AUTOMATYKA ¢ 2011 » Tom 15 * Zeszyt 3

Agnieszka Dabrowska-Boruch*, **, Kazimierz Wiatr*, **

Implementation of FCT Transformation
in JPEG-XR Standard in Programmable Devices

1. Introduction

One of the newest image compression standards is the JPEG-XR (ITU-T T.832 [1])
standard developed by Microsoft. Microsoft started working on a new compression stan-
dard in 2006. This standard has to substitute so far used JPEG standard. Requirement of the
new algorithm was to achieve a similar performance to the JPEG2000 standard in terms of
compressed image quality and in term of compressed image file size. The new algorithm
was known under the working name: Windows Media Photo (WMP) or HD Photo, but
during process of standardization was renamed to JPEG-XR [3, 4, 6].

A ITU-T T.832 standard offers possibility of lossless compression as well as lossy
compression. There is ability to support input data stored in formats: integer (UINT, SINT),
fixed point and floating point (IEEE 754). A single pixel can be represented in the case of
RBG images with 8 or 16 bits per colour component for the integer format and 16 or 32 bits
per colour component for fixed point and floating-point format. JPEG-XR can represent
65536 colour tones for a single colour component using 48 bits per pixel. It means that the
JPEG-XR can represent 2,8:10™ colours. It can be used a lossy compression mode as well
as a lossless compression mode for 8 or 16 bits per each colour component. It is allowed to
use only a lossy compression for 32 bits per colour elements.

The JPEG-XR can process RGB, YUV, CMYK, monochromatic images. Figure 1
shows a block diagram of JPEG-XR standard compression.
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Fig.1. Block diagram of JPEG-XR standard compression
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The smallest processing unit during compression and decompression according to
JPEG-XR standard is a block, like in the JPEG standard. The JPEG-XR block (Fig. 2) has
a structure of 4x4 pixels in contrast to the JPEG’s structure of 8x8 pixels.
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Fig. 2. Block structure according to JPEG-XR standard

A macroblock (Fig. 3) is a greater processing object than the block. The macroblock
consist of 16 blocks in the configuration of 4x4 pixels.
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Fig. 3. Macroblock structure according to JPEG-XR standard

There is only one element marked as DC in the single macroblock. It is the coefficient
of the first block marked as O shown in Figure 2. Zero coefficients of other blocks are
marked as LP (Low-Pass). There are 15 such LP elements in the single macroblock. Other
coefficients (white colour on Fig. 3) are identified as HP (High-Pass) coefficents. There are
240 HP coefficients in the single macroblock.

2. Forward Core Transform

One of elements of the ITU-T T.832 compression process is a FCT (Forward Core
Transform). The Forward Core Transform in JPEG-XR has a similar function as the Dis-
crete Cosine Transform in JPEG. It is responsible for conversion of image data into the
frequency domain representation. The FCT is a transform that provides lossless compres-
sion as the discrete cosine transform used in JPEG standard. The advantage of the FCT is
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less computational complexity in comparison to the DCT [7]. The Forward Core Transform
is performed in two stages. Each block of macroblock is subjected to Hadamard transform
in the first stage. 2x2 Hadamard transform (T2x2h) (1) is used four times in each blocks
processing. Correlation between pixels in block (Fig. 2) is shown in Figure 4.
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Fig. 4. Correlation between pixels in the first stage of FCT

All DC and LP coefficients of macroblock (Fig. 3) each of blocks processed in the first
stage are grouped into a new block. The rule of grouping is shown in Figure 5.

Fig. 5. Coefficients of macroblock processed in the second stage of FCT

Then, the block is divided into 4 groups. Each group contains 2x2 coefficients ob-
tained after the first stage FCT. Figure 6 shows the method of numbering of block coeffi-
cients and division into groups.
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Fig. 6. Correlation between pixels in the second stage of FCT
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A Todd transform and a Toddodd transform are used in the second stage of FCT. The
Todd transform uses the one-dimensional rotation T, (2). The Toddodd transform uses the
two-dimensional rotation.

Some hardware architectures have been proposed in [2] and [5]. The attained through-
put of the FCT in [2] is approximately 2.7 pixels per clock step.

3. Implementation results

The first stage of Forward Core Transform in processing of image compression com-
patible with JPEG-XR standard requires T2x2h transform implementation. A pseudocode
of the two-dimensional Hadamard’s transform is following:

T2x2h(iCoeff] ], valRound) {

iCoeff[0] += iCoeff[3]

iCoeff[1] —= iCoefff2]

valTl = ((iCoeff]0] — iCoeff{1] + valRound) >> 1)
valT2 = iCoeff[2]

iCoeff[2] = valTl — iCoeff]3]

iCoeff{3] = valTl — valT2

iCoeff[0] —= iCoeff]3]

iCoeff[1] += iCoeff[2]}

where iCoeff{x] are input coefficients (pixels in the first stage of FCT or coefficients ob-
tained after the first stage of FCT that are input data in the second stage of FCT) and
a valRound value is equal 0 in the first stage of FCT and equal 1 in the second stage of FCT.
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Fig. 7. Graphical diagram of data flow in T2x2h
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Figure 7 shows a graphical diagram of data flow of the two-dimensional Hadamard
transform. A hardware implementation of the single T2x2h transform uses 90 Slice blocks
in Xilinx V5LX110 device at the 16-bit input data. This 90 Slice blocks corresponds with
14739 equivalent gates. This occupancy of the device contains 273 flip-flop blocks and 224
LUT blocks.

Another of the implemented hardware blocks of FCT is the block of one-dimensional
rotation Todd. The pseudocode (specified in ITU-T T.832 recommendation) defining the
Todd is as follows:

Todd(iCoeff[ ]) {

iCoeff[1] —= iCoeff{2]

iCoeff[0] += iCoeff[3]

iCoefff2] += ((iCoefff1] + 1) >> 1)
iCoeff[3] = ((iCoeff[0] + 1) >> 1) —iCoeff[3]
iCoeff[1] —= ((3* iCoeff[0] + 4) >> 3)
iCoeff[0] += ((3* iCoeff[1] + 4) >> 3)
iCoeff[3] —= ((3* iCoeff[2] + 4) >> 3)
iCoeff[2] += ((3* iCoeff[3] + 4) >> 3)
iCoeff{3] += (iCoeff[1] >> 1)
iCoeff[2] —= ((iCoeff[0] + 1) >> 1)
iCoeff[1] —= iCoeff[3]

iCoeff[0] += iCoeff[2]}
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Fig. 8. Graphical diagram of data flow in Todd

Figure 8 shows a graphical diagram of data flow in Todd.

The hardware implemented Todd transform compatible with above-mentioned
pseudocode needs 6 clock steps to determine the output values. The Todd module uses 137
slice blocks (1%), therein 379 Flip-Flop blocks and 332 LUT blocks. This 6 clock steps
needed to obtain output values causes necessity of using additional registers to extension
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T2x2h transform processing of 2 clock steps. The modification of pseudocode was made in
order to time reduction to 4 clock steps. The modified pseudocode for the Todd transform is
following:

Todd(iCoeff[ ]) {

valTl=iCoeff[1]

iCoeff[1] —= iCoeff{2]
iCoeff[2]=(iCoieff[2] + valTl+1)>>1
valT2=iCoeff[0]

iCoeff[0] += iCoeff{3]
iCoeff[3]=(valT2-iCoeff[3] +1)>>1
iCoeff[1] —= ((3* iCoeff[0] + 4) >> 3)
iCoeff[0] += ((3* iCoeff[1] + 4) >> 3)
iCoeff3] —= ((3* iCoeff[2] + 4) >> 3)
iCoeff[2] += ((3* iCoeff[3] + 4) >> 3)
valT3=iCoeff]3]

iCoeff[3] += (iCoeff[1] >> 1)
iCoefff1] =( iCoeff[1]>>1) — valT3
valT4=iCoeff[2]

iCoefff2] —= ((iCoeff[0] + 1) >> 1)
iCoeff[0] = valT4 + ((iCoeff[0] —1)>>1)}

The execution of operations from first six pseudocode lines takes only one clock step
of implemented algorithms. The operations of the next four pseudocode lines require anoth-
er two clock steps. The operations of last six pseudocode lines require only one clock step.
The Todd transform needs only four clock steps for processing thanks to made modifi-
cation. A hardware implementation of such modified Todd transform uses 112 (1%) slice
blocks of V5LX110 device. This device utilization contains 275 Flip-Flop blocks and 331
LUT blocks.

The last one of the blocks of the second stage of FCT is the two-dimensional rotation
Toddodd. The pseudocode of Toddodd transform specified in the recommendation of the
JPEG-XR standard is following:

Toddodd(iCoeff] |) {

iCoeff[1] = —iCoefff1]

iCoeff[2] = —iCoeff[2]

iCoeff[3] += iCoeff[0]

iCoeff[2] —= iCoeff[1]

iCoeff[0] —= (valTl = iCoeff[3] >> 1)

iCoeff[1] += (valT2 = iCoeff[2] >> 1)

iCoeff[0] += ((iCoeff[1] *3 + 4) >> 3)
iCoeff[1] —= ((iCoeff[0] * 3 + 3) >> 2)
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iCoeff[0] += ((iCoeff[1] * 3 + 3) >> 3)
iCoeff{1] —= valT2
iCoeff[0] += valTl
iCoeff[2] += iCoeff[1]
iCoeff[3] —= iCoeff[0]}
Output values are received after 7 clock steps in case of the implemented block of
Toddodd in accordance with the JPEG-XR standard.
j | )
18 -

J v
g} y2

:

b4
2=>@-@ | 2]

Fig. 9. Graphical diagram of data flow in Toddodd

Figure 9 shows a graphical diagram of data flow in Toddodd.

This Toddodd block uses 123 slice blocks of V5L.X110, therein 356 Flip-Flop blocks
and 331 LUT blocks. We can use only 4 clock steps to calculate all output values for Toddodd
transform like in case of the Todd transform. A pseudocode for this solution is following:

Toddodd(iCoeff[ ]) {

valTl = iCoeff[3]

iCoeff[3] += iCoeff[0]

valT2 = iCoeff[2]

valT3 = iCoeff[2] >> 1

iCoeff[2] = iCoeff[1] — iCoeff[2]
iCoeff[0] = (iCoeff[0]*8 — valT1*8 — iCoeff[1]*3 —valT2*3 + 8)>>4
iCoeff[1] —= ((iCoeff[0] * 3 + 3) >> 2)
iCoeff[0] += ((iCoeff[1] * 3 + 3) >> 3)
iCoeff{1] —= valT3

valT4 = iCoeff[0]

iCoeff[0] += iCoeff[3]>>1

iCoeff2] += iCoeff[1]

iCoeff]3] = (iCoeff[3]>>1) —valT4 }

An execution of operation from first six lines of the pseudocode of the implemented
Toddodd transform uses only one clock step. Operations from next two lines require two
clock steps. Operations from the last five lines of the pseudocode require only one clock
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step for execution. Results are received after 4 clock steps. Designed Toddodd block uses
103 slice blocks of Xilinx V5LX110 (therein 224 Flip-Flop blocks and 317 LUT blocks).

The block of the first stage of FCT in accordance with JPEG-XR standard recommen-
dation uses above-mentioned transforms. This block consists of four T2x2h transform
blocks. The block of the first stage of the Forward Core Transform implemented in
VSLX110 uses 318 slice blocks (therein 828 Flip-Flop blocks and 904 LUT blocks) with
16-bit input data. This block can operate at a frequency of 374 MHz. The attained through-
put of the first stage FCT is 16 pixels per clock step.

The implementation of the second stage of FCT uses more resources than the first stage
of FCT. The implementation of the second stage uses 433 slice blocks (2% resources of
V5LX110) therein 1065 Flip-Flop blocks and 1309 LUT blocks. The second stage block of
FCT transform can operate at a frequency of 254 MHz.

4. Summary

The advantage of implemented blocks of the first and the second stage in accordance
with the recommendation of the JPEG-XR standard is possibility of simultaneous process-
ing of 16 input values. The processing of a single block of the macroblock takes 4 clock
steps in the first stage of the Forward Core Transform. The processing of DC and LP coeffi-
cients received from the first stage of FCT in the second stage of FCT takes also four clocks
steps. Subsequent output values can appear in each clock step in cases of both stages. Mod-
ifications in pseudocodes defined by the ITU-T T.832 recommendation don’t result in dis-
crepancies between output values received from implemented blocks and output values re-
ceived from original pseudocodes.

Table 1
Implementation parameters of FCT transformations compatible with JPEG-XR standard
FCT stage

151 2nd

SLICE 318 433

LUT 904 1309

FF 828 1065

Frequency [MHz] 374 254
Power [W] 1,123 (leakage 1,109) 1,125 (leakage 1,109)

The implementation of the first stage of the Forward Core Transform uses 318 slice
blocks in Xilinx V5LX110 device. The implementation of the second stage of FCT takes
433 slice blocks. Other parameters of implementation are presented in Table 1.
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