(ates and Boolean Logic

CS 3410: Computer System Organization and Programming
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Lecture 1: Representing Numbers

Analog Digital: 0/ 1
Water Flow (I/min) No Water / Water Flowing
Voltage (V) Low / High Voltage
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‘ Then ad Now

The first transistor

* One workbench at AT&T Bell Labs
o 1947
« Bardeen, Brattain, and Shockley
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%Then Now

10-core GPU

o R EReS S St St Next-generation architecture
4 performance cores AN ||| EE ||| EB || |E Dynamic Caching

Mesh shading

Improved branch prediction y
Ray tracing

Wider decode and execution engines
Next-generation ML accelerators

6 efficiency cores Display engine

I Tandem OLED support
Neural Engine — || Brightness and color compensation

] 10Hz-120Hz ProMotion support
16-core design

Faster and more efficient

https://en.wikipedia.org/wiki/Apple_M4
https://en.wikipedia.org/wiki/Transistor_count

The first transistor Apple M4

 One workbench at AT&T Bell Labse 28 billion transistors, 3nm
« 1947 « 177 square millimeters

- Bardeen, Brattain, and Shockley < 4x-10x performance, 4x-6x efficiency, 8x-40x GPU, 16x Neural

processing cores
Cornell Bowers GIS
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Transistors 101

Source Gate Drain

P-Transistor Off
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Transistors 101

Source Gate Drain Source Gate Drain

P-Transistor Off P-Transistor On

P-Transistor: negative charge (0!) creates conductive channel
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Transistors 101

Source Gate Drain Source Gate Drain

P-Transistor Off P-Transistor On

P-Transistor: negative charge (0!) creates conductive channel

N-Transistor: positive charge (1!) creates conductive channel
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Computer Science

‘&\_\, umy%
W
& 2
1(&@);
% S
Q6 A%



‘\e\,\.umv%

W

& 2

\CI)
D )
2Ep A>

2-Transistor Combination

« CMOS: combine P- and N-Transistors

power source (1)

p-gate

input_ output

I:n-gate

ground (0)
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Truth Table

Input

Output




2-Transistor Combination Truth Table

« CMOS: combine P- and N-Transistors Input | Output
0 1

power source (1) power source (1)
-gat - p-gate
—| P9t 'ﬁ closes
input output 0 — 1
I:n-gate n-gate

o stays open
ground (0) ground (0)
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2-Transistor Combination

« CMOS: combine P- and N-Transistors

power source (1) power source (1)
—| P 'ﬁ closes
— 0 =i 1
input output
I: n-gate n-gate
o stays open
ground (0) ground (0)

Cornell Bowers GIS
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Truth Table
Input | Output
0 1
1 0

power source (1)

p-gate
stays open
n-gate
+ closes
ground (0)
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2-Transistor Combination

« CMOS: combine P- and N-Transistors

-f(a)=...7

power source (1) power source (1)

-gat - p-gate

—| PTIIE 'ﬁ closes

input output 0 — 1

I:n—gate . n-gate
stays open

ground (0) ground (0)
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Truth Table
Input | Output
0 1
1 0

power source (1)

p-gate
stays open
n-gate
+ closes
ground (0)
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2-Transistor Combination

« CMOS: combine P- and N-Transistors

-f(a)=2a

power source (1) power source (1)

-gat - p-gate

—| PTIIE 'ﬁ closes

input output 0 — 1

I:n—gate . n-gate
stays open

ground (0) ground (0)
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Truth Table
Input | Output
0 1
1 0

power source (1)

p-gate
stays open
n-gate
+ closes
ground (0)
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2-Transistor Combination

« CMOS: combine P- and N-Transistors BT e
. f(a) =3 = I
* |Inverter in 4[>w out ouin f
power source (1) power source (1)
-gat - p-gate
—d| Pr99te 'ﬁ closes
input output 0 — 1
I:n-gate n-gate
o stays open
ground (0) ground (0)

=e | Cornell Bowers CIS
\EB)

Computer Science

Truth Table
Input | Output
0 1
1 0

power source (1)

+ p-gate
stays open
n-gate

+ closes

ground (0)

13



‘\e\‘\_umy%
XD
AUEEIO
\CI)
64 X,
Qb A

4-Transistor Combination

Truth Table
A B |Output
0 0
0 1
v suppl 1 O
a 1] 1

L

Cornell Bowers GIS
Computer Science

e

14




4-Transistor Combination

B o
suppl
A _| § B
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Truth Table

A

B

Output

|

—_ | a2 OO

= O O
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4-Transistor Combination

B o
suppl
A _| § B
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Truth Table

A

B

Output

|

—_ | a2 OO

= O O
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4-Transistor Combination

Truth Table
A | B |Output
0) 0 1
‘ 0 1 0
Vsuppl 1 O
o 1 1
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4-Transistor Combination

Truth Table
A | B |Output
0 0 1
0 1 0
suppl ‘ 1 O O
v 1 1
A

o out = ~0V

|
A_|£_ B
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4-Transistor Combination

Truth Table
A | B |Output
0 0 1
0) 1 0
suppl 1 O O
y m)| 1| 0
A
B —0

out = ~0V

‘ L 2
A_|£_ B__II:‘_'

Cornell Bowers CIS 19
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4-Transistor Combination

* What function is implemented?

A
B o
‘ rout=~OV
AL e

Cornell Bowers GIS
Computer Science

Truth Table
A | B |Output
0 0 1
0 1 0
1 0 0
1 1 0




4-Transistor Combination Truth Table

e What function is implemented? A| B |Out [=Out
0|0 1 0
0| 1 0 1
suppl 1 O O 1
y # 1 1 0 1
A
B_o
‘ rout=~OV
S
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4-Transistor Combination
f(a,b)=a V b

A
B —0
‘ rout=~OV
Sl

Cornell Bowers GIS
Computer Science

Truth Table
A| B |Out |-Out
00 1 0
0| 1 0 1
11 0 0 1
11 1 0 1
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4-Transistor Comblnatlon Truth Table

*fla,b)=a V b A| B |Out |=0ut
* not or > NOR Gate O 0 1 0
0| 1 0 1
oo 11 0 0 1
y 11 1 0 1
A
B —_0
rout =~0V

Cornell Bowers CIS
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4-Transistor Combination

Truth Table
A | B |Output
m)| 0| 0 1
0 1
1 0
Vsuppl Vsuppl 1 1
v e
A B
= ®-[
, @ out
B
A
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4-Transistor Combination

V V
suppl suppl

e y
A_OH: B_O@
, - out
[

X
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Truth Table
A | B |Output
0 0 1
0 1 1
1 0
1 1
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4-Transistor Combination

Truth Table

A | B |Output
0| O 1
0 1 1

Vs ppl Vsuppl # 1 O 1

y v 1 1

o o~
@ out
B
[
—
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4-Transistor Combination

Truth Table
A | B |Output
0 0 1
0 1 1
VSUPP' suppl 1 O 1
1 1 0
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4-Transistor Combination Truth Table

* What function is implemented? A | B |Output
0 0 1
0 1 1
\/suppl suppl 1 () 1
1 1 0
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4-Transistor Combination

* What function is implemented?

Cornell Bowers GIS
Computer Science

Truth Table
A| B |Out |-Out
00 1 0
0| 1 1 0
11 0 1 0
11 1 0 1

29
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4-Transistor Combination
*f(a,b)=a A b

Cornell Bowers CIS
Computer Science

Truth Table
A| B |Out |-Out
00 1 0
0| 1 1 0
11 0 1 0
11 1 0 1

30




4-Transistor Combination Truth Table

*f(a,b)=a A b A—] A| B |Out |=Out
* not and » NAND gate B_—DO_ - 0|0 1 0
=1 01| 1 0
[ - |4 1 I
mowallanuat |11 11 0 1 0
Vsuppl suppl N.L-h | ‘
_— 11 1 0 1
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1 and 2 Input Logic Gates

Inverter: a 4l>w f(a)

1 Q)

Cornell Bowers CIS
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1 and 2 Input Logic Gates

Inverter: a 4l>w f(a)

NOR:

J Q)
Q)

=
vQ)
)
[
Q)
<
o
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1 and 2 Input Logic Gates

Cornell Bowers CIS
“¥ | Computer Science
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1 and 2 Input Logic Gates

Cornell Bowers CIS
“¥ | Computer Science

OR: D) D>—fla,b)=a Vb
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1 and 2 Input Logic Gates

NOR: bD— fa,b)=a V b OR: bD f(a,b)=a Vb

=a+b
NAND: | —f(a,b)=a A /_M

Cornell Bowers CIS
“¥ | Computer Science
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1 and 2 Input Logic Gates

NOR: ' D flab)=aVb  OR > >—fla,b)=a Vb

=a+b
NAND: Z::}— f(a,b)=a A AND: T H— L(a, b)=a A
b
=axb
=ab

Cornell Bowers CIS
“¥ | Computer Science
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1 and 2 Input Logic Gates

d
NOR fla,b)=a V b OR: | fla,b)=a Vb
D— (a,b) =2 D o
NAND: ‘T D fla,b)=a A AND: °|  — f(a,b)=a A

=axb
/a—j |> =ab

Cornell Bowers CIS
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1 and 2 Input Logic Gates

Cornell Bowers CIS
“¥ | Computer Science

OR:

AND:

> >—fla,b)=a Vb

Z:_;)—-ﬂ&b%HaA
b

=axb
=ab

39



|dentities Truth Table

aVo= a_ | aVo
aV 1= 0 0
aVa=s 1 !
aAN(0 =
aAN1l=
aANa-=

Cornell Bowers CIS
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|dentities Truth Table

aV0=a a | aVvo
aV 1= 0 0
aVa=s 1 !
aAN(0 =
aAN1l=
aANa-=
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|dentities
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|dentities

Cornell Bowers GIS
Computer Science



|dentities Truth Table

aV0=a A
aV1=1 0 Y
aVa=1 1 !
aANOD=0
aNl-=
a/Na-=

Cornell Bowers CIS
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|dentities Truth Table

aV0=a ANl
aV1=1 0 0
aVa="1 1 !
aAOD=0
aAl=a
a/Na-=
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|dentities

aV0=a
aVvV1l=1
aVa=1
aAOD=0
aAl=a
aANa=0
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Computer Science

‘\e\,\.umb%

W

& 2

\CI)
D )
2Ep A>



DeMorgan's Law

aAb=aVb

aVb=aAb

Cornell Bowers CIS
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Distributive Property

aAbVc =(@Ab)V(@aAcq

Cornell Bowers CIS
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Distributive Property

aAbVe =(@Ab)V@Aod

a (b+c) =ab+ac

S=sry | Cornell Bowers CIS
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Which Gate is this? ~ FOlIEV Question #

(A) NOT [>— ] ! I>O_ ‘
(B) OR > ! — out
(C) XOR >
(D) AND T :D—
(E) NAND 1D 4|>O

Truth Table

A| B |Out

O| O

0| 1

1

0 PollEv.com/cs3410
Cornell Bowers CIS 111

% | Computer Science


https://pollev.com/cs3410

Which Gate is this? ~ "°llEY Question #1

0 Out

9
U

Truth Table
A | B |Out
‘ 0,0 0
0| 1
110 PollEv.com/cs3410
Cornell Bowers CIS 111

% | Computer Science
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Which Gate is this? ~ "°llEY Question #1

1 Out

9
U

Truth Table
A | B |Out
00 0
m) 0| 1| 1
110 PollEv.com/cs3410
Cornell Bowers CIS 111

% | Computer Science


https://pollev.com/cs3410

Which Gate is this? ~ "°llEY Question #1

1 Out

9
U

Truth Table
A | B |Out
0,0 0
0| 1 1
10| 1 PollEv.com/cs3410
Cornell Bowers CIS 111

% | Computer Science


https://pollev.com/cs3410

Which Gate is this? ~ "°llEY Question #1

0 Out

9
U

Truth Table
A| B |Out
0/ 0 0)
0| 1 1
9 PollEv.com/cs3410
Cornell Bowers CIS 11 1 0

% | Computer Science
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Which Gate is this? ~ "°llEY Question #1

0 Out

9
U

Truth Table
\/i A| B |Out
0/ 0 0)
0| 1 1
9 PollEv.com/cs3410
Cornell Bowers CIS 11 1 0

% | Computer Science


https://pollev.com/cs3410

Which Gate is this? ~ "°llEY Question #1

0 Out

9
U

Truth Table
ab V A| B |Out
0|0 0
0| 1 1
RN PollEv.com/cs3410
Cornell Bowers CIS 11 1 0

% | Computer Science
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Which Gate is this? ~ "°llEY Question #1

0 Out

9
U

Truth Table
ab 'V ab A | B |Out
0/ 0 0)
0| 1 1
9 PollEv.com/cs3410
Cornell Bowers CIS 11 1 0

% | Computer Science
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Which Gate is this? ~ "°llEY Question #1

a 0
(A) NOT [>— ) Y {>O—

B
(C) XOR 3>
(D) AND T= 1 0
(E) NAND 1O~ —[>oo— )
Truth Table
5_b V i_b A | B |Out
Ol 0 0
: 0| 1 1
minterms! 1o 1
PollEv.com/cs3410
Cornell Bowers CIS 11 1 0

% | Computer Science
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Truth Table to Boolean Formula with SOP  pigiunction
;

e Sum-Of-Product (SOP) or __b V_b
Disjunctive Normal Form (DNF)

Cornell Bowers CIS
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Truth Table to Boolean Formula with SOP  pigiunction

v
e Sum-Of-Product (SOP) or ab vib
Disjunctive Normal Form (DNF) 3b + ab
ES
Sum
Products

Cornell Bowers CIS 60
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Truth Table to Boolean Formula with SOP

Truth Table

A | B |Out

0
0
1
1

o110

0
1
0
1

Cornell Bowers CIS
“¥ | Computer Science

e Sum-Of-Product (SOP) or

Disjunctive Normal Form (DNF)
¢ minterms:

product of (inverted) inputs

Disjunction

Products

61



Truth Table to Boolean Formula with POS  pisiunction

v
Iruth Table e Sum-Of-Product (SOP) or ab V ab
A| B |Out Disjunctive Normal Form (DNF) 3p+ ab
0/0| O e minterms: A
0| 1 1 product of (inverted) inputs Sum
11 0| 1 e Product-Of-Sum (POS) or

. . P

W Conjunctive Normal Form (CNF) roducts

e Mmaxterms:
sum of (inverted) inputs

(a+b)(a+b)

Cornell Bowers CIS 62
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Truth Table to Boolean Formula with POS  pisiunction

v

Truth Table e Sum-Of-Product (SOP) or ab VE

A| B [Out |-Out Disjunctive Normal Form (DNF) 3b+ ab
1 | « minterms: A

find rows where outputis 1 Sum
Product-Of-Sum (POS) or Products
ﬁ Conjunctive Normal Form (CNF)

¢ maxterms:

f(a, b)=ab+ab sum of (inverted) inputs

— 10| O
®

(a+b)(a+b)

Cornell Bowers CIS 63
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Truth Table to Boolean Formula with POS

Disjunction
v
Truth Table e Sum-Of-Product (SOP) or ab VE
A| B [Out |-Out Disjunctive Normal Form (DNF) 3b+ ab
1 | ® minterms: 4

find rows where outputis 1 Sum
Product-Of-Sum (POS) or

‘1 | Conjunctive Normal Form (CNF) Products

e Mmaxterms:
f(a,b)=ab +ab sum of (inverted) inputs

— 10| O
®

Cornell Bowers CIS 64
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Sum-0f-Product Practice

Cornell Bowers GIS
Computer Science

65



‘\e\,\.umb%

W

& 2

\CI)
D )
2Ep A>

Sum-0f-Product Practice

alb| c| out minterm
000 0 | abc
001 1 | abc
0110 0 | abc
011 1 | abc
110/0| 0 | abc
110{1| 1 | abc
111/0| 0 | abc
11(1] 0 abc

Cornell Bowers GIS
Computer Science

1)
2)

Write minterms
sum of products:

OR of all minterms where out=1

66
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Logic Implementation

* How to implement a desired logic function?

alb|c| out minterm
000 0 | abc
001/ 1 | abc
0110 0 | abc
011 1 | abc ¢m
110/0| 0 | abc
110/1| 1 | abc ¢m
111/0| 0 | abc
11(1] 0 abc

Cornell Bowers GIS
Computer Science

1) Write minterms
2) sum of products:

*  ORofall minterms where out=1

» E.g. out=abc +abc + abc

67



Logic Implementation

* How to implement a desired logic function?

albl ¢l out Iminterml 1) Write minterms
ololol o | 3be | 2) sumofproducts:
— * ORofall mintermswhereout=1
00/1 1 | abc » E.g. out=abc +abc + abc
0/1/0] 0 | abc
011 1 | abc ¢m I T
1/0/0| 0 | abc T :D_\
1/0[1] 1 | abc 4m T o >
11/0| 0 | abc I \
11(1] 0 | abc N

corollary: any combinational circuit can be implemented in two levels of logic
ignoring inverters

{Tegf | Comel Bowers OIS (ignoring )
“Ey | Computer Science
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Multiplexor

* Select one of two inputs
 TernaryoperatorinC: sel? b : a

s (select)
d —o
h_ | out

Cornell Bowers GIS
Computer Science
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Multiplexor

* Select one of two inputs
 TernaryoperatorinC: sel? b : a Truth Table

sel |b Out

Q

s (select)

d —o
out

b_—]1

1 O| 1O =O| -0

0
0
1
1
0
0
1
1

Cornell Bowers GIS
Computer Science
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Multiplexor

* Select one of two inputs
 TernaryoperatorinC: sel? b : a

s (select)
d —o
ho | out

sba + sba + sba + sba

Cornell Bowers GIS
Computer Science

Truth Table

S b a Out
0 0 0 0

0 0 1 1

0 1 0 0

0 1 1 1

1 0 0 0

1 0 1 0

1 1 0 1

‘|1 | 1 | 1 | 1 ‘I
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Multiplexor

* Select one of two inputs
 TernaryoperatorinC: sel? b : a

s (select)
d —o
ho | out

sba +sba+sba +sba=Sa+sb

Cornell Bowers GIS
Computer Science

Truth Table

S b a Out
0 0 0 0

0 0 1 1

0 1 0 0

0 1 1 1

1 0 0 0

1 0 1 0

1 1 0 1

‘|1 | 1 | 1 | 1 ‘I
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Multiplexor

* Select one of two inputs
 TernaryoperatorinC: sel? b : a

B
-

sba +sba+sba +sba=Sa+sb

Cornell Bowers GIS
Computer Science

s (select)

d—o
h_ | out
Truth Table
S b a Out
o (0 |0 |0
o |0 |1 |1
o (1 |0 |0
0 |1 1 |1
1 |0 |0 |0
1 10 |1 |0
1 |1 |0 |1
‘|1 | 1 | 1 | 1 ‘|




Binary Addition

Cornell Bowers GIS
Computer Science
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Adding Binary Numbers

Remember
elementary
school!

24

+ 17,

Cornell Bowers CIS
“¥ | Computer Science
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Adding Binary Numbers

Remember
elementary
school!

24

¥ ElD7lO -

10

Cornell Bowers CIS
“¥ | Computer Science

76



Adding Binary Numbers

Remember
elementary
school!

24

¥ ElD7lO -

41,

Cornell Bowers CIS
“¥ | Computer Science
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Adding Binary Numbers

Remember
elementary
school!

24 11000,

* A7 + 10001, )

41,
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Adding Binary Numbers

Remember
elementary
school!

24 11000,
+ A7 + 10001, )
41 1,
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Adding Binary Numbers

Remember
elementary
school!

24 11000,
+ A7 + 10001, )
41 01,

Cornell Bowers CIS
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Adding Binary Numbers

Remember
elementary
school!

24 11000,
+ A7 + 10001, )
41 001,
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Adding Binary Numbers

Remember
elementary
school!

24 11000,
+ A7 + 10001, )
41 1001,

Cornell Bowers CIS
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Adding Binary Numbers

Remember
elementary
school!

24 11000,
+ A7 * 10001, f
41 01001,

Cornell Bowers CIS
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Adding Binary Numbers

Remember
elementary
school!

24 11000,
+ A7 * 10001, f
41 101001,

Cornell Bowers CIS
“¥ | Computer Science
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Binary Addition

* Binary addition requires
» Add of two bits PLUS carry-in
* Also, carry-out if necessary

Cornell Bowers GIS
Computer Science
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1-bit Half Adder
A B

* Adds two 1-bit numbers
* Computes 1-bit result and 1-bit carry-out

C . *No carry-in EME
PollEv.com/cs3410 ; T
PollEV Question E B
A BC S What is the equation for C_ ?
0 0 A+B
0 1 AB
1 0 A®B
1 1 A+1B
& | G o B .



https://pollev.com/cs3410

1-bit Half Adder
A B

* Adds two 1-bit numbers

* Computes 1-bit result and 1-bit carry-out

*No carry-in
out

PollEV Question #3

A B C .S Whatistheequationforcout?
0 O A+B
0 1
1 O
1 1

AB

A®B
A+!B

Cornell Bowers CIS ‘AlB
% | Computer Science
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1-bit Half Adder
A B

* Adds two 1-bit numbers

* Computes 1-bit result and 1-bit carry-out

* No carry-in
out

0 0 0 1

ABC, S 60 1 1
00 0 O +0 +1 +0 +1
01 0 1 0 1 1 0
10 0 1 S = one input equals 1
P10 C_ =twoi
| = two inputs equal 1
(& | B S o




1-bit Half Adder
A B

* Adds two 1-bit numbers

* Computes 1-bit result and 1-bit carry-out

* No carry-in
out

S=AB+AB =A®B

A B out C out — AB

O 0 O O AB AB

O 1 O 1 Cout_C—olﬁ Cout_C—.l

10 0 1 |

110 [ =
Cornell Bowers C1S

~2 | Computer Science S S 89



1-bit Full Adder
* Adds three 1-bit numbers
* Computes 1-bit result and 1-bit carry-out

Cout Cin  Can be cascaded
e Fill in Truth Table
A B C C S * Create Sum-of-Product Form
in out
0O 0 O * Draw the Circuits
0 0 1
0 1 0
0 1 1
1 0 0
1 0 1
Cornell B (1)IS 1 0
=1 | Cornell Bowers
' Computer Sciénce 1 1 20




1-bit Full Adder
* Adds three 1-bit numbers
* Computes 1-bit result and 1-bit carry-out

in  *Can be cascaded Ei‘.ﬁqm
PollEv.com/cs3410 5 L

out

L

PollEV Question #4

What is the equationfor C,?

a) A+B+C,
IA+!IB+!C,,
ADB®C,

@C + I_X_B(_Z + AB_£J+ ABC
ABC + ABC + ABC + ABC

-~ .~ O 0O 0o o »

1
= | Cornell Bowers CIS
&9 | Computer Sciénce

AAOO_\Aoow

C.
0
1
0
1
0
1
0
1



https://pollev.com/cs3410

1-bit Full Adder
* Adds three 1-bit numbers
* Computes 1-bit result and 1-bit carry-out

C.
Cout in * Can be cascaded
A B Cin Cout S .
0 0 0 0 0 PollE V Question #4.1
What is the equationfor C_?
60 1 0 1 a)  A+B+C,
O 1 0 O 1 IA+IB+!1C,,
o 1 1 1 0 NP n
/_\BC + A_BC - ABEZ + ABC
o 0 0 ABC+ABC+ABC +ABC
1 0 1 1 0
1 1 O 1 0
Cornell Bowers GIS 92
& | ComputerSciénce 1 1 1 1




1-bit Full Adder
* Adds three 1-bit numbers
* Computes 1-bit result and 1-bit carry-out

C.
Cout in * Can be cascaded
AB G G S S = ABC + ABC + ABC + ABC
0 0 0 0 0 -~ AR~ AD A~ AR A
Cout =ABC+ ABC+ ABC + ABC
0 o 1 0 1
0 1 O 0 1
0 1 1 1 0
1 O O 0] 1
1 0O 1 1 0
1 1.0 1 0 S
Cornell Bowers GIS 93
& | ComputerSciénce 1 1 1 1




4-bit AddB(!‘ 0o o 0 1 1 0o 1
A,B, A B A B A B
R e

c. < pk L sk Lc
S s s s
0 1 0 1

e Adds two 4-bit numbers, along with carry-in
 Computes 4-bit result and carry out
e3+2=5

* Carry-out [] result > 4 bits
Cornell Bowers CIS
“¥ | Computer Science

94
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4-bit Adder
A3 83 A2 B A1 B A BO
Vv v v v v
Cout < < - Ci”
{ { { {
53 52 51 S
Al4] Bl4] Build it
and
<  C 1
Cout In bOX |t!
v Theme of 341
Cornell Bowers CIS 5[4] ( cmeo 3 95 0)



PollEV Question #5

What's the largest sum you can calculate with a 4 bit adder?
(Give your answer in base 10. Assume unsigned numbers)

~ Al4] B[4]

a) 4

b) 1,111 v

G: 15 Cout( (_Cin

d 16 7

e: 4000 S[4]
PollEv.com/cs3410

Cornell Bowers CIS 96
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https://pollev.com/cs3410

PollEV Question #5

What's the largest sum you can calculate with a 4 bit adder?
(Give your answer in base 10. Assume unsigned numbers)

a) 4 A[4] B[4]

b) 1,111 v
@ Cout( (_Cin
d 16 7

e) 4000 S[4]

Cornell Bowers CIS
“¥ | Computer Science




Binary Subtraction

Why create a new circuit?

Just use addition using two’s complement math
How?

S=sry | Cornell Bowers CIS

¢ | Computer Science



Binary Subtraction
Two’s Complement Subtraction

* Subtraction is addition with a negated operand
* Negationisdone by inverting all bits and adding one
A-B = A+(-B) = A+(B+1)
A B A, B A B A B

3 .3 2 2 1 1 0 ;0
Y é Y é y { Y ;
1
Cout < < <
Cornell Bowers CIS g g g g
8 | Computer Science 3 2 1 0

99



Binary Subtraction
Two’s Complement Subtraction

 Subtraction is addition with a negated operand
* Negationisdone by inverting all bits and adding one
A-B = A+(-B) = A+(B+1) Eg.7-3=4>7+(-3)=4
A) BgO Al BZO Al B, 1 Al B, 1

% 1 1 1 1
Cout < < < e
ety | Cornell Bowers CIS * * * *

Computer Science 530 52 1 S . 0 SO 0

100



Binary Subtraction Add or subtract with

XOR gate [sub? |B, |newB,

Two’s Complement Subtraction O 00 :
* Subtraction is addition with a negated operand

* Negationisdone by inverting all bits and adding one 0 1 1

A-B = A+(-B) = A+(B+1) ] 0 ]

A3 B3 Az Bz A1 Bl Ao Bo 1 1 0

if subtracting, invert B,

¥ é ¥ é L é L é
1
Cout < < < -
Cornell Bowers CIS g g g g
“& | Computer Science 3 2 1 0 o




Binary Subtraction Add or subtract with

XOR gate [sub? |B, |newB,

Two’s Complement Subtraction - O° :
 Subtraction is addition with a negated operand

* Negationisdone by inverting all bits and adding one 0 1 1

A-B = A+(-B) = A+(B+1) 1 0 1

A3 B3 Az Bz A1 Bl Ao Bo 1 1 0

if subtracting, invert B,

1 = subtract
C €T < < L <
ot 0 = add
ety | Cornell Bowers CIS Y Y Y Y
Computer Science 53 52 51 SO 102




- - Add or subtract with
Binary Subtraction | YOR pate [T T—
Two’s Complement Subtraction :

0 0 0

* Subtraction is addition with a negated operand
cEg 6-7=-1016+(T)=-1 0 |1 1
1 0 1

0 1 gl 1p 1 0Opl
AQ%BS A2 BZ AlBl AB 1 1 0

l ,L l i if subtracting, invert B,
LY N N\
YOIV Y W

0 1 = subtract
Coutg— (O— < (2 D3

S=sry | Cornell Bowers CIS Y
%z | Computer Science 531 521 5, 1 501 ”

- -
- -
- -




Binary Subtraction Add or subtract with

: . XOR gate |sub?|B, |newB,
Two’s Complement Subtraction —
* Subtraction is addition with a negated operand
 Addition still works! E.g.2+5=7 0 1 1
1 0 1
0 0 pl 1p O 0pl
AQ’, B3 A2 BZ Al Bl A B 1 1 0

l ,L l i if subtracting, invert B,
LY N N
v vO0 v % Y io Y i 1

0 0 0
C g— R < e <
out O = add
¥ ¥ ¥ 7
#rem | Cornell Bowers GIS
Computer Science 530 52 1 51 1 So 1 104




4-bit Adder with Two’s Complement

Al4] B[4]

v ¥

C - <« C
out In

Cornell Bowers CIS 5?4]
“¥ | Computer Science




8-bit Adder with Two’s Complement

Al4] B[4] A[4] B[4]

vy ¥ ¥ ¥

C < = <« C
out N

S=sry | Cornell Bowers CIS Y Y
Computer Science S 4] S 4] e




8-bit Adder with Two’s Complement

A[8] B[8]

v ¥

C - <« C
out In

Cornell Bowers CIS SYS]
% | Computer Science




32-bit Adder with Two’s Complement

A[8] B[8] A[8] B[8] AI[8] B[8] A[8] B[8]

2 2NN N 2N 2 2 2

out

S=sry | Cornell Bowers CIS
Computer Science SYS] SYS] SYS] 5?8]




32-bit Adder with Two’s Complement

A[32] B[32]

v ¥

C - <« C
out In

S=sry | Cornell Bowers CIS ?
Computer Science S(3 2]
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64-bit Adder with Two’s Complement

A[32] B[32] A[32] B[32]

vy ¥ ¥ ¥

C = < <« C
out N

S=sry | Cornell Bowers CIS g ?
Computer Science S[32] S[32] 110




64-bit Adder with Two’s Complement

A[64] B[64]

v ¥

C - <« C
out In

S=sry | Cornell Bowers CIS ?
Computer Science S 64]




