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Review: GPUR{EEZ AR RZEERENX

 Thread blocks execute on an SM
* Thread instructions execute on a core

float myVar; ~_shared  float shVar; ~_device  float glVar;

Thread Block

\
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Processor Processor Processor Processor

One or
more levels
of cache

One or One ar One or
more levels more levels more levels
of cache of cache of cache

Private
caches

Shared cache

-

Main memaory /O system

S XL =F =L (SMP)
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T HEFEssEtE (DSM)

Multicore Multicore Multicore
MP MP MP

4@ Memory @ Memory FJ Ie] ' Memawr 'O

Interconnection network

1o B Memory 8 O B | Memory - 1o ' Memory i 10

Multicore Multicore Multicore Multicore
MP MP MP MP

SHRALEFMEELE (DSM)
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SPARC Center HE=FEsS IS t53 <20 1us

SGI Challenge HE=1FES ISY53 <36 1us

Cray T3D HEFMEEE | 34 32 - 2048 1us

Convex Exemplar H=77(EE8 Y FFK + IR 8 -64 2Us

KSR-1 HEFEsE W ZERR 32 - 256 2-6Us

CM-5 NEISUSES AR 32 -1024 10us

Intel Paragon BEEE 2UERIE 32 - 2048 10-30ps

IBM SP-2 ‘BHEEIS ZRFFK 2-512 30-100us
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» Cache—F(% (Coherence) :
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— 158 NCache AU B ER )RR

Sorin D, Hill M, Wood D. A Primer on Memory Consistency and Cache
Coherence[J]. 2011, 6(3):212.
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\

aE—% (Memory Consistency)

TABLE 3.3: Can Both r1 and r2 be Set to 0?

Core C1 Core C2 Comments
S1: x =NEW; S2: y=NEW; /* Initially, x =0 & y = 0%/
Ll:rl=y; 2200 =

JEERIRITIRE (RigTLELF|FZE@ESC Model) :

S1L1S2L2 (0,NEW) S2S1L1L2 (NEW, NEW) L1S1S2L2 (0, NEW) L2S1L152(0,0)
S1L1L2S2 (0,NEW) S2S1L2L1(NEW,NEW) L1S1L2S2(0,NEW) L2S1S2L1 (NEW,0)
S1S2L1L2(NEW,NEW) S2L1S1L2(NEW,NEW) L1S2S1L2(0,NEW) L2L1S152(0,0)

S1S2L2LT(NEW,NEW) S2L1L2S1(NEW,0) L1S2L251(0,0) L2L1S251(0,0)
S1L2L1S2(0,NEW) S2L2S1LT1(NEW,0) L1L2S152(0,0) L2S2S1L1(NEW,0)
S1L2S2L1(NEW,NEW) S2L2L1S1(NEW,0) L1L2S2S1(0,0) L2S2L1S51(0,0)

2020-5-15 TTEUAR G 21



Cache—&1%(Coherence)

load rl, mem[A] / \ /_\

\mn: I mre-l/
ot T/ I cache
Time 1
A 42
\ load rl, mem[A]
mrﬁ” |
Time 2
A 42 A 42
add rl, rl, #1 | cnm]\ éﬁl\"
store rl, mem[A] \‘ / \\T/
Time 3

AL 43 Al 42

Example of incoherence
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Cached portions
of page Physical
. I Memory [Memory
- Bus
Proc. l—| " |= >
Cache

' DMA transfer,

DMA

DISK

DO

Memory — Disk: i cachef# s, mka
A, frfigas 2 B IH 2

Disk — Memory: Cache a2 FRIBESE, ©FIHFA
FE X IRATA 8 5 A
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Example on Cache Coherence
Problem

@ \ U:SMTE/— @ I/O devices
- P3RIT Iy SiRER, WEREEE T ulNARRIE

. ¥¥write back caches ...

— AMEERHIREFAIREER—FRIERY (RIEM) B

— RS Fcache SEININF
- B, EEFEFWEFRITHER
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‘ ’ | ‘ p time

‘ read-only ‘ read-write| read-write ‘ read-only
Cores2and 5 Core 3 Core 1 Cores1,2,3

FIGURE 2.3: Dividing a given memory location’s lifetime into epochs

Coherence invariants
1. Single-Writer, Multiple-Read (SWMR) Invariant. For any memory location A, at any
given (logical) time, there exists only a single core that may write to A (and can also read it)
or some number of cores that may only read A.

2. Data-Value Invariant. The value of the memory location at the start of an epoch is the same

as the value of the memory location at the end of its last read—write epoch.
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s E—HRISWIBHAR, CacheiR{HPEFhINEE

_:/I:I\:Eé .Jmﬂgﬁﬁg:
DB 7 TR R RDRHIN S A
- HEHIENEF!
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FRIHEE,
< USSR AR R AR TS R A
EAEINCache—E1 14

2020-5-15 TTEUAR G 31



.r-__.-'—'_‘-\-\.\x.‘l
core |
A
privaic
cache data
controller .- cache
::::j:_ inferconnection nelwork _ =2
lazt-lewel
LLChimemory rahe
coajtroller - .
1 {LLC) MULTICORE PROCESSOR CHIP
L i
MAIN MEMORY

FIGURE 2.1: Baseline system model used throughout this primer.
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3. EFRITAIRRFRIN

- B{EEIY
- E— MRS R ANEIRZ BT ERRER

A—hOsIaY

_ 5l ZEEECachefU&HT,

o
=

A

WS g RS FR

IXHISEIR,
ShIREEITH REEAT /I CPU A Cache & CPU B CacheR& FEXRTAT
0
CPU A X Caches®q 0 0
CPU B %X CacheZsk 0 0 0
CPUABXETTE YERXERTT 1 0
CPU B j&EX CacheZesl 1 1 1
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2INAT, B #BFEEE

CacheFFTE XS MANZEFEDFE DHT TEHT.
— 5 EEI[ECachefIIHF T, BITE &P EEHTD
I AYSCIHL,
REIEERIT BEATH CPUA Cache & CPUB CacheI& FEXBTAE
0
CPU A =X Cach&3k 0 0
CPU B X Cach&xk 0 0 0

CPUARBXEITTE [ IEEXETT

CPU B =X
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+ VRS RN SER MY AIXERI A 22
HATERRIRE, B RAVE B (E(E RS RISEIREL

HNES.

- 5H8iXCache, EAMBERAIERN#HSDERE,
A EFR S LA RHREHEE.

. }FSECache, BEEIEMNRHESER—L,
DR REALER M Cachesh, HAIEEEETE,
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Memory

Bus
A
S ,
Ml < gaocipey%» Physical

< | Memory

Snoopy

My |=— Cache [T |
Y — Sgoohpy T | pbmA DISKS
\
# RN HIRFRSFL B SE R NFiE R E —E
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Mem ‘ I/O devices

Cache-memory
transaction

- BEAEAI1BRYE N & Caches AT IS E&AY1T
— R FIESRIFE Cache 2R LAY
— XEEEXIArE LSRR AR W

+ Cache ZHREEM (snoop)

HE 2% FRIFRBRSS

- R

fECache FIRAPINE AN B RTEARIHIE

)

— BEHITAERIREESHKIRIECacheH—HE

* |nvalidate, update, or supply value
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loads &

Core Stores
Side
Network
Side
issued
coherence

requests &
responses Y

cache
controller

loaded
values

cache

received
coherence
requests &
responses

interconnection network

Coherence controller:

(B3GR —HRIBIRIAS

Side
issued
coherence
responses

Y

LLC/memory SRR
controller
Network

A

received
coherence
requests

Qemonnection netwoD

i : Cache controller {fE/3Coherence controller.
20245i83: memory controller fEAcokierence=controller

?&)im—éﬁﬁﬂﬁﬁlkﬁm (ZiE LR, SN PRIIR—MEZAY,
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Implementing a Snooping Protocol

» Cache {ZHISEIA L EIREKIEA -
— QMEESAYIESK (load/store)
JZIJJ.I)\JE% (snooper) E/Jlu\% ZK/UF]F'

+ Cache =5l =RRIBX A HEAIBA=ENE
id’ﬁ CaChei;&E/J,lj(,u\ . Ld/StX Processor
A e i T

Tag
— )_L/-_Zl'ﬁ-ﬁljlué%_g%

\

- /
/ Snooper
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MSI| Write-Back Invalidate Protocol

« 3 states:
— Modified: {XiZcacheliBIES0IRY. BT ZHcopy
— Shared: IZIREF &R, HitbcacheBEJRESHIZIR, TFiBEET
HRNBER5AHY
— Invalid: iIZEREFZER (invalid)
« 4 bus transactions:
— Read Miss : [gR&%FRead Miss on Bus
— Write Miss: JRS5FWrite Miss on Bus, 52— M d A5
— Invalidate: {ERIZREE AMEERFRYCOPY
— Write back: EHR{EEESOIRIRE(H]

- SiREN, {FIEFRBEEEIR
— EZflInvalidate transaction HIERZL E, Bl
EA BTk
- BERITK: R&ES5AER% E8BITHW
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CPU read hit

Write miss for this block

Invalidate for
this block

CPU read | Hg’;?fjw )
Place read miss on bus
ae’.t- CPU
N @ read
CPU write Y & e t
2 E Place read '§ >
E(c miss on bus |-
] - =8
8o R
&(o @ |E o
o E '? =
23
Write miss = |®
1 for this block

Exclusive
(read/write)

CPU write hit
CPU read hit

2020-5-15

Cache state transitions
basead on requests from CPU

CPU write miss

Write-back cache block
Place write miss on bus

Read miss

Exclusive
(read/write)

Shared
iread only)

CPU
read
miss

for this block Cache state transitions based
on requests from the bus

SFriBRIRIRFREEERE A FAB Cacheld, EIXS
KRS, EARMERIABIZIREIEIIFAB Cache,
alI{E: Write-back block; abort memory access

THETUWRREN
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MSI Snoopy Cache Coherence Protocol

Request

Read Hit
Read Miss
Read Miss
Read Miss
Write Hit
Write Hit
Write Miss
Write Miss
Write Miss
Read Miss
Read Miss
Invalidate
Write Miss
Write Miss

Source

Processor
Processor
Processor
Processor
Processor
Processor
Processor
Processor
Processor
Bus
Bus
Bus
Bus

Bus

State Transition

Shared or Modified
Invalid = Shared
Shared

Modified = Shared
Modified

Shared = Modified
Invalid = Modified
Shared = Modified
Modified

Shared

Modified = Shared
Shared = Invalid
Shared =» Invalid
Modified = Invalid

Action and Explanation

Normal Hit: Read data in private data cache (no transaction)

Normal Miss: Place read miss on bus, change state

Replace block: Place read miss on bus

Write-Back block, Place read miss on bus, change state

Normal Hit: Write data in private data cache (no transaction)

Coherence

: Place invalidate on bus (no data), change state

Normal Miss: Place write miss on bus, change state

Replace block: Place write miss on bus, change state

Write-Back block, Place write miss on bus

Serve read miss from shared cache or memory

Coherence
Coherence
Coherence

Coherence

: Write-Back & Serve read miss, change state
: Invalidate shared block in other private caches
: Invalidate shared block in other private caches

: Write-Back & Serve write miss, Invalidate



Example on MSI Cache Coherence

Request Processor P1 Processor P2 Bus Memory
State Addr Value State Addr Value Proc Addr Action Addr Value
P1: Write 10 to Al P1 Al WrMiss Al 15
M Al 10
P1: Read Al (Hit) M Al 10

P2: Read Al P2 Al Rd Miss
S Al 10 P1 Al Wr Back A1l 10

S Al 10 P2 Al  Transfer

P2: Write 20 to Al P2 Al Invalidate
| Al 10 M Al 20 Al 10

P2: Write 40 to A2 M A2 40 A2 25

 Assume that A1 and A2 map to same cache block

* Initial cache state is invalid
2020-5-15 TTEUAR G 46



Write-back Cache

AErECache—&EBWrite-back Cache
« CacheBIKTE PrRd/—

Prwr/—

— Invalid, Valid (clean), Modified (dirty)
* Processor / Cache &#{E
— PrRd, PrWr, block Replace
° lE\ﬁ?%
— Bus Read (BusRd), Write-Back (BusWB) PrWr/—

— {Y{E3%£cache-block Replace/BusWB
ZrECache—ET¥A9Write-back Cache riwiBusrd

o« F¥dCache—EERIBRIRSIAEE Repjace/—
— Treat Valid as Shared \__ /
— Treat Modified as Exclusive PrRRd/—

. g IA%M,EEE% PrRd/BusRd

— Bus Read-eXclusive (BusRdX)
— Bus read with intention to write

2020-5-15 TTEUAR G 47



MSI| Write-Back Invalidate Protocol

3 states:
— Modified: {XiZcachellBEHB0THY. BRENZ N
iji"COpy Prwr/—

— Shared: IZIRET#R, HfitbcacheFrtBRJEEE
Bz, FEEEFHINS RSN
— Invalid: IZERETHER (invalid)
4 bus transactions:
— Bus Read: AT EBuUsRABEESS \
— Bus Read Exclusive (F2\ZeHE{tEEE) : BusRdX prwr/BusRdx \ /" BusRdx/Flush
« BFEPHHEBEY (exclusive) cache block /V Replace/B?SWB

* bus read with intention to write \ ;

) BusRdX/—
— Bus Write-Back: BusWBF3F-cache ZREIE R Per’T oregr. Replacel— /
BusRd/— !

— Flush on BusRd or BusRdX
2020-5-15 HENRRES 48

Prwr/BusRdX BusRd/Flush

« CacheBHUERNEIREZ L (MAEMNTFEESEEL
#E) 5Thk Cache-to-cacheBUIEIX, HEMFERS



State Transitions in the MSI Protocol

 Processor Read
— Cache miss = F=4BusRdIZEFH o
— Cache hit (S or M) = ILRAZEHE
 Processor Write

— érﬂEModmed%wﬂi r‘i,u\éaz
BusRdX Z84% . BusRdX S&EftiCacherh

BIXT Kz iMEF‘ (invalidate)
— HAEModifiedR7SHS, FTTREEoE

Prwr/BusRdX Bust/FIush

- Observing a Bus Read Prir/BusRaX 2‘;;@%553;38
_ ;zu%zyaz% Modified, FZ4EFlush S 4EEE5% /' A ’
- EFTFEMESSFNIBEKAYCache BrRA/BuSRA BusRAX/—
» 5|ERRLELEFZAICacheIRZS= Shared PrRd/— Repla?e/—
+ Observing a Bus Read Exclusive \ usRdm S

— {EEBXRDblock
— WIERIZEREmodified, FEAEFlushfR L%

2020-5-15 TTEUAR G 49



PrRd/—
Prwr/—

§| © ulsT 7 ul[®] 5, "
\ / PrWr/BusRdX Bung/FIush ‘
\ // Prwr/BusRdX /! BustX}FIush
f | /V Replace/ll?»usWE
Memory ¥ /O devices PerT PrRd/— E‘;‘:ﬁﬁ: /
BusRd/— ’ ;
u: 5 7
Processor Action State P1 State P2 State P3 Bus Action Data from
1. P1 reads u S BusRd Memory
2. P3 reads u S S BusRd Memory
3. P3 writes u I M BusRdX Memory
4. P1reads u S S BusRd, Flush P3 cache
5. P2 reads u S S S BusRd Memory
2020-5-15 TTEINIRRES 50



Lower-level Design Choices

5| ABus Upgrade (BusUpgr) $§CachelRIXE M SEIM
— S|E{EEERIE (S BusRdX) , {BEERIRANITIRE
. 3 MARBREZRZIBusRd BY, ZTJFRIMANS
— M - SorM— | BFURTHIERET
* Transition to state S
— NBRAASBEAMIERE, MAREMIEEEIEERE
- ERESTEE REIEEEIEERT
 Transition to state |
- ZEREEHMBIEREEERE
- WRIEEREUETHRERE: ISR, EtthEzRiES K HIEN
BigX, AR TIENNS. BEIMESRIXSFRICEEMRE,
- AEEERLESFINEhEESAYEsE
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Satisfying Coherence

- E{&HE(Write propagation)
— Xg‘—ﬁ\shared ginvalidiRNE, EHith

cache%IZ_J o] I,

 {#FBus Read-exclusive (BusRdX) Bus
Read-exclusive EBEAE[E H{ﬂ’,CacheEF-lel’J

]g@kﬂ%%?_ EARE R Z SRR AR
j:

A= Cache Miss
- ST (Write serialization)
— Qﬁggtﬁfﬁﬁbustﬁ’ﬂ—%fﬁfﬁ(BustX)?EZE'\

mﬁkﬁﬁﬁaﬁamsﬁwmkﬁﬁ)u Pwmmw<m«%mm\

PrRd/—
Prwr/—

=35 5ps) ;
EQFE%@A{% %%{’EE’JLEE%%EI’JZKi{BcaChe PrWr/BusRdX \ " BusRdX/Flush

- Replace/BusWB

- ?—”FZ' EFMENSR S HIER %L

« Y¥modified iJ&E’J'ar“&'H%EH—/\UEa% (P)
JTEEﬁ $$ﬁm P T IR
o [F—Ab 5: P LT gy ==
. I X = . AE;E —_
%ﬁ,ﬁﬁﬁTShﬁ iR At
S S BT

/

PrRd/BusRd BusRdX/—

1
1
1
1
/I
Replace/—
PrRd/— oPac Y
BusRdi— ,/  ~
4 .
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Summa

ry

- HFitENAERLE: SISD, SIMD, MISD, MIMD

- MIMD RYiE(ERE R Fia=REat
— HHEESIAROALE . TSR vs. IEREEFE ST

- 1B{EERE:

LOAD /STORE}ES vs. EEIGE
TS EFHERMIMDEES

_ SRS (SMP) vs. HTRTLILEAFRE (DSM)

.;l:

LS FERR S IERYTEE

13 /3

— Cache—Z{%[A)&X (Coherence): {FEZAMEIRFHICachefREELLTE
HlAYCache— X TE R RS 21EARRY

— fFiE=SE—4EiA& (Consistency): FEZZHIEHAFITHER T, B
—LeHINISkRE X IR EF#EE1TA. BEIFEESMETIF
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Summary

« Cache —E{1% (FENX)
— QMESEPYIXE 2 FNNIXHITIE, EEZBSBHEE
LIEZENIXIHITE, NhERIREERESHANE.

— WIESENIXEZ g, B—UIEESENXiEH TR, =52
Elym= = kaEI'Jl&_ ENAEIHANE.

- WE—ERTHISEIFERY, BMESHMMEIEEEIE
—EBRIThIRIRE, MRrEEEREFRINF2ERAY,

- H=2ERpIRER: IEIFFIBER
— Cache—&4EiMYEEIN: BIERFISE#H
- ERHEFEPRE

« Snoopy Cache-Coherence Protocols

Il'r Il'r

| T

'I'
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Summary 3/3

- HEZRRRIRER: WRIFFIER
+ Cache—HTHHYEM: SIEEFISEFR
. EErhs{t=1F6E Cache—FiEihiN

— SnoopingiM¥ : MSI, MESI, MOESI

« Coherency Misses
— True Sharing e

ownership (note: the
ve state is

— False Sharing
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