CS 5
Python

Hmmm...
computer

o)
U main memory
R

registers
C
S 1-bit memory: flip-flops

arithmetic
bitwise functions

logic gates

switches: transistors

€&—— T 4 > o

=

20— 40 >» >™®MHduv o>

Things are awfully messy 'round here..."

- {:) taking
- the
® circuit
N - "canvas”
M | )
literally

I Unnecessarily convaluted wiring :'D <:|




hwb5 ~ composing circuits

3-bit Full Adder Prime tester

4'b|t RIpp’E'Carry Adder using "minterm expansion"

4-bit Multiplier

3x2-bit Divider

12 nGbits of memory (RAM) Optimized

Prime



Worst-case, so far...

g
C @& circuitverse.org/simulator/edit/hw5startercircuits-8b871548-075a-4eec-9d99-79dd2efab939
i Apps ® YouTube [l wishiist- [l Work [ College [ DND @ Philosopher Koder I Byron, The Visiono., % We Look to You - Y, Slack | escape-roo. B8 Physics AE Queue S. Language Files 12:. ¥ LaleX - Michael Die.. *@ Chem Lab

CircuitVerse Project>  Circuit  Tools™  Help Imallett ~

XOR fulladder ripplecarry prime optprime 4x1 mult mult

Input

Qutput

Gates

Decoders & Plexers
Sequential Elements
Memory Elements
Test Bench

Misc

PROJECT PROPERTIES
Project : hwSstartercircuits
Circuit : mult

Clock Time : 500

Clock Enabled : -]
Lite Mode : I

Delete Circuit

Edit Layout




Worst-case, so far...

GitHub

Status

& circuitverse.org/simulato g B H = % =5 @

Imallett =

Input

Qutput

1 #83 \'GW

Incidert ===

Test Bench

Misc

PROJECT PROPE
Project : hw5startel
Circuit : mult
. orm
Clock Time : 500 Ma\“ p\atf

Clock Enabled :

A
ime: .
Lite Mode : I Overa‘\ uPt\m Onse \,’\me' 747 ms
res!
pverage

. oK
active BO
\nte\' .000/0

- e: 100

overall uptime: ! qime: 186 ™S
rage €% onse

Ave



Prime-tester...

Main fulladder ripplecarry prime

circuit for PRIME(x,y,z,w)
truth table for PRIME(x,y,z,w)

[De [H>e CHe [Obe

X y z \ output: PRIME(x,y,z,w)

(4] (4] o] o] o] Row A

(4] (4] ] 1 ] Row B

0 0 1 o 1 Row C

(4] (4] 1 1 1 Row D

4] 1 4] o] 4] Row E

(4] 1 o] 1 1 Row F

(4] 1 1 o] 4] Row G

(4] 1 1 1 1 Row H
PRIME(x,y,2,w) 1 0 0 0 0 Row AA

1 (4] o] 1 o] Row BB

1 (4] 1 [o] (4] Row CC

1 (] 1 1 1 Row DD

1 1 o] o] o] Row EE

1 1 4] 1 1 Row FF

1 1 1 o 0 Row GG

1 1 1 1 4] Row HH

pure "minterm expansion"”: one AND for each '1' output




Prime-optimizer?!

Main fulladder ripplecarry prime

This one is

problem 5, EC

circuit for PRIME(x,y,z,w)
truth table for PRIME(x,y,z,w)

fibo Bibo (o Cibo

z output: PRIME(x,y,z,w)

4] Row A
Row B
Row C
Row D

Row F
Row G
Row H

HoE R ©C o oo =

w
o]
1
o]
1
e]
1
0
1

c © ©c ©° © o o0 ™

o]
1
1
(0] Row E
1
4]
1

PRIME(x,y,z,w) Row AA

Row BB
Row CC
Row DD

Row EE
Row FF
Row GG
Row HH

e c oo o
= o = O = o = O
c o = 0o = o © ©

[ S S [ S
= = 0 0 = = 0o 0O

pure "minterm expansion"”: one AND for each '1' output




RPRPRPRPPOOOO X

=

RPFRPOORKHFHEOOK<

truth tables < circuits

OouT

circuit output

(the truth table) (the circuit)



truth tables < circuits amets

Challenge 1: There is a mismatch between this function (truth table) and circuit.

Challenge 2: Fix it on BOTH sides: Draw how to make the circuit match the table + how to make the table match the circuit

IN ouUT AND gate for
] ] each 1in the
circuit output truth table's

0

RPRPRFRPREPROOOO X
RPRPOORPRKHFEFOOKK
RPORORPRORO o

HRHEHORORO

(the truth table) (the circuit)

Extra Challenge: This "minterm" approach can implement any function. But functions miss most of what computers do! What's missing?




tru th tabIeS CirCLl itS Try this on the other page first...

\
Row 6 (110) has no AND gate!

|
Challenge 1: There is a mismatch between this function (truth table) and circuit. Row 1 (001) does have an AND gate

Challenge 2: Fix it on BOTH sides: Draw how to make the circuit match the table + how to make the table match the circuit

IN ouUT AND gate for
] ] each 1in the
circuit output truth table's

0

v

RPRPRFRPREPROOOO X
RPRPOORPRKHFHEOOK
RPORORPRORO o

RMRORORHR

(the truth table) (the circuit)

Extra Challenge: This "minterm" approach can implement any function. But functions miss most of what computers do! What's missing?



truth tables <-> circuits

Challenge 1: There is a mismatch between this function (tri+-

Challenge 2: Fix it on BOTH sird~-

S e \tch the circuit
S S th O AND gate for
' 2ach 1in the

S - Jle's

"It's not real unless
it can be done in

RFRRFROOOO x
~
Q)
S
S

Extra Challenge: s missing?




YO -

Composing circuits

Full Adder
~ minterm

one FA for
each column
Csama. LD sum3 o lsumzl oo lsamil o lsumo. of binary s
thiSFAgetS"lk{)XGdUp" addition ]

This will be a fulladder circuit (FA), implemented from funda.Ulogic gates.
inputs
- 4 = X y c output: CARRY(x,y,c)
O @D [@He
0 0 o0 0 Row A
0 o 1 0 Row B
1 D— ] i o 4] Row C
| | r I o1 1 1 RowD  Alpha
| 1 0 o 0 Row E
L/ 1 0 1 1 Row F Beta
Betz . parTy qut 1 1 [§] 1 Row G Gamma
i 1 1 1 RowH Delta
G a
output: SUM(x,y,c)
Tpelin o o o ] Row A
0 0 1 1 Row B Epsilon
0 i o 1 Row C Zeta
o 1 1 ] Row D
li' 1 o o 1 Row E Eta
Ene: 1 (4] 1 4] Row F
1 i o o Row G
— 1 1 1 1 Row H Theta
Zeta . sum
I D
I
Theta




Composing Circuits

4-bit Ripple-Carry Adder

one FA for
each column
of binary
addition

{3 8 bitsin

> 5 bits out
5 full adders ¢ onerafor

each column
of binary
addition

5 "sum" bits




Composing circuits

4-bit Ripple-Carry Adder

o
g

L o VAR
[]

one FA for

each column
of binary
addition B




4-bit Ripple-Carry Adder keep

abStraCting!
Y. Y. Y Y
3 2 1 0 {71 8 bits in
+ X; X, X X,
Z, 2, Z, Z, Z, > 5bitsout



4-bit Ripple-Carry Adder keep

L
gbstracting:
Y. Y Y Y
3 2 1 0 {71 8 bits in
+ X, X, X X
Z, 2, Z, Z, Z, > 5bitsout
Y Y Y Y,

0 {71 8 bits in

-r X, X, X X,
Z, 23 Z, Z; Z, )& 5bitsout

our ripple-carry schoolbus . 1) '
a ripple-carry bus




Composing circuits keep

. abstracting !
4-bit Ripple-Carry Adder

{1 8 bitsin

I X; X, X, X,
Z, 43 24, 24, 4, J‘:> 5 bits out

our ripple-carry schoolbus




hw5pr3: A 4-bit multiplier

1 1 o 1 Multiplicand

x 0 1 1 O Multiplier
o0 0 00 4 partial products
1 1 0 1
1 1 0 1 i
need to create! t
+ 0 0 0 0 \% s

Each bit will
have a wire!

0o 1 0 0 1 1 1 0 Final answer...

(Q3) How could THREE 4-bit ripple-carry adders help here? Dﬂi}ﬁg

b=

(Q2) What bit would be correct for the starred spot “— ?

(Q1) What circuit could you use to create the four "partial products” ??



P2 2

. | r
dodds@hmc.edu Carson Stubstad gﬂ‘ Clara Mcintyre | =

% CS5 - MinisculeMultiplicat X CircuitVerse - Digital Circui’ X CS 5 Gold Dashboard | Gr X B arter % # #gaming-channel X & Added to a group in Circu
— C ()} & circuitverse.org @8 B ® (@ Paused
;i Apps [@ Hotchkiss Bookmarks » 2 Outlook - free per.. [} Orientation Deadli.. #* TS62 Contactinfo.. [N Redirecting to Sak... [} Home | Portal § HMC Residence:L.. J§ Hyperschedule -...
CircuitVerse Project~  Circuit~ Tools~  Help N
XOR fulladder ripplecarry prime optprime mult exrails ex 4*1 circuit

Examples to test: 0111X 01

Input
Output

Gates

Decoders & Plexers

P U9 6 | & rd | P BN |

X3 X2 X1 X0 yoO X3 X2 X1 X0 yO X3 X2 X1 XO yO X3 X2 X1 XO yO

Sequential Elements
Memory Elements
4*1 circuit 4*1 circuit 4*1 circuit 4*1 circuit

Test Bench

Misc z3 z2 71 Z0 z3 z2 71 20 z3 z2 71 z0 z3 72 71 20

¥3 y2 yl YO X3 X2 X1 XO
PROJECT PROPERTIES ripplecarry

Project : hw5startercircuits 24 23 22 71 Z0

Circuit : mult

Clock Time : 500 $BREee R

Clock Enabled : "Il
Lite Mode : I 24 73 72 71 20

Delete Circuit

ripplecarry




hw5pr3: A 4-bit multiplier

1 1 o 1 Multiplicand

x 0 1 1 O Multiplier
y O O 0] O 4 partial products
1 1 0 1
@ @ @ @ @—
| 1 1 0 1
@ @ @ @ @-
I:*_— 0] 0] 0] 0] v
@ @ @ Q-
o 1 O 0 1 1 1 0 Final answer...
(A1) The AND gate is single-bit multiplication. (A2) = ==

(A1) Use a 4x1-bit helper circuit to find the four partial products...

(A3) You need three (3) ripple-carry adders to finish: see above...  Gi+s -]

ﬁﬁﬁﬁﬁﬁﬁﬁﬁ



Division? hw5pr4

>+ Logisim: coveredDivide
File Edit Project Simulate Window Help

&wr]a|m e DD
O# [0

+ 1t I X

| hws_sals*

..... F MyXOR.
Fulladder
4-bit Ripple Carry Adder
4-bit Multiplier
3by2 divider
12 nGb memory
4x 1 multiplier
2-hit decoder
D latch
4 input example
2 bit equals
test2

| coveredDivider

[ | Wiring

B~ 1. Gates

[+~ || Base

01 O O O O

Circuit: coveredDivider
Circuit Name coveredDivider
Shared Label

Shared Label Fadng East
Shared Label Font SansSerif Plain 12




Division! hw5pr4

o Ll g Lagisim: 3by? divider of brwSsals
A ®| e ||D|D
[ l:. | I | DIVISOR |
il P ot
0 myxon | DIVIDEND Dibeisor (2 bits: X1 X0
g FA Dweidend (1 bits: ¥2 ¥1 70 X1 X0
[0 #-vitRipole Carry Adder - H w0 @ j
1 4-nir Mg liar
oz dvoed 2 @ O
L] 2-bir Decodar &
ﬂ 12 nGb memany L & — %
* Ll Base
# o Gabes
L

INALLOND

b
Fating East
Cirguit Mame b2 dvidar r%
H—r— ! w_,
Only a human would

build a circuit like h

_ this! Hj—ﬂ Error bit
— — - S | Quotent (4 bits: Z2 Z1 20 and Error)

—




_ - INPUTS OUTPUT
Minterm Division Y2Y1Y0 X1X0 227170 E

dividend divisor quotient elt;r;?r

"principled"

design

div.byo  anything O O anything 1

(1) Any function of bits can be made a truth table ——>

b‘\x

S

W

(4) Are there subcircuit patterns to notice?

(5) If not, use an AND gate to select each input
for which the output should be 1 (a minterm!)

'ed?
To implement the red 1, how many sy ety WU eI

: - -
inputs will its AND gate need?? What division is that line?

(6) OR the outputs from step (5) together.

or never

HHRHHOOOO | FRHERFROOOO | RFHERHOOOO
HHOOHKHOO | HFHROOKHKFOO | HFHOORKHOO
HOHOHOHO | HFOFROHOKHO | FOROROKRO
RRRRPRRRPRRR | RHERHERHEERE | 00000000
HRFRRERRHERPHERRFE | 0O0O0O00000 | RRERRRERRERE
O0O0O0000O0 | OCO0OO0O0O0O0O0 | HFHRKHHOOOO
HFHFOOOOOO | HHHHOOOO | FROOKRKOO
OORKHKHOOO | FHROOKKFOO | FOHOKROKO
O0OO000000 | 0OO0OO0O0O0O0O0 | OOOO0O0O0O0O



Circuit Optimization?

:

—) >

Mpee

W= =
e =D e =

-/
>

Figure 5: A 2-bit multiplier generated by a human designer 7 gateS

x {5 x?f

00 6 ¢

EE DDfD

Figure 7: A 2-bit multiplier generated by a GA using our approach

UEQAQQUO

E

16 gates

Perhaps artistically

>0n SN Optimizing for what?!

e



Time-optimized circuits: Carry lookahead adders

The following circuit is called a carry lookahead adder.
By adding more hardware, we reduce the number of levels in the circuit and speed things up.

We can "cascade" carry lookahead adders, just like ripple carry adders.
We'd have to do carry lookahead between the adders too.

How much faster is this?

For a 4-bit adder, not much. There are 4 gates in the longest path of a carry lookahead
adder, versus 9 gates for a ripple carry adder.

But if we do the cascading properly, a 16-bit carry lookahead adder could have only 8 gates
in the longest path, as opposed to 33 for a ripple carry adder.

Newer CPUs these days use 64-bit addersiILELF VAV WA N-Z1 000 () & o J=1=Te [T 1

The delay of a carry lookahead adder grows logarithmically with the size of the adder, while a
ripple carry adder's delay grows linearly.

The thing to remember about this is the trade-off between complexity and performance.

Ripple carry adders are simpler, but slower. Carry lookahead adders are faster but more complex.



Deta'\\s‘- A 4-bit carry-lookahead adder circuit

) 0 T3 M i

0% beuet
=3 .ij_/l_ =2 .%_/l_ =1 .%_/I_ =0 .%/l_

Sum bits >

'
L

'

— (I
e
T :'
L

carry-out”,
not “c-zero” Cal‘l‘y bltS



Flows'

A 4-bit carry-lookahead A 4-bit ripple-carry
adder circuit adder circuit
S S S .
L0

S PO LC

> What information is needed? Where? How?

speed vs. complexity tradeoffs ~ the “cs facets” of engineering






Today's gates?

&
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VesEsussenEvaNTERes RSN o NTeE Area on the chip
......................... where the $ reside
(500x magnification)

Microprocessor chip (actual size)
in its ceramic package

https://www.youtube.com/watch?v=2z9gme_ygRI
https://www.youtube.com/watch?v=Fxv3JoS1uY8



are from silicon-based switches ~ transistors

switches?

a single etched transistor labeled with
base (b), emitter (e), and collector (c)




are from silicon-based switches ~ transistors

gate?
door?
portcullis!

a single etched transistor labeled with
base (b), emitter (e), and collector (c)




One transistor!




One transistor!

E85's transistors

"high"
a +5v voltage here

allows current here

open-on-high type transistor

single-electron tunneling, or SET transistor




Graphic: Transistor Production Has

1020

10“

‘lnll

10°

Lots of transistors!

Then

E85's transistors

"high"
a +5v voltage here

Reached Astronomical Scales

A look at Moore’s Law in action

By Dan Hutcheson

2014

3

https://en.wikipedia.org » wiki » Transistor_count

Transistor count - Wikipedia

© About featured snippets + B F

People also ask

How many transistors are produced each year?

Global production of transistors has surpassed 20 trillion per second—hundreds of
quintillions per year. Apr4,2017

allows current here

—

open-on-high type transistor

single-electron tunneling, or SET transistor



Two types of transistors...
/ Transistors are \ "high”

current gates: a +5v voltage here

open-on-low (pmos)

!Ov I 5v
\NZ
— 7\

n " 7 1 n " . .
Ov "opens"this wire 5y "cuts" this wire

open-on-high (nmos)

|0V (" 5v ) '
-~ ‘ allows current here

Ov “cuts” this wire | 5y "opens" this wire
\_ . j open-on-high-type transistor

an input of 1 opens the portcullis...




Two types of transistors...

-

Transistors are
current gates:

open-on-low (pmos)

_$5_v

_g)l

—

N

\

7\

Ov "opens" this wire

5v "cuts” this wire

open-on-high (nmos)

-~

_

N
7\

~

5v

—

Ov "cuts" this wire

J

\S

5v "opens” this wire

/

"Iow n

a Ov voltage here

& X

blocks current here

X
open-on-high-type transistor

an input of 0 closes the portcullis!




Rotations are common...

Transistors are
current gates:

open-on-low (pmos)

_g)l

—

_éS_v

NZ.
7\

Ov "opens" this wire

5v "cuts” this wire

open-on-high (nmos)

_

NZ.
7\

5v

—

Ov "cuts" this wire

5v "opens” this wire

Transistors are

current gates:

open-on-low (pmos

5v

Ov

N\

5v "cuts" this wire

Ov "opens" this wire

nmos)

open-on-high (

S5v

Ov

_I N

5v "opens” this wire

Ov "cuts" this wire



Building a NOT gate

Transistors are
current gates:

open-on-low (pmos)

| |

0v—o| | sy —o|><

1 1

Ov "opens"this wire 5y "cuts" this wire

open-on-high (nmos)

0V_|J |

/
( S5v —| ]
Ov “cuts” this wire 5y "opens" this wire

N/

i 1

input output

Building a NOT gate from transistors:

+5Vv POWER a two-
transistor
4 _I NOT gate
e i (1 or 0)
(0or 1) | OUTPUT
INPUT |

Ground = Ov



a NOT gate

Implemented!

-~

0v—o| | s —o|>(

Transistors are \
current gates:

open-on-low (pmos)

| |

1 1

Ov "opens"this wire 5y "cuts" this wire

ov —|>< S5v —| ]

open-on-high (nmos)

. |

i 1

\UV “cuts" this wire 5y "opens” this wiry

(Oorl)
INPUT

photograph
of a two-
transistor
NOT gate

+5V POWER a two-

. transistor

4 _I NOT gate
it (1 or0)
I OUTPUT

Ground = Ov



Building a NOT gate o1

Transistors are
current gates:

open-on-low (pmos)

| |

0v—o| | sy —o|><

1 1

Ov "opens"this wire 5y "cuts" this wire

open-on-high (nmos)

0V_|J |

/
( S5v —| ]
Ov “cuts” this wire 5y "opens" this wire

N/

i 1

1 0

(1) NOT's
| truth table

input output

Building a NOT gate from transistors:

iransisor
NOT gate
+5V POWER
-
0
Oy ‘-'l + by
— ® 10r0)
(0or 1) Q| OUTPUT
INPUT |

Ground = Ov



Building a NOT gate o1

Transistors are
current gates:

open-on-low (pmos)

v

Ov "opens" this wire

.

.

/
N

| sy —o|>

_I

_I

5v "cuts" this wire

open-on-high (nmos)

. |

N/

-

Ov "cuts”

( 5v—|

|

i 1

this wire 5y "opens" this wire

1 0

(1) NOT's

truth table

output
Building a NOT gate from transistors:
a two-
transistor
NOT gate
+5V POWER
e i (1 or 0)

(0or1) G | OUTPUT
INPUT S opev +o

Grouer:Ov 9m,"d"




] (1) What will be output? ‘
Tra n SIS tO rS , Fill out the truth table to the right X Y Z
0O O
Power, 1 or +5v 0O 1
Transistors are 32232 ltlc?g‘e/a:l:l:rs..e. 1 0
current gates: 1 1 1
X . %
open-on-low  (pmos) (1) Fill in this
Inputs: X, Y circuit's truth table
eachis Oor1l
ov l 5v independently
! Y
Y Output: Z
0Ov "opens" this wire 5y "cuts" this wire /_> Z
Z is either O or 1,
open-on-high (nmos) depending on X, Y
x | >
A -l |
Ov cuts” this wire 5y "opens" this wire —I—
"= Ground, 0 or Ov
1 . . 1
(3) Extra! How could (2) Challenge: What gate is the above diagram? It's one of these four:
you alter the transistor-level

design to make the design

| AND

"not and" "not or" "exclusive or'

HHOO N
HoR O (K

OI-lI-lO N



] (1) What will be output? ‘
Tra n SIS tO rS! Fill out the truth table to the right

X Y  Z
0O O
these 3 resultin outputs Power' 1 or + 5V 0 1 0
Transistors are of 0 - not detailed here 1 0 0
current gates: n 1 1 0
X X
open-on-iow’ (eme) (1) Fill in this
Inputs: X, Y circuit's truth table
eachis Oor1
Oov —C{ l 5v _CI independently
Y Output: Z

0Ov "opens" this wire 5y "cuts" this wire /_> Z
Z is either O or 1,

open-on-high (nmos) depending on X, Y

"= Ground, 0 or Ov

(3) Extra!

you alter the transistor- IeveI
design to make the design

| AND

"not and" "not or" "exclusive or'

(2) Challenge: What gate is the above diagram? It's one of these four:

[l = =] N
HOK O |

OI-lI-lO N



MineCraft Logic Gates

) by o o

Air Switch Block Tarch Tarch Tarch Redstone Redstone Redstone Redstone
(Mull) (Input) [Generic) [Sideof Block) (OnGround) [Topof Block) (OnGround) (Topof Block)  [Output) (Inverse Qutput)

Input/Output Gate AND Gate OR Gate KOR Gate Rapid Pulser
4 E—— 4 i ! 4 [ ] 0

NOT Gate
(Inverter)

4 1 ql i I ql O
RS NOR Latch
[Memary Cell) MNAND Gate

- 1

q'||l:l _T £l

RS NAND Latch 5-Clock
[Memory Call) [Pulser)

——I—n -

Repeater

— 1

design to make the design

| AND ’—

"not and" "not or" "exclusive or"

4
0
1
1
0



MineCraft Logic Gates

- -

=]

e

Air Switch Block Tarch
(Mull) (Input) [Generic) [Side of Block) (O
Input/Output Gate AND Gate

0Ov "opens”

design to make

"not and"

Electro-Mechanical Relays

Electro-mechanical relays serve a wide range of
industrial applications, using an electromagnet to
mechanically switch a circuit on or off. Styles

XNOR Gate Z
4 0 =D ]
— | orl,
— —— — — X+Y
-ill 0 =D I T o [—
5-Clock
[Pulser)
Tl — Tl —

S SDEC L

"not or" "exclusive or'

[l = =] N
HOK O |

OI-lI-lO N



Their Mark 1

an early, relay-based computer
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Electromechanical "gates” (relays) s

Computers

Signal
LRI —> Output

Q

External
Power (6v)

Signal Input, A



Which gate is this? e

+6v | &

External
Power (6v)

/]
Input, A g 1| I Input, B i3]

Toor Jodp- oo o Jodr



Which gate is this?

+6v | &

External
Power (6V)

/.
Input, A g,

oo} |- Joor T Jodr

[V Input, B 3]




Th ei r Mark 1 an early, relay-based computer
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Grace Hopper + Howard Aiken, Harvard ~ 1944
ran at 0.00001 MHz

5 tons Addition: 0.6 seconds
530 miles of wiring Multiplication: 5.7 seconds
765,299 distinct parts! Division: 15.3 seconds



0 ur Mark 1 7 an "early,” quantum-based computer




Transistors as disruptive technology

point contact transistor

The First
Transistor

copyright I.uent [ Bell Labs

1947: Bell Labs

seeking better amplifiers for phone lines

team of physicists: W. Brattain, W,
Shockley, and J. Bardeen

1948: junction transistor
much more robust design

1956: Shockley Semiconductor Co.

in hometown of Palo Alto...
in a few months...
the "traitorous eight" left to found

1957: Fairchild Semiconductor Co.

... and so begins the valley's siliconization



What's the other half
of computation?




Half a computer: the CPU
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4-bit Multiplier
Flip Flop

3by2 divider
2-bit decoder a te S
12 nGb memory

@] [@]
..... t § MyXOR
1 multiplier
coveredFlipFlop
1

4input example @
2 bit equals Z5

| coveredMultiplier

lllll Zﬂ;i‘jﬁ;h Carry Adde t ra n S I Sto rS
Z7
—®
SR latch I 26
coveredDivider

coveredMemory

coveredAdder . .
odd_parity_w_nots z4 a r I t h m et I C

scratch pad2
[+ |, Wiring
[ | Gates
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For systems, a face-lift is to add
an edge that creates a cycle, not

inputs

just an additional node.

- also Alan Perlis

output
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NOR's Truth Table

4 NOR
XY Z
0 0 1
0 1 o0
1 0 O
1 1 0

~




NOR's Truth Table

* The circuit starts with R being 0 + S being 0

the "loopback wire"
and Q starts at —0— from S to R will be 1

hat if Sstays0and Rissetto1?
Q isthensetto 0

» What happens if Sstays0 and R is set back to 0?
Q still stays (!)at 0

* What happens if Ris0 and Sissetto1?

Q isthensetto 1
* What happens if Sis0 and R is set back to 0?
Q still stays () at 1 0 NOR 1 Q
"Reset” O
Why does "S" stand for "Set"” and R for "Reset" ? R \ Qis a single
S "sets" Qto 1; R "resets" it back to 0. bit of storage
Take a look at this circuit: D data
inputs @
The D (data) line holds a "strobe” |/ —— ) NOR
single bit we want to store "we are ready
(eitheraOora1l). to handle the
data"
How does the strobe bit on 0
help store the bit D into Q? AND
Qis 1 bit
of storage

Hint: What happens when the "strobe" is 1?



The flip-flop

D dat
dta '@
"strobe" / R

"we are ready
to handle the
data"

inputs

AND NOR Q
of storage

D the flip-flop's diagram

>strobe 1 bit Of memOFY! g




D data

The flip-flop

"strobe"

the flip-flop's diagram

1 bit of memory! <8




Random Access Memory

Extra: Design 12 nano-Giga-bits of RAM

3 data input bits
—_—
—_—
—_—

 ————
 ———
2 data address bits

write enable line
 —————

read enable line

Simplified
Prototype for
Accessing

Memory
12 bits of RAM

4
2
5
6

memory
. values
locations

—
—> Outputs
—

3 data output bits

3 bits stored at location 00
3 bits stored at location 01
3 bits stored at location 10
3 bits stored at location 11



Animusic's Fiber Bundles
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