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JUQ***: SIMULATING QUANTUM COMPUTERS ON GPUS

The quantum state

> Each simulation step transforms a quantum state |¢) = (¥...q3q2q140) OF £ = (Pkgmokymy--)
» Distribute all complex numbers on the 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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936 compute nodes
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GPU rank 0 = 0b0000000000:

¢OOOOOOOOOO 0---0

¢OOOOOOOOOO 1---1

GPU rank 3 = 0b0000000011:

¢000000001 10---0

¢OOOOOOO()1 11---1
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JUQ***: SIMULATING QUANTUM COMPUTERS ON GPUS

Fundamental tensor operations
» The fundamental operations on the quantum state are given by

@b~-Q3qzq1qo — E :}]§2q§@b~-q3q§q1qo

a3
V...q3q2q190 & E :(]dzqéqoq6@b~'q3q§qlq6
q549(
pki()?n()kilml'“ — E Vmomépkoméklml---
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pkomoklml-" % Z Wkok(l)klkipkémO}(,’/lml
kok!

» In-place double complex SPMV (sparse matrix-vector) updates
» If numbers are on different GPUs - MPI Communication
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs
https://jugit.fz-juelich.de/qgip/jugmes
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs
https://jugit.fz-juelich.de/qgip/jugmes

» Physical realization: Solve Schrddinger / Master Equation
0 . 0 .
5V = —iHY) or oop=—ilH, p| +Dlp] = L[p]
Time-dependent pulse to implement quantum gates

—JMMHM -{iji

H ={4Ec(n —ny(t))* — Eycospl+  Qa'a +I\Gn(a +a)
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JUQMES: QUANTUM MASTER EQUATION SIMULATOR

Simulating physical realizations of quantum computers on GPUs
https://jugit.fz-juelich.de/gip/jlugmes

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

p=
ot
» Similar SPMV updates like JUQCS but:

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

Resonator

i ‘Resonater::

0 < ko, k1 <4 to 1000

0 <mg,mi <4 to 12

» More than 2 states per subsystem Before:l 1 1
»JuQcs: YY) = (Vgsquqiqo) V2 <1 —1>
> JUQMES: p = (pgomokTime Now:

. . Ck —ng;
» More complicated sparse matrices [0To _ oo

. . _ZSI{J()’ITL() Ckomo
(sin, sinh, cos, cosh, exp, ...)

» Very computation-intensive (memory “only” 2 GiB) &l — cos(ry/ko + L(GAmy +2()))
Skomo = SID(T ko + LG, + 5( )
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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 f -
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 | -
L. 654 s
—> Significant speedup through tensor cores 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
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JUQFAS: QUANTUM FACTORING ALGORITHM SIMULATOR

The factoring problem

» Given a composite integer N, find a nontrivial factor 1 <p <N
» For an L-bit semiprime N = p*q, find a prime factor p
» We don’t know a classical algorithm that runs in polynomial time (in L)
» Alot of Internet security is based on this “hardness” . {
Public key cryptosystems like RSA used in TLS, SSH, ... ;

» Shor’s algorithm for a gate-based quantum computer can find p in polynomial time:
» Randomly select a coprime to N

» With high probability, Shor’s algorithm yields the order of a

the smallest r with asfmod N =1

» With high probability, the order r yields a factor p of N
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JUQFAS: QUANTUM FACTORING ALGORITHM SII\/IULATOR

qubits n semiprime N ¢ Hybrid Shor algorithm . . =g

5 ]_5 8 . Jo Jt—2 - Jo

6 21 9 ’

: : 1 7 7 7 7 7 _
40 549755813699 78 ) ——— A AR H{HHA || R LR A
40 549755813701 78 Jo J1 Ji—1
40 549755813713 78 L

: : 0---01) xa? "] [xa? "] [ xa? |

select
problem JUQFAS simulating a 40-qubit quantum computer on 2048 GPUs GPU #0

1/)00000000000 0---0

N = 549755813701
a = 439314602 906 100000000000 1---1

GPU #1
100000000001 0-+-0

N —

/‘/}00000000001 1---1

GPU #2047
1111111111100

549755813701 =
712321  x 771781
T T

ged(al™/2141,N) ged(al™/?1—1,N)

1/)11111111111 1---1

find

factors produces bitstring with t bits

s/r /2t extract |j=1111001101111010011111000110110001000000001110111111011101101101100111000100115
r = 4581 286 080 order — 287448630931 475 209 611 027
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JUQFAS: QUANTUM FACTORING ALGORITHM SIMULATOR

Complicated MPI Communication Scheme

GPU#8 GPU#9 GPU#10 GPU#11 GPU#12 GPU#13 GPU#14 GPU#15
mpi_rank=8 mpi_rank=9 mpi_rank=10 mpi_rank=11 mpi_rank=12 mpi_rank=13 mpi_rank=14 mpi_rank=15
mpi_xrank=0 mpi_xrank=1 mpi_xrank=2 mpi_xrank=3 mpi_xrank=4 mpi_xrank=5 mpi_xrank=6 mpi_xrank=7
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JUQFAS: QUANTUM FACTORING ALGORITHM SIMULATOR

Results
Semiprime N
15 35 123 511 2047 8189 32765 131069 524283 2097149 33554429 536870861 8589933181 137438953319
21 57 253 1011 4087 16379 65531 262141 1048561 8388607 134217721 2147483551 34359737977 549755813701
100 %- 1 I_‘,,, _I —1 — . . I . 1 1 * 1 1 1
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Number of qubits n required for hybrid Shor [original Shor]
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Success rate

JUQFAS: QUANTUM FACTORING ALGORITHM SIMULATOR

Results
Largest factorable semiprime N
16379 65531 262141 1048561 4194293 16777207 6710 268435451
15 21 57 123 253 511 1011 2047 4087 8189 32765 131069 524283 2097149 8388607 33554429 1342
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JUQAS: QUANTUM ANNEALING SIMULATOR

What do quantum annealers look like?

22012 BWave

A —-/- Processor

)
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JUQAS: QUANTUM ANNEALING SIMULATOR

What do quantum annealers do? Quadratic Unconstrained (realb rﬁiber)
Binary Optimization

7

QUBO min Z a;T; + Z bisz-xj

5137;:0,1

i i<j
problem ' ) )
variables coupler

(binary) (real number)

Why might this be interesting?

—> discrete optimization is hard (NP-hard)
- produces many solutions

- very low energy consumption
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J U QAS QUBO . qogl’lliél% zz: a;q; + Z bijQz’Qj = 7777

1<J
How does quantum annealing work?

Before the annealing process After the annealing process
0.000000

Simulation: Solve TDSE
0
i 9(0) = Hlp(®)

Quantum Annealing

(X .
‘ JULICH
Member of the Helmholtz Association June 21, 2022 Page 16 Dennis Willsch J U L I C H SUPERCOMPUTING
Forschungszentrum CENTRE




JUQAS: QUANTUM ANNEALING SIMULATOR

Results: “Weak” Scaling

Mumber of GPUs Mumber of GPUs
1 2 4 8 16 32 64 128 1 2 4 8 16 32 64 128
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
100 mm Computation 10 B MPI/ #globalgubits
s MPI
80 8
Z z 6
o] o]
E E
— 0 = o4
. .
) . l l I 2
D 1 1 1 1 1 1 1 1 D 1
29 30 3 32 33 4 35 28 4 35
Number of Qubits Number of Qublts

» Computation time almost constant
» MPI time almost linear (# exponential!)
» Normalized MPI time reveals JUMP from intra-node to inter-node communication
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SUMMARY

> Besides JUQCS, there are specific QC simulators such as & =
JUQMES, JUQFAS, and JUQAS 5

» All QC simulators compute a large, complex quantum state
‘¢> — (w-"ngqucm) or p = (pkomoklmr")
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> Simulating QCs is memory-, network-, and computation-intensive Emuitore

» QC simulators can profit massively from GPU-based programming Modular

THANK YOU FOR YOUR ATTENTION

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

Benchmarking gate-based quantum computers: Michielsen et al., Comput. Phys. Commun. 220, 44 (2017)

JUQCS: De Raedt et al., Comput. 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)

Airplane scheduling problems on D-Wave quantum annealers: Willsch et al., Quantum Inf. Process. 21, 141 (2022)
GPU-accelerated simulations of QA and the QAOA: Willsch et al., Comput. Phys. Commun. 278, 108411 (2022)
Programming Quantum Computers (Lecture Notes): Willsch et al., https://doi.org/10.48550/arXiv.2201.02051 (2022)

JUQMES: https://jugit.fz-juelich.de/qip/jlugmes
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