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Preface

This book had its origins in the Multiprocessor System-on-Chip (MPSoC) Work-
shop, which has been held every summer since 2001. We started the workshop to
bring together a broad range of people who need to be involved in SoC design.
MPSoCs are much more complex than ASICs and so require traditionally separate
disciplines to converge. Computer architecture, real-time operating systems,
embedded software, computer-aided design, and circuit design are all fields that
must contribute to successful MPSoC designs.

An outstanding cross-section of experts from these disciplines attended the
workshop and gave tutorial lectures that introduced their fields to the broader
audience. We started to talk about how to make use of all the information that was
presented at the workshop and make it available to a broader audience. After some
debate we decided to organize a book of contributed chapters.

The contents of the book evolved somewhat as we developed it. Some of the
workshop speakers didn't have enough room in their schedules for the consider-
able effort it takes to write a chapter. As a result, we ended up asking several other
groups of people to write chapters. This allowed us to bring more perspectives
into the discussion of MPSoC design.

Thanks to a great deal of effort, the book is now a reality. We believe that it
will be useful to both professionals who want to know more about multiprocessor
SoCs and students who are studying the subject. We hope that this collection of
material will be informative and long-lasting. We'd like to thank the IEEE Circuits
and Systems Society and the European Design and Automation Association for
their sponsorship of the MPSoC Workshop over the years. We would like to thank
all the participants—speakers and attendees—of the MPSoC workshops. We would
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like to thank all of the authors for their work in creating these chapters. We would
like to thank the book’s reviewers: Nikil Dutt, University of California, Irvine;
Axel Jantsch, Royal Institute of Technology (Stockholm, Sweden); Dan Phillips,
Rochester Institute of Technology; Miodrag Potkonjak, UCLA; Gerald E. Sobelman,
University of Minnesota; and James M. Ziobro, Rochester Institute of Technology.
And we would like to thank the staff at Morgan Kaufman/Elsevier for their tire-
less efforts to make this book a reality.

Ahmed Amine Jerraya, Grenoble, France
Wayne Wolf, Princeton, New Jersey
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1 The What, Why, and
How of MPSoCs

Ahmed Amine Jerraya and Wayne Wolf

1.1 INTRODUCTION

Multiprocessor systems-on-chips (MPSoCs) are the latest incarnation of very large-
scale integration (VLSI) technology. A single integrated circuit can contain over
100 million transistors, and the International Technology Roadmap for Semicon-
ductors predicts that chips with a billion transistors are within reach. Harnessing
all this raw computing power requires designers to move beyond logic design into
computer architecture. The demands placed on these chips by applications require
designers to face problems not confronted by traditional computer architecture:
real-time deadlines, very low-power operation, and so on. These opportunities and
challenges make MPSoC design an important field of research.

The other chapters in this book examine various aspects of MPSoC design in
detail. This chapter surveys the field and tries to put the problems of MPSoC
design into perspective. We will start with a brief introduction to MPSoC applica-
tions. We will then look at the hardware and software architectures of MPSoCs.
We will conclude with a survey of the remaining chapters in the book.

1.2 WHAT ARE MPSo(S?

We first need to define system-on-chip (SoC). An SoC is an integrated circuit that
implements most or all of the functions of a complete electronic system. The most
fundamental characteristic of an SoC is complexity. A memory chip may have
many transistors, but its regular structure makes it a component and not a system.
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1 The What, Why, and How of MPSoCs

Exactly what components are assembled on the SoC varies with the application.
Many SoCs contain analog and mixed-signal circuitry for input/output (I/0).
Although some high-performance I/0 applications require a separate analog inter-
face chip that serves as a companion to a digital SoC, most of an SoC is digital
because that is the only way to build such complex functions reliably. The system
may contain memory, instruction-set processors (central processing units [CPUs]),
specialized logic, busses, and other digital functions. The architecture of the
system is generally tailored to the application rather than being a general-purpose
chip: we will discuss the motivations for custom, heterogeneous architectures in
the next section.

Systems-on-chips can be found in many product categories ranging from con-
sumer devices to industrial systems:

+ Cell phones use several programmable processors to handle the signal-
processing and protocol tasks required by telephony. These architectures must
be designed to operate at the very low-power levels provided by batteries.

+ Telecommunications and networking use specialized systems-on-chips, such
as network processors, to handle the huge data rates presented by modern
transmission equipment.

+ Digital televisions and set-top boxes use sophisticated multiprocessors to
perform real-time video and audio decoding and user interface functions.

+ Television production equipment uses systems-on-chips to encode video.
Encoding high-definition video in real time requires extremely high compu-
tation rates.

+ Video games use several complex parallel processing machines to render
gaming action in real time.

These applications do not use general-purpose computer architectures either
because a general-purpose machine is not cost-effective or because it would
simply not provide the necessary performance. Consumer devices must sell for
extremely low prices. Today, digital video disc (DVD) players sell for US $50, which
leaves very little money in the budget for the complex video decoder and control
system that playing DVDs requires. At the high end, general-purpose machines
simply can’t keep up with the data rates for high-end video and networking; they
also have a hard time providing reliable real-time performance.

So what is an MPSoC? It is simply a system-on-chip that contains multiple
instruction-set processors (CPUs). In practice, most SoCs are MPSoCs because
it is too difficult to design a complex system-on-chip without making use of
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multiple CPUs. We will discuss the rationale for multiprocessors in more detail in
the next section.

Figure 1-1 shows a block diagram for a typical compact disc/MPEG layer-3
(CD/MP3) player, a chip that controls a CD drive and decodes MP3 audio files.
The architecture of a DVD player is more complex but has many similar charac-
teristics, particularly in the early stages of processing. This block diagram abstracts
the interconnection between the different processing elements (PEs). Although
interconnect is a significant implementation concern, we want first to focus on
the diversity of the PEs used in an SoC. At one end of the processing chain is the
mechanism that controls the CD drive. A small number of analog inputs from the
laser pickup must be decoded both to be sure that the laser is on track and to read
the data from the disc. A small number of analog outputs controls the lens and
sled to keep the laser on the data track, which is arranged as a spiral around the
disc. Early signal conditioning and simple signal processing is done in analog cir-
cuitry because that is the only cost-effective means of meeting the data rates.
However, most of the control circuitry for the drive is performed digitally. The
CD player is a triumph of signal processing over mechanics—a very cheap and
low-quality mechanism is controlled by sophisticated algorithms to very fine tol-
erances. Several control loops with 16 or more taps are typically performed by a
digital signal processor (DSP) in order to control the CD drive mechanism. Once
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the raw bits have been read from the disc, error correction must be performed. A
modified Reed-Solomon algorithm is used; this task is typically performed by a
special-purpose unit because of the performance requirements. After error cor-
rection, the MP3 data bits must be decoded into audio data; typically other user
functions such as equalization are performed at the same time. MP3 decoding can
be performed relatively cheaply, so a relatively unsophisticated CPU is all that is
required for this final phase. An analog amplifier sends the audio to headphones.

Figure 1-2 shows the architecture of the Emotion Engine chip from the Sony
PlayStation 2 [1]. The Emotion Engine is one of several complex chips in the
PlayStation 2. It includes a general-purpose CPU that executes the millions of
instructions per second (MIPS) instruction set and two vector processing units,
VPUO and VPUL. The two vector processing units have different internal archi-
tectures. The chip contains 5.8 million transistors, runs at 300 MHz, and delivers
5.5 Gflops.

Why do we care about performance? Because most of the applications for
which SoCs are used have precise performance requirements. In traditional inter-
active computing, we care about speed but not about deadlines. Control systems,
protocols, and most real-world systems care not just about average performance
but also that tasks are done by a given deadline. The vast majority of SoCs are
employed in applications that have at least some real-time deadlines. Hardware
designers are used to meeting clock performance goals, but most deadlines span
many clock cycles.

Why do we care about energy? In battery-operated devices, we want to extend
the life of the battery as long as possible. In non-battery-operated devices, we still
care because energy consumption is related to cost. If a device utilizes too much
power, it runs too hot. Beyond a certain operating temperature, the chip must be
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put in a ceramic package. Ceramic packages are much more expensive than plastic
packages.

The fact that an MPSoC is a multiprocessor means that software design is an
inherent part of the overall chip design. This is a big change for chip designers,
who are used to coming up with hardware solutions to chip design problems. In
an MPSoC, either hardware or software can be used to solve a problem; which is
best generally depends on performance, power, and design time. Designing soft-
ware for an MPSoC is also a big change for software designers. Software that will
be shipped as part of a chip must be extremely reliable. That software must also
be designed to meet many design constraints typically reserved for hardware, such
as hard timing constraints and energy consumption. This melding of hardware
and software design disciplines is one of the things that makes MPSoC design
interesting and challenging.

The fact that most MPSoCs are heterogeneous multiprocessors makes them
harder to program than traditional symmetric multiprocessors. Regular architec-
tures are much easier to program. Scientific multiprocessors have also gravitated
toward a shared-memory model for programmers. Although these regular, simple
architectures are simple for programmers, they are often more expensive and less
energy efficient than heterogeneous architectures. The combination of high reli-
ability, real-time performance, small memory footprint, and low-energy software
on a heterogeneous multiprocessor makes for a considerable challenge in MPSoC
software design.

Many MPSoCs need to run software that was not developed by the chip de-
signers. Because standards guarantee large markets, multichip systems are often
reduced to SoCs only when standards emerge for the application. However, users
of the chip must add their own features to the system to differentiate their pro-
ducts from competitors who use the same chip. This requires running software
that is developed by the customer, not the chip designer. Early VLSI systems with
embedded processors generally used very crude software environments that
would have been impossible for outside software designers to use. Modern MPSoCs
have better development environments, but creating a different software develop-
ment kit for each SoC is in itself a challenge.

1.3 WHY MPSoCS?

The typical MPSoC is a heterogeneous multiprocessor: there may be several differ-
ent types of PEs, the memory system may be heterogeneously distributed around
the machine, and the interconnection network between the PEs and the memory
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may also be heterogeneous. MPSoCs often require large amounts of memory.
The device may have embedded memory on-chip as well as relying on off-chip
commodity memory.

We introduced two examples of SoCs in the last section and they imple-
ment, in fact, heterogeneous multiprocessors. In contrast, most scientific multi-
processors today are much more regular than the typical MPSoC. Figure 1-3 shows
the traditional view of a shared-memory multiprocessor [2]—a pool of processors and
a pool of memory are connected by an interconnection network. Each is gener-
ally regularly structured, and the programmer is given a regular programming
model. A shared-memory model is often preferred because it makes life simpler
for the programmer. The Raw architecture [3] is a recent example of a regular
architecture designed for high-performance computation.

Why not use a single platform for all applications? Why not build SoCs like
field programmable gate arrays (FPGAs), in which a single architecture is built in
a variety of sizes? And why use a multiprocessor rather than a uniprocessor, which
has an even simpler programming model?

Some relatively simple systems are, in fact, uniprocessors. The personal
digital assistant (PDA) is a prime example. The architecture of the typical PDA
looks something like a PC, with a CPU, peripherals, and memory attached to a
bus. A PDA runs many applications that are small versions of desktop applica-
tions, so the resemblance of the PDA platform to the PC platform is important for
software development.

However, uniprocessors may not provide enough performance for some appli-
cations. The simple database applications such as address books that run on PDAs
can easily be handled by modern uniprocessors. But when we move to real-time
video or communications, multiprocessors are generally needed to keep up with
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the incoming data rates. Multiprocessors provide the computational concurrency
required to handle concurrent real-world events in real time.

Embedded computing applications typically require real concurrency, not just
the apparent concurrency of a multitasking operating system running on a
uniprocessor. Tusk-level parallelism is very important in embedded computing.
Most of the systems that rely on SoCs perform complex tasks that are made up of
multiple phases. For example, Figure 1-4 shows the block diagram for MPEG-2
encoding [4]. Video encoding requires several operations to run concurrently:
motion estimation, discrete cosine transform (DCT), and Huffman coding, among
others. Video frames typically enter the system at 30 frames/sec. Given the large
amount of computation to be done on each frame, these steps must be performed
in parallel to meet the deadlines. This type of parallelism is relatively easy to
leverage since the system specification naturally decomposes the problem into
tasks. Of course, the decomposition that is best for specification may not be the
best way to decompose the computation for implementation on the SoC. It is the
job of software or hardware design tools to massage the decomposition based on
implementation costs. But having the original parallelism explicitly specified
makes it much easier to repartition the functionality during design.

But why not use a symmetric multiprocessor to provide the required per-
formance? If we could use the same architecture for many different applications,
we could manufacture the chips in even larger volumes, allowing lower prices.
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Programmers could also more easily develop software since they would be famil-
iar with the platforms and they would have a richer tool set. And a symmetric
processor would make it easier to map an application onto the architecture.
However, we cannot directly apply the scientific computing model to SoCs.
SoCs must obey several constraints that do not apply to scientific computation:

They must perform real-time computations.
They must be area-efficient.

They must be energy-efficient.

+ 0+ o+ 0+

They must provide the proper 1/0 connections.

All these constraints push SoC designers toward heterogeneous multiprocessors.
We can consider these constraints in more detail.

Real-time computing is much more than high-performance computing. Many
SoC applications require very high performance—consider high-definition video
encoding, for example—but they also require that the results be available at a
predictable rate. Rate variations can often be solved by adding buffer memory,
but memory incurs both area and energy consumption costs. Making sure that
the processor can produce results at predictable times generally requires careful
design of all the aspects of the hardware: instruction set, memory system, and
system bus. It also requires careful design of the software, both to take advantage
of features of the hardware and to avoid common problems like excessive reliance
on buffering.

Real-time performance also relies on predictable behavior of the hardware.
Many mechanisms used in general-purpose computing to provide performance in
an easy programming model make the system’s performance less predictable.
Snooping caching, for example, dynamically manages cache coherency but at
the cost of less predictable delays since the time required for a memory access
depends on the state of several caches. One way to provide predictable perform-
ance and high performance is to use a mechanism that is specialized to the
needs of the application: specialized memory systems or application-specific
instructions, for example. And since different tasks in an application often have
different characteristics, different parts of the architecture often need different
hardware structures.

Heterogeneous multiprocessors are more area-efficient than symmetric
multiprocessors. Many scientific computing problems distribute homogeneous
data across multiple processors; for example, they may decompose a matrix in
parallel using several CPUs. However, the task-level parallelism that embedded
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computing applications display is inherently heterogeneous. In the MPEG block
diagram, as with other applications, each block does something different and has
different computational requirements.

Although application heterogeneity does not inherently require using a dif-
ferent type of processor for each task, doing so can have significant advantages.
A special-purpose PE may be much faster and smaller than a programmable
processor; for example, several very small and fast motion estimation machines
have been developed for MPEG. Even if a programmable processor is used for a
task, specialized CPUs can often improve performance while saving area. For
example, matching the CPU datapath width to the native data sizes of the appli-
cation can save a considerable amount of area. Choosing a cache size and organ-
ization to match the application characteristics can greatly improve performance.

Memory specialization is an important technique for designing efficient archi-
tectures. A general-purpose memory system can try to handle special cases on
the fly using information gathered during execution, but they do so at a consid-
erable cost in hardware. If the system architect can predict some aspect of the
memory behavior of the application, it is often possible to reflect those charac-
teristics in the architecture. Cache configuration is an ideal example—a consider-
ably smaller cache can often be used when the application has regular memory
access patterns.

Most SoC designs are power-sensitive, whether due to environmental consid-
erations (heat dissipation) or to system requirements (battery power). As with
area, specialization saves power. Stripping away features that are unnecessary for
the application reduces energy consumption; this is particularly true for leakage
power consumption. Scientific multiprocessors are standard equipment that are
used in many different ways; each installation of a supercomputer may perform
a different task. In contrast, SoCs are mass-market devices due to the economics
of VLSI manufacturing. The design tweaks that save power for a particular archi-
tecture feature can therefore be replicated many times during manufacturing,
amortizing the cost of designing those power-saving features.

SoCs also require specialized 1/0. The point of an SoC is to provide a com-
plete system. One would hope that input and output devices could be imple-
mented in a generic fashion given enough transistors; to some extent, this has
been done for FPGA 1I/0 pads. But given the variety of physical interfaces that
exist, it can be difficult to create customizable I/0 devices effectively.

One might think that increasing transistor counts might argue for a trend away
from heterogeneous architectures and toward regularly structured machines.
But applications continue to soak up as much computational power as can be
supplied by Moore’s law. Data rates continue to go up in most applications,
for example, data communication, video, audio. Furthermore, new devices
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increasingly combine these applications. A single device may perform wireless
communication, video compression, and speech recognition. SoC designers will
start to favor regular architectures only when the performance pressure from
application eases and the performance available from integrated circuits catches
up. It does not appear that customers’ appetites will shrink any time soon.

14 CHALLENGES

Before delving into MPSoC design challenges in more detail, let us take a few
moments to summarize a few major challenges in the field.

Software development is a major challenge for MPSoC designers. The soft-
ware that runs on the multiprocessor must be high performance, real time, and
low power. Although much progress has been made on these problems, much
remains to be done. Furthermore, each MPSoC requires its own software devel-
opment environment: compiler, debugger, simulator, and other tools.

Task-level behavior also provides a major and related challenge for SoC soft-
ware. As mentioned above, task-level parallelism is both easy to identify in SoC
applications and important to exploit. Real-time operating systems (RTOSs) provide
scheduling mechanisms for tasks, but they also abstract the process. The detailed
behavior of a task—how it accesses memory, its flow of control—can influence its
execution time and therefore the system schedule that is managed by the RTOS.
We need a better understanding of how to abstract tasks properly to capture the
essential characteristics of their low-level behavior for system-level analysis.

Networks-on-chips have emerged over the past few years as an architectural
approach to the design of single-chip multiprocessors. A network-on-chip uses
packet networks to interconnect the processors in the SoC. Although a great deal
is known about networks, traditional network design assumes relatively little
about the characteristics of the traffic on the network. SoC applications can often
be well characterized; that information should be useful in specializing the
network design to improve cost/performance/power.

FPGAs have emerged as a viable alternative to application-specific integrated
circuits (ASICs) in many markets. FPGA fabrics are also starting to be integrated
into SoCs. The FPGA logic can be used for custom logic that could not be designed
before manufacturing. This approach is a good complement to software-based
customization. We need to understand better where to put FPGA fabrics into SoC
architectures so they can be most effectively used. We also need tools to help
designers understand performance and allocation using FPGAs as processing
elements in the multiprocessor.

Page 31 Qualcomm Ex. 1008



1.5 Design Methodologies 1"

As SoCs become more sophisticated, and particularly as they connect to the
Internet, security becomes increasingly important. Security breaches can cause
malfunctions ranging from annoying to life-threatening. Hardware and software
architectures must be designed to be secure. Design methodologies must also be
organized to ensure that security considerations are taken into account and that
security-threatening bugs are not allowed to propagate through the design.

Finally, MPSoCs will increasingly be connected into networks of chips. Sensor
networks are an example of networks of chips; automotive and avionics systems
have long used networks to connect physically separated chips. Clearly, net-
working must be integrated into these chips. But, more important, MPSoCs that
are organized into networks of chips do not have total control over the system.
When designing a single chip, the design team has total control over what goes
onto the chip. When those chips are assembled into networks, the design team
has less control over the organization of the network as a whole. Not only may
the SoC be used in unintended ways, but the network of the configuration may
change over time as nodes are added and deleted. Design methodologies for these
types of chips must be adapted to take into account the varying environments in
which the chips will have to operate.

1.5 DESIGN METHODOLOGIES

In the preceding sections, we explained the “What” and “Why” of MPSoC archi-
tectures and presented the main challenges designers must face for the “How” to
design an MPSoC. It is clear that many kinds of tools and specialized design
methodologies are needed. Although advanced tools and methodologies exist
today to solve partial problems, much remains to be done when considering het-
erogeneous MPSoC architectures as a whole. On this new design scenario, fast
design time, higher level abstractions, predictability of results, and meeting design
metrics are the main goals.

Fast design time is very import in light of typical applications for MPSoC archi-
tectures—game/network processors, high-definition video encoding, multimedia
hubs, and base-band telecom circuits, for example—that have particularly tight
time-to-market and time window constraints.

System-level modeling is the enabling technology for MPSoC design. Register-
transfer level (RTL) models are too time consuming to design and verify when
considering multiple processor cores and associated peripherals—a higher abstrac-
tion level is needed on the hardware side. When designers use RTL abstractions,
they can produce, on average, the equivalent of 4 to 10 gates per line of RTL code.
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Thus, hypothetically, in order to design a 100 million-gate MPSoC circuit using
only RTL code—even if we assume that 90% of this code can be reused—more
than 1 million lines of code would need to be written to describe the remaining
10 million gates for the custom part. Of course, this tremendous design effort is
unrealistic for most MPSoC target markets.

MPSoCs may use hundreds of thousands of lines of dedicated software
and complex software development environments; programmers cannot use
mostly low-level programming languages anymore—higher level abstractions are
needed on the software side too. Design components for MPSoC are heteroge-
neous: they come from different design domains, have different interfaces, and
are described using different languages at different refinement levels and have
different granularities. A key issue for every MPSoC design methodology is the
definition of a good system-level model that is capable of representing all those
heterogeneous components along with local and global design constraints and
metrics.

High-level abstractions make global MPSoC design methodologies possible by
hiding precise circuit behavior—notably accurate timing information—from
system-level designers and tools. However, MPSoCs are mostly targeted for real-
time applications in which accurate performance information must be available
at design time in order to respect deadlines. Thus, when considering the huge
design space allowed by MPSoC architectures, high-level design metrics and
performance estimation are essential parts in MPSoC design methodologies. This
notwithstanding, high-level estimation metrics and evaluation remains an active
research subject since a system’s design metrics are not easy to compose from
design metrics of its components.

MPSoC design is a complex process involving different steps at different
abstraction levels. Design steps can be grouped into two major tasks: design space
exploration (hardware/software partitioning, selection of architectural platform
and components) and architecture design (design of components, hardware/soft-
ware interface design). The overall design process must consider strict require-
ments, regarding time-to-market, system performance, power consumption, and
production cost. The reuse of predesigned components from several vendors—for
hardware and software parts—is necessary for reducing design time, but their inte-
gration into a system also presents a variety of challenges.

A complete design flow for MPSoCs includes refinement processes that
require multiple competences and tools because of the complexity and diversity
of the current applications. Current (and previous) work tries to reduce the gap
between different design steps [5] and to master the integration of heterogeneous
components [6], including hardware and software parts. Existing approaches
deal only with a specific part of the MPSoC design flow. A full system level flow
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is quite complex, and to our knowledge very few existing tools cover both system
design space exploration and system architecture design.

1.6 HARDWARE ARCHITECTURES

We can identify several problems in MPSoC architecture starting from the bottom
and working to the highest architectural levels:

+ Which CPU do you use? What instruction set and cache should be used based
on the application characteristics?

+ What set of processors do you use? How many processors do you need?

+ What interconnect and topology should be used? How much bandwidth is
required? What quality-of-service (QoS) characteristics are required of the
network?

+ How should the memory system be organized? Where should memory be
placed and how much memory should be provided for different tasks?

The following discussion describes several academic and industrial research
projects that propose high-performance MPSoC architectures for high-performance
applications.

Philips Nexperia™ DVP [7] is a flexible architecture for digital video applica-
tions. It contains two software-processing units, a very long instruction word
(VLIW) media processor (32-bit or 64-bit @ 100 to 300+ MHz) and a MIPS core (32-
bit or 64-bit @ 50 to 300+ MHz). It also contains a library of dedicated hardware
processing units (image coprocessors, DSPs, universal asynchronous receiver
transmitter [UART], 1394, universal serial bus [USB], and others). Finally, it inte-
grates several system busses for specialized data transfer, a peripheral interface
(PI) bus and a digital video platform (DVP) memory bus for intensive shared data
transfer. This fixed memory architecture, besides the limited number and types
of the incorporated CPU cores, reduces the application field of the proposed plat-
form. However, the diversity of the hardware components included in the Device
Block library makes possible the design of application-specific computation.

The Texas Instruments (TI) OMAP platform is an example of an architecture
model proposed for the implementation of wireless applications. The two
processing units consist of an ARM9 core (@ 150MHz) and a C55x DSP core (@
200MHz). Both of them have a 16-Kb I-cache, an 8-Kb D-cache, and a two-way set
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associative global cache. There is a dedicated memory and traffic controller to
handle data transfers. However, the proposed architecture for data transfer is still
simple and the concurrency still limited (only two processing cores).

Virtex-II Pro™ from Xilinx is a recent FPGA architecture that embeds 0, 1, 2,
or 4 PowerPC cores. Each PowerPC core occupies only about 2% of the total die
area. The rest of the die area can be used to implement system busses, interfaces,
and hardware IPs. The IP library and development tools provided by Xilinx espe-
cially support the IBM CoreConnect busses.

Given the examples of commercially available MPSoC chips, we see that most
of them:

limit the number and types of integrated processor cores

+

+ provide a fixed or not well-defined memory architecture

+ limit the choice of interconnect networks and available IPs
+

do not support the design from a high abstraction level.

1.7 SOFTWARE

The software for MPSoC needs to be considered from the following three view-
points: the programmer’s viewpoint, the software architecture and design reuse
viewpoint, and the optimization viewpoint.

1.7.1 Programmer’s Viewpoint

From the viewpoint of the application programmer, an MPSoC provides a parallel
architecture that consists of processors connected with each other via a commu-
nication network. Thus, to exploit the parallel architecture, parallel programming
is required. Conventionally, there are two types of parallel programming model:
shared-memory programming and message-passing programming. OpenMP and
message-passing interface (MPI) are examples, respectively.

When using conventional parallel programming models for SoC, we face con-
ventional issues in parallel programming, e.g., shared memory versus message
passing. We also need to identify the difference between conventional parallel
programming and MPSoC programming. We need to exploit the characteristics
specific to MPSoC to use the parallel programming models in a more efficient way.
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Differences appear in two aspects of MPSoC software design: application and
architecture. Conventional parallel programming models need to support any
type of program. Thus, they have a huge number of programming features, e.g.,
the user-defined complex data types and multicasting in MPI. However, MPSoC is
application-specific. That is, an MPSoC supports only one or a set of fixed
applications. Thus, for parallel programming, the designer does not need full-
featured parallel programming models. Instead, we need to be able to find a suit-
able or application-specific subset of a parallel programming model for MPSoC
programming.

MPSoC architectures have two main characteristics that differ from conven-
tional multiprocessor architectures. One is heterogeneity and the other is massive
parallelism. MPSoC can have different types of processors and any arbitrary topol-
ogy of interconnection of processors. An MPSoC can also have a massive number
of (fine-grained) processors, or processing elements. Thus, considering heteroge-
neous multiprocessor architecture with massive parallelism, parallel program-
ming for MPSoC is more complicated than conventional parallel programming. To
cope with this difficulty, it is necessary to obtain efficient models and methods of
MPSoC programming.

1.7.2 Software Architecture and Design Reuse Viewpoint

We define software architecture to be the component that enables application soft-
ware to run on the MPSoC architecture. The software architecture includes the
middleware (for communication), the operating system (OS), and the hardware
abstraction layer (HAL). HAL is the software component that is directly depend-
ent on the underlying processor and peripherals. Examples of HAL include
context switching, bus drivers, configuration code for the memory management
unit (MMU), and interrupt service routines (ISRs).

From the viewpoint of application software, the architecture provides a virtual
machine on which the application software runs. The basic role of software
architecture is to enable (1) communication between computation units in the
application software, i.e., software tasks; (2) task scheduling to provide task-level
parallelism described in parallel programming models; and (3) external event pro-
cessing, e.g., processing interrupts.

The application programming interfaces (APIs) of the middleware, OS, and HAL
provide an abstraction of the underlying hardware architecture to upper layers of
software. The HAL API gives an abstraction of underlying processor and proces-
sor local architecture to upper layers of software including application software,
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middleware, and OS. The middleware and OS API gives an abstraction of under-
lying multiprocessor architecture to application software.

The hardware abstraction represented by the API can play the role of a con-
tract between software and hardware designers. That is, from the viewpoint of the
software designer, the hardware design guarantees at least the functionality rep-
resented by the API. Thus, the software designer can design application software
based on the API, independently of the hardware design. Thus, in terms of design
flow, software and hardware design can be performed concurrently. Such a con-
current design reduces the design cycle in conventional design flow, in which
software and hardware design is sequential.

In terms of software design reuse, the software architecture may enable
several levels of software design reuse. First, the middleware API or OS API
enables reuse of application software. For instance, in the case that application
software is written in an OS API, e.g., POSIX API, the same application software
can be reused in other MPSoC designs in which the same OS API is provided. The
same applies to the HAL API. If the same HAL API is used in OS and middleware
code, OS and middleware can be reused over different designs.

Key challenges in software architecture for SoC are as follows. Determining
which abstraction of MPSoC architecture is most suitable at each of the design
steps. Determining how to obtain application-specific optimization of software
architecture.

Since MPSoC has cost and performance constraints, the software architecture
needs to be designed to minimize its overhead. For instance, instead of using a
full-featured OS, the OS needs only to support the functions required by the appli-
cation software and MPSoC architecture.

1.7.3 Optimization Viewpoint

MPSoC is mostly used in cost-sensitive real-time systems, e.g., cellular phone,
high-definition digital television (HDTV), game stations. Thus, the designer
has stringent cost requirements (chip area, energy consumption) as well as real-
time performance requirements. To satisfy those requirements, MPSoC soft-
ware needs to be optimized in terms of code size, execution time, and energy
consumption.

Two of the major factors that affect the cost and performance of software are
processor architecture and memory hierarchy. The processor architecture affects
the cost and performance in terms of parallelism and application-specific proces-
sor architecture. In terms of parallelism, the processor can offer instruction-level
parallelism (ILP) dynamically (superscalar) and statically (VLIW) and thread-level
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parallelism statically (clustered VLIW) and dynamically (simultaneous multi-
threading [SMT]). A great deal of compiler research has exploited the above-
mentioned parallelism in the processor architecture. Recently, the dynamic
reconfiguration (explicitly parallel instruction computing [EPIC]) processor [8] has
provided another degree of parallelism in the temporal domain.

Application-specific processor architectures can provide orders of magnitude
better performance than general-purpose processor architectures. The DSP and
application-specific instruction set processor (ASIP) are examples of application-
specific processors. Recently, configurable processor architectures, e.g., Tensilica
Xtensa, are receiving more and more attention. Compared with the DSP and ASIP,
configurable processors have a basic set of general processor instructions and
add application-specific instructions to accelerate the core functionality of the
intended application. From the viewpoint of the designer who optimizes the soft-
ware performance and cost, the design of an application-specific processor and
corresponding compiler is a challenging design task, although there are a few com-
puter-assisted design (CAD) tools to assist in the effort. More automated solutions,
such as an automatic instruction selection method, are still needed.

Another factor of MPSoC software performance and cost is memory archi-
tecture. In the case of uniprocessor architecture, cache parameters such as size,
associativity, replacement policies, and others affect the software performance. In
the case of MPSoC architecture, there are two common types of memory archi-
tecture: shared memory and distributed memory. Shared-memory architecture
usually requires local caches and cache coherency protocols to prevent the per-
formance bottlenecks. Distributed memory can be classified into several levels
according to the degree of distribution. For instance, a massively parallel MPSoC
architecture, which consists of arrays of small processors (e.g., arithmetic and logic
units [ALUs]) that contain small memory elements, has a finer grained distribu-
tion of memory than an MPSoC architecture, which consists of general-purpose
processors, each of which has a distributed memory element.

Most of the above-mentioned issues of processor architecture and memory
hierarchy have been studied in the domains of processor architecture, compiler,
and multiprocessor architecture. In the domain of MPSoC, researchers consider
the same problem in a different context with more design freedom in hardware
architecture and with a new focus on energy consumption.

For instance, in the case of memory hierarchy design, conventional design
methods assume that a set of regular structures are given. Application software
code is then transformed to exploit the given memory hierarchy. However, in the
case of MPSoC, the designer can change the memory hierarchy in a way specific
to the given application. Thus, further optimization is possible with such hard-
ware design freedom.
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Another focus is low-power software design. Conventional software design on
multiprocessor architecture focuses on performance improvement, i.e., fast or
scalable performance. In the software design for MPSoC, the designer needs to
reconsider the existing design problems with energy consumption in mind. For
instance, when a symmetric multiprocessor architecture is used for MPSoC design,
processor affinity can be defined to include the energy consumption as well as
the system runtime.

1.8 THE REST OF THE BOOK

This book is divided into three major sections: (1) hardware, (2) software, and (3)
applications and methodologies. Each section starts with its own introduction that
describes the chapters in more detail.

The hardware section looks at architectures and the constraints imposed on
those architectures. Many MPSoCs must operate at low power and energy levels;
several chapters discuss low-power design. Adequate communication structures
are also important given the relatively high data rates and real-time requirements
in many embedded applications. The multiprocessors on SoCs may be more spe-
cialized than in traditional architectures, but SoC design must clearly rest on the
foundations of computer architecture. Several chapters discuss processor and
multiprocessor architectures.

The software section considers several levels of abstraction. Scheduling the
tasks on the multiprocessor is critical to efficient use of the processors. RTOSs and
more custom software synthesis methods are important mechanisms for manag-
ing the tasks in the system. Compilers are equally important, and several chap-
ters discuss compilation for size, time constraints, memory system efficiency, and
other objectives.

The applications and methodology section looks at sample applications such
as video computing. It also considers design methodologies and the abstractions
that must be built to manage the design process.
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