is to develop a low-cost an-
and architectural design, this kind of antialiasing methods may tialiasing method that would reduce the aliasing problem of
still be far too COSt|Y fOI’ t_he low-cost applications. In this pe_lper, Output video images in the mobile game console and pa|m en-
we propose an antialiasing method that operates in the image \;ironments with as little increase in computational and memory
domain. It is based on fitting curves to the discontinuity edges . .

extracted from the aliased images to reshade those edge pixels.COStS .as poss!ble: This paper' p.resents S_UCh a method based on
(Note that a curve may be considered as a general form of lines.) adaptive postfiltering. The main idea of this method comes from
To improve the performance and the simplicity of the method, the image-processing domain instead of the traditional graph-
we propose to preprocess all possible edge patterns and fit curvesjcal domain. The method is extremely robust and efficient. It

in advance. During runtime, we only need to construct an index 5 5156 very simple and cheap to implement. In mobile game
to obtain the filtering information from a lookup table. The new - . h

method is extremely simple and efficient. It provides a very good Console§ an.d palm computers, poyver savings Is a.very impor-
compromise between hardware cost and output image quality. In tant design issue. Although the price for PC graphics acceler-
addition, because the new method has a very low computational ators has come down quite dramatically in recent years, these
cost, and hence low power consumption for hardware implemen- gccelerators still suffer from high power consumption due to

tation, it is particularly suitable for low-cost mobile applications the complexity of the circuitry in order to provide the rendering
such as computer game consoles and palm computers, where low

implementation cost and low power consumption are important Pefformance. Traditional antialiasing techniques such as super-
design factors. sampling are still far too expensive to be used there. As will be

Index Terms—Adaptive smoothing, antialiasing, image enhance- shown in Section V!I' our mgthod has very low ComPUta_t'Onal
ment, image postfiltering. cost, even when written in high-level language. Application of
it in the mobile game console environment would immediately
improve the visual quality with very little increase in computa-
tional cost, and therefore battery power consumption.
ISUAL artifacts, oraliasing which usually appearincom- The rest of the paper is organized as follows. Section Il sur-
puter-synthesized images, not only limit the realism ofeys existing work on antialiasing. Section Il presents the main
the output images, but also affect the viewer's concentratiddea of our method. Sections IV and V explain how we detect
These artifacts are mainly caused by the point sampling apscontinuity edges and construct the curve-fitting table, respec-
proach adopted by most rendering engines, where if a polygrely. Section VI presents the block-level architecture of the
covers the sample point of a pixel, it is assumed to cover theethod. Section VII demonstrates and discusses some experi-
whole pixel and if it does not cover the sample point, it is agnental results of the method. Section VIII critically compares
sumed not covering the pixel at all. This results in visual artifactee proposed method with some popular antialiasing methods.
that often appear in the form of jagged edges, strange patterngimally, Section IX briefly concludes the paper.
abnormal flashing in the output video images. In some applica-
tions, in particular real-time applications where a user must give
instant response, this aliasing problem may actually cause the
user to make wrong judgements/decisions. Many methods havéost image-generation methods suffer from the aliasing
been proposed to solve the aliasing problem, but most of th@moblem. For example, the z-buffer method [5] is widely imple-
suffer from high computational and memory costs. Althougmented in most of the existing hardware graphics accelerators
such limitations may not really be a problem for high-end afer hidden surface removal. However, because of its point
plications, like medical visualization and architectural desigesampling nature and its low sampling resolution (typically once
per pixel), the output images usually contain some aliasing
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rendered, while the postfiltering approach does it after tloempute the subpixel masks with correct coverage, in particular,

image is rendered. when the polygon edge is nearly horizontal or vertical. In [20], a
- method for computing the subpixel masks is proposed to further
A. Traditional Approach improve the quality of the output image through subpixel reloca-

Most existing hardware graphics accelerators are impléon. Instead of storing the subpixel masks, we earlier proposed a
mented based on the z-buffer method [5]. However, the z-buff@ethod to store only the positions where a polygon edge crosses
method is known to suffer from aliasing, due to its poin® Pixel and a method to index the appropriate subpixel mask
sampling nature and its low sampling rate. To solve the aliasifigm @ precomputed table given the positions [12]. Although
problem, most systems apply the supersampling technique @ff,these methods can significantly reduce memory usage, they
[2], [7], [14] by increasing the number of sample points peguffer from two limitations. First, they require dynamic memory
pixel and then filtering all the sampled values within each pix@llocation and the number of fragments in each node is unpre-
down into a single pixel value. Although the supersamplingictable. Second, they require fragment sorting at each pixel ac-
method is a Simp|e extension of the 0|’igina| z-buffer meth(ﬁpl’ding tothe depth value. As aresult, hardware implementation
[5], it requires much computation time to process and a lar§éthese methods is very complex and expensive.
memory space to store the extra samples.

To reduce memory cost, the accumulation buffer method [16]
renders the same scene repeatedly at different subpixel position& different kind of antialiasing methods is based on postfil-
and accumulates sampled values in an accumulation buffer. Taeng. After an image is rendered, problem pixels are reshaded
limitation of this method, however, is the increase in processing reduce the aliasing effect. Such methods provide in general
time, which is proportional to the subpixel resolution. On tha cheaper way of antialiasing images because only visible ob-
other hand, the SGI RealityEngine [1] and InfiniteReality [15cts need to be processed. One simple method of this approach
use the sparse mask method to lower the number of samplesipéo apply a Gaussian filter to those pixels with high local con-
pixel. Instead of sampling all the subpixel locations within a redrast. However, such a method will simply blur the object edges
ular subpixel grid of a pixel, they allow the application to seleatithout considering the geometric shapes and orientations of the
any 4, 8, or 16 sample locations from ax& subpixel grid for edges being smoothed.
antialiasing. However, these systems still require a considerabl@&loomenthal proposes a more interesting method [3]. First,
amount of memory and expensive hardware. high-contrast pixels in the image are detected and linked.

As it is noted that aliasing occurs mainly at pixels wittStraight lines are then fitted to approximate the geometric
polygon edges, some methods have been proposed to focusstiapes of the edges. Smoothing is performed by considering
rendering effort only on polygon edges in order to reduce tl®w much a fitted line covers each edge pixel. This method
processing time. In [6], [11], and [21], the color contributiorproduces a considerably better result but it suffers from two
of each polygon at a pixel is estimated by the area of the piXghitations. First, smoothed objects may have a polygonal look
covered by the polygon edge. This requires accumulatibecause line fitting has only zero-order continuity. The second
of polygon strips in a temporary buffer. We have recentlymitation is more serious. Although the idea of the method
developed an adaptive supersampling method for distributisdvery simple, the algorithm is extremely complex. This is
rendering [13]. The method supersamples only pixels wittecause edge patterns can occur in many different forms.
polygon edges. The sampling resolution may change frofnacing the edge pixels and determining appropriate lines for
frame to frame according to the memory usage statistics fifing at runtime are extremely difficult to do.
previous frames. Although the memory usage of these method#\nother method is proposed called discontinuity edge over-
is generally lower than that of the supersampling methods, thasaw [17]. In this method, discontinuity edges, which include
require dynamic memory allocation, and the processing ca#houette edges and sharp edges (edges that separate polygons
may still be too high for low-cost systems. of different colors), are first identified. After the image is ren-

Another type of method to reduce both processing time adéred, the discontinuity edges are then redrawn as antialiased
memory usage is to use a subpixel mask to approximate thees. Since most hardware graphics accelerators available in the
polygon visibility within a pixel. The A-buffer method [4] ac- market support the drawing of antialiased lines, this rendering of
cumulates all visible polygon edges in a pixel in the form of the antialiased lines is extremely efficient. However, this method
depth-sorted fragment list. Each fragment contains a subpikels two limitations. First, the overdrawn lines will increase the
mask, indicating the pixel coverage of one visible polygon. Taize of the objects by a small amount (typically half of a pixel).
reduce memory usage and processing time, only one color valtiés affects the accuracy of the redrawn objects. Second, the
and two depth values, representing the minimum and maximuyoreprocessing overheads in determining the silhouette edges and
depths, are stored in each fragment. However, the method ns&arp edges of each model are very high, limiting the applica-
not be able to compute the visibility correctly when two fragtion of the method to scenes with rigid objects only.
ments overlap in depth. In addition, the paper [4] does not ad-Our method solves the two problems of Bloomenthal's
dress how to compute the subpixel masks with correct coveragesthod in two ways. First, instead of using line fitting, which
To address the first problem, [19] proposes a method to comphtes the continuity problem between the fitted lines, we fit
the priority mask, which indicates which part of each polygoourves or lines to the edge pixels, depending on the local edge
is in front, when two polygon edges overlap in depth. To adurvatures, to produce a smoother contour. Second, instead of
dress the second problem, [18] proposes an efficient methoditting curves to the edge pixels at runtime, we use the local

Post-Filtering Approach
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edge pattern to construct an index to look up the informatiavhereS(z, y) is areshading function that computes a new color

for smoothing from a precomputed table. A further advantader pixel P(z, y) as follows:

of our method as compared with Bloomenthal’'s method is th

our method is a local filtering method, and hence, it is suitabge%‘v’ y)=ag[L(z, y)lxlp (e, y)+ (1 - [Tz, y)]) *Ip(z, y)

for parallelization. As will be shown in Section VII, our method,\,here]f($7 y) andl,(z, y) represent the foreground and back-

is extremely efficient and does not require preprocessing, diound colors, respectively, for reshading pixe{z, y). The

contrast with [17]. locations to obtain the colors can be indexed from the precom-
puted table as follows:

. Ip(z, y) =1(x + z4[T(z, y)], y + ys[T(z, y)])
When the contrast between the foreground object and the
background is small, we may not notice aliasing. However,  1o(z; y) =1(z + x[T(z, y)], y + w[T (2, y)])

when the cc_)nt_rast is high, _aliasing may become obvious. Wherea:f[] andy;[] are the precomputed relative x and y loca-
solve the aliasing problem in a postfiltering manner, after tr}ﬁ)ns, respectively, fronP(z, 1) to obtain the foreground color

image is rendered, we detect pixels with high local contragly e ., [] andy,[] are similarly defined to obtain the back-
(referred asdiscontinuity edge pixelsr simply edge pixels  4,6und color valueT'(z, y) is the index to the pre-computed
These pixels are our target for postfiltering to reduce thg, e table. It is defined as follows:

aliasing effect. vt mim
To extract edge pixels from an imadéz, y), we apply a T(z, y) = ® ® F(, k)
second-order differentiataf(x, y), followed by an edge de- T .
tectorF'(z, y), toI(x, y). Another functionH (z, y) is applied
in concurrent withF(z, ) to determine the edge pixels thatwhere) represents an ordered concatenation functim. +

I1l. ANTIALIASING WITH CURVE FITTING

k=y—nj=x—m

need to be reshaded 1) x (2n + 1) defines the size of the local region.
We describe in detail how this idea can be implemented in the
Bz, y) = §1%(x,y) 61 (x, y) following sections.
’ ox2 dy?
1, if ZCrossing(z, v) IV. DETECTING DISCONTINUITY EDGES
Fo, y) = {07 otherwise There are many ways to implement the discontinuity edge

detector. Since most real-time rendering engines use Gouraud
shading to compute pixel colors, the output images are often
very smooth and the simple Laplacian filter [16] is good
enough for our application. The filter mask that we use is
shown as follows:

H(z,y)=F(z,y) AND HContrast(z, y)

where Z Crossing () returns 1 (or TRUE) ifE(z, y) indicates
a zero-crossing pixel anH Contrast() returns 1 (or TRUE) if
I(x, y) is a high-contrast pixel.

Since a discontinuity edge in an image divides the local pixels 0 -1 0
into two regions, we refer to one region as the foreground region -1 4 -1
and the other as the background region, for the sake of clarity. 0 -1 0

(Of course, these two regions may, in fact, represent two neigh-
boring color regions of the same object.) Hence, to reshad&l@wever, since we notice a_lliasing only when the Io_cal contrast
given edge pixeP(z, y), we may trace the local edge contoufS high, we add a thresholding step after the Laplacian convolu-
connected taP(z, ») and fit a curve to the contour to approx-tion. All zero-crossing pixels W|t_h alocal contrast hlgher_than a
imate the percentage &f(x, y) covered by the foreground re-User dgfmed threshold value will be marl_<ed as edge pixels fo_r
gion,a ;. The percentage d?(z, ) covered by the backgroundrEShad'”Q- In order to prevent fragmgntatlpn of egiges due to this
region, can then be determined as = 1 — ;. Thisay thresholding process, all zero-crossing pixels with a local con-
may then be used to reshaBér, y). However, tracing the edge trast lower than the threshold value will also be mark_eo! as ed_ge
pixels and fitting curves to them are very expensive procesdd¥els but they will not be reshaded, and hence their intensity
to execute in runtime. In particular, there are many exceptiondlues will not be modified. These pixels are only used to im-
cases that need to be considered when tracing the edge pixgigve the accuracy of the curve-fitting process in reshading the
Toimprove the performance of the antialiasing method, our idBigh-contrast edge pixels.
is to consider all possible edge patterns and determine the apJsually, a zero-crossing occurs between two pixels. We need
propriate curves for fitting in advance in order to minimize th& decide which of the two pixels should be marked as an edge
amount of computations in runtime. pixel. For a natural image captured with a camera, because
Once the high-contrast discontinuity edge midpz, y) is the image is already low-pass filtered, we may simply mark

local edge pattern of the map. Hence, the output infage ) However, this method does not work here because the rendered

can be defined as images are not low-pass filtered. We have considered two
approaches here. The first approach is to worldoal lattice

e, y) = {5(% y), if H(z, y)equals 1 by assuming that the discontinuity edge crosses around the

’ I(x,y), if H(z,y)equalsO center of the pixel pair. To implement this scheme, we may just
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mark one of the two pixels. For a horizontal pair, we alway | |
mark the one on the left, and for a vertical pair, we always ma
the one at the top. After we have computed the fitted curve, \ —
may shift this curve half of a pixel to the right for horizonta
pair or to the bottom for vertical pair. This approach, in genere Pn
produces more accurate edges after reshading. However
most cases, it requires reshading both pixels of the pixel pau
for each edge pixel detected. Fig. 1. Examples of edge contour tracing when there are multiple neighboring
The second approach simply marks either one of the twdge pixels.
pixels as the edge pixel. One way to do this is to select the

one with higher pixel intgngity as Fhe edge pixel because, s | gﬁhgdg;gg‘xe's
tistically, the foreground is likely brighter than the backgrounc contours ~_|

This approach, in general, introduces an average error of hall
a pixel, but it only needs to perform one reshading operation { —
each edge pixel. To simplify the implementation, all the resul .
produced in this paper are based on this approach. I\\\ 2‘33?358.5

V. CONSTRUCTING THELOOKUP TABLE Fig. 2. Examples of synthesizing edge pixels at the beginning of an edge
contour.

Since a local edge map may contain any number of edge

contours, identifying them and selecting the most appropriagigch fitting. Hence, we need to mirror two pixels in order to
one for curve fitting can be computationally very expensiveeshade the first edge pixel. A similar method is also used at the
The algorithm will also be very complex because it needs g of an edge contour. Since this method of extending an edge
handle many possible situations, making it extremely difficult teontour for antialiasing is only an approximation, in order not to
run efficiently. To overcome these limitations, we perform thgyeryse it, we detect all edge pixels whether they are higher or
curve-fitting process as a preprocessing task. During runtimi§yer than the given threshold value as discussed in Section IV

we only need to construct an index from the local edge map{9prevent fragmenting the edges and we apply this method only
access relevant information from a precomputed table of fittgghen necessary.

curves. In this section, we show how curve fitting is done and
how to construct the index table. B. Forming the Indices

. In our implementation, we use five connected edge pixels for
A. Curve Fitting curve fitting to reshade the edge pixel located at the center of the
To fit a curve to some edge pixels, we need to link up thve pixels. To consider all possible local edge patterns produced
edge pixels. We have adopted the 8-connected approach andhat most five connected edge pixels, we may need to look at a
chain-coding method [8] for linking the pixels. When tracing ab x 5 pixel region, centered at the edge pixel to be reshaded. To
edge contour, in most situations, an edge pixghas two neigh- decouple the curve-fitting process from the reshading process,
boring edge pixel$’,_1 and P, 1. P,,_1 is the previous pixel we propose to construct a bitmask of thig 5 pixel region, with
which leads taP,, and P, 4, is the next pixel which continues each edge pixel having a value of “1” and each nonedge pixel
from P,,. SometimesP,, may have more than two neighboringhaving a value of “0.” Using the contents of this bitmask as an
edge pixels. In this case, there would be at least two pixelsitmex, we may determine the fitted curve, the alpha value and the
choose from to be th&,,, 1 pixel in the edge contour. We adaptiocations to obtain the foreground and background colors from
the following two criteria for selecting the next edge pixel. aprecomputed table. Such decoupling is extremely important to
1) Always select a 4-connected neighbor in preferendiee performance of the antialiasing process. Since the edge pat-
to a diagonal neighbor. This is because a 4-connect&ins can occurin many unexpected forms, determining the most
neighbor has a smaller Euclidean distance fiBthan Suitable curve, the corresponding alpha value, and the locations

the diagonal neighbor has. to obtain the foreground and background colors of every pos-
2) If criteria 1) cannot resolve the situation, we select the ogéle pattern in real-time is extremely difficult and error prone.
that continues from the previous edge direction. However, if we simply consider the 5 bitmask as a 25-bit

Fig. 1 shows some examples of selectingfhg; pixel. The index, we may need to construct a table with 2ntries storing
dark arrows represent previous selections while the hashedtAe precomputed information. This will produce a table with
rows represent next selections. 32M entries, which may be costly to put into a low-cost graphics

Another problem occurs at the beginning and at the end of agcelerator. We observe the following two points.
edge contour, where there are no previous and next edge pixels]) Since we only perform reshading on edge pixels, the
respectively. In order to be able to reshade the first few edge center pixel of each 5 5 pixel region must be an edge
pixels at the beginning of an edge contour, we mirror the chain  pixel. Hence, we may not need to include the center pixel
codes of the first few edge pixels, but in the opposite direction.  in the index.

Fig. 2 shows two examples of such a replication of edge pixels.2) Consider pixelC at the top left hand corner of Fig. 3.
Here, we assume that five connected edge pixels are used for There are two possible types of edges that may be affected
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@

(b)

(b) Fig. 4. Two examples that are difficult to perform curve fitting.

Fig. 3. Two types of situation at the corner.

antialiasing that will actually help reduce the aliasing. In this
by the state ofC. In Fig. 3(a), whether pixel is an situation, we may choose not to reshade the pixel. (We may
edge pixel, the fitted curve would still be a straight lineindicate to the reshading process not to reshade this kind of edge
Therefore, the state of pixél will not affect the resulting patterns by setting both positions to obtain the foreground and
alpha value. Similarly, in Fig. 3(b), whether pix€lis an  background colors to zero in the corresponding entries of the
edge pixel, the fitted curve would still be the same sindadex table.) This solution may minimize the potential error of
pixel N is a 4-connected neighbor. In other words, ththe method in dealing with long thin objects.

state of this corner pixel does not affect the reshading another problem that we may encounter is texture images.
result. This observation may be applied to the four cornefgxturing is a technique to map images to three—dimensional
of the 5x 5 pixel region. (3-D) models to improve realism, but without significantly in-

With the above observations, we may safely remove tligeasing the modeling and rendering costs. Hence, it has become
center pixel and the four corner pixels from the index, withow very popular technique in real-time applications such as com-
affecting the accuracy of the fitting. This results in an index gfuter games. Unfortunately, texturing poses a potential problem
20 bits and a table of 1M entries. If we use 8 bits to store thg our method. Since our method decides if a pixel needs to
alpha value and 4 bits to store each of the foreground and e reshaded based on analyzing the rendered image alone, it
background pixel locations, each entry of the table will requii@ay not be able to determine if an edge pixel is coming from
16 bits and the size of the table will then be 2M bytes. Thigie contents of a texture image or the discontinuity edges of a
memory space can easily be afforded by low-cost graphigsh model. However, as we test our method on various texture
systems. images, we are surprised to see that the problem is not signif-
icant. This is because typical texture images are captured with
a camera. These images are already low-pass filtered either by

Finally, we need to consider how to determine the fittethe camera or by the scanner. Hence, sharp edges would nor-
curves for the index table of 1M entries. For most edge pattermsally spread across two or more pixels and the contrast between
we can easily determine the curves for fitting based on the twgo adjacent pixels is significantly reduced. As the Laplacian
fitting rules defined in Section V-A. However, some complefilter that we use only detects sharp edges appearing between
edge patterns may be very difficult to determine appropriat@o adjacent pixels, most edges appearing in a texture image
curves for fitting automatically without human interactionswill not be detected as discontinuity edges and hence will not
Fig. 4 shows two such examples. be reshaded.

To overcome this problem, we use a semi-automatic methodHowever, when the object to which a texture image is mapped
to construct the table. A curve-fitting program will try to fill moves away from the viewer, the texture image may be ren-
the table starting from the first entry. Whenever it encountedered to a small region (i.e., many texels will be mapped into
an edge pattern that it cannot handle, it signals the operatomatgingle pixel). In this situation, some edges may be detected
indicate the appropriate curve manually. Sometimes, we may high-contrast edge pixels. However, this situation can be ad-
have situations that even the operator may not know the best vamgssed in two possible ways. The first is to apply a low-pass
to fit a curve. For example, the edge pattern shown in Fig. 4(@#jer to the texture image to generate a number of texture images
is likely due to a long thin horizontal object. It is difficult to doof various resolutions. As the object is moving away from the

C. Constructing the Index Table
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foreground
pixel P(x,y-1)
—
pixel P(x,y) —
’ Edi
Convolution [—| Detgee > tion
DMA
Frame background .
Buffer ot ndox pixel P(x,y+1) N fitted curve

<@ Reshading [*| Construction

Fig. 6. Example of an edge segment.

4) Thelndex Constructiomlock constructs an index from 5
x 5 edge bits read from thiRow Buffer The Row Buffer
needs to store more than five rows of edge values so that
Fig. 5. Architecture of the postfiltering antialiasing method. an index can be constructed through a single read of the
buffer. Concurrently, as théonvolutionand theedge De-
viewer, we may select a lower resolution image for rendering.  tectionblocks are computing a new row of edge values,
(This technique, callechipmappingis supported by OpenGL the oldest values can be shifted out of thew Buffer
and is widely used for rendering texture images because it canb) ThePixel Reshadindlock computes the color value of
speed up the rendering performance.) The second way to ad- each pixel with theeshade bitset.
dress this problem is through careful construction of the index
table. When a texture image is displayed in a small region, the VIl. RESULTS AND DISCUSSIONS

edge pixels become very dense. These dense edge patterns C29 show how we reshade a high-contrast edge pixel, we con-
be picked up as we construct the index table. Fig. 4(b) shows ler an example as shown in Fig. 6. The dotted arrO\;vs repre-
other example edge pattern. The cause of itis really applicatigélm a traced edge segment. The solid line is a fitted curve for
dependent. It may be due to a high-resolution texture imagetﬂé center edge pixeR(z, ). We denote the region above the

some small objects. We may either construct different index t@ﬂge as foreground and the region below it as background. The
bles for different types of applications or we may simply Choo?ﬁdex constructed foP(z, y) is then
not to do reshading. ’

T(x, y) = 000000010110 10000 000.

VI. ARCHITECTURE The relative location to obtain the color value of the foreground
The block-level architecture of the proposed antialiasirigjxel is (z¢[T'(z, )] = 0, y¢[T(z, y)] = —1), i.e., north of
method is shown in Fig. 5. It contains three memory blockB(z, ¥), and that of the background pixel {s[7(z, y)] =
and four functional blocks. The usages of the memory blocKs ¥[T (7, y)] = 1), i.e., south of’(z, y). These locations can
are explained as follows. be obtained by computing an orthogonal vector to the local ori-
« Filter: It stores the contents of theplacian Filter, butan €ntation of the edge segment. The coverage value in this ex-
application may replace it with another filter more apprg@MPple isa¢[T'(z, y)] = 0.5. Hence, if the original intensity of
priate for the type of image being processed. Pz, y) is I,(z, y), the new intensity value of it,,(z, ), can
« Index TableEach entry stores the precomputed curve-fif2é recomputed as follows:
ting information of a unique edge pattern. The information I(w,y) =05% L(x, y — 1) + (1 — 0.5) % L(z, y + 1)
includes then value, and the relative locations to obtain
the foreground and background pixel values. Different ta- =05 (Ip(z, y — 1) + L(z, y + 1)).

bles constructed for different types of images may be dyjote that here, onlf’(z, y) and;(z, y) are computed at run-

namically loaded in here. time. All the other values are computed in advance and stored
* Row Bufferltis a two-bit shift buffer large enough to storej, the index table.

more than five rows of the image edge values. &tige bit 14 test our method, we have created an image with two small
of each pixelis used to indicate if the pixel is an edge pixelyiects, a circle and a triangle. Fig. 7 shows the image with
Thereshade bits used to indicate if the pixel should be;jiasing. Fig. 8 shows the same image but antialiased using su-

reshaded, i.e., if itis a high-contrast edge pixel. persampling. Fig. 9 is the output after applying the line-fitting
The functions of the four functional blocks are explained agtialiasing process described by Bloomenthal. We can see that
follows. while the filtered triangle is reasonably close to the one shown
1) TheDMA block allows direct read/write accesses to thim Fig. 8, the circle appears polygonized. Fig. 10 is the output
frame bulffer. after applying our method. We can see that Figs. 8 and 10 are,
2) TheConvolutionblock convolves the filter function with in fact, very similar.
the image stored in the frame buffer. To demonstrate the output quality of our method, we apply

3) TheEdge Detectiomlock checks the filtered image datathe method to some video images produced by a typical mo-
to determine whether a pixel is an edge pixel. The outphile game console as shown in Fig. 11. Fig. 12 shows the same
is written to theRow Buffer image whenitis antialiased using supersampling. Fig. 13 shows
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Fig. 7. Test image with two small objects.

Fig. 8. Test image antialiased with supersampling.

Fig. 11. Inputimage 1 with some 3-D objects.

Fig. 9. Testimage after the line-fitting antialiasing process.

Fig. 10. Testimage after the curve-fitting antialiasing process.

the extracted edges of Fig. 11. Fig. 14 is the output antialias
image of Fig. 11 using our method. Figs. 15-18 show anott
set ofimages similar to Figs. 11-14, but with texture. In general,

the quality of the images after applying our method is much infiig. 12.  Image 1 antialiased using supersampling.

proved.

To demonstrate the performance of our method, we haMewever, about 60 ms was spent on the edge-detection process.
measured the processing time on antialiasing a typical vid€bis process mainly involves one convolution operation and
game sequence, as shown in Fig. 19. The experiment veaee discontinuity edge marking operation. The convolution
conducted on a PC with a Pentium Il 866-MHz CPU. Theperation is the most expensive one among all and takes more
program was implemented in Java and compiled as native cadan 40 ms to execute (or about 67% of the processing time)
for execution. We can see that although the program was writteer frame.
in high-level language, its performance is still very high. This However, this convolution operation can be considered as a
is due to the simplicity of the algorithm. We also observe thaequence of multiplication and addition steps, which can be
the antialiasing process only took about 10 ms to execute p@plemented in hardware in a very efficient way. Most existing
frame. This process mainly involves an index constructiddSP chips have implemented this convolution operation as
step, a table lookup, and three color-blending operations (dm&rdware logic by connecting a multiplier unit to an adder in
for each channel) for each edge pixel needed to be reshadbd.form of a loop, as shown in Fig. 20. (The i860 graphics
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Fig. 15. Input image 2 with some 3-D objects.

Fig. 13. Image 1 after the edge-detection process.

Fig. 16. Image 2 antialiased using supersampling.

Fig. 17. Image 2 after the edge-detection process.

Fig. 14. Image 1 after the curve-fitting antialiasing process.

processor developed in the late 1980s also has similar hardw@fgAPlacian convolution operation and some comparison oper-
support [9].) With this configuration, one multiplication ano""F'Ons per pixel. If a pixel is found to be a high-contrast edge

one addition can be executed per cycle. Hence, it will only tal?_éxel' we perform a ta_ible lookup and a color-blending opera-
five cycles to perform one single Laplician operation. tion to reshade the plxe_l. In terms of memory C(_)st, the main
component for memory is the lookup table. As discussed ear-

lier, the lookup table only requires 2M bytes of memory, which

VIII. E VALUATIONS can easily be afforded by most low-cost systems. In addition, be-

cause the proposed method does not require to access the scene

In summary, the proposed method has the following advattata, hardware implementation of it is extremely easy. It can be
tages. It is very simple to implement and extremely efficient implemented as a chip and added to the end of the rendering
terms of computational cost. Basically, we only need to perforpipeline, without any modification to the pipeline.
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access to the scene data as well as the depth buffer. Further-
more, when two polyhedrons cross each other, discontinuity
edges may be generated at the places where the polyhedrons in-
tersect. As pointed out by [17], since these discontinuity edges
are not in the geometry definitions, the overdraw method is not
able to solve this problem. On the other hand, our method is
based on detecting discontinuity edges appeared in the output
image and hence can handle this problem. However, since the
overdraw method obtains the edge lines for redraw directly from
the scene data, the reshading result is more accurate while ours
is only an approximation.

Compared to the A-buffer method [4] and its subsequent im-
provement methods [18], [19], our method is certainly much
simpler. Although the A-buffer type of methods produces more
accurate images, it requires runtime memory allocation and the
amount of memory needed to render an image depends on the

Fig. 18. Image 2 after the curve-fitting antialiasing process.

80

scene complexity. In addition, the number of fragments created
for a pixel is not fixed nor known in advance. Furthermore, it
V_N\AMMM‘\MAM requires all the fragments within each pixel to be dynamically
60 1 , sorted according to the depth value. This is why it is very com-
. b A - plex and expensive to implement in hardware.
g R LT Compared to the accumulation buffer method [10], our
o 40 ‘ : method is much more efficient. The rendering performance of
E | Edge Detection | current graphics accelerators is mainly dictated by the polygon
= ‘ Anti-aliasing scan-conversion rate. Although the accumulation buffer method
20 - [——"Total is already supported by most recent graphics accelerators, it
SN YUPUUSNINIV SOVVASVES VI does it by repeatedly scan-converting all the polygons as many
times as the subpixel sampling rate. This essentially reduces
0 ; N 1 . the rendering performance of a given graphics accelerator by
0 10 20 30 40 50 60 70 8 90 100 110 the subpixel sampling rate.

Frame Number However, our method shares two common limitations with
other postfiltering methods [3], [17]. First, since this kind of
methods reshades the image after it is drawn, the error can be
high if the environment contains a lot of small objects. Second,

Fig. 19. Processing time for antialiasing a video sequence.

image data  Laplacian filter since it is not possible to determine the position of an edge
‘ i within a pixel for an aliased image, there is an average @b
multiplier register pixel error on the reshaded edges. Although the discontinuity
edge overdraw method accesses the scene data to redraw the

edges, it also suffers from a similar problem. The redrawn lines
will enlarge the size of the antialiased objects#§.5 pixels on
adder each side.

IX. CONCLUSION

Fig. 20. Hardware support for the convolution operation. . . -
9 PP P In this paper, we have proposed using curve fitting (a general

form of line fitting) as a postfiltering method for antialiasing.

Compared to Bloomenthal's method [3], the advantages dbwever, instead of identifying an appropriate curve to fit a par-
the proposed method are that the shapes of the filtered objditslar edge contour in runtime, we identify all possible edge
do not change according to which pixels are being selectedpterns and fit curves to each of these patterns in advance. An
the first pixels for fitting, and there is no need to perform edgadex table can then be precomputed to store all the fitting infor-
tracing in runtime. In addition, instead of supporting only linenation. During runtime, we use the local edge patterns to form
fitting, we can have both curve fitting as well as line fittingjndices into this table to obtain information for reshading. The
depending on the local edge curvature. new method is very simple and efficient. We have demonstrated

Compared with the discontinuity edge overdraw method [17ts performance and analytically compared its strengths and lim-
our method does not require a lengthy preprocessing step @atlons with other methods. We have also shown some output
hence allows object deformation. In addition, our method, sirfmages of the method.
ilar to Bloomenthal’s method, is completely independent of the A possible future work of this project may be to investigate
rendering method, while the overdraw method requires to havew to make use of the scene data to assist in accurately locating
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