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ABSTRACT
In order to evaluate, validate, and refine the design of a new quantum algorithm or a quantum computer, researchers and developers
need methods to assess their correctness and fidelity. This requires
the capabilities of simulation for full quantum state amplitudes.
However, the number of quantum state amplitudes increases exponentially with the number of qubits, leading to the exponential
growth of the memory requirement. In this work, we present our
technique to simulate more qubits than previously reported by using lossy data compression. Our empirical data suggests that we
can simulate full state quantum circuits up to 63 qubits with 0.8
petabytes memory.
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INTRODUCTION

Using classical computing systems to simulate quantum computers
is important for better understanding the operations and behaviors
of quantum systems. Such simulations allow researchers to evaluate
the complexity of new quantum algorithms and validate the design
of quantum circuits. Since the scale of the simulation determines the
scale of the quantum algorithms we can validate, it is a fundamental
goal to have the capability of simulating larger quantum systems.
To describe a quantum system, we use complex double precision
amplitudes to represent the state of the quantum system. Given
n quantum bits (qubits), we need 2n amplitudes to describe the
quantum system. Since the number of quantum state amplitudes
grows exponentially with the number of qubits in the system, the
size of the quantum computing simulation is limited by the memory
capacity of the classical system. For example, to store the full
quantum state, the memory requirement is 0.5 petabytes for a 45qubit system and 1 petabyte for a 46-qubit system. Thus, using
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Table 1: Examples of supercomputers.
System
TACC Stampede
Titan
Theta
K computer
Exascale

Memory (PB)

Max Qubits

0.192
0.71
0.8
1.4
4-10

43
45
45
46
48-49

the limited memory capacity to simulate more qubits is a crucial
research problem.
Table 1 shows examples of several supercomputers in the TOP500
list. 46-qubit full state simulation can be achieved with 1.4 petabytes,
and we will have 48-49 qubits simulation capabilities when we have
exascale supercomputers.
In this work, we incorporate HPC lossy data compression techniques to Intel-QS [3]. Intel-QS is a distributed high performance
quantum circuits simulator using message-passing-interface (MPI)
protocols to store and manipulate the quantum state. Since Intel-QS
uses full state amplitude-vector update technique to run the simulation, Intel-QS is capable of high depth quantum circuits simulation.
By using data compression to reduce the memory requirement
of storing the full quantum state, we are able to simulate larger
quantum systems within the same memory capacity. The scalability of this approach is determined by the quantum state vector
compression ratio. Compared to lossless compression, lossy compression algorithms achieve more significant compression ratios in
general. Thus, we employ the the SZ lossy compressor [1, 4, 5] to
our quantum circuits simulation framework.
The full quantum state vector is divided into several blocks. Each
block is compressed and stored on memory. In order to maintain
the simulation performance, we do not swap any state vector block
to hard disks. To apply a quantum gate during the simulation, each
block is decompressed to perform the computation, and then compressed again after the computation. So each block is compressed
and decompressed repeatedly.
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(a) QAOA - Compression Ratio.

(b) QFT - Compression Ratio..

(c) Grover (17q) - Compression Ratio.

(d) Grover (30q) - Compression Ratio.

Figure 1: Compression ratio results.
Lossy compression techniques introduce undesired compression
errors into the quantum state, and the operations of compression
and decompression cause performance overhead in the simulation.
We must control the error bound to maintain the state fidelity
[2], as well as parallelize the compression, decompression, and
computation to minimize the performance overhead.
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RESULTS

We develop and perform the full state quantum circuits simulation
on Argonne Theta supercomputer. We evaluate our approach with
two quantum algorithms, (1) Quantum approximate optimization
algorithm (QAOA), (2) Quantum Fourier Transform (QFT), and
(3) Grover’s search algorithm. For Grover’s search, we run the
experiments with 17 qubits and 30 qubits. QAOA is one of the most
popular quantum applications, QFT is kernel function of several
quantum algorithms, and Grover’s search algorithm is one of the
most famous quantum algorithms. We assess the simulation quality
by the state fidelity, the compression ratio, and the simulation time.
Fidelity is a measure of the similarity of two quantum states [2]. If
the fidelity value is 1, then the two quantum states are identical.
The compression ratio determines how many extra qubits we can
simulate.
Figure 1 shows the simulation results of all benchmarks. For
QAOA (Figure 1a), the compression ratio is above 8, and the final
state fidelity are 92.5%, so this simulation result is acceptable even
with the presence of compression errors. For QFT (Figure 1b), the
compression ratio is above 16, and the fidelity is 99.9%.
In the simulation of Grover’s search algorithm (Figure 1c, 1d),
most of the state amplitudes are 0’s during the simulation. Such
state vectors allow the SZ compressor to perform higher compression ratios. For Grover’s search with 30 qubits, the compression

ratios during the simulation are always higher than 445144, meaning that we can add 18 qubits to our simulation. We achieve 99.9%
fidelity for both Grover’s search algorithm simulations. The simulation time is 19x in this case.
The supercomputer, Theta, is able to simulate a 45-qubit quantum
system with 0.8 petabytes memory. Our experimental results suggest that we are able to compress the state and get 18 more qubits
for Grover’s search algorithms simulation. Thus, our ongoing work
is to simulate 63-qubit Grover’s search algorithms on Theta.

3

CONCLUSION

The simulation of quantum circuits is an important topic to advance
the quantum computing research. The capability of the simulation
is limited by the memory capacity of the classical computer. We
present a full state quantum circuits simulation technique to simulate more qubits than previously reported by using lossy data
compression. Since we know most of the quantum state amplitudes in different quantum algorithms are close to 0, similar to the
benchmarks we showed in this paper, we expect our technique can
be widely used for simulating various quantum algorithms. Our
approach compress the state vector to reduce the memory requirement, so the we can simulate a larger quantum system with the
same memory capacity. Lossy data compression introduces errors
to the simulation. This error could potentially model the presence
of the physical noise in the quantum circuits. In the future work,
we plan to run 63-qubit simulation on Theta, analyze the effect of
compression errors and relationships to real physical noise, integrate our technique with other approximate simulation techniques,
and evaluate different compression algorithms for quantum state
amplitudes.
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