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10 Chapter 1. Parallel systems

1.1 Introduction

University of Rijeka

Parallelism is nowadays evident in a majority of the devices that surround us;
computers, phones and a wide range of IoT devices utilize some type of parallelism,
i.e. they execute certain tasks concurrently. On a hardware level, processor microar-
chitectures are inherently parallel. Processors are built to be able to execute multiple
instructions at a time and typically have multiple cores, each of which can execute its
own set of instructions. Graphic processors are an extension of this principle and a
prime example of massive parallelism at a hardware level. Hardware advancements,
however, without proper software support are meaningless. Finding solutions for com-
prehensive tasks, problems and domains is typically not possible on either traditional
or modern computer architectures if they utilize sequential code. The serial comput-
ing concept (computing on a single processor/using a single process) is a limiting
factor since complex problems require an immense amount of time. Consequently,
parallel computing was born. In essence, parallel computing incorporates hardware
components and software into a system that allows seamless simultaneous execution
of calculations/code.

The complexity of engineering problems has over the past decades grown ex-
ponentially. Previously conducted experimental tasks are commonly replaced with
extensive and comprehensive simulations. This transition is not exclusive to engineer-
ing; biochemists and pharmaceutical companies utilize supercomputing resources to
simulate protein folding, which is essential in the development of new drugs. Machine
learning and AI rely on extensive computational resources to formulate models which
provide insight into complex interactions and allow event predictions. In the �eld of
�uid mechanics, mechanical engineers simulate interactions in vast domains where
said physical domains are described through high-resolution networks of nodes and
elements. Pressed by short turnover times, parallel computing has become invaluable
to scientists and engineers.
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1.2 Computer architecture

University of Rijeka

Historically, computers can be divided into two main groups: �xed program
computers and stored program computers. The fundamental advantage of a stored
computer is the ability to execute different tasks i.e. they can be programmed.

1.2.1 Von Neumann architecture

Modern computers are an extension of the stored-program concept introduced by von
Neumann, often referred to as Princeton (or von Neumann) architecture [Weinzierl,
2021]. According to von Neumann, a computer should contain several key components:

� an arithmetic/logic unit (ALU).

� a control unit (CU).

� a memory unit (MU).

� input/output (I/O) devices.

ALU is designed to execute calculations. It incorporates registers, a form of local
memory. CU manages devices and signaling, and directs instruction execution and
data �ow. Similarly, it has an instruction register. These two components are typically
combined and constitute a central processing unit (CPU). The main memory contains
all the data and instructions. Input and output devices allow the input of data (or new
instructions) and output of the information to the user. Finally, buses are the main
information interchange channels that ensure information transfer between different
components of a computer. A schematic overview of a von Neumann computer is
given in �gure 1.1.

Figure 1.1 A von Neumann architecture.

Von Neumann architecture has its limitations which are mainly related to data
transfer. In essence, the throughput limitations of system buses (the rate at which the
data is fed to the CPU) force the CPU to idle while waiting for data. It is theorized
that the only method to combat this is a radical new design. Nevertheless, different
methods are being employed to mitigate this bottleneck such as caching (L1, L2, L3
cache), prefetching, speculative execution, multithreading, etc.
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1.2.2 Harvard architecture

Harvard architecture can be interpreted as a variant of the von Neumann design where
instruction and data storage are physically separated i.e. they use separate instruction
and data caches as well as memory buses [Smith, 1988]. This is signi�cant as it allows
simultaneous access to the instructions and data thus partially overcoming the von
Neumann bottleneck. A schematic overview of Harvard architecture is given in �gure
1.2.

Figure 1.2 Harvard architecture.

A modi�ed Harvard architecture is an extension of the proposed concept with
relaxed stipulations regarding memory separation: a common address space is used,
however, caches are separated. This architecture displaced the original concept and
has mostly replaced it. Modern CPUs also employ this approach hence a CPU can
be classi�ed as modi�ed Harvard architecture. However, a computer as a whole
employs the von Neumann architecture (no separation in memory). Modi�ed Harvard
architecture is typically found in microcontrollers, digital signal processors, etc.
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1.3 Moore's law

University of Rijeka

Moore's Law is an often-cited remark given in 1965 by the CEO of Intel, Gordon
Moore, which states that the number of components (i.e. transistors, resistors, diodes,
or capacitors) in integrated circuits doubles every year. This statement has been revised
in 1975 and stipulates that the number doubles every two years [Dongarra and van der
Steen, 2012]. This observation has held since and is thus often considered a "law".

The observation was based on then-current empirical evidence and is commonly
linked to both the transistor count and the overall increase in performance. Figure 1.3
depicts the increase in the transistor count since the 70s.

Figure 1.3 Increase in device transistor count since the early 70s [Roser et al., 2022].

Moore's Law has held for almost 50 years, although it somewhat slowed down
as of 2016/2017 with estimates that say the period has increased from two years
to approximately two and a half years. Recent calculations suggest it takes � 2.1
years to double the transistor counts. In other words, certain computer minimization
technologies are reaching the physical limits of what is possible, hence in order to
keep the continuation of the increase in computing power, the development of new
technologies and approaches is of great importance. Figure 1.4 depicts the yearly
performance improvement on the TOP500 supercomputer list.
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