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o MITUZmAEMES (> ANAEm)

IR AT REE S =AM G, R B !

fib[0] =0
= fib[1] =1
@1’)5”5‘] Ij\jﬁ f:)ri:=2;i<51;i++{
ﬁﬁﬂgﬁ% fib[i] = fib[i-1] + fib[i-2]

}

MOV 0, R1

MOV R1, M[RO]

MOV 1, R1

MOV R1, M[R0+8]

MOV 2, R2 //i:=2

MOV 0, R1 // label Loop

JL Loop //if ‘<’ goto Loop

@UITAMEEL .= ioutil.ReadFile(" /Autumn.bmp”)
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0. N 4wtz

o $$)?3HTML/CSS/JavaScr|pt)\I]’ﬁm/\, T M 25 S e

o FUTVERIN
o /HE%?UEI’JGOJ%E%M 1 & 2|Web%w
o FREIWEEANFA, FlntEER)EEmM “;”
o Tf?]?%j%ﬁﬂl%, SCISURE VEME, SBIE— M —
o IRFFHCWEIR IS AIEERIE
o T ZHAE Jm A2 NE AL

R R RIARE A7

Ean: JEIETEER
Graphics credit:

Siyue Li Z= 213 20192k
50% B [8] €1 3&
50% B 8] FF 4



https://course.things.ac.cn:10088/exp/personal_artifact

4 2WebZE Fig (BFPHL) , 4 2WebfR%52:5?

2P AL EIBAT I A, A X MWeb I 55 45 SR B T S04 212 AL,
o FE 0] 0 A A R R s X T

RS, WebfRR 5543 O AEiaqT

) U browser

JIYE W R 55 4 < Web server

Ak GEBERE) - URL (hyperlink)

S Webpage

XX T SCA myFirstWebPage.html

Web browser
T3 2 R0 N

=P umittHEAL (client) :

EICA LN

Web server
T3 4E W Al 55 4%

RSt EAL (server)

myFirstWebPage.html




BIRIE— AT (BENTD B

o TEVRHI =3Pt F

> cat server.go
package main
import “net/http”
import “fmt”
func main() {

1T server.go

/] server.go

fmt.Printin("Listening on 8081")
http.Handle("/", http.FileServer(http.Dir("./static")))

http.ListenAndServe(":8081", nil)

}

> go build server.go

Run program server
in background

> —

J& & izfTserverfiT

> [server & -
>[1] 69474 <

>

%
> kill 69474 <=

server 5%
(69474 is server
process ID) #tFE5 . #HFEID

Stop server

22 1EID 6947 AL )3 FE



%B’J%*AWJ W (htmI3CRS) RHEM T ER

TE ) T 2o Do) 1k 2 6 N PR 1 XA HERFER REA—FE, S

o TEFAZAIRYE H Ot T 6 KM U2k c486 5 server9 vy H C ML 1% =
R NIECE TR TR

o FIWLLIBATIYEAS, A Rk A Web il 55 &5 SR U TS 2020 0L, P H ) b
WEEE R UL, (ALEE B 7ZR=render)

=] My First Static Webpage X +

< C @ O 8 c486—ﬁode.server9]cs101.cs.ac.cn/proxy/8081/myFirstWebPage.html

EREPETEL- L, HERELD. EHEEE..

Hello, World!

EThe HTMLS5 logo is shown on the left


https://c486-code.server9.cs101.cs.ac.cn/proxy/8081/myFirstWebPage.html%20

Mjﬁ%ﬁ% ] jCﬁ’lX‘f %ﬁﬁﬁ DOM, Document Object Model

o IX_X‘Iﬁ —_ 11‘% (=] | My First Static Webpage X  +

° ij”%%%%%é%ﬁlﬁlﬁ & C O B 486-code.server9.cs101.cs.ac.cn/proxy/8081/myFirstWebPage.html
N ERETEI-L, HERELE, EEEE..
o MR GorEfFHLFE

BT A B AT AT Hello, World!

EThe HTMLS5 logo is shown on the left
> cat myFirstWebPage.ht

HTMLMNTE A&

ic Webpage</title> %ﬁ<htm|> </htm|>*ﬂ?§?ﬁ‘@§l§

<title>My First St
__ </head>
— <body>

<h1> Hello, World! </h1>

<p> Mﬁi*ﬁ

Y 4 <img src="https://www.w3.org/html/logo/downloads/HTMLS5_Badge.svg" o UG “SL” ORI “AKR”

style="float:left;width:30px;height:30px;"> . HETTEAR
The HTMLS logo is shown on the left SN

<ip> . TLEMAFERE K

<script> HAabJavaScriptfRig A% o SLEEH N T 4 R

</script>

— </body>
— </html>

>
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PREIE— N ChtmISCR) KEN T ER

=) My First Static Webpage X -+

& C @ O B c486-code.server9.cs101.cs.ac.cn/proxy/8081/myFirstWebPage.html

SREBETIREE, HERELR. EEEE..

> cat myFirstWebPage.html HE"O, World!

_ <html>
<head> EThe HTML5 logo is shown on the left
<meta charset="utf-8">
<title>My First Static Webpage</title>

</head>

— <body>
<h1> Hello, World! </h1>

<p>
<img src="https://www.w3.org/html/logo/downloads/HTML5_ Badge.svg"

style="float:left;width:30px;height:30px;">
The HTMLS5 logo is shown on the left
</p>

<scr|pt>
— dhoa CSS JE/ A H%

— </html>
BUGIFAE T, 3018, 30185

>




REIZE—ANWNTT (htmIdC) RHEMN T E R

—

=) My First Static Webpage X -+
& C @ O B c486-code.server9.cs101.cs.ac.cn/proxy/8081/myFirstWebPage.html
SHEBETER L, HERELR, SERE..
. I
> cat myFirstWebPage.html H el IO, WO rld .
— <html>
EThe HTMLS5 logo is shown on the left

—

>

{ <head>
</head>

<meta charset="utf-8">
<title>My First Static Webpage</title>

<body>
<h1> Hello, World! </h1>

<p>
<img src="https://www.w3.org/html/logo/downloads/HTML5_ Badge.svg"

style="float:left,width:30px;height:30px;">
The HTMLS5 logo is shown on the left

</p>
o, - No JavaScript code in this webpage
—_ "/body> This is a static webpage

— </htmi> EA M T °] A JavaScript

10
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R E—NMNI (htmI3CH) KENTE

= My First Static Webpage X -+

—_—

& C @ O B c486-code.server9.cs101.cs.ac.cn/proxy/8081/myFirstWebPage.htm!

SREBETIREE, HERELR. EHEEE..

Hello, World!

EThe HTMLS5 logo is shown on the left

> cat myFirstWebPage.html
_ <html>

<head>
<meta charset="utf-8">
<title>My First Static Webpage</title>

</head>
— <body>
<h1> Hello, World! </h1>
<p>
<img src="https://www.w3.org/html/logo/downloads/HTML5 Badge.svg"
style="float:left;width:30px;height:30px;">
Tr):e HTMLS logo is shovSn on ?he Ieff Webﬁ% ﬁ““
<lp> + fEhead HLAI i T 45 70 K 3L 0 %% 7
<script> «  {Ebody A1 H M GUI T R~ o E
</script> WHFHE=ATE; puEEBAIimgInR
— </body> o IR (R
— </html> . CSS%EEU%E%%E’JﬂTH%

> -« JavaScriptfRiZ#/E Tt HR (32

11



staticChildrensDay.html: code and output

. * Render the Content "2021.06.01":
¢ /fﬁ : ‘JavaSC”pt * according to Style -80px;—purple
T AH » at the place indicated "childrensDay"
H/J ,W ? by Element ID
> cat staticChildrensDay.html
<html>
<head>

Element ID JCZID

<meta charset="utf-8">
<title>Display the date of next Children's Day</title>
</head>
<body>
<h1 style="text-align: center">Date of Ne
<p style="text-align: center" id="childr
<script>
var x = document.getElementByld("c
x.style fontSize = "60px";

Style XUk

Content N &

x.ill‘lner.HTML ="2021 .66.01";
</script> Date of Next Children's Day
</body>
</html>
>

& B % 76 E HIID = childrensDay 2021.06.01
f# Fldocument.getElementByld 5 %,

AR xR AR IZ BUE TR

x.styledBFRiZ Bt % 70 2 1 A%
x.innerHTMLFEFRiZ B & LR N A

12



staticChildrensDay.html: code and output

* Render the Content

o JIn_b 4% XA Ui BH « according to Style

« at the place indicated

by Element ID
> cat staticChildrensDay.html
<html>
<head>
<meta charset="utf-8"> Element ID

<title>Display the date of next Children's Day</title>

</head>
<body>
<h1 style="text-align: center">Date of Next Childre

Style

; Content
<script>
var x = document.getElementByld(
x.style.fontSize = "60px";
x.style.color = "purple";
x.innerHTML = "2021.06.01";

"2021.06.01";
60px, purple
"childrensDay"

</script> Date of Next Children's Day

</body>
</html|>

> Display Content
with 60 pixels font size

and purple color 2021 0601

13



ChildrensDay.html: code and output

o {¥i F{JavaScript /= A= 5h7&5 MN 7
o W~ H HARE R R] 1E A AR

o AMIIHZ/DILER? 24, H /It &paragraph <p...></p>

> cat ChildrensDay.html
<html>

Element ID

<body>
<h1 style="text-align: center">Date of Next Children's
<p style="text-align: center" id="childrensDay" >
<script>
var X = document.getElementB
x.style.fontSize = "60px";
x.style.color = "purple";
var date = new Date;
var year = date.getFullYear(); o '
var month = date.getMonth() + 1; Date Of NEXt Chlld ren S Day
if (month >= 6) year = year + 1;
x.innerHTML = "June 1, " + year;
</script>
</body>

s June 1, 2021

childrensDay");



1. L2&#%58: (Seamless Transition)

o MHRIIIEE R RAE TG HL IETHIZAT, W50 4% B AT 20
o JLEERRE: MK RZAMEAESNE A 5TE UL
o EEMSERIH LAV, SRR T, S

o WM. MARTERY, E/OWESEH]R,

fil AR G e P ARG /5 5K
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SEL T ARt B TS R 4 SR
o THEM: THELEARIAME (OhAE LAk

o M ﬁlfﬁﬁ%%%gﬁgg/ e S B R
i
o BT REE]N — D IR HiER S 525 R HE
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o FNEH: MEALHITCLE M BT 5
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2. Py 3R R B
T BFXKIKIEREEE: die ewige Wiederkunft

o DUNIMERT R (RZXA)
o<ﬁ§%ﬁ%ﬂ:§§m%ﬂﬁﬁ&¥%,%%ﬁm
o RAUVHEOGiakt: “ZIjEE, #LERAE”
Head Full Circle =
Yang qi comes full circle.

Divinely, it returns to the beginning.
Things go on to preserve their kinds.

o UC-Berkeley #1747 1 35S AR PR T
The Canon of Supreme Mystery by Yang Hsiung cANON
o QBT A A 7 EATE YR 2 S
o fHARFMMAR? NMTAZAHH? 680m




%ﬁ%%ﬁr

LT ek Ik fE#

H

: die ewige Wiederkunft

o DURIMERTE] (XX E)

o (RZXZ&JHE) : “FHAAEMIM I F46, MarHI”
o RANFIEtekiE: “PYIREE, MIeBLRE”
o =ANEL
o X IIBEEE: M IRIMAT B EE
o JETIEILE: @M“/F%E‘ﬁ?ﬁ“?
HEEEEITN sSSP RF S
L /.% A 4
1stStep | > 7 Current Step | NextStep | ™

wa— W
Final Step




FeRiIk{E e

ﬁﬂ‘?jﬁ%%ﬁ)ﬁi‘i

H

o DURIMERTE] (KX E)

o (KZX&JHH) :
o RAVAEItiakE:

o =N

“PHAUR AT T A, P4k
“HBEHE, MRLEEE

o IR ML IRHAT 52 e
o RIS WABEIOTIA? RSB ?

L7

1stStep | > 7

/

CD

Current Step

5

g Next Step

: die ewige Wiederkunft

L

wa— W
Final Step




%ﬁﬁﬁl%ﬁﬁ B

T Je KRRk ER

A

o MR =R) (RXE)
o (KZZHH) :
o FAE L ILIRE:

o =NER

| &IjJE% = %lﬁﬁ

“BHAE AT S ~F-4a,

“BIBEE, LR

:J:j:h ”ﬁl:[:,

o HIMELA: T—*/FEE‘%E'J%ZZ“ !

L7

1stStep | > 7

P4k ]

—" Current Step

5

: die ewige Wiederkunft

L

g Next Step | >

wa— W
Final Step




FJeRiIk{E e

ﬁﬂ‘?j&%%%ﬁﬁh

H| :

die ewige Wiederkunft

o DURTIMETER CRELZ)
o (KXZeHH) :

o RACE DR

o =N

o YIIBLEE: HFID
o AMKELE (WAL

H1P

“BHAE AT SeFan, PgE I
“LOIREEE, AL

BT 55
BTFE? TSR
o MK AWBECHZ R, BB RIE)
A RSC RS MR 2 Ik L. A8 B SRSE
- TERVPERY: HAE HETIRSHITIRE, JFEN KK TE R

1StStep ~a

42 | F
— Current Step Next Step | >

e L
Final Step
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o HUTTE— XX

EH’ )

‘ﬁmE%%WﬁTF+AXX,

o THRITRE AR FF A I 4H & i A
o FEF A HIFE < A AL & i Ak
o T5-4 JEI I Hhy e b ) S AL 4 i
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A A FRLE

o PATTE—PXXE, FmEmHaIT F—1XX
o IR AR R L A 1
o TRFFRIEE A H AL AT R
o 354 RN R D L 45 1T R
o — I IR N T — A B B A
o S [A] I Py EEL B ) A R T A

it



3.%

5 SR TKE

o Ab

o Hi

o 1
2

BLASHIZ Le TR 2 T /KR
TR MK E B — 2
e M s
T ZRIRRUKE

—PMEYRIEE =P’ (=40

Bl IS, AT

Instruction Stream

Ing(t)

|

Inip(t)

|

IF

—>

ID

Ingx(t)

-

~

Outy(t)  Outp(t)

CLK

In(t)
Combinational
Circuit G

State(t+1)

State

Circui

it

State(t)

17¥84MOV 0, R1

Instruction Fetch (IF) stage: IR « M[PC]

o RKWHFHITM[PCIHIFaL BT HFF4IR
Instruction Decode (ID): Control Signals = Decode(IR)
o MNIELTAEHIES

Instruction Execute (EX): R1 « 0; PC « PC+1

o MRIEZHNIESPATIELSEAE, KRS

B UF)

# (ID)

AT (EX)




7

o HSLMEIHIRLUKLER5~314

54 A 58 ST /K LR

M AR B AZ O AT TR 2 TIK EK
o FRRUKENIE—H
eI LS

Bl5: =RIEL UKL
WATHELMOV 0, R1

e Instruction Fetch (IF) stage: IR « M[PC]
o Rt NAFFITM[PCIHITE S B EITE S F 74 IR
e Instruction Decode (ID): Control Signals = Decode(IR)

o NIRRT AEEHIE T

e Instruction Execute (EX): R1 « 0; PC « PC+1

Inie(t) Inip(t) Ingx(t)

Instruction Stream l l
...... LLLI
—» IF —¥» ID EX
7
! v

CLK Combinational | Out(t)
)

0 State Circuit F
Combinational Circuit State(t)

Circuit G State(t+1)

g AUF)
A% (D)

AT (EX)

o MIEIEMHE SIATIRLHAE, IR IEE



3.1 Wit L E PR ENLHITE L4
o ARSI R 23

fib[0] = 0 MOV 0, R1

MOV R1, M[RO] /IR0=12 initially
fib[1] = 1 MOV 1, R1
MOV R1, M[RO+8]
fori:=2;i<51;i++{ MOV 2, R2 /=2
fib[i] = fib[i-1] + fib[i-2] MOV 0, R1 I/ label Loop

ADD M[R0+R2*8-16], R1
ADD M[R0+R2*8-8], R1
MOV R1, M[RO+R2*8-0]

INC R2 I i++
CMP 51, R2 IIi<51?
} JL Loop /I if Yes, goto Loop

e Design an instruction set for FC
e Any instruction consists of an opcode and one or more operands
o BERMLBE —MNRELNETHRIES
e In mnemonics, e.g., MOV 0, R1 ICRIES

WERE

o Inbinary, e.g., 000 000000 01 IR IE

26



HSERITERE

IR il gnih = A
SB: B (TRKD s 5TFa

FLAGS: CPU status register IRZSE/E5%

e Holding status value of instruction execution, such as if the result is
overflow, zero, less than, etc.

e Only “less than” is used in this example

PC: program counter F2FiT#5%

e Holding the address of the next instruction to be executed
RO, R1, and R2: general purpose registers
=BT

e Holding operands of instructions

SB2: GHFRMES, HEBRED

HIFFRZAES, Flm,
MOV 0, R1
MOV 1, R1
MOV 2, R2

fib[0] = O
fib[1] = 1

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

MOV 0, R1

MOV R1, M[RO]

MOV 1, R1

MOV R1, M[R0+8]
MOV 2, R2

MOV 0, R1 /[ Loop
ADD M[R0+R2*8-16], R1
ADD M[RO+R2*8-8], R1
MOV R1, M[RO+R2*8-0]
INC R2

CMP 51, R2

JL Loop

27
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Ydd g

RLETERE: PEKR2

e FC has a memory and five registers
e FLAGS, PC, RO, R1, and R2

e Determine the types of instructions

and decide the opcodes (one for a type)

e Merge similar instructions into a type

A 3R [F2EF8 4, U1 MOV 0, R1: MOV 1, R1: MOV 2, R2

e E.g., 3instructions move an
immediate value to a register
e MOV 0, R1; MOV 1, R1; MOV 2, R2
e They belong to one type of instruction

fib[0] = O MOV 0, R1
MOV R1, M[RO]
fib[1] = 1 MOV 1, R1
MOV R1, M[RO+8]
fori:=2;i<51;i++{ MOV 2, R2
fib[i] = fib[i-1] + fib[i-2] MOV O0,R1  //Loop

ADD M[RO+R2*8-16], R1
ADD M[R0+R2*8-8], R1
MOV R1, M[RO+R2*8-0]
INC R2
CMP 51, R2

} JL Loop

e There are six types of instructions, needing 3 bits to specify

U K R S (R

Instruction Type Opcode Semantics #§41& X
MOV to Register 000 Assign an immediate value to a register
MOV to Memory 001 Assign the content of a register to M[Address]
ADD 010 R1 + M[Address] 2> R1
INC 011 R+1 >R (Ris aregister)
CMP 100 Compare to a value, assign the result to FLAGS
JL 101 If FLAGS is '<' (less than), Loop - PC

28



RSB BTERE: P2

e FC has a memory and five registers

e FLAGS, PC, RO, R1, and R2

e Determine the types of instructions

and decide the opcodes

e Merge similar instructions into a type
o E.g., 3instructions move an immediate value to a } JL Loop

register
e MOVO, R1; MOV 1, R1; MOV 2, R2
e They belong to one type of instruction

e There are six types of instructions

fib[0] = O MOV 0, R1
MOV R1, M[RO]
fib[1] = 1 MOV 1, R1
MOV R1, M[R0+8]
fori:=2;i<51;i++{ MOV 2, R2
fib[i] = fib[i-1] + fib[i-2] MOV 0,R1  //Loop

ADD M[RO+R2*8-16], R1
ADD M[RO+R2*8-8], R1
MOV R1, M[RO+R2*8-0]
INC R2

CMP 51, R2

Instruction Type Opcode Semantics
MOV to Register 000 Assign an immediate value to a register
MOV to Memory 001 Assign the content of a register to M[Address]
ADD 010 R1 + M[Address] 2> R1
INC 011 R+1 >R (Ris aregister)
CMP 100 Compare to a value, assign the result to FLAGS
JL 101 If FLAGS is '<' (less than), Loop - PC

29



RSB BTERE: P2

FC has a memory and five registers

o FLAGS, PC, RO, R1, and R2

Determine the types of instructions
and decide the opcodes

e Merge similar instructions into a type
o E.g., 3instructions move an immediate value to a } JL Loop

register
e MOVO, R1; MOV 1, R1; MOV 2, R2
e They belong to one type of instruction

There are six types of instructions

fib[0] = O MOV 0, R1
MOV R1, M[RO]
fib[1] = 1 MOV 1, R1
MOV R1, M[R0+8]
fori:=2;i<51;i++{ MOV 2, R2
fib[i] = fib[i-1] + fib[i-2] MOV 0,R1  //Loop

ADD M[RO+R2*8-16], R1v
ADD M[RO+R2*8-8], R1+/
MOV R1, M[RO+R2*8-0]
INC R2

CMP 51, R2

Instruction Type Opcode Semantics
MOV to Register 000 Assign an immediate value to a register
MOV to Memory 001 Assign the content of a register to M[Address]
ADD 010 R1 + M[Address] 2> R1
INC 011 R+1 >R (Ris aregister)
CMP 100 Compare to a value, assign the result to FLAGS
JL 101 If FLAGS is '<' (less than), Loop - PC

30



QREBTHIRE: B2

FC has a memory and five registe
o FLAGS, PC, RO, R1, and R2

I'S

Determine the types of instructions

and decide the opcodes

fib[0] = O MOV 0, R1
MOV R1, M[RO]
fib[1] = 1 MOV 1, R1
MOV R1, M[R0+8]
fori:=2;i<51;i++{ MOV 2, R2
fib[i] = fib[i-1] + fib[i-2] MOV 0,R1  //Loop

ADD M[RO+R2*8-16], R1v
ADD M[RO+R2*8-8], R1+/
MOV R1, M[RO+R2*8-0]

o Merge similar instructions into a type e
o E.g., 3instructions move an immediate value to a } Lo 2

register
e MOVO, R1; MOV 1, R1; MOV 2, R2
e They belong to one type of instruction

There are six types of instructions

Instruction Type Opcode Semantics
MOV to Register 000 Assign an immediate value to a register
MOV to Memory 001 Assign the content of a register to M[Address]
ADD 010 R1 + M[Address] = R1
INC 011 R+ 1> R (Ris aregister)
CMP 100 Compare to a value, assign the result to FLAGS
JL 101 If FLAGS is '<' (less than), Loop - PC

31



RSB BTERE: P2

e FC has a memory and five registers

e FLAGS, PC, RO, R1, and R2

e Determine the types of instructions

and decide the opcodes

fib[0] = O MOV 0, R1
MOV R1, M[RO]
fib[1] = 1 MOV 1, R1
MOV R1, M[R0+8]
fori:=2;i<51;i++{ MOV 2, R2
fib[i] = fib[i-1] + fib[i-2] MOV 0,R1  //Loop

ADD M[RO+R2*8-16], R1v
ADD M[RO+R2*8-8], R1+/
MOV R1, M[RO+R2*8-0]

o Merge similar instructions into a type e
o E.g., 3instructions move an immediate value to a } Sup o1 2

register
e MOVO, R1; MOV 1, R1; MOV 2, R2
e They belong to one type of instruction

e There are six types of instructions

Instruction Type Opcode Semantics
MOV to Register 000 Assign an immediate value to a register
MOV to Memory 001 Assign the content of a register to M[Address]
ADD 010 R1 + M[Address] = R1
INC 011 R+ 1> R (Ris aregister)
CMP 100 Compare to a value, assign the result to FLAGS
JL 101 If FLAGS is '<' (less than), Loop - PC
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RSB BTERE: P2

FC has a memory and five registers

o FLAGS, PC, RO, R1, and R2

Determine the types of instructions
and decide the opcodes

fib[0] = O MOV 0, R1
MOV R1, M[RO]
fib[1] = 1 MOV 1, R1
MOV R1, M[R0+8]
fori:=2;i<51;i++{ MOV 2, R2
fib[i] = fib[i-1] + fib[i-2] MOV 0,R1  //Loop

ADD M[RO+R2*8-16], R1+
ADD M[RO+R2*8-8], R1/
MOV R1, M[RO+R2*8-0]

o Merge similar instructions into a type ING R34
o E.g., 3instructions move an immediate value to a } e ot

register
e MOVO, R1; MOV 1, R1; MOV 2, R2
e They belong to one type of instruction

There are six types of instructions

Instruction Type Opcode Semantics
MOV to Register 000 Assign an immediate value to a register
MOV to Memory 001 Assign the content of a register to M[Address]
ADD 010 R1 + M[Address] 2> R1
INC 011 R+ 1> R (Ris aregister)
CMP 100 Compare to a value, assign the result to FLAGS
JL 101 If FLAGS is '<' (less than), Loop - PC
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fib[0] = O MOV 0, R1

MOV R1, M[RO]
= fib[1] = 1 MOV 1, R1
B3 eI
. fori:=2;i<51; i++{ MOV 2, R2
fib[i] = fib[i-1] + fib[i-2] MOV 0,R1  // Loop
e FC has a memory and five registers 7DD MIROSRo6.61 R1.
o FLAGS, PC, RO, R1, and R2 M%VRF;“M[RO*RT&O]
: : : CMP 51, R2
e Determine the types of instructions } JL Looo
and decide the opcodes
e For each opcode, determine its operands # & #AEEL
e Assuming the instruction length = 11 bits In practice, assume 8, 16, 32 or 64 bits
e There are 3 data registers,
needing 2 bits Opcode Operand 1 Operand 2 Instructi
° Leave 6 bits for immediate value 3-bit Immediate Value, 6-bit  Register, 2-bit nstruction
: 000 000000 01 MOV 0, R1
e The base+index+offset mode 000 000001 o1 MOV L RI
RO, R2 are fixed o1l 10 INC 1%2
1=0,1,2,4,8 100 110011 10 CMP 51, R2
J=0,+4,+8,£16 101 00000101 JL Loop
° =635 p.OSSIbIe (I, J) pairs Opcode Operand 1 Operand 2 Instructi
e 35<2° 6 bits are enough 3-bit Memory Address, 6-bit  Register, 2-bit nstruction
e Notes 001 RO+R2*0+0 01 MOV R1, M[RO]
. 001 RO+R2*0+8 01 MOV R1, M[R0+8]
e ForINC R2, operand 1 is not used 001 RO+R2*0-0 01 MOV R1, M[RO+R2*8-0]
e JL has only one operand 010 RO+R2*#8-8 01 ADD M[R0+R2*8-8], R1
010 RO+R2*8-16 01 ADD M[RO+R2*8-16], R1
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3.2 — IR EAEB AR WA HATH?

e To see an example of executing instruction MOV 0, R1

o by a 3-stage instruction pipeline =RHIBSWAKE
e Instruction Fetch (IF): IRM[PC] ivEes
e Instruction Decode (ID): Signals = Decode(IR) PR
e Instruction Execute (EX): R1 « 0; PC « PC+1 PAT
e Internal components
not visible to user Memory Computer

%E?@iu NI (AT

IR: Instruction Register
holding the instruction
being executed

e MAR: Memory Address
Register, holding the
memory address used

e MDR: Memory Data
Register, holding the
data for a load or store FLAGS Controller

e Controller: control circuit

to generate control signals kProcessor (CPU) /

Svstem Software

T

5] MOV 0. R1
MOV R1, M[RO+R2*8-16]

i




Execution details

e Instruction Fetch (IF):
e Instruction Decode (ID):
e Instruction Execute (EX):

Memory

Svstem Software

IR«MI[PC]
Signals = Decode(IR)
R1 « 0; PC « PC+1

o IF stage (micro operations @3 ®@)

Computer

<

~

— , |

RO

Wbk R

MAR R?

MOV 0, R1
MOV R1, M[RO+R2*8-16]

IA@

g:L MOVO,Rl s

N

1 |

~

BT S HeFFE
PC IR

Data

\

WA 2%

FLAGS Controller

RETFHE  BHIS
Processor (CPU) /

Ve
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e Instruction Fetch (IF):
e Instruction Decode (ID):
e Instruction Execute (EX):

Memory

Svstem Software

<

IR<MI[PC]
Signals = Decode(IR)
R1 « 0; PC « PC+1

o |IF stage (micro operations @@ @)
e ID stage (micro operation ®)

Computer

MOV 0, R1 — |

MOV R1, M[RO+R2*8-16]

Data

RO

R1

V&
PG

PG :
Rl
[T
B AE

R2
@
MOV 0, R1 \\P < =
MDR @ —"— |, MOVOR
FLAGS Controller
© vy vy
Processor (CPU) Signals

RIS
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Instruction Fetch (IF):

Instruction Decode (ID):
Instruction Execute (EX):

IR<M[PC]

Signals = Decode(IR)
R1 « 0; PC « PC+1

o |IF stage (micro operations D@ @)
e |D stage (micro operation ®)

e EX stage (micro operations ®@)
s 0>R1; PC+1>PC

Memory

Svstem Software

Computer

<

@

MAR

e , |

MOV 0, R1

MOV R1, M[RO+R2*8-16]

RO
R1
R2

R N 1)
S wovom R o

12

0@ <+ ALU

2

Data

FLAGS Controller

\Processor (CPU) ? llsllgl“{‘llsw

B8
2L
AT

{5 5 IRBhAH R

B4, BlanfEses

RKMUX, $ITHES
ERRAE

PC+1>PC
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3.3 Z% LK ESBWIT (overlapping)

o H—HIT A2 KIEL I EERIIT
LA ARSI UL, T TR AR . XA Y, S
Jr‘ﬁﬁs/\%mmaﬂm % PR 3K

77, ?ﬂﬁth%)ﬂﬁf—lEﬂﬁﬁii Y VAGIER QU MIiTR7W
FEAL A S — LR 12508 . 407 R 2 B tHHHRES A8 4 X (3 X 4) = 48 4r4F.
o ﬁﬁZ.?ﬂEﬁgﬂMﬁ%UfﬁEﬂ‘H@BEI‘J4IEU7}/&%@% AT [F)2E IR BV E T I A B . BEAL [F] A7)
R—ILFERT 129080 . 447 R 27 Tl [a] 2 2 /0 2

T 0 O® 7| H ||
e 0060 e o |0 | O
dib 4ib dib 4id did | 4id | gid | gid
i

,mjaa




Z %L EBPIT (overlapping)

o H—"Hl7 k% KI5 ESHAT
o WZWNTALMIFE 7AW FAE, HTHEIPAMZIMH . FXFAE T, FAE
M 3438 I 2t 18] . =5 RE PR k77 =0
o J7a1. T HE IARLZITAE — [T iR E B, 407K K TR
FEOLIE 2 — SEFEIT 1240 4h . ARE R BT T A 4 x (3 x 4) = 48 404,
o 72 FHH AN ITLEMAS AR I AZE, AR AR BV GALZITIPA Z TR . AL F 247
SR—FEFEIT 12408 . A7 )22 AT TR 1) 2/ 2

o RUWFE 1004 [F)2¢Z INTH Ve ?

dih dib dib dib dik | dik | dik | diR
rY
[ )
OZEﬁ
.@W

T



RS SR BREEBIIT e wm e

o TNMELHMEE =AEIENE (B , AR 1998

B - < 12]1]%/[‘
Fn, HATIEAMOV R1, M[RO] )= 51840 T - ”
o HUFEH:AE: IR € M(PC); PC&PCH+1 I AE 35 A1 GIPS
o ¥iL#E:{E: Signals = Decode(IR) A1 45751047, 235 &

o HATEAE: M[RO] ¢ R1
o MNERHIHETR 2 I/KE&T I AEZ (no overlapping)
R4 2 HIHAT I 5 F8 27K 26

Bae  EE PUT

525 194 FHL3 L2 | R B 811
1645 194 15423 522 521 2
1645 1ES4 143 L2 121 B 813
fE26 15495 fER4 FRL3 | 1722 i &h 4




B2 MKENLFH 2 EFHES (overlap)

PR FEH= 3 GHz, 1EXWKLEFERNIIT=%3E4, SIZ:E’Jﬁ/\HT«’EtF}% BPAT BE— %14
EE#EE: 3 Giga Instructions Per Second (GIPS), BEIE#H#4T30/2%+E4

HaE  PS PUT

o BRWKIAGLTKE LIRS 219080, A

AL ZR I B R R R R = 1K ghED 1390F> 1/344F) 1/344FH
ALFEZS 0 = K GHz
LKL RN HATKETRE S, PRI 2R AT e e — % F5 42
AL@%%WE £E: KGIPS

B FE a7

0. 44 143 1542 41
1. A5 44 1543 1842 R

2 46 45 H4s He3[ a2 [ e

503, w47 46 545 irea[ 823 [ me2 [ e
i ha: o8 4T 1846 1845 [ o4 | es [ me2
5. 49 148 147 1546 [ re5 | a4 [ 143
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4. Postel’s robustness principle %3 R #

e Originally proposed by Jon Postel for the Internet
e Has become a systems principle

e \When design, implement, and use a system,
for every step, every module

o Be tolerant of inputs and strict on outputs (55 #E™ H )

e Be tolerant of inputs

System should still work when
inputs deviate somewhat from
“correct” values

e Be strict on outputs

System should generate only
“correct” outputs, not deviating
from “correct” values

e Implication

e Accumulation of noises, errors, drifts,
and distortions can be alleviated

BRE. RE. BB, REASHR

(HjFelE#im)
U\C'Dﬁﬁ, Uxi'ﬂ‘“ﬁ,

TCP implementations should follow
a general principle of robustness:
be conservative in what you do, be
liberal in what you accept from
others.

Jon Postel, 1980

Be strict in outputs, and be

tolerant of mputs \

Step,
Module

vVvVY
vVVvyY




E3EITH BT YN 53EICMOSH i 1

2.0 Volt ¥ Vad F ——— 2.0 Volt
RRE Bt i
X Y
*E[ J\\\—[R‘I/ HIGH _< Possible input AC‘ |: AC{ |: >_ HIGH
@iﬂzw HZ'[ values of X 7
& IZ L 0.7~2.0 Volt .
N NS (unsafe) s — Possible
o K JCIA]RE ) - output B 0.7 Volt
0.7 Volt -/ VO
'y - values of Z A
Possible input | 0.0~2.0 Volt
values of Y Y—[__ (unsafe) LOW
LOW 0.0~0.7 Volt
! (unsafe) —— il
0.0 Volt Vss — 0.0 Volt
2.0 Volt ™% possible input Vaa ] 2.0 Volt  HiGH
4 4.9 Volt
A2 HIGH values of X X _OI Y—o|
E + T T Y 1.5~2.0 Volt
. 1.5(Volt (Safe) 7
N N
o Tiit/™H N _ Possible —_—
Minimal
., Minimal X— output Gao 1.8
N WY \] ~ ] a .
® I%J/f&j( IEﬂ Ig/% Gap 1.0 Volt ] values of Z VOI'F:
v Y — 19~20
1 ] Volt ¥
.5 Volt _
Low { 0:5Vo { Possible input Ve (safe) ¥
~ values of Y 0.1 Volt
0.0 Volt 0.0~0.5 Volt 0.0 Volt | ow

(safe) 44



Naive Design

e Consider gate G in the circuit of 5 NAND gates

It receives inputs from A, B, and outputs to H, |
e All NAND gate have the same behavior and been implemented by a CMOS circuit

Naive Design of the CMOS circuit without following Postel’s robustness principle
i SO TR R S T R AR T
e There is no gap near the threshold voltage Vth = 0.7 Volt

When A=HIGH=1.95 and B=LOW=0.55 Volt, Z should be HIGH>0.7 Volt
However, after B drifts +0.4 Volt to reach 0.95 Volt, Z becomes LOW, an error

Vg 2V
X=1.95 ‘
zz}\ x—L vl Vdd =2 Volt &k
1'52(} 7-0.65 z Vss =0 VoIt {KHJE
i Vth = 0.7 Volt B{EH &
0,9 1 H) [
ng\%\[ . ) |
Y=0.55 11 v—| Naive Design
I Logic 1: > 0.7 Volt

vss OV Logic 0: < 0.7 Volt
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Summary of Naive Design

e Assume X=HIGH and Y=LOW. Then Z should be HIGH
e But, could easily get the wrong result of Z = LOW

e Why?

e Treat inputs and outputs equally, and in a bad way

e Both the input side and the output side
e have 0 minimal gap between HIGH and LOW
e have unsafe margins of 0.7 Volt for LOW and 1.3 Volt for HIGH

2.0 Volt

HIGH ____

LOW

Possible input
values of X
0.7~2.0 Volt
(unsafe)

y
} Possible input
values of Y

0.0~0.7 Volt

(unsafe)
y

x4 vHC

Possible
output

valuesof Z —

0.0~2.0 Volt
(unsafe)

t, HAGHRE

A

2.0 Volt

HIGH

0.7 Volt

LOwW

0.0 Volt
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A better design B1E i /REEFEHE K EEETT

e The better design following Postel’s robustness principle
A minimal gap of 1.0 volt at the input side
A minimal gap of 1.8 volt at the output side
Note that the output of B cannot be 0.55 Volt. It has to be < 0.1 Volt

Let B=ELOW=0.07<0.1 Volt. Even after a drifting value of +0.4 Volt, G still sees a LOW value,
since B=0.47 Volt.

Thus, Z is HIGH with Z > 1.9 Volt

X=1.95 Better Design

:z}\ XAG‘ [ YA]‘[

132 5 196 , For Input Voltages
G 4H} s Logic 1: > 1.5 Volt
_}M7 B AL Logic 0: < 0.5 Volt
2 Y=0.07 Iy

Y— For Output Voltages
Logic 1: > 1.9 Volt

Vs Logic 0: < 0.1 Volt
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Summary of Better Design

e Assume X=HIGH and Y=LOW. Then Z will be HIGH
e Tolerance on inputs 7

e Strictness on outputs J®H
Output from a gate has a 0.1 Volt safe margin and a minimal gap of 1.8 Volt

Input to a gate has a 0.5 Volt safe margin and a minimal gap of 1 Volt
e Naive Design: 0.7 and 1.3 unsafe margins and 0 minimal gap

e Naive Design: 0.7 and 1.3 unsafe margins and 0 minimal gap

2.0 Volt /
HIGH

y

y

1.5 Volt—
Minimal
Gap 1.0 Volt

0.5 Velt—
LOW {

0.0 Volt ‘

A

Possible input
values of X
1.5~2.0 Volt

A

(safe)

A

Possible input
values of Y
0.0~0.5 Volt

V.

(safe)

x—4C

Possible
output
values of Z
1.9~2.0 Volt
(safe)

Y 2.0Volt HIGH

Y 1.9 Volt

Minimal
— Gap 1.8 Volt

V__/

Y 0.1 Volt | ow
r 0.0 Volt
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5. von Neumann’s exhaustiveness principle
EiIEKE 5 RIEHE

e Computer must be given instructions in absolutely exhaustive detall
when automatically solving a problem
L HBE IR RS, DA EVTE S, EAT R AT

e In the quote, two terms have specific meanings

Operation = Problem-solving Task
e E.g., solving a non-linear partial differential equation

) The instructions which govern
Device = Computer this operation must be given to
e An automatic computing system the device in absolutely

exhaustive detail. ...

Once these instructions are
given to the device, it must be
able to carry them out completely
and without any need for further
intelligent human intervention.

John von Neumann, 1945



von Neumann’s exhaustiveness principle

e Computer must be given instructions in absolutely exhaustive detail
when automatically solving a problem

e 1-minute quiz The instructions which govern
Q: How to cover “absolutely exhaustive tnis gp?ratiP” fguslt ?el given to
"0 /E/ Nt i fe=nl) € aevice In apbsolutely

detall Tﬁaﬁﬁﬁﬁﬁ’ﬁﬁ ' exhaustive detail. ...

A ge B LT 2 Mgy, g 558 ? Once these instructions are
given to the device, it must be

@Eﬁﬁ HULVI‘%E%{% able to carry them out completely
Identify f|rst step and without any need for further
M —0 intelligent human intervention.

e Execute single step
IEHATE—2 CHEIPED John von Neumann, 1945
X} S8

e Identify and transition
to next step #ff e Fid IR T —



von Neumann’s exhaustiveness principle

e Computer must be given instructions in absolutely exhaustive detail
when automatically solving a problem

e 1-minute quiz

e Q: How to achieve “in absolutely exhaustive
detail”? List the types of instructions,
and give an example for each type

o A: Answers to more fundamental questions %% i IE & HATR R E AT

e Where and what is the first instruction, when the computer power is turned on?
T JG AT RIS — R 98 AR L ? AT 42

e How to determine the next instruction to execute?
N E B — 2k 1822

e What types of exceptions are there, to normal execution of programs?
ARl PRAIE = HT 982 IR PAT 2
KA BT, RAEMMATEE: (1) ®WHEIEF&ITE; 2) HRE
AR H S 7 AT X 2



The first instruction to execute
when the computer power turns on

FVEPATHISE — %184 EWE? BRAAA?
e Example with an x86 processor x864bFE%4F

o Where: the first instruction to execute is at memory address OxFFFFFFFO
FEVREL? AbHEARHRE Mk 2 18] B 3 s ik

o What: a jump instruction, e.g., JUMP 000F0000 =&ft4
e Address 000F0000 contains the entry instruction for the BIOS code

PhAdE S BhA2IBIOS (HIEERFHA) BN bk
o Why? fTAiER?

o Computer starts by executing the BIOS firmware code

e To initialize the computer and to load the operating system

THFENIEYLE B AT, Mop1iate TAE Cna ) » AR ARG AF
e Using a jump instruction upfront increases flexibility
A i > 18 N Rk
e E.g., if we want the computer to start by executing another firmware code BIOS-2 at entry address
0O00FAQO0O0, then change

e Address OxFFFFFFFO to hold JUMP 000FAOQQO
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Three ways to determine #iE F —5tES I E

the next instruction to execute

The earliest method is linear sequencing in Harvard Mark | computer, the

Automatic Sequence Controlled Calculator
e Instructions are linearly sequenced

T ELERIEL

e Thereis no jump. Next instruction is located right
after current instruction on the instruction tape 54 487

e Storing data and code separately
(This is called Harvard architecture) __

Processor

Pipelined CPU
3.07 GHz, 0.326 ns = 1 cycle

MRk R G5

e Still widely used in the cache units of
modern computers. A processor has
separate instruction cache and data cache

P

=

I-Cache

\32KB, 1 Cycle

5

D-Cache

32KB, 1 Cycle/

+

—

e In contrast, the Princeton architecture +

T RATEE REH
uses a single cache or memory
to store both data and instructions

Modern computers use both

Shared Cache
256 KB, 4 Cycles

]

~14 ns

Memory

= 43 clock cycles
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Three ways to determine Wi T —%HBSmhEE2. 3
the next instruction to execute

e The ENIAC method

ENIAC /5%
e Every instruction holds the address of the next instruction
HETR-T8 T — K38 SRk JIEMI AR R B : SR M A& T — P T bk

e Used by the revised version of the ENIAC computer

Opcode and operands of current instruction | Address of next instruction

e Modern computers mostly use the PC mechanism: the address of the next
instruction to execute is stored in the program counter (PC)
YR FENRA “REP i Es L]

P THEE: (PC) T —4%78 % Kk

\1



Deal with exceptions to normal execution
X S

o [FFNICAMILIT | Golh & JrAE o H
o TEIAFAIAEHIEE
e We have seen exceptions in programming, e.g.,

In the Text Hider project, the statement
e p,_:=ioutil.ReadFile(“./Autumn.bmp”) a1, CHAAFAE

should really be
e p, error := ioutil.ReadFile(“./Autumn.bmp”)
if error 1= nil {
...Il put exception-handling code here H48 7T, AT W AL FRAHG
}

... I no error; continue normal execution o4, #4K%EIEH AT

S
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Three types of exceptions are supported
by computer hardware =R

e In normal execution (without exception), the current instruction finishes and continue to execute
the next instruction

R PUT5EAHTIRS, BEHIT T A%
o SHAM: (D RITEAIIHS: () FRITFF—HHH4

Interrupt B ‘
Hardware error R W 4 B OWMKLR
Machine check RERE StageS .Of
Instruction
7y pipeline
Processor P o] Keyboard -
1/0
Core Core Bus g ) : IF
Display
Cache Currerjt Jd D
» > Mouse Instruction
] v EX
Memory Bus -
I/O Interface > Power IF
7y
< »| Hard Disk NeXt. — ID
Memory Instruction
1/0 EX
< > USB
Bus -
v
Motherboard : > WiFi Time




yg==}

Interrupt handling ¥4t E

e When an interrupt occurs, e.q.,

When the user punches key ‘Y’ on the keyboard PR 1Y 8
while the processor is executing the instruction decode stage

e \What should the processor do?
Should it immediately take an exception-handling action?
Should it finish the current instruction first?

f P
Processor P > Keyboard _
1/O
Core Core Bus I F
< »  Display Current Interrupt
Cache Instructi — ID Occurs
< > Mouse Nnstructon
I v EX
Memory Bus —
I/0 Interface D Power
yy
> »| Hard Disk
Memo
ry 1/O < q
Bus USB
v
Motherboard v‘ >  Wiki Time
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Interrupt handling

o MEEPATEIETAITE S, e BbFe 2P A AR R A H
e The processor finishes the current instruction and jumps to an
interrupt handling subprogram to handle the interrupt
T AL B RN interrupt handler

7y
Processor o F > Keyboar d' _
Core Core Bus IF
< > Display C urre nt Interru pt
Cache . = ID Occurs
" > Mouse Instruction -~
Memory Bus I Y - Start to
1/0 Interface <«—»  Power IE handle
A [
< » Hard Disk FII’St. = ID
Memory Instruction
"0 L o uss of Handler |_ | EX
\/
Motherboard Iy > Wiki Time
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Interrupt handling

e The processor finishes the current instruction and jumps to an

iInterrupt handling subprogram to handle the interrupt
such as copying the punched key value to memory

PATH WA ERER, EFRARARNREY % NEAF

7y
Processor F > ' _
1/O
Core Core Bus ) IF Int t
] Display Current nterrup
Cache o = 1D Occurs
Mouse Instruction -~
Memory Bus I - Start to
Power handle
- Handler —
& » Hard Disk -
Memory Y IF
1/O
Bus|® > USB Next
| R Instruction ID v
Motherboard WiFi :
v EX Time
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Interrupt handling

e \When an interrupt occurs, the processor finishes the current
iInstruction and jumps to an interrupt handling subprogram to handle
the interrupt

such as copying the punched key value to memory

e Then, the processor resumes normal execution
by executing the original next instruction

L T D AR R E BT BORFRIT 1 T — 445 %

Processor < > Ke boardl IF Int t
e y Current nerrup
Core Core Bus ] Inst ti . ID Oceurs
ol EX Start to
I : »  Mouse B handle
Memory Bus Handler
1/O Interface D mm— Power Resume
y'y B normal
Y < » Hard Disk Next IF execution
Memory 10 Instruction| | D
Bus|® > USB
us EX
< > WiFi - _V
Motherboard ! ik Time




Interrupt handling

e When an interrupt occurs, the processor finishes the current instruction and jumps
to an interrupt handling subprogram to handle the interrupt

e such as copying the punched key value to memory
e Then, the processor resumes executing the next instruction

e Q: how does the processor know the address of the next instruction?
e A: need to save context before executing handler

BEANF W ER R, DARF LT, MEREEZPATHEES

A g—
Processor < >  Ke board' IF Int t
10 y Current nterrup
Core Core Bus _ Inst ti - ID Oceurs
ol EX Start to
I : »  Mouse B handle
Memory Bus Handler -
/O Interface D mm— Power Resume
y'y . B IE normal
Y € » Hard Disk Next execution
Memory 10 Instruction| | D
Bus|® > USB
us EX
< > WiFi - _V
Motherboard ! ik Time
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Hardware error handling &4 H 45

e \When a hardware error occurs, e.g.,
When the memory becomes faulty and generates a hardware error exception 4
an, WEFRRT

e \What should the processor do?

Should it immediately take an exception-handling action?
Should it finish the current instruction first?

7\
Processor P > Keyboard _ .
1/0 IE Exception
Core Core Bus . Occurs
E > Display Current
Cache . ID
L ) Mouse Instruction
I v EX
Memory Bus —
I/O Interface <+—»  Power
7\
< » Hard Disk
Memo
)/ 1/0 < q
Bus USB
\/
Motherboard v‘ >  Wiki Time
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Hardware error

e \When the memory becomes faulty and generates a hardware error

exception

AR T

e Should the processor finish the current instruction first?
e e sE A TR - <P 12
o No, because the IF stage cannot be finished 417! 54 #EUA IR

e The instruction cannot be fetched from memory

Processor

Core Core

Cache

Memory Bus I

Memory

Motherboard

AR (IF) #1E

1/0

Bus
<

Keyboard

<

Display

h 4

Mouse

I/O Interface

A
<

Power

1/0
<

Hard Disk

Bus

<

USB

h 4

WiFi

Current _
Instruction

IF

Exception

EX

Time

Occurs
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Hardware error

e When the memory becomes faulty and generates a hardware error exception

e Should the processor immediately take an exception-handling action?
e Yes, it executes an exception-handling sequence of steps without depending on the

memory
SERIPAT B AL EERR Y, TR VI A N AE

A
Processor o < » Keyboard
Core Core Bus
< »  Display
Cache
< > Mouse
1 v
Memory Bus
I/O Interface D Power
A
> » Hard Disk
Memo
p o < > USB
Bus
Motherboard v‘ »  WiFi

Current _
Instruction

Exception

IF

EX

Time

Occurs
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Machine check HER®

e This is the "all other" exception, for exhaustiveness
Typically, an unrecoverable hardware error

e Example

While executing an exception-handling sequence of steps for the memory fault, the
sequence experiences another error

The system generates minimal diagnostic information and crashes

FAEREANZEER, S

7\
Processor P > Keyboard _ .
1/0 IE Exception
Core Core Bus . Occurs
E > Display Current
Cache . ID
L ) Mouse Instruction
I v EX
Memory Bus —
I/O Interface <+—»  Power
7\
< » Hard Disk
Memo
)/ 1/0 < q
Bus USB
\/
Motherboard v‘ >  Wiki Time




6. Amdahl’s law

e Previous 3 principles regard correctness (seamless transition)
e Amdahl’s law focuses on performance (smooth transition)

e 1-minute quiz

A student writes a program sort.go to read an 8-GB file of 64-bit integers, sort the integers,
and write the sorted result into another file on his laptop computer. Suppose the total
execution time is T, where 0.8*T is spent on I/O operations.

e Q1: What is the problem size N, i.e., the number of integers?
e A1: (a)8 (b)64 (c) 1024 (d)64*1024*1024 (e) 1024*1024*1024

e Q2: The student upgrades his laptop with a new wonder processor that is 100 times as
fast as the old processor. How much time (approximately) is needed to execute sort.go
on the same 8-GB file?

e Al: (@)T/100 (B)T/5  (c)0.1*T  (d) 0.8*T



Amdahl’s law

e 1-minute quiz
A student writes a program sort.go to read an 8-GB file of 64-bit integers, sort the

integers, and write the sorted result into another file on his laptop computer. Suppose
the total execution time is T, where 0.8*T is spent on file I/O operations.

Q1: What is the problem size N, i.e., the number of integers?
A1l: (a)8 (b)64 (c) 1024 (d)64*1024*1024 (e) 1024*1024*1024

Q2: The student upgrades his laptop with a new wonder processor that is 100 times
as fast as the old processor. How much time (approximately) is needed to execute
sort.go on the same 8-GB file?

Al: (@) T/100 (B)T/5  (c)0.1*T  (d)0.8*T

e The processing time is about 0.2*T/100, but the 1/O time stays the same. Thus, the total time is about
0.2*T/100 + 0.8*T = 0.802*T

e The speedupis T/ 0.802T ~ 1.247, only 24.7% faster



g

Amdahl’s law PHHE/REFE

e Suppose a system'’s execution time is broken into two portions (1 — f) and f, such
that (1 —f) > f  RGEPATIEARI T E 2 (1 = f), f

e Amdahl’s law: Enhancement on the (1 — f) portion can lead to a speedup no more
than 1/f DU RGN — 8B 5, R GUINIE AN 28 i AR DSt 870 AT I 1] 1 31 5
e Speedup approaches but never exceeds 1/f
o Speedup = (time before enhancement) / (time after enhancement)

IE = BERTRIAT I T / B3 5 KITRAT e 1]

\ 4 \ 4

(1-1) f 1-N/p |
——ey e

Total execution time = 1 Total execution time = (1-f)/p + f
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Amdahl’s law

e After enhancing a portion of a system, the speedup obtained is upper
bounded by the reciprocal of the other portion's time, i.e., 1/f
Speedup = (time before enhancement) / (time after enhancement) ~ 1/f at most

\ 4 \ 4

(1-f) f 0_f

— -

Total execution time = 1 Total execution time - 0+f, as p—>

70



Implications of Amdahl’s law

e Amdahl's law offers two advices for system design

Optimize the common case. System enhancement, or system optimization, should
focus on the common case, also known as the bottleneck, i.e., the most time-

consuming portion U R
Chase the bottleneck. When the system bottleneck changes, so does our
optimization target 18 Z L
(1-1) f
Common case
1 —
Bottleneck 4(_]c)/p><L> f
Bottl k
ottlenec P
Bottleneck

e Three techniques to utilize Amdahl’'s law
Pipelining, caching, parallel computing
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6.1 Pipelining: multiple instructions overlap

e Optimize the bottleneck of the CPU'’s instruction pipeline

o Key technique: overlapping pipeline stages with multiple instructions
e Using about the same amount of resource, plus some overhead

e Assuming 1-GHz clock cycle, the average performances are
o Without overlapping: executing an instruction needs 3 cycles and 3 ns
o With overlapping: executing an instruction needs 1 cycle and 1 ns

IF 1D EX
4 lel: ... Lilsl, —¥» 1 > P
Processor B R Cycle 4 !
vo I » Keyboard
Cycle2: ... I4 15, —p » L >
Bottl K > Disp —
< > ispla B
O enec Py Cycle3: ... Lils 1. ) > o 1
< > Mouse . o
v (a) No overlapping of pipeline stages
Memory Bus
I/O Interface “—> Power IF ID EX
A
. Cyclel: ... Lillh—» 1 > >
< » Hard Disk yee e '
Memory e Cycle2: ... Llils—pf |, » L >
Bus|~ " UsB
Cycle 3: ...... lﬁ 15 14 —p 13 > IZ > ll
Motherboard < »  WiFi
A 4 (b) Overlapping of pipeline stages




6.2 Caching: use a small but faster buffer

e Optimize the von Neumann bottleneck
e Memory is too slow to feed data to CPU
e On the other hand, programs have spatial and temporal localities
o Key technique: caching, i.e., using a small but faster buffer

Processor -~
o » Keyboard
Core Core Bus
< »  Display
< > Mouse
A 4
1/0 Interface < > Power
V'
< »| Hard Disk
Memo
ry o |, - USB
Bus| "
Motherboard "4 > WiFi




Caching: use a small but faster buffer

e Optimize the von Neumann bottleneck
Memory is too slow to feed data to CPU
On the other hand, programs have spatial and temporal localities

Key technique: caching, i.e., using a small but faster buffer
e Without having to change the instruction set

Processor > -~
A‘ < » Keyboard
Core Core Bus
/ < »  Display
Cache A
< > Mouse
I v
Memory Bus
< T > 1/0 Interface +—»  Power
v A
< » Hard Disk
Memo
ry ro|, -~ USB
Bus|~ "
Motherboard "‘ > WiFi

e Design and back-of-envelop performance analysis



***Caching using the Fibonacci Computer

Processor Processor
e Two-layer caching Pipelined CPU
3.07 GHz, 0.326 ns = 1 cycle
e Layer 1: separate instruction and data caches 1t 1t
o Layer 2: shared cache for instruction and data e - oo
. . . 0.326 ns = 1 cycle 32KB, 1 Cycle 32KB, 1 Cycle
e Assume 92 iterations of the loop code in red 5 "
\ 4 \ 4
are executed Shared Gache
256 KB, 4 Cycles
Clock cycles of instructions without caching ) |
. . Memory Memory
Instruction Times of memory Clock cycles ~14 ns = 43 clock cycles ~14 ns = 43 clock cycles
type accesses needed
MOV 0, R1 1 1*43 +1 > 43
No Caching  Caching
MOV R1, M[...] 2 2*43 +1 > 86 MOV 0, R1 43
MOV R1, M[RO] 86
ADD M[...], R1 2 2*43 +1 > 86 e I'{*]‘fl{A[RH] by
MOV 2, R2 43
INC R2 1 1*43 +1 > 43 Loop: MOV 0, Rl 43 |
ADD M[RO+R2*8-16], R 86 |
CMP 51, R2 1 1*43 +1 - 43 ADD M[RO+R2#8-8], R1 86 2
MOV R1, M[R0O+R2*8-0] 86 2
JL Loop 1 1*43 +1 > 43 INC R2 43 I
CMP 51, R2 43 2
JL Loop 43 3
Numbers in blue are canceled out due to pipeline overlapping.
A simpler analysis does not consider such optimizations, and Assume all internal operations together take 1 cycle.
calculate the cycles for “MOV 0, R1” to be 1*43+1=44. This Every instruction execution needs to access memory at least once to

simplification leads to similar performance analysis results. fetch instruction. Some instructions need two accesses to also fetch data.



***When code and data are stored in level-1 caches

e Instruction Fetch needs only 1 cycle Proceseor Processor
e Thisis why 1st MOV needs 1 cycle N —

e Instruction Fetch and Operand Fetch can 307 Oftz 0320 e = T e
be done simultaneously, thanks to AR .-cihe D_Cfche
Harvard architecture 0.326 ns=1t;ycle 32KB, 1 Cycle 32KB, 1 Cycle
e Thisis why 1st ADD needs 1 cycle v v

e Data and control dependencies may ron Ko 4 Crcos
cause pipeline to stall (wait) ; !

e This is why 2" ADD needs 2 cycles and Memory Memory
JL needs 3 cycles ~14 ns = 43 clock cycles ~14 ns = 43 clock cycles

Clock cycles of instructions with caching
No Caching  Caching

Instruction Times of memory Clock cycles mgx (I){,IRI’IVI[RO] ;13_
. 6
type accesses needed MOV 1. RI 43
* MOV R1, M[R0+8] 86
+
MOV 0, R1 1 11 +1 > 1 MOV 2, R2 3
* Loop: MOV 0, R1 43 I
MOV R1, M[...] 2 "1 +1 51 ADD M[RO+R2*8-16], R 86 I
ADD M[RO+R2*8-8], R1 86 2
ADD M[...], R1 2 1"1+1 2> 1 MOV R1, M[R0+R2%8-0] 86 2
INC R2 43 I
INC R2 1 1"1+1 2> 1 CMP 51, R2 43 2
JL Loop 43 3
CMP 51, R2 1 1T"1+1 +1 > 2
Assume all internal operations together take 1 cycle.
JL Loop 1 1141 +2 > 3 Every instruction execution needs to access memory at least once to
fetch instruction. Some instructions need two accesses to also fetch data.




Simplified performance analysis

e Simplify by consider a single iteration of loop

e Without caching No Caching  Caching
e Total time =4*43 + 3*86 Hoor XS[Y&[?{EHRQ*S-]@],RI gﬁ }

= 430 clock cycles VOV I MIRO-R0"80] 86 :
=430 * 0.326 = 140 ns i é

JL Loop 3 3

e With caching

o Total time =1*3 + 2*3 + 3*1
= 12 clock cycles
=127%0.326 = 3.91 ns

e Caching brings about significant speedup
e Speedup =140 ns/ 3.91 ns = 35.8, or 34.8 times faster



Performance metrics of the 3.07-GHz FC

e The peak speed of the Fibonacci Computer is the maximal speed possible
o Peak speed = 1 instruction per cycle = 3.07 GIPS

e The sustained speed of the Fibonacci Computer is the real speed achieved when
executing the loop application code
e Sustained speed = 7/140 = 0.05 GIPS
e Each iteration takes 140 ns to execute 7 instructions
o Efficiency = sustained speed / peak speed = 0.05/3.07 = 1.63%

78



Performance metrics of the 3.07-GHz FC

The peak speed of the Fibonacci Computer is the maximal speed possible
Peak speed = 1 instruction per cycle = 3.07 GIPS

The sustained speed of the Fibonacci Computer is the achieved speed when
executing the loop application code

Sustained speed = 7/140 = 0.05 GIPS

Efficiency = sustained speed / peak speed = 0.05/3.07 = 1.63%
For the Fibonacci Computer with caching

Sustained speed = 7/12 = 1.79 GIPS

Speedup =1.79 GIPS / 0.05 GIPS = 35.8

Efficiency = sustained speed / peak speed =1.79/3.07 = 58.3%

Both have the same peak speed, but caching significantly improves real speed
(sustained speed)
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Performance metrics of the 3.07-GHz FC

e The peak speed of the Fibonacci Computer is the maximal speed possible
o Peak speed = 1 instruction per cycle = 3.07 GIPS

e The sustained speed of the Fibonacci Computer is the achieved speed when

executing the loop application code
e Sustained speed = 7/140 = 0.05 GIPS

e Efficiency = sustained speed / peak speed =0.05/3.07 = 1.63%

e For the Fibonacci Computer with caching
e Sustained speed =7/12 = 1.79 GIPS; Speedup =1.79 GIPS / 0.05 GIPS = 35.8
o Efficiency = sustained speed / peak speed =1.79/3.07 = 58.3%

PERETE IR FC w/o Cache | FC with Cache
I E 78 & peak speed 3.07 GIPS 3.07 GIPS
SERRIEE sustained speed 0.05 GIPS 1.79 GIPS
B Efficiency 1.63% 58.3%
BE b Speedup 1 35.8

fib[0] = 0
fib[1] = 1

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

MOV 0, R1
MOV R1, M[RO]
MOV 1, R1
MOV R1, M[R0O+8]
MOV 2, R2
MOV 0, R1  // Loop
ADD M[R0O+R2*8-16], R1
ADD M[R0O+R2*8-8], R1
MOV R1, M[RO+R2*8-0]
INC R2
CMP 51, R2
JL Loop
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6.3 Parallel computing

e Also known as parallel processing

e What if one CPU is not enough?
What if we need 10 GIPS, 1 million GIPS, 1 trillion GIPS?

e Use multiple CPUs/processors/computers in one system

A processor having multiple CPUs is called a multicore processor
e Each CPU is called a core
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ﬂ
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Supercomputer examples

e Top500.org is a list ranking the world's fastest supercomputers
e Maintained since 1993 by scientists in Europe and USA
o Rank the 500 fastest supercomputers by their speeds in executing the Linpack

benchmark

e Speed = executed 64-bit floating-point operations per second (FLOPS)
e The main contributing factor of progress is parallel computing

The Linpack benchmark program for
solving a system of linear equations
using Gaussian elimination. It finds x

in Ax = b, where A is an N X N matrix,
and x, b are two N-dimensional
vectors. For N=3, we have

ai1 Qg2 ap3 X1 by
Az1 Ay QAx3| X |X2|=1|b,
X31 |bs

asz1 4azz dass

Time of Test 1993 2020 1993-2020 Growth Factor
Top-1 Name Thinking Machine CM-5 Fujitsu Fugaku N/A
Problem Size N =152,224 N =20,459,520 392
Speed 59.7 GFlop/s 415,530 TFlop/s 6,960,302
Clock Frequency 32 MHz 2.2 GHz 69
Parallelism 1,024 cores 7,299,072 cores 7,128
Memory 32GB 4,866,048 GB 152,064
Power 96.5 KW 28,334.5 KW 294
Cost US $30 million US $1 billion 33
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