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Abstrakt:

The Variational Quantum Eigensolver (VQE) is a promising approach for
solving quantum chemistry problems on today's noisy quantum devices.
But in practice, it faces serious challenges. Quantum measurements are
inherently noisy, number of shots (single runs of a quantum computer) are
limited, and classical optimizers often fail to guide the search reliably in
many-parametric spaces. This thesis addresses these challenges from two
complementary directions. First, we develop a meta-optimization strategy
designed to maximize the efficiency of limited quantum resources. Due to
the inherent noise in quantum measurements, VQE runs must be repeated
multiple times, yielding a collection of candidate solutions. A decision must
then be made regarding which final solution to select. By modeling the success
probability of a VQE run as a function of the shot budget, and introducing a
reliability factor based on measurement uncertainty, we formulate a method
that determines, for a fixed total budget of shots, how many independent
optimization runs to perform and how much to allocate for final estimation.
The proposed meta-optimization approach systematically balances exploration
(from multiple runs) and precision (from final checking), ensuring that the
probability of obtaining at least one solution within the desired accuracy range
is maximized. Second, recognizing that the performance of VQE is highly
dependent on the choice of classical optimizer, we developed an in-house
optimizer: the Harmonic Oscillator-based Particle Swarm Optimizer (HOPSO).
HOPSO draws inspiration from the well-known Particle Swarm Optimizer
(PSO), while introducing key modifications suited to quantum optimization
landscapes. First, incorporating the principles of energy conservation into the
optimization process--modeled as the motion of particles (candidate solutions)
—effectively controls the trade-off between exploitation and the accuracy of
the final result. Second, it explicitly addresses the periodicity of cost functions,
an inherent property of quantum state parametrization. We first benchmark
HOPSO against other standard optimizers on classical test functions and
subsequently demonstrate its superior performance in VQE tasks for molecular
systems such as $H {2}$ and $LiH$, particularly in high-dimensional and
noisy environments. Together, these contributions enhance the reliability and
efficiency of VQE, bringing it a step closer to practical deployment in near-term
quantum computing applications.

Varia¢ny kvantovy eigensolver (VQE) je sl'ubny pristup na rieSenie problémov
kvantovej chémie na dneSnych zaSumenych kvantovych zariadeniach. V
praxi vSak Celi vaznym vyzvam. Kvantové merania st prirodzene zasumené,

pocet pouziti (jednotlivg’ch splistegli kvantového pocitaca) je obmedzeny
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a klasické optimalizatory Casto nedokazu spolahlivo viest vyhladavanie
v mnohoparametrickych priestoroch. Predlozené praca sa zaobera tymito
vyzvami z dvoch vzajomne sa dopliiajucich smerov. Po prvé, vyvijame
metaoptimalizacnu stratégiu uréenu na maximalizaciu efektivnosti vyuzitia
obmedzenych kvantovych zdrojov. Vzhl'adom na prirodzeny Sum kvantovych
merani sa musia behy VQE opakovat viackrat, ¢im sa ziska subor
kandidatskych rieSeni. Potom sa musi rozhodnut’, ktoré konecné rieSenie sa
vyberie. Modelovanim pravdepodobnosti uspechu behu VQE ako funkcie
rozpoctu na pouzitia a zavedenim faktora spol'ahlivosti zalozené¢ho na neistote
merania formulujeme metodu, ktord pre dany celkovy rozpocet pouziti urcuje,
kol'ko nezéavislych optimalizacnych behov vykonat’ a kol'ko pouziti vyclenit
na konecny odhad. Navrhovany pristup metaoptimalizacie systematicky
vyvazuje hladanie (z viacerych behov) a presnost (z kone¢nej kontroly),
¢im zabezpeCuje maximalizaciu pravdepodobnosti ziskania asponl jedného
rieSenia v pozadovanom rozsahu presnosti. Po druhé, ked’ze vykonnost VQE
do velkej miery zavisi od vyberu klasického optimalizatora, vyvinuli sme
vlastny optimalizator: Harmonic Oscillator-based Particle Swarm Optimizer
roja (PSO), pricom zavadza klIacové modifikacie vhodné pre kvantové
optimalizacné krajiny. Po prvé, zaclenenie principov zachovania energie do
optimalizacného procesu - modelovaného ako pohyb castic (kandidatskych
rieSeni) - ucinne kontroluje kompromis medzi h'adanim do Sirky a presnost’ou
kone¢ného vysledku. Po druhé¢, HOPSO explicitne riesi periodicitu funkcie,
ktora je inherentnou vlastnostou kvantovej parametrizacie stavu. HOPSO
najprv porovndvame s inymi Standardnymi optimalizatormi na klasickych
testovacich funkciach a nasledne demonstrujeme jeho vynikajici vykon v
ulohach VQE pre molekularne systémy, ako su $H {2}$ a $LiH$, najma
vo vysokorozmernych a zaSumenych prostrediach. Tieto poznatky spolo¢ne
zvysuju spolahlivost’ a efektivnost VQE, ¢im sa priblizuju k praktickému
nasadeniu v kvantovych pocitacoch v blizkej buducnosti.

The Variational Quantum Eigensolver (VQE) is a promising approach for
solving quantum chemistry problems on today's noisy quantum devices.
But in practice, it faces serious challenges. Quantum measurements are
inherently noisy, number of shots (single runs of a quantum computer) are
limited, and classical optimizers often fail to guide the search reliably in
many-parametric spaces. This thesis addresses these challenges from two
complementary directions. First, we develop a meta-optimization strategy
designed to maximize the efficiency of limited quantum resources. Due to
the inherent noise in quantum measurements, VQE runs must be repeated
multiple times, yielding a collection of candidate solutions. A decision must
then be made regarding which final solution to select. By modeling the success
probability of a VQE run as a function of the shot budget, and introducing a
reliability factor based on measurement uncertainty, we formulate a method
that determines, for a fixed total budget of shots, how many independent
optimization runs to perform and how much to allocate for final estimation.
The proposed meta-optimization approach systematically balances exploration
(from multiple runs) and precision (from final checking), ensuring that the

probability of obtaining at least one solution within the desired accuracy range
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is maximized. Second, recognizing that the performance of VQE is highly
dependent on the choice of classical optimizer, we developed an in-house
optimizer: the Harmonic Oscillator-based Particle Swarm Optimizer (HOPSO).
HOPSO draws inspiration from the well-known Particle Swarm Optimizer
(PSO), while introducing key modifications suited to quantum optimization
landscapes. First, incorporating the principles of energy conservation into the
optimization process--modeled as the motion of particles (candidate solutions)
—effectively controls the trade-off between exploitation and the accuracy of
the final result. Second, it explicitly addresses the periodicity of cost functions,
an inherent property of quantum state parametrization. We first benchmark
HOPSO against other standard optimizers on classical test functions and
subsequently demonstrate its superior performance in VQE tasks for molecular
systems such as $H {2}$ and $LiHS, particularly in high-dimensional and
noisy environments. Together, these contributions enhance the reliability and
efficiency of VQE, bringing it a step closer to practical deployment in near-term
quantum computing applications.
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