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Chapter1
Introduction

1.1 Introduction

The design of modern embedded systems has become increasingly com-

plex. There is a wide range of design parameters that have to be tuned

up to find the optimal tradeoff in terms of several design requirements.

Those systems should be low cost, small in terms of area, light weight and

be power efficient, since they are often battery-based devices. This is in

contrast with the requirements of achieving real-time, performance and

providing reliable and secure operation. As result, the increasing market

for compact embedded computing devices is leading to new multi-processor

system-on-a-chip (MPSoC) architectures designed for embedded systems,

providing task-level parallelism for streaming applications integrated in

a single chip. Those MPSoC systems are composed of different types of

processing units, memories, and specialised hardware components. For

example, modern smartphones include different processors and hardware

blocks to support GPS-based navigation, internet browsing, video capture

and processing, and, naturally, speech processing. Such embedded systems

can be found also in modern TVs, car navigation systems, and common

household devices.

Designers must address new challenges that were not present before:
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2 INTRODUCTION 1.2

such MPSoC architectures are heterogeneous in nature and are required

to be general enough to be used across several different applications in

order to be economically viable, leading to recent attention to parameter-

ized MPSoC platform architectures. On the other hand, they have very

different design constraints such as power efficiency, timing requirements

or performance budgets. In the remainder of this chapter, we describe the

background of the embedded systems field, discuss the motivation of the

work presented in this thesis, and address the main research question.

1.2 Problem description

Platform based design of heterogeneous multi-processor system-on-chip

(MPSoC) systems is becoming today’s predominant design paradigm in

the embedded systems domain [81]. In contrast to more traditional design

paradigms, platform based design shortens design time by eliminating the

effort of the low-level design and implementation of system components.

A platform based design environment typically consists of a fixed, para-

meterizable platform or a set of (parameterizable) components that can be

combined in specific ways to compose a platform.

The parameters make it possible to adjust platforms and individual

components to the required application domain and platform design re-

quirements. Examples of platform parameters are:

• type of general processing unit used, which can be a general pur-

pose processor like ARM and MIPS cores, or a dedicated hardware

component unit like Application Specific Integrated Circuits (AS-

ICs) specialized for Discrete Cosine Transform (DCT) operations or

Variable Length Encoding (VLE).

• type of communication infrastructure, which can be shared bus or

crossbar based architecture.

• memory subsystems, which can vary for latency and capacity levels.



1.2 PROBLEM DESCRIPTION 3

• HW/SW partitioning: determining which tasks will be implemen-

tetd in software and which tasks as fixed ASICs or reconfigurable

hardware blocks.

A platform instance is a set of parametrized components that are selected

from a library. These parametrized MPSoCs architectures must be tuned

(i.e., their configuration parameters must be appropriately chosen) to find

the best trade-off in terms of a set of metrics (e.g., energy and delay) for

a given class of applications. This tuning process is called Design Space

Exploration (DSE) [78]. This process allows to explore a wide range of

early design choices which heavily influence the success or failure of the

final product.

In general, DSE involves the minimisation (or maximization) of mul-

tiple objectives. DSE is the first step for a multi-objective optimisation

procedure, as shown in Figure 1.1. The solution of multi-objective optim-

ization problems consists of finding the points of the Pareto curve [24], i.e.

all the points which are better than all the others for at least one objective.

Consequently, in Step 2 higher-level information is used to choose one of

the obtained trade-off points.

State-of-the-art solutions for system-level DSE are essentially composed

of two elements:

• searching in the design space

• evaluating a single design point in the design space

The most straightforward but least efficient approach to determine the

Pareto-optimal set of configurations of a parameterized SoC architecture

with respect to multi-objective design optimization criteria is to do an

exhaustive search of the configuration space. However, a Pareto curve for

a specific platform is available only when all the points in the design space

have been evaluated and characterized in terms of the metrics of merit.

This exhaustive search approach is often unfeasible due to large design

spaces, and long evaluation times. Therefore, meta-heuristic algorithms
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(like genetic algorithms, simulated annealing, and ant colony optimization)

are often used.

The evaluation of a single design point in the design space consists of

objective values like performance, system resilience and power consump-

tion, and a mechanism for traversing the design space to search for an

optimal (set of) design point(s). To evaluate a single design point, roughly

three approaches are available: 1) performing measurements on a proto-

type implementation, 2) simulation-based measurements and 3) estima-

tions based on some kind of analytical model. Each of these methods has

different properties with respect to evaluation time and accuracy. Evalua-

tion of prototype implementations provides the highest accuracy, but long

development and/or synthesis times prohibit evaluation of many design

options. Analytical estimations are considered the fastest, but accuracy

is limited since they are typically unable to sufficiently capture particu-

lar intricate system behaviour. Simulation-based evaluation fills up the

range between these two extremes: both highly accurate (but slower) and

fast (but less accurate) simulation techniques are available. This trade-off

between accuracy and speed is very important, especially for early system-

level DSE in which the design space that needs to be explored is vast and

some accuracy can often be traded for efficiency to cope with these large

design spaces. Current DSE efforts typically use simulation or analytical

models to evaluate single design points together with a heuristic search

method [39] to search the design space. These DSE methods search the

design space using only a finite number of design-point evaluations, not

guaranteeing to find the absolute optimum in the design space, but they

reduce the design space to a set of design candidates that meet certain re-

quirements or are close to the optimum with respect to certain objectives.

Our focus is on system-level mapping DSE, where mapping involves two

aspects: 1) allocation and 2) binding. Allocation deals with selecting the

architectural components in the MPSoC platform architecture that will be

involved in the execution of the application workload (i.e., not all platform

components need to be used), modelling the configuration problem as well.

Subsequently, the binding specifies which application task or application
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communication is performed by which MPSoC component. State-of-the-

art DSE approaches typically use either simulation or an analytical model

to evaluate mappings, where simulative approaches prohibit the evaluation

of many design options due to the higher evaluation performance costs and

analytical approaches may suffer from accuracy issues.

DSE is making design decisions in the early design stages is crucial

to reduce the number of implementation options and thereby reducing

the total design effort. Design space pruning is a technique to make the

optimisation process of the DSE more efficient, allowing to search larger

design spaces or to find optimal design quicker.

Pruning techniques can, therefore,be applied to

• Speed up the design point evaluation;

• Optimize the heuristic search in the design space.

In every design phase, a subset from the non-pruned design options is

selected and evaluated.

The feedback from the evaluation determines which of the candidates

will be used in the next (lower) level of abstraction in the design process.

In this thesis, Evolutionary multi-objective optimization (EMO) al-

gorithms are applied to support the design space exploration of multi-

processor system-on-chip architectures.

We focus on efficient techniques to prune the design space while using

the evolutionary optimization search algorithms, as shown in Figure 1.1.

Therefore, the research question of this thesis is:

How can we use pruning techniques to speed up the eva-
luation of a design point and optimise the search in the
design space?

1.3 Objectives and organisation of the thesis

The work presented in this thesis has been performed in the context of

several system-level simulation frameworks. In particular, we used Sesame
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Figure 1.1: Schematic of a multi-objective optimization procedure.

[78] for efficiently evaluating non-functional behaviour (like performance,

and cost) of an embedded system at a high level of abstraction. Initially

Sesame did however not yet support system level power/energy consump-

tion analysis. Therefore, the initial part of this thesis focuses on extending

the objective space of our DSE with the introduction of a complete power

modelling framework for multi-processors systems on chip (MPSoC) within

Sesame. This thesis also studies DSE for lifetime optimisation of systems.

In order to estimate system resilience, we employ the CQSA framework

[67], which allows slack-based design space exploration for networks on
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chip. The Critical Quantity Slack Allocation (CQSA) jointly optimises

system resilience and cost by determining (a) how much slack should be

allocated in the system, and (b) where in the system it should be alloc-

ated, such that the system mean-time-to-failure (MTTF) is increased in

the most area-efficient ways possible.

The main contributions of this thesis are:

• Extending the objective space with the introduction and implement-

ation of a complete framework for high-level power estimation for

MPSoC. The technique is based on abstract execution profiles, called

event signatures, and it operates at a higher level of abstraction than,

e.g., commonly-used instruction-set simulator (ISS) based power es-

timation methods and should thus be capable of achieving good eva-

luation performance.

This is essential in the context of the first phase of DSE.

• An iterative design space pruning methodology based on static through-

put analysis of different application mappings.

By interleaving these analytical throughput estimations with sim-

ulations, our hybrid approach significantly reduces the number of

simulations that are needed during the process of DSE.

• A study on different strategies for interleaving fast but less accurate

analytical performance estimations with slower but more accurate

simulations during DSE

• Failure scenario memoization pruning techniques to reduce the com-

putational cost of system lifetime estimation by storing and reusing

estimated lifetime values for systems with one or more failed com-

ponents. The lifetime of all partially failed systems is derived and

saved (the memory storage cost of such values is negligible); when

a previously explored partially-failed system is encountered a second

time, its expected lifetime is read from a database rather than re-

estimated.
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• Correlation-based architecture distance metrics for efficiently prun-

ing the slack-allocation based DSE for improving system resilience

of NoC based MPSoCs. In modern platform- and network-on-chip

based design, components are clustered around switches in the on-

chip network. When clusters and the tasks mapped to them are

considered to be symmetric, some configurations have the same ef-

fect on the overall system lifetime. This can be leveraged to reduce

the number of evaluations.

To summarise, this thesis studies pruning techniques to speed up the search

in the design space and the evaluation of a design point according to several

objectives. The thesis is, therefore, organised into the following parts:

• background (Chapters 1 and 2),

• extending the design space with the objective of power/energy con-

sumption (Chapter 3), and

• pruning techniques for system performance (Chapter 4) and lifetime

optimisation (Chapter 5 and Appendix).

Chapter 2 gives an overview of the preliminary information necessary

for understanding the rest of the thesis. We first describe the basic know-

ledge about multi-objective optimisation problems. Then, we explain the

multi-objective optimisation problem in the context of design space ex-

ploration of embedded systems. We describe evolutionary algorithms as

heuristic methods for searching in the design space, with a brief description

of the genetic algorithm NSGA-II we use throughout this thesis. After-

wards, we discuss several metrics for evaluating the quality of the solutions

obtained while performing design space exploration using heuristic search.

The second part of Chapter 2 illustrates Sesame, the main framework used

for the evaluation of a single design point. In particular, we provide a

quick overview of the application, mapping and architecture models used

in Sesame, since they will be the focus for the optimisation and modelling

techniques used in Chapter 3 and 4.
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Chapter 3 is dedicated to the first step for multi-objective DSE, which

is introducing extra objective functions and simulation models. In this

chapter, we present a full system-level MPSoC power estimation framework

based on the Sesame framework, in which the power consumption of all the

system components is modelled using signature-based models. The MPSoC

power model has been incorporated into Daedalus, which is a system-level

design flow for the design of MPSoC based embedded multimedia systems

[90, 73]. This let us validate the high-level power models against real

MPSoC implementations on FPGA.

Next two chapters focus essentially on the optimisation of the other

two design objectives, system performance and lifetime. Chapter 4 is the

first part of pruning techniques for multi-objective DSE focusing on per-

formance evaluation and optimisation. This chapter deals with a new,

hybrid form of DSE, combining simulations with analytical estimations to

prune the design space in terms of application mappings that need to be

evaluated using simulation. To reach our goal, the DSE technique uses an

analytical model that estimates the expected throughput of an application

(which is a natural performance metric for the multimedia and streaming

application domain we target) given a certain architectural configuration

and application-to-architecture mapping. In the majority of the search

iterations of the DSE process, the throughput estimation avoids the use

of simulations to evaluate the design points. However, since the analytical

estimations may in some cases be less accurate, the analytical estimations

still need to be interleaved with simulation-based evaluations in order to

ensure that the DSE process is steered into the right direction.

We studied different techniques for interleaving these analytical and

simulation-based evaluations in our hybrid DSE.

Finally, Chapter 5 focuses on pruning techniques for an important met-

ric in modern embedded systems, which is the expected lifetime. Redund-

ant hardware is typically employed to improve system lifetime. For in-

stance, slack allocation, which overdesigns the system by provisioning exe-

cution and storage resources beyond those required to operate failure-free,

has been proposed as a low-cost alternative to replicating resources [22, 67].
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When components fail, data and tasks are re-mapped and re-scheduled on

resources with slack; as long as performance constraints are satisfied, the

system is considered to be operational despite component failure. For any

given system, the design space of possible slack allocations is large and

complex, consisting of every possible way to replace each component in

the initial system with another component from a library.

In Chapter 5 we propose an exploration framework for Network-on-

Chip (NoC) based MPSoCs that substantially reduces the computational

cost of slack allocation. First, we develop failure scenario memoization

to reduce the computational cost of lifetime estimation by storing and

reusing estimated lifetime values for systems with one or more failed com-

ponents. Second, we introduce a correlation-based architecture distance

metric to identify symmetries for clusters of components called islands.

In modern platform- and network-on-chip based design, components are

clustered around switches in the on-chip network. When clusters and the

tasks mapped to them are considered to be symmetric, some configurations

have the same effect on the overall system lifetime. This can be leveraged

to reduce the number of evaluations.


