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Abstract. Designing custom solutions has been central to meeting a range of
stringent and specialized needs of embedded computing, along such dimensions
as physical size, power consumption, and performance that includes real-time be-
havior. For this trend to continue, we must find ways to overcome the twin hurdles
of rising non-recurring engineering (NRE) costs and decreasing time-to-market
windows by providing major improvements in designer productivity. This paper
presents compiler directed design space exploration as a framework for articulat-
ing, formulating, and implementing global optimizations for embedded systems
customization, where the design space is spanned by parametric representations
of both candidate compiler optimizations and architecture parameters, and the
navigation of the design space is driven by quantifiable, machine independent
metrics. This paper describes the elements of such a framework and an example
of its application.

1 Introduction

Over the last two decades Moore’s Law has remained the primary semiconductor mar-
ket driver for the emergence and proliferation of embedded systems. Chip densities
have being doubling and cost halving every 18 months. For this trend to continue, the
non-recurring engineering (NRE) costs must be amortized over high unit volumes, thus
making customization attractive only in the context of high-volume applications. This
generally implies uniform designs for a large set of applications. However, customiza-
tion is central to a range of existing and emerging embedded applications including
high-performance networking, consumer and medical electronics, industrial automa-
tion and control, electronic textiles and computer security, to name a few. These appli-
cations are characterized by evolving computational requirements in moderate volumes
with stringent time-to-market pressures.

In the past, customization meant investing the time and money to design an applica-
tion specific integrated circuit (ASIC). However, the non-recurring engineering (NRE)
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cost of ASIC product development has been rapidly escalating with each new genera-
tion of device technology. For example, a leading edge embedded system based on an
80 million transistor custom chip in 100 nm technology was projected to cost upwards
of $80M [13]. Less aggressive chip designs still incur significant NRE costs in the
range of tens of millions of dollars with mask costs alone having surpassed $1M. Fur-
thermore, product life cycles and competitive pressures are placing increasing demands
on shortening the time-to-market. This in turn has been a significant limiting factor to
the growth of the industry that is increasingly demanding customized solutions. If the
embedded systems industry is to grow at the projected rates it is essential that the twin
hurdles of increasing NRE costs and longer time-to-market be overcome [24].

Thus, to sustain Moore’s Law and its corollary through the next decade, a major
challenge for embedded systems design is to produce several orders of magnitude im-
provement in designer productivity to concurrently reduce both NRE costs and time-
to-market. The required gains in productivity and cost can only be realized by funda-
mental shifts in design strategy rather than evolutionary techniques that retain legacy
barriers between hardware and software design me thodologies. This paper presents an
overview of compiler directed design space exploration as a framework for addressing
the challenges of embedded systems customization for the next decade.

2 Evolution of Approaches to Customization

Increasing hardware design complexity and design costs have historically driven inno-
vations in the development of higher levels of hardware abstractions and accompany-
ing design tools for translation into efficient hardware designs. The concept of auto-
mated, customized hardware design, tersitdon compilation referred to automated
approaches for translating high level specifications to hardware implementations that
were subsequently subjected to hardware-centric optimizations. A departure from this
conventional view articulated a new approach wherein optimizations were applied early
in the compilation process to more abstract representations of the hardware [19]. This
framework enabled the development of computationally tractable solutions to several
geometric optimizations that, at the time, were applied to lower level hardware descrip-
tions. As the progression of Moore’s Law continued through the next decade, each new
technology generation placed formidable challenges to designer productivity. Silicon
compilation consequently evolved into two distinct disciplines: optimizing compilers
and electronic design automation (EDA).

Through the 1970’s instruction set architectures (ISAs) emerged as a vehicle for fo-
cusing the NRE costs of processor hardware development. Through re-use via software
customization, the processor hardware NRE cost could be amortized through high vol-
umes achieved by using the processor across many applications. As technology moved
through the sub-micron barrier, to sustain the cost and performance benefits of Moore’s
Law, we saw the emergence of reduced instruction set architectures (RISC) and accom-
panying optimizing compiler technology in the early 80’s. For the next 15 years the
demands for instruction level parallel (ILP) processors and automated parallelization
drove developments in compiler technology in the areas of program analysis, e.g., array
dependence analysis, and program transformations eg. loop transformations. The goal



of program analysis and transformation was to optimize the execution of a program on
a fixed hardware target that was abstracted in the form of an ISA. Program transforma-
tions also evolved to exploit facets of the micro-architecture and memory hierarchy that
were exposed to the compiler, such as the cache block size, memory latency and func-
tional unit latencies. However, in all of these cases the target hardware remained fixed.
Central to these program analysis and transformation techniques was the evolution of
rich graph-based intermediate program representatiompspgram graphs

Independently, and concurrently, electronic design automation (EDA) continued to
innovate in automating the design of increasingly complex generations of chips. The
abstractions for automated EDA tool flows evolved from switch-level abstractions of
transistors, through the gate-level, to the register transfer level, with much of the cur-
rent interest focused at the Electronic System Level (ESL), utilizing hardware speci-
fications in the form of languages such as SystemC and System Verilog. The ISA re-
mained the primary interface between program graphs (software) and the hardware. De-
cisions concerning functionality that should be in hardware, versus that which should
be implemented in software were made with respect to subsequently inflexible and rigid
partitions between software and hardware implementations. Thus, through the 80’s and
much of the 90’s the disciplines of optimizing compiler technology for microprocessors
and EDA technology for the development of ASICs matured into distinct, vertically in-
tegrated design flows with little to no cross-fertilization.

In the 90's a few research efforts began investigating design techniques for cus-
tomization of embedded systems wherein the compiler optimizations were applied in
the context of traditional EDA design tasks. The Program-In-Chip-Out (PICO) sys-
tem at HP Laboratories [28] pioneered an approach that leverages well known program
transformations such as software pipelining to synthesize non-programmable hardware
accelerators to implement loop nests found in ANSI C programs [29]. The PICO system
also synthesizes a companion custom Very Long Instruction Word (VLIW) processor
that is selected through a framework for trading area (through the number of functional
units) for performance (through compiler scheduling of instructions) [28]. While PICO
generates custom ASIC solutions, the Adaptive Explicitly Parallel Instruction Com-
puting (AEPIC) model [22, 17] targets an EPIC processor coupled to a reconfigurable
fabric such as a field programmable gate array (FPGA). Custom instructions are iden-
tified from an analysis of the program while hardware implementation of these custom
instructions are realized in the reconfigurable fabric.

The EPIC ISA is extended with instructions to communicate with the custom fab-
ric. Traditional compiler optimizations for register allocation, instruction scheduling,
and latency hiding are extended to manage the reconfigurable fabric. While hardware
description languages emerged as the dominant specification vehicle of choice for hard-
ware design, Handel-C emerged as a C-based language for specifying hardware at-
tributes of concurrency and timing [1] for hardware synthesis leading to a C-based de-
sign flow for hardware/software partitioning and hardware synthesis. More recent ver-
sions of C-based design flows include ImpulseC [2], SilverC [4], and Single-Assignment
C [27]. While all of these approaches attempt to leverage the C language and use an
HDL as an intermediate representation, the dynamically variable instruction set ar-
chitecture approach [11] [18] compiled ANSI C programs to FPGA fabrics without



a HDL intermediate representation. In the same spirit of using programming language
based specification [25], a more recent effort describes a comprehensive approach to
customization for embedded control applications [7]. A high level specification based
on an extended finite state machine formalism is analyzed and used for partitioning
functionality into hardware and software driven by performance constraints. The target
architecture is an embedded processor coupled with a reconfigurable fabric. Another
recent approach for the customization of the memory hierarchy combines locality en-
hancing transformations with exploration of cache design parameters for programs with
pointers — ubiquitous to embedded applications (e.g., C) —and aimed at minimizing the
physical size and energy consumed by embedded cache memories [21] [20]. The re-
sults demonstrated halving of the cache size and energy consumption, while in many
cases simultaneously improving the performance by a similar factor. Thus, a powerful
algorithm based on the principles of average-case analysis could achieve power and
cost (silicon area) improvements corresponding to those achieved by an entire gen-
eration of Moore’s Law. Several other recent projects have also begun exploring the
co-operative use of optimizing compilers and behavioral synthesis compilers recog-
nizing the strengths of each and seeking a principled application of both targeted to
FPGAs [31] [15] [14]. These research efforts further underscore the trend towards the
cross-fertilization between the disciplines of optimizing compilers and EDA.

The productivity and performance improvements required to sustain Moore’s Law
through the next decade must come from a major shift in design principles rather than
continued evolutionary improvements in separate, vertically integrated design flows for
optimizing compiler technology and EDA. Global optimizations that span these two
disciplines afford opportunities for major improvement in designer productivity and
system performance. Central to the development of such analysis and optimization
techniques will be the redefinition of the hardware/software interface, to enable cus-
tomization techniques that can operate directly on program graph representations, in
bridging to hardware abstractions and thus avoiding the performance and productivity
hurdles of utilizing a fixed ISA customized for an application. Design space exploration
is a framework for articulating, designing, and implementing such global optimizations
where the design space is spanned by parametric representations of both candidate com-
piler optimizations and architecture parameters and the navigation of the design space
is driven by quantifiable, machine independent metrics. In a manner reminiscent of
the re-definition of the hardware-software interface that took place in innovating RISC
architectures, productivity improvements will come from re-defining the interface be-
tween, and roles of, optimizing compilers and EDA tools.

3 Compiler-Directed Design Space Exploration

Functionally, the process of customization via design space exploration (DSE) trans-
forms both a program and the target architecture to generate a "best fit". The essential
elements of DSE are describe in this section.
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Fig. 1. The traditional role of a compiler: Compiling to a fixed target

3.1 Compiler As a Vehicle For Design Space Exploration

As illustrated in figure 1, traditionally compilers were designed to target a fixed ar-
chitecture with a rigid hardware-software interface in the form of an ISA. Compiler
optimizations were developed with the aim of efficient utilization of fixed architectural
resources such as storage (eg. registers) and data-path (eg. functional units). However,
since the hardware is fixed at design time, hardware vendors are motivated to produce
designs that appeal to the largest base of applications so as to amortize the NRE costs.
Consequently, performance for a specific or small subset of key applications kernels is
sacrificed. What is desirable is that the application and architecture-bptimizedand

the design space of compiler optimizations and architectural alternatieesdsglored

The application of compiler directed DSE is illustrated in Figure 2 (a). In this exam-
ple, aspects of the architecture are configurablewartber the control of the compiler.
Optimizations now target a space of alternative customized micro-architectures seek-
ing one which minimizes or maximizes an objective function. As an example, consider
a data layout optimization for large arrays of data. Rather than seeking a layout that
optimizes a fixed cache block size, the optimization can concurrently search a space
of block sizes and data layouts that would maximize performance. For the first time, a
compiler viewsan application as a mutable entity which is co-optimized with the target
architecture for a better “fit” and better design8y contrast, other hardware-software
codesign methodologies have largely viewed the application as an immutable or “fixed”
entity for which the target architecture is optimized. Our framework, as illustrated in fig-
ure 2 is a technique for integrated compiler/EDA optimization, breaking the traditional
hardware-software barrier and incorporating parametric descriptions of compiler opti-
mizations as well as the target architecture into the design space. Figure 2 (b) illustrates
a design space that is spanned by parameters of the compiler optimization, parameters
of the architecture, and machine independent metrics.
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Fig. 2. A framework for compiler directed design space exploration

3.2 Specification of the Design Space

Atits core, a design space explorer (DSE) accepts as input a program and a specification
of the design space that includes optimization parameters, architecture parameters, a set
of rules, and constraints. These rules and constraints may be derived from application
execution constraints or domain-specific deployment cost and performance constraints.
In the proposed approach the design-space is spanned by parametric representations of
both candidate compiler optimizations and architecture parameters and the navigation
of the design space is driven by quantifiable, machine independent metrics. While for-
mal specification techniques for compiler optimizations has not drawn much attention,
various specification mechanisms exist for describing architectures both for compil-
ers, typically referred to as machine descriptions, as well for synthesis tools typically
using hardware description languages (HDLs) such as VHDL or Verilog. While these



languages support the description of a single target architecture, additional constructs
are necessary to describe a parameterized design space and associated constraints. A
first step in this direction is PD-XML.: a language for describing embedded processors
and platforms [30]. The core PD-XML concepts are being extended by research efforts

in CREST to specify the design spaces for configurable architectures along with their
constraints.

3.3 Characterization and Exploration of the Design Space

The exploration of the design space utilizes characterizations of the behavior of the ap-
plication as well as models of the target hardware. In the traditional compiler domain,
program analysis and execution profiling have been the dominant approaches for char-
acterizing application behavior in the context of fixed architectures. Though thorough
hardware cost-performance trade-off studies have been difficult-this is an artifact of
the target being fixed—application characterization using compiler analysis and profile-
feedback have been instrumental for detecting optimization opportunities.

The implementation of candidate optimizations are guided by hardware models that
quantify the impact of the optimizations, for example area and clock speed. Devel-
opment of such hardware models is accompanied by decision models that guide the
application of candidate program optimizations.

Such a framework that combines application characterization with high level hard-
ware models serves as a point of departure for current generation design space explo-
ration tools. Exploration itself can be carried out employing techniques ranging from
heuristics to linear programming. Section 5 provides and example drawn from cus-
tomization of the memory hierarchy and illustrates the use of machine independent
metrics to characterize the demands of the application in the context of the memory
hierarchy.

4 Attributes of the Design Space

Our framework for design space exploration has three main aspects: the space of target
architectures, the space of compiler optimizations and the metrics that characterize each
point in such a design space.

4.1 The Space of Target Architectures

The spectrum of target architectures for embedded systems range from fine grained
field programmable gate arrays (FPGASs) [32] at one end, through coarse grained “sea of
tiles” architectures (for example [34] [26] [12]) to traditional fixed-ISA microprocessors

at the other end.

Fine grained FPGA architectures can implement complex logic and exploit fine
grained logic-level parallelism but have very poor logic densities, delay, area and power
consumption [36] relative to ASICs. Coarse grained “sea of tiles” architectures, though
not as flexible as fine grained FPGAs greatly reduce power, area, delay and configura-
tion times. In addition they map well to traditional compiler representations and abstrac-
tions of programs and hence serve as efficient compilation and design space exploration



targets. Further, compiler optimizations such as modulo scheduling can readily leverage
the tiled nature of such architectures for efficient mapping of applications as well as to
influence traditional EDA tasks such as placement and routing. More recently "struc-
tured” ASIC design flows have emerged as a mechanism to reduce the cost of chip
development [36]. Cost reductions are achieved by reducing the degrees of freedom in
physical layout and optimization and by using pre-designed cores [3]. Tiled based ar-
chitectures with their coarse grain structure and limited space of interconnect and place-
ment options (relative to a full custom gate design) are a good fit for structured ASIC
design flows. Most recently, a new class of coarse grained configurable architectures
referred to apolymorphic computing architecturdBCAs) have emerged as a power-

ful class of architectures for satisfying demanding embedded computing requirements.
PCAs represent a new class of computing architectures whose micro-architecture can
morphto efficiently and effectively meet the requirements of a range of diverse applica-
tions thereby also amortizing development cost. Such architectures have the advantages
of smaller footprint (by replacing several ASIC cores), lower risk via post deployment
hardware configuration, and sustained performance over computationally diverse appli-
cations. This class of architectures is particularly amenable to compiler directed DSE.
Finally, A-EPIC [22] and more recent efforts in customizable instruction set architec-
tures [6] [5] [8] recognize the need for more flexible microprocessor targets and are
amenable to compiler-directed DSE for custom instruction selection or configuration.
In particular, powerful program analysis techniques can be brought to bear to "dis-
cover” custom instructions. The challenge in discovering suitable custom instructions
lay in the complex interactions instructions have with the data-path micro-architecture
and the memory hierarchy.

Along this spectrum of target architectures, the application of compiler directed
DSE is based on the ability to adequately characterize the hardware target via high
level models utilized to navigate the design space. An additional crucial decision is
the selection of the set of architectural parameters which form a design space that is
self-contained (and hence can be characterized well) and thereby makes the process of
design space exploration tractable. For example, target architectures range from con-
ventional microprocessors to fine grained re-configurable targets like FPGAs. A subset
of such target architectures which are easy to explore, self-contained as well as meet the
customization requirements, willimmediately leverage the benefits of compiler directed
DSE.

4.2 The Space of Compiler Optimizations

Compiler optimizations can be broadly divided into two classes. Optimizations that in-
fluence the design of the memory subsystem and optimizations that influence the design
of the data path of the embedded system. In the subsequent sections, we broadly sketch
examples of optimizations in each class relevant to embedded systems customization.

Data Locality Optimizations In general, data locality optimizations can be classified
into three classes. Code transformations which change the data object access pattern
for a given data layout [9], data transformations that change the data object layout for a



given object access pattern [10] and optimizations which manage the memory hierarchy
through techniques such as software based prefetching [33]. Among these techniques
the last two are especially attractive in the context of memory hierarchy customization,
as code transformation needs to be leveraged for co-optimizing the application and the
data path of the target architecture. In this regard novel analysis techniques based on
metrics like neighborhood affinity probability (NAP) [23] [20], characterize object ac-
cess patterns in a program region specific manner, enable integrated optimizations that
can drive data re-layout in memory as well as drive software based prefetching to re-
duce the memory hierarchy cost (in terms of area as well as power) while maintaining
performance. Novel metrics also serve as an architecture independent measure of re-
quired memory hierarchy resources. Optimizations based on NAP not only reduce the
cost of the memory hierarchy but also enable numerous trade-offs among various cache
parameters.

Optimizations that improve data locality have been shown to improve performance
in the context of conventional microprocessors. In addition, recent work [21] has shown
how such data locality optimizations not only yield performance improvements in the
case of fixed architectures, but can also be used for the design space exploration of
memory hierarchies resulting in reduced costs, in terms of area and power, while main-
taining the same performance as that of an unoptimized application. Metrics derived
from profile-feedback and application analysis techniques introduced in previous stud-
ies [21] not only indicate optimization opportunities, but also serve as an indicator of
required hardware resources.

Concurrency Enhancing Optimizations Traditional optimizations have focused on
concurrency enhancement in the presence of fixed hardware resources. In the context
of application-architecture co-optimization, since architectural resources are no longer
fixed, concurrency in the application can be exploited to gain performance by investing
in additional architectural resources. This is a natural way to trade off cost for perfor-
mance. Several compiler optimizations ranging from fine grained ILP (Instruction level
parallelism) techniques [16] to coarse grained loop parallelization techniques [35] can
be applied to explore the cost (area) vs. performance of a variable number of functional
units.

Scheduling TechniquesApart from data locality enhancing optimizations which in-
fluence the design of the memory hierarchy, and concurrency enhancing optimizations
which influence the number of functional units, scheduling techniques can be lever-
aged to influence EDA steps such as placement and routing. For example, compile-time
program analysis can be applied to characterize communications between functional re-
sources and hence influence the placement (e.g., co-location) of these resources [28] for
increased performance. In addition, program transformations such as software pipelin-
ing can be leveraged to perform integrated placement and routing of regular, systolic
array-like structures [15].

Collectively, the classes of compiler optimizations described in the preceding can
be leveraged to co-optimize the application with the memory hierarchy, and/or the data-
path.
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5 An Example: Memory Hierarchy Customization

In this section, we illustrate how a compiler can be leveraged for design space explo-
ration to customize the memory hierarchy for a particular application. We also show
how novel metrics, characterized through compiler analysis, aid in such an exploration
and serve to quantify hardware resource needs. Formally the problem can be stated as
follows: Given a cache with block sizB, size§ and bandwidti#’ and a cost function
F:(BxS$xW)— O and a progran®, what are the values @, S and % for the
best performance such that the cost is less than a specifiedo/alue

To explore a design space, the program behavior should be characterized using ar-
chitecture independent metrics, and the cost of a particular cache design and its impact
on the program performance should be evaluated. The architecture independent metrics
introduced in [20] completely characterize the intrinsic or virtual behavior of a pro-
gram and relate the virtual characteristics to the realized or observed behavior when a
micro-architectural model is imposed during execution. These metricsrover fac-
tor, Packing factomandDemand bandwidthare defined below:

Turnover Factor Intuitively, turnover factor can be defined as the amount of change
in the working set of the prograr®. Consider a data reference trag€efor the pro-
gram? as a string of addresseg. is partitioned into smaller non-overlapping sub-
strings,s;, &, - -+, . The number of unique characters in each subssirguals?’,

the virtual working-set size. In addition, the substrings do not overlap, and therefore
T =s1|%| - - |sn. We now define the cost of a transition between two substgngsd

S_1 as the turnover factor.

r(3>0) =V - |§& ﬂg—l‘
wheres' is the set formed fromg, andsy is the null set.

Packing Factor Packing factor can be loosely defined as the ratio of the total data
in the cache to the useful data in the cache. Formally, given a mapping furffion
(derived fromB and.$) which maps addresses in the trafeo blocks, letR; be the
number of blocks needed to map every addiesss. Now the packing factor can be
defined as

i X B
a(s)= 57

This measures the efficiency with which useful data is packed into the cache.

Demand Bandwidth The demand bandwidth of an application can be defined as

D(s0) = M(s) x®(s)
s
Abstractly, it captures the rate at which data should be delivered to the caches to
meet the program requirements. If the architectural bandwidth does not match the de-
mand bandwidth, the program incurs stalls.
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In light of these novel metrics, it is clear that a low packing factor and hence low
demand bandwidth is desirable and has a direct impact on program performance. Low
packing factor indicates optimal use of the caches and hence better cache design. For
a given trace7, packing factor is in turn determined completely by the block $ze
and cache sizg. Given an application, an automatic design space explorer can gener-
ate traces and then optimize the block size, cache size and bandwidth of the cache by
calculating the packing factor and hence demand bandwidth for various configurations.
Cost for each of these configurations can also be calculated through the cost function
F and can be traded off for performance, without the need for time consuming cycle
accurate simulation at each point of the design space. .

6 Remarks and Conclusions

A central impediment to the continued growth of embedded systems are the twin hur-
dles of NRE costs and time-to-market pressures. To address these challenges we need
fundamental shifts in principles governing hardware-software design that can lead to
the major leaps in designer productivity and thence cost reductions to sustain the per-
formance and cost benefits of Moore’s Law for future custom embedded systems. In this
paper we describe compiler directed design space exploration (DSE) where the design
space is spanned by parametric representations of both candidate compiler optimiza-
tions and architecture parameters and the navigation of the design space is driven by
quantifiable, machine independent metrics. DSE in conjunction with emerging config-
urable architectures such as coarse grain tiled architectures, microprocessors with cus-
tomizable ISAs, polymorphic computer architectures, and fine grained FPGAs, offer
opportunities for concurrently optimizing the program and the hardware target thereby
leveraging optimizing compiler technology with EDA design techniques. We expect
such cross-fertilization between EDA and compiler technology will become increas-
ingly important and become a source of significant improvements in designer produc-
tivity and system performance.
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