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Introduction
CuPy

- GPU Z{f> T NumPy B D&z iRt 255175 1)

import numpy as np import cupy as cp
X cpu = np.zeros((10,)) X gpu = cp.zeros((10,))
W cpu = np.zeros((10, 5)) W gpu = cp.zeros((10, 5))

y cpu = np.dot(x cpu, W cpu) y gpu = cp.dot(x gpu, W gpu)

|
<(//y_cpu = cp.asnumpy(y_gpu) y_gpu = cp.asarray(y_cpu)%\>
N e

“CuPy : NumPy BE#: GPU 51 7 5 JIC K D Python TOEZETE, BH, GTC Japan 2018” &K D 5| SAnvIDIA I




CuPy Architecture
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CuPy Fundamentals (0)

& D CuPy DEEEDF NS, 3 DDKEEICK > T. BEERBGEWVWEZEBIT
Variable or data initialization
Data transfer
Device selection
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CuPy Fundamentals (1)

CuPy ndarray (GPU LD XE)) ZHERT 3
CuPy ndarray iIcT7—3 214, [ BEZ 71 >9 3

import cupy as cp

X1 = cp.array([1,2,3,4,5,6,7,8,9,10], dtype=cp.int32) #array of 18 values
X2 = cp.arange(100, dtype=cp.float32) #generating array of 100 values
X3 = cp.empty((3,3), dtype=cp.float32) #initializing empty 2D array of 3X3 matrix

sizebin = 10000
X4 = cp.zeros(sizebin, dtype=cp.int64) #initializing array filled with 10,000 zeros

NVIDIA.



CuPy Fundamentals (2)

Host (NumPy) <-> Device (CuPy) ED 7 — X 12 &)
cp.asarray() :Host-> Device

cp.asnumpy() :Host <- Device

import numpy as np
import cupy as cp

#copy data from Host to Device using cp.asarray()
h_X = np.arange(100, dtype=np.float32) #generating array of 100 values on the Host with NumPy
d_X = cp.asarray(h_X) # copy data to Device

#copy data from Device to Host using cp.asnumpy()
h_X = cp.asnumpy(d_X)

NVIDIA.



CuPy Fundamentals (3)

T #)L k@D DevicelD |0
TIAIL DT INA R%={ES

X1 = cp.array([1,2,3,4,5,6,7,8,9,10], dtype=cp.int32)

TINAT A=Y DEZS

cp.cuda.Device(1)
X1 = cp.array([1,2,3,4,5,6,7,8,9,10], dtype=cp.int32)

—BFICT N1 R 2 YD E R B

with cp.cuda.Device(2):
X2 = cp.arange(100, dtype=cp.float32)
Sizebin = 10000

X4 = cp.zeros(sizebin, dtype=cp.int64) # back to default GPU with index @

NVIDIA.



Example 1

import cupy as cp
N = 16000

#select Device with index 1.
with cp.cuda.Device(1):
#input data initialzed

d_A = cp.arange(N, dtype=cp.int32)

d_B = cp.arange(N, dtype=cp.int32)

d_C = cp.zeros(N, dtype=cp.int32) # initialize zero filled array
d_C = d_A + d_B

#optional: copy result from Device to Host
h_C = cp.asnumpy(d_C)
print(h_C)

NVIDIA.



Example 1 Z{#E> T a3 7 ADHKEE (1)

S cd /work/EDUS5/1—%%4/hands-on/Example1
S 1s | cDAXY FZRITLTLLEEV

examplel.py submit.sh examplel_modified.py & submit_modified.sh
S cp /work/EDU5/naruhikot/share/Examplel1_modified/* . _
TS ZzAE—L %3

. - - -y BE SRR 1 —EDTDH
examplel.py examplel_modified.py submit.sh submit_modified.sh examplel .py ZDE E72 ¥

(BELL)FELEFHA

submit modified.sh
| /bin/bash

PBS -A EDUS
PBS -q edu-b
PBS -1 elapstim_req=00:05:00

module load python/3.8 cuda/11.6.2

cd SPBS_O_WORKDIR
source /work/EDU5/SUSER/hands-on/venv/bin/activate

python examplel_modified.py

NVIDIA.



Example 1 Z{#E> T a3 7 ADHKEY (2)

S gsub submit_modified.sh

Request XXXXXX.nqsv submitted to queue: edu-b.

S gstat

RequestID RegName UserName Queue Pri STT S  Memory CPU Elapse R H M Jobs
XXXXXX . NSV submit_m username edu-b O PRR - 0.00B 0.00 O NYY 1

Oog7hRTTRE. <P T RITVVTRE> . exxxx, <RIV ) TRE>.oxxxx KO2B 771 ILHBEAOINS

S 1s
examplel.py submit.sh submit_modified.sh.exxxxxx
examplel_modified.py submit_modified.sh submit_modified.sh.oxxxxxx

submit_modified.sh.oxxxxxx DFBZHEFEL T. U TOL DG E A ESNTULNILXELIH

S cat submit.oXxXXXXX
| 0 2 4 ... 19994 19996 19998]
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— NLAPED Example ICDWT

CNLABED Example IZFEITL TV K HREIIHD XHA
CuPy Dz eiBAd 57O DAEE L T, Example Z1EWWEX T
EEI KO o781, Exercise ICERRDIHATWETEEET
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2-Demensional Arrays

2 DD Example Zi8 L T CuPy TOI{TH-1THFBDFAE BN
Example 2

EZEFZHERLPTUVLDICTI T XIT4x 4
Example 3

754 X% 10,000 x 10,000
THEEZED(EIZ cuRAND TH K
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W N - O

W N - O

()

W KN -

W N = O

d ed  d S

Example 2

B= [[012 3] AXB =[[0 0 0 0] N=4; Shape = (N,N)
10 X 23} | O 4 8 12}
jU -k 2 3} [ 0 8 16 24]
101 2 31 | O 12 24 3¢6]]
N = 4
A = cp.array([[9,90,0,0],[1,1,1,11,[2,2,2,21,13,3,3,3]],dtype=cp.int32)
B = cp.array([[®e,1,2,3],[0,1,2,3],[0,1,2,31,[0,1,2,3]],dtype=cp.int32)

C = cp.dot(A,B)

C2 = A@B

print("dot ops:", C)
print("@ ops:", C2)

#expected output
#dot ops:

#[[ 0 6 6 0]

# [ 0 4 8 12]

# [ 0 8 16 24]

# [ 9 12 24 36]]
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Example 3

Step 1: CuPy O >R— b & BEHH 1 XDIEE

import cupy as cp
N = 10000

Step 2 : Bd%D1EZ= £ i) (cuRAND)

d_A
d_B

cp.random.random((N,N), dtype=cp.float32)
cp.random.random(N*N, dtype=cp.float32).reshape(N, N)

Step 3: @ EREF C179//EZ5TH (CuBLAS)

d_C = d_A@d_B
print(d_C)

#expected output

[2496.929 2493.3096 2512.024 ..
[2512.366 2522.0713 2518.3489 ...
[2493.215 2483.601 2493.606

. 2523.2388 2486.2688 2502.8193]

2529.164 2493.486 2488.1067]

. 2523.578 2474.8271 2469.6057]]
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Kernel Fusion

W DO DEEZRE L7 CUDA O— REETEICEHNICERK T B ZICED. GPU H—XILDEFIZ RS LT
D, JO—NIAETIADT IR ZFBS5 T _LICLBDERIEZEITDS

H—XILAESICDOVWTEFMIZZ b b zx=0a:
Example 4

Kernel fusion Z;8H LRI MNLORIE

@cp.fuse CTRARX=73L — bk

@cp.fuse(kernel_name='<function_name>")
def function_name(<arguments>):
#<body code>

F7-l&

@cp.fuse()
def function_name(<arguments>):
#<body code>

NVIDIA.
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«. Example 4

0

1=

import cupy as cp

@cp.fuse()
def compute(x,w):
return cp.sum(x * w)

N = 225

#input data

X = cp.random.random((N)
w = cp.random.random( (N)

#calling fuse function
z = compute(x,w)
print(z)

)
)

dtype=cp.float32)
dtype=cp.float32)
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CuPy CUDA Kernels

LITFOI—HEFE CUDA kernel Z#B/T

Elementwise kernels
Example 5

Reduction kernels
Example 6

Raw kernels
Example 7

Raw modules
Example 8

JIT kernel
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Elementwise Kernels

ElementwiseKernel 75 X

5| BUSLLTDAD

Input argument list
Output argument list
Loop body code
Kernel name

T—3 XA TIIBHREVICHETR or generic form
ZEA e LT, 1 I3ERFA]
_ Tl ISR WAIIMERAR
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Example 5

r:\/x2+y2+22

Step 1: ARAIDE | T—3 314 TZ2EE

output_list = 'float32 r OF  output_list = ‘T r

input_list = 'float32 d_x, float32 d_y, float32 d_z° input_list = 'T d_x, T d_y, T d_z°

Step 2 : kernel body code % & &

code_body = 'r = sqrt(d_x*d_x + d_y*d_y + d_z*d_z)'

Step 3 : Elementwise kernel & E#

compute_call = cp.ElementwiseKernel(input_list, output_list, code_body, 'compute’)

Step 4 : B3 D FIHEATL

2000

cp.arange(N, dtype=cp.float32)
cp.arange(N, dtype=cp.float32)
cp.arange(N, dtype=cp.float32)
cp.empty (N, dtype=cp.float32)

=S O 0O O =2
I
1 N << X |l
I 11l

Step5: A—=xJ)LOd—)L

compute_call(d_x,d_y, d_z, r)

NVIDIA.



Reduction Kernels

ReductionKernel 75 X
5| ZUILALT

Input argument list
Output argument list
Mapping expression
Reduction expression
Post mapping expression
ldentity value

Kernel name

Mapping expression I&. reduction FijDALIE
Reduction expression Tl&. JBEREDIETRE L THBIGER a, b HMFEHLHN S

Post mapping expression (&. reduction BOZHICXT L TITHNDNIET. AN LTER a hMEHN. &
#5813 output argument =35
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. Example 6

Y Z T; W; + bias
1=0

Step 1: ARAIDE | T—3 314 TZ2EE

input_list =
output_list =

'float32 x, float32 w, float32 bias°
"float32 y'

Step 2 : mapping

expression # E &

or

input_list
output_1list

‘T X
‘T

y I

T w, T bias’

mapping_expr

= 'X * w

Step 3 : reduction expressionz E &

reduction_expr=

a+ b'

Step 4 : post expression % EZ

post_expr =

Y

a + bias'

Step 5: Identity value % E &

identity_value = '0°

NVIDIA.



Example 6

Step 6 : Reduction kernel = E#&

dnnLayer = cp.ReductionKernel(
input_list,
output_list,
mapplng_expr,
reduction_expr,
post_expr,
identity_value,
"dnnLayer ')

Step 7 : AJ15|&XD¥IHER1L

N = 2000
x = cp.random.random(N, dtype=cp.float32)

w = cp.random.random(N, dtype=cp.float32)
bias =-0.01

Step 8: A—=xJ)LOd—)L

y = dnnLayer(x,w,bias)

NVIDIA.



Raw Kernels

- RawKernel 75 X

- JIIRN B Z CUDA C Tadih

- ALy R, Ay I, JUw k-

- A—R)LEENCEFEL T Oy I X, Oy I8zExE

- ARKALY RE/70Ov2131,024 T. xXK78vo8/71) v K& 65,535

Thread

Grid 0O

Thread Block

i

Grid 1

<A NVIDIA. I



+Step 1: T/N1RXRI—FK%ZEL

Example 7

RS+ DM D E

» CuPy %4 >7R— bk L. raw kernel function % &%

import cupy as cp
add_array = cp.RawKernel(r''
extern "C" __global__

<body code>
y "7, ‘<function_name>")

)

void <function_name>(<arguments>) {

- JLIBRE % CUDA C Tigah

c HEAXN--1DDOGPURL Y RA, 1 DO ERZB Y

» Global XL v K ID ®OE\E

tid = threadIdx.x + blockIdx.x * blockDim.Xx

14 =

Block O
Block 1

Block 2
Block 3

cuda.

0
Thread O
Thread 0

Thread O

Thread O

1
Thread 1

Thread 1
Thread 1

Thread 1

2
Thread 2

Thread 2
Thread 2

Thread 2

Threads and blocks as 2D matrix Arrangement

3
Thread 3

Thread 3
Thread 3

Thread 3




Example 7

UEZBERZADE. « «

import cupy as cp

N = 10000 #initialize array size

add_array = cp.RawKernel(r'’’

extern "C" __global__

void addFunc(const int* d_A, const int* d_B, int* d_C ) {
int tid = blockDim.x * blockIdx.x + threadIdx.x;
d_C[tid]= d_A[tid] + d_B[tid];

y "7, ‘addFunc’)

NVIDIA.



Example 7

Step2:7KRA B~ d—F%ZZEL
ASIECF) DHIERM L

mport numpy as np
= np.arange(N, dtype=np.int32)
= np.arange(N, dtype=np.int32)

i
h
h

_A
_B

cp.asarray() ZE>THRA DS T/INA ANT—RERIX

cp.asarray(h_A)
cp.asarray(h_B)
cp.zeros(N, dtype=cp.int32) # initialize zero filled array

O O O
O W >
n i nu
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Example 7

Step 3: Raw kernel @ J—JL
JOv o4 X, Ay I8DIEE

<raw_kernel_name>((<num_of_blocks_per_grid>), (<num_of_threads_per_block>), (<arguments>))

A5 1A X2 HN—FBAL Yy RZEFTINEHLNHBZDT., JOvIHTA X% 256 EIRET B L.
num_of_threads_per_block = 256

() RHEOD) 70OV IS,

num_of_blocks_per_grid = math.ceil (N / num_of_threads_per_block)

UE#BKFZ T raw kernel IZATOLSICO—-)LEn3

add_array((num_of_blocks_per_grid, ), (num_of_threads_per_block, ), (d_A, d_B, d_C))

NVIDIA.



Example 7

Step 4:cp.asnumpy() ZfE>T. TNATAHDBRA AT —XERX

h_C = cp.asnumpy(d_C)

NVIDIA.



Raw Modules

RawModule 75 X

RawKernel C[Efkic. JUIEARAR%Z CUDA C Tadab

Raw module ICId. B8 D CUDA kernel ZE85H3 e HTE3
get_function() XY w RT. Raw module A® CUDA kernel IC777t X
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Example 8

N—1
2 = E T W, r:\/xQ Y2 + 22
i=0

RawModule 75 X%{E>T. 2 DM CUDA kernel. sum_mul ¥ compute_xyz % EFH

sum_mul TlE. BLIAAZTORICTOVIRDODALw RDEHRZ & 57=®IC. __syncthread()
atomicAdd() IC&D. BB RXL v FDHE LIAADZETT (read-modify-write) PIC. MO L v FHELC X E M

IICE T AT DZRLE

) 1)

raw_module_code = r
extern "C" {
__global__ void sum_mul(float* d_x, float* d_w, float* d_z) A
float sum[2000] :
int tid = blockDim.x * blockIdx.x + threadIdx.x;
sum[tid] = d_x[tid] * d_w[tid];
__syncthreads();
atomicAdd(d_z, sum[tid]);

}

__global__ void compute_xyz(float* x, float* y, float* z, float* r ) {
int tid = blockDim.x * blockIdx.x + threadIdx.x;
r{tid] = sqrt(x[tid] * x[tid] + y[tid] * y[tid] + z[tid] * z[tid]);

NVIDIA.
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Example 8

RawModule 25 XA 6A T 0 b= R

raw_module_object = cp.RawModule(code = raw_module_code)

get_function() XY w K T. raw module KM CUDA kernel % EX15

sum_mul = raw_module_object.get_function('sum_mul’)
compute_xyz = raw_module_object.get_function('compute_xyz')

BSHr X, Ovoa X 70Oy oBOHFERL

N = 2000
num_of_threads_per_block = 128
num_of_blocks_per_grid = math.ceil(N / num_of_threads_per_block)

B DFERL & TN AAND T — A E5E (sum_mul D)

np.
np.
cp.
cp.
cp.

arange(N, dtype=np.float32)
arange(N, dtype=np.float32)
asarray(h_x)
asarray(h_w)
zeros(1, dtype=cp.float32)

NVIDIA.



Example 8

sum_mul Dd—JLE. RXA MADT—AERIX

sum_mul( (num_of_blocks_per_grid, ), (num_of_threads_per_block, ), (d_x, d_w, d_z))
h_z = cp.asnumpy(d_z)
print("h_z:", h_z)

5T R o R DRERS

print("non kernel:", cp.sum(h_x * h_w))

compute_xyz DITcHDEHDFIRAL E . T /N1 AND T —HERE

cp.arange(N, dtype=cp.float32)
cp.arange(N, dtype=cp.float32)
cp.arange(N, dtype=cp.float32)
cp.empty(N, dtype=cp.float32)

compute_xyz D A—J)L&. RA ANDT—RERIX

S N X X

compute_xyz((num_of_blocks_per_grid, ), (num_of_threads_per_block, ), (x, vy, z, r))
h_r = cp.asnumpy(r) print("h_r:", h_r)

5T HiaR DRERS

print("non kernel:", cp.sqrt(x * x +y * y+ z * z ))

NVIDIA.



JIT Kernel

7T 1L —4 cupyx.jit.rawkernel T3
BEARBICIE raw kernel E[E L 7EHN jit kernel Tld CUDA C DX D IC python TR Z SN T 3

Example 7 (raw kernel) % jit kernel TEZFEL

WEBRED2—ILZAVR—k

import cupy as cp
from cupyx import jit

Jit kernel MEdah

@jit.rawkernel()

def addFunc(d_A, d_B, d_C):
tid = jit.blockDim.x * jit.blockIdx.x + jit.threadIdx.x
d_C[tid] = d_A[tid] + d_B[tid]

NVIDIA.



JIT Kernel

F—gY4 2. TOvIHA R, TOvIEOIEBL

N = 10000 #initialize array size
num_of_threads_per_block = 128
num_of_blocks_per_grid = math.ceil(N / num_of_threads_per_block)

cp.arange CH%Z 74 /N1 XA EICHER. #IERE

d_A = cp.arange(N, dtype=cp.int32)
d_B = cp.arange(N, dtype=cp.int32)
d_C = cp.zeros(N, dtype=cp.int32) # initialize zero filled array

addFunc =z J—JL

addFunc( (num_of_blocks_per_grid, ), (num_of_threads_per_block, ), (d_A, d_B, d_C))
print("d_C:", d_C)

NVIDIA.
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NIXF

Exercise 1

Follow the steps highlighted in Example 1 and write a CuPy program to add two arrays. The size of each array is
500,000.

EEFICOVTIE. ATV FEXRTLT. BIEHIOEBEREZ IE-LTLLTL

S cd /work/EDU5/<1—%%>/hands-on/Lab1/exercisel/example_solution
S cp /work/EDU5/naruhikot/share/exercise1_modified/* .

S 1s
exercisel.py exercisel_modified.py submit.sh submit_modified.sh

Exercise 2

Follow the steps highlighted in Example 3 and write a CuPy program that multiply two matrices of dimensions 225
X 225.

Exercise 3

Follow the steps highlighted in Example 7 and write a CuPy Raw Kernel program that multiply two arrays and store
the result in a third array. The size of each array is 10,000.

Exercise 4

Follow the steps highlighted above and write a CuPy JIT Kernel program that multiply two arrays and store the
result in a third array. The size of each array is 10,000.

WEICIHC T, BlECaaRBM CTER
ARFIR V3V ERATBEICIE gstat TEROY 3 THEFNTVWRVWI EZRERLTH S !

NVIDIA.
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N = 225

#generate matrix
d_A = cp.random.random((N, N), dtype=cp.float32)
d_B = cp.random.random(N*N, dtype=cp.float32).reshape(N, N)

#apply matrix operator @ or cp.dot()
d_C = d_A @ d_B
d_C2 = cp.dot(d_A, d_B)

print(d_C)
print(d_C2)
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import cupy as cp
import numpy as np
import math

N = 10000 #initialize array size

add_array = cp.RawKernel(r'"'
extern "C" __global__
void addFunc(const int *d_A, const int *d_B, int *d_C) {
int tid = threadIdx.x + blockDim.x * blockIdx.x:
d_C[tid] = d_A[tid] * d_B[tid];

}
"', 'addFunc')
h_A = np.arange(N, dtype=np.int32)
h_B = np.arange(N, dtype=np.int32)
d_A = cp.asarray(h_A)
d_B = cp.asarray(h_B)
d_C = cp.zeros(N, dtype=cp.int32)

num_threads_per_block = 256
num_blocks_per_grid = math.ceil(N / num_threads_per_block)

add_array((num_blocks_per_grid, ), (num_threads_per_block, ),
h_C = cp.asnumpy(d_C)
print(h_C)

(d_A, d_B, d_C))
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import cupy as cp
from cupyx import jit
import math

N = 10000 #initialize array size

@jit.rawkernel()

def mulFunc(d_A, d_B, d_C):
tid = jit.threadIdx.x + jit.blockDim.x * jit.blockIdx.x
d_C[tid] = d_A[tid] * d_B[tid]

num_threads_per_block = 128
num_blocks_per_grid = math.ceil(N / num_threads_per_block)

d_A = cp.arange(N, dtype=cp.int32)
d_B = cp.arange(N, dtype=cp.int32)
d_C = cp.zeros(N, dtype=cp.int32)
mulFunc( (num_blocks_per_grid, ), (num_threads_per_block,),

(
orint("d_C:", d_C)

(d_A, d_B, d_C) )
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