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Abstract

Quantifying how far the output of a learning algorithm is from its target is an essential task in
machine learning. However, in quantum settings, the loss landscapes of commonly used distance
metrics often produce undesirable outcomes such as poor local minima and exponentially
decaying gradients. To overcome these obstacles, we consider here the recently proposed quantum
earth mover s (EM) or Wasserstein-1 distance as a quantum analog to the classical EM distance.
We show that the quantum EM distance possesses unique properties, not found in other
commonly used quantum distance metrics, that make quantum learning more stable and ef cient.
We propose a quantum Wasserstein generative adversarial network (QWGAN) which takes
advantage of the quantum EM distance and provides an ef cient means of performing learning on
quantum data. We provide examples where our gWGAN is capable of learning a diverse set of
guantum data with only resources polynomial in the number of qubits.

1. Introduction

A fundamental task in quantum machine learning is designing ef cient algorithms for learning quantum
states [1 10], transformations [10 17], and classical data stored as or generated by quantum states [18 20].
In the general setup, one is given a target quantum object, say a target quantum state, and aims to generate
or approximate that target object by ef ciently learning parameters in a quantum circuit. For example,
quantum generative adversarial networks (qGAN) are parameterized sets of quantum circuits and quantum
operators designed to learn target states or transformations via optimization over the parameters of a
quantum generator and discriminator [7, 9].

A crucial component of a quantum machine learning algorithm is an objective function (often a
distance metric) which determines how close a generated object is to its target. This choice of metric is
important not only as a measure of performance but also as a means for optimization. For example, certain
metrics lead to ef cient algorithms for calculating gradients with respect to that metric, allowing algorithms
to perform optimization via gradient based optimizers (e.g., gradient descent). Naturally, for learning pure
states, a common choice for the distance metric is a function of the inner product between quantum states.
Similarly, for learning density matrices, researchers commonly choose distance metrics which simplify to a
function of the inner product when measuring the distance between pure states.

Previous approaches to learning quantum data have typically suffered from the presence of vanishing
gradients [21 23] and poor local minima [24 26] in the loss landscape induced by the choice of distance
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metric. Intuitively, these sbarren plateause and traps arise due to the fact that random quantum states have
inner product that diminishes exponentially with the number of qubits. Our approach helps surmount
these challenges by formulating an algorithm which provides an ef“cient means for learning pure and
mixed states using the recently proposed quantum earth moveres (EM) distance, also known as the
guantum Wasserstein distance of order2Z][ As we will demonstrate, the quantum EM distance is a

natural distance metric for optimization over loagperations and avoids common pitfalls faced by other
distance metrics which reduce to functions of the inner product. This is in agreement with results in
classical machine learning, where algorithms @yiplg the EM distance are often more stable and avoid
issues with vanishing or exploding gradierit§.[37] (see appendi for a more complete discussion of the
literature and appendi® for a presentation of the classical EM distance). Intuitively, the quantum EM
distance can be interpreted as a continuous versicamquantum shamming distances, which allows local
gates to optimize over the few qubits on which they act instead of over some global distance metric which
often decays exponentially in the number of qubits.

In this work, we study the quantum EM distance from an applied setting and make the following
contributions. First, we overview the construction of the quantum EM distance and analyze the properties
of different quantum distance metrics and the loss landscapes they produce in quantum machine learning
settings. Here, we show that the quantum EM distance has unique advantages over other common distance
metrics. Then, to operationalize the quantum EM distance, we devise a new heuristic method to
approximate the quantum EM distance ef“ciently given copies of quantum states. In learning settings, this
leads to our development of a quantum Wasserstein generative adversarial network (qWGAN) which is a
guantum analog to the classical Wasserstein generative adversarial network (&AN&E also J]).

Importantly, like its classical analog, our gWGAN doys an EM distance in its cost function. Numerical
results show that our gWGAN is ef“cient at learning auiam data with shallow circuits in various settings.
Finally, we discuss near term applications of our gWGAN for both classical and quantum problems.

2. Quantum distance metrics and quantum EM distance

To approximate or reconstruct a target probability distribution with a machine learning algorithm, the
choice of distance metric, measuring how well &pproximating distribution matches the target
distribution, is crucial to the performance of thégarithm. Classically, GAN provide a neural network
approach for learning a target probability distrilim and generating new samples from the approximate
distribution [28 33. The choice of loss metric for a GAN is a distance or divergence metric which is
minimized when the target and generated distributions coincide.

In the quantum setting, distance metrics betwetates or density matrices are employed in the
implementation of qGAN ¥, 9, 26, 34]. As in the classical setting, the choice of distance metric is crucial to
the runtime and performance of the quantum machine learning algorithm. Here, we consider common
distance metrics and show that the quantum EM distance recently de“nedl/jmppssesses desirable
properties that are not found in the other metrics.

For a brief overview of the notation used in quantum mechanics, we refer the reader to appeheix

, CN*N pe the density matrices corresponding to two quantum states, ecgn be the quantum state
generated by a GAN andis the target state. Until now, common distance metrics employed to train
guantum GANSs have been unitarily invariant, ii@yariant with respect tohe conjugation of both
guantum states with the same unitary matrix and reducing to a function of the inner product for pure
states (i.e., orthogonal projectors with rank one@n@monly used distance metrics in prior works include:

€ Trace distancethe simplest and most common choice (e.g., Se84]) is the trace distance:

O )=, § 4 @

where - ; denotes the trace norm, i.ehe sum of the singular values.

€ Quantum “delity : another common choice (e.g., s€€]] is the maximum absolute value squared of
the inner product between puri“cations ofand

F(, )= 2 2)

F , )is often modi“ed to arccos F( , ) to construct a proper distance metric.
€ Quantum Wasserstein semimetriantroduced in [B] as a quantum generalization of the Wasserstein
distance, this distance, denotgd/( , ), is calculated by forming a coupling between quantum states
and in CN*N_ The coupling is a quantum state igN*N ? whose marginal states are equal to
and , respectively. The quantum Wasserstein sertrimes the minimum of the expectation value of
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the projector onto the symmetric subspace 6f¥ 2 gW does not satisfy the triangle inequality,
hence the name semimetric. ImportanttyyVis unitarily invariant, and for pure states, it reduces to a
function of their inner product: for anju , [v unit vectors inCN,

gW(lu ul,[v v])= (LS| v|u|?)/ 2. Further details can be found in appendix

The quantum EM distanceln this paper we consider the casenajubits, whereN = 2", and employ
the quantum generalization of the Wasdgeis distance of order 1 to the statesrofjubits recently proposed
in [27] and also known as the EM distance. We adopt the latter terminology as it is more prevalent in the
machine learning community, hereby denoting the quantum EM distance gl Unlike all the
previously employed distances, the quantum EMatise is not unitarily invariant. We will show that,
similar to its classical counterpa§], Dgy possesses several properties #re desirable when learning
quantum data.

The quantum EM distance o[/ is based on the notion of neighboring states. Two quantum states of
qubits are neighboring if they differ in only one qubigi, if they coincide after one qubit is discarded. The
guantum EM distance is the distance that is induced by the maximum norm that assigns distance at most
one to any couple of neighboring states. We denote withgy the corresponding norm, whose analytical
expression can be found below. This de“nition enfartiee continuity of the distance with respect to local
operations, i.e., any quantum ofaion acting on a single qubit can displace a state by at most one unit
with respect to the quantum EM distance. Indeed, for the quantum states of the computational basis the
guantum EM distance recovers the classical Hamming distance (equal to the number of elements that differ
between two strings), i.e., for any two stringsndfits x andy we haveDgp(|x X,y V|) = h(x,y). More
generally, for quantum states diagonal in the congiaginal basis, the quantum EM distance recovers the
classical EM distance. The quantum Eidtance admits a dual formulatior2f], based on the quantum
generalization of the Lipschitz constant, whiclmere suitable for implementation of quantum GANSs.

We denote withO, the set ofh-qubit observables, i.e., the set of tHex22" Hermitian matrices. The
guantum Lipschitz constant of the observable O 4 is

H .= 2i_r{1axn min HSH; :H; O ,actsasidentity onthethqubit . 3)
The quantum Lipschitz constant de“ned above is a generalization of the Lipschitz constant for the functions
on strings ofn bits, and coincides with the classical Lipschibnstant for the observables that are diagonal

in the computational basi<?[/]. The quantum EM distance between the quantum statead is equal to

the maximum difference between the expectation valuesand of a quantum observable with Lipschitz
constant at most one:

Dem( , )=max{Tr[( S )H]:H O, H_ 1}. (4)

When the quantum EM distance plays the role of a caatfion in a machine learning algorithm, it can be
considered as an energy associated to the parameter con“guration. For this reason, we may refer to the
observablesl in (4) as Hamiltonians.

Equivalently, the quantum EM distance can be also de“ned by its primal formulafiérde“nition 6]:

1 . : i .
DEM( , ): 2m|n Xi1:X On TriXi=0 i=1,...,n, Xi= S . (5)
i=1 i=1

To show whyDgy possesses desirable properties, we “rst consider the case where both the tengjet
the generated are pure states in a simple toy model. Here, as we will show, undesirable critical points are
clearly present and endemic to the loss landscapasétrics which are a function of the inner product
between two pure states. In contrast, the quantum EM dist@igeavoids these undesirable critical points.
Finally, we generalize the “ndings of this toy model to a larger class of quantum machine learning settings.

2.1. Asimple toy model

In this section, we consider an intuitive example which shows the advantages of using the quantum EM
distance when the learning is performed over local quantum gates. Namely, we show that the commonly
used distance metrics which are a function of the inner product between states feature two key issues in
learning via local gates. First, the inner produetween a generated and target state fails to show
improvement when gates are optimized one by one or layer-8i§e $econd, when parameters are
initialized randomly, gradients in this example decaganentially when the distece metric is a function of
the inner product. The quantum EM distance avolusth of these drawbacks and allows for ef‘cient
learning in this scenario.
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Figure 1. (a) Simple quantum circuit which can generate the GHZ state when parameter values are appropriately chosen. (b) In
learning settings, this circuit presents challenges for loss metrics that are a function of the inner product between target and
initial states. Simulations show that, with a loss function such as “delity (blue line), gradient based optimizers eventually fail to
“nd global optimum in virtually all instances when circuit contains many qubits, instead converging to th¢Gstate contrast,

the use of the quantum EM distance (orange line) results in convergence to the global optimum in virtually all instances tested.
Here, optimization is performed for up to 2&teps using the Adam optimizer (simulations with EM distance generally achieved
convergence within about 1000 steps). Experiments are repeated 1000 times foteestimate success probability. See
appendixE for full details of experiments.

In this toy model, the task at hand is to learn the correct values of parameters in the circuit in I¢a)re
to generate the GHZ state nfqubits|GHZ, = |0, + |1, / 2. This circuit consists of a parameterized
PauliX rotation on the “rst qubit and controlled parameterized PaXlrotations on later qubits (see
appendixC for description of Pauli operators). Whemis a multiple of 4, setting; equal to/ 2 and all
other parameters equal towill construct the target GHZ state.

Consider the case where one aims to maximize the “dellbgtween the generated stht€ ) and the
GHZ statel GHZ, . Given our circuit,F takes a simple form:

cos(y) , Ly sin( i)

F=|GHZ 2=
| GHZ,[ ()] 5 )

(6)

The “rst problem associated with learning \#as that the loss landscape has undesirable local minima
associated with the stal@, . Note that “xing any ; = 0 will force a learning algorithm (e.g., gradient
descent) to optimize the cos{) term, converging to the sta{é, . In other words, if any algorithm aims to
optimize the gates in a layer-wise fashion (e.g., optimizingy, . . . in order as in 3€]), that algorithm will
get stuck in the local optimum 46, .

Of course, in practice, parametersare typically initialized randomly so it is unlikely that any= 0;
however, even here, we have the second issue that gradients with respec,ta., , all decay
exponentially withn since the product of sine functions with random parameter values decays
exponentially to zero.

n

Scos ;sin ;+cos2; sin g i=1
k=2
n 2
= +sin 1 COS 3 sin g
i = k=2 . (7
n
cos i sin( ) cos(y) + sin( k) i>1
k=i k=1

Notably, F. = O( ) fori> 1, but F. = O(1) fori = 1. For largen, F1 S cos ; sin ;indicating
that gradient optimizers will converge to a poor local minimum outputting the sfgte( 1 = O0mod 2 ).
In fact, since the loss functiof(equation ©)) takes a simple form, gradient descent on the parameters can
be ef“ciently performed classically, and results shown in “dift§ show that gradient descent converges to
the undesirable local optimum associated with [ie state even as more qubits are added (simulations
stopped after 100 000 steps of optimization).

4
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The challenges described above are encapsulatée bgeture of the inner product that, for example,
the state$0000, |1000, and everj1110 are equally distant (orthogonal) to the stdfel 11 ,i.e., local
updates induce no change in the inner product distance metric. Using a loss function with the quantum EM
distanceDgy naturally avoids these challenges. Sinesgiantum EM distance recovers the Hamming
distance between two computational basis stdbes| operations on one and two qubits can redigg, as
long as those operations reduce the Hamming distance between the target and generated states. For
example, unlike the inner product distance metfib)00 and|1110 are three and one units away
respectively from the staj@111 in the quantum EM distance. In our toy model, local gates, even when
applied in isolation, result in changes to single qubits which either reduce or increase the quantum EM
distance.

fweset1= /2, =...= = and 1= ...= = 0inthe quantum circuit of “gurel(a),
we obtain the quantum state « = |0« + (Si)¥|L |Onsk / 2. The following propositiori intuitively
explains this success and shows that the sequence ofjstates |0, ,| 1,...,] n = |GHZ, gets closer

and closer to the target sta@HZ, , with a guaranteed improvemeavery two steps. The proof is in
appendixr.

Proposition1. Forany k= 0,...,n,letDc= Dem | «  «l, IGHZ, GHZ,| . We have
n2 Do (n+1)/2,D,=0,and(nSk/2 Dy nSk+ 2 /2foranyk=1,...,nS1In
particular, we have D, < Dy forany k= 0,...,nS 2.

Furthermore, as shown in “guré(b), optimization using the quantum EM distance is, in virtually all
cases, successful at learning the GHZ state. In the simulations for I¢urehe quantum EM distance is
ef‘ciently estimated (lower bounded) using the d@iarmulation by considering the expectation of the
generated state over a subse©@ifi) Hermitian operatorsH; all with Lipschitz constant equal to one.

Dew=max| ()IHl () $ GHZHIGHZ |
Dew | () ()LIGHZ, GHZi| ®)

whereDgy is the approximation which lower bound3gy by taking the maximum over th@&(n) operators

H; chosen for optimization of the circuit (see appendixor list of operators). Usindpgm, we can

successfully learn and generate the GHZ state regardless of the size of the system. Given the simpli“ed form
of our circuit, calculatingdgy can be ef‘ciently performed using aaslsical computer and the methodology

is detailed in appendik. Interestingly, though the subset of Hamiltonians considered in calcul@ngis
signi“cantly less than the total space of Hamiltonians available needed to exactly cdlewatiee

simpli“ed form of Dgy, still suf‘ces to completely learn the GHZ state. This perhaps surprising fact is one
motivation for our qWGAN, discussed later, which usesilar techniques to construct a general algorithm

for learning quantum data in more complex settings.

2.2. Properties of quantum EM distance in learning settings

For the EM distance over probability distributions, the classic work&f $howed that the EM distance has

a number of properties that confer advantages in learning settings over other distance metrics such as the
total variational distance. Here, we show that ouagtum EM distance offers corresponding analogous
properties when learning in quantum settings. These properties provide intuitive explanations for why
learning was so successful in the toy model analyzed earlier. First, the quantum EM distance is
super-additive with respect to the tensor produg?| proposition 4]:

Proposition 2. For any two quantum states of n qubitsand anyk 1,...,nS 1,

Dem( » ) Dem( 1.k 1.k + Dem( k+1.n0 K+ 1.n), )

where ; (and ,,; ,are the marginal states obver the “rst k and the last$k qudits, respectively, and
analogously for.
In the case of product stateswhere | , 1 ,and = 1k  1.n thentheaboveisan
equality:
Dem( » ) = Dem( 1.k 1.k) * Dem( k+1.nv k+1.n), (10)

Intuitively, the proposition above implies that operations which reduce the distance between two states
over a portion of their qubits will proportionally redécthe total distance over all of the qubits. Note that
no unitarily invariant distance can have this property. For example, to learn a targelGtdfe | 1 ,
updating the stat¢000 to |GHZ, |0 results in a signi“cant improvement in the quantum EM distance but,
since the updated state is still orthogonal to the taggate, no unitarily invariant distance will show any

5
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improvement. As an aside, super-additivity is relevarntoisy contexts as it implies that if noise only effects
a small number of qubits, then the change in the EMalige is correspondingly bounded by the number of
gubits on which the noise acts.

A second useful property of the quantum EM distance is that it recovers the classical EM distance for
guantum states diagonal in the canonical basis, and in particular, it recovers the classical Hamming distance
for the quantum states of the computational basis, [proposition 6]:

Proposition 3. Let pq be probability distributions 60, 1} ", and let

= p(x) X x|, = avly vyl (11)
x{ 0,3" y{ 03"

Then, Bxm( , ) = Dem(p, ). In particular, the quantum EM distance between vectors of the canonical basis
coincides with the Hamming distancga@* x|,|y Vy|) = h(x,y) foranyxy { 0,1".

The above proposition implies that advantages earfd in classical machine learning algorithms when
using the classical EM distance directly translate into quantum settings when using the quantum EM
distance. Finally, the quantum EM distance is always contained between the trace distamtenasdhe
trace distanced7, proposition 2]:

Proposition 4. For any two quantum states ,

Dl( ' ) DEM( ' ) nDl( ) ) (12)

In particular, a small quantum EM distance guarantees that the trace distance is also small and
vice-versa. Thus, convergence in the quantum EM distance necessarily implies convergence in more
conventional quantum distance metrics such as “delity or trace distance.

2.3. EM distance evaluation

As in the classical Wasserstein GAN][ approximations to the EM distance are required to construct

learning algorithms that have ef“cient runtimes. Note, the quantum EM distance can be exactly evaluated
using algorithms for semide“nite program87, 38 which run in time polynomial in the dimension of the
guantum state and the number of constraints. Such an exact approach would require algorithmic runtimes
that are exponential in the number of qubits and furthermore, do not lead to obvious methods for
calculating the gradient of the quantum EM distance. Instead, we provide a procedure below to estimate the
guantum EM distance between two distributions of quantum states using its dual formulatiofo(avoid
cumbersome computation of Lipschitz constants, westauct a parameterized family of functions which
preserve a quantum Lipschitz constraint upon optimization. Let

= H| y (13)
1{ 1,..,n}

where eacl, acts non-trivially only on the qubits in the corresponding kefThen, proposition 10 of%7]
provides an upper bound to the quantum Lipschitz constant of a Hamiltonian in terms of its local
structure.

H 2 q]ax H, , (14)

where the maximum is taken over the qubits. The notatiom { 1,..., n} indicates that the sum is

taken only over the set of operators which act non-trivially (i.e., not the identity) on qubituitively,

since the Lipschitz constant bounds the change in a Hamiltonian induced by changes to a single qubit, the
bound above can be viewed as a bound on the maximum singular value of nontrivial operators thus also
bounding the corresponding Lipschitz constant. A natural choice for the opergtjoese a subset of the

Pauli operators which we explore in our construction of a qGAN next.

3. gWGAN algorithm

Our quantum Wasserstein generative adversarial net (QWGAN) consists of a discriminator and generator
which approximates a target distribution over statgsby ¢playinge a min-max game. Here, the generator
sets its parametersoutputting a stateé5( ), and the discriminatoH(W) is a parameterized sum of

Hermitian operators with weightg/. In each iteration of optimization, the discriminator “rst sets its
operator weights, outputting a Hamiltoniad 5« which is the Hamiltonian maximizing our dual

6
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formulation estimate oDgn(G( ), ). Then, a gradient update is performed on the parameters of the
generator . This iterative process is repeated either until convergence in the generator paranwetenil

a stopping criterion is reached. We detail the forms of the discriminator and generator as well as the steps of
the algorithm in this section.

3.1. Form of the discriminator

In an optimal scenario, a discriminator exploregttomplete set of Hamiltonians which have Lipschitz
constant less than or equal to one. However, this ideal case does not lend itself to ef‘cient algorithms, and
we instead construct a discriminator which ef“cignédstimates (lower bounds) the quantum EM distance.
The discriminator we choose is a parameterized sum of strings of Pauli operators:

H(W) = wem &8 o (15)
P1, ..., Pn{ I,X,Y,Z}

where | is the 2x 2 identity matrix, x, yand z are the Pauli matrices, superscripts specify the qubit on
which the corresponding Pauli matrix acts and eagh p, is the trainable parameter for the corresponding
Paulistring &) £ ... . To simplify notation, we denote the set of all trainable parameters as
W. Finding the exact Lipschitz constant of the Hamiltonidrp)(can be computationally expensive.
However, noting that Pauli operators have in“nity norm of 1 and applying the triangle equallify, (
provides an easily computable upper bound té(W) |, which we denote withH(W) :

HW) | = 2i_q1ax [Wey...py | H(W) . (16)
TP e PRl XY, Z}P=

The Hamiltonian (L5) has 4 parameters and is impractical to train. For this reason, we restrict
optimization to operators that contain only termsting on few qubits. One option is to choose the set of
k-local (i.e., acting ok qubits and not necessarily geometrically local) Pauli operators as the discriminator.
We denote witrO{® the linear span of such operators. For example, the most general elen@fit of

n o nS1 n o )
H(W) = w; + wl 9+ wed 99, 17)
i=1 P{ X,Y,Z} i=1j=i+1PQ{ XY,2}

where eachv,, WS) andwgy’% is the trainable parameter for the corresponding Pauli operatorkForn,
there areO(n“) total terms in the above summation, polynomial in the number of qubits.

We can now de“ne an approximated EM distance by restricting the optimizatio#d)ito(k-local
Hamiltonians and replacing the exact Lipschitz constant with the approximated Lipschitz coris@ant (

DX (, )=max Tr[( $ )H:H O®, H 1. (18)

The approximated quantum EM distae is increasing with respectk@and provides a lower bound to the
exact quantum EM distance, i.e., for any two quantum statasd

D&, ) D&, )... DEUC. ) Dem( , ). (19)

The orderk of Pauli operators can be tuned to the complexity of a given problem. To learn truly random
states, access to the full set of Hamiltonian operators is needed, but in many cases, especially when learning
data generated by shallow circuits or data that can be discriminated via reduced density matrices, learning
using only lower order Pauli operators can be effective.
The approximated EM distancé ) can be computed with the following linear program, which can be
ef“ciently solved. To simplify notation, wesaume all parameters are enumerated in a list
W= {wy,wz,...,w}. For each parametav;, we letl ; be equal to the set of qubits which the
corresponding Pauli string acts on. Thus, wWjithl| parameters and qubits, one maximizes the following
linear program:
(Wi
maximize  GWw;
=1 (20)
subjectto  |wj| 1, i=1,...,n
il
whereg is the trace of the product between tjie Pauli string and3( ) S .- i.€., assumingy; is
associated to Pauli string? & ... ¥ theng=Tr (GS w) & &... ¥ .Inthe above
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formulation, there exists a constraint for each qutititing the sum of magnitudes of operators acting on
that qubit to less than or equal to one.

The linear program in Z0) can be transformed into a standard form linear program witbonstraints
(one for each qubit), which outputs a sparse set of at nmasbn-zero weights39 (the number of
non-zero variables in linear programs in standard form is at most the number of constraints). Speci“cally,
the linear program will outpubacive N Operators with non-zero weights, called active operators,
constructing a HamiltoniarH,,« which is passed onto the generator for optimization:

Nactive
Hoax= W H;, 1)
i=0

wherew; andH; are the weights and active operators respectively. As an example, we show in appendix
that for single qubit states, the linear program outputs an optimal Hamiltonian composed of single qubit
Pauli terms chosen by selecting the single qubit Pauli term which has the greatest contribution on each
qubit (thusnaeive = N in this setting). Sinceacive N, gradient updates on the generator which aims to
minimize the expectation dfimax can be performed. However, this ef‘ciency comes at the cost of
potentially missing certain active operegan the optimal Hamiltonian. EquationAY) is naturally biased
towards including low order operators in its set of active operators. Especially for problems where the
optimization needs to access higher order operators, this methodology may fail to perform effectively.

AppendixH compares values of the estimated distalh?ﬁ with the actual distancBgy for random
states generated by shallow circuits showing that there is a correlation between the two measures, although
the approximation may introduce an unwanted bias. As we show in appéhdixstricting the
optimization over operators to terms acting on few qubits does not affect the value of the distance, since the
optimal unconstrained Hamiltonian for the maximization proble®d) contains only these terms
whenever the coefcients associated to single Pauli operators are &ll). Furthermore, since operators
only act on few qubits, ef“cient algorithms frond ), 41] can be applied to calculate the expectationf/df
Pauli operators in17) usingO(log |W|) copies of the generated and target states. If a large number of
higher order Pauli terms are included in the decomposition above, such logarithmic dependence may no
longer hold.

We stress that the approximation employed here iscatral limitation in successfully applying our
gWGAN model. Improving this approximation is crucial to expanding the scope of application of our
gWGAN beyond the assorted examples provided in secti@enerally, there are two paths by which one
can improve the approximation. The “rst path consists of identifying a more optimal relaxation to the
semide“nite program in comparison to the linear relaxation of equatiaf) ( Existing quantum algorithms
for solving semide“nite programs3[/, 3§ may help in realizing this goal. The second path consists of
“nding methods to more optimally choose the subset of Hamiltonians or Pauli operators included in the
approximation. In some cases, higher order Pauli operators are needed to distinguish states and avoiding
these altogether may produce sub-optimal results. In light of this, we describe below one technique that
empirically helps in “nding a good subset of Pauli operators.

Optional cycling of operators Over a small number of steps of optimization, changes to the
expectations of operatogsare expected to be very small. Therefore, if the expectation of a given operator
in the discriminator is small, it is unlikely that the operator will be chosen as an active operator over the
course of optimization. Therefore, one has the optaimemoving these <bade operators and including new
operators (here, we choose the new operators uniformly randomly from the set of all Pauli operators) into
the set of operators over which the discriminator optimizes. Many choices exist for cycling operators; here,
we opt for a simple choice where operators are cycled out when the expectation of an operator is below a
threshold equal t&®(min;G ) (i.e., minimum taken over all active operators) wherg @ 1. When an
operator is cycled out, a random Pauli operator is then included in the discriminatores set of operators
including potentially Pauli operators that were removed in earlier cycles. Cycling operators may, of course,
be detrimental if operators are cycled out that end up being useful during later phases of training.
Nevertheless, in our experiments, we often “nd that the amount of cycling can serve as another tunable
hyperparameter for improving the performance of our qWGAN.

3.2. Form of the generator

In its most general form, a generator is an object or function, that when given an input (potentially a
sample from a random variable), outputs a state which approximates or produces a sample drawn from a
distribution close to the target distribution. Similar to classical machine learning where neural networks are
customized to given settings,e.g., convolutional neural networks optimized for image anad\&ig4]

and transformer networks optimized for text analysls.[47],the form of the generator in our quantum
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Algorithm 1. qWGAN with quantum earth moveres distance.

Require initial discriminator operatorsHi[O] e.g., set of two-local Paulis
Require initialization of generator parameted” and
Require hyperparameters for generator optimizer (e.g., learning rate

1: While , p have not convergedo Alternatively, stop aftef steps
discriminator optimization:

2: measure operator expectatiogs: Tr[Hi(G( ) S )]

3: “nd w; , H; (linear program, equation0)) Hmax= W H;

4: optional: cycle operators

generator optimization:
“nd gradientsg,, g of T[G( )Hmax] See appendik
6: perform gradient update onandp e.g., S g

a

algorithm can and should be customized to the speci“c problem setting. Many options exist for
constructing a generator includingarameterized quantum circuitg§ 49 and quantum neural networks
[50..53. The form of the generator determines the space of functions which a generator can access, and
ideally this space should overlap with the function of the target object. Given we can only cover a limited
class of generators in our analysi® focus here on a single, though generic, form for the generator,
encouraging future research to construct and apalgenerators customized to speci“c applications in
guantum machine learning.

In this generic formulation, the generat@®( ) is a function which maps a starting stgte, | toa
density matrix representing the distribution over quantum states that one aims to reconstruct. Ak in [
our generator is constructed by a set of prolhiéibs and associated parameterized unitaries

{(p,U1),....(p, UD}:

r
G()= pUil o olU], (22)
i=1
where we use to denote the set of all parameters for the getor which includes the probabilitiges and
parameters for each unitaty;. r is the maximum rank of the output density matrix which can be tuned as
a hyperparameter. Later, we consitlgrconstructed by parameterized quantum circuits with one and two
gubit gates. The choice of these parameterized circuits depends on the nature of the problem (seé section
for examples).

3.3. qWGAN optimization procedure

The algorithm for the gWGA detailed in algorithml iteratively optimizes parameters of the generator and
discriminator, consistent with methods used in classical GAN [The following two steps are repeated
until convergence in the parameters of the generatdtirst, the parametens are updated using the linear
program 0) to maximize the quantum EM distand®zy in equation @). Then, a gradient update is
performed on the parameters of the generator

3.4. Properties of the gradient

As stated earlier, one can calculate the gradients with respect to the parameters of the unitary operator
implemented by the circuit (step 4 in algorithf) via the parameter shift rulesf]. As an example, leg( )

be generated by the quantum circuit that implements the unitary operator

U()= Uce e, (23)
k

where eacly is a unitary operator that does not contain any parameter and €acha generalized Pauli
operator. Then, given an optimal Hamiltoniat,,, one can calculate the gradient as follows for a given
parameter :

THG( JHmad = THG( " )Hmad S THG( %)Hmad, (24)
k

where * and S are the values of the parameters shifted,tip either direction for the entry
corresponding to  [54]. This parameter-shift rule has the bene“t that the equation for the gradient is in
fact exact (not an approximation). Gradients for each individual parameter must be calculated using
separate circuit evaluations.

Prior work has shown that local cost functions avbatren plateaus up to poly-logarithmic depth in
the circuit [23]. Due to the super-additivity property of the quantum EM distance and the construction of
the linear relaxation inZ0), the optimal Hamiltonian is heavily biased towards local terms and thus “ts into
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this regime. We formalize this below by showing thagh order Pauli strings acting nontrivially doqubits
must have magnitude greater thiitimes the smallest single qubit Pauli contribution to the optimal
Hamiltonian Hyax.

Proposition 5. Letw :{1,X,Y,Z}" R be the set of parameters that achieve the maxim{),iafd let

- i S (i)
as min max Tr (G()S @) p - (25)

Thenwp, p, = OforanyR,...,P, { I,X,Y,Z} such that
oy Pl <afi=1,....,n:R =1} . (26)

In particular,wp, _p = Oforany Pauli string that acts nontrivially on more teanqubits.

The proof of the above is deferred to appendixAs a corollary of the above, any glokajubit Pauli
term that appears in the optimal Hamiltonian must exceed the sums of the maximum single qubit Pauli
terms on thek qubits on which it acts. Thus, the optimal Hamiltoniiy,ax will be at most 2a-local which
is constant when the expectation of single qubit Paulis(y). In these settings, the gWGAN will avoid
barren plateaus whenever the generator has depgthdbes not grow faster than logarithmically in the
number of qubits (see theorem 2 c1 ).

4. Experiments

Our qWGAN can ef“ciently learn quantum data of various forms. Here, we apply the qWGAN directly to
the toy model of subsection.1and also consider a more general scenario where the QWGAN learns states
generated by a mixing circuit previously known to suffer from barren plateau[3 55. In appendixJ,

we include results for the gWGAN in two other scenarios: one where the generator is a circuit formed by a
guantum alternating operator ansatz (QAOA)d. .58 and one where the qWGAN is tasked with learning
mixed states. The Adam optimizer with a default learning rate of 0.01 was used to train the qVEGAN [
Details on the structure of the quantum circuits and on how the simulations were performed are provided
in appendice« andL, respectively.

Learning the GHZ state Then-qubit GHZ state is an entangled state which requires a simple circuit of
depthn to construct. However, as noted in subsectibf, the correct parameters of this circuit are hard to
learn when using cost metrics that are a functionhd# thner product between the generated and target
GHZ state. Continuing our analysis, we show that QWGAN is especially ef‘cient and effective at
learning the correct parameters of a circuit to generate the GHZ state.

As shown in “gure2 for 10 random simulations, our gWGAN ef“ciently generates ttre 8 qubit GHZ
state in around 500 steps of optimization,results for circuits of different size are also consistent with this
analysis and detailed in appendixThe generator circuit has+ 2 parameters and depth Simulations are
repeated 50 times across random initializations. The discriminator starts with acéessadocal Pauli
operators, cycling out sbade operators every “ve steps. Estimated EM loss is also plotted ih “gure
(normalized by dividing by the number of qubits), which is equal to the quantum EM distance as measured
by the active operators in the discriminator (lowssunding the actual quantum EM distance). Jumps in
the estimated EM loss can be observed when operators are cycled and later become active, highlighting the
importance of randomly cycling opeias in these simulations. It is interesting to note that during the early
phases of learning, the qWGAN often optimizes the EMtatice while temporarily decreasing the “delity.
This learning pro“le is typically associated with transitions from the d@teto the GHZ state. As our toy
model indicated, this transition characterized byeanporary decrease in the “delity is needed to reach the
global optimum.

Teacher...student learningo analyze our gWGAN in a more general setting, we consider a
teacher...studente setup where the circuit used to generate the target state and perform learning are both of
the form shown in “gure3(a). This circuit is a generic mixing circuit also studied #1] 23, 55 where
barren plateaus in the loss landscape arenkesl. For our simulations, the target statg. is generated by a
depth 2 circuit (i.e. gates shown in “guBéa) repeated twice) with parameters drawn i.i.d. from the
standard normal distribution. As a point of comparison, we compare our qWGAN to a quantum GAN
equipped with the loss functioR = 1S| ] () |2 which is a function of the inner product between the
target and generated state. Fig8(k) shows that when a circuit of the same form is used to learn the target
state, gradients df (function of the inner product) decay exponentially with more qubits whereas gradients
of the quantum EM loss function renraiconstant. Note that the exponentially decaying gradients for the
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Figure 2. The gWGAN consistently generates the eight qubit GHZ state. Estimated EM loss (quantum EM distance estimated by

active operators) is plotted in grey alongside the “delity in blue. EM distance is normalized to a maximum of one by dividing by
the number of qubits. Percentiles are calculated across 50 simulations. Individual simulations are plotted as transparent lines.
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Figure 3. (a) Single layer of mixing circuit consisting of alternating layers of parameterized¥anifitions and parameterized

PauliZ ..Z rotations applied to pairwise qubits. Here, the form of the circuit is shown for six qubits. (b) Learning using two layers
of mixing circuit (shallow, constant depth) results in exponentially decaying gradients for conventional loss metrics. Gradients of
the qWGAN remain constant while gradients with respect to a loss metric as a function of the inner product decay exponentially
in the number of qubits. Gradients are calculated at “rst step of optimization amsrm is divided byn to normalize to the

number of parameters in the circuit. Findings are consistent when the average is taken fandhe or of individual gradient

entries as shown in appendixResults are averaged across 100 simulations for each data point.

inner product loss metrics are observed here for tamsdepth shallow circuits. This result further
con“rms that loss landscapes for the quantum EM diste avoid common pitfalls faced by conventional
distance metrics including the Wasserstein semi-metric proposed.in [

Furthermore, as shown in “guré, the qWGAN successfully learns the states constructed=-bg qubit
teacher circuits using student circuits of depth 4. Thiswit has 96 trainable parameters. Simulations are
repeated 50 times across random initializations in “gdrdarget states are generated by drawing the
parameters of the teacher circuit i.i.d. from the stambaormal distribution. Learning is typically achieved
within a few hundred steps of optimization. In tee simulations, the discriminator for the qWGAN
contains all order 2 Pauli operators and no cyclinglaf bperators was performed. We “nd that, in general,
learning in the teacher...student setting is best athigkien the student circuit is deeper than the teacher
circuit. Furthermore, due to the approximations made in calculating the quantum EM distance, we “nd that
our algorithm struggles to learn especially deep egltiit teacher circuits which are four layers or more in
depth. For these deeper target circuits, we suspect that higher order Paulis are needed to ef‘ciently estimate
the quantum EM distance, and further improvements to the optimization must be made to incorporate
these higher order Paulis in the estimation procedure. Additional simulations for different circuit sizes are
shown in appendix.
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