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Overview

CS110 F%k&:

“ WALk CPU IEMIHAITHS S, H Wi S g

1. Datapath / Controller: —554 WA 1 T?

2. Pipeline / Multi-Issue: 22551545 WM EESAT?

3. Cache: AN{MZ&ffE CPU 5 N A7 FE 2202

4. Parallelism: WATFIFHZ 4. £, SIMD &1 RE?
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1. Datapath & Controller

NG

Y BEF RISC-V 154, CPU NABHIEURELIZE AT Bh?
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Datapath Overview

Processor

Enable?
Read/Write

A J

Processor-Memory
Interface

h\lll i
«L-. M‘
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Single-Cycle CPU

HEH] CPU: A=

o BRI — cycle FERK o TEF] FH AL

e cycle time H&IET5 4 & o Hf4d R K

o HH 1w H2: o P TR HIBOE S A

o B, BEAr{rdw, ALUSMhE, Vify, S

“ 5| pipeline




iR AT

ShanghaiTech University

Datapath timing analysis

instru[11:7] en
P i i ) mgl_ dlin e we
|+ 4 PC | Instruction '"5:'*11. rd i ||
Reg. memo
I > g ry""" ........ Fsé X[FS].] Data d out
> { s Reg. | xrs2 addr|memory | T
instru[19:15] | o ! 0] ALU Ri 0
instru[24:20] * x[rd] - —= 1
o— 4 | 7["° result X
! 2 ALU_ctrl wb_sre
pe_sre instru 1 ‘ | |
: : — imm. Gen. op2_src
[31:20]11:7] imm
| (sign-extended)

imm_c'h"l /~— o .
4 is_begq

tir +tprpc +tex +tws

tclk—tu—q + tfmem + trag + l'men: + ta!u + tand + tmux + tadd + tsetup
} e

tclk—ta—q +trmem + timm + tmux + tada + ts«szl:t.ur:i
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2. Pipeline & Multi-Issue

NG

© TR SRS BTK L R E AT
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Iron Law of Performance

CPU Time = Instruction Count x CPI x Clock Cycle Time
LAt J7 1) :
L g RS2

2. &AL CPI
3. 4% clock cycle time

Pipelinetf H FLJ&] ] 3= B AIGIR 1 factor?
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5-Stage Pipeline

Time 1 Time 2 Time 3 Time 4 Time 5 Time 6 Time 7
IF ID EX MEM
R
Instru. 1 I . Dmem
IF EX
>
Instru. 2 >E Dmem
EX MEM WB
prg
Instru. 3 > cC

Instru. 4
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Three Hazards

Structural

(E LSS/ RN
Bl :

o TR TR FH B ] N A7
e bubble, nop, stall?
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Data

LEASIE (Stall/NOP) : B, MEREZR, (HfaiH.

2. BiERT /%% & (Forwarding/Bypassing) : NELE RGN %774y, EEEMEX/MEME,MEM/WBifi /K2 7
fras “fr” HRH

o« R

1. EX/MEM.rd == ID/EX.rsl (EY rs2)
2. EX/MEM.rd 1= x@
3. EX/MEM.reg_en == 1

3. G e ARSI B S iedn ARSI, ROOTHCOBEEE], s,
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** |_oad-Use S

- Y

1w t0, 0(t1)
add t2, to, t3 # HKIRAHELSHAHT T to

o [B/: 1w fE MEMMBYER A REEFIETE, (H T —5% add £ EXMBUFIR Bies 2.
o FR: QAR K, hoERIETIAER (WA —1A0) .
o TEHERAE: KoMZ Load-Use B, WREEPCHIIE/IDA T4y, EEXEBHHEA—KZ185
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Example: Data hazard solution

add x5, x1, x2
sub x6, x5, x3

Solution; ?




Example: Data hazard solution
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add x5, x1, x2
sub x6, x5, x3

Solution:

1. ¥ A bubble
2. Forwarding / bypassing

3. AT
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Example: Forwarding Rule
4 p
if EX/MEM.rd == ID/EX.rsl
if EX/MEM.rd == ID/EX.rs2
?
?
N J

Also requires: ?
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Example: Forwarding Rule
4 p
if EX/MEM.rd == ID/EX.rsl
if EX/MEM.rd == ID/EX.rs2
if MEM/WB.rd == ID/EX.rsl
if MEM/WB.rd == ID/EX.rs2
N J

Also requires: ?

rd = x0
reg en == 1




iR AT

ShanghaiTech University

3 Vo ad -‘\
Y N
g QT
VIl A N
¢ EANER :
»§ >
EX .|I|"" """h., s
y -5 B
S A

S 2

1
TECH

Control

o FRASTRIN
o BTN “RBkEE”  (Not Taken)
o fAIHL, (HHMEIAA AL
o ZHATIN
o BHT (53> JiSEFK): iLFS L%
o 2AIMERITTEES : RSHLYE TN 5 [\, WA/ LE
PRYR PN A o e
o TN MUAE T
o FHELMR] (Flush) /K CHUHEN R TE S
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Example: FM5 B

© HCPURM “THABE” SR, iEbeqfid, 3 XAEEXHBItHA 4,
e, TSR, TR LA <?
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Example: FM5 B

© HCPURM “THABE” SR, iEbeqfid, 3 XAEEXHBItHA 4,
e, TSR, TR LA <?

COER: 2%
= Hibeq fEEX, HJFHJIFFIIDET B — KRGS, Tl B3 Anop.
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Multi-Issue
SR
“ A oyce RETE5IES

Improve which factor?

LSk

o Static multi-issue / VLIW: et T &
e Dynamic multi-issue / Superscalar: 5453 W
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Multi-Issue Example

AL &0t

add x5, x1, x2
lw  x6, 0(x3)

JAA

o —557E ALU path
o —Z2%JE load/store path

o JCEUEHCHT
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3. Cache & Memory Hierarchy

LN

“ CPURML, DRAM 1R1E, Wik AR SET CPU?
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Locality
Temporal Locality

WITT IR s, e AT REE =T ] .

( sum += A[i];sum += A[i]; }

Spatial Locality

PR HhE S, Ukt AT REAE)T IR

( for (1 = 0; i < N; i++) sum += A[i]; }

How about the linked list?
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Add a cache

Processor

Cache

Processor—Memory
Interface



Cache Address Fields
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address-> | Tag | Index | Offset |

Hit

Data

Byte offset
|3130... 1312 11.. 4 3210
Tag .20 N . 2 for word offset
Index or 4 for byte offset and
16-to-1 multiplexer
IndexValid Tag -« Data
0
1
2
253
254
255




iR AT

ShanghaiTech University

Bit Calculation

Address width = (w)
Cache size = (C)
Block size = (B)
Associativity = (N)

of fset =log, B

C
B x N

sets =

index = log, sets

tag = w — index — of fset




Example: Cache Bits

32-bit address
Cache size = 4 KB
Block size = 16 B

4-way set associative

of fset = log, 16 = 4

4096
= 64

ts = —
%= 16« 4

index = log, 64 = 6

tag=32—6—4 =22

iR AT

ShanghaiTech University




iR AT

ShanghaiTech University

Three Mapping Policies

Mapping Placement = Comparator Cost Main Problem
Direct-Mapped One exact line 1 conflict miss
Fully Associative ~ Anywhere all blocks expensive

N-Way SA  One set, N ways N compromise
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Direct-Mapped Cache

I il -

o —/I> memory block HFEME|ME— cache line
o H index HEEENS
. B

oo

“ 2 AR index fHIE], & E B,

X2 conflict miss.




Fully Associative Cache

I il -

e memory block ] LA EI{T & cache line
o A index
o M4 Tag f1 Offset

=
o JLFIEFFE conflict miss
R

o £ block HPELEL tag
o comparator B g%, AT

7N ~ N
7 N Y N =l
7inlany 57
0 0
‘é il I, ¥
Q. h, g &
y g%
G 2013 P,
/ N
CH
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Set-Associative Cache

N-way set associative :

o SEH] index $F]—]> set
o FITE set P HEEE N A tag
o replacement H%ELER 1 set N

(T P=F

© IRU ZAE set Wi, A@AEREN cache L
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Valid / Dirty / LRU

Bit Meaning

Valid  4Hi cache line /&5 A%
Dirty cache H1#HEE A5 Eb memory it
LRU iy A Wi i A7

© A valid bit = 0, FrLASE— XTI miss.
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Not ideal, actually.

Cache blocking: GEMM example C = A x B (row-major)

Older
accesss Newer

WV
Q.

Untouché
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Write Policies

Write Hit

e Write-through: cache I memory #5
o Write-back: W5 cache, dirty=1, FFHeH|H 5[]

Write Miss

o Write-allocate: JGH#Y block 73 cache, F5H
o No-write-allocate: EH#E [ —%2¢ memory

LA

Write-back + Write-allocate
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AMAT

AMAT = Hit Time + Miss Rate x Miss Penalty

2 cache:

N

AMAT, = HT1 + MR, x AMATT,

AMATL2 = HTLz + MRL2 X MPL2
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Local vs Global Miss Rate

1.2 local miss rate:

“ FE L1 miss 95 R, A2/ HH] S L2 miss.

L2 global miss rate:

MR giopai,r2 = MRr1 X M Rjocar 12

TR R

“  AMAT =B {d ] local miss rate B iHEL,
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3C Miss Model

Miss Type = Cause Can be reduced by

Compulsory 55— X iJj i) prefetch / larger block
Capacity cache X/ larger cache
Conflict  MREFI5E  higher associativity

«

Fully associative cache 3% 7 conflict miss.

Example:
Y i
(a) F&JF B IR VT R0 AL0] >
ﬂ (b) TA/ESE 200KB, {HZZ/7 A 64KB ?
A (o) E MU ZEAFH, A[O] A1 A[1024] WL B[] —47, scBsn 2
7 @ SREELR, (© MV K AE? ;
A A
A

“ ~+ 3R cae— i - ) ; > & N .
AR el ZA BA 1R R
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4. Thread-Level Parallelism

NG

© BRI R, FRATIT, SURBIRIERAME?
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Threads

A H O

e PC
o registers

e stack
L fE 2 (AL

e heap
o global variables

o address space

FrlA:

AT SRMERE, Ak data races




Fork-Join Model

OpenMP 7 A5 :

1. Main thread )il 74047

2. 1% parallel region: fork H 2 ~2fE
3. LRI TS

4. 259 J5 join [8] main thread

R LETY

ShanghaiTech University
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OpenMP Basics

- )
#pragma omp parallel
{
int tid = omp_get thread num();
}
L J
FH47 for:
- N

#pragma omp parallel for
for (int 1 = 0; i < N; i++) {
A[i] = B[1i] + C[i];




Shared vs Private
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4 )
#pragma omp parallel for private(x)
for (int i = 0; i < N; i++) {
x = A[i] + B[1i];
C[i] = x;
}
- J
AL :

o loop index 1H i private
o AN 5 ERIN AT HE shared

=

o Il A2 T iy W2 private




Data Race

Data race 5544 :

1. AN[EZH2
2. P31a)[A]—1> memory location
3. B/ — A write

4. AR R

iR AT
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(I
4 )
#pragma omp parallel for
for (int i = 0; 1 < N; i++) {
sum += A[i];
}
- J

sum == & “F data race,
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Reduction

ISR

4 N

#pragma omp parallel for reduction(+:sum)
for (int 1 = 0; 1 < N; i++) {
sum += A[i];

- J

o e

o FFNEFEA H O private sum
o fJa Haha It
o hEfE data race
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Critical Section

4 D
#pragma omp critical
{
sum += local;
}
- J
(SR

© E R AR R AR R X

B

o N KHY critical section = ER {744,
o [EHEAZ Amdahl's Law [ ]
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Qi g2

Al "'I., S
g

Lock and Atomicity

lw  t0, 0(s0)
bnez t0@, loop
addi t1, x@, 1
sw t1l, 0(s9)
- J

Al AR R RERIHS 322 lock = 0, ZRJEARIEA IR X o

AR AL -

1w Al sw AR DR TERE,
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Q T4 6
y I "'I., gE
g

RISC-V Atomic Lock

4 N

try:
1i to, 1
amoswap.w.aq tl, t0, (a0)
bnez t1, try
# critical section
amoswap.w.rl x0, x0, (a0)

- /

e amoswap R MIBZIH{E. HFrH

e t1=0: NINEH
e t1=1: BlIEOHEH, AEHKE

| Ty —-
IR
8
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Multicore vs SMT

Concept Meaning

Multicore ZEZD, BT
Hardware Thread CPU A SZ R et b 3
SMT / Hyper-Threading—MZ 0> a] B 447 22 R 26 1
Software Thread OS EH I ZFE

© SMT AREZNEEBRELD, MRE— ML E I .
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Amdahl's Law

1

Speedup = 1L
S

Hrr:

o (F): AIfmER o LB
« (8 ZHEBIIIETEEL

ZE

«

AT D, B IR B AN L .
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Good luck with your mid2term!
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