CeMunHap 5
CtaHaapTt OpenMP (4acTtb 5)

Mwuxann KypHocoB

E-mail: mkurnosov@gmail.com
WWW: www.mkurnosov.net

Livkn cemrnHapoB «OCHOBbI NapannesibHOro NporpaMMnpoBaHnNA»
NHCTUTYT u3mkm nonynpoBogHUKoB M. A. B. PxxaHosa CO PAH
HoBocmbupck, 2015

IO



JIOKaNbHOCTb CCbhIJIOK B nNporpaMMax

= JlokanbHOCTb cCbiNOK (locality of reference) -
CBOMWCTBO MPorpamMmm rnoBTOPHO (4acTo) obpallaTbCs
K OOHUM 1 TEM Xe agpecam B NaMATu

= BpemMmeHHasa nokanusauusa (temporal locality) - for (i = 0: i < n; i += 32)
NoBTOpPHOE obpalleHne K 04HOMY N TOMY XXe afpecy v[i] += f(i);

yepe3 KOPOTKNI NPOMEXYTOK BPEMEHM

for (i =0; i <n; i += 32)
S =]

+= v[i];

= MpocTpaHCTBEHHaA NOKaJIM3aLua CCbIJIOK
(spatial locality) - cBoncTBO NporpaMm NOBTOPHO oy G = W5 2 s g
0bpalLaTbCa Yepes KOPOTKNIA NMPOMEXYTOK BPEMEHN R
K agpecam 6/11M3KO pacnosIoXKEHHbIM B MaMATU Opyr

K Apyry



JIOKaNbHOCTb CCbhIJIOK B nNporpaMMax

CTpyKTtypa (wabnoH) agocryna K maccusy (Reference pattern)

int Sumvecl(j_nt V[N] ) Address 0 4 8 12 16 20
{ Value v[0] v[1] v[2] v[3] v[4] v[5]
int i, sum = 9©;
for (i = @; i < N; i++) Step 1 2 3 4 5 6
sum += v[i];
return sum: stride-1 reference pattern (good locality)
J
}
int sumvec2(int v[N]) Address 0 24 48 72 96 120
{ Value v[0] v[6] v[12] v[18] v[24] v[30]
int i, sum = ©; . X n ; . - -
for (i =0; i < N; i += 6) tep

sum += v[i];
return sum;

stride-6 reference pattern




Nepapxuyeckaa opraHu3auusa namMAaTu

Peructpbl npoueccopa
(Processor registers)

Ksw-namartb
(Cache memory)

TLBs caches, paging-structure caches

Bpems L1 Cache Pasmep
aocryna L2 Cache namaTu
L, Cache

OnepaTtuBHaA NamMATb
(Random Memory Access)

S e e L e e
e




CTpaHU4YHaA opraHu3auusa NnamaTu

# Load from memory

movq (%rax), %rbx

!

Logical address

!

Memory Management Unit

(MMU)

Segmentation

!

Linear address

|

Paging

A\ 4

Logical processor

Paging-structure caches

I

A

|
Physical address

!

Processor caches

A\ 4

TLBs

DRAM

ALpecHoe NpoCTPaHCTBO npouecca
pa3buTo Ha cTpaHuubl (pages)

3a Ka)xgomn UCrosib3yeMon CTpaHnLen
BMPTYaNbHOM NaMATK npoLiecca
3aKpenJieHa CcTpaHuua pusndyeckomn
namMaTun (page frame)

Pa3mep cTpanuubl 4 KiB
(3aBucKT oT apxuTtekTypbl CPU 1 OC)

[MporpamMMbl ONepupyoT AMHENHBLIMY
agpecamu (linear address)

Mpoueccop paboTaeT C PU3nYeCKUMM
agpecamu (physical address)



CTpyKTypHas opraHu3auusa Kew-namaTu

t bits s bits

b bits

Phys. addr. | |

|
m—1
“ ) e

o

-

" W

h

Tag Set index Block offset

Kew coaepKut S = 2° mHoKecTs (sets)

Kaa0e MHOXeCTBO COAEPKUT
E ctpok/3anucent (cache lines)

Ka)kaaAa CTpoKa coaepXuT nonA
valid bit, tag (t 6uT) n 6710k OaHHbIX
(B =25 6anr)

[laHHble MeXKay Kelw-NamaATbio

N ONepaTUBHOWN NamMATbIO
nepepatoTca 610kamu o B 6anT
(cache lines)

«MonesHbln» pasmep Kew-namaTu
C=S*E*B

Set O:

Set 1:

Set S—1:

MHoXXecTBeHHO-accouuaTMBHanA
Kew-NnaMATb

1 valid bit ttag bits

B = 2P bytes

per line per line per cache block
et ey P o N o« - o
Valid Tag 0O | 1 B—1
Valid Tag 0 | 1 B—1
Valid Tag 0 | 1 B—1
Valid Tag o | 1 B—1
Valid Tag 0 | 1 B—1
Valid Tag 0 | 1 B—1

Cache size:

Randal E. Bryant, David R. O'Hallaron. Computer Systems: A Programmer's Perspective. - Addison-Wesley, 2010

C = B x E x S data bytes

E lines per set



3arpys3ka AaHHbIX u3 namaTm (load/read)

tbits s bits b bits i
[ | | B cnyyae npoMmaxa (cache miss)

|
T_1 ) N P U3 NaMATU B Kell 3arpyxxaertcs
Tag Set .'ndex B;‘ock offset CTpoka (paxe ecnu Tpe6osancn

é 6 é BCero oauH 0amT)
1 valid bit ttag bits

Phys. addr.

: : B = 2° bytes

per line per line per cache block

' L] L A R - ™

Valid Tag o1 |--- (B-1

Set 0: : E lines per set
Valid Tag o1 |--- (B-1
Valid Tag o1 |--- (B-1
» Set 1:

Valid Tag o1 |--- (B-1

1. BbibupaeTtca ogHO U3 S MHOKecTB (o nonto Set index)

2. Cpepau E 3annceit MHOXKeCTBa OTbICKMBAETCA CTPOKa ¢ TpebyembiMm nonem Tag v yctaHoBAEHHbIM Butom Valid
(Hawnm — cache hit, He Hawnun — cache miss)

3. [aHHble n3 6,10Ka cHMUTLIBAOTCA C 3a4aHHbIM cmeleHunem Block offset

Randal E. Bryant, David R. O'Hallaron. Computer Systems: A Programmer's Perspective. - Addison-Wesley, 2010



3aMelleHue 3anucem Kew-naMsaTu

2-way set associative cache:

Vv Tag Worde | Wordl | Word2 | Word3
Seto
Setl

1 0001 15 20 35 40
Set2

1 0011 1234 1222 3434 896
Set3

Mpomax npu 3arpy3Ke AaHHbIX

// Load from memory to register
movl (4@), %eax

= B Kakyto cTpoKy (way) mHox<ecTBa 2

3arpy3uTtb 610K c agpecom 407

=  KaKylo 3anucb BbITeCHUTL (evict)

n3 Kew-namatm 8 DRAM?

Memory:

e-3

Worde

Wordl

Word2 | Word3

4-7

8-11

12-15

16-19

20-23

b 24-27

15

20

35 40

28-31

32-35

36-39

 40-43

12

2312

342 | 7717

44-47

48-51

52-55

» 56-59

1234

1222

3434 | 896

60-63

64-67

68-71

Address 40:

Tag: 000010,

Index: 102

Offset: 00,

Address 24:

Tag: 000001,

Index: 10,

Offset: 00,

Pa3Mep Kew-naMATH
3HAYUTEeNIbHO MeHblue
obbema onepaTuBHOM

naMmaTn

HekoTopble appeca
namMaTM oToOpaXkatoTcs
Ha OQHU U Te XKe CTPOKHU

Kew-namMaTm



ANroputMbl 3aMelLl,eHUA 3anucen Kewl-namMaTu
Anroputmbl 3amewteHuns (Replacement policy) TpebytoT xpaHeHMa BMecTe ¢ KaxXaoMm
CTPOKOM Kell-namATu cneumnannsmpoBaHHoro nonsa ¢paaros/mcropmu
LRU (Least Recently Used) — BbiTecHAeTCA CTPOKY, HEMCNO/b30BaHHYIO A0/blle BCEX
MRU (Most Recently Used) — BbiITecHAET NOoCneAHIO0 UCMONb30BAHHYHO CTPOKY

Anroputm L. Belady — BbiTecHsieT 3anuncb, KoTopasa ¢ 601bLLION BEPOATHOCTbIO HE
NoHaaobutbca B byayuem

RR (Random Replacement) — BbiTecHSIET CYy4aMHYIO CTPOKY



3anucb AaHHLIX B Kell-NaMAaTb

Reg .
file Cache memory Main memory
(fast) (slow)
CPU %eax Tag | Dellta block Flag |
32-bit
P Data block
Cache line
(~64 bytes)

// Write from register to memory
movl %eax, (%rbx)

" Monutnkn 3anucu (write policy) onpegensaior:
1 Korpa gaHHble 40MKHbBI BbITh NepefaHbl U3 Kell-namATU B ONepaTUBHYIO MaMATb

O Kak pomkHa BecTn ceba Kel-namaTb Npu cobbITUM «Write miss» — 3anmncb OTCyTCTBYeT
B Kel-NnamsaTu



AnroputMmbl 3anucu B Kewl-namaTb (write policy)

MonanTtnKa nosegeHUA Kew-namaTu B CMTyauum
“write hit” (3anucb umeertca B Kew-namaAT)

Monntuka write-through (ckBo3Has 3anucb) — KaXKgaA 3anmncb B Kew-NamsaTb BaeYyeT 3a cobon
0bHOB/IEHME AaHHbIX B KEL-NAaMATU U onepaTUBHOM NamATU (Kew “oTKatodaeTcs” ana 3anucu)

Monutuka write-back (otnoxkeHHan 3anucb, copy-back) — nepsoHayanbHO AaHHbIE 3aMUCLIBAOTCA
TONIbKO B Kell-NamaATb

Bce nameHeHHble CTPOKM KeL-NaMATM NOMeYatoTca Kak “rpasHbie” (dirty)

3anucb B NamATb “rpA3HbIX” CTPOK OCYLLECTBASIETCA NPU UX 3aMeELLEHUN UK CnelmaibHOMY
cobbiTuio (lazy write)

BHMMaHMeE: YTEHME MOXKET NoB/eYb 33 coH6OoM 3anmncb B NaMATb

O  Mpu uteHnmn Bo3HMK cache miss, AaHHbIe 3arpyXatoTca 13 Kel-namaTi BepxHero yposHa (nnb6o DRAM)
O Hawnu cTpokry ana 3ameueruns, ecam onar dirty = 1, 3anncbiBaem eé gaHHble B NaMATb
O 3anucbiBaem B CTPOKY HOBblE AaHHbIE

11



GNU/Linux CPU Cache Information (/proc)

$ cat /proc/cpuinfo
processor : 0

model name : Intel(R) Core(TM) i5-2520M CPU @ 2.50GHz
stepping: 7
microcode : ©Ox29

cpu MHz : 2975.000
cache size : 3072 KB
physical id : @
siblings: 4

core id 5

Cpu cores 2

apicid : 0
initial apicid

bogomips: 4983.45

clflush size : 64

cache_alignment : 64

address sizes : 36 bits physical, 48 bits virtual




BoiuucnutenbHbin y3en Knacrepa Oak

$ cat /proc/cpuinfo

model name : Intel(R) Xeon(R) CPU E5620 @ 2.40GHz
cache _alignment : 64

address sizes : 40 bits physical, 48 bits virtual

$ cat /sys/devices/system/cpu/cpu@/cache/index@/coherency line size
64

AHanu3s /sys/devices/system/cpu/cpuX/cache/

L1 Data cache: 32K, set associative cache — sets 64, ways — 8

L1 Instruction cache: 32K, set associative cache — sets 128, ways — 4

L2 Unified cache: 256K, set associative cache — sets 512, ways — 8

L3 Unified cache: 12288K, set associative cache — sets 12288, ways — 16



YMHoXeHue matpuu (DGEMM)

int main(int argc, char **argv)

{
double gflop = 2.6 * N * Q * M * 1E-9;
double *a, *b, *cl, *c2;

// Launch naive verstion

malloc(sizeof(*a) * N * M)
malloc(sizeof(*b) * M * Q)
1 = malloc(sizeof(*cl) * N *

a
b
C

srand(9);
for (int i = 0; i < N; i++) {
for (int j = 0; j < M; j++)
a[i * M + j] = rand() % 100;
}
for (int i =0; i < M; i++) {
for (int j = 0; j < Q; j++)
b[i * Q + j] = rand() % 100;
}

double tdef = wtime();

dgemm _def(a, b, cl1, N, M, Q);

tdef = wtime() - tdef;

printf("Execution time (naive): %.6f\n", tdef);
printf("Performance (naive): %.2f GFLOPS\n", gflop / tdef);
free(b);

free(a);

return 0;



YMHO)XeHue matpuu, (DGEMM Naive)

/*
* dgemm_def: Naive matrix multiplication C[n, q] = A[n, m] * B[m, q].
* FP ops = 2*n*qg*m.
*/
void dgemm def(double *a, double *b, double *c, int n, int m, int q)

{

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

for (int j =0; j < q; j++) {
double s = 0.0;
for (int k = 0; k < m; k++)
s +=a[i *m+ k] * b[k * g + j];
c[i * g+ J] =s;

Yucno onepaunin Hag Yncnamm
C nnasatouwen 3anaton (FLOP)

2*N*Q*M

vy

=
P

[
Q&= 7|




YMHO)XeHue matpuu, (DGEMM Naive)

enum {
N =100, M = 200, Q = 300
}s
/*
* dgemm_def: Naive matrix multiplication C[n, q] = A[n, m] * B[m, q].
* FP ops = 2*n*qg*m.
*/
void dgemm def(double *a, double *b, double *c, int n, int m, int q)
{
for (int i = 0; i < n; i++) {
for (int j =0; j < q; j++) {
double s = 0.0;
for (int k = 0; k < m; k++)
s += a[i * m + k] * b[k * q + j]; a[n, m] b[m, q]
c[i*qg+3]] =s; > i
) Y
}

Load a[0][0] — cache miss

Load b[0][0] — cache miss

Load a[0][1] — cache hit

Load b[1][0] — cache miss

Load a[0][1] — cache hit

Load b[2][0] — cache miss
Load a[0][2] — cache hit [TPbKKW Yepes3 CTPOKY
Load b[2][0] — cache miss Cache miss!




YMHOo)XeHue maTtpuy (DGEMM Opt.)

/*

* dgemm_opt: Matrix multiplication C[n, gq] = A[n, m] * B[m, q].
k

*/

void dgemm opt(double *a, double *b, double *c, int n, int m, int q)

for (int i =0; i < n * q; i++)
c[i] = ©;

for (int i = 0; i < n; i++) {
for (int k = 0; k < m; k++) {

for (int §j = 0; j < q; Jj++)

c[i *q+ j] += a[i * m + k] * b[k * q + j];

a[n, m]

>

b[m, q]

Load a[0][0] — cache miss
Load b[0][0] — cache miss
Load a[0][1] — cache hit
Load b[0][1] — cache hit
Load a[0][1] — cache hit
Load b[0][1] — cache hit
Load a[0][2] — cache hit
Load b[0][2] — cache hit

ObpalueHne
MO CMeXHbIM agpecam




Execution time (sec)

Performance (GFLOPS)

AHanu3 npoussoauTtesibHoctu DGEMM (Naive vs Opt.)

30.000000

25.000000 [~

20.000000

15.000000

10.000000

5.000000

T T
DGEMM naive ——o :

DGEMM opt : r

0.000000 °
500

2000

2.200000
2.000000 [~

DGEMM naive ————
DGEMM opt

1.48 GFLOPS

0.400000

1000 1500

2000

Speedup

2.300000

2.200000

2.100000

2.000000

1.900000

1.800000

1.600000

I I by
DGEMM naivelopt ! BblumMcnuTenbHbIV y3en knacrtepa Oak

— = 8sapep (aBa Intel Quad Xeon E5620)
= 24 GiB RAM (6 x 4GB DDR3 1067 MHz)
CentOS 6.5 x86_64

500 1000 1500 2000

JanbHeililne onTUMU3aLNn:
« BnouyHoe yMHOXeHMe MaTpuLy

TLB-onTrmMun3ayus
BekTopusauusa (SSE/AVX)
PacnapannenvsaHune (OpenMP)



AHanun3 npoussoautenbHocTn (OpenMP-Bepcusn)

N=Q=M-=2000

16.000000 I I
Linear speedup

DGEMM naive/opt omp ———ru

14.000000 ~

12.000000

10.000000

8.000000

Speedup

6.000000

4.000000 Tt

2.000000 —— | |

Threads

YckopeHue 60/bLUe NVHEeNHOTrOo:

3a yckopeHwue NpUHATO OTHOLUEHME BPeMeH U
BbINONHEHWS ABYX Pa3HbIX aArOPUTMOB
— dgemm_naive n OpenMP-Bepcuun ¢ 3¢ deKTUBHbBIM
AO0CTYNOM K 3ieMeHTaM MaTpuubl B

Performance (GFLOPS)

9.000000

8.000000

7.000000

6.000000

5.000000

4.000000

3.000000

2.000000

N=Q=M=2000

| |
DGEMM opt_omp (N=2000) ———

9 GFLOPS




YncneHHoe nHTerpupoBaHue (MeToj NpPAMOYrojlbHUKOB)

flz)
A CDopMyna cpegHnXx NpsaMoyrosibHMKOB const double a = -4.0; /* [a, bl */
const double b = 4.0;
const int nsteps = 40000000; /* n */
double func(double x)
{
return exp(-x * x);
}
double integrate(double a, double b, int n)
{
double h = (b - a) / n;
double sum = 0.0;
for (int i = 0; 1 < n; i++)
sum += func(a + h * (i + 0.5));
> X
b sum *= h;
return sum;
L x L, Ly n—1 }
/ n h n h b
—a
ff(I)dIﬁhZf(Iz'—l—l-E)thf(i?z E) =
o i=1 i=1 n



YncneHHoe nHTerpupoBaHue (MeToj NpPAMOYrojlbHUKOB)

double integrate_omp(double (*func)(double), double a, double b, int n)
{
double h = (b - a) / n;
double sum = 0.0;

JIoKanbHoOe XpaHuauue

double thread_suml32];—— [151 KaXK[0ro NoToKa

#pragma omp parallel

{
int tid = omp_get_thread_num();
thread sum[tid] = O;

#pragma omp for
for (int 1 = 0; 1 < n; 1++)
thread sum[tid] += func(a + h * (1 + 0.5));

#pragma omp atomic

sum += thread sum[tid];
¥
sum *= h;
return sum;



YncneHHoe nHTerpupoBaHue (MeToj NpPAMOYrojlbHUKOB)

double integrate_omp(double (*func)(double), double a, double b, int n)

{
double h = (b - a) / n;
double sum = 0.0;

double thread sum[32];

#pragma omp parallel

{
int tid = omp_get_thr
thread_sum[tid] = O;

#pragma omp for
for (int 1 = 0; 1/< n;
thread sum[t1id] +=

JloxkHoe pasgeneHue
(false sharing)

_num();

1++)

func(a + h * (i + 0.5));

#pragma omp atomic

sum += thread_sum[tid];
¥
sum *= h;
return sum;

Shared memory

thréad_éum[éZ]

Cache

né

-

MpoTokon obecneyeHns KOrepeHTHOCTU Kelueun

MESI (Intel MESIF)

MoTOK 0OHOBJNIAET CBOK CTPOKY B KELL-NaMATN U aHHYMpYeT
CTPOKY B APYrux Kewax

[pyrue Kewm 3arpy>xatT akTyaJIbHY0 BEPCUIO CTPOKKN U3
onepaTMBHOM NAMATH

MponcxoanT NOCTOAHHOE 0OHOBIEHNE CTPOK M3 NaMATH
(KelwnpoBaHMe «OTKJIOHaEeTCA»)



YncneHHoe nHTerpupoBaHue (MeToj NpPAMOYrojlbHUKOB)

double integrate_omp opt(double (*func)(double), double a, double b, int n)

{
double h = (b - a) / n;
double sum = 0.0;

/* Each struct occupied one cache line (64 bytes) */
struct thread param {
double sum; /* 8 bytes */
double padding[7]; /* 56 bytes */
}s
struct thread param thread sum[32] attribute ((aligned(64)));

#pragma omp parallel

int tid = omp_get thread num();
thread sum[tid].sum = 0;

#pragma omp for Kakblli anemMeHT maccusa bygeT 3aHUMaTb
for (j_nt i=0; 1< n; i++) OAHY CTPOKY Kell-NMaMATn

thread sum[tid].sum += func(a + h * (i + 0.5));

#pragma omp atomic

sum += thread sum[tid].sum;
}
sum *= h;
return sum;



Speedup

AHanus3 npousBoauTesnbHOCTHU (integrate)

8.000000 | | 8.000000 — |
Linear speedup Linear speedup

. Integare (false sharing) ——+—
Integare (false sharing) ———<= | 7.000000 |- Integare (opt) ]

Integare (opt)

7.000000

: OpenMP-Bepcus

6.000000 _“.“.”“””.”%_.“”””.”.ukuuuu.“.““”_ XyNQEHOCHGAOBaTeanOM :
: : NporpaMMbl NUCNONb3yeT 5 000000 b A

G.000000 b ]

”épeedup

: ; /f///” \*x\\\\\g.UGGUGU _.“..”..”.”.”.r._._.”..”._.1”.._.”.”_”____

1.000000 '

0.000000

Threads

BoluncnutenbHblii y3en knactepa Oak (NUMA) BoluncantenbHbl y3en Knacrtepa Jet (SMP)
= 8 apep (aBa Intel Quad Xeon E5620) = 8 apep (aBa Intel Quad Xeon E5420)

= 24 GiB RAM (6 x 4GB DDR3 1067 MHz) = 8 GiB RAM
= CentOS 6.5 x86 64 = Fedora 20 x86_64



3afaHune

Pa3paboTaTb Ha OpenMP napannenbHy Bepcuio pyHKUnn dgemm opt —
HanucaTtb Kog pyHKUnmM dgemm_opt omp

MpoBeCcTN aHaAN3 MaclTabupyemMocT napannensHon NporpaMmsi

LLIabnoH nporpaMMbl HaxoAUTCS B KaTanore _task

KaK peann3oBaTb NapaafiefibHy UHULMaAN3aumnio MaTpuy?



CyMMupoBaHue 371IeMeHTOB MaCCUBa

int sumarray3d_def(int a[N][N][N])

{
int i, j, k, sum = 0;
for (i = 0; 1 < N; i++) {
for (j = 0; j < N; j++) {
for (k = 0; k < N; k++) {
sum += a[k][1i][3];
}
}
}
return sum;
}

Maccus a[3][3][3] xpaHuTcA B namATU CTPOKa 3a cTpoKoi (row-major order)

Reference pattern: stride-(N*N)

Address 0 | alololio] | a[ojfo]i1] alol[1[0] | afoJ(1I[1] | a[ol[1l[2] | a[oli2]0] | alol(21(1] | al0li2][2]
36 | al1l[o]i0] | a[1]o][1] a[1][21[0] | al1l[W[1] | a[2l[2l[2] | a[L)i2][0] | al1lf21(1] | a[1]i2][2]
72 | al21[0(0] | al2]0][1] al21[21[0] | al2)(1[1] | al21[2(2] | al2)2]0] | al21(21(1] | al2]i2][2]




CyMMupoBaHUue 3J1IeMeHTOB MaCCMUBa

int sumarray3d_def(int a[N][N][N])

{
int i, j, k, sum = 0;
for (i = 0; 1 < N; i++) {
for (j = 0; j < N; j++) {
for (k = 0; k < N; k++) {
sum += a[i][Jj][k];
}
}
}
return sum;
}

Maccus a[3][3][3] xpaHuTcA B namATU CTPOKa 3a cTpoKoi (row-major order)

Reference pattern: stride-1

Address 0 | al0l[ol[0] | a[o][0][1] | a[O][0][2] | a[O][1][0] | a[O][1][1] | a[O][1][2]
36 | alilfo][o] | a[1](o][1] | a[1][O][2] | a[1](1][0] | al1][1][1] | a[1][1][2] | a[1][2][0] | a[1][2][1] | a[1][2][2]
72 | al2][ol[o] | af2][0][1] | af2][0](2] | af2][1][0] | al2][1](1] | al2][1](2] | al2][2][0] | a[2][2][1] | a[2][2][2]
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