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Around 1980 Present
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19804 T
2MHz - 1clock = 500ns 2GHz = 1clock = 0.5ns

Access time = 2000ns(?) Access time = 50ns or more

4 clocks >100 clocks!!
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for (i = 0; i < n; i++) { A[i] = A[i]*2.0; }
I=0 'rl time _
Read Read Read
100 100 100 weE
clocks clocks clocks

Calc 1~4 clocks
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(Ba7Ze)

L3 cache
(X AH12MB)

Memory channel
32GB/s (3AKT)

t 8GB
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e NUMA (non-uniform memory) architecture
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Cache Memory
o ER-/PELAEYTHY. BFECPUICEFENSD

o HITT UV EAEIN=T—EFMEMINS
o HENMIZ{EHNS --- IO S IFcacheDFEEZFRN DL
THT7OT I3 TES

s s e |
i iMefmipty Coprtroller * | |

s=nFremepgmemm L1 cache (64KB) Smaller Faster

L2 cache (256KB) A N

(included in each core)

L3 cache (12MB)

J——— (Main) memory N
aps e 54GB on TSUBAME2
Larger Slower
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Cache®®B=é&cache line

o CachelZIIB=hH5
#KB ~ #IMB

o T—ARTFE-BHDEKRESIL, EERKMDcache

line

Intel CPUM 15 & [Lcache line sizeld64byte
BRE256KBDFvyiatin, 4096{E MDcache linehvis
Rk YLD
&-cache linelZ. TEDTRFLRAZRIT M IDFHREFD
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cache

e | oma

456789C0 234567 89 ..24 354657
2DCBA940 FE DCBA98...1357 9B DF
(invalid)

u =

u =

u =
34FEDCOO 11223344 ...FF00 11 22

Y
64 bytes

12345640
12345641
12345642
12345643
12345644

1234567F

Simplified Cache and Memory
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Memory Access with Cache (1)

When CPU core executes a read instruction

[ “read a 2byte data from 0x12345642” ]

/

/

Csares | oma

cache

456789C0 234567 89 ..24 354657
2DCBA940 FE DCBA98...1357 9B DF
(invalid)

u =

u =

u =
34FEDCOO 11223344 ...FF00 11 22

Y
64 bytes

12345640
12345641
12345642
12345643
12345644

1234567F

Main
Memory

15




Memory Access with Cache (2)

1. Calculate the start address of cache line that
includes target address

— 0x12345642 & OxFFFFFFCO = 0x12345640

— Cache line to be accessed is [0x12345640, 0x1234567F]
(64=0x40bytes)

2. Search address 0x12345640 in cache
2-1: If found, cache hit (We go to Step 5.)
2-2: If not found, cache miss (This is the case now)



Memory Access with Cache (3)

Cache Miss Case
3. Select a “victim” line in cache, to be deleted

4. Copy 64byte data from [0x12345640, 0x1234567F] in memory

to cache (This takes >100 clocks)

cache

Address
456789C0

Data
234567 89 ...24 3546 57

(invalid)

34FEDCOO 11223344 .. FF00 11 22

Y
64 bytes

12345640
12345641
12345642
12345643
12345644

Memory

1/
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e CachelZhash tablelZ{lTLVA

« EHDAXHY

— Direct mapping: BEfiliEYNMEE TES
— K-way set associative: Direct mapping® &KO7% %«

ki F->TH

BWNEDZIELE
— LRU (least recent

KED>bema7oEAXINTLY
Hg

y used): ElineD ozt
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Memory Access with Cache

5. Deliver the desired data to CPU core

Address

456789C0

(invalid)

cache
Data

2345 6789 ... 24 3546 57

34FEDCOO

11223344 .. FF00 11 22

Y
64 bytes

12345640
12345641
12345642
12345643
12345644

1234567F

Memory

N
o
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Write (1)

o “Write" 77t AL, “Read” KW E#L1TDH
P SEEETEDT
[ “write OXAB OXCD (2byte) to 0x12345642” ]

cache

Memory

..3B4d5D 6F|70 ...

0x12345642



Write (2)
Step 1. 2. 3. are same as “Read”
4. Copy 64Byte data (cache line) to cache

{ “write OxAB OxCD (2byte) to 0x12345642” ]

cache
12345640|3B 4C 5D 6F ...

Memory

BB 405D 6F|70 ...

0x12345642
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Write (3)

5. Update data in cache

{ “write OxAB OxCD (2byte) to 0x12345642” ]

48 o

cache
12345640 |3B 4C|AB cD)...

Memory

... 3B 405D 6F|70 ...

0x12345642

Memory has not updated yet. How should we do?
Two policies: Write through , or Write back

22



Write Policies

 Write through
— Update data on memory immediately
— Problem: Every write instruction takes >100 clocks

e Write back (CHE BN E )
— Data on memory is updated later

— When the line is to be deleted as a victim, due to future
cache misses

— Hardware becomes more complex, but efficient

P

Due to this time lag, multi-core cache becomes complex
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CacheDHEEZEIZKYiEBZHZE

o AETUERAIZHMBEFMEIL—TFE THLY
H[Zb=A[|EEWNVTHHTH
Cache hitBF7 58 clock
Cache missB¥/& o #Eclock
TILFATICEBTIOERBEENHDELHE

e Cache lineDFEIZKY . EFETRL AT ERHEL T
TIOERATHDHELY
6D MmatmulDEREIZEM -
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6D DITINFEDEREEIL
cache hitZEDELVZKS

m{| A xk" B f}) C m

kK n " n
for (?77?) {
for (?77?) {
for (?77?) {
Cij += AiI*Bij;

o a%m)l/—jm@?mg@)%ﬁﬁ'lﬁl:iiﬁ

o AMIDEE > AT . BiEfG. C—F
o AMNDEE > A—TE.BF sc;ﬁ&

o BEAMNIDEE D> AR . B—E. > xEIELY
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e Goto BLAS, Intel MKL, AMD ACML...

14

12
210
‘_8' Effects of SIMD Instructions
o 8
5 6 —e—matmul-JLI
o Performance is dropping
& 4 ~i-GotoBLAS (1core)
2
0

0 1000 2000 3000 4000 5000
Size of Matrices (m=n=k)

e (Naive) Simple matmul suffers from more “cache-misses”
when problem gets larger

e Optimized GotoBLAS is not only fast, but stable toward the
change of problem size



GotoBLAS T &1t

e Effectively use multi-core
e Effectively use SIMD instructions
e Effectively use memory system

209X (BAVTVDEZFIZEY . T A X(Thdhi

3 cache hitiﬁl"ﬂ]J::
Y
m A
Kk

— Matrices are broken into “blocks”, each of which are smaller
than cache size

— Sometimes data replacement occurs
— Also optimized to reduce TLB misses

__________________________

———————————————————————

J}>

__________________________

__________________________

Cf: K. Goto, R. Geijn: Anatomy of high-performance Matrix
Multiplication, ACM TOMS 2008
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e CachePa7¢IZHFEE

o AEYNUKFIEIZERETHY. EFHAT7IZKVES

o CPUCEIZAERIMAHAD T, A7 MNHIENVATE EEOATE
NFE

— NUMA (non-uniform memory) architecture
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o BffiGEHOE—T 05 5L MD0penMPhR
(arraycopy B> 7 JL)Titi8l, TSUBAME2.5 1./—F

#pragma omp parallel for

for (i = 0; i <N; i++) { b[i] = ali]; }
« EF. CPUOL. CPUORID AE!) (Mem0)D & F| FF

14

[EEY
N

6 thread (6 core){@>T%.

//'—‘ fatster 1.3fEL ARG B ALY

[y
o

S>1EOF vy aZIAN
6/1.3 = 4.61ZE<E-T
AV
) 4 6 .o AFEYNFIEDRERIZ

Number of Threads

—e—CPUO, MEMO J:ériﬁ’.gléﬁj O)T:&)

Copy Speed (GB/s)
o N > e)} 0]

o
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NUMAY —F%TJF v LDEE

o ALWKIZEDCPUNDE DT THEIKH?
> OSKRE ., ALYRIZOF7EZEKZELH S,

gl-l

o (mallociEVERINF-T—2FEE (I EDCPUD AT IZH D
Hy ?
> 0SRE, BE. FEEDOLVT nh

— First-touch policy: HARX—T I, T7ORFHIBEBHTT AL
A7 NELIZERESNS

— Interleave policy: 5T E#HRN D AT IZTHFERE

RAR—NEEE Tl numactl AT RZEFE->TERRBIIZARY S
—iEELT-



AEYNVFRDERENDRE(2)

Copy Speed (GB/s)
o w o6 o o
o
¢
[
T
‘

5 10 15

Number of Threads
—e—CPUO, MEMO —e—CPUO+1, MEMO

CPUO, MEMO+1 —e—CPUO+1, MEMO+1

e CPUO: ALYFZCPUOLDAEEE
e CPUO+1: ALWKZECPUOLCPULIZHERIE
e MEMO: T—AZCPUOD AE!) LDOAEE

— numactl --membind=0 ...

e MEMO+1: T—A3%CPUOECPULIND AR IZHERIE

— numactl --interleave 0,1 ...

MADAE)EEIZEICKY . KYNURIEZFI A EE



5 Fe o aDEELS
O O

cache cache

12345640 |3B 4C

12345640 3B 4C|5D 6F|...

Memor
y ... 3B 445D 6F|70 ...

e How can we avoid reading “wrong” data?
— We call this “keeping consistency”
— There is protocol to keep consistency among caches



MSI ZakaJjL

o MSIZOARILIF, Tyl alO—EMEFFROEMLTONIL
e PcachelinelZ. L TD3IDDE—FKDENITHD

— Modified

— Shared

— Invalid

e« I1CPUAMDTI/ILFITTH, EHCPURITH. ULTDEMRILREL

cache

Caadess | owa | wode
M
S
I

456789C0 | 23456789 ...24 354657
12345640 | 3B4C5D 6F ... ... .. 20

34FEDCOO | 11223344 ... FF00 11 22 S
\

Y
64 bytes




MSIZEAFIJLDIE—F]

 |nvalid:

— This line is not used

e Shared:

— This line may be shared by several caches
— Contents of line is same as other cache or memory

 Modified:
— Contents of line has been modified by CPU core

— Contents of line may differ from memory
— There must only line for the address among caches



MSIZRArIJLDEHE (1)

e Here line 12345640 is “Shared”

CoEe 0 Cor_e 1
cache cache

12345640 |3B 4C 5D 6F ..

5 |

| 12345640 |3B4C5D 6F .. S

Memory

...3B4C5D 6F 70 ...

 What happens if core 0 executes “write”?




MSIZ ABka)LDEIE(2)

e Write to a shared line includes:
— Make other shared line (if exist) invalid (called invalidate)

— Make own line modified
— Write to its own line

Core 1

> O

12345640

cache

Memory

...3B4C5D 6F 70 ...

 What happens if core 1 executes “read”?
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MSIZaka)LDEE(3)

e Read-miss (by core 1) includes:

— |If there is modified line in other cache
* |et the owner copy back the contents to memory
e Make owner’s line shared

— Core 1 Reads from memory

Co[e 0 Cor_e 1
cache cache

12345640 |3B4CABCD..J S I‘

| 12345640 |3B4ACABCD..,| S

=

Memor
y ...3BA4CABCD 70...

e |tincludes 2 memory operations (>200 clocks)
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e MOSI
— Modified, Owned, Shared, Invalid

e MESI
— Modified, Exclusive, Shared, Invalid

e MOESI
— Modified, Owned, Shared, Invalid

e MESIF
— Modified, Exclusive, Shared, Invalid, Forward

BRHEMD. EREIMSIZHERLI-ED
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ICEIRTICwrited 2D I, (race
condition M\ RN =L TH)HEEEM T A

« ELCORBIBERSOBEDNAICFEET S

e Matmul OpenMPiR CIEjIL—T %

AE] -3

1 5l{ELT-DT

— A:read-only and shared (ok)

— B: read-only and localized (ok)
— C: RW and localized (ok)
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 False sharingfSlg8: 705 S LDOXE L. BIRALYEDEIDAE
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XLEDEF-

REDEED " g”

« Race conditionffl 8 IE#2
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False Sharing [t 28 O fiF iR
’@ (@ (@ ’@ {5 : race-condition/rc-fs.c

\ / / ss[omp_get_thread_num()]+ +;

D K57% A [Lfalse sharingD R [E

P R cabytestl LA

f@ j/@ ’@ ’@ {5 : race-condition/rc-fast.c
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