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"Highly recommended." 

-CHOICE MAGAZINE ON THE MANGA GUIDE TO DATABASES

The Mango Guides definitely have a place on my bookshelf." 

-SMITHSONIAN MAGAZINE 

"The art is charming and the humor engaging, A fun and fairly painless lesson on what 

many consider to be a less-than-thrilling subject." 

-SCHOOL LIBRARY JOURNAL ON THE MAN�A GUIDE TO STATISTICS

"Stimulus for the next generation of scientists:· 

-SCIENTIFIC COMPUTING ON THE MANGA GUIDE TO MOLECULAR BIOLOGY

"The series 1s consistently good. A great way to introduce kids to the wonder and vastness or 

the cosmos." 

-OISCOVERY.COM

"Absolutely amazing for teaching complex Ideas and 

theories ... excellent pnmers for serious study of physics 

topics." 

-PHYSICS TODAY ON THE MANGA GUIDE TO PHYSICS

''A great fit of form and subject. Recommended." 

-OTAKU USA MAGAZINE ON THE MANGA GUIDE TO PHYSICS

"I found the cartoon approach of this book so compelling 

and its story so endearing that I recommend that every 

teacher of Introductory physics. in both high school and 

college. consider using it." 

-AMERICAN JOURNAL OF PHYSICS ON THI: MANGA GUIDE TO PHYSICS 

'This is really what a good math text should be like. Unlike 

the maJority of books on subjects like stabstics. It doesn't 

just present the material as a dry series of pointless­

seeming formulas. It presents statistics as something fun 

and something enlightening." 

-GOOD MATH. BAD MATH ON THE MANGA GUIDE TO STATISTICS 

"A single tortured cry will escape the lips of every thirty­

something btochem maJor who sees The Mango Guide to 

Molecular Biology: 'Why. oh why couldn't this have been 

written when I was In college?"' 

-THE SAN FRANCISCO EXAMINER



"A lot of fun to read. The interactions between lhe characters are lighthearted. and the 

whole setting has a sort of quirkiness about it that makes you keep reading just for the joy 

of it." 

-HACKADAY ON THE MAf./GA GUIDI: TO l:LECTRICITY

'The Manga Gwde to Databases was the most enjoyable tech book I've ever read." 

-RIKKI KITE. UNUX PRO MAGAZINE 

"The Manga Guide to Electricity makes accessible a very intimidating subject. letting the 

reader have fun while still delivering the goods." 

-GEEKOAD

"If you want to Introduce a subJect that kids wouldn't normally be very interested In. give it 

an amusing storyline and wrap it in cartoons." 

➔IAKE ON THE MANGA GUIDE TO STATISTTCS 

"A clever blend that makes relativity easier to think about-even if you're no Einstein." 

---5TARDATE. UNIVERSITY OF TEXAS. ON THE MANGA GUIDE TO RELATIVITY

'This book does exactly what it Is supposed to: offer a fun. interesting way to learn calculus 

concepts that would otherwise be extremely bland to memorize." 

--OAILY TECH ON THE MANGA GUIDE TO CALCULUS

"Scientifically solid ... entertainingly bizarre." 

-CHAO ORZEL. SCIENCEBLOGS. ON THE MANGA GUIDE TO RELATIVITY 

"Makes it possible for a 10-year-old to develop a decent working knowledge of a subJect 

that sends most college students running for the hills." 

-SKEPTICBLOG ON THE MANGA GUIDE TO MOLECULAR BIOLOGY

"The /vlanga Guide to the Universe does an excellent job of addressing some of the biggest 

science questions out there. exploring both the history of cosmology and the main riddles 

that still challenge physicists today." 

-ABOUT.COM 

"The /vlanga Guide to Calculus is an entertaining comic with colorful characters and a fun 

strategy to teach its readers calculus." 

-OR. oose·s 
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Ever since the 1950s. when computers saw their debut in markets all over the world. inter­

est in information technology (IT) has seen a steady rise. The core that supports this tech­

nology is a semiconductor known as the CPU. or central processing unit. Since the start of 

the 21st century. advancements In circuit design theory and manufacturing technology have 

led to rapid progress in both processing speed and chip size. allowing us to embed them in 

most of the electronics we use on a daily basis. In addition to personal computers. smart­

phones. and tablets. you'll even find CPUs in things like air conditioners. refrigerators. wash­

ing machines. and other major appliances. just to name a few. 

It's worth noting that the CPUs found In modern PCs are extremely powerful. and 

many of their applications are outside the scope of this book. We also will not delve into 

computer architecture which has had a research boom in recent years. Instead. I think that 

the best way to give insight into what CPUs are-and, by extension. how programs work-is 

to go back and analyze how the first CPUs worked and examine the concepts and principles 

by which they were designed. 
Let me share an allegory with you. It's been quite some time since we first started 

taking automobiles for granted In our daily lives. but despite their ub1qu1ty. very few people 
today can explain how an engine works or how the energy generated by the engine gets 

translated into forward momentum for the car. In the 1950s. you had to answer engine 

design questions on your driver's license examination. but no such questions remain in 

today's tests. Essentially, this means that to learn things about the internals of a car engine 

today, you really have to be an incredibly curious person. 

In that vein. my wish is that this book will not only act as a platform to teach readers a 
range of different topics but also to sate their curiosity on the subject by having them learn 

some of the deeper principles of the CPUs that have so nonchalantly permeated our daily 
lives. 

In regards to the publication of this book. I would like to thank Sawako Sawada of Office 
sawa. who thought up the fun story, and Takashi Tonagi for the illustration work. 

MICHIO �HIBUYA 

NOVeMBe� 2014 
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UNBBATABL.B WHSTHS 

I'M HBRf: CHSERIN 
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I'M A c:,O0D 
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Mlc:,HT 6e A 61T 

MUCH ... 

TAI<€: A 
BRf:AI< AL.RBADY. 

YOU'RS RIDICUL.OU$. 
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COMPUTB�!! 

_.... • / i : 

JlJ$T MY 1.-UCI( ... 

A �BAI.- WBl�DO. 

I'D ACTUAl-1..'/ 1.-ll(B YOU 
TO Pl-A'/ A6Al111$T MY 
COMPUTe�, IIIOT MB. 



THI$ I..APTOP, THe 
�HOOTIN6 �TA�, 1$ 

RUNNIN6 A P�O6RAM 
OF MY OWN De$16N. 

AN/? ... 

e�, YOU WANT Me, 
A RSA!.. $HO61 PL.A-re�, 
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COMPUTeR 6AMe. 
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BUSY Pe�SON, 
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we1.,.u., ... I DON'T �eAL.I..Y 
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6UT IT'$ O6VIOU$ YOU'Re �� 
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IT', ,T!<ONee1< 
THAN YOU! 
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OH, BUT WAIT 
A SBC. 
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I JUST Pl-A 
MPUTB� 
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�O I DIDN'T 
RBAL.L.Y l-OSB! 

A WONDe�FUL. 
Pei<:SON INDBED ... 

YOU COWARD! 
HOW ABOUT YOU FIGHT 
MB YOU�SBl-F INSTBAD! 
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Bll:OUc:,HT THAT CPU TO 
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SGUAL.-
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I$N'T A CPU 
$OM& l'IND OF 

COMPUTSR CHIP? 

H&H, THAT WOUL-D 
TAI'& $OM& TIMS 

TO SXPL-AIN. 

BUT IF YOU IN$1$T, 
YOU COUL-D CONVINCS 
MS, THe YUU KANO, 6'/ 
A$1'1N6 R&AL-L.Y NIC&I..'/. 

eveN If I DID rel-!. 

YOU, IT WOUI..D TAl<e 

GIUITe $OMe TIMe ... 

M:e YOU $U1<:e YOU'!<:e 

UP FOi<: THI$? 
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BUT WHY WOUL-D YOU 
9A'/ THAT TH& CPU 1$ 
YOUR COMPIJreR'$ 

INTSL-L.SCT? 

IF YOU DON'T HURRY UP AND 
T&L-L. MB, THI$ 9HO0TIN6 $TAR 
Ml6HT COM& CRA9HIN6 DOWN 

AT ANY MINUT&! 

I AL-RSADY A$1'&D. 
JU$T 6ST ON 

WITH IT! 

�UCH 
6ARBARl9M!! 
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COMPUTS�$ CAN P�OCS½ ANY 

TYPS OF INFO�MATION 

1-e'T'S TAtc:e 
OUR TIMB AND 

$TAITT FROM THB 
eeei1NNIN<:1. 

e-eveN I CAN DO MATH!
I'l-1.. HAVe YOU !'NOW

I'M ReAL.LY e,ooD AT
MeNTAL. ARITHMeTICI

NeH ... YeAH ... 
90 COMPUTeR9 ... 

ReAL.LY e,ooo 

e, CAL.CUL.ATION$ 
ReAL.LY FA$T. 

weu. TJieN. FIR$T OFF, THe 
WORD ,COMPVTEI< COMe9 

FROM TJie WORD COMPVTE. 

IT'$ TRUe THAT HUMAN$ 
CAN DO MATH TOO ... 

YUP, 6UT MODeRN 
COMPllTeR$ ARe ... 

BUT we 

CAN Al-1, AeiRee IT'$ 
MUCH MORB PRACTICAL. 

TO DO l-AR<:1e 

CAl-CUI-ATIONS ON 
CAl-CUt..ATORS, Rl<:1HT? 
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A C.OMPUTel<. 
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1..1ve IN THe Dl61TAL. WORL.D, 
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ARe AUOWcD ... 

weu., Dl61TIZIN6 
INFORMATION MADe A 
I.OT OF New THIN6$ 

PO?�IBL.e. 
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' . . . . . . . .  . . . . . . . . . . . . . . . ' . . .  . 

' . . . . . . .  . . . . . ' ... . . . . . . . .  . . . . ' . . .  . 

DlcSIITAL reCHNO(..OcSIY 

1$ ReALLY IMPORTANT 
TO MANY ASPl;CTS OF 

MOD!;RN Liff;. 



r---7 

oH! 

�o YOU MeAN AL.I. OF 
THe$e THING$ ARe 
THAN!($ TO DIGITAL. 

TeCHNOL.OGY? 

�URFIN6 THe wes, 
L.O01(1N6 AT NSW5 AND 

VIDe0$ ... 

AND, AT THe CORe OF AL.I.. 
THl5 TSCHNOL.O6Y, THS CPU 

15 ACTIN6 A5 THS BRAIN. 

CPU 

81JYIN6 Dl6ITAL. MU51C AND 
Tic:AN$FeR�IN6 IT TO MY 

MP3 PL.AYeR! 

THAT'$ RIGHT! AL.I. 
THe5e THING$ U$e 

DIGITAL. TeCHNOL.OGY. 

€DITIN6 PHOTO$ TAl<SN 
WITH MY Dl61TAL. CAMeAA 

ON MY COMPUTeR AND 
eMAIL.IN6 THeM ... 

e'5 THAT W 
! �O WHAT
PIJ ACTUAL.[.;

COMPUTSllS CAN Pll0CS% ANY TYPE: OF lNFOllMATION 13 



THe CPU I$ THe co�e OF eACH COMPUTe� 

CPI/ 1$ $HORT FOR ceNT�/.. 
P/<0Cl3&7/Nt3 I/NIT. 

WHMMMMTI ope�T!ON&?II 

0Pe�T/ON& 
AR6 COMPUT6R 
CAL.CUL.ATION$, 

14 CHAPrerl 1 WHAT DO�S TH� CPU DO? 

WHICH M6AN$ THAT 
TH6 CPU ... 

1$ IN CHAR66 OF TH6 
COMPUT6R'$ OP6RATION$! 

. . . . .

. . . . . 

. . . . . . . 

. . . . . . . 

. . . . . . . 

. . . . . . . 

. . . . . . . 

. . . . . . . 

IT'$ Al..$O WORTH M6NTIONIN6 
THAT CPU!> P6RFORM TWO !(.IND$ 

OF OP6RATION$. 



-------THe 0Pf:RATION$ OF THE: CPU•--------

I AIC!ITHMeTic oF>efC!ATION'!7 I 
THe ONI...Y AIC!ITHMeTIC 

OPefC!ATION$ THAT COMPUTefC!$ 
CAN pefC!FOIC!M Me A DDITION 

AND $U8TAACTION. 

(: 
I ..,,, 

I l..061C 0F'efC!ATION$ 

l...061C OF'eAATION$ DeAt.. WITH 
COMPAIC!IN6 PAIIC!$ OF ls OIC! Os IN A 

Few $1MPL-e WAY$. 

WAIT A $SCOND ... 
DON'T JUMP TO 

CONCI-U$1ON$. 

! AL.I.. IT CAN
1$ 51MPL.e
Ul-ATION$?

I 111111111' 

I DON'T �NOW 
WHY I WA$ 

ever-t wor-tRIE:D! 

• IN ADDITION TO THese OPc:AATIONAt.. UNITS, MODE:F?:N CPU!> At.SO CONTAIN fPIJS (ft..oATIN6 POINT UNITS) 

THAT CAN HAND!..E MUt..TIPt..lCATION AND DIVISION. BUT THIS 8001( JUST STICl(S TO THS BASICS. 

Her-te 
COMS5 THe 
IMPORTANT 

PART! 

YOU NSED MOr-te 
COMPONSNT5 THAN 

JU5T THE: CPU! 

WHAT?! 
THE:Rf:'5 MORE:?? 

THS CPU IS THS COfc:S OF SACH COMPUTeF?: 15 



Of C:OURSe! If 5ANTA 
CL.AU$ 6AVe YOU A CPU 
FOR CHRl$TMA$ AFTeR 

PROMl$1N6 YOU A 
COMPIJTeK .. 

•·•·······•·•·•·•·•·····•·•···•·•·•·
··•···•·····•··

· 

THe Five COMPONeNT$ 

OF A MODe�N COMPUTe� 

l.S'T'$ CAL.l. THS$S THS 
COMPUTSF?'$ FIVS PF?IMAfl:r 

$Y$TSM$. A$ YOU CAN $SE, THS 
CPU CONTAIN$ 60TH THS CONT�OI.. 

UNIT AND THS AF?ITHMSTIC UNIT. 

UH, THAT'$ A L.OT Of 
$TUFF ... $6fM$ !<IND 

OF DIFFICUL. T ... 

16 CHAITTll 1 WHAT DOE:$ THE: CPU DO? 

INPUT 
DSVICS 

WITH A 5ANTA THAT 
WOITTHL.e$5, I'D PUT $HO61 
pieces IN HI$ MOUTH AND 

PUNCH BOTH C:Hef!<$. 

CONTF?OI.. 
UNIT 

AF?ITHMSTIC 
UNIT 

MSMOfl:r 
$Y$TSM 

YOU HAVe A PReTTY 
TWl$TeD MIND, DO 
YOU !<NOW THAT? 

... . ,;;, ii:ii :.i.!_ 
----------

OUTPUT 

DSVICS 

DATA fl.OW--+ 

PlllMAl<Y MeMOllY 

�€:CONDAl<Y ME:MOJ<Y

THe COMPUTeR'$ FIV6 PRIMARY $Y$T6M$ 

I'L.t. 60 THROU6H 
THe Five $Y$TeM$ 
ONe BY ONe, $0 

DON'T WOR�. 



:JtJ]i�! ·❖t ! i 
WITH IN$TP:UCTION$ AN ··:::;

INPUT DATA. 

·.•:-•:-:,•:-::•:
-:--

TH1:; 1<1:;YBOAP:D 
AND MOU$1:; For.;: 

Your.;: HOM!; 
COMPUT1:;r.;: Ar.;:1:; 

6r.;:f:;AT 1:;XAMPL-1:;$. 

I 6UB$? IT'$ TRUB THAT I 
INPUT INFORMATION U51N6 

MY l<BYBOARD AND ACCB5� 

INFORMATION BY I..OOl<IN6 AT 

MY MONITOR. 

8UT HBRB COMB$ AN 
BXTRBMBL.Y IMPORTANT 

POINT! 

FOR THB ARITHMBTlG UNIT 

TO WORI<, IT NSED5 'TO 

COOPBRATB WITH BOTH 
THB MBMORY 5Y5TBM AND 

THE CONTROL. UNIT. 

t1f �§f !�!�I 11 11
Ail:!; 600D 1:;XAMPL-1:;$ Of 

OM!; COMP!JT!:;il: OUT 

�Hf:;fl:MOr.;:1:;, W1:; T 
BOUT TH!; ARl7HMen 

1:;for.;:1:;, WHICH 1$ THI:; 
r �r.:For.;:Ms op1:;r.;: 

R CAL.CUL-ATIO 

TH!; M!:;MOr.;:y 
SYST!:;M? 

H1:; CONTr.;:o 

WHAT DO THBY DO? 

THE: FIVE: COMPONE:NT5 OF A MODE:�N COMPUTE:� 17 



FIRST OFF, THe Ml3MOl<Y 
&Y&Tl3M 1$ ReSPON$1Bl-e 

FOR $TORIN6 AND 
ReTRleVIN6 DATA. 

WHeN 1-eARNIN6 ABOUT 
THe CPU, we'Re MAINI-Y 

CONCeRNeD WITH 
Pf<IMARY MeMORY. 

eMO�COMe 
TWO FI-AVOR 

'A!<Y MeMORY 
ONtJAl<YMeM 

.......... 
.. . . . . . . . . . .. . . . . . . . . . . . . . . . . . ........··•···•·•·•·•·· 

::::::::::::: 
I ♦ ♦ ♦ ♦ ♦ 
. . . . . .

I ♦ ♦ ♦ ♦ ♦ 

•:•:-:♦:♦:♦: . . . . .  . 
, ..... . ... 

. . . . . 

. . . 
••:•:•· Pl<IMAl<'r MeMOl<Y

-----...:_, ... . ....
:-:

♦ 

WHeN we !>A>' •1,1(;/rlOI<>'/ 

we 0e1ve1<AU>' 1,1eAN 

•. •, • Pl<IMAI<>' MeMO�Y. ..... ...... -.......... .. . ·•····· ··•·•···· ····· .....·•···•···•·•···•···•·•···•
. . . . . . . . . . . . .·.·.··············•······ 
. . . . . . . . . . . . .·•·•·•···•·•·•·•·•·•·•·•·............. . . . . . . . . 

18 lHAP're� 1 WHAT DOe$ THe CPU DO? 

IT'$ BeCAUSe WHeN THe CPU 
PeRFORM$ OPeRATION$, IT 

Al-WAY$ NeED$ TO opef<ATE ON 
$OMe TYPe OF INFORMATION 

$TOReD IN MeMORY. 

.· .....
:

♦
: 
. 

::: . 
.
. 

:♦
: 
.·•:



Y�, 60TH TH& DATA 
THAT1$ OPSl<AT&D ON AND 
TH& COMPlJTSI< Pl<O61<AM 
Al<S $TOl<SD IN MSMOl<Y. 

0P&l<ATION$ lJ$S THS$S 
A$ INPUT. 

tt-t-f"'r--

De�NDIN6 ON 
THe OPeRATION, DATA MAY 

0e ReTR1eveD FROM MeMORY 
FOR INPUT, OR THe R�UI-T 
OF THe OPeAATION MAY Be 

ReTURNeD 0ACt< INTO MeMORY 
FOR '7TOAA6e.* 

* THe CPU MAY use SITHS� �ee1sre�s 0� CACHe MS'MO�. 

FteTRleVIN6 AND Fc:eTURNIN<:, ... 
THe CPll ReAUY eXCHAN<:,e'7 

INFORMATION! 

0Y THe WAY, 
l'Ve HeARD THAT WO�D 

P�O&l<AM BeFoRe, 
BUT WHAT 1'7 IT? 

IN'7TRUCTION'7 ABOUT 
WHAT DATA TO U'7e, AND 

WHICH O�Fi!ATION'7 
TO RUN AND IN WHAT 

OFi!DeR. 

AI-L THO?e 
IN'7TFi!UCTION5 

ARe WRITTeN IN 
PFi!O6RAM'7. 

CONTROi­
UNiT 

CPU 
ARITHMeTIC 

UNIT 

A .. 

e 
� , 

PRIMARY 
MeMORY 

TO PUT IT $1MPI..Y ... 

P/<08/<AM� Al<& 
IN$Tl<UCTION$ THAT 

PSOPI..S 6IVS TH& 
COMPUTSI<. 

I $Sf:. Pl<O61<AM$ 

Al<S Dll<SCTION$ THAT 
TSL.L TH& COMPUTSI< 

WHAT TO DO. 

THS FIVS COMPONSNTS OF A MODE:�N COMPUTeFZ 1q 



THAT sseMS PRSTTY Afl!R06ANT! 
�O IT'$ 1-ll<S $OMS !<IND OF 
OVSfl!$SeR THAT 61VS? OUT 
ORDSR$ 1-SFT AND Rl6HT? 

II \ ...... . 
ONTfl!OL. UNIT 
THS PR06RAM 

UCTION$ F�OM 
AND INTSRPR 

20 CHAPTSF! 1 WHAT DOS$ THS CPIJ DO? 

THe�e'5 ONe 9'>'5TeM 

we HAVeN'T TAL.�eD 

ABOUT YeT! 

THS CON"TRO/,. /JNtr 
TSUS THS OTHSR FOUfl! 

$Y$TSM$ WHAT TO DO! IT 
61VS? OUT IN$�UCTION$ 

AND CONTROi-$ THS 
COMPUTS�. 

YSAH, THAT'S Rl6HT. AL.$O, 1-ll<S 
I $AID 6SFORS, PR06RAM$ 

Afl!S STORSD IN MSMO� 

IT 61VS? Ofl!DSfl!S TO AU 

THS OlHS� $Y$TSM$, TSI..I.IN6 
THSM HOW TO PROC� THS 
P�06AAM'S IN$�UCTION$. 

GST DATA FF!OM 
OWF! THS�S! 



OH, l ?Se! �o THe 
CONTFl:OL. UNIT 15 

Nec��A� BeCAU5e IT 
MAI<� $U�e THAT ... 

eXACTl.,Y. NOW we've 
60Nf: oveR AL.L 

FIVS $Y5WM$, BUT ... 

THe p�oei�AM'$ ·-:' IN$�UCT1ON$ AJ<:e 
PJ<:OCe%eD! 

YeAHl NOW l l<NOW WHAT 
AL.I. THe THIN<:,$ IN THe 

DIA<:,�AM A�e! 

FLIHAHAHAHAI 
IT Pl-1::A$e5 Me 
THAT YOU A�e 
6AA$PIN6 THe 

BA51C5!! 

AND THe A�F:OW5 
serweeN THeM IL-L.U5TAATe 

DATA eXCHANeie AND 
IN$T�UCT1ON FL.OW, 

l<:16HT? 

TO UNDe�5TAND 
HOW THe CPU 

WO�,<$, DATA AND 
IN$T�UCTION FL.OW 

5ef:M �eAL.LY 
IMPO�TANT ... 

WO"¼ Hf:'� AU KINI?� 
OF f:Nf:!<0/:TIC ... 

weL-L THeN! 
L!::T U5 Move 
ON TO TH6 

NeXT TOPIC!! 

Hf: MIJ�T l<f:AU.Y 
UK!: CPLJr,. 

THS FIVS COMPONSNTS Of A MODS�N COMPl./11::� Zl 



AL.U�= THe CPU'5 co�e 

YOU'l<S CATCHING 
ON Pl<STTY QUICl<L-Y, 

rr $SEM$. 

weL.L, ALU, Ar<e WHAT 
PSl<FOl<M OPSl<ATION$ 

IN$1De THe CPU. . . .
• • •
. .. .. " 

. .. ... ... .
. .,, . . " . .. 

.. ... It . ... .,_ .. 

.. .  -• . -
. . .. 

AUh'? NOT CPU,? 
WHAT'$ THe DIFFer<eNC.S'? 

CONTROL. UNIT CPU 

'-----

-

LU, Al<e THe 
ITHMeTIC UNIT'$ 
PAL. COMPONSNIT$. 

Al<rrHMSTlC UNIT 
CALU) 

. 
. . . 

.. . . . . . 

... .. ., . .. ..
. . . .. .. . ... . \ 

� • .. • ♦ f .. - ♦ • � 

� • • f • • • • ♦ • • ♦ • 

t. .P: f  .. , ,  . ..  ti: • .,: .. .  .. 

. 
.. .. 
. . . 

.. .. . . 
. . .

\ • ., Ill 

. " ... . .

. . ' 
- ' � . •

.' . . . . ..  � � ... . .  . ... ' 
. ..

OH! THAT 5BEM$ l-ll(S 
IT'$ $UPS!< IMPORTANT/ 

22 CHAPTS� 1 WHAT DOSS THE: CPU DO? 

Ye$, ALU 1$ SHORT FOi< 
Al<ITHM�TIC lO@!C //NIT. 

!<FORM$ TH 
STIC AND L.O61C 

TION$ we TAL.l(SD 
OUT 6SFOI< 



AND THIS 1$ WHAT AW!> 
1..001< L.l!<f. 

lJH ... WHY 1$ IT SHApeD 
L.l!<e A BOWL. 0� A V 

0� WHATEVe�? 

INPUT A 

F 

COMMAND 
INPUT/ 

OPCODB 

$1MPL.S! 

OH, I see. :,0 IF we WANT&D TO, 
FO� 6XAMPL.e, CAL.CUL.Are 5 - 3 " 2, 
we WOUI..D HAVE 5 AND 3 A$ INPUT$ 

AND 6&T A 2 A$ OUTPUT, �16HT? 

� 

dtffl���fo-

y 

OUTPUT 

INPUT 6 

? 
S>TA11J$ 
OUTPUT 

IT HAS TH& TWO INPUT$, A 
AND 6, WHICH IT COMBINes 

U$1N6 AN OPE�ATION ... 

Al.!Js: THB CPIJ'$ co�e 23 



�o THe COMMAND INPUT 
F 1$ WHAT we WANT THe 

AUJ TO DO ... 
\ 

f 
COMMAND 

INPUT/ 
OPCODE, 

INPUT 

A 

INPUT 

B 

y 
OUTPUT 

,,, 
� 

�TATU$ 
OUTPUT 

1-11<.e ADDITION OR 
$U6�ACTION, FOR eXAMPl-e. 

AND THe $TATU$ OUTPUT 
� Tel-I..$ U$ HOW THe 

OPeRATION weNT. 
COMMAND 

5' 3 

INPl/T -+ POSITIVE:-

N VAI..UE:-

THI$ COUI-D Be 
INFORMATION ON 

WHeTHeR OUR OUTPUT 
VAL-Ue WA$ P05IT1Ve OR 
Ne6AT1ve, FOR eXAMPl-e. 

� IN THe CASE, OF S - 3 • 2, 
SINCE, THe �esUI..T OF THe 

CAI..CUI..ATION 1$ 2, THe STATUS 
OUTPUT SHOUI..D SAY IT'S A 

POSITIVf VAI..Uf, Rl6HT? 

BUT WHY DOe$ ANYONe 
NeeD TO !<NOW WHeTHeR 
THe OUTPUT WA$ P05ITIVe 

OR Ne6ATIVe? 

!1!1i:::
/II} :rY:/J:t 

24 CHAPTeR I WHAT DOfS THf CPU DO? 

THAT'? A 6O0D GlUe5TION. A5 
A MATTe� OF FACT, THe $TATU$ 
OlJTPIJT CAN Be U$eD TO MAl<e 
DeCl$1 ON':, BA5eD ON WHeTHe� 

THe OlJTPUT $ATl$Fle5 $OMe 
61Vt::N CONDITION. 

:, 



CPU� �OCe½ 0PS�ATION$ AND MA�S DSCl$1ON$ . . . . . . . . .

. . . . . . . . . . 

• ♦ • • • • • • •

. . . ' . . . . .  . 
---,..,...,.-:=::,,---==-"--,,· .,._ .,._ .,.._ _,..., _ _,._ .,._ .,._ .,.._ _,..., _ _,._ .,._ .,._ .,.._ _,...,_,..., _ _,._ .,._ .,._ .,.._ ,,-,_-,,_ .,._ .,._ .,.._ _,..., _ _,._ .,._ .,._ .,.._ _,...,_..,._ ..,.._ .

.
.
.
.
.
.
.
.
....

.
.
... .

. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

l.l�T'$ U$e A 
coNc�eTe 
eXAMPl-e. 

. . . . . . . . . . . . . . . . . . . . ' . '  . . . . . . . . . . . . . . . . . . . .  ' . . .  . 

' . . . . .  . 

. . . . . . . . . . . . . . . . 

. . . . . . . . . 

' . . . . . . .  . 

. . . . . . . . . 

. . . . . . . . . . . . ' . . . . .

. . . . . . . . . 

. . . . . . . . . 

' . . . . . . . . 

. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . 

t.eT'$ A$�UM& THAT THI$ 
COMPUTe� CONTlc:01-$ AN ATM. 

□ 

WHeN WITHDAAWIN6 CA$H, 
THe COMPUTe� HA$ TO CHeCI( 

THe CU$TOMS�'$ ACCOUNT 
BAL.ANCS A$ weu. 

!..ST'$ $AY THe S - 3 IN THI$ 
CA$e MeAN$, "AN ACCOUNT 
BAL.ANCe OF �500 MINU$ A 

WITHD�AWAL. OF BOO." 

. . . . . .  . 

. . . . . . . 
. . . . . . .  . 

CPU� PllOCE:$� Ol'eAATION$ AND MA�E: DE:Cl$l0N$ Z5 



BBCAU76: WHAT HAPPBN7 AFTeR 
THe 7UBTAACT10N 17 PONS: Wll..l. Be 

COMPI-BTBI...Y PIFFBRBNT PBPBNPIN6 
ON WHBTHBR THI:: RB-7UI...T WA7 

P07ITIVB OR NB6ATIVB. 

11:1:!:::::: 
e Re$Ul..T 17 P071T1Vt?, 

N7 YOU HA\le BNOU6H M 
UR ACCOUNT, 70 THt? ATM 
61VB THB MONBY TO YOU. 

THE: OPSAATION F!:SSUI...T WAS POSITIVE:. 

THAT'7 IT! IN OTHBR WO�t:77, 
THI:: 7TATU7 OLJTPUT WIU Tt?L-1, 

YOU IF YOU HAVB t?NOU6H 
MONSY IN YOUR ACCOUNT TO 

MAl<S A WITHP�AWAI.... 

26 CHAPTS!c: 1 WHAT DOSS THE: CPU DO? 

BUT IF THt? RB-7UI...T 17 
NB6AT1VB, THAT MBAN7 YOU 
TRIBP TO WITHPRAW MORI:: 

MONBY THAN WHAT WA7 
AVAIJ...ABl...e •.. 

ANP YOU'U 66:T A Mt?½A6B 
7AYIN6 THAT YOU HAVB AN 

IN7UFFICIBNT BAI..ANCe 70 YOU 
CAN'T WITHPRAW THAT AMOUNT. 

THE: OPSAATION !lSSUI...T WAS NS6AT1VS. 

II IN$UfF/C/E:NT
BAl.ANce 

..--:::-

THe CPU Wll-L MAl<e A D6C1$1ON 
BA56D ON WH6TH6f< THe 

f<6$Lll.. T OF THe $LIBTF?:ACTION 
WA$ PO?ITIVe 012: Ne6ATIV6 
AND CHAN6e IT$ BeHAVIOF?: 

ACCOF?:DIN61..Y. 



THAT'$ HOW THe CPU 1$ ABl..e 
TO P�OCe$:, ope�AT10N$ A$ 

wel..L A$ MA"e DeC1$tON$! 

O�Y! :,0 IF YOU 61Ve 
THe CPU A P�06AAM, 
IT WII..L Be ABl..e TO 

P�OCe$:, IN$T�UCTION$ 
AND MA"e DeCl$10N$. 

AND BY Re?eATIN6 THAT 
Pl<OCe$:i, COMPUTeR$ ARe 

ABl..e TO PeRFORM AI..L "IND$ 
OF TA$"$, �16HT? 

r 5ee! r Feel.. 1..1"e r 
UNDeR$TAND THe CPU 
A BIT Serre� NOW. 

-n.::-==�11h'<� J..-., 

YS?, COMPUTE:-!�$ ARl:o ABl-1:o TO I 
Pl:oRFORM ce�AIN TA$!<$ FA$Tl:oR 
THAN HUMAN$, PROCS?� AMOUNT$ 
OF INFORMATION FAR TOO CSRl:oAT 

FOR HUMAN$ TO COMPRl:oHl:oND, 
AND $URPA$� HUMAN$ IN MANY 

DIFFl:oRl:oNT $1<1L.l.$. 

Ll"e $H061, 
FO� eXAMPl..e ... 
NO OFFeN$e ... 

HMM, BUT I BeT
THeRe'$ A I..OT I $T!l..l. 

DON'T "NOW. 

CPO!> F'llOCS½ OPSRATIONS AND MA�S DSCISIONS 'Z7 



I 6OTTA $TUDY MORS! 

OF COU�$S, I WA$ A 
l,ITTL-e FllU$T�ATSD THAT 

I l,O?T AT $HO61 ... 

BUT I $ef THe CPLI 
THAT BSAT MS A$ 

MY RIVAL,! 

AND I WANT TO l,E:ARN 
eveRYTHIN6 I CAN ABOUT 

MY New lllVA(.,/ 

I ... I ME:AN, I $UPPO?e I FIND 
IT AMU$1N6 TO E:DUCAre THe 

16NO�ANT MA?�E:$ F�OM 
TIMS TO TIME:. F//HAHAHAHAHA! 

28 CHAPTei:l I WHAT DOB? THE: CPU DO? 

weu, I HAVE: TO ADMIT I FIND 
IT PRE:TTY FUN TO E:XPl,,AIN 

COMPUTeR$ TO OTHSR 

OH, 1 $Bf?! I THINK 
I FINAL.LY 6e-T 

WHY YOU'�B $0 
BNTHU$IA$TIC ABOUT 

exPt..AININ6 THI$ 
TOMB! 

PE:OPl.,E: ... 



YOU DON'T HAVe ANY 
fl2:ISND5, 12:16HT? 

I'M 12:ISHT, A�eN'T I? 

YOU'J<:e JU5T HAPPY TO FINAL.LY HAve 
$OMeoNe TO TAI-K TO, J<:16HT? I 

UNDeJ<:5TAND THAT IT'$ FUN TO HOL.e 
UP AND WRITe PJ<:O6RAM$ Al-l. BY 

YOU!<! l-ONe5OMe, BUT IT'$ IMPOJ<:TANT 
TO TAI-I' TO peop1-e, TOO ... 

IT'$ OKAY-THI$ 1$ A 
6J<:eAT OPPOJ<:TUNIT Y 
FOR YOU! TeACH Me 

ABOUT CPU!>! 

I'L.t.. TAl<S THAT A5 A Ye5! 
U:T'5 Sc-T 5TUDYIN6! 

OR I 5HOUI-D $AY ... 
IF YOU DON'T, 

YOU AJ<:eN'T 6enlN6 
THI$ 6ACI' ... 

A/<8 YOIJ 

PITY/Nt3 M8?/ 

DON'T TAl<e IT 
H05TA6e!! 



WHAT I$ INFO�MATION AN'/WA'/? 

Information technology (IT) became an everyday phrase back in the 20th century. The 
term is frequently heard when people talk about the internet and other computer tech­
nology. but It's worth noting that this term predates the use of computers. 

First off. what does the word information actually mean?To put it simply. information 
is everything in our environment that can be registered with any of our five senses. 

eve�IN0 THAT I CAN pei:c:c.e1ve I? INFO�MATION! 

r�:;�;

ij� 
\'16 I 

' ti , 

Everything that occurs in nature or in paintings, photographs, music. novels. news. 
radio. TV broadcasts, and so on is an example of information. Most of these things have 
been around for a lot longer than our society has had access to electricity. As information 
spreads throughout society, 1t affects our lives. 

Every day. people and organizations value useful information while trying to filter 
out everything else. Information that is not important is called noise. and important 
information is called signal, Finding ways to maximize the signal-to-noise ratio-that is. 
the amount of signal in an output compared to the amount of noise-without accidentally 
losing necessary information is Important. 

One type of information that historically has been important both to people and 
organizations is information about food-what's safe or healthy to eat. how to find or 
grow it. and how far away it is or how much it costs to buy. Related information. such as 
climate and weather forecasts. is also vital. Obviously. information like this was valued 
long before the rise of the internet. For example. merchants like Bunzaemon Kinokuniya 
from Japan's Eda period specialized in products such as citrus and salmon and thrived 
because they valued this type of information. Indeed. the value of iniormation has been 
respected for as long as people have- needed to eat. 

However. the digital age has affected many aspects of life. How has it affected our 
access to 1nformat1on? Well. thanks to the d1git1zat1on of data. we are now able to process 
diverse data like text. audio, images, and video using the same methods. It can all be 
transmitted the same way (over the internet. for example) and stored in the same media 
(on hard drives. for example). 
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Computers that are connected lo the same network can exchange digitized Informa­

tion. By using computers to match and analyze large sets of data instead of analyzing 

each Instance or type of data individually. people can discover otherwise hidden trends or 

implications of the information. 

Like the storage of data. information transmission has made incredible advances. 
thanks to important discoveries in electronics and electrical engineering. Commercial 

applications of this technology in devices such as telephones. radio. and television have 

played a role in accelerating this development. Today. almost all of Japan enjoys digital 

television. which uses digital transmission and compression technologies. CPUs play a 

central part in these applications by performing countless operations and coordinating 
the transfer of information. 

THe DIFFe�eNce aerweeN ANAL.06 AND Dl61TAL. INFO�MATION 

We have been talking about digitizing data into ls and Os so that information can be 
processed by a CPU. But before they are digitized. text. audio. video. and so on exist as 

analog data. 

What is the difference between these two types of data? An example that illustrates 

the difference is thermometers. Analog thermometers contain a liquid that expands as 
it heats up. such as mercury or alcohol. m a gradated capillary tube that is marked with 
lines Indicating the temperature. To determine the temperature. we look at the level of 

the liquid in the tube and compare 1l to the markings on the tube. We say that the analog 

thermometer has a continuous output because the temperature reading can fall any­

where between the marks on the lube. 

Digital thermometers use a sensor to convert temperature into voltage* and then 

estimate the corresponding temperature. Because the temperature is represented numeri­

cally. the temperature changes in steps (that is. the values "jump"). For instance. if the 

initial temperature reading is 21.8 degrees Celsius and then the temperature increases. 

the next possible reading is 21.9 degrees Celsius. Because 0.1 1s the smallest quantity 

that can be shown by this thermometer. changes in temperature can only be represented 

in steps of 0.1 and the value could never be between 21.8 and 21.9 degrees. Thus, digital 
output is said to be discrete.

• Vo/toge is a way of measuring electric currents and is expressed in vol�.
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The word digital comes from the act of counting off numbers using our fingers-or 
digits. This tends to lead people to believe that digital computers can only work with data 
comprised of integers (whole numbers). which 1s not necessarily true. 

In the d1g1tal world. everything 1s expressed in ls and Os. Indeed. they are not 
even what the CPU works with. Note that these are not actually numbers in this context. 
Instead. a 1 and a O are merely symbols. The CPU consists of transistors that transmit or 
inhibit electrical signals and consequently output either low or high voltages. It is these 
voltages that we represent as 1 or 0. A high voltage is represented with a 1. since the 
transistor's state Is "on," and a low voltage. or an "off" transistor. is represented with a 0. 
In text. you could illustrate this by using the symbols • and 0. The ls and Os are called 
pr,mitives. meaning they are basic data types. Computers can work with decimal numbers 
as long as the value has a finite number or digits. Values such as these are also digital. 

The important thing to remember is that for any digital number. you can never add or 
remove a quantity smaller than the smallest possible value expressible. 

Let's compare some analog data and its digitized version to better understand how 
they are alike and how they differ by looking at the figure on the next page. The first pair 
of images shows audio data. and the second pair shows Image data. 

As you can see. every time we translate analog data into digital data. some informa­
tion is lost. But as you've undoubtedly experienced. most modern digitization processes 
are so good that humans can't tell the difference between the original and the digital 
copy, even when they are presented side by side. 

To store and transmit digital data of a quality such that our senses can't detect any 
loss or information, we use special compression techniques. These techniques always 
involve trade-offs among how much space is used. how much information Is losl during 
compression. and how much processing time 1s needed to compress and decompress 
the data. 
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When color information is translated into digital form. 1t is split into 
three base component colors. most often red. green. and blue (known 
as RGB). These colors are combined to create a composite color on a 
screen. Each component color can be represented by a number. with 
larger numbers md1cat1ng there's more of that color. 

When heavily compressing audio or video data. we often use lossy techniques that 
change and simplify the data in such a way that we usually do not notice a difference. 
While this approach saves a lot of space. as the name implies. reconstructing the original 
data perfectly is impossible since vital Information is missing. Other techniques-most 
notably all text compression techniques-use lossless compression. which guarantees that 
the original data can be completely reconstructed. 

In any case. with the appropriate arithmetic and logic operations. as long as the data 
is digital. a CPU can use any compression technique on any form of information. Although 
digitizing data can involve the loss of some information. a major advantage of digital data 
over analog data is that it allows us to control noise when transmitting the data. 

A$ L.ON6 A$ THe INFO�MATION 1$ 
MADe UP Of ,� AND 0�, I'L.!. i<eep 

APPLYIN6 O?eAATION$! 
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[ The Computer's World Is Binary] 
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DSCIMAI.. BINA� 

0 0 

1 1 

2 10 

3 11 

4 100 

5 101 

6 110 

7 111 

8 1000 

ANOTHeFI: r q 
1001

Olc,,rT! � 1 
Q 1010

11 1011 
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AND B.INA� 

1 bit 
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DE:CIMAL. NUMBE:R C/, WE: 
WOUI..D NE:ED FOUR BIT5 

(1001), Rl6HT? 

INTO THE: WORL.D OF 
1� ANDO�?! 



Well then. let's learn the basics of binary. or base 2. math! Let's start by thinking about the 

decimal. or base 10. system that we use every day. For example. the number 356 Is divided 
up. and then each digit is multiplied by successive powers of ten to get the final value. 

356 

3x 10
2

7-
6x70

°
+ Sxl0

1 
+ 

,vvvv ,vvvv ,vvvv 

HUND�el7$ reN$ ONe$• 

Okay! It's really easy if I think of the digits like different coin denominations: 356 yen is just 
three 100-yen coins (10 ). five 10-yen coins (101). and six 1-yen coins (10°) added together.

That's right. The next step Is to apply that same logic to binary. We just swap the 10 in our 
decimal calculations for a 2 in the binary case to get the appropriate factors for each digit. 

Take a look at the following illustration. 

• Any number to the power of zero 1s equal to one. For exnmple. 10' = 1. and 2 = 1. 
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1 0 1 1 

1 x23 + Ox22 + 1 x2 1 + lx2°

� f'VV"'Vv l"V'\,tl'VV 11\;V'VV 

TWO$ 

8 + Q + 2 + 1 =@ (DeCIMAt-)

Uh-huh1 I don't think anyone uses coins like this. though. But If someone did. I would just 
take either 1 or O of each of the 8-yen. 4-yen. 2-yen. and 1-yen coins, right? 

So the binary 1011 lranslates to 8 + 0 + 2 + 1 = 11 in decimal. As soon as you under­
stand the basic principle. it's easy! 

By the way, this calculation also works for fractional expressions. Take a look at this. 

Ox10
°

,vvvv ,vvvv ,vvvv 

0Ne$ ONe-reNTHS 

In decimal. each digit after the decimal point has factors using negative powers. One­
tenth (0.1) is 10 '. one-hundredth (0.01) Is 10·._ and so on. 

So. It's the same reasoning with binary, right? We would use 2·1• 2·2• 2·• and so on as we 
add more digits after the decimal point. So the factors would be one-half (0.5). one-fourth 
(0.25). one-eighth (0.125). and so on. It seems a b1t cumbersome, but I think I get 1l 
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0000000 

91 

Next up. I'll teach you a really important concept. In computers. there are two ways to 

store fractions-either fixed point or floating point. 

When using extremely small values like 0.00000000000000 ... 001 or very large 

values like 1000000000000000 .... it's a lot more practical to use floating-point 

fractions. 

Hmm ... why 1s that? What's the difference? 

Well. for example. Instead of writing a billion in decimal as 1.000.000.000. you could write 

it as 10' to save some space. right? And 1f you had a number hke 1. 230,000.000. you could 

represent it as 1.23 • 109 instead. We call this form scientific notation or standard form.

where the n in 10' is called the exponent and the 1.23 is called the significand. Floating­

point numbers use scientific notation when storing values. 

In contrast. fixed-point numbers express values the way we're used to. with a decimal 

point. When expressing integers with this method. you can imagine the decimal point being 

at the far right of the number. Here's a comparison of the two. 

FIX�D POINT 

1 2 3 
DeCIMAI. 

,V POINT 

12 30000. 

0.00000123 
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Oh. okay. So if you're using fixed-point fractions to express really large or really small 
numbers. the number of digits you need increases by a lot. But If you're using floating­
point. only the exponent gets bigger or smaller while the number of digits stays the same. 
Yeah. that's really useful! 

That's right. That last example was In decimal. but since computers use binary. the prin­
ciple becomes even more relevant. The most common variant used Is this one. 

AN SXAMPI.S 
$16NIFICAND 1. 69

,vvvvvv-.., 

!>IISNlflGAND 

An example of floating-point representation inside a computer 
(using a base 10 number as the significand for Illustration) 

I used the decimal 1.69 just to make 1t easier to understand. The number would be in 
binary in a computer. The important part here is that this significand always has to be 
greater than 1 and less than 2. 

Hm ... so this representation makes ,t easy for computers to handle extremely small and 
extremely large numbers. They're also easy Lo use 1n calculations. right? 

Yes! And it's also important to understand that the speed with which you can calculate 
using floating-point numbers is critical to CPU performance. Gaming systems that process 
real-time. high-fidelity graphics also use floating-point arithmetic extensively. (See "CPU 
Performance Is Measured in FLOPs·· on page 137 for a more detailed explanation.) 

Generally. scientific calculations require an accuracy of only around 15 digits. but in 
some cases. 30 are used. Some modem encoding algorithms even use integers of up to 
300 digits! 

Ugh ... I don't think I could do those calculations In my head. I hate to lose to computers. 
but I hope they're at least advancing some fields of science! 



AC7DITION AND �UBTAACTION IN BINAfzy 

It's finally time to talk about binary arithmetic. Let"s start by thinking about addition. First 

off. adding two bits works like this! 

0 + 0: 0. 0 + l: 1, 1 + 0 = 1. 1 + 1 = 10 

Okay, that's easy! The last equation, 1 + 1 = 10, means that we carried the 1 to the next 

place value and the first digit became 0. right? 

1 

+ 1

1 0 
V 

Yeah. If you understand how to add one bit to another, you should be able to understand 

calculations with more digits. as well. For example, when adding the binary numbers 

(1011). + (1101),.* you Just need to start from the right and work your way to the left. 
carrying digits as you go. Take a look here. 

1 0 1 1 

1 1 0 1 
I CA!CltY 

1 1 0 0 0 

Uh-huh. I just have to be careful with the carries, right? Binary addition is pretty simple! 
Or. it might just be my genius shining through. 

Heyl Okay then. let's take a look at subtraction next. When doing subtraction, it is impor­

tant to learn how to create negative values using a technique called two's complement. 

Adding the two's complement (a number that corresponds to the negative version of 

a number) of a binary number A to another binary number B is the same as subtracting A 

from B!I Whal do you think-pretty cool. right? 

• 0 means the number 1s in binary representation, and ()10 means ifs in decimal representation. 
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Ahh ... I'm sorry to stop you when you're on a roll. but I didn't understand that at all. 
What are you talking about? 

Let's start out slow in decimal. First off. let's agree thal subtracting 15 is the same as add­
ing -15. But what would you do if you weren't allowed to use the minus sign at all? Is there 
some other number that we can use to represent the number -15? 

I ... I have no idea. Stop putting on airs and Just teach me already! 

Where did your genius go? Well. have a look at these two equations then. 

£;QUATION A £;QUAT10N 8 

1 5 1 5 
+(-15) + ( 8 5)

0 JDQ2 � 

!<.:>NORI:/ 

Looking at just the final two digits of these equations. we see that the result of equa­
tion A is O and the result of equation B Is 00. We could therefore say that for the last two 
digits, the results of 15 + (-15) and 15 + 85 are the same! 

Whaaa ... ? You·re right. 0 and 00 are the same! But what happens to the 1 in the equa­
tion B result of 100? 

Hah! Since we're doing two-digit math at the moment. we don't care about digits that carry 
over beyond those two. Just pretend you can't see them! We call those overflow. and we 
just ignore them. 

What kind of twisted reasoning 1s that? Is that even allowed? 
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. 

. 

a. 
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Heh heh heh! Surprised? In situations like this. we say that 85 is the ten's complement of 

15. In other words. we say that a number's complement in some base is the smallest num­

ber you have to add to the original number to make the number's digits overflow. As the

name suggests. you can think of the numbers as "complementing" each other to reach the

next digit. And this complement corresponds to the original value's negative form. So in 

this case. 85 is essentially equal to -15 .

................................................................................................................ . 

. . 

Let's take another example. When calculating 9647 -1200 = 8447, we might 

as well calculate 9647 + 8800 = 18447 and Ignore the carry. That's because In 

the result we see that the lower four d1g1ts are the same. Therefore. we can use 

8800 as the ten's complement of 1200 during addition to get the same result as 

we would get using subtraction. 
. . 
.
..................... .... . . . ........ . ........ ...................... ....... .................. . ..... ...........

. 

Uhh ... this 1s getting pretty hard to grasp! So using complements, we can perform sub­

traction by adding instead. I suppose that might be useful. So whal happens if we try this 

far-fetched solution with binary numbers? 

It's not far-fetched-It's awesome! It's logical!! Let me show you how to do it in binary. 

1010 1000 

+ 0101 1000

I6NO�Sl -(j)0000 0000

D THE:TW 
IFTHE: � 
0 Cle>NO!i: 

OVE:FFL 
THE: MUMS 

MPLE: 

As you can see. when you add two binary numbers and ignore the overflow. the two 

numbers are complementary if the result equals 0. To subtract a number. simply add its 

complement instead. 

Okay. but finding the complement seems kinda hard .... 

Don't worry. there is a really easy way to find a two's complement. Just follow these steps. 
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1,l;T'$ FIND THe TWO'$ COMPL.eMeNT TO DO $UBTF:ACTION! 

Step 1: Invert all the digits of the first number from 1 to 0 and vice versa. (This is also
called finding the one·s complement.) 

Step 2: Add 1 to this inverted version of the number. and you·11 end up with the two·s 
complement! 

Sweet! I tried finding the complement of that last example. Using this method. it was easy. 

STEP1 STEP2 

10101000 
1 

01010111 � 
+ 1�

1 I I � 

��

Computers (actually the ALUs) use these two steps all the time for arithmetic operations 
(addition and subtraction). The only difference 1s that most ALUs perform subtraction by 
adding the first number and the inverted second number. Then. they add 1 to that sum. 
The order of operations is different. but the end result Is the same. right? 

And since computer calculations only deal with 1s and Os. this method is both really 
simple and incredibly fast at the same time. 

I see. So there are some merits to binary. I suppose! 

6Y THe WAY ... DON'T 
F�eNCH F�le$ l<INDA 

1...001< L-ll<e 1� AND 
ONION F:INC;,$ l<INDA 

l-001< 1..\1<1; O�? 

THI$ MU$T Be Ui<e ... 
8/NAl<Y IN THE' F!<ll'l1-

fO0l1 WO!<i-l1/ 
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[ What Are Logic Operations? ] 

we1..1.. THeN, 1..eT'$ 
6fi INTO TODAY'$ 

MAIN TOPIC. 

DON'T 61i!IN6 6U6$ 
INTO 1<e$TAU!i!ANT$!! 
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... 

... 

• 

.. 

... 
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�veN so, THI$ BU<:?J ... 
THI$ IC ... $URI:: HA$ A I-OT 

OF $II.Ve� l-e<:?J$ ... 

CAL.l.eD Pl 
e THe PAT 
OF Ttte CIR 

DlcilTAI.. eL.eCTRONIC 

SlciNAL.S TAANSMITTeD AS 1s 
AND Os (Hl<:iH AND I..OW VOL. TA<:ie) 

PAS� THROU6H THese PINS AS 

INPIJT AND OUTPUT. 

OH, $0 THeY'Re 
NOT JU$T 

DeCORATION$ 
THeN. 

AND HeRe'$ THe 
IMPORTANT PART! LO<:?JIC 

OPeAATION$J 

l.OcilC O?eAATIONS ... ? 
THAT seeMS 
eveN MORe 

COMPI..ICATeD THAN 
THOSe MITHMeTIC 

OPeRATIONS ... 

l-0 AND BeHOI-D! IN$IDe, THe CIRCUIT 
PeRFORM$ 1-O<:?JIC OPeAATION$ ON 

THe 1!> AND 0!> ON THe INPUT PIN$ AND 
PRODUCe$ THI:: AP�OPRIATe 1!> ANDO!> 

ON THe OUTPUT PIN$!! 

No, I've DecIDeD TO 

THINtc:. 1-O<:?JICAL.t..Y, 
$0 THAT'L.t.. MM�e 
UNDeR$TANDIN<:?J 
THfM A BRE;fZI::!! 

THeRe'S NO NSeD TO 
<:ieT 50 DSFSNSIVS 

A60UT IT. 1..0<:ilC 
O?eRATIONS ARS RSAL.l.Y 

SIMPL.e AND SASY TO 
UNDSJ<:STAND. 
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FIR$T, ! WANT YOU TO 6eT 
THe 6eNeRAL, IDeA. THe 

IN$1De Of AN 1�6RAWD 
CIRCUIT 1..001($ $0M&THIN6 

l..lt(e THI$ ... 

A DIA6i:zAM OF THE: 
INSIDE: OF THIS CHIP 

THI$ 1$ A 74��8 
INTe6RATeD CIRCUIT. 

HMM. YeAH, I CAN 
5ee THAT THeRe ARe 
FOU� SYMBOL.$ THAT 

1..001< THe $AMe, 
AND THeY seeM TO 
Be CONNeCTeD TO 
THRee PIN$ eACH ... 

PIN$ 

✓ J, �

7767 ',J;mN170NJ 

INPUTA=D--

INPUT 8 
OUTPUT 
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Ol<INC::, CL. 
AN see TH 
HAVe TWO

Ne OUTPUT. 
OF THe5e 

)) 



H L-O6IC 6 
$ L-I1<e A MA6I 
ox wHeRe 'lo 
T $OMe Ol!T INPUT A 

'IOU PUT THIN 
THe IN W6IC 6ATS 

AND THe INPl!T$ 
AND Ol!TPlJT$ ARe, 

OF COUR$e, 

INPUT 6 

....._ __ 
-.......

1� AND 0�. �-------

THS TH�SS 0A51C l.O61C eATS?: 

AND, Ole:, AND NOT 

LeT Me use '/OUR 
MA6IC 60)( 

ANAL-O6'/ A$ we 
6eT INTO THe 

$PSCIFIC$. 

MBMO!l/Ze AU OF 

THBM roeerHelll! 

AND 

=D--

AL-L OF THSM?? 
1$ THI$ A 

6O0TCAMP?! 

eACH INPUT AND 

THe OUTPUT CAN 

errHe� Be 1 o� o. 

THe MOST BASIC 
L-O6IC 6ATS$ ARS THS$S: 

TH& AND 6ATS, TH& OR 6ATS, 
AND TH& NOT 6ATe. 

OR NoT 

=D-- --{>o-



L.eT'$ A5�UMe THAT THe 
INPUT$ ARe RePRe5eNTeD 

BY TWO INTeRVlt;Wt;R$ 
WHO CAN 6IVt; t;ITHt;R A 

PA$� OR A FAIi-... 

D THAT 1 M 
� ANDO M 
II- IN THI$

AND 

�o IF BOTH DON'T eIve 
A PA5?, THe Rt;$UI-T 

Wll-1.. Be A FAIi-... 

FO� AN Of? t3ATe, IF 
AT l-E:A$T ONE: OF THE: 

INPUT5 15 A 1 CPA'7?), 
THE: OUTPUT Wll-1.- BE: 

A 1 CPA'7?). 

S2 CHAPTB!i! 2 Dl<:>ITAt.. 0PB!i!ATION5 

IN THe CA$!:; OF AN ANI? @Are, THe 
OUTPUT WIL.L. ONI-Y Be A 1 CPA$�) IF 

BOTH INPUT$ ARe 1� (PA$�t;$). IF 
t;ITHt;R INPUT OR BOTH ARt; 0 (FAil-), 

THt; OUTPUT Wll-1.. Al-$0 

OR 

F E:VE:N A $1 
6IVE:7 AP. 

N$ YOU PA 
HAT A �E:l-I 

Be A O (FAIi-). 



THe NOT @Are WIU FL.IP 
THe INPLJT. �o AN INPUT Of 

1 (PA':75') WIU 6IVe THe 
OUTPLJT O (FAIL.). 

... Wel,L YeAH, IT'$ 
JU$T HOW L-O61C 

6Are$ WO�K. 

BUT THe IMPOITTANT PAITT 1$ 
THAT YOU UNDe�$TAND THAT 

eveN WITH THe $AMe INPUT, AND 
AND OF: 6ATe$ CAN P�ODUCe 

DIFFe�eNT OUTpUT$. 

Tl<UTH TABl.-65 AND 

VSNN DIA61<AM5 

6LJT THeRe ARe eveN MORe 
PATreRN$, Rl6HT? LIKe WHeRe 

BOTH INPUT$ ARe 0� (FAIL.), 
THe OIJTPLJT WOUI..D $TIU 

HAve TO Be A O CFAII..), Rl6HT? 
JtJ$T THINKIN6 ABOIJT IT 1$ 
MAKIN6 MS DSPR8$5'8D ... 

CD NOT \Mo 
<1@ ----l)o---- 0

F:eAU.Y?? �o IT 
AL-WAY$ COMPL-eTeL-Y 

Dl$�e6A�D? THe 
INW�VJewe�'$ 

OPINION?! 

I'M $T1L-L $HOCKeD BY THAT 
L-A$T NOT 6ATe. I WONDe� 

HOW THe INTe�v1swe� 
MU$T BS Fefl,IN6 ... 

HAH! I HAVe $OMeTHIN6 
I WANT TO $HOW YOU! 

A TRUTH TABt,e $PANNIN6 
AL.L P0$5'IBL.e PATreRN$!! 
IT'$ A TABL.S CONTAININ6 

AL.L P0$5'IBl..S INPIJT/OIJTPIJT 
COMBINATION$! 
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THl5 15 IT! 
BU�N IT INTO 
YOUR MIND!!! 

... THSN U$1Nl? VSNN 
DIAl?!<:AM$, we CAN 

VISUAI...IZS THS 1$ 
AND 0$. NICSI 

ri-:UTH TABl...e Foi-: A --r--\_ 
THS AND l?ATS 

B � R

01 WHSN THIN 
UT I...Ol?IC l?A 
N DIAl?!<:AMS 
SAL-1.Y HAN 

INPUT 

A B 

0 0 

1 0 

0 1 

1 1 

OUTPVT 

l 

0 

0 

0 

1 

L__ IF BOTH A AND 6 Al<te 0, 
,...- THe OlJTPUT IS 0. 
� IF A IS 1 AND 0 IS 0, 

THe Ol/TPUT IS o. 
� IF A IS 0 AND 6 IS 1, 

THe Ol/TPUT IS 0. 
� IF A AND 0 A�e BOTH 1, 

THe Ol/TPUT IS 1. 

OOOH! YOU CAN $ef Al-I. THS 
INPUT AND OUTPUT PO??IBII...IT1e5. 

THAT'$ $UPS!<: USSFUI...!! 

YE:5, BUT THE: IMPOITTANT 
THIN6 HSRS 15 THAT THS5S 
VSNN DIA6RAM5 IL.I.U5TRATS 

. . . . . . . . .

. . . . . . . . .. . . . . . . . . 
. . . . . . . . . . . . . . . . TWO $TATS$. 

AS?UMINl? 
THS W0!2:t..D CONSIST$ 

ONI...Y OF l<:Sl?IONS 
WITHOUT COl...012: CO) 

Ole: WITH COl...012: (1) ... 

THAT'S !<:ll?HT. 
I.ST'S use THI$ 

TO TAl<S A 
1..001< AT THS 
THi-:ee l..Ol?IC 
l?ATe5 Al?AIN 
AL.I. AT ONCS, 
SHAU we? 
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A ='UMMA�Y OF THe AND, OR, AND NOT GAT� 

Let's summarize the first three basic gates. Let's look at the symbols. truth tables. and 

Venn diagrams as sets! 

AND 6ATB Cl..061C INTB�%CTION 6ATe) 

7YMBOI.. Tli!UTH TABl..e veNN DIA61i!AM 

A 8 2 A 8 

:=0-2 0 0 0 

C[) 0 1 0 

INPUT$ OUTPUT 1 0 0 

1 1 1 2=A·8

AND gates output 1 only when both inputs are 1. and they are sometimes expressed 

in equation form as Z = A• 8. The symbols used to represent AND are those for logical 

intersections: • or n.

0� 6ATB cwe,1c UNION 6ATe) 

7YMBOI, TF:UTH TABl..e veNN DIA61i!AM 

A 8 2 A 8 

:D-2 0 0 0 

C[) 0 1 1 

INPUT$ OUTPUT 1 0 1 

1 1 1 2=A+8

OR gates output 1 when either input or both is 1. and they are sometimes expressed 

in equation form as Z = A + B. The symbols used to represent OR are those for logical 

unions: + or U. 
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NOT SATS CL.oSIC NSSATION SATe) 

?YMBOL. veNN DIA�AAM 

A-(>o-i 
(A\ A

INPUT OUTPUT ffi 0 
i! =A 

NOT gates output O only when the input is 1. and they are sometimes expressed in 
equation form as Z = A. The symbol used to represent NOT is the one for logical negation 
(complement): -. 

THIS WHITE: ClllCL.E 

� 
INDICATE:$ THAT O AND 1 

� 
SHOIJL.D 6E Fl..lPPED! 

� 

8..
Ohh! So you can also write them as A • B. A+ B. or A. I think I understand all these 
forms now . 

Good. Be extra careful about this though! In the examples here. we showed AND and OR 
gates having only the two inputs A and B. but it's not uncommon for these gates to have 
three or more inputs. 

$16NAL. 
PATHWAYS 

In these cases. we require that all inputs of the ANO gate be 1 for the output to be 1. 
In the case of OR gates. we require that at least one input be 1 for the output to be 1. 

So these input and output lines are called signals and can either be a 1 or 0. That's easy to 
remember. 
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OTH!::� BA?IC eAT!::?: NAND, NOR, AND XOR 

O'(:..A'/, l-c;T'$ TAl<c; A 
l-O01< AT NAND, NOR, 

AND XOR* 6ATc;5 NeXT. 

NAND 

=D-

NOR 

=[>-

• XOR IS WrllTreN AS !:OR Orl !:XOR IN SOM!: CASE:$. 

YOU JUST $AID THAT AND, OR, 
AND NOT we�e THe TH��e 

BASIC 6ATeS ... 

YOU $HOUL.D !<NOW 
ABOUT NAND, NOR, 

AND XOR, TOO.

A�e YOU JUST 6O1N6 TO 
TAl<e THAT BAC!<? l.lA�! 
THe�e'S eveN Mo�e 

OF THeM?! 

�OMeTHl/t/0 
YOIJ'U �eA/../Ze 

AFT!:� YOU 1-eA�N 
A60/JT THeM!II 

XOR 

=)D-

WHAT?! 

�TOP WHININ6 
AND CAL.M 

DOWN!! 

eveN MO/<P 

zeAlOl/1? THAN 

1/1?1/A/..J 
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A �UMMA�Y OF THe NAND, NOR, AND XOR GATe5 

Okay. let's talk about the other basic gates. These gates are really just comblnot,ons of 
AND. OR. and NOT gates! 

NAND 6ATe (L061C INTe�5eCTION COMPL..eMeNT 6ATe) 

$-YM0OL. �UTH TABt..e veNN DIA@Fc:AM 

A B l A 

:=0-2 0 0 1 

CID 0 1 1 

INPUT? OUTPUT 1 0 1 

1 1 0 l=A·B 

The NANO gate is an AND gate wired to a NOT gate. The NANO gate·s output is therefore 
the output of an AN.Qj_ate run through a NOT (negation) gate. It's sometimes written 
as the equation Z = A-8. 

NO� 6ATe (L061C UNION COMPl..eMeNT 6ATe) 

$-YM00L. �UTH TABt..e veNN DIA6Fc:AM 

A B l 

CID :=u-i 0 0 1 

0 1 0 

INPUT? OUTPUT 1 0 0 

1 1 0 l =A+B
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The NOR gate is an OR gate wired to a NOT gate. The NOR gate·s output is therefore the 
output of an OR gate run through a NOT (negation) gate. lt"s sometimes written as the 
equation Z = A+ 8.

7YMBOI- T�UTH TABl-e veNN DIA6�AM 

A 8 1 A 8 

:⇒D-i
0 0 0 

C[) 0 1 1 

INPUT$ OUTPUT 1 0 1 

1 1 0 l=AEBB 

THS $AMS! 

The XOR gate outputs 1 only when the Inputs A and B are different. This gate 1s some­
times written as the equation Z = A @ B. 

The XOR gate·s function is shown in the schematic above. where you see a combina­
tion of AND. OR. and NOT gates. The X in XOR stands for exclusive.

Oho! You were right. These gates really are just combinations of the three basic gates. 
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1u;� 
� 

This might be kind of off topic, but don't you feel a certain fascination whenever you hear 

the word theorem or law? It's so charming and cool. I can't help but feel my heart throb 

wistfully every time. , .. Well, let me tell you about an Important theorem: De Morgan's 

indispensable laws for logic operations .. Here it is! 

A· B 

A+B 

A+B 
- -

A B 

Aah. I might have eaten a little too much today. But fast food can be really good some­

times. don't you think? 

Stop Ignoring me! Well. I suppose formulas like this can look complicated at first glance .... 

Let's start with the important part. This law basically just says a NANO gate is the same 

as using an OR gale on each input's complement. and a NOR gale is the same as using an 

ANO gate on each input"s complement. Does that make it clearer? 
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Yeah! I can see that the left and right sides have big differences in how they use • (ANO) 

and+ (OR). So according to De Morgan's law you can swap ANO for OR operators and vice 

versa by using complements. 

That's it! It also means that we can use De Morgan·s laws to show our circuits in different 

ways. Using this technique. it's easy to simplify schematics when necessary. Here are some 

conversions using De Morgan's laws. 

=C}- NAND =D-

BOTH OF THe5e Ai<:e NAND 6ATe5! 

NOR 

D-
BOTH OF THe5e Ai<:e NOR 6ATe51 

But they're completely different! Is there really no problem even though the left and right 

side look nothing alike? 

Yeah, the expressions might be different. but their functions are the same. Since logic gates 

(digital gates) only work with ls and Os. everything stays logically the same even if you 

switch out all the gates. We're just leveraging that particular feature of the math. 

I see .... Then you won't mind if I just rewrite all of them? This is a law I like! 
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Circuits That Perform Arithmetic 

HEH, IT 5EEM5 rve 

FINAL.l.Y MA5Te�ED 

AU THE <:,ATE 

5YM60!..5. .. 

HeY, THAT'$ l<:UDS! 

L061C 6ATe$ Alc:eN'T 6000 FOi<: 
ANYTHIN6 UNI-� YOU MA�e A Cllc:CllJIT 

THAT ACTUAL.LY DOS$ $0MSTHIN6 U$eFUL.l! 
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LOO� 1<:eve1- IN MY $�IL.I.! 

BUT IF YOU'�E 

�EAL.l.Y 5ATl5FIED WITH 

5C�IBBL.e5 w::E TH05E, THEN 

I 5UPP05e YOU'�E 5TIL.L. FA� 

F�OM UNDE�5TANDIN<:, THE 

5U6TL.E1le5 OF L.O<:,IC <:,ATE$. 

WHA-WHAT DO YOU MeAN?! 



Hf:Rf: 1$ A CIRCUIT THAT 
ACTUAl...t..Y OOf:$ $0Mf:THIN6 

WORTHWHlt...f:! 

TAl<f: A 6000 t...O01< AT 
THf: MASNIFICf:NCf: Of THI$ 

HAi.,F Al?l?l:R CIRCtJm! 

THI$ 1$ A vegy 
Ot...D, RUDIMf:NTARY 

CIRCUIT BUT,.. 

A U$f:FUt... ONf: 
THAT Pf:RFORM$ 

ADDITION. 

8UT I DON'T $f:E 
HOW IT CAN ADD 

NUMBf:R$ ... 

8 �D- s . 

':} , 

. r. 

C , 

IT DOf:S ff:el.. A BIT 
MASNIFICf:NT, AU WIRf:D UP 
l..ll<f: THAT ... I Sf:e IT'$ U$1N6 

AND AND XO� 6ATf:$! 

I-I WIU. (..f:T YOU 
f:XPL-AIN IT TO Mf:! 



THe HAL.F ADDe� 

Let me explain what the half adder I showed you is all about (though I suspect you won't 
need that much explanation at this point). First off. do you remember single-bit addition? 

0 + 0 = 0. 0 t 1 = 1. 1 + 0 =- 1. 1 + 1 = 10 

If we bundle all of these together, it kind of starts to look like a truth table. doesn't 1t? 
Let's treat the two bits as Inputs A and B. and let's standardize our output to two digits. So. 
an output of 1 looks like 01. 

A B OlJTPUT 

O+O 00 

0+1 01 

1+0 01 

1 + 1 10 
CrHe Dl(SIIT I$ 

CARRIE:;D.) 

THE: L.OWE:R Dl(SIIT 

Well then. do you notice anything? Pay special attention to the gray area. 

Wh-what? Could 1t be ... ? The lower digit output... 1t looks just like an XOR gate's truth 
table (see page 59)! XOR produces an output of 1 only if the inputs are different. right? 
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That's correct. This lime. look only at Lhe upper output digit. 

A B OLJTPIJT 

0+0 00 

0+1 01 

1+0 01 

1 + 1 10 
crne DICStlT I� 

CAFtFtleD.) 

THe UPPSFt Dl61T 

Hmm. that looks just like the truth table for an AND gate (see page 55)! An AND gate's 
output is 1 only when both inputs are 1 .... 

That must mean that by combining an XOR and an AND gate. we can get two outputs 
(one for the upper digit and one for the lower digit) and perform single-bit addition! 

As soon as you get that part. It seems really easy. right? The lower digit comes from output 
S. and the upper digit comes from output C. In this case. S stands for sum. and C for carry.

INPLJT 
----D--O�LJT

INPLJT 

OUTPLJT 
----- C 

,__ __ L_ _� 

HAL.f ADDe� 

CTHe VAL.Ue 
OF A+ B) 

This is how we can get two outputs from two inputs with the same half adder circuit. And 
this is also how we can add two bits together! 
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Ripple Carry Adder

After learning how the half adder works. It seems really simple! Hmm ... but. there's still 

something that bothers me about it. 

In that circuit. there's an output for the carry. but there's no input for the carry from 

lhe previous digit. That means you can only ever add two single digits. right? That doesn't 

seem very useful. In fact. only being able to add two single digits seems pretty useless! 

Heh. an acute observation. for sure. It's true that the half adder cannot deal with carries 

from previous digits and can therefore only ever add two single bits. That's why half adders 

are Just that: "half an adder." It's no use putting it down for something it can't help. 

I'm not dissing anyone! Why am I the bad guy all of a sudden?! 

Don't underestimate the half adder though! By using two half adders. you can make a full 

adder. In addition to having the inputs A and B. you can use an additional input for the 

carry in this circuit. 

Take a look at this next schematic. We call this circuit with three inputs and two out­

puts a full adder. We'll put each half adder into its own box to make the diagram a bit easier 

to understand. 
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9 

e 

A s s -----s 

HAl..f AOE>elil HAl..f ADD&R 

TH�Bf B 
INPIJT? Cout 

Cin 

FUL-L ADD&� 

You were right-it's using two half adders! Two halves really make a whole. I guess C,, Is the 
carry input and C �• is the carry output then. 

That's right. And by connecting one half adder and several full adders. we can add any 
number of bits! We call a circuit like this a npple carry adder.

In this example. we're using four adders. so we can add four digits. We've also put the 
individual adders into their own boxes. During subtraction. we would deal with the inverse 
carry instead (borrow). 

Ao Bo
��

\ A1 81

A s7\ 
B Cout 

HAl..f AODSR 

So 

A S
�

•B•�A�S
B Cout B Cout 

Cin 

FUI..L ADD&!<: 

A S 
B Cout-� 

Cin 

FUI..LADDSR 

S2 

Uh-huh. So each adder's carry output goes into the next adder's carry input. This is how 
the carry flows so that we're able to do the calculation properly. 
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8
But even then ... that ripple carry adder kind of makes me feel like there's something 

familiar with how it moves the carry after each step 1n the calculation. It's really similar to 

how we humans do calculat1ons with pen and paper by moving the carry from each lower 

place value to the next higher place value. 

Yeah. But that's actually a big problem-it takes a lot of time to keep moving the carry from 

one calculation to the next. 

In ripple carry adders. the more digits there are. the slower the calculation speed will 

be because of the larger propagation d e/ay. 

�Tll..l. 
NOTHIN6 ... I'M $0 BORf;D ... 

Pl<OPA6AT10N Del...AY IN A l<IPPl-e CAl<RY ADDei< 

Yeah. that seems a bit slow .... Addition and subtraction are pretty common. too. so I sup­

pose they're not something you want to be doing slowly. Hmm. So what do we do about it?I 

Heh heh heh. To fix this problem. someone came up with what is known as a carry look­

ahead adder. 
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The carry look-ahead adder basically delegates the carry calculations lo a completely 

different circuit that serves its results to each digit's adder. Using this method. the upper 

digits can do their calculations right away. without having to wait! 

-

Tl1E: Cl f{CUIT THAT De:AI..$ 
WITl1 CAf{Rle:$ 

(I.OO�·AHE:AD-CARRY UNm 

THeY DON'T HAVe TO WAIT FOR THe CARRY! 

Eeeh. is that even possible? So does that mean there's some other dedicated circuit that 

decides whether or not there's a carry? 

Yeah. It determines whether there is a carry in either direction during addition and sub­

tractlon .  The downside is that the circuit fs a lot bigger. but calculation times are drastically 

reduced. 

Hmm. So it's reducing calculation times with all kinds of smart tricks then. When we first 

talked about making a circuit For addition. I was imagining something pretty small. but the 

final product is quite impressive. 

CIRCUITS THAT Pe:RFORM AR1Tl1Mf:TIC 6q 



( Circuits That Remember ) 
Cl�CUIT$ WITH Mf;MO�Y 

A�e A Nf;C�ITY! 

Now, t..eT'5 eeT 
INTO TODAY'5 
I-A5T TOPIC. 

L.eT'5 TAI-I< ABOUT 
Cl RCUIT5 WITH 

MeMORY. 

BACI< THeN, YOU 
5HOWeD Me 

THe5e THIN65 ... 

O�Y ... THl5 MeMORY HA5 
TO 6� THe 5AMe MeMORY 

we TAL.KeD ABOUT I-A5T 
TIMe, Rl6HT? 

HMM, YeAH. IT'5 TRUe 
THAT wHeN we 5AY 

''MeMOR'f.11 we U5UAl-l.Y 
MeAN PRIMARY MeMORY 

t..11<e THl5. 

�e PA6f 18J 

BUT THeRe'5 
ACTUAl-l.Y MeMORY 

5TOAA6e IN51De THe 
CPO A5 wei..1-. 
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�e61$TeR$? 
NeveR HeARD 

OF 'eM. 

THl5 !<IND OF ME:MOFl:Y 
15 MORE: 5HORT-TE:RM 
THAN OTHE:R TYPe5 OF 

ME:MOFl:Y. 

weu, THe IMPORTANT THINS WITH 
AL.I.. OF THeM 1$ THAT BY U$1N6 
THeM , we ARe ABL.e TO U$e A 

PReVIOU$ MeMORY CTHe �TATe) 
IN FUTURe OPeAATIONS. 

THAT 1$, PReVIOU$ MeMORleS 
CAN AFFeCT FUTURe 

CAL.CUL.ATION OUTPUTS!! 

A 51MPI..E: ANA!..O<:M 
FOil: Fi:E:615TE:R5 Ml6HT 
BE: 5OME:THIN6 L.llc�E: A 
Dl5PO5A61..E: NOTE:PAD. 

WHSN PSRFORMINe 
OPSRATIONS, 

RSe1sreRS ARS 
USSD TO STORS 

TeMPOAARY 
VAl..USS! 

�O THE:Fi:E: AFl:E: MANY 
fYpe$ OF ME:MOFl:Y, 
E:ACH MADE: FOil: A 

5pec1FIC TA$!(:. 

COUL.D YOU ... 
SAY THAT ASAIN IN 
Pl-AIN l-AN6UA6e, 

PL.eA$e? 
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0�Y, THeN. 

IMA6JNe ... 
YAY! I'L.l. HAVe A c.o�e!! 

THAT YOU ARe ABOUT 
TO BUY A DRIN� FROM A 

V6NDIN6 MAC.HINc. 

TO 8UY A 130-YBN COLA, YOU 
HAVB TO PUT IN A 100-YBN COIN 

AND THBN A SO-YBN COIN ... 

AFTB� THAT, THB MACHIN!; 
$HOUI-D Dl$PI-AY A TOTAi-

OF 150 YBN, �l<:,HT? 

JU$T MeAN$ TH 
HINB �BMBM6B�$ TH 

THB 100 YBN YOU 

o�e AND THS so ye

IN$B�BD JU$T NOW 

HeY, we'Re TAl..�IN6 

HYPOTHcTIC.AU.Y HcRc! 

WHAT DO YOU THIN�? 
DO YOU UNDeRSTAND HOW 

THe PReVIOU$ MeMORY 

OF 100 YeN AFFeC.TeD THe 
cND R6$UI..T OF 150 YcN? 

jljlllf ······,,w,,,.1f ff ;f 1�f �0?

.ill) 
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IF IT DIDN'T HAVS 
ANY MSMORY ... 

NOT THAT 1 RfCAL-1. ..• 

WHAT A RIP-OFFJ 
I'D HAVf NO CHOICf 
BUT TO DfS-TROY ITJ! 

CAL-M DOWN. 
VIOL-fNCf $OL..Vf$ 

NOTHINe! 

THSY COMPARS CUR�St-lT 

MSMORY TO PA5T MSMORY. 

THSY U5S Rf:5UI..T5 FROM PRSV1OU5 

CAI..CUI..ATION5 AND NSW DATA A$ 

INPUT TO OTHSI<! CAL.CUL.ATION5. 

I SOI-D 3 APPI-E:$ TODAY, AND 
I SOI-D 2 APPL-Ea? YE:$TE:llDAY. 

I SOI-D 6 APPI-E:S 
YE:STE:llDAY, AND 

TODAY THAN YE:STE:llDAY. 
;:- -;: 

THIS ME:AN? I $01-D MOll:E: 

� 
APPU 

� 

I'VE: SOL-D q IN TOTAi... 
;; -:. 

I SOI-D 3 TODAY. i 
...-. 'O YAY! 

HI$ 1$ WHY COMPUT 
$UCH A$ THf ONf IN THf 
MACHIN£:, NffD TO HAVf 

CIRCUIT$ TO Bf U$f 

1 s-ee. 1 eues-� 1T 
MA!Cf$ $fN$f THAT 

MfMORY CIRCUIT$ ARf 
IMPORTANT THfN. 

... NOW THAT THAT'$ 
$£:TTL-f·D, 1 THINK 

I'L-1.. eo AND HAVe 
ANOTHeR COL.A. 

I 

MANY PROeRAM 
IN$TRUCTION$ ARf 

L-l!Cf THI$. 

�HS 60T THIR5TY? 
THS POWSI<! OF 
5U66e5TION ... 
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Ff..lP-Ff..OP: THe 8A51C5 OF MeMOrz:i Cl1<:CUIT5 

Ngh. I can·t even imagine a circuit that has memory. Even human memory is really compli­
cated. you know .... 

Yeah. You have to think really simply. Computers can only use 1s and Os. right? Thal means 
that to a computer. memory means somehow storing the stales of 1s and Os. 

I've already explained that these ls and Os actually correspond to different voltage 
levels (low and high) (see page 37). This means that to save a 1. we would have to create 
something that can retain that state over a longer period or time. as in the graph below. 
We call storing data like this latching. 

-

�TATe �eMAINS 1 1 

----TIMS 

I see. But Ifs probably not very useful if 1t Just stays In that stale forever. What if I want It 
to go back to O later on or I want to overwrite the memory with something else? Wouldn"t 
it make sense to be able to store whatever I want. whenever I want? 

Yeah. that's right! For example. if you turn on a room's light switch. it would stay on until 
someone turns it off again. and then it would stay off until someone turns It on again. It 
would be great if we could create some kind of trigger condition to freely swap the 1 and 0 
states. just as we do with the light switch. 

That is. we would like to be able to store 1s and Os indefinitely while still being able to 
flip each bit individually whenever we want. This is exactly what memory circuits dol 
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Um. that sounds a bit selfish. doesn't it? I want to store ls and Os. but I also want to be 
able to flip them at will. 

It Is selfish. but flip-flop circuits are a basic component of any memory circuit. 

Flip-flop ... that's a cute name. but how are they useful? 

They're super usefulll They grant us the ability to change states. First. take a look at the 
picture below. To make it easier to understand, I've put the flip-flop in its own box. Using 
one of these. we can store one bit or data . 

.----. "IMPO�ANT!

Q_ 
Ill 

I/ ( /l 
0 I 

The reason why there are no concrete symbols for the inputs is that they change 
depending on the type of flip-flop we use. 

Okay. There are inputs .... And two outputs O and Q ... 

Yes. Pay special attention to the O output! This is the output that will stay either 1 or 0. 0 
will always be the inverse of Ci. So, if Q 1s 1. then Ci will be 0. Ci can be very U5eful to have 
when des1gn1ng a circuit. but we're going to ignore 1t for now. 

Uh-huh. Then how does 1t work? Tell me what's inside that box! 

All in good time. First off. there are several types of nip-flops. Both the function and circuit 
depend on the type. Out of these types. I'll teach you about RS flip-flops. D flip-flops. and 
T flip-flops. 
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Okay. I guess RS flip-flops come first. So the box has two input signals. Rand S. Rice ... 
sushi ... rice and sushi?! 

s Q 

R 

THl:Y'Fi!I: AL.SO SOMSTIMe, 

CAI..Ll:D R$ 1-ATCHl:5. 

YOU CAN AL.SO FL.IP THI: 

R AND $ AND CAU THl:M 

f.R FI-IP•F/..OP5. 

Um. no. R means reset and S means set. The reset and set inputs are the two main fea­

tures of this type of circuit. 

I might be jumping to the main point too quickly here. but setting S to 1 will set O to 

1 and setting R to 1 will reset Q to 0. Once Q has changed state. removing the input signal 
won't change It back. It will keep that state until the countersignal (S for Rand vice versa) is 

sent. As soon as that happens it will. or course. flip the saved state back. 

Hmm, so that means that it remembers which of the two got set to 1 last? If S got set 

to 1 most recently. then the latch remembers 1. and if R was the last 1. It remembers O! 
Is that it? 

Yeah. It might seem a bit complicated here. but the circuit looks like the figure on the next 

page. In accordance with De Morgan's laws (see page 60). it can be created using either 

NANO gates or NOR gates. 

Whoa. It looks a bit weird, .. , There are two NANO gates (or NOR gates}. but they're all 

tangled up in figure eights. 

Yepl The two circuits are interconnected. with the output of one acting as one of the inputs 

of the other. 
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s Q. s Q. 

.. 
R Q. R Q. 

< R� Fl-IP-Fl-OP 

INPUT$ 0IJTPUT$ FUNCTION 

s R Q, Q, 

1 1 
DOI:$ NOT ReTAIN$ IT$ 

CHAN<:ie CUllReNT OUTPUT 

0 1 1 0 $eT 

1 0 0 1 Reser 

0 0 1 1 NOT Al.t.OWeD 

Ifs thanks to this figure eight that the circuit is able to retain either a 1 or a 0. We call this 
a latch. You could say this figure eight is the most important characteristic of a memory 
circuit! 

Hmm. even so. it's pretty complex. If I look back and forth between the schematic and the 
truth table. I get the feeling I kind of get it. but still ...• 

Let's see. the part of the truth table that says "does not change" means that output Q 
either stays a 1 or a O Indefinitely. right? But what does the "not allowed" on the bottom 
mean? What's not allowed?! 

Ah. yeah. That just means that you are not allowed to trigger both set and reset at the 
same lime. Remember that since lhe circuit is active-low, this means that both inputs can't 
be O at the same time. If you were to set both to 0. this would make both Q and O output 1 
until you changed one of them back-but the outputs are always supposed to be either 0 
and 1. or 1 and 0. It's not allowed to invalidate the rules we set for this logic circuit. 

Oh. I see. So just follow the traffic, er, circuit rules. right? 
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(H) 1

(L) 0

THe D FI..IP-ft..OP AND THe CI..OCI< 

Let's see. The next one is the D flip-flop. The inputs are D and ... what's this triangle next 

to the C?! It looks like that piece of cloth Japanese ghosts wear on their headbands!! 

AN et?&f; IS WHE:N A $1<;,NAt. 
TAANSITIONS 0eTWE:E:N TWO L.E:VE:L.$ 

CO AND 11 FOil E:><AMPL.E:). 

D Q 

C 

That observation is pretty far removed from the computer world. But I suppose ifs a bit 
cryptic and warrants an explanation. First off. it's easiest to think of the Oas standing for 
data. That triangle i.s the symbol for a rising edge. and the C stands for clock. 

Um ... R1s1ng edge?? And the clock-is that just a normal clock? 

That's right! Computers need some kind or fixed-interval digital signal to synchronize all 
the operational states in their circuits. That's what the clock does! 

Just like a normal clock measuring time. it flips between high and low voltage (1 
and 0) in fixed intervals. It has nothing to do with the circuit's input or output though­
it's completely separate. 

TIME: 

A Cl,OCI( 
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8 

ft 

Hmm. It really reminds me of a clock ... tick-tock. tick-tock .... Just like we plan our days 

with the help of clocks. I guess circuits need them. too. 

Yeah. When a circuit needs to take some action. the clock can sometimes act as its cue. 

Inside the clock. what is known as the rising edge acts as that action signal. Have a look! 

(H) 1

(L) 0

0hh! Those arrows are at even intervals on the clock graph. 

When the clock goes from low to high (0 to 1). we see a rising edge. and when it goes back 

from high to low (1 to 0). we see a fol/Ing edge. 

R1$1N6 eo0e FAL.t..1N6 eoee 

� y 
____r- � 

WHSN TH5 CI..OC� <:,055 WH5N TH5 CI..OC� e,055 
F�OM I..OW TO lrtleH F�OM Hl<:,H TO I..OW 

Oho. I think I get it. So lhe rising and falling edges are \Ike nng1ng bells on the clock. right? 

When the bell rings. 1t acts as a signal to take action. like at the start and end of class. for 

example. 

That's just it! That's a pretty good analogy coming from you. 
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Okay. let's get back to the problem. In a D flip-flop. every time a rising edge passes. the 

D input 1 or O 1s copied directly to the Q output. 

It might be easier to understand by looking at the timing diagram below. A timing 

diagram is a good way to see how signals change their state over time. 

D 
H H 

I L 
' 

I 
' 

fCLK COPY! 

( CI-OCJ<) 
I ' I 

I 

I 
' 

I 

: 

i
I 

Q 

® © ® 

The important lesson here is that the D input can change as much as it wants. 

but Q won't change until a rising edge arrives! 

Mmmh. ll's a bit complicated. but I think I get it now that I've looked over the timing 

d1agram. ln any case. the main characteristic of the D flip-flop seems to be that 1t acts 1n 

sync with the clock's rising edges! Hmm. it seems like clocks are super important both to 

modern man and circuits. 
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THE: T FJ..IP-FL.OP AND COUNTf:�5 

So the last one Is the T flip-flop. Wa It, It has only one input! Did you forget to draw 

the rest? 

Q. 

T 

Fuhahahal Like I would ever forget! The T flip-flop has only one input. as you can see. and 

is pretty simple. Whenever the input T changes from 0 to 1. or 1 to 0. the output stored in 

Q flips state. It looks something hke this time chart. 

INPLJT T 

OlJTPLJT Q _ ___,I 

M 

THe!le Aile r 
FLIP�Fl-OP$ THAT 
ACTIVATe JU$T ON 
FALLIN<;, eDe;,e$ 
IN$TeAD (1 TO 0). 

Oh. this was super easy to understand! It's a memory circuit even though It has only one 

input. 
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By the way, flipping between 1 and 0 is called toggling. The T In T flip-flop actually stands 

for toggle! Also. by connecting several T flip-flops, as in the following schematic. you can 
make a circuit that can count-a counter circuit. 

INPUT 

Q, 

Q. Q. Q. 

T Q. T Q. T Q. 

7eve�A/... T Fl-IP-Fl-OPS- TO66/...eD 6Y rHe FA/...LIN<S 
eD<Se OF AN INPUT $16NA/... CAN ACT AS- A COUNTe�. 

COUNTef<: Clf<:CUIT5 

The first flip-flop will toggle its output state every time the input on the far left 
changes from high to low. ConsequenUy. the second flip-flop will toggle its output when­
ever the first flip-flop's output changes from high to low. All following outputs will keep 
toggling in this pattern. If the input signal is connected to a clock. then each flip-flop in 
the series will toggle every 21' 11 clock cycles if n is the flip-flop's position in the series. Put

another way. the period of each flip-flop's output signal will be 2n of the original signal's 
period. 

Counters that work this way are called asynchronous counters, since not all flip-flops 

are connected to the same clock but. instead. each flip-flop's clock after the first 1s the out­
put signal of the flip-flop that came before. In contrast. there 1s a circuit commonly found 

in CPUs called a synchronous counter. As the name here implies, all flip-flops in this type 
of counter trigger on the signal from the same clock. meaning they all toggle at the same 
time. in parallel. It's worth mentioning that I've simplified these descriptions to make them 

easier to understand. 

Umm. but why do we say that the circuit can count? 

Looking at the time chart. do you see that each output signal has half as many toggles as 
its lnput signal? This means that the period of the output signals is twice as long as the 
period of the input signals. I've put all three of the flip-flops in the schematic above into 
this time chart so you can see all of their individual outputs next to each other when they 
are connected. 

If you look at each column in this graph individually. you should see that the digits from 

Q , 0 .. and � form binary numbers! Isn't it cool that every time we have a falling edge on 
the input of the first T flip-flop. this binary number Increases by 1? It's counting! 
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T 

Qo 
(20) 

Q1 0 01 1 1 0 01 1 1 L ____
(2') 

Q2 0 0 01 1 1 1 1 L ____ (2l) 

' ''' 
0 2 3 4 5 6 7 

Wow. you're right! 01 corresponds to the 21 digit. Qj to 21• and 00 to 2°. right? 

If you look at 01• 01• and 0
0 

1n order. the first column forms 000 (the number 0). the 
second one 001 (1). the third 010 (2). and the fourth 011 (3) In binary. So using this tech­
nique. you can actually make the circuit count! That's a really smart design. 

Yeah. In this example. we used three flip-flops. so that lets us express 2 (8) numbers. 
meaning we can count from zero to seven. 

You can actually make counters from other types of flip-rlops. like D rl1p-flops. for 
example. Using some other tricks. you can also make circuits that count down. if you want. 

Oh. that seems like it could be really useful for a lot of things . 

Yeah. well that's it for flip-flops. Just don't forget what I said at the start: flip-flops are the 
foundation of any memory circuit! 

This means that both primary memory and CPU registers use flip-flops at their core. 
And flip-flops are also the basis of any counter circuit. Just like what we Just talked about. 

Haha. so they're the base for a lot of different devices. basically. And even though they have 
a cute name. they're super useful circuits we can't do without! 
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. . . . . . . . .
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-see ... 
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MODe�N Cl�CUIT De516N: CAD AND FPGA 

Multipurpose integrated circuit design is surprisingly similar to software development 

these days. It's usually accomplished using a hardware description language (HDL) to 

define the operation of a circuit. 

In the past. circuits were drawn using logical circuit symbols. much like the ones we 

have shown In this book. but these symbols are now used mostly for very simple circuits. 

The development of computer-aided design (CAD) programs allows people to design com­

plicated circuits with relative ease. 

But. it's Important to learn the basics. ll can be useful to know these symbols if 

you're trying to figure out how data flows through a digital circuit or when you're trying 

to understand a particular feature of some schematic. 

At the dawn of CPU development. it was common to create reference circuits con­

sisting of many AND. OR. and NOT gates. These were then used when iterating. proto­

typing. and evaluating new generations of CPUs and other ICs. 

By doing this. It was possible to test each function of the advanced circuit individually 

and even hardwire the circuits together to try to work out problems in the design if some 

error was detected. 

Nowadays. reference circuits like these are rarely used in development. Instead 

much more flexible field-programmable gate array (FPGA) circuits are preferred. 

FPGA� CAN, JU5T A5 THe NAMe 5U6Ge5T5, 6e �eP�O6�AMMeD 
�IN THe flel...D11 TO CHANl6e THe FUNCTION Of THe JC COMPL.erel...Y. 

THeY A�e INDISfeNSA61...e TO Cl�CUIT De5l6Ne�5. 

FPGAs consist of a series of logic blocks that can be wired together in different ways 

depending on the programming. Some of these blocks contain lookup tables to map 

the 4-6 bits of input to output in a format that's similar to a truth table. The number of 

lookup tables in an FPGA can range anywhere from a few hundred to more than several 

million. depending on the FPGA model. 

And of course. it's possible to reprogram all of the tables whenever needed. In this 

way. the same FPGA circuit can be used to perform the functions of many different types 

or I Cs. You can simulate the function of a CPU using an FPGA if you want to. but it's a 

lot cheaper and easier to mass-produce a dedicated circuit instead. Even so, since the 

price of FPGAs 1s dropping and development costs for new ICs are high, if the life span or 

projected sales of a particular IC are not high enough. it might be more cost-effective to 

simply use an FPGA. 
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[ All About Memory and the CPU ] 
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WITH 4 BIT5 ... 

BU5 WIDTH AND BIT5 

0000 

0001 

0010 

0011 

0100 

0101 

0110 

0111 

1000 

1001 

1010 

l 0 11

12+= 16WID�

1100 

110 l 

1110 

1 1 l l 

let's talk a bit more about buses. I said that buses are for transporting data. but lo be 
more exact. they're actually bundled signal pathways. 

Ah. signal pathways. I remember those from before. They're lines that transmit ls and Os. 
right? 

That's right! And. the number of pathways determines how many values those pathways 
can represent. For example. if you have four pathways. and each can be a O or a 1. then 

those pathways can be used to send or receive a four-digit (four-bit) binary number. 

fOUi:t Sl6NAL. 
PATHWAYS 

1 cz0, oNes 

-+--+---- Q (Z,) TWO? 

�,........+--0

1 

(Zz) FOUi<$ 

(2") !;1€lHTS 

1 o o 1
J 
l 

:;;J 
Uh-huh. So that means that the number of pathways equals the number of bits. With four 
pathways, we can send and receive 16 (2') different numbers from 0000 (0 in decimal) to 
1111(151n decimal). 

q4 CHAPTl?IZ 3 CPU AIZCHITl?CTUIZI? 



Hah! I think I might have figured out something important! Doesn't that mean that the 
mare signal pathways you have. the better? If you can express larger numbers. that also 
has to mean you can process mare data. 

Heh heh heh. goad guess. You're correct! We call the number of signal pathways (or bits) 
the bus width. A wider bus width gives the CPU faster processing capabilities. 

Far example. the ALU in the fallowing diagram can process four-bit operations. This 
means that the data bus serving this ALU also has ta be four bits wide. 

1000 

1010 

0010 

4-BIT

OUTPUT

4-BIT

INPUT$

We chose 4 bits to make the diagram simpler. but most modern ALUs work w1lh 64 bits. 
It makes sense ta use a bus with a bus width that matches the ALU's data width. which 
means buses end up being 64 bits wide more often than not. In general. the 64-bit CPUs 
that you hear so much about have 64-bit ALUs and 64-bit data buses. 

64-BIT CPO

64 

64-BIT

0U$ WIDTH 

It's worthwhile to paint out that the data bus doesn't necessarily have ta have 
the same width as the working bit length of the CPU. Far example . in 1982. 
you could find 16-bit CPUs with 16-bit ALUs using an 8-bil wide data bus. 
This simply meant that you had to send data over the bus two times before 
the CPU could start doing any work. 

Haha! So that just means that the CPU's performance ts determined tn part by the width of 
the data bus. And the wider the data bus. the better the CPU's performance! 
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. 

You should try to remember these things about data bus width. 

By looking at the width of the external bus between the CPU and memory. you can see 

how many bits can be sent between these two systems at once. By looking at the width of 

the internal data bus. you can see how many bits can be processed at the same time in a 

single oper at1on. 

Okay! So data bus Width is super important. Gotcha! 

That's It for now about data buses. Let's talk a bit about the address bus. By looking at the 

address bus width. you can see how large your system memory is. We call this the address 

space size. 

The address space size ... 7 Does that mean how many addresses there are? Then 1f 

lhe address bus has a width of 4 bits. wouldn't that give us 2'. so a total of 16 different 

addresses? 

Yeah. On the other hand. if we have an address bus width of 32 bits. that would give us 21•• 

or 4.294.967.296. different addresses. We can say that the size of our address space for 32 

bits is roughly 4.3 gigabytes. 

FOi< AN ADDl<�7 
BU$ WIDTH OF 

3Z BIT$, we HAVe 
zy,, 01< l<OU�HI...Y 
4.368, DIFFei<eNT 

ADDl<e'.77e'.7. 
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And the size of the address bus directly relates to memory capacity (see "Memory Capacity 
and Bus Width .. below).

Hmm. so address bus width Is also really important. Does that mean It should be as large 
as possible' 

Is that greed or naive honesty I detect? Well I suppose it's true that the bigger the buses. 
the better. 

McMO�Y CAPACITY AND BU? WIDTH 

Let's think a bit about the relationship between memory capacity and bus width by 
looking at a simple example. As shown In the diagram. one byte corresponds to one 
address. One byte is eight bits. A byte is a unit commonly used to describe the size 
of data. 

8 81T$ ,. 1 8YT� 

ADD�B% ____ _.,... ____ , 

0 

1 

01001010 

11100101 

AN 8-BIT DATA eus THAT 
SeNDS a BITS AT A TIMe 

If instead our address space (address bus width) was 12 bits. then we would
have 21 

• or 4,096 addresses. Each address fills 1 byte. so that means our memory
capacity is 4,096 bytes. or roughly 4 kilobytes (KB).
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R/W �16NAL5 AND I/0 �16NAL,$ 

R/W 
CReo.d) 

I 

I 
,. 

·>.·j·.<·> ........ . . . .. . . . . . . . (Output) 

Next up. I'll explain a bit about control signals. Do you happen to know what R/W stands for? 

Red and white ... is it something related to festivities ... ? Santa? 

Ah. Well. it sure seems festive Inside that head of yours. It actually stands for two really 

important terms related to the CPU-read and write. 

Read means to extract data that has previously been stored somewhere. Wnte means 

to save data to some place. We also sometimes use the words load and store instead. 

WHAT I$ THe DIFFei<:eNce eerweeN 
ReAD/Wl<:ITe AND �OAD/�TOFc:e? 

Read/write is the term we use when speaking from the 

hardware perspective. and load/store is the term we use 

when speaking from the software perspective. 

R/W is an electrical operation in the memory. and the 

memory doesn't care where the data is going or where we 

want to save something. 

In contrast. a load operation reads some particular 

data to store it in a register. Conversely. a store opera­

tion grabs some register data and writes it to memory. 

So these oper at1ons deal with data flow. 
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Ah. in that case. I think I kind of get it. The CPU deals with memory and data. right? It 

reads data to use far operations and then writes the result of those operations to memory. 

Yes! It seems you're really getting the hang of it. So the CPU issues read and write instruc­

tions to the memory-instructions such as "Fetch some data· or "Save some data." We call 

these R/W instruction signals. 

We've talked about the address bus and data buses. but there is one more really 

important bus-the control bus! And It's this bus that 1s conveying these control signals 

from the CPU. 

® 
A�r;r<eS5 8/JS 

� 
\ \

II C0NT!<OL- BU� 
II 0 

' 

PATA 8/)7 
MeMoizy 

Hmm. So 1f. for example. I wanted the data in number 83, I would send 83 on the address 

bus and read on the control bus, like in the picture! And the data I wanted would lhen 

arrive on the data bus. 

Yeah. that's it. You seem to be getting it now. so let·s move on to the next topic. Have you 

heard of 1/0 before? 

Maybe ... ice cream and oreos? Heel 
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Ah. you·re just choosing words at random now, huh? 1/0 stands for input/output. 

Input is data traveling from the outside world into the computer. Conversely, output is 

data traveling from the computer to the outside world. 

Yeah, I know. The keyboard and mouse are two input devices. and the monitor and printer 

are two output devices. right? Input and output! 

Yeah. To control external devices like this. we use 1/0 control signals. You should also 

remember the term 1/0 port. Just as the word port suggests. ports are the gateway we use 

when communicating data to external devices. 

The CPU is connected to external devices like keyboards* through these 1/0 ports! 

Have a look at the image below. 

CONNSC.TSD Dl�SC.TL.Y! 

.-1111111!!!!!!!!!!1�

11 101,, I/OPO� 

-
CPIJ 

THSl<S IS ACTUAl..l.Y 
A !/:,8 CONrR:OUe� 

BSTWS!:N U�B DSVICSS 
(SUCH AS MICS AND 
KSYBOAl<DS) AND 

THS 1/0 POl<f. 

Port ... Yeah, it really feels like there are unknown seas at the end of the map! But these 

ports donl connect to other lands: they just connect to other devices. 

Yeah. And additionally, we have an address port and a data port between the CPU and 

memory. which 1n turn connect to the address bus and data bus, respectively.** 

• Other external devices. such os the display, ;:ire not necessarily m direct communication with the CPU, 
however 

.. The iJddrcss port. dota port. R/W control. and 1/0 control are shown In the helpful CPU overview diogrom 
on page 106. 
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IN5T!<:UCTION5 A�S MADS OF 0PS�AND5 AND 0PCODs-5 

1T'5 EJEEN EJOTHl:f<IN& 
Ml: FOi< A&�/ Hllf<f?Y 

/JP ANf? Tl:/.,/, Ml: 
A/..f<EAt?Y// 

I INS�UCTION I 
I INST�UCTION I 
I INS�UCTION I 

WHeN YOU Fl�$T 
$HOWeD Me MeMO�Y, 

THeF:e weF:e THe.,e 
JN5T7WCT/ON5. 

0 

1 

2 

-

INS�UCTIONS 

INS�UCTIONS 

INS�UCTIONS 

AT A�e TH 
l;Y-$el; 

UL.l.Y FUl­
eM-$1;1-V 

UHH, YSAH ... IN$T�UCTION$ A�e 
PA�T$ Of P�06�AM$ W�ITreN 

BY HUMAN$ THAT THe CPU 
execure5. 

�He 5AY5 WHIL-1: 
&JVJN& Ml: 

IN5TRIJCTION5, 
AU HI&/-/ ANf? 

Ml&H7YI/ 

OH, $0 IT'$ tc:INDA l-U<e 
HOW CAtc:e �eCIPe-$ $AY: 

�aF:eAtc: $OMe e(:IG$.d 

COUI-D 
PJ<:0(:IJ<: 
CHAIN$ 

T�UCTIO 

�MIX THe e@G$ WITH 
5U(:IA�.d �o@�AM$ A�e 
A CHAIN OF IN$T�UCTION$ 

l-ltc:e THAT'? 
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Y6AH. At..THOU<SH TH6 
IN$Ti:c:UCTION$ we'i:c:e 

TAt..l<IN6 ABOUT ACTUAt..L.Y 
t..O01< t..I1<6 THI$. 

!..OT$ OF OPCOD6$ 

UH�HUH! BUT THe 
IMPO�ANT PA�T 1$ THAT 
IN$T�UCTIONS Tel-!. THe 
CPU WHAT TO DO AND 

WHAT TO ope�AW ON, 
�lciHT? 
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TH6 OPCOl?l: ($HO� FOi:c: 
O�i:c:ATION COD6) 1$ WHAT TO DO, 

AND THe OPl:/<ANl? 1$ WHAT THe 
CPU opei:c:AT6$ ON. 

THeRe Ai:c:e 
IN$�UCTIO 

H6R THAN J 
D TH6$6 T 

Y6$, BUT Be CAi:c:eFUt..l 
opei:c:AND$· MlcSHT At..$O 
66 AN ADDl<6$S. IN$T6AD 

OF A VAt..Ue.• 

. . . . . . . . . . . . . . . . . .

. . . . . . . . . . .  ' . . . . .  . . . . . . . . . . . . . . . . ' . . .

THe o�i:c:AND 15 AN ADDi:c:6$S.! 
ADD TH6 DATA AT ADDi:c:65S. 30 
TO THe DATA AT ADDR65S. 31. 

• THE: ACCUMULATOFl!S AND fl!!:61STB�S WE:'�!: 6O1N6

TO TAl-1( ABOUT N!:XT CAN Al-SO ee OP!:AANDS.



A�HA, $0 IT'$ l..11'.S 
THI$ THSN. 

A NUMB6R �(--<-) 

IN$TF!:UCTION rT 
NUMB6R Y NUMB6R Z 

0Pe1<:AND5 11 opcooe 

TRUCTION$ 
RAM) THSM$ 
RS$1DS AT 
ADDRe5� ... 

......, ______ :·•: L.--......;;.---------=---=----...1 

AND THS OF'eRAND$ 
THS IN$TRUCTION 

OPSRATe5 ON Al..$0 
RS$1D& AT TH&IR OWN 

ADDRS$�&$. 

IT'$ NOT THAT 
HARD AFT&R AL.I.! 

MANA61N6 Al-I. OF 
TH&M BY NUMBSR ... 
IT'$ $0 RATIONAL. 
AND SGONOMICAL.! 

W&R&N'T YOU 
JU$T COMPl..AININ6 

ABOUT TH& L.ACI'. 
OF HUMANITY?! 

ACCUMUI..ATOl<5 AND 0THel< Re615Tel<5 Al<e 

U5eD IN 0Pel<ATION5 

01(.AY, we JU$T TAL-1'.SD 
ABOUT TH& "ADDIN6" 

IN$TRUCTION ... 

BUT TO S)(SCUTS AN 
IN$TRUCTION ... 

YOU Ai.WAY, 
Nee{) 

!le-01,rell,//II 



UM, R661$T6R$ W6R6 TH0$6 
$MAL.I.. M6MORY CIRCUIT$ 

IN$lD6 TH£? Cp!J, Rl6HT? 

ACCUMUl-ATOR 

0-SE,D FOl<t 
CAL.cUI..ATION$ AND 
INC:i<tE,A'SIN<:i VAI..UE,$ 

Ul-ATOµ:$ Aµ: 
D$ THAT Aµ: 
oµ: CAL-CU 

80TH OF TH�e � 
WIU Be U$eD ANYTIMe 

OPeAATION$ Aµ:e 
pµ:oc�!,eD! 
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YSAH, THAT'$ Rl6HT. 
l.6T'$ HAV6 A l-O01< AT 

TH6$6 TWO TYPS? OF 
R661$T6R$ FIR$T. 

FOi<: e><AMPL-e, wHeN exeCUTIN6 THe 
IN$TJ<:UCTION TO ADD THe DATA AT 

ADD!<:�!, X AND THe DATA AT ADDJ<:e$!, Y, 
THI$ 1$ WHAT ACTUAL-LY HAPl'ef\1$. 

J1J$T i<:eMeMBeJ<: THAT 
DATA 1$ $AVeD TO 

i;:ee.15rei<:5 Hei<:e. 



APDRB-$!, Y 

w6E,NE,AAI..• 
AGCI/M· I I PUi-tPose UL.ATOR -..l, -..l, RE,C:>15TeR 

...-----,\ :d
,---.........,

7 
.i 

AFTSF<: $AVIN6 THS DATA 
$TOF<:SD AT ADDF<:S% )( 

(Z) IN THS ACCUMUL.ATO�
Fc:S61$TSF<: AND $AVIN6
THS DATA $TO�SD AT
ADD�€¥.> Y (3) IN A 
6SN I? AAL.-PUF<:P0$1? 

�S61$TS�, Pl?�FO�M AN 
ADDITION OF THS TWO . 

[l] 
THSN AUTOMATICAUY $TOF<:e THe 

Fc:S?UL.T OF THI? OPS�ATION CS) TO THS 
ACCUMUL..ATO� �S61$TS� A6AIN. 

ACCUMUI..ATOR 

THeRe ARe MANY 
orHeR TYPS? OF 

Re615TeR5 A5 weu ... 

!!!�� i;x
f•:•·. FOR eXAMPL.e, THe 

IN5TRUCTION Re615TeR 15 
U5eD TO TeMPORARII..Y 5TORe 
PRO6RAM IN5TRUCTION5 ReAD 

FROM MeMORY. 

IT execure5 THe 
IN5TRUCTION AFTeR 
DeCODIN6• IT, HUH ... 

I'D BeTTeR Re615TeR 
WHAT I'Ve l-f;ARNeD 

ON THe BAC!< OF 
THI? ReCelPT!! 

0O0OH, YeAH, 
I 5ee AL.OT OF 

Re615TeR5 BelN6 
U5eD HeRe! 

IT $SSM$ A BIT 
�OUNDA60UT, BUT I 

6Ue% THAT'S JU$T HOW 
THS CPU WOF<:1<$! 

U'U l..O?e 
TY QUICKI..Y. 
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[ CPU Instruction Processing ] 
CL-A%1C CPU Al<CHIT6CTUl2:6 

,� seHO�D!THe 

� 

THeN �eT'$ 
FINAU.Y c:ieT 

INTO $0Me CPLI 
ARCHITeCTURe. 

ARCHITeCTURe OF 
A C�A$�1C CPU!! 

�==nl,lllll_..L....J ,lal,l,ll,l���:..-.!.,;,
ki
�. �: :IJ

( ove�v1ew OF A CL.A5$1C CPU ) 

PROOAAM GOUtm:11: ---­

!,TACK POl,-rffll! 

TeMP 11:ee1sre11: 

INTSJl:NAI.. 1------+----+---------1 

AAM 

ACCUMUI..ATOJ:c: 

0NWJ:c:NAI.. SHIFT 
Jl:ScilSTBJl:) 

INSTll!UCTION 
D&GOD&II! 

TIME:R 

INTE:RRUPT 

CONTROi, 

RESET 

INT 

• Al-L BUSS$ ARE: SIMPl-lFIE:D IN THIS DIA<:>RAM AND ARE: Dr.?AWN ONl-Y AS SIN<:>l-E: l-lNE:S • 

'•,•-:-:-:-:-:•:-:•:•:•:•:•: 



HeY, i..oo1<1 A reA 
L.eAF 17 7TANDINC::, 
UP IN MY COFFSEI 

THAT'? c::iO0D WCI<!! 

THe IN5T�UCTION CY c�e 

IJHH ... 50 MANY 
WORD$ I DON'T 

UNDeR5TAND ... 

WHAT'$ THI$ 
PR0612:AM 

COUN�l2:, FOR 
eXAMPI...B? 

70, /7 MY INTU/r!ON fHAT 
THE PRO&l<AM COUNTER 
117 IMPORTANr Rl&HT OR 

WRON&?! 

ARcN'T 1 rHE 
TeACHe1< HE1<e.� 

WHY /7 17He 
QLJIZZ/N& Me?/ 

l?ON'TCHAN&E 
rHE 7LJ8JECT!I 

THI$! l, 

�-� 
f'f(OOAAM GOUITTo'P: ,___ _ __, 

STAG!< POIITTo'P: 

Tf/,\P P:!:<:>1$Te;p: 

�INCe IT HA$ 
PRO&l<AM IN IT$ 
NAMe, IT 56fM5 

IMPORTANT ... 

YeAH, I 6Ue5� IT'$ TRUB 
THAT THE PRO&l<AM 

COUNTER (F'C FOR $HORT) 
15 REAUY IMPORTANT. 

eve12:Y CPU HA$ ONS, 
AND IT HOI-D5 THS 

ADDl2:e5s. OF THe NeXT 
IN5TRUCTION TO Be 

execureD. 
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ADDRe$� 
THe NeXT 

�UCTION TO 

execLJTeD ... ? 

AND AFTeR THe 
OPe�ATION* 1$ exeCUTeD, 

THe ADDRB$� Of THe 

NBXT IN$TRUCTION 
CONTAINBD IN THe 

PR06RAM COUNTBR ... 

?0 THAT MBAN$ 
THAT THI$ 6UY 1$ 
Al-WAY$ THIN�IN6 
ONB $WP AHBAD J! 

THAT'$ BXAC 
HOW ANY $H 
Pl-AYe� HA$ 

, 

TH" 
IN'!iT�CTlON''!i 

AOD� 
POIITTS!l: 

MBMORY 

1$ THeN 
TeMPORARIL-Y 

TRAN$FeRRBD TO THe 
ADDRe$� Re61$Te� 

AND FORWARDBD 
TO MeMOjzy, 

1;;;;:.-.. ____ .....:r:.:.:.:.:.;.;.;.;:.;.;.;.;:.;.;.;,;�. �i"::'t� $ ON McMoizy ADD!i!'.c?!>c$ . 

IT'$ CAL-LBD T 
RB$? RB619 

U$e IT $TOR 
DDRB$�B$, BH 
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THS MSMOlitY 

THSN ?SND? THS 
IN$TlitUCTION LOCATBD 

AT THAT ADD!it�!, 

BACK TO THS CPU. 

BUT WHY 15 DBCODIN6 

NSC�!,AlitY AT AL.I..? 

CAN'T THB CPU JU$T U$B 
WHAT WA$ $SNT FlitOM 

MBMO!itY �16HT AWAY? 

( 

CPU IHTe�NAL.$ 

lNSTfc:UCTION 

�-
IT IS THSN TI:MPO 

TOli:SD IN THS INST 

S6ISTef.: AND DSC 

INSTl<UCTION D 

f1 ◄
!NSTf.:UCTlON 

f.:S6ISlc:f.:

IN$TlitUCT1ON$ MU$T 

MeMO�Y 

BS DBCODBD BBCAU$B THB 
IN$TlitUCTION CODS 7TO�c-D IN 

MBMO!itY 17 NOT THB 7AMB A7 

THB MACHINB CODS THS CPU 

UNDS!it7TAND$. 

THS INSTfc:UCTION fc:STl<ISVSD FROM MSMO!l'/ 

NSE:DS TO BS Bfc:OJ<SN DOWN BSFOfc:S OH WOW, IT $eEM$ 
A L.OT OF DlfffiRSNT 

PROCS?=ie$ ARe 
NeCS$=iA� ... 

IN7T�UCT1ON 
DBCODB� 

IT CAN BS USSD IN AN OPSf.:ATION. THE: 

DSCODSf.: TAANSL.ATSS fli:OM INSTfc:UCT)ON­

t.SVSt. L.ANIE>UA6S TO HAli:DWAf.:S-Ffc:ISNDt.Y 

MACHINS CODS FOf.:MAT. 

IN?TlitUCTIO 

DS!it PUT? T 

ilON? litBAD 

INTO A FO!it 
U?BD IN ope 

XBCUTION. 
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THe OPei<ANDS AND OPC.ODe 
A�e �eveAL.eD!! 

OOOHI �O THIS Tie$ IN 
TO WHAT YOU TAU6HT 

Me 0eF01<e! 

CPU INTt;�NAL.S 

ACCUMUW\TOR 
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TAPA----f 

DO S0Mt;THIN6 ... 

11,J:, 1-?UCTI(. N oor 
(OPCODE:) 

0f'eRATION$ AR£; 
PSFl:FORMSD ON 

THS AI..U U$1N6 TH£; 
ACCUMUL.ATOR, 

�16HT? 

... TO S0Mt;THIN6 

OPE:12:AND 

f IT'S STO� 
MOl<Y, we AL.SO 
0 SPt;C.IFY WHAT 
� TO STOl<t; IT 



HA!� THAT 
MAR�$ THe eND 
Of PROCe$�1Nei 

ONe IN$TRUCTION ... 
RleiHT? 

< CPU IN$TRUCTION PROCe$�1Nei) 

RSAD THS 
IN$TRUCTION 

(AlhO c.AL.U!D ffiCH) 

DSCODS THS 
IN$Tl<:UCTION 

S)(SCth"S THS 
IN$TJ<:IJCilON 

WJ<:ITS THS 1<:l½UI-T 
OF THS IN$Tl<:UCilON 

GOTO 

THS NS)(T 
IN$T�UCTION 

BUT BeFoRe THAT, IT $HOUL.D 
CE:L.eBRATe THe COMPL.eTION Of 

THe PReVIOU$ IN$TRUCTION! �Al$e 
YOUR eiL.A$�E:$ AND TOA$T! 

IN$TRUCTI 
IT HA$ TO 
NeXT ON 
OOR THI 

L.eT'$ HAVe A L.O0� 
AT AL.I.. THe $TeP$ 

NeCe$�ARY FOR THe 
CPU TO PROCe$� 
ONe IN$TRUCTION . 
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... DO I Nf:eD TO 
Rf:MIND YOU THAT 

I'M TRYINei TO 
Tf:ACH YOU $TUFF? 



THS IN5T!<:UCTION WS P�OCe½ CHAN665 

DSPSNDIN6 ON THS Pl<:061<:AM COUNTS!<: 

0 
0 

0 

.·•' ' 

},:\:: 

·t\t
•,• 

Mt,................. JI 
Hmm. about that CPU overview diagram from before. though (see page 106). ... There 

are still a lot of words there I don't know. It all feels a bit hazy now. 

Well. there's no rush. Take another look after the next lesson. But for now. let's look at the 

program counter (PC). 

Ooh. that guy who's always one step ahea- no. I mean the guy who remembers the 

address to the next instruction! That reminds me. didn't we talk about counters before? 

The circuits that count? 

After the seventh instruction is done. we go to the eighth. and then the ninth. and 

so on .... Is that how the saved address keeps changing? 

Basically, yes. And by the way. the instruction register gets saved at the same time as the 

counter changes. like in the image below. 

(j) 
COUNT 

) 

® COUNT (n\ 
8 --..)&-+· ..

INST;i?UCTION 7 IS 

IN THE: INSTRUCTION 

RE:(:>1$TE:R. 
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INST;i?UCTION B 1$ 

IN THE: INSTRUCTION 
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But be careful! Instruction number eight doesn't necessarily follow instruction number 

seven here. 

The program counter stores the address of the instruction to be executed next. After 

7. It might jump to number 15 or return to number 3.

Eeeeeh. why?I Why would the address return and jump around like that? 

Hah! This is important. so pay attention. The reason it can jump around like this is that a 

program might contain conditionals such as branches and loops! 

When the program encounters one of these conditionals. the address of the instruc­

tion to be executed next might jump. It might be easier to understand this by looking at a 

diagram. 

� 

exeCUTION exeCUTION execur10N 

IMA61NIN6 A BRANCH IMA61NIN6 A L.O0P 

Ah! It's like the ATM example we talked about a while back! It decided that the balance 

was insufficient. so the outcome changed. And the ATM might throw you back to the main 

screen if your PIN code is wrong. 
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Yeah. the ATM is a great example! And to accomplish these branches and loops. we only 
have to rewrite the address inside the program counter to the address we want to jump to. 

I see. So by rewriting the address in the program counter. we can change which instruction 
to execute! This way, the program is able to proceed appropriately. 

It's also good to know that the bit widtil of the program counter (the bit width of the 
addresses 1n the PC) is the same as both the address bus bit and the address space bit 
width. If you think calmly about that for a bit. you should realize that they have to have 
the same bit width. 

I see. It seems obvious. but it feels really nice to see the relationship between the different 
things we·ve talked about so far! 

By the way. the program counter only knows what the next step is. right? Shog1 
players have to read reeeally far into the future. so maybe the program counter and 
shogl players are slightly different after all! 

Slightly? You're joking. right?! 

Vl�UAI.. McMOjzy 

Most computer programmers don't have to care about the CPU address bit length or 
the programs they wnte for any modern operating system (such as Windows). It is the 
operating system that decides how it will actually interact with the physical memory. and it 
exposes this through something called virtual memory. The hardware that maps this virtual 
memory to its physical counterparts is known as the memory management unit (MMU). 
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[ All Kinds of Memory Devices ] 

THI$ Mle;iHT 6S A 
BIT $UDDSN, BUT I'D 
1-ll<S YOU TO TRY TO 

RSMSM6SR ... 

I $AID 
$OMSTHINe;i 1-ll<S 
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OF THS CUI-TURAI-

FS?TlVAI-... 

MSMORY 
COMS$ IN TWO 

FI..AVOR$ ... 
WHfJN we SAY 'MfJMO/lY,· 

we eeNe!<Au.Y 1,1eAN 
P/l/MA!lY MfJMOl<Y. 

weu., IT TURN$ OUT 
THAT $SCONDARY 
MSMORY 1$ Al..$O 

RSAL.LY IMPORTANTJ! 

THS MOST RSPRS$SNTATIV€' 
TYPS OF $SCONDAl<Y MSMORY 
1$ THS HARD D1$1( DRIVS (HOD), 

$OMSTIMS$ JUST CAL.LSD A 
HARD 01$1([! AL.MOST eveRY 

COMPLJreR HA$ ONS! 

Fc:S 1$ MAIN MeM 
ecONl?ARY MeMOR 

SN 1-SARNINe;i A6OUT 
THS MAIN MSMO�, 

SD PRIMARY MSMOI<: 
MO.RS IMPORTA 

CAN YOU 
Pl..€'A$€' $TOP 

CHAN61N6 
YOUR MIND?! 
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A COMPA�150N serweeN HDD ANC7 MeMO�Y 

Umm. I'm shocked by this new information. So what does this small box-looking thingy ... 
this hard drive (secondary memory) ... do? 

The easiest way to answer that is lo compare it to primary memory. Let's start with the 

first big difference! When you turn your computer off. everything in primary memory dis­
appears! But any data stored on your hard drive does not. 

This 1s why the operating system running your computer (for example Windows). all 
your programs. and any data you might have created or downloaded (text. video. and so 

on) are stored on your hard drive. 

Eeeeeee!I That·s amazing!! But didn't you say that all data and programs used for opera­
tions are stored in primary memory? 

Yeah. Actually. when you turn on your computer's power. certain parts of the data in your 
hard drive are copied to primary memory. Anyway. when you turn your computer off. all 

your data is safely stored on your hard drive. Take a look below. 

ON TOP OF THe De$!< 
(PRIMARY MeMORY) 

IF THe TOP OF 
YOUll De$!< 1$ t..All6e, 
YOU CAN DO A t..OT OF 

THIN6$ AT ONCe. 
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(HARD DRIVe) 
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Let's imagine how the CPU. memory. and hard drive interact. We could say your memory is 
like the top of your desk and your ha.rd drive is like the drawers of that desk. You should be 
able to understand their roles better by using this analogy. 

Oooh. they're really different! If primary memory is large. it becomes easier to process 
large amounts of data at once! And If the hard drive 1s large. you can save and store a lot 
of data. 

Now. let's talk about the second difference between the two. The CPU can read directly 
from primary memory but not from the hard drive! 

The CPU sends control signals to something called the hard disk interface located In 
a piece of memory called the //0 space. It Is this hard disk interface that then controls the 
hard drive itself. 

t;J 
HDD 

rtte CPU CANNOT Ace� MeMO� 
ADDi:t��es ON Tlie HAi:tD D!ZlVe Dti:teCTL.Y! 

This might seem counterintuitive since we manipulate the data on the hard drive all the 
time when using our computers. But really it works like in the picture above. 

That is. your CPU only works directly with the address space. which your hard drive Is 
not part of!! 

Aha. The only things that can interact with the CPU directly are the primary memory and 
1/0 devices. So that's why you placed so much emphasis on the importance of primary 
memory .•.. 
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Then let's talk about the third and fina I difference: hard drives are a lot slower than pri­

mary memory! 

There are lots of different types of memory inside any computer. but by compar­
ing each of their relative storage sizes and speeds. you end up with something like this 
pyramid. 

fAS-T 
CPU 

HARD DRIVS (%CONDA� MSMO� 

• CAC:HS MSMO� IS 

USSD TO TSMPORARII..Y 

STORS FRSGlUSNTI..Y 

USSD DATA. THIS MAJ<SS 

IT SASISR TO GlUIC:J<I..Y 

AC:CS½ DATA YOU 

MleHT WANT. 

?I-OW _______________ __.. 

MeMOrz:i 5TOAA6e $1Ze 

Huh?! So memory close lo the CPU is fast but small. As you get further away from the 
CPU. it gradually grows larger but slower I 

That's it. So. for example. registers have fast processing speeds but small memory sizes. A 
good comparison might be a small. handy notepad. 

Yeah. Anyway. I think I understand the difference between primary memory and hard 
drives now. Even though they"re both memory devices. their uses are completely different. 

But that's why we can play to their strengths. when appropriate. 

An interesting example 1s that today's computers. especially laptops. have started 
using solid state drives (550s) instead of mechanical hard disk drives (HDDs). SSDs store 
all data using semiconductor memory technology. This makes SSDs much faster and more 
resistant to shaking and other types of blunt force than mechanical disks. 
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Okay. let's talk a bit about address space (memory space) again. Do you remember what I 
taught you before? 

Yeah. no problem! It's the dark space ruled by the CPU's iron fist. ... No. I mean ... it's the 
space directly managed by the CPU. right? 

I 'TYP& 

0 
1 

2 

3 

4 

30 

31 

32 

33 

ADD�� 

IJIISTl!UGTION 

IINSTIIUGTION 
�NSl!IUCTJON 
JNST!lUCTION 
lNST!WCTlO!I 

DATA 

PATA 
DATA 

DATA 

1 ADD�S?� ?PACS 
(MBMO� $PACB) 

Indeed. But to be more exact . address space comprises all the memory space outside of the 
CPU that is controlled by the CPU. 

Hmm? All the memory space outsicle of the CPU? That seems a bit convoluted. Are there 
other types of memory in there other than primary memory? 

Yes. This is important. The address space is actually divided into two parts: RAfo.1 (memory 
you can read from and write to) and ROfo.1 (memory you can only read from). We say that 
we have RAM space and ROM space inside our memory space. 



RAM 
YOU CAN 60TH !<:SAD 

Fl<:OM AND Wl<:JTS TO IT. 
THS DATA Dl$AP PSAI<:$ 
IF YOU TUl<:N OFF THS 

POWSI<:. 

eXAMPl-17. �IMA�Y Mf;MO�Y 

ROM 
YOU CAN ONL.Y !<:SAD 
Fl<:OM IT. THS DATA 1$ 
$AV&D SVSN IF YOU 

TURN OFF THS POW&R. 

Huh? What's this about rams and roms?! Okay, so RAM is our old friend the primary 
memory, right? We can read from and write to it. and its data disappears if you turn off 
the power .... 

But what about ROM? So the data is intact even if you turn off the power and you 
can only read from it. and this is somehow part of the memory space? Umm. what is It. 
though?! 

Yeah. We haven't really talked about it yet. but there 1s ROM on something called the moth­
erboard inside the computer. This is where you can find the program lhe CPU runs when 
you start your computer. This program that runs before any others is called the 8/05. 

I see. So ir it couldn't run this program. the computer would Just be a very expensive 
box? That's why the BIOS is put into a special part of read-only memory-so it won't be

forgotten! 

WHAT I$ THe BIO?? 

The BIOS (Basic Input/Output System) is a program found 
in ROM that the computer runs when you first turn it on. 
The BIOS checks that all the devices In your computer 
are in working order after you turn on the power. It also 
launches your operating system from your hard disk. 
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In addition to the RAM space and ROM space. there is also a very tiny space called the 

1/0 space.

RAM 5PACe 

I/0 5PACe* 

• IN $OMS $Y$TSM$, lrfS 
!/0 $?ACS 1$ NOT PA� OF 

THS ADD�S$� SPACS. 

I think I remember hearing you mention 1/0 earlier today. Ice cream and oreos ... no ... 

input/output. right? 

Yeah. The 1/0 ports live inside this 1/0 space. As I explained before. the CPU uses these 1/0 

ports lo talk to external devices directly (such as keyboards and mice). This Is why your 

computer responds when you press a key on the keyboard. 

CPU KeYBOA�D 

Hoho! Go CPU! So that means that since external devices use the address space managed 

by the CPU. they are also managed by the CPU. right? In any case. I think I get that there 

are different types of spaces inside the address space! 
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[ What Are Interrupts? ] 

INTel<:1<:UPT5 Ai<:e U5efUl-

U�T'$ WfZ.AP UP TODAY 
BY TAl.-l(IN6 ABOUT 

!NTeRRLIPT7.
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I'Vc' Nc'Vc'!< �eeN 
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,II A�w-7 l?c'W,IONAU/ 

:,INCe THeY l-eT YOU 
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TA$!<$ eFFICleNTl-Y. 

WHAT ARe lNTeRRUPT$? IZ3 
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THe �TAC!< AND THF: �TAC!< POINTe� 

Okay. let"s gel right into it. As I said. to be able to return to the task It was doing before the 

interrupt. the computer needs to take some memos before it starts a new task. 

It uses something called the stack-a part of main memory reserved for bookkeeping­

to do this. The way it does this is pretty interesting-lake a look. 

YOU PIJ�H DATA 
TO ADD IT TO THe 

$TAC!( ... 
push pop 

... AND POP DATA 
TO ReMove IT 

FROM THe $TAC!(. 

fl\� 
IT $AVS5 

IN O�DB� ... 
1, 2, 3 

BUT �BMOVS':? 

�--3--------l IN THB �BVB�$B

2 O�DB� ... 3, 2, 1

1 

Ooh. that's a funny way lo remember things! It's kind of like a stack of books that you can 

keep piling up. but if you want to take one out. you always have to take one from the top. 

You can't just take data from anywhere. 

That's exactly right. And a special register holds something called lhe stack pointer (SP for 

short) that points to the last stack address we worked with. 

I see. While the program counter keeps track of the address for the next instruction. the 

slack pointer keeps track of the last address on the stack. 
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When using stacks. it's important to use the stack pointer correctly. Because .. . 

With just one interrupt. everything is fine. But if you keep adding Interrupts one after 

another. the stack will keep growing and eventually bad stuff will happen . ... 

.. i-----t} DATA F�OM----
INTE:r<:FWPT B 

DATA F�OM { 
INTE:J.:�UPT A 1------1 

-------1 

} DATA F�OM THE:
,_____ MAIN P�OCE:$7 
�---� 

DATA 

The data that 1s saved during an interrupt consists of the 

accumulator. status registers. and the program counter. 

Whoaaal I'm not sure I'm getting what's happening there. 

Bugs or even just frequent Interrupts that the stack has no coping mechanisms for can 

result in the stack pointer losing control over the program's execution. 

This usually means that the person or people who wrote the software didn't properly 

understand the implications of using a stack ... 

Ahl Have you ever made one of your programs go out of control like this? 

When working with the CPU. Interrupts can be really efficient. But If you don't know how to 

work with the stack. you're bound to make a program that runs into problems like this. And 

that's all I have to say about that!! 

So you were also like that once. right? You didn"t know how to work with the stack and 

something happened right? I'm right. aren't I?! 

Fuhahahahl I'm just talking hypothetically! 
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INTe��UPT �IO�ITY 

lNTf;i:tRUPT 
A: PHONe; 

CAL.I. 

lNTf;i:tRUPT 6: 
DOOi:tB(:;l..l, 

Ahem. Let's try to refocus and talk a bit about interrupt priority. 

Let's once again assume that you were interrupted with a phone call while cooking. 

Now let"s assume that you also hear the doorbell while on the phone. What would you do? 

Eeeeh!? That's just bad timing! I don·t think I could deal with that. l"d rather people would 

stop interrupting me all the time .... 

Heh heh heh. Yeah. I thought so. This is when interrupt masks are really useful! By using 

an interrupt mask. you can avoid being interrupted al all. You know, like how you can hide 

your face behind a mask. 

Yeah. wearing a mask can stop all kinds of things! 

But you can't let your guard down. You can still be forcefully interrupted by some things. 

even if you're using a mask. We call these resets! 

Resets are the interrupts with the absolute highest priority. They are special inter­

rupts that are not affected by masks. 

Resets! The word does have a kind of ··don't argue with me" air about 1t. Just like when you 

press the reset button on your game console. it returns to its initial state. right? It really 

gives me this "let's start over" vibe. 
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Yeah. that's right. And whether It's your computer or your console. both of them start at 
their initial state when you turn on the power, right? That's because when you turn on the 
power. the first thing the system does 1s issue a reset. 

Resets return programs to their initial state. Put another way. they return all the cir­
cuits to their initial state. Completely. This is why when we want the computer to wake up 
nicely-that is. when we want it to start in a functional state-we have to issue a reset. 

Oooh. it felt a bit scary when you said 1t was forceful. but I guess a bit of force is necessary. 

There are also some interrupts of the highest priority that the CPU will not mask even 
though these interrupts might not be resets. 

We call these interrupt signals that go through masks non-maskable interrupts (Nfvll). 

They can have many uses depending on the system architecture. and they're really conve­
nient In some cases. 

It seems interrupts have all sorts of uses. 

There are also timer interrupts that issue an interrupt when they reach zero after counting 
down using a decrementing counter. (Think 3. 2. 1. interrupt now!) Using these. ifs pos­
sible to execute programs at regularly timed Intervals. 

Ah! That timer Interrupt gave me an ideal There is a program that runs every day at 7 AM 
that sounds a bell when I'm executing my sleep task. It's issuing an interrupt right when I'm 
snoozing away peacefully1! 

Ah. That's Just your alarm clock. 
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MeMO�Y CL.A½IFICATION$ 

ROM stands for read-only memory and is a type of memory that will not lose Its data 

even if the power is turned off. As the name implies. you can only read from ROM. You 
can't write to it. 

In contrast. with RAM. which stands for random access memory. you can read from 

or write to any address 1n any order. You might think that ROM and RAM are opposites. 

but that isn't necessarily the case. 

RAM 
RWM CAN Be ACC�?eD 

l<!ANDOMI..Y 

CAN 1<:eAD 

AND Wl<!ITe 

M6MORY 

SAM 

RoM CAN ONI-Y Be 

ACC�?eD 

CAN ONI-Y 
$eG!UeNTIAI-I.Y 

i:;:eAD 

As you can see in the image above. the opposite of RAM is actually SAM (sequential 

access memory). which was an older type of memory commonly found on magnetic tapes 

and drums. As the name suggests. it could only read memory addresses in order. In addi­

tion. the opposite or ROM is the now defunct RWM (read-write memory). 

Memory that retains its data even when the power is turned off and allows this 

data to be accessed again when the power comes back on is called non-volatde memory. 

Memory that loses its data when the power is turned off Is called volatile memory. 

These terms are no longer commonly used. however. and have largely been replaced 

by RAM (instead of volatile memory) and ROM (instead of non-volatile memory). 

I/0 PO�$ AND THe GPU 

If there were no connection between Input/output devices and the CPU's registers or 

ALU. the CPU would be unable to accept external input. External input doesn't only come 

in the form of character input from the keyboard: It can be a mouse click or any electri­

cal signal. If we didn't have some output. such as LEDs that light up when an operation is 

complete or some other signal. it would be very hard for us to interact with any com­

puter. In the same way we need feedback. the internal data bus needs mput and output 

ports (/JO ports) to communicate with external devices such as memory and so on. 
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The most commonly used output device is the computer display. This is an example 
of a device that is not connected directly to the CPU. The display is instead connected to a 

special IC called the GPU (graphics processing unit). which generates and outputs images 

on demand. When the CPU needs to use the GPU. It has a special 1/0 port dedicated to 
GPU commurncat.Jon. 

Dl�SCTL.Y CONNSCTSDl 

CPU �
I/0 PO�T 

KSYBOARD 

NO DIRSCT 

CONNSCTION 

Dl5PL.AY 

Smaller systems sometimes don't have a GPU but are still attached to a color LCD 

(liquid crystal display). In these cases. the CPU communicates by sending any necessary 

data through an 1/0 port to an LCD controller. This LCD controller and its driver then 

output the ,mage data to the display. 

Of course. you need electricity for the CPU to work. But you also need a clock frequency. 

A clock is a signal that alternates between high and low voltage at regular intervals. The 

clock frequency is how many times this signal alternates in one second. 
The clock 1s like the heartbeat of the CPU. It 1s essential for updating the CPU's 

internal circuits. such as the latching of the data inside the ALU and the block" advancing 

the program counter. 

Clock frequency is measured in Hz (hertz). which Is a measure of how many times 
the clock cycles in one second. So. a clock running at 40 MHz would be cycling 40 million 

times per second. 

This clock speed is also a measure of the performance of the CPU. Everything that 

the CPU does. like instruction decoding and ALU operations. it does in synchronization 

with the clock. The CPU can execute one action per clock cycle, so the higher the clock 

frequency, the higher the clock speed and the faster the execution speed of the CPU. 

' Bloch 1s ;i term used to denote the group of things needed to reill1ze some function. 
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The degree to which the clock speed matches the clock frequency is called the 
degree of accuracy. When using computers for communication applications, connecting 
two devices with clock frequencies that do not match can cause timing problems. 

We call circuits that generate clock signals dack generators. Most CPUs have internal 
clock generators. but It is also possible to connect externally generated clock signals 
to a CPU. The different components Inside the CPU that make up the clock generator­
inclucti•ng the crystal oscillator. capacitors, and resistors-all contribute to the accuracy 
of a clock signal's frequency. Some situations don't require high accuracy, but if a CPU 
must be synchronized with other devices to exchange data, for example, then the accu­
racy of the clock signal's frequency is a high priority. 

WHAT Ar<:S Cr<:Y5TAl, 05Cll,l,AT0�5? 

Crystal osc1/lators are made from small artificial crystal shards 
that have been cut incredibly thin. If you attach two electrodes to 
a shard and apply a voltage, the crystal warps. By fluctuating the 
direction of the voltage. It 1s possible to create vibrations that give 
rise to a stable frequency. Consequently, you can generate oscilla­
t,ons at very precise time intervals. 

Crystal oscillators are used in many kinds of devices In which 
precise time intervals need lo be measured, such as computers, 
phones. and watches. The quartz In a quartz watch 1s actually a 
crystal oscillator. 

By connecting clock genera tors to crystal oscillators and 
condensers (electronic components that store and release elecln­
cal charge), it's possible to create an alternating signal. 
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To achieve a high degree of ae:curacy. you can use an external clock signal Instead 
of the clock signal from the CPU's internal clock generator. External oscillators usually 
provide higher quality clock signals than internal clock generators. 

By using the decrementing counter inside CPUs. we can Initiate Interrupts whenever the 
timer reaches zero. We call this a limer interrupt. 

wwe�sTHe 

F�eGUeNer 

Pl<:�CAl-61<: 
(Ffi:SQUSNCY 

DIVIDS!<:) 

A COUNTDOWN 
3,2,1,0 

lATCH $16NAI.. 

INITIAL,. VAl-US 

fi:S61$Wfi: 

It is also possible to use the CPU's base clock (or master clock) with a frequency 

divider.* Dividing the CPU's base clock with a frequency divider allows you to increase 
Lhe time required for a countdown timer lo count to zero. Indeed. you can change the 
amount of time required for the timer to count down to zero from several seconds to 
several hundred seconds. 

It is then possible to execute some program at given intervals by setting the initial 
value of the countdown timer to s�me value (for example. 100). To change the interrupt 
frequency. all you need to do is tell the CPU to rewrite the register where the "value to 
count down from 

.. is stored. Changing this value from 100 to 50. for example. would
double the interrupt frequency. 

You can set a countdown timer to run even while other programs are running. and 
it will Issue an interrupt when it has counted down to zero. T here are many uses for this. 
For example. you can turn a light on and off at fixed intervals. Timer interrupts are more
effective than other methods for doing this because they save valuable CPU time. 

* Frequency d,v,ders change the period by lowering the frequency. 
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HOW TO U-5e TIMeP: lNTeP:P:UPT$ 

To use a timer interrupt. you must first configure it by writing a value into its 
control register. The value written to this register determines the clock source. 
whether the clock frequency is to be divided before counting and by how much. 
and other timer behavior. 

Next. we write the initial value into the counter and set the timer to start on 
the reset signal. After It has started. the timer will interrupt the CPU every time It 
counts down to zero. 

We then rig the timer to start on the reset signal (see the next page) and to 
cancel if commanded by the CPU to do so. After it has started. an interrupt signal 

will be sent from the timer block to the CPU control circuit every (master clock 
cycle) x (multlplicalion factor) x (value to count from) units of time. 

Finally. let"s examine the timer interrupt component present in classic CPU architec­
tures. which can be seen in the image below. INT here 1s the signal that the CPU uses to 
send instructions to the timer interrupt block. RESET (timer reset) is the signal used to 
start the timer. 

TIME:� 

INTE:�RiJPT 

GONTROt. 

RESET 

INT 

If you were to leave the reset input in an active state. the timer would stop and 
never start. If you then were to clear the timer reset. it would start counting down again 
and eventually issue an interrupt. Arter this. it would count down from the set value on 
every cycle of the multiplied master clock frequency. issuing an interrupt signal when 1t 
reached zero. 

When it reached zero. it would once again latch to the value stored in the ··value to 
count from·· register and start over. By doing this over and over again. the component is 
able to produce interrupts at fixed intervals indefinitely. 

To reset means to set programs and internal circuits to their initial state. The program 
counter Is set to zero. and temporary operational data is cleared. A reset signal is issued 
every time you start your computer. This is extremely important as It makes sure that 
any programs you run after the start-up process work correctly. 

Let"s take a closer look at the reset process. The reset signal 1s raised by setting an 
active state after a low voltage state. After you turn on the power. the voltage will fluctu­
ate a bit before finally settling down at a stable level. If the CPU were active during this 
period. all kinds of problems would result. This is why the reset signal is constantly active 
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during this period. making the CPU unable to process anything. In other words. we pro­
tect the CPU by maintaining the reset state until the voltage has stabilized. Then. when 
the voltage has stabilized. we release the reset signal by ralsing the voltage. 

�

�

THE V0I...TA(SE 1$ 
UN$TA61...E, $0 WE l<EEP 

THE RE?ET ACTIVE. 

) 
IT HA$ $TA611...IZED, 

$0 WE CAN Rf:l...EA$€: 
THE: RE?f:T. 

THS $TATS Of THS �S$ST $16NAL. AND 

VOL. TA6e CHAN6S$ ove� TIMS 

If. for example. the CPU were to start acting In an unexpected manner. it 1s possible 
to initiate a forced reset by lowering the voltage below the necessary level (and therefore 
enabling the reset) and setting all programs and circuits to thelr initial state. Resets are 
an essential function needed to ensure that the computer will work as we expect it lo. 

CPU performance 1s determined by the CPU clock speed and its operation execution speed. 
The clock speed tells us how often the logic circuits in the ALU can perform calculations. 
And the operation execution speed tells us how quickly the CPU can perform calculations 
one after another. 

Older CPU ALU blocks worked only with integer arithmetic. Back then. the CPU's 
performance was measured by how many instructions it could handle in one second. or 
its MIPS (million Instructions per second) value. rather than by how quickly it could per­
form calculation operations. As its name suggests. MIPS indicated how many millions of 
instructions the CPU could handle in one second. 

These older CPUs were. of course. also able to work with floating-point values. but 
modern CPUs have specialized integrated hardware for just this purpose. This is why 
in more recent years the preferred measure of performance has become how many 
floating-point operations the CPU can handle In one second, or MFLOPS (million floating­

point operations per second). Once again. as its name suggests, this value indicates how 
many millions of floating-point operations with 15 significant d1g1ts the CPU can handle 
in one second. 
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We sometimes use units other than MFLOPS. such as GFLOPS (gigaFLOPS) and 

TFLOPS (teraFLOPS). One GFLOPS is the processing of a billion floating-point operations 

with 15 significant digits In one second. One TFLOPS Is the ability to process a whopping 

trillion floating-point operations with 15 significant digits in one second. 

YOU CAN $EE THE 
PE�FO�MANCE OF A 
CPU BY l..O0l<IN<:, AT 

IT$ FL.OP? VAL.UE! 
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( Types of Operations ) 
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THe �16N BIT L.eT5 U5 EXP�e½ 

Ne6ATIVe BINA�Y NUMBe�5 

Before I explain bit shifts more. I want to talk briefly about sign bits. 

Sign bits ... 7 What are those? 

In a binary number. the sign bit Is the bit to the far left. and it tells us if the number Is 
positive or negative. If the left d1g1t is 0. the number is positive. and If it's 1. the number is 
negative. 

Look at the Image below. The most significant bit. which is the leftmost bit. is the sign 
bit. The sign bit. along with the rest of the bits. determines what numerical value is being 
represented. 

( 
?16N BIT 
(0 MSANS POSITIVS, 
ANO 1 MSANS N&<;,AT1V&) 

I I I I I I I I I 
NUMBS� 

-I 716N BIT

&XAMPl-&S Q 1 1 (�&�SSSNTS +3) 

1 0 1 (�eP�SSSNTS -3)

Uhh ... I can see how 011 would make +3 just by thinking 1n simple binary. But why does 
101 equal -37 That doesn't make any sense. 

Remember complements? When expressing negative numbers in binary. we use the two's 
complement. 

0 1 1 

• 
100 

CD Fl-IP Al-L 
THS BIT$! 

ADD 1.♦4@ 
1 0 1 .____ _ ____,

Oh, now I see it! So to express the negative value of 3 (011), we get 101. With the impor­
tant part being the sign bit to the far left. 
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Yes. Using three bits without a bit sign. we could express eight different numbers from O to 

7. but using three bits including one sign bit. the range changes to -4 to 3. We still get eight

numbers though. as shown in the table below.

WM86� 
TW0''5 

COMPt..E,ME:NT 

3 0 1 1 

2 0 1 0 

1 0 0 1 

0 0 0 0 

-1 1 1 1 

-2 1 1 0 

-3 1 0 1 

-4- 1 0 0 

Doesn't that mean that if I have some binary number-say 101-1 could interpret that 

number as -3 if I assumed It was signed or as 5 if I assumed it was not signed? 

They look the same. but the expressed values are completely different. ... That's Just 

confusing. don't you think?! What were they thinking?? 

Ah. It's true that humans wouldn't be able to tell the difference. Computers. however, have 

dedicated systems that keep track of this.* So don't worry about it! 

• Programs have a flag that changes depending on the calcutation·s result to track changes to the sign. If

the program monitors this flag. It's possible to tell whether any unforeseen changes occur to the sign of J 

number. Not �II CPUs support this feature. though. ilOd If the CPU doesn't. it's up to the program to keep 

track of the sign bit. 
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Now let's return to bit shifts. There are two types. logical shifts and arithmetic shifts. 

Essentially, the difference is whether we are using the sign bit we talked about before. 

!7HIFT 

OPe!<:ATION 

L.OeiJCAI- 5HIFT 

( NO Sl6N BIT ) 

A!<:ITHMf:TlC 5HIFT 

( HAS $1(!!>N BIT) 

Oho! So logical shifts don't have sign bits. but the arithmetic shifts do. I see where this is 

going. 

The outcome of a logic operation is always either true or false. right? That means that 

concepts like sign bits or negative numbers wouldn't exist. But since arithmetic operations 

deal with adding and subtracting numbers. those concepts would be necessary. 

Mm. yes! That is an astute observatron-you are correct. 

Logical shifts are very simple. and we've already talked about them. Arithmetic shifts. 

on the other hand. are a bit tricky. 
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Look at the next figure. When performing arithmetic shifts. we fill in the blank spaces wlth 
ls If the sign bit is 1 and with Os if the sign bit is 0. You have to pay attention to the sign 
bit. essentially. 

Ai<:ITHMe11c f<:l(:IH'f ?HIFT 

Flt.LIN WITH 0 

'-..,.-) 
fll,L IN WITH 1� 

l.OST 

PO?ITIVe VAL.Ue 

( 
WH5N SHIFTIN6 

) ONe BIT TO 

THe Fi:I6HT 

Nee,Anve VAL.Ue 

( 
WHSN SHIFTIN6 

) TWO BITS TO 
THe Fi:I6HT 

Ohh! With logical shifts. you could just fill the blank spaces with Os without a second 
thought. but with arithmetic shifts. you have to keep the sign bit in mind. 

There is another really important thing. though. Please look at the next image. We shift a 

positive number (the sign bit is 0) to the left and ... whoa! A 1 from the number value bits 
might end up becoming the most s1gnif1cant bit. 

Oh my ... that can't be good. It would look like the number turned negative all of a sudden 
(since the sign bit is 1). 

Yeah. White the operation was only supposed to mullipty the value 2H. It ended up flipping 
the sign bit Instead. We call lh1s overflow. just like how water can overflow from a cup if 

you pour too much m. When this happens. 1t means that the calculation result used more 
digits than it was allowed and therefore "overflowed." 
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WHeN SHIFTIN6 

) THR6f: SITS TO 
THe t-eFT 
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A serious state of affairs. for sure! I guess this is an error? It's not like you can pretend it 
didn't happen ... and you couldn't continue the calculation like this . 

Mhm. When overflow occurs. the overflow flag (overflow bit) of the status register is set. 
It makes sure to remember lhal an overflow occurred as a result of a calculation. 

Hahl So another register is in charge of taking notes about any grave errors that might 
occur In the accumulator register. This way they won't be missed! 

oveFZFL.OW AND UNDeFZFL.OW 

Calculations using float,ng-poinl numbers (as opposed to the Integer operations we've been 
talking about) can both overflow and underflow 1f the algorithm (the method of calculation) used 
produces a result that falls outside of the acceptable range of values. 

For example. If the result of some calculation is a value that Is so close to zero that It cannot 
accurately be expressed using the available bits (think 0.00000000000 ... 1). It would generate 
an under flow. 
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Clr.?CUL-Ar.? �HIFT5 (ROTATIN6 �HIFT5) 

Before we move on to the next subject. I would like to talk a bit about circular shifts 

(rotating shifts). which are important in, cryptography. 

The easiest way to think about 1t is as if the edges or the bit sequence in the accumu­
lator were glued together into a wheel that can rotate freely. 

Oh. It's like we stuck the two edges of the tape together. Spmnn! 

Applying circular shifts has the following effect. Remember that the left edge (most signifi­
cant bit) and the right edge (least significant btt) are connected. 

THe 61T5 AT 
THe 1.,.eFT 
eoeie ... 

... APPeAJ<: ON 
THe L,.eFT! 

Cl�C.Ul..A� $HIFT 

0 0 1 1 

1 1 0 0 

(WHE?N SHIFTIN6
) FOU� BITS TO 

THE? 1-E?FT 

... APPeAJ<: ON 
THe J<:16HT! 

THe 61T5 AT THe 
J<:16HT eoeie ... 

(
WHE?N SHIFTIN6

) TH�E?e BITS TO 
THE? �16HT 
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DATA TAAN?feµ: 

opeµ:ATION? 

I �OWTHI$! 

TH;::: % 

ii t �!i�luifiE? 
:• 

� RSAD 

�� 
CPU W!<:ITS 

(i<:S61STSRS) 

••••••••• 

I I 
• 'v • 

MSMO!<:Y 

Fli<:ST OFF, WS HAVS 
THS PATA TRAN,F�� 

INSTi<:UCTION. AS YOU Ml6HT 
6US97, IT'S AN INSTi<:UCTION 

THAT DSAL.S WITH THS 
Ti<:ANSFSi<: OF DATA. 

Y!?AH, BUT THAT'$ NOT AL.L. 
TH!?Y'�!? AL.$O U$6D TO 

T�AN$f6� DATA B!?TW!?f;N 
�6Sl$T6�$ IN TH!? CPU. 
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THe$e IN$T�UCTION$ A�e U$e0 
WHeN THe CPtJ exc.HAN6e$ DATA' 

WITH exTe�NAL, oev1ce$ 
cvo Dev1ce5 AND 50 ON). 

INP\JT AND 
OUTPUT DATA 

l/0 POIZT 

·:!::;:!k.

UMM ... I/0 PO�T5 A�e 
U5eD WHeN WO�l"IN6 

WITH INPUT AND OUTPUT 
DATA, �16HT? 

W&f,U/,, IF YOU HAVe MY 
IN PUT CAPA8Jl,..ITle$, YOU 

DON'T FO�6eT ANYTHIN6 
YOU'Ve 1,..eA�NeD ... 

exrs�NAl­
i,sv,ces 

Rll//!0HT. .. 

• THE:!<!!: Ai<!!: TWO TYPE:? OF DATA Ti<!ANSFE:Fi! ME:THODS. 
�e PA<:>!: 18!:> FOF! MOF!E: INFOF!MATION. 

l,..eT'$ Move ON TO THe 
NeXT IN5T�UCTION! 



BFi:ANCH 

IN7TFi:UCTION7 

NeXT, we'L.l. TAI..!( 
A0OUT THe Jt/MP 

8/i?ANCH /N�T!WCT/ON/1 

3 LJ 

Dlll:&CTION 
TH& PIW0AAM 

COUNT&it I? 
MOVIN<:> 

3!J!IP 

AAH, I ReMeM0eR U$ 
TAL.!<IN6 A0OUT JUMPIN6 

0eFORe. 

8A$ICAL.L.Y, IF Nece55ARY, 
THe PRO6RAM CAN JUMP TO 
THe ADDRe55 OF THe NeXT 

IN$TRUCTION TO 0e execUTeD. 

YeAH, eveN THOU6H we Ml6HT 
Be exeCUTIN6 ADDRe55 

NUM0eR 7 ... 

THe NeXT IN$TRUCTION TO 0e 
exeCUTeD Ml6HT weL.L. 0e IN$TRUCTION 
NUM8eR 15 OR IN$TRUCTJON NUM0eR 3, 

JU$T 1..I,r;;e IN THI$ Fi6URe. 

Jl!Jjfffe 

....... I...___ _,s_�__. 

. . . . . . . . . 

. . . . . . . . . . . . 
. . . . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . . . . 
• TH51l5 Aile CA$£:$ IN WHICH we 01$ClllMINATe eerweeN

BAANCH INSTllUCTIONS ANO JUMP INSTllUCTIONS. 

l $UPPO$e THAT MeAN$ we CAN
CONTROL. PRO6RAM FL.OW BY 
U$1N6 0RANCH IN$TRUCTION$.



�o ... I eue,� IT', oNe 
$MAI-L $TeP FO� MAN, 
ONe SIANT L.eAP FO� 
COMPUTeRS! RISHT? 

I $BE[ THeRe ARe DOI-PHIN$ THAT 
JUMP WHeNeveR THeY Feel- l-J�e IT, 
WHIL.e OTHeR DOI-PHIN$ JUMP ONI-Y 

WHeN THe�e'$ FOOD! 

IT AU MA�es $EN$&[[ 

'$ Al-$O WO 
INS THAT $OMe J 
Re UNCONDITIONA 
11-e OTHeRS ReGU 

ceRTAIN CONDIT! 
Be MeT. 

$ 

< UNCONDITIONAL. 

JUMP 

CONDITIONAL. 

JUMP 

) 



Br<:ANCH 1N5Tr<:UCTION5, JUMP 1N5Tr<:UCTION5, AND �!(IP 1N5Tr<:UCTION5 

When it comes to branch instructions. there is unfortunately no standard te(minology. 
Depending on the CPU maker. the instructions might be known as branches. jumps. or even 

skips. But lately. it's become popular to differentiate among them in the following way. 

�
ADD!l 

exff!rN �mJ? 
ST�I 

DIP:&CTION 

Tli& PP:OOAAM 

COUNT&P: -. 

MOVI : � 

Jl!/Jffe 

: �

d!Jrip 

THe DIFFeFteNCe-5 

AMONei THe THRee 

,. Branch instructions branch to 
addresses not far from the 
execution site. 

2. Jump instructions jump to

addresses farther away from

the execution site than branch

instructions do.

3. Skip mstruct,ons can either skip

or not skip the next Instruction

to be executed.

Ohh! So they're different in terms of the distance moved. Pretty cool. 

There are also other program control Instructions. such as STOP and SLEEP instructions. 

DIFFe�eNT CPU!1 U5e DIFFe�eNT re�MINOL.06Y 

If you look at the mnemonic tables of CPUs from companies like Intel (the i8080) and Zilog (the 

280) at the dawn of the 8-bit CPU. you can't even find the word branch mentioned. If you instead

look at the single-chip 16-bit TMS9900 CPUs made by Texas Instruments (Tl) in 1974. jump was

used for short branch operations. while branch was used solely for branch operations concerning

registers. Then. the ATMega series CPUs made by Atmel. which are part of the Ardumo micro­

controllers. use jump for changing the current execution address uncondlt1onally. but they also

have skips and branch mstruct,ons that relate to the currently executing address.

TYPe$ OF OPeAATION-$ 1!:>7 



CONDITION f=VAL.UATION AND 

�TATU$ FI.-A65 

FINAL.LY, L..eT'$ TAU< A 

BIT A601JT CONDITION 
eVAL..UATION (COMPARl$0N 
AND OTHeR IN$TRUCTION$). 

A 60017 WAY TO 
THINJC:: A601JT IT 1$ TO 

CON$1DeR THe ATM 
eXAMPL..e A6AIN. 

I-5 DATA A 616GE:� 
WHAT'-$ IT 60IN6 

TO 61::? 
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I; OP!;AATION �U�T 
WASP0Sn1Vf;. 

™e; OPl;llATION �f;SU�T 
WAS N1;<:,ATIVI;. 

AH, ?UCH COI-D-HSARTSD 
JUD6SMENTI TO HAVE YOUR FATE 

DECIDBD 6Y A COMPAF<:l?ON 
6BTWEEN THS VAL.US? OF 

YOUR ACCOUNT 6AL.ANCE AND 
THB AMOUNT YOU WANT TO 

WITHDl<?AW ... 

COMPAF<:� 
THEM AND 
DEC.\D�! 

CPO 



NOW, I WANT 
YOU TO PAY 

ATTSNTION TO ... 

EXAMPL.e: �-3 = 2 

THe 1iTATll� Ft.A@* 
THAT 17 LJ7ec, WHeN 

eVAl-UATIN(::;I WHeTHeR 
A CONDITION 17 Mer. 

YSAH. TH& PUl2:PO$S OF THS 
$TATU$ FI..A6 1$ TO R&CORD 

INFORMATION L-11':S THAT. 

IT $16NAI..$ THS RS$UI..T OF A 
CAI..CUI..ATION U$1N6 SITHSR A 

ZSRO 012: A ONS. 

...._ __________ ___ 

•' 

;��: 

s- 3

MMAND INPIJT
0+

$TATU$ OUTPUT 
BSTAACTION POSITlVe 

VAI-IJe 

2 

�TATU$ FI..A6 ... 
DIDN'T we TAI..!': ABOUT 

$TATU$ OUTPUT 8SFOl2:S? 
WA$N'T THAT $OMS VAL.US THAT 
INDICATSD THS $TATS OF $OMS 

OPSRATIONAl- 12:S$UI..T, �11':S 
WHSTHSl2: IT WA$ PO?ITIVS AND 

$TUFF l.-llc�S THAT? 

THe f!,Ae, 17 UP! 

%TC1) 

THe �eSUI-T OF THe 
CAI-C:UI-ATION 1$ 

Ne6ATlveJ 

THe FL.Ae, 17 NOT UP. .. 

THe �e$UI-T OF THe 
C:AI-CUI-ATION I$ 

POSITIVeJ 

. �O A FI..A61$ 
NSVSl2: A COND 
SVAI..UAT&D TO 

!li _.,,,...,..,__,_,~

N&6ATIVS? 

�?'.·:·:. •'• .::::: :·:': ::: ::?:·:·??:•::=:??�: ::::·: :::::':::·:.
TYPE:$ OF OPBAATIONS 1� 



THSRS ARS ACTUAL.L.Y 
MANY TYPe-5 OF FL.A6$, eACH 
OF THeM RAISSD (SeT TO 1) IF 
$OMS PAITTICUL.AR CONDITION 
AS�OCIATSD WITH THS Fl-A6 

evAL.UATe$ TO TRUe. 

�I6N FL.A@ 

%T WHSN THS R�UI...T 
OF A CAI...CUI...ATION 1$ 

N!:?6ATIVS 

CAR� fl-A6 

%T WHE?N THE? 
CAI...CUI...ATION RE?SUI...TS 

IN A CARRISD Dl6IT 

lN ADDrnON TO TH�S, we INTRODUCS SOME? 
OTHSR COMMON FI...A6$ ON PA6S 187. 

� we CAN I...OOK 
AT SIN61...E? FI.A€:1$ OR 

COMBINATIONS OF FI.A€:1$ 
TO DSCIDE? WHAT TO DO, 
DePeNDIN6 ON WHE?THSR 

SOME? CONDITION 
IS Mer. 

DSCl$ION$ ARS MADS IN 
ACCORDANCS WITH elTHeR A 

$JN6L.e FL.A@ STAW OR $OMe 

COMBINATION OF seveRAL­
Fl-A6 $TATS$. 

.·.·.·.·.•.·.·.·.· .. -:.�. ---:-:-:� 

.-:)/j/UHHH/j\/I\::::t:::> 

l· .. l· .. l· .. l ... l ... lcl .. ·lsl
-t t 1 r t t 

eveRY BIT STORE?$ 
DIFFE?RSNT STATUS fl...Ae>s 

THSY AF:S SITHSF: 
1OR0. 

A $TATU$ Re6I$TSR 1$ 
$1MPL.Y THe 8-BIT OR 

16-BIT COMBINATION OF

A 1..or OF THese Fl-A6$
(eACH OF THeM ONe BIT).
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OOH, $TATU$ RS6J$TSF:$! 
THSY'RS I..IICS HARDWOF:ICIN6 
DSTSCTIVS?, SACH OF THSM 
F:SMSMBSF:IN6 DIFFSRSNT 

INFORMATION ABOUT AN 
OPSF:ATOF:!! 



PUTTIN6 BAANC.He5 AND CONDITION eVAL.UATION T06cTHe� 

Okay. we·ve learned about branch instructions and condition evaluation. but we can get 
some truly useful instructions by putting the two together. 

One example is the jump on minus instruction. It simply states that the program 
should Jump to some address if the value in the accumulator is negative. 

CON/?/TION 

WHeN 
Ne6ATIVe ... 

Bl<ANCfrOIJMP) 

JUMP TO $OMe 
ADDRe$� 

So basically. jump to this address If these conditions are all met! 

Or. put another way. the program is able to change its execution depending on some 
condition. 

Yeah. we can also make other combinations of instructions like conditional Jumps, 

candit1onal skips. and conditional branches. Thanks to these. we can do some really 
useful things. 

?OMe THIN6$ we CAN DO U$1N6 CONDITIONAL- JUMP$ 
AND OTHeR INSTRUCTION$ 

1. We can run a different program depending on some condition.

2. We can decide not to run a program (skipping it) depending on some
condition.

3. We can set and reset bits on output ports depending on some condition.

For example. we could control a lamp by setting or resetting some 1/0
port value to turn the lamp on and off. 

Whoa! This seems absolutely essential not only for computers but also for any electrical 
application really! 
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( Operand Types ) 
HOW MANY OPeAAND9 

DO we HAVe? 

$E:eM$ Y 

DE:P:$TAND T 

E:NTIN$TP:U 

I'l-1. JU5T p�eTeND 
I DIDN'T 5eE THAT 
C05PL.AY, O�Y. .. ? 

t.eT'5 5eE. ope�AND$ 
A�e THe DATA AND 

ADD�'f;$�'f;$ U5eD A$ 
THS TA�6eT OF AN 
ope�ATION, �16HT? 
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�o L.E:T'5 Move ON 
TO L.eA�NIN6 A6O1JT 

OPe�AND$ NeXT!! 

V 

�AY$ THe ONe WHO 
WA$ CO$PL.AYIN6 A$ 
A DeTecT1ve JU5T A 

MINUTe A60!! 

v 

OPCODE: OPE:P:AND 

THS NUM6f:P: OF 

OPSP:AND$ Al-$O 

DE:PSND$ ON THE: TYPE: 

OF IN$TP:UCTION WS'P:S 

Df:Al-lN6 WITH. LOOK AT 

AP:6E:T 

TA OP: 

� OFAN 

P:ATION 

THE: NE:)(T Fl6UP:E:. 



0PCODe 

ADD a b 

[? ADD A AND 6 

1N THI$ eXAMPL.e, 
IT $SfM$ THe ADD 
OPSRATION NSfD$ 
TWO OPBRAND$. 

!$ THAT CORRBCT? 

�AH. AND THe Af?CJ HeRe 
1$ ACTUAUY $OMBTHIN6 
CAL.LSD A MN8MON/Cl' 
THe HUMAN-RBADABL.e 
RBPRB$BNTATION Of 

THe OPCODe. 

AU IN$�UCTION$ HAVe 
errHeR zeRO, ONe, OR 
TWO OPBRAND$. THI$ 
IN$TRUCT1ON HAPF'eN$ 

TO HAVe TWO. 

• IN eN<:J!..1$H, MNl:MONICG ARE: MSNTAI.. TOOi..? THAT HSt.P WITH ReMSM8SRIN6 THIN(:,$. 

HUH? HOW COUL.D 
AN IN$TRUCTION HAve 
NO OPBRAND$'?! THAT 
$efM$ COMPL.eTeL. y 

POINTL.e5�! 

$fl ACC:UMUL.ATOR TO 1 

AN IN$TRUCJ10N THAT $ST$ AI..L THe 8IT$ 
IN THS ACCUMUI..ATOR TO ONe 

ACCL/MtJtATO� 1A 

HeH. weu OPCODB$ 
THAT HAVe NO 

OPSRAND$ DO BXl$T. 

FOR SXAMPL.e ... 
THe 5ET ACCLIMLllATOI< TO 1 OPCODe!! 

WHOAAAI YOU'Re 
Rl6HT, THAT WOUL.DN'T 
HAve ANY OPSRAND$/ 



A I..OT Of OPer<:ATION$ WITH zer.i:o 

OR ONe ope�AND$ $1MPI..Y WORI" 
ON WHAT'$ IN THe ACCUMUI..ATOR 

r.i:ee1sTer<: AT THAT TIMe. 

l!!!li!!il!l :::: V TH� i����I 15
>

❖ •❖ IJ ! 

J:; 

Al..$O, FOi<: TWO-OPe�AND 
OPeAATION$ WHeRe 

80TH OPeRAND$ Ar<:e 
ADDRe5�e$ ... 

we CAL.I.. THe FIR$T 
OPeRAND THe !?OLIRC!i 

OPePtANI? AND THe $eCOND 
THe CJe!?T/NATION OPe!<ANI?. 
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0PCODe 

�OUIRCe De$TINATION 
ope�AND OPeAAND 

A$ YOU CAN Tel..l. FROM THe NAMe$, 
OPeAATION$ 1..1"e THI$ U$e THe DATA IN THe $OURCe 

OPeAAND TO AFFE;CT DATA IN THe De$TINATION OPer.1:AND. 

•, 



L.eT'5 FINAL.I..Y 
APPJ.!:OACH THe 
coi<:e 5UBJecT 

Hei<:e ... 

AH ... 50 MANY! e5pec1AL.I..Y THe 
ADDl<:��1Nei MODe5! WHY Ai<:e 

THei<:e 50 MANY TYPe5?! 

DON'T W Ol<:RY. 
I'I..(.. eXPI..AIN THeM 

ONe BY ONe. 

DIFFei<:eNT �IND5 OF OPeRAND5 

Immediate value processing 

Address reference 

* ADDF?S½IN6 Mooe

(HOW WS POINT TO ADDf<:S�SS AND Of'Sf<:ANDS) 

t. Absolute
addressing

z. Relative addressing

3. Indirect addressing

4. Address
modification

COMe! IT'5 T/Me TO 
Qpef<:ATe WITH OPel<:AND5! 

1<:e 1<:eA1..1..Y 
OYINei THAT 
05TUMS. 



IMMeDIATe VAL.Ue Pf(:0Ce551N6 

Add2 

Let's start with immediate values.

The word immediate here means that the value will be used right away, just as it is. 
In other words. the operand itself Is a value. 

Add 2 
MNSMONIC IMMSDIATE;- VAL.US

''ADD" OPE:�AND 

You·re right! So I guess this would mean. "Add two to the value in the accumulator." 

A Shift L 2 
T'-y---)T �ATS

A�ITHMSTIC ?HIFT 1..SFT VAL.US 
OPE:�AND 

And this example shows a two-bit arithmetic left shift. Immediate value operands can be 
used with many different operations-for example. arithmetic operations. shift operations. 
and logic operations. 

In the end. ifs just a concrete value though, right? I learned about Immediate values 
immediately! 
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I guess address references have to be operands that are addresses. like address number 1 

or number 2 .... 

Yeah. Either internal* or external memory addresses. to be exac t .  The operation will grab 

the data on the address in question and use it. 

Hmm. so for example. I could instruct the CPU to get the data on address 1 and address 2. 

add them. and store the result on address 3-right? 

Yeah. In that case. it would turn out like this. 

WA ADD�� 1 Read the data on address 1 and store It in the accumulator. 

ADD ADD�E:$!:i 2 Add the data on address 2 to the accumulator. 

!:-TA ADD�E:$!:i 3 Store the value in the accumulator to address 3. 

ACCUMUL.ATO� F:eADOUT 

MBMO�Y 

ADD 

�ro�e 
3 

CPU � 

Oh! So is It important that calculations are always done In the accumulator then? 

That's right. The accumulator even has its own mnemonic: A. The mnemonic LOA means 

LoaD to Accumulator. while STA means STore Accumulator. 

• If you look ut the architccturnl d1.:igri.1m OJI p�gc 106. you cnn sec that classic CPUs h�d intcrnul RAM. 
These were also referenced using memory addresses. 
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fff:::::;:;:•:•:•·•··w·• • .. • • • •,•.•.-,•,;,;,:,:;::::;:::ltj f l:ll!!!!!lll 
O�!J!:!if N�i/: !!!

JAPA 
PL. 

DR�� 

MY FAV 

.................. . . . . . . . 
0 0 I O  O ♦ 0 0 

HeRe ARe THe ONe$ we 
l..19TeD BeFORe. 

. . . . . . . . . . . . . . . . . . . .  . 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 
. . . . . . . . . . . . . . . . . . . . . . . . . .  . 

. . . . . . . . . . . . . . . . . . . . . . . . .  . 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  . 
. . . . . . . . . . . . . . . . . . . . . . .... . 
. . . . . . . . . . . . . . . . . . . . . . ..... . 
..... . .... ��Jli ...... . . . . . . . . . . . . . . . . . . . . . .  . 
. . ' .  . . . . . . . .  ' .. . . . . . . . . . .  . 
. . . . . . . . . .  . 
. . . . . . ..... . 
. . . . ..... . 
. . . . . . . . .  . 
. . . . . . . .  . 

1. Absolute addressing

2. Relative addressing
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. . . . . . . .
. . . . . . . . 
. . . . . . . .
. . . . . . . 

HMM... \

3. Indirect addressing 1 
4. Address modification

ADDRe$:,INcS MO0e$ ARe 
AL.I.. ABOUT DIFFeReNT 

WAY$ OF ReFeReNCINcS 
A0DR�=1e$!! 

FOU� DIFre�eNT ADD�eS!>IN6 
MODS-S- $efM$ A BIT exces!>1ve. 

I MeAN, HOW WOUL..D YOU 
�eFe�eNce AN ADD�� IN ANY 
WAY OTHe� THAN JUST SAYIN6, 

�IT'S ON NUMBe� FIVe"? 

WHY WOUI-D ANOTHe� WAY 
Be Neces!>A�Y? 



�ui:c:e, IT ce�AINL-Y WOUL-D Be
eA51ei:c: TO $A'/, "IT'$ ON Five," 
AND HAVe THe DATA AL.WAY$ Be

IN NUMBeFc: FIVe. 

::: 

ll! 
:: 

Lt> 

YeAH, YeAH! THAT'? 

THI$ 1$ WHAT we
CAL-l. A870i-trre
Al?Pl<��IN@. 

1 __

3--
-------

DATA

I / / THe ONL.Y THIN<:i THAT 
MAI<!;? COMMON 
7i;N7i;, �l<:iHT? 

eFFeCT1ve 
ADD�!;?� .., DATA , 

-

IN THI$ CA$e, THAT 
WOUL-D Be ADDRe$!,

NUMBeR FIVe. 

BY THe WAY ... we CAL.I, THe
ADDRe$!, THAT ACTUAL.L.Y 

CONTAIN$ THe DATA we'i:c:e AFTei:c:
THe eFFecnve Al?P1<e��-

YeAH, 
IT WOUL-D.

OPBAAND TYPl>S 1isq 



AY we POINT 
Be� TWO, AN 
e OF7eNeD IT ... 

we FOUND OU� 
DATA WA$ AT 
NUMBe� FIVet 

WHAMT?WHY 
WOUI..D YOU evell 

DO SOMSTHIN(?J SO 
UNNSCSSS.Allll..Y 
COMPI..ICATSD ... 

THei:c:e Ai:c:e $OMS MS�ITS TO 
INDlfc:SCT ADDfc:69.,IN(?J. IF, FOfc: 
SXAMPI..S, YOU TF:ISD TO DIF:SCT 

ADDfc:SSS. AN ADDi:c:ess. WITH 
A vei:c:Y l..ON(?J NUMBSfc: l..ll<S 

"ADDfc:69., NUMBSfc: qqqq.,,q". .. 

' . .

THI$ 1$ WHAT we WOUI.-D CAL.L 
!Nl?l�ecr Al?l?�e7�/N@.

HAI IT'S 1..Iic:e FIND/Ne A I..ONl:l-1..0ST 
Wlt..l. Oil seAJ<C:HINl:I FOil HIDDeN 

TlleASU!le/ ONI..Y THe ONes WHO Aile 
TeNACIOUS eNOUeH TO MAtc:e IT TO 

THe eND CAN l:lf::T THE:: Pll/Zf::. 

. . . . . .
. .

... 

....... . . . . 
. . . . . . . . . . . . . . . -

CAL-M DOWN . 

NOF7e! 

W0O0-N6 ... 

r----_,;..._ ...., 

lopcooej opei:c:AND /·D 
THe NUMBell OF BITS lleSe!lveD FOil THe 
OPE:AAND IS 1..IMITeD, AND Wf:: CAN'T HAVE:: 

AllBITFZAllll..Y I..ONl:I NUMBellS/ 

. . . . .

. . . . . . .
. . . . . . . .

THS NUMBS� WOUL.D ,· .. ·•· .. · .. ·:•:•:•:•:•:•:•:•:•:•:
fc:SGlUli:c:e Moi:c:e BITS THAN ·-:-:-:-:-:-:-:-:-:-:-:-:-:-:-

··-·.·.·.·.·.· we HAVe AVAll,ABL.e FO� -:-:-:-:-:-:-:-:-:-:-:-:-:-:
...... ·.•.••••· THS ope�AND, AND THAT .1:,:-:-:-:-:-:-:-:-:-:-:-:-:-___ .._.N. .... u-.... 1-+, ....... H-1 .... -t-1 .... '"'!.,' ._• ._• ._• •-• •-• ._• __ ......._WOUI..DN'T WOfc:I<, fc:l(?JHT?./6_._ ._._._._._._._. _. _. _. _. _. _. _ ...... 
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BUT IF we U5eD INDIR!;CT 
ADDR�?IN6, Wf; COUI-D FIR$T 

60 TO A Cl-0$eR ADDR�? 
NUM6eR TliAT WOUI-D ReGUIRe 

FeWeR BIT$ AND FIT IN THe 
Of'f;RAND. 

WOW, $OMf; OPCODe 
CAN'T WORI< WITH 

ceRTAIN ADDR�?IN6 
MODI½. 

AND A 6SNIU$ PRO6RAMMSR 
l..ll<S MS, OF COUR$S, !<NOWS 

AU OF THSM INTIMATSI-Y ... 
I SUPPO$S TliSY Ml6HT 66 A 

61T TOO HARD TO 6RASP FOR 
SOMSONS 1..ll<S YOU. 

AND DePeNDIN6 ON 
THe OPCODe, $0Me 
ADDRe5:,IN6 MODe5 

Ml6HT NOT Be AL.t.OWeD. 

0Ne ReA$ON WHY CPUs 
CAN S)(SCUTS COMPl-ex 

PRO6RAM$ I$ THAT THSY 
HAYS $0 MAt-N DIFfSReNT 

ADDR!½?IN6 MODI½. 

H NSVSR SAID I THOU6HT 
THSY WSRf; HARDI I'I-!. 6f;T 

THSM Rl6HT AWAY. YOU 
JUST HAVE'; TO SXPI..AIN 

THSM FIRST/ 

IN THAT CA<;;e, L.eT'$ TAC�L.e 
AL.L THe ADDRe$:,IN6 MODe$ 

IN ONe 60. 
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ADD��IN6 MODe OVe�VleW 

Modern CPUs can address memory In several different ways, which we call addressing 
modes. 

Af:JGOI-VT!: Al7l7�!:S-5/N6 

Absolute addressing is when the operand's value is used as the effective address (the 
address where the operation's target data is located). It Is also sometimes called direct 

addressing. 

IN5T�UCTION 

OPeAANP 20 

DATA 

Depending on the CPU. there are cases where the size of the opcode makes it so 
the CPU can't address the entire address space. It's possible to lengthen the operand size 
If need be. however. In 16-bit CPUs. It's common practice to store the opcode and the 
operand in 16 bits (2 bytes). but if the operand is lengthened. the instruction could end 
up being � bytes. or even 8. 

* AOD�e�%1N€S MODS$ 

:.� 

1. Absolute addressing 

:z. Relative addressing

3. Indirect addressing 

4. Address modification
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Ret.Arwe Al717f?e9,;ttv& 

Relative addressing is when the effective address is the result of the sum of the operand 

value and the program counter. 

IN$TJ<:UCTION ADDJ<:e$� MBMOrz:f 

OPSAAND TO 0 

P�O<SAAM 
10 COUNTBJ<: 

10 

a
20 DATA 

Relative addressing is most commonly used for jump instructions. Since the distance 

to the address we want to point out is limited by the range expressed by the two·s comple­

ment of the number of bits available in the operand. relative addressing is best used for 

cond1t1onal branching instructions in the program and 1s not recommended for any larger 

JUrnps in the address space. 

The base value for an operation that uses relative addresses is the current value of 

the program counter. or PC. As soon as the PC has read an opcode. it immediately starts 

pointing to the next opcode to be processed. 

Also. besides using the program counter as the base value for the relative address. 

we can use the address In a register instead. We call addresses like these xx-register 

relative addresses. 

Of'eAAND 'IYPE:S 17.3 



INPt�ecrAPP��/N@ 

Indirect addressing is used when the operand contains the address to some register and 
that register. in turn. contains the effective address for our target data. 

INSTRUCTION 

IOPo'AANP I 10 

The best way to think about Indirect addresses (and the address modification mode 
coming up next) is their close relationship with arrays in the programming language C. 
When working with arrays, you generally use the effective address as a starting point 
and add or subtract some offset values to or from it. ending up with a new address in 
the end. This process is what we call address modification. 

IT WAS A 61T DIFFICUI-T, 6UT I 
THIN,C: I 60T &V&RYTHIN6! 
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A(1(1f?�� M0(1/t=ICAT/ON 

Address modification is the process of using the value stored in a modification register 

to modify a number or address. We get the effective address by adding the value in the 

modification register to a base value. which may be stored in another register or 1n the 

program counter or even In an immediate value. 

OPell.AND IN$TFiWCTION 

MODIFICATION 
i.:ee,15,-ei;;: 

MODIFICATION 
11 0 flB6ISTBfl 1------1---------___ 'T __ _ 

COMBS WITH 
THB OPTION TO 

MODIFY THB VAL.UB 
IN THB OPBllAND 

INDIF:BCTL-Y 
Fi:BFBF:BNCeD 

ADDF:B?7 

� � 
0Nl-Y ADD THe 

VAl-Ue IN THe 

MODIFICATION 

�ee1?Te�! 

BA$B 

'-

ADDF:e% 
r---i.--, 

100 __ _ 

720 

11./0 

20 

0 

DATA 

One of the most commonly used modification registers is the index register. We 

usually call the register containing the value we want to use as a base the base register. 

Most CPUs create the effective address in this case by simply adding the value In the 
base register and the value in the modification register (the index register. for example) 

together. 

By using address modification in this way, you can achieve very practical effects. For 

example. you could extract some particular data from a set by specifying the offset in 

the index register and the start of the data set in a base register. 
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[ The Structure of Operations in the ALU ] 

RSME:M8E:R, 
UNDSR$TAND ARI 
OPSRATION IN$Tr.? 

AND !.06IC OPS 
IN$Tr.?IJCTION$, 

leT'$ 60 INTO 

FUN-TIME: MODE:!! 

ARITHME:TIC 

l06IC UNIT 

--\JIG-

YE:P! I'M 60IN6 TO U$E: THI$ 

4-BIT AW IC A$ AN E:XAMPL.E:.
IT$ NAME: 1$ 74?181.*

... HUH? I WA$N'T 

WAITIN6 FOR 
ANYTHIN6. 

AAHI Fi:l�HT, 
we we�e TAL..1<1Nc:, 

ABOUT THe AI.U!

IA 74�1s1, MADe BY7
l reXA$ IN$T�UMeNT�J

r 

• THe TI MICROCONTROI..LSR we TAt..l<eD ABOUT ON PA6e 1!77 U?eD FOUR OF THS?e 74?181 CIRCUIT$.

176 

THSY weRe IJ$SD IN MANY Hl6H•$PSeD C AI..CUI..ATION COMPIJTSR$-FOR SXAMPl.e, IN AIRCRAFT
$IMUI.ATOR$ AND THS 1..I1<e. THe 745-181 CIRCUIT WA$ eveNTIJAUY $IMPI..IFleD INTO THe 745-381 CIRCUIT.



HMM ... ? �o eveN 
ON6 OF TH&$& IC� 

15 CAPABL.& OF 
BOTH ARITHM&TIC 

OP&RATION5 AND L.061C 
OP&AATION5? THAT'$ 
PR&TTY IMPR&$:,IV6! 

YOU CH0056 ARITHMSTIC 
OR L.061C OP&RATION$ 
U$1N6 THe MOl?e PIN, 

AND YOU LI$& THe �e1.,ecr 
PIN!? TO D&T6RMIN6 WHICH 

OPSRATION TO DO. 

I $Sf. :,0, FOR &><AMPl.-6, 
IF l HOO"&D LIP TH& IC TO AN 

AIR CONDITIONSR, THe MOl?e PIN 
WOL/1..D 1.-&T M& CHOO$& IF l 
WANT&D HOT OR COL.D AIR. 

lNPlJT A 

INPlJT 8 

(EACH 4 BIT$) 

l$N'T IT, THOL/6 
IF YOU 1..00" AT 

DIA6RAM, YOU CAN 
H& SNTIR& PIN I-A 

exceL.l.eNTI l.eT'S FINISH 
UP TODAY'S L.�?ON 

BY HAVINc, A L.001< AT 
THe ARCHtrecrvRe 

CCl�CUIT DIAc,i;:AM) AND 
THe FUNCTION TABl-5 

Of THe 74?181 IC. 

THB �Tli?UCT\J�B Of OPBAATION? IN THB AW r77 



8A5IC Clf<!CUIT Af<!CHITeCTUf<!e OF THe 74:1181 

RE:FE:!i!E:NCf;D fli!OM A Tel<AS INST!i!UMSNTS DATA ,Heer CPARllAl-l.Y 1-!f;VJSf;D) 

s.eu�cr J :: -
3

----. 
PIN5 ""'\ 81 

l so -,::::=i-t!-!-
-r

,

83 

A3 18 

17 1i 

15 p 

__ 1_3 F3 

82 

INPL!T A 

INPUT B 
21 

ii2 

(EACH 4 81T5) 

81 

ii1 23 

MODe PIN iio ---"-------+---1 

� M _:B:.___Do-------------' 

CA�RY 
_..:, Cn 

11 
f2 

,o i11 

111:f'l
u 

Whaa! It's really complicated. but I can see the four-bit inputs A and B clearly. I also see the 

select pins SO through 53 and the mode pin M. 

• Yeah. that's right. The carry is also there. denoted by Cn.
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74�181 FUNCTION TABL.e 

ACTIVE-HIGH DATA 
SELECTION 

M=H M = L; ARITHMETIC OPERATIONS 

S3 S2 Sl so LOGIC OPERATIONS c. = H (no carry) c. = L (with carry)

L L L L F=A F=A F = A PLUS 1 
L L L H F=A+B F=A+B F = (A+ B) PLUS 1 
L L H L F =AB F=A + B F = (A+ B) PWS 1 
L L H H F•O F = MINUS 1 (2'S COMPU F = ZERO 
L H L L F = AB F = A PLUS AB F = A PLUS AB PLUS 1 
L H L H F • B F = (A + B) PLUS AB F • (A+ B) PLUS AB PLUS 1 
L H H L F•AEBB F = A MINUS B MINUS 1 F ,.A MINUS B 
L H H H F = AB Fa AB MINUS1 F = AB 
H L L L F=A+B F ,.A PLUS AB F • A PLUS AB PLUS 1 
H L L H F=AEBB F = A PLUS B F = A PLUS B PLUS 1 
H L H L F•B F = (A + B) PLUS AB F = (A + B) PLUS AB PLUS 1 
H L H H F =AB F =AB MINUS1 F = AB 
H H L L F=l F" A PLUS A• F = A PLUS A PLUS 1 
H H L H F:A+B F = (A + Bl PLUS A F = (A + Bl PWS A PLUS 1 
H H H L F=A+B F = (A + B) PLUS A F = (A + B) PLUS A PLUS 1 
H H H H F=A F =A MINUS1 F=A 

• Each bit is shifted to the more s1gmflcant pos1bon. 

For more information on the symbols used in these formulas. please see pages 55-59. PLUS and 
MINUS are exactly what they seem. The symbols +, -, and $ are symbols used in Boolean algebra 
(logical algebra). 

There are also some redundant or unnecessary operations In the diagram, as you might see. 

The most important parts of the 745181 function table are marked with gray. 

First off. Mis the mode pin. H stands for high, and L stands for low. When M = H. we are 
using logic operations. If M = L. arithmetic operations are being used instead. 

Arithmetic operations then further differ depending on whether we have a carry or 
not. If C" = H, that means we do not have a carry, and if c. = L. we do have a carry. 

And Sis the four select pins. right? Depending on the combination. we have 16 (2') differ­
ent operations to choose from! 
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0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Now lel's take a closer look al the opcodes in the function table. For convenience. let's 
assign a number to each of the opcodes: 0-15. or 16 in total. Of course these numbers may 
not be the same for other CPUs. 

I'll explain the ones wilh gray backgrounds in detail. 

Arithmetic Operations 

No Carry With Carry 
Logic Operations 

F=A F = A PLUS 1 0 F=A 

F=A+B F = (A+ B) PWS 1 1 F "'A+ B 

F=A+B F = (A + B) PLUS 1 2 F =AB 

F = MINUS 1 (2'S COMPlJ F = ZERO 3 F=O 

F =APWSAB F = A PLUS AB PWS 1 4 F =AB 

F = (A+ B) PLUS AB F = (A + Bl PLUS AB PLUS 1 5 F =B 

F = A MINUS B MINUS 1 F=AMINUS B 6 F=AEBB 

F =AB MINUS 1 F =-AB 7 F =AB 

F =A PLUS AB F = A PLUS AB PLUS 1 8 F=A+B 

F=API.J.JSB F = A PLUS B PLUS 1 9 F=AeB 

F = (A + B) PLUS AB F = (A + 8) PWS AB PLUS 1 10 F-a B 

F =AB MINUS 1 F =AB 11 F=AB 

F = A PLUS A F " A PLUS A PLUS 1 12 F = 1 

F = (A + Bl PLUS A F = (A + B) PLUS A PLUS 1 13 F =A+ B 

F = (A + Bl PLUS A F = (A+ Bl PLUS A PLUS 1 14 F=A+B 

F■ A MINUS 1 F=A 15 F=A 

..... ............. .. IMPO�TANT A�ITHMcTIC OPcAATION IN$T�UCTION$ .................. . 

0PCOtn6 

No carry: The calculation result F is the difference between A and B minus 1. 
With carry: The calculation result F is the difference between A and B. 

0PCO/71f q 

No carry: The calculation result F is the sum of A and B. 
With carry: The calculation result F 1s the sum of A and B plus 1. 
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.. ·· .. ···· ... ... lMPO�ANT �O61C 0PE:AATION IN5Ti.:UCTION5 ·· ··· ·· · ··· ··· · ··· ·· ·· ·· 

OPCOl?e 1: NOi? (A, 8) 

The operational result F is the negated output of the OR between the A and B blls. 

Thal 1s. 1t Is the NOR of the bits In A and B. 

oPcot?e 3: zel?o 

The operational result F is 0. regardless of the input. 

OPCOt?e 4: NANO (A, 8) 

The operational result F is the negated output of the AND between the A and B bits. 

Thal 1s. 1t is the NANO of the bits in A and 8. 

OPCOt?e 5: NOT (8) 

The operational result F is the NOT of input B. That is. every O bit in 8 Is flipped to a 

1. and every 1 bit In B is flipped to a 0.

OPCOPe 6: e-XOR (A, 8) 

The operational result F 1s the EXOR of the bits 1n A and 8. 

OPCOl?e q: eXNOI? (A, 8) 

The operational result F is the negated output of the EXOR of the bits in A and 8. 

OPCOPeJ0:8 

The operational result F 1s simply B. 

OPCOl?e If: ANO (A, 8) 

The operational result F is the ANO of the bits in A and 8. 

OPCOPe 12: ONe:; 

The operational result F is all ls. regardless of the input. 

OPCOPe 14: Oil (A, 8) 

The operational result F is the OR of the bits in A and 8. 

OPCOl?e 15: A 

The operational result F is simply A. 
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THANl(5 FO� TODAY! 
6Y THS WAY, HS�S'5 

THAT THINS I'VE BEEN 
l(Ef PINS FO� YOU ... 

6Y THS WAY ... WHY DO YOU 
CAL.l YOU� COMPUTE� 
THS "5HOOTINS 5TA�"? 

lll(f A METSO� ... 

. . . . . . 

. . . . . .
• • • • • ♦ .... .. . . ' .
: : : : : �. :::.:. � 
:::: .. )=�

=:·i:. 
·
�
···.·.·.·.

•, ... . . . 
::::

: 
... :- :- : -: ...... . . ....

. . . . . . . . . . . . . . .. . . . . . . .
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HM, YOU 5EEM TO 
BS TAl(INS SOOD 

CA�E OF IT. 

YEAH ... IT'5 A BIT 
5ENTIMENTAL. ... 

TO 5SN5E 
OD!! YOU'�S 

ED TO L.l5TEN 
THl5!!! 

UH ... wHe�e 
WA5 I ... 

IT MISHT SST A 
BIT L.ONS-WINDSD 

BUT ... 



!'Ve ACTUAL.LY BBeN 
over<seAs For< G2U1re 
5OMe TIMB DUB TO MY 

FATHBl<'5 wor<i,::.. 

THe Tl<UTH ... TH&N 
THAT MU5T MeAN ... 

AND l ONL.Y CAMe BACI" 
TO JAPAN l<&CBNTL.Y ... 

UNFAMIL.IAR 
SURROUNDINC% 
AND CUSTOMS, A 

DeePeNIN6 L.ONeL.IN�, 
HOMeSIC.ic:NeSS ... 

WHAT ON eAnH ARe 

YO/J /MABIN/NB?/ 
AN/? YO/J CAU Me 

l?el/J1?/0NAl?! 

AAH, DeL.U51ON5 
1.,1i,::.e THAT CAN Be 
FUN 5OMBTIMB$. 

IT'$ Nor A 
Dew51ON!! 
l'M TeL.L.IN6 
THe Tl<UTH! 

AYUMI! 
YOU 5HOUI..D 
INTl<ODUCe 

YOU!< 6U&5T 
TO MB. 

C. ICK
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OH MY! 15 IT YUU? 
IT'$ BSEN 50 L-ON6! 

YOU'V
c

i Bc:eN 
ABF:OAD FOF: 

QUIT!:: 70Mci TlMci, 
HAVciN'T YOU? 

IT MU7T Bci MOF:ci 
THAN 10 YciAF:7 7JNC!:i 
YOU AND AYUMI I..A7T 
PI..AYciD T06ciTHciF:. 
THI$ 17 MAl<IN6 Mei 

70 N07TAl..6IC! 
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MOM, 
DON'T <SST 

THS WFl:ON6 
IMPFl:S5�10N 
HSFl:Sl HS'$ 

JU5T A ... 

UH ... HUH? WHAT'$� 
60IN6 ON? 
WHY? WHAT? 

dQIJ�? 



s,e�IAL. T�ANSMl½ION AND PAAAL.L.eL. T�ANSMl½ION 

There are two types of digital data transmission: serial transmission and parallel 

transmission. 

oNe BIT AT A TIMe ?IMUI-TANeOU$l-Y! 

� 

0 

� ➔ 1

� ➔ 1
lij 
II\ ➔ 0
--

t(_
� 
iii 
hl� 

--

PA�AL.l-EH, T�AN$Ml5'�10N 

Systems that use serial transmission send data one bit at a time: systems that use 
parallel transmission send several bits at a time. An interesting thing to note is that USB

(as In USS memory or USS connectors) is short for Universal Serial Bus. which. as you 
might have guessed. uses serial transmission. 

One of the components often used in logic circuits is a shift register. This type of register 
can perform shift operations and nothing else. An example is the accumulator within 
the ALU. 

The most common use for shift registers is to parallel shift several bits of data 
(for example. 8 bits) to the right in one clock cycle. The rightmost bits are then con­
verted and sent as serial data. 

There is some discussion about whether this serial transmission function should 
be seen as part of CPU functionality or as part of 1/0. Overall. it's easier to think of it 
as the means by which the CPU communicates with devices other than the memory. all 
bundled together as "1/0 devices:· and as distinct from things not directly operated by 
the CPU block. 
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AN 0Ve�VleW OF �OMe BA$1C Re61$Te�$ 

Registers are useful in many contexts, and they are essential to the CPU. Here are some 

basic registers and their functionalfties. 

HlciHI-Y evo1-veD 
MODB�N CPll� HAVB 

eveN MORE; RE;cilSTE;RS 
THAN THIS. 

ACCVMVL.A70/l 

LOOl<JNci AT A 
CPU'S RecilSTB� 

CONFlciUAA11ON CAN 
reu. YOU A I-OT A6OUT 

ITS FeATURBS AND 
P�OPBRTIBS. 

This register stores calculation results from the ALU. It's designed In such a way as to be 
ready for the next calculation as soon as the previous one Is done. It's called the accumulator 

in part because it's generally used when incrementing values and counting sequentially. but 

also since it's often used as the input for a follow-up sum right after another calculation has 

finished. 

INGT!<VCT/ON /lE&IGTE/l 6 INGT/lVCTION OECOOE/l 

These registers store and decode the program instructions. This decoding process deter­

mines not only which operation to execute but also the operands on which to operate. 

5TATV5 /lE0IGTE/l 

The status register is a collection of nags that take the value 1 or 0 as a result of calculations 

and operations. These flags can determine the order of program execution and how the CPU 

interacts with 1/0 devices. Since flags are only 1 bit each. it is very common to lump them 

together in 8-blt or even 16-bit registers. There are many different kinds of flags. and you 

can read more about them star ting on page 187. 

MOf?/FICAT/ON /lE0/5TE/lG (8A5E /lc&IGTE/lG, /Nf?EX /lE0/5TE/lG) 

These registers serve as the starting point in certain addressing modes. The base register 

serves as a basis for address calculations. In relative addressing. adding an offset to the 

base register yields an effective address. 

Index registers hold fixed values that modify operand immediate values In special 

circumstances to form the effective address. For example. you would add the offset found 

in the index register to a data array's base address to find a specific value In the array. 

TeMP /lE0!5Te/l (TEMPO/lA�Y /lE0!5Terv 

Temp registers are used to save temporary data during the many tasks undertaken by the 

CPU. Depending on the CPU. some blocks of the circuit might have several temp registers 

available. You can see a temp register labeled in the diagram of classic CPU architecture on 

page 106. 
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PR00� COll�R (PC) 

The program counter holds the address to the next instruction to be executed. All CPUs have 
this register. 

�TACKPOl�R 

Necessary when working with a stack. this register holds the last used stack address. 

AN ove�v1ew OF ='OMe BA91C �TATU? FL.A6? 

When the CPU calculates a resull. status flags (status bits) m1ghl be sel or reset. The 
CPU makes decisions by evaluating the status flags. either Just a single flag or a combi­
nation of several flags. As a result of these decisions. the program might take different 
branches or end up doing different calculations. 

Z6RO F/...40 (Z-FlA0) 

Indicates whether the accumulator (the result of a calculation) is zero. If the CPU doesn't 
have a dedicated module for doing comparisons. the Z-flag might also double as lhe flag 
that reports the outcome or a comparison test (the EO-flag). 

�l0N F/...40 (�-F/...40) OR N60AT!V6 F/..A(ffe (N-F/..A(ffe) 

If the accumulator contains a number. this flag tells you whether the number is negative or 
positive. 

CAR�>' F/..A0 (C-F/...40) OR OVeRFt.OW FlA0 (OV-F/..A0) 

Indicates whether a carry or an overflow occurred in the latest arithmetic add operation. It 
is also set if a shift operation resulted in overflow. In the case of an arithmetic subtraction 
operation. It is not set if borrowing (the inverse of carrying) didn't occur. 

BORROW F/...40 

Indicates whether a borrow occurred during a subtraction. More often than not. a borrow is 
indicated by the carry flag not being set. but 1n some cases. the borrow flag might be used 
instead. 

6T F/...40 

This flag is set if the outcome of a comparison operation was "greater than." The GT flag's 
associated symbol is>. 

tr rt..A@ 

This flag is set if the outcome or a comparison operation was "less than." The LT flag's 
associated symbol is <. 

OPPFlA(ffe 

Indicates whether the result of a calculation 1s an odd number. 

INT6RRIIPT MA!iK 

Set beforehand. the interrupt mask determines what types of interrupts will occur. Setting 1t 
to all ls will disable interrupts. 
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INT���I/Pr Ft.Ai; 

Indicates whether an interrupt 1s in progress or not. This flag will be set even if interrupts 
have been disabled. 

WHeN THe 
CONDITION 1$ Mer, 

THe BIT 1$ 5eT TO 1, 
AND THe FI-A<:i 

$TAND$ UP. 

WHeN THe 
CONDITION 1$ NOT 

Mer, THe BIT 1$ 
i:;:e5er TO o, AND 
THe FI-A<:i 15 PUT 

BACIC: DOWN. 
1-

,.. 

� ' 

:::: 

b6 111 

:::::::-

· ·•:::\j/\··:··

THe �1.ff P IN$T�UCTION 

In addition to other control instructions. such as branches and jumps. there are instruc­
tions like STOP and SLEEP. The SLEEP instruction disables the program completely. put­
ting it into a resting slate temporarily until some input (such as an interrupt) occurs. This 
function exists on the system level as well. 

By using the SLEEP instruction. the CPU is able to slow the period of the clock and 
thereby the program. leading to lower power consumption. To return the CPU to its 
normal state. some kind of button on the device usually has to be pressed lo trigger an 
interrupt in the CPU itself. rousing the system and programs back to full speed. 

188 CHAPre� 4 0Pl::�ATIONS 





( Assembly and High-Level Languages ] 
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• 
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• • •
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• • • •
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• • • •

• 

• • 

• • 

• • 

• • 

• • 

• 

• 

• 

• 

• • 
• • 

• • •
• • 

HOWCOUW l 

HAVe COMPtere1.,y 

FO�SOTreN HIM ... 

�SAl-!.Y ... HOW COUI-D 
YOU NOT Fc:SMeMBSFc: 

HIM? 1.1me YUU FF<:OM 
DOWN THe ?TFc:eeT • 

MAYBFL 

U U?SD TO 

HO<91 TO<9eTHe 
THe TIMS ... YOU 

6TTY IN?SN?ITIV 
elN<9 MY DAU<9 



NO, THAT CAN'T 
61:? ITJ I !(NOW 

I'M 5MARTII 

ARI:? YOU DONt? 
TAl..l(IN6 TO 

YOUR51:?I..F Yl:?T? 

I WA$ AWAY FOR 
50 I..ON6, IT'$ NO 

WONDl:?R YOU DON'T 
Rl:?Ml:?MBl:?R Ml:?. 

SNOU6H ABOUT 
l..fi'5 TAI..!( AB 

PRO6AAM5 TO 

U-UMM ... I Mt?AN ...
ABOUT YOU ...

YOU'D 61:?TT&R L.15Tl:?N 
Rl:?5Pt?CTFUI..L.Y TO 

6t?NIU5 PRO6RAMMl:?R 
YUU KANO'$ 1:?Vl:?RY 

WORD Vl:!<Y 
CARl:?FUI..L.Y! 



WHAT A�e A95eMBl,Y 
l..AN6UA6e?? 

e !$Al 
we'1<e 6 

TO I..SARN 
PRO6RA 

DO YOU 1<eMeMBe1< 
THAT we L.eA1<NeD ABOIJr 

THe$S IN$TRUCTION$ 
U$IN6 MNeMONIC$'? 

AH! I l<SMSMBSI< 
THS$e! 

8UT we $HOUL.D 5i<IP 

$T�Ai<:,HT TO THe 
CONCI..U$1ON 6f;CAU$f; 
YOU ACTIJAL.L.'Y AL.�f;ADY 

!<NOW ABOIJT THf;M/! 

WHAAA,$O MY 
MeMO� 1<eAL.I.Y 1$ 

BAD AFT&!< AL.I.?! 

l-DA ADD1<e$� 1 
�BAD THS DATA AT ADD�e57 1 AND 

$TO�!; IT IN TH!; ACCUMUL.ATO� 

ADD ADDl<e$� 2 
ADD THS CONT!;NT AT ADD�e57 Z TO TH!; ACCUMUL.ATO� 

�TA ADDl<e$� 3 
7TO�f; THe CONTeNT IN TH!; ACCUMUL.ATO� TO ADD�� 3 

ANY COMBINATION Of THe$e 
IN$Tl<UCTION$ 1$ AL.ReADY A 
P/<O@l<AM (01< l<ATHe1<, THe 
$OU1<Ce cooe FOR ONe*). 

. . . . . . . ......
NOW THAT YOU 

Mf;NTION IT, YOU DID 
5AY P�Oci�AM':1 

A�f; WO�!< 
IN5T�UCTION$ ... �061<AM 

(WOl<I' 
IN$Tl<UCTION$) 

. . ' . . .. . . . . . 
. . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . 



AND we CAl.,l.. ANY 
L.ANGIUAGie MAl?e TO 

Wl<ITe Pl<OGll<AM$ 
A Pl<O&RAMMIN0 

/.AN0/JA0e. 

HMM ... HIGIH­
i..eveL., AS?eMBL.Y, 

AND MACHINe 
L.ANGIUAGies... .. 

NO, IT'S HIGIH-L-eV8L-, 
NOT Hl6H-C/.A��-

A �06�AMMIN6 U$65 A�AAY$ OF 0� 
1..AN6UA66 L.11<6 C MN6MONIC$ AND 1� 

H16H-l.eVSL. A$$!:MBL.Y MACHINE: 
1..AN6UA6S$ 1..AN6UA66$ I..AN6UA6!: 0

1,. <L._ __________ > "'o',. 
f;A$Y FOR 

A$Y FOR Pf;OPL..E? THE? CPU TO 

TO UNDSR$TAND UNDE?R$TAND 

A$ YOU CAN '!7ef, 
THe1<e Al<e MANY TYPe$ 

OF L.AN6UA6e$. THe ONeS 
THAT use MNeMONIC$ 

Al<e CAL.Lei? A��8MBL-Y 
/.AN0/JA08�. 

I DON'T �6AL.L.Y 
66T IT, BUT AT t..E:A$T 
IT MAI'S$ $6N56 THAT 
THI: HISH-t..evet.. ONS? 

CI..A$$Y CA�5 AND 
HOTE:t..5-YOU CAN 

66T A t..OT BY 51MPL.Y 
U51N6 50PHl5TICAT6D 

I..AN6UA6e. A�e ON TOP!! 

-L-8VeL- $1M

t.eT'$ TAU� A 
BIT ABOUT THe 
01FFe1<eNce ... 

THAT IT'$ eA5Y F
i..e TO UNl?e1<5TAND
CAN Be USeD WITH

NY TYPe OF CPU.

eeN AS?eMBL-Y 
A6e5 AND HIGIH­
L. L.AN6UA6e5. 



THc CHAr<ACTc�l5TIC5 OF A55cMBL-Y LAN6UA6e5 

AND H16H-Lever.. LAN6UA6e5 

. . . . . . . . . . . . . . . . . . . . . . . . .  . 
. · · · · · · · · · · ·· .. . . . . . . . . 
� - .... ·-: - -----�"""'-'l : • DID YOU• KNOW ...

HUMAN 1..AN<SiUA<Sie5 
A'jl.e CAL.1.eD NATlll<Al 

lANt3IJAt3e9. 

Okay. let's talk a bit about the assembly languages that are easy for CPUs (machines) to 
understand and the high-level languages that are easy for people to understand. 

A P'jl.O(Si'jl.AMMIN<Si USe5 A�'il.AYS OF O!> 
L.AN<SiUA<Sie 1..Iic:e C M1NeMONICS AND 1!> 

Hl6H·I..SVSI.. A�M81,Y MACHI NS 

Q
I...AN@UA6� I...AN6UA6S? I...AN6UA6S 

<�---> r,;r, 
f;ASY FO'jl. f;ASY FOi<: � 

peoPL.e TO THe CPU TO

UNDe!c:STAND UNDe!c:STAND 

Umm. I don·t think I really understand what you're saying. Because machine language 1s 
made up of arrays of 1s and Os. I see how that would only be understandable to CPUs and 
not people. 

But wouldn't assembly languages be pretty easy for people to understand because 
they use mnemonics ... ? Instructions like ADD are Just plain English .... 

So how could high-level languages be even easier to understand than that?I 

Heh. that's a valid question. It's true that assembly languages are rather easy to 
understand. 



But that's because you already know how a CPU works and you've learned about registers 

(like the acc1.1mulator). addresses. and different kinds of 1nstruct1ons! 

With a high-level language. you don't have to care about things like registers. 

addresses. and instructions if you don't want to. Some high-level languages don't even 

let you work with low-level concepts like that. For example. if you want to add two and 

three together In a high-level language. you can just write. "a = 2+3"! 

a 2+3 
,vV'\ 

t 
THI$ 19 A VAR/ABU:. IT'$ THS ��UL.T OF THS 
ADDITION AND 1$ STO�SD TO AN A�BIT�AFi:Y 

L.OCATION. YOU DON1' HAYS TO SPSCIFY WHei:c:e 
IT'$ 601N6 CWHSTHS� TO A Fi:S61$TSFi: 01<: A 
MSMOFi:Y L.OCAT lON) IF YOU DON'T WANT TO. 

Whaaa??! But that's completely different from everything we·ve learned so far! 

So high-level languages are easy for people to understand. You're saying they let us 

write more intuitive instructions without having to care about how the CPU works! Is that 

right? If it is. that would be groundbreaklngly useful. and it makes a lot of sense why it 

would appeal to people. It's really close to how we think. 

Heh heh heh. It seems you understand the appeal of high-level languages then. High-level 

languages are used for all large-scale program development. essentially. 

There are other advantages of high-level languages. as well. Let's look at those. 



Programs written 1n high-level languages can be used on a variety or CPUs. In contrast. 
assembly language Instructions (represented by mnemonics) that run on one CPU probably 
will not run on other CPUs. They are CPU type dependent. Mnemonics relate directly to the 
instructions offered by a specific CPU instruction set. and they can·t be run on CPUs that 
don't support that set of instructions. 

ONE: CPO 

- ,.
,-. -..

,, .__... ,, 

A DIFF!;P:E:NT 

TYPE: OF CPU 

ONE: CPU 

,, �" 

A DIFF!;P:E:NT 

TYPl:1 OF CPU 

THE: DIFFE:F::f:NCE: BE:TW5fN Hl6H-L-f:VE:l- l-AN6UA6E:$ 

AND A%•E:MBL-Y L-AN6UA6f:S 

Hmm. I see how high-level languages are super useful. ... But what are the advantages of 
using the assembly languages you·ve been teaching me. then? 

I mean. 1f high-level languages are this useful. why did you bother teaching me about 
the CPU structure and assembly in the first place? I kind of get the feeling that using high­
level languages is the new way to do things and assembly languages were the old way .... 

No. that's not true! Especially in scenarios where execution speed 1s paramount, assembly 

languages are very useful since they can push the CPU closer to its potential limit. 



Assembly languages are essentially using mnemonics for a specific CPU instruction set. 
right? This means that assembly languages are easy to convert to machine language and 
don·t waste much CPU time. 

(
/ AS�BM61-Y�

I 110t·�· I 
L.AN<:,UA<:,B -
P!<:Oc,AAM 

-- -

eASY TO GONVB!<:T TO MACHINB L.AN<:,UA<:,e! 

Some human-readable programming languages. like C. need to be compiled lo convert 
them into machine language that the CPU can understand. 

Even though the code might be easy for us to understand. it comes with a price. 
Because the code is being translated from a high-level language into a form the CPU can 
understand. ,t might end up executing slower'" than if you had crafted it yourself in assem­
bly code. The calculations will turn out correct. but the way that the translation system 
ends up performing the calculation might not be the most efficient. In the end. this means 
you might not be able to use all of the CPU's potential if you use a high-level language! 

WHBN A Hl6H-I-SVBI- 1-AN<:,UA<:,B IS TAANSI-ATBD 
INTO MACHINB L.AN<:,UA<:,B, UNNBCBS�A!<:Y PA!<:TS 0� 
INBFFICIBNCY A�B INT�ODUCBD INTO THB �Oc,!<:AM. 

0hh. I see. Using assembly languages. you can write more efficient code that uses the CPU 
to its full potential! Assembly languages are so incredible. they are still in use today. 

• But ifs worth mentioning th�t modern CPUs arc so fast th..1l the delay doesn't re.illy ilffcct us much in

most cases. even 1f some operations do take slightly longer.

A½SMBI..Y AND Hl1:>H-Leve1.. LAN1:>UA1:>es 1'17 



The computer programs that we use every day Include word processors. chat programs. 

and spreadsheets. We call these application programs. or Just applications. Creating 
applications requires an incredible amount of work from many programmers over an 
extended amount of time. We call programs like this large scale. and the languages used 
to create them are generally high-level languages. Some examples include C. the slightly 
newer C++, and other languages such as Java and Python. 

When developing with a high-level language. you don't have to be aware of the 
CPU's machine language instructions in the same way that you would if you were devel­
oping with an assembly language. You also don't have to pay attention to the different 
addressing modes we talked about before. 

Program source code that's written in a high-level language has to be compiled so 
it can be converted into the machine language that the CPU can execute. Since this pro­
cess is automatic and tries to optimize the use of addressing modes. among other things, 
the developer doesn't need to rack their brains paying attention to the CPU's instruction 
set or the different registers or even the addressing modes. themselves. 

But when writing smaller-scale device software. it Is still not uncommon to use 

assembly languages. In these situations. ff you don't know everything there is lo know 
about the CPU's peculiarities. its addressing modes. and more. writing correct software 
will be more or less 1mposs1ble. 

The mnemonics you use when writing assembly code in a particular CPU's instruc­
tion set are automatically converted into binary opcodes through a process called assembly. 

In effect, you are assembling the assembly language source code Into a CPU's machine 
language. 

Today, even basic software like your operating system (Windows. for example) is 
mostly developed using high-level languages like C. But parts that are critical for perfor­
mance may still be developed using assembly languages. This 1s also true for software 

such as simulation applications. where assembly code might be used to optimize certain 
parts of the program that need to be blazing fast. 



rHe DIFFe�eNce aerweeN 

P�06�AM5 AND �OUi<Ce cooe 

Let's see. We talked a bit about programs and source code before. The two words might 
seem to mean the same thing. but they are different. strictly speaking. 

Hmm. it might be cool to know the difference. I'm all ears! 

Sure. A program usually refers to the chain of instructions fed to a computer to make it do 
something. A program combined with all the other resources it needs to perform its task 
is referred to as object code. while the word source code is usually reserved for the code 

(machine or high-level) used to create the program. 

P�ODUCE:D s
0Y HUMAN$ ,1 

v
i,. 

Pee 

!:V!:�YTHIN6 
TO6eTHE:� 

Source code includes all of the ihstructions and text produced by humans. while the object 
code is the machine code that Is produced when the source code Is compiled. which is then 
executed by the CPU. Some recent Al (artificial intelligence) can even automatically produce 
source code. 

Huh. I think I get it. Programs are the work instructions and their resources. Source code. 

on the other hand. is the instructions and text produced by humans to generate the work 
instructions. 

You might also run into the term source program. but for simplicity"s sake. you can just 
think of this as being the same thing as source code. 

A$?c,M0!-Y AND Hl6H•LeVE:!- �AN6UA6E:$ l'l'l 



( Program Basics ] 
WHAT CAN YOU MAI<!::: U51N6 CONDITION5 AND JUMP5? 1--.--

COMe AT Me! 

OAAY, l-eT'$ 
$UMMMJZe WHAT 
MA�es THe BA$!$ 
OF A PJ.:0<91.:AM. 

I'U $e�ve BACI' 
ANYTHIN6 YOU 
TH�OW AT Me! 

IT'U. Al-$0 $ei.:Ye 
A$ A i.:ev1ew OF 

THe THIN<9$ we've 
t..eAJ.:NeD $0 FAJ.:. 

Fl�$T OFF, IF we'�e ONL-Y 
U$1N6 O?e�ATIONAL­

IN$T�UCTION$ CA�ITHMeTIC, 
L-O6IC , AND SHIFT$) AND 

DATA ACCeS:1 ... 

THeN THe�e 1$ ONL-Y A 

$1N6L-e PATH TH�OU6H 
THe P�O6�AM. 

BUT IF we Al-$0 U$e CONDIT10N$ 
AND Bf.:ANCHe$ (JUMP$) ... 

200 CHAPTelc: 5 Plc:O@AAMS 

we CAN wi.:rre 
COMPt..ex P!.:0<9AAM$ 

THAT CAN CHAN<9e 
execunoN Fl-OW 

DePeND'IN<9 ON 
DeCl$10N$ MADe 

BY THe CPU! 

UH�HUH. IT 
JU$T �et?P5 

P!.:OCe$�1N<9 
ONe IN7T!.:UCTION 
AFTe!.: ANOTHei.:, 

J.:1<9HT? 

THI$ I$ NOT 
A 6AMe!! 



::,. 

YSAH! I HAVSN'T 
F0�6omN. 

?l!it 

THAT'5 COli!Rt;CT! YOU 
CAN THIN� Of eACH fl.,A(f;, 
A5 li!t;Pli!e5t;NTIN(f;I TWO 

Dlfft;li!t;NT 81i!ANCHe5, 5INCe 
eACH Of THeM CAN l;ITHeli! 

Be A 1 Oli! A 0. 

t..l� THI$! 

Tlrie fl-A(f;I 15 
5TANDIN(f;I UP! 

THe fl-A(f;I I5N'T 
5TANDIN(f;I ... 

-F>�

eXAMPI-
NCH COUl­
�Ne(f;IATIVe 
05mve" o 

?Oli!N0." 

�T (1) 

AND If we 5TAli!T 
CON5IDt;li!IN(f;I CONDmON5 
INVOI-VIN(f;I COMBINATION5 

OF 5eveli!AI- fl-A(:;15 ... 

YOU CAN 5ef HOW 
THI$ WOUI...D L,t;AD TO 
A I-OT Of POTt;NTIAl-

61i!ANCHe5. 

THIS WOUL.D 8£: li!!:AL.LY 
US!:FUL. IF W!: WANT!:D 

TO Cli!!:AT!: A MO!i!!: 
COMPL.£:)( P!lO6AAM! 

CONDITlON aF we CONSID!:ll A COM81NATION OF TWO FL.Ac,$, 
we !:ND UP WITH FOU!i! 81lANCH!:S) 

Pli!OC�INc, 

P.JL 
(1) (0)

f'li!Oc,AAM BASICS 201 



AND IF W'f: Al..$0 APPL.Y 
C.ONDmONAI.. JUMP$ ... 

f
r IN THl5 N,eAT 

I...ITTL..e DIA(::IAAM, 
we �epeAr rHe 

5AMe INST�UC110N5 
ove� AND ove�. 

u CAN "eep
JIN6 TH'f: $AM'f:
e$:i IN A I..OOP

ON6 A$ $0Mf
DITION 15 M'f:T.

No 

W'f: C.AI..L THIS­
A RePeAT/N@ 

PROCe&f?. 

THe 
CONDmON 

1$NO 
1...0NISSJ< 

MST. 
0NWAJ<DI 

OOOH! THl5 5eeM5 eu·/[���51iJp '\;;;;: 
�eAL.LY U5eFUI.... TAl.."IN6 ABOUT 

W'f:I..L, NO. TO B'f: 
ABl..'f: TO C.R'f:AT'f: 

PR06RAMS-, 
YOU WOUI..D, OF 

C.OUR$'f: ... 

TH'f: BA$1C. 
C.ONC.'f:PTS- H'f:R'f:. 

YOU CAN 
�ePeAT A 5e�1e5 OF 

IN5T�UC110N5 WITHOUT eH?! 
HAVINc:i TO W�ITe THeM THAT'S, IT?? 

MUI...TIPL..e TIMe5. 

N'f:fD TO HAV'f: 
AlOTMOR'f: 

IN-D'f:PTH 
!'NOWl..'f:D6'f:. 

20Z CHAPrel< ;; l'J<OISAAM$ 
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NO MATreR HOW COMPL-l�X 
THe PRO6RAM AND 

Re6ARDl-e?S OF THe 
l-ANSUASe useD ... 

Ye':1!! 

I see. ?O CONDITIONAi,.. 

DeCISIONS AND 6�ANCHe$ 
(JUMP$) A�e THe 

FOUNDA11ONA(... sec�eTS 
TO UNDe�STANDIN6 ANY 

P�O6�AM f(...OW! 

THeRe'5 NO 
DSNYlN6 THe- SXTReMe 

IMPOITTANCe OF 
CONCePTS l-ll(e 

CONDITIONAl-
DSC1$1ON$ AND 

BRANCH INS!! 

AND IF YOU WANT TO l-SARN 
MORS ABOUT PRO6RAM$, 

THeN ReAD A$ MANY BOO!($ A$ 
YOU CAN AND WADe THROU6H 

A$ MUCH $OURCe CODS A$ 
P0$�1Bl-e ... ! 

eVeRY. .. $1N6l-e ... DAY ... 

THe ROAD TO 
BeCOMIN6 A 6SNIU$ 

Pl<:O6RAMMSR!! 



9 
. 

' 

WHAT �HOUL.D We MA'(:.E: THe COMPUTe� DO? 

By the way. we've been learning about programs today. but try lo remember when we 
talked about dig1tizat1on of information. In modern society. by d1g1tiz1ng things like music. 
images. video. and any other type of information, It becomes a lot easier to process infor­
mation using a computer. 

Ah. I remember us talking about something like that. Now that I think about it. it's actually 
kind of amazing! 

I mean. 1f computers can handle any type of information. then you could do all kinds of 
things 1f you just created an amazing enough program! 

Yeah. It's JUSt as you say. Things that weren't even conceivable in the past are gradually 
becoming reality today. 

One good example is the facial-recognition software used in some modern security 
applications. These programs convert human facial features (such as the distance between 
the eyes. the position and size of the rnouth and nose. and so on) into numerical values and 
use them for calculations. Some programs can then differentiate among human faces by 
using this information. 

I see. It feels a bit like science fiction that computers are actually able to tell people's faces 
apart. It might even be a bit scary. But on the other hand. it could be used for fighting 
crime. 

It seems like it might be a lot of fun to create a really cool program. I wonder what I 
would have It do. Maybe stock market or horse race predictions ... ? Some program that 
would automatically make me a lot of money .... 

Ah! Let's put your personal desires aside for now. But thinking about what you want to 
make your computer do and what people would find useful are two very Important aspects 
of creating a program. 

204 CHAPTBI<: $ Pl<:061<:AM5 



YOU'�e weA1<. 
I'M BOP:eD. 

... BY THe WAY. .. 
MOM ABOUT WHeN 

e we�e !<ID$ ... 

� E:VeN THOUGH IT'$ 
IN THe PA$T NOW, � 
! DO Feel- !<IND

• OF BAD ABOUT IT ...



w-weu, 1
?UPPO?e IT WA? 
L.1i,::.e THAT, 8-BUT 

IT'5 AL.t, IN THe 
PA5r NOW. 

YOUR MOM 5URe 
Re- Re- ReMeMBeR? 

A L.OT OF ?MAL-1-
DeTAIL.$ THOUGH, 

HAHAHAHA! 

I ... I N!We� STOP�D 
TO CONSIDe� THe 
fl::El..lN<:;,S OF THe 

peoPL.e WHO l..OST 
TO Me. 

AYUMI ... 

THAT YOUR TWl?TeD 
PeR?ONAL-ITY 5TeM5 

FROM L.0$1N6 SO 
6ADL.Y TO Me AU 

THO?e TIM�?! 

AND TO THeN 6ROW IUP 
INTO THe 61-00MY AND 
TWl?TcD ic:.1D YOU A�e 
TODAY, CReATIN6 THAT 
5H061 6AMe ONL.Y TO 
TRY TO RID YOUR?et..F 
OF YOUR HUMIL.IATION ... 

IT'? A TRA6eDY 
BORN AL.I- 6cCAUSe 
I WAS TOO SMART!! 

I'M $0 $0RRY!!! 

YOU-

COUL.D IT ee ... 

I CAN'T TeL.1- IF 
YOU'Re APOl-061ZIN6, 
$YMPATHIZIN6 WITH Me, 

OR IN5UL.TIN6 Me ... 

Ar U�A,r CHOO,e oNeJ! 



�ONOW 
we'�e eveN! 

IT'S ANNOYINc,, 
6UT IT'S A FACT 

THAT I I-OST. 

!10 DID YOU 
ACTUAi-LY RID 

YOURSBI-F OF THAT 

IT'S AU WATBR UNDt?� 
THe 6RIDc,t?/ MY O1-D 
Rt?Cl<l-B?'!, �t?MARl<S, 
eveRYTHIN6-6ONt?! 

YOU c,(...O0MY, TWISTED 
1-fTT(...t? BOY, YOU!! 

PL..eA$t: B�IN6 
THe �HO0TIN6 

�TA� WI TH YOU. 

HUMll-lATION we 
TAl-i<BD ABOUT? 

eVeN THOU6H WHA T YOU'�e 
$AYIN6 NOW 1$ WO�$& THAN 
ANY THIN6 YOU COUL..D HAve 
P0$�1BL..Y 5AID Bf:FO�t:?! 

e NOT 
PL..ANNIN6 
f:TTIN6 IT, 
OU??/ 



Programs for small devices that use microcomputers are usually stored in ROM. In per­

sonal computers. only the BIOS (the Basic Input/Output System) 1s stored in ROM. which 

in turn is used to load the operatmg system (OS) from an external device (such as a hard 
dnve) Into RAM. Programs are also loaded into RAM before execution. 

At the dawn or the CPU era some decades ago. miniature OS-like systems called 
machine code monitors were used when developing assembly code line by line. 

Nowadays. even assembly programming is done on personal computers. Each CPU 

maker provides development tools to allow programmers to more easily develop assem­
bly language programs for their CPUs. You can create your program using these tools on 
your computer, attach a ROM writer to the system to embed your program into ROM. and 
finally integrate the ROM into your target system. 

A more recently developed method allows programmers lo transfer the program 
from a computer to the device·s non-volatile memory. This saves a lot of time because 

you can check how the device performs without having to rewrite the ROM every time. 

AM 

P�06�AM$ A�& $TO�&D IN ROM 

(NON-VOt..ATlt..e MeMO�Y)! 

It's also worth mentioning that the method of rewriting a program on CPU ROM 
without detaching it from the system is called on-board programming. 

WHAT HAPPeN$ BeFo�e A P�06�AM I$ execureD? 

Let"s talk a bit about what happens when you load a program you·ve written into ROM. 
What does the CPU do as soon as you turn on the power? 

Simply turning on the power doesn't actually do anything. as there is a significant risk 
that the system will not perform as expected before the voltage has climbed to a certain 
level. To ensure that the CPU will operate properly. the circuitry on the CPU board must 
keep the reset pm low until the power supply voltage stabilizes and the CPU"s clock gen­

erator starts functioning normally. 
The dock generator normally starts operating before the power supply voltage 

stabilizes. so when the power supply voltage reaches the correct level. the CPU board"s 

reset circuit sets the reset pin to higt,, and the CPU can begin executing instructions. The 
voltage needed for this is generally specified in the CPU's documentation. 

At this point. all the preparations are done for loading the first line of the program. 

After releasing the reset state. the first thing the CPU does is load a reset vector. 
The reset vector Is usually written to the first or last part of the memory the CPU 

manages. and it tells the CPU where to find the first instruction of the program to run 
after a reset. For a PC. this would be the BIOS. 



Fte5c?T 
FIRST CHeCI( 
THe Reser 
vecTOR! 

Vc?CTO!it ����� 

� �L.<..L.<I 

THe ADDRes� IN 
THeRe 00 1$ THe 

FIRST INSTRUCTION 
OF THe PR06RAM. 

The CPU will then run the instruction at the address specified by the reset vec-

tor and proceed normally from that point. It would execute the program the instruction 

belongs to. perform calculations. and process data in accordance with the program flow. 

If the reset pin were to become active for any reason. the CPU would instantly cease all 

activity. no matter what it was currently working on. and return to its initial state. 

A reset is actually a type or interrupt. like the ones we learned about in earlier 

chapters. Although we learned previously that interrupts can stop a CPU from running 

its current set or instructions and make 1t run instructions at another address. we haven't 

learned how the CPU knows which address to Jump to. Each type of interrupt has an 

address associated with it. and the data structure that stores the addresses to execute 

depending on which type of interrupt occurs Is called the interrupt vector table (/VT). The 

reset vector ,s at a set location in memory. and it is the first value in the interrupt vector 

table. That's how it works at a very high level. but IVTs vary from CPU to CPU. so the 

location or the reset vector will depend on the CPU's specifications. 
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THe INTeRRUPT vecTOR 

TABL.e, we CAN $ff; 
THAT we SHOUL.D ... 

execLJTe x IF we eier 
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lNTei:z:RUPT A 
TABLc? 

.. 

INTeRRUPT 6 

.. 1---------1 

WHAT HAPF'SN5 8£:FO.te A P.tOISAAM I$ exect.rreD? zoq 
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H1$TO�Y OF THe MIC.�OCONT�OL.L.e� 

Microcontrollers have a very interesting history. The very first electronic calculator used 
an ALU made with electron vacuum lubes. It was very large by today's standards, taking 
up an entire room the size of a volleyball court. This was around the time of World War II. 
In the 1940s. England and other countries were in the middle or developing electronic 
calculating machines to decipher the codes that the German army was using. Unlike 

modern computers. these were not developed in an open international marketplace 
but instead in top-secret military research laboratories. Because of this. it's not clear 
whether the American ENIAC computer. presented to the world in 1946. was truly the 
first computer or not. 

The first transistor was invented in 1947. displacing electron vacuum tube calcula­

tors with semiconductor-based technology. And with the invention of the integrated 
circuit in 1958. the miniaturization of electronic calculators progressed significantly. 

Even so. the 16-bit minicomputer seen in Chapter 4. which used four 74S181 chips. 
was not developed until 1972. Removing all external devices. it had a width of 60 cm, a 
height of 30 cm. and a depth of 45 cm. It could handle an address space of 16KW (kllo­
words, where 16 bits of data is equal to 1 word). which is what we would call 32KB today. 
(Compare this to modern SO cards. which are able to store 32GB of data or. In terms of 

memory size. about a millton times more data.) 
In the second half of the 1970s. Intel introduced its one-chip CPU as a mass­

produced commodity. This product instantly dominated the market. lowering costs 
across the board. 

The one-chip CPU also heralded a new age from 1976 011ward 111 which amateur 
electronics enthusiasts could afford learning kits (for example. the Altair 8800 micro­
computer). With these, they could learn how to program in machine language with the 

one-chip CPU as a base. 
This is also around the time when the term personal computer. or PC. came into 

popular use. since you could finally have one of these technical marvels for yourself. 

220 CHAPTeFZ 6 MICFZOCONTFZOl-1-eFZ-S 



But progress did not stop there! One-board controllers that fit the CPU, memory, 

and 1/0 controllers onto a board about the size of an A4 sheet of paper were developed. 

Eventually. these components fit onto a single IC chip that could be used to control all 

sorts of devices. 

Because these ICs had CPUs that were inseparable from their ROM or RAM memory 

and integrated 1/0 ports. they could store programs. perform calculat,ons. and handle 

input and output. These I Cs were called m,crocontrollers since they were comparatively 

small and controlled other devices 

After this, there was a desire for larger memory, which stimulated a demand for 

larger computers. as well. But the small-scale devices that use integrated one-chip 

microcontrollers are still in very high demand today and are used in everything from 

household electronics to toys. 

And so microcontrollers contain everything from a CPU to memory to 1/0 controllers. 



�. ·.·.·.·.·r·······•··. . . . .. . 
. . . . ... 

: 
• # • 
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• 

a 

We should take this opportunity to talk a bit about DSPs, as well. 

• 

DSP? Yet another strange acronym. So, what are they? 

DSPs. much like CPUs, are ICs that perform operations. Bul compared to CPUs, they're 

extremely fast. 

� 

MUI..TlPL.le1<­

ACCUMUI..ATe 

OPSRATION 

Cli<CUIT 

Their "'brain"' is made up of what is called a multiplier-accumulate operation circuit. 

This essentially means DSPs are really good at doing multiplication and addition at 

the same time! 
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Whoa! So what's that good for? I suppose it has to be good for something. 

Yeah. It turns out you have to do a lot of multiplication and addition when processing digital 

signals. especially for audio recordings. In fact. that's what DSP Is short for-digital signal 

processor. 

Audio ... so ... when I'm talking on my cell phone. for example? I suppose my analog voice 

has to be converted to digital form somehow for it to be transmitted to my friend on the 

other end of the line. 

That's correct! Most modern mobile phones have DSPs. They're also being used more 

often for digital filtering in audio devices and for the operations required to improve acous­

tic effects. 

Wow. so they're all around us. these DSPsl 

Currently. development for a one-chip DSP with large RAM at the level of a microcontroller 

is underway. 

I see. So they're good at doing multiplication and addition at the same time. which is useful 

for digital signal processing. 

While CPUs are really important. I get the sense that DSPs are. too. I'll make sure to 

remember them! 



D=1P? AND MUL.TIPL.le�-ACCUMUL.ATe 0Pe�ATION5 

During the development of the CPU. there was a growing need for increasing the pro­
cessing speed of calculations-In particular. division and multiplication were a lot slower 

than desired. 
As we've seen. the CPU's ALU was mostly geared toward performing addition and 

subtraction at this time. Using these older ALUs. you had to repeatedly perform addition 
to multiply two numbers and repeatedly perform subtraction to d1v1de two numbers. At 

the time. computers were becoming more popular in scientific applications. which meant 
that demand for high-performance multiplication was very high. This 1s when develop­

ment of the circuits that were capable of floating-point multiplication really took off. and 
the result was the digital signal processor. or DSP. 

To process digital signals. DSPs perform fast Fourier transforms (FFTs) on them. 
This requires a lot of simultaneous additions and multiplications. To perform these multi­
plications and add1t1ons efficiently. DSP ICs have a multiplier-accumulator circuit. 

Shortly after D5Ps were developed. mobile phones started to use digital trans­
missions. and digital voice signal processing and filtering became more common. The 
transmission stream could also be compressed. and the receivers started using systems 
with DSPs at their core to convert the raw voice data using vocoders (a voice encoder/ 
decoder). 

Later. microcontroller-like DSPs with larger RAM molded Into the chip started lo 
show up. making voice data processing even faster. 

MIC�OCONT�OL.L.e�5 IN INDU5T�IAL. MACHINe5 

CPUs. microcontrollers. and DSPs are In many of the devices we use In our daily lives. 
Some examples include today·s wall clocks. alarm clocks. and even wristwatches. all 

of which are likely to contain a one-chip microcontroller. Other household devices like 
refrigerators. air conditioners. and washing machines are likely to contain more than 
one. And the remote controls used to send commands to these devices also contain a 

microcontroller IC . 
Automated robots and conveyor belts In large-scale industry also have to be con­

trolled In some fashion and therefore require either a CPU or DSP. 

MANY D6VIC6$ IN OU� HOM6$ HAV6 MICROCONmOUE:RS, 
AND THE:'/ E:VE:N HAVE: INDUSmlAI.. USE:$ ... 
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Up until now. we've had single-chip CPUs as well as microcontrollers that contain a 
CPU. memory. and 1/0 controllers all in one. The amount we can pack into a single chip is 
determined by tradeoffs among our capacity to produce semiconductors. their production 
cost. and the market's demand and margins. 

Advancements In IC production technology have led to the development of FPGAs 
(field-programmable gate arrays). Using an FPGA. you can create any logical circuit you 
desire and bring it into reality with hardware. The basic structure can contain lookup tables 
or anywhere from several thousand to several million units In a single IC. These tables can 
be prepared beforehand by the IC maker and provided as is. 

The initial state of the IC consists of a lookup table memory section and logic blocks 
that can be wired together in different ways. resulting in many possible applications. The 
raw IC is then configured by the user with specialized tools to write the modeled design 
into the circuit. creating the desired IC. Development 1s normally done on a computer, but 
the specialized toots needed can also be stored on a USB. making the creation of even 
large-scale logic circuits an easy task. 

In the past. CPUs were different from FPGAs. but in recent years. FPGAs contain­
ing CPU functionality have started to appear. There are two ways to make an FPGA into a 
CPU. The first is to simply create an existing CPU design in the wiring of your logic circuit 
using the development tools provided, and the other is to embed a CPU in one part of the 
gate array as a separate IC. 

In either case. the CPU as a single IC is becoming gradually less common over time. 
But even though we have DSPs. there is still a need to control tasks other than multiply­
accumulate operations. and as such. the principles underlying the CPU will remain impor­
tant concepts no matter how I Cs continue to develop. 
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230 E:Pll.06UE: 

WHO A/<13 YOU CA/..l!N@ 
A �TA/..Kel<?I 

6/Ve Me A 8fl9AK 
A/.fl9AIJYI 



WELL, ANYWAY, 
LET Mf 

RETURN THI$. 

THE �HOOTIN6 
�TAR 1 $  f$PECIALL'/ 
$TRON6 A6AIN$T 

'IOU. 

--------' 

. . . . . ' 

. . . . . .
. . . . . ' . 
. . . . . . . 
. . . . . . . 
. . . . . . . 
. . . . . . . 
. . . . . . . . 
. . . . . . ' . .  

. . . . . . . . . 
. . . . . . . . . . 
. . . . . . . . . . 
. . •· . . . . . . .  . 
. . . . . . . . . . 
. . •· . . . . . . . .  . 
. . . . . . . . . . . 
. . . . . . . . . . . 
. . . . . . . . . . 

I $TILi.. Feel.. BAD ABOUT 
L0$1N6 TO IT, BUT IT'$ 
BffN EDUCATIONAL IN 
MORE THAN ONE WAY . 

U$E IT TO 1'.ff P 
BORfDOM AT BAY WHILE 
YOU AIM TO REACH THE 

COMPANY OF $TRON6ER 

PLAYER$. 

THAT MEAN$ IT WILL 
Bf DOIN6 THE MO$T 

6000 IN YOUR HAND$. I PLANNeD TO 61Ve IT 
TO YOU FROM THe VERY 
$TAITT, TO Be HONf$T. 



AND DBVBL.OP1N6 
THS �06AAM WA$ 
AN SXCSL.LSNT WAY 
TO l<IL.L $OMS TIMS, 

FIJHAHAHAH! 

THl5 15 THe L.eTHAL. 
$TRUMeNT YOU De51G,Ne 

TO RID YOUR5eL.F OF 
YOUR 6RUD6e AND 

BUT DON'T BOTHeR 
THANl(IN6 Me FOR IT. 

AFTeR AU, ! HAVe L.OAD5 
OF L.APTOP5 L.lrc::.e THAT. 

::;�:;;':;:::;;ti�;�;�f i�¼ HM? WHAT 15 
IT NOW? 

YUU ... 

::!!/;{(\ 



I'M ReAI.L.Y HAPPY ... 

THAN!( YOU! 
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Up to this point. we have only talked about very old and primitive CPUs. The ones we have 

shown could only really be used for things like toys or simple AC remote controls. They are 

too simple to be used in most modern microcomputers or CPUs today. Currently. the speed 

of progress is so fast thal everything I say here will quickly become obsolete. Bul even so. I 

wrote this book in an attempt to help anyone who might want to learn some lasting basics­

even In these fast-changing times. 

In other words. I would like to empnasize that this book has concentrated on the very 

basic principles governing CPUs. forgoing any information relating to general computer 

architecture. But even so. I would like to leave you with a small impression of the current 

state of progress. 

It Is unfortunately quite hard to Illustrate modern complex circuits In the type of dia­

grams we used at the start of the book to show the different parts of the CPU. so I'm going 
to have to talk In very superficial terms here. 

There are many techniques used to make modern CPUs execute programs more 

quickly. An older one of these techniques is the prefetch instruction. Instead of trying to 

get the next instruction after the current one has finished processing. pref etching tries to 

extract the next instruction from memory before the current one has completed to shorten 

any wait times that might otherwise occur. 

Since the CPU Is a lot faster than main memory. it makes a lol of sense to let pref etch 

decode the next instructions and store them in a cache in preparation for the next calcula­

tion. Repeating this prefetching process of reading and decoding instructions ahead of time 

can lead to continuous execution speed increases across the board. 

There is another instruction called pipelining 1n which the instruction cycle 1s broken 

Into several dependent steps. These steps are usually fetch. decode. execute. access mem­

ory. and finally write back to register/memory. The goal here is to keep all parts of the CPU 

busy at all times by executing these steps In parallel. So while one instruction might be run­

ning its execute step. another instruction would be running its decode step. and yet another 
Instruction would be fetching. 

CPU researchers found some tendencies toward inefficiencies when using certain 

Instruction and operand combinations. Attempts to remove these Inefficiencies by simplify­

ing the instruction set led to the development of the RISC (reduced instruction set computer) 

architecture. Processors that use this instruction set are called RISC processors. 
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Many worried that reducing the instruction set would make complex calculations 

require more instructions and therefore slow down execution. In reality, however. many 

applications saw a performance boost on the RISC architecture. It turns out that reducing 

the instruction set's complexity leads to simplifications in the hardware design that allow for 

higher single instruction execution clock speeds. 

B&.ause of this, RISC processors have started to be used in many different areas. 

Processors that don't use RISC principles have been dubbed CISC (complex instruction set 

computer). riffing off the RISC name. This acronym was created purely as an antonym of 

RISCs. and there Is no particular architecture associated with the CISC name. 

Recent Intel and other CPU chips contain not Just one but many cores. which are 

distributed between different processes on the system. This is something that falls in the 

domain of computer architecture. so as I mentioned at the start of the book. this is not 

something I will explain in much detail. 

However. there 1s no requirement that all complex calculations must be performed in 

order. ll ls fine for the CPU to split up different parts of a task and run the individual parts 

on separate cores simultaneously. exchanging data between cores only when absolutely 

necessary. Letting the CPU multitask like this can improve execution speed a great deal. 

Using the CPU in such a way. however. poses problems not only for the hardware but also 

for the OS. memory access. and code execution scheduling. 
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