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We Have Come so Far!
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and future seems ….
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This Course

• Aims to introduce the key concepts and ideas in 

computer architecture

• Explores the design of modern microprocessors

• Examines important trends and current and future 

challenges
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Lecture Outline

• What is computer architecture?

• Important topics in computer architectures

• Computer architecture design goals

• From high-level language to the hardware language

• Main components in a computer

• CPU architecture

• Verification and testing

• Future trends with multicore processors, systems on chip (SoCs), and 
beyond
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Introduction

• The modern microprocessor is often the 
engine behind how we communicate and 
work.

• It has helped to create our digital world 
where communication, computation, and 
storage is almost free.

• It underpins many scientific 
breakthroughs and can help us make 
better use of the world’s limited resources

By Connie Zhou, CC BY-NC 4.0

RISC-V processor core1

Google Data Center
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Introduction

• The modern computer is less than 100 years 
old.

• The first electromechanical and valve-based 
machines were produced in the 1930s and 
1940s.

• Today’s machines are many orders of 
magnitude faster, lower power, more 
reliable, and cheaper.

EDSAC replica (2018)1

Arduino Cinque with RISC-V core2

71. EDSAC photo, CC BY-SA 4.0
2. https://www.electronics-lab.com/cinque-combining-risc-v-arduino/ (Licensed under CC BY-SA)

https://en.wikipedia.org/wiki/EDSAC#/media/File:EDSAC_replica.JPG
https://creativecommons.org/licenses/by-sa/4.0/
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Abstractions
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Abstraction is attractive, sexy, old and 
modern at the same time.

We think of it as something very 
loosely related to reality, and it often 
conveys the sense of 
something difficult to understand

To wash your clothes, do you need to know how the 
washing machine works internally?

A bunch of buttons and knobs in order to wash 
whatever you want to wash.



What is a Computer System?
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1. College Physics. Authored by: OpenStax College. Located at: https://openstax.org/books/college-physics/pages/1-introduction-to-science-and-the-realm-of-physics-physical-quantities-and-units. License: CC BY: Attribution. License terms: Located at License

Who scores the highest on the exam?

Quicksort

Human-readable language (C++, Java…)

Machine language

Hardware design

Set of rules

AND, OR, NOT …

Amplifiers, Filters …

Transistors (CMOS) ….

Electrons ….
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What is a Computer System?
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Levels of Abstraction

• Architecture (Instruction Set Architecture)
• A set of specifications that allows developers to 

write software and firmware
• These include the instruction set.

• Microarchitecture
• The logical organization of the inner structure of 

the computer
• A specific implementation of the architecture

• Hardware or Implementation
• The realization or the physical structure, i.e., 

logic design and chip packaging
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Architecture Specifications

• The architecture specifies a contract between the 
hardware and software.

• Many different compatible processors may be 
implemented, e.g., to meet different power 
consumption, cost, area, and performance goals.

• When a software is written to conform with an 
architecture specification, it can be portable.

IBM System/360
Source of photo: Erik Pitti, CC-BY-2.0
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Computer Architecture

• Computer architecture is much more than the task of defining the 
instruction-set or high-level architecture.

• The computer architect must contribute to, and understand, all levels 
of design in order to deliver the most appropriate design for a 
particular application and target market.
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Computer Architecture

• Computer architecture is concerned with how best to exploit 
fabrication technology to meet market demands.
• e.g., how best might we use five billion transistors and a power budget of two 

watts to design the chip at the heart of a mobile phone? 

• Computer architecture builds on a few simple concepts but is 
challenging as we must constantly seek new solutions. 

• What constitutes the “best” design changes over time and depending 
on our use-case. It involves considering many different trade-offs.
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Computer Architecture

• Each level of design imposes different 
requirements and constraints, which change over 
time.

• History and economics:  there is commercial 
pressure to evolve in a way that minimizes 
disruption and possible costs to the ecosystem 
(e.g., software).

• There is also a need to look forward and not 
design for yesterday’s technology and workloads!

• Design decisions should be carefully justified 
through experimentation.
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Design Goals I

• Functional – hard to correct (unlike software). Verification is perhaps 
the highest single cost in the design process. We also need to Test our 
chips once they have been manufactured, again this can be a costly 
process and requires careful thought at the design stage.

• Performance – what does this mean? No single best answer, e.g., 
sports car vs. off-road 4x4 vehicle – performance will always depend 
on the “workload”, e.g., Automotives, Mobile phones, smart watch etc

• Power – a first-order design constraint for most designs today. Power 
limits the performance of most systems.

16
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The market dictates the relative importance of different design goals – this 
often involves the computer architect having to make difficult trade-offs.



Design Goals II

• Security – e.g., the ability to control access to sensitive data or 
prevent carefully crafted malicious inputs from hijacking control of 
the processor, e.g., ARM TrustZone.

• Cost – design cost (complexity), die costs (i.e., the size or area of our 
chip), packaging, etc.

• Reliability – do we need to try to detect and/or tolerate faults during 
operation?
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Pitfall: Computer architecture becomes 
easy if we disregard some of our design 
constraints or goals



High-level Language to the HW Language

Hardware

Machine Language

Assembly Language

High-level Language

C C++
Many 

more…

• The only language understood by computers is binary, 

also known as machine code

• Low-level languages

• Assembly language

• High-level languages

• C, C++, Rust, Python, many more …
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Low-level Language

Hardware

Machine Language

Assembly Language

High-level Language

C C++
Many 

more…

• Low-level languages
• To make it easier to program computers a 

programming language was invented
• Assembly language

• “MOV”, “ADD” and “PUSH”
• Convert to machine code – Assembler

• More similar to machine code
• Offer quicker ways to write binary
• Hard to learn
• Not very portable
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High-level Language

• High-level language
• More developed than low-level languages
• Examples: C, C++, Rust, Python, many more ….
• Easier for humans to write, read, and maintain
• Support for wide range of data types
• Abstraction

• They allow the programmer to think about how 
to solve the problem and not how to 
communicate with the computer.
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High-level to Low-level Example

Compiler

Assembler
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Main Components of a Computer
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Processor Memory

Program 
counter 

(PC)

Arithmetic 
Logic Unit 

(ALU)
Instruction

Control Path

Data

BUS

Touchscreen Disk Sensors Ethernet Camera

Input/Output Devices

Vectorised by Vulphere from https://riscv.org/wp-content/uploads/2017/05/Tue1100-RISC-V-Foundation-Update.pdf



RISC-V

• Started as a “3-month project” in 2010 at UC 
Berkeley
• Required a simple ISA which could be extended
• Commercial ISAs were too complex and presented IP legal 

issues

• What is RISC-V?
• A high-quality, license-free, royalty-free RISC ISA
• Standard maintained by the non-profit RISC-V Foundation
• Suitable for all types of computing systems

• From Microcontrollers to Supercomputers
• RISC-V is available freely under a permissive license

• RISC-V is not…
• A Company
• A CPU implementation
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The Smartphone

• A single smartphone will contain 
multiple processor cores. 

• Why not use a single processor?
• There are limits to how fast we can 

make a single processor

• Numerous smaller cores may 
consume less power

• Switch off as much of the chip as 
possible when it isn’t in use

CORTEX-A
CORTEX-M

Apps processor

CORTEX-A
CORTEX-R
CORTEX-M

2G/3G/4G/5G

CORTEX-R
CORTEX-M

Wi-Fi

CORTEX-M

Bluetooth

CORTEX-M

GPS

CORTEX-M

Flash controller

CORTEX-M

Power 
management

CORTEX-M

Sensor hubCORTEX-M

Camera

CORTEX-A
CORTEX-M

Touchscreen & 
sensor hub
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Moore’s Law

• In 1965, Intel co-founder Gordon Moore 
predicted the rapid increase in the 
number of transistors on a chip. 

• By 1975, he had refined his prediction to 
what is now known as Moore’s Law

• Moore’s Law predicts that the number of 
transistors we can integrate onto a chip, 
for the same cost, doubles every 2 years.

Gordon Moore and Robert Noyce at Intel in 1970

Source: IntelFreePress, CC BY-SA-2.0
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Moore’s Law

                      
                    
         

     

      

       

         

          

           

             

             

                    

                    

    

    

    

        

    

    

   

        

    

    

     

    

     

     

     

     

       

      

          
           

      

          
      

         
          

      

             
          

       
                        

      

              
                     

                      
                         
              
             

                        

                

                

                  

                   

       

                                                        

 
  
 
 
  
  
  
 
 
 
 
 

Source: Wgsimon, Wikipedia, CC BY-SA 3.0
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Increased performance didn’t come from pipelining and faster 
transistors alone

https://en.wikipedia.org/wiki/Transistor_count
https://creativecommons.org/licenses/by-sa/3.0/


Slowing Single-core Performance Gains

To summarize, sustaining single core performance gains became 
difficult due to:

• The limits of pipelining

• The limits of Instruction-Level Parallelism (ILP)

• Power consumption

• The performance of on-chip wires

As a result performance gains slowed from 52% to 21% per year for the 
highest performance processors.

27

1. e = a + b
2. f = c + d
3. m = e * f

No dependency – can be parallelized

Depends on results of 1 and 2



Multicore Processors

• Eventually, it made sense to shift from 
single-core to multicore designs.

• From ~2005, multicore designs 
became mainstream.

• The number of cores on a single chip 
increased over time.

• Clock frequencies increased more 
slowly.

• Individual cores were designed to be 
as power efficient as possible.

e.g., 5 x RISC-V processors

Source: https://www.open-electronics.org/linux-ready-risc-v-64-bit-multicore-cpu-sifive-u54-mc-coreplex-ip/ (licensed under CC BY-SA-NC)
28
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Multicore Processors

Exploiting multiple cores comes with its own set of challenges and 
limitations:

• Power consumption may still limit performance.

• We need to write scalable and correct parallel programs to exploit 
them.

• We might not be able to find enough parallel threads to take 
advantage of our cores.

• On-chip and off-chip communication will limit performance gains.
• Off-chip bandwidth is limited and may throttle our many cores.
• Cores also need to communicate to maintain a coherent view of memory.
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Specialization

• Today, we often need to look beyond general-purpose programmable 
processors to meet our design goals.

• We trade flexibility for efficiency.

• We remove the ability to run all programs and design for a narrow 
workload, perhaps even a single algorithm.

• These “accelerators” can be 10-1000x better than a general-purpose 
solution in terms of power and performance.
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Specialization

Neural Processor Unit (NPU)Graphics Processing Unit 
(GPU)
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Today’s SoC Designs

• A modern mobile phone SoC (2019) 
may contain more than 7 billion 
transistors.

• It will integrate:
• Multiple processor cores

• A GPU

• A large number of specialized accelerators

• Large amounts of on-chip memory

• High bandwidth interfaces to off-chip 
memory
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GPU

mem interface

mem interface

mem interface

mem interface

Neural
Processor

Unit
(NPU)4 “big”

cores

4 “small” 
cores 

L3 cache 
memory

Other 
accelerators 

A high-level block diagram of a 
mobile phone SoC



Modern SOCs Examples
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Trends in Computer Architecture 

Early computers Gains from bit-level parallelism

Pipelining and superscalar issue + Instruction-level parallelism 

Multicore/GPUs 
+ Thread-level parallelism/data-level 
parallelism

Greater integration (large SoCs), 
heterogeneity, and specialization

+ Accelerator-level parallelism

Note: Memory hierarchy developments have also been significant. The 
memory hierarchy typically consumes a large fraction of the transistor 
budget.

Ti
m

e
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The Future – The End of Moore’s Law?

• The end of Moore’s Law has been predicted many times.

• Scaling has perhaps slowed in recent years, but transistor density continues 
to improve.

• Eventually, 2D scaling will have to slow down.
• We are ultimately limited by the size of atoms!

• Where next?
• Going 3D - Future designs may take advantage of multiple layers of transistors on a 

single chip. 
• Note: the gains are linear rather than exponential.

• Better packaging and integration technologies (e.g., chip stacking)
• New types of memory
• New materials and devices
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