Three week "detour,” featuring ...

ARG g2
—a

WHY DO T ALJAYS HAVE "
THESE. INEXPLICABLE,

IMPOSSIBLE-To-DIAGNOSE
COMPUTER PROBLEMS?

)
—

AFTER SIX HOURS OF THIS,
TVE CONCLUDED NOTHING

| WORKS OR MAKES SENSE.

I GVE UP ON LOGIC.

*SIGH* GIMME.
TUW FAGURE IT OUT,

YOU WONT, (

)

WPE
TYPE

| Cuek)
TyPe TYFE

??

.. the ghost in the machine




OK Recursing? e
OKer than before? Hw#4: bi

Circuit design, part 1

nary + Python C S ‘ TO day

That's minterm, NOT midterm /7,

Minterm
Expansion
Principle

EVERYTHIN@
EVERYWHERL ¢
ALL AT ONCE -

PA KINO 20. MAI

AND

<=

... just these three logic gates!



Last week's solutions Cdmiresseq,

ald E}fort(L): ) def exact_change(t,L):
returns a sorted version of L """ returns whether t can be made by summing el's in L
(L has only 1's and @'s) o

if t==@: return True

man

return count(@,L)=[@] + count (1,L)=[1] elif t<@ or L==[]: return False
else:
def decipher (S): useit=exact_change(t-L[@],L[1:])
Wen input: string/that has been shifted loseit=exact_change(t,L[1:])

output: English rotation of S return useit or loseit

man

. . def LCS (S,T):
L = [ encipher(S,n) for n in range(26) ] """ returns the longest common subseq of S and T

LoL = [ [wordProb(x),x] for x in L ] i

bestpr = max(LoL) if S =="'" or T=='"': return '’
return bestpr[1] elif S[@]==T[@]: return S[@]+LCS(S[1:],T[1:])
else:
def gensort(L): resultl = LCS(S[1:], T)
""" returns a sorted version of the list L result2 = LCS(S, TI1:])
nan if len(resultl) < len(result2): 'return result2
if len(L) == @: return L else: return resultl
else:

def make_change(t,L):
""" returns how t can be made by summing el's from L
or False, if it's not possible...

m = min(L)
R=remOne(m,L)
return [m] + gensort(R) worn

if t==0: return []

def jscore(S,T): elif t<@ or L==[]: return False
""" returns the jotto score of S vs. T else:
"o useit=make_change(t-L[@],L[1:])
if S=="'""or T==""': return @ loseit=make_change(t,L[1:])
elif S[@] in T: if useit == False: return loseit
return 1 + jscore(S[1:],remOne(S[@],T)) nSeir = L[9:1] * Hgest ve?
else: return jscore(S[1:]1,T) return uselt toorecurﬂ ’




Creativity with Caesar...

decipher( S ):

"nn TESIJHYDW - je tusyfxuh
Jxyl tesijhydw, zkij hkd
tusyfxuh ed yj. o

... code here ...



Creativity with Caesar...

decipher( S ):

""" DOCSTRING - to decipher
this docstring, just run
decipher on 1it. R

... code here ...

my favorite not-fully-working decipher...



Creativity with Caesar...

decipher( S ):
""" This works sometimes

mwmn

encipher( S, 3 )

i}

and the docstring
is 100% correct! Sk

.
—



Cir C\l\tS

.o sometimes

encipher( S, 3 )

Designing physical devices
that work all the time!






In a computer, each bit is represented

The blg piCture--- as a voltage (1is +5v and 0is Ov)

Computation is simply the deliberate
combination of those voltages!

101010
42
(1) set input
voltages ADDER
circuit
9
001001

What's in that
t green box?



In a computer, each bit is represented

The blg piCture--- as a voltage (1is +5v and 0is Ov)

Computation is simply the deliberate
combination of those voltages!

42 101010
(2) perform computation
(1) set input

i
voltages ADDER : g
circuit -~
—

001001

What's in that
t green box?



The big picture...

In a computer, each bit is represented
as a voltage (1is +5v and 0is Ov)

Computation is simply the deliberate
combination of those voltages!

(2) perform computation

—>51

110011

101010
42
(1) set input
voltages ADDER
circuit
9
001001

What's in that
t green box?

(3) read output
voltages

Richard Feynman: "Computation is just a
physics experiment that always works!"



All computations... ... are functions of bits

binary inputs A and B |:> output, A+B

You built this in Python

A B add Jast week as ad dlllay
purely syntacticd
00 00 000
00 01 001
00 10 010
00 11 ddB 011
01 00 001
01 01 010
01 10 o 011
01 11 bitwise 100
%8 83 addition 8%3
10 10 function 100
10 11 101
11 adl 011 _ n
. . is week, you
four bits M- three DItS oul  [EFteTT
10 VUl function in

11 11 110 Cireuitverse




Motivation: A tunction we want... "

@ 3 bits of input

R oRr

+

10 All 5 of these bits

have names...!

2 bits of output

What! Why do these bits L
get individual names?! -




Motivation: A function we want... 5"

@ 3 bits of input
These three inputs can

1
- 10 All 5 of these bits

" l o have names...!

2 bits of output ... but these two output bits will

have to change to be correct.

change however we like ...

Because each is an
individual wire!

What! Why do these bits L
get individual names?! o



Truth table

@ 3 bits of input

(@]

1 IN OouT
V4
O X Y C circuit output
‘1 0 0 O 0
M 0 0 1 1
+10.. O 1 O 1
X O 1 1 0 .
1 0 O 1
Which output 1 0 1 0
bit is this > 1 1 0 0
truth table ?1? 1 1 1 1




Truth table

@ 3 bits of input m

1 IN OouT
O X Yy C circuit output
1 0 0 O 0
L/"sum" bit 0 0 1 1
.10 O 1 O 1
’\ O 1 1 0 .
1 0 O 1
Which output 1 0 1 0
bit is this > 1 1 0 0
truth table ?!? 1 1 1 1




Part 1

X < 0O

carry sum
bit bit

: Represent your function as bits...

Any function can be represented using only bits...

IN OouT
X Yy C circuit output
O 0 O 0 |
O 0 1 1
0 1 0 1 This one is
0 1 1 0 named the

- sum function

1 0 O 1
1 O 1 0 fi Z'Z,-Zt'”?/méhu [
1 1 O 0) =
1 1 1 1

three bits 1N _one pit out



Truth table

@ 3 bits of input

C IN OUT
X X Y C circuit output
O O O h

+ Y 0 0 1
o P 0O 1 O
O 1 1

\ 1 0 O -
What truth 1 0 1
table for the > 1 1 0
"carry" bit? 1 1 1




Part 1

X < 0O

carry sum
bit bit

Any function can be represented using only bits...

=

circuit output

RPFRPPRPPOOOO X
RPRPOORFRPRPRFOOK<
RPORFRPROPRPRORKRO o
PFRPRPRPRORPFRPROOO

three bits 1N _one pit out

: Represent your function as bits...

This one is
named the
carry
function

I'm feeling carried
away, in fact!

=



Part 1: Represent your func as bits... For
any

Any function can be represented using only bits... func!

=

OuT

circuit output
™

- another f'n!

fun!
&

.
—

RPRPRPPFPOOOO X
P RPOOPRPRPFFOOK<
RPORFROPRPRORKFRO-n

RPRPOOOKFOO

three DItS n... _one bit out



Our building blocks: logic gates

AND

AND

OR

NOT

These circuits are physical functions of bits...

not just theoretical models

... and all mathematical functions can be built from them!



Our building blocks: logic gates

AND NOT

—_|AnD | XOR

These circuits are physical functions of bits...

not just theoretical models

... and all mathematical functions can be built from them!



Our building blocks: logic gates

AND outputs 1 only
if ALL inputs are 1

AND

AND

OR outputs 1 if
ANY inputis 1

OR

NOT reverses
its input

NOT

These circuits are physical functions of bits...

not just theoretical models

... and all mathematical functions can be built from them!



AND

inputs I:> — IZ> output

AND outputs 1 when ALL inputs are 1

otherwise it outputs 0



Strict! Everything input must be
AN D True to output a True

inputs IZ> AND P |:> output

input output
' X Yy AND(x,y)
AND's I ; Y |
function: 0 1 0 - rable
1 0 0 Y
1 1 1



AND

X
: Y
inputs I:> z AND Sutput |:> output
W
input output
X Yy z W AND(xyzw)
AND's
. 0 0 0 O )
function: 0 0 0 1
...12 more rows not shown... > HOW many Of th?\
1 110 16 rows here Wi
1 1 1 1 outp\lt a 1 H




AND

X
inputs IZ> Z AND P |:> output
w
input output
' X Y z w AND(xyzw)
AND's 0 0 0 O 0 i
function: 0 0 0 1 0 fifteen Os
...12 more rows not shown... 0
1 1 1 0 0 N
1 1 1 1 1 one 1



OR

inputs I:> — |:> output

OR outputs 1 when ANY inputis 1

[t outputs O only if all inputs are 0.



OR

Inputs |:>

OR's
function:

RR OO M

input

RORO K

output

output

OR(x,y)

MR RO

easy-going: if anything is
True, the output is True

IZ> output



OR

OR's

function:

g N X

pv— IZ> oufput

output
OR (xyzw)
-
~ How many of th.e\
16 rows here wil




OR

X
inputs IZ> Z output |:> output
w
input output
. X YV z W OR (xyzw)
OR's
_ O 0 0 O 0 one 0
function: 0 0 0 1 1
...12 more rows not shown... 1 ﬁ
1 1 1 O 1 fifteen 1s
1 1 1 1 1 1



NOT

Inputs |:>

NOT's
function:

input

X

0
1

NOT

output

NOT (x)

1
0

"NOT bubble"

(optional - or the only

thing needed!)

one 1l

IZ> output

one 0




Our building blocks: logic gates

input output
X Yy AND(x,y)
O O 0
0 1 0
1 O 0
1 1 1

AND outputs 1 only
if ALL inputs are 1

AND

AND

input output
X Yy OR(x,y)
O O 0
0 1 1
1 O 1
1 1 1

OR outputs 1 if
ANY inputis 1

OR

input output

X NOT (x)
0 1
1 0

NOT reverses
its input

NOT



Our building blocks: logic gates

input output
X Yy AND(x,y)
O O 0
0 1 0
1 O 0
1 1 1

AND outputs 1 only
if ALL inputs are 1

AND

AND

input output

XOR (x,y)

R R OO ¥
R ORO K
ORrRr RO

OR outputs 1 if
ANY inputis 1

OR

input output

X NOT (x)
0 1
1 0

NOT reverses
its input

NOT



input

R R OO ¥
RORO K

AND outputs 1 only

Our building blocks: logic gates

output

AND (x,y)

ROOO

if ALL inputs are 1

AND BB

AND

input output
X Y OR(x,y)
0O O 0
0 1 1
1 O 1
1 1 1

OR outputs 1 if
ANY inputis 1

or BV

input output

X NOT (x)
0 1
1 0

NOT reverses
its input

NOT



Claim !?

We need only these three building I need

blocks to compute anything at all

AND

AND outputs 1 iff ALL
its inputs are 1

OR outputs 1 iff ANY ANY
inputis 1 can®®

NOT reverses its input



From gates to circuits...

What inputs make this circuit output 1?7

CircuitVerse Project  Circuitv  Tools~  Help
XOR fulladder ripplecarry irime optprime mult exrails ex

an example circuit, showing the interaction of AND, OR, and NOT

O & O

Decoders & Ple:

Sequential Ele 7 ) |

Memory Eleme

y c output of our circuit

Test Bench
Row A

Row B
Row C
Row D

o o 1 ?
o 1 o ?
! tD—@ o 1 1 ?
DO—' output 1 o o ? RowE
1 o 1 ?
1 1 o ?
1 1 1 ?

Misc

Row F
Row G
Row H

Clock Time : 50( 1 0 1

Clock Enabled :

What inputs make this circuit output 0?



From gates to circuits...

/L

CircuitVerse Project  Circuitv  Tools~  Help

What inputs make this circuit output 1?7

Kime Optprime mult exrails £X -

This is an example circuit, showing the interaction of AND, OR, and NOT

XOR fulladder ripplecarry

Eight 3-bit
inputs BB 0

Decoders & Ple:

Sequential Ele —)— in pUtS gl&‘;;l&t
Memory Eleme x y c ‘
Test Bench 0 0 0
Misc 0 0 1
__:E >_E| 0O 1 0
!»_ ) | output 0 1 1
1 0 O
1 0 1
1 1 0
ik oAb Al
Clock Time : 500
Clock Enabled : 1 0 1 T
>0 Each output

\/

Do isOor1

What inputs make this circuit output 0?



. A circuit...
CircuitVerse.., What are all the outputs?
5 o 5 CircuitVerse!
each AND is one row! inputs
} X y c output(x,y,c)
0 0 0] ? Row A
0 0 1 ? Row B
0 1 0] ? Row C
. 0 1 1 ? Row D
o[ s
B; Lo

Faot )

What inputs make this circuit output 1?7

What inputs make this circuit output 0?



Rails

There is NO
difference ;ff}};;};;};;; L

between these

two cireuits: =

HOW? I >Cm|ntermc

of this "rails” et =01
approach? |

AﬂYdiSdeantageS - ff;. | | N\ ::::::::;"'

Any advantages ?

i N B N B
5 B B B

using rails for not x, noty, notc~ |




Names;’ Fill in the function values for

Tr y 1 t! this circuit (the truth table)

Each input x, y, and z can independently be 0 or 1, for eight total possible inputs:

i circuit
inputs e
X y C ‘ Gate?
O 0 O
O 0 1
0 1 O 1 A
0 1 1
1 0 O
1 0O 1
1 1 O
1 1 1
Each output
isOor1l
(1) This circuit uses 8 logic gates — how many of each? AND__  OR__  NOT___

(2) Follow upstream from A. What x,y,c bits make A output 1 ? (and why is that all we need to know for A?)

(3) For each possible input, write the circuit output in the truth table above.

o . Teprme
(ec) Could this circuit use fewer logic gates?  Ifso, how?!  If not, how do you know?! 00"



Real! logic gates...

VCC

14 13 12 I 10 9 8

tJ
>

; -+ 5 6 7 GN

74LS04

74L504 NOT gate



Fill in the function values for

Tr y 1 t! Try this on the other page first... this circuit (the truth table)

Each input x, y, and z can independently be 0 or 1, for eight total possible inputs:

i circuit
inputs e
X y C ‘ Gate?
O o0 O 0
O 0 1 0
0 1 O 1 A
0 1 1 1 B
1 0 O 0
1 0 1 1 C
1 1 0 0
1 1 1 1 D
Each output
isOor1
5 (1) This circuit uses 8 logic gates - how many of each? AND _4 OR _1 NOT _3 g\;;i,ﬁ%e
g (2) Follow upstream from A. What x,y,c bits make A output 1~ AQ 1 s thatall we need to know for A?)
(3) For each possible input, write the circuit output in the truth table above. . his cireuit
@ o el
two can be is prime!

comersar - Could this circuit usefewer 10giC gates? If so, how?!  If not, how do you know?! il



The claim...

AND outputs 1 only if
ALL its inputs are 1

OR outputs 1 if
ANY inputis 1
NOT reverses its input

We need only these three building blocks L need
to compute anything at all proof!

—1 AND




The prootf...!

AND outputs 1 only if

— AND ALL its inputs are 1
ctively using
— oo ons nciple
— this € pri
Yo\le “SIO
Wheepminterm exp
L

We need only these three building blocks
to compute anything at all

I need
proof!



A constructive proof...

Specify a truth table defining For each input row whos.e

any function you want @ output needs to be 1, build
an AND circuit that outputs 1

nput output only for that specific input!

f(x,y)

O Hey! This is a
1 OR them all together "
1 PO"
0

—

RRPOO W
ROPRO K



A constructive proof...

Specify a truth table defining For each input row whos.e

any function you want @ output needs to be 1, build
an AND circuit that outputs 1

nput output only for that specific input!

X Yy f(x,y)

O O 0

O 1 1 OR them all together

1 O 1

1 1 0 We ensure this OR

outputs zero by
x default.

y
The ZERO rows ALREADY work — 5 \/
with no connections at all ! »




A constructive proof...

Specify a truth table defining For each input row whose
any function you want @ output needs to be 1, build

input output
x vy f(x,y)
O O 0
A 0O 1 1
1 O 1
1 1 0
* Y
X '

an AND circuit that outputs 1
only for that specific input!

OR them all together
NOT AND
—1 A

|

This wire DOES turn on for the red input row?

Does this wire turn on for any other input rows?



A constructive proof...

Specify a truth table defining For each input row whos.e

any function you want @ output needs to be 1, build
an AND circuit that outputs 1

nput output only for that specific input!

X Y £(x,y)
O O 0
A 0O 1 1 OR them all together
B 1 O 1
1 1 0
* y
{@C AND
A
\ blue row?
X y @O other rows?




A constructive proof...

(V]  MINTERM

For each input row whose
utput needs to be 1, build

AND circuit that outputs 1

expansion princple_

or that specific input!

TFhis is a constructive

suffice to build any
function of bits!

proof that AND, OR, NOT laii together

) o

AND
B \ blue row?

X ' NOT

other rows?



proof that AND, OR, NOT
suffice to build any

function of bits!

x| ¥ NOT



Minterm Expansion Principle

x y

i

g

L

AND
_/

-

{AND

P—— =
! AN

minterm B

o

‘—/minterm o <j

For each 1 in the truth
table, use one AND gate,
called a minterm.

minterm A <j
0\

OR

What input "activates”
each of these minterms?

e did this before’

QOUTPUT

A minterm is an AND gate
connected to all input bits -
either directly or inverted




Each minterm selects one input:

a minterm is an AND gate that "selects" a single input row

x y c
X y C
the ONLY input to make

y minterm A <j 1 1 1 this minterm output 1
| X AND )
1/

Xy c
the ONLY input to make
) N /é 1 1 O this minterm output 1
b i 1AND -
| 1
minterm B OR ®OUTPUT

\ X y C
1AND ; the ONLY input to make
minterm C <j O 1 O this minterm output 1

@ three-eyed circuit alien

Looks a little

wiry to me! G
Minterm Expansion Principle o




: 3 Try two more of these... : :

X

0

0

0

J0R SOUTPUT 0
SUM 1

1

1

1

° O @ &)

(2) Draw the upstream wires that will

R PR RPrRRPR OOOO X

inpUt Output Ta ke 2 TN N ]
y cC
(1) Fill in all 8 rows of
0 0 the function values
0O 1 (truth table) for this
1 0 circuit...
1 1 . . .
Hint: Determine the input
0 0 that turns each AND gate —
0O 1 each minterm -- to True
1 O
1 1
(Extra #1) Any gates you
input output can optimize away here?
y C (Extra #2) How could
you replace the OR with
0 0 0 only ANDs and NOTs?
0O 1 0 ORs aren't needed!
1 90 0 (Extra #3) How do th
xtra ow do the
1 1A 1 two circuits on this page
0 O 0 implement addition of
0O 1B 1 any two binary #s!?
1 O0C 1 «
1 1D 1 Ll Y



i e o wingtheseonthe
Bo "o Bg | mewmiesne e o, JaKe 2.
) v oo
oY AR R R = (1) Fill in all 8 rows of
R B R EERERE o 0 0 0 the function values
o \SEHEEE] HEPHES IS 0 0 1A 1 (truth table) for this
B ) 0 1 oB 1 circuit...
o JOR ®outPurT . 0 1 1 0 Hint: D the
— = int: Determine the input
C — SUM 1 0 0C 1 that turns each AND gate —
‘ 1 0 1 0 each minterm -- to True
1 1 O 0
B D:\ R 1 1 1D 1
| S
ol N N O (2) Draw the upstream wires that will
@ implement this function as a circuit. (Extra #1) Any gates you
: i : l input output can optimize away here?
1T — X y ¢cC (Extra #2) How could
1 e you replace the OR with
N - . 0 0 0 0 only ANDs and NOTs?
S ] O 0 1 0 ORs aren't needed!
L 1T °o 10 0 (Extra #3) How do th
@ xtra ow do the
] e 0 1 1A 1 two circuits on this page
e B B B 1 0 O 0 implement addition of
. @1 . 1 0 1B 1 any two binary #s!?
1Y T ¢ 1 1 0C 1 .
EEEEEY EEEEE EEEEE EE 1 1 1D 1 rlill oy




input

RPRRPROO %W

R ORO K

output

OR(x,y)

HRER RO

OR else ?!

Can you get rid of ORs by using

only NOTs and ANDs?

AND

O
{@o

X ORY



Lab5: adders! A full adder sums three

input bits to create a
Z2-bit binary output

[
o}

the full adder
X Yy ¢Ci

sum

Full Adder (FA)

X
0
0
0
0
1
1
1
1

PR OOKRR OOK
HORORORO:Y
RoOOoORORKO

3 bits of input 2 bits of output

(considered individually) (considered a binary #)

Full Adder (FA)



