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Résumé en Francais

Dans cette these, nous proposons l'architecture Dynamic Inter-Thread Vector-
ization (DITVA), une technique pour améliorer les performances des applica-
tions multi-thread SPMD dans un microprocesseur généraliste. Les threads
d’applications SPMD exécutent souvent les mémes instructions sur des données
différentes. Pour tirer parti de la redondance de contrble dans les applications
SPMD, DITVA assemble dynamiquement des instructions identiques de plusieurs
threads en cours d’exécution en une seule instruction vectorielle au moment de
I’exécution. La vectorisation réduit le nombre d’opérations dans le pipeline, car
I'instruction vectorisée factorise le controle entre les threads en travaillant sur des
données différentes. DITVA étend un processeur SMT disposant d’instructions
SIMD avec un mode d’exécution de vectorisation inter-threads. Dans ce mode,
DITVA exploite les unités vectorielles existantes, améliorant ainsi 'utilisation
des capacités vectorielles des microprocesseurs existants. DITVA maintient la
compatibilité binaire avec les architectures CPU existantes. Grace a l'utilisation
des unités vectorielles et & la réduction des opérations de pipeline, DITVA vise
a améliorer le débit d’exécution d’une puce microprocesseur x86 64 tout en
réduisant sa consommation globale d’énergie.

Limitations au niveau transistor d’un microprocesseur La technologie
des microprocesseurs a beaucoup évolué depuis I'introduction du premier micro-
processeur Intel 4004 en 1971 par Intel. L’Intel 4004 était réalisé avec une finesse
de gravure de 10 um avec seulement 2300 transistors. Le processeur Intel Skylake,
mis sur le marché en 2015, emploie un process de 14nm avec pres de 1,9 milliards
de transistors. Gordon E. Moore a observé que le nombre de transistors dans un
circuit intégré double chaque année. [M 98|

Robert H. Dennard a observé qu’avec la réduction de taille des transistors,
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la puissance totale requise reste constante [DRBL74|. La loi de Moore associée
au passage a 1’échelle de Dennard se traduit par une croissance exponentielle de
la performance par watt. La loi de Dennard a pris fin avec 'augmentation de la
finesse de gravure. Les courants de fuite et la dissipation de chaleur ont com-
mencé & devenir un réel probleme pour le passage a ’échelle de la performance au
travers le 'augmentation des fréquences d’horloge. Par conséquent, les fréquences
d’horloge ont commencé a se stabiliser apres le milieu des années 2000, malgré
I’adoption de différentes technologies de transistors.

Techniques micro-architecturales pour améliorer la performance Alors
que I'augmentation des fréquences d’horloge est une fagon d’améliorer les per-
formances des microprocesseurs, la micro-architecture elle-méme joue un role
important dans l'optimisation des microprocesseurs pour le débit, la latence
et lefficacité énergétique. Suivant ces exigences, les fabricants de processeurs
doivent souvent assurer des compromis lors de la conception d’'un processeur a
usage généraliste. Par exemple, un processeur mobile, qui utilise des petits coeurs
est optimisé pour 'énergie aux dépens du débit, tandis qu'un GPU est optimisé
pour le débit au détriment de la latence.

Avec I’évolutivité limitée des fréquences d’horloge, le multiprocesseur sur puce
(CMP), c’est-a-dire un multi-coeur [ONH196], a été largement adopté au cours
des dix dernieres années. Au lieu d’un grand coeur monolithique, un CMP se
compose de plusieurs coeurs dans une seule puce qui partagent certaines des
ressources matérielles telles que des caches. Une application mono-thread est
exécutée dans un cceur unique du CMP tandis qu'une application parallele peut
utiliser plusieurs cceurs grace a un faible colit de communication entre les pro-
cesseurs. Les processeurs multi-core hétérogenes [KTJRO5| sont également de
plus en plus répandus. Pour conserver un meilleur compromis entre consomma-
tion d’énergie et performance, une puce peut étre constituée de plusieurs cceurs
grands et petits pouvant étre allumés et éteints, la charge de travail pouvant étre
migrée en fonction des exigences de I'application [PG13|.

Les grands coeurs utilisent des techniques telles que 'exécution spéculative,
I’exécution superscalaire, ’exécution dans le désordre, etc., pour améliorer la
performance d’un thread unique. La performance mono-thread est limitée par le
parallélisme d’instructions (ILP) d’une application. Les caractéristiques micro-
architecturales peuvent améliorer I'ILP mais sont encore limitées par les pro-
priétés inhérentes de 'application. Avec un ILP limité, I'utilisation des ressources
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d’un cceur diminue. Le multi-threading a été mis en occuvre pour améliorer
I'utilisation des ressources d’un coeur avec un impact minimal sur la latence mono-

thread [TEL95, Upt, SBBT07, BEKKO00|. Les petits coeurs évitent la plupart de
ces optimisations pour améliorer I'efficacité énergétique.

Microarchitecture pour application extrémement parallele Il existe
de nombreuses catégories d’applications extrémement paralleles, orientées sur le
débit et tolérantes a la latence. Les GPU, introduits en 1999, sont plus efficaces
dans l'exécution de ces applications [NBGS08, KWm12, LNOMO08, ND10a|. Avec
un grand nombre d’applications de jeu et multimédia, les GPU sont devenus pop-
ulaires dans les années 2000. L’architecture Tesla de NVIDIA a été introduite
en 2006 et permet notamment ’exécution d’applications de calcul parallele haute
performance écrites en langage C a I'aide de I'architecture CUDA pour le calcul
généraliste sur GPU. Les GPU ne sont pas des dispositifs de calcul autonomes.
Ils sont congus pour compléter le CPU existant pour améliorer 'efficacité de
I’exécution d’application hautement paralleles. Le CPU se décharge de ce travail
vers un GPU. D’autre part, un GPU ne peut pas exécuter les processus cri-
tiques nécessaires pour exécuter un systeme d’exploitation. Les CPU et GPU ont
différentes philosophies de conception architecturale, le probleme qu’ils essaient
de résoudre étant différent. Ils mettent en ceuvre différents jeux d’instructions
(ISA).

DITVA - une optimisation pour les architectures SMT généralistes
Dans cette these, nous proposons ’architecture de vectorisation dynamique inter-
thread (DITVA), un point de conception intermédiaire entre un CPU et un
GPU. DITVA est une optimisation pour les applications paralleles s’exécutant
sur un CPU tout en maintenant la performance mono-thread. DITVA optimise
les threads d’application en vectorisant dynamiquement les instructions entre
threads. DITVA est basé sur I'architecture x86 64 et supporte les applications
régulieres exécutées dans un CPU. DITVA peut étre réalisé comme un coeur
spécial dans une puce CMP (multi-core) hybride pour optimiser 'exécution des
applications paralleles. DITVA n’a pas besoin de modifications dans 'ISA x86 64
existante. Les binaires existants peuvent étre exécutés dans un coceur DITVA, sans
nécessiter pas de recompilation. DITVA améliore le débit des cceurs existants tout
en consommant moins d’énergie.
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Introduction

In this thesis, we propose Dynamic Inter-Thread Vectorization Architecture
(DITVA), a technique to improve the performance of multi-threaded Single-
Program Multiple-Data (SPMD) applications in a general purpose microproces-
sor. Threads of SPMD applications often execute the same instructions on dif-
ferent data. To take advantage of the control redundancy in SPMD applications,
DITVA dynamically aggregates identical instructions of several threads running
in lockstep into a single vector instruction at runtime. Vectorization reduces the
number of pipeline operations as a vectorized instruction shares the control across
threads while operating on multiple data. DITVA extends a vector enabled in-
order SMT processor with an inter-thread vectorization execution mode. In this
mode, DITVA leverages existing SIMD units, thus improving the utilization of
the vector capabilities of the existing microprocessors. DITVA maintains binary
compatibility with existing CPU architectures. With the improved utilization
of SIMD units and the reduction of pipeline operations, DITVA intends to im-
prove the throughput of an x86 64 microprocessor chip while reducing the overall
energy consumption.

Limitations at the transistor-level of a microprocessor Microprocessor
technology has evolved a lot since the introduction of the first microprocessor
Intel 4004 in 1971 by Intel Corp. Intel 4004 was a 10 um process with just 2,300
transistors. Skylake processors, released by Intel in 2015, has a 14nm process
with almost 1.9 billion transistors. Gordon E. Moore observed that the number
of transistors in an integrated circuit doubles every year [M798|. The projection
of process technology shrinkage remained accurate for several decades, but it is
predicted that this will not be true in the near future [Moo].

Robert H. Dennard observed that with the scaling down of transistor size, the
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required power stays constant [DRBL74]. Moore’s Law coupled with Dennard
scaling translates to exponential growth of performance-per-watt. Dennard’s law
began to fail when the transistors started to become too small. Current leakage
and heat dissipation began to become a real issue for performance scaling by
increasing clock rates. Hence, the clock rates started to plateau after the mid-
2000s even after adopting different transistor designs.

Microarchitectural techniques to improve performance While increasing
the clock rates is one way to improve the performance of the microprocessor,
microarchitecture itself plays a significant role in optimizing microprocessors for
throughput, latency and energy efficiency. Depending on the requirements, the
processor manufacturers often have to balance the trade-offs when designing a
general purpose processor. For example, a mobile processor, which uses small
cores is optimized for energy at the cost of throughput, while a GPU is optimized
for throughput at the expense of latency !.

With the limited scalability concerning clock rates, Chip Multi-
Processor(CMP), i.e., multi-core processors [ONH'96] are widely adopted in the
past decade as an alternative design direction. Instead of a large monolithic core,
a CMP consists of multiple cores in a single chip. The cores in a CMP shares
some of the hardware resources such as caches. A single threaded application is
executed on a single core of the CMP, and a parallel application can utilize multi-
ple cores thanks to low inter-processor communication overhead. Heterogeneous
multi-core processors [KTJRO05] are also becoming popular. To maintain a better
performance-energy profile, a chip may consist of multiple large and small cores
that may be turned on and off or the workload can be migrated depending on
the application requirements [PG13|.

Large cores use techniques such as instruction pipelining, speculative execu-
tion, superscalar execution, out-of-order execution, etc., to improve the single
thread performance. Single thread performance is bounded by the Instruction-
level parallelism (ILP) of an application. Microarchitectural features can improve
the ILP but are still limited by the inherent properties of the application. With

!'Throughput is the number of instructions completed in a cycle and latency is the number
of cycles taken to complete an instruction. In a single threaded microprocessor, latency is
inversely proportional to throughput. However, in a multi-threaded processor, even though
there are more instructions completed in a cycle, a thread could still slow down since it is
sharing the resources with other threads
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limited ILP, the resource utilization of a core goes down. As an afterthought
multi-threading [TEL95, Upt, SBB*07, BEKKO00] was implemented to improve
the resource utilization of a core with a slight impact on single thread latency.
Small cores avoid many of these optimizations to improve energy profile.

Microarchitecture for embarrassingly parallel applications There are
broad classes of embarrassingly parallel, throughput oriented, latency-tolerant
applications. GPUs, introduced in 1999, are more efficient in executing these
applications [NBGS08, KWm12, LNOMO08, ND10a|. With a large number of
gaming and multimedia applications, GPUs became popular in 2000’s. NVIDIA’s
Tesla architecture was introduced in 2006 to extend GPUs to enable the execution
of high-performance parallel computing application written in C language using
the Compute Unified Device Architecture(CUDA) for general purpose computing
on GPUs. GPUs are not stand-alone computational devices. They are designed
to compliment the existing CPU to improve the efficiency of executing high-
performance, embarrassingly parallel applications. CPU’s offload such workload
to a GPU. On the other hand, GPUs cannot run critical processes required to
run an operating system. CPU and GPU have different architectural design
philosophies as the problem they are trying to solve is different. They implement
different Instruction Set Architecture(ISA).

DITVA - an optimization for general purpose SMT architectures

SMT [TEL95| is a common implementation of multi-threading in modern mi-
croprocessors. In SMT, multiple thread context co-exists in a single core of a
microprocessor. The threads in an SMT are scheduled simultaneously so that
when one of the thread is blocked, some other thread can execute the instruc-
tions. SMT processors, unlike GPUs, are designed to execute both single threaded
as well as multi-threaded applications. While SMT processors are beneficial for
both single and multi-threaded applications, however, they fail to benefit from
the unique property of embarrassingly parallel applications i.e., the instructions
across the threads are mostly identical although they work with different data.
DITVA architecture is designed to exploit this property that exists in parallel
applications. By doing so, DITVA improves the throughput of the existing cores
while consuming significantly less energy.

In this thesis, we propose Dynamic Inter-Thread Vectorization Architecture
(DITVA), an intermediate design point between a CPU and a GPU. DITVA is
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a hardware optimization for parallel applications running on a CPU while main-
taining the single thread performance. DITVA optimizes the application threads
by dynamically vectorizing instructions across threads. We evaluate DITVA on
a x86 64 architecture and show that it supports the regular applications exe-
cuted in a CPU. DITVA may be implemented as special cores in a hybrid CMP
(multi-core) chip to optimize the execution of parallel applications. DITVA does
not need any modifications in the existing x86 64 ISA. Existing binaries can be
executed in a DITVA core as it does not require recompilation of the program
with compiler hints.

Contributions

We developed a microarchitectural model, DITVA, to leverage the implicit data-
level parallelism in SPMD applications by assembling dynamic vector instructions
at runtime. DITVA extends an SIMD-enabled in-order SMT processor with an
inter-thread vectorization execution mode. In this mode, multiple scalar threads
running in lockstep share a single instruction stream and their respective in-
struction instances are aggregated into SIMD instructions. To balance thread
and data-level parallelism, threads are statically grouped into fixed-size indepen-
dently scheduled warps. DITVA leverages existing SIMD units and maintains
binary compatibility with existing CPU architectures.

We also developed an in-house, trace based simulator to simulate SMT and
DITVA architectures. Our evaluation on the SPMD applications from the PAR-
SEC and Rodinia OpenMP benchmarks shows that a 4-warp x 4-lane 4-issue
DITVA architecture with a realistic bank-interleaved cache achieves 1.55x higher
performance than a 4-thread 4-issue SMT architecture with AVX instructions
while fetching and issuing 51% fewer instructions, achieving an overall 24% en-
ergy reduction.

Organization

The thesis is organized as follows: Chapter 1 provides background for microar-
chitectural techniques used to exploit parallelism in a program. In chapter 2,
we discuss inter-thread similarities and the techniques used to exploit them. We
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also discuss various thread reconvergence techniques that enables dynamic vec-
torization of instruction across threads. In chapter 3, we present the Dynamic
Inter-Thread Architecture (DITVA). We discuss the implementation details and
the design aspects of DITVA. In chapter 4, we demonstrate the energy/perfor-
mance benefits of DITVA over an SMT architecture. We show that DITVA is able
to achieve this without significant hardware overhead. In chapter 5, we provide
some insights for an out-of-order version of DITVA (OOO-DITVA). Materials
from chapter 3 and chapter 4 were presented at SBAC-PAD 2016 [KCSS16].
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Chapter 1

Background

Implementation DLP TLP
level
Program Vector Threads
Compiler Auto-vectorization | Auto-parallelization
Hardware SIMD MIMD

Figure 1.1: Source of parallelism in a program

In this chapter, we will discuss different kinds of parallelism that exist in a
program, i.e., Instruction-level parallelism (ILP, section 1.1), Data-level paral-
lelism (DLP, section 1.2) and Thread-level parallelism (TLP, section 1.3) and
provides the background for the transformation of TLP to DLP using DITVA.
We will also discuss different methods utilized by the current microarchitectures
to exploit these parallelisms. Amdahl’s law [Amd67] identifies the serial section
of a program as the limiting factor in the speedup of a workload. The implicit and
explicit parallelism in a program is exposed at the program level, compiler level or
microarchitectural level. The source of TLP and DLP in a conventional program
execution is shown in figure 1.1. DLP is used to form vector instructions, and TLP
is used to create program threads. At the program level, vector instructions and
parallel threads expose parallelism using programming intrinsics and algorithms
that use programming models based on the data decomposition [Fos95|. At the

15
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compiler level, automatic vectorization and automatic parallelization expose par-
allelism of the program. At the microarchitectural level, execution models based
on Flynn’s taxonomy [Fly66, Fly72| are used to exploit parallelism. Based on
the instruction control and the number of data it is working with, Flynn’s taxon-
omy |[Fly66, Fly72| classifies the execution model of computer architecture into
SISD (Single instruction stream, single data stream), MISD (Multiple instruc-
tion stream, single data stream), SIMD (Single instruction stream, multiple data
stream) and MIMD (Multiple instruction stream, multiple data stream).

ol g

] L] ] [

(a) SISD (b) SIMD
| > FU| [FU| |FU| |I —>FU| |FU| |FU

| T A | T A

(c) MISD (d) MIMD

Figure 1.2: Flynn’s taxonomy and MISD model

Flynn’s 1 thread >1
classification thread
SISD Scalar Multi-thread
processor
SIMD Vector DITVA
Processor
MIMD - Multi-core

Figure 1.3: Classification of architectures based in thread count

Diagrams representing Flynn’s taxonomy is shown in figure 1.2. Multi-
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threaded architectures add another dimension to Flynn’s taxonomy. For the sake
of clarity, we can define the stream as a sequence of instructions that is mapped to
a thread at the program level.! Some example architectures based on the number
of streams in shown in figure 1.3. Traditional scalar uniprocessor architectures
were SISD. A single threaded superscalar processor 1.1.2 is also classified as an
SISD. SISD with more than one thread is a multi-threaded architecture. SIMD
machines exploit data parallelism by using a single instruction stream to work on
multiple data elements. Vector processors used for high-performance computing
are SIMD architectures. Vector architectures are based on explicit vector in-
structions. MIMD consists of multiple processors that may be executing different
instruction streams that are working with different data streams. A multi-core
processor is primarily an MIMD architecture but many modern x86 64 architec-
tures is a combination of different models, they support the execution of scalar
instructions (SISD) and with SSE and AVX instruction sets they support the
execution of vector instructions (SIMD). In addition to threads and vector in-
structions, microarchitecture techniques also exploit ILP from within the same
thread.

SIMD architectures such as vector processors, GPUs, and CPUs with SIMD
extensions, use vector instructions generated either by compiler or programmer.
A large number of applications that are executed in x86 64 architectures does
not efficiently utilize SIMD extensions even though the programs have data-
parallelism (see section 2.5). The inefficiency is due to the existence of dynamic
properties such as branches in the instruction flow. Such programs are often writ-
ten using threads running the same code. Many multi-threaded programs have
implicit data-parallelism.

In the following sections, we will discuss implicit and explicit techniques
that are used to exploit parallelism in a program. The parallelism in SISD is
the instruction-level parallelism, data-level parallelism is exploited by the SIMD
model and MIMD is exposed by the thread-level parallelism. In this thesis, we
will only consider single process model and hence we will not consider parallel
programming with multiple processes.

'In section 3.2, we will redefine the notion of instruction stream as a sequence of instructions
that is mapped to one or more threads at the program level, to adapt it for DITVA.
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Listing 1.1: Array addition

void add() {
for(int i =0 ; i < N; i++){
c_array|i| = a_array[i] + b_array|[i];
f array[i] = d_array[i] + e_array|[i];

1.1 Instruction-level parallelism

Compiler techniques and programming constructions are used to exploit implicit
parallelism between instructions of a sequential program. Several microarchitec-
tural features efficiently utilize this parallelism and often enhance it at runtime.
Hazards are factors limiting parallelism. Two of the most common hazards are
Control hazard and Data hazard.

Control hazards occur with branches. A branch is an instruction which alters
the sequence of execution based on a condition. Branches are often resolved at
runtime and hence the instruction fetch should not be stalled until branch res-
olution. Modern branch predictors such as TAGE [Sezl11| are highly accurate.
Microprocessors use branch predictors to continue fetching from one of the pre-
dicted branches. In the case of a misprediction, the instructions that are already
in the pipeline are flushed.

Data hazards occur when an instruction with data dependency changes the
order of read/write operation. Data hazards can be classified as follows

1. Read after write (RAW)
2. Write after read (WAR)
3. Write after write (WAW)

RAW is a true dependency and cannot be circumvented as the instruction
which is reading the value should wait until the previous instruction produces
the result. WAR and WAW are false dependencies and can be prevented using
microarchitectural techniques.
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#*  F#* ¥ F= FH I

100000115 :
100000f1lc:
100000 f1f:
100000121 :
1000001f24 :
100000126 :

100000f2d :

100000£34 :

100000£3b :

10000042 :

100000£49 :

100000£50 :
100000£54 :
100000£57:
100000£5b :
100000 £5¢:
100000£63 :
100000 £66 :
100000f6a :
100000£64d :

Listing 1.2: Array addition (ASM)

lea
cmpl
jle

movslq (%rax),%rax

XOT
lea

lea
lea
lea
lea
lea

mov
mov
add
add
mov
mov
lea
cmp
jl

Oxed(%rip),%rax
$0x0,(%rax)

# 100001000 < N>

100000f6f < add+0xbHf>

Yedx , %edx

0xe3(%rip),%18
100001010 < a array>
0x10¢(%rip),%r9
100001040 <_b_array>
0x135(%rip),%r10
100001070 < _c_array>
0x15e(%rip),%rll
1000010a0 < _d_array>
0x187(%rip),%rex
1000010d0 < _e array>
0x1b0(%rip),% rsi
100001100 < _f array>
%19, %rdx ,4),% edi

(
(%orex ,%rdx ,4),%ebx
(

%r8 %rdx ,4),% edi

(%r11,%rdx ,4),%ebx

%edi, (%110, %rdx ,4)
Y%ebx,(%rsi ,%rdx ,4)
0x1(%rdx),%rdx

Yorax ,%rdx

10000050 <_add+0x40>

19
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Consider the pseudocode in list 1.1 for array addition and its corresponding
assembly code in list 1.2 produced after compilation. When the compiled code is
executed in a scalar microprocessor with a single execution unit, the instructions
are sequentially executed as shown in the figure. However, in practice, a program
in execution have a large amount of implicit parallelisms called Instruction-Level
Parallelism (ILP). In listing 1.1, the statements in line 4 and line 5 are indepen-
dent. Hence, the instructions corresponding to these statements can be executed
in parallel. In listing 1.2, we find that the instructions from line 6 to line 11 are
parallel. Similarly, inside the loop statements, instructions in line ( 12, 14, 16)
and (13, 15, 17) can be executed in parallel.

Microarchitectural techniques such as instruction pipelining, speculative exe-
cution, superscalar execution, and out-of-order execution are used to exploit the
ILP. Our DITVA proposal supports these microarchitectural techniques except
out-of-order execution 2.

Cc1 C2 C3 C4 C5 Cé Cc7

11 IF ID EX |MEM | CO
12 IF ID EX |MEM | CO
13 IF ID EX |MEM | CO

Figure 1.4: Instruction pipelining

1.1.1 Instruction pipelining

Instruction pipelining is a process an instruction technique in which the instruc-
tion processing is done in multiple stages and rather than waiting for the entire
instruction processing to complete, subsequent instructions are processed concur-
rently. Figure 1.4 shows a simple 5 stage pipeline execution of instruction I1,
12, and I3. In the example, each stage has a single cycle latency. Instruction 12
starts fetch at cycle 2 as soon as instruction 11 completes the fetch stage. Simi-
larly, I3 starts fetch at cycle 3. A non-pipelined execution would have taken 15

2DITVA can be extended to support out-of-order execution. We provide some insights for
an out-of-order implementation in Chapter 5
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(3 x 5) cycles to complete the execution of 3 instructions, with pipelining, the
total latency reduces to 7 cycles.

C1 C2 C3 C4 C5 Cé

11 IF ID EX |[MEM | CO
12 IF ID EX |[MEM | CO
13 IF ID EX |MEM | CO
14 IF ID EX |MEM | CO

Figure 1.5: Superscalar execution (degree 2)

1.1.2 Superscalar execution

In superscalar processors, more than one instructions are processed at the same
clock cycle. In Flynn’s taxonomy, superscalar processors are classified as SISD.
A superscalar processor has replicated pipelined resources that allow multiple
fetches, decodes, executions and writebacks per cycle. Superscalar execution of
degree 2 is shown in figure 1.5. A superscalar processor improves the execution
throughput by issuing independent instructions in the replicated functional units.
An in-order processor issues the instructions in the order of fetch. Hence, the adja-
cency of the independent instructions becomes the limiting factor in the scalability
of a superscalar processor. To illustrate this limitation, let us consider listing 1.3,
which is hypothetical reordered instruction sequence of listing 1.1. In listing 1.2
the instructions corresponding to c¢_arrayfil = a_arrayfi/ + b_arrayfif; and
[ arrayli] = d_arrayfil + e_arrayfi/; are interleaved to increase ILP. In list-
ing 1.3, the interleaving is removed. And consequently, line 14 and 15 are the
only instructions inside the loop which can be executed in parallel in an in-order
machine. Even though modern compilers are smart enough to reorder the instruc-
tions to improve the ILP, the parallelism is limited by the program behavior. The
added hardware remains idle when a superscalar machine executes a program with
limited ILP. Considering the high cost of replicating the pipeline units, increase
in hardware have diminishing returns in terms of performance |PJS97, KHL99.
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Listing 1.3: Array addition (ASM) - Reordered
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100000f15: lea
100000flc: cmpl
100000f1f: jle
10000021 : movslq
10000024 : xor
100000f26: lea

# 100001010 <_a_array>
100000f2d: lea

# 100001040 <_b_array>
100000f34: lea

# 100001070 < c¢_array>
100000f3b: lea

# 1000010a0 <_d_array>
100000f42: lea

# 1000010d0 < e array>
10000049 : lea

# 100001100 < _f array>
100000f50: mov
10000054 : add
100000f58 :  mov
100000f5c: mov
100000f60: add
100000f64 : mov
100000f68: lea
100000f6¢c: cmp
100000f70: jl

Oxed(%rip),%rax
$0x0,(%rax)
100000f6f < add+0x5Hf>
(%orax),%rax

Yedx, %edx
Oxe3(%rip),%r8

# 100001000 < N>

0x10c¢(%rip),%r9

0x135(%rip),%110
0x15e(%rip),%rll
0x187(%rip),%rex
0x1b0(%rip),% rsi

(%19 ,%rdx ,4),% edi
(%18 ,%rdx ,4),% edi
%edi,(%r10,%rdx ,4)
(%rex ,%rdx ,4) , % ebx
(%r11,%rdx ,4),%ebx
Y%ebx , (% rsi ,%rdx ,4)
0x1(%rdx),%rdx

Yorax ,%rdx

100000f50 < add+0x40>

1.1.3 Out-of-order execution

Out-of-order processors improve the execution throughput by not strictly issuing
the instructions in the order of fetch. For example, in listing 1.3, instructions
in line 13 and line 16 can be issued in parallel as they are no longer required
to strictly conform to the order. Out-of-order processors use techniques such as
scoreboarding [BRIT90] to resolve the dependencies. In out-of-order processors
instruction-level parallelism (ILP) is often limited by data hazards. As men-
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tioned earlier, false dependencies can be avoided. False dependencies occur be-
cause of the limited number of registers provided by the ISA. This limitation
forces the compiler to reuse registers in an instruction sequence that often result
in producing false dependencies. Out-of-order processors uses register renam-
ing [Tom67, Kes99, MPV93| to prevent false dependencies.

1.1.4 Clustering for ILP

Clustering allows the implementation of wide superscalar processors without com-
promising much on the clock rate. Essentially, clustering partitions a wide su-
perscalar processor into multiple windows of smaller width. This reduces the
delays in the critical path at various stages of the pipeline. Clustering can
be done at different stages of the pipeline.  [PJS97| study the complexity
and delay characteristics of increasing the width of the superscalar processor.
[CPG00, BM00, AF01, BDAO03| discuss various techniques for clustering in su-
perscalar processors. [Kes99| is one of the earliest implementation of a single
threaded clustered micro-architecture that clusters the functional units.

1.2 Data-level parallelism

When a task operates on different pieces of data Data-level parallelism (DLP)
arises. Data parallel algorithms perform independent operations on a large set of
data and share the control flow. Many scientific applications, as well as multime-
dia applications, have DLP. DLP is exploited with the SIMD model of Flynn’s
taxonomy. Vectorization exposes DLP and SIMD /vector architectures are used
to exploit them. Auto-vectorization [Nai04, NZ06, gce, icc, MLNO7] is done by
many modern compilers for high-level programming languages such as C, C++,
Fortran etc. Auto-vectorization compilers try to identify the Data parallel regions
in the program code and vectorize them. Alternatively, the programmer rely on
intrinsics [int] for vectorization efficiency. Intrinsics are often difficult to write
and affects the portability. A relatively easier approach is SPMD-based program-
ming environments such as CUDA, OpenCL, and OpenMP [KDT*12, DM9§].
ISPC [PM12] is a compiler specifically aiming to exploit data parallelism in CPU.
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1.2.1 Single Instruction Multiple Data

Microarchitectures such as vector processors and Graphics Processor Units
(GPUs) exploit vectorization by using vector instructions. SIMD architectures
optimize microprocessors for power efficiency by reducing the number of instruc-
tion operations at the front-end of the pipeline. x86 architectures implement
SIMD exposed through MMX, SSE, and AVX [FBJ"08] instruction sets. In
the Intel’s implementation of SIMD, in addition to the supported instructions,
MMX, SSE and AVX support varying data paths. MMX implementation reused
the existing floating point registers for the 64-bit SIMD instructions. SSE im-
plementation uses xmm registers with 128-bit wide data path [SKR00|. AVX
instructions further widened the data path from 128-bit to 256-bit ymm regis-
ters (AVX-512 [R13|, with zmm registers, supports 512-bit datapath) 3. SIMD
instructions may support different data types. For instance, SSE2 supports two
64-bit double-precision floating point numbers or two 64-bit integers or four 32-bit
integers or eight 16-bit short integers or sixteen 8-bit characters.

Listing 1.4: Array addition (ASM) - SIMD

100000db4: lea 0x245(%rip),%rax

# 100001000 < N>
100000dbb: movslq (%rax),%r9
100000dbe: test  %r9,%r9
100000dcl: jle 100000e9a < add-+Oxea>
100000dc7: xor Yeax ,%eax
100000dc9: test Yor9d ,%1r9d
100000dcc: je 100000e50 < add+0xa0>
100000dd2: xor %eax ,%eax
100000dd4 : mov 9%r9,%r8
100000dd7: and SOxIfffffffffiffffe %r8
100000ddb: je 100000e4a < add+0x9a>
100000ddd: mov %r9,%r10
100000de0: and SOxTffffffffffffffe %r10
100000de4: lea 0x225(%rip),%rl1

# 100001010 < _a_ array>

3Note that scalar double precision instructions in x86 64 architecture use half of the register
width of xmm registers and 1/4 width of ymm registers [R14]. Similarly, SSE instructions are
implemented using half of the register width of ymm registers.
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100000deb: lea 0x26e(%rip),%rdi
# 100001060 < b_array>

100000df2: lea 0x2b7(%rip),%rex
# 1000010b0 < c¢_array>

100000df9: lea 0x300(%rip),%rax
# 100001100 <_d_array>

100000e00: lea 0x349(%rip),%rdx
# 100001150 < e array>

100000e07: lea 0x392(%rip),% rsi
# 1000011a0 < _f array>

100000e0e: xchg  %ax,%ax

25

100000e10: vmovdqga (%rdi),%xmm0
100000el14: vpaddq (%r11),%xmm0,%xmm0
100000e19: vmovdqa %xmm0,(%rcx)
100000eld: vmovdqa (%rdx),%xmm0
100000e21: vpaddq (%rax),%xmm0,%xmm0
100000e25: vmovdga %xmm0, (% rsi)
100000e29: add $0x10,%r11

100000e2d: add $0x10,%rdi

100000e31: add $0x10,%rcx

100000e35: add $0x10,%rax

100000e39: add $0x10,%rdx

100000e3d: add $0x10,% rsi

100000e41: add SOxffffffffffffiffe %rl10
100000e45: jne 100000e10 < add+0x60>
10000047 : mov %18 ,%rax

100000eda: cmp Yrax,%r9

100000e4d: je 100000e9a < add-+0Oxea>
100000e4f: nop

100000e50: lea 0x1b9(%rip),%rex

100000e57 :

# 100001010 <_a_array>

lea 0x202(%rip),%rdx

# 100001060 < _b_array>

100000e5e: mov (%rdx,%rax ,8) , % rdx
100000e62: add (%rex ,%rax ,8) , % rdx
100000e66: lea 0x243(%rip),%rex

# 1000010b0 < _c¢_array>
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100000e6d: mov Yordx,(%rex,%rax ,8)
100000e71: lea 0x288(%rip),%rcx
# 100001100 < _d_array>
100000e78: lea 0x2d1(%rip),%rdx
# 100001150 < _e_ array>
100000e7f: mov (%ordx ,%rax,8),%rdx
100000e83: add (%orex ,%rax,8),%rdx
100000e87: lea 0x312(%rip),%rex
# 1000011a0 < _f array>
100000e8e: mov Yordx,(%rex,%rax ,8)
100000€92: inc Yorax
100000e95: cmp %r9 ,%rax
10000098 : jl 100000e50 < add+0xal0>

Listing 1.4 is the assembly for the array addition when compiled for SSE
architecture. In comparison to listing 1.2, the difference here is that the integer
array elements (each element is 4-bytes) are grouped into 4 and are executed
as SIMD instructions using 128-bit xmm registers. In listing 1.4, the block of
instructions between line 21 and line 37 are the SIMD implementation of the
array addition. However, as the array elements are grouped into 4, some of the
last elements might not be vectorizable, these array elements are executed by the
non-SIMD code block between line 39 and line 53.

SIMD instructions reduce pressure in the front end of a pipeline as there are
fewer instructions to be fetched (and consequently fewer instructions in other
frontend pipeline stages). For example, the number of loop iterations (and hence
the number of fetched instructions) in listing 1.4 is approximately reduced by 4
times. At the backend, for performance reasons, a common implementation of
SIMD functional units is by banked register file/wide registers [RDK*00]. How-
ever, SIMD is not equivalent to a wide superscalar processor. Figure 1.6 shows
the execution of 32-bit integer array of size 4 in a 4-wide superscalar and a SSE
unit. SIMD implementation partitions the register and data-path resources into
multiple lanes. The reduced design complexity of the pipeline backend improves
the scalability. The cost of implementation of SIMD architecture is much lower
than a wide superscalar processor [PJS97].
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Register File
A3l BI3] — | CI3] |
. . Write
— Al2] B[2] C[2] (< Register File port 1
L co] | crap | cpl | cBl &
| A[1] B[1] |_ C[1] < Read
pott || Bo] | B[] [ B[2] | B[] |
— A[O B[0] H C[0] |«
= = - ceod L_AO] | Al [ ARl | AB] |
Read port 1-4 d g port
| YWY Fe portrs 2 Lane O Lane 1 Lane 2 Lane 3
(a2 (erz1]| 21 (e] |

B1] (al0]][B[o1] / /,{,__*_ _\}__l;_.-,l,
VVWW \/[\/ ]\

|
|
|
|
| o)  [fem] (ea) [ fr
|

|
T | TT | T |

SIMD unit /
Write port 1-4 N _____>hveeem o __ 4

(a) 4-wide superscalar (b) SSE

Figure 1.6: 32-bit integer execution in 4-wide superscalar processor and a SSE
unit

1.2.2 Single Instruction Multiple Threads (SIMT)

Single Instruction Multiple Threads (SIMT) [LNOMOS| is a parallel execution
model that is used to capture implicit DLP from SPMD code. NVIDIA introduced
SIMT in their Tesla GPU architecture. SIMT eased programmability of NVIDIA
GPU’s with the use of Compute Unified Device Architecture (CUDA) [Nvi07]
programming libraries. NVIDIA later continued to use SIMT in their Fermi,
Kepler, and Maxwell architectures. SIMT is generally combined with multi-
threading and multi-core. SIMT relies on a large number of threads to keep the
execution resources busy. SIMT works well for throughput oriented applications
with large amount of implicit DLP. Hence, the program in execution may consist
of a large number of threads. A simplified overview of array execution is shown
in figure 1.7. Streaming Multiprocessors(SM) consists of many CUDA cores. An
SM executes the SIMD instructions. Threads in CUDA is grouped into thread
blocks. Using CUDA, the programmer specifies the number of threads per block
and the number of thread blocks. CUDA maps multiple thread blocks to an SM.
Hence, many warps are always active in an SM. A thread block is sub-divided
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into groups of 32 threads (in our example this number is 4) called warps®. In
SIMT, the threads in the warp form the lanes of the vectorized instructions.

Lane 0 Lane 1 Lane 2 Lane 3
Thread | Thread I+1 || Thread I+2 || Thread I+3
Thread 8 Thread 9 Thread 10 || Thread 11

Thread 4 Thread 5 Thread 6 Thread 7

Thread 0 Thread 1 Thread 2 Thread 3
A[3] B[3] A[7] B[7] A[11] (| B[11] A[15] (| B[15]
A[Z] B[Z] A[G] B[G] A[10] (| B[10] A[14] (| B[14]
A[11(1B[1] [l A[51[IB[5] [[I[A[S] || B[9] ||| Alt3] || Al23]
A[o]|[B[O] | |A[4]|[B[4]| [A[8]]|B[8] [ [Ai2][] Al12l| SIMD Instruction

AT T T

Thread block

P g g g——

Figure 1.7: SIMT
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Figure 1.8: SIMT

Figure 1.8 shows a simplified overview of subdivision of a program with diver-
gence into multiple thread blocks, their assignment to an SM and the execution
of warps. A thread in SIMT is bound to a lane in SIMD. Threads in a warp

4Thread block is sub-divided into groups of 32 threads because there are 32 lanes (CUDA
cores).
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that are executing the same instructions form an SIMD instruction. When the
threads are not executing the same PC, they are on a divergent path. SIMT uses
an active bit mask to identify the participant threads in a vectorized instruction.
Figure 1.9 illustrates the masks in SIMT, corresponding to the active threads,
when there is a divergence. There is 1 bit corresponding to each thread in an
SIMT. A set bit (i.e., 1) indicates that the thread is active and an unset bit (i.e.,
0) corresponds to an inactive thread. SIMT can be considered as SIMD instruc-
tions with hardware assisted divergence management. Branches in a data-parallel
application cause the execution to follow divergent paths. Divergence adversely
affects the efficiency of SIMD execution. The divergent paths merge at the recon-
vergence point. In figure 1.9, block D is a reconvergence point. SIMT requires
compiler hints to identify the reconvergence points after the divergence. NVIDIA
GPUs uses a stack-based divergence management. Stack-based reconvergence is
discussed in section 2.2.1.

1111

N\

0110 Block A 1001

MTLTZ K%TO,T3W

Block B 1| 11|1| Block C

Block D

Figure 1.9: SIMT divergence

As we have seen in figure 1.8, a thread block consists of multiple warps. SIMT
hides the execution latency by switching between warps.
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1.3 Thread-level parallelism

Thread-level parallelism (TLP) arises when independent threads work on different
data. Even though the thread/process works with own data, some of the data
might be shared. Synchronization techniques such as locks, mutex, semaphores,
etc., are used to prevent race conditions in those cases. TLP is exploited by using
threads. Single Program Multiple Data (SPMD) is a sub-class of MIMD that
consist of multiple threads and processes that execute nearly the same instruction
but with its own data. In comparison with DLP, a program 