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® Quantum computing promises exponential speedups for problems in
cryptography, search, and linear algebra by leveraging quantum
mechanical properties like superposition and entanglement.

® As quantum algorithms grow in complexity, classical simulation remains
essential for evaluating correctness, scalability, and resource demands.

® This work focuses on studying the scalability of structured quantum
algorithms such as the Quantum-Haar-Transform (QHT) usually used for
reducing data dimensionality in signal/image processing and remote
sensing hyperspectral imagery.

® We simulate QHT circuits on High-Performance-Computing (HPC)
systems by constructing full unitary models that mirror the transform’s
hierarchical decomposition.

¢ Simulations track performance metrics such as circuit width, circuit
depth, and execution time.

® Our results provide insight into the practical implementation of structured
quantum circuits and serve as a reference for validating algorithmic
correctness and guiding future quantum algorithm design.
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e Gates are applied in quantum
circuits via matrix—vector
multiplication
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e Final measurement collapses y
superposition to classical output
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What are the advantages of quantum
computers?
e Enables massive parallelism during computation i
® n qubits encode 2" data points (amplitudes), Merge Partial
. . . Results
enabling compact representation of high- |
dimensional data Generate final result

How to simulate quantum algorithms

efficiently?

e Efficient simulation of quantum algorithms can
be achieved using highly parallel architectures
with large memory bandwidth, such as multi-
GPU systems.

Related Work

Qibo [1]

¢ Utilizing multi-threading CPUs, single GPUs, and multi-GPU accelerators

Multi-Shot [2]

® Using batch execution and shot-branching to optimize multi-shot
quantum computing simulations on GPUs

QuEST [3]

®* Hybrid GPU-accelerated simulator designed for universal quantum
circuits that can handle pure and mixed states

Reconfiqurable Emulation [4]

® Reconfigurable emulation of quantum algorithms focusing on achieving
high precision and high throughput

Quantum Rings [5]

® High-performance simulation framework for complex quantum circuit
simulation with GPU acceleration.

Methodology

Quantum Haar Transform (QHT)

e Parallel d-dimensional wavelet transform

e Decomposes multidimensional data in multiple decomposition levels
e |nput data separated into low and high frequency components/replicas
e Retains spatial and temporal locality of the input data without significant data loss
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Simulating Quantum Circuits
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e (oal of this work is to find an efficient way to implement quantum algorithms
on a computational device capable enough to test the algorithm’s scalability
e Ultilizing the computational power of the Perlmutter HPC system to test the

algorithms

e Intermediate steps for simulation on Perlmutter were developed for the study
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Implementation

e Quantum gates making up a circuit are nothing but matrices
e The matrices grow too massive for general matrix multiplication to be viable
e EXxploiting their sparsity we can make simple loop structures for the circuits

h gle];

swap ql@],ql1];

swap ql1],ql2];
swap ql2],ql[3];

swap ql31,ql4];
swap ql4],ql5];
swap q[5],ql6]; . .
by Qiskit
swap ql8],ql[9];
swap ql1@],ql[11]; . q .
swap q[11],q[12];
swap ql[12],ql13];
swap q[13],q[14];
swap q[14],q[15];
swap q[15],q[16];
swap ql[16],ql[17];
swap q[17],q[18];
swap q[18],q[19];
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Experimental Results

1 Level of Decomposition of QHT

Experimental Setup

e Perimutter HPC system
e Each node consists of 4 NVIDIA A100
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e \Neak scaling conducted to see if the
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scales with a time
complexity of ~O(1)

The experimental results also show that our implementation scales with a time
Perlmutter node complexity of ~O(L) where “L”
architecture which could potentially be further optimized — (Future Work)

Conclusions &

In this work, we provide an analysis of the scalability and performance of the Quantum-

Haar-Transform (QHT) when simulated using

The simulation strategy employed enables testing of circuits well beyond the size

limitations of current quantum hardware.

These results not only validate the scalability of the algorithm but also serves as a
reference for guiding future quantum algorithm design.

Future work can benefit from reducing communication latency of the simulation engine and
extending its support to other quantum algorithms with structured circuit representations.
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