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Abstract

Designing new microprocessors is a time consuming task. Architects rely on slow simulators to

evaluate performance and a significant proportion of the design space has to be explored before

an implementation is chosen. This process becomes more time consuming when compiler

optimisations are also considered. Once the architecture is selected, a new compiler must be

developed and tuned. What is needed are techniques that can speedup this whole process and

develop a new optimising compiler automatically.

This thesis proposes the use of machine-learning techniques to address architecture/compiler

co-design. First, two performance models are developed and are used to efficiently search the

design space of a microarchitecture. These models accurately predict performance metrics such

as cycles or energy, or a tradeoff of the two. The first model uses just 32 simulations to model

the entire design space of new applications, an order of magnitude fewer than state-of-the-art

techniques. The second model addresses offline training costs and predicts the average be-

haviour of a complete benchmark suite. Compared to state-of-the-art, it needs five times fewer

training simulations when applied to the SPEC CPU 2000 and MiBench benchmark suites.

Next, the impact of compiler optimisations on the design process is considered. This has

the potential to change the shape of the design space and improve performance significantly. A

new model is proposed that predicts the performance obtainable by an optimising compiler for

any design point, without having to build the compiler. Compared to the state-of-the-art, this

model achieves a significantly lower error rate.

Finally, a new machine-learning optimising compiler is presented that predicts the best

compiler optimisation setting for any new program on any new microarchitecture. It achieves

an average speedup of 1.14x over the default best gcc optimisation level. This represents 61%

of the maximum speedup available, using just one profile run of the application.
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Chapter 1

Introduction

Computer systems have become increasingly complex. The interaction between processors,

compilers and application software, means that these systems are hard to build. In addition,

time-to-market has become one of the major driving forces behind the development of com-

puter systems and, as such, has put pressure on system designers.

In this fast evolving environment, designers require powerful tools that automate part of the

design process. By using such tools, the design of computer systems becomes more efficient.

However, it remains a difficult and time consuming task, where human expertise plays a critical

role.

On the hardware front, microprocessors have become increasingly diverse and complex.

Designers have to find new ways of using the large numbers of transistors available, which

steadily increase according to Moore’s law. The use of specialised EDA (Electronic Design

Automation) tools is therefore essential in facilitating the design process. Processors are typi-

cally designed and described with the help of high-level languages. From this description, the

complete process is automated down to the transistor level. However, since more options are

available to the designer through the use of higher-level languages, more time is spent testing

alternative designs with different parameters.

On the compiler front, considerable effort has been spent in developing powerful compiler

technology. Programs are no longer written in assembly code (except in some rare cases) and

the increased use of high-level programming languages means that more pressure is put onto the

compilers. Compilers have to perform sophisticated high-level optimisations in order to extract

performance from the application. However, the design of such compilers, and especially the

design of compilers that can optimise code efficiently for different architectures, has become

too complex to be tackled by human expertise alone. New techniques are therefore required

that can assist the designer in this task.

1



2 Chapter 1. Introduction

1.1 Machine-learning for Computer Systems

Machine-learning techniques have been successfully used in various fields such as robotics,

image processing and finance. These techniques are used to automatically understand the in-

ternal structure of data and make new predictions about it. Although machine-learning is a well

established and recognised field, there has been very little application to computer systems in

comparison to other disciplines.

Automatic program optimisation has been investigated for decades and numerous static

models embedded within compilers have been developed. The recent application of machine-

learning to the problem of automating the generation of optimising compilers has the potential

to change this field. Recent results show that machine-learning models, generated automati-

cally, already out-perform the human-coded analysis present in today’s compilers. However,

much work remains to be done in this area since these models still require extensive training

for every new architecture encountered.

Recently, predictive models have been proposed for the design space exploration of newmi-

croprocessors. However, architects remain sceptical about the usefulness of these approaches;

such techniques suffer from the large number of simulations required for training. Architects

may therefore avoid using statistical approaches for the design of new processors, relying on

more conventional analytic techniques. The adoption of machine-learning in this field faces

many challenges. For these techniques to have greater take-up, architects need to be convinced

that machine-learning provides the necessary tools to leverage the current design methodology

and make the whole design process faster.

This thesis investigates the use of machine-learning for the efficient design of processors

and optimising compilers. The reminder of this chapter introduces the problem, lists the con-

tributions of this work and presents the overall structure of the thesis.

1.2 The Problem

Processor Design During the design process of general purpose processors, the architect

must first determine the overall architecture of the processor. This involves defining the dif-

ferent instructions supported, the structure of the pipeline and the organisation of the memory

hierarchy, for example. This task is typically performed by an experienced designer.

Once this architecture has been established, a certain number of parameters need to be

tuned in order to achieve the design goals and requirements. These parameters include elements

such as the number of functional units, the size of the register file or the sizes of the different

caches. This phase, known as design space exploration, involves running numerous simulations
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to test alternative possible implementations. This exploration typically gathers information

about important metrics such as performance or energy and ideally results in a design point

that fulfils all the requirements and constraints.

However this exploration phase can take a long time since simulators are typically slow and

the number of parameter combinations large. The designer has to carefully balance each of the

parameters and investigate their complex interactions in order to find a good design point. The

space of all possible designs, i.e. the design space, quickly becomes impractical to explore.

What is needed are techniques that can automate this process as much as possible and provide

the designer with a small set of promising design points where he can focus his efforts.

Co-Design In the embedded world, the set of programs that will be executed on the final

system is often known in advance. Architects can take advantage of this when they design a

new processor and, therefore, optimise the processor towards these applications. For instance

if all the programs are using integer computation only, there is no need to integrate floating

point units into the processor. The end-result is typically a processor with high efficiency and

low energy consumption for a particular domain of applications.

The embedded world is dominated by time-to-market constraints. Therefore it is crucial to

develop new microprocessors as efficiently as possible to maintain a competitive advantage. In

addition, cost issues and the tight power budget mean that a significant amount of time is spent

tuning these processors and the associated applications.

However, in the current embedded processor design methodology, the design process is

often conducted in two separate phases. First a processor is designed for some target pro-

grams and, in a later stage, these programs might be optimised by hand or by the compiler

for the newly developed processor. Clearly this is a sub-optimal way of designing systems.

The compiler team may not be able to deliver a compiler that achieves the architect’s expecta-

tions. More fundamentally, if one knew the performance that an eventual optimising compiler

could achieve on any architecture, then a completely different architecture may be chosen.

This inability to directly investigate the combined architecture/optimising compiler spaces, i.e.

the co-design space, means tomorrow’s architectures are being designed based on yesterday’s

compiler technology.

Optimising Compiler Once a processor has been designed, a new compiler must then be

built. This generally involves using the compiler infrastructure of the previous generation of

processors and adapting it for the new target. Significant engineering effort has been spent in

developing retargetable compilers. Such compilers offer the possibility of easily and quickly
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adapting a generic infrastructure to the newly developed processor. However, because of their

generic nature, these compilers need to be tuned by hand for each target architecture in order

to extract the performance available.

Companies that design processors spend much effort in developing the toolchain necessary

to use the system. Once developed, this toolchain, which integrates the compiler, is generally

used for all subsequent implementations of the architecture. Therefore the original investment

can be amortised over time. However, because this compiler may have been designed inde-

pendently of the specific details of the microarchitecture, it might fail to extract the level of

performance available in the processor when compiling new programs. Therefore these com-

pilers can be suboptimal.

In recent years, the emergence of machine-learning compilers has tried to tackle this prob-

lem. These compilers, which integrate machine-learning techniques, learn an optimal opti-

misation strategy for a given architecture and then predict the correct set of optimisations to

apply when compiling new programs. However, these compilers need to be retrained whenever

changes occur in the microarchitecture. This means building one compiler for every possible

design implementation, which is clearly infeasible.

1.3 Contributions

This thesis presents new techniques, based on machine-learning, that address the issues en-

countered during the design of microprocessors and the generation of their corresponding op-

timising compiler.

In this thesis a novel approach to efficiently explore the design space of new microproces-

sors is presented. By building upon prior work, new machine-learning models are investigated

that make use of information across programs. The key contribution lies in the way knowledge

is transferred across programs. By exploiting existing similarities between programs, the total

number of simulations required to explore the design space can be reduced significantly.

In addition, the co-design space of embedded processors is also considered for the first

time. This co-design space combines the processor design space with the compiler optimisa-

tion space. A machine-learning model is built that can automatically predict the performance

of an optimising compiler across an arbitrary microarchitectural space without having to tune

the compiler first. This allows the designer to accurately determine the performance of any

architecture as if an optimising compiler were available. Given a small sample of the archi-

tecture and optimisation space, this model can then predict the performance of a yet-to-be-

built optimising compiler using information gained from a non-optimising baseline compiler.
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Ultimately, this has the potential to drive a change in the current methodology of designing

embedded processors.

Finally a machine-learning optimising compiler is presented that can achieve a significant

portion of the best performance available in the compiler space, for any microarchitecture.

This compiler is named TALC: the Trans-Architecture Learning Compiler. Given a new mi-

croarchitecture, it automatically determines the right optimisation settings to apply for any

new program with just one profile run. This approach is based on machine-learning where a

model is learnt off-line “at the factory”. The learning process is a one-off activity whose cost

is amortised across all future uses of the compiler on any variation of the processor’s base

architecture. Given this approach, a new compiler does not need to be developed when the

processor microarchitecture changes. This allows compilers to become fully integrated in the

design space exploration of new processors, helping designers to fully evaluate the potential of

any new architecture. In addition, this enables the design of parametrised embedded processors

that can be shipped with this compiler. Customers that acquire such a design do not need to

tune the compiler again for their specific implementation since the compiler is generic and will

know, given the specific microarchitectural parameters chosen by the customer, how to compile

optimally for it.

1.4 Structure

This thesis is organised as follows.

Chapter 2 introduces the different machine-learning techniques used throughout this thesis

and discusses the evaluation methodology.

Chapter 3 presents the related work. Prior work on design space exploration is discussed,

which includes simulation methodologies and the use of predictive models. Then work related

to compiler optimisation space exploration is reviewed and, in particular, the use of machine-

learning techniques to build optimising compilers.

Chapter 4 investigates two machine-learning models that can be used to efficiently explore

the design space of new processors. The first of these models makes a prediction for any new

program based on data gathered from a training set. The second model extends this and predicts

the average behaviour of a complete benchmark suite. This allows a significant reduction in

the number of simulations needed to conduct design space exploration. This chapter is based

partially on the work published in [Duba 07a].

Chapter 5 explores the co-design space of the combined microarchitecture design and

compiler optimisation space. This exploration demonstrates that compiler optimisations have a
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significant impact at the design stage and should not be omitted. A machine-learning model is

then developed that automatically predicts this co-design space and helps the designer to make

better decisions. This chapter is based on the work published in [Duba 08].

Chapter 6 develops a machine-learning compiler that adapts its optimisation strategy to

the particular program being compiled on any microarchitecture from the design space. This

proposed compiler, TALC, is the first to optimise a new program for any microarchitectural

variation.

Chapter 7 finally concludes this thesis by summarising the contributions, providing a crit-

ical analysis of this work and discussing future work.

1.5 Summary

This chapter has introduced this thesis, outlining the problems encountered when designing

processors and generating an optimising compiler. It has advocated the use of machine-learning

to improve the design process and automatically generate an optimising compiler. The contri-

butions of this work have been listed and an outline of the thesis described. The next chapter

provides a short introduction to the machine-learning methodology used throughout this thesis.



Chapter 2

Machine-Learning and Evaluation

Methodology

2.1 Introduction

This chapter gives a short overview of the machine-learning techniques and the evaluation

methodology used in this thesis. However, it is not exhaustive, further information can be found

in [Bish 06], which contains a complete description of the different techniques presented.

This chapter is organised as follows: first the terminology is defined in section 2.2, then

section 2.3 describes unsupervised learning techniques and section 2.4 follows with regres-

sion techniques. Finally section 2.5 describes the methodology used to evaluate the different

machine-learning models developed in this thesis.

2.2 Terminology

The term machine-learning is used to define techniques that allow computers to learn. These

techniques, mostly based on statistical approaches, focus on extracting information from data

automatically.

An observation, or a data point, is defined as a pair < x,y > where x represents an input

vector and y the output value. The input vector is referred as the features while the output value

is referred to as the response.

The feature space is defined as an abstract space where each sample is represented as a

data point in a n-dimensional space. The dimension n of this space is determined by the total

number of features.

Typically a relation exists between the features x and the response y denoted x→ y. The

7
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task of any machine learning technique consists of determining this relation. This allows one

to make predictions for new, unseen observations based on past observations.

2.3 Unsupervised Learning

Unsupervised learning techniques only make use of the feature space to analyse the inherent

structure of the data. This contrasts with supervised learning methods, such as the regression

techniques presented later in section 2.4, where the output space is used.

This section first presents the Principal Components Analysis (PCA) technique which is

typically used to reduce the dimensionality of the feature space. Then, two clustering tech-

niques, namely K-Means and hierarchical clustering are presented. Clustering techniques are

an effective, yet simple, way of analysing data. They typically use the input space informa-

tion to segment or group the observations according to the distance between each data point.

This distance measure is typically computed using the Euclidean distance but other distance

measures can be used as well.

2.3.1 Principal Components Analysis

Sometimes the feature space contains too many dimensions. Some of these dimensions con-

vey very little information and are often redundant. Therefore, it is desirable to reduce the

dimensionality of the feature space in order to help discover the underlying data structure and

improve the performance of the predictive models.

PCA (Principal Components Analysis) [Pear 01] is a technique that identifies the main

components that are responsible for the observed variance in the data. Therefore it can be

used to reduce the dimensionality of the input space. It transforms the original data into a new

space, using an orthogonal linear transformation. This transformation ensures that the greatest

variance observed in the data lies on the first coordinate, the second greatest on the second and

so on. The idea is that only a few of these new components are necessary to express the original

data and to keep much of the original variance.

Let X be a matrix of size m×n, where the rows represent m observations and the columns
n features. To extract the main components, the correlation matrix C is first computed. This

correlation matrix is simply built by considering the pair-wise coefficients of correlation be-

tween the original variables (defined later in section 2.5.3). Then, the eigenvalues λ1 . . .λm of

C and the associated unit eigenvectors u1 . . .um are computed. The eigenvectors and eigenval-

ues satisfy:

C ·ui = λi ·ui (2.1)
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(a) Input space (b) Three main components (c) Projected space

Figure 2.1: Example of applying PCA to a three-dimensional space (a). Three main components

are first computed (b). Then, only the two main components are kept and the input space can

be projected on a two-dimensional space (c).

if there is a non trivial solution u. The characteristic equation, defined as:

det(C−λ · I) = 0 (2.2)

is used to compute the eigenvalues ui, where det is the determinant of the matrix and I the iden-

tity matrix. Once the eigenvalues are known, the computation of the eigenvectors follows from

equation 2.1. These eigenvectors correspond to the principal components and the eigenvalues

to the associated variance.

The original data can then be expressed as a new matrix X′= [u1 . . .um]
T ·X. By using only

the first few principal components p, one can reduce the dimensionality of the data while con-

serving most of the variance. The transformed data can then be expressed asX′= [u1 . . .up]
T ·X

where the total variance is equal to ∑
p
1 λi. Typically the number of main components, p, is de-

termined so as to keep as much of the total variance of the original data as possible.

Figure 2.1 shows how this technique can be used to reduce the dimensionality of a feature

space. In this example, the input space is three-dimensional determined by the axis x1, x2 and

x3 as shown in figure 2.1(a). The three main components u1, u2 and u3 corresponding to the

data points are shown in figure 2.1(b). As can be seen the components u1 and u2 account for

the largest variance. In figure 2.1(c) the three-dimensional space has been projected using only

the two main components, conserving much of the original data structure.

2.3.2 K-Means

K-Means is one of the simplest clustering techniques. This algorithm clusters m observations

into k classes, where k < m. The objective of this technique consists of minimising the total
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Figure 2.2: Application of the K-Means algorithm to an arbitrary dataset represented by the

square. The plain circles represent the centre of each cluster. Each data point belongs to the

cluster whose centre is the closest to it.

intra-cluster variance defined as:
k

∑
i=1

∑
x j∈Ci

(X, j−µi)2 (2.3)

whereCi represents cluster i and µi its centre.

In this work, Lloyd’s algorithm [Lloy 82] is used to find the clusters. It starts by randomly

assigning each observation to a cluster. It then calculates the k centres which are simply the

mean of the observations that belong to each cluster. Then it reassigns each observation to the

closest cluster’s centre. The centres are then computed again and this process is repeated until

it converges to a stable solution.

The result of this algorithm can be seen in figure 2.2 on a arbitrary dataset. The number

of clusters k has been fixed to three in this case. As can be seen, this technique clusters points

that are close to each other in the input space. The centres of the clusters resulting from the

application of the algorithm are marked with the plain circles.

2.3.3 Hierarchical Clustering

Hierarchical clustering [Lanc 67] takes a slightly different approach to the clustering problem.

Instead of separating the data into different groups, it builds a hierarchical tree of distances

between each data point. The algorithm used in this thesis is an agglomerative method. It

produces a sequence of partitions Pn,Pn−1, . . . ,P1 where the first partition, Pn, has n clusters
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(a) Hierarchical clustering (b) Clusters with cutoff distance 3

Figure 2.3: Example of hierarchical clustering. The result of the algorithm using average linkage

distance is shown (a). Three clusters A, B and C are created when a cutoff distance of 3 is

chosen (b).

each containing one data point and the last, P1, has one cluster containing all the data points.

It starts with each point assigned to one cluster. Then it iteratively merges the pairs of clusters

that are the closest to each other.

The distance measure used to determine how close clusters are to each other is the average

distance. The distance between two clusters A and B, called the linkage distance, is computed

as:

D(A,B) =
∑a∈A∑b∈B d(a,b)

|A| · |B| (2.4)

where d(a,b) is the Euclidean distance between two points a and b, and |A| and |B| are the
cardinalities (number of elements) of clusters A and B respectively.

Figure 2.3 shows an example of hierarchical clustering. As can be seen in figure 2.3(a),

elements g and h are separated by a distance of 2 whereas elements i and j are separated by

a distance of 1. On average the distance between k and the elements i and j is 4. Given this

tree, creating clusters is simply a matter of defining a cutoff distance. For instance, if a cutoff

distance of 3 is chosen, figure 2.3(b), then three clusters A, B and C are determined. This

implies that all the elements within the same cluster will be, on average, at a distance of less

than 3 between each other.

This technique is particularly useful in analysing similarities between data points. In fact

this type of clustering is used in chapter 4 to analyse program similarities and isolate the pro-

grams that differ significantly from the others.
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Figure 2.4: Example of linear regression where the resulting regression line is shown for five

points. This line is defined as y= β0+ β1 · x where β0 = 0.59 and β1 = 0.21.

2.4 Regression Techniques

The regression problem consists of finding the function f : x→ y that links the input variables
x to the output y. Using this function, an estimation or prediction ŷ of the real value y can be

made. First, linear regression is presented followed by the K-Nearest Neighbours technique.

Then Artificial Neural Networks are introduced and finally Support Vector Machines for re-

gression are presented.

2.4.1 Linear Regression

This form of regression assumes a linear relationship between the input and the output. It uses

a linear combination of the input x to predict the output y. This combination is expressed as a

weighted sum, whose weights β are determined so as to minimise the squared error between

real outputs y and the predictions ŷ. This sum is computed as follows:

ŷ= β0+ β1 ·X,1+ · · ·+ βm ·X,m (2.5)

The task of linear regression consists of finding the optimal weights β j that minimise the

squared error defined as:
n

∑
i=1

m

∑
j=1

(Xi,j ·β j− yi)2 (2.6)

It can be shown that the weights β that minimise the total squared error are given by:

β = (X ·XT )−1 ·XT ·y (2.7)

Figure 2.4 shows an example of linear regression. The red line minimises the total squared

error. In this example the line that estimates the data is defined by ŷ= β0+β1 ·xwith β0= 0.59

and β1 = 0.21. The weight β0 is in fact the intercept and β1 the slope of the linear equation.
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Figure 2.5: Example of an artificial neural network where a simple multi-layered neural network

is shown. This network is composed of three layers; input, hidden and output.

2.4.2 K-Nearest Neighbours

K-Nearest Neighbours (KNN) is amongst the simplest types of regression models, classified as

an instance-based learning technique. The prediction for a new data point is simply made by

taking the responses’ average, or outputs’ average, of the k nearest data points from the training

set. The average is typically computed as a weighted sumwhere the weights are associated with

a distance measure between the new data point and the k nearest ones.

2.4.3 Artificial Neural Networks

Artificial Neural Networks (ANNs) can be used when non-linearity is desired. They use a

network of neurons to map the input variables to a response or prediction. Each neuron in the

network is connected by weighted edges, as can be seen in figure 2.5 which represents a typical

feed-forward multi-layered neural networks.

Feed-forward network The output of each neuron is computed as follows:

f (x) = g(∑
i

ωi ·xi) (2.8)

where g() is an activation function.

The activation function g() is defined differently depending on the layer. The tangent hy-

perbolic function g(x) = tanh(x) is typically used for the hidden layer since it produces values

between −1 and 1, necessary to normalise the output. In the case of regression, the output
activation function is the identity function, allowing extrapolation. Note that the input neurons

are in fact just forwarding the input xi.



14 Chapter 2. Machine-Learning and Evaluation Methodology

It follows that the prediction ŷ made by the network is:

ŷ= ∑
i

(ωoi · tanh(∑
j

ωhj,i · xi)) (2.9)

where ωo are the weights associated with the output layer and ωh the weights of the hidden

layer, as can bee seen in figure 2.5.

Back-propagation The training phase of the network consists of finding the weights ω in

order to minimise the prediction error. Typically the back-propagation algorithm is used. This

algorithm initialises the weights to random values. Then it computes the prediction error and

propagates this back to each individual neuron using the learning rule defined in the next

paragraph. For each neuron, it then computes what the output should have been and updates

the neuron’s weights accordingly. The algorithm is repeated until the error is below a certain

threshold.

Learning rule This rule determines how the weights of each neuron are updated. For the

output neurons, the change of the weight is defined by:

∆ωoi = η ·δo · xhi ·g′(ŷ) = η ·δo · xhi (2.10)

δo = (y− ŷ) (2.11)

where η is the learning rate constant and xhi the output of the i
th hidden neuron.

In the case of the hidden neurons, the change is:

∆ωhj,i = η ·δh · x j ·g′(xhi ) (2.12)

δh = δo ·ω0i (2.13)

These learning rules are derived from the fact that the squared error of predictions ŷ with

the actual outputs y needs to be minimised.

2.4.4 Support Vector Machines for Regression

With Support Vector Machines (SVM) for regression [Smol 03] the basic idea is to map the

input data X into a high-dimension space via a nonlinear mapping. Then a simple linear re-

gression can be performed in this new space. In particular, the goal is to find a function f (x)

that has at most ε deviations from any of the training targets y.
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Figure 2.6: Example of SVM for regression showing the regression curve y with the deviation

ε. The point above the curve has the associated slack variable ζ > 0 while the point below the

curve has the slack variable ζ∗ > 0.

The problem can be formulated as:

minimise 1
2
‖ω‖2+C ·∑Ni=1(ζi+ ζ∗i )

subject to















(ωT ·φ(xi)+b)− yi ≤ ε+ ζi

yi− (ωT ·φ(xi)+b)≤ ε+ ζ∗i

ζi,ζ
∗
i ≥ 0, i = 1, · · · ,N,ε≥ 0

(2.14)

where < xi,yi > represents a data pair and N the number of training samples, b is a constant,

ζi and ζ∗i are slack variables to cope with otherwise infeasible constraints of the optimisation

problem, ω is a vector of coefficients andC> 0 the capacity constant. This constant determines

the trade-off between the largest deviation ε and the flatness of the hyperplane. A high value of

C means that the model will tend to overfit.

The mapping to a higher-dimensional space is performed with the help of mathematical

functions called kernels. The most popular kernel is the radial basis function defined as:

φ = e−γ‖x−ci‖2 (2.15)

for γ > 0.

Figure 2.6 illustrates the SVM for regression. As can be seen the points that are within

the deviation around the regression curve have the slack variables ζ and ζ∗ equal to zero. For

these points, the SVM for regression ensures that their deviation is at most ε. Depending on the

value of the capacity constant C, in equation 2.14 above, a few points are allowed to deviate by

more than ε from the regression curve. These points have their associated slack variables ζ or

ζ∗ greater than 0.



16 Chapter 2. Machine-Learning and Evaluation Methodology

2.5 Evaluation Techniques

This section now presents the different methods employed throughout this thesis to evaluate the

accuracy of the models developed and the relationship between the feature space and responses.

2.5.1 Validation of the Models

One important aspect of any machine-learning technique is its validation. The method known

as cross-validation was used in this thesis to evaluate all the machine-learning models built.

This technique ensures that the data used to test the accuracy of a model has not been used

during the training phase.

In particular two well established techniques were used; leave-one-out cross-validation

and repeated random sub-sampling validation. These validation techniques are discussed be-

low.

Leave-one-out cross-validation This technique is used when the total number of data points

is small. It cycles through all the data points and builds the training set by leaving out only one

data point. So if the data contains N points, the training set will be composed of the N − 1
points and the test set will consist of the unique Nth point left out. Once the accuracy has been

assessed for each test point, an average is usually computed which gives the final accuracy of

the scheme.

Another application of this validation technique consists of selecting an entire group of

data points that share a common property to leave out for validation. Consider for instance

the case where several data points are collected per program. In this situation, all the data

points generated from a particular program form a group. Therefore, when leave-one-out cross-

validation is applied, it uses all the points from one program to validate the model and the data

points of all the other programs to train. In this thesis this is how leave-one-out cross-validation

is applied.

Repeated random sub-sampling validation When the number of data points is large, an-

other technique can be applied to validate a model. This technique randomly selects the training

data points and use the remaining for testing. This selection and training process is repeated

a certain number of times (typically 20) and the accuracy is then averaged. The advantage of

using this technique is that it also gives an estimation of the prediction’s variance since the

training set is selected randomly.
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2.5.2 Mean Error

The relative mean absolute error (rmae) is used to evaluate the prediction error of a model. It

is defined as:
1

m

m

∑
i

∣

∣

∣

∣

ŷi−yi
yi

∣

∣

∣

∣

(2.16)

This measure gives the average error between the predicted output ŷ and the real output y for

each data point in the test set. Note that this value is normalised by the real output in order to

ease the comparison between different datasets. An rmae of 100% means that the prediction is

double the real value.

2.5.3 Coefficient of Correlation

Another way of measuring the performance of a model is by looking at the correlation between

the predicted outputs y and real outputs ŷ. In addition, this coefficient can also be used for

analysing the relationship between the features and the responses. For this reason it is defined

in generic terms using two variables X and Y .

The coefficient of correlation between two variables X and Y is defined as:

ρX ,Y =
cov(X ,Y )

σX ·σY
, (2.17)

where σX and σY are the standard deviations of variables X and Y respectively and cov(X ,Y )

is the covariance of variables X and Y . These two values are defined as:

σX =
√

1
m ∑i (Xi−X)2

cov(X ,Y ) = 1
m ∑mi (Xi−X) · (Yi−Y)

(2.18)

The correlation coefficient only takes values between -1 and 1. The larger this value is,

the stronger the relationship between the two variables (ignoring the sign). At the extreme, a

correlation of 1 means that both variables are perfectly positively correlated; one variable can

be expressed as the product of the other (linear relation). A correlation of 0 means that there is

no linear relationship between these two variables.

2.5.4 Mutual Information

The mutual information gives an indication of how much information two variables share. This

measure is useful, for instance, when evaluating the information contained in the features about

the target output.

The mutual information of two variables X and Y is formally defined as:

I(X ;Y ) = H(X)−H(X |Y ) (2.19)
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where H(X) and H(X |Y ) represents the entropy of X and its conditional entropy respectively.

The entropy and the conditional entropy are formally defined as:

H(X) = −∑x∈X p(x) · log(p(x)))
H(X |Y ) = −∑x∈X p(x) ·H(Y |X = x)

(2.20)

Intuitively, if the base of the logarithm function is chosen to be 2, the entropy H(X) of a variable

X determines how many boolean questions one should ask, on average, in order to determine

the value of the variable X . Mutual information therefore measures the information that X and

Y share: how knowing one of these variables reduces the uncertainty about the other.

2.6 Summary

This chapter has introduced the machine-learning methodology used to build the models utilised

in this thesis. This chapter has also presented the evaluation methodology used to evaluate such

models. The next chapter discusses related work.



Chapter 3

Related Work

This chapter presents the research relevant to this thesis. The first section describes commonly

used simulation methodologies that focus on speeding up simulation time. Section 3.2 then

introduces different performance models that tackle the problem of efficient microarchitectural

design space exploration. These models typically reduce the number of simulations needed

for exploration. Section 3.3 looks at the compiler optimisation space and how researchers

have explored this whilst section 3.4 presents existing solutions for automatic development of

compilers that can optimise code effectively. Finally section 3.5 summarises this chapter.

3.1 Simulation Methodologies

As seen in the introduction chapter, one of the main issues in designing new microprocessors

is the large overhead induced by excessive simulation time. In this context, shorter simulation

time means that many more alternative designs can be evaluated leading to better microproces-

sors. This section reviews the different techniques that were proposed in the literature to speed

up simulation time to make microarchitectural design space exploration affordable.

3.1.1 Statistical Simulation

The idea of statistical simulation consists of a extracting program’s characteristics and then

using them to generate a synthetic trace. This synthetic trace is constructed so that its char-

acteristics match those of the original program while being much shorter. Then, when design

space exploration is performed, this synthetic trace can be executed in place of the original

program, reducing simulation time drastically. Technically this approach first runs the program

and collects a dynamic execution trace. This trace is then analysed and a new, shorter and sim-

pler one is generated. This synthetic trace is finally simulated symbolically within a modified

19



20 Chapter 3. Related Work

simulator. The simulation time is therefore shorter since the synthetic trace is much smaller

than the original one and no actual computation is required because of the probabilistic nature

of the simulation.

The statistics collected from the dynamic execution trace contain both intrinsic program

characteristics and locality events. The intrinsic characteristics are architecture-independent

and usually include dynamic instruction mix, register dependencies between instructions and

basic block size distributions. Conversely the locality events are directly related to the mi-

croarchitecture and includes branch misprediction rate or cache misses which are collected for

different cache and branch prediction parameters.

One of the major benefits of using statistical simulation for early design space exploration

is the large reduction in simulation time. Compared with full cycle-accurate simulation, re-

searchers have typically reported a simulation time reduced by two orders of magnitude with

less than 10% error. Oskin et al. developed HLS [Oski 00], extended with HLSpower [Rao 02]

to allow power modelling. Later Nussbaum and Smith [Nuss 01] extended this work by study-

ing the effects of different models of synthetic trace generation and evaluated how the model

tracks the changes in a simple microarchitecture design space. Based on this work, Eechhout et

al. [Eeck 04] proposed the use of statistical flow graphs to characterise the program’s control

flow and later explored a processor design space using different search strategies [Eyer 06a].

The major drawback of statistical simulation is that the simulator must be modified in

order to incorporate the statistical models. Furthermore, this technique relies on the extraction

of program characteristics, making it more difficult to implement than other techniques such

as statistical sampling, presented in the next section. Moreover part of the statistics collected

depend directly on the underlying architecture. For instance, the locality event related to the

caches needs to be captured for all possible cache configurations one wants to explore. This

implies that new features need to be collected when changes occur in the microarchitecture.

For all these reasons, statistical sampling is usually preferred over statistical simulation. The

next section presents this approach.

3.1.2 Statistical Sampling

Pioneered by Conte et al. [Cont 96], statistical sampling is a common and widely accepted

method that reduces simulation time by only simulating a portion of the program. Clusters

of consecutive instructions are identified from the full execution trace of the program. Once

selected, only these representative clusters are simulated accurately. Before actually perform-

ing a cycle-accurate simulation of each cluster, a warm-up is required to initialise the cache

structures and the state of the branch predictor.
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Several variations of this technique exist that differ mainly in the way the clusters are

selected. In the original work developed by Conte et al. [Cont 96], the clusters were obtained

at random intervals. More efficient ways of selecting these clusters have been proposed, such

as the widely used Smarts [Wund 03] or SimPoint [Sher 02].

Smarts [Wund 03] segments the program into intervals with equal numbers of instructions.

For each interval, it simulates, in cycle-accurate mode, a few thousand instructions to warm-

up the dynamic structures and then starts recording IPC (Instructions Per Cycle) for a few

thousand instructions. The rest of the interval is then simulated in functional mode until the

next one. Because Smarts relies on statistical sampling theory, it can estimate the IPC error

rate and recommend a higher sampling rate if the error rate is outside the confidence interval.

SimPoint [Sher 02] takes a different approach. The program is first segmented in intervals

that contain the same number of instructions, typically 10 million each. Then, each interval is

run on the target architecture using functional simulation and basic block execution frequencies

are collected, forming basic block vectors. These vectors are then used to cluster the intervals

using K-Means and a representative interval for each cluster is selected. Finally only the rep-

resentative intervals are simulated in cycle-accurate mode (after a warm-up period) and the

corresponding results are weighted based on the number of intervals in the cluster.

In a recent study of simulation techniques [Yi 05] for estimating IPC, it was demonstrated

that there is in fact little difference between Smarts and SimPoint. Both techniques perform

similarly in terms of error (around 3%) even though Smarts is usually more accurate. However,

SimPoint exhibits a better speed versus accuracy trade-off and as such is usually prefered if

architects are ready to sacrifice a little bit of accuracy for simulation speed. Savings in terms

of simulation time are typically between one and two orders of magnitude compared to full

program simulation.

Statistical sampling can be used in conjunction with the techniques presented in this thesis.

In fact in chapter 4, where a microarchitectural design space exploration is conducted, SimPoint

is used to considerably reduce the simulation time of the experiments. SimPoint is simple to

use as opposed to techniques such as statistical simulation and, as seen in this section, offers a

slightly better advantage in terms of speed whilst maintaining similar accuracy.

3.2 Performance Estimators for Design Space Exploration

The design space considered by architects is often too large to be explored exhaustively. For

this reason it is desirable to only simulate a part of the space in order to understand it and

infer, in a second step, results for the rest of the space. The previous section has highlighted the
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different techniques that can be used to reduce simulation time by analysing programs and only

simulating representative parts of them. This section now looks at ways of simulating only part

of the design space by building estimators that model the total design space. It shows how the

use of knowledge extracted from a sample of the space can be used to reduce the total number

of simulations needed to thoroughly explore the design space.

3.2.1 Analytic Models

Analytic models have been proposed as a way to conduct design space exploration of some

key parameters of the microprocessor. These models are typically built from the observations

made by the designer. From these observations, a relationship between the microarchitectural

parameters and the performance can be determined. This relationship is expressed in the form

of an analytical model; i.e. a set of equations from which the parameters leading to the best

performance can be derived analytically.

Among many existing prior works, Emma and Davison [Emma 87] modelled an in-order

pipelined processor by analysing data dependencies from a program trace. By using different

trace reduction techniques that simplify the data dependencies, they were able to accurately

predict the performance of the processor.

Noonburg et al. [Noon 94] used a model based on probability matrices. Based on the

execution trace of a program, they computed the level of parallelism available in the program

in terms of data and control parallelism. They also extracted information about the machine

parallelism decomposed into branch, fetch and issue parallelism. Once built, their model is

able to predict IPC with relatively good accuracy given a program trace.

Michaud et al. [Mich 99] took a different approach and built a simple model that focuses

on the instruction window and issue mechanisms. Their model expresses ILP (Instruction

Level Parallelism) as a function of the window size, allowing true design space exploration.

Hartstein et al. [Hart 02] developed a similar approach for finding the optimal pipeline depth

for a superscalar processor.

More recently Karkhanis and Smith [Kark 04] developed a more complete model that es-

timates cache miss rate and branch misprediction rate. This model was later extended by the

same authors [Eyer 06b] to divide the instruction execution flow into intervals. These intervals

are delimited by the different miss events.

All these techniques use the knowledge of an expert designer to derive a model by hand.

An in-depth knowledge of the microarchitecture is therefore necessary in order to achieve high

accuracy. However it becomes increasingly difficult to adapt these models to the emergence

of more complex architectures. For each new feature added to the microarchitecture, new
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changes to the analytic model are required. This implies new efforts needed from the human

expert in order to extend the model. While this approach gives insight into what is happening

in the microarchitecture, it is unsuitable for the automated design space exploration of complex

microarchitectures.

3.2.2 Benchmark Characterisation

Another way of performing efficient design space exploration consists of analysing the pro-

grams and extracting key characteristics from them. Using this characterisation, it is then

possible to group similar programs and reduce the total number of simulations.

Saavedra and Smith [Saav 96] extracted dynamic program information to estimate exe-

cution time and find similar programs. This information includes the number of instructions

executed for each type, such as arithmetic operations or memory operations, the distribution of

basic block size and some control flow information. Based on this, the performance of the pro-

gram can be estimated using some simple analytic models. In addition, this same information

can be used to cluster the programs that are similar, so that only the representative bench-

marks need to be simulated. This leads to important savings in the total number of simulations

required to perform an exploration of the design space.

Recently Eeckhout et al. extended this work by adding more program features [Eeck 02];

in particular branch prediction statistics, ILP and cache miss rates. Based on this new set of

features, they used a clustering technique, K-Nearest Neighbours, allowing them to predict the

performance of any new unseen program [Host 06] for different systems/architectures. How-

ever, as chapter 4 will show, this technique does not work when considering microarchitectural

changes. It appears that the features used are not sufficiently informative to distinguish between

different microarchitectures.

While benchmark characterisation has been used for performance prediction, none of these

works referred to in this section have ever demonstrated its accuracy over a realistic microar-

chitectural design space. Instead they have shown that for a fixed architecture it is possible

to build such a model and assume it would work across a design space of microarchitectures.

As chapter 4 demonstrates, these techniques actually fail at accurately predicting the design

space of new programs. One of the main reasons is that the extraction of a finite set of program

features cannot accommodate all possible design spaces. In addition, these features need to

be extracted by hand, using a human expert. As a result, any addition or major change to the

microarchitecture requires the addition of new features to capture the behaviour of the resulting

design space.
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3.2.3 Single-Program Microarchitectural Predictor

Another approach to performance estimation consists of building a machine learning model

that directly uses the microarchitecture parameters such as pipeline width, register file size or

cache sizes as an input. For each program, an individual model is built using training data; i.e.

simulation runs of the program on a few different microarchitectures sampled from the design

space. Once trained, these models are used to make a prediction of any microarchitecture

parameter combination.

Many researchers have recently proposed such models. All these models work in a similar

way and the only difference between them lies in the type of machine learning technique used.

The simpler of these are based on linear regressors [Jose 06a]. More powerful models such

as artificial neural networks [Ipek 05, Ipek 06], radial basis functions [Jose 06b] and spline

functions [Lee 06, Lee 07a] were also developed, all showing similar accuracy [Lee 07b].

The disadvantage of using such models is their high training cost. For each program one

wishes to predict the design space for, a significant number of simulations are required to train

the model. Therefore the number of simulations is proportional to the number of programs in

the benchmark suite. This is clearly not realistic when the number of programs in the bench-

mark suite is large. Chapter 4 will present two techniques that can be used to either predict

the design space of a new program or predict the design space of a complete benchmark suite

using an order of magnitude fewer simulations than state-of-the-art approaches.

3.2.4 Trans-Program Microarchitectural Predictor

To address the large training cost of the predictive models presented in the previous section,

researchers have tried to reuse information gained from the run of previous programs. They

exploited the fact that programs share similarities. Thus the information from the design space

gained from a few programs can be transferred to some new unseen ones.

Khan et al. [Khan 07] developed a model that uses reactions to characterise programs. With

this approach each program is characterised by a set of performance (or reactions) obtained

from runs on a few selected architectures. A single model is then built that uses this additional

information as an input with the microarchitecture parameters to make new predictions. The

work from Khan et al. is similar to the work presented in chapter 4, since it characterises

programs by looking at their behaviour in the design space. However major differences ex-

ist. Firstly they used a one-fit approach where a single model based on an Artificial Neural

Network is used. This contrasts with the model developed in this thesis where the problem is

decomposed by combining smaller program-specific models to achieve higher accuracy. Sec-
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ondly, their approach only focuses on predicting the design space of a new program. They do

not address the issue of training cost. In comparison the model developed in chapter 4 goes

beyond the prediction of a single program and predicts the behaviour of a whole benchmark

suite, making it ideal for design space exploration. Finally, by looking carefully at their work,

it tends to show that the actual reactions are not very useful. Indeed the prediction accuracy

of their model when no reactions are used from the new unseen program is very close to the

accuracy obtained when reactions are used. In other words, their model seems to always make

the same predictions, independently of the program. This implies that either all the programs

behave in exactly the same way in their setup, or that their design space does not contain much

variation. Conversely, chapter 4 thoroughly evaluates the design space and the accuracy of the

model, demonstrating that it actually works.

3.3 Compiler Optimisation Space Exploration

The previous sections have looked at the related work for microarchitectural design space ex-

ploration. This section now considers the compiler side and in particular how to optimise

programs by conducting a search of their optimisation spaces. Several techniques were pro-

posed in the literature to efficiently search the optimisation space. A couple of domain-specific

techniques are discussed in section 3.3.1. Then the commonly used iterative compilation is

reviewed in section 3.3.2 followed by pruning strategies in section 3.3.3. Finally, the use of

performance estimators to speed up iterative compilation is presented in section 3.3.4.

3.3.1 Domain-Specific Optimisations

Some specific systems have exploited domain-specific knowledge in order to efficiently com-

pile and optimise code for a given platform. ATLAS and SPIRAL are two example of such

systems which consist of a set of low-level functions targeted at some specific domain grouped

in a library.

ATLAS [Whal 97] is a self-tuning linear algebra library. This framework recompiles itself

depending on the specification of the underlying hardware. In particular, it considers optimisa-

tions such as loop tiling and instruction scheduling which enable data prefetching. To discover

the optimal values that control these optimisations, ATLAS uses micro benchmarks that stress

different aspects of the architecture such as the data cache or floating-point registers. These

benchmarks are used to perform a search of the optimal optimisation parameters that are used

to generate the optimised version of the library.

SPIRAL [Pusc 05] is another example of a self-tuned library. It automatically generates
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high-performance code for digital signal processing. It exploits domain-specific knowledge

to search the parameter space at compile-time. The domain-specific knowledge comes in the

form of notations that express implementation details that are specific to the machine. At

compile-time a separate search phase is conducted in order to tune the parameters using itera-

tive compilation, described in section 3.3.2.

These two systems both require domain-specific knowledge and the use of iterative com-

pilation to optimise themselves on the target system. They have to be retuned for each new

platform. This contrasts with the machine-learning model developed in chapter 6 where the

compiler is built only once and optimises across a range of microarchitectures using just one

profile run for any new program.

3.3.2 Iterative Compilation

Iterative compilation, or feedback-directed compilation, optimises a single program on a spe-

cific microarchitecture by searching its optimisation space. This technique was pioneered by

Bodin et al. [Bodi 98] where different loop tiling and unrolling factors were considered for

the matrix multiplication problem. Later this work was extended [Kisu 00] to other programs

for the same loop transformations of each individual loops in the program. They showed that

large speedup in execution time can be found using iterative compilation over standard static

techniques that use heuristics to determine the best tile size or unroll factor.

Cooper et al. [Coop 99] looked at the phase ordering problem which consists of finding an

optimal sequence of code transformations to optimise a given target metric. They were among

the first to use a genetic algorithm to search the optimisation space of each program to reduce

code size, leading to impressive reductions. Recently the same authors conducted an extensive

study of the search space [Alma 04] of the possible sequences of transformations. Different

search algorithms were used to search the space showing that many local minima exist, some

close to the global minimum and some far away from it. Hence they advocated the use of

multiple hill-climber runs.

Vuduc et al. [Vudu 04] looked at the problem of optimising a matrix multiplication library

by tuning various optimisation parameters using iterative compilation. In particular the search

space of the loop tiling size was evaluated. The space was explored randomly and a statistical

stopping criterion was used to determine when the search should stop. A confidence value is

also given that estimates how far from the real optimum the result is.

Haneda et al. [Hane 05] used a statistical approach to automatically determine the best

compiler settings for a given application. The notion of Orthogonal Arraywas used where each

column represents a compiler setting and each row an experiment to be performed. The value in
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each cell indicates whether the corresponding flag is enabled or disabled. Using the rows of this

array, the application is compiled with the specific flag settings corresponding to each row and

the execution times are recorded. Then a statistical technique is used to infer which compiler

flags are beneficial and the values for these important flags are fixed for subsequent runs. The

procedure is repeated until the values of all flags have been fixed. The authors presented their

results and compared them to the default flag settings of the compiler. Although their approach

shows some improvement over the default compiler settings, the number of compilations and

runs needed by their technique is large. In addition they did not compare their technique with

the most basic search strategy; random search.

Finally Pan and Eigenmann [Pan 06] evaluated the two previous techniques with their own

algorithm to find the best compiler settings for a given program. Their algorithm searches the

space by iteratively eliminating settings with the most negative effect from the search space.

They showed, within their experimental setup, that the three techniques achieve in fact a sim-

ilar speedup of 1.07 on average over the default compiler settings. However the number of

executions needed to search the space is consistently lower than for the two other approaches.

All the techniques mentioned in this section show a requirement for a search of the opti-

misation space for each new program one wishes to compile. This contrasts drastically with

techniques that use prior knowledge to predict the best set of compiler settings without actu-

ally searching the optimisation space of the program. The next section looks at extended search

strategies that make use of prior knowledge to speed up the search.

3.3.3 Search Space Pruning

A few researchers have extended iterative compilation by using different pruning techniques.

The basic idea is that not all of the optimisations need to be integrated in the search space since

some transformations or sequences of transformations might have very little impact.

Triantafyllis et al. [Tria 03] explored the space of compiler settings iteratively. They first

find, at compiler-construction time, a small set of promising compiler settings that perform well

on a given set of code segments. A search tree is then built from these settings and traversed

to find good combinations for the frequently executed code segments for a new application,

drastically limiting the space. In addition, the authors also developed a performance estimator

that uses a simple analytic model. They showed that the results of the search are similar in cases

where either the estimator is used or real runs are performed. They showed that, on average, an

exhaustive search of the space leads to a speedup of 1.10 over the default compiler settings for

execution time. Their exploration methodology achieves a speedup of 1.05 on average; 50% of

the total available.
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Other researchers looked at the phase ordering problem at the function level, trying to

find the best sequences of transformations for each function of a given program. Kulka-

rni et al. [Kulk 04] used their previously developed VISTA compiler infrastructure [Zhao 02]

to search effective optimisation phases. By analysing the code produced by different transfor-

mations, the authors detect transformation sequences that do not change the code, i.e. dormant

phases. Sequences that do transform the code, i.e. active phases, are represented in the form

of a tree. This tree can be later used during search to avoid unnecessary compilations. Using

this pruning technique coupled with a genetic algorithm, they conducted a search for the best

phase order at a function level leading to the best trade-off in terms of speed and code size.

They found that over 84% of the executions can be avoided by identifying these cases where

some phases are dormant or equivalent code is produced.

Pruning the optimisation space can dramatically speed up iterative compilation. However,

it still suffers from the fact that a search is required for each new application one wants to

compile. The next section reviews prior works that focused on reducing the evaluation cost of

one compilation by building performance estimators.

3.3.4 Performance Estimation

Performance estimators are an efficient way of reducing the cost associated with iterative com-

pilation. A typical search of the optimisation space consists of repeating the cycle of compila-

tion followed by a run until a good solution is found. A performance estimation can be used

to replace the run of the newly compiled application and therefore save time; this estimation is

cheap compared to the time required to run the program.

Analytic Models Zhao et al. developed an approach based on an analytic model named

FPO [Zhao 03] to estimate the impact that different loop transformations can have. They used

their model to decide whether to apply three transformations for each loop in their programs;

loop interchange, loop tiling and loop reversal. The model makes the right decision more than

80% of the time. The authors extended this work by creating more models for different op-

timisations such as partial redundancy elimination and loop invariant code motion [Zhao 05].

However when compared with a simple heuristic that controls when to apply these optimisa-

tions, their model achieves only marginal improvement. Moreover the practicality of such an

approach might be questioned since for each optimisation a new model must be developed by

hand.

As already mentioned in section 3.3.3, Triantafyllis et al. [Tria 03] also used an analytic

model to reduce the required time to evaluate different compiler optimisations for different
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code segments. They showed that when exploring the optimisation space using their estima-

tor, the same result is achieved as when performing real runs. In fact these analytic models

are really useful for searching the optimisation space, even though they provide only a rough

estimate of the real execution time. Indeed the key element is to be able to distinguish between

good and bad optimisations rather than knowing the exact execution time when conducting an

exploration of the space.

Yotov et al. [Yoto 03] investigated a model-driven approach for the ATLAS library and

compared it with iterative compilation for finding the optimal compiler settings. They devel-

oped an analytic model that simply uses the machine description (cache size for instance) to

compute the optimal parameters of the optimisations. Using this model, the time needed to

generate the library, optimisation and code generation, is typically reduced by 30% to 70%

percent in total. For one, out of the three platforms tested, a difference in performance of 20%

is observed between the model and the use of micro benchmarks, showing that this approach

can bring important savings in terms of compilation time.

A few researchers tried to predict the performance that an optimisation would have by look-

ing at the compiled code only. This approach has the potential to reduce the time required to

explore optimisation spaces. To overcome the high costs associated with iterative compilation,

Cooper et al. developed ACME [Coop 05] which uses the concept of virtual execution. In-

stead of actually compiling and running each transformation sequence, a single profile run is

performed. Based on this run, an execution frequency for each basic block can be extracted

which is used to count the number of times each instruction will be executed. An estimation of

the actual execution time is made by simply summing up all these numbers. This sum can then

be updated accordingly for any sequence of transformations that adds or removes instructions

from a basic block. Using this technique the authors showed that the time spent performing

a search can be reduced by a few factors while maintaining the same accuracy. However this

approach is limited since only simple data-flow transformations can be modelled in this way;

it does not take into account various effects such as branch predication or cache misses.

Empirical Models A different approach taken by Cavazos et al. [Cava 06a] uses an empirical

model to make predictions about the behaviour of optimisation sequences. The model is first

trained offline using a set of training programs. Then, based on characteristics extracted from

the new program one wants to compile, the reactions as the authors named them, the model

makes performance predictions for any given sequence of transformations. The program is

characterised automatically using a set of responses; i.e. a few selected transformations are

applied to the new program and the performance is recorded, leading to a feature vector used
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to characterise the program. This way of characterising the program’s behaviour offers the

advantage of being independent of the architecture or optimisation used. This is in fact an

essential element of the work presented in chapter 4 for the problem of microarchitectural

design space exploration.

This concept of using empirical models to estimate the performance of sequence of trans-

formations was further used by Dubach et al. [Duba 07b]. The authors used code features

extracted at the source code level to characterise the effects of code transformations. Using the

features extracted before and after the sequence of transformations is applied, the model pre-

dicts accurately the performance that the sequence of transformations would achieve, should

the program be run. The authors demonstrated that this model can be used to predict the perfor-

mance of new transformations not seen during training, since the only input used by the model

are the actual code features.

Vaswani et al. [Vasw 07] modelled the co-design space of compiler optimisation settings

and microarchitecture design parameters by using different techniques such as linear regression

or radial basis function. Their model takes as an input the microarchitectural configuration and

the desired optimisation flags and produces a prediction for the execution time. The authors

reported error rates between 5% and 10% for the predictions. However, as it will be shown

later in chapter 5, this model fails to capture interactions between compiler optimisations and

the microarchitecture. Consequently its use is limited and it cannot be used to develop an

optimising compiler that works across the architecture space.

3.4 Automatic Compiler Construction

The previous section has looked at the different compilation techniques that can be used in

order to extract the maximum performance available in the compiler optimisation space by

searching this space. While these techniques have shown that large performance improvement

can be achieved, none of them have actually managed to automatically develop an optimising

compiler. They all require a search of the optimisation space. Section 3.4.2 will look at existing

work in the area of automatic optimising compiler generation but first a review of retargatable

or portable compilers is conducted.

3.4.1 Portable Compilation

The integration of compiler and architecture development is not new and has been the fo-

cus of prior research over the last 10 years. Frameworks such as Buildabong [Fisc 01], Tri-

maran [Trimaran 00] or Pico [Abra 00] allow automatic exploration of both compiler and ar-
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chitecture spaces. The compiler and the simulator live side by side and are often tightly coupled

within these frameworks, allowing great flexibility in terms of space exploration.

Other researchers have focused on creating portable compilers such as VPO [Beni 88] or

LLVM [Latt 04]. These compilers maintain independence between the optimisation passes

and the target architecture. However, these infrastructures focus purely on portability from an

engineering point of view: developing tools and optimisations that can be reused across many

architectures. This is fundamentally different from the work that is presented in this thesis

where the compiler automatically learns how to tune the application for any architecture. The

next section will introduce the related work in this area.

3.4.2 Machine-Learning Optimising Compilation

The term machine-learning optimising compiler can be used to describe a compiler whose

optimisation strategy has been learnt automatically and is able to adapt to any new program

one wants to compile. This is drastically different from typical approaches that either build a

fixed optimisation strategy by hand or perform a search of the optimisation space for every new

program, as seen in previous sections.

Moss et al. were among the first researchers to apply machine learning techniques inside

a compiler. Their first work [Moss 98] involved scheduling local instructions within a basic

block using different supervised learning techniques. They showed that it was possible to beat

the scheduling heuristics present in a production compiler using an entirely automated process.

Moreover their technique was able to achieve almost the same level of performance compared

to one of the best instruction schedulers available at that time; the DEC heuristic scheduler.

Monsifrot et al. used use machine-learning in order to automatically build compiler heuris-

tics [Mons 02]. In their paper, they showed how the heuristic that controls the loop unrolling

optimisation can be automatically created using decision trees, a simple classification tech-

nique. Compared with the default heuristic of the fortran compiler used in their experiments,

the automatically generated heuristic performs better on average. This is a rather strong result

since they were able to achieve this automatically, as opposed to the default heuristic that was

certainly tuned by compiler experts over a long period of time.

Stephenson et al. investigated the use of meta optimisations [Step 03] by tuning the com-

piler heuristics using genetic algorithms. In particular they looked at the heuristics that control

hyperblock formation, register allocation and data prefetching. Because they conducted their

experiments on a per program basis, where the heuristic was tuned independently for each pro-

gram, this is more like an optimisation space exploration rather than heuristic tuning. However,

they did evaluate their results with cross-validation, where the heuristic was tuned on a set of
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training programs and tested on a different set. Unfortunately, it appears that the results ob-

tained are not conclusive, despite claims from the authors. For instance, the approach using

cross-validation could only achieve a speedup of 1.01, out of a possible 1.36 speedup, in the

case of data prefetching. This clearly shows that their technique failed at generating a compiler

heuristic that works for any new program encountered.

In a more recent piece of work, the same authors looked at tuning the unrolling factor

using supervised classification techniques [Step 05] such as K-Nearest Neighbours and SVM.

However only a modest improvement over the default heuristic was reported.

In addition to their work on iterative compilation for the matrix multiplication optimisation

problem, Vuduc et al. [Vudu 04] developed a statistical approach that decides at runtime which

implementation is the best suitable for a given matrix input size. They compared different

models such as linear regression or support vector machines showing that this latter model

outperforms all others and makes the right choice 88% of the time.

Long and O’Boyle developed an instance-based learning model [Long 04] for loop optimi-

sations of Java programs. Once trained on the target platform, their model predicts, given some

program features extracted statically, how to transform the loops in the program in order to

get maximum performance on that particular platform. They showed that their model achieves

most of the speedup available when compared to an exhaustive exploration of the optimisation

space.

Cavazos and Moss [Cava 04] also applied machine learning techniques to the problem of

deciding whether to perform instruction scheduling for a given basic block within a virtual ma-

chine; Jikes RVM [Alpe 99]. Instruction scheduling is a time-consuming compiler optimisation

that tries to reorder machine instructions in order to reduce execution time. Since compilation

time is part of the application execution time within the context of a virtual machine, significant

reductions in execution time can be achieved by applying these costly optimisations only when

the resulting code is likely to lead to good performance. For this purpose the authors of this

work applied a supervised technique to learn whether to apply instruction scheduling, using

features extracted from the basic blocks. Later Cavazos and O’Boyle extended this concept

and applied logistic regression [Cava 06b] to the problem of finding the best set of optimisa-

tions to apply for each method within the Jikes RVM. They used features extracted from the

bytecode to infer which optimisations to apply to each method.

Agakov et al. [Agak 06] introduced a machine-learning technique to focus iterative compi-

lation for the search of optimal transformation sequences for small kernel-like applications for

embedded systems. Using features extracted from the program, the model is able to predict in

which area of the space the optimum lies. Then a standard iterative compilation is performed
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on these areas. By comparing with exhaustive search, they showed that more than 85% of the

total speedup available can be reached with as few as 10 iterations, whereas random search

needs an order of magnitude more iterations to reach the same level of performance.

This work was later extended in [Cava 07] where the model uses performance counters in-

stead of program features as a way to characterise new programs. They evaluated their approach

using benchmark suites such as SPEC 2000 and MiBench that contain fairly large applications.

In particular they showed that performance counters are superior to static code features. The

reason lies in the fact that code features are difficult to define for large applications; they tend

to characterise local code well but fail at globally characterising an entire program. The major

reason being that aggregating local features is a difficult task. For this reason, chapter 6 will

make use of performance counters to develop a new machine-learning compiler that can make

one-shot predictions of the best compiler settings for any new program or architecture.

To summarise, a few researchers have looked at ways to automatically generate an opti-

mising compiler. Some took the approach of tuning or creating heuristics while others have

focused on using an external model, i.e. a machine-learning model, to drive the compilation

process. However, all these prior works have focused on deriving an efficient optimisation

strategy for a fixed architecture. This contrasts with the work presented in chapter 6 where an

optimising compiler is developed that can adapt to a full microarchitectural space.

3.5 Summary

This chapter has presented prior work related to microprocessor design, compiler optimisation

space exploration and portable optimising compilers. The work in the field of microprocessor

design has mostly been limited to simulation methodology and the use of per-program models.

In contrast, the work presented in chapter 4 of this thesis develops performance models that

exploit knowledge across programs.

Prior work on compiler optimisation exploration has mainly focused on searching the op-

timisation space of a program. As seen throughout this chapter, many search strategies were

proposed and some models developed to focus the search in promising areas of the space or

directly predict the set of optimisations to apply. However all these techniques were targeted

at a specific program or architecture. In contrast the work presented in chapter 5 focuses on

exploring the compiler optimisation space across a range of programs and microarchitectures.

Chapter 6 develops a truly portable optimising compiler. This compiler uses a model that pre-

dicts how to compile any new unseen program on any new unseen microarchitecture in order

to get maximum performance.





Chapter 4

Exploring and Predicting the

Microarchitectural Design Space

4.1 Introduction

The design of new microprocessors is often associated with long-running detailed simulations.

Because of the large number of parameters that can be tuned in a typical general purpose pro-

cessor, the space of all possible designs, i.e. the design space, quickly becomes impractical

to explore. For this reason performance predictors have been recently proposed in the litera-

ture [Ipek 06, Jose 06a, Lee 06, Lee 07a, Lee 07b] as a means to quickly and accurately model

the design space of each individual program. While this is clearly a good step towards effi-

cient design space exploration, it is still not sufficient when a large number of programs are

considered.

To overcome this problem, researchers have looked at ways of reducing the number of

benchmarks by analysing program similarities [Eeck 02, Host 06]. The benchmark suites are

reduced by maintaining a subset of programs that differ significantly from each other, thus

reducing the time spent exploring the design space. The advantage of this technique is that

the features used to characterise the programs are independent of the architecture space under

consideration, therefore they only need to be extracted once. However, as demonstrated in this

chapter, this technique is not accurate enough to enable efficient design space exploration.

This chapter presents a novel approach to design space exploration that transfers infor-

mation across programs. It is organised as followed; first the simulation environment and the

benchmarks are described in section 4.2. Then the resulting design space is analysed in detail

in section 4.3 where it is shown that some programs behave similarly. Using this observation,

section 4.4 presents a model that reuses information from previously seen programs to predict

35
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the design space of new ones. Later, in section 4.5, this model is extended for the prediction of

the average behaviour of a benchmark suite. Section 4.6 then shows a practical usage scenario

where a search of the design space is performed. The superiority of this model is then demon-

strated against a state-of-the-art approach that uses microarchitectural-independent program

features in section 4.7. Finally section 4.8 concludes this chapter.

4.2 Experimental Setup

This section describes the experimental methodology used throughout this chapter. In particu-

lar it details the simulation environment, the benchmark suites used and the microarchitectural

design space.

4.2.1 Simulation Environment

SimpleScalar [Burg 97] is a well established out-of-order superscalar processor simulator in the

research community. It was chosen in this chapter to conduct an exploration of the design space

of a typical general purpose processor, using the Alpha instruction set. While this simulator

does not correspond directly to any real machine, it is widely used in the research community

allowing meaningful comparison with existing work. The specific version of SimpleScalar

used (v2.0) is based on Wattch [Broo 00] in order to obtain power consumption estimates. In

addition, Cacti (v4.2) [Tarj 06] was used to accurately model the energy and access latencies

of the microarchitectural components to make the simulations as realistic as possible. So, for

example, as the size of the data cache is increased, so is the static energy it consumes each

cycle, the dynamic energy it consumes on each access and the number of cycles it takes to

access it.

When a program is run, the simulator reports both the number of cycles and the energy

consumed (in nJ) gained from Cacti and Wattch. Those values are used to evaluate program

performance and power consumption. In addition to those metrics, architects are typically

interested by the tradeoff between energy and cycle time (delay). For this purpose, the energy-

delay (ED) and energy-delay-squared (EDD) products were also evaluated. These metrics

defined as:

ED = Energy ·Delay (4.1)

EDD = Energy ·Delay ·Delay (4.2)

reflect the efficiency of the processor configuration, the lower the value the better.
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Program Input Simulated Total

instr. instr.

ammp NA 130m 319b

applu NA 230m 224b

apsi NA 290m 348b

art 1 110m 42b

bzip2 source 200m 109b

crafty NA 200m 192b

eon cook 180m 81b

equake NA 180m 132b

facerec NA 200m 211b

fma3d NA 200m 268b

galgel NA 190m 409b

gap NA 210m 269b

gcc 166 270m 47b

Program Input Simulated Total

(cont.) instr. instr.

gzip graphic 160m 103b

lucas NA 220m 142b

mcf NA 160m 62b

mesa NA 160m 282b

mgrid NA 150m 419b

parser NA 200m 547b

perlbmk 704 170m 67b

sixtrack NA 50m 471b

swim NA 200m 226b

twolf NA 190m 346b

vortex lendian1 220m 119b

vpr route 150m 84b

wupwise NA 210m 350b

Table 4.1: The 26 SPEC CPU 2000 benchmarks with their corresponding input used, the to-

tal number of instructions simulated with SimPoint and the actual total number of instructions

present in each benchmark.

4.2.2 Benchmarks

When architects design a new microprocessor, they wish to evaluate the performance of many

different possible designs or implementations. This evaluation must be conducted by testing

many different workloads on the architecture. For that purpose, well established benchmark

suites exist that try to be as representative as possible of a domain of applications that will

be run on the final developed processor. Since this chapter deals with the design of general

purpose processors, the SPEC CPU 2000 benchmark suite [Henn 00] is a natural choice. This

is a widely used and standardised benchmark suite supported by industry.

The entire SPEC CPU 2000 benchmark suite was compiled for the Alpha target with the

highest optimisation level and run using the reference input set. Since it was not manageable

to run those programs in their entirety, SimPoint [Sher 02] was used to reduce the number of

simulated instructions to a reasonable amount whilst maintaining high accuracy. An interval

size of 10 million instructions and a maximum of 30 clusters were selected per program. Ex-

periments were run warming the cache and branch predictor for 10 million instructions before

performing the actual detailed simulation. Table 4.1 shows the list of programs from SPEC

CPU 2000 as well as the reference input used. The total number of instructions simulated and

present in each benchmark is also shown.
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Program Input Sim.

(cont.) instr .

basicmath small 57m

bitcnts small 42m

qsort small 148m

susan_c large 1.5m

susan_e large 3m

susan_s small 28m

cjpeg small 36m

djpeg large 10m

lame small 146m

madplay small 43m

tiff2bw small 67m

tiff2rgba large 61m

Program Input Sim.

(cont.) instr .

tiffdither small 431m

tiffmedian small 215m

lout small 107m

dijkstra small 75m

patricia small 91m

ispell small 10m

say small 48m

search large 0.2m

bf_d small 42m

bf_e small 42m

pgp NA 1.4m

Program Input Sim.

(cont.) instr .

pgp_sa NA 93m

rijndael_d small 34m

rijndael_e small 32m

sha small 15m

rawcaudio small 37m

rawdaudio small 29m

crc small 34m

fft small 21m

fft_i small 40m

toast small 51m

untoast small 17m

Table 4.2: The 34 MiBench benchmarks used with their corresponding chosen input size and

the total number of instructions executed.

In addition to SPEC CPU 2000, the MiBench benchmark suite [Guth 01] was also included

for the later sections of this chapter. MiBench is a multimedia benchmark suite with many

of these applications typically running on desktop machines equipped with general purpose

processors.

Since the MiBench programs are much smaller than the ones from SPEC CPU 2000, all of

them were run in their entirety except for ghostscript which would not compile correctly. Here

too, the programs were compiled for the Alpha target with the highest optimisation level. For

each program, the input sizes were chosen in order to be as close as possible to 100 million

instructions executed per program without going beyond this limit whenever possible. This was

done to ensure enough instructions were being executed while bounding simulation time to a

reasonable amount. Table 4.2 shows the programs used from MiBench and the total number of

instructions simulated for each benchmark. For MiBench the number of instructions simulated

and present in the benchmark is the same since the programs were run in their entirety, without

using SimPoint.

4.2.3 Microarchitecture Design Space

The microarchitectural design space considered contains 63 billion different configurations,

created by varying 13 different parameters within the SimpleScalar simulator. These are listed

in table 4.3. They are similar to those other researchers investigated [Ipek 06, Lee 06], allowing
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Parameter Value Range Num Baseline

Width 2,4,6,8 4 4

ROB size 32→ 160 : 8+ 17 96

IQ size 8→ 80 : 8+ 10 32

LSQ size 8→ 80 : 8+ 10 48

RF sizes 40→ 160 : 8+ 16 96

RF rd ports 2→ 16 : 2+ 8 8

RF wr ports 1→ 8 : 1+ 8 4

Gshare size 1K→ 32K : 2∗ 6 16K

BTB size 1K,2K,4K 3 4K

Branches allowed 8,16,24,32 4 16

L1 Icache size 8K→ 128K : 2∗ 5 32K

L1 Dcache size 8K→128K : 2∗ 5 32K

L2 Ucache size 256K→ 4M : 2∗ 5 2M

Total 63bn

Table 4.3: Microarchitectural design parameters that were varied with their range, steps and the

number of different values they can take. The step value can be either an increment (+) or a

product (*). Also included is the baseline configuration.

meaningful comparisons with previous work. The left-hand column describes the parameters

and the second column gives the range of values each parameter can take. Also shown is

the step size between the minimum and maximum values. The third column enumerates the

number of different values for each parameter.

A baseline configuration, shown in the fourth column of table 4.3 was chosen. This base-

line is in fact similar to the Intel Core microarchitecture [Inte 07, Sand 07]. It is a balanced

microarchitectural configuration, allowing four instructions to dispatch and issue each cycle,

with modestly-sized instruction and data caches.

It was decided to keep some parameters related to cache structure and branch prediction

mechanism constant, as shown in table 4.4(a). Parameters such as associativity and block size

are expected to have little impact on performance in regard to the other parameters varied. Also

the latencies of the different functional units were kept constant to simplify the experimental

setup. However should these additional parameters be integrated in a processor study, it is

expected that the techniques presented later in this chapter would still be applicable.

The number of functional units were varied with the width of the pipeline as shown in

table 4.4(b). So, for a 4-way machine for instance, four integer ALUs, two integer multipliers,

two floating point ALUs and one floating point multiplier/divider were used.
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Parameter Configuration

BTB associativity 4-way

L1 Icache 32B block size, 4-way

L1 Dcache 32B block size, 4-way

L2 Ucache 64B block size, 8-way

FU latencies IntALU 1 cycle, IntMul 3 cycles,

FPALU 2 cycles, FPMul/Div 4/12 cycles

(a) Constant

Parameter Number

Machine width 2 4 6 8

IntALUs 2 4 5 6

IntMuls 1 2 2 3

FPALUs 1 2 3 4

FPMulDiv 1 1 2 2

(b) Related to width

Table 4.4: Microarchitectural design parameters that were not explicitly varied, either remaining

constant or varying according to the width of the machine.

Although the total design space studied has 63 billion different configurations, some of

them do not make architectural sense within this setup. For example, the reorder buffer should

not be smaller than the issue queue or load/store queue. These configurations were thus re-

moved resulting in a total design space of 18 billion points. In reality other constraints might

need to be modelled and the space might be further pruned based on the particularity of the

architecture under consideration, but this is outside the scope of this work.

4.2.4 Evaluation methodology

Since there are 18 billion design points in the design space, it is infeasible to simulate all these

points. Therefore, a subspace of 3000 points was selected using uniform random sampling.

Each benchmark was simulated on these sampled architectural configurations leading to a total

of 180,000 unique simulations (60 programs × 3000 designs).
All predictors were trained using these randomly selected configurations from the design

space and validated using cross-validation. Since the selection of the training simulations was

performed randomly, each experiment was repeated 20 times, using different random simula-

tions each time.

4.3 Analysis of the Design Space : SPEC CPU 2000

This section analyses the design space for the SPEC CPU 2000 benchmark suite. This analysis

is performed on the sampled space containing 3000 design points for each program of SPEC

CPU 2000. The purposes of this analysis are multiple. First, it presents the individual spaces of

each program and shows that they are not trivial (i.e. flat). Secondly, it shows that similarities

do exist among the programs, although they differ in many respects. This is a key insight that
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Figure 4.1: Characteristics of the design space for the SPEC CPU 2000 programs. Cycles, en-

ergy, ED and EDD are shown for a normalised execution of 10 million instructions. Each graph

shows the median, quartiles for 25% and 75%, minimum and maximum values for each bench-

mark, using a logarithmic y-axis. Also shown is the performance of the baseline architecture for

each program.

will be used later by the techniques presented in sections 4.4 and 4.5. Finally, it shows that the

behaviour of the benchmark suite across the design space exhibits some variation.

This contrasts with many prior works [Ipek 06, Jose 06a, Lee 07a] in the field of perfor-

mance prediction that simply showed prediction accuracy without really showing any charac-

teristic of the space they predicted for. It is indeed straightforward to build predictors for “flat”

spaces. This section, however, demonstrates that the space considered in this work is not trivial.

4.3.1 Variation in the Design Space per Program

Figure 4.1 shows some important statistics of the space on a per-program basis for cycles,

energy, ED and EDD. For each benchmark, the maximum value, the 75% quartile, the median,

the 25% quartile and the minimum are shown. The choice of reporting the quartile and the
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medium values (instead of the standard deviation and the mean) were motivated by the fact

that these statistics are more robust than their counterpart when dealing with a sample of a real

population. In addition, the baseline configuration is also shown on the same figure.

From these graphs it is clear that there are large differences in terms of program behaviour.

For instance the median energy value (figure 4.1(b)) of program mcf is an order of magnitude

higher than the one from sixtrack. Since all the metrics reported were normalised for 10 million

instructions for each program, the difference observed between the programs are due to intrin-

sic program differences (some programs might have better data locality or more parallelism

available than others for instance and hence they might make a better usage of the resources

available).

Looking at each program individually, significant differences in terms of variability of their

space is observed. For instance when considering cycles (figure 4.1(a)) the program gzip has

a very low variability and the difference between the slowest and the fastest configuration is

only a factor two. On the other hand, programs such as art have a big variability; the difference

between the minimum and maximum is more than an order of magnitude. For such programs,

the choice of microarchitecture clearly makes a difference and this shows the importance of

selecting the right design.

Finally it is interesting to notice the behaviour of the different programs on the baseline

architecture. For instance for ED (figure 4.1(c)), it can be seen that the baseline configuration

is a very good choice for program twolf while for swim for instance, it is three times worse than

the best one. This means that a configuration that is good for one program is not necessarily

good for another program.

4.3.2 Program Similarities

Since the main part of this chapter is devoted to learning across programs, this section shows

that there are similarities between the programs of SPEC CPU 2000. The similarity between

programs is expressed using the distance between their design spaces in terms of responses: the

values directly extracted from the output space. To measure this distance, a vector is built for

each program containing the values of the target metric (cycles, energy, ED or EDD) for every

design point of the sampled space (3000 samples). The Euclidean distance between these vec-

tors, containing each 3000 values, is then calculated and serves as the distance measure. This

differs from prior work that measured program similarities [Phan 05] using dynamic features,

as opposed to directly using the responses surface of the design space.

Because it is not desirable to show the distance between each possible pair of programs,

a hierarchical clustering technique was applied. This technique offers a very convenient way
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Figure 4.2: Result of the hierarchical clustering using the Euclidean distance measure. The

average distance between the design space of any two group of programs can be determined

by looking at the height of the branch that connects them. For instance for cycles, there is

an average distance of 80 between art and the two programs galgel and ammp, that differ

themselves by a distance of 20.
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Figure 4.3: Distribution of the design space for cycles, energy, ED and EDD. The baseline

configuration lies within the top 10% of the space for cycles, ED and EDD, and within the top

20% of the space for energy.

of representing program similarities and has already been applied by other researchers in the

field [Josh 06]. Figure 4.2 shows for each metric a dendrogram resulting from the hierarchi-

cal clustering. The height gives the average distance between the programs contained in two

branches. For instance for ED, the program art is on average at a distance of 500 to all the

others. The higher the separation, the less similar the programs are.

For all the metrics, it can be observed that program art is very different from the others.

Furthermore it can be seen that mcf is significantly different from the others for energy. It is

thus expected that these programs will be difficult to predict because of their unique behaviour.

4.3.3 Average Behaviour

Having looked at the behaviour of each of the SPEC CPU 2000 programs individually, this

section looks at the average behaviour of the full benchmark suite. To avoid giving more weight

to some programs in the calculation of the average, the performance of each program was

normalised against the performance obtained on the baseline architecture. Hence the geometric
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mean was used to compute the average performance, since it deals with ratios.

As can be seen in figure 4.3, most of the configurations achieved between one and two

times the performance of the baseline architecture (with value 1.0). Those with a value less

than 1.0 being better than the baseline. It also shows that there are more configurations worse

than the median than there are better ones (the histogram ends with a long tail on the right).

Considering the design space for energy, it contains many more configurations close to the

minimum than for the other metrics. Therefore, it is expected that it will be statistically easier

to find a value in the space close to the minimum.

In addition, the baseline configuration lies comfortably within the top 10% of this space for

cycles, ED and EDD, and within the top 20% of this space for energy. This verifies that this

baseline configuration is a well balanced design point and that finding a better design point is

not trivial.

4.4 Architecture-centric Predictor

In this section, a model named the “architecture-centric predictor” is presented that learns

across programs. This contrasts with prior approaches [Ipek 06, Jose 06b, Lee 06] that only

considered each program independently. This model predicts the performance of any new

unseen program for any point in the design space. The advantage of this model over its prede-

cessors is that it requires one order of magnitude less training simulations, while achieving the

same prediction accuracy.

This architecture-centric model was built based on the observation that some similarities

exist between the different program spaces as seen in the analysis of SPEC CPU 2000 (sec-

tion 4.3.2). These similarities can be exploited to make accurate predictions for the design

space of any new program. This section presents a model capable of efficiently combining the

microarchitectural design spaces of existing programs to make useful predictions for any new,

unseen program.

The idea of predicting performance for one program from other similar ones is not new

and was already exploited by Hoste et al. [Host 06]. However, as it is shown later in this

chapter, this approach simply fails at predicting the microarchitectural space with sufficient

accuracy. In fact Hoste et al. only applied their technique for ranking architectures at a system

level. Their reason was that ranking is an easier task and does not required very accurate

predictions. This ranking mechanism, however, has its limitation when applied to the design

space exploration of microarchitectural configurations. Indeed, architects want to know more

than just a ranking of the different possible designs. Ideally, they would like to have access to
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(a) Linear mapping (b) Single-program predictors (c) New program predictions

Figure 4.4: Overview of the architecture-centric model. First, a linear combination is learnt

from the training programs to the new program using R responses (a). Then the space of each

training program is predicted using Artificial Neural Networks (ANNs) built using T samples (b).

Finally the entire space of the new program can be predicted using the linear combination of the

training program (c).

the complete design space, allowing them to see what are the specific impacts of the different

architectural parameters on the target metrics. For these reasons a new approach is needed and

is presented in the following sections.

4.4.1 Overview

The technique presented in this section consists of combining linearly the design spaces of

training programs in order to predict the design space for any new program. This combination

corresponds in fact to a weighted sum of the design spaces of the training programs. A linear

regressor is used to determine the optimal weights βi using only a small number of runs R,

called responses, from the new program as seen in figure 4.4(a). These responses correspond

in fact to the values of the target metric extracted from R runs of the program on a few selected

microarchitectures. Once the weights βi have been determined using the R responses, it is

possible to predict the design space of the new program by simply applying a weighted sum to

the corresponding design points of the training programs.

However, if one wants to predict any design points for the new program, the whole de-

sign space of each training programs must be known, which is not realistic. To overcome this

issue, single program predictors are built using Artificial Neural Networks (ANNs) as shown

in figure 4.4(b). Each program in the training set is simulated on T microarchitectures se-

lected randomly. Once this data is gathered, the design space of each training program can be

predicted using the newly built ANNs.

Finally, to predict any microarchitectural design point of the new program, the ANNs of

each training program are used to derive predictions. Then these predictions are summed up
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Figure 4.5: Mapping of the training programs to the new program. Given a configuration, the

values of a given target metric (for instance ED) is extracted for each training programs. Then

PCA is applied in order to reduce the number of those values. They are then fed into the trained

linear regressor that produces a prediction for the new program for this particular configuration.

using the weights βi as can be seen in figure 4.4(c). The following sections describe in more

details each step necessary to build this model and evaluates the optimal parameter values for

R and T.

4.4.2 Finding the Linear Mapping

As presented in the overview, the first step towards building the model consists of determining

a mapping between the new program and the training programs. This mapping is expressed as

a linear combination of the design spaces of the training programs. However, since some of the

training programs might correlate with each other, it is desirable to first remove this correlation.

This reduces the number of weights to determine and, therefore, increases the accuracy of the

linear regressor. Principal Components Analysis (PCA) was applied by keeping 99% of the

variance in the input space, resulting in about nine principal components being retained when

applied to SPEC CPU 2000. It follows that the number of weights βi to be determined was

reduced. This is in fact very important when using a linear regressor since the number of

weights has to be smaller than the number of samples used to determined them.

Figure 4.5 gives an example of how a prediction for ED is made for a new program based

on the design spaces of the training programs. For a given architectural configuration, the ED

values of each training program are fed as an input to the model. This vector of values is

then reduced using PCA. The linear regressor uses these new transformed values to make a

prediction for the new program based on the weights determined during the training phase.

To find the optimal weights βi of the linear model, a few responses R from the new program

are needed. These responses are nothing but the target metric of interest (for instance ED)

for a few configurations. The number of responses R hence need to be fixed. To determine

the optimal value of R, leave-one-out cross-validation was used on the 26 SPEC CPU 2000
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Figure 4.6: Error averaged across all programs as a function of R, the number of training simu-

lations required to compute the linear mapping to the new program. The standard deviation of

the error across the programs is shown in the shaded area.

programs. Turn-by-turn, each program is considered as the new program and the remaining

25 ones compose the training set. Figure 4.6 shows the error of the model as a function of

R, averaged across all the programs. As observed, the error decreases with the number of

responses R. For values of R greater than 32 the decrease is only marginal, which seems to

make R =32 an ideal choice.

Figure 4.7 shows the coefficient of correlation as a function ofR. There is a high correlation

for values of R greater or equal to 16. It can also be observed that for smaller values of R, the

correlation for cycles and energy differ; cycles is more difficult to predict than energy. The

reason for this difference is due to the fact that performance is more likely to be influenced by

the program behaviour while the energy consumption is less specific to the program but related

to the microarchitecture. Lower values of R fail to capture enough of the program behaviour

for performance, while for energy a value as small as 4 is sufficient to get a good correlation.

Based on those observations, the number of responses R was fixed to 32 since it leads

to a low error rate and a good correlation. It means that it is possible to predict any point
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Figure 4.7: Coefficient of correlation averaged across all programs for different number of re-

sponses R.

Figure 4.8: Model of the single-program predictor. Once trained, the Artificial Neural Network

(ANN) makes predictions for any configuration parameters given as an input.

in the design space of a new program with great accuracy using only 32 simulations from it.

However, one problem with this approach is that it is only possible to predict configurations

that have been seen before for the training programs. The next section describes how to solve

this issue by predicting the design space of each training program individually.

4.4.3 Single-program Predictors

Program-specific predictors were used to predict the individual design space of each training

program. Those models use as their input the parameters of the architecture configuration

and make predictions for any values of these parameters. For each program, a model was

built using T training samples from the design space. Predicting the performance of differ-

ent programs across a large design space was studied by many researchers [Ipek 06, Jose 06b,

Lee 06]. The specific implementation used in this chapter is based on Artificial Neural Net-

works (ANNs) [Ipek 06]; this choice was motivated by their ease of use. Other implemen-

tations such as radial basis functions or spline functions could have been possible but it was

shown they achieve equivalent accuracy [Lee 07b]. Figure 4.8 shows how a single-program

predictor is used. It takes as an input the microarchitectural parameters, such as pipeline width,

reorder buffer queue size or instructions issue queue size. Then the trained ANN is used and
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(d) EDD

Figure 4.9: Average accuracy of the artificial neural networks broken down per program for

various training sizes. The x-axis shows the individual benchmarks and the average. The y-axis

shows the prediction error.

outputs a prediction for the target metric of choice (cycles, energy, ED or EDD).

Technically, the ANN used is based on a multi-layer perceptron, composed of an input

layer, one hidden layer and an output layer. The number of neurons in the hidden layer was

determined empirically. The best performance was reached with ten hidden neurons. The

tangent hyperbolic activation function was chosen for the hidden layer whilst a linear function

was chosen for the output layer. Once built, the models were trained using the backpropagation

algorithm with a maximum number of iterations fixed to 2000.

Because of the nature of ANNs, the input data was normalised between -1 and 1. This

normalisation process involves first transforming the microarchitectural parameters that vary

by a factor of two, such as the cache size, with the logarithmic function. In a second step, all

the inputs are scaled according to the minimum and maximum values they can take. The same

scaling technique is applied to the output data (i.e. cycles, energy, ED or EDD) using only the

values observed in the training set.

The training phase of the models involves gathering some training data. Since this training

data corresponds in fact to real simulations, it is desired to determine what is the optimal num-
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Figure 4.10: Coefficient of correlation averaged across all programs for different training sizes

for cycles, energy, ED and EDD.

ber of simulations needed for each program. Obviously the amount of training data influences

the accuracy of the model; the more training data the more accurate the model is.

Figure 4.9 shows the mean error of the models as a function of T, the training size, for each

program of the SPEC CPU 2000 benchmark suite for the different target metrics. Because

random initialisation of the weights of the ANNs can lead to variation in their performance,

each ANN was trained 20 times. The performance was then averaged for each program and

validated using cross-validation. As expected, the error of the models decreases as the number

of training samples T is increased. It can be observed that for less than 512 training samples,

large variation across the programs occur. For instance, if the ED metric is considered, a

maximum error of 58% is reached for the program art when only 256 training points are used.

With T =512 the maximum error is just 20%. On average the error achieved when using 512

samples is below 10% for ED, which seems to be a good tradeoff between the number of

simulations required for training and the accuracy achieved by the model.

To further validate this choice, a study of the correlation between the predictions and the

actual values was performed. Figure 4.10 shows the coefficient of correlation averaged across

all the SPEC CPU 2000 programs for different training sizes and target metrics. A correlation

of 0.98 is achieved with 512 training data points, while increasing this to 1024 points brings

little further improvement. This further confirms that the choice of T =512 as the number of

trainings required per program represents the best tradeoff.

4.4.4 Predicting a New Program

Having determined the optimal values of T =512 and R =32, the program-specific predictors

and the linear mapping can now be considered together, as shown in figure 4.11. To make a

prediction for any microarchitecture, the configuration parameters are given to the model as
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Figure 4.11: The complete model that can predict the performance of any design point for

any new program. For each of the training programs, a prediction is made for a particular

architecture configuration using the ANNs. These predictions are then reduced to a handful of

values using PCA and given as an input to the linear regressor. This linear regressor finally

makes a prediction for the new program using the weights found during the training phase.

the input. Then the program-specific models are used to determine the predicted value for each

program in the training set. Finally those predictions are reduced to a few values using PCA

and combined using the linear mapping in order to make a prediction for the new program.

The accuracy of the final model is evaluated for each program of the SPEC CPU 2000

benchmark suite. As before, this process was repeated 20 times using leave-one-out cross-

validation. Figure 4.12 shows the training and testing error achieved by the model for each

of the four metrics evaluated. The training error is derived from the error made by the model

on the training data (R = 32 for each program) whilst the testing error is the error made when

testing the model on the remaining unseen data. The testing error will be referred simply as the

error from now on.

The model achieves an average error of 8% for cycles and enegy, 14% for ED and 21% for

EDD. Some programs have a bigger error in comparison with others. For instance program art

has an error of 32% for cycles and 19% for energy and program mcf an error of 16% for cycles

and 17% for energy. As seen in section 4.3.2, these programs are indeed very different from

the others. Therefore, it is difficult to use the knowledge gathered from the training programs.

This explains why the model’s error is high for these programs when compared with others.

Interestingly, it is possible to use the training error as an indicator of whether the model is

going to work well or not: the higher training error is, the higher testing error. Therefore, if the

architecture-centric model is expected to lead to a high error for a particular program, a single-

program predictor could be used instead. In fact as an extension to the work presented in this

chapter, one could build the model incrementally by adding more programs to the training set

as new programs are encountered that differ significantly from the ones already seen.
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Figure 4.12: Training and actual mean error for each program of SPEC CPU 2000 (the lower

the better). The actual error corresponds to the prediction error when testing on the remaining

points of the space not used for training. The standard deviation is also shown since the training

has been repeated 20 times picking each time different training samples.
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Figure 4.13: Coefficient of correlation for each program of SPEC CPU 2000 based on either the

training set or the testing set (the higher the better).
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Figure 4.13 shows the coefficient of correlation for the model. An average correlation of

0.95 for all the four metrics is achieved. As before, programs art andmcf perform slightly worst

than the others. Nonetheless, most of the programs exhibit correlation above 0.9, independently

of the metric of interest. This shows that the model developed in this section is actually working

across the vast majority of the SPEC CPU 2000 applications.

4.4.5 Predicting MiBench From SPEC CPU 2000

So far, leave-one-out cross-validation was used to verify and assess the performance of the

model developed. While this validation technique is well founded, one could argue that because

the validation was performed within the same benchmark suite, SPECCPU 2000, the technique

might in actual fact not work for programs from other benchmark suites.

To verify that the model is able to make accurate predictions for programs outside the

benchmark suite used for training, this section uses SPEC CPU 2000 to predict each of the pro-

grams from the MiBench benchmark suite. Moreover, since MiBench benchmarks are mainly

targeted at embedded systems, it enables testing of the models across a different application

domain.

Figure 4.14 shows the error of the model when predicting MiBench from SPEC CPU 2000.

The average prediction error is about 6% for cycles, 7% for energy, 12% for ED and 18% for

EDD. These errors are slightly lower than the errors found when using leave-one-out cross-

validation on SPEC CPU 2000. This can be explained by the fact that for SPEC CPU 2000,

a few programs (art and mcf for instance) have a very different behaviour from the others.

Therefore, the model’s accuracy for these programs is lower than for the others, resulting in

an increase in the average error. However if one dismisses these two programs, there is no

fundamental difference in terms of error between these two benchmark suites.

When correlation is considered, figure 4.15, the same conclusion can be drawn; MiBench

has no program that behaves significantly different from the others. In a nutshell, the prediction

of MiBench from SPEC CPU 2000 is as accurate as predicting the programs of SPEC CPU

2000 using leave-one-out cross-validation.

4.4.6 Summary

This section has described and evaluated a model, the architecture-centric predictor, that learns

across programs. Once trained, this model makes accurate predictions for any new program

encountered using just 32 simulations from it. This is achieved by exploiting program simi-

larities. This model is capable of predicting the microarchitectural design space for any new

unseen program.
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Figure 4.14: Training and actual mean error of the model trained on SPEC CPU 2000 for each

program of MiBench (the lower the better).
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Figure 4.15: Coefficient of correlation of the model trained on SPEC CPU 2000 for each program

of MiBench based on either the training set or the testing set (the higher the better).
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However, if a program differs significantly from anything seen so far, the model might fail

to accurately predict its space. Fortunately, by examining the training error it is possible to

detect such exceptional cases (two programs out of 60 in our experimental setup). If such cases

happen, the model can suggest building a single-program predictor using more simulations.

This section also demonstrated that the model is not restricted to any specific application

domain. As shown, it is possible to predict with great accuracy all the programs composing the

MiBench benchmark suite from the ones of SPEC CPU 2000. The next section looks at how

this model can be extended to the prediction of the average behaviour of a complete benchmark

suite.

4.5 Benchmark Suite Predictor

The previous section presented a model that predicts the entire design space of any new pro-

gram using other training programs. While the cost of training can be amortised over time,

when more programs need to be predicted, architects might in fact already have a specific set

of programs that they want to use to explore the microarchitectural space. This case can arise

when using different inputs or when compiler optimisations are considered for instance.

What is really needed is a model that can cut the number of simulations required when

a large number of programs are used. This section develops a model that predicts the aver-

age behaviour of the whole set of applications, as opposed to predicting each new program

individually. Indeed a key element in design space exploration consists of quickly discarding

uninteresting configurations and to focus only on the most promising ones. For this purpose,

a model can be built and used to predict the average behaviour of a set of programs using a

reduced number of simulations. Each program can then be simulated individually on those

selected designs.

This section extends the architecture-centric model presented in the previous section to

predict the average behaviour of a whole benchmark suite, where all the programs are known

in advance. This newmodel is called the “benchmark-suite predictor”. In this setup, the amount

of training needed to build the model, i.e. number of simulations, can be reduced to a strict

minimum while maintaining the prediction accuracy.

4.5.1 Overview

This benchmark suite predictor is built in four different stages, as shown in figure 4.16. First

R runs are performed on R randomly selected configurations for each of the N benchmarks

within the suite. These R runs are similar to the responses concept introduced in the previous
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(a) Computing the mean (b) Selecting K programs (c) Linear mapping

(d) Single-program predictors (e) Predicting the mean

Figure 4.16: An overview of the benchmark suite predictor. First R randomly-selected simu-

lations for each program are run to calculate the mean (a). Then K programs are selected to

represent the whole suite, reducing the training requirements (b). Then a combination of these

K programs to the mean is found using linear regression (c) and artificial neural networks are

trained using T training samples each (d). Finally using the linear mapping the mean can be

predicted for any point in the design space (e).

section. However, in this case these R responses are used to compute the average behaviour of

the benchmarks for the metric of interest, as shown in figure 4.16(a). The average behaviour

can be characterised by different means which includes the arithmetic, geometric, harmonic,

or any other statistical property, such as the standard deviation.

Once this mean has been calculated for a few configurations, a greedy algorithm is used to

select K representative programs from the N programs present in the suite. This algorithm is

described in figure 4.16(b). The K programs are selected such as to best represent the whole

benchmark suite. Then a weighted sum of their execution time is used to approximate the

mean of the whole benchmark suite. Since the real mean for the R configurations is known,

this information can be used to map from the K programs to the actual mean, as shown in

figure 4.16(c). In other words, the average performance of the N programs of the benchmark

suite is expressed as a linear combination of just K programs, where K <N. Information about

the N-K dropped programs is in fact represented within this mapping.

Finally, as for the previous developed model, ANNs are used to predict the individual
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spaces of each of the K representative programs (figure 4.16(d)), using T =512 randomly-

selected training simulations as seen in section 4.4.3. These predictors are then combined

using the linear mapping to predict the average behaviour of the full benchmark suite for all

remaining configurations as shown in figure 4.16(e).

In the following subsections, the benchmark suite predictor is described in more details

and the optimal parameters for R and K are determined using the SPEC CPU 2000 benchmark

suite.

4.5.2 Computing The Mean

As discussed in the previous section, the first step in building the benchmark suite predictor

consists of randomly selecting R, a small number of configurations from the design space, and

simulating all the programs on these configurations. From these runs, the mean can then be

computed for each of the R configurations (figure 4.16(a)). The R configurations are chosen

from the space using uniform random sampling.

The model can be used to predict any type of means (or other statistical metrics) required

by the user. In this section most of the results are shown for the geometric mean, defined as

geometric mean= µg = N

√

N

∏
i

xi

where N is the number of benchmarks in the suite and xi is the metric of interest for benchmark

i. The choice of the geometric mean is motivated by the fact that the target metric is normalised

for each program to a baseline architecture, hence giving a ratio. However, later in section 4.5.5

results will show that the model is not limited to the prediction of the geometric mean. Other

metrics such as the arithmetic and harmonic means, as well as the standard deviation across the

programs can be accurately predicted by the model.

4.5.3 K Representative Programs

Having computed the mean for R configurations from the R runs, the next step consists of

selecting the K representative programs. Since programs share similarities, it is possible to

capture the average behaviour of a benchmark suite using only a subset of its programs (fig-

ure 4.16(b)). As mentioned in the overview, the choice of this subset is made using R responses

from each program. Based on these R values, it is possible to find K programs that best repre-

sent the whole benchmark suite.

A greedy algorithm, shown in figure 4.17, was developed to select the most K represen-

tative programs. This algorithm assumes that for a given value of K, the optimal subset of K
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Input: N programs from the benchmark suite, number of K programs to keep

Output: P : the set of K most representative programs

P = {all N programs};

for i← N to K do
foreach program, p, from remaining set P do

Remove p from P;

Estimate error using R training simulations;

Add p back into P;

Remove p that produces the min. error from P.

Figure 4.17: The greedy algorithm that selects the K most representative programs from

the whole benchmark suite.

representative programs is included in the optimal subset of K+ 1 programs. Hence the al-

gorithm proceeds iteratively by removing one-by-one each program and record the associated

training error. At each step it removes the program that lead to the minimum recorded training

error. The rational being that the programs removed are the ones whose behaviour are already

captured by the remaining ones and hence lead the smallest increased in error when removed.

Ideally the selection process is repeated for all the four different target metrics (cycles,

energy, ED and EDD) that the model predicts. However, because the selection process can

only be done once, one of these four metrics need to be used to guide the selection of the K

representative programs. ED was chosen since it represents the tradeoff between cycles and en-

ergy, ensuring that the choice of the representative programs remains the same independently

of the metric of interest. This contrasts with prior work where the selection of the representa-

tive programs was based on their configuration-independent features [Eeck 02] rather than the

configuration-dependent behaviour, i.e. the R responses.

Table 4.5 shows which programs of SPEC CPU 2000 are often selected as part of the K

representative programs, when K is fixed to 10. The algorithm was executed 20 times using

each time different random R = 32 responses from each program in the benchmark suite. As

it can be seen six programs appear more than half of the time within this set of representative

programs. This means that those programs are essential to characterise the benchmark suite.

The reason why the selected programs differ from one run to another run of the algorithm is due

to the fact that many of these programs are similar. Hence choosing one or another similar does

not affect the accuracy. As expected, those programs that are often selected are not similar. If

they were, they could be replaced by other similar ones and not occur that often. Looking back
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Program Frequency

equake 16/20

art 15/20

mesa 13/20

apsi 12/20

galgel 11/20

mcf 11/20

Table 4.5: Programs appearing more than half of the time in the K = 10 most representative

programs of SPEC CPU 2000. The greedy algorithm was run 20 times using different R = 32

responses each time.

at figure 4.2(c), it is clear that the distances between these six programs are high on average:

they are at least at an average distance of 85 from each other. The selection made by the greedy

algorithm clearly identifies programs that belong to different clusters.

Having presented the greedy algorithm and its output, its efficiency is evaluated for all

possible values of K (for SPEC CPU 2000) against a random selection of K programs. The

final decision on the value ofK depends on the number of programs in the benchmark suite and

the prediction error that the user requires. The number of responses R was set to 32 since it is

the optimal number found for the architecture-centric predictor (section 4.4.2). This choice of

R is again discussed and further evaluated in the next section. The single-program predictors

used for each representative programs were trained using T= 512 samples (section 4.4.3).

The mean prediction error for the greedy algorithm and random selection is shown in fig-

ure 4.18 and the associated correlation in figure 4.19. As can be seen the greedy algorithm

outperforms random selection for small values of K (< 5) in terms of error and correlation.

Furthermore, the standard deviation of the greedy algorithm is significantly lower than random

selection overall. Indeed the random selection process is more likely to give different results

each time it is invoked. These results show that it is possible to capture the behaviour of a

whole benchmark suite using only a fraction of its programs.

4.5.4 Mapping K Programs To The Mean

Having seen how to select K representative programs, they must now be combined to predict

the behaviour of the benchmark suite for a given metric (figure 4.16(c)). To this end, a linear

mapping is learnt between the K representative programs and the mean for the R configura-

tions for which the exact mean value is known (section 4.5.2). This mapping accounts for the

programs dropped.
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Figure 4.18: Mean error and its standard de-

viation (in the shaded areas) as a function

of K, the number of representative programs

needed to build the linear model. The greedy

algorithm performs better than random se-

lection for small values of K, and has a much

lower standard deviation overall.
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Figure 4.19: Correlation and its standard de-

viation (in the shaded areas) as a function

of K, the number of representative programs

needed to build the linear model. As for the

error, the greedy algorithm performs better

and has a lower standard deviation.

Given R values of the performance metric for each of the K programs and R values for

the actual mean, an estimator µ̂ of µ which uses K rather than all N (K≪ N) values is built to
estimate the mean. For means such as the arithmetic or harmonic, which are already in a sum

form, this is straightforward. However, since the geometric mean is in product form, it first

needs to be transformed into a sum by applying the natural logarithm function :

ln(µg) = ln( N

√

N

∏
i

xi)

=
1

N
·
N

∑
i

ln(xi)
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Hence the linear model can be expressed as :

ln(µ̂g) =
K

∑
i

βi · ln(xi)

where βi is the weight for benchmark i and xi is the target metric for benchmark i. If all the

information is available to the model (K = N), all the weights (βi) have a value of
1
N
and the

estimation is perfect i.e. µ̂g = µg. When the number of programs, K, used to estimate the

weights βi is smaller than N, then the weights βi are updated accordingly to account for the

removed programs.

For the same reason as in section 4.4.2, PCA is applied beforehand to reduce the number

of weights βi needed to be estimated by the linear regressor. By keeping 99% of the variance,

the total number of weights to estimate is typically reduced to nine.

The quality of the linear mapping between programs and the geometric mean depends on

the number of training simulations R available per program. Until now this value was set to

R= 32 based on the optimal value found for the architecture-centric predictor in section 4.4.2.

However since the benchmark-suite predictor is a different model, this parameter is now reeval-

uated. Since the R configurations are randomly selected for each benchmark, the training

process was repeated 20 times and the average and variance reported. Figure 4.20 shows the

error of the model and figure 4.21 its correlation as R is varied between 4 and 128 simulations

per program for two arbitrary choices of K, the number of representative programs. It can

be observed that for values of R greater or equal to 16 the accuracy of the predictor reaches

a stable plateau for K = 10. However when K = 5 the accuracy can be improved by having

more responses R. Hence the choice of R = 32 was also verified to be a good value for the

benchmark-suite predictor, leading to an error rate of 7% and a correlation of 0.98 for ED

when using only five representative programs.

4.5.5 Predicting Different Metrics

The specific choice of which mean to use in any particular situation depends on the metric being

averaged and is orthogonal to the focus of this work. This section demonstrates that the results

showed for predicting the geometric mean also hold for other type of means. Furthermore,

it shows that this technique can be used to predict the standard deviation of the benchmark

programs from this mean, allowing the user to distinguish between microarchitectural config-

urations with similar mean values, but different behaviour across the benchmarks.

The type of mean to use depends on the metric the user needs to predict. For instance if the

user wants to predict the absolute number of cycles, then the arithmetic mean must be used. If

the metric to predict is a ratio, such as the number of cycles for a given configuration over a
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Figure 4.20: Error and its standard deviation

as a function of R, the number of training sim-

ulations required to compute the linear map-

ping to the geometric mean for two values of

K, the number of representative programs re-

tained.
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Figure 4.21: Coefficient of correlation and its

standard deviation as a function of R for two

values of K.

baseline, then the right metric to use is the geometric mean as seen throughout earlier sections.

And finally, if the measured metric is a speed, such as IPC, then the harmonic mean is the right

choice. For this reason, the three type of means considered and their corresponding formulae

are :

arithmetic mean = µa =
1

N
·
N

∑
i

xi

geometric mean = µg = e
1
N
·∑Ni ln(xi)

harmonic mean = µh =
N

∑Ni
1
xi

When it comes to predicting the standard deviation across the benchmarks, a specific for-
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Figure 4.22: Error for the arithmetic, geometric and harmonic means as the number of repre-

sentative programs K is varied, . Also shown is the prediction error of the standard deviation of

the geometric mean across the different benchmarks.

mula must also be used depending on the chosen mean metric. To simplify it was decided to

simply focus on the geometric standard deviation defined as :

geometric standard deviation = σg = e
√
1
N
·∑Ni (ln(xi)−ln(µg))2

Figure 4.22 shows the results from predicting the three means and the standard deviation

for cycles and energy for various values of K, the number of representative programs. As can

be seen, predicting the arithmetic mean produces the lowest error of about 2% for cycles and

3% for energy (whenK≥ 10). The other two means have a slightly higher error rate since their
formula is more complicated to compute. Despite this, the model still achieves a low error

of around 3% for cycles and 4% for energy when the harmonic mean is considered (the most

difficult to predict). A good prediction accuracy is achieved with just K = 5 representative

programs, independently of the mean used.

Looking at the prediction error of the standard deviation for cycles, energy, ED and EDD,
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Figure 4.23: Correlation for the arithmetic, geometric and harmonic means as the number of

representative programs K is varied. Also shown is the correlation for the standard deviation of

the geometric mean across the different benchmarks.

it seems at first that predicting the standard deviation is easier than predicting the means. How-

ever, this analysis would not be complete without looking at the correlation. Figure 4.23 shows

indeed that the coefficient of correlation for the standard deviation is consistently lower than for

the means. Considering energy for instance, the correlation is only 0.7 withK= 3 for the stan-

dard deviation where it is above 0.95 for the three means. However the correlation improves

as more representative programs are selected. When K = 10 a reasonable correlation of 0.85

for energy and 0.9 for cycle, ED and EDD is achieved. This result is in fact intuitive: since the

standard deviation is a measure of how each program differ from the average behaviour of the

whole suite, it is expected to need more than a couple of programs to make a good estimation.
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4.5.6 Summary

This section described the benchmark-suite predictor, a model that predicts the average be-

haviour of a benchmark suite for any particular design point. This model gathers R = 32

responses from all the N programs present in the benchmark suite and uses them to compute

the mean. Then it selects K representative programs based on these R responses and learns a

linear mapping between those K programs and the mean of interest. As shown, the predicted

values can be any kind of mean or other statistical property of the whole benchmark suite for

cycles, energy, ED and EDD.

The total cost of this predictor for a benchmark suite containing N programs is 512 ·K+32 ·
(N−K) simulations. As seen, when predicting the whole SPEC CPU 2000, a good accuracy

is reached using only K = 5 representative programs. In the following sections, a practical

example of using the predictor to search the design space is presented and a comparison in

terms of error and simulation cost is conducted with two state-of-the-art techniques.

4.6 Searching the Space

The previous section presented and evaluated the benchmark-suite predictor using the mean

absolute error and the coefficient of correlation. While those metrics are important to mea-

sure and compare the efficiency of predictors, it is also important to keep in mind one of the

reasons for creating these models in the first place: exploring the design space. This section

shows the performance of the benchmark-suite predictor when used for searching for the best

configurations in the space.

4.6.1 Searching For The Best Configurations

Searching a design space using a predictor can be done in several ways, ranging from applying

local search techniques such as hill climbers, global search strategies such as simulated anneal-

ing or using genetic algorithms. If the predictor is accurate and fast, the whole design space

could be ideally ranked by the predictions and the search could start with the design point lead-

ing to the best prediction. However, due to the massive design space considered in this work

and to simplify the evaluation of the search, it was decided to consider solely the 3000 random

samples from the space analysed throughout this chapter.

For a given metric of interest, each of these 3000 configurations from the sample space

were given a rank according to the prediction made by the benchmark-suite predictor. The

search can then take place by simulating the configuration with the highest rank, then the

second highest, and so forth until the performance does not improve anymore. This technique
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Figure 4.24: Searching the design space for the best configurations for cycles, energy, ED

or EDD. The result of random search is shown as well as the result using the benchmark-

suite predictor. The predictor first extracts R = 32 responses from each program, then some

simulations are used to train the ANN models for each of the K = 5 representative programs.

Finally the search using the predictor starts at iteration 0, once the training done. The search

quickly converges towards the minimum in less than 10 iterations (the flat dotted blue line).

was compared with a purely random search of the space. The benchmark-suite predictor was

built using K = 5 representative programs since this leads to a good accuracy as demonstrated

in the earlier sections.

Because some simulations are needed to obtain the R= 32 responses and to train the model

for the K = 5 representative programs, the random search starts in fact 124 iterations earlier

than the search using the predictor. In other words, an advantage is given to random search

corresponding to the simulations needed to train the model. An iteration consists of the eval-

uation of the design space for the 26 programs that compose the SPEC CPU 2000 suite. Thus

124 iterations corresponds to 3224 simulations (124 ·26 = 3224) which is roughly the amount

necessary to gather R = 32 responses (32 · 26 = 832) and to train K = 5 ANN models using

T= 512 simulations each (832+5 · (512−32) = 3232).
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Figure 4.24 shows how random search and the benchmark-suite predictor perform when

searching the design space for the best microarchitectural configuration for cycles, energy, ED

and EDD (relative to the baseline configuration). Because of the intrinsic randomness involved

with random search, the search was conducted 20 times and at each iteration the median value

was computed. The same was performed 20 times for the benchmark-suite predictor since the

training phase involves the random selection of the training samples (visible in figure 4.24).

First the R = 32 responses are extracted for each program; both search techniques have obvi-

ously the same performance at this stage. Once the responses are gathered, another training

phase is needed this time to train the single-program models for the K = 5 selected programs.

At this stage, the search is stopped for the benchmark-suite predictor and random search is

taking the lead. Once this training period is over, a search using the predictor can effectively

start.

It can be seen in figure 4.24, once the model is trained, it needs only a few simulations to

reach the minimum value in the sampled space. In fact less than 10 iterations are required for

any of the metrics considered. This really shows that the predictor achieves a fairly accurate

ranking of the space in almost no time; predictions for the 3000 samples can be made in a

matter of seconds. It is interesting to notice that random search performs quite well for energy

compared to the other metrics. This is due to the way the space is distributed, as already seen

at the beginning of this chapter in figure 4.3(b). However the benchmark-suite predictor still

largely outperforms random search even in this case.

4.6.2 Analysis of Best Configurations

The configurations found from the search and their associated parameters resulting in the best

value for cycles, energy, ED and EDD in the sampled space are shown in table 4.6(a), alongside

with the baseline configuration. The best values obtained for the corresponding configurations

for each metric are shown in table 4.6(b).

Best Cycles The microarchitectural configuration giving the minimum number of cycles is

obviously aimed towards performance, as table 4.6 shows. It reduces the number of cycles to

86% of the baseline, a 14% saving. However, it also increases energy consumption through

the use of a wide pipeline, large register file and many ports into the register file. Energy

consumption increases by 18% compared with the baseline configuration.

Best Energy The configuration with the minimum energy consumption has a much smaller

register file and smaller L1 caches than the baseline. These structures usually use a lot of



4.6. Searching the Space 69

Configuration Width ROB IQ LSQ RF Read Write Bpred BTB Br Icache Dcache L2

Baseline 4 96 32 48 96 8 4 16K 4K 16 32KB 32KB 2MB

Best cycles 6 128 80 80 112 12 3 2K 4K 16 64KB 16KB 4MB

Best energy 2 144 40 72 48 2 1 32K 4K 32 8KB 8KB 4MB

Best ED 4 136 32 56 88 2 4 32K 2K 8 128KB 128KB 0.5MB

Best EDD 6 152 80 16 80 2 5 8K 4K 8 8KB 128KB 4MB

(a) Microarchitectural parameters

Configuration Cycles Energy ED EDD

Baseline 1.00 1.00 1.00 1.00

Best cycles 0.86 1.18 1.01 0.86

Best energy 1.46 0.46 0.68 0.99

Best ED 1.26 0.47 0.60 0.76

Best EDD 0.94 0.75 0.71 0.67

(b) Best values achieved

Table 4.6: The microarchitectural parameters of the baseline and the best configurations found

from the sampled space with their corresponding values for cycles, energy, ED and EDD.

energy and hence smaller ones lead to a large energy saving; less than half (0.46) of the energy

consumed by the baseline. However, this configuration leads to an increase in cycles of 46%.

Although the reorder buffer, issue queue and load/store queue are larger than the baseline, they

actually consume less energy because of the smaller pipeline width: only two instructions wide

instead of four. This means that there are fewer ports into each structure and so fewer accesses

in each cycle.

Best ED So far, the configurations giving the minimum cycles and minimum energy were

considered. For the first, a 14% reduction in cycles resulted in a 18% increase in energy

consumption. For the second, a 54% saving in energy meant a 46% increase in cycles. Neither

of these processor configurations would be implemented in practise because designers aim

for a tradeoff between performance and energy. Therefore, the configuration leading to the

minimum ED is now considered.

The minimum ED value achievable is 0.60 as shown in table 4.6(b). This translates into a

26% increase in cycles for an energy reduction of 53%. Compared to the previous configuration

that lead to the lowest energy consumption, it almost achieves the same energy savings with

a much better performance. This time cycles has only increased by 26% as opposed to 46%.

As can be seen in table 4.6(a) when compared to the best energy efficient configuration, this
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is achieved by having a slightly wider pipeline and a larger register file. The L1 caches are

also made much bigger. All these larger structures help increasing performance and indirectly

reduce the total energy consumed since less time is spent running the application. However

due to the increase in static energy, something needs to compensate for this; the L2 cache is

thus made much smaller since its static energy accounts for the largest portion of the energy

consumed by the whole processor.

Best EDD As just seen for the ED metric where both cycles and energy are optimised to-

gether, big energy savings can still be achieved with limited performance impact. However,

sometimes it is really not desirable to deteriorate performance and architects would prefer to

have a bit less of energy savings and keep the same performance level. For this reason the EDD

tradeoff metric is often used in practice.

Looking at the best configuration for EDD in table 4.6(b), an EDD value of 0.67 is achieved

which translates into a 25% decrease in energy and a 6% decrease in cycles. In fact this

configuration represents a really good choice since it is the only one out of the four that reduces

energy significantly while achieving better performance.

As can be seen in table 4.6(a), this configuration shares some features of the fastest one

such as a wide pipeline, big instruction queue and large L2 cache. However, the register file

is smaller and especially the number of read ports into it. Given the wide pipeline, this reduc-

tion is likely to result in energy savings. The instruction cache is very small too, only 8KB,

the same value as the configuration leading to the best energy savings. This certainly also al-

lows reducing the energy consumed since the instruction cache is a very frequently accessed

structure.

4.6.3 Summary

This section has shown that the benchmark-suite predictor can be used to search the design

space for the best performance in terms of cycles, energy, ED or EDD. Using this predictor,

the search converges quickly, in less than 10 iterations, for any of the target metrics evaluated.

Another big advantage of this predictor is the fact that it can be used for more than searching

for a minimum value. For instance constraints on cycles or energy can be added during the

exploration. If the constraints or the goal are changed, the search can be reconducted with

no additional simulation. This contrasts with typical design space exploration techniques that

focus purely on search strategy and need to define the goal and constraints beforehand; any

changes imply new simulations need to be run. The next section evaluates how the benchmark-

suite predictor performs compared to two state-of-the-art techniques.
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instr. mix

% loads

% stores

% control transfers

% arithmetic operations

% fp operations

% shift operations

% string operations

% sse instructions

% other instructions

ILP

32-entry window

64-entry window

128-entry window

256-entry window

register traffic

avg. num. of input operands

avg. degree of use

prob. register dep. =1

prob. register dep. ≤2
prob. register dep. ≤4
prob. register dep. ≤8
prob. register dep. ≤16
prob. register dep. ≤32
prob. register dep. ≤64

data stream strides

prob. local read = 0

prob. local read = 8

prob. local read ≤ 64
prob. local read ≤ 512
prob. local read ≤ 4096
prob. local read ≤ 32768
prob. local read ≤ 262144
prob. local write = 0

prob. local write ≤ 8
prob. local write ≤ 64
prob. local write ≤ 512
prob. local write ≤ 4096
prob. local write ≤ 32768
prob. local write ≤ 262144
prob. global read = 0

prob. global read ≤ 8
prob. global read ≤ 64
prob. global read ≤ 512
prob. global read ≤ 4096
prob. global read ≤ 32768
prob. global read ≤ 262144
prob. global write = 0

prob. global write ≤ 8
prob. global write ≤ 64
prob. global write ≤ 512
prob. global write ≤ 4096
prob. global write ≤ 32768
prob. global write ≤ 262144

footprint

unique 4KB pages accessed (instr.)

unique 32-byte block accessed (instr.)

unique 4KB pages accessed (data)

unique 32-byte block accessed (data)

branch predictability (PPM)

GAg: hist. bits = 4

GAg: hist. bits = 8

GAg: hist. bits = 12

PAg: hist. bits = 4

PAg: hist. bits = 8

PAg: hist. bits = 12

GAs: hist. bits = 4

GAs: hist. bits = 8

GAs: hist. bits = 12

PAs: hist. bits = 4

PAs: hist. bits = 8

PAs: hist. bits = 12

Table 4.7: Microarchitecture-independent features extracted for the features-based predictor.

4.7 Comparison With State-Of-The-Art

The previous sections have evaluated the different parameters of the model and demonstrated

its efficiency to search the design space. This section conducts a comparison of the benchmark-

suite predictor with two state-of-the-art techniques that can be used to predict a whole bench-

mark suite.

4.7.1 Feature-Based Predictor

A first and simple approach to reduce the number of simulations when performing the design

space exploration of a microarchitecture consists of selecting only a subset of programs from

the benchmark suite. In order to select the best representative subset of programs, Eeckhout et

al. proposed the use of microarchitectural-independent features as a means to characterise
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programs [Eeck 02]. This contrasts with the model developed in this chapter that directly uses

responses from the output space.

Recently, this technique has been applied for predicting performance of any program across

different architecture systems [Host 06] using offline training. In this section, this technique

was adapted by selecting a subset of programs based on the microarchitectural-independent

features listed in table 4.7 extracted from the authors’ own tool (MICA v0.1) derived from

Pin [Luk 05]. First PCA was applied to the set of features to reduce its number and normalise

them. Then using K-Means, the program were clustered intoK clusters. One program was then

selected per cluster and this set of selected programs represents the benchmark suite. ANNs

were then built (using T =512 training samples) for each of these programs. The predictions

made by these ANNs were finally combined using the weights obtained from the clustering

(i.e. number of programs present in each cluster).

The total cost in terms of simulations for this technique is : K ·T+ 1 · (N−K) = K ·
512+1 · (N−K) where K is the number of representative programs and T (fixed to 512) is the

number of training samples required to build the ANNs for each of the K programs. The term

1 ·(N−K) accounts for the extraction of the features for the programs not kept as representative

of the benchmark suite.

4.7.2 Single-Program Predictors

The second state-of-the-art technique consists simply of constructing a single-program predic-

tor for each benchmark. The scheme proposed by İpek et al. [Ipek 06] was chosen, although

any other related approaches [Jose 06a, Jose 06b, Lee 06, Lee 07a] could have been used since

they were shown as equivalent [Lee 07b]. Since this technique predicts the space of each in-

dividual program, the predictions of the individual models were simply averaged to compare

with the benchmark-suite predictor.

With this approach all the N programs from the benchmark-suite are considered. Hence

the only way to vary the number of simulations consists of playing with the T parameter that

controls the number of samples used to train the ANNs for each program. It follows that the

total simulation cost for this technique is : N ·T.

4.7.3 Training Costs

Given a fixed training budget, the distribution of simulations across benchmarks varies for

each prediction scheme, as shown in figure 4.25. The benchmark-suite predictor requires K

programs to be selected, using R = 32 responses from all the N programs. For these K pro-

grams, T= 512 simulations are run for each of them to train the program-specific models. For
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(a) Benchmark-suite predictor (b) Features-based model (c) Single-program predictors

Figure 4.25: Share of training simulations between programs for each prediction scheme. For

the benchmark-suite predictor, all programs require 32 (R) simulations to select K representative

programs and learn a linear mapping. The chosen K programs receive the remaining budget.

In the features-based model, one simulation is required to extract features, then the remaining

simulations are assigned to the chosen K benchmarks. For the single-program predictor, the

entire training budget is shared equally between all N programs.

the features-based approach, K programs are selected using the features extracted from a run of

each of the N programs. Then the program-specific models are built for these K programs, us-

ing also T= 512 simulations. In the case of the single-program predictors, all the N programs

receive a similar simulation budget T used to train each individual model.

Table 4.8 summarises for each technique the cost associated in terms of N, the number of

program in the suite, K, the number of representative programs selected and T, the number of

training samples for the single-program predictors. Since N is being fixed by the size of the

benchmark suite, only the variables K and T can be chosen by the user in order to achieve a

desired error rate or simulation budget. The last column of the table shows how those variables

are set for a total budget of about 3200 simulations. As it can be seen the features-based

approach contains one more representative program (K= 6) than the benchmark-suite predictor

(K = 5). Since the features-based model does not need to run R = 32 simulations for all the

programs, this budget can be used to add an additional representative program.

4.7.4 Predicting The Whole SPEC CPU 2000 Suite

Having determined how to distribute a given simulation budget for the benchmark-suite pre-

dictor and the two state-of-the-art schemes, this section now evaluates the accuracy of these
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Technique Total cost Fixed cost of ∼3200 simulations for N =26

Benchmark-suite predictor 512 ·K+32 · (N−K) K =5 (512 ·5+32 · (26−5) = 3232)

Features-based approach 512 ·K+1 · (N−K) K =6 (512 ·6+1 · (26−6) = 3092)

Single-program predictors T ·N T =128 (128 ·26 = 3328)

Table 4.8: Simulation costs for each technique. N is the total number of programs in the bench-

marks suite (26 for SPEC CPU 2000). K is the number of representative programs and T the

number of training samples for each single-program predictor.

models when predicting the whole of SPEC CPU 2000 for the sampled microarchitectural de-

sign space.

Figure 4.26 shows the error for each metric as the total number of training simulations

is varied. As can be seen, the benchmark-suite predictor achieves the same accuracy as the

features-based approach and the single-program predictor using fewer simulations. For ex-

ample, when predicting ED, it achieves an error of just 6% using 3232 simulations, whereas

the two state-of-the-art approaches require more than 10,000 simulations to reach the same

accuracy.

The coefficient of correlation of the three different techniques is also shown in figure 4.27

for the different metrics. One can observe that both techniques that focus on reducing the

number of simulations by keeping only the representative programs achieve a higher corre-

lation than the single-program predictors technique. For all the metrics, the benchmark-suite

predictor outperforms the features-based approach. However, for energy both techniques per-

form pretty similarly. This means that energy is less sensitive to the way program are being

selected but relies much more on having an accurate modelling of the architecture space for

each selected programs. Referring back to figure 4.2(b) at the beginning of this chapter, it can

be observed that the dendrogram is much more balanced for energy than for the other metrics.

In addition the distance between any two programs is smaller on average. This supports the

claim that the energy value is less program related than for the other metrics.

In summary, all three techniques were compared based on their mean prediction error and

correlation. Even though the features-based technique performs relatively well in terms of cor-

relation, the benchmark-suite predictor always outperforms the two other approaches requiring

less simulations and achieving lower error and higher correlation. The next section finally con-

siders the benefit of using the benchmark-suite predictor when predicting benchmark suite of

different sizes. It also shows how much savings can be made in terms of simulations.
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Figure 4.26: Error as a function of the number of simulations to train both state-of-the-art

schemes and the benchmark-suite predictor. This latest technique achieves the same or lower

error as the state-of-the-art schemes with half the number of training simulations or fewer.

4.7.5 Larger Benchmark Suites

As seen in the previous section, the benchmark-suite predictor achieves a lower error rate using

far less training simulation than the other two schemes. This section now considers how the

number of training simulations varies for a fixed error rate, as different benchmark suites are

predicted. The error rate was fixed to the values obtained from the benchmark-suite predictor

when just K = 5 representative programs were selected. As shown in section 4.7.3 this corre-

sponds to 3232 simulations leading to an error of 3% for cycles, 4% for energy, 6% for ED and

8% for EDD. It is straightforward to fix the budget and pick other error rates if desired. Three

benchmark suites of different sizes were chosen to compare the techniques: SPEC CPU 2000

Integer (12 programs), SPEC CPU 2000 (26 programs in total) and SPEC CPU 2000 combined

with MiBench (60 programs in total).

Figure 4.28 shows the results using the benchmark-suite predictor and the two state-of-

the-art approaches. As can be seen, for small benchmark suites, such as SPECint, all three

predictors require a similar number of training simulations to achieve the fixed error rate, al-
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Figure 4.27: Coefficient of correlation as a function of the number of simulations to train both

state-of-the-art schemes and the benchmark-suite predictor.

though the benchmark-suite predictor always requires fewer than the other two approaches.

However, for larger benchmark suites, the benefits of this scheme become clear. When predict-

ing cycles for the whole of SPEC, the single-program predictor and features-based approach

need 9750 and 11,776 respectively, whereas the benchmark-suite predictor requires just 3712,

2.6 times fewer. When predicting for combined SPEC and MiBench, it requires 4800 simu-

lations compared with 22,500 and 24,064, which is 4.7 times fewer. As the curves in these

graphs demonstrate, when moving from 26 to 60 programs, both other schemes require a fur-

ther 10,000 new simulations whereas the benchmark-suite predictor requires fewer than 1000.

This is, asymptotically, an order of magnitude fewer simulations than the state-of-the-art ap-

proaches as the benchmark suite size increases.

This asymptotic behaviour is explained by the fact that many programs are similar. There-

fore, as large benchmark suites are considered, the number of optimal representative programs

K tends to stabilise to a constant value; i.e. adding more programs does not affect the value of

K and only requires a further R = 32 simulations as opposed to the other approaches.

The same behaviour would be expected from the features-based approach since it uses a

similar strategy of only selecting the relevant programs. However, surprisingly, it does not help



4.7. Comparison With State-Of-The-Art 77

 0

 5000

 10000

 15000

 20000

 25000

12
(SPECint)

26
(SPEC)

60
(SPEC+MiBench)

T
o

ta
l 
s
im

u
la

ti
o

n
s

Number of programs in benchmark suite

2.0x
2.6x

4.7x

Features-based approach
Single-program predictor

Benchmark-suite predictor

(a) Cycles

 0

 5000

 10000

 15000

 20000

 25000

12
(SPECint)

26
(SPEC)

60
(SPEC+MiBench)

T
o

ta
l 
s
im

u
la

ti
o

n
s

Number of programs in benchmark suite

2.0x
2.8x 4.9x

Features-based approach
Single-program predictor

Benchmark-suite predictor

(b) Energy

 0

 5000

 10000

 15000

 20000

 25000

12
(SPECint)

26
(SPEC)

60
(SPEC+MiBench)

T
o

ta
l 
s
im

u
la

ti
o

n
s

Number of programs in benchmark suite

1.8x
2.6x 5.6x

Features-based approach
Single-program predictor

Benchmark-suite predictor

(c) ED

 0

 5000

 10000

 15000

 20000

 25000

12
(SPECint)

26
(SPEC)

60
(SPEC+MiBench)

T
o

ta
l 
s
im

u
la

ti
o

n
s

Number of programs in benchmark suite

1.7x

2.8x 5.0x

Features-based approach
Single-program predictor

Benchmark-suite predictor

(d) EDD

Figure 4.28: Total simulations needed to train each model for a fixed error when different bench-

mark suites are considered. The lines represent the trend and the labels at the top of each

bar for the benchmark-suite predictor represent the savings compared to the best of the two

other approaches. As the number of programs in the benchmark suite increases, all schemes

require a greater number of training simulations. However, the benchmark-suite predictor needs

an order of magnitude fewer additional simulations than the two other approaches. Moving from

26 to 60 programs, it requires fewer than 1000 new simulations whereas both other schemes

require a further 10,000.

to reduce the simulation budget when compared to the single-program predictor. The reason is

that it is actually not as accurate at identifying the really important K representative programs.

Furthermore, it is not able to perfectly account for the dropped programs. This really shows that

even if using R= 32 responses to characterise programs comes at a cost in terms of simulations

(as opposed to extracting features only once per program), this cost is quickly amortised by the

fact that the number ofK representative programs can be reduced to a strict minimum. Overall,

this helps to achieve great savings in the number of simulations.
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4.8 Conclusions

This chapter has explored a novel approach for design space exploration by building a model

that makes use of program similarities. In the first part, a model was presented that is built

offline and makes predictions for any new unseen program using only 32 simulations from it.

This model is used as the foundation for the benchmark-suite predictor: a novel model

that predicts the average behaviour of an entire benchmark suite. It was shown that this model

dramatically reduces the number of simulations required when compared to two state-of-the-

art approaches. Using only five representative programs from SPEC CPU 2000, this model

accurately predicts the average behaviour of the full suite for cycles, energy, ED and EDD.

Furthermore it was shown that it achieves the same error rate with five times fewer training

simulations on the SPEC CPU 2000 and MiBench benchmark suites compared with either of

the two other approaches.

The benchmark-suite predictor is a practical model that can be used to conduct efficient

design space exploration for general purpose microprocessors. Because it characterises pro-

grams using responses, it is able to automatically adapt to any design space and always selects

the most representative programs, achieving the biggest reduction in the number of simulations

with high accuracy.

The next chapter deals with the design of embedded processors, which involves a different

methodology and hence requires other modelling techniques. In particular it focuses on the use

of compiler optimisation space exploration at processor design time.



Chapter 5

Exploring and Predicting the

Co-Design Space

5.1 Introduction

High performance and low energy consumption in embedded systems are typically achieved

through efficient processor design and optimising compiler technology. Fast time-to-market is

critical for the success of any new product, therefore it is crucial to design new microprocessors

quickly and efficiently. However, during the earliest design stages, architectural decisions must

be taken with only limited knowledge of other system components, especially the compiler.

Ideally both the architecture and the optimising compiler should be considered simultaneously,

selecting the best combination to reach higher levels of efficiency.

Unfortunately exploring this combined design or co-design space is extremely time con-

suming. For each architecture considered, an optimising compiler would have to be built,

which is clearly impractical. Instead, a typical design methodology consists of first selecting

an architecture under the assumption that the optimising compiler can deliver a certain level

of performance and energy efficiency. Then, a compiler is built and tuned for that architecture

which will hopefully deliver the performance levels assumed.

Clearly this is a sub-optimal way of designing systems. The compiler team may not be

able to deliver a compiler that achieves the architect’s expectations. More fundamentally, if

one could predict the performance that an eventual optimising compiler could achieve on any

architecture, then a completely different architecture may be chosen. This inability to directly

investigate the combined architecture/optimising compiler interactions means tomorrow’s ar-

chitectures are being designed based on yesterday’s compiler technology.

79
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In this chapter a novel approach is proposed to address this co-design space problem. A

machine-learning model is built that can automatically predict the performance of an opti-

mising compiler across an arbitrary architecture space without tuning the compiler first. This

allows the designer to accurately determine the performance of any architecture as if an op-

timising compiler were available. Given a small sample of the architecture and optimisation

space, this model can then predict the performance of a yet-to-be-built optimising compiler

using information gained from a non-optimising baseline compiler. Ultimately, this has the

potential to drive a change in the current methodology of designing embedded processors.

The first section of this chapter, section 5.2, presents the experimental setup. It is fol-

lowed by an exploration of the microarchitecture design space in section 5.3. This exploration

is conducted without considering compiler optimisations, as is typically the case in current

methodology. In section 5.4 the optimisation space is then considered in isolation from the ar-

chitecture space for a fixed baseline architecture. This section shows that substantial gains can

be achieved when carefully tuning the compiler for a specific microarchitectural configuration.

Section 5.5 then investigates the combined co-design space of both the microarchitecture and

the compiler optimisations. It shows that optimisations play a critical role and can greatly influ-

ence the designer’s decisions. Because exploring the co-design space is not feasible, a practical

solution is needed to make it possible for the designer to consider the effects of compiler opti-

misations at design time. Section 5.6 presents a machine-learning model that can predict ahead

of time the performance that a tuned compiler would achieved on any microarchitecture con-

figuration. This model is evaluated later in section 5.7 which shows that it can indeed be used

to perform an accurate and efficient co-design space exploration of the microarchitecture and

compiler space. Finally section 5.8 concludes this chapter.

5.2 Experimental Setup

This section discusses the architecture and simulator used, the benchmarks selected and the

chosen compiler infrastructure. In particular, it shows that the setup is realistic and corresponds

to an existing embedded processor with a compiler actively used by industry.

5.2.1 Architecture and Simulator

To evaluate the effectiveness of co-design space exploration and its impact on processor design,

the Intel XScale processor [Inte 02] was chosen as the baseline architecture. This processor is

typically found in embedded systems and its configuration is shown in table 5.2, column 3.

Section 5.5.1 shows that this is in fact a well balanced design for energy and execution time.
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The XScale processor is an implementation of the ARM architecture (ARMv5TE). The

ARM family of processors are specifically targeted at embedded systems and strongly dominate

the market of embedded RISC microprocessor. An interesting fact about ARM is that the

company itself does not directly produce processors but instead sells the IP. This enables the

customers to make customisations to suit their needs.

For these reasons, choosing an XScale processor to study the typical design of an embedded

processor makes sense. Furthermore, a simulator that is validated for cycles and energy exists

for this Intel XScale processor; the Xtrem simulator [Cont 04]. This simulator was slightly al-

tered to allow detection of library code. Since it is desirable to run the programs unmodified on

the simulator, it was also extended in order to skip all IO related library calls (such as printf).

Indeed many of these IO functions are present in the benchmarks for debugging purpose or to

read the input from a file to the main memory for instance. These IO calls were ignored to

remove their performance impact on the total program execution. In addition to these modifi-

cations, the access latencies of each cache configuration were modelled using Cacti [Tarj 06]

to ensure the experiments were as realistic as possible.

With this simulation setup, the exploration of the microarchitectural, compiler and com-

bined design spaces can be performed using execution time (cycles), energy, the energy-delay

ED and EDD. These are the same target metrics used in the previous chapter.

5.2.2 Benchmark Suite

The design or customisation process of an embedded processor is directly affected by the set of

applications that is going to be run on the final product. The designer can target these applica-

tions. In fact this is exactly what allows embedded processors to achieve energy efficiency and

performance compared to general purpose machines; the choice of benchmarks dramatically

influences the design of the processor.

The full MiBench [Guth 01] benchmark suite was chosen to evaluate the performance of the

selected embedded architecture. As seen in the previous chapter, MiBench specifically targets

embedded systems and is representative of the type of programs that one might want to run on

these systems. All 35 programs from the suite were run to completion. For each benchmark the

input size was chosen so that a maximum of 100 million instructions were executed whenever

possible.

Table 5.1 shows the input chosen for each benchmark, the number of instructions simu-

lated in cycle-accurate mode (everything except IO) and the percentage of instructions spent in

library code. Because the compiler cannot change the library code in this setup, it is important

to know how much of the program can be tuned. As it can observed, some program such as
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Program Input Sim. instr. % lib code

basicmath small 9m 77

bitcnts small 45m 0

qsort small 32m 97

susan_c large 22m 3

susan_e large 52m 0

susan_s small 18m 4

cjpeg small 31m 2

djpeg large 24m 2

lame small 116m 14

madplay small 25m 0

tiff2bw small 34m 18

tiff2rgba large 31m 36

tiffdither small 358m 1

tiffmedian small 148m 8

lout small 56m 14

dijkstra small 43m 4

patricia small 9m 72

ghostscript small 75m 5

Program Input Sim. instr. % lib code

(cont.)

ispell small 8m 27

say small 59m 8

search large 1m 14

bf_d small 26m 0

bf_e small 26m 0

pgp NA 1m 8

pgp_sa NA 94m 0

rijndael_d small 23m 0

rijndael_e small 23m 0

sha small 14m 3

rawcaudio small 37m 0

rawdaudio small 27m 0

crc small 18m 0

fft small 5m 60

fft_i small 11m 58

toast small 29m 0

untoast small 16m 0

Table 5.1: The 35 MiBench benchmarks used with their corresponding input size, the total

number of instructions executed compiled with -O1 and the percentage of library code executed.

basicmath, qsort, patricia, fft and ffti rely heavily on library code. Therefore little improvement

is expected when the compiler optimisations will be considered for these programs.

5.2.3 Compiler

Gcc version 4.1.0 was chosen as the baseline compiler since it has a backend for the ARM

architecture. Moreover this is a well tuned compiler that is widely used within industry. In

the experiments, all compiler optimisations were enabled from the command line by using the

flags available.

Baseline Optimisation Level A baseline optimisation level needs first to be selected in order

to make comparison possible between different microarchitectures and optimisations. For that

purpose the three default optimisation levels available in gcc were evaluated, namely -O1, -O2

and -O3.

Figure 5.1 shows the performance, energy consumption, ED and EDD per benchmark for

each of the optimisation levels, normalised to -O1. As can be seen, the optimisation levels -O2
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Figure 5.1: Cycles, energy, ED and EDD of each MiBench programs when compiled with -O2

and -O3, normalised by -O1 (lower than 1 means better than -O1).

and -O3 affect each benchmark in varying degrees. However, surprisingly, on average they

both produce the same execution time as -O1. There is similar variation for energy, although

on average there is higher consumption when using -O2 or -O3. When the tradeoffs between

performance and energy, ED and EDD, are considered, it is clear that -O1 represents the best

choice. Hence, -O1 was chosen as the baseline optimisation level. Note that the conclusions

drawn in this chapter are independent of this choice.

Optimising Compiler Since this chapter deals with the notion of “optimising compiler”, it

is important to define what is meant by an optimising compiler in this context. Given the

different optimisations implemented in the compiler and the parameters that control if and how

they should be applied, an optimising compiler is defined as a compilation strategy that always

select the set of parameters that lead to the best possible performance for a given program

on a given microarchitecture. Here performance is used as a generic term that might refer to

execution time, energy or any tradeoff of these two metrics.

This definition of an optimising compiler matches the reality of the development of em-

bedded systems. Because it is very expensive to develop a new compiler infrastructure for

each new architecture being designed, the typical methodology involves “recycling” existing

compilers. Once the architecture is developed, the “existing” compiler is in turn tuned. This

involves changing the heuristics and their parameters that control the compilation process.
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Because of the large number of possible sets of parameters, it is infeasible practically to

exhaustively enumerate all the possible combinations of these parameters. Instead, in this work

the choice was made to apply iterative compilation with 1000 randomly-selected flag combi-

nations on each microarchitecture. The best out of these 1000 compilations/runs is expected

to be very close to the real best. In fact going beyond 1000 compilations achieves insignifi-

cant improvements compared to the best value found with 1000. Therefore, in this thesis an

optimising compiler is defined as a compiler that is able to select the best set of flags based on

1000 runs each with a different random combination of flags.

5.2.4 Sample Space

To perform the experiments, 200 microarchitectural configurations and 1000 compiler optimi-

sations were selected from the combined design space using uniform random sampling. In

total, for 35 benchmarks, 7 million simulations (35×200×1000) were run to create this sam-
ple space. The actual microarchitectural space considered is described in the next section while

section 5.4 describes the compiler optimisation space.

5.3 Microarchitecture Design Space

Current microprocessor design methodology involves choosing and tuning a microarchitecture

whilst developing the compiler independently. This section first presents and analyses the mi-

croarchitecture space. Later section 5.4 presents the compiler optimisation space independently

of the microarchitectural space. Finally, these two spaces are merged and considered together

in section 5.5.

5.3.1 Microarchitectural Parameters

The parameters of the microarchitectural design space are shown in table 5.2. Also shown is

the range of values each parameter can take and the baseline microarchitecture which is based

on the configuration of the XScale processor [Inte 02]. These parameters were chosen because

caches and branch prediction configurations are typical parameters that can be adapted easily

without involving a complete redesign of the architecture.

The total design space thus consists of 288,000 different configurations. A sample space

of 200 randomly selected configurations was selected to represent the total space. To evaluate

the architecture space independently from the compiler space, each benchmark was compiled

using the baseline optimisation (-O1).
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Parameter Low→ High Baseline

ICache size 4K→ 128K 32K

ICache associativity 4→ 64 32

ICache block size 8→ 64 32

DCache size 4K→ 128K 32K

DCache associativity 4→ 64 32

DCache block size 8→ 64 32

BTB size 128 entries→ 2048 entries 512 entries

BTB associativity 1→ 8 1

Table 5.2: Microarchitectural parameters and the range of values they can take. Each parameter

varies as a power of two, with 288,000 total configurations. Also shown are the baseline values.

5.3.2 Microarchitecture Exploration

Figure 5.2 shows the microarchitectural design space. Each graph shows the performance

achieved by each microarchitectural configuration in terms of execution time, energy, ED and

EDD across the MiBench suite, normalised to the baseline architecture. The baseline perfor-

mance is shown with a horizontal line. Each graph is independently ordered from lowest to

highest. These graphs show that the baseline architecture is actually a very good choice. For

both execution time and energy consumption it is within the top 15% of all configurations, for

ED it is within the top 5% and within the top 2% for EDD. This is not suprising, since this

baseline architecture corresponds to the XScale processor and has already been highly tuned.

In fact this shows that the experimental setup is realistic.

Conversely, there are many configurations that are worse than the baseline. In terms of

execution time, the worst configuration is 60% slower than the baseline and for energy there is

one configuration which consumes 70% more than the baseline. The worst ED value achieved

is 2.7 and the worst EDD is 6.3. This shows that the space considered varies and is not flat.

Whilst these “bad” configurations result in poor performance or high energy consumption, they

might none the less be interesting for the designer. Indeed other parameters not modelled in

this setup such as cost, area or core frequency to cite a few, might make them good candidates

for implementation.

5.3.3 Best Microarchitecture

This section looks at the characteristics of the best configurations in the space for each of the

target metrics. The best architectures found are shown in table 5.3 where the configuration

parameters and the best values achieved are presented. On average, a modest ED value of 0.93
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Figure 5.2: The average execution time, energy, ED and EDD of each microarchitectural config-

uration across the whole benchmark suite. Each graph is independently ordered from lowest to

highest and is normalised by the baseline configuration.

and an EDD value of 0.93 can be achieved over the baseline XScale architecture as shown in

table 5.3(b).

For EDD, an improvement of 10% for cycles and 5% for energy is possible. As can be seen

from table 5.3(a), on the one hand the configuration leading to the lowest number of cycles has

large instruction and data caches compared with the baseline. This allows better performance

since the number of misses can be reduced. On the other hand when optimising for energy,

the caches are much smaller. The instruction cache is larger than the data cache to avoid too

many misses that hurt performance, which in turn implies more energy consumed due to the

longer running time of the program. Interestingly, the best configuration when optimising for

ED is the same as for energy. This configuration hence has the lowest energy consumption,

19% less than the baseline but sacrifices 14% of performance. When considering the best

configuration for EDD, it improves performance by 10% and reduces energy consumption by

5%. This configuration has the same instruction cache size as the baseline but a slightly larger
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Configuration Icache DCache BTB

size assoc. block size assoc. block size assoc.

Baseline 32K 32 32 32K 32 32 512 1

Best cycles 128K 32 64 128K 4 64 128 1

Best energy 16K 64 16 8K 64 16 128 1

Best ED 16K 64 16 8K 64 16 128 1

Best EDD 32K 64 16 64K 32 32 256 4

(a) Microarchitectural parameters

Configuration Cycles Energy ED EDD

Baseline 1.00 1.00 1.00 1.00

Best cycles 0.97 2.09 2.02 1.96

Best energy 1.14 0.81 0.93 1.06

Best ED 1.14 0.81 0.93 1.06

Best EDD 0.90 0.95 0.94 0.93

(b) Best values achieved

Table 5.3: The microarchitectural parameters of the baseline and the best configurations found

from the sampled space with their corresponding values for cycles, energy, ED and EDD.

data cache. The branch target buffer is smaller than the baseline but has increased associativity

to prevent conflicts.

5.3.4 Details Per Program

Having identified the best microarchitecture for each target metric, this section now considers

its performance broken down per program for the MiBench benchmark suite. This is in fact

very important in the embedded world since the architectures are typically targeted to a specific

set of applications.

Figure 5.3 shows the microarchitectures achieving the best execution time, energy, ED and

EDD value for all benchmarks, normalised to the baseline average architecture. These were

picked for each metric over the whole MiBench suite with each benchmark compiled and run

with the baseline optimisation -O1.

In terms of execution time, all the benchmarks achieve better performance than the baseline.

However, the gains are relatively small for most of the programs. Considering energy, the

majority of benchmarks achieve a 20% savings over the baseline configuration. For ED, the

value for some benchmarks is over 1 because this configuration actually loses performance for

these benchmarks. In this setup the best average architecture is not being specialised for each
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Figure 5.3: Execution time, energy, ED and EDD for each benchmark on the microarchitectural

configuration performing best for each metric.

program, so this configuration that is the best for ED overall, is not necessarily the best for each

program. When it comes to EDD, the best configuration outperforms the baseline for most of

the programs and performs only slightly worse for a couple. This means it is possible to find

a better configuration than the baseline that consistently achieves a better tradeoff between

performance and energy.

5.3.5 Summary

In this section, a design space exploration of the microarchitecture was conducted. It showed

that the baseline configuration which corresponds to the XScale processor is actually a very

good design, not surprisingly since it has been highly tuned by architects. However, it is

possible to find a better configuration that achieves, for the vast majority of the programs,

higher level of performance and lower energy consumption. In the next section, the compiler

optimisation space of the baseline architecture is considered independently.

5.4 Compiler Optimisation Space

Having considered the microarchitecture design space in isolation, this section conducts an

exploration of the compiler optimisation space only. It shows the characteristics of the compiler

space when optimising for the baseline architecture.



5.4. Compiler Optimisation Space 89

N◦ Flag

1 -fthread-jumps / ⊘
2 -fcrossjumping / ⊘
3 -foptimize-sibling-calls / ⊘
4 -fcse-follow-jumps / ⊘
5 -fcse-skip-blocks / ⊘
6 -fexpensive-optimizations / ⊘
7 -fstrength-reduce / ⊘
8 -frerun-cse-after-loop / ⊘
9 -frerun-loop-opt / ⊘
10 -fcaller-saves / ⊘
11 -fpeephole2 / ⊘
12 -fregmove / ⊘
13 -freorder-blocks / ⊘
14 -falign-functions / ⊘
15 -falign-jumps / ⊘
16 -falign-loops / ⊘
17 -falign-labels / ⊘
18 -ftree-vrp / ⊘
19 -ftree-pre / ⊘
20 -funswitch-loops / ⊘

N◦ Flag Values

21 -fgcse / ⊘
22 -fno-gcse-lm / ⊘
23 -fgcse-sm / ⊘
24 -fgcse-las / ⊘
25 -fgcse-after-reload / ⊘
26 –param max-gcse-passe = 1, 2, 3, 4

27 -fschedule-insns / -fschedule-insns2 / ⊘
28 -fno-sched-interblock / ⊘
29 -fno-sched-spec / ⊘

30 -finline-functions / ⊘
31 –param max-inline-insns-auto = 10,30,50,...,190

32 –param large-function-insns = 1300,1500,1700,...,3300

33 –param large-function-growth = 20,50,100,200,300,400,500

34 –param large-unit-insns = 4000,6000,8000,...,20000

35 –param inline-unit-growth = 10,20,30,...,100,200,300

36 –param inline-call-cost = 10,12,14,...,30

37 -funroll-loops / -funroll-all-loops / ⊘
38 –param max-unroll-times = 2,4,6,...,20

39 –param max-unrolled-insns = 50,75,100,...,400

Table 5.4: Compiler optimisations and the values they can take. There are 642 million combina-

tions. The baseline is -O1 with no further optimisations enabled.

5.4.1 Compiler Flags

The compiler flags used to generate the optimisation space are shown in table 5.4. The space

consists of all the possible combinations of these flags, corresponding in fact to the different

optimisation passes within the gcc compiler. In addition a few parameters control how some

passes are performed. For instance, max-unroll-times controls what is the maximum number of

times a loop might be unrolled if the corresponding flag funroll-loops is enabled. This space is

in fact similar to the optimisation spaces considered by other researchers [Vasw 07], allowing

meaningful comparisons with existing work. This optimisation space has 642 million different

combinations of flags, either turned on or off. When combined with the parameters that control

the behaviour of the optimisation passes, this gives a total of 1.69× 1017 unique optimisation
settings.

Since exhaustive enumeration of this optimisation space is not feasible, 1000 different op-

timisations were chosen using uniform random sampling. The benchmarks were then compiled
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Figure 5.4: Distribution of the compiler optimisation design space on a per-benchmark basis for

execution time, energy, ED and EDD (the lower the better). The minimum, maximum, median,

25% and 75% quartiles are shown.

with these flags and run on the baseline architecture. As stated earlier in section 5.2.3, an op-

timising compiler is defined as a compiler that is able to select the best set of flags based on

1000 runs with different random combinations of flags.

5.4.2 Compiler Optimisation Exploration

To investigate the potential for improvement in the optimisation space, an analysis was con-

ducted on the baseline architecture for each program based on the run from the 1000 random

optimisations applied. Figure 5.4 shows for each program different statistics normalised to the

baseline optimisation -O1 for execution time, energy, ED and EDD values. In these graphs the

minimum, maximum, median, 25% and 75% quantiles are presented. Also shown in the final

column is the average of these statistics across all benchmarks.

What is immediately clear is that for some benchmarks there are significant improvements

to be gained in execution time over the baseline optimisation (e.g. search at 0.44 and crc at

0.47). This also shows that picking the wrong optimisations can significantly degrade perfor-
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mance or increase energy consumption (the worst optimisation on program rijndael_d more

than doubles its execution time).

However, for some programs on this baseline architecture, the compiler can do little to im-

prove the performance or save energy. Programs basicmath, qsort or patricia for instance have

almost no improvement available over the baseline optimisation. Referring back to table 5.1

the reason is obvious since a large percentage of instructions executed belong to library code

for these programs; code that is not affected by the optimisations in this experimental setup.

On average, selecting the right optimisations settings for each program means that execu-

tion time can be reduced by 19%, energy consumption by 13%, and an ED value of 0.72 or an

EDD value of 0.60 can be achieved. This is compared to the best EDD value of 0.93 when vary-

ing the microarchitectural space alone. Not surprisingly, there is more room for improvement

in the compiler space because the baseline architecture selected has already been significantly

tuned.

5.4.3 Different Optimisations For Each Program

Knowing the performance of the best flags for each program is good but it is also important

to see whether these flags are actually different from programs to programs. To understand

what are the optimisations parameters that have an impact on performance and energy, each

program was taken individually and optimised for EDD. Then the optimisation settings were

ranked from the best to the worst EDD values and the ones within the top 5% of the best

(100% being the performance of -O1) were retained. The first ten best were always retained

independently of the performance to ensure there were enough flag settings to conduct the

analysis.

For all the boolean flags, the flags were marked as important if they happened to be turned

on or off at least 90% of the time within the set of the top 5%. For the parameter flags such

as max-unroll-times, the flags were marked as important if the standard deviation within the

top 5% was significantly lower than the standard deviation across all the settings. The value

reported in this case was simply the mean of the parameters present in the top 5%.

Figure 5.5 shows the value of the important flags for each benchmark individually since

the best combination of optimisation flags varies from program to program. As can be seen

the importance of the flags and their corresponding values are dependent on the program for

some of the flag settings. For instance consider optimisation number 27 (f-schedule-insns):

for program susan_s it is better to disable this optimisation, whereas for program pgp it is

better to enable it with instruction scheduling policy 1 and for program rawcaudio with policy

2. These two policies influence when the instruction scheduling will be performed (before
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Figure 5.5: Important flags and their corresponding values for the baseline architecture that

leads to the best EDD value for all the MiBench programs. As can be seen the optimisations

that lead to the best EDD are different from programs to programs.
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register allocation in one case and after in the other). This clearly shows that the flag settings

that achieve the best EDD are different from program to program.

5.4.4 Summary

This section has considered the compiler optimisations space and the benefits of optimising

each program individually on the baseline architecture. In terms of EDD, the best optimisations

selected on a per-program basis lead to an EDD value of 0.6 on average for the benchmark suite.

This is compared to the best EDD value of 0.93 when varying the microarchitectural space

alone. Not surprisingly, there is more room for improvement in the compiler space because

the baseline microarchitecture was already significantly tuned. It was also demonstrated that to

achieve such a value, the optimisations selected are different from program to program. This

clearly shows that tuning a compiler is not an easy task. In fact chapter 6 will later develop a

technique that automatically generates an optimising compiler that works across programs and

the microarchitecture space.

Up to this point, each space has been considered independently. The next section will

combine the microarchitectural and optimisation spaces to consider the co-design of the mi-

croarchitecture and compiler optimisations spaces.

5.5 Co-Design Space Exploration

As seen so far, the design of a newmicroarchitecture typically involves two separate phases; the

microarchitecture design space exploration, followed by the tuning of the compiler. However,

this approach can potentially lead to suboptimal designs and, more importantly, to erroneous

design decisions. Indeed, since only a basic compiler is available to the architect at design

time, the real design space resulting from the potential improvement of compiler optimisations

is often hidden from the designer.

This section explores the properties of the combined space. It shows that in fact compiler

optimisations can radically change the shape of the design space, especially when the wrong

set of optimisations are applied. In addition to the previous section which has shown how the

optimal compiler flag settings change from program to program, this section shows that the

choice of optimal flag settings is also influenced by the characteristics of the microarchitecture.

5.5.1 Exploration of the Combined Space

Figure 5.6 shows the co-design space across microarchitectural configurations for execution

time, energy, ED and EDD. The performance of the baseline compiler on each configuration
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Figure 5.6: The co-design space for execution time, energy, ED and EDD for each microarchi-

tectural configuration across the whole benchmark suite considering the best and worst optimi-

sations for each program. The region in white is the co-design space, with the line showing the

performance of -O1 on each architecture. Each graph is independently ordered from lowest to

highest and is normalised by -O1 on the baseline configuration.

is shown by the solid line (-O1). The performance of the optimising compiler on each con-

figuration is also shown. Here the best compiler optimisations on a per-program basis are

selected for each microarchitectural configuration from the sample space. This represents the

lower bound on the execution time, energy consumption, ED or EDD achievable for each ar-

chitecture within the sampled space. Also shown is the performance when selecting the worst

compiler optimisations which represents the upper bound.

There is large room for improvement over the baseline compiler optimisation across the

whole microarchitectural space in terms of execution time, ED and EDD. All four graphs show

that picking the wrong optimisations can lead to significant degradation in each metric. There-

fore, knowing the performance of the optimising compiler for each architecture is of primary

importance for designers. It is interesting to notice that for energy, the compiler optimisations
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only play a minor role compared to the other metrics. The reason is that compiler optimisa-

tions have less of an impact on the energy consumption, which is much more dependent on the

microarchitecture characteristics.

According to these results, it is apparent that the compiler optimisations have a critical

role to play at processor design time. Indeed, if no exploration of the optimisation space is

conducted, the designer risks making a bad decision. Figure 5.6 shows that the design space can

be anywhere in the white area, depending on the default optimisations applied. If the architect

has some goals, such as a given minimum performance to achieve, it is easy to see how he can

be misled when only the microarchitecture space is considered. Based on the performance of

the baseline compiler optimisations, -O1, some configurations might be discarded where in fact

they could perfectly fulfil the requirements, had the compiler optimisation been considered. It

might even get worse if other constraints are considered such as area, since these discarded

configurations might in fact represent better choices.

Before looking in detail at how this problem can be addressed without having to explore

the full co-design space, the next section considers the best points in the sample space. It shows

what are the characteristics of these good design points and how sensitive the optimisations are

to the microarchitectures.

5.5.2 Best Microarchitecture

Looking at the best configuration in the co-design space for each of the target metrics, it can be

seen in table 5.5 that significant improvements can be made over the baseline architecture with

the programs compiled with the baseline compiler (-O1). This table shows these best config-

urations and which values they achieved for each target metric. Also shown in parenthesis is

the performance achieved for the best configurations for each metric when only the baseline

compiler is considered (-O1). The performance of the configurations with the optimal compi-

lation settings are always better than when the default compiler optimisations are considered

(values in parenthesis). For instance, an EDD value of 0.55 is achieved when both the compiler

optimisations and the microarchitectures spaces are explored as opposed to 0.93 when only the

architecture space is considered.

Looking at the details for cycle and energy for this same configuration (best EDD), a reduc-

tion of 19% for cycle and a savings of 16% in energy is achieved. This is significantly different

from the 10% reduction in cycle and 5% in energy savings when only the microarchitecture

space was considered. With this example, it is easy to see how the exploration of the co design

space can affect the architect’s decision compare to an exploration of the microarchitecture

only. It is also interesting to notice that when the ED metric is considered, the parameters of
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Configuration Icache DCache BTB

size assoc. block size assoc. block size assoc.

Baseline 32K 32 32 32K 32 32 512 1

Best cycles 128K 32 64 128K 4 64 128 1

Best energy 16K 64 16 8K 64 16 128 1

Best ED 32K 64 16 16K 32 16 128 4

Best EDD 32K 64 16 64K 32 32 256 4

(a) Microarchitectural parameters

Configuration Cycles Energy ED EDD

Baseline 1.00 (1.00) 1.00 (1.00) 1.00 (1.00) 1.00 (1.00)

Best cycles 0.79 (0.97) 1.86 (2.09) 1.46 (2.02) 1.14 (1.96)

Best energy 1.01 (1.14) 0.71 (0.81) 0.72 (0.93) 0.72 (1.06)

Best ED 0.87 (1.14) 0.77 (0.81) 0.67 (0.93) 0.59 (1.06)

Best EDD 0.81 (0.90) 0.84 (0.95) 0.68 (0.94) 0.55 (0.93)

(b) Best values achieved

Table 5.5: The microarchitectural parameters of the baseline and the best configurations found

from the sampled space when considering the co-design (a). Their corresponding values for

cycles, energy, ED and EDD are also shown (b). The values in parenthesis show the corre-

sponding metric for the configurations leading to the best microarchitecture when the compiler

optimisations are not considered (copied from table 5.3(b)).

the best configuration are actually different from the ones where the microarchitecture design

space was considered in isolation (table 5.3(a)). This illustrates the point raised in the previous

paragraph where the architect can potentially make a wrong decision because he does not have

access to the real design space.

5.5.3 Details Per Program

In the embedded world, the design process is ultimately driven by the applications. This is

in fact key for efficiency since the design can be targeted and tuned specifically for a fixed

set of programs. It is therefore important to have a detailed view of the performance for each

individual program.

Figure 5.7 shows the execution time, energy, ED and EDD values on a per-benchmark basis

for the microarchitectural/optimisation configurations that perform the best for each metric

(table 5.5(a)). In terms of execution time, 13 benchmarks achieve at least 20% improvement,

the best achieving up to 57% of improvement for search. The average improvement is 20% for
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Figure 5.7: Execution time, energy, ED and EDD for each benchmark on the microarchitec-

tural/optimisation configuration performing the best for each metric. The microarchitecture is

the same across programs however it varies depending on the target metric.

the whole of MiBench. For energy the majority of the benchmarks achieve a saving of more

than 20% with an average of 29% energy saved.

For ED, the majority of benchmarks achieve a reasonable value of 0.8 or under with an

average value of 0.67. It is interesting to compare these results with those achieved when

performing microarchitecture space exploration alone (figure 5.3). Performing co-design space

exploration leads to more balanced results across benchmarks for ED (the maximum value is

now 1.3, before it was 1.7). This is possible thanks to the optimising compiler that is able to

take full advantage of the microarchitecture, whereas previously all benchmarks were compiled

with -O1. For EDD, all the benchmarks show an important improvement over the baseline

leading to an average value of 0.55, with none being worst than the baseline.

5.5.4 Optimisation Sensitivity to Microarchitecture

The previous sections have shown that co-design space exploration is beneficial over perform-

ing microarchitecture and optimisation space exploration in isolation. This section now looks

at what happens if one uses the best flag settings found for one program on the baseline archi-

tecture for the rest of the microarchitectural space for this same program. In other words this

section examines whether a fixed set of optimisation flags exists for a particular program that

can lead to the best performance independently of the microarchitecture.
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Figure 5.8: Optimising program toast on the baseline architecture and running it on all other

microarchitectural configurations. All the values are normalised by -O1 on the baseline microar-

chitecture.

Figure 5.8 shows an example for the toast benchmark when optimising the program on the

baseline architecture and running it on the other configurations. As can be seen, the optimisa-

tions that is the best for the baseline microarchitecture actually performs worse than compiling

with -O1 on other configurations for cycles, ED and EDD. Critically, the best compiler op-

timisations vary across the microarchitecture space. However, for energy it seems to make

only little difference. As seen earlier in this chapter, this is due to the fact that the compiler

optimisations have very little impact on the energy consumption.

Figure 5.9 shows this averaged across all benchmarks. Here all programs were run using

1000 optimisations on the baseline architecture and those optimisations that are within 5% of

the best found for each benchmark were selected (a different set for each program). They are

called the baseline good optimisations. Then the benchmarks compiled with these baseline

good optimisations were run on the rest of the microarchitectures to determine the average cy-

cle, energy, ED and EDD values that they achieve. For each configuration, the performance of
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Figure 5.9: Optimising on the baseline architecture and running on all other microarchitec-

tural configurations. Optimisations that are good on the baseline microarchitecture can perform

worse than -O1 on other configurations. All the results are averaged across all benchmarks.

the baseline good optimisations were evaluated using the distance from the best value achiev-

able on that configuration. The distances were normalised by the performance of the best

optimisation (distance=0%) and the performance of -O1 (distance=100%).

For ED and EDD it can be seen that on half (1/2) the architectures the good optimisations

for the baseline are at least 15% away from the best. For a quarter (1/4) of the architectures,

these good optimisations are at least around 50% away from the best. Crucially, the good opti-

misations on the baseline architecture are actually worse than -O1 for one tenth (1/10) of the

microarchitectures. This shows that good optimisations for one architecture are not necessary

suitable for others. In essence, the optimal compiler optimisations to apply for one architecture

are not the best for all. Therefore the compiler has to be tuned on each configuration and cannot

be developed independently of the microarchitecture.

5.5.5 Summary

This section has shown the importance of performing co-design space exploration. When the

optimisation space is explored at the same time as the microarchitecture space, significant im-
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provements can be gained over the baseline. However, designing the architecture without con-

sidering the optimisation space can result in sub-optimal performance on the final system. This

is due to the fact that the real design space, that integrates compiler optimisations exploration,

is hidden from the designer.

However, one of the problems with performing the exploration of both design spaces is

the large amount of simulations needed. It is, therefore, not practical to systematically explore

the optimisation space of every single design point. In order to address this issue, the next

section presents a model that predicts, with high accuracy, the best performance achievable by

an optimising compiler for any microarchitecture on a given program.

5.6 Predicting the Performance of an Optimising Compiler

Previous sections presented the characteristics of the design spaces. It was shown that the

optimal compiler settings for one architecture are not necessarily the best for all and that they

are also program-dependent. For this purpose, a sample of the total design space was explored,

consisting of 200 microarchitectural configurations and 1000 compiler optimisations over 35

benchmarks. In practise, however, it is not desirable to conduct such a costly co-design space

exploration.

To address this issue, this section develops a machine-learning model which predicts the

performance of the optimal compiler settings on any microarchitectural configuration for a

given program. Based on this prediction, the designer can know what the performance is of

the most optimal flag settings for any architecture, without having to search the optimisation

space for every single microarchitecture. This information can then be used to conduct an effi-

cient exploration of the architectural design space, taking into account the effects of compiler

optimisations.

5.6.1 Overview

The model is built in three steps, as shown on the example of the benchmark fft in figure 5.10.

A new model is created for each individual benchmark the designer wants to predict for. First

the program, compiled with -O1, is run on a number of randomly-selected microarchitectures

forming the sample design space (200 in this case). This is what is typically done when explor-

ing the microarchitectural design space of a processor. Then for each of these runs, the values

of the performance counters are extracted to allow the characterisation of the behaviour of each

architecture (figure 5.10(a)).
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Figure 5.10: Example use of the model for the program fft when considering ED (the darker a

dot, the better the ED value is over the baseline -O1). First performance counters are collected,

then PCA is used to select two components (a). Some training configurations are then selected

and a search of their optimisation spaces for the best performance is conducted (b). Finally,

a SVM model is trained to determine the contour map around configurations (c). This map

provides a prediction of the real performance of the optimising compiler (d).
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Figure 5.11: The correlation (absolute value) between the selected performance counters and

the performance of the optimising compiler (normalised by the performance of the baseline

optimisation (-O1)). For each target metric, the correlation is averaged across all programs.

From these runs, a small number of architectural configurations are selected for training

(figure 5.10(b)). The optimisation space is then explored only for these selected microarchi-

tectures in order to find the best performance achievable. Different compiler settings are tested

(using 1000 random flag settings) and only the performance of the best is kept.

Finally, the model is trained with the results of this exploration using Support Vector Ma-

chines for regression SVM (figure 5.10(c)). The predictions resulting from this training can be

compared with the real space (figure 5.10(d)).

The next sections describe these three steps in more detail by first showing how the per-

formance counters correlate with the performance of the best flag settings for each architec-

ture. Then the selection procedure used to gather the training data is explained and finally the

machine-learning model is described.

5.6.2 Characterisation of Microarchitectures with Performance Counters

As seen in the overview section, the model first characterises each microarchitecture and then

performs an exploration of the optimisation space for a few selected ones. The rationale being

that the results obtained from these explorations can be reused for other microarchitectures.

This is done by identifying similar microarchitectures using features. These microarchitec-
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tures that have similar features are expected to have similar performance improvement over the

default optimisation level -O1.

To characterise each microarchitecture in the co-design space, the model uses performance

counters extracted from a single run of the program with the default optimisation level (-O1)

on each architecture. Nine performance counters were chosen to characterise the behaviour of

each microarchitecture. They are the IPC; resource utilisation of the caches, branch predictor,

ALUs and register file; cache miss rates and the branch miss-prediction rate. These perfor-

mance counters are typically found in microprocessors’ analytic models [Eyer 06b, Kark 04].

The correlation between each of these counters and the performance of the optimal flag settings

for each microarchitecture is shown in figure 5.11 for each of the target metrics considered.

Interestingly for each of these metrics, the highest correlation is obtained for the counters asso-

ciated with resources utilisation and the IPC. Then information about cache miss rate comes as

the second most important kind of features followed by the percentage of user code (code that

the compiler can transform). The other performance counters available were found to lead to a

much lower correlation. Therefore they were ignored and only this set of nine was retained.

In order to reduce the number of inputs to the model, PCA was used. This technique was

used to summarise these nine features into a couple of values or principal components. In this

case the number of selected principal components was fixed to two. This offers the advan-

tages of easy visualisation and adding more components did not improve the overall accuracy.

Figure 5.10(d) shows the projections of the nine performance counters onto the two main com-

ponents (PC1 & PC2) for the real space over 200 microarchitectures for the benchmark fft.

As can be seen the features are able to separate the microarchitectures in the space depending

on the improvement available when exploring the optimisation space compared to the baseline

compiler optimisation. For instance the microarchitectures that offer significant improvement

when exploring the optimisation space tend to be situated in the lower right corner of the space

(dark points), with ED values around 0.82.

5.6.3 Gathering Training Data

Before being able to build a model, a few microarchitectures need to be selected to train the

model. For each of these, an exploration of the optimisation space is required to obtain the

performance of the best optimisation settings. For this reason it is important to select carefully

the training configurations so as to avoid unnecessary explorations.

To achieve high efficiency, the idea consists of selecting training samples that best cover

the projected space. To do so, K-Means was used to find clusters of microarchitectures based

on the performance counters. Then one representative microarchitecture was selected for each
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cluster followed by an exploration of the optimisation space for that particular microarchitec-

ture. Figure 5.10(b) shows the configurations being selected for training for the benchmark fft

with a number of clusters set to 12. The optimal number of clusters selected is discussed later in

section 5.7.1 where the technique is evaluated. As can be seen the selected microarchitectures

successfully cover the space.

Once this selection has taken place, a search of the compiler optimisation space on each of

the selected microarchitectures is performed using iterative compilation with 1000 randomly-

selected optimisations. Note that this search could be made more efficient by using more

advanced search strategies [Alma 04, Coop 05, Hane 05, Tria 03]. However, this is orthogonal

to the focus of this work. The result of this search corresponds to an estimation of the maximum

performance achievable on each of the selected training microarchitectures. This is shown in

figure 5.10(b) where darker points lead to better performance. With this training data gathered,

the model is ready to be trained.

5.6.4 Training the SVM Model

Having collected the training data, the model is now ready to be trained. The model chosen is

based on Support Vector Machines (SVM), adapted for the regression problem [Smol 03]. This

model is able to distinguish between data points that behave differently, i.e. microarchitectures

with different potential performance improvement when exploring the optimisation space over

the baseline compiler.

Following the example of the benchmark fft, the results from training can be seen visually

in figure 5.10(c). Here the selected training configurations have been circled. Intuitively the

model learns the areas of similar performance (similar colours) based on the best performance

seen on the selected microarchitectures from the previous step. Architectural configurations

that lie in the same coloured area are predicted to have similar performance improvement avail-

able. In other words, the model predicts that the optimising compiler has little effect in the light

areas and can achieve high performance gains in the dark areas.

For fft, this can be compared to the real space of 200 microarchitectures in figure 5.10(d).

As can be seen in this figure, the real space is correctly predicted. The points in the centre have

a lower potential for improvement (light area) whereas the ones in the lower right corner tend

to have larger improvement available (dark area).

Having trained the model, new predictions can now be made for any microarchitecture. All

that is needed is a single run of the application with -O1 on the new microarchitecture. This

run is used to gather the performance counters characterising the new microarchitecture. The

model then predicts the performance achievable if one were to conduct an exploration of the
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optimisation space. This is achieved by first projecting the nine performance counters using

PCA and then by making a prediction based on the corresponding value on the contour map.

5.6.5 Summary

This section has described a model that predicts the performance of the best compiler flag

settings on any microarchitectural configuration. First, a run of the program compiled with -O1

on 200 architectures is performed and nine performance counters are gathered. PCA is used to

reduce these to just two values and then the training samples are selected to train the model. For

each of these training configurations a random search of the optimisation space is performed

to estimate the best performance achievable by a yet-to-be-built optimising compiler. Then an

SVM is trained to model the entire co-design space. Once the model is trained, it can be used

to predict the performance of the best compiler flag settings for a given program on any new

microarchitecture. To do so, a single run of the program compiled with -O1 is required on the

configuration of interest. After extraction of the performance counters, the model is then able

to make an accurate prediction.

In the next section, a complete evaluation of the model is performed and its accuracy as-

sessed. It will show that the model achieves high accuracy using only a tiny fraction of the

design space for training, making it suitable for efficient co-design space exploration.

5.7 Model Evaluation and Comparison

This section evaluates the prediction accuracy of the machine-learning model developed in

the previous section. It first looks at the accuracy of the model when the number of training

samples is varied. The accuracy of the model is then evaluated on a per program basis for

the whole of the MiBench benchmark suite. Finally, a comparison with the state-of-the-art is

performed and a search of the design space is conducted using the model.

5.7.1 Training Samples Selection: K-Means vs Random

As seen in the previous section which described the model, a few microarchitectures are se-

lected in order to train the predictor. This selection process is performed by using the K-Means

clustering technique to pick a representative microarchitecture for each cluster found. This

procedure is now evaluated for different training sizes and compared with a purely random

selection process.

Figure 5.12 shows the mean error and the coefficient of correlation of the model for various

training sizes. These results are averaged across all the benchmarks and obtained using cross-
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Figure 5.12: Mean error and coefficient of correlation for both the K-Means and a random

selection process averaged across all programs for various training samples size.

validation where the microarchitectures used for training are left out of the testing set. This

figure clearly shows that selecting the training points with the K-Means algorithm is better

than using a purely random selection. For instance with 20 training samples, the K-Means

approach achieves an error rate of just 3.2% and a correlation of 0.984 whereas the random

selection achieves only 3.7% and 0.979 respectively. This also shows that a low error can be

achieved using only a fraction of the design space.

It might at first seem surprising to see that the coefficient of correlation is high even when

using very few training samples. Looking back at figure 5.6 it can be seen that the performance

of the best flag settings is strongly correlated with the performance of the baseline optimisation

-O1. This is due to the fact that the microarchitectural space has a much higher variance

than the compiler optimisation space. Furthermore, it is important to keep in mind that these

numbers are averaged across all programs. Hence, programs that show very little variation

in their optimisation space will tend to be easier to predict, independently of the number of

training points.

For the following sections, the training budget was fixed arbitrarily to 20 training samples

since it is a good tradeoff between accuracy and the number of training samples. As the next

section shows, this leads to a very good correlation and relatively low error for most of the

programs.

5.7.2 Prediction Accuracy Per Program

The prediction error and coefficient of correlation for each benchmark of MiBench is shown in

figure 5.13 for 20 training samples. As stated earlier, these 20 samples correspond to 20 mi-
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Figure 5.13: The prediction errors of the model broken down by program when predicting the

EDD value achievable by the optimising compiler using only 20 training microarchitectures. The

average error is just 3.2% and the average correlation 0.98.

croarchitectures on which the best performance achievable was estimated using 1000 random

optimisations. The average error and correlation of the whole suite is also shown.

As can be seen, the model achieves a very low error rate of 5% or under for the majority of

the benchmarks. In fact, for some benchmarks (such as susan_e), the error is as low as 0.6%.

The coefficient of correlation is also very good for all the benchmarks, the lowest achieving a

correlation of 0.88.

This shows that the model is accurate and can correctly predict the performance of the

optimising compiler. In the next section a comparison will be conducted with a state-of-the-art

technique for co-design space exploration.

5.7.3 Comparison with State-of-the-Art

This section now compares the accuracy of the SVM model with the only other technique

that considered the joint exploration of the microarchitecture and compiler space. This other

technique proposed by Vaswani et al. [Vasw 07] makes use of an Artificial Neural Network

(ANN) to predict any point in the co-design space. However, their model does not directly

predict the performance of an optimising compiler but instead predicts the performance of a

set of compiler flags for a given microarchitecture described by its configuration. It uses as an

input the microarchitectural parameters and the compiler flag settings to make a prediction.

Since the Vaswani approach is slightly different than the scheme developed in this chapter,

it was used in the following way: when a new microarchitecture is encountered, their model is

used to search the optimisation space and the flag settings corresponding to the best prediction
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Figure 5.14: Predicting the EDD metric achieved by the optimising compiler across the microar-

chitectural space for the whole of MiBench. Also shown are the predictions made by Vaswani .

Note that the SVM model developed in this chapter is highly accurate and overlaps significantly

with Oopt.

are recorded. Then a run with the application compiled with these settings is performed to find

the real performance measure. To allow a fair comparison, their model was trained with exactly

the same data as for the SVM model; 20 architectures and 1000 flag settings each.

Figure 5.14 shows the EDD values achieved by the baseline compiler on each microarchi-

tectural configuration averaged over the whole of MiBench benchmark suite (labelled O1). It

also shows the EDD values achieved by the optimising compiler on each configuration (Oopt).

A third line shows the predictions made by the model proposed by Vaswani et al. (Vaswani

model) and a final line shows the predictions of the SVM model.

As can be seen, the SVM predictions follow the curve of the optimising compiler with

great accuracy. More specifically, the SVM model accurately predicts the peaks and troughs

in EDD as well as the stable areas. This shows the ability of this model to predict the design

points that behave significantly differently from the baseline. The Vaswani model, however,

fails to accurately predict the performance of the optimising compiler. In particular, it predicts

peaks in EDD where there are none and follows the -O1 line closely. Furthermore it even

predicts values larger that -O1 in some cases. This predictor, therefore, cannot be used to find

the performance of an optimising compiler.

The Vaswani model is not adequate for the task of exploring the co-design space. Indeed
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Configuration Icache DCache BTB

size assoc. block size assoc. block size assoc.

Best EDD 32K 64 16 64K 32 32 256 4

(a) Microarchitectural parameters

Configuration Predicted EDD Real EDD

SVM model Vaswani model

Best EDD 0.550 0.762 0.549

(b) Best value predicted and achieved

Table 5.6: Parameters and EDD value of the best configuration found using the SVM model.

this model tries to generalise the performance of the optimisation flags across all the architec-

ture space. However, due to the lower variation available in the compiler space in comparison

to that of the microarchitectural space, the model fails to correctly learn since the microarchi-

tectural parameters dominate. Therefore this model cannot distinguish between different flag

settings. In this experimental setup it was noticed that the Vaswani model often makes the ex-

act same prediction for a given architecture, independently of the input flags. In a nutshell it is

hard to build a unique model that both models the architecture space and the compiler space for

all the possible flag settings. This contrasts with the approach that uses the SVM model where

the model only uses information about the microarchitecture to infer how much improvement

is possible, were a search of the optimisation conducted.

5.7.4 Predicting the Best Architectural/Optimising Compiler Configuration

Having built and evaluated the SVM model, this section considers its use for searching the

co-design space. This allows designers to determine the optimising compiler/architectural con-

figuration that achieves the best EDD value in the space. To this end, the SVMmodel was used

to predict the EDD value that an optimising compiler would achieve on 200 microarchitectures,

chosen by uniform random sampling. The best predicted value was 0.550 for the configuration

shown in table 5.6.

To verify the prediction accuracy, iterative compilation was used on this architecture with

1000 randomly-selected optimisation settings. It was found that the best EDD value achievable

is 0.549. This is just 0.2% away from the prediction, showing that this SVM model is very

accurate. Had the Vaswani model been used, it would have predicted an EDD value of 0.762

for this same configuration, which is an error of 39%.
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It is interesting to notice that this configuration corresponds to the best one found when

performing an exhaustive search of the sample space as seen earlier in table 5.5(a). This proves

that this SVM model can be used in practice. It can successfully find the best configuration

without performing the full co-design space exploration for every microarchitecture. Instead,

it simply explores the co-design of 20 configurations for training purposes. This represents

an order of magnitude fewer simulations than what would be required in order to explore this

sample space exhaustively.

5.7.5 Summary

This section has evaluated a SVMmodel and shown that it is highly accurate. It was compared

with the only other technique that predicts the joint compiler/architecture space. As seen, the

SVM model is more accurate at predicting the performance of the optimising compiler on any

microarchitectural configuration. Furthermore, it was shown that this model can predict the

best optimising compiler/architectural configuration for EDD within the sample space with

just a 0.2% error. Using this model, designers can accurately and efficiently predict the impact

of the optimising compiler across the entire co-design space.

5.8 Conclusion

This chapter shows how compiler optimisations can influence the design of embedded proces-

sors. Using a typical embedded processor, the XScale, an exploration of its microarchitecture

and compiler optimisation spaces has been conducted in isolation. It shows that significant

improvements exist in the compiler space and that it cannot be ignored at design time. For this

reason the co-design space was then explored and presented using a sample space composed of

200 microarchitectures and 1000 optimisation settings. Failing to take into account compiler

optimisations at the design stage can mislead the architect.

Because it is not practical to conduct such a co-design space exploration, a machine-

learning model has been proposed. This model, trained on a fraction of the co-design space,

makes accurate predictions of the best performance achievable for any microarchitecture, had

the compiler been tuned for it. This clearly gives an advantage to the designer who can use this

model to make better design decisions. The model has been demonstrated to work accurately.

Furthermore, it was compared against an existing approach which failed to provide insightful

information to the designer.



Chapter 6

Towards a Portable Optimising

Compiler

6.1 Introduction

The previous chapter presents a model to predict the performance of the architecture/optimising

compiler co-design space. This chapter builds a new machine-learning compiler that can

achieve a significant portion of the best performance available in the compiler space, for any

microarchitecture. This compiler is named TALC: the Trans-Architecture Learning Compiler.

Given a new microarchitecture, it automatically determines the right optimisation settings to

apply for any new program with just one profile run. This approach is based on machine-

learning, where a model is learnt off-line “at the factory”. This model maps an architecture

description plus the hardware counters from a single run of a program to the compiler flag

settings leading to the best execution time.

The learning process is a one-off activity whose cost is amortised across all future uses

of the compiler on any variation of the processor’s base architecture. This approach achieves

a 1.14x speedup on average over the highest default compiler optimisation, validated across

200 microarchitectural configurations. This represents 61% of the performance improvement

gained by standard iterative compilation using 1000 evaluations.

Given this new approach, a new compiler does not need to be developed when the processor

microarchitecture changes. This allows compilers to become fully integrated in the design

space exploration of a new processor, helping designers to fully evaluate the potential of any

new architecture. In addition, this enables the design of a parametrised embedded processor

that can be shipped with this portable compiler. Customers that acquire such design do not

need to retune the compiler for their specific implementation since the compiler is generic and

111
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Parameter Low→ High Baseline

ICache size 4K→ 128K 32K

ICache associativity 4→ 64 32

ICache block size 8→ 64 32

DCache size 4K→ 128K 32K

DCache associativity 4→ 64 32

DCache block size 8→ 64 32

BTB size 128 entries→ 2048 entries 512 entries

BTB associativity 1→ 8 1

Table 6.1: Microarchitectural parameters and the range of values they can take. Each parameter

varies as a power of two, with 288,000 total configurations. Also shown are the baseline values.

will know, given the specific microarchitectural parameters chosen by the customer, how to

compile optimally for it.

This chapter is organised as follow. The experimental setup used within this chapter is

almost identical to that described in the previous chapter and is briefly discussed in the next

section. A characterisation of the co-design space is shown in section 6.3, which focuses on

compiler optimisations. Section 6.4 describes the design of TALC, while section 6.5 evaluates

the model parameter and the features used as an input. An experimental validation of the model

is then performed in section 6.6 where the actual predictions made by the model are checked

by simulation. Section 6.7 analyses in more detail the results obtained and gives insights into

why the model is actually working. Finally section 6.8 concludes this chapter.

6.2 Experimental Setup

The experimental setup considered in this chapter is absolutely identical to that described in the

previous chapter. For the sake of completeness, the different tables describing the experimental

setup are reproduced here.

The Xtrem simulator [Cont 04] which was used to run the benchmarks, models the In-

tel XScale processor. Table 6.1 shows the 14 different microarchitectural parameters varied,

leading to a total design space of 288,000 different configurations. A sample space of 200

configurations was selected with uniform random sampling to conduct the experimentation.

All the 35 programs from MiBench [Guth 01], shown in table 6.2 were used and consis-

tently run until completion in all experiments. They were compiled with gcc using a 1000

different flag settings randomly selected from a total space of 1.6917 points. This space was

obtained by varying the values of 39 different flags shown in table 6.3 from the command line.
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Program Input Sim. instr. % lib code

basicmath small 9m 77

bitcnts small 45m 0

qsort small 32m 97

susan_c large 22m 3

susan_e large 52m 0

susan_s small 18m 4

cjpeg small 31m 2

djpeg large 24m 2

lame small 116m 14

madplay small 25m 0

tiff2bw small 34m 18

tiff2rgba large 31m 36

tiffdither small 358m 1

tiffmedian small 148m 8

lout small 56m 14

dijkstra small 43m 4

patricia small 9m 72

ghostscript small 75m 5

Program Input Sim. instr. % lib code

(cont.)

ispell small 8m 27

say small 59m 8

search large 1m 14

bf_d small 26m 0

bf_e small 26m 0

pgp NA 1m 8

pgp_sa NA 94m 0

rijndael_d small 23m 0

rijndael_e small 23m 0

sha small 14m 3

rawcaudio small 37m 0

rawdaudio small 27m 0

crc small 18m 0

fft small 5m 60

fft_i small 11m 58

toast small 29m 0

untoast small 16m 0

Table 6.2: The 35 MiBench benchmarks used with their corresponding input size, the total

number of instructions executed and the percentage of library code executed.

In contrast with the previous chapter that looked at the co-design space for four target

metrics, namely cycles, energy, ED and EDD, this present chapter only considers one target

metric: cycles. This is because the effects of the optimisations influence mainly the cycle

metric. As a result, the choice of the baseline optimisation level has been reconsidered. Since

-O3 leads to the best average execution time across all programs (figure 5.1), it was chosen as

the baseline optimisation level throughout this chapter.

6.3 Characterising the Compiler Space

Before building a compiler that can optimise across architectures, it is important to examine

whether there is any performance to be gained within the compiler optimisation space. In

comparison with the previous chapter, this section focuses more on showing how difficult the

problem of finding the best optimisations is. In particular it shows the empirical distribution

of the speedups corresponding to the different optimisation settings applied. Additionally, the

performance of iterative compilation is examined.
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N◦ Flag

1 -fthread-jumps / ⊘
2 -fcrossjumping / ⊘
3 -foptimize-sibling-calls / ⊘
4 -fcse-follow-jumps / ⊘
5 -fcse-skip-blocks / ⊘
6 -fexpensive-optimizations / ⊘
7 -fstrength-reduce / ⊘
8 -frerun-cse-after-loop / ⊘
9 -frerun-loop-opt / ⊘
10 -fcaller-saves / ⊘
11 -fpeephole2 / ⊘
12 -fregmove / ⊘
13 -freorder-blocks / ⊘
14 -falign-functions / ⊘
15 -falign-jumps / ⊘
16 -falign-loops / ⊘
17 -falign-labels / ⊘
18 -ftree-vrp / ⊘
19 -ftree-pre / ⊘
20 -funswitch-loops / ⊘

N◦ Flag Values

21 -fgcse / ⊘
22 -fno-gcse-lm / ⊘
23 -fgcse-sm / ⊘
24 -fgcse-las / ⊘
25 -fgcse-after-reload / ⊘
26 –param max-gcse-passe = 1, 2, 3, 4

27 -fschedule-insns / -fschedule-insns2 / ⊘
28 -fno-sched-interblock / ⊘
29 -fno-sched-spec / ⊘

30 -finline-functions / ⊘
31 –param max-inline-insns-auto = 10,30,50,...,190

32 –param large-function-insns = 1300,1500,1700,...,3300

33 –param large-function-growth = 20,50,100,200,300,400,500

34 –param large-unit-insns = 4000,6000,8000,...,20000

35 –param inline-unit-growth = 10,20,30,...,100,200,300

36 –param inline-call-cost = 10,12,14,...,30

37 -funroll-loops / -funroll-all-loops / ⊘
38 –param max-unroll-times = 2,4,6,...,20

39 –param max-unrolled-insns = 50,75,100,...,400

Table 6.3: Compiler optimisations and the values they can take. There are 642 million combina-

tions.

For this purpose, the impact of the compiler optimisations was evaluated on the 35MiBench

programs compiled with the 1000 random flag settings, each of them being executed on the 200

different architectural configurations. This corresponds to a sample space of approximately

seven million simulations and should provide some evidence of the potential benefits of tuning

optimisation flags across microarchitectures and programs.

6.3.1 Sample Space Distribution

This section demonstrates that flag selection has a significant effect on program performance.

Figure 6.1 shows the sample space’s distribution of speedups or slowdowns for each program

across the microarchitectural configurations. In other words, this distribution reflects what

happens if one chooses a random architectural configuration and a random flag setting. The x-

axis represents the program and the y-axis the speedup relative to -O3. Each “box and whisker”

entry summarises the distribution of speedups for that program. The central line denotes the
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Figure 6.1: Distributions of speedups for the 1000 optimisation settings within the sample space

across all architectures on a per-program basis. The x-axis represents the program and the y-

axis the speedup relative to compilation with -O3. The central line denotes the median speedup.

The box represents the 25 and 75 percentile area whilst the outer whiskers denote the extreme

points of the distribution.

median speedup. The box represents the 25 and 75 percentile area whilst the outer whiskers

denote the extreme points of the distribution.

It is apparent that, for some benchmarks, the optimisation flags can have a significant effect

across the microarchitectural space. The most extreme example is rijndael_e. Here, a random

optimisation setting leads to a speedup of 1.6x on average (the central line within the box)

across the architecture space, showing how -O3 performs relatively poorly. For a particular

architecture, it is possible to find a flag setting that improves performance by a factor of 4.8x.

Similarly, it is also possible to find an architecture/flag pair leading to a speedup of 0.12x, or

put another way, the program executes eight times slower.

In the case of search, nearly all compiler settings will do better than -O3 on any architec-

ture. Programs dominated by library calls (see table 6.2) such as qsort are almost immune to

compiler optimisations as these do not affect pre-compiled library code. The same is largely

true for basicmath, except that the number of instruction cache misses is occasionally increased

through excessive loop unrolling, which halves performance for certain architectures with small

cache size. Hence, for these cases it is possible to find optimisation settings that prevent too

much unrolling and allow better performance than -O3.

Overall, a random optimisation on a random architecture will give just a 1.02x speedup

over -O3. Although no-one would suggest optimising a program by randomly applying op-

timisations, it is important to show that a purely random technique would not perform much
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Figure 6.2: Distribution of the maximum speedup available across all architectures on a per-

program basis. The x-axis represents the program and the y-axis the speedup relative to -O3.

The central line denotes the median speedup. The box represents the 25 and 75 percentile area

while the outer whiskers denote the extreme points of the distribution.

better than -O3. This shows that -O3 is actually a good baseline optimisation level since any

other optimisation settings on any architecture for any program would not perform much better

on average. Finally, the distribution shows that there is considerable room for improvement

over compiling with -O3, justifying further investigation.

6.3.2 Best Optimisation Distribution

Having seen what are the effects of applying a random set of optimisations, this section focuses

on what is the best performance achievable for each program on each architecture in the sample

optimisation space of 1000 optimisations. Figure 6.2 shows again a distribution of speedups,

this time corresponding to selecting the best set of optimisations per program per architecture.

Therefore the middle bar in each box corresponds to the average performance found when

applying the best flag settings for each architecture.

As before, there is significant variation across the programs. For many the performance

improvement is modest; selecting the best optimisations does not help for the library-bound

benchmarks qsort and basicmath. Once again rijnadael_e has significant performance outliers

ranging from a 1.2x speedup to 4.8x in the best case, 1.8x being the average. In the case

of search the extremes are much less but on average selecting the best optimisation gives a

2.2x speedup across all configurations. In programs such as toast, madplay and untoast, there

are modest speedups to be gained on an average architecture (as the middle bar shows) but
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Figure 6.3: Performance of iterative compilation as a percentage of the maximum speedup

available (from the sample space) over -O3 for the first 100 iterations. The values shown are

average across all programs and architectures.

significant improvements available on certain architectures (up to 2.4x for madplay as the top

whisker shows).

The most important entry is on the right-hand side, giving the average performance. It

shows that there is an average speedup of 1.23x available across the programs and architec-

tures if one was able to select the best optimisations. The challenge consists of automatically

developing a compiler that can do better than random (1.02x average speedup) and approach

the speedup found by selecting the best of 1000 executions random compiler flags (1.23x av-

erage speedup). Furthermore, it should be able to capture the high performance available on

certain architectures and avoid the large slowdowns found by picking the wrong optimisations.

Before looking at how to build a compiler that can achieve such performance, the next

section reviews the performance that iterative compilation would achieve.

6.3.3 Performance of Iterative Compilation

An obvious and simple way of trying to achieve good performance consists of applying iterative

compilation. This technique randomly chooses some compiler flags, compiles the program

with them, runs it and keeps repeating this until no further improvement can be achieved.

Figure 6.3 shows the average performance achieved by such a technique for a maximum of

100 iterations. The results are averaged across the 35 programs and 200 architectures from

the sample space. As can be seen after 20 iterations, it achieves 66% of the total performance

available and with 60 iterations, it gets about 80%. Obviously this method requires many

simulations for every new program one wants to compile on a particular architecture.
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What is needed is a technique that can come close to this performance for any microar-

chitecture, without the overhead of having to run each program many times. The next section

describes a new machine-learning compiler that achieves precisely this. It also includes a de-

tailed description of the model used internally by this compiler.

6.4 Designing a Trans-Architecture Learning Compiler

This section presents a novel optimising compiler: the trans-architecture learning compiler

(TALC). This compiler is designed to produce optimised code for any new unseen program on

any variation of a given microarchitecture. Such a compiler effectively adapts its compilation

strategy based on the program behaviour and architecture features.

6.4.1 Overview of TALC

Figure 6.4 gives an overview of the structure of TALC. The compiler works like any other,

taking as an input the source code of a program and producing an optimised binary as its

output. However, in addition to the source code, this compiler has two other inputs which it

uses internally to optimise the program specifically for the machine it will run on.

Firstly, the compiler takes in a description of the architecture to target. This is similar to

standard compilers where the architectural description is hard-coded in a machine description

file; here it is just an input. Secondly, it takes in performance counters derived from a previous

run of the program. Again, this is similar to feedback-directed compilers that typically use

profiling information from a previous run to generate an optimised version of the program.

However, unlike any existing technique, TALC generates an optimised binary specifically for

the target microarchitecture, even when it has never seen the program or the microarchitecture

before. Therefore, the compiler does not have to be modified or regenerated whenever a new

program or architecture is encountered. This is in stark contrast to all the previous compilers

that need to be retuned for each new microarchitecture.

At the heart of this compiler is a model that correlates the behaviour of the new input pro-

gram and architecture with programs and architectures that it has previously seen. That model

is built using machine learning and can be considered as a three stage process: generating train-

ing data, building the model and deploying it. The next section looks at the input used by the

model, after which these three steps will be described in detail in the subsequent sections.
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Figure 6.4: Overview of the trans-architecture learning compiler (TALC). The compiler takes in

a program source, some performance counters extracted from the target architecture and an

architecture description. It outputs an optimised program binary for that architecture. At the

heart of the compiler lies a machine-learning model that predicts the best compiler flags to use,

controlling the optimisations applied.

6.4.2 Input to the Model

In addition to a conventional compiler that takes as an input the program source, TALC captures

information regarding the program and the target architecture. The idea being that when a new

program and architecture is encountered, the compiler examines their features and compares it

against prior knowledge in order to determine good optimisations based upon similar programs

and architectures observed during training.

6.4.2.1 Architecture Description

To capture the features of an architecture k, its static description, i.e. the parameters shown

in table 6.1, are simply captured as a vector Dk. Therefore, Dk is an eight elements vector

each of whose entries corresponds to one of the parameters shown in table 6.1. For example

Dk = [32,32,32,32,32,32,512,1] corresponds to the description of the XScale architecture.

6.4.2.2 Performance Counters

Program interaction with the processor is characterised by 11 performance counters, C. The

performance counters are shown in table 6.4 and are similar to those typically found in pro-

cessor analytic models [Eyer 06b, Kark 04]. These counters contain information about the

resource utilisation, the level of parallelism, the memory accesses and miss rates.

Each vector of counters C j,k is extracted from one run of each benchmark j compiled with

-O3 on each architecture k, where each entry corresponds to one of the values described in

table 6.4.
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Performance Counter

Instructions per cycle

ALU usage

Shifter usage

Mac usage

Decoder access rate

Register file access rate

Branch predictor access rate

Instruction cache access rate

Data cache access rate

Instruction cache miss rate

Data cache miss rate

Table 6.4: Performance counters used as a representation of program-architecture pairs.

6.4.3 Generating the Training Data

In order to build a model that predicts good optimisation flags, examples of good and bad

optimisations on different programs and microarchitectures are needed. This training data is

generated by applying f distinct compiler flag settings Fi=1,..., f to b benchmarks B j=1,...,b and

running them on a architectures Ak=1,...a to obtain an execution time Ti, j,k specific to each flag,

benchmark and architecture. Now Fi is a vector where each entry describes the value for a

specific optimisation flag. In the experimental setup there are 39 entries in Fi, corresponding

to the flags described in table 6.3. For example, Fi = [1,0,0, . . . ,0] corresponds to enabling the

thread-jumps flag and disabling all others.

The relationship between the features, optimisations and execution time can be summarised

as follows:

time(execute(compile(B j ,Fi),Ak)) = Ti, j,k (6.1)

counters(execute(compile(B j , -O3),Ak)) = C j,k (6.2)

description(Ak) = Dk (6.3)

In other words, compile benchmark B j with compiler flags Fi, execute it on architecture Ak

and record its execution time Ti, j,k (equation 6.1). In addition, record the performance counters

C j,k (equation 6.2) when compiling the same program with the default optimisation level -O3

on the same architecture and record the description for this architecture Dk (equation 6.3). The

result of executing all these programs and recording the generated information is a training

set consisting of a architecture descriptions D, f compiler flag settings F, f ×b×a execution
times T and b×a performance counters C. Although this is a large training set, it is a one-off
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cost incurred “at the factory”. Techniques such as clustering [Phan 05] can be used to reduce

the cost of gathering the training data. However this is orthogonal to the work presented in this

chapter.

6.4.4 Building a Model

Once the training data has been gathered, a model is built which, given a new benchmark B∗

and a new architecture A∗, predicts the best compiler flag setting F∗. It uses the performance

counters C∗ extracted from a single run of program B∗ compiled with -O3 on architecture A∗

plus its description D∗. In other words the model to build, predict, is defined as:

predict(C∗,D∗) = F∗ (6.4)

This problem is approached by learning the mapping from the features C,D to a probability

distribution over good solutions, q(F|C,D). In other words, given performance counters C and

architecture description D what is the probability that the flag setting F is a good solution?

Once this distribution has been learnt (see next section), prediction of a new program on a

new architecture is straightforward and is achieved by sampling at the mode of the distribution

(i.e. taking the value of the flag that appears the most frequently in the distribution of good

solutions). Therefore the predicted set of optimisation flags is obtained by computing:

F∗ = argmax
F

q(F|C∗,D∗). (6.5)

This corresponds to finding the value of F that gives the greatest probability of being a good

optimisation.

6.4.4.1 Fitting Individual Distributions

In order to learn the model a probability distribution need to be fitted over good solutions

for each training program/architecture pair. The set of “good” solutions is chosen to be the

optimisation settings that are within a threshold of 5% of all training optimisations for the

specific program/architecture pair. This threshold ensures that enough data points are available

for training the model.

The distribution fitted to the good solutions on each training program/architecture pair is

denoted by P(F|B,A). In principle, many different distributions can be fitted to this data. How-
ever, the simplest of these was used: the IID (independent and identically distributed) model.

In other words, the probability of a good set of optimisation flags is simply the product of each

of the individual probabilities corresponding to how likely each flag is to belong to a good
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(a) Individual distribution (IID) (b) K-Nearest Neighbours (c) Predictive distribu-

tion

Figure 6.5: Building the machine learning model. First the IID are learnt for each flag for each

pair of program/architecture from the training data (a). Then the performance counter of a new

point in the space (a new program/architecture pair) are extracted allowing to find the K nearest

neighbours (b). Once the closest neighbours have been identified, their corresponding IID can

be combined in order to get the predictive distribution of the new program/architecture pair (c).

solution:

P(F|B,A) =
L

∏
ℓ=1

P(Fℓ|B,A), (6.6)

where L=39 is the number of available flags.

Hence, for a given benchmark j and an architecture k, a distribution is learnt for each flag

l, as illustrated in figure 6.5(a) which shows such a distribution for a binary flag. For each

possible value of the flag, the distribution return the probability that this value will lead to good

performance. In fact in this case, this probably is simply equal to the percentage of time the

value of the flag appears in the set of good optimisation settings (top 5%).

This model assumed that the effect of each flag (Fℓ) is considered to be independent of

all others. While this seems like a rather strong assumption, the model achieves reasonable

performance as it will be shown later. Nonetheless if complex interactions do exist between

compiler flags, the model can be adapted and is expected to achieve similar performance.

Note that in fact some flags are directly dependent on others. For instance the flags that

control the unrolling heuristics (for example max-unroll-times) only make sense when the flag

that controls whether unrolling is applied or not is turned on. In this case, if the model predicts

that unrolling should not be applied, then the values of the flags that control the heuristic are

simply dismissed, since the optimisation is not applied. With this approach the IID model can

still be used even in the presence of dependencies between flags.
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6.4.4.2 Learning a Predictive Distribution Across Programs and Architectures

Once the individual training distributions P(F|B,A) are obtained, a predictive distribution
q(F|C,D) can be learnt, conditioned on the performance counters C and architecture descrip-

tors D. This enables generalisation across programs and architectures. One possible way of

learning this distribution is to use a memory-based methods such as K-Nearest Neighbours.

With the K-Nearest Neighbours approach, the predictive distribution q(F|C,D) can be set

to be a convex combination of the K distributions corresponding to the training programs and

architectures that are closest in the feature space to the new (test) program and architecture.

This is illustrated in figure 6.5(b) where, given a new point in the design space (a new program

and a new architecture), the K nearest neighbours are found. Given the corresponding proba-

bility distribution (IID), they can be combined in order to obtained the predictive distribution

q(F|C,D) as seen in figure 6.5(c). This predictive distribution is in fact a weighted sum of the

K nearest neighbours distribution.

6.4.5 Deployment

Once the model is built, it can be used to predict the best optimisation flags for any new program

on any new architecture. It does this using just one run of the new program compiled with -

O3 on the new architecture. Therefore, given a new benchmark B∗ and a new architecture A∗

with its architecture description D∗, equations 6.2, 6.3 and 6.4 above can be used to derive the

predicted-best optimisation flags F∗. The program is then compiled with this new, predicted

optimisation setting. Before experimentally evaluating this approach, the next section will first

consider the optimal parameters of the model, i.e. the number of nearest neighbours K, and the

performance of the selected features.

6.5 Evaluation of the Model Parameter and Features

Having described the machine learning model on top of which the TALC compiler is built, this

section evaluates the optimal choice of K (the number of nearest neighbours) and the quality of

the features used. In particular, a comparison is conducted with the architecture-independent

features already mentioned in chapter 4. First, the evaluation methodology is explained in the

following section.
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6.5.1 Evaluation Methodology

Cross-validation To evaluate the impact of the model parameter K and the features, leave-

one-out cross-validation is used. This means that each program and architecture are removed

temporarily from the training set, one by one. A model is built using the remaining training set,

which includes all the architecture/program pairs from the sample space, except the program

and architecture removed. Then the model is used to predict the best optimisations for the

removed program for each architecture. Since the model is making a prediction for each flag

separately, it follows that it is very unlikely that the predicted flag settings lie within the sample

space. This means that for every new prediction one wishes to evaluate, a compilation followed

by a run of the program is needed.

Ranking Since this section evaluates the model for different choices of K, the number of

nearest neighbours, it is impractical to compile/run each prediction for every architecture, every

program and every choice of K. Instead of actually running the program with the predicted

flags, a ranking approach can be used to evaluate the quality of a prediction. Using the 1000

flag settings already collected in the sample space for each program/architecture pair, it is

possible to estimate what would be the performance of a predicted flag setting without having

to run any more simulations. This ranking consists of first selecting only the flags that are most

likely to affect performance (section 6.7.1 will give more detail about this). Once this set of

flags has been established for each program/architecture pair, the ranking simply consists of

ordering all the 1000 flags by attributing one vote to each flag settings that contain a flag with

the corresponding value equals to the predicted value. The flag setting with the most votes will

be ranked first, while the one with the least will be ranked last.

Given the ranking of the flag settings for each program/architecture pair, the performance

value corresponding to the predicted flag setting is simply estimated by using the highest ranked

flag setting. With this approach, no extra compilation/simulation is required. Therefore, it is

a fast and convenient way of evaluating the performance of the model. However, for the sake

of completeness, a proper evaluation of the model is conducted in section 6.6 where each

prediction results in a real compilation/simulation for each program/architecture pair.

6.5.2 Optimal Number of Neighbours

With the K-Nearest Neighbours approach, it is important to fix the parameter K properly in or-

der to get good performance in terms of prediction accuracy. Figure 6.6 shows the performance

of the model as a function of K. The case where K = 0 corresponds to a random prediction,

since the model does not use any information from the training data. The performance is ex-
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Figure 6.6: Performance achieved by TALC for different values of K; the number of nearest

neighbours used by the model. The performance is expressed as the percentage achieved of

the maximum speedup available in the sample space. The optimum value of K = 1400 lead to

67% of the speedup available.

pressed as the percentage of the maximum speedup available reached by the predicted flag

settings, averaged across all program/architecture pairs from the sample space.

As can be seen, the performance tends to be fairly stable for K ≥ 800. The actual optimum
is reached for K = 1400 which achieves 67% of the maximum speedup available in the sample

space. When K is increased to higher values, the performance decreases. This happens because

the higher the value of K, the more generic the model becomes. On the one hand, if K was to be

set to its maximum, the nearest neighbours would include all the points from the training set,

thus averaging everything and simply predicting a flag settings that achieved the best speedup

on average. On the other hand, for small values of K, the model would become too specific and

would overfit. For this reason a choice of K = 1400 represents a good trade-off between both

extremes and offers the best in terms of performance, as demonstrated by figure 6.6.

6.5.3 Efficiency of Features

As seen in the previous chapters, the choice of input features for a machine learning model

often has a great influence on performance. For this reason, the features used as an input for

TALC, described in section 6.4.2, are evaluated against two alternative feature sets.
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Figure 6.7: Comparison of three different feature sets. The first one is the one used by TALC,

composed of the performance counters and the architecture description. The second set is a

reduced set where the architecture description was removed from the features. The last set

consists of microarchitectural-independent features.

Performance Counters Only The first of these sets consists of the performance counter in-

formation only, where the architecture description is dropped. So for any new program and

architecture, the program is run on the target system with -O3 and performance counters are

extracted. These performance counters serve, as previously seen, as an input to TALC, how-

ever the architecture description is not used as an input to the compiler. This is done in order to

determine whether the performance counters alone are sufficient to capture information about

the architecture and to estimate how much information is actually contained in the architecture

description.

Microarchitectural-Independent Features The second approach uses microarchitectural-

independent features extracted only once for a new program. This extraction is comparable

to a profile run and is done on an host machine. These features were developed by Eechkout et

al. [Eeck 02] and have already been described in chapter 4, section 4.7. In addition to these

features, the architecture description was added to the feature vector. This is necessary since

the features are completely independent from the architecture and, therefore, the model would

always yield the same prediction independently of the microarchitecture.

The comparison between these two feature sets and the one presented in the previous sec-

tion was conducted using the ranking approach. The result obtained with cross-validation using
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K = 1400 neighbours, was once again averaged across all the program/architecture pairs. Fig-

ure 6.7 shows the average performance achieved by each of the three different feature sets. As

reported before, the performance of the original feature set, which includes the performance

counters and the architecture description is 67%. Interestingly, when the archictecture descrip-

tion is removed, the performance dropped to 61%. This means that the architecture description

contains additional information that cannot be extracted from the performance counters alone.

It is easy to imagine how this information about the architecture description improves the

performance of the model. Consider, for instance, the cache miss rate which is included in the

performance counters. This information is somehow incomplete when microarchitectures are

compared to each other, since the size of the instruction cache itself is unknown. Conversely if

you know that a given program has a given cache miss rate when the cache size has a particular

value, this information becomes then more meaningful.

Looking back at figure 6.7, it can be seen that the last technique, which makes use of

the microarchitectural-independent program features performs worse than the two others. It

achieves on average 57% of the speedup available. While this performance is reasonable, it

clearly shows that having features directly extracted from the target system is certainly an

advantage. This is in fact a recurrent problem with architecture-independent features as seen

already in chapter 4.

In the rest of this chapter, all the experiments are conducted using the features that include

the performance counters and the architecture description, since they are superior to the other

two approaches. The next section experimentally validates the model. In contrast with this

section, which uses a ranking approach to evaluate the performance of the model, the next

section actually compiles and runs the programs with the predictions made by the model for

each pair of program/architecture.

6.6 Experimental Evaluation of the Model

In this section, TALC is evaluated experimentally by compiling and running the predictions

made for each program/architecture pair resulting from the cross-validation methodology. The

results of these experiments are directly compared with the gcc’s highest default optimisation

level, -O3, and to the best performance available in the sample space (using iterative compila-

tion with 1000 random optimisation settings).

Because the performance of the model might depend on the program or the architecture

under consideration, this section evaluates the model in three phases. First the performance

of the model is evaluated across the program space where the results are averaged across the
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Figure 6.8: The performance of TALC and the best optimisations achieved by iterative compi-

lation using 1000 random samples for each program, normalised to -O3 and averaged over all

microarchitectures.

architectures. In a second step, the evaluation is performed across the architecture space, when

averaged across programs. Finally, the last stage consists of a 3D surface plot of the sample

space, when both program and architecture are shown without any averaging.

6.6.1 Evaluation Across Programs

As explained, the model is first evaluated across the program space only. Figure 6.8 shows

the performance of each program when optimised with TALC, relative to compiling with -O3,

averaged across all architecture configurations. The second bar, labelled Best, is the maximum

speedup achievable for each program. On average, TALC is able to achieve a 1.14x perfor-

mance improvement across all programs and architectures with just one profile run, achieving

up to 2.05x speedup for search.

For three benchmarks in particular (search, rijndael_e and rijndael_d), TALC achieves

significant speedups, approaching the best performance available. Figure 6.8 shows that the

model is able to correctly identify good optimisations, allowing these programs to exploit the

large performance gains when available.

However, figure 6.8 also shows that several programs experience slowdowns compared

with -O3. Considering pgp_sa for example, TALC achieves a 0.84x speedup: a slowdown of

16%. This can be explained by looking back at figures 6.1 and 6.2. These figures show that the

majority of the optimisations are detrimental to this program and that there is little room for

improvement over -O3. Due to this, it is very difficult for TALC to beat -O3. The same is true

for programs pgp and susan_s for which TALC also leads to a slowdown.

Considering TALC compared to the maximum speedup achievable, it approaches Best in
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Figure 6.9: The performance of TALC and the best optimisations achieved by iterative compila-

tion for each microarchitecture, normalised to -O3 and averaged across programs.

most cases. For some programs, such as susan_e, it achieves over 94% of the maximum per-

formance. However, for crc it achieves only 29%. The reason for this shortfall is caused by a

subtlety in the source code of crc. The main loop within this benchmark updates a pointer on

every iteration, resulting in a large number of loads and stores. By performing function inlin-

ing and allowing a large growth factor (flag max-inline-insns-auto), this pointer increment is

reduced to a simple register addition which in turn reduces the number of data cache accesses.

For this benchmark, it is clear that the performance counters are not sufficiently informative to

enable TALC to capture this behavior. This prevents the model from selecting the best flags.

However, the addition of extra program features would enable TALC to pick this up and is

future work.

6.6.2 Evaluation Across Architectures

Now that the evaluation has been conducted across the program space, this section focuses on

the architecture space, shown in figure 6.9. This time the best performance available is shown

for each architecture, averaged across programs, with the line labelled Best. The microarchi-

tectural configurations are ordered in terms of increasing speedup available over -O3. Those

on the left have little speedup available whereas those on the right can gain significantly.

For TALC the amount of improvement over -O3 varies from 1.08x to 1.37x. This gives

an average speedup of 1.14x across all programs and architectures. It is important to see that

TALC closely follows the trend of the Best optimisations; the difference between the two lines

(Best and TALC) is more or less constant. This shows that this model successfully captures the

variation between configurations, exploiting architectural features when performance improve-

ments can be achieved.
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Looking at figure 6.9 in more detail, it can be seen that it is divided into roughly three

sections. On the left, up to configuration 32, there is little performance improvement available.

All microarchitectural configurations in this area have a small data cache of just 4K. Gcc has

very few data access optimisations, therefore the available speedups are relatively small. After

this is the second section where the Best optimisations gain 1.23x speedup and TALCmanages

to capture a respectable 1.14x.

Finally in the third section, after configuration 185, the available performance improvement

increases dramatically. These architectures on the right have a small instruction cache of just

4K, meaning that it is important to remove code duplication wherever possible. The perfor-

mance counter specifying the instruction cache miss rate enables the model to learn this from

the training programs. In particular, TALC learns that instruction scheduling (schedule-insns)

and function inlining (inline-functions) must be disabled to prevent code size increases. In

the case of instruction scheduling, this increase is due to a subsequent register allocation pass

which emits more spill code for certain schedules. This is a typical example of the effect of the

complex relationships between passes within the compiler. Nonetheless, the model is able to

cope with these interactions and achieve the majority of the speedups available in this area.

Overall the maximum speedup available is on average 1.23x and TALC achieves a 1.14x

speedup with just one profile run across all microarchitecture configurations and programs.

This is equivalent to 61% of the speedup achieved by the Best flags and is roughly consistent

across the architecture configuration space.

6.6.3 Program/Architecture Optimisation Space

The quality of the predictions made by TALC has been considered separately across the pro-

gram and architecture space, showing that TALC can, in most cases, fully exploit the amount

of available speedups across programs and architectures. Figures 6.8 and 6.9 showed that on

average, this approach performs well and achieves impressive performance improvements. In

this section, the performance of TALC is shown for each combination of program/architecture.

Figure 6.10 shows the performance achieved by the best flags and by using TALC across

both the programs and the microarchitectural configurations. These graphs show in detail the

information that is summarised in figures 6.8 and 6.9. The benchmarks are ordered as in the

former figure, so that those with large performance increases (such as search) are on the right.

The microarchitectural configurations are ordered as the latter, so that those with large speedups

available over -O3 are on the left. As figure 6.10 shows, the surface generated when using

TALC is almost identical to that generated when using the best compiler flags. The model is

highly accurate at predicting very good compiler settings across the programs or architecture.
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Figure 6.10: Speedup over -O3 for each program/architecture pair. The top diagram shows the

best improvement possible over the programs and architectures. The bottom figure shows the

performance of the optimisation flags predicted by TALC.
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In the back corner, the maximum speedup achievable with the best compiler flags is ob-

tained by rijndael_e. This benchmark achieves a factor 4.85x speedup on an architecture with

a 4K instruction cache size. The optimisation flags leading to this result prevent the compiler

from performing any loop optimisations (apart from moving loop-invariant code out of the

loops). In particular, the flags prevent any loop unrolling from being performed because there

is already extensive, optimised software loop unrolling programmed into the source code. As

can be seen, TALC is able to achieve an impressive speedup of 4.84x for the same architecture

and program.

For all program/architecture pairs with large performance improvements available, TALC

is able to achieve significant speedups, as shown by the peaks for programs ispell, madplay,

rijndael_d and rijndael_e. These graphs clearly demonstrate that this model not only achieves

good average performance but is also able to capture the variation in speedups available across

the program and architecture spaces.

6.6.4 Summary

This section has shown that TALC achieves an average 1.14x speedup over the highest default

optimisation level, -O3, across the entire architecture space for the MiBench benchmark suite.

It is able to reach this performance with just one profile run, achieving 61% of the maximum

speedup available if one were to use iterative compilation with 1000 evaluations. In addition,

this approach is able to achieve higher levels of performance whenever they are available, ac-

curately exploiting the compiler optimisation space. This is all achieved with a one-off training

cost incurred “at the factory” which can be used within the trans-architecture learning compiler

for any variation of the architecture within the design space. The next section analyses the

results, describing the flags that are important in the sample space and how the model selects

good optimisiation flags for new programs and architectures.

6.7 Analysis of Results

This section shows how the model developed in this chapter manages to achieve almost the best

performance available in most cases. It does so by analysing, in more depth, the interaction

between the compiler optimisations and the microarchitecture design space. First, an analysis

of the importance of each flag is conducted, which reveals which flags have a real effect on

performance. In a second step, it shows that the values for these flags leading to the best

performance are different for each program. Then the relation between the features and the

flags leading to good performance is examined. Finally, a detailed analysis of the interaction
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Figure 6.11: A Hinton diagram showing which flags are most likely to affect performance for

each benchmark. The larger the box, the larger the mutual information is. I.e. the more likely a

flag is to affect the performance of the relevant program.

between the compiler flags and the architectures is presented for one benchmark, concluding

this section.

6.7.1 Flags Likely to Affect Performance

The previous section showed that TALC’s performance closely follows the speedups achieved

by the best flags found by iterative compilation for each program/architecture pair. This section

considers how it achieves this by looking at the flags that are most likely to affect performance

for each benchmark, explaining why programs require different flags to be enabled in order

to get good performance. Figure 6.11 displays a Hinton diagram of the normalised mutual

information between each flag and the speedups obtained by each program, calculated by the

model based on the training data. This shows the flags for each program that are most likely to

affect performance. The larger the box, the greater the impact of the flag. Conversely a small

box indicates the flag setting does not matter.

From this graph, it is clear that some flags are important across all programs, whereas

others are not important to any, or are only important to a few benchmarks. For example,

instruction scheduling (schedule-insns) is important for almost all benchmarks. As discussed in
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Figure 6.12: Distribution of important flags for each program (averaged across architectures).

For each flag/program pair the distribution represents the probability that the given flag is en-

abled within the top 5% of the best performing optimisation settings from the sample space

independently of the architecture.

section 6.6.2, in some cases this optimisation has a negative effect on architectures with a small

instruction cache. Loop unrolling (unroll-loops) is also an important flag for many programs.

For programs such as search, it is important to consider this flag to reach good performance

because it contains loops with a known number of iterations that can be optimised. However,

for others, such as rijndael_e, this optimisation flag does not play a critical role in achieving

good performance because extensive unrolling is already implemented in the source code.

Looking at the mutual information shown in figure 6.11, it can be seen how the model

focuses on those flags that are most likely to affect performance. The next section analyses

why specific flag values are important and how these values change with the program under

consideration.

6.7.2 Important Flags’ Probability

This section provides insight into why some flags are more important than others and how

likely they are to be enabled. This is indeed important to understand how TALC manages to

learn to make accurate predictions.

Figure 6.12 shows the probability of each flag selected by the model being enabled for each

program to achieve good performance, averaged across all microarchitectural configurations.

The lighter the rectangle is, the greater the number of architectures that will benefit from having

the specific flag enabled. The flags are ordered such that, on average, it is more important to



6.7. Analysis of Results 135

enable the flags at the top and more important to disable those at the bottom.

In general, figure 6.12 shows the value that these flags take varies significantly between

programs. As previously discussed in section 6.6.1, for crc it is important to enable function

inlining (inline-functions) because this allows the compiler to convert an increment to pointer

data into a register increment. Also notice that of the two variations of instruction scheduling

(schedule-insns and schedule-insns2), the first should generally be disabled and the second

enabled. This is because the first variant is performed before register allocation whereas the

second is executed afterwards. Therefore, schedule-insns can result in extra spill code being

generated by the register allocator, as previously mentioned in section 6.6.2.

Looking at the program bitcnts in figure 6.11, loop unrolling is identified as an important

flag. As it can be seen in figure 6.12 it is important to disable the first variant (unroll-loops) and

enable the second (unroll-all-loops) which unrolls all loops, whether their number of iterations

is known or unknown (as opposed to the first variant which only unrolls loops for which the

number of iterations is known). Unrolling loops is important for bitcnts because it reduces the

number of executed branches. This offsets the small number of extra instruction cache misses

that occur from the additional unrolled instructions. Enabling unroll-loops does not allow the

compiler to unroll at all because the loops in bitcnts are predominantly while loops and the

compiler does not know their iteration count for any of them. Therefore this variant should

be disabled. However, unroll-all-loops causes while loops to be unrolled too, therefore this

variant should be enabled to obtain the best performance. The model captures this through

the performance counter specifying the branch predictor access rate and identifies dijkstra as a

benchmark with similar characteristics.

6.7.3 Important Flags and Features Relation

Before looking at how the values of some flags varies across the architecture space for one

particular benchmark, this section evaluates the relationship between the features and the im-

portant flags. Figure 6.13 shows the mutual information shared between the flag values that

lead to good performance and the features.

As can be seen the most important features, on the left half of the figure are all dynamic

information extracted from the performance counters. It is not surprising to see that many of

them seem equally important since most of these counters are in fact correlated with each other.

Moreover, the performance counters are different from program to program, allowing one to

distinguish between programs. This contrasts with the architecture description on the right half

of the figure since they are obviously only dependent on the architecture and not the programs.

However, as was shown in section 6.5.3, the architecture description is nonetheless important
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Figure 6.13: Hinton diagram representing the mutual information between the flags values lead-

ing to the best performance and the features. Each square represent how informative a specific

features is for one specific flag. In other words it shows whether a given features is useful at

predicting a given flag.

and contains valuable information that the model can use.

It is interesting to notice that among the architecture description features, the instruction

cache size seems to contain important information about some optimisation flags. In particular

unroll-loops, schedule-insns2 and unroll-all-loops. This is in fact not surprising since, as it

was shown earlier, these optimisations tend to increase the number of instruction cache misses.

Hence, knowing the value of the instruction cache size helps determining whether these opti-

misations should be enabled or not.

6.7.4 Detailed Analysis of One Benchmark

Having seen how the flag values leading to good performance differ from one program to

another, this section considers their variation across the architecture space. Unfortunately, it is

difficult to really understand what is going on when results are summarised or averaged across

different programs or architectures. Therefore, this section considers only one benchmark,

rijndael_d, and analyses how the flag values vary across architectures.

Figure 6.14 shows the performance achieved by TALC for each architecture for the pro-

gram rijndael_d. On average this is 90% of the best performance available. In addition to this,

it shows how the values of the important flags vary according to the microarchitectural config-
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Figure 6.14: Performance of TALC for rijndael_d across the architecture space normalised by

-O3. Also shown are the important flags whose values vary significantly depending on the

architecture.

urations, which are ordered as in figure 6.9. Therefore the configurations on the far left have

a 4K data cache size whereas those on the right have a 4K instruction cache size. The white

areas for the flags show that these optimisations should be enabled whereas black indicates that

the flags should be disabled.

It is clear from this graph that the large speedups available to this program are achieved

when there is a small instruction cache due to the large number of misses that occur (architec-

ture ≤ 32). For this program, loop unrolling (unroll-loops and unroll-all-loops) and instruction
scheduling (schedule-insns) must be enabled on these configurations and disabled on all oth-

ers. This is because these optimisations reduce code size and, therefore, instruction cache

misses, as discussed in section 6.6.2. In fact, all the configurations for which unrolling is not

performed have an instruction cache size of 4K for this benchmark (the black bars at the per-

formance drops in figure 6.14). However, it is interesting to note that instruction scheduling

should not be performed on this instruction cache size except when the data cache size is also

4K (around configuration 32). In this situation for rijndael_d, instruction scheduling reorders

memory operations within the basic blocks which map to the same data cache location, reduc-

ing data cache misses. This again shows the complex interactions that exist between compiler

and architecture, which TALC correctly identifies.

This section has shown that the values of the important flags change across microarchitec-

tural configurations, adapting to characteristics such as cache size. The model developed in

this chapter can correctly identify and learn these relationships in order to develop a compiler

that automatically optimises any new program on any new microarchitecture.
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6.7.5 Summary

This section has analysed the results of the experiments using TALC and shows why this ap-

proach works. It has identified the flags that are important in achieving good performance and

examined their values on a per-program basis, identifying the program’s features and perfor-

mance counters that are used by TALC to capture the program behaviour. Finally, the flags

affecting the performance of one program have been examined, showing how the values of

these flags also vary across architecture configurations. Overall, TALC is able to accurately

capture the variation in potential performance available across the program and architecture

spaces.

6.8 Conclusions

This chapter has demonstrated that it is possible to build a compiler that can optimise new

programs for any microarchitecture, given a parametrised design. This was achieved by de-

veloping TALC, a trans-architecture learning compiler. This compiler learns the optimisation

settings leading to the best performance across microarchitectures and programs. A sample

space composed of the Cartesian product of 200 distinct microarchitectures and 1000 optimi-

sation settings was used to demonstrate the effectiveness of this approach.

Using a machine-learning model, an average speedup of 1.14x was achieved over the de-

fault best gcc optimisation level. As seen this corresponds to 61% of the maximum speedup

available in the sample space. This approach shortens time-to-market in the design process

of embedded processors. This represents an important step towards complete integration of

processor design and compiler tuning. The fact that a parametrised processor design can be

developed and a compiler automatically generated, that can adapt to any choice of microarchi-

tectural parameters, is the main contribution of this thesis.



Chapter 7

Conclusions

This thesis has investigated how the design process of new processors and the generation of

their associated optimising compiler can be made more efficient through the use of machine-

learning. In particular, chapter 4 has presented predictive models that can speedup the design

space exploration of new microarchitectures. The effects of compiler optimisations on the

design process have been considered in chapter 5 where machine-learning has been used to

automatically predict the joint microarchitectural and compiler optimisation co-design space.

Finally, a new optimising compiler has been developed in chapter 6 that can find the right set

of optimisations to apply to new programs for any microarchitectural point in the design space.

This chapter summarises the main contributions of this thesis in section 7.1, presents a

critical analysis of this work in section 7.2 and discusses future work in section 7.3.

7.1 Contributions

This section summarises the main contributions of this thesis for processor design and co-

design space exploration, and automatic optimising compiler generation.

7.1.1 Processor Design

Chapter 4 has explored a novel approach to design space exploration by building a model that

uses program similarities. A first model was presented that is built offline and makes predic-

tions for any new unseen program using only 32 simulations from it. Compared to previously

proposed schemes [Ipek 06, Jose 06a, Lee 06], this model is the first to transfer knowledge

about the design space between programs.

This model has then been used as the foundation of the benchmark-suite predictor: a

novel model that predicts the average behaviour of an entire benchmark suite. This model

139
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dramatically reduces the number of simulations required, compared with two state-of-the-art

approaches [Host 06, Ipek 06]. It has been shown that previous techniques, making use of

microarchitectural-independent features, fail to capture a program’s behaviour correctly. Con-

versely, the model developed in this thesis makes use of program responses extracted from a

few select points in the output space.

Using only five representative programs from SPEC CPU 2000, this model accurately pre-

dicts the average behaviour of the full benchmark suite for cycles, energy, ED and EDD. It was

also shown that it achieves the same error rate with five times fewer training simulations on

the whole of the SPEC CPU 2000 and MiBench benchmark suites than any of the two other

approaches [Host 06, Ipek 06]. Furthermore, it uses, asymptotically, an order of magnitude

fewer simulations as the size of the benchmark suite increases.

Hence, the benchmark-suite predictor is a practical model that can be used to conduct

efficient design space exploration of new microprocessors. Because it characterises programs

using responses, it is able to automatically adapt to any design space and always selects the

best representative programs, achieving a large reduction in the number of simulations whilst

maintaining high accuracy.

7.1.2 Co-Design

Chapter 5 has first shown how compiler optimisations influence the design of embedded proces-

sors. Using a typical embedded processor, the XScale, an exploration of its microarchitecture

and compiler optimisation spaces has been conducted separately. It was observed that signif-

icant improvements exist in the optimisation space and that this cannot be ignored at design

time. For this reason, the co-design space has been explored and presented using a sample

space composed of 200 microarchitectures and 1000 optimisation settings. It has been shown

that failing to take into account compiler optimisations at the design stage can mislead the

architect.

Because exploring the co-design space is not practical, a machine-learning model has been

proposed. This model, trained on a fraction of the co-design space, makes accurate predictions

of what the best performance achievable for any microarchitecture is, had the compiler been

tuned for it. This gives a substantial advantage to the designer, who can use this model to

make better design decisions. The model has been demonstrated to be accurate and has been

compared against the state-of-the-art [Vasw 07]. This approach tries to address this problem by

predicting the performance that any compiler optimisation will have on any microarchitecture.

However, it has been shown that it fails to provide insightful information to the designer.

As seen, the current design methodology of embedded processors is suboptimal. When
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system performance is critical, compiler optimisations have an important role to play in help-

ing meet the tight constraints of the embedded world. The work presented in this thesis has

looked at integrating compiler optimisations directly into the design process of new microar-

chitectures.

7.1.3 Optimising Compilation

Finally, chapter 6 has demonstrated that it is possible to build a compiler that can optimise new

programs for any microarchitecture, given a parametrised design. This was achieved by devel-

oping TALC, a trans-architecture learning compiler. This compiler learns the best optimisation

settings to apply to achieve the best performance across microarchitectures and programs. A

sample space composed of the Cartesian product of 200 distinct microarchitectures and 1000

optimisation settings was used to demonstrate that this approach actually works.

Using a machine-learning model, an average speedup of 1.14x was achieved over the de-

fault best gcc optimisation level. As seen, this corresponds to 61% of the maximum speedup

available in the sample space. This performance was achieved by using a single profile run

of the new program on the archictecture to be compiled for. Performance counters were used

from this run, allowing the model to characterise the program and predict good optimisation

flags leading to the best performance for the particular microarchitecture under consideration.

This novel approach has the potential to shorten time-to-market in the design process of

embedded processors. More importantly, this represents an important step towards complete in-

tegration of processor design and optimising compiler generation. The fact that a parametrised

processor can be developed and an optimising compiler automatically generated for it, that can

adapt to any choice of microarchitectural parameters, is one of the main contributions of this

thesis.

7.2 Critical Analysis

This thesis has investigated the design process of microprocessors and its interactions with

compiler optimisations. This section now conducts a critical analysis of this work.

7.2.1 Simulation Methodology

All the experimental results presented in this thesis have been obtained through the use of

simulators. The reason for this is that it is difficult to use a real processor for design space

exploration. Indeed, real processors are fixed and, therefore, cannot be changed. The major

problem with simulators is that they are only an approximation of reality. Even though their



142 Chapter 7. Conclusions

timing and energy models are validated against a real design, when one starts exploring the

design space and gets away from the validated baseline design, inaccuracies will occur. As a

result the design space obtained from simulation might not be representative of the real design

space. The hope is that it is sufficiently similar to the real one and that the relative difference

between the design points holds.

Ideally, each design point should be simulated at the Register Transfer Level (RTL). This is

one of the most reliable ways to obtain accurate energy and cycle values. However, simulating

entire programs at RTL takes a tremendous amount of time and resources. Therefore this

methodology was not used in this thesis, since numerous simulations were needed to validate

the approaches proposed. However, should this methodology be used, the savings obtained

through the use of the newly developed techniques would be substantial.

7.2.2 Compiler Optimisations

The compiler optimisations used in chapters 5 and 6 were those available in gcc. This compiler

was chosen since it is widely used and has a port for the ARM architecture simulated. How-

ever, amongst all the different optimisations considered, it was shown that only a handful of

them interact with the microarchitecture. While this was sufficient to illustrate the point that

interactions do exist between microarchitecture parameters and optimisations, it would have

been desirable to have a larger base of optimisations. In particular, having better fine-grained

control over the different optimisations and having more data transformations.

Furthermore, the optimisations were applied globally to the whole program. In practice,

it is expected that better results could be achieved if the optimisations were applied at a finer

granularity, for instance at the function level. Applying optimisations at a finer level could in

fact be easier for a model to predict. However, this was not performed in this thesis since it

would have been difficult to extract performance counters at such a granularity and therefore

was not practical.

7.2.3 Use of Performance Counters vs Static Features

Chapter 6 has shown how information extracted from performance counters can be used in

order to optimise programs. However, the use of performance counters requires a run of the

application. While it might be perfectly feasible in some cases, it would be better to extract

information that does not require this run of the program. For this reason, the use of static code

features is an interesting direction. Moreover, this would allow the application of optimisations

at a finer granularity and improve the whole process.
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7.3 Future Work

This thesis has investigated how machine-learning techniques can be used to improve the de-

sign process of new microprocessors and automate the generation of optimising compilers.

One important area of future research is that of multicore systems. These systems are more dif-

ficult to design than their unicore counterparts. Firstly, the communication channels between

these cores are complex and can be implemented in many ways, including shared-memory or

message-passing paradigms. Secondly, their number and organisations are critical in order to

achieve high-performance and energy-efficiency. Finally, simulating such systems takes much

longer than standard processors: diverse synchronisation mechanisms and coherence protocols

are needed within the simulator which slows down the whole process.

The use of machine-learning would, therefore, be beneficial to these systems. It has the

potential to realise high gains in terms of simulation time. One could predict, for instance,

the behaviour of the whole system for a large number of cores, based on the performance of a

lower number.

Another direction for future research is the extension of the techniques developed in this

thesis for dynamic runtime adaption of software and hardware. The techniques considered in

this thesis were only applied to find a fixed architecture or optimise the program once. However,

since the behaviour of the program is likely to change over time, it would be beneficial to

continuously adapt the hardware as well as the software.

Machine-learning has the potential to be beneficial to runtime adaptation. By studying the

program’s past behaviour, one can predict its future behaviour. For instance, repetitive program

phases can be detected and optimised adequately. At the same time the architecture could also

be modified on the fly to reflect these software changes and be more efficient.

Finally, the optimisation space can go beyond optimisation selection and integrate phase

reordering. Techniques such as reinforcement learning could then be applied to develop an

optimising compiler. These techniques would then drive the optimisation process and exploit

the performance available.
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