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Résumé en francais

Introduction

Ce manuscrit s’inscrit dans le domaine du calcul intensif. Nous allons donc, en guise
d’introduction, voir en quoi consiste le calcul intensif et quelles sont problématiques sur
lesquelles nous allons nous efforcer d’apporter notre contribution.

Calcul scientifique et calcul intensif

La simulation numérique ou, plus généralement, le calcul scientifique occupe une place
de plus en plus importante dans divers domaines scientifiques. Par exemple, en ingénierie,
la simulation permet de réduire les cofits de développement en réalisant des prototypes sur
ordinateur avant de réaliser de vraies maquettes a tester en conditions réelles. La simulation
numérique est également le seul recours dans le cas ou des expériences ne peuvent pas étre
réalisées pour valider un modeéle physique (c’est le cas par exemple en astrophysique), ou
pour faire des prévisions (par exemple en météorologie).

La simulation numérique demande une importante puissance de calcul. En effet ces
simulations reposent souvent sur une représentation discrete des objets modélisés. Ainsi,
afin d’augmenter la précision des modeles, les scientifiques sont amenés a augmenter la
finesse du maillage ou la résolution de discrétisation des simulations. Mais ce gain en
précision s’accompagne d’une augmentation drastique du nombre d’opérations nécessaires
pour achever la simulation. D’autre part, ’objet de certaines simulations est ’étude de
I’évolution d’un systeme dans le temps. Dans ce cas, réduire le temps de calcul permet
d’étudier le systéme sur une plus grande durée. Le calcul intensif est la discipline qui
cherche a apporter les moyens matériels et logiciels nécessaires au calcul scientifique.

Les super-calculateurs

Afin de délivrer la puissance de calcul nécessaire & la simulation numérique, des or-
dinateurs sont construits spécifiquement. Ce sont des super-calculateurs ou cluster. Ces
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ordinateurs sont généralement des ordinateurs standards connectés entre eux par un réseau
rapide. Aussi les constructeurs peuvent jouer sur deux parametres pour augmenter la puis-
sance de calcul de ces clusters : le nombre d’ordinateurs intégrés dans le cluster et la
puissance propre a chacun de ces ordinateurs.

Mais I'utilisation efficace des super-calculateurs est également un élément clé des perfor-
mances. Or, la complexité de 'architecture des clusters rend leur programmation difficile.
D’autre part, I’évolution rapide du matériel utilisé dans les clusters nécessite d’adapter rapi-
dement les codes de simulation aux nouvelles architectures afin d’en tirer la quintessence.

La modélisation des performances

Pour simplifier I'utilisation des super-calculateurs et déporter au maximum 1’optimi-
sation dans les outils, la modélisation des architectures est souvent utilisée. Elle vise a
créer des modeles représentant les capacités de calcul des ordinateurs. Ces modeles peuvent
ensuite étre intégrés dans des outils pour réaliser automatiquement des optimisations de
code.

L’intérét de modéliser les performances des architectures matérielles est de permettre
la réalisation d’outils capables d’optimiser automatiquement, donc rapidement les codes.
Cette rapidité d’optimisation est d’autant plus importante que le matériel évolue fréquem-
ment.

Architecture multi-coeurs

Dans ce manuscrit, nous nous intéressons principalement a la modélisation des archi-
tectures multi-coeurs, c’est a dire le processeur d’un ordinateur ainsi qu’aux performances
des mémoires associées.

Généralement, la modélisation des performances repose sur la lecture extensive de la
documentation fournie par les constructeurs. Or, cette documentation est souvent incom-
plete et parfois méme erronée. D’autre part, certains modeles de performances existants
sont trop simplistes pour permettre I'optimisation de codes complexes. Les constructeurs
proposant régulierement de nouveaux processeurs, il est important de les modéliser rapide-
ment, afin d’étre en mesure de proposer des outils efficaces et adaptés a ce nouveau matériel
le plus t6t possible.

L’objectif de ce manuscrit est de présenter comment 1’'utilisation de mesures de per-
formance de petits fragments de code permet de pallier le manque d’informations sur le
matériel et comment automatiser la modélisation des architectures matérielles. Ces ex-
périences, appelées micro-benchmarks, permettent de comprendre les performances des
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architectures modernes sans dépendre de la disponibilité des documentations techniques.
Par ailleurs, I’étude menée tout au long de ce manuscrit montre que I'utilisation de données
issues de mesures de performances réelles permet d’une part la modélisation des perfor-
mances des architectures modernes, d’autre part de simplifier leur modélisation. Enfin,
I'utilisation de ces benchamrks pour la modélisation des performances permet de calibrer
automatiquement les modeles pour une architecture donnée. Ce gain en productivité dans
la modélisation n’est pas négligeable du fait de la fréquence avec laquelle les construc-
teurs développent de nouvelles architectures. L’utilisation de micro-benchmarks dans la
modélisation du matériel permet donc une modélisation rapide et précise des architectures
modernes.

Plan du manuscrit

Ce manuscrit est organisé en quatre chapitres. L’introduction présente le cadre général
des recherches qui ont mené a la rédaction de ce manuscrit. Elle explique pourquoi la
simulation numérique nécessite une puissance de calcul grandissante et comment les con-
structeurs ont adapté le matériel pour soutenir cette demande croissante en ressources de
calcul.

Chapitre 1

Le premier chapitre présente I'architecture matérielle des processeurs modernes, plus
particulierement, les caractéristiques rendant la modélisation des performances complexe.
Cette présentation commence par une description des principaux éléments des processeurs
modernes, ainsi que leurs impacts sur les performances des programmes. Le chapitre
présente également certaines optimisations des programmes permettant une meilleure util-
isation de ces diverses caractéristiques. Cette description de I'interaction entre le logiciel et
le matériel montre a quel point, d’une part I'optimisation de code et d’autre part la mod-
élisation des performances sont complexes. Cette complexité vient en particulier du fait
qu’une optimisation logicielle particuliere a un impact sur diverses parties du matériel. Par
exemple, le déroulage d’une boucle permet d’un c6té une meilleure utilisation du pipeline
d’instruction, mais peut également réduire I'efficacité du cache de micro-instructions. Ainsi
une optimisation sur une partie d’'un programme peut déplacer le goulot d’étranglement
des performances d’une partie du matériel & une autre et au final ne pas augmenter les
performances du programme entier. De plus, les optimisations faites au niveau matériel
sont automatiques, et donc invisibles du point de vue du programmeur. De ce fait, une
connaissance approfondie de I'architecture matérielle est importante avant de pouvoir es-
pérer optimiser efficacement un programme. La seconde partie de ce premier chapitre
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présente le parallélisme présent a divers niveaux dans les processeurs. La troisieéme par-
tie de ce chapitre donne une description de ’architecture mémoire des ordinateurs. Les
caches mémoires introduisent de la redondance de données : une adresse mémoire peut
étre stockée dans différents niveaux de caches et dans les caches de différents processeurs
de 'ordinateur. Il devient donc important de proposer un mécanisme permettant de con-
server la cohérence mémoire. La méthode la plus utilisée est I'introduction de protocoles
de cohérence de caches. Ces protocoles sont implémentés matériellement au niveau des
processeurs et ont un impact sur les performances mémoire. La description faite dans ce
chapitre motive le besoin de modéliser les hiérarchies mémoire en prenant en compte le
protocole sous-jacent pour prédire avec précision les temps d’acces a la mémoire.

Chapitre 2

Le deuxieme chapitre propose une méthode novatrice de modélisation des performances.
L’idée fondamentale derriere cette méthodologie est d’utiliser exclusivement des mesures de
performance par des micro-benchmarks pour modéliser les performances des ordinateurs.
Cette utilisation de benchmarks au sein méme de modeles de performances permet d’éviter
de devoir compter sur la documentation technique fournie par les constructeurs. Cette
idée est illustrée par la description détaillée d’'une méthodologie automatique de mesure
des performances des instructions arithmétiques. Afin de prédire le temps d’exécution
d’un fragment de code sur un processeur moderne, il est important de connaitre plusieurs
métriques sur chacune des instructions disponibles. Ces informations sont : le temps
d’exécution de l'instruction elle méme, le nombre d’instructions que le processeur peut
exécuter en méme temps et les unités fonctionnelles utilisées par chacune des instructions.
En effet deux instructions utilisant la méme unité fonctionnelle ne pourront jamais étre
exécutées en méme temps, méme sur un processeur super-scalaire. Ce chapitre propose une
méthode automatique permettant la mesure de chacune de ces métriques. Cette méthode
permet donc de trouver les informations permettant de développer des modeles de calcul
capables de prédire le temps d’exécution de fragments de codes arithmétique. Ce chapitre
présente également comment de tels modeles peuvent étre utilisés pour optimiser 'efficacité
énergétique, en prenant pour exemple le processeur SCC. La derniere partie de ce chapitre
motive le fait de réaliser un modeéle mémoire prenant en compte la cohérence de cache pour
prédire le temps d’acces aux données. Les forces de cette approche sont, d’une part, d’éviter
d’avoir besoin de recourir a la documentation des constructeurs et, d’autre part, permettre
une modélisation rapide des nouveaux processeurs, permettant ainsi la réactivités exigée
par la sortie réguliere de nouveaux processeurs.

Chapitre 3

Le troisieme chapitre présente I’environnement de développement de micro-benchmarks
utilisé pour caractériser les hiérarchies mémoire dotées de cohérence de cache. Une étude
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des parametres importants de I’étude des architectures matérielles est faite dans la pre-
miére partie ce chapitre. Pour chacun des parametres nécessaires, une explication détaillée
est donnée sur la maniére dont le parameétre est géré dans ’environnement. Le chapitre
présente en particulier le langage créé pour permettre de simplifier I’écriture de benchamrks
destinés a mesurer les performances des hiérarchies mémoire et des protocoles de cohérence
associés. Ce chapitre présente également un algorithme permettant de produire automa-
tiquement une liste de benchmarks capables de tester la vitesse des divers types d’acces aux
données dans les caches paralleles et hiérarchiques dotés de cohérence de cache. Cet algo-
rithme prend en entrée la description du protocole de cohérence sous la forme de 'automate
le régissant et produit en sortie un benchmark capable de mesurer les performances de cha-
cune des transitions de 'automate. Les benchamrks produits en sortie par cet algorithme
sont exprimés dans le langage présenté précédemment. En outre, ce chapitre présente une
étude comparative des performances mémoire de différentes architectures et 'impact sur
les performances du choix du protocole de cohérence. Cette étude est basée sur les mesures
effectuées automatiquement grace a I’environnement décrit dans ce chapitre.

Chapitre 4

Le quatriéme chapitre présente un modele mémoire permettant la prédiction du temps
d’accés aux données pour des applications régulieres de type OpenMP. Ce modele est
décomposé en trois sous-modeles. Le premier permet d’abstraire l'interaction d’un pro-
gramme avec la mémoire. Le deuxieme donne une vision simplifiée de I’architecture mé-
moire de la machine modélisée. Cette représentation simplifie la vue par le modele de
la hiérarchie mémoire en proposant de considérer ’organisation des caches de la machine
uniquement comme des caches distribués de taille supposée infinie. Le lien entre cette
vision simplifiée de I'architecture et le vrai matériel est fait grace a une liste d’expériences
permettant de retrouver les performances des acceés a la mémoire en fonction de divers
parametres. Les parametres qui caractérisent un acces mémoire sont : la taille des don-
nées accédées, le type d’acces (lecture ou écriture), ainsi que le nombre de processeurs
accédant simultanément & la mémoire de 'ordinateur. Par ailleurs I’état des données ac-
cédées dans le protocole de cohérence fait également partie des caractéristiques des acces
mémoire. Les performances associées aux acceés pour tous ces parametres sont mesurées
a ’aide de I’environnement décrit en chapitre trois. La derniére partie de ce modele per-
met la prédiction de temps d’une application donnée sur une architecture donnée. Cette
prédiction est faite en étudiant 1’évolution de 1’état (dans le protocole de cohérence) des
données durant I’exécution du programme. Chacun de ces changements d’état correspond
donc a une transition dans I’automate de cohérence et pour chacune de ces transitions,
une fonction de colit y est associée. Cette fonction est directement dérivée des résultats
des expériences faites dans le troisieme chapitre et permet de prédire le temps d’acces a
la mémoire. Dans la suite de ce chapitre, une démonstration de la fiabilité de ce modele
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est apportée, d’une part sur les applications d’algebre et d’analyse numérique, d’autre part
sur les performances des communications MPI en mémoire partagée.

Conclusion

La conclusion présente la synthese du travail effectué dans le cadre des recherches qui
ont mené a la rédaction de ce manuscrit. Une partie de cette conclusion est également
dédiée aux perspectives de ces travaux ainsi que la maniére dont les probables évolutions
du matériel vont affecter ’approche de leurs modélisation dans I’avenir.



Introduction

Need for Speed

The need for intensive computation is growing fast as more and more scientific fields
rely on numerical simulation. Simulation is used in many domains in order to reduce
production costs. For instance in the car industry it is cheaper to run crash simulations
instead of crashing a real car. It is used in numerous areas such as aerospace or car industry,
meteorology or geology etc.

Simulation has many advantages, among other the price, over real experiments. As,
it is ran by a computer, it allows to record every information needed by scientists. One
can easily change parameters of the experiments and run it again. We can also easily run
simulations in conditions where the experiment could not be done. For instance because
these conditions cannot be reproduced easily for a real experiment, or for security.

But all these strengths have also a drawback: simulation needs a lot of computational
power. This means that simulation results can be very long to obtain. To overcome this
problem, we need to build fast computers to shorten computation time. This explains why
computer speed is crucial to science.

Computer Architecture

In order to fulfill this need for computation, hardware has to evolve as fast as the
need for fast computation grows. For a period of time, speeding-up processor clock rate
allowed to increase computer computational power. However, heat and power consumption
of processors grow with the square of the processor frequency. Thus we have reached the
limits of processors frequency with thermal resistance of processors. Central Processing
Unit (CPU) designers had to find other ways to increase processors computational power.
More and more architectural features have been added to computers in order to make them
more powerful. Allowing, for instance, CPU to issue more than one instruction per cycle,
this is called instruction parallelism. Another commonly used mean to increase processor
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computational power is to allow it to perform the same operation on several data at the
same time, this is data parallelism. But the urge for computational power grows faster
than architecture improvement. In order to keep up with growing needs for computational
power, processor vendors had to go parallel. The area of single processor is now over and
even general purpose computers, workstations and now even cell phones embed multi-core

CPUs.

Hardware models and Software

The ever growing complexity of processors leads to numerous research topics for soft-
ware optimization. Indeed, software has to be well adapted to the underlying architecture
in order to benefit from all hardware features. Moreover we need to find a way to exploit
all the parallelism available on the hardware. Expressing or finding parallelism in applica-
tions can be one tough research theme. New programming paradigms have been released
in order to be able to express as much parallelism as algorithms have. However one has to
be careful when writing software for High Performance Computing (HPC) since keeping
all functional units busy in order to achieve good performance can be tricky due to depen-
dencies. In order to be able to attain good efficiency on a machine, one has to know the
architecture deep details. This can be a long task as computer architecture are becoming
more and more complex. Moreover as processor vendors release new architectures very
often, learning new architecture capabilities can become a big overhead for programmers.

In order to reduce this overhead, people build hardware models. These models are
an abstraction of the architecture that helps understanding computer behavior. This also
permits better adaptation of software to the machine. Building architecture models can
still be burdensome. Even if one does not have to rebuild it from scratch for each new
coming architecture, understanding how to use efficiently every new feature can be quite
time consuming.

Goals and Contributions

In the race for better performance, computer architectures are becoming more and
more complex. Therefore the need for hardware models is crucial to ¢) tune software to
the underling architecture, i) build tools to better exploit hardware or i) choose an
architecture according to the needs of a given application.

In this dissertation, we aim at describing how to build a hardware model that targets all
critical parts of modern computer architecture. That is the processing unit itself, memory
and even power consumption. We believe that a large part of hardware modeling can be
done automatically. This would relieve people from the tiresome task of doing it by hand.
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Our first contribution is a set of performance models for the on-core part of several dif-
ferent CPUs. This part of an architecture model is called the computational model. The
computational model targeting the Intel SCC chip also includes a power model allowing
for power aware performance optimization. Our other main contribution is an auto-tuned
memory hierarchy model for general purpose CPUs able to i) predict performance of mem-
ory bound computations, ii) provide programmer with programming guidelines to improve
software memory behavior.

Dissertation Organization

This dissertation is organized in 4 chapters. The first chapter is dedicated to a state of
the art while the three others present our contributions.

Chapter 1 describes some existing computer architectures, hardware concepts and fea-
tures. This is the basis for understanding both the motivations of research in the HPC
field and motivations for our contribution.

Chapter 2 presents our contribution to help building computational models by auto-
matically measuring instructions latencies and detecting instruction parallelism. It also
presents a power aware performance model built for the Intel SCC.

Chapter 3 presents how to build benchmarks to model a memory architecture. Es-
pecially how to control the environment for representative and reliable benchmarks. We
will also present a language we developed to ease the process of writing memory hierarchy
benchmarks.

Last, Chapter 4 presents how to use benchmarks in order to build a performance model.
And what choices have to be made to model memory. This model is evaluated by predict-
ing the run-time of real codes running on the real hardware and is also applied to MPI
communications.
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Hardware Architecture

)

“Welcome to the machine’
— Pink Floyd

As the need for intensive computation grows fast with the need for simulation, processor
vendors had to find alternatives to increase CPU computational power.

In this chapter we will describe some important hardware features that increase the
processor performance. The chapter is divided into three sections, one focuses on the
core architecture itself: it explains how single processor architectures can be upgraded
to deliver better performance. This section also explains how to optimize code in order
to benefit from the hardware features presented. The second section presents why and
how computer architectures are becoming parallel. It also describes several parallelism
paradigms available in general purpose computers or clusters dedicated to high performance
computing. The third section focuses on memory performance. We will present some
features used to increase memory bandwidth as well as how to tune software to make
better use of the memory.
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1.1 Core Architecture

The core part of the processor is the one responsible for computation. It is a critical
part of CPU design since it is responsible for executing all the instructions of a program
running on the machine. In order to execute an instruction, the processor needs to read,
decode, execute the instruction, and eventually write the result back.

1.1.1 Pipeline

The Instruction Pipeline

One way to increase instruction throughput consists in devising the instruction execu-
tion into several stages. This allows a better usage of all functional units of the CPU. Since
for a n stage pipeline, n instructions can be executed in the pipeline at the same time,
each instruction being in a different stage. A pipeline does not reduce time to execute one
instruction, but it allows to issue instructions while still executing others, which increases
the instruction throughput. A common image to illustrate pipeline is to compare it to
an assembly line. The classical pipeline is decomposed into the five following stages. A
graphical representation of this pipeline is shown in Figure 1.1:

Instruction fetch: The stage is responsible of reading the instruction from memory and
bringing it to the processor. In the stage, the instruction fetched for execution is
pointed out by the Program Counter (PC). This stage is therefore also responsible
for updating the PC to the next instruction to be executed.

Instruction decode: This stage is responsible for decoding the instruction, i.e. reading
the instruction and its operands. The instruction is decomposed into the opcode, the
operation to be executed, and its operands ,e.g., registers or memory.

Execute: In this stage instructions are executed: for instance arithmetic instructions are
dispatched to the Arithmetic and Logic Unit (ALU).

Memory: In the memory stage access to the main memory are performed.
Write back: The write back stage is responsible for writing the instruction results to the

registers.

Real world processors are composed of many more stages, Intel Core2 pipeline counts
14 stages while Nehalem has 16 stages. But the trend is toward shorter pipelines: the
latest NetBurst micro architecture called Prescott has up to 31 stages.
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Instruction | | Instruction
Fetch Decode

Execute Memory Write Back

Instruction execution

Y

Figure 1.1: A classical five stage Pipeline.

While this description of a pipeline is simplified, it shows the basic operation of a
pipelined processor. But even this small example allows us to illustrate several performance
issues that can happen in pipelines. For instance the instruction pipeline is only able
to increase hardware performance if every stage of the pipeline is kept busy during the
computation. This means being able to issue! one instruction at every cycle. For instance
if several consecutive instructions have data dependences, meaning that some instructions
need the result of others to be issued, the pipeline cannot be fed with one instruction at
every cycle. Figure 1.2 shows a pipeline stall, consequence of data dependency between
two instructions in the code. As we can see, if there is a data dependency between two
consecutive instructions, the second instruction cannot be executed before the first writes
its result into registers. On an n stages pipeline, this stalls the pipeline for n — 1 cycles.

o,

data dependency

Figure 1.2: A Stall in a simple Pipeline without forwarding: the second instruction cannot
be executed before the first one is retired, stalling the pipeline for 4 cycles.

Programs contain instructions controlling its execution flow, 7.e. jump or conditional
branching instructions. This can also lead to poor performance by stalling the pipeline.

ssuing an instruction consists in starting its execution by feeding it to the first stage of the pipeline.
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Branch Prediction

In order to overcome stalls, branch prediction and speculative execution were added
into processor pipeline [18, 72, 74]. When a conditional branch instruction is executed,
the instruction pipeline cannot issue another instruction before this instruction is retired?.
Indeed, the next instruction to be executed depends on the result of a condition. And
the result of the conditional will only be available after the end of the execution of the
condition.

As conditional jumps are used to implement loops, they are critical to achieve good
performance. The 90/10 law says that programs spend 90% of their time in only 10%
of the code. This portion of the code is therefore critical: this is usually loops. Branch
prediction avoid stalling the instruction pipeline by deciding which way of the branch will
be taken before the condition is retired. The next instruction can therefore be issued
without stalling the pipeline. If the branch prediction was wrong, instructions that were
issued when they should not have to be discarded. This is called speculative execution.
Mispredictions present the same problems as pipeline stalls since the instructions executed
after the branch will be discarded. Yet if branch prediction is correct this greatly improves
branching performance. The longer the pipeline, the higher misprediction penalty and
pipeline stalls.

Instruction Loop Buffer

As previously said, loop performance is critical. To improve loop efficiency some pro-
cessors feature an instruction loop buffer. When the processor enters a loop, decoded
instructions goto this buffer. This allows the bypass of the first stages of the pipeline:
within a loop, instructions are decoded once and for all during the first iteration.

Register Forwarding

In order to reduce the penalty of pipeline stalls due to instruction dependences, a
register forwarding mechanism can be added to the pipeline. This mechanism allows stages
of the pipeline to provide a previous stage with data that has just been computed. This
reduces the penalty of pipeline stalls by allowing the execution of instructions carrying
dependence with an instruction already in the pipeline right after the execution stage
instead of waiting for the result to be written back.

2 An instruction is said to be retired when its execution completely over.
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1.1.2 Superscalar processor

To further improve instruction throughput, processors were enhanced with superscalar
capability. This mechanism is another form of instruction parallelism. It allows processors
to issue more than one instruction per cycle. This processor optimization can lead to great
computational power enhancement if one is able to bring several independent instructions
to the processor per cycle. Indeed a superscalar processor with two pipelines will be
able to issue two Instructions Per Cycle (IPC) leading to a twice higher theoretical peak
performance.

To benefit from this feature, software have to present enough instruction parallelism and
independent instructions. Otherwise the multiple execution ports will not be used. Modern
processor such as the Sandy Bridge micro-architecture have six specialized execution ports.
Specialized execution ports can only execute a subset of all available instructions. On
the Sandy Bridge micro-architecture, three ports are dedicated to arithmetic and logical
operations, two for memory reads and one for memory write. Leading to a maximum of
three computations and three memory access during one clock cycle.

1.1.3 Out-of-Order Execution

We saw that control hazards due to branching instructions can be overcome by an ef-
ficient branch predictor. However pipeline stalls due to data hazards such as instruction
dependences have not been tackled yet. This is the task dedicated to the out-of-order
engine. The out-of-order engine allows the execution of other instructions when an in-
struction has to wait for its operands to be ready. Instructions are therefore not executed
in the initial order given by the program. Out-of-order pipelines also reduce the cache miss
penalty by avoiding stalling the pipeline when miss occurs [73]. We will discuss in more
details cache in Section 1.3.3

In order to implement an out-of-order engine, processor pipelines are extended with an
instruction queue, a retire stage®, and a register renaming mechanism to avoid unnecessary
dependence.

Instruction Queue

After decoding an instruction is dispatched to one of the execution ports. The instruc-
tion will stay in the queue until all its operand are ready. Therefore instructions will be
executed as soon as its operands are available, even if older instructions are still waiting

3Also known as ROB: Re-Order Buffer.
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in the queue for their operands to be available. Instruction are said to be executed in data
order instead of program order.

Figure 1.3 illustrates the execution of the program represented in Table 1.1 on an out-
of-order pipeline. Figure 1.3a represent the pipeline with all four instructions waiting to

Table 1.1: Example of a Program executed by an Out-Of-Order Engine.

Program:
190 1o+ 1
110 11— 2
19 T9 4 Tg X Ty
i3: T3+ 3

be executed. Figure 1.3b shows the state of the pipeline after instruction ig is retired
and instruction instruction ¢; is in the pipeline. In Figure 1.3c we see that instruction
i3 is issued before instruction is because instruction i depends on instructions ig and 4.
Instruction 43 is thus issued right after i, is issued. But iy has to wait for its operands rg
and r1 to be ready after iy and i1 retire.

3 5 ;

. L3 -12

19 i

1 ;

. Y i3

20 .

v ! Y

PO "

io

(a) Instructions is dispatched  (b) Instruction ig has been is-  (c¢) The processor issues i3. i1
to the queue in program or- sued and is now retired. 4; had time to finish: iy will be
der. has been issued and is being issued the next cycle.

executed: i cannot be issued.

Figure 1.3: An Instruction Queue Example.

Register renaming

The register renaming mechanism is used to avoid false data dependences. False data
dependences are due to the name of the registers used (instead of being caused by real data
dependences). If we take a look and the code shown in Table 1.2, instruction is and i3
cannot be executed at the same time since the variable B is both an operand of instruction



1.1 Core Architecture 17
Table 1.2: Anti-dependence avoided by register renaming. Anti-dependence is also called
Write after Read (WAR).

Before renaming After renaming
11: B+ 1 By +« 1
19: A+~ B+2|A — BO + 2
i3 B+ 2 By +« 2

i1 and the output of instruction i3. However we can rename B into By and Bj, the code
still computes the same thing but the instructions o and 73 can be executed at the same
cycle since there is no dependence anymore between the Anti-dependences are called name
dependences, if we can rename variables, or in the case of computer architecture, registers,
we can avoid such dependences.

Another kind of name dependence can be avoided through register renaming: it is the
output dependence. An output dependence happens when the same register is used as the
result of several instructions, e.g., in the code shown in Table 1.3 we cannot change the

Table 1.3: Output-dependency avoided thanks to register renaming. It is also known as
Write after Write (WAW) dependency.

Before renaming After renaming

11: B+ 1 Bo — 1

19: A+~ B+2]|A — BO + 2
i3:. B+ X+4+1| B <+ X+1

instruction order nor can we execute any instruction in parallel since B is an operand of
instruction 79 and the output of instruction i3. However if we rename B into By and Bq,
as shown in the right hand side of the table, we still compute the same thing, but we can
now reorder instruction i3 before instruction 75 or perform both of them at the same time.

The goal of the register renaming mechanism is to avoid these name dependencies. Only
a subset of all the physical registers of the processor are exposed to the programmer. When
an instruction is executed, the register renaming mechanism chooses one physical register
to use among the physical registers corresponding to the logical register provided by the
instruction. Having several physical registers available for each logical register allows the
processor to rename registers in order to avoid name dependencies.
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Reorder Buffer

The register renaming mechanism used together with out-of-order execution engine
avoids unnecessary stall in the pipeline by keeping the pipeline fed with instructions with
satisfied dependencies. However as we saw in Section 1.1.1 dedicated to the instruction
pipeline, because of the speculative execution and branch miss-prediction, the processor
might have to discard some instructions. If instructions are not executed in program order,
discarding the instructions speculatively executed after a branching instruction can become
messy. In order to reorder instructions after they retired, a stage is added to the pipeline.
This stage is called ROB for Re Order Buffer.

The ROB is a queue, as soon as an instruction enters the renaming stage, before
dispatched to an instruction queue, an entry is reserved for this instruction in the ROB.
Thus entries in the ROB are in program order. Instructions can only leave the ROB when
they are retired and are at the head of the ROB. Hence instructions leave the ROB in
program order, and the CPU is able to easily decide which instruction to discard when a
branch miss-prediction occurs.

1.1.4 Vector Instructions

We saw several mechanisms used to leverage processor performance by increasing in-
struction throughput via instruction parallelism. But processors can even do better: they
can use data parallelism to increase their computational power. Indeed, compute intensive
code often expose data parallelism, i.e. the same operation is applied to several indepen-
dent data. Multimedia applications and linear algebra codes are good examples of compute
intensive software. For instance when computing the sum of two vectors, multiple sums of
corresponding elements of the vectors can be performed at the same time.

For this reason, processors now feature vector registers. A vector register can hold
several values. Instructions operating on it perform the same operation at the same time
on every element. Figure 1.4 illustrates a vector instruction.

The MMX, SSE, and AVX extensions are actually vector instructions added to the x86
instruction set. PowerPC architectures feature AltiVec instruction that are vector instruc-
tion too. MMX instructions operate on 64 bits wide registers, SSE on 128 bits and AVX on
256 bits registers. Depending on the size of one element, one single instruction can per-
form up to 32 arithmetic operations at the same time (e.g., an AVX addition will perform
8 operations on 32 bits wide elements, but only 4 if the elements of the vector are 64 bits
wide).
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ag aj a9 as
+ _— ag+bo | a1+ b1 | as+ by | ag + bs
bo by ba b3

Figure 1.4: A vector instruction performing 4 additions at the same time on 4 elements of
two distinct vectors.

1.1.5 Low level Code Optimization

In order to exploit the hardware computational power, software have to be well adapted
to the architecture. Code optimization allows to perform the same computation faster by
better tuning the software to the underlying hardware. The compiler is responsible for
producing efficient machine code from its input in a higher language. For the compiler to
produce fast code, a large range of optimizations are available. These optimizations can be
combined to achieve mode efficient code. Combining optimization methods is also used in
other domains where performance matters [53]. But finding the right set of optimization
to apply to a particular program is non-trivial, and numerous research have be led on this
particular topic [1, 18, 33, 82]. The instruction scheduling phase of compilation is respon-
sible for scheduling machine instructions after the instruction selection phase. Instruction
scheduling assigns an order to instructions in such a way that i) dependencies between
instructions are not broken, #) optimization constraints. These optimization constraints
can be to provide faster code, lower register pressure, etc. In order to provide faster code,
instruction latencies have to be overlapped. Therefore instruction latencies is a key infor-
mation to provide to compilers. It is known that, with enough hardware information the
optimal instruction scheduling can be achieved [10, 53, 81].

Therefore, instruction performance is an important information for compiler to produce
efficient code. Information about hardware feature of the CPU can be found in hardware
documentation [14]. However execution ports used by instruction, their latencies, through-
put and execution port are harder to find out. Agner Fog provides a large amount of
information about instruction performance [31]. He discovers this information by running
experiments: benchmarks for each instruction to provide information about instruction
performance to the community. Framework dedicated to benchmark writing can also help
retrieving such information [$0]. Until now no fully automatic method is available to get
these information. The goal of one of our contributions is to provide insight to auto-
matically obtain critical information to build hardware model. This will be discussed in
Section 2.2.
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Instruction scheduling is usually made at the basic block level of the program. A basic
block is a piece of program where only the first instruction can be the target of a branching
instruction: there is no other entry point into a basic block than the first instruction. A
basic block does not contain any jump or conditional branch expects for the last instruction.
In the execution flow of a program, a basic block is thus always either entirely executed, or
not executed at all. Hence instruction scheduling is limited by the scope of a basic block
and they are only a few alternatives for shifting instructions in small basic blocks. Small
loops (with only a few instructions) usually leads to small basic blocks. In order to provide
more search space for the compiler to select a better instruction scheduling, loop unrolling
can be used to transform loops with a small body.

Loop Unrolling

Unrolling a loop consists in executing several loop iterations as a single one with a
bigger body. Table 1.4 shows an example of loop unrolling. We can see on the right hand

Table 1.4: Loop Unrolling example. For brevity we omitted the tail code when N is not a
multiple of 4.

Before Loop Unrolling After Loop Unrolling
s = 0;
< = 0 for(i=0; i<N; i=i+4) {
PG s = s + t[il;
for (i=0; 1:N, i—i*['i%{ s = s + t[i+1]:
} s s ’ s = s + t[i+2];
s = s + t[i+3];
}

side of the table that one single execution of the loop computes the sum of four elements of
the array t. The loop is unrolled by a factor of 4. The machine code corresponding to the
unrolled loop will therefore contain 4 times more instructions than the initial code. This
will give more freedom to move instructions around to avoid stalls due to dependences.

An other reason why loop unrolling improves s