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rnobanbHaa namatb (Fermi/Kepler)

Compute Capability >= 2.0
[NnHa cTPOKM Kew-namatn L1: 128 6baut
[nnHa cTpoKu Kew-namaATtn L2: 32 6anTa

Onepauusa yTeHUa gaHHbIX (load)
o Default: Nonck B L1, 3atem B L2, nanee 8 GMEM

o AnbmepHamusa (—Xptxas —dlcm=cg):
[Mowuck L2, nanee 8 GMEM

Onepauua 3anncu gaHHbIX (store)
= |nvalidate L1, write-back L2

{Device) Grid
Block (0, 0) Block (1, 0)
‘ Threads Threads

L1

Host

!

L2 cache (768 KB)

Ii ! 1




robasbHaa namATb

Onepaumnsa obpalleHua K namaTtu (load/store) BbinonHseTcAa Bcemn noTokamu rpynnbi (warp)
[TOTOKM NpeaocTaBAAOT agpeca

GPU:

1. OnpepaensieT CKONbKO 3aNpPOCOB K NaMATU HEOBX0AMMO BbINOJIHUTbL NOTOKAM warp’a

2. Tpynnupyet 3anpocsbl (coalesce) B ognH (1x latency vs. 32x latency)

MNopaeprkmBaemble padmepnbl cnos: 1, 2,4, 8 n 16 6ant

Appec cnoBa Ao/1KeH ObITb BbIPOBHEH Ha €ro pasmep:
o float —Ha rpaHuuy B 4 6anta

o double —Ha rpaHuuy B 8 6anT

cudaMalloc() — appec KoppeKTHO BblpaBHEH Ana ntoboro npegonpeae/sieHHOro TMna
(Mo meHblen mepe Ha rpaHuuy B 256 6anT)



Caching load: alighed data

Addresses from a warp

i

I
0 32 64 96 128 160 192 224 256 288 320 352 384

Memory addresses

= [loToKM rpynnbl (warp) 3anpocmnm 32 cMeXKHbIX KOPPEKTHO BblPaBHEHHbIX C/10Ba Mo 4 6anTa
= Bcero rpynne tpebyetca: 128 6aunt

= JlaHHble nepeaaroTca 3a o4uH 3anpoc us3 L1

http://gpgpu.org/wp/wp-content/uploads/2013/09/06-opti-memory.pdf



http://gpgpu.org/wp/wp-content/uploads/2013/09/06-opti-memory.pdf

Non-caching load: aligned data

Addresses from a warp

[ | ] 1 I | [ | I | [ |
0 32 64 96 128 160 192 224 256 288 320 352 384
Memory addresses

[MoToKuM rpynnbl (warp) 3anpocmnnm 32 cMeXKHbIX KOPPEKTHO BblPpaBHEHHbIX C/10Ba Mo 4 6anTa
Bcero rpynne tpebyetca: 128 6aunt
Appeca nonanu B 4 cermeHTa (4eTbipe L2-CTPOKK)

[laHHble nepeaaoTcs 3a OANH 3aNpPoc



Caching load: alighed data, permuted

Addresses from a warp

K X

I —
0 32 64 96 128 160 192 224 256 288 320 352 384

Memory addresses

MoToku rpynnbl (warp) 3anpocmnm 32 HeCMeXXHbIX BblpaBHEHHbIX c/10Ba no 4 banTa
Bcero rpynne tpebyetca: 128 6aunt
Aapeca nonanu B 1 cTpoky L1

[laHHble nepeaaoTcs 3a OANH 3aNpPoc



Non-caching load: aligned data, permuted

Addresses from a warp

A X

| | ] | | ] ] | | ] | | ]
0 32 64 96 128 160 192 224 256 288 320 352 384

Memory addresses

" [loToKu rpynnbl (warp) 3anpocmnm 32 HeCMeXHbIX BbipaBHEHHbIX c10Ba no 4 banTa
= Bcero rpynne Tpebyetca: 128 6aunt

= JlaHHble nepeanarTca 3a 04NH 3arnpoc



Caching load: misalighed data

Addresses from a warp

77274

0 32 64 96 128 160 192 224 256 288 320 352 384
Memory addresses

" [loToKu rpynnbl (warp) 3anpocmnm 32 cMeXHbiX He BblpaBHEHHbIX c/10Ba no 4 6aunTa
= Bcero rpynne Tpebyertca: 128 6aunt

" [lepepnaetca 256 6anT — aBe cTpoku L1



Non-caching load: misaligned data

Addresses from a warp

1 ] I/‘I/‘//I I‘I//

0 32 64 96 128 160 192 224 256 288 320 352 384
Memory addresses

MoToku rpynnbl (warp) 3anpocmnm 32 cMeXHbiX He BblpaBHEHHbIX €/10Ba no 4 6aunTa
Bcero rpynne tpebyetca: 128 6aunt
[aHHble nonanu B 5 cermeHToB (5 cTpOK L2)

Mepenaetca 160 6ant — 5 cTpok L2



Caching load: same 4 byte

Addresses from a warp

V

0 32 64 96 128 160 192 224 256 288 320 352 384
Memory addresses

" [loToKM rpynnbl (warp) 3anpocmnm oaHoO 1 Toxe 4-x banToBoe CN0OBO
* [pynne Tpebyetca 4 6aunTa

* JlaHHble nonanu B 1 cTpoky L1 (128 6anT), nepenaetca 128 6ant



Non-caching load: same 4 byte

Addresses from a warp

N —

I S [ S S S S S _—_—__—

0 32 64 96 128 160 192 224 256 288 320 352 384
Memory addresses

= [loTOKM rpynnbl (warp) 3anpocmnm oaHo u ToxKe 4-x 6anToBOE CNOBO
= [pynne Tpebyetca 4 6aunTa

* laHHble nonanu B 1 cermeHT L2 (32 6anTa), nepenaetca 32 6anTa



Caching load: scattered

Addresses from a warp

/"’71’

128 160 192 224
Memory addresses

" [loToku rpynnbl (warp) 3anpocunm 32 cnoBa c warom > 128 6aunt
" [pynne Tpebyetca 128 6baunt

* laHHble nonanu B N cTpok L1 (128 6anT), nepepaetca 128N baut



Non-caching load: scattered

Addresses from a warp

s e S

0 32 64 96 128 160 192 224 256 288 320 352 384
Memory addresses

= [loToKu rpynnbl (warp) 3anpocmnmn 32 cnoBsa c warom > 128 6aunt
= [pynne Tpebyetca 128 6baut

= laHHble nonanu B N cermeHToB L2 (32 6aunTa), nepepaetca 32N 6ant



Mpumep 1

__global  void saxpy 1(float* x, float* y, float a, unsigned long N)
{

unsigned long i = threadIdx.x + blockDim.x * blockIdx.Xx;
if (i < N)
y[i] = y[i] + a * x[1];
}

* Load yJ[i], Load x[i], Store y[i]

= Konnuecrso CTPOK Kew-namatu?



Mpumep 1

__global  void saxpy 1(float* x, float* y, float a, unsigned long N)
{

unsigned long i = threadIdx.x + blockDim.x * blockIdx.Xx;
if (i < N)
y[i] = y[i] + a * x[1];
}

= Konnuecrtso CTPOK Kew-namatu?
o [MoToKu obpawaloTca No nocnenoBaTeNbHbIM agpecam

o OpHa 3arpy3Ka 128 6anMToBOM CTPOKKU ANA Y
. . [MponycKHaa cnocobHOCTb:
o OpgHa 3arpyska 128 6aToBOM CTPOKM ANA X Bus utilization / bw efficiency =

o 128 / 128 = 100 %
o 128 6aliT Ha 3anucb y / °

'
128 6aiir



Mpumep 2

__global  void saxpy 2(float* x, float* y, float a, unsigned long N)
{

unsigned long i = threadIdx.x + blockDim.x * blockIdx.Xx;
if (i < N)
if (1% 2 ==0) y[i] = y[i] + a * x[1i];
}

* TonbKo ueTHble uHAeKcebl: Load y[i], Load x[i], Store y]i]

= Konnuecrso CTPOK Kew-namatu?



Mpumep 2

__global  void saxpy 2(float* x, float* y, float a, unsigned long N)
{

unsigned long i = threadIdx.x + blockDim.x * blockIdx.Xx;
if (i < N)
if (1% 2 ==0) y[i] = y[i] + a * x[1i];
}

= Konnuecrtso CTPOK Kew-namatu?

o MMoToKu obpallaloTca No nocsegoBaTe/ibHbIM agpecam

[MponycKHaa cnocobHOCTb

o OpHa 3arpy3ka 128 6anToBOM CTPOKM ANA Y ST MRS ST

o OpHa 3arpyska 128 6aliToBOM CTPOKM ANA X Bus utilization / bw efficiency =
128 / 64 = 50 %

o 128 6anT Ha 3anucb y

'
128 6aiir



Mpumep 3

__global  void saxpy 2(float* x, float* y, float a, unsigned long N)
{

unsigned long i = threadIdx.x + blockDim.x * blockIdx.Xx;
if (i < N)

if (1% 2 ==0) y[i] = y[i] + a * x[1i];

else y[i] = y[i] - a * x[1i];

¥

* KoanuecTBo CTPOK Kelw-NamaTn?



Mpumep 3

__global  void saxpy 2(float* x, float* y, float a, unsigned long N)

{
unsigned long i = threadIdx.x + blockDim.x * blockIdx.Xx;
if (i < N)
if (i %2 ==0) y[i] = y[i] + a * x[i];
else y[i] = y[i] - a * x[i];
}

* KonnuyecTBO CTPOK Kew-NamaTu?
" [lepBas BeTBb (16 NOTOKOB): 3arpy3Ka 2-x CTPoK no 128 6ant

" Btopas BeTBb (16 MOTOKOB): AAHHbIE YNTAOTCA U3 Kella

[MponycKHaa cnocobHOCTb
ncnonb3lyetca meHee 3GPEKTUBHO:
Bus utilization / bw efficiency =
128 / 64 =50 %

h'd

128 6aur




NMpumep 4

__global  void saxpy_2(float* x, float* y, float a, unsigned long N)
{

unsigned long i = threadIdx.x + blockDim.x * blockIdx.x;
if (1 < N) {
float yy = y[i]; float xx = x[1i]; // Load to regs
if (1% 2 ==0) yy =yy + a * xx;
else yy = yy - a * xx;
y[i] = yy; // Store



NMpumep 4

__global  void saxpy_2(float* x, float* y, float a, unsigned long N)

{
unsigned long i = threadIdx.x + blockDim.x * blockIdx.x;
if (i < N) {
float yy = y[i]; float xx = x[1i]; // Load to regs
if (1% 2 ==0) yy =yy + a * xx;
else yy = yy - a * xx;
y[i] = yy; // Store
}
}
* [loToku obpalialoTca No nocaeaoBaTe/ibHbIM agpecam
= [iBe 3arpy3kn 128 6aunT, ogHa 3anucb 128 6aunt MponyckHaa cnocobHOCTb:
Bus utilization / bw efficiency =
= 128 6a1T Ha 3anNuUCb y 128 /128 = 100 %

'
128 6aiir



NMpumep 5

__global  void saxpy_2(float* x, float* y, float a, unsigned long N)

{
threadIdx.x + blockDim.x * blockIdx.X;

unsigned long 1
if (i < N/ 2)
y[i] = y[i] + a * x[i]
else if (i < N)
y[i] = y[i] i a * x[i]



NMpumep 5

__global  void saxpy_2(float* x, float* y, float a, unsigned long N)

{
threadIdx.x + blockDim.x * blockIdx.X;

unsigned long i
if (i < N/ 2)

y[i] = y[i] + a * x[1]
else if (i < N)

i] = y[1i] 1 a * x[1
v vii] [1] MponyckHaa cnocobHOCTb:
} Bus utilization / bw efficiency =

) 128 /128 =100 %
= Bce NOTOKM rpynnbl (warp) nonaaatoT B OAHY U3 BETBE:

ABe 3arpy3kn 128 6anT, 3anucb 128 bant
MponycKkHaa cnocobHOCTb

= [loTOKM rpynnbl nepecekatoT rpaHuuy (N / 2): Mcnosib3yeTcs meHee
3pPEKTUBHO:
o [lepsan BeTBb (16 NOTOKOB): 3arpy3Ka 2-x CTPOK no 128 bant Bus utilization / bw efficiency =

o Btopas BeTBb (16 NOTOKOB): AaHHbIE YNTAIOTCA U3 Kella 128 /64 =50 %

h'd

128 6aur



OnTMmunsauuma CTpykTyp

Array of Structures (AOS) vs. Structure of Arrays (SOA)

struct point {float x; float y; float z; float w;};

struct point *points;

cudaMalloc(&(void**)points, N * sizeof(*points));

struct points {float *x; float *y; float *z; float *w;};

struct points points;
cudaMalloc(&(void**)points

X,
cudaMalloc(&(void**)points.
cudaMalloc(&(void**)points.
cudaMalloc(&(void**)points.

=222 2

* X X X

VS.

sizeof(float));
sizeof(float));
sizeof(float));
sizeof(float));

Array of Structures

Structure of Arrays

-3
3
-3
-3




OnTMmunsauuma CTpykTyp

Array of Structures (AOS) vs. Structure of Arrays (SOA)

struct point {float x; float y; float z; float w;};

struct point *points;

cudaMalloc(&(void**)points, N * sizeof(*points));

struct points {float *x; float *y; float *z; float *w;};

struct points points;
cudaMalloc(&(void**)points

X,
cudaMalloc(&(void**)points.
cudaMalloc(&(void**)points.
cudaMalloc(&(void**)points.

=222 2

* X X X

VS.

sizeof(float));
sizeof(float));
sizeof(float));
sizeof(float));

Array of Structures

ObpalleHns No HeCMEeXHbIM aapecam,

H6onblue obpaweHUn K namaTtu (CTpoKam)

Structure of Arrays

-3
3
-3
-3

ObpalieHna No cmeXKHbIM agpecam,
MeHbLue 0bpaweHnit K namaTtn (ctpokam)



3apaya N-ten (NBody)

const float eps = 0.0001f;
const float dt = 0.01f;
const int N = 128 * 1024;

#define coord struct body
struct body {

float x;
float y;
float z;
}s
__global  void integrate(coord *new _p, coord *new v, coord *p, coord *v,
int n, float dt)
{

int index = blockIdx.x * blockDim.x + threadIdx.Xx;
if (index >= n)
return;

// Kaxaplh NOTOK BblMUCNAET Cuay, AEWCTBYHIWYH Ha Teno index
coord body pos = p[index];
coord body vel = v[index];

coord f;
f.x = 0;
f.y = 0;
f.z = 0;

J



for (int i =
coord pi =
coord r;
// BekTop oT Tena p[i] k Teny body pos

pi.x - body pos.Xx;

pi.y - body pos.y;

pi.z - body pos.z;

r<x =

r‘.y
r.z

float
float

3apaya N-ten (NBody)

5 1 < ny i++) {
p[il];

invDist = 1.0 / sgrtf(r.x * r.x + r.y * r.y + r.z * r.z + eps * eps);

S

invDist * invDist * invDist;

// KoppekTupyem cuny - BHOCMM BKAaj Tena 1
f.x += r.x * s;

f.y +
f.z +

}

P.y
r.z

// KoppekTupyem napameTpbl Tena: CKOPOCTb, MOJIOKEHUe

body vel.
body vel.
body vel.
body pos.
body pos.
body pos.

new_p[index]
new_v[index]

X

N < X NX

+= f.x * dt;
+= f.y * dt;
+= f.z * dt;
+= body vel.x * dt;
+= body vel.y * dt;
+= body vel.z * dt;

body pos;
body vel;



3apaya N-ten (NBody)

int main()

{
double tgpu = 0, tmem = 0O;
size t size = sizeof(coord) * N;
coord *p = (coord *)malloc(size); coord *v = (coord *)malloc(size);
coord *d_p[2] = {NULL, NULL}; coord *d_v[2] = {NULL, NULL};
init_rand(p, N); init_rand(v, N);

tmem = -wtime();

cudaMalloc((void **)&d p[@], size);

cudaMalloc((void **)&d p[1l], size);

cudaMalloc((void **)&d v[@], size);

cudaMalloc((void **)&d v[1], size);

cudaMemcpy(d _p[@], p, size, cudaMemcpyHostToDevice);
cudaMemcpy(d_v[@], v, size, cudaMemcpyHostToDevice);
tmem += wtime();

tgpu = -wtime();
int threadsPerBlock = 1024;
dim3 block(threadsPerBlock);
dim3 grid((N + threadsPerBlock - 1) / threadsPerBlock);
int index = 0;
for (int i = 90; i < 2; i++, index *= 1)
integrate<<<grid, block>>>(d _p[index ~ 1], d_v[index ~ 1], d_p[index], d_v[index], N, dt);
cudaDeviceSynchronize();
tgpu += wtime();



3apaya N-ten (NBody)

tmem -= wtime();
cudaMemcpy(p, d _p[index], size, cudaMemcpyDeviceToHost);
cudaMemcpy(v, d_v[index], size, cudaMemcpyDeviceToHost);
tmem += wtime();

printf("sizeof(coord) = %d\n", sizeof(coord));
printf("GPU version (sec.): %.6f\n", tgpu);
printf("Memory ops. (sec.): %.6f\n", tmem);
printf(" Total time (sec.): %.6f\n", tgpu + tmem);

cudaFree(d p[9Q]);
cudaFree(d p[1]);
cudaFree(d v[9]);
cudaFree(d v[1]);
free(p);

free(v);

cudaDeviceReset();

return 0; sizeof(coord) = 12

GPU version (sec.): 2.382872
Memory ops. (sec.): 0.252231
Total time (sec.): 2.635103



3apaya N-ten (NBody): float3

const float eps = 0.0001f;
const float dt = 0.01f;
const int N = 128 * 1024;

##tdefine coord float3

__global  void integrate(coord *new_p, coord *new v, coord *p, coord *v,
int n, float dt)
{
int index = blockIdx.x * blockDim.x + threadIdx.x;
if (index >= n)
return;

// Kaxaplh NOTOK BblMUCNAET Cuay, AEWCTBYHIWYH Ha Teno index
coord body pos = p[index];
coord body vel = v[index];

coord f;
f.x = 0;
f.y = 0;
f.z = 0;

J



3apayda N-ten (NBody): padding

const float eps = 0.0001f;
const float dt = 0.01f;
const int N = 128 * 1024;

#define coord struct body
struct body {

float x;
float y;
float z;
float _ padding;
}s
__global  void integrate(coord *new p, coord *new v, coord *p, coord *v,
int n, float dt)
{

int index = blockIdx.x * blockDim.x + threadIdx.x;
if (index >= n)
return;

// Kaxaplh NOTOK BblMUCNAET Cuay, AEWCTBYHIWYH Ha Teno index
coord body pos = p[index];
coord body vel = v[index];

coord f;
f.x = 0;
f.y = 0;
f.z = 0;

J

sizeof(coord) = 16

GPU version (sec.): 1.946044

Memory ops. (sec.): 0.228796
Total time (sec.): 2.174840



3apaya N-ten (NBody): float4

const float eps = 0.0001f;
const float dt = 0.01f;
const int N = 128 * 1024;

##tdefine coord float4

__global  void integrate(coord *new_p, coord *new v, coord *p, coord *v,

{

int n, float dt)

int index = blockIdx.x * blockDim.x + threadIdx.x;
if (index >= n)
return;

// Kaxaplh NOTOK BblMUCNAET Cuay, AEWCTBYHIWYH Ha Teno index
coord body pos = p[index];

coord body vel = v[index];

coord f;

f.x =0
f.y =0
f.z =0

J

-

J

sizeof(coord) = 16

GPU version (sec.): 1.720787

Memory ops. (sec.): 0.226160
Total time (sec.): 1.946947



3apaya N-ten (NBody): float4 + shared memory

__global  void integrate(coord *new_p, coord *new v, coord *p, coord *v, int n, float dt)
{
int index = blockIdx.x * blockDim.x + threadIdx.x;
if (index >= n)
return;

p[index];
v[index];

coord body pos
coord body vel
coord f;
f.x = 0;
f.y = 0;
f.z = 0

o

J

__shared __ coord sp[block size];

// Assert: n % block_size ==

for (int ind = @; ind < n; ind += block_size) {
sp[threadIdx.x] = p[ind + threadIdx.x];

__syncthreads();



3apaya N-ten (NBody): float4 + shared memory

for (int i

=0; 1<

block size; i++) {

// Vector from p[i] to body

coonrd
Pr.X =

r.y =
r.z =

float
float

}

rs

sp[i].x
sp[i].y
sp[i].z

invDist =

__syncthreads();

¥

// Correct velocity

body vel.x +=
body pos.x += body vel.x * dt;

new_p[index] = body_pos;

f.x * dt;

body pos.Xx;
body pos.y;
body pos.z;

1.0 / sgrtf(r.x * r.x + r.y * r.y + r.z * r.z + eps * eps);
s = invDist * invDist * invDist;
// Add force of body i

f.x += r.x * s;
f.y += r.y * s;
f.z +=r.z * s;

body vel.y += f.y * dt;

new_v[index] = body_ vel;

GPU version (sec.): 2.055868
Memory ops. (sec.): 0.249816
Total time (sec.): 2.305684

body vel.z += f.z * dt;

body pos.y += body vel.y * dt; body pos.z += body vel.z * dt;



