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The oracle complexity model for optimization has been the source of many advances in
optimization algorithms with applications to machine learning, artificial intelligence, and high-
dimensional statistics. For example, many adaptive methods have their beginnings as algorithms
with tune-able hyper-parameters appearing in theoretical complexity bounds. This thesis investigates
three different problems from the oracle complexity model.

The first problem, presented in Chapter [2| considers the online smooth convex optimization
problem, motivated by time-varying applications. Two important results are a lower bound on
the upper bounds of general online first-order methods and an algorithm with a matching upper
bound. The algorithm presented applies Nesterov’s method to a stale cost function until sufficient
convergence has been achieved at which point the cost function is updated to the current one.

The second problem, presented in Chapter [3| considers the approximate compiling problem
of quantum computing. We focus on the CNOT+rotation gate set and consider three different
CNOT patterns. Despite the non-convexity of the problem, we find that local minima perform well
for random target circuits. We also find that simple CNOT patterns seem to achieve the lower
bound on the number of CNOTs required to exactly compile random target circuits. We also use
the optimization framework to explore and find new decompositions of particular target circuits
such as the Toffoli gate.

The third problem, presented in Chapter 4l considers the stochastic smooth non-convex
optimization problem, motivated by machine learning applications. Two important results are
a Freedman-type concentration inequality that breaks through the sub-exponential threshold to
heavier-tailed martingale difference sequences and a high probability convergence bound for stochastic

gradient descent with sub-Weibull gradient noise.
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Chapter 1

Introduction

The optimization framework presented 40 years ago in [3] has found a happy home in today’s
age of machine learning, artificial intelligence, and high-dimensional statistics. Deriving theoretical
guarantees on the number of gradient calls required to reach a certain optimization precision (or,
equivalently, on the precision for a particular number of gradient calls) can lead to new insights
and developments in existing first-order algorithms. In this thesis, we focus on three different
problems framed in such a way. For each, we give practical motivation for the problem, present new
algorithms, and provide theoretical guarantees for the algorithms.

The basic optimization framework we focus on is the following: (1) we are given a smooth
function f with Lipschitz continuous gradient, with minimum f* > —oco, and with minimizer set
X* # 0; (2) we iteratively construct a sequence of vectors (z;), making one gradient call per
iteration, then output a final vector zoyt; and (3) theoretical guarantees are in the form of bounds
on f(wout) — f*, dist(zous, X*)?2, or ||V f(@out)]|?.

The online optimization framework is a variation on the basic framework: (1) we are given a
sequence of smooth convex functions (f;) with Lipschitz continuous gradients and similarly denoted
minima and minimizer sets; (2) we iteratively construct a sequence of vectors (z;), making one
gradient call per iteration, where the gradient can be the current one or a past one; and (3) theoretical
guarantees are in the form of bounds on the tracking error: lim sup, f(z;) — 5, lim sup, dist(z;, X})?,
or limsup, |V f ().

The stochastic optimization framework is another variation on the basic framework: (1) we



are given a smooth function f with Lipschitz continuous gradient; (2) we iteratively construct a
sequence of vectors (x¢), making one stochastic gradient call per iteration where the expected value
of the stochastic gradient is assumed to equal the true gradient, then output a final vector zsy¢; and
(3) theoretical guarantees are in the form of bounds on f(Zout) — f*, dist(Tout, X*)2, or |V f(zout)||?.

The approximate compiling problem is a particular application of optimization to quantum

computing. The problem can be written as

1 )
min ||V (z) - UlF

where V' (z) and U are both d by d unitary matrices and || - || ¢ is the Frobenius norm. A forthcoming

work (not included in this thesis) considers a stochastic form of the objective,
1 2 1 t 2
gV @ = Ulp =E |V (@) - Ulllr

where ¢ is sampled from the uniform distribution on the unit sphere in C%; and a sketched form of

the objective,
1
%HQQT[V(@ - U]H%-
Chapter [2| deals with the online problem and was published in March 2021:

Bounds for the Tracking Error of First-Order Online Optimization Methods.
Liam Madden, Stephen Becker, Emiliano Dall’Anese. Journal of Optimiza-

tion Theory and Applications, 189:437-457, 2021.
with abstract:

This paper investigates online algorithms for smooth time-varying optimiza-
tion problems, focusing first on methods with constant step-size, momentum,
and extrapolation-length. Assuming strong convexity, precise results for
the tracking iterate error (the limit supremum of the norm of the difference
between the optimal solution and the iterates) for online gradient descent

are derived. The paper then considers a general first-order framework, where



a universal lower bound on the tracking iterate error is established. Further-
more, a method using “long-steps” is proposed and shown to achieve the lower
bound up to a fixed constant. This method is then compared with online
gradient descent for specific examples. Finally, the paper analyzes the effect
of regularization when the cost is not strongly convex. With regularization,
it is possible to achieve a non-regret bound. The paper ends by testing the
accelerated and regularized methods on synthetic time-varying least-squares
and logistic regression problems, respectively.
Chapter [3] deals with the approximate compiling problem and was published in March 2022:

Best Approximate Quantum Compiling Problems. Liam Madden, Andrea

Simonetto. ACM Transactions on Quantum Computing, 3(2):1-29, 2022.
with abstract:

We study the problem of finding the best approximate circuit that is the
closest (in some pertinent metric) to a target circuit, and which satisfies a
number of hardware constraints, like gate alphabet and connectivity. We look
at the problem in the CNOT+rotation gate set from a mathematical program-
ming standpoint, offering contributions both in terms of understanding the
mathematics of the problem and its efficient solution. Among the results that
we present, we are able to derive a 14-CNOT 4-qubit Toffoli decomposition
from scratch, and show that the Quantum Shannon Decomposition can be

compressed by a factor of two without practical loss of fidelity.
Chapter [4 deals with the approximate compiling problem and was submitted to a journal in
November 2021. It can be found on arXiv:

High-probability Convergence Bounds for Non-convex Stochastic Gradient De-
scent. Liam Madden, Emiliano Dall’Anese, Stephen Becker. arXiv preprint:

arxw:2006.05610, 2021.



with abstract:

Stochastic gradient descent is one of the most common iterative algorithms
used in machine learning. While being computationally cheap to implement,
recent literature suggests it may have implicit regularization properties
that prevent over-fitting. This paper analyzes the properties of stochastic
gradient descent from a theoretical standpoint to help bridge the gap between
theoretical and empirical results. Most theoretical results either assume
convexity or only provide convergence results in mean, while this paper
proves convergence bounds in high probability without assuming convexity.
Assuming strong smoothness, we prove high probability convergence bounds
in two settings: (1) assuming the Polyak-Lojasiewicz inequality and norm
sub-Gaussian gradient noise and (2) assuming norm sub-Weibull gradient
noise. In the first setting, we combine our convergence bounds with existing
generalization bounds in order to bound the true risk and show that for a
certain number of epochs, convergence and generalization balance in such
a way that the true risk goes to the empirical minimum as the number of
samples goes to infinity. In the second setting, as an intermediate step to
proving convergence, we prove a probability result of independent interest.
The probability result extends Freedman-type concentration beyond the

sub-exponential threshold to heavier-tailed martingale difference sequences.

Chapter [A] contains the appendices for Chapter



Chapter 2

Tracking error bounds for online convex optimization

2.1 Introduction

Modern optimization applications have increased in scale and complexity [4], and furthermore,
some applications require solutions to a series of problems with low latency. For example, in contrast
to legacy power distribution systems that were built for constant and unidirectional flow, modern
power systems that include solar power at the residential nodes must incorporate variable and
bidirectional flow. Thus, in order to preserve efficiency, control decisions, solved via optimization,
need to be made frequently, at the time scale of changing renewable generation and non-controllable
loads (e.g., seconds). Making the problem even harder is that the problem must be solved for a
greater number of control points, and so it takes longer to find a suitable solution. In this example,
and many others, batch algorithms take longer to find a suitable solution than is allowed, and so
we have to abandon them in favor of online algorithms. Motivated by applications requiring a
time-varying framework, such as power systems [5 [6], transportation systems [7], and communication
networks [§], this chapter evaluates such online algorithms.

In particular, we consider online first-order algorithms. If it takes time A > 0 to make one
gradient call (or one gradient call and one evaluation of the proximal operator), then we encode
this into the time-varying problem by discretizing the cost function with respect to h, leading to a
sequence of cost functions. The goal of an online algorithm is to track the minimum of this sequence,
taking only one step at each time.

In the presence of strong convexity, upper bounds for online gradient descent have been proved



in, e.g., [0, [10]. For completeness, we include such an upper bound in Theorem (I} Furthermore, for
the first time it is established (Theorem that this is a tight bound. Beyond online gradient descent,
there are dynamic regret bounds for online accelerated methods, but these are not shown to be
optimal [I1]. This chapter goes further. First, Theorem |4 proves a lower bound for online first-order
methods in general. Then, we define a method that we call online long-step Nesterov’s method, and
prove a proportional upper bound for it in Theorem [5l In the absence of strong convexity, we show,
in Theorem [0} that regularizing online gradient descent leads to a useful bound that is not in terms
of the regret. Finally, this chapter demonstrates the performance of the algorithms by applying
them to synthetic time-varying least squares and logistic regression problems.

The rest of the chapter is organized as follows. Section provides all the necessary
preliminaries. Section [2.3] considers online gradient descent, online Polyak’s method, and online
Nesterov’s method. Section [2.4] considers the full class of online first-order methods, including online
long-step Nesterov’s method. Section details the results for online regularized gradient descent.
Section [2.6] demonstrates the performance of the algorithms on some numerical examples. Section

[2.7] concludes the chapter.

2.2 Preliminaries

This section reviews useful results from convex analysis [12], [13], 14} [15] [16] [I7], and introduces
key definitions that will be used throughout the chapter. The chapter considers functions on
a Hilbert space H with corresponding norm || - ||. We assume all functions, f; : H — R, are
proper, lower semicontinuous, convex, and strongly smooth (meaning differentiable with Lipschitz
continuous gradient); t € NU{0} denotes the time index [4, (18, 19, 20]. The discretized time-varying

optimization problem of interest is the sequence of convex problems (one for each t):

;réiﬁ fi(z), teNuU{0} (2.1)

along with a time-varying minimizer set. In particular, assume that the minimizer set, denoted as

X/, is nonempty for each ¢. Let =} denote an element of X/} and f; = fi(x}). We denote the set of



sequences of L-strongly smooth functions by &’(L). For function sequences that are additionally
p-strongly convex, X/ contains only one point; therefore, we can measure the temporal variability

of the optimal solution trajectory of (2.1) with the sequence
op = lafy —z7ll,  teNU{0}.

We define S(k~!, L, o), where & is the condition number, as the set of L-strongly smooth, x~!L-
strongly convex functions sequences with o; < o for all t. For both &’(L) and S(k~!, L, ), the
Hilbert space, along with its dimension, is left implicit since the results are independent of it.
Throughout the chapter, we will consider various measures of optimality [18, [19] 20, [4], 21,
22, 23, 24, 9]: the iterate error ||z; — x|, the function error fi(x;) — f7, and the gradient error
IV fi(x¢)||. For functions that are not strongly convex, the iterate error yields the strongest results,

while the gradient error is the weakest. That is,

IV 5@l < Lllz 71, (22)
fil@)— ff < 2l — gl (23)
and [V fu(a) | < 2L () — ) (24)

where the first two inequalities follow from standard arguments in convex analysis, and the third
inequality follows by comparing a point and a gradient step from it in the definition of strong
smoothness [25, Sec. 12.1.3]. For functions that are strongly convex, bounds in the opposite
directions can be found.

Due to the temporal variability, we cannot expect any of the error sequences to converge
to zero in general. Thus, we will characterize the performance of online algorithms via bounds
on the limit supremum of the errors, which we term “tracking” error, rather than bounds on the
convergence rate (to the tracking error ball).

Note that for S'(L), the regret literature uses the dynamic regret, Regp = Ztho fi(xe) — fF,

as a measure of optimality [23], 21} 24, 22]. The path variation, function variation, and gradient



variation—respectively,

T
VP =  max Z A
T (e eXTL, A (|} il

T
Vi = suplfi(@) — fioa(2)],
t=1
T
and V7 = ngp IV fe(x) =V fee1 ()|

t=1
—are used to bound the dynamic regret. On the other hand, our approach to S'(L) is inspired by
regularization reduction [26]. Through regularization, we are able to bound the tracking gradient
error via the (o) corresponding to the regularized problem. But, there are a couple of reasons
why our bound cannot be compared with the bounds in the regret literature. First, it is possible
for Regr/(T + 1) to be bounded while the function error has a subsequence going to infinity. For
example, let (A¢)enugoy = (1,0,2,0,0,3,0,0,0,...). Then T%rl Z;‘on Ay <1 even though there is a
subsequence of (4;) that goes to infinity. Second, in order for the function variation or gradient
variation to be finite, the constraint set must be compact. Our bound only requires that the optimal
solution trajectory lie in a compact set.

In this chapter, we consider three general algorithms: ALG(«, 3,7) presented in Section
online long-step Nesterov’s method (OLNM(T')) presented in Section and online regularized
gradient descent (ORGD(, z.)), presented in Section ALG(«, 8,1) encompasses methods such as
online gradient descent, online Polyak’s method (also known as the online heavy ball method), and
online Nesterov’s method as special cases (see Table .

The proposed OLNM is motivated by the following observation: suppose that the optimizer
has access to all the previous functions; depending on the temporal variability of the problem, the
question we pose is whether it is better to use the same function for some number of iterations
before switching to a new one, or utilize a new function at each iteration. This question is relevant
especially in the case where “observing” a new function may incur a cost (for example, in sensor
networks, where acquisition of new data may be costly from a battery and data transmission

standpoint). We call the former idea “long-steps,” drawing an analogy to interior-point methods [27]



Sec. 14], [16, Sec. 11]. Specifically, we pause at a function for some number of iterations, and we
apply a first-order algorithm with the optimal coefficients for the number of iterations, in the sense
of [28, 29 B0]. Thus, short-steps are online gradient steps. Restarting Nesterov’s method has been
shown to be optimal for strongly convex functions in, e.g. [31], [32, App. D]. It turns out that the
optimal restart count as a long-step length is optimal for the strongly convex time-varying problem.

On the other hand, the literature on batch algorithms with inexact gradient calls has shown
that accelerated methods accumulate errors for some non-strongly convex functions [33, Prop. 2], [34]
Thm. 7], [35, 86, B7]. This suggests that there may be some non-strongly convex function sequences
such that all online accelerated methods perform worse than online gradient descent. On the other
hand, only averaged function error bounds exist for online gradient descent. We get around this
via regularization; in particular, we balance the error introduced by the regularization term with a
smaller tracking error achieved by the regularized algorithm. This allows us to derive a non-averaged
error bound for ORGD.

While the chapter considers strongly smooth functions for simplicity of exposition, we note
how to extend results to the composite case (where the cost function is the sum of f and a possibly
nondifferentiable function with computable proximal operator, such as an indicator function encoding
constraints or an ¢; penalty). We leave the analysis for Banach spaces as a future direction. See [38]

Sec. 3.1] for an excellent treatment of acceleration for Banach spaces.

2.3 Simple first-order methods

In this section, we focus on the class of algorithms that, given xg, construct (x;) via:
Tir1 = 21 — aV fe(ye) + Bz — 2e-1) (ALG(e, B,1))
Yir1 = Tl + 1(Teg1 — 2t)

which will be referred to as ALG(«, 3,7), where o > 0 is the step-size, § is the momentum, and n
is the extrapolation-length. ALG(«,0,0) corresponds to online gradient descent, ALG(«, 3,0) to an

online version of Polyak’s method [39], and ALG(«, £, 8) to an online version of Nesterov’s method
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Form of ALG(«v, 8,m) Typical parameter choice Name
ALG(,0,0) 0<a< % Online gradient descent
N2
ALG(«, 3,0) o= ﬁw, 8= (ngﬁ) Online Polyak’s method [39]
_ o ViV - )
ALG(a, S, ) a=1/L,f=n= Ivi Online Nesterov’s method [15]

Table 2.1: Special cases of ALG(c, 3,7) for (f;) € S(k~!, L, o) where u = L/k.

[15].

It should be pointed out that, while the analysis of online algorithms for time-varying
optimization such as ALG(«, #,n) share commonalities with online learning [40l 2], 22], the two
differ in their motivations and aspects of their implementations, as noted in [4]. For example, in
online learning frameworks, the step size may depend on the time-horizon or, in the case of an
infinite time-horizon, a doubling-trick may be utilized [41], Sec. 2.3.1]. On the other hand, every
step of an online algorithm applied to a time-varying problem is essentially the first step at that
time. Hence, the parameters of the algorithm should be cyclical or depend on measurements of the
temporal variation. We only consider the former. The simplest subset of cyclical algorithms is the
set of algorithms with constant parameters, as in ALG.

In the following subsections, we give a tight bound on the performance of online gradient

descent and analyze ALG for two examples.

2.3.1 Online gradient descent

When the function f; is strongly convex for all ¢, upper bounds on the tracking errors for
online gradient descent are available in the literature (see, e.g., [9, [10, 42, 43]); these results are
tailored to the setting considered in this chapter by the following theorem, which is followed by two

examples used to give intuition and prove tightness results.

Theorem 1. Suppose that (f;) € S(k™1, L,0) and let o €]0,2/(pn+ L)]. Then, given xq, ALG(cv,0,0)
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constructs a sequence (xy) such that

limsup [z — a7 < (ap) "o (2.5)
t—o0
where p = kL. In particular, the bound is minimized for a = HJ%L, in which case,
1
limsup ||z, — zf| < i, (2.6)

t—o00

The proof follows by using the fact that the map I — oV f; is Lipschitz continuous with
parameter ¢ = max{|l — aul,|1 —aL|} [44] Sec. 5.1] and 7} is a fixed point of that map. The result
straightforwardly extends to the composite case by using the nonexpansiveness property of the

proximal operator and a similar fixed point result.

2.3.2 Example: translating quadratic

For quadratic functions with constant positive definite matrix but minimizer moving at
constant speed on a straight line, the analysis of [45] can be extended, using the Neumann series, to
show that the set of (a, 5,7n) such that ALG has a finite worst-case tracking iterate error is exactly
the stability set of («, 3,7) in the batch setting (i.e., in a setting where the cost does not change
during the execution of the algorithm). As an example, the stability set for online Nesterov’s method
is given in [46 Prop. 3.6]. Thus, in the online setting, one should consider only («, 8,7n) that are in
the batch stability set.

As a particular example, let f(z) = %xTA:c, with A = diag(p, L, L,...). Given (o, 3,n)
and initialization xg, we want to construct (f;) € S(u/L, L, o) in such a way that the iterates of
ALG(a, B,m) trail behind (x}) at a constant distance. Towards this end, define { = (% + 77) o,
which will end up being the trailing distance. Let e denote the first canonical basis vector, and
define f; = f(- — x}) where a7 =z + (to + {)e. By induction, we will show that A; == z; — 2} =

—&e YVt € NU {0}. The base case follows by construction. Now, assume the result holds for all
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t' <'t. Then,

A1 = (1 + By — By — xy . — oV fi(1+ n)xe — i)

=1+ B)Ar = BA1 + (L + B)(af — afyy) — Blaiy — 2fyy)
—aVf ((L+n)Ay—nAiy —n(ai, —a}))

= —(1+ B)ée + Bée — (14 B)oe + 2f0e
—aVf(=(1+mn)ée+ne+noe)

= —te— (1 - B)oe — aV f(—Ee+noe)

= —fe+aule — (1 — B+ aun)oe

= —¢e

and so the result holds for all ¢ by induction. Figure shows how the iterates trail behind the

minimizers.

e axis

Figure 2.1: Movement of iterates and minimizers

For online gradient descent, we have ¢ = (au)~1o; this shows that the bound in Theorem [1]is tight.

We formalize this tightness result (which is a contribution of the present chapter) in Theorem

Theorem 2. For all o« €]0,2/(pu + L)] and initialization xo, 3(f;) €

S(u/L, L,o) such that ALG(«v,0,0) constructs a sequence () with
limsup ||z; — z}| = (ap)to. (2.7)
t—o00

For Polyak’s method, using the usual parameters, one gets £ = y/ko. On the other hand, for
Nesterov’s method one gets £ = (24/k — 1) 0. Thus, when applied to this example, the tracking
iterate error scales with the square root of the condition number for both of these methods. However,

as we will see in the next example, this is not always the case for these methods.



2.3.3 Example: rotating quadratic

13

Consider the function f utilized in the previous example, and consider rotating the first two

canonical basis directions every iteration. We can reduce the full problem to one in R?. Define

fi(x)

Az

Ao

1
—zl Ay
2

L 0

0 pn

w0

0 L

and note that (f;) € S(u/L,L,0) for all ¢ > 0. Now, let (z;) be the sequence generated by

ALG(«, 8,7) given xg. Denote ay = (1+ ) — (L +n)al, a_ = (1+ ) — (1 +n)au, by = =5+ nal,

and b_ = —f 4+ nau. Then,
a- 0 b— 0
Tt = Tot—1 + ZTo(t—1)
0 a4 0 b+
a4 0 b+ 0
Totp] = Tot + Tot—1
0 a_ 0 b_
aya_ + by 0 a4b_
= T2t—1 +
0 ara_ +b_ 0
Define Zt = [.’L‘Qt; $2t+1]' Then,
b_ 0 a— 0
0 b+ 0 ay
Zt =
a+b_ 0 aya— + b+ 0
0 a-bt 0 ara_ +b_
=Cz

CtZ().

L2(t—1)-

Zt—1
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Thus, z — 2* = 0 precisely when p(C) < 1 (since p(C) = lim ||C*||'/*). Tt is easy to see that C is

similar to the block-diagonal matrix with D and E on the diagonal blocks where

b_ a_ b a
D = and E = " i
atb_  aya_ +0by a_by aya_ +b_.

Furthermore, D and E have the same trace and determinant:
tr(D) =tr(F) = aya_ + by +b_
det(D) = det(E) = a+a,b, + b+b7 — CL+CL7b7 = b+b,.
Thus, p(C) = p(D) = p(E). Note that p(C) = 0 when a = 7 and 8 =7 = 0. In fact, ALG(1/L,0,0)

converges exactly in just two steps. Thus, online gradient descent performs better than online

Polyak’s method and online Nesterov’s method for the rotating quadratic example. In fact, online

2
Polyak’s method actually diverges. For the usual parameters of Polyak’s method, p(C) = 6 (ﬁ:&) ,

2
which is bigger than 1 precisely when k > (ﬁ‘j) ~ 5.7. We state this more formally in Theorem
B

Theorem 3. For allk >6, L >0, 0 >0, 3(f;) € S(k~', L,0), such that online Polyak’s method

diverges (for any non-optimal initialization x).

In the batch setting, decreasing the step-size increases robustness to noise [45] [47]. Thus, it
makes sense that in the online setting, decreasing the step-size leads to greater stability. In other
words, online Polyak’s method diverges because of its large step-size. By reducing the stepsize to

o= %, then n < 8 < 1 is sufficient to guarantee p(C) < 1.

2.4 General first-order methods

In [3], Nemirovsky and Yudin proved lower bounds on the number of first-order oracle calls
necessary for e-convergence in both the smooth and convex setting and the smooth and strongly
convex setting [3, Thm. 7.2.6]. Then, in [48], Nesterov constructed a method that achieved the

lower bound in the smooth and convex setting. His method has a momentum parameter that goes
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to one as the iteration count increases. By modifying the momentum sequence, it is possible to
achieve the lower bound in the smooth and strongly convex setting as well. This can be done by
either setting the momentum parameter to a particular constant, restarting the original method
every time the iteration count reaches a particular number, or adaptively restarting the original
method [31].

Nesterov presents the lower bounds in Theorems 2.1.7 and 2.1.13 respectively of [I5]. These
theorems involve some subtleties, which we now discuss. First, Nesterov says that (z;) comes
from a first-order method if x4y; — z¢ € span{V f(x¢), ..., Vf(x:)} for all . This is the definition
that we will generalize to the time-varying setting. Second, the lower bounds do not hold for all
t. The lower bound in the smooth and convex setting only holds for ¢ < 1(d — 1) where d is the
dimension of the space. In the smooth and strongly convex setting, Nesterov only proves the bound
for infinite-dimensional spaces. In fact, for finite-dimensional spaces, the lower bound can only
hold for ¢t < O(d) since the conjugate gradient method applied to quadratic functions converges
exactly in d iterations. In order to prove lower bounds that hold for all ¢ in finite-dimensional
spaces, it is necessary to restrict to smaller classes of methods. In particular, [49] excludes the
conjugate gradient method by restricting to methods with “stationary” update rules. Third, the
lower bounds are based on explicit adversarial functions. In particular, we will use the adversarial
function that Nesterov gives in [15, 2.1.13] to construct an adversarial sequence of functions in the
time-varying setting. Thus, our lower bound only holds for infinite-dimensional spaces. It is an
open problem whether the function sequence can be modified to give a lower bound that holds for
all ¢ in finite-dimensional spaces or whether it is necessary to restrict to smaller classes of methods.

We say that (x;) comes from a first-order method if 411 — xg €
span{V fr,(zo), ..., Vfr,(x¢)} where, for each ¢, 7 € {0, ...,t}. More generally, we still consider (x)
to be from a first-order method if (z;) is a simple auxiliary sequence of some (y;) that is more
precisely first-order. Now, calling the most recent gradient at each step of the algorithm, as ALG
does, corresponds to 7 =t for all ¢. While it is possible for an algorithm to call an older gradient,

it is not clear how this could be helpful. In section will show that having 7, = T'|¢t/T'| for all ¢
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makes it possible to build up momentum in the online setting.

2.4.1 Universal lower bound

In Theorem |4 we give a generalization of Nesterov’s lower bound for the online setting

considered in this chapter. In the proof, we omit certain details that can be found in [15, Sec. 2.1.4].

Theorem 4. Let H = (2(N). For any xo, 3(f;) € S(k™Y, L, 0) such that, if (x;) is generated by an

online first-order method starting at xg, then

VE—1
2

[ — 27| = 7.

Proof. First, set v = ﬁ; and let ¢ be the solution to y¢ = o/ %’ namely ¢ = log (a\ / i—l) /log(7).

Note that 1'7 — = @5_1/4 = @ L:—'WY Set ;1 = k'L, define A as the symmetric tridiagonal
-y

operator on ¢3(N) with 2’s on the diagonal and —1’s on the sub-diagonal, and let a € [u, L]. Abusing

notation to write the operators as matrices, define

1 (let 0 \ al;
fi(z) = §JBT - z -zt .
Lo ) e
aIt 0 \ alt
C

r—=7
0 %A—i—,u[} %61

¥ 1 <t
so zy (i) =
NiTthe st
and 5o [|of,, — 7|2 = y* 1.
1+~

Thus, (f;) € S(k~1, L, o). Without loss of generality, assume that 2o = 0 since shifting (f;) does

not affect membership in S(k™1, L, o). Then, z4(i) = 0 Vi > t for any first-order online algorithm.
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Thus,

. 1/2
W%—xﬂ2i<§:w“i”@>

i=t+1
e
i
VE—1 . [1—v
-2 7 1+
VE—1

9 ag.

O]

Remark 1. If k > 5, then % € [u, L]. If we apply ALG(4/(L — p),0,0) to the online Nesterov

function with a = %, then it is easy to see that ||x; — zf|| = ‘/EQ_IJ. Thus, online gradient descent

with an appropriately large step-size performs optimally against the online Nesterov function.

In the following subsection, we will construct an algorithm that performs optimally up to a
fixed constant against the full class S(k~!, L, 0); that is, it exhibits an upper bound that is equal to

the lower bound of Theorem [M] times a fixed constant.

2.4.2 Online long-step Nesterov’s method

There is a conceptual difficulty when it comes to adapting accelerated methods to the online
setting. Informally, in batch optimization, “acceleration” refers to the fact that accelerated methods
converge faster than gradient descent. However, the goal in the online optimization framework
considered here is reduced tracking error, and not necessarily faster convergence. As shown by the
rotating quadratic example, tracking and convergence actually behave differently. Fortunately, we
can leverage the fast convergence of Nesterov’s method towards reduced tracking error.

In this section, we present a long-step Nesterov’s method; the term “long-steps” refers to
the fact that the algorithm takes a certain number of steps using the same stale function before
catching up to the most recent function and repeating. For this particular long-step Nesterov’s
method, we are able to prove upper bounds on the tracking error (on the other hand, no bounds for

the online Nesterov’s method are yet available, and are the subject of current efforts).
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The specific sequence constructed by OLNM(T') is defined in Algorithm

Algorithm 1 OLNM(T)

Require: zg

1: Yo < Zo, 20 < Xo, ag 1

2: fort=1,2,...do
3z =y — +Vfrpr) ()
4: if T fJt+1 then

14+4/1+4a?
5: A41 = — 5 L
. _ ar—1 _
6: Ytr1 = 241 1 4 (Zt41 — 21)
T Ti41 = T¢
8: else if T'|t+ 1 then
9: a1 = 1
10: Yt+1 = Zt+1
11: Ti41 = 241
12: end if
13: end for

> S0 Tyy1 = Ty = T(t/T|

The method can be extended to the composite case by applying the proximal operator to

the z iterates. Theorem [5| gives an upper bound on the tracking iterate error of OLNM, using results

from [12, Thm. 10.34].

Theorem 5. If (f;) € S(k~ ', L,0), then, given xg, OLNM(T) where T = c\/k for ¢ > 2 such that

cv/k € N, constructs a sequence (z;) such that

2¢(c—1
limsup ||z; — 25| < L\/EJ.
t—00 c—2

Proof. First, via standard batch optimization bounds, we have

e — e ayrll < 25 gy — el

Thus,
v — el < 2 sy — gl + To
< (25t il + iz

k 2
2V K T o
(2 |zo — 26l + 77—~
T T -2k

(2.8)



19

and so

[z = 27|l = lleryr) — =

< w7y = ppr) | + 12 — 277l

2\/E [t/T] T20'
< | —— —zf —— +To.
_<T> |l zo $0H+T—2\/E+ o

Then, taking the limit supremum, we get

T?0
limsup ||z — 2| < =————= +To
t%oopH t tH_T—Q\/E

2T (T — /k)

- T -2k

~ 2c¢(c—1)
c—2

O]

If we minimize the bound in Eq. over ¢ € R, then we get ¢ = 2 + /2 with a value of
2c(c — 1)/(c — 2) = 6 + 4v/2 ~ 11.66; this is in contrast with the batch setting, where ¢ = /8.
However, we have the extra restriction that cy/& € N so, in general, we will take 7' = | (2 + v/2)\/K].

Note that the bound is asymptotically (as the condition number goes to infinity) optimal
(hence tight) up to the constant 4c(c — 1)/(c — 2). In particular, for k > (4c(c — 1)/(c — 2))?, the
bound is better than the bound for online gradient descent. However, these are bounds over a
general class of functions. One question is how the two methods fare against specific examples, as
exemplified next.

As we noted in Remark [I] online gradient descent with an appropriately large step-size
performs optimally against the online Nesterov function. Even with a typical step-size, the tracking
iterate error of online gradient descent still scales linearly with the square root of the condition
number. Furthermore, while OLNM also scales linearly with the square root of the condition number,
online gradient descent has a smaller constant. Figure a) depicts the iterate error for algorithms
applied to the online Nesterov function with condition number equal to 500. Online gradient descent

performs the best, followed by online Nesterov’s method and OLNM. In fact, this can be seen in the
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dependence on the condition number as well. Figure [2.2(b) shows the linear dependence of the
tracking iterate error on the square root of the condition number. The constant for online gradient
descent is 0.481, the constant for online Nesterov’s method is 1.101, and the constant for OLNM is
2.491. Note that, despite OLNM having a worse constant than online gradient descent, the former’s

constant is still less than its upper bound of 2¢(c —1)/(c — 2) ~ 11.66.

60 T T T T 80 T r
— — lower bound —©—online gradient descent
—©—online gradient descent 70 | |—A—online Nesterov's method
50 || ~A—online Nesterov's method i OLNM
OLNM § 60
S ° 50
o L Q r
5% E
2 £40
© o
230 Sa0f
O
o
'_

n
o
T

o L L L L
0 100 20 300 400 500 10 15 20 25 30 35
Number of iterations Square root of condition number

(a) (b)
Figure 2.2: Algorithms applied to the online Nesterov function with L = 500, d = 1000, a = (L+u)/2,
o=1,and T = (2 +Vv2)y/k]. (a) Evolution of the iterate error for the particular example y = 1.

(b) Tracking iterate error for varying pu.

For the rotating quadratic example, the minimizer is fixed, so OLNM has the same convergence
rate as Nesterov’s method does in the batch setting. However, with the right step-size, online
gradient descent can converge in just two steps! On the other hand, for the translating quadratic
example, since the tracking iterate error of online gradient descent scales with x, while the tracking
iterate error of OLNM scales with y/k, OLNM outperforms online gradient descent for sufficiently high
condition number. In particular, Figure (a) depicts the iterate error for algorithms applied to
the translating quadratic function with condition number equal to 500. Online Nesterov’s method
performs the best, followed by OLNM and online gradient descent. Figure [2.3(b) shows the tracking

iterate error for varying condition number for OLNM (online gradient descent and online Nesterov’s
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method are left out since we analytically solved for their tracking iterate error). The constant is 7.21.
Note that this is larger than the constant for OLNM applied to the online Nesterov function. While
the online Nesterov function is a universal adversary, the translating quadratic is more particularly
adversarial for OLNM because the minimizer is maximizing its distance away from the OLNM iterates
by moving in a straight line away from the old minimizer the OLNM iterates are approaching. Also
note that this is more than half of the upper bound, showing that the upper bound is tight at least

up to a constant less than two.

300 2500

—©—online gradient descent
—£—online Nesterov‘s method
250 1|4 OLNM e

2000
. 200 F

e 1500
o 150

[0 E J

g /

I3 1000 |

500

Tracking iterate error for OLNM

100 ¢
50 r A
0 500 1000 1500 2000 0 50 100 150 200 250 300 350
Number of iterations Square root of condition number

(a) (b)
Figure 2.3: Algorithms applied to the translating quadratic function with d = 2, ¢ = 1, and
T = | (2 +V2)y/k]. (a) shows the evolution of the iterate error for L = 500 and u = 1. (b) shows

the tracking iterate error for L = 1 and varying pu.

2.5 Regularization

When the functions are convex, but not strongly convex, performance metrics for online first-
order methods typically rely on dynamic regret bounds. The dynamic regret is the averaged function
error. We take a different approach, however, deriving a gradient error bound via regularization.
While gradient error bounds are weaker than function error bounds, the benefit is that we bound

the error, rather than the averaged error.
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The main idea is that there is a trade-off between tracking error and regularization error.
Regularizing by any amount means that we can apply Theorem In this case, increasing the
amount of regularization increases the regularization error while also decreasing the tracking error.
In the following, we provide a framework for balancing these two errors.

Given xg, let online regularized gradient descent, ORGD(J, =), with § > 0, construct the

sequence (z;) via

2

~ g (Velae) + 8 — o). (ORGD(d, z.))

Tt41 = Tt

It is easy to see that ORGD(d, x.) is vanilla online gradient descent for the regularized problem
fi(0,2c) = fe + gH - —z.||?. Since we don’t vary z, in the analysis, we write f;(-; &) for simplicity.

Now, in order to bound the algorithm error of ORGD, we need to bound the regularization
error. As with the algorithm error, we can measure the regularization error in terms of the variable,
the cost, or the gradient. Unfortunately, it is impossible, without further assumptions, to bound the
variable regularization error, ||z* — || where 2} is the unique minimizer to the regularized problem
[50, 5I]. For example, if we regularize a constant function by any amount, then there are minimizers
arbitrarily far away from the regularized minimizer. However, if we assume the function is coercive
([|[z]] = 0 = f(x) = o), then we know the variable regularization error is bounded. But, it
is still impossible to bound it in terms of the strong smoothness constant. For example, assume
that we are going to regularize by adding %H -||>. Then, for an arbitrary distance &, there exists
an L-smooth function such that the variable regularization error is greater than £. In particular,
consider f(z) = %Hm — 2¢e||? where A < min{L,d} and e is a unit vector. Then z} = %ﬂse and so
lz* — 23l = x4z l12¢e] = €.

Fortunately, even without coercivity, it is possible to bound the gradient regularization error
[15, Thm. 2.2.7], which allows us to bound the tracking gradient error of ORGD. However, we do
have to make an additional assumption. Loosely, we have to assume that the sequence of minimizer
sets doesn’t “drift.” To make the assumption more precise, we need some definitions.

First, let }(0) = argmin,, f;(z;0) for 6 > 0. We know the right-hand side is a singleton by



23

strong convexity. Furthermore, since f; is proper, closed, and convex, 0f; is maximally monotone,
and so we can apply [13, Thm. 23.44], which tells us that z}(-) is continuous and lims_,o z;(J) is the
unique projection of z. onto the zero set of df;. Thus, we can define z7(0) = lims_,o z7(5). We also
have that § — ||z} (6) — x| is monotonically decreasing (this is not hard to show and can be found
in the proof of [15, Thm. 2.2.7]). Let R(6;zc) = supsenuqoy [|77(6) — x| for all 6 > 0. Again, since
we do not vary z. in the analysis, we write R(d) for simplicity. Note that R(-) is also monotonically

decreasing. Thus, if R(0) < oo, then R(§) < oo for all § > 0. We will assume this is true:
R(0) < oc. (bounded drift)

While this assumption precludes problems like the translating quadratic, it is realistic when the
problem is data-dependent. For machine learning problems it is common to have normalized data
and to be learning normalized weights. Then, the minimizer will, in fact, lie in a bounded set.

Let 0(0) = supsey |27 (6) —x7_1(9)|| for § > 0. Note that o(J) is bounded above by 2R(d), via
the triangle inequality, which in turn is bounded above by R(0) < oo, via the monotonicity of R(-).

Finally, consider the function h(d) = % -2 (%)2 for 6 > 0. h(-) is continuous since z}(-) is
continuous and R(4) > 0 for all § > 0 (unless z, = x7(0), which would be the trivial case). Also,
h(0) = % > 0 and h(L) < 0. Thus, via the Intermediate Value Theorem, we have just proved the

following lemma.

Lemma 1. If (f;) € S'(L) has bounded drift, then 30 < 6 < L s.t. 6 = L/ 550k

In Theorem [6| we derive a bound on the tracking gradient error in terms of o(5) and R(6).
However, since o(§) and R(d) both depend on 4, it is impossible, without further information about
the function sequence, to minimize the bound explicitly with respect to §. The § in Lemma

corresponds to what the minimizing § would be if ¢(d) and R(J) were constant.

Theorem 6. If (f;) € S'(L) has bounded drift, then 3 0 < 6 < L such that, given xo, ORGD(, x.)

constructs a sequence (xy) with

nﬁ sup IV fi ()| < 2V2L+/a(8)R(0). (2.9)
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Proof. Let § be as in Lemma [I] Observe,

0=V fi(27(6);0)

= V/fi(x(5)) + 0(x7(6) — xc)
IV fe(2i (6)] = 6]l (0) — xcll-
Thus,
IV fi(z)ll < IV fi(i (O + IV felae) =V fe(27(0))]]
< 6]|27(8) = @l + Llze — x5 (5)]]
< 6R(0) + Ll — x£(9)]|

SO

L(L + 26)0(5)
25

= L\/20(6)R(d) + Lo

< L\/20(8)R(8) + L\/20(8)R(d)

= 2v2L\/o(8)R(0).

lim sup ||V fi ()| < SR(5) +
t—o00

O

Note that if 0(0) ~ o(d) ~ R(J) = R(0) then the bound in Eq. is ~ 2¢/2LR(0), which is
of the same form but has worse constants than the bound for the algorithm which abstains from

tracking (i.e., Vt x; = x.):

IV (o)l = IV fi(ze) |
= [IVfi(ze) = Vfi(x7(0))]]
< Lz — = (0)]]

< LR(0).
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Conversely, if 0(§) < R(J), then ¢ is small so ¢(0) = o(d) and R(0) ~ R(d). In this case, Eq.
becomes ~ 2v/2 %LR(O) < LR(0). Thus, we can only guarantee the usefulness of ORGD when

o(8) < R(0).
2.6 Illustrative numerical examples

Our code is online at github.com/liammadden/time-varying-experiments. In this section,

we consider time-varying least-squares regression and time-varying logistic regression. At each

()

t € NU {0}, we are given an input matrix A® e R™¥d with -th row vector denoted by a,”, and
an n-dimensional output vector (), where each (agt), bgt)) corresponds to a single data point. For
least-squares regression, b® € R™. For logistic regression, b(® ¢ {=1,1}". For simplicity, we assume
the inputs are constant across time, i.e. A; = A for all ¢, while only the outputs change. This type
of time-variation fits applications with time-series data where the time-dependency is not captured
by any of the input features. For example, a problem may have a discrete number of states that it
switches between based on a hidden variable.
The cost function for least-squares regression is
n
) = 53 (twi ) —57)’
i=1
= S lldz — 4O
and for logistic regression is
) = + > tog 1+ x40 o).
gt Z ’
The least-squares cost function is strongly convex while the logistic cost function is only strictly
convex. However, it can be shown that gradient descent still achieves linear convergence when
applied to the logistic cost function [52].
A “weight vector,” z € R? predicts an output, b, from an input, a. For least-squares

regression, b = (a, z). For logistic regression, b = sign((a, x)); more precisely, x predicts b = 1 with


https://github.com/liammadden/time-varying-experiments
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probability (1 + exp(—(a,z))) " and b = —1 with the remaining probability. The minimizer, z}, of

the respective objective function is the “optimal” weight vector.

2.6.1 Least squares regression

For the least-squares regression we considered the case n = 20 and d = 5. We generated A
by defining its singular value decomposition. For its left and right-singular vectors, we sampled
two Haar distributed orthogonal matrices, U € R™ ™ and V € R¥? We let its singular values
be equally spaced from 1/+/k to 1. We generated b; by varying z} via a random walk with o = 1
and adding a low-level of Gaussian noise (mean, 0; standard deviation, 1073) to the corresponding
outputs. We initialized xjj as the vector of ones. For each x, we ran the experiment 200 times and
took the average of the tracking errors.

For OLNM, we set T = | (2 + v/2)y/x). However, instead of updating the z iterate by the z
iterate only every T iterations, we updated it every iteration. Doing so works better in practice,
though we lose the theoretical guarantees of Theorem [5| However, the theory only requires that the
x iterates do not move away from the minimizer that the z iterates are converging to. Not updating
the z iterates ensures they do not move away, but it is too conservative in practice.

For all the algorithms, we initialized o = z§ so that we wouldn’t need a long “burn-in”
period while waiting for convergence to the tracking error. We computed the tracking error as the
maximum error over the 5th cycle of T'. Figure [2.4] shows the results. OLNM performs better than
online gradient descent, however, online Nesterov’s method performs much better than both of the

other methods, despite its lack of guarantees.
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Figure 2.4: Least-squares regression with random data matrix and random walk variation of the

minimizer.

2.6.2 Logistic regression with streaming data

For logistic regression we again considered the case n = 20 and d = 5. We generated A in
the same way as for least-squares regression, but with singular values drawn from the uniform
distribution on (0,1) and then scaled to have maximum singular value equal to 2v/L (since the
strong smoothness constant of the cost function is ||A||3/4). We initialized b; from the Rademacher
distribution and uniformly at random chose one label to flip each time step.

A classic problem that logistic regression is used for is spam classification. The problem is
to predict whether an email is spam or not based on a list of features. Since emails are received
in a streaming fashion, this is a time-varying problem. Thus, when an email first arrives, we may
report that it is spam, but then later realize it is not, or vice versa. Such an extension of spam
classification can be incorporated into the time-varying logistic regression framework.

We let x. be the zero vector. As a weight vector, z. predicts 1 or —1 with equal probability.
For each L, we approximated the solution to the fixed point equation § = L % where the
expectation is taken over A and the b;’s. Figure[2.5[a) shows how o(§) and R() vary with L. The

ratio between o(d) and R(J) stays constant at ~ 0.5.

We ran the experiment 200 times and took the average of the tracking errors. We calculated
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the tracking error using windows of 100 iterations and stopping when the maximum error over the
last two windows was the same as over the last window. Figure 2.5(b) shows the results. Online
gradient descent (which lacks theoretical tracking gradient error bounds) performs slightly better
than ORGD and both outperform z.. Thus, with only one label flipping every time step, it is still
possible to track the solution. However, if we sufficiently increased the number of labels that flip

every time step, then it would be better to just guess the labels, as x. does.
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Figure 2.5: Logistic regression with random data matrix and randomly flipping labels.

2.7 Conclusions

By categorizing classes of functions based on the minimizer variation, this chapter was able
to generalize results from batch optimization to the online setting. These results are important for
time-varying optimization, especially for applications in power systems, transportation systems,
and communication networks. We showed that fast convergence does not necessarily lead to small
tracking error. For example, online Polyak’s method can diverge even when the minimizer variation
is zero. On the other hand, online gradient descent is guaranteed to have a tracking error that does

not grow more than linearly with the minimizer variation. We also gave a universal lower bound
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for online first-order methods and showed that OLNM achieves it up to a constant factor. It is a
future research direction to consider more deeply the connection to the long-steps of interior-point
methods and see if a satisfactory criteria can be found for adaptively deciding when to long-step.

Perhaps, this enquiry may eventually lead to error bounds for online Nesterov’s method itself.



Chapter 3

Best approximate quantum compiling problems

3.1 Introduction

With the steady advances in quantum hardware and volume [53], quantum computing is well
on track to become widely adopted in science and technology in the near future. One of the core
challenges to enable its use is the availability of a flexible and reliable quantum compiler, which can
translate any target quantum circuit into a circuit that can be implemented on real hardware with
gate set, connectivity, and length limitations.

Since the celebrated Solovay-Kitaev theorem [54] 55], quantum compiling has been a rich
research area. Works have investigated how to efficiently map different gates into canonical (universal)
gate sets up to an arbitrary accuracy [56} 57, 58, 59, [60% 61, 62, [63], or how to “place” the target circuit
onto the real connectivity-limited hardware [64) [65, [66] 67 68, 69, (70, [71} [72, [73], (74} [75] [76, [77, [78]

A more holistic strategy in quantum compiling has been the construction of universal para-
metric circuits to serve as templates to compile any target circuit. This line of research, which we
will call decomposition-based, focuses primarily on templates based on the versatile CNOT+rotation
gate set [79, 80, B1l [82] [83], 84] 85]. These works unveiled fundamental lower bounds on the number
of CNOTs that almost all target circuits require in order to be compiled in such a gate set and
delivered a constructive method for doing so, the quantum Shannon decomposition (QSD), which was
only a factor of two off from the lower bound of efficiency. This research is formalized mainly in the
language of Lie theory as a recursive sequence of Cartan decompositions. Despite the constructive

and sound theory, the QSD decomposition does not have the flexibility of trading off precision and
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length.

The quantum compiling problem in its essence can be cast as an optimization problem in the
space of unitary matrices. Here one needs to find a unitary matrix that can be realized in hardware
(with various constraints, e.g., gate set and connectivity) that is the “closest” to a target unitary
(i.e., the circuit that one wants to realize, or compile). Here “closest” is intended with respect to a
pertinent metric. On the one hand, this optimization problem could encompass the whole quantum
compiling research; on the other hand, it is a very difficult mathematical problem and even for a
small number of qubits cannot be stored in memory. Recently, a series of papers [86| 2], have revised
this optimization-based compiling approach with some simplifying assumptions and heuristics, and
have introduced the idea of computing the cost and its gradients in a quantum-assisted way. With
the same optimization lens, but with other classical heuristics, the works [87, 88] have looked at
hierarchical compilations, whereby one need not compile a unitary directly to a two-qubit gate
circuit, but can instead start with higher-qubit gates, and then continue recursively to the two-qubit
gate target. Finally, the recent works [89, [00] arrange the CNOTSs to explicitly decouple the qubits
one at a time using a particular cost function. Moreover, they provide numerical evidence that
their approach can compile arbitrary target circuits very close to the lower bound on the number of
CNOTs.

In this chapter, we aim at analyzing the optimization approach in more depth and offering
some sound evidence on the justification of critical assumptions and solution methods. Further, we
aim at helping to bridge the gap between Cartan decomposition-based research and optimization-
based compiling. Our approach consists in formulating best approximate compiling problems,
which trade-off exact compilation with constraint violation. In particular, we offer the following

contributions.

e We start by analyzing the quantum compiling mathematical problem in the CNOT+rotation

7

gate set and show how to construct versatile “CNOT units,” i.e., elementary building blocks,

that can be used to parametrize any circuit of a given number of qubits;
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e We show that optimizing over the parametrized circuit consists of optimizing the structure
(i.e., where to place the CNOT units) and optimizing the rotation angles of the rotation gates.
We show that the former is largely unimportant once past the so-called surjectivity bound
(even when imposing hardware constraints), while the latter is easy from an optimization

perspective, by using e.g., Nesterov’s accelerated gradient descent [48] 91];

e With the intention to further compress the compiled circuit, allowing for approximation
errors in terms of gate fidelity, we propose a novel regularization based on group LASSO [92],
which (among other things) can reduce the length of the QSD down to the CNOT theoretical

lower bound without affecting fidelity noticeably (i.e., a factor of two compression);

e Various numerical results support our findings. In particular, we showcase how to use our
approach to discover new decompositions in the CNOT+rotation gate set of special gates
(e.g., the Toffoli gate) and how to use the compression mechanism as an extension of any
compilation code available (e.g., Qiskit transpile [93]) that can trade-off accuracy for circuit

length, where length is the number of CNOTs.

While discussing the main contributions, the chapter focuses on three complementary goals,

[G1] Approximate quantum compiling for random unitary matrices: here the goal is to derive
results in terms of the number of CNOTSs to use to compile any given random unitary

matrix, with connectivity constraints;

[G2] Approximate quantum compiling for special gates: here the goal is to derive results in terms

of the number of CNOTSs to use to compile special gates;

[G3] Approximate quantum compiling for circuit compression: here the goal is to derive results

that allow for compression of circuits, freeing the possibility to have inexact compilation.

Organization. This chapter is organized as follows. In Section we report the

mathematical and physical preliminaries to our algorithmic development. In Section we
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formalize the approximate quantum compiling problem as a mathematical program. In Section
we devise a programmable unit (the two-qubit CNOT unit) with which we can build any circuit. In
Section (3.5 we discuss the property of the mathematical program introduced in Section when
specified for the parametric circuit presented in Section

From Section [3.6] on, we focus on particular layout patterns, namely the sequential, spin, and
Cartan, and we present their properties. In Section we discuss the use of gradient descent
to optimize the rotation angles once the layout is fixed, and we showcase numerical results in
Sections Section [3.8] discusses our proposed compression strategy to trade-off accuracy

and length, both theoretically and numerically. We then conclude in Section 3.9

3.2 Preliminaries

We work with n-qubit quantum circuits, which are represented either by a collection of ordered
gate operations, or by a d by d unitary matrix with d = 2". The class of unitary matrices of
dimension d x d together with the operation of matrix multiplication have an important group
structure [94], denoted as the unitary group U(d). In particular, the group is a Lie group of
dimension d? as a real manifold; we let u(d) be its Lie algebra, which consists of anti-Hermitian
matrices. Unitary matrices with determinant equal to 1 are called special unitary matrices. Special
unitary matrices of dimension d X d together with the operation of matrix multiplication form the
the special unitary group of degree d: SU(d), which is a Lie group of dimension d? — 1 as a real
manifold. We let su(d) denote its Lie algebra, which consists of traceless anti-Hermitian matrices.

A useful property of the determinant det(:) of any squared d by d matrix A and scalar c is that
det(cA) = c?A. Hence if U € U(d) then U/ det(U)"/? € SU(d). Since scalars (e.g., global phases in
quantum computing) are easy to implement on a quantum computer (and in fact unimportant),
we normalize unitary matrices as above, and so we only need to know how to “work with” special
unitary matrices. We remark that if U € SU(d), then adding any global phase multiple of 27/d
does not alter the matrix determinant, i.e., U € SU(d) as well for any integer m € Z. The

equivalence classes from this relation form the projective special unitary group, PSU(d), which is
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isomorphic to the projective unitary group, PU(d) := U(d)/U(1). Thus, compiling a matrix from
SU(d) also provides a compilation for its d — 1 equivalent matrices in PSU(d).

A single-qubit gate on the jth qubit is a unitary matrix of the form I5—1 ® u ® Iyn—; where
u € U(2), I, is the identity matrix of dimension ¢, and ® represents the Kronecker product. An
important set of matrices in U(2) is the set of Pauli matrices, which we denote with their usual
notation as X, Y, Z, which are unitary, Hermitian, traceless, and have determinant equal to —1. From
the Pauli matrices, one obtains the rotation matrices R;(6), R,(), R.(6) by matrix exponentiation.
The rotation matrices are special unitary. An important fact that we use extensively in this chapter
is that any u € SU(2) can be written as a product of any three rotation matrices with no consecutive
two the same [54].

Among multiple-qubit gates, we focus on the two-qubit CNOT gate, or controlled-X gate,

with control qubit j and target qubit k&, which is the matrix

1 0
CNOTjp, = Iy-1 ® ® Ign—j
0 0
0 0
Izjfl ® ® IQkfjfl ®X ® Iank lf] < k
01
+
0 0
LIok-1 @ X @ Iyj—k-1® ® Ign—; iftk<y
0 1
For example, for n = 2, we have
1 0 00 1 0 0O
0100 0 0 01
CNOTys = , CNOTy; =
0 001 0010
0010 0100

Note that for n = 2, CNOT has determinant —1, and so we have to normalize it. On the other

hand, for n > 2, CNOT has determinant 1.
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3.3 Approximate quantum compiling as mathematical optimization

We are interested in compiling a quantum circuit, which we formalize as finding the “best”
circuit representation in terms of an ordered gate sequence of a target unitary matrix U € U(d),
with some additional hardware constraints. In particular, we look at representations that could
be constrained in terms of hardware connectivity, as well as circuit length, and we choose a gate
basis in terms of CNOT and rotation gates. The latter choice is motivated by an implementation in
the Qiskit software package [93]. We recall that the combination of CNOT and rotation gates is
universal in SU(d) and therefore it does not limit compilation (i.e. we can compile everything with
only CNOTs and rotations) [54].

To properly define what we mean by “best” circuit representation, we define the metric as
the Frobenius norm between the unitary matrix of the compiled circuit V' and the target unitary
matrix U, i.e., ||V — Ul|g. This choice is motivated by mathematical programming considerations,
and it is related to other formulations that appear in the literature (see Remark .

We are now ready to formalize the approximate quantum compiling problem as follows.

Given a target special unitary matrix U € SU(2") and a set of constraints, in terms
of connectivity and length, find the closest special unitary matrix V' € V C SU(2"), where
V represents the set of special unitary matrices that can be realized with rotations and
CNOT gates alone and satisfy both connectivity and length constraints, by solving the

following mathematical program:

1
AQCP i V)= ||V = U|2. 3.1
(AQCP) Vevrégg(zn) f(v) 2H IR (3.1)

Note that the cost function can be equivalently written

1 1 1 1 1
SV = Ul% = 5Tr[UTU ~ UV ViU +VIV] = 5 Tr21) - 5Tr[UTV] - 5Tr[vTU]

=d—Re Tr[UTV] (3.2)

where we used that U and V are unitary matrices.
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We call the approximate quantum compiling (master) problem (AQCP). A solution of
the problem is an optimal V indicated as V*, along with an ordered set of gate operations that
respect the constraints.

If V* is such that the cost is null, then we say that the compilation is exact, otherwise it is
approximate and the approximation error is computed by the cost %HV* — U||2. Without further
specifications (and simplifications), Problem is intractable but for very small circuits. How to

efficiently solve (3.1)) is our aim.

Remark 2. In [2], a different metric was used, namely the Hilbert-Schmidt test defined as

1 1 _
Cusr(U,V) =1~ Tvio)? = o 2a - Fwv)),

where F(U,V) is the fidelity averaged over the Haar distribution. Given that f(V) = 3|V —U|% =

d — ReTr[V1U], then ReTr[VIU] =d — f(V). Hence,

4,1
d+1 " dd+1)
d 1

a1 d(d + 1)(d_ W) = FeO.V)

FUV)=1- LCHST(U, V)y=1 (ReTr[VTU])2 4 (ImTr[VTU])?) >

d+1

1

where we have defined the new quantity Fr(U,V) as the Frobenius fidelity, which is always lower
than the F(U,V). By minorization arguments, minimizing f(V) has the effect of maximizing the

Frobenius fidelity.

The stepping stones of our work are the papers [86] 2]. There, the AQCP is approached by a
bi-level technique. Since V needs to be sought in the space of matrices that can be realized with
rotation and CNOT gates, one can solve for V' by interleaving an optimization on the structure (at
fixed length), i.e., which gate needs to be implemented where, and an optimization on the rotation
angles. The first problem (deciding the structure) is combinatorial and non-convex, and [86, 2]
propose a meta-heuristic based on simulated-annealing and compactifications, while the second
problem (deciding the rotation angles) is continuous and non-convex, and [86] 2] include a gradient

descent algorithm. [86] 2] also offer an algorithm to fix the CNOT structure, more or less arbitrarily,
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Figure 3.1: Possible two-qubit gate units structures. HW depicts the hardware connectivity of
a four-qubit quantum computer. (A) the structure, or ansatz, proposed in [2], where each block
represents a CNOT gate with rotation gates before and after, is easily implementable but may miss
some hardware connections or introduce some that are not there; (B) a possible sequential structure,
which alternates among all the possible two-qubit blocks and could capture hardware connectivity
better.
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and optimize only for rotation angles, which is more efficient in terms of computation time, but less
optimal.

Despite the encouraging results, key challenges in these works remain. First, optimizing the
structure via simulated-annealing is far from optimal and it can be very time consuming. But most
importantly it is physics-agnostic, therefore one may wonder if one could do better by using physics.

Second, fixing the structure, as is done in [2], is by no means universal nor does it mirror the
hardware connectivity; a better structure could be a sequential structure (see Figure .

Third, the gradient descent algorithm used in [2] seems to work surprisingly well, despite the
non-convexity of the problem at hand, and one may wonder why this is so, which is a non-trivial
question.

The rest of this chapter answers these questions by using a pertinent parametrization of the

matrix V in terms of CNOTs and rotation gates.

3.4 A programmable two-qubit gate and the CNOT unit

We start by defining a flexible two-qubit gate, which is parametrized by four rotation angles,
and which will be the building block of the parametric circuit.
Let us focus for now on basis set constraints alone. Given the target special unitary U € SU(d),

compiling means to find a product of matrices from the basis set (as said CNOT+rotations) that
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either approximates or equals U. We define the “length” of the compilation as the number of
CNOTs in the product. In 2004, Shende, Markov, and Bullock derived a universal lower bound
on the length for exact compilation in this setting [81]. The bound specifies a sufficient minimal
number of CNOTSs for exact compilation, for all the matrices in SU(d). And, while a particular
special unitary matrix may be exactly compiled with a smaller length than the universal lower
bound (the bound is not necessary), there exists a special unitary matrix that cannot (the bound
is sufficient and necessary for at least one special unitary matrix). Moreover, the set of special
unitary matrices that can be compiled with a smaller length than the universal lower bound has
measure zero in SU(d).

We summarize the proof of this fact, as it motivates our parametrization ideas.

Lemma 2. [81, Prop. II1.1] The set of special unitary matrices U € SU(d), d = 2", that do not

need at least [£(4" —3n — 1)] CNOTs to be exactly compiled has measure zero in SU(d).

Proof. First, since each rotation gate has 1 real parameter while SU(d) has real dimension d? — 1,
Sard’s theorem [95] can be used to show that the set of special unitary matrices that do not need
d? — 1 rotation gates to be exactly compiled has measure zero in SU(d) [81, Lem. I1.2]. Thus, if a
product of matrices from the basis set can be reduced to a product with less than d? — 1 rotation
gates, then it is in the measure zero set. In particular, more than 3 consecutive rotation gates on
the same qubit in a product can be reduced to only 3 rotation gates. So, without CNOTSs, any
product can be reduced to one with only 3n < d?> — 1 rotation gates. Furthermore, R, commutes
with the control of CNOTs and R, commutes with the target of CNOTs. Thus, whenever 3 rotation
gates are applied after a CNOT on either the control or target qubit, we can rewrite them as 3
rotation gates such that one of the rotation gates commutes with the CNOT. Thus, we can reduce
any product of matrices from the basis set to a product with 3 rotation gates applied to each qubit,
followed by CNOTs, each followed by only 4 rotation gates. Thus, a product with L CNOTs can be
reduced to a product with 4L + 3n rotation gates. So, the set of special unitary matrices that do

not need at least [1(4" —3n —1)] CNOTS to be exactly compiled has measure zero in SU(d) [81,
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Prop. III.1]. O

Therefore, for an arbitrary n-qubit circuit, one would need at least £2(4") CNOT gates for
exact compilation. Henceforth, we refer to the bound [5(4" —3n — 1)| as the theoretical lower
bound, or TLB for short. Figure [3.2] gives a glimpse of how the reduction in terms of CNOTs and

rotations can be carried out for a 3-qubit circuit.

o —[4] B o] o —JAR. | RyR. RyR.
1753 —@ E E @ = q2 DR, RyR, RyR. RyR.
o —{7] [eoo] o [, S o B N

Figure 3.2: An example of an equivalent quantum circuit with CNOT and rotations gates, all
the capital letter gates, e.g. A, are single-qubit unitaries that can be compiled via three rotation
gates up to an irrelevant global phase. Note that the R, next to M results from flipping the two
upward-facing CNOTs and has angle —7/2.

While [81] only proved a lower bound, their reasoning motivates a flexible parametric circuit
construction. Since every product of matrices from the basis set can be reduced to a product of the
form described in the previous paragraph (see also Figure [3.2)), we will consider products of that

form with different sequences of CNOTs. Let CUj;_,1 (61,62, 63,604) be the matrix represented by

J Ry(6h) — R2(02) —

k —&— Ry(03) — Ro(64) —

We call this a “CNOT unit” and we use it as a programmable two-qubit block in the parametric

circuit. Define
J(L) ={(1 = k1, s jr = kL) | Jm < km € {1,...,n} for all m € {1,..., L}},

as the set of L-long lists of pairs of control-target indices with the control index smaller than the
target index. The latter constraint is without loss of generality since a CNOT can be flipped with
y-rotations (R, (7/2) on the left of the control and right of the target, and R,(—/2) on the right of
the control and left of the target). The set J(L) represents all the possible CNOT unit sequences that

one can have of length L. In Figure[3.2] we have one element of J(4) as (1 = 2,1 — 3,2 — 3,2 — 3).
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Figure 3.3: Decomposition of a realizable quantum circuit in terms of V(0). The first three
one-qubit gates for all qubits are rotation gates, R., Ry, R., while the two-qubit blocks represents
CNOT units as specified. Here L = 4, hence there are 28 rotation angles variables. Moreover,
ct=(1—-2,2—3,1— 3,3 —4), so the hardware connectivity is satisfied.

=W NN

HW

The cardinality of J(L) can be shown to be |J(L)| = (n(n — 1)/2)”. The notation ct is used
for an element of J(L), i.e. an L-long list of pairs defining the location of our CNOT units. For
example, ct could be (1 — 2,1 — 3,2 — 3,2 — 3). Given ct € J(L), define ct(i) as the pair at

position i and let Vi : [0, 27)3" T4 — SU(2") be the following circuit

Vet (0) =CUcq(r)(03n4+4L—35 -+ O3ntaL) - - CUct(1) (03041, -+, O3n+4)

[RZ(GI)Ry(HQ)Rz(Q?)] Y [Rz(93n—2)Ry(03n—1)Rz(03n)]a

where we have collected all the angles (61, ..., 03,141) into the vector 8. The circuit Vet corresponds
to the reduced product in the lower bound proof and will be the main object of our study: it will

be the circuit blueprint for any circuit realizable in hardware (see also Figure [3.3)).

Remark 3. A useful circuit decomposition is the quantum Shannon decomposition (QSD), proposed
in 2006 by Shende, Bullock, and Markov, which uses %4“— %2”—1—% CNOTs to decompose any n-qubit
circuit [82]. This number of CNOTs is only twice the TLB. The resulting circuit is formalized
as a sequence of recursive Cartan decompositions in [84], and Theorems 4, 8, and 12 in [82]
can be recursively used to (uniquely) find an explicit ct corresponding to the QSD. For n = 3,

caa=1-21-21-522—-31—-32—->31—->21—-21-22-31—3,2—>31—=

3,1521521-522-531-32-31-21-—21—2) [8 Fig. 3.

At this point, we can already reformulate the approximate quantum compiling problem ({3.1),
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in the equivalent form

1
AQCP-CT i 0) = =||V(0) — U|3, 3.3
(AQ ) Lot Dot it o) fet(8) := 511Ver(8) = Ul (3.3)

where the set C(L) represents the set of L-long realizable lists in hardware (for connectivity
limitations), and L is the length limit.

Problem ({3.3)) is by no means easier than the original Problem (3.1)). However, it is instructive
to understand its properties and this will help us devise better solution strategies. For instance, if
we were to drop hardware constraints and adopt the QSD strategy of Remark |3 then Problem

could simplify into:

1
AQCP-QSD min 0) := —||Ve(8) — U3, 3.4
( Q Q ) L:%M—gQ"Jr%,96[0,2#)3”+4L,ct:QSD(n) fCt( ) 2” Ct( ) HF ( )

which is a non-convex (but continuous) optimization problem in the @ variables. In fact, since the
structure is fixed, the only free parameters are the rotation angles. But on the other hand, can we

do better in terms of number of CNOTSs and in terms of incorporating the hardware constraints?

3.5 The optimization landscape

We start by deriving some useful properties of the cost function fe(8) := 1[|Vee(0) — U||3
given the target unitary U and a fixed structure. In particular, we will look at V; and its properties
of differentiability, as well as the first and second order derivatives of fc, which are important for
optimization purposes.

First, we would like to prove that V(0) is a smooth mapping in the rotation angles 6. To
do so, we apply the partial derivative operator, %, to Ve, with respect to an arbitrary angle 6,
where k is an index in [1,3n 4+ 4L]. We further let R,4, be the rotation gate associated to that angle
and oy, be the respective Pauli operator (g can be x,y, z depending on which type of rotation gate
the angle refers to). With this notation, ﬁng(Hk) = —104, Ry, (), and %ng(ﬁk) = —2Ry, (0k).
Thus, if a sequence of partial derivative operators are applied to V¢, to compute its gradient, or
Hessian, or higher order derivative, the result is a complex constant times Vi with Pauli gates

inserted at specific locations. Thus, we have proved the following theorem.
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Theorem 7. The circuit Ve (0) is infinitely differentiable with respect to the rotation angles 6.

Next, we look at the cost ft(6). Using Eq. (3.2)), we get

01 9 0 i
aiekiﬂvct(g) — Ul =—Re Tr [89k t(0) U]
and
9% 1 9 0
— ||V — = —ReTr|——V, tUl . .
96,06, 21V(0) ~ Ullz e [aekaeevt(a) U} (35)

In particular, by the fact that %ng (0r) = —XRy, (0)), for the diagonal elements:

2

L d 1
062 2

1
Vea(8) = Ul = Re Tr{Va(6)U] = § = £ IVea(6) = U3 (3.6)

Now we are ready to show that f.(0) is strongly smooth in the optimization sense (i.e., its gradient

is Lipschitz continuous).

Theorem 8. For all 0, the Hessian of fu(-) = 3||Vee(-) — U||3 evaluated at 0 has spectrum in

[—(3n+ 4L — 3/4)d, (3n + AL — 3/4)d].

Proof. First of all, the Hessian is real and symmetric, so its eigenvalues lie on the real line. Then,
note that for all unitary matrices, W € U(d): |W||& = d and the farthest unitary matrix from any
W is —W. Thus, Re Tr[-T-] : U(d)? — [—d, d]. Hence, using (3.5), we can show that each off-diagonal
element of the (3n 4+ 4L) by (3n + 4L) Hessian matrix is bounded in absolute value by d. As for the
diagonal elements, Eq. says that they are bounded below by —d/4 and above by d/4.

With this in place, we can use Gershgorin’s disc theorem [96, Theorem 6.1.1.] with centers in

[—d/4,d/4] and radii in [0, (3n + 4L — 1)d] to prove the claim. O

Theorem (8| says that fet(0) is a strongly smooth function (since the spectrum of the Hessian
is uniformly bounded), which implies fast convergence to a stationary point (i.e., points for which
the gradient vanishes) for gradient descent. In addition, even though fct(€) is non-convex, gradient
descent with random initialization [97], perturbed gradient descent [98], and perturbed Nesterov’s

method [99] all converge to second-order stationary points under strong smoothness. Second-order
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stationary points are stationary points where the Hessian is positive semi-definite, and therefore
are local minima. So, applying these methods to fc:(€), we will be sure to reach at least a local
minimum.

In some cases, such as in non-convex low rank problems, most second-order stationary points
are, in fact, global minima [100]. Even though this is not the case for fct, we do not need to converge
to a global minimum necessarily. We would be content finding a 8* such that V¢ (6*) is a global
minimum up to a global phase transformation.

To this aim, we now present supporting facts that lead us to conjecture that, under certain
conditions, we can easily find global minima up to a global phase transformation.

First, we report a technical lemma.

Lemma 3. Indicate with 1Re¢.) the orthogonal complement with respect to the ReTr[(-)t(:)] operation.
The orthogonal complement u(d) Re¢) is the set of Hermitian matrices and su(d) et = u(d) Ret) 4

spang{il}.

Proof. Recall that u(d) consists of anti-Hermitian matrices and su(d) consists of traceless anti-
Hermitian matrices. The orthogonal complement u(d)Re(-) is the set of all the matrices H for which
ReTr[HTU] = 0, for all U anti-Hermitian. By direct calculation, indicating with h;; the element i, j

of matrix H, and with u; ; the one of matrix U, as well as Bi’j the conjugate of h; j, then,

ReTr[H'U] = Re | Y " hijui;
g
If the above has to be 0 for all anti-Hermitian matrices U, then H has to be Hermitian by u;; = —1;
(in particular, the diagonal of U is only imaginary). On the other hand, if H is Hermitian (therefore
its diagonal is only real), then,

ReTr[HTU] = IRe[Z hijui; + Z hi,jﬂi,j} + IRe[Z }_li,jUi,j:| =0
=

J>i J<i

=0 =0

Hence, the orthogonal complement u(d)J‘RE<'v'> is the set of Hermitian matrices.
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In addition, su(d) consists of traceless anti-Hermitian matrices, so its orthogonal complement
consists not only of Hermitian matrices, but also of any matrix of the form H + cil, where H is

Hermitian and ¢ € R. Thus, the thesis follows. O

With the Lemma in place, we are ready for another intermediate result that pertains to

stationary points.

Theorem 9. Let U € SU(d) be a special unitary matriz, and V(-) : RP — SU(d) be a function
that is infinitely differentiable, surjective, and of constant rank. For oll U € SU(d), a parameter
value 0 € [0,27)P is a stationary point of the cost f(-) = 3|V (:) = U||% if and only if V(0)'U has

eigenvalues in {'®, —e~"} for some a € [0,27).

Proof. Assume the hypotheses. We have the following line of implications:

6 is a stationary point of f <= Re Tr [;;V(H)TU} =0 for all k € [p]
k

9 8 LRe<’>
< Uc spanR{aeV(O)}
k
L Re(...
2 [TV(Q)SU(d)] Re(-,-)

[V (6)su(d)] et

s V(O)su(d)LReM

— V(0)'U € su(d) ret.

Step 1 follows from the definition of a stationary point (a point where the gradient vanishes)
and our derivation of the gradient for f(-) = ||V () — U||%. Step 2 follows from the definition of
an orthogonal complement and the linearity of the trace (i.e., U is in the span of the orthogonal
complement of the derivative of V' if and only if the gradient is zero). Step 3 follows from
the global rank theorem [95, Thm 4.14] under infinite differentiability, surjectivity, and constant
rank assumptions, where we use 7 to denote the tangent space (which appears since we are
taking the derivative of V(0)). Concretely, given W € SU(d), TwSU(d) = {7/(0) | v : R —

SU(d) smooth with y(0) = W}. For Step 4, a little more care has to be put. First, it can be shown,
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via the left or right group action, that 7ySU(d) is isomorphic to 7;SU(d) = su(d). We want now
to show that Ty SU(d) = Wsu(d). Since they are isomorphic, we only have to show one direction.
Let A € su(d). We want to show WA € Ty SU(d). Towards this end, define v(t) = Wexp(tA).
Note v(0) = W, and +/(0) = WA. Furthermore, v(t) € SU(d) (which is easy to see by direct
computation&ﬂ ). Thus, WA =+/(0) € TiwSU(d) and so Ty SU(d) = Wsu(d), proving Step 4. Step

5 follows via properties of the Hermitian transpose. Explicitly, for a set U,

(WU Rt = {Y | Re Tr[YTWA] = 0 for all A € U}
={Y | Re Tr[(WTY)TA] = 0 for all A €U}
= W{WTY | Re Tr[(WTY)TA] = 0 for all A € U}

= WU Rt

Now all that is left is to determine the contents of su(d)Re¢.) N U(d). We have from Lemma
that su(d)Re() is the set of matrices that equal A + ¢il for some Hermitian A and some ¢ € R.
Furthermore, Hermitian matrices are precisely those that equal QfDQ for some unitary @Q and
diagonal D with real entries. So, su(d) Rt is the set of matrices that are unitarily diagonalizable
with eigenvalues in {\ + ci | A\ € R} for some ¢ € R. But, unitary matrices are precisely the
matrices that are unitarily diagonalizable with eigenvalues in U(1). Thus, su(d)1®e¢) NU(d) is the
set of matrices that are unitarily diagonalizable with eigenvalues in {¢®, —e~**} for some a, since

{A+ci| XeR}NU(1) = {e¥ —e~@} for a = arcsin(c). O

Theorem [J] describes the space of stationary points for infinitely differentiable, surjective,
constant rank mappings. Note that the image of points that do not have constant rank has measure
zero in Im(V') = SU(d) by Sard’s theorem [95], Ch. 6], so this assumption is not restrictive. Moreover,
we have from Theorem [7] that V¢ is infinitely differentiable, so we already have a relevant mapping
that is infinitely differentiable. Finally, the surjectivity assumption appears as though it could be

relaxed. But, unfortunately, this is not the case.

1 We have v(t)Ty(t) = exp(tA)TWTW exp(tA) = exp(tA)' exp(tA) = exp(tA") exp(tA) = exp(—tA)exp(tA)
exp(—tA+tA) = I and det(y(t)) = det(W exp(tA) = det(W) det(exp(tA)) = det(exp(tA)) = exp(tTr(A)) = exp(0)
1.
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Remark 4. One might wonder if the surjectivity assumption can be relaxed to the assumption
U € Im(V). The answer is no. We found counter-examples when we were running the numerical
experiments. In particular, for certain structures ct with length smaller than the TLB, hence lacking
surjectivity, and with the Toffoli gate as the target unitary U, we computed some stationary points
of fet that exactly compiled U and some that failed the eigenvalue condition of Theorem[9 In other
words, for these examples, U € Im(V) but the conclusion of Theorem 3 does not hold. These results
are shown in Table[3.2: the stationary points in the unsuccessful compilations did not satisfy the

eigenvalue condition of Theorem 9

Since V¢ is infinitely differentiable, if only it is surjective as well then its stationary points are
precisely the points such that Ve (8)TU has eigenvalues in {e’®, —e~*} for some « € [0, 27). Having
more than one eigenvalue means that the stationary points are not in general global minima up
to a global phase transformation though. But, we conjecture that the form of stationary points in

Theorem [9] simplifies even further for second-order stationary points of V.

Conjecture 1. If the parametric circuit V() is surjective and the Hessian of the cost function
fet() = 5|Vee(-) = U} is positive semi-definite at a stationary point 0, then Vee(0)TU = €1 for
some a € [0,27), meaning that any stationary point 0 is a global minimum of the cost function

fet(4), and therefore a solution to the quantum compiling problem, up to a global phase.

We tested Conjecture [1| extensively. In order to falsify the conjecture, we would need an
example of Vg, 6, and U such that V is surjective, the Hessian is positive semi-definite, and
Vet (0)1U is not a scalar matrix. We searched for counter-examples in two experiments. In both,
we used structures with length smaller than the TLB as the non-surjective mappings, and the
QSD decomposition structure as the surjective mapping. In the first experiment, we computed 6
via gradient descent. Hence, there was no need to explicitly compute the Hessian. In the second
experiment, we randomly generated W € su(d) %) N SU(d) and 6 € R?, then set U = Ve (8)W.
From the proof of Theorem |§|, we have that su(d) R N SU(d) is the set of matrices that are

[0}

unitarily diagonalizable with eigenvalues in {e~%, —e~**} for some a such that the multiplicity of
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e’ times « plus the multiplicity of —e™*® times m — a is an integer multiple of 27. So, in order
to generate W, we sampled @ € U(d) randomly and chose a non-scalar eigenvalue matrix A, then
set W = QTAQ. Thus, V. (0)'U was a non-scalar matrix by construction. We did not find any
counter-examples in either experiment. Note that we did have to explicitly compute the Hessian
and its eigendecomposition for the second experiment, but this is the only place in the chapter
where we actually compute the Hessian.

Conjecture [1] says that, despite the difficulty in finding global minima due to non-convexity,
the stationary points we find are global minima up to a global phase. However, this is only in the
case of surjectivity, and so the non-convexity causes greater difficulty for lengths shorter than the
minimum required for surjectivity. We discuss this issue further in the next section. In particular,

the divide between easy compilation problems and harder ones is the surjectivity of Vc(8).

3.6 Special structures

While the results and discussion in the previous section were for arbitrary CNOT unit
structures, we would like to focus on particular structures henceforth. The properties that we desire

such structures to have are:
(1) they have to be able to capture all circuits of a given qubit size (i.e., surjectivity);
(2) their length has to be between one and two times the lower bound for surjectivity;

(3) they have to be compressible, that is, they have to include a method for finding new

structures with shorter length;
(4) their maximum approximation error has to depend favorably on the compressed length;

(5) they should exactly compile special quantum gates (e.g., Toffoli gates) with length close to

optimal;

(6) incorporating hardware constraints should only increase the length of the compressed

structure by a constant multiplicative factor in order to preserve the same approximation
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error.

Many of these properties are intertwined. For example, property (1) is necessary for property
(4) and also for convergence (to a stationary point that only requires a global phase transformation),
as discussed in the previous section. On the other hand, since the compressed structure will not be
surjective when its length is less than the surjectivity bound, convergence becomes more difficult.
Assuming property (2), then properties (1) and (5) are the same for all unitary matrices except a
measure zero set. However, there are important matrices in the measure zero set, such as qubit
permutations, controlled operations, and cyclic shifts [101], so we keep these requirements separate.
But, as mentioned in Remark [4 if we want to exactly compile these with minimal length, the
mapping may be far from surjective and so convergence will be much more difficult. We will see
this when compiling for Toffoli gates.

We will consider three structures in this chapter: cart, standing for Cartan; sequ, standing for

sequential; and spin, standing for spin.

Definition 1. Let cart € J(%ZL” — %2" + %) correspond to the QSD decomposition.

As an example, the structure of CNOT units for cart(3) is

ey mm ey =y PR, P NN PR, PN LN PR, P NN
' i Ml | 1 | 1 Ml i | 1 | 1 i Ml il ' | ' W 1l \
TT T

........................................

where the CNOT boxes represent our CNOT unit [84]. cart satisfies properties (1) and (2)
by the constructive proof of [82]. On the other hand, as is, it does not satisfy property (3) on
compressibility. So, we will propose a method in Section that can be used to compress it to as
short as the TLB with practically no error, thereby also supporting property (4). cart only increases
by a multiplicative factor of 9 for the uncompressed structure, as shown in [82]. However, it is an
open problem how to compile special gates close to their optimal length, and compress it in a way
that does not increase connectivity, so the answer to properties (5) and (6) is unknown.

While cart has a recursive structure, the next two layouts we consider have repeating structures.
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Definition 2. Let sequ(L) € J(L) correspond to L CNOT wunits in order. There are @ CNOT
units and the order of CNOT}y, is n(j — 1) + (k — W) Once the end of the order is reached, it

repeats.

Definition 3. Let spin(L) € J(L) correspond to the structure that alternates between (1 — 2,3 —

4,...) and (2 = 3,4 —5,...).

As an example, the structure of CNOTs for sequ(12) when n = 3 is

................................

Both sequ(L) and spin(L) have the length of the circuit as an input, and so satisfy property
(3). But for what L, if any, do they satisfy property (1) on surjectivity? We run experiments in
Section [3.7| to evaluate sequ(L) and spin(L) with respect to properties (1), (2), and (4). The results

support the following conjecture about (1) and (2).
Conjecture 2. Viequ(z) and Vepin(ry are surjective for L > %(4” —3n —1), that is, the TLB.

In Section we also apply sequ(L) and spin(L) to specific quantum gates (e.g., Toffoli),
thereby supporting property (5), despite non-surjectivity.

Structure sequ(L) can incorporate hardware constraints by simply skipping the CNOTs for
unconnected qubits, but it is not obvious how much L would have to increase to preserve a given
maximum approximation error.

Fortunately, the results in the next section suggest L would not have to increase at all. In the
next section, we test sequ(L) with hardware constraints corresponding to both a star topology and a

line topology. All three structures perform comparably to sequ(L) without any hardware constraints.
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Furthermore, spin(L), another structure that satisfies the line topology hardware constraints, also
performs comparably. The experiments suggest that different repeating structures, as long as they
include all of the qubits, may fill the space equally fast, on average.

In Table we summarize our main findings for the particular structures we have discussed.

Remark 5. Quantum computers can implement arbitrary gates on disjoint qubits simultaneously.
Hence, they can implement CNOT units on disjoint qubits simultaneously. Thus, while our theory
s in terms of length—the number of CNOTs in a structure, two other relevant metrics are CNOT
depth—the minimum number of layers of CNOT units in a structure—and circuit depth—the
manimum number of layers in a structure. Note that if all rotation angles are non-zero, then circuit
depth is three plus three times CNOT depth. Also, CNOT depth is always smaller than or equal to
the length. In particular, spin(L) can be implemented with CNOT depth [2L/(n —1)] forn > 3. As

another example, spin(12) when n =4 is

which becomes, if we implement CNOT units on disjoint pairs of qubits simultaneously,
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Table 3.1: Considered structures and their properties. Numbered references are to subsections.

Structure Properties
mH @ B @ 6 (©
cart B4 [84 P83 B.8.3 7 ?

sequ(L)  Conmjecture2] v B.7.2] [3.7.3 [3.7.2]
spin(L)  Conjecture|2] v [3.7.2 3.7.3] v

_______________________

Structurally, spin(12) and sequ(12) are almost identical on the line topology, except that
spin(12) mowes the last CNOT wunit of spin(12) to the first layer and so decreases the CNOT depth

from 9 to 8.

3.7 Gradient descent

In Section [3.3] we formulated the mathematical optimization problem, and in Section [3.5| we
discussed some of its properties once specified to CNOT unit structures. In the previous section, we
discussed some special layouts. We are now ready to look at the approximate compiling problem for

a fixed structure. Specifically, we look at the problem

(AQCP-0) min  fa(8) = 5 IVa(6) - UI, (37)

0€[0,2m)P ct=ct
where ct is fixed to one of the mentioned structures (cart,sequ(L),spin(L)), which in turn specifies
how many rotation angles there are (i.e., p), and we will use a first-order method to find second-order
stationary points. The specific method can be tuned in practice, so we present gradient descent and
then discuss the modifications that can be made for its variants.

First, we randomly initialize 6[0] from the uniform distribution on [0, 27)P. Then, we compute

Ot +1] = 0[t] — aV fee(6]t]) (3.8)
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until the stopping criteria, ||V fct(@[t])|| < €, is met. The step-size, «, is tuned in practice, and the

final @ is then wrapped in the [0, 27)P set. Component-wise, Eq. (3.8]) reads,

Oilt + 1] = O4[t] + aRe Tr {Egkvct(o)w} . (3.9)

One variant of gradient descent is Nesterov’s method [48], which applies the gradient descent
step to an auxiliary sequence. The auxiliary sequence is essentially the main sequence but with
so-called “momentum.” For smooth convex optimization, Nesterov’s method is optimal among
first-order methods.

Another modification that can be made to gradient descent is the injection of noise. On the
one hand, diminishing Gaussian noise can be added to the gradient, in which case the method is
called gradient descent with Langevin dynamics. On the other hand, noise uniformly sampled from
a fixed radius ball can be added in a random direction whenever a “stuck” criteria is met, in which
case the method is called perturbed gradient descent.

We found that it was not necessary to add noise and that Nesterov’s method was much faster
than gradient descent, so we used it as our method of choice. As mentioned previously, random
initialization helps escape saddle points to find second-order stationary points. However, the random
prior may also affect what kind of second-order stationary points are found. In the non-surjective
setting, we would like to avoid spurious local minima as well as saddle points, so it is a future

research direction to consider different initializations.

3.7.1 A note on computational complexity

Note that the gradient computation makes up the majority of the computation and memory
complexity. Specifically, we have to compute %Vct((?) for each k € {1,...,p}, each of which takes
the same number of flops to compute as V(0). To compute the matrix for a single layer, via the
kronecker product, takes O(d?) flops. To multiply two matrices takes O(d®) flops. There are L
layers so the total computational complexity for Vet (8) is O(Ld®). Thus, computing %Va(@) from

scratch for each k € {1,...,p} comes out to O(L?d3). The memory complexity is O(L + d?). Since
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this is the dominant part of the algorithm, the total computational complexity is O(L?d3T) (where
T is the number of iterations) and the memory complexity is O(L + d?).

Fortunately, it is possible to trade-off between the computational and memory complexity. We
do this in a similar way to backpropogation, the algorithm for computing the gradient of the loss of
a feedforward neural network applied to a sample point [102], which is an example of reverse mode
automatic differentiation [103]. Instead of computing %Vct(e) from scratch for each k € {1,...,p},
we can store each of the intermediate matrix computations. Specifically, we can compute the matrix
for each layer, taking O(Ld?) flops and storage. Then we can compute the matrix multiplications
from both the right and left, storing the intermediate outputs. That takes O(Ld®) flops and O(Ld?)
storage. Then, we compute four new versions of each layer corresponding to the partial derivative of
each of the four parameters in a layer. This takes O(Ld?) flops and storage again. Finally, for the
partial derivative of each parameter, we make only two matrix computations, taking O(Ld>) flops
and O(d?) storage (since we don’t store all p matrices at once, we multiply them by U and compute
the real part of the trace to get a real number). Thus, this way of computing the gradient descent
iterates amounts to O(Ld3T) flops and O(Ld?) storage. The reduction in computational complexity
from L? to L is significant since L can be exponential in the number of qubits. In particular, when
the goal is exactly compiling general unitary matrices, we need L = £2(4") = §2(d?). On the other
hand, if the goal is exactly compiling specific unitary matrices or approximately compiling general
unitary matrices, L may be smaller. For example, to exactly compile the Toffoli gate, we only need
L = 0(n) = 2(logy(d)).

These analyses of the computation and memory complexity of gradient descent are for its
implementation on a classical computer. However, it can be implemented on a quantum computer as
well. Algorithm 3 of [2] explains how to implement it using the power-of-two-qubits circuit. While

this is a possibility, we do not follow it here.
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3.7.2 Numerical tests: random unitary matrices, towards G1

We start by testing the structures and gradient descent on random unitary matrices, which is

our goal [G1]. We consider three different hardware connectivity graphs with edge sets

By ={(j,k) | jke{l,...,n},j #k} (Full connectivity)
E,2={(1,j+1)|je{l,...,n—1}} (Star connectivity)
Es={(,j+1)|j€{l,....n—1}} (Line connectivity).

F corresponds to no hardware constraints, Fo corresponds to the star topology, and Fs corresponds
to the line topology. Corresponding to these, we consider the structures sequpg, , sequp,, sequg,, and
spin. Note that spin corresponds to E3, but sequp, # spin except when n < 3.

Full connectivity results. We ran the experiments for n = 3 and n = 5 qubits. In both
cases, we sampled 100 random unitary matrices for each structure for different values of L. We ran
gradient descent for each sample and then computed the approximation error and its probabilities.
These curves are given in Figure [3.4 and Figure As one can see, both sequ and spin are almost
identical on how the error depends on the length L, thereby suggesting that the actual structure
does not make a big difference. In addition, both structures reach zero error around their theoretical
lower bound (which can be computed as L = 14 for n = 3, and L = 252 for n = 5), supporting our
Conjecture [2| Figure gives probabilistic statements: the x-axis represents a desired maximum
approximation error (bound), while the y-axis reports the probability that starting from a random
guess for a random unitary, we obtain an error larger than the desired bound. Note that this
corresponds to one minus the CDF of the approximation error. Each L considered has a curve
in Figure representing the distribution of the approximation error, while in Figure it is
compressed to a single point by taking either the mean or the maximum.

Limited connectivity results.

With the same settings, we investigate the effect of different connectivity patters on sequ, for
n = 5 qubits. For n = 5, the theoretical lower bound is 252 CNOTs. Figure shows that sequ

on all three connectivity patterns approach zero approximation error around its theoretical lower
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56

—— Full: average
——- Full: max

4 Star: ..
20 ar-average Full connectivity
Star: max
—#— Line: average

——- Line: max

15 A

Star
10

Approximation Error

AN
’j Line

T T T T T T
0 50 100 150 200 250
Number of CNOT units L

Figure 3.6: Approximation error n = 5 with different connectivity patterns.

bound (in the worst case, the max lines arrive at about 0.7 error, which corresponds to a fidelity of
96%). Furthermore, the dependence of the approximation error on the length is a convex curve that
is basically identical for all three patterns.

From an engineering perspective, it is quite surprising that the structures with limited
hardware connectivity perform as well as sequ, corresponding to full connectivity. However, from the
“separating parameters” perspective that was used to derive the lower bound, this is less surprising:
sequ seem to “fill out” the quantum circuit and separate the parameters equally as well on a line as
on a fully connected graph.

This is in sharp contrast with the QSD which uses 20 and 444 CNOT units for n = 3 and
n = 5, respectively, and increases in length by a multiplicative factor of 9 for the line topology.

These experiments suggest that both spin and sequ are surjective for L equal to the lower
bound and that their approximation error depends favorably on the length, supporting properties
(1) through (4). Regarding property (6), the experiments suggest that the length does not have to

increase at all (or perhaps very slightly, in the worst case scenario).

Remark 6. It is important to note here that the fact that the connectivity does not matter in a
random unitary setting is a general statement about the overall smooth optimization landscape. We

are saying that, if you take a random unitary, and a few random initial points, on average, the
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approzimation error you obtain depends only on the number of CNOT units. This statement says
that even if the different structures have different local minima and properties, with a macro-scale
lens (i.e., in the worst-case), they behave very similarly. On the other hand, when one is interested
in compiling a particular gate (say a Toffoli), in the least number of CNOT wunits, the structure
plays an important role as discussed in the literature, e.q., [104, [105], and as we will see next. In

this case, the fact that connectivity matters is a statement about best case scenarios.

3.7.3 Numerical tests: special gates, towards G2

The only property we are left to explore in this section is property (5), meaning how close to
optimal are the various structures in the case of special (often used and well-studied) gates. So, in
addition to compiling random unitary matrices as efficiently as possible, we want to recover the
shorter lengths that some important gates allow. For example, k-controlled (n — k)-qubit operations
can be compiled with O(n) gates if k < n — 1 and O(n?) gates if k = n — 1 [101, Ex. 4.2][79,
Lems. 7.2 and 7.5]. In particular, the n-qubit Toffoli gate, also known as the multi-controlled-X
gate, can be thought of as a k-controlled (n — k)-Toffoli gate, and so can be compiled with O(n)
gates. Furthermore, [106] gives a lower bound of 2n CNOTs for the n-qubit Toffoli gate (other lower
bounds are possible when considering circuits with ancillae [I07]). The lower bound is tight for
n = 3. Qiskit [93] decomposes the 3-qubit Toffoli gate into 6 CNOTs and the 4-qubit Toffoli gate
into 14 CNOTEE| . We remark that these numbers of CNOTs are significantly lower than the TLB,
and therefore property (5) is not trivial to fulfill.

In addition to the Toffoli gate, we also consider the Fredkin 3 qubit gate, as well as the 1-bit
full adder (which is a 4 qubit gate). The list of important gates is by no means exhaustive, but it
already gives a glimpse of how well sequ and spin work for important gates.

To test property (5), we ran our gradient descent algorithm on spin and sequ many times (we

report in Table the results, as well as the number of exact compilations divided by the number

2 A 14 CNOT implementation can be obtained from the 20 CNOT one of [79] by substituting the controlled-Vs
with their 2-CNOT implementations and applying the templates presented in [60].
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of tries). We compare with the Qiskit compilations on full connectivity and on line connectivity
(with the usual workflow, one would compile e.g., a Toffoli gate on the full connectivity hardware
and then add swap gates to transpile it on the limited connectivity one) [93].

In the case of sequ, we also consider the case of permuting the CNOT units to span more
possibilities: this is, at the moment, a random search permuting all the possibilities, which is
unpractical for large L’s (for instance for L = 14 it would amount to over 150 million possibilities),
but gives us a glimpse that structure does matter when compiling very specific gates in the
non-surjective domain.

The results indicate that, e.g., sequ(18) and spin(18) can exactly compile a 4-qubit Toffoli,
which is better than the 20 CNOT implementation of [79]. And allowing for permutations in the
sequence of CNOTs, even sequ(14) can do it, which is optimalﬂ . The solution we have found is
reported in Figure 3.7 and it uses a different sequence of CNOT gates than the one in Qiskit.

What we observe is that there are different possibilities in compiling a certain circuit exactly,
and in most cases the optimal solutions are different. This shows that our algorithm can be used as
a tool to discover new exact compilations of special gates.

The experiment suggests that property (5) is satisfied to a reasonable extent for both sequ
and spin.

Finally, by looking at the performance of Qiskit when compiling on a line connectivity and
comparing it to our spin structure, which enforces the line connectivity by design, we further

appreciate the advantage of our method in terms of CNOT count.

3.8 Circuit compression via regularization

We move now to address property (3) on compressibility in more detail. In particular,
motivated by the cart structure, we notice that, while cart is provably surjective with length twice

the lower bound, thus satisfying properties (1) and (2), it is not clear how to compress it and

3 The ease at which we have found this, despite the 14!/3!/31/21/21/21/2! possible structures, indicates that there
may be more than one structure that can deliver an optimal compilation. Note that, in general, for m types of CNOTs
with corresponding quantities L1, ..., Ly, there are (L1 + -+ + Ly)!/(L1!- - - Ly,!) permutations.
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Table 3.2: Exact compilations of special gates. In parentheses the number of successful compilations
vs. the number of trials starting with a different initial condition, and in the case of sequ with
permutation, with a different permutation of the CNOT layout. Note that the Qiskit compilation
is stochastic and can return a variable number of CNOTs. *After several trials, we have found a
satisfactory layout, and the numbers correspond to this one.

Gate Qiskit CNOTs sequ spin
Full conn. Line conn.  w/o perm. W perm
Toffoli 3 qubit 6 7-9 7 (19/100) 6 (27/100) 8 (38/100)
Toffoli 4 qubit 14 36 18 (4/350) 14 (1/100)* 18 (1/350)
Fredkin 3 qubit 7 10 8 (55/100) 7 (4/100) 8 (31/100)
1-bit full adder 4 qubit 10 16 10 (11/100) 10 (3/100) 14 (8/500)

so address property (3). The purpose of this section is to develop an algorithmic technique for
compressing arbitrary structures, and cart in particular. Rather than choosing which CNOTs to
keep in a structure (equivalently, which CNOTSs to eliminate) a priori, we consider the question of
how to design an algorithm that automatically finds the best compression for the target unitary U.

We approach this problems with two ideas: (1) we know that there are techniques to reduce
consecutive CNOTs when no rotation gates are between them (let us call these compaction rules);
(2) we know that, when optimizing for the angles, we can enforce sparsity of the solution by adding
a pertinent regularization.

A closer look at (2) inspires us to enforce groups of four rotation angles following the CNOTs
to be zero, thereby eliminating all the rotation gates after a CNOT. This leads naturally to a group
LASSO regularization, and we explore it in Section [3.8.2

A closer look at (1) suggests special compaction rules, which we discuss in Section m

Finally, the complete algorithm starts by enforcing sparsity, eliminating zero rotation gates,
compressing the structure via compaction rules, and then re-optimizing with the regular gradient

descent on the compacted structure. This algorithm is discussed in Section [3.8.3

3.8.1 The “synthesis” algorithm

The guiding question for this subsection is: given a list of CNOTs, can we find a shorter list

of CNOTs such that the matrix product, in SU(2"), of the first list and the second list are equal.
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While the research works in this area are many [108, 109, [1T0], 111}, 112, 113) [I01], we use here an
adapted version of the “synthesis” algorithm of [I08]. There the authors give an asymptotically
optimal synthesis of CNOT circuits. The idea is that CNOTs on n-qubits can be identified with
elementary matrices in GL(n,Zs). Given A € GL(n,Zs), we can compute its LU decomposition in
terms of elementary matrices. On the other hand, things are easier in our case, since we only consider
downward-facing CNOTs, which can be related to LT(n, Zs), the group of n by n lower unitriangular
matrices on Zo. This leads us to implement an adapted “synthesis” algorithm that consists of
three steps: identifying CNOTs with their corresponding matrices in LT(n, Z2), multiplying them
in LT (n,Zs), and reading off the locations of 1’s in the product. We report the following theorem

concerning this algorithm.

Theorem 10. [108] Given an L-long circuit of downward-facing CNOTs, the “synthesis” algorithm
correctly outputs an equivalent circuit of downward-facing CNOTs of length < n(n —1)/2 in O(n3L)

computations.

The correctness of the algorithm follows from [I0§], the length follows from the fact that there
are n(n — 1)/2 lower-triangular entries in an n by n matrix, and the run-time is based on L — 1
matrix multiplications. While the algorithm may output a word of length n(n — 1)/2, it is possible
for words to be further reduced. Hence, this “synthesis” algorithm is not optimal, but its simplicity
is appealing. The lower bound on word lengths is £2(n?/log(n)) for GL(n,Z,), and one way to
obtain it is to partition the matrix into blocks, as is done in [I08]. Note that words can also be
reduced via identities on three qubits, namely commutation rules, cancellations of two subsequent
identical CNOTSs, and mirror rules (see, e.g, [114]). However, these have little effect for n > 3.

We remark that, in general, the “synthesis” algorithm does not respect hardware connectivity,
so it will be used only in cases in which hardware connectivity is not an issue. However, the three
qubit identities do maintain the hardware connectivity constraints of the original circuit, so they can
be used in all the cases. Note that there are recent works using Steiner trees to apply the synthesis

algorithm in a way that does respect hardware connectivity: [115], 116, 117 118 [119].
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3.8.2 Setting parameters to zero

The guiding question for this subsection is: which parameters should we set to zero to get a
good compressed structure via the techniques presented in the previous subsection? As mentioned,
our approach is to enforce sparsity of the resulting 8 vector by pushing groups of the four-rotation
angles following a CNOT to be zero (i.e., all the rotations of a given CNOT unit). This can be
achieved via a group Lasso regularization [92] (see also [120, [91] 121]), as follows. The collection
of rotation angles for each of the CNOT units is the vector 0y := [03,440-3, ..., 03,44¢], With
¢={1,...,L}. Enforcing each of these vectors to be zero, amounts to adding a regularization of

the form [|@y||2 for each group, and therefore solving the problem:

L
. 1
(AQCP-6, ) min __ fa(0:0) == o[ Ver(0) ~ Ul + 2D (16002, (3.10)

0€[0,2m)P ct=ct —
with regularization parameter A > 0, which trades off approximation error and sparsity.

We can solve by a proximal gradient descent, as done in [92]; although problem ([3.10))
is non-convex, we have similar convergence results as for gradient descent, meaning that for small
regularization parameters A\, we can show convergence of perturbed proximal gradient descent to a
second-order stationary point [122].

In particular, proximal gradient descent amounts to computing a gradient descent step and
then applying a proximal operator (which, in this case, is the block-wise soft-thresholding operator

[123, Eq.(7)]). Starting from a randomly initialized 0]0], this yields the component-wise recursion

fork=3n+4¢0—-3,...,3n+4¢, for{=1,...,L, as

0]k = 6klt] +aRe Tr [8(2 ct(G[t])TU} for all k € {3n+4¢—3,...,3n + 4£}(3.11a)
k
_ [Oj]k +
Ot +1] = ”0+H(H9€ | —aX)+ forall k € {3n+4¢—3,...,3n+ 44} (3.11Db)
L
Oxlt +1] = O4[t] + aRe Tr [£mt(9[t])TU} for all k € {1,...,3n}, (3.11c¢)
k

where (y)+ = max{y, 0}.

Eq.s are block-wise recursions: for each CNOT unit, we run the gradient descent for each
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angle of the unit, and then run the proximal operator. For the angles not belonging to the CNOT

units, then it is business as usual.

3.8.3 Compression algorithm

Integrating the ideas from the previous two subsections, we propose the following algorithm

for compressing an arbitrary structure.

Algorithm 2 Compression via group LASSO

Require: U, ct, A, initial condition 8[0]
1: compute ¢, via proximal gradient descent on fet(,A)
2: Eliminate all the rotation gates that have zero rotation angle
3: compress ct via the “synthesis” algorithm
4: further compress ct via CNOT identities
5: compute 6* via standard gradient descent on fe, where ct’ is the compressed structure

6: return compressed structure, ct’, and corresponding angles, 6*

The algorithm consists of running proximal gradient descent , starting with some given
initial condition @[0], on the regularized cost fet(-, A). Then, we eliminate all the rotation gates
that have zero rotation angle and apply the compaction rules to reduce the circuit. Finally, we run
standard gradient descent on fe, where ct’ is the compressed structure, to compute the best
parameters 8* for the compressed structure.

Line 3 (i.e., “synthesis”) can be included, when hardware connectivity constraints are not

important, or not, when they are.

3.84 Numerical tests: random unitary matrices, towards G3

We test our compression algorithm on random unitary matrices with sequ and cart structures
for both n = 3 and n = 5 qubit circuits (we do not consider spin because it corresponds to the line

connectivity which is not preserved under the synthesis algorithm). In particular, we randomly
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initialize the iterates and consider 100 different random unitary matrices, and we plot both mean
and standard deviation of the result.

We report our results in Figure We start with circuits of L = 14 and L = 250 for sequ
and from L = 22 and L = 528 for cart, respectively for n = 3 and n = 5, and we compress them
with different regularization parameters. In the x-axis, we can see the regularization parameter A
used, while in the y-axis, we can note the final number of CNOTs (in blue), as well as the Frobenius
fidelity Fr(U,V) (in orange). The lines correspond to the average, and the shaded areas to one
standard deviation.

As one can appreciate, a small compression is possible for sequ, especially if the “synthesis”
algorithm is used. Note that the three qubit reductions have little affect for n = 5 and this is true
for all n > 5.

A better compression, with very high Frobenius fidelity F(U, V), is possible instead for
cart, showing that this structure can be tuned to be compressed to TLB (L = 14 and L = 252,
respectively) without losing fidelity. One can see this by looking at the second data point on the left
for both n = 3 and n = 5, where we obtain a reduction to L = 14 and L < 252 (blue curve), with
no practical loss of fidelity (orange curve). This is encouraging (meaning that the recursive Cartan

decomposition can be easily compressed in practice) and supports properties (3) and (4) for cart.

3.8.5 Numerical tests: compressing compiled circuits, towards G3 in Qiskit

Finally, we move to analyze the effect of the compression algorithm to already compiled
circuits in Qiskit, or other compilers. The idea here is to see how one can use the approximate
quantum compiler as an add-on to the usual workflow, by allowing the user to trade-off accuracy
and circuit depth, as defined in Remark

We consider the quantum circuits of 3,4,5 qubits in the [I] database. We compile them in
Qiskit and transform them into the parametric circuit of the present chapter (see Figure for
an example). Then we use this compiled circuit as a warm start for our compression algorithm,

Algorithm [2] for different A’s. This yields the graphs in Figure [3.9] where we can appreciate how A
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affects compression, as well as Frobenius fidelity.

A better overview is offered by Table where we look at the best compression we can obtain
for a Frobenius fidelity as high as 90%, and its associated computational overhead. To compile the
table, we have looked at different \’s parameters, and we have considered the best compression
with fidelity > 90%. The column ‘Depth’ refers to the depth of the original circuit in the database
(which can have gates not in the gate set), the Qiskit depth is the circuit depth once compiled in
Qiskit and transformed into the parametric circuit, the compressed depth is the minimal depth that
we were able to obtain with Algorithm |2} with a fidelity > 90% (by varying A), the fidelity column
is the Frobenius fidelity of the maximal compressed circuit, while the overhead is the time that the
computation of the latter circuit has taken.

As one can see, we can achieve some compression with a small loss in fidelity, and in some
cases, without any loss. For some circuits, compression is quite high (~ 58% of the Qiskit depth),
for others, less so.

We remark that, ultimately, the compression capabilities are a by-product of Qiskit (or others)
compilation properties. If the compiler used can achieve optimal compilation, no further compression
can be obtained, no matter how sophisticated the devised algorithm is. While compilation is getting
better and better (new exact or heuristic algorithms are proposed at a rapid pace, see for instance [78§]),
we believe that our tool can also be used to globally gauge if circuits can be further compressed
and which part of the circuit is not optimally compiled. This has immediate practical applications
in devising better compilation algorithms. For example, further studies are needed to understand
what makes ‘miller_11" or ‘decod24-v2_43’ difficult for Qiskit, and how to improve its compiler.

Finally, more research has to be dedicated towards devising better strategies to select the
best parameter A\ for compression, instead of a random search, and analyzing what happens with

the use of different compilers rather than Qiskit.

3.9 Conclusions and open points
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Table 3.3: Best achieved compression for the circuit of the [I] database, along with their Frobenius
fidelity and computational overhead. Depth is the original depth; Qiskit depth is the depth once
compiled in Qiskit and transformed into the parametric circuit; Compr. depth is the best compression
obtained with Fr. Fidelity > 90%, while its indicated % represents the ratio of the compressed
depth w.r.t. the Qiskit depth.

Qiskit Fr. Fidelity > 90%

File name Depth | depth | Compr. depth (& %) | Fr [%] | Overhead [s]
4gth5_77 74 137 136 (99%) 93.41 24.34
4gt13.91 61 119 119 (100%) 100.0 20.76
one-two-three-v0_98 82 163 163 (100%) 100.0 23.7
4gt13.90 65 121 120 (99%) 99.99 20.63
ham3_102 13 25 24 (96%) 99.99 1.28
one-two-three-v1_99 76 152 152 (100%) 100.0 23.65
4gt5.76 56 115 111 (97%) 98.75 20.57
4mod7-v0_94 92 175 171 (98%) 95.22 27.19
aj-el1.165 86 177 177 (100%) 100.0 36.16
alu-v0_26 49 99 95 (96%) 99.99 17.26
miller_11 29 65 38 (58%) 99.99 3.1
rd32-v1_68 21 35 34 (97%) 92.02 4.58
one-two-three-v2_100 40 79 79 (100%) 100.0 13.82
one-two-three-v3_101 40 80 79 (99%) 91.84 16.85
4mod5-v0-20 12 25 25 (100%) 100.0 6.01
alu-v0_27 21 43 41 (95%) 99.99 7.8
modbmils_65 21 44 44 (100%) 100.0 8.61
ex-1_166 12 28 26 (93%) 99.99 1.28
decod24-v1_41 50 94 93 (99%) 99.99 16.32
alu-v3_34 30 60 60 (100%) 100.0 11.45
3-17_13 22 45 37 (82%) 99.98 2.11
decod24-v3_45 84 157 155 (98%) 98.4 25.86
Agt11.84 11 21 21 (100%) 100.0 2.82
decod24-v0_38 30 62 52 (84%) 99.99 5.48
4mod5-v0_19 21 45 41 (91%) 95.94 8.76
4mod5-v1_22 12 29 29 (100%) 100.0 6.06
alu-v1.-29 22 43 41 (95%) 99.99 6.98
alu-vl_28 22 45 39 (87%) 99.99 7.18
4mod5-v1_23 41 83 76 (92%) 99.99 14.79
4mod5-v0_18 40 84 73 (87%) 99.99 11.06
rd32.270 47 96 84 (88%) 99.81 20.94
4gt10-v1_81 84 159 159 (100%) 100.0 29.35
rd32-v0_-66 20 33 33 (100%) 100.0 3.73
alu-v3_.35 22 44 42 (95%) 99.99 .77
Agt13-v1.93 39 70 70 (100%) 100.0 14.66
4mod7-v1_96 94 164 164 (100%) 100.0 24.4
4mod5-v1_24 21 A1 38 (93%) 97.4 8.68
mod5d1-63 13 30 30 (100%) 100.0 8.92
alu-v4_36 66 117 117 (100%) 100.0 20.24
Agt11.82 20 42 42 (100%) 100.0 7.18
4gt5.75 47 88 88 (100%) 100.0 16.24
alu-v2_33 22 42 38 (90%) 99.99 6.96
alu-v2_32 92 174 174 (100%) 100.0 25.21
4gt11.83 16 41 37 (90%) 99.95 9.18
decod24-v2_43 30 65 47 (72%) 99.99 5.23
4gt13.92 38 71 71 (100%) 100.0 14.1
alu-v4_37 22 44 42 (95%) 99.99 7.73
mod5d2_64 32 67 67 (100%) 100.0 14.08
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In this chapter, we have examined, in deep mathematical and numerical detail, variants of
the best approximate quantum compiling problem. We have shown how to build hardware-aware
structures and how to optimize over them. While we have presented encouraging results to support
various theoretical and numerical properties, several open points are left for future research. In
particular, on top of our priority list are (1) to investigate Conjecture [2{ and analytically determine
the relationship between approximation error and number of CNOTs (which has been done for
2-qubits using the Weyl chamber [124, 125] 126, 53]); (2) to investigate Conjecture [1; and (3) to

investigate properties (5) and (6) for cart.
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Figure 3.7: A different from Qiskit 4-qubit Toffoli exact compilation, obtained by permuting the
CNOT units in the sequ(14) structure and running gradient descent with many initial points.



68

n=3, sequ, with synthesis n=3, sequ, without synthesis
® 100 ® 100
141 \?\ 144 O—Q\
124 80 121 80
) —_ ) -
5 101 IS 5 101 S
5 w @ O 60 2
o = - 60 =
o 8- K o 84 K
E T E i
E 54 3 E 6 3
E 40 § 2 10§
T 8 K] S
£ 44 — 5 -+ £ £ 4 £
5 20 5] 20
0 0
0 0
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Regularization parameter Regularization parameter
n=>5, sequ, with synthesis n=5, sequ, without synthesis
o —— —e— < O o e --| 100
2504+ ———0—0—90—90— 90— o
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 80
200 4
) —_ ) —_
g S z
P4 = = =
8 z 6.\l Lo 2
k] K] 5 150 R}
= k<l i he]
K] [red g i
£ E £ 3
2 100 1 i e e S e e I S 40 § 2 100 =T 40 §
B s E s
i w i w
501 s T e SsmE— k20 L S S S S 20
0 0
rrrrrrrrrrrrrrrrrr 0 et £ 0]
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Regularization parameter Regularization parameter
n=3, Cartan n=5, Cartan
U W t 100 500 4 r 100
201
[ 80 400 4 I 80
0 _ « —_
5 g 6 &
Q15 s Q )
o 60 2 O 3001 60 2
G R} G )
hd 3 2 ]
g i g i
£ 101 2 £ 2
g 0 5 200 bao §
g s F s
i & i =
51 R 100 - )
l 20 20
0 04
) o
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 0.0 0.1 0.2 0.3 0.4 0.5
Regularization parameter Regularization parameter

Figure 3.8: Final number of CNOT units and Frobenius fidelity, for n = 3 and n = 5 qubit circuits
and different structures. We divide the cases for sequ for when “synthesis” is run, and when it is
not. For cart, since hardware constraints are not imposed, “synthesis” is always run. For all graphs,
the z-axis represents the regularization parameter A, while the y-axis represents the compression
obtained, in blue, and the Frobenius fidelity, in orange. The continuous line is the average, while
the shaded area is one standard deviation.
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Figure 3.9: Compression of compiled circuits from the [I] database, for various regularization
parameter values. For all graphs, the x-axis represents the regularization parameter [0 — 2], while
the y-axis the compression obtained in blue (normalized to the starting CNOT count), and the

Frobenius fidelity in orange.



Chapter 4

High-probability convergence bounds for non-convex stochastic gradient

descent

4.1 Introduction

Stochastic gradient descent (SGD) is an algorithm for minimizing a cost function by relying
on noisy estimates of the gradient. Theoretical results provide guarantees for the convergence of
SGD to a stationary point via convergence bounds in mean, almost sure convergence, or convergence
bounds in probability. All three depend on the properties of both the cost function and the noise
distribution. In particular, we consider the follow settings:

(S1) where the cost function is strongly smooth and satisfies the Polyak-Lojasiewicz (PL)

inequality, and the noise is norm sub-Gaussian;
(S2a) where the cost function is strongly smooth, and the noise is norm sub-Gaussian; and

(S2b) where the cost function is strongly smooth and Lipschitz continuous, and the noise is norm
sub-Weibull.
The PL inequality is a weaker form of strong convexity that does not imply convexity and is
motivated by recent papers that prove PL-type inequalities for neural nets [127], 128, [129] 130]. The
sub-Weibull noise assumption is weaker than the sub-Gaussian noise assumption and is motivated
by recent results where the noise for empirical risk minimization applied to particular problems is
not sub-Gaussian for small batch-sizes [131], 132 [133].

Almost sure convergence to a first-order stationary point can be proved assuming only strong
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smoothness and a weak assumption on the noise [35, [134]. In this case, the mean convergence
rate of the squared gradient norm to zero is O(1/v/T), where T denotes the number of iterations
[135] [136]. It is also possible to prove a matching almost sure convergence rate [137]. If the PL
inequality is also assumed, then the mean convergence rate of the cost function of the iterates to
the minimum is O(1/7T) [52, 136]. However, a convergence guarantee is generally required with
some arbitrary probability, 1 — §. A mean convergence rate is acceptable when it is possible to
re-run SGD many times, since Markov’s inequality can be applied and the best run chosen. On the
other hand, if only one run of SGD is allowed, then the (1/6)-dependence of Markov’s inequality
quickly blows up. What is needed is a bound with logarithmic dependence on 1/§. Assuming
strong smoothness and norm sub-Gaussian noise, [I38] proves a O(log(T') log(T'/§)/v/T) convergence
bound. We do not know of any other convergence bounds in the strongly smooth setting that have
only logarithmic dependence on 4. In Section [£.2] we introduce the preliminaries; delineate the
optimization assumptions, the types of convergence, and the noise assumptions; and discuss how
our results fit into the broader literature.

Section [4.3]is dedicated to setting (S1). In Section[d.3.1] we prove a O(log(1/8)/T') convergence
bound, which matches the optimal convergence rate in mean of O(1/T"). In Section we focus
on the statistical learning framework and consider SGD with a mini-batch and sub-Gaussian (as a
random vector) noise. We prove, as a simple application of our convergence analysis, a bound on
the true risk that goes to the empirical minimum as the sample size increases to infinity. The bound
has 1/ V6 dependence on &, which, while not logarithmic, is better than the 1 /0 that comes from
the mean convergence bound and Markov’s inequality. Furthermore, it is based on a conservative
step-size constant and a fixed number of epochs, corresponding to practice where a better step-size
constant for convergence may paradoxically fit random labels [139] and where early stopping is used
to avoid over-fitting.

Section is dedicated to setting (S2). The convergence results are presented in Section m
For setting (S2a), we prove a O(log(T")log(1/8)/v/T) convergence bound, improving the log factors

of the bound in [I38]. Moreover, our bound is for an argmin over a small number of iterates, while the
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bound in [13§] is for an argmin over all of the iterates. This last point is an independent contribution
of the chapter and is presented in Theorem [L6| where we call it “efficient post-processing.” For
setting (S2b), we prove a O(log(T/8)? log(1/6)/v/T) convergence bound, where 6 is the sub-Weibull
tail weight. On our way to proving the non-convex (without the PL inequality) convergence bounds,
we prove a Freedman-type inequality for martingale difference sequences with sub-Weibull tails.
Previously, such inequalities only allowed for, at most, sub-exponential tails, as in [140]. In order to
push beyond the sub-exponential boundary, we used the moment generating function truncation
techniques of [141]. The additional constants that the sub-Weibull noise introduces fortunately
balance in such a way that we are still able to get a 1/ VT sub-linear convergence rate up to
logarithmic factors. Section presents the sub-Weibull Freedman-type concentration inequality.

Section provides numerical examples to elucidate the theoretical results. In particular,

SGD is applied to various neural-net-based synthetic problems.

4.2 Preliminaries

We are interested in the unconstrained optimization problem

min f(z), (4.1)

where f: R — R is a differentiable function, and the SGD iteration
Tl = Tt — NGt vVt e NU {O},

where g; € R? is an estimate of Vf(x;), n; is the step-size, and zg € R? is the initial point.
Formalized in this way, it remains to specify: (1) the properties of f, the cost function; (2) the types
of convergence of (r;) to a stationary point; and (3) the properties of the noise e; := V f () — g;.
We restrict our attention to the setting where xg is deterministic, but the results easily extend to
the setting where xg is a random vector.

One of the main examples of Eq. is the stochastic approximation problem: f =E[F(-,&)]
where (2, F, P) is a probability space and F : R x 2 — R [142] 135, 143]. In this case, we

independently sample &g, &1, ... and set g = VF (x4, &).
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Note that we frequently use big-O and little-o notation. When comparing two sequences of
real numbers, (a;) and (b;): a; = o(by) if lima; /by = 0, ap = O(by) if limsup |a;| /by < 00, ar = 2(by)
if by = O(ar), ar = w(by) if by = o(ar), and a; = O(by) if ax = O(b) and a; = 2(by). We use
a; = poly(b;) to denote that there is a polynomial function p such that a; = O(p(b;)). Finally, we

use [n] to denote the set {1,...,n}.

4.2.1 Optimization Assumptions

Throughout the chapter we implicitly assume argmin,cpa f() is non-empty so it is a well-
posed problem, and hence f* := min,cpa f(x) > —oo. We assume that f is L-strongly smooth (or
L-smooth for short) for a given L > 0; i.e., f € C' and its gradient is L-Lipschitz continuous.

A function f is u-Polyak-Lojasiewicz (or u-PL for short) if ||V f(z)||2 > 2u(f(x) — f*) Vo € R%.
Some examples of problems with PL objectives are logistic regression [52] and matrix factorization
[144]. Deep linear neural networks satisfy the PL inequality in large regions of the parameter
space [145, Thm. 4.5], as do two-layer neural networks with an extra identity mapping [127].
Furthermore, sufficiently wide recurrent neural networks satisfy the PL inequality locally around
random initialization [128| 129, 130]. While strong convexity implies the PL inequality, a PL
function need not even be convex, hence the PL condition is considerably more applicable than
strong convexity in the context of neural networks.

Recall that we focus on two main settings with regards to optimization assumptions: (S1) the
case where f is L-smooth and satisfies the PL inequality, and convergence is to a global optimum,
and (S2) the more general case where f is L-smooth, and convergence is to a stationary point.
We do not require convexity in either case, though we sometimes refer to the second case as the
“non-convex” case since the convergence is to a stationary point as is typical for non-convex analysis.

We also note that some of the non-convex results require f to be p-Lipschitz continuous; the
chapter will state when this assumption is needed. Lipschitz continuity of f follows immediately if
the iterates are bounded. This might lead one to consider projected SGD, but there are certain

issues preventing us from doing so which we discuss in Appendices and
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Further details on standard optimization terminology and results are in Appendix

4.2.2 Types of Convergence

To analyze the convergence of SGD, we define a sequence of pertinent random variables (X7).
In the PL setting, since the PL inequality implies that all stationary points are global minima, we
set X7 = f(xr) — f*. In the non-convex setting, since SGD may converge to a stationary point, we
set X = ming<i<7—1 ||V f(z¢)||> or X7 = ||V f(yr)||* where yr is carefully chosen from z . .., z7_1.
Note that we do not consider iterate averaging in either case because the usual trick using Jensen’s
inequality requires convexity, so a bound on the averaged error (i.e., the regret) does not translate
to a bound on the error of the average iterate.

Results bounding E [X7] (expected/mean/L; convergence) for SGD are common but strong
results bounding X7 with (1 — d)-confidence are relatively rare. See [142], [146], [147], [148],
[149], and [150] for such bounds in the non-smooth convex setting. Clearly, guarantees with high
confidence are quite desirable. We can go from expectation to probability via Markov’s inequality,
P (Xp <E[X7]/0) >1—6, but we want the dependence on § to be better than 1/§ multiplicative
dependence. In particular, we want poly(log(1/§)), which we call “high probability” dependence, as
opposed to poly(1/6), which we call “low probability” dependence.

One way to get high probability dependence from Markov’s inequality is through probability
amplification, which involves taking multiple runs and picking the best run based on a validation set;
for example, Exer. 13.1 of [25] describes probability amplification for the true risk. Their procedure
takes O(log(1/8)) runs and O(log(1/d)/e?) validation samples and relies on the boundedness of the
loss function. [I51] describes probability amplification for convergence in the strongly convex setting.
They use strong convexity to apply robust distance estimation and get around the £2(1/€%) sample
requirement for mean estimation [I52]. Thm. 2.4 of [I35] describes probability amplification for
convergence in the non-convex setting. Their procedure takes ©(log(1/0)) runs and ©(log(1/0)/(de))
validation samples and relies on the boundedness of the variance of the norm of the gradient noise.

The above probability amplification techniques involve both an optimization cost and a
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validation cost. Re-running SGD multiple times clearly increases the optimization cost, so our
goal is to prove high probability convergence bounds for a single run of SGD that match the mean
convergence bounds without increasing the validation cost. The only bound we have that requires
validation is the non-convex bound since it is in terms of ming<;<r—1 ||V f(z¢)|>. If we want a
bound in terms of ||V f(zs)||? for a particular s, then we have to compute the argmin, which means
performing validation on 7' choices instead of @(log(1/6)). Fortunately, Theorem [16{shows that
there is a workaround involving only ©(log(1/6)) iterates, same as for multiple runs. Then the same

validation step as in [I35] can be applied.

Further details on the convergence of random variables can be found in Appendix

4.2.3 Noise Assumptions

We make assumptions involving the bias, variance, and tail behavior of the noise e;. First, let
(2, F, P) be the underlying probability space and define the natural filtration F; = o(eg, ..., e;) Vt >
0, F_1 = {0, £2}. We assume the noise is unbiased, E [e; | Fz—1] = 0, and that the variance is bounded
by a constant, E [[le;[|* | Fi—1] < o2. It is possible to prove almost sure convergence of SGD in
the smooth non-convex setting with weaker assumptions on the bias, namely that there is an
additional noise term ¢; in the gradient with the properties c1 ||V f(z¢)[|? < —(Vf(x1), &) and ||e;]| <
o (1+ ||V f(a¢)]) for all ¢, and on the variance, namely that E [|le|| | F—1] < o (1+ ||V f(a4)]?)
for all ¢ [35] 134]; but it is not clear how to do so for high probability convergence.

Next, while mean convergence rates do not require assumptions on the tail behavior of
the noise, high probability convergence rates do. In particular, [I42] makes the assumption
E [exp (|lec]|?/0?)] < exp(1), which corresponds to sub-Gaussian tail behavior. Note that this tail
assumption implies the variance assumption via Jensen’s inequality. We consider sub-Gaussian,

sub-exponential, and sub-Weibull noise [153, [154] 141], defined below:

Definition 4. A random variable X is K-sub-Gaussian if E [exp (XQ/KQ)] < 2. See Prop. 2.5.2

of [153] for equivalent definitions.
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Definition 5. A random variable X is K -sub-exponential if E[exp (| X|/K)] < 2. See Prop. 2.7.1

of [155] for equivalent definitions.

Definition 6. A random variable X is K-sub-Weibull(9) if E [exp ((|X|/K)Y?)] < 2. The tail
parameter 6 measures the heaviness of the tail—higher values correspond to heavier tails—and the
scale parameter K gives us the following bound on the second moment, E [XQ] <2r(20 +1)K?
(Lemma [5). See Thm 2.1 of [153] for equivalent definitions. Note that sub-Gaussian and sub-

exponential are special cases with 6 = % and 0 = 1, respectively.

While many works in the context of SGD consider errors modeled by sub-Gaussian distributions,
we provide a brief discussion on the relevance of the sub-Weibull assumption. First, [I56] shows that
a Gaussian prior on the weights in a Bayesian neural network induces a sub-Weibull distribution
on the weights with the optimal tail parameter for a particular layer proportional to its depth.
Secondly, a series of recent papers [131] [132], 133] suggest that SGD exhibits noise with tails that
are heavier than sub-Gaussian. [I57] and [I58] suggest that the heavier-tailed noise of SGD may be
vital to its ability to find machine learning models that perform well on unseen data.

To the best of the authors’ knowledge, all existing results for the high probability convergence
rate of SGD assume norm sub-Gaussian noise. While the central limit theorem can be used to justify
the sub-Gaussian noise assumption for mini-batch SGD with large batch-sizes, it cannot for small
batch-sizes. One alternative distribution that has been suggested is the a-stable distribution with
a < 2, which has infinite variance. [132] and [I31] empirically determine the tail-index for stochastic
gradient noise assuming it follows an a-stable distribution and [I59] proves mean convergence
bounds for clipped SGD in this setting. However, none of these papers actually show that the noise
is a-stable, or even that it has infinite variance. On the other hand, [I33] tests when the noise is or
is not Gaussian. They find that the noise is Gaussian for a batch-size of 4096, is not for a batch-size
of 32, and starts out Gaussian then becomes non-Gaussian for a batch-size of 256.

Even though sub-Weibull noise has finite variance, by relaxing the noise assumption from

sub-Gaussian to sub-Weibull, we are taking a step towards a more realistic analysis of SGD.



77

Remark 7. Our noise assumptions will be on the Euclidean norm of the noise vector. We note
that it is straightforward to show that if (e;) € R® is component-wise sub-Weibull, then its norm
is sub- Weibull. Concretely, assume e; is K;-sub-Weibull(@) for i =1,...,d. Let ||-||, denote the

Orlicz norm (infimum of all possible scale parameters given the tail parameter 0). Then

d 1/2 1/2 d 1/2 d 1/2
Il el ll, = l(Z?) = < ( IHe?HIQQ) = (Z melﬂ%) = ||(K)|-
i=1 0 1 i=1

0 2 i=

d

e

i=1

Note that the components may be dependent.

4.2.4 Prior Work and Contributions

Assuming strong smoothness and strong convexity, the tight mean convergence rate is O(1/T)
[142]. The same mean convergence rate can be shown assuming strong smoothness and the PL
inequality [52, [160]. Assuming strong smoothness, the PL inequality, and norm sub-Gaussian noise,
our Theorem [L1|provides a matching O(log(1/d)/T") convergence rate for the high probability case.
Our theorem depends on Proposition [I| which is a novel probability result, essentially saying that
adding two kinds of noise to a contracting sequence—sub-Gaussian noise with variance depending
on the sequence itself and sub-exponential noise—results in a sub-exponential sequence.

We then apply our convergence analysis to the statistical learning problem. We find that by
taking a more conservative step-size, the training error goes to zero slower, but the generalization
error also increases slower in such a way that we can balance the two. In particular, we find a bound
that supports running multiple, but limited epochs of mini-batch SGD. For papers developing the
generalization analysis that we use, see [161], [162], and [I63]. Other relevant papers are [164], [145],
[165], [166], and [167]. Note that [I66] proves high probability generalization bounds for SGD, but
only in the convex setting. Also, they balance their generalization result with the convergence result
of [149].

Assuming strong smoothness and convexity, the tight mean convergence rate of the squared
gradient norm is O(1/v/T) [3, Thm. 5.3.1]. In fact, this is the optimal rate for all stochastic

first-order methods assuming only strong smoothness (and not convexity) [168]. The same mean
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convergence rate can be shown for SGD assuming only strong smoothness [135]. However, the
result of [I35] requires a constant step-size equal to ©(1/v/T) to get the O(1/v/T) convergence
rate. On the other hand, for a ©(1/+/t) step-size sequence, the rate is O(log(T)/v/T). Assuming
strong smoothness and norm sub-Gaussian noise, [I38] proves a O(log(T) log(T/8)/v/T) convergence
rate. Our non-convex convergence result, Theorem improves this to O(log(T)log(1/6)/VT)
and, assuming strong smoothness, Lipschitz continuity, and norm sub-Weibull noise, proves a
O((log(T/8)?1og(1/8) + log(T)log(1/6)??)/v/T) convergence rate. To the best of the authors’
knowledge, all existing results for the high probability convergence rate of SGD assume norm
sub-Gaussian noise.

Another contribution is that our non-convex convergence rates are for an argmin over [log(1/9)]
iterates while the bound of [I38] is for an argmin over all of the iterates. We are able to restrict the
number of iterates we have to minimize over via a post-processing sampling strategy that extends the
sampling strategy of [135] from mean to probability. The crux of the proof is Lemma Then the
minimization step can be done via a validation set as in [I35]. One takeaway from our convergence
rate is that the optimal step-size constant for mean convergence only depends on the variance,
whereas the optimal step-size constant for high probability convergence depends on § and 6 as well.

Our proof of Theorem [T5] depends on a novel probability result, Proposition[2} The probability
result is of independent interest because it extends, for the first time, Freedman-type concentration
inequalities beyond the sub-exponential threshold [169] 140} [149]. In particular, we use the truncated
MGF technique of [I41] to generalize the Generalized Freedman inequality of [149] from sub-Gaussian

to sub-Weibull martingale difference sequences.

4.3 Smooth, PL, Sub-Gaussian Setting

In this section, we assume the PL inequality and norm sub-Gaussian gradient noise. In
Section [4.3.1] we consider a stochastic recursion with two types of noise: sub-Gaussian with
dependence on the main sequence and sub-exponential. In Proposition |1} we prove that the main

sequence is sub-exponential. Then, we show that the error of SGD satisfies just such a recursion,
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allowing us to prove the high probability convergence bound in Theorem
In Section we consider the statistical learning framework as an example. It turns out a
more conservative step-size constant is needed, which gives a slower convergence rate; this is shown

in Theorem Finally, we provide the resulting true risk bound in Theorem

4.3.1 Convergence

We start our analysis by recalling that strong smoothness of the function f implies that

F(x) < F&) + (Vi) — ) + ol — gl

for any z,y € R%. Set = 2,41 and y = x¢; then, by subtracting f* from both sides and substituting

inxepr =x — mge = 2 — p(V () — er), we get

* * L77t 2 L77t2 2
flae) = 7 < flae) = 7 =me (1= =7 JIVF@)lI” (L = L) (V f(ze), e) + = lleel|” (4:2)
_oex 2 _ Lo 2
< fla) = f7 = SV )lI” + (@ = Lo ){V f (@), e0) + == led]

2
< (1= pne)(f (@) = %) + (V= L )(V f (1), €0) + L%H@tl!2 (4.3)

where the 2nd line follows if n; < 1/L, and the 3rd line follows if f satisfies the PL inequality.

In Theorem we will show that the sub-Gaussian assumption on e; causes the second
term to be sub-Gaussian with an implicit dependence on f(x;) — f* and the third term to be
sub-exponential. In the following proposition, we show that such noise ends up causing f(xy) — f*
to be sub-exponential, identifying X; ~ t?(f(x¢) — f*). Below, the indices for all sequences are the

natural numbers unless otherwise specified.

Proposition 1. Let (2, F, (F;), P) be a filtered probability space. Let (X;), (w;), and (0;) be adapted
to (F;), and X deterministic. Let («;), (B;), and (v;) be non-negative sequences. Assume X; and
0; are non-negative almost surely. Assume Elexp(Aw;) | Fi—1] < exp()‘;,BiQX,-) for all X € R and

Elexp(A\d;) | Fi—1] < exp(\yi) for all X € [0,7;']. Assume

Xit1 < a; X + W + 0.
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Then, for any (K;) such that Ky > Xo and, for all i > 0, KZ-QJrl > (i K; + 27)Kiv1 + B2K;, and

any n >0, we have, w.p. > 1—4 for all § € (0,1),
X, < K, log(e/d).

The proof is in Appendix It is similar to the proof of Theorem 4.1 in [149] but with some
key differences. There, the recursion is X;11 < o;X; + W;v/X; + v; where E [exp(Aw;) | Fi—1] <
exp (’\2—2@2> and v; is deterministic. We had to move the implicit dependence of the sub-Gaussian
term inside of the moment generating function in order to apply it to the inner product term in
Eq. . We also had to allow v; to be a sub-exponential random variable ©;, and so applied
Cauchy-Schwarz, which contributed the 2 in the recursion for (Xj;).

With Proposition (1, we are ready to prove high probability convergence for SGD with a
particular @(1/t) step-size sequence. The step-size is asymptotically equal to 2/u/t. If the step-size
is instead set to ny = ¢/t with ¢ > 2/pu (e.g. if pu is unknown), then the convergence bound applies

by resetting ¢ to zero once ¢/t ~ 2/ p.

Theorem 11. Assume f is L-smooth and p-PL and that, conditioned on the previous iterates, e;
is centered and ||e.|| is o-sub-Gaussian. Then, SGD with step-size

C2t+dr—1
e = /ﬁ(t+2/’€)2’

where k = L/u, constructs a sequence (x;) such that, w.p. >1— ¢ for all § € (0,1),

N Lo?log(1/9)
f(zr) = f :O</ﬂT .
The proof is in Appendix [A-4] The convergence bound of Theorem [I1] matches the optimal

convergence rate in mean of O(1/7") and has log(1/6) dependence on §.

Remark 8. It is natural to ask whether we can relax the sub-Gaussian assumption to a sub- Weibull
assumption. In Proposition[l, we need a bound on the moment generating functions of both w; and
0;. But, if ||et|| is o-sub-Weibull(®) with @ > 1/2, then ||e;||? is o?-sub-Weibull(20). Thus, ©; would
be sub- Weibull with tail parameter greater than 1, and so may have an infinite moment generating

function for all A > 0.
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4.3.2 Generalization

A particular example of Eq. that we are concerned with is the supervised statistical
learning problem [25] [I70]. Consider a data set S := (s;).; ~ D™ consisting of n iid samples, s; ~ D
for i € [n], where D is an arbitrary and unknown distribution. Let ¢(x, s) measure the loss of the
model parameterized by 2 € R? applied to the sample point s. Given S, let F(z,i) = ¢(x, s;) and

define the empirical risk

Fl#) = 23w 1) = By [F ()] (44)
=1

Sometimes we write f,, (and f} = min, f,(z)) when we want to emphasize the dependence of f on
the samples, otherwise the n is implicit. We will apply SGD to minimizing the empirical risk using
the mini-batch gradient estimator
1
el
where [ is a uniform sample of b indices sampled with replacement from [n]|. In particular, we

sample g; ~ g(z, by). However, the goal is actually to find an z that has a small true risk

f(x) = Egup £(z,s).

and we define f3 = min, f(x).

Applying SGD with many fewer than n/b iterations can be thought of as a stochastic
approximation to minimize f directly, but most realistic scenarios take more than one-pass of the
data in order to further reduce the training error, so we adopt the statistical learning framework for

analysis. In this framework, we really care about f (x7) — f%, which we write as

Flar) — 5 = flar) = falzr)+ folor) = f5 +  fF—f2
N——

generalization error ~ convergence error  finite sample error

Since the finite sample error depends only on the data and distribution D and not on the algorithm,
we do not analyze it here; it is often assumed to be small, or at least dominated by the other terms.

We will analyze the generalization error and convergence error separately. Unlike classical theory
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which bounds the generalization error by restricting x to a low-complexity set, or by adding a
regularization term, we use the implicit regularization of early stopping (Thm. , so generalization
error is poly(7T'). Meanwhile, convergence error decreases with iterates, and is poly(1/T") (Thm. ;
Theorem (14| shows that for 7' = ©(n/b), both the poly(T’) and poly(1/7T) terms decay to 0 as the
number of samples n — co. Proofs for this section can be found in Appendix

The foundations for the interplay between stability and generalization go back to [I71]. Most
recent results build off of [I61]. In particular, the results of [I62] can be applied to the mean stability

bound of [I63] to get a low probability generalization bound.

Theorem 12. [162, [1653] Assume £(z,s) € [0, M] for all x and s. Assume {(-,s) is p-Lipschitz and
L-smooth for all s. Then, T iterations of SGD with n; < ¢/(t+ 1) and by = b satisfies, w.p. >1—0

over S and (I) for all § € (0,1),

Far) - far) < 0 (\/ VPTG 1/L)b> |

Unfortunately the generalization bound in Thm. depends on 1//§, which makes it a

low probability bound. Furthermore, it grows with the number of iterations, counteracting the
decay of the convergence error. Before proceeding, we need to prove a convergence rate for a more

conservative step-size constant.

Theorem 13. Assume f is L-smooth and u-PL and that V f(x) — g(x,1) is centered and o /\/d-
sub-Gaussian for all z. Then, T iterations of SGD with ny = ¢/(t + 1), where ¢ < 1/u and ¢ < 1/L,

and by = b satisfies, w.p. > 1 — ¢ over (1) for all 6 € (0,1),

fer) = 7 <0 (7o) -+ 257 ) 22,

Note that we assume Vf(z) — g(x,1) is 0/v/d-sub-Gaussian (a random vector X is o-sub-
Gaussian if (u, X) is o-sub-gaussian for all unit vectors u) rather than assuming ||e;|| is o-sub-
Gaussian. The former tightly implies the latter for a batch-size of one and, more generally, it allows
us to show dependence on the batch-size in the results. While the convergence rate in Theorem

is much slower than that of Theorem it allows us to balance convergence and generalization,
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by choosing T to approximately minimize the bound, and obtain true risk bounds that go to the
empirical minimum as n — co. However, similarly to [I45], one has to assume that p is constant for

all n. The bound depends on SGD taking a certain number of epochs.

Theorem 14. Assume {(x,s) € [0, M] for all x and s. Assume ((-,s) is p-Lipschitz and L-smooth
for all s. Assume f is p-PL. Let k = L/pu. Assume Vf(z) — g(x,1) is centered and o /v/d-sub-
Gaussian for all x. Let by = b, c=1/(u+ L), and T = O(n/b). Then, T iterations of SGD with

ne = c/(t+ 1) satisfies, w.p. >1—30 over S and (1) for all 6 € (0,1/e),

bl/(2n+2) 10g(1/5)
nl/(26+2)\/§ pl-1/(k+1)p1/(s+1) |~

f(SUT)ﬁSO(

Recall that f (x7) — f is the sum of the generalization and convergence errors. The proof of
Theorem [14] follows from plugging ¢ and 7" into Theorems [13] and Note that the right-hand side
goes to zero as n — oo, under the assumption that u does not change. The form of the bound is
expected for a (mini-batch) SGD: the main message is that one should take multiple passes over
the data to converge sufficiently, but then stop early to avoid over-fitting. Also note that while
Theorem (14| provides a low probability bound proportional to 1/ V4 it is still better than the 1 /o

dependence we would get without the high probability convergence.

4.4 Smooth, Non-convex, Sub-Weibull Setting

In this section, we consider norm sub-Weibull noise and a general possibly non-convex cost.
We seek to find an approximate stationary point, meaning a point  where ||V f(z)||? is small. First,
we prove a Freedman-type inequality in Proposition [2l There end up being three different regimes
corresponding to the heaviness of the tails, namely, sub-Gaussian tails, heavier than sub-Gaussian
but only up to sub-exponential tails, and heavier than sub-exponential tails.

Next, we apply Proposition [2| to the error of non-convex SGD. We are able to prove a
convergence bound for all three regimes of sub-Weibull gradient noise. The convergence bounds are
2.

in terms of the error ming<;<7_1 ||V f(x) Thus, a post-processing step is still required to get
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a single iterate. We provide a method for randomly picking a subset of iterates to minimize over,

instead of having to minimize over all T iterates.

4.4.1 Sub-Weibull Freedman Inequality

The following proposition provides a result for the concentration of the sum of a sub-Weibull

martingale difference sequence.

Proposition 2. Let (12, F,(F;), P) be a filtered probability space. Let (&;) and (K;) be adapted to

(Fi). Let n € N, then for all i € [n], assume K;—1 >0, E[¢; | Fi—1] =0, and

E [exp ((1&l/Ki)/?) | Fia] <2
where 0 > 1/2. If 0 > 1/2, assume there exists (m;) such that K;_; < m,.
If 0 = 1/2, then for all z,3 >0, and o > 0, and X € [0, 5],

P U {Zgz >z and 22[{3 L < aZ& +5} < exp(—=Az + 22%3), (4.5)

ken)

and for all x, B, A > 0,

P U{ZfZZxand22K2l<ﬁ} §exp<—)\az+);ﬁ). (4.6)

ken] © i=1

If 0 € (5,1], let

a = (40)%¢?

b= (40)’

For all z, > 0, and a > bmax;cp, mi, and A € [O L ]

) 2
k
P U {Z&Zw and Za 1 SaZ&—&—B} < exp(—Az + 2)\%p), (4.7)
ke[n] i=1

and for all x,3 >0, and X € {0 %]

) bmaxie[n] m; |’

P U{Z{zzxandZa 1§5} Sexp(—)\x—i-)\;ﬁ). (4.8)

ke(n]
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IfO>1, let § € (0,1). Let

2391 (30 + 1)

a= 2% 2)r@20+1)+ 3

b =2log(n/8)’!

For all z,3 > 0, and a > bmax;c|,) mi, and A € [O, i],
P U {Zfl > x and ZCLK 1 < az& +5} < exp(—Az + 222 3) + 26, (4.9)
keln] © i=1

and for all x, 3 >0, and A\ € [0 %]

> bmaxen) M |’

P U {ZEZ > and Za 1 < B} < exp <—)\x+)\22ﬂ> + 20. (4.10)

ke(n]

For 6 = 1/2 without « (i.e., « = 0), Eq. (4.6 , we recover the classical Freedman’s inequality

[169]. For 6 € (1/2,1] without a, Eq. (4.8), we recover Thm. 2.6 of [I40]. For § = 1/2 with
a, Eq. , we recover Thm. 3.3 of [149)], called the “Generalized Freedman” inequality. For
€ (1/2,1] with «, Eq. (4.7), we extend Thm. 2.6 of [140] to include @ on the one hand, and we
extend Thm. 3.3 of [149] to 6 € (1/2,1] on the other hand. For § > 1 without «, Eq. (4.10), we
extend Thm. 2.6 of [140] to include a. Finally, we also provide Eq. for the case 6 > 1 with a.
The proof is in Appendix For 6 € (1/2,1] with a, the proof is a simple extension of the

proof of Thm. 3.3 of [149]. For # > 1 without «, the proof is a more technical extension of the proof
of Cor. 2 of [141] from i.i.d. random variables to martingale difference sequences. For 6 > 1 with «,

the proof combines the previous two results.

4.4.2 Convergence

Rearranging and summing Eq. (4.2)), we get

T-1 LT]t ) T-1 LT—l ) )
S (1= ) IVF@IP < flao) — flor) + 3L~ LTS anoeo) + 5 3 wtllel
t=0 t=0 t=0
and using f(xp) > f*, we get
T-1 I T-1
< f(wo) = £+ D m(L = L) (Vf () e) + 5 D nilled]”

t=0

it
)
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Then, applying Proposition [2| proves the following theorem.
Theorem 15 (Non-convex case, simplified version). Assume f is L-smooth and that, conditioned

on the previous iterates, e, is centered and ||e;|| is K -sub-Weibull(0) with 0 > 3. If 6 > 1. assume

f is p-Lipschitz. Let 6 € (0,1) be a failure probability. Define

= f($0> B f*
K (4e0log(2/6))? \/Llog(T + 1)

Then, for T iterations of SGD with stepsize ny = ¢/\/t + 1 where ¢ = ¢* and ¢* < 1/L, we

have with probability at least 1 — §:

S w2 < 0 (V1B 108(1/6)" +log(1/)"100 " log(1/0)
e .

The full theorem, Thm. is in the appendix, and covers the case when ¢* > 1/L, which

t=0

essentially slightly worsens the numerator in the convergence rate, e.g., for 0 = %, it worsens
from +/log(7T)log(1/d) to log(T")log(1/d). The condition ¢* < 1/L is mild in the sense that it is
guaranteed to occur in any of the following limiting cases: (1) noise variance increases, K — oo, (2)
we start close to the solution, xy — x*, (3) we want a high-probability bound, § — 0, and/or (4) we
take many iterations, T' — oo.

The proof is in Appendix Note that the convergence rate of O(1/v/T) is preserved, up
to log factors, for all values of 6. It is natural to ask whether we can allow for even heavier-tailed
noise beyond sub-Weibull. For sub-Weibull, we get the log(T"/ 5)9_1 term from the assumed lower
bound on « in Proposition [2, For heavier-tailed noise, the assumed lower bound on a would be

even larger, and so the convergence rate would no longer be 1/v/T up to log factors.

Note that the results of Thm. |15 are in terms of \F Zt 0 |V f(x;)||> which is not a

\/ﬁ
particularly useful quantity by itself. The standard trick is to observe

T—

—_

min ||V f(z)| <

1 2
0<t<T—1 JT 1 [V f ()|l (4.11)

t=0
so one could keep track of |V f(z;)|| at every iteration and record the iterate where this is lowest.

However, this requires exact gradient information, which may be more costly than the stochastic
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gradient used in the algorithm, so we desire a more clever post-processing scheme. In [I35], they
pick index s with probability proportional to 1/v/s + 1 so that E [||V f(z,)|[?] is proportional to the
right-hand side of Eq. (4.11)). They do this for ©(log(1/d)) runs and pick the best of the runs.
We, on the other hand, sample a set S of niter = @(log(1/d)) indices and pick the best iterate
from among these samples. Basically, while Eq. dictates that we should output the best

iterate

x = argmin ||V f(x)]%, (4.12)
0<t<T—1

the following Theorem allows us to output the best sampled iterate
x = argmin||V f(z)||? (4.13)
tesS
with slightly worse convergence error bounds.

Theorem 16 (Efficient post-processing). Under the conditions of Theorem if we pick a sample
set, S, of up to n of the indices s € {0,...,T — 1}, choosing s with probability proportional to ﬁ

independently with replacement, then,

P(rggguvjf<mt>u2>e<)Sexp< ( Z Wuw xt>112><> v > 0.

The proof is in Appendix To combine with Thm. set
Niter = HOg(l/(Siterﬂ

where djter 18 the iterate sampling failure probability.

The final issue is that in order to compute even Eq. we need full gradient information.
In the sample average approximation setting, this can be obtained by running on the full batch of
data (rather than a mini-batch). However, if this is computationally infeasible or if we are in the
stochastic approximation setting, then we instead have to use empirical gradients over a test or
validation set. Fortunately, a straight-forward application of Thm. 2.4 of [I35] shows that using the

empirical gradients over a single test or validation set with sufficient samples only slightly worsens
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the convergence error bound. In order to apply Thm. 2.4 of [I35] we have to further specify the
stochastic setting.

Suppose Vf(x) = E[G(z,€)] for all z € RY, where G(z,-) is the stochastic gradient at z.
Assume ||V f(z) — G(z,§)|| is K-sub-Weibull(6). At each iteration, sample & and set g, = G(x,&).
Thus, conditioned on the previous iterates, e; is centered and ||e;|| is K-sub-Weibull(#). So, Thm.
and Thm. [16] apply.

Now we follow the second post-processing step of the 2-RSG method of [135]. First, we sample

15+ > &nemp independently. Second, we compute

NMemp

> Gla &)
=0

2

(4.14)

T = argmin
tesS

Nemp

By Lemma [5], we have
E [[IVf(z) - G(z,€)IIP] <2I(20 +1)K*

So, we can apply Thm. 2.4 of [135] to get

12120 + 1) (niger + 1) K2

ecnemp

P(VI@IP > 5e¢) < P (win [V | > o) + YEA > 0.

So, altogether, if

12(log (1 /yer)] + I(26 4 1K
Nemp = ’7 €<5emp —‘7

where demp is the empirical gradient failure probability, then

P(|Vf()]* > 5e¢) < P( Z WHW (z)|* > c) + Giger + Gemp VC > 0.
4.5 Examples in Neural Networks

In this section, we will study synthetic neural net problems to provide insight for the theoretical
results of this chapter. In Section we consider a neural net (similar to ResNet) that comes from
[127]. We provide numerical evidence that the true risk and misclassification have high probability

dependence on the failure probability for this PL-type problem. This is actually better than what



89

we proved, which was only (1/v/6)-dependence on the failure probability §. In Section we
consider a neural net with two layers of ReLU. We provide numerical evidence that a single pass of
SGD (with post-processing) applied to this non-convex stochastic approximation problem results in
convergence error with high probability dependence on the failure probability. We compare to the
last iterate of SGD and find that the last iterate actually performs slightly better. In Section
we modify the previous experiment to be a sample average approximation problem so that we can
compare with the best iterate as well. We find that the best iterate performs slightly better than
the last iterate.

To determine the probability dependence, we run over ny,; trials and output a vector, y,
of the trial results (that is, the appropriate error metric). Then we compute a vector x as
1—(0,1,...,n4i — 1)/neyq and plot x on the x-axis, y on the y-axis. By doing so, the y-coordinate
of a data point corresponds to the (1 — §)-percentile result for § equal to the x-coordinate. Thus,
this approximates the dependence on the failure probability. However, the uncertainty increases as
we move away from 0 = 0.5 towards § = 1/ny,; since we are doing less averaging.

Our code can be found at https://github.com/liammadden/sgd.

4.5.1 PL Generalization

Let ¢(x) = max{0, z} element-wise denote the ReLU function. As we are interested in training,
our objective will be a function of the weights A € R?*? parameterized by features z € R% and

labels y € R:

V(z,y) € R? x R,
1
F(-;z,y) R S R: (A z,y) — 5 (h(A;z) —y)* where h(A;z) = ||¢p(Az + )|y
which comes from [127] and satisfies “one-point strong convexity” in a ball around the unique

minimizer, which in turn implies the PL inequality in a ball.

By defining the vector D = D(A; ) = Laz14>0 (where I denotes the 1-0 indicator function),


https://github.com/liammadden/sgd
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it is not difficult to derive

gal (Aizy) = (lo(Az +2) 1 —y) Dz'.

Note that F' is a regression loss function. If our goal is classification, then it is a surrogate
for the misclassification rate. Thus, while we apply SGD to the regression loss, we also compute
the misclassification rate of the iterates where the label we associate with y is sign(y — a) for some
cut-off a chosen a priori.

Consider independent samples z; ~ U(S9™1), where U(S9~!) denotes the uniform distribution

over the unit sphere in R?. Training is done to minimize the empirical risk
1 n
1=

whereas our real goal is to minimize the true risk

f(A) = Epy(ga—) [F (A2, h(A 2))].

We will use samples y; = h(A*; z;) for some fixed A*, hence the minimum of the empirical risk, as
well as the true risk, is zero.

Consider dimension d = 100 and misclassification cut-off a = 5, and sample A7; ~ N(0,1/d)
and (Ag)ij ~ N(0,1/d) (where Ay is the initial iterate for SGD) in that order with numpy random
seed 17. We use n = 250 samples, step-size 7 = 0.1/(¢ 4+ 1), batch-size b = 1, bT'/n = 10 epochs,
and ny; = 1000 trials. Each trial uses new random data X € R"*? and new random minibatch
selection.

Figure shows the dependence of the true risk and misclassification on the failure probability.
For reference, we have also plotted the least-squares best fit of the data based on a log(1/4), 1/
and 1/ V0 form, allowing for an offset. We ignore data for § > 10! since we are interested in the
limit 6 — 0. However, the uncertainty does become greater as § approaches 1/ny; = 1073, For the
true risk, the data are most consistent with a log(1/0) functional form, but not entirely inconsistent

with 1/\/5 They do not appear to have a 1/§ relationship. Our bound, which is of the 1/\/3 type,
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Figure 4.1: Dependence of the true risk and misclassification on the failure probability J, for a fixed
number of samples and epochs. Our theory bounds the true risk by O(1/V/5).

explains data much better than the naive bound using 1/§. However, it is possible that stronger
assumptions on the distribution could be used to improve the theoretical bound to reflect log(1/4)
dependence. For the misclassification error, for which our experiment has no theoretical guarantees
(since we trained with the surrogate loss), again we see that log(1/4) is most consistent with the

data.

4.5.2 Non-convex Stochastic Approximation Convergence

Again let ¢ denote the ReLLU function and consider
Ve e RY,  h(-;z) : R™MX4 x RMXm y R2Xm _, R%2 . (A B, C;z) — ChH(Bp(Ax))
and

V(z,y) € RD x R%,

1
F(-;z,y) : R™A o RMX™M o REXM LR (A B, Cix,y) — 5Hh(A,B,C; z) —yl3

By defining the matrices D1 = D1(A, z) = diaglaz>0 and De = D2(A, B, r) = diaglpg(az)>0 we
can rewrite h and F with matrices instead of ReLUs so that we can take the derivative. The

gradients can be determined via automatic differentiation software like PyTorch, or, using Eq. (119)
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of [I72], we can work out the gradients by hand as follows:

iF(A, B,C;z,y) = (CDyBD1) (CDyBDy Az — y)x

DA
;;F(A, B,C;x,y) = (CDy) " (CDyBDy Ax — y) (D1 Az)
%F(A, B,C;z,y) = (CDyBDAx — y)(DyBD Ax) .

Note that A = B = C' = 0 is a stationary point, so we should not initialize at zero.

Consider the stochastic approximation cost function
f(A,B,C) = EmNU(Sdl—l)[F(A, B,C;x, h*(A*, B*,C*;x))],

where the inner dimension of h* is m*.

We will apply SGD and compute the post-processing iterate via Eq. with njer test
iterates and a test set of niest samples. We will compute the convergence error as the norm-squared
of the empirical gradient over a validation set of n., samples. We will compare the convergence
error of both the post-processing iterate and the last iterate. We expect the convergence error of
the post-processing iterate to have a linear dependence on log(1/9) as long as niter, Ntest, and 7yl
are sufficiently large.

Consider input dimension d; = 10, output dimension do = 1, true inner dimension m* = 20,
and model inner dimension m = 10. Sample A7; ~ N(0,2/m*), Bj; ~ N(0,2/m*), Cf; ~ N(0,1/ds),
(Ag)ij ~ N(0,2/m), (Bo)ij ~ N(0,2/m), and (Cp)i; ~ N(0,1/d2) in that order with numpy random
seed 17. We use step-size 1, = 0.1/y/t + 1, T = 1000 iterations, batch-size b = 10, and n; = 100
trials. Finally, we set njer = 200, ntest = 1000, and nyy = 5000.

Figure shows the (1 — §)-percentile convergence error over the validation set, and the
right plot shows a least-squares best fit line to the form log(1/d) (with an offset). As expected,
the convergence error of the post-processing iterate depends linearly on log(1/d). The last iterate
actually performs slightly better than the post-processing iterate even though it does not have the

same theoretical guarantees; this justifies the standard practice of just using the last iterate.
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Figure 4.2: Top: Dependence of the convergence error on the failure probability. Bottom: Zoom,
and line of best fit to log(1/d) form (allowing for an offset).
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Figure 4.3: Top: Dependence of the convergence error on the failure probability. Bottom: Zoom,
and line of best fit to log(1/0) form (allowing for an offset).

4.5.3 Non-convex Sample Average Approximation Convergence

Here we modify the previous experiment by considering the sample average approximation

cost function

(A, B,C) = % zn: F(A, B, i, i* (A, B*, C*: 1)),
i=1

Now, we actually do have access to the full gradient information for comparison if we are
willing to pay the computational cost for a full batch gradient. This allows us to compare with
the best iterate, computed via Eq. . Moreover, we can compute the convergence error as the
norm-squared of the true gradient.

Again, consider input dimension d; = 10, output dimension dy = 1, true inner dimension
m* = 20, and model inner dimension m = 10. Sample A%, ~ N(0,2/m*), Bf; ~ N(0,2/m*),
G35 ~ N(0,1/ds), (Ao)ij ~ N(0,2/m), (Bo)ij ~ N(0,2/m), (Co)ys ~ N(0,1/d2), X;; ~ N(0,1) in
that order with numpy random seed 17. Then normalize the rows of X and compute Y. Again, we
use step-size n; = O.l/m, T = 1000 iterations, batch-size b = 10, ni,j = 100 trials, nier = 200,
and niest = 1000.

Figure shows the (1 — d)-percentile convergence error. The best iterate performs slightly

better than the last iterate, and the last iterate performs slightly better than the post-processing

iterate. The differences are slight, and all have a roughly O(log(1/d)) relationship. Overall, this
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corroborates the theory: the iterate sampling scheme is slightly sub-optimal and scales similarly (in

J) to the optimal iterate.

4.6 Conclusions

This chapter analyzed the convergence of SGD for objective functions that satisfy the PL
condition and for generic non-convex objectives. Under a sub-Gaussian assumption on the gradient
error, we showed a high probability convergence rate matching the mean convergence rate for
PL objectives. Our convergence result was then utilized in the context of statistical learning
to support the practice of taking multiple but limited epochs of mini-batch SGD. Under a sub-
Weibull assumption on the noise, we showed a high probability convergence rate matching the
mean convergence rate for non-convex objectives. We also provided and analyzed a post-processing
method for choosing a single iterate. To prove the convergence rate, we first proved a Freedman-type
inequality for martingale difference sequences that extends previous Freedman-type inequalities
beyond the sub-exponential threshold to allow for sub-Weibull tail-decay. Finally, we considered
two synthetic neural net problems, one with a PL objective, and one with a non-convex objective.
For the PL objective, we showed that the true risk and misclassification have high probability
dependence on the failure probability. We leave improving our true risk bound to high probability
and extending to classification as future work. For the non-convex objective, we showed that the
convergence error has high probability dependence on the failure probability whether we choose the

best iterate, the post-processing iterate, or the last iterate.
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Appendix A

Supplementary Material for Chapter

Al Standard Optimization Results

We state a few useful definitions and results from optimization. More details can be found
in [I5] and [I7]. All our definitions are with respect to the Euclidean norm, denoted || - ||, and we
let f: R — R. We write C'(R%) or just C' to denote functionals on R? that are continuously

differentiable.

Definition 7 (Lipschitz continuity). We say f : R? — R is p-Lipschitz continuous if | f(z) — f(y)| <

pllz—y|| for allz,y € R, Likewise, g : RY — R™ is p-Lipschitz continuous if ||g(x)—g(y)|| < pllz—y||

for all z,y € RY.

Note that averages of Lipschitz continuous functions are Lipschitz continuous with the same
constant by the triangle inequality. Also, if f € C1, then f is p-Lipschitz if and only if |V f(z)| < p

for all z € R4,

Definition 8 (L-smoothness). We say f is L-smooth if f € C' and its gradient is L-Lipschitz

continuous.

If f is L-smooth, then a standard result is
d L 2
(Vz,y € RY) f(y) < f(2) +(Vf(2),y —2) + S llz —y]" (A.1)
Applying this result to z — %V f(x) and x and rearranging terms gives

IVF(@)I* < 2L(f(z) - ) (A.2)
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and taking x € argmin,, f(z') gives
L
Fly) = £ < Slly = 2"
If f is both pu-PL and L-smooth, then combining the PL inequality and Eq. (A.2]) gives

fl@)=f < —=(f(@) = f")

which implies L > pu.

The following inequality is known as the quadratic growth (QG) condition:

>0 st (VoeRY ||z —Px«(2)] < = (f(z) — f*) (A.3)

2
u
where Px+ denotes the (set-valued) Euclidean projection onto the set of global minimizers, X* =
argmin,, f(x). The PL inequality implies the QG condition [52].

Strong convexity implies the PL inequality but the PL inequality only implies invexity, not
convexity. Furthermore, unlike the convexity and strong convexity properties, the PL property is
not preserved under nonnegative sums. The PL inequality implies the quadratic growth property
(Eq. , which can be used to bound how far away the nearest minimizer is in terms of the
optimality gap (which can be bounded above by simply evaluating the cost function, if the cost

function is nonnegative).

A.2 Convergence of Random Variables
See [I73], Sec. 20] for details. A sequence of random variables X; converges to X :
o in probability if, for all € > 0, lim; P(|X; — X| > €) = 0, denoted X} END'E
o in mean if lim; E|X; — X| = 0, denoted X; L—1> X;
o almost surely if P(lim; X; = X) = 1, denoted X; “% X.

When the rate of convergence is of interest, we say a sequence of random variables X; converges to

X:
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o with mean convergence rate r(t) if, for all ¢, E|X; — X| < r(¢);
o with convergence rate 7(t,9) if, for all ¢ and §, P (|X; — X| < 7(¢,6)) > 1—34.

In particular, when 7(¢,6) is separable, i.e. 7(t,d) = r(t)p(d), we use “high probability” to refer
to p(d) = poly(log(1/d)) and “low probability” to refer to p(d) = poly(1/9). All five kinds of

convergence are interrelated:

o Convergence in mean and convergence almost surely both imply convergence in probability.
o Mean convergence with rate () such that r(¢) — 0 as ¢ — oo implies convergence in mean.

o By Markov’s inequality, mean convergence with rate r(t) implies convergence with rate

r(t)/s.

o By the Borel-Cantelli lemma [173, Thm. 4.3], convergence with rate r(¢)p(d) implies almost
sure convergence if Y ;o min{1,p~(a/r(t))} < oo for all a > 0. If p(§) = 1/6¢ for some
¢ > 0, then r(t) = o(1/t°) is required. If p(d) = log(1/6), then only r(t) = O(1/t¢) for some

¢ > 0 is required.

A.3 Proof of Proposition

We want to find requirements on a sequence (K;) such that E [exp(AX;)] < exp(AK;) VA €
[0, K; 1. Then, by Markov’s inequality and taking A, = K, !, P (X, > log(e/d)K,) =

P (exp(X,/K,) > e/d) <. Our proof is inductive. For the base case, we need

(1) Ko > Xo.
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For the induction step, assume E [exp(S\Xi)} < exp(AK;) VA € [0, K71, Let A € [0, K;,]. Then

E [exp(AX;t1)] < E [exp(Aa; X; + A\; + Av;)] by non-negativity
T E [exp(Aai X;)E [exp(Mi;) exp(A;) | Fio1]]

cs
<E [eXp()\OéiXi)E [exp(2Xib;) | Fi—1]"/? E [exp(2A0;) | ]371]1/2]

2)

Ok (20)2

2

1/2
eXp(Aain)eXp< B?Xz) eXp(ZA%')W] it 2X € (0,9

=E [exp()\aiXi + )\Qﬂ?Xi + /\’yi)]
=FE [exp()\(ozl- + )\Bf)Xi] exp(Ay;)

(3) ~
< exp(A((o; + ABHK; +;)) via induction if X := Aoy + A\B?) < K; !

4)
< exp(AKiy1)

where T'E denotes the law of total expectation [I73, Thm. 34.3], C'S denotes the Cauchy-Schwarz

inequality, and (2) — (4) are the requirements

(2) 22 <t = 2K} < = K > 2y
(3) Mai + A87) <K' = K (o + K J\B87) < K;' = K2 > KK + BIK;
(4) Kiv1 > (as + MK+ —= Kiy1 > (a; + Ki;llﬁ?)Ki + i

= K2 ;> (;K; +v)Kis1 + B K.
The requirement of the proposition implies requirements (2) — (4), completing the proof.
A4 Proof of Theorem [11]

We first note that 7 is decreasing in ¢ for K > 1 and ¢ > 0, and so

72t+4m—1 4k — 1 4k 1

= < < = —.
1t p(t+2K)2 — p(2k)? — pdr?2 L

Thus, we can use Eq. (4.3)):

5
f@eer) = 7 < (U= pme) (f () = ) +me(L = Log)(V f(21), ) + %Hetﬂz- (A.4)
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Defining

Xi = (t 425 = 1)(f(z1) — [*)
Wy = ne(1 — Lngg) (t + 26)*(V f(24), €r)
Lt + 2k)?

b= T ey

then multiplying both sides of Eq. (A.4) by (¢ + 2x)? and noting 1 — un; = % gives the

recursion
X1 < Xy + Wy + 0y

Observe that

~2
Wy ‘
exp | ~=——= | | Fi—1
18L
(th‘ﬂ)

E

[ 2 2 4 2 2
0 (1 — L) * (¢ + 26)°([V f ()| * et
<E exp( L x, o2 Fi_1
L p2

4
mE (1 — L) 25 oL Xy ey |2

<E |exp Lt ) Fior|  via (B2)
7Xt0'
i o [ Xellel? ‘ .
€ex —ar - _
>~ ] p %Xt(fz t—1
<2

since ||e;|| is assumed to be o-sub-Gaussian. Similarly,
N 2L 2
i 2z lledll
exp | 5z 5 Fi-1 exp | “5r Fi—1
20 20
p Iz
2L

Thus, conditioned on F;_1, w; is centered and %Xtaz—sub—Gaussian and 0 is Faz—sub—exponential.

=

E <E

< 2.

Thus, for absolute constants a and b, by Prop. 2.5.2 and Prop. 2.7.1 of [155], we can set 37 = M

%
__ 2bLo? s .
and vy = = and use Pr0p051t10n In particular, we can set
T—1
Kr=Xo+» (2% +87)
t=0
(18a + 2b)Lo?T

= Xo+
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Dividing by (T + 2x)? completes the proof.
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A5 PL Projected SGD

When working with constraints to a set z € X C R?, if f is strongly convex, then so is f
added to the indicator function of X, and results for gradient descent methods easily extend to
projected gradient descent. On the other hand, if f is PL, then f plus the indicator function is not
KL (Kurdyka-Lojasiewicz). This has real impacts on gradient descent algorithms, where gradient
descent might converge but projected gradient descent does not. For example, there is a smooth
function, a mollified version of f(z,y) = (a(z)% — b(|y| — c)+)+, such that the PL inequality is
satisfied but projected gradient descent does mot converge to a minimizer; we formalize this in the

remark below.

Remark 9. Consider f(z,y) = (a(z): —b(ly| — C)+)+ where (-)4+ denotes max(-,0) and a,b >
0,c > 0. The minimum of f is 0 and X* = {(z,y) | @ < 0 or|y| > %a® + c}. If we use
o(x) = Xp, (o) - exp (=1/(1 = ||2|?)) /@ —where X denotes the indicator function, B1(0) denotes
the ball of radius 1 centered at 0, and @ is the normalization constant—to mollify f, then, for
€ < ¢, fe has PL constant 2a and smoothness constant 2a. Consider the starting point (d,0). For
a,b,c,d chosen appropriately, the distance from (d,0) to its projection onto X* is strictly less than
d. Thus, if we let X be the ball centered at (d,0) with radius equal to exactly that distance, then the
constrained problem and the unconstrained problem have the same minimum. However, projected
gradient flow, starting from (d,0), ends up stuck at a non-minimizer: the point of X closest to (0,0).

See Figurefor the contour plot when a =1/10, b=1= ¢, and d = 10.

In order to generalize gradient methods to projected gradient methods under PL-like assump-
tions, the proper generalization is that the function should satisfy a proximal PL inequality [52].
However, such an assumption is quite restrictive compared to the PL inequality. We leave the prob-
lem of convergence with just the PL inequality, via added noise or a Frank-Wolfe type construction,

as a future research direction.
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10.0 4

7.5 A

5.01

2.5 1

0.0 1

_2_5 .

—5.0 1

—7.51

—10.0 A

Figure A.1: Contour plot of the PL function counter-example to projected gradient flow
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A.6 Generalization Results

A random vector X is o-sub-Gaussian if (u, X) is o-sub-gaussian for all unit vectors u [I55], Def.
3.4.1]. Assume V f(z)—g(z, 1) is 0/v/d-sub-Gaussian. Then V f(z)—g(z, b) is Co /v/bd-sub-Gaussian
for some universal constant C' by Hoeffding’s inequality [155], Prop. 2.6.1]. Furthmore, by Lemma 1 of

[174), ||V f(z) — g(x,1)| is Co/vb-sub-Gaussian. So, ||V f(z) — g(z,1)||? is C%c%/b-sub-exponential.

Definition 9. Let S and S’ differ in at most one sample. Let g and g’ be the respective gradient
estimators. Define xg =z and, for t >0, xy41 = x¢ — mig(2e, b)) and xy =z} — g’ (2}, by). We

say SGD with T iterations is a-uniformly stable in expectation if for all S and S’, sup, |E[l(x, s) —

Uzl s)]] < .

Theorem 17. [162, Thm. 12] Assume £(z,s) € [0, M] for all z and s. Let 6 € (0,1). If SGD with

T steps is a-uniformly stable in expectation then, w.p. > 1 —0 over S and (i) for all SGD,

~ 2
flor) ~ flar) < | AT

Note that Thm. 12 of [162] is actually for pointwise hypothesis stability in expectation, but
uniform stability in expectation implies pointwise hypothesis stability in expectation. Furthermore,
in the form we have it, Theorem [17| can be proved using Lem. 9 of [I61] and Chebyshev’s inequality.

Deﬁma&::th—a#MﬁNmmthathL::]D::(1——%)~-<1——ﬁ:%11>::1——%.Fbmmmng

[163], a uniform stability bound is sought by bounding the growth of d;; if £(-, s) is p-Lipschitz, this

implies that sup, |€(z¢, s) — £(x}, s)| < pdy.
Lemma 4. [165, Lem. 2.5] Assume (-, s) is p-Lipschitz and L-smooth for all s. Then,

041 < .

0t + 2mp 0.W.

Theorem 18. Let ny < c¢/(t+ 1) and by = b. Assume £(-,s) is p-Lipschitz and L-smooth for all s.

Then, SGD with T iterations is a-uniformly stable in expectation with

2mLc
o< 2T e+ 1/
n
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Proof. Define a; = 0 if I; = I and a; = 1 otherwise. Hence, a; ~ B(1,p) independently with
p=>b/n. By Lemma
6t+1 < (L+ (1 —ag)neL)dt + 2mepar

< (L +meL)ét + 2nepay.

Thus,
T-1 T—1
or < QPZ H L+ L)neay
t=0 i=t+1
< 2/)2 exp <L Z 771) Neay
i=t+1
T—1
T Qg
<2 Lcl
pctggexp< clog (t+1>> L
T—1 a
<2pcTteN" —
> zpc ; (t-i— 1)Lc+1
Note that
— t—i— 1 Lc+1 — 0 (t—i— 1)Lc+1
1 1
= 1 _———
* Le  LcTke
<1+ !
- Le’
The result follows by taking expectation and using supy [£(z¢, s) — £(x}, s)| < pdy. O

Thm. |18 is essentially Thm. 3.12 of [I63]. In fact, the two theorems consist of the same
analysis with only two differences. First, we extend the analysis to mini-batch SGD, though this
extension is not difficult. Second, [163] considers the first iteration where instability becomes
non-zero. They use this to break up the bound and optimize over it. However, in so doing, they
introduce the restriction (20L)1/ (Letd)pLe/(Letl) < . Thus, for simplicity, we left out this step.
While it seems that makes our bound significantly larger, that is only when the restriction is not

met (in which case their bound is vacuous).
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To prove Theorem [13] we follow similar steps to Appendix [A.4] but set

Xy =+ 1) (f(xe) = f7)

Wy = (1= Lng)(t 4 2)"(V f (1), 1)

. Lnf(t+2)re

o 5 [leg||”

and find that, conditioned on F;_1, w; is centered and X,02%-sub-Gaussian and 7 is

6Lc?
(t+1)2—He
Lc?

2 .
[t -sub-exponential. So, we can set

L22
KT=O<X0—|- CbU >

Dividing by (7" + 1)¢ completes the proof.
Finally, note that the assumptions for generalization are interrelated with the assumptions for

convergence:

Proposition 3. Define f as in Fy. and assume it is pu-PL. Assume £(-,s) is L-smooth for all
s. Then f is L-smooth. Moreover, if V f(x) — g(x,1) is sub-gaussian and {(x,s) is nonnegative for
all x and s, and assuming interpolation (f* =0), then for (x:) generated by SGD with a O(1/t)
step-size sequence there exists a constant R < oo such that P (||xy —zol| < RVteN) =1. Ifs
comes from a compact set (e.g., normalized data) and we assume {(x, s) is jointly continuous in x
and s, then there exist constants p and M such that, for all x in the ball of radius R around x¢ and

for all s, £(x,s) is p-Lipschitz with respect to x and is bounded above by M.

Proof. The smoothness of f easily follows from that of ¢ using the definition of f in Eq. (4.4]), the
definition of smoothness, and the triangle inequality.
The rest of the proof will hinge on bounding the SGD sequence (z;). Unrolling the SGD

updates, we have 7,1 = x¢ + ZZ:O nege. Define f; = % > ier, £, si) so that g(-,b;) = Vf;, and
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observe f is L-smooth for the same reason that f is L-smooth. Then,

lg(z, b)) = IV fi(2)||* < 2L(fi(z) — f7)
< 2Lf(x)

<or (x)
be

where the first inequality follows from Eq. , the second from nonnegativity, and the third from
nonnegativity as well. For simplicity, assume a fixed minibatch size b; = b.

Thus, by the triangle inequality, ||z7 — zo < /2LF tT:_Ol v/ f (). For both Thm. 11| and
Thm. the step-size is n; = O(1/t), and, by interpolation, f(x;) < log(l/ét)tgC for each ¢t with
probability 1 —d;, where C and ¢ > 0 are constants (e.g., ¢ = 1 for Thm. E| Choose 6; = O(1/t?),

then it holds that

for constants C’ and C” since the series converges (verified by, e.g., the integral test) and with
6 =706 <322, 8¢ < 1 coming from the union bound and the fact 372, t2 = 72 /6 < oc.

Let Ej, be the event that ||z — x| < k for all . Then the event | J;- | Ey, implies that (x4)32,
is a bounded sequence. Since E}, is nested, by continuity of measure, P({;—; Ex) = limy_00 P(Ek),
and the argument from the previous paragraph shows that P(E}) can be made arbitrarily close to 1
by choosing a sufficiently large radius k. Hence (x4);2, is a bounded sequence with probability 1.

Now that (z;) is bounded with probability 1, we turn to p and M. First, {(z,s) is jointly
continuous in x and s, and since (z, s) comes from a compact set, we get that £ attains its maximum
value [I75] Thm. 1.68], which we call M. The same is true of ||V ¢(x, s)|| and we call its maximum
value p. Thus, since #(z, s) is C! with respect to x, we have that it is p-Lipschitz with respect to

. O

! These theorems and step-sizes are actually in terms of t + 1 due to the 0-based indexing convention, so we now
use 1-based indexing to simplify presentation.



119

A7 Sub-Weibull Properties

Lemma [5| provides a simple bound for E [| X |P]; the proof is included for completeness and to
demonstrate the techniques. Lemma |§| is from Prop. 2.5.2 of [I55]. Lemma m extends Prop. 2.7.1
of [I55] to interpolate between the sub-Gaussian and sub-exponential regimes. Lemma (8] is an
application of Thm. 1 of [153], Lma. 5 of [I54], and the triangle inequality for L, spaces (note that
this is called the Minkowski inequality and requires p > 1).

To go from probability to expectation, the CDF formula is used:
o0
B[V = / P(Y|> t) dt.
0
To go from expectation to probability, Markov’s inequality is used:

P(|Y|>1t) < ZE[[Y]] Vt > 0.

~ | =

In both cases, the trick is choosing what Y should be, e.g. ¥ = | X|? or Y = exp((A\| X])¥/?).

Lemma 5. If X is K-sub-Weibull(0) then E[|X|P] < 2I'(0p + 1)KP Vp > 0. In particular,

E[X?] < 20(20 + 1)K2.
Proof. First, for all t > 0,
P(IX| = t) = P (exp ((1X1/K)"") = exp ((t/K)"") )
< 2exp (— (t/K)l/") .
Second,
BIXP)= [ POXP 2 2)ds
0
00 1/6
< 2/ exp (— <w1/p/K) / )
0
= QHpr/ exp(—u)u’?Ldu
0
= 20pI"(0p) KP

=2I'(6p + 1)KP.
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Lemma 6. [155, Prop. 2.5.2(e)] If X is centered and K-sub-Guassian then E[exp(AX)] <

exp(A2K?) VA € R.

Lemma 7. If X is centered and K -sub-Weibull(®) with 0 € (1/2,1], then

E [exp(\Y)] < exp (X (40)2K?) for all A € [0, b

Proof. First, using Lemma [5| and I'(z + 1) < 2% Yz > 1, we can get || X||, < (20)?Kp’ for all

p > 1/0, and so, in particular, for all p > 2. Thus, if A € [O, then

x|

(AX)P
p!

E[exp(AX)] =E [1+AX + >
p=2

Pl X
_ HZA x5
p=2
)\p(zg)GPKpp(?p

p=2 P!

L/ A20)eK N\
<12 ((55)
=2

p

<1 +Z( )?(e/2) )p

(A(40)°(e/2)K)”
ST I N0 (e/2)K

<142 (2a0)(e/2)K)

2
< exp <)\2(49)29€2K2) ,

completing the proof. O

Lemma 8. [153, Thm. 1] [15], Lma. 5] Suppose X1,..., X, are sub-Weibull(0) with respective

parameters Ky, ..., Ky,. Then, for allt >0,

p( i 2t> < 2exp ( <v(0)£f_1Ki)l/€>’

where v(0) = (4e)? for <1 and v(0) = 2(20)° for 6 > 1.

i=1
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A.8 Proof of Proposition

The novel lemmas used in the proof are Lemma [I0] and Lemma

Observe that:
P&l = t] Fir) = P (exp ((6l/Ki) ) = exp ((t/Kie)?) | Fia )

< 2Zexp (_(t/Kifl)l/e) :

Moreover, observe that:

P(|&] > cKio) =P (eXp ((’fi\/Ki—1)1/9> = exp (cW))
< exp (=) B [exp ((al/Ki0)")|
= exp (~c*) E [E [exp (1l /i) | Fioi]|

< 2exp (—61/0> .
We call the first result tail bound 1:
Plgil = t] Fia) < 2exp (—(t/Ki-0)'?) (TB1)
and the second result tail bound 2:
P(&] > cKi_q) < 2exp (—01/9) (TB2)

The following lemma is not novel, but distills the proof technique of [169], as found in the

proof of Thm. 2.1 of [140], so that we can use it more readily.

Lemma 9. [T/0, Pf. of Thm. 2.1] Let (2, F,(F;), P) be a filtered probability space. If (d;) is

adapted to (F;) and (Ax) is a sequence of events; then

k

E[d; | Fi—1]

P U Ay S:&E}HAkHT'
keln] i1

Proof. Define Zj, = Hle W. Then (Zy) is a martingale.
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Let T be a stopping time. Then the stopped process (Ziar) is a martingale (where a A b
denotes min{a, b}). Moreover, Zp 1 is a probability density so define the conjugate probability
measure dP’' = Z,ardP.

Define the stopping time T'(w) = min{k € [n] | w € Ag}. Then Iy, 4, = D21 Lir—py-

Observe,

P UAk =F
ke(n]

n/\T Z ]I{T k}]

k

d .Fz
H | 111{T k}]

=1

k n
Eld; | Fi
< (i 1 ITEEL0) S5
j= k=1

ke[n] i1 i
k
E[d; | Fi-1]
= sup I[4
kem] g d;

O]

We apply Lemma [J] to a particular MGF bound to prove a generalization of the Generalized
Freedman inequality of [149] to allow for up-to sub-exponential random variables. This is a novel
contribution (although not a difficult extension). The extension beyond sub-exponential random

variables is the more technical contribution.
Lemma 10. Let (2, F,(F;), P) be a filtered probability space. Let (f:) and (K;) be adapted to (F;).
Assume 0 < K;—1 < m; Vi € [n] and
E [exp(A&) | Fiet < Xak2,) waefo, L
X i i—1] < —ak;_ s | -
exp 1 exp | o aki, K

Then, for all z, > 0, and o > bmax;c[p mi, and \ € [0 L] ,

' 2«

k
P U{Z&,zxandaz 1§a2§i+5} Sexp(—)w—i—2/\2ﬂ).
i=1

ke[n]

Proof. By Claim C.2 of [149], if 0 < A < 5-, then 3 ¢ € [0,2] such that (X + acA?)? = cA?. Define

d; = exp ((A + ozc)\2)§~i> .
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With 0 < A < 5, we want A\ + ach? < bKli,l' This is ensured by o > bmax;c [, m;.

Define

k k k
Ay = {Zg >z and CLZKE_I < aZé%—ﬁ}-
i=1 i=1 i=1

Then w € Ag implies
k

H Eld; |]:Z 1 <exp<—()\+ozc)\2)zgi+()\+a0)\ Z >

=1 =1

< exp(—Az + cA?*p)
< exp(—Az + 2)\%3).

O

The next three lemmas allow us to include previous results as special cases of the theorem.

Lemma 11. [I{0, Thm. 2.6] Let (12, F, (F;), P) be a filtered probability space. Let (&) and (K;) be

adapted to (F;). Assume 0 < K;_1 < m; Vi € [n] and

E [exp()\fi) ]]—"i_l] < exp ?aKi_l VA e O’ﬁ .

Then, for all x,8 >0, and X\ € [O %} ,

> bmax;epy) M

P U{Z§Z>xandaz 1<B} Sexp(—)\x—i—)\;ﬁ).

ke[n]
Proof. Define

d; = exp (Aé)

and

k _ k

A = {Z& >z and aZKE,l < 5}-

i=1 i=1
Then w € A;, implies
k
126170 <oy (436 Yo, )

i=1
A2
< exp < Ax + ﬂ)
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Lemma 12. [1/9, Thm. 3.3] Let (22, F,(F:), P) be a filtered probability space. Let (&;) and (K;) be

adapted to (F;). Assume K;—1 > 0 Vi € [n] and

~ 2
E [exp()@-) | ]:1-,1] < exp <)\2(IKi2_1> VA > 0.

Then, for all z,8,a >0, and X € [0, i} ,
k _ k k _
P U {Z& >z and aZKZ-Q_l < 042& +B} < exp(—Az + 2)\%3).
ke[n] * i=1 i=1 i=1
Lemma 13. [169] Let (2, F, (F:), P) be a filtered probability space. Let (&) and (K;) be adapted

to (F;). Assume K;—1 >0 Vi € [n] and

~ A2
E [exp()\ﬁi) ] .7-"1-,1] < exp <2aKZ»2_1> YA > 0.

Then, for all x,3 >0, and X\ > 0,

k k
P U{ZéZwandaZKf_lgﬂ} §exp<—)\az+)\;[3>.

k€[n] ~ =1 i=1

If the &;’s are sub-Gaussian, that is, if § = 1/2, then, from Lemma |§|,
)\2
E [exp(A\&) | Fi—1] < exp <22Ki2_1) VA eR,

so we can apply Lemma [12]if & > 0 or Lemma [13|if o = 0 and we are finished.

If the &;’s are at most sub-exponential, that is, if 1/2 < # < 1, then, from Lemma

A2 1
E [exp(\;) | Fio1] < exp (2(49)2982[(3_1) VA€ [0, (49)06[(‘1} .

so we can apply Lemma [10]if & > 0 or Lemma [11]if o = 0 and we are finished.

On the other hand, if 8 > 1, then it may be the case that
E [exp(A&;) | Fiz1] = 0o VA > 0.

Thus, to allow for 6 > 1, we will truncate the &;’s. The following lemma is the main contribution of
this proof as it allows us to go beyond the sub-exponential threshold. Note that the result/proof is
essentially an extension of Corollary 2 of [I41] from i.i.d. random variables to martingale difference

sequences.
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Lemma 14. Let (2, F,(F;), P) be a filtered probability space. Assume (§;) is a martingale difference

sequence. Let (K;) be adapted to (F;). Assume 0 < K;—1 < m; Vi € [n] and
E[exp ((1&1/Kie)/?) | Fia] <2 Vi€
where § > 1. Let § € (0,1). Define

gi = gil{fiSLifl}

with
Li—y =log(n/0) K;_,.
Then
E[ex (A&) | F ]<ex A—zaK2 VA e O;
p [ i—1| > P 2 i—1 ’bKZ;l
where

2391 (30 + 1)

=¥ +)r20+1)+ —————
= +2)I(20 + )+310g(n/5)9—1

b =2log(n/8)’ 1.

1/o

Proof. Let X\ € [O, ﬁ} That is, A > 0 and /\ngll/ef( 1 < % Since A > 0, we have, by Lemma

7

4 of [141],
= A2 2 2
E [exp()\&) | ]-'i,l] <exp - E [& e, <op | Fic1] +E [& exp(A&)jo<e,<r; 13 | Fie1] | )
Observe

(e}

E[6Te<o) | Fimt] = | P(&Tgico) > @ | Fima) da

P (512 > t2,€i <0 ’ JT"i—l) 2tdt

o0

<

I
c\ﬁﬁ

P(|§z’ >t ’ .7:2'_1) 2tdt

TB1

< 2/ exp (—(t/Ki_l)l/e) 2t dt
0

=2I(20 + 1)K?



and
E €7 exp(\&i)Lfo<e,<r: 1y | Fi1]
= /0 P (512 exp()\&)ﬂ{oﬁfiﬁl’i—ﬂ > | ‘7:"*1) dx
o
_ / P (2 exp(Me) > t2exp(At),0 < & < Liy | Fio) (2t + M?) exp(M)dt
0
= / P (|€z’ > t,O < fz < Li—l | E—l) (2t + )\tZ) exp()\t)dt
0
Li—
< [P Ual> 1] F @+ ) expan
0
TB1 Li—1
< 2 exp (— (1 - Atl—l/eij‘{) (t/Ki_1)1/9> (2t + M2)dt
0
Li 1
1-1/0 ,-1/60
< 2/0 exp (= (1= AL KY) (1K) ') (2t 4+ M2
Lia 2K? 0u~! MK} 0u?1
- 2/0 exp(=u) 1-1/0 .-1/0\ %0 * 1-1/0 ,-1/0\ 37
(1 — AL, 4 Kifl) (1 —AL; 4 KFl)
_ 2K? T(20+1) . 2AK? (360 + 1)
- 20 30
() (i)
20K, I 1
< [2%'1r(20 + 1) + - 11/0(391; ) K%,
3Lz—_1 Ki—l
2391 (30 + 1)
= (22t r@204+1)+ =2 " ) K2
(#7tren e 0+ gt ) K
We can bound
k k k
P U {Zg} > x and aZK?,1 < aZ&- —i—ﬁ}
keln] © i=1 i=1 i=1
by

k k k
P ( U {Z&: > r and aZKiQ_l <a25~i+ﬁ})
k i=1

€[n] i=1 i=1
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and

P (U {5, > log(n/8)? K;_ 1}) < ZP (fl log(n/6)’ K. )
i€[n]

TB2
< 26

completing the proof.

A9 Full Version and Proof of Theorem and Proof of Theorem

Theorem 19 (Non-convex case, full version). Assume f is L-smooth and that, conditioned on the

previous iterates, e; is centered and ||ei|| is K-sub-Weibull(0) with 0 > 1/2. If 6 > 1/2, assume f is
p-Lipschitz. Let 61,02,03 € (0,1) and 6 = max{d1,da,03}. Let

23930 +1
co= (22T +2)r(20+ 1) + 2rEo+

, and
3
= f(l'()) - I
K (4elog(2/61))” /Tlog(T + 1)

Then, for T iterations of SGD with n, = ¢/\/t + 1 where ¢ < 1/L, we have
if 0 =1/2, then, w.p. > 1 —§; — 03,

T—

)HQ 4(f(130) - f*) + 64K2 IOg(l/(s?))

8eLK?log(2/61)log(T + 1)
— VT VT

VT /e

and, in particular, if ¢* < 1/L and ¢ = c¢*, the right-hand side equals

4/2e LK?10g(2/61)(f (o) —

*)1log(T + 1) N 64K2log(1/63)
vT vT A5
o log(T") log(2/9) +log(1/0) \ (A.5)
\/T 9
if1/2 <6 <1, then wp. >1—09; — 3
= IV F I < A(f(z0) — F*) 8max{(49)961(p,4(49)2962K2}1og(1/53)
VTS Vil T vT (A.6)
N 4LK?(4e010g(2/61))* log(T + 1)

VT/c
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and, in particular, if ¢ < 1/L and ¢ = c*, the right-hand side equals

K (4ef1og(2/61))?\/2L(f(z0) — f*)log(T + 1) 8max{(49)eer, 4(40)*e?K?} log(1/63)
x/T VT
0 («/log(T) log(2/5)0 + log(1/5)) .
NG ;
(A.7)

if 0 > 1, then w.p. > 1— 6, — do — 03,

-1

T
\F;¢ 1

4(f(zo) — f*) N 8 max{21og(27/82)? " K p, 4co K} log(1/63)
T VT
n 4LK?(4e0log(2/61))% log(T + 1)
VT/e

and, in particular, for ¢* < 1/L and ¢ = c¢*, the right-hand side equals

IV £ (a0)|? <
(A.8)

2v2K (4eflog(2/61))?\/2L(f (z0) — f*)log(T + 1) N 8max{21log(2T/82)° 1 K p, 4cy K2} log(1/63)
vT VT
o («/log(T) log(2/6)? + log(2T/8)?~ 1 log(1 /5))
77 .

Proof. We have

T-1

T-1 I LT 1
> (1= ) IV @I < fGao) - 1+ # 3 L= Lo (a0 e) + 5 3 bl

Using the law of total expectation,

2 o\ 1/26
i llexl
E <2
[eXp (( n K B

Applying Lemma [8] we have, w.p. > 1 — 41,

T-1 1

LEK2v(26) log(2/6,)% —
77t2H6t||2 < 9 277152
t=0 t=0

_ LK?c®v(20)log(2/61)% log(T + 1)

2

N b
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Applying Proposition [2] with
& = ne(1 — L )(V f(4), )
K1 =m(1 — L) K|V f ()]

my = ny(1 — Lng) Kp

6 = 09

p=0
_ L
- 2a

x = 2alog(1/6d3)

(where we set p =1 if § = 1/2), we have, for all « > bKpc, w.p. > 1 — 209 — 3,

T-1 w2 T
> (L= L) (Vf (1), e) < 2alog(1/63) + —— Y ni(1 — L[|V f (o) ||
t=0 t=0

So, for all @ > bK pc, we have, w.p. > 1 — §; — 29 — I3,

T-1
LEK?220(20) 1og(2/61)%? log(T + 1
Sl VI < fao) — 1+ 20rlog(1/55) + LUV IOBE/0) Tlop @+ ]
t=0
where
L aK?
Vy = 1 — % — T’I’]t(l — L’I]t)2.

We want to bound vy away from zero. To do so, assume ¢ < % and a > 4aK?c. Then vy > i.

Setting
o = max{bKp, 4aK?*}c
and plugging in a and b completes the proof. O

To prove Theorem we need the following lemma.

Lemma 15. Let Z =t € [T| with probability p, where Z?:l pe=1. Let Z1,...,Z, be independent

copies of Z. LetY = (Zy,...,Zy). Let X be an Rip_—valued random variable independent of Z. Then

T
P (min X < exp(—n) + P X Vi > 0.
({gél;l t>en>_exp( n) + <;pt t>77> n >
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Proof. First, letting n > 0 and 2 € RT,

P <It'ré1}1/1xt > 77) =P <ﬁ{wzi > 77}>

where (i) follows by the independence of the Z; and (ii) follows by Markov’s inequality since z is

non-negative almost surely. Next, define

T
A:{xER+

T
Zptxt < 77}
=1

B= {(m,y) e RY x [T]"

Ty, > en Vi € [n]}
Observe,

P(X,Y)eB) 2L P(XeA (X,Y)eB)+P(XeA(X,Y) € B)

@/Ap((x,Y)eB)M(dxH [ P(@y) e B)ular)

< /A <;gptl‘t>nu(d@+/cﬂ(d$)

< exp(—n) /A,u(dx) + P (X € A9

T
<exp(—n)+ P (Ztht > 77)

t=1
where (i) follows from the law of total probability and (ii) follows from Thm. 20.3 of [I73] since X

and Y are independent. O

Remark 10. Under the conditions of Lemma [1535] uses that E [Xz] = E [E;‘Ll tht} . Lemma

essentially extends this to high probability.
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Now, to prove Theorem [16], we apply Lemma [15| with X; = ||V f(x;)|> and

1/Vt+1
bt = - ;
im0 L/VEF1

and use that

T—
im0 VIHT > 1
VT -

A.10 Non-convex Projected SGD

Consider z41 = P(x¢ — migt) = P(xy — m(V f(x¢) — er)). Define

@ — Py — eV f(xt))

G =
Mt
B — Tyl — P(xt - Utvf(l‘t))
L = .
Tt

Note that if P = I, then G; = V f(z¢) and F; = e;. Moreover, xy = Pz; and z441 = Pxy1 so, by
the non-expansiveness of P, [|G¢|| < ||V f(x)|| and ||E¢|| < ||es]|. We can get even tighter bounds
using the second prox theorem [I2, Thm. 6.39]: ||G¢||? < (Vf(x1), Gt) and (Gy, Er) < (Vf(xr), Et).

It is easy to come up with an example where ||V f(z)|| does not go to zero, so we would like

to bound ||G¢|| instead. We start as usual:
L 2
Flaerr) < flze) +(Vf(e), 21 = 20) + 5 [lween — el

Focusing on the norm term,

L Ln? Ln?
Sz — @il = ZENG? - Lo} (Go, B + S B>

Focusing on the inner product term,
(Vf(@e), w1 — 2e) = m(V f (1), By — Gy)
=m(V[f (@), Er) — me(V f(21), Gt)

% m(Gy, E) — me||Ge||*.
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Unfortuantely, we cannot procede any further. [I76] is able to get around this but at the cost
of getting ZtT:_Ol nellet]|> = O(VT) instead of ZtT:_Ol n?|let]|> = O(log(T)). To mitigate this, they
require an increasing batch-size. [I77] is able to remove this requirement, but only for non-convex
projected SVRG not non-convex projected SGD. Thus, we leave the analysis of non-convex projected

SGD as an open problem.
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