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Abstract

We introduce a new register file architecture that provides both row-wise and column-wise
accesses, thus allowing partitioned instructions to be used in column-wise processing without
transposition overhead. This feature can accelerate 2D separable image and video processing
algorithms, such as 2D convolution and 2D discrete cosine transform (DCT), by eliminating the
transposition steps.
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1. Introduction

2D convolution and 2D transforms, such as wavelet transform and discrete cosine transform
(DCT), are widely used in image and video processing. To reduce the computation complexity,
these algorithms are often implemented in two separable passes of 1D processing (e.g., row-wise
processing followed by column-wise processing). For example, the number of multiplications of
adirect N x N 2D DCT isN*, whileit is 2N? if two passes of 1D DCTs are used.

Many image and video processing algorithms handle data elements that are smaller than a
register size. Mediaprocessors take advantage of this property by employing partitioned
instructions that can simultaneously process multiple data elements packed into one register [1].
Figure 1 shows a partitioned-multiply-add instruction that performs eight 8-bit multiply
accumulations (MAC) in parallel using a 64-bit data path. In performing the two separable
passes of 1D processing, these partitioned instructions can be useful for row-wise processing.
However, since the data are not stored in consecutive memory locations for column-wise
processing, as shown in Figure 2, a transposition on the row-wise processing result before
entering the column-wise processing and another transposition on the column-wise processing
result have to be applied to utilize the partitioned instructions.
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Figure 1. An eight 8-bit partitioned-multiply-add instruction.
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Figure 2. A problem in column-wise processing with partitioned instructions.

Figure 3 shows a typical method of implementing separable algorithms using partitioned
instructions. First, we perform row-wise processing utilizing partitioned instructions, then
transpose the result to prepare the data in a column to be stored consecutively in memory.
Column-wise processing can now use partitioned instructions by accessing the data in the same
way as row-wise processing. Finally, the result is transposed again. To transpose an 8 x 8 8-hit
block, it takes 112 instructions (56 loads and 56 stores) in a typical reduced instruction set
computer (RISC) architecture (note that eight diagonal data elements do not need to be
transposed). Some mediaprocessors feature data movement instructions that can be used to
transpose a small 2D block of data more efficiently [2, 3].
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Figure 3. An implementation of separable algorithms using partitioned instructions.



For example, the MAP1000 mediaprocessor [4] provides special instructions that can perform an
8 x 8 8-hit block transposition in 40 instructions. Figure 4 shows the two instructions (shuffle and
combine) that can be used to transpose an 8 x 8 8-hit block. The shuffle instruction takes two 32-
bit source operands and interleaves them into a 64-bit destination register, which is represented
as a consecutive even-odd pair of 32-bit registers. The combine instruction generates a 64-bit
result by concatenating two arbitrary 32-bit registers.

shuffle.4.64.64.8 0, 13, r2 1 0
~ A Y r A Y
r3 00 | 01 (02 | 03
> 0 00 | 02 |04 (06| 01]03]|O05]o07
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combine.64 r0, r3, r5 5l 10
s A ) Il A N\
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> 0 00 | 01 |02 (03 ]|]04]|05]| 06|07
r5 04 | 05 | 06 | 07

Figure 4. Shuffle and combine instructions.

There are two seps for transposition: shuffle and combine. In the shuffle step, one 8 x 8 8-bit
block is divided into four 4 x 4 8-bit blocks. Two groups of shuffle instructions are used to
generate four transposed local 4 x 4 8-bit blocks as shown in Figure 5. The numbers 1 to 4 show
how each column in the upper-left 4 x 4 block is being transposed. The four transposed 4 x 4
blocks are combined together to become a transposed 8 x 8 block in the combine step as shown
in Figure 6. In this example, we need atotal of 40 instructions, i.e., 8 load, 16 shuffle, 8 combine,
and 8 store instructions, to transpose an 8 x 8 8-hit block of data.

In spite of these special instructions, however, transposition is still expensive. For example, the
number of instructions needed for transposition in the Chen’s DCT implementation [6] on the
MAP1000 takes about 32% of the total number of instructions (see Section 3.2). In this paper,
we describe a register file architecture that can eliminate the instructions required for
transpositions by allowing the programmers to access the registers both row-wise and column-
wise directly.
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Figure 5. An 8 x 8 8-bit matrix transpose on the M AP1000 (shuffle step).
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Figure 6. An 8 x 8 8-bit matrix transpose on the M AP1000 (combine step).



2. A transposable register file

Figure 7 shows a transposable register file with 8-bit partitions. Each register consists of n 8 bits
of data and therefore has a total width of n x 8 bits. This register file contains n registers to
provide n x n transposition. There are two access modes. normal and transposed. The register
blocks are accessed row-wise in the normal access mode, while column-wise access is used in
the transposed access mode. Note that we need n registers to transpose an n x n 8-bit block of
data. In image and video processing, 16-bit data are also frequently used as well as 8-bit data.
Figure 8 shows a transposable register file that alows 16-bit column-wise access. In this case,
we need only n/2 registers (n should be even) compared to n registers in the 8-bit transposable
register file since there are n/2 16 hits of datain aregister.

Column-wise Row-wise
access 2 3 4 = nlmn access

Y

8. 8 8 8 8 8 /

n-1

Figure7. A transposable register filewith 8-bit partitions.

For transposition, either a normal write followed by a transposed read or a transposed write
followed by a normal read should be sufficient. In this paper, we show the transposed write —
normal read mode since it generally requires less hardware overhead. This is because the
transposition requires additional hardware for each port that supports it and there are fewer write
ports than read ports on typical register files, e.g., there is one destination operand field and two
or three source operand fields in typical instruction bit fields. We will therefore assume that
transposition is only desired on the write ports of the register file, although read ports can be
equipped with this capability, too.
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Figure 8. A transposable register filewith 16-bit data.

Figure 9 shows an implementation of the transposable register file utilizing the transposed-write
mode. The register file has thirty-two 32-bit registers. For 16-bit data transposition, the first two
registers (rO and rl) are used. For 8-bit data transposition, the first four registers (r0...r3) are
used. This design extends naturally to wider-bit register files, but for illustrative purposes, we
describe a 32-hit transposable register file only in this paper.

The implementation shown in Figure 9 is based on a typical design for a register file with
separate read and write ports [5]. To reduce the complexity of the figure, we have combined
eight bits into one SRAM cell. A row of four 8-bit SRAM cells forms a register with register O at
the top. When reading from register 3, for example, the fourth row of SRAM cells will be
selected by rden3 through the read address decoder while all other rows remain inactive. The
register contents will appear on the data-out wires at the bottom of the figure.

The two decoders &t the top of the figure add the 8-bit and 16-bit transposed write capability. We
describe the 8-bit transpose operation first. The key enabling component for the 8-bit transposed
write mode is its address decoder at the top. Instead of selecting a row of SRAM cells, each of
its enable lines (tr8sel0...tr8sel3) selects a column of SRAM cells that contain the transposed
values. The data-in values in the selected column are transferred to the corresponding input to the
SRAM cells. For example, when accessing the transposed register rO (consisting of the four
vertically-aligned SRAM cells at the far left), data-in 31...24 will be driven to the top-most
SRAM cell, data-in 23...16 to the second SRAM cell, data-in 15...8 to the third SRAM cell and
data-in 7...0 to the last SRAM cell.

The 16-bit transposed mode spans only two registers because only two 16-bit partitions can fit in
a 32-hit register. Two SRAM cells are combined to form a single 16-bit partition. Similar to the
8-bit access mode, there is a separate address decoder at the top of the register file. This address
decoder can only select one of the two 16-bit transposed registers, i.e., either the two left halves
of rO and rl (viatr16sel0) or the two right halves of rO and rl (viatr16sel1). Therefore, the input
datato the SRAM cells are correctly transferred from the corresponding data-in wires.
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Figure9. A 32-bit transposable register file architecture.
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Registers r4 through r31 in Figure 9 are normal registers and have no transpose capability.
However, it might be desirable to extend the transposition capability. For example, when there
are multiple data blocks that need to be transposed, two separate register blocks for alternating
data load and computation (called double buffering) can be used to better pipeline the
computation. To provide this capability, registers r2 and r3 could be made 16-bit transposable
and registersr4 to r7 could also be made 8-bit transposable.

Note also that a 64-bit wide register file (used in Section 3) can be designed by extending the
register size and doubling the number of registers required for the transposition. In other words,
8-bit transposed access would require eight registers while 16-bit transposed access would
reguire four registersif the register file is extended to 64 bits.



3. Examples

In this section, we show three examples to see the effect of the transposable register file. We use
MAP1000 instructions in these examples. | mage transposition is a common example that can be
used in many 2D separable algorithms. An 8 x 8 16-bit block DCT example shows that the two
separate transposition steps can be completely hidden when all the data fit in the register file. A
2D separable convolution example shows that this architecture is useful for the algorithms that
can be processed in a block-wise fashion.

3.1 Image transpose

Figure 10 shows an example of 8 x 8 8-hit block transposition without the transposable register
file. bdd.64 is a 64-bit load instruction in big endian, which takes three parameters, i.e., a
destination register, a pointer register and an offset that is added to the pointer register to
generate the effective address. The unit of the offset is 64 bits, e.g., the offset of 1 (line 3)
indicates the second 64-bit data from the pointer. bsst.64 is a 64-bit store instruction in big
endian where the first parameter works as a source register.

/l'load eight 64-bit data, i.e., an 8x8 8-bit block.
01: bsld.64 r0,r32,0; /*r0=*32*
02: bsld.64 r2,r32, [¥ 12 =*(r32 + 8) */
03: bsld.64 r4,r32, [* 14 =*(1r32 + 8 * 2) ¥/
04: bsld.64 16, r32, /%16 = *(r32 + 8 * 3) ¥/
05: bsld.64 r8, r32, /%18 = *(r32 + 8 * 4) ¥/
/110 =*(r32 + 8 * 5) */
[¥112 =*(r32 + 8 * 6) */
[*r14 =*(r32 + 8* 7) */

06: bsld.64 r10, r32,
07: bsld.64rl12, r32,
08: bsld.64 rl4, r32,

SEDRUIEERCONNONIEIO

09-32: //transpose the block using
/I 16 shuffle and 8 combine instructions. (See Figures 5 and 6)

/I store back the result
33: bsst.64 r16, r33,
34: bsst.64rl8, r33,
35: bsst.64 r20, r33,
36: bsst.64r22, r33,
37: bsst.64r24, r33,
38: bsst.64 r26, r33,
39: bsst.64 r28, r33,
40: psst.64 r30, r33,

/**r33 =rl6 */

[**(r33 + 8) =r18 */
[**(r33 + 8 * 2) =r20 */
[**(r33 +8*3)=r22 %
[**(r33 + 8 * 4) = r24 */
[**(r33 + 8 * 5) =r26 */
/**(r33 + 8 * 6) = r28 */
/**(r33 +8*7) =r30 */
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Figure 10. An example of 8 x 8 8-bit block transposition without the transposable register
file.

We load a data block that consists of eight 64-bit memory words, transpose the block using 16
shuffle and 8 combine instructions, and then store the result back to memory. Figure 11 shows
the same 8 x 8 block transposition with the transposable register file. We assume that we can
access the register file in transposed mode when a postfix t is used, e.g., rO.t. In this example, 16
instructions are used for transposition compared to the 40 instructions used in Figure 10. Note



that, with the transposable register file, we can eliminate the 24 shuffle and combine instructions
since transposition is done as the data are loaded into the register file.

/l'load eight 64-bit data, i.e., an 8x8 8-bit block.
01: bsld.64 r0, r32, 0; /* 10 = *r32 */
02: bsld.64 r2,r32, /12 =*(r32 + 8) ¥/
03: bsld.64 r4,r32, [*r4 =*r32 +8*2) %
04: bsld.64 r6, r32, /¥ 16 =*(r32 + 8 * 3) */
05: bsld.64 r8,r32, [*r8 =*(r32 + 8* 4) */
06: bsld.64 r10, r32, /*r10 =*(r32 + 8 * 5) */
07: bsld.64rl12, r32, [*r12 =*(r32 + 8 * 6) */
08: bsld.64 rl4, r32, [*r14 =*(r32 + 8* 7) */

S NOCIESRC NS

/I read out the data in transpose mode and store them
09: bsst.64 r0.t,r33, /* %133 =10 */
10: bsst.64 r2.t,r33, J**(r33 + 8) = 12 */
11: bsst.64 r4.t, r33, [**(r33+8*2)=r4*
12: bsst.64 r6.t, r33, [**(r33 + 8 * 3) = 16 */
13: bsst.64 r8.t, r33, J**(r33 + 8 * 4) = 18 */
14: bsst.64 rl10.t, r33, [**(r33 + 8 * 5) = r10 */
15: bsst.64rl2.t, r33, /% *(r33 + 8 * 6) = r12 */
16: bsst.64 rl4.t, r33, F*r33+8*7)=rl4*

NogahrwdhdREO

Figure 11. An example of 8 x 8 8-bit block transposition with thetransposable register file.

To transpose an image whose size does not fit in the register file, we can divide the image into
several smaller blocks so that each block can fit in the register file, then transpose each block,
and rearrange them as shown in Figure 12.

A B AT CT

C D BT DT

Figure 12. Block-wise transposition.

In case of 16-bit data, It takes 4 shuffle and 4 combine instructions on the MAP1000 as shown in
Figure 13 to transpose a 4 x 4 16-hit block in addition to 4 load and 4 store instructions. Again,
with the transposable register file, the eight instructions used for shuffle and combine can be
eliminated.



/" shuffle.2.64.64.1618, 11,13 ™, " combine.64 10, 19, 113

shuffle.2.64.64.16 r10,10,r2 % combine.64 2, r8, r10

. shuffle.3.64.64.16112,15,17 | combine.64 r4, ri1, r15

shuffle.2.64.64.16 r14, r4, r6 combine.64 r6, r10, r14
10 | 00 | o1 | 02 | 03 | 8 | 00 | 04 | o1 | 05 | ro | 00 | 04 | 08 | 12 |
r2 | 04 | 05 | 06 | 07 | rlO| 02 | 06 | 03 | 07 | |:> r2 | o1 | 05 | 09 | 13 |
r4 | 08 | 09 | 10 | 11 | r12| 08 | 12 | 09 | 13 | r4 | 02 | 06 | 10 | 14 |
16 | 12 | 13 | 14 | 15 | rl4| 10 | 14 | 11 | 15 | 16 | 03 | 07 | 11 | 15 |

Figure 13. 4 x 4 16-bit matrix transposition on the M AP1000.
3.2 8x8 16-bit block DCT

Figure 14 shows an 8 x 8 16-bit 2D DCT implementation using the Chen’s algorithm [6] without
using the transposable register file. Since a 2D DCT is separable, we can compute a 2D DCT by
performing two sets of 1D row-wise DCTs and two transpositions. In the first iteration (i=0), we
perform 1D DCTs for the 8 x 8 16-bit input data (step 1), and then transpose the result (step 2).
Next (i=1), we repest these steps again. We use 16-bit partitioned-multiply-add/sub instructions
(shown in Figure 1) to perform four 8-point 1D DCTs at the same time in the 64-bit data path,
taking 68 instructions to process the flow graph of Chen’'s algorithm. For column-wise
processing, we need two 8 x 8 16-bit transpositions. Since one 4 x 4 16-bit transposition takes 8
instructions as shown in Figure 13, 32 instructions are used for an 8 x 8 16-bit transposition. As a
result, atotal of (68 + 32) * 2 = 200 instructions are required to compute one 2D 8 x 8 16-bit
DCT. Inthis example, two transpositions take 64 instructions out of the total of 200 instructions
required for an 8 x 8 2D DCT. With the transposable register file, we can eliminate the step 2
(transposition) as shown in Figure 15, thus it would take a total of 136 instructions to perform an
8 x 8 16-hit 2D DCT.

for(i=0;i<2;i++)

v

step 1:
68 partitioned instructions
to perform 1D row-wise
DCTs for an 8 x 8 16-bit

block.

step 2:
32 data movement
instructions to transpose
the results.

v

Figure 14. 8 x 8 16-bit block DCT implementation without the transposable register file.
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for(i=0;i<2;i++)

v

68 partitioned instructions
to perform 1D row-wise
DCTs for an 8 x 8 16-bit
block.

The results are stored in
the transposed registers.

v

Figure 15. 8 x 8 16-bit block DCT implementation with the transposable register file.
3.3 2D separable convolution

2D convolution kernels are not necessarily separable. However, there are several useful 2D
kernels that can be decomposed into two vectors, e.g., Boxcar, Gaussian, and Daubechies
wavelet. In this example, we perform 2D separable convolution on a 42 x 42 16-bit block of data
with a kernel length of 3. Figure 16 shows the details of the processing where the three kernel
coefficients for the row-wise processing are a, b, and c. Three 16-bit partitioned-multiply-add
instructions (shown in Figure 1) applied between the kernel and the three vertical input data
generate four 16-bit results in the shaded block as shown in Figure 16. After four rows of such
block results are generated, the rows are transposed and stored into local memory horizontally.
Note that the 42 x 42 input block becomes a 42 x 40 block after the first row-wise processing and
a 40 x 40 block after the second processing, respectively.

three 16-bit

partitioned-
/_> multiply-add
1D kernel instructions
alalaja
2222 42 (42/4 =11
vertical blocks) 40
............. . [TTT] 4x4 16-bit
THH transpose
HH | HH— >
First
row-wise 42 22
processing v
Vertical
block 40 (10 vertical
blocks) 40
[N
I >
Second
row-wise " T > 20
processing \J

Figure 16. An example of block-wise 2D separable convolution.
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Since we process four 16-bit data in parallel using partitioned instructions, there are 42/ 4 = 11
vertical blocks in the first row-wise processing and 40 / 4 = 10 vertical blocks in the second one.
Let us consider the number of instructions required for one vertical block only. Since there are
40 outputs and the tap length is 3, we need 120 partitioned-multiply-add instructions in addition
to 42 load and 40 store instructions. Moreover, 40 shuffle and 40 combine instructions are
required to transpose the ten 4 x 4 blocks. Therefore, it takes atotal of (42 + 40 + 120 + 40 + 40)
* 11 = 3102 instructions to process the 11 vertical blocks in the first row-wise processing. The
second pass requires (42 + 40 + 120 + 40 + 40) * 10 = 2820 instructions since there are 10
vertical blocks only. With the transposable register file, the 40 shuffle and 40 combine
instructions can be completely hidden if we write the results to the register file in the transpose
mode before we store them into memory. This case, it takes (42 + 40 + 120) * (11 + 10) = 4242
instructions compared to the (3102 + 2820) = 5922 instructions used in the implementation
without the transposable register file, thus reducing the number of instructions by 28%.

4. Discussion

Table 1 compares the number of instructions taken in the examples in Section 3. The reduction in
the number of instructions due to the transposable register file is significant with the factors
ranging 1.4 to 2.5 compared to the regular methods.

Table 1. Comparison of the number of instructions

Examples Without transposable With transposable Rati
. : " - 8 atio
(tight-loop only) register file register file

8x8 8-bit transpose 40 16 25:1

4x4 16-bit transpose 16 8 20:1

8x8 16-bit Chen’s DCT 200 136 147:1
42x42 16-bit 2D

convolution with a 5922 4242 1.40 1
kernel length of 3

There are three aspects to the hardware cost of our technique of transposing registers. First, each
transposable access port requires its own decoder and additional wiring within the register file
structure. Second, the ability to transpose on different data widths, such as 8 bits and 16 bits,
requires separate transposable access ports for each data width. Finally, the instruction set
architecture will need to be able to address additional registers in its instruction to include the
newly added transposed registers. Our choice of supporting transposition on the write port only
can reduce this cost effectively, because there are typically fewer write ports than read ports.
With only one destination field in an instruction, the instruction width would need to be
increased by only a single bit to accommodate the additional four 8-bit transposed and two 16-bit
transposed registers.
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A transposable register file can hide the time-consuming transposition steps in many
fundamental algorithms and allow us to explore various implementation methods. However, it
increases the need for more number of registers when the data width increases since the required
number of registersis proportional to the number of partitions in aregister. For example, in a 64-
bit architecture, we need 8 registers to transpose an 8 x 8 8-bit data block. These eight registers
cannot be used for other purposes until the transposition is completed. In another example, 32
registers are needed in a 256-bit architecture, which can transpose a 32 x 32 8-bit data block.
These 32 registers cannot be used for other purposes during transposition. In addition, when
there is a long latency between writing and reading the register file caused by the processor
pipeline, we cannot start reading the transposed data right after issuing an instruction that writes
aresult to the register file. Double buffering by providing more registers to resolve this latency
issue will also increase the register pressure. To address these drawbacks with minimal impact
on the instruction set architecture, we can consider a queue-based transposable register file as

shown in Figure 17.

-~

32/1/ data-in
write- head 3
enable” | pointer | \rite
address
32-bit transposable
register file
with 8 registers
read- tail 3/
enable” | pointer read
address

32/1/ data-out /

A

virtual register

Figure 17. A queue-based transposable register file.

In this example, there are eight 32-bit registers in the queue. The queue is mapped into one
virtual register that can be used as a source or destination operand in the instructions. We assume
that transposition is done through the write port. The destination and source registers are selected
by separate head and tail pointers, respectively. When a datum is written to the virtual register, it
is stored in the register pointed to by the head pointer, and the head pointer is incremented by 1.
Similarly, when a datum is read from the virtual register, the value stored in the register pointed
to by the tail pointer is returned and the tail pointer is incremented by 1. The two pointers are
circular so that they become O when they are incremented beyond seven. The reason that we
have eight registersin Figure 17, i.e., twice more than we need, is to provide double buffering. In
anormal transposable register file, it is difficult to double the number of transposable registers
for double buffering since the register pressure increases as well. The queue-based transposable
register file can lower this register pressure at the cost of sacrificing the random access
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capability. In many cases, however, this sequential access to the 2D array being transposed is not
a problem since we can schedule the order of output.

5. Conclusion

We have presented a transposable register file architecture for reducing the number of
instructions for transposing a block of data. This technique allows us to access the data in a
register file in both row-wise and column-wise directions. It requires no extra instructions in
accessing the transposed data in the register file. For example, the results of row-wise processing
can be stored in a transposed fashion and directly used as source operands in the subsequent
column-wise processing. The transposable register file requires many registers during
transpositions especially on wide data path architecture, thus could increase the register pressure.
A queue-based transposable register file was proposed to lower this register pressure. We have
shown three examples that demonstrate the effect of the transposable register file in image and
video computing algorithms, which resulted in the reduced number of instructions by factors
ranging 1.4 to 2.5 compared to the regular implementation methods.
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