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Today’s Quantum is in a Noisy World
• We are at the noisy intermediate-scale quantum (NISQ) era

• Quantum processors/states are very sensitive to the environment
• Noise is likely to exist anyway… can we still do something meaningful?

• Quantum computing is fundamentally different from classical
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Logic element

State

Measurement

• Discrete states
• Deterministic measurement

• 1 (high voltage) is 1
• 0 (low voltage) is 0

• Superposition states
• Probabilistic measurement

• Ex: 50% |0> and 50% |1>
• Last only for a few seconds

Bit: classical bit
(transistor)

Qubit: quantum bit
(any coherent two-level system)

0 “or” 1 |0> “AND” |1>



Is Quantum Computing Not Possible?
• Don’t know, but it needs large classical software support!

Quantum program Classical support for quantum computing

Simulation Optimization Transpilation Visualization

Gate-
based 

Quantum 
computer
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Analogous to the classical design flow

module fz(a,b,c,d,e,Z);
input a,b,c,d;
output Z;
assign Z = ~(a|(b&C));
endmodule

System spec VHDL Design RTL Synthesis Circuits Physical Design Fabrication



Classical Quantum Circuit Simulation
• A critical component in the design flow of quantum computers

• Allow us to understand how quantum operations work without access to 
expensive quantum computers
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…
Quantum 

circuit 
simulator

Output state amplitude distribution
(Ex: 25 = 32 output states)

Quantum circuit for Shor’s algorithm
(Ex: 5 input qubits)

What is the output?
(ideal & noisy)

Superposition



Why is Quantum Simulation Challenging?
• Quantum simulation demands VERY LARGE computation

• # output states is exponentially proportional to the # qubits (superposition)
• Ex: n qubits give 2n states

• Parallelism cannot be easily described out of the structure (entanglement)
• Incrementality has emerged as an important tool for NISQ apps

• Unfortunately, largely ignored by existing simulators
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Incremental quantum 
circuit simulation

Synthesis & Analysis

Verification

Variational quantum 
algorithms

Debugging

Ex: Iteratively modify a circuit and re-
simulate state amplitudes incrementally 
for reasonable turnaround time
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Incrementality in Classical Design Flow1

• Incrementality is critically important for circuit optimization
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1: Tsung-Wei Huang, ”Distributed Timing Analysis," PhD Dissertation, 
University of Illinois at Urbana-Champaign, 2017 (2019 ACM SIGDA 
Outstanding PhD Dissertation Award)

ü Incremental update after design modifiers
ü Reasonable turnaround time and productivity



Incrementality in our NSF FuSe Project1

1: Co-PI, “FuSe-TG: Co-Design of Chiral Quantum Photonic 
Devices and Circuits Integrated with 2D Material 
Heterostructures,” $400K, NSF FuSe, 2023
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• Quantum software-hardware co-design on photonic devices



qTask: Incremental Quantum Simulator
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• C++ Programming model



Task-parallel Partitioning Strategy
• Divide state vector into equal-

size disjoint blocks
• Group consecutive blocks to 

form partitions
• Each partition spawns many 

tasks to perform gate operations
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Example: Group Blocks to Partitions
(a) CNOT gate G6 forms a partition of four blocks 
(b) CNOT gate G7 forms two partitions each of two blocks
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Intra-block 
parallelism

Inter-block 
parallelism



Partitions to Update for Circuit Modifiers
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Incremental simulation computes 
only 42% of the entire states
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Reconnect Partitions after Circuit Modifiers
L1 L2 L3 L4

Partitions

{0}, {1}, {2}, {3}, {4}, {5}, {6}, {7}L1

{0, 1, 2, 3, 4, 5, 6}L2

{2, 3, 4, 5}L3

{0, 1}, {2}, {3}, {4}, {5}, {6}, {7}L4

L1 L2 L3 L4L5

Uncovered PartitionsOverlapPartitions

{0}, {1}, {2}, {3}, {4}, {5}, {6}, {7}L1

{}{0, 1, 2, 3, 4, 5, 6}{0, 1, 2, 3, 4, 5, 6}L2

{0, 1, 2, 3}{0, 1, 2, 3}L5

{0, 1}{2, 3, 4, 5} {2, 3, 4, 5}L3

{}{0, 1}{0, 1}, {2}, {3}, {4}, {5}, {6}, {7}L4
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Experiment Set-up
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• Evaluated on QASMBench
• https://github.com/pnnl/QASMBench
• Medium-size circuits up to 26 qubits 

• Implemented using Taskflow
• https://taskflow.github.io/
• An example taskflow on the right 

• Tested on a CentOS server
• 16 Intel i7 cores at 2.50 GHz 
• 128 GB RAM
• Compiled with clang++ v12
• Enabled –std=c++17 and –O3

• Compared with Qulacs and Qiskit

https://github.com/pnnl/QASMBench
https://taskflow.github.io/


Experimental Results
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• 6x faster than Qulacs and 10x faster than Qiskit with incrementality



• qTask explores both inter- and intra-gate parallelism

Full and Incremental Simulations



Runtime vs Incremental Iterations
• Random gate insertion and removal
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Conclusion
• Identified the need for incremental quantum circuit simulator

• When a quantum circuit starts to change, how we we quickly re-simulate the 
state results without starting from scratch?

• Introduced a new incremental simulator called qTask
• A new C++-based programming model
• A new task-parallel partitioning strategy
• A new incremental update method for partitions and state vectors

• Presented the simulation performance of qTask
• 6—10x faster than the state-of-the-art simulators
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