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A large body of recent work has begun to explore the potential of parametrized
quantum circuits (PQCs) as machine learning models, within the framework of hybrid
quantum-classical optimization. In particular, theoretical guarantees on the out-ofsample performance of such models, in terms of generalization bounds, have emerged.
However, none of these generalization bounds depend explicitly on how the classical
input data is encoded into the PQC. We derive generalization bounds for PQC-based
models that depend explicitly on the strategy used for data-encoding. These imply
bounds on the performance of trained PQC-based models on unseen data. Moreover,
our results facilitate the selection of optimal data-encoding strategies via structural
risk minimization, a mathematically rigorous framework for model selection. We obtain our generalization bounds by bounding the complexity of PQC-based models as
measured by the Rademacher complexity and the metric entropy, two complexity measures from statistical learning theory. To achieve this, we rely on a representation of
PQC-based models via trigonometric functions. Our generalization bounds emphasize
the importance of well-considered data-encoding strategies for PQC-based models.

1 Introduction
Recent years have witnessed a surge of interest in the question of whether and how quantum
computers can meaningfully address computational problems in machine learning [1, 2]. This
development has been largely driven by two factors. On the one hand, there is evidence that
some quantum machine learning algorithms may lead to an increased performance over classical
algorithms for the analysis of classical data with respect to important figures of merit [3–7]. On
the other hand, the increasing availability of quantum computational devices provides significant
stimulus. While these “noisy intermediate-scale quantum” (NISQ) devices are still a far cry from
full-scale fault-tolerant quantum computers, there exists growing evidence that they may be able to
out-perform classical computers on some highly-tailored tasks [8]. Given the inherent limitations
of NISQ devices, most current approaches to near-term quantum-enhanced machine learning fall
under the umbrella of hybrid quantum-classical algorithms [9]. Of particular prominence are
variational quantum algorithms in which a parametrized quantum circuit (PQC) is used to define
a machine learning model which is then updated via a classical optimizer [10–12].
There is a wealth of architectural choices for PQC-based machine learning models. These
include the width and depth of the quantum circuit, the precise layout and structure of trainable
gates, as well as the mechanism via which classical data is encoded into the quantum circuit. The
flexibility in design choices for PQCs is often only perceived strongly in terms of the structure
and layout of the trainable gates [13, 14]. However, when using a PQC to define a machine
learning model for classical data, the data-encoding strategy becomes a necessary architectural
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design choice, which has received comparably little attention. Despite this, it has recently been
shown that the data-encoding strategy is directly related to the expressive power of PQC-based
models [15–17]. In this work, we further the study of data-encoding strategies for PQC-based
supervised learning models by investigating the effect of data-encoding strategies on generalization
performance.
More specifically, we consider the following fundamental question: Given a PQC-based model
which has been trained on a specific data set, can we place any guarantees on its expected outof-sample performance, i.e., its expected accuracy on new data, drawn from the same distribution
as the training set? This question is motivated by the key insight that one should not choose the
model or architecture which performs best on the available training data, but rather the model
for which one expects the best out-of-sample performance. Typically, one refers to the difference
between the accuracy of a model on a given training set and its expected out-of-sample accuracy
as the generalization gap. We call a (probabilistic) upper bound on this generalization gap a
generalization bound. Historically, techniques for both proving generalization bounds and for using
generalization bounds for principled model selection have been developed under the umbrella of
statistical learning theory [18–20].
We start by presenting a selection of central notions in statistical learning theory. Of particular
interest is the relation between generalization bounds and complexity measures of different types.
Indeed, due to a large body of existing literature, bounding the generalization gap of a learning
model typically reduces to bounding some quantifiable property of the hypothesis class used for
learning. There are many examples of such complexity measures (also known as capacity metrics
or just expressivity measures), and based on their specifics they are used for different learning
models, either quantum or not. In this work, we employ generalization bounds based on the
Rademacher complexity and the metric entropy. However, we want to mention that there are also
other important approaches to generalization not taken here, such as stability [21], compression [22],
or the PAC-Bayesian framework [23].
Given the fundamental role of generalization bounds, there has recently been a strong and
steady stream of works contributing to the derivation of generalization bounds for PQC-based
models [24–32]. However, as discussed in detail in Section 4, these prior works all differ from our
results in a variety of ways. Firstly, they considered only “encoding-first” PQC architectures, in
which the PQC-based models are assumed to consist of an initial data-encoding block, mapping a
classical input to a data-dependent quantum state, followed by a circuit consisting only of fixed and
trainable gates. In contrast, we consider PQC-based models incorporating data re-uploading [17], in
which trainable circuit blocks are interleaved with data-encoding circuit blocks. This is particularly
relevant given the results of Refs. [15, 33], which have illuminated the significant effects of data
re-uploading on the expressive power of PQC-based models.
Additionally, our work is the first to provide a generalization bound from which it is immediately
clear how altering the data-encoding strategy influences the generalization performance of the
model. This is possible because our bound depends explicitly on architectural hyper-parameters
associated with the data-encoding strategy. This sets our results apart from prior art where the
data-encoding figured only implicitly, if at all. We discuss this difference between implicitly and
explicitly encoding-dependent generalization bounds more concretely in Section 4.
In order to obtain our generalization bounds, we rely strongly on a representation of PQC-based
models via generalized trigonometric polynomials (GTPs), which has been previously derived in
Refs. [15, 33]. In particular, we exploit the fact that the data-encoding strategy of the PQCbased model directly determines the frequency spectrum of the corresponding GTPs. As such,
the number of accessible frequencies in the GTP representation provides a natural measure of the
complexity of a particular data-encoding strategy. Given this, we first derive generalization bounds
for GTPs, which exhibit a dependence on the square root of the number of accessible frequencies.
We then proceed to determine, for different data-encoding strategies, upper bounds on the number
of accessible frequencies in the GTP representation. We use these results to identify a variety
of natural data-encoding strategies for which the number of accessible frequencies, and therefore
the associated generalization bounds, scale polynomially with the number of data-encoding gates.
While one cannot use generalization bounds alone to recommend an optimal data-encoding strategy, we discuss how these generalization bounds can be combined with empirical risk estimates,
via structural risk minimization, to facilitate the selection of an optimal data-encoding strategy
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Figure 1: A flowchart of the argument presented in this work.

for a given problem.

1.1 Structure of this work
This work is structured as follows: Section 2 gives a pedagogical introduction to statistical learning
theory, explains the importance of generalization bounds, and discusses the structural risk minimization principle. After establishing these concepts, we formulate the main questions addressed
in this work. In Section 3, we begin by introducing the PQC-based learning models used in this
work. We then present a detailed discussion of the approach of Ref. [33], which demonstrates how
the functions implemented by a PQC-based model can be represented by generalized trigonometric
polynomials. In particular, we emphasize how the data encoding strategy of the PQC-based model
translates to the accessible frequencies of the generalized trigonometric polynomials. Section 4
then provides a detailed review of prior work on generalization in quantum machine learning. In
Section 5, we establish generalization bounds for classes of generalized trigonometric polynomials
in terms of the number of accessible frequencies. We present one approach via the Rademacher
complexity (Section 5.1) and another via covering numbers (Section 5.2). Section 6 then expands
upon Section 3 by deriving upper bounds on the number of accessible frequencies, in the generalized trigonometric polynomial representation of the PQC-based models associated with different
data-encoding strategies. This analysis allows us to use the results from Section 5 to state explicitly encoding-dependent generalization bounds for PQC-based models, and to compare different
encoding strategies from a generalization perspective. We discuss the implications of our results
in Section 7. In particular, we emphasize how our results are complementary to many prior works,
but also describe how the different approaches can be combined. Additionally, we sketch some
directions for future research. Section 8 contains a short summary of our work. The logical flow
of this manuscript is visualized in Figure 1.

2 Motivation: Generalization bounds, sample complexities and model
selection
To motivate the content of this work and to define the setting, we start with a brief and select
introduction to the framework of statistical learning theory. Interested readers are referred to
Refs. [20] and [34] for a more detailed presentation. Within this framework, any supervised learning
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problem is defined by a domain X , a co-domain Y, a probability distribution P over X × Y and a
loss function ` : Y × Y → R. We assume that X , Y and ` are known, while P is unknown. We will
denote the set of all functions from X to Y as Y X . To gain intuition, it is useful to think of the
situation in which there exists a deterministic rule for assigning predictions to domain elements.
We can model this in the framework outlined above with an unknown target function f ∈ Y X , as
well as some unknown probability distribution PX over X , such that samples from P are obtained
by first drawing a domain element x ∈ X from PX , and then outputting the tuple (x, f (x)), i.e.
(
PX (x) if y = f (x),
(1)
P (x, y) =
0
if y 6= f (x).
In general, however, it may be the case that there exists y1 6= y2 for which both P (x, y1 ) > 0 and
P (x, y2 ) > 0, i.e., that the underlying process for labeling data points is not deterministic.
Additionally, we are given a training data set
S = {(xi , yi ) ∼ P | i ∈ {1, . . . , m}}

(2)

of m tuples drawn independently from (the unknown distribution) P , and our goal is to design
a learning algorithm A which, given S as input, outputs a hypothesis h ∈ Y X that achieves a
sufficiently small risk
Z
R(h) =

`(y, h(x)) dP (x, y).

(3)

X ×Y

Informally, we often refer to the risk R(h) as characterizing the out-of-sample performance of the
hypothesis h, as it is this quantity which tells us how well we can expect the hypothesis h to
perform on (possibly previously unseen) future data drawn from P . It is critical to note, however,
that as the underlying probability distribution P is unknown, given a hypothesis h ∈ Y X , one
cannot directly evaluate R(h). In light of this, a natural alternative is to evaluate the empirical
risk of h with respect to S, which is defined as the average loss over the training samples
R̂S (h) =

1
|S|

X

`(yi , h(xi )).

(4)

(xi ,yi )∈S

In contrast to the risk R(h), the empirical risk R̂(h) characterizes the in-sample performance of h
with respect to the data set S, which has been sampled from P .
Naively, one might hope to be able to construct learning algorithms which could in principle
output any h ∈ Y X . However, the “no-free-lunch” theorem rules out the possibility of meaningful
learning in this case [35], and therefore we typically consider learning algorithms whose range is
some subset F ⊆ Y X . We then refer to F as the hypothesis class associated with the learning
algorithm which is, by assumption, also known to the learning algorithm. To gain some intuition,
one could think of F as the set of all functions realizable by neural networks of some fixed width
and depth, or, as we describe in Section 3, as the set of all functions realizable by a parametrized
quantum circuit model with some fixed architecture. With respect to this setting, the following
natural question arises: Suppose we have a learning algorithm A with hypothesis class F, which
has been run on a randomly drawn data set of m samples S ∼ P m and outputs some hypothesis
h ∈ F, as well as some “training log” which we denote by hist(A, S)1 . Given the achieved empirical
risk R̂S (h), can we put an upper bound on the true risk R(h), which holds with high probability
over the randomly drawn data set S? More specifically, can we make a statement of the form: For
all δ ∈ (0, 1), with probability 1 − δ over S ∼ P m , for all h ∈ F we have that
R(h) ≤ R̂S (h) + g(F, h, m, S, A, hist(A, S), δ).

(5)

We refer to such a statement as a generalization bound, and note that the function g appearing
in Eq. (5) provides a (probabilistic) upper bound on the quantity R(h) − R̂S (h), which we call
generalization gap (of h with respect to S). Such bounds are desirable because they allow us to
1 Such a training log could for example record the value of the empirical risk, or properties of the trial hypotheses
(such as weight matrices for neural networks), at each stage of an iterative optimization procedure.
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leverage the information we have access to – i.e., the empirical risk, and properties of the learning
algorithm, data set and optimization procedure – to upper bound R(h), which is the quantity
we do not have access to, but are ultimately interested in. In general, as indicated explicitly in
Eq. (5), the upper bound g on the generalization gap could depend on properties of the achieved
hypothesis h, properties of the data set S, properties of the learning algorithm A, and details of
the optimization that led to h. However, in this work we will focus on uniform generalization
bounds of the form: for all δ ∈ (0, 1), with probability 1 − δ over S ∼ P m , we have for all h ∈ F
that
R(h) ≤ R̂S (h) + g(F, m, δ).
(6)
To be specific, we focus on generalization bounds for which the upper bound on the generalization
gap – i.e., the function g – depends only on properties of the hypothesis class F, the data set size
m and the desired probability δ. We note that the term “uniform” is used when describing such
generalization bounds to indicate that, with respect to a fixed data set size m and probability
threshold δ, the upper bound on the generalization gap will be the same – i.e., uniform – for all
h ∈ F. While it is known that there exist scenarios in which uniform generalization bounds are
not tight [36, 37], we postpone a discussion of these issues to Section 7.
As motivated above, given a uniform generalization bound for a hypothesis class F, one typical
application is as follows: Given a data set S sampled from P , with |S| = m, run some learning
algorithm to obtain a hypothesis h ∈ F, evaluate its empirical risk R̂S (h), and then use the
generalization bound to place a (probabilistic) upper bound on the true risk R(h). However, we
can also often straightforwardly use such a generalization bound to answer the following natural
question: Given some  > 0 and some δ ∈ (0, 1), what is the minimum size of S sufficient to ensure
that, with probability 1 − δ, for all h ∈ F, the generalization gap satisfies R(h) − R̂S (h) ≤ ? To
see this, note that if we have a uniform generalization bound, then by setting
g(F, m, δ) ≤ 

(7)

and solving for m, it is often possible to find some function f (, δ, F) such that, with probability
1 − δ over S ∼ P m ,
m ≥ f (, δ, F) ⇒ ∀h ∈ F : R(h) − R̂S (h) ≤ g(F, m, δ) ≤ .

(8)

As the generalization bound may not be tight, we therefore see that f (, δ, F) provides an upper
bound on the minimum size of S sufficient to probabilistically guarantee a generalization gap less
than  for all h ∈ F.
Finally, apart from the fundamental applications of allowing us to bound the out-of-sample
performance of a hypothesis, or upper bound the minimum sample-size sufficient to guarantee
a certain generalization gap, generalization bounds also allow us to address the issue of model
selection, via the framework of structural risk minimization [20]. Importantly, we note that one
cannot simply use only the function g(k, m, δ) for model selection: A trivial learning model, which
outputs the same hypothesis independently of the input data, has g(k, m, δ) = 0, but cannot achieve
good prediction performance on interesting tasks. Structural risk minimization thus suggests
combining a generalization bound with an empirical risk evaluation on a specific data-set to choose
the model with the smallest upper-bound on the true risk. More specifically, let us assume that our
hypothesis class depends on some “architectural hyper-parameter” k, with some notion of ordering
such that
k1 ≤ k2 =⇒ Fk1 ⊆ Fk2 .
(9)
For example, Fk could be the set of all neural networks of fixed width and depth k. Given this,
how should we choose the hypothesis class – or model complexity – that we use for a given learning
problem? As illustrated in Figure 2, generalization bounds, when combined with empirical risk
evaluations, can allow us to answer this question. In particular, assume that we have a uniform
generalization bound of the form: For all δ ∈ (0, 1), with probability 1 − δ over S ∼ P m , for all
h ∈ Fk ,
R(h) ≤ R̂S (h) + g(k, m, δ),
(10)
where g(k, m, δ) is non-decreasing with respect to k. Here, we have written g(k, m, δ) rather than
g(Fk , m, δ) to emphasize the assumption that the hyper-parameter k is the only property of Fk on
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Figure 2: Illustration of structural risk minimization (adapted from Ref. [20]). Increasing the complexity of a
hypothesis class typically allows one to obtain hypotheses with decreasing empirical risk. However, in many
cases increasing the complexity of a hypothesis class also leads to a larger upper bound on the generalization
gap. Structural risk minimization aims to identify a hypothesis with the smallest upper bound on the true risk
that quantifies the out-of-sample performance by combining an evaluation of the empirical risk of candidate
hypotheses with an upper bound on the generalization gap of the relevant hypothesis class.

which the generalization bound depends explicitly. While increasing k increases the expressivity
of the hypothesis class and therefore typically leads to smaller empirical risk, it also increases the
upper bound g(k, m, δ) on the generalization gap and may therefore lead to hypotheses with worse
out-of-sample performance. As such, a natural strategy to find an optimal hypothesis – in the
sense of having the smallest probabilistic upper bound on the true risk – is as follows:
1. For k in {k1 , . . . , kn }, run the learning algorithm Ak , with hypothesis class Fk , and obtain
the hypothesis hk .
2. Calculate kopt = argmink [R̂S (hk ) + g(k, m, δ)].
3. Output hkopt .
We refer to such a procedure as structural risk minimization 2 , and contrast this with empirical
risk minimization, which simply outputs the hypothesis minimizing the empirical risk. In light of
the above discussion, we note that, given a family of hypothesis classes {Fk }, each specified by
some architectural hyper-parameter k and satisfying the condition of Eq. (9), we would ideally like
to obtain an upper bound on the generalization gap g(k, m, δ) which grows slowly with respect to
k. In particular, we can now understand this from two different but complementary perspectives:
Firstly, from the structural risk minimization (or model selection) perspective, we see from
Figure 2 that slow growth of g(k, m, δ) is indicative of our ability to exploit the expressivity of more
complex hypothesis classes, i.e. those with larger k, without risking poor generalization performance
due to overfitting. More specifically, under the assumption of monotonically decreasing empirical
risk, the slower g(k, m, δ) grows, the longer we can expect the quantity R̂S (hk ) + g(k, m, δ) to
decrease before reaching a minimum, and therefore the smaller we can expect our ultimate upper
bound on the true risk of the optimal hypothesis hkopt to be. In contrast, if g(k, m, δ) grows too
fast with respect to k, then even if we can achieve very small empirical risk by increasing model
complexity, we do not expect to be able to achieve a sufficiently small upper bound on the true
risk of the optimal hypothesis hkopt .
Secondly, from the sample complexity perspective, let us denote by f (, δ, k) the complementary upper bound on the minimum sample sample size m sufficient to probabilistically ensure a
generalization gap less than  > 0, which typically follows from g(k, m, δ) (as we recall from the
discussion around Eqs. (7) and (8)). As we naturally expect g(k, m, δ) to be decreasing with increasing m, slow growth of g(k, m, δ) with respect to k typically implies slow growth of f (, δ, k)
2 We note that the term “structural risk minimization” is sometimes used to refer to the strategy of minimizing
a regularized empirical risk, with an additive regularization term which penalizes high model complexity. However,
we follow Ref. [20] in our definition and presentation.

Accepted in

Quantum 2021-10-21, click title to verify. Published under CC-BY 4.0.

6

with respect to k. In other words, slow growth of g(k, m, δ) typically implies slow growth, with
respect to model complexity, of the minimum amount of data one has to use before being able to
probabilistically guarantee a certain generalization gap for all output hypotheses. As generating
data (i.e., sampling from the distribution P ) may be expensive or difficult, and as the run-time
of learning algorithms typically scales with respect to the data set size, slow growth of g(k, m, δ)
therefore facilitates the process of learning with models of higher complexity.
Given the above observations, we can finally understand the motivation of this work in an
informal way. In particular, in the following section we will see that parametrized quantum circuits
(PQCs) naturally give rise to hypothesis classes with multiple architectural hyper-parameters, each
reflecting a different aspect of the circuit architecture, such as circuit depth, circuit width, the total
number of gates or the total number of data-encoding gates of a particular type. In Section 4 we
will then see that a body of previous work has resulted in a collection of generalization bounds
for PQC-based models, each of which depend explicitly on some subset of architectural hyperparameters, but not on others. As of yet, however, there exist no generalization bounds which
depend explicitly on hyper-parameters associated with the data-encoding strategy, despite the
important role such strategies play in determining the expressive power of PQC-based hypothesis
classes [33]. As such, the questions which we address in this work are as follows:
(a) Can we derive generalization bounds for PQC-based hypothesis classes which depend explicitly
on hyper-parameters associated with the data-encoding strategy?
(b) Can we use such bounds to identify data-encoding strategies for which the upper bounds on
the generalization gap grow polynomially with respect to the architectural hyper-parameter
relevant to the encoding strategy?
As will be discussed in Section 7, apart from filling a gap in our understanding of the manner
in which the data-encoding influences generalization, such bounds would also complement existing
works, in that they would allow one to perform structural risk minimization with respect to multiple
architectural hyper-parameters simultaneously. With this motivation in mind, before proceeding it
is worth briefly mentioning how (uniform) generalization bounds are typically obtained. Intuitively,
one might expect that the generalization performance of a hypothesis class is related to how
complex (or how expressive) the hypothesis class is, and thus one might hope for the existence
of a complexity measure for hypothesis classes from which generalization bounds follow. This
intuition is indeed correct, and in fact a large amount of work in statistical learning theory has
resulted in a variety of suitable complexity measures – such as the VC dimension [38], Rademacher
complexity [39], pseudo-dimension [40] and metric-entropy amongst others – all of which directly
give rise to generalization bounds [20, 34, 35]. As a result, given a hypothesis class Fk , one typically
proves a uniform generalization bound for Fk , which depends explicitly on the architectural hyperparameter k, by first characterizing the dependence of a suitable complexity measure C on k
(i.e., by writing/bounding C(Fk ) explicitly in terms of k), and then writing down the known
generalization bound which follows from C(Fk ). We also follow such a strategy in this work by
first characterizing both the Rademacher complexity and metric-entropy of PQC-based models in
terms of architectural hyper-parameters related to the data-encoding strategy and then presenting
generalization bounds in terms of these complexity measures. At this stage it is hopefully clear,
both why generalization bounds are desirable, and how (at least intuitively) one might obtain such
bounds. Given this, we proceed in the following section to define more precisely the PQC-based
hypothesis classes considered in this work.

3 Parametrized quantum circuit based model classes
Parametrized quantum circuits (PQCs) are ubiquitous in the field of near-term quantum computing [9–11] and can be used to construct quantum machine learning models [12]. We will consider
qubit-based quantum systems. The focus of this work lies on variational quantum machine learning
models that are constructed from a PQC Uθ (x) that depends on trainable parameters θ ∈ Θ and
on data inputs x ∈ X . A prediction in the co-domain Y = R is then obtained by evaluating the
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Figure 3: Circuit model considered in this work. We assume that the circuit consists of gates which are
parametrized either by the data x (data-encoding gates), or the trainable parameters θ (trainable gates).
The data encoding gates are assumed to implement the time evolution of a data-encoding Hamiltonian, with
evolution time given by some data coordinate x(i) = e(i) x. The model output is then given by the expectation
value of an observable M .

expectation value of a fixed observable M , which can be efficiently evaluated, as
fθ (x) = h0|Uθ† (x)M Uθ (x)|0i.

(11)

In the following, we assume that the data inputs are d-dimensional real-valued vectors with entries
in the interval [0, 2π), i.e., X = [0, 2π)d . This choice is somewhat arbitrary, as data can always be
rescaled to fit into a particular interval. However, [0, 2π) is a natural choice because quantum gates
available on actual hardware are usually parametrized in terms of angles. As will become apparent
later, we need not make any assumptions on the nature of the trainable parameters, but in most
cases they will also be angles, i.e., Θ = [0, 2π)p , where p is the number of trainable parameters.
We also make some assumptions on the structure of the circuit Uθ (x). Our model is motivated
by the actual quantum circuits that can be executed on NISQ devices. These devices usually only
allow fixed gates and parametrized evolutions under device-specific Hamiltonians [41–43]. In our
model, the data inputs x and the trainable parameters θ enter the circuit through different gates.
The unitaries parametrized by θ, denoted by {Wi (θ)}, constitute the trainable part of the model.
Fixed unitaries can be absorbed into the trainable unitaries.
We assume that the gates through which the data enters the circuit are time evolutions under
some Hamiltonian, where the “evolution time” is given by one of the data coordinates x(i) . We
denote the j-th gate that encodes the data coordinate x(i) as




(i)
(i)
(i)
Sj (x) = exp −ix(i) Hj
= exp −ie(i) xHj ,
(12)
where we rewrote the encoding gate in terms of the input data vectors by recognizing that
x(i) = e(i) x, where e(i) is a standard basis vector. It is of course possible to consider more general dependencies of the evolution time on the input data, i.e. in terms of linear combinations
or even non-linear functions of the data coordinates. However, we choose not to include models
with such classical pre-processing of the data, in order to isolate the part of the model which is
truly quantum. Indeed, if one allowed for arbitrary pre-processing, then one could just use a very
complicated neural network to find suitable evolution times for good predictions, but that would
miss the point of using a quantum learning model at all. We note though that our definition still
encompasses such approaches after a suitable reparametrization of the inputs, which will usually
result in a larger number of input coordinates.
For our analysis, no restriction on the placement of the trainable gates and the data-encoding
gates in the circuit is necessary. Thus, we assume that they can be arranged arbitrarily, as depicted
in Figure 3. However, we will refer to the choice of data-encoding Hamiltonians per data coordinate
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(i)

as D(i) = {Hj } and call the union of these sets over all data coordinates the data-encoding strategy

D = D(1) , D(2) , . . . , D(d) .
(13)
The total number of encoding gates per data coordinate is N (i) = |D(i) | and the total number of
Pd
data-encoding gates is N = i=1 N (i) .
A data-encoding strategy D together with a fixed circuit structure and a choice of trainable
gates defines a parametrized quantum circuit Uθ (x). We denote the fact that this circuit uses the
encoding strategy D as Uθ (x) ∼ D. When we fix an observable M to generate the predictions,
this defines a function class
FΘ,D,M := {[0, 2π)d 3 x 7→ h0|Uθ† (x)M Uθ (x)|0i | θ ∈ Θ, Uθ (x) ∼ D},

(14)

which is obtained by considering all possible parametrizations θ ∈ Θ of the trainable gates. This
function class depends explicitly on the parametrization of the trainable parts of the circuit and on
the data-encoding strategy. As we ultimately want to obtain generalization bounds that depend
on the hyper-parameters associated with the encoding strategy – such as the number of encoding
gates N – it will be helpful for us to reformulate the function class in a way that makes it more
amenable to the analyses in the following sections. To this end, we draw on the results of Refs. [15,
33], which show that the nature of the data encoding gates as Hamiltonian evolutions allows us to
expand the model output as a generalized trigonometric polynomial (GTP). A GTP “generalizes”
the notion of a trigonometric polynomial by allowing arbitrary frequencies as in
X
fθ (x) =
cω (θ, M )e−iωx .
(15)
ω∈Ω(D)

While the GTP’s coefficients {cω } depend on the particular parametrization and observable, the
set of frequencies Ω(D) depends solely on the chosen data-encoding strategy D, in particular on the
(i)
(i)
spectra of the Hamiltonians {Hj } that yield the data encoding evolutions {Sj (x)}. We describe
the procedure for obtaining such a GTP representation in more detail below. The fact that the
expectation value is always real is reflected by cω = c∗−ω and by the observation that ω ∈ Ω(D)
implies that also −ω ∈ Ω(D). Additionally, we note that the absolute value of any expectation
value obtained from measuring M is upper bounded by its operator norm kM k∞ , and therefore,
if we assume that kM k∞ ≤ B, then
(
)
X
B
d
FΘ,D,M ⊆ FΩ := [0, 2π) 3 x 7→ f (x) =
cω exp(−iωx) (cω )ω∈Ω such that kf k∞ ≤ B ,
ω∈Ω

(16)
where Ω = Ω(D). We have thus defined a function class that solely depends on the data-encoding
strategy. We stress that this function class subsumes all possible ways to parametrize the trainable
parts of a circuit with fixed data-encoding strategy D and fixed observable M , but also goes beyond
this by allowing all possible choices of observable M such that kM k∞ ≤ B. Therefore, it also
contains models where not only the parameters of the trainable gates, but also the measurement
itself is subject to optimization. In going from FΘ,D,M to FΩB , we effectively allow for a universal
trainable part and observable, which enables us to focus on the encoding strategy. Studying
intermediate classes between FΘ,D,M and FΩB could constitute a path towards tighter generalization
bounds that depend on both the data-encoding and the trainable part of the PQC-based model.
In Section 5, we will first prove generalization bounds for FΩB , which depend explicitly on
properties of Ω, before exploring in detail in Section 6 how these relevant properties of Ω depend
B
on the data-encoding strategy D. Exploiting the fact that, for a given B ≥ kM k∞ , FΘ,D,M ⊆ FΩ(D)
then automatically yields explicitly encoding-dependent generalization bounds for FΘ,D,M .
As the connection between the data-encoding strategy D and the set Ω(D) plays a crucial role,
we illustrate this connection for a generic data-encoding strategy here. We first consider the action
of a single encoding evolution S(x) in the density matrix picture, where it acts via the quantum
channel
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(i)

where the Hamiltonian H takes the role of any of the above Hamiltonian terms Hj and e can
be any basis vector. We can expand ρ in the eigenbasis of the Hamiltonian H|λk i = λk |λk i and
obtain


X
S(x)[ρ] = S(x) 
ρk,l |λk ihλl |
(18)
k,l

=

X

ρk,l S(x) [|λk ihλl |]

(19)

ρk,l exp(−i(λk − λl )ex)|λk ihλl |.

(20)

k,l

=

X
k,l

We see that the differences of the eigenvalues λk of the Hamiltonian H determine the frequencies
with which the different elements of the expansion of ρ are multiplied. We can combine the different
frequencies with the weight vector e to obtain the set of all available frequencies
Ω(H) = {ω k,l = (λk − λl )e | λk , λl ∈ spec(H)}.

(21)

With this notation, we can simplify our expression for S(x)[ρ] to obtain
X
S(x)[ρ] =
exp(−iωx)ρω ,

(22)

ω∈Ω(H)

where the operators ρω are given by collecting the terms in the above sum for which the frequency
differences are the same, i.e.
X
ρω =
ρk,l |λk ihλl |, where I(ω) = {(k, l) | (λk − λl )e = ω}.
(23)
(k,l)∈I(ω)

As ρ is Hermitian, we have that ρω = ρ∗−ω . The frequency structure carries over if we measure the
expectation value of an arbitrary observable M for the state S(x)[ρ] to obtain a prediction
X
X
f (x) = Tr{S(x)[ρ]M } =
exp(−iωx) Tr{ρω M } =
cω exp(−iωx).
(24)
ω∈Ω(H)

ω∈Ω(H)

As a result, we obtain a GTP with coefficients cω = Tr{ρω M }. Note that, as ρω = ρ∗−ω , we have
that cω = c∗−ω , which ensures that f (x) is real-valued as expected. The coefficients of this series
could depend intricately on the circuit that was used to construct ρ and on the specific observable
M , but a profound understanding of this relation is an open question. However, this does not pose
an obstacle for us, as only the set Ω is relevant for our study.
We have just derived the frequency structure for one encoding gate, but for more complicated
circuits we have to understand the action of multiple encoding gates, potentially interleaved with
some trainable unitaries. The intermediary unitaries, however, will only result in a basis change,
not affecting the set of combined frequencies. We can therefore ignore them and just consider the
repeated action of two distinct encoding gates with Hamiltonians H1 and H2 , resulting in


X
S2 (x)[S1 (x)[ρ]] = S2 (x) 
exp(−iω 1 x)ρω1 
(25)
ω 1 ∈Ω(H1 )

=

X

exp(−iω 1 x)

ω 1 ∈Ω(H1 )

=

X

X

exp(−iω 2 x)ρω1 ,ω2

(26)

ω 2 ∈Ω(H2 )

X

exp(−i[ω 1 + ω 2 ]x)ρω1 ,ω2 .

(27)

ω 1 ∈Ω(H1 ) ω 2 ∈Ω(H2 )

At this point, we precisely understand that the application of the second gate results in new
frequencies that encompass all possible sums of the different frequencies. We can again consolidate
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this if we consider the sumset (or Minkowski sum) of the two sets of frequencies Ω(H1 ) and Ω(H2 )
defined as
Ω({H1 , H2 }) := Ω(H1 ) + Ω(H2 ) := {ω 1 + ω 2 | ω 1 ∈ Ω(H1 ), ω 2 ∈ Ω(H2 )}.

(28)

With that we have
S2 (x)[S1 (x)[ρ]] =

X

exp(−iωx)ρω .

(29)

ω∈Ω(H1 )+Ω(H2 )

Note again that the values of specific components ρω depend on the specific initial state ρ and
possible intermediate unitaries, but, in this work, we are only interested in Ω itself. We can apply
the same logic recursively to see that the set of accessible frequencies for any encoding strategy D
(i)
is given by the sumset of all the individual sets of frequencies Ω(Hj ) for each gate:
(i)

Ω(D) =

X

X

D (i) ∈D

H∈D (i)

Ω(H) =

d N
X
X

(i)

{(λk − λl )e(i) | λk , λl ∈ spec(Hj )}.

(30)

i=1 j=1

4 Prior and related work
Before presenting our explicitly encoding-dependent generalization bounds for PQC-based models
in the next two sections, we discuss how our results compare to prior work. While there is a
massive amount of prior and ongoing work on the generalization capacity of classical models, see
for example the survey in Ref. [37], such results have only recently begun to emerge for PQCbased models. Here, we focus on a comparison with these latter results. Additionally, while the
following paragraphs constitute a detailed review of existing generalization bounds for PQC-based
models, we stress that no knowledge of these prior works is necessary to understand our proofs
and results. In particular, the presentation here is intended to establish context for our work and
to place prior works in relation to each other, but the remainder of this manuscript can safely be
read independently of the review presented here.
Given the discussions in the previous two sections, we note that, at a high level, all prior work
on generalization bounds for PQC-based models can be classified via the following three criteria:
1. Which restrictions – if any – are placed on the architecture/structure of the PQCs generating
the model class considered?
2. In terms of which architectural hyper-parameters, or experimentally accessible quantities,
are the generalization bounds expressed?
3. Via which complexity measure are the generalization bounds derived?
Given this, we will use the above questions as guidelines for understanding and relating existing
results. Throughout this discussion, keep in mind that, as explained in Section 1, all prior works
are restricted to encoding-first models, whereas we allow for data re-uploading.
Additionally, while some of the following works study the same complexity measures as the
ones examined here – namely, Rademacher complexity and covering numbers – all of them differ
from ours in both the restriction to encoding-first PQC-based models and in a lack of explicit
dependence on the data-encoding strategy. Given this, we split our survey into two parts. First, in
Section 4.1, we discuss those prior works which derive encoding-independent generalization bounds.
In Section 4.2, we then discuss existing works deriving generalization bounds which depend on the
data-encoding strategy, but with a dependence which is implicit, and not necessarily clear a priori.

4.1 Encoding-independent complexity and generalization bounds
Ref. [24] is an early study of the complexity and generalization capacity of quantum circuit based
models, which presents encoding-independent bounds on the pseudo-dimension of function classes
associated with encoding-first 2-local (unitary or CPTP) PQCs, polynomial in the size (number of
gates) and depth of the trainable part of the circuit (in which all gates were considered trainable).
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Such pseudo-dimension bounds then yield generalization bounds, which also depend polynomially
on the size and depth of the trainable circuit. Ref. [44] has extended the generalization bounds
of Ref. [24] to the agnostic setting. In a similar vein, Ref. [29] has recently derived encodingindependent covering number bounds for encoding-first PQC-based models, which depend explicitly on the number of gates in the PQC, and the operator norm of the measured observable. Once
again, using standard tools from statistical learning theory, the authors of Ref. [29] are then able
to use these covering number bounds to provide an encoding-independent generalization bound.
Working from the perspective of kernel methods, Ref. [32] has recently investigated the complexity of encoding-first PQC-based models in terms of properties of the parametrized measurement which follows data-encoding. More specifically, they interpret the entire parametrized circuit
following the data-encoding as a parametrized measurement, and provide bounds for the VCdimension of the model class in terms of the rank of the parametrized observable, and for the
fat-shattering dimension in terms of the Frobenius norm of the parametrized observable. These
bounds on standard complexity measures then allow them to prove generalization bounds which
depend explicitly on either the rank or the Frobenius norm of the accessible observables. However,
similarly the perspective we advocate in this work, the authors of Ref. [32] stress the application
of generalization bounds for model selection, via structural risk minimization.
Finally, Ref. [27] has recently initiated a resource-theoretic approach by providing encodingindependent bounds on both the Rademacher and Gaussian complexity of encoding-first PQCbased models, in terms of the number of repetitions of resource channels allowed in the PQC.
These Rademacher and Gaussian complexity bounds have then been used to derive generalization
bounds, which depend on the same quantities, and therefore provide an encoding-independent
resource-theoretic perspective on generalization in encoding-first PQC-based models.

4.2 Encoding-dependent complexity and generalization bounds
We proceed by discussing prior work deriving generalization bounds which do depend on the dataencoding strategy. While the dependence on the data-encoding could take various forms, in this
manuscript we aim to derive generalization bounds which depend explicitly on architectural hyperparameters related to the data-encoding strategy (such as the number of encoding gates of a specific
type), and therefore facilitate the straightforward implementation of model selection via structural
risk minimization. This is in contrast to all of the prior encoding-dependent generalization bounds,
which are written in terms of some quantity which depends on the data-encoding strategy, but with
an implicit dependence which is not a priori clear, and needs to be assessed experimentally. Given
this fundamental difference between our generalization bounds and those of the prior works we
discuss here, a natural open question is whether the implicitly encoding-dependent quantities used
in the following works can be written explicitly in terms of architectural hyper-parameters related
to the data-encoding strategy. If possible, this would immediately provide explicitly encodingdependent generalization bounds comparable to those we derive in this work.
With this in mind, we begin our survey of implicitly encoding-dependent generalization bounds
with Ref. [25], which has suggested a complexity measure based on the classical Fisher information,
called the effective dimension, and demonstrated that one can indeed state generalization bounds
in terms of the effective dimension. Utilizing the empirical Fisher information as a tool for approximating the effective dimension, Ref. [25] presented numerical experiments which demonstrate a
clear dependence of the effective dimension on the encoding-strategy. However, the explicit dependence of the effective dimension on the encoding strategy is not clear and needs to be evaluated
experimentally. Additionally, Ref. [25] also provided a comparison between the effective dimension
of PQC-based models and comparable classical models, and demonstrated that PQC-based models
can exhibit a higher effective dimension. While not discussed explicitly in Ref. [25], we stress, however, that one should not use model complexity (e.g., effective dimension) as the sole criterion for
model selection, since model classes with higher effective dimension may have worse generalization
behavior than models with a lower effective dimension. Instead, as we advocate in this work, one
should ideally use a framework such as structural risk minimization to select a model with the
smallest upper bound on out-of-sample performance.
Also working from an information theoretic perspective, and with a focus on the role of dataencoding, Ref. [31] has recently presented generalization bounds for PQC-based models in terms

Accepted in

Quantum 2021-10-21, click title to verify. Published under CC-BY 4.0.

12

of information-theoretic quantities describing a notion of mutual information between the postencoding quantum state ρ(x) and the classical data. While these generalization bounds have a
strong implicit dependence on the data-encoding strategy, it is once again not immediately clear,
apart from in a few special cases, how to explicitly express the suggested complexity measure in
terms of architectural hyper-parameters related to the data-encoding strategy.
From a resource theoretic perspective, and complementing Ref. [27], the series of works [26, 28]
have further studied the Rademacher complexity of encoding-first PQC-based models. However,
unlike in Ref. [27], the Rademacher complexity bounds of Refs. [26, 28] are given in terms of
quantities that exhibit an implicit dependence on the data-encoding strategy. More specifically,
Ref. [28] provides Rademacher complexity bounds in terms of the size, depth and amount of magic
available as a resource. Additionally, Ref. [26] also studies noisy PQC-based models and provides
Rademacher complexity bounds in terms of either the Rademacher complexity of the associated
noiseless circuit or the free-robustness of the model.
Recently, Ref. [45] has studied generalization for PQC-based models using a hardware efficient ansatz with a specific choice of data-encoding. For this setting, they proved VC-dimension
bounds that scale polynomially with the minimum of the number of qubits and the number of
trainable layers. In their proofs, they combine light cone arguments with a trigonometric function
representation for functions implemented by their ansatz.
Finally, we mention Ref. [30] which has developed techniques for evaluating the potential advantages of quantum kernels over classical kernels. These results are of relevance to this work due
to the close relationship between PQC-based models and kernel methods [16]. In a first step, the
authors of Ref. [30] suggest the evaluation of a geometric quantity which depends on the chosen
quantum feature map and the available training data instances. If the quantum machine learning
model passes this first test, a model complexity parameter, which now depends on the quantum
encoding and the training data (both instances and labels), should be computed. While these
complexity measures can be classically computed in time polynomial in the training data size,
analytically determining their exact dependence on the data-encoding can be challenging. This is
in contrast to our model complexity bounds, which depend straightforwardly on hyper-parameters
associated with the data-encoding strategy, such as the number of encoding gates of a specific type.

5 Generalization bounds for generalized trigonometric polynomials
We recall (from Section 3) that we can prove generalization bounds on FΘ,D,M , the hypothesis class
of interest for a given PQC-based model, by proving generalization bounds on FΩB . Recall that FΩB
has been defined as the class of generalized trigonometric polynomials (GTPs) with frequencies in
Ω and infinity-norm bounded by B as
(
)
X
B
d
FΩ = [0, 2π) 3 x 7→ f (x) =
cω exp(−iωx) (cω )ω∈Ω such that kf k∞ ≤ B .
(31)
ω∈Ω

In order to prove generalization bounds for FΩB , it will be convenient to work with the cosine and
sine representation of the complex exponential, and with the norm of the vector of coefficients
instead of the norm of the function. Note that, since we have observed in Section 3 that c−ω = c∗ω ,
we can define, for every ω ∈ Ω
aω := cω + c−ω ∈ R,
1
bω := (cω − c−ω ) ∈ R.
i

(32)

cω e−iωx + c−ω eiωx = aω cos(ωx) + bω sin(ωx),

(34)

(33)

With these, it further follows that

which allows us to rewrite the sum in Eq. (31) as a sum of real terms only. If we were only
considering frequencies given by real numbers, then it would suffice to sum over the non-negative
frequencies in the real sum representation. However, we are dealing with frequency vectors. As this
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is the case, we start by removing the zero vector from the set of frequencies to obtain Ω∗ := Ω\{0}.
Note that this is meaningful as 0 ∈ Ω for any Ω of the form introduced in Section 3. Next, we
divide Ω∗ into two disjoint parts Ω∗ = Ω+ ∪ Ω− , with Ω+ ∩ Ω− = ∅, such that for every ω ∈ Ω+
we have that −ω ∈ Ω− . We again note that this is possible due to the specific form of the sets
Ω discussed in Section 3. In particular, we then have |Ω| = 2|Ω+ | + 1. Additionally, we make
use of a shorthand notation for the vectors (aω )ω∈Ω+ and (bω )ω∈Ω+ : We keep the indices outside
of the parentheses, but remove the indexing set. Namely we write (a0 , (aω )ω , (bω )ω ) in place of
(a0 , (aω )ω∈Ω+ , (bω )ω∈Ω+ ). We only explicitly write the indexing set at certain points to avoid
confusion.
With these notational points in mind,we can rewrite the hypothesis class FΩB as
(
X
a0
B
(aω cos(ωx) + bω sin(ωx))
+
FΩ = [0, 2π)d 3 x 7→ f (x) =
2
ω∈Ω+
(35)
)
(a0 , (aω )ω , (bω )ω ) such that kf k∞ ≤ B ,
B
and we define the class HΩ
via
(
B
:=
HΩ

[0, 2π)d 3 x 7→

X
a0
(aω cos(ωx) + bω sin(ωx))
+
2
ω∈Ω+
)

k(a0 , (aω )ω , (bω )ω )k2 ≤ 2(2π)

d/2

(36)

B ,

where the 2-norm is given by
k(a0 , (aω )ω , (bω )ω )k2 :=

s

a20 +

X

(a2ω + b2ω ).

(37)

ω∈Ω+
B
We note that, byP
construction, FΩB ⊆ HΩ
holds P
true. To see this, note that for a function f ∈ FΩB
given by f (x) = ω∈Ω exp(−iωx)cω = a0 /2 + ω∈Ω+ (aω cos(ωx) + bω sin(ωx)), we obtain

(a0 , (aω )ω∈Ω+ , (bω )ω∈Ω+ )

≤ 2 k(c0 , (cω )ω∈Ω )k2 = 2 kf k2 ≤ 2(2π) /2 kf k∞ = 2(2π) /2 B. (38)
d

2

d

B
B
As a consequence of the fact that FΩB ⊆ HΩ
, generalization bounds uniform over HΩ
imply
B
generalization bounds uniform over FΩ . Therefore, we focus on proving generalization bounds for
B
HΩ
.
Our bounds focus on the dependence of generalization on the frequency spectrum Ω. We obtain
B
these bounds from bounds on the complexity of HΩ
, measured in terms of two complexity measures
from classical learning theory, namely the Rademacher complexity and the metric entropy. We first
recall the definitions of these important quantities and then give an overview over our results and
proof strategy.

Definition 1 ((Empirical) Rademacher complexity). Let Z be some data space, F ⊆ RZ a function
class, and S = (z 1 , . . . , z m ) ∈ Z m . The empirical Rademacher complexity of F with respect to S
is defined as
R̂S (F) :=

h
E

m

sup

σ∼U ({−1,1}m ) f ∈F

i
1 X
σi f (z i ) ,
m i=1

(39)

where U ({−1, 1}m ) denotes the uniform distribution on {−1, 1}m . The i.i.d. random variables
σ1 , . . . , σm are often called Rademacher random variables.
For later use, we note that, if F ⊆ G ⊆ RZ , then, for any S ∈ Z m we have R̂S (F) ≤ R̂S (G).
Next, we introduce our second complexity measure:

Accepted in

Quantum 2021-10-21, click title to verify. Published under CC-BY 4.0.

14

Definition 2 (Covering nets, covering number, and metric entropy). Let (X, d) be a (pseudo)metric space. Let K ⊆ X and let ε > 0. We call N ⊆ K an (interior) ε-covering net of K if for
all x ∈ K there exists ay ∈ N such that d(x, y) ≤ ε. The covering number N (K, d, ε) is defined as
the smallest possible cardinality of an (interior) ε-covering net of K. Finally, we define the metric
entropy log2 N (K, d, ε) via a logarithm of the covering number.
B
For our purposes, the relevant covering numbers are those of HΩ
with respect to the pseudometrics induced by the data-dependent semi-norms k·k2,S|x , which, given training data S =
{(xi , yi )}m
i=1 , are defined as
v
u
m
u1 X
kf k2,S|x := t
|f (xi )|2 .
(40)
m i=1
B
In Section 5.1, we prove Rademacher complexity bounds for HΩ
. We do so by understanding
as (a subset of) a class of functions implemented by a simple classical neural network (NN)
with a single hidden layer and with sinusoidal activation functions in the hidden layer. For such
NN architectures, we can then apply already known Rademacher complexity bounds. This strategy
leads to
!
r
|Ω|
B
B
(41)
R̂S|x (FΩ ) ≤ R̂S|x (HΩ ) ≤ Õ
m

B
HΩ

for a training data set S of size m, with data instances S|x = {xi }m
i=1 . Here, the Õ refers to
the asymptotic behavior as |Ω|, m → ∞ and hides a logarithmic dependence on |Ω|. (As we are
most interested in the dependence on |Ω|, we also hide the dependence on B here.) With these
B
Rademacher complexity bounds at hand, we can then derive generalization guarantees for HΩ
,
B
and thus FΩ , using a standard generalization bound in terms of the Rademacher complexity. We
obtain that for a bounded Lipschitz loss function, with probability ≥ 1 − δ, the generalization error
satisfies
!
r
r
|Ω|
log(1/δ)
R(f ) − R̂S (f ) ≤ Õ
+
,
(42)
m
m
B
uniformly over f ∈ HΩ
for training data S of size m. Again, we emphasize the leading-order
dependence on |Ω| and hide other parameters. We note that, without further assumptions, as in
classical agnostic learning scenarios, we do not expect a better scaling with respect to m than the
√
Hoeffding-like ∼ 1/ m.
B
In Section 5.2, we bound the covering number and metric entropy of HΩ
,and thus of FΩB .We
B
achieve this by constructing a covering net for HΩ from a suitable (finer-grained) covering net of
the allowed vectors of Fourier coefficients. Here, we crucially use that |Ω| determines the dimension
of the space in which we have to take these covering nets. With this reasoning, we obtain a metric
entropy bound of

ε
B
log2 N (FΩB , k·k∞ , ε) ≤ log2 N (HΩ
, k·k∞ , ) ≤ Õ (|Ω| log(1/ε)) ,
2

(43)

where the Õ hides logarithmic dependencies on B and |Ω|. Given these metric entropy bounds, we
then use the chaining method to derive empirical Rademacher complexity bounds. Again assuming
a bounded Lipschitz loss function, this method yields, with probability ≥ 1 − δ, a generalization
error bound of
!
r
r
|Ω|
log(1/δ)
+
,
(44)
R(f ) − R̂S (f ) ≤ Õ
m
m
B
simultaneously for all f ∈ FΩB ⊆ HΩ
, assuming training data of size m and hiding both logarithmic
terms and dependencies on B, the Lipschitz constant, and the bound on the loss. While we see that,
B
with the above definition of FΩB and HΩ
, the strategies of Sections 5.1 and 5.2 lead to the same
generalization bound in leading order, we nevertheless present both approaches because they yield
B
different results if the assumption on the Fourier coefficients appearing in FΩB or HΩ
is changed
from a 2-norm bound to a general p-norm bound.

Accepted in

Quantum 2021-10-21, click title to verify. Published under CC-BY 4.0.

15

In the light of the discussion in Section 3, these generalization bounds for classes of generalized
trigonometric polynomials imply generalization bounds for PQCs. As we have focused on the
dependence on the frequency spectrum in the former, we obtain a focus on the encoding-dependence
in the latter. We provide and discuss these results in Section 6.

5.1 Generalization bounds for generalized trigonometric polynomials via Rademacher
complexity
B
We begin our analysis by stating our Rademacher complexity bound for HΩ
. As we will see,
this bound is obtained by combining two partial results, and will lead directly to a generalization
P
bound. For ease of notation, we write Ki := maxω∈Ω+ {|ωi |} for i ∈ {1, . . . , d} and K := i Ki .

Lemma 3 (Rademacher complexity bounds for GTPs). Let d, m ∈ N. Let S|x ∈ (Rd )m . Let
B
B
HΩ
be as defined in Eq. (36). The empirical Rademacher complexity of HΩ
with respect to S|x :=
(x1 , . . . , xm ) can be upper-bounded as
o
np

p
p
d
d
log(2d) max{K, (2π) 2 B |Ω|}, (2π) 2 B |Ω| log(|Ω|)
min
B
.
√
(45)
R̂S|x (HΩ
) ≤ O
m
In order to prove Lemma 3 we state and show two partial results, namely Lemmas 4 and 5.
These two Lemmata have slightly different proof strategies, but both are motivated by thinking of
generalized trigonometric polynomials as being realized by certain neural network architectures.
B
B
Lemma 4 (Empirical Rademacher complexity of HΩ
—Version 1). Let d, m, S|x , and HΩ
be
B
as in Lemma 3. Then, the empirical Rademacher complexity of HΩ
with respect to S|x can be
upper-bounded as


p
p
d
1
B
) ≤ O √ max{K, (2π) 2 B |Ω|} log(2d) .
(46)
R̂S|x (HΩ
m
B
Proof. We prove this statement by constructing a function class that contains HΩ
and whose
empirical Rademacher complexity we are able to upper bound by viewing it as arising from a
simple layered neural network (NN) architecture. More specifically, we consider the following class
of functions
(
X
d0
B
GΩ := [0, 2π)d 3 x 7→
+
dω sin(αω x + γω )
2
ω∈Ω+
(47)
)
d
Y
d
k(d0 , (dω )ω )k2 ≤ 2(2π) 2 B, αω ∈
[−Ki , Ki ], γω ∈ [−π, π) ,
i=1

which can be realized by a NN with a single hidden layer of neurons with sine activation functions,
and a linear activation at the output neuron. Here, again (dω )ω stands for the vector (dω )ω∈Ω+ .
Also, note that for every ω ∈ Ω+ , αω is a d-dimensional vector and γω a real number.
B
B
We claim that HΩ
⊆ GΩ
. We can prove this inclusion directly by finding the corresponding
B
parameters (d0 , (dω )ω ), (γω )ω and (αω )ω for each element f ∈ HΩ
, specified by the corresponding
(a0 , (aω )ω , (bω )ω ). We can find a valid assignment term by term. We start by noting d0 = a0 .
Next, we spell out the term corresponding to the frequency vector ω with the well-known angle
sum trigonometric identity
dω sin(αω x + γω ) = dω cos(γω ) sin(αω x) + dω sin(γω ) cos(αω x).
Now, for any given (aω )ω and (bω )ω , we can set
p
dω := a2ω + b2ω , αω := ω, and γω := arctan(bω /aω ).

(48)

(49)

At this point, it is important to confirm that the assignment is valid within the restrictions imposed
in Eq. (47). To begin with, we note that the 2-norm bound from Eq. (38), i.e. k(a0 , (aω )ω , (bω )ω )k2 ≤
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d

d

2(2π) 2 B, translates directly into k(d0 , (dω )ω )k2 ≤ 2(2π) 2 B, since d2ω = a2ω + b2ω for all ω. Additionally, one can also see that the components of αω are nothing but the frequencies ωi for each
data coordinate, which fall in the interval [−Ki , Ki ] by construction. Finally, as a function arctan
can output any angle, choosing the branch [−π, π) is valid. With these, we reach
dω sin(αω x + γω ) = aω sin(ωx) + bω cos(ωx),

(50)

which has been our goal.
B
As GΩ
arises from a NN whose activation functions are 1-Lipschitz, continuous and antisymmetric, we can use Lemma 16 (stated in the Appendix). For that, we require upper bounds for
the 1-norm of the weight vector going into each neuron and for the moduli of the biases. For every
neuron in the hidden layer, there are d incoming weights, one for each data dimension, corresponding to the d input neurons. Each component of those weight vectors (αω in Eq. (47)) takes values
in ∈ [−Ki , Ki ] for some i ∈ {1, . . . , d}, so the 1-norm of such a weight vector is upper bounded by
K.
At the output neuron, there are |Ω+ | incoming weights (dω in Eq. (47)) and we have a bound
on the 2-norm of this weight vector. Therefore, Hölder’s inequality applied to the 2-norm gives the
1-norm bound
p
d
(51)
k(dω )ω k1 ≤ 2(2π) 2 B |Ω+ |.
With that, we now
p know that the 1-norm of any weight vector in the NN is upper bounded by
d
max{K, 2(2π) 2 B |Ω+ |}.
d
Next, we note that the modulus of the biases is at most π in the hidden layer, and 2(2π) 2 B
in the output layer. As a result, we have that the moduli of the biases in the NN are upper
d
bounded by max{π, 2(2π) 2 B}. Now that we have collected all the ingredients, we can plug them
into Lemma 16 and obtain the bound

p
p
d
d
1 
B
)≤ √
R̂S|x (GΩ
(52)
2π max{K, 2(2π) 2 B |Ω+ |} 2 log(2d) + max{π, 2(2π) 2 B}
m


p
p
d
1
(53)
≤ O √ max{K, (2π) 2 B |Ω|} log(2d) ,
m
B
B
where the O notation refers to the scaling in |Ω|. As GΩ
contains HΩ
as a subset, this bound
directly implies


p
p
d
1
B
2
R̂S|x (HΩ ) ≤ O √ max{K, (2π) B |Ω|} log(2d) ,
(54)
m

which completes the proof.
B
In the proof of Lemma 4, we do not bound the empirical Rademacher complexity of HΩ
directly,
B
rather we embed it into a larger class GΩ whose complexity we then bound. However, whereas
B
B
only a discrete set of frequencies is used in HΩ
, the class GΩ
allows for a continuum of frequencies.
In Lemma 5, we modify the idea of the previous proof to avoid this overcounting of frequencies.
B
B
Lemma 5 (Empirical Rademacher complexity of HΩ
—Version 2). Let d, m, S|x , and HΩ
be
B
as in Lemma 3. Then, the empirical Rademacher complexity of HΩ with respect to S|x can be
upper-bounded as
!
d
(2π) 2 B p
B
√
|Ω| log(|Ω|) .
(55)
R̂S|x (HΩ ) ≤ O
m

Proof. Analogously to the proof of Lemma 4, we provide an empirical Rademacher complexity
B
B
B
upper bound for a larger function class H̃Ω
. Along the way, we see that the inclusion HΩ
⊆ H̃Ω
holds, so that the uniform bound we derive for the larger set is immediately inherited for the
smaller one. We start by defining an auxiliary set of functions: let MΩ be the set of generalized
trigonometric monomials over Rd with frequency values in Ω+ , defined as


MΩ := {0} ∪ [0, 2π)d 3 x 7→ cos(ωx) | ω ∈ Ω+ ∪ [0, 2π)d 3 x 7→ sin(ωx) | ω ∈ Ω+ . (56)
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Now, recalling that |Ω| = 2|Ω+ | + 1, we can define the function class of our current interest as
(
D
E
B
H̃ := [0, 2π)d 3 x 7→ b0 + w, ~h(x)
Ω

)
~h ∈ (MΩ )

|Ω|

, and b0 ∈ R, w ∈ R

|Ω|

(57)

d
2

such that k(b0 , w)k2 ≤ 2(2π) B ,

B
where we use the notation h·, ·i for the standard inner product. Notice how H̃Ω
can be seen as a
class of functions implemented by a single neuron with identity activation and 2-norm bounded
weights, where the input signals have been pre-processed by functions from the specified class MΩ .
B
B
With this, we note the inclusion HΩ
⊆ H̃Ω
.
Next, we use Lemma 15 (stated in the Appendix). To use the result, we note that the activation
function of the neuron is the identity x 7→ x (which is a 1-Lipschitz, anti-symmetric function); that
d
MΩ contains the 0-function; that the modulus of the bias is upper bounded by 2(2π) 2 B; and
that we can again use Hölder’s p
inequality applied to the 2-norm
p to upper bound the 1-norm of the
d
weight vector as k(b0 , w)k1 ≤ |Ω|k(b0 , w)k2 ≤ 2(2π) 2 B |Ω|. With these, Lemma 15 gives us
the upper bound
d

B
)≤
R̂S|x (H̃Ω

p
d
2(2π) 2 B
√
+ 2 · 2(2π) 2 B |Ω| R̂S|x (MΩ ).
m

(58)

Hence, in order to proceed we need to find an upper bound for the empirical Rademacher complexity
of MΩ .
We apply Massart’s Lemma (which we recall as Lemma 17 in the Appendix for completeness)
for this last step. Let A be the set of generalized trigonometric monomials with frequencies in Ω+ ,
evaluated on every element of S|x = (x1 , . . . , xm ), i.e.,
A := {(0, . . . , 0)} ∪ {(cos(ωx1 ), . . . , cos(ωxm )) | ω ∈ Ω+ } ∪ {(sin(ωx1 ), . . . , sin(ωxm )) | ω ∈ Ω+ } ⊆ Rm .
(59)
Note that, by Hölder’s inequality, again applied to the 2-norm, and since sine and cosine take
values in [−1, 1], we have that A ⊆ B√m (0), where Br (c) is the ball of radius r in 2-norm centered
at c. Now, we can rewrite the empirical Rademacher complexity and apply Massart’s lemma
(Lemma 17) to get
"
#
m
1 X
R̂S|x (MΩ ) := Eσ sup
σi h(xi )
(60)
h∈MΩ m i=1


1
= Eσ sup σa
(61)
a∈A m
√ p
m
≤
2 log(|A|)
(62)
m
1 p
≤√
2 log(|Ω|).
(63)
m
Plugging this into Eq. (58), we obtain
d

B
R̂S|x (H̃Ω
)

p
d
1 p
2(2π) 2 B
2 log(|Ω|)
≤ √
+ 2 · 2(2π) 2 B |Ω| · √
m
m
!
d
(2π) 2 B p
√
≤O
|Ω| log(|Ω|) .
m

(64)
(65)

B
B
Recalling again that HΩ
⊆ H̃Ω
then yields the claimed bound.

Proof of Lemma 3. This follows directly from combining Lemmas 4 and 5.
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With this Rademacher complexity bound at hand, we can make use of standard tools from
classical statistical learning theory to derive a generalization bound.
B
Theorem 6 (Generalization bound for GTPs—Version 1). Let d, m ∈ N. Let HΩ
be as defined in
Eq. (36). Let ` : R × R → [0, c] be a bounded loss function such that R 3 z 7→ `(y, z) is L-Lipschitz
for all y ∈ R. For any δ ∈ (0, 1) and for any probability measure P on [0, 2π)d × R, with probability
d
m
≥ 1 − δ over the choice of i.i.d. training data S = {(xi , yi )}m
of size m, for
i=1 ∈ ([0, 2π) × R)
B
every f ∈ HΩ , the generalization error can be upper-bounded as
o
n


p
p
p
d
d
p
L min max{K, (2π) 2 B |Ω|} log(2d), (2π) 2 B |Ω| log(|Ω|)
1
log( /δ) 
√
√
.
+
R(f ) − R̂S (f ) ≤ O 
m
m

(66)
Proof. The proof of this theorem consists in combining the standard generalization bound in terms
of Rademacher complexity with the Rademacher complexity bounds from Lemma 3. More precisely,
d
we define G ⊆ [0, c][0,2π) ×R to be the class of functions that can be obtained by post-composing
B
elements of HΩ with the loss function ` – i.e. we define

B
G := [0, 2π)d × R 3 (x, y) 7→ `(y, f (x)) | f ∈ HΩ
.
(67)
We then have the following generalization bound (see, e.g., Theorem 3.3 in Ref. [20] or Theorem
1.15 in Ref. [35]): For any probability measure P on [0, 2π)d ×R and for any δ > 0, with probability
d
m
≥ 1 − δ over the choice of an i.i.d. training data set S = {(xi , yi )}m
of size m
i=1 ∈ ([0, 2π) × R)
drawn according to P , we have, for every g ∈ G,
r
m
1 X
log(2/δ)
g(xi , yi ) ≤ 2R̂S (G) + 3c
E(x,y)∼P [g(x, y)] −
.
(68)
m i=1
2m
B
Note that, when writing g ∈ G as g(x, y) = `(y, f (x)) for some f ∈ HΩ
, we directly have
m

E(x,y)∼P [g(x, y)] −

1 X
g(xi , yi ) = R(f ) − R̂S (f ).
m i=1

(69)

That is, Eq. (68) indeed provides a high-probability bound on the generalization error. Therefore,
we now upper-bound the empirical Rademacher complexity R̂S (G). To this end, we use Talagrand’s
B
Lemma (going back to Ref. [46]) and our bounds for the empirical Rademacher complexity of HΩ
.
As we assume that R 3 z 7→ `(y, z) is L-Lipschitz for all y ∈ R, we can apply Talagrand’s Lemma
(Lemma 18) and Lemma 3 to obtain
#
"
m
X
1
σi g(xi , yi )
(70)
R̂S (G) = Eσ sup
m
g∈G i=1
"
#
m
X
1
= Eσ sup
σi `(yi , f (xi ))
(71)
m
f ∈HB
Ω i=1
"
#
m
X
L
≤ Eσ sup
σi f (xi )
(72)
m
f ∈HB i=1
Ω

B
= LR̂S|x (HΩ
)
o
np

p
p
d
d
log(2d) max{K, (2π) 2 B |Ω|}, (2π) 2 B |Ω| log(|Ω|)
min
,
√
≤ O L
m

(73)
(74)

where we have denoted by S|x := {xi }m
i=1 the set of unlabeled training data points. Inserting this
bound into Eq. (68) now gives the stated generalization error bound.
The generalization bound of Theorem 6 can be rewritten as an upper bound on the number of
labeled training examples that suffice to guarantee small generalization error.
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Corollary 7 (Number of labeled training examples sufficient for a small generalization error—Version 1). For any ε, δ ∈ (0, 1) and for any probability measure P on [0, 2π)d × R, a training data
size
!

L2 min max{K 2 , (2π)d B 2 |Ω|} log(2d), (2π)d B 2 |Ω| log(|Ω|)
c2 log(1/δ)
+
m = m(ε, δ) ≤ O
ε2
ε2
(75)
suffices to guarantee that, with probability ≥ 1 − δ over the choice of i.i.d. training data S ∈
B
([0, 2π)d × R)m of size m, R(f ) − R̂S (f ) ≤ ε holds for every f ∈ HΩ
.
Proof. We set the upper bound on the generalization error proven in Theorem 6 equal to ε and
solving for m.
Remark 8. The proof strategy for obtaining Rademacher complexity bounds of generalized
trigonometric polynomials presented here easily extends beyond the case in which the 2-norm of
the vector of Fourier coefficients is assumed to be bounded. Namely, if we consider, for 1 ≤ p ≤ ∞,
the class




X
a
B̃,p
:= [0, 2π)d 3 x 7→ 0 +
(aω cos(ωx) + bω sin(ωx)) k(a0 , (aω )ω , (bω )ω )kp ≤ B̃ ,
HΩ


2
ω∈Ω+

(76)
with Fourier coefficients of a bounded p-norm, we obtain, with essentially the same proof, an
empirical Rademacher complexity bound of
!
1
B̃|Ω| q
B̃,p
√
R̂S|x (HΩ ) ≤ Õ
,
(77)
m
where q ∈ [0, 1] is the Hölder conjugate of p, i.e., 1/p + 1/q = 1, and the Õ hides a logarithmic
dependence on |Ω|. This, in turn, leads (for c-bounded L-Lipschitz loss) to a generalization error
bound of
!
p
1
LB̃|Ω| q + c log(1/δ)
√
R(f ) − R̂S (f ) ≤ Õ
,
(78)
m
B,p
which holds with probability ≥ 1−δ uniformly over HΩ
, for training data of size m. These bounds
based on p-norms might be of independent interest. For example, depending on the structure of
the trainable part of the PQC, a detailed analysis might lead to additional structural properties
(such as sparsity) of the set of admissible Fourier coefficients, which could then lend themselves to
an analysis in terms of p-norms for p 6= 2.

5.2 Generalization bounds for generalized trigonometric polynomials via covering numbers
Similarly to Section 5.1, we first prove a bound on a complexity measure for the hypothesisclass
FΩB and then derive a generalization bound from it. This subsection differs from the previous one
in that we discuss a different complexity measure, covering numbers, and that we do not need to
B
resort to the larger hypothesis class HΩ
, but rather study FΩB directly.
Lemma 9 (Covering number bound for GTPs). Let d ∈ N and ε > 0. Let FΩB be as defined in
Eq. (16). The ε-covering number of FΩB with respect to k·k∞ can be upper-bounded as
p !|Ω|
d
2B
2
·
3
·
2(2π)
|Ω|
B
B
.
(79)
N (FΩ , k·k∞ , ε) ≤ N (HΩ , k·k∞ , ε/2) ≤
ε
Therefore, the corresponding metric entropy can be upper-bounded as


d
log2 N (FΩB , k·k∞ , ε) ≤ O |Ω|[log((2π) 2 B) + log(|Ω|) + log(1/ε)] .
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B
B
Proof. As discussed after introducing the class HΩ
, we have FΩB ⊆ HΩ
. Therefore, according to
the approximate monotonicity of covering numbers (see, e.g., Exercise 4.2.10 in [47]), we have, for
every ε > 0,
B
N (FΩB , k·k∞ , ε) ≤ N (HΩ
, k·k∞ , ε/2).

(81)

B
Thus, it remains to prove a covering number bound for HΩ
.
Let Nε̃ be an ε̃-covering net of the ball
o
n
d
B := ξ = (a0 , (aω )ω∈Ω+ , (bω )ω∈Ω+ ) ∈ R|Ω| kξk2 ≤ 2(2π) 2 B

(82)

B
B
with respect to the metric induced by k·k2 on R|Ω| . By definition of HΩ
, to every f ∈ HΩ
we can
associate a point (a0 , (aω )ω∈Ω+ , (bω )ω∈Ω+ ) ∈ B such that
X
a0
f (x) =
(aω cos(ωx) + bω sin(ωx)) .
(83)
+
2
ω∈Ω+

Given such a vector of coefficients (a0 , (aω )ω∈Ω+ , (bω )ω∈Ω+ ) ∈ B – which, again, for the sake of
notational ease, we write as (a0 , (aω )ω , (bω )ω )), omitting the Ω+ everywhere – we can find an
element (ã0 , (ãω )ω∈Ω+ , (b̃ω )ω∈Ω+ ) ∈ Nε̃ of the cover that is ε̃ close in 2-norm to the coefficients of
f , i.e., such that
(a0 , (aω )ω , (bω )ω ) − (ã0 , (ãω )ω , (b̃ω )ω )

2

≤ ε̃.

Define f˜ as the function specified by these new coefficients,
X

ã0
+
ãω cos(ωx) + b̃ω sin(ωx) .
f˜(x) =
2

(84)

(85)

ω∈Ω+

We now bound the infinity norm distance between f and f˜ in terms of the 2-norm distance between
the corresponding coefficients as
f − f˜

∞

:=

sup

f (x) − f˜(x)

(86)

x∈[0,2π)

X
ã0
a0
(aω − ãω ) cos(ωx) + (bω − b̃ω ) sin(ωx)
−
+ sup
2
2
x
ω∈Ω+
X

≤ |a0 − ã0 | +
|aω − ãω | + |bω − b̃ω |

≤

(87)
(88)

ω∈Ω+

= (a0 , (aω )ω , (bω )ω ) − (ã0 , (ãω )ω , (b̃ω )ω )
p
≤ |Ω| ε̃.

1

(89)
(90)

Here, we have used the triangle inequality and the fact that sine and cosine can only take values
in [−1, 1], as well as (in the last step) Hölder’s inequality with respect to the 2-norm. That means,
if we denote by NF the set of GTPs whose coefficients come from the cover Nε̃ , i.e.,
)
(
X
ã0
d
+
(aω cos(ωx) + bω sin(ωx)) (ã0 , (ãω )ω , (b̃ω )ω ) ∈ Nε̃ , (91)
NF := [0, 2π) 3 x 7→
2
ω∈Ω+

p

B
and if we fix ε̃ to be ε̃ = ε/ |Ω|, then NF is an ε-covering net of HΩ
with respect to k·k∞ .
Thus, to finish the proof, it remains to upper bound the cardinality |NF | ≤ |Nε̃ |. To obtain such
d
a bound, we recall that we only require Nε̃ to be an ε̃-cover of a 2-norm ball of radius 2(2π) 2 B
in R|Ω| with respect to the 2-norm. A simple volumetric argument (presented, e.g., in section 4 of
Ref. [47]) shows that there exists such a ε̃-cover Nε̃ of B with cardinality
!|Ω|
p !|Ω|
d
d
3 · 2(2π) 2 B |Ω|
3 · 2(2π) 2 B
=
.
(92)
|Nε̃ | ≤
ε̃
ε
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B
All in all, we have proven that there exists an ε-covering net of HΩ
with respect to k·k∞ whose
cardinality is bounded by
d

3 · 2(2π) 2 B
ε

p

|Ω|

!|Ω|
.

(93)

B
This is exactly the claimed upper bound on the ε-covering number of HΩ
, thus completing the
proof.

The covering number bound just established implies a generalization bound for GTPs.
Theorem 10 (Generalization bound for generalized trigonometric polynomials—Version 2). Let
d, m ∈ N. Let FΩB be as defined in Eq. (16). Let ` : R × R → [0, c] be a bounded loss function such
that R 3 z 7→ `(y, z) is L-Lipschitz for all y ∈ R. For any δ ∈ (0, 1) and for any probability measure
P on [0, 2π)d × R, with probability ≥ 1 − δ over the choice of i.i.d. training data S ∈ ([0, 2π)d × R)m
of size m, for every f ∈ FΩB , the generalization error can be upper-bounded as

 s
r
d
1/δ )
2 B))
|Ω|(log(|Ω|)
+
log((2π)
log(

(94)
+c
R(f ) − R̂S (f ) ≤ O BL
m
m
Proof. The proof consists of three steps. First, we use the chaining technique from random process theory to upper bound the (empirical) Rademacher complexity in terms of an integral over
the square root of the uniform empirical metric entropy. Second, we show that the metric entropy with respect to k·k∞ upper-bounds the uniform empirical metric entropy, so we can use the
bound in Lemma 9 to upper-bound the (empirical) Rademacher complexity of generalized trigonometric polynomials. Third, we again use the standard generalization bound based on empirical
Rademacher complexities.
Similarly to the proof of Theorem 6, we define

G := [0, 2π)d × R 3 (x, y) 7→ `(y, f (x))

f ∈ FΩB .

(95)

Again, since we assume that R 3 z 7→ `(y, z) is L-Lipschitz for all y ∈ R, Talagrand’s Lemma
(Lemma 18 in the Appendix) tells us that
R̂S (G) ≤ LR̂S|x (FΩB ),

(96)

where we have denoted by S|x := {xi }m
i=1 the unlabeled training data points. Next, Dudley’s
Theorem (which we recall as Theorem 19 in the Appendix), yields
R̂S|x (FΩB )

12
≤√
m

Zγ0 q
log N (FΩB , k·k2,S|x , β) dβ,

(97)

0

1
Pm
d
1
2 /2
where k·k2,S|x is the (data-dependent) semi-norm on RR defined as kf k2,S|x := m
,
i=1 |f (xi )|
and we have defined γ0 := supf ∈F B kf k2,S .
Ω
Now, we note that, for every f ∈ FΩB , kf k2,S|x ≤ kf k∞ . Therefore, we have both that
γ0 ≤ supf ∈F B kf k∞ ≤ B and, that for every β > 0, N (FΩB , k·k2,S|x , β) ≤ N (FΩB , k·k∞ , β). Hence,
Ω

Accepted in

Quantum 2021-10-21, click title to verify. Published under CC-BY 4.0.

22

we can combine Eq. (97) with our covering number bound from Lemma 9 and further upper bound
12
R̂S|x (FΩB ) ≤ √
m

Zγ0 s



d
2

|Ω| log(3 · 2(2π) B) + log(

p

 
2
|Ω|) + log
dβ
β

(98)

0


 r
Zγ0 s  
2
12 p 
1
d
|Ω| γ0 log(3 · 2(2π) 2 B) + log(|Ω|) +
log
≤√
dβ 
2
β
m
0
r
12 p
1
d
|Ω| B log(3 · 2(2π) 2 B) + log(|Ω|)
≤√
2
m
v
v
!
! !
u
u
√
u
u
π
1
1

+ B tlog
erf tlog
−
d
d
2
2
2(2π) B
2(2π) 2 B

 s
d
2 B) + log(|Ω|))
|Ω|(log((2π)
,
≤ O B
m
where we have used the integral
Z p
p
p
√
log 1/x dx = x log 1/x − ( π/2) · erf( log 1/x),

(99)

(100)

(101)

(102)

(103)

with the error function defined as
2
erf(x) := √
π

Z

x

exp(−t2 ) dt.

(104)

0

At this point, we again have a bound on the empirical Rademacher complexity at our disposal.
So, just like in the proof of Theorem 6, we can now apply the standard Rademacher complexity
generalization bound. This then tells us that, for any probability measure P on [0, 2π)d × R and
for any δ > 0, with probability ≥ 1 − δ over the choice of an i.i.d. training data set S of size m, we
have, for every f ∈ FΩB ,
r
log(2/δ)
R(f ) − R̂S (f ) ≤ 2R̂S (G) + 3c
(105)
2m
 s

r
d
|Ω|(log(|Ω|) + log((2π) 2 B))
log(1/δ) 

≤ O BL
+c
,
(106)
m
m
as claimed.
Also for this generalization bound, we provide the reformulation in terms of a bound on the
sample size sufficient to guarantee small generalization error.
Corollary 11 (Number of labeled training examples sufficient for a small generalization error—Version 2). Let d ∈ N. Let FΩB Eq. (16).Let ` : R × R → [0, c] be an L-Lipschitz loss function.
For any ε, δ ∈ (0, 1) and for any probability measure P on [0, 2π)d × R, a training data size
!
d
1
2
2 2 |Ω|(log(|Ω|) + log((2π) B))
2 log( /δ )
m = m(ε, δ) ≤ O B L
+c
,
(107)
ε2
ε2
suffices to guarantee that, with probability ≥ 1 − δ over the choice of i.i.d. training data S ∈
(Rd × R)m of size m, R(f ) − R̂S (f ) ≤ ε holds for every f ∈ FΩB .
Proof. We set the upper bound on the generalization error proven in Theorem 10 equal to ε and
solving for m.
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Remark 12. Our metric entropy bounds of trigonometric polynomials presented here again extend
beyond the case of bounded 2-norm of the vector of Fourier coefficients to a general bounded pB,p
norm. However, if we again consider, for 1 ≤ p ≤ ∞, the class HΩ
defined in Remark 8, our
proof strategy here yields essentially – i.e., to leading order in |Ω| – the same metric entropy and
generalization bounds as for p = 2. The reason is that the dimension of the space in which we
take covering nets in the proof of Lemma 9 remains proportional to |Ω|, independently of p. We
only see improvements for 1 ≤ p < 2 in the terms depending logarithmically on |Ω|. Therefore,
while the proof strategies of Sections 5.1 and 5.2 give essentially the same generalization guarantees
for p = 2, the approach of Section 5.1 adapts nicely to the case p < 2, whereas the reasoning of
Section 5.2 is typically preferable for p > 2.
Remark 13. The proof of Theorem 10 extends beyond Lipschitz loss functions. For example,
suppose that R 3 z 7→ `(y, z) is α-Hölder continuous with Hölder coefficient A > 0 for all y ∈ R,
where α ∈ (0, 1). Then, with the notation of the above proof,


1/α
N (G, k·k2,S , β) ≤ N FΩB , k·k2α,S|x , (β/A)
.
(108)
We can thus apply Dudley’s Theorem to upper bound
12
R̂S (G) ≤ √
m

Zγ̃0 r 

1/α
N FΩB , k·k2α,S|x , (β/A)
dβ.

(109)

0

Now, we again observe that k·k2α,S|x ≤ k·k∞ and upper bound the covering number integral, using
our result from Lemma 9. The parameters
pof the Hölder continuity enter the final Rademacher
complexity bound via a term scaling with log(A)/α.

6 Encoding-dependent generalization bounds for parametrized quantum
circuits
We are finally in a position to answer the questions posed in Section 2. Recall that our first goal
was to derive generalization bounds for PQC-based models which depend explicitly on architectural
hyper-parameters related to the data-encoding strategy. We showed in Section 3 how PQC-based
model classes can be viewed as a subset of generalized trigonometric polynomials (GTPs), whose set
of frequencies Ω is determined solely by the data-encoding strategy D. We then derived complexity
and generalization bounds for GTPs in terms of the number of different frequencies |Ω(D)|. In
order to provide explicitly encoding-dependent generalization bounds for PQC-based models, it
remains to express |Ω(D)| in terms of the relevant architectural hyper-parameters associated with
different data-encoding strategies.
To do so, we recall that the data-encoding strategy of a PQC-based model class is defined as
(i)
a collection of lists of data-encoding Hamiltonians D(i) = {Hj } associated with each coordinate
(i)
x . We distinguish different data-encoding strategies according to the different assumptions made
on the structure of the data-encoding Hamiltonians H ∈ D(i) . Given a particular assumption,
for example that all H are tensor products of Pauli operators or at most κ-local,
Pdthe natural
hyper-parameter associated with the data encoding strategy is the number N = i=1 |D(i) | of
data-encoding Hamiltonians of the assumed type. Hence, our goal in this section is to derive,
for different data-encoding strategies, upper bounds on |Ω(D)| that depend on N as well as as
on other relevant properties of the data-encoding Hamiltonians (such as, e.g., the locality κ).
By substituting these upper bounds on |Ω| into the GTP generalization bounds of the previous
section, we then obtain generalization bounds for PQC-based model classes which depend explicitly
on properties of the data-encoding strategy.
We first recall the definition of Ω from Eq. (30). If we denote the Hamiltonians of the data(i)
encoding strategy associated with x(i) as {Hj }, we can group the frequencies associated with
each data coordinate into a separate sumset Ω(i) :
(i)

Ω(D) =

d N
X
X
i=1 j=1
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(i)
Ω Hj
=
Ω(i) .

(110)

i=1
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The frequencies belonging to the different coordinates {x(i) } are linearly independent because
they were defined to be multiples of different standard basis vectors e(i) . This implies that the
cardinality of the full set is equal to the product of the individual cardinalities,
|Ω| =

d
Y

|Ω(i) |,

(111)

i=1

thus allowing us to multiply bounds on the cardinalities obtained for the separate data-encoding
strategies, |Ω(i) |, to obtain a bound on |Ω|.
As the underlying frequencies in Ω(i) are all scalar multiples of the same basis vector e(i) , the
analysis of Ω(i) comes down to the different frequencies generated by the Hamiltonians that are
used to encode x(i) . For a given single Hamiltonian H, we denote this set by
∆(H) := {λi − λj | λi , λj ∈ spec(H)}

(112)

Ω(H) = { δe | δ ∈ ∆ (H)} ,

(113)

so that

where e is the basis vector associated to the respective coordinate. Next, we derive some bounds
on |Ω(i) | for different assumptions on the underlying Hamiltonians.
Worst case upper bounds. We first derive the worst-case limits of |Ω(i) | for κ-local encoding Hamiltonians. A κ-local Hamiltonian H has local dimension 2κ and the number of possible
differences of eigenvalues in the spectrum is thus upper bounded as
2κ (2κ − 1)
+ 1 = O(22κ ).
(114)
2
One can in principle construct a Hamiltonian that saturates this bound by choosing spec(Hmax ) =
κ
{0, 3, 9, . . . , 32 }, but this is a rather synthetic example that we do not expect to encounter on real
hardware. Eq. (114) implies that repeating N (i) κ-local Hamiltonians will, in the case where there
are no duplicates in the frequency set, imply a cardinality of at most
N (i)
 κ κ
(i)
2 (2 − 1)
(i)
+1
= O(22κN ).
(115)
|Ω | ≤
2
|∆(H)| ≤

Again, this bound can be saturated by choosing Hamiltonians with ever-larger spectra, namely by
(i)
(i)
(i)
choosing H1 = Hmax and spec(Hj+1 ) = max(spec(Hj )) · spec(Hmax ).
Repeated Hamiltonians. We now consider the case where the same Hamiltonian H (i) is used
(i)
N times to encode the coordinate x(i) . Due to the underlying symmetry of the definition of
∆(H (i) ), we have that
∆(H (i) ) = {0, ±δ1 , . . . , ±δT }
(i)

(116)

(i)

for some T , and therefore |∆(H (i) )| = 2T + 1 = |Ωj | = |Ω0 |, where we have denoted the repeated
(i)

set of frequencies common to all encoding gates as Ω0 . Using the results on the maximum size
of the spectrum of a κ-local Hamiltonian in Eq. (114), we can deduce that T ≤ 2κ−2 (2κ − 1).
We now quantify the number of different frequencies in Ω(i) in terms of T . N (i) repetitions of
(i)
the fixed Hamiltonian with frequencies Ω0 result in a set of frequencies that contains all possible
(i)
combinations of N (i) vectors ω j from Ω0 :
 (i)

N

X
(i)
Ω(i) =
ω j ω j ∈ Ω0 for all j
(117)


j=1

(i)

We can reformulate this by counting how often the 2T + 1 different elements of Ω0 are present in
a particular instance of the above sum, and get




 X

X
(i)
(i)
Ω =
Nω ω Nω ≥ 0,
Nω = N
.
(118)




(i)
(i)
ω∈Ω0
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To bound the size of this set, we exploit the symmetry of the underlying frequencies δj ∈ ∆(H (i) ).
Let us outline the idea: We will first count how we can distribute the number N (i) of repetitions
over the different non-negative frequencies δj and then multiply this with the number of different
frequencies that can be created by repeating δj and −δj . To improve the scaling we get at the
end, we will resort to a small trick and actually group the frequency 0, which we know to always
be present in the spectrum, with the first other frequency, therefore considering the combinatoric
problem of distributing N (i) “balls” over T distinguishable “bins” where some bins can be empty.
The different possible ways to achieve this task are given by counting the weak compositions of
N (i) into T parts, C(N (i) , T ). The number of such weak compositions is
 (i)

N +T −1
(i)
|C(N , T )| =
(119)
N (i)
=

(N (i) + T − 1)!
N (i) !(T − 1)!

(120)

=

(N (i) + T − 1)(N (i) + T − 2) . . . (N (i) + 1)
(T − 1)!

(121)

= O((N (i) )T −1 ).

(122)

(i)

We will denote such a composition as (Nj )Tj=1 ∈ C(N (i) , T ). A simple counting argument reveals
(i)

(i)

(i)

that there are 2N1 + 1 possible sums with N1 elements from the set {0, δ1 , −δ1 } and Nj + 1 ≤
(i)

(i)

2Nj + 1 possible sums with Nj

elements from the set {δj , −δj }. We can therefore bound
T 
Y

X

|Ω(i) | ≤

(i)

2Nk + 1



(123)

(Nk )∈C(N (i) ,T ) k=1
(i)

2

X

≤



X

≤

(i)
(Nk )∈C(N (i) ,T )

= |C(N (i) , T )|



k=1

Nk

+1

T

(i)
(Nk )∈C(N (i) ,T )

!T

(i)

PT

2N (i)
+1
T

2N (i)
+1
T

(124)

T
(125)

T
(126)

= O((N (i) )2T −1 ),

(127)

where we have used the arithmetic-geometric mean inequality to obtain the second inequality.
From this inequality, we see that by repeating the same Hamiltonian for an encoding, we obtain a
polynomial scaling in the number of repetitions whose exponent depends on the number of different
frequencies generated by the repeated Hamiltonian.
Pauli encodings.
Nn Encodings performed with Hamiltonians that are a tensor product of Pauli
operators, H = k=1 P (k) where P (k) ∈ {I, X, Y, Z}, have been analyzed in Ref. [33]. Therein,
it was shown that N (i) repetitions of such encodings of arbitrary dimension will result in |Ω(i) | =
2N (i) + 1.
Summary. We can easily connect the different upper bounds on |Ω(i) | to upper bounds on |Ω|
via the arithmetic-geometric mean inequality, i.e.,
!d
d
d
Y
X
|Ω(i) |
(i)
|Ω | ≤
,
(128)
d
i=1
i=1
and by noting that, for q ≥ 1,
d
X
(N (i) )q
i=1
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Table 1: Scaling of the different upper bounds for the number of different frequencies for the encoding of a
single parameter |Ω(i) |, as well as the associated bounds for the scaling of the number of different frequencies
for the total data-encoding strategy, |Ω|. N (i) denotes the number of gates used for encoding the input x(i) ,
N denotes the total number of gates for all inputs.

Encoding strategy

Upper bound on |Ω(i) |

Repetition of arbitrary Pauli encodings



O N (i)

Repetition of the same encoding
with 2T + 1 frequencies



O (N (i) )2T −1

Repetition of the same κ-local encoding



κ+1
O (N (i) )2 −1

Different κ-local encodings



(i)
O 22κN

Upper bound on |Ω|
 d !
N
O
d
 2T −1 d !
N
O
d

!d 
2κ+1 −1
N

O
d

O 22κN

Table 1 summarizes the different upper bounds on |Ω(i) | for individual parameters x(i) derived in
this section as well as the associated bounds on |Ω|.
Given these results, we are finally in a position to provide a concrete answer to the first question
posed in Section 2. More specifically, by substituting the upper bounds on |Ω| given in Table 1 into
the generalization bounds for GTPs given in Section 5, we can obtain generalization bounds for
PQC-based model classes which depend explicitly on architectural hyper-parameters associated
with the data-encoding strategy. Recall that we denoted the function class associated with a
particular set of parameters Θ, an encoding strategy D and an observable M , as FΘ,D,M . We then
obtain from Theorems 6 and 10 the following Corollary:
Corollary 14 (Generalization bound for PQCs—From Theorems 6 and 10). Let d, m ∈ N. Let
` : R × R → [0, c] be a bounded loss function such that R 3 z 7→ `(y, z) is L-Lipschitz for all y ∈ R.
For any δ ∈ (0, 1) and for any probability measure P on [0, 2π)d × R, with probability ≥ 1 − δ
d
m
over the choice of i.i.d. training data S = {(xi , yi )}m
of size m and every
i=1 ∈ ([0, 2π) × R)
f ∈ FΘ,D,M , where D is an encoding strategy with N gates in total, we have that,
(a) if D denotes any data-encoding strategy consisting of Hamiltonians that are tensor products
of Pauli operators,
!
r
 d
LkM k∞ N 2
log 1/δ
√
R(f ) − R̂S (f ) ≤ Õ
+c
,
(130)
d
m
m
(b) if D denotes any data-encoding strategy consisting of the same single Hamiltonian per data
coordinate with T frequencies,
!
r

d
log 1/δ
LkM k∞ N 2T −1 2
√
R(f ) − R̂S (f ) ≤ Õ
+c
,
(131)
d
m
m
(c) if D denotes any data-encoding strategy consisting of the same single κ-local Hamiltonian per
data coordinate,


! d2
r
2κ+1 −1
1/δ
LkM
k
N
log
∞
,
R(f ) − R̂S (f ) ≤ Õ  √
+c
(132)
d
m
m
(d) if D denotes any data-encoding strategy consisting of possibly different κ-local Hamiltonians
per data coordinate,
!
r
LkM k∞ κN
log 1/δ
√
.
(133)
R(f ) − R̂S (f ) ≤ Õ
2 +c
m
m
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While we consider only four specific data-encoding strategies in this corollary, the generalization
bounds from Theorems 6 and 10 can in principle be applied to PQC-based models with any dataencoding strategy. To use the bounds, the corresponding |Ω(D)| has to be identified, which can
then be readily combined with our generalization bounds for GTPs.

6.1 Comparison of data-encoding strategies from a generalization perspective
The results of the previous subsection give a concrete answer to the first question posed in Section 2,
namely explicitly encoding-dependent generalization bounds for PQC-based models. However,
recall from Section 2 that we also aimed to use such bounds to identify data-encoding strategies
which give rise to a slow (polynomial) growth of model complexity with respect to increasingly
complex data-encoding strategies, and therefore facilitate meaningful model selection via structural
risk minimization. The results of the previous section now allow us to address this additional goal.
Given an assumption or constraint on the structure of the data-encoding Hamiltonians in a
possible data-encoding strategy, the most natural data-encoding hyper-parameter for structural
risk minimization is the number N of encoding Hamiltonians. We see that using either repeated
Pauli Hamiltonians, a repeated (but fixed) κ-local Hamiltonian, or the repetition of a fixed Hamiltonian with 2T + 1 frequencies, leads to a complexity bound and generalization bound that scale
polynomially with N . However, using N different κ-local data-encoding Hamiltonians can lead, in
the worst case, to complexity upper bounds which scale exponentially with respect to N . In the
latter case we stress, however, that these worst-case bounds are constructed using Hamiltonians
designed to saturate the maximum possible number of frequency differences, and in many cases
the complexity scaling with respect to N may be much slower. Additionally, while the polynomial
generalization bounds we obtain for the first three data-encoding strategies give us hope in the
possibility of meaningful structural risk minimization with respect to the number of data-encoding
gates, our upper bounds on the generalization gap are not necessarily tight. Hence, we cannot rule
out the possibility of better bounds for strategies consisting of many different Hamiltonians, which
would facilitate the use of strucural risk minimization.
Additionally, while increasing the complexity of a data-encoding strategy by increasing N is
a natural (and experimentally feasible) strategy, in principle one might also consider increasing
either the locality κ or the number of frequencies T of the repeated data-encoding Hamiltonian.
This would be particularly relevant in the realistic scenario where experimental constraints severely
limit the number of data-encoding gates which can be used. However, apart from the potential
experimental obstacles one would face in doing so, we note that while our complexity bounds are
polynomial with respect to N (when keeping κ and T fixed), they are exponential (or doublyexponential) with respect to κ and T respectively (when keeping N fixed). As such, given the
generalization bounds we have obtained in this work, from the generalization and structural risk
minimization perspective it makes the most sense to systematically increase the complexity of
the data-encoding strategy by keeping κ and/or T constant, and increasing the number of dataencoding gates.

7 Discussion
As discussed in Section 2, the results from the previous section can be applied in a variety of
ways. In particular, apart from the straightforward application of (probabilistically) bounding
the generalization gap of an output hypothesis, or bounding the number of data samples required
to guarantee an output hypothesis with a sufficiently small generalization gap, our results also
facilitate the use of structural risk minimization with respect to architectural hyper-parameters
related to the data-encoding strategy. We reiterate that the results obtained here should be
viewed as complementary to many of the prior results discussed in Section 4. In particular, our
results complement those which derive generalization bounds applicable to the same PQC-based
hypothesis classes, but with explicit dependencies on architectural hyper-parameters which do not
appear in our generalization bounds, such as depth, width, and total number of trainable gates.
More specifically, the generalization bounds of Section 6 allow one to use structural risk minimization to find the optimal setting for data-encoding hyper-parameters (in the sense of yielding an
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output hypothesis with the smallest upper bound on true risk). However, they do not give any guidance as to how one should choose the remaining architectural hyper-parameters, and in particular
those related to the trainable parts of the PQC. As such, a natural (and recommended) strategy
is to use different available and applicable generalization bounds to perform “multi-dimensional
structural risk minimization:” One can vary all architectural hyper-parameters for which one has a
generalization bound, and evaluate each hyper-parameter setting with respect to an upper bound
on the true risk obtained from a union bound over all existing applicable bounds. To make this
more concrete, assume that we have a family of hypothesis classes {F(k1 ,k2 ) }, parametrized by
two architectural hyper-parameters k1 and k2 (for example k1 could be the number of encoding
gates, and k2 could be the number of trainable gates in a PQC based model). Additionally, let us
assume that we have derived two different generalization bounds, one depending on k1 , the other
depending on k2 . More concretely, assume that we have a function g1 (k1 , m, δ) and a function
g2 (k2 , m, δ) such that, for all i ∈ {1, 2}, for all δ ∈ (0, 1), with probability 1 − δ over S ∼ P m , for
all h ∈ F(k1 ,k2 ) we have that
R(h) ≤ R̂S (h) + gi (ki , m, δ).

(134)

Using a union bound, we can then straightforwardly combine these two results to obtain the
following generalization bound: For all δ ∈ (0, 1), with probability 1 − δ over S ∼ P m , for all
h ∈ F(k1 ,k2 ) we have that
R(h) ≤ R̂S (h) + min [gi (ki , m, δ/2)] .
i

(135)

We see that we can perform structural risk minimization by varying both k1 and k2 and using mini [gi (ki , m, δ/2)] to calculate an upper bound on the true risk of the candidate hypothesis. The above argument can clearly be generalized to an arbitrary number of architectural
hyper-parameters, and thereby yields a methodology for exploiting multiple existing generalization bounds for “multi-dimensional structural risk minimization.”
While the approach we have just discussed certainly allows us to exploit existing complementary
generalization bounds depending on different architectural hyperparameters, it is an interesting
open question whether one can derive generalization bounds which depend simultaneously on multiple architectural hyper-parameters. In particular, it is of interest to understand whether one can
in this way obtain generalization bounds, depending on multiple architectural hyper-parameters,
which are tighter than the bounds obtained by taking a union bound over existing bounds, each of
which depends only on a single hyper-parameter. A potential strategy for obtaining such bounds
would be to better understand the effect of structural assumptions on the trainable part of a PQC
architecture on the structure of the coefficients of the associated GTP representation. More concretely, while in this work we have focused on the frequency spectra of the GTPs, which are fully
determined by the data-encoding strategy, the coefficients of the GTPs are determined by both
the data-encoding strategy and the trainable part of the circuit. If one can characterize the implications of different circuit architectures on the structure of GTP coefficients, one could plausibly
use refinements of the techniques presented in Section 5 to derive generalization bounds for the
relevant GTPs that depend simultaneously on both the data-encoding strategy and complementary
parameters of the circuit architecture. For example, certain PQC architectures may lead to GTP
coefficients with a specific sparsity structure, or a constrained upper bound on a specific norm.
Such a norm-specific bound may allow us to exploit the general p-norm extensions of our GTP
bounds, mentioned in Remarks 8 and 12, to derive generalization bounds which also depend on
the trainable circuit architecture.
Finally, we recall the potential shortcomings of uniform generalization bounds. In particular,
in Ref. [36], the authors have shown both experimentally and analytically that sufficiently complex
neural networks can achieve zero empirical risk for classification tasks with randomly assigned
labels. As the true risk for such a learning problem can be no better than what would be achieved
by random guessing, any uniform generalization bound for such a hypothesis class cannot offer
any meaningful information in this complexity regime. More specifically, as uniform generalization
bounds hold, by definition, for all hypotheses in the hypothesis class, and as there exist hypotheses
which can achieve zero empirical risk even when generalization is not possible (i.e., when labels
are selected randomly), such uniform bounds must be trivial.
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It is, however, critical to emphasize that this finding applies only to sufficiently complex hypothesis classes. More specifically, they apply to models capable of achieving zero empirical risk even
for completely unstructured data, which typically requires that the number of model parameters is
at least as large as the number of elements in the training data set. As the number of parameters
in a NISQ-regime PQC-based model is typically orders of magnitude less than the size of training
data sets associated with “real-world” learning problems, it is unlikely that these known issues
with uniform generalization bounds hinder the application of our uniform bounds to the analysis
of currently available and near-term PQC-based hypothesis classes.
Despite this, it is important to keep these concerns in mind as the complexity of available
PQC-based models increases. Consequently, there are a variety of natural open questions for
future research: Firstly, can one replicate both the experimental and analytical aspects of Ref. [36]
for PQC-based model classes? This would help to determine whether (or when) it is necessary
to move beyond uniform generalization bounds for PQC-based models. In particular, from an
experimental perspective, can one demonstrate the ability of a (sufficiently complex) PQC-based
model class to achieve zero risk for a randomly-relabeled real-world classification task? Secondly,
can one put an analytical bound on what is “sufficiently complex”, i.e., how many model parameters
are sufficient to ensure that for any training data set of size m, there always exists a hypothesis
in the hypothesis class which can achieve zero empirical risk? Additionally, the shortcomings of
uniform generalization bounds exposed in Ref. [36] have stimulated an explosion of research on
non-uniform generalization bounds for highly complex neural network models [37]. It would be
of interest to understand whether or how one can obtain non-uniform generalization bounds for
PQC-based models, which would tighten the bounds obtained in this work in the future regime of
high complexity.

8 Conclusion
In this work, we have derived Rademacher complexity and metric entropy bounds for PQC-based
model classes. These depend explicitly on architectural hyper-parameters associated with the dataencoding strategy and are applicable to PQC-based models incorporating data re-uploading. By
exploiting tools and techniques from statistical learning theory, we have then used these complexity
bounds to obtain uniform generalization bounds, which allow to place a probabilistic upper-bound
on the out-of-sample performance of any hypothesis, given its performance on the data. Additionally, we have used the obtained generalization bounds to compare data-encoding strategies
from a generalization perspective and have discussed how, for certain data-encoding strategies,
our generalization bounds may be used for model selection via structural risk minimization. We
have stressed how the encoding-dependent generalization bounds obtained in this work should be
viewed as complementary to existing complexity and generalization bounds for PQC-based models, which depend explicitly on architectural hyper-parameters to which our bounds are insensitive.
More specifically, we have sketched in Section 7 how the combination of our bounds with existing
works facilitates model selection via multi-dimensional structural risk minimization. Finally, as
discussed in Section 7, it is important to acknowledge that the bounds we have obtained here are
expected to be useful for PQC-based models in the “moderate-complexity” regime, i.e., for models
parametrized by fewer parameters than the number of available data samples. However, in analogy
with known results for classical model classes, these bounds may cease to be meaningful as the
complexity of PQC-based models increases into an over-parametrized regime. Given this, we have
also sketched in Section 7 a variety of open questions and directions for future research.
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A Auxiliary results from statistical learning theory
In this appendix, we collect some well known results from classical statistical learning theory that
we make use of in our proofs.
Lemma 15 (Rademacher complexity progression (Theorem 2.15 in Ref. [35])). Let a, b ∈ R and
σ̃ : R → R an L-Lipschitz function and assume F0 ⊆ RX is a set of functions that includes the 0
function. Also, let F be the following function class


(
)
m
X
F := x 7→ σ̃ v +
(136)
ωj fj (x) |v| ≤ a, kωk1 ≤ b, and fj ∈ F0 .
j=1

~ ∈ X m can be bounded
Then, the empirical Rademacher complexity of F with respect to any point x
in terms of the one of F0


a
(137)
R̂~x (F) ≤ L √ + 2bR̂(F0 ) .
m
The 2 factor can be dropped if F0 = −F0 .
Lemma 16
 (Rademacher complexity of layered network (Corollary 2.11 in Ref. [35])). Let a, b > 0
and X := x ∈ Rd | kxk∞ ≤ C . Consider a neural network architecture with δ hidden layers that
implements F ⊆ RX , and such that
1. The activation function σ : R → R is L-Lipschitz and anti-symmetric.
2. For every neuron, the vector of weights ω satisfies kωk1 ≤ b.
3. For every neuron, the modulus of the bias is upper-bounded by a.
~ ∈ X m can be upperThen, the empirical Rademacher complexity of F with respect to any point x
bounded as
!
δ−1
X
p
1
R̂~x (F) ≤ √
Cbδ 2 log(2d) + a
bi .
(138)
m
i=0
Lemma 17 (Massart’s Lemma [48]). Let N ∈ N. Let A ⊂ RN be a finite set contained in a
Euclidean ball of radius r > 0. Then
#
"
p
N
r 2 log|A|
1X
σi ai ≤
,
(139)
Eσ sup
N
a∈A n i=1
where the expectation is with respect to i.i.d. Rademacher random variables σ1 , . . . , σN .
Lemma 18 (Talagrand’s Lemma (going back to [46]; see also Lemma 5.7 in Ref. [20])). Let
`1 , . . . , `m : R → R be L-Lipschitz functions. Let F ⊂ RZ be a class of real-valued functions on
some data space Z. Then, for any z 1 , . . . , z m ∈ Z,
"
#
"
#
m
m
X
X
1
L
Eσ sup
σi ` ◦ f (z i ) ≤ Eσ sup
σi f (z i ) ,
(140)
m
m
f ∈F i=1
f ∈F B i=1
Ω

where the expectations are over i.i.d. Rademacher random variables σ1 , . . . , σm .
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Theorem 19 (Dudley’s Theorem ([49]; see also Theorem 8.1.2 in Ref. [47] or Theorem 1.19 in
Ref. [35])). For a fixed vector z ∈ Z m let G be a subset of the pseudo-metric space (RZ , k·k2,z ) and
let γ0 := supg∈G kgk2,z . Then the empirical Rademacher complexity R̂z (G) of G with respect to z
can be upper-bounded as


Zγ0 q


12
R̂z (G) ≤ infγ
log N (G, k·k2,z , β) dβ .
(141)
4ε + √

m
ε∈[0, 20 ) 
ε
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Killoran, “PennyLane: automatic differentiation of hybrid quantum-classical computations”,
arXiv:1811.04968 (2020).

[44]

C. M. Popescu, “Learning bounds for quantum circuits in the agnostic setting”, Quantum
Information Processing 20, 1–24 (2021) doi: 10.1007/s11128-021-03225-7.

[45]

C.-C. Chen, M. Watabe, K. Shiba, M. Sogabe, K. Sakamoto, and T. Sogabe, “On the expressibility and overfitting of quantum circuit learning”, ACM Transactions on Quantum
Computing 2, 1–24 (2021) doi: 10.1145/3466797.

[46]

M. Ledoux and M. Talagrand, Probability in banach spaces: isoperimetry and processes
(Springer-Verlag, Berlin New York, 1991), doi: 10.1007/978-3-642-20212-4.

[47]

R. Vershynin, High-dimensional probability: an introduction with applications in data science,
Cambridge Series in Statistical and Probabilistic Mathematics (Cambridge University Press,
2018), doi: 10.1017/9781108231596.

[48]

P. Massart, “Some applications of concentration inequalities to statistics”, Annales de la Faculté des sciences de Toulouse : Mathématiques Ser. 6, 9, 245–303 (2000) doi: 10.5802/afst.961.
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