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What is a Quantum Circuit Simulator?

It is an universal quantum computer 
simulator which simulates the 
execution of quantum circuits with or 
without quantum noise

The input is a quantum circuit which 
is described using quantum 
assembly language (QASM)



Why we need quantum simulators?



Quantum Simulator Use Cases
 
- Verification of quantum advantage and 

supremacy claims
- Verification of large quantum devices
- Co-design quantum computers
- Energy efficiency studies of quantum 

computers
- Design of new quantum algorithms
- Finding parameters for variational 

quantum algorithms



Argonne Simulators
Simulator Advantages Disadvantages

Intel-QS highly scalable C++ HPC code 

(MPI/OpenMP), freely available from Git

under development, no 

documentation, lacking 

sophisticated error models

QuaC time dynamics, scalable code, freely 

available from Git, error models

under development, poor 

documentations, depends on 

PETSc

Atos robust commercial package, easy to use, 

excellent documentation, error models

not freely available, no MPI 

implementation



Limitations of quantum simulators



Quantum simulator types
First generation: store state vector or full density matrix
Limits: up to ~47 qubits

Second generation: tensor simulators (network contraction, MPS)
Limits: up to ~300 qubits

Third generation: approximate quantum simulators
Limits: 1,000+ qubits

Fourth generation: use small quantum computers to simulate large quantum computers



IBM Quantum Roadmap



Goals of the QTensor project
1. Open source quantum simulator based on tensor network contraction schemes

2. Easy to use and integrated in popular QIS frameworks like Qiskit

3. Fast simulation of certain types of circuits (QAOA and supremacy circuits)

4. Parallel distributed memory simulator designed to work on High Performance 
Computing (HPC) machines. In particular, it will run on exascale 
supercomputers Aurora and Frontier

5. Verification of quantum advantage using upcoming exa-scale supercomputer 
Aurora for DARPA projects



QTensor Development

In progress: merged indices



QAOA circuit
Fully connected graph with 4 vertices and 
6 edges. The corresponding circuit to 
solve MaxCut problem is below



Line graph



QAOA Tensor Network

Graph representation of tensor 
expression of the circuit from 
previous slide. Every vertex 
corresponds to a tensor index of a 
quantum gate

The simulator contracts tensors in 
the optimal order



QTensor: Energy Calculations

The problem to solve is 
MaxCut with QAOA for p=3 
and d=3 on one Intel Xeon 
CPU



QTensor: Energy Calculations



Parallel Simulations
We calculated the QAOA 
expectation value for a 
1,000,000 qubit circuit with 
depth p=6 in 1 hour and 20 
minutes. The simulations were 
performed on the Theta 
supercomputer with 512 nodes.



QAOA

Find energy Get MaxCut solution

- Easy on quantum- Easy on classical

Vary parameters
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enough 
energy?
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Parameters 
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Co-design of Quantum 
Computers



QTensor: energy expectation for QAOA

Testing limits of classical 
computing: the complexity of 
simulation quantum circuits 
classically as a function of n 
and p (n=number of qubits, 
p=depth of circuit)

This picture shows that for 
given p the runtime scales 
linearly with number of qubits. 
This is a promising result for 
demonstration of quantum 
advantage



Quantum Simulator Use Cases:
Simulation of Supremacy Circuits

(CNN Business): Google claims it has designed a machine that needs only 200 
seconds to solve a problem that would take the world’s fastest supercomputer 
10,000 years to figure out.



“We argue that an ideal simulation of the same task can be performed on a classical 
system in 2.5 days and with far greater fidelity.”

Quantum Simulator Use Cases:
Simulation of Supremacy Circuits



Quantum Simulator Use Cases:
Simulation of Supremacy Circuits



Quantum Simulator Use Cases:
Simulation of Supremacy Circuits

We estimated that the time to 
simulate with QTensor a million 
amplitudes of the Sycamore circuit 
could be brought down to minutes by 
using the Summit supercomputer



Publications
1. Submitted to ACM Transactions for Quantum Computing

2. In preparation the paper “QTensor: the fastest QAOA energy simulator” for NPJ 
Quantum Information

3. In preparation the paper for the 2nd International Workshop on Quantum 
Computing: Circuits Systems Automation and Applications (QC-CSAA)
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