BENCHMARKING GPU CLUSTERS WITH THE
JULICH UNIVERSAL QUANTUM COMPUTER SIMULATOR

GTC21 | APRIL 14 | DR. DENNIS WILLSCH

JULICH
SUPERCOMPUTING
CENTRE

[ ' U
Member of the Helmholtz Association J U L I C H

Forschungszentrum




CONTENTS

1.
2.

Quantum computing OUNI

JULICH SUPERCOMPUTING CENTRE

JUQCS: Simulating guantum
computers

3. JUQCS-G: Simulating guantum
computers on GPUs ’ | f t

4. JUQMES: Simulating physical &7 ity ol
realizations of quantum Dr. Dennis  prof. Dr. Hans Prof. Dr. Kristel
computers Willsch De Raedt Michielsen

5. Conclusion

Member of the Helmholtz Association April 14, 2021 Page 2 l J U L I C H g[LJlllz’lI?ISCOI\/IPUTING
J Forschungszentrum CENTRE




QUANTUM COMPUTING

ldeal gate-based quantum computing

» What does a (gate-based) quantum computer do?
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» What does a (gate-based) quantum computer do?
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» What does a (gate-based) quantum computer do?
» It runs a quantum circuit
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» What does this mean, actually?
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QUANTUM COMPUTING

ldeal gate-based quantum computing

» What does a (gate-based) quantum computer do?
» It runs a quantum circuit
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» What does this mean, actually?
> It performs matrix-vector multiplications that are
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QUANTUM COMPUTING

ldeal gate-based quantum computing

» What does a (gate-based) quantum computer do?
» It runs a quantum circuit
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» What does this mean, actually?
> It performs matrix-vector multiplications that are

Sparse complex
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ldeal gate-based quantum computing

» What does a (gate-based) quantum computer do?
» It runs a quantum circuit

hd A"
M

GETTIRRL

» What does this mean, actually?
> It performs matrix-vector multiplications that are
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QUANTUM COMPUTING

ldeal gate-based quantum computing

» What does a (gate-based) quantum computer do?
» It runs a quantum circuit

hd A"
M

GETTIRRL

» What does this mean, actually?
> It performs matrix-vector multiplications that are

sparse complex unitary

» with huge vectors and huge? matrices
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QUANTUM COMPUTING

ldeal gate-based quantum computing

» What kind of sparse, unitary matrix-vector multiplications, precisely?
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» What kind of sparse, unitary matrix-vector multiplications, precisely?

each quantum gate = 1 sparse, unitary matrix
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» What kind of sparse, unitary matrix-vector multiplications, precisely?

each quantum gate = 1 sparse, unitary matrix

» Example:
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» What kind of sparse, unitary matrix-vector multiplications, precisely?

each quantum gate = 1 sparse, unitary matrix

» Example:
n =4 qubits
" =16 complex
numbers
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» What kind of sparse, unitary matrix-vector multiplications, precisely?

each quantum gate = 1 sparse, unitary matrix
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» What kind of sparse, unitary matrix-vector multiplications, precisely?

each quantum gate = 1 sparse, unitary matrix

GETTIRRL

» Example:

n =4 qubits ) . ? . ?
n = 16 complex [ T H
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» What kind of sparse, unitary matrix-vector multiplications, precisely?

each quantum gate = 1 sparse, unitary matrix

GETTIRRL

» Example: —

n =4 qubits ) . ? . ?
n = 16 complex [ T H
numbers a .

Q=

[ __

Initial state of QC: : — :
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vector = state of the QC = 2™ complex numbers

QUANTUM COMPUTING Yoo
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» What kind of sparse, unitary matrix-vector multiplications, precisely?

» Example: —
n =4 qubits ) . ? . ?
n = 16 complex [ T H
numbers a .

Q=

each quantum gate = 1 sparse, unitary matrix

GETTIRRL

1 Example matrix-vector multiplication: . on qubit g4

0 For each g3, q5, qq

) = |0000) =
perform 2x2 update:

0
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vector = state of the QC = 2™ complex numbers

QUANTUM COMPUTING Yoo

= 10...0/0---0) + - - alle-- 1) =
|deal gate-based quantum computing [4) = Yool )+l )
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» What kind of sparse, unitary matrix-vector multiplications, precisely?

» Example: —
n =4 qubits ) . ? . ?
n = 16 complex [ T H
numbers a .

Q=

each quantum gate = 1 sparse, unitary matrix

GETTIRRL

1 Example matrix-vector multiplication: . on qubit g4

0
1) =|0000) = | . For each gs, 4z, do V342000 o i 11 V342000
(.) perform 2x2 update: %qulqo \/§ 1 —1 wngglqo
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vector = state of the QC = 2™ complex numbers

QUANTUM COMPUTING

ldeal gate-based quantum computing

» What kind of sparse, unitary matrix-vector multiplications, precisely?
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each quantum gate = 1 sparse, unitary matrix

» Example: —
n =4 qubits ) . ? . ? ? . ? .
n = 16 complex + [l T " " é é H
numbers a2 . .
03
Initial statle of QC: - : ~
1 Example matrix-vector multiplication: [ on qubit g, Final state of QC:
0 For each g3, 95, q 1 %0000
1) = 10000) = | . »He o <¢Q3q20qO> - <1 1 ) (¢Q3q20qo> ) = :
; perform 2x2 update: Vigsasldo V2 \1 =1) \Wgs140 Doty
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ldeal gate-based quantum computing
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» What does a hardware realization of a QC return?
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ldeal gate-based quantum computing
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» What does a hardware realization of a QC return?
» The quantum state after all sparse matrix-vector multiplications?
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ldeal gate-based quantum computing
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» What does a hardware realization of a QC return?

? 7] ? [ Final state of QC:
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» The quantum state after all sparse matrix-vector multiplications?
> No! That would be 2" complex numbers. | For 40 qubits: 2*°¢’s = 16 TiB complex numbers
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» What does a hardware realization of a QC return?

? 7] ? [ Final state of QC:
H %0000

|¢> — :
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» The quantum state after all sparse matrix-vector multiplications?
» No! That would be 2" complex numbers. | For 40 qubits: 2*° ¢'s = 16 TiB complex numbers
» What then? Only a single bitstring q,_1 - 9190 With n bits
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ldeal gate-based quantum computing
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» What does a hardware realization of a QC return?

? 7] ? [ Final state of QC:
H %0000

|¢> — :
Y1111

» The quantum state after all sparse matrix-vector multiplications?
> No! That would be 2" complex numbers. | For 40 qubits: 2*° ¢/’s = 16 TiB complex numbers
» What then? Only a single bitstring q,_1 - 9190 With n bits
» The complex numbers only define the probability:
%y, 1 -q100|° = probability to return bitstring gn—1 - g1 4o
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» What does a hardware realization of a QC return?

? 7] ? [ Final state of QC:
H 10000

|¢> — :
Y1111

» The quantum state after all sparse matrix-vector multiplications?
» No! That would be 2" complex numbers. | For 40 qubits: 2*° ¢'s = 16 TiB complex numbers
» What then? Only a single bitstring q,_1 - 9190 With n bits
» The complex numbers only define the probability:

%y, 1 -q100|° = probability to return bitstring gn—1 - g1 4o
» Need to run circuit repeatedly to sample from the distribution
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QUANTUM COMPUTING

ldeal gate-based quantum computing
» In particular, what does this quantum circuit do?
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» In particular, what does this quantum circuit do?
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ldeal gate-based quantum computing
» In particular, what does this quantum circuit do?

S LELL LPP
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» 2-qubit adder |\C]3QQ>’CI1CIO> — 1q3q2)|q392 + 91C_lo>|
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ldeal gate-based quantum computing
» In particular, what does this quantum circuit do?

S LELL LPP

0z
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ldeal gate-based quantum computing
» In particular, what does this quantum circuit do?

S LELL LPP

0z
> 2-qubit adder lasa2)|qrao) = lasaz)lasaz + q1qo)|
»eg. |2)|]1) —[2)[3)
» but also superpositions:
2) 0) +11) + [2) 2) +13) +10)
V3 V3
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QUANTUM COMPUTING

ldeal gate-based quantum computing
» In particular, what does this quantum circuit do?

S LELL LPP

Oz

IRERL

> 2-qubit adder lasa2)|qrao) = lasaz)lasaz + q1qo)|
> eg. [2)]1) > [2)[3) T
» but also superpositions: brooo = 1/v/3 rono = 1/V3
Y1001 = 1//3 . Y1001 = 0
|2> |O> + |1> + ‘2> . |2> ’2> + ’3> + ‘O> Y010 = 1/V3 Y1010 = 1/v/3
\/g \/g Y1011 : 0 Y1011 = 1/v/3
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QUANTUM COMPUTING

ldeal gate-based quantum computing
» In particular, what does this quantum circuit do?

QE?=?'T'$.$

IRERL

> 2-qubit adder lasa2)|qrao) = lasaz)lasaz + q1qo)|
> eg. [2)[1) —2)[3) N )
» but also superpositions: brooo = 1/v/3 rono = 1/V3
Y1001 = 1//3 . Y1001 = 0
|2> |O> + |1> + ‘2> . |2> ’2> + ’3> + ‘O> Y010 = 1/V3 ¢1010=1/\\§_§
1011 =0 1011 = 1/vV3
\/g \/g \ib 0 | ) \w 0 . / )

> Why? - Simulate with JUQCS -
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JUQCS

Julich universal quantum computer simulator

» What does a guantum computer simulator do?
» It runs a quantum circuit
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JUQCS

Julich universal quantum computer simulator

» What does a guantum computer simulator do?
» It runs a quantum circuit
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» What does this mean, actually?
> It performs matrix-vector multiplications that are

sparse complex unitary

» with huge vectors and huge? matrices
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JUQCS

Distribution of the quantum state

How does the simulator manage all these complex numbers?
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JUQCS

Distribution of the quantum state
How does the simulator manage all these complex numbers?

- Distribute quantum state |¢) = (¥...q,4,4,) Over multiple compute nodes
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JUQCS

Distribution of the quantum state
How does the simulator manage all these complex numbers?

- Distribute quantum state |¢) = (¥...q,4,4,) OVEr multiple compute nodes

For 40 qubits: 2%° ¢'s = 16 TiB complex numbers = 64 GiB per node with 256 nodes
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JUQCS

Distribution of the quantum state
How does the simulator manage all these complex numbers?

- Distribute quantum state |¢) = (¥...q,4,4,) OVEr multiple compute nodes

For 40 qubits: 2%° ¢/'s = 16 TiB complex numbers = 64 GiB per node with 256 nodes

256 |Compute Nodes

~
~ S
S R
° \\\ —
Sk S
\ \ o
= d NS ° \\ A
Login Node X ‘o\ S
NS S
) e
= 3
ET File Server
S User

Shared Disks
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JUQCS

Distribution of the quantum state
How does the simulator manage all these complex numbers?

- Distribute quantum state |¢) = (¥...q,4,4,) OVEr multiple compute nodes

For 40 qubits: 2%° ¢/'s = 16 TiB complex numbers = 64 GiB per node with 256 nodes

256 [Compute odes _|MPI rank 0 = 0b00000000:
NS ™ 100000000 0---0
é \o\\ ~ \\ =
. S0 Uk o
rogin Boc S °\ S QpOOOOOOOO 1---1
5 S

R

&@l |User
N
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JUQCS

Distribution of the quantum state

How does the simulator manage all these complex numbers?
- Distribute quantum state |¢) = (¥...q,4,4,) OVEr multiple compute nodes

For 40 qubits: 2%° ¢/'s = 16 TiB complex numbers = 64 GiB per node with 256 nodes

R
256 |Compute Nodes

: Login Node

(&F

R

&@ |User
N

Member of the Helmholtz Association

(&

=1

»|MPI rank 0 = 0b00000000:
< 100000000 0---0
\\\ ~
S )
YN (S 100000000 1---1
S
File Server

,|MPI rank 255 = 0b11111111:
11111111 0---0

Shared Disks [

¢11111111 1---1
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JUQCS

Distribution of the quantum state
How does the simulator manage all these complex numbers?

- Distribute quantum state |¢) = (¥...q,4,4,) OVEr multiple compute nodes

For 40 qubits: 2%° ¢/'s = 16 TiB complex numbers = 64 GiB per node with 256 nodes

N — .
256 [ s ,|MPI rank 0 = 0b00000000:
S NS @boooooooo 0---0
. SES R ;

LoginiNode SPU LR 100000000 1---1 _
N S s 8 global qubits
= o _ ]

B T | MPI rank 255 = 0b11111111:

) LUser 111111111 0---0

p Shared Disks & .

¢11111111 1---1
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JUQCS

Distribution of the quantum state

How does the simulator manage all these complex numbers?

- Distribute quantum state |¢) = (¥...q,4,4,) OVEr multiple compute nodes

For 40 qubits: 2%° ¢/'s = 16 TiB complex numbers = 64 GiB per node with 256 nodes

/\ — .
256 [Compute Nodes > MPI rank O = Ob00000000:
S ISR 100000000 0---0
é \o\\ ~ » =
. SIS K .
o SR 100000000 1---1
S S
S N ~ _
ET File Server > MPI rank 255 = 0b11111111:
W 11111111 0---0
> Shared Disks =
W111111111---1
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JUQCS-G

Simulating quantum computers on GPUs

» Distribute quantum state on GPUs (NVIDIA A100: 40GB per GPU)
For 40 qubits: 2*° ¢’s = 16 TiB complex numbers = 16 GiB per GPU with 4*256 GPUs
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JUQCS-G

Simulating quantum computers on GPUs

» Distribute quantum state on GPUs (NVIDIA A100: 40GB per GPU)
For 40 qubits: 2*° ¢’s = 16 TiB complex numbers = 16 GiB per GPU with 4*256 GPUs

o

[Compute Nodes

N
S =

@) JULICH 4
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JUQCS-G

Simulating quantum computers on GPUs

» Distribute quantum state on GPUs (NVIDIA A100: 40GB per GPU)
For 40 qubits: 2*° ¢’s = 16 TiB complex numbers = 16 GiB per GPU with 4*256 GPUs

4 A100 GPUs per node
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JUQCS-G

Simulating quantum computers on GPUs

» Distribute quantum state on GPUs (NVIDIA A100: 40GB per GPU)
For 40 qubits: 2*° ¢’s = 16 TiB complex numbers = 16 GiB per GPU with 4*256 GPUs

¢0000000000 1.--1
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JUQCS-G

Simulating quantum computers on GPUs

» Distribute quantum state on GPUs (NVIDIA A100: 40GB per GPU)

For 40 qubits: 2*° ¢’s = 16 TiB complex numbers = 16 GiB per GPU with 4*256 GPUs

o

|Compute Nodes

4 A100 GPUs per node

GPU rank 0 = 0b0000000000:

¢oooooooooo 0---0

¢0000000000 1.--1

GPU rank 3 = 0b0000000011:

¢000000001 10---0

ZPOOOOOOOOl 11---1
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JUQCS-G

Simulating quantum computers on GPUs

» Distribute quantum state on GPUs (NVIDIA A100: 40GB per GPU)
For 40 qubits: 2*° ¢’s = 16 TiB complex numbers = 16 GiB per GPU with 4*256 GPUs

o

|Compute Nodes

4 A100 GPUs per node

> The MPI communication scheme is the same
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How to implement these matrix-vector multiplications in the most efficient way?
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CUDA implementation

Qs

How to implement these matrix-vector multiplications in the most efficient way?

Full quantum state:

(¢OOOOOOOO 0-- -O\

¢OOOOOOOO 1---1
¢00000001 0---0

¢00000001 1---1

¢11111111 0---0
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How to implement these matrix-vector multiplications in the most efficient way?

Qs

Full guantum state:

('7#00000000 0-.-0\
GPU rank 0

00000000 1---1

¢00000001 0---0

¢00000001 1---1

¢11111111 0---0

lelllllll 1~-1)
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How to implement these matrix-vector multiplications in the most efficient way?

Full guantum state:
('?#00000000 0--.o|\

GPU rank 0

200000000 1..-1
¢00000001 O(;I

GPU rank 1

£00000001 1...1

¢11111111 0---0

lelllllll 1~-1)
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CUDA implementation

EiElm
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Qs

q IRERL

" iud

How to implement these matrix-vector multiplications in the most efficient way?

Full guantum state:
('?#00000000 0--.o|\

GPU rank 0

200000000 1..-1
¢00000001 O(;I

GPU rank 1

200000001 1...1

¥111111110---
GPU rank 255

11111111 1..-1
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CUDA implementation

EiElm
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How to implement these matrix-vector multiplications in the most efficient way?

Full qguantum state: Quantum gate on local qubits:

('?#00000000 0--.0|\
GPU rank 0

200000000 1..-1
¢00000001 O(;I

GPU rank 1

£00000001 1...1

¥111111110---
GPU rank 255

11111111 1..-1
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CUDA implementation

Qs

How to implement these matrix-vector multiplications in the most efficient way?

Full qguantum state: Quantum gate on local qubits:
('?#00000000 0--.0|\

GPU fank 0 e.g. [ on qubit g5,

200000000 1..-1
¢00000001 O(;I

GPU rank 1

£00000001 1...1

¥111111110---
GPU rank 255

11111111 1..-1

(X ]
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CUDA implementation

Qs

How to implement these matrix-vector multiplications in the most efficient way?

Full qguantum state: Quantum gate on local qubits:
('?#00000000 0--.0|\

GPU fank 0 e.g. [ on qubit g5,

100000000011 - Each MPI rank r performs local 2x2 updates of the form
¢00000001 O(;I

GPU rank 1

£00000001 1...1

¥111111110---
GPU rank 255

11111111 1..-1
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CUDA implementation

Qs

How to implement these matrix-vector multiplications in the most efficient way?

Full quantum state: Quantum gate on local qubits:
('woooooooo o--.ol\
GPU rank 0 e.g. [l on qubit g5,
£00000000.1::-1] > Each MPI rank r performs local 2x2 updates of the form
JOOOOOOOl O;]
GPU :rankl w’l"T’T’T’T’T’T”T’*O*~“* “— . ¢’T’?”TT’T’T”T’T*O*°“*
wrrrrrrrr x 1k % ¢Trrrrrrr k1 keeok

£00000001 1...1

¥111111110---
GPU rank 255

11111111 1..-1

(X ]
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CUDA implementation
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Qs

How to implement these matrix-vector multiplications in the most efficient way?

Full guantum state:
('woooooooo o--.ol\

GPU rank 0

200000000 1..-1
¢00000001 O(;I

GPU rank 1

£00000001 1...1

¥111111110---
GPU rank 255

11111111 1..-1

Member of the Helmholtz Association

Quantum gate on local qubits:
e.g. [ on qubit g5,

- Each MPI rank r performs local 2x2 updates of the form

<wrrrrrrrr*0*---*> “ . <¢’r’rrr7ﬂrrr*0*---*>

wrrrrrrrr %1% ¢rrrrrrrr k1xeeox
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CUDA implementation

Qs

How to implement these matrix-vector multiplications in the most efficient way?

<¢rrrrrrrr*0*---*> “ . <¢rrrrrrrr*0*---*>

wrrrrrrrr JE I ¢7“7”r’?"7“1°’r’7“ TR

al )
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CUDA implementation

JUQCS-G é?r?'T'&ﬂ&T?T?;

How to implement these matrix-vector multiplications in the most efficient way?

attributes(global) subroutine H operation GPU(nstates,psi R,psi I,i0,il,c)

wrrrrrrrr %% “ . wrrrrwrr AIEIEEE

. i :: nstates,il
¢frr7’frrrrr*1*---* ' (ind=8) :: ml,nml1,i,j.k

’I\ ' =r(kind=4), value :: i@
re kind=8), value ::

al(kind=8),dimens : psi R,psiI

wrrrrrrrr *1k--ox

1 (1 1
S\ -1

nml=not(ml)
i=ishft(iand(k,nml),one)+iand(k,ml)
j=i+il

ré=psi R(1i)

ri=psi I(1i)

r2=psi R(j)

ri=psi I(j)

psi R(1)=(re+r2)*c
psi I(i)=(rl+r3)*c
psi_R(j)=(r@-r2)*c
psi I(j)=(rl-r3)*c

end subroutine

[ X J .
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CUDA implementation

JUQCS-G é?r?'T'&ﬂ&T?T?;

How to implement these matrix-vector multiplications in the most efficient way?

attributes(global) subroutine H operation GPU(nstates,psi R,psi I,i%,il,c)

USE cudafor
implicit H11LF1Hd— ) (a-h,o0-2)
wrrrrrrrr %0k x . wrrrrrrrr * (0% -k integer(kind=8) ater :: one=1
é__ integ cind=8), 11HH o n=tate=,i
wrrrrrfr‘rr I EIERE wrrrrrrrr ] %-- %k ¢cind=8) :: ml,nml_ie {7k

/I\ int r{kind=4), value=:: if

H11LL1ru—-1 dimension(0:nstates-1),device:: psi R,psi I

\//ig nml= nottml]
i=ishft(iand(k,nml),one)+iand(k,ml)
j=i+il

ré=psi R(1i)

i1 = 00000000010 - - - 0 o=t A1)
= TTTTTTIT % %+ % r2=psi R(j)
%
*

b

ri=psi I(j)
rrrrrrrr 0 * -

psi R(1i)=(re+r2)+*c
psi I(i)=(rl+r3)*c
j=rrrrrrrr x L x---

psi R(j)=(re-r2)+*c
psi I(j)=(rl-r3)*c
|:|'||]'t_ ne

[ X J .
JULICH
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CUDA implementation

JUQCS-G é?r?'T'&ﬂ&T?T?;

How to implement these matrix-vector multiplications in the most efficient way?

attributes(global) subroutine H operation GPU(nstates,psi R,psi I,i@,il,c)

USE cudafor

Lb Lb implicit H11LF1Hd— ) (a-h,o0-2)

rrrrrrrr x0k---x . rrrrrrrr x0k- -k nteger (kind=2) cter o: one=1
— in ¢(ind=8), 1 11ua :: nstates,il
wrrrrrfr‘rr koo % wrrrrrrrr 1k ¢cind=8) :: ml,nm1,i,j.k
T~ int ":'" =4), value :: iB8

real (k val P C

H11LF1nd-'1 leHh lnhl :nstates-1),device:: psi R,psi I

1. ]_ ]_ k=blockic

kzk:..__.' - . ..._

1 —1 =TT
\//ii Emlinotfmll

i=ishft(iand(k,nml),one)+iand(k,ml)
j:i+11 N

i1 = 00000000010 - -0 ro=psi R(1)

rl=psi I(1i)

— Y r2=psi R(j)

= TTrrrrrrr x x X r3=psi I(j)

psi R(1i)=(re+r2)+*c

rrrrrrrr k0 % - .- x psi_I(i)=(rl+r3)+c
_ o psi R(j)=(re-r2)*c
j=rrrrrrrr x 1 * psi I(j)=(r1-r3)*c
subroutine

[ X J .
JULICH
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CUDA implementation

JUQCS-G é?r?'T'J,TTJ,T?T?;

How to implement these matrix-vector multiplications in the most efficient way?

attributes(global) subroutine H operation GPU(nstates,psi R,psi I,i@,il,c)
USE cudafor

Lb Lb real (kind=8) (a-h,o0-z)
rrrrrrrr x0k---x Y . rrrrrrrr x0k---x 1tec 3),parameter :: one=1
in kind=8), value :: nstates,il
wrrrrrfr‘rr koo % wrrrrrrrr koo ok kind=8) :: ml,nml,i,j.k

T~ int rikind=4), value :: iB@

real (kind=8) ,dimension(@:nstates-1),device:: psi R,psi I

I /1 1

\/§ nml=not(ml}
i=ishft(iand(k,nml),one)+iand(k,ml)
j=i+il
i1 = 00000000010 - - - 0 ro-psi AT

— c. r2=psi:ﬁfji
kK= rrrrrrrr x x--.x r3=psi 1(3)
. si R{i)=(r@+r2)*c
1=rrrrrrrr 0% - - %4 bei T(1)=(r1sr3)*c
j — /rar'/i/rarrirra/ra/ra/ra * 1 * . o o *’ pEi_Hfj]:frEﬂ-rzl"{
psi I(j)=(rl-r3)*c

end subroutine

[ X J .
JULICH
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CUDA implementation

JUQCS-G é?r?'T'&ﬂ&T?T?;

How to implement these matrix-vector multiplications in the most efficient way?

attributes(global) subroutine H operation GPU(nstates,psi R,psi I,i@,il,c)

wrrrrrrrr %%

— H
/I\
1 /1 1

S\ -1

il = 00000000010---0
=  TTTTTTTT %k k.- -k
*
*

wrrrrrfr‘rr *1k--ox

b

rrrrrrrr 0 * -
j=rrrrrrrr x L x---

. e
|

Member of the Helmholtz Association

April 14, 2021

wrrrrww AIEIEEE

¢rrrrrrrr %1%

USE cudafor
implicit H11LF1Hd— ) (a-h,o0-2)
' (1 : e :: one=1
11ua :: nstates,il
::ml,nml,i,j,k
value :: i@
(i P C
H11LF1nd-'1 leHh lnhl :nstates-1),device:: psi R,psi I

nml= nottml]
i=ishft(iand(k,nml),one)+iand(k,ml)
j=i+il

ré=psi R(1i)

ri=psi I(1i)

r2=psi R(j)

r3=psi I(i)

psi R(1)=(re+r2)*c
psi I(i)=(rl+r3)*c
psi_R(j)=(r@-r2)*c
psi I(jl=(rl-r3)*c

|:|'||]1:_ ne
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CUDA implementation

Qs

How to implement these matrix-vector multiplications in the most efficient way?
Full guantum state:

(' 100000000 0---0
GPU trank 0

QOOOOOOOO 1..-1
aOOOOOOOl 0---0I

GPU rank 1

@%0000001 1

1e--

77b11111111 0---0

GPU rank 255
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CUDA implementation

Qs

How to implement these matrix-vector multiplications in the most efficient way?
Full guantum state:
(' 100000000 0---0
GPU trank 0

QOOOOOOOO 1..-1
aOOOOOOOl 0---0I

GPU rank 1

¢00000001 1.---1

Quantum gate on global qubits:

11111111 0---0

GPU rank 255
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CUDA implementation

Qs

How to implement these matrix-vector multiplications in the most efficient way?
Full guantum state:
(' 100000000 0---0
GPU trank 0

QOOOOOOOO 1..-1
aOOOOOOOl 0---0I

GPU rank 1

¢00000001 1.---1

Quantum gate on global qubits:
e.g. [ on qubit g32

11111111 0---0

GPU rank 255
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CUDA implementation

Qs

How to implement these matrix-vector multiplications in the most efficient way?

Full guantum state: Quantum gate on global qubits:

f@booooo?oo 0---0 e.g. Bl on qubit g2
GPU rank 0 > Need to perform 2x2 updates of the form
QOOOOOOOO 1..-1 . w*******O Kook
100000001 0---0 Usossrens] 5o
GPU rank 1
100000001 1---1]

11111111 0---0

GPU rank 255
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CUDA implementation

JUQCS-G E?=?.T.éléT?.?=

Qs

How to implement these matrix-vector multiplications in the most efficient way?

Full guantum state:

Quantum gate on global qubits:
('woooooooo 0---0 e.g. [ on qubit gs2

GPU rank 0 > Need to perform 2x2 updates of the form

QOOOOOOOO 1.--1 w*******O Kook
JOOOOOOOl O~--OI . ¢
$okskokokokk ] koo

GPU rank 1 » Problem: the numbers are on separate GPUs
¢00000001 1.--1

11111111 0---0

GPU rank 255
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CUDA implementation

Qs

How to implement these matrix-vector multiplications in the most efficient way?

Full quantum state: Quantum gate on global qubits:

('1000000(.)00 0---0 e.g. Al on qubit g32
GPU rank 0 > Need to perform 2x2 updates of the form

QOOOOOOOO 1.--1 w*******O Kook
JOOOOOOOl O~--OI . ¢
$okskokokokk ] koo

GPU rank 1 > Problem: the numbers are on separate GPUs
00000001 1---1 » Naive solution:
> Transfer 2" /2 ¢’s (8 TiB), perform W transfer back

11111111 0---0

GPU rank 255
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CUDA implementation
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q
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Qs

How to implement these matrix-vector multiplications in the most efficient way?

Full guantum state:
(' 100000000 0---0

GPU trank 0

QOOOOOOOO 1..-1
aOOOOOOOl 0---0I

GPU rank 1

¢00000001 1.---1

11111111 0---0

GPU rank 255

Member of the Helmholtz Association

Quantum gate on global qubits:
e.g. [ on qubit g32
» Need to perform 2x2 updates of the form
. w*******O Kook

¢>k>l<>k>l<>k>k>k1 ¥oo ok
» Problem: the numbers are on separate GPUs
» Naive solution:
> Transfer 2" /2 ¢’s (8 TiB), perform W transfer back
» Optimal solution:
» Exchange global and local qubit, e.g. g32 <> qo
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CUDA implementation

JUQCS-G E?=?.T.éléT?.?=

Qs

How to implement these matrix-vector multiplications in the most efficient way?

Full quantum state: Quantum gate on global qubits: ('wooooooo 0--00
('wooooo?ooo"'o e.g. [ on qubit g32 GPU fank 0
GPU rank 0 > Need to perform 2x2 updates of the form 0000000 1.--10
100000000 1.--1 . Vo) e 10000000 0---0 1
100000001 0---0} ¢*******1 I GPU rank 1
GPU rank 1 » Problem: the numbers are on separate GPUs 0000000 1---1 1
00000001 1---1 » Naive solution:
> Transfer 2" /2 ¢’s (8 TiB), perform W transfer back ;
. > Optlmal solution: ¢1111111 0---01
11111111 0---0 » Exchange global and local qubit, e.g. q32 <> qo

GPU rank 255

GPU rank 255 \ : J
1111111 1---11

(X ]
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CUDA implementation

JUQCS-G E?=?.T.éléT?.?=

Qs

How to implement these matrix-vector multiplications in the most efficient way?

Full guantum state: Quantum gate on global qubits: ('wooooooo 0:-00
('wooooo?ooo"'o e.g. I on qubit g32 GPU tank 0
GPU rank 0 > Need to perform 2x2 updates of the form 0000000 1.--10
_,0—00000000 1.1 . wrrrm’rr(} keook T ¥00000000---0 1
P ol ,
00000?01 00 wrrrr'rrfrl keook T GPU rank 1
GPU rank 1 » Problem: the numbers are on separate GPUs 0000000 1.1 1
00000001 1---1 » Naive solution:
> Transfer 2" /2 ¢’s (8 TiB), perform W transfer back ;
. > Optlmal solution: ¢1111111 0---01
11111111 0---0 > Exchange global and local qubit, e.g. ¢32 <> qo

GPU rank 255

GPU rank 255 \ : J
1111111 1---11

(X ]
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CUDA implementation

Qs

How to implement these matrix-vector multiplications in the most efficient way?

Full q@;antum state: Quantum gate on global qubits: ('wooooooo 0--00
000000000---0 : .
(' . e.g. [ on qubit g32 GPU rank 0
GPU rank 0 > Need to perform 2x2 updates of the form 10000000 111 0
_,0—00000000 1.1 . wrrrrrrr() keook T ¥00000000---0 1
Y ol ,
00000?01 00 wrrrrrrrl koo ok T GPU rank 1
GPU rank 1 » Problem: the numbers are on separate GPUs P0000000 1.1 1
00000001 1.--1 » Naive solution:
> Transfer 2" /2 ¢’s (8 TiB), perform W transfer back ;
. > Optlmal solution: ¢1111111 0---01
11111111 0---0 > Exchange global and local qubit, e.g. g32 <> qg .
- » Keep track of qubit assignment in a permutation | GPU rank 255
GPU ra‘nk 255 P | ° P 11111111---1.1
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CUDA implementation

Qs

How to implement these matrix-vector multiplications in the most efficient way?

Full guantum state: Quantum gate on global qubits: ('wooooooo 0:-00
MOOOOO?OOO'"O e.g. [l on qubit g32 GPU tank 0
GPU rank 0 > Need to perform 2x2 updates of the form 0000000 1.1 0
100000000 1::-1 W e 0000000 0---0 1
P 0| ,
00000001.0---0 () S———— GPU fank 1
GPU rank 1 > Problem: the numbers are on separate GPUs "
.. . 00000001---11
00000001 1---1 > Naive solution:
> Transfer 2" /2 ¢’s (8 TiB), perform W transfer back ;
. > Optlmal solution: ¢1111111 0---01
11111111 0---0 > Exchange global and local qubit, e.g. g32 <> qg .
- : : - GPU rank 255
- » Keep track of qubit assignment in a permutation
GPU rank 255 n /
> Transfer 2" /2 v's only once V1111111111V
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JUQCS-G
MPIl communication scheme
Before transfer:

@DTTTTTTTT*'“*

@DTTTTTTTT*-“*

ééil psi2MPIbuf<<<m,n>>> (nbits,nstatesGPU,m@,n0,nswap,isourmask,DD(0)%sbitmasklist,DD(0)%phi R,DD(0)%buf I)

istat=cudaStreamSynchronize()
call MPI SENDRECV(DD(0O)%buf I,m@,MPI REALS,idest,0,DD(0)%buf R,m0,MPI REAL8,idest,MPI ANY TAG,MPI COMM WORLD,MPI STATUS IGNORE,IERR)

call MPIbuf2psi<<<m,n>>> {nbits,nstatesGPU,mﬂ,nﬂ,nswap,isﬁurmaEH,DD{3]%bitmasklist,DDTjj%phi_R,Dijj%buf_R]
istat=cudaStreamSynchronize()




JUQCS-G

MPI communication scheme

Before transfer:
@DTTTTTTTT*-H*
@DTTTTTTTT*-H*

After transfer:

@DTTTTTTT*-H*T

@DTTTTTTT*-“*T

call psi2MPIbuf<<<m,n>>> (nbits,nstatesGPU,m®,n0,nswap,isourmask,DD(0)%sbitmasklist,DD(0)%phi R,DD(0)%buf I)
istat=cudaStreamSynchronize()
call MPI SENDRECV(DD(0O)%buf I,m@,MPI REALS,idest,0,DD(0)%buf R,m0,MPI REAL8,idest,MPI ANY TAG,MPI COMM WORLD,MPI STATUS IGNORE,IERR)

call MPIbuf2psi<<<m,n>>> {nbits,nstatesGPU,mﬂ,nﬂ,nswap,isﬁurmaEH,DD{3]%bitmasklist,DDTjj%phi_R,Dijj%buf_R]
istat=cudaStreamSynchronize()




JUQCS-G

MPI communication scheme

Before transfer:
@DTTTTTTTT*-H*
@DTTTTTTTT*-H*

After transfer:

@DTTTTTTT*-H*T

@DTTTTTTT*-“*T

» Build buffer on each GPU

call psi2MPIbuf<<<m,n>>> (nbits,nstatesGPU,m@,n0,nswap,isourmask,DD(0)%sbitmasklist,DD(0)%phi R,DD(0)%buf I)
istat=cudaStreamSynchronize()
call MPI_ SENDRECV(DD(O)%buf I,m0,MPI REAL8,idest,0,DD(0)%buf R,m0,MPI REALS8,idest,MPI ANY TAG,MPI COMM WORLD,MPI STATUS IGNORE,IERR)

call MPIbuf2psi<<<m,n>>> {nbits,nstatesGPU,mﬂ,nﬂ,nswap,isﬁurma5k,DD{3]%bitmasklist,DDTjj%phi_R,Dijj%buf_R]
istat=cudaStreamSynchronize()




JUQCS-G

MPI communication scheme

[@Uoooooooo 0---00 \
100000000 0---01

Before transfer: 100000000 0---10

Vyrprprrrs.. 100000000 0---11
w’r’rrrrrrr*---* GPU }ank 0
After transfer: 100000000 1---11

¢00000001 0---00

100000001 0---01
W rrrrrrs.sr 100000001 0---10
100000001 0---11

GPU rank 1

77000000001 1---11

call psi2MPIbuf<<<m,n>>> (nbits,nstatesGPU,m®,n0,nswap,isourmask,DD(0)%sbitmasklist,DD(0)%phi R,DD(0)%buf I)
istat=cudaStreamSynchronize()
call MPI SENDRECV(DD(0O)%buf I,m@,MPI REALS,idest,0,DD(0)%buf R,m0,MPI REAL8,idest,MPI ANY TAG,MPI COMM WORLD,MPI STATUS IGNORE,IERR)

@DTTTTTTT*-”*T

» Build buffer on each GPU

call MPIbuf2psi<<<m,n>>> {nbits,nstatesGPU,mﬂ,nﬂ,nswap,isﬁurma5k,DD{3]%bitmasklist,DDTjj%phi_R,Dijj%buf_R]
istat=cudaStreamSynchronize()




JUQCS-G

MPI communication scheme (@?00000000 O---00\
¥Y000000000---01

00000000 0---10 GPUO
Lbrrrrrrrr*-u* 100000000 0---11 buffer

Before transfer:

@Drrrrrrrr*-n*

After transfer: 00000000 1---11
Y00000001 0---00

100000001 0---01
W rrrrrrs.sr 100000001 0---10
100000001 0---11

GPU rank 1

77000000001 1---11

@DTTTTTTT*-H*T

» Build buffer on each GPU

ééil psi2MPIbuf<<<m,n>>> (nbits,nstatesGPU,m@,n0,nswap,isourmask,DD(0)%sbitmasklist,DD(0)%phi R,DD(0)%buf I)

istat=cudaStreamSynchronize()

call MPI SENDRECV(DD(0O)%buf I,m@,MPI REALS,idest,0,DD(0)%buf R,m0,MPI REAL8,idest,MPI ANY TAG,MPI COMM WORLD,MPI STATUS IGNORE,IERR)
call MPIbuf2psi<<<m,n>>> (nbits,nstatesGPU,m0,n®,nswap,isourmask,DD(0)%bitmasklist,DD(0)%phi R,DD(0)%sbuf R)
istat=cudaStreamSynchronize()




JUQCS-G

MPI communication scheme /@?00000000 O---00\
00000000 0---01

00000000 0---10 GPUO
@brrrrrrrr*-n* 00000000 0---11 buffer

Before transfer:

@Drrrrrrrr*-n*

After transfer: 00000000 1---11
00000001 0---00

100000001 0---01

w""TTTTTT‘*"'*T 00000001 0---10 GPU1
100000001 0---11 buffer

@DTTTTTTT*°”*T

» Build buffer on each GPU
00000001 1---11

)

call psi2MPIbuf<<<m,n>>> (nbits,nstatesGPU,m®,n0,nswap,isourmask,DD(0)%sbitmasklist,DD(0)%phi R,DD(0)%buf I)
istat=cudaStreamSynchronize()
call MPI SENDRECV(DD(0O)%buf I,m@,MPI REALS,idest,0,DD(0)%buf R,m0,MPI REAL8,idest,MPI ANY TAG,MPI COMM WORLD,MPI STATUS IGNORE,IERR)

call MPIbuf2psi<<<m,n>>> {nbits,nstatesGPU,mﬂ,nﬂ,nswap,isﬁurmaEH,DD{3]%bitmasklist,DDTjj%phi_R,Dijj%buf_R]
istat=cudaStreamSynchronize()




JUQCS-G

MPI communication scheme (@?00000000 O---00\
00000000 0---01

Before transfer: 100000000 0---10 GPUO

LbTTTTTTTT*'“* Q@OOOWﬂKﬂlnll bUﬁer
A
wrrrrrrrr*---*
After transfer: 00000000 1---11
w 00000001 0---00
TrTTTTT 5% T 100000001 0---01 v
wrrrrrrr*---*r 100000001 0---10 GPU1
100000001 0---11 buffer

» Build buffer on each GPU

» Transfer with MPI 100000001 1---11

)

call psi2MPIbuf<<<m,n>>> (nbits,nstatesGPU,m®,n0,nswap,isourmask,DD(0)%sbitmasklist,DD(0)%phi R,DD(0)%buf I)
istat=cudaStreamSynchronize()
call MPI SENDRECV(DD(O)%buf I,m0,MPI REALS8,idest,@,DD(0)%buf R,m0,MPI REALB,idest,MPI ANY TAG,MPI COMM WORLD,MPI STATUS IGNORE, IERR)

calLl MPLlbuTZpsl<<<m,n>>> {nbits,nstatesGPU,mﬂ,nﬂ,nswap,isﬁurmaEH,DD{3]%bitmasklist,DDTjj%phi_R,Dijj%buf_R]
istat=cudaStreamSynchronize()




n=blockidx%x-1
n=n*blockdim%x+threadidx%sx-1

\] UQCS'G idx=n+noff

do i=0,nswap-1

. . . j=bitmasklist (i)
MPIl communication scheme (5000000000 OO\ idx=ishft(iand(idx,not(j)),one)+iand(idx,j)
000000000---01 enddo
Before transfer: lboooooooo 0.--10 GPUO buf(n)=phi(ior(idx, jsourmask))
Vrrrrrrrrs. s 100000000 0---11 buffer | (|%000000000---0 %00000000-+-0 0

t GPU fank 0 GPU rank 0

?/Lr7“r7mr7mr7“*---*

00000001 0---00 00000001 0---0 0000000 0---0 1
wrrrrrrr*---*fr Y00000001 0---01 , 4 GPU rank 1 GPU rank 1
GPU1
rrrrrrrs.sr 100000001 0-+-10 100000001 1. 1f-f========+10000000 1---1 1

100000001 0---11 buffer

» Build buffer on each GPU ; 5 ‘><: :
) ©0111111110~-0 @b11111110-~01

» Transfer with MPI 100000001 1---11

call psi2MPIbuf<<<m,n>>> (nbits,nstatesGPU,m®,n0,nswap,isourmask,DD(0)%sbitmasklist,DD(0)%phi R,DD(0)%buf I)
istat=cudaStreamSynchronize()
call MPI SENDRECV(DD(O)%buf I,m0,MPI REALS8,idest,@,DD(0)%buf R,m0,MPI REALB,idest,MPI ANY TAG,MPI COMM WORLD,MPI STATUS IGNORE, IERR)

GPU rank 255 GPU rank 255

1111111 1.--11

calLl MPLlbuTZpsl<<<m,n>>> {nbits,nstatesGPU,mﬂ,nﬂ,nswap,isﬁurma5k,DD{3]%bitmasklist,DDTj]%phi_R,Dij]%buf_R]
istat=cudaStreamSynchronize()




n=blockidx%x-1
n=n*blockdim%x+threadidx%sx-1

\] UQCS'G idx=n+noff

do i=0,nswap-1

. . . j=bitmasklist (i)
MPIl communication scheme (5000000000 OO\ idx=ishft(iand(idx,not(j)),one)+iand(idx,j)
000000000---01 enddo
Before transfer: lboooooooo 0.--10 GPUO buf(n)=phi(ior(idx, jsourmask))
Vrrrrrrrrs. s 100000000 0---11 buffer | (|%000000000---0 %00000000-+-0 0

t GPU fank 0 GPU rank 0

?/Lr7“r7mr7mr7“*---*

00000001 0---00 00000001 0---0 0000000 0---0 1
wrrrrrrr*---*fr Y00000001 0---01 , 4 GPU rank 1 GPU rank 1
GPU1
rrrrrrrs.sr 100000001 0-+-10 100000001 1. 1f-f========+10000000 1---1 1

100000001 0---11 buffer

» Build buffer on each GPU ; 5 ‘><: :
) ©0111111110~-0 @b11111110-~01

> Transfer with MPI 160000001 1---11
> Retrieve from buffer \ : )

GPU rank 255 GPU rank 255

1111111 1.--11

call psi2MPIbuf<<<m,n>>> (nbits,nstatesGPU,m®,n0,nswap,isourmask,DD(0)%sbitmasklist,DD(0)%phi R,DD(0)%buf I)
istat=cudaStreamSynchronize()
call MPI SENDRECV(DD(0O)%buf I,m@,MPI REALS,idest,0,DD(0)%buf R,m0,MPI REAL8,idest,MPI ANY TAG,MPI COMM WORLD,MPI STATUS IGNORE,IERR)

call MPIbuf2psi<<<m,n>>>|(nbits,nstatesGPU,m®,n0,nswap,isourmask,DD(0)%bitmasklist,DD(0)%phi R,DD(0)%buf R)
istat=cudaStreamSynchronize()
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MPI communication: Two-qubit gates ‘
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MPI communication: Two-qubit gates a2
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» CNOT gate (controlled-NOT):
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JUQCS-G

MPI communication: Two-qubit gates

» CNOT gate (controlled-NOT):

» Swap all coefficients where control qubit C is 1

CT CT
00 01
1 0
0 1
0O O
0O O
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JUQCS-G

MPI communication: Two-qubit gates

» CNOT gate (controlled-NOT):

Qa
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Oz
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» Swap all coefficients where control qubit C is 1

cr Ccr «CcT CT

00 01 10 11
1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0
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JUQCS-G

MPI communication: Two-qubit gates a2

Oz

HERL

GITTIRERL

» CNOT gate (controlled-NOT):

» Swap all coefficients where control qubit C is 1
cr Ccr «Ccr «CT

00 01 10 11
1 0O 0 0

0 1 0 0 quqqu qo
o 0 0 1 11
0 0 1 0 CT

» “2 local”: GPUs swap locally
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JUQCS-G

MPI communication: Two-qubit gates a2

Oz

HERL

GITTIRERL

» CNOT gate (controlled-NOT):

» Swap all coefficients where control qubit C is 1
cr Ccr «Ccr «CT

00 01 10 11
1 0O 0 0

0 1 0 0 quqqu qo
o 0 0 1 11
0 0 1 0 CT

» “2 local”: GPUs swap locally
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GPUO GPU1 GPU2 GPUS3

%0 00 2pOl 00 QblO 00 ¢11 00
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MPI communication: Two-qubit gates 42 . é é

Oz

» CNOT gate (controlled-NOT):

» Swap all coefficients where control qubit C is 1
cr Ccr «Ccr «CT

00 01 10 11

GPUO GPU1 GPU2 GPUS3

1 0 0 0 %0000 Yo100\ [Y1000\ (%1100
0 1 0 0 wQSQQ q190 Yooo1 | | Yoro1 | | Y1001 | | Y1101
O 0 0 1 T 1 100 10 101 10 Y1010 Y1110
o0 1 0 c T Yoo 11 o111 Y1011 Y1111

» “2 local”: GPUs swap locally
» “C global, T local”: GPUs swap locally
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JUQCS-G 2l e

MPI communication: Two-qubit gates a2

Oz

Y éT?

?I

» CNOT gate (controlled-NOT):

» Swap all coefficients where control qubit C is 1
cr Ccr «Ccr «CT

00 01 10 11
1 0O 0 0

0O 1 0 0 ¢q3 g29190
0o 0 0 1 | I |
0o 0 1 0 C T

» “2 local”: GPUs swap locally
» “C global, T local”: GPUs swap locally
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.

MPI communication: Two-qubit gates ':'

0z

Y

IRERL
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» CNOT gate (controlled-NOT):

» Swap all coefficients where control qubit C is 1
cr Ccr «Ccr «CT

00 01 10 11
1 0O 0 0

0O 1 0 0 quqqu qo
0o 0 0 1 11
0o 0 1 0 TC

» “2 local”: GPUs swap locally
» “C global, T local”: GPUs swap locally
» “C local, T global”: MPI transfer V2 of all coefficients
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MPI communication: Two-qubit gates "

HILL L IR
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0z

» CNOT gate (controlled-NOT):

» Swap all coefficients where control qubit C is 1
cr Ccr «Ccr «CT

00 01 10 11

GPUO GPU1 GPU2 GPUS3

1 0 0 0 %0000 11000
0 1 0 0 qu 429190 Y00 10

O 0 0 1 [ ] Y0010 Y1010
o0 1 0 TC Yoo 11 Y1011

» “2 local”: GPUs swap locally \j \j
» “C global, T local”: GPUs swap locally
» “C local, T global”: MPI transfer V2 of all coefficients
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MPI communication: Two-qubit gates Az . T . ?

» CNOT gate (controlled-NOT):

» Swap all coefficients where control qubit C is 1
cr Ccr «Ccr «CT

00 01 10 11

GPUO GPU1 GPU2 GPUS3

1 0 0 0 %0000 Yo100\ [Y1000\ (%1100
0 1 0 0 wCIqu q190 Yooo1 | | Yoro1 | | Y1001 | | Y1101
O 0 0 1 [ ] 100 10 101 10 Y1010 Y1110
o0 1 0 CT Yoo 11 o111 Y1011 Y1111

» “2 local”: GPUs swap locally

» “C global, T local”: GPUs swap locally

» “C local, T global”: MPI transfer V2 of all coefficients

» “2 global”: MPI transfer Y2 of all coefficients (or relabel GPUSs)
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MPI communication: Two-qubit gates ':' ?
» CNOT gate (controlled-NOT): —_
» Swap all coefficients where control qubit C is 1 /\

cr Ccr «CcT CT

o o 10 11 GPUO GPU1 GPU2 GPU3
1 0 0 0 %0000 Yo100\ [Y1000\ (%1100
0 1 0 0 w% 429190 Yooo1 | | Yoro1 | | Y1001 | | Y1101
O 0 0 1 [ ] 100 10 101 10 Y1010 Y1110
o0 1 0 CT Yoo 11 o111 Y1011 Y1111

» “2 local”: GPUs swap locally

» “C global, T local”: GPUs swap locally

» “C local, T global”: MPI transfer V2 of all coefficients

» “2 global”: MPI transfer Y2 of all coefficients (or relabel GPUSs)
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JUQCS-G 2l e
.

MPI communication: Two-qubit gates ':'

GITTIRERL

» CNOT gate (controlled-NOT):

» Swap all coefficients where control qubit C is 1
cr Ccr «Ccr «CT

00 01 10 11

GPUO GPU1 GPU2 GPUS3

1 0 0 0 %0000 Yo100\ [Y1000\ (%1100
0 1 0 0 wCISQQ q190 Yooo1 | | Yoro1 | | Y1001 | | Y1101
O 0 0 1 100 10 101 10 Y1010 Y1110
o0 1 0 Yoo 11 o111 Y1011 Y1111

» “2 local”: GPUs swap locally
» “C global, T local”: GPUs swap locally
» “C local, T global”: MPI transfer V2 of all coefficients
» “2 global”: MPI transfer Y2 of all coefficients (or relabel GPUSs)
» For benchmarking: MPI transfer whenever coefficients on different GPUs are combined
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JUQCS-G

Running on JUWELS Booster

— —

Forschungszentrum CENTRE

[ X J .
JULICH
Member of the Helmholtz Association April 14, 2021 Page 15 " J U L I c H SUPERCOMPUTING



JUQCS-G

Running on JUWELS Booster

=

» 936 Compute nodes
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JUQCS-G

Running on JUWELS Booster

» 936 Compute nodes
» DragonFly+ Topology
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JUQCS-G

Running on JUWELS Booster

——— —

\ > 936 Compute nodes
> DragonFly+ Topology
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4 A100 GPUs per node

JUQCS-G — PN
/ T o |
Running on JUWELS Booster ; n/—L /._.Z

7 > 936 Compute nodes |/ on

S A > DragonFly+ Topology = L -mli "J |
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4 A100 GPUs per node

JUQCS-G —_—
/ T o |
Running on JUWELS Booster ; n/—L /._.Z

—_

7 > 936 Compute nodes |/ on

» DragonFly+ Topology = L# /-J ”
j; » 3744 NVIDIA A100 GPUs
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4 A100 GPUs per node

JUQCS-G — P
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Running on JUWELS Booster : n/—L /._.Z
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*_>~ > 936 Compute nodes | - o

» DragonFly+ Topology > L., "J
il - '27 » 3744 NVIDIAA100 GPUs
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Running on JUWELS Booster

2 5 036 Compute nodes

Top500 Nov-2020:
» #1 Europe
» #7 World

» #3 Green500

.. °
500

The List.

= > DragonFly+ Topology
27 » 3744 NVIDIA A100 GPUs
* ¥ > 73 PFLOP/s

4 A100 GPUs per node
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Why we can use it to benchmark GPU clusters like JUWELS Booster
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JUQCS-G

Why we can use it to benchmark GPU clusters like JUWELS Booster

» Memory-intensive:
> For 40 qubits: 2*° ¢'s = 16 TiB memory
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JUQCS-G

Why we can use it to benchmark GPU clusters like JUWELS Booster

» Memory-intensive:

> For 40 qubits: 2*° ¢'s = 16 TiB memory
» Network-intensive:

» Global gates need transfer of one half of all memory
> For 40 qubits: 2*° /2¢'s = 8 TiB transfer
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JUQCS-G

Why we can use it to benchmark GPU clusters like JUWELS Booster

» Memory-intensive:
> For 40 qubits: 2*° ¢'s = 16 TiB memory
» Network-intensive:
» Global gates need transfer of one half of all memory
> For 40 qubits: 2*° /2¢'s = 8 TiB transfer
» High GPU utilization
» For 40 qubits:
» 32 GiB on 512 GPUs
» 16 GiB on 1024 GPUs
» 8 GiB on 2048 GPUs
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JUQCS-G

Why we can use it to benchmark GPU clusters like JUWELS Booster

» Memory-intensive:
> For 40 qubits: 2*° ¢'s = 16 TiB memory
» Network-intensive:
» Global gates need transfer of one half of all memory
> For 40 qubits: 2*° /2¢'s = 8 TiB transfer
» High GPU utilization
» For 40 qubits:
» 32 GiB on 512 GPUs
» 16 GiB on 1024 GPUs
» 8 GiB on 2048 GPUs

» Using GPUs to simulate universal QPUs

QPU = Quantum Processing Unit
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JUQCS-G

Why we can use it to benchmark GPU clusters like JUWELS Booster

» Memory-intensive: Application: _ _
Solve airplane scheduling problems using the

Quantum Approximate Optimization Algorithm

> For 40 qubits: 2*° ¢'s = 16 TiB memory
» Network-intensive:
» Global gates need transfer of one half of all memory
> For 40 qubits: 2*° /2¢'s = 8 TiB transfer
» High GPU utilization
» For 40 qubits:
» 32 GiB on 512 GPUs
» 16 GiB on 1024 GPUs
» 8 GiB on 2048 GPUs

» Using GPUs to simulate universal QPUs

QPU = Quantum Processing Unit
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Normalized elapsed time [s]

JUQCS-G

Weak and strong scaling results

Number of GPUs Number of GPUs
2 8 32 128 512 8 16 32 64 128 256
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32 qubits 34 qubits 36 qubits 38 qubits 40 qubits 34 qubits 34 qubits 34 qubits 34 qubits 34 qubits 34 qubits
(2*32 GB) (8*32 GB) (32%32 GB) (128*32 GB) (512*%32 GB) (8*32 GB) (16*16 GB) (32*8 GB) (64*4 GB) (128*2 GB)(256*1 GB)
Problem size (memory) Problem size (memory)
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Normalized elapsed time [s]

JUQCS-G

Weak and strong scaling results: MPI vs. Compute Time

2 8 32 128 512 8 16 32 64 128 256 512 1024 2048
GPUs GPUs GPUs GPUs GPUs GPUs GPUs GPUs GPUs GPUs GPUs GPUs GPUs GPUs
200 | T T T | T T T 1 T T
— MPI == MPI == MPI
B Compute = Compute B Compute
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Weak scaling Strong scaling Strong scaling
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JUQCS-G

Weak and strong scaling results: Hadamard benchmark circuits
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JUQCS-G

Weak and strong scaling results: Hadamard benchmark circuits
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Hadamard benchmark circuits:
» 11 times ® on all qubits
» All global qubits first: Perform all MPI transfers
» Scalable and normalizable
» In this case:
» 42 qubits: 11 global + 31 local
> 64 TiB = 32 GIiB on 2048 GPUs
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Normalized elapsed time [s]

JUQCS-G

Weak and strong scaling results: Hadamard benchmark circuits
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Weak and strong scaling results: Hadamard benchmark circuits
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Weak and strong scaling results: Hadamard benchmark circuits
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JUQCS-G

Weak and strong scaling results: Hadamard benchmark circuits
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GPUs GPUs GPUs GPUs GPUs GPUs GPUs GPUs GPUs GPUs GPUs GPUs GPUs GPUs GPUs GPUs GPUs GPUs GPUs GPUs
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— MPI =3 MPI == MPI
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Weak scaling Strong scaling Strong scaling
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» Speedup (compute time per node): JUWELS Cluster > JUWELS GPUs (NVIDIA V100): 10

Member of the Helmholtz Association April 14, 2021 Page 20

@) JULICH | i
SUPERCOMPUTING
Forschungszentrum CENTRE




Normalized elapsed time [s]

JUQCS-G

Weak and strong scaling results: Hadamard benchmark circuits
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» Speedup (compute time per node): JUWELS Cluster > JUWELS GPUs (NVIDIA V100): 10
» Speedup (compute time per node): JUWELS GPUs - JUWELS Booster (NVIDIA A100): 2 -3
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs

Resonator

Resonator
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs

» Physical realization: Solve Schrddinger / Master Equation

%‘w = —iH|y) or %p = —i[H, p] + D[p] = L|p]

Resonator

Resonator
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs

» Physical realization: Solve Schrddinger / Master Equation

%‘w = —iH|y) or %p = —i[H, p] + D[p] = L|p]

» Similar SPMV updates but:
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Resonator
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs

» Physical realization: Solve Schrddinger / Master Equation
0

0 . .
5% = —iH[Y) or oop=—ilH, p| +Dlp] = L[p] .
> Similar SPMV updates but: S R
» Many updates per time step : |

plt+7) = £/ pft

Resonator

Resonator
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs

» Physical realization: Solve Schrddinger / Master Equation
) = ~iH|) or = p=~ilH,p| + D] = Ll .

» Similar SPMV updates but: T
» Many updates per time step Y
p(t+7) = T2 p(t)

» More than 2 states per subsystem

Resonator

Resonator
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs

» Physical realization: Solve Schrddinger / Master Equation
) = ~iH|) or = p=~ilH,p| + D] = Ll .
» Similar SPMV updates but: T
» Many updates per time step Y
plt+7) = ST (1)
» More than 2 states per subsystem

» Before: W> :( q:st(th)

Resonator

Resonator
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs

» Physical realization: Solve Schrddinger / Master Equation
) = ~iH|) or = p=~ilH,p| + D] = Ll .
» Similar SPMV updates but: T
» Many updates per time step Y
plt+7) = ST (1)
» More than 2 states per subsystem

» Before: W> :( q:st(th)
»Now:  p = (pkomoklml)

Resonator

Resonator
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs

» Physical realization: Solve Schrodinger / Master Equation #
8 . 8 ) esonator ¢
o) = —it[v) or ~ilH, p] + Dlp] = L[] .

o’

Resonator

» Similar SPMV updates but:
» Many updates per time step
plt+7) = £/ (1)
» More than 2 states per subsystem
> Before: |¥) = (Vgag2q1q0)
»Now:  p = (pkomoklml

i ‘Resonater::

0 < ko, k1 < 1000

@ ) JULICH | &
Member of the Helmholtz Association April 14, 2021 Page 22 SUPERCOMPUTING
Forschungszentrum CENTRE




JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs

» Physical realization: Solve Schrodinger / Master Equation #
8 . 8 ) esonator ¢
o) = —it[v) or ~ilH, p] + Dlp] = L[] .

o’

Resonator

» Similar SPMV updates but:
» Many updates per time step
p(t+ 1) = ST (1)
» More than 2 states per subsystem
»Before: 1)) = (Yg3q2q140)
»Now:  p = (pkomoklml

:::Resonator:::

0 < ko, k1 < 1000

0<mg,m <4tol2
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs

» Physical realization: Solve Schrodinger / Master Equation #
8 . 8 ) esonator ¢
o) = —it[v) or ~ilH, p] + Dlp] = L[] .

o’

Resonator

» Similar SPMV updates but:
» Many updates per time step
plt+7) = S/

» More than 2 states per subsystem

> Before: |¥) = (Vgag2q1q0)

»Now:  p = (pkomoklml
» More complicated sparse matrices
(sin, sinh, cos, cosh, exp, ...)

:::Resonator '

0 < ko, k1 < 1000

0<mg,m <4tol2
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs

» Physical realization: Solve Schrodinger / Master Equation #
8 . 8 ) esonator ¢
o) = —it[v) or ~ilH, p] + Dlp] = L[] .

o’ =

Resonator

» Similar SPMV updates but:

» Many updates per time step
plt+7) = S/

0 < ko, k1 < 1000

0 <mg,mi <4 to 12

» More than 2 states per subsystem Before:l 1 1
> Before: ’w> — ( q3ng1q0) E <1 _1>
NOW:  p = (Promokiing Now:

» More complicated sparse matrices ( 0m0 0mo>

: : _igkomo 6’ﬂomo
(sin, sinh, cos, cosh, exp, ...)
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs

» Physical realization: Solve Schrodinger / Master Equation #
8 . 8 ) esonator ¢
o/0) = —iH[¢) or =p=—ilH,pl+ Dol = L[s .

ot =

Resonator

» Similar SPMV updates but:
» Many updates per time step
plt+7) = S/

» More than 2 states per subsystem

> Before: 1) = (Vg392q190)

»Now:  p = (pkomoklml . .
. . k — Uk
» More complicated sparse matrices [0To oo
: : —USkomg Ckomo
(sin, sinh, cos, cosh, exp, ...)

i ‘Resonater::

0 < ko, k1 < 1000

0<mg,m <4tol2

Before:

A

Now:

Cromo = €0S(T\/ ko + 1(GApm, + (1))
Skomo = SIN(TV ko + 1(GApmy + (1))
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs

» Physical realization: Solve Schrodinger / Master Equation #
8 . 8 ) esonator ¢
o/0) = —iH[¢) or =p=—ilH,pl+ Dol = L[s .

ot =

Resonator

» Similar SPMV updates but:
» Many updates per time step
plt+7) = S/

» More than 2 states per subsystem

> Before: 1) = (Vg392q190)

»Now:  p = (pkomoklml . .
. . k — Uk
» More complicated sparse matrices [0To oo
: : —USkomg Ckomo
(sin, sinh, cos, cosh, exp, ...)

i ‘Resonater::

0 < ko, k1 < 1000

0<mg,m <4tol2

Before:

A

Now:

» Very computation-intensive (memory “only” 2 GiB) &l — cos(ry/ko + L(GAmy +2()))
Skomo = SID(T ko +1 G)\mo + 5( ))
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs

» Physical realization: Solve Schrodinger / Master Equation #
8 . 8 ) esonator ¢
o/0) = —iH[¢) or =p=—ilH,pl+ Dol = L[s .

ot =

Resonator

» Similar SPMV updates but:
» Many updates per time step
plt+7) = S/

» More than 2 states per subsystem

> Before: 1) = (Vg392q190)

»Now:  p = (pkomoklml . .
. . k — Uk
» More complicated sparse matrices [0To oo
: : —USkomg Ckomo
(sin, sinh, cos, cosh, exp, ...)

i ‘Resonater::

0 < ko, k1 < 1000

0<mg,m <4tol2

Before:

A

Now:

CENTRE

» Very computation-intensive (memory “only” 2 GiB) &l — cos(tv/ ko + 1(GAm, + (D))
omo mo
- Useful to measure single-GPU performance Shomy = sin(Ty/ko + L(GAmg + £(2)))
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs

100000 Rt ] Bottleneck kernels profit from Tensor Cores
=& NVIDIA GeForce GTX 1050 Ti |3
=% NVIDIA V100
=8~ NVIDIA A100

10000
0
o 1000
£ =
[
100 k
10
le-10 1e-9 le-8 le-7 le-6 le-5 le-4 1le-3 le-2
Error
' JULICH
Member of the Helmholtz Association April 14, 2021 Page 23 l J U L I C H SUPERCOMPUTING
Forschungszentrum CENTRE




JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs

100000 :
= el 76700 CPU E Bottleneck kernels profit from Tensor Cores
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—%- NVIDIA V100 ] -
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Simulating physical realizations of quantum computers on GPUs

100000 :
= el 76700 CPU E Bottleneck kernels profit from Tensor Cores
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs

100000 :
= el 76700 CPU E Bottleneck kernels profit from Tensor Cores
> NVIDIA GeForce GTX 1050 Ti |1 » For each kg in steps of 2, for each ki, mg, m;
=%- NVIDIA V100 ] -
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs

100000 :
= el 76700 CPU E Bottleneck kernels profit from Tensor Cores
> NVIDIA GeForce GTX 1050 Ti |1 » For each kg in steps of 2, for each ki, mg, m;
=%- NVIDIA V100 ] -
10000 -8~ NVIDIA A100 ( Phomokim ) - (Ci’“ Skk) ( Promokim )
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o I—> 2-component updates
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— M-component updates
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs

100000 :
S CPU E Bottleneck kernels profit from Tensor Cores
»& NVIDIA GeForce GTX 1050 Ti | » For each kg in steps of 2, for each ki, mg, m;
=%- NVIDIA V100 ] -
10000 8- NVIDIA A100 ( Pkomokima ) — (C’er»kl Sko,kzl) ( Pkomokima )
- p(k?o-l—l)mo(kl-l—l)ml Sk())kl Ck:o,kl p(ko-ﬁ-l)?’)’bo(kl-i-l)ml
o I—> 2-component updates
o 1000
£ : » For each kg, k1, mgo
= :
pko?ﬂoklml < Z Vmom(’) pk0m6k1m1
100 mg |
- — M-component updates
10 Small system with M=4 and K=100
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs

100000 :

= el 76700 CPU E Bottleneck kernels profit from Tensor Cores

> NVIDIA GeForce GTX 1050 Ti |1 » For each kg in steps of 2, for each ki, mg, m;

—%- NVIDIA V100 ] -
10000 8- NVIDIA A100 ( Pkomokima ) — (CkO»kl Sko,kl) ( Pkomokima )
- p(k?o-l—l)mo(kl-l—l)ml S_k)‘_o,kl Ck:o,kl p(ko-ﬁ-l)?’)’bo(kl-i-l)ml
o I—> 2-component updates
o 1000
£ : » For each kg, k1, mgo
= ;
pk‘omokﬁlml A Z Vmom(’) pkom6k1m1
my, |

100 k

— M-component updates

10 Small system with M=4 and K=100
te-l0led le8 le-7 1e6 les led 1e3 162 3 Similar performance for V100 and A100
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs

Realistic system with M=12 and K=400
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs

Realistic system with M=12 and K=400

For each kg, k1, mg

pl{:omoklml < E Vm0m6 pkom6k1m1

/
mg

12-component updates
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs

30000 . r , , I
. . 26742 s
Realistic system with M=12 and K=400
25000 | -
For each kg, k1, mg 20000 7
m 15769 s
pk)o’l’)’boklml — Z Vm0m6 pk0m6k1m1 v15000 bk 13870 s .
mg E
|_
10000 | -
12-component updates
5000 | -
654 s
0

Intel Xeon Intel Xeon NVIDIA NVIDIA NVIDIA
Phi 7250F Phi 7250F GeForce V100 Al100
34threads 68threads GTX 1050 Ti
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs

30000 . r . . r
. . 26742 s
Realistic system with M=12 and K=400
25000 | -
For each kg, k1, mg 20000 F ]
m 15769 s
Pkomokimi Z Vm0m6 pk0m6k1m1 ©v15000 k 13870 s -
mg E
|_
10000 | -
12-component updates
5000 | -
o _ 654 s
= Similar speedup until V100 0

Intel Xeon Intel Xeon NVIDIA NVIDIA NVIDIA
Phi 7250F Phi 7250F GeForce V100 Al100
34threads 68threads GTX 1050 Ti
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs

30000

1 ] ] ] ]
. . 26742 s
Realistic system with M=12 and K=400
25000 | -
For each kg, k1, mg 20000 f -
o 15769 s
Pkomokimi Z Vm0m6 pk0m6k1m1 ©v15000 k 13870 s -
mg E
|_
10000 | -
12-component updates /\
>000 - 2128 s i
o _ 654 s
= Similar speedup until V100 0

Intel Xeon Intel Xeon NVIDIA NVIDIA NVIDIA
> Further speedup from V100 to A100 Phi 7250F Phi 7250F GeForce V100 A100

34threads 68threads GTX 1050 Ti

(X ]
Member of the Helmholtz Association April 14, 2021 Page 24 " J U L I C H

Forschungszentrum

JULICH
SUPERCOMPUTING
CENTRE
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SUMMARY )UNIE

> All QC simulations are composed of JULICH SUPERCOMPUTING CENTRE

huge sparse complex

matrix-vector updates
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SUMMARY ‘JUN.

> All QC simulations are composed of JULICH SUPERCOMPUTING CENTRE

huge sparse complex
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SUMMARY 'JUN.

> All QC simulations are composed of JULICH SUPERCOMPUTING CENTRE

huge sparse complex

matrix-vector updates
» Simulating QCs is a versatile approach to benchmark supercomputers

» Memory-, network-, and computation-intensive

» Huge speedup from CPU-based simulators to GPU-based simulators

THANK YOU FOR YOUR ATTENTION

» More information and references:
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MPI communication scheme: De Raedt et al., Comp. Phys. Commun. 176, 121 (2007)

Benchmarking gate-based quantum computers: Michielsen et al., Comp. Phys. Commun. 220, 44 (2017)
JUQCS: De Raedt et al., Comp. Phys. Commun. 237, 41 (2019)

Quantum supremacy with JUQCS: Arute et al., Nature 574, 505 (2019)

Benchmarking supercomputers with JUQCS: Willsch et al., NIC Series 50, 255 (2020)
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Q&A

What are the fundamental tensor operations in all
simulations of this kind?
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Q&A

What dedicated library functions would be useful for
guantum computer simulations?

[ X J .
JULICH
Member of the Helmholtz Association April 14, 2021 Page 27 l J U L I C H SUPERCOMPUTING
Forschungszentrum CENTRE




Q&A

What dedicated library functions would be useful for
guantum computer simulations?

w"'<13<12611£10 — § :quéw“'%%qwo

a5

V.. .gzqeqrqo < E :quqéqoq()w---q:aqéqlq{)
a%q)

pkomoklml"' <_ E Vmomépkoméklml--‘

!
mg

pkomoklml'“ Am E Wkok{)klk},lpk6mOk/1m1'~
koKl

[ X J .
JULICH
Member of the Helmholtz Association April 14, 2021 Page 27 ' J U L I C H SUPERCOMPUTING
Forschungszentrum CENTRE




Q&A

What dedicated library functions would be useful for
guantum computer simulations?

w"‘QBQQQlQO — § :quéw“'%q;qwo

a5

V.. .gzqeqrqo < E :qungoq()w---q:sqéqlq{)
a%q)

pkomoklml'" % E Vmomépkomgklml--'

/
mg

pkomok‘lml'“ Am E Wkok{)klkipkémOkiml'“
koKl

Generic 1-component and 2-component in-place double complex 2D SPMV updates

[ X J .
JULICH
Member of the Helmholtz Association April 14, 2021 Page 27 l J U L I C H SUPERCOMPUTING
Forschungszentrum CENTRE




Q&A

What dedicated library functions would be useful for
guantum computer simulations?

w"‘QBQQQlQO — § :quéw“'%q;qwo

a5

V.. .gzqeqrqo < E :qungoq{)w---q:sqéqlq{)
a%q)

pkomoklml'" % E Vmomépkomgklml--'

/
mg

pkomoklml'“ Am E Wk}ok{)klkipkémOkiml'“
koKl

Generic 1-component and 2—component|in-p|ace|double complex 2D SPMV updates

[ X J .
JULICH
Member of the Helmholtz Association April 14, 2021 Page 27 l J U L I C H SUPERCOMPUTING
Forschungszentrum CENTRE




Q&A

What dedicated library functions would be useful for
guantum computer simulations?

w"‘QBQQCIICIO — § :quéw“'%%qwo

a5

V.. .gzqeqrqo < E :qungoq{)w---q:sqéqlq{)
a%q)

pkomoklml'" % E Vmomépkomékzlml--‘

/
mg

pkomoklml'“ Am E Wk}ok{)klkipkémOkiml'“
koKl

Generic 1-component and 2-component|in-place|double|complex|2D SPMV updates

[ X J .
JULICH
Member of the Helmholtz Association April 14, 2021 Page 27 l J U L I C H SUPERCOMPUTING
Forschungszentrum CENTRE




Q&A

Do you make use of cuBLAS
or other dedicated libraries in your code?
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C' + i *strideC = aop(A + i * strideA )op(B + i * strideB) 4+ 3(C + i * strideC)
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Q&A
Do you make use of cuBLAS

or other dedicated libraries in your code?
Yes, but:
» CUBLAS:

cublasZgemm: C' = aop(A)op(B) + C
cublasGemmStridedBatchedEx:

C' + 1 xstrideC = aop(A + 7 xstrideA )op(B + i xstrideB) + B(C + 7 x strideC)

» CUTENSOR: possible, but typically support for in-place operations missing
» Other libraries: often support for <double> times <double complex> missing
» Our custom CUDA kernels were faster
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Q&A

What Is the bottleneck that limits the performance of
JUQCS and are there ideas to improve it?
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Q&A

Why did V100 and A100 perform equally well
In the first JUQMES result?
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