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A near-term application of quantum computing lies in quantum chemistry, namely
molecular property prediction. Therefore, use cases rooted in quantum chemistry have
the potential to serve as a good benchmark for understanding the performance of
quantum computing algorithms and hardware. The Variational Quantum Eigensolver
(VQE) is an algorithm to compute the energy of a molecule. A common approach to
benchmark components of VQE is by comparing ground state energies of simple
molecules against classically computed references. In the spirit of benchmarking VQEs
for molecular property prediction, there are two potential drawbacks to this approach.
First, there is a disregard for relevant molecular properties, and, second, there is a lack
of consideration for diverse molecular systems. In our work, we present a practical
quantum chemistry-based benchmarking approach consisting of a set of carefully
chosen molecular properties and molecular systems to rectify these shortcomings. We
also aim to demonstrate a proof-of-concept benchmarking VQE endeavor.

The ground state energy of a molecule is 𝐸𝑚𝑖𝑛, the minimal
eigenvalue of the electronic Hamiltonian 𝐻𝑒𝑙𝑒𝑐 in 𝐻𝑒𝑙𝑒𝑐 𝜓 =
𝐸 𝜓 . There are many classical algorithms which use quantum
mechanical (QM) methods to calculate the ground state
energy. Figure 1 shows their time complexity and accuracy
trade offs where 𝑁 is the number of atoms. Fault-tolerant
quantum computing allows us to achieve the highest accuracy
with 𝑝𝑜𝑙𝑦 𝑁 rather than 𝑁! resource scaling with phase
estimation. The Variational Quantum Eigensolver (VQE)
algorithm described in Figure 2 is a NISQ-era counterpart of
phase estimation for this task. We outline the decisions one
must make to run a VQE calculation. Each choice can
significantly affect the outcome of the calculation and are thus
good candidates for benchmarking.

Figure 1. Time complexity and accuracy trade off of
classical QM methods.

Figure 2 (adopted from [1]) The VQE algorithm.

(1) Choose a basis set. (2) Select an active space. (3) Compute a second-quantized Hamiltonian 𝐻 = σ𝑝𝑞 ℎ𝑝𝑞 ො𝑎𝑝
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∗ ො𝑎𝑠 ො𝑎𝑠 using the basis set obtained in (1). (4) Choose a

fermionic operator to spin operator transformation to write the Hamiltonian as a weighted sum of Pauli strings 𝐻 = σ𝑃𝑤𝑃𝑃 where 𝑃 ∈ {𝐼, 𝑋, 𝑌, 𝑍}⊗𝑛𝑞𝑢𝑏𝑖𝑡𝑠. (5) Choose an ansatz,

𝑈 𝜃 , a parametrized quantum circuit with the goal of approximating the eigenvalue 𝑈 𝜃𝑜𝑝𝑡𝑖𝑚𝑎𝑙 ≈ 𝜓 𝑚𝑖𝑛of 𝐻 where 𝐻 𝜓 = 𝐸𝑚𝑖𝑛|𝜓⟩. (6) Select an optimization algorithm (and

how to compute circuit gradients) to determine 𝜃𝑜𝑝𝑡𝑖𝑚𝑎𝑙 which minimizes 𝐿 𝜃 = 𝑈 𝜃 𝜓 = 𝜓 𝑈 𝜃 𝜓 . (6) Decide which error mitigation techniques (if any) to employ.

Let the active space of HOMO-n, …, HOMO-1, HOMO, LUMO, LUMO+1, …, LUMO+n be
referred to as a 2n+2 molecular orbital (MO) active space. Given a molecular geometry,
let the RFCI-HF gap be the difference between its 2 MO restricted FCI (RFCI) energy and
its Hartree-Fock (HF) energy (with respect to the same basis set). To properly benchmark
components of VQEs for molecular property prediction, it’s important to ensure the
generality (or lack thereof) of results. Therefore, when selecting molecular systems for
benchmarking, it is important to have diversity in system size and properties. In our
work, we aggregate a large number of systems properties from datasets such as [2] and
filter them according to our criteria. To prevent unintentional bias towards ansatzes
using the HF initial state when conducting 2 or 4 MO active space calculations (which is
most prevalent), we need to be aware of RFCI-HF gaps in our set of systems and to keep
track of the edge cases. The isomers of adamantane (C10H16) are one such edge case: we
will use two isomers of adamantane, A and B (Figures 3 and 4, respectively) as the
running example throughout this work (we will not be using a HF initial state). We
obtained the geometries of the isomers of adamantane by running geometry
optimization using DFT with a large basis set.
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The data is generated by
carrying out density matrix
simulations in Qiskit [3], using a
noise model mimicking
ibmq_lagos. We used a 4 MO
active space, parity mapping
transformation with two-qubit
tapering, hardware efficient
ansatz of depth 1 [5], and the
COBYLA algorithm.

Error mitigation techniques:
-RO: readout error mitigation
(correlated matrix) native to
Qiskit.
-ZNE: Zero Noise Extrapolation
(Richardson extrapolation) [4].
-STC: State Tomography
Correction [6]


