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Abstract: Recent increases in the type and amount of multimedia data has
required a versatile device enough to play various data. Especially a variety
of lossless compression algorithms often causes large amount of redundant
computations. In this paper, an application-specific instruction processor tai-
lored to effectively process such coding algorithms is proposed. The func-
tionality and performance of the processor has been verified by using it to
run the H.264/AVC baseline profile encoder. The experimental results show
that the proposed processor can save about 96% and 36% of the execution
cycles of ARM Cortex-A9 and Intel 17 processors, respectively.
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1 Introduction

Multimedia devices such as smartphones, smart pads, and digital cameras are
widely used in daily life. These devices are often versatile enough to play many
different types of video contents, each conforming to one of video standards such as
MPEG-1/2/4, H.264/AVC, Divx, VP4 or WMV. Due to such diversity in video
format, multimedia devices are required to support multiple codecs.

One of the key functions of video codecs is to compress and decompress video
data for efficient transmission and storage. To this end, the codecs use both lossy
and lossless compression techniques: the lossy compression techniques remove
time and space redundancy in multimedia data, while the lossless compression
techniques reduce the content size by eliminating the statistical redundancy in the
data. Whenever a new standard is introduced, the data compression rate, image
resolution and quality are significantly improved over previous ones. However, the
improvement often increases the computation requirement of codec algorithms
even though the core compression algorithms are almost the same.

Entropy coding (EC) and run-level coding (RLC) are popular lossless com-
pression techniques used in video compression standards. The EC compresses
video data by converting fixed-size symbols into variable-size ones in such a way
that it assigns short output symbols to frequently-used source symbols. On the other
hand, the RLC compresses video data by converting pixel-rate data into symbol-
rate data: it presents a sequence of identical symbols using a pair of the symbol and
its occurrence count. The RLC is effective in reducing data size where the same
symbols consecutively appear in video data.

This paper proposes a novel ASIP architecture tailored to effectively execute
the EC and RLC operations. The proposed architecture includes new application-
specific instructions and the internal microarchitecture to support the efficient
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execution of the instructions. This architecture can be used to implement various
video standards.

The functionality of the proposed architecture has been verified by implement-
ing the processor in a VLSI chip with an 80-nm process. The performance of the
H.264/AVC codec running on the proposed processor was measured with 3 QCIF
video streams in baseline profile. The experimental results show that the proposed
architecture saves the execution cycle up to 96% and 36%, when compared to
ARM Cortex-A9 [1] and Intel 17 [2] processors, respectively. It was also observed
that the VLSI implementation requires only a small number of silicon gates.

2 Background and related work

2.1 Entropy coding and run-level coding

As aforementioned, the EC and RLC are the lossless coding schemes used in
various video standards. The EC compresses video data using the non-uniform sta-
tistical probability of symbol occurrence. Some famous EC algorithms are Huffman
Coding, Arithmetic Coding, and Exp-Golomb Coding. The Huffman Coding and
Arithmetic Coding are used in CAVLC and CABAC of the H.264/AVC, respec-
tively. The Exp-Golomb is used to compress parameters other than video data.

The core operations of RLC are zigzag scan and run-level pairing. The scan
order is chosen depending on which standard is in use and which scan order is
effective for increasing the number of consecutive 0s. An array of scanned values
contains one or more cluster of a non-zero value followed by strings of zeros. The
RLC reduces the space required to store scanned values by using two- or three-
dimensional run-level pairing. In the two-dimensional pairing, an array of scanned
values is presented with runs and levels, where the run is the number of consecutive
0s between non-zero coefficients, and level is the non-zero coefficient. In the three-
dimensional run-level pairing, symbols are presented with three-element tuples:
run, level and last. MPEG1 and MPEG2 use the two-dimensional pairing, while
MPEG4 and H.264 employ the three-dimensional one.

As an attempt to enhance the performance, it is possible to pipeline EC and
RLC operations. In this case, the EC produces a series of symbols into a buffer
which is then used as an input source for the RLC. However, due to the difference
in processing rate between EC and RLC, the pipeline mechanism should be
carefully designed to incorporate a sufficient amount of buffer.

2.2 Acceleration techniques
Many recent researches have proposed application-specific instruction processor
(ASIP) architectures to efficiently run software video codecs. The proposed
architectures provide special instructions suitable for the execution of codec-
specific operations [3]. They have focused on the reduction of memory accesses
to speed up the execution of motion compensation, motion estimation [4, 5], and
intra- and inter-prediction [6, 7, 8, 9]. One of the other approaches is to provide an
efficient table lookup operation for the EC and RLC [10, 11].

In addition, an ASIP approach for a H.264/AVC decoder uses a dedicated
hardware accelerator for entropy decoding [12]. Another ASIP used for imple-



IEICE Electronics Express, Vol.11, No.24, 1-12

mentation of H.264 decoder [13] utilizes some special bit-patterns found in the
entropy decoding tables of H.264 to accelerate its processing speed. However, the
use of such special properties hinders the processor from being used for entropy
encoding.

There are also some approaches that accelerate codec execution by using multi-
core CPUs or both CPUs and GPUs [14]. They effectively run most codec
functions, but not the EC which is known to be hard to parallelize.

The complexity of various entropy encoding and decoding algorithms can be
handled by pipelined array processors [15]. Each processor of this architecture
provides only simple instructions that can be used to execute the EC efficiently. But
the cost of array processors and communication infrastructure is considerably high
compared to a dedicated hardware accelerator.

3 Proposed architecture

The proposed ASIP, called Bit Stream Processor (BSP), consists of two modules,
Syntax Processor (STP) and Run-Level Engine (RLE), each of which responsible
for syntax parsing and EC, and RLC, respectively. This processor excludes the
signal processing unit for the lossy coding part of the video compression. It is
because the signal processing function could be run in software on an external
microprocessor. In addition, the BSP works with an external DMA which is in
charge of transferring encoded bitstream data and decoded video data to the next
processing unit.

( External Microprocessor )
T
o) (3 : é é
omman ystem nterrupt
[Decoder] [Controller Controller pBuf SPS/PPS
T

Rdn/lL%v@Jl
Zigzag Instruction Data
Table Memory Memory

Fig. 1. Proposed BSP architecture

The overall architecture of the proposed processor is illustrated in Fig. 1. The
STP and RLE are connected with the other components via four buffers (iBuf,
oBuf, sBuf, and pBuf) to store intermediate data. The iBuf delivers DCT coef-
ficients between the external microprocessor and RLE. The oBuf stores run/level
pairs between RLE and STP. The sBuf holds the bitstream between STP and DMA.
The pBuf, located between the external microprocessor and STP, transfers codec
metadata (parameters) that do not need to pass through RLE. The RLE and STP can
run in an asynchronous way. However, the STP can control the operations of RLE
by setting the proper command registers of RLE. It communicates with the system
controller through the special status registers (which is not shown in the figure).
The use of buffers allows STP and RLE to run in a pipelined way.
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3.1 STP for entropy coding

The STP is a 32-bit RISC processor with Harvard architecture. It contains special
registers and a barrel shifter that are customized for the entropy coding operations.
It has two internal pipeline stages: instruction fetch stage and execution stage.

External
ﬂCommands Program RAM z

Instr
Decoder

«—¢

A

Control
Register

ALU/SFT

v
o] ]
Y

Data RAM

l
Fig. 2. STP data path

The data path inside the STP is shown in Fig. 2. The barrel shifter (BSFT) is
responsible for shifting an incoming value with a specified amount and the
bitstream registers (BS[0],[1]) are used to store a portion of bitstream data under
processing. The remainder register (REM) and its status register (RC) stores the
calculated size of the processed symbol. The other components in the STP are a
program counter (PC), an instruction register (IR), general purpose registers (GPR),
and functional units for arithmetic and shift (ALU/SFT).

The new instructions designed for entropy coding are listed in Table I. The TLE
(table lookup for encoding) and TLD (table lookup for decoding) instructions
access a lookup table during the encoding and decoding operations, respectively.
The TLD instruction locates a symbol in the entropy coding table for the current
symbol in the bitstream and converts it to the corresponding DCT coefficients. It
then performs shift and match operations to search for the next symbol.

When a symbol is used as an index to lookup the table, the lookup table needs
to be large enough to have 2" entries, where n is the maximum width of a symbol.
However, it is observed that symbols usually have many leading 0s, which means
that most of the table entries are never accessed. In order to reduce the table size, it
is possible to define small lookup tables each holding a sequence of entries that are
actually accessed. In this case, a sequence of entries in the same lookup table is
called class, and the leading bits of a symbol is used as an identifier to the class that
the symbol belongs to. In the proposed architecture, the index is further shortened
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in length by grouping the leading 12 bits of a symbol into three nibbles and
collapsing each nibble into a bit. The collapse operation is done by ORing all the
bits in each nibble to form a 3-bit class number.

Table I. Bitstream operation

Instruction Operation
TLD index <= sr + {or(BS[0:3]), or(BS [4:7], or(BS[8:11],
dr,sr,(imm1),imm?2 BS[31 - imm?2 : 31], (imml)}

dr <= code(mem|[index])

RC/REM <= REM+ length(mem[index])
TLE srl, sr2 index <= srl + sr2

BS <= code(mem[index])

RC/REM <= REM+length(mem[index])

LZS dr,sr dr <= leading0s(BS)

RC/REM <= REM+leading0s(BS)
LOS dr, sr dr <= leading1s(BS)

RC/REM <= REM+leading0s(BS)
REM sr RC/REM(5:0) <= REM(5:0)+sr(5:0)
LBS sr, imm BS <= mem([sr]; sr <= sr+imm
LBC sr, imm if (RC), BS <= mem(sr]

sr <= sr+imm // auto-indexing

STS sr, imm mem(sr] <= BS; sr <= sr+imm

For example, if the leading 12 bits are all 0, then the class number becomes
000. If they are 0000_0001_0001, the class number is 011. Then, the class 000 uses
the remaining bits of the symbol as an index. Likewise, the class 001 uses the least
four bits of the leading 12 bits as an index in conjunction with the remaining bits,
and so on.

The class number is concatenated as a prefix to the remaining bits of the symbol
to form an index for the lookup tables. The imm operand of TLD instructions is
divided into imm1 and imm2: imm1 is a table prefix for few special symbols with
14 or more leading zeros and can be omitted in most cases, while imm2 is a mode
number between 1 and 8 to determine how many bits from the BS are used for table
indexing. Since the maximum symbol length in each table is known, using imm?2
reduces the table size.

Other instructions, such as REM (add to remainder register), LBS (load to BS
register), LBC (conditional load to BS register), STS (store BS register), STC
(conditional store BS register), LZS (leading zeros in BS register) and LOS (leading
ones in BS register), are used to manipulate bitstreams, whose semantics are
summarized in Table I. In the Table I, or() is ORing all bits, code() the code part
of the symbol table, and length() the length part of the symbol table.

The proposed STP performs better for entropy coding than a general purpose
CPU, since it provides both general RISC instructions and special instructions for
bitstream processing. The use of STP allows assembly codes to be written in order
to process bitstreams of various standards. Its flexibility will be useful in supporting
future standards.
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3.2 RLE for RLC and zigzag scan

The proposed RLE is a hardwired module which is responsible for performing
zigzag scan and run level coding. There are several tables in the module that can be
used in zigzag scanning (ZigZag TBL). In addition, the module has the other
components: a counter to hold an address to the ZigZag TBL (Addr CNT), another
counter to count the number of continuous Os (Zero Counter), iBuf and oBuf to
temporarily store encoded and decoded coefficients, respectively, and a controller
to orchestrate the operations of each component.

ZigZag TBL [« Addr CNT
l«—> Syntax Processor
»| Controller
A A ¢ A
<« iBuf <«—>»| Zero Counter [«—> oBuf >

Fig. 3. Basic block diagram of RLE

RLE Controller

SF),'rn;iX control control data addr control
Zigzag TO i=
HOST —| J 9229 C E_
Proc < Zigzag T1 F=—
iBuf - ) il:"
Zero ) Zigzag T2 iI— il:« 1
Counter Zigzag T3 /C-\;('i\lqln_'
Fig. 4. Zigzag table control
 le—o A
«— <
MSB 16bit MSB
«— SRAM ]
\J DO DI [« I\ LSB
A [«
- | 16bit
SRAM
< DO DI [«
-

Fig. 5. oBuf configuration

Fig. 3 shows the entire block diagram of the RLE. The contents of the ZigZag
TBL, which is the zigzag scan order, is written by the STP. The raster data in iBuf
are then read or written in the zigzag scan order. Since the RLE has a hardwired
finite state machine, the scan order change quite limits the flexibility. In order to
handle all the zigzag scan patterns of various video standards, four programmable
tables are used to store various zigzag scan orders. The RLE identifies the codec
type from the program field of its control register and determines the zigzag scan
patterns based on the given codec type. As shown in Fig. 4, the zigzag order and
the corresponding macroblock addresses are available from the four ZigZag TBLs,
and all the table accesses including programming tables and selecting a table to use
are controlled by the RLE Controller according to the STP’s commands.
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As shown in Fig. 5, oBuf consists of two 16-bit SRAM memories. This buffer
can be used to implement EC for both H.264 and MPEG1 /2. In H.264, one of two
SRAMs is accessed to read Run and Level, while in MPEG2, both SRAMs are
simultaneously accessed to read Run and Level. The difference in buffer access
comes from the different ordering of Run and Level in memory. In the RLE design,
the RLE is programmable in such a way that the data order stored in oBuf can be
configured by the STP.

Each of iBuf and oBuf is a dual buffer, and therefore it can receive RLC data
alternatively during the RLE operation. It means that the STP can continue to
operate regardless of the status of the RLE.

The time required for the RLE to encode a single macroblock includes the
cycles for initialization, the number of pixels in the macroblock, and the cycle for
buffer change. All the data are transferred from iBuf to oBuf during the encoding
phase and from oBuf to iBuf during the decoding phase.

3.3 RLE synchronization with STP

External
Microprocessor

Write MB

Run Level Engine

Start RL
Decoding
Reset
nxt_NZR

Syntax Processor
Ext_CMD(JUMP)

External
Microprocessor

Write iBuf
Write
iBuf_Full
Syntax Processor
Ext_CMD(JUMP)

Interrupt ARM
Start (info done) & Halt
Int_Ack=0
Switch iBuf Check

Run Level Engine

Start RL
l Encoding '
RL Encoding &

Set nxt_NZR

RL Decoding
& Interrupt

Interrupt ARM
(info done) & Halt
Interrupt ARM
(info data ready)

EO_Data=0

Int_Ack=1

EO_Data=1

EO_Data=0
Interrupt ARM
(req more data) Clear NZR

EO_Data=0
& EO_iBuf=0

EO_Data=1

Switch iBuf

Int_Ack=14 Int_Ack=0

EO_Data=0
& EO_iBuf=0

Check
Int_Ack

EO_Data=1
|| EO_iBuf=1

Switch oBuf

& EO_iBuf=1
Switch oBuf

Nxt_NZR=1

Switch oBuf

(@) (b)
Fig. 6. Synchronization state diagram. (a) Encoding. (b) Decoding.

Nxt_NZR=0

The System Controller informs the STP of data availability by setting correspond-
ing bits of the system command register of the STP. However, the STP and RLE run
asynchronously, and therefore the STP needs to know whether the RLE operation is
completed by checking the status of the completion flag of the NZR register in
oBuf. When the current buffer of oBuf becomes full, the RLE sets the flag to 1 and
switches to the next buffer. When both buffers are full, it stops any further opera-
tions and sends a busy signal to the external microprocessor.

Fig. 6(a) illustrates the state diagram of the synchronization flow between STP,
RLE and System Controller. The STP checks the dual buffer register before starting
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its operation, particularly the nxt NZR flag that indicates the status of the other
buffer that is not being accessed. It also checks the MB_done flag to see if the
System Controller finishes writing macroblock (MB) data to the buffer. If the flag is
set, the STP switches to the other buffer. Next, the RLE starts encoding a new RLC
while the System Controller brings a new MB data to the dual buffer on the
opposite side. Fig. 6(b) depicts a state diagram of the synchronization procedure
among the STP, RLE and System Controller for the decoding operation.

The STP checks the flag of ~nxt NZR and MB_done, and then starts the
operation. That is, when the RLC finishes a decoding procedure and when the
System Controller finishes reading an MB, the STP switches to the next buffer. The
RLE then starts to decode a new RLC, while the System Controller takes a new MB
from the other buffer.

4 Experimental results

The proposed architecture was implemented using both FPGA and VLSI to
measure real-time performance. A mobile processor was used as the System
Controller, and the baseline profile of the H.264 codec was assembly-programmed
for execution on the STP. All the buffers except sBuf are implemented to handle 64
macroblocks in a single turn. The sBuf is made of 32-bit 1024 words.

For the performance evaluation, three QCIF images: Foreman, Spider, and
Violet were used. Fig. 7 shows the test images. The data file for Spider is 2—3 times
larger than those for Foreman and Violet due to fast motion changes.

\Q

(@

Fig. 7. Benchmark images used for evaluation: (a) Foreman, (b)
Spider, (¢) Violet

It is difficult to directly compare the performance of the proposed processor and
those of other microprocessors, because they have different instruction sets. There-
fore, the number of execution cycles required to encode or to decode the benchmark
images were measured on the proposed processor, on an Intel processor, and on an
ARM processor.

For testing Intel IA32 instruction set, an Intel 17 3770 processor with 1.6 GHz is
used in the experiment. It has quad cores with Hypertheading, and run 8 threads
concurrently. For ARMvV7 instruction set, an ARM Cortex-a9 processor with
866 MHz that runs a single thread is used. The performance of the proposed
processor is obtained by analyzing the simulation results for the VLSI implemen-
tation with the system clock of 200 MHz.
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The cycles per pixel is calculated with the average execution time out of 10
experiments which is to measure the execution time of the entropy coding/
decoding routines in the JM 18.6 reference software. We use the gec 4.8 compiler
with O3 optimization option as instructed in the JM software. The performance of
the Intel and ARM processors was measured with the JM 18.6 reference software.

Table II and Fig. 8 summarizes the result of the image testing. Fig. 8 shows the
comparison of times to generate bitstream and to analysis bitstream in JM software
on the Intel processor, ARM processor, and the proposed processor.

Table II. Test image information in QCIF

Test Sequence Number of frames Average number of symbols per frame

Spider 250 6690.9
Foreman 300 2602.8
Violet 100 22932

Cycles per pixel(Encoding)

M the proposed processor
B ARM Cortex-A9(1 thread)
M Intel i7(Quad core, 8 threads)

319.26

136.31

130.77

Spider Foreman Violet

Cycles per pixel(Decoding)

B the proposed processor
B ARM Cortex-A9(1 thread)

M Intel i7(Quad core, 8 threads)
223.76

161.86

161.01

Spider Foreman Violet

(a)

(b)

Fig. 8. Cycles per pixel: (a) Encoding, (b) Decoding

Table II shows the total number of cycles per pixel in each processor, and
Fig. 8 compares the number of cycles measured in the three processors. As shown
in the figure, the proposed processor uses 3.29 to 10.83 cycles per pixel, while an
Intel 17 processor needs 6.4 to 18.54 cycles and an ARM Cortex-A9 processor
needs 130.77 to 319.26 cycles. As previously mentioned, it is difficult to make a
side-by-side comparison between processors with different instruction sets. How-
ever, considering that the Intel 17 processor used in the experiments can issue up to
eight instructions per cycle, the actual accumulated cycles, when added together,
could be up to eight times longer. The ARM Cortex-A9 processor requires around
29 times more cycles than the proposed architecture. The Spider image requires
three times longer codes for entropy coding than the other images. The STP
successfully processed entropy coding, producing a small difference in cycles
between Spider and the other images.

The proposed processor is also compared to the existing video processors that
support multiple standards. Since most video processors use VLIW (Very Long
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Instruction Word) architecture for stream processing, it is difficult for direct
comparison with the proposed processor that has a single pipe. However, the
proposed processor has a RISC instruction set and it is easy to adopt VLIW
architecture. By considering the issue width of the existing video processors, the
performance of the proposed processor can be compared with them roughly.

Table III. Cycles per pixel (Decoding)

Max Image Issue )
Name Frequency Size widh  Max Cycles per pixel
Tensilica 720 x 480
Xtensa [16] 162 MHz 30p 3 15.63 X 3 = 46.89
Kimura’s 1920 x 1080
Processor [17] 162 MHz 30p 2 26x2=52
CEVA- upto 1920 x 1080 3
MM3000 [18] 250 MHz 30p 4 4.02x 4 =16.08
Silicon Hive 1920 x 1080
HiveFlex [19, 20] 200 MHZ 30p 3 321 %3 =963
Proposed 196 MH, 1920 1080 | 320 - 744
processor 30p

Table III shows the cycles per pixel for the existing video processors to process
video bitstream. While considering the number of concurrent issue, Tensilica
Xtensa [16], CEVA-MM3000 [18], and Silicon Hive HiveFlex [19, 20] need more
cycles per pixel as compared to that of the proposed processor. Kimura’s processor
[17] shows comparable performance to the proposed processor in the expense of an
out-of-order execution hardware. It should be considered that adding an out-of-
order execution hardware to a VLIW processor is quite expensive. The comparison
shows that the additional instructions for stream processing are effective to improve
the performance of entropy coding.

Fig. 9. BSP layout in U-chip

From this result, it is expected that the proposed architecture can handle high-
bitrate videos such as HDTV and UHDTYV by efficiently processing a significant
amount of bitstream data.
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The bitstream processor proposed in this paper was implemented in VLSI as a
part of video codec SoC, called U-chip. Fig. 9 shows the SoC layout. The bitstream
processor is annotated as BSP on the layout. The U-chip was manufactured by an
80-nm process. The BSP occupies 3.818 mm?, of which the memory occupies
3.725 mm?. The proposed processor has two pipeline stages and is designed to run
up to 200 MHz, and the BSP chip implemented runs with 192 MHz clock. Since a
large buffer was needed to enable simultaneous encoding and decoding of 64
macroblocks, a large memory area was allocated in the implementation. The whole
processor uses approximately 1.353 million gates, of which the number of gates of
BSP logic, except the memory, is approximately 33 kilo gates. If the DMA and
interrupt controller are used only for the BSP, it is possible to reduce memory size
to 59% of the current implementation. In this case, the total number of gates would
be 0.813 million gates, and the area would be as small as 2.23 mm?.

5 Conclusion

In this paper, a new bitstream processor, called BSP, is presented based on ASIP
technology. The BSP consists of two internal components: STP and RLE. The STP
provides instructions for efficient entropy encoding and decoding, and the RLE
efficiently performs zigzag scan and RLC. The STP reduces the size of the lookup
table for variable-length codes. The use of both STP and RLE is capable of
decreasing about 96% and 36% of the execution cycles, when compared to ARM
Cortex-A9 and Intel i7 processors, respectively.

The proposed architecture allows STP and RLE to run in parallel in a pipelined
fashion, and therefore bridges the gap in processing rate between pixel rate proc-
essing and symbol rate processing. The STP and RLE are connected using a dual
buffer mechanism. The proposed processor was implemented into a video codec
SoC and tested with the most complicated H.264 encoding/decoding algorithms.

It was also observed that the EC and RLC, which are commonly used in various
standards, were efficiently performed in the proposed hardware architecture. In
future research, repetitive patterns in data processing will be analyzed to add more
instructions for efficient processing.
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