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Abstract

Based on the insight into the essential differences between transparency and color, we present a novel alpha
compression scheme, called EAC (Enhanced Alpha Compression), as an improvement to that of DXT5. EAC defines
new compression data formats, and employs clustering algorithms combined with linear interpolation method
used in DXT5 to compress 16 input alpha values to 64 bits. The compressed block has three possible formats,
corresponding to two process modes in decompression. Results show that EAC improves the average PSNR with
about 0.2 dB compared to alpha compression of DXT5 over a set of test images. Moreover, the average cell area of
hardware implementation is reduced by about 25%, and the power consumption is lowered by 21.66%—26.75%.

Categories and Subject Descriptors (according to ACM CCS):

Graphics and Realism—Texture

1.3.7 [Computer Graphics]: Three-Dimensional

1. Introduction

Memory bandwidth is often the bottleneck for graphics sys-
tems [AMHHO08], as the yearly performance growth rate of
computing capability is much larger than that of bandwidth
and latency for DRAM [Owe05]. Reading from texture
memory is often the main consumer of bandwidth [AMHO02].
Thus texture compression is widely used in graphics sys-
tems. S3TC (S3 Texture Compression) is the most com-
mon texture compression scheme, including compression
methods for the alpha channel and color channel of tex-
ture images. Our major contribution is to propose a novel
alpha compression scheme, which can substitute for that of
S3TC/DXT5. Moreover our work gives an inspiration to new
texture compression data formats, from which innovative
texture compression standard could derive.

2. Previous Work

S3TC is a group of related texture compression algorithms
originally developed by S3 Graphics, Ltd [INH99]. It con-
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sists of 5 different variations, named DXT1 through DXT5,
among which DXT2 and DXT4 are rarely used. DXT1 only
handles RGB channel. A 4 x 4 pixel block (called a tile)
is compressed to 64 bits, consisting of two RGB565 col-
ors Cp, ¢ and 16 2-bit indices. If the first color ¢y as a
16-bit unsigned integer is greater than the second color cq,
two other colors are calculated, ¢, = (2¢p+¢1)/3 and ¢3 =
(co+2c1)/3. Otherwise c; = (co+c¢1)/2 and cg is transpar-
ent black. The indices decide each pixel’s color value. DXT3
and DXT5 convert 16 input pixels into 128 bits, consisting
of 64 bits of alpha data followed by 64 bits of color data. The
color data are encoded the same way as DXT1, except that
the four color version of DXT1 algorithm is always used.

DXT3 contains a 4-bit alpha value per pixel. DXT5 stores
two 8-hit alpha values ag, a; and 16 3-bit indices. If
ap > 01, six other alpha values are calculated, such that
oy = (6ap +a1)/7, az = (509 + 201)/7, 04 = (40p +
301)/7, o5 = (3ap +401)/7, 0 = (200 + 501)/7, and
o7 = (0g + 6a1)/7. Otherwise if ap < oy, four other al-
pha values are calculated such that o, = (4ag + ay)/5,
a3 = (30g +20a1)/5, 04 = (200 +301) /5, and as = (0 +
4a7)/5 with ag = 0 and a7 = 255. The indices determine
the alpha value for each pixel. Because DXT5 uses an inter-
polated alpha scheme, it generally produces superior results
for alpha (transparency) gradients than DXT3 and is consid-
ered the most flexible general purpose compression codec.
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3. Enhanced Alpha Compression

S3TC’s fixed-rate data compression coupled with the single
memory access made it ideally suited for use in compress-
ing textures in hardware accelerated 3D computer graph-
ics. Its subsequent inclusion in Microsoft’s DirextX led to
widespread adoption of the technology and made it the de
facto standard. More than 10 years have passed since lourcha
et al. [INH99] presented the compression algorithms. How-
ever it seems that no other texture compression scheme could
challenge the supremacy of S3TC.
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Figure 1: An illustration of DXT5 alpha compression.
Left: original alpha values. Right: alpha values calculated
through linear interpolation.

One interesting aspect of DXT5 is that the two alpha val-
ues are interpolated the same way as in the color channel,
without taking the inherent properties of alpha data into ac-
count. Consider that if there are only 3 different alpha val-
ues in a tile and the derived data (a,—a7) cannot cover the
third value, errors and unnecessary computations were intro-
duced. Figure 1 shows an illustration.

3.1. Motivation of EAC

Enhanced Alpha Compression (EAC) is motivated by the es-
sential differences between transparency and color, mainly
including the following two aspects:

e Transparency and color are two different physical proper-
ties of materials. Both of them are related to lighting but
different in essence. Transparency embodies the light ab-
sorption, and is defined as the ratio of the absorbed to the
incident power. As the result of light reflection, color is
co-determined by the material and the ambient light.

e Transparency and color play different roles in computer
graphics. It is no exaggeration to say that the main task
of GPU is to compute each pixel’s color. Colors are com-
puted on a pixel-by-pixel (even sub-pixel) basis, based on
various sophisticated shading models and theories. How-
ever alpha values are usually assigned per object, and al-
pha channel is often used to describe the object’s outline.

3.2. Data Formats of EAC

The above analysis reveals the fundamental fact the diver-
sity of alpha values is generally not as rich as that of color

values, which conforms to our daily experience. Obviously
DXT5 neglected this simple but important fact. Based on the
perception of the essential differences, EAC defines new al-
pha data formats as shown in Figure 2. There are 3 possible
formats of the compressed 64-bit alpha block, distinguished
by the relative values of the first two 8-bit data.

oo ap 00 00 (00)2 X 16

0o o1 | [og] | [as] 2X 16 indices

3X 16 indices

Omax | Cmin

Figure 2: EAC alpha data formats. Top to bottom: format 1,
format 2 and format 3.

The first two bytes are interpreted as two unsigned inte-
gers. If the two integers are equal (format 1), all the 16 pixels
have the same alpha values. The rest 48 bits are zeros.

If the first integer is smaller than the second one (format
2), the following two bytes are another two base alpha values
oy and ag. The last 32 bits are 16 2-bit indices. One 2-bit
index can decide a value from ap, a1, 0y, and a3. oy and
a3 are not requisite. If they are present, the four base values
make an increasing sequence, such that ap < o1 < 0y < O3.
Otherwise, zeros take the place of a, and (or) as.

If the first integer is greater than the second one (format
3), 8 base alpha values are calculated, such that ag = Omin,
0Ol7 = Omax, 01 = (60 +07)/7, 0 = (500 +207)/7, 03 =
(4ap +30a7)/7, ag = (3ap +40a7)/7, as = (209 + 507) /7,
Og = (0 + 607)/7. The rest 48 bits are 16 3-bit indices,
used to decide each pixel’s alpha value.

3.3. Compression and Decompression

Because of the asymmetry of texture access [Fen03], the
compression can be implemented by software, and decom-
pression should be fast and inexpensive to implement in
hardware.

The compression of EAC employs two simple clustering
control strategies besides linear interpolation method. If two
alpha values are equal or their difference is below a cer-
tain threshold, such that |aj — ax| = 0 or |aj — ok| < 9,
they belong to the same cluster. Here the control factor
0 = (Omax — Omin)/14 is essentially the radius of cluster. If
the number of clusters are not greater than 4, alpha channel
is compressed according to data format 1 or format 2. Oth-
erwise interpolation is adopted and alpha channel is com-
pressed according to data format 3.

EAC is targeted for hardware implementation. Figure 3
illustrates a possible hardware diagram for an EAC decom-
pressor. When receiving a 64-bit compressed block, EAC
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firstly gets the data in the first two bytes, ag and ay. The sig-
nal flag is set depending on the relative values of o and oy .
If og < ay, flag =0 (mode 1). If ap > a4, flag=1 (mode
2). In mode 2 linear interpolation is employed to calculate
the 8 base values, while in mode 1 two other base values are
in the 3rd and 4th bytes of the compressed block. Finally the
indices are consulted to determine each pixel’s alpha value.
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Figure 3: An EAC decompressor structure. Decompression
is completed in three cycles, the dash lines indicate registers.

4. Experimentsand Results

Both EAC and the alpha compression of DXT5 (DXT5AC)
are implemented. The compression is implemented in C++
language and the decompression is implemented in Verilog.

4.1. Compression Quality

Transparency cannot be observed directly, and there are no
such alpha data that are widely accepted as benchmarks. So
we choose the Kodak image suite. The images are trans-
formed to YCoCg-R color space [MS03], and the Y channel
data are used for test. PSNR is used to measure quality. Fi-
nal decompressed luma data are stored as grayscale images
to facilitate observation.

Figure 4 shows the monochromatic images. As can be
seen, the luminance changes more sharply in DXT5AC than
in EAC, and the visual quality of EAC is better than that of
DXT5AC. The average PSNR score of 24 grayscale images
is increased by about 0.2 dB. The most significant increase
is 0.667 dB from kodim08. The most subtle one is 0.007 dB
from kodim02. Table 1 shows the detailed scores.

4.2. Synthesis Results

Decompressors of EAC and DXT5AC are synthesized with
Synopsys Design Compiler on a 0.13 pum library by Semi-
conductor Manufacturing International Corporation (SMIC).
Table 2 summarizes the synthesis reports.

When the clock period is set to 4ns, DXT5AC has 8 vio-
lating paths. Report shows that these paths start from regis-
ters at P and terminate at registers labeled Py (see Figure 3).
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Original EAC DXTSAC

Figure 4: Top to bottom: enlargements of kodim02, 08 and
18 (partial). Arrows point to distinguishable parts.

DXT5AC EAC A DXT5AC EAC A
40.144  40.338 0.193 37.851 38.049 0.198
46.893  46.900 0.007 42,045 42.156 0.112
47472 47510 0.038 45.404 45.686 0.283
46.110  46.220 0.110 45517  45.563 0.046
39.190 39.319 0.129 44529 44790 0.261
41.936  42.015 0.079 41.203 41519 0.315
44591 44728 0.137 42.035 42419 0.383
37.791  38.458 0.667 44260 44.481 0.221
45.031 45.180 0.148 41.855 41920 0.065
45.202 45481 0.279 44,054 44211 0.157
42.878 42956 0.078 46.773  46.806 0.033
46.215  46.409 0.195 40.544 41.073 0.529

Average increase = 0.194 dB

Table 1: PSNR scores and the increments. Left: kodimO1 to
kodim12. Right: kodim13 to kodim24. Unit is dB.

EAC does not have violating paths even with the clock pe-
riod set to 1ns. Compared to DXT5AC, the cell area of EAC
shows great drops. Under three different clock period set-
tings, the total area is reduced by 25.8%, 26.8% and 24.2%
respectively. The combinational area respectively decreases
42.7%, 43.1% and 41.2%.

4.3. Power Consumption

The two designs are re-simulated with the RTL codes re-
placed by gate-level netlists, generated with the clock pe-
riod set to 4ns, to capture VCD (value change dump) files.
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Name DXT5AC EAC DXT5AC EAC DXT5AC EAC
Levels of logic 30 5 27 6 25 4
Critical path length 3.77 2.15 3.45 1.67 34 0.77
Critical path slack -0.01 1.62 -1.65 0.11 -2.62 0
Critical path clk period 4 4 2 2 1 1
Total negative slack -0.08 0 -46.96 0 -113.43 0
No. of violating paths 8 0 46 0 176 0
Total area (um?) 41701.32 | 30939.42 | 43844.53 | 32083.86 | 45361.44 | 34385.22
Comb 27087.86 | 15526.93 | 29191.54 | 16619.35 | 29882.37 | 17405.89
Noncomb | 14613.46 | 15412.49 | 14652.99 | 15464.51 | 15479.07 | 16979.33
Overall compile time 215.25 30.48 289.06 42.77 306.09 62.75

Table 2: Design Compiler synthesis reports. Two designs are synthesized 3 times with the clock period set to 4ns, 2ns and 1ns.

The compressed luma data of Kodak images are used as
testbenches and 24 VCD files are captured for EAC and
DXT5AC respectively. Synopsys Prime Power reads the
VVCD files and calculates the power consumption. Table 3
lists the detailed power consumption of DXT5AC and EAC.
Left side shows the register power. Although DXT5AC and
EAC have almost the same number of registers (310 registers
in DXT5AC and 311 in EAC), the average register power is
reduced by 13.44%. The right side gives the total power. The
average total power is significantly lowered by 24.56%.

5. Conclusion

A novel alpha compression scheme, EAC, was presented and
implemented based on the perception of the essential differ-
ences between transparency and color. Since EAC is superior
in terms of visual quality, cell area, power consumption, etc,
it can substitute for DXT5 alpha compression, which will
significantly influence the modern graphics hardware.

Further improvements can be achieved when applying
EAC. Sophisticated clustering algorithms, such as K-means,
can be adopted to get higher PSNR scores. Clock-gating
technique can be used to further reduce power consump-
tion, since some registers can be disabled in EAC decom-
pression mode 1. Moreover, in EAC data format 1 and for-
mat 2 (when as is absent), some bits are left unoccupied.
The free bits can be utilized by color channel to further im-
prove the color channel’s compression quality, from which
an innovative texture compression standard could derive.
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