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ABSTRACT

In thefidd of consumer eectronics, the advent of new features such as Internet, games, video conferencing, and mobile
communication has triggered the convergence of television and computers technologies. This requires a generic media-
processing platform that enables simultaneous execution of very diverse tasks such as high-throughput stream-oriented
data processing and highly data-dependent irregular processing with complex control flows. As a representative
application, this paper presents the mapping of a Main Visual profile MPEG-4 for High-Definition (HD) video onto a
flexible architecture platform. A stepwise approach is taken, going from the decoder application toward an
implementation proposal. First, the application is decomposed into separate tasks with self-contained functionality,
clear interfaces, and distinct characterigtics. Next, a hardware-software partitioning is derived by analyzing the
characteristics of each task such as the amount of inherent parallelism, the throughput requirements, the complexity of
control processing, and the reuse potentia over different applications and different systems. Finaly, a feasible
implementation is proposed that includes amongst others a very-long-instruction-word (VLIW) media processor, one or
more RISC processors, and some dedicated processors. The mapping study of the MPEG-4 decoder proves the
flexibility and extensibility of the media-processing platform. This platform enables an effective HW/SW co-design
yielding a high performance density.

Keywords. media processing architecture, co-processors, heterogeneous architecture, parallel/pipdined architectures,
memory hierarchy, HW/SW co-design, MPEG-4, application mapping

1 INTRODUCTION

Due to the convergence of television and computer technol ogies together with the continuously increasing integration
density of VLS, thetotal set of computationa tasksin a System on Chip (SoC) becomes very diverse. High-throughput
stream-oriented data processing is combined with highly data-dependent irregular processing with complex control
flows and requires an integral design approach. The means for a cost-effective implementation is a heterogeneous
architecture framework for high-performance computing, enabling hardware/software (HW/SW) partitioning with high
flexibility. This concept has already been exploited successfully for MPEG-2 encoding and decoding. An overview of
this architecture template, and its features is described in Section 3. To prove the extensibility and to evaluate the
performance for the execution of very diverse tasks, this paper elaborates on the mapping of a Main Visual profile
MPEG-4 decoder onto the architecture template. Section 2 reports on some existing LSl implementations of MPEG-4,
describes some highlightsin media processor architectures, and draws some parallds with the architecture template we
adopted. Section 4 briefly explains the functionality of the targeted MPEG-4 decoder. To derive a suitable mapping
onto the architecture, an analysis of the functionality and its processing characteristics is outlined in Section 5.
Subsequently, Section 6 discusses the HW/SW partitioning and proposes a suitable implementation. Finally, Section 7
draws some conclusions and gives an outlook towards future research.

2. HIGHLIGHTSIN MEDIA PROCESSING ARCHITECTURES

An efficient implementation of a main visual profile MPEG-4 decoder for High-Definition TV (HDTV) requires a
significant amount of computational power and memory resources. Therefore, it is most important to optimize the
utilization of the implemented hardware, thereby reducing the system costs. Budagavi et al.* presented a Smple Visual
profile and a Core Visual profile MPEG-4 decoder on the low-power TMS320C54x and TM S320C6x respectively. A
straightforward comparison between the Core and Main Visud profile shows a factor of 21 for the throughput
requirement, assuming an optimal utilization of the DSP. Extrapolating this number results in a required performance of
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33000 MIPS, without considering the increasing complexity that is required for grayscale alpha shape, interlaced video
and sprite decoding. Bauer et al.?, show an even higher MIPS requirement for implementation on a DSP. Although an
implementation in software results in maximal flexibility, it may be concluded that the required computation power
does not suffice. To solve this problem, Berekovic et al.> proposed some extensions by adding function-specific blocks
into the data path of RISC processors. This paper addresses the ingruction-level paralldism (ILP) and hence, only gives
a partial solution to achieve an optimal performance density (i.e. the performance per unit area and per unit power). A
shared-memory system architecture, containing multiple processors to address task-level parallelism, could offer a
solution to further increase the computational power, but does not relax the tremendous memory reguirements. An
example of such approach is outlined by Stolberg et al.* They propose an MPEG-4 codec that integrates a RISC core,
two DSPs, a 64-bit dual-issue VLIW macroblock engine, and an |/O processor. The following sections describe how the
adopted architecture template can exploit parallelism and how memory bandwidth can be reduced by a hierarchica
memory organization.

2.1 Parallelism and control

To cost-effectively increase the computational performance of programmable digital signal processors (DSP),
parallelism has been exploited at different levels. Conventional Harvard architectures with a single instruction single
data (SISD) structure have been extended to process multiple data entities with a sngle instruction (SIMD) or to
simultaneously execute several instructions on multiple data entities (pipelined superscalar or very long instruction
word (VLIW) architectures). To expand the amount of sustained parallelism while keeping the increasing complexity of
optimal hardware utilization manageable, multi-processor and co-processor architectures’® have been introduced by
many vendors to exploit task-level parallelism. This technique does not replace the instruction-level paralelism (ILP),
but rather adds an additional hierarchica leve to the system. Thus within atask, alarge amount of control (instructions)
manages the processing at a small grain size, eg. add, subtract, and multiply operations. At higher levels in the
hierarchy, control is performed on task level. Thus, a single task instruction results in more processing. At an even
higher level, functions or even complete applications are controlled. The various levels in this hierarchy have different
properties’, which are highly interdependent. Figure 1 shows how the properties gradually change, going from coarse-
grain toward fine-grain processing via applications, functions, tasks and ingtructions.
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Figure 1: System properties at hierarchica levels of functional grain size.

Let us now trandate this view into the consequences for parallel processing. Obviously, the mapping of tasks onto
parallel processors (multi-processors) or co-processors significantly increases the amount of parallelism. However, most
of these parallel processors contain specid-purpose hardware to increase the performance density (i.e. the application
throughput per unit area and per unit power). The disadvantage of these special-purpose processors is the lack of
flexibility for reuse over different applications and different platforms, particularly if the processors contain coarse-
grain functions® Bove and Watlington™® present an architecture in which task-level parallelism is provided with
processors containing fine-grain functions. Although this offers a more flexible approach, the bandwidth requirement of
the communication network increases significantly, thus requiring an expensive communication structure such as a
crossbar. Hence, in case of a shared-memory architecture this results in a bandwidth bottleneck or a more expensive
memory solution. We exploit a hierarchical communication architecture to solve the contradicting requirement for
flexibility in a system with ahigh performance density. Section 2.2 daborates in more detail on this approach.

2.2. Hierarchical communication

Section 2.1 shows that many system properties such as amount of contral, flexibility, communication bandwidth, etc.,
are generally related. To establish an optimal balance between system costs and flexibility, this section focuses on the
most demanding properties.



Due to the fast increase of required computational power of consumer media systems, the data communication to and
from the off-chip memory has become the bottleneck in the overall system performance.* A major technology step to
solve this problem is the embedding of on-chip SDRAM. This not only reduces the bandwidth requirement to off-chip
memory, but also reduces power dissipation and costs for e.g. chip package and footprint. However, because the
demand for more communication bandwidth and memory capacity in such systems continuously increases, aso the
evolution of external-memory technology remains important.™ Typically, computer and media architectures contain a
hierarchical memory infrastructure going from small high-speed memories, locally embedded in the central processing
units, to relative slow and large memories located off-chip. Patterson and Hennessy™ describe the classical techniques
for such hierarchy by means of caching and virtual memory paging. In such an approach, the content in the memory at
higher levels in the hierarchy represents a superset of the content in the lower memory levels (assuming memory
coherency). Consequently, al data that is communicated to and from the lowest memory level will be visible in all
levels of the memory hierarchy. Bandwidth requirements and memory latency are only decreased when variables (thus
memory address space) are reused within the scope that is contained in a lower memory level (locality of data).
However, for sreaming applications the reuse of data is limited. Instead, streaming applications have a very regular
access pattern. Data is often stored for rate control, synchronization, data reordering, or smply for communication
buffering between processors (FIFO-like). Examples are frame memories for picture reordering in an MPEG encoder or
smaller memories to store a Discrete Cosine Transform (DCT) block and to read them in a different order (zig-zag
scan). From these examples, we can conclude the following properties for stream-based applications.

» since for these types of data storage the lifetime of the data is very deterministic, the amount of memory to be

allocated (worst case) can easily be derived at compiletime, and
» duetotheregular access patterns, the worst-case memory bandwidth requirement can easily be derived.

Considering these two observations, we exploit memory hierarchy differently. Instead of caching techniques, the
streaming datais sored at one unique location in the memory hierarchy, dependent on the size of the required memory
space and the required bandwidth. For example, the frame buffers for picture reordering and storage of reference
pictures are mapped in external SDRAM memory, whereas the zig-zag scan memory is mapped onto a locally
embedded SRAM memory. This approach offers the ahility to limit the bandwidth requirements for relative slow
memories (in high hierarchical levels) but to use its large capacity property to store large chunks of data The
communication of fine-grain data packets such as DCT blocks and video lines can be kept on-chip.

Note that differences in functiona grain size do not necessarily lead to similar differences in the communication grain
size. For example, a DCT can be performed on a complete frame before conveying it to the next processing function.
However, by matching the communication grain size with functional grain size (see Section 2.1), the adopted
architecture can exploit the memory hierarchy as described above. A limited amount of course-grain communication
channds (for e.g. frame reordering, reference pictures and the buffer for bitrate control) are visible at the function level,
whereas a larger amount of communication channels (for e.g. DCT, quantization, run-length coding, variable-length
coding) arevisible at thetask level. At the ingtruction level, the amount of communication is even larger.

The Imagine media processing system exploits the memory hierarchy as explained above for media processing.”>*® This
system offers a large amount of flexibility via programmable fine-grain processors, but still requires only a limited
amount of bandwidth to external memory. Eight parallel arithmetic clusters of eight functional units independently fetch
VLIW ingructions, thereby enabling parallel operation of all functional units within a cluster. The communication for a
sequence of VLIW ingtructionswithin an arithmetic cluster, performing atask, is kept local by means of a local register
file, while only results of the task are communicated to a larger shared register file. The clusters perform a set of
arithmetic operations on each stream element, thereby not alowing large data-dependencies within this scope. Such a
set of operations can independently read from itsinput stream(s), compute a series of arithmetic operations (e.g. matrix
multiplication or convolution), and write to its output stream(s). This homogeneous architecture is particularly suitable
for regular stream-based processing. Applications containing data-dependent processing with complex control
structures and with a limited amount of ILP, do not result in an efficient utilization of the resources. For example,
Variable Length Decoding (VLD) will result in a poor performance density when mapped onto the Imagine
architecture.

Section 3 presents the architecture template that was used for the mapping of the MPEG-4 application. The system
contains atwo-level hierarchical communication structure to combine the flexibility of medium-grain task-level control
with the limited bandwidth requirement for coarse-grain function-level control.



3. PROCESSOR SYSTEM OVERVIEW

For the mapping of the MPEG-4 decoding application, we use an architecture template with a two-level hierarchica
communication infrastructure, each with its own set of processors. In this architecture, the communication grain size
matches the grain size of the functionality in the processors. Figure 2 shows the block diagram of the two-level system
architecture. Section 2 described how this architecture combines the flexibility of medium-grain functions (tasks) with
the bandwidth requirements to off-chip memory of course-grain functions (e.g. MPEG decoding). To alow autonomous
and asynchronous operation of the processors, communication between the processors is achieved via buffers. These
buffers are mapped onto cost-efficient shared memories to maximize flexibility. Thus, for processors at the highest
hierarchical level, the buffers requiring large-size data packets are located in off-chip SDRAM memory. For the
processorsin thelow hierarchical level, the buffers can be stored in the embedded SRAM memory.
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Figure 2: Block diagram of the two-level system architecture.

To describe the architecture, the properties and features can be discussed separately for the high and low hierarchical
levels. Control of the high-level processors is performed in software on a host processor, because this offers maximum
flexibility while the relative low synchronization rate does not require much computational effort for this task. This
control software configures the high-level processors, schedules the tasks, and provides the synchronization for
communication. Non-preemptive multi-tasking can be provided at the rate of communication packets, i.e after
processing of a complete picture for one media stream, a picture is processed for another media stream. To give an
overview of the properties and features of the low-level processors, the grain size of computation and communication,
synchronization, multitasking capabilities and task scheduling, programmable processors, and run-time reconfiguration
are discussed separately below.

e Grain size of computation and communication - As mentioned above, the architecture provides two levels of
communication grain size. At the highest level, course-grain processors such as a graphics renderer, a media
processor, and an MPEG engine communicate and synchronize at the size of video pictures via off-chip memory. At
the lowest level, a tasks such as DCT transform, Motion Compensation and Estimation (MC/ME), Variable Length
Encoding and Decoding (VLE/VLD), etc. communicate viarelative small communication buffers that are located in
the shared on-chip memory.

» Synchronization - The architecture template that we adopted contains hardware to support data flow process
networks™ 8, enabling data-driven processing. Consequently, scheduling of the tasks and synchronization of the
datais performed at run-time and provides abstraction from these issues to the programmer. Moreover, the dedicated
synchronization network in the architecture enables synchronization of arbitrary-sized data packets (e.g. on single
pixels or a DCT block) independent of the buffer size. This is an important feature, because the grain size of
communication together with the buffer sizes mainly determine the dynamic behavior of the system.

» Multitasking - Because the low-level processors in the architecture operate on a task-level granularity and comprise
generic functions, they can be reused over different applications. This reuse is provided by the architecture by
multitasking capabilities, i.e. to simultaneously reuse hardware resources for similar tasks.

»  Programmable processors - On both hierarchical communication levels, a programmable processor can be taken up.
It is even dlowed to connect a programmable processor to both levels of the hierarchica communication
infragtructure. Thisisimplemented by means of a special co-processor connection that is provided by the processor,
and is used to access the second-level communication network.

» Configuration management — For configuration of the system, a programmable host processor is required to
configure the available dedicated HW processors for the application tasks, to program the signa flow graph by
means of buffers allocation and assignment of the buffer pointers. Moreover, the host processor has to initiate each
general-purpose processor to load the executable code of its application-specific tasks. Subsequently, the system can



synchronously run the application by executing all tasks on the autonomous processors. Apart from dtatic
configuration of the system, it is also required to do reconfiguration at run time. The architecture provides severa
mechanisms to establish this, and the MPEG-4 decoding system uses this feature to implement dynamic signa flow
graphs. At run-time, dependent on the data in the bitstream, tasks are being inserted and/or deleted and buffers are
allocated in the memories.

4, MPEG-4 DECODER FUNCTIONALITY

Section 3 showed an overview of the architecture template that was used for the MPEG-4 decoder implementation. To
determine the required system components, let us now analyze the application and give some first indications of the
characteristics of the functionality in terms of processing regularity, parallelism, and throughput requirements.

The MPEG-4 standard is constructed as a toolbox of functiona features e.g. shape. Without the shape tool, the decoder
is not capable of decoding shaped video objects. The toolbox approach allows selection of a subset of tools that is
adequate for the targeted application. To guarantee compatibility between encoders and decoders, MPEG-4 specifies
profiles, each containing a different set of tools. Hence, a decoder that is compliant with a certain profile can decode all
bitstreams that are encoded using the corresponding set of tools. The toolbox concept allows the standard to be extended
for future coding concepts. Moreover, it enables the standard to deploy complete new applications or to improve
existing ones. Thus unlike MPEG-2 (digital television), MPEG-4 does not target a major “killer application”.® Within a
profile, also a set of levels have been defined which restrict the computational complexity. For example, leve 2 of the
Main Visual profile allows 16 visual objects at CIF resolution, whereas level 4 alows 32 objects at HD resolution. The
objective of this section isto sdlect a suitable profile-level combination to enable derivation of the system requirements.

From atechnical point of view, an MPEG-4 system can be described as a layered model, which is depicted in Figure 3.
Not al layers of this model are covered by the MPEG-4 standard; i.e. the Transport layer and Composition/Rendering
are explicitly not described. However, interfaces between the Transport and Synchronization layers and between the
Decoding and Rendering layers are specified. Hence, the delivery and presentation media are free to choose.

In order to analyze our MPEG-4 application, Sections 4.1 through 4.3 outline the particularities of the various MPEG-4
layers, while scene-graph and resource management are discussed in Sections 4.4 and 4.5. As a garting point of the
mapping of an MPEG-4 decoding system onto the architecture, Section 4.6 and 4.7 eaborate on the application
domains including suitable MPEG-4 profiles and levels.

4.1, TransMux, Delivery, and Synchronization Layers

The TransMux (Transport Multiplexing) layer offers transport services; only the interface on top of this layer is
specified by MPEG-4. The choice in transport protocol is left to the end user or service provider, and allows MPEG-4 to
be used in a wide variety of operation environments. In the Delivery layer, the MPEG-4 TransMux streams are
demultiplexed into separate Elementary Streams (ESs) according to the DMIF (Delivery Multimedia Integration
Framework) specification (part 6 of the standard). The subsequent layer of the model in Figure 3 consists of the
Synchronization Layer. The main part of this layer concerns the timing aspects within the model. Each access unit
(smallest data entity with timing information) that is received may contain a decoding time stamp (DTS) and a
composition time stamp (CTS). Such time stamps convey the intended decoding time of an access unit and the intended
composition time of a composition unit, respectively.
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Figure 3: Simplified view of the M PEG-4 decoding system layered model.



The functionality of the TransMux, Ddlivery, and Synchronization Layers mainly concern streaming and management,
and can be classified as event-driven processing. This type of processing is highly irregular and contains only a limited
instruction-level parallelism (ILP). Moreover, therate of control isrelatively low.

4.2. Object decoding

The middle layer of the model in Figure 3 consists of the Object Decoding Layer. This layer contains the tools to
decode the dlementary streams from the Synchronization layer. The visua objects such as video, still textures, meshes,
face and body animation, etc. may be combined or separated into one ore more elementary streams.” The audio objects
are coded in separate elementary streams. Object Descriptors are used to relate elementary streams to media objects
within a scene. Object descriptors (OD) themselves are conveyed in one or more e ementary streams, since it is possible
to add and discard streams (and objects) during the course of an MPEG-4 session. Similarly, the scene description
(BIFS — Binary Format for Scene Description)® is also contained in an elementary stream, allowing to modify the
spatio-temporal layout of the presentation over time (even by interaction from an end-user). Besides the scene
description, the BIFS also contain arich set of graphics operations.

In order to discuss the properties of the Decoding Layer we need to go into somewhat more detail of some decoding
tools. Especially the visual decoding tools are of interest, because the most computationally expensive tools (e.g. Video
and Still Texture decoding) of an MPEG-4 system can be found within this layer. For the visual as well as the audio
decoding toadls, two different classes of processing can be defined. Firstly, bitstream processing, which typically
contains no parallelism and has a high control complexity. Examples of this are VLD and arithmetic decoding (within
Shape and Still Texture decoding). Other tasks operate on macroblocks, have low control complexity, and a large
degree of data parallelisn. Examples of this are inverse DCT, inverse quantization, motion compensation, and context
calculation (within Shape decoding). Furthermore, these kinds of tasks require a high data bandwidth. Most of these
block-oriented functions are very similar to those in e.g. MPEG-2, and consequently might be reused over applications.

The elementary streams that contain the BIFS and the ODs are decoded and used in the composition/rendering layer to
construct the final output to be presented. Therefore, the BIFS and OD decoders can be seen as merely parsers, which
have a sequential behavior, a complex control structure (strong data dependency), and typically requiring irregular data
access.

4.3. Rendering & composition and presentation

The top layer of the model consists of composition and rendering. Here the fina scene, consisting of various audio-
visual objects, is put together. Rendering of objects as described in the BIFS takes place in this layer. The output of the
composition/rendering layer drives the presentation devices. Whether some buffering is required between
composition/rendering and presentation depends on the implementation of the composition/rendering. If the architecture
provides the capability to output streams with constant frame rate, synchronized with the presentation devices,
additional buffering is not required. It should be noted that the composition and rendering itself are not standardized
within MPEG-4, only the format of audio-visual objects and the BIFS. In this way, it is guaranteed that the MPEG-4
system is unaware of the presentation device.

Functions like composition, rendering and graphics are characterized by their need for high data bandwidth and
irregular data access. However, both instruction-level and task-level paralelism can be exploited very efficiently for
these functions,

4.4. Scene-gr aph management

In principle, there are two different BIFS nodes. Thefirg type of node is used to create objects in the scene or to refer to
elementary streams associated with media objects. The actual description of these objects is extracted from the object
decoder and is conveyed via the composition buffer. Thistype of node is found in the Graphics profile. The second type
of node is used to build the scene structure and to describe scene updates and user interactions. These are called “scene
graph dements’, and are found in the scene graph profiles. The audio, visual, and graphics profiles are called media
profiles as they govern the media e ements in the scene.

The scene-graph manager contains the functionality that is necessary to convert the decoded scene-graph description
into signalsthat controls the visual renderer, i.e. to draw the find scene. Hence, the scene-graph manager performs the
following tasks (not necessarily in this order):



» parsing of the decoded scene graph description (BIFS nodes),

 building up a geometric representation of the 3D scene,

» updating the 3D scene with temporal behavior (e.g. animation, scene updates), and
e generating visual renderer API cdlsto draw the scene.

4.5, Resour ce management

Resource management comprises the control of the available resources in the different layers of Figure 3. The resource

manager isresponsible for the following tasks.

» Configuration of the synchronization layer: The number of packetized ESs depends on the input bitstream.
Therefore, the resource manager performsrun-time configuration of the synchronization layer.

» Allocation of the required buffer resources: The buffer-size information is conveyed via the corresponding ES
descriptor within an OD and hence is extracted by the resource manager.

» Configuration of the required decoders. Similar to the buffer resource requirements, the type of decoder is conveyed
viathe ES descriptors. Thisinformation is used by the resource manager to configure the available decoders.

4.6. Application domain for the target architecture

With the architecture depicted in Figure 2, the MPEG-4 decoder is targeted for mid-range to high-end media processors
for Digital TV and set-top boxes. Therefore, digital TV (DTV) broadcast is the most important application domain.
Beyond DTV, MPEG-4 addresses far more applications of which many are ill in aresearch phase. On the other hand,
in the mobile (wirdess multimedia communications) and Internet (combined text, graphics, video, and audio) area
significant effort has already been spent in the integration of MPEG-4 technol ogy.

The integration of Internet into consumer eectronics such as TV, set-top boxes, and game consoles positively
influences the introduction of MPEG-4 into the set-top box and TV world. Current stationary digital television
standards® are based mainly on MPEG-2 compression and multiplexing techniques. Because of an increasing demand
for higher interactivity and a mixture of natural and synthetically (graphics) generated video in this field, a migration
toward MPEG-4 is desirable. MPEG members are working on a compatible insertion of MPEG-4 multimedia elements
into a conventional MPEG-2 transport stream. Thus, an evolutionary path from MPEG-2 to MPEG-4 should be feasible.

4.7. Target profilesand levels

To feature the necessary tools for digital TV broadcast, the Main Visual profile is most likely to become the de-facto
profile. Besides the coding of progressively scanned rectangular video, this profile also features interlaced video, sprite
objects, grayscal e al pha shape coding, and scalabl e textures, which enlarge the compl exity of the system substantially.

To anticipate future requirements, the architecture is dimensioned to process HD pictures, which is comprised by level 4
(L4) of the Main Visual profile. In order to give an impression on the high complexity required for Main Visual profile,
compared to profiles typically suitable for mobile or internet applications (Smple or Core Visual profile), Table 1
summarizes some characteristics of these profiles at their highest levels.?

Table 1: Characterigtics of selected Natural Visual profiles @ levels.

Simple profile @ L3 Core profile @ L2 Main profile @ L4
typical Visual Session size 352 x 288 (CIF) 352 x 288 (CIF) 1920 x 1088 (HD)
maximum number of objects 4 8 32
maximum number of macroblocks per VOP 396 792 16320
maximum amount of reference memory (MBs)* 396 (= CIF) 792 (= 2xCIF) 16320 (= 2xHD)
maximum number of MBs/sec* 11880 (= 30 Hz CIF) 23760 (= 30 Hz 2xCIF) 489600 (= 30 Hz 2xHD)
maximum sprite size (MBs)* not supported not supported 65280
maximum bitrate (kbit/s) 384 2000 38400
shape not supported binary binary, gray

* MBs = macroblocks

For the graphics part of the MPEG-4 standard, the Smple 2D profile is sufficient for the intended application. For the
Scene Description, we target for the Smple profile.



5.  ANALYSISOF THE FUNCTIONS

Section 4 described the functionality of the MPEG-4 system and briefly explained the characteritics of all functions.
Let us now consider the signal flow graph of the application and decompose the functions into tasks that have distinct
characteristics. Subsequently, we propose a HW/SW partitioning to derive the underlying architecture components.

Figure 4 shows the signal flow graph of the complete MPEG-4 decoder system. The delivery mechanism comprises the
TransMux, the Delivery and the Synchronization layers as described in Section 4.1. The output of this block conveys
elementary streams (ESs) that are written in separate decoding buffers. Subsequently, the appropriate decoder
instantiations decode the ESs and write their output into the composition buffer. To configure the synchronization layer
and the decoders and to allocate the buffers, the resource manager abstracts the resource requirements from the delivery
mechanism and the ES descriptions, which are located in the ODs. To finally present the audio-visual scene, the scene-
graph manager interprets the scene-graph description and the ODs and subsequently controls the rendering.
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Figure 4: Signal flow graph of the complete MPEG-4 decoder functionality.

5.1. Processing characteristics

To come to a partitioning of the functionality in HW and SW, we separate the MPEG-4 decoder functions into tasks
with sdlf-contained functionality and clear interfaces. Table 2 shows an overview of these tasks, including their
processing characteristics. Asexplained in Section 2.1, the amount of parallelism, the throughput, the flexibility and the
complexity of control arerelated. However, thisisjust arule of thumb and has to be made explicit to come to a feasible
HW/SW partitioning. Moreover, the partitioning may also depend on non-technical reasons such as the design capacity,
available design capabilities, and the design time to influence the time-to-market.

Section 2.1 showed that a programmable genera -purpose processor offers most flexibility. However, to improve the
computational power, parallelism which is inherently application dependent, has to be exploited at the expense of
flexibility. This observation not only holds for parallel functions in the signal flow graph, but is aso applicable for
functions that sequentially process data in a signa flow graph. Partly, thisis caused by the Von Neumann bottleneck;
i.e. the processing of each data word in a general-purpose processor requires ingruction fetching. However, al modern
processors feature a Harvard architecture (separate instruction and data bus). More important, sequential processes can
use pipelining to increase the throughput and hence feature parale processing. Therefore, the fourth column in Table 2
indicates the throughput requirements of the tasks. However, this is not sufficient to determine the partitioning, since
pipeining in order to increase the throughput can only be applied for stream-based processing with a low control
complexity (indicated in the fifth column). Note that decision branches disrupt the pipelining, particularly if they are
data dependent. Although solutions like branch prediction and speculative execution do exist, they are not
straightforward for hardware implementation. For similar reasons as pipelining, parallel execution of instructions as



provided in VLIW or superscalar architectures can be used to improve the throughput. Although not explicitly shown in
the table, tasks that contain ILP and may exploit pipelined or parallel execution of instructions are suitable for
implementation on a VLIW architecture.

Table 2: Properties of the MPEG-4 decoding tasksthat determine the mapping onto HW or SW.

complexity | reuse over

- architecture
of control | applications

function tasks parallelism* | throughput

Delivery transport protocol

. transport stream demultiplexing sequential low low low RISC
mechanism R !
synchronization processing
OD decoder sequential low medium low RISC
Scene-araph BIFS parsing,
grap 3D geometric scene reconstruction, | sequential low high low RISC
manager . -
rendering command generation
Resource (re)configuration of the hardware, sequential low low low RISC
manager memory management
Audio decoder ILP & TLP medium low medium DSP / Media proc.
Parse/entropy . . .
decode/demux sequential medium high low RISC
DC prediction, ZeroTree decoding,
Still Texture inverse quantization, ILP & TLP low medium low Media processor
decoder inverse Discrete Wavelet Transform
arithmetic decoding sequential low high low RISC
Variable Length decoding, . . .
VOP decoder & Context-based Arithmetic decoding sequential high high low RISC
sprite decoding _up/down sampllng, inverse scan, _ _ _
inverse quantization, inverse DCT, ILP & TLP high low high dedicated
padding, VOP reconstruction
Renderer & BIFS browser, geometry, lighting sequential medium medium high DSP / Media proc.
sprite warping rasterizer set-up, rasterization ILP & TLP high low high dedicated

* |[LP = Instruction-Level Parallelism, TLP = Task-Level Parallelism

The reusability of tasks (sixth column) has two aspects. First, atask can be reused over severa applications within the
same system. For example, a DCT transform can be used for (de)compression schemes like MPEG-1/2/4 and H.26x.
Secondly, tasks can be reused over more than one architecture design. A hardware DCT implementation may be
preferred since thisis usually most efficient. However, the hardware should offer sufficient flexibility to enable its use
in all applications and architectures. Moreover, besides the design of the micro-architecture, a hardware design also
includes a software implementation for functional specification and simulation. Hence, the design of hardware requires
more effort and can be avalid reason for implementing functionality in software.

5.2 Har dwar e/softwar e partitioning

Let us now briefly explain the reasoning of the chosen HW/SW partitioning as shown in Figure 5. To minimize the
design effort, the default approach is to implement a task in SW, unless this significantly decreases the performance
density and thus the system costs. For the delivery mechanism, the OD decoder, the scene-graph manager, and the
resource manager, the choice is straightforward. For these tasks, the computation requirement as well as the amount of
parallelism islimited, thereby making these tasks very suitable for a general-purpose processor.

Audio decoding has a medium throughput. For six-channel audio, the decoded stream has a bandwidth of 0.5 MByte/s.
Compared to video, the audio signal processing has a higher precision and is usualy implemented with a large amount
of floating point operations. Moreover, standards such as MPEG and DVD contain an increasing amount of different
audio coding schemes, which are normally not active concurrently. Therefore, a software implementation on aDSP or a
media processor is most suitable.

For Still Texture decoding a similar reasoning holds. In contrast to video decoding, there are no hard red-time
constraints and therefore it requires a lower bandwidth. Furthermore, Still Texture decoding is MPEG-4 specific, and
therefore not reusable, i.e. the utilization of a hardware implementation would be poor. It can be concluded that aso this
task can be performed in software. Because this concerns a specid-purpose task with a significant amount of
instruction-level parallelism, we propose an implementation onto a VLIW media processor, e.g. TriMedia.®*



For VOP and sprite decoding, the mapping is less straightforward because this functionality consists of a diverse set of
tasks, shown in Figure 5 as a fine-grain block diagram. The numbers near the communication channels represent the
bandwidth of the data transport for MPEG-4 Main Visua profile @ L4 (HD: 19201088 @ 30 Hz, see Section 4.7).
Because the memory requirements are mainly determined by the large bandwidth numbers, only these numbers are
shown. Part of the functionality consists of entropy decoding (VLD, CAD), which is mainly sequential processing with
complex control. These properties make an implementation that matches a RISC-like architecture very attractive.
However, because the bitstream is non-word aligned with a high throughput requirement, some hardware acceleration
for e.g. bit manipulations and the keyword lookup is desired. An example implementation is presented by Berekovic, et
al.® The remainder of the functionality contains a significant amount of paralldism at both instruction level and task
level. Moreover, the computation requirements are high, particularly for targeted HD resolutions. Note that the VOP
decoding requires memory access to an off-chip memory at high bandwidth.
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Figure 5: Block diagram of Video Object Plane decoder, including data transport bandwidths (M Byte/s).

The bottom row in Table 2 represents the rendering and composition of all objects into the final scene. The first part of
this functionality comprises a BIFS browser, analog to a VRML browser. The output of the browser could operate at the
abstraction level of the OpenGL application programmer interface (API). However, this standardized API does not
cover al functionality that is required for rendering of video objects from an MPEG-4 decoder. For that purpose, we
propose that OpenML? is used as a more suitable AP specification. This APl also considers the YUV color space,
interlaced video, audio, synchronization of audio/visual object, etc. The OpenML function cdls are used by the
geometry & lighting functiondity in the renderer to create a 3-D geometric representation of the visua scene. Both the
BIFS browser and geometry & lighting tasks are mapped onto a media processor, which contains ILP and includes
floating point operations. After conveying the 3-D geometric model by means of vertices, the setup of the ragterizer
converts the model into a large set of polygons for ragterization. This setup task within the renderer requires a
significant amount of computational power, and increases the communication bandwidth when going from a vertices-
based input to a polygon-based output. The final rasterization stage of the renderer accesses all pixel-based input data
from the composition buffers and reconstructs the final visual scene. To provide sufficient computational resources,
both the rasterizer setup and the rasterization itself are best performed with a dedicated hardware pipéline.

6. MAPPING PROPOSALS

Section 5.1 and 5.2 explained how the functionality of the complete MPEG-4 decoding system is partitioned into
hardware and software and what type of processing is used for the separate functions. Now let us consider how these
functions are mapped onto the overall system-architecture template as presented in Section 2, including the architecture
of the separate processors in the system.

Figure 6 shows an implementation proposal. The numbers near the connections to the communication network represent
the bandwidth of the data transport for MPEG-4 Main Visua profile @ L4 (HD: 1920x1088 @ 30 Hz, see Section 4.7).
Because the memory requirements are mainly determined by the large bandwidth numbers, only these numbers are



shown. Although the bandwidth indications are based on the worst-case MPEG-4 bitgreams, the bandwidth numbers
for rendering aretypical, since the worst-case numbers for this function can be amost unlimited.

The two-level hierarchical architecture can be clearly recognized in Figure 6. All functions that require a large memory
capacity or that communicate large data packets are connected to the off-chip memory. The functions that only use a
relative small memory size and communicate via small buffers, are connected to the second level communication
structure, which is embedded in the system. Note that it is also possible to connect functions to both networks. As
shown in the figure, separate I/0O modules are included to write the input MPEG-4 bitstream into the memory and to
output the decoded audio and video signals. Besides streaming of video data from the memory to the display, the Video
Out module aso convertsa YUV 4:2:0 signd to a 32-bit RGB signd.
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Figure 6: Architecture implementation of the MPEG-4 decoding system, including data transport bandwidths (Mbyte/s).

The delivery mechanism in Figure 4 is performed by the RISC core. It parses the MPEG-4 bitstream from the off-chip
memory, processes it, and writes the output elementary streams back into the decoder buffers (off-chip memory).
Besides the delivery mechanism, the RISC aso provides the OD decoding, the resource management, and the scene
graph management. Finaly, the RISC performs the tasks for parsing, demultiplexing, and entropy decoding of the
visual objects. The connection of the RISC coreto thelocal embedded memory is provided by means of a dedicated co-
processor connection, provided by the RISC. Note that the RISC does not have a cache memory for this connection.
The absence of this cache can be justified by giving firg priority access of the RISC to the local memory to guarantee
low latency. A more detailed study is necessary to prove the feasibility to execute all above-mentioned tasks within the
cycle budget of a single RISC core. Although the outcome of this study may show the requirement for more than one
RISC, it should be noted that the silicon area of a single powerful MIPS (Philips PR3940) RISC coreis only 5.5 mm?
consuming less than 200 mw.

For VOP decoding and sprite decoding dedicated hardware modules are provided. The context-based arithmetic decoder
(CAD) which is performed by the RISC core, parses the input bitstream, retrieves the context information from the
shape decoder hardware module (via a communication buffer in local memory), and writes the output Binary Alpha
Block (BAB) into a buffer in local memory. The BAB is subsequently read by the shape decoder module, and is used to
calculate the context value. To do the calculation, the hardware module also reads reference BABs from off-chip
memory and writes the newly calculated BAB back to the same memory. For the VOP decoding, the RISC core
provides the variable length decoding and conveys the output stream to a hardware module that features a pipeine with
inverse scan, AC/DC prediction, and inverse DCT. Some space in the local memory is used for AC/DC prediction (see
Figure 5), which results in an additiona input and output port of this hardware module to the local memory. The output
of the hardware module is streamed to another hardware module that provides the motion compensated VOP
reconstruction and the padding process. To store the reconstructed output and to retrieve the motion compensated
prediction data, considerable off-chip memory bandwidth is consumed. Another important architectural aspect is the
requirement for all VOP processors to provide multi-tasking capabilities, because a Main Visual profile bitstream may
contain up to 32 independent video objects. The multi-tasking capabilities described in Section 3 are provided in the
architecture template.



To provide Still Texture decoding, a very-long-instruction-word (VLIW) processor is embedded. This function only
requires a connection to the off-chip memory, because both the input bitstream and the output image are stored there.
However, because also the rendering process is partially mapped onto the VLIW core, this processor is connected to a
second-level communication network too. Similar to the RISC connection, the VLIW uses a special co-processor
connection without cache. Besides Still Texture decoding, the media processor also establishes the software tasks of the
rendering functionality, i.e. BIFS browsing, geometry, and lighting. The total data bandwidth for visual rendering to
off-chip memory is very large and highly dependent of the implementation. For example, Berekovic, et al.?’ presented
an image rendering co-processor for MPEG-4 systems that contains an external local memory for autonomous rendering
of two video objects and a background picture. Although they consider standard definition (SD) video, the bandwidth
requirements are higher than for the visual renderer presented in this paper. This is mainly caused by the additional
transfer of all visua objects from the shared memory to the local memory (reading and writing of three SD pictures).
Moreover, their bandwidth calculations assume a 4:2:2:4 sampling format, whereas we assume a 4:2:0:4 sampling
format. For our bandwidth estimations, we assumed a bandwidth-friendly tile-based rendering algorithm. Experimental
results already proved the feasibility of such an implementation. Because the rendering functionality and the MPEG-4
decoding functionality do not share the same computationa resources and only have inter-communication via the off-
chip memory, the communication networks can be separated to reduce the complexity of the two-level network.
However, for flexibility it is also attractive to have a single second-level communication network with one shared
embedded memory. This enables implementation of additional tasks for the VOP decoder in software, thereby
anticipating for future extensions.

7. CONCLUSIONS

MPEG-4, compared to other existing coding standards like MPEG-2 and H.26x, targets a much broader set of
applications, with an accompanying increased number of more complex agorithms as well as coding modes. This
extended functionality requires a flexible and extensible platform. However, the computational complexity of MPEG-4
applications exceeds that of state-of-the-art media processors, especially for profiles suitable for digital TV broadcast.
Therefore, hardware support becomes an increasing necessity. Furthermore, the increasing demand to combine audio-
visual materia with (advanced) graphics within the application domain of TV and set-top boxes enhances the
complexity of these systems severdly.

For the adopted architecture template, an effective HW/SW partitioning was performed based on the MPEG-4
application analysis in terms like amount of parallelism, throughput requirements, the control complexity and the reuse
potential. This analysis resulted in a feasible mapping of the MPEG-4 decoding application onto the architecture
template. This template features a two-level hierarchical communication structure in order to increase the flexibility
without alleviating the required bandwidth to the off-chip memory. It can be concluded that the stream-oriented
decoding stage of an MPEG-4 decoding system can be carried out satisfactorily by the special-purpose processors,
whereas amongst others resource management, demultiplexing and entropy decoding (complex control) can best be
achieved in software.

To further refine the implementation proposal, a more detailed sudy is necessary. Especialy the execution of the
various tasks mapped on the RISC core might prove to be a too heavy burden within the cycle budget of a single RISC
core. To circumvent this problem, it could be considered to extend the proposed implementation with an additional
RISC core to distribute the computational workload. Such an extended implementation still is cost-effective, due to the
small die size of aRISC corein current technol ogy.

Since the functionality of the MPEG-4 decoder that is mapped onto dedicated hardware can be considered as a superset
of the MPEG-2 functionality, the presented MPEG-4 decoder can be designed such that it is able to decode MPEG-2
bitstreams as well. In fact, the hierarchical architecture template has already been exploited to perform MPEG-2
encoding and decoding with arestricted set of hardware modules suitable for video coding only. The mapping study of
the MPEG-4 decoder proves the flexibility and extensibility of the media-processing platform. This platform enables an
effective HW/SW co-design yielding a high performance density.
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