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loday's Takeaway

» Earlier this week: computers are doing logic with gates!

» Today: Memory, Logic, and input/output = Computer!




Outline for Today

» Review of Gates
- AND, OR, NOT, Composite Gates

- Domino Gates, XOR, Adding with Gates
» State Machines!

» Model of a Computer
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Gates: NOT
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Q: What is this, physically?
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Gates: NOT
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A: High voltage electrical pulses!

Q: What is this, physically?
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Gates: NOT




Gates: NOT
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Gates: AND
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Gates: OR
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(Gates
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Gates: Composition
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Domino Gates
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Domino Gates
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Could It Work"?

» Michael's domino OR gate: 24 dominoes

» The first pentium processor had 3.3 Mill transistors, or
roughly 800k gates.

SO we need around 20 Mill dominoes
» World record for domino topple: 4.5 Mill
» Pentium: computes 60 Mill times a second

s » Dominoes? Takes awhile to set up...
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Two Ditterent Notions of
Speed

1. Electricity vs. Dominos falling over

2. Do we have the shortest computation for that
problem?
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Problem: Speed!

P = NOT(NOT(P))
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Problem: Speed!

P NOT(NOT(P))

# of Gates: 0 2
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Problem: Speed!

P NOT(NOT(NOT(NOT(P))))

# of Gates: 0 4
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Problem: Speed!

P NOTINOT(INOT(NOT(NOT(P)))))

# of Gates: 0 6
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Problem: Speed!

P NOT(INOT(NOT(NOT(NOT(P))))).......

# of Gates: 0 6024
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Problem: Speed!

P NOT(INOT(NOT(NOT(NOT(P))))).......

# of Gates: 0 6024

Think about that maﬁy domino gates...
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Problem: Speed!

P NOT(INOT(NOT(NOT(NOT(P))))).......

# of Gates: 0 6024

Think about that maﬁy domino gates...

Identical logical formulas, dramatically
different speed of computation!
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One Last Gate... XOR

P Q |xort P @

.......................................................................................................

.......................................................................................................

.......................................................................................................
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One Last Gate... XOR

péQXOR(éPéQ) O
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One Last Gate... XOR

P Q |xort P @

.......................................................................................................

.......................................................................................................

.......................................................................................................
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Arithmetic and Logic

We know how to do addition, subtraction, and
multiplication in binary...

But we've claimed that computers used AND, OR,
NOT gates at their core to do everything...
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Arithmetic and Logic

We know how to do addition, subtraction, and
multiplication in binary...

But we've claimed that computers used AND, OR,
NOT gates at their core to do everything...

Q: Can we represent addition with logical gates?
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Arithmetic and Gates

Q: Can we represent addition with logical gates?

1
0 1 0 1

+0 +0 +1 + 1
00 01 01 120
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Arithmetic and Gates

Q: Can we represent addition with logical gates?

Hint: you'll need these:

1
0 1 0

1
+0 +0 +1 + 1
oco 01 01 10O
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Arithmetic and Gates

A:

topNumber )w one’s digit

bottomNumber

AND two's digit

0 1 0

1
+0 +0 +1 + 1
00 01 01 160




Arithmetic and Gates

A:

O one’s digit

two's digit

AND

0 1 0

1
+0 +0 +1 + 1
00 01 01 160




Arithmetic and Gates

A:

O one’s digit

two's digit

AND

0 1 0

1
+0 +0 +1 + 1
00 01 01 160




Arithmetic and Gates

two's digit

0 1 0

1
+0 +0 +1 + 1
00 01 01 160




Arithmetic and Gates

two's digit

0 1 0

1
+0 +0 +1 + 1
00 01 01 160




Arithmetic and Gates

0 1 0

1
+0 +0 +1 + 1
00 01 01 160




Arithmetic and Gates

A:

1 one’s digit

two's digit

AND

0 1 0

1
+0 +0 +1 1
00 01 01 10




Arithmetic and Gates

A:

1 one’s digit

two's digit

AND

0 1 0

1
+0 +0 +1 1
00 01 01 10




Arithmetic and Gates

two's digit

0 1 0

1
+0 +0 +1 1
00 01 01 10




Arithmetic and Gates

two's digit

0 1 0

1
+0 +0 +1 1
00 01 01 10




Arithmetic and Gates

0 1 0

1
+0 +0 +1 + 1
00 01 01 10




Arithmetic and Gates

0 1 0

1
+0 +0 +1 + 1
00 01 01 10




Binary Adder
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Truth Table to Formula

Idea: with a certain set of logical
functions, we can represent all
possible logical formulas!
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Truth Table to Gate

Idea: with a certain set of logical
functions , We can represent all
possible Ioglcal formulas!
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Abstraction:

------------------------------------------------------------
-----

p >O NOT(P)
AND(P.Q) all possible
> logical
formulas!

#. “
-----
--------------------------------------------------------




Abstraction:

-----------------------------------
® b

—} » Low level
- programs

....
----------------------------------
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Abstraction:

------------------------------------
® )

_} Low level High level
| Programs programs

......
---------------------------------
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Abstraction:

------------------------------------
® )

_} _ Lowlevel High level
o programs . programs

......
---------------------------------

Your ideas!
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State Machines
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State Machines: Example

Suppose we want a blinking christmas light:
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State Machines: Example

Suppose we want a blinking christmas light:

O = was the light on a second ago?

N =is the light on now?
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State Machines: Example

Suppose we want a blinking christmas light:

oldLight = was the light on a second ago”

newlight = is the light on now?
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State Machines: Example

Suppose we want a blinking christmas light:

oldLight = was the light on a second ago?
newlight = is the light on now?

Q: How can we write the value of newLight in
terms of oldLight?
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State Machines: Example

Suppose we want a blinking christmas light:

oldLight = was the light on a second ago?

newlight = is the light on now?

A: newLight = NOT(oldLight)
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State Machines: Example

Suppose we want a blinking christmas light:

oldLight

£ »

newlight

P

10N

... 1 second delay

A: newLight = NOT(oldLight)
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State Machines: Example

Suppose we want a blinking christmas light:

oldLight

Yy >

newLight

P

10N

... 1 second delay

¢

A: newlight = NOT(oldLight)
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State Machines: Example

Suppose we want a blinking christmas light:

oldLight

Yy >

newLight

P

10N

... 1 second delay

¢

A: newlight = NOT(oldLight)
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State Machines: Example

Suppose we want a blinking christmas light:

oldLight — newlight
£ " QI- >
... 1 second delay
~ S~

A: newlight = NOT(oldLight)
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State Machines: Example

Suppose we want a blinking christmas light:

olaLight — newLight
£ " QI- >
... 1 second delay
~ S~

A: newlight = NOT(oldLight)
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State Machines: Example

Suppose we want a blinking christmas light:

oldLight

Yy >

newLight

P

10N

... 1 second delay

¢

A: newlight = NOT(oldLight)
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State Machines: Example

Suppose we want a blinking christmas light:
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A More Complicated
Example: Sliding Doors
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A More Complicated
Example: Sliding Doors

iIsPersonLeft iIsPersonRight
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A More Complicated
Example: Sliding Doors

iIsPersonRight
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A More Complicated
Example: Sliding Doors

iIsPersonlLeft
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A More Complicated
Example: Sliding Doors




A More Complicated
Example: Sliding Doors

doorOpen
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A More Complicated
Example: Sliding Doors

[1 O L1

h 4 A




A More Complicated
Example: Sliding Doors



A More Complicated
Example: Sliding Doors

OR(left,right)

/1



A More Complicated
Example: Sliding Doors

D D NOT(OR(left right)) D]
................... ©.8

R B4

OR(left,right)

/2



A More Complicated
Example: Sliding Doors

D D NOT(OR(left right)) D]
................... ©.8

e B g

OR(left,right)

Memory:
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A More Complicated
Example: Sliding Doors

D D5_NQI(QB.(./.@..@.@.@).ED]
.............. ©.3

e B g

OR(left,right)

Q: How else can we write this with logic?
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A More Complicated
Example: Sliding Doors

D D?_NQI(QB.(/?(Z?(@.?_WED]
.............. ©.3

e B

OR(left,right)
Q: How else can we write this with logic?
A: AND(NOT(left), NOT(right))
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Side Note: DeMorgan’s Law

AND(NOT(left), NOT(right))

NOT(OR(left right))

/6



Side Note: DeMorgan’s Law

P Q AND(  NOT(P)  NOT(Q))
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Side Note: DeMorgan’s Law

P Q AND(  NOT(P)  NOT(Q))
] o o 0
T o | o o r
___________________ EmmmaEE R
"""""""""" o o | 1+ 1 1

P Q NOT OR(PQ))
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State Machines: Sliding
Doors



State Machines: Sliding
Doors
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The Computer

Internal states (memory)

v

v

Complex logic relating bits/information

v

Mechanism for setting bits (input)

>

Mechanism for displaying bits (output)
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The Computer

SO I'M STUCK IN THIS -
DESERT FoR ETERNITY, I DONT KNOW WHY.

I JUST WOKE UP
HERE ONE DAY.

T NEVER FEEL T JUST WALK. || SAND AND ROCKS | |STRETCH TO IFINMTY,
HUNGRY OR

O o “? R °- -
"o ‘o ﬂ"-’“ R pssestas T
o CAN TELL.
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The Computer

THERE'S PLENTY OF TIME
FOR THINKING OUT HERE,

LA ]

TVE REDERIVED

MODERN MATH
IN THE SAND

NN
# S

-
4.49'?:

%
R

AN ETERNITY, REALLY.

AND THEN <OVE.

KINKS IN QUANTUM MECHANICS
AND RELATIVITY.

TOOK A LOT OF THINKING, BUT THIS

PLACE HAS FEWER DISTRACTION S THAN
A SWISS PATENT OFFICE.

ONE DAY I STARTED EACH NEw ROW WITH THE RIGHT I WAS ARLE TO
FOLLOWED FROM SET OF RULES AND ILD ‘
‘{o{'{’g’ DowN ROws of THE LAST IN A ENOUGH SPACE, , AWR
' s'nu Pﬂnt;m. . S o o0 M .§ P94 1 .::..-; .::.":2 :;i.g=§
- oo o - S R T S N R S I
Ut | Bt iivs 2353 NEW ROW OF
© % o © 5| . 8 2 Deec| | STONES IS THE NEXT
'a) O o o oc .:._?\Oooo - a0 - WOFM
o © Yo COMPUTRTION.
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The Computer

SURE, IT'S ROCKS
INSTEAD OF ELECTRIAITY,
BUT ITS THE SAME *
THING. JUST SIOWER.

N
| \
& TURING - COMPLETE

AFTER A WHILE, T

PROGRAMMED |T TO
BE A PHYSKCS SIMO-
LATOR.

BUT I HAVE INFINITE
TIME AND SPACE.

EVERY PIECE OF
INFORMATION ABOUT
A PARTICLE WAS

ENCODED AS A STRING
OF BITS WRITTEN

IN THE STONES.

- ‘-—\
/ 0011010
o010)010

384

WITH ENOUGH TIME AND
SPACE, T COULD FulLy

SIMULATE TWO
PARTICLES INTERACTING,

SO T DECIDED TO SIMULATE A UNIVERSE.




The Computer

THE EONS BLUR THE ROWS BLUR PAST AND IN THE | [ ANOTHER INSTANT
PAST AS T WALK COMPUTE. A SINGLE srzg:o SIMULATION TICKS BY.
DOWN A SINGLE ROM: | |y neeey iy g atary =
....:.. ' .:.. .,:‘ ::;.: .f. . o o
; 0
o

SO IF YOU SEE A MOTE OF DUST
VANISH FROM YOUR VISION IN A
LITTLE FLASH OR SOMETHING

T™M SORRY. I MUST HAVE
MISPLACED A ROCK

SOMETIME N THE LAST
o FEW BILLIONS AND

© BILLIONS OF MILLENNIA.
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The Computer

IF YOU THINK

OH, AND... THE MINUTES IN

YOUR MORNING (ECTURE
ARE TAKING A LONG TIME
TO PASS FOR YOU ...

SALA

https://xked.com/505/
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https://xkcd.com/505/

The Church-Turing Thesis

Alonzo Church Alan Turing

37



The Church-Turing Thesis

“There Is only one notion of computation”
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The Church-Turing Thesis

“There is only one notion of computation”

(and anything with these properties is doing it)

v

Internal states

v

Complex logic relating bits

v

Mechanism for setting bits (input)

> > Mechanism for displaying bits (output)

—

™ ™
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The Church-Turing Thesis

Things that can

be computed, period.

“There is only one notion of computation”
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The Church-Turing Thesis

Things that can
be computed, period.

Things a domino

computer could compute

before the sun goes
supernova

“There Is only one notion of computation”
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The Church-Turing Thesis

Things that can
be computed, period.

L]
L]
-
L]
]
]
]
"
e
]

P
.
.
P
.

s ) Things a domino
Things a regular computer
computer could compute

can compute before the
before the sun goes
sun goes supernova
supernova

“There is only one notion of computation”
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The Church-Turing Thesis

Things that can
be computed, period.

Q: What, if anything,

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
"
"

»
»
»
Mg

.
']
]
]
]
]
.
.
Y
]

.

.
.....

.® .

Things a domino computer
could compute before the
Sun goes supernova

PR
.
P
.

Things a regular computer
can compute before the sun
goes supernova

“There Is only one notion of computation”
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The Church-Turing Thesis

???

Things that can
Q: What, if anything, be computed, period.

is out here?

.
']
]
]
]
]
.
.
Y
]

.

.
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.* .

Things a domino computer
could compute before the
Sun goes supernova

PR
.
P
.

Things a regular computer
can compute before the sun
goes supernova

“There Is only one notion of computation”
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The Church-Turing Thesis

???

Things that can
Q: What, if anything, be computed, period.

is out here?

A: Theory unit!

.
']
]
]
]
]
.
.
Y
]

.

.
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.* .

Things a domino computer
could compute before the
Sun goes supernova

PR
.
P
.

Things a regular computer
can compute before the sun
goes supernova

“There Is only one notion of computation”

95



The Church-Turing Thesis

“There is only one notion of computation”

» Some other guestions:
|s the human brain carrying out computation?

ls the comic right? Or are there things in the world that
feel like they aren’t computation?

Is “randomness” computable” How?

|s there one “tastest” model of a computer? (e.g. Xis to
the transistor as the transistor is to the domino)
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The Computer

Internal states (memory)

v

v

Complex logic relating bits

v

Mechanism for setting bits (input)

v

Mechanism for displaying bits (output)

Q: What are these in our computers?
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The Computer

v

Internal states

v

Complex logic relating bits

v

Mechanism for setting bits (input)

v

Mechanism for displaying bits (output)

Q: What are these in
our computers?
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The Computer

- Internal states
» Complex logic relating bits
» Mechanism for setting bits (input)

» Mechanism for displaying bits (output)

Q: What are these in
our computers?

o



The Computer

§

»Internal states
W
3 - Complex logic relating bits
<
/ . Mechanism for setting bits (input)

» Mechanism for displaying bits (output)

Q: What are these in
our computers?

100



The Computer

o\\\‘, »Internal states

| - Complex logic relating bits
,,»&3@ : Ill/lechanism for setting bits (input)

» Mechanism for displaying bits (output)

Keyboard — Q: What are these in
our computers?
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The Computer

»|Internal states
@@Q » Complex logic relating bits
> Mechanism for setting bits (input)

P _ _ -
32" - Mechanism for displaying bits
' (output)

Keyboard | Q: What are these in
our computers?

Monitor
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Next [ime

Complex logic relating bits

Mechanism for setting bits (input)

e
*
L]
L]
L]
L]

- e

¢" %““
@00 ; . . L é
» Mechanism for displaying bits (output) :

....................................... Programming lets
Keyboard us define the
‘complex logic”!

Monitor
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