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Multiplexer (mux)

Jmnar\v] opelodor

x=a?b:c

A multiplexer (mux) 1s commonly drawn as a trapezoid in circuit diagrams.
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Binary
20 2" 2V o 1 b T 5t o g
Any downsides to binary? ke £ 24222 22 27
L L R O R R
_ Il 9 9 g o | O \ 9 0o | ©
Turn 2130,, into base-2: J130-206=82 oabide ikl

hint: find largest power of 2 and subtract
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Exercise

Turn 1101011110010, into base-10:
o lo ([ (1 00 | O
9 22 S 2522

_hohh+d0A8 5]+ |28 +h T 32T b+2
= hefe
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Exercise

T%urn 342,, into binary:
K G

2 ) ) p L I S L
) 2
s 2b Dy B L e ko
| 0 | 0 | 0 \ 0
35 5h=Rb
gh-br=22
22_\ b: E
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Exercise

| 00l
Turn 1101011110010, into hexadecimal: 1971 =%

OOO] [O(@ ﬂ OQ[/D

PR
—_—

| R
| AFLy,
//Turn 1101011110010, into 8-bit hexadecimal:
How 1o ertord it 7
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Exercise

Turn 5b42,, into binary

IR~

0[] |01 0lo0 000

5b%l,b:O\Ol 0| | olo0 00[0
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Exercise

Turn 5b42; into decimal :

5 b 4 2
b I

Sxlb’ + 1l I bl ¢ 2xlb°
= 04e0+ 28 bt b2
- 233})
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Exercise

Turn 1101011110010, into octal :

gol o (o111 09l0
(/w,qlﬁ__,—'(’_’_\_,l__ﬂ/_\]

| 5 3 b 2

So, | lolol 1 1100]0, = [53b2
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Exercise

Turn 462¢ into binary :

/N

loo |19 OlOL
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Binary Addition

01 (olojl (PD

tq 1000l (P
| [O|Oooo(206>

01101011 + 01100101

11101011 + 11100101 L o e (235
0 9 9o | (229)
1! D1 00 ¢ Q,m)&)

The cowect answer o be Mk,
But 1 only have 8 ik fr my vault foad o 208)

onge T0r € 0its: (0~235)

Ze_l :25!}" = 255
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Binary Subtraction

01111011 - 01100101

0\|\l\oll[(;5)
_O([OOIO{UOD
00 0 | o (@
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Values of Two’s Complement Numbers

Consider the following 8-bit binary number in Two’s Complement:
11010011

What is its value in decimal?

Methad 1.
ol 00 I |
@2" 22422 5 o
rer
— ]2k bF 1 2 |

~128 —H))H—I!MQ‘H = -45
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Values of Two’s Complement Numbers

Consider the following 8-bit binary number in Two’s Complement:

11010011

| I 0o | oo I

What is its value in decimal?
D > N U R

1. Flip all bits OO}}?;}?HOO
). Add1 e T
Qo (o [lO]

D4+ =45 = U5
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Example: Bitwise AND

11001010
& 01111100

0100000
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Example: Bitwise OR

11001010
| 01111100

T 11 ¢
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Example: Bitwise XOR

11001010
~ 01111100

o] | oll0
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Operations (on Integers)

Logical not: !x

0 menns fole
{//m non-zero vobie meanc e
 0=Tandix=0,vx 0 (. doec nat have o buit-in Poolean tye in
older clandawdc
Lo@cal oxpresains refum mjfégfrs (0 or 1

* Some languages name this one differently — Eeompe: if (1pr) {
Python - not yptris NOLL
Tom/C/Ctt <! 3
Bosh: |

e Useful in C, no booleans
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Operations (on Integers)

Left shift: x <<y - move bits to the left
* Effectively multiply by powers of 2
Right shift: x >> y - move bits to the right
» Effectively divide by powers of 2
* Signed (extend sign bit) vs unsigned (extend 0)
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bt G
Floating Point Example zL hats ;gﬁnmm

3 bits: «Frach( 10N

101.011,
|‘()[O\\X2l
75 onplenent for 2- 0010
OAO{ {ahg b]as 00 [0
+?O|<|)l ; On’\]’f 3 bT['S -&r ’FT'O(C‘i']Oﬂ_2
o ; e g ot
0, _leol 0 &1
o enonent frochion v
1 Ol
L 011
Pction
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Floating Point in Binary

How do we store them?

* Originally many different systems
* IEEE standardized system (IEEE 754 and IEEE 854)

* Agreed-upon order, format, and number of bits for each

() 101101 x 33

/ 5\ :\]:ﬁmm
[:L ) HO]OOOOOOO

2 fo nant 0
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Floating Point Example

_7C6MP|€ oF ways 1 Fhink about wiok comes
aftor the binony pomt

oo, |
B - 0. froctions

[01. OI\

222 725

/TN 3

-
F41=5 2')—_;,2’3: #4—@‘ -2

3
s0: lo].oll=5%

®. ]miﬁomllj
3 posiﬁons CUp 1o 2'=8 values (poﬁﬁoﬂﬁ)

011483, S0 3% (thee- cight)
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Floating Point Example

What does the following encode? I bits.
1/|{001110/{1010101
sign  @ponent  fraction
wpy His down

= 1. dolofol, 2

M=

(Y

001110 biosed number

_otr il (minks oigs)
[OT 11T 2% complement
flip: 010000
H- gloool =711

S0, answer: —| |
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Warm up!

Can I make an n-input AND from 2-input AND gates? — ;

f:D_ i

What about XOR gates?
?&Vﬁ'ﬂ ——7}”@0(0{1\(@
0- eyen number of bits b are gne. 11020

| odd mumber of bfs tht ae ae. ool =1 ‘
TP
yseful n - error !M!Y\@; -

send: lot |70 =0
Yeceive: |09 '/\O/\O:(
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Adder

Add 2 1-bit numbers: a, b

0 b
+ b 0 0
L v
C r | O

l

To that o one bit vehte?
How bﬁﬁ ool Hod vobte be?
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Ripple-Carry Adder

zgo__D “o \/eh'@:
- wisigned: 1) || (s
i ST SRR
+YBNYYs dop D11 1o (’E
Z 2 Z Z, ;%:‘FD_‘ ovgr-F/ow!
feum DS L ) W siged* ) D
40 =D
1o (-2
vepant if 7 works !
mare bife | ™ ) ) o—=
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What does this circuit do?

\ Q | O

X3 Xy X1 Xo

% % AOL L
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Another Counter

ok | RORe | £ Y

2, 0 — 0 |

| | | 0 ] 0

3 2

Ky h [ 2 2 2

g 5 5 32
1A

% Tibonacci Sequence.
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Reading

x = R[1] - connect output of registers to x based on index i
1 2 =RLk]

4 R N

0

- B

> B
J

| B

>
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Aside: 4-input Mux

How do we build a 4-input mux? How many wires should i be?

OT\M 1%@5@ J JDﬂLS L\‘ﬂ\é\f \Owgr
e (Lol s he ©chould ke 2 bifo
/L \O\Nev«b'\JC\ )
[t 9 o Low about 8- put v
b‘ 12-& 0.1 shald be 3 bifg.
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Writing
R[j] =y - connect y to input of registers based on index j
2 HﬂY\ﬂS 0 o COﬂSiO/QYQO('- 14 e i 2
M. How do I choose which : ) ]
egister L nont 4 hook r i
Tt up $o = ) i
@ For ol other registers tot jl -
Tin not writhg y 1o, they |l
nead o legp the cunent vohe. =
1 dont want 4o loose -t / ) ey

Page 18




UNIVERSITYsf VIRGINIA

/)415 i the cirtut WLQ'SW which

Building a Computer

AR =),
ﬂ : KEU:[ cod v3=v0 Random Access Memory / pmgﬂ «FQY thh }’8@15’@' o MUR
ode
\X icclde deslzl:A ] src %:l e 6 \[0\ u@/g\ﬁ/ O\A o
0| 000 | Il |00 i)
0 00 @ q s Un/0
N |\ |
/\ Qo0 _l R@l
It gives o code.nat Register
an nstruction, we 4’—1‘L U2 (RIIS)
_@¢ need 4o encode it \\\
£ 010| i
/ Al i)
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Encoding Instructions

icode b | meaning m dé[imOI)
0 rA = rB S
] e Example 1: rl
2 rA += rB ¢ ,, |
AL bk 19 0 herdlecimal = Ok 12
1| rA = 'rA
e 1o [ o]l
4 rA = read from memory at address rB icode I3 b
5 write rA to memory at address rB
6 0 | rA = read from memory at pc + 1 \j_/_/ft
1 | rA &= read from memory at pc + 1
2 | rA += read from memory at pc + 1
3 | rA = read from memory at the address stored at pc + 1
For icode 6, increase pc by 2 at end of instruction l’\@‘ : b b 15
¥ Compare rA as 8-bit 2's-complement to 0

if rA <= 0 set pc = rB
else increment pc as normal

Page 10
-
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Encoding Instructions

Sden - ©. 1 howe o volve n memony of oddiess her €2

Example 2: M[0x82] +=13 O. L want to odd whoderer n 03 1o Hhat vokie.
Read memory at address 0x82, add r3, write back to memory at same address
One pot . No wstiuckims allow ws o pass an immelintz vl as the odldrese.

S lets gue owsdves some time - Just put €2 nardjister

Then we we ke & o read +t awb dcarle 5 Lo write it bock.

y2=0x62 Q_ 19 |o 09 K2 aquy modie réads O and | |
MO ‘
vl =MLl 0¥oo 9] [0 Bt %' U = easier r@gj»pmrsaﬁh@f

] RO
rr=rs g ol b6 €1 4b2] 5

Mrral=rl 0 7o ol 10
5) — b
Page 11

(2 W@Wﬁﬁg ﬁv\dmg: fist hex 1 alwayﬁ qur iode!
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Our code to this machine code

How do we turn our control constructs into jump statements?

@@ w ([_W/MU i)

how b0 gonvert ot uhile

nt 1=0
Y\Jg =0 5 42b/ 'H') !
/_ﬁ’wﬁ 1 1 T4 :? ileCics ?




Tn £ )Jovn. we have Flele. But fromthe QU percpectie, there 15 no such #ing os if/ele — only
cequentinl - execufin and uvps. Think of the ¢p) as walkrg forgsrd on o rood, Defoult behavior -

swward. Onll when we do NOT wont o confinue forvord, we need 4o Jump somewtere

UNIVERSITYsf VIRGINIA
Oy 2" MsTead O o showlet L coninue

if/else to jump For bumon - 3f Diste—A  athorwie—B Bt for
‘ #D Y qump o B mochine s 1. The CPU wil
et F S sonfinde. dowmward by
a A dofouth. 2. 1f D
] olse | winp s (mm\dﬁgﬂo{ jump) %(ge}w%&zﬁ chould e
@0 /
6 B 2 Siturhond: ”)f loo)ZS hk@ WQ'M

0.+ D s e don's mp.

7} ontinie A, hon C. ”fhm]gm bacewods .
0 7;9 25 fibe g @, |k achafy we e
C C | \\71,(@& ﬂ?l)OWﬂ% Hy CPUIC

Jumps J\ﬁﬂ}@ﬂg bt 2 p‘m(eg /WL?AM( Yule: pmine unless

i corddition D 15 Hue, L wil doAt, i fuce o unp

Sip B, sontinue b0 0o C

Page 8
iy !O Compi L*S @WW&L @O!é !l L ny 2 | puchifectures ™

s pattern: ogpants in o
0." Fewey Junps’ = facter erecutin @." 1S | ap
9. Soquantiol Fow" = better branch predichon
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. . ~ How do 1 krow where Jo Jump? |
while to jump /70 ol &oo(e F you by e ocklress

-

while (2 1 ST w0 B it (e guyp 0 B

/ (A C A
} unp o A2 ol Lnfnte hop! (L), ump w0 A
B Jumptn 3f, do-the @rokihn check! \
2 B

epdh Ioop Hewtn only hag |
im\,P oheke.

|
< nat 0. some [w
Page 10

T o do-whilz lop!

Q)LC};\ 1\7\7? ﬂ“ﬂﬁfﬁ\m hos 2 jump ckgckg,
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Encoding Instructions

icode b | meaning

0 rA = rB
1 rA &= rB
2 rA += rB
3 0| rA = -~rA
1| rA = A
2 | rA = -rA
3| rA = pc
4 rA = read from memory at address rB
5 write rA to memory at address rB
6 rA = read from memory at pc + 1

rA &= read from memory at pc + 1

rA += read from memory at pc + 1

rA = read from memory at the address stored at pc + 1
For icode 6, increase pc by 2 at end of instruction

WN O

' Compare rA as 8-bit 2's-complement to 0
if rA <= O set pc = rB
else increment pc as normal

vegistey = = Cunent: mstuctin
- odiiss of the nert nctruction

\
Example 3: if ra/ <9 jump to 0x42
L doot foue an Arstuchion sy F0<4.

T rval vo<=0" R e 7, whot shid

T o)
(04 £ =8 L= (10-8)<=0

= r0+=-¢ (0xF8)
0 <=0

bl =0x42 9O 10 olo 42
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Encoding Instructions

icode b | meaning
0 rA = rB
1 rA &= rB
2 rA += rB
3 0| rA = ~rA
1| rA = I1A
2 | rA = -rA
3| rA = pc
4 rA = read from memory at address rB
5 write rA to memory at address rB
6 0 | rA = read from memory at pc + 1
1 | rA &= read from memory at pc + 1
2 | rA += read from memory at pc + 1
3 | rA = read from memory at the address stored at pc + 1
For icode 6, increase pc by 2 at end of instruction
F'd Compare rA as 8-bit 2's-complement to 0

if rA <= O set pc = rB
else increment pc as normal

Example 4: 0x17 * 3
Ox 1T %3= (x1+081140x0 [ =
%ﬁo}rH:O?ji‘%} ) A= O Ty

#=0;

1=0

while (123) 1
$+= 01T
1+=1

%x=0;
1=, 2
: iole 3-3: rA=FC
JHERE «—F
(Cave
7§+:O7<” where
14=1; 0 back)
Gy wmpHERE 1001l jo 1
2 3

if (i<=0) Jup HERE

whod voluee we need >

* —>r0
i—=rl

HERE T

Y= 0k 11 —immeshirte



