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HAMLET

DRAMATIS PERSONAE
CLAUDIUS king of
Denmark. (KING CLAUDIUS:)

and nephew to the present king.

hamlet.txt

HAMLET son to the late,
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RAMEHZ, DAAERIZ .

Enable people to follow the way, without them having to understand [the internals of] it.
— fL+ (Confucius) , 551-479 BCE

o HIRHUKR?
o HENE. LT RABFTZRK, LEAFIK.
o T FHPET] Y BE MR S R =
o WHITETE “HHZR” , LT PRI FN A 5 B RS ek R 2
o MFHBIMEIT], AEgmia NEE A




ZWEH: 20224
AL ENLRH R I0ER B =

At the heart of computational thinking 1s

Alfred Aho Jeffrey Ullman

abstraction Turing Lecture Artid
N uring Lecuure ICle
AN =
Vl_‘ﬁ:}aé& EKJ*Z‘UIE*EH% Aho, A. and Uliman, J. Abstractions, their algorithms
—Alfred Aho and Jeffrey Ullman, 2022 and their compilers. CACM 65, 2 (2022), 76-91.

CéinﬁﬁterSaenLe
Computer science is the mechanization &%,
of abstraction

THEABHE MR KPR

—Alfred Aho and Jeffrey Ullman, 1992

Stanford Textbook

Alfred Aho and Jeffrey Ullman,
= LR Foundations of Computer
BRSO Science, W. H. Freeman, 1992.




B GRR  BTERL R SR B
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Sl | EE R RS S T e 4R (Rita Colwell)

T2002F 11 HAEE PR R R (SC702) ERTERE
Bk . WA SR AR T (Integratlon) E, biETHA

% AT 7. S, HE. 5. EWIE. MEHE.
MEE. BEAt X AR RS 1TTEN. FHA.

AN | YRR T2 LN ORI A E VR, KB T B RBL
vfolecular @w ;_ %m%)%ﬁ:zﬁﬁéa [P et B A J e 3
in : | R 1. ErERbER, —11&FE (ndaRlEE) BEZAER
' MR U\%/l\ BHA BT
2. Rk (Integration) WM 7e 84T JLE FERIRL7E

(Reductionism) .
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1. T ARARGE4?

o RGHAEMMRIIEEAESI, NME s i R4

[ ] %ZIKJEDEI\ 2&7‘5‘?2
o D—#0: WH—EMR, HEBRBNARS, LEPITAZIHEIE

o [MZRREEIRALIMG, FLRPRGHE LIS 3t R Bl B i 2 8
o HERMERRRIEIIS

o RGN NIHK
o =AMIESK: FARBIME. EEARME. RIS G
o MWNEARER: Rk, A
o =/AIZ%: FRAL. Bitkib. TolEfrak
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JiTMH

fib[0] = 0O

fib[1] = 1

fori:=2;i<51;i++{
fib[i] = fib[i-1] + fib[i-2]

}
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fib[0] = O
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kb

AW ./

SR THE bR ik B RS 2 B R,

7T

il

TES

e

HEFE

B4
1 B 5
R WIS 7
i FL i
HE

MOV 0, R1

MOV R1, M[RO]

MOV 1, R1

MOV R1, M[RO+8]

MOV 2, R2 //i:=2

MOV 0, R1 //label Loop
ADD M[R0O+R2*8-16], R1
ADD M[R0O+R2*8-8], R1
MOV R1, M[RO+R2*8-0]
INC R2 Il i++

CMP 51,R2 //i<51?

JL Loop //if ‘<’ goto Loop

fib[0] =0

fib[1] =1

fori:=2;i<51;i++{
fib[i] = fib[i-1] + fib[i-2]

}
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24

4 v

AR TR R R 2B R

7T

—f

TEs

&7

pEi

e
Y |
(R W €57
B e FEL
HE

MOV 0, R1

MOV R1, M[RO]

MOV 1, R1

MOV R1, M[RO+8]

MOV 2, R2 /] i:=2

MOV 0, R1 //label Loop
ADD M[R0O+R2*8-16], R1
ADD M[R0O+R2*8-8], R1
MOV R1, M[RO+R2*8-0]
INC R2 Il i++

CMP 51,R2 //i<51?

JL Loop //if ‘<’ goto Loop

EFR A
L LBLI —

Ingr(t)

!

fib[0] =0

fib[1] =1

fori:=2;i<51;i++{
fib[i] = fib[i-1] + fib[i-2]

}

Inm(t) Ingx(t)

! !

e

Out(t)

Out(t) Out (1)

11



24

4 v

AR TR R R 2B R

7T

—f

TEs

FEFP
il
S
5 RS54
RS TAKE
e L
A5 HLE

MOV 0, R1

MOV R1, M[RO]

MOV 1, R1

MOV R1, M[RO+8]

MOV 2, R2 //i:=2

MOV 0, R1 //label Loop
ADD M[R0O+R2*8-16], R1
ADD M[R0O+R2*8-8], R1
MOV R1, M[RO+R2*8-0]
INC R2 Il i++

CMP 51,R2 //i<51?

JL Loop //if ‘<’ goto Loop

fib[0] = O

fib[1] = 1
fori:=2;i<51;i++{
fib[i] = fib[i-1] + fib[i-2]
}
Inp(t) Inp(t) Ingx(t)
Out,(t) Out, (1) Out, (1)
Lla BEE
SRR 2 R0 A
0 |MOV 0,RI R1 <> ALU
2 | MOV R1, M[RO] MAR  Ro
12 ADW ﬂ
> D rc FLAGS
@| MDR 12
i
p—])  Controller

v
\ IR

wnEs @[ [TT1T)
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Lt

AW ./

S THE bR ik R RS 2 B SR

7T

i

e

HEFE

S
RS
R WIS 7
i FL i
HAHE

MOV 0, R1

MOV R1, M[RO]

MOV 1, R1

MOV R1, M[RO+8]

MOV 2, R2 /] i:=2

MOV 0, R1 //label Loop
ADD M[R0O+R2*8-16], R1
ADD M[R0O+R2*8-8], R1
MOV R1, M[RO+R2*8-0]
INC R2 Il i++

CMP 51,R2 //i<51?

JL Loop //if ‘<’ goto Loop

e

I

Full

GCs

LW
14 13 12 Il ﬁ

N

fib[0] =0

fib[1] =1

fori:=2;i<51;i++{
fib[i] = fib[i-1] + fib[i-2]

}

ImF(t) Inmp(t) InEx(t)

! !

B | —| PR | ST

Out, (1) Out,, (1) Out,.(t)

AEE AR

A

Cy,<— Adder

Y RO T
0 [MOV 0, RI R1 <« ALU
2 | MOV R1, M[RO] MAR  Ro
12 ADW%:J&\\@ PC FLAGS
C;) MDR 12
#C% v —)  ConNtroller
\ IR ?ﬁ%ﬂfﬁ%@uuuj
X, Y, Xi Y Xo Yo
N
Full |, | Full | | Ful
Adder Adder [« Adder [<—C,
) ! |
7, Z Zy
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kb

AW ./

SR THE bR ik B RS 2 B R,

—2 A

Ji T

A

il

B ALY
84

e
iR
4

1 R 45 14

K&

B e FEL
HA K

MOV 0, R1

MOV R1, M[RO]

MOV 1, R1

MOV R1, M[RO+8]

MOV 2, R2 //i:=2

MOV 0, R1 //label Loop
ADD M[R0O+R2*8-16], R1
ADD M[R0O+R2*8-8], R1
MOV R1, M[RO+R2*8-0]
INC R2 Il i++

CMP 51,R2 //i<51?

JL Loop //if ‘<’ goto Loop

TES

I

Full

GCs

Cy,<— Adder

A

fib[0] =0

fib[1] =1

fori:=2;i<51;i++{
fib[i] = fib[i-1] + fib[i-2]

}
Inm(t) Inip(t) Ingex(t)
LB D — Hy | —| (R | e— 4T
Out(t) Out(t) Out,(t)
AT s
Y RO \
0 [MOV 0,RI R1 | ALU
2 | MOV R1, M[RO] MAR _ Ro
12 ADW%ﬂ\@ PC FLAGS
C;) MDR 12
= v p—)  CoNtroller
\ IR Tﬁ%ﬂfﬁ%@uuuj
X Y, Xi Y Xo Yo
I T I A
Full G Full C Full
Adder Adder [€ Adder [«—C,
} ' J
7, 7, Zy
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1.1 Being thorough J& %I/}

o (A AL ETREE K25 Smith U E H B M
o EBInIne RS, Wi AN HT . Irg LEg
o TPLLYNTE? ThEE. BAIME. MEAE. AR, Fah. ATYEME, A

o T4 Rumdum? MR 2R b 2 OB T HHEX
o Al MR BB @ Smith {1210 4 H g
o YhI): HEEBANH AR @ s E s A

@ EIRR A HAR S

Zhang [] M =E] Smith
®

Internet

@ WeChat Datacenter m

WeChat Datacenter Ml M2 M3

2. M is stored as three replicated copies

3. WeChat sends notification of new message to Smith




=R EMNAE. RHERER

o UIfAENIEM T EHLALLE T HEHIBIR10001%7?

o HET LTI R
o WAL

o Jrik: B AEMEN M AEHERE S (benchmarks)

e Low-low, low-high, high-low, high-high

o Other applications are in the area enclosed by the extreme points

Computer performance is critically influenced
by locality.

Temporal locality B [A] J53 35 1E: data and
instructions currently used tend to be used
again in near future.

Spatial locality “*[A] Jm# 1 locations nearby a
reference item will also likely be referenced.

Temporal Locality High

16



A B M b B GH S
A% 1R B EAE TS

o HHEH Nim (big endian) 5/hi (little endian) FK7x
o Kii: BhrE i TOx40 e HbEA; Ox417EA+1, Ox427EA+2, Ox437EA+3
o N ARSI FETOXA3MAE AL LG HHEA; Ox427EA+1, Ox417EA+2, Ox407EA+3

o iR T—AEIA]

e Danny Cohen: “Agreement upon an order is more important than the order agreed upon.”

o HAR: WHFRHARFEAE AT, BN it
o KIR: TCPIP [%, MIPSALEL
o /NBIE: x86, ARM, RISC-VAbFIZ

327 EE L 0x40414243 = 1078018627,

BEAMFD

BESfAI  Byte0: 01000000=0x40,
Bytel: 01000001=0x41,
Byte2: 01000010=0x42,

BRI Byte3: 01000011=0x43.

0x40, 0x41, 0x42, 0x43 PN FE IR BER

AL A, A+1, A+2, A+3?

40

41

42

43

Address of this number starts at A Address
A
40 | 41| 42 | 8 8
A+1 A+1
et Byte0 Bytel Byte2 Byte3
A+2
A+3 A+3

How is the integer
'\‘\078018627 repW

in big and little endians

43

42

41

40

17



1.2 Being systematic /{44
Bk, RGiH, MARMEEH. TEEH

o FORBIEL, BMRITTIE (BL—%5)7)

e Use one stack of layers of abstractions to support many applications
Instead of one stack for an application, in an ad hoc way

o Upper layer provides higher abstraction than lower layers

Processor is more abstract than circuits

Application Programs, Processes

Operating System

Instructions

Computer Hardware

Logic Gates, Combinational Circuits and Sequential Circuits

Transistors, Capacitors, Resistors, Magnetic Parts, and Wires

BHHR

S

Application Programs, Processes

Operating System

Instructions

Processor

Core

Core

Cache

GPU

Memory Bus 1
<

I/0
Bus

A\ 4

Keyboard

\ 4

Display

>
l

\ 4

A
v

>

I/O Interface

\ 4

v

Mouse

Memory

Motherboard

;A

A

Power

>
<

10 |

v

Hard Disk

Bus|

A\ 4

USB

>
<
y

A

A 4

Ethernet

Logic Gates, Combinational Circuits and Sequential Circuits

Transistors, Capacitors, Resistors, Magnetic Parts, and Wires

18



1.3 Coping with complexity

¥

WX B

CaN

o AR IRMAFTHILR RE
o RLUME I, MOHEVTH. SEHL. AT
S % YN T

: RGO, M

%

R RAGANEMEAZMZR, AKX
ﬁl.; %éﬁﬁﬁéﬂf/\ﬁﬁ[;%%

AR RAEMHL BER S AR

o BoRMERMAFAE, HIUANRRMAE R

o N HH .

Rl [A] 2 J

ﬁﬁf‘ R4

o . JilP il 1L
e WAFEBEHT
Ble 2E, HARRALIEE
o & GREIEIHEM
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18] R

o ATANTHEALAR ] BUAR n] LB IS X — (8] 92 J= A
R
Any problem in computer science can be
solved with another level of indirection

o RIFEe 1 IXNEERIRET KA R EL

o EHiH#- 2% (Butler Lampson) fE19934FEK
RAEFEU 5 7R EH, RO — R 2

RAE

i “I~ ‘ D
8 Whecler
B /| S

pNERY:¥:)
David Wheeler
1927-2004

I gwiE = AW
il /N2 €Ed

20



P B .

/

szﬂ‘ “%” ;_Il:

7RI R IR A

S

o ARFEMIFZANEMGomERT, F W bFitEYAS?

TRFFHRTRE, GowiLMFETF AW,

Appl App2 s

\X

AppN

How many models?

el

Computer-1

Computer-2

T~

Computer-M

THRALARGEA WA

Millions of applications

Thousand types of computers

21



e, MNXT “Z” BRI HE 344

o ARIENIELT 4 A MGodmiER, F W/ DMitHELA S ?
A 1Hb
o itk EM RN AR (bridging model)

o MFEENH5EESIHFEAL

o FrXHEIEK SIS RIRER, PR SLTHENL B TR

bhE

o MEREZENRA O(1)
o FIrNTERNIERIFERF, EESTFEN LizlT,
PEREZE 0] W] BE Rk O(N4)
App! ‘ App2 | e AppN Millions of applications

NS

How many models?

il T

Computer-1 Computer-2 | ...... Computer-M

1701+ 4L: von Neumann Model

Thousand types of computers




2. What is abstraction? 4 2% ?
o AR =HZRITHE

e The creative process of abstracting a high-level entity from low-level instances by focusing on the
essential

o R = MMBRLFEMES

e Also the outcome of the creative process of abstracting

e ERAL:

o Hliih% EEfy

—— s

o ERRE }L‘I,Eg;gﬂj

o TE{HLES Fa Ak 2
i L S
45 FL




The COG properties 5 KI5 =Mk

o 2[R (Constrained) , &M (Objective) , Z{t (Generalizable)
o Z[R, 7 feZB&/SRICIRATT, MmN =
o B, ARHATE BN INES, AT SC R AR HE S E S AT
o AL, ARESREUASL . TREEAS, MMl —#8 )

[ M RAME  HAERERZSIPAT B8 ]

2 ZA
e A\ AR

N




HWEHF: 4N (World Wide Web)

o FHRRIFE: KAEEERGRINEBRE B B

o firg

1. Tim Berners-Lee &% BH ¥ 5 4E R 3 %2

o WWWHRHe =14 i
2[R (Constrained)

o R CRABBERGRINERTYEM TR , 2 1 An )70k AL B A5 2

o

# M (Objective)
o FEFfHLE X TURL. HTML. HTTPZE 5 4k M+ AR br i
=4, (Generalizable)

o #] (1989%) , B = A
o 305, B4R BRI R Z AL 2

Multimedia
Programs
Services
Data
Things

EZ/UNIN \ —

e 1989 2019

k55 https://www.w3.org/comm/assets/logos

5 /Web@30_logo/Logo_web/PNG/Logo_
INZ Logo_horizontal.png

B REYIIK

25



HuE @ REMNMAHER: Unicode + UTF-8

7. Encoding the world's writing systems, Bt/ ASCIEE “4wbid it 57 FirE 477
o  “HAEMAFRF MEGERKTASCIFERE, HAEAWIGK: HFitiE 1 a5/ a6

fi MR v X FR R EAT TR > A LA A 75 i 47 gmiy

IMTE S A5 46 B RE 7 SO 7 L 22 /D A = () 2

1M S ) RS e SO 35 Z24MB, 1 A 2 ASCITRS (] 1MB

R RN, SRR GRS



—2 A

HuE @ REMNMAHER: Unicode + UTF-8

7. Encoding the world's writing systems, Bt/ ASCIEE “4wbid it 57 FirE 477
o A EITHETR MEGE K TASCITFREE, HAAWIEK; [aitiiE 1 a8 7 4rr 86
IR VR R R BT wIE > A LA | TN T B4 g

IME S 18 S AR e S 75 2 22 /D A7 A 25 () 2

IMERE SR8 RS e SO 75 224MB, - T A 2 ASCITRY ) IMB

R RN, SRR GRS

FIF CWASCI 2 ) TR (R BELE@
lAI%@

Q\ T I—[%
ALAES CHARE Fgiy (Unicodefd £ U+1F600)

15@%%

\4

455 CAnASCIHI00111111) SEHLYRES (UTF-84%1% FO9F9880)

27



UnicodeSZffl: FZ&A> &

o % IIFE: Encoding the world's writing systems
o HMHR4LF: Unicode, (with COG properties)

PR Constrained: focus on the essential; ignore irrelevant details

e Unicodefd i U+5174 KR F4F %, B TIRZ R, WiE%. MEsEE XL
o AW, A RENMINE R

WM Objective: a named, objective entity, no vagueness or ambiguity

e Syntactically and semantically precisely defined by Unicode standards

o ESURHEMS, {15 LUATREHES BaHT v Al fe

24tk Generalizable: to unseen instances or unexpected scenarios

e Able to handle unseen instances and unexpected scenarios, 124487 H B 217 £, (U+1F600)

o RZMMERNA BB “ LM77 KEERN

Symbol Description Unicode
T English capital letter T U+0054
Q Greek letter Omega U+03A9
€ The Euro sign U+20AC
= A Chinese character U+5FD7

©) A Gotbhic letter U+10348

28



Unicode®/ 5~ + UTF-85LI}

o “HEERTLIHI bR U I D R R
o Unicode®~: ¥R FAFIRET 2 H Unicodetd 5
o UTF-85ZHl: #%H 1 Unicodeh pi s2P N L UTF-8%mtY, BIFE N AF AR

o TLTFLF

o “V[fiUnicodefid £/£U+003F=0000000000111111) R FH14TF, HEIANT
o HUTF-8Zmh53 A 0xxxxxxx (@

Unicodefd 1574 | X W HJUTF-84m % 1~61 75 I
0000~007F OXXXXXXX 1
0080~07FF T10xXXXX 1OXXXXXX 2
0800~FFFF 1110xxxX 1O0OXXXXXX TOXXXXXX 3
10000~1FFFFF 11110xxX TOXXXXXX TOXXXXXX TOXXXXXX 4
200000~3FFFFFF 111110xx T0XXXXXX TOXXXXXX TOXXXXXX TOXXXXXX 5
4000000~7FFFFFFF | 111110x 10xxxxXX 10XXXXXX 1O0XXXXXX TOXXXXXX TOXXXXXX 6




Unicode®®7~ + UTF-85LHK

o “HRERTFFFR) bHIFRRT 0] @UE L D R
o Unicode®/~: BT 2 H Unicodefi 15
o UTF-85ZHl: ¥4 1 Unicodeh fisEH N HUTF-84m A, HILE A7 HIHEL

o TR

° sq'fT\’E@Unicodeﬁ%ﬁ%U+4F6o=ym101 100000, 7 T5317, ?—r'%

o UTF-84wt4 A 1110xxxx 10xxxxxx 10xxxxxx = 11100100 10111101 10100000 = E4BDAO
IR BRPETT  BEFE

Unicodefd s Ju [ Xt N FJUTF-84m i 1~6/>F 1 I
0000~007F OXXXXXXX

0080~07FF 110xxXXX TOXXXXXX

0800~FFFF 1110xxxX 10XXXXXX 10XXXXXX

10000~1FFFFF

11110xxX 10XxXXXXXX TOXXXXXX TOXXXXXX

200000~3FFFFFF

111110xX TOXXXXXX TOXXXXXX TOXXXXXX TOXXXXXX

4000000~7FFFFFFF

1111110x 10xxXXXXX TOXXXXXX TOXXXXXX TOXXXXXX TOXXXXXX

olo|h|w|N|=|dE




Unicode®/ 5~ + UTF-85LI}

o “HRERTFFFH) IR 0] @UE L D R
o Unicode®/~: BT 2 H Unicodefi 15
o UTF-85ZHl: ¥4 1 Unicodeh fisEH N HUTF-84m A, HILE A7 HIHEL

o HILTAF

o  ‘“URHIUnicodeld 5 & U+4F60= VIOI 100000, 7 T5317, Fr'%

o UTF-84wt4 A 1110xxxx 10xxxxxx 10xxxxxx = 11100100 10111101 10100000 = E4BDAO
BT RPEFT BETET

o BERERSEIRTT, HEM/NT 714
o IMBECFAFMRIOR R SO, R IMB: B 45 ¥ Unicode /7 i 7 Z4MB

Unicodefd 1574 | X W HJUTF-84m % 1~61 75 I
0000~007F OXXXXXXX 1
0080~07FF T10xXXXX 1OXXXXXX 2
0800~FFFF 1110xxxX 1O0OXXXXXX TOXXXXXX 3
10000~1FFFFF 11110xxX 1OXXXXXX TOXXXXXX TOXXXXXX 4
200000~3FFFFFF 111110xx T0XXXXXX TOXXXXXX TOXXXXXX TOXXXXXX 5
4000000~7FFFFFFF | 111110x 10xxxxXX 10XXXXXX 1O0XXXXXX TOXXXXXX TOXXXXXX 6




3. BiEHH

o MR = MR = W45 1)

o JaiEEALF & K MIIEFRRBMNTINA
o AL, HA. YA
o ASCIIZFFF. fi5H
o WIAIRINFHHEEAE S MR AL
o EEKENEL: FPIMREF(100)=
o £FKTFF (the world’s text)
o SUHL: [RAJE%n
o [UAHFE: {5 RSN, [T 2MG KFES
o fF: {ERERMELIH, G, . B

o RGLUNMA SRR ?

o FHHEI. 84T (pointer) . 45f4 (struct)
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44
>> )

3.1 £ EIBRE. F7. BE. Zd. Uk

o E—/NGOREF, T ENH & AEE K

X := byte(63) I/l X is a byte variable. What if changed to X:=637

fmt.Printf("Decimal: %d\n", X) // Decimal: 63
fmt.Printf("Hex: %X\n", X) /l Hex: 3F
fmt.Printf("Character: %c\n", X)  // Character: ?

fmt.Printf(“‘Binary: %b\n”, X) // Binary: 111111; XG&8LbARr717, L /200111111, 20 [ leading 0's

var S [5]byte = [5]byte{'h",'e","l','l','0"}
/[ S=[104, 101, 108, 108, 111] A byte variable X
var byteSlice [Jbyte = S[1:4] by X:=byte(63)
I/ byteSlice=[101, 108, 108]
/I slice is built from underlying array
VI F e R R B R X 3K
fmt.PrintIn("array S=" S) An array S generated
/l Array S =[104 101 108 108 111] by var S [S]byte =
fmt.Printin("byteSlice = ", byteSlice) [5]byte{'h')e.'I''I''0"}
// byteSlice =[101 108 108]

An int variable X
generated by X:=63

A slice byteSlice

generated from array S

digits —
positional > 2706259493929190

weights

00111111

digits —>10 0

° o

0O1T11111

positional >+ 2%

weights

elements S

272%2° 2427 2% 0"’

104

101

108

108

111

index —> o 1Y 3 4

var byteSlice [Jbyte = S[1:4]

byteSlice

Name

o

3

Pointer Length

33



N

ST ENE N REHAE TS
positional number systems
o NAT AT LIRS TH80% T 8
o MM P SitduE, —MAMETHE EEMETLR
o Q: MMXXI| - MCMLIV =7
e Value of MMXXI =M + M + X + X + | = 1000+1000+10+10+1=2021

e Value of MCMLIV=M+ CM + L + IV = 1000+900+50+4=1954
Note that CM and IV are short-hand symbols, e.g., IV = [lll = [+]+]+]

o A:2021-1954 =67 = LXVIl; MMXXI — MCMLIV = LXVII

o VEE: MMXXIFIH MM#ERE 21000 (—F) , S5 ETGxK

Z LA 5 TR B ALE TR B B AT B

Roman M D C L X VvV T |[IV IX XL XC CD CM

Decimal 1000 500 100 50 10 5 1 4 9 40 90 400 900
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. TRERIE =
o iEHIEL H8NEI: 2. 0. 2 1. 1. 9. 5. 4

o HZEJIIRENME, WHIAN3. 2. 1. 0, -1, -2, -3, 4
o HHL (digit) HEIIFNET: B uE@@E&E%m
o MR = °_,( x10)=2021.1954

o 10 ZJE¥ (base) , £Z&Fl (index) , {0,1,2,3,4,5,6,7,8,9} I EREFE (digit set)

o NAHTFEUGEAMIE A HE R F A AL B O E
o L2 TAL (REIN3) 3 H_oA2E+AL (REIN1D
o A2 FIR 3 % 10% = 2 x 103 ='2000
o B A2 KRN x10l=2x101=2

thousands

ones

e —52021.1954

index ———— 3 2 1 0 -1 2 3 -4
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TCEE I HAn BT

o HREH]—E X
o {Tfin-digit number = _5( x ), W&/AE, AAHI<O

e bis the base, iis the index, {0,...,b-1} is the digit set
e jis also called position

o _Zifil|Binary U, 01000001 =1x%2%+1x2°=64+1=65

= Z}( x2), =2, digitset={0, 1}
Used in computers. This is what computers can understand
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AL A TE H02 i HoAth B 7
o —E X
o {Tfin-digit number = _5( x ), WE/AE, AHI<O
e bis the base, iis the index, {0,...,b-1} is the digit set
e iis also called position
o _Ziil|Binary U, 01000001 =1x26+1x29=64+1=65
o = _J( x2), =2,digitset=1{0, 1}
e Used in computers. This is what computers can understand
o jii|Decimal U, 65=6x10'+5x10°=60+5 =65

= :_01( x 10), =10, digit set={0,1,2,3,4,5,6,7,8,9}
Used by humans and high-level language programs
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O EE K H A B T
— B E X
o {Lfin-digit number = _3( x ), W&/, AAHI<O
e bis the base, iis the index, {0,...,b-1} is the digit set
e iis also called position
—Z%#|Binary UM, 01000001 =1x26+1x29=64+1=65
o = _J( x2), =2,digitset=1{0, 1)
e Used in computers. This is what computers can understand
i3t Decimal U, 65=6x101+5x10°=60+5=65

= :_01( x 10), =10, digit set={0,1,2,3,4,5,6,7,8,9}
Used by humans and high-level language programs

+7N3Ef|Hexadecimal U, 41=4x16Y+1x16°=64+1 =65

= :_01( x16), =16, digitset={0,1,2,3,4,5,6,7,8,9,A,B,C,D,E,F}
Used by programmers and high-level language programs
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A AR AR TE BRI ?

=2 PN

B H T AUEURZ S 2 a0, FHnfUREx
o 1]/
o 11

Bergman’s number system (the r number system)

e Can represent some irrational numbers exactly in finite digits

e Created by George Bergman, a 12-year junior high school student
e Base = (1 ++/5)/2 ~ 1.6180339, digit set = {0, 1}

o 14 = . = 954 24 14 24 44 5
Fibonacci number system (FNS)

e Fibonacci numbers 1, 2, 3, 5, 8, ... as positional weights

e digit set ={0, 1}

o 14 = =1x8+1x5+0x3+0x2+1x1




DR IEBOR B LB T

Decimal Hexadecimal  Binary The T Number System FNS
101100 169 23222120 vriititititlt2-3t-4r-570 85321
0 0 0000 0 00000
1 1 0001 1 00001
2 2 0010 10.01 00010
3 3 0011 100.01 00100
4 4 0100 101.01 00101
5 5 0101 1000.1001 01000
6 6 0110 1010.0001 01001
7 7 0111 10000.0001 01010
8 8 1000 10001.0001 10000
9 9 1001 10010.0101 10001
10 A 1010 10100.0101 10010
11 B 1011 10101.0101 10100
12 C 1100 100000. 101001 10101
13 D 1101 100010.001001 11000
14 E 1110 100100.110110 11001
15 F 1111 100101.001001 11010




3.2 W ERELLRE?

e Answer: Operate on the byte or int variable containing the bit
Through some mask mechanism

e Example: Inverting the rightmost bit of a byte &4 L ELE
Input: 00111111; Output: 00111110

e Code explained with the corresponding operations

X := byte(63)
V= AX
v=Vv & 0x1
X =X & OxFE
X=X]|V

/[ assign 63=00111111 to variable x

/I bitwise NOT of x, i.e., v=11000000

// bitwise AND to retain the right-most bit of v Mask

// bitwise AND to clear the right-most bit of x mechanism
// bitwise OR to get the final result TR AL
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WfrT A LU AR 2

e Answer: Operate on the byte or int variable containing the bit
Through some mask mechanism

e Example: Inverting the rightmost bit of a byte &4 L ELE
Input: 00111111; Output: 00111110

e Code explained with the corresponding operations

X := byte(63) /[ assign 63=00111111 to variable x

v =X /l bitwise NOT of x, i.e., v=11000000

v =v & 0x1 // bitwise AND to retain the right-most bit of v

X =X & OxFE // bitwise AND to clear the right-most bit of x
X=X]|v // bitwise OR to get the final result

x=00111111 Given input
v=00111111= 11000000 Bitwise NOT
v = 11000000 & 00000001 = 00000000 Bitwise AND
x=00111111 & 11111110 = 00111110 Bitwise AND

x =00111110 | 00000000 = 00111110 Bitwise O

Mask
mechanism

AL
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BT T IR R AL AL

used in Project Text Hider)

e Input: 001111{1)=63, OO1010@=42; Output: 00111110

e Code explained with the corresponding operations

X := byte(63) /[ assign 63=00111111 to variable x

Vv = byte(42) /[ assign 42=00101010 to variable v

v=v & 0x3 // bitwise AND to retain the right-most 2 bits of v Mask

x=x & OxFC // bitwise AND to clear the right-most 2 bits of x mechanism
// retaining the leftmost 6 bits

X=X]|V I/ bitwise OR to get the final result
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BT T IR R AL AL

used in Project Text Hider)

e Input: 001111{1)=63, OO1010@=42; Output: 00111110

e Code explained with the corresponding operations

X := byte(63) // assign 63=00111111 to variable x
v := byte(42) // assign 42=00101010 to variable v

v=v & 0x3 // bitwise AND to retain the right-most 2 bits of v Mask

x=x & OxFC // bitwise AND to clear the right-most 2 bits of x mechanism
// retaining the leftmost 6 bits

X=X]|V I/ bitwise OR to get the final result

x =00111111 Given input

v =00101010 Given input

v =00101010 & 00000011 = 00000010 Bitwise AND

x=00111111 & 11111100 = 00111100 Bitwise AND

x =00111100 | 00000010 = 00111110 Bitwise OR

Note: 0x3 =00000011; OxFC = 00111100
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***3 3 |EEE 754 % 5%

Use floating-point numbers to represent reals

o HFZELEN NAE M 525648 H
o UIA[F/Rm~3.1415927 2

A simple way: converting whole and fraction into binary
e 3.1415927=11.0010010000111111011011

Another way: 3.1415927 =
May not be unique

e 3.1415927 x 100=31415927 x 107=0.31415927 x 101 = ...
o Bt HURZER NIRRT E — B2 )5

AL
Exponent

!

=13.1415927 x 100

!

Significant FBE{
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IEEE 754 F SR E

Use floating-point numbers to represent reals

o MUMALEHITTW K R

e Default left-most 1

o HRILEKRHIMY (Biased exponent) to speed up comparison
00000001 + 127 =128 = 10000000

T ~3.1415927 x 10° ~ 1.5707964 x 2!

~
~

9

HEE A
Sign

+1.10010010000111111011011 x 200000001
+ .1\001001000011111101 101 1} x 200000001, Gmit default left-most 1

01000000010010010000111111011011; the IEEE 754 representation
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|IEEE 754 F R BIHRFEE. IH4RERY%?

o &N I IZRTERE, R EGERE
MRS, ARSI, F. B9 R, JESZ% (NaNs, #1v-5)
W :=7.0/(Y/0.0)/(Z/0.0); £ L 5R0.0, TIAREHTBRERHEH 1L

Ebr| 31 [3029......23 2221 oo i 10 {I=A

PR AL JE409E41; 0< <255  |[HUERILEH (-1) x1. x2(-12D
N 0 [11111110 11111111111111111111111 1. x2%7
T 0 |10000000 10010010000111111011011 1.570796 x 2!~ 3.141592
) 0 |00000001 00000000000000000000000 1.0 x 2(17127) = p~126
JEHIAR AL B 00000000 FEEF R (-1) x0. x27126
=GN 0 00000000 11111111111111111111111 (1 —2723) x 27126
5B/ 0 |00000000 00000000000000000000001 2728 x 27126 = =149
_ 0 |00000000 00000000000000000000000 %0
¥ 1 {00000000 00000000000000000000000 1% -0

0 [11111111 00000000000000000000000 +o0
LHK

1 |11111111 00000000000000000000000 —oo
EERT 11111111 TR NaN
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FREEERAEOME, DN == LB #E

e How to test the equality of two floating-
point numbers?

> go run ./testPoint123.go

package main // testPoint123.go

import "fmt"

import "math"

func main() {
if0.1+02==03{

fmt.PrintIn("0.1+0.2 == 0.3")
0.1+0.2==0.3 -« }else {
There may be a small fimt Println("0.140.2 1= 0.3")
0.1+021=0.3 difference between )
0.1+0.2and 0.3 X:=0.1 // var X float64 = 0.1
0.1+0.2==0.3 Y =02
Z:=03
> ifX+Y==21{

e Totestif (X+Y)is equaltoZ
e Don't use (X+Y)==Z

o Test if the absolute value of the difference is
less than epsilon, i.e., use Abs(X+Y-Z) < 10-12

fmt.PrintIn("0.1+0.2 == 0.3")

we {
fmt.PrintIn("0.1+0.2 |= 0.3")

}

wath.Abs(xw _ 7) < math.Pow(10, -12) {
fmt.Println("0.1+0.2 == 0.3")
}else {

fmt.PrintIn("0.1+0.2 1= 0.3")
j
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ESS

o A ="HIuTEEH
® /lel Jl_nlzum*-b’ﬁ/fi
o REICA AT

i (F=

BAR) SR RHIRBIR N — R

B 7L EAK = R T P- |v| /O IP-M

EAWAT

130 SC (file) , ¥ %110

AL ST hﬁi#%k@ﬂ
o AN AE: Autumn.bmp. hamlet.txt. &5 %H ?

L

r.

far 0. doctoredAutumn.bmp

o FTHEAMTTUI AR 7 RBIEMN

P+M+1/0

oo )

HEI=0+@+® =
@3- 1 4
(AFE) Osrmsep
g BGE Y SEET
CPU
Byte
Address-
able
Memory
\_

~

~

TN
f
B

Ilo]

doctoredAutumn.bmp

/O & B+
AL

BB
NN
B (M)
Uit (OME)
) 45

HAMLET

DRAMATIS PERSONAE

CLAUDIUS king of
Denmark. (KING CLAUDIUS:)

and nephew to the present king.

Autumn.bmp hamlet.txt

HAMLET son to the late,
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4. The file abstraction

XSRS

o FAFMEBHEANREFF A, RF
o M RGisE—Ft

o M R (COUH) , WA (H3F
o M4 (BRAD) 5 HEXTERAT, AHXTERAT )

o Him 5

o RSN, UKV, DT RIARR
o UMMAE N A

o AMT AL HAE
o WIS FFAE A

o IEMEEIECHItR

1 Je I AFAE

/ _root directory

T T~

cs101/ physics101/

7\

Prjl/ Prj2/ Prj3/ Prj4/

math101/

hide-0.go amlet.txt ucas.bmp doctoredUCAS.bmp

Richard Karp.txt ~Autumn.bmp  doctoredAutumn.bmp
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4.1 X E5XHE RS

o ARG M

o Leaf nodes are files 3 1; internal nodes are directories H 3k (special files)

o MM (RN #ste, TIFRERAS) Fa B3 — 3
e Absolute path Z&xt#4%: all the way from the root (/)
e Absolute path of Autumn.bmp: /cs101/Prj2/Autumn.bmp

F HFR/cs101/
>pwd

/cs101/
>cd Prj2
e Relative path Xt #42 of Autumn.bmp S
e Related to the current directory =i H %, /
i.e., working directory THEHF math101/ cs101/ physics101/

® ./Autumn.bmp if the working directory is /cs101/Prj2/ Pril/ Pri2/ Pri3/ Prid/

® ../Prj2/Autumn.bmp if the working directory is /cs101/Prj2/ // \
hide-0.go amlet.txt ucas.bmp doctoredUCAS.bmp

Richard Karp.txt ~Autumn.bmp  doctoredAutumn.bmp

e Home directory G4 H

e The default directory when log in. Assume /cs101 is the home directory
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HAMLET

H ide tQXt i Na p i Ctu e DRAMATIS PERSONAE

CLAUDIUS king of Denmark. (KING CLAUDIUS:)

° erte a prog ram hlde-OgO HAMLET son to the late, and nephew to the present king.

o to hide the text of Shakespeare's Hamlet
e in a picture file Autumn.bmp

. o PRINCE FORTINBRAS Let four captai
e such that the doctored file shows no visible difference Boar Hamlet, like & soldier, 1o the stage:

from the original picture For he was likely, had he been put on,
To have proved most royally: and, for his
e and another program ShOW-O.gO to recover passage, The soldiers' music and the rites of war
Speak loudly for him.
the text Take up the bodies: such a sight as this

Becomes the field, but here shows much amiss.
Go, bid the soldiers shoot.

[A dead march. Exeunt, bearing off the dead
bodies; after which a peal of ordnance is shot off]

Original picture After careless hiding After careful hiding — NBhAS W T BB
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4.2 HE5 o e

e A file is a group of bits and may be structured
AR —ULER, FIRERE SR

TCEEFIF) T F(500) = 1394 2322 4561 6978 8013 9724 3828 7040 7283
9500 7025 6587 6973 0726 4108 9629 4832 5571 6228 6329 0691 5576
5887 6222 5212 94125

o HLMH|TF: Data and metadata of file Autumn.bmp

Data: bits of the actual picture (Pixel Array)
Metadata o %4 : data about the picture data < F#% =

BMP format in the file: File Header, Info Header 1
Other data associated with the file

13
14
15
53
54

55
56

Addresses 0~53 hold
metadata

The pixel array for
actual image data
starts at address 54

BMP File Header

BMP Info Header

Pixel Array

Autumn.bmp The extension (¥ J£44) bmp says it’'s a bit map image file
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Other types of metadata

e Can be seen by running “Is - Autumn.bmp”

s -l Autumn.omp, LE/NEHIL, A2 KE I
> -rw-rw-rw- 1 zxu zxu 9144630 Jul 22 2020 Autumn.bmp

e The file name, the file size, the time of creation (last modification)

o Access permissions =& =Fh AR

e Rights to read, write, and execute a file by the owner of the file, by the group the owner
belonging to, and by other users

e Example of access permissions
o ioutil. WriteFile("./doctoredAutumn.bomp”, p, 0666)
e Every user canread

and write, but cannot Owner Group Others

execute r |w| e r |[wlel|lr|w]|e

o ~IW-IW-rw- 1L [t -1 1 T1[-11]17]-

e 0666 =0110110110 0666: 1% AN o A fARHE. A5, AT
IR, SMLinux B LB E —umaski, G P A H fa 1 MRS, AR RS

B A BR S . BRI umask(E 0022, K1 LL0666 61 S, sk _
S B SCE AR 590666 & (~0022) = 0666 & 0755 = 0644 07002+ A BUR?
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4.3 gl e 34

o W XML EERIMS it NAE, BT e
o JEEHEAE A e AL B SO B 7 XSG AL BE %
X 3k 1 25 4
o fha&aid Mgl ?
o ZFTVIF (byte slice)
° ﬁﬁﬁGo%%Tx%{ﬁE‘Jﬁl%li&

p, _ := ioutil. ReadFile("./Autumn.bmp")

o Hél Hj E%EF'EI’JAutumn bmp BG A 3E N AT
2R RII N Ao

o HWEMHENL, EH—1E591446301
TCRI T WA, oY RpMEEEAH

p
e

9144630

A KE

13
14
15

53

54
55
56
{ 85
86

87
88
89
90
91
92
93

9144629

BMP FILE
HEADER

BMP INFO
HEADER

Oth Pixel-B
Oth Pixel-G
Oth Pixel-R

10th Pixel-G
01111011
10111011
01011010
10100111

Pixel Array

56



How is the image of Autumn.bmp
stored in Pixel Array?

e Pixel = Picture Element
e Pixel Array holds the pixels of the image,

starting from the low-left corner going right, 0 BMP FILE
and then up, 1] MEADER
row by row 13
14
i BMP INFO
e Each pixel has three bytes for 15| BME DS
e Color depth values of RGB, i.e.,
the primary colors of red, green, blue 53
— 54 Oth Pixel-B
» BGRvalues = (0, 0, 0) > Black ol o paie
o BGR values = (255, 255, 255) - White H 56 Oth Pixel-R
e BGRvalues = (0, 0, 255) > Red {55' 10th Pixel-G
e BGR values = (0, 255, 0) = Green gg %111811
e BGRvalues = (255, 0, 0) - Blue 88 01011010
: : : : 89
e The first pixel is the Oth element of Pixel Array 0| oM
e Uses addresses 54, 55, and 56 to store its three BGR g; _
Pixel Array
color depth values 93
9144629




4.4 075 B SO PR RS

)

o WA ZE B A T4 Autumn.bmp H &R S A SC A
hamlet.txt/f] & &

° p,_

:= ioutil.ReadFile("./Autumn.bmp")

to read the image file into byte slice p

e Recall that a function can return
multiple values

This function returns two
values, the second of which is
not needed by this code

Use a placeholder symbol * '’
Also called the blank identifier

Original p

Autumn/bnip

BMP/ FILE
HEADER

MP INFO
HEADER

th Pixel-B
th Pixel-G
Oth Pixel-R

10th Pixel-G
01111011
10111011
01011010
10100111

Pixel Array
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How to hide the length of a text file in

a picture?

p, _ :=ioutil.ReadFile("./Autumn.bomp")
to read the image file into byte slice p

t, :=ioutil.ReadFile("./hamlet.txt")
to read the text file into byte slice t
Length len(t) is a 64-bit integer

e Hide every 2 bits in a byte of p

e Need 32 bytes

o S=54T=32

modify(len(t), p[S:S+T], T) e—
to hide len(t) in p[54:86]

Autumn.bmp

Original p
? BMP FILE
- HEADER
13
14
15 BMP INFO
o HEADER
53
57 ath Pixel-B
55 oﬁ??#farty-...
56 Oth Pixel-R
85 10th Pixel-G
86 01111011
87 10111011
88 01011010
89 10100111
90
91
92 Pixel Array
03

doctoredAutumn.bmp
Modified p

BMP FILE
HEADER

BMP INFO
HEADER

Hide 2 bits of len(t
Hide 2 bits of len(t
Hide 2 bits of len(t

Hide 2 bits of len(t
01111000
10111010
01011000
10100101

~ ~—

Pixel Array
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How to hide the length of a text file
in a picture?

e p, :=ioutil.ReadFile("./Autumn.bomp")
to read the image file into byte slice p

e t, :=ioutil.ReadFile("./hamlet.txt")
to read the text file into byte slice t

® Length Ien(t) IS a 64-bit integer Autumn.bmp doctoredAutumn.bmp
e Hide every 2 bits in a byte of p Oniginal p Modified p
0 BMP FILE 0 BMP FILE
o Need 32 bytes ! HEADER ! HEADER
o S=54T=32 12 ]2
e modify(len(t), p[S:S+T], T) S| BMPINFO 51 BMPINFO
. : _ HEADER HEADER
to hide len(t) in p[54:86] 53 53
54 Oth Pixel-B 54 | Hide 2 bits of len(t)
_ _ _ _ _ 55 Oth Pixel-G 55 | Hide 2 bits of len(t)
func modify(txt int, pix [Jbyte, size int) { 56 Oth Pixel-R 56 | Hide 2 bits of len(t)
e civa Bixel- 35 | Hide 2 bits of |
fori:=0;i< S|ze,.|++ { . gg 18t1h1 %?1@ 32 i e011|1t?§006n(t)
replace last 2 bits of pix]i] o7 10111011 8 AN
with the last 2 bits of txt 89 10100111 89 10100101
i i 91
} repeat with the next 2 bits of txt % Pixel Array o Pixel Array

}



How to hide the contents of a text file
in a picture?

e p, :=ioutil.ReadFile("./Autumn.bomp")
to read the image file into byte slice p

e t, :=ioutil.ReadFile("./nhamlet.txt")
to read the text file into byte slice t

o t[O] hOIdS the 1St CharaCter ‘H’ = 72 Autumn.bmp doctoredAutumn.bmp
Original p Modified p
e modify(int(t[O S+T:S+T+C]. C 0 BMP FILE 0 BMP FILE
y(nt(t[0]), pl 1 C) ! HEADER ! HEADER
where 13 13
SPTRY 14 14
e {t[0]is ‘H'=72=01001000 15 BMP INFO 15 BMP INFO
e S=54T=32 Cis4 HEADER HEADER
’ ’ 53 53
+T S+T+C1 i : 54 ol 54 | Hide 2 bits of len(t
*  P[S+T:S+T+Clis p[86:90] 55 8& E’.‘;:.'é 55 H=d22b=t: 8f|228
56 0th Pixel-R 56 | Hide 2 bits of len(t)
85 Pixel- 85 | Hide 2 bits of len(t
Original p[86:90] Modified p[86:90] se| oS s | T 5itti000
87 10111011 87 10111010
86| 01111011 01111000 88 01011010 88 01011000
87| 10111011 ::> 10111010 8 10100111 5 10100101
88| 01011010 01011000 91 91
89| 10100111 10100101 92| Pixel Array 32|  PixelArray




How to hide the contents of a text file
in a picture?

e p, :=ioutil.ReadFile("./Autumn.omp")
to read the image file into byte slice p

e t, :=ioutil.ReadFile("./hamlet.txt")
to read the text file into byte slice t

® @%%ﬂﬁ%ﬁ%@ ﬁ%ﬂ@lt[l], | = O~|en(t) Autumn.bmp doctoredAutumn.bmp
Original p Modified p
for i:=0; i<len(t); i++{ 0 BMP FILE 0 BMP FILE
. ‘ HEADER HEADER
offset := 4) = -
modify(int(t[i]),/p[offset:.offset+C], C) 14 I
15 BMP INFO BMP INFO
} HEADER HEADER
. Ny 53
tk%lﬂ?féd’" j\?/l\?‘ﬁhﬁMM’ gi 0Oth Pixel-B 54 | Hide 2 bits of len(t)
T EPIAN T . AN TS & 55 Oth Pixel-G 85 | Hide 2 bits of len(t)
AARIRO. 1. 24 3. SBOWIEAPAT 56 Oth Pixel-R 56 | Hide 2 bits of len(t)
modify(int(t[0]), p[86:90], 4), &% 22 10th Pixel-G 22 Hide 2 ﬂt'?'&; len)
P[86]. P[87], P[88], P[89] 87 10111011 &7 10111010
88 01011010 88 01011000
89 10100111 89 10100101
JEHE+ R G4+ m s & o1 o1
=, 92 Pixel Array 92 Pixel Array
o [MZHFIEA AL+ R T+ & 93 93

T b



How to hide the contents of a text
file in a picture?

e p, :=ioutil.ReadFile("./Autumn.bomp")
to read the image file into byte slice p

e t, :=ioutil.ReadFile("./hamlet.txt")
to read the text file into byte slice t

e To hide all t[i], i = 0 to len(t)

for i:=0; i<len(t); i++{
offset := S+T+(i"4)
modify(int(t[i]), p[offset.offset+C], C)
}
e Each iteration hides t[i] in
pP[S+T+(i*4):S+T+(i*4)+C]
o WhereS=54,T=32,C=4
e Thatis, t[i] is hidden in
p[86+(i*4)], p[86+(i"4)+1],
p[86+(i*4)+2], p[86+(i*4)+3]
e E.g.,t[1]='A', is hidden in p[90:94]

Autumn.bmp
Original p

BMP FILE
HEADER

BMP INFO
HEADER

Oth Pixel-B
Oth Pixel-G
Oth Pixel-R

10th Pixel-G
01111011
10111011
01011010
10100111

Pixel Array

doctoredAutumn.bmp

Modified p

BMP FILE
HEADER

BMP INFO
HEADER

Hide 2 bits of len(t
Hide 2 bits of len(t
Hide 2 bits of len(t

Hide 2 bits of len(t
01111000
10111010
01011000
10100101

~ ~—

Pixel Array

63



Check results

e Write the complete hide-0.go

e EXxecute and display result
> go run hide-0.go
> display doctoredAutumn.bmp

e The Text Hider project
e Produce hide.go with good coding practices
e Also need to write show.go

e Change hide-0.go to hide-1.go

e by modifying the most significant 2 bits (the rightmost 2
bits) of each byte of Pixel Array

> go run hide-1.go
> display doctoredAutumn.bmp

Original Autumn.bmp

doctoredAutumn.bmp
Modifying rightmost 2 bits

doctoredAutumn.bmp
Modifying leftmost 2 bits 64
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4o

B &

e Array is simple

e What if the elements are of different types? AERELF?

Linear, consecutive arrangement of N elements of the same type
Example: var A [5]byte defines a byte array A of 5 elements

TR (%) ZEiiR 54t

e A[0], A[1], A[2], A[3], A[4] are all of type byte B Ko —4dESAERNRM (FZ TR

o Use struct HIEMMERR—HREMILER

A data structure with
different types of elements

Elements are called fields

Use the dot notation to
access fields, e.g.,

e JoanSmith.ID accesses the
student ID of Joan Smith, AJf&JoanSmith[1]

e FanWang.active = false assigns the false
value to the active field of student Fan
Wang, indicating that he is not actively enrolled

XFEE: BEHMA MRS (index) FRIARFE TR, WA[BHEE3SITLR

type Student struct {

name string

ID int

majorCode byte

active bool

contact string
}

var JoanSmith, FanWang Student
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Pointers and addressing modes

TR 5 F U

e Array is simple

Linear, consecutive arrangement of N elements of
the same type

B — AN PP IESE Y R 2R H
Example: a byte array A

e Next element of A[i] is A[i+1]

e |If Afi]is at address 50, A[i+1] is at 51

What if not consecutive?

RUNANELLE A IR

e Pointer brings flexibility

Nonlinear arrangements, where the elements can
jump around

Example: two variables X and Y
connected by pointers
e Indicated by the two arrows

Array A — 50| 1

type myType struct {

element int

next *myType X
} — :
var X, Y myType

Y
X.next =*Y >
Y.next = *X
o—
2481

The number 48 is due to the fact that
Golang has a 48-bit virtual memory space
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Contrasting three addressing modes

e Array is simple
Linear, consecutive arrangement

e Pointer brings flexibility

Nonlinear arrangements

e Pointers are supported by the
indirect addressing mode
Contrasting three addressing modes
e Immediate addressing 7B %{5-1ik: MOV 50, R1;
50 > R1, i.e., R1=50
e No memory access

Array A —

50

—N-1

2481

50

RO

R1

R2
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Contrasting three addressing modes

e Array is simple
Linear, consecutive arrangement

e Pointer brings flexibility
Nonlinear arrangements

e Pointers are supported by the
indirect addressing mode

Contrasting three addressing modes

e Immediate addressing 37.B1#(F-41:: MOV 50, R1;

50 2 R1, i.e., R1=50
e Direct addressing H#:51: MOV M[50], R1;
M[50] > R1, i.e., R1=1

Often the common case

Array A — 50

RO

R1

R2
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Contrasting three addressing modes

e Array is simple
Linear, consecutive arrangement

e Pointer brings flexibility !

Nonlinear arrangements Array A —

e Pointers are supported by the

indirect addressing mode

Contrasting three addressing modes

e Immediate addressing 37.RB1#(F-41:: MOV 50, R1;

50 <2 R1, i.e.,, R1=50

e Direct addressing H#:311: MOV M[50], R1;

M[50] > R1, i.e., R1=1

e Indirect addressing [H]#5-11: MOV M[M[50]], R1;

M[M[50]] > R1, i.e.,
M[M[50]] is M[1], R1=M[1]=0

First get the address

RO R1 R2
Then access for the value
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Step-by-step lllustration of pointers

func main() {
b .= true // Boolean variable b
p:=&b // p holds b’s address
fmt.Printin(p) // Print b's address
fmt.Printin(*p) // Print b's value; dereference p

*p = false / Modify b's value

fmt.Printin(b) // Print b's value

*p =1(*p) /l Use and modify b's value by negation
fmt.Printin(b)

0x0
0x1

0xc042058058

Memory cell 0
Memory cell 1

Variable b, type bool
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Step-by-step lllustration of pointers

func main() {
b .= true // Boolean variable b
p:=&b // p holds b’s address
fmt.Printin(p) // Print b's address
fmt.Printin(*p) // Print b's value; dereference p

*p = false // Modify b's value

fmt.Printin(b) // Print b's value

*p =1(*p) /' Use and modify b's value by negation
fmt.Printin(b)

1-minute Quiz:

What is the output of
the final statement fmt.Printin(b)?

0x0
0x1

0xc042058058

Memory cell 0
Memory cell 1

Variable b, type bool
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Step-by-step lllustration of pointers

o FMEIREN A —MNUFIMNE R BT SEBIFE P

func main() {
b := true
p:=&Db
fmt.Printin(p)
fmt.Printin(*p)

*p = false
fmt.Printin(b)
p=1("p)
fmt.Printin(b)

}

> go run ./pointer.go

0xc042058058

true

false

true

>

/[ Boolean variable b

// p holds b’s address

// Print b's address

// Print b's value

// Modify b's value

/[ Print b's value

// ' Use and modify b's value by negation

0x0
0x1

0xc042058058

Memory cell 0
Memory cell 1

Variable b, type bool
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lllustration of pointers

func main() {
b .= true // Boolean variable b
p:=&b /l p holds b’s address It Ab& & BRI /ERF
fmt.Printin(p) // Print b's address
fmt.Printin(*p) // Print b's value

*p = false / Modify b's value
fmt.Printin(b) /[ Print b's value
*p =1(*p) /l Use and modify b's value by negation
fmt.Printin(b)
}
> go run ./pointer.go
0xc042058058
true
false
true

>

0x0
0x1

0xc042058058

0xc042078018

Memory cell 0
Memory cell 1

Variable b, type bool

Variable p, pointer type
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lllustration of pointers

func main() {
b .= true // Boolean variable b
p:=&b // p holds b’s address
fmt.Printin(p) I/ PrimM's address
fmt.Printin(*p) I/ Print b's™™qlue

*p = false /l Modify b's va
fmt.Printin(b) /[ Print b's value
*p =1(*p) // Use and modify b's valu
fmt.Printin(b)

}

> go run ./pointer.go

0xc042058058

true

false

true

>

negation

0x0
0x1

0xc04205

0xc042078018

Memory cell 0
Memory cell 1

Variable b, type bool

Variable p, pointer type
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lllustration of pointers

func main() {

b := true // Boolean variable b Seab* 2 AR 5 FHERAERF
p:=&b // p holds b’s addr
fmt.Printin(p) // P address
fmt.Printin(* // Print what *p holds, i.e., b's value [E1#:3-4E .
*p = false / Modify b's value E
fmt.Printin(b) P
p=1(*p) | i
fmt.Printin(b)
}

Memory cell 0

> go run ./pointer.go Memory cell 1

0xc042058058

0xc042058058| Ox1 (true) Variable b, type bool
trve
false 0xc042078018| 0xc042058058 |Variable p, pointer type
true ......

>




lllustration of pointers

func main() {
b .= true
p=&b
fmt.Printin(p)
fmt.Printin(*p)

*p = false
fmt.Printin(b)
p=1("p)
fmt.Printin(b)

}

> go run ./pointer.go

0xc042058058

true

false

true

>

// Boolean variable b

// p holds b’s address

/[ Print b's address

/l Print b's value

// Modify b‘s value []#23-4k
/[ Print b's value

/' Use and modify b's value by negation

0x0
0x1

0xc042058058

0xc042078018

Memory cell 0
Memory cell 1

Variable b, type bool

Variable p, pointer type
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lllustration of pointers

func main() {
b .= true
p=&b
fmt.Printin(p)
fmt.Printin(*p)

*p = false
fmt.Printin(b)
p=1("p)
fmt.Printin(b)

}

> go run ./pointer.go

0xc042058058

true

false

true

>

// Boolean variable b
// p holds b’s address
/[ Print b's address

/l Print b's value

/ Modify b's value

/[ Print b's value

nd modify b's value by negation

0xc042058058

0xc042078018

0x0 (false)

Memory cell 0
Memory cell 1

Variable b, type bool

Variable p, pointer type
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lllustration of pointers

func main() {
b .= true
p=&b
fmt.Printin(p)
fmt.Printin(*p)

*p = false
fmt.Printin(b)
“p=1("p)
fmt.Printin(b)

}

> go run ./pointer.go

0xc042058058

true

false

true

>

// Boolean variable b
// p holds b’s address
/[ Print b's address

/l Print b's value

/ Modify b's value

/[ Print b's value

/' Use and modify b's value by negation

0x0
0x1

0xc042058058

0xc042078018

Memory cell 0
Memory cell 1

Variable b, type bool

Variable p, pointer type
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lllustration of pointers

func main() {
b .= true
p=&b
fmt.Printin(p)
fmt.Printin(*p)

*p = false
fmt.Printin(b)
p=1("p)
fmt.Printin(b)

}

> go run ./pointer.go

0xc042058058

true

false

true

>

// Boolean variable b
// p holds b’s address
/[ Print b's address

/l Print b's value

/ Modify b's value

/[ Print b's value

/' Use and modify b's value by negation

0x0
0x1

0xc042058058

0xc042078018

=4

0x1 (true)

Memory cell 0
Memory cell 1

Variable b, type bool

Variable p, pointer type
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