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Towards a standard quantum benchmark

Currently, quantum computing is making large steps to becoming a mature technology. Many companies
are developing their own quantum hardware for both research and preparing for practical deployment. The
main challenges in the past years have been an abundance of practical applications for the few-qubit Noisy
Intermediate-Scale Quantum (NISQ) quantum hardware and scaling the qubits and depth of the quantum
hardware. For these reasons, quantum computing was not yet at the maturity level needed to create a useful
application level quantum benchmark.

Many quantum benchmarks have been developed, but these either aim at qubit level assessment or are
lacking in practical usability. For a benchmark to be useful, the practical application of the quantum hard-
ware needs to be reflected. For this a practical application is required and this was not yet achievable with
current quantum hardware scales. Benchmarks at the component level (individual qubits, quantum logic
gates) have been developed widely and are useful for the development of the hardware. This is, however,
more aimed at basic quantum research rather than application [21]. This also serves a fundamentally differ-
ent goal than a performance measure of quantum computers. Many different forms of quantum hardware are
being used, without a clear dominating implementation. Each of these have different dynamics and metrics,
and can therefore not be generalized [97]. For this reason, making a benchmark for low-level hardware as-
pects will not properly reflect its performance compared to other implementations of the quantum hardware.

Furthermore, while benchmarks for single qubit operations have been developed [32, 36, 70, 102], these
performances do not accurately reflect quantum operations on larger scales. Noise levels, for example, are
an important metric in single-gate performance. The noise, however, varies per gate and due to qubit en-
tanglement will propagate unpredictably throughout the system [38, 43, 97]. This makes it impossible to use
single gate noise performance to extrapolate for the entire system, while for classical computers this would
have been possible. These difficulties in determining the performance will require abstraction from the low
level performance and an application level benchmark is needed to properly verify the performance.

Other benchmarks such as Random Benchmarking (RB) or quantum volume [20] are well known quan-
tum benchmarks, but provide limited insight into practical use of quantum computers. RB is an example
of a volumetric benchmark, which determines to which circuit depth the quantum hardware can hold the
required fidelity for a set number of qubits. RB can determine the fidelity for a random sequence of quantum
gates, which should give a general idea of how the hardware performs. By using RB, or any other volumetric
benchmark, the quantum volume can be determined. However, this gives little insight on the performance of
a practical algorithm on the quantum hardware. Another challenge in developing a benchmark for quantum
computing, is that there is no consensus on which metrics should be benchmarked to reflect performance

properly.

In this thesis, we present QPack: a benchmark designed to evaluate the modern quantum computing
stack. The focus will be placed on practical, application-level benchmarking. This will be done according
to common application benchmarking metrics as generally used in classical computing, but also evaluated
quantum specific performances. The quantum performance will not be comparable to single-qubit bench-
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Figure 1.1: Schematic outline of the QPack benchmark.

marking, but will evaluate the quantum computer in its entirety. The benchmark has three main components,
as presented in Figure 1.1:

Problem instance library: A set of problems are provided to ensure practical relevance of the benchmark and
a diverse means of evaluation. Multiple problems targeted by our benchmark are discussed in Chapter 3.
Quantum algorithm applications: A quantum algorithm must be chosen which can be applied to various
problems and is applicable on current quantum hardware and quantum simulators. With current quantum
hardware in mind, a hybrid classical-quantum optimizer is chosen as our first quantum algorithm. The se-
lected quantum optimizer is QAOA (Quantum Approximate Optimization Algorithm) [42]. The selection of
this optimizer is further elaborated in Chapter 2. The options and selection of the classical optimizer are dis-
cussed in Chapter 4. Measurements of these classical optimizers are done as well, which is further elaborated
in Section 4.3. The QPack benchmark is envisioned to grow as more quantum algorithms become applicable
on quantum hardware. Some of these options will be discussed in Chapter 4

Performance evaluation: The performance of quantum computers and simulators need to be evaluated ac-
cording to a selection of metrics. Further discussion on these metrics is presented in Chapter 4.

In this thesis, a selection will be made on which quantum algorithm is best suited for benchmarking NISQ
era quantum computers. Furthermore, a selection between different implementations to practical problems
will be made (i.e. variations of the algorithm to find the solution to a specific mathematical problem). These
selected implementations will be used to benchmark NISQ quantum computers, as well as simulators, on
relevant metrics. Part of the thesis will be determining the set of metrics on which the quantum computers
will be evaluated. This thesis will also cover the strategy on how these metrics can be evaluated, and which
method is chosen for the QPack benchmark.

The rest of this thesis is organized as follows. A general overview of near-term hybrid quantum algorithms
is presented in Chapter 2. A brief theoretical background on complexity theory is given in Chapter 3. We also
propose the concept of quantum technology readiness level (QTRL) to classify the development status of
quantum algorithms and their readiness to be used in the field. Chapter 4 discusses the implementation
of the benchmark, as well as the details of various engineering choices regarding the implementation. The
results of this implemented benchmark are presented and discussed in Chapter 5. The drawn conclusions
and suggestions for future improvements are presented in Chapter 6.



Quantum algorithm selection

In this chapter, a sort review of various hybrid quantum optimization algorithms are given. Hybrid quantum
algorithms were chosen as these are promising to be effective for relatively few qubits []. For this reason, the
quantum approximate optimization algorithm (QAOA), the variational quantum eigensolver (VQE) and the
quantum adiabatic algorithm (QAA) are briefly explained. The chosen algorithm will be explained in further
detail. Finally, emerging trends and concerns on implementing the algorithm (parameter tuning, etc.) will be
discussed.

2.1. Near term hybrid quantum optimization algorithms

Quantum algorithms have the potential to outperform classical algorithms, also called quantum supremacy.
Many quantum algorithms have been developed and algorithms such as Shor’s algorithms are proven to per-
form better than their classical counterpart. Currently the development of quantum hardware is not yet
at the scale to support such algorithms. In order to achieve practical quantum algorithms, with quantum
supremacy in mind, algorithms have emerged to fit the current NISQ technology. With this technology, algo-
rithms for 50-100 qubits could be supported. In this section, a selection of similar near term algorithms are
discussed which are candidates for near term implementation.

Quantum approximate optimization algorithm (QAOA)

The first algorithm discussed in this section is QAOA [42], introduced by Farhi et al. in 2014. This algorithm
can be used to approximate a set of NP-hard optimization problems with relatively few qubits. NP-hard op-
timization problems are a large bottleneck for current classical computing systems, as these cannot be effi-
ciently calculated using classical computers. The type of optimization problems that QAOA can be applied to
consist of a set of parameters with a set of constraints where the parameters need a specific configuration for
finding the optimal solution. QAOA is a layered quantum algorithm that theoretically increases in accuracy
with the increase of the number of iterations (layers) denoted by parameter p. This has many practical appli-
cations, ranging from multiprocessor scheduling to warehouse-order picking and flight-timetable planning.
The specifics of these applications will be further discussed in Appendix 3 and Section 3.4.

Variational quantum eigensolver (VQE)

The variational quantum eigensolver (VQE) is a quantum algorithm that finds the eigenvalues of a Hamilto-
nian H, representing the system to be solved [98]. It is used to minimize the objective function (w(0)| H |y (0)).
The minimum eigenvalue sought is represented by the ground state of the system. The state |y(6)) can be
varied by changing 0 to converge to the minimum, by means of a classical optimizer. This is a minimum
eigenvalue problem and is a constraint satisfaction problem (CSP), which is generally NP-hard [86]. It is also
one of the algorithms, like QAOA, that is believed to be one of the first algorithms to run effectively on a
near-term quantum computer.

Quantum adiabatic algorithm (QAA)
The quantum adiabatic algorithm (QAA) is able to find the optimal solution to a satifyability problem when
given enough time by finding the ground state of the slowly varying Hamiltionian H(#) [41]. QAA uses the

3



4 2. Quantum algorithm selection

time-dependent Hamiltonian H(#) = (1—-¢/T)B + (¢/T)C. The algorithm starts in the highest energy state of
B, and seeks the highest energy state of C. This makes use of the Perron-Frobenius theorem that the differ-
ence in energies between the top state and the one below is greater than 0 for ¢ < T [42]. This means that if
T is sufficiently large, the optimal solution can be found by slowly varying ¢ for 0 < ¢t < T [41]. A downside of
QAA is that success probability is not a monotonic function of T. This means that the success probability can
drop, whereas for QAOA the success probability always increases with p [30, 42]. It is also shown that QAA
can be trapped in a local minimum, which is not the case for QAOA [42]. It is also worth mentioning that QAA
is not a gate-based algorithm.

2.2. Introduction to QAOA

As QAOA can be implemented to a larger variety of applications compared to VQE and has an advantage over
QAA, QAOA was selected for the QPack benchmark. To understand this algorithm better for implementation,
further details are discussed.

QAOA is designed to find approximate solutions for combinatorial optimization problems with the help
of quantum computing. To go in further detail, the algorithm will be explained using the equations given
by Farhi et al. In combinatorial optimization problems, the goal is to maximize or minimize the number of
clauses (m) satisfied. A clause (y) is a Boolean requirement, for example for a 7-bit Boolean stringz = z, ...2,:

Yexample - 21 N\ 22 2.1

To satisfy the clause of the example z; and z; must satisfy z; = zp = 1.

The QAOA algorithm depends on a parameter p = 1, which determines the quality of the approximation.
Quality is given as an approximation ratio. This ratio is defined as either the number of clauses satisfied by
the QAOA algorithm divided by the number of clauses satisfied in the optimal assignment:

Mp
r= 2.2)
Crmax(2)
or as the number of clauses satisfied by the QAOA algorithm divided by the number of clauses:
M,
r=—2 (2.3)
m

The latter is considered to be stronger [74]. The depth of the quantum circuit required to implement this
algorithm grows linearly with p times the number of constraints m in the worst case [42].
The equation that needs to be maximized (cost Hamiltonian) is as follows:

Clz)= ) Cyl2 2.4)
ye¥

Here, Cy(2z) = 1 if clause ¥ € V¥ is satisfied, and 0 otherwise. In the quantum approach we define the
Boolean string as a vector |z) in the computational basis {|0),]1)}. A general guide to form such cost Hamil-
tonians from a cost function has been presented by Choi et al. [26]. The operator for equation (2.4) then
becomes

UCy)=e =[] e (2.5)

ye¥
The terms of the product commute as these are diagonal in the computational basis and each term’s locality is
the locality of clause . The unitary is dependent on angle vector y and can be restricted to [0,27] since C has
integer values [42]. Choosing the number of elements vy is divided in, will impact precision and performance.
To improve the precision of the QAOA algorithm, multiple cycles of the gates will be applied. The number of
cycles is denoted as p. For integer p = 1, y is defined as y = {y1,...,Yp}, where each y; with 1 < i < p is an
angle within the range [0, 27].
To sum the outcomes of equation (2.4), the so-called mixer Hamiltonian B or Hj is introduced:

n
B=) 0}9 (2.6)
=
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Here, the Pauli X-gates operate on a single qubit |z;). For integer p > 1, § is defined as g = {1, ..., B}, where
each ; with 1 < i < p represents a angle (3 for a single cycle. The general definition of the unitary applied to
a single qubit then becomes:

. n # X
UB,p)=e PP =T]e 2.7)
j=1

Here, 07 is the Pauli-X operator on qubit j. The unitary U(B, ) depends on angle vector g, of which each
Bi € B runs from 0 to 7. The vector |z) is placed in superposition:

1
I$)=—=)_12) (2.8)
v
The angle dependent quantum state can then be written as

ly,B)=U(B,p)UC,yp)..UB, U, y1)|s) (2.9)

The expectation of C then becomes:
Ep(y, B) =<y, BICly, B) (2.10)

The maximum expectation for p QAOA cycles (M),) is then defined as:
M), = maxF,(y, B) (2.11)
Y.
Since increasing parameter p will increase the quality of the solution, in other words a equal or higher expec-
tation will be found, we can state the following:
My =My, (2.12)

With the intent that lim,_.o, M), = max, C(z), which is proven by Farhi et al. [42].
To give an intuition on how the algorithm operates, an example will be given. In this example, a system
with 2 (qu)bits per clause is examined. The general clause will be worked out for bits j and k:

C= Y Ceji 2.13)
<jk>

This is derived from equation (2.4). The expectation from equation (2.10) becomes:

Ep(r,B) =Y (sSIUT(C,y1) ... - UT(B, Bp)Cejks UB, Bp) .- UC,y1) 1) (2.14)
jk

Here U denotes the conjugate transpose of the unitary operator U.
The operator for a single clause then becomes:

U'(C,y0)..U' (B, Bp)Cs ks U(B, Bp)...UC, 1) (2.15)

The contribution for p =1 can then be written as:
Ut(C,ynU' (B, B1)Ccjik>UB, UC, 1) (2.16)

Using an example for C, used in MaxCut applications (Appendix 3.3.2), it can be shown which operators
contribute to this equation. MaxCut and other applications will be discussed later in greater detail. For this
example, the definition for the maximized equation becomes:

C.i _l_zz 1 2.1
<]k>—2( Uj0k+ ) (2.17)

Here, the Pauli-Z operator is denoted as o*. Now substituting equation (2.7), gives rise to the following:

. X X 1 i X X
U'(C,ypePrort--+on 5 oo+ Ne PrOT+-+T) 1 (C,y) (2.18)



6 2. Quantum algorithm selection

All 0% terms in the second exponent except for O'; and o} can be moved in front of the % (—O’;Ui+ 1) term as

they do not interact with qubits j and k, i.e. the operators commute (AB = BA). Because these operators can
be moved to the front, they cancel out with their Hermitian conjugate. For increasing p, U(B, 8) will contain
the qubits connected one step further from the original clause. For example, if qubit j shares a clause with
qubit [, the operators acting on qubit j will be included as well. By expanding this for increasing p, more
qubits are considered for each clause, effectively increasing the quality of the approximation. To expand this,
the unitary U(C,y) must be understood. This unitary operator C, is 1 if the condition is met and 0 otherwise.
In the case of a graph (e.g. MaxCut), this means that the conditions are a connectivity matrix. This makes the
term 1 if a connection between the qubits exists. The unitary of y; will contain the ¢ for j and k, but also all
qubits which are connected. This has as consequence that U(B, 82) will keep ¢ ; and o but also for all qubits
connected to these qubits. This way, increasing p will increase the qubits in the graph.

2.3. Practical concerns and emerging trends for QAOA

Practical concerns

In order to apply QAOA algorithms to practical applications, some hard challenges must be achieved first.
One of the major challenges is that even while QAOA uses much less resources than, e.g., Grover’s algorithm,
it still requires hundreds of qubits in order to achieve better performance than classical algorithms. Specif-
ically for QAOA, the depth of a circuit can be a huge bottleneck if it does not make use of an optimized im-
plementation [29]. Furthermore, the limited precision of QAOA will require a large parameter p to achieve
optimal results. This parameter is expected to grow almost linearly with the problem size, but finding the
optimal value for p is one of the big challenges for QAOA to become practical [107]. Another challenge is the
tuning of parameters ff and y. The original paper of QAOA [42], proposes an optimal configuration for the f
and y parameters, but is considered computationally expensive [29, 33]. Instead, optimal parameters can be
found for specific problem instances [29]. For specific problems, a value for p can be chosen in such a way
that the approximation is better than the classical counter part. For example, Crooks shows that for p = 8,
the QAOA for MaxCut could outperform the Goemans-Williamson algorithm [29], which is currently consid-
ered the most efficient classical algorithm for MaxCut. This way, a lower bound can be set on the p parameter.

Another challenge is that while QAOA might perform good in theory and on a simulator, on real hardware
the performance might be considerably worse [115] or could make an implementation unfeasible [105]. The
relatively large amount of noise in current quantum hardware results in better performance for algorithms
with lower depth [78] and will likely be a strong factor in implementing QAOA in practice.

Emerging trends

An emerging trend is to optimize the parameters for QAOA using machine learning [8, 68, 114]. Results of
Khairy et al. show that training for an 8-qubit system, the optimality ratio (equation 2.2) can be improved 1.16
to 8.61 compared to the Nelder-Mead optimizer, depending on the MaxCut graph solved and QAOA depth p
(depths 1, 2 and 4 were tested). Wauters et al. [114] aims to solve this problem by suggesting that a strategy
learned from a small system, can be applied to a larger system to achieve similar speedup. Their results using
local optimizations on larger systems show this is achievable. Alam et al. [8] applies machine learning to a
classical optimizer that iteratively runs the QAOA algorithm with new parameters. Their implementations
show an average reduction of iterations of 44.9% and is also a good solution for run-time optimization.

In terms of integration, Qiskit and Rigetti actively include QAOA in their repositories. Qiskit currently
only supports Ising-type problems such as MaxCut [33], while Rigetti also has support for, e.g., the parti-
tioning problem and makes this publicly available on Github. Rewriting the problem to a format that can
be optimized using QAOA is a challenge in itself as well. In recent papers, Quadratic Unconstrained Binary
Optimization (QUBO) [49] is used to map problems to QAOA. QUBO is a compelling approach as this allows
the QAOA algorithm to be unaltered, while only adjusting the classical problem formulation. This requires
some additional work, but would otherwise be needed to properly design the QAOA algorithm. QUBO is used
by, e.g., Qiskit [39] and XACC [80], allowing a single QAOA function definition, with a standardised problem
formulation. In terms of performance, no clear comparison has been published comparing the QUBO imple-
mentation and the straightforward QAOA implementation.

Another downside of QAOA could be the limited range of problems that it can solve. While all problems
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discussed in Section 3.4 are considered important challenges, the quantum algorithm is still limited to very
similar problems. A generalization of QAOA is presented as the Quantum Alternating Operator Ansatz, which
covers a wider range of problems [54]. As discussed in Section 3.4, some algorithms are not well suited for
QAOA and other quantum algorithms will likely perform better results. The constraint density is also shown
to impact the performance of QAOA [5]. This means that performance will depend not only on the size of a
graph, but also the number of constraints compared to the size of the graph.






Complexity theory

This section will explore potential fields, where QAOA could be implemented to achieve significant speedup
over classical algorithms. A brief introduction to the theoretical problems will be given togeher with their
practical applications,i.e. how the algorithm can be applied to a real-world problem as opposed to the math-
ematical problem. For each problem, the current QAOA implementations will be reviewed in terms of com-
plexity and approximation accuracy.

3.1. A brief recap of complexity theory

Computational problems can be sorted by their time complexity. This refers to the computation time required
to solve the problem for n inputs. Often, big-O (Order of magnitude) notation is used to describe the time
required for the worst-case scenario, while big-Q notation is used for best-case scenarios, i.e. the lower bound
of the magnitude [71]. If both the worst-case and best-case scenarios match, big-® notation can be used. A
graph of common time complexities is given in Figure 3.1. The time complexity gives a rough indication
on how long an algorithm will take to perform a computation for n inputs. More importantly, it gives an
indication of the rate that the computation time increases with respect to the number of data inputs. Slower
growth of time with respect to data inputs indicates better scalability of the program.

o)

Time
O( log n)

Z

Data Input

Figure 3.1: A graph of common time complexities [13].

Problems can be subdivided in classes, depending on their complexity. A visualization of the complexity
classes is given in Figure 3.2. The complexity classes consist of:
P: Problem A is of polynomial time complexity, if it can be computation time scales polynomial, i.e. in the
range from O(1) to O(n”), with p € N fixed [59]. Problems in this complexity can be solved with classical
computers.
NP: NP stands for non-deterministic polynomial time and is used to classify decision problems. These
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problems initially determine a solution in a non-deterministic way (a guess), and is then verified in polyno-
mial time [11]. We can therefore define a problem A4, if A requires its solution to be guessed and requires an
oracle to be verified in polynomial time. Whether NP = P, is one of the famous millennium prize problems
and is yet to be proven [24].

NP-complete: Problem A is considered NP-complete if A is in NP and if all NP problems can be reduced
to A in polynomial time. This means that problem A can be used as subroutine for any NP problem, with
the number of subroutine calls polynomial [69]. If the problem is only known to be in NP, it is considered
NP-hard [59].

BPP: Problem A is in Bounded-error probabilistic polynomial time complexity if A is a decision problems,
to which a randomized algorithm can find the solution in polynomial time with probability p = % [59]. The
problem set includes P and parts of NP. The relation between BPP and P is unclear. Cases have been pre-
sented for which BPP =P [60], but is not proven for all cases [51]. Goldreich discusses how with derandom-
ization P = BPP [51], but further detail on this is considered beyond the scope of this thesis. The relation
between BPP and NP is also unclear. However, oracles have been presented for which BPP is not contained
in NP [109].

BQP: Bounded-error quantum polynomial time is the quantum analogue to the BPP complexity class
[59, 90]. Problem A is in BQP if a quantum algorithm has a probability of p = % to find the correct answer in
polynomial time [59]. As for the relation to BPP, it has been proven that BPP < BQP, and that BPP # BQP
[17].

EQP: Problem A is in exact quantum polynomial time complexity if a solution to A can be found in poly-
nomial time by a quantum algorithm with probability p = 1 [59]. The relation between BQP and EQP is still
an open question, but is discussed in detail by Fortnow et al. [44].

\
All Problems
/" Computable N
[~ EXP )
BQP
PSPACE BPP
< J
" J
- /
P solution can found in time polynomial in the size (number of bits)
NP solution can checked in polynomial time
NP MPLETE ) € t 1
I
EXP solution can be found in exponential time
COMPUTABLE solution can be found eventually

Figure 3.2: A Venn-diagram of the complexity classes [90].

In 1971, Stephen Cook proved that the satisfiability problem is NP-complete [28]. The year after that,
Richard Karp expanded the list of NP-complete problems to the well known list of Karp’s 21 NP-complete
problems [67]. An overview of the problems is given in Figure 3.3. This list was established by showing that
these 20 additional problems can be reduced to the satisfiability problem in polynomial time. An problem
can only be NP-complete if it is a decision problem. Finding the optimal solution for such a problem is
NP-hard. The solutions to these problems have been approximated by classical algorithms to a limited ac-
curacy (in polynomial time). QAOA improves on these algorithms by making the guess more accurate while
remaining within polynomial time complexity. From here on, some of the algorithms used to find the optimal
solutions to Karp’s 21 problems will be discussed, including practical applications. Not all 21 problems will be
discussed, as only the problems will be considered where a QAOA implementation has been designed to im-
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prove on the classical counterpart. Other NP-hard problems, not directly related to Karp’s 21 problems, will
be included as well. The satisfiability problem is a problem where Boolean clauses need to be satisfied. All of
Karp’s problems can be reduced to a satisfiability problem in polynomial time. The satisfiability problem is
commonly denoted as Max-Sat. A k-Max-Sat is a satisfiability problem where each clause is limited to k vari-
ables. The QAOA algorithm is applied to the approximation of NP-hard problems, to find the optimal solution
of NP problems are NP-hard. This means that, while a solution might be found with QAOA, this only has a
probability of finding the solution and is therefore contained in BQP complexity. Note that QAOA can not
approximate a solution for all NP-hard problems, but a subset of similar structured problems. As discussed
above, theoretically QAOA could find a solution with probability P = 1. But since this is not demonstrated to
be achievable in polynomial time, it cannot be considered as EQP complexity.

/ Satisfiability \
Clique 0-1 integgr Satisfiability with at most
\ programming 3 literals per clause

/ Node cover \S‘et packing Chromatic number
Feedback  Feedback Directed Set )
X . Exact cover Clique cover
node set arc set Hamilton covering
circuit // / \
l 3-dimensional Knapsack Hitting set Steiner tree
Undirected matching
Hamilton /
circuit Sequencing Partition
MaxCut

Figure 3.3: Karp’s 21 problems, with the reduction relations given as a tree diagram [67].

3.2. The QAOA implementations to the problems
This section explores QAOA algorithms applied to various NP-hard problems.

Graph partition
In the graph partition problem, a graph (V, E) is divided into partitions with the objective to minimize edges
between the partitions in order to simplify graph analysis. This problem can be applied to VLSI circuit design
as the first step of the physical design [65]. A QAOA implementation has been presented by Ruan et al. [100],
with a general QAOA scheme for linear inequality constraints.

Problems with a linear equality constraint have the characteristic that their constraints are represented
as:

A-x=b 3.1

With A being a m x n matrix for m constraints and n components, X the solution vector of length n and b
a vector of length m. Such a problem translates to a constraint function of [100] :

f® =) crxk 3.2)
3

In this scheme, the B operator is defined as follows:

B= Y I+ 1x (x| (3.3)

xx'€Q,dx,x)=2

Here d(x,x) is the Hamming distance between solution x and x'. Hamming distance is the number of bits
that differ from the original. This way of encoding the B operator is derived from a random quantum walk,
where positions and orders of "1’s" are swapped. In the case of the graph partition problem, the B operator is
rewritten by Hadfield and Hen [54, 57] to encode the constraints as:

n
B=-} (070}, +0]0},)) (3.4)
1

i+1
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Both solutions differ in outcome. The probability distribution from equation (3.3) is more accurate than
the implementation from (3.4), and does not generate redundant subgraphs [100].

Packing (knapsack)

The packing problem, or knapsack problem, aims to fill a resource to a maximum extent. As example, given
a knapsack with a limited capacity, fill it with as much elements as the capacity allows. Ruan et al. [100]
implement QAOA on this problem for multiprocessors with a similar solution as mentioned in the previous
section. For a execution time ¢ of task, the Hamiltonian for this implementation is given by:

2mn_1 (i+1)n-1
C=- > max{ ) t& modnXk}lx) (x| fori=0,..,(m-1) (3.5)
x=0 k=in

Dela Grand’rive and Hullo also published a paper on this particular problem, with a different approach aimed
at an implementation for battery revenue optimization for micro-grids [33]. In their paper, a 'relaxed’ ap-
proach is presented, using a linear penalty as opposed to a quadratic penalty to improve upon the adiabatic
approach [27]. The algorithm proposed, consists of four subroutines: Cost calculation, Constraint testing,
Penalty dephasing and Reinitialization. In terms of time complexity, the classical algorithm for the knapsack
problem runs in O("?g) for e-estimation [33]. The implementation presented can run with a qubit depth of
O(p(log,(n))®), meaning that it achieves a p-polylogarithmic complexity in 7. The number of ancillary qubits
required for this algorithm is O(nlog, (n). Another paper published on this problem is by Roch et al. [99] and
uses a cross entropy hyper parameter optimization. With this method, the penalty values are optimized. An
enhancement for p =1 and p = 2 of more than 100% is claimed compared to the method of Hadfield et al.
[54]. Ruan et al. [100] expanded on the packing problem by adding arbitrary constraints. Since the previous
method of changing the Hamming distance does not apply, they present a star graph method. Their results
are claimed to be similar to classical optimization algorithms in terms of accuracy, but not much about com-
plexity or performance is presented.

MaxCut

The details of the MaxCut problem have been discussed in detail in Section 3.3.2. The optimization can be
applied for circuit layout design [14], data clustering [91] or implementing the Ising model. The MaxCut
problem for QAOA has been studied extensively [29, 74, 115, 119]. It has been shown that the approximation
of QAOA achieves better results than the classical Goemans-Williamson [50] for p = 8 [29]. For the general
MaxCut algorithm, the gates required are O(N?P) and can be run in O(NP) time assuming that O(N) gates
can be run in parallel for N nodes, and P the number of QAOA layers. The classical Goemans-Williamson
algorithm, in contrasts, requires a run time of O(Nm) for m edges [29].

Ising model

The Ising model can be approximated by the MaxCut algorithm [62]. Implementations for the Ising model
can be found in physics for simulation of e.g. phase separation, lattice-based liquid-gas model or spin glasses.
Applications for this model can also be found in biology for the protein folding problem [82]. The model is
also supported in Qiskit [39], alongside the popular MaxCut algorithm. The Ising model has in recent pub-
lishing been compared for both classical and QAOA algorithms [89]. It becomes apparent that for large clause
density, QAOA shows reachability deficits [5] and is therefore no improvement on the classical algorithms.
For a large enough search space, the QAOA algorithm can reach a Grover scaling of O(v/N) for N nodes.

Set packing
In the set packing problem a set of subsets is given. A minimal selection of the subsets must be chosen to
cover all elements of the set [108]. A visual representation of this problem is shown in Figure 3.4.

This problem is also covered by Ruan et al. [100] by adjusting the Hamming distance to d(x,x’) = 1. The
complexity achieved with their method is O(n) for n subsets.

Vertex cover

In the vertex cover, all edges of a graph (V, E) must be covered by selecting the minimum amount of nodes.
This problem is implemented by Ruan et al. with an alteration on the previous method [100]. The vertex cover
problem has implementations in, e.g., monitoring. Examples are security camera placement or network link
monitoring.
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Input Output

Figure 3.4: Visualization of the set packing problem [108].

Dominating set problem

The dominating set problem is very similar to the vertex covering problem, but instead of covering edges,
there must be an edge to each vertex from a vertex from the selected set. The way both of these problems are
used in practice is very similar as well. The cost is defined in 2 parts: the number of nodes connected to a
covered set is maximized (T}) and the number of nodes used as covering (all nodes connected to this node
are covered) is minimized (Dy) [52]. The nodes are encoded as z; = 1 if a node is used for covering. This
translates to the following cost functions:

1, if z; connected to a node z; for which z; = 1
Ty (2) = . (3.6)

0, otherwise

Di(2) 1, ifzz=0 3.7)

z) = .
k 0, ifzp=1

n n

C(z) = )_ Di(2)+ )_ Ti(2) for nnodes (3.8)
k=0 k=0

The cost function C is to be maximized.
An implementation of QAOA and an analysis of the algorithm is presented by Nicholas Guerrero [52]. In the
circuit presented, for n vertices the following is required [52]:

* 18n? - 6n single qubit gates
e 16712 — 127 controlled Pauli-X gates

¢ 2n qubits (of which r are ancillary)

Traveling salesman problem

The traveling salesman problem is a well known problem where a salesman needs to visit all cities (vertices)
which are connected by roads (weighted edges). A special case of the problem, the undirected Hamiltonian
circuit, is also one of Karp’s 21 problems. A (naive) classical approach would check all routes and would have
a complexity of O(n!) [16]. An implementation based on Grover’s algorithm has shown a quadratic speedup
to O(+/(n!)) [16], but such an implementation would require a lot of quantum resources and would currently
not be applicable to quantum hardware. A QAOA solution has been presented by Radzihovsky et al. [96]
and by Henry and Dudas [31]. The respective source codes for implementation on a Rigetti (pyquil and the
Rigetti QVM) quantum computer are available athttps://github. com/murphyjm/cs269q_radzihovsky_
murphy_swofford [96] and https://github.com/danielhenryl/QAOA_TSP [31]. Radzihovsky et al. show
that the number of gates in the cost Hamiltonian scales with n? for 7 cities, and a circuit depth of 27 for even
n and 2(n—1) for uneven n. Ruen et al. also published an implementation using n? qubits. The traveling
salesman problem has a large range of applications, such as computer wiring, drilling PCB and order-picking
in warehouses [79]. A recent implementation of QAOA on the traveling salesman problem is presented by
Sarkar et al. [105]. In this implementation, the QAOA is applied for quantum accelerated de Novo DNA se-
quence reconstruction. An application and QAOA simulation are presented, but does not feature a hardware
implementation as the currently available quantum hardware are not sufficient to support meaningful results
[105].


https://github.com/murphyjm/cs269q_radzihovsky_murphy_swofford
https://github.com/murphyjm/cs269q_radzihovsky_murphy_swofford
https://github.com/danielhenry1/QAOA_TSP
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Tail assignment problem

The tail assignment problem deals with the scheduling of a set of flights to a set of aircraft to create a feasible
flight schedule, while keeping the cost of operation as low as possible. This problem is an optimization of
a packing problem with additional constraints. Vikstal et al. propose an implementation of QAOA for this
problem [112]. In their publication, they show that for QAOA depth p = 2, an outcome accuracy of 99.9% can
be achieved, but requires 74 measurements for 25 route instances. This case performs better than quantum
annealing. Using more measurements instead of increasing p is computationally less expensive.

Facility placement problem

The facility placement problem aims to place a node (facility) with the least transportation cost (this in it-
self is a Weber problem [22]), while considering other constraints. A QAOA implementation is presented by
Quinones and Junqueira [95]. This paper, however, shows that the QAOA implementation has a much higher
cost and lower optimal solution probability than a VQE for the investigated case. This might indicate that this
type of problem is not suited for QAOA.

QAOA for Grover’s algorithm

An interesting approach has been presented in [63], where the principals of QAOA have been applied to
Grover’s algorithm. Grover’s unstructured search algorithm is a well known quantum algorithm for which
the oracle can find an entry in an unstructured database. Much like the implementations discussed before,
it uses p iterations to improve fidelity/accuracy. This implementation could potentially make the algorithm
that is proven to perform better than classical algorithms (quadratic speed-up), executable on relatively few
qubits. This would allow it to run on near-future devices. Some critical issues, however, exist with the im-
plementation presented in [63]. QAOA has limited accuracy, while Grover’s algorithm can only be applied
practically (e.g. database searching) if an exact solution can be found. The authors mitigate this problem by
checking with multiple rounds whether the found solution is correct. This might require the algorithm to run
for many iterations before the solution is found. Furthermore, the chance of success of the algorithm is only
50%, making it impractical for implementation. Error-correction schemes might make this implementation
worthwhile, but it is unclear whether such a solution can be found. Quantum error correction in adiabatic
models is still a challenge [117], but could make this application implementable.

3.3. Details on max-kSAT and max-kXOR

The general optimization problems discussed in this section will be the combinatorial satisfaction problems
(CSP) max-kSAT and max-kXOR. Here, k denotes the exact number of variables contained in a clause. The
special cases of CSP will be discussed: the one with typicality and the MaxCut problem. These problems
represent general applications from which other practical applications can be derived. These practical appli-
cations are discussed in further detail in Appendix 3.4, to determine which optimization problem solutions
are most developed and suited for the benchmark.

3.3.1. Max- kSAT and max-kXOR

In max-kSAT the objective function needs to be maximized, as discussed in Section 2. Max-kSAT is the gen-
eral set of problems where the number of Boolean constraints satisfied is maximized. Individual constraints
can have their own weight. Giving a weight to constraints can be beneficial for certain problems. For now the
unweighted problems are examined, i.e. weight = 1. There exist problems where not all constraints can be
satisfied. In these cases the maximum number of constraints, but not all need to be satisfied. The problem
can take the form of any constraint that applies to k parameters. Currently, the most common max-kSAT
problem discussed, is the max-kXOR. For this variant of max-kSAT problems, the objective function is de-
fined as [74]:

1.k
_—_it (3.9

3.3.2. MaxCut

This is by far the most discussed problem with regard to QAOA [8, 29, 42, 53, 74, 115, 119]. The MaxCut
problem is a max-2XOR problem, that can be visually represented as a graph. The individual parameters are
presented as vertices, while the clauses can be represented as edges. The objective of MaxCut is to find as
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Figure 3.5: A MaxCut problem visualized as a graph [75].

Figure 3.6: Possible sub-graphs for 3-regular graphs [42].

may edges < jk >as possible, where j = (1 — k). A visualization is shown in Figure 3.5.

MaxCut is a known NP-complete problem [47, 67] and therefore serves as a good example of what can
be accomplished with QAOA. The performance of MaxCut can be increased with classical pre-processing. If
the input graph has a regular shape, e.g. with a bounded degree, the graph can be divided into sub-graphs
that occur multiple times. This way, only the unique graphs need to be analyzed, and their expectation value
multiplied with their corresponding occurrence [42]. An example is the 3-regular graph, which only has two
possible sub-graphs, as shown in Figure 3.6. With pre-processing, only the occurrence of the different sub-
graphs need to be found, and the QAOA needs to find the expectation value of the 2 possible graphs. This
however implies that the classic algorithm needs to find the occurrences of the sub-graphs with high per-
formance. How this carries over to practical applications is not yet explored, and will be very application
dependent. A mayor concern is that finding the subgraphs, known as the clique problem, is in itself one of
Karp’s NP-complete problems [67].

MaxCut can be applied to challenges as circuit layout design [15], data clustering [91], network design and
statistical physics [113]. This shows that MaxCut can be applied in a large variety of industry level optimiza-
tion problems.

3.4. Quantum algorithm technology readiness level

The QAOA implementations of the above discussed problems will be summarized and compared according
to their technology readiness level (TRL). This is done, as not every paper provides an in-depth analysis of
the proposed implementation. Providing an in-depth analysis of every implementation would be beyond the
scope of this thesis. TRL was first introduced by NASA [76] to evaluate the state of development of technolo-
gies. The NASA TRL has 9 levels, from proposing basic principals (1) to flight proven (9). Currently, more
adaptions have been made for both European projects and commercial projects [56].
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3.7: A quantum technology readiness level (QTRL) evaluation of the presented QAOA implementations.

In order to evaluate the maturity of quantum algorithm implementations appropriately, we propose a
novel quantum TRL (QTRL). This QTRL is inspired by the TRL as presented by NASA, but adapted to quantum
algorithms. The QTRL is in this chapter used to evaluate the presented QAOA implementations, but can be
used to evaluate quantum algorithms in general. The QTRL are ordered as follows:

1.

Theoretical proof of concept is presented: The quantum algorithm to a specific problem is fully worked
out and a theoretical proof is given that this implementation approximates or yields the optimal solu-
tion to the problem. In the example of QAOA, this means that both the Cost and Mixer Hamiltonian are
presented to the specific problem, as well as proof of the approximation.

. Demonstrated on quantum simulator: The quantum algorithm is implemented on a quantum simu-

lator and provides meaningful results. For QAOA, this means that the simulation should return values
that to reasonable extend approximate a valid a solution.

. Cost and performance analysis: An in-depth analysis of the implementation is done, showing the re-

quired resources and complexity. With resources is explicitly meant: qubits, circuit depth, number of
each used gate.

. Simulated application: The problem is implemented to a practical utility (application) with a classi-

cal algorithm that uses the quantum algorithm. The system should work with the combination of a
classical computer and a quantum simulator. The full system should provide meaningful/valid results.

. Full stack application: The full stack is presented with an implementation using quantum hardware

and can be applied to problems in practice. The application will likely need optimization or clever
implementation to out perform classical implementations.

. Quantum supremacy: The problem can be solved faster on a classical-quantum hybrid full stack com-

pared to a classical implementation, using the quantum algorithm. For QAOA, this is currently an aim
for the future, as no such implementations have been presented yet. Current efficient algorithms, such as
QAOA for MaxCut, still require hundreds of qubits to achieve quantum supremacy. With the current state
of the NISQ hardware, systems that can support such large numbers of qubits are not available.

The QTRL of the problems is presented in Figure 3.7. For each of the presented algorithms, a proof of
concept for the QAOA implementation has been presented. Except for the facility placement problem and
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the QAOA for Grover’s algorithms, the algorithms have been tested on a quantum simulator, with published
results. On only four of the algorithms, a cost and performance analysis has been published in literature:
Packing [108], MaxCut [42], Dominating set [52] and Traveling salesman [105]. These are viable implementa-
tions for QPack. We have decided to focus on 3 of the possible canidates as the benchmarks, namely MaxCut
problem, Dominating set problem and traveling salesman problem. Most notably, the Traveling salesman
problem has been presented on a full stack, applied to a practical problem [105]. It is therefore the only
algorithm at time of writing that can be considered QTRL-4. Some notes on the results are:

¢ The MaxCut algorithm has been presented on a full stack quantum computer [55], but not in the con-
text of a practical application.

¢ Publications on the Ising model have analytic results on complexity, but it is considered not feasible
and no resource analysis is done [5, 82]. As such it cannot be considered QTRL-3.

¢ Analysis has been done on the complexity of the set packing implementation, but no in-depth results
on resources have been published [100].

¢ The traveling salesman has been implemented in full stack and on a practical application, but is not
ready to work on available quantum hardware [105].






Benchmarking

As mentioned before, a popular metric to measure the performance of quantum computers is its quantum
volume: the number of qubits and the quantum circuit depth it can run. The authors of the quantum volume
benchmark mention in total four metrics to which the performance of a quantum computer can be evaluated
[18]:

e Number of physical qubits

e Number of gates that can be applied before errors occur (quantum circuit depth)
¢ Connectivity of the quantum computer

¢ Number of operations that can be run in parallel

The number of physical qubits is only of interest if a required circuit depth, as such these metrics can be
combined in the quantum volume. As argued before, quantum volume on itself does not reflect practical per-
formance properly. Furthermore, the qubit connectivity and number of operations that can be run in parallel
certainly have value as metrics, however, it can again be argued whether these metrics have practical value.
For example, a fully connected quantum computer is good on paper, but if it cannot scale up it cannot be put
in practice. From the perspective of this thesis, it is considered that execution with limited connectivity will
be handled by the compiler (additional qubit SWAPs to enable execution on limited connectivity). As a re-
sult, the connectivity will affect the number of quantum operations and with that the run time and outcome
accuracy (increasing SWAP-gates and in turn circuit depth will give rise to more noise, decreasing outcome
accuracy). An important characteristic of QPack, is that it will use non-native problems, meaning that the
problem does not correspond to the qubit layout. This means more resources are required to compile the
problem to the quantum computer’s hardware layout, which significantly impacts performance [55], but is
essential for practical application. Similarly, the number of operations run in parallel will decrease the crit-
ical path of the circuit and reduce the runtime. With this, both metrics can be abstracted by evaluating the
runtime. As quantum computers have progressed to a size that can run practical algorithms such as QAOA
and VQE (variational quantum eigensolver), a higher abstraction level using application performance would
be the proper method to evaluate the performance of current quantum computers.

Avery recent benchmark QASMbench [73] has been presented by Li et al. This benchmark uses the Open-
QASM assembly representation and has been used to benchmark several IBM quantum computers. While
this benchmark is valuable to benchmark quantum chips, it is too low level to benchmark the quantum com-
puting stack. Understandably, such benchmarks are of use to the development of quantum chips. However,
the benchmarking of the full stack will be required with long-term benchmarking in mind. Especially with
the current popularity of hybrid quantum algorithms, the quantum chip as well as its classical counterpart
and the interaction between them must all be included in performance benchmarking.

Another proposed benchmark is the BB84 protocol, used in quantum communication [120]. The BB84
protocol uses only two qubits and can therefore be applied to the majority of currently available quantum
hardware. It can, however, be argued that the algorithm in itself does not show a large variety in gates and

19
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that hardware can be optimized to these operations. It can therefore be considered a useful benchmark, if
combined with other quantum algorithms.

A paper by Michielsen et al. discusses various quantum algorithms as candidates for benchmarking [81].
This set of benchmark problems in its implementation has shown informative results of IBM experience sys-
tems, but is again aimed at low level benchmarking rather than the full stack. The algorithms are purely
quantum, whereas hybrid algorithms reflect current usage of NISQ quantum computers better, and show
more insight to the quantum stack rather than the quantum computing chip in itself.

Earlier this year, Atos has announced the Q-score benchmark [12] that evaluates to which problem size
a quantum computer can run an optimization algorithm for the MaxCut problem, to which the details are
provided in Section 3.3.2. This QAOA-centric benchmark is a good first approach to establish meaningful
quantum benchmarks inspired directly from applications. Atos’ Q-score benchmark targets the following
metrics:

* Success-rate, accuracy: How well is the algorithm executed
¢ Performance: How fast is the algorithm executed
¢ Scaling: How well does the algorithm perform on different problem sizes

We believe that further metrics of practical relevance should be included to create an even more insightful
benchmark. First, we suggest a more fine-grained splitting of the total runtime into the different stages: (1)
compilation, (2) classical computation, (3) communication between classical and quantum and (4) quantum
computation. Each of these four stages targets a different aspect of the quantum computing stack and will
give both quantum hardware providers and algorithm developers insight into the computational bottlenecks.

Another concern of the Q-score benchmark is its lack of universality. While it claims to run on every
current quantum computer, it only uses a single problem: MaxCut. The danger of using a single problem
is that quantum computers could be tailored to this specific problem but perform poorly with others. An
extreme case is the D-Wave quantum computer, which is specialized to quantum annealing by design. This
is by no means a criticism towards D-Wave, but illustrates how a single-problem benchmark could give an
incomplete picture of a quantum computer’s performance in general. QAOA is a versatile algorithm that
can be applied on a large variation of problems with various practical applications. To avoid single problem
tailoring, we suggest multiple different problems to benchmark the quantum hardware.

4.1. Benchmarking metrics

To create a standardized benchmark, a set of metrics needs to be agreed upon. In order to properly evalu-
ate the performance of a quantum hardware implementation in practice, the following aspects need to be
considered:

1. Run-time

(a) Classical computation
(b) Classical to quantum communication

(¢) Quantum computation
2. Outcome accuracy / best approximation error

3. Performance scaling

Run-time

The run-time of an application is an obvious parameter to measure. Classically, apart from the function-
ality, this is the main parameter measured as it separates implementations on their practical performance.
Since current NISQ quantum hardware is only practical in classical-quantum hybrid configurations, both the
classical and the quantum hardware need to be benchmarked. While the quantum speedup should be most
significant to the performance, for QAOA optimization it was found that the classical optimizer plays an im-
portant role to the performance of the QAOA optimization [19, 105]. Determining the performance of the
classical hardware is therefore as essential as evaluating the quantum hardware. For this reason the following
run-times need to be observed:
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¢ Overall run-time

¢ Run-time classical hardware

* Connection between classical and quantum hardware

¢ Preprocessing/placing and routing (quantum circuit compilation)
* Queuing time

¢ Run-time quantum hardware

The communication between quantum and classical hardware might very well be significant to the over-
all performance, as QAOA requires many calls to the quantum hardware. Since quantum computing is a
Compute as a Service (CaaS) in current implementations, the way the connection is organized as well as the
relative slow internet connection can be crucial. In cases that the implementation is organized with a local
classical computer sending instructions to the remote quantum computer, most time will be lost by queuing
and classical to quantum connection. Queuing time indicates time spend waiting for access to a quantum
system. In regular IBM quantum computer calls, the call is put in a queue for access for each quantum cir-
cuit call (shots for the same call are executed consecutively). A more mature implementation would be both
a remote classical computer and a remote quantum computer, which share a faster local connection. An
example of such a quantum stack is the IBM experience run-time. In this case, the classical code is sent in
combination with the quantum circuit, as a quantum job. This job in itself is queued, but not each individual
call to the quantum computer. Rigetti offers a QaaS as well, but trough an API to log in to their QCS. Rigetti
also allows the user to use a remote classical computer to communicate faster to the quantum computer. The
service, in contrast to IBM, requires the user to schedule a time slot with access to the quantum computer.
This in itself has its pros and cons.
By explicitly measuring these detailed timestamps, much more crucial information is learned about the bot-
tleneck of an implementation. As the benchmark does not optimize quantum instructions to suit specific
hardware, the performance of the compiler will be reflected as well and will translate to the number of in-
structions generated and how the quantum circuit is scheduled. Other bottlenecks on the implementation
could include: number of calls to quantum hardware from classical hardware and time required per quantum
instruction.

Outcome accuracy / Best approximation error

QAOA can only approximate an optimal solution. While the quality of the approximation depends on param-
eter p and the classical optimization strategy, it will also depends on the hardware. High quality quantum
hardwarew can produce accurate results, but if the optimizer is not accurate the end results will be inaccu-
rate as well, and vice versa. The qubit quality will determine the noise in a system and will determine p [7]
which can significantly decrease the runtime performance. Furthermore, gate error and finite coherence time
can introduce significant bounds on p, limiting not only compensation for noise, but also place significant
bounds on scaling. Another effect on the accuracy could be |0) bias [52]. This means that the states are more
likely to be measured as a logical 0 rather than a logical 1, skewing the outcome and effecting the accuracy.
The approximation can be evaluated in multiple approaches.

1. The benchmark will be run on the hardware with optimal parameter p, determined iteratively. This way
the maximum achievable accuracy can be found by comparing it to the solution of an exact algorithm.
This has as downside that multiple runs will be required to find the correct parameter, and increasing
p will increase the run-time, which might not be properly reflected this way. If the run-time of the
implementation is however presented for only the optimal parameter, it will likely better reflect how
the optimization would be implemented in practice. This way a decision will be made for the trade-off
between speed and accuracy, favoring accuracy. The difficult part is that, in the case that there are no
bounds on p, p might grow to infinity, approaching exact calculation. Recent research show that in-
creasing p will not always improve accuracy [85] and will have a practical limit.
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2. The benchmark will be run on hardware for, e.g., p € {1,2,3,4} and the results will be compared. This
way the run-time will not be determined by the choice of p, but the accuracy will reflect the quality of
the quantum hardware. This will require more interpretation, as the accuracy shown will not be the
optimal accuracy, but the accuracy that is achieved for low p. The difficulty in this approach lies in
determining how p scales for larger problem sizes. The size of p is expected to grow with the problem
size, but at which rate is not yet determined. Some research suggests that QAOA will only be practical
for low depth (e.g. p=2) which might eliminate this issue.

From both approaches, the latter appears to be the most fair and with fewer issues, but demands an
explanation on how to interpret the results.

3. Alternatively, an approach can be taken where the accuracy is evaluated for a predetermined run-time.
This however requires that the run-time will not be constant for each problem size as the run-time is
expected to grow. Determining a starting point for the run time as well as how this will progress for the
problem size is nontrivial.

Of the three presented approaches, approach one is preferred.

Performance scaling
With concerns as bounds on p and scaling issues, it is important to give insight on how the benchmark perfor-
mance scales for larger problem sizes. By determining the run-time for increasing problem size, the scaling
performance can be reviewed. Similarly, it can be evaluated on how the accuracy or success probability de-
creases for larger problem sizes.

While this benchmark is focused on quantum hardware, it could be extended to quantum simulators,
evaluating run-time and memory consumption. This could give valuable insight to developers to find the
optimal simulator to work with.

Benchmarking modern high performance computing architectures has a large focus on energy consump-
tion. This is expected become an important metric for quantum computing in the future as well. Energy con-
sumption is, however, complex to benchmark as most of the measurements need to be done on location, and
the division over classical and quantum computing adds another layer of complexity. In current quantum
hardware there is a large variety of hardware implementation, making it even more difficult to standardize
the measurement of energy consumption. For obvious reasons, this metric is not included in the bench-
mark, but quantum hardware developers are encouraged to accompany benchmark result with any estimate
of energy consumption.

4.2. Benchmark configuration

In this chapter the details on the benchmark configuration are discussed. This includes a discussion on se-
lecting a classical optimizer for finding the optimal f and y parameter, as well as details on the quantum
implementation of the QAOA algorithms.

4.2.1. Parameter optimization

This section explores the strategies to optimally determine the f and y parameters. The optimization of
these parameters is considered to be the main bottleneck of QAOA [105], and the selection of the optimizer
could make or break the application. The optimization is a single objective real-parameter optimization and
is done classically. Many algorithms have been developed for this problem. Critical parameters for choosing
a classical optimizer are as follows:

e number of parameters to optimize
¢ size of the problem instance
¢ smoothness of the objective function

e number of local optima
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Gradient-based optimization algorithms
Gradient-based optimization uses the gradient of the problem function to find a (local) optimum. Gradient-
based optimizers converge generally faster than gradient-free ones and would therefore be favorable [9].
However, gradient-based optimization only works well on smooth functions and is prone to getting stuck
in local optima. Due to the dependency on smooth functions, any function that is either discontinuous or
noisy will cause problems for the optimization. In the case that a smooth function is available, the problem
of local minima could be averted by choosing multiple starting points and running the optimization multi-
ple times or in parallel if possible. This, however, increases the computational complexity and choosing an
efficient algorithm for the starting value is not trivial. Often random points are chosen, but a more efficient
algorithm based on the Discrete Fourier Transform (DFT) is presented by [119] but is not open-source.

Gradient-free optimization algorithms
Gradient-free algorithms do not depend on the gradient of the function, as the name suggests. This means
that these algorithms can be applied to objective functions that are noisy, discrete or discontinuous [10].
Gradient-free methods can be more resilient with respect to local minima, depending on the algorithm. The
downside of these algorithms is that these generally take more computation time or more iterations.

Problem instances

The objective function is evaluated with the above mentioned critical aspects, in order to find the optimiza-
tion algorithm that fits best. The objective functions are considered in general and not per individual prob-
lem. The reason for this will become apparent in the evaluation.

Number of parameters: For all problems, the number of parameters are 2p: §, and v, for each QAOA
iteration p. Optionally, p can be taken as a parameter as well, but since publications show that QAOA is
most effective in low depth, i.e. low p, this parameter is expected not to contribute significantly. Generally a
value for p is chosen beforehand (e.g. Crooks [29] shows that p = 8 is required to outperform the Goemans-
Williamson algorithm) after which  and y are optimized. Theoretically, an optimizer would increase p to
infinite as this would give the best results. In practice, p can optionally be included as well, as performance
is likely to decrease with higher circuit dept on quantum hardware.

Problem size: The problem size is expected to grow very large, as scalability needs to be considered. This
does not differ per problem type.

Smoothness of objective function: The smoothness of the objective function is expected to differ per
problem type. However, due to the probabilistic nature of the results, as well as noise in quantum hardware,
the objective function is never smooth in practice.

Local optima: The presence of local optima is dependent on each individual problem, but due to noise
in quantum hardware, local optima might still occur. Local optima might not be as strong as local minima
inherent to the objective function. This could give room to optimizers that have some trouble escaping from
strong local optima.

Selection of optimizer
Considering how all QAOA problem instances will suffer from noise, discontinuities and local optima, no
gradient-based optimizer can be applied. From the gradient-free algorithms the following are considered:

Nelder-Mead Simplex: Nelder-Mead is efficient for non-smooth objective functions. It is, however, not
very efficient for 10 or more design variables [58]. Considering that only 2 x p variables are optimized, the
Nelder-Mead optimizer fits well for low-depth QAOA. Nelder-Mead is also more resilient with regard to local
optima compared to other local optimizers.

Genetic Algorithms: Genetic algorithms generally require many function evaluations, but are applica-
ble to multi-objective optimizations [58]. Genetic algorithms are not well-suited, since QAOA problems only
have one objective function. The large number of iterations are therefore inefficient.

Simulated Annealing (SA): Simulated annealing has more freedom than other gradient-free optimization
algorithms, but comparison to other algorithms shows that the computation per iteration of SA is less effi-
cient. Alternatively, SA could be accelerated with VQE, but the performance is not yet adequately explored
and will be more demanding for the quantum hardware. Potentially, this could be used in the future when
quantum hardware is more mature and scalable.
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Particle swarm optimization (PSO): Particle swarm optimization can converge fast, has a short compu-
tational time and has very few parameters to adjust [58]. The downsize is that it is prone to get trapped in
local optima, especially with complex problems [3]. Since large problem instances need to be considered
with regards to scalability, PSO might not be suited for QAOA. PSO could be considered for problem instances
with no inherent local optima (i.e. local optima due to noise). Unfortunately, it could be difficult to tune ini-
tial parameters for PSO. Considering that QAOA should be applied to multiple different problems, tuning the
parameters could create a bottleneck. PSO could be considered an option for similar problems and a custom
PSO parameterization. A custom PSO could be considered for the Ising model, with seemingly no inherent
local optima [88], but not for the more popular and more developed MaxCut [68].

Symmetric Rank-1 Update Method (SR1): The SR1 method is not a gradient-free algorithm, but is in-
cluded for special cases. SR1 uses a first-order derivative, as opposed to a second-order derivative like the
Newton method. This means that the smoothness requirement on the objective function is less strict. In the
case that the hardware has sufficiently low noise and multiple measurements per iteration are performed,
the SP1 method might be applicable. The main difficulty, is that it is subjective to how smooth an objective
function needs to be for SP1 to perform well, as no clear comparison is done between noise levels in objec-
tive functions and performance of the algorithm. It would also require the objective function to be evaluated,
meaning it would be unclear per implementation if the algorithm works well. Quasi-Newton methods such
as SP1 and the Broyden-Fletcher-Goldfarb—Shanno algorithm (BFGS) only work for finding local minima.
This means that if multiple local minima exist in the solution landscape, the global minima might not be
found. With this observation in mind, SR1 can only be applied to objective functions with only one mini-
mum and would require extensive evaluation of the objective function. Another Quasi-Newton method that
is commonly used is the BFGS algorithm, but as long as the problem field has a limit constraint (in this case
Y, B € 10,2n]), SR1 converges faster.

More state-of-the-art algorithms exist, as competitions in the field of single objective real-parameters
optimization are organized by IEEE yearly (CEC Real-Parameter Optimization Competitions) but since the
winning algorithms have not been found as either open-source or a library, the winning algorithms are not
considered for application. Regardless, the best algorithm for low dimensions was found to be UMOEA [121].

From the evaluated optimizers, Nelder-Mead is considered the best fit for QAOA. Numerical comparison
of classical optimizers [77] show that in terms of performance, BFGS and Nelder-Mead differ very little in run-
time and find identical results in sufficiently smooth functions. This raises the argument that if the objective
function is sufficiently smooth, Nelder-Mead could be used as well and no custom optimizer needs to be
applied. This saves development time for the application. PSO or SR1 could be considered only for very
special cases. For the general case, UMOEA could be implemented to possibly further improve performance.

4.3. Measurements

In this section, measurements of the different classical optimizer options and the different QAOA implemen-
tations are presented. These measurements were done using Qiskit qasm simulator, to show relative perfor-
mances of classical parameter optimizers and QAOA applications.

4.3.1. Measurements of classical optimizers

In section 4.2.1, a preliminary study of various classical optimizers was done. In the current section, various
promising classical optimization algorithms will be applied for increasing problem size to compare the run-
time performance and accuracy. Apart from Nelder-Mead and BFGS, which are both discussed in Section
4.2.1, other optimization algorithms available in open-source libraries are presented as well. The list of tested
optimizers is:

1. Local optimizers

(a) Nelder-Mead (nm)

(b) BFGS (Broyden-Fletcher—Goldfarb—Shanno)

(c) NEWUOA (New Unconstrained Optimization Algorithm) [93]

(d) BOBYQA (Bound Optimization By Quadratic Approximation) [94]
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(e) COBYLA (Constrained Optimization By Linear Approximation) [92]
2. Global optimizers
(a) Dual annealing [116]
(b) SHGO (simplicial homology global optimization) [37]
(c) ISRES (Improved Stochastic Ranking Evolutionary Strategy) [103]
(d) MLSL / MLSL_LDS (Multi-Level Single-Linkage, low-discrepancy sequence) [66]
(e) DIRECT (DIviding RECTangles) [64]
(f) StoGO (Stochastic Global Optimization) [118]
These algorithms were implemented in Python using either SciPy or the NL-Opt library [1]. Some of these
algorithms are not included in the following results, as either no convergence was found (due to various

reasons) or if the optimization had such a long run-time that they cannot be considered a contender in com-
parison to other algorithms. The algorithms included in this list are:

¢ Dual annealing

¢ NEWUOA

¢ BOBYQA

¢ ISRES

e MLSL / MLSL_LDS
e DIRECT

¢ StoGO

Perhaps with different implementations, these algorithms could be used for QAOA optimization. In the
case of dual annealing, it was clear that convergence could be found, but takes significantly longer than other
tested optimization algorithms. The MLSL implementation suffers from searching for every local optima
(which can be very significant with noisy QAOA results). A variant of MLSL might work for QAOA, but with
the current implementation no convergence could be found in reasonable time.

nm
shgo 1e-8
BFGS
BOBYQA le-5
BOBYQA le-8
COBYLA
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Figure 4.1: Data of run-time measurements fitted to exponential functions. Any number in the legend indicates the convergence toler-
ance, which is default if not indicated.

The run-time measurements were done on MaxCut problems with 3 to 23 nodes. The QAOA algorithm
is implemented using Qiskit for the Qasm simulator [2] The MaxCut problems are randomly configured, but
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Figure 4.2: Optimizer accuracy compared to Dual-Annealing for the same MaxCut problem instance. Here a lower relative accuracy
shows a more accurate algorithm. A negative value shows that the tested algorithm outperforms the Dual-Annealing algorithm. R
COBYLA here indicates the COBYLA algorithm with multiple randomized starting points.

have the same number of edges as nodes to maintain the problem complexity. The measured run-times are
shown in Figure 4.1. The data is fitted to an exponential function, as the obtained data shows a clear expo-
nential growth. In this figure, it can be seen that the Nelder-Mead algorithms which was expected to perform
best, is in fact the slowest from the selected algorithms in practice. SHGO, COBYLA and BOBYQA perform
much better in terms of run-time, with SHGO being the fastest.

For the accuracy measurements, the different algorithms solve the same MaxCut problem for different
sizes and the best expectation values are compared. Preferably, a fine grid search (brute force) is implemented
as reference, but this proved to be too time consuming to collect data, even for small problems. In Figure
4.2, the found expected values are compared to the value found by the Dual-Annealing algorithm. Dual-
Annealing was chosen, since it was a slower global optimizer, but allowed for reasonable computing times and
expecting that its accuracy would outperform the faster algorithms. The difference in accuracy is calculated
as
DA expectation value— tested algorithm expectation value

DA expectation value

relative accuracy =

. The results however show that Dual-Annealing does not always find better solutions and is often outper-
formed by other contenders. The 8 and y parameters are not compared, as different local minima might
find values very close to the optimal value. The results show clearly that COBYLA using randomized start-
ing points outperforms other algorithms, indicating that a hybrid approach finds the best solutions. This,
however, significantly increases the search time. For the single algorithm approaches, Nelder-Mead finds the
best expectation values, presenting a trade-off between accuracy and time. It should be noted that for larger
problem sizes, the expectation values are much closer and it is expected that for scaling purposes it is better
to choose a faster algorithm such as COBYLA, BOBYQA of SHGO. Some parameters such as the number of the
QAOA iterations or the convergence tolerance are not optimized as this is expected to give minimal change
to the results with respect to the comparison.

Considering the found results in terms of accuracy and run-time, a hybrid approach could be applied.
Heuristics such as random starting points combined with a local optimizer are often applied, to counteract
the local optimizer of getting trapped in local optima. Another implementation is the use of a (fast) global
optimizer with a more accurate local optimizer. In the case of optimizing QAOA parameters, using a fast
algorithm such as SHGO combined with, e.g., Nelder-Mead or BFGS would be an interesting approach. Fur-
thermore, many combinations are possible of both local and global optimizers. This approaches however
did not provide enough evidence to indicate better performance compared to random starting points. The
increase of starting points in itself proved to increase the accuracy, but the method did not affect the accuracy
significantly.
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4.3.2. Measurements of applications
A common downside of computer benchmarks is that hardware vendors are tempted to tailor their systems
to excel in the particular benchmarks. We have therefore included multiple applications to the QPack bench-
mark. Next to the MaxCut problem (MCP), the dominating set problem (DSP) and the traveling salesman
problem (TSP) have been included. In this section, the details on the QAOA implementation will be dis-
cussed, as well as the effect on the measured performance.

MaxCut
The MaxCut application has been examined in detail in Section 3.3.2. The QAOA implementation requires
the following gates for n vertices and m edges(or clauses) and p QAOA iterations:

Gate type | # gates
Hadamard n
CNOT 2m-p
Rz m-p
RX n-p

From the applications explored, MaxCut QAOA requires the least gates and is therefore expected to run
best on NISQ devices. MaxCut results in the smallest circuit depth and does not require additional ancilla
qubits. The implementation of the MaxCut circuit and the cost function evaluation are given below, in qiskit
and Python.

# circuit definition for QAOA MaxCut

def max_cut_circ(params, graph, p, backend):
beta = params|[0:p]
gamma = params[p:2#*p]

v, edge_list = graph
vertice_list = list(range(0, v, 1))

# initialise quantum circuit
¢ = ClassicalRegister (v)

q = QuantumRegister (v)

qc = QuantumCircuit(q, c)

# apply hadamard to each qubit
for qubit in range(v):
qc.h(qubit)

#apply cost and mixer uinitary for each layer of p
for iteration in range(p):
for e in edge_list:
qc.cnot(e[0], e[1])
qc.rz(—-gammalp-1], e[l])
gc.cnot(e[0], e[1])
for gb in vertice_list:
qc.rx(2«beta[p-1], gb)
qc.measure(q, c)
job = execute(qc, backend, shots=qaoa_shots)
result = job.result()
out_state = result.get_counts()

prob = list (out_state.values())
states = list (out_state.keys())
exp = 0

for k in range(len(states)):
exp += eval_cost(states[k], graph)=prob[k]
return [exp/qaoa_shots]

# cost evaluation for MaxCut
def eval_mcp(out_state, graph):

v = graph[0]
edges = graph([1]
c=0

# convert values from outstate
bin_val = [int(i) for i in list(out_state)]
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bin_val = [-1 if x == 0 else 1 for x in bin_val]
# evaluate cost
for e in edges:
c += 0.5 * (1 - int(bin_val[e[0]]) * int(bin_val[e[1]]))
return c

Dominating set
The QAOA for DSP is implemented according to the algorithm provided by Nicholas Guerrero [52]. This im-
plementation uses logical OR gates, which can be implemented using CNOT gates and ancilla qubits. The
number of required ancillas and CNOT per logical OR depends on the number of input qubits k. The num-
ber of required ancillas is k — 1. The implementation by Guerrero uses the logical OR to control a RY gate.
This OR-controlled RY gate requires one additional ancilla as target qubit. As the ancillas can be re-used, the
ancillas per circuit add up to k ancillas, with 2 < k < n. The logical 2-OR uses 3 CNOT gates, as depicted in Fig-
ure 4.3. These 2-OR gates can be combined to a n-inputlogical OR. For n inputs, this n-OR is implemented as:

qc = QuantumCircuit(2+n)
qc.append (ORGate, [0, 1, n])
for i in range(2, n):

qc.append (ORGate, [i, n+i-2, n+i-1])
qc.crz(gamma, 2xn-2, 2xn-1)
for i in range(n, 2, -1):

qc.append (ORGate, [n-i-1, 2*n-2-i, 2*n-1-i])
qc.append (ORGate, [0, 1, n])

Figure 4.3: Implementation of a 2-input logical OR using CNOT gates.

The circuit can be implemented using the following resources (at most):

Gate type # gates
Hadamard n
X 2m-p
CNOT (6n-=5-m)-p
RZ m-p
RX n-p

n qubits are inititialised in superposition, using n Hadamard gates. Inverted controlled RZ-gates and OR-
controlled RZ-gates are used to implement the m clauses [52]. The n RX gates are then applied to the n qubits.
Excluding the initialization, this is repeated for p iterations.

The DSP QAOA implementation uses similar, but significantly more resources than the MCP implemen-
tation. The DSP implementation uses (67 —7) - m - p more CNOT gates and 2n - p additional Pauli-X gates.
This requires quantum computers to support larger circuit depth, but also more ancilla qubits and better
CNOT mapping. The additional CNOT requirement will reflect the qubit connectivity of the quantum hard-
ware implementation, as well as the handling of qubit SWAPS (if required) by the hardware scheduler. The
code implementation for the DSP circuit and cost evaluation are given below, again using Python and qiskit.
Some of the larger gates, which are not native to qiskit, are omitted in the code below. These are presented in
Appendix A.

def dsp_circuit(params, graph, p, backend):
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# quantum circuit for dominating set
beta = params[0:p]
gamma = params|[p:2x*p]
v, edge_list = graph
vertice_list = list(range(0, v, 1))
# initialise a list of the connections (list of nodes, connected to the node)
connections = []
for i in range(v):
connections.append ([i])
for t in edge_list:
connections [t [0]].append(t[1])
connections[t[1]].append(t[0])
ancillas = 0
for con in connections:
if len(con) > ancillas:
ancillas = len(con)
n = v+ancillas # add ancillas
qc = QuantumCircuit(n, v)

# initialise with hadamard to each qubit
for qubit in range(v):
qc.h(qubit)
# inverted controlled rotation Z gate
qc.x(qubit)
qc.crz(-gamma[0], qubit, n-1)
qc.x(qubit)
# cost unitary and mixer unitary for QAOA layers (p)
for iteration in range(p):
f=0
f anc = v
for con in connections:
c_len = len(con)
# n-qubit controller rotation Z gate (OR_nrz)
OR_range = con.copy ()
for k in range(c_len-1):
OR_range . append (v+k)
cOR_rz = OR_nrz(c_len, gamma[p-1])
OR_range.append (n-1)
qc.append (cOR_rz, OR_range)

for gb in vertice_list:
qc.rx(-2+beta[p-1], gb)
qc.measure (range (v), range(v))
job = execute(qc, backend, shots=qaoa_shots)
result = job.result()
out_state = result.get_counts()
return out_state

# cost evaluation dominating set

def dsp_cost(params, v, e, p, backend):
graph = [v, e]
beta = params[0:p]
gamma = params[p:2+*p]

out_state = dsp_circuit(params, graph, p, backend)

edge_list = e
vertice_list = list(range(0, v, 1))
connections = []
for i in range(v):
connections.append ([i])
for t in edge_list:
connections [t [0]].append(t[1])
connections [t [1]].append(t[0])
total_count = 0
total_cost = 0
for p_it in out_state:
for t in out_state:
count = int(out_state.get(t))
total_count += count
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bin_len = "{0:0" + str(v) + "b}" # string required for binary formatting
bin_val = t.format(bin_len)

bin_val = [int(i) for i in bin_val]

# cost T

T = 0 (+1 if node not connected/dominated)
for con in connections:
tmp = 0
for k in con:
tmp = tmp or bin_val[k]
if tmp:
T+=1
break
# cost D (+1 for each node dominating)
D=0
for i in range(v):
D += 1 - bin_val[i]
total_cost += (T+D)=*count
total_cost = total_cost/total_count
return total_cost

Traveling salesman

The TSP QAOA implementation is a much more demanding quantum algorithm and with the current im-
plementation also uses different resources. The implementation is done according to the github: https:
//lucaman99.github.io/new_blog/2020/mar16.html [25] which is one of the few examples of a clear
implementation. The author however indicates that the state preparation is sub optimal and is therefore
altered to suit the algorithm better. The TSP algorithm, as other QAOA algorithm, consists of a state prepa-
ration, a mixer Hamiltonian and a cost Hamiltonian. Whereas the MCP and DSP QAOA need 7 to 2n qubits
for n vertices, this implementation uses n? qubits. Other variations exist, such as presented by Ruan et al.
[101], using m qubits, which is at most n(n —1)/2 qubits for a fully connected graph. This implementation
will be considered a future improvement. This however means that the current implementation requires sig-
nificantly more qubits compared to MCP and DSP.
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Figure 4.4: Runtime comparison for MCP, DSP and TSP QAOA applications, implemented in Qiskit, plotted in a single figure (100 QAOA
runs were done for comparison).

For the state preparation n binary strings of length n are required with a Hamming weight of 2. The
superposition of all possible strings with a set Hamming weight is called a Dicke state [35]. In the TSP im-
plementation a Dicke state preparation is applied on each row of n qubits for Hamming weight 2, using the
implementation by Bértschi and Eidenbenz [23]. The cost and mixer Hamiltonian are left unchanged. Con-
sidering the significant cost of both the Dicke state preparation and the QAOA cycles, it worth mentioning the
costs separately. The gate counts are provided in the following tables:
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Figure 4.5: Runtime comparison for MCP, DSP and TSP QAOA applications, implemented in Qiskit plotted in separate figures for detail.

This shows that while not only the circuit cost is significantly higher, many different gates are used. This
will avoid fine tuning of quantum computers on solely Hademard, CNOT, RX and RZ Gates. To compare the
impact of the different applications, a run-time comparison was done. The applications are implemented
using the SHGO classical optimizer. The results in Figures 4.4 and 4.5 show that the run-time corresponds to
the increase of circuit depth and required qubits as expected. Note that Figures 4.4 and 4.5 do not show large
problem sizes for DSP and TSP as the larger problem sizes result in simulator memory issues. Despite the
smaller data range, the difference in run-times can be clearly distinguished. The code implementation of the
TSP circuit as well as the cost evaluation, are given below. The implementation is again in Python and qiskit
and omitted gates are given in Appendix A

def tsp_circ(params, graph, p, rep, backend):
# QAOA circuit for TSP

beta = params|[0:p]

gamma = params|[p:2x*p]

v, A, D = graph

vertice_list = list(range(0, v, 1))

# initialize circuit
n = v*2
qc = QuantumCircuit(n, n)
# initialization using the Dicke state preparation
for q in range(v):
q_range = range(q=v, (q+1)*v)
DickeGate = dicke_init(v, 2)
qc.append (DickeGate, qg_range)
# QAOA cycles
# for 1 to p:

# cost unitary
for iteration in range(p):
for i in range(n):
qc.rz(gamma[p-1]=D[i]/(2#pi), i)

for i in range(v):
for j in range(i):
if i!=j:
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qc.rzz (20+*gamma[p-1]/pi, (j+i*v), i+j=*v) #RZZ on reflection over the diagonal

# mixer unitary

for i in range(0, v):
qc.rxx(-beta[p-1], ixv, (ixv+1))
qc.rxx(-beta[p-1], (i*v+1), (ixv+2))

qc.ryy(-beta[p-1], i * v, (i * v + 1))
qc.ryy(-beta[p-1], (i * v+ 1), (i = v + 2))

qc.measure (range (n), range(n))

job = execute(qc, backend, shots=rep)

result = job.result()

out_state = result.get_counts ()
return out_state

# TSP cost evaluation
def cost_tsp (params, graph, p, rep, backend):
v, A, D = graph
# measured state formatting
out_state = tsp_circ (params, graph, p, rep, backend)
total_cost = 0
coupling = []
for i in range(v):
for j in range(i):
if i1=j:
coupling.append([i + j * v, j + i * Vv])
for t in out_state:
count = int(out_state.get(t))

bin_len = "{0:0" + str(v) + "b}" # string required for binary formatting
bin_val = t.format(bin_len)

bin_val = [int(i) for i in bin_val]

# cost evaluation

cost = 0

for i in range(0, v):
for j in range(0, v):
cost += 0.5*D[i + v#j]+bin_val[i + v*j]
for j in coupling:
cost += =5%(1 — 2+bin_val[j[0]])*(1 — 2+bin_val[j[1]])
total_cost += (costxcount)/rep
return total_cost

4.4. Implementation

Our QPack benchmark provides reference implementations for the aforementioned problems, can be run for
increasing problem size, until the quantum hardware is unable to find a solution. The QAOA runs themselves
will need multiple runs to determine the average run-time and accuracy. The solutions found by the QAOA
optimization, need to be compared to a pre-computed answer using a classical exact algorithm. If the hard-
ware supports larger circuit depth, the QAOA algorithm can be adjusted to a maximum p. As theoretically the
best solution is always larger or equal to solutions achieved with smaller QAOA depth p, a maximum value
can be found when the found solution does not improve or diminish. Diminishing of the solution indicates
that no larger circuit depth is possible. This search to a maximum p can be included as an additional step
for the benchmark to find the best accuracy of the QAOA implementation. The maximum circuit depth and
width of quantum hardware will translate to maximum resources per available memory for a quantum simu-
lator.

As the benchmark needs to be reproducible, the configuration of the problems must be predetermined.
Akshay et al. [5] show that the performance of QAOA in terms of configurations is mainly due to the density
(e.g. in a graph: the number of edges of a graph relative to the number of vertices). As the benchmark needs to
scale to any problem size, the problems configurations cannot be hard-coded. In the proposed benchmark,
the density will remain the same, to make the performance predetermined.

In order to create a scalable problem set with continuous edge density, a 4-regular graph will be used.
Specifically, the 4-regular graph will have a structure similar to Figure 4.6. This however is not necessar-
ily representative of practical applications, but will ensure reproducability and scalability without requiring
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Figure 4.6: Structure of the circular 4-regular graph. Each node is connected to its neighbour, as well as the node next to the neighbours.
The figure shows an example of a 7-node graph for such a structure.

score adjustments to random generated graphs.

The number of "shots" for a single QAOA iteration will range between 1000 and 10000, as these give the
best results [119]. The number of iterations to achieve an estimation of the accuracy must be further ana-
lyzed. Expected is that the estimation will saturate towards a maximum reliability. A lower bound must be
determined for this reliability. Determining the parameter p is also not trivial. There are arguments that the
accuracy of QAOA will not grow for p > 2 [78], but others argue that e.g. a minimum of p = 8 is required for
the MaxCut application to compete with classical approaches [29]. Determining p, possibly dependent on
the application will require further numerical analysis.

The outline for QPack is given schematically in Figure 4.7. Here, the QAOA applications are run for in-
creasing problem sizes. The benchmark will stop if for all applications the maximum problem size has been
reached. The maximum is determined when not enough qubits are available to evaluate the problem. Some
design choices can be made to make sure that the benchmark is as complete as possible. First of all, the
generation of problems can be done every iteration of the QAOA optimization. It would be fairest to create
a new configuration of the problem, as certain configurations might be easier to optimize and might give an
unfair advantage. This however will require longer computation times for the benchmark itself. Including a
random configuration for each run however, might cause benchmark result to become incomparable, and a
significant amount of time will be required to validate each generated graph. The number of QAOA runs is
also debatable. More runs will give a better average, but a limit must be set to limit the run-time. Another
interesting addition would be adding both weighted and unweighted problem instances for all benchmarks.
This can show if the hardware can adjust to weighted edges with e.g. using parameter "sensitive" edges [84].
This solution would preferably be implemented by the benchmark, but requires too much information about
the hardware, which should be abstracted. A quantum instruction compiler would be tasked to implement
the qubit SWAPs required for this method. A further concern is that the benchmark should allow for paral-
lelism. With the current size of quantum hardware, it is unlikely that this will be fully exploited in practice.
However, as quantum hardware will scale up, there should be support to apply the parallelism. For one of
the viable optimizations algorithms, the Nelder-Mead classical optimization algorithm, a parallel variant has
been developed [34, 72, 87]. This will allow the use of more quantum resources to compute smaller prob-
lems. The implementation of such a parallel implementation should be considered as quantum hardware
can provide the required resources.

Finally, the implementation of the benchmark will require universality, in the sense that it should run on
every quantum computer. The LibKet library [83] is suited for this task. It will, however, take more work to
fully adjust the benchmark to this library. Another option would be the XACC library [80], which is conve-
niently targeted towards hybrid computing. This library provides both a Python and a C++ implementation.
XACC supports IBM, Rigetti, IonQ and D-Wave QPUs (and several quantum simulators), whereas LibKet has
larger support but is not fully developed for hybrid quantum computing yet. To demonstrate an universal
benchmark, an implementation of QPack is presented at the QPack XACC github repo in collaboration with
Huub Donkers. Using this implementation, several quantum simlators have been benchmarked which will
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Figure 4.7: Flowchart for the proposed QPack benchmark.

be presented in Chapter 5.

To give the reader an idea of using the qgiskit implemented benchmark. a code fragment of the benchmark
is given below. For this code fragment all account details should be filled by the user, as well as the backend
they would like to use. The function Benchmark allows the entries 'mcp’, dsp’ and ’tsp’ for initializing the
different benchmarks. The function set_lim(int) sets the largest problem instance size the benchmark will
run. The function set_p(int) will set the number of QAOA iterations p, which defaults to one. Finally, the
function run(void) will run the benchmark for increasing problem instance sizes up to a (user defined) limit.
The results are then presented in JSON format.

IBMQ. enable_account (’...")
provider = IBMQ. get_provider (hub="ibm-q’, group="open’, project="main’)
backend = provider.get_backend ("ibmq_qgasm_simulator")

#MCP benchmark

mcp = Benchmark ('mcp’)
mep. set_backend (backend)
mep. set_lim (10)

mcp. update_p (2)

mcp. run ()




Results

In this chapter the results are presented for each benchmark discussed in this thesis. The results are shown
for the remote IBM QASM simulator (32 simulated qubits), IBM Montreal (27 physical qubits, Figure 5.1a)
and IBM Nairobi (7 physical qubits, Figure 5.1b). The IBM Montreal and Nairobi are not a publicly avail-
able quantum computer, but special access was given by the Strangeworks team. The fact that these systems
are not publicly available, should greatly decrease the queuing time. For the IBM Nairobi, the IBM runtime
environment is available, which supports the use of a local classical computer, in order to speed up commu-
nication for hybrid computing. Currently, IBM runtime environment is available for all their hardware, but at
the time of testing it was only available for the IBM Nairobi. Both the score and runtime results are presented
in their respective sections. The results have been obtained using 1000 shots per iteration, with the number
of function evaluations of the classical optimizer limited to 1000. The results obtained are scaled up from
problem size 5 up to a larger size that still allows a reasonable runtime.

(a) Qubit layout of the IBM Montreal, as presented on IBM experience. (b) Qubit layout of the IBM Nairobi, as presented on IBM experience.

5. ]. . Run'time
The time measurements are made separately for each step of the quantum computing job execution process:

¢ Creating

e Validating

¢ Queued

¢ Running

¢ Connection/communication
e Walltime

e Other

35
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"Creating" and "validating" are the overhead to submit the job, compile and validate the quantum cir-
cuit. The "queued" time presents the time the job needs to wait for the hardware to become available. The
"running" time represents the time spent on the quantum hardware or simulator. The time in "connection"
shows the time spent between the host sending the job and the framework running the job. The "walltime" is
the time measured between starting the job and completing it on the host computer. The difference in time
between "connection" and "walltime" is the time spent on the classical computer. Any time lost on other
miscellaneous tasks is shown by "other".

MCP

This section presents the results of the MaxCut problem (MCP) benchmark. The times are shown cumula-
tively. The times are not normalized to the number of optimization steps. This is why the runtime for the
simulator is significantly longer compared to the quantum hardware results, as the simulation has a higher
limit on optimization steps. The results for the IBM QASM simulator are shown in Figure 5.2. Since the simu-
lator is relatively fast for these small problem sizes, a significant portion is spent on the classical computation.
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Figure 5.2: Results of the MCP benchmark for a problem size of 5 up to 15 nodes on the IBM QASM simulator.

The results for the MCP benchmark on the IBM Montreal are shown in Figure 5.3b and Figure 5.3a. For
Figure 5.3b, the results for problem size 23 and 24 have been cut out, to focus on how the computation time
is spent without queue spikes. These queue spike of about 10K s in Figure 5.3a for a graph size of 23 clearly
shows the bottleneck for hybrid quantum computing without having a dedicated classical computer near the
quantum computer or without exclusive access to a quantum computer. For most operations, the main part
of the computation is running the quantum circuit as shown in Figure 5.3b. However, as shown by the results
in Figure 5.3a, the computation time can be completely dominated by the queuing time.

The results for the MCP benchmark on the IBM Nairobi are presented in two parts: normal operation
(Figure 5.4) and with the IBM runtime environment enabled (Figure 5.4b). The results of the IBM Nairobi
can be compared to the Montreal hardware. The IBM Nairobi has been recently updated to support the run-
time environment, and is expected to have increased in performance. The Nairobi hardware, however only
support up to 7 qubits. The IBM Nairobi using the runtime environment (Figure 5.4b) unfortunately does not
show significant speedups compared to the IBM Montreal (Figure 5.3a). By comparing the results of the Mon-
treal results (Figure 5.3b) to the regular operation of the Nairobi hardware (Figure 5.4a), it can be observed
that the Nairobi hardware is significantly slower compared to the Montreal hardware. Possibly, due to the
limited number of qubits, more SW AP gates are required compared to the Montreal hardware. Alternatively,
the quantum chip for the IBM Nairobi might be optimized for fidelity, in return for slower execution time.
Only when implementing the IBM runtime environment (Figure 5.4b), a performance similar to that of the
Montreal hardware is achieved for graph size 5 to 7. By comparing the runtime environment (Figure 5.4b) to
the regular operation on Nairobi (Figure 5.4a), a very significant speedup can be observed of 26.8 on average.
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(a) Results of the MCP benchmark for 5 to 24 nodes on the IBM Montreal. (b) Results of the MCP benchmark for 5 to 22 nodes on the IBM Montreal.

Figure 5.3: Run-times of the MCP benchmark on the IBM Montreal quantum computer
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Figure 5.4: Comparison for the runtime environment on the IBM Nairobi using the MCP benchmark

DSP

The DSP results are presented for the IBM QASM simulator and the IBM Montreal. The results are not avail-
able for the IBM Nairobi hardware, as not enough qubits are present to run this benchmark. The runtimes for
the DSP benchmark on the IBM QASM simulator are shown in Figure 5.5a. This figure shows large queue and
run spikes at graph sizes 14 and 15. In order to show the results of graph sizes 5 to 13 in more detail, Figure
5.5b only shows the results for these sizes. The results for the IBM Montreal are presented in Figure 5.6a. This
figure again shows large queue times for graph sizes 5 to 7 and 18 to 22. For this reason, Figure 5.6b only
shows the results for graph sizes 8 to 17, for the same benchmark run. With the implementation of the dom-
inating set problem (DSP), we can see that the runtimes are significantly higher on the quantum hardware
compared to the MCP benchmark. While the results for the IBM Montreal hardware and IBM QASM simula-
tor in Figure 5.5a and 5.6a are mainly dominated by queue times, the cut-out results in Figure 5.5b and 5.6b
clearly show larger runtimes compared to the MCP benchmark on the (simulated) hardware. This result is to
be expected, as the DSP QAOA circuit requires significantly more operations and qubits, as discussed before.
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(a) Results of the DSP benchmark up to 15 nodes on the IBM (b) Results of the DSP benchmark up to 13 nodes on the IBM
QASM simulator. QASM simulator.

Figure 5.5: Results of the DSP benchmark on the IBM QASM simulator
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Figure 5.6: Results of the DSP benchmark on the IBM Montreal

TSP

As the traveling salesman problem (TSP) benchmark requires significantly more qubits, it could only be run
on the IBM QASM simulator and the Montreal hardware for 5 nodes (25 qubits). The results are presented as
fractions of the total runtime and are shown in Figure 5.7a and 5.7b. This was done as only the results from
graph size 5 were possible to measure. Therefore, the results cannot be presented as a line graph. The total
runtime for the IBM QASM simulator was 21314.93s, while the total time spend on the IBM Montreal was
971.87s. Comparing these results, we see that on the hardware the main fraction of the computation (about
80% on the Montreal hardware) is spent on the quantum hardware. It can also be seen that this fraction is
significantly more than the MCP (which has a running time percentage of 67.39% on the IBM Montreal) or
DSP (which has a running time percentage of about 58.98% on the IBM Montreal) benchmarks, as the TSP
QAOA circuit is not only much larger in terms of qubits, but also in terms of operations.

A notable difference between the run-time of the IBM QASM simulator and the IBM Montreal, is that
significantly more time is spent on classical computations. This could indicate that the IBM QASM simulator
takes proportionally less time to simulate the quantum circuit run compared to an actual hardware run.
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simulator. treal.

Figure 5.7: Results of the TSP benchmark on the IBM QASM simulator
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5.2. OQutcome accuracy (score)

This section presents the second part of our benchmark measurement called outcome accuracy (or score)
achieved by the benchmark. The optimal scores are obtained by a brute force search. All measured solutions
are obtained with parameter p = 1.

MCP

This section presents the scores and corresponding outcome accuracy for the MCP benchmark. The score
here refers to the cost of the MCP cost function i.e. the number of cut edges in a graph. This score is therefore
calculated for edges e and —1, 1 representation of the measured state z:

C:ZO.S*(I—zj*zk) (6.1

As the problem size increases, so do the number of edges (nr_edges = 2 « nr_nodes for the selected 4-
regular circular graph). This means that in the MCP benchmark the nr of cuts should rise as well. The plots of
the optimal score show that this increase is almost linear. The scores presented are both the optimal scores
for a given graph size (brute force search), as well as the measured score through the QAOA implementation.
In Figure 5.8, the measured MCP scores are given for the IBM QASM simulator for graph sizes 5 to 15. The
score measured increases almost linearly with the graph size, as expected. The MCP scores for the IBM Mon-
treal for graph sizes 5 to 25 are also presented in Figure 5.8. Similarly to the IBM QASM simulator results,
these measured scores increase almost linearly as well. In Figure 5.8, the scores measured for the IBM QASM
simulator and IBM Montreal are converted to the outcome accuracy.

In Figure 5.10, the MCP score results for the IBM Nairobi are presented for graph sizes 5 to 7. The scores
for the IBM Nairobi, using the IBM runtime environment are also presented in Figure 5.10 for comparison.

The MCP scores presented in Figures 5.8 and 5.10 all show very similar results. The measured score is
predictably lower than the optimal score, but all systems show similar results. The relatively low scores can
be explained by the limit of p = 1 and the limited amount of function evaluations on the classical optimizer.
Increasing either will significantly increase runtime, but will show higher scores. This is further discussed in
Section 5.3.
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Figure 5.8: Comparison of the score results for the MCP benchmark on the IBM QASM simulator and the IBM Montreal
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Figure 5.9: Comparison of the outcome accuracy results for the MCP benchmark on the QASM simulator and the IBM Montreal

In the results of the outcome accuracy of both the IBM QASM simulator and the IBM Montreal (Figure
5.9), an exponential decay of the outcome accuracy can be seen. Unsurprisingly, the outcome accuracy for
the IBM QASM simulator lies higher than the outcome accuracy of the Montreal hardware. This is mainly due
to noise, present in real quantum hardwares.
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Figure 5.10: Comparison of the score results with and without the runtime environment on the IBM Nairobi

Despite the fact that the IBM Nairobi only supports up to 7 qubits, meaningful results are presented for
the MCP benchmark for graph sizes of up to 7 nodes. While the scores for the regular run and the runtime ac-
celerated implementation are very similar, the faster execution time on the runtime environment will enable
larger p configurations and therefore better scores in comparable execution time.
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Figure 5.11: Comparison of the outcome accuracy results for the MCP benchmark on the IBM QASM simulator and the IBM Montreal.

The outcome accuracy results for the MCP benchmark on the IBM Nairobi without the runtime environ-
ment is presented in Figure 5.11. The results using the runtime environment on the same hardware are also
presented in Figure 5.11. This figure again shows the decay of the outcome accuracy for larger graph sizes.
By comparing the two Nairobi results, it can be seen that the runtime environment implementation slightly
outperforms the regular implementation.

DSP

Score DSP on IBM QASM simulator and IBM Montreal
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Figure 5.12: Comparison of the score results for DSP benchmark on the IBM QASM simulator and IBM Montreal

The results of the measured cost function score for the DSP benchmark on the IBM QASM simulator are
shown in Figure 5.12. The scores are calculated according to the cost evaluation for DSP presented in Section
4.3.2. The scores are presented for graph sizes 5 to 23. The measured scores for the DSP benchmark on
the IBM Montreal are also shown in Figure 5.12. The measured scores for the Montreal hardware are shown
for graph sizes 5 to 22. Both measured scores are compared to the optimal score. The score needs to be
maximized, so the measured score is predictably lower. Interestingly, while the long runtimes in the previous
section make it seem like DSP is a worse fit for QAOA, the algorithm appears to perform better in terms of
score.
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Figure 5.13: Comparison of the outcome accuracy results for DSP benchmark on the IBM QASM simulator and IBM Montreal

The scores of Figure 5.12, converted to the outcome accuracy, are presented in Figure 5.13 for the IBM
QASM simulator and the IBM Montreal. The outcome accuracy of the DSP benchmark results appear to be
in a very similar order compared to the MCP benchmark results. The DSP benchmark results however, decay
much less and prove to be more accurate for larger graph sizes compared to the MCP benchmark. The IBM
QASM simulator retains its accuracy for graph size 23 to around 82% for the DSP benchmark, while it drops
to 72.5 % for the MCP benchmark. Similarly, on the IBM Montreal, the accuracy for the DSP benchmark is
measured at around 76%, while the MCP benchmark results drop to around 58%. It could be suggested to
convert large MCP problems to DSP problems to maintain accuracy, but a large drawback is that the number
of qubits and runtime significantly increase by doing so. For graphs with low connectivity per node, the DSP
implementation might still be favored, as the increase of qubits is determined by the most connections to
one node.

TSP

The TSP score results are again limited, due to the fact that the only graph size currently implementable is
5 (25 qubits). The score found with the IBM QASM simulator for p = 1 was averaged on 269.7, compared to
an optimal score of 200. The score was found as follows: the fully connected 5-node graph consists of edges
length 50. Any incorrect implementations of edges (i.e. edge ij is connected but ji is not) are punished by
increasing the cost by 5 (and -5 if properly connected). Any edges that should not exist (ii, jj), are given
length 100. Therefore the optimal score for size 5 becomes 5 * 50 — 10 % 5 = 200. Comparing the score of
269.7 results in an error of 34.85%. This error is far from optimal, but the author of this algorithm claims that
large p is required for this algorithm to get acceptable results [25]. Deciding on a proper value for parameter
p has no conclusive strategy, except that it is expected to grow linearly with the problem size. As such, the
optimal value for p is not further explored. As increasing p increases the demand on the quantum hardware
to support larger quantum circuit depth, it will be the challenge to the tester to increase p as far as possible,
up to the maximum supported depth of the hardware. This of course, should still be in proportion with the
problem size.

5.3. Scalability

One of the main metrics discussed in Chapter 4 is scalability. This includes how the runtime and the out-
come accuracy scale for larger graph sizes. For the current quantum hardware, the challenge lies mainly in
providing enough qubits. Especially in the context of QAOA, a system is desired to provide qubits as close
as possible to the quantum supremacy threshold. This threshold was previously estimated to be in the few
hundreds of qubits [53]. The current largest system the QPack benchmark was tested on, is the IBM Montreal
with 27 qubits. This is still far from the desired threshold.

As quantum hardware progressively becomes larger in terms of qubits and circuit depth, other aspects
become more interesting. The scalability of the runtime will become one of the major metrics, but with
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the flexibility of QAOA, interesting trade offs arise. By increasing the number of QAOA layers p, the runtime
becomes larger, but the outcome accuracy theoretically increases. The challenge then lies to optimize the
parameter to achieve the best results balanced for both metrics. Possibly, a focus can be placed on either
of the metrics, in order to develop hardware specifically for fast runtimes or high accuracy. An interesting
note on finding the optimal parameter p for QAOA, is that increasing p and therefore the quantum circuit
depth, will also increase noise. This in turn will lower the outcome accuracy. This could mean that a different
optimal p could be found for each quantum hardware instance, which optimizes the outcome accuracy.

In the results shown in the previous section, a decrease of outcome accuracy is observed as the graph
size increases. This is to be expected as the problems gets increasingly difficult for the algorithm to optimize.
In order to adjust for this decrease in outcome accuracy, the general practice is to increase p. As previously
discussed, this parameter is not optimized within the benchmark for multiple reasons, including the possible
hardware dependency of this parameter.

5.4. XACC implementation

This section covers the implementation of QPack using the XACC library [80]. The XACC library allows for
a single piece of code to run on different backends, as opposed to writing a new code for every backend
provider. The aim of using this library is to create a universal benchmark: the user should not need to rewrite
the benchmark in order for the benchmark to run on their system. This universal implementation shows how
the QPack benchmark can be used to evaluate different quantum backends. The XACC implementation can
be found on the github repo. Credits go to Huub Donkers for rewriting the QPack benchmark to the XACC
implementation. Using the XACC library, the QPack benchmark was tested on 5 different simulators:

¢ IBM QASM simulator (remote) [39]
¢ TonQ (remote) [61]

¢ aer (local) [39]

¢ gsim (local) [111]

¢ gpp (local) [48]

The IBM QASM simulator is the same remote simulator as presented in previous sections. This simulator
runs remotely through the IBM quantum experience. The second backend is the IonQ simulator. This simu-
lator is used remotely as well. The aer simulator is part of Qiskit and is run locally. The qsim simulator [111]
is part of Google’s quantum Al project and run locally as well. The qpp simulator [48] is a C++ quantum com-
puting library that is able to simulate 25 pure state qubits or 12 mixed state qubits. This simulator is again
run locally. The local simulators aer, qpp and gsim are all integrated in the XACC library.

MCP
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Figure 5.14: MCP benchmark runtime results for the QASM, IonQ), aer, gsim and qpp simulators for 5 to 19 nodes.
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In Figure 5.14, the runtime results for all mentioned simulators are presented. The total runtime of the QAOA
optimization is shown, as well as the average simulated quantum runtime for each iteration, as well as the
number of iterations. All runtime results are presented on a logarithmic scale. From this figure can be seen
that for most simulators the progression of both the average runtime and the number of iterations scale
quadratic. One of the exceptions is that the average runtime of the IBM QASM simulator is much more con-
stant (note that the logarithmic scale must be taken into account). The offset is however much larger. This
means that for most of the 'smaller’ graph sizes, the IBM QASM simulator is slower. This is only caused by the
offset in simulated quantum run time, as the number of iterations is in the same order of size and has similar
exponential progression as most of the other simulators. The logarithmic progression of the total simulated
quantum runtime however suggests that the IBM QASM simulator should run faster for graph sizes much
larger. The total runtime of the IBM QASM simulator already crosses the fastest increasing runtimes of the
gpp simulator at graph size 13. The gsim simulator is however notably faster. The logarithmic progression of
the IBM QASM simulator could be explained by the remote execution of the simulator, very likely providing
much more computing resources. Interestingly, while the IonQ simulator is also run remotely, this simula-
tor does not show the same linearity as the IBM QASM simulator, but increases exponentially, much like the
local simulators. The offset of the simulated quantum runtime is still intriguing. One possible explanation
could be that the IBM QASM simulator always simulates the maximum amount of qubits, also explaining the
linearity.
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Figure 5.15: MCP benchmark runtime results for the QASM, aer, gsim simulators for 5 to 25 nodes.

Figure 5.15 shows the same results as Figure 5.14, extended to 25 qubits. In this figure, the results for the
IonQ and gpp simulator are not included, as these show difficulties simulating over 18 qubits. In this figure
the simulated runtime of gsim can be seen nearing the runtime of the IBM QASM simulator near 25 qubits.
Due to a drop in iterations for graph sizes 23 and 25, the total runtime of gsim is still much lower for these
sizes. At approximately graph size 18, the IBM QASM simulator performs faster than the local aer simulator.

In both Figures 5.14 and 5.15, the iterations of qpp and gsim show random progression. The number of
iterations of the classical simulator remains unpredictable, as the algorithm might sometimes show much
more difficulty finding the optimal points, compared to other similar runs, and vice versa. The number of
iterations do not exceed 250, as a limit has been imposed to reduce outliers.

DSP

The results of the IBM QASM, IonQ), aer, gsim and qpp simulators for the DSP benchmark are shown in Figure
5.16. These show the average simulated quantum runtime per iteration, the number of classical optimizer
iterations and the total optimization time. Similarly to the MCP results, the remote IBM QASM simulator
shows a relatively logarithmic progression. In the DSP results, the qsim proves to be the fastest simulator for
the tested sizes.
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Figure 5.16: DSP results for the QASM, IonQ), aer, gsim and gpp simulators for 3 to 13 nodes.
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Figure 5.17: DSP results for the QASM, aer and gsim simulators for 3 to 19 nodes.

For the IBM QASM, aer and qsim simulators, sizes up to 19 nodes were possible, which are shown in Figure
5.17. These larger sizes were not possible for the IonQ and qpp simulators, as these have shown difficulties
for such large qubit requirements. With the implemented benchmark graphs, the quantum circuit would
require n + 5 qubits for n nodes. The results interestingly show a much larger increase in runtime for the
gsim simulator compared to the aer and IBM QASM simulator. For graph size 19, both the average quantum
job runtime and the total runtime exceed the IBM QASM simulator runtimes. As this was something not
seen in the MCP benchmark, this observation could mean that the qsim has much more difficulty simulating
large circuit depths. This would be derived from the fact that the DSP benchmark has significantly larger
ciruit depth compared to the MCP benchmark for comparable numbers of qubits. Another reason could
be that incidentally, the gsim simulator found more difficulty finding an optimal value for larger number
of nodes, as the number of iterations at graph sizes 9 and 15 for the gsim are notably higher. The average
runtime however, shows that even disregarding the number of iterations, the runtime is already increasing
much faster compared to other simulators.
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TSP
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Figure 5.18: TSP results for the QASM, IonQ), aer, gsim and qpp simulators for 2 to 4 nodes.

The results of the TSP benchmark for the IBM QASM, IonQ), aer, gsim and qpp simulators for 2 to 4 nodes are
shown in Figure 5.18. While these graph sizes appear to be trivial, the quantum requirement with the QAOA
implementation are substantial. Interestingly, in these results, the runtime of the IonQ at 4 nodes (16 qubits)
already exceeds the runtime of the IBM QASM simulator. This was not seen for the MCP benchmark. Most
likely, the main contributing factor to this observation is the circuit length, similarly to earlier observations
for the DSP benchmark.
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Figure 5.19: DSP results for the QASM, aer and gsim simulators for 2 to 5 nodes.

The extended results for graph size 5 (25 qubits) are shown in Figure 5.19. The IonQ and qpp results are
not included for the same reasons in the extentions of the MCP and DSP benchmark. In these results, the
IBM QASM simulator performs better at 5 nodes than both the aer and gsim simulator. The gsim simulator
perform better than the ear simulator for the tested graph sizes, but its runtime rises quicker. From the
results of all previous benchmarks, the remote IBM QASM simulator performs better for qubits sizes, starting
around 13 qubits. For smaller qubits the gsim benchmark performs better, but its runtime rises much quicker
compared to other simulators. This can be observed more significantly when the benchmark involves larger
circuit depths.
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5.5. Discussion

In the previous section, multiple instances of the benchmark have been run on different systems. From these
measurements, certain observations can be clearly made. Firstly, the expected increase of the runtime with
larger quantum circuits have been observed in both simulators, as well as on quantum hardware. This in-
crease on quantum hardware is also the main significant contributor to the total runtime, suggesting that
direct improvements in the field of quantum accelerated optimization should be in reducing the quantum
circuit or reducing the calls to the quantum hardware from the classical optimizer.

Reducing the quantum circuit could be done through the compiler, creating more efficient compilations
of the quantum circuit and reducing the circuit depth [4]. Another way of reducing the quantum resources is
to move the quantum effort to the classical computation. While this is quite the opposite of what quantum
acceleration aims to achieve, but in the context of QAOA with QUBO, this might be an efficient implemen-
tation. To the best of the author’s knowledge, no publications to date have been presented concerning the
performance comparison of QUBO and direct QAOA, a significant increase in runtime for both the DSP and
TSP can be seen in direct QAOA implementation. QAOA using QUBO aims to standardize the quantum algo-
rithm, likely retaining the complexity of the quantum circuit.

Other observations from the benchmark are the improvements that can be achieved through the quan-
tum stack infrastructure. IBM has already published a detailed paper on their performance increase using
the runtime environment [45] and with the implementation of the QPack benchmark the infrastructure im-
provements are validated. The queue peaks observed are of significant contribution to the measured total
runtime. Using the runtime environment, such peaks contributions are much less prominent and the overall
runtime improvement suggests that the overall reduction in communication to host is of significance as well.

In the case of the TSP benchmark, a percentage comparison has been made on the time spent on the dif-
ferent steps. The main take from these results, is that the quantum hardware takes significantly more time to
process the circuit compared to the simulated quantum circuits. This indicates, that on small problem sizes,
current hardware cannot outperform simulated circuits of the same qubits and depth. From these results,
the second bottleneck in quantum acceleration can be seen: the classical computation. With hybrid opti-
mization, the optimization still spends a significant portion on the classical (optimization) computations. It
is therefore important to improve the required classical computations, possibly with dedicated hardware.



Conclusion and future developments

In this thesis, the theoretical background on QAOA has been explored to set a basic understanding of how the
algorithm operates and what the trade-offs are. Increasing accuracy by increasing p requires longer run-time
and is required for larger problems. The performance is also determined by the clause density and makes the
performance problem dependent. State of the art development of the QAOA algorithm in practice is shown
to be advancing, with a wide variety of algorithms shown for different, but similar problems. While these
NP-hard problems are similar, it has been shown that QAOA is not well suited for every problem [106]. In
some cases, such as the Ising problem, current classical approximations are expected to perform better and
alternatives like the quantum adiabatic algorithm might be a better fit. For most of the problems discussed,
the QAOA algorithm appears to be a good solution, with applications even reaching a full-stack application.
The development of each implementation has been evaluated according to a TLR fitted for quantum algo-
rithms. In this evaluation it is shown that most applications have at least been developed to the point that
the algorithm has been simulated on a quantum simulator to show the capability of the implementations.
In the case of the packing, MCP, DSP and TSP applications, a proper resource and performance analysis has
been done. The implementation of TSP by Sarkar et al. [105] is currently the only implementation to have
reached the level of a full stack development. This implementation also shows that current NISQ technology
cannot properly support QAOA algorithms for practical implementation. Either advances on quantum hard-
ware must be made, or more resilient implementations of QAOA must be developed.

Using this assessment, the MCP, DSP and TSP applications have been selected to be included in the QPack
benchmark. Furthermore, a theoretical and numerical analysis has been presented on classical optimizers
to find the implementation to best suit the QAOA algorithm. The results show that a clear trade-off exists
between run-time and accuracy.

A reference implementation for QPack is presented with critical quantum benchmark requirements in
mind [21, 97]. This benchmark will explore run-time and accuracy for available NISQ era quantum computers
using various applications. The benchmark reflects the resources available, the implemented optimizations
and the bottlenecks in the architectural implementation. The latter can specify the run-time on the quantum
hardware, the classical hardware and the communication between both. The current implementation of the
benchmark is available on the github repo.

Results of the benchmark have been presented for several IBM systems and give insight to current bottle-
necks and hardware improvements. A clear advantage was seen in the usage of the IBM runtime environment,
using a remote classical computer. A significant speedup of 24 x was observed, but expected to increase for
larger problem instances.

In future work, the benchmark can be further tailored for an improved implementation. The main press-
ing feature is to create a universal benchmark, using a quantum library. Libraries that currently explore this
field are the LibKet [83] library and the XACC library [80].

For both libraries, the implementation in C++ will allow for better performance measurements for both
run-time and memory consumption. The benchmark set presented by Qiskit uses the airspeed velocity (ASV)
[40] tool to measure performance. This could be implemented to the current python implementation, but
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this effort is likely better spent on implementing such measurements on a C++ implementation. In the case
of XACC, both could be done and a comparison between the python and C++ implementation could be pre-
sented.

An implementation using the XACC library is presented, showing progression towards a universal bench-
mark. With this implementation, a comparison is made between various simulators. The comparison high-
lights the advantages and disadvantages of the various simulators. While for example the QASM simulator
performs much slower on smaller graph sizes, it outperforms other simulators at larger graph sizes (= 13).
The gsim on the other hand excels at smaller graph sizes, but a much faster increase in runtime can be ob-
served compared to other simulators. This shows that the benchmark is a viable tool for users to determine
which simulator or hardware could be better tailored for their application.

Fine-tuning of the applications is also required, as a trade-off can be made between accuracy in run-time
and precision when choosing the classical (hybrid) optimizer and the QAOA depth p. Finding the minimal
requirements for the QAOA application to compete with classical approaches will need further examination.
Currently, these parameters are left as user inputs.

A significant challenge in optimizing QAOA is parameter training. While studies have been performed us-
ing machine learning [8, 68, 114], other approaches have been presented as well. Several publications discuss
the concentration of the § and y parameters [6, 46, 110], which can be used to predict these parameters to
speed up the parameter training. Unfortunately, for this benchmark implementation no similar results were
observed. However, as multiple unaffiliated researchers have observed similar results, implementing this will
certainly become a future improvement to the benchmark.

Furthermore, the QAOA applications currently implemented are not optimal in terms of resources and
can be further improved upon as mentioned in Section 4.3.2. Finally, support for parallel processing is de-
sired. As classical optimizers such as Nelder-Mead Simplex can be run in parallel [34, 72, 87], more objective
functions need to run in parallel. If the quantum hardware can support a multiple of the qubits required by
the objective function, such a parallel implementation can be supported. With current quantum hardware
sizes, such implementations are not yet of importance, as practical problem sizes do not fit on the current
hardware [53]. As the quantum hardware scales further, this parallelism can result in significant speedup.

The QPack benchmark aims to expand its repertoire of algorithms in the future, as applications based
on Shor’s and Grover’s algorithm [104] will become implementable on quantum computers. Currently, the
quantum hardware cannot support these algorithms as more qubits and larger circuit depths are required.
As more applications become practical on quantum computers, the QPack benchmark is envisioned to grow
correspondingly to set the standard as a practical quantum algorithm benchmark. Interesting near term
benchmark expansions include |0) bias measurements, the BB84 protocol and VQE for Ising problems.



Additional quantum gates

This appendix contains an overview of omitted gates, used in the implementation of the QAOA circuits for
the dominating set and traveling salesman.

# controlled rotation Y

def cry(theta):
qc = QuantumCircuit(2)
qc.ry((pi/2)-theta/2, 0)
qc.cnot(1l, 0)
qc.ry(-((pi/2)-theta/2), 0)
return qc.to_gate ()

# 2-qubit controlled rotation Y
def ccry(theta):
qc = QuantumCircuit(3)
qc. toffoli(0, 1, 2)
qc.ry(-theta/2, 2)
qc. toffoli (0, 1, 2)
qc.ry(theta / 2, 2)
return qc.to_gate ()

# Split & Cyclic Shift unitary (SCS) gate
def scs(n, k):
qc = QuantumCircuit(n)
qc.cnot(n - 2, n-1)
theta = 2 * (acos(sqrt(l1 / n)))
qc.append(cry (theta), [n-2, n - 1])
qc.cnot(n - 2, n-1)

for m in range(k - 1):
1 = 24m
control = n-2-m
qc.cnot(control-1, n-1)
theta = 2 * (acos(sqrt((n-control) / n)))
qc.append(ccry (theta), [n-1, control, control-1])

qc.cnot(control-1, n-1)
return qc.to_gate ()

#deterministic Dicke state preparation (Bartschi & Eidenbenz, 2019)
def dicke_init(n, k):
#unoptimized version
qc = QuantumCircuit(n)
qc.x(range (n-k, n))
for i in range(n, k, -1):
qc.append(scs(i, k), range(0, i))

for i in range(k, 1, -1):
qc.append(scs(i, i-1), range(0, i))
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return qc.to_gate ()

# 2-qubit OR gate

def OR_2q():
qc = QuantumCircuit(3)
qc. toffoli(0, 1, 2)
qc.cnot(0, 1)
qc.cnot(0, 2)
return qc.to_gate ()

# n-qubit controlled rotation Z gate
def OR_nrz(n, gamma):
ORGate = OR_2q()
qc = QuantumCircuit(2+n)
qc.append (ORGate, [0, 1, n])
for i in range(2, n):

qc.append (ORGate, [i, n+i-2, n+i-1])

qc.crz(gamma, 2xn-2, 2*n-1)
for i in range(n, 2, -1):
qc.append (ORGate, [n-i-1, 2#n-2-i,
qc.append (ORGate, [0, 1, n])
return qc.to_gate ()

2:n-1-i])
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