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Example Computation: eec:
Matrix Multiply (matmul) 2
Multiplying a (m X k) matrix and a (k X n) matrix
m|| A xk" B[O C -
Kk : n n
for (i =0; i <m i+) {
for (j =0; j <n; j+) { .
for (1 =05 | <k [+) { j>C0mpleXIty:O(mnk)
Ci,j += Ai, 1*B1,j;



Variants in matmul 33
Implementation

for (i =) { for (j = ) { for (I = ) {
for (] i i

e \What happens if we exchange the sequence of
for loop?

We have 6 implementations: [JL, ILJ, JIL, JLI, LIJ, LJI

This change does affects neither computed results nor
compute complexity of O(mnk)

Only the sequence of operations are changed



Effects of Software 33
Implementation

e Performance of different 6 implementations of matmul
Written in C language, not parallelized, gcc 4.3.4, -O2
Elements are “double” type, column major format
m=n=k=1024
On a single node of TSUBAMEZ2 supercomputer

Time 8.51 8.52 17.5 17.5 1.30 1.11
(sec) Slow!  Slow! Fast!

Although all implementations have same complexity,
but largely different in the computation speed




B#TETILTIE i
VI 7 HEEERSBATER L 2e
RAM model PRAM model

(ramdom access machine)  (parallel ramdom access machine)

CPU cores Q

Memory

N TIE6FEFEDOmatmulD =4 T=/0N

v
3)51_97_$7_'79:)Vs
E(ZX vy A AT DEEINIDE
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CPU and Memory: Past and Presentss

Around 1980 Present

CPU 2MHz - 1clock = 500ns 2GHz > 1clock = 0.5ns
I— x1000

=)

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

Memory




Memory Access Time :

How long does a memory “read” instruction take?

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

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

4 clocks >100 clocks!!



What happens If Every Memory| &

Access Takes 100 clocks? °
for (i = 0; i < n; i++) { A[i] = A[i]*2.0; }
i=0 i=1 \ time
Read Read Read I
100 100 100 weE
clocks clocks clocks

Calc 1-4 clocks

This is very insufficient!
Computation speed would be only 10MFlops
To alleviate this problem,

cache memory has been invented in 1968.
It became popular around 1985




Cache Memory 43

e Fast and small memory (usually) included in CPU
e Used to store data that have been recently accessed

e Used automatically --- It is OK that programmers do not
know existence of cache memory

L1 cache (64KB) Smaller Faster

L2 cache (256KB) /\\ A\

(included in each core)

L3 cache (12MB)

(Main) memory N/ N S
54GB on TSUBAME?2
Larger Slower

10



Cache®®B&E&cache line

e CachelZIXBE=hH5
KB ~ $iMB

o T—ARTF-BEOEAKEAIL, BEERMDCcache

line

Intel CPUM 15 & [dcache line sizeld64byte
BRE256KBD Ty aiin, 4096{E MDcache linehvis
R YLD
Z-cache linelX. TEDTRLRAZRIT M IDEHREED

11



cache

sares | oma

456789C0 234567 89 ...24 3546 57
2DCBA940 FEDCBA98..1357 9B DF
(invalid)

o n

o n

u n
34FEDCOO 11223344 ... FF00 11 22

Y
64 bytes

12345640
12345641
12345642
12345643
12345644

1234567F

Simplified Cache and Memory

12




e

cache

sares | oma

456789C0 234567 89 ...24 3546 57
2DCBA940 FEDCBA98..1357 9B DF
(invalid)

o n

o n

u n
34FEDCOO 11223344 ... FF00 11 22

Y
64 bytes

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

=

12345640
12345641
12345642
12345643
12345644

1234567F

Memory Access with Cache (1)

When CPU core executes a read instruction

Main
Memory

13




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
23456789 ..24 354657

(invalid)

34FEDCOO 11223344 .. FFO00 11 22

Y
64 bytes

12345640
12345641
12345642
12345643
12345644

Memory

15




I EDO

S TCvictimZiESH

e Cacheldhash table[Z{LTLVA

« EHDAXHY

— Direct mapping:

BHMLGEYNMERE TES

— K-way set associative: Direct mapping® &7 3

kI F > THS,

FLHDZENE

KED>bewiE7 AN TLY
19
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Memory Access with Cache

5. Deliver the desired data to CPU core

Address

456789C0

(invalid)

cache
Data

23456789 ...24 354657

34FEDCOO

11223344 .. FFO00 11 22

Y
64 bytes

12345640
12345641
12345642
12345643
12345644

1234567F

Memory

N
o

1/




CacheDEFEHEIZKYFEZAZ L

o AETIERIZHMNASEFEIX—TFE T
HZb = A[]EENTHH-TH
Cache hitBF7E 53 clock
Cache missBf/Eb3 B clock
TILFAFIZEET IR ERELHHELHE
e Cache lineDHFEIZKY . E T FL Az E#EL T
TR THDHIZEL
6 DD matmulDEEEIZENH - H
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Matmul T 7t RIER "
m|| A xk" B f) C m
Kk I —
for (??7) {
for (??7) {
for (?777) {
Ci,j += Ai, 1%xB1,j;

o ZXNIL—TRDTYH @)%Fﬁ I1ZFEB
o BAMAIDEE S AR B:&E#z. C
o AMDEE > A—FE 7r CT&

o BAMNIDEE S AE‘M B > bHEL

g
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Performance of Optimized Library
* Goto BLAS, Intel MKL, AMD ACML...

[
S

[y
N

— g

Effects of SIMD Instructions

=
o

=o—matmul-JLI
Performance is dropping

! -~ GotoBLAS (1core)

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

Speed (GFlops)

O N B OO

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



Optimizations in GotoBLAS

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

Cache-blocking:
mi A X BT
e KT -
K n n

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

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

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



Write (1)

e “Write” is different from “Read” since it changes data

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

cache

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

0x12345642

Memory




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

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

0x12345642

23



Write (3)

5. Update data in cache

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

48 o

cache
12345640 |3B 4C|AB cDl...

Memory

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

0x12345642

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

24



Write Policies

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

 Write back (more popular)
— 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

B

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

25



Difficulty in Parallel Cache

O

O

cache

cache

12345640

3B 4CEB Cg

12345640 3B 4Cl5D 6F|...

Memory

... 3B 4C

5D 6F

70 ...

e How can we avoid reading “wrong” data?

— We call this “keeping consistency”

— There is protocol to keep consistency among caches

26



MSI Protocol

e MSI protocol is the simplest protocol to keep consistency
e Each cache line in cache is in one of 3 modes

— Modified

— Shared

— Invalid

cache

Caagess | owa | wode
M
S
I

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

34FEDCOO | 11223344 ... FF00 11 22 S

Y
64 bytes




Modes in MSI Protocol

* |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



Cache Behavior in MSI Protocol (1)

e Here line 12345640 is “Shared”

CoEe 0 Cor_e 1
cache cache

12345640 |3B4C5D 6F .1 S I

I 12345640 |3B4C5D 6F .| S

...3B4C5D 6F 70 ...

Memory

 What happens if core 0 executes “write”?



Cache Behavior in MSI Protocol (2)

Write to a shared line includes:

— Make other shared line (if exist) invalid (called invalidate)

— Make own line modified
— Write to its own line

C0@1

> O

12345640

cache

Memory

...3B4C5D 6F 70 ...

e What happens if core 1 executes “read”?

30



Cache Behavior in MSI Protocol (3)

e Read-miss (by core 1) includes:

— |If there is modified line in other cache

e |et the owner copy back the contents to memory
e Make owner’s line shared

— Core 1 Reads from memory

CoEe 0 Cor_e 1
cache cache

12345640 |3B 4C AB CD..

s

I 12345640 |3B4CABCD..,| S

Memory

=

...3B4CAB CD 70 ...

e |tincludes 2 memory operations (>200 clocks)

31



Other Protocols

Extensions of MSI
e MOSI
— Modified, Owned, Shared, Invalid

e MESI
— Modified, Exclusive, Shared, Invalid

e MOESI
— Modified, Owned, Shared, Invalid

 MESIF
— Modified, Exclusive, Shared, Invalid, Forward



\

5795 LDREADEE

d Egﬁ: &*IJJ

— EHAL Yy HE]
— EHALYEDA R

12

E9E

N B
lc

FENNE
C{EfTZread9 5D I, £EERIIZok

JC{EFTIZwrited 2D I, (race
condition MRS N = ELTH)EREN THS
e FLEDRIBEERSDRBIBDONAIZEES S

e Matmul OpenMPiR CIlEjIL—T %

AE] -3

1 5l{ELT-DT

— A: read-only and shared (ok)

— B: read-only and localized (ok)
— C: RW and localized (ok)



False Sharing[ti &

 False sharingfSl®8: 7045 5L OXE L. BIRALYEDFIDAE
')( B EFEASELTLSDIZ, ERILU EITESGESTLES

o T—HRMN—EMHI{HA cache lineBAITH A EIZHEE

N—

C RlaOEXRIC )
K (@\7?;;VCL\—§—)#B
| / i
1 (+1)/(+1) 2l J
i} j w-r

« Race conditionffIE#E
\ } STELDNEBRIZIELLY)AY,
| | False sharingh#2Z%
64byte cacheline ., sppmgEEAL-UIZ, £
B 4yinvalidLTLES
=¥y 1IRYE




False Sharingful &8 D fi# ;R
(@ (@ (@ ‘@ {5l : race-condition/rc-fs.c

\ / / sslomp_get_thread_num() J++;

D K578 (L false sharingD R E

- iR 64bytes L k(75

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

S TN ERERARALK

B JS5AR—FEHIIEZALY
KDRAZYDIZED N, RAVIT1=-5

DAE) LEDHE L+ 5330
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