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LECTURE 2 — LECTURE 3 / RULES BECOME CIRCUITS
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CENTER QUESTION / CAN SWITCHES CALCULATE?
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LEARNING OUTCOMES / FOLLOW THE SIGNAL
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LECTURE 3 / ONE SIGNAL, FOUR QUESTIONS

BERENS, ALU XT

01 / STATE

0

BEERRE

0/1K EROECKSS?

02 / RULE 03 / BUILD

A B == n B A B = S e
amiE DFAI mEs=
ADDS, HNEESRDHE? FLADE, ROKAESET?

04 / SELECT

AND
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ADD
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CPU THHELRENIET S8
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31?
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PART 1 / VOLTAGE TO LOGIC

D EIE O/ 1, BIROPIEERUCERE,

REOBREALL
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VOLTAGE / CLASSIFY

BEOEFHZ LOW & HIGH 9 7.
O¢&1ICHmEES

VN 3.3V OYyIn—f
LOW UNDEFINED HIGH
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VOLTAGE / NOISE MARGIN

UERRDS BN BERS,
50 /1 XbMA 5N 3

LOW HEZHRILZL HIGH

0-08V
0.8-2.0V

ZD-3.3V

B Il JM1X B\Wi{E
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HISTORY / SWITCHING DEVICES

INTERACTIVE TIMELINE #bb‘*a&ﬁé /‘

BERDSEZEA, ZELTFY TDHRA
O )

1900s 1947 1959 IR
BROE S T MOSFET IC A® MOS

STEP 5/ 5 - SMEIBOAR
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IC RD MOS
—DOF v T ICBAER
—BIFARETIERZ &L,
FECREBZERTIBEZES,

nm #& HERE / chip

BiiES - BHZe - ik - IC ®BREAEAC : BREET /1tH3 —> RiF, —DORSIVIZAIA

R% 1 Ub=— 2 BZ2E 3 by 4 MOSFET s IC A® MOS
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TRANSISTOR / TRY THE SWITCH

RSVIRTE, BRTEIK RAMTYF

OBSERVE THE OTHER PATH HEES T, HOEREEHIEDLS TRY / CONTROL INPUT

TRANSISTOR SWITCH O F F
HEEs I
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=R NEBED. V—RARERLLIYORED
Fv RIZHIEHT S

01 / PHYSICAL STRUCTURE nMOS Z#ETRE3 02 / CIRCUIT SYMBOL
3 IwFOMRES

n Source (n*) “ Drain (n*)
D

j
G I nMOS
|

Channel
Gate M F : p : i s
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Body / RS A —FIZERE
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OLIVIA CHEN TOYAMA - CZLAB COMPUTER SYSTEM FUNDAMENTALS - 20826

11



ABSTRACTION 7/ ON AND OFF

BiE9d 5/ ULiaWwae, ON/OFF &ULTHS

PHYSICAL

s
care HIGH

Channel B’ T¢&, BFHBET S
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MOSFET TYPES / OPPOSITE BEHAVIOR

nMOS & pMOS . RXEIDATIT ON (£33

N-TYPE MOSFET P-TYPE MOSFET
nMOS 1 TON pMOS 0 TON
OUTPUT VDD
i
- - “
OPPOSITE
& nMOS &
— -
| B =AY
GND OUTPUT
GATE LOW OFF GATE LOW O N
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CMOS INVERTER / HOW NOT IS BUILT

“DoEfHsEbESE. REDELLES

INPUT / A 1/ HIGH

PHYSICAL CIRCUIT / CMOS INVERTER

-
1
1
}\== O ] l
1
1
1
1
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nMOS
OFF

—_—

CMOS = COMPLEMENTARY PAIR

Y=1

O Em e -I-llq"

ADEYDEAT, FWEHREES

DIGITAL RULE
A=0 — Y=1
A ;
NOT
Y=NOTA
A Y
1 0

A E=DA pMOS % ON
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ABSTRACTION / DEVICE — CIRCUIT — LOGIC

NSYTRIIS,

RUIDIHIET — kA

PHYSICAL WORLD BELERDOHEF peraL word 0/ 1 ORBIDHFE
01 / DEVICE TRANSISTOR 02 / CIRCUIT CMOS . :I:h*'fﬁﬁ o NOT GATE

SOURCE VDD

@ M
GATE fHHabiEs - PMOS ik JA A Y
MOSFET
nMOS
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DRAIN GND
—2DDREHRE
—DDBRAIYF nMOS + pMOS DEIE

DEVICE — CIRCUIT hARESE< M ERS Locc ABDEHAEIERS
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COMPOSITION / BUILDING BLOCKS

hSVIRXH%ZE. LIADESICHAEDES

01 / TRANSISTOR 02 / COMBINATION 03 / FUNCTION 04 /CPU

—DDAIYF L < D Ve £ wEZHDOFRLEED BERBERORE

NSRS, HATDESZET TFHIEITIERE) IKHS,
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DISCOVERY / COUNTING THE BRICKS

IMZ I, A RAIDEG S DH
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MOORE'S LAW / THE LINE STARTS TO BEND

R2EFET2(E) DERDS. REBILANTWNLS
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PART 2 / VIEWPOINT SHIFT

sk, 0/ 1 @ TRAI, 2R%

PART 2 / DIGITAL

PART 1 / PHYSICAL
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DESIGN ORDER / BEFORE THE CIRCUIT

[OligzHE < Bilc. mAIDRAZRD S

OLIVIA CHEN TOYAMA
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BOOLEAN LOGIC / THE BRIDGE

7—ILiRIED., A& EEEE DRV

COMMON LANGUAGE

. = 1937 / CIRCUIT
a 1854 / LOGIC 7 IimE
R/ #%, ZO0MELTRSRE 0/1 OFRE%ZE
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TRUTH TABLE / NO MISSING CASES

0/ 1 DR,

wBNE L —1T9DANRS

1 / ENUMERATE

ANzgRahnsts

AD2iED, EAKNLT. BH 2
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FILLY / A CONCRETE PURPOSE

Tl A1 &9 Y =1 OFHZROES
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AND / RULE AND USES

AND (&, TIXRTOEMN, ZtERITS

WHERE AND APPEARS
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OR / EVERYDAY DECISION
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EEEEEEEEEEEEEEEE

—DDHEE.
0w & MARhESE3HREF LV
’ A OR B
BEsETaEk EUVLWESEAR

_A© = _

BREREE NRAJ—F

EDHBEBS Y=1KED?

OLIVIA CHEN TOYAMA - CZLAB



OR / RULE AND USES

OR l&. TEND—DTH, =R IT S

OR / SBE#

P EH—DOH 1
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NOT / RULE AND USES

NOT . ANDEMFZERTICT S

WHERE NOT APPEARS

NOT / SBEE rﬁ*\j’f" 5 ? E{Iﬁ%igﬁﬁ
ANOBRERICT 3 o

ORTEK,. 1TR0OKEDLS

aumEs
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REmEZDESE, BHPI<ERT S,
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OLIVIA CHEN TOYAMA - CZLAB COMPUTER SYSTEM FUNDAMENTALS - 2026

27



XOR / INTERACTIVE QUESTION

[EERDIBEZ. —DDEFMSYIDEZS

LIGHT |

ON ~ 1
Q TWO-WAY LIGHTING

EET. EESHSTH
RBEZYDOEZ W

,? ZDODATYFEHULT,

I B9 S EERLTHE S,

A=0 i B=1 —

ZOREBTR. ZDOREHELES,
LEE SWITCH A E 0 EES5DATYFHIRMETERT SWITCH B E 1 THS
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XOR (&, T=2H

XOR / HEfthpoES =N

ZODANDERS

0,1 B 1,0DEEEFY =1

0
0
1
1

RU%ES5 0. RBhiEE 1,
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ED) MR I S

WHERE XOR APPEARS

BWHHS?) ZHERT BB

II!HII WO E
Sl LATO{E XOR BREDE

REBOIEIELIEELET 1 2HT,

RARORE
A1YyF AXOR R1vF B
COERERTREASHERZ ERATT S,

1 bit h¥E
AXORB—fS
H1EDD ZRWe—HTOMICE S,

s
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FOUR REPRESENTATIONS / SAME RULE

RIURZ, HDODHFETRY

01 / MEANING 02 / SYMBOL 03 / EXPRESSION

Y
A | # B 5
— —
XOR
ZDODENERD iR TES X THECEL
9. EETEKRERD S, FaeRhiE. NEEEZS. HEvERIEERICERYT.

04 / TRUTH TABLE

BT —A%ZERTS
Wha< HRERDSNS,

s FUC#HEAZ, BRICKHC TEIRRLTWS,
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COMPOSITION / SMALL RULES, NEW FUNCTIONS

e — M3, HARDETHES

SMALL RULE

) >

XOR oi<
—DDREBY— N
—DOANRUEETTS

COMPLEX SYSTEM
| | 1 | |

FUNCTION CIRCUIT

I e
XOR _—
e >
=05] bt GEly
ns IR H#
| | 1 | |
B % DO IR BELGHEI AT L

NELEBERRICHASDES

INE7TR 0/ 1 ORI ZEERT D E. B gate ICRTELRVWEEEDEFN D,
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FROM RULES TO ADDITION

"1+ 1, &, ®WEERBTHETESD

ONE-BIT INPUTS

1

+ 1]

?

LOGIC CIRCUIT

ANSWER

w— 10

2 bit
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TWO OUTPUTS / TWO ROLES

HEA0 "0, K. ZHRDHADRBE

1+1T=11]0

CARRY OUT / Cout

1 bit IKIRFESBWA%E
ROFNES

SUM /S

CDHDEZELT
CCICRT

10 2ZHOBFELTHOHT, RIDES —_ADHAESELTHRT,
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INTERACTIVE /7 BUILD THE TRUTH TABLE

WRIEALADDS, HIBERZES

01 /06 e ] INPUT OUTPUT

STEP 1 / DEFINE COLUMNS

HEIRTERD B

ABZ A & B, HAR, ZOHIKKRT S & R
DFNET Cout,

A Cout
Ah HA
D B s
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ONE-BIT ADDITION / COMPLETE TABLE

D DFERD. MESFEDLERICKES

A B Cout S o
0001
0 0 0 0 wWo 1kk3?
0 1 0 1
1 0 0 1
0110
1 1 1 0 WwWo1IKis3?
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DISCOVERY 1 / SUM

S DK, XOR &—H T3

XOR TRUTH TABLE

ADDITION QUTPUT

0
5[0 1743 &
B - 0
_) —
XOR 1
1
S=AXORB
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DISCOVERY 2 / CARRY

Cout DIV E. AND &—H9 3

AND TRUTH TABLE

ADDITION OQUTPUT

ECIEU

AND
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HALF ADDER / TWO GATES

XOR & AND T, #IMER=ZES

ZEDANEZRRT S (R=§EK. B=R=DH)

o) ==
BT

| )

AND

=20 1 bit L. M&HT LA D ZRKICHTBINOESEERSE,
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HALF ADDER / LIMIT

Half Adder I&. THfTHSD
Cin Z2 (7L

HALF ADDER
A

XOR + AND

ZDO2DAAMS, S & Cout 63
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FULL ADDER / THREE INPUTS

A. B. Cin D=AAICIZ.
NODEEEHH S

INPUT PATTERNS

23=8

A. B, Cin ®
HSEZIAENRD

A B Cin Cout
0 0 0 0
0 0 1 0
0 1 0 0
0 1 1 1
1 0 0 0
1 0 1 1
1 1 0 1
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FULL ADDER / STEP 1

—2H® Half Adder T.
A& BZIETS

HALF ADDER 1

S1

BRERIE S1. BROKTLENDE Clo
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FULL ADDER / STEP 2

—2H® Half Adder 7.
S1 & Cin &9 %

S1 +Cin

B e

CCTRENG S &, 5—D0DFTLHD C2 Hihbd.
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FULL ADDER / MERGE CARRY

Cl Xk C2h 1 %5,
Cout (& 1

BO\R.
o

—E

Cout=C1 OR C2
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FULL ADDER / COMPLETE MODULE

—20 Half Adder & OR T,
& (Full Adder) H5EKRT S

S
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Cin

HALF ADDER 1

A+B

S1

HALF ADDER 2

S1 + Cin

&] >

—
N\
/—m

{Cout, S} = A + B + Cin
#l: A=1, B=1, Cin=0 —» S1=0, C1=1, C2=0 — Cout=1, S=0
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MULTI-BIT ADDITION / CHAIN

Full Adder ZifiR, T{i®d Cout %

EHID Cin NET

0101 + 0001 <« TlhhrSIECHEET S 8& || 1 mt || 2ans || maw
bit 3 (MSB) bit 2 bit 1 bit O(LSB)
A=0 B=0 A=1 B=0 A=0 B=0 A=1 B=1

Cout FA3 Cs FA2 «Cz FA1 <G FAO « Cin=0
? A4 +Cin ? AA +Cin 2 AA +Cin 2 AA +Cin
| | | |

S3=7 S2=7 S1=7 SO0="7

0/ 4 {aHHEE FIAREE LR, 0/ 1 BE=TH0,
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RIPPLE CARRY / DELAY

RCA BEBEED, HTHDIBEZAS L

REREMNMRTS

0101 + 0001 <« ThuErSIECERET 3

«—C

bit O(LSB)
A=1 B=1

bit 3 (MSB) bit 2 bit 1
A=0 B=0 A=1 B=0 A=0 B=0
Cot|  FA3 |-¢| FA2 [-u|  FAT
0 0+0+0=0 0 140+0=1 0 0+0+1=1
I I I
S3=0 S2=1 S1=1

FAO

1+1+0=2

« Cin=0

|
S0=0

REDIZS:Cin —» FAO —» FAT = FA2 - FA3 — Cout
Carry B'2B%EEDZ AN TR, M8E &6 ILHESREIEY S,
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SUBTRACTION 7/ RECALL TWO'S COMPLEMENT

2 DB EFEZIL,
BRZMEE UTHKAS

LECTURE 2 RECALL - GENERAL RULE

A-B=A+(NOTB) + 1

02 NOTB 03 +1 04 ADD [J]

EXAMPLE - 4 BIT 5I<KHB 0 0 0 1
5 — 1 1110 NoT &
— ? E5IT +1 1 1 1 1 =

4 bit FEfFE

—8 - +7 0101 +1111 1 | 0100 ZX =+4

AifE : 2 OWWT "-By ZEo 1 = SO : AUREEERICEES
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ADDER — SUBTRACTOR / FIXED WIRING

MERDANZEZ NI,
BRBEULTEZS

A—B=A+(NOTB) + 1 B:5—1=4
A=0101 B=0001
| B3=0 B2=0 B1=0 BO=1
NOT NOT NOT NOT
BEE 1
1 1 1 0
/’4$
EU 4 bit INE2F(FA3 « FA2 < FA1 « FAOQ)
A+NOTB+1 Cino = 1

OLIVIA CHEN TOYAMA - CZLAB

Cout =

COMPUTER

11 S=0100(4)

B ® £ bit &£ NOT ICBU. RIBHOD Cino Z 1 ICBEET %o
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NEXT QUESTION / REUSE ONE ADDER

MEEREZIDEBEZSNS?

SAME A - SAME B - DIFFERENT INPUT RULE —ﬁmﬂﬂgﬂg’\\ ES 5 a) B %E% ‘?

SUBTRACT

A+ (NOTB) + 1

ADD

A+B

B INPUT B SELECT B INPUT NOT B
: Es5h—% :
Cino 0 Cino 1
ONE 4-BIT ADDER FA3 FA2 FA1 FAO

DEBDIE, &S —DZEIE .
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SELECTION / INTRODUCE MUX

B & NOT B 5.
— RS EENBHEICTES

= \

ADD TEESA A M UX

) 4

2 INPUTS — 1 OUTPUT

NOT B EEIntE—o
SUBTRACT THESA S
S  SELECT
=SDAH EES5EBETHER —D0iH

<D &I BEED MUX (RILFTL 7).
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2:1 MUX / SELECTION RULE

s=0&5 a. s=1 S5 bZzeHAHTS

y = (@ AND NOT s) OR (b AND s)

a
NOT AND
y=a
OR
b 7\
AND
s=0

0 a
1 b
B WA

AND T 0 ICT %,

am | RIEN R
BiR  BIRES

OLIVIA CHEN TOYAMA - CZLAB

HEES s ' BIANERDSD,
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MUX IDEA — ADD / SUB CONTROL

SUB H' B flldA A & Cino &
RFICYIDEZS

SUBTRACT / SUB=1 54+1=6
BXOR0O=B o BXOR1=NOTB % bit ® XOR ' B & NOT B %33,
A=0101 B =0001
B3=0 B2=0 B1=0 BO=1
SUB =0
XOR |- XOR -l XOR -l XOR -l
\ \ \
o o o 8 !
l,4 p.
EU 4 bit INE2F(FA3 « FA2 « FAT «< FAOQ)
A+B+0 Cino = O

|
Cout=0 | S=0110(e)

B\ SUB #RH% DD XOR & Cino ZRKICHEHT %,
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ENSEEZEEYT &,
ZBEEEEDOHRIDICE S

' CPU
e i | REHE ALU
, BRERHATS _
l EmERERE
AFA i i
! AND / OR / ADD / SUB
il | BREJATHT N

REFHI SS2BRELTEIARESTHS.

Arithmetic Logic Unit — B8 OEE L. BRZERI MUX zlHAEDLE S,
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ONE-BIT ALU / PARALLEL CANDIDATES

AND. OR. ADD & D@ S,
op[1:0] H—2ZE

#fl:A=1.B=1.Cin=0

00 AND

OaNe 3N 10 ADD

A B
P S 00
[ 4 AND = 1 T
—1 —_ o MUX
T 1 (J
o LhEE
Cin=0 » S=0/Cout=1 Cout =1
In = — RO
op=10

op[1:0] i& 2 bit ®FRES (00 /01 /10, 11 [FREH). KRIETHDIRES.
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MULTI-BIT ALU / SLICES AND FLAGS

1 Evw hDEEZAA,
EREZ/N/C/V ZT5

A[3:0] =0101 B[3:0] = 0001 [3:0] & bit 3~ 0 D 4 KEEEHLRD

H@H 4 op[1:0] = T0(ADD)

A3=0B3=0 ‘ A2=1B2=0 A1=0B1=0 ‘ AO0=1 BO=1 ‘
|| || || ||
Ca=0 ALU3 —Cs ALU2 - Ce ALU1 O ALUO  CocO
ADD ADD ADD ADD e
0 0 1
I | I I
Y3=0 Y2 =1 Y1 =1 YO=0
0101 + 0001 =0110(6) Z=0N=0C=0V=0

Z:gRTOHh N:mEfiibit C:#EMAD V:FSHEOHEBAB

ALU i3 CPU T, FinEHE &REHHERITI S,
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STATUS / READ THE RESULT CORRECTLY

Carry * Borrow * Overflow (&,
ThThilDOBEZAMSE5

FRELNN Carry sauLEs BOrrow saa=ma  Overflow

INTERPRET AS AT LMK
4 bitrange -0 -+ 15

1111 + 0001

WHAT SHOULD WE CHECK?

16 (& 4 bit DFEICAS?

ASEW, ED 1 A bit IBOANHT=.

- 10000

FADANHRTH

OLIVIA CHEN TOYAMA - CZLAB

FU 4 bit TH, FESEBL / HSHE LREOEBRTERINERELNED S,
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PART S / INTERACTIVE LAB

Eﬁiﬂb’:_ I\ ’d-:\ Eﬁ@??
VIDEZTHES

At BZUDER. EREREFAUVHDCBRIDEELDHET, X
9" gate. Ric adder NEHFE T,

c2lab.org/csf/logic-gate/

OPEN THE LAB
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LAB ROUTE / THREE CHECKPOINTS

gate ZtEH 6. adder Z1ED,
4 bit @ Carry ZiE>S

AND / OR / NOT / XOR

01 BE 35 IRTOANEAEEYDEZS
02 Half Adder / Full Adder

BE-449:S & Cout Z2RIRICHERTS
03 4 bit Ripple Carry Adder

#E -39 :LSBH5 MSB A Carry ZiES

B - c2lab.org/csf/circuit/rca4.html
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RECAP / FROM STATE TO SYSTEM

%Eﬁ%b\ 5 N Eﬁigb»_ I\ \
&\, ALU FTHEA LD - T

PHYSICAL

EESHHE

SWITCH

MOSFET

RULE

FUNCTION

Adder / ALU

0101 + 0001 =0110

bitO: 1+ 1 — Se=0. Ci=1
bit1:0+0+Ci— Si=1
bit2-3: Lut#EEL, BEZXIF 6
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FAUADGESHEUEA,
TlE. EFRIEESYHT Mgy 2RZB?

1
COMBINATIONAL 1 LECTURE 4
1

RIEDANLNS 5 BIDREESES

AB—Y STATE ?

RE : BR[Ol & 5O
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