(o) T RRA Ccs101

{ﬁ}“"’imm “,,?f Universi t}" of Chinese Acade cImy o of Sci

ARGt HYE-3

pir: Sk

zXxu@ict.ac.cn



N Acu-Exams-CP

o RGUEYEMIA

o % AL —
o MBI Fe/r
. TLkHE iz
o AL I E 84
o FA R HHE ATk 5 45 1)
o TR RE MR Rk R Y8 S mK &k
o Gk as R S EH
o BTIA AR E Q'E‘Zgg
PI—# 7

TR B A I R T 8 T 38 17

R AT RS /MG ], R !




RE /NS

o W44 T
MR NN BB E R BEAER, FRENTE. F0raIEL
FHEHE—. Bl MEM— NS 28R O

— AN AN AL A A

NN N — AN R TR 2 A i A 22 A

— AR a6

AN AN S T A

o0 W »



Bl TR EERE

iml

o HIMEFRZEMEMM, Wit EFE

o NI AR SEIFTHHEARS (Rl — M) 7
o MBBIH, HiLKIEE, —FZ AR

o JREL RN R ?

&2 Corumsia UniversiTy
IN THE

CITY OF NEW YORK

15000~ B




Bl TR EERE

o FIMEFRIZAMEMM, FHieiEHHE
o NAtAREDS M FRITHEALSS (i — IS 2
o MR, JMLREE, —HZ TR

o JRHE L 2 TR ?
o JANVERE, IR RIER?  (DhRESEED
o HELRMNMTRIER?  (PERESEHD

o HMHAITHHILIE

= i

15000~ B




1. Toéafgss

o JL4EfEIHEE HANHAT LR
o THEIRE ARG H G IERRSIT, G AERRIE
o ABABHITI AL G AR eGSO ELE
o fEEMTHELREMGMN— R, DERITE R T — M, D&
o MAEIEATY, EOMEEGIRT, (RS E P AR R



ToSE %

o TLYEfE R H AT
o HERBESRG TG HIETIZAT, B S5 RFHN
o FRBMZ RIS NS g5 i
o (EEMTIELIEMRIM— M, DRSS T — M, PR
o WARITEEIY, ZOWMBEEGIR, 8RG8 TR
o MPRTTHEISFE IERAME BT I gL
o IEffiHbtfiEsE—b
o EFXSEAH—LIR, PRIEZEIP R EHHAT
o T HIRPATIEE, IEMHIE R T —P R




ToSE %

o LZEMIHIE R HIIINAT
o IMEMIRES RGNS IERRISAT, & S S% BRI
o MMHITERLZEHIEREGNE KNG E D EIaEE
o (EEMEEMEHEM B SRR T A, LR
o WARIFEENY, BAOWBEERIME, Al ARG e R R
o HAPRIEFAMEHITHEL L RE A GNE
o EFHLHEE S
o HIRHEABRR, (RE%DREGT
o FBEMITIRE, T R R TR

o LZEfTRZNIVYAN R
o HIEFIWIEIE Yang's cycle principle
o URHTH/RE MR Postel's robustness principle

o HiFik =524 FE I von Neumann’s exhaustiveness principle
o PATEA/RELE Amdahl's law




pic< 1S
o L4ttt mbY HaPAT
AR AR ARG IR EWREAT, G S B
AR PR FEER S AR eSS0 SIeak

o [ZEFIHERA M, IR A,
AR ey, 2/DWEIESIRS, RS A P 7R R

St JA 35 JR

BT /R S R
EiEHK 2 575 R

o ITE AL
W€ 58—
PRUE 2 HI 20 BR IER TS

R s — i




pic< 1S
o L4ttt mbY HaPAT

o MRS RGBT, G SERR R

o AR ESWA (G0 BIOAE

o [ZEAE RIS R M,
o WARTEIY, 2/DWEEGPRIN, [R50 2 H PR K

St JA 35 JR

BT /R S R
EiEHK 2 575 R

o TIHEIAYNI:
® Eﬁﬁ%gﬁ
o FRUEHHTP IR IEHATS

o EHHEETF—BE T

o TEREIITCEE % BrT ik /R 78 o

10



2. i B R B
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Head Full Circle =

Yang qi comes full circle.

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

UC-Berkeley st n] 235 1) 5 ST BETE
The Canon of Supreme Mystery by Yang Hsiung
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T RKRIK{EFR[F]: die ewige Wiederkunft
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T RKRIK{EFR[F]: die ewige Wiederkunft
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Ing(t) Inip(t) Ingx(t)

wEBmRLREEASTRE T
o fRAWMIAKEME—Z LEEL_ L E ] b ] ex
7N HL AT T
BlF: =2 LIk T O Gy Ot
o —AMEAREIOS AT (S0 L N
TN S UNETR . [—
SRR Ak e ] o | smo ] O
iﬁiw% 4MOV 0, R1
Instruction Fetch (IF) stage: IR < M[PC] B (F)

o RN ITM[PCIHITE S HL 5 4 F A7 45 IR

o Instruction Decode (ID): Control Signals = Decode(IR) = (D)
o MIEL T AHEHIE S

o Instruction Execute (EX): R1 « 0; PC « PC+1 AT (EXD
o MRIEFEMIE TIATIE IR, IFKAEFF I EEY =
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o HSAHIHITELSIMKEHT5~314K

o WlF: =ZJIBDUMAKE
HATHEAMOV 0, R1
e |Instruction Fetch (IF) stage: IR «— M[PC]

In(t)

Instruction Stream

Ing(t)

!

Inip(t) Ingx(t)

! |

IF

ID —» EX

CLK

Combinational
Circuit G

State(t+1)

State
Circuit

Combinational | Out(t)
e S
State(t) Circuit F

o RNAFEITM[PCIRITE S B T8 @ W 74+ IR
e Instruction Decode (ID): Control Signals = Decode(IR)
o MRS A HIES
e Instruction Execute (EX): R1 « 0; PC « PC+1
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fib[0] =0 MOV 0, R1
MOV R1, M[RO] //RO=12 initially

fib[1] =1 MOV 1, R1
MOV R1, M[RO+8]

fori:=2;i<51;i++{ MOV 2, R2 I/i:=2

fib[i] = fib[i-1] + fib[i-2] MOV 0, R1 /' label Loop

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

INC R2 Il i++
CMP 51, R2 /li<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
e E.g., opcode operand operand ®%&HEASEES LS TEESR

e In mnemonics, e.g., MOV 0, R1 ICiESiL5RE

e In binary, e.g., 000 000000 01 R E



BRI IERE

BIRO: il 5 Y
SBL: #iE (TR FREETFS

FLAGS: CPU status register RS & 1755

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 251455

e Holding the address of the next instruction to be
executed

RO, R1, and R2: general purpose registers

=NMEHFARS

e Holding operands of instructions

SE2: GHARES, HERESE

FHFIARL, Hl,
MOV 0, R1
MOV 1, R1
MOV 2, R2

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[RO+8]

MOV 2, R2

MOV 0, R1 // Loop
ADD M[RO+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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SR

. PIR2

FC has a memory and five registers fib[0] = 0 o
MOV R1, M[RO]
e FLAGS, PC, RO, R1, and R2 I MOV T R1
Determine the types of instructions N MOV R1, M[RO+8]
. fori:=2;i<b51;i++ MOV 2, R2
and decide the opcodes (one for a type) fib[i] = fib[i-1] + fib[-2] MOV 0,R1  // Loop
C . : ADD M[RO+R2*8-16], R1
e Merge similar instructions into a type ADD M[RO+R2*8-8], R1
A IEFZE4E 4, W MOV 0, R1; MOV 1, R1; MOV 2, R2 MOV R1, MRO0+R2'3-0
e E.g., 3instructions move an CMP 51, R2
immediate value to a register } JL Loop
e MOV 0, R1; MOV 1, R1; MOV 2, R2
e They belong to one type of instruction
There are six types of instructions, needing 3 bits to specify

6FfT5 %, i3RI

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

22



HSEWITERE: P2

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

Determine the types of instructions
and decide the opcodes

e Merge similar instructions into a type

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

There are six types of instructions

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] V

MOV 1, R1

MOV R1, M[RO+8]

MOV 2, R2

MOV 0, R1 // Loop
ADD M[RO+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

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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HSEWITERE: PE]R2

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

Determine the types of instructions
and decide the opcodes

e Merge similar instructions into a type

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

There are six types of instructions

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] V

MOV 1, R1

MOV R1, M[RO+8]

MOV 2, R2

MOV 0, R1 // Loop
ADD M[RO+R2*8-16], R1Y
ADD M[RO+R2*8-8], R1V
MOV R1, M[RO+R2*8-0]
INC R2

CMP 51, R2

JL Loop

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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HSEWITERE: PE]R2

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

Determine the types of instructions
and decide the opcodes

e Merge similar instructions into a type

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

There are six types of instructions

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] V

MOV 1, R1

MOV R1, M[RO+8]

MOV 2, R2

MOV 0, R1 // Loop
ADD M[RO+R2*8-16], R1Y
ADD M[RO+R2*8-8], R1V
MOV R1, M[RO+R2*8-0]
INC R2

CMP 51, R2

JL Loop

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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HSEWITERE: PE]R2

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

Determine the types of instructions
and decide the opcodes

e Merge similar instructions into a type

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

There are six types of instructions

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] V

MOV 1, R1

MOV R1, M[RO+8]

MOV 2, R2

MOV 0, R1 // Loop
ADD M[RO+R2*8-16], R1Y
ADD M[RO+R2*8-8], R1V
MOV R1, M[RO+R2*8-0]
INC R2

CMP 51, R2

JL Loop

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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HSEWITERE: PE]R2

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

Determine the types of instructions
and decide the opcodes

e Merge similar instructions into a type

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

There are six types of instructions

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] V

MOV 1, R1

MOV R1, M[RO+8]

MOV 2, R2

MOV 0, R1 // Loop
ADD M[RO+R2*8-16], R1Y
ADD M[RO+R2*8-8], R1V
MOV R1, M[RO+R2*8-0]
INC R2

CMP 51, R2

JL Loop V

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 2 PC

27



fib[0] = O MOV 0, R1

MOV R1, M[RO]
ig% m = {43 fib[1] = 1 MOV 1, R1
% Bg %z MOV R1, M[RO+8]
Z 3 & fori:=2;i<51;i++ { MOV 2, R2
fib[i] = fib[i-1] + fib[i-2] MOV 0,R1  //Loop
i i ADD M[RO+R2*8-16], R1
e FC has a memory and five registers 7D MIROrR28.61. Ry
e FLAGS, PC, RO, R1, and R2 :\,’\'I‘éVRFél’ SRR
e Determine the types of instructions ; oo
and decide the opcodes
e For each opcode, determine its operands #fE#/EEZm g
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 I .
. . . . . nstruction
° Leave 6 bits for immediate value 3-bit Immediate Value, 6-bit  Register, 2-bit
: 000 000000 01 MOV 0, R1
e The base+index+offset mode 000 000001 o1 MOV 1. RI
e Address = RO + R2*| + J,_ where 000 000010 10 MOV 2, R2
RO, R2 are fixed 011 10 INC R2
1=0,1,2,4,8 100 110011 10 CMP 51, R2
J=0,£4,£8,£16 101 00000101 JL Loop
° 57=35 p_OSSIble (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 For INC R2, operand 1 is not used 001 RO+R2%0.0 o1 MOV R1, M[RO+R2*8-0]
e JL has only one operand 010 RO+R2*8-8 01 ADD M[RO+R2*8-8], R1

010 RO+R2*8-16 01 ADD M|R0+R2*8-16], R1

28



HIERAE N NTFHEE

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

Memory Computer
Svstem Software
? / Ro| 12 \
2 ril 1 |€P A
3l L R2 )
4  t—
5] MOV 0, R1 oc

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

FLAGS

\Processor (CPU) /

Data




3.2 —KIRITELL:

2% N

YIECE

THY?

e To see an example of executing instruction MOV 0, R1
e by a 3-stage instruction pipeline

Instruction Fetch (IF):
Instruction Decode (ID):

Instruction Execute (EX):

Internal components
not visible to user

%E?% L AERERAE (RAT IR

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

e Controller: control circuit
to generate control signals

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

Memory

Svstem Software

5] MOV 0, R1

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

=R WKL
B
T
#AT

Computer

T

>

kProcessor (CPU)

FLAGS Controller

/

30



Execution detalls

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

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

e |IF stage (micro operations @@ @)

Memory

Svstem Software

Computer

0

1

2

3|

4 ©)
5| Movo,Ri™

Wbk RY 1

MAR
R2

— . |

6| MOV RI1, M[RO+R2*8-16]

L— % o B

@ttL MOVO,Ri \\

=\

W AU

HLHFFH
IR

Data

MDR @ ——— |, MOVO,R1

WA BIE S e

FLAGS

Controller

REFHAEH
\Processor (CPU)

??‘iﬁ%ﬂ%%/

Ve

31



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

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

e IF stage (micro operations O@®3@@)
e ID stage (micro operation ®)

Memory

Svstem Software

<

Computer

MOV 0, R1 — |

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

Data

MOV 0, R1

@

RO

R1

R2

@

N\ PC

IR

N

—5___|| MOVO.R1

FLAGS

Controller

\Processor (CPU)

e
PR

PG

] 2% A
IRF) =4 HIf
RLE

e

EHES

32



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

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

e |F stage (micro operations O@B@))
e |D stage (micro operation ®)

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

Ve
PRy
WAT

Memory Computer

Signals

Svstem Software

1 rRo| 12 AT

: l_og [ A || Rl SR

i @ & Rl 2 B, BlinfEgers

s| Movo, RIS A § 0, RXMUX, #ITHRS

6] MOV R1, M[RO+R2*8-16] %::L MOV 0, R1 \\PC o) IR gz‘éﬁﬁﬁkﬂi

MDR @ —f— |, MOVO,R1 0->R1
PC+1->PC
FLAGS Controller
Data ®
\Processor (CPU) llllll&

33



3.3 5L A ESHAT

o MBS =EEM B ()
wan, FATIEAMOV R1, M[RO] =BT
o IFEHAE: IR € M(PC); PC&PC+1
o ¥HL#E/E: Signals = Decode(IR)
o HATEAE: M[RO] ¢ R1

limly

B Bl a7

B45 1H4 B3 /L2 | R b1
545 844 1543 A2 fa41 2
845 1844 FE43 18542 Rl i 8H3
H46 1545 f594 1843 | 18L2 gl




fa K LR

o MRTESTKELLIEN 21N, TKE ST EX

KA EZS (No overlap)

BATELAIIE S, BRI F—#3E4 LS R
o ALFZRI BN = 1908) I
o ALFHZZTAN (frequency) = 1/(144#)) = 1 GHz 145 ”
o UIE{HIESZ N1 GIPS
(Giga Instructions Per Second)
HIESY I Y S =ie
Wig #E AT
B25 1894 15293 fRQ2 | #re1l i 1
45 R4 HRA3 R42 fi 41
45 44 1843 42 iy
fH%6 18495 f54%4 fE3 | fid2 i 9 2




fa K LR

o BRFELT/KELDIERS ZIGNFD, T/KZR B
%A HES (No overlap) | B
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4. Postel’s Robustness Principle i ™ H JR#

§32=

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,
Be tolerant of inputs and strict on outputs (5™ H)

Be tolerant of inputs

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

Be strict on outputs

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

e Implication

Accumulation of errors, drifts,
and distortions can often be

avoided ix%E. ER. RENSNSHE

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 inputs \

Step

vvVvyy

\AA A
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5. von Neumann’s Exhaustiveness Principle

HiEK 2 5 R

e Computer must be given instructions in absolutely
exhaustive detail when automatically solving a problem
L E B R R, SRS EANTE S, SR TE T

e In the quote, two terms have specific meanings

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

e An automatic computing system

The instructions which govern
this operation must be given to
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



LRSS R IEE

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

e 1-minute CIUiZ The instructions which govern
: " . this operation must be given to
Q: How to covei absolutely eihaustlve the device in absolutely
detail”? ‘EA4n[Res5 ]REra41i? exhaustive detail. ...
GIR:G 25 4 A 5% 9 Once these instructions are
AEHTLTT SRS, QT3S given to the device, it must be
1@% AT IR THE A g0 able to carry them out completely
Identify first step and without any need for further
e — intelligent human intervention.
e Execute single step
EHHTE—5 CHTEE) John von Neumann, 1945
X 5

e Identify and transition
to next step #fi & LI R T —



LRSS R IEE

Computer must be given instructions in absolutely
exhaustive detail when automatically solving a problem
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 %Zi3% & IF & 4T R 5B % $4T
e Where and what is the first instruction, when the computer power is turned on?
T G PATI S — K8 S AER L ? 2 A4 ?
e How to determine the next instruction to execute?
AT R E T — k482 ?
e What types of exceptions are there, to normal execution of programs?
anAa RAE 2 AT 98 4 IR AT ?
WA IEHAT, RAEWRERE: (LD %FEMLE; (2 HRE
A MR H S 7 AT LY 2



The first instruction to execute
when the computer power turns on

FHEPATHIZE —%18<S: EWE? BHA?
e Example with an x86 processor x864bFEE3 T

e Where: the first instruction to execute is at memory address
OxFFFFFFFO FEMREL? AbFEERHNE H bk 2 8] B A R A bk
e What: a jump instruction, e.g., JUMP 000F0000 =Zft4

e Address 000F0000 contains the entry instruction for the BIOS code
PiE1E S BEEERIBIOS (RJEZERGHAM) BN HisE

o Why? 4 iEH?
e Computer starts by executing the BIOS firmware code
e To initialize the computer and to load the operating system

THENIYLE e AT, Mob1aate TAE Cna ) » RS EA RS AE
e Using a jump instruction upfront increases flexibility
A 452 1 R
e E.g., if we want the computer to start by executing another firmware code
BIOS-2 at entry address 000FA000,then change

e Address OxXFFFFFFFO to hold JUMP O00FAO000
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Three ways to determine e F —&iESHIFEL

the next instruction to execute

e The earliest method is linear sequencing in Harvard Mark |
computer, the Automatic Sequence Controlled Calculator

e Instructions are linearly sequenced

T—%LS RRHAFTHES Processor

e There is no jJump. Next instruction is located right S p—
after current instruction on the instruction tape Peline
. 3.07 GHz, 0.326 ns = 1 cycle
e Storing data and code separately
(This is called Harvard architecture) /i’ \t\

nﬁ%%%%m \</ I-Cache D-Cache h

e Still widely used in the cache units of N32KB, 1 Cycle 32KB, 1 Cycle /

modern computers. A processor has \t\ /t/

separate instruction cache and data cache

e In contrast, the Princeton architecture ¥ Shared Cache
256 KB, 4 Cycles

EARETTA R

uses a single cache or memory I

to store both data and instructions Memory
e Modern computers use both ~14 ns = 43 clock cycles
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Three ways to determine Wi F—2%1ES
the next instruction to execute FIH¥E2. 3

e The ENIAC method
ENIAC /514

e Every instruction holds the address of the next instruction

SRR TR T — &< Rk

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)

HARTHENRA R AL
PCHIBUT —2%k$8 2 Rk

46



Deal with exceptions to normal execution
N X R T

o [FAFNICAMETT | Gollh 5 HMAZT B+
LA A RE Hi A6
e \We have seen exceptions in programming, €.g.,

In the Text Hider project, the statement
e p,_:=ioutil.ReadFile(“./Autumn.bmp”) {1, CHALFAE

should really be
e D, error ;= ioutil.ReadFile(“./Autumn.bmp”)
if error !=nil {
.../l put exception-handling code here Hi48 7T, $AT I ALEACHY
}

... I/ no error; continue normal execution Jo&%, Zk%:1EH AT

S
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Three types of exceptions are supported
by computer hardware =fR%

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

R T MAHG L, BT T — 454
o WML (1) FHFFEMMIEL:  (2) FHIT T 4354

Interrupt o T ‘
Hardware error e 4 B4 MK
Machine check RIS Stages .Of
Instruction
7y pipeline
Processor o Keyboard ~
1/0
Core Core Bus L R i IF
1splay
Cache Currer_]t - ID
L > Mouse Instruction
] v EX
Memory Bus -
I/O Interface <+—»  Power IF
7y
< » Hard Disk NeXt_ — ID
Memory Instruction
1/0 EX
Busl >  USB
us —
\/
Motherboard : >  WiFi Time
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Interrupt handling

=

AL E

yg==}

e When an interrupt occurs, e.g.,

When the user punches key ‘Y’ on the keyboard PR 1Y 4
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?

A

Processor

\N/
> KeyboardY

1/O
Core Core Bus

<

Cache

<

»  Display

> Mouse

\ 4

Memory Bus I

1/0O Interface

A
<

P Power

Memory .

<

Bus

» Hard Disk
> USB
> WiFi

Motherboard v<

Current _
Instruction

ID

EX

Time

Interrupt
Occurs
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Interrupt handling

o MEPATIEAAITES, ANJa ke 2 Wb AR AL
e The processor finishes the current instruction and jJumps to
an interrupt handling subprogram to handle the interrupt

i W 4b FRFE R FR N interrupt handler

7y \/
Processor > Keyboar dY B
1/O
Core Core Bus . IF Interrupt
a > Display Current P
Cache . = ID Occurs
» o] Mouse Instruction ==
Memory Bus I Y - Start to
1/0O Interface e Power IF handle
Y :
¢ » Hard Disk FIrSt. — ID
Memory Instruction
ggs< »  USB of Handler |_ EX
v
Motherboard v‘ >  Wiki Time
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Interrupt handling

e The processor finishes the current instruction and jumps to
an interrupt handling subprogram to handle the interrupt
such as copying the punched key value to memory

PATH BT ERER, SIERRARREY # LB N F

Processor

1/O
Core Core Bus

Display

Cache

Mouse

Memory Bus I

Power

& » Hard Disk
Memo Y
Y 1/O P o
Bus USB
Motherboard < > WiFi

Current _
Instruction

Handler —

Next
Instruction

I=

Interrupt
ID Occurs
EX Start to

handle
I=
ID 4

Time

EX
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Interrupt handling

e \When an interrupt occurs, the processor finishes the current
Instruction 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
B P AN FERE R, W IE W AT IR SRR I R — %454

7y \N/
Processor = »  Ke boardY IF Int t
10 y Current A
Core Core Bus } Instructi n-< ID Oceurs
< »  Display structio
Cache EX Start to
I : »  Mouse B handle
Memory Bus Handler —
1/O Interface > Power Resume
y'y . B IE normal
Y < » Hard Disk Next execution
Memory 10 Instruction ] | ID
B < > USB
us EX
< > WiFi - _V
Motherboard ) 1F1 Time
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Interrupt handling

e When an interrupt occurs, the processor finishes the current instruction
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 executing the next instruction

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

BEAN WA ERR PR, BARAF LT, MEREFEEPATHRRES

7y \N/
Processor < >  Ke boardY IF Int t
10 y Current nterrp
Core Core Bus ] Instructi n-< ID Oceurs
< »  Display structio
Cache EX Start to
I : »  Mouse o handle
Memory Bus Handler —
1/O Interface > Power Resume
y'y B normal
Y < » Hard Disk Next IF execution
Memory 10 Instruction ] | ID
B < g USB
us EX
< > WiFi - _V
Motherboard ) ik Time
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Hardware error handling 4 H4&

e When a hardware error occurs, e.g.,
When the memory becomes faulty and generates a hardware error

exception i, WHEEKKT

e What should the processor do?

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

7y
Processor < > Keyboard _ '
1/0 IF Exception
Core Core Bus . Occurs
< > Display Current
Cache . ID
» o Mouse Instruction
I v EX
Memory Bus —
1/0O Interface —> Power
7y
& » Hard Disk
Memo
y 1/O < q
Bus USB
v
Motherboard v‘ »  WiFi Time
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Hardware error

e \When the memory becomes faulty and generates a hardware

NFEERART

error exception
e Should the processor finish the current instruction first?

M RENE JE e Y AT AR A F il 12
o No, because the IF stage cannot be finished A~47! $&4 #HUAR[E] 5k

e The instruction cannot be fetched from memory

Processor

Core Core

Cache

Memory Bus I

Memory

Motherboard

1/0

Bus
<

Keyboard

<

Display

\ 4

Mouse

1/0O Interface

A
<

Power

1/0
<

Hard Disk

Bus

<

USB

\ 4

WiFi

AEEEE (IF) #4F

Current _
Instruction

IF Exception
Occurs
ID
EX
v

Time
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Hardware error

e When the memory becomes faulty and generates a hardware error

exception

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

on the memory
N RIFAT S AR ERAR Y, R VT IR WA

A
Processor
< P
Ve Keyboard
Core Core Bus
< »  Display
Cache
< P Mouse
Memory Bus I =
1/0O Interface e Power
A
> » Hard Disk
Memo
)/ 1/O P o
Bus USB
Motherboard < > WiFi
\ 4

Current _
Instruction

Exception

ID

EX

Time

Occurs
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Machine check fRER®

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

MHREANZHER, S

Processor < > Keyboard _ '
1/0 IF Exception
Core Core Bus . Occurs
< > Display Current
Cache . ID
» o Mouse Instruction
I v EX
Memory Bus —
1/0O Interface —> Power
7y
& » Hard Disk
Memo
y 1/O < q
Bus USB
v
Motherboard v‘ »  WiFi Time
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6. Amdahl’s law [AZRHA/R %

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 Al: ()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: (a)T/100 (b)T/5  (c)0.1*T  (d)0.8*T



23

6.1 Amdahl’s law PiHA /R EBE

e After enhancing a portion of a system, the speedup obtained is upper
bounded by the reciprocal of the other portion‘s time.

U RS —H0 5, RGUNE EEAS 28 I8 2R DS B 70 TR AT IR T] ) 43 2
e Suppose a system's execution time is broken into two portions (1 — f)
and f,suchthat (1 —f) > f  RGEHATIELRI 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
Speedup approaches but never exceeds 1/f
Speedup = (time before enhancement) / (time after enhancement)

IEL = BHERTRIPRAT I 1] / B 5 HITAAT S T

\ 4

\ 4
(1—=1) f — 1)/ f
R, 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.

e Suppose a system's execution time Is broken into two
portions (1 — f) and f,suchthat (1 —f) > f

e Amdahl’'s law: Enhancement on the (1 — f) portion can lead
to a speedup no more than 1/f
Speedup approaches but never exceeds 1/f
Speedup = (time before enhancement) / (time after enhancement)

~ 1/f at most | | | |

(1=1) f 0 f
e -

Total execution time = 1 Total execution time - 0+f, as p—>
60




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?
Al: (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/200 (b) T/5 (c) 0.1*T (d) 0.8*T

e The processing time is about 0.2*T/100, but the I/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



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

1-1) f
Mﬁ
Common case

Bottleneck
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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

Chase the bottleneck. When the system bottleneck changes, so does
our optimization target

1-1) f
Common case
Bottleneck M&
Bottleneck P f

Bottleneck
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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 B0, R

Chase the bottleneck. When the system bottleneck changes, so does

our optimization target 1B BN
(I-1) f

Common case
1 —
Bottleneck M& f
Bottl k
ottienecC PG
Bottleneck

e Three techniques to utilize Amdahl’s law
Pipelining, caching, parallel computing
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6.2 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 (3 ns)
o With overlapping: executing an instruction needs 1 cycle (1 ns)

IF 1D EX
2 lel: ... Iilzil, —¥» 1 > >
Processor B _ Cycle 40 '
vo I » Keyboard
CyC162 ...... 14131 —P > 1 >
Bottl K i oo
< > ispla
ottienecC play Cues: AN BN B
< > Mouse . o
v (a) No overlapping of pipeline stages
Memory Bus
< - » /O Interface «—>  Power IF D EX
v A
. Cycle l: ... Lilslb—» 1 g >
< » Hard Disk Y e ]
Memory e Cycle2: ... Llals —f |, » L >
B < > USB
us
Cycle3: ... lelsly 15 » 1, > 1
Motherboard < »  WiFi
A 4 (b) Overlapping of pipeline stages




6.3 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

A
Processor I/O l > Keyboard
Core Core Bus
< »  Display
< > Mouse
A 4
1/0 Interface < > Power
V'
< »| Hard Disk
Memo
24 10 | J U
Bus|™ " SB
Motherboard "4 > WiFi
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ERZEfF 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

e Without having to change the instruction set /

Processor

Y
> » Keyboard

Core Core Bus|

Display

\

Cache o

Mouse

\ 4

>
Bl
y

A

Memory Bus I
< T > 1/0 Interface

\ 4 A

v

Power

A

A T

Hard Disk

\ 4

Memory

1o |,
Bus|™

\ 4

USB

WiFi

Motherboard

T A
\ 4




***Caching using the Fibonacci Computer

Processor

Processor

Pipelined CPU

o TWO'Iayer CaChing 3.07 GHz, 0.326 ns = 1 cycle

e Layer 1: separate instruction and data caches 1t t

. . Pipelined CPU
e Layer 2: shared cache for instruction and data s ache o

0.326 ns = 1 cycle 32KB, 1 Cycle 32KB, 1 Cycle

e Assume 92 iterations of the loop ; ;
code in red are executed ' '

Shared Cache
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 oy }‘{]RI‘W[RH] o
MOV 2, R2 43
INC R2 1 1*43 +1 > 43 Loop: MOV 0, R 43 |
ADD M[R0O+R2*8-16], R 86 |
CMP 51, R2 1 1*43 +1 = 43 ADD M[R0+R2*8-8], R 86 2
MOV R1, M[RO+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
calculate the cycles for “MOV 0, R1” to be 1*43+1=44. This
simplification leads to similar performance analysis results.

Assume all internal operations together take 1 cycle.
Every instruction execution needs to access memory at least once to

fetch instruction. Some instructions need two accesses to also fetch data.



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

Instruction Fetch needs only 1 cycle
e Thisis why 15t MOV needs 1 cycle

Instruction Fetch and Operand Fetch can

be done simultaneously, thanks to
Harvard architecture
e Thisis why 15t ADD needs 1 cycle

Data and control dependencies may

cause pipeline to stall (walit)

e Thisis why 2"d ADD needs 2 cycles and
JL needs 3 cycles

Processor

Pipelined CPU
3.07 GHz,
0.326 ns = 1 cycle

Processor

Pipelined CPU

3.07 GHz, 0.326 ns = 1 cycle

{ t

I-Cache D-Cache

32KB, 1 Cycle

32KB, 1 Cycle

{ {

Shared Cache
256 KB, 4 Cycles

{

\ 4

Memory

~14 ns = 43 clock cycles

Memory

~14 ns = 43 clock cycles

CIOCk CyCIES Of II’IS'[I'UC'[IOI’]S W|th CaCh|ng No Caching  Caching
MOV 0, R1 43
: ; MOV R1, M[R0] 86
Instruction Times of memory Clock cycles MOV 1. Rl 3
type accesses needed MOV R1, M[R0O+8] 86
MOV 2, R2 43
MOV 0, R1 1 1¥1+1>1 Loop: MOV 0, RI 43 |
ADD M[R0O+R2*8-16], R 86 |
MOV R1, M[...] 2 1*1+1>1 ADD M[RO+R2#8-8], R 86 2
MOV R1, M[RO+R2#%8-0] 86 2
ADD M[...], R1 2 1*1+1 > 1 INC R2 43 '
CMP 51, R2 43 2
INC R2 1 1¥1 +1 > 1 JL Loop 43 3
CMP 51, R2 1 1% +1 41 S 2 éssume all int_ernal oper.ations together take 1 cycle.
very instruction execution needs to access memory at least once to
fetch instruction. Some instructions need two accesses to also fetch data.
JL Loop 1 1*1+1+2 > 3




Simplified performance analysis

e Simplify by consider a single iteration of loop

e Without caching No Caching  Caching
Total time = 4*43 + 3*86 D MIROR2 .16 kI 56 |
= 430 clock cycles VOV RI. MIRO-R080] 86 )
= 430 * 0.326 = 140 ns 5

JL Loop 3 3

e With caching

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

e Caching brings about significant speedup
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

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

71



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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6.4 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 CPUis called acore

Processor __—
/O

Core Core Bus

Cache

A 4

Keyboard

\ 4

Display

Mouse

\ 4

v

Memory Bus I
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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

e 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 Aaq2 Aags X1 by
az1 Ay Q3| X |X2|=1|b,
az1 dzz dAgzs X3 bs

Time of Test 1993 2020 1993-2020 Growth Factor
Top-1 Name Thinking Machine CM-5 Fujitsu Fugaku N/A
Problem Size N=52,224 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 32 GB 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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