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ITepiindm

H ypfion emtoyLyTV o8 UTOAOYICTIXES EYXATACTUCELS TOU YENOWOTOLOUY ETEQOYEVELX VLol TNV
eniteudn LPNAOTEPWY ETBOCEWY Eyouv edponwiel Tor Teheutaior ypovia. O emtoayuvtéc Beioxovton
OTIC XUPOEC TV VY YEOVWY XEVTPWY BEBOPEVWY XoL UTOOYIoT®Y, utootnellovtag tn Aettoupyia
e mAcloPnplac Twv BExa ToyUTEPWY UTEQUTOAOYLOTWY GToV x6cuo. Eivow ovclactixrc onuaoctog
YIoL TIC XOWVOTNTEG UTOAOYIGTOVY UPNATC amddoong xon unyovixic udidnong, epapuéloviag mpocop-
HOCUEVT] ORYLTEXTOVIXY| TPOXEWEVOU VO TTUEEYOLY AMOTEAEOUATIXT XAAXOVUEVT] Loy enelepyaoiog
TIOU GTOYEVEL OE €V VPV PACUN ETLC TNLOVIXMY TOUEWY.

Ye authv TNV epyaota, avohadBEAVOuPE TNV TEOXANOT Vo GYEOIGCOUUE X0 VO UAOTOLCOUUE
évat abotnua To onolo Vo EMITEETEL TNV €€ AMOCTACEWS TREOCBACT) OTOUC TOPOUE EVOC ETULTAYUVTH.
Hapovoidlovue to RACEX, évo 600U Tou EMITEETEL TNV AMOTEAEGUOTIXT ATOUUXPUOUEVT] EXTEAEDT)
EQUPUOYOYV OE EMTOYUVTY. XTr UAomolnon tng Wéag Yog, €youue otoyeloel To cuveneéepyao Ty In-
tel Xeon Phi. H mpotewduevn Aon emitpénct Ty TATEN 1 UEPXT) EXPOQTWOT] UTOAOYIOUMY XAl
epappoy®yv ot évav emttayuvty Intel Xeon PHI npoxeipévou autéc va exteleatody xou vor a&lonoln-
couv T dUVaUn TV Yolixd ToedAAnAwy enclepyaotey tou. To RACEX ewcépyetoan otn otoifa
AOYLOUIXOU TOU ETUTAYUVTH OTO ETUNEDO CTROUATOC PUETAPORAS TOU UAOTOLELTAL OO TO TEWTOXOANO
SCIF tnc Intel, to onolo npoopiletan yioo T petopopd dedouévwy uéow tou PCle otn cuoxeuy
emtdyuvone. To clotnuo pog LTEEpyETL 0TI XAHOES TEo¢ TO TenmTOXoAoL SCIF xou mpowdel
QUTEC OE XATOLO UTOUAXEUOUO BLaXOUNO T TEOXEWEVOL Vo eTLTEEPEL TNV €& AMOCTICEWS EXTENEDT).
To clotnua yoc yenowonoel BSD Sockets yio Sixtbmon xou emxovwvior YeTold ToVv SLadixTuaxd
HATAVEUNUEVODY xOuBwv. Tao apyixd amoteéopota alloAdynong etvar eEATdopoea, xadde oL oyeTixég
wetpfoeis xotadewviouv 10% emBdpuvon tou RACEX oe olyxpion pe ) puowt| extéleon doov
apopd TNV xoUG TERNOT VLot TNV AVTOANXYT| UEYSAWY UNvupdtwy petald Tou host xou Tou emtayuvH).

AéZeic Khedid: Emtayuvtée, Intel Xeon Phi, Anopoxpuouévn Extéleor, Middleware Frame-
work, Cluster Computing, Cloud Computing, Y0otnua Awapolpacuot Emtoyuvtedv, Hardware Ab-
straction, Transport Layer Abstractions



Abstract

The use of accelerators in computing facilities that employ heterogeneity in order to achieve
higher performance has become prominent in the past years. Accelerators lie on the hearts of
modern data center and computing facilities, powering the majority of the top ten super-computers
in the world. They are essential for the High Performance Computing and Machine Learning
communities, implementing custom architecture in order to provide efficient scalable processing
power targeting a wide range of scientific domains.

In this work, we address the challenge of making accelerator resources remotely accessible. We
present RACEX, a middleware framework that enables efficient Remote ACcelerator EXecution.
For our proof-of-concept, we have targeted the Intel Xeon Phi coprocessor. Our proposed solution
for the challenge allows applications to be, either completely or in part, ofloaded remotely on an
Intel Xeon PHI accelerator in order to be executed and harness the power of its massively parallel
processors. RACEX intercepts Intel’s SCIF transport layer API, intended to transfer data over
the PCle to the accelerator device, and wraps it to make it remotely available making use of BSD
Sockets. Initial evaluation results are promising with RACEX framework showing 10% overhead
compared to the native execution in terms of latency for big messages exchange between the host
processor and the accelerator.

Keywords: Accelerator, Intel Xeon Phi, Remote Execution, Middleware Framework, Cluster
Computing, Cloud Computing, Accelerator Sharing Framework, Hardware Abstraction, Transport
Layer Abstractions



Euyogliotieg

H Simhwyatinn epyacio auth npayuatonomdrixe oto Epyaothplo TroAOYIOTIXWY LUCTNUATOY
e Lyohic Hhextpordywv Mnyovixody xow Mnyavixov Troloyotoy tou Edvixold Metodfiou Io-
Auteyvelou, uto Ty enBAedn tou Enixovpouv Kadnynty I'ewpylou I'voldua.

Kotopy v Yo fieha va euyapliotriow Tov utodrigio diddxtopa xot UEAOS ToL epyacTneiou Ltépavo
epdvyxelo yia TNV GUVELGPOEE XaL ETOTTEL TOU XUTA TN EXTOVNOT| TNG OITAWUATIXAG LOoU EpYaciag,
o) xou ylar TNV evidEpuVoT) Tou, TNV UTOPOVY| TOU ol To yedvo Tou agiépwoe. H ouuBoin tou
fTay xodoploTixr) T6c0 ot cUMNNYN Tou Yéuatog TNE epyaciag ahhd xou YLol THY OAOXAHEWST TNC.

‘Eneita Yo Hlela va euyoplotion toug xodnyntéc wou x. I'éwpyto I'vodua xan x. Nextdpio
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Chapter 1

Introduction

1.1 Motivation

Heterogeneity has long been established in the realm of High Performance Computing as a
design pattern applied in large scale computing systems and data centers. With the aggrega-
tion of data worldwide increasing in size exponentially each year alongside the complexity of
applications serving scientific and commercial users, the race for ever more processing power is
well underway. In this context, the employment of accelerators in modern computing facilities
is a paradigm of the vigorous efforts of both academia and industry towards achieving higher
computational performance for their respective workloads. Accelerators are prominent due to the
massive parallelism capabilities they can provide, compared to a traditional general purpose CPU,
and the custom, application specific architecture they leverage in order to provide the intended
performance increase.

Furthermore, Cloud Computing has become commonplace for all manners of scientific and
business endeavors, providing end-users with elastic and scalable access to computational resources
[1, 2, 3]. Traditionally, cloud computing providers serve a diverse group of clients, by providing
them access to distributed computational and storage resources, who in return utilize the provided
infrastructure for a wide range of applications and purposes. However, with the proliferation of
Machine Learning and Artificial Intelligence applications in both academia and industry, there
has been an increasingly prevalent demand towards cloud computing providers for specialized
hardware that can meet the heavy computational requirements of modern-day workloads [1, 4, 5.
This has led to a paradigm shift where today providers have incorporated accelerating resources
in their computing facilities and data centers and offer elastic access to their massively parallel
computational power, therefore giving birth to accelerating cloud computing [6, 7, 8].

The High Performance Computing community has already adopted computing services pro-
vided by cloud providers as a viable solution for executing compute-intensive HPC applications
responsive on-demand [9]. Initially, cloud services offered by providers were not suited for tra-
ditional HPC applications, mainly due to the lack of high performance interconnects. However,
recently major cloud computing providers have included high performing networking capabilities
in their offered infrastructure, making them a compelling alternative to traditional HPC clusters
which were expensive to maintain and operate. Moreover, in the IoT realm, thin, low-power de-
vices capture an immense load of data that need to be processed in order to provide the intended

12



data analysis and intelligence. However, despite the technological advancements in the underlying
hardware, IoT devices are by nature bound by processing power and energy consumption con-
straints. Thus, Cloud Computing for IoT has emerged by providing a compelling solution where
the connected devices on the edge network offload the processing of computationally intensive
tasks to the computing infrastructure and the specialized accelerating hardware that the Cloud
can provide [10, 11].

In the light of the above, the importance of accelerators for the Cloud Computing community
is paramount and although many current computing facilities may assimilate heterogeneity in
their designs and employ the benefits that hardware accelerators have to offer, their usage is not
ideal. Modern Cloud providers offering cloud accelerating services, grant access to accelerators
on a per device basis. The integration of accelerators in the cloud infrastructure as part of collec-
tive computational resources can be troublesome, as their architectures are designed to be used
monolithically [12]. Hence, providers offer accelerators as a fixed resource in an Infrastructure-as-
a-Service model. In this context, providers are forced to acquire additional hardware in order to
meet increasing demands, without having their initial hardware operating at maximum capacity
and thus leading to over-provisioning. Low overall utilization of the underlying hardware and over-
provisioning, in turn, means higher operational and maintenance cost, higher energy consumption
for the computing facilities and larger space requirements in order to host the additional servers
and hardware |13, 14].

In order to address the concerns that arise regarding the usage of accelerators resources in
modern data centers, we argue that an accelerator sharing framework for computer clusters in
cloud environments can be employed. By making accelerator resources available not only to the
host device that they are attached to, but also to the rest of the cluster nodes in a data center,
higher levels of utilization can be achieved per hardware accelerator. Hence, we can abate the total
amount of hardware components needed by a data center for the same performance capabilities
and subsequently curtail the total space required for the hardware to occupy. This not only
increases usage of the underlying hardware but also mitigates the operational costs of the entire
data processing facility. There has been a plethora of interesting research activities that have
been carried out recently outlining the benefits of making accelerators available through sharing
frameworks and the performance that can be gained |15, 16, 17, 18].

Taking into consideration recent developments in the field of sharing accelerator resources,
we move forward and explore the idea of adding an additional level of hardware abstraction on
the stack of computer clusters, one that will enable the accelerators present in the cluster to be
managed collectively and their resources to be shared among all nodes of the cluster. In comparison
to other remote accelerator sharing frameworks that have been explored [18, 19, 20|, we content
that by abstracting away the Transport Layer communication between the host machine and
the accelerator, we can decouple the accelerating hardware from the sole usage from the host
machine and make it remotely accessible. Current practices in cloud computing dictate that for
a cloud computing user to gain access to accelerating resources, a virtual machine would have to
be spawned on a host machine that the accelerator is directly attached to and then give to that
virtual machine direct exclusive access to the accelerator. By abstracting away the Transport
Layer, present on the accelerator’s software stack and responsible for the bilateral communication
between host and accelerator, we can grant shared access to accelerating resources to multiple
virtual machines running on a single accelerated server node or even to remote VMs, scattered
across the computing cluster. We can essentially virtualize the accelerators present in a data



center, traditionally used exclusively by the servers which they were attached to, and share their
resources collectively by the cluster as part of a pool of accelerating hardware that a central
scheduler can spin and assign tasks.

1.2 Contribution

In this work, we explore the feasibility, performance and benefits of the aforementioned argu-
ment by implementing a proof-of-concept that targets the Intel Xeon Phi accelerator. We present
RACEX, a Remote ACcelerator EXecution framework that enables the remote concurrent access
to accelerator resources for multiple clients transparently. RACEX is a middleware framework
with a distributed Server-Client architectural design. In our design, RACEX is interposed into
the Intel Xeon Phi’s operating software stack directly above the transport layer, intercepting,
wrapping and forwarding Intel’s SCIF API (Symmetric Communication Interface) calls. SCIF
constitutes the transport layer operating over the PCle bus enabling communication between the
host processor the accelerator coprocessor device. RACEX exposes the same Application Pro-
gramming Interface as that of SCIF and it’s binary compatible with precompiled applications.
Also, we support traditional parallel computing frameworks and tools making our framework ap-
plication transparent. In our current work, we support both native and offload execution modes
and with minor adjustments we can extend our work to support also the symmetric execution
model.

RACEX Powered
Accelerated Computing Center

Intel Intel
Xeon Phi Xeon Phi

Intel
0
1 Xeon Phi

Thin Laptop

Netwi
Hardware Accelerated
Server Rack

I I I I I
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Figure 1.1: Accelerated Computing Center with RACEX Framework



An overview of a potential RACEX powered Heterogeneous Computing Center is depicted
in Figure 3.1. In this illustration, thin remote devices but also in-house computing nodes and
virtual machine instantiations offload computationally intensive tasks to available accelerators in
a server rack equipped with multiple accelerators. With this work, we pave the ground for a
potential future computing center, where smart scheduler running RACEX will receive incoming
request for access to accelerating resources and will be able to efficiently direct access to available
accelerating resources inside the computing center, across all computing nodes equipped with an
accelerator.



Chapter 2

Background

2.1 Historical Review

2.1.1 The Path to Multicore Systems

During the past century the world has bear witness to an unprecedented technological evolu-
tion, the so called Digital Revolution[21] which marked the shift from mechanical and analogue
electronic technology to digital electronics. This period is considered as the birthplace of Com-
puters but also the dawn of a new era, the beginning of the Information Age.

Originally, the first electronic general-purpose computers where enormous machines, occupying
entire rooms, that had to be rewired and reconfigured in order to execute different functions while
at the same time had significant operational costs, consuming immense power loads. Thus their
usage was limited to mainly Government bodies and other organizations. The invention of the
first transistor in 1947 in Bell Labs is considered by many one of the greatest inventions of the 20th
century. By being the key component in all modern electronics, the invention of the transistor
pathed the way towards the first Home Computers, allowing for the first time nontechnical users
to operate a computer and harness it’s processing power in an affordable cost.

From those microprocessors powering the first commercially available computers, the field
of processing units witnessed advancements in an exponential rate. The ability to construct
exceedingly small transistors on an integrated circuit increased the complexity and the number of
transistors on a single processing unit many fold. That prompted a race between the academia
and the industry to create CPUs with ever more processing power, in smaller size and cost. It
was Gordon E. Moore that in 1965, in the light of recent developments in the fields of transistors
and integrated circuits, stated what would latter be known as the “Moore’s Law”[22]

The complexity for minimum component costs has increased at a rate of roughly a
factor of two per year. Certainly over the short term this rate can be expected to
continue, if not to increase. Over the longer term, the rate of increase is a bit more
uncertain, although there is no reason to believe it will not remain nearly constant
for at least 10 years. That means by 1975, the number of components per integrated
circuit for minimum cost will be 65,000. I believe that such a large circuit can be
built on a single wafer.
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Moore’s observation came to be known as a prediction that the number of transistors in a
dense integrated circuit doubles approximately every two years. The same empirical law came
to be widely accepted as a goal for the industry, and it was cited by competitive semiconductor
manufacturers as they strove to increase processing power.

Moore’s Law — The number of transistors on integrated circuit chips (1971-2016) Ot
Moore's law describes the empirical regularity that the number of transistors on integrated circuits doubles approximately every two years. dld
This advancement is important as other aspects of technological progress — such as processing speed or the price of electronic products — are
strongly linked to Moore's law.
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Alongside Moore’s empirical observation, another law regarding the performance scaling of
processing units came to be during the race for higher performing CPUs, the “MOSFET Scaling”
law or as it is more widely known “Dennard Scaling”, named after the co-author of the original
1974 paper, which stated that as transistors get smaller their power density stays constant. The
development of processing units during the race for ever more and more performance power,
reaching higher and higher CPU clock frequencies seemed to abide by the scaling law but around
2005 Dennard scaling appeared to have broken down. Although transistor counts in integrated
circuits were still growing, the resulting improvements in performance were more gradual than
the speed-ups resulting from significant frequency increases. The primary reason cited for the
breakdown is that at small sizes, current leakage poses greater challenges, and also causes the
chip to heat up, which creates a threat of thermal runaway and therefore further increases energy
costs. These created a “Power Wall” that has limited practical single core processor frequency to
around 4 GHz since 2006.

As transistors could not be relied upon to increase serial performance in a single core archi-
tecture processor, an alternative had to be found in order to meet the ever growing demand for



higher processing power. The solution came with the shift to multicore architecture for processing
units. The motivation for multi-core processors came from greatly diminished gains in processors
performance from increasing the operating frequency which mainly can be traced back to three
primary factors:

1. The memory wall; the increasing gap between processor and memory speeds. This, in effect,
pushes for cache sizes to be larger in order to mask the latency of memory. This helps only
to the extent that memory bandwidth is not the bottleneck in performance.

2. The Instruction-Level Parallelism (ILP) wall; the increasing difficulty of finding enough
parallelism in a single instruction stream to keep a high-performance single-core processor
busy.

3. The power wall; the trend of consuming exponentially increasing power (and thus also
generating exponentially increasing heat) with each factorial increase of operating frequency.
This increase can be mitigated by "shrinking" the processor by using smaller traces for the
same logic. The power wall poses manufacturing, system design and deployment problems
that have not been justified in the face of the diminished gains in performance due to the
memory wall and ILP wall.

The failure of Dennard scaling led both academia and industry to focus their efforts in increas-
ing the number of cores on chips as a viable and compelling alternative for performance increase.
Multicore systems enabled performance improvements through parallel processing, solving a prob-
lem by dividing it in multiple tasks which can execute simultaneously on multiple processors. The
increase in processing power through multicore systems is more challenging to benefit from, since
programmers need to develop parallel software that exploits the multicore architecture.

2.1.2 Amdahl’s Law and the Challenge of Parallel Programming

As we entered the multicore era, the computing landscape moved away from single-core systems
design and focused on multicore processors with the notion that the parallization that multiple
cores on a single chip could attain would suffice towards maintaining the performance scaling
that the market demanded and was previously experienced during the golden age of Moore’s
Law. However, the availability of multiple cores on the same chip does not guarantee that the
performance of the executed applications will scale effortlessly. In many cases, the programmer
has to explicitly design the software to take advantage of the available cores. Writing software to
take advantage of multiple cores in order to speed-up an application compared to its performance
on a uni-processor system is inherently difficult.

In a parallel program, the computational load has to be broken into equal-sized pieces and
then each piece assigned to a core. In case that the workloads of the assigned tasks are not
equally sized, some cores would remain idle while waiting for the other ones with the larger pieces
to finish. Moreover, different processors have to communicate with each other during execution in
order to successfully process their workload. If the total time spent for communication between
the cores is significant enough, it can mitigate the total speedup achieved by the parallelization
of the program. In short, scheduling, load balancing, time for synchronization and overhead for
communication between the cores are significant challenges and they become even greater as the
number of processors increases.



When someone is considering the total speedup that a program can achieve through paral-
lelization, one has to consider Amdahl’s Law [23]. Amdahl’s Law is a formula that gives the
theoretical speed-up that can be achieved, in terms of latency, regarding the execution a program
in a parallel manner compared to the serial execution. In the early years of high performance
computing, Gene M. Amdahl|23] first denoted some inherent constraints in the process of parallel
programming and efficiency attainment. Firstly, there is a fraction of computational load in every
application, associated with data management, which cannot be executed in parallel with other
computations and acts as a constant overhead to the runtime. Secondly, when the problem’s
dataset is distributed among processors, irregularity problems may occur, such as inhomogeneous
interiors, irregular boundaries, inconsistency issues among variables and asymmetric convergence
computations. To model the first restriction and set guidelines for coping with irregularity prob-
lems, Amdahl introduced his famous law, which captures their effect on the obtainable speedup.

Amdahl's Law
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Figure 2.1: Total speedup of a parallel program as parallel fraction and number of proces-
SOTSs increase

Before we further define Amdahl’s Law, we first have to define speedup in terms of the per-
formance gained during a program’s execution.

execution_time(l processor)

speedup(n processors) = - :
execution_time(n processors)

Amdahl’s law refers to the increase of the performance that can be achieved by improving a
part of the total program, let it be a proportion p. If this improvement makes that part of the



program s times faster, i.e. it has a speedup equal to s, then the total speedup of the program is
given by the equation:
Thus we define total speedup of the aforementioned program as:

1
(1-p)+%

Considering how the number of independent processors that contribute to the parallelization
of a program affect the definition of the theoretical speedup achievable, we suffice the following :
If p is the proportion of the total program that can be parallelized and 1 — p is the part of the
program that can not be parallelized (i.e. remains sequential), then the maximum total speedup
that can be achieved by using N processors is given by the following equation:

total _speedup =

1
1-p)+ %

As N goes to infinity, the maximum speedup goes to 1/(1—p). Practically, the analogy between
efficiency and cost increases dramatically even if 1 — p is relatively small. At Figure 2.1 we can
see how total speedup is affected while proportion p and number of processors N change. First
of all, the overall speedup of a program that utilizes many cores in a parallel portion is bounded
by the sequential part of the program. Therefore, using even more cores and improving parallel
computer architectures is not panacea. Instead, an application should be redesigned so that a
larger part of it is parallelized.

total _speedup =

2.1.3 Multicore Architectures

According to Michael J. Flynn’s tazonomy for computer architectures [24], there are four
classifications for computer systems that are based upon the number of concurrent instruction
and data streams available in the architecture. Below these four categories are described:

1. Single Instruction Single Data (SISD): A sequential computer which exploits no par-
allelism in either the instruction or data streams.

2. Single Instruction Multiple Data (SIMD): It represents the organization of a single
computer containing a control unit, processor unit and a memory unit. Instructions are
executed sequentially. It can be achieved by pipelining or multiple functional units

3. Multiple Instruction Single Data (MISD): Multiple instructions operate on one data
stream. This is an uncommon architecture which is generally used for fault tolerance.
Heterogeneous systems operate on the same data stream and must agree on the result.

4. Multiple Instruction Multiple Data (MIMD): Multiple autonomous processors si-
multaneously executing different instructions on different data. MIMD architectures in-
clude multi-core super-scalar processors, and distributed systems, using either one shared
memory space or a distributed memory space.

Multi-core computers are based on MIMD architecture which can be further classified depend-
ing on their memory organization into shared-memory architectures, distributed-memory archi-
tectures and hybrid architectures, where aspects of both previous architectures are employed. The
three respective architectural patterns are explained below.



Shared-Memory Architecture

In a shared-memory architecture, each processor owns a private cache memory hierarchy and
collectively, all processors of the system share a single physical address space, a global memory.
All processors and the global memory are interconnected through a single shared system bus. Pro-
cessors communicate through shared variables in memory, with all processors capable of accessing
any memory via loads and stores. When all processors are equidistant from the global memory,
the memory architecture is also defined as symmetric multiprocessor (SMP) and can be viewed
in Figure 2.2.

memory bus

Figure 2.2: Classic organization of a SMP

This model enables fast and uniform data sharing between tasks due to the proximity of
memory to CPUs. Global address space also offers ease of programming. The ability to access
all shared data efficiently from any of the processors using ordinary loads and stores, together
with the automatic movement and replication of shared data in the local caches, makes them
attractive for parallel programming. These features are also very useful for the operating system,
whose different processes share data structures and can easily run on different processors. However
this approach suffers form lack of scalability. Adding more CPUs can geometrically increase traffic
on the shared system bus as well as traffic associated with cache coherence. Based on memory
access times, shared memory architectures can be classified into two categories

1. Uniform Memory Access (UMA): The latency to a word in memory does not depend
on which processor asks for it. All processors share the physical memory uniformly and
access time to a memory location is independent of which processor makes the request or
which memory chip contains the transferred data.

2. Non-Uniform Memory Access (NUMA): Memory access latency for each processor
depends on the memory location. Each processor has its own local memory and can also
access memory owned by other processors. Memory access time in this model depends
on the memory location relative to the processor, since processors can access their local
memory faster than non-local memory. The NUMA architecture was designed to surpass
the scalability limits of the UMA architectures. It alleviates the bottleneck of multiple
processors competing for access to the shared memory bus.

Commercial symmetric multiprocessors have come to use the UMA organization. Although
programming challenges are harder for a NUMA multiprocessor than for a UMA multiprocessor,



NUMA machines are capable of scaling to larger sizes and can have lower latency to nearby
memory. As processors operating in parallel will normally share data, they also need to coordinate
when operating on shared data. Otherwise, a processor could start working on a data before
another processor is finished with it. Thus, when sharing is supported with a single address space
there must be a mechanism for synchronization. An approach to achieve synchronization is the
usage of locks for shared variables. Only one processor at a time can acquire the lock and any other
processor interested in shared data must wait until the original processor unlocks the variable.

Distributed-Memory Architecture

The alternative approach to sharing an address space is for each processor to have its own
cache hierarchy and its own private physical address space. A distributed-memory architecture
network is comprised by a group of nodes, each consisting of a processor, a local cache hierarchy
and a local main memory. The organization of this memory architecture approach, which is also
called message passing, is depicted in Figure 2.3. Message passing, served by the interconnection
network, is the only way of communication between the isolated nodes. Provided the system has
routines to send and receive messages, coordination is built in with message passing mechanism,
since one processor knows when a message is sent, and the receiving processor knows when a
message arrives. If the sender needs confirmation that the message has arrived, the receiving
processor can then send an acknowledgment message back to the sender. Note that unlike the
SMP, the interconnection network is between processor-memory nodes.

Node 1 Node 2 Node 3
3] H $]
CPU CPU CPU

Interconnection Network(e.g. Ethernet, Myrinet, SCI)

Figure 2.3: Classic organization of distributed memory architecture

There have been several attempts to build large-scale computers based on high-performance
message-passing networks, and they do offer better absolute communication performance than
clusters built using local area networks. Indeed, many supercomputers today use custom networks.
The problem is that they are much more expensive than local area networks like Ethernet. Few
applications today outside of high performance computing can justify the higher communication
performance, given the much higher costs.

The distributed memory model achieves high scalability, since memory can increase propor-
tionally to the the number of processor, as well as cost effectiveness, since commodity processors
and networking infrastructure can be used to build such systems. Moreover, each processor can
rapidly access its local memory without the overhead incurred by global cache coherence oper-
ations. On the other hand, programming is more challenging as developers are responsible for
details associated with communication between processors.



Hybrid Architecture

Hybrid memory architectures combine the benefits of shared-memory and distributed-memory
models onto the same computing system. In this memory architecture approach, nodes with shared
memory architecture are connected via an interconnection network using the distributed memory
architecture. The organization of this approach is depicted in in Figure 2.4. This design permits
parallel processing within each node and scales up in the same way as a distributed memory system.
Since this approach incorporates the benefits of both previous memory architecture models, it is
the typical architecture of the modern clusters and supercomputers.

SMP Node 1 SMP Node 2 SMP Node N

Interconnection Network (e.g. Ethernet, Myrinet, SCI)

Figure 2.4: Example of a hybrid architecture

2.2 Accelerators

In computing, hardware acceleration is defined as the process, during which specialized com-
puter hardware is employed in order to perform functions more efficiently than what is possible
for a software running on a more general-purpose CPU. When the hardware that performs the
computing acceleration exists as a separate unit from the general-purpose CPU, then it is referred
to as a hardware accelerator.

The most notable hardware accelerators are detailed bellow.

2.2.1 Graphics Processing Unit (GPU)

A Graphics Processing Unit (GPU) is a single-chip processor that performs rapid mathemati-
cal calculations, primarily for the purpose of rendering images. In the early days of computing, the
central processing unit (CPU) performed these calculations. As more graphics-intensive applica-
tions were developed; however, their demands put strain on the CPU and degraded performance.
GPUs came about as a way to offload those tasks from CPUs, freeing up their processing power.
In 1999, NVIDIA introduced the world’s first GPU, the GeForce 256 [25]. It was introduced as :

A single chip processor with integrated transform, lighting, triangle setup/clipping,
and rendering engines that is capable of processing a minimum of 10 million polygons
per second.



It could process 10 million polygons per second, allowing it to offload a significant amount of
graphics processing from the CPU. ATI Technologies released the Radeon 9700 in 2002 using the
term visual processing unit (VPU). Over the past few years there has been a significant increase
in performance and capabilities of GPUs due to market demand for more sophisticated graphics.
Moreover, over time, the processing power of GPUs made the chips a popular choice for other
resource-intensive tasks unrelated to graphics.

Nowadays, GPUs are widely used in embedded systems, mobile phones, personal computers,
and game consoles. Modern GPUs are very efficient at manipulating graphics as well as in image
processing. Furthermore, their highly parallel structure makes them more effective than general-
purpose CPUs for algorithms where processing of large blocks of data is done in parallel. As
a result, a large discrepancy in floating-point capability between the CPU and the GPU was
emerged. The main reason is that GPUs are specialized for compute-intensive, highly parallel
computations and therefore designed such as more transistors are devoted to data processing
rather than data caching and flow control, as is the case for the CPU. More specifically, GPU
is especially well-suited to address problems that can be expressed as data-parallel computations
with high arithmetic intensity. Because the same program is executed in each data element, there
is a lower requirement for sophisticated flow control. Memory access latency can be hidden with
calculations instead of big data caches. GPUs can therefore be considered as general-purpose, high-
performance, many-core processors capable of very high computation and memory throughput.

General Purpose Graphics Processing Unit (GPGPU)

A general-purpose GPU (GPGPU) is a graphics processing unit (GPU) that performs non-
specialized calculations that would typically be conducted by the CPU (central processing unit).
Ordinarily, the GPU is dedicated to graphics rendering.

GPGPUs are used for tasks that were formerly the domain of high-power CPUs, such as
physics calculations, encryption/decryption, scientific computations and the generation of cypto
currencies such as Bitcoin. Because graphics cards are constructed for massive parallelism, they
can dwarf the calculation rate of even the most powerful CPUs for many parallel processing tasks.

General-purpose computing on GPUs only became practical and popular after about 2001,
with the advent of both programmable shaders and floating point support on graphics processors.
Notably, problems involving matrices and/or vectors — especially two-, three-, or four-dimensional
vectors — were easy to translate to a GPU, which acts with native speed and support on those
types.

The architecture of GPUs, with many cores and high bandwidth in their private memory,
designed for the efficient parallel execution of many tasks, is ideal for applications that make many
simultaneous calculations (such as math models). This is why GPU acceleration - the parallel use
of a GPU, alongside with the CPU, to efficiently execute costly applications - is becoming more
and more more popular in recent years in various fields [26, 27, 28, 29]. In order to harness the
power that GPUs can provide to general purpose computations, several programming interfaces
have been designed and implemented. The most popular and widely used frameworks for GPGPU
are listed below.

1. OpenCL: The Open Computing Language (OpenCL) is a framework for writing programs
that execute across heterogeneous platforms consisting of central processing units (CPUs),
graphics processing units (GPUs), digital signal processors (DSPs), field-programmable



gate arrays (FPGAs) and other processors or hardware accelerators. OpenCL is an open
standard maintained by Khronos Group[30].

2. CUDA: The Compute Unified Device Architecture (CUDA) is a parallel computing platform
developed by NVIDIA and introduced in 2006. It enables software programs to perform
calculations using both the CPU and GPU. By sharing the processing load with the GPU
(instead of only using the CPU), CUDA-enabled programs can achieve significant increases
in performance [31].

2.2.2 Field-Programmable Gate Array (FPGA)

A field-programmable gate array (FPGA) is an integrated circuit (IC) that can be programmed
in the field after manufacture. The FPGA configuration is generally specified using a hardware
description language (HDL), similar to that used for an application-specific integrated circuit
(ASIC). FPGAs are similar in principle to, but have vastly wider potential application than,
programmable read-only memory (PROM) chips. FPGAs contain an array of programmable
logic blocks, and a hierarchy of reconfigurable interconnects that allow the blocks to be "wired
together"”, like many logic gates that can be inter-wired in different configurations. Logic blocks
can be configured to perform complex combinational functions, or merely simple logic gates like
AND and XOR. In most FPGAs, logic blocks also include memory elements, which may be simple
flip-flops or more complete blocks of memory. FPGAs have gathered increased attention as they
are proven to be able to provide significant performance boost to application in computing centers
that employ heterogeneity in their designs.

2.2.3 Coprocessor

A coprocessor is a computer processor used to supplement the functions of the primary pro-
cessor (the CPU). Operations performed by the coprocessor may be floating point arithmetic,
graphics, signal processing, string processing, encryption or I/O Interfacing with peripheral de-
vices. By offloading processor-intensive tasks from the main processor, coprocessors can accelerate
system performance.

2.3 Intel Xeon Phi

As a proof-of-concept for our proposed framework, we employ the Intel Xeon Phi coprocessor,
member of Intel’s Xeon Phi processor family. The Xeon Phi processor family consists of a series
of massively-parallel x86 manycore processors that are compatible with standard programming
languages and major APIs such as OpenMP|32] and MPI. As of 2017 Intel Xeon Phi powers four
out of the ten highest performing supercomputers in the world[33]. Intel’s Xeon Phi processor
family employs the Many Integrated Core (MIC) architecture, leveraging the x86 architecture and
extending it’s compatibility with existing programming tools, compilers and libraries. Applications
intended for a MIC processor can easily be executed on a standard Intel Xeon x86 processor. The
main difference between Xeon Phi and a GPGPU like Nvidia Tesla is that Xeon Phi, with an
x86-compatible core, can, with less modification, run software that was originally targeted at a
standard x86 CPU. In our work, we explore the benefits of making Xeon Phi’s resources available



remotely and shared across a computing cluster. The underlying architecture of an Intel Xeon
Phi accelerator is illustrated in Figure 2.5.
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Figure 2.5: Intel Xeon Phi Architecture Ring and Cores

Source: Intel’s MPSS User’s Guide

2.3.1 Xeon Phi Execution Models

The Xeon Phi coprocessor supports different execution models based on the intended func-
tionality and the execution scheme. The execution models can be summarized in three categories:
native, offload and symmetric.

1. Native Mode: In this mode, an application can be executed entirely on to the device. To run
natively, the application has to be cross compiled for the Xeon Phi operating environment
and transferred directly to the coprocessor. Intel provides the necessary tools to support
the native execution mode through Manycore Platform Software Stack, Intel’s software
collection that support the coprocessor’s operations.

2. Offload Mode: Also known as heterogeneous programming mode, the execution of an ap-
plication is split between the host and the coprocessor with the former offloading computa-
tionally intensive parts to be executed on the later. The offloading mode is supported and
strengthened by traditional parallel computing frameworks such as OpenMP.

3. Symetric Mode: In this scenario the application is run concurrently in the host machine and
in the Intel Xeon Phi. The coprocessor is identified by the host as independent processing
node and the two parts communicating through a message passing interface like MPI.
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Figure 2.6: Intel Xeon Phi Programming and Execution Models

The programming models that correspond to the aforementioned execution models are il-
lustrated in Figure 2.6. Apart from the Xeon Phi execution models, the "Only CPU" model
illustrated in Figure 2.6 corresponds to a normal execution of an application which takes place
solely on the CPU with no engagement of the accelerator.

2.3.2 Intel ManyCore Platform Software Stack

Intel provides a collection of inter-dependable software that are necessary to operate the Intel
Xeon Phi coprocessor. The MPSS includes the software intended for both the host machine and
the coprocessor and the necessary framework for them to efficiently communicate and coordinate
the coprocessor’s operations. Among the prominent features of Intel’s Manycore Platform Soft-
ware Stack, the Coprocessor Offload Infrastructure (COI) is essential for our work as it exposes
the necessary API for offloading executables and data on the coprocessor, and employes the nec-
essary mechanism to provide a virtual shared memory model that simplifies data sharing between
processes on the host and each coprocessor. COI and other Intel MPSS components rely on the
Symmetric Communication Interface (SCIF) API for PCle communication services between the
host processor and the coprocessors. SCIF delivers very high bandwidth data transfers and sub-
sec write latency to memory shared across PCle, while abstracting the details of communication
over PCle [34]. A simplified version of the MPSS, with the components relevant to our work, is
depicted in Figure 2.7.
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Figure 2.7: ManyCore Platform Software Stack Components Overview

2.3.3 Symmetric Communication Interface (SCIF)

Intel’s Symmetric Communication Interface or SCIF provides a mechanism for inter-node com-
munication within a single platform, where a node is an Intel Xeon Phi coprocessor or an Intel
Xeon host processor complex. In particular, SCIF abstracts the details of communicating over
the PCle bus while providing an API that is symmetric between the host and MIC Architecture
devices. The Intel MIC software architecture supports a computing model in which the workload
maybe distributed across both the Intel Xeon host processor complex and Intel MIC Architecture
coprocessors. An important property of SCIF is symmetry; SCIF drivers must present the same
interface on both the host processor and the Intel MIC Architecture coprocessor in order that
software written to SCIF can be executed wherever is most appropriate. Since the Intel MIC
Architecture coprocessor may use a different operating system than that running on the host,
the SCIF architecture is designed to be operating system independent. This ensures SCIF imple-
mentations on different operating systems can inter-communicate. SCIF supports communication
between Xeon host processors and Intel MIC Architecture coprocessors within a single platform.
Communication between such components that are in separate platforms can be performed us-
ing standard communication channels such as Infiniband and TCP/IP. A SCIF implementation
on a host or Intel MIC Architecture coprocessor includes both a user mode library and kernel
mode driver as shown in Figure 2.7. Most of the components in the Intel MPSS use SCIF for
communication.

The SCIF driver provides a reliable connection-based messaging layer, as well as functionality
which abstracts RMA operations. SCIF provides a communication mechanism between different



SCIF nodes. A SCIF node is a physical endpoint in the SCIF network. The host and the MIC
Architecture devices are SCIF nodes. The process of establishing a connection between different
SCIF nodes is similar to socket programming, with similar semantics being utilised by SCIF:
scif_open(), scif _bind(), scif_listen(), scif_connect(), scif_accept(). Accordingly the
functionality that the aforementioned SCIF functions implement is similar to that of the sockets
functions. A typical connection flow between two different nodes in the SCIF network is depicted
in Figure 2.8.
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Figure 2.8: Connecting two different SCIF nodes

Source: Intel’s SCIF User Guide



SCIF Messaging Layer

After a connection has been established, messages may be exchanged between the processes
owning the connected endpoints. A message sent into one connected endpoint is received at
the other connected endpoint. Such communication is bi-directional. The Messaging Layer of
SCIF is comprised by the socket-like function scif _send() and scif_recv. Messages are always
sent through a local endpoint for delivery at a remote connected endpoint. For each connected
pair of endpoints, there is a dedicated pair of message queues — one queue for each direction of
communication. In this way, the forward progress of any connection is not gated by progress on
another connection, which might be the case were multiple connections sharing a queue pair. A
message may be up to 23! -1 bytes long. In spite of this, the messaging layer is intended for
sending short command-type messages, not for bulk data transfers. The messaging layer queues
are relatively short; a long message is transmitted as multiple shorter queue-length transfers, with
an interrupt exchange for each such transfer. Therefore SCIF RMA functionality should be used
for sending larger units of data, e.g. longer than 4KiB.

2.3.4 SCIF Remote Memory Access

The SCIF employs the use of a mechanism that enables remote memory access (RMA) from the
memory of the host processor to the memory of the co-processor.[35] This mechanism permits high-
throughput, low-latency transfer operations between the two parties. The mechanism depends
upon Memory Registration in which a process exposes a range of memory pages in its virtual
address space, to be accessed by another process, typically by a process residing on a remote
node. The remote memory access operations are utilized in order to transfer a binary executable
intended to run on the co-processor, shared libraries as well as bilateral transfer of large data
buffers.

In order for a process to map memory that belongs to a remote process, residing either on
the host or the accelerator, it first has to be registered with the SCIF driver. Each connected
endpoint, has a subsequent registered address space. The Register Address Space (RAS) is an
abstract address space managed by the SCIF Driver, ranges of which can represent local physical
memory. The SCIF Driver registers a range of user-space virtual memory when scif_register()
is called, in the form of a registered window and returns an offset by which the registered address
space can be accessed by both parties involved in an RMA operation. The communicating parties
can reference and access the registered window by passing the offset to the relevant SCIF RMA
API calls. The mapping between registered address space and physical memory remains even if
the specified virtual address range is unmapped or remapped to some different physical pages or
object.

In Figure 2.9, the memory registration mechanism is illustrated. The Figure presents a reg-
istered window W which was created by scif_register(). The pages of W, a range in the
registered address space of some local SCIF endpoint, represent some set, P, of physical pages
in local memory. P is the set of physical pages which backed a specified virtual address range,
VA at the time that scif_register() was executed. Even if the virtual address range, VA, is
subsequently mapped to different physical pages, W continues to represent P. Of course, if the
virtual address range is unmapped or remapped to different physical pages, the process has no
way of accessing the registered memory in order to read or write RMA data unless those physical
pages back some other virtual address range.
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Figure 2.9: Memory Registration Mechanism

SCIF RMA operations are intended to support the one-sided communication model which has
the advantage that a read/write operation can be performed by one side of a connection when it
knows both the local and remote locations of data to be transferred. One-sided calls can often
be useful for algorithms in which synchronization would be inconvenient (e.g. distributed matrix
multiplication), or where it is desirable for tasks to be able to balance their load while other
processors are operating on data.

The scif_readfrom() and scif_writeto() functions perform DMA or CPU based read and
write operations, respectively, between physical memory of the local and remote nodes of the
specified endpoint and its peer. The physical memory is that which is represented by specified
ranges in the local and remote registered address spaces of a local endpoint and its peer remote
endpoint. Specifying these registered address ranges establishes a correspondence between local
and remote physical pages for the duration of the RMA operation. Specific RMA flags passed on
to the relevant SCIF RMA operations control whether the transfer is DMA or CPU based.

In Figure 2.10 we illustrate such a mapping between two remote SCIF nodes, who will perform
an RMA procedure. The process performing the operation specifies a range, LR, within the
registered address of one of its connected endpoints, and a corresponding range, RR, of the same
length within the peer endpoint’s registered address space. Each specified range must be entirely
within a previously registered window or contiguous windows of the corresponding registered
address spaces. The solid green lines represent the correspondence between the specified ranges
in the local and remote registered address spaces; the dashed green lines represent the projections
into their respective physical address spaces. This defines an overall effective correspondence
(black lines) between the physical address space of the local node and that of the remote node of
the peer registered address space. Hence, a DMA operation will transfer data between LP and
RP (again, LP and RP are typically not contiguous).
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2.4 Sockets - TCP/IP

A socket is defined as an endpoint for communication. A pair of processes communicating
over a network employs a pair of sockets—one for each process. A socket is identified by an IP
address concatenated with a port number. In general, sockets use a client—server architecture.

The server waits for incoming client requests by listening to a specified port. Once a request is
received, the server accepts a connection from the client socket to complete the connection. When

a client process initiates a request for a connection, it is assigned a port by its host computer.
This port has some arbitrary number greater than 1024.

In our work, we utilize the Berkeley Sockets or BSD Sockets. Berkeley sockets is an application
programming interface (API) for Internet sockets and Unix domain sockets, used for inter-process
communication (IPC). It originated with the 4.2 BSD Unix released in 1983. A socket is an

abstract representation (handle) for the local endpoint of a network communication path. The
Berkeley sockets APT represents it as a file descriptor (file handle) in the Unix philosophy that

provides a common interface for input and output to streams of data. The BSD Sockets implemen-
tation reside on top of the TCP/IP Stack. The TCP/IP Stack or Internet protocol suite provides



end-to-end data communication specifying how data should be packetized, addressed, transmitted,
routed, and received. This functionality is organized into four abstraction layers, which classify
all related protocols according to the scope of networking involved. From lowest to highest, the
layers are the link layer, containing communication methods for data that remains within a single
network segment (link); the internet layer, providing internet networking between independent
networks; the transport layer, handling host-to-host communication; and the application layer,
providing process-to-process data exchange for applications.

2.5 Serialization

Serialization is the process of translating data structures or object state into a format that
can be stored (for example, in a file or memory buffer) or transmitted (for example, across a
network connection link) and reconstructed later (possibly in a different computer environment).
When the resulting series of bits is reread according to the serialization format, it can be used
to create a semantically identical clone of the original object. For many complex objects, such
as those that make extensive use of references, this process is not straightforward. Serialization
of object-oriented objects does not include any of their associated methods with which they were
previously linked.

In our work we employ the use of serialization techniques in order to transmit structured data
between the communicating parties in our framework. More specifically, we transmit messages
over the network stack between remote nodes. Those messages are comprised by scattered memory
values. Thus, with the employment of serialization techniques, we are able to take a memory data
structure that is comprised by scattered memory regions, into a stream of bytes that can be
transmitted over the network and then reconstructed in the same manner as to represent the
same data structure.

2.5.1 Protocol Buffers

For our work, we have employed the use of Google’s Protocol Buffers [36] as a serializer
for our framework. Protocol buffers are Google’s language-neutral, platform-neutral, extensible
mechanism for serializing structured data. The Protocol Buffer, involve an interface description
language that describes the structure of the data that are will be involved in a serialization proce-
dure, together with a program that generates source code from that description that is intended
for generating or parsing a stream of bytes that represent the structured data. Google’s Proto-
col Buffers have extensive compatibility with many programming languages and are published
under an open-source license. The design goals for Protocol Buffers emphasized simplicity and
performance. In particular, it was designed to be smaller and faster than XML.



Chapter 3

Design and Implementation

We design RACEX to be interposed inside the Manycore Platform Software Stack and intercept
the Transport Layer communication between the host processor and the accelerator, implemented
by the SCIF API. The RACEX framework intercepts, wraps and forwards SCIF APT calls through
a middleware library that connects to a server-side daemon that is responsible for serving client’s
requests and executing the original scif calls to the coprocessor. We implement a Client-Server
distributed architecture model. We illustrated a high-level overview of RACEX’s design in Figure
3.1. The underlying architecture of the framework together with the Data and Control Paths,
are depicted in Figure 3.2. The main components that constitute the RACEX framework are the
client-side “libracex” library which wraps the SCIF API, in order to make it remotely accessible,
and the server-side RACEX daemon, which exposes a remote SCIF execution requests API. The
host machine that the Xeon Phi is physically connected to acts as the server in our framework.

- D

RACEX Design Overview
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Figure 3.1: RACEX Design Overview

We illustrate in Figure 3.2 the I/O path for our framework when a SCIF API call request is
triggered by an application. We represent the I/O path for a scenario that corresponds to an offload
execution mode from the aforementioned Xeon Phi modes of execution. Solid lines represent
control path and dashed lines represent the subsequent data paths. The client communicates with
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the server side daemon using the BSD Sockets API and the TCP/IP Stack, represented in the
Figure 3.2 as “Network Stack”. We provide further details regarding the design of our distributed
architecture in the following sections.

3.1 Client-Side Library Architecture

The client part of the middleware framework we are proposing consists of a library that is
installed in the system that is requesting remote access to accelerator resources. The client library
offers the same Application Programming Interface (API) as does the original Intel SCIF library
and it’s binary compatible with . Hence we are able to provide compatibility with the rest of the
Manycore Platform Software Stack and parallel programming APIs such as OpenMP.

The client-side library intercepts the SCIF library calls either by preloading the library to the
dynamic linker of the client’s system before the intended execution, or by installing the library
in the system and replacing any preexisting scif library. The RACEX framework is based on
a thread level communication between the client and the server. Each respective thread of a
process issuing a SCIF call, initiates a corresponding TCP connection with a dedicated thread on
the server-side daemon that will serve incoming requests by the client and return the resulting
data. The execution flow of the client-side library is summarized by the Algorithm 1.



Algorithm 1 Client-Side Library Execution Flow

procedure SCIF_CALL()
curr _thread < identify current thread()
if lhas_established _connection(curr _thread) then
establish__connection()

mapping < get _mapping()
emd < pack _phi _cmd(args)
send_phi__cmd(emd)

1:

2

3

4

5: if is_rma_operation() then

6

7

8

9 res < recv__phi_cmd_results()

10: if res— > success() then

11: set _resulting values(mapping)
12: else

13: set_error_values()

14: return

For each SCIF API call made in the client’s system, the execution flow of our framework
performs the following tasks: (1) acquire the connection handle to the server side daemon for the
calling thread, in case there is no open connection with the server, we initiate a new one (2) pack
all the required arguments together with the function identifier in the RACEX’s communication
protocol designated data structure for forwarding API calls (3) send the SCIF call request to the
server daemon (4) wait for the results message from the server (5) unpack the results and copy any
required data to their specified memory addresses (6) in case of any error in the remote execution
of the SCIF call, set the appropriate error value (7) return the appropriate value to the caller.

3.2 Server Daemon

The server-side daemon of our framework resides on the server that is physically connected to
the Intel Xeon Phi coprocessor and serves potential RACEX clients, enabling concurrent access
to the accelerator’s resources. For each incoming connection, the server daemon will spawn a
dedicated serving thread that will serve all the request for remote SCIF API call requests. In order
to avoid concurrency issues and also to have clearly separated client-server execution contexts,
each calling thread in the client-side has a dedicated serving thread on the server-side. In that
way, the same TCP/IP connection is only used by the two communicating threads, the client
issuing the request for a remote SCIF API call and the server thread that will serve the client’s
request. The execution flow of the server-side daemon is summarized in Algorithm 2.

For each RACEX remote call message that the daemon’s serving thread receives, the execution
flow of our framework performs the following tasks: (1) unpack the remote API call identifier and
the relevant arguments (2) optionally perform a memory mapping operation in case of remote
scif_register() call in order to reserve a memory region for subsequent RMA operations or copy
data in the designated memory region to be accessed by following RMA operations. (3) execute
the actual SCIF API call(4) pack the output data to be transferred back to the client(5)send the



Algorithm 2 RACEX Server Daemon Execution Flow

1: procedure RACEX DAEMON()

2 wait for_incoming_connection)
3 spawn_serving _thread()

4: serve_client:

5: cmd < receive__phi__cmd()

6 unpack _phi_cmd(emd)

7 if is_rma_operation() then

8 mapping < retrieve_mapping()
9 process__phi__cmd(emd)

10: execute phi_cmd(args)

11: results < pack _phi_results()
12: send_phi_cmd(results)

13: res <— recv_phi_cmd_results()
14: if client finished() then

15: return

16: else

17: goto serve_ client

18: return

response to caller and (6) block until any new message comes from the calling thread.

3.3 RACEX Communication Protocol

We have implemented a custom remote API call communication protocol that is utilized
in RACEX by the two distributed communicating parties, the client and the server daemon.
The protocol utilizes Google Protocol Buffers [36] as a fast and light serialization method for
serializing structured data. As a result, as it is presented in the data path in Figure 3.2 for both
client-side RACEX library and server-side daemon, we experience a data copy inherent in the
Protocol Buffer’s serialization procedure. In our future work, we plan to remove any overhead
presented by the data copy procedure that the serializer features. Instead, we plan to employ
the usage of scatter/gather message structs for transmitting the required structured data between
client and server and thus eliminating the need for serialization and data copies. In the following
Evaluation Section we will see that the overhead latency featured by the aforementioned data
copies is insignificant compared to the present network latency. Moreover, the communication
protocol was developed in order to accommodate the need from our framework for structured data
exchange between the client, who is requesting access to the Xeon Phi’s resources and the server-
side daemon serving the client’s request for remote execution of SCIF API calls. However, the
protocol is designed to be generic, able to support structured communication needed for enabling
a remote API execution framework and thus making it application independent, contributing to
a generic framework for Remote Accelerator Execution.



3.4 Remote Memomy Access Operations

Special care is taken for the Remote Memory Access operations in which the following SCIF
functions take part: scif_register(), scif _unregister(), scif_writeto(), scif_readfrom(),
scif_vwriteto(), scif_vreadfrom(). In order for the SCIF communicating parties to be able
to perform an RMA operation, they first have to register the appropriate memory region that
will be accessed during the RMA operation. As we have seen in the background Section, the
scif_register() API call has the role of opening a window, a range of pages in the registered
address space (RAS), ranging for the specified length and return an offset, from the start of
the registered address space, to the caller that will be used by API functions involved in RMA
operations in order to address the registered space intended for bilateral access. The SCIF driver
retains a mapping of the registered window in the register address space (RAS) and the memory
range in the virtual address space (VAS) that it corresponds to, as it is represented in Figure 2.9.

Due to the nature of the framework’s distributed architecture, we have implemented a mech-
anism that stores and retrieves mappings between a registered address space offset pointing to a
registered window and its corresponding virtual address space memory region. Each mapping is
unique for every process context. During an RMA operation, both the client-side library and the
server-side daemon will retrieve from their respective mappings data structure, the pointer to the
virtual address space memory region that corresponds to the offset of the registered address space
(RAS) that the RMA operation is utilizing, in order to transfer the data from and to the client
before and after the completion of the RMA operation respectively. The distributed mechanism
that we employ to support the SCIF RMA functionality is illustrated in Figure 3.3.
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RACEX is currently supporting all RMA operations at a synchronous execution mode, with
all RMA related SCIF functions returning after the completion of the transfer operation.



Chapter 4

Evaluation

In this section we analyze the performance of our framework. First, we evaluate the execution
time of our framework on the API level where we compare it with the native execution. We
evaluate RACEX framework by conducting a series of microbenchmarks that focus on specific
API calls. Then, we explore the performance of the RACEX framework on the native and offload
execution mode of the Intel Xeon Phi accelerator, by running various workloads from the Rodinia
Benchmark Suite for Heterogeneous Computing [37]. Finally, we conclude with a scalability test
where we evaluate how are framework scales in comparison to the native case, for various thread
and number of clients configurations.

4.1 Experimental Setup

We evaluate the performance of our framework by setting up the following topology: a server
host machine with 1x Intel Core i7-4820K, 32GB RAM, also equipped with one Intel Xeon Phi
3120P coprocessor with 57 cores capable of hyperthreading, with 4 threads per core, summing
up to a total 228 threads, which will be running the RACEX’s server side daemon and another
machine with 1x Intel Core i5-2320, 4GB RAM that RACEX library is installed and will act as
the client in our evaluation scenarios. The two machines are connected via Ethernet on the same
LAN. The aforementioned topology is depicted in Figure 4.1.

[ =1

~ -

~ -

.
.

_“ . .’

.
d———E\ . .
.
.
.

N

kepler.cslab.ece.ntua.gr -~

dungani.cslab.ece.ntua.gr

qmmmmm—m—-

-
.
~ -
~ P

. e [ =
— I

Network Switch

i

Xeon Phi 3120P

Figure 4.1: RACEX Experimental Setup Topology Overview
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In order to evaluate our framework’s performance in comparison to the native operation of
the Xeon Phi, we conduct our test scenarios for the following network configurations:

1. Local: In this configuration, the client machine which utilizes the RACEX framework to
gain access to Xeon Phi’s resources is the same machine running the daemon application. In
this configuration we simulate the minimum overhead latency that our framework features.

2. Remote: In this configuration, the client machine which utilizes the RACEX framework
to gain access to Xeon Phi’s resources is in the same LAN as the server machine. In this
configuration we simulate the performance of our framework in a realistic environment.

4.2 Microbenchmarks

We use a simple of microbenchmarks, developed by the authors of vPHI[17], that focus on
evaluating the performance of our framework during the two major communication operations that
the SCIF employs for the host processor to communicate with the accelerator: (1) the Send-Recv
socket-like API calls which comprise the Messaging Layer of SCIF, in which short command-type
messages may be exchanged between the host and the coprocessor and (2) the Remote Memory
Access SCIF API calls which are utilized for heavy bulk data transfers between the host processor
and the accelerator [35]. For both benchmark scenarios, we first execute them natively on the
server in order to acquire a baseline to which we will compare the performance of our framework
in the two network configurations. Also, in order for the benchmarks to work, a corresponding
application is spawned on the accelerator which will be the communicating party with which the
client-side benchmark will communicate, either receiving data through the scif _recv() API call
or by registering and reading from a remotely accessed memory region.

4.2.1 Messaging Layer Evaluation

First, we evaluate the latency of our framework by executing the Send-Recv benchmark sce-
nario for different message sizes ranging from 1 Byte to 32K Bytes. In this scenario, the application
spawned on the accelerator listens for incoming connection, accepts a connection from a potential
client and receives a predefined number of bytes using the scif_recv() API call. On the client-
host side, the application connects to the communicating process executing on the coprocessor
and send the predefined number of bytes using the scif_send() API call. We present the corre-
sponding latency that was measured for RACEX framework, for the two network configurations,
in comparison with the native execution latency in the Figure 4.2.

In Figure 4.2 we observe that the latency of our framework shows a near constant overhead
for message sizes smaller that 4K. The native execution latency for sending 1 Byte from the host
to the coprocessor is 5 us. The latency of RACEX framework is 95 us for the localhost network
configuration and 250 us for the remote network configuration. Hence, the overhead latency of
our framework is calculated to Localhost _Owverhead = (95 — 5) = 90us, Remote_ Overhead =
(250 — 5) = 245us. From the presented measurements, we experience a significant increase in
the measured latency from the Localhost to the Remote network configuration. The noticeable
difference between the two network configurations leads us to the conclusion that 245us — 90us =
155us is attributed to the network transmission overhead.
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Figure 4.2: Send-Recv Communication Latency

Furthermore, we observe a sharp escalation in the measured latency of the native baseline
measurements for message bigger than 4KB. The findings are in accordance with the SCIF spec-
ifications that state that for messages with size bigger than 4KB, SCIF RMA operations should
be utilized for the data transfer, as the SCIF Messaging Layer that Send-Recv API calls are part
of, is intended for small size command-type messages exchange between the processor and the
accelerator [35]. Alongside the scaling of the native baseline latency, we observe that the latency
of RACEX framework follows a similar escalation where we experience a near native performance
for our framework for 4K up to 32K messages.

In order to better understand the overhead that our framework features for the Messaging
Layer benchmark, we perform an in-depth breakdown analysis. The findings of our analysis are
presented in Figure 4.3.

From the Breakdown analysis, we conclude that approximately 7% of the latency measured
from our framework for messages smaller than 4K is attributed to the framework’s inherent im-
plementation overhead and 84% is attributed to the Network Transmission and TCP/IP Stack
overhead. The main source of the overhead that the framework’s inherent implementation presents
is attributed to the serialization and deserialization operations that as we explained, contain data
copy operations and we can abridge in our future work by utilizing a scatter-gather transfer mech-
anism. Moreover, for message sizes exceeding the 4K threshold, it is evident that the share of the
total execution time that corresponds to the actual SCIF API call execution time is increasing,
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Figure 4.3: Send-Recv Communication Performance Breakdown

as expected, in a manner similar to the baseline native execution. It is worth noticing, that for
32K messages the percentage of the total execution time that is attributed to the actual SCIF
APIT call is calculated to 80%, thus explaining the near-native performance that we observed for
RACEX framework.

4.2.2 RMA Operations Evaluation

Next, we evaluate the performance of our framework during Remote Memory Access oper-
ations, employed by SCIF protocol for efficient large data transfers, in order to determine the
throughput that RACEX framework can achieve. In this scenario, we again spawn a process on
the accelerator which listens for incoming connections, accepts a new client and receives a request
that registers a memory region comprised of a predefined number of pages which will then be ac-
cessed by the remote process on the host. Then, the client-host process of the benchmark registers
a corresponding memory window of the same predefined number of pages in size and initiates a
Remote Memory Access operation, through the scif_writeto() API call, during which a buffer
present in the Register Address Space (RAS) of the host is transferred to the Register Address
Space(RAS) of the coprocessor. The results from the throughput evaluation for RMA operations
are presented in Figure 4.4.

The baseline performance of SCIF presents a throughput of 1.72 GB/s where as the RACEX
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Figure 4.4: Read-Write RMA Operations Throughput

frameworks manages to attain 42.7 MB/s. In order to better understand the deficit of our frame-
work in measured throughput for the RMA operation compared to the native execution we perform
an in-depth performance analysis, the results of which are presented in Figure 4.5.

From the presented analysis, it is evident that the biggest share of overhead that is present in
the execution time is attributed to network transmission delay and the TCP/IP Stack overhead.
More specifically, as the size of data to be transferred through the RMA operation increases, the
percentage of the total execution time that represents the network transmission delay abates.
At the same time the percentage that represents the overhead of the TCP/IP Stack is steadily
increasing as it becomes more prevalent between the other major operations of the execution.
Together the Network Transmission and TCP /IP overhead account for approximately 72% of the
total execution overhead and the serialization operations that are employed in order to transmit
the structured data account 21%, thus explaining the observed abridged throughput in comparison
the native baseline execution.

However, there is a perceived aberrant behavior between the Send-Recv Messaging Layer la-
tency benchmark and that of RMA Operations throughput benchmark. There is a range of over-
lapping input data sizes, from 4KB to 32KB, that we evaluated with both SCIF communication
mechanisms. As we previously established, the Send-Recv Messaging Layer benchmark presents
a near-native performance for messages that range from 4KB to 32KB of size. On the other hand,
the RMA benchmark presents a significant overhead to the measured native baseline performance.
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In order to understand this aberrant behavior, we focus on the results of the breakdown analysis
for the specific input data sizes that overlaps between the two benchmarks. For 32KB input data
size, we can observe that there is a substantial difference in the execution time of the actual
native SCIF API call execution between the two benchmarks. In the Send-Recv Messaging Layer
benchmark the execution time of the scif_send () call is 3078 us when the scif_writeto() RMA
equivalent is 18 us for the same data size to be transferred. In this context, as we also observe
from the breakdown analysis figures presented above, when the actual SCIF call execution time
scales in the Send-Recv benchmark, the percentage of the total execution latency that belongs to
the Transmission overhead abates. At the same time, in the RMA benchmark, the percentage of
the total execution time that belongs to the Transmission latency holds the prominent position
because the actual execution time of the SCIF call is staggeringly lower in contrast to Send-Recyv.
Having evaluated the two different presented behaviors, we conclude that network latency is the
prominent cause for the low RMA throughput for large data transfers.



4.3 Native Execution Mode

We move forward and evaluate the performance of RACEX framework in higher-level appli-
cations. We evaluate the performance of RACEX framework in the native execution mode of
the Intel Xeon Phi. In this execution mode, the application has to be cross-compiled in the host
machine to target the Xeon Phi architecture and then transferred to the coprocessor from where it
will be launched and executed. We utilize micnativeloadex, a software tool provided by Intel in the
Manycore Platform Software Stack, in order to transfer the executable and all it’s dependencies
to the coprocessor and launch the remote process.

We have selected to stress the performance of our framework against workloads from the
Rodinia Heterogeneous Benchmark Suite [37] that are preconfigured for offload execution on an
Intel Xeon Phi. The workloads we have selected are: the Computational Fluid Dynamics (CFD)
which is a unstructured-grid finite-volume solver for the three-dimensional Fuler equations for
compressible fluids, the HotSpot (HS) which is a thermal simulation tool used for estimating
processors temperature, the LU Decomposition (LUD) which is an algorithm for calculating the
solutions of a set of linear equations, the Needleman-Wunsch (NW) which is a global optimizations
method for DNA sequence alignment and the Breadth-First Search (BFS) which traverses all the
connected components in a graph. We explore the performance overhead of our framework for the
aforementioned workloads with 56, 112 and 224 number of threads spawned on the accelerator in
the two network configurations. The resulting normalized execution time per workload is presented
in Figures 4.6.

The results presented in Figure 4.6 are normalized based on the performance of the baseline
native execution that is executed directly on the host machine. As expected, the results show
no performance degradation for RACEX compared to the host native baseline performance. Our
framework is involved in the transfer of the executable into the coprocessor and the launch of
the remote process. After the remote process is spawned, our framework is not involved in the
execution of the application, as the execution mode dictates that the application will be executed
solely on the accelerator and as-soon-as it’s completed, the standard output will be redirected to
the host. Thus, we expect the actual performance of the workloads we have evaluated not to show
any significant performance degradation, as it has been proven. Any fluctuations present in the
results that were presented, showing below native execution times for the RACEX framework,
are inside the margin of error of the measurements and are negligible, as they are the mean
value of repetitive measurements and their difference from the native baseline execution time is
insignificant.

4.4 Offload Execution Mode

In this subsection, we evaluate the performance of RACEX framework in the offload execution
mode of the Intel Xeon Phi. In this mode, the execution of an application is split between
the host and the coprocessor with the former offloading computationally intensive parts to be
executed on the later. On the coprocessor, a predefined number of threads are assigned to the
spawned remote processes. The number of spawned threads and their assignment are mandated
by user-defined environmental variables that are configured on the host before the execution of
the intended application. We evaluate the performance of our framework in the offload execution
mode by running the same workloads as before from the Rodinia Heterogeneous Benchmark Suite
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[37] and the same thread and network configurations. The resulting normalized execution time
per workload is presented in Figure 4.7.

The underlying performance we observe from the different workloads is fluctuating between the
two network configurations in comparison to the baseline native performance for the three different
threads configurations. We observe a near-native performance for the CFD workload across all
thread configurations and promising results from the LUD workload. The LUD workload presents
near-native performance for the remote network configuration for 56 threads and an overhead in
the performance is aggregating as we move to 112 and 224 threads. This can be explained if
we take a closer look at the native baseline execution time of the workload for the three thread
configurations. When we execute the LUD workload with 56 threads, the execution time is
approximately 24 seconds whereas for 112 threads the execution time drops down to 11 seconds
and even more so for 224 threads, where it performs a little under 4 seconds. Considering the
overhead that our framework presents for the remote network configurations in the LUD workload,
which remains constant at approximately 5 seconds, it is evident that for the baseline native
performance with 56 threads, the overhead of our framework is negligible compared to the total
execution time. However, as the native baseline execution time abates with increasing thread
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count, the overhead of our framework becomes more and more significant. Hence, the resulting
behavior depicted in Figure 4.7 for the LUD workload with 224 threads is reasoned. Furthermore,
workloads such as HotSpot, Needleman-Wunsch and BFS have native baseline execution time that
is low enough so that the network latency that our framework features has a significant toll to the
total execution time of the workload as depicted in the presented Figure 4.7.

The fluctuating performance observed between the different workloads, with some workloads
having a near-native performance and others experiencing a substantial overhead, is also partly
traced back to the total number of offload operations that each workload includes. Workloads
with multiple offload operations are burdened with the overhead of multiple network latencies,
which as we explored in the microbenchmarks evaluation section are mainly responsible for the
overhead latency of our framework. Accordingly, workloads with less ofload operations experience
less network and overall latency. For the previous remarks we consider a scenario where the size
of the data offloaded to the coprocessor remains constant. Thus, we can conclude that due to the
nature of the network transmission medium that our framework utilizes and the inherent latency
it features, RACEX is well suited and performs better for workloads that include less offload
operations. As the number of different offload operations increases, so does also the overhead of



our framework, due to the multiple network latencies.

4.5 Scalability Evaluation

Next, we evaluate the performance of RACEX during concurrent accesses to the accelerator’s
resources by multiple clients whilst executing a high-level application. We have selected a subset
of the workloads that are included in the Rodinia Heterogeneous Benchmark Suite [37] which we
already introduced in the previous evaluation sections. We execute the different workloads first
in a native context on the host that the coprocessor is directly attached to in order to acquire the
baseline scalability performance on the Intel Xeon Phi and then in localhost and remote network
context, from which the actual performance of RACEX is obtained. Moreover, we evaluate how
the performance differentiates for different number of spawned threads on the coprocessor(56, 112,
224) in conjunction with different thread affinity configuration. More specifically, we explore how
the workloads perform when clients are assigned specific threads on the coprocessor, which are
pinned to the remote processes that each respective client has launched on the coprocessor. The
results of our scalability evaluation are depicted in Figure 4.8.
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We make several observations based on the results of the scalability evaluation.

First of all, as we stated in the previous sections, due to the extend of the total execution
time of the CFD workload, we observe no performance degradation in the scalability of the
RACEX framework in comparison to the native baseline performance scalability for the specific
workload 4.9. Considering the scalability of the framework in conjunction with the different
thread configurations we make the following remarks, taking CFD workload as an example. As
we have clarified, the coprocessor we have executed our evaluation scenarios has 224 hardware
threads(1 core dedicated to the operating system). From Figure 4.8 for the CFD workload where
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we experience the near-native performance for our framework, it is evident that the plotted lines
are grouped in three groups, corresponding to the three different thread configurations. During
our scalability evaluations scenarios, we were assigning hardware threads to the processes initiated
on the coprocessor by the respective remote clients, in a circular manner until all threads had been
assigned and then, in case of additional client processes, overlapping assignments would take place.
For example, when each process spawns 56 threads, we pin the first 56 threads of the coprocessors
to the first client and the next 56 threads to the next client process. Subsequently, for four
clients, we spread the demand for the coprocessor’s threads in order to fully utilize the capacity
of the hardware. Thus, as we observe from the Figure 4.8 for the CFD workload, there is now
performance differentiation from 1 to 4 clients for 56 threads configurations and then, as we move
to 8 and 16 concurrent clients, we experience significant performance degradation, as we have
overlapping hardware threads assignment to processes. Accordingly, similar behavior is notted
for the 112 and 224 threads configuration where performance degrades as the number of client
processes assigned to the same subset of threads increases.

Similar remarks concerning the performance degradation in comparison to the thread affinity
on the coprocessor can also be drawn from the rest of the workloads. However, as we have
stated before, the execution time of the rest of the workloads depicted in Figure 4.8 and Figures
4.10,4.11, 4.12 have sub-second execution time and at the same time have multiple independent
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offload operations that multiply the total network latency, hence the existing network latency has
a significant toll to the overall performance.
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Chapter 5

Discussion

High-speed communication between the nodes of a computing cluster is vital for modern su-
percomputers and data centers in order to achieve the performance that current High Performance
Computing applications demand. It is also one of the reasons that in the past the execution of
HPC applications on the cloud had been challenged as there was a lack of high-speed connectivity
services offered by providers between the different VM instances. Although this problem continues
to curtail the adoption of Cloud Computing services by the HPC community, improvements have
been made, with providers now offering high bandwidth, low latency networking features for their
clients through utilizing high-speed interconnects and specific topological placement of the VMs
[38, 39].

In this work, we have proposed RACEX as a Remote Accelerator Execution framework for
computing clusters in cloud computing environments that will enable the sharing of accelerating
resources on a cluster level, either by granting access to virtual machines on the same server that
the accelerator is attached to or to remote cluster nodes. We have implemented a proof-of-concept
in order to evaluate our proposed framework, by targeting the Intel Xeon Phi co-processor, utilizing
BSD Sockets and Ethernet standardized network connectivity between the host server that the
coprocessor is attached to and the client node we used for our evaluation. As we have seen in the
evaluation section, the biggest share of the overhead that our framework presents is attributed
to the overall network latency comprised by the Transmission Time and the TCP/IP Stack. We
argue that with the employment of high performance network interconnect such as InfiniBand and
Intel’s OmniPath [40] that feature high throughput and low latency, our framework can mitigate
the overhead latency present in our framework and present near-native performance.

Moreover, it’s fundamental for an accelerator sharing framework for cloud computing environ-
ments to be able to provide to the various virtual machines hosted on the same cluster node in
which the accelerator is attached, access to the accelerator resources. In our framework we support
the aforementioned functionality through regular BSD Sockets, the TCP/IP stack and a virtual
network between the VMs and the Host OS. However, as we have explored, the employment of the
Network Stack for communication between clients and server daemon is not ideal for the intended
usage due to the overhead latency it presents. Instead, we argue that we can integrate in our
work, a low-overhead, high-performing intra-node communication framework for co-located VMs,
such as V4VSockets [41] which improves the intra-node data exchange in terms of latency and
throughput by a factor of 4.5, thus enabling RACEX to provide an efficient high-performing and
scalable accelerator sharing framework for co-located VMs.
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Chapter 6

Related Work

Providing remote access to accelerators has been a problem that the academia has been occu-
pied with for some time. The most prominent approaches, that have been established in the past
years in making accelerators remotely accessible, are those that target GPUs.

6.1 rCUDA

Perhaps the most popular amongst the proposed solutions and the one that has moved beyond
the scope of academia and has become commercially available is rCUDA [18]. rCUDA focuses
on NVIDIA’s CUDA framework, the parallel computing platform and programming model that
NVIDIA offers to leverage the computational power of their GPUs. The framework enables
the concurrent access to CUDA compatible GPUs remotely. In order to provide remote CUDA
services, rCUDA creates virtual CUDA compatible devices on the devices that don’t have a CUDA
compatible GPU and request access to the resources of a remote CUDA compatible device. rtCUDA
virtualizes the GPUs present in computing center and provides access to multiple client by utilizing
a Client-Server architecture. In this work, CUDA run-time calls are intercepted and forwarded to a
remote server that executes them and returns the results. In our work, in comparison to rCUDA,
we target the low-level Transport Layer communication between the host and the accelerator,
operated by SCIF protocol. We are abstracting away the Transport Layer between the host and
accelerator, hence moving towards a centralized accelerator management schema for computing
clusters. Moreover, we have published RACEX as an open-source software.

6.2 vCUDA

vCUDA [42] is a general-purpose graphics processing unit (GPGPU) computing solution for
virtual machines (VMs). vCUDA allows applications executing within VMs to leverage hardware
acceleration from underlying Graphics Proccessing Units. The design of the framework includes an
APT call interception and redirection and a dedicated RPC system for VMs. vCuda uses a client-
server architecture consisted of three user-space components: a user-level library, a data structure
used by the library, that represents a virtual GPU, and a server component. The library is
responsible for intercepting and redirecting API calls from client to host, where the server executes
them and returns the results. Communication between client and server is implemented using
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the XML-RPC protocol. In addition to virtualization, vCUDA allows device multiplexing among
multiple concurrently executing guest OSes by spawning one thread for each client. The framework
provides support for suspend and resume as well, enabling client sessions to be interrupted or
moved between computers. The system is implemented in Xen but is portable across different
virtualization platforms due toits network transmission mechanism. Experiments in [42] show that
time spent in the encoding-decoding steps of the communication protocol causes a considerable
negative impact on the overall performance of the solution.

6.3 Distributed-Shared CUDA

DS-CUDA [19] (Distributed-shared compute unified device architecture),is a middleware that
enables the use of many GPUs in a cloud environment. It virtualizes GPUs in a cloud such that
they appear to be locally installed GPUs in a client machine. The authors present a middleware
with the goal to address difficulties in programming multi-node heterogeneous computers. The
system implements virtualization of a cluster of computers equipped with GPUs so that they
appear as if they were attached to a single node, in order to simplify the programming of multi-
GPU applications. The system’s architecture consists of a single client node and multiple server
nodes, in which one or more CUDA devices are installed. Communication between the remote
clients and the server is implemented over InfiniBand Verbs, and can also use TCP sockets in
case the network infrastructure does not support InfiniBand. DS-CUDA increases the reliability
of GPUs by implementing a redundancy mechanism. Identical calculations are performed on
multiple CUDA devices, and the results are compared between the redundant calculations. If any
of the results do not match an error handler is invoked.

6.4 Other Related Work

Moreover, in the Cloud Computing realm, providers have already established a market where
they provide elastic access to accelerator in order to satisfy the increasing needs of demanding
clients that want to leverage the massively parallel. In the IoT community, a plethora of research
work has been carried out indicating the need for providing offload capabilities in the Cloud
Computing context for low power, internet connected devices [10, 11, 43].



Chapter 7

Conclusions

In our work, we propose RACEX as an efficient framework for enabling remote access to
accelerator resources. We implement RACEX as a proof-of-concept targeting the Intel Xeon
Phi co-processor. RACEX framework follows a distributed Server-Client architecture, where a
server-side daemon can support the concurrent access to the Intel Xeon Phi resources by multiple
remote clients. RACEX employs a API call forwarding mechanism, using a custom proprietary
communication protocol in order to enable remote execution of Intel’s SCIF API calls. The SCIF
communication protocol resides on-top of the Transport Layer, thus making RACEX, which wraps
and makes SCIF remotely available, flexible, efficient and compatible with higher software stack
applications without the need of re-compilation. Preliminary performance evaluation has shown a
near-constant overhead present for RACEX compared to the native baseline performance, mainly
due to the Network Transmission Latency. However, the evaluation of higher level applications,
part of the Rodinia Heterogeneous Computing Benchmark suits has delivered promising results,
with RACEX framework performing at low overhead compared to the native baseline performance
and can serve multiple concurrent clients with the same behavior.

We implement and evaluate RACEX to support both the native and offload modes of execution
for the Intel Xeon Phi coprocessor. As a future work, we plan to extend our implementation in
order to support the symmetric mode of execution and enable the use of the MPI framework.
Such expansion is easily implemented as the underlying infrastructure of our framework has been
designed to support the future symmetric execution mode compatibility. Moreover, we plan to
utilize Infiniband technology as a High Performing Network Interconnect in order to minimize
the network latency inherent in our initial implementation and be able to achieve near-native
performance. We have made our work available as open source software, available online at
https://github.com/fertakis/racex.
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Appendix B

Notation und Abbreviations

RACEX Remote ACcelerator EXecution

SCIF
COI
MIC
MPSS
RMA
DMA
BSD
API

Symmetric Communication Interface
Coprocessor Offload Infrastructure
Many Integrated Core

ManyCore Platform Software Stack
Remote Memory Access

Direct Memory Access

Berkeley Software Distribution
Application Programming Interface
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eniteudn LPNAOTEPWY ETBOCEWY Eyouv edpouwiel Tar Teheutaior ypdvia. O emtoayuvtéc Beioxovton
OTIC XUPOEC TV GUYYEOVWY XEVTPWY BeBOPEVWV XaL UTOOYIoT®Y, utootnellovtag tn Aettoupyia
e TAEoPnplag TwV BEx ToyUTEPWY UTEQUTOAOYLOTWY GToV x6cuo. Eivow ovclactixrc onupactog
YL TIC XOWVOTNTEG UTOAOYIGTWOVY UPNATC amddoong xon unyovixic udidnong, epapudloviag npocop-
HOCUEVT] ORYLTEXTOVIXY| TPOXEWEVOU VO TUEEYOLY AMOTEAEOUATIXT XAaxXOVUEVT Loyl enelepyaciog
ToLU oToYEVEL OE €Val €VPV PACUN ETUO TNULOVIXWY TOUEWY.

Ye authv TNV epyacta, avohadBAVOuPE TNV TEOXANOT Vo GYEOIACOUUE Xl VO UAOTOLCOUUE
éva oot To onolo Vo EMITEETEL TNV €€ AMOCTACEWS TREOCBACT) OTOUC TOPOUE EVOC ETULTAYUVTH.
Hapovoidlovue to RACEX, évo 600t Tou EMITEETEL TNV AMOTEAEGUOTIXT ATOUUXPUOUEVT] EXTEAEDT)
EQUPUOY(MYV OE ETTOYUVTY. XTr uAomolnon tng Wéag Yog, €youue otoyeloel To cuveneéepyao Ty In-
tel Xeon Phi. H mpotewduevn Aon emitpénct Ty TATEN 1 UERPXT EXPOQTWOT UTOAOYIOUMY Xal
epapupoy®yv ot évav emtayuvty] Intel Xeon PHI npoxeipévou autéc va exteleatody xou vor a&lomoln-
couv T dUVaUT TV Yolixd ToedAAnAwy enclepyaotwy tou. To RACEX ewcépyeton otn otoifa
AOYIOUIXOU TOL ETUTAYUVTH OTO ETUMEDO CTROUATOC UETAPORVC TOU UAOTOLELTAL OO TO TEWTOXOAAO
SCIF tng Intel, to omolo mpooplleton yioo T petapopd dedouévev péow tou PCle otn cuoxeur
emtdyuvone. To clotnuo pog LTEEPYETL OTIC XAHOES PO TO TewTOXoAou SCIF xou mpowdel
QUTEC OE XATOLO UTOUAXEUOUO BLUXOUNO T TEOXEWEVOL Vo eTLTEEPEL TNV €& AmOGTICEWS EXTENEDT).
To clotnua poc yenowonoel BSD Sockets yio duxtbmon xou emxowvwvia JeTalld Twmv SladixTuoxd
HATAVEUNUEVODY xOuBwv. To apyixd amotedéopata allodynong etvar eEATIB0POEA, xS oL OYETIXES
wetpoeis xotadewviouv 10% emBdpuvon tou RACEX oe olyxpion pe ) puowt| extéleon boov
apopd TNV xoUG TERNOT YLt TNV AVTOANXYT| UEYSAWY UNvupdtwy petald Tou host xou Tou emtayuvTH.

AéZeic Khedid: Emtayuvtée, Intel Xeon Phi, Anopoxpuouévn Extéleor, Middleware Frame-
work, Cluster Computing, Cloud Computing, Y0otnua Awpolpacuol Entoyuvtedv, Hardware Ab-
straction, Transport Layer Abstractions



Euyopiotieg

H dimhwyatinn epyacio auth npayuatonomdrixe oto Epyaothplo TroAOYIOTIXGY LUCTNUATOY
e Lyohic Hhextpordywv Mnyovixody xow Mrnyavixov Troloyiotoy tou Edvixold Metodfiou Io-
Auteyvelou, uto Ty enBAedn tou Enixovpouv Kadnynty I'ewpyiou I'voldua.

Kotopy v Yo fieha va euyaplotriow Tov utodriglo diddxtopa xot UENOS ToL epyacTneiouv Ltépavo
epdvyxeho yio TNV GUVELGPOEE XL ETOTTELX TOU XUTA TN EXTOVNOT| TNG OLTAWUATIXAC LoV EpYaTlag,
%o xou o TNV evidepuvoT| Tou, TNV UTOPOVY TOU ot To yedvo Tou agiépwoe. H ouufoin tou
fTay xooploTixr) T6c0 ot cUMNNYN Tou Yéuatog TNE epyaciag ahhd xou YLol THY OAOXAHEWST TNC.

‘Eneita 9o Hlela va euyoaplotion toug xodnyntés wou x. I'éwpyto I'vodua xan x. Nextdpro
Kollen vy T cupfolr} Toug oTn Sladppmon You mC UNYovixol omo Tig SWaoxoilec toug. O
el enlong Vo eExPedow TG EUYUELOTIEC HOU GE OAA ToL HEAT TOU ERYAOCTNEIOL Yol TIC EMLXOOOUNTIXES
ou{NTNOELC OL OTOLEC CUVELGPEROY OTT| BLWORPPWOT AVTAS TNS EpYsiag.

Y1y cuvéyela, EMBAAAETAL VoL EUYUELGTHOW TOUS GIAOUC X0l GUUQOLTNTES UOU Yol TNV Tapousia
Toug xan TNV oAy Bordeld Toug, TG00 OE TEOCWTIXG OGO X0l OE ETOTNUOVIXG ETUNEDO, xor) OA
T OLIEXELN TV TEOTTUYLUXY LOU CTIOUBKY.

Téhog, o Vepudtepeg euyaplotieg ancLYOVOVTOL GTOUC YOVELC HOU, TNV adEp@Y| YOU Xou TNV
OWOYEVELL UOL, YIOL TNV oYdTy TOUS, TNV OUERLOTY UTOCTARIEY TOUC XU TNV EUTIGTOOUVY TOUG O
x&de pou emAOYY, amd Ta TEMTA YEOVIAL TNG LWAC HOU PEYPL CUERA, UOLIXOTA Xl aXOVEACTA.
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Chapter 1

Eicaywy"

1.1 Kivnteo

H etepoyévela €yel edpouwiel €06 xan mohd xawpd oto yowpeo tou High Performance Computing
WS TEOTUTIO GYEDLACHOU TIOU EQUPUOLETOL OE UEYIANE XALUAXOC UTOAOYLOTIXG GUGC TAHUATO X0 XEVTE
oedopéveyv. Me 11 ouyxévtpmaon Sedouévmy mayxoouing vo auidvetar oe uéyedog exdetind xde
YEOVO, TOEAAANAGL UE TNV TOAUTAOXOTNTO EQPUPUOYWY TOU EEUTNEETOLY ETUCTNUOVIXOUSC XOL EUTO-
euoUg YPNOTES, O aYOVAC Yiot GAO xou UeyaliTepn eneepyaoTiny Loyl elvon oe e€€MErN. Mto mhaiclo
QUTOY, 1) YPHOT) EMLTAYUVIWY GTIS OUYYPOVES UTOAOYLO TIXES EYXATUO TACELS EIVOL €VOL TORADELY AL TV
EVTOVOY TEOCTIELWY TOGO TOU oxodNuUoixol 600 xat Tou Blounyavixol xAddou yia TNV emiteuin
LVPNAGTEPWY UTOAOYLO TIXWY ETUBOCEWY YOl TO POETO epyactey Touc. Ol emitayuvtég €youv épiel GTo
TEOGXAVIO AOY® TGV HalIX®Y SUVATOTATWY TUPUAANALOHOU TIOL UTOPOLY Vol TROGHPEROLY, GE GUYXELOT
ue wa topadootoxry CPU yevixhc yprione xou TNy Teocupuocuévn apylTeXTovixy) Tou agloTololY Yo
VO TPOGPEQOUY TNV ETUBLWXOUEVT] ALENOT TNS AmOB00TC.

Emniéov, 1o Cloud Computing €yet edparwiel yiaw GAOUC TOUC XAABOUG ETUCTNUOVIXWY Xl
ETUYELENUOTIXGY OpUCTNELOTATOY, TUEEYOVTASC OTOUS TEAXOUC YENOTEC EAVCTIXT XU XALLAXOVUEVT|
npbofBaon oe utoloyloTxols topoug [1, 2, 3|. Iapadootoxd, oL ndpoyoL UTNEEGLHY UTONOYLOTIXOD
VEQOUC ECUTNEETOVV Uiat TUXOIAT) OB TEAATWY, TUPEYOVTASC TOUG TEOOPBAOT) OE XATAVEUNUEVOUS UT-
ohoYIoTIXOUS Xt amo¥nxeuTIX00E TOPOUS, Ol OTO{OL GE AVTIANXYUOL YENOWOTOLOLY TNV TOQEYOUEVT|
UTOB0UT Lol ELEL QACHUA EQPUPUOYDY XAl OXOTWY. 26TOCO, UE TOV TOMNATAACIAOUO TV EQPUPUOY WY
Uy oViXAc dinong xaL TEYVNTAC YONUOGUYNG TOGO GTOV axadNUoiXs Yweo 660 xal oTr Blounyavia,
umege Yiot 6A0 xat auEavouevn (ATNOT TEOS TOUS TaEOYOUS UTOAOYLO TIX0) VEQPOUC YLol ECELOIXEUMEVO
UAXO TOU VoL UTOREL Vol IXOVOTIOLACEL TIS BapléC UTONOYIOTIXEC OMOUTACELS TOU GUYYPOVOU (POETOU
epyaotioc toug [1, 7, 4]. Autd éxer odnyrioet oe piar ahhory ) TEaxX X GTOU OL TIEEOYOL GHUERO €Y OLY
EVOOUTMOEL ETUTOYUVTES OTLC UTOAOYLO TIXEG EYXATAUC TAGELS Xol To XEVTEA BEDOUEVHV TOUE KoL TPOO-
pépouv ehao T TedoBoon ot Lalxr TUEGAANAT UTOAOYIOTIXY LoY) TOUS, YEVVMVTOS ETOUEVWS TOV
x\ddo tou Accelerated Cloud Computing [5, 6, 7].

H xowétnta upnirc anddoong uToloylo TGV €xel BT LVIOVETHOEL TIC UTNRECIEC TANROPORIXAC TOL
Tapéyovton and Toug Tapodyous cloud we Biwoiun Ao yio Ty extéleon egapuoywy HPC ye uhniéc
emdooelc mou avtanoxpivovtan ot {itnon [8]. Apywxd, ot unneeaiec cloud mou tpocgépovtay amo
TOug ToPOYOLE BEV ATtay xuTdAANAeS Yo mapadoctaxés egapuoyéc HPC, xuplwg AMoyw tne éhiendme
dlocLYBETEWY LPMATC arbddoong. 26T600, TEGCPUTA CNUAVTIXOL TEOUNIEUTEC UTOAOYLO TIXO) VEQPOUS



€)0LY GUUTEPLAABEL BuVITOTNTES BIXTLWONE LUPNAHAC AmEBOCNC TNV TEOCPELOUEVT| UTOBOWUY| TOUC, Ko
Yo TOVTOG TOUG Wiar evohhaxTixy| Aoon évavtl Twv topadooctaxckv HPC inhouse computing clusters,
To omolor Ty Bamavned Yo T cuVTAENON X TN Aettoupyio Toug. Emmiéov, otny neployn tou IoT,
Ol GUOXEVES YUUNATC XATAVIAWOTNG CUYXEVTIPWYOLY €Va TERACTIO (PopTLo BEBOUEVHY TOU TEETEL VoL
urofBAntolv oe enegepyaato Yo Vo Tapdoyouy TNV TROBAETOUEVT] aVEAUGT] XU TANPOGoples. 26TdGO,
Toed TIC TEYVOROYWES EEMEEIC 6TO LAXO, oL cuoxeuég IoT cuvdéovton ex @loEwS Ue ToV TEpLop-
o6 TNE ene€epYaoTIXAC Loy US xou TN xatavddwong evépyewas. 'Etol, to Cloud Computing yix
to loT mpoéxude mapéyovtag wior evolhoxtixs) AUoT OTOU Ol GUVOEDEPEVEG GUOXEVEC GTO BixTUO
UETAPORTHOVOLY TNV ENEEERY IO TOV UTOAOYLIO TIXDY EQYACLWY TOUS GTNY UTOAOYLO TIXT) UTOBOUT| %o
10 eZeWXeEVPEVO LAXO emiTdyuvone Tou unopel v tpoopépet to Cloud [9, 10].

Tno 1o mploya TwV TapAmdvw, 1) onuacior Twy emTayLVTGY Yio Ty xowvotnta Cloud Comput-
ing elvon mpwtapyxAc onuacioc xal ToEOAO TOU TOMAES GUYYPOVEC UTOAOYLOTIXEC EYXITUO TACELS
UTOPOUV Vo €YOLV 10T APOUOLWCEL TNV ETEQOYEVELL OTO GYEBIUOUO TOUC X0l VU YETNOWOTOLCOUY
TO OQEAN TOU TREOCPEEOLY Ol ETUTAYUVTES, 1 XpNon Toug Oev elvan Wavixr. Ot clyypovol mapo-
xelg umneeotwy Cloud mou mpoopépouy unneecieg EMTAYLYONG, TUPEYOUV CTATIX 0L AVEAACTIXY|
npooPaon. H evowudtwon twy emttayuvtey otny urtodour Tou cloud w¢ Yépog TV GUANOYIX®Y UT-
ONOYIC TV TOPWY UTOPEL VoL Elvor TROBANUXTIXY, xA®S OL KEYLTEXTOVIXES TOUC elval OYEBLUoUEVES
va yenoonototvton povoldixd [11]. Q¢ ex to0tou, oL Tépoy oL TPoGPEEOLY ETLTAYUVTES WS oTadepd
T6po ot évo yovtého Trmodourc-we-Tnnpeotag (Infrastructure-as-a-Service). Xe autd to mhaioto, ot
TéPOY 0L VoY XALOVTOL VoL ATOXTHOOLY TEOGUETO UMXO VIO VO LXAVOTIOLACOUY TG AUEAVOUEVES ATALTY|-
oElg, Ywelc Vo €Y0ouv To apyxd TOUC LAXO OTN UEYLOTH BuVaTH AElToupYla Xou €TGL VoL 00N YOUVTE
oe unepnpouleuon cuoxeutv. H yoauniy) cuvolxr aflomoinomn Tou umoxeluevou UALXOL oruolvel
uPNAOTERO AOGTOC Aettoupylag o CLVTHENONG, VPNAGTERT XUTAVAAWGT) EVEQYELNS YId TIS UTOAOYLO-
TIXEC EYXAUTOC TUOELC X0l UEYUAUTERES AMATATELS YWOEOV, TEOXEWEVOL Vo piholevnioly ol tpbaieTol
eCunnpetnTéc xou o uAix6 [12, 13].

[Tpoxewwévou vor avTYWETOTIGTOUV Ol avnoLYIEC TOU TEOXUTTOLY GYETIXA UE TN YPNOT TV ETL-
TAYUVTOVY 0TA CUYYPOVA XEVTEA DEBOUEVWY, EMLYEIPNUATONOYOVUE OTL UTOREL Vo Ypnoulonotniel Eva
GUGTNUA DLAUOLEAGIULOY ETULTUYUVTMV VLo CUUTAEYUOTA UTOAOYLO TWY o€ TeplBdAlovTta cUvvepny. Tapéyov-
TG EMTUYLVTEC Olodéououg Oyl UOVO OTr CUOXEUT UE TNV omola elvo GUVOEDEUEVOL, GAAG xau
0TOUG UTOAOLTOUE XOUPBoUg EVOC GUUTAEYHATOC GE €val XEVTEO BEBOUEVKY, UPNAOTERH ETUMEDA YPHONG
UTopPoUYV Vo EMTELY VOOV avd EMITAUYLUVTH LAXOU. §2¢ ex TOUTOU, UTOROUUE VA UELWCOUUE T CUVO-
Af) TOGOTNTA €CUPTNUATOY ETTAYUVTIOY TOU ATUTOOVTOL oo €val XEVTPO BEBOUEVGLY Yol Tig (BlEC
OLVAUTOTNTES AMOBOCTG Xl OTY CUVEYELL VO TEPLOPICOVUE TO GUVOAIXO YWEO TOU AmALTELTAL Yol TO
UAXO v xotoAdPBel. Autd Oyt uévo audvel T ¥eHom TOU UTOXEUEVOU LUAXOU oAAS xon UeTELELEL
TO AELTOURYWO X6 TOG OAOXANENE NS eyxutdotaong enclepyacioc dedopévwy. Yrdpyer Tnrple
uor TAnUopa and eVOLUPECOVCES EPELYNTIXES DEACTNPLOTNTES TOU TEAYUATOTOLAUNXAY TEOCHATLS
TEPLYPAPOVTOC TA OPENT TNG OLAUEDTC EMTAYLVIWY PECW EVOG CUCTAUITOS OLOHOLPUCHOY %ol TWV
emd60EwY Tou unopolv va emtteuydolyv [14, 15, 16, 17].

AopBdvovtag unodn T npdopateg e€eMEEC GTOV Topéd TNG XOWNG YPNONS EMLTAYUVIOY, TEO-
YWEOVUE xou EEEPEUVOUUE TNV WEa Var Tpociécoupe éva emimiéoy eninedo agaipeong LALXoL ot otolBu
TWV CUUTAEYHATWY UTOAOYIGTOY, ot Tou Yo EMTEEPEL TNV ATOUOXEUOUEVT| BLOYEIPLOT) TOV ETULTAYUV-
TWV TOU UTEEYOUY OTO GUUTAEYHO XUl TOV OLOUOLPAOUO TWV TOPWY TOUS METALD OAOY TV xOuBwv
TOU CUUTAEYUOTOC. € GUYXELOT YE GAAN GUC THUNTO OTOUOXQUOUEVNG EXTEAECTC ETUTUYLYTIGOY TOU
éyouv e&epeuvniel [17, 18, 19|, unopolue vo cuunepdvoupe 6Tt tpocVétovtog eva emmAéov eninedo
apaipeonc otny entxowvovia (Transport Layer) uetad tou xevipiko) UTOAOYIOTH X0l TOU EMLTOYUVTH,



UTOPOUUE VO ATOCGUVOEGOUNE TOV ETUTAYUVTH OO TN AMOXALO TIXT YeHON OmO TO UNydvnud 6To 0Tolo
elvon ouvoeuévog. O tpéyouces mpaxtixéc oto cloud computing unayopebouv Ot yio €vay Yprotn
UTOAOYLOTIXOU VEQOUG Vo amoxTioel TedoPacT oe mopoug emtayuvty], VYo mpénel vo dnuiovpyniel
ULOL ELXOVLXT| UNYOVT) OE ULaL UMY OV TTOU CUVOEETAL ameUVEloC UE TOV ETUTOYUVTH XL 0T CUVEYELN VoL
0WOEL OTNV €V AOYW EIXOVIXT| UNY VT GUECT) ATOXAELC TIXT| TeOoBaon oto emtoyuvtr. Méow tou émi-
mhéov emmédou agalpeone oto Transport Layer, mou undpyel otn otola Aoylouxol Tou emttayuvTh)
xa lvon UTELTVUVO Yol T1) BLUERT| ETOVGVIN HETAED TOU XEVTPIXOU UTOAOYLOTY| X0l TOU ETUTOYLVTH,
UTOPOUUE VoL TOREYOUUE XOWVY| TROGBOCY GTOUC TOROUE ETLTUYLVTH O TOMATAES EXOVIXES UNYAVES
TIOU EXTEAOVUVTOL OE €vVay HoVadxd xOUPo 1 axdpa xou oe anopaxpuouéva VM ce 6ho To clumieyua
UTOAOYLOTWY. MTOpoUUE OUGCLIGTIXG VO ELXOVIXOTIOLCOUUE TOUS ETULTOYUVTES TTOU UTERYOUV OE €Val
AEVTPO BEBOUEVKY, TIOU TORABOCLIXE YPNOUWOTOLOUVTUL ATOXAEIGTIXG OO TOUG OLOXOUIC TEC GTOUG
omoloug NToy GUVOEBEUEVOL X0 VO LOLPAGOUUE TOUS TOPOUS TOUG GUANOYIXE GTO GUUTAEYHA WS UEQOS
HLOIC OUBBOG ETUTOYUVOUEVOU UAXOU TOU €VOC XEVIPIXOC TEOYRUUUITIO TG UTOREL Vo EVEQYOTOLACEL
xa var avodéoel epyaoleq.

1.2 X>vuveicgpopd

Ye auTH TN OMAWUATIXT EQYACio DLEPELVAUE TN OXOTWOTNTY, TIC EMOOCELS XOL T OQEAN TOU
TUEATAV® EMLYERNUATOS UAOTIOLOVTOS €VA TRWTOTUTO TOU GUC TAUATOS OV TROTEVOUUE TO OToio To
Booilouue otov emtoyuvth Intel Xeon Phi. Iopovodloupe o RACEX (Remote ACcelerator EX-
ecution) wg évol oVOTNUA TOL ETUTEETEL THY TOUTOYEOVY TEOOPUOT GE TORPOUS TOU EMUTUYUVTH Omo
noholg amopoxpuopévoug tehdtec. To RACEX eivou éva middleware framework mou axoloudet
Server-Client apyitextovixd oyediaousd. Xt1o oyedooud pag, 1o RACEX nopeyfdiietar otn otoifa
roytopxoU Tou Intel Xeon Phi oxpiBi¢ méve amd 10 oTpoduo HETAPORAS, UTOXAETTEL Xl TEOWVEL TIC
xhoeic SCIF API (Symmetric Communication Interface) tnc Intel. To SCIF eivou o pnyavioude
TOL LAOTIOLEL TO OTPOUO UETUPORES 0T oTolfo AoYIoWx0o) TOU EMTOYLVTY, TOU AELTOURYEl TAV®
armo To dlawho PCle, emtpénovtog tnv emxowvemvio UeTaE) TOU XEVTEIXOU EMEEEQYATTH XU TOU GUV-
eneZepyaoth emtayuvth. To RACEX extdéter tny (Bia Siemopy| mpoypaypatiopol egappoyv (APT)
ue auth Tou SCIF xou ebvan oupfoty ue Tic precompiled egapuoyéc. Trootneilouue enlong mopa-
0ot CUCTAUUTA TOPAAANANG EXTEAEONC o EpYOAEiat TOU XoGTOOV TO GUGTNUA LIS OLOPUVES
¢ TPog Tig LPNAOY emmEBoL eupUoYES. DTNV Teéyouoa epyasia Yag, UTooTNellouUE Toug TROTOUS
exTéAeong T600 ToL native 660 xaL Tou offload xou UE PXEES TEOCUPUOYES UTORPOVUE VOl ETEXTEIVOUUE
TNV gpyaoia oG Yia VoL UTOGTNRIEOVUE TO LOVTEAO EXTEAEONC symmelric.

M emoxdmnon evog SuvnTixol €TepoYEVY| UTOAOYLOTIXOU %EVTPOouU Tou unootnpelleton amd To
RACEX anewoviletan oty Ewodva 3.1. e outhv v ameovion, oL AeTTEC OMOUIXQUOUEVES
CUGXEVEG OAAG X0 Ol ECWTEEIXOL UTOAOYLO TIXOL XOUBOL X0 OL EXOVIXES PNy avES expopTilouy Tig uT-
ohoyloTéC epyaoieg Toug otoug dladéotpoug emtayuvtéc o éva rack server mou eivon e£0TAMOPEVO
ue moAhamAolg emiToyuVTES. Me autd To €pyo avolyoulue To BpOUOo Yio EVo HEAAOVTIXG UTOAOYLOTIXG
%€VTpo, 6mou évag €Eunvog ypovompoypauuatiothg mou Teéyel To RACEX da AdBet ewoepyouevn
altnon Yy tpdcact oe TOEoUS EMTUYLYTA xou Yo elvor o€ Y€om Vo xaTEVIVVEL ATOTEAEGUATIXG TNV
TpocPacy og SLECYIOUE ETITAYUVTES GTO ECWTERPIXO TOU UTOAOYICTIXOU XEVTEOU.
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Chapter 2

Oeswpntind YTofadpo

2.1 loTopwny Avadpoun
2.1.1 H dwadpopn ntpog ta IToAunbenva Xuotriuata

Kotd tn Sidipxelol Tou TEQUGUEVOL oUWV O XOCUOG ATOTERECE UAPTURIC OF UL TEWTOQPIAVT| TEYVOROYIXT
eZEMEN, TNV amoxoholuevn Unprox Enavdotaon [20], n onola onuatoddtnoe tn petdBaon and
UMYaVIXT] xou TNV avahoYxr) nAExTeovxr] Teyvoloyia ot ¢mploxd niextpovixd. Auty 1 neplodog
VewpelTol 1) YEVETELRO TV UTOAOYIGTOV, ARG XL 1) ALYT) JLOC VEAS ETOYTNS, 1) op) Y| TNS ENOYAS NS
TAneogoplag.

Apywd, ol TpwTol NAEXTEOVIXOL UTOAOYIGTES YEVIXTC YPNONG, NTOY TEQACTIEG UNYOVES TTOU XATO-
hoB&vary ohOXATEOL DWUATLO, ETPETE VAL EMAUVAGUVOEOVTOL X0l VOL AVUBLOUORPOVOVTOL YId VoL EXTEAODY
OLUPOPETIXEC AELTOLRYIES, EVO TaPdAANA Elyay ONUAVTIXG AELTOURYIXO XOGTOG, XATUVOAWVOVTAS
TepdoTior optior toyboc. ‘Etol, 1 yeron toug meploplotay xuplng ot xuPBepvnTinols @opelc xou
dihoug opyaviopolg. H egelpeon tou mpwtou tpavlictop to 1947 ota Bell Labs dewpeiton and
ToAoUC and Tig UeYallTepeg gevpéaelg Tou 200u auwva. H egedpeon tou tpavlicTop, mou anotehel
70 Baond Lo TATNG OAWY TV GUYYEOVWY NAEXTEOVIXWDY CUOXEURY, EBEEE TO BEOUO TEOC TOUC TTRK-
TOUC otax00¢ UTONOYIOTES, EMITEETOVTAC YIol TPWTT POopEd GE Un TeXVixol¢ YpNoTeS TN Aettoupyia
evog umohoyio T xa Ty o&lonoinom tne toybog eneepyaoiac ot Tpoottd xdoToC.

And exelvoug TOUC UXPOETEEERYACTES TTOU TEOPOBOTOUGIUY TOUS TEMTOUS EUTOPIXY BlodECUoug
UTOMOYLOTES, O TopENS TWV LoVadwy enelepyaciog Blwoe eZehilelg ot exdetind Podud. H Suvatdtnta
HATAOAEUTC EEUPETING Uixp®V TEoVLIGTOR OE €Vo OMOXANPOUEVO XOXAWUO AOENCE THY TOAUTAOXOTNTA
xa Tov apriud Twv tpaviiotop o pla eviao povada enegepyacioc. Autd 0dYynoe oe uio xolpoo
HETAED TOU oxadNUoix0) x6cuouL xon TNe Prounyaviog yia tn dnuovpyia CPUs ue 6ho xou yeyalbteen
dUvan eneepyaoiog, oe uxpdTepo Uéyedog xau x6ctoc. ‘Hrtav o Gordon E. Moore mou to 1965,
uTo To TploYa TWV TEOCPATKY EEEMEEWY 0TOUC TOUElS TwV TPavlloTOp %ol TWV OAOXANPOUEVLV
XUXAWUETWY, OAADOE aUTO ToU apYdTERR Yol YLVOTOY YVWoTo we 0 vouog tou Moore (Moore’s Law)
21]

The complexity for minimum component costs has increased at a rate of roughly a
factor of two per year. Certainly over the short term this rate can be expected to
continue, if not to increase. Over the longer term, the rate of increase is a bit more
uncertain, although there is no reason to believe it will not remain nearly constant
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for at least 10 years. That means by 1975, the number of components per integrated
circuit for minimum cost will be 65,000. I believe that such a large circuit can be
built on a single wafer.

H rmapatrpnon tou Moore €yive yvwot wg mpoPBiedn 6Tt o apriudc twv tpavlioTtop o éva
TUXVO OhOXANEWUEVO XOxhwpa Simhacidleton tepinou xde 800 ypovia. O (Blog eumelpindg vouog
EYLVE EUPEMC OMOOEXTOC WG GTOYOS Yia T Brounyavio xou avapépinue omd XATAOKEVAGTES TULOLY YWV
xadde mpoonadoloay vo auErcouy TNy encgepyacTixy SOvon.

Moore’s Law — The number of transistors on integrated circuit chips (1971-2016) SUslE
Moore's law describes the empirical regularity that the number of transistors on integrated circuits doubles approximately every two years. inData
This advancement is important as other aspects of technological progress — such as processing speed or the price of electronic products — are

strongly linked to Moore's law.
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Data source: Wikipedia (https://en.wikipedia.org/wiki/Transistor_count)
The data visualization is available at OurWorldinData.org. There you find more visualizations and research on this topic. Licensed under CC-BY-SA by the author Max Roser.

[opdAAnho e Ty eumelpxr| topoathenon tou Moore, €vag GANOC VOUOC OYETXE UE TNV XAUAX-
WON TWV ETBOCEWY TwV HoVAdwY eneepyactag mpoéxue xatd tn Sidpxela Tou aydva yia Kevtpiée
Movddec Enelepyoacioc (KME) udnidtepne anddoone, o vépoc “MOSFET Scaling” 1, émwe eivou
evplTEPa YVwotog, “Dennard Scaling” mou nfpe T0 dvoud TOU A0 TOV GUV-GLYYEAUPEN TOU JPYLXOV
eyyedgou tou 1974, o omolog avégepe 6TL xodidC Tar TpavlicTop YiVOVTaL UIXPOTERA, 1) TUXVOTNTA
toyvog toug mapopével otadepn. H avdntuln twv povidwy enelepyaciog xatd T SLdpxELL TOU oy VoL
Yot 6AO %o MEPIGOOTERT BUVAUT ETBOCEWY, PUAVOVTIC o€ LYNAGTERES Xt UPNAOTEREC CUYVOTNTES
poroyol CPU, gdvnxe va tnpel Tov vouo xhudnworng, ahhd yipw oto 2005 1 xAwudxwon tou Den-
nard qatveton 6Tt €yel xatappeloet. Ilapdho mou o cuvolxdg apriude TeavlioTop o€ OAOXANPHUEVA
HUXAOUATO ALEAVOTAY, OL BEATIOCELS TOU TROEXUTITAY GTNV AmOB0CT) TOUC ATV TO O ToBLUXES Ao TIg
et OVOELS TTOU TEOEXUTTAY amd onuovTiég auihoelc ouyvotntag. O xdplog Aoyog mou avapépe-
Unxe YioL TNV %aTdpeuon TNe xAdxwone etvat 0Tl ae uixpd ueyEdT, 1 Slopeot| peduaTog SnuioveYet



UEYSAES TPOXANOELC Xou eTiong TEoXaAEl TN VEpUavoT Tou TOLT, YEYOVOS TOU dNuULoupYEel amelhr Vep-
WXAC BLopuY Mg Xt we €X TOUTOU AUEAVEL TEPULTERL TO EVERYELOXO X0GTOG. AuTtd dnulotpynoay €vo
“Evepyetoaxd Tolyoc” nou €yel Hé€oel teplopiopoic oTn meox T cuyvoTnTa single core enelepyao oY
oe mepinou 4 GHz and to 2006.

Ko dev unopotoaye va faciotolue ota tpaviicTop yio TNy adEnor tng oetploxnc anddoaorng oe
€vary eNe€epY oo T oPYLTEXTOVIXTE eViaiou TupYva, €mpene va Beedel pla evolhoxtinh AOoT TROoXEWEVOU
vor ixavortoin el 1 cuveyde auavouevn {itnon udmidtepng anddoong eneepyaoctiac. H Abon fede e
TN peTdPoon oe ToALTUEN VY aEYLTEXTOVIXY Yo Hovadeg enclepyaciag. To xivnteo yio enelepyactée
TOAGY TUEAVWY TEoNAYE amd Tor oNuavTNd Uelwuéva x€pdn oTIC EMBOCELS TWY ENEEEQYATTWY oo
v avnomn e ouyvotntag Aettoupylag, 1 omolo umopel va eviomoTel xuplg o TEELS xVELOUC
TPAYOVTES:

1. To toiyog tng uviunc: To auEavOUEVO YAoUO AVAUES OTLC TOYUTNTES TOU EMEEEQYACTH XU TNG
uvAung. Autd, otnv mporydotixotnTa, wiel tor ueyEdn e xpueng UVAUNG va elvan HEYODTERY
wote va amoxplpouy TNV xaductépnon tng uviune. Auto Bondd udvo oo Bodud mou To ebpog
Cwvng uvAung dev elvan To eUmodlo GTNY anddooT).

2. To tolyoc naparAnAiopol emmédou eVIOhC: 1) aEavouevT Buoxohio eZebpecnc EmopEXoUS Tap-
oaAMnAiopol oe Wi evialar poT| EVTOhwY Yo vor dtatnendel évag uPninc anddoong enelepyactic
EVOC VPNV OTACY OANUEVOC.

3. To toiyoc tne evépyetoc: 1 Téom TN XATAVAAWONG EXVETIXE ALEXVOUEVNC Loy VOGS (XU GUVETHS
eniong n dnuLovpyla exdetind auavouevng Yeppotrag) pe xdide napdyovia adEnom Tne cuyvoTr-
Tag Aettovpylag. Auth 1 adénon unopel va yetplaotel pe ) "ouppinvwon" tou enclepyacty
YENOWOTOLOVTAS UixpoTepa (yvn yior TNy (ot Aoy O Tolyog toybog dnulovpyel TeofBruota
AATAOAEUTG, OYEDACUOU X0 EYXATACTACTG TOLU GUC TAUATOS, ToL oTtola eV €y 0uv dixatoloynuel
AOY® TWV PEIWPEVLY XEEOOY amddooNc AOYw Tou Tolyou uvrung xou Tou toiyoug ILP.

H amotuyla tng xAudxwong Tou Dennard 06vynoe 1600 Tov axadnuoixo 660 %ot ToV Blounyavixd
XAADO VAL ETUXEVTPWOOLY TIC TROOTAVEIES TOUG TNV AUENCT) TOL o) TV TURY VWY GE TOLT OC LA
Budoun xon evohhox T Aoom yia Ty adgnomn g amédoone. To cuothuato Multicore emétpeday
Behtiwon tne anédoong YEow mopdAANAng enelepyastiag, EmMALOVTOG Eva TEOBANUN BLUEWVTAS TO GE
TOMATAES €QYACIEC TTOU UTOPOUY Vo EXTEAOUVTOL TaUTOYEOVA G ToAoUg enelepyaotés. H adénon
e eneepyao g oY 0Ug PECW GUCTUATWY TOALTIUENVGLY CUCTNUATKY elvat To BUGXOAN GTNY enl-
TeLn %x€PSoUC aOBOoNE, XM Ol TEOYEUUUATIO TEG TEETEL VaL avaTTOZOLY TUEIAANAO AOYLOULXO TTOU
EXUETUAAEDETOL TNV TOAUTOPTVY] JEYLTEXTOVIXH.

2.1.2 O vopog tou Amdahl xow 7n TpdxANoT TOL TAEAIAANAOUL
TEOYEULUATIOUOV
Koddye unhxaype otny moAumienvn enoyr, T0 UTOAOYLO TG TOTO amouaxeUVUNXE omd TO HOVOTORNVO
OYEBLAOUO CUCTNUATWY XAl EMXEVTPWUNXE OTOUC EMECERYUCTEC TOMNATAWDY TUPHVWY PE TNV ovTiA-
ndn 611 N mapakknhonoinon mou Yo unopoloay Vo emTOYoUV TOAAOL TUpTveg oe €val eviaio Toum Yo
aEXOVCE Yio TN SLUTAENON TNS XAWAXWONS AMOBOCTC TOU ATALTOUGE 1) oYORd XAl ELYE TEONYOUUEVWS
Budoel xatd TN Yeuot| emoyr Tou vouou Tou Moore. 261600, 1 SllecIUOTNTA TOAATALY TUETVKY
070 (8L0 TOUT BEV EYYUATAL OTL 1) AMOBOCT] TWV EXTEAECUEVGY EQapUOYGY Vo xAtpoxwdel afiaoto. Me



TOMEC TEQITTWOELS, O TEOYPOUUATIOTAC TEETEL VO GYEDIAOEL PNTA TO AOYIOUXO Yia Vo ETwpehndel
amd Toug dldéoyoug mupriveg. To hoylouixd mou mpénel va ypaptel yio va emwperndel and toug
TOAMATAOUC TURTIVES TROXEWEVOL VoL EMLTOUVUEL Lol EQOPUOYT) OE GUYXQELOT UE TIC ETOOCELS TNE OF
évo cUoTNUA HovoTdpnvou enelepydo Ty elval EYYEVAOS 60GKOAO.

Ye éva TopdAANAO TEOYEOUUA, TO UTOAOYLOTIXO (QOpTIO TEETEL Vo OTdoEL OE (oo uEYEDT xan Emelta
%&0e xopUdTL Var avTIo TOLYLO TEL o8 Evay TUpva. Xe TERIMTWOT o oL POPTOL ERYAGIUC TWV ETL UEPOUS
TUERVWY BV €xouv To (Blo uéyedog, xdmolol TUEHVES Vo TUPUUEVOLY ABPAVELS EVE) TEQLIEVOUY TOUC
GANOUG e ToL UEYAADTERO XOUUATIO Vo TEAEWWooUY. Emmhéoy, dlapopetinol eneepyaotég mpénel va
ETUXOVOYOLUY PETOEY TOUC XOTY TNV EXTENEDT), TEOXEWEVOU Vo ENEEERYUCTOVY UE EMULTUYIA TO PORTO
epyootag Toug. Edv 0 cuvokixdg Ypodvoc Tou aglep@dveTon yiol THY ETXoveVia HETAZ) TV TUEY VLY
elvol oPXETA UEYAAOG, UTOPEL Vol UETEIACEL T1) GUVORLXY| ETUTAYUVOT TOU ETUTUYYAVETOL UE TNV Tape-
aAknhoTmoinom tou tpoypedupatos. Ev ohiyolc, o mpoypauuatiopog, 1 e€ilcoppdnnon goptiou, o yedvog
OLYYEOVIOMOU Xal Tot YEVIXS €€000L YLo TNV ETXOWVOVIA UETAED TWV TUENVGY ATOTEAOLY GNUAVTIXES
TEOXATIOELC o YivovTon oxouo UEYOADTERES e aEdveTon 0 optludg TWV ENEEERYUC TMV.

‘Otav %dmolog OxEPTETAL TN GUVOMXT| EMLTAYLVOY TOU UTOREEL VoL EMITUYEL EVOL TROYEUUMUN UEGH
nopahhnhiopol, Teénel xaveic va e€etdoet to vopo Amdahl [22]. O véuoc tou Amdahl eivor évoc
TUTOG Tov bivel TN VewpnTixn emitdyuvon mou unopel va emtevydel, 660V apopd TNV EXTENECT) EVOC
TEOYPAUHUATOS XUTY TORIAANAO TEOTO GE GUYXQELOY UE TN OELplaxT] EXTEAECT). LTA TEMTO YEOVLA
TWV UTOAOYIOU®Y LPNAAC amddoong, o Gene M. Amdahl [22| avégpepe apyd oplopévouc eyyeveic
TEPLOPLOMOUE 0T Bladxacior ToU TAPdAANAOL TEOYEOUUATIONOD xat Tng anodoong. Ilpdtov, un-
doyel éva xhdopo UTOAOYLOTIXOU (QOETOL GE xdVe epapuoyt|, mou oyetiletar Ue Tn Oioyelpion Oe-
dopévwy, To onolo Oev umopel vor eEXTEAEOTEL TaUPdAANAL UE GANOUC UTOMOYLOMOUS Xl EVERYEL WS
otoept| emPBdpuvor oTo yedvo extéreonc. AeUTEpoV, 6Tay TO GOVOAO BEGOUEVWY TOU TEOPBATUA-
TOC XATOVEUETOL HETOEY TV EMEEERYATTOY, eVOEYETAL Vo TeoXxVYOUY TROBAAUATI AVWUUALGY, TS
OIVOULOLOYEVEIC ECWTEPIXOL YWEOL, AXAVOVIOTO OpLa, TEOBANUATO ACUVETELNS UETOED UETUBANTOV Xou
umohoyilouol acluueTeng olyxAlone. I'a vo yovieAomo|oeL ToV TP®TO TEPLOPIOUO Xa Vo xodoploel
XATEVDLVTARLES YROUMES YLOL TNV AVTIIETWTLON TeV TpoAnudtwy mapaturioc, o Amdahl ewofyaye Tov
neplgpnuo vouo tou, o omolog xatoypdpel TNV nidpacy| Toug GTNY ToUTNTA TOL UTopEEl Vo emiTeuy Vel

ITpotol xadopicoupe tepantépw Tov vouo tou Amdahl, teénet tpdta va xadoplcouye TNy emTdyLUVOT
00OV APORA TIG ETULOOCELS TOU ETUTUYAVOVTE XATA TNV EXTEAECT] TOU TEOYEIUUATOS.

execution_time(1 processor)

speedup(n processors) = - :
execution_time(n processors)

O vépoc tou Amdahl avagépetan oty adEnon tne anddoong mou unopel vo emtevy Vel ye
Behtiewon evog YEpoug TOU GUVOAXOU TEOYEAUUUATOS, dS EVOL TO UEQOS P TOU GUVOALXOU TEOYEGUUI-
T0¢. Av auth 1 Beitiwon xdvel Tor yépn TOU TEOYEAUUATOS O YENYOpd, ONA. €YEL Lol ETLTAYUVOT
{on Ue s, TOTE 1) CUVONIXT] ETLTAYLVCT] TOU TEOYEAUUTOS dlvetan antd TV e&lowan:

1

(I-p)+3

Aoufdvovtac unodn tov TeéTo Pe TOV omolo 0 aEWIUOC TV AVEEdPTNTOVY ENEEEPYUCTWY TOU
oLUBEAAOUY BTNV TUEAAANALOUS EVOC TROYRAUMATOC enNeedlel ToV oploud TNg emTebEung Yewpntinic
emtdyuvorng, apxel To e€nc: Edv to p elvan 10 10600TH TOL GLUYOAXO) TEOYEAUUATOS TTOU UTOREL Vol
mopadhnhioVel xou 1 — p eivar to TuRua Tou TpoYEdUUATOC oL Bev unopel Vo TopahhnoTel (SnAadn
TOPAUUEVEL OELPLOXG), TOTE 1) HEYIOTY] CUVONXY ETLTAYLVOT) oL uropel vor emtteuy Vel pe ) yehon N
eneepyao TV dlvetal and TNy axodioudn e&iocwon:

total speedup =



Amdahl's Law
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Figure 2.1: Total speedup of a parallel program as parallel fraction and number of proces-
sors increase
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1-p)+%

Kadde to N mnyalver oto dneipo, n uéylotn tayvtnra yetaPBaiver oe 1/(1 — p). Ilpoxtixd, n
avoroylar YETAEY amOBOTIXOTNTAS Xl XOOTOUS OUEAVETOL OPUUATIXG axoud xou av To 1 — p elvon
oYETWE Wxpd. XTo oyfua 2.1 umopolue vo BoUUE WS ETNEEALETUL 1) CUVOMXY| ETULTAYLYOT EVG 1|
avaroyio p xo o aprdude twv enclepyootdv N arhdlel. Ipdta an 6k, 1 cuvolxr emitdyuvon
EVOC TPOYRAUUOTOC TOU YENOWOTOLEL TOAAOUE TURTVES OE €Vol TapdAAN O TurUo Teptopileton amd To
OELELOXO TUYUo TOL TpoYeduuatos. Emouévag, 1 yerion axdun nepiocdtepnmy mup vy xou 1 BeAtiwon
TOV OPYLTEXTOVIXDY TUEIAANAGY UTOAOYLOT®Y OV elvar movdxeto. AVt 'oautol, Uio EQUpUOYT) TEETEL
VoL ETOVACYEDLOTEl €TOL (OOTE Eva UEYARDTERO PEPOC TNG VA ElVal TURUAANAOTIOLAGLUO.

total speedup =

2.1.3 IloAumdpmnveg ApylTEXTOVIXEG

Yougwva ye tnv katnyopioroinon tou Michael J. Flynn yia tic apyitextovinéc umohoyiotmy
[23], undpyouv Téooeplc TAEVOPROELS Yl oLOTAUATY UTOAOYIGTGY Tou Boaoilovion otov aptdud Twy
TOUTOYEOVLY POWY BEBOUEVGLY o EVIOAGY Tou elvar dtadéoiua otny apyttextovixn. Iopoxdtew
TEPLYPAPOVTAL AUTES Ol TEGOEQLS XUTNYOPLES:



1. Single Instruction Single Data (SISD): Evac oeiplaxdc unohoyiotic TOU BEV EXPET-
aAheVeTaL TOPUAANAOUS OTIC POEC DEDOUEVMV KO EVIOADY.

2. Single Instruction Multiple Data (SIMD): Auté avtinpoownelel Ty 0pydvwon evoc
UOVO UTIOAOYLGTY TTOU TEPIEYEL (Lol LOVEDA EAEYYOU, Wit LOVADO EMEEEQYUGTY) XL L0l LOVEDNL
uviung. Ot eviodéc exteholvton oetplaxd. Mmogel vo emteuydel péow aywyY®V 1 TOAATAGY
AELTOLRYIXWY UOVABWY.

3. Multiple Instruction Single Data (MISD): ITolMéc evtohéc hertovpyolv oe pia pov
oedopévey. Auty elvon yior aoLVRHIOTH CEYLTEXTOVIXY TIOL YENOLWOTOLELTAL YEVIX Yiol AvOYT)
opdipatog. Tao etepoyevy| cucTiuata Aettovpyoly GTny (Blo POt GEBOUEVLV ol TRETEL VoL
CUUPOVCOUV GTO ATOTEAEGUAL.

4. Multiple Instruction Multiple Data (MIMD): IToAanhol autdvopol enelepyaoTég ex-
TEAOLY TAUTOYPOVA DLUPORETIXEC EVIOAES OE BlapopeTind dedouéva. Ot apyttextovixég MIMD
TEPLAUBAVOUV UTER-HALUAXDOLUOUS ETEEERY AT TEC TOANATAWY TURTIVLY X0 XATAVEUTUEVO CUC TH-
HOLTAL, YENOWOTIOLVTOG EVAY XOLVOYENOTO YWEO UVAUNG 1) EVOV XATUAVEUNUEVO YWEO UVAUNG.

Ou unohoyiotéc TohhamAwy Tuphvwy BaciCovton otny apyttextovixy) MIMD, 1 omolo unopel va
Tagvounvel TEpATERL AVANOY X UE TNV OPYAVWOT] UVHUNG OF PYLTEXTOVIXES XOVAC UVAUNG, AEYLTEX-
TOVIXEG XUTOVEUNUEVNG UVAUNG X0t UBPLOKES JEYLTEXTOVIXES, OTIOU YEYNOWOTOLOUVTOL TTUYES XOL TWV
0V0 mpoNYoLUEVLY apyttexToVX®Y. To Tela avtioTolyo apyiTeEXTOVIXA oY EDLL EENYOUVTOL TOROXATE.

Apyrtextovixy, Kowvre MvAung

e War apYITEXTOVIXY] XOWVOYeNoTNS UVAUNG, xdde enelepyacthc Slordétel wio Ty tepapyia
uvAunc cache xar cUAAOYXE, GhoL OL EMEEERYUGTEG TOU GUOTAUATOS UOLRALoVToL €vay EVIOLO YO
puotxfic dievbuvorng, uia Toryxoouta uviApn. ‘Ohot ol emelepyao TEC Xou 1) Ty XOOULAL UVHLY) BLACUVOEOVY-
Ton Yéow evog eviabou xowvoyenotou Bladhou cucthpatog. Ot enelepyaoTég EMXOVGYVOLY UECW
XOLVOV UETABANTOV oTN UViUT, UE OAOUC TOUg EMEEEQYACTEG Vo £Y0UV TEOcacT o omoldY|ToTe
uvAun uéow loads and stores. ‘Otav 6lol ov enelepyactéc Pploxovian oe lon andotaon and TNy
moryxboyto uviun, 1 aeyttextovixh uviung opiletan enione we ouuueteix nokuenelepyao x| (SMP)
xau umopel va mpofBindel oto Yyrua 2.2.

memory bus

Figure 2.2: Classic organization of a SMP

Autd 10 povtélo emTEENEL YEHYORY %ot OUOLOUOR@Y aviaAlayr Oedouévwy Uetald €pyooidy
MoYw g eyyvntog tne wvAung pe tic CPU. O cuvokixde ywpeog dleudivoewy mpoopépet eniong



guxoMa mpoypauuatiopol. H duvatotnta mpdofoacnc oe OAo Tol x0LVA BEBOUEVO ATOTEAECUATING
amd onotovdnrote eneepyacTr Tou yenowlomolel cuvntiouéva loads and stores, yall ye v owto-
HOUTH) UETOXEVIOT XOU AVATOQOY WYT) TWY XOLVOYV OEBOUEVWV OTIC TOTUXES XPUPES UVANES, Tol xorhoTd
WBoVIXd YLl TOV ToRdAANAO TpoypauuaTioud. Autéc ol Asttoupyleg elvan enlong mold yeroweg yio
TO AEITOUPYXO GUOTNUA, TWV OTOIWY Ol SLopORETIXES Bladxaoles HolpdlovTon GOUES DEBOUEVLY Xal
uTopoly eUxoAa Var TpE€oLY o€ BlaopeTinolg enelepyaoTés. doT6C0, AUTH 1) TEOCEYYLOT UTOQEREL
an6 EMkewrn enextaoiudtntoc. H mpooifinn nepiocdtepwv CPU unopel va aughoetl yewueTpixd tny
%xUXAOQORL GTOV %0V BLOAOL GUG TAUATOS XAHAOS X TNV xUxhoopio Tou oyeTlleTon Ue TN cLVOYTN
e xeuenc uviung. Me Bdom toug ypdvoug TedoBaong ot UVAUY), Ol AEYITEXTOVIXES XOLVAG UVAUNG
unopolv va Tavoundoly ce 500 xotnyopieg

1. Opoiopopync IpooPBacrne otn MvAun (UMA): H xaductépnon oe wa Aén ot
uvhun dev eCoptdton and tov encgepyaoth tou to {ntdetl. ‘Olol ot enelepyactéc polpdlovtal
OMOLOUORA TN QUOLXY) UVAUT oL 0 Yeovog TpdaPacng ot uio Véon uvAung slvar aveldptnTog
amb TOV EMELEPYUOTH TOU XAVEL TNV olTNom 1| OO TOUT UVAUNG TEPLEYEL TO UETAUPEROUEVAL
OEDOUEVAL

2. Mr-Opowdpoppne IpboBacne ot MvAun (NUMA): H xaduotépnon npbofaong
uvAung v xde encgepyoaoth eloptdton and T Véon e pvAune. Kdde enclepyoaothc €xel
TN 0| TOU ToTUXT| UVAUN xou umopel eniong va €yel mpdcBaor ot uvAurn Tou avixel o€ G-
houg eneepyactéc. O ypdvog npodcPBacng oe uviun ot autd To Yovtého e€aptdral and T Véon
UVANG OE OYEoN UE TOV ETECERYAT TN, BEGOUEVOUL OTL OL ETEEERYATTEC UTOPOVY VOl €Y 0LV TEOC-
Boon 0TV TOTUXY TOUS UVAUN YN Y0oeoTepa amtd T W Tomxy) uviun. H apyitextoviey NUMA
OYEDLAOTNXE Yol VoL EEMERATEL Ta OpLal XALAXWONGS TwV apyttexTtovixwy UMA. Mewhver 1 ouy-
poeNoN TOAGOY eMelepyacTOY Tou aviaywvilovion Yl Tedclacy oTov xovoyenoto dlavio

WVAUNG.

Europixol cuypetpwol molvenelepyaotéc yenowwonoioouvy to mpotuno UMA. Tlapdro mou ot
TEOXANOELC TROYEAUUUOTIONOU €lvon To dUoxoAeg yia évayv molvenelepyooti NUMA and 6,1 yia
évay molveneéepyaoty UMA, ou unyavéc NUMA unopolv va xpaxemdolv oe pyeyohdtepa Ueyein
X0 UTopoUY VoL €YOLY yaunAdTteen xaductéonon oty xovTvy uviun. Acdouyévou oti ol enelepyacTég
TIOL AELTOURPYOLY TapdAANA L xovovixd Yo potpdlovtan dedouéva, VYo mpénel enione vo cuvtoviCovta
oty Aettoupyoly o xowvd dedopéva. AapopeTind, évag enelepyaoTthc Yo unopoloe va apyicel va
enelepydletan OedOUEVA TRV amd TNV OAOXATpwoT dAlou enelepyaoty. ‘Etol, 6tav n xowr yeron
unootne(letar ye éva eviafo Yweo BleuivVoEnmY, TEETEL Var UTIHEYEL VA UNYAVIOUOS GUY YPOVLOUOU.
M mpocéyyion yia v eniteun cuyypeoviopol elvon 1 Yerorn XAeopldy Yol Xolvée uetoBAnTéc.
Moévo évag enelepyactrc xdle @opd umopel va amoxTAoeL TNV XAEWopLd Xal OTOLOGONTOTE GANOC
ene€EPY U0 TG TOU EVOLUPERETOL YL XOLVY OEGOUEVY TRETEL VoL TTEPUIEVEL UEYPL O dpyixOC EMEEERYAT TN
VoL EEXAEWDOOEL TN HETAUBANTA.

Apyrtextovixy Kataveunuévne Mviung

H evodhontin mpocé€yyion yio TV Xowvi| Yenor evog yweou dieudivoenmy elvan yio xdde encéep-
Yoo T var €xEL TN OxY) Tou Lepapylar XpUPNC UVAUNG XAl TOV Bixd TOU WLWTIXO PUOIXO YWEO BlEVTUY-
oewv. 'Eva 6ixTu0 apyITeXTOVIN:C xoTaveUnUévng uvAung amoteheiton and pLor oudoo xOuPwy, 1 xdde
ULol AmOTEAOVUUEVY) a6 €Vay ETEEERYATTY), Uiatl LEQORY (0l TOTUXAC XEUPNC UVANG ol iat ToTxr) x0pLat



uviun. H opydvwon authc Tne mpocéyylong apyttextovixic uviune, 1 onolo ovoudleton eniong uetd-
doong unvupdtwy, arcixovileto oto Lyrua 2.3. To népacua Tou unvipatog, tou egunnpeteiton and
70 dixTuo BlaclVBEDTC, Elval 0 UOVOS TEOTOC ETXOVWVIAC UETOEY TWV ATOUOVOUEVLY XOuBwy. TTo
v mpolnddeon 6Tl To oot €xEl POUTIVES Yial TNV AmOGTOAY Xou AYn uNvVupdtwy, 0 GUVTOVIC-
HOC ElVOl EVOOUUTWUEVOS UE UNYAVIOUO UETAO0ONG UNVULATODY, xodoe évag enelepyaothc YVopllel
TOTE Moo TEAETAL €var uvupa xou 0 eneepyaoThg AMng yvwellelr note @tdver éva ufvupa. Edv o
arocToréag yeetdleton emPBelaiworn 6TL To uAvuda €xel @Tdoel, o enelepyaoThc AMdne utopel ot
ocuvEyela v oTelhel Eva uvuua emBeBaiwone mlow oTov anocToAéd. Mnuewnote OTL oe avtideon ue
7o SMP, 7o 6ixtuo diacivdeong Peloxeton YeETALD xOUPwY UvAUNG ETEEERYATTY.

Node 1 Node 2 Node 3
$] [$] §]

Interconnection Network(e.g. Ethernet, Myrinet, SCI)
Figure 2.3: Classic organization of distributed memory architecture

"Exouv yivel apxetéc TpooTdIEIES Yiol TNV XATACKEUT) UTOAOYLO TV UEYIANG XAUoX0S BACLOUEVKDY
o€ dixtuo LYNANC ATOGBOCNE ATOCTOAG UNVUUATKDY X TUEEYOLY XAADTERT ATOAUTY) ATOBOCT) EMLXOLY-
wviag and 6,1t to clusters mou xataoxeuvdlovtan pe Tomxd dixtua. Ipdyuatt, ToAhol unepunoloyioTég
YenowonoloLy cfuepa ntpocopuoouéva dixtua. To mpoBinua elvon 6Tt elvon mohd mo oxp3d amd to
Touxd Sixtua 6mwe to Ethernet. Afyec egupuoyéc onuepa extodg LUTOAOYIOTOV LVYNAGY ETBOCENY
UTOPOUV Vo Bixatohoyficouy TNy LPNAGTERN ambdd00T EmxoVKViag, Bedouévou Tou ToAD LuPNAGTEPOL
®HGTOUC.

To YOVTENO XATAVEUNUEVNC UVAUNG ETLTUYYAVEL UPNAT BUVITOTNTA XAUAXWONS, XD 1) LvHuN
umopel va augniel avohoyd ye tov apliud TV enelepyao Ty, xadde xaL TNV amodoTuxdTNTA TOU
%66 T0U¢, xS oL eunoEol ETMEEEPYATTES Xa 1) UTOOOUY) BIXTOWGONE Umopoly Vo yenotdorotndody
YL TNV XOTAOXEVT] TETOWWY CLUCTNUATKY. Emmiéov, xdie enclepyaothc umopel va €yel yeryopen
TEOCBACT) GTNY TOTUXT UVAUY TOU YWelS Tot YEVIXA €£000 TTOU TROXUTTOUV antd TIC AELTOURYIEC GLUVO-
NS TS xeueng uviung. And tnv AN TAEURd, O TEOYEUUUITIONOS efval o 80ox0A0C xomS OL
TpoypoupaTIo TEC elvon uTEDYUVOL Yia TIC AETTOUERELES Tou oyeTiCovTon PE TNV Emxowvwvia PeTagd
TV eNEEQYATTWY.

YRewdwxr) ApylttextoviXig

Or opyitextovixéc UBeIdng UvAuNg cuVBLALOLY Ta TAEOVEXTAULITA TWV UOVTEAWY XOLVOYENOTNG
UVANG X0 XUTAVEUTUEVNG UVAUNE OTO (010 UTOAOYLO TIXG GOOTNHA. € AUTAY TNV TEOCEYYLOT| AQYITEX-
TOVIXNG UVAUNG, OL XOUBOL UE aEYITEXTOVIXT| XOLVIC UVAUTNE CUVOEOVTAL UEGK EVOC BIXTOOU BLacUVOECTC
YENOWOTOUOVTAUS TNV OPYLITEXTOVIXY XaToveunuévng uviunc. H opydvworn authc tng mpocéyylong
amewovileton 0to LyhAua 2.4. Autdc 0 oyedlaouog emTEENEL TNV ToEdAANAY enclepyacia oe xdve
HOUPBO XU HAUOHWVETOL UE TOV (810 TPOTO OTWC Evar GUOTNUA XUTAVEUNUEVNS uvAuNS. Aedouévou Ot



1 TEOGEYYLON UTY EVOWHUATOVEL To TASOVEXTHUOTA XL TWV OVO TEONYOUUEVWY HOVTIEAWY ORYITEX-
TOVIXNG UVAUNG, EValL 1) TUTTLXY QEYLTEXTOVIXY) TWV GUYYPOVWY UTOAOYLG TIXWOY CUUTAEYUATOV XU TWV
UTEQUTOAOYLO TEOV.

SMP Node 1 SMP Node 2 SMP Node N
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Interconnection Network (e.g. Ethernet, Myrinet, SCI)

Figure 2.4: Example of a hybrid architecture

2.2 Emnwtayuvtég

LNy EMOTAUN TV LTOAOYLIOT®Y, 1) emtdxuron vlikoU opiletar we 1 dtadacio xatd tnyv onola
YENOWOTOLEIToL EEELBIXEVPEVO UAXO TIROXEEVOU VO EXTEAOUVTOL AELTOURY(ES TILO ATMOBOTIXG ATt O, TU
elvon Suvatod vl Evar hoylouxd mou Teéyel o o CPU yevixol oxomod. ‘Otav 1o A6 mou exteAel
TNV EMTAYUVOT UTdpyEl w¢ Eexwploth povdda and Tt CPU yevixhc yerong, TOTE avapépeton o¢
hardware accelerator.

O o a€loonueiwTol emToyLYTES LAXOU avaAUOVTE TOEaXdTe.

2.2.1 Graphics Processing Unit (GPU)

M Movéda enelepyacioc ypopxdv (GPU) elvan évac enelepyootic evde Toun nmou exTelel
Toryelg podnuotinolg UTOAOYIGUOUS, TEWTIOTWE UE GXOTO TNV ATODOCT| EXOVKV. MTIC TEOTES YEPES
Aettoupylog TV UTOAOYIGTMY, 1 Xevipix povdda enciepyaoioc (CPU) mpoypatonotoloe avtolc
Toug umohoytopoLs. Kaldde avamtdydnxay TEQIGGOTERES EQUOUOYTES YRAPIXAY, WOTOCO, OL ATAUTY|-
oelg Toug €gepay meon otny CPU xau unofdiulay tic emdooeic. Ov povddee GPU epgaviotnxoy
oG Evag TEOTOC Yia Vo ExpopTmdoly autég o epyaocieg amd Tic CPU, aneievdepwvovtag tny Loyl
enelepyaoiog Toug. To 1999, n NVIDIA napouvcioce tnv npwtn GPU otov xéouo, to GeForce 256
[24]. Eiwo¥ydn o010 x60u0 Twv UTOAOYIG TGOV ¢ EENC:

A single chip processor with integrated transform, lighting, triangle setup/clipping,
and rendering engines that is capable of processing a minimum of 10 million polygons
per second.

Mrnopoloe va enelepyaotel 10 exatoupiplor TOAUYOVIXL avd OEUTEPOAETTO, EMLTEETOVTAC TOU VA
EXPOPTWOEL Uit onuavTixy) mocotnta enelepyastag yeagpxoy arndé v CPU. H ATI Technologies
xuxhopdence to Radeon 9700 to 2002 ypenowomowdviog tov 6po povdda ontixrc enelepyaciog
(VPU). Ta tereutaia ypdvio onpedidnxe onpovtiny adinomn oTic emdOoES xot TIC SUVATOTNTES TWY



GPU Aoyw e {htnone tneg ayopdg yia mo eCehlyuéva yoopixd. Emmiéoyv, ue tnv ndpodo tou yedvou,
n woylg enc€epyaoioag twv GPU éxave tig xdptec war Onuogiing emhoyn Yyl GAAES UTOAOYLOTIXG
evToTiXéC epyaoieg mou dev oyetiovton Ue Ta YeapLxd.

Yruepa, ot GPU yenoiuomolodvtal EUpEnS G EVEOUATOUEVO GUC THUNTA, XWVNTA TNAEPOVAL, TEOCK-
TX0UC UTOAOYLO TEC X0l XOVOOAES Touy VIOLY. Ot olUyypoveg povddeg GPU eivan mohd anodotixéc oto
YEWRLOUO YRaPOY xodmg xaL oTny enclepyaoio edvwy. Emmiéov, n dxpws mapdAAnin douy| Toug,
TI¢ €O TA TO AMOTEAECUATINES OO TOUG EMEEEQYACTEG YEVIXAC YPNoNS Yl ahyoplduoug omou 1)
ene€epyooio UEYAAWY TUNUATWY Bedopévwy yiveton mopdAAnia. §1¢ amotéheoud, TEOEXUYPE UEYIAT
OLopopd oTLC XaVOTNTES apLdunTixmy Tedcenmy xivntol onuelou petald e CPU o tne GPU. O
x0pLog Aoyog etvon 6Tt oL povadeg GPU etvor e€etdixeuuéves Yo UTOAOYIC TS EVTATIXES Xol EEALPETING.
TOEEANAES TRAEELS X WS EX TOUTOU €y0ouv OYEdloTEl, OTwe Ta Teptoadtepa TeavlloTop, apleEp-
wuéva otny encéepyaoior SeG0UEVLY avTl Yol TEOCWELVY AmoUAXEUOT) BEBOUEVKDY XaL EAEYYO PO,
omws ouyPaivel oty mepintwon wag CPU. Ewwotepa, n GPU elvor xatdhinAin yio tny avTetonion
TEOBANUAT®WY TOU UTOEOVY VoL EXPEAC TOUV AT TUEAIAANAOUS UTOAOYLOHOUS BEOOUEVWY UE UPNAT apl-
Yunuxr| Evtaor. Enedn to (oo npdypopua exteleiton ot xdle otolyelo 6eB0UEVLY, UTEOYEL UXEOTERT
amaitnon v eCehyuévo éheyyo pofic. H Aavidvouoa mpdoBacn otny uvAun urnopel va xpugtel ue
UTOMOYLOUOUS avTi Yo UEYAAES xPUQES UVAPES OEdopévwy. ¢ ex TtouTou, oL GPU umopolyv va dew-
endolv enelepyaotés yevirrg yerong, VYnmirc amddoone, TOAGY Tue vy, txavol i ToA) udmAd
uTOAOYLoUS Xou dloxivnom UvAunNg.

General Purpose Graphics Processing Unit (GPGPU)

M GPU yevixfc yprione (GPGPU) elvon pior povdda eneZepyaoioc ypapxodv (GPU) nou ex-
teel un eZedixeupévous utoloytopols mou tumxd Yo Sieddyovton amd v CPU (xevtpind povéda
eneepyaoiag). LuvAdwg, n GPU eivor agiepwpévn oty anddoon ypopixdy.

GPGPUs yenowonowolvtar yio epyasieg mou Atav nadadtepa o topéag Twv CPU udnifc eni-
800G, OTWS UTOAOYIOUOL QUOLXAG, XPUTTOYRAPNOT / ATOXPUTTOYEAYNOT), ETLO TNUOVIXO] UTOROYIOUOL
xan 1 dnuloupyio xpumtovoulopdtwy Onwe to Bitcoin. Emeidr ov xdptec ypupuxdv xatooxcudlov-
Ton Yo polixd TORUAANAIOUO, UTOEOVY VO UTERVIXGOLY TO LU UTOAOYIGUOU OXOUY XL TGV TLO
toyveov CPU yia mohhéc mapdhhniec epyooieg enclepyaaiog.

O uroroyiopol yevixrc yefione o GPU éywvav mpaxtixol xou dnuoguielc petd and nepinou 1o
2001, pe v epgdvion xar Twv Teoypauuatilouevey shaders xau Tng utoo TN xvnTrg uTodlao-
TOMC OE eMEEEPYUOTES YPUPXWDY. LUYXEXQWEVY, To TEoBAAuata Ue YhATEeS 1 / xou SlavuoudTo -
€0 B0, TEUOY 1| TECCUPMY BLAC TACEWY BLVUOUATA - HTay €0X0NO Vo peTapeactoly ot uo GPU,
n omola evepyel Ye eyyevr| ToydTNTA Xou UTOCTARIEN G aUTOUS TOUG TUTOUC.

H opyitextovixry tov GPU, pe mohholg muphiveg xou Yeydho €0pog (VNG oty WX Uviun
TOUG, GYEDLAOUEVT] YIO TNV ATOTEAECUATIXT TURUAANAT) EXTEAECT) TOAGDY EQYUCLLY, ElvVOL WOAVIXT Yiu
EQUPUOYES TTOL XAVOUV TOANOUS TAUTOYPOVOUS UTOMOYLOHOUS (6Twe Tar pardnuotind povtéha). Autde
elvor 0 Aoyog Yo Tov onolo 1 emtdyuvorn ue GPU - 1 mapdhhnin yerion wac GPU,ue tnv CPU, vy
TNV AMOTEAEOUATIXY EXTENEDT) BATAVNROY EPIUPUOYOV - YIVETAL ONOEVOL XU TLO ONUOPLATIC Tot TEAEL TN
Ypovia og didpopouc topeic [25, 26, 27, 28]. Ilpoxewévou va aliomomndel n toyd tou propodv vo
npoc@épouv ol GPU oe unohoyiopolg yevixol oxomol, €youv oyedlootel xan Lhomolniel BLdpopeg
oenapég mpoypapuatiopol. Ta mo dnpogihn xau eupéwe yenotpomotolueva tialota Yo to GPGPU
mapatidevTal TopaxdTe. .

1. OpenCL: To Open Computing Language (OpenCL) eivon éva framework yio v eyypagpn



TEOYPOUHATOVY TOU EXTEAOUVTAL OE ETEQOYEVEIC TAATYOPUES ATOTENOVUEVES OO XEVTPIXES UOVADES
eneepyaotiag (CPU), povddeg enelepyasiog ypopdv (GPU), dngloxoic eneepyaotéc onudtwy
(DSPs), npoypappatiouévee oepéc nOAne (FPGAS) xou dhhoug enelepyaotéc ¥ emtoyuvTéS
uAxoU. To OpenCL etvan évor avowntd mpdtunto mou dlatnpeiton omd Ty opdda Khronos [29].

2. CUDA: To Compute Unified Device Architecture (CUDA) eivou ot mhortpopuor mopdAAnhwy
umohoytouwy Tou avoartuydnxe and ) NVIDIA xou eiofydn to 2006. Emtpénet ota npoypdy-
Hortar Aoytopxo) va EXTEAOUV UTOAOYLoUoUE Yenowonowwviag t6co tn CPU 6co xou tn GPU.
Mopdlovtac to goptio enclepyaoiag pe ) GPU (avti va yenowonoteite ubévo v CPU), ta
mpoyedupato pe CUDA uropolv va emitiyouvy onuavtxéc avZhoelc otny anddoon [30].

2.2.2 Field-Programmable Gate Array (FPGA)

M ouoxeln field-programmable gate array (FPGA) eivar évor ohoxhnpouévo xihopa (IC)
TouL pmopel va tpoypoppatiotel 6Tov Tedlo Yetd Ty xoataoxeur. H Swwoppwon FPGA xadopileton
YEVIXS YPNOWOTOLOVTAC Wior YhGooo Teptypopric UAxol (HDL), tapduota pe auth mov yenoylonotei-
T yior v ohoxhnpwpévo xadoua (ASIC) vy ouyxexpévn egappoyy. Ta FPGA eivou mopduota
xat ‘apy v, ahAd €youy TOAD euplTepn Tavy| eQapuoYn an’ OTL To TpoYpauuoTiloueva chip uvAung
wovo v avéyvworn (PROM). Ta FPGA nepiéyouv pa oetpd npoypappatilOueveny Aoyixdy urhox
xalL ot Lepopy o ETavampocBLoptl OUEVKY BLICUVOECEWY TIOL EMITEETOLY T1) O6ECUELDT) TwV urhox ol
OTWS TOAAEG TOAEC AOYIXY|C TTOU UTOPOUY VA SLacUVOEVOUY GE BLAPORETIXES dlopoppwoels. To Aoywxd
UTAOX UTOPOLY Vol Blaop@mUoly €TOL MOTE Vo EXTEAOLY TOMOTAOXEC GUVOLACTIXEC AELTOVRYIES 1)
amhd Aoyixée mokeg 6mwg ot AND xow XOR. Yo nepiocdtepa FPGAs, ta hoywd umhox mepthop-
Bdavouv eniong otovyela pviung, To onota punopel vo eivon amAd flip-flops 1 mo ohoxAnpwuéva umhox
uvAunc. Ta FPGA éyouv cuyxevtpooet auinuévn tpocoyn xadog amodewvieton 6Tt eivon oe Véor va
TEEYOLY ONUAVTIXY WINOT 0TI EPUPUOYES O UTOAOYIOTIXA XEVTEA TTOU YENOYLOTOLO0Y ETEQOYEVELX
oTa oYEDLE TouC.

2.2.3 Coprocessor

‘Evag ouvenelepyao i elvon €vog enelepyao T UTOAOYLG TH) TOU YE1OULOTIOLEITAL Y10l VOl GUUTATIOW-
oel Ti¢ Aettovpyieg tou mpwtedovtog enelepyacth (CPU). O Aettovpyiec mou exteholvton and Tov
oLVETEEEPYUO T Umopel v efvor aprdunTiny) Ye xivnty| UTOBLIGTOAY, Yeopixd, enclepyacio onua-
T0¢, enedepyooio Ypauuuoy, xpuntoypdgnon X dtacivdeon 1/0 ye nepupepetonéc cuoxevéc. Me tny
EXPOPTWOT| EQYACUDY OV ATAUTOUV ETEEEPYATIa and TOV XVELo EMEEEPYATTT, Ol CUVETELERYUO TES
UTOPOUY VoL ETULTAYUVOUV TNV amdBOCT] TOU GUC TAUATOC.

2.3 Intel Xeon Phi

(2¢ TEOTUTO YL TO TMEOTEWVOUEVO GUGTNUA pag, oToyeboupe Tov Coprocessor Intel Xeon Phi,
uéhoc tne owxoyévewg encéepyactwyv Xeon Phi tne Intel. H owoyéveia encéepyactwv Xeon Phi
amoteAelton amd o oelpd Yolixd ToRdAANAwY x86 moAumlpnvwy eMelepyacTmMY CUUBATOY UE TIC
tunixéc YAOooeg npoypoupotiopod, APT o tpdtuna dnwe to OpenMP [31] o to MPIL. Ané 1o
2017, o Intel Xeon Phi undpyel yéoo otoug Té€ooEpLC Amd TOUG BEXAU XOPLYPALOUS UTEPUTOAOYIC TES
otov xéopo [32]. H owoyévewn enelepyootmv Xeon Phi tne Intel yenowonotel tnv apyttextovind



MIC (Multi Integrated Core), alionoihvtac v opyttextovixy x86 xou enexteivovtac T cupPot-
OTNTA TNG UE UTAPYOVTA EQYUAELD TROYPUUUATIONOY, HETAYAOTTIOTES xou PBAto0rxe. Ot eqapuoyég
nou mpoopilovta yia eneéepyaotec MIC unopolv ebxola vo exteEAecTOOY O €vay TUTIXO ETEEER-
yaot Intel Xeon x86. H xUpia Sapopd petalh tou Xeon Phi xou evoc GPGPU énwe to Nvidia
Tesla ctvar 611 0 Xeon Phi, ye évav mupriva cupfBatd e x86, unopel, ue AMYOTEPEC TEOTOTOLOELS,
vo Teéel hoytopwd mou apyxd otoyelel o wo Tutixry CPU x86. Xt Souketd pog, diepeuvdye to
o@éAN amd TN ddeot Twv topwy tou Xeon Phi and andotacn xar and xowvod ot €vo UUTAEYU

urohoyiotwy. H vrnoxeipevn apyitextovixt| evog emtayuvty| Intel Xeon Phi anewoviletan oo oyfua
2.5.

Figure 2.5: Intel Xeon Phi Architecture Ring and Cores

Source: Intel’s MPSS User’s Guide

2.3.1 Xeon Phi Execution Models

O ouvene€epyaothc Xeon Phi unootneilel Swpopetind woviéha extéleone ue Bdon tnv meofB-
AETOUEVT] AELTOLRYIXOTNTA XAl TO GY U0 EXTEAECTS TOU TEOG EXTEEACT) TpoYpduuatoc. To povtéla
exTéAeong unopolv va cuvodioToly oe TeelC xatnyopiec: native, offload xou symmetric.

1. Native Mode: e auty| 1 Acttovpyla, pio eQopuoy uropel vo extelectel €€ oAoxAfpou TN
ouvoxevy|. T va Aertovpyfioel oe native mode, n eapuoyt| mpénel va yiver compile yio to
hertouvpywd mep3diiov tou Xeon Phi xou vo petagepiel aneuvdeioag otov cuvenelepyaoty.
H Intel mopéyel ta amopoitnta epyaheio yia vo utootnel€el T Aettovpyia native mode ex-
téheong uéow tou Manycore Platform Software Stack, tng culloyhc Aoyiouxol tng Intel
Tou LTOG TNEILEL TIC AELTOVPYIEC TOU GUVETEEERYIT TH).

2. Offload Mode: Emiong yvewotoc xar w¢ ETEQOYEVAC TEOTOC TMEOYRAUUUATIONOU, 1) EXTEAECT
uo epapuoyic ywelletor petald Tou XEVTEXO) UTOAOYLOTH X0l TOU GUVETEEERPYUCTY| UE TNV
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Figure 2.6: Intel Xeon Phi Programming and Execution Models

CPU va exgoptdvel epyaoiec mou anoutoly enelepyaola Yol EXTENETT) OTOV GUVETEEERYUOTH.
O tpdmog expdptwone urootneiletar xou evioyleton omd ToEUdOCIoXd ThaloLo TOEAAANALY
UTOAOYLOTOY 6w To OpenMP.

3. Symetric Mode: Ye autd TO GEVIQLO 1 EQPAUPUOYY| EXTEAELTOL TAUTOYEOVA OTO UNYAVNUO UT-
odoyn¢ xau oto Intel Xeon Phi. O ouvene€epyoaotic avayvoplletor and Tov xevipixd um-
ohoyloth w¢ aveldptnto xoufo emelepyaoiog xou tor 800 Pépn EMXOWVWYOLY PECK OLETAPHC
uuvnudtewy 6mwe MPL.

To LOVTENA TEOYEUUUATIOUNOU TTOU AVTIO TOLY OUV GTA TROAVAUPERVEVTO LOVTEAN EXTENECT|G ATEXOVI-
Covtau oto Xyfua 2.6. Extéc amd 1o poviéha extéheone Xeon Phi, to povtého "Movo CPU"
mou amewxovileton oTo Uynuc 2.6 ovTIoToL el O Wiot XAVOVIXT| EXTENEDT] LS EQUPUOYHC TIOU TTEOLY-
uatomoteiton anoxhetoTixd ot CPU yowpic eunioxr| Tou emtoyLVTy.

2.3.2 Intel ManyCore Platform Software Stack

H Intel mopéyel pio cuAhoYY amd o&lOToTO AOYIOWXO TOU Elvol amoeolTnTo Ylot Tn Asttoupyia
tou Coprocessor Intel Xeon Phi. To MPSS nepihoufdver to Aoylouxd nou npoopileton 1660 yia
N Unyavy UTodoy g 6O XoL Yo TOV CUVETEEERYUG TH XU TO OmaEU{TNTO TAALCLO YLoL TNV OMOTEAEC-
HOLTLX) ETUXOWVOVIOL XAl TOV GUVTOVIOUO TV AELTOURYLOY Tou cuveneéepyao . Metall twv e&éyoviwy



yoeaxtnelotxodv tne Multicore Platform Stack tng Intel, to Coprocessor Offload Infrastructure
(COI) ebvan amapaitnTo yioe Ty gpyasio pag xadde exdétel To anapaitnro API yio tnv expbdptwon ex-
TENECLUWY 0PYEIWY XL BEBOUEVKDY OTOV GUVETEEEQ YO T XAl YENOWOTOLEL TOV ATUQOLTNTO UNYAVLOUO
YL TV ToEOY T EVOS EXOVIXO0) UOVTEAOU UVAUNG Tou amAomotel TNy aviaAlayr) Sedouévemy uetald
TOV OLIBIXACLWY GTOV XEVTEXO LTOAOYLOTY xou o€ xdle ouvenelepyastr. To COI xou dhha e€opTr-
wotor Tou Intel MPSS Booilovtaw oto API tou Symmetric Interface Communication (SCIF) yu
¢ unneeoieg emxovwviag PCle pyetald Tou xevtpixol enelepyacth xou TV cuveneéepyaot®y. To
SCIF mogéyer moA) udmAée toydTnTeC UeTapopds 6edouévny mave arno PCle, evd agaipel Tig Aem-
Touépetec emxovwviog péow tou PClIe [33]. Mia anhonoinuévn éxdoon tou MPSS, pe ta eZaptipata
mou oyetilovtal Pe TNV epyacia Yog, anewxoviletar 6To Ny hAua 2.7.
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Q Tools & Libraries (Intel MPI, MKL, Tools & Libraries (Intel MPI, MKL,
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Figure 2.7: ManyCore Platform Software Stack Components Overview

2.3.3 Symmetric Communication Interface (SCIF)

To Symmetric Communication Interface tng Intel 4 SCIF nogéyel to unyavioud emixotvoviog
uetolh xOuPBwy ot yio eviaior TAaT@opua, 6mou évac xoufog etvan évag coprocessor Intel Xeon Phi
1 éva obunmieypa enelepyactov Intel Xeon. Xuyxexpwéva, to SCIF agaipel Tic Aentopépelec Tng
emxowveviog péow tou Slaviou PCle mnapéyovtag éva API mou elvor cuuueTend Yetod TwV GUGKELMY
umodoy g xan tng apyttextovixric MIC. H apyitextoviny| tou hoyiouixol Intel MIC unoctnpilet éva
UTOAOYLOTIXG HOVTEAO GTO omolo To (opTio unopel va Saveunlel T6c0 oto chvieto enclepyaoth
xevipix®v unohoylotwv Intel Xeon 6co xou otoug cuvenelepyaotéc pe Intel MIC Architecture.
Mo onuavtd wiotnta Tou SCIF eivon 1 ouypetpla. To mpoypeduuata 0drynong SCIE mpénel va



Tapouctdlouy TNy (Bla BIETAPT) TOCO GTOV ENEEERYUT TH XEVTPLXOU UTOAOYLOTH) OG0 X0l OTOV ENEEER-
yaot Intel MIC Architecture, dote va etvar Suvaty| 1 extélest) Tou hoylopxol tou €yel eYypagel
oto SCIF émou autd etvon xataAAnhotepo. Aedouévou 6L o cuvepyalopevog enclepyaothic Intel
MIC Architecture unopel vo yenowonotel SlapopeTind AELToVEYIXd GUCTNUA ANd AUTOV TOU EXTEAE(-
TaL OTOV XEVTPXO UTOAOYLOTH, 1) apyttextovixh) SCIF €yel oyediaotel wote vo elvon aveldotntn
amd To Aertoupyixd clotnua. Autd eCacaiilet oti ot epapuoyéc SCIF o SopopeTind Acttoupyind
ocuoTAAT UTopoLY v ahknrocuuminewvovtal. To SCIF vrootnellel v emxowvwvia Yetall Twv
ene€epyaoTwy uTodoy g Xeon xa Twv cuvenelepyaotwy Intel MIC Architecture oe uio eviaior mhort-
popuo. H emxowovia yetald tétoinv otoiyelwy tou Peloxovion oe EexwploTég TAATQOPUES UTopEl
va porypatotoniel yenoonotvias Tutixd xavdhia entxowvnviac étoc Infiniband xaw TCP / IP.
M eappoyr) SCIF oe évav cupfotind unohoyioth ¥ éva ouveneéepyaot Intel MIC nepihouBdve
600 Wwa BiBAodnxn yweou yenoTn 660 xou €vo TEOYEOUUA OBYNONS YWEOU TURTVOL OIS (Qaive-
Tan 010 Ly 2.7. To neplocdtepa and ta otovyela Tou Intel MPSS yenowonowiv to SCIF vy
emxovovio.

O odnyodg SCIF mopéyel éva a€lomoTo oTpmud Unvuudteny mou Bociletar otn obvdeon, xodag
xa AettoupyxotnTa mou agoupel Tic Aettovpyiec RMA. To SCIF moapéyet évay unyoviopd emixoty-
wviog petall Stopdewy xoufwv SCIF. Evac x6ufoc SCIF eivon éva guoixd tehixd onueio 6Tto dixtuo
SCIF. H Kevtpuy Movdda Encéepyaocioc xa o ouvenelepyoaotic MIC eivar xouBou SCIF. H o
adixaota dnuovpylag olvdeomng LeTagd Slapopny xouBwy SCIF eivon Topduola Ue TOV TROYpuUUATIONS
socket, pe mapouoln onuactoloyia va yenowonoteiton ané to SCIF: scif_open(), scif _bind(),
scif_listen(), scif_connect (), scif_accept (). Xuvenwg, 1 AeltoupyixdtnTo ToU EQoEUOLouY
ol mpoavagepVeioeg cuvaptrioeig SCIF etvon mopdpota ye auty| Twv socket cuvopthoswy. Mia Tumixd
pon} oOvdeong PYeTady BUO BlapopeTinwy xOuBwy oto dixtuo SCIF aneixovileton oto Nyrua 2.8.

SCIF Messaging Layer

Agoi éyer dnuovpynldel uio olvdeon, eivon duvatr 1 avtoddoyr UNVUUGTOY Yetold Twy Ot
aBIXACLY TOU XATEYOLY Tal GUVDOEDEUEVYL TEAXA onueia. Evo ufvupa mou anoc TEAAETAL Ao €va GUVO-
e0euévo Tehixd onpeio Aopfdveton amo To dANO cuVBESEUEVO TEAO onueto. H emixovwvio auth| etvon
appidpoun. To otpduo unvuudtwy tou SCIF anotekeiton and socket-like cuvaptroec scif _send ()
xan scif _recv(). Ta pnvipata anoctéAovTtal TévTa HECW TOU TOTLXOU TEAXOU GNUEloU YL ToEd-
doo1 oe anouaxpLouévo TeAxd onueto. Io xdde cuvdedepévo (edyog Tehx®Y onueiwy, UTdEyEL Eva
amoxAelc Td (e0YOC OLEWY UNYUUATOY - Wio 0Lpd yio xdde xatebduvor emxowvnviog. Me autov Tov
TEOTO, 1) TEOOBOC TNG OTOLCONTOTE OV TEPLOPIlETAL antd TNV TEO0BO NG AAANG, XATL TOL UTOPEL Vo
ouvéBanve Ue ToAamAEC cLuVBETELS oL potpdlovTal éva (edyog oupds. "Eva ufvuua uropet va etvan €6¢
xon 2 31-1 bytes long. Tlop "dha auTd, T0 OTEOUL AVTEAAAYAC PNVURETOY TeooplleTon Yl TNV aroo-
TOAY) GOVTOUGY UNVUUETLY TOUTOU EVTOATS, Oyt YLol Lalxég UETaPORES BedoUévmy. Ot 0UpEC GTROOENY
UNVURATOVY Vol OYETIXG UXEES. €VOL UaxEU UAVUUN UETAODETAL (G TOAATAES UXPOTEQES UETUPORES
UMXOUS 0LRAS, HE pial ovTohoryY) Bloxomhg Yo xdde tétola uetagopd. Enouévang, n Aettovpyia SCIF
RMA §o npénet va Ypnotdonoleltat yior TNV anoc TOAT UEYUADTERWY UOVADWY BESOUEVWY, T.Y. TEPLO-
cotepo and 4KiB.

2.3.4 SCIF Remote Memory Access

To SCIF xdvet yprion evOg unyoviolo) ToU ETUTEENEL TNV TEOCBACT] GE ATMOUUXQUOUEVY UVAUN
(RMA) ané ) pvAun tou xevipixol enelepyaoth| oty pviun tou ouv-enelepyooth. [34] Autdg
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Figure 2.8: Connecting two different SCTF nodes

Source: Intel’s SCIF User Guide

O UNYAVIONOS ETUTEETEL AetToupyieg petapopds LdmAnig ToybTntog, youninig xaduotéonong HeTtald
TV dvo pepdy. O unyoaviopde eaptdton oto unyavioud eyypaphc pviunc (Memory Registration),
oTtnyv omola pa dtadxacio exdétel Eva Qacus GEAMBWY UVAUNG OTOV EXOVIXO YWEO BIEVVUVOENDY TN,
yia TedoPact and dhhn Sradxacta, cuvidwg and pio dladixacio Tou BeloXeTol OE AMOUAXPUOUEVO
x6pPo. O Aeitoupyleg mEOOPBAONC GE AMOPUXEUOUEVT] UVAUY YENOWOTOLOUVTAL Yiol TN UETUPORY
eVOC EXTEAEDLUOU BUNBIXOY dpyEiou TOL TEOOPILETAL VIOl EXTEAECT] GTOV GUV-ENEEEPYACTY|, TIC XOLVES
BiBMoUxES xS xow VLot TN OLUERY| METAUPORY UEYHAWY TROCWELVOY DEDOUEVKY.

ITpoxewévou wa diepyacio vo xdvel map Uviurn ToU AVAXEL OE Lo ATOUOXEUOHEVT) Sladixacio, Tou
Beloxeton elte oTOV XEVTEIXG UTOAOYLOTY| ELTE GTOV EMTAYUVTY, TRENEL TEMTA Vo eYYpapei(register)
ue to mpdypoppo odfynone (driver) SCIF. Kde ocuvbedepyévo tehixd onueio €yet évav pepovouévo
ywpeo dietduvone. O ydpoc diehduvone xatayodenone (Registered Address Space) eivon évac emt-
Théov ydpog Sleutivaewy mou dlayetplleton To Tedypaupa 0drynone SCIF, nou avtimpocwneldel Ty
tomxny @uowy uviun. To SCIF Driver xatoywpel €vo QAoua EOVIXAG UVAUNG YOEOU YEHOTN UE
scif_register (), ue tn pop@n xotaywenuévou taputpou xal emoTeEpeTon Ula dlebuvor offset e
v onola unopel va €yel mpooPaon otov Registered ywpog dievdivoewy xan and ta 600 péen mou
eumhéxovton oe ot RMA Aertovpyia. To emxovwvoivta uépn umopolby vo Topaméumouy ot Vo €ouv
TpooPacy oTo xataywenuévo tapdiupo dwfiBdlovtac tny Siediuvon offset otic oyeTinéc xhfoelC



SCIF RMA API. H avtictolylon uetadd Tou xotaywenuévou yweou SIEutUVoEmY xot TNG QUOLXAS
UVAUNG TOEOUEVEL OXOUT] KOl OV TO CUYXEXPWEVO ELXOVIXO £0p0¢ BIEVTUVOEMY YAOEL TNV aVTIo TOlyIoN
1) eav yivel map og BlapopeTiny| VEon UvAunG.

Registered 0 W

Address Space

Virtual Address - VA

Space

Physical Address
Space

P

Figure 2.9: Memory Registration Mechanism

Yto oyfua 2.9 aneixovileton o unyaviouos eyypapnc uviunc. To oyfuc topouctdlet Evo xatay wenUEVo
napdiupo W nou onuovpyhinxe and xinon scif_register(). Ou ceildeg tou W, éva elpog oo
EYYEYPAUUUEVO Y0ROo BleudUvoEwY xdmolou Tomixol tehxol onuelou SCIF, avtinpocwnedouvy xdmolo
olvoro, P, puoixwy cehldwy otny Tomx uviun. P eivou to ohvolro guoixmy oehidwy tou utoo thetloay
éval xadoplopévo eipog eovix®y dievdivoewy, VA, ) otiyur tou exteréotnxe n scif _register().
Axodun xo av 1o €0pog exovixwy dleutivoewy, VA, otn cuvéyela yoptoypagniel o SlapopeTixéc
puoxég oehidec, 1o W ouvey(let va avtimpoownelel to P. @uoixd, €dv 1o eovind ebpog Sieutivoewy
Ydoel To mapping 1| YlvelL map o€ SLopopeTIXES PUOLXESC GENIDES, 1) Sladixacia Bev Eyel TpdTO TPOO-
Boong oTNV XoTAYWENUEVN UVHUN TeoXEEVoU Vo SLoBdalet 1) va ypdepet dedouévo RMA extog av owtée
oL PUOWES GEABES ETOTREPOUV XATOLO GANO EOVIXG €0POC BleLIOVOEWY.

O hertovpyieg SCIF RMA npoopilovton va utos tnei€ouy to uovtého emxovemviog LoviAg xatehduv-
oMC TOU EYELTO TAEOVEXTAUO GTL Uiol Aettoupyio avdyvwone / eyypaghc urnopel va mpaypotonotniel
oo TN Wt TAELEE Uiog oUVBESNC OTaY YVwellel TOCO TNV TOTXY OGO oL TNV ATOUUXPUCUEVT] TOTO-
Yeolor TV 8edouévwy Tou TeoxelTal Vo ueTapepdoly. O povouepeic xhfoeic uropoly cuyvd etvan
Yool Yo olyopldpouc aToug omoloug o Guyyeoviopos Vo Koy SuedEeaTog (). TOAATAAGLAC-
HOC XaTaveEUNnUéVoL TAéYpatog) 1 émou eivan emuuntod ol epyaoies va elvon oe éom va e€leopponoy
T0 QOopTiO TOUC EVE JANOL ETEEERYUCTEG AELTOURYOLUY OE BeBOUEVAL.

Ou hertoupyieg scif_readfrom() o scif_writeto() extelolv Aettoupyieg avdyvwmong xou
eyyeapric DMA v CPU, avtiotolya, YeTol) TNC QUOIXAC UVAUNS TWVY TOTUXOV X0l TGOV ATOUAUXEUO-
UEVWY %xOuBwY Tou xodoplouévou TeEAxoU onueiou xal Tou oudTiou xoufou. H @uoud uvAun eli-
VoL OUTH TOU AVTITPOCKOTEVETAUL And XOVOPIOUEVES XAUOXES GTOUC TOTUXOUE XAl ATOUUXQUCUEVOUS



HATOY WENUEVOUS Y WEOUC BIELTUVONC EVOC TOTIXOV TEAXOU GNHUEIOL X0 TOU ATOUUXPUCUEVOU TEAXOD
onueiou Tou. O xadopLoUOC AUTWY TWVY XATAYWENUEVWY TERLOY WY BIELIVVCEMY BNULOVEYEL Ylol oV TLOo-
Totyla LETOEY TOTUXDV Xl ATOUOXPUOUEVMY PUOLXWY GEAB®V Yo T Bitdpxela Tne Aettoupyiog RMA.
To ouyxexpwévo RMA flags nopduetpor mou petofiBdlovioan otic oyetixéc Aettovpyieg tou SCIF
RMA ehéyyouv av n petagopd eivon Bactouévn oe DMA fy CPU.
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Figure 2.10: SCIF RMA Mapping Between Remote Nodes

Y10 oyfua 2.10 ancixoviCouye yior T€ToL YaETOYRAPNOY UETAL) 800 AMOUUXPUOUEVODY XOUBwY
SCIF, ot ontolot Yo exterécouy pia Stadixacio RMA. H Siadixaocta mtou extekel Tn Aetrtovpyla xadopilel
éva epog, LR, evidg tng xataywenuévng diediuvong evog amd to cLVOEDEUEVA TEAXE oruelor TNg,
xan éva avtiotoryo ebpog, RR, Tou (Blou prxoug eviog tou xatoywenuévou yweou diebuvong tou
TeAxoU onuelou Tou oudTou. Kdle xadoplopévn meploy neénel va Peloxetar €& ohoxhripou péoa
o€ €val 101 XAToY WENUEVO Tapddupo 1) TapdAANAL ToEdIUE TWVY AVTIC TOLY WY XUTAYWENUEVWY YWOEWY
dievduvong. Ov otadepéc mpdotveg YRUUUES aVTITPOCKTEDOLY TNV avTio Totyio Yetadd Twv xooplo-
UEVWY TEQLOY MV OTOUS TOTUXOUS X0l ATOUAXPUOUEVOUS XATOYWENUEVOUS YOEOUE BIELTUVOEMY. OL Oi-
OUEXOUPEVES TIRAOLVES YRUUUES AVTITPOCWTEVOLY Ti¢ TEOBOAEC GTOUE AVTIC TOLYOUC PUGIXOUE YWOEOUS
dieduvone. Autd opiler pa ouvolixy amoteheopatix odAnhoypapia (Hodees Ypouués) yetald Tou



PUOLXOL YWEOL BlELHIVOEWY TOL TOTUXOD XOUSOU XL TOU ATOUAXPUOUEVOL XOUBOL TOU YMEOU OLeu-
YOvoewy mou €yel xatoyweniel and oudtiwous. ¢ ex tovTou, Wi Aertovpyio DMA Yo yetagpépet
dedopéva petald LP o RP (xou mdhi, LP xou RP Sev elvon ouvidwe cuveyduevar).

2.4 Sockets - TCP/IP

‘Eva socket opiletar we éva tehixd onueio emxowvwviac. ‘Eva (ebyog Siepyaoiov enixovemvoly
uéow dwthou yenowonowovtag éva Levyog socket - éva yio xdde diepyaoion. ‘Eva socket avoryv-
wpetleton and po dievduvon IP cuvdedepévn pe évav aprdud Yopag. Xe yevixée ypoupéc, to socket
YENOWOTOOUY L0l AEYITEXTOVIXT| TEAATN-OLoKoUtoTH. O SLoxXOUCTAS TEQLUEVEL VLol TA ELOERYOUEVA
UTAPATO TEAATAY, ox0UYOoVToG oE Lo tpoxadoplouévn Gopa. Mohic Angiel éva altnuoa, o Sloxouo Thg
OEyETAL Wiot GUVOEDT) U6 TNV UTOB0Y 1) TEOYEUUUATOG-TEALTY Yid Vo OAOXATRGOGEL TN cUVOEST). ‘OTay
ulor Sladuxaction mehdtn exxivel €var aftnuo Yoo hioe oOVOeEoT, exyweeiton uior Yopa amd Tov xEVTEIXO
umohoyloTh Tne. Auty 1 Yopa €yel xdmota avdaipetn oprdud ueyaritepn and 1024.

Y1 Soukeld pag, yenowonoolue Tic unodoyéc Berkeley ¥ BSD Sockets. Ou unodoyéc Berke-
ley ebvon Wi Swoolvieon mpoypauuatiopol egapuoyey (API) yio Internet xou Unix sockets, mou
Yenotponoovvtar yio emxotvwvio petall diepyootdv (IPC). Ipoépyeton and to 4.2 BSD Unix mou
xuxhooenoe to 1983. M umodoyr| elvon pia agnenuévn avomopdotoaon (handle) yi to tomxo
Tehx6 onuelo yiag Swadpopnc emxowvwviag dixtiou. YNto API tou Berkeley sockets, éva socket ov-
TIMPOOWTEVETE W €vac Teptypapéac apyeiou (file handle) otn prhocogio Unix mou topéyet pio xovi
dlemay) Yo TV elcodo xan v €00 ot poég dedouévev. H epapuoyr BSD Sockets Bploxeton otnv
xopupt| e otolfac TCP/IP. H covita mpwtoxdéihou TCP/IP Stack # Internet Protocol nopéyet
emxoVeVio BeBoPEVLY amd dxpo oe dxpo, xadopllovTag ToV TpoTo UE TOV omolo To dedouéva TEETEL
VO TOXETOTIOLOUVTAL, Vo ovTipeTwnilovton, va dwBiBdlovton, vo dpoporoyolvton xou vor AaBdvov-
Ton dedopéva.  AuTh 1 AettoupYdTNTOL Elvol OpYAVOUEVN o Téooepa enimeda apalpeong, Ta omola
TagLVOUOUY OAAL TA OYETING TEWTOXOAAIL AVIAOY O UE TO TEDLO TN OYETIUAC OIXTLWONG. ATO TO Youn-
A6TERO 0TO UPNAGTERO, TOL OTEOUATA EVOL TO OTEMUA CUVOETHOL, TIOL TEPLEYEL UEVYOB0UC ETXOVKVIOG
yior Bedopéva Tou TapaUEVoLUY oE éva Lovo Tufua dxthou (oUvdeopog). to otpdua Awdixtiou, Tou
Topéyel dxTOwor 0To AldixTuo PETAE) aveldpTNTwY BIXTOWY. TO COTEOUI UETAPORAS, TO Omolo
yetplletan emxovmvio HETAE) XEVTELXOU UTOAOYLOTY| X0l XEVIPIXOU UTOAOYLOTH. Xal TO EMINEDO Eap-
HoYHg, Tapé€yovTag TNV avTaAhayr) Se8oUEVLY UETAE) TV BLERYAUCLOY Yol EQPUQUOYEC.

2.5 Xewpronoinon

H oeonoinon elvar 1 diaduacia uetdppaong Twy G0UOY OEBOPEVLY 1| TNG XATACTAONG V-
TIXEWEVOV OE Pop@n Tou Unopel var amoOnxeutel (Yo napddetyuo, ot éva apyeio 1 WvAun Tpocwetvic
uvAung) 1 va petadovel (yio mopdderya LEow EVOE GUVBEGUOU GUVBEGTC BIXTUOU) KOl VOL AVOXOTUCHEVAGTEL
opyoTEPR (EVOEYOUEVIC OE DlapopeTind LTOROYIOTIXG TEBdAAoY). ‘Otav 1 mpoxintovon celpd
dLAdXOY Pnplwy emaveletdleton COUPOVA UE TN UopPT| oElplonoinong, umopel vo yenotuonowndel
yior TN Onuoupyio EVOC GNUACIOAOYIXE TOVOUOLOTUTIOU XADVOU TOU )Xol avTixeldévou. o ToANd
ouvieTar avTiXelueva, OTWE AUTE TOU XAVOUY EXTETUUEVY YENOT AVIPOE®Y, auTY 1) dladixacia devV
elvow amAr). H ociplonolnomn twv avTIXEWEVOS TRAPIX®Y OVTIXEWEVLY DEV TepLAaUfBdvel xouio amd Tig
oyeTxéc Yedodouc Ye TIC omoleg elyay TEonyouUEVKS cuvEEeL.

Y10 €pYO0 YOG YENOWOTOOVUE TEYVIXES OELOLOTIOMONG Yol VoL HETOUBDCOUNE DOUNUEVI BECOUEVA



UETOED TOV ETUXOWOVOUVIWY O0TO GUOTAUN UAC.  LUYXEXQWEVD, WETABIBOUUE Unvoyata UEow NG
otoifog dixtdou Yetodl amouaxpuouévmy xoufuy. Ta unviuota autd anotelolvton and Tiég SLdo-
napTne uviune. ‘Etol, pe v eqopuoyr) TEYVIXGV OEploToinone, UTOPOUUE Vo TIPOUUE (Lol OOUTN
OEDOUEVOV UVAUNG TOU ATOTEAE(TOL ol TEPLOYES OLACTIRTNG UVAUNG OF €var peua bytes mou unopel
Vo peTadoVel HEow Tou BIXTUOU XAl GTN CUVEYELXL VO AVOXAUTAOXEVACTEL UE TOV (B0 TPOTO WOTE Vo
AVTLTPOCWTEVEL TO (BLo BOUT| OEBOUEVWV.

2.5.1 Protocol Buffers

[ T Sovketd poc, yenotponotiocoue toug Protocol Buffers [35] tne Google w¢ oetptonounty yia
To0 mpdypauud pog. Ou Protocol Buffers elvon aveldptntol and yAdooao, Thatgopua Xl ETEXTACHIOC
UNYOVIoUOS Yl T oetplontoinon dounuévwy dedouévewy.  Ou Protocol Buffers nepihaufdvouy pia
YADOOU TEPLYPAPIC DIETAPHC TOU TEQLYEAPEL T1) BOUY| TKV DESOUEVKY TOU TEOXELTOL VoL GUUHETACY OV
oe o dadixaoto serialization, yall pe éva mpdypopua TOU ToEAYEL TNYOLO XWOXA And QUTAY TNV
TEpLYpapy| Tou TpoopileTan yio TN Snuiovpyla ) TV avdiucr eoric bytes mou avTimpoowrebouy Ta
dopunuéva dedopéva. Ta npwtoxorha Buffer tou Google éyouv extetopévn cupfatodtnto e ToAES
YADOCOES TROYRUUUATIONO) X0t ONUOGCIELOVTOL PE dBEL avolyTo0 xwdxa. Ou oTtdyoL oyedlaong yia
Buffer Protocol vrnoypdupioay tny amhdtnTa xoL TNV anddoaoT). LUYXEXPUEV, OYESLIGTNXY Yia Vo
elvon wxpdTeEn xon Taydtepn amd v XML.



Chapter 3

> xedLacpog xar Y Aonolnon

Yyedidloupe To RACEX va mapeufBdiietan péoa oto Manycore Platform Stack Software xou
va mopoaxoroudel Ty emixotvovio Transport Layer yetald Tou xevipixo) enelepyaoTr) o TOU ETL-
TayuvTh tou vhoroteltar and to SCIF APL To RACEX framework culhau3dvet, moxeTdpet xou Teow-
Vel xhrioeig SCIF API péow wag BBModxng Aoyiopxod mtou cuVBEETAL UE EVay DolUOVOL BLOXOULIG T
o omotog eivon vebYuvog Yior TNV EEUTNEETNON TWV UTNUATWY TOU TEAATN XL TNV EXTEAECT, TWV
aEy WV xhioewy scif atov coprocessor. Eqgopuélovpe €vor OVTEAO XOTAVEUNUEVNC 0EYLTEXTOVIXNG
Client-Server. Ewovoypoagpricoue pio emoxonnor vdmiod emmnédou tou oyedoopod tou RACEX
oto oyfua 3.1. H vroxeipevn apyitextoviny) tou cuotiuatog, pwall Ue To LOVOTETIO BEBOUEVKDY XaL
ehéyyov, anewxovilovton oto oyfua 3.2. Ta Pacwd cuctatixd mou anoterolyv to mhaicto RACEX
ebvor 1 BiBAodxn client-side “libracex” mou nepifBdhher To SCIF API, cote va o xdvel diadéoiuo
aro andctoot, xou to datpova RACEX oamd tnv mAcupd Tou dloxoulo Ty, To onoto exdétel €va amo-
woxpuopévo API awtioewy extéheong SCIF. To unydvnuo mou @uioevel to Xeon Phi etvan guowxd
GUVOEDEUEVO %ol AELTOVPYEL WC BLAXOUOTAC 0TO TAALCIO YOG,

4 N

RACEX Design Overview
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Client
.- Server
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Intel Xeon Phi
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Figure 3.1: RACEX Design Overview

Hoapouotdlovye oto didypoppa 3.2 tn Stadpoun I/O tou mhausiov pag dtav éva aitnua SCIF API
xohelte omd yior epopuoy. Avtitpoownedoupe TN Sadpour| elo6bov,/e€680L Yo €va GEVAPLO TOU
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Figure 3.2: Architecture of the RACEX Framework (Data and Control Path)

AVTLOTOLYEL OE ULl XATAOTUACT EXTEAECTC EXPOPTWONE ATO TOUG TROAVAPELVEVTES TEOTOUC EXTEAEOTS
tou Xeon Phi. Ou cuyrayeic ypoupés aviimpoownebouy Tn SLadpoUr] EAEYYOU XaL OL OLUXEXOUUEVES
YEUUUES avTLTEOOKTEVOLY TIC Bladpoués dedouévwy. O mehdtng emxolvwvel ue Tov Saipova TAeupds
Soxoptoth| yenowonowsvtac to Sockets BSD API xou tn otoiBa TCP/IP nou avamopictatar oto
oxfuo 3.2 we “Network Stack”. Ilop€youue mepattépw AETTOUERELES GYETIXA UE TO OYEOLICUO TNG
HATAVEUNUEVNG AEYLTEXTOVIXAC HOG OTIS TUEUXITE EVOTNTES.

3.1 Apyitextovixr) BiBAiodrxng Ileidtn

To tuhAua merdtn tou mionclou middleware mou npotelvouye amoteheiton amd Wi ByBAlod7ixn Tou
elvan eyxaTeoTNUEVN 0TO GUOTNHA TTOL {NTA ATOUAXELOUEVY TPOCRACT) GE TOPOLE TOL emTayLVTH. H
BiBhoDun meNdtn mpooéper Ty (Bla diemagt| npoypauuatiopol epappoyody (API) dnwe xou 1 apyixi
BiBMovxn Intel SCIF xou etvon Suadiny) cuufoty| ye authyv. 2¢ ex T00TOL, UTOPOVUE VO TEOGPEPOUUE
ocudfototnTa ue To undlowno Aoylouixé Multicore Platform Software Stack xou mopdhinho API
TpoYEopUaTIONo) OTwe To OpenMP.

H BiBhiodxn and tnv mhevpd tou meldtrn nopoxohoudel Tig xhnoeic tne PBhodrxng SCIF eite
TEOYoRETMVOVTS TN BBAoU XN 6Tov Suvauixd linker Tou cUCTAUATOC TOL TEALTN TIELY Amd TNV TEOL-
Aemopevn extéeot) elte ye TV eyxatdotoor g PBA0IRXNG 0TO GUGTNU XoL TNV AVTIXATAC TAOT



onotacdnnote npoindpyovcas BiBrotixne scif. To mialoio RACEX Baoctleton oc yio emixotvovio
ETUTESOL VARATOS PHETAEY TOU TEAATN Xou Tou Soxouto . Kdde avtiotoyo viua plag dicpyasioc mou
exoavel wa xifon SCIF, Eexavd wia avtiotoryn obvoeorn TCP e éva anoxhelo Tixd viuo 6To dalgova
NS TAELEAE Tou Bloxouto T Tou Vo EEUTNEETACEL TG ELCERYOUEVES AUTNAOELS amd TOV TEAATN xou Yo
emoteédel Ta tpoxdnTovTa 6edopéva. H por) extéheonc tng PiBAodrinne mheupdc nehdtn cuvodileton
and Tov ahyopripo 1.

Algorithm 1 Client-Side Library Execution Flow

procedure SCIF_CALL()
curr _thread < identify current thread()
if lhas_established _connection(curr _thread) then
establish__connection()

1:
2
3
4
5: if is_rma_operation() then
6 mapping < get_mapping()
7 emd < pack _phi _cmd(args)
8 send_phi__cmd(emd)

9

res < recv__phi_cmd_results()

10: if res— > success() then

11: set _resulting values(mapping)
12: else

13: set_error_values()

14: return

I xdde xhnon SCIF API mou yiveton oto cbotnue tou TeAdtn, 1 pon exTéAeanE TOU TAUGIOL
woc extehel tor axdhovdo xadfixovto: (1) va amoxthoeL Tov YelptoTh olvdeong otov daipova Tou di-
OXOULO TY) YL TO VAUS TTOU XUAEl, OE TEPITTMOT TOL OEV UTHEYEL AVOLXTH) GUVOECT] UE TOV DLUXOULC TH,
(3) otéhvoupe to aitnua xAone SCIF otov daipova tou Stoxopoh (4) TEpUEVOUUE YL TO uhRvUUaL
TwV anotekeopdtov (2) maxetdpouye] Gha tor amontolueves mapopéTeous Lall UE TO ovary VWELo TG
Aettovpyiog 0to TewTéxoMo emxotvwviog tou RACEX ané to Swoxouoth (5) anocupniélovye to
ATOTEAEGUOTA X0l AVTLYPAPOUUE TOL UTOUTOUUEVA BEBOUEVA OTIG OLeVHUVOES UVAUNG TOU €YOUV Xa-
Yoplotel (6) oe mepintwon o@dhpatoc otny anopaxpuouévn extéheon tne xAone SCIF, opilete 7
XxotdAANAn Ty o@ddpotog (7) emoteédte Y xotdAANAN Tiwr 6T0 XoholvTaL.

3.2 Apyttextovixy Aclpova Alaxounocty

O Balyovag tou dlaxouo T Tou Tharctiou Yog PeloxeTo 6TOV BLUXOUS T TToL Efval PUOLXA GUVD-
edepévog ye tov Coprocessor Intel Xeon Phi xou e€unnpetel mdavoic neddtec RACEX, emitpénovtoag
ToUTOY POV TEOCBacY 6TOUC TOEoUS Tou emiTayLVTH. Lo xde cioepyduevn cLVoeoT), o doluovag
otaxopo T Yo dnpoupyrioet éva ewdixd VAo mou Yo eEumneeTel OAaL TOL AUTHUOTA YId ATOUAXEUO-
uéveg autrioeic xAfoewy SCIF APIL. ITpoxewévou va amogeuydolv to mpoBAfuato TouToYeOVIGUOY
xan enione va €youv Eexdapa BloywEIoUEVE TAALCLO EXTEAECTC TEAUTN-EEUTNEETNTA, XdE VAU Tou
xahel 0TV TAeUEd TOU TEATY €yel éval o viAua eEUTNEETNONG OTNY TAeLEd Tou Bloaxouo . Me
ToV 1p610 0UTo, 1 (Bl olvdeon TCP/IP yenowonoteiton ubévo amd tar 800 VAUTO TOU ETUXOWVWVOUY,



0 TEAGTNG Tou eXBIOEL To alTnua Yo amouaxpuouévn xAon SCIF API xou to vAua Swoxoutoth mou
Yo eCunneetiioel To aitnuo Tou teAdtn. H por extéleone tou daipovo Tou Saxouo Ty cuvodileton
otov Alyopriuo 2.

Algorithm 2 RACEX Server Daemon Execution Flow

1: procedure RACEX_DAEMON()

2: wait_for_incoming_connection)
3: spawn__serving _thread()

4: serve_ client:

5: emd < receive__phi_cemd()

6: unpack _phi__cmd(emd)

7 if is _rma_operation() then

8: mapping < retrieve _mapping()
9: process _phi__cmd(cmd)
10: execute_phi__cmd(args)
11: results < pack _phi_results()
12: send_phi_cmd(results)

13: res < recv__phi_cmd_results()
14: if client finished() then

15: return

16: else

17: goto serve_ client

18: return

[ xédde pAvupa anopoxpuopévne xiione RACEX nou Aopfdver to vAuo eEumneétnong tou
daipova, 1 pof extéleonc tou mhaciou pac extehel Tic axdhovdec epyaoiec: (1) anocuoxevasio
TOU OmOOXEUOUEVOL avary vptoTixol xhfione APL xau twv oyetixdv mopauéteny (2) mpooupetixd
extelel pla Agttoupyio yopToYRdpnoNg UVAUNG o TepinTtwor amouoxpuopévne scif_register()
yior v SlatnenoeTe W Teploy ) uvAung Yoo emoxohovdeg Aettoupyiec RMA 1 vy var avtiypdipete
dedouéva oty xadoptopévn Teptoy | wviune Yo tedofaoct péow tov Aettoupytyy RMA. (3) extelel
v mporypatix xhion API SCIF (4) moxetdpet ta dedopévo e£680U Tpog petopopd otov nehdtr (5)
OTENVEL TNV andvTnot otov xaholvta xou (6) urhoxdpet péypl va tpoxVPer véo ufivupa ond to VAo
TOL XAhEL.

3.3 Ilpwtdxoiio Emuxotvwviog RACEX

'Eyouye epopudoel €va Tpocaprocuévo Tewtdxolho emxowvnviog xiong API nou yenowwonotel-
T oto RACEX ané to 800 xatoveunuévo uéer emxovemviog, tov mehdtn xou To server daemon.
To mpwtdxolho yenowonotel t teyvohoyia Protocol Buffers tne Google [35] we wio ypryopn xou
ehappld pédodo serialization yio tn oelonolnon Sounuévwy Bedouévwy. ¢ anoTéleoud, OTWS
Tapouctdleton ot Sadpouy| dedopévewy oto Lyfua 3.2 t6co Y ) BBAotixn RACEX and v
TAEUREE TOL TEATN OGO XL YLo TOV dofuova TNG TAEURAS Sloaxoplo Ty, avtiuetwnriCouue data copy
Aertovpylo mou ebvan eyyevég otn dwdixacio oeplonoinong tng teyvoroyiag Protocol Buffers. Y



MEALOVTIXT) BOUAELS o, OYEBLICOUKE VO APAULEECOVUE TNV ETUTAEOV XoUC TEPNOT TOU TOEOUCLALETOL
amo Tig Astoupylec data copy mou yenowonotoly ol Protocol Buffers xato tn oeiplonoinon. Avt "au-
700, OXOTEVOUYE VO YPNOWOTOACOLUE TN ¥pHon TwV dlavuopdtey dtaotopds / culhoyhc (scatter
/ gather mechanism) punvoudtov yio T UETEB00N TWV ATUTOVUEVLY Bounuévey dedouévewy petalld
TEALTY) %o OLUXOULO T %o €TOL EEAAELPOUUE TNV AVEYXT) YLl CELRLOTIOMNGT] Ol ATVLYRPT) DEBOUEVV.
Yy enduevn evotnta aflordynong Yo dolue 6Tl N xaductépnon emiPBdpuvong mou eugoviletar and
To TpoavapeplEVT avTlypopo BEBOUEVKY Elval ACUAVTY OE GUYXELCT UE TNV TeEYouca xauc TEpNo
Tou OuxtUou. Emmiéov, 10 TpwTox0hhO emiXOVLVING avamTOYINXE Yo VoL IXAVOTIONOEL TNV avay X
amd To TAAioLo pag Yo Sounuévn avtahhay ) dedopévewy Yeta€d Tou TeAdTY), o onolog {ntd tpdcfuct
otoug mopoug tou Xeon Phi xau o Safpovac tou Swoxoutoth mou e€unneetel To altnuo Tou TEALTN
Y10t amopopLoUEVT) extéheon Ty xAfoewy SCIF APL. Qotéco, 1o npwtéxolho €xel oyediactel yio
VoL glvo YEVIXO, xovd va utoo Tneilel Tn dounuévn emixotvevior Tou amonteltal Yol TV evepyonoinon
evog amopoxpuopévou mthactou extéheong API xot, cuvende, xadiotdviag To aveldptnto and TNV
eQapupoYn, ouufBdAlovTag oe éva Yevixd mhaioto yio Ty Anopoxpuouévn Extéleon Emtayuvty.

3.4 Aewtovpyieg Anopaxpuouevng IpdocBaong Mvrung

ISwitepn mpocoy ) haufBdveton Yo Tig Aettoupyieg TeocPuomng oe amouaxeUOHEVT WYY OTLC OToleg
cuppetéyouy ol axohouieg Aertovpyiec SCIF: scif _register (), scif _unregister(), scif_writeto(),
scif _readfrom(), scif_vwriteto(), scif_vreadfrom(). Ilpoxeiévou ta emxowvwvoivia péen
SCIF va etvar o 9éom vo exteréoouv uio Aettoupyla RMA, npénel mpddhtar vor xotaywpicouy tny
XATAAANAT, TIEPLOY Y| VNS oty ontola Yo yivetar npdooor xatd tn didpexeia Tng Aettovpyioc RMA.
‘Onwe €youpe del otny evotnta Oeswentixod Trofddpou, n xhfion API tou scif_register() éyet
10 pbAo Vo avolZel éva Topddupo, éva 0pog OEMBWY 0TO XaToYWENUEVO YWeo deudivoewy (RAS),
TOU XUPVETOL YIot TO XOJORIGUEVO U X0G ol VoL ETLOTEEQEL o dleuvor offset, amd tnv apyr| Tou
HATOY WENUEVOL YOEoL BleuUVoEWY, oTov xarolvTa Tou Yo yenowdonoiniel and Tic Aettoupyieg API
Tou eumAéxovian oe hertovpyice RMA mpoxeuévou va mpooBloplo Tel 0 XaToy WenUEVog YMEog Tou
npoopileton yio dyepn) mpdcBact. To mpdypauua 0drynong SCIF Swtneel po yoptoyedgnorn tou
Xty EYPopUEVOU Tapotlpou aTo yweo dlevdivoewy xatoywenth (RAS) xa to edpog puviung otov
emovixd yodpeo dieuvone (VAS) nou avtiototyel oe autdy, dnue mopouotdleton oto Lyfua ?7.

Adyw T QUONG TNG HATAVEUNUEVNS UEYITEXTOVIXTC TOU TAUGIOU, EQUOUOCOUE EVOV UNYAVIOUO
ToL amo¥nHEUEL Xou avoX TS TIC avTIoToyioEl HETOEY UL TERLOYHYS EYYEYPUUUEVOU YOEOU BIEL-
YOVOEWY TOL BElYVEL GE EVOL XATAYWENUEVO ToEdTIUEO Xou TNV AvTICTOLY T EXOVIXT] TEQLOYT UVAUNG
xweou dleudivoewy. Kdlde yaptoypdpnomn eivon povadiny| yia xdde nepi3dAiov diepyaciog. Katd
Odpxeta plog Aetrtovpyiac RMA, 1600 1 Bihiotxn tehdtn 660 xou o dofuovag Tng TAEUEAS BlaxXouLo T
Yo ovoxTHoOUY amd TNV avtioTolyn Oour| OE00UEVWY TOUC avTioTol lom, TOV OElXTN OTNV Teploy™
UVANG YOpou exxovixhc dievuvong mou avtic tolyel oty dieutuvon offset Tou xataywenuévou yheou
Sieutivoewv (RAS) H Aertoupyia RMA yenowwonoteiton yior T petopopd tov deBopévemv and xou
TEOC TOV TEALTT) TIELY Xou UETE TNV 0AoxAipwaorn g Aettovpylac RMA avtiotowya. O xotaveunuévog
UNYAVIOPOS TIOL YENOWOTOOVUE Yl TNV utoo THeLE Tng Acttovpywotntag SCIF RMA anewovileton
oT0 oyfAua 3.3.

To RACEX vunooctneilet enl Tou mapdvtog 6Aec Tic Aettoupylec RMA oe hertoupyio olyypovng
extéheong, ue oiec Tig hertovpyieg SCIF nou oyetiCovton pye RMA va emiotpégouy petd ty olox-
Mpwor TN Aettovpylog UeTopopdc.



Client Address Server Address RAS Address

0x0000cf1815  0x000000ad15 | 0x400000000000
0x000dc13f56  0x000cOOefff  0x32ac44000000
r\
RACEX Client :

Client Address Server Address RAS Address

0x0000cf1815 0x000000ad15 | 0x400000000000
0x000dc13f56 0x000c00efff 0x32ac44000000
A

Intel Xeon Phi

Figure 3.3: RACEX RMA Mappings Mechanism



Chapter 4
A&LoAoynom

e auty) TNV evoTnTa avathDOLUE TNV amddocT Tou Thatctou pag. IpdhTov, alohoyolue Tov ypdvo
extéleong Tou mhauciov pog oto eminedo Tou API, 6mou to cuyxpivouue ue T @uolxy| extéleot).
AZiohoyolue o mholoto RACEX 6ie€dyovtag pla ocipd microbenchmarks mou emixevrpdvovton
oe ouyxexpévee xAfoelc APL Y1 cuvéyela, diepeuvdue tny anoédoor Tou mhaciov RACEX ot
hertovpyla native xou offlaod tou emtayuvty) Intel Xeon Phi, exteldvtac didgpopo benchmarks
ond v oxoyévewr Rodinia Heterogeneous Benchmark Suite [36]. Téhoc, ohoxhnpdvouue ye uio
doxupacior XAPAXMONS OOV 0ELOAOYOUUE WS TO GUOTAHUN LS XALUOXWVEL O OTOB0CT| UE T1| QUOLXT
TeplnTwoT), yior OLdpopa VAUXTO ot 0ptiU6 ATOUUXEUOUEVKY TEAUTEY.

4.1 Ilewpapotixny POOpion

AZiohoyolue Ty anddoor Tou Tharctou yag puiuilovtag Ty axdrouvdn Totoroyio: Eva punydvnua
host server pe 1x Intel Core i7-4820K, 32GB pvAun RAM, eComhiouévo eniong ye évay emtayuvTn
Intel Xeon Phi 3120P ye 57 nuprjvec ye hyperthreading Aettovpywdtnra, ue 4 vApota avd muprva,
ouvoliCovtag cuvolixd 228 viuata, 6To onoto host unydvnua Yo Teéyel o daipovag dloaxouoTy| Tou
RACEX xou éva dAho unydvnua pe 1x Intel Core i5-2320, 4GB uvAun RAM nou Yo Aettovpyel we
neAdTne ota oevdpla aflohdynone. To 600 unyaviuote cuvbéovtar yéow Ethernet oto (Bio dixtuo
LAN. H npoavagepieica tontoloyia anewxovileton oto Lyruo 4.1.
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Figure 4.1: RACEX Experimental Setup Topology Overview
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[Tpoxewévou var aZloAoYHOOUPE TNV amOB00T TOU TAUGIOU Hag OE GUYXELON UE TNV EYYEVH Act-
Toupyla Tou Xeon Phi, die&dyouue tor oevdpior SOXUMY Yior TS TOEAUXATE SLULOPPMOELS BXTOOU:

1. Local: ¥e autrv 0 Slopdppwot), o TeAdtng mou yenoylonotel to mhaioio RACEX yio vo amox-
THoel TpodcPact otoug topoug Tou Xeon Phi elvar to (Blo unydvnua tou teéyel TNV epapuoy
oofuova xan Swrdétel to Xeon Phi. Me autr tn Olaudp@pnon TEOCOUOWVOUUE TNV EAAYLOTY
Lo TEENOT BIXTUOU OV TEOXUTTEL Yiot TO GUCTNUOL oS

2. Remote: ¥e autiv ) Slodppwor, o terdtng mou yenowonotel to mhaloto RACEX yuo va
amoxtrhoel Tedolacn otoug Topoug Tou Xeon Phi Beloxetan oto (Bio LAN ye to unydvnua
OLUXOULOTY. M€ QUTH TN SLOPPWOT] TEOCOUOWVOUUE TNV amOd00Y TOU TAUGIoU uag oE €va
PEAALOTING TEERLBAANOY.

4.2 Microbenchmarks

Xenowotnowolue éva anhé cet microbenchmarks, mou avomtOydnxe and Toug cuyypaelc ToL
vPHI [16], mou eotidlouv otny atohdynon tne anddoone Tou TAAciou o xotd Tic 800 oNUaVTIXES
hertovpyleg emxotvoviog mou yenowonotel 1 SCIF yua va emixoivovioel o enelepyaoThc UE TOV
emtoyLvTh: (1) ow xhfoelg socket-like Send-Recv APT nou nepilapBdvouy to otpmdua unvuudto:y Tou
SCIF, 670 onolo umopolv vo avtodldccovton cOvVToud UNvoata TOToU eVIOAE UETaED TOU XEVTEIXOU
UTOAOYLOTH xou Tou ouveneZepyaoTh xau (2) ot xhfoeic SCI RMA APT anopaxpuopévne puviung mou
xenotdonololvTan Yo Bopid palnéc UETAPORES BEBOUEVKY HETAEY TOU XEVTEIXOU ETEEEQYAUTTH X0t TOU
emtoy vty [34]. Kou yio ta 800 oevdipio avapopdc, tor exteholpE apyixd 0To SLoxoULoTH TEOXEUEVOU
VoL amoxTACOUUE Wat Baolxr Yeouur) otny ontola Yo cuyxplvouue Ty anddocr Tou Thalciou yug oTig
0Lo Olopoppwaoelg dixtuou. Enlong, v ) extéheon twv benchmarks, dnuoupyeite dicpyaoia otov
emToryLVTH 1 ool Vo EYEL TO POAO VoL ETUIXOLVWVEL UE TNV EQUPUOYY) ToL o TEEYEL GTO TENATY XU OTN|
wa teplntwon Yo hauBdver dedouéva péow e xhfone API scif _recv() xou otny dAAn meplntwon
Yo SLoBdlel amo xEmoLo XUTOYLEWUEVT Uviun Tou cuuuetéyel oe RMA Aertoupyia.

4.2.1 A&iwoAoynorn Messaging Layer

Apyind, arohoyolue Ty xaduotépnor Tou mAactou yag extehwvtog To Send-Recv microbench-
mark yio StapopeTixnd UeYEDT Unvupdtwy Tou xupaivovtar and 1 Byte éwe 32K Bytes. ¥e autd to
OEVEELO, T EPUPUOYT] TOU BNULOVRYEITE GTOV ETUTUYLVTY aXOVEL YIa ELGERYOUEVT GUVOEDT), DEYETAL (Lol
oLVOEDT) amd Evory BLYNTIXG TEAATH xou AauPBdvel Evay Tpoxadoplouévo aptiud bytes yenoulonoidvTag
v xhion API scif_recv(). Xtnv mieupd MEATN-XEVTELXOU UTOAOYLOTY, 1) EQUOUOYY CUVOEETAL
ue TN Siepyaoia mou exteheiton 0TOV CUVETEEERYUG T o O TEAVEL TOV Tpoxatoplouévo apliud bytes
yenowonowwvtag v xhfon API scif_send(). Ilopovoidlouue tnv avtioToryn xouctépnon tou
ueterdnxe yia To mhaiolo RACEX, yua Tig 8U0 Slooppnoel Sxthou, 6 alyXelor e TNV anddoot
NS PUOIXAC EXTEAECTC OTO Oy ua 4.2.

Yto Myfua 4.2 nopoatnpovue 6Tt 1 xaducTtéenor Tou Thauciou uog Oelyvel uia oyedoy oTaept
emPBdpuvon yia peyédn unvupdtoyv uxeotepa and 4K. H xaduotéonomn extéheong otn guowxn ex-
TEAEOT Yl TNV amooTohr evog 1 Byte and tov xevipind unoloyioth otov coprocessor eivon 5 us. H
xaduotépnor tou mhaciov RACEX elvon 95 us yio 1) Slodppwor Tou Tomixol dxtiou xou 250 yio
N SlodpEPwan Tou amopaxELoUEVoL Bxtlou. Emouévwe, n yevixr xaduotéenon tou mhouciov yog
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Figure 4.2: Send-Recv Communication Latency

unoloyiletar oe Localhost gverhead = (95 — 5) = 90us, Remote gverhead = (250 — 5) = 245us.
And ¢ noapouctaldueves UETRNOELS, TORUTNEOVUE anuavTixy adénon tng uetenuévng xaductépnong
an6 o Localhost otn Swpdppwon tou anogoxpuopévou dixtiou. H olloonuelwtn dlapopd yetall
TOV 0V0 BLUOPPMOEWY BLXTVUOUL Hag 00NYEel 6T0 cuunépacua 6Tt Ta 245us—90us = 155us anodidovia
otn xaduoTépnon PeTddoong HECw TO BXTUOU.

Emniéov, mopatneolue plor amdToun XAWAXmoT TG METENUEVNS xaduoTépnong Yo Tn Quotx
extéleon) yio unvouota yeyorltepa and 4KB. Tao eupruota elvar oOpgpwve ye ti¢ tpodioypagéc SCIF
ToL BNAWVOLY OTL Yia unvouota peyédoug peyokitepou and 4KB, oi Aettoupyieg SCIF RMA o
TEETEL VO YPNOWOTOLOUVTAL Yo TN UeTapopd dedouévwy, xadwe to SCIF Messaging Layer mou
amoteholy pépog Twv xhfoewyv API Send-Recv mpoop{Cetan yior orvtohhory ) iixedv unvuudtwy TOnou
eVTOA®Y petalld Tou enelepyaoth xou Tou emtoyuvTy [34]. Ilapdddnia pe TNV xAPEXWON TS YROUUAS
PUOIXAC EXTEAEONC, ToRUTNEOVKE OTL 1 xarducTtépnor tou thawciov RACEX axohoulel plo napduola
XAUAXOOT OToU BLOVOUNE Lo near-native an6600m 6to mAaolo og yio unvopoato 4K éwe xou 32K.

ITpoxewévou Vo XoTavoGoUUE XUAUTERD Tol TN xaUCTEENOT OV ELGAYEL TO GUCTNUA YOG YL TO
eninedo avtodhayfc unvupdtwy Messaging Layer, xdvouue wa og Bddog avdivor. Ta evpruata tng
avdAuong Topouctdlovtor 6To Ly fua 4.3.

An6 v avdhuon xotohfyouue 6To cuumépacia 6Tt tepitou To 7% tng cuvolixrc xaduoTépnong
eEXTEAECTC TTOL UETEATOL YLOL TO TAAOLO Wog yio unvopata uixpotepa amd 4K anodideton otny uhomoinon
Tou mhauotou xat to 84% amodidetar ot xaduoTépnon petddoone dixtvou xau to TCP/IP Stack.
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Figure 4.3: Send-Recv Communication Performance Breakdown

H x0pa mnyn xaductépnone mou mapouctdlel 1 VAOTOINGT TOU CUCTAUNTOS oG AmOdBETUL OTIC
hertoupyieg oelplonolnong xaL amooelplomoinong, oL onoleg, 6Twe eENYNROUUE, TEPLEYOUV AELTOURYIES
aVTLYpapric BESOUEVMY Xal UTOPOVUE VoL UETPLACOUUE OTO HEAAOVTIXO [AS EPYO YPNOWOTOUWMVTAS EVOl
unyoviopd Uetagopds Slaomopdc (scatter / gather). Emmiéov, yia peyédn unvupdtwy mou unepBai-
vouv 1o 6pLo 4K, elvar eugavéc 6TL To uepldlo Tou GUYOAIXOU YEOVOU EXTEAECT|C TTIOL AVTIOTOLYEL OTOV
TEUYUAUTIXG YEeOVo extéheong xhfoewy SCIF API augdvetar, Omwe avouéveTon, Ue TROTO TUEOUOLO Ue
v puoixy| extéreot). A&ilel va onueiwiel 6T yio unvipata 32K 1o 10coctéd Tou GuVoAIXo) Yedvou
extéleonc mou omodideton otny mpaypotix xAon SCIF API unohoyileton oe 80%, e&nywvroc étot
TNV near-native anédoon mouv mapatnehooue Yo To thaiolo RACEX.

4.2.2 A&ioloynon Asitovpyiwvy RMA

Y1 ouvéyela, afloAOYOUUE TNV OmOB0CT, TOU TAUGIOU UaC XATd TN OIdEXEL AELTOURYLOY TEOO-
Baong AmOPAXEUOUEVNC UVANG, TTOU YeNooToloLYToL antd To TewTéxoA o SCIF yio anoteheouatixég
UETAUPORES UEYEAWY BEBOUEVWV, TPOXEWEVOU VoL TROGOLOPLO TEL 1) AmOB00T) TOL UToEEl Vo ETLTUYEL TO
mhaiolo RACEX. e auté to oevdpto, dnutovpyelte uio Slepyastia 6Tov EMTayUVTY, 1) oTolol axoVeL Yio
ELOEPYOUEVES CUVOETELS, BEYETAL EVary VEO TENATT) xou AaUPBAveL €vor ol TN TOU XoTaryEApEL Uial TEQLOY T
UVAUNG mou amoteAeiton and évay mpoxadoplopévo aprdud cehidwy, o omolog 0T cuvéyela Yo deyTel
TEOCHBACT) AT TNV ATOUAXPUOUEVT] DIERYACIA OTOV XEVTPIXO UTOAOYLOTY| . X TN GUVEYEL, 1) Slodixacio



TEAGTN-%EVTEXOL LTOAOYIG TH Tou benchmark xoataypdepel éva avtiotolyo Ttapdiupo uviung tou Blou
npoxadoplouévou aprluol ceidwy ot péyedog xou exxivel wia Aettovpyio Tpdoacng amouaxpuouévng
uviung péow tne xhiong API scif _writeto(), xatd tn Sidpxeia tne onoloc évag buffer mou undpyel
07O 0 YOPOS XaTaywENUEVeY dlevdivoewy (RAS) Tou xevtpixol UTOAOYIG T PETAUPERETAL OTO YWOEO
xataywenuévey dtevdivoewy (RAS) tou ouvenelepyoot. To anoteréopata and tnv aflohdynon
e andédoong v Tig Asttovpylec RMA mapousidlovtan otny Ewudva 4.4.

3500 —e— Native
Local

3000 ~— Remote
~ 2500
u
o)
Z 2000
3
o
s
o 1500
3
o
.C
— 1000

500
0 a3 & ¥ * * * * * & A

4K 8K 16K 32K 64K 128K256K512K 1M 2M 4M 8M
Data size(Bytes)

Figure 4.4: Read-Write RMA Operations Throughput

H anédoon e guowihc extéheone SCIF avépyeton ota 1,72 GB/s, énou 1o RACEX xotagépver
va gtdoouv Ta 42,7 MB/s. Ilpoxewévou va xatavofcoupe xahlTepa To EMEWUA TOU TAAciou
woc pe TN pétenon tne amédoong v tn Aettoupyi RMA oe obyxpion pe tn @uowd| extéhean,
TpaypaToToloUpE W o Bddog avdhuon anddoong, Ta ATOTEAEGUATO TNE OToloG ToEoLaLELoVTaL GTO
Yyfua 4.5.

Ané tnv avdhuon Tou TopoucldleTal, eival TEOQAVES OTL TO UEYAAVTERO UERIBLO T®V XIUC TERNOEWY
TIOL UTIAPYEL GTOV YEOVO EXTEAEOTC omodideTaL 6TV Xouo Tépnon Letddoong dixtiou xou oto TCP/IP
Stack. Ewdwotepa, xadog to péyedoc twv dedopévmwy tou petagpépovtal uéow tng Aettovpylac RMA
oUEAVETOL, TO TOGOCTO TOU GUVOAMXOU YPOVOU EXTENECTC TTIOU AVTITROCKTEVEL TNV xohUC TéENOT) UETA-
doong OuxtOou Pewdvetar. Toautdypova, TO TOCOGTO TOU AVTITPOCWTEVEL TO YEVIXO XOCTOC TN
otoffag TCP/IP audveton otadepd xadie yivetaw to mo onuovtnd petold tov Aoy YUYV
AeLtoupyty extéheonc. And xowvov, 1 yetddoon dixtvou xou to TCP/IP Stack eivon uneduva yia
nepinou to 72% tne cuvolixrc xaduotépnong ypdvou extéleonc xat oL hertovpyiec oeptomoinong
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Figure 4.5: Read-Write RMA Operations Performance Breakdown

TIOU YPNOWOTOLOUVTAL Yiol TN PETEd0aN Tou dounuévey dedopévov i to 21%, eZnybdvtoc étol 1o
neploplopévo throughput oe oyéon ue ) puown extéreon,.

{doT600, UTdpyEL pla AVTIANTTY TapeXxAivouca cuuneptpopd uetalld tou Send-Recv benchmarks
xau exelivou Tou RMA benchmark. Trdpyet o oeipd and ahhnhemixaAuntoyeva uey€dn SeSouéveny
elo06dou, and 4KB éwg 32KB, ta onola atohoyfooue xat Ue Toug 600 unyaviopols emixovwviag SCIF.
‘Onwe dwmiotwooye tponyouuévws, to Send-Recv benchmark tou Messagin Layer napovoldlet
near native anédoon yio unvopoata yeyédoug and 4KB éwg 32KB. Ané tnv dAAn mievpd, To RMA
benchmark napovoidler onuavtixy emBdpuvon o oyéon pe T guotxy extéleon. Ilpoxewévou va
yivel xatavont autrh 1 anoxhivouco GUUTEPLPOEE, ECTIALOUNE OTA AMOTEAECUATO TNS avaAUoTC
Yoo o oUYXEXPUUEVA PEYEDN BEBOUEVKY EL0O00L ToU ETXAAUTTOVTOL PETAED Twv dVo benchmark

Mo o péyedog dedouévwy eicddou 32KB, umopolue vo mopatneicouue OTL UTHPYEL OTUAVTIXY
OLopopd oTOV YEOVO exTEREONC TV TRayUoTiX@Y xAoswy SCIF APT petald twv 8Vo benchmark.
Y10 Send-Recv Messaging Layer benchmark, o ypdvog extéheone tng xhfong scif _send () eivon
3078 us 6tav To 1W0oduvopo RMA scif _writeto() eivon 18 us yio to (B0 yéyedog dedopévwv mou
TpoXELTaL Vo UeTagepVUel. Y auTtd To Thaiclo, OTwe eTloNg ToUEATNEOVUE Amd To AVUAUTIXG GTOLYEld
NS AVIAUCTC TTOU ToEOUGLALOVTOL TUPATEVE, OTAY O TEUYUATIXOC Ypovog extéleonc xhoewy SCIF



xhpaxovel Send-Recv benchmar, 1o 1o6octé g cuvolinic xaduotéenone exTéAeonc Tou ovVAXEL
oTic xaduoTtepoelg ueTapopds dixthou petdveta. Tautdypova, oto RMA benchmark, to mtocootéd
TOU GUVOAXO0U YEOVOU EXTEAECTC TOU AVAXEL OTNV XoUGTEENOT UETAB0OTG OiXTOOU XATEYEL TNV
eZéyouca Véor, emeldr| o mpaypaTixdg yedvog extéheong tne xAong SCIF elvan pixpdtepog oe avti-
Yeon pe to Send-Recv. Agol alloloyhoaue Ti¢ U0 BLUPOPETIXEC CUUTEQLPORES, XATAAYOUUE OTO
ouunépaoya 0Tl N xaducTtépnon Tou Bixtiou elvan 1 xOptar antior yior TN YaunAy anddoon RMA yia
UEYAAES UETAPORES BEBOUEVLV.

4.3 Native Execution Mode

[poywpolye xar a&tohoyolue tnv anddoon tou mhactou RACEX ce eqapuoyéc udpnidtepou
emmédov.  A&ohoyolue tnv andédoon tou mhawciou RACEX otn Aettouvpyla native execution tou
Intel Xeon Phi. Ye authv tnv Aettovpyla extéheonc, 1 epapUoyy| TeEnel va yivel compile ot unyovn
umodoy g Yia var 6 ToyeVaEL TNV apyLtextovixy Xeon Phi xou yetd vo petagepiel otov ouvenelepyaot
a6 Tov onolo Yo exxvnidel xan Yo exterestel. Xpnowonotolue to micnativeloadex, éva epyoheio Ao-
yiouwo0 mou mapéyeta and TNy Intel otn otolBo hoyiouixod Manycore Platform Software Stack, yix
VoL UETAPEROVIE TO EXTEAETIO dpyElo xaL OAEC TIC EEUPTATELC TOLU GTOV CUVERYALOUEVO EMEEEPYUC T
xo VoL EEXWVATEL 1) AMOPOXEUOUEVT BladixasiaL.

‘Eyoupe emhé€el vo UETPHOOLUE TNV AmO00GT, TOU GUCTHUUTOC oG evavtia oe workloads amo
v Rodinia Heterogeneous Benchmark Suite Family [36]. Toa workloads mou emiéEaue eivou: 0
Computational Fluid Dynamics (CFD), n onoio elvon évag abldonactog SloywptoThc TETEpAoUéVeY
byxwv v e tprodidotatec efowoelc Euler yio ovunieopéva pevotd, to HotSpot (HS) nou eivou
éva epyahelo Oepuixric mpocouoiwong mou yenowonoleital yia Ty extiunon twyv enegepyastwy, LU
Decomposition (LUD) nou eivon évac alydprdpoc yio 1oV unoloytoud twv Aoewv evos cuvORou
Yoouuxov eglowoeny, to Needleman-Wunsch (NW) mou elvor wa pédodoc Behtiotonoinone yia
v evduypdpuion axoloudiyv DNA xau tnv Breadth-First Search (BFS) n onoio dioyilet 6ha ta
ouvdedeuéva atolyeio oe éva ypdgnua. EZetdloupe tig yevirég embdodoel Tou TAoGlou Yog yio To
npoavagepVévta workloads pe aprdud vnudtwy 56, 112 xan 224 mou SeGUELOVTAL GTOV ETUTAYLVTH OTLC
0LO0 SLooEP®OEL OXTVOL. O TEOXUTTLY XAVOVIXOTIOINUEVOS YPOVOS EXTEAEOTG avd pOETO epyaciag
Tapouctdleton oto My Auata 77,

Ta amoteréopato mou napouctdloviar 6to Lyfuo 7?7 xavovixonololvte ye Bdon tnv amddoon
N Puoxic extéreomng mou extehelton amsulelag oto Unydvnue utodoyhc. ‘Onwe avauevotay, To
amoteAéopata 8ev delyvouy utofBdduiorn tng anddoone yio to RACEX oe olyxplon pe tig emdooelg
e uowrc extéheonc. To mhalolo pag eumAEXETUL GTT) UETAPOEE TOU EXTEAECLUOU GTOV COPrOCESSOr
xa oy exxivnor Tne amouoxpuopévng dladixactiog. Aol dnuovpyniel n anopaxpuouévr Swdixacta,
70 TAALOLO YOG OEV EUTAEXETAL GTNY EXTEAEDCT) TNG EQUPUOYNG, XD 0 TPOTOG EXTEAECTC UTOYOREVEL
ot 1 epoppoY Y| Yo EXTEAELTOL OTOXAELGTIXG OTOV ETUTOYUVTY XU UOALS ONOXATPWUEL, 1) TUTOTOLNUEVT,
€€odog Vo petagepvel otov host. ‘Etol, avauévouue 6Tt 1 mparyotixy] anddoon Temv OpTwY EQYACTIS
Tou a&loloyrioope dev Belyvel onuavTxr utofdiulon Tne anddoorng, Onws €yl anodetyvel. Ot Tuy oY
BLOMUUAVOELS TTOU TTAEOLCLALOVTOL GTOL AMOTEAEGUOTA TTOU TOEOUGLAGTNXAY X0l DELY VOUY XATw 0md TOUG
puotxolg yedvoug extéheong yia To mAatolo RACEX, Beloxovton evidg tou meprdmpiov o@iipatog
TWV PETEHOEWY Xai elvon aueAnTéeg, xadng elvon 1 uéomn Tiur ToV eNavahauBavOUEVKDY UETRNICEDY Xl
1 OLoPOEA TOUC Ad TNV PUOLXY| EXTEAEDT] EVAL ACTHUAVTY).
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Figure 4.6: Rodinia Benchmarks Native Execution Mode

4.4 Offload Execution Mode

Ye auThY TNV UToevoTHTY, adloAoyolue Ty anddoon tou miactou RACEX otov offload tpdmo
extéheong Tou Intel Xeon Phi. Ye autr tn Aettoupyia, n extéheon yiog eqopuoync ywetletan uetald
TOU XEVTEXOU UTOAOYLO TN X0 TOU GUVETEEERYAUC T UE TOV TRWTO VoL EXPOPTMVEL TUAUO EXTEAEGTC TTOU
AmOUTOUV UTOAOYLOTIXY| €viaon. XTov cuvepyalouevo encéepyaoty|, xadopiletar évac mpoxadoplo-
HEVOC aprdUOC VATV GTIC ATOUOXEUOHEVES Olepyasies. O aptiuds Twv BNULOUEYOUUEVWY VIUATLY
xan 1 avdeot) toug xodoptlovian and xodoploPEVES amd TO YENO TN TERUBUAAOVTINES PETUBANTES IOV
€y 0uV SLooppriel 0TOV XEVTEIXG UTOAOYLIO TN TIELY Omd TNV EXTEAEST] TNG TEOBAETOUEVNE EQURUOYHC.
A&ohoyolue Ty an6door Tou Thaclou yag otov 1pomo extéieorg Tou offload pe Ty extéheon Twv
Blwv popTwV gpyaciug 6w TEoNYoUUEVKS and Ty owoyévelr Rodinia Heterogeneous Benchmark
Suite [36] xou Tic (Biec Sropoppwoeic vipatog xat dixtiou. O TpoXOTTOV XAVOVIXOTOINUEVOS YpOVOC
exTtéheong avd popTo gpyaciog mapouctdleton oto Xyfua 77,

H onédoon mou mopoatneolye and ta diopopetixd optior epyacioc xupalveton ueTalld towv 800
OLOOPPAOCENY BIXTUOU GE GUYXELOY UE TN QUOLXY] ATOBOGCT] Yol TIC TEELS DLUPOPETIXES BIUUORPOCELS
TV vpdtey. apatneolue wa near nattive amddoorn yio o @opTo cpyaciogc CFD o dheg tig



Rodinia Offload Benchmarks
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Figure 4.7: Rodinia Benchmarks Offload Execution Mode

OLOOPPAOTELS VAUATOS X TOAAS UTOGY OUEVY amoTeréapata and To popTo epyasiag LUD. To gopto
epyaoiac LUD napouoidler near native am6door yio T SLodppmacT TOU omouaxeUoHEVoL SxTHou
v 56 vAuotor xou éva overhead amdéboone mou cucowpeleton xotode mdue oe 112 xon 224 vuara.
Auté unopel va e&nyniel av e€eTAOOLUE TEOGEY WS TOV YPOVO EXTEAECNC TN PUOIXAC EXTEAEGTC TOU
(pOETOL EpYasiag YLl TG TEELS Blapoppdoels VApaTog. ‘Otav exteholue to goptio LUD ye 56 vipata,
0 Yeovog extéheong elvon tepinou 24 deutepdhenTa eV Yiar T 112 viAuata o ypdvog extéleong TEPTEL
ota 11 BeuTEpOAETTA Xou UXOUT| TEPLOGOTERO Yol Tor 224 Vépata, omou extelel Aiyo Ayotepo and 4
deutepdienta. AopfdvovTag UTOPN To YEVIXA YOEUXTNELOTIXG TOU TOEOUCIALEL TO TAA(CLO HoG YLol TIG
TUPAUUETEOUC TOU ATOUOXEUOHEVOL dixTOou aTto popTo epyaciag LUD, to omolo napauével otatepd o
Tepimou 5 deutepdAeTTaL, Elval TEOPAVES OTL YLo TNV aEyIxT| ambdoaoT Ue 56 viuata, 1 yevxr| emfdpuvon
Tou mhaotou Yog elvon opeANTER O oy€on PE TN ouvolwt extélect). 201000, xodwg 0 YpoOVOC
EXTENEONG TNC PUOLXTC EXTEAEOTC UELWVETOL PE TNV alENon Tou aptduod Twv vnudtey, To overhead
Tou TAatolou pag xadloTovton 6A0 XL To onuavTIXd. Emouéveg, 1 mpoxTttouca GUUTERLPORd o
amewoviletoan oty Ewdva 77 yia to @bpto epyaciogc LUD ye 224 Héuata eivon oawtiohoynuévn.
Emniéov, ou @optol gpyastag 6mwe to HotSpot, to Needleman-Wunsch xoa to BFS €youv ypdvo
eEXTEAEOTC TNG YUOXNG EXTEAECTC TTOU ElValL EXETA YoUNAOSC WOTE 1) X JUCTERNOT UETAUPORAS BiXTOOU



ToL BlardéTeEL To TAALOLO Hog VoL EYEL EVaL GNUAVTIXG POAO GTO GUVOAIXO YEOVO EXTEAECTC TOU (POETOU
epyaoiuc 6w anexovileton oto nopouctalouevo Lyruo 77.

O xupavoueveg emBOCELC TOLU TAEATNEOVVTOL PETAUED TWVY OLUPORETIXWY POPTWY EpYICLAS, UE
oplopévo popTo gpyaciag mou va €yel near native amédooT xou GANOL UE CMUAVTIXY ETBdEUVOT),
umopel eniong ev Yépel v aviyveLlel GTOV GUVOAXOG aptiUd EPYOCLIY EXPORTWONG TOU TEQLAUUPBAVEL
xdde @bpTo epyaciog. Ou @dpTol epyaciag Ye TOMATAES AlTOVEYIEC EXPOPTWONS EMPBupUvoVTOL UE
NV emPBAEUVOT) TOV TOAATAGY ETBAPUVOEWY BIXTUOU, OL OTOlES, OTWS BIEEUVACOUE OTO TUAUN ol
oldynong microbenchmarks, etvan xuplwe urteduveg yia Ty emPBdouvorn Tou Thatciou pog. LUVETOC,
oL @opTol gpyaoiog ue Aydtepec hertovpyieg expoptwong avtipetonilouy Aydtepec xaduoteproelg
OtxtOou xau cuvolxt| xaduotéenon. o Tic Tponyolueves Topatneroe; Vewpolue €va Geviplo dTou
10 U€yedog TV BEBOUEVWV TIOU EXPORTOVOVTAL GTOV CUVETEEEPYUoTH Tapopével otadepd. ‘Etot,
UTOPOUUE VoL GUUTIERAVOUUE OTL AOYW TNE PUOTE TOU HECOU YETABOCTC BLXTUOL TO OTIOlO YENOULOTOLEL
To mhadolo pog xar Tng eyyevoug xaductépnone mou mopoucidlel, To RACEX elvon xatdhinho xou
hertoupyel xohlTERa Yo pOETOUC pyaciag TOU TEPLAUUBAVOUV AYOTERES AEITOVRYIEC EXPOLTWOTC.
Koo 0 apriudg Twv BlapopeTindy AEITOLpYLOY ex@OpTwone avidvetal, To (Blo toylel xaL yio To
yevixd €€oda Tou Thactou Hag, AOYw TWV TOAATAGY xaUCTERHGEWY BXTUOU.

4.5 A&wordynon KApoaxwoipdtntog

Y1n ovvéyeta, aflohoyolue Ty anddoon tou RACEX xatd tnv tautdypovn npdofacr oe tépoug
TOU ETUTAYUVTY) o6 TOMNOUE TEAGTES £VE) EXTEAOUVE iat €QoipUoy ) uhnAol emnédou. ‘Eyouue emhééet
€Vl UTOGUYOAO TWV QOpTwY epyaciog mou nepthauBdvovto otnyv Rodinia Heterogeneous Benchmark
Suite [36] mou éyouue 1On ewoaydyel otic Tponyolueves evotntes odlohdynone. Extelolue tor Si-
AUPOPETIXA PopTIaL TEWTO OE €Val EYYEVEC TEQIBAANOV OTOV XEVTPXO UTOAOYLOTH] GTOV oTolo elvon
QuUECO CUVOEDEUEVOS O GUVETEEEPYUOTAS, TEOXEWEVOL VO AMOXTHCEL TNV ATOBOCT| XAWUAIXWONS O
puoixt| extéleon tou Intel Xeon Phi xau otn cuvéyelo 610 TOTXG XU TO ATOYOXEUOUEVO BIXTUO,
oo To omofo 1 mporyuatx anédoon Tou RACEX Aaufdveton. Eminiéov, aflohoyolue tov Tpomo Ue
Tov omolo SlopopoToLElTaL 1) AmOB00T Yo BlaPoeeTN00S aELIOUE BNUIOVEYOVUEVKDY YNUAT®OY CTOV
ouvenelepyaoth (56, 112, 224) oe cuVBLACUS UE SLaPOPETIXY| BIORPWOT| CUYYEVELNS VAUITOG. 2UY-
HEXPUIEVDL, DIEQEUVAIE TOV TEOTO UE TOV OTIO(O OL POETOL EQYACIUG EXTEAOUVTOL OTAY Ol TEAATES €Y 0LV
exywendel cuyxexpyéva VARNTA 0TO GUVETEEERYAOTY , TA OTOlol GUVOEOVTOL UE TLC UMOUUXPUOHEVES
dlepyaoieg mou €yel exxvioel xdde avtiotolyoc neldtng otov cuvenelepyoaoth. Ta anoteréoyata
e o&OAOYNONG TNS XAWOXWOWOTNTAS pag anewxovilovton 6To oyfua ?7.

Kévouue opxetéc mapatnenoel Bdoel Twv anoTeAeoUdToY TG allOAOYNONS TNG XAUAXOCWOTN-
tac. Ipwto am 0k, OTwe avapépinxe 0TI TEONYOUUEVES EVOTNTES, AOY® NS EXTACTS TOU CUVO-
AxoU ypdvou extéheong Tou @opTou epyaciag CFD, dev mapatnpolue amoduvduwon Ty endooewmy
oty xhpdxwon tou mhaciov RACEX oe olyxplon ye 10 @uowr xhudxwon.  AoufBdvovtoc un-
on TNV EMEXTACWOTNTO TOU TAUGIOU OE GUVOLAOUS UE TIC OLUPORETIXES OLOHOPPAOTELS VANATOC,
XAVOLUE TIC oxOhouleg mopatneNoelc, AaudvovTog we mopddelyua to @opto cpyaociac CFD. Oneg
€y 0upE BleuxpELVioeL, 0 CUVETEEERYUO TN TOL €y0oupE exTEAETEL TaL oeVdpla alohdynong Exel 224 vi-
potor Lol (1 muprival agiepwuévo 6to Aettouvpyixd obotnua). And to oyfua 4.8 y to pdpto
epyaoiac tou CFD 6mou Pudvoupe tny eyyevi| anédoon yia To mAaloto yag, eivon Teogoavég 6Tl oL
YOEUUUES OHABOTIOLOUVTOL OF TEELS OHAOES, TOU OVTIGTOLYOUV GTIC TEELS OLUPORETIXES OLULOPPWOELS
vnudtwy. Kotd tn Sudpxeo twv oevoplwy alloAdynone g XAUIXWOWOTNTIS Yog, avodéooue To
VALToL UAXoU oTig Slepyaoieg mou Eexivnooy oTov GUVETEEERYUOTH Amd TOUC AVTIGTOLYOUG olo-
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Figure 4.8: RACEX Framework Scalability Evaluation

HOXEUOUEVOUG TIEAYTES, UE XUXAXO TEOTO EwS OTOUL €Y0UV avateVel GAA Tal VAUOTA XL OTT) GUVEYELD,
o€ TeplnTrwon TEdcieTwY Slepyactdy TEAdTY), Va TeayaToTolouvTaY EmXahuTToue Ve avadéoelg. o
Tapddetyua, 6tay xdde diepyaocio xatahauPdver 56 vipata, tpocupudlovue To TEOTA 56 VAULTA TOU
OLVETEEERYAUO T GTOV TEWTO MEALTY) X0 T ENOUEVA H6 VAROTA OTNY ETOUEVY dlepyaoio TEAdTn. X1
OLVEYEL, Yiot TECOEQLS MEAATES, ECAMAGMVAUE TN (HTNON Yiol TAL VARATO TOU GUVETEEPUOTY|, TTROXELUE-
VoU Vo 0&LOTIOLACOUKE TANEWS TNV IXAVOTNTO TOU UAXOU. Enouévng, 6Tng mopatneolue and To oy fud
77 v to @opto epyaciog CFD, 8e undpyel dagpoponoinon and 1 €wg 4 teAdtee yia 56 Blaoppnoels
VAUATOS XAl TN GLUVEYELY, XS TEOYwEoLUE oe 8 xaL 16 Tawtdypovoug TEAATES, ToUEATNEOVUE UT-
oBdiuton Ty emdocENY, xotig Eyouue exalielg avdleons Twy VUdTwy ot diepyaoieg. LUVETOC,
TOEOUOLOL CUUTERLPORY TORAUTNRNTE BLUUORPWOY TwV YNUdTwY 112 xou 224 6mou 1 andédoon unofo-
Yutleton xorddg avgdvetar o apLiuog Ty diepyaotdv TehdTn tou €youy exyweniel oo (Blo utoaivolo
TOV VNUATOV.

[apdpoleg mopatnenoelg oyeTixd e Ty LTofdiuLoT TNg anddooNe 6 GUYXELOT UE T1 CUVAPELL
TOV VNUATWY GTOV OUVETEEERPYUCTY| UTopoLY eTlong Vo avTAndoly amd to undroino goptio epyacioc.
201600, OTKWE £YOUUE BNADCEL TEOTYOUUEVKS, O YPOVOS EXTEAEGTC TOU UTOAOLTOU (PORTOL £QYIGIAG
Tou anexovileton 6To Ly 4.8 €yel SeUTEREDOVTA YPOVO EXTEAECTC XAl TAUTOYPOVA EYEL TOAATAES
aveldptnTe Aettoupyieg eExpdpTwoNe Tou ToAAamAacidlouy T cuvolt| xaducsTtéenan Tou dixtiou,
CUVETIWCE, 1) LTy ouca xaduoTERNOT BLXTOOL EYEL ONUAVTIXG AVTIXTUTO GTY GUVOALXY) amoB00T).



Chapter 5

MeArovTix”) AovAeld

H emxowvwvia udmiig toaydntog petald Twv x0UPnv evOg CUUTAEYUNTOS UTOAOYIGTMV elvol
CwtxhAc onuaciag yia Toug oY YEOVOUS UTEQUTOAOYLOTEC Xo Ta XEVTEa BEBOUEVWY, TEOXEWEVOL Vol
emteuy Vel 1 améB00T TOU UTAUTOUV Ol TEEYOUCES EQUPUOYES LYMATC anddoone utoloylotomy. Eivou
eniong €vag amd Toug Adyoug Tou 670 TaEEAIOY 1) exTéleoT Twv epapuoywy HPC oto abvvego elye
applofntnietl, xadng unieye ENkeldn uTnEecLOY LPNATC Ta O TNTAC CUVBECUOTNTAS TOU TEOGPELOVTOL
amd Toug Topdyoug UeTald Tov Slupdewy VM. Tapdho tou 1o npdBinua cuvey(lel vo meplopilel Tnv
uo¥étnon twv urneectwy Cloud Computing and tnyv xowvotnta HPC, €youv yivel fehtidoeic, eve ol
TEOY 0L TROGPEROUY THEA BUVATOTNTES BLXTUMANE LPNAoV ebpoug Ldvng, youninic xaductépnong yia
TOUG MEAATES TOUC, YENOWOTOUOVTAS BIUOUVOETELC UPNAAG ToyUTNTOC O CUYXEXPWEVT] TOTOAOYIXT
Tono¥étnon twv VMs [37, 38|.

Ye auty Ty epyaoia mpoteivouue 10 RACEX w¢ mAaiclo amopaxpuoUévng EXTEAECOTC ETLTOYLVTT
Yiot UTOAOYLO TG cuumAéyuato o mepi3dhhovta cloud computing mou emitpémel Ty xowvi| yerion
ETUTOYUVOUEVWY TIOPWY OE ETUNEDO CUUTAEYUATOC, ElTE TaUREYOVTUC TEOCRUOT OE EXOVIXES UNYOVES
OTOV (8L0 BLOXOULOTY PE TOV ETUTUYLUVTH OE 1} OE AMOPAXELUOUEVOUS xOpBouc cuumhéyuatoc. Eyouue
UAOTIOOEL €Val TEWTOTUTO TNG 1BEUG YoC Yiar TNV o€loAdYNOT TOU TROTEWVOUEVOU Thauciou, GToyebov-
tac otov ouv-enegepyaoth Intel Xeon Phi, yenowonowdvtoc BSD Sockets xaw tunonounuévn Ethernet
oLVBESOTNTA BIXTOOL PETAEY TOU XEVTELXOL BLAXOULG T 0TOV 0Tolo €lval GUVBEBEUEVOC O GUVETEEER-
YOO TG %0 TOU XOUPB0oU Tou TEALTY YeNotdomololvTal Yiot TNV oa&loAdynor pag. ‘Onwe €youpe det oTny
evotnTa aloAdynoNg, To YeYaAlTepo pepldio Tou overhead mou napoucidlel To Thalolo pag amodideTon
GTO GUVOAIXO YEOVO X JUCTEENONC HETAPORAC BXTLOU Tou TepLAopBdveL 0 Xpovog HETABOONS Kol TO
Stack TCP/IP. Trootnpiloupe 6Tt ye Ny anacydincrn dtacuvdedeuéveny dxtiny LPNAAC anédoong
onwe to InfiniBand nou yopoxtneileton and uhniy anddoon o younih xaduotéenon, To Thalolo
woc umopel var petptdoel Ty xoduoTepnuévn emBAEuUVOT TOL TUEOUGCIALEL Xol VoL TOPOUGCIACEL near
native emdooeiC.

Emnmiéov, etvar Yepehindeg Yo €va TAAUGLO XOLVAC YEeNOMG ETULTOYLVTY Yid TEPBAAAOVTO UTONOYLO-
TixoU Vépoug va elvan oe H€an v ToREYEL OTIC BLAPORES EIXOVIXES UMY oVES TIOL PLhoZEVOUVTAL GTOV (Lo
AOUPBO GUUTAEYUATOC GTO OTOLO TEOGUPTATOL O ETLTAYUVTAS, TPOCBACT) GTOUE TOPOUS TOU ETULTUYUVTT.
Yto mhaloto pag vrootneiloupe Ty tpoavapepieicn AsttoupyotnTo uéow ToxTixwy BSD Socket,
e otoiBac TCP/IP xou evic emxovixol dixtiou petalld twv VM xou tou xevipol Aettovpyixol
ovoThuatog. Qotdoo, 6mwe eldaue, 1 yenon tou Network Stack yia emxowvwvia yetald nelatodv
xaL Sloxoplo T Balova 8ev elvon Wovixy| yia TNV TeoPAenduevn yerion AoYw Ttng xouoTepnuévng
emBdpuvone mou mopouctdlel. Avtideta, utootneilouue 6Tl UTOPOVUE VoL EVOWUATWGOUUE GTO €pYO0
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wog éva mhaioto emxovwviog yauniol xéctoug, uPniic anddoong uéca oo ;idlo xoufo yio Ta VM
mou Peloxovtar mévew oto xépfo, 6mwe to V4VSockets [39], to omolo Peltidver tnv avtolhoyn
0EBOUEVOV UETOEY TwV xOuPwy and drodn xaductépnong ye ouvieheot| 4,5, emtpénoviog €Tol
o010 RACEX vo mogéyet éval amoteAeopotind TAalolo SLopoleaouol emtoyuvTh LPNAAS amddoong xau
xhpdxoong Yo T VM mou Beloxovton 6To (810 unydvnuo e TOV ETLTOUUVTY.



Chapter 6

2xeTixr) AouvAeld

H rapoyt anopaxpuopévng mpdofacne oToug emtoyuvtég unipe éva TEOBANUO TOU AmaCy OAEL
TOV OXOONUAEXO XOCUO €0 xou ApxeTd xoupd. Ot To onuavTixéc TpooeYYioelS, ol onoleg €Youy xa-
Yiepwdel Tar TEAEUTALO YPOVLO OTNV XATACKELY| ETUTAYUVTWY OO AMOG TAGT, EVOL AUTEC TOU GTOYEVOUY

uovdodee GPU.

6.1 rCUDA

Towe To Mo SNUOPIAES UETOEY TOV TPOTEWOUEVKDY AUCEWY Xl EXELVO TOL €YEL TERIOEL TEQAL Ao
T0 medlo TN axadnuoixic xowdtnTag xou Exel yiver eunopxd Slodéowo ebtvon to rCUDA [17]. To
rCUDA emxevtpwveton 6to mhaloio CUDA tng NVIDIA, tnv nopdAAnin umohoyloTixy TAXT@OpUa
XL To Yovtého mpoypeauuotionol tou mpoogéeel 1 NVIDIA v tnv aflomoinom tng utohoyio txhc
toyvoc twv GPU. To mhaioio emitpénel tny €€ anoctdoeng npocPoocr oe GPU cupPBatéc ye CUDA.
Ipoxewévou va napéyet anopaxpuouéveg unneeoiec CUDA, to rCUDA 8nuloupyel exxovixéc oup-
Batéc ouoxevéc CUDA otic ouoxeuég tou dev dladétouy GPU ouufatr pue CUDA o {ntolv mpdo-
Baon otoug mopoug wag amouoxpuopévng cuoxeurc ouufBatrc ye CUDA. To rCUDA virtualizes
¢ GPU rnou undpyouv 610 UTOAOYIGTIXO XEVTRPO XU TUREYEL TEOGPUCT 68 TOAOUE UTOAOYLIOTES-
TEAGTEC Y ENOHOTOLOVTOS Ui apyttextovixy) Client-Server. e autd to €pyo, ol xANoEC ypdVou
extéheong CUDA mopepnodiCovian xar mpowdolviol o€ €vay omouaxpUoHEVO BLOXOUIC T TIOU TOUG
exTEAEl o1 ETMLOTEEPEL TOL AMOTEAEOUATA. LT BOVAEW pag, o cUyxeton e To rTCUDA, otoyebouue
TNV emXoVGVio Younhol emmédou UeTapopds UETAE) TOU XEVTEIXOU UTOAOYLO T X0l TOU ETMLTAUYUVTH
mou Aertovpyel e to mpwtoxohho SCIF. Anoxpintouue to Metagopixd Xtpmduo puetald ToU %EV-
TELXOU UTOAOYIGTH X0 TOU ETUTOYUVTY, Xl ETOL TEOYWEOUUE TEOG VAL XEVTELXO Oy fua Oloyelplong
EMTOUVTY Yoo utohoyloTixd clusters. Emmiéov, €youue onpooiedoer 1o RACEX w¢ hoylouixd
OVOLY TOU XOOLXAL.

6.2 vCUDA

vCUDA [40] eivor pior Aoom vunohoyiotixic povddos eneepyooiog yeapxody YeVixhc yehong
(GPGPU) yio exxovixéc pnyavéc (VMs). To vCUDA emitpénel o€ @uppoyéc TOU EXTEAOVY EVTOC
VM vo emitoyhvouy Ty emtdyuvor LAXo) amd TG UTOXEUEVES HOVAdES eMEEERYATIAS YRAUPKOY.
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O oyedaopoe tou mhatctou mepthopBdvel utoxhonr xhoewy API xou avaxoatedduvorn xo 6166
oVotnua RPC yia VM. To vCuda yenoipomolel yio 0oy ltextoviny| TEASTN-OlaxoulioTy| Tou anoteheiton
a6 Tplo oTotyelo yweou yenotn: wa BBAo N oe eminedo yeNoTy, Uia Sour) BEBOUEVKLY OV YENOl-
pornotelton amd TN PiAodrxn, mou avtitpocwnedet yia exovixt) GPU xou éva otolyelo dlaxouiot).
H BiAodrnn eivon unebuvn yio Tnv nopaxohotinom xar tny avoxatebuvon xhfoewyv API and tov
TEAUTY) GTOV XEVTPXO UTOAOYLOTH|, OOV O OLOXOULGTHG TLC EXTEAEl 0L EMLOTEEPEL TOL AMOTEAECUATOL.
H emxowovia petald mehdtn xan Olaxoplo T VAOTOLETOL YeNOWOTOIOVTAS TO TpwTdxoiho XML-
RPC. Extéc ané v ewovixonoinon, 1o vOUDA emtpénel 1 mohumhedio TV cuoxeumy UeTalld
TOAMATAGY TAUTOYEOVWY exTEA0UUEVKY OSes, dnuiovpynvtog éva viua Yo xdde terdtn. To mhaicio
TPEYEL UTOG TARLEY YLOL AVAC TOAT| XU GUVEYLOT), EMTEETOVTS TN SLOXOT 1) HETAXIVNOT TOV TEQLODWY
obvdeong uetald unohoyiotwy. To clotnua epopudletar oto Xen odrd elvon @opntd ce Bidpopeg
Thot@oppee virtualization Aoyw tou pnyaviopol petddoone dixtvou. To nepdpota oto [40] Seiy-
VOUVY OTL 0 YPOVOS TOU BUTOVATAL GTA BAUAT XWOXOTOINOTG-ATOXWOXOTOMNONE TOU TEWTOXOAAOU
ETXOWVWVIOC TEOXUAE! ONUAVTIXNT AEVNTIXT| ETUTTWOT TN GUVOALXY| ATOBOCT| TNE ADOTC.

6.3 Distributed-Shared CUDA

To DS-CUDA [18], eivou éva middleware Aoylopxd mou emitpénet tn yeron nohhédv GPU oe éva
nepdihov cloud. Ewovixornoiel tic GPU og éva vépog €10t (oTe var patvovTon var efval TOTxd EYXaT-
eotnuéveg GPU oe uio unyovy meddrn. Ov ouyypagelc napouctdlouy éva middleware hoylouixo ue
OTOYO TNV AVTWETOTIOT TEOBANUATWY OTOV TEOYRUUUATIOUO ETEPOYEVMY UTOAOYIC TGV xOuBwy. To
oLOTNUA EQaPUOLEL ELXOVIXOTIOINCT) EVOC GLUVOANOL UTOAOYLOTWY EOTAOUEVKDY e povddes GPU étol
®OoTe vo epgoavilovion ooy va cuvBEovTaL e Evay Uovo xoufo, mpoxeluévou va amiomomdel o mpo-
YEUUUATIONOS TwV e@apuoy®y Torhanidv GPU. H apyttextovinf) Tou cucTAUaTOC anoTeleiton and
EVOL UEUOVOUEVO x0UB0 TEAdT xou ToANOUG XOUPoug Blaxoulo T, oTov omolo €youy eyxatactadel pio
1) neptocodtepeg ouoxevég CUDA. H emixovovio uetoll TV anogoxpuouévemy UTOAOYLIO TV Xal TOU
Olaxoplo T LAoToleltal Yéow Twv Olenagpwy InfiniBand xou unopel enlong va yenowomolel utodoyég
TCP oe mepintwon mou 1 unodour| dxtbou d6ev unoctneilet To InfiniBand.

6.4 'AANAT oyYETIXY] BOLAELX

Emniéov, otov topéa tou Cloud Computing, ol mdpoyol €youv Ndn dnulovpynoel war ayopd
OTOUL TUEEYOLY EAACTIXY TEOCBAUCT) GTOV ETLTAYUVTY, TROXEWEVOU VO LXAVOTIOLGOUY TLC AUEAVOUEVES
OVEYXES TWV AMULTATIXWY TEAATOV ToU YEAOUV Vo eXUETOAEUTOOY To palixd mopdAAnho.  Xtnv
xowvotnta Tou LoT, extedéotnre TANIOEA EELVNTIXGY EQYACLHOY TTOL UTOBNADYOUY TNV AVAY X1 TAUQO-
YNS BLVATOTAHTWY ExPOETWONS oto TepBdihov Cloud Computing ylor cUGKEVES YouNAC XoTavahw-
one, ouvdedeuéves oto dadixtuo [9, 10, 41].



Chapter 7

>0vodmn

Yy epyoaoia pag, tpoteivoupe 1o RACEX w¢ éva anoteheouatind mAaiolo yio Ty €€ anoc Tdoewg
TpooPoon o ndpoug emtayuvtdy. Egapudlovye 1o RACEX w¢ anddeln tng wéag nou otoyelel
otov ouv-enelepyaoty| Intel Xeon Phi. To mhaicio RACEX oxohoudel yior xatoveunuévn opyttex-
TOVIXT SLXOULOTH-TEATY), OTou évag Bofuovag dlaxouoTr unopel vo utootneléel TNV TawTtdypovn
npboPacn otoug nopoug Intel Xeon Phi and noAlolg anopaxpucuévoug terdtec. To RACEX ypenot-
womotel Evay unyavioud npowinong xAfoewy API, yenouwomoldvag éva TeoGupUooUEVO TEWTOXOAAO
eMXOVLVIOC Yiot VoL ETITEEPEL TNV amouaxpuouévn extéleot) Twv xAfoewv API tne SCIF tn¢ Intel. To
TpwToxoro emxovwviag SCIF Beloxetan otny xopugy| Tou Transport Layer, xdvovtag 1o RACEX,
70 onolo avadTAOVEL xou xoho Té T ActtovpyxdtnTa Tou SCIF €& anootdoene dadéotun, euéhixty,
amodotix| xar cuuPBaty we LmAdTepeg epapuoYéc oTtolBag Aoylopxol ywelc Ty avdyxr recompile.
H npoxatapxtixy| allohdynon Twv emdocewy €yel dellel po oyedov otadept] Yeviny emBdpuvor Yo
10 RACEX oe o0yxpilon Ue Ti¢ Quowég embBOcELS avapopds, xupiwe Adoyw tng xaduotépnong HeTd-
doong Tou dxthou. Evtoltolg, 1 allohdynom egappoyodv uhnidtepou emnédou, uépoc tou Rodinia
Heterogeneous Computing Benchmark Suite, édwoe oA unooydueva anoteAéopata, Ue TO TAXL-
oo RACEX vo exteleiton oe younhd eninedo emBdpuvong oe olyxplon Ue TNV EYYEVH anddoon xou
UTOEEL VoL EEUTNEETAHCEL TOAAOUE TAUTOYEOVOUS TEALTES UE TNV (Lol CUUTERLPOR.

Egapuélouye xa agloroyolue 1o RACEX 1600 6toug tpdnouc extéleons tou native 660 xou
tou offload yw tov Coprocessor Intel Xeon Phi. (¢ pehovtind épyo, oyedidloupe vo emextel-
VOUUE TNV EQUPUOYT LIS Yo VoL UTOCTNRIEOVUE TOV TEOTO eXTENEDTS symmetric xa Vo emiteéouue
™ yeron tou miawclou MPI. Auth n enéxtaon epoapuoleton ebxoha xadde 1 unoxeiuevn urtodoun
Tou mAatctou pog €yel oyedlaoTel Yiol vor oo TNeilel TN CUUPUTOTNTA TOU TEOTOU EXTEAEGNC OTO
uéhhov. Emmiéov, oyedidlouue va ypnowonotjcouue tnv teyvoroyia Infiniband we¢ High Perform-
ing Network Interconnect npoxeiévou va ehayloTonoiicoude TNV Aovidvouca didpxelo Tou dxTLoU
TIOU EVOL EYYEVAS OTNV )XY KOG EQUQUOYT XL VO UTOPEGOUUE VoL ETULTOYOUUE EYYEVEIC EMBOTELL.
‘Eyoupe xdvel 10 €py0 pog Slodéoiuo we Aoylouixd avolytol xwdxa, dtadéoiuo oto dadixtuo ot
olebuvon https://github.com/fertakis/racex.
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Appendix A

Yuviopoypopleg

RACEX Remote ACcelerator EXecution

SCIF
COI
MIC
MPSS
RMA
DMA
BSD
API

Symmetric Communication Interface
Coprocessor Offload Infrastructure
Many Integrated Core

ManyCore Platform Software Stack
Remote Memory Access

Direct Memory Access

Berkeley Software Distribution
Application Programming Interface
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