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[66 Nvidia GPU (CUDA) + 29 Intel Xeon Phi (MIC) + 4 Nvidia & Xeon Phi + 3 ATl Radeon + 2
PEZY-SC(1024 cores) ]
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Tianhe-2 &4 16000 ¥ %, 4% % 2 Ivy Bridge chips and 3 Xeon Phi chips.
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i+ H 547 % 3 (CUDA #41)

C Program
Sequential
Execution

Serial code ot

parallel kernel Device
Kernel0<<<>> () Grid 0

Block (0,0)  Block (1,0) Block (2,0)

Block (0,1)  Block (1,1)  Block (2, 1)

Serial code Host g
Device

Parallel kernel

Kernell<<<>>>() e
M%&(‘) Block (1, 0)
Block (0, 1) Block (1, 1)
Block (0, 2) Block (1, 2)

F#it 5 MIC. CUDA %iF4& )8 i A~ FeH oAt

FMt g ERF R [7/63]



T HATIRAR

BF FAM I 69 e ik TS PAT RS AW AL, de CUDA #7509 34T iR AR

CUDA MIC

Main
Memory |§ 1) GPU

Copy processing data)
Instruct the processing

- Copy the result o
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MIC & 4
Mang Intergrated Core, #$%: &RAXH#.
BATEZAET AR
+ 2013 4 %4 Knights Corner (KNC)
« 2016 %4 Knight Landing (KNL)

Intel® MIC Architecture Programming
Single Source

E\’ o s t Common with Intel® Xeon®
— " Xeon"  Intel*MIC

3 « Languages
SSor architecture s
co-processor « C, C++, Fortran compilers

. T8 £ <

Intef" Xeon" >< \/(
processor \<\/
family

R S

N

« Intel developer tools
and libraries

« Coding and
optimization techniques

* Ecosystem support

Eliminates Need for Dual Programming Architecture
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#—H MIC: KNC

AP o BA 4 A KNC mmigF, 2tk CPU #5474 :

FH#it 5 MIC. CUDA % i34& 8 & A~

# 1. CPURIMICHHE TN [

Intel Xeon CPU MIC
EIVES Xeon E5-2650v2 | Xeon Plu 7110P
HLEE 8 61
HFEHE 16 244
B 2.6GHz 1.238GHz
L1%{{# cache 8*32KB 61*32KB
L1454 cache 8*32KB 61%32KB
L2 cache 8*256KB 61*512KB
LLC Cache 20MB
N 4E DDR3 8GB GDDR5
Wit AT 95W 300W

Intel #4% (MIC)




MIC % =4X: KNL

A — R KNC & &8 46 CPU Zaxdnik, % =4 KNL 7T 2A4E A 3k 5 49
CPU 424,

Knights Landing Overview

2x16 X4
vl ameaml|  1x3
‘ ‘ Chip: 36 Tiles interconnected by 2D Mesh

Tile: 2 Cores + 2 VPU/core + 1 MB L2

|| N

Gen3

Memeory: MCDRAM: 16 GB on-package; High BW
DDR4: 6 channels @ 2400 up to 384GB

10: 36 lanes PCle Gen3. 4 lanes of DMI for chipset

Node: 1-Socket only

Fabric: Omni-Path on-package (not shown)

Tile
36 Tiles
connected by
2D Mesh
Interconnect

wrmzzrIn 2300 W
wrmzzr»In 2300 W

Vector Peak Perf: 3+TF DP and 6+TF SP Flops
Scalar Perf: ~3x over Knights Corner
Streams Triad (GB/s): MCDRAM : 400+; DDR: 90+

G BT

L

‘Omni-path not shown
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KNC =47 7% X

native # X, J

%3 MIC 4, 2E#EL5 CPU A X%, & MIC & F CPU —#& T1FiE
17

[wszhang@node46 ~]$ssh micO

[wszhang@node46-micO ~]$cat /proc/cpuinfo | grep

processor| wc -1

244
e MIC #%F RieshiFE, %5 EEAE CPU BT, RERFTFm
-mmic £8P 7T

#icc —mmic —openmp —o pi—omp—native pi—omp.c

Z & %i1F OpenMP o % &4 MIC #49 libiomp5.s0
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offload # &, J

EM TR GPU 4E At Ak & 6942 7, Bp 2542 CPU 3% 8 3 JF 24T, ?J‘Eﬂz;
B FEhwig it L6935 N 24 5] MIC LiE4T, 74 RS FE® CPU «‘rﬁ’v %
ZHF MIC FETEA, A8 HIET % EM OpenMP, &in—i3g 2 MIC
AR A o i F 0935 &) dw

#pragma offload target(mic)
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LSF 4 ak 32 2

v

A K8 MIC ¥ 542 T ChinaGrid £% ¢ node45 5 node46, # X445
AR, #K “bsub —g mic” #RABIESFR L E mic RI T, o T:

bsub —q mic —o %J.log —e %J.err executable
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16 GB

2 L5 PCle
ST B | e
1x4

KNL

DDR Channels: 6
MCDRAM: up to 16 GB
Gen3 PCle (Root port): 36 lanes

OPF HFI
2x 100
Gb/s/dir

PCle
Root Port
x4

DDR4

KNL with Omni-Path

DDR Channels: 6

MCDRAM: up to 16 GB

Gen3 PCle (Root port): 4 lanes
00 Gb/s/dir

Omni-Path Fabric:

Self Boot Socket

Potentialfuture options subject to change withoutnotice. Godenames.

Al timefrarnes, features, progu

FHitHE 5 MIC, CUDA %458 A~

Intel #4% (MIC)

Card

16 GB

,E-%Cle

End
Point
(EP)

KNL Card
No DDR Channels
MCDRAM: up to 16 GB
Gen3 PCle (End point): 16 lanes
NTB Chip to create PCle EP
PCle Card
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GPU & A

GPU B AR iZ, Jed FAH, HNEME, FRNEFIF, EAREFERSOZTTEHR,
LIk 4 L H GPU mik, 4o 24469 Abinit, Quantum Espress, % VASP (Now 2.5 to 4X
Faster on Tesla K80).

Programming Languages
Java
© CH Fortran Python DirectCompute
Wrappers

Directives
(e.0.OpenAcc)

CUDA-Enabled NVIDIA GPUs

Kepler Architecture
(compute capabilities 3.

Fermi Arc
(compute capi

fofessional
_Graphics Computing
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GPU 4% &4 (Kepler GK110)

PCI Express 3.0 Host Interface
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GPU SMX 192 SP and 64 DP units, 32 special function and 32 load/store units

SMX

Instruction Cache

Warp Scheduler Warp Scheduler

Dispatch Dispatch Dispatch Dispatch
+ + + +

Coro.

Core.

Core.

Core.
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Warp Scheduler

Dispatch Dispatch
+ +

Register File (65,536 x 32-bit)

F I 2

. 3
o

core - Lot
o

oo

Core - Lot
core - Lot
core - Lot
core - Losr
core - Lot
Core - Lot
Core -
Core -
1
core - Losr
core - Lot

+

+

+ 3 +

SFU Core Core Core - Core

SFU

SFU

Core

Core

Core

Core

Gore

Core

Core

Py
Core - Core
Core - Core
Core - Core
Core - Core
con [ o
coro [ core
Core - Core
coro RO core
o R o
o R o
Core - Core

Core Core - Core

Core Core - core

Interconnect Network
64 KB Shared Memory / L1 Cache

48 KB Read-Only Data Cache
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Warp Scheduler

Dispatch
+
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+
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CUDA Z x4

* HAREA root AR
* HINTLZRE gcC HIFS
* Hikaitt X4 CUDA: https://developer.nvidia.com/cuda-gpus

CUDA-Enabled Tesla Products

CUDA-Enabled Quadro Products

. CUDA-Enabled NVS Products
]

CUDA-Enabled GeForce Products

E’é CUDA-Enabled TEGRA /Jetson Products
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https://developer.nvidia.com/cuda-gpus

CUDA %3 £

&

° #ik 7% % # CUDA: https://developer.nvidia.com/cuda-toolkit-archive, ##F4 %

2% %) CUDA m

FHitHE 5 MIC, CUDA %458 A~

A, TERATRGT LR, HE THEMG.run BRGKMNE,
CUDA 7.0 Downloads

Please Note: There is a recommended patch for CUDA 7.0 which resolves an issue in the cuFFT
s less than or equal ta 1920 in any

library that can Lead to incorrect results for certain inputs
dimension when cufftSetStreaml) is passed a non-blocking stream [c.q., one created using the
cudaStreamNonBlocking flag of the CUDA Runtime AP or the CU_STREAM_NON_BLOCKING flag of
the CUDA Driver API)

Windows | Linuxx86 | Linux POWERE  Mac 0SX
Documentation

Network Local Package Runfile Re

Version Installer Installer Installer .

Fedora 21 RPM (3KB]  RPM [1GB] RU S
(1.168) S

OpenSUSE 13.2 RPM (3KB) RPM [1GBI RU C
(1.168)

OpenSUSE 13.1 RPM (3KB) RPM  [1GBI RU
(1.168)

RHEL 7 RPM (10KB] RPM [1GB] RU

Cent0S7 (1.168)

RHEL & RPM (18KB) RPM [1GBI RU

Cent0S & (1.168)

T Rou aWRI EDM (1AM =

CUDA it} 542 5 4 1% 547 CUDA %3 3455
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https://developer.nvidia.com/cuda-toolkit-archive

CUDA %

4
P

O 2AAYILFRE
* # service lightdm stop
* #init3
@ BITRERF
® # sh cuda_7.0.28_linux.run
© TR EAs, FRERERSE
* T4 yes, HFKiAE

F#it 5 MIC. CUDA %iF4& )8 i A~ CUDA it} 542 5 4 1% 547
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i

CUDA ;i3 X =

Q Bt & PATH
* # export PATH=$PATH:/path-to-cuda/bin

@ 7f % LD_LIBRARY_PATH

* # export LD_LIBRARY_PATH=$LD_LIBRARY_PATH:/path-to-cuda/lib64
* # export LD_| LIBRARY PATH=$LD_| LIBRARY PATH:/path-to-cuda/lib64/stubs (&-Icuda %)

F#it 5 MIC. CUDA %iF4& )8 i A~ CUDA it} 542 5 4 1% 547 CUDA %% 35353 [24 / 63]



CUDA 214

o RBFRABAM G, FPAT

./Jcuda_7.0.28_linux.run -extract=~/Path

TAE AT £ ZA CUDA L5484
* REIRF)
NVIDIA-Linux-x86_64-346.46.run

* CUDA Toolkit #2454 &
cuda-linux64-rel-7.0.28-19326674.run

c BAETAFHE
cuda-samples-linux-7.0.28-19326674.run

F#it 5 MIC. CUDA %iF4& )8 i A~ CUDA it} 542 5 4 1% 547
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CUDA Toolkit 84+

* Devlopment Tools
* NVCC, PTXAS, cuobjdump, Nsight Eclipse

* Libraries
* CUBLAS, cuFFT, cuRAND, cuSPARES, NPP %

* Tools
 CUDA-GDB, CUDA-MEMCHECK, Visual Profiler, NVIDIA-SMI, NVML

F#it 5 MIC. CUDA %iF4& )8 i A~ CUDA it} 542 5 4 1% 547 CUDA % %35 ¥5353% [26/ 63]



nvidia-smi

1A 4T A E K/ B F IR 5B KA, #4540 nvidia-smi -a
[wszhang@node48 ~]$ nvidia-smi

Driver Version: 352.39

Persistence-M| Bus-Id Disp.A | Volatile Uncerr. ECC
Temp Perf Pwr:Usage/Cap| Memory-Usage | GPU-Util Compute M.

Tesla K40c Off | 0000:06:00.0 off (i}
63W [/ 235W | 22MiB / 11519MiB Default

Tesla K46c | 00O6:81:00.0
65W [ 235W | 22MiB / 11519MiB

Processes: GPU Memory
GPU PID Type Process name

No running processes found

[wszhang@noded8 ~]1% I

F#it 5 MIC. CUDA %iF4& )8 i A~ CUDA 3} 542



Occupancy Calculator

CUDA & A &3+ H & T bt S £ %4~ CUDA AAL T GPU F S 4 &

#5 GPU 3#1% Warp & A4k,

Just follow steps 1, 2 snd % below! for click here for hel Your chosen resource usage s indicated by the red triangle on the graphs. The
other data points represent the range of possible bloek sizes, register counts,

1) Seleet Computs Capability (elisk):

1b) Select Shared Memory Size Config (bytes)
1.5} Select Global Load Caching Hode

2) Enter your resource usage:
Thrests P Block

Registers Per Theead

‘Shares Wemory Fer Bock (bytes)

(Don't edit anything below this line)

Data is isplayed here and in the

Active Threads per Huliprocessor
Aetive Warps per Multiprosessor
read Blocks per Multiprosessor

.

and shared memory allocation

8 &R 2p &) Warp

Impact of Varying Block Size

Impact of Varying Shared Memory Usage Per Block

Parps)

Mutiprocessor Warp Occupancy

|
= |
|

Physical Linits for GPU
Thveads per Warp

125 162 256 320 304 445 512 670 6
Threads Per Block

Buag

g
Ey

4 of Varying Register Count Per Thread

RITTLEE

Allosated Resour

Waps........ (Toreede PeL Bogk [TREBe PRV T B o B8] ] N

= Aocatable

Per Biock Uit Per S Elocks Fer SH [

Registea. " (Warp i e S1 608 19 per-4arp 28 5908

S e Gyios)

E 2| 4
£ “isice] i

‘CUDA Gosipaney Cadior
Vemon

FH#it 5 MIC. CUDA % i34& 8 & A~
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IDE : nsight

E R

v G v

B Project Explorer % = B || & matrixMulCUBLAS.nwp [@ matrixMulCUBLAS.cpp | & *matrixMulCUBLAS X = O || = Properties % o Y =0
BES 7 Hmqy Q& EE
> & Helloworld Select or highlight a single interval to see
P s 15 2s 3s properties
> S matrixMulCUBLAS i . . -
Process "matrixMulCUBLAS" (17274)
= Thread 2700855168
- Runtime AP L cudorree ]
* Driver API |
e 0100 O O O 0 n
= [0] GeForce GT 740M
= Context 1 (CUDA)
¥ MemCpy (HtoD)
- MemCoy (DtoH) |
=l Compute 1
7 100.0% sgemm_sm35_ld... []
[=I Streams.
- Default < D
| |
i Analysis 52 . [ Details & Console =a
e BTG ¢ Results
L & Low Memcpy/Compute Overlap [0ns/ 1.641ms =0%
1. CUDA Application Analysis @ py/Comp! P [0ns/ 1
The percentage of time when memcpy is being performed in parallel with computeiis low.
2. Check Overall GPU Usage
& Low Kernel Concurrency [ 0ns / 59.984 ms = 0% ]
The analysis results on the right indicate potential problems in how your N i N N
application is taking advantage of the GPU's available compute and data The percentage of time when two kernels are being executed in parallelis low-
movement capabilities. You should examine the information provided with each ~ b Low Memcpy Throughput [ 1.622 GB/s avg, For memcpys accounting For 100% of all memcpy time | .

result to determine if you can make changes ko your application to increase.

e

FH#it H 5 MIC. CUDA % i%4: 3 i 4~ CUDA it} 542 5 4 1% 547 CUDA %% ¥5353% [29/ 63]



CUDA % & nvcc i A\ -

Input File Prefix

Description

.cu

CUDA source file, containing host code and device functions

.C

C source file

.CC, .CXX, .CPP

C++ source file

GPU intermediate file

.gpu
.ptx PTX intermediate assembly file
.0, .obj Object file
.a, .lib Library file
.S0 Shared object file

FH#it 5 MIC. CUDA % i34& 8 & A~

CUDA #H 545 %
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CUDA %57

’ Phase ‘ short nvcc Option Default Output File Name
CUDA compilation to C/C++ source file -cuda .cpp.ii appended to source file name, as in x.cu.cpp.ii.
C/C++ preprocessing -E <result on standard output>
C/C++ compilation to object file -C suffix replaced by o on Linux/Mac, obj on Win
Cubin from CUDA source files -cubin Source file name with suffix replaced by cubin
Cubin from .gpu intermediate files -cubin Source file name with suffix replaced by cubin
Cubin from PTX intermediate files. -cubin Source file name with suffix replaced by cubin
PTX from CUDA source files -ptx Source file name with suffix replaced by ptx
PTX from .gpu intermediate files -ptx Source file name with suffix replaced by ptx
Fatbinary from source, PTX or cubin files -fatbin Source file name with suffix replaced by fatbin
GPU C code from CUDA source files -gpu Source file name with suffix replaced by gpu
Linking relocatable device code. -dlink a_dlink.obj on Win or a_dlink.o on other platforms
Cubin from linked relocatable device code. -dlink-cubin a_dlink.cubin
Fatbinary from linked relocatable device code -dlink-fatbin a_dlink.fatbin
Linking an executable <no phase option>
Constructing an object file archive, or library -lib a.lib on Windows or a.a on other platforms
make dependency generation -M <result on standard output>
Running an executable -run
F#it 5 MIC. CUDA %iF4& )8 i A~ CUDA #H 545 % CUDA # 5 #4i% [31/63]




CUDA & ¥ 4%

HTALA RS, CUDA %ifiikit A MY, e mAURAN T %if A LML HRADE PTX + 1
S, TIGA P RGBT XA, PTX W 1844 T B AT 1 50 & 09 7 4 39 3847,

x NVCC
o x.cu (device code)
3
3
©
©
2 Stage 1
él (PTX Generation)
=]
o
]
£
s X.ptx

real sm architecture

FH#it H 5 MIC. CUDA % i%4: 3 i 4~ CUDA it} 542 5 4 1% 547 CUDA #5 #4i% [32/63]



CUDA F Ja] & #1224

’ ‘ Architecture Feature
sm_20 Basic features + Fermi support
f’—j\—’;’f{*ﬁ sm_30 and sm_32 + Kepler support + Unified memory programming
sm_35 + Dynamic parallelism support
sm_50, sm_52, and sm_53 + Maxwell support
compute_20 Basic features + Fermi support
P compute_30 and compute_32 + Kepler support + Unified memory programming
compute_35 + Dynamic parallelism support
compute_50, compute_52, and compute_53 + Maxwell support

® -gpu-architecture (7T i 5 % -arch) arch

* Specify the name of the class of NVIDIA virtual GPU architecture for which the CUDA
input files must be compiled.

® -gpu-code (T 5% -code) code
* Specify the name of the NVIDIA GPU to assemble and optimize PTX for.

F#it 5 MIC. CUDA %iF4& )8 i A~ CUDA it} 542 5 4 1% 547 CUDA #5#41% [33/63]



CUDA C/C++ T XA 3| 1k 1 2535

X.cuU y.cu z.cpp

o Gomp”er

X.0/ x.obj y.o/ y.cbj z.0/z.0bj

a_dlink.o / a_dlink.obj

executable / library

F#it 5 MIC. CUDA %iF4& )8 i A~ CUDA it} 542 5 4 1% 547 CUDA #5#4i% [34 ]/ 63]



CUDA 7 A %miF7 ik

—#& cuda 5 HF, EMRMBATENTFTAERHKRAS
nvcce X.cu -gpu-architecture=compute_20 -gpu-code=sm_20

%A R %
nvce X.cu -gpu-architecture=compute_30 -gpu-code=compute_30,sm_30,sm_35

nvce X.cu -gpu-architecture=sm_35

nvce X.cu -gpu-architecture=compute_30

2 HEFNT

nvce X.cu -gpu-architecture=compute_35 -gpu-code=sm_35,compute_35
nvce X.cu -gpu-architecture=compute 30 -gpu-code=compute 30

CUDA, C/CH++ 4 » %hiF/a skt

nvcc -gpu-architecture=sm_20 -device-c a.cu b.cu
nvcc -gpu-architecture=sm_20 -device-link a.o b.o -output-file link.o
g++ a.o b.o link.o -library-path=<path> -library=cudart

F#it 5 MIC. CUDA %iF4& )8 i A~ CUDA it} 542 5 4 1% 547 CUDA #/5 #41% [35/63]



CUDA A2 5 4 #1847

(ThreadBlock.cu) |

nvcc -gencode=arch=compute _30,code=sm_30 ThreadBlock.cu -02 -o ThreadBIock.OJ

#include <stdio.h>

cliil=aliil + b[ii] ;
}

int main(void) {

int nn =6 ;

float *h_a
float *h_c

for (int i=0; i< nn; ++i

FH#it 5 MIC. CUDA % i34& 8 & A~

//#include <cuda_runtime.h>

__global__ void vadd ( float *a, float *b, float *c ,int nn ) {
int ii =3 * blockldx.x + threadldx.x;
//int ii = blockDim.x * blockldx.x + threadldx.x;
//int ii = threadldx.x ;

cudaError_t err = cudaSuccess;

size_t size = nn*sizeof(float);
= (float *)malloc(size);
float *h_b = (float *)malloc(size);
= (float *)malloc(size);

h_ali]l = rand() /(float)RAND_MAX;

CUDA i+ 542 5 451547

CUDA #5 #41% [36 /63]



CUDA #2 5 % %i247 (ThreadBlock.cu) Il
h_b[i] = rand() /(float)RAND_MAX;

float *d_a = NULL;
err = cudaMalloc( (void **)&d_a, size );
float *d_b = NULL;
err = cudaMalloc( (void **)&d_b, size );
float *d_c = NULL;
err = cudaMalloc( (void **)&d_c, size );

err = cudaMemcpy( d_a, h_a, size, cudaMemcpyHostToDevice );
if ( err != cudaSuccess )

fprintf(stderr, "no. 1122311 \n")
err = cudaMemcpy( d_b, h_b, size, cudaMemcpyHostToDevice );
if ( err != cudaSuccess )

fprintf(stderr, "no. 1122344 \n") ;

vadd<<<2,3>>>(d_a,d_b,d_c, nn);
err = cudaMemcpy(h_c,d_c, size ,cudaMemcpyDeviceToHost) ;

for ( int i =0; i <nn; ++i )

{
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if ( fabs(h_ali]l + hb[i] — hc[i]l) >1led )

{
fprintf( stderr, ” failed at element %d! \n”, i );
} else

fprintf( stderr, " succeed at element %d! \n", i );

= cudaFree(d_a);
= cudaFree(d_b);
= cudaFree(d_c);
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R A

fortran.c #This file contains example Fortran bindings for the CUBLAS library
sgemm_speed.f90

gcc -O3 -DCUBLAS_USE_THUNKING -l/opt/cuda-7.5/include -c fortran.c

ifort -o sgemm_speed _cublas -O3 -fpp -DCUBLAS sgemm_speed.f90 fortran.o
-L/opt/cuda-7.5/lib64 -lcublas

sgemm_speed.f90

]

! Simple Fortan90 program that multiplies 2 square matrices calling Sgemm
! C = alpha A*B + beta C
1

program matrix_multiply
implicit none

! Define the floating point kind to be single_precision
integer, parameter :: fp_kind = kind(0.0)

! Define
real (fp_kind), dimension(:,:), allocatable :: A, B, C
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real :: time_start,time_end
real (fp_kind):: alpha=1._fp_kind, beta=1._fp_kind, c_right
integer:: i,j,ml,m2

do m1=512,10240,512

allocate (A(m1,ml))
allocate (B(ml,ml))
allocate (C(ml,ml))

! Initialize the matrices A,B and C
A=1._fp_kind
B=2._fp_kind
C=3._fp_kind

! With the prescribed inputs, each element of the C matrix should be equal to
c_right
c_right= 2._fp_kind*ml+3._fp_kind

! Compute the matrix product computation
call cpu_time(time_start)

#ifdef CUBLAS

call cublas SGEMM ('n’,’'n’,ml,ml,ml,alpha,A,ml,B,ml, beta,C,ml)
#else

call SGEMM ('n’,’n’,ml,ml,ml, alpha,A,ml,B,ml, beta,C,ml)
#endif
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call cpu_time(time_end)

I Print timing information
print "(i5,1x,a,1x,f8.4,2x,a,f12.4)”, ml, " time =",time_end—time_start,
MFLOPS=",1.e—6*2._fp_kind*mI*ml*ml/(time_end—time_start)

”

! check the result

do j=1ml
do i=1ml

if ( abs(c(i,j)— c_right ) .gt. 1.d-8 ) then

print *, "sgemm failed”, i,j, abs(c(i,j)— c_right )
exit

end if
end do
end do

deallocate(A,B,C)
end do

end program matrix_multiply
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cublas.h

CUDA v

T
#ifdef _CUDA

/* Includes, cuda */

#include <cuda_runtime.h>

#include <cublas_v2.h>

#include <host_defines.h>

#include "cuda.h” // not necessary when compiling with nvcc
#include "cuComplex.h”

#ifdef __single

typedef cuComplex cucomplex;

#define makecucomplex make_cuComplex;
#else

typedef cuDoubleComplex cucomplex;

#define makecucomplex make_cuDoubleComplex;
#endif

// Error handling macro
#define CUDA CHECK(call) \
if ((call) !'= cudaSuccess) { \
cudaError_t err = cudaGetLastError(); \
cerr << "CUDA error calling \""#call”\", code is " << err << endl; \
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my_abort(err); }

#define cuCHECK(call) \
if ((call) !'= cudaSuccess) { \
cudaError_t err = cudaGetLastError(); \
cerr << "CUDA error calling \""#call”\"”, code is
my_abort(err); }

”

#define cublacsCHECK(call) \
if ((call) != CUBLAS_STATUS SUCCESS) { \
cerr << "CUDA error calling \""#call"\"”

”

<< endl;
#endif

<< err << endl; \

}
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cublas.cpp J

#ifdef _CUDA

void cuPAexpm( usrcomplex * h_expMp, usrcomplex * h_Mp, cucomplex * d_expMp,
cucomplex * d_Mp, cucomplex * d_carray,
cucomplex * d_czero, cucomplex * d_cone, cucomplex * d_cngone, const int
& mval)

const cuDoubleComplex ddone

make_cuDoubleComplex(1.0,0.0);
const cuDoubleComplex ddzero 0,0.0);

make_cuDoubleComplex (0.

cublasHandle_t handlel;
cublasStatus_t status;
cublacsCHECK(cublasCreate_v2(&handlel) );

#ifndef _ CUDA_NORM1
cudaMemcpy(d_Mp , h_Mp , MMsize, cudaMemcpyHostToDevice) ;

#endif

cucomplex * M2p;
cucomplex * Mdp;
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cucomplex * M6p;
cucomplex * uM;
cucomplex * vM;

cudaMalloc( (void **)&M2p, MMsize);
cudaMalloc( (void **)&M4dp, MMsize);
cudaMalloc( (void **)&M6p, MMsize);
cudaMalloc( (void **)&M, MMsize);
cudaMalloc( (void **)&M, MMsize);

cublacsCHECK (cublaszgemm (handlel, CUBLAS OP_N, CUBLAS OP_N, MMdim,

MMdim, MMdim,
d_cone, d_Mp, MMdim, d Mp, MMdim, d_czero, M2p, MMdim) );
cublacsCHECK (cublasZzgemm(handlel,CUBLAS OP_N, CUBLAS_OP_N, MMdim,

MMdim, MMdim,
d_cone, M2p, MMdim, M2p, MMdm, d_czero, M4p, MMdim) );
cublacsCHECK (cublasZzgemm(handlel,CUBLAS OP_N, CUBLAS_OP_N, MMdim,

MMdim, MMdim,
d_cone, M4p, MMdim, M2p, MMdm, d_czero, Mép, MMdm) );

cucomplex * VmUM;

cucomplex * inWWmUM ;

cucomplex * VpUM ;

for (int i=0; i<l; i++ )

{
cudaMalloc( (void **)&MmUM) , MMsize );
cudaMalloc( (void **)&(inwWmUM) , MMsize );
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cudaMalloc( (void **)&(VpUM) , MMsize );
}
#ifdef __single
#else
cublacsCHECK(cublasZaxpy (handlel, MMdim2, d_carray+12, Mép, 1, VmuM,
1) );
cublacsCHECK(cublasZaxpy (handlel, MMdim2, d_carray+10, Mdp, 1, VmuUM,
1) );
cublacsCHECK(cublasZaxpy (handlel, MMdim2, d_carray+8, M2p, 1, VmuM,
1) );
cublacsCHECK (cublasZzgemm(handlel,CUBLAS OP_N, CUBLAS_OP_N, MMdim,
MMdim, MMdim,
d_cone, M6p, MMdm, VmUM, MMdim, d_czero, vM, MMdm) );
cublacsCHECK(cublasZaxpy (handlel, MMdim2, d_carray+6, Mép, 1, vM,
1) );
cublacsCHECK(cublasZaxpy (handlel, MMdim2, d_carray+4, Mdp, 1, vM,
1) ),
cublacsCHECK(cublasZaxpy (handlel, MMdim2, d_carray+2, M2p, 1, vM,
1) );
cublacsCHECK(cublasZaxpy (handlel, MMdim , d_carray+0, d_IMp, MMdim
+1, vM, MMdim+1) ):
cublacsCHECK(cublasZcopy (handlel, MMdim2, vM, 1, VmuM, 1) );
#endif
#ifdef __single
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#else

cublacsCHECK(cublasZaxpy (handlel, MMdim2, d_carray+13, Mép, 1, uM, 1)
E;

cublacsCHECK(cublasZaxpy(handlel, MMdim2, d_carray+11, Mdp, 1, uM, 1)

cublacsC'HECK(cublasZaxpy(handlel, MMdim2, d_carray+9, M2p, 1, uM, 1)

cublacséHECK(cublasdemm(handlel,CUBLAS_OP_N, CUBLAS_OP_N, MMdim,
MMdim, MMdim,

d_cone, Mép, MMdim, uM, MMdim, d_czero, VpUM, MMdm) );

cublacsCHECK(cublasZaxpy (handlel, MMdim2, d_carray+7, Mép, 1, VpUM
o a) D8

cublacsCHECK(cublasZaxpy (handlel, MMdim2, d_carray+5, Mdp, 1, VpUM
, 1)),

cublacsCHECK(cublasZaxpy (handlel, MMdim2, d_carray+3, M2p, 1, VpUM
, 1)),

cublacsCHECK(cublasZaxpy (handlel, MMdim , d_carray+1, d_IMp, MMdim
+1, VpUM, MMdm+1) );

cublacsCHECK(cublasZcopy (handlel, MMdim2, vM, 1, VmuM, 1) );

cublacsCHECK (cublasZzgemm(handlel,CUBLAS OP_N, CUBLAS_OP_N, MMdim,
MMdim, MMdim,

d_cone, d_Mp, MMdim, VpUM, MMdim, d_czero, uM,
MMdim) ) ;
cublacsCHECK(cublasZcopy (handlel, MMdim2, uM, 1, VpuM, 1) );
#endif
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cublacsCHECK(cublasZaxpy (handlel, MMdim2, d_cngone, uM, 1, VmuM, 1)
) g
cublacsCHECK(cublasZaxpy (handlel, MMdim2, d_cone, vM, 1, VpuM, 1)
cublacsCHECK( cublasGetVector(MMdim2, sizeof(cucomplex) , VmuUM, 1,
h_expMp, 1) );
#ifdef __single
#else

const int batchsize = 1;
const int NNdim=MMdim;
int *PArray, *InfoArray;
cudacall(cudaMalloc(&PArray, sizeof(int) * batchsize * NNdim ));
cudacall(cudaMalloc(&InfoArray, sizeof(int) * batchsize ));
int h_InfoArray[batchsize];
//Random matrix with full pivots
cucomplex full_pivot[4*4] = { 0.5, 3, 4, 4,

1, 3, 10, 4,

4 , 9, 16, 4,

4, 4, 4, 4};
//Almost same as above matrix with first pivot zero
cucomplex zero_pivot[3*3] = { 0, 3, 4,

1, 3, 10,
4,9, 16 };
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cucomplex ** AA _hh
batchsize );
cucomplex ** AA hd
batchsize );
cucomplex * AAd ;
cucomplex ** AA dd;

(cucomplex **)malloc( sizeof(cucomplex *) *

(cucomplex **)malloc( sizeof(cucomplex *) *

AA d = VmUM;

cudaMalloc( &AA _dd, sizeof(cucomplex*) * batchsize )
AA hd[0] = AA d;

for (int i

i = 1; i < batchsize; i++)

AA_hd[i] = AA_hd[i—1] + NNdim*NNdim;

cudaMemcpy (AA dd, AA_hd, sizeof(cucomplex *) * batchsize,
cudaMemcpyHostToDevice ) ;

cucomplex ** CC_hh = (cucomplex **)malloc(sizeof(cucomplex *) *
batchsize );

cucomplex ** CC_hd = (cucomplex **)malloc(sizeof(cucomplex *) *
batchsize );

cucomplex * CC_h = (cucomplex * )malloc(sizeof(cucomplex ) * NNdim
*NNdim * batchsize);

cucomplex * CCd ;

cucomplex ** CC_dd;

cudaMalloc( &C_d, sizeof(cucomplex ) * batchsize *NNdim*NNdim );

cudaMalloc( &CC_dd, sizeof(cucomplex*) * batchsize );

for (int i = 0; i < batchsize; i++)
CC hh[i] = CC_h + (i*NNdim*NNdim);
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CC_hd[0] = CC d;
for (int i = 1; i < batchsize; i++)
CC hd[i] = CC_hd[i—1] + i*NNdim*NNdim;
cudaMemcpy(CC_dd, CC_hd, sizeof(cucomplex *) * batchsize,
cudaMemcpyHostToDevice ) ;

cublasZgetrfBatched (handlel,NNdim,AA _dd,NNdim, PArray, InfoArray ,
batchsize);

cudaMemcpy(h_InfoArray , InfoArray , batchsize*sizeof(int),
cudaMemcpyDeviceToHost) ;

for (int i=0; i<batchsize; i++)

if (h_InfoArray[i] '= 0 )
{

cout << "cublas*getrfBatched is failed! i =" <<
i << endl;
cudaDeviceReset() ;

}

cublasZgetriBatched (handlel,NNdim, (const cucomplex **)AA_dd,NNdim,
PArray,CC_dd,NNdim, InfoArray , batchsize);

cudaMemcpy(h_InfoArray , InfoArray , batchsize*sizeof(int),
cudaMemcpyDeviceToHost) ;

for (int i=0; i<batchsize; i++)

if (h_InfoArray[i] '= 0 )
{
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cout << "cublas*getriBatched is failed! i =" <<
i << endl;
cudaDeviceReset() ;

}

cublasZgemm (handlel,CUBLAS OP_N, CUBLAS OP_N, MMdm, MMdim, MMdim,
d_cone, CC_d, MMdim, VpUM, MMdim, d_czero,
d_expMp, MMdim) ;

#endif

cudaMemcpy( h_expMp, d_expMp, batchsize*MMsize,
cudaMemcpyDeviceToHost) ;

cudaFree(PArray); cudaFree(InfoArray);
cudaFree(AA d); cudaFree(AA dd); free(AA hd);
cudaFree(CC_d); cudaFree(CC_dd); free(CC_hd); free(CC_hh);

cudaFree(M2p); cudaFree(Mdp); cudaFree(Mép); cudaFree(vM); cudaFree(
um) ;

cudaFree (VmUM) ; cudaFree (inWWmUM) ; cudaFree(VpUM) ;

cublasDestroy_v2(handlel);

cudaDeviceReset() ;

}
#endif
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bsub -m nodename -q k40 -e %).err -0 %).log ./simpleMultiGPU )

~
*

Copyright 1993-2015 NVIDIA Corporation. All rights reserved.

Please refer to the NVIDIA end user license agreement (EULA) associated
with this source code for terms and conditions that govern your use of
this software. Any use, reproduction, disclosure, or distribution of
this software and related documentation outside the terms of the EULA
is strictly prohibited.

* K X X X X X *

\
* *
<

*

This application demonstrates how to use the CUDA APl to use multiple GPUs,
with an emphasis on simple illustration of the techniques (not on performance)

*

Note that in order to detect multiple GPUs in your system you have to disable
SLI in the nvidia control panel. Otherwise only one GPU is visible to the
application. On the other side, you can still extend your desktop to screens
attached to both GPUs.

* X X X x

*/

// System includes
#include <stdio.h>
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#include <assert.h>

// CUDA runtime
#include <cuda_runtime.h>

// helper functions and utilities to work with CUDA
#include <helper_functions.h>

#include <helper_cuda.h>

#include <timer.h>

#ifndef MAX
#define MAX(a,b) (a>b ? a : b)
#endif

#include "simpleMultiGPU.h"

LHELTTIEIEL LT L irri g
// Data configuration

////////////////////////////////////////////////////////////////////////////////
const int MAX GPU COUNT = 32
const int DATA N = 1048576 * 32;

NNy,
// Simple reduction kernel.

// Refer to the ’'reduction’ CUDA Sample describing

// reduction optimization strategies

THETTETTET I L L i rn i n i n i n i n i r i r i rre
__global__ static void reduceKernel(float *d_Result, float *d_Input, int N)
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{
const int tid = blockldx.x * blockDim.x + threadldx.x;
const int threadN = gridDim.x * blockDim.x;
float sum = 0;
for (int pos = tid; pos < N; pos += threadN)
sum += d_Input[pos];
d_Result[tid] = sum;
}

JHETELEELEELEE i r i ri it i i i i i it rrg
// Program main

TIITLELEETTILE i i rirrrrririrlngi
int main(int argc, char **argv)

//Solver config
TGPUplan plan[MAX_GPU COUNT];

//GPU reduction results
float h_SumGPU[MAX_GPU_COUNT];

float sumGPU;
double sumCPU, diff;

int i, j, gpuBase, GPUN;

const int BLOCK N = 32;
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const int THREAD N = 256;
const int ACCUMN = BLOCK N * THREAD N;

printf(”Starting simpleMultiGPU\n");
checkCudaErrors (cudaGetDeviceCount(&GPU_N) ) ;

if (GPUN > MAX_GPU COUNT)

GPU N = MAX_GPU COUNT;
}

printf(”"CUDA-capable device count: %i\n”, GPUN);
printf(”Generating input data...\n\n");
//Subdividing input data across GPUs

//Get data sizes for each GPU

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

{
plan[i].dataN = DATAN / GPUN;

//Take into account "odd” data sizes
for (i = 0; i < DATAN % GPU N; i++)
{

plan[i].dataN++;
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//Assign data ranges to GPUs
gpuBase = 0;

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

plan[i].h_Sum = h_SumGPU + i;
gpuBase += plan[i].dataN;

//Create streams for issuing GPU command asynchronously and allocate memory (
GPU and System page—locked)
for (i = 0; i < GPUN; i++)
{
checkCudaErrors(cudaSetDevice(i));
checkCudaErrors (cudaStreamCreate(&plan[i ].stream));
// Allocate memory
checkCudaErrors(cudaMalloc ((void **)&plan[i].d _Data, plan[i].dataN *
sizeof(float)));
checkCudaErrors(cudaMalloc ((void **)&plan[i].d_Sum, ACCUM N * sizeof(
float)));
checkCudaErrors(cudaMallocHost ((void **)&plan[i].h_Sum_from_device,
ACCUMN * sizeof(float)));
checkCudaErrors(cudaMallocHost ((void **)&plan[i].h_Data, plan[i].dataN *
sizeof(float)));

for (j = 0; j < plan[i].dataN; j++)

plan[i].h_Data[j] = (float)rand() / (float)RAND MAX;
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}

//Start timing and compute on GPU(s)
printf(”Computing with %d GPUs...\n”, GPUN);
StartTimer();

//Copy data to GPU, launch the kernel and copy data back. All asynchronously
for (i = 0; i < GPUN; i++)

{
//Set device
checkCudaErrors(cudaSetDevice(i));
//Copy input data from CPU
checkCudaErrors (cudaMemcpyAsync(plan[i ].d_Data, plan[i].h_Data, plan[i].
dataN * sizeof(float), cudaMemcpyHostToDevice, plan[i].stream));
//Perform GPU computations
reduceKernel<<<BLOCK_N, THREAD_N, 0, plan[i].stream>>>(plan[i].d_Sum,
plan[i].d_Data, plan[i].dataN);
getLastCudaError(”reduceKernel() execution failed.\n");
//Read back GPU results
checkCudakErrors (cudaMemcpyAsync(plan[i ].h_Sum_from_device, plan[i].d Sum,
ACCUM N *sizeof(float), cudaMemcpyDeviceToHost, plan[i].stream));
}

//Process GPU results
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}

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

float sum;

//Set device
checkCudaErrors(cudaSetDevice(i));

//Wait for all operations to finish
cudaStreamSynchronize(plan[i].stream);

//Finalize GPU reduction for current subvector
sum = 0;

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

sum += plan[i].h_Sum_from_devicel[j I;

*(plan[i].h_.Sum) = (float)sum;

//Shut down this GPU
checkCudaErrors(cudaFreeHost(plan[i].h_Sum_from_device));
checkCudaErrors(cudaFree(plan[i]l.d_Sum));
checkCudaErrors(cudaFree(plan[i].d_Data));
checkCudaErrors (cudaStreamDestroy (plan[i].stream));

sumGPU = 0;
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for (i = 0; i < GPUN; i++)
{

sumGPU += h SumGPU[ i ];
}

printf(” GPU Processing time: %f (ms)\n\n”, GetTimer());

// Compute on Host CPU
printf(”Computing with Host CPU...\n\n");

sumCPU = O;
for (i = 0; i < GPUN; i++)
{

for (j = 0; j < plan[i].dataN; j++4)

{

sumCPU += plan[i].h_Datal[]j];

}
// Compare GPU and CPU results
printf(”Comparing GPU and Host CPU results...\n");
diff = fabs(sumCPU — sumGPU) / fabs(sumCPU);

printf(” GPU sum: %f\n CPU sum: %f\n”, sumGPU, sumCPU) ;
printf(” Relative difference: %E \n\n”, diff);

// Cleanup and shutdown

F#it 5 MIC. CUDA %iF4& )8 i A~ CUDA it} 542 5 4 1% 547 LR E [59/63]



#EAEL (2 GPU #257) IX

for (i = 0; i < GPUN; i++)
{

checkCudaErrors(cudaSetDevice(i));
checkCudaErrors(cudaFreeHost(plan[i].h_Data));

// cudaDeviceReset causes the driver to clean up all state. While

// not mandatory in normal operation, it is good practice. It is also
// needed to ensure correct operation when the application is being

/] profiled. Calling cudaDeviceReset causes all profile data to be

// flushed before the application exits

cudaDeviceReset() ;

}
exit((diff < le—5) ? EXIT_SUCCESS : EXIT_FAILURE);
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Sender: LSF System <Isfadmin@node48>
Subject: Job 27734: <./simpleMultiGPU> Done
cluster <chinagrid>.
cluster <chinagrid>.
working directory.
Started at Wed Nov 25 21:03:01 2015
Results reported at Wed Nov 25 21:03:15 2015

Your job looked like:

Job <./simpleMultiGPU> was submitted from host <node48> by user <wszhang> in
Job was executed on host(s) <node48>, in queue <k40>, as user <wszhang> in

</home/ nic/wszhang> was used as the home directory.
</home/ nic/wszhang/OPT/expm/cuda_samples/0_Simple/simpleMultiGPU> was used as the

# LSBATCH: User input
./ simpleMultiGPU

Successfully completed.

Resource usage summary:

CPU time : 4.56 sec.
Max Memory : 1 MB
Max Swap : 32 MB
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Max Processes
Max Threads

=

The output (if any) follows:

Starting simpleMultiGPU
CUDA-capable device count: 2
Generating input data...

Computing with 2 GPUs...
GPU Processing time: 10.902000 (ms)

Computing with Host CPU...

Comparing GPU and Host CPU results...
GPU sum: 16777280.000000
CPU sum: 16777294.395033
Relative difference: 8.580068E—07

PS:

Read file <27734.err> for stderr output of this job.
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