I

FlEss B IR (1)

i R

xieminhui@ruc.edu.cn {5 81505

20254118



mailto:xieminhui@ruc.edu.cn
mailto:xieminhui@ruc.edu.cn

FHUES

Burks, Goldstein, von Neumann, “Preliminary discussion of the
logical design of an electronic computing instrument,” 1946.
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« 8 | Memory in Your Hands

AWERS/F
8k Y\ﬁ

IBS watch
(Information

Bank System)
(100GB)

MPX Player
(80GB)

Pocket PC & USB Pet Robot
(50GB) (100GB)

Phone, Data, GPS, Game, Entertainment, ...

C. Kim, “Future Memory Technology: Trends and Challenges,” Plenary paper, ISQED (2006).
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1ZIDOZRYS Tiger Lake
S
REIBEEERT 11CEESIS
G HARE
WG QMIEREETR 2. AGHz s 11
Lh18 D) : 1TB
BE Emain=x 4.2GHz §: NVIDIA
Ik
=RERF L3 8M
BITARE
AEFEESE 16GB
l AFRE LPDDR4X
SYEZ S 4266MHz
MBARFEO &
=Fhas
| ]
TS SSDEZSHER

BREAE 512GB SSD



Storage Trends

SRAM
Metric 1985 1990 1995 2000 2005 2010 2015 2015:1985
$/MB 2,900 320 256 100 75 60 25 116
access (ns) 150 35 15 3 2 1.5 1.3 115
DRAM
Metric 1985 1990 1995 2000 2005 2010 2015  2015:1985
$/MB 880 100 30 1 0.1 0.06 0.02 44,000
access (ns) 200 100 70 60 50 40 20 10
typical size (MB) 0.256 4 16 64 2,000 8,000 16.000 62,500
Disk
Metric 1985 1990 1995 2000 2005 2010 2015  2015:1985
$/GB 100,000 8,000 300 10 5 0.3 0.03 3,333,333
access (ms) 75 28 10 8 5 3 3 25
typical size (GB) 0.01 0.16 1 20 160 1,500 3,000 300,000
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for (i=0; i<1000; i++)

for (j=0; j<1000; j++)

sum+= a[i][j];
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Spatial locality OR Temporal locality

sum = 0;

for (i 0; i < n; i++)
sum += a[i];

return sum;

n~

m Data references

= Reference array elements in succession
(stride-1 reference pattern).

" Reference variable sum each iteration.

m Instruction references
= Reference instructions in sequence.
= Cycle through loop repeatedly.
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sum = 0;

for (1 = 0; i < n; i++)
sum += al[i];

return sum;

o ¥LHE Vi ]
o ELE|HEAITLER (stride-1

reference pattern) 2 8] R 3 i
5 ﬂﬂ@f% sum FERIEAR. B ] S 1
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o ALIF VTR 2% [ Jay s 1
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|Qualitative Estimates of Locality

+ Claim: Fef5 2o & (A Jnf H R A e PR 2
LAVFER 53 H)— TS B e -

* Question: IXA~EREAHX T 204 a HIR 15
A Py 2

buis
=~

int sum array rows(int a[M] [N])

{

int i, j, sum = 0;

for (1 = 0; i < M; i++4)
for (J = 0; j < N; j++)
sum += a[i][j];
return sum;




e Question:]

L, 2

XA R

int sum array cols(int a[M] [N])

{

int i, j, sum = 0;

for (j =
for (1 = 0;

0; j < N; j++)
i < M;

sum += a[i] []];

return sum;

it+)

| Locality Example

BOEXS T2 a FIRAF I it

Answer: no, unless...

M is very small
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| #PFEAlignment

* malloc()

* Returns a generic pointer that 1s void *
* [ts alignment requirement 1s 4

* Linux memalign family
e Ulvoid *memalign (size t alignment, size t size);
« srlidsize K/NNAF,  alignment W) BB REAE N E sk, IR
[BlX AN E HbE, H A alignment W 2 2 B FE RS
* http://man7.org/linux/man-
pages/man3/posix memalign.3.html

21
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\lvl

QO AA] SEER Y 5543 e Al

void* aligned malloc(size trequired bytes, size t alignment) {
void* pl; // original block
void** p2; // aligned block
int offset = alignment - 1 + sizeof(void*); /%] 5% 1% K#alignment-1
if ((pl = (void*)malloc(required bytes + offset)) == NULL) {
return NULL;

}
p2 = (void*x*)(((size t)(pl) + offset) & ~(alignment - 1));
p2[-1]=pl;

return p2;

}
void aligned free(void *p) {

free(((void+*)p)[-1]);

22
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A A ?

Strawmen version 1 (53X S5 48 )

void* aligned malloc(size trequired bytes, size t alignment) {

\lvl

A0 SEBLRS 5553 Bo Al

void* pl; // original block
void** p2; // return block
if ((pl = (void*)malloc(required bytes)) == NULL) {

return NULL;
}
p2 =pl;
return p2;
} EREH R FER
void aligned_free(void *p) {
free(p);

23
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\lvl

A0 SEBLRS 5553 Bo Al

EI R ?
Strawmen version 2 (G5 FEX 55 HI D)

void* aligned malloc(size trequired bytes, size t alignment) {

void* pl; // original block

void** p2; // aligned block

int offset = alignment — 1; /%] 5% & % W #£alignment- 1

if ((pl = (void*)malloc(required bytes + offset)) == NULL) {

return NULL;
}
p2 = (void*x*)(((size t)(pl) + offset) & ~(alignment - 1));
return p2;
} F P A
void aligned free(void *p) { p2 = aligned_malloc(4096, 128);
free(p); aligned_free(p2); It 8 A &=
} malloc/free ¥ HEA —2X

24
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A A ?

\lvl

A0 SEBLRS 5553 Bo Al

A 93? BplIREFE TR
version 3 CEREXISFHIZEC)

void* aligned malloc(size t required bytes, size t alignment) {
void* p1; // original block
void** p2; // aligned block

int offset = alignment — 1 1 3 ; /1055 Bz fm F2 alignment- 1
if ((p1 = (void*)malloc(required bytes + offset)) == NULL) {

return NULL;
}
p2 = (void**)(((size t)(pl) + offset) & ~(alignment - 1));
p2[-1]=pl; ‘
return p2; j‘j’ﬁ‘/é\ 7%-1 ?

}
void aligned free(void *p) {

free(((void++)p)[-1]); 25
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int sumarrayrows (int a[M] [N]) {
int i,j,sum=0;
for (i=0;i<M;i++)
for (j=0;]j<N;j++)
sumt+=a[i] [J];
return sum;

int sumarraycols(int a[M] [N]) {
int i,j,sum=0;
for (j=0;j<N;j++)
for (i=0;i<M;i++)
sum+=a[i] [J]’
return sum;
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o RIS RE T RS IA,  DAE 1% pRAUfE A stride-1 2
ﬁ@%ﬁﬂ% 3-d M a O A R A4F =510 R f
7E) 7

int sum array 3d(int a[M] [N] [N])
{

int i, j, k, sum = 0;

for (1 = 0; i < M; i++4)
for (j = 0; j < N; j++)
for (k = 0; k < N; k++)
sum += a[k][1i][]];
return sum;

Answer: make j the inner loop
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« CPU #17
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CPU Performance : 55% per year,
slowing down after 2004
10,000 frrerererenmnsessemrnssess st aenn e g e e
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DRAM: 7% per year

T
1980 1985

+ 1980 — No cache in

T T T T
1990 1995 2000 2005 2010
Year

microprocessor

+ 1995 — Two-level cache on microprocessor
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| BE ML 5 15 471 25 (RAM)

o« K7
e cell /& Z&: AT it #. 76 (one bit per cell).
* RAM fiill i ity
o ZN0 iTz%ﬁTuﬂ i

* RAM A P28 7.
* SRAM (Static RAM)
* DRAM (Dynamic RAM)



F iht 3% $¢




ZIARAM (DRAM) 2470 H B8

Wk e

5=
\

A Cs A RFRMAX2ES 0. 1
BEHNBRELEBEA N “17
BN CsaH AN “17 JHE A “0”

=7







|DRAMEKJ ] 7R

1) HES.: SREN, CSHBEIEEIIEEENE
K, BRABSIMEREH . FEAIE - NESHIE. ME
A ERER SRS, ANBEFIE T —IRHIEEERAE

Ilmll

dn

2)ERTRIET: HTCSHMERD, R AR B HAEEE
ERXTCSHATRE, DA Es, HEEE2ms. 35
Frgas L mE 4.

I

RIFTE RS R REE B, B HRFBORSE RS
BHEFHEARERE. RBIH— KR R ST — RS RERETE
EX:

liml)




AT I RE T £

Jill 3t J& 3 (2ms)

£V

B BRIER 8] Rl 35 B[]

RIFRATIE) = EhRERETE < =hifFRA

{E ¥ 77 HUE 3 49500ns(0.5us), Wl 7E 2ms A FE AT BA 22 4HE40004™ 77
B 3.

RS RS E R R REDS



£ 1

PL128 X 128 45 A5

(FEUAHI80.5 us )
l— wEmer —p— py —l—wEnes

}%%ﬁ}?—%-} 01 2 coo 38711 3872 co 3009 10 1

tc tc tc tc tc tc tc

x| v V’ w' 0’ 1 127
bk 5 - \

) 3872 N JEBH (1936 us) )(128 A~ JE A (64 s;

g ] T
< JRll 8T i) TE] TE] % ( 2 ms ) >

X” N 0.5us X128 =64 us

“EE‘
A TE

AN

128/4 000 X100% = 3.2%



ﬁﬁﬁﬁ“vﬁ (FEURHAN0.5 ps )

R R R R R R
W/ REF W/ W/ REF W/ REF W/ W/ REF
0 126 127
Im | IR
fe—> l—>
€ tC P

— RIFERE 128 NMEBRRAE  —
t _tM+ tR %“%ﬁ.”

\ 2N / =

BRE RIF (FEUABAN 0.5 ps + 0.5 ps)

RXF 7RI T RIS E, B 76 R 8500ns, 5t
%ﬁ@ﬂnSOOnsﬁﬁﬂ:ﬁU% A RRFE THRE, BEMNHARK
il 3 A B




SRlFT SEFRIFHES S R RIED
T 128 X128 WIERESGH (CFRARN 0.5 us)

N

FFE 15.6 us BIFT—17

W/R| W/R| W/R

W/R

W/R| W/R|W/R|W/R

tc | 05
us

R Rl ZHE TR @ RS HT B, A HIL “IEX”

25 Rl 77 2 A] @ 5 C PUJ:E@?J&BTIE‘LI HISER, FH TR SR
I (R4 e SRR — A% . R e S BRI 77 3R«




R B
BRI 32 1
i 22l T
RATF AR
BT
SERE
RAE
el R A

L

w
SRR
18

7N

([iS



| SRAM vs DRAM

LR iE BT BE
eeiAE BFE RIFF  EDC?  RA  YEH

SRAM 60r8 1x No Maybe 100x  fSjiEZEAT

DRAM 1 10x Yes Yes 1x 5

EDC: Error detection and correction

o«
« SRAM [E& TR T EKE
o HEAT AR
« DRAM 4"} 52 ¢ /) B 25 1) PR 7]
o HFELLIRT] T A A IR E
o Ik T HEIR
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| Cache Memories

o R GATAT A e AT B B E BN R
H )T SRAM HI17-fifi w8

o ARAF LT ) 1 E I A7 B
+ CPU & 46 7E 2517 h 25 o 800
R G H

CPUchip

Register file :

Cache <—> /l /| ALu

memory |
@ : System bus MemTy bus

o L) Wan
bridge memory




General Cache Concepts

Smaller, faster, more expensive

m CacheR—M/NEEEEZMNFME memory caches a subset of
%%, 'EIEESRAM?HJ&O Cache the blocks

m Cache HEHIVEECPUR A, & 4 9 10 3

L 5CPU—HE{R.

s BFBITH, CPUMRK—I4a%
/182 = TST AL NI FECache

Data is copied in
10 block-sized
transfer units

i, Cachelfi AR EAE A 2S Memory
SHNERIBRE 1 2 3

s HCPURZEMNAFRE (B) HiE i 4 5 6 7
LS, fefECache, HEH, BLE 8 9 10 11
M CacheFEEEL, ARV IR E 12 13 14 15
#%%&o 0 0000 0000O0COCOEOGOSGEOSOO

Larger, slower, cheaper memory
viewed as partitioned into “blocks”




Cache

Memory

| General Cache Concepts: Hit

Request: 14
8 9 14 3
0 1 2 3
4 5 6 7
8 9 10 11
12 13 14 15
OO0 0000000000000 0OCOC

Data in block b is needed

Block b is in cache:
Hit! (ag )

[: BEAFRHERIE 60N
, CACHERSIHIEIRIEIJ310n%Y,
ERPEH90 % BF, CPUHTEAY
FHIMERSL?

ff: 10nsx90% + 60nsx10 %
= 15ns



General Cache Concepts: Miss

Request: 12 Data in block b is needed
Cach 2 5 12 3 Block b is not in cache:
ache Miss! (%)
Block b is fetched from
12 Request: 12
memory
Block b is stored in cache
Memory 0 1 2 3 * Placement policy il & :
4 5 6 7 determines where b goes
* Replacement policy £ f:
8 2 10 11 determines which block
12 13 14 15 gets evicted (victim)
0000000000000 OCGOOOS




Cache HJ#/EITHE
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A =T X

cachedfl, ER¥ERLE
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CPU {74 F1Fithit AD-

~

-~ i METFRR:
Hinie 5 > AD gTHTELR.
(ERHE Tz g !
cachemr, ~ | TE cache h#EE|I—
(hit) i v
N J 5 Il i
: 4 AD BT, B¥EFHRE
: MZEiE CPUw #|2 cache A+
- z
i Cache &AM IR
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EFERGH B Cachef1EFEZSEBY 73 pEHEIA )RR,
Gltn: i8E7F: 64KB  Cache: 1KB IRK/v: 32B
FRLA: EFER /32K MR

CACHERIE4432/ 1
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— HIEBMR R E TR
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YL 55

Cache

CacheZZ1E~H

1. H 0B
11 10 01 00
viol 112 110 [[vie 101 100 [[v/el 012 010 |[v@e 001 000
O 11 0 11 0 0 101 O 10 0 0 O 1 O O 0 O 00 1,0 00 O
m|7] m|6] m|5] m|4] m|3] m|2] m|1] m[0]
i1 1 1 1 11 0 1 101 1 10 0 1 01 1 1 01 O 1 00 1 /1 00 O
m|[15] m[14] m[13] m[12] m[11] m[10] m|9] m|8]

Main-Memory



01 | CacheZZ 1

Loy PO SED) ct=) iffet
Cache ¢ 5)
11 10 01 0

vl 111 1o |iv/fol 101 100 f|v/fo] 011 010 ||v/fo] 009 00p

| m[1] m[0] |

O 1171 0 11 0 0 101 0 10 0 O O 1 0 00 0 O 001 O 00 O
m|7] m|6] m|5] m|4] m|3] m|2] m|1] m[0]

i 111 /1 11 0 /1 101 1 10 0 1 01 1 1 01 0 1 00 1 1 00 O
m|[15] m[14] m[13] m[12] m[11] m[10] m|9] m|8]

Main-Memory
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Cache

CacheZZ 7~

2.2 hk1 B F
11 10 01 00
viloh 112 110 |[vlel 101 100 ||v/le 012 010 {|v/@ 001 000
| ﬂ m[1] m0]
O 11 0 11 0 0 101 0 10 0 O0 0O 1 O 01 0 0 001 0 00 O
m|7] m|6] m|5] m|4] m|3] m|2] m|1] m[0]
i 111 1 11 0 1 10 12 /1 10 O 12 O 1T 1 O1 O 1 00O 1 i1 00 O
m|[15] m[14] m[13] m[12] m[11] m[10] m|9] m|8]

Main-Memory
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Cache

CacheZZ 7~

3. bk 138
11 10 01 00
viiol 111 110 ||v/le] 101 100 |[vie 011 010 |[v 0 001 000
| m[1] m0]
O 11 0 11 0 0 10 1,0 10 0 0 0O 1 O 01 0 0 001 0 00 O
m|7] m|6] m|5] m|4] m|3] m|2] m|1] m[0]
i1 111 1 11 0 1 10 1 //1 10 O 1 O 1T 1 O1 O 1 00 1 i1 00 O
m|[15] m[14] m[13] m[12] m[11] m[10] m|9] m|8]

Main-Memory
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Cache

CacheZZ1E~H

3.k 130
11 10 01 00
viiol 111 110 ||v/l2] 101 100 ||vie 011 010 |[v 0 001 000
[| mn3) m[12] | m(1] m0]
0 11 1 0 11 0 0 10 1 '0 10 0 /0 01 1 0 01 0 '0 00 1 0 00 O
m|7] m|6] m|5] m|4] m|3] m|2] m|1] m[0]
1 11 1 1 110 1 101 /1 100 1 0 1 1 01 0 1 001 1 000
m|[15] m[14] m[13] m[12] m[11] m[10] m|9] m|8]

Main-Memory
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Cache

CacheZE1E =W

4.2 b8
11 10 01 00
viiol 111 110 ||v/le] 101 100 |[vie 011 0lo |[v 2 001 000
|| mn3 m[12] m(1] m0]
0 11 1 0 11 0 0 10 1 '0 10 0 /0 01 1 0 01 0 0 00 1, 0 00 0
m|7] m|6] m|5] m|4] m|3] m|2] m|1] m[0]
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m|[15] m[14] m[13] m[12] m[11] m[10] m|9] m|8]
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Cache

CacheZE1E~H

4.2 b8
11 10 01 00
viiol 111 110 ||v/le] 101 100 |[vie 011 0lo |[v 2 001 000
|| mn3 m[12] m(9] m(8) |
0 11 1 0 11 0 0 10 1 '0 10 0 /0 01 1 0 01 0 '0 00 1 0 00 O
m|7] m|6] m|5] m|4] m|3] m|2] m|1] m[0]
1 11 1 1 110 1 101 /1 100 1 0 1 1 01 0 1 001 1 000
m|[15] m[14] m[13] m[12] m[11] m[10] m|9] m|8]

Main-Memory
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Cache

CacheZZ1E~H

5. EEHL B0
11 10 01 00
viiol 111 110 ||v/le] 101 100 |[vie 011 010 |[v 0 001 000
|| mn3 m[12] m(9] m8]
0 11 1 0 11 0 0 10 1 '0 10 0 /0 01 1 0 01 0 0 00 1, 0 00 0
m|7] m|6] m|5] m|4] m|3] m|2] m|1] m[0]
1 11 1 1 110 1 101 /1 100 1 0 1 1 01 0 1 001 1 000
m|[15] m[14] m[13] m[12] m[11] m[10] m|9] m|8]

Main-Memory



ERS

o‘\\v Ir,,o
3 %
- T
i 4
o >

)

YL 55

Cache

CacheZZ1E~H

5. EEHL B0
11 10 01 00
viiol 111 110 ||v/le] 101 100 |[vie 011 010 |[v 0 001 000
|| mn3 m[12] m(1] m[0) |
0 11 1 0 11 0 0 10 1 '0 10 0 /0 01 1 0 01 0 '0 00 1 0 00 O
m|7] m|6] m|5] m|4] m|3] m|2] m|1] m[0]
1 11 1 1 110 1 101 /1 100 1 0 1 1 01 0 1 001 1 000
m|[15] m[14] m[13] m[12] m[11] m[10] m|9] m|8]

Main-Memory



HEEgd. SA—17
BRidt: EFRAD 87

Example: Direct Mapped Cache (E =1)

4 : Tl T3TaT:1e Address of int:
v ag tbits | 0..01 | 100
Vv ta 0111213114]15]6 -
g find set
S=Zssets<
v tag 0|j1]2]|3]|4]|5]6
O 00000000000 O0COCEOCEOGOEOGOEOGOOOSOO
Vv tag 0111213114]15]6
\.

n LEEBUNRIEEES
= @I R TI07(0...01) I I S A K

1) ZH 1%




HERS: AT
BRidt: EFRAD 87

valid? + match: assume yes = hit

Address of int:

Example: Direct Mapped Cache (E =1)

t bits

0..01

100

v tag

0

1

2

3

4

5

n LEEBUNRESTF
= IR 5 Ar(0...01) MR B AT 2
n 2 HEBUNRESTF
" FRE6AL, I HtaghRi i 5 itk o 1 FF g AR T
n 3 EHEBUNRESTF

THIAT

1) ZH %

T IE R

JLFic

block offset

- W% AL(100)FR 1 1 Fr s T 55— > i fEcache

block H [ % H i




Example: Direct Mapped Cache (E =1)

BB G
B BERADSFYH

o 4 ECEBUH B G Ay B AT B B
IR, R SR B IR, B AT

Address of int:
t bits 0..01 | 100

valid? + match: assume yes = hit

'} tag 0]1]112)1314]|5]6]7

block offset

int (4 Bytes) is here

AR tag ANULED: |BATHIRIZ I E #1




I 54
.
THEAD R4 IER, $REM

4-bit addresses (address space size M=16 bytes)

t=1 s=2 b=1 S=4 sets, E=1 Blocks/set, B=2 bytes/block
X XX X

Address trace (reads, one byte per read):

0 [0000,],
1 [0001,],
7 [0111,],
8 [1000,],
0 [0000,]
v Tag Block

Set0 | O

Set1 | O

Set2 | O

Set3 | O




——a

VS

WL Cache

Set 0
Set 1
Set 2
Set 3

4-bit addresses (address space size M=16 bytes)
S=4 sets, E=1 Blocks/set, B=2 bytes/block

Address trace (reads, one byte per read):

0 [0000,], miss

1 [0001,], hit

7 [0111,], miss

8 [1000,], miss

0 [0000,] miss
Tag Block

0 M[O-1]

RIO[O|Fr]| <

0 M[6-7]




« MR RIREH

— B RiFry = 6] /i
— Cachemy F E AR B
x|y I
b HE O L ot H
= it 9 Hk: = It
x[0] O 0 000000 y[0] 32
x[1] 4 0 000100 11 36
x[2] 8 0 001000 21 40
x31 12 0 001100 Y31 44
x[4] 16 1 010000 ¥4l 48
x5 20 1 010100  ¥I51 52
x[6] 24 1 011000 61 356
X717 28 1 011100 Y71 60

1 RN R AT

1 1 R A

Float dotprod(float x[8], float y[8])

{

float sum=0.0;

int i;

for (i=0;i<8;i++)
sumt+=x[i] *y[i]
return sum;

.
ik
100000
100100
101000
101100
110000
110100
111000
111100

- BH

WHE:

FRB4ES
XInERE M 0F| 324~
HELNF
YInERE M 32T 6 1
HEEENE
—AEUN16FT




5cache?

Cache
_ R
S_
vo 11 1o foo loo |[v[ol 01 00 Gor  Goo
11|1001|00 11|10|01|00 11|1001)00|11|1001)00|| | 11110|0100| 1110|0100/ 11)1001|00|11|110/01|00
x[7] x[6] x[5] x[4] x[3] x[2] x[1] x[0]

011177~011100

0110771~011000

010177~010100

010077~010000

’001111~001100‘001011~001000‘000111~000100‘000011~000000

yi7]

ylo]

yI3]

y[4]

y[3]

V2]

y(1]

y[0]

011177~011100

011077~011000

010177~010100

010077~010000

001177~001100

001077~001000

000177~000100

000077~000000

Main-Memory




N fF 5 cache?

- i
1 NS s P T |
vioo 11 110 lo1 loo E 001z 0w Qo2 Qoo
11|110|01|00|11|110|01|00|11|10/01\00|11|1001\00|| | 11|10|01100|11|10|0100 11|1001|00|11|10|01|0
x[7] x|[6] x|[5] x|[4] x|[3] x|[2] x|[1] x|[0]
011171~011100(011071~011000010111~010100/010071~010000 001177~001100{00107/1~001000000171~000100,000011~000000
yI71  yl6]  y[S]  yl4] yI31  yI21  y[]  yl[0]
011177~011100|011077~011000/010177~010100/010071~010000  |001177~001100/001077~00100000011~000100/000011~000000

Main-Memory




5cache?

Vol 11 1. for| Too |[v}6] 01 010  Ox  Ooo
1111001100| 11110101100 1111002100] 11110101100 | [ 22120002000] 11120101100 121 20002100] 11110101100
x[7] x|[6] x|[5] x|[4] x|[3] x|[2] x|[1] x|[0]

011177~011100

0110771~011000

010177~010100

010077~010000

001177~001100

001071~001000

000177~000100

000071~000000

yi7]

ylo]

yI3]

y[4]

y[3]

yl2]

y[1]

y[0]

011177~011100

011077~011000

010177~010100

010077~010000

001111~001100”001011~001000‘000111~000100”0000114)00000‘

Main-Memory




N fF 5 cache?

1 v i s 1 v a \‘- """" 1
viol 11 10 loz loo E 0001z 010  Qoz Qoo
11|10|01|00|11|10|01|00 11|10)01|00|1110|01|00|| | 11|110/01|100|11|110|01|00|11|10|01|00|11|10|01|0
x[7] x|[6] x|[5] x|[4] x|[3] x|[2] x|[1] x|[0]
011171~011100(011071~011000010111~010100/010071~010000 001177~001100{00107/1~001000000171~000100,000011~000000
yI71  yl6]  y[S]  yl4] yI31  yi2]  y[]  y[0]
011171~011100{011077~011000/010171~010100{010077~010000  |001171~001100{001017~001000000111~000100/000011~000000

Main-Memory




5cache?

Cache
_ R
S_
vo 11 1o foo loo |[v[ol 01 00 Gor  Goo
11|1001|00 11|10|01|00 11|1001)00|11|1001)00|| | 11110|0100| 1110|0100/ 11)1001|00|11|110/01|00
x[7] x[6] x[5] x[4] x[3] x[2] x[1] x[0]

011177~011100

0110771~011000

010177~010100

010077~010000

’001111~001100‘001011~001000‘000111~000100‘000011~000000

yi7]

ylo]

yI3]

y[4]

y[3]

V2]

y(1]

y[0]

011177~011100

011077~011000

010177~010100

010077~010000

001177~001100

001077~001000

000177~000100

000077~000000

Main-Memory




N fF 5 cache?

- i
1 NS s P T |
vioo 11 110 lo1 loo E 001z 0w Qo2 Qoo
11|110|01|00|11|110|01|00|11|10/01\00|11|1001\00|| | 11|10|01100|11|10|0100 11|1001|00|11|10|01|0
x[7] x|[6] x|[5] x|[4] x|[3] x|[2] x|[1] x|[0]
011171~011100(011071~011000010111~010100/010071~010000 001177~001100{00107/1~001000000171~000100,000011~000000
yI71  yl6]  y[S]  yl4] yI31  yI21  y[]  yl[0]
011177~011100|011077~011000/010177~010100/010071~010000  |001177~001100/001077~00100000011~000100/000011~000000

Main-Memory




5cache?

Vol 11 1. for| Too |[v}6] 01 010  Ox  Ooo
1111001100| 11110101100 1111002100] 11110101100 | [ 22120002000] 11120101100 121 20002100] 11110101100
x[7] x|[6] x|[5] x|[4] x|[3] x|[2] x|[1] x|[0]

011177~011100

0110771~011000

010177~010100

010077~010000

001177~001100

001071~001000

000177~000100

000071~000000

yi7]

ylo]

yI3]

y[4]

y[3]

yl2]

y[1]

y[0]

011177~011100

011077~011000

010177~010100

010077~010000

001111~001100”001011~001000‘000111~000100”0000114)00000‘

Main-Memory




N fF 5 cache?

1 v i s 1 v a \‘- """" 1
viol 11 10 loz loo E 0001z 010  Qoz Qoo
11|10|01|00|11|10|01|00 11|10)01|00|1110|01|00|| | 11|110/01|100|11|110|01|00|11|10|01|00|11|10|01|0
x[7] x|[6] x|[5] x|[4] x|[3] x|[2] x|[1] x|[0]
011171~011100(011071~011000010111~010100/010071~010000 001177~001100{00107/1~001000000171~000100,000011~000000
yI71  yl6]  y[S]  yl4] yI31  yi2]  y[]  y[0]
011171~011100{011077~011000/010171~010100{010077~010000  |001171~001100{001017~001000000111~000100/000011~000000

Main-Memory




=y

Cache thrashing R [ 731

 BLEf(trash): FELE TR S HUINAE R F 10
ok 2 47 ]

A

o DB IEARALBEAE A HH X[ ATy (2] P A7 BRXS LAH AT A

cache.

o FEHU[I1INZ4 4 2L ) 8 3 cache 2H.
o PEHY[IIINZEAN E L R BRI [F] P cachedH, JH

x[{|BHE B cache IK IR

o FEHU[i+ 175 BB IN84 S 1) F R 2 2l cacheH
o BLHY[i+1] BT RIE CONE 4N S x[i+ 10 R

R

« TR 45. ..
o SEEE X[ AY[i]7= 4 —~cache miss



o« TEEH EFEE BT

o BRANEFREUNE IR,

Cache

HE TR AR P Cache thrashin

H7E, Wx[i Ay [i]NAFBNT N AN [E] [ cache 2l

3K,

R NT5%

sum+=x[0] *y[0] ;

- n#R  InER
,,,,,,,,,,,,,,,,,,,,,,, -\> = —P

Vo 111 1o lao. oo |[8] 01 00 Oz  Ooo
11110101100| 11110101100 11110/01100] 11110001100 | | 11120101100] 22120102100 12120/01100] 11120101100

x|7] x| 6] x|5] x|[4] x| 3] x[2] | x[1] x[0]
011177~011100|011071~011000/010177~010100/010017~010000 ’001111~0011000010 11~001000‘000111~000100H000011~000000]

vi31  yl2] | y[1]  y[0] B|3] B[2] B[1] BJ]0]
001177~001100(001077~001000000177~000100,000017~000000 | 0111 LI~011100/011071~011000/01011~010100/01001~010000

yI7lyl6]l  y[S]  yl4]

Main-Memory

011177~011100

011077~011000

010177~010100

010077~010000




| Types of Cache Misses

m 58|85 (compulsory miss)E &5 5 (cold miss)
= AN PRI, SRR, A7 (warm up) 2 JE T AR
m A EBLS(Capacity miss)
Y AR RN I 2247 R /N P2 A i) AN
m PRELZE(Conflict miss)
= PRSEER S (Conflict misses)¥a 7E PR il 14 F T3 E SRS H 2 A7 2 K, RRB IR
XE%%?;EE%&TEX#%, {H R IR Ee ) o= Wbt 2] [F] — DN RATFIR, RAf7 2
- . FEFFIERERO, 8,0,8,0,8, ..., TEFKZHIZAAH, XX PN
B G 2R3



PLak =53 Hr

o ELARWT
o D0 R HT R A AT B AN s iR AR T EE PR o

o PAHIE?

= % Cache &l Cache 7GRS
1N, A& R E R
PR E H AR E

5 W N =

OHY (3R

E1Z chig (E—bk FTLABRETE BfF -

EfFlifss




Bk i bk R
FEiX T R p E R BER] 9N = A8
VitEhE | Egse | s |

~
FEREPRC

Flin. wEFFE: 64KB
Cache : 2KB
kN, 128B = 2B

R = 29/27 = 512 (30
e/ 96, 1EAPRIC
Cache= 2'1/27"= 16 (#)




S\O‘MERSIUQ\

S A

& z Y
({9 E i%zn 1"3
s

EfFik RSB RA ML
!
e BRAeEw
fEBXELAR - Cacheltitit
B b 1

1
FFIREB | CachelRSb [N
BRE&x, H13E5CACHERREMERE




fmn ¥ EFF 1KB, Cachel28B, ik’ 16B.
M. EfF = 2192'=64 () ; Cache= 27/2*= 8 (Hb)
EFRGREPAL? 661, 1ENRIS;  Lrepem
fric Cache Ff#d%
[

000000 | =y

000001 | =y

FH63

E A 111111 0001
m = 6/ 4461




EZHAHELCache (E = 2)

B E=1FHB N E M ST cache (BB AT R HILE AR 3D
B AR EIE L (set associative cache/F M HARE L T — M EEER

17, HPI1<E<CIB Address of short int:

t bits 0..01 | 100

v| | tag | [o|1]2]3]|a]5]6]7 v| | tag | [o]1]2]3]|a]5]6]|7

v] [tag | [o]1]2]3]a]s]6]7]| |[v] [tag ] [o[2]2]3]a]5][6[7]| —ind set

v| | tag | [o|1]2]3]|a]5]6]7 v| | tag | [o]1]2]3]|a]5]6]|7

v| | tag | [o|1]2]3]|a]5]6]7 v| | tag | [o]1]2]3]|a]5]6]|7

E = 2: Two lines per set
Assume: cache block size 8 bytes



ERS
S
e AN
S o
s z
& £
A
Y Cw 35

E = 2: Two lines per set

Assume: cache block size 8 bytes Address of short int:

t bits 0..01 | 100

compare both

valid? + | match: yes = hit

v| [ tag | [of1]2[3]4]5]6]7]| |lv] [[tag | |of1]2[3|4]|5]|6]7]|| —

block offset

s LAMBEERFFHRIAHERE
= HZRIMbrIRcached]

s 2. AMBRREEE A F R TILEA TR
A2 MT A LRI, B BT s SR I 2

/

R A



ERS
Sy 0
> A
S o
B3 z
d z
A
Ik 35

E = 2: Two lines per set

Assume: cache block size 8 bytes Address of short int:

t bits 0..01 | 100

compare both

valid? + | match: yes = hit

vl | tag | [o|1]2]|3]|a]5]6]7 v| | tag | [o]1]2]3]|a]5]6|7]|] —

block offset

short int (2 Bytes) is here

ASJLEL:
 IEFEHPH—ITBERHBE
« ¥ IKEE: random, least recently used (LRU), ..




BS54
L
2% 2H #HELCache

t=2 s=1 b=1
XX X X 4-bit addresses (M=16 bytes)

S=2 sets, E=2 blocks/set, B=2 bytes/block

Address trace (reads, one byte per read):

0 [0000,],
1 [0001,],
7 [0111,],
8 [1000,],
0 [0000,]

v Tag Block

Set O

Set1

ol O o|Oo




2% 2H fHEXCache

XX X X 4-bit addresses (M=16 bytes)
S=2 sets, E=2 blocks/set, B=2 bytes/block

Address trace (reads, one byte per read):

0 [0000,], miss
1 [0001,], hit
7 [0111,], miss
8 [1000,], miss
0 [0000,] hit

v Tag Block

seto LL_100 [ Mm[0-1]
1 |10 [M[8-9]
et 1 é 01 |M[6-7]




| General Cache Organization (S, E, B)

E = 2¢ lines per set
A

r ~N
r P
(N —
o000
S=2$sets< ce oo
O 0 0000000000000 000 0O°0OCOCOCEOEOSOEOO OO
o000
\
Cache size:
v tag ol1l21------ B.1 C =S x E x B data bytes
I - —
——

valid bit B = 2 bytes per cache block (the data)



Cache Read

* Locate set
* Check if any line in set
has matching tag

E = 2¢ lines per set * Yes + line valid: hit
r A ~ * Locate data starting
4 at offset
o000

Address of word:

t bits s bits | b bits

S = 25 sets < e

oo tag set block
index offset

data begins at this offset

Vv tag 0 112 ccccee B-1

valid bit N~
B = 2b bytes per cache block (the data)



| What about writes?

* Multiple copies of data exist: LVT d|[ teg | [0o]1]2] - B-1
| = >

* L1, L2, L3, Main Memory, Disk g
valid bit dirty bit B = 2b bytes

e What to do on a write-hit?

 Write-through 5 F.iA (write immediately to memory)
« Write-back 5 [7](defer write to memory until replacement of line)
* Each cache line needs a dirty bit (set if data has been written to)

e What to do on a write-miss?

 Write-allocate 5 43 i. (load into cache, update line in cache)
* Good if more writes to the location will follow

* No-write-allocate (writes straight to memory, does not load into
cache)
* Typical
* Write-through + No-write-allocate
 Write-back + Write-allocate (5 [B]+5 43AC)



|Practical Write-back Write-allocate

* A write to address X 1s 1ssued LVT ? tag | |o|2]2] - B-1
. . — —
e If1t1s a hit valid bit.dirty bit - ngtes

» Update the contents of block
 Set dirty bit to 1 (bit is sticky and only cleared on eviction)

* [f1t 1s a miss
* Fetch block from memory (per a read miss)
* The perform the write operations (per a write hit)

* If a line 1s evicted and dirty bit 1s set to 1
* The entire block of 2° bytes are written back to memory
* Dirty bit 1s cleared (set to 0)
* Line 1s replaced by new contents



Why Index Using Middle Bits?

Direct mapped: One line per set
Assume: cache block size 8 bytes

/Standard Method: \
Middle bit indexing

r t TihLEl 15 Address of int:
v as t bits 0..01 | 100

v tag 0|1]2]|3|4]|5]|6]|7

\ find set /

S =25 sets <
. ‘ag 01112]3]4]>5]e}7 fAIternative Method: \
High bit indexing
000000 000OCOGDEOGOEOGEOGEOSOEOOOOOSOO
Address of int:
\'} tag 0|]112]13|4)15]|6]7 1...11 t bits 100
\ )
find set

N\ )




* 64-byte memory
* 6-bit addresses

* 16 byte, direct-mapped cache
* Block size = 4. (Thus, 4 sets; why?)
* 2 bits tag, 2 bits index, 2 bits offset

Set 0

Set1

Set 2

Set 3

| Illustration of Indexing Approaches

0000xx
0001xx
0010xx
0011xx
0100xx
0101xx
0110xx
0111xx
1000xx
1001xx
1010xx
1011xx
1100xx
1101xx
1110xx
1111xx



Middle Bit Indexing

e Addresses of form TTSSBR

e TT Tag bits
e SS Set index bits
* BB Offset bits

* Makes good use of spatial locality

Set 0

Set1

Set 2

Set 3

0000xx
0001xx
0010xx
0011xx
0100xx
0101xx
0110xx
0111xx
1000xx
1001xx
1010xx
1011xx
1100xx
1101xx
1110xx
1111xx



High Bit Indexing

 Addresses of form SSTTRB

e SS Set index bits
e TT Tag bits
* BB Offset bits

* Program with high spatial locality
would generate lots of conflicts

Set 0

Set1

Set 2

Set 3

0000xx
0001xx
0010xx
0011xx
0100xx
0101xx
0110xx
0111xx
1000xx
1001xx
1010xx
1011xx
1100xx
1101xx
1110xx
1111xx



Intel Core 17 Cache Hierarchy

Access: 40-75 cycles

L3 unified cache

(shared by all cores) Block size: 64 bytes for

all caches.

. Core 0 Core 3 ' L1i-cache and d-cache:
i ! 32 kB, 8-way,
Regs Regs Access: 4 cycles

L1 L1 L1 L1 L2 unified cache:

. | |d-cache| |i-cache d-cache| |i-cache | | 256 kB, 8-way,
ne Access: 10 cycles

' | | L2 unified cache L2 unified cache | | | |3 ynified cache:

| ! 8 MB, 16-way,

Main memory




E = 2¢ lines per set

32 kB 8-way set associative - = ~
64 bytes/block I I ---- .
47 bit address range | I |+« -
S=Zssets< | ” |..o.|:|
B_ ’b= XXX e0ccccccccce
99 06° — — ) T—
= ) e -
C= Cache size:
| we | [o]1]2] [61] C =S x E x B data bytes
.l . ~—
valid bit
Address of word:
| t bits | s bits | b bits |
— A A
tag set block . Block offset:
index offset Stack Address: ock offset:
0x00007£7262ale010 Set index:
Block offset: . bits Tag:

Set index: . bits
Tag: . bits

%
&,
%

Example: Core i7 L1 Data Cache

= HODQ|I| ||| oy d|w|N ko

R BB R k(=
ol ol ol ol eS| oo s win |- o
[}
o
[y
o

0x??
0x??
0x??




ZNERS/

O ()
A
z
>
Yl
“’1/\&*"Ir

N
>
& O
L E = 2¢ lines per set Q\e’* 000\6\6}
32 kB 8-way set associative e % S 0 [0 [ 0000
64 bytes/block | | ---- AT REII
47 bit address range [ I |+« - 2 2 8%3
_ _ S=2setsq | | eeee [ 1] 5 |5 | 0101
B = 64, b=6 6 |6 | 0110
S = 64’ s = 6 ........................... Z ; gééé
E=8,e=3 9 ) Qi — 9 [ 9 [ 1001
— _ A (101010
C=64x64x8=32,768 Cache size: B i1 1011
” — 10Tl ) C =S x E x B data bytes C |12 | 1100
| g | [0]1]2] [e1] D 13| 1101
I,c'l o S E |14 | 1110
valanl F [15] 1111
Address of word:
| t bits | s bits | b bits |
—
tag set block k Add . Block offset: 0x10
index offset Stack Address: SIS L x
0x00007£7262ale010 Set index: 0x0

Block offset: 6 bits
Set index: 6 bits
Tag: 35 bits

\ Tag: 0x7f7262ale

0000 0001 0OOO



Cache Performance Metrics

 Miss Rate

* Fraction of memory references not found in cache (misses /
accesses)
= 1 — hit rate
* Typical numbers (in percentages):
* 3-10% for L1

 can be quite small (e.g., < 1%) for L2, depending on size, etc.
* Hit Time
* Time to deliver a line in the cache to the processor

* 1ncludes time to determine whether the line 1s in the cache

* Typical numbers:
* 4 clock cycle for L1
* 10 clock cycles for L2

* Miss Penalty

* Additional time required because of a miss
* typically 50-200 cycles for main memory (Trend: increasing!)



Let’s think about those numbers

* Huge difference between a hit and a miss
* Could be 100x, if just L1 and main memory

* Would you believe 99% hits 1s twice as good as
97%"?

* Consider:
cache hit time of 1 cycle
miss penalty of 100 cycles

* Average access time:
97% hits: 1*0.99cycle + 0.03 * 100 cycles = 3.97 cycles

99% hits: 1 *0.99cycle + 0.01 * 100 cycles = 1.99 cycles

* This 1s why “miss rate” 1s used instead of “hit rate”



| Writing Cache Friendly Code

* Make the common case go fast

* Focus on the inner loops of the core functions

* Minimize the misses in the inner loops

KRR BAT ARSI 2 RS R E T EATX &

* Repeated references to variables are good (temporal locality) B &

%Iﬁﬁ*ﬁﬂﬂ%ﬁ/ﬁf}?ﬁ [ 2 F1R) I T Je 0 1k

o PNEV] M BRI AT FAF4>L1 cache>L2 cache-L3
cache>MN 17

« Stride-1 reference patterns are good (spatial locality)J £ Nk
IR, BN, 2SR E ey

« CPUWNAF V1A #{f.cache line(647-717), LK/, RFBE

o W THBURLIME, TEAA LRI TRIATAS B B, IR0,
(EEN I%K/J\%Zi_% JRy B PR A, T AL AT A4 P AR 45 1)

R B RE ALY
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#define N 1024

#define M 256

typedef struct{
int vel[M];
int acc[M];

}point;

point p[N];

—_—

void clearl (point *p,
int i,j;
for (i=0;i<n;i++) {
for (j=0;3j<M;j++)
pli].vel[§1=0;
for (j3=0;3j<M;j++)
pl[i] .acc[j]=0;

int n){

}

return;}

void clear2 (point *p, int n) {
int i,j;
for (i=0;i<n;i++) {
for (3=0;j<M;j++) {

pl[i].vel[]]=0;
pl[i] .acc[]]=0;

} }

return;}

void clear3 (point *p, int n) {
int i,3;
for (3=0;j<M;j++) {
for (i=0;i<n;i++)
pli].vel[j]=0;
for (i=0;i<n;i++)
pli] .acc[]]=0;
}return;}




| Today

» M Cache 't BEHY A

* The memory mountain




| The Memory Mountain

* Read throughput (read bandwidth)

* Number of bytes read from memory per second (MB/s)

* Memory mountain: Measured read throughput as a
function of spatial and temporal locality.

* Compact way to characterize memory system
performance.
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*
*
*/

int

long data[MAXELEMS]; /% Global array to traverse */

/* test — Iterate over first "elems" elements of

array “data” with stride of "stride", using
using 4x4 loop unrolling.

test(int elems, int stride) {

long 1, sx2=stridex2, sx3=stridex3, sx4=stridex4;
long acch = 0, accl = @0, acc2 = 0, acc3 = 0;

long length = elems, limit = length - sx4;

/* Combine 4 elements at a time x/
for (i = 03 i < limit; i += sx4) {

acc@d = acc@ + datalil;

accl = accl + datali+stride];
acc2 = acc2 + datali+sx2];
acc3 = acc3 + datal[i+sx3];

}

/* Finish any remaining elements */
for (; i < length; i++) {

accd = acc@ + datalil;
}

return ((acc@ + accl) + (acc2 + acc3));
mountain/mountain.c

Memory Mountain Test Function

Call test () with many
combinations of elems
and stride.

For each elems
and stride:

1. Call test()
once to warm up
the caches.

2. Call test|()
again and measure
the read
throughput (MB/s)



The Memory Mountain

Core i7 Haswell

Aggressive 2.1 GHz
lorefef<=hl'11§l6 0 32 KB L1 d-cache
256 KB L2 cache
~ 14000 8 MB L3 cache
E 19000 64 B block size
5
2 10000
S
£ 8000 A Ridges
T 5000 ? of temporal
& locality

4000
2000 %
Slopes /l
of spatial =" . 30k
localit 128k
y s3 S5 512k
s7 2m
Stride (x8 bytes i
(x8 bytes) 39m Size (bytes)

s11
128m



* Rearranging loops to improve spatial locality



* Description:

* Multiply Nx N
matrices

e Matrix elements are
doubles (8 bytes)

* O(N?) total operations

* N reads per source
clement

* N values summed per
destination

* but may be able to
hold 1n register

| Matrix Multiplication Example

Variable sum

/* i3k */ held in register
for (i=0; i<n; i++)
for (j=0; j<n; Jj++) { //
sum = 0.0; <
for (k=0; k<n; k++)
sum += a[i][k] * b[k][j];
c[i] []]
}

sum,

matmult/mm.c




|Miss Rate Analysis for Matrix Multiply

* Assume:
* Block size = 32B (big enough for 4 doubles)
* Matrix dimension (N) 1s very large
* Approximate 1/N as 0.0
* Cache 1s not even big enough to hold multiple rows

* Analysis Method:

* Look at access pattern of inner loop

=X




|Lay0ut of C Arrays in Memory (review)

* C arrays allocated in row-major order
* each row in contiguous memory locations

» Stepping through columns in one row{%17:
e for (1 = 0; 1 < N; 1i++)
sum += a[0][1];
e accesses successive elements
* if block size (B) > sizeof(a;) bytes, exploit spatial locality
* miss rate = sizeof(a;) / B

» Stepping through rows in one columni% %1):
e for (1 = 0, 1 < n; 1++)
sum += a[i][0];
 accesses distant elements
* no spatial locality!
e miss rate = 1 (i.e. 100%)



| Matrix Multiplication (ijK)

/* ijk */
for (i=0; i<n; i++) {

for (j=0; j<n; j++) { *
sum = 0.0; L;;;J - (&D
for (k=0; k<n; k++) (i,%)
A B

sum += a[i] [k] * b[k][]j];

c[i] [j] = sum; ‘ ‘ ‘
}

} matmult/mm.c § Row-wise Column- Fixed
wise

Inner loop:

Misses per inner loop iteration:
A B C
0.25 1.0 0.0




Matrix Multiplication (Jik)

/* jik */

Inner loop:
for (J=0; j<n; Jj++) {

for (i=0; i<n; i++) { *i
sum = 0.0; L;;;J - ﬁ]ii: (&D
for (k=0; k<n; k++) (i,%)

sum += a[i] [k] * b[k][]]’ A B

c[i] [j] = sum ‘ ‘ ‘
}

matmult/mm. c Row-wise Column- Fixed
wise

Misses per inner loop iteration:

A B C

0.25 1.0 0.0



Matrix Multiplication (Kkij)

/* kij */
for (k=0; k<n; k++) {

for (i=0; i<n; i++) { (i) E(k'*)g
r = a[i] [k]; B (i,)
B C

for (j=0; j<n; j++) A
c[1i][]J] += r * Db[k][]]~’ ‘ ‘

Inner loop:

matmult/mm.c Fixed Row-wise Row-wise

Misses per inner loop iteration:

A B C

0.0 0.25 0.25



Matrix Multiplication (ikj)

/* ik]j */
for (i=0; i<n; i++) {

for (k=0; k<n; k++) { (i.k) E(k'*)g
r = a[i] [k]; u (i,*)
B C

for (j=0; j<n; j++) A
c[i][]J] += r * b[k][]]; ‘ ‘ ‘

Inner loop:

matmult/mm.c Fixed Row-wise Row-wise

Misses per inner loop iteration:

A B C

0.0 0.25 0.25



| Matrix Multiplication (jKki)

/* 3ki */ Inner loop:
Rl B A L (* k) (*)
for (k=0; k<n; k++) { j:| (k)
r = b[k][j]; N H
for (i=0; i<n; i++) A B C
c[1][]J] += ali][k] * r; ‘
matmult/mm.cl Column- Fixed Column-
wise wise

Misses per inner loop iteration:
A B C

1.0 0.0 1.0




| Matrix Multiplication (Kkji

/* kji */
for (k=0; k<n; k++) {

for (3=0; j<n; j++) { * k) *
r = b[k][3]; (I:,J')

for (i=0; i<n; i++)

Inner loop:

c[i][3] += a[il[k] * r; ‘\\ T “:
matmult/mm.c
Column- Fixed Column-
wise wise

Misses per inner loop iteration:

A B C

1.0 0.0 1.0



Summary of Matrix Multiplication

for (i=0; i<n; i++) {
for (j=0; j<n; j++) {
sum = 0.0;
for (k=0; k<n; k++)
sum += a[i] [k] * b[k][]j]:
c[i][J] = sum;
}
}

for (k=0; k<n; k++) {
for (i=0; i<n; i++) {
r = a[i] [k];
for (j=0; j<n; J++)
c[i][j] += r * b[k][]];
}
}

for (j=0; j<n; j++) {

for (k=0; k<n; k++) {
r = b[k][3];
for (i=0; i<n; i++)
c[i]l[3] += al[il[k] * r;

ijk (& jik):
e 2 loads, O stores
e misses/iter = 1.25

kij (& ikj):
e 2 |loads, 1 store
e misses/iter = 0.5

ki (& kii):
e 2 |loads, 1 store
e misses/iter = 2.0



Core i7 Matrix Multiply Performance

Cycles per inner loop iteration
100

jki/kji (2.0)

—-jki
—-kji
——1ijk
—Jjik

ijk/jik (1.25)

10

_——r—

kij /ikj (0.5)
1 | | | | | | | | | | | | | | | | | | | | | | | | | | |

50 100 150 200 250 300 350 400 450 500 550 600 650 700

Array size (n)




* Using blocking to improve temporal locality



Example: Matrix Multiplication

¢ = (double *) calloc(sizeof (double), n*n);

/* Multiply n x n matrices a and b */
void mmm(double *a, double *b, double *c, int n) {
int i, j, k;
for (1 = 0; 1 < n; i++)
for (j = 0; j < n; j++)
for (k = 0; k < n; k++)
c[i*n + j] += a[i*n + k] * b[k*n + j];

I
*



| Cache Miss Analysis

e Assume:

 Matrix elements are doubles
e Cache block = 8 doubles
* Cache size C << n (much smaller than n)

e First iteration: A
e n/8§ +n=9n/8 misses .

I
*

e Afterwards in cache:
(schematic)

]
*

8 wide



| Cache Miss Analysis

e Assume:

 Matrix elements are doubles
e Cache block = 8 doubles
* Cache size C << n (much smaller than n)

* Second 1teration: A
* Again: -
n/8 + n = 9n/8 misses = %
8 wide

e Total misses:
* 9n/8 * n*=(9/8) * n’



Blocked Matrix Multiplication

¢ = (double *) calloc(sizeof (double), n*n);

/* Multiply n x n matrices a and b */
void mmm(double *a, double *b, double *c, int n) {

int i, j, k;

for (i = 0; 1 < n; i+=B)

for (j = 0; j < n; j+=B)
for (k 0; k < n; k+=B)
/* B x B mini matrix multiplications */
for (il = i; il < i+B; i++)
for (j1 = j; jl < j+B; j++)
for (k1 = k; k1l < k+B; k++)
c[il*n+jl1l] += a[il*n + k1l]*b[kl*n + jl];

} matmult/bmm.c

j1
C a b C
= * +
] i1 [0 A

Block size B x B




| Cache Miss Analysis

e Assume:

e Cache block = 8 doubles
* Cache size C << n (much smaller than n)
e Three blocks M fit into cache: 3B%* < C

* First (block) iteration:

 B%/8 misses for each block Z{B blocks
« 2n/B * B%/8 = nB/4 - ™
(omitting matrix c) = EEREN =
= % 0
[]
 Afterwards in cache
(schematic)

Block size B x B

I
*




| Cache Miss Analysis

e Assume:

* Cache block = 8 doubles
* Cache size C << n (much smaller than n)

* Three blocks M fit into cache: 3B? < C

. . n/B blocks
* Second (block) 1teration: —A
e Same as first iteration ™ | ]
e 2n/B * B%/8 =nB/4 = %

1 Block size B x B
* Total misses: ock size B x

* nB/4 * (n/B)? =n3/(4B
(n/B) (4B)



| Blocking Summary

 No blocking: (9/8) * n’
* Blocking: 1/(4B) * n?

 Suggest largest possible block size B, but limit 3B% < C!

* Reason for dramatic difference:
* Matrix multiplication has inherent temporal locality:

* But program has to be written properly
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Filter W0 (3x3x3)
wO[:,:,0]

|-l ||: "1

S N O =

= S (=

O e e O e

=IO O O\

Output Volume (3x3x2)

Filter W1 (3x3x3)
wl[:,:,0] of 2,2,0]
0 1 -1 200 30 13
0 -1 0 38 78 13
0 -1 1 8 10 -3
wlf:,:,1] of[s,:,1]
-1 0 0 -8 -8 -3
1 -1 0 31 0
1 -1 0 -3 -8 5
wl[:,:,2]
-1 1 -1
0 -1 -1
1 0 O
Bias bl (1x1x1)
bl[:,:,0]
0

toggle movement
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Output feature data

Ko K1 . )
Weight data K30 K31 (partial result)

Input feature data



for (row=0; row<R; row+=Tr) { ?X‘E'“;_l_d“‘ff‘g“?“fs‘” .
for(col:O; COI<C; Co|+:TC) { 0 De discussed 1n dection 5.2

) S for(ti=0; ti<N; ti4+=Tn) {
¢ 20 JBSJ:_‘UCLA //load output feature maps
//load weights
//load input feature maps

Y /—r
. On-chip data computation
< To be discussed i Section 3.1

for(trr=row;trr<min(row+Tr ,R); trr++){
for (tcc=col;tcc<min(col+Tc,C); tcc++){
for (too=to;too<min(to+Tm,M); too++){
for(tii=ti;tii<min(ti+Tn,N); tii++){
for(i=0; i<K; i++) {

for(j=0; j<K; j++) {

L: output_fm[too][trr][tcc] 4=
weights [too ][ tii J[i][]j]x
input_fm [tii][S*trr+i][S*tcc+j];

L

store output feature maps

FF G R

Figure 5: Pseudo code of a tiled convolutional layer

| w2l | M

| |
I I

>R

Y
C-S+K
weights  Input feature maps Output feature maps
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1024
2 32 1024 8 4 32 24 5 3
3 32 1024 32 32 1 27 0 5

« ZHOTE (LA H):
* S=C/B/E=1024/4/1=256
* s=log,(S)=log,256=8
* b=log,(B) =log,4=2
* =m-(s+b)=32-(8+2)=22



| 25> it

o R EE A b MR s R AR T, AR PRSI Fy
(chunk) 2 ¢ R 5 21 [7] — =y 2 A7 21
o A FMXBERIESIN B B SO MR
o BRI Em-(s+b), ARSI ARG, B2
g@iﬁ@ﬁ%ﬁﬁ%ﬁ%%ﬁﬁm B FORMI2A B FI411, DUK
+ B. NBRBATERBEEFLRNS,EBm=(512,1,323) R4 L, fE
R %, FEREEREEE D HRARNBARERE D

int array[4096];
for (i=0; i<4096; i++)
sum+=array[i];

o bRiChiEUE =m-(s+b)=32-(log,512+10g,32)=18
o FoH AT B B 2H 1
o KT NA096, H1(4096%4)/32=512Hedl i, Hud v o i B

EOML T 2200, AR IS Z)], SRS T 2 2 R — U, BIfR%K
H e 4= 5 9 cache
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0 09 1 86 30 3F 10 00 0 — —
1 45 1 60 4F EO 23 38 1 00 BC 0B 37
2 EB 0 0B 0 — —
3 06 0 32 1 12 08 7B AD
4 1 06 78 07 Cs 05 1 40 67 C2 3B
5 71 0B DE 18 4B 6E 0 — S—
6 91 1 A B7 26 2D FO 0 — S—
7 46 0 DE 1 12 Co 88 37
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Cache hits?
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cr Ccr ¢r Cr «cr Cr Cr CT CI CI CI CO CO

« B.NAF5IH:
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o 3 F-MERUT, BICN0x32, ARALINL, 4Pk arrh, XS AER
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CT CT CT CT CT CT CT CT C Cc CI €O CO
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cT C€cr Cr CT CT CI CI CI

cT CT CT CO CO
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cr ¢cr ¢r Cr «cr Ccr Cr CT CI CI CI CO CO
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o fRix:
* Sizeof(int)=4
o SrcHM N0 4R, dstEdH M Hihk 1645
o WAH—"LI cache, HIEMY. HEMEE, AN ASFET
e Cache K/NNI16FTT, THENS
o SrcAdstE A 15 0] 7 7l A2 A0 5 A iy R E— SR I

Typedef int array[2][2]
Void transposel (array dst, array src)
{
int I,j;
for (i=0;i<2;i++) {
for (j=0;3j<2;j++) {
dst[j]l[i]l=src[i] []]~
}

I!}

cache

Main

memory

e E AR

alO][0] | a[O][1] | a[1][0] | a[1][1]

b[O][0] | DIO][1] | AI1][O] | bI1][1]

al0][0] | a[O]I1] | a[1][0] | a[1][1]
m

H[O][O] | AIOTIL] | b[1][0] | b[1][1]

m




* Sizeof(int)=4
o SrcBAHM N0 4R, dstEdH M bk 1645
o« HEH LI cache, B . BHEMEHNE, AN NSFTT
e Cache K/NHN167FTT, HIHEAT
o SrcANdstE A 5 0] 7 7l A A0 5 Ay ) E— SR I

cache “
sypede dnt eexevl2ll2l ey sre) | Main 1410101 | al01[1] | «[1][0] | a[1](1]
{
iﬁﬁ&égfm-im{ memor’bm”o] bI0][1] | b[1][0] | B[1][1]
for (j=0;3j<2;j++) {
,  CetllbssEel ol al01[0] | a[O][1] | a[1][0] | a[1](1]
}
m m
I i=0
j= b10][0] | b[O][1] | H[L][O] | b[1][1]
m m




o fRix:
* Sizeof(int)=4
o SrcBAHM N0 4R, dstEdH Mkt 1645
o WH—"LI cache, HEMYT. HEMEEC, HRA/NASFT
e Cache K/NN16FTT, UG
o SrcANdstE A 5 0] 7 7l A A0 5 Ay ) E— SR I

cache i
3£§diia:2;o:::?§ii;;231st, array src) Main a[O] [0] (l[OI[l] tl[l][()] all][ll
{

ey memor,b[O][O] bIOJ[1] | b[1][0] | H[1][1]
for (3=0;3j<2;j++) {
| sl el 1, al01101 | al0l11 | artiof | ariin)
ll} ' . m nm m
=
j=0 b10][0] | A[O][1] | [1][0] | AI1][1]
m m m




- fBiX:
* Sizeof(int)=4

o SrcHUAMHNLO UG, dstEH M HLbE16 T 45
« HAEH—ALI1 cache, HEZME . BEEMEHHL, RA/NNSFE

+ Cache K/NNI671T, JFIRNAS

Zr) . FEFERE

o SrcAldstEZH U5 17 73 A AN 5 A fiy o A e — SRR

cache
B e 2 e areay o) | Main 10101 | alO][1] | a[T]IOT  4IT]I1T]
{
ey memory 101101 | BIO1LT | bL11IO] | £(1](1]
for (j=0;3j<2;j++) {
e S a[0][0] | a[0][1] | a[1][0] | @[1][1]
|.|} g . m m m h
l=
j= b[0][0] | B[O][1] | A[1][0] | A[1][1]
m m m m




* Sizeof(int)=4

o SrcHUAMHNLO UG, dstEH M HLAE16 T 45
« HAEH—ALI1 cache, HEZME . BEEMEHHL, RA/NNSFE
« Cache K/NA32FETT, HIGAT

o SrcAldstEZH U5 17 73 A2 AN 5 AN fiy o A e — SRR

FRE AR

Typedef int array[2][2]
Void transposel (array dst, array src)
{
int I,j;
for (1i=0;i<2;i++) {
for (j=0;3j<2;j++) {
dst[j]l[i]l=src[i]l []]’
}
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0 1 2 3 4 3 4 15
0000 0001 0010 0011 0100 0011 0100 1111

0 miss 1 miss 2 miss 3 miss
00 | Mem(0) 00 | Mem(0) 00 | Mem(0) 00 | Mem(0)
00 | Mem(1) 00 | Mem(1) 00 | Mem(1)
00 | Mem(2) 00 | Mem(2)
00 | Mem(3)
4 miss 3 hit 4 hit 15 miss

01 4
"00. | Mem 01 | Mem(4) 01 | Mem(4) 01 | Mem(4)
00 | Mem(1) 00 | Mem(1) 00 | Mem(1) 00 | Mem(1)
00 | Mem(2) 00 | Mem(2) 00 | Mem(2) 00 | Mem(2)
00 | Mem(3) 00 | Mem(3) 00 | Mem(3)| 44 0Q Mem(.;%)_

>8 IKIFK, 6IRRA (AR = 0.25,R%3F = 0.75)
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o 1 2 3 4 3 4 15
0000 0001 0010 0011 0100 0011 0100 1111

0 miss 1 hit 2 miss
00 | Mem(1) | Mem(0) 00 | Mem(1)| Mem(0) 00 | Mem(1)| Mem(0)
00 | Mem(3)| Mem(2)

3 hit 01 4 miss 3 hit

00 | Mem(1) | Mem(0)] |00 | Mem(1}] Mem{0)* [ 01 | Mem(5)] Mem(4)|
00 | Mem(3) | Mem(2) 00 | Mem(3)| Mem(2) | 00 | Mem(3)| Mem(2)

4 hit 15 miss
01 | Mem(5)| Mem(4) 11 01 | Mem(5)| Mem(4)
00 | Mem(3)| Mem(2) Mem(3)| Me
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" SizeOf(int)=4 Struct algae position{
e int x,y;
" Cache K/N1024%7) }
Struct algae_position grid[16][16];
» Int total x=0, total y=0;
[ ‘L‘I“ﬁ:: Int I,j;
A. 1?%1\%& For (i=0;i<16;i++) {
N s as for (3j=0;3<16; j++) {
B. Cache /v i (13 2 | RS
P 27 }
N )
C. A= For (i=0;i<16;i++) {
for (j=0;3<16;j++) {
total y+=grid[i][]j].y’
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d SlZGOf(ll’lt):4 Struct_ atlgae_.position{
e Cache K/N1024F }

Struct algae position grid[16][16];

° > oxas Int total x=0, total_ y=0;
T ﬁ% Int I,j;
A - s For (i=0;i<16;i++) {
. -L*Jm\

for (3j=0;3<16; j++) {

B. Cacheﬁﬁ‘ﬁ ':lj E]/\] ﬁ@)é ;ﬁ& } total x+=grid[i][j].x;
C' Z::ﬁ—ﬁl:lj% l}i‘or(i=0;i<16;i++){

for (j=0;3<16;j++) {
total y+=grid[i][]j].y’

}
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C. AapdhZE. 256/512=50%
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Cache block(B=16)

grid|[0][0].x

grid[0][0].y

grid[0][1].x

grid[0][1].y

grid[8][0].x

grid[8][0].y

grid[8][1].x

grid[8][1].y

1024 FF
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For (i=0;i<16;i++) {
for (j=0;3j<16; j++) {

total x+=grid[j]l[i].x;
total y+=grid[j][i].y’

B[63]

Cache block(B=16)

grid[7][14].x

grid[7][14].y

grid[7][15].x

grid[7][15].y

grid[15][14].x

grid[15][14].y

grid[15][15].x

grid[15][15].y




| Cache Summary

* Cache memories can have significant performance
impact

* You can write your programs to exploit this!

* Focus on the inner loops, where bulk of computations
and memory accesses occur.

* Try to maximize spatial locality by reading data objects
with sequentially with stride 1.

* Try to maximize temporal locality by using a data object
as often as possible once 1t’s read from memory.



