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ABSTRACT OF THE DISSERTATION
Dynamically Configurable System-on-Chip Platforms:

Architectures and Design Methodologies

by

Krishna Sekar
Doctor of Philosophy in Electrical and Computer Engineering (Computer Engineering)
University of California, San Diego, 2005
Professor Sujit Dey, Chair

Rapid advances in semiconductor technology have led to an era where en-
tire systems, consisting of complex, heterogeneous components, can be integrated on a
single chip, referred to as System-on-Chip (SoC). Due to the escalating cost in design-
ing customized application-specific SoCs, recent years have withessed the emergence of
"platform-based” SoCs. These systems consist of largely pre-designed, general-purpose
components that can be re-targeted towards numerous applications, thereby amortizing
design costs. A key determinant to the success of such platforms is the extent to which
they can be customized to meet the diverse requirements imposed by different appli-
cations. Modern SoC platforms are mostly limited to providing a one-time (static) cus-
tomization of the platform hardware. However, with the convergence of multiple diverse
applications on the same platform, each imposing time-varying requirements, there is a
growing need for SoC platforms that can be dynamically configured. Provisioning for
such configurability and exploiting it at run-time is the focus of this dissertation.

This dissertation proposes SoC platforms featuring multiple, dynamic config-
urability options, and illustrates their advantages over existing design styles. It intro-
duces the concept of Dynamic Platform Management, a methodology for the run-time
customization of such platforms in a coordinated manner, to satisfy the time-varying re-

guirements imposed by the executing applications. The dissertation addresses the prob-

XV



lem of provisioning for dynamic configurability by proposing a novel, on-chip commu-
nication architecture that features a dynamically configurable topology. Dynamic man-
agement techniques are then presented for platforms featuring multiple, run-time con-
figurable components. In particular, it considers platforms consisting of configurable
processors, flexible memory architectures, and configurable communication architec-
tures. Finally, it investigates the benefits of synergistically combining techniques for
configuring platform hardware with techniques for adapting application behavior.
Experiments conducted on a large number of SoC designs, and an implemen-
tation of dynamic platform management on the Altera Excalibur development board
demonstrate that configurable platforms with dynamic platform management result in
significantly superior application performance, more efficient utilization of platform re-
sources, and improved energy efficiency compared to conventional static approaches.
Hence, the techniques described in this dissertation will facilitate more wide-spread
adoption of the platform-based approach, leading to low-cost, yet function-rich and

energy-efficient devices.
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Introduction

Over the past four decades, the semiconductor industry has witnessed incred-
ible improvements in the manufacturing process, resulting in integrated circuit feature
sizes shrinking from 5.Qum in 1975 to 65nm (predicted) in 2007 [2]. Such remark-
able technology scaling has led to the projected advent of the billion transistor chip
within the end of this decade, keeping in line with Gordon Moore’s prediction in 1965,
famously known as Moore’s Law, that the number of transistors on integrated circuits
would double roughly every two years [3]. Designers today have the ability to integrate
entire systems consisting of complex, heterogeneous components onto a single chip, re-
ferred to as a System-on-Chip (SoC). For example, the recently released GeForce 7800
GTX graphics processing unit from NVIDIA (Figure 1.1) contains more than 300 mil-
lion transistors on the same die [4].

The phenomenal complexity of today’s SoCs has resulted in escalating costs
and time associated with their design, verification, manufacture and test, making it eco-
nomically infeasible to build custom, application-specific SoCs for many systems. Fig-
ure 1.2(a) shows the cost of mask sets for integrated circuits over different technology
generations [5]. Mask costs at the 6b» node are estimated to run at more than $3
million, a 400% increase over the 13@: node, while the total non-recurring engineer-
ing (NRE) costs may exceed $11 million. Also, while the available silicon real estate

on chips has been rapidly increasing, our capability to meaningfully design and verify
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Figure I.1: GeForce 7800 graphics processing unit from NVIDIA with 302 million tran-

sistors

these complex chips continues to lag behind, creating the so-called “design productivity
gap”. This is illustrated by Figure 1.2(b), which shows that the number of transistors
per chip is increasing at a compound annual growth rate of about 58%, but designers’
rate of productivity is increasing by only about 21% [6]. This gap adversely impacts
the time-to-market for custom SoCs (or ASICs), a key factor determining the success
or failure of a product in the fiercely competitive semiconductor market. It has been
estimated that a three-month delay in the time-to-market of a high-value, high-volume
application could cost $500 million [7]. These trends indicate that the custom SoC or
ASIC approach may not be feasible except in the highest volume markets (quarter mil-
lion plus units per year). This trend is confirmed by market surveys which indicate that
the number of new commercial ASIC designs undertaken in 2002 was less than 1500,
down from roughly 5000 in 1998-99, and that this slowdown was expected to continue

even after the semiconductor industry recovered from its recession [8].
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The above trends are driving the research and development of new silicon
architectures and design methodologies to combat the challenges faced by the custom
SoC approach. One of the important results has been the emergence of the notion of
“platform-based” SoCs, which consist of largely pre-designed and pre-vesifiadard
(general-purpose) components integrated on the same chip. Examples of such com-
ponents include processors, DSPs, embedded memories, standardized communication
architectures, and peripherals such as UARTS, external memory controllers, gtaers,
Figure 1.3 shows the Nomadik platform from STMicroelectronics, developed for the
mobile multimedia domain [9]. Since platform-based SoCs consist of standard compo-
nents, they can be targeted towards multiple applications, thereby amortizing the high

cost of platform development over larger markets.
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Figure 1.3: Nomadik mobile multimedia platform from STMicroelectronics

A key aspect on which the success of an SoC platform depends is its ability
to satisfy the performance requirements imposed by different applications that can be
potentially mapped to the platform, while meeting desired system-level design goals
(energy consumption, battery-life, costg). Due to the diversity of application char-
acteristics, it is imperative to be able to effectively customize such platforms in an
application-specific manner, in order to best satisfy the requirements imposed by the
executing application(s). Emerging trends in system design indicate that such config-

urable platform-based SoCs will play an increasingly important role in the future.



This chapter introduces the importance of provisioning for and exploiting con-
figurability in SoC platforms, as a means of meeting many of the challenges faced by
designers today. In the next section, we survey the landscape of design styles in detail,
and illustrate the advantages and disadvantages of different design approaches. Next, we
describe how configurable platforms can potentially combine the best benefits of differ-
ent design styles. We motivate the need for dynamic configurability in platforms and
run-time configuration techniques, as opposed to just static (design-time) configurabil-
ity. Finally, we describe the contributions made by this thesis, and provide an overview

of the remaining chapters.

|.LA Landscape of Design Styles

Figure 1.4 shows the landscape of different design styles, illustrating the trade-
off between general-purpose and application-specific design approaches. The x-axis
represents increasing flexibility.€., the ease with which the design can be targeted to
different applications or varying application requirements), lower engineering costs and
smaller time-to-market. The y-axis represents increasing performance and decreasing

power consumption. We next describe each node in the landscape in further detail.

Custom ASICs/SoCs, ASSPsFigure 1.4 illustrates the position of custom
SoCs/ASICs and ASSPs (application-specific standard products) in the design land-
scape. These designs are tailored to the requirements of a specific application and mar-
keted to either one customer (ASICs), or a few customers (ASSPs). They are developed
using the traditional IC development flons ¢, gate arrays, standard cells, full custom
physical design). Such approaches result in highly customized, hard-wired solutions,
which enable high application performance and low power dissipation. However, as de-
scribed earlier, it is increasingly apparent that the large NRE costs and time-to-market
associated with such designs may make them infeasible except in markets that command

extremely high volumes.
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Figure 1.4: Landscape of design styles and configurable platforms

General-Purpose ProcessorsAt the other end of the spectrum are general-
purpose processors, which provide maximum flexibility, allowing the same hardware
architecture to be used across a variety of applications and application domains. Since
they are programmed through software, they also result in short time-to-market and low
engineering costs for their customers. Examples include processors from Intel, ARM
and MIPS. However, software-only solutions often result in failure to satisfy perfor-

mance and energy-efficiency requirements for many applications.

Structured ASICs: In recent years, several alternatives have started to ap-
pear that attempt to bridge the gap between application-specific and general-purpose
architectures. Among them are emerging architectures that are based on the notion of
a “structured ASIC”. In these architectures, more than 50% of the metal layers are pre-
fabricated, while a limited number of higher metal layers (typically 3 to 12) are avail-
able for application-specific customization. These devices are classified as “technology-

driven” platforms as defined by the VSIA (Virtual Socket Interface Alliance) [10]. Sev-



eral semiconductor vendors are offering structured ASICs today, including NEC [11],
ChipX [12] and LSI Logic [13]. These approaches are expected to reduce development
time and mask costs, while paying a penalty in terms of reduced performance and higher

power consumption compared to traditional ASICs.

Field Programmable Hardware: Advances in field programmable hardware
(FPGASs) have started to make them a viable alternative to the custom ASIC approach in
certain application areas [14]. These architectures consist of an array of programmable
logic blocks with programmable interconnections, which allows the device to be re-
programmed multiple times after manufacture [15, 16]. In many small to mid-volume
markets, where the costs of ASIC-style designs are not justifiable, variants of pro-
grammable hardware have started gaining substantial ground. The advantages of such
pre-fabricated, “technology-driven” platforms are reduced NRE costs, smaller time-to-
market and significant flexibility. However, limitations with respect to logic density,
performance, power consumption and per unit cost impose large barriers to their intro-

duction in larger volume markets.

Domain-Specific Platforms: Domain-specific platforms refer to systems that
aim at catering to the needs of more than one customer/application, but within a par-
ticular application domain. Examples of these platforms, which can be classified as
“application-driven” platforms [10], can be found in several domains, such as wireless
handsets [17], network processing [18] and multimedia processing [9]. These platforms
are characterized by hardware and software architectures that are customized towards
the requirements of applications typically encountered in a certain domain, such that,
with minimal engineering effort, they can be modified to meet the needs of several
customers. Since these platforms are customized towards particular application do-
mains, they provide good performance, low engineering costs and short time-to-market
for users of the platform. However, domain-specific platforms suffer from three key
limitations. First, in this approach, it is critical to identify the defining characteristics

of a domain, and develop platforms that best satisfy them. This calls for large develop-



ment efforts for the platform developer. Second, the need to develop extensive software
infrastructure for each new platform, such as compilers, platform simulators, operating
system support, API'stc, can mean significant cost and effort for the platform vendor.
Finally, such platforms have to be sold in volume in order to justify their development
costs, which is difficult since they are targeted towards a specific application domain.

All the above approaches have limitations that can be addressed by an emerg-
ing approach to system design, namely the use of general-purpose configurable plat-
forms. These platforms fall into the category of “architecture-driven” platforms, as
recently defined by the VSIA [10]. In the next section, we examine trends in these types

of systems in more detail.

|.B General-Purpose Configurable Platforms

General-purpose configurable platforms are characterized by the use of
general-purpose componentsg, processors, caches, memory sub-systems), which
enable the use of the same platform across a variety of applications and domains. To
address the inefficiencies associated with general-purpose architectures (poor perfor-
mance, high power consumption), these platforms provide opportunities for application-
specific customization through configurability of the underlying platform hardware.
Figure 1.4 shows where such platforms can be placed in the design landscape.

The success of such platform-based systems largely depends on the extent to
which, and the ease with which, the platform can be customized for an application.
These requirements translate into the need for (i) configurable architectural components
and parameters in the platform architecture, and (ii) methodologies that help optimize
the configuration of the platform to the characteristics of the executing application(s).
The configurable features available in a general-purpose configurable platform can be
distinguished based on whether they enable static or dynamic platform customization,
although the platform architecture may in general, consist of both statically and dynam-

ically configurable components and parameters.



I.B.1 Static Configurability

Statically configurable platform components allow system designers to cus-
tomize the platform architecture once, either during platform design using soft, config-
urable IP, or through one-time programming or configuration of pre-fabricated, hard-
ware platforms. For example, Xtensa from Tensilica [19] and Nios from Altera [20] are
configurable processor cores, which allow designers to add custom instructions to the
instruction set and associated extra logic to the processor data-path. These processor
cores and the MIPS 4KE processor family [21] also feature configurable caches whose
size and associativity can be customized at design time. Various popular bus architec-
tures, such as AMBA from ARM [22] and CoreConnect from IBM [23], enable the bus
topology, widths and protocol to be statically customized.

As statically configurable platforms have started to appear commercially, nu-
merous on-going efforts aim at providing accompanying tools and methodologies to
design systems based on such platforms. These methods aim at efficiently mapping ap-
plications to the platform through static customization of the underlying architecture,
so as to improve the performance and/or energy-efficiency of the system. Examples of

such tools include PICO Express from Synfora [24] and Platune from UC Irvine [25].

I.B.2 Dynamic Configurability

The emerging trend of convergence of different applications on the same plat-
form is driving the need for even greater configurability in SoC platforms than those
offered by the approaches described in the previous sub-section. An illustration of this
trend is provided in the domain of wireless handsets, where diverse, numerous appli-
cations, with widely different characteristics are converging onto the same device. Ex-
amples of such applications include phone, personal digital assistant (PDA), camera,
web browser, email, global positioning (GPS) and MP3 player. As illustrated in this
thesis, as different applications execute on the same platform (perhaps simultaneously),
statically customizing the platform for a particular application may prove insufficient.

This is because (i) different applications have different characteristics and impose dif-
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ferent requirements on the underlying platform, and (ii) the requirements imposed by an
application can also change dynamically, depending on application phase, performance
requirements, and the properties of the application data.

These trends motivate the need to develop platform architectures that provi-
sion for dynamicconfigurability. Technologies for providing such configurability in
individual platform components have started emerging, and are surveyed in Chapter Il.
Examples of such components include dynamically configurable processors, caches,
memory sub-systems, on-chip communication architectures, and on-chip configurable
fabrics. In order to best optimize platforms to meet the time-varying requirements of
the executing applications, there is a need for SoC platforms that congistlbple
dynamically configurable components. Note that, we distinguish such platforms from
those based entirely on symmetric arrays of processing elements, such as QuicksSil-
ver [26] and PACT XPP [27], which feature reconfigurability at the micro-architecture
level through the use of programmable interconnections. While these platforms hold
promise for providing dynamic configurability, their widespread adoption is challenged
by the lack of established programming models.

Techniques for the dynamic configuration of individual platform components
and parameters to particular applications have been studied in the past (discussed in de-
tail in Chapter Il). However, the need to execute multiple time-varying applications as
well as the multiple opportunities for dynamic customization available in SoC platforms,
creates new system design challenges. There is a need for new methodologies and de-
sign tools that can understand the changing requirements imposed by applications, and
select and apply optimized configurations for the platform components at run-time. For
the best benefit, such techniques need to take a holistic approach to on-line platform cus-
tomization by taking into consideration the interactions between platform components
and their configurations.

In the next section, we describe the contributions that this thesis makes in
addressing many of the above challenges. We then present an overview of the remaining

chapters.
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|.C Thesis Overview and Contributions

This thesis proposes the use of general-purpose SoC platforms consisting of
multiple, dynamically configurable components, as a means of combining the benefits of
both application-specific and general-purpose design styles. However, naive use of such
platforms can result in a large performance and energy-efficiency gap compared to more
customized solutions. To this end, this thesis introduces the conc&ytaimic Plat-
form Management methodology for the run-time customization of a general-purpose
configurable platform to the time-varying requirements of the applications executing
on the platform. Dynamic platform management is implemented as a platform middle-
ware layer that monitors the run-time requirements imposed by the applications, and
when appropriate, optimizes the configuration of the underlying platform by exploiting
knowledge about the application characteristics. In this approach, targeting a platform
to a new application involves customizing the platform management algorithms, hence,
avoiding the cost and effort of re-designing, or introducing new platform hardware.

We present a detailed survey of existing and emerging technologies for provi-
sioning for dynamic configurability in platform components. From this, we identify the
on-chip communication architecture as a critical determinant of overall performance in
complex SoC designs, making it crucial to dynamically customize it to run-time applica-
tion traffic characteristics. For this, we proposegEKBUS, a flexible, bus-based on-chip
communication architecture featuring a dynamically configurédpelogy FLEXBUS
is designed to detect run-time variations in system-wide communication traffic charac-
teristics, and efficiently adapt thegical connectivityof the communication architecture
and the components connected to it. This is achieved using two novel techitidgs,
by-passand component re-mappingvhich address configurability at the system and
component levels, respectively. We also present dynamic bus configuration policies for
choosing optimized EEXBUS configurations under time-varying traffic characteristics.

We next propose two types of general-purpose platforms featuring multiple

configurability options: (i) platforms that feature fine-grained frequency and supply
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voltage scalable processors, and flexible data relocation, which allows application data
structures to be dynamically partitioned among the system memories, and (ii) platforms
that feature flexible data relocation and reconfigurability of the communication archi-
tecture topology (EExBUS). We present methodologies for dynamic platform manage-
ment for both types of platforms, taking into consideration the interaction between the
configurable components, to optimize the usage of available CPU, hardware, memory
and on-chip communication resources.

Complementary to platform customization is the requirement that the applica-
tions themselves also be customized to the characteristics of the platform on which they
execute. Many existing and emerging applications provide run-time configurability in
terms of algorithmic parameters, or even which algorithms to use, thereby enabling a
tradeoff between application quality and the load imposed on the platform. This thesis
exploresapplication-architecture co-adaptatidechniques, in which both the applica-
tions as well as the underlying platform architecture are dynamicallypanergistically
configured to improve application performance and energy-efficiency. The proposed ap-
proach, which is described in the context of a wireless image delivery system, results in
highly customized application-architecture solutions.

Detailed experiments were conducted on a wide variety of example SoC de-
signs to evaluate each of the proposed techniques. In addition, dynamic platform man-
agement was implemented on the Altera Excalibur development board [28] as a proof-
of-concept. The experiments demonstrate that dynamically configurable platforms with
dynamic platform management result in significantly superior application performance,
more efficient utilization of platform resources and improved energy efficiency com-
pared to conventional static approaches.

The remainder of this thesis is organized as follows:

e In Chapter Il, we present a survey of technologies for providing dynamic config-
urability in individual platform components, and techniques for exploiting such
configurability. We then present the concept of dynamic platform management

for the integrated, run-time, application-specific customization of such platforms.
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In Chapter Ill, we present fExBUS, a flexible, bus-based on-chip communi-
cation architecture featuring a dynamically configurable topology, and describe

techniques for customizing it at run-time.

In Chapter IV, we present configurable platforms featuring frequency and voltage
scalable processors, and flexible data relocation, and describe dynamic platform
management techniques for optimizing the platform configuration depending on

time-varying application requirements.

In Chapter V, we present configurable platforms featuring flexible data relocation,
and dynamically configurable communication architecturegBus), and de-
scribe dynamic platform management techniques for the integrated, application-

specific configuration of such platforms.

In Chapter VI, we present application-architecture co-adaptation techniques for
the integrated, run-time customization of both the applications and the platform

architecture, and describe it in the context of a wireless image delivery system.

Finally, in Chapter VII, we discuss future research directions that can be pursued

based on the work presented in this thesis.



Dynamically Configurable Platforms

with Dynamic Platform Management

[ILA Introduction

As discussed in Chapter I, platform-based SoC design proffers significant ben-
efits over custom SoC approaches. Consequently, the market for SoC platforms has been
rapidly increasing, with a number of semiconductor vendors offering platforms targeted
towards different market segments. One of the areas in which such platforms are playing
an important role is the wireless handset market. In this domain, severe limitations on
device cost, size and power consumption, together with the need for high performance
(to support demanding wireless applications and protocols), software upgradability (due
to evolving standards and applications), and short product cycles make configurable
platforms an attractive approach. Commercially available SoC platforms for this do-
main include OMAP from Texas Instruments [17], Nexperia Mobile from Philips [29]
and PrimeXsys from ARM [30]. Such platforms are typically customized statically (at
design-time) to the application(s) they need to support. For example, several versions
of the OMAP platform are available, with different configurations (different processors,

hardware acceleratorsic) for different wireless market segments [31], while Improv
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Systems’ Programmable System Architecture (PSA) is a soft platform that enables de-
signers to configure it for a given application [32].

The need for dynamic configurability in SoC platforms stems from the increas-
ing number of domains in which systems need to execute multiple (possibly concurrent)
applications. For example, smartphones are expected to support applications such as
phone, personal digital assistant (PDA), camera, video, web browser, email, global po-
sitioning (GPS) and MP3 player. Similarly, television, internet and telephony are all
expected to be available through the same home set-top box. Since different applica-
tions can have widely different characteristics, significant temporal variation may occur
in the manner in which underlying platform resources are used, depending on which ap-
plication is executing, or the concurrent mix of applications. Furthermore, applications,
and their operating environments, can impose a wide range of processing requirements,
due to variations in performance criteria, available battery capacity, and properties of the
data being processed. This makes it imperative to be able to adapt the underlying plat-
form architecture to these changing requirements. Along with dynamic configurability
in SoC platforms, techniques for efficiently exploiting such configurability are crucial.
These techniques should be able to understand the time-varying requirements imposed
by the executing applications, and optimize the platform configuration in an integrated

manner at run-time.

IILA.1 Chapter Overview

In this chapter, we present a detailed survey of existing and emerging tech-
nologies for providing dynamic configurability in SoC platforms. We consider, in turn,
configurable processors, caches, memory sub-systems, on-chip communication archi-
tectures, and on-chip configurable fabrics. We also describe associated techniques for
exploiting the configurability available in such platforms. However, most of these tech-
nigues focus only on the configuration of individual platform components. SoC plat-
forms featuring multiple opportunities for dynamic customization, executing multiple

time-varying applications, create new system design challenges, requiring new method-
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ologies and design tools. For this, we introduce the concept of dynamic platform man-
agement, a methodology for the run-time, application-specific customization of config-
urable SoC platforms. Dynamic platform management is implemented as a platform
middle-ware layer that understands and exploits knowledge of the applications and their
characteristics, and manages and configures the platform resources in a holistic manner.
We conclude by describing the advantages of dynamically configurable platforms with
dynamic platform management.

The rest of this chapter is organized as follows. In Section I1.B, we present a
survey of dynamically configurable platform components, and associated configuration
techniques. In Section 11.C, we describe the concept of dynamic platform management.

We conclude this chapter in Section II.D.

II.B Dynamically Configurable Platform Components and Config-

uration Techniques

Recent years have withessed the emergence of several dynamically config-
urable features in platform components, as well as techniques to exploit such configura-

bility, in order to improve system performance and/or power efficiency.

[I.B.1 Configurable Processors

There has been a growing interest in dynamically configurable processors,
especially in the low-power domain, where researchers have proposed several tech-
niques to provide processors with the capability to dynamically tradeoff performance
for power-efficiency. Two broad dimensions of configurability available in such proces-

sors include (i) micro-architectural flexibility, and (ii) frequency and voltage scalability.

Micro-Architectural Flexibility

Configurable Features: Several configurable architectural features have been

proposed in the literature recently, mainly in the context of dynamically scheduled,
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superscalar processors. These techniques provide the capability to activate or de-
activate processor components at run-time, enabling dynamic upgrades to processor
performance when required, and energy savings at other times. Examples of micro-
architectural features that can be dynamically configured include the number of pro-
cessor functional units and the instruction issue width (which defines the number of
instructions that can execute simultaneously) [33, 34, 35], the instruction window
size [36, 37, 38], the processor pipeline [39], speculation control logic [40, 41], and
sizes of the register update unit [35], reorder buffers and load-store queue [38].

Another type of micro-architectural flexibility is provided by the integration of
an FPGA-based reconfigurable functional unit into the pipeline of a processor [42, 43].
This enables performance improvements by allowing the addition of new application-
specific instructions to the processor, which are executed by dynamically loading the

appropriate instruction-specific configuration into the reconfigurable functional unit.

Configuration Techniques: Techniques to configure processor components
are in large part, based on monitoring the instruction-level parallelism (ILP) exhibited
by a program during execution, which can vary by up to a factor of three within the
same program [44]. During periods of low ILP, under-utilized processor components
are disabled to save energy; they are activated when the ILP is high so that performance
is minimally impactedPipeline balancings a technique that dynamically regulates the
issue width as well as the number of active functional units depending on the available
ILP [33, 34]. The advantages of exploiting ILP have also been applied to dynamically
configure the instruction issue queue size [36, 37], as well as the sizes of the reorder
buffer and load-store queues [38] .

Pipeline gatings a technique that uses an adaptive speculation control algo-
rithm to determine if a branch is likely to incur a misprediction, and if so, prevents
wrong-path instructions from entering the pipeline [40]. Adaptive speculation control
has also been used for thermal management, which refers to the prevention of processor
“hot spots” [41].
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Techniques for exploiting configurable pipelines have been proposed, wherein
the processor pipeline is dynamically switched between out-of-order, in-order and
pipeline gating modes, depending on application performance goals, which may be ex-

ternally specified either by the application itself, or by the operating system [39].

Frequency and Voltage Scalability

Configurable Features: Frequency and voltage scalable processors feature
the ability to change their operating frequency and voltage level at run-time. Static
CMOS based processors have a voltage-dependent maximum operating frequency.
Hence, when the operating frequency is lowered, the supply voltage can be lowered
as well, leading to quadratic improvements in energy consumption [45]. Dynamic fre-
guency and voltage scaling (DVS) is enabled through the use of programmable clock
generators (PLLs) and programmable, variable voltage DC/DC converters [46, 47].
Numerous commercial processors are DVS enabled today, including Transmeta’s Cru-
soe [48], Intel's XScale [49], and AMD’s Mobile K6-2+ [50] processors.

Configuration Techniques: The flexibility of being able to change the pro-
cessor voltage and frequency enables exploitation of the fact that workloads of proces-
sors exhibit significant run-time variation. With these processors, it is possible to reduce
the clock frequency and voltage during periods of reduced activity, and thereby save
energy. Several DVS algorithms have been proposed in the past, and it continues to be
an active area of research. Such algorithms can be classified based on their applicability
to either non real-time systems or real-time systems. Most DVS algorithms for non real-
time systemsd.g, workstation-like environments) are basedioterval-based/oltage
scheduling, where the frequency and voltage is set for a fixed-time interval based on
the processor utilization over the previous time-interval(s); if the processor utilization
is low, the frequency and voltage is scaled down, if it is high the frequency and volt-
age is scaled up [51, 52, 53, 54]. DVS algorithms for real-time systems (both hard and
soft) exploit the slack available in real-time workloads and choose the minimum fre-

guency and voltage setting such that the tasks “just” meet their deadlines, thus saving
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energy without impacting performance [55, 56, 57, 1, 58]. Real-time DVS algorithms
are usually integrated or closely interact with the OS task scheduler.

Techniques for exploiting multiple such configurable features of processors
have also been proposed in the literature. These techniques have the notimmfa-
ration period which defines the granularity of configuration. This could be a fixed time
interval, or a period during which program “phase” remains constant. The configuration
period consists of two phases: (i) a testing/tuning phase, when all the available configu-
rations are tested back to back to identify the best configuration, and (ii) the adaptation
phase, when the best configuration is applied for the rest of the configuration period.
An integrated processor configuration framework that exploits both micro-architectural
flexibility and DVS is described in [59]. A similar framework targeted towards multi-
media applications, in which configuration decisions are made at frame granularity, is
proposed in [60]. The use of working sagnaturegor guiding configuration decisions
has been proposed in [61]. These highly compressed representations of working sets
help detect program “phase” changes, and trigger new configuration periods. In contrast
to thesetemporal adaptatiorschemes, where each configuration period is tied to suc-
cessive time intervalgositional adaptatiorschemes have also been proposed, where
configuration periods are associated with position, namely particular code sections, in

order to better track dynamic program behavior [62].

[I.B.2 Configurable Caches

Traditional cache architectures are fixed and optimized to perform well in an
average sense, often incurring large performance variations across applications and even
across different phases of the same application. Recognizing the performance and power
advantages of configurable caches, a number of configurable cache architectures and

techniques to exploit such configurability have been proposed.

Configurable Features: The Motorola M*CORE M340 processor is an ex-
ample of a commercial processor with a configurable cache architecture [63]. The 8-KB,

4-way set associative unified cache features three configurability options programmable
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via a cache configuration register: (i) write mode selection between write-through or
copyback (write-back), (i) way management to selectively enable or disable one or
more ways of the cache, and (iii) the ability to enable or disable the store buffer and the
push buffer. Setting the write mode to copyback enables better performance and power
efficiency, while setting it to write-through enables more efficient system coherency
management when the cache is shared. Options (ii) and (iii) can be used to achieve a
tradeoff between performance and power consumption.

Several dynamically configurable features for caches have also been proposed
in the literature. Such configurable features include the ability to change the cache
size, associativity and line size, as well as the ability to perform dynamic cache parti-
tioning. Set-associative caches can be dynamically resized by selectively enabling or
disabling a subset of the ways to achieve performance-power tradeoffsakeative
cache way$64]. For direct-mapped caches, a subset of the cache sets can be selectively
shutdown such as in theRI i-cache(dynamically re-sizable instruction cache) [65],
which targets low leakage power consumption in instruction cadilag.concatenation
is a technique for changing the cache associativity, while still utilizing the full capacity
of the cache, by concatenating different ways of the cache [66]. Cache line size con-
figuration through the use of a small fixed-size physical line but a variable-size “virtual
line” has also been proposed [67].

Dynamic cache partitioning refers to the ability to divide the cache memory
space into multiple partitions at run-time, which can be used for different processor
activities.Column cachings one such technique, where different caches and memories
(e.g, spatial and temporal caches, scratch pad memory) can be mapped to different sets
of cache columns or ways [68]. Such cache partitioning at the granularity of cache
ways is also proposed by [69]. The fixed size cache memory can also be dynamically

partitioned into variable sized L1 and L2 caches [70].

Configuration Techniques: Several techniques have been proposed for per-
formance and/or power efficiency through intelligent run-time application-specific con-

figuration of caches. In th@&ccounting cachghe least-recently-used (LRU) state infor-
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mation is used to determine cache activity and select the optimal subset of cache ways
that should be active [71]. This enables power savings by shutting down parts of the
cache during periods of modest cache activity, while minimally impacting performance
by making the full cache operational during more cache intensive periods. Similarly, in
the DRI i-cache, selected sets of the cache are automatically shut down to save leakage
power, but here the cache miss-rate is used as an indicator of cache performance [65].
Techniques for exploiting configurable cache line sizes have also been proposed, where
the line size is adapted to application-specific requirements based on cache line usage
monitoring [67].

Dynamically partitionable caches have been used to automatically partition the
cache memory among multiple simultaneously executing processes or threads in order
to prevent cache “pollution”, and hence improve overall system performance [72]. Such
caches can also be used to improve the performance of media processing applications

by using a portion of the cache for storing an instruction reuse buffer [69].

11.B.3 Configurable Memory Sub-Systems

We survey two types of flexibility available in the memory sub-system: (i)

dynamic data relocation, and (ii) operating power mode setting.

Data Relocation/Remapping

Configurable Features: Data relocation refers to the ability to change the lo-
cation or placement of application data objects or items in memory after they have been
allocated (e, at run-time). This enables a wide range of data layout optimizations to
enhance cache and memory system performance, and performs better than a statically
optimized data layout approach by being able to adapt to dynamic program behavior. To
apply data relocation, the correctness of the program after re-mapping has to be guaran-
teed,.e, all future references to the relocated object must find it at its new location. For
data objects where perfect aliasing information about all references to the object can be

computed €.g, for regular arrays), the compiler can ensure program correctness using
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pointer update and array renaming techniques. When such pointer aliasing cannot be
done g€.g, for heap allocated objects in languages like C), the virtual memory system
can provide a limited form of safe data relocation at the granularity of a page by copying
the page and updating the virtual-to-physical address mapping [73]. Finer granularity
data relocation can be enabled using hardware base pointer registers, which store the
base address of each relocatable data object. Each address is generated by adding an
offset to the value in the base pointer register, and hence for correct address genera-
tion on data relocation, the corresponding base pointer registers’ values are changed to
the new base address of the relocated data. Word level data relocation granularity can
be provided using a hardware-assisted technique calldory forwardingwhere on

object relocation, its new address is stored in its old location, and the old location is
marked as dorwarding addres$74]. If the program accidentally accesses the old ad-
dress, the hardware automatically forwards the reference to the new location, thereby

guaranteeing the correct result.

Configuration Techniques: We next survey techniques that take advantage
of such flexible data relocation to improve cache and memory system performance. By
packing data objects, which are accessed close together in time but scattered sparsely
throughout the address space, into adjacent memory locations, the spatial locality and
prefetch effectiveness of caches can be improved, leading to lower capacity, compulsory
and conflict misses. Such an approach has been proposed for affine programs, where the
layout of the data arrays for different program segments is determined and associated
bookkeeping code to perform data relocation is inserted into the program at compile-
time [75]. The actual data relocation takes place at run-time when the bookkeeping
codes are executeddata copyingis a technique to reduce conflict misses within tiled
(or blocked) applications, in which a tile is first copied to a contiguous set of memory
addresses before usage since these locations do not conflict with each other [76, 77].
Another technique called data coloring reduces conflict misses in pointer-based data
structures like trees, where data elements with high temporal locality are relocated to

memory addresses that map to non-conflicting regions of the cachelyi8amic data
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packingbased on the inspector-execute method has been proposed for improving the
spatial locality of dynamic and irregular programs where effective static analysis is not
possible [79].

Embedded systems often use on-chip scratch-pad memories instead of data
caches to provide predictable execution time, reduce power consumption, and exploit
application characteristics [80]. Compiler-directed techniques based on relocating por-
tions of the data arrays from the off-chip memory to the scratch-pad memory when re-
quired, can be used to efficiently manage the scratch-pad memory space among multiple

data arrays [81].

Operating Power Mode Setting

Configurable Features: Modern DRAMs support multiple operating power
modes, where in each mode, different components of the memory system are disabled
leading to different power consumption characteristics. For example, RDRAM technol-
ogy [82, 83] provides six different operating modes (power down, nap, standby, atten-
tion, attention read and attention write) with power consumption ranging from 1.4 mA
in the power down mode to 635 mA in the attention write mode (for Direct RDRAM
128/144-Mbit [82]). The operating mode can be set by programming control registers
in the memory controller. This can be used to place currently inactive memory banks in
lower power modes, leading to lower energy consumption. However, memory banks in
low power modes incur an additionalsynchronization delayhen they have to service

a request; typically lower the power mode, higher the re-synchronization delay.

Configuration Techniques: The multiple operating modes of the memory
system can be exploited using either hardware-based self-monitoring techniques, or
under software control. Current memory controllers feature a limited amount of self-
monitored power-down [84, 85], where the memory system automatically transitions to
a power-down state if there is no memory activity for a specified number of clock cycles.
More sophisticated schemes involving multiple memory power modes and hardware-

based idle time prediction have also been proposed [86, 87]. Under software-based
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schemes, page allocation strategies of the operating system to exploit the memory low
power modes have been studied [87]. A compiler-based approach is investigated in [86],
where the application program is statically analyzed to detect memory idleness and cor-
responding mode transition code is inserted into the program at compile-time.

An energy reduction scheme exploiting both dynamic data relocation and mul-
tiple power modes is proposed in [88]. In this scheme, data arrays with temporal affinity
are dynamically relocated to the same set of memory banks, thus increasing the number

of memory banks that can be transitioned to low power modes.

11.B.4 Configurable On-Chip Communication Architectures

On-chip communication architectures.g, shared buses, crossbar switches)
are increasingly playing an important role in determining the performance and power
consumption of SoCs. Dynamic configuration of the communication architecture
promises significant improvements in system throughput and/or power efficiency. We

next survey configurable features and configuration techniques in this domain.

Configurable Features: Several commercial communication architectures
feature dynamic configurability of the communication protocol. The Sonics Silicon-
Backplane [89] is a time-division multiple access (TDMA) based communication archi-
tecture featuring, for each bus-master, software-programmable arbitration mechanism
(TDMA or fair round-robin) and bandwidth allocation. Both variable-length burst sizes
and software programmable bus-master arbitration priority are also available in com-
mercial communication architectures such as CoreConnect from IBM [23] and AMBA
from ARM [22]. CoreConnect provides an additional degree of configurability by al-
lowing each bus master to indicate a desired priority to the arbiter for each bus request.

In the research domain, we have proposegxsus, a flexible, bus-based, on-
chip communication architecture featuring a dynamically configurable topology (details
in Chapter Ill). Also, a hybrid current/voltage mode signaling based bus architecture

has been proposed, that can be switch between the two modes [90].
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Configuration Techniques: We have proposed automatic configurations poli-
cies for REXBUS that changes the communication architecture topology depending on
application traffic characteristics (Chapter llQommunication architecture tunengve
been proposed to monitor the communication requirements of each SoC component and
configure the bus protocol parameters for improved system performance [91]. A circuit-
level technique to automatically switch a hybrid current/voltage mode signaling bus to
the current mode (higher throughput) during periods of high bandwidth requirement,
and to voltage mode (lower power) during relatively idle periods, based on bus transi-

tion counting, is proposed in [90].

[1.B.5 On-Chip Configurable Fabrics

The recent appearance of single-chip platforms combining a reconfigurable
fabric with a microprocessor provides designers with another degree of configurability.
These platforms enable flexible migration of compute-intensive software functionality
to hardware, thus providing significant performance and power benefits. We next survey

such commercially available platforms and platform configuration techniques.

Configurable Features: The on-chip reconfigurable fabric can either be fine-
grained €.g, FPGA-based) or coarse-graineslq, array of functional blocks). The
Altera Excalibur SOPC (system-on-a-programmable-chip) is an example of a platform
featuring fine-grained reconfigurability, combining an ARM922T core along with up
to a million programmable gates on the same chip [28]. Other examples include the
Xilinx Virtex-1l Pro [92] with up to four PowerPC 405 processors and over 125 K logic
cells, and the Triscend [93] A7 and ES5 featuring an ARM7 and an 8051 microprocessor,
respectively, with up to 40 K logic gates. Atmel [94] offers a similar platform combining
an 8-bit AVR microprocessor with up to 40 K gates.

Elixent offers a coarse-grained configurable fabric called D-Fabrix [95], con-
sisting of an array of ALUs, which has been integrated with the Toshiba MeP (media

embedded processor) configurable processor core [96] on the same chip [97].
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Configuration Techniques: Most techniques for configuring such platforms
are compile-time, consisting of off-line application profiling to identify the performance
critical code sectionse(g, functions, subroutines, loops), generation of FPGA config-
uration bit-streams to map them to the FPGA, and application code instrumentation to
load the appropriate bit-stream into the FPGA when required [98, 99]. The actual re-
configuration takes place at run-time when the application code is executed. Dynamic
hardware/software partitioning has also been proposed, where the above steps are per-

formed on-chip at run-time, in order to ease designer burden [100].

[1.B.6 Summary

Dynamic configurability in individual platform components has been studied
extensively as surveyed in this section. However, it is important to provide more config-
urability so that SoC platforms can be adapted better to application characteristics. In
the next chapter, we focus on the on-chip communication architecture, a crucial system
component in determining the performance of complex SoCs, and describe techniques
to provision for and exploit dynamic configurability in the communication architecture
topology. Furthermore, in order to realize the full potential offered by configurable
platforms, there is a need for platforms featuring multiple configurable components. In
addition, while techniques for the configuration of individual platform components have
been proposed, there is a lack of comprehensive methodologies for the configuration of
multiple such configurable components. Platforms featuring multiple opportunities of
configuration, coupled with a holistic platform management methodology will provide
significantly higher performance and energy efficiency compared to current schemes. In
the next section, we introduce dynamic platform management, a methodology for such

integrated platform customization.



27

Performance Performance Performance
Objectives, Data Objectives, Data Objectives, Data
Properties Properties Properties

Application 1

Processing
Requirements

Dynamlc Platform Management

Processing
Requirements

Processing
Requirements

Opt/m/zed P/atform Conf/gurat/on

General Purpose Conflgurable
; Platforn-,

Prog. Voltage q
Regulator Configurable

: Processor
Prog. PLL

Configurable CommunicatioryArchitecture’>¢-"’
h ‘:. o

/PLD

Configurable||Configurable||Parameterized
Memory Cache Co-processor

Figure I1.1: Dynamically configurable platforms with dynamic platform management
II.C Dynamic Platform Management

This thesis considers SoC platforms featuring multiple, dynamically config-
urable components and architectural parameters (Figure 11.1). Such platforms would be
required to support multiple applications, possibly executing concurrently. Each appli-
cation would have different characteristics, performance objectives and properties of the
data being processed, which can change over time, thereby imposing time-varying pro-
cessing requirements on the underlying platform architecture. To satisfy these require-
ments, we proposgynamic platform managemeiiotr run-time platform customization
(Figure 11.1). Dynamic platform management monitors the requirements of the execut-
ing applications, and when appropriate, optimizes the configuration of the underlying
platform to best suit these requirements. Since, the operation of different platform com-
ponents may be interdependent, the configuration of one component may determine the
selection of the optimized configuration of the other. For example, the configuration

of the data placement in memory would determine the execution time of different ap-
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plications, thereby affecting how much the frequency and voltage of the system can
be scaled (described in Chapter 1V). Therefore, dynamic platform management takes
a holistic approach to on-line platform customization by taking into consideration the
interaction between platform components and their configurations.

The dynamic platform management approach consists of two phases: (i) off-
line characterization phase, and (ii) run-time platform configuration phase. During the
off-line phase, we characterize the execution of the different applications on the platform
by determining how platform resource usageay( CPU cycles, memory accesses) varies
with application characteristics. This is performed using a combination of analysis and
simulation. During the run-time phase, the platform management algorithms execute on
the platform, and select and apply optimized platform configurations based on the off-
line information. These steps are described in detail for two dynamically configurable

platforms in Chapters IV and V.

Application Layer

APls

Dynamic Platform Management
System Calls

\%

Cache ||[Memory|| Communication PLD || Frequency
Adapter || Adapter | |Architecture Adapter| | Adapter|| Adapter

Operating System Kernel

Platform Hardware

Figure 11.2: Software architecture for dynamic platform management

Run-time platform management is implemented as a platform middle-ware
layer that communicates with the applications, in order to identify run-time variations in
their requirements, and with the underlying operating system kernel or platform hard-
ware, in order to apply the selected configuration. Figure 11.2 illustrates the software

architecture for implementing dynamic platform management. The platform manage-



29

ment layer provides a set of APIs (application programming interface) through which
the executing applications can provide information about their run-time characteristics
(performance requirements, data properets). It then determines the optimized con-
figuration for different platform components. The selected configuration is applied by
invoking “adapters” for each configurable component using system calls. The adapters
are device-drivers that interact with the hardware to perform the requested adaptation.
The adapter implementation is specific to the platform and is tied closely to the oper-
ating system. For some configurable features, the adapters are available as part of the
operating system kernel, such as support for frequency scaling in Linux [101]. For other
configurable components, such as the on-chip communication architecture, the adapters
need to be provided. Chapter IV describes how this framework is implemented for the
Altera Excalibur SOPC (system-on-a-programmable-chip) [28].

Compared to traditional design approaches, designing systems based on con-
figurable SoC platforms with dynamic platform management brings about several ad-

vantages:

e Modifying platform functionality only requires introducing new application soft-
ware and upgrading the platform management middle-ware, instead of incurring
an expensive redesign. Hence, such platforms, once deployed, can enjoy a long

market life via software upgrades.

e The same platform can be targeted to a wide variety of applications, facilitating

the amortization of non-recurring costs over larger markets.

e The platforms are designed using general-purpose, commercial, off-the-shelf
components, which leads to reduced platform development costs, since large re-
sources need not be deployed to identify and develop domain-/application-specific

components.

¢ Since the process of application-specific customization is performed in software
rather than hardware, design using dynamic platform management techniques re-

sult in shorter time to market, productivity gains, and reduced development costs.



30

II.D Conclusions

In this chapter, we surveyed several technologies that have been developed to
enable the dynamic configuration of individual platform components. Many of these
technologies have reached relative maturity, a few of them having made their appear-
ance in commercial products. However, there is a need for providing more configura-
bility in platform components, as well as developing platforms consisting of multiple
configurability options, in order to better adapt platforms to application characteristics.
We also surveyed techniques for the configuration of individual platform components,
and pointed out the need for integrated techniques for the management of platforms
featuring multiple configurability options. Finally, we described our dynamic platform
management approach for such holistic configuration of SoC platforms, and described
its potential benefits. In the remaining chapters of this thesis, we elaborate on the plat-
form management concept, and describe how it is applied to specific configurable SoC

platforms.

The text of this chapter, in part, is based on material that has been published in
the International Conference on VLSI Design, 2004, and material submitted to the IEEE
Transactions on Computer-Aided Design of Circuits and Systems. The dissertation au-
thor was the primary researcher and author, and the coauthors listed in these publications

collaborated on, or supervised the research that forms the basis for this chapter.



Dynamically Configurable Bus
Topologies for High-Performance

On-Chip Communication

[1I.LA Introduction

In the previous chapter, we presented several emerging technologies for pro-
viding dynamic configurability in platform components. We also discussed the need for
more configurability options, so that the platform can be better adapted to applications’
requirements. This chapter addresses the problem of providing such configurability in
the on-chip communication architecture, which has emerged as a critical determinant
of overall performance in complex SoCs. This is because, the integration of complex
systems comprising numerous and diverse components onto a single chip is leading to
a significant increase in the volume and diversity of system-level on-chip communica-
tion traffic. Unfortunately, in nanometer technologies, the global interconnect, which
in large part constitutes the on-chip communication infrastructure, appears increasingly
performance-limited compared to the components that are connected to it [102].

For high-performance designs, it is therefore crucial to ensure that the com-

munication architecture is customized to best suit the characteristics of the traffic gen-

31
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erated by the application. However, as shown in this chapter, communication traffic
characteristics can exhibit significashgnamic variationdepending on the specific ap-
plication task being processed at a given time, the subset of SoC components that are
involved in executing the task, and the run-time inputs. Furthermore, different appli-
cations may be mapped to the same SoC platform, leading to the execution of entirely
different applications at different times, which in turn could lead to a wide variation in
traffic characteristics. Therefore, configurable communication architectures that can be
effectively customized to the application(s) requirements at run-time are desirable.
Most state-of-the-art communication architectures provide limited customiza-
tion opportunities through atatic (design time) configuration of architectural param-
eters, and as such, lack the flexibility to provide high performance in cases where the
traffic characteristics exhibit dynamic variation. Provisioning for such dynamic flexibil-

ity and exploiting it is the focus of this chapter.

l1.LA.1 Chapter Overview

In this chapter, we describe ExBUS, a flexible, bus-based on-chip communi-
cation architecture featuringdynamically configurable topolog¥LEXBUS is designed
to be able to detect run-time variations in system-wide communication traffic charac-
teristics, and efficiently adapt tHegical connectivityof the communication architec-
ture and the components connected to it. This is achieved using two novel techniques,
bridge by-passndcomponent re-mappingvhich address configurability at the system
and component levels, respectively. Bridge by-pass provides flexibility in dynamically
choosing the number of bus segments that constitute the communication architecture,
while component re-mapping provides flexibility in determining the manner in which
components are connected to the communication architecture. These techniques pro-
vide opportunities for dynamically optimizing the communication architecture topology,
a capability, which if properly exploited, can yield substantial performance gains. The
FLExBUSs architecture is compatible with different existing bus standards. We describe

the implementation of EEXBUS based on AMBA AHB [22], a popular commercial on-
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chip bus standard. We also present dynamic platform management policies for choosing
optimized REXBUS configurations under time-varying traffic characteristics. We de-
scribe how the proposed techniques scale with increasing system complexity in terms of
configurability of the topology, and the run-time configuration policies. We have con-
ducted detailed experiments ome#xBUS using a commercial design flow to analyze

its area, timing, and performance under a wide variety of system-level traffic charac-
teristics, and have compared it to conventional communication architectures. We have
also analyzed its impact on the performance of two example SoC designs, (i) an IEEE
802.11 MAC processor and (ii) a UMTS Turbo decoder, and have compared the results
with those obtained using conventional communication architectures. In our studies, we
found that EEXBUS provides up to 31.5% performance gains for the MAC processor,
and up to 34.33% performance gains for the Turbo decoder compared to conventional
architectures, with negligible hardware overhead.

The rest of this chapter is organized as follows. In Section Ill.A.2, we de-
scribe related work. In Section III.B, we define relevant terminology used in the con-
text of bus-based architectures. In Section Ill.C, we illustrate using examples, the de-
ficiencies of conventional architectures, and the advantages of. #hesBs approach.
Section IlI.D presents details of the #xBUS architecture, and Section Ill.E discusses
run-time techniques for exploiting the dynamic configurability provided bgxsus.

In Section IIl.F, we discuss how the concepts behingd*Bus can be scaled to arbi-
trarily complex system architectures. Finally, Section I11.G reports on the experimental
studies conducted to analyze theelxBus architecture, and Section Ill.H concludes

this chapter.

1l.LA.2 Related Work

The increasing importance of on-chip communication has resulted in numer-
ous advances in communication architecture topology and protocol design, in both in-
dustry and academia. Numerous competing commercial communication architectures

are in use todaye(g.,[23, 22, 103]). Recently, architectures based on more complex
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topologies have been proposedy, [104, 105, 106, 107]). However, these architectures
are based on fixed topologies, and therefore, not optimized for traffic with time-varying
characteristics.

Dynamic configurability of the communication protocol is available in sev-
eral commercial on-chip communication architectures, as described in Section 11.B.4.
Sophisticated protocols have also been proposed for improved sharing of on-chip com-
munication bandwidth [108, 109, 110]. Techniques for customizing communication
protocols, both statically and dynamically, to adapt to traffic characteristics, have also
been studied [91, 111]. Protocol customization and topology customization are comple-
mentary, and hence, may be combined to yield large performance gains.

A number of automatic approaches have been proposed to statically optimize
the communication architecture topology [112, 113, 114]. While many of these tech-
niques aim at exploiting application characteristics, they do not adequately address dy-
namic variations in the communication traffic characteristics. In order to exploit such
dynamic variations, adaptive routing protocols has been proposed in the context of
network-on-chip based designs [115]. Our techniques are aimed at bus-based commu-
nication architectures, and focus on topology adaptation.

Transaction-level modeling and automated model refinement help raise the
level of abstraction at which communication architectures are designed [116, 117]. La-
tency insensitive design techniques help guarantee correct system execution under vari-
able communication delay, and hence, reduce verification effort for systems based on
complex communication architectures [118]. Recent initiatives to standardize the inter-
faces of system components [119, 120] facilitate the customization of the communica-

tion architecture without requiring changes to the system components themselves.

l1.B  Background

Communication architecturpologiescan range from a single shared bus,

to which all the system components are connected, to a network of bus segments in-
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Figure IIl.1: Example bus-based communication architecture with two bus segments

terconnected bhridges Component mappingefers to the association between system
components and bus segments. Components mapped to the communication architecture
can be eithemasters(e.g, CPUs, DSPs), which can initiate communication transac-
tions (reads/writes), alaves(e.g.,memories, peripherals), which can only respond to
transactions initiated by a master. Figure Ill.1 illustrates an example bus architecture
consisting of two bus segments, each with one master and one slave, connected via a
bridge. The internal logic of a bus segment typically comprises (i) one or mahg-
plexerdfor the proper routing of read and write data, and control signals between masters
and slaves, (i) aaddress decoddor selecting the slave that corresponds to a read/write
transaction, and (iii) &us arbiterfor determining which master should be granted ac-
cess to the bus and for how many cycl€emmunication protocolspecify conventions

for the data transfer, such as arbitration policies, burst transfer meilde8ridgesare
specialized components that facilitate transactions between masters and slaves located
on different bus segments. “Cross-bridge” transactions execute as follows: the transac-
tion request from the master, once granted by the first bus, is registered by the bridge’s
slave interface (Figure Ill.1). The bridge then forwards the transaction to it's master
interface, which then requests access to the second bus. On being granted, the bridge
executes the transaction with the destination slave and then returns the response to it's

slave interface, which finally returns the response to the original master.
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[11.C Motivation

In this section, we analyze the shortcomings of conventional communication
architectures in which the topology is configured statically, using an IEEE 802.11 MAC
processor design as an example. We next describe the advantages eEXRBIE
architecture, illustrating the importance of considering the configurability of the com-

munication architecture topology at both the system and component levels.

[1I.C.1 Case Study: IEEE 802.11 MAC Processor

The functional specification of the IEEE 802.11 MAC processor system con-
sists of a set of communicating tasks, shown in Figure Ill.2(a) (details are available
in [121]). For outgoing frames, the LLC task receives frames from the Logical Link
Control Layer, and stores them in the system memory. The Wired Equivalent Privacy
(WEP) task encrypts frame data. The Integrity Checksum Vector (ICV) task works in
conjunction with the WEP task in order to compute a checksum over the payload. The
HDR task generates the MAC header. The Frame Check Sequence (FCS) task computes
a CRC-32 checksum over the encrypted frame and header. _RIBRL implements
the CSMA/CA algorithm, determines transmit times for frames, and signals the Phys-
ical Layer Interface (PLI) task to transmit the encrypted frames. The Temporal Key
Integrity Protocol (TKIP), if enabled, generates a sequence of encryption keys dynami-
cally. If TKIP is disabled, the key is statically configured by the network administrator.

Figure 111.2(b) shows the set of components to which the above tasks are
mapped in our design. An embedded processor (the ARM946E-S [122]) implements
the MAC_CTRL, HDR, and TKIP tasks, while dedicated hardware units implement the
LLC, WEP, FCS, and PLI tasks. Other components include frame buffers for storing
MAC frames, a key buffer for secure key storage, and the communication architecture.
In the following sub-sections, we consider in turn, the use of two conventional com-
munication architectures, and the proposed@»Bus architecture, for this design. In

order to simplify the discussion, we focus on only the tasks that result in the majority of
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Figure I11.2: IEEE 802.11 MAC processor: (a) functional specification, (b) mapping to

a single shared bus, (c) mapping to a multiple bus architecture

the communication traffic: WEP, FCS, and TKIP. The system was implemented using

an instruction set model for the processor and RTL Verilog for the remaining hardware,

and simulated using ModelSim [123] (details of this framework are described in Sec-

tion 111.G.1).

[11.C.2 Statically Configured Topologies

Example 1: The first architecture we consider is illustrated in Figure 111.2(b),

where a single AMBA AHB bus segment [22] integrates all the system components.

The MAC frames are stored in a shared memdisatne _Buf ), and are processed in
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a pipelined manner: the WEP component encrypts a MAC frame, and then signals the
FCS component to start computing a checksum on the encrypted frame, while it starts
encrypting the next frame. We first consider that the keys are statically configieed (
the TKIP task is disabled). In such a scenario, the on-chip communication traffic is
largely due to the WEP and FCS components. Figure 111.3(a) presents a symbolic repre-
sentation of an illustrative portion of the system execution traces. The figure reveals that
under this architecture, at various times during system execution, simultaneous attempts
by the WEP and FCS hardware to access the system bus lead to a large number of bus
conflicts, resulting in significant performance loss. Experiments indicate that the max-
imum data rate that this architecture can support is 188 Mbps. When the TKIP task is
enabled (for dynamic keys), additional traffic between the processor and the key buffer
further degrades the data rate to 158 Mbps. [

Clearly, the single shared bus topology fails to provide high performance when
there are simultaneous access attempts from different masters. In particular, it fails to
exploit parallelism in the communication transactions, a drawback that can be addressed

by using an architecture that uses multiple bus segments.

Example 2: Figure lll.2(c) presents a version of the MAC processor im-
plemented using a topology consisting of two AHB bus segments connected by a
bridge. The WEP component reads frame data from meraagne _Bufl , encrypts
it, and then transfers the encrypted frame iRtame _Buf2 . The FCS component
processes the frame froframe _Buf2 , while WEP starts processing the next frame
from Frame _Bufl . Figure 111.3(b) illustrates the execution trace under this architec-
ture for statically configured keys. We observe that the parallelism offered by the mul-
tiple bus architecture enables the FCS and WEP tasks to process frame data stored in
their local frame buffers concurrently. However, we also observe additional latencies
in certain intervals (indicated by shading) where a majority of transactions need to go
across the bridge, due to the complex nature of cross-bridge transactions (described in

Section 111.B). Experiments indicate that the data rate achieved by this architecture is
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Figure 111.3: Execution of the IEEE 802.11 MAC processor under (a) single shared bus,

(b) multiple-bus, (c) EEXBUS

201 Mbps, only a 7% improvement over the single bus. When the TKIP task is enabled,
the achieved data rate is 176 Mbps, a 11% improvement over the single bus. &

This example illustrates that the advantage of a particular communication ar-
chitecture topology depends on the characteristics of the communication traffic: when
the proportion of cross-bridge traffic is low, the multiple bus architecture performs well,
whereas at other times, the single shared bus architecture is superior. These examples
also illustrate how during the course of execution of an application, the characteristics of
the communication traffic can change significantly over time, based on the set of concur-
rently executing tasks, and their inter-component communication requirements. Further,
communication architectures based on fixed topologies are not capable of detecting and

adapting to such changes, and hence, often yield sub-optimal performance.

[11.C.3 Dynamic Topology Configuration

We next consider the execution of the IEEE 802.11 MAC processor under two

variants of the EEXBUS architecture.
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Example 3: We first consider the case where the encryption keys are stati-
cally configured (the TKIP task is disabled). The execution trace undexsgus is
illustrated in Figure 111.3(c). The trace illustrates that the bus architecture operates in
a multiple bus mode during intervals that exhibit localized communications, and hence
enables concurrent processing of the WEP and FCS tasks. In intervals that require low
latency communication between components located on different bus segmews, a
namic bridge by-passiechanism is used. Under this technique, the two bus segments
of the multiple bus topology are temporarily fused together into a single shared bus. The
measured data rate under this architecture was found to be 248 Mbps, a 23% improve-
ment over the best conventional architecture. [

The above example illustrates that by adapting the bus topology to traffic
characteristics, the benefits of shared and multiple bus architectures can be combined.
Note that, the bridge by-pass mechanism provides a technique tocoatse-grained
(system-level) changes to the communication architecture topology. However, at times,
the ability to make moréne-grainedcomponent-level) changes to the topology is also

important, as illustrated next.

Example 4: We consider the case in which the TKIP task is enabled. For
the FLEXBUS architecture of Example 3, the resulting increase in bus traffic on 2HB
(Figure 111.2(c)) causes the achieved data rate to decrease to 208 Mbps, although it still
out-performs the best conventional architecture by 18%. We next consider the execu-
tion of another version of theUlEEXBUS architecture featuring dynamic component
re-mappingcapability. Using this technique, while the overall architecture remains in
the multiple bus configuration, the mapping of the slevame _Buf2 is dynamically
switched between the two buses at specific times. In particular, it is mapped ta2ZAHB
as long as the FCS and WEP components are processing frame data, and_tba&HB
times when the most recently encrypted frame needs to be efficiently transferred from
Frame Bufl by the WEP task. By preserving the multiple bus topology, and thereby

enabling concurrent operation of the frame transfer and the TKIP tasks, this architec-
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ture achieves a data rate of 224 Mbps, a 27% improvement over the best conventional
architecture. [

This example shows that at times, exploiting local variations in traffic charac-
teristics through component-level changes can provide additional performance benefits.

In summary, these illustrations establish that by recognizing dynamic vari-
ations in the spatial distribution of communication transactions, and correspondingly
adapting the communication architecture topology (both at the system and component
levels), large performance gains can be achieved. In the next three sections, we describe

how these opportunities are exploited by thekBus architecture.

I1.D FLEXBUS Architecture

In this section, we first provide a brief overview of theexBus architecture
and its design goals. Next, we present a detailed description of the key techniques
that underlie the EExBUS architecture in the context of a two-segment AMBA AHB
based bus architecture. The extension bEBUs to more complex communication

architectures is discussed in Section Ill.F.

[11.D.1 Overview

The A.ExBUS architecture features a dynamically configurable communica-
tion architecture topology. The techniques underlyingXBus are independent of
specific communication protocols, and hence can be applied to a variety of on-chip
communication architectures. In our work, we demonstrate its application to the AMBA
AHB [22], a popular commercial on-chip busLExBUS provides applications with op-
portunities for dynamic topology customization at the system level, using techniques
that enable run-time fusing and splitting of bus segments. This is achieved using dy-
namic bridge by-pass, details of which are described in Section lll.D.2X#US also
provides customization opportunities at the component level in order to exploit local

variations in traffic characteristics, by using techniques that allow components to be dy-
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namically switched from one bus segment to another. This is achieved using component
re-mapping, details of which are described in Section I11.D.3.

Numerous technical challenges need to be met in order to provide such con-
figurability. The particular goals that were kept in mind during the desigrn.akBus

include the following:

e Mmaintaining compatibility with existing on-chip bus standards for efficient deploy-

ment
e minimizing timing impact to enable high speed operation
e minimizing logic and wiring complexity (hardware overhead)

¢ providing low reconfiguration penalty to maximize the gains achieved through

flexibility

The rest of this section provides details on homekBUS provisions for dy-

namic configurability keeping the above goals in mind.

l11.D.2 Coarse-Grained Topology Control: Bridge By-Pass Mechanism

Figure 111.4 illustrates the hardware required to support dynamic bridge by-
pass for an example system consisting of two AMBA AHB bus segments, connected
by a bridge. AHB1, the primary bus, has two masters (M1 and M2) and one slave (S1),
while AHB2, the secondary bus, has one master (M3) and one slave (S2). Each bus seg-
ment contains an Arbiter, an Address Decoder, and multiplexers for routing the granted
master’s address values, control signals and write data to the slaves, and for routing the
selected slave’s ready signal, response signals and read data back to the masters. The

bridge enables transactions between masters on AHB1 and slaves on AHB2.

Hardware Enhancements

The system can be operated in (i) a multiple bus mode or (ii) a single shared

bus mode, by disabling or enabling bridge by-pass, respectively, vieothfgy select
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Figure Ill.4: Dynamic bridge by-pass capability inExsus

signal, which is an output of the “Reconfiguration Unit” module. In the multiple bus
mode ¢onfigselect = Q, the signals shown by the dotted arrows are inactive. The
two bus segments operate concurrently, with each arbiter resolving conflicts among the
masters in its own bus segment. Transactions between masters on AHB1 and slaves on
AHB2 go through the bridge using the conventions described in Section 111.B. In the
single shared bus modeqgnfigselect = J), the signals shown by the dotted arrow are
active, and the bridge is “by-passed”, thereby fusing the two bus segments together. We
next describe the enhancements required to the basic hardware architecture of the two

segment AMBA AHB bus to support these two operating modes.

Bridge: To by-pass the bridge in the single shared bus mode, the inputs to
the bridge master and slave interfaces are directly routed to the outputs, by-passing the
internal bridge logic (using multiplexers). This allows transaction requests from masters
on AHBL1 to slaves on AHB2 (and the corresponding slave responses) to reach within
one clock cycle. Note that, while we illustrate bridge by-pass for a one-way bridge, the

technique can be applied to two-way bridges as well.
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Arbiters: In the single bus mode, only one master can be granted access to
the FLEXBUS fabric at any given time, whereas in the multiple bus mode, more than
one master may have transactions executing in parallel. Clearly, the arbitration policies
of the multiple bus mode need to be adapted for the single bus mode. A naive solu-
tion would be to designate one of the arbiters as a centralized arbiter for the single bus
mode. However, this would require the centralized arbiter to be connected boghe
req, lockandgrantsignals of all the system masters, resulting in large wiring overhead,
and potentially large arbitration latencies. Instead, we opt fdis&ibuted arbitration
mechanismin which one of the arbiters (Arbiter2 in Figure 111.4) behaves asrtaal
masterthat is regulated by the other arbiter (Arbiterl). On receiving one or more bus
requests from masters on AHB2, Arbiter2 immediately sends a bus request to Arbiterl
using thebusreqAHB2andlock AHB2signals, which are generated by a bitwR of
the bus request and lock signals of all the masters on AHB2. Arbiterl arbitrates among
the received bus requests from AHB1 masters as well as the virtual master, which, in
effect, represents all the masters on AHB2. In parallel, in order to reduce arbitration
latency, Arbiter2 arbitrates among its received bus requests. However, Arbiter2 grants
the bus to the selected master only when it receives a grant (vgaaheAHB2 signal)
from Arbiterl. The grants for masters on AHB2 are generated by a paiAn§zof
thegrant AHB2signal with the grant signals of Arbiter2. This guarantees that only one
master is granted access toEXBUS when in the single bus mode.

Note that, in the above distributed arbitration scheme, since Arbiterl receives a
single bus requesb(sregAHB2) on behalf of all the masters on AHB2, the granularity
at which arbitration is performed could suffer. However, in practice, this is acceptable,
since bus hierarchies impose similar restrictiares,ridges behave as “agents” for any
of the masters on AHB1 requesting access to a remote slave on AHB2). Also, in the case
of the AMBA AHB bus protocol, theeadybus signal indicates the state of the bus to
all the components. In order to ensure correct operation of the system in the single bus
mode, all the components should observe the saady signal. This is achieved by

routing thereadysignal of AHB1 to AHB2. Note that, the combinational loop between
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the multiplexers shown in Figure 111.4 is a false loag., it is never enabled during

operation.

Address DecodersThe address decoders on the two bus segments require no
change, since the address maps of the slaves and their mapping to the bus segments does

not change under dynamic bridge by-pass.

Reconfiguration Unit: The Reconfiguration Unit (Figure I11.4) is a new hard-
ware component that is introduced to enable dynamic topology configuration. It is re-
sponsible for selecting the bus configuration at run-time, and for ensuring correctness
of system operation while switching between the two configurations. It can either make
configuration decisions automatically (using policies such as described in Section I11.E),
or be directed by a higher level policy, such as Dynamic Platform Management (de-
scribed in Chapter V), to change the configuration. To apply a new configuration, it first
asserts thesconfiguresignal to the arbiters. On receiving this signal, the arbiters termi-
nate the current transaction (unless the master has acquired a lock on the bus), deassert
all grant signals, and assert tl signal. On receiving th©K signal from both the
arbiters, the Reconfiguration Unit toggles ttenfig selectsignal. The exact overhead
of reconfiguration depends on the precise set of pending bus transactions. In our design,
the worst case overhead of bus reconfiguration for the two AHB segment AMBA based
system was observed to be 17 cycles (assuming the bus is not locked and all slaves have
single cycle response). This overhead should be taken into account while making bus

configuration decisions (described in Section III.E).

Delay Impact

The addition of logic and wiring for dynamic bridge by-pass results in a slight
increase in the critical path delay of the bus. The true critical path in the multiple bus
mode is shorter than that in the single bus mode, since many long paths of the single
bus mode are false paths in the multiple bus mode (shown by the dotted arrows in Fig-

ure 111.4). However, as borne out by experiments presented in Section Ill.G, the delay
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penalty of each mode compared to the corresponding static architectures is small, and
is more than compensated for by the performance improvements achieved by exploiting
the flexibility of the architecture.

When the worst case delays of the single bus mode and the multiple bus mode
are comparable, it is feasible to always operateXsus at a single frequency deter-
mined by the larger of the two delays. However, in some cases, the delay in the single
bus mode maybe much larger than that in the multiple bus mode. Also, some multiple
bus systems operate different bus segments at different frequencies in order to support
high performance components such as CPUs on one bus, and low performance peripher-
als on a secondary bus. In such scenarios, tlExBUs frequency needs to be adapted,
based on its current configuration. Using a programmable PLL to achieve this would
lead to a high reconfiguration penalty (hundredg:sécs). However, we observe that
since we only need to switch between two clock frequencies, two PLLS in conjunction
with a dynamic clock source switching circuit [124] could be used in such a scenario for

efficient frequency adaptation.

[11.D.3 Fine-Grained Topology Control: Component Re-Mapping Mechanism

Figure 111.5 shows a two segment AMBA AHB bus architecture, which im-
plements a dynamic re-mapping capability for master M2 and slave S2. Dynamic re-
mapping allows the mapping of each of these components to be dynamically switched
between AHB1 and AHB2.

Hardware Enhancements

The mapping of M2 and S2 is selected by the signaisifig selectM2 and
configselectS2 respectively, which are generated by the Reconfiguration Unit. The
hardware enhancements that are required to the AMBA AHB bus architecture to enable

this are described next.
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Figure 111.5: Dynamic component re-mapping capability ireXBUS

Switches: The signals of a re-mappable master or slave are physically routed
to both AHB1 and AHB2. However, the switch boxes, SWIT@Hand SWITCHS,
activate the signals to and from only one of the bus segments using multiplexers, de-
pending on the configuration. Note that, only a subset of the master and slave signals

require to be switched in the AMBA AHB protocol.

Bridge: The bridge does not require any changes to enable component re-
mapping, since the multiple bus structure of the communication architecture is pre-
served. However, note that, component re-mapping can lead to error responses in the
case of one-way bridges. For example, assuming that BRG in Figure IIl.5 is one-
way (with AHB1 being the primary bus and AHB2 the secondary bus), and that M2
is mapped to AHB2, then if M2 generates a request for S1, it would receive an error
response. Therefore, in the presence of masters that cannot handle error responses, it

can be safely applied only in the case of two-way bridges.
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Arbiters: The arbiters on the two bus segments need to be designed to ar-
bitrate amongst all the masters that can potentially be mapped to their respective bus
segment. No other changes are required, since master bus requests are only sent to the

arbiter on the bus to which they are currently mapped.

Address Decoders:To enable dynamic slave re-mapping, reprogrammable
address decoders are required. Depending on the mapping of the slaves, the address
decoders on the two bus segments are reconfigured to generate the correct slave select
signal. For example, when S2 is mapped to AHB1, on observing an address belonging
to S2 on the address bus, Decoderl assertsdleetS2signal, while Decoder2 asserts
the selectBRGsignal. The situation is reversed when S2 is mapped to AHB2. This is
done by switching the mapping of the address space of S2 between BRG and S2 in the

decoder, depending on tlkenfig selectS2signal.

Reconfiguration Unit: The Reconfiguration Unit is responsible for selecting
the mapping of the re-mappable masters and slaves (using policies such as described in
Section III.E), and for generating the appropriate configuration select signals. It can also
be directed by a higher level platform configuration policy (such as Dynamic Platform
Management) to apply a specific mapping. In order to ensure correct operation of the
system during re-mapping, the Reconfiguration Unit monitors the masigsi®gM?2
and slave'sselectS2signals to determine if they are currently active on the bus, and
if not, the correspondingonfigselectsignal is toggled. The rest of the bus continues

operating without interruption.

Delay Impact

The extra logic and wiring required to enable component re-mapping may
lead to a slight increase in the critical path delay of the bus. However, this should be
compensated for by the performance improvements achieved through adaptation. If
the two bus segments operate at different clock frequencies, then dynamic component

re-mapping can only be applied to masters and slaves which are capable of operating at
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both clock frequencies. In this case, re-mapping also involves changing the clock source

of the re-mapped component using techniques such as described in [124].

II.LE Dynamic Configuration Policies for FLEXBUS

In this section, we describe run-time policies for adapting thextBus con-
figuration based on changes in the characteristics of the on-chip communication traf-
fic. We discuss these policies in the context of two segment buses, considering in turn,
bridge by-pass and component re-mapping. Extension of these policies to more general
communication architecture topologies is discussed in the next section.

The problem of dynamically choosing the optimum configuration of the
FLEXBUS architecture based on an observation of the characteristics of the communi-
cation traffic can be addressed using several approaches. In the past, stochastic control
policies have been proposed to address a similar problem in the domain of dynamic
power management, where the optimum power state of components (active, idle) needs
to be selected for dynamically varying system workloads [125]. Numerous heuristic
approaches that attempt to predict future behavior based on an observed history of the
workload have also been proposed to address the same problem [126]. In our work, we
examine history-based techniques in further detail.

Let us consider alFEExBUS system featuring dynamic bridge by-pass between
two bus segment8US1andBUS2 Let Nzys1, Ngrse and Ngrq represent the num-
ber of local transactions dUS1 number of local transactions &US2and number of
transactions between the two bus segments, respectively, during an observation interval.
A transaction refers to a single bus accesg,(a burst of 5 beats constitutes 5 transac-

tions). The time taken to process this traffic under the single bus ri@gg.., is given

by:

Tsingte = (Npus1 + Npusa + Npra) X Cp X tsp (11.1)

where(C, is the average number of cycles for a local bus transaction,sanid the clock
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period in the single bus mode, since all transactions are on the same bus. Similarly, the

time taken under the multiple bus mod&;.;,.e, iS approximated by:

Tatuttipte = max(Npusi, Npus2) X Cp, X typ + Npra X Cp X tup (111.2)

whereC'; is the average number of cycles for a cross-bridge transaction, gnis the

clock time period in the multiple bus mode. T;yg1e < Taruitipie, then the single bus

mode is preferred, else the multiple bus mode is better. Each bus segment is enhanced
with extra logic to observe and record the number of bus transactions of each type at
run-time over a time period P. At the end of the time period, the reconfiguration unit
reads these values and selects the new configuration based on the above criterion.

The choice of an appropriate configuration time peridd?, is crucial.
Smaller time periods enable the policy to be more responsive to variations in the traffic
characteristics. However, if the traffic characteristics change rapidly, this might lead to
excessive oscillations between the configurations, thus potentially degrading the perfor-
mance due to the reconfiguration overhead. Therefore, in our policy we use an adaptive
time period, TP, which is selected as follows. Lét denote the number of times the
bus was reconfigured over the lastlock cycles. IfC'/T > A;, then the time period,

TP, is doubled, ifC//T < Xy, thenT P is halved, else it is unchanged; and\, rep-

resent two thresholds, and depend on the reconfiguration overhead. In our experiments
with an example eight master and eight slave system (described in Section I11.G.1), we
observed an average reconfiguration overhead afycles, for whichr = 250 cycles,

A1 = 0.0025, and\, = 0.001 proved effective. We conclude that, in general, these
parameters should be carefully set, based on an analysis of the traffic characteristics of
the application.

Let us next consider alExBUS architecture consisting of two bus segments,
BUS1andBUS?2 connected by a bridge, and with some re-mappable master and slave
components. The problem of dynamic component re-mapping is to select at run-time
the mapping of the re-mappable components to eiBiés1or BUS2 For this, we

propose a history-based policy, in which for each re-mappable master (or slave), the
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number of transactions to (or from) components on either bus segment is monitored
over an observation time period, based on which the configuration for the next time pe-
riod is selected. The optimal mapping of components to buses is one that minimizes
the number of transactions across the bridge (to reduce bridge overhead), while balanc-
ing the number of transactions on the two bus segments (to have concurrent operation).
This problem maps to the graph bisection problem, which is NP-complete [127]. There-
fore, we make use of the following simple strategy. For each re-mappable component,
the difference between its number of cross-bridge and local transactions is monitored.
The component for which this difference is positive and maximum is selected to be re-
mapped. The time period over which transactions are monitored is adapted as in the

bridge by-pass approach.

llI.F Scalability of the FLExBUS Approach

In this section, we discuss how the architectural mechanisms underlying
FLEXBUS, for both bridge by-pass and component re-mapping, can be extended to com-
plex communication architectures consisting of arbitrary organizations of bus segments
and bridges. We then formulate the problem of how to optimize the deployment of

FLEXBUS and select optimizedUEEXBUS configurations at run-time.

llI.LF.1 Dynamic Multi-Bridge By-Pass

Complex communication architectures may consist of numerous bus segments
connected by multiple bridges. It may be necessary, at certain times, to fuse multiple
(more than two) bus segments into a single shared bus, depending on the traffic char-
acteristics. In order to achieve this, all the bridges that integrate these bus segments
must be made by-passable as described in Section 111.D.2. In doing so, the architecture
needs to ensure that only one master gets access to the fused shared bus at any point of
time. The distributed arbitration mechanism described for one bridge (Section 111.D.2)

can be extended to multiple bridges as follows. When the architecture is in the single
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Figure 111.6: Example system with four bus segments, and possible assignment of ar-

biters as virtual masters

bus mode, the arbiters co-ordinate by acting as virtual masters and forwarding their bus
requests to adjacent arbiters. The decision of which arbiters to designate as virtual mas-
ters and where to forward their bus requests is performed statically, and is crucial to
ensure correct operation of the system. Consider the example system in Figure I11.6 that
consists of four bus segments and three bridges, where as many as all three bridges can
be by-passed simultaneously at run-time. The figure also shows different assignments
of arbiters as virtual masters (circles markedvag) and their dependency due to bus
request signals on their adjacent arbiters (directed arrows). An arbiter behaves as a vir-
tual master and forwards bus requests to an adjacent arbiter only when its bus is fused
with a neighboring bus. The figure illustrates the feasibility of different mappings of
virtual masters to arbiters. For/d segment busy — 1 arbiters must be designated as
virtual masters, each with a dependency on another arbiter, in order to prevent indepen-
dent arbitration decisions, which can cause erroneous bus operation. Numerous feasible

solutions are possiblee(g.,1,5,8) differing in terms of the arbiters selected as virtual



53

masters and their dependency edges. The best choice among the feasible solutions is
one that results in the minimum wiring overhead and delay penalty. An additional cri-
terion is that there should be no cycles in the dependencies of the arbiters to prevent
deadlock. The same conclusions hold for any arbitrary connection of the bus segments

(e.g, hierarchical bus).

lII.F.2 Scalability of Component Re-Mapping

In complex communication architectures it may be necessary to provide sup-
port for dynamically re-mapping a component, either a master or a slave, to multiple
(greater than two) bus segments. In order to provide this support, the basic approach
described in Section Ill.D.3 is extended as follows. The signals of the re-mappable
component are physically connected to all the bus segments to which it can be poten-
tially mapped. An appropriate switch is used to ensure that only one set of signals is
active at any point of time. For slave re-mapping, the address decoders on each bus
segment are configured to generate the correct slave select signals by reprogramming
the address maps. This needs to be done not only for the address decoders on the bus
segments to which the slave can be mapped, but also for intermediate address decoders.
For example, in Figure 111.6, suppose a slave is re-mappable to édihretor Bus4
Now, when it is mapped t8usl on observing an address belonging to the slave, the
address decoders @usl, Bus2 Bus3andBus4should select the slavBRG1 BRG2
andBRG3 respectively, while when it is mapped Bus4 the address decoders should
selectBRG1 BRG2 BRG3and the slave, respectively.

The two REXBUS mechanisms, bridge by-pass and component re-mapping,

can be applied together to provide maximum performance benefits through adaptation.

l1I.F.3  Applying FLEXBUS in Complex Communication Architectures

In order to provide maximum flexibility during run-time configuration, all the
bridges in the system can be made by-passable, and all the master and slave compo-

nents can be made re-mappable to all bus segments using the techniques described
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in Sections IIl.F.1 and Ill.F.2. However, in practice, this would lead to unacceptably
high overheads, potentially negating any performance improvements through adapta-
tion. This is because as more and more bus segments are fused together, the associated
delay penalty due to extra logic and wiring overhead increases. Similarly, as a compo-
nent is made re-mappable to more and more bus segments, its performance may decrease
due to the overhead of the switch and additional wiring. Also, a bus segment with many
re-mappable components may incur large delay penalty due to the extra wiring and logic
overhead in the bus required to provision for the additional masters and slaves. We ex-
pect that provisioning for and properly managing such flexibilitjuticiously selected

parts of the communication architecture will provide sufficient performance improve-
ments through adaptation with acceptable overheads. Hence, we envision a two step
methodology for using FEEXBUS in complex communication architectures. In the first

step, the designer must select (either manually or through automatic tools) the set of de-
sired configurability options, namely, which bridges should be augmented with by-pass
support, and which components should be augmented with re-mapping support. In the

second step, run-time policies must be designed to exploit the provided configurability.

Selection of Configurable Components

The goal of this step is to select the bridges and the components that should
be made by-passable and re-mappable, respectively, such that the performance improve-
ments achievable through adaptation are maximized, while not exceeding specified area
and wiring constraints. We assume the availability of a statically customized communi-
cation architecture topology optimized for a partitioned and mapped system, and con-
sider the different possible configurability options for improving the flexibility of the
given architecture.

We note that both the bridge by-pass and component re-mapping techniques
address the latency of transactions between components on different bus segments in-
curred due to the bridge overhead. For such cross-bridge transactions between any two

components, the performance improvement through component re-mapping is superior
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to by-passing the intermediate bridges, since (i) in component re-mapping, the multiple
bus segments are preserved enabling concurrent operation, and (ii) the clock frequency
of an individual bus segment would be higher than that of a long single shared bus made
by fusing multiple bus segments together. However, bridge by-pass provides perfor-
mance improvements faill transactions across the bridge, and not just for transactions
between a particular pair of components. To provide such improvements using com-
ponent re-mapping, more and more components would need to be made re-mappable,
leading to significant hardware overhead, and large delay penalty. This trade-off should
be kept in mind while selecting the by-passable bridges and re-mappable components.
For example, components that have a large volume of cross-bridge transactions can be
made re-mappable, while bridge by-pass can be used for providing performance im-
provements for other cross-bridge transactions. Also, note that, component re-mapping
may not be applicable in the case of one-way bridges as it can lead to error responses.
With growing communication architecture complexity, it is clear that the num-
ber of solutions and the underlying trade-offs will render manual approaches impracti-
cal. Using fast analysis approaches such as [128, 114], automatic techniques can be de-
veloped that methodically search the space of different configurability options to choose
an optimized subset that maximizes performance gains under specified area and wiring

constraints.

Dynamic System-Level Configuration Policies for Complex Communication Archi-

tectures

Given an architecture with support for by-passing selected bridges and re-
mapping selected components, the dynamic policy needs to optimally select the config-
uration of the communication architecture depending on run-time traffic characteristics.
We next briefly discuss how the history-based policies described in Section Ill.E can be
extended to more complex communication architecture topologies. In this approach, on
each bus segment, the number of transactions of different types are monitored by the

bus logic over a time period and stored in addressable registers. This is then read by
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the reconfiguration unit (implemented as a bus master), based on which it selects the
configuration for the next time period. The goal of the policy is to map the re-mappable
components to the bus segment on which they have the most number of transactions, and
to by-pass each bridge when the number of transactions across the bridge significantly
exceeds the local traffic on each bus segment (excluding the number of transactions due
to the re-mappable components). For small systems consisting of a few bus segments,
the bus configuration decisions can be taken globally in a centralized manner based on
the transaction histories of all the bus segments. The policy can be implemented on
a centralized reconfiguration unit which communicates with all the bus segments and
configurable components. However, for larger systems, this might be infeasible due to
overheads in collecting transaction statistics from all the bus segments, and sending con-
figuration signals to all the configurable components. However, assuming that the initial
communication architecture topology and component mapping is one that is conscious
of spatial locality, we can safely expect that there will be few transactions between com-
ponents that are separated from each other by numerous bus segments. Therefore, the
system can be partitioned into smaller clusters of bus segments, where each cluster has
its own reconfiguration unit making localized bus configuration decisions for the clus-
ter. More global configuration decisions can be made through co-operation between

such reconfiguration units.

.G Experimental Results

In this section, we present experimental studies that evaluateLtheBES
architecture. We present hardware implementation results, followed by an analysis of
the ALEXBUS architecture using synthetic traffic profiles to systematically evaluate its
performance under different types of traffic. We also applg@Bus to the design
of two system-on-chips: (a) an IEEE 802.11 MAC processor, and (b) a UMTS Turbo

decoder, to evaluate its performance in the context of real applications.
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l1.G.1 Experimental Methodology

For the experiments with synthetic workloads, we used a system consisting of
two bus segments connected by a bridge with four masters and four slaves on each bus
segment, equipped with programmable VERA bus-functional models [129] for traffic
generation. The IEEE 802.11 MAC processor (described in Section III.C.1) was im-
plemented using an instruction set model for the ARM processor, and Verilog for the
remaining hardware. The UMTS Turbo decoder (described in Section 111.G.5) was im-
plemented using Verilog. Reference AMBA AHB RT-level implementations of the con-
ventional communication architectures for each system were generated using the Core-
Consultant tool of the Synopsys Designware AMBA tool suite [129]EXBUS was
implemented by enhancing the reference AMBA AHB implementations as described in
Section I1l.D. The Reconfiguration Unit incorporating the run-time policies described in
Section Ill.LE was implemented in Verilog. Performance analysis results were obtained
through simulations using ModelSim [123]. For accurate chip-level area and delay com-
parison, we generated floorplans of all the systems [130]. For this, area estimates for
the different components were obtained from datasheets [131] in some cases, and from
synthesis using Synopsys Design Compiler [132] in cases where RTL descriptions were
available, for the NEC 0.13n technology [133]. The floorplanner was modified to
report wirelengths of the global wires that constitute the different communication archi-
tectures. Global wire delay was calculated assuming delay optimal buffer insertion [134]
and Metal 6 wiring. The designs were annotated with these wire delays and Synopsys

Design Compiler [132] was used for delay estimation.

[11.G.2 Hardware Implementation Results

The area and timing analysis methodology described above was applied to the
example eight master and eight slave system undengxBus with dynamic bridge
by-pass, (ii) single shared bus, and (iii) multiple bus architectures. Figure 111.7(a) shows
the floorplan of the system under thegxBuUs architecture. The results of these studies

are shown in Figure 111.7(b). From the figure, we observe that the total chip area of
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el [ DSP
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(a) Floorplan under the [FEXBUS architec-

ture

Figure 111.7: Hardware implementation results for example eight master and eight slave

system

the system with the multiple bus architecture is 2% larger than thatLfiex#us, since

the floorplanner achieves more optimized wirelengths for the multiple bus architecture
by incurring a small area penalty. The figure also presents delay results under different
bus architectures. For thee.ExBUS, the critical path delay in the multiple bus mode

is smaller than that in the single bus mode since many long paths of the single bus
mode are false paths in the multiple bus mode. This corresponds with the observation
that the static multiple bus architecture can operate at a higher frequency than the static
single shared bus due to shorter wirelengths and lesser bus loadixgsWs incurs a

3.2% delay penalty on average compared to the statically configured architectures, due
to extra wiring and logic delay. However, this timing penalty is more than compensated
for by the performance benefits of adapting the bus to changing traffic characteristics,

as borne out by the following subsections.
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Figure 111.8: Performance comparison under varying volume of cross-bridge traffic

l11.G.3 Performance Under Synthetic Traffic Profiles

We performed experiments to analyze the performance of tiex#us ar-
chitecture compared to the statically configured architectures under a wide range of

communication traffic.

Deterministic Traffic Profiles

For this experiment, we consider simple traffic profiles that consist of two
phases. In the first phase, all the traffic is local, between masters and slaves on
the same bus segment (no traffic across the bridge), while in the second phase, all the
traffic is between masters on AHB1 and slaves on AHB2 (all traffic across the bridge).
Different such profiles were generated by varying the relative volume of traffic in each
phase. The conventional architectures were operated at the clock frequencies shown in
Figure 111.7(b). For EEXBUS, we considered two cases: (i) it is always operated at
212 MHz, and (ii) the clock frequency is switched between 212 MHz and 254 MHz
depending on the configuration. Figure 111.8 shows the total latency (Y-axis) for the
different traffic profiles (X-axis) under the different bus architectures. For the single
bus, the latency remains constant since all the components are connected to the same

bus. The multiple bus performs much better than the single bus when there is less traffic
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Figure 111.9: Two state Markov model to systematically generate varying traffic profiles

across the bridge, but its performance rapidly deteriorates with increasing cross-bridge
traffic due to the large delay penalty of the bridge. Both variantsLexBus achieve
substantial performance gains over the conventional architectures across most of the
traffic space. As expected, for purely local traffia,BXBUS performance is almost
identical to a multiple bus architecture, while for heavy cross-bridge traffic, it is similar

to the single shared bus.

Random Traffic Profiles

In the next experiment, the effectiveness aEKBuUS under run-time varia-
tions in traffic characteristics is evaluated. The traffic profiles were generated using a
two-state Markov model, where each state corresponds to either local traffic or cross-
bridge traffic, as illustrated in Figure 111.9. Varying the transition probabilities of the
edges (P1 and P2) allowed us to vary the granularity with which the two traffic types
are interleaved in the profile. Figure I11.10(a) shows a representative traffic profile con-
sisting of a mix of local and cross-bridge traffic. Figure 111.10(b) shows the run-time
configuration decisions taken by the policy described in Section IIl.E. Figure I11.10(c)
plots the cumulative latency of the different architectures for this traffic profile. We
observe that the policy successfully adaptg¥B8uUs to changes in the traffic charac-
teristics, achieving significant performance benefits over the static single shared bus
(21.3%) and multiple bus (17.5%) architectures. Also, the policy achieves performance
benefits even under frequent variations in the traffic profile (between 1050 seconds and
1870 seconds), by increasing the configuration time pefid®, thus configuring the

bus at larger time granularities.
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[11.G.4 Application to an IEEE 802.11 MAC Processor

Table I11.1: Performance of the IEEE 802.11 MAC processor under different communi-

cation architectures

] Bus Architecture | Computation Time (ns) |Data Transfer Time (ns)| Total Time (ns) \

Single Shared Bus 42480 - 42480
Multiple Bus 26905 12800 39705
FLEXBUS (Dynamic 27025 5290 32315
Bridge By-pass)
FLEXBUS (Dynamic 27010 5270 32280
Component Re-mapping)
Ideally Reconfigurable Bus 26905 5120 32025

Next, we examine the performance af#xBus and conventional communi-
cation architectures for the IEEE 802.11 MAC processor described in Section III.C.1.
We considered two variants of the ExBUS architecture, (i) featuring dynamic bridge
by-pass, and (ii) featuring dynamic component re-mappkrgroe _Buf2 being a re-
mappable slave). For the first variant, the bus configuration policy described in Sec-
tion Ill.LE selects when to disable or enable the bridge at run-time. For the second
variant, sinceFrame _Buf2 is the only re-mappable component, the re-mapping pol-
icy dynamically maps it to the bus segment from which it receives the most number of
transactions. All the buses were operated at 200 MHz. Table IIl.1 shows the average
time taken to process a single frame (of size 1 KB) under the different bus architectures.
From the table, we see that the times required by both variants of theBlbs architec-
ture are significantly smaller compared to the conventional architectures. The data rate
increase due tolFEEXBUS over the single shared bus is 31.5% and over the multiple bus
is 23%. The table also shows the upper bound on performance, obtained using an ideal
reconfigurable bus (zero reconfiguration overhead) with an ideal reconfiguration policy
(complete knowledge of future bus traffic). We observe that for this systeexHuS

and its associated policies perform close (data rate within 1%) to the ideal case.
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l11.G.5 Application to a UMTS Turbo Decoder Design

Finally, we apply EEXBUS with dynamic bridge by-pass to the design of a
Turbo decoder for the Universal Mobile Telecommunications System (UMTS) specifi-
cation, and evaluate its performance compared to conventional static bus architectures.

Turbo coding has received considerable attention in recent years due to its
near Shannon capacity performance [135], and has been included in the specifications
for both the WCDMA (UMTS) [136] and cdma2000 [137] third-generation cellular
standards. Figure 1ll.11(a) and (b) show the functional blocks in a turbo encoder and
decoder, respectively (details are available in [138, 139]). The turbo encoder consists
of two recursive systematic convolutional (RSC) encoders connected in parallel with an
interleaver between them. For an input frafkiethe outputs of the turbo encoder are
the systematic bitsX), and the parity bits from the two RSC encoders and 7,).
The turbo decoder consists of two RSC component decoders linked together by an inter-
leaver and a de-interleaver. The inputs to the turbo decoder are the noise-contaminated
received frame systematic bitx’{) and parity bits £] and Z}). As indicated by the
feedback path, the turbo decoder operates in an iterative manner. In each iteration, the
first component decoder generates soft outplts) @bout the likely values of the bits
to be decoded in terms of the log-likelihood ratios (LLR - logarithm of the ratio of the
probability of the bit being 1 to the bit being 0), which are then interleaved and input
to the second decoder. The second decoder then generates another set of LLR values
(Le2), which are fed back to the first decoder after de-interleaving them. After a number
of such iterations (typically 8 for low bit error rate), a hard (0 or 1) decision is taken
about the value of each bit.

Figure 111.11(c) shows the mapping of the Turbo decoder functional blocks
to hardware components in our design. The two RSC decoders are basedlag the
MAP algorithm [140] and are implemented by custom hardware components, DCDR1
and DCDRZ2, respectively, using the sliding window approach [141]. The interleaver
and de-interleaver functionality is implemented by the INT/DE-INT hardware compo-

nent. The system processes two input frames simultaneously. While DCDR1 processes
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Figure 111.11: UMTS Turbo encoder and decoder: (a) encoder functional blocks, (b)
decoder functional blocks, (c) mapping to a single shared bus architecture, (d) mapping

to a multiple bus architecture

the first frame, DCDR2 processes the second frame. On completion, they signal the
INT/DE-INT, which then interleaves the output of DCDR1 and de-interleaves the out-
put of DCDR2. The processing of the frames is now swapped with DCDR1 processing
the second frame and DCDR2 processing the first frame. After eight such iterations, the
decoded bits are read out and the system starts processing a new pair of frames.
Figure 111.11(c) shows the design under a single shared bus architecture with
Frame _Memstoring all the input and intermediate frame data. Figure I11.11(d) shows
the design implemented using a multiple bus architecture, with DCDR1, INT/DE-INT
andFrame _MemImapped to AHB1, and DCDR2 afidtame _Mem2mapped to AHB2.
The input and output frame data of DCDR1 and DCDR2 are storEchime _Mem3land
Frame _Mem2 respectively. The INT/DE-INT block processes the output of DCDR1
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from Frame _Memland stores the interleaved datdHrame _Mem2 and de-interleaves
the output of DCDR2 fronfrrame _Mem2and stores it ilframe _Mem1 The system is
also operated underLExBuUs with dynamic bridge by-pass, using the bus configuration
policy described in Section Ill.E. All the buses were operated at 200 MHz.

Table 111.2 shows the performance of the system while processing two frames
each of size 1 KByte, in terms of the time taken for the decoding phase, and interleav-
ing and de-interleaving phase for each half-iteration, the total time to process both the
frames, and the corresponding data rate, under the different bus architectures. From the
table, we see that the multiple bus performs better compared to the single shared bus
during the decoding phase by avoiding bus conflicts between DCDR1 and DCDR2, but
suffers during the interleaving/de-interleaving phase due to the bridge overhead. By en-
abling dynamic by-pass of the bridge,#xBuUs performs much better than either static
architecture, achieving a data rate improvement of 34.33% over the single shared bus

and 30.27% over the multiple bus architecture.

Table 1ll.2: Performance of the UMTS Turbo decoder under different communication

architectures

Bus Architecture Decoding Interleaving/ Total Time | Data Rate
Phase (ns) |De-interleaving Phase (ns)|  (ns) (Mbps)
Single Shared Bus 20620 16080 587200 3.4877
Multiple Bus 10910 24680 569440 | 3.5965
FLEXBUS (Dynamic | jq5 16225 437120 | 4.6852
Bridge Bypass)

III.LH Conclusions

In this chapter, we illustrated that significant performance benefits can be
achieved by configuring the on-chip communication architecture topology in response to
variations in traffic characteristics. We presented@X¥B8uUs, a novel dynamically con-
figurable communication architecture, featuring two different configurability options:

(i) dynamic bridge by-pass, and (ii) dynamic component re-mapping, and described
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techniques for efficiently adaptingLExBus at run-time. Extensive experiments on
FLEXBUS using a commercial design flow to analyze its area and performance under a
wide variety of traffic profiles, and its application to the design of an IEEE 802.11 MAC
processor and a UMTS Turbo decoder, demonstrate its superiority over conventional

communication architectures.

The text of this chapter, in part, is based on material that has been published in
the Design Automation Conference, 2005, and material submitted to the IEEE Transac-
tions on VLSI Systems. The dissertation author was the primary researcher and author,
and the coauthors listed in these publications collaborated on, or supervised the research

that forms the basis for this chapter.



IV

Dynamic Management of SoC
Platforms with Configurable
Processors and Dynamic Data

Relocation

IV.A Introduction

In Chapter Il, we described several dynamic configurability features emerging
in SoC platform components, and motivated the need for platforms with multiple such
options, so that they can be better adapted to the applications’ requirements. We also
presented the concept of dynamic platform management for the holistic, run-time con-
figuration of such platforms. In this chapter, we propose SoC platforms featuring two
different configurability options, (i) configurable processors that support frequency and
voltage scaling, and (ii) flexible data relocation in memory, and explain how dynamic
platform management can be applied for such platforms.

Frequency and voltage scalable processors allow the operating clock fre-
guency and supply voltage to be dynamically changed resulting in a significant impact

on the processor energy consumption (Section I1.B.1). This is because the dominant
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source of power dissipation in digital CMOS circuits is the switching component of
power, which is given by? = p,C V2 f.x [142], wherep, is the switching activity in

the circuit,C7, is the load capacitancéy, is the supply voltage, ang.;. is the clock
frequency. The energy per transition is therefore given by [142]

= pCV (V1)

which implies that a reduction in the supply voltage leads to a quadratic reduction in

enerqy per transition =

the energy consumed. Reducing the supply voltage, however, increases the gate delay,

which can be approximated by

(jL X Vbd
:U’Cox(W/L)(Vdd - ‘/;5)2

delay = (IV.2)

wherey is the carrier mobilityC,,, is the oxide capacitancél” and L are the width

and length of the gate, respectively, dnds the threshold voltage [142]. Therefore, the
maximum speed at which a circuit can be clocked monotonically decreases as the volt-
age is reduced. These two relationships expose the trade-off between energy and speed
which can be exploited by varying the voltage, graphically depicted in Figure IV.1 [1].
Several frequency and voltage scalable processors are commercially available today,
such as XScale [49] and Crusoe [48].
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Flexible data relocation allows the data objects accessed by the executing ap-
plications to be relocated among the system memories at run-time. Correct data reloca-
tion requires that accesses to the relocated objects should find them at their new location.
Several techniques to enable this are discussed in Section 11.B.3. These techniques pro-
vide the capability of dynamically partitioning the application data among the different
memories. Since different data objects are accessed by different applications, and the
data objects accessed by an individual application may also change over time, there
might be a significant variation in the system memory access profile at run-time. Hence,
such data relocation, if applied intelligently, can provide significant benefits to the cache
and memory system performance, by adapting to run-time application behavior.

The reason for incorporating these two configurable features on the same plat-
form is that there is a dependence between the operating frequency and voltage, and
the placement of data in memory, as illustrated in this chapter. Therefore, integrated
dynamic platform management techniques, which take into account such dependencies

are necessary for the optimized configuration of such platforms.

IV.A.1 Chapter Overview

In this chapter, we propose dynamically configurable SoC platforms featuring
fine-grained frequency and voltage scaling, and flexible relocation of application data
between on-chip and external memory. We demonstrate the dependence between these
two configurability options, and motivate the need for their integrated configuration.
We illustrate the application of dynamic platform management to such platforms, and
describe the methodology in detail. The methodology enables optimized usage of avail-
able CPU and on-chip memory resources. As described in Section I1.C, the methodology
consists of two parts. In the first part, we develop detailed (off-line) characterizations
of how platform resource usage.g, CPU cycles, memory accesses) varies with the
characteristics of the set of executing applications. The second part consists of run-time
platform management algorithms that customize the platform for time-varying applica-

tion requirements. We demonstrate how our techniques can achieve significant gains in
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performance and energy efficiency by applying it to the design of a dual-access UMTS
and WLAN wireless security processing system. The system was implemented on two
different configurable platforms: (i) a StrongARM based platform, and (ii) the Altera
Excalibur development board. Experiments demonstrate that, compared to a convention-
ally optimized design (on the same general-purpose platform), the proposed techniques
enable up to 160% improvements in security processing throughput, and achieve 59%
energy savings (on average).

The rest of this chapter is organized as follows. In Section IV.A.2, we describe
related work. In Section IV.B, we describe the configurable platform architecture that we
consider in this chapter. In Section IV.C, we illustrate, using the UMTS/WLAN security
processing system as an example, the execution of the system based on dynamic plat-
form management, and the advantages it provides. In Section IV.D, we present details of
the methodology, considering the key steps, and algorithms employed. We present ex-
perimental results in Section IV.E that evaluate the performance and energy-efficiency of
the developed security processing system, and compare it to a conventionally optimized

design. Finally, we conclude in Section IV.F.

IV.A.2 Related Work

A significant body of work has emerged relating to dynamic scaling of pro-
cessor frequency and voltage (DVS) to take advantage of available slack in processing
workloads. These techniques are described in Section I1.B.1. Techniques for relocating
application data at run-time have also been proposed as described in Section 11.B.3.
Most data relocation techniques are applicable only for single applications, and are
compile-time, relying on the compiler to analyze the behavior of the application and
insert appropriate code to perform data relocation. Therefore, such techniques would
perform poorly in the presence of multiple time-varying applications. In contrast, our
dynamic platform management methodology analyzes the requirements of multiple ap-
plications and globally optimizes the placement of data in memory. Also, previous

works consider the configuration of the frequency and voltage, and data placement in
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isolation. In this work, we analyze the interaction between these two configurability

options and present integrated platform optimization techniques.

IV.B  Configurable Platform Architecture

Platform i Platform | On-Chip Memory |
Frequency i Voltage | Configuration
: : E $ .
Configurable Platform Architecture H Programmable] |
Programmable | ||  DC/DC '
Instruction PLL (f,;,— £ converter
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emory j 1
- Controller 1€ Memory

Figure IV.2: A general-purpose configurable platform architecture, featuring frequency

and voltage scaling, and flexible data relocation

The configurable platform architecture proposed in this work is shown in Fig-
ure IV.2. It consists of an embedded processor core, a small and fast on-chip data mem-
ory (SRAM), and an instruction cache. Such dedicated on-chip memories are often
used in embedded systems in place of data caches, to reduce power consumption, ex-
ploit application characteristics, and obtain more predictable execution [143, 144]. The
platform is also connected to a larger and slower external memory through an exter-
nal memory controller. The platform may contain other hardware peripherals such as
UARTS, timers, interrupt controllerstc

The platform features two dynamic configurability options. First, the platform
can be operated at a set of discrete frequency and voltage levels, which can be changed
dynamically. This is enabled through the use of programmable clock generators (PLLS)
and programmable, variable voltage DC/DC converters (Figure IV.2). Second, it fea-

tures flexible data relocation that supports the dynamic partitioning of the data objects
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used by the various software tasks between the on-chip data memory and the external
memory. This provides the flexibility of selecting at run-time, an optimized set of data
objects for storage in the on-chip memory depending on the applications’ requirements.
Data relocation can be enabled using various technigues such as through the virtual-
to-physical address mapping, base pointer regisetegSection 11.B.3). In this work,

data relocation is provided using the “cache locking” feature available in many data
caches [145, 146]. Cache locking allows specified cache lines to be locked so that the
data in them is not replaced by a linefill. Locking all the lines of the cache, therefore,
enables it to be used as dedicated on-chip data memory. The cache locking mechanism
is controlled through programmable cache control registers [146]. To relocate a data
object to the on-chip memory, first cache locking is disabled, the data object is accessed
so that it is loaded into the cache, and then the cache is again locked down. To relocate
a data object back to the external memory, cache locking is disabled, the relevant cache
lines are cleaned and marked as invalid, after which the cache is locked again. On data
relocation, future references to the relocated data objects find them at their correct loca-
tion using the normal cache addressing mechanism: if the data object is in the on-chip
memory, it results in a cache hit, whereas if it is in external memory, it is accessed (but
not loaded into the on-chip memory if it is locked) after a cache miss.

The space of platform configurations is defined by two dimensions. The first
dimension consists of differefif, v) pairs, which define clock frequencies and their as-
sociated supply voltage values. The second dimension consists of the different ways in
which the set of data items (accessed by the tasks) can be partitioned between on-chip
and external memory. For a set of data itebhs- {D,, Ds, ..., D, }, a configuration of
the on-chip memory is defined by a 98§, C D, such that the total size of items in
D,,, does not exceed the capacity of the on-chip memory. A candidate platform config-
uration is defined by f, v, D,,). A configuration is successful in meeting performance

requirements, if the associated CPU utilization is no more than 100%.
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IV.C Demonstrating Platform Management for Security Processing

In this section, we illustrate the operation and advantages of dynamic plat-
form management for the platform described in the previous section, using a dual-access
(UMTS and WLAN) security processing system as an example. We first describe the
security processing tasks, and their mapping to the platform architecture. Next, we
highlight the space of available platform configurations. We then illustrate the prob-
lems associated with configuring the platform statically, and finally, illustrate how dy-
namic platform management chooses optimized platform configurations at run-time, and
thereby achieves desired security processing throughput, and improvements in energy-
efficiency. The experiments were performed using cycle-accurate, instruction-set sim-
ulation of a StrongARM based platform architecture, details of which are presented in
Section IV.E.1.

IV.C.1 Case Study: UMTS and WLAN Security Processing

The system implements Layer 2 security protocols of two wireless standards:
the Universal Mobile Telecommunications System (UMTS) for third generation cellular
networks [147], and the IEEE 802.11b standard for wireless LANs [121]. Our design
is motivated by the emergence of converged handsets, capable of simultaneous com-
munication over multiple wireless interfaces [148, 149]. The need to support upgrades
(due to the evolving nature of security protocols), while achieving high security pro-
cessing throughput and energy-efficiency, makes a general-purpose, programmable and
configurable platform a suitable implementation choice (Figure 1V.2).

The dual-access security processing system executes two tasks. The UMTS
task is responsible for ciphering and integrity of UMTS frames [147]. Each UMTS
frame may be ciphered and integrity checked, or only ciphered, depending on the frame
type. All frames are ciphered using tf@ algorithm. In addition, signalling frames
are also integrity checked using a 32-bit Message Authentication Code, computed using

the f9 algorithm. Bothf8 andf9 are are based on tHeASUMI block cipher [147].
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The WLAN task (defined in [121]) is responsible for encrypting Layer 2 frames (if
encryption is enabled) using the Wired Equivalent Privacy (WEP) protocol, which is
based on a 64 bit symmetric key stream cipher, and computing a Frame Check Sequence
(a 32 bit CRC) for data integrity. While processing a UMTS (or WLAN) frame, the
UMTS (or WLAN) task accesses a set of data objeetg,(CRC tables, substitution
tables, the program stack, frame datg.

The security processing tasks (UMTS and WLAN) are mapped to the config-
urable platform described in the previous section. The specific instance of the config-
urable platform architecture that we consider in this example is based on a StrongARM
processor core [150], described in detail in Section IV.E.1. The size of both the instruc-
tion cache and the on-chip data memory is 1.5 KBytes. The UMTS and WLAN tasks
execute on the StrongARM core, and the various task data objects are partitioned be-
tween the on-chip and external memory (since all the items cannot be accommodated
in the on-chip memory). The tasks individually exhibit significant dynamic variation in
their CPU requirements and memory access patterns, due to variable data rates, frame

types and frame size distributions.

IV.C.2 Platform Configuration Space

Figure 1V.3 depicts three workload scenari@Gsse 1 Case 2andCase 3 For
all cases, both the UMTS and WLAN tasks are active, and are processing respective
frames. In this example, the frame characteristics are held constant (as shown in Fig-
ure IV.3), while the data rate of each task varies as shown. Below each case, we show
a pair of tables, one for each of the two tasks. The UMTS tabl€ase 1depicts a
space of possible platform configuratioffsV, Dy rs), with the CPU% consumed by
the UMTS task under the given workload. For example, row 1 of Table UMTS-Casel
indicates that if the platform is operated at 206 Mhz, 1.5 V, and ifSheck , Key
Schedule (KS) , andS7 data items are stored in the on-chip memory, then while
processing 5114 bit signalling frames at 1.8 Mbps, the UMTS task consumes 57.8% of
the CPU. A similar table is presented for WLAN-Casel, and for the other cases.
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Figure 1V.3: Dynamic selection of optimized platform configurations for UMTS and WLAN security processing
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At any given time, a candidate platform configuration is defined by a pair of
rows, one from each table, such that the following two conditions are met: (i) the fre-
guency and voltage in the two selected rows are identical, (ii) the total size of the data
items stored in the on-chip memory is less than its capacity. A platform configuration
that satisfies these conditions, and achieves no more than 100% CPU, will satisfy per-

formance (data rate) requirements.

IV.C.3 Security Processing: Static Configuration

We first consider the execution of the platform for each of the three cases de-
picted in Figure V.3, when it is statically configured. The particular static configuration
that we choose is one that is optimized for a large space of requirements (details in
Section IV.E.1). Figure IV.3 illustrates the sequence of platform configurations, show-
ing how, in this case, the pair of “selected rows” remain fixed over time (indicated by
A). The static configuration is defined kY, V, D,,), wheref = 206Mhz, V =
1.5V, D,, = {Stackyurs, KSuurs, STuurs, S — Tableyray, Stackyay }. INspection of the
CPU% figures for this architecture indicates the following problem. WhileCiase 1
the total CPU% i$7.76 + 42.11 = 99.87%, in Case 2 the rows corresponding to the
static architecture/) have CPU% values that add up to 110.58%, indicating that the
static architecture is not capable of satisfying the processing requirements imposed by

Case 2

IV.C.4 Security Processing: Dynamic Platform Management

We next illustrate the execution of the security processing tasks with the pro-
posed dynamic platform management technique, for the three cases considered in the
previous example. The platform management technique considers (i) time-varying re-
guirements imposed by the individual tasks (by examining workload parameters, such as
frame sizes, types, and data rate requirements), and (ii) pre-determined characteristics
of each task, to choose an optimized configuration of the platform. For example, un-

derCase 1 the platform management technique chooses a platform configuration that
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is identical to the static configuration used in the previous example. However, as the
requirements imposed by the applications change, the selected platform configuration
may change, as illustrated next.

When the requirements change frabase 1to Case 2 the platform man-
agement techniques consider the space of possible platform configurations available to
further optimize the system fdCase 2(defined in Tables UMTS-Case2 and WLAN-
Case2). Recall that a pair of rows from these uniquely defines a platform configuration.
Clearly the pair of rows labeled with. define a platform configuration that cannot meet
the requirements imposed Base 2(total CPU exceeds 100%). A possible configura-
tion is the one defined by the pair of rows labeled witk.aThis configuration differs
from the previous one in terms of the set of data items stored in the on-chip memory:
the itemsS7yyrs andStacky .y are replaced bgRC — Tabley . Under the new con-
figuration, the CPU% consumed by the two tasks are 15.17% and 82.12%, resulting in
a total of 97.29%, which is less than 100%. Hence, this is determined to be a platform
configuration that satisfie€Sase 2

However, the platform management technique does more than just select an
alternate set of data objects to be stored in memory. It does this in a manner so as
to minimize wasted CPU cycles, and hence increase CPU availability. To illustrate
this, considerCase 3 where in the static case, (denoted hy, the total CPU% is
6.42 + 77.20 = 83.62%. Even though this configuration meets performance require-
ments comfortably, the platform management technique considers the space of possible
configurations that might result in more efficient use of the CPU. For example, to pro-
cess the workload dfase 3 the configuration defined by the pair of rows labeled with
T results in 77.82% CPU utilization, whereas the configuration defined by the pair of
rows labeled withi result in 72.42% CPU utilization. The platform management tech-
nique selectg overf, sincei achieves 13% savings in CPU cycles, whilachieves
only 7% savings. Reducing CPU utilization can enable (i) accommodation of other pro-
cessing tasks (if they exist), or (ii) in our case, reductions in power consumption via

frequency and voltage scaling. In the example, the platform management technique se-
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lects a configuration defined by the pair of rows labeled witlExploiting the resultant

CPU slack enables operating the platform at a lower frequency (118 Mhz) and voltage
(1.05 V), leading to energy savings. Note that, if the memory configuration defirfed in
had been used, then the platform would have had to be operated at 133 Mhz and 1.1V,
which would have led to higher power consumption. On the other hand, if the platform
was operated at 118 Mhz (the optimum speedijoit would have led to a total CPU

utilization of 104.1%, resulting in failure to meet performance requirements.

From this example, we draw a few important conclusions:

e Tasks can exhibit significant dynamic variation in their workload characteristics,
resulting in a wide range of processing requirements imposed on a platform.
While we considered data rate as a variable parameter, the platform resource us-
age profiles could vary significantly due to several other factarg (he exact set

of tasks currently active, and frame properties, such as frame types,etges,

e Dynamically configuring the platform while exploiting (i) an accurate characteri-
zation of application tasks, and (ii) a detailed knowledge of the platform architec-
ture can help improve platform resource utilization (CPU, memory), resulting in

performance improvements, and large energy savings.

e Platform management techniques should be based on tightly coupled algorithms
for dynamically optimizing different components and parameters for maximizing
performance and energy-efficiency. The example illustrated how usage profiles of
different platform components are interdependent, and demonstrated how intelli-
gent use of an on-chip memory helps free up CPU cycles (by reducing the number
of slow external memory accesses), enabling larger CPU headroom, or potential

power savings.
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IV.D Dynamic Platform Management Methodology

In this section, we describe the details of the dynamic platform management
methodology for the proposed configurable SoC platform (Section IV.B). We first define
terminology, and then go on to describe (i) the off-line task characterization step, and
(i) the dynamic platform management algorithms that optimize the platform configu-
ration at run-time, so as to meet performance requirements, while minimizing energy

consumption.

IV.D.1 Terminology

We consider tasks with periodic arrivals, having soft real-time require-
ments. At a given time, let the set of currently executing tasks be denoted by
T = {11, T5,...,Ty}, whereM < MAX, the total number of tasks in the sys-
tem. Associated with each tagk, wherel < i < MAX, is a set of data objects,

D; = {d;,,...,d;n}. A data object refers to a logical data structure, or data block,
that can be addressed contiguously by the task. For example, the CRC table used for
computing the 32 bit checksum in the WLAN task is a data object. Each data object,
d; ;, has an associated maximum size. Each instance of a task, has a time-interval

P;, within which it has to finish executing. Le{; = {n;,n;2, ..., nin, } denote a set
consisting of the number of accesgésnakes to each data objecti in time-interval

P; (i.e., there is a one-one mapping betwaepand V;). Let C; denote the number of
processing cycles (excluding data memory access cycles) required by each instance of
the task7; in the time-intervalP;,. GivenD,,,, the set of data objects in on-chip memory,

the execution timé’T; for each instance of a tagk is estimated using the following:

Text 1
i

where(; is the number of processing cycl€s,, .., iS the number of cycles to access

ET, = (O, + nCon,chip + (N - n)(( (|V3)

on-chip data memory,,,, is the time to access external mema¥y= " N; is the total
number of data accesses= >, .cp,, 7, IS the number of data accesses to on-chip

data memory, and is the operating frequency. The non-linear effects due to external



80

OtasksT, 0 Task_Set={T,, T,, ..., Ty,a» determine

*D;={d,, ...,d p}, the set of data items df

*S ={su ---»S m } the set of maximum sizes of the data items

* parameterized formulae for estimating
N, ={n.;, ..., n;m}, the set of number of accesses to each
data item per task instance

« parameterized formula for estimati@g, the number of
processing cycles per task instance

Off-line Task
Characterization

I
I
I
|
I
|
|
I
|
I
I
I
I
I
I
I
I
I
I
I
|
|
|
|
I
I
I

At each task instance arrival, given {T,, ..., T,} O Task_Se#re active

* On-Chip Memory Configuration "
Select a subset of the data iteig, [J UD. , to be placed in
on-chip memory that

maX|m|zes ED n"H while ED s.<size . where
Ed dl,]D on

P, is the time interval of task andsize is on-chip memory size

* Frequency and Voltage selection

- Select the lowest frequendy){f, <f, < ..... <f. .4 such that
i(ETi)f,DOHSI whef€T), . is the execution time offtask

at frequency andD_, placed in on-chip memory

\ - Select the corresponding voltage level

Dynamic Platform Management
—

Figure 1V.4: Dynamic platform management methodology

memory are accounted for by tlﬁé%ﬂ term. The values of’,,,_.,;, andT,,, depend
on the platform.

In order to dynamically determine the optimized platform configuration, the
platform management algorithms are provided with certain characteristics of the tasks
which execute on the platform. This task specific information is obtained by character-

izing each task off-line, using a procedure we describe next.
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IV.D.2 Off-line Task Characterization

The steps performed in this off-line phase are illustrated by the first box in
Figure 1V.4 and the resulting characterization tables are illustrated by Table IV.1. For
each task7;,1 < i < M AX, which potentially executes on the platform, all the data
addressed by the task is first divided into a set of logical data objpgtsEach data
objectd; ; € D; should be contiguously addressable by the task. Next, the maximum
sizes of these data objects ( values) are determined through a combination of analysis
and simulation. Each data objett; is then characterized by the number of times;,
it is accessed by an instance of its associatedfadk general, the value of; ; varies,
depending on dynamically variable parameters of the tagk,(and properties of the
data being processed. For example, in a security processing system, the parameters
may include the encryption key lengths, frame lengths and frame types. Hence, the
result of this step is a set of formulae/models for estimating the number of accesses
to each data object at run-timgs; ;). In addition, similar models for estimating the
number of processing cycle§;, for each task instance are developed. Note that, we
base our estimation models on parameters whose values can be obtained at task arrival.
If such parameters are not available, accurate off-line estimation may prove difficult.
While considering such tasks is beyond the scope of this work, we believe that our
methodology can be extended to incorporate predictive strategies for estimating task

characteristics at run-time ( [151]).

Table IV.1: Task characterization tables

Task Data ltemsMax Size Estimated Number Proc. Cycles
(dy) (sp) of Accessesn, ) (C)

diq Si1 Ny =g Py Pro )
dp Si2 Ny =Ny, Py Pro ) C,=

fny (Pry Pro )

dl,m1 sl m nl, rmz 1:nl, m (pl,lv p1,2' )
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Once these characterization tables are generated, they are incorporated into the
dynamic platform management algorithms (Figure 1V.4), which use them to optimize
the platform configuration at run-time. Note that, in order to incorporate a new task into
the platform, or to target the platform to a new set of application tasks, the platform
management implementation remains the same. Only this off-line characterization step
needs to be performed to generate the required tables, and provided to the platform
management algorithms. In the next subsection, we describe how these characterization

tables are used to select optimized platform configurations at run-time.

IV.D.3 Dynamic Platform Management Algorithms

At the arrival of each task instance, the dynamic platform management tech-
niques choose an optimized configuration by (i) deciding on the on-chip memory con-
figuration, and (ii) calculating a “memory-aware” frequency and voltage setting (Fig-
ure IV.4). We next describe how the memory, and frequency and voltage decisions are
taken. Finally, we discuss the implications of the overhead imposed by the platform

management algorithms.

On-Chip Memory Configuration

The task of configuring the on-chip memory consists of dynamically selecting
the optimal set of data object®),,, to be placed in on-chip memory given a set of
executing tasks. Given two different on-chip memory configuratiéahs; and D,,.,
the one which reduces the CPU stall cycles as it waits for external memory is better,

since it results in more efficient (lower) CPU utilization. Since the total CPU utilization
ET;

7,

is given byy" ., £

, therefore,D,,,; is preferable taD,,., if :

ETzD ET;p

— " uPonl on2 |\/.4
; P (IV.4)

=1
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where M is the number of currently executing tasks]; is the execution time of task
T; and P; is its time-interval. Using Equation 1V.3 and solving the above inequality, we
get:
DD D )
dij€Don1 ¢ dij€Dony

Equation IV.5 holds, provided on-chip memory access time is less than external mem-
ory access time (which is true). Hence, that on-chip memory configuration, which max-
imizes the rate of on-chip memory accesses, is optimal. This is subject to the con-
straint that the set of selected data objects fit within the limited on-chip meimery,
>4 ;€D Siyy Should not exceed the size of the on-chip memory (Figure IV.4). The
problem of optimizing the on-chip memory can be formulated in terms oKtiegsack
problem (which isNP-complete [127]). Hence, we use a greedy strategy to dynami-
cally choose the séb,,, by using%,/jpi, the ratio of the rate of memory accesses to the
size of the data object, as the cost function. Since this involves sorting the data objects
according to the cost function, the complexity of the memory configuration decision is
O(nlog(n)), wheren is the total number of data objects belonging to the active tasks.

As optimizing the on-chip memory configuration frees up CPU cycles, this

enables the possibility of operating the CPU at a lower frequency and voltage setting.

Frequency and Voltage Setting

After optimizing the on-chip memory configuration, the dynamic platform
management layer selects the frequency and voltage at which to operate the platform
(Figure IV.4). Accurate off-line characterizations of the tasks, and knowledge of the
currently selected memory configuration, enables the platform management layer to ag-
gressively scale the operating frequency and voltage. A pre-emptive EDF scheduler is
used for scheduling the arriving tasks, and the schedulability test for EDF [152] is used

to determine the lowest frequengyfamong a set of discrete frequencies of the platform,
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f1 < fa < ... < fmae) @t which the set of active tasks can still meet their performance

requirements. The frequency is determined from the following:

M ET,
;7( ]lfD =1 (IV.6)
where(ET;)y.p,, IS the execution time of the currently active instance of tgskun-

der frequencyf and with the set of data objects,, in on-chip memory (from Equa-

tion IV.3), andP, is the execution time-interval af;. The voltage level is selected cor-
responding to the selected frequency setting. The complexity of frequency and voltage

selection igD(n), wheren is the number of active tasks in the system.

Platform Management Overhead

The overhead associated with a platform configuration decision involves (i)
the time taken to select the new platform configuration, (ii) the time taken to re-program
the platform frequency and voltage, and (iii) the time taken to reconfigure the on-chip
memory. The time for selecting the new configuration depends on the number of active
tasks in the system and the corresponding total number of data objects. For example, for
the security processing system described in Section IV.C, the time taken to select the new
memory, frequency and voltage configuration, when both the UMTS and WLAN tasks
are active, is approximately 1@s. Many commercial platforms feature fine-grained
frequency and voltage scaling, where the frequency and voltage can be changed with
very little overhead. For example, the time taken to change the frequency of the Stron-
gARM processor is approximately 1583 [153]. The worst-case time for reconfiguring
the on-chip memory is approximately 208, which occurs when the entire contents of
the on-chip memory are re-organized (assuming a clock frequency of 206 Mhz, single
cycle on-chip memory access abltlns external memory access time).

Platform management decisions are potentially taken at the arrival of each
task instance. If the times between successive task arrivals are kardé,us), then
platform configuration decisions can be made at each task arrival with insignificant over-

head. However, if the task time-periods are small (say hundreds) dfien the overhead
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of platform configuration may out-weigh its benefits. In such cases, platform configu-
ration decisions need to be taken at coarser time-scales. For example, the platform
management decisions may be taken at the arrival of the first task following the expi-
ration of a fixed time interval. Since workload characteristics of future task instances
are unknown, history-based prediction strategies can be used to estimate future task
characteristics. In our work, we found that using(ams interval between platform

management decisions proved to be effective.

IV.E Experimental Results

In this section, we present experimental results that evaluate the effectiveness
of applying the proposed platform management techniques to the dual-access UMTS
and WLAN security processing system described in Section IV.C.1. Two sets of exper-
iments were performed, in which the system was mapped to two different instances of
the proposed configurable SoC platform (Section IV.B): (i) a StrongARM [150] based
platform, and (ii) the Altera Excalibur system-on-a-programmable-chip (SOPC) [28].

We next describe each of these sets of experiments in detail.

IV.E.1 Application to StrongARM based platform

Platform Description

The configurable platform features the StrongARM embedded processor
core [150], which can be operated at a range of discrete frequencies from 59 Mhz to
206 Mhz, with corresponding voltage levels from 0.83 V to 1.5 V [154]. The overhead
of frequency and voltage scaling is assumed to be constant atsiA®3]. The proces-

SOr can access an instruction cache and a data cache, both of size 1.5 KBytes. The data
cache is used as a dedicated on-chip data memory, and application data objects can be
relocated between this on-chip memory and an external memory, using the cache lock-

ing mechanism (described in Section IV.B). Accesses to the on-chip memory and cache
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are single cycle, and external memory access timé iss. The overhead of relocating

data objects depends on the size of the data and the memory access times.

Experimental Methodology

Optimized C implementations of the UMTS and WLAN security algorithms
were compiled using the ARM C compilarmcc[155] (with maximum optimization)
and were targeted to the platform described above. The experiments consider two vari-
ants of the example system. The first variant consists of a statically optimized config-
uration of the platform, where the platform is always operated at 206 Mhz and 1.5V,
with the on-chip memory configured as shown in row 1 of the tables in Figure IV.3. The
second variant incorporates the dynamic platform management techniques described in
Section IV.D, where the on-chip memory contents, and operating frequency and volt-
age are determined at run-time. The overhead of platform configuration was taken into
account. The performance of the system under a given workload was measured using
cycle-accurate instruction-level simulation of the platform architecture usRIglu-
lator [155]. The power consumption was estimated using a cycle-accurate, software

energy profiling toolJouleTraci154].

Off-line Task Characterization of UMTS and WLAN

Table IV.2 shows the results of performing the off-line task characterization
step (Section 1V.D.2) for the security processing tasks: UMTS ciphering and integrity,
and WLAN encryption and checksum, for the platform described above. The data ob-
jects accessed by the UMTS task are its St&thgk ), the Key Schedule|S), theS7
andS9 lookup tables, and the UMTS framEra@me). The WLAN data objects include
its Stack Stack ), the State TableS-Table ), the CRC TableCRC-Table ), and the
WLAN frame (Frame). The number of accesses per data item and the processing cy-
cles requirement for UMTS depend on both the frame gizand the type of frame (for
user frames, only the first parenthesized term is used, while for signalling frames, both

the terms are used). The corresponding estimation formulae for WLAN depend only
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Table IV.2: Characterization of the security processing tasks for the StrongARM based

platform
Data |Max Estimated Proc.
Task Items Size Number cles
(d)) (sy) of Accesses (n;;) C)

Stack 120 |(19.5[0/8[+520.5)+(18.51/8(3726.5)
KS | 128 (6411-1/6403-256)+(6400+1/643-320) |(146.15 (/8L
UMTS|  S7 | 256 | (480-1/643-96)+(48(1+1/64(3-144) | +3176.71)+
S9  |1024| (48[1-1/64(3-96)+(481+1/64(3144) |(131.95 (/80

Frame 11340 (20/83-35)+([/8[3-40) +4796.72)
Stack | 96 272
| STable |256 101+1322
WLAN CRC Table|1024 21+40 36l+5807
Frame |4654 41+54

on the frame size. These characterization tables are used by the platform management

algorithms to select optimized platform configurations at run-time.

Impact of Dynamic Platform Management on Performance

This experiment evaluates improvements in security processing throughput
made possible by the proposed techniques. For this experiment, we considered the
“space” of possible data rate requirements of the UMTS and WLAN security processing
tasks. We keep other characteristics, such as frame sizes and types constant. For each
architecture, we measured the maximum pairwise achievable data rates (those achieved
when the platform is maximally utilized). Figure IV.5 presents these results for the
considered data rate space. The region on the left of each 100% CPU contour indicates
data rate pairs that the corresponding architecture can satisfy.

From the figure, we observe that dynamic platform management enables the
security processing system to satisfy a larger space of data rate combinations, compared
to the statically configured system, facilitating large improvements in performance. For
example, (in the absence of WLAN traffic) while the static configuration can achieve

3.1 Mbps UMTS throughput, the dynamic case can sustain a maximum data rate of
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Figure IV.5: Dynamic platform management for the StrongARM based platform: space

of achievable data rates and CPU efficiency

4.1 Mbps, a 33% improvement. Similarly, upto 21% improvements can be achieved for
WLAN data rates. We exhaustively examined all possible static configurations of the
platform, and found this configuration to be the one that meets the largest space of data
rate requirements. By outperforming this static configuration, the dynamic platform
management technique demonstrates that it can achieve significant performance gains

over any static configuration.

Impact of Dynamic Platform Management on CPU Load

In practice, situations may often arise where data rate requirements are far
lower than the maximum achievable values. We next demonstrate that even in cases
where performance requirements can be met by the static configuration, it is still ad-
vantageous to use the dynamic platform management techniques. Figure IV.5 indicates

portions of the data rate space, where both architectures can meet performance require-
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ments (area to the left of the 100% contour for the static configuration). However, for
a large fraction of this space (shaded grey), dynamic platform management results in

fewer cycles being expended, hence improving CPU availability.

100

O Dynamic Platform Management B Static Configuration
80 +—
g 60 +—f ]
) No free CPU cycles under
Ij'::) Static Configuration
2 0 No free CPU cycles under
s T Dynamic Platform
>
S Management\
o]
o 20 +—
3) 0
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0 ‘ ‘ ‘ ‘
UMTS: 53 Kbps UMTS: 146 Kbps UMTS: 292 Kbps UMTS: 337 Kbps
WLAN: 2 Mbps WLAN: 5.5 Mbps WLAN: 11 Mbps ~ WLAN: 12.7 Mbps
-20

Increasing Security Processing Load

Figure IV.6: CPU fraction left-over from security processing under static configuration

and dynamic platform management

To quantify this advantage, we performed an experiment where a set of dis-
crete data rate pairs were considered. For each pair, we measured the fraction of CPU
cycles left over from security processing, under the static configuration and with dy-
namic platform management. The results of these experiments, along with the data rate
pairs used (in increasing order of imposed load), are presented in Figure IV.6. The figure
shows that for all cases, the dynamic architecture makes more CPU cycles available than
the static architecture. The effect is more significant at higher CPU loads. For example,
in the casg337Kbps, 12.7Mbps), while the static case “just” meets the requirements
(CPU availability is 0%), in the dynamic case, the same requirements are met, with

12.14% of the CPU left over. The increased availability of the CPU (free cycles) can be
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exploited to process other tasks, or reduce the frequency and supply voltage, and hence
reduce power consumption.

The case(384Kbps,14.5Mbps) is of special interest. The results of Fig-
ure 1V.6 show that the static architecture needs 14% more of the CPU than is available,
hence cannot meet the requirements imposed by the data rates. However, for this case,
dynamic platform management chooses an optimized platform configuration, which en-
ables satisfying the imposed requirements.

In summary, Figures IV.5 and IV.6 demonstrate that the proposed dynamic
platform management techniques (i) increase the space of maximum achievable perfor-

mance of a configurable platform, and (ii) result in more efficient use of the CPU.

Impact of Dynamic Platform Management on Energy

In this experiment, we evaluated the power savings made possible with the
proposed dynamic platform management techniques for the StrongARM based plat-
form. For this experiment, we considered a dynamically varying workload consist-
ing of varying tasks, data rate requirements, randomly varying frame size and types
(Figure 1V.7(a)). We compared the total energy consumed by the static configuration
with that consumed with dynamic platform management while processing this work-
load. Figure IV.7(b) illustrates how the two platform parameters (frequency and on-chip
memory) vary with time in the dynamic case, and Figure IV.7(c) plots a time profile of
the total energy consumption. From Figure IV.7(c), we observe that the dynamically
configured architecture achieves 59% energy savings compared to the static case. In
both cases, all performance requirements were met.

It should be noted that the savings in energy consumption are due, in large part,
to careful exploitation of the interdependence between on-chip memory configuration,
CPU slack, and voltage scaling. To evaluate the benefit of our integrated approach, we
measured the energy savings via traditional dynamic voltage scaling (DVS) [156], while
keeping the on-chip memory configuration constant. From the cumulative energy plot

corresponding to DVS in Figure IV.7(c) we observe that dynamic platform management
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Figure IV.7: Energy savings using dynamic platform management: (a) varying UMTS
and WLAN workload; (b) platform configuration sequence; and (c) cumulative energy

profile
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achieves 39% energy savings over DVS. These results demonstrate that the described
platform management approach can be used to enhance system energy-efficiency over

and above conventional techniques.

IV.E.2 Application to Altera Excalibur SOPC
Platform Description

The Excalibur chips from Altera [28] combine a processor, memory, logic and
FPGA, enabling designers to integrate entire systems on a single device. Figure V.8
shows a block diagram of the Excalibur platform [157]. It consists of two regions, (i)
the stripe region, which contains hard-coded logic and memory, and (ii) the PLD region,
which contains an FPGA. The stripe region features an ARM922T [146] embedded pro-
cessor, with separate 8 KByte instruction and data caches, and memory management
unit (MMU) support. The caches support locking, thereby enabling the data cache to
be used as a dedicated data memory. It also contains a single port SRAM and a dual
port SRAM. External interface ports are provided in the stripe to interface the platform
with external memory (SDRAM, Flaskic). Data relocation can be performed between
external memory and the on-chip data memory using the cache locking mechanism, as
described in Section IV.B. The platform can be operated at a maximum clock frequency
of 200 Mhz, which can be changed at run-time via the phase lock loop block (PLL) us-
ing programmable registers. The bus architecture of the platform consists of two buses,
AHB1 and AHB2, which conform to the AMBA high performance bus (AHB) spec-
ifications. The stripe also contains other peripherals, such as UART, timers, interrupt
controller, bridgesetc The PLD region contains programmable logic which can be

used to implement upto a million gates.

Experimental Methodology

The UMTS and WLAN security processing system was implemented on the

Excalibur EPXAL development board from Altera [158]. Figure 1V.9 shows a photo-



Extsnal
Inbafacs
PO o

Fash RO#d

Embsdded Processar Siips

ARMEZT
T mangt | v
+ ML

i

¥
Coni
AHE12 | S o
Eridge Lopis
Koaier W bar
§ 'l
I =
PLO- Etrips-
Masber | 'p " | sl Eng- — -
an Pait l.l-:\:l.ln FLD
Eml; ERAM 0 Eridga
;{:; Fort & FuriE Etrip= Infariace AHE
Pott Uisgd For ik poit SR AR wih dedicaizd "m"“
F'Ll:a:l:-n-:-:n'rn:ha:l:mhﬂ.l-ﬂ1a-d
B
User Modulas Fiequining
Diret Access i
BLD L, e Uzer's Elave Wadulasin s FLD

Source: Altera Corp.
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93



94

graph of the experimental setup. The Excalibur chip on the board is connected to a
Flash memory, which is used during system bootup, and an SDRAM, which is used
during program execution. The board is interfaced with a host computer to control sys-
tem execution and display execution statistics, using a serial connection via the on-chip
UART. The platform’s supply voltage is fixed, and therefore does not allow voltage scal-
ing. ! The instruction and data caches of the ARM922T processor are large enough to
contain all the code and data of the security processing programs. Therefore, in order
to illustrate dynamic data relocation for this system, only 1.5 KBytes of each cache
was used, the rest remaining unused. The data cache was used as a 1.5 KByte on-chip
data memory using cache locking. The PLD region of the platform was not utilized for
this experiment. We next describe how the dynamic platform management framework,

described in Section II.C, was implemented for this system.

Figure IV.9: Experimental setup for demonstrating dynamic platform management using

the Altera Excalibur development board

System boot code and an operating system (OS) were implemented for provid-
ing an execution environment for the applications. The OS is responsible for scheduling

the executing tasks (in this case, UMTS and WLAN security tasks) on the processor,

'Due to this reason, we could not demonstrate energy savings under dynamic platform management for this
platform.
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using the earliest deadline first (EDF) algorithm. It is also responsible for handling
interrupts and for communicating with the host computer. The OS code and system
data structures (process tables, page table3, are mapped to the on-chip single and
dual port SRAMs. “Adapters” are provided by the OS for configuring the platform fre-
guency, and for performing data relocation between the external SDRAM (where the
applications’ data objects are mapped) and the on-chip data memory. The adapters can
be invoked via system calls. The frequency adapter changes the platform frequency by
writing to a set of registers in the PLL block. The data relocation adapter relocates ap-
plication data using the data cache locking mechanism via cache control registers, as de-
scribed in Section IV.B. The UMTS and WLAN security algorithms were implemented

in C. The applications’ code and data was mapped to the external SDRAM. The UMTS
and WLAN tasks process frames from respective frame buffers, and change their data
rate requirements periodically. The programs were instrumented to provide information
about run-time frame characteristics and data rate requirements to the dynamic platform
management layer using APIs implemented as system calls. The platform management
layer is tightly integrated with the OS. On being invoked, it uses the information pro-
vided by the UMTS and WLAN applications to (i) select the placement of the UMTS
and WLAN data objects between the external SDRAM and the on-chip data memory,
and (ii) select the operating frequency for the platform, using the algorithms described
in Section IV.D. It then applies the selected configuration by invoking the adapters via
system calls. The system execution statistics (data rate achieved for each application,
number of missed deadlinestc) are collected by the OS, and periodically displayed

on the host computer.

Impact of Dynamic Platform Management on Performance and CPU Load

We evaluated the space of achievable data rates for the UMTS and WLAN
security processing tasks, executing on the Altera Excalibur platform described above,
under two variants of the system: (i) a statically optimized platform configuration, where

the clock frequency is set at 200 MHz, and the on-chip memory is configured as shown
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in row 1 of the tables in Figure V.3 (this was evaluated to be the best static config-
uration since it satisfies the largest space of data rate requirements among all static
configurations), and (ii) the platform operating under dynamic platform management.
Figure IV.10 shows the results of this study. From the figure, we observe that the plat-
form operating under dynamic platform management can satisfy a much larger set of
data rate requirements compared to the static case. For example, when WLAN exe-
cutes alone, the dynamically configured platform can achieve a data rate of 12.9 Mbps
compared to 4.95 Mbps for the static case, a 160% improvement, while when UMTS
executes alone, platform management enables data rate improvements of up to 51%.
Figure V.3 also shows regions of the data rate space (shaded gray) where al-
though the static configuration can satisfy the data rate requirements, it is still beneficial
to operate the platform under dynamic platform management. This is because in these

regions, dynamic platform management achieves better CPU efficiency (fewer CPU cy-
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cles) compared to the static case. This CPU slack can be used to either support more
applications, or aggressively reduce the platform frequency and voltage for large energy

savings.

IV.F Conclusions

In this chapter, we proposed SoC platforms featuring multiple dynamic con-
figurability options, namely, fine-grained frequency and voltage scaling, and flexible
relocation of application data. We illustrated the importance of considering the interac-
tion between these configurability options, and presented integrated dynamic platform
management techniques for the run-time, application-specific configuration of such plat-
forms. Using a dual-access security processing system as an example, we evaluated the
benefits of the proposed approach by implementing it for two different configurable
platforms, a StrongARM based platform, and the Altera Excalibur development board.
Experiments demonstrate that the proposed platforms coupled with dynamic platform
management enable significant improvements in application performance, CPU utiliza-

tion, and energy efficiency.

The text of this chapter, in part, is based on material that has been published in
the International Conference on Computer-Aided Design, 2003, and material submitted
to the IEEE Transactions on Computer-Aided Design of Circuits and Systems. The
dissertation author was the primary researcher and author, and the coauthors listed in
these publications collaborated on, or supervised the research that forms the basis for

this chapter.



V

Dynamic Management of SoC
Platforms with Dynamic Data
Relocation and Reconfigurable Bus

Architectures

V.A Introduction

The design of increasingly complex SoC platforms is being driven by the con-
vergence of multiple, diverse applications onto a single dewag (vireless handsets).
The characteristics of the processing workload imposed on such platforms may exhibit
large dynamic variation, depending on which functions are being exercised at any given
time, and the variations in their individual performance requirements. Consequently,
as demonstrated in this thesis, platform architectures that are statically customized for
average or worst case requirements often fail to meet desired system-level design goals
in terms of performance and/or energy efficiency, motivating the need for dynamically
configurable platforms. In the previous chapter, we illustrated the benefits of integrated
run-time management for platforms featuring frequency and voltage scalable processors

and dynamic data relocation in memory. This chapter focuses on integrated dynamic
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management for platforms featuring dynamic data relocation in memory and configura-

bility in the on-chip communication architecture.

V.A.1 Chapter Overview

In this chapter, we propose dynamically configurable SoC platforms featur-
ing configurability in the on-chip communication and memory architecture, two key
subsystems that significantly influence overall system performance and energy effi-
ciency [102, 159]. We motivate the importance of integrated management for such
platforms by analyzing a hybrid Viterbi-Turbo decoding system that integrates decoders
corresponding to the UMTS (3G cellular) and IEEE 802.11a (wireless LAN) standards
for converged handsets [160]. We show that approaches in which the mapping of ap-
plication data objects to regions of the memory address space, and configuration of the
on-chip communication architecture, are performed statically, can lead to substantial
performance loss. In addition, we show that the mapping of data to memory directly
influences the on-chip communication traffic profile, which in turn affects the choice
of communication architecture configuration. We illustrate how this interdependence
affects design approaches in which the data placement is customized independently
of the communication architecture (or vice versa). We propose a dynamic platform
management methodology that addresses the configuration of these subsystems in an
integrated fashion. The methodology consists of two phases, off-line (static) charac-
terization phase, and run-time platform management phase. In the off-line phase, the
application data rate space is partitioned into different regions, each of which is mapped
to an appropriate bus and memory configuration. In the run-time phase, this off-line
information is used to select optimized platform configurations depending on current
application requirements. The proposed approach was evaluated on a mixed HW/SW
implementation of the Viterbi-Turbo system. We observed performance gains of up to
32% compared to the best statically optimized design, with negligible hardware over-
head.
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The rest of this chapter is organized as follows. In Section V.A.2, we describe
related work. In Section V.B, we describe the hardware support required to provision
for dynamic data relocation and bus reconfiguration in SoC platforms. In Section V.C,
we present illustrative examples that motivate our work. In Section V.D, we describe
the proposed dynamic platform management methodology. In Section V.E, we present
experimental results that evaluate the application of the proposed approach to the design

of an integrated Viterbi-Turbo Decoder, and we conclude in Section V.F.

V.A.2 Related Work

The increasing importance of on-chip communication has in recent years led
to the development of system-level techniques for customizing the communication ar-
chitecture to application traffic characteristics as discussed in Chapter 111 [91, 113, 114,
161]. However, these techniques largely assume that the on-chip traffic characteristics
are given,.e, they do not explore how the on-chip traffic is influenced by the place-
ment of data across the various on-chip memories. Correspondingly, most techniques
that optimize data placement and/or the memory organization, do so without assuming
any configurability inherent in the communication architecture [159, 80, 81]. The inter-
dependence between communication architectures and memory architectures has been
recently studied in [162, 163, 164]. All of these techniques perform simultaneous ex-
ploration of the joint design space. However, they focus on statically optimizing the
system architecture to specific application characteristics, and do not address the need
for dynamic configuration.

The interdependence between bus protocols and other system-level design
problems, such as hardware/software co-design was studied in [165], although they
too focus on static optimization. To the best of our knowledge this is the first work
that attempts to perform integrated, dynamic management of data placement and com-
munication architecture configuration. While in this work, we consider reconfigurable
bus-based architectures, our ideas could be extended to network-on-chips that provide

support for dynamic configurability in the network topology and/or protocols [115]. Fi-
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nally, we note that many of the static optimization techniques mentioned above can be
used within our proposed flow to derive optimized system configurations for different
application requirements. Thus, our platform management methodology is complemen-

tary to these techniques.

V.B Configurable Platform Architecture

In this section, we describe the two dynamic configurability options that we
study in this chapter, namely data relocation and bus reconfiguration, and describe the
hardware support required to provision for them.

Dynamic data relocation (described in Section 11.B.3) refers to the ability to
change the location or placement of application data structures or objects among the
platform memories after they have been allocaied &t run-time). Fast data relocation
can be performed using direct memory access (DMA). After relocating a data object, all
future references to it must find it at its new location. For references from processors,
this is ensured by changing the virtual to physical address mapping of the relocated
data in the processor’s page table, thereby enabling data relocation at the granularity
of a page. For references from platform hardware components, “base-plus-offset” ad-
dressing modes must be used for each relocatable data object. On data relocation, the
corresponding base pointer values are updated to point to the new base address. Since
data relocation is handled differently for processors and other hardware components, an
integral number of pages should be allocated to relocatable data objects that are accessed
by both. The overhead of data relocation depends on the relocated data size, memory
access times, bus characteristieg( burst modes), and bus speeds.

Dynamic bus reconfiguration (described in Section 11.B.4) refers to the abil-
ity to configure the underlying bus architecture of the platform to system-level changes
in communication traffic characteristics. In general, different aspects of the bus archi-
tecture can be reconfigured, such as the bus proteap) &rbitration priorities) or the

topology €.g, mapping of components to bus segments). In this work, we focus on
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bus topology reconfiguration througlynamic bridge by-passvhich was described in
Chapter Ill. Briefly, bridge by-pass enables the internal logic of bridges that connect
different bus segments to be “by-passed” at run-time, thereby fusing two or more bus
segments into a single shared bus. A Bus Reconfiguration Unit is responsible for en-
abling or disabling by-pass for different bridges when so instructed by system software,
by sending appropriate control signals to the respective bus arbiters and bridges. The
exact penalty of bus reconfiguration depends on the number of pending bus transac-
tions, but is typically on the order of tens of bus cycles. Details of the bridge by-pass

mechanism are described in Chapter lll.

V.C Motivational Example

In this section, we illustrate, using an integrated IEEE 802.11a Viterbi and
UMTS Turbo decoder design, that the problems of placing data in memory and config-
uring the on-chip bus are interdependent, and motivate the need for joint dynamic data

relocation and bus reconfiguration.

V.C.1 Case Study: Integrated Viterbi-Turbo Decoder Design

Forward-error correction (FEC), also known as channel coding, is used to im-
prove the capacity of a channel by adding redundant information to the data being trans-
mitted. Viterbi coding [166] is a popular FEC technique used in a wide variety of wire-
less standard®(g, IEEE 802.11a [167], IEEE 802.16 [168], WCDMA (UMTS) [136]).
Figure V.1(a) illustrates the tasks that constitute Viterbi decoding [169]. The decoder re-
ceives quantized soft bits (multiple bits to represent the confidence in a bit being 0 or 1),
I Ny, corresponding to the noise-contaminated received signal. The “de-puncture” task
inserts dummy zero values in place of the bits that were “punctured” at the transmitter
(puncturing is a process of omitting some encoded bits in the transmitter to increase
the coding rate). The Viterbi decode task then processes these bits using the Viterbi

algorithm to generate the output decoded Wit&, 77, .



103

Turbo coding is another FEC technique that has received considerable atten-
tion in recent years due to its near Shannon capacity performance [135], and has been
included in the specifications for third-generation cellular standaedg (WCDMA
(UMTS) [136], cdma2000 [137]). Figure V.1(b) shows the tasks involved in Turbo
decoding [169]. The decoder receives quantized soft Aits, Z, ;- and Z, r, corre-
sponding to the noise-contaminated received signal. Turbo decoding consists of two
identical recursive systematic convolutional (RSC) decoding tasks linked together by an
interleaving and a de-interleaving task. As indicated by the feedback path, Turbo decod-
ing operates in an iterative manner. In each iteration, the first convolutional decoding
task generates soft outputs,( ;) about the likely values of the bits to be decoded in
terms of the log-likelihood ratios (LLR - logarithm of the ratio of the probability of the
bit being 1 to the bit being 0). These values are then interleaved and input to the second
decoding task X, ), which then generates another set of LLR valugs £), which
are fed back to the first decoding task after de-interleaving tHgm.j. After a number
of such iterations (typically 8 for low bit error rate), a hard (0 or 1) decision about the
value of each bit is outputUT7).

The integrated Viterbi and Turbo decoder design is motivated by the emer-
gence of converged handsets capable of operating over multiple air interfaces simul-
taneously [148, 160]. The Viterbi decoder implements the specifications for IEEE
802.11a [167], while the Turbo decoder implements the specifications for UMTS
(WCDMA) [136]. The data rate requirements for Viterbi and Turbo decoding may
vary over time depending on application data rate, signal strength, number of users,
etc Figure V.1(c) shows the mapping of the Viterbi and Turbo tasks to components
in the design. The Viterbi de-puncture task and the Turbo interleave and de-interleave
tasks are implemented in software on the embedded processor (ARM946E-S [122]).
The Viterbi decode task and the Turbo convolutional decode task are implemented as
dedicated hardware (Viterbi Unit and Turbo Unit, respectively). The Viterbi coding rate
is set to 2/3, the number of Turbo iterations is set to 8, and the block size for both Viterbi
and Turbo decoding is set to 1024 bits. The bus architecture is based on the AMBA AHB
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Viterbi decoder, (b) Turbo decoder, and (c) mapping of functional blocks to integrated

decoder design

bus standard [22] and consists of two bus segments, AHB1 and AHB2, connected by a
two-way bridge, BRG. The platform also has two SRAM memory components; MEM1,
of size 64 KBytes, is connected to AHB1, and MEM2, of size 8 KBytes, is connected to
AHB2. Table V.1 shows the different data objects used by the Viterbi and Turbo appli-
cations and their sizes. For examp$d,abley is an internal data structure used by the
Viterbi decode task, and requires 5120 Bytes.

The design was enhanced with the two dynamic configurability options de-
scribed in Section V.B: (i) dynamic data relocation, which enables Viterbi and Turbo
data objects to be relocated between MEM1 and MEM2, and (ii) dynamic bus recon-
figuration, which allows BRG to be by-passed at times, thereby enabling switching be-
tween a multiple bus architecture and a single shared bus architecture. The Viterbi-
Turbo decoder was optimized using dynamic platform management, details of which

are provided in Section V.D.
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Table V.1: Viterbi and Turbo decoding data objects

Data

App. Objects Purpose Size
INy Soft Input bits 1536 bytes
Yo De-punctured bits 1 1024 bytes
Viterbi | Y,y De-punctured bits 2 1024 bytes
OuT,, Decoded Output bits 512 bytes
STable,, State History bits 5120 bytes

X Soft Input Systematic bits |1024 bytes
X't | Interleaved Systematic bits |1024 bytes

Z Soft Input Parity bits 1 |1024 bytes
Zyt1 Soft Input Parity bits 2 |1024 bytes
Turbo | Leit LLR1 bits 1024 bytes
L'ert Interleaved LLR1 bits {1024 bytes
Leot LLR2 bits 1024 bytes

L'eor | De-interleaved LLR2 bits |1024 bytes
OUT; Decoded Output bits 512 bytes

V.C.2 lllustrative Examples

In the following examples, we analyze the Viterbi-Turbo decoder design to
demonstrate the benefit of the proposed dynamic platform management techniques in
terms of system performance. System performance was evaluated using cycle-accurate

co-simulation (details of the experimental methodology are described in Section V.E.1).

Example 1

We first consider the application scenario where only the Viterbi decoder is
executing on the architecture shown in Figure V.1(c). Table V.2 shows the maximum
data rates achieved under different combinations of data placement and bus configura-
tion. From the table, we observe that, under a single shared.eysvhen BRG is by-
passed), all data placements give the same performance (since both MEM1 and MEM2
are on the same bus, it doesn’t matter which data objects each contains). However, under
a multiple bus architecture, data placement 1 shown in Table V.2 achieves the highest

data rate. This clearly shows that the optimal placement of data in memory depends on
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the underlying bus topology. Also, if data placement 1 is used, the multiple bus archi-
tecture performs the best, while if data placement 4 is used, the single shared bus gives
a higher data rate. This shows that for best performance, the topology of the underlying

bus architecture should take into account the placement of data in memory. &

Table V.2: Viterbi decoding data rates under different data placement and bus configu-

rations
Data Placement Bus Topology
# MEM1 MEM2 Single Shared Bus |Multiple Bus
Y0,v ) Y1,v ’
1 INy, STable, , OUT, 30.1591 Mbps 52.4926 Mbps
2.| INy,OUTy, Yoy | Yiy, STable, 30.1591 Mbps 46.3901 Mbps
3| MNv,OUTy STable, 30.1591 Mbps 40.7515 Mbps
YO,V' YlV
INy , OUTy, Yoy,
4, Y\, STable, 30.1591 Mbps 9.9071 Mbps

The above example, therefore, illustrates that the placement of data in memory
and the bus configuration are interdependent, and should be jointly optimized. We next

make the case for this joint optimization to be performed dynamically.

Example 2

We consider the simultaneous execution of both Viterbi and Turbo decoding
on the architecture of Figure V.1(c). Figure V.2 illustrates the Viterbi and Turbo decod-
ing “data rate space”, which consists of different combinations of data rate requirements
for each of the two applications. Each point in this data rate space consists of a spe-
cific data rate for Turbo decoding that must be supported, along with the data rate to be
supported for concurrent Viterbi decoding. We examined six candidate configurations
of the bus architecture and data placement in memory (see Table V.3 in Section V.E.2)
and identified the regions in the data rate space that are achievable for each of them.
For some sample points in the data rate space, Figure V.2 shows the platform configura-
tions under which they are achievable. For example, when the decoding requirement for

Viterbi is 10 Mbps and for Turbo is 1 Mbps, multiple platform configuratiofig, (3,
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C, andCj) can satisfy it. Howevennly configurationC’; can achieve a Viterbi data rate
of 46 Mbps and a Turbo data rate of 384 Kbps, while only configuratipocan achieve
a Viterbi data rate of 20 Mbps and a Turbo data rate of 1.7 Mbps. Configuraticensd
C, differ in the way data is placed in memory (Table V.3), indicating that dynamic data
relocation can help satisfy a larger space of performance requirements for the design.
We also observe that when the decoding requirement for Viterbi is 9 Mbps and for Turbo
is 2.5 Mbps, only configuratiofs, which employs a single shared bus, can satisfy it.
Finally, if the application requirements change at run-time from (384 Kbps, 46 Mbps)
to (1.7 Mbps, 20 Mbps), the only way to satisfy both requirements is to dynamically
change the configuration frofj, to C. [ |

The above example illustrates that dynamic data relocation and bus reconfigu-
ration enable the design to satisfy a larger set of performance objectives. This is because
data relocation enables the placement of data in memory to be optimized to best suit the
current requirements of the executing applications, while adapting the bus configuration

enables it to be better matched to the resulting on-chip communication traffic profile.



108

In summary, the above examples motivate the need for integrated, dynamic
configuration of the on-chip communication and memory architectures. We next de-

scribe our dynamic platform management methodology based on such an approach.

V.D Dynamic Platform Management Methodology

In this section, we first describe the problem of run-time selection of optimized
data placement and bus configuration for SoC platforms, and present an overview of our
dynamic platform management methodology to address it. We then describe the steps

in the methodology in detalil.

V.D.1 Problem Description and Methodology Overview

We consider a partitioned and mapped SoC platform architecture whose com-
ponents are mapped to a set of bus segments interconnected by bridges. The platform
executes a set of applications,, A,, ..., Ay, with corresponding time-varying data rate
requirementsDR;, DR,, ..., DRy. Each applicatio; has a set of relocatable data ob-
jects. The platform is enhanced to support the relocation of data objects in memory, and
reconfiguration of the bus architecture through dynamic by-pass of some or all of the
bridges it contains. The problem of dynamic platform management is to select the op-
timized placement of the application data objects in memory, and the bus configuration
(i.e., which bridges are to be by-passed) at run-time, such that the data rate requirements
of all the applications can be satisfied.

The proposed methodology for addressing this problem consists of two
phases: (i) off-line characterization phase, during which the applications’ data rate space
is partitioned and an optimized platform configuration for each partition is determined,
and (ii) run-time platform configuration phase, during which optimized platform config-
urations are selected and applied depending on the current data rate requirements of the
executing applications, based on the off-line generated information. We next describe

each of these phases in further detail.
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V.D.2 Off-line Characterization Phase

Figure V.3 shows the steps in the methodology in the off-line phase. Each ap-
plication 4; is associated with a set of relocatable data objgts: {d; 1, d; o, ..., d; ar}-
We first determine their size$ = {s; 1, s;2, ..., si,m }. We also estimate, for eaceh;,
the average number of accesses t, it;,, from each platform componet;, through
simulation using typical input stimuli (stef). We then generate an exhaustive list of all
possible platform configuratiorts, = (M,,,, B,,), wherel/,, represents the data place-
ment configuration, an@,, the bus configuration, with the only constraint that, for each
memory, the set of data objects allocated to it should not exceed its size&)sfEpis
configuration space is then pruned to a subset of candidate platform configurations, such
that each can potentially cover a unique region of the data rate space of the applications

(step3). Next, each candidate configuration is analyzed to estimate the set of points in
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the data rate space that it can achieve (d)einally, the application data rate space is
partitioned among the candidate configurations (5)ef he result of the off-line phase

is a Platform Configuration Table, which lists, for each data rate partition, the associ-
ated optimized platform configuration. This table is used to perform run-time platform
configuration as described in Section V.D.3. We next describe the highlighted steps in

the off-line phase in further detail.

Selection of Candidate Configurations

In this step (ste@ in Figure V.3), we prune the exhaustive platform configu-
ration space to a subset of candidate configurations that can potentially cover a unique
region of the application data rate space. This is performed as follows. For each appli-
cation A4;, under each platform configuratidi/,,, B,,), we compute the total number
of “cross-bridge” accesse€s ,, ,,, to the application’s relocatable data objetts A
cross-bridge access refers to an access by a platform component to a data object across

a bridge. This is given by

M
Timm = > Y _nijk X BRG, j, (V.1)

J=1 Py

where BRG, ;. is the number of intermediate bridges between compofgnand

data objecti; ;, and depends on the platform configuration. Next, for each configura-
tion (M,,, B,,), the total number of cross-bridge acces$gs ,,, for each application

A;, are compared to the corresponding number of cross-bridge accessesinder

all other data placement configuratioh&, but for thesamebus configuration3,,. If

there exists a configuration for whidh, ,, < T; ,,, for all applications, then the con-
figuration (M, B,) is discarded; otherwise, it is chosen as a candidate configuration.
This is because for a given bus configuration, the number of cross-bridge accesses has
a significant impact on the performance. Therefore, the data rate space achieved under
data placements that result in a larger number of cross-bridge accesses for all applica-

tions, would be contained within the data rate space achieved by those that result in
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fewer cross-bridge accesses. Note that, we do not prune configurations across different
bus configurations at this stage. This is because comparing different bus configurations
would require a detailed control flow analysis of the applications, since the bus config-

uration affects the system concurrency. Note that, redundant candidate configurations

will ultimately be discarded by the methodology as described later.

Characterization of Data Rate Space Achievable under each Candidate Configu-

ration

Next, we determine the data rate space achievable under each candidate con-
figuration (step4 in Figure V.3). To illustrate this, let us consider an example system
executing two applicationsi; and A,. Under a particular platform configuratiar,
let the data rate achieved by, when it alone executes lBR 4, ,, and by A, when
it alone executes b® Ry, ¢, (Figure V.4(a)). If we assume that only one application
can execute on the system at any point of tiie, (4, and A, cannot execute concur-
rently), then the maximum data rate combinations that can be achieved ford A,
under configuratiort; is given by the dark dotted line in Figure V.4(a), and the data
rate space achieved is given by the triangle formed by this line and the axes. Now, if
we assume that both; and A, can execute fully concurrently on the system without
any resource contention (bus conflicts, hardware resource condlic)s then the data
rate space under, is given by the rectangle formed by the dark dashed lines and the
axes, since both applications can execute without any interference from the other appli-
cation. In reality, however, the above two cases give the worst possible and best possible
performance of the system, respectively, and the actual data rate space achieved will lie
somewhere between these two extremes, shown by the region between the dark solid
curve and the axes (Figure V.4(a)). This line lies closer to the dark dotted line if there is
not much concurrency available in the system, and closer to the dark broken lines if the
system has more concurrency.

In order to exactly characterize this data rate space would require exhaustive

performance analysis of the system under each candidate configuration and for all pos-
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sible combinations of application data rate requirements. This is because whether a
particular data rate combination can be achieved for a set of applications under a given
configuration of the system, depends on the fine-grained control flow and data access
profile of the individual applications. Clearly, such exhaustive simulation would be
infeasible for most systems. However, the objective of this step is to enable a good
partitioning of the overall application data rate space (StepFigure V.3), for which

even coarse-grained approximation of the data rate space under each candidate config-
uration is sufficient. Therefore, we propose a technique to approximate the data rate
space achievable by each candidate configuration based on a limited number of detailed
simulations.

To illustrate approximate data rate space computation, let us again consider
the above two application example system. Figure V.4(a) shows the exact data rate
space achieved under candidate configurafiprn(the region between the dark solid
curve and the axes). To approximate this curve, we obtain only a limited number of
points on the exact curve through detailed simulation, and fit a spline curve that passes
through the obtained points. For this, the platform is simulated under configu€ation
using typical input stimuli, for (i) each application executing alone, resulting in points
(DR4, c,,0) and 0,DR 4, ¢,) in Figure V.4(a), and (ii) with both applications executing
concurrently processing as fast as possible, resulting in poift,( - , DR, ) in
Figure V.4(a). Next, we use a quadratic parametric spline curve fitted to these three
points, resulting in the light solid curve fd¥,. This parametric curve is represented by
equations of the form(t) = ast* + a1t + ao andy(t) = bot* + byt + by, Wherex(t)
andy(t) are points on the curve, the co-efficients define the shape of the curvejsand
the parameter. For the points on the Y-axis and X-axis, the parameter value is set to O
and 1, respectively, while for the third point it is setdg/(d, + d,), whered, andd,
are the Euclidean distance of the third point from the point on the X-axis and Y-axis,
respectively. In our experiments, we found that such curves can approximate the actual
data rate space well. Note that, more accurate characterization can be performed using

more simulations of the platform, resulting in a larger number of points to fit the curve.



113

DR ) et L E L 1

Az ClL (DR’Al,Cli DR’AZ,Cl)
T c, |
@ L L
© '
5 L)
i :
© '
o~ '._ 1
< -....'. E

DRa1.c1
(@) A, Data Rate —

A, Data Rate —

(b) A, Data Rate —

Figure V.4: For two applications: (a) data rate space characterization, and (b) overall

application data rate space partitioning



114

In that sense, the proposed approximation technique is scalable. Other performance
analysis techniques [163, 164] can also be used in this step to speedup simulation.
The above procedure is repeated for all candidate configurations, to character-

ize their respective achievable data rate spaces.

Partitioning of the Data Rate Space

Finally, the overall application data rate space is partitioned among the can-
didate configurations, such that in each partition, the associated platform configuration
is best able to satisfy the applications’ data rate requirements. To illustrate this, we
consider Figure V.4(b), which shows the exact data rate space (dark dotted curve) and
our approximated data rate space (dark solid curve) achieved under platform configura-
tion C for the above example system (from Figure V.4(a)). Figure V.4(b) also shows
the exact (light dotted curve) and our approximated (light solid curve) data rate space
achieved under another candidate configurafignThe line joining the intersection of
the approximated curves f@r, andC,, and the origin (dark solid line) partitions the
data rate space, such that for points that lie above this line, it is preferable to ehgose
while for points below this line, it is preferable to chodsg Figure V.4(b) also shows
the ideal partitioning of the data rate space derived based on the exact data rate curves
(light solid line). The shaded area in the figure indicates the data rate region that cannot
be achieved due to the inaccuracy introduced by our approximation. The size of this
region is system dependent. In our experiments, this size was found to be quite small,
as shown in the results.

Figure V.4(b) also shows the estimated data rate space under two other can-
didate configurationé’; andC, (dashed curves). Redundant configurations suefsas
should be pruned, since their data rate space is completely subsumed by other configu-
rations, while configurations such @s should not, as they can achieve a unique region
of the data rate space. Therefore, the methodology partitions the data rate space only
among configurations whose individual data rate spaces form a part obtivex hull

of the total achieved data rate space (in this case(> andC,). This is performed as
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follows. We start with the candidate configuratiéfy whose data rate curve intersects
the Y-axis at the highest point. The intersection points of this curve with the curves un-
der all other candidate configuratiods,= {(X¢,.c\, Yoi.cn)s (Xe,os, Yo, 00), -}, @r€

then computed. The first chosen intersection point is one with the highest Y value, say
(X¢,,¢;, Ye,,c;), and this forms the first partition of the data rate space with the asso-
ciated platform configuration bein@;. Next, the intersection points of the curve for

C; with those for the other configurations is computed. The intersection point selected
among them is the one with the highest Y value less thag:;, and this forms the
second partition witlt’; as the associated configuration. This process is continued until
no more intersection points can be selected. These partitions and the associated con-
figurations form the Platform Configuration Table, which is used for run-time platform

optimization as described in the Section V.D.3.

Extension to an Arbitrary Number of Applications

To apply the off-line characterization phase to more than 2 applications, for
each candidate configuration, the system is simulated for all possible combinations of
the applications executing together, to determine different points in the data rate space
under this configuration. Therefore, for applications and’ candidate configurations,
this requiresC * (2N — 1) simulations of the system. In practice, we expatto
be fairly small. The data rate space under each configuration is then approximated by
fitting these data rate points on an N-dimensional surface. Next, the application data
rate space is partitioned among the configurations whose individual data rate spaces lie
on the convex hull, by determining the intersection of their data rate spaces, as in the

two application case.

V.D.3 Run-time Platform Configuration Phase

The run-time platform configuration phase is responsible for selecting and
applying optimized data placement and bus configurations depending on the current data

rate requirements of the executing applications. The steps in this phase are illustrated
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in Figure V.5. This functionality is implemented as a software middle-ware layer on the
embedded processor(s) in the platform (Section 11.C). When an application’s data rate
requirement changes, it indicates this to the platform configuration software through
an API (application programming interface).The run-time flow searches the Platform
Configuration Table using the new and existing data rate requirements to identify the
current point in the data rate space and the pre-computed optimized data placement and
bus configuration. The selected data placement is then applied by first by-passing all
the bridges using the Bus Reconfiguration Unit (to reduce data transfer time), and then
relocating the selected data objects using DMA mode of transfer. Next, the base pointer
registers in the hardware components and processor page-tables are updated. Finally,
the selected bus configuration is applied by instructing the Bus Reconfiguration Unit to
enable or disable the by-pass of the selected bridges according to the identified platform

configuration.
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V.E Experimental Results

In this section, we present experimental results that evaluate the performance
benefits of applying the proposed dynamic platform management methodology to the

integrated Viterbi-Turbo decoder design.

V.E.1 Experimental Methodology

The integrated Viterbi-Turbo decoder design was implemented using an in-
struction set model for the ARM processor, and programmable VERA master bus-
functional models [129] for traffic generation for the Viterbi Unit and Turbo Unit hard-
ware. The memories were implemented using programmable VERA slave models [129]
with zero wait-state. The page size of the processor is 1 KByte, and h&dbcE,
and OUTr are mapped to the same page, together constituting one relocatable data
structure. The configurable bus architecture with bridge by-pass was implemented by
enhancing reference RT-level implementation of the AMBA AHB bus, generated using
the CoreConsultant tool of the Synopsys DesignWare AMBA toolsuite [129], using the
techniques described in Chapter Ill. The design was operated at a clock frequency of
400 MHz. Performance analysis results were obtained through cycle-accurate simula-
tions using ModelSim [123]. The data placement and bus configuration of the platform
was determined at run-time using the proposed dynamic platform management method-
ology. The overhead of reconfiguration was taken into account in evaluating the system

performance.

V.E.2 Application to the Viterbi-Turbo Decoder Design

The proposed methodology was applied to the integrated 802.11a Viterbi and
UMTS Turbo decoder design. The relocatable data objects of the applications and their
sizes are shown in Table V.1. The average number of accesses to each data object from
each platform component was also estimated. The total number of possible platform

configurations ar&g422 out of which the off-line pruning step only seledscandi-
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Table V.3: Candidate data placement and bus configurations
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date configurations, shown in Table V.3. The data rate space of the applications was
then partitioned by approximating the individual data rate space under each candidate
configuration, as described in Section V.D.2. We also accurately characterized the data
rate space under each candidate configuration by performing detailed simulation of all
the configurations. The size of the data rate space that cannot be achieved due to the
inaccuracy introduced by our approximation was found to be less2¥%aof the total

data rate space that can be achieved. Table V.4 shows the resulting Platform Configu-
ration Table for the design. The first column shows the different partitions of the data
rate space for the applications, whébé, represents Viterbi data rate requirement and
DRy represents Turbo data rate requirement, and the second column shows the corre-
sponding optimized platform configuration. The candidate configuratiQnand C

were redundant, and hence, do not appear in the table.

V.E.3 Platform Configuration Overhead

The overhead of run-time platform configuration includes the time required to
relocate data objects between memories (copy and update page tables and base pointers),

as well as the time required to enable or disable bridge by-pass in the bus. The worst case



119

Table V.4: Platform Configuration Table

Data Rate Requirement Config.

DR, = 40.8 DR; C,
DR, <40.8 DRyand DR, >21.46 DR; | C
DRy, < 21.46 DR;and DRy, = 8.03 DR C
DR, < 8.03 DRy C

3

IN

6

overhead for data relocation is while switching between platform configuratipasd

C,, and was measured to be approximately:$qusing a DMA unit, with single cycle
memory access and with BRG by-passed). The average bus reconfiguration overhead
was measured to be approximately 10 cycles. This shows that the platform adaptation
overhead is negligible compared to the granularity at which the data rate requirements

are expected to change (tens of milliseconds [170]).

V.E.4 Impact of Dynamic Platform Management on Performance

We next evaluate the performance improvements achieved through joint data
relocation and bus reconfiguration for the design, and compare it to the performance
under three other cases: (i) best static data placement and bus configuration, (ii) only
dynamic data relocation (bus configuration fixed), and (iii) only dynamic bus reconfig-

uration (data placement fixed).

Performance under Best Statically Configured Design: Figure V.6(a)
shows the data rate space achieved for the Viterbi and Turbo decoding applications when
the platform configuration is statically fixed to configuratioip from Table V.3 (light
shaded area). This is the best static configuration, since it can satisfy the largest space

of data rates among all candidate configurations.

Performance under Dynamic Data Relocation:In this experiment, the per-
formance of the design under only dynamic data relocation was evaluated, while keeping
the bus configuration fixed as a multiple bus. This corresponds to selecting the platform

configuration at run-time from amortg to C5 from Table V.3. Figure V.6(b) shows the
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Figure V.6: Data rate space achieved under different platform adaptation schemes

data rate space achieved under this technique (complete shaded area), and the platform
configurations selected for each data rate combination simulated. It also shows the data
rate space under the best static configuration (light shaded area). Comparison of the two
indicates that dynamic data relocation can help satisfy a larger space of performance

objectives for the design.

Performance under Dynamic Bus Reconfiguration: Figure V.6(c) shows
the data rate space achieved under only dynamic bus reconfiguration, while keeping the
data placement fixed as in the best static configuration (complete shaded area). This
corresponds to selecting the platform configuration betwigesndCy from Table V.3.
It also shows the configuration selected for each data rate combination simulated. Com-

parison of this data rate space with that under the best static configuration (light shaded
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area) indicates that dynamic bus reconfiguration can also provide significant perfor-

mance improvements.

Performance under Joint Data Relocation and Bus Reconfigurationi-
nally, the performance of the design under the proposed dynamic platform management
methodology was evaluated. Figure V.6(d) shows the data rate space achieved under this
scheme (complete shaded area), and the configuration selected for each data rate combi-
nation simulated. It also shows the performance under the best static configuration (light
shaded area) for comparison. From the figure, we observe that joint data relocation and
bus reconfiguration can satisfy a much larger space of data rate requirements compared
to a statically configured design (up to 32% data rate improvements when only Turbo
decoding executes). Also, comparison of Figure V.6(d) with Figures V.6(b) and (c) indi-
cates that by exploiting both data relocation and bus reconfiguration together, the space

of data rates achieved is much larger than when they are individually configured.

V.F Conclusions

In this chapter, we presented dynamically configurable SoC platforms with
two different configurability features, namely, data relocation, and bus reconfiguration.
We Iillustrated the interdependence between these features, and presented a platform
management methodology for the run-time optimization of such platforms. Experi-
ments on an integrated 802.11a Viterbi and UMTS Turbo decoder design indicate that
the proposed technique results in significant performance improvements compared to

conventional statically optimized architectures.

The text of this chapter, in part, is based on material that has been accepted
for publication in the Design Automation and Test in Europe Conference, 2006. The
dissertation author was the primary researcher and author, and the coauthors listed in
these publications collaborated on, or supervised the research that forms the basis for

this chapter.
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Application-Architecture

Co-Adaptation

VI.A Introduction

In this previous chapters of this thesis, we presented general-purpose, dynam-
ically configurable platforms, an important design alternative to customized hardware
solutions €.g, ASICs, custom SOCs). We described several dynamic configurability
options for SoC platforms, and presented dynamic platform management, a method-
ology for the run-time, application-specific customization of such platforms. We il-
lustrated that such an approach, by adapting the platform to time-varying application
requirements, can provide significant benefits in terms of overall system performance,
application concurrency, and energy-efficiency.

Complementary to platform customization is the requirement that the appli-
cations themselves also be customized to the characteristics of the platform on which
they execute. Recognizing this, implementations of popular applications tailored for
specific platforms€.g, wireless platforms) have started to emerge [171, 172]. How-
ever, as devices become increasingly multi-functional, the availability of computing re-
sources within the underlying platforra.g, processor cycles, memory, bus bandwidth)

may also exhibit significant dynamic variatioaq, due to variable application concur-
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rency). As a result, applications that are only tailored to the peak, or average processing
capabilities of a platform may often result in sub-optimal execution. Many existing
and emerging applications (such as image compression, security protocols, audio/video
streaming) provide the flexibility of selecting algorithm parameters, or even selecting
which algorithms to use, at run-time [173, 174, 175, 176]. For example, MPEG4 allows
for varying the intra-frame refresh rate, while the SSL protocol provides clients with the
flexibility of selecting appropriate ciphering and authentication algorithms. The flexi-
bility offered by such applications can be exploited in order to enable dynamic tradeoffs
between application quality and the load imposed on the underlying platform.

For highly customized application-architecture solutions, it is important to
customize both the applications and the architecture towards each other. Therefore,
in this chapter, we focus oapplication-architecture co-adaptatickechniques for the
integrated configuration of both the executing applications (to regulate application re-
source usage), and the underlying platform architecture (to tailor it to the requirements

imposed by the applications).

VI.A.1 Application-Architecture Co-Adaptation: Overview

Figure VI.1 illustrates the overall concept of application-architecture co-
adaptation. We consider dynamically configurable SoC platforms, on which would
execute multiple applications that are flexible, enabling a tradeoff between application
guality and platform resource usage via application parameters. As described earlier, the
dynamic platform management layer is responsible for understanding the time-varying
requirements imposed by the applications, and appropriately customizing the configu-
ration of the platform at run-time. However, in cases, the platform may be unable to
support these requirements, even after intelligent platform management, due to inher-
ent constraints on the available hardware resources (CPU capacity, battegyelifén
such cases, along with platform management, the executing applications themselves can
also be customized usingdynamic application managemelalyer, so that their load

imposed on the platform is sustainable (Figure VI.1). Such application management,
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Figure VI.1: Application-architecture co-adaptation for the integrated configuration of

both applications and the platform architecture

however, should minimize the resulting loss in application quality. Dynamic applica-
tion management and platform management are tightly coupled together, and operate
synergistically for optimized application-architecture co-adaptation.

One of the areas in which such an approach would be important is wireless
application processing. Rapid growth in functional integration, as well as complexity
of individual functions, coupled with stringent limitations on cost, size, and battery ca-
pacity, make the design of such systems a challenging task. These objectives can be
successfully achieved only through a careful process of customizing both the processing
platform, and the applications that are targeted towards it [177]. For wireless systems,
it is crucial to take into account not only the platform resources, but also the available
network bandwidth, which can change over time depending on dynamic channel condi-
tions, number of usersic(Figure VI.1). This work focuses on co-adaptation techniques

for such wireless application processing systems.
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VI.A.2 Chapter Overview

In this chapter, we present application-architecture co-adaptation techniques
for the dynamic and synergistic customization of flexible wireless applications and the
underlying platform on which they execute. The proposed approach, which is described
in the context of a wireless image delivery system, aims at improving application metrics
(e.g, latency, quality, energy consumption), while faced with potential variations in (i)
resource availability in the platform architecture, and (ii) available network bandwidth.

While application adaptation in response to network variability has been ex-
tensively studied, the benefits of adapting applications to variations in platform re-
sources has not been throughly investigated. We quantitatively illustrate the shortcom-
ings of conventional approaches, in which applications are statically customized, or that
are straightforward extensions of network-centric adaptation techniques. We also illus-
trate the advantages of joint adaptation of applications and the platform. We present a
methodology for such co-adaptation, and describe it in detail for a wavelet-based wire-
less image application executing on a frequency and voltage scalable platform. The
methodology involves characterizing the parameter space of the application in terms of
its impact on platform resource usage, network bandwidth, and application quality met-
rics. The results of these characterizations are then used to guide the co-adaptation al-
gorithms, that respond to variations in platform resource availability and network band-
width, by suitable adjustment of application and architecture parameters.

Detailed experiments were conducted for the wireless image delivery system
by implementing it on a Linux-based iPAQ-3765 device connected to the internet via a
high-data-rate cellular access technology (CDMA 1x) [178]. The experiments demon-
strate that the proposed co-adaptation policies are successful in satisfying application
requirements, while minimally impacting user experience, and also provide energy sav-
ings of up to 70%.

The rest of this chapter is organized as follows. In the next section, we illus-
trate the advantages of application-architecture co-adaptation, using a wireless image

delivery system as an example. In Section VI.C, we describe a general methodology for
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co-adaptation, highlighting the various steps. In Section VI.D, we describe in detail, the
application of the methodology to the image delivery system, providing in turn, a de-
tailed analysis of the impact of application parameters, and algorithms for co-adaptation.
In Section VI.E, we present experimental results that evaluate the advantages of our ap-

proach. Finally, in Section VI.F, we summarize the work presented in this chapter.

VI.A.3 Related Work

Technologies for providing dynamic configurability in SoC platforms, and
techniques for exploiting them in response to time-varying application requirements
have been studied. These were surveyed extensively in Chapter I, and include the work
presented in the previous chapters of this thesis. However, they focus on hardware
configuration, and do not usually co-ordinate with application-level parameter control
policies.

Many applications are flexible, providing opportunities for dynamic cus-
tomization through selection of algorithms and algorithm parameters [173, 174, 175,
176]. Detailed analysis of the impact of application parameters can be found in the cor-
responding literature [179, 180]. The flexibility offered by such applications has been
successfully exploited to dynamically trade-off application quality for consumed net-
work bandwidth [181, 182, 183, 184]. These techniques, however, lack system-level
co-ordination, either ignoring dynamic variability of processing resources, or ignoring
customization opportunities provided by the platform hardware.

These observations have led to recent research on integrated adaptation frame-
works that aim at holistically addressing both application-level as well as architecture-
level parameters [185, 186, 187]. Advances include the development of software in-
frastructure that provides interfaces for co-ordinated adaptation between applications,
system software (OS, middle-ware), and the underlying hardware [185, 186]. The avail-
ability of such infrastructure and potentially standardized interfaces would significantly
ease the deployment of techniques such as those described in this chapter. Integrated

adaptation approaches have also been proposed as a way to greatly increase the dynamic
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power range of systems, in order to better suit the widely variable efficiency characteris-
tics of renewable power sources such as solar cells [187]. While co-ordinated adaptation
between applications and architectures is an area that has started to receive interest, there
remains a lack of case studies that document in detail, and quantitatively illustrate the
steps in designing co-adaptation policies for specific application-architecture combina-

tions.

VI.B Motivation

With the proliferation of mobile handheld devices, there is growing demand
for wireless image data services, such as camera phones, remote medical monitoring,
home security monitoringgtc An important requirement of such services is to be able
to efficiently retrieve and display images on the mobile handhelds in real time. In this
section, we first describe such a wireless image delivery system based on a Linux-based
hardware platform. Using this case study, we quantitatively illustrate the shortcomings
of conventional approaches, and motivate the need for adapting applications to dynamic
variations in the availability of processing resources. We also illustrate the impact of

co-ordinated adaptation of both application and architectural parameters.

VI.B.1 Case Study: Wireless Image Delivery System

Figure VI.2 illustrates the overall framework for the image delivery system.
The image application executes on a wireless platform, and downloads and displays
images in real-time from an image web server. There might be other applications also
executing on the platform, leading to a variability in the processing resources (CPU)
available for the image application. The bandwidth available on the wireless link may
also vary over time due to variations in channel conditions, number of wsersyVe
next describe the image delivery application, followed by a description of the hardware

platform.
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Figure VI.2: Wireless image delivery system

Wavelet-Based Image Compression

The image delivery application is based on the Adaptive Wavelet Image Com-
pression (AWIC) [173] algorithm, which consists of three steps as shown in Fig-
ure VI.3(a). First, the discrete wavelet transform (DWT) applies a set of filters to
decorrelate the raw image data into different frequency sub-bands (Figure VI1.3(b)). The
label XY denotes whether the sub-band contains low-pass (L) or high-pass (H) values
after the row transform (X) and the column transform (Y). The DWT step can be it-
eratively applied to the LL sub-band for a variable numbefm@nsform Level§7L).

Figure VI1.3(b) shows DWT applied to an image witli. = 3. HigherT L further decor-
relates the image, at the cost of increased computation effort. Next, each sub-band is
guantized according to a varialfrantization Leve{Q) L). Higher@ L facilitates com-
pression, but results in increased loss of data (adversely affecting the image quality).
Next, the quantized values are encoded (using Huffman coding) to compress the image.
Decompression is symmetric to the compression process, involving decoding, inverse
guantization, and inverse DWT (Figure VI.3(a)). By default, the image transform level
is fixed at 4, so that the image size is smdll(values higher than 4 lead to negligible

size reductions), and the quantization level is fixed at O, for highest image quality.

Hardware Platform

The wireless client platform is an iPAQ-3765 PDA with an Intel StrongARM
SA-1110 processor with 64 MB RAM running the Familiar Linux distribution [188].

The platform connects to the network over a high data-rate, CDMA-1x based Sierra
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Figure VI.3: Adaptive Wavelet Image Compression (AWIC)

Wireless Aircard [178]. Several platforms of this class can be operated at different
discrete frequency and voltage levels [154, 189]. The StrongARM has support for 11
discrete frequency levels from 59 Mhz to 206 Mhz, with corresponding supply voltages
from 0.83 V to 1.5 V [154]. The time taken by the PLL and DC-DC converter outputs

to stabilize each time the voltage and frequency values are changed;iséd&(150].

VI.B.2 Co-Adaptation: lllustrative Examples

For this study, we performed experiments downloading and displaying im-
ages from the image web server, while concurrently executing an MPEG video applica-
tion [190] on the client platform. The processor usage of the MPEG application (aver-
aged over a 1 second window) varies over time, depending on its frame-rate and frame
characteristics (Figure V1.4(a)). The image application is associated with a soft latency
constraint, as might be imposed by data services such as slide shows or remote medical
monitoring, such that the total time taken to retrieve and display an image be less than
1 second. Over the time-line shown in Figure VI1.4(a), the image viewing application is
required to display 150 different images, one every second. Image quality is measured
using peak signal-to-noise ratio (PSNR).

We consider three versions of the image viewing application.

1To highlight the importance of variability of processing resources, in this study, we assume that sufficient network
bandwidth is available. However, as borne out by experimental results, the co-adaptation techniques adequately
account for network variabilities as well.
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() ST-IM: In this, the image application parameters are statically fixed at their

default valuesTL = 4 andQ L = 0), irrespective of the client platform resources.

(i) DV-IM: Techniques for customizing applications to available network
bandwidth typically rely on trading the application quality for the volume of data com-
municated €.g, using parameters such as the application quantization level). The DV-
IM (data volume) version uses a similar concept, in which the intaggarameter is
adapted based on the availability of processing resources. This is because increasing
QL during periods of lower processor availability helps reduce the amount of data to
be decompressed, resulting in lower processing requirenéitss fixed at its default

value of 4, since it results in smaller image sizes.

(iif) COAD-IM: In this version, the full space of application and architec-
ture parameters are considered, and configured in a co-ordinated manner, considering

dynamic variability in the platform resources.

Example 1. We measured the total CPU requirements imposed on the iPAQ-
3765 to meet the latency constraints of the MPEG and the image applications (under
each of the above three versions) when both execute concurrently (Figure V1.4(a)). The
solid horizontal line (CPU Fraction = 1) indicates 100% CPU utilization. Figure V1.4(b)
illustrates the corresponding image quality (PSNR) for each application version. PSNR
= oo (highest image quality) is plotted at 100 dB for reference. We observe that for
ST-IM, the image quality is always the highest (PSNBR-yHowever, Figure V1.4(a) il-
lustrates that the CPU requirement often significantly exceeds 100%, indicating that the
image applicatioroften fails to meet performance requiremeintshe presence of the
MPEG application. Both DV-IM and COAD-IM can meet the image latency constraint
(total CPU fraction required is less than 1) under varying loads imposed by the MPEG
application. However, Figure VI.4(b) illustrates that the PSNR achieved by DV-IM is
often poor, compared to COAD-IM. This is because COAD-IM is ableustomize
the application to varying platform constraints through a more optimized selection of

application parametersompared to DV-IM. This indicates that using network-centric
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adaptation schemes, which merely regulate the volume of data processed, may unneces-

sarily compromise image quality when the processing platform is the bottleneck.

Example 2: From Figure VI.4(a), we observe that, in general, optimizing ap-
plication parameter selection reduces the CPU utilization. In particular, the reduction
under COAD-IM is significantly more than DV-IM. To examine the potential for exploit-
ing this through appropriate configuration of the platform, we compare the scenarios
wherein (i) the platform is always operated at a fixed frequency and voltage (206 MHz,
1.5 V), and (ii) a customized dynamic voltage and frequency scaling (DVFS) policy
that works in close co-ordination with the application parameter setting policy is used
(described in Section VI.D). Figure VI.4(c) shows the cumulative energy consumed
by the platform over time for each version of the image application, both with, and
without the integrated DVFS strategy. For ST-IM, both with and without the integrated
DVFS, the platform always operates at the highest frequency and voltage, due to the
high processing load (Figure VI.4(a)), and hence consumes the maximum energy. Un-
der COAD-IM, the total load imposed on the platform is much lower than the other
cases, especially during periods of low MPEG utilizatierg( frame-rate=4), due to
better dynamic adjustment of image application parameters (Figure V1.4(a)). This leads
to lower energy consumption, even without integrated DVFS (due to longer CPU idle
times). However, with the integration of a DVFS strategy, we observe that the savings
in energy consumption are as much as 37% during reduced MPEG utilization. For the

entire timeline, we observe an overall energy savings of 18%.

Summary: From these studies, we note the following points:

e The execution of the MPEG application resulted in significant dynamic variability
in the available processing resources. Under this scenario, keeping the image ap-

plication parameters constant leads to failure in meeting performance constraints.

e Simple techniques that merely trade off image quality for the volume of data
processed often do not suffice, since they are significantly sub-optimal from the

standpoint of regulating the requirements imposed on the hardware platform. This
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suggests that dynamic application management needs to be based on a systematic
analysis of the entire space of application parameters, while considering the char-

acteristics of the underlying hardware.

e The example demonstrated how optimizing the image delivery paranesigiotes
more aggressive frequency and voltage scaling, which if properly exploited, leads
to large savings in energy consumption. This motivateadaptatiortechniques
that integratelatformaware applicationcustomization, witlapplicationaware,

platformcustomization.

Finally, it bears mentioning that we drew similar conclusions from studies
that evaluated the importance of considering variability in the network bandwidth for
the case study system. Since such benefits have been well-documented in the past, we

omit those studies here.

VI.C Co-Adaptation Methodology

In this section, we first formulate the problem of application-architecture co-

adaptation, and then present an overview of our methodology.

VI.C.1 Problem Definition

We consider parameterized applications executing on a wireless client plat-
form, transferring data to/from an application server. The application is associated with
a set of performance requirements, and a set of parameters that influence usage of net-
work bandwidth, usage of platform resources, and application quality metrics. The
bandwidth on the wireless link may vary over time. Additionally, the available process-
ing resources of the platform may also vary with time, depending on the load imposed
by other concurrent applications. The aim of co-adaptation is to select appropriate ap-
plication parameters and the platform configuration at run-time, taking into account the
available network and platform processing resources, such that the performance require-

ments are satisfied, while optimizing application quality metrics.
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VI.C.2 Methodology Overview

The overall methodology for co-adaptation is illustrated by Figure VI.5. The
inputs to the methodology include (i) the application (mapped to the client platform),
(i) the set of application parameters, which include algorithm parameteys quan-
tization levels), or higher-level parameters that select between alternative algorithms
(e.g, rendering techniques), (iii) typical input stimuli, and (iv) a simulation model or
implementation of the platform. In the off-line phase, a detailed analysis of the impact
of the parameters is performed. This includes profiling the application to capture the
dependence of the amount of data transferred by the application, and application quality
metrics €.9, PSNR) as a function of the parameters. Architectural simulation of (or
actual execution on) the target platform is used to quantify the impact of the parameters
on the usage of different platform resourceg( CPU). The result of this phase is a set
of models, or look-up-tables (LUTSs) that enable fast evaluation of the bandwidth usage,
platform resource usage, and application quality metrics, under given parameter values.

The run-time phase (Figure VI.5) includes the design of the co-adaptation pol-
icy itself. The inputs to the policy include (i) the available network bandwidth, which
we assume is obtained via on-line bandwidth monitoring utiliteeg,(Iperf [191]), (ii)
the available platform processing resources, which are obtained through system services
that monitor resources such as CPU, memety, and (iii) performance requirements
of the application, which are either specified by the user, or may be hard-coded in the
application. Note that, the interval over which resource availability is measured should
be chosen carefully. Small intervals could result in oscillations in application behav-
ior, whereas large intervals may result in poor response times to dynamically changing
conditions. The co-adaptation policy uses these inputs and the models developed in the
previous step for the optimized selection of both application parameters and the platform
configuration in an integrated manner. For selecting the application parameters, a naive
policy might exhaustively search its parameter space. However, for most applications,
the impact of the parameters on application quality, network bandwidth, and platform

resource usage is predictable, and hence, can be used to efficiently select optimized



135

Mapped Application Dynamically Configurable Input Stimuli/Testbench
Parameters
o Parameter Impact Analysis
% Platform Platform Application Profiling (platform
C Architecture Model Architecture independent) Application-
o 2 Simulation / * * Sggcific Metrics
8 or Platform Native Data Volume | | Quality Metric |¢
5 Implementation Execution Analysis Analysis (e.g., PSNR)
=
O
Platform Network Application
Resource Usage | |Bandwidth Usage Quality
Models/LUTs Models/LUTs Models/LUTs
@ - L
% Application-Architecture Perf
c Co-Adaptation Policy =~ j——ormance
o Network —»| *Maximize application quality Requirements Application
] Bﬁﬂndwldth metrics Application PP
§ onitor « Satisfy performance under Parameters "
I—I resource constraints
= 5
x Platform Platform
Resource Usage Configuration
~

Dynamically Configurable Platform
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parameters (as illustrated in the next section). The granularity at which application pa-
rameters are selected is, in general, application dependent. Certain parameters may be
changed at relatively small timescales with little overhead,(quantization levels of
an image), while other parameters affect larger timescealgs the choice of security
algorithm used for a secure file transfer).

The co-adaptation policy is implemented on either (i) only the client platform,
when the application parameters do not affect the communicated elgtap@rame-
ters that select the rendering algorithm used by the application), or (ii) both the client
platform and the web server, when application parameter selection requires cooperation
between the twod.g, ciphering algorithm used for a secure transaction).

In the next section, we describe how this co-adaptation methodology is applied

to the wireless image delivery system (Section VI.B.1).
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VI.D Application of Co-Adaptation to Wireless Image Delivery

In this section, we describe the different steps of the co-adaptation methodol-
ogy for the wireless image delivery system, presenting in turn, a systematic analysis of

the impact of different parameters, and the design of the run-time co-adaptation policy.

VI.D.1 Parameter Impact Analysis

Off-line parameter impact analysis (Figure VI.5) of the image application was
performed for the hardware platform to quantify the impact of the image transform level
(T'L) and quantization level{L) on compressed image size, image decompression time
on the client platform, and image qualit® § N R). Figure VI.6(a) shows the impact of
TL and@L on the PSN R and compressed image size (normalized to the number of
bits per pixel B P P)), averaged over a set of benchmark images [192]. From the figure,
we observe that for a constdfif, as() L increases, the image quality and sizd{P)
both decrease, due to greater truncation of pixel values. Also, we note thabtNe?
versus compressio(P P) trade-off is superior folarger values ofl' L. This is because
with increasingl’ L, the image is further decorrelated, allowing better compressmn (
smallerBPP). Increasingl’L beyond 4 provides insignificant benefits, and increasing
QL beyond 100 leads to very poor image quality.

Figure VI.6(b) shows the impact afL and@L on thePSNR and decom-
pression time at the client platform (normalized to the Decompression Time per Pixel
(DT PP)) for the same benchmarks. The figure shows that for a constanas@ L
increases, the image quality as well as the decoding complexity decreases, since in-
creasing®) L leads to smaller images. However, unlike the trade-off in Figure VI1.6(a),
the PSN R versusDT PP tradeoff is superior asmaller7’ L values, since this results
in fewer iterations of IDWT, which reduces the decompression time.

In summary, highet)L values lead to lower image quality, size and decom-
pression time. However, for the same image quatigher TL values result in smaller

image sizes, while lower TL values result in smaller decompression. tidersce, for
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the image application to meet a total latency constraint (sum of image transmission and
decompression time), while maximizing the image quality, the parameters have to be
chosen carefully, depending on whether the network bandwidth and/or the platform is
the bottleneck.

The result of this off-line step is a table called the QL-TL Table, shown in
Figure VI.7. The table containrBSNR, BPP and DT PP values averaged over many
images for alll'L values (0 to 4), and alp L values (0 to 100). This table corresponds
to the three LUTs illustrated in Figure V1.5 and is used by the run-time co-adaptation

policy, as described next.
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Figure VI.7: QL-TL Table used by run-time co-adaptation policy

VI.D.2 Run-Time Co-Adaptation Policy

The next phase of the methodology (Figure VI.5) is the design of the co-
adaptation policy. We first define the notations used, and then describe the co-adaptation

algorithms.

Notation and Formulation

We consider that the client platform architecture is capable of operating over

a range of frequencieB = {f; < fo < ... < fmaz},» With corresponding voltage levels.
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The image application has a soft total latency constrdijt.() which should not be
exceeded by the sum of the transmission latefi¢y,,(;) and decompression latency
(T4e). For simplicity, we assume that the time consumed by the server and the wired
links is negligible. The number of pixels in an image is denotedPbyFor a given
TLandQL, BPP(TL,QL), DTPP(TL,QL) and PSNR(TL, QL) denote the bits

per pixel, decompression time per pixel, aAd N R of the image, respectively, and are
obtained from the QL-TL table (Figure VI.70),,.... is the maximum achievableS N R

from the table (in this cass). Let the available network bandwidth B81". The CPU
fraction (on average) collectively consumed by other (higher priority) applications at
the highest frequencyf{...) is CPU,., and the total CPU fraction used (including
the image application) i§' PU,,;. 2 The purpose of the co-adaptation policy is to
selectl’L, QL, and the minimum platform frequengy, such that the®?SNR of the
image is maximized, while satisfying the latency constrajpt,;, without exceeding a

CPU requirement of 100%. This can be expressed as:

maximize : PSNR(TL,QL) (VL.1)
SUbj€Ct to: Ttrans + Tdec < Ttotal

CPUtotal X fmax/f S 1

Combining the inequalities and substituting terms forhg,, andT,.. we

get:

mazximize : PSNR(TL,QL) (V1.2)
. P x BPP(TL,QL) P x DTPP(TL,QL)
: <T
ubiectto B [/fuar— OPUper =

and f = min{f;: f; € F}

We next describe the co-adaptation algorithm for the selectidiot) L and

f so as to satisfy the above equations.

2Note that, using average values is permissible since the latency constraint is a soft one.
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Co-Adaptation Algorithm

From Equation VI.2 we make the following two key observations:

e For any solutiorl'L, QL and f of Equation V1.2, fPSNR(TL,QL) < Qmaz
thenf = f,..z. Thisis because if < f,..:, then the client platform could have

been operated at a higher frequency in order to further improve the image quality.

e For any solutiorl'L, QL and f of Equation V1.2, fPSNR(TL,QL) = Qmaz
then the platform can operate at a frequeric¥ f...., Since increasing the fre-

guency cannot further increase the image quality.

Based on the above observations, it can be seen that the selection of the image
compression parametefS[ and(@ L, can be made independent of the platform operat-
ing frequency,f. The problem can thus be solved using a distributed approach where
TL and@L are selected at the server assuming that the client platform executes at the
highest frequencyf,.... The platform parameters (frequency and voltage) are chosen
at the client platform taking into account the selected inmBgeand () L values, which

are embedded in each image.

Selection of Application Parameters at the Server:The server chooses
TL and QL for each image request based on network bandwigth’j, CPU load
(CPUyer), and the image latency constraifi,f,;), which are provided to it by the
client application. As explained earlier, the server can safely assume that the client
platform executes af,.... Hence, the constraint in Equation VI.2 can be simplified by
substitutingf by f,.... The server uses the QL-TL Table (Figure VI.7) as follows. From
the table, it can be seen that, for a givEh, as@ L increases, th& SNR, BPP and
DTPP all decrease. Hence, the optimial. and@ L values can be selected by a binary
search of the QL-TL Table along the rows of the tahle.(along the) L values). At
each search step, all the entries in the roe.,(for all the T'L values) are checked to
see if they satisfy the constraint. If none of them do, then the rows corresponding to
higher L values are searched. If one or more of the table entries satisfy the constraint,

then the entry with the highe$tS N R value is examined. If thi® SN R is higher than
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the previously best encounterétb N R, then this value is stored along with the cor-
respondingl’ L and L, and the search is continued along the rows with lo@ér.
Otherwise, the rows with high&p L values are searched. At the end of the search, the
stored) L andT L values are used as the image parameters. This algorithm is optimal

and its complexity i$)(|T'L|loga2(|QL))).

Selection of platform parameters at the client: At the client, the decom-
pression time under the selectBd and( L values is calculated from the QL-TL Table.
We assume that the execution time of the other tasks can be estimated on arrival using
accurate off-line characterization techniques (such as described in this thesis) or using
predictive estimation techniques [151]. At the arrival of each task instance (including
the image viewing application), the schedulability test for EDF [152] is used to select
the lowest frequencyf, at which the set of tasks can still meet their performance re-
quirements. This is given by, ¢ = anI;_ whereN is the number of tasks, and

ET; andP; are the estimated execution time and the time-interval ofitagispectively.

The voltage level corresponds to the selected frequency setting.

VI.E Experimental Results

In this section, we present experimental results that study the effectiveness of

the proposed co-adaptation techniques for the wireless image delivery system.

VI.LE.1 Experimental Methodology

The image application was implemented in C and compiled for the hardware
platform described in Section VI.B.1. The image decompression times were measured
using thegettimeofday(pystem call. PSN R and image size analysis was performed
by profiling the application over a large set of images. The energy consumption esti-
mates include both the CPU and the network interface card energy, and were obtained
using cycle-accurate, software energy profiling [154] for the platform, and datasheet

specifications for the network interface card [178].
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In the following experiments, we compare the co-adaptation based image ap-
plication (COAD-IM) with two other versions: (i) ST-IM, where the image parameters
are fixed (described in Section VI.B.2), and (ii)) NW-IM, where the im&deand L

parameters are adapted taking only the network bandwidth availability into account.

VI.E.2 Impact on Total Latency and PSNR

We study the total latency arflS N R of the image application under different
network bandwidths and CPU availabilities for two cases: (i) where the other applica-
tions executing on the platform impose constant processing load over time, and (ii)
where the load imposed on the platform varies at random. The total latency constraint

for the image application was set at 5 seconds.

Constant Load

Figure V1.8 illustrates the total latency and the correspondisgV R of the
image application under three different network bandwidths and for different platform
CPU availabilities, for the three versions of the image application. The solid lines plot
the total latency (primary Y-axis), and the dotted lines plot #feNV R (secondary Y-
axis). PSN R = oo (highest image quality) is plotted at 100 dB for reference. From the
graphs, we observe that ST-IM resultsib N R = oo for all cases, but fails to meet
the latency constraint at all CPU availabilities at 50 Kbps (Figure VI1.8(a)) and 300 Kbps
(Figure V1.8(b)). At 800 Kbps (Figure VI.8(c)), it meets the constraint only when more
than 25% of the CPU is available. In the NW-IM version, the quality of the image is
regulated, depending only on the network bandwidth (from 38.42 dB at 50 Kbps, to
at 800 Kbps). However, in cases where the CPU availability is low, the total latency
often fails to meet the constrairg.(, 11 sec at 300 Kbps and 10% CPU). COAD-IM is
able to meet the latency constraint at almost all the points considered. For a given net-
work bandwidth, the”?S N R under COAD-IM increases with the CPU availability, until
it converges with the plot for the NW-IM version (when the transmission latency starts

outweighing the decompression latency). These results show that through better param-
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variation of CPU availability

eter selection, COAD-IM is able to meet the latency constraint under a wide variety of

bandwidths and CPU availability, while minimizing the loss in image quality.

Random Load

In reality, the processing load imposed by the applications on the platform
may vary dynamically, and hence using average CPU availability to guide the param-
eter selection decisions (instead of worst-case) could lead to violations of the latency
constraint. To evaluate the impact of this, we executed the three versions of the image
application along with another application having a period of 100 ms and whose actual
CPU requirements were uniformly randomly distributed about its average CPU require-
ment. Figure V1.9 shows the distribution of the total latency of the image application
at 300 Kbps under different average CPU availabilities for all the three versions. The

shaded regions correspond to the latency values within which 99% of the total number
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Figure VI.10: Energy savings under co-adaptation

of measured latency values lie. Note that, the shape of this graph resembles the plot in
Figure V1.8(b) (in which the other applications imposed constant load). This shows that

the actual latency values are very closely distributed about the expected latency values.
In addition, the spread of the total latency values decreases with increasing CPU avail-
ability. These results indicate that the co-adaptation techniques perform well even under

variations in the actual CPU availability.

VI.LE.3 Impact on Energy Consumption

We next evaluate the energy savings made possible by the proposed co-
adaptation based approach. Figure VI.10(a) illustrates a timeline for the execution of

the three versions of the image application under varying network bandwidth and CPU



146

availability. The dotted arrows correspond to image transmission and the solid arrows
correspond to image decompression. Figure V1.10(b) shows the cumulative energy con-
sumption over the same timeline for the three versions of the image application. From
the graph, we observe that NW-IM achieves 47% energy savings over ST-IM. This is
mainly due to energy savings in the network card owing to decreased transmission times.
However, COAD-IM results in large savings in both the network interface card (due to
decreased transmission times) and the processor (due to setting of platform frequency
and voltage in a manner that is aware of the application parameters), leading to large

energy savings overall: 42%, compared to NW-IM, and 70%, compared to ST-IM.

VI.F Conclusions

In this chapter, we presented application-architecture co-adaptation, a method-
ology for the dynamic and synergistic customization of both applications as well as the
underlying platform architecture. We illustrated the overall concept of co-adaptation,
and described it in detail in the context of a wireless image delivery system. Experi-
mental results indicate that the proposed techniques successfully achieve large benefits
in application performance, quality, and energy efficiency under dynamic variation of

platform processing resources and network bandwidth.
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Future Research Directions

As described in this thesis, it is becoming economically infeasible to develop
custom SoCs/ASICs due to the high cost associated with their design, verification, man-
ufacture and test. Platform-based SoCs, which consist of largely pre-designed and pre-
verified standard components, are emerging as an attractive alternative, since they can
be targeted towards multiple applications, thereby amortizing the cost of platform de-
velopment over larger markets. However, the widespread adoption of such platforms
is limited by concerns about their performance and energy-efficiency. This thesis ad-
dressed the problem of enabling the use of platforms in domains where custom ap-
proaches have traditionally been used, by provisioning for dynamic configurability in
platform components. It introduced the concept of Dynamic Platform Management for
the run-time customization of configurable platforms, depending on the time-varying
requirements imposed by the executing applications. The techniques proposed in this
thesis enabled superior application performance, more efficient utilization of platform
resources, and improved energy efficiency compared to conventional statically config-
ured platforms. We also investigated application-architecture co-adaptation techniques
for the co-ordinated adaptation of both the executing applications as well as the under-
lying platform architecture. In this final chapter, we discuss future research directions
emerging out of the work presented in this thesis, and point out the challenges and op-

portunities offered by them.
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In this thesis, we studied adaptivity in platform architectures and applications.
However, adaptivity can be exploited at different levels of system design, and across dif-
ferent levels, each providing different benefits and research challenges. Hence, moving
forward, we envision three main directions along which this work can be extended, as
illustrated in Figure VII.1: (i) architectural-level adaptation, (ii) cross-layer adaptation,

and (iif) network-wide adaptation. We next discuss each of these in further detail.

Adaptive Applications

| Adaptive Transport | b

| Adaptive Network |( )
|
|

Adaptive MAC |
Adaptive PHY |

| Prog. PLL ||Conf|gurable||

Processor PLD |

Configurable Communication Architectuf} (a)

Configurable | |Configurable | |Parameterized
Memory Cache Co-processor

Figure VII.1: Future research directions: (a) architectural-level adaptation, (b) cross-

layer adaptation, and (c) network-wide adaptation

VII..1 Architectural-Level Adaptation

In this thesis, we surveyed numerous technologies that have been developed
in recent years to enable the dynamic configuration of platform components and archi-
tectural parameters. Many of these technologies have reached relative maturity, a few
of them having made their appearance in commercial products. We also proposed novel
techniques to provision for configurability in the on-chip bus architecture and in the
memory subsystem. However, incorporating more configurability in platforms would

enable them to be better adapted to the characteristics of the executing applications.
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Hence, there is a need to (i) develop technologies for providing more configurability
features in platform components, and (ii) design platforms featuring multiple configura-
bility options together (Figure VII.1).

This thesis also described dynamic platform management techniques for the
integrated run-time optimization of a few platform components together. We illustrated
the importance of holistic platform management that takes into account the interde-
pendence between the configurations of the individual platform components. Similar
platform management techniques are required for platforms featuring other avenues of
run-time configuration. Therefore, an important research challenge that needs to be ad-
dressed lies in the development of comprehensive platform management techniques for

the co-ordinated adaptation of multiple platform components together.

VII..2 Cross-Layer Adaptation

This thesis explored application-architecture co-adaptation, for the synergistic
adaptation of both the executing applications as well as the underlying platform ar-
chitecture, and described it in the context of a wireless image delivery system. Such
co-adaptation techniques need to be generalized to encompass other configurable ap-
plications and architectural features. Also, previous work has studied the adaptation of
different layers of the network protocol stack, such as the transport layer [193], network
layer [194], medium access control (MAC) layer [195] and the physical layer [196].
However, for optimized system operation, there is a need for co-ordinated adaptation
across all these protocol layers, the executing applications and the platform architecture
(Figure VII.1). This calls for neveross-layeradaptation methodologies that can under-
stand the interactions between the different layers of system operation, by passing ap-
propriate information between the different layers, and adapt the system as a whole. We
believe that such system-wide integrated adaptation will provide significant improve-
ments in application performance, optimized usage of network and platform resources,

and large energy savings.
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VII..3 Network-Wide Adaptation

Finally, the work presented in this thesis was limited to providing and exploit-
ing adaptivity within an embedded system node. However, these nodes may be con-
nected as a network of nodes (Figure VII.1). An example of such a network is a wireless

sensor network. Such networks are characterized by the following requirements:

e They may need to measure (sense) and process different types of data at different

times.

e Upgrading or adding new software and functionality to the nodes may be required,

after the network is deployed.

¢ Different nodes may need to be shut-down or put in low-power modes over time

to save energy, without adversely affecting the data collection process.

e When some nodes fail or are disabled, the functionality of the nodes and the rout-

ing of data within the network may need to be changed.

Addressing these requirements calls for the development oheémork-wide
adaptation techniques for the co-ordinated adaptation of the different nodes in the net-
work. These techniques may either be centralized, with one node making all adaptation
decisions, or distributed, where each node makes adaptation decisions in cooperation
with the other nodes. Such network-wide adaptation techniques will enable the deploy-
ment of networks that can support a diverse set of functionality at low-cost and with a

long network lifetime.
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