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518K

P8R B O AT 1R 2 K E
o TROMKEHIEE—H
&I L

o Pl¥: =IFLWMKE

—PMEYRIEE =P’ (=40

Bl IS, AT

o BlT: =HIBAST/KE
HATFE A MOV 0, R1

Instruction Fetch (IF) stage: IR < M[PC]
o KHNFHITM[PCIHIFE L I BITE 4 A7 4R

Instruction Stream

In(t)

Ing(t)

|

Inp(t)

|

Ingx(t)

IF

—>

ID

-

~
~

Outy(t)  Odtm(H)  Outex(t)

~

~

~
~
~

CLK

Combinational
Circuit G

State(t+1)

State
Circuit

State(t)

~

Combinational
Circuit F

Instruction Decode (ID): Control Signals = Decode(IR)
o MIR2TAEFEHIE T
Instruction Execute (EX): R1 « 0; PC « PC+1
o MIEZEHIME THATIESERIE, PR TS &

B#g (F)

# (ID)

AT (EX)

Out(t)
—
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o BlT: =ZHIFASWKL
HATFE S MOV 0, R1

e |Instruction Fetch (IF) stage: IR <« M[PC]
o RN ITMI[PCIHITE S B B1E % & 74+ IR

B4 A ERSmKER

o MEFAFHIIZ DAL TR L TMIKE

Ing(t) Inp(t) Ingx(t)

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

oK Combinational | OUt(t)
—

n® State Circuit F
Combinational Circuit State(t)

Circuit G State(t+1)

B (IF)

e Instruction Decode (ID): Control Signals = Decode(IR) g (D)

o MIEL MG S

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

P47 (EX)
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3.1 B EE IR EHLHITE RS

o W VHFI2.3THE

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/1:=2
fib[i] = fib[i-1] + fib[i-2] MOV 0, R1 /I 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 I 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
o BERMLBE —MNRELNETHRIES
e In mnemonics, e.g., MOV 0, R1 ICRIES

WERE

e In binary, e.g., 000 000000 01 —iEHIRIE

15



HSERITERE

IR il gnih = A
SBEL: B (TRKD FiEs5TFaE

FLAGS: CPU status register IRZSEE5%

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 F&Fit#a:

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

FHFERIES, B,
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 /I 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

16
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RLETERE: P&R2

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 31 [F2KF84, U0 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] = 0 MOV 0, R1
MOV R1, M[RO]
fib[1] = 1 MOV 1, R1
MOV R1, M[R0O+8]
fori:=2;i<51;i++{ MOV 2, R2
fib[i] = fib[i-1] + fib[i-2] MOV 0, R1 /I Loop

ADD M[R0O+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

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

6FP i<, T E LRI

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] > 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

17



RSB TERE: PE]R2

e FC has a memory and five registers

o FLAGS, PC, RO, R1, and R2

e 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 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] = 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] v
MOV 2, R2

MOV 0, R1 /I 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

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] > 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 TERE: PE]R2

e FC has a memory and five registers

o FLAGS, PC, RO, R1, and R2

e 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 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] = 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] v

MOV 2, R2

MOV 0, R1 /I Loop
ADD M[RO+R2*8-16], R1V
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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RSB TERE: PE]R2

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

'S

Determine the types of instructions

and decide the opcodes

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

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

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

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

There are six types of instructions

MOV 0, R1
MOV R1, M[RO]

MOV 1, R1

MOV R1, M[RO+8] v

MOV 2, R2

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

20



RSB TERE: PE]R2

e FC has a memory and five registers

o FLAGS, PC, RO, R1, and R2

e 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 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] = 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] v

MOV 2, R2

MOV 0, R1 /I Loop
ADD M[RO+R2*8-16], R1V
ADD M[RO+R2*8-8], R1Y
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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RSB TERE: PE]R2

e FC has a memory and five registers

o FLAGS, PC, RO, R1, and R2

e 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 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] = 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] v

MOV 2, R2

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

22



SUR3: HERIER

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

fib[1] = 1

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

For each opcode, determine its operands # & #/E%L

e Assuming the instruction length = 11 bits

e There are 3 data registers,
needing 2 bits

e Leave 6 bits for immediate value

e The base+index+offset mode

e Address = RO + R2*| + J, where
RO, R2 are fixed

1=0,1,2,4,8
J=0,£4,+8,£16
e 5x7 =35 possible (1, J) pairs
e 35<25 6 bits are enough

Notes
e For INC R2, operand 1 is not used
e JL has only one operand

MOV 0, R1

MOV R1, M[RO]

MOV 1, R1

MOV R1, M[RO+8]

MOV 2, R2

MOV 0, R1 /I 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
In practice, assume 8, 16, 32 or 64 bits
Opcode Operand 1 Operand 2 .
3-bit Immediate Value, 6-bit  Register, 2-bit Instruction
000 000000 01 MOV 0, R1
000 000001 01 MOV 1, R1
000 000010 10 MOV 2, R2
011 10 INC R2
100 110011 10 CMP 51, R2
101 00000101 JL Loop
Opcode Operand 1 Operand 2 .
3-bit Memory Address, 6-bit  Register, 2-bit Instruction
001 RO+R2*0+0 01 MOV R1, M[RO]
001 RO+R2*0+8 01 MOV R1, M[R0O+8]
001 RO-+R2*0-0 01 MOV R1, M[R0O+R2*8-0]
010 RO+R2*8-8 01 ADD M[RO+R2*8-8], R1
010 RO+R2*8-16 01 ADD M[RO+R2*8-16], R1

23



3.2 IR EAE B AR AHATH?

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

o by a 3-stage instruction pipeline =R WKL
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

%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) /

Memory Computer

Svstem Software

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




Execution detalils

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

Memory

IR<M[PC]

Signals = Decode

(IR)

R1 « 0; PC « PC+1

e IF stage (micro operations @3 ®)

Svstem Software

Computer

0

1

2

3 o

4 ©)
5| Movo,Ri™

.

WrEHhk s R1
MAR R2

— . |

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

IA@

1

g

2

~

ALU

B HS #HeFFSE
PC IR

%T:L MOV 0, R1 \\

Data

MDR @ ——— |, MOVO,R1

WA 2%

FLAGS

Controller

Ve

REFHFEH ) 4%
KProcessor (CPUL) /

25



e Instruction Fetch (IF): IR<—M[PC]
e Instruction Decode (ID): Signals = Decode(IR)
e Instruction Execute (EX): R1 « 0; PC « PC+1

e IF stage (micro operations D@ @) Vg S
e ID stage (micro operation ®) RN

Memory Computer

Svstem Software

<
MOV 0, RI ‘
MOV R1, M[RO+R2*8-16] MOV 0. R1 .
’ i N
= —s5__ || MovoRI FEH] 22 M
IR 24|y

FLAGS Controller ;J;El.é\}i:ét

BHES
Data ©
KProcessor (CPU) llsl‘glillsw




Instruction Fetch (IF):

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

IR<M[PC]

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

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

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

Memory

Svstem Software

Data

rol 12
Rl o@ [ AW
...... ° 4__4& N
MOV 0, RT i o
MOV R1, M[RO+R2*8-16] %::L MOV 0, R1 \\PC @ IR
MDR @\B\t MOV 0, R1

FLAGS Controller

\Processor (CPU)

Signals

Gﬂlllllb

AT
FHE S IRB AR
B4, BlanfEsem
XMUX, HATHES

ERIHRAE
0>R1
PC+1>PC

27



3.3 kSR ESPIT (overlapping)

o H— BT IR ZKIEL N EERIIT
LA TABF IR UL, T TR AR, XY, S
Jr‘ﬁﬁa/\%mmaﬂm % PR 3K

77301, ?ﬂﬁth%)ﬂﬁf—lEﬂﬁﬁii AT [R] 2R IR T -
FEAL R — LR 12508 . AN [E1 B tHHHRES A8 4 X (3 X 4) = 48 4r4f.
o ﬁﬁZ.?ﬂEﬁgﬂMﬁ%UfﬁEﬂ‘H@BEI‘J4IEU7}/&%@% AT [F] 2R B 2 W I A I . BEAL [F] A7)
R—ILFERT 129080 . 447 R 27 T el [a] 2 2 /0 2

T 0 ® N E Rl
e 6 0 0 e o o e
dib dib dib 4id did | 4id | 4id |4iR




Z kB HMESBPIT (overlapping)

o M—MPITHIAZ FKIELHEEIAT
o WOWTAMLFESAmAM T, B HEINAM M. s, A
I 373 b 1) IR 1] o 2 RE PR A T T 2
o AL HHIMLLITE—FITRE R, 4RFAFRKHR
R 2 —SEREIT 124060, AR L2 RN IR : 4 x (3 x 4) = 48 576D,
o T2 TFHEMAMLIEABIAT AT, AR KB L TP A SR, R D)
SR—FEREIM 12 B, AGrIRI 88 A 12 % 7

o RUFA 1004 [F) 22 N TH Ve ?

T 0 ® N E Rl

e 6 0 0 e o o e

dib dib dib 4id did | 4id | 4id |4iR
o




RS SR BREEBIIT e wm e

o TMELHMIEE =B B (B , AR 1998

B - < 12]1]%/[‘
Fltn, FATHEA MOV R1, M[RO] 1= 51 F - ”
° ﬂi?gﬁéﬁz |R€M(PC); PC<PC+1 lll%@ﬁﬁ%jl GIPS
o FMG¥EME: Signals = Decode(IR) A4 FP 1012435 4
o PHUUTHEEME: M[RO] ¢ R1
o WTELHIAETE 2 T/KE& T IFAES (no overlapping)
B8 S HIPATI 5 18 ST /K 26
Ve I > T AT

825 o4 83 B2 | il 41

845 1S4 843 1HA2 841 i 82

845 544 8453 5A2 841 813

846 1845 24 1BL3 | H5L2 i 2h4




B M/KEYHIERFIHES (overlap)

WEFEREM= 3 GHz, B WMAKLRFERPIT=%FE4, *ﬂﬁAﬁ@#%ﬁﬁﬁhﬁmfﬁﬂ%ﬁé
EEEE: 3 Giga Instructions Per Second (GIPS), BEiE##4T30{2%TES

R P BT

o [REKEIFL WKL EIER ZID, N

AL ZR I B R R R R = 1/K ghED 1340Fs 1/394F 1/344FH
AR AR AN = K GHz

LKL RIS PATKETE S, PR BB AT e e — %18 4
&@%Wﬁ #E: K GIPS

e FE a7

B 890 844 18423 B2 41

L 45 aa 943 1542 [ AL

e $2 1H26 16545 124 1B43| B2 | BAL

613 47 46 45 Hioa[ Ras | a2 | el
84 1428 1H27 1526 IEL5| 5S4 | 843 | 542
I} $5: H29 1548 18S7 1596| 1545 | 1894 | 1523




yz==}

4. Postel’s robustness principle 53 ™ H R E

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 (% 7™ 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

(Rl Felb4 )
U\C'Dﬁﬁ, Uxi'ﬂ‘“ﬁ,
#Hj T, AI313~75238

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

YyVvyVY
vvVvy
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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
3 SO TR 2R S SR P R R BTt
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 VoIt

However, after B drifts +0.4 Volt to reach 0.95 Volt, Z becomes LOW, an error

Vg 2V
X=1.95 ‘

:z}\ L Y=L Vdd = 2 VoIt #H1E

1.526 7=0.65 Z Vss =0 Volt fKHJE

wﬁ\[E} x—|[~ Vth = 0.7 Volt [#fE /%
T B ANUEASS
1—"Y=0.55 DS v—I[ Naive Design
B 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 O 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 -

0.7 Volt

LOW

0.0 Volt

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

y
} Possible input
values of Y

0.0~0.7 Volt

(unsafe)
y

T

Possible
output

values of Z =

0.0~2.0 Volt
(unsafe)

A

t, HAGHRE

2.0 Volt

HIGH

0.7 Volt

LOW

0.0 Volt
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A better design BB T /RE#EEHE K H A5

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=LOW=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

1A x—4[_ v—i[_
1.52G 2106 . For Input Voltagerls
) Logic 1. > 1.5 Volt
M?\[ H> X—_ Logic O: < 0.5 Volt
- Y=0.07 , )D

Y— For Output Voltages

Logic 1: > 1.9 Volt
Vss 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 &t

e Strictness on outputs =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

HIGH {

Minimal
Gap 1.0 Volt

LOW {

2.0

1.5

0.5

0.0

Volt y

Vett—

Volt—

A

y

y

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

y V.

(safe)

T

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

Y 2.0 Volt
—— 1.9 Volt

— 0.1 Volt

/ 0.0 Volt

HIGH

Minimal
Gap 1.8 Volt

LOW
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5. von Neumann’s exhaustiveness principle
EiIEKE 5 RIEHE

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

HHBIME R, DG THREITE S, A5 R A M
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 detall
when automatically solving a problem

e 1l-minute quiZ The instructions which govern
Q: How to cover “absolutely exhaustive IE'S gpe_fa“_on fSUSIt bel given to
i"? B4 AR TS 5 the device in absolutely
detail™ : HIHETT S T A AT exhaustive detail. ...
N8l TS 2 M4y, w5 E\' ? Once these instructions are
given to the device, it must be
ﬁiﬁﬁ HULﬂ‘ﬁE%H’:‘ able to carry them out completely
dentify f|rst step and without any need for further
e —w intelligent human intervention.
e Execute single step
Eﬁﬁﬁhﬁt A CHRTPED John von Neumann, 1945
%

° Identify and transition
to next step fiff & Fid PR T —



von Neumann’s exhaustiveness principle

e Computer must be given instructions in absolutely exhaustive detalil
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 A% & IE & AT R E AT
e Where and what is the first instruction, when the computer power is turned on?
L G PATHI SR — IR AEM R ? B4
e How to determine the next instruction to execute?
TR E T — 2k 1027
e What types of exceptions are there, to normal execution of programs?
AN RAE 2 T 98 2 LT ?
KA EMAT, JWAWMATRE: (1) WA EMBTSE; () WA
A WREL 75 2000 7 ARy X 2



The first instruction to execute
when the computer power turns on

TVEPATHIZE — %982 EWE? B4
o Example with an x86 processor x864LFE %45 T

e Where: the first instruction to execute is at memory address OXFFFFFFFO
FEVREL? AbHEARHRE Mk 2 18] B 3 s ik
e What: a jump instruction, e.g., JUMP 000F0000 &ft4

e Address 000F0000 contains the entry instruction for the BIOS code
PhAEdE S BhAEIBIOS (HIEERFHA) BN bk

o Why? f-2iEs?
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 2 WG 0 R 3
e E.g., if we want the computer to start by executing another firmware code BIOS-2 at entry address
OO0OFAO0O00, then change

e Address OxFFFFFFFO to hold JUMP 0O00FAQ00
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Three ways to determine #ixE F —&HELSHIFEL

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 ELERIEL

e Thereis no jump. Next instruction is located right
after current instruction on the instruction tape #8844t

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

P

rocessor

Pipelined CPU
3.07 GHz, 0.326 ns = 1 cycle

A

—

MRk R G5

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

P

|-Cache D-Cache
\2KB 1 Cycle 32KB, 1 Cycle/
Shared Cache

e In contrast, the Princeton architecture +

EHRETE RS
uses a single cache or memory
to store both data and instructions

e Modern computers use both

256 KB, 4 Cycles

]

~14 ns =

Memory

43 clock cycles
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Three ways to determine e T —%BSmhEE2. 3

the next instruction to execute

e The ENIAC method

ENIAC 7%
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)
ARG EACK A Rt s L]

P THEE: (PC) T —4%718 % Kk

\1
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Deal with exceptions to normal execution

)

N S

o [FFNICAMIEIS | Golh & JAE i i
LA AT AE HiBh
e \We have seen exceptions in programming, e.g.,

In the Text Hider project, the statement
e p,_:=ioutil.ReadFile(*./Autumn.bmp”) 41, SCAFALEAE

should really be
e D, error ;= ioutil.ReadFile(“./Autumn.bomp”)
If error I=nil {
.../l put exception-handling code here Hi4 T, 4T R H A FCHY
}

... I no error; continue normal execution o4, #4K%EIEH AT
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Three types of exceptions are supported
by computer hardware =fR%E

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

ERRIL: BTS2 4054, ST T — 454
o RHWM: (1) FHITRUMIES: () RPUT F %454

Interrupt W7 ‘
Hardware error REE A 4 84K LR
Machine check RERE Stages of
Instruction
7y pipeline
Processor »| Keyboard ~
1/0
Core Core Bus L R o I F
1splay
Cache Currer_1t = ID
P > Mouse Instruction
] v EX
Memory Bus -
I/O Interface —> Power IE
7y
< » Hard Disk NeXt_ — ID
Memory Instruction
1/O L > EX
Bus USB -
\/
Motherboard : >  WiFi Time




Interrupt handling

AL E

yg==}

e \When an interrupt occurs, e.g.,

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?

Processor

Core Core

Cache

Memory Bus I

A

N/
> KeyboardY

<
1/0

Bus
<

<

»  Display

> Mouse

\ 4

1/0O Interface D Power

Memory

Motherboard

A
<

» Hard Disk

1/0
<

Bus

<

> USB

A 4

> WiFi

Current _
Instruction

1=

EX

Time

Interrupt
Occurs
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Interrupt handling
o IRELPATITERE MRS, SR B B R W AL BRAR 7 N 1

e The processor finishes the current instruction and jumps to an
Interrupt handling subprogram to handle the interrupt
T AL BRAR R AR N interrupt handler

7y \/
Processor o L ) KeyboardY B
Core Core Bus - |F nt t
< > Display Current nterrup
Cache .= | ID Occurs
L > Mouse Instruction X
Memory Bus I Y - Start to
1/0O Interface <+—>»  Power IE handle
A .
< » Hard Disk FIrSt_ — ID
Memory Instruction
o0 le >  USB of Handler |_ | EX
v
Motherboard : >  WiFi 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 ERERF, SEEmARNREY ¥ NNE

A
Processor L
1/O
Core Core Bus
‘—
Cache
Memory Bus I

Display

Mouse

Memory Y

Motherboard

Power

1/0

Hard Disk

Bus

USB

WiFi

Current _
Instruction

Handler =

Next
Instruction

I=
Interrupt
ID Occurs
EX Start to
handle
I=
ID v
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 A ER AR, MR IE AT SRR — &84

\/
Processor < >  Ke boardY IF Int t
10 y Current nterrup
Core Core Bus ] Instructi n-< ID Oceurs
_— < »  Display structio EX
acne
Start to
: »  Mouse o handle
Memory Bus I Handler <
/O Interface > Power Resume
7y B normal
Y < » Hard Disk Next o execution
Memory 10 Instruction] | D
B < > USB
us EX
< > WiFi - _V
Motherboard ) i 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

7'y \N/
Processor < »  Ke boardY IF Int t
10 y Current nterrup
Core Core Bus ] Instructi n-< ID Oceurs
< »  Display structio
Cache EX Start to
I : »  Mouse B handle
Memory Bus Handler —
I/O Interface > Power Resume
yy B normal
Y < » Hard Disk Next o execution
Memory 10 Instruction] | D
B < > USB
us EX
< > WiFi - _V
Motherboard ) 1 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
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 L > Keyboard _ _
/0 IF Exception
Core SO Bus . Occurs
r > Display Current
Cache . ID
L o Mouse Instruction
I v EX
Memory Bus —
I/O Interface —> Power
7\
< » Hard Disk
Memo
3/ Vo | )
Bus USB
v
Motherboard v‘ >  WiFi Time
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Hardware error

e When the memory becomes faulty and generates a hardware error

exception NEEIR T

e Should the processor finish the current instruction first?
ERENS J6 e A R i il N
o No, because the IF stage cannot be finished A7 ! 154 #HUA R K

e The instruction cannot be fetched from memory SEAMEFE (IF) #AE
P A
rocessor < > Keyboard _ .
/0 IF Exception
Core Core Bus : Occurs
B > Display Current
Cache .S ID
L o Mouse Instruction
I v EX
Memory Bus —
1/O Interface D Power
A
< » Hard Disk
Memo
3/ 1o | R
e USB

Motherboard v‘ »  WiFi Time
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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
NLRIPAT R E AL AR, o VT IR A

7\
Processor L > Keyboard _ _
/0 IF Exception
Core SO Bus . Occurs
r > Display Current
Cache . ID
L o Mouse Instruction
I v EX
Memory Bus —
I/O Interface —> Power
7\
< » Hard Disk
Memo
3/ Vo | )
Bus USB
v
Motherboard v‘ >  WiFi Time

53



Machine check HER®

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

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

e The system generates minimal diagnostic information and crashes

FAERERKCHER, S

7\
Processor L > Keyboard _ _
/0 IF Exception
Core SO Bus . Occurs
r > Display Current
Cache . ID
L o Mouse Instruction
I v EX
Memory Bus —
I/O Interface —> Power
7\
< » Hard Disk
Memo
3/ Vo | )
Bus USB
v
Motherboard v‘ >  WiFi 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 Al: (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 /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: (a)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 FiiHA /R EF

e Suppose a system's execution time is broken into two portions (1 — f) and f, such
that (1—f)>f  RGPATHRILRI 9 &2 (1 = ), 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 GUINTE AN 2 i AR DSt 70t AT I 1] 1 31 8K
e Speedup approaches but never exceeds 1/f
e Speedup = (time before enhancement) / (time after enhancement)

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

\ 4 \ 4

(1-1) f 1—-f)/p |
ey e

Total execution time = 1 Total execution time = (1-f)/p + f




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

e =

Total execution time =1 Total execution time - 0+f, as p—>o0
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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 B3 8sim R
Chase the bottleneck. When the system bottleneck changes, so does our
optimization target 18 Z L

(1-1) f

Common case
Bottleneck m
Bottl K
ottienecC PG f
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 technigue: 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
e Without overlapping: executing an instruction needs 3 cycles and 3 ns
e With overlapping: executing an instruction needs 1 cycle and 1 ns

IF 1D EX
2 lel: ... Lilzil, —» 1 > >
Processor B _ Cycle 40 !
vo I » Keyboard
Cycle2: ... L1, —p > L >
Bottl K i i
< > ispla
O en eC Py Cycle3: ... Lils 1. ) > o 1
— < > Mouse . N
v (a) No overlapping of pipeline stages
Memory Bus
< - » /O Interface «—>  Power IF ID EX
v A
. Cycle I: ... Lilsl,—» 1 > »>
< » Hard Disk yee e '
Memory e Cycle2: ... Llals—f 1, » L >
Bus|~ " UsB
Cycle3: ... lelsls Is > 1, > 1
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
e Key technigue: caching, i.e., using a small but faster buffer

Processor

A 4

Keyboard

Core Core Bus|

\ 4

Display

< > Mouse

A 4

Power

A

1/0 Interface

a

Hard Disk

y
A 4

Memory

vo|.
Bus|

A\ 4

USB

\ 4

Motherboard 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 B -
A‘ » Keyboard
Core Core Bus
/ »  Display
Cache &
< > Mouse
\ 4
Memory Bus I
< y »  1/O Interface +«—>»  Power
v 7y
< » Hard Disk
Memo
ry /O ~
Bus > USB
Motherboard "4 >  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 t
o Layer 2: shared cache for instruction and data e e e S
. . . 0.326 ns = 1 cycle 32KB, 1 Cycle 32KB, 1 Cycle
e Assume 92 iterations of the loop code in red 5 ;
\ 4 A
are executed
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[...] 2 243 +1 > 86 MOV 0, R1 43
MOV R1, M[RO] 86
MOV 1, R1 43
ADD M[...], R1 2 2*43 +1 > 86 MOV R1. M[RO+8] Y
MOV 2, R2 43
INC R2 1 1*43 +1 > 43 Loop: MOV 0, RI 43 |
ADD M[R0O+R2#8-16], R 86 |
CMP 51, R2 1 1*43 +1 > 43 ADD M[RO+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 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 Processor Processor
e Thisis why 15t MOV needs 1 cycle Pipelined CPU

e Instruction Fetch and Operand Fetch can 207 Otz D3 ne = Tovde
be done simultaneously, thanks to A G I_Cihe D_Cfche
Harvard architecture 0.326 ns=1t;ycle 32KB, 1 Cycle 32KB, 1 Cycle
e Thisis why 15t ADD needs 1 cycle v v

e Data and control dependencies may 750 B 4 Crcios
cause pipeline to stall (wait) f !
e Thisis why 2"d ADD needs 2 cycles and Memory e

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 xgz (l){,lRl'lvl[RO] 33
\ 6
type accesses needed MOV I, Rl 3
MOV R1, M[RO+8] 86
*1 +
MOV 0, R1 1 1*1+1 > 1 MOV 2. R2 3
Loop: MOV 0, R1 43 |
MOV R1, M[...] 2 1"1+1->1 ADD M[RO+R2*8-16], RI 86 |
ADD M[RO+R2*8-8], R 86 2
ADD M[...], R1 2 1*1+1>1 MOV R1, M[R0+R2%8-0] 86 2
INC R2 43 I
INC R2 1 1*1+1 > 1 CMP 51, R2 43 2
JL Loop 43 3
CMP 51, R2 1 1*1+1+1 > 2
Assume all internal operations together take 1 cycle.
JL Loop 1 1*1 +1 +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

® W|thOUt CaChIng No Caching  Caching
e Total time = 4*43 + 3*86 oo TSI\J/&[E(IHRQ*&M],RI gg }

= 430 clock cycles VOV R MIR0-R2-80] B :

= 430 * 0.326 = 140 ns s

JL Loop

e With caching

e Total time = 1*3 + 2*3 + 3*1
= 12 clock cycles
=12 *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

43
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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 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%
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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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6.3 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 s called a core
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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
benchmark

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

i1 Qg2 ap3 X1 by
Az1 Ay QAx3| X |X2|=1|b,
X31 |bs

asz1 4azz dass

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

Rank the 500 fastest supercomputers by their speeds in executing the Linpack

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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