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Abstract

The study of first-order optimization algorithms (FOA) typically starts with assumptions on
the objective functions, most commonly smoothness and strong convexity. These metrics are used
to tune the hyperparameters of FOA. We introduce a class of perturbations quantified via a new
norm, called *-norm. We show that adding a small perturbation to the objective function has an
equivalently small impact on the behavior of any FOA, which suggests that it should have a minor
impact on the tuning of the algorithm. However, we show that smoothness and strong convexity can
be heavily impacted by arbitrarily small perturbations, leading to excessively conservative tunings
and convergence issues. In view of these observations, we propose a notion of continuity of the
metrics, which is essential for a robust tuning strategy. Since smoothness and strong convexity are
not continuous, we propose a comprehensive study of existing alternative metrics which we prove to
be continuous. We describe their mutual relations and provide their guaranteed convergence rates
for the Gradient Descent algorithm accordingly tuned.

1. Introduction

Optimization of a high-dimensional cost function is at the core of fitting most machine learning
models. In practice this is almost always performed by gradient-based first-order optimization
algorithms (FOA). The analysis of their convergence properties typically assumes that their hyper-
parameters are tuned based on some function properties; for example it is well-known that if f is

p-strongly convex and L-smooth, then gradient descent (GD) with step size o = HJ%L achieves a

global linear convergence rate of 1 — %H where k = % is called the condition number (see e.g. [28]).
The condition number gives an indication of the tightness of the bounds on the curvature of f, and
therefore of the difficulty to optimize it: the bigger the value of & is, the slowest is the convergence
of the algorithm.

In this paper we analyze this phenomenon and we propose a unifying framework to study the
convergence of FOA and design robust tunings of their hyperparameters. We first introduce a
new topology, based on the definition of a star-norm ||-||, (Section 4.1). Such a norm will be the
fundamental tool that will be used throughout the paper in order to assess the “closeness” between

objective functions: Theorem 4.3 states that two functions whose difference is small in the || - ||..-norm

* equal contributions
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sense have comparable behaviour under continuous FOA. Therefore, the tuning strategy for the
hyperparameters of the optimization algorithm should account for this similarity. However, the
standard tuning based on smoothness and strong convexity fails to do so (Theorem 4.9) and it is easy
to construct examples that illustrate this weakness.

Based on such a topology, we then define the notion of continuity of a condition number (Section
4.3), which in turn reflects the continuity of some properties of the objective function that we call
upper/lower conditions (Section 5), smoothness and strong convexity being two examples of them.
Having a continuous condition number is essential to the robustness of both tuning methods and
convergence rates of the FOA. Our approach implies that even when the objective function verifies
some of the strongest conditions (strong convexity and smoothness), relying on weaker ones to tune
the FOA can lead to better and more consistent convergence behaviours.

2. Related Work

Because strong convexity and smoothness are strong requirements that are not verified by some
classic machine learning models such as logistic regression (which verifies convexity but not strong
convexity), several works have already explored substitute assumptions. Alternatives to strong
convexity, which we will call lower conditions have been the most thoroughly studied, under some
overlapping names. These include local-quasi-convexity [16], weak quasi-convexity [15], restricted
secant inequality (RSI) [33], error bounds (EB) [24], quadratic growth (QG) [3], Polyak-Lojasiewicz
(PL) [29], further generalized as Kurdyka-Lojasiewicz (KL) [19][7]. The scattering of these notions
in the literature has led to some confusing names. For example, optimal strong convexity (OSC) [21]
is also called semi-strong convexity [12] and weak strong convexity [25], despite being a different
notion from the weak strong convexity of [17], which was formerly called quasi-strong convexity
(QSC) in [26]. Similarly, the restricted strong-convexity from [2] is a different notion from the
restricted strong convexity of [33]. To avoid further confusion, we will use the name star-strong
convexity (*SC) for the notion of WSC/QSC of [17].

Alternatives to smoothness, which we will call upper conditions, have also been proposed, though
more sporadically, such as local smoothness [16], restricted smoothness [2], relative smoothness
[23], [14], [35], restricted Lipschitz-continuous gradient (RLG) [33].

Most lower conditions can naturally be translated into an equivalent upper condition, by shifting
the inequality from a lower bound to an upper bound. For example, smoothness is an upper condition
equivalent to strong convexity, and weak-smoothness [15] is an upper condition equivalent of the
PL condition, which is further generalized to the stochastic case as expected smoothness in [13].
Similarly, RSI, WSC, EB, and QG all have natural equivalent upper conditions. In an attempt to
reduce the number of similar names and their associated confusion, we will for instance refer to the
PL condition as PL ™ (u) and to its equivalent upper condition as PL™(L).

In [17] the authors propose a study of the implications between some lower conditions, although
under the assumption of global smoothness, and omitting the constant conversion induced by the
implications. To the best of our knowledge, a study of the implications between upper conditions is
missing from the literature.

While alternative conditions have been extensively researched, the main goal of the works
mentioned above has always been to extend convergence results to a larger class of functions. On the
other hand, our work aims at introducing a new approach for tackling the optimization task and at
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bringing a deeper understanding on the convergence of FOA and its connection with properties of
the objective function itself.

3. Setup and notation

In this paper, we focus on minimizing an objective function f : R? — R using first-order algorithms
(FOA). The objective function is assumed to be continously differentiable f € C'(R?), with a
convex set of global minima X* C R?; we denote f* = min, g f(). For € R%, we denote the
distance between x and X* as d(x, X*) = inf ¢ x+ ||z — 2*||2. We recall that since X* is convex,
for every = € R? there exists a unique element z, € X™* (called the projection of = onto X™) such
that [z — z;[[2 = d(z, X™).

For our analysis we will consider the following class of deterministic FOA:

Definition 3.1 (Continuous FOA) A first-order algorithm Ay, possibly depending on a set of hy-
perparameters 0, is continuous if Vn € N the (n + 1)-iterate

Tpy1 = Aa({wz‘}i:o...m {f(@i)}i=0..n, {Vf(fci)}izo...n>, (1)
is continuous with respect to all of its arguments.

Trivially, any algorithm that can be expressed as a finite composition of continuous operations is
continuous. This class of FOA includes all the major algorithms like GD and Heavy Ball (HB)
methods with step size and momentum hyperparameters not depending on the local values of f.

We denote B(X*,r) = {y € R d(y, X*) < r} to be the set of points in R? whose distance
from set X* is smaller than r and, for a set of functions F, we denote f + F the set of functions g
such thatg — f € F.

Unless stated otherwise, rates of convergence refer to the convergence of f(z,) — f
d(xp, X™).

* not

4. Continuity of first-order algorithms and condition numbers

In this section we introduce the theoretical framework to analyze the behaviour of FOA for objective
functions that are "close". The first necessary component is a norm || - ||« that will induce the right
kind of topology to evaluate the similarity between objective functions. Proofs of all key results are
collected in Appendix A.

4.1. Star norm and stability of FOA behaviors

Consider an objective function f € C'*(R?). The purpose of the || - ||.-norm will be to evaluate the
impact of a perturbation of f on the convergence properties of FOA. In particular, if two functions f
and g are such that || f — g||. is small, it is desirable for the FOA to behave similarly on them. Since
we are focussing on optimization algorithms that depend on the first derivatives of the function, we
require the || - ||.-norm to give some control over the amplitude of the gradient of the perturbation of
f. Additionally, notice that as the iterates approach the minima of the objective function, the updates
typically become finer, so that even a small perturbation of the function gradient can greatly affect
the convergence behaviour. This supports the intuition that the same perturbation of the gradient will
have more impact close to the set of minima X*, and less impact far away.



A STUDY OF CONDITION NUMBERS FOR FIRST-ORDER OPTIMIZATION

In view of the above discussion, we introduce the following definition of the || - ||..-norm, which
measures the maximal perturbation of the gradient weighted by the inverse of the distance to X ™.

Definition 4.1 (Star norm) Let X* C R? and
Fx+ ={he C*(RY) |Vz* € X* h(z*) =0and AL € R : |Vh(z)|2 < L d(z, X*),Vz € R?}.

We define the star norm,

||, on Fx= as

Vh
Vhe Fxe, |hlls= sup [[Vh(2)]l2

. 2)
TERN X * d(x7 X*)

Remark 4.2 We emphasize that neither X* nor Fx~ depend of the objective function f, which does
not need to be in Fx~ itself. Requiring h(z*) = 0 ensures that the || - ||«-norm is indeed a norm

on Fx~. Equivalently, we could have considered the quotient space Fx ’7[ o) where [c] is the set of

constant functions, equipped with || - ||.; however, this would have introduced too many technicalities
along the paper, therefore we did not proceed in this direction.

Let x;(f, Ag, z¢) denote the i-th iterate obtained by applying a prescribed algorithm Ay to f
starting in xo. We now argue that two functions that are close in the sense of the star norm will have
similar behaviors for continuous FOA.

Theorem 4.3 Let f € C*(R?) with a set of global minimizers X* and ||-||, the corresponding star
norm. Let Ag be a continuous first-order algorithm and KK C R a compact set. Then, the following
result holds:

Ve>0,VieN 3In=n(ei,K) > 0 such that
Vh e Fx, if |[h|l« <n, thenVzo € K : ||z:(f, Ag, z0) — 2i(f + h, Ag, z0)]]2 < €.

The following corollary proves that for a target neighborhood of X* and any § > 0, if A is
sufficiently small in the sense of ||-||,, then ¥V z¢ € K, applying Ay to f + h starting in o will attain
the target neighborhood in exactly the same number of steps as for f, up to a distance tolerance of 4.

Corollary 4.4 Under the same hypotheses as Theorem 4.3, let ¢ > 0 and B(X*,¢) a target
neighborhood of X*. Let us assume that Ay applied to f converges to X* and ¥ xog € K, let
Nz, € N the smallest number of iterations such that zn, (f, As, To) € B(X*,€). Then,

Vo >0,3n > 0s.t. forany h € Fx~, if ||hll« <, thenV xg € K,

TN, —1(f +h, Ag,z0) ¢ B(X*,e =) and xn, (f+h, Ag,x0) € B(X",e+0).

Theorem 4.3 and Corollary 4.4 show that if & is sufficiently small in the sense of the norm ||.|.,
then the behaviour of a continuous FOA on f and f 4 h will be similar, and thus it is natural to
assume that the tuning of hyperparameters ¢ should also be similar. However, as the next section
shows, this is not always the case.
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4.2. Standard tuning fails continuity test

Consider the family of piecewise quadratic functions {f:}.>0 C C1(R):

2 r<1
fe@)=q2*+ 1 -2+ 1<z<14& 3)
22420 —2—¢e2 x>14¢2

We can view each function f. as a perturbation of the quadratic fo(z) = 22, which is 2-smooth and
2-strongly convex: Ve > 0, fo(z) = fo(z) + he(x) with he € Fx«_gpy. Itis also easy to see that
||he|l« — 0ase — 0.

The following properties hold:

Proposition 4.5 For any € > 0, the function f. is u.-strong convex and L.-smooth, with p. = 2
and L. =2 + % moreover, these constants are optimal: i.e. f. is not u-strongly convex for y > 2
and not L-smooth for L < 2 + %

Furthermore, GD tuned with step size o = 2

oiTo = % applied to f: (Ve > 0) converges with

2 _ _ €

rTs T 2T it does not converge with linear rate
€ €

linear rate €; however, if GD is tuned with o =
1—€?

qforany ¢ < ooy

If we tune GD according to the values of smoothness and strong convexity of fy and optimize f,
the linear rate tends to 0 as € — 0 (in fact, we obtain convergence in at most two steps). On the other
hand, if we tune GD based on the tightest strong convexity and smoothness constants y. and L. of
fe, the linear rate tends to 1 as € — (. Notice that the condition number % of f. diverges as ¢ — 0,
thus leading to a very conservative tuning and increasingly slow convergence rate, while the tuning
of fp leads to superlinear convergence.

The above example suggests that a sane tuning strategy for the hyperparameters of a FOA should
be robust (continuous) with respect to || - ||.-small perturbations of a given function. It also shows
that the standard tuning based on L-smoothness and p-strong convexity lacks this property.

4.3. Continuity of condition numbers

We now formally introduce the notions of upper and lower conditions which represent generalizations
of smoothness and strong convexity, and the notion of continuity of a condition.

Definition 4.6 (Upper condition) We use the term upper condition to describe a generalization of
smoothness and we formalize it as a family of sets of functions, C* (L) C CY(R?), which satisfies
C+(L1) g C+(L2>f0}’ all L1 S LQ.

Definition 4.7 (Lower condition) We use the term lower condition to describe a generalization of
strong convexity. We formalize it as a family of sets of functions, C~(u) C CY(R?), which satisfies
C™ (1) 2 C (p2) for all puy < po.

In Definition 5.1 and Definition 5.3, we list some known upper and lower conditions extensively
studied in the literature .
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Definition 4.8 (Continuity of a condition) We say that C* is continuous in f € J;-,CT(L)
with convex set of global minima X* if for any L > 0 s.t. f € CT(L), Ve > 0,31 > 0 s.t.
Vh e Fxs,if ||« <n, then f + h € CT(L +¢).

Similarly, C™ is continuous in f € U#>0 C™ (u) with set of global minima X* if for any p > 0
st. feC (n),Ve>0,3n>0stVh e Fx«,if|h|l <n then f + heC (u—e).

We say that C* is continuous if it is continuous in all f € \J;.,Ct(L) that admits a convex
set of global minima, and C~ is continuous if it is continuous in all f € | J >0 C~ (u) that admits a
convex set of global minima.

Note that this definition is independent from the standard notion of continuity, as we only allow
f to be approximated by functions in f + Fxx.

Based on the observations of Theorem 4.3 and Corollary 4.4, if we tune a continuous FOA based
on a condition C*, it is desirable for C* to be continuous in the sense we just introduced. However,
the standard properties of smoothness and strong convexity fail to be continuous:

Theorem 4.9 For any f [i-strongly convex and L-smooth with a set of global minima X* C RY,
there exists a family {he }e>q in Fx~ such that lir%Hh6 |« =0andV L, > 0, there is €1, ,, such that
E—

Ve <erw fe = f + he is not L-smooth and not i-strongly convex.

Not only smoothness and strong convexity are continuous nowhere, but also the discontinuity is
not bounded: given any objective function f, it is possible to approximate it by a family of perturbed
functions { fc }.>o with arbitrarily bad conditioning. In particular, the explicitly construction of
{fe}e>0 is given in the proof. Therefore, the main consequence of Theorem 4.9 is that tunings that
rely on smoothness and strong convexity lack robustness.

5. Alternative conditioning

Motivated by the weakness of strong convexity and smoothness detailed in Subsection 4.2 and in
Theorem 4.9, we propose here known alternative conditions that could be used to tune FOA.

Let f € C!' (RY) with convex set of minimizer X*. We recall that any z € R? has an unique
projection z;, € X* on X*: ||z — |2 = d(z, X™*).
Definition 5.1 (Lower conditions) Let ;1 > 0. Vz,y € R% we define:

* (Strong convexity) f € SC™(n) iff f(y) > f(x) + (Vf(x),y —x) + § |y — |3

* (Star strong convexity) f € *SC™(u) iff f* > f(x) + (Vf(x),2; —z) + § HJ:;‘, - LEH;

. . . _ . " %2
* (Lower restricted secant inequality) f € RSI™ (u) iff (Vf (), — xp) > p HIL‘ -z } o

* (Lower error bound) f € EB™(u) iff ||V f(x)]l, > p ch - 1:2!

o
« (Lower Polyak-Lojasiewicz) f € PL™ () iff 3 IV £ > p(f(x) — £

* (Lower quadratic growth) f € QG™ (u) iff f(z) — f* > § Hx — x;H;

Remark 5.2 A function in SC™(0) is called convex and a function in *SC™ (0) is called star-convex.
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Figure 1: Graph of implications between upper and lower conditions. Red arrows only hold under
*SC™ (i) or SC™ (1) where i can be negative. Green arrows only hold under QG™ or

QG~.

Definition 5.3 (Upper conditions) Let L > 0. Vx,y € R¢ we define:
* (Smoothness) f € SC*(L) iff f(y) < f(x) + (Vf(2),y —x) + % |ly — =5
* (Star smoothness) f € *SC*(L) iff f* < f(x) + (Vf(x),z} —x) + L |25 — :):H;
* (Upper restricted secant inequality) f € RSI™(L) iff (Vf(z),z — z3;) < L Hx - a:};”i

* (Upper error bound) f € EB* (L) iff |V f(z)|l, < L||z — x|,

* (Upper Polyak-Eojasiewicz) f € PLT (L) iff 1 V()3 < L(f(x)— f*).

» (Upper quadratic growth) f € QG (L) iff f(z) — f* < % H:z: - a:;HZ

Remark 5.4 The proposed upper and lower conditions all coincide on quadratics, with optimal L
and p equal to the highest and lowest eigenvalues of the Hessian, respectively.

The upper and lower conditions above are related according to the graphs in Figure 1 (see proofs
in Appendices C and D). If an implication changes the value of the constant, it is specified on the
corresponding arrow. Some of the implications only hold under extended notions of *SC™ (x) and
SC™ (), where p is allowed to be negative (red arrows in Figure 1). These notions are weaker than
star convexity and convexity, respectively. Finally some implications are made under an additional
QG™ or QG~ assumption (green arrows in Figure 1). In [17], the authors already presented
connections between the lower conditions, but the under assumption of global smoothness (SCT (L))
and without giving the conversion of constants. To the best of our knowledge, there is no study of the
implications between upper conditions in the literature.

Theorem 4.9 showed smoothness and strong convexity are not continuous in the sense of
Definition 4.8. On the other hand, the above alternatives are continuous conditions, therefore they
are robust to the type of perturbations introduced in Section 4.1:

Theorem 5.5 The lower conditions *SC™, RSI™, EB™, QG™, PL™ are continuous. The upper
conditions *SCT, RSIT, EBT, QG™, PL™ are continuous in all functions f € QG™ (u), for some
> 0.
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Table 1: Linear rates for the GD algorithm for each pair of conditions, as function of Kk = %
Rates marked with */{ hold under the additional assumption of star-convexity/convexity,
respectively. Rates are colored in green if corresponding to a continuous pair of conditions

and red otherwise.

Rates of cv [ SC™(u) | *SC~(u) | PL™(p) RSI™ (u) EB (1) | QG (w)
SCH(L) (:ﬁ;})g 1-1 T R A I T S R
PLAL) | (-7 1-F [a-p 1o fnolei- e i1
EBY(L) [ (-2 [ 1% [1-45° — & L g [ 1-q®
RN N EEE S EEE- L L -
RSIN(L) | (1)  [1-gbl[1- s v B I Sl v B S
QGtw) - [1-guf[i-ge] 1-gt [1-gufli-gt

Proof. See Appendix B.

Note that since SC™ (u), *SC™ (u), PL™ (1), RSI™ (p), EB™ (1) C QG_(%) (see Figure 1),
*SC™T, RSIT, EB™, QG™, PLT are continuous in any function that verifies one of the proposed
lower conditions.

6. Gradient descent convergence

To give some insights on the strengths of the listed conditions, we collected in Table 1 the guaranteed
linear convergence rates of f(xz,)— f* of the GD algorithm with constant step size and proper tuning,
obtained for each pair of upper/lower conditions f € CT(L) N C~ (), as function of the condition
number x = £. The conditions are ordered from the strongest to the weakest, when applicable.
The rates that are marked with an asterisk or a f symbol are only guaranteed under an additional
assumption of convexity or star convexity, respectively. Many of these rates do not exist in the
literature to the best of our knowledge. In particular, the rates under QG (L) N SC™(u), and all the
rates inherited from the known ones, as in Figure 1, are novel. The rate under PLT N*SC™(p) is a
particular case of Theorem 3.1 in [13] applied to the deterministic case. For the sake of completeness,
we reported rates under additional convexity assumption, although convexity suffers from the same
continuity issue as strong convexity and smoothness.

We refer to Appendix E for the proofs; the exact value of the step size for the convergence of GD
under each pair of upper/lower conditions is also given.

Some care needs to be taken when comparing the ’s from different entries of the table, as the
quantities involved (L and p) differ according to the upper/lower conditions considered. Notice
that the condition PL" (L) paired with any lower condition shows a convergence rate with the same
dependence in x as SC* (L), with the added bonus that PL " (L) is continuous. Additionally, the pair
EB™(L)NRSI™(p) has a linear rate that depends quadratically in #, however, this pair of conditions
is weaker than other pairs (PL* (L), PL™(u), *SC™ (1)), therefore the condition number x for this
case might be drastically smaller and it may yield a better convergence rate. Thus, these two pairs
PLT(L) N C~(u) and EB'(L) N RSI™ (1) look particularly promising for effectively tuning the
step size of the GD algorithm.
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k=1
K+1
fixed step size. Since all the conditions listed in this paper coincide on quadratics, such a lower

bound applies to any pair of upper/lower conditions. However, it may be not tight for some pairs of
conditions.

Finally, we complete Table 1 by mentioning the sublinear convergence speed we have under any
upper condition and convexity or star-convexity (C* (L) N'SC™(0) or CT(L) N *SC~(0)). While it
is known that GD has a rate of convergence of order O (%) if f € SCT(L) NSC™(0) (see e.g. [6]),
the same rate can be achieved under PL* (L) N *SC™(0) for the best iterate (or the average under
convexity). For a complete proof, we refer to Appendix E.

2
We recall that quadratics give a lower bound ( ) for the convergence rate for GD with

7. Conclusion

In this paper we presented an argument on the necessity to adopt different conditions from the ones
classically used (smoothness and strong convexity), in order to tune the hyperparameters of FOA in a
meaningful way. Via a new notion of continuity of a condition number, we have established that the
properties of strong convexity and smoothness have an important weakness resulting in a lack of
robustness for first-order algorithms tuned on them. We have presented promising alternatives that
do not share this weakness and given examples of the benefits of a theoretical framework based on
these conditions. We have proposed an extensive study of the relationships between these conditions
and provided their guaranteed convergence rates for GD.

It is well known that some optimization algorithms (e.g. Nesterov Accelerated Gradient, [27])
can approach the lower bound of convergence rates achievable for p-strongly convex and L-smooth
functions, as function of x = £. However, lower bounds based on more suitable condition number
may result in different optimality results, and could thus heavily impact our theoretical understanding
of FOA performances.
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Appendix A. Continuity

Proof of Theorem 4.3 We will prove the theorem by induction. Let f € C*(R?) with a set of
global minima X*. For h € Fx«,letg = f+h € f+ Fx+. Forn =0, zo(, Ag, xo) = x¢ is clearly
continuous (in the sense of ||-||,) for any fixed initial point zo € R?; assume that the continuity
property is verified up to some n € N:ie. Ve > 0Vi=0,...,n, I3n =n(e, i,K) > 0 such that for
g€ f+ Fx=if |f —gll« <n,thenVzqg € K, ||z;(f, Ag, x0) — i(g, Ag, 0)||2 < €.

Lete > 0 and

Tni1(f, As, o) = A ({Sﬂi}izo...m {f(z3) }i=0..m; {Vf(ﬂfi)}izo...n>;

Ay being a continuous FOA implies that given € > 0, there exists d > O such thatif Vi =0,...,n

sz(fa A9,$0) - ZL’i(Q,Ag,.’L‘O)HQ <9 (4)
£ (zi(f, Ag, x0)) — g(@i(g, Ag, x0))ll, <0 Q)
IV f(@i(f, Ag, z0)) — Vg(zi(g, Ag, 20))|l, < & (6)

for f € C1(R?), g € f + Fx-, then the claim follows

| Tnt1(f, A, o) — Tns1(9, As, 20)]2 < €.

The idea now is to quantify how "close" f and g need to be (in ||-||,-norm) in order to ensure that
the above inequalities are satisfied.

For equation (4): by recurrence hypothesis (n € N is finite), given § > 0 there exists 171 = 1 (0)
(simply consider = min;—y,_,{7(d,7,K)} > 0)suchthatVg € f + Fx-,||f — g|l« < m, then
Vg€ K, |’1‘Z(f, Ag, x()) — xi(g,Ag,{L'o)”Q <0o,Vi= 1,...,n.

For equation (5):

IV f(@i(f, Ap, x0)) — Vg (xi(g, Ag, 20)) 2

< ||V f(zi(f, Ap,z0)) — V f(2i(9, Ag, x0))|l2 + [V f(2i(g, As, 20)) — Vg(zi(g, Ag, T0))||2
@)

The first term can be easily estimated: since f € C'(R?), given § > 0 there exists p = p(d) > 0
such that V 2,y € R? with ||z — y||2 < p, then ||V f(z) — Vf(y)|2 < g and || f(z) — f(y)|l2 < g.
In particular, for such a p > 0, 312 = n2(p,0) > 0 such that for || f — g||. < min{n1,n2}, then
|z:(f, Ag, w0) — xi(g, Ag,0)|l2 < pVi=0,...,n. Therefore,

927, Ao, 20) — VS (ailo, Ag.z0)) | < 3 Wi=0,..on. ®

Regarding the second term, we first introduce the quantity
Ry = max {SHP d(z;(f, A97x0)7X*)}
1=0,...,n z0€K

x;(f, Ag,-) is a finite composition of continuous functions and is therefore continuous (in x(). This
ensures that the image of K is a compact and thus that ¢, is indeed finite.

IV (zi(g,Ap, 20)) = Vg(xi(g, Ag; 20)) |2

_ HVf(.’Ez(g,Ag,.%'()» - vy(xz(gv-Aeva))HQ ) * _
B d(xi(ngeij)’X*) d(CBZ(g,Ag,$0),X ) < Hf QH*Rg,n )

12
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We want to claim that if || f — g||, is small enough (for g € f + Fx+), then Ry, < Ry, + 0:
indeed, if g € f + Fx~ is such that ||f — g||. < min{n, 72}, by recurrence hypothesis we have
Vi=0,...,n

i\9» ) 7X* = inf
A(o(g Ap), X7) = it

< int{ls(g. Aoo) — il Aol + lF Aosz0) — )
= Hxi(g7-'497m0) - ‘r%(fa A97 .’E())HQ + I*lgg-(* Hxl(f7 A97x0) - .’IJ*HQ

= ||lzi(g, Ag, o) — xi(f, Ag, z0)||2 + d (zi(f, Ag, o), X )
<6+ Ry (10)

xl(.q’ A@a .’I}()) - l'*”Q

Then,

RS

as long as | £ — gll. < min{nu. me. g5 ).
In conclusion, Vi =0,...,n

IV (@i(f, Ap, x0)) — Vg (xi(g, Ag, 20)) 2

< ||V f(zi(f, Ap,z0)) — V f(2i(9, Ag, w0))|l2 + [V f(2i(g, As, 20)) — Vg(zi(g, Ag, T0))||2

b 6
< — J—
2 2 d (2)

For equation (6): similarly, we have

| f(xi(f, Ag, 0)) — g(xi(g, Ag, 70)) |2
< |[f(xi(f, Ag,0)) — f(xi(g, Ag, z0))ll2 + [| f(xi(g, As, 20)) — g(xi(g, A, z0))[l2  (13)

The first term is bounded by /2 thanks the same argument as in (8). The second term is bounded
in the following way: call & = (g, Ag, zo) and let z;; € X* the projection of Z on X*. Note that

13
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Vt e [0,1], wehave d (Z; + t(Z — 7)), X*) < t||z— =

1£(Z) = 9(@)] = [f(Z) — 9(7) = (f* = ¢")]

pH2 since z € X*. It follows that

< | V(= 9)@; + @ - ), |7, — 2], dt
LIV =)@ +t@ =z, o
_/0 d(£;+t(§:—£;),X*) d(:np+t(xf:vp),X )Hx xH2 dt
/1 Hv<f_g)(f;—i_t(‘i._f;))”QtHj* _i'HQ dt
~—Jo d(zp +t(z — z), X*) P 2
7, X*)? 1tdt
— gllud (7, X
<If = gla@x)? [
R, +6)?
< If — g, B 1)
< g (14)

: [ [
as long as Hf - gH* < min {771) 7727 2(Rf,n+5)’ (Rf,n+5)2 }
In conclusion, Vi =0,...,n

|f(zi(f, Ag, 0)) — g(xi(g, Ag, T0))||2
< || f(zi(f, Ag, 0)) — f(zi(g, Ag, 0))l2 + | f(zi(g, Ag, x0)) — g(xi(g, Ag, T0)) |2
<5+§=5 (15)
O

Proof of Corollary 4.4 Let N = sup, ¢ Nz, (note that Nz < +o00, since K is compact). We
willnote g = f + h for h € Fx-~.
For zo € K, we have

TN,—1(f, Ao, x0) € B(X",e) and  xn, (f, Ag,20) € B(X",¢)

and thanks to Theorem 4.3, there exists > 0 such that for any g € f + Fx-~, if ||f — g||« < n then
Vi < Nk, i(f, Ag, z0) — xi(g, Ag, x0)||5 < J. Therefore,

TN,,-1(9,Ap, v0) ¢ B(X*,e —0) and zn, (9,Ap 70) € B(X", €+ ).
g

Proof of Proposition 4.5 [ is a piecewise quadratic with second derivative f”(z) = (2 + 2) for
x €[1,1+¢% and f”(z) = 2 elsewhere. Therefore, the optimal y of strong convexity is 2 and the
optimal L of smoothness is 2 + 2: f € SC™(2) N SC*(2 + 2).
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Consider the gradient descent update rule with
0
1 / r—1
L= §f (z) = %=
—

step size a =

1
2

r<1
1< <1+¢e
x>14 2

It is easy to see that |z — 1 f/(2)| < €|z, which proves the linear convergence rate of f. with tuning
o= %; in fact, for € < 1, the algorithm can converge to * = 0 in at most two steps.
Let us now assume we use the standard tuning based on strong convexity and smoothness

2 €
o= = .
pe+Le 2e+1
We then have
serg r<1
r—af(z) = 228;4-11 1<z <1+¢
12 g > 14
which leads to
, 1-—¢?
Ve eR, |z—af(z)> ||

(2e +1)(1+¢€?)
O

Proof of Theorem 4.9 Let f a L-smooth and ji-strongly convex function with a set of minima
X* C R% Note that strong convexity implies X* = {z*}.
Let ¢ > 0. We define the function w. € C*(R) by w.(0) = 0 and its derivative:

0 t<1—¢g?
1—t—g? 2
1—e2<t<1
wC(t) P 1< 2
- <t<l+e
0 1+e2<t
It is easy to see that |w.(t)| <&, Vit € R.
Let z € R%\ {z*} and define
(x —x*,z — a¥) d
¢(r) = , w€R (16)
Iz = ¥l
fe(@) = f(2) + w: 0 p(x) (17
Note that w, o ¢(z*) = 0 and
z—a*

15
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for z € R,

if p(z) <1 — &2 then ||V(f — fo)(x)|]2 =0 (19)
if ¢(r) > 1=, then [V (f = f)(@)l|2 < ¢ < 1l 2"l (20)

since ¢(x) > 1—e? implies ||z —z*||s > 1—e?. Therefore, f—f. € Fx-and [|f—fe|l« < 152 = 0
when ¢ — 0.

Let L, u > 0. We now want to prove that for ¢ sufficiently small, f. is not L-smooth and not
p-strong convex. Consider

z—x*
r=a"+(1-e’)—
Iz = *||2
. z—z*
y=x + "
Iz = 2|2
so that we have ¢(x) = 1 — 2, ¢(y) = 1, andy—xszW Since f is L -smooth, Ve > 0

we have
fe(y) = fe(@) = (Vfe(@),y — @)
= f(y) — flz) = (Vf(2),y — 2) + we 0 $(y) — we 0 ¢(z) — (Vwe 0 §(2),y — )

L
< Flle =yl + we(1) —we(1 = &%) = ul(l - &%)

L e (L 1
—;Hx—yllé—z—(;—> e — yl3: @1

therefore, if we pick € such that % > Ly — p, then f; is not p-strong convex.
Similarly, consider

" Z—x
r=x + "
[z = z*[|2
ZU*
y:x*+(1+52)” T

So that we have ¢(z) = 1, ¢(y) =1+, andy — = = EQﬁ. Since f is ji¢-strong convex,
Ve > 0 we have

f(y) = fo0) = (Vfula).y — )
= F(y) — f(@) — (Vf(@),y — @) + w2 0 dy) — we 0 $(a) — (Ve 0 B(x),y — @)
> Bl — g3 +we<1 + %) —we(1) — 2wl (1)

7] my 1 2
= 5 T~ > P - ; 22

therefore, if we pick € such that % > L — iy, then f; is not L-smooth.
Finally, for any ¢ < min{ v {LlLf*M} ) e {11L*#f} }, f- is not L-smooth and not -strong convex,

which concludes the proof. g
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Appendix B. Proof of Theorem 5.5

Note that all lower conditions listed in the theorem are continuous without any additional constraint;
on the other hand, the upper conditions require the assumption of the objective function f to belong
to QG™ (i) (for some 1 > 0) in order to be continuous.

We stress that this extra condition is a mild adding, since tuning of a FOA usually requires f to
satisfy both an upper and a lower condition (and QG ™ (u) is the weakest among the conditions we
proposed). On the other hand, this is necessary to guarantee that the set of minimizer for the original
f and the perturbed f + h, h € Fx«, are the same.

Continuity of *SC™~ and *SC*: Given f € *SCT(L): f* < f(x) +(Vf(x),z} — x) + Lz -
x;H%, vV € R? (with x, € X the corresponding projection point onto X*). Consider g = f + h,

h € Fx- with [|f = gl = |Al|. = sup FLE=Fa0l — gup TREI2 < < then

* * L *
9" = 1" < fl@) + (V@) 2 - 2) + S lle = 75, (23)
where g* is the value of g at each point of X *. Note that V2 € R?\ X*

(V (), — 2 = (VI(z) — Vgla), ol — 2) + (Va(x), 25— )
<|Vf(z) - Vg(x Hsz p“2 (Vg(z),z —a;>
<|If = glls [J& = 233 + (Vg(x), 2} — )
< 5 [le = ajll; + (Vo(a).aj — ) 24)

and

1
Ozh*:w(m)—i-/o (Vh(z +t(x), — x)),z, — ) dt

1
—i—/o HVh(:L’ +t(z), — :1:))“2 |l — |2 dt

|| Vh(z + t(a
:h(a:)—i—/o LW:ZJ; )X*”f d(z + t(a}, — @), X*)||lz — a2 dt

h(z) +[|pll, [z - x;ll%/g L —tdt = h(z) + 5 Hf gl Nz — 3|13
€ *
<h(@)+ gl - [ (25)
where we used d(z + t(x), — ), X*) = (1 — t)|[z — x||2, V¢t € [0,1] (indeed any point lying on

the line segment z + ¢(z;, — x) has projection onto X* equal to z7).
Therefore, V. € R?\ X*

* € * * L *
9" < f@)+ gl = apl5 + (Vo) o} — )| + S llz = 2313

L
< f(z) + h(x) + IIw—xpller*IIﬂf—prller<Vg( z), 2, —a) + 5l — "3

2
L+ .
= 9(@) + (Vg(a), 0} — a) + =5l — 33 26)
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(for x = 2* € X* the inequality is trivial), i.e. ¢ € *SC(L + ¢).
Similarly, given f € *SC™(p): f* > f(2)+(Vf(z), x}—z)+5||lx—a}3. Vo € R Consider

g=f+h heFx-with|[f — gl = ||k« —supW—sup% < £ < p, then

g = 1" > f@) + (V)2 — ) + Sl — 33 @7)
Vre R\ X*
(Vi (), 2} — ) = <Vf@)—V@@%wz—x>+<Vg@%wZ—x>
> —|[Vf(z) -V \lzum—x;!\2+ (Vy(a),zp —
> —|If - gll- H:c zpll5 + (Vg(@), 2 — ) (28)
> =5 o= a3 + (Vo) o —$> @)

and
1
0= h* = w(z)+ / (Vh(z + t — 2)), 2 — z) dt
0

1
>h(x)—/0 VA + 1 — @), Iz — 23l dt

1 *
2 h(z) = 5 lIf =gl llz = zpll3

€ *
> hz) - Slo - 3 (30)

Therefore, Vz € R4\ X*, g* > g(z) + (Vg(x), 2* — 2) + 45|l — *||3 and for z = 2* € X*
the inequality is trivial: g € *SC(u — €).
Continuity of RSI™ and RSI™: Given f € RSIT(L): Vo € RY (Vf(x),v—x o) <L |z — poz

Consider g = f + h with h € Fx« such that [|h]l« = sup,cga\ {x+} Hdv(z(X)*”)Q < ¢, then we have

Vo e R\ X*

(Vy(z),z —a) = (Vf(2) + Vh(z), 2 — 1) = (V[ (2), 2 — 2p) + (Vh(2), 2 — 27)

SL“w_x;“2+HVh z)| Hx ;HQ
<Lllz -l +ellz—apll; = (L+e) |lz — 75 3D

(for x = x* € X* itis trivial and we have an equality), i.e. ¢ € RSI" (L + ¢).
Similarly, if f € RSI™ (u), ie. Vo € RY, (Vf(z),z — o) = M |z — T, ;, consider g = f + h
with b € Fx«, ||hll« = supepa x+ HdV( (X)*”)? < € < ju, then we have Vz € Rd \ X+

(Vy(z),z —a) = (Vf(z) + Vi(z), 2 — 2;) = (V[ (2), 2 —xp) + (Vh(2), 2 — 27)

> plle = a5 = 19R@), o - 23]
> plle = zill; = elle = a3ll; = (e =) o = 555 (32)
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(for x = 2* € X™* itis trivial and we have an equality), i.e. ¢ € RSI™ (u — ¢).
Continuity of EB™ and EB™: Given f € EBT(L): Vz € RY, |[Vf(2)|, < Ld(z,X*) =
L Hx —

5 With 27 € X™ the unique projection of 2 on X™; this implies

IVf(@)lly
sup < L. (33)
verd\ x+ (2, X*)

Given € > 0, consider g € f + Fx+, such that || f — g||« < e: then,

Wo@)ly 0 IV9@) Vi@l V@l L g

verd\ x+ (T, X*) T cpay x» d(z, X*) verd\ x+ A(x, X*)

Additionally, since g € f + Fy+, Vg(z*) = 0Va* € X*, therefore
IVg(a)lly < (L +€)d(z, X*), VR (35)
ie. g € EBY(L +e).
Given f € EB™ (p): Vo € R? ||V f(2), > pd(x, X*) = pllz — 2 |2. Fix € > 0 and consider
g € f+ Fp,such that ||f — g+ < € < p; in particular V2 € R?\ X*, |[Vf(z) — Vg(z)|2 <
ed(z,X*). Then, Vo € R4\ X*
0 < (p—e)dx, X*) <[[Vf(z)|, — ed(x, X7)
<|IVf@)lly = IVf(z) = Vg(z)ll,
<[IVf(z) = Vf(z) + Vy(@)ly = IVa(2)ll (36)
(for z = z* € X* the inequality is trivial), i.e. g € EB™ (1 — ¢).
Continuity of PL.~ and PL*:

Let f € PL™(u) and € > 0. From Figure 1 we have f € QG™ (u). Given g € f + Fx+ such
that || f — g||« < . for any = € R? with projection x; onto X* we have:

IVf(x) = Vg(@)lla < [If = gll«d (x, X7) (37

additionally for ¢ € [0,1], d(z}, + t(x — a3), X*) = t ||z — x|,

since x;‘, € X* and

1

[f(z) = g(@)] = |f(z) — g(x) = (f(z,) — g(z))| = ; (V(f = g)(ay +t(x =),z —ap) dt

1
sA|ugma@+ax@»Xﬂwxmﬂu

1
SHf—mmw—xNQAt&

_1f gl
- 2

Since f € QG (p) and [|f — gl|« < p:

9(x) = g(ay) = f(z) = f* = |f(2) — g(x) = (f(2) — 9(x3))]
p— Il = glls
2

d(z,X*)? (38)

d(z, X*)* >0 (39)
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Thus g admits a minimum value ¢g* which is attained at any z* € X*. Therefore, V z € R?

o) g > LTI gy ey (40)

Since f € PL™ (u), we have

IVg(2)|l5 = IVg(z) — V()5 + IVFf(@)ll2 +2(Vg(z) — Vf(z),Vf(x))
>0+ 2u(f(z) = ) = 2|Vg(x) = Vf(z)ll2v/2u(f(z) — f*)
> 2u(g(z) — g") — 2ulf(x) — g(z) — (f* — g")
—2||f — gl d(z, X*)\/2pu(g(x) — g* + [ f(x) —g(x) = (f*—g*)) @D

The second term can be easily bounded by (38) and 40; the third term can be bounded as follows
V(@) = g* +1f(z) — g(@) = (f* = g")| < V(9(x) — ) + V(&) — g(z) — (F* - ¢)]
* f — 9ll* *
< Va@ =+ L, xoy

NCEGE \/ B ] LR S

w=1f =gl

= _Nf —gll. ——
_<1+ #—Hf—g||*> (9(z) — g%) (42)

where we applied again (38) and (40). Finally we get:

2 gl e 2 gl s
”Vg(l’)”ﬂ?[“ P A O Ve (” M—Hf—g\\*ﬂ(g(x) v

>2(p—€)(g(z) — g%) 43)

provided that || f — g/« is small enough. Indeed, the quantity

sl f = gll« 2 If — gll«
0= =4l =9l — 0, —gll« — 0,
: M_||f—9||*+”f 9l w—1f—gll« ( T M—||f—gH*> - as || f— gl —

therefore Ve > 0, 36 > 0 such that for || f — g||« < J, we have

pllf = gll« B 2 If — gll« )
T T AL Ve e (”\/ = Hf—g\*> =

In conclusion, g € PL™(u — ).
Let us now consider f € PL*T(L) N QG (i), and g € f + Fx~ such that ||f — g||« < .

IVg(@)l3 = IVg(2) = V(@3 + IV f(@)]3 +2(Vg(x) = Vf(2), VI(z)) @)
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The second term can be estimated thanks to (38) and (40):
IV £(2)|5 < 2L(f(x) — g(z) — (f* = g")) + 2L(g(x) — g")

[1f — gl >

<2L +1) (9(z) = g7); (45)
<.U —|If = gll«

and similarly the third term:

(Vy(z) = Vf(x), Vf(x)) <[[Vg(z) = V@)l IVF(@)l,

< If = glld(z, X*)\/2L <”f_g”* + 1) (g(z) — g*)

= If—gll«
4L 1f — gll« ) .
— g/« 1 —qg").
=1 =l \/u— i G )t o)
(46)
This finally leads to:
IVg()]3 < 2(L+ K)(g(z) — g*) < 2(L + €)(g(x) — g") (47)
where

1f = gll« LIS —gll+ AL IS — gll+
K= + 1~ gl 1)1,
p=Nf =gl p=If-gl p=Nf =gl \p=IIf = glls
provided that || f — g||. is small enough. Following a similar argument as before, we can easily see
that K > 0and K — Oas || f — g||« — 0, therefore Ve > 0,36 > 0 such that if || f — g||« < 6, then
K < e. Therefore, g € PLT (L + ¢).
Continuity of QG~ and QG™:
Given f € QGH(L): f(z) — f* < L d(z,X*)?, V2 € R Consider g = f + h, h € Fx~ with
|h]|« = sup W = sup HCZZ(;)*H)? < ¢, then Yz € RY, with x, € X~ the corresponding
projection on X *,

9(x) —g* = f(x) + W) = (f* + 1) = f(z) = f* + h(z) = b

<

1
< Zd(z, X*)? + / (Vh(zh +t(x — a})),x — x3) dt
0

p p

IN

1
d(l’,X*)2 + /0 HVh(x; +t(x — x;))H2 |z — x;Hg dt

| Vh(zp + t(x — 23))||
d X*Q p p 2 * " — ¥ — X* — 2*lo dt
@ X+ [ e I e = a5) = X ol =

N

NN o N

b

1

< e, X+ [l -l [ et
0

L+e

< d(z, X*)? (48)

where we used ||z, + t(z — 25) — X*|l2 < t]|z — zy,
inequality is trivial. Therefore, g € QG (L + ¢).

The proof that g € QG (u —€) if f € QG (p) forg € f + Fx=, ||f — gll« < € < u, follows
the same argument.

2, Vt € [0, 1]; as before, for z = x* € X* the
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Appendix C. Graph of lower conditions

SC™(u) = *SC™(u): Immediate by taking y = =, (the projection of = € R¢ onto X*) in the
definition of strong convexity.

"SO~ () > PL™(1):  Assume f € *SC—(u): f* > f () + (Vf(x), 2} — 2) +
V2 € R%. Hence,

P @)z = @I 5 V5@ - )l 2 o IV @)

ie. |[Vf(x)|3 > 2u(f — f*). Therefore, f € PL™(p).

PL™ () = QG~(p): The claim was originally proven in [17], following some arguments from
[8] and [32] and we will report it here for the sake of completeness.

Consider the gradient flow of g(x) = /f(xz) — f*: 2'(t) = —Vg(z(t)). Note the f € PL™(u)
implies that || Vg(z)[|3 > 4 > 0V € R? in particular, despite the fact that g attains its minimum
on the set X*, Vg may not be defined on X* and the gradient flow equation ceases to be defined
once X* is reached. We then study the path of a gradient flow of g until it hits X*: Vz¢ € RY,
VT > 0 for which the flow is defined,

T T
g@@gg@w—guﬂ::—é<vmawxf@»w=1£|Nmmwm§a

T
0 p
> [ Eq=CLr
/0 th 5 1) (50)

where the first inequality follows from the fact that g is non-negative and the second inequality
follows from the PL ™ (u) property. This proves the existence of 7* = T*(x() such that zp+ € X*.
Therefore, V 2o € R%

.
glan) =ga0) ~g(ar) = [ IVala(®)] o

(/\m mw=ﬁ/ﬁwmw
a /0 \/7H~’L°O—$T*Hz

>, /2
Z\/gd(xo,X*) (51)

—V2
and, by squaring on both sides,
J(@) = 1" = g(@)” = Ld(a, X" (52)

ie. f € QG (n).
*SC™ (p1) and QG™ (u2) — RSI™ (F£2): For f € *SC™ (1) N QG ™ (p2), we have

(Vf(@)w =) > f@) = 7+ B g =l 2 B2 oy - (53)

2

ie. f € RSI™ (143£2). Note that this holds also for non positive y1. In particular, if f € QG™ (1)
and f is *-convex (u; = 0), then f € RSI™(§).

[
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*SC™(u) — RSI™ (u):  This follows directly from the three previous results. Indeed, *SC™ (u) C
PL™ (1) € QG™(p) and *SC™ (1) N QG (p) € RSI™ ().

*

RSI™ () — QG (u): For every € RY consider the line segment z(t) = Ty + t(x — zp),
t € [0,1], with xj; € X* the projection of x onto X ™. Itis clear that V¢ € [0, 1] the projection of
(t) onto X* is still z. Since f € RSI™(u), V2 € R?

(Vf(zp+t(x —ap)), t(z — 2p)) = plit(z — 2p)|I3 = pt?||(z - 23)13, (54)

therefore
1 1 ) u )
f@) =1 = [V ta e —aarz [t —a)at= 4 s3],
(55
implying that f € QG™ (u).
RSI™(u) — EB™(p): It follows from Cauchy-Schwartz inequality.

PL™ (1) NQG™ (p2) = EB™ ({/fifiz):  Assume f € PL™ (1) N QG™ (p2):

1
SIVF@IE = o (F@) = £9) = Bz — 233 (56)

ie. [|[Vf(z)ll2 > ppzllr — zp2.
Hence, f € EB™ (/u142). Note that PL™(p) € QG (), therefore PL™ (u) C EB™ (1) (set
p1 = p2 = 1)

EB™ (1) NQG™(L) — PL™(u?/L): Given f € EB™ (1) NQGT(L),Vz € R?

2 2
IVf(@)]3 > 1Plle — )13 > % (f(z) = ") (57)

ie fePL (u?/L).

Appendix D. Graph of upper conditions
SC*(L) — PL™(L): Assume f € SCT(L), henceVz,y € R?

F) < 1 @) + (V@) —a)+ 2y~

=f(1‘)—%HW(?L‘)II%%IIVf(x)JrL(y—w)IIS (58)
In particular, V z, y € RY
< fly) < fla) - i IV £(@)ll5 + % IVF(@) + Ly — )5 (59)
and by choosing y =  — Y we have
fr=fla) < —i IVF@)5, e % IVf(2)|3 < L(f(x) - f*) (60)

Hence, f € PLT(L).
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PL*(L) — *SCT(L): Assume f € PL*(L), hence

1
[*=1@) < = 57 IVF@);

1 *
< — o IVF@IE + 57 [95) + L (55— )]}

£ < F @) 4 (V@) )+ 5 g el (6)
Hence, f € *SCT(L).

PLT(L) - QG (L): Assume f € PL"(L) and consider the function g(z) = +/f(z) — f*:
since f € PLT(L), we have |Vg(z)||3 < L ,Va € R Then,

1
o(z) =g(z) — g(a) = / (Va(al + (e — 5)),a — a3 dt
< [ Iata +16a =l a = )

* L *
< [ E eyl ﬁ o], ©)

Therefore, by squaring on both sides,

L
f@)= 1" < Fllo = a3, (©3)

Note: this result is not explicit in the graph as it can be recover by following the existing edges.
However we needed to prove it here for the following result.

PLT(L) — EB*(L): Assume f € PL*(L1) N QG (Ly), then

IVf(2)]13 < 2L1(f(z) — f*) < LiLs||lz — 23|53, (64)

hence f € EB(y/L1Lz). In particular, from the previous result we have that if f € PL* (L), then
f € QGT(L), hence f € EBT(L) (take L1 = Ly = L).

EB*(L) — RSIT(L): Given f € EBT(L),

(Vf@),x—ap) < |Vf@)ll2-llz — 23]z < Lllz — 233, (65)
therefore f € RSIT(L).

*SCT(L) — QG*(L): Foreach z € RY, with x; € X* its projection onto X*, define

Lotz — 293 = (f(a r—xy))— f*
S 1Rt R OLC AL B

We verify that

Ltz — a) |2 — (V@) + tlx — 23), x — a) + (f(2* + ta — a3)) — f*)
t2

g'(t) =

>0
(66)
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since f € *SCT(L). Therefore, g is monotonically increasing on (0, +00). Additionally, g can be
continuously extended in t = 0 by I’Hopital’s rule:

: 1 k12 * K L
Jim g(t) = lim Lt (@ = 2})|} = (Vo) + to = a3).2 — o) = 0,

Therefore, I
9(1) = 3 llz — ayll3 — (f(x) = f*) = g(0) =0

ie. f(x) = f* < Sz —apl3: f € QGT(L).
*SCT(L) — RSI*(L): Let f € *SCT (L) N QG*(Ls):

. ., L . L+ L .
(Vi@)z—z) <f@) =+ Sl -l < =52 le -l ©)

therefore f € RSI*(#). In particular, since *SC* (L) C QG (L), then *SC™ (L) C RSI"(L).
RSIT(L) — *SC*(2L): For f € RSI"(L), we have

(V@) =) < Lz -yl < F@) = £+ Llje - 2} (68)

ie. fe *SCT(2L).

RSIT(L) — QGT(L): For every = € R? consider the line segment z(t) = ry + t(r — xp),
t € [0,1]; recall that V¢ € [0, 1] the projection of x(t) onto X™* is still x5 Since f € RSIT(L),

Vo eRY

(Vf(zy+t(x —ap)), t(z — ap)) < Ltz — 23) |3 = Lt* ||z — 3|3, (69)

Therefore, f € QG (L):

[EE

(70)

1 1
f(x)_f*:/o <Vf(g;*+t(a:—m;)),x—x;>dt§/O LtHa:—:v;‘,Hi dtz%

SC~(n) and QGT(L) — EB* (L +L(L - ,u)): Assume f € SC™(p)NQGT (L), with pu <
L, and p can be non positive (we recall that f € SC™(0) is convex). The case p > L is trivial as it
implies f(x) — f* = %Hx - SL‘;;”Q Vz e R

We have by definition: Vz,y € R?

« p Ser L QT L a2 L .2
flx)—f +<Vf(x),y—w>+5|!y—w\|§ <t - < Sly=glh <5 ly—=l,:
(71
in particular,
* H L |2
f@) = £+ (V@) y =) + 5 ly =l < 5 [ly = 2l (72)
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Lzy—pz+V f(z)

f— we have

and by choosing y =

Ly |lo = 2} |l; + |V F(@)II3 + 2LV f (@), 25 — ) < 2(L — p) - (f* = f(x)) (73)

The RHS is non positive, then by removing it and factoring the LHS

IV f(z) + L(as — )3 < LIL - p) ||« — 3|2 (74)

finally, by triangle inequality,
IVf(@)lly — L | —xH2<me—$pH2 (75)
IVF@l, < (L+VIT =) |z ==, (76)

Hence, f € EB™ (L ++L(L - ,u)) Note that for p = 0 (i.e. f is convex), we have
QG™ (L) — EB*(2L).

SC~ () and *SCT(L) — EBY (L 4+ 2max{—p,0}): Assume f € SC~(u) N *SCH(L). In
particular f € QG (L), then all the previous results still hold. From (73) we have

o+ IV £(@)ll3 + 2LV f(z), 2} — o) < 2(L — p) - (f* — f(x))

AL~ p) - (V@) — ) + o o — a3 )

L,uHx—x

thanks to f € *SCT(L), i.e.

IV £ ()15 + 20(V f(x), 2 — x) < L(L — 2p) ||= — 23| -

After rearranging the terms, we obtain HVf( )+ p(r, —x H2 < (L —p) H:U — l‘;H; and by
triangle inequality

IV f(@)ly =l ||z — ]|, < (L = p) ||z — 3], (78)

- IV £ @)l < (L + 2max{—p,0}) ||z -

Finally f € EB™ (L + 2 max{—u, 0}). In particular, under convex assumption (z = 0), *SC™ (L) —
EB*(L).

Zplls -

QG~ () and EBT(L) — PL* (%) Let f € QG (1) NEB™T(L), we have:

SIVI@IE < 22 e - 53l < 32 (@) - ) = SU@ - 1), a9

therefore, f € PL* (%)
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Appendix E. Rates of convergence

Under SC~ (1) and SCT(L) This is a known result and we refer to the proof in [9, Section 3.4.2].
Let’s assume f € SC™(u) N'SCT (L) with L > p (the other case is trivial): Vz,y, z € R?

SC— () scH(L)
ST e+l =yl <" f@) S fE)HVIE), -2+ e - 2 60

A

ie. Va,y,z € R?

F(&) = o) + VI () —2) — (Vi) o —9)+ 5 o — 23— B e~y > 0. @)

By minimizing the left hand side of the above expression with respect to the variable x, we find that
for

L—p

the inequality becomes

1

) =16 < g,

(=~ .0 () = V) — 5 IV 7 ) — VIG)IE — 2y =1

(83)
Vy,z € R? By swapping the roles of y and z, summing, and rearranging terms, we obtain the
well-known inequality (see, e.g. [28]): Vy, z € R?

(=9 V) = VIW) 2 1 (19500 = VI@IE + Luly —#IF) . 84

Note that f € SC™ (u) implies that X* = {2*}. In conclusion,
lns1 — 25 = llon —a* = aV f(an)l3

2n — 2|12 = 20(V f(2n), 20 — &) + o |V f (z0) ||
2oL N 2
< (1 . “) ln — 22+ a <a _ ) IV () 2

L+p L+p
k—1 2 2
— (551) tlow =13 55)

_ 2
for o = T

Under PL~(x) and SCT(L) Let’s assume f € PL™(u) N SC™(L). Then,

Flanin) = £ < flon) = 1 = (1= 5 ) 197l
< fon) = £ =20 (1= 5 (o) - )
= (1-1) e - 1 (86)

for o =

S
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Under *SC™ (u) and PL*(L) Assume f € *SC™(u) NPL*(L). Vn € N, let 7, , be the
projection of x,, on X*. Then,

d(@n11, X*)? < 21 — a5 |o = |20 — 25|l — 20@n — 2b,, VF(20)) + 02 |V (203
< Jlan = w3 |* = 20 (F@a) = £+ 5 [lon =23, |15)
+20%L (f () — [7)
(1= pe) ||zn — |3 — 20(1 — La) (f(wn) — f7)  (87)

1
= <1 — > d(x,, X*)? fora = .
K

Note this proof is quite similar to the proof of Theorem 3.1 in [13] applied directly to the
deterministic case.
Next, we show a similar proof that follows the same idea but doesn’t require *SC™ ().

Under *SC™(0), RSI" (1) and PL* (L) Assume f € *SC~(0) N RSI™ (u) N PL*(L). From
star convexity, we have (Vf(z),z — z,) > f(x) — f*, and from restricted secant inequality
(Vf(x),r — xp) > pllx — zp||*. Combining the two, we obtain

1 oo M
(Vf(2), 2 —ap) 2 5 (f(2) = ) + Sl ~ zp|%.

With similar argument as above, denote z7, , the projection of z,, on X*, Vn € N. Then,

(@1, X2 < [ongs — /s = [lon — 25,5 — 2000 — 25 4, VI (z0)) + 02 |V f (203
1
< llow =iy = 20 (5 (FGan) = )4 lfow =t )

+20%L (f () — [*)
= (1 - pa) ||zn — 25 ,|[2 — a(l — 2La)(f(za) — F*)]

_ . i *\ 2
— (1 2/{) (2, X*) (88)

1

for o = 5L

Under RSI™ (p) and EB* (L) Assume f € RSI™ () NEB™ (L), and for some n € N, z? denotes
the projection of x,, on X*. Then

A s, X < |[znar — 252 = ||z — 232 — 20(n — 2 VF () + 0 [ V1 ()2
< Nl =2 1* = 20 [fon = 2515 + L2 [l = 255
Y T )
= <1 — ;) d(zn, X*)? fora = 5.
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Under SC™ (1) and QGT (L) Assume f € SC™ () N QG™ (L) with some L > p > 0. Note that
this implies that f has a unique minimum z*.
Define g(z) = 3|z — 2*[|3 — $(f(z) — f*); then, g € C'(R?) and g(z) > 0 = g*, since
f € QG (L), with g(z*) = 0. Let X* be the set of all minima of g, including the f minimizer z*.
g €SC* (1 —1) with k = £ indeed, Vz,y € R?

9(y) — g(z) — (Vg(x),y — z)
1

= Sly ="~ 2(F@) ~ ) — Sl — 2B+ (@)~ 1)~ (e~ 2%) — 7V (@), g~ )

'LL 1 * * *
< —orlle=vyl3+ 5 (=25 = llo = 2713 = 2(z = 2",y — 7))
Iz 1 *
< —orlle =yl + 5 (ly — 23 + |z — 275 — 2(z — 2",y — 2))
2L 2
1 p
=5 (1-5) e -yl 90)

since f € SC™ (). This implies g € EBT (1 — 1):

1 1
< (1 — ) d(z, X*) < <1 - > |z — z*||2
9 K K

Therefore, in the GD algorithm with step size o = % we get

IVg@l2 = |z~ %) ~ 1 V()

* * 1
|Tni1 — 2"||l2 = |20 — 2" — Evf(xn)

1
< <1 — > lxn — x*||2 ((2))
9 K

) 2
Hence the linear rate (1 — %) .

Rates of convergence for any pair of upper and lower condition. We collected all the above
results in Table 2. For any pair of upper and lower condition f € CT(L) N C~ (i), we define k = %
We will justify here all the entries.

The rates in the first column (f € SC™ (1)) follows from the fact that if f € SC™ (L), we recover
the classical convergence rate for L-smooth and p-strongly convex functions, while for any other
upper condition C* (L), we use the fact that CT (L) C QG™ (L) and we have convergence rate of
(1-1)2.

Tn the first row (f € SC*(L)), the rate of convergence 1 — 1 holds for f € PL™(x) (as proven)
and f € *SC™(u) (since *SC~ (u) C PL™(u)); the rate of convergence 1 — H—lg instead holds for

f € EB™(u) (since EB~ () N SCH(L) C PL_(%Q)) and consequently also for f € RSI™ ()
(since RSI™ (1) C EB™ (p)).

We proved that for f € RSI™(u) N EBT (L) the GD algorithm converges with rate 1 — K%;
the same rate of convergence is also valid for f € *SC™(u) C RSI™(u) and/or f € PLT(L) C
EB™(L). This justifies entries (2, 4), (3,2) and (3, 4) in Table 2.

For entry (2,2), we proved a convergence rate of 1 — % under assumption f € *SC™(u) N
PL"(L). We also completed the entry (2,4) under star convexity. Since SC* (L) € PL* (L), this
rate also holds in (1,4).

Similarly, under the additional assumption of star convexity, we have that f € QG™ ()N *SC(0) C
RSI™ (%), therefore if f € QG™ () N *SC(0) NEB* (L), GD converges with linear rate 1 — ﬁ.
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Table 2: Linear rates for the GD algorithm for each pair of conditions, as function of Kk = %

Rates marked with */{ hold under the additional assumption of star-convexity/convexity,
respectively. Rates are colored in green if corresponding to a continuous pair of conditions
and red otherwise.

Rates of cv [ SC™(u) | *SC~(u) | PL™(p) RSI™ (u) EB (1) | QG (w)
SCH(L) (;—;DQ I B A e — Lo
PLY(L) [ (1-07] 1-L [ 1L« ]1-L/1— L1 Ls]|1-1Lx
EBY(L) [ (-2 [ 1% [1-45° — & L g [ 1-q®
s |- Bt -t ] 1o g | 1-ga'
RSIN(L) [ (1-p)" [1- gt 1ot 1?11yt
Q) [O- [1-gs[1-ga®] 1-g57 [1-galli-gp'

Following the same argument, for f € QG~ () N *SC(0) and upper conditions f € PL* (L) or
f € SC*(L), GD converges with linear rate 1 — . Entries (2,3), (2,5), (3, 3) and (3,5) follows
from PL™(11) C QG (1) and EB™ (1) N QG (L) C PL™ ().

If we assume f to be convex, the rates of convergence on the fourth line (f € *SC™ (L)) follow
from the fact that *SC™ (L) N'SC™(0) C EBT(L). The rates on the last line (f € QG™ (L)) follow
from QGT (L) N SC~(0) C EB™(2L); similarly on the fifth line (RSI" (L) € QG™(L)).

As a last remark, we show that the additional assumption of f being convex (or star convex)
is fundamental in some cases in order to obtain convergence of the GD algorithm. We will show
here that the sole pair of conditions SCT (L) N QG (1) doesn’t guarantee convergence of gradient
descent.

Let £,1 > 0. Consider the following function f € C1(R):

%xz r<l1
fo) = —%@3—%%9&—% 1<z<l+e ©2)
I == l4e<az<l4e+
2 > n

2
%1:2—(1+6+17)33+@+1% l+e+n<uz

By inspecting its second derivative (where defined) we can conclude that f € SC*(1) N
S0 (-2).

2f(x) s = (etn)’+lde 0 2/(@) _ 14e
Furthermore, 2 reaches its minimum at * = e , with T = (et iite 0,
therefore G~ (¢)
feQ (14+e+n)?+1+e

On the other hand, f/(x) = 0 on [1 4+ ¢,1 + ¢ + 7], therefore if one of the iterates x; of the GD
algorithm falls into this interval, then z € [1 +¢,1 + ¢+ n] Vk > j and the algorithm fails to

converge.
In the following, we will see sublinear convergence analysis under only upper conditions.
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Under *SC™(0) and SCT (L) This proof is a very classical one [6], and it is based on studying

the monotonic properties of the Lyapunov function V,, = n (f(25) — f*) + o= d(2n, X*)% Vn € N,
let z7, ,, be the projection of z,, onto X*.

2

* 1 *
Vair = (04 1) (f(nin) = %) + 5 llenin = 2y
SCH(L)

L
<) (o) = 4 (Go2 - o) IV
1 . .
t 5 (o0 = 25,12 = 2009 f (@), 20 = a3,) + 0 [V (@) 1)

Vit (o) = 1)+ (00 1) (G2 =) 4 5 ) IVAGIE = (TG =)

2 P
*SC—(0) I
<"t () (o -a) + 5 ) I9s@P
<Vp for o = %
Therefore, V,, is decreasing and in particular
* L *\ 2
n(f(zn) — ) <Va<W < gd(CCOaX ) 93)
Leading to the desired rate
* L *\2
flzy) — fF < %d(xo,X ) 94)

Under *SC™(0) and PL*(L) Vn € N, let z}, , be the projection of z,, onto X*.

d(@ns1, X*)? < Nznrr = 25,17 = 2w — 25,1 = 20(V f (@), 20 — 23, ) + 02 |V f (20) |

< lwn = 23,1 = 20(f (2n) = [7) + 0 X 2L(f (2n) — [7) (95)
therefore,
20(1 — La)(f(zn) — f*) < d(wn, X*)? — d(zp41, X ). (96)
By summing the inequality above for £ = 0, ..., n, we have
20(1 — La) Y (f(ax) — £7) < d(w0, X*)? = d(@ni1, X*)? < d(wo, X*)? 97)
k=0
and taking o = %,
1 < 2L )
_ * < *
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we can conclude

min (f(zg) - f*) < —=

ke[0,n)] n+1 (o, X7)

If additionally f € SC™(0) (convex), we have the stronger result

1 < 2L
L G X* 2'
f (nJrlkZ%xk) fF< n+1d($0, )
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