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Today...

Binary
Numbers

Logic



on / off

- 0/1
I yes/no
true / false

The “bi” in “binary”
means two states.

“Bit” is short for
binary digit.
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around for a long time.

1 8 2 4 [ Binary data has been

Morse Code by Snodgrass & Camp
Braille by Stefan Malmesj6/ CC BY 2.0


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

£ Morse code

Not Morse code
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People instinctively This trick shows that

know that two bits can 3 bits can encode
encode four different exactly 8 different I I I I I I

possibilities. possibilities.




The number of possibilities

doubles for every new bit, 4 1
making the total grow

30
1,073,741,824
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00 01 10 11

With just 6 bits we can specify
64 different colours.

Humans can distinguish about

8 million colours, and so 24 bits 24 b itS ?
(8 bits for red, 8 bits for green

and 8 bits for blue) is enough for
displaying any colour.

16 million possible colours

The Fighting Temeraire by J. M. W. Turner
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https://commons.wikimedia.org/w/index.php?curid=37144597
https://commons.wikimedia.org/w/index.php?curid=37144597

* 011010001110 1110
B 0000 0011 1011 0010
& 0000 0000 1110 1010
X 0000 0101 1101 0000

S 0011 000001110110

Being binary doesn’t (necessarily)
make computers and robots boring.

.

4 ] )
Unicode

16 65,536
Y

Unicode is an internat ional
agreement on how to specify
all the world’s characters.

With just 16 bits, there are
65,536 possibilities.

https://en.wikipedia.org/wiki/List_of Unicode_characters



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

Big numbers




1,000,000 Powers of 10

as well as useful. It has nice,
round numbers and a large
dynamic range.

1 OO’OOO iThis number scale is pleasing, }

10,000

1,000 —— 3" power 10° — 10x10x10
100 — 2"9power 10
10— 1St power 10°

1



1,000,000 Powers of 10

100,000

10,000 [Og

» 3

1,000 < "3 power 10°—— 1,000

~
The log (to base 10) of

100 — 2nd power 102 1000 is 3. |

Logs are the opposite

of powers
N J

10— 1stpower — 10’

1



log scale ;3\ ;3\ Richter scale

For a small child, 1

a natural halfway
100,000 point might be 3. 1

Decibels

( Log scales come up

3 9)

wiki/Logarithm#Music

[https://en.wikipedia.or,q/ ]

10,000
exponential

/

exponent log

anywhere there is a
large range of values.

1,000 3 power —— 10— 1,000 3

100 — 2"9power

10 —— 1S'power

1 02 ‘ A logarithmic spiral ]

When the ancient Greek astronomers classified stars by
brightness, they accidentally used a log scale (which

1 turned out to be very handy for modern astronomy

because of the huge range of brightnesses).

https://en.wikipedia.org/wiki/Magnitude_(astronomy)
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Stars by ESA/Hubble / CCBY 4.0 11
Nautilus by Chris 73/ CC BY-SA 3.0



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
https://en.wikipedia.org/wiki/Logarithm#Music
https://en.wikipedia.org/wiki/Logarithm#Music
https://en.wikipedia.org/wiki/Magnitude_(astronomy)
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https://en.wikipedia.org/wiki/File:Moore%27s_Law_Transistor_Count_1970-2020.png
https://creativecommons.org/licenses/by/4.0/deed.en

Transistor count
50,000,000,000

Moore’s Law plotted on a conventional,
non-logarithmic graph looks impressive
butis much less helpful.

1970

2020
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1,000,000 > 7,045
o
mega . 576
o
100,000 .
i Powers of two drawn on a logarithmic ) °®
graph go in a straight line. °
1 O’ OOO By an odd coincidence, the 1024 and the ¢
1000 are very nearly the same and, ®
confusingly, are both called kilo. P

kilo 1,000 : e

100 :
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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

The sheer number of zeros
make us go cross-eyed.

Therefore, we need a better
notation, as shown on the
next slide.

22



quintillion
1,000,000,000,000,000,000

quadrillion
1,000,000,000,000,000

trillion
1,000,000,000,000
billion
1,000,000,000

Archimedes

1,000,000

1,000

& | Archimedes had a
similar system for
very large numbers.

108

10 raised to the

1015

102
10°

10°

If you ever see a
number slightly
larger than a
thousand, it might
be, say, 10'° being

15Ph power

10 to the 15

mistyped as 1015.

10 15

When said aloud, the “to”
and the “the” are barely

10° — 10x10x 10

audible. Butyou can’tjust
say “ten fifteen” because
the rhythm would be wrong.

10°

Archimedes by Domenico Fetti / CCO
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= lectures).

.9 Floating-point numbers can have
fractional values like 3.5, as well as
whole number values like 3 or 4.

| They are used in scientific
| simulations and in large language
models (as we will see in later

Frontier was the fastest
computerin the world (until it | B :
was overtaken by El Capitan [} ’ .sf\/‘m*’.

in November 2024). - ruun,m

W R 'l'l‘n‘x‘m

| . N i Ay \ R

,!)i_ 13

Although it uses 22 megawatts, I ™

it held the record for the most \{,‘l,'\‘;,',’,‘:‘,,
efficient supercomputer,

measured in flops per watt.

24

Frontier by OLCF/CC BY 2.0


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

160 MFLOPS

6 billion times
slower

The Cray-1 was by far the fastest
computerin the world in 1975 but was
6 billion times slower than Frontier.

115 kW

30 million times less
energy efficient

It also had 30 million times
fewer flops per watt than
Frontier.

Cray-1 by FlyAkwa / CC BY-SA 4.0
Cray-1 by Irid Escent / CC BY-SAZ2)
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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

yotta 1 0%
octagon
getta  10%
heptagon
MRBY  qp78
hexagon
PIRLO 91078
pentagon
tera 10"
giga  10°
mega 10°
kilo  10°
10°

¢ ? human

This column shows the processing
power of various computers, going
up in factors of about a thousand.

The figures for the human
brain are just guesses,
based on things like number

® ? human brain
e Frontier

1.1 exaflops| of synapses times firing rate.

| brain ¢ GPT-3
In 20 years training run
(5 months)

This column shows the total

® ? human brain

e NvidiaA100 312 teraflops
e iPhone 11 155 gigaflops
e Cray-1 160 megaflops

number of ops, rather than ops
per second.

https://en.wikipedia.org/wiki/Hopper_(microarchitecture)

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

10160
10140
10120
10100
1080
1060
1040

10

By T — permutations of two packs of cards

astronomy and computers are
dwarfed by simple things like the
number of permutations of a pack
of cards.

the observable universe as a computer | ..assumingeach atom

somehow does a trillion ops
per second for ten billion years.

atoms in the observable universe
permutations of a pack of cards

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

Where are all the aliens?

20 starsinthe observable universe GPT-3 training run

all the computers for a year
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Binary numbers



_ 2 O 00 00
—_ OO0 0O -~ 0O -0
NO oo WDN-O0

oo | e o Leibniz
We can list the binary | (oo S epee D ==(ee
numbers by repeating the o = oo — e —
patterns we saw eatrlier... A U K
N |==o R e|/==e G ==l
...and then putting
zeros or ones in front. M == Wel==) (O ==lm==

Leibniz by Francke / CCO 29
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https://commons.wikimedia.org/wiki/File:Christoph_Bernhard_Francke_-_Bildnis_des_Philosophen_Leibniz_(ca._1695).jpg

00.O0 0 . .
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Ariane 5

The maiden voyage of the
otherwise brilliant Ariane 5
crashed because of a
numerical overflow.

orbit far beyond the moon.

Among other things, it
successfully put the James
Webb Space Telescope into
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Ariane 5 by Chris Gunn / CCO
JWST full mirror by NASA/ CCO



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

Negative numbers

Sign bit

Here are two ways to
represent negative
numbers in binary.
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Nearly all computers
are binary.

Relay by Sonett72 / CCO

Triodes by RIB1/CC BY-SA 4.0

Coin By AKS.9955/ CC BY-SA 4.0

Transistors by Mister rf / CC BY-SA 3.0
Difference Engine by Marcin Wichary / CC BY
Integrated circuit by loan Sameli/ CC BY-SA 2.0
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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://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

Click this link to see a transistor.

Digital s Analog

A transistor (even a transistor in a digital
computer) can behave in an analog fashion, but
computers are designed so that transistors are

usually fully on or fully off. Binary can make arbitrarily good
approximations to analog values.

Binary  Ternary  Decimal v

4 N
o N H I N e o .
| | Digital things
Morse code could have
used 3 values, instead of 2,
but it would have been
awkward and error prone.

\ J

Most things in modern life
seem to be digital. Digital
values are convenient
because they can be

copied exactly.

Even DNA is digital, since it uses

Money by Avij — ' the four letters, C, G, Aand T.
DNA by brian0918

Dice by Brett Jordan / Unsplash 36
Cuneiform by Unknown artist - Marie-Lan Nguyen


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
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Morse Code by Snodgrass & Camp
Braille by Stefan Malmesj6/ CC BY 2.0


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
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These links show different electronic circuits. Tra ns I Sto r TWO tra NS | Sto 'S

The links with the larger font were the ones we saw in the N OT gate
lecture.

A logic gate is like
a simple neuron.

All the links take you to the amazing

https://falstad.com/circuit/circuitjs.html, where you can A N D ga t e
—r

draw circuits of your own or choose from their circuits in
AND gates

the Circuits pulldown menu.
LOglc Making an AND gate
XOR gate oORgate

NAND gate

-
-

A microprocessor is mostly
made of logic gates.

Majority vote

Arithmetic Full 1-bit adder
fou e do et | 3-bit adder

...and memory.
? Round and round Reset Transistors

Neuron by Hariadhi/ CC BY-SA 4.0
Circuit by Miclan/ CC BY-SA 4.0
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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
https://falstad.com/circuit/circuitjs.html?ctz=DwYwlgTgBAZgvAIgIwKgFwM6IAwDpsEECsqYIiSeATAVQOx0DM2AHFQGwCcndqIARoiLZUAB0EJhqAG4QhqALaYhAUwC0SFAD4AUFCjAYUAB44oSOuyjsALOcup4CKiijS0FXCSj8VOfFQIAPS6+oYmZvRU1nZRjog0Mh7IXqi+-tiBIXoGAO4RCLbmnNFFVFQ28Qgi2WH5poWxFTFQVETsVTWhBgCyBWXNSFQsrRWdwd3hDdhQjIxWRXMdsAkibslIqT5+1QETOcD1iGUsI4uJK9X7YQDm-XaMRKUPLJWXXQdH1fZWM3Hv1wMRgaak4VgsVjUjGiEKqLiSnm86V2mUBhwKUJhwygmPM7DWTg+dQx0PM2KKQxY41qeXuZLOdiQ+OpkwASiSsSNQeDhuMoLlCYoAIbGaTyGnokFgn446VLFmfDFy+ZQGbygESgAyBT+dGiGnxrT1fNEFDR2qlViWOKZavmJrNEq+uKQJRxpPKb0FTo5ozsAy9ODRxgxSHaUBsVkjEc4fIwYEQNjWaB2ADkAIKpgAiUBuQpTaLuDUe0WGIxLswu3rZBQrttmT3MQz5AqDUAUIrFkjRfWLjc9EaZfoVYQtCVOftaSeHGsmXzLk4X-2rioaC4hrQnnpHtL7peaFbayxXxL3xWih7Gs4OwPHIyiDdLxsuF3ciLSOzwqIlt+cE43dYOC+rhvikSKfnsEohmujCcBGdg2EMEa8ACUDxomyZpgA8gAKrm+YqMGoaPFAdDliMLCuIKaEJs4bwpogAAUABkQoKKIADcACOACuAD2aAcQAdgJPgCQAFqx7Hcfxgn4SmACU+zAEE4AQLoQA
https://falstad.com/circuit/circuitjs.html?ctz=DwYwlgTgBAZgvAIgAwKgFwM6KQOif-AVlTBEQEYcAOAFgHYBOQqgNiRfPwasJdRABGiQiigAHIQhGoAbhGGoAtpmEBTALTlyCAHwAoKFGAB5aAA9EAJiRUoLGlADMSB-dTxkqMQBNseJNoA9PqGwACCAHbeUBYI1rbkNA7ODok07thevsj+QSFGAJIxiI7WUOSWto605ZUZnlAYADZ+BPg0DJ1d3T18UAAWYArBBkaR0bE0+FBUSFAdLDOiHqI+rQEII6EA7sUIKXYOU3NusJlbRrux1amV89MMfSub+cBXJS7lSU5lFVT1KAubz28XmCToixo-zOniB7ziNlq4Mh0OecJBiPIbHKEPKbABL1GwNioNmOMWWOW51eABk9uRcVCvkdUdSiXTYgyKdi0niqbDXmYQZwoOo7vRHKLLMQYaIMEMEPj0KpEAANYwAJSgAHMAIZoVT8AD2iAAxPg6EgQIDXgBZPYLJZQQh3WYEoFCybOGaQliSqgMAmNBVY1AGxBhAByABFCaFPVZHAwvsnLHRLOUXUH5RQ+uGEFHYx6QTRJZaoJYWHQoHRHNmQ3mVQhNXGjAJ6bisfMmOUqKyBUSEwhNIkK+RJeoyZZQ7LUDmEDP8+qNa3gKqjeZEJpsaD1KUKzYg2scvg8oO9o5eJnyE4A5n0rPg7mw03I8YACqrjlbynlBgZzR-z-Sx3VpPZtzmSxLAcQCMygh80TtcD91BSDD1nIF7ViPcMyZOYoVA9lwN-exRXIIDTkQojsN-fdYJ+Qj42IxFCAnGpeHrZ9lUQFsgVMYjsSZHCwSPbJcFPVchzFSxJXIVinGrOSnkyJ99lEfMcE0qANygTScCgAQAFc0CgCIjRMgRzP6STiJ7MUbzmTR+zlBVnBfRA9O06BPJ0yy0GskZgECcAIH0IA
https://falstad.com/circuit/circuitjs.html?ctz=DwYwlgTgBAZgvAIgIwKgFwM6IMwFMC0S2qYIiSSAdAAwAcAbAOwBMzjSzArAJy0f2oQAI0SdqqAA4iEY1ADcIo1AFtMoghQQA+AFBQowGFAAeiZgBZqUJPSjZq56wNhmUUOWnKVOqIbkTUNMwIAPS6+sAA7iY4DnbMdnH05qjwCOJhegYASjEI9o5WBVD45rSpAaiRaeJQygCGxnJKmRFGpggWVrRFcT0VnW4eXj5QfgFBoeEG0R3F3LbFFMEu6VNZUXlLHImOHOWrGdOGeV3W5o5LFwPMtcPI3r7+6ZOtBu3kF+eOt7TfN3dPA9RuMXtRgm9Nh1ftYdjD9gMjhtZmY6LCEtsVjV1hEAOanNE2Kzw7hYyqQ-FzOJE3bWUmInEzU6WKA9KBnJDXQ6MqGfPa2Tl7LnYyEo5BfGzslk2BmQgAyeUIjAFtnwrH5DKgEnIPIVHSVtjZaosrNqIuOlNE9CsSGVUE41vZdFlx1yHQdVjK9sdZsqUGqfoaTRaxwAsnkPeioPQTcsXci8uYFlGkyrfWtRYnk8koKn0fGImLI8tvTbheTjkXHWzixwC+8s2nS0507d5ECqCDnoFwTyPgg8znI8kbkMO48xt3XsdoFS9jsLn849yoIpkNQkYXE16S3nl+aNiBt0uF17fpqyMgNG4wM0wdQ3Bg13cACaIcyUbjcRi8DecGzcDw3AEIwPKWgOZ5oouUrppuBjgWygqmtYyr1qAeRWDmNrWhe5DXiQd49g+qBPn6chvgOn5ftRNHcEgtDYCkmb6smkrYWhs6IAaTglKxzjYqu5AbjyYrYd8ThoeB2FWDa9LcsxATRoUEnyZWeRsmyZz9Kph7qd0+n-Cul5IPhUC3hMG6Ps+8gUR+370DYNjmMq5gOdQ2D0AQZQ8pxCDcUaybaQJa5IMJCl+YFBlBRWGzGHk9FICUtAJJYjj4D+moYGAiA4egzwAPK5Li9RoLg6zACE4AQLoQA
https://falstad.com/circuit/circuitjs.html?ctz=DwYwlgTgBAZgvAIgAwKgFwM6KQOif-AVlTBEQEYcAOAFgHYBOQqgNiRfPwasJdRABGiQiigAHIQhGoAbhGGoAtpmEBTALTlyCAHwAoKFGAAPKMcTqATDXJR1dJFBaW7LOqnjJUGMIjao0VUQAOQBBYIARKABzAENA-gB7RABifAcQFAB6fUNgABkzC3I6FihyGho7SyQqcsqPbAQcgyNC8wRNUvLuq1qevlgmlryAWSLO8jKpxyny-yGvEaNxjvUAZhcaOsdtxqXctonNNicqzQYXFhp97MOC45moTbtyS+fLW+b74NiAOwAJo9Tts7C89otRGIAdg8EhtFBklJvq1gABJY5UWanE7zUSeUQYAA2sII+BoDEpVOpNMGAAtfMjlsBQoDHt0nuosXivuIYcg4dpmb82R1LNY8R9sfimnzSfDUEjiMyMR1NtLnrQeZDvCSBWSkBSacaqfTGcr7qygWKaLs6usWHUIQTUND5UL7u1ENZHC8avbPjrmV6ED6zlB-WcvszVogHU6nfgoM7hvdYwh1lqnjZpgsXcGJuKqiVpu8S9HPYWJRVi2WGkH7qYOiVCK5WzR1q31M5eT4-KJAohwlE4gkoCAkWkkBk7qim8UGOtqkv7NUZV4oH3Qzd0EEEGFIlA4FA-ok0FBh0lUg51khYrO8vOEG86K8GJqV1Ne4zrAE98OjxPM8oAPCIrwQFIbzvWdgCycAIH0IA
https://falstad.com/circuit/circuitjs.html?ctz=
https://falstad.com/circuit/circuitjs.html?ctz=DwYwlgTgBAZgvAIgIwKgFwM6IAwDpsEECsqYIiSuRBALAEw0DsRAHE0XUSVCAEaLVUAB34JBUAG4QBqALaYBAUwC0SFAD4AUFCjAAslAAeiGi2xQAzHXNEkdS9dTwEdBAHotO4AEEAdgBMjCgBOexoCB3Nw7CccYX8cfGwUKAB7GQ9tXT9A42RQyMKrGNg4qCEEhDwCFPSxd09sgKD8+wZzYqh22Kr4xJrUOpJMrwB3Fs6LCwA2QuiemJHdcbzO9qLsGgWGrOAAeWhV6zmzSO2oMF9ECz6qpNqMxuAVijoWSw4oJAKaJGntpbPFp2d4WT7fexTf6lXqAl7IN5dBhfAoWNgAp7wkFdFjvCGWTYY3ZYmg0JFk-F0BhEsbAxFUimk8k05Z095vPEFTjQ5yLJ4AGRawVmYMhkI4PVc5QoOy8grywpxoLauMlwhlgPliEVDIczJhUqEGqeAA1UocKNNzNiLJsvm9zpdrrdqslBo9iULZrrsQyWUCFd7cfb2aqYXzPYGPvYbRLw7LWVGfVavnZ-fCdcG-taHfG4V7o18U0hSf6DKs7TaZiG1YDDMDqJZ3qYLFBfucMGABCU0IpEAAxACuABth19lLwwGgoABDfz+RQQBPAet5IiMCkRRjVujTbi81CdxDU9B9qpQADUUHMV-MUDgOgIAB1fC+b9fL18dA-r0gX2-PyQQDvx0JBsH-XwgKvKCv3vUCUDrCYWCIBxGDbJAUKmEoDygI8XB7M89gAJWXVdjxLL4pi6UxKJ5Mo8L+VBe0QE1iJ2YA3HACAtCAA
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