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Abstract—A single-chip MPEG-2 MP@ML codec, integrating microprocessors, such as out-of-order speculative execution,
3.8M gates on a 72-mrf die, is described. The codec employs a pbranch prediction, and circuit technologies to achieve high
heterogeneous multiprocessor architecture in which six micropro- clock frequency, are unsuitable for these application-specific
cessors with the same instruction set but different customization ! . -
execute specific tasks such as video and audio concurrently. p_r(_)c_essors._On the other hand, the ad_dltlon of application-spe-
The rnicroprocessor7 deve|oped for d|g|ta| media processing, C|f|C Instructions and/OI’ hardWare eng|nes to accelerate heaVy
provides various extensions such as a very-long-instruction-word iteration of relatively simple tasks often results in a large gain
coprocessor, digital signal processor instructions, and hardware n performance at little additional cost, especially in DSP ap-
engines. Making full use of the extensions and optimizing the \jications. A heterogeneous multiprocessor architecture using

architecture of each microprocessor based upon the nature of . | d Il mi hi bett ¢
specific tasks, the chip can execute not only MPEG-2 MP@ML SIMPI€ and small MICroprocessors achieves a better cost—per-

video/audio/system encoding and decoding concurrently, but also formance tradeoff than a single high-end general-purpose
MPEG-2 MP@HL decoding in real time. microprocessor with hardware engines, because a general-pur-

Index Terms—Audio coding, codecs, microprocessors, motion POS€ microprocessor is too expensive to do the simple job of
compensation, MPEG-2, multiprocessing, video signal processing. coordinating hardware engines.

Based on this understanding, we have developed a cus-
tomizable media embedded processor architecture [1] suitable
for digital media processing. We have also developed hard-
R ECENTLY, many single-chip MPEG-2 MP@ML videoyare/software development tools to support the customization.

encoders and coders/decoders (codecs) have been day@)- have applied the architecture and tools to develop a
oped [2]-[7]. Most of these devices have the same architectugﬁ{gb_chip MPEG-2 MP@ML codec. It has a heteroge-
characteristics: 1) heavy iteration of relatively simple tasks.; g multiprocessor architecture in which each processor

such as motion estimation, discrete cosine transform (DCTQ’optimized based on the nature of its intended application.

guantization and variable length encoding is implementeﬁ.I proposed chip can execute not only MPEG-2 MP@ML
using dedicated hardware engines, and 2) a simple embed o/audio/system encoding and decoding simultaneously, but

reduced-instruction set (RISC) or digital signal processor (DS i . i
is used to perform the remainder of the tasks. This organizati%.n0 MPEG-2 MP@HL decoding. Several MPEG-2 MP@ML

is very common and provides a suitable balance between C\ggteo dcodegcs [141 (71, dMl\Ijl)FlfISéz ZMI\ZF@M;LV&deO/SUd'Oll 52y stirg
and performance. As semiconductor technology progress‘?eg,CO ers [8]-{11], an ) @ ecoders [12}-] ) ]
single-chip MPEG-2 MP@ML encoders have integrated auo‘ﬂ?\’e already been reported. However, none of these previous
and system [8]-[11] while keeping the above-mentionddrcuits are capable of performing all these functions with a
architectural characteristics. However, the optimum archite?lngle integrated circuit. Recently, an integrated circuit that
ture for video encoding/decoding is different from that fols capable of performing these functions was developed [16]
audio and system encoding/decoding. This motivates anot§epcurrently with our chip, but the detail has not been disclosed
architectural characteristic: a heterogeneous multiprocesggrfar as the au_thors kﬂOW-_ _
architecture, where each processor is optimized for a specificThe customizable media embedded processor architec-
application such as video or audio. ture and hardware/software development tools to support
Such application-specific processors are common in maaystomization are described in Sections 1l and l1ll, respec-
applications. However, recent techniques employed in high-etiely. The details of the MPEG-2 codec architecture and its
large-scale integrated (LSI) implementation are described in
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Fig. 1. Proposed media embedded processor architecture.

A. Basic Configuration

The basic configuration of the processor consists of the core

TABLE |
CONFIGURATION AND EXTENSION OF THEMEDIA EMBEDDED PROCESSOR

instruction set, an instruction cache/RAM, a data cache/RAN Basic Core:

a direct-memory access (DMA) controller, and a bus bridge

a main bus, as shown in Fig. 1. The base processor is a 32-

five-stage simple RISC core which consists of about 50K gat
and can operate at 200 MHz in 0.8 CMOS technology.

Basic properties as well as customizable extensions of this ca
are summarized in Table | [17]. The basic configurations includ Memory size
memory size and optional instructions such as multiply and d' Optional instruction
vide. The configurable extensions are depicted in Fig. 1 and d Interrupt

scribed in Sections IV-A-D.

B. VLIW Extension

Currently, the following two very-long-instruction-word
(VLIW) extensions are supported:
1) 2-issue VLIW execution unit with a 32-bit instruction
length;
2) 3-issue VLIW execution unit with a 64-bit instruction
length [1].

t Core function 32-bit S-stage simple RISC processor
16 GPRs

€ Instruction format 16-bit / 32-bit variable

Configuration :
Instruction RAM/cache, data RAM/cache

MAC/mul/div, min/max etc.
Number of ports / levels
Extension :
VLIW extension 2-/ 3- issue, 32-bit /64-bit inst. length,

Switch from/to core-mode by call
User custom instruction Single-cycle combinatorial logic w/ two
operands, 16-bit sub-opcode/immediate
DSP extension Multiple cycle execution w/ two operands,
16-bit sub-opcode/immediate

Hardware engine Register access mapped onto 1O space

In both cases, a core ALU and an extended coprocessor operate

in parallel.
In addition, load/store instructions to/from coprocessor re
isters support an autoincrement with modulo addressing mo

in which the general-purpose registers (GPRs) in the RISC coye

are used as the address registers.

C. User Custom Instructions

The instruction format of user-custom instructions is limite

operand. Execution of each of these instruction must be com-
Bleted within one clock cycle. Branch or load/store instructions
gannot be added.

DSP Extension Instructions

Each DSP extension instruction contains two register
operands plus a 16-bit sub-opcode or immediate operand.
In these instructions, execution may exceed one cycle. State
tkgisters can be implemented. Load/store instructions from/to

to two register operands plus a 16-bit sub-opcode or immediatelata RAM can also be added. For example, a typical DSP
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Fig. 2. Tool integrator.

pipeline might consist of an address calculation using the core TABLE I
ALU followed by load from the data RAM, which is further MAIN FUNCTIONS OF THECHIP
followed by multiply-accumulation with the extended DSFyises encoding format MPEG-2 MP@ML
unit. MPEG-4 Simple Profile + B-VOP + interlace, CIF, 30frame/s
Video decoding format MPEG-2 MP@HL, MP@ML
MPEG-4 Simple Profile + B-VOP + interlace, CIF, 30frame/s
MPEG-4 Core Profile, QCIF, 15frame/s

E. Hardware Engine and Local Memory

Heavy iteration of a relatively simple task can be imple DV, SD, 4:1:1 format
mented as a hardware engine. A C or C++ function is mapp audio encoding format Dolby Digital 2ch,
into a hardware engine and its associated code as follows. MPEGI Layer I 2ch

Dolby Digital 5.1ch

1) Arguments and return values which are integers g#udio decoding format
MPEG1 Layer II 2ch

mapped into specific instructions to read or write regis

. . codec concurrency 2 stream encoding
ters ina hardware engine throggh the control bus. (MPEG-2 MP@ML) 1 stream enc + 1 stream dec
2) Passing large data structure is performed by load/stc 4 stream decoding
instructions or using a DMA transfer through the local bumotion estimation Hierarchical multi-field telescopic search
to/from local memory connected to the hardware engin H : +/-144pixels, V : +-96pixels

3) Afunction callis performed by starting a hardware engir Video input/output format  ITU-R BT.656 (8bit 27MHz)
using a specific instruction to write to a command regist¢Audio inputoutput format 1S (input : 1port, output : 3ports)
in the hardware engine through the control bus. Stream input/output format - Transport stream

Program stream
Both the control bus and the local bus are such that a load/st Up to 75Mbps (max 300Mbps)
through the conFroI bus, a !DMA transfer over the local bus, ar * Dolby i a trademark oF Dolby Laboratorics
a hardware engine execution can operate in parallel.
F. Heterogeneous Multiprocessor Architecture ates these based on a script which describes the architecture ex-

nsions (see Fig. 2). This tool can significantly reduce the time
using a main bus as shown in Fig. 1. In this context, ea quired for hardware/software development. Details of this tool

processor is referred to as a media module (MM). Each M€ described in [18] and [19].

contains a basic processor configuration and may also cont]galirkn p:jgghc;a_, ext]:atr;]dmg tr|1_e ?.rcmgacture also dyleldz th; d_r;e ed
a coprocessor, user-custom instructions, DSP extensio modihication of the application £ SOurce code and addition

hardware engines, and local memories. The architecture 2 C++ model to describe the function of the extended part.

each MM can be optimized independently based on its tar e compiler is extended automatically so that user-custom in-
application. Both 32- and 64-bit bus widths are supported. tructions and DSP extension instructions can be expressed as

function calls in the C source code. To support the custom hard-
ware engines, function calls must be replaced by data transfers
lll. HARDWARE AND SOFTWARE DEVELOPMENT TOOL through the control bus and the local bus. Our tool integrates the
We have also developed a tool that generates 1) synthesizable- model into the core simulator and produces a chip-level
register transfer level (RTL), scripts for synthesis tools, andsémulator. The corresponding RTL is automatically generated
verification program, and 2) a software development kit (asseifrem the C++ model by a high-level synthesis tool as long as
bler, compiler, linker, simulator, and debugger). The tool genehe extended part is relatively small.

Multiple processors can be connected to shared memd
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Fig. 4. Outline of data flow in MPEG decoding.

IV. MPEG-2 CODEC ARCHITECTURE

Based on the media embedded processor architecture, a codec
integrated circuit was implemented. Table Il shows the main

functions of the chip.

Fig. 3 shows a block diagram of the chip. It contains six MMs,
Each MM is optimized based on the nature of its target applic

tion and includes the following extensions:
* bitstream mux/demux MM: bitstream input/output (/O}such as image recognition [1].

hardware engine (HWE);

« video pre/postprocessing MM: video filter HWE and
video /O HWE;

 general control MM: no extension (i.e., basic configura-

tion only).

The fact that the optimized architecture contains such a va-
riety of MMs illustrates the necessity of the proposed extensible
fedia processor. The methodology results in the effective reuse
of common components and can be used in other applications

Next, an overview of software implementation is described.

+ audio MM: 2-issue VLIW with a multiply-accumulation As shown in Fig. 4, the MPEG-2 decode task is distributed to

each MM as follows.

coprocessor and an audio /0 HWE;
* video encode/decode MM: five HWEs, a DSP extension 1)
for variable length coder (VLC) and variable length de-
coder (VLD), and user custom instructions for single-in-
struction multiple-data (SIMD) operations;
» motion estimation (for video compression) MM: block-
matching operation HWE;

In the bitstream mux/demux MM, a bitstream input to the
bitstream 1/0 HWE is transferred to the SDRAM by an
interrupt handler. This bitstream is read from the SDRAM
and demultiplexed into an audio elementary stream and a
video elementary stream. These streams are written to the
SDRAM.
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2) Inthe audio MM, an audio elementary streamisread fro| gasic part
the SDRAM and decoded. The result is written to th PrrT———
SDRAM. It is transferred to the audio I/O HWE by an (12 KB)
interrupt handler. ] v RISC core Alicio VLI
3) In the video encode/decode MM, a video elementa =Y v T
stream is read from the SDRAM and decoded. The res! GPRs Instruction Instruction
is written to the SDRAM. “Tbx 19 ||| deeoder decoder
4) In the video pre/postprocessing MM, the decoded vide v v v
is read from the SDRAM and postprocessed. The result Execution unit _ GPRs
written to the SDRAM. It is trgnsfre)rred to the video 1/0 i (32bx8)
HWE by an interrupt handler. 7y
The MPEG-2 encode operation is the reverse behavior of o RXM
code operation except for motion estimation. An outline of da (32KB)
flow, shown in Fig. 5, is as follows. t E=—=H 64b Accumulator x2
. . . . DMAC |
1) Inthe video pre/postprocessing MM, a video source inp Bus bridge
to the video I/O HWE is transferred to the SDRAM by
an interrupt handler. It is read from the SDRAM, prepra 4

cessed, and written to the SDRAM.

2) In the motion estimation MM, coarse-grain motion estf9- 6. VLIW extension of audio MM.
mation is performed using the preprocessed video and the
result is written to the SDRAM. _
3) In the video encode/decode MM, the preprocessed vide@maphore registers are used.

is encoded using the above result and the generated vide®" €ach MM, multiple tasks such as encode, decode, and
I/O tasks can run pseudosimultaneously in an interrupt-driven

4) In the audio MM, an audio source input to the audio iy@nd time-division-multiplex manner. A kernel for each MM to
HWE is transferred to the SDRAM by an interrupt hansWwitch tasks is also customized based on the nature of the target

elementary stream is written to the SDRAM.
dler. Then it is encoded and the generated audio elemé&rplication.
tary stream is written to the SDRAM.

mentary stream is read from the SDRAM and multiplexegections IV-A-D.
into a program or transport stream. The result is writtep -\~ oo

resources in the SDRAM. To resolve this problem, hardware

Several notable implementation details involving exten-
5) Inthe bitstream mux/demux MM, the video and audio eléions of the media embedded processor are described in

to the SDRAM. Finally, it is transferred to the bitstream
I/O HWE by an interrupt handler.

A DMA controller in each MM performs the following two

It is noted that data transfer between MMs is executed vidnctions.
the SDRAM. This implementation is essential in that it allevi- 1) Transferring a rectangular region between memory

ates the difficulties in scheduling the multitasking operations.
It is also indispensable for reducing the peak data transfer rate
between the MMs, which justifies the single shared-bus archi-
tecture. The bus arbitration algorithm is fair roundrobin so that

regions using a single command. This is often required
in video applications and is usually implemented in
MPEG-2 encoders. The implementation is similar to the
one in [20].

the worst case latency is easily estimated. Our method of data?) Descriptor chain mode to chain some DMA transfers. De-
transfer between MMs causes simultaneous access to shared scriptor tables are stored in a data RAM by software and
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Fig. 7. Block diagram of video encode/decode MM.

are read by a DMA controller. This is indicated by theC. Video Encode/Decode MM

solid line from the. data RAM to the DMAC in Fig. ,1' The block diagram of the video encode/decode MM is shown
Thg descriptor chain mode reduces the frequency ofmtqﬁ—,:ig_ 7. In MPEG-2 video encoding/decoding, most of the
actions between hardware and software and makes sgffie_consuming operations are executed by the hardware en-
ware pipelining less complicated. This is especially "lgei_)nes, while the firmware’s jobs are mainly to address calcula-
portant in the case of a shared-bus multiprocessor arcfisns for DMA transfers and parameter preparation for the hard-
tecture, because it is very difficult to estimate when @are engines. Some of the local memories are double buffered

DMA transfer finishes. so that DMA transfers and all hardware engines can operate in
_ parallel. This parallel operation is accomplished by a software
B. Audio MM pipeline technique. The unit of pipelining is the macroblock
Fig. 6 shows the structure of the VLIW extension in the audi§Ve! _ - o
MM. It has the following features: The VLC and VLD functions utilize the DSP extension with

a resource-sharing technique for sharing data between a DSP
extension and a hardware engine. The VLD performs with the
following two functions:
* as a DSP extension, with instructions to decode a symbol
of a fixed/variable length code;
e as a hardware engine, with a command to decode a
macroblock.

1) eight 32-bit GPRs;

2) two 64-bit accumulators;

3) 32-bit ALU, shifter, and multiply-accumulator (MAC)
supporting the following instructions:

a) add, subtract, logical, shift, and funnel shift;
b) multiply, multiply—add, and multiply—subtract;

©) If/lelﬂllrll\/lgAx z:rr]c(; cliggitr?gt, absolute  difference, The use of the sin_gl_e—sy.mbol decodg instruction described
’ T above leads to an efficient implementation of the macroblock-

The processor core has two processing modes: core mode g@8¢hde command, since it allows the use of resources such as
VLIW mode. The core mode issues a 16- or 32-bit instructiof) |ocal memory to store bitstream; 2) arithmetic unit to extract

each cycle. In the VLIW mode, a 32-bit fixed length instruchits; and 3) control logic to refill a temporary bit buffer from the
tion is executed. The mode is changed using a subroutine ggHal memory.

and return instructions. Each VLIW instruction consists of a aAn example of the use of these two functions is as follows.
32-bit core instruction, a 32-bit coprocessor instruction, or ghe macroblock-decode command stores macroblock header
combination of a 16-bit core instruction and coprocessor igarameters such as the macroblock type and motion vectors in
struction. For instance, a 16-bit load instruction with addresise data RAM. As an exception, the macroblock address in-
increment and a coprocessor multiply—addition instruction c@fement [22], which is the first variable length code in a mac-
be executed simultaneously. The GPRs in the core can be ugsislock header, is decoded by a DSP instruction because the
as input data of the 32-bit MAC in the coprocessor. Furthermogssftware should not issue macroblock-decode commands for
the leading zero detection, absolute difference, MIN/MAX, angkipped macroblocks while it controls the rest of the pipeline.
clipping instructions are added to the processor core as optiotrahddition, providing both the above DSP extension and the
instructions. The customization results in about a threefold irhardware engine makes it possible to support both 1) MPEG-2
provement in performance over the basic processor core for fs? @HL which requires high performance but little flexibility,
Fourier transform (FFT) and filter operations, which appears amd 2) other standards, such as JPEG, DV, and MPEG-4, which
audio decoding and encoding. demand moderate performance but much flexibility.
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Another feature that supports other standards is that hardw,
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engines have not only macroblock commands but also sin

function commands such as Qx& DCT, and 2x< 4 x 8 IDCT. :

The single function commands share resources with the m/

roblock commands and make the hardware slightly more co:

plex. As an example, the quantization method in JPEG [23]1

somewhat different from that in MPEG-2 and, therefore, a ma!

roblock command for MPEG-2 is inappropriate. In this cas
the single function commands are still useful. Another exam!

is 2x 4 x 8 IDCT for DV decoding [24]. In DV decoding, the :
firmware’s jobs of unpacking, variable length decoding, and il
verse quantization are shared with the motion estimation M:
which is not otherwise used in decoding. The same technig|

is useful for superposition of text and video object layers i:
MPEG-4 shape decoding [25]. Such a flexible task assignmeL

to a MM is one of the advantages of our architecture compared

with conventional dedicated architectures. Fig

Several user-custom instructions for SIMD operations are

added to the RISC core. They are parallel add, subtract, shift, set

less than, logical operations, special instructions for encoding
motion vectors, and byte shuffle. They are especially useful

in calculating addresses of reference pictures and encoding

motion vectors, which are dominant tasks of firmware in MPEG
encoding. In addition, a predictive motion vectors (PMV) hard-

ware engine is added to accelerate decoding motion vectors in

Basic Part :
RISC Core | Control Bus 32
Exec. Unit | A |
| ¢ v
y | Block Block
] ! Matching Matching
A A A : Engine 0 Engine1
, | A T K :
|
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RAM| [| RAM : L rt
Akl akB [T} 1 |Targetws|| |Reerence | | Reference
Tnst. I | Buffer Buffer Buffer
Cache DMAGC : 64bx 16w || | gar s ow [ | 64D x 96w
2?3 | X 2 bank X 2 bank x 8 bank
Y |
I Bus Bridge I| 4 ¢ ¢ ¢
| Local Bus 64

. 8. Block diagram of motion estimation MM.

* MPEG-4 encode: DSP extension, DCT, Q, IQ, IDCT
HWE, MC HWE, ME Fine HWE, SIMD UCI;

» MPEG-4 decode: DSP extension, DCT, Q, IQ, IDCT
HWE, MC HWE;

» DV decode: DSP extension, DCT, Q, 1Q, IDCT HWE, MC
HWE.

MPEG-2 MP@HL decoding. The user-custom instructions are The firmware’s main jobs other than address calculation for

insufficient to achieve this level of performance.

DMA transfer and parameter preparation for the hardware en-

The fine-grain motion estimation (ME Fine) hardware engin@nes are:

has the following functions:

» motion estimation with half pixel precision;

* mode selection (Candidates are {forward or backward
or bidirectional} {frame or field} motion compensation
(MC), dual-prime MC, no MC, and intra. Some modes

are excluded depending on a picture coding type and a

progressive frame flag.);
« forming the best predicted picture corresponding to the
selected mode and storing it in the prediction RAM;  D.

MPEG-2 encode
MPEG-2 decode
MPEG-4 encode
tion, rate control;
MPEG-4 decode: VLD, DCT DC/AC coefficient predic-
tion, shape decoding;

DV decode: unpack, VLD, IQ.

: rate control;
: nothing;
: VLC, DCT DC/AC coefficient predic-

Motion Estimation MM

» calculating macroblock activity which is used for rate con- Tne plock diagram of the motion estimation MM is shown in

trol.
With the exception of the dual-prime MC option, all func-

MC option is required, the command is split into two; for the
dual-prime MC option, the first command is used to calculate

n
address, while the second command uses this address to tra%ﬁr

an opposite parity field.

Fig. 8. The block-matching operation is dominant in MPEG-2
encoding and is implemented as a hardware engine. It consists
"Bfa pair of block-matching engines, a reference buffer, a refer-
ence prefetch buffer, and a target macroblock buffer. The latter

are double buffered so that the block-matching engines and
A transfer can operate in parallel. The block-matching en-

The ME Fine hardware engine is separate from the motiG{'€S have the following features.

estimation MM since fine-grain motion estimation requires not
only block-matching operations but also other functions such
as half-pixel interpolation and averaging forward and backward
reference picture.

In summary, real-time MPEG-2 encoding/decoding,
MPEG-4 encoding/decoding, and DV decoding in Table Il are
achieved by utilizing the following extensions:

* MPEG-2 encode: DSP extension, DCT, Q, IQ, IDCT
HWE, MC HWE, ME Fine HWE, SIMD UCI, VLC/VLD
HWE;

« MPEG-2 decode: DSP extension, DCT, Q, I1Q, IDCT
HWE, MC HWE, PMV HWE, VLC/VLD HWE;

» Each block-matching engine has ability to perform an
8 x 8-pixel block-matching operation with one cycle
throughput, which is attained by utilizing a pipelined
SIMD structure. Efficient use of these engines achieves
wide search range up to horizontall44 pixels and ver-
tical £96 pixels with a hierarchical multifield telescopic
search algorithm [21] modified to reduce the required
memory bandwidth to a third of the original value (using
telescopic search algorithm causes an increase in the re-
quired memory bandwidth because the search location for
each macroblock is irregular and it increases the amount
of reference reading. The modified algorithm makes
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TABLE I

SPECIFICATIONS OF THECHIP
Technology 0.18um CMOS 6 —level metal
Number of logic gates ~ 3.8M gates (including SRAMs)
Die size 8.5mm x 8.5mm (72.25mm?)
Package TBGA 352 pin
Power supply 3.3V (I/0), 1.5V (internal)
Clock frequency 150MHz (system clock)
Power consumption 1.5W

Fig. 9. Microphotograph of the chip.
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Fig. 10. Photograph of the evaluation board.

VI. CONCLUSION

This paper has presented an customizable embedded pro-
cessor architecture and hardware/software development tools
to support the customization. This architecture enables the
quick development of an application-optimized heteroge-
neous multiprocessor. (By “application,” we are referring to
media processing applications such as video, audio, bitstream
mux/demux, graphics, and image processing.) Based on this
customizable architecture, an MPEG-2 MP@ML codec has
been successfully developed. Making full use of customization,
the chip can execute in real time: 1) MPEG-2 MP@ML
video/audio/system simultaneous encoding and decoding; 2)
MPEG-2 MP@HL decoding; 3) DV decoding; 4) MPEG-4
core profile plus interlace encoding and decoding; etc. We
expect our approach to become more advantageous in the future
as the design complexity and the demand for systems-on-chip
increase.
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