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Announcements

 Homework 3 due tonight at 11:59pm on Gradescope
 Midterm 1 Friday (October 3, 2025) 1n class

— Written, closed notes

— If you have SDAC, please schedule ASAP
* No Quiz this Friday!
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Multiplexer (mux)

x=a?b:c
A multiplexer (mux) 1s commonly drawn as a trapezoid in circuit diagrams.
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Multiplexer (mux)
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Multiplexer (mux)
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2-bit Multiplexer (mux)

2-bit values instead of 1-bit values
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Binary
" ° 0‘ Q (] E 5 W 3 21 2( 20
| , 2" 2" 2t 2 2 22
?
Any downsides to binary? DS S SR <p DY ) S D R L B Y SO R
| o o o0 | O [ 0 o [ 9

Turn 2130, into base-2:

2120 doktk= @y @2/{;%1\9 18-1b=2
hint: find largest power of 2 and subtract
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Binary Addition
01101011 + 01100101 ol oo Qage fr o0 &-brt
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Binary Subtraction

01111011 - 01100101
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Values of Two’s Complement Numbers

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

11010011 ) Fhip oll bt
What is its value in decimal? [(0]oo (| =00 (0] 100
@ Add I 0010100
1. Flip all bits £ f
2. Add1 - ototol
. @ WWJD 5 Dolguol -md@nmal /

Wbk %y o

gofolfo1 =32t8tA T 45
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Values of Two’s Complement Numbers

0. positve (1T 30 bnary: o1 110]0]

Consider the following decimal number: 2 =nert the bits: 1090 (o]0

117 B+ ; looofofd £ = 00Ol
What is its value in 8-bit binary binary?
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Operations (on Integers)

Bit vector: fixed-length sequence of bits (ex: bits in an integer)
* Manipulated by bitwise operations

Bitwise operations: operate over the bits in a bit vector
 Bitwise not: ~x - flips all bits (unary)
 Bitwise and: x & y - set bit to 1 if x, y have 1 in same bit
 Bitwise or: X | y - set bit to 1 if either x or y have 1

* Bitwise xor: x My - set bit to 1 1f x, y bit differs
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Your Turn!
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Floating Point Example
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Floating Point Example

What does the following encode?

001110 1010101

_Sg_r_\ aponent ﬁacﬁon
/ Coleu mL@ ﬁe oxponent
cﬁ o 10
O I Jololol ol 11 —>-I7
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Adder

Add 2 1-bit numbers: a, b




UNIVERSITY VIRGINIA

3-input Adder
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Ripple-Carry Adder
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Equals

Equals: =
* Attach with a wire (1.e., connect things)
e Exiz=x%*y
* What about the following?
x=1
x=0
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Comparisons

Each of our comparisons in code are straightforward to build:

e == - xor then nor bits of output — bitc e qual ff e X0R 1€ 0
* |=-same as == without not of output (ompute d=7"Y. f
e <-considerx <0 Al bl of d arg 02
e > <=, =>are similar eqw!
. A~ U<(
gy (%5731

3 o rosulb 3s |, then negptive




ik UNIVERSITYs VIRGINIA

Indexing

Indexing with square brackets: [ ]
* Register bank (or register file) - an array of registers
e (Can programmatically pick one based on index
* l.e., can determine which register while running
* Two important operations:
 x=R]J1] - Read from a register
* R[j] =y - Write to a register
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Aside: 4-input Mux

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

R[j] =y - connect y to input of registers based on index j
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Building a Computer

Random Access Memory

Code 52 1,1 -
N\
anstuctin: = K3 RO

C T |
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@ whife Regilster

File
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Encoding Instructions

Encoding of Instructions (icode or opcode)

= Numeric mapping from icode to operation

it aut o] the e ot
icode | meaning e could pomby clo n o

0 rA = rB yadane
1 rA &= rB
2 |Th += 1B 0 [090] 11 [o0[ r3=rg

3

o thibiche o 4

and Jequol /
vo newer ot S
MA\ U1 oo /oy 2 bt | 2 bife
Jﬁy\\f\gg 7 6 |5 4 3 2 10
3 hits
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Building a Computer

coge 132V Random Access Memory
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Instructions
icode b | meaning
0 rA = rB
1 rA &= 1B
2 2 rogistzrs
3 0| rA = ~rA N
1| rA = IrA
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
g @”—I—: read from memory at IL;D 7‘mm€0ﬁ(7\{’€ VO&I]/IQ/,
3 | rA = read from memory at the address stored at pc + 1
For icode 6, increase pc by 2 at end of instruction
i Compare rA as 8-bit 2's-complement to 0

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

Example 1: 11 +=19~~ N decimal

19 0 hersdlecimpl Ok 13

o] 410 | ol o | [ 3

Acode O b

her: bbl12
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Encoding Instructions

Sden - ©.1 howe o volen meminy of oddiess her €2

Example 2: M[0x82] += 13 Q. 1 want to add whodeler i 23 o HO{ volue .
Read memory at address 0x82, add r3, write back to memory at same address
One ot . No anstictins allow us o pass an mmediatz vahee s the address

So lets ue owsdves some fime - Just put €2 Inargpister
Then we we doode & 4o read 4t aub e 5 o wite 1t pack.

(2=0x62 QU0 oo &L quy padie reads O ond |
=] 0o aLe B i v > casir 4o rrd> s o hr
ff=r2 000 o |l b

5 b8 €2 4b2] 5

Mrr21=rl 0 7o ol 10
5) — b
Page 13

One ieresting ﬁv\dmg: fist hex s a[wayx our icooke !
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Jumps

* For example, consider an if -
when we got 7’1@, We have a chaice

e —
J, — f®' e o ke, e by fne

3 L0054 9. olorb ot 1o dothe +f baty, mogic
= feleport. foleprts me dun 1o the el
] of the Af shofement.
T — (3f the fit e affer 3f hos Tedex2s,
v yfod of P+, I 9y, Pe=25)
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Our code to this machine code

How do we turn our control constructs into jump statements?

how o0 gnvert & o while

| RN (it 1=0 5 <257 1+H)4 nt 7;\0
— — while (1<25) §
3 i




UNIVERSITYsf VIRGINIA

if/else to jump
ih@) { ﬁa( D 7/jwnptoj%_ K D s thig no need 4o Jump.
arfinee o A
A A S we @n thk abncb it frm
T else { 3unp 4 ¢ Gunconchtiond J4p) “B” opuste ey, LD Jinp
D b ‘
0.+F D is tue - don'y Jump.
C. - oxrfinue A then C.
+F condition D s e, Lwil doA, 9. +f D s folse: ump 0 B,
then [

s)eii B, Gortine 0 0o C -
Page 13
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| WS w iwlere 7 Jump *

while to jump /7 @ how cude f you brow £ aathress

100de 2-2

while ([ ]) 9 \
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Encoding Instructions

icode b | meaning
0 rA = rB
1 rA &= 1B
2 rA += rB
3 0| rA = ~rA
1| rA=I!rA
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
7 Compare rA as 8-bit 2's-complement to 0

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

Y
Example 3: 1fr0 <9 jump to 0x42

L dloot foue an rstuchion soy 04,
T rval “ro<=0" R Gaode 7, whet dmld
T ¢lo?
(028 £ 1e=8 L= (r0-8)<=0
L= 104§ (0xF8)

1 2=0
bl =042 O 110 ol vo _42
b 4 42
rg+=r8€ 0 110 ™o &8
b 2 rg
(g0 (gl
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Function Calls

2.3 e € A J//]L\U' jumF t sl .
Y, st FC ’P()
el
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Dealing with Variables and Memory

What if we have many variables? Compute: x +=y O\I)l
- MLOr0] ——> b1 %0
0520 y =M
fapdt from memony ) . 2|
Y=0x&) 2 = ML0x&] —= %/Bh
=y, 1
ereate rie=t 25
DARR,
0p]er| — g (0 =0x60 — b0 &0
wife fo meaoy | MEOsEL= MEr@=r| —> 54
MLOx Gl =V 2 T 0= x| —> bod|
Myl=r2 — 53

7 80 B &\ 2 b0 80 Bl £
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Instructions Set Architecture

Instruction Set Architecture (ISA) is an abstract model of a computer
defining how the CPU is controlled by software

* Provides an abstraction layer between:
— Everything computer is really doing (hardware)
— What programmer using the computer needs to know (software)

CSO: covering many of the times we’ll need to think across this barrier
Were n g@neml ot Hhis pont, gnvg o ctart stafirg just abwve ths tarier and to the

gq]@pware side.




