
Computers, brains and AI

Photo by Marcin Wichary / CC BY
Photo by Science Museum Group / CC0

2: Foundations
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https://www.flickr.com/photos/mwichary/4376246859/
https://creativecommons.org/licenses/by/3.0/
https://collection.sciencemuseumgroup.org.uk/objects/co67823/portrait-of-ada-countess-of-lovelace-watercolour-drawing-portrait
https://creativecommons.org/publicdomain/zero/1.0/
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Binary

1824 1837

Braille by Stefan Malmesjö / CC BY 2.0

Morse Code by Snodgrass & Camp
3

bit
on / off

0 / 1
yes / no

true / false

https://commons.wikimedia.org/w/index.php?curid=138848341
https://creativecommons.org/licenses/by/2.0
https://en.wikipedia.org/wiki/Morse_code#/media/File:International_Morse_Code.svg


Not Morse code
A • B •• C •••

Z •••••••
••••••••
••••••••
•••

E •
T ▂

I ••
A • ▂

N ▂ •
M ▂ ▂

S •••
U •• ▂

R • ▂ •
W • ▂ ▂

D ▂ ••
K ▂ • ▂

G ▂ ▂ •
O ▂ ▂ ▂

Morse code

D •••• E •••••

I    I I    I I I

Z •••••••
••••••••
••••••••
•••
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E •
T ▂

I ••
A • ▂

N ▂ •
M ▂ ▂

S •••
U •• ▂

R • ▂ •
W • ▂ ▂

D ▂ ••
K ▂ • ▂

G ▂ ▂ •
O ▂ ▂ ▂

Morse code 1      2
2      4
3      8
4    16

30

2

4

8
16

32
64

5

1,073,741,824



The Fighting Temeraire by J. M. W. Turner 6

1101 1000

2 bits

6 bits

24 bits

16 million possible colours

?

https://commons.wikimedia.org/w/index.php?curid=37144597
https://commons.wikimedia.org/w/index.php?curid=37144597
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森  0110 1000 1110 1110

β  0000 0011 1011 0010

ê   0000 0000 1110 1010

0000 1101 0101 0000  א

ぶ  0011 0000 0111 0110

https://en.wikipedia.org/wiki/List_of_Unicode_characters 

Unicode
16    65,536

https://en.wikipedia.org/wiki/List_of_Unicode_characters


Big numbers

8
intuition



1,000,000

100,000

10,000

1,000

100

10

1

Powers of 10

1st power  

2nd power  

3rd power  103

102

101

9

10 × 10 × 10



100,000

10,000

1,000

100

10

1

1st power  

2nd power  

3rd power  103

102

101

10

1,000                
log

3

1,000,000 Powers of 10



log scale
100,000

10,000

1,000

100

10

1

1st power  

2nd power  

3rd power  103

102

101

11

1,000                
log

3

1         ?         93

×3×3 𝄞 Decibels 
Richter scale 

Stars by ESA/Hubble / CC BY 4.0
Nautilus by Chris 73 / CC BY-SA 3.0

exponent
exponential

https://commons.wikimedia.org/w/index.php?curid=8788068
https://creativecommons.org/licenses/by/4.0
https://commons.wikimedia.org/w/index.php?curid=19711
https://creativecommons.org/licenses/by-sa/3.0
https://creativecommons.org/licenses/by-sa/3.0
https://creativecommons.org/licenses/by-sa/3.0
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1

5

×5
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50
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Moore’s Law by Max Roser, Hannah Ritchie / CC BY 4.0
4004 by Stelo.xyz, Pttn, or Thomas Nguyen / CC BY-SA 4.0
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Moore’s Law

Number of 
transistors

(switches)

https://en.wikipedia.org/wiki/File:Moore%27s_Law_Transistor_Count_1970-2020.png
https://creativecommons.org/licenses/by/4.0/deed.en
https://commons.wikimedia.org/w/index.php?curid=50603727
https://creativecommons.org/licenses/by-sa/4.0
https://creativecommons.org/licenses/by-sa/4.0
https://creativecommons.org/licenses/by-sa/4.0
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BBC Micro by Stuart Brady / CC0
Spectrum by Bill Bertram / CC BY-SA 2.5

Moore’s Law by Max Roser, Hannah Ritchie / CC BY 4.0

BBC Micro

Sinclair Spectrum 

6502

Z80

1982 

1981

https://commons.wikimedia.org/w/index.php?curid=11672213
https://commons.wikimedia.org/w/index.php?curid=170050
https://creativecommons.org/licenses/by-sa/2.5
https://creativecommons.org/licenses/by-sa/2.5
https://creativecommons.org/licenses/by-sa/2.5
https://en.wikipedia.org/wiki/File:Moore%27s_Law_Transistor_Count_1970-2020.png
https://creativecommons.org/licenses/by/4.0/deed.en


Moore’s Law by Max Roser, Hannah Ritchie / CC BY 4.0
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Moore’s Law

https://en.wikipedia.org/wiki/File:Moore%27s_Law_Transistor_Count_1970-2020.png
https://creativecommons.org/licenses/by/4.0/deed.en


1970 2020

50,000,000,000

0

Transistor count
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Moore’s Law by Max Roser, Hannah Ritchie / CC BY 4.0
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Moore’s Law

https://en.wikipedia.org/wiki/File:Moore%27s_Law_Transistor_Count_1970-2020.png
https://creativecommons.org/licenses/by/4.0/deed.en
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4

8
16

32
64

powers
of 2

19



1 2 4 8 16 32 64
128

256

512

1,024



mega
1,000,000

100,000

10,000

1,000

100

10

1

kilo
kilo

mega
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1,000,000,000,000,000,000
100,000,000,000,000,000

10,000,000,000,000,000
1,000,000,000,000,000

100,000,000,000,000
10,000,000,000,000

1,000,000,000,000
100,000,000,000

10,000,000,000
1,000,000,000

100,000,000
10,000,000

1,000,000
100,000

10,000
1,000

100
10

1
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1

1,000

1,000,000

1,000,000,000

1,000,000,000,000

1,000,000,000,000,000

1,000,000,000,000,000,000

10 × 10 × 10

100

103

106

109

1012

1015

1018

10 to the 15

10 raised to the
15th power

10 to the 15

Archimedes by Domenico Fetti / CC0

Archimedes

1015
quadrillion

23

trillion

billion

quintillion

https://commons.wikimedia.org/wiki/File:Domenico-Fetti_Archimedes_1620.jpg


Frontier by OLCF / CC BY 2.0

22 MW

+  −  ×  ÷
1018  operations per second

floating-point

2 3 3.65 36.5

(1018  flops)

24

Human brain:  20 W

https://en.wikipedia.org/wiki/File:Frontier_Supercomputer_(2).jpg
https://creativecommons.org/licenses/by/2.0/deed.en


Cray-1

Cray-1 by Irid Escent / CC BY-SA 2.0

115 kW

1975

160 MFLOPS

Cray-1 by FlyAkwa / CC BY-SA 4.0

6 billion times
slower

30 million times less
energy efficient

25

https://en.wikipedia.org/wiki/Cray-1#/media/File:Science_Museum_20180227_132902_(49362732462).jpg
https://en.wikipedia.org/wiki/Cray-1#/media/File:Science_Museum_20180227_132902_(49362732462).jpg
https://en.wikipedia.org/wiki/Cray-1#/media/File:Science_Museum_20180227_132902_(49362732462).jpg
https://creativecommons.org/licenses/by-sa/2.0
https://creativecommons.org/licenses/by-sa/2.0
https://creativecommons.org/licenses/by-sa/2.0
https://commons.wikimedia.org/w/index.php?curid=69936769
https://commons.wikimedia.org/w/index.php?curid=69936769
https://commons.wikimedia.org/w/index.php?curid=69936769
https://creativecommons.org/licenses/by-sa/4.0/deed.en
https://creativecommons.org/licenses/by-sa/4.0/deed.en
https://creativecommons.org/licenses/by-sa/4.0/deed.en


bronto

moby

100

103

106

109

1012

1015

1018

1021

1024

kilo

mega

giga

tera

peta

exa

Cray-1

iPhone 11

Nvidia A100

Frontier

? human
brain

in 20 years

? human brain

GPT-3
training run
(5 months)

160 megaflops

155 gigaflops

1.1 exaflops

?

zetta

yotta

pentagon

hexagon

heptagon

octagon

312 teraflops
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? human brain

https://en.wikipedia.org/wiki/Hopper_(microarchitecture)
#Compute_Performance,_Interconnect_&_Networking 

https://en.wikipedia.org/wiki/Hopper_(microarchitecture)#Compute_Performance,_Interconnect_&_Networking
https://en.wikipedia.org/wiki/Hopper_(microarchitecture)#Compute_Performance,_Interconnect_&_Networking


1

1020

1040

1060

1080

10100

10120

10140

10160

stars in the observable universe GPT-3 training run

atoms in the observable universe

all the computers for a year

permutations of a pack of cards

permutations of two packs of cards

27

the observable universe as a computer



Binary numbers
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0
1
0
1

0
0
1
1

0
1
0
1

0
0
1
1

0
0
0
0
1
1
1
1

0
1
2
3
4
5
6
7

Binary

Leibniz by Francke / CC0

Leibniz

29

https://commons.wikimedia.org/wiki/File:Christoph_Bernhard_Francke_-_Bildnis_des_Philosophen_Leibniz_(ca._1695).jpg


0
1
0
1

0
0
1
1

0
1
0
1

0
0
1
1

0
0
0
0
1
1
1
1

0
1
2
3
4
5
6
7

Leibniz

124

Binary

30Leibniz by Francke / CC0

https://commons.wikimedia.org/wiki/File:Christoph_Bernhard_Francke_-_Bildnis_des_Philosophen_Leibniz_(ca._1695).jpg
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0
1
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0.5
1
1.5
2
2.5
3
3.5

0
1
0
1
0
1
0
1

Fixed-point
numbers

0 7
Ariane 5

0 3.5
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0
0
1
1
0
0
1
1

0
0
0
0
1
1
1
1

0
0.5
1
1.5
2
2.5
3
3.5

0
1
0
1
0
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Fixed-point
numbers

0 7
Ariane 5

0 3.5
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0
0
1
1
0
0
1
1

0
0
0
0
1
1
1
1

0
0.5
1
1.5
2
2.5
3
3.5

0
1
0
1
0
1
0
1

.

.

.

.

.

.

.

.

Fixed-point
numbers

0 7

Ariane 5 by Chris Gunn / CC0

Ariane 5

JWST full mirror by NASA / CC0

0 3.5
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https://en.wikipedia.org/wiki/Ariane_5#/media/File:Ariane_5_with_James_Webb_Space_Telescope_Prelaunch_(51773093465).jpg
https://upload.wikimedia.org/wikipedia/commons/4/45/JWST_Full_Mirror.jpg


0
1
0
1

0
0
1
1

0
1
0
1

0
0
1
1

0
0
0
0
1
1
1
1

0
1
2
3
4
5
6
7

Negative numbers

0
1
0
1

0
0
1
1

0
1
0
1

0
0
1
1

0
0
0
0
1
1
1
1

0
1
2
3

-0
-1
-2
-3

Sign bit

+
-

0
1
0
1

0
0
1
1

0
1
0
1

0
0
1
1

0
0
0
0
1
1
1
1

0
1
2
3

-4
-3
-2
-1

34
Why binary?



Relay by Sonett72 / CC0

Difference Engine by Marcin Wichary / CC BY

Triodes by RJB1 / CC BY-SA 4.0

Transistors by Mister rf / CC BY-SA 3.0

Integrated circuit by Ioan Sameli / CC BY-SA 2.0

Coin By AKS.9955 / CC BY-SA 4.0
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Decimal Binary

https://en.wikipedia.org/wiki/File:Relay2.jpg
https://www.flickr.com/photos/mwichary/4376246859/
https://creativecommons.org/licenses/by/3.0/
https://commons.wikimedia.org/w/index.php?curid=14533720
https://creativecommons.org/licenses/by-sa/4.0/deed.en
https://creativecommons.org/licenses/by-sa/4.0/deed.en
https://creativecommons.org/licenses/by-sa/4.0/deed.en
https://en.wikipedia.org/wiki/File:Transistorer_(cropped).jpg
http://creativecommons.org/licenses/by-sa/3.0/
http://creativecommons.org/licenses/by-sa/3.0/
http://creativecommons.org/licenses/by-sa/3.0/
https://commons.wikimedia.org/w/index.php?curid=1248592
https://creativecommons.org/licenses/by-sa/2.0/deed.en
https://creativecommons.org/licenses/by-sa/2.0/deed.en
https://creativecommons.org/licenses/by-sa/2.0/deed.en
https://commons.wikimedia.org/w/index.php?curid=54746930


Binary Ternary Decimal

AnalogDigital Transistor

Money by Avij
DNA by brian0918

Dice by Brett Jordan / Unsplash
Cuneiform by Unknown artist - Marie-Lan Nguyen

Digital  things

36

https://falstad.com/circuit/circuitjs.html?ctz=DwYwlgTgBAZgvAIgIwKgFwM6IAwDpsEECsqYIiSeATAVQOx0DM2AHFQGwCcndqIARoiLZUAB0EJhqAG4QhqALaYhAUwC0SFAD4AUFCjAYUAB6IALAShIqLKGbO3rLVPElUZaCrhJR+KnPjuAPS6+sAAagCGEABKkWAANibmlk5QjOyONi44qADurrywcghUuIyKkcbS8lAYnggA4pFoKlDhAPYJaJEA5ioIIXoGeckI9o72dg5WnO6wuUNho6bjM5pU07bsZjkIIksGvWMTs5unNM4L+4OhBjEnMztb6fOuSOz5riJQClU1kluOmAQXAEF0QA
https://commons.wikimedia.org/w/index.php?curid=143175160
https://commons.wikimedia.org/wiki/File:DNA_animation.gif
https://unsplash.com/photos/two-dices-with-6-dots-4aB1nGtD_Sg
https://unsplash.com/license
https://commons.wikimedia.org/w/index.php?curid=407203


Binary

1824 1837

Braille by Stefan Malmesjö / CC BY 2.0

Morse Code by Snodgrass & Camp
37

bit
on / off

0 / 1
yes / no

true / false

logic

https://commons.wikimedia.org/w/index.php?curid=138848341
https://creativecommons.org/licenses/by/2.0
https://creativecommons.org/licenses/by/2.0
https://en.wikipedia.org/wiki/Morse_code#/media/File:International_Morse_Code.svg
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Transistor      Two transistors
NOT gate

AND gate
AND gates
Making an AND gate

XOR gate   OR gate

NAND gate

Majority vote
Full 1-bit adder

3-bit adder

Round and round      Reset     Transistors

Circuit by Miclan / CC BY-SA 4.0

Logic

Arithmetic

?
Neuron by Hariadhi / CC BY-SA 4.0

https://falstad.com/circuit/circuitjs.html?ctz=DwYwlgTgBAZgvAIgIwKgFwM6IAwDpsEECsqYIiSeATAVQOx0DM2AHFQGwCcndqIARoiLZUAB0EJhqAG4QhqALaYhAUwC0SFAD4AUFCjAYUAB6IALAShIqLKGbO3rLVPElUZaCrhJR+KnPjuAPS6+sAAagCGEABKkWAANibmlk5QjOyONi44qADurrywcghUuIyKkcbS8lAYnggA4pFoKlDhAPYJaJEA5ioIIXoGeckI9o72dg5WnO6wuUNho6bjM5pU07bsZjkIIksGvWMTs5unNM4L+4OhBjEnMztb6fOuSOz5riJQClU1kluOmAQXAEF0QA
https://falstad.com/circuit/circuitjs.html?ctz=DwYwlgTgBAZgvAIgIwKgFwM6IAwDpsEECsqYIiSeATAVQOx0DM2AHFQGwCcndqIARoiLZUAB0EJhqAG4QhqALaYhAUwC0SFAD4AUFCjAFCqADsFiAPYAbACZqFFjDBVpU8BCKjS0FXCSj8Kjj4VKgYEp42GACeFKj8NnEBPh5hCTgIAPS6+sAwUAAeiIzsLFAALGXlSOwVLG4ZUA6WtvaOzq7ZegYAagCGEABKfWBWhcWldVCMJXUNqVAA7u68sHII5bic-gp9BdLyUBgpAOJ9aCpQPdZofQDmKlk5BovjGzVQ7OUVH5qhsBkurlXkV3rVGFQfrUNOx5iIgQZBm9qtCPiioGpKvMaqhlo1dvt5AjgHdkR8qOVsFCoFQiLCAaliSDEOialTWUh-u54c9gMywVAkJxIeiKZ5uU9usB+kMRmNQSUykg6ODZsr6RKlis3OtPASDpIwqdzpdrlZbg9Jbl8grJurqeq4YoLC07A4nC5JcBMuAILogA
https://falstad.com/circuit/circuitjs.html?ctz=DwYwlgTgBAZgvAIgIwKgFwM6IMwFMC0S2qYIiSADAHQBMFFNA7I9hQBw0BsAnN46iABGiAKw1UAB2EIRFVADcIo1AFtMogkhQA+AFBQowGFAAeoxpyhIALNaidrFK7dTxkqgPaIAJrhgBDAFcAGzR8bzAAczA0f2CEAHo9AyNTc0saR3sszLlYRDyVLwRfAJCwiOjY+KT9QwB3NIQHJyROJxarbnF8hDlalMazZqykbuynOjZXAsTkhqaRC2c7Jcsxnrd++eAh9K6aKDWoXJm+ubrgACUmzqQaNgmoNjyt1Hq3qBV-E3llAcMkVuORElk6D2mvW2lxATSmBxO7BOoLOeTIyCo9Cx2JxFCQmhQUDAfz6mLxqAwSnOUHk3kQbConDY1l4TLE1jYoKQjE0dAuKSBw3hNFBiMeENR-MM0CFSI2KwOkqgVMo0JSABkmjY7PLuOtupKAcBBYh8BzkZYzeK2JC3kabsMrVYHlAnS8lR9Zl8fiSRFLgABZJpO+VtRVQ-2ax1aQ7ywjtcN2nZ7BCEe4ItOHU4Ro0pzMK-MbQ3J4PmuPmmiZYuXPNlhMhg05nbGaPp3KuiuOJVFHx+IKhcJRGJxf0t00xgtlly9Qk9kp98qDqoj3Nwxix8bwotNy4mhDYbAZUUHjI26spB04Q-Ox4n56vL2e6nfX7-HZB4Z3+WOVqNpM1tcNyzdcTi7HdBkAhUmCA88Fk-a95TvStrFg3Ymi-BMvz-WYjTHBBoNApwkLAz451KfsKiHapR0g7UoC-ac3FnYpyMXSphxqHYADV-AgK5-DAYJFmWeURFsRNHzcfhYBVKhiG9V8ZApNBEAAcX8NBcCgLiPFCfxIlwf0VBUKAADsVEQXTvHwIoMBgXA0CVeQVIxP0oEEXACkxHoMGkPJvAwABPchUEEOl3Hcly8l88K1UMPD8BFSwXldeF3RnTxLOCazbPsxyjT3RKkT1VK5QeVDL1TeEHFKx42jOeqoCfQofTfS5KqK28KDsTqLQazh3lI1qlIK4N4TvXrD1tHDmzG486Fq+i+QjL5iismyPDshzIzmyxsAWxKbSWh9ziNKNTSS+9UqO9L-xSABJYMUusfaoCcF7Ni9DBglEehUAACzANqNSe97XvzD7UI-AooA+pbYf21CTC1PEjkeDkkHsQlPgwIH9wG9BPIQAA5AB5AAVKBIg0rSAApvo8RoijQMAPFMgBKf1keGERZCxqBGAoMEUJW3GcAJzTEDJynqc0-0U3BJFwSrcDDG58dKyObh6LsThPupMX8dQSWSYpqmaa54MtFvbhsHom2CZxvHD2NonpfNuWjXV1MD0x8GRW1lFRbxpBIRNkA2e8QIQEwAAdUyDCJYxgkZy3HX28VOEYVLRRobhsa+kOw6JiPTKjmOMHjgwwGMQHIn+-1BC1cS2kmMT6K0JGtW5ejsExphb2wEWnfIYvEAZ+owFMoE0EB6eMCgbxGdM+XgV-Q5BZ1bDTp2b2bBEV0s5OGqzXkkfkDHhBNTgKAU8aG+AmCDBcHjgAJKAb7r-6P-QCBAkMqAEdEAAGJBAgGsCIGAIALjAASOACAeggA
https://falstad.com/circuit/circuitjs.html?ctz=DwYwlgTgBAZgvAIgAwKgFwM6KQOif-AVlTBEQEZcAmfKgdjoGYkAOKgNgE5O7UQAjRIRRQADoITDUANwhDUAW0xCApgFpy5BAD4AUFCjAAggDsAJlAAeiRo3ZQkUACyMqD1PGSpRZ7HiTEAPR6BsAAMlY2dlAa9sxOMeTsHtgIwfqGEdYItvZJUPFQSSle6aEAspEILm6OTuwJIp4oZYaWVfSEiU5u9V1qnFQlIhhgiE5OqGgqiEYAcgAiUADmAIbTADomfAD2iADE+HRIIC0hbVWM5F2cLM5OdEVUk7CpUKOINFMzCBFwUAAbHYAdyg-xgqwBGBUWwAEmCoAALMDLREItAQACuKl2B34ICchBgIDS52A7WyGiQnG6d04CQ0hOGqA+1Re00QYR2y1IK3WOKgID2CEOSGOp1JGXJVQG5ESSDcbBidCGry87zGCGe30QBlWUDMKmkpBU6ER6y2Zh2Kgw7x2ClNQJ5JNa0spLEcakYCS4MSuzI1n3ZPwAFEKTGgwCZMTtMRgAQBPACUktCFM+7DuAzu9SznGIapGmu16B++oA1lGLDsYIDuby1tNJcBAuAIHogA
https://falstad.com/circuit/circuitjs.html?ctz=DwYwlgTgBAZgvAIgAwKgFwM6KQOif-AVlTBEQEZcAmfKgdjoGYkAOKgNgE5O7UQAjRIRRQADoITDUANwhDUAW0xCApgFpy5BAD4AUFCjAAggDsAJlAAeiKoXZQ1AFhZRGhKg+ep4yVKLPYeEjEAPR6BsAAMlY2dg7sjlBUVIlqCd7YCGH6htHWCLb2aoweyaklGb7ZEQCyMQhuHk4ujCypXrCZ1YaW9eQshA7kHK48Q1SMlSIYYIiOjqhoKohGAHIAIlAA5gCGSxh8APaIAMT4dEggKN3G5vU0LgmuSInpnb5iAchBoeGGphZ8oxGPZOPZHCUoGCpn4vrgiFk-lF6sD7JoPOQ6GjhjCbnkbKwoCwkFBMfZibikfiCoTnKSsVAOj5rkiAO4ol5QJ6ookiZmInLAOr5CEeMGMp7Q94swXCxCNJKE1qJB6UwXUwpJFJalWOPldKn3OLkTilbVktURAFG+wPVzuRUsGFQMAmeWwwIIvE2x06x2Wnr1RwMIZ6rlIThDcgLaWoGYExbLBDROBQAA2h3ZqZgOzTGBUAB0TAAJKCpgAWYC25bL6AgAFcVEdTvwQI5CDAQALgCFwBA9EA
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