Inexactly Smooth Performance Estimation
and New Optimized Gradient Methods

Aaron Zoll* Benjamin Grimmer!

Abstract

We consider a general class of “inexactly smooth” convex functions, providing a universal
model capturing as special cases L-smooth, M-Lipschitz, and Holder smooth functions, and
any combination thereof. Such functions possess a calculus closely following that of smooth
functions. Our main results provide inexactly smooth functions with interpolation theorems
that are necessary and sufficient up to modest universal constants. These enable analysis of
first-order methods for any inexactly smooth convex problem class via solving convex Performance
Estimation Problems (PEPs). Further, these enable the extension of Drori and Taylor [9]’s
constructive approach to algorithm design. From this, we derive an exactly minimax optimal
method for (5, 0)-Holder smooth problems, methods with the best-known convergence guarantees
up to constants for any (3, p)-Holder smooth convex minimization, and a new universal fast
backtracking method for any inexactly smooth convex problem.

1 Introduction

First-order methods have found success in a wide range of convex optimization tasks, ranging from
smooth minimization to nonsmooth minimization. First-order methods are particularly effective at
modern, large-scale unconstrained optimization problems of the form

where computations of (sub)gradients remain tractable while other oracle models become expensive.
Since the 1970s, algorithms tailored to the structure of the given optimization problem class (smooth,
nonsmooth, etc.) have been developed with highly optimized performance, often being minimax
optimal. As classic examples, see [24,25].

Alas, these optimized methods are typically only guaranteed to be performant on their target
class of problems and arise from analysis techniques tailored to that class. For example, methods
may be specialized to smooth convex problems or Lipschitz convex problems. Here, our goal is to
develop analytic tools, in particular “Performance Estimation Problems,” uniformly applicable to
algorithm design over a wide range of problem classes.

To this end, we are motivated by the universal methods and analysis of [6] and [26]. Therein,
they design first-order methods given access to a first-order oracle returning (f(z), g) with g € 9f(x)
for any query z. Here 0f(x) ={g: f(y) > f(z) + (g9,y — x) Yy} denotes the convex subdifferential.
In particular, they considered any convex problem with Holder continuous subgradients, which we
refer to here as (3, p)-Holder smoothness,

g = gyll < Bllz —ylIP Va,y €R?, g, € f(2), gy € DS (y) (L.1)
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for given 5 > 0 and p € [0,1]. Nesterov’s Universal Fast Gradient Method (UFGM) [26] ensures
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universally, which is within a constant factor of the minimax optimal rate [23] for each p € [0, 1].
When p = 1, Holder smoothness corresponds to the classical smoothness assumption of § = L-
Lipschitz gradient. When p = 0, this class corresponds to functions with subgradients differing by
at most 3. This is closely related, but distinct, from the classical nonsmooth assumption of having
M = B-Lipschitz function values. Considering p € (0,1) interpolates between these settings.
The key analysis tool leveraged by [6] and [26] is that Holder smoothness (1.1) implies the
following inexact quadratic upper bound holds for all ,y € R?, g, € 0f(x) and any 6 > 0
1
(- 4)" o7
2

fy) < f(@) + (gory — ) + ly —x|* + . (1.3)
This result allows one to approach any Holder smooth setting with similar methods and proof
techniques to the smooth setting (p = 1) where this bound holds without the additive error §. Hence,
such inexact bounds are an established means to universalizing the first-order method toolbox.

Generalizing this key analysis tool, here we propose a family of “inexactly smooth” functions.
We say a convex function is L(-)-inexactly smooth for some function L: [0,00) — (0, 0], if for any
z,y € R g, € df(z), and § > 0,

FW) < F@) + {gery -2 + Dy — a2 4 6 (14

1-p
If L(6) = (% . % Itp B%, this family contains all (3, p)-Holder smooth functions. This can
additionally model functions generated by sums of smooth and nonsmooth components, which have
also received notable theoretical interest recently [7,15,17,31]. Given a sum f = fy + f1, with f
having subgradients differ by at most Sy and f; having S1-Lipschitz gradient, inexact smoothness
holds with L(8) = 31 + 83/(26). In Section 3, we discuss more properties and examples within this
inexactly smooth model of functions.

In this paper, we develop a principled approach to the design and analysis of algorithms for
inexactly smooth convex minimization. The foundational works of [10] and [29, 30] introduced
Performance Estimation Problems (PEPs) as a principled way to design and analyze first-order
methods over traditional problem classes. See PEPit [14] and the many examples therein. PEPs are
mathematical programs (often semidefinite programs) that compute a worst-case problem instance
from a given class (e.g., L-smooth convex problems) for a given algorithm. Dually, PEPs provide a
best possible convergence proof for a given algorithm using a given set of inequalities. Agreement of
these primal and dual perspectives relies on related “Interpolation Theorems.”

Our Contributions. This work has two primary objectives. First, we provide foundations (i.e.,
inexactly smooth calculus, interpolation theorems) for applying modern algorithm design tools to
families of inexactly smooth functions. Second, we utilize these to provide PEPs and apply the
constructive approach of [9] to algorithm design for such families. Namely, we show

e Calculus of Inexactly Smooth Functions In Section 2, we derive characterizations of
inexactly smooth functions and their respective conjugates, as well as associated calculus rules.



o Interpolation Theory Section 3 begins by presenting necessary and sufficient conditions for
observations to be interpolable by an inexactly smooth function. Theorem 3.3 gives our most
general interpolation theory, which is tight up to a small universal constant. Theorem 3.5
establishes that these conditions are exact for (3, 0)-Holder smooth functions.

e Inexactly Smooth Performance Estimation We conclude Section 3 by using our in-
terpolation theory to define a convex formulation for analyzing the worst-case performance
of an algorithm. Note, unlike most existing PEP work, these convex programs may not be
semidefinite programs. Regardless, Theorem 3.6 establishes a strong duality result.

e Algorithm Design Section 4 leverages our interpolation theory to construct optimized
algorithms. Algorithm 1 is minimax optimal among convex, ((3,0)-Holder smooth functions,
Algorithm 2 is an asymptotically optimized gradient method for general Holder smooth,
convex minimization, and Algorithm 3 is a universal method for any inexactly smooth convex
problem requiring only input of a target accuracy € and an iteration budget V. The associated
convergence guarantees are given in Theorems 4.2, 4.3, and 4.5, respectively.

Note the inexactness considered here (1.4) is inexactness in attainment of smoothness-type quadratic
upper bounds. This is distinct from inexactness due to gradient calculations or noise, which have
separately been studied in the PEP literature [4,5,13,22].

2 Preliminaries and Inexactly Smooth Function Calculus

We begin with preliminaries and then discuss Holder smooth functions as our motivating instance
of inexactly smooth functions in Section 2.1. Then Section 2.2 develops a general calculus for
L(-)-inexactly smooth functions which may be of independent interest.

Throughout, we consider closed, convex, proper functions f : R? — (—o0,00]. Let (,-)
denote the standard Euclidean inner product with the associated two-norm || - ||. We denote the
domain of f by dom(f) and its subdifferential as previously introduced by df(z). We denote
epi(f) := {(z,t) € RY x R : f(x) <t} as the epigraph of f, for which the function f is convex if
and only if the set epi(f) is convex. Similarly, we denote hypo(f) := {(z,t) € R x R : f(z) >t} as
the hypograph. The Fenchel conjugate of f is f*(g) = sup,cre{(g, ) — f(x)}, which satisfies the
Fenchel-Young inequality, which holds with equality exactly when g € df(x),

f@)+ f(g) > (g.2)  Vz,g€R™ (2.1)

2.1 Holder Smooth Functions

A core motivation for our work on general inexactly smooth functions is the special case of (3, p)-
Holder smooth functions (i.e., having Holder continuous (sub)gradient as defined in (1.1)). The
extreme cases of p =1 and p = 0 are particularly fundamental. When p = 1, this is exactly f having
B-Lipschitz gradient and corresponds to L(d) = S-inexact smoothness. When p = 0, this bounds

the difference between two subgradients by 5 and corresponds to L(§) = g—;.
Devolder, Glineur, and Nesterov [6] connected Hoélder smoothness for any p € [0,1] to L(J)-

P
inexact smoothness. Below we formalize this relationship, where the coefficient (% is defined at
p = 0 by its limiting value of 1 as p — 0. By convention, we take 1/00 =0 and 1/0 = cc.

/
Proposition 2.1. Let f : R* — (—o00, o0 be closed convex and proper, and L(5) = (};p %) TP 3T
Then the conditions



L |lgz — gyl < Bllz —ylP, ¥ x,y € dom(f) and g, € Of(x), gy € Of (y),
2. f(y) < f(@) + (gory — ) + ED ||z —y|2+6, V¥ a,yedom(f), g, € df(x), and § >0,

3. f(y) > f(@) + (90,5 — 2) + 577 ll90 = 9> =0, ¥ 2,y € dom(f), go € Of(2), 9y € Of (1),
and 6 > 0,

P
4. gz — gyl < B (%) |z —yl|?, Vz,y€dom(f) and g, € 0f(x),gy € Of(y).
are related by the implications 1. — 2. <= 3. = 4.

Proof. The proof of [21, Lemma 1] proves (1. = 2. = 3. = 4.) for all p € (0,1). Considering
limits as p — 0 and p — 1 extends this to p € [0, 1]. In Lemma 2.4, we will provide the final needed
implication, establishing (2 <= 3.). O

Note that the above implications are equivalent up to this factor of (%)p < 1.263. This
factor is tight. Hence, a small constant factor gap is fundamental when approximating the family of
Holder smooth functions via smooth quadratic bounds with additive errors for p € (0,1). Tightness
is demonstrated by the following function that satisfies conditions 2. through 4., but holds with
equality in 4. when x =0 and y =1,

0 <0
%6 p+12pm2 0<z<1 (2.2)
+ 1

fap(x) =

2.2 Calculus of L(-)-inexactly smooth functions

Here, we develop a calculus for L(-)-inexactly smooth functions previously defined in (1.4). Comple-
menting this, we say a convex function f is u(-)-inexactly strongly convex if

11(9)
F0) 2 @)+ ey =)+ By -5 ey RS gocaf@). (29
Our development of characterizations of these inexact quantities closely follows the classical
developments of smoothness and strong convexity. Consequently, we defer proofs to Appendix A

when they are analogous. Throughout, we assume the following structure on L(-).

Assumptions on L(0): Inexact smoothness functions L: [0, 00) — (0, c0] are assumed finite for
d > 0, convex, lower semicontinuous, nonincreasing, and such that —1/L(-) is convex.

We note the following equivalent convexity characterization.

Lemma 2.2. For any L: [0,00) — (0,00] that is convex, lower semicontinuous, and nonincreasing,
one has that
—1/L(0) is convex <= sL(s) is conver,

where we define the left inverse L (s) := inf{d > 0: L(d) < s}.



Proof. Consider the set S := {(é, g) : (0,0) € hypo(1/L), av > O}. We claim that S is the epigraph
of s — sL(s). The condition (J,«) € hypo(1/L) means o < 1/L(0), equivalently L(J) < 1/a.
Considering the definition of S and writing s := 1/« and z := d/a = Js, the previous inequality
states there exists d > 0 such that L(J) < s and z = Js. Since L(-) is nonincreasing and 1/L(-) is
nondecreasing, we may rewrite

S={(s,2): 30 >0s.t. L(§) < s and z > ds}.
Fix some s > 0. Among all 6 > 0 with L(J) < s, the smallest possible value of Js is
s-inf{6 >0: L) < s} =sL"(s).

Hence S is the epigraph of the function s — sL (s).
The following equivalences hold between convexity of functions and convexity of their associated

epigraphs/hypographs
—1/L(6) <= hypo(1/L(8)) <= epi(sL* (s)) < sL" (s),

where the first and last implications note convexity and concavity are equivalent to convexity of
epigraphs and hypographs, and the middle implication holds as S is a perspective transformation of
the hypograph intersected with a halfplane [2, Section 2.3.3]. O

First, we note that one can always relax an inexact smoothness function L(-) (under these
assumptions) into the sum of two inexact smoothness functions previously seen for p =1 and p = 0
Holder smoothness, L(5) < 31 + 33/(26). Therefore, these extremal cases of Holder smoothness are
also extremal among inexactly smooth functions.

Lemma 2.3. If L(-) satisfies our assumptions, then for any a > 0, L(§) < %«“) + L(a).

Proof. By concavity of 1/L(-) it holds that for any a > 0 and ¢ € [0, 1] that

1 1 t 1-1¢ t

Tta)  Lltat (1-00) = L{a) " Timyg- L(8) = L(a)’

where the last inequality comes from the positivity of L(:). Letting § = ta, this implies that
L($) < %@ for any 0 € [0,a]. Then by monotonicity of L(-), L(d) < L(a) holds for all § > a.
Summing the nonnegative upper bounds from these two regimes gives the claim. O

Next, we derive useful equivalent characterizations of L(-)-inexact smoothness. The following
lemma shows that among convex functions f, inexact smoothness can equally be viewed as satisfying a
cocoercivity-type condition or as the conjugate f* being inexactly strongly convex with p(-) = 1/L(-).
These follow similarly to the standard textbook fact for (non-inexactly) smooth convex functions.

Lemma 2.4. Let f be closed, convex, and proper. The following are equivalent:
L f(y) = f(@) + {90y — 2) + 57057 l99 — all® = 0, V6 20, Yo,y with go € 0f(x), gy € Of (),
2. f is L(-)-inexactly smooth,

3. f* is 1/L(-)-inexactly strongly conver.



The following three lemmas provide collections of calculus rules for constructing inexactly
smooth functions and quantifying their inexact smoothness L(-). As with the above result, their
proofs are analogous to the standard smooth and convex facts and hence, deferred to Appendix A.
Note, by considering conjugate functions and Lemma 2.4, equivalent calculus rules for inexactly
strongly convex functions could be derived directly from these.

Lemma 2.5. Consider any convez, L(-)-inexactly smooth function f. Then,
1. af(x) is aL(-/a)-inexactly smooth for any o > 0,
2. f(Az —b) is || A||2,L(-)-inezactly smooth,

3. Suppose F(x) = inf, f(x, z) is closed and proper with attainment for each x, then F(x) is
L(-)-inexactly smooth.

Lemma 2.6. Consider any closed, convex, and proper L;(-)-inexactly smooth functions f; for
i=1,...,m. Then,

m m
1. Zfl is inf ZLZ-(&-) -inezxactly smooth,
i=1 i=1 0i=6;29
2. (max f;")* is max L;(0)-inezactly smooth,
(] K3

-1

m * m

1

J. (Z fi*) is sup Z: e -inezactly smooth.

i=1 Yo 8i=0i=1
5:>0

Lemma 2.7. Consider any convex function h : R — R such that h(|t|) is L(-)-inexactly smooth.
Then f(z) = h(||x||) is L(:)-inexactly smooth.

Rather than retaining a family of inequalities for each § > 0, one may consider the strengthened
inequality given by optimizing over all § > 0. To this end, we define

L9)

or(s,0) = 5 S +9, Orn(s) = (islzlgngL(s,é). (2.4)

Below, we note a few properties of the joint function ¢y (s,d) and its partial minimization 6.

Lemma 2.8. Suppose L(-) satisfies our assumptions. Then ¢r(s,0) as defined in (2.4) is jointly
convex in s and 6. When attained, {0,(s)} := argming>( ¢r(s,0) is a singleton, and if s # 0, then
L(6,(s)) < 0.

Proof. Consider the function g(u,v) = u?/v, which is jointly convex and decreasing in v > 0. Then
since 1/L(9) is concave, the composition ¢r,(s,0) = g(s,2/L(d)) + § is jointly convex.

We now show that argming~ ¢r(s,d) is a singleton for all s. If s = 0, this is trivial. Otherwise,
without loss of generality, assume s > 0 (since ¢(-,4) is even) and suppose the convex level set,
argmingso ¢r(s,0) = [01,d2]. Because ¢r(s,-) is convex, it must hold that ¢r(s,d) = 0r(s) is
constant on [d1, o). However, this implies that

L) = 5(00(5) =), 5€[51,0]

6



for fixed s > 0 and 61,(s) > 0. Since L(J) > 0 by our assumptions, it holds that on this interval
—1/L(-) is strictly concave, which can only be compatible with the assumption that —1/L(-) is
convex when d; = d2. Therefore, it must hold that argming-, ¢ (s,d) is a singleton when attained.
Finally, when s # 0, since L(-) is finite for all 6 > 0, it holds that

ming>o ¢1(s,6) _ ¢r(s,1)

L(d,(s)) < —82/2 < 2/ < 00

Lemma 2.9. Suppose L(-) satisfies our assumptions. Then

1
0% (u) = su {u2—5},
and both 01, and 07 are closed, convez, proper, and even. Finally, 01, vanishes only at 0, and for all
s # 0, the subdifferential is a singleton.

Proof. First, we verify that 0y, is closed, convex, and proper. Closedness and properness follow
immediately from the assumed structure of L(-). To verify convexity, note that 67 (s) is the partial
minimization of ¢ (s,d), so convexity is preserved by [28, Theorem 5.3].

Closedness and convexity of 07 follow as it is a conjugate. Properness of 07 follows from the
properness of f;. The claimed formula for this conjugate follows by computing

07 (u) = sup sup {us —0— L(é)sz}
s 6>0 2
(

L(9) 2} { L o }
=supsupqus —§ — ——=s“p =supq ——=u-—0 .
520 sp{ 2 P\ 2L ()
Notice that both functions are even as they only depend on their input through a squared term,
so 0r,(s) = 0r(—s) and 07 (u) = 0] (—u).
As L(0) is finite for 6 > 0, it holds that 67,(0) = infs>0d = 0. If s # 0, we can show that
01(s) > 0 by providing a uniform lower bound on ¢ (s,d) = L(5)s +6 for all 6 > 0. First, for § <1,

by monotonicity of L(-), we can bound ¢r(s,d) > @SQ > 0. Now suppose ¢ > 1. By concavity

and monotonicity of 1/L(-), there exists some a > 0 such that L(J) > m. We then apply
(D)

the arithmetic-geometric mean inequality to bound

( > |s ’\/1—|—aL 2 ‘s‘\/min{QL(l),Q/a} > 0,

where the first bound substitutes the bound derived from the concavity of 1/L(-) and the second
bound considers whether aL(1) <1 or aL(1) > 1. Therefore,

0r(s) = grzlgqu(s,(S) > min {L(zl)sg, |s[\/2L(1), ]s]\/%} > 0.

Lastly, since ¢r.(s,0) is closed, convex, and proper, [19, Theorem 3.101] ensures that

00r(s) ={u: (u,0) € OPL(s,0,(5)), x(s) € ar(;gi%in or(s,0)}.

For s # 0, Lemma 2.8 demonstrates that argming, ¢r(s,0) = {0+(s)} is unique and L(d,(s)) < oo.
Coupled with ¢1(-,d,(s)) being differentiable in s at (s, d,(s)) since L(d,(s)) < oo, it holds that
001,(s) is a singleton: non-empty by convexity of 61, and every element of 0¢y (s, d.(s)) has first
coordinate equal to L(d.(s))s, as outlined above. O



3 Inexactly Smooth Performance Estimation

This section presents the main results on the interpolation theory for L(-)-inexactly smooth functions.
Using the calculus results from Section 2.2, we state our interpolation theorems with their proofs given
in Section 3.1. Subsequently, Section 3.2 uses these interpolation theorems to present a tractable
convex optimization problem for estimating the worst-case performance of a given (sub)gradient
method over a given family of inexactly smooth problems.

Definition 3.1. Consider a set of observations H = {(x;, fi, gi) Yier with z;,g; € R? and f; € R
for some index set T. We say H is L(-)-interpolable if there exists a convex, L(-)-inezactly smooth
function f such that f(xz;) = f; and g; € Of (x;) for alli € T.

Our main goal is to provide necessary and sufficient conditions for interpolability. Our conditions
below provide this, up to a small change in the function L(-) by an absolute constant. Let the
“self-smoothness constant” ¢, of 0y, (previously defined in (2.4)) be the smallest positive number for
which 67, is ¢, L(-/cp)-inexactly smooth.

cr, =inf {c > 0: 0y is cL(-/c)-inexactly smooth} (3.1)
We can write this constant as

e, =inf{c>0:Vr,s,g9s € 00(s), Op(r) < O1(s) + gs(r — s) + cOp(r — s)}
since cfr,(s) = cinfs>g {@32 + 5} = infs5>0 {%82 + 5}. The following theorem notes that this
self-smoothness constant is well-defined and at most two for any L(-) that satisfies our assumptions.

Theorem 3.2. If L(-) satisfies our assumptions, then 1 < ¢y, < 2.

Necessary conditions for interpolation follow from any necessary condition for inexactly smooth
convex functions, specialized to the points z;. For example, the inequality (1.4) with y = x; and
x = xj and the subgradient inequality f; > f;+(g;,z; —x;) are necessary. In the setting of L-smooth
convex functions, the interpolation theorem [30, Corollary 1] showed that the cocoercive inequality
fi > fi+ (g, xi— ;) + 57 |gi — g;|? for all 4, j € T is necessary and sufficient. The following theorem
shows that the generalization of this cocoercive-type condition in Lemma 2.4 remains necessary and
sufficient for inexactly smooth interpolation, up to the self-smoothness constant cy.

Theorem 3.3. Let L(-) satisfy our assumptions. If a set of observations H = {(x;, fi, gi) }icz is
L(-)-interpolable, then for each i,j € T,

1 2
g s — N — —— Mo — as > > 0. )
Ji— 1 <gjaxz xj> 2L(3) llg: QJH +6>0, V6>0 (3.2)

Conwversely, if the above condition holds then H is c,L(-/cr)-interpolable.

Recall our motivating example of (3, p)-Holder smooth functions always satisfy an inexactly

1l 5
smooth bound with L(§) = (% %) "7 3Tt» by Proposition 2.1. Hence, from (3.1), ¢r, is exactly

the maximum of |1 — s|(p+1) — s+t 4 (p 4 1) 8P for s > 0, which is uniformly upper bounded by
cr, < 217P < 2 where the first inequality above is a direct application of the scalar ratio bound (3.4)
derived in the proof of Theorem 3.2.!

'For (B, p)-Holder smooth functions, 0r,(s) = [P+t

% |s and the supremum of 2' ~? in (3.4) is attained when r = —s.



This is tight when p = 1 but may be slack for p < 1. Note that the previous example (2.2)

established that any interpolation theorem based on inexact quadratic bounds will be slack by at

p+1
2p

smooth functions, where we take the infimum over § > 0 in (3.2). Note that the sufficiency side can
be tightened with the exact value of ¢y, instead of the bound 2'~? given above.

least a factor of ( )p. Combined, these give the following interpolation conditions for Holder

Corollary 3.4. If a set of observations H = { (x4, fi, 9i) }iez 1s interpolable by some convez, (3, p)-
Holder smooth function for p € (0,1], then for each i,j € Z,

fi = fi = lgjrwi — wj) = BYP—L||g; — g;| D/ > 0. (3.3)
p+1
Conversely, if the above condition holds then H is interpolable by a convex, (2 (%)pﬂ,@ -Holder
smooth function.

Considering the limiting case as p — 0, the condition above becomes

fi—fi = g5, xi —x5) —v0,8/(lgi — g5l) =0

where ¢ g) is the indicator for the interval [0, 5]. Hence the condition requires f; > f; + (g;, 7 — x;)
and ||g; — g;|| < 8. However, in this p = 0 special case, despite having c;, = 2, these are necessary
and sufficient for (3, 0)-interpolation.

Theorem 3.5. Consider any set of observations H = {(zi, fi, gi) tiez. Then H is interpolable by a

(8,0)-Hdélder smooth, convex function if and only if H is L(J) = g—;-interpolable if and only if for
allijeT,
fi 2 fj +{gj, i — x5) and  |lgi —g;ll < B.

Since p = 0 admits a sharper exact interpolation theorem, further improvements for p € (0, 1)
p
may be possible. However, the previous example in (2.2) establishes that a gap of at least (%) >1

is necessary for any approach for Holder smoothness with p € (0,1) based on inexact smoothness.
As a result, Corollary 3.4’s condition is only necessary and sufficient at p =1 and p = 0.

3.1 Proof of Interpolation Results

In this section, we prove the above interpolation theory, utilizing the calculus results built in
Section 2.2. The primary work in proving Theorem 3.3 and Theorem 3.5 is a construction of the
necessary interpolating function given the claimed interpolation conditions.

Proof of Theorem 3.2. The lower bound ¢;, > 1 is immediate. Set s = 0, and recall that
01.(0) = 0 with 0 € 961,(0) by Lemma 2.9. Notice that ¢ > 1 since the defining inequality in (3.1)
gives

Or(r) <cbp(r), Vr.
The rest of the proof proceeds in three steps. We first prove a general implication by considering
L gz = gyll < llsayll, Va,y with g, € df(x), 9y € 0f(y), and szy € (O o || - [)(z —y),

2. f(y) < f(x) +(gasy — ) + 0(ly — zl|), Va,y with g, € 0f (=),



and demonstrating that the first condition implies the second. Next, we specialize to f = 6 and
bound the self-smoothness constant in (3.1) with the scalar ratio below

cr, < sup {W 2 gr €00L(r),gs € 00L(5), grs € 001 (r — s)} . (3.4)
r#s s
Finally, we complete the proof by establishing a universal bound of 2 on this quantity.
We first show (1. = 2.). Fix z,y and arbitrary g, € df(x). Letting g; € 0f(x + t(y — x)) and
st € 0@ o -|)(t(y — x)) be arbitrary for any ¢ € [0, 1], we note that

1
f(y)*f(m)*(gx,y*@:/o (9t — 9oy — ) dt
1
< /0 lg: — galllly — =lldt

1
< /0 Iselllly — xlldt
—0(ly — ) — 620) = O(ly — ),

where the nonsmooth fundamental theorem of calculus [18, Theorem 2.3.4] implies the first equality,
Cauchy-Schwarz implies the first inequality, and the hypothesis implies the second inequality. The
last equality follows from two nonsmooth calculus rules. First, the nonsmooth chain rule [1, Corollary
16.72] applied to (O o || - ||) gives ||s¢|||ly — z|| = (st,y — x). Second, we consider the fundamental
theorem of calculus again applied to 6r, o - || along the segment from 0 to y — z. Rearranging yields
f) < f(2) + g2,y — 2) + 0y — 2[).

We now construct the bound as in (3.4). By the definition of ¢z, in (3.1), for all 7, s € R with
gs € 001,(s) the following bound holds

Or(r) <O0r(s)+gs- (r—s)+crbr(r—s).
Suppose the following bound holds for some fixed ¢ > 0,
|9r — gs| < clgrs|, Vs €R, gr € 00L(r), gs € OL(s), grs € OOL(r — 3).
By applying (1. = 2.) as above, it holds that
Or(r) <0n(s)+gs-(r—s)+clr(r—s).

Since this bound holds trivially if » = s (as 01(0) = 0 by Lemma 2.9), we can bound ¢y, as in (3.4).
Finally, we bound this value by 2. Without loss of generality, suppose r > s. Recall that 0f,
is convex, even, and minimized at 0. Respectively, the subdifferential 06y is monotone, 96 (s) =
—001,(—s), and 0 € 901,(0).
We first consider the case where r > 0 > s. Here |[r — s| = r + |s], so grs € 00L(r + |s]).
Monotonicity of the subdifferential with evenness of 01, gives |gr| < |grs| and |gs| < |grs|. Since 6y,
minimizes and vanishes at 0 (see Lemma 2.9), g,s > 0 as well. Hence

‘gr - 98‘ < ‘gr’ + |98’ < 2g;s.

To conclude, we consider the case where r > s > 0. Recall ¢1(s,0) = @52 -+ 0 and denote

d«(s) = argmingsq ¢r(s,6). Note that by Lemma 2.8, both 96z (s) and 00 (r) are singletons:
901 (s) = {sL(0.(5))}, 90L(r) = {rL(d.(r))}-
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Adding the two inequalities ¢, (s, 0x(s)) < @18, 0+(r)) and @1 (r, 6x(r)) < ¢r1(7, d+(s)) and simplifying
terms that cancel,

(12 = 2)(L(3.(r)) = L(5.(s))) < 0 = L(3(r)) < L(5.(s)).
Therefore

0. < gy — 9o = rL(5,(r)) — SL(5.(5))
= (r — 8)L(6x(r)) + s(L(dx(r)) — L(0x(s)))
< (r—38)L(0«(r — 8)) = grs,

where we utilize monotonicity of the subgradient in the first inequality and monotonicity of L(d,(-))
in the second. The remaining case 0 > r > s follows by applying the above to (—s, —r) and invoking
evenness. With all cases exhausted, we may bound (3.4) by 2. O

Proof of Theorem 3.3. Suppose f(z) is an L(-)-inexactly smooth function which interpolates
the observations H. By the cocoercive-type condition 1. from Lemma 2.4 with z = z; and y = x5,
the exact claimed interpolation conditions hold for each i,j € 7.

To show the other direction, we define our interpolation as the function r = (max;ez 7f)* where

ri(x) = fi+ (gi 7 — i) + 0|z — wil]).

Calculating the conjugates of each r;, one has 7 (g) = —fi + (x4, 9) + 05 (|lg — gil])-

This claimed interpolation r is convex as all conjugates are convex. Our calculus rules allow us
to verify its inexact smoothness. Each individual r; is ¢y, L(-/cr )-inexactly smooth by the sum rule
in Lemma 2.6 since the linear term f; + (g;,x — x;) does not affect the smoothness and 0, (||x — z;||)
is er,L(-/cr)-inexactly smooth by Lemma 2.7. Then the ¢ L(-/cr)-inexact smoothness of r follows
from the conjugate maximum formula in Lemma 2.6.

All that remains is to verify that r interpolates the given first-order information. Note that
r(z;) = f; and g; € Or(z;) if and only if max;cz 7} (g;) = —f; + (x4, 9;) and z; € O(max;ezr})(g;)-
The key step in establishing this is showing that the interpolation conditions guarantee that r}
attains this maximum at g;. To see this, observe that for any i € Z,

ri(95) = —fi + (x5, 9;)
> —fi + (i, 95) + 01.(lgi — g51I)

=17 (95),
where the inequality is our interpolation condition between ¢ and j (taking the supremum over
d > 0). From this, the fact that r interpolates follows since r*(g;) = —f; + (xj,g;) and z; €
Orj(g;) € O(maxiez77)(g;)- O

Proof of Theorem 3.5. Recall by Proposition 2.1 that a function f is (3,0)-Holder smooth if
and only if it is L(0) = g—;—inexactly smooth. Therefore, the existence of a (3,0)-Holder smooth

function interpolating the observations H is equivalent to L(6) = g—; interpolation.

Supposing there exists an L(§) = g—;—inexactly smooth function interpolating these observations,
by Theorem 3.3, it must hold for all ¢, j € Z and § > 0 that f;— f;— (g, z; — :Bj>—ﬂ%|]gi—gj\|2+5 > 0.
Taking the infimum over & > 0, observe that the interpolation condition above is then equivalent to
fi = [j + (g5, xi — x;) and ||g; — g;l| < 5.

Conversely, consider the convex function h(z) = max{f; + (g;,z — ;) }. Since Oh C conv{g;},
for any g,¢' € Oh with g =" a;9; and ¢’ = Y v;9;, (B, 0)-Holder smooth follows as ||g — ¢'|| < 8 by
convexity of the norm. Finally, since f; > f; + (g;, z; — x;), the ith component of h is active at x;,
and therefore h(x;) = f; and g; € Oh(z;). Hence, h interpolates the observations. O
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3.2 Inexactly Smooth Convex PEPs

Our interpolation theorems enable the design of PEPs [10,29,30] for inexactly smooth problems.
PEPs provide a structured way to analyze N-step fixed-step first-order methods (FSFOM). These
methods, parameterized by a lower triangular matrix W € RV*¥ are defined by the iteration

n—1
Tp = To — Z Wn,igi
i=0
forn = 1,...,N, where g; € 0f(x;) are subgradients computed at each iteration. For ease of

presentation, the rows of W are indexed from 1 to N while the columns are indexed from 0 to N — 1.

Consider minimizing an L(-)-inexactly smooth, convex function f with a minimizer x, satisfying
|lxo — z4|| < D. For an algorithm defined by some W, the Performance Estimation Problem finds
the worst-case final objective f(xx) — f(z4) over all possible problem instances. Formally,

max  f(zn) = f(ax)

f,onRd
s.t. Tp = Tg — Z?:_ol Whigi Vn=12,...,N (3.6)
lzo — @]|* < D?

f is L(-)-inexactly smooth, convex, and minimized at x,.

DPtrue =

The key observation to tractably solve PEPs is that the algorithm’s trajectory and performance
depend only on the first-order information at the iterates xg,...,xn and at the minimizer z,. For
ease in referring to such points, we consider the index set Zx, = {0,1,..., N,x}. Then the relevant
quantities to the performance of the algorithm parameterized by W are the values

T, Ji= f(xi), gi € 0f(x) Vi€ Iy

where we require g, = 0 at the minimizer z,. From our interpolation theorem (Theorem 3.3), we
know that the following must be nonnegative for all ¢, 7 € Z3; and all §; ; > 0

D= D? — lug — |2 > 0

1 2
Qijoi; = i = fi = {95, @i — xj) = mllgi = gill” + iy = 0.
Note this can be reduced to a finite set of inequalities by taking a supremum over §; ;, resulting in
a compressed nonnegative condition Q; ; = f; — f; — (g, i — ;) — 07.(]lgi — g;||) > 0. Using the
sufficiency side of Theorem 3.3, we know an L(J) inexactly smooth instance exists agreeing with the
observed first-order information whenever one has D > 0 and for all 4, j € Zy, and all §; ; > 0

CL

2
— L gi — gl + i, > 0.
2L(CL6i,j) ”gl g]” + ) =

Qiks,, =fi—fi = gi, i —x5) —

Again, we define a compressed notatic?n as Q7% = fi—fi —(gj,zi —x5) — GZ(CL.)/CL(Hgi - gj.H) 2 0.

From these necessary and sufficient conditions, we can define closely related optimization
problems over finitely many variables. An upper bound on psy. is provided by

z, f,ge(RgﬁiRd)NH N = I
s.t. Ty = X9 — Z?:_ol Whigi Yn=1,2,...,N
Ptrue < Pinterp = g =0 (3.7)
D>0
Qi;>0 VijeIf.

12



We denote the same problem with stricter Qf’; > 0 constraints by pfflterp. This also provides a lower
bound for piye.

The standard approach to further simplifying such PEP reformulations is to consider a Gram
change of variables. Define P = [xg — 2z« | g0 | ¢1 | ... | gn] and the Gram matrix of all
inner products between these vectors as G = PTP. After substituting the equality definitions of
Ty = Tg — Z?;Ol Why.,ig; and g, = 0 into the remaining inequality constraints, observe that D and
Q, j are linear in F' = [f., fo, ..., fn]T and concave in G (to see this, note 6 o/~ is convex since it
takes the form of a supremum of affine functions). We denote these concave functions by D(F, G)
and Q; j(F,G). Changing over to these as the variables makes all of the above constraints convex.
Additionally, as a Gram matrix, we require G to be positive semidefinite. We denote this by
max N = I«

.T. >
DPinterp < Pgram = 5.8 D(F7 G) >0 (38)

G > 0.

Provided d > N + 2, one can factor G to recover P, making this Gram reformulation exact.

The above PEP formulation (3.8) is a convex problem in F,G. The Lagrange dual problem
certifies upper bounds on fy — fx via nonnegative weights v, \; ; for the inequality constraints and
a positive semidefinite Z. We denote the dual by dg;qm. The following theorem relates all of the
defined PEP problems, establishing, in particular, that strong duality holds above under a mild
regularity condition on W.

Theorem 3.6. Let L(-) satisfy our assumptions and suppose d > N + 2. Given W;;_1 # 0 for all
i=1,...,N, strong duality holds between pgram and dgram. Therefore,

CL — J°L — nlL . — —
Pgram = dgram = Pinterp < Ptrue < Dinterp = Pgram = Agram.-

3.3 Proof of Theorem 3.6

First, we show that for any L(-) satisfying our assumptions, we can construct a Huber-type function
that is convex and L(-)-inexactly smooth in an arbitrary dimension d. From this, it follows that
Pgram (3.8) has a Slater point, given W has nonzero diagonal. We defer the proofs of these two
results, Lemma 3.7 and Lemma 3.8, to Appendix B.

Lemma 3.7. Let L(-) satisfy our assumptions, and choose any R > 0. Then the function

h@)_{éwﬂP |zl < R k__.f{L(®4-¢L@ﬂ2+zmx®/Rz}

=1
kR|z| — 2= |lz| > R 920 2

is L(-)-inezactly smooth and k > 0. Furthermore, for any positive definite Q, with ||Qllop < 1,

fuy:MQW@:{@m@ QHMWSR
kR|zllg — *  Jlzllo > R

is L(-)-inezactly smooth as well, where ||z||q := v/ 2T Q.

Lemma 3.8. Let L(-) satisfy our assumptions. Under the assumption that W;,;—1 # 0 for each
i =1,...,N, there exists feasible F,G for the convex problem pgram (3.8) such that G = 0 and
Q;j(F,G) >0 foralli # j € Iy,.
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Existence of a Slater point from the above Lemma 3.8 ensures strong duality between the
convex primal and dual formulations pgrem and dgpam (see [28, Theorem 28.2]). Similarly, the lower

bounding formulations of pgk,,, and dgk,,, are equal. Then, recalling that if d > N + 2, one may

always factor positive semidefinite GG into its Cholesky form, the Gram reformulations are exact,
Pinterp = Pgram and dgk,,,, = pily.... Finally, the inequalities py},.,., < Ptrue < Pinterp follow from

our interpolation theorem (Theorem 3.3).

4 A Constructive Approach to Optimized Algorithm Design

The above interpolation and performance estimation theory directly enables optimized algorithm
designs. In particular, the constructive approach of Drori and Taylor [9] can be readily generalized.
Below, we begin by discussing minimax optimality among algorithms and formalizing their con-
structive PEP approach to algorithm design in the context of inexactly smooth functions. Then we
describe three resulting designs targeting different levels of generality in the inexact smoothness
function L(-). These results are briefly summarized as:

Section 4.2 presents an exactly minimax optimal method for (3, 0)-Holder smooth functions (i.e.,
L(%) = g—;-inexactly smooth). Section 4.3 presents an optimized method for any (3, p)-Holder smooth
functions by optimizing performance over L(d) = k/d%-inexactly smooth functions. This method is
big-O optimal and we conjecture that it possesses the optimal leading coefficient. Finally, Section 4.4
presents a universal, parameter-free method for any L(-), generalizing Nesterov’s Universal Fast
Gradient Method (UFGM) [26] and the Optimized Backtrackable Linesearch method (OBL) [27].
The resulting Universal Optimized Backtrackable Linesearch method (UOBL) offers optimized big-O
optimal guarantees for any Hoélder smooth setting or sums thereof.

Next, we formally define minimax optimality and big-O optimality. Optimality in algorithm
design is defined in terms of a considered family of problem instances and a family of algorithms.
As problems, given a function L(-) and some D > 0, we consider minimizing L(-)-inexactly smooth
convex functions from an initialization g with ||zg — z,|| < D. Denote this class

Prey,p = {(f,w0): f is convex, L(-)-inexactly smooth,
attains a minimizer at z, with ||zg — 24| < D, (4.1)
and a subgradient oracle g such that g(x) € 9f(x)}.

Note that Pp) p contains problems over every dimension d. As algorithms, we consider N-
step methods constructing points 1, ..., 2y satisfying the subgradient span condition x,, € x¢ +
span{go,...,gn—1} with g; = g(z;). Denote the set of such methods by Agpan. Note that this
contains, for example, all FSFOM studied in Section 3.2.

The task of finding the algorithm with the best worst-case performance against a family of
problem instances, measured by final objective gap, is then

min max xN) — f(xy). 4.2
Jpn o omax  fay) = () (4.2)

We say an algorithm a is minimax optimal if it attains the above min. It is big-O optimal if
for all N, it remains within a constant factor of attaining this rate. Proving minimax optimality
of methods historically has been done by considering the dual maximin problem, seeking a hard
problem instance for all algorithms [24]. By weak duality, (4.2) is lower bounded by

max min f(azy) — f(z4). (4.3)

(f20)€PL(.),p 2€Aspan

14



Strong duality often holds. For constant L(-) = L, this is established by the OGM method [20] and
matching lower bound [8]. For L(J) = k/J, our Theorem 4.2 below establishes strong duality.

4.1 Extension of the Constructive Approach of [9]

Here we consider the constructive approach to algorithm design problems with semidefinite program-
ming PEPs of Drori and Taylor [9]. These techniques generalize directly to the inexactly smooth
setting with its convex PEP formulation. To this end, consider the following hypothetical first-order
method, iterating

xy, € argmin{ f(x): x € xo + span{go, g1, .-, gn—1}}
gn € Of(x,) such that (g,,g;) =0, VO <i<n.

For the sake of this motivation, assume the above argmin is nonempty and consider any selection of
(possibly adversarial) x,, and g,. Following the nomenclature of [9], we refer to such a hypothetical
algorithm as a Greedy First-Order Method (GFOM).

The constructive approach to algorithm design then proceeds by (i) solving the PEP problem
associated with GFOM, (ii) computing dual multipliers proving its convergence rate, and (iii)
identifying a fixed-step first-order method with the same performance (and, in fact, the same PEP
proof) as GFOM. Formally, denote the PEP for GFOM as

max(rq.) J(TN) — f
g = {sit. Zyp is constructed by some GFOM (4.4)

(f:20) € PL(y,p.

Then, utilizing our interpolation theory, we derive the following upper bounding problem

maxg, f.0; SN — Jx
s.t. <9i79j>=07 VO<j<i=1,...,N
al al (gi,x; —x0) =0, V1<j<i=1,...,N
ptrz%e Spinferp = Z_J (45)
g« =0
D>0
Q,; >0, i,je€Iy.

Observe that after substituting the orthogonality constraints, this is a convex problem in the
variables fi, (g;,z;), and ||g;||>. The corresponding dual problem can be formulated as follows (the
derivation of this program is deferred to Appendix C)

miny s 5D%s + 3 jers MigLT (Nij/tig)

j—1 .
5.t A2 )s < STt Yottty — b Vi=0,...,N
N —1 .
e PDRIRSPISVED SrireD WD v

Z@'J\Lo )\*,i _)\i,* =1
A>0,t>0, s>0.

Recall sL (s) is convex by our assumption on L(-) and Lemma 2.2. From this, the convexity of the
dual objective is clear as it uses the perspective function of this [2, Section 3.2.6].
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In particular, solving this dual problem gives certificates A, t, s that prove a convergence rate
for GFOM. The “Subspace Search Elimination Procedure” (SSEP) of [9] shows how to construct an
FSFOM for which this same certificate also proves a convergence rate. Namely, after a notational
rearrangement of [9, Corollary 1], set zp = xg, 21 = o — A\x 090, and iterate forn =1,..., N

S (Nini — tingi) + Aenn
Z?:_()l )\i,n + /\*,n (47)

Zn+1 = Zn — )\*,ngn-

Tn —

The following lemma explicitly connects this to the quantities of Drori and Taylor and extracts the
resulting convergence guarantee.

Lemma 4.1. Fiz N > 1, D > 0 and let (\,t,s) be feasible for (4.6). Suppose A, := Z?;ol Xin +
Xen # 0 for alln = 1,...,N. Then the method (4.7) is exactly the fized-step method of [9,
Corollary 1] under the identifications

f?n,n = Anu :Yn,j = _)\j,n vj = 17 con—1

3 4.8
ﬁn,j :tj,n+>\*,n)\*,j VJ:O,,TLf]_ ( )

Further, for any problem instance (f, o) € Pr( p, this method inherits the dual objective bound

1
f(.’L‘N> — f* < §D28 + Z )\i,jL%(/\i,j/ti,j)-
i jETY,

Proof. Recall that we set zo = o, 21 = g — A\ 090 and, forn=1,..., N,

1 1
2o Ain®i + Angn — 200 tinGi
A, ’

Tn Zn+1 = Zn — AenGn- (4.9)

Unrolling the z-recurrence gives z, = xg — ZZ;(l) Ax kGk- Substituting this into (4.9) yields

n—1 n—1
Apzy, = Z Ai,nxi + )\*,n-TO - Z (ti,n + >\*,n>\*,i) 9i-
1=0 1=0

Subtracting A,z = Z?:_(]l AinZo + A no from both sides, canceling terms, and dividing by A,, # 0
gives

n—1 n—1
Yy t; AenAx i
Ty = xo + E —Az’n (z; —x0) — E L - TenTt +A L g (4.10)
i=1 " i=0 n

The correspondence given in (4.8) applied to (4.10) is exactly the fixed-step formula given in [9,
Corollary 1]. Since 4y, = Ay, # 0 by assumption, we may apply their results to derive the worst-case
bound f(ZL'N) — fi < %DQS + Zi,jezl*\, )\i,j[f_()\i,j/ti,j)a inherited from GFOM. O

4.2 An Exactly Optimal Method for (3,0)-H6lder Smooth Convex Minimization

As a first application, we apply the constructive approach to (/3,0)-Hoélder smooth convex min-
imization. Such problems have bounded differences between subgradients, i.e., for all z,y with
gz € 0f(x) and g, € 0f(y), one has ||g, — gy|| < 5. By Proposition 2.1, this is exactly the class of

L($) = T;—inexactly smooth convex functions. Our interpolation theorem is tight for this setting, by
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Theorem 3.5. Hence from Theorem 3.6, we have piye = Dinterp- Similarly, the GFOM PEP here
satisfies p?:fe = p;]z.);gerp’

This class is closely related to the well-studied model of M-Lipschitz convex minimization. While
any M-Lipschitz convex function is necessarily (2M,0)-Holder smooth, (3,0)-Holder smoothness
combined with existence of a minimizer having a zero subgradient implies 8-Lipschitzness. As a
result, these distinct models are equivalent only up to differences in universal constants. Which of
these two models is more relevant is a modeling choice; as one nice property, (3, 0)-Holder smoothness
is tilt invariant (i.e., preserved under addition with linear functions), making its corresponding dual
property translation invariant.

A minimax optimal method for Lipschitz convex problems was derived using the above con-
structive approach in its original development [9]. Applying this framework to (53, 0)-Holder smooth
convex problems below yields a similar (but distinct) minimax optimal method here.

4.2.1 A Minimax Optimal Algorithm With L(0) = 'g—;, the dual program (4.6) simplifies to

. D2+Zo§i<j§N Bt
miny ¢+>0 N
Z(Zi:O )‘*ﬂ'_)‘iv*)
N Jj—1 — ) . ;
dalg = s.t. i=j+1 )\j72 - ZZZO >\7'7j - )\*7] - >\J7*7 v‘] # N

interp —
SNSIAN = SN A — i
S0 —tig + iy i~ teg F i+ AL, S0, V=0, N
A simple calculation verifies that the following is a feasible solution, setting
D2 , V2D(i+1
)\*’127, Z:O,...,N, )\i,i—l-l:#
BVvN +1 BVN +1

t

. i=0,...,N—1,

-~ (4.11)

= RNV 1)
and all other variables as zero. The dual objective value of this candidate solution is
D*+%, ; BPti B BD

25N 0 A V2(N +1)

Algorithm 1 presents the algorithm induced by this certificate, reformulating the recurrence (4.7).

i<j=1,...,N

Algorithm 1 SSEP Method for (3,0)-Holder Smooth Convex Minimization

Input: zo € R? iteration budget N, parameters 5, D
forn=1,....N
Yn = nL_;,_lxn—l + %ﬂxo
dy = 51 X720 95
Tn = Yp — %dn

Trivial modifications of the known hard instance for Lipschitz convex problems establish a
matching lower bound via (4.3). The following theorem summarizes this minimax optimality.

Theorem 4.2. For any N > 1,D > 0 and any convez, (,0)-Hélder smooth f with minimizer x,
satisfying ||zo — x«|| < D, Algorithm 1’s terminal iterate is guaranteed to have
BD

flzn) — f(zs) < N OES
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Moreover, this method is exactly minimaz optimal for such minimization, i.e., solves (4.2).

Proof. The claimed convergence rate is immediate from Lemma 4.1. The lower bound follows from
the following standard maximin hard instance design for nonsmooth optimization: Let d = N 4 1
and e; denote the ith standard basis vector. Consider zg = 0,

kit =
= — a. a. R i), —
f@) = Somac{_max (@e -2
and the subgradient oracle choosing
B .. BD
e JW>-pny
gx) = 2ANED i, = min{i: f(x) = B (z,e) V).
0 flw)= -
2(N+1)
It is easy to verify that f is (,0)-Ho6lder smooth, convex, and has ||zg — z,|| = D with minimizer
_ D N+1 ) . . . . . _ BD
at T, = — TN Y1 €. Then the minimal objective value is f(z,) = ek A standard
zero-chain argument (see [11, Theorem A.1]) establishes that any algorithm in Agp.n has f(zn) > 0.
Hence, every subgradient span method must have f(zy) — f(xx) > % on this hard problem
instance. Combined with our equal upper bound, this proves exact optimality. O

4.2.2 Algorithmic Performance Comparison with Lipschitz Problem Class Given (3,0)-
Hélder smoothness differs from Lipschitz continuity only up to small constants, here we briefly
investigate the performance of algorithms across these classes. Namely, we consider three known
optimal methods for M-Lipschitz convex minimization: (i) The subgradient method with constant
stepsize h = D/(M+/N + 1) and final iterate averaging [3, Section 3.1], (ii) The subgradient method
with nonconstant stepsizes but optimal final iterate [32], (iii) The SSEP induced method of [9].
Each of these methods has an equal worst-case performance of M D//N + 1.

Surprisingly, when numerically solving our PEP (3.8) for (3, 0)-Holder smooth convex problems,
these three methods appear to possess identical convergence rates for our setting of interest as
well. See Fig. 1. This holds whether we set M = /3 or heuristically set M = 3/+/2. In either case,
these methods are strictly suboptimal, performing worse than Algorithm 1. With M = 3/v/2, the
optimal methods for the Lipschitz setting appear to have the optimal asymptotic coefficient for the
(8,0)-Holder smooth setting, making them only suboptimal in little-o terms.

4.3 Asymptotically Optimized Methods for Holder Smooth Minimization

Next, we consider (5, p)-Holder smooth functions with p € [0,1]. The limiting cases now have
known optimal methods (the above method when p = 0 and OGM [20] when p = 1). We recall by
Proposition 2.1 that if a function is (5, p)-Holder smooth then it is L(d) = k/d9-inexactly smooth
where ¢ = % and k = (q/2)15 ﬁ Recall that this is tight up to an absolute constant at most
1.263. Consequently, we study the class of L(d) = k/d%-inexactly smooth functions.

Numerically applying the constructive approach (4.6), we observed that regardless of the
parameters N, k,q, D, solutions exist with a structured sparsity pattern in A. Specifically, only
An—1n and A, are nonzero. As a result, only the inequalities Q,,—1, and Q, , and respectively
tolerances 6,,—1,, and d,,, are needed to analyze the resulting methods. Once one fixes 6,1, and
0+ and the above sparsity pattern, the resulting A values and induced algorithm are uniquely
specified. One arrives at the following method, structurally identical to the Optimized Gradient

Method of [20], stated in Algorithm 2, noting our convention 1/00 = 0 when applicable.
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Figure 1: Suboptimality of the subgradient method [3, Section 3.1] on (5, 0)-Holder smooth functions.
Other optimal subgradient methods are omitted as they had numerically identical PEP values.

Algorithm 2 Inexactly Smooth Optimized Gradient Method

Input: z, iteration budget N, tolerance sequence {dp—11}, {0xn}
Initialize: 1) = ﬁ + %7 21 = 20 — Togo

forn=1,...,N

1 1 411
+ 7+
Tn—1+ Li0sn) \/L((S;’") Ln1n) ifn=N
Tn — 5
1 1 1 1 41n 1 4Tn 1
uamn+uam+¢@mmm+L@m)+L@Lm+umwn
Tn—1+ else

2
_ Tn—1 _ 1 Tn—Tn—1
Tn = —- (xn—l L(5n—1,n)gn_1> + T n

Zn4+1 = Zn — (Tn - Tnfl)gn

All that remains is to pick a set of tolerances 0,1, and 6., given L(§) = r/d%inexact
smoothness and N, D > 0. Alas, from numerical solutions to (4.6), an analytic formula remained
elusive. However, as N grew, numerical values approached the following limiting formulas

1
qrD? o
I p— T, 8,,=0. 4.12
1, ((q+1)2(N+1)> noq ) 0 ( )

The following theorem proves a convergence guarantee for these choices. Our rates match the lower
bounding theory cited in [23] in terms of N, k,q, D up to a multiplicative constant. Moreover, the
coefficient of our convergence rate improves upon prior work [26].

Theorem 4.3. For any N > 1,D > 0 and L(§) = x/6? and any convex L(-)-inexactly smooth
function f with minimizer x, satisfying ||zo — x| < D, Algorithm 2 with tolerance sequence § as
in (4.12) is guaranteed to have

q—1

1 2
q+1 Kkat+1 Da+1
+o(l) | ———=-
(N 4+ 1)ast

lD2—|-UN (g+1
< 7
qatt

where o = Zfil Ti—10i—1,i. In particular, if f is (B,p)-Holder smooth, Algorithm 2 with suitable
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choices of § has

flan) = flzy) < (W +0(1)> %-
2(%) (N+1)2

The proof of Theorem 4.3, deferred to Appendix C, is a direct generalization of the existing
inductive convergence analyses of OGM to include tolerances d.

Fig. 2 presents two numerical results, fixing k = D = 1 for ease. The first shows the PEP
value (4.6) for the GFOM and our asymptotic fit of this method. Their worst-case performance is
quite similar, even for small N. The second plot shows the effective coefficient of these guarantees
for varied ¢, converging to our asymptotically optimized coefficient as IV grows. These motivate the
following conjecture on the optimality of our leading coefficient.

Conjecture 4.4. For any k,D > 0, ¢ € [0,1], N,d € N with d > N + 2, and any starting
point o € R, there exists a conver, L(8) = r/6%-inexactly smooth function f : R — R with
|lzo — 24|l < D and a subgradient oracle such that for any subgradient span method,

q—1 1 2
+ 1)a+t Katl Da+t
flan) = fz) = (QT +o(l) | ———==-
qatt (N + 1) q+1
A
‘\‘ Constructive Approach N =50
1071 s - - - Theorem 4.3 19 ] — N =150
' - - = Nesterov UFGM At — N =450
/'_—"_\ S — = == Asymptotic Bound
4,
= 11| 4
X
I
é 1
: : : \ 0.9 1 % % % % %
50 100 150 200 0 0.2 0.4 0.6 0.8 1
N q

Figure 2: The first plot compares the numerical output of the constructive approach (4.5) for
L(6) = 1/69 with ¢ = 0.25 with Nesterov [26, Theorem 3] and Theorem 4.3. The second displays
the conjectured asymptotic tightness of this leading coefficient.

4.4 An Optimized Universal Method for Inexactly Smooth Problems

As a final algorithm, we design an optimized universal and parameter-free method applicable for
any L(-) satisfying our assumptions. Universal and parameter-free algorithms offer guarantees for
a range of problem instances while requiring no input parameters dependent on their structure
(i.e., the function L(-) or optimized tolerances ¢). For Holder smooth convex minimization, such a
method (UFGM) was previously designed by [26], generalizing Nesterov’s fast gradient method to be
universal. Here we similarly extend the OBL method of [27] to handle inexactly smooth functions.

We consider the UOBL method defined in Algorithm 3. The following theorem establishes its
convergence guarantee, including an accumulated error term Ay identical to [27, Theorem 6], which
grows only at each of the logarithmically many backtracking steps.
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Algorithm 3 Universal Optimized Backtrackable Linesearch method (UOBL)

Input: zg, Lo > 0, iteration budget NV, and target accuracy € > 0
Initialize: T0 = 1/L0, Z1 = o — 7090
forn=1,...,N
Find the smallest ¢ > 0 such that, with L,, = 2'L,,_1, the values

14+ V1+8m_1L, .
if

o Tn—1 5T n<N-1
n — n
Tn—1+ \/Tn—1/Ln else

Tn—1

™ (xn—l - Lilngn—l) + Tn_,ri:;nilzn
satisfy f(xn—l) - f(wn) - <gn7$n—1 - $n> - i“gn—l — 3n
Zn+l = Zn — (Tn - Tn—l).gn

Tp =
”2 Tm—Tn—1
Tn—1

[\elfg)

Theorem 4.5. For any N > 1,D,e > 0 and L(-) satisfying our assumptions, consider a convex
L(-)-inezxactly smooth f with minimizer x, satisfying ||zo—x«|| < D. Then Algorithm 3 is guaranteed
to have

max{Lo,QL (gg)} (D? 4+ An) +§

flzn) = f(zs) <

where Ay = SN 74 (% - L% lgi—1l?. In particular, if f is L(§) = k/d9-inezactly smooth,

i—1

then for Lg sufficiently small, Algorithm 3 has a big-O optimal convergence rate of

Faw) — fa) < 2R D2 AN) e

N2—agq
Proof. Consider inexact tolerances 6;_1; 1= %; The proof of our convergence rate follows
inductively, maintaining nonnegativity of the following quantities: for n =0,..., N — 1, define
Hy, =70 (fi—fnt HQnH )+ *HCUO | *Hzn—&-l_x*” +Z Ti—10i— 12+Z L, I llgi—1ll
11— (]

=1

and for n = N, define the modified final value

T 1 1
Hy = (o= )+ Hlzo =l = Lo — 4 S moadi 1Z+Z S - ) sl
i=1 11— 1

With initialization 7y = L%) for some Ly > 0 and z1 = xg — 7999, the base case holds that
Hy = 10Cys0 > 0 (by convexity of f) with C, o defined below. For n = 1,..., N, the induction is
maintained by observing the identity

H,=H, 1+ 11 Qn—l,n,&nflyn + (Tn - Tnfl)c*,n

with

Th —Tp—1¢€

~ 1
Qn—l,n,5n—1,n, = f?’L—l — fTL — <gn,xn—1 - fL’n> - 2Ln Hgn—l - gTL||2 + Ti?

Con = fx— fn— (Gns T — Tp) -
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This identity shows that H,, is the sum of three quantities that are nonnegative by definition, and
hence H,, is also nonnegative. Then, a convergence rate follows from rearranging Hy > 0 as

N i—
D24 o o (F - ) el .
+ —
TN 2

fN_f*S

(4.13)

by our choices of §;_1; and the nonnegativity of 7.
To arrive at our claimed guarantee, we must bound 7. For Lg large enough, L,, = Lg for all

n=1,...,N. Therefore we may bound 7 > % by considering the recurrence in [27, Corollary 5]
for fixed L. Otherwise, suppose we backtrack at least once. Letting r, = 7”;77_”1’1, note that
144/1487—1Ln
T — Tn—1 = n = Tn 2> ; Vn<N.
Tz_l n=N LyTn1

>0 for 01 = M%, it follows that

Tn—1

S ) = (Gr) <20 (5= ) <22 (qyier)
L o<op (S =M=V _or (5, Vcor (5  Y<or( 5
n= <2 _— g’ ) = W) = WINTN

where the first inequality holds by the doubling scheme on L, the second inequality considers the
bound on 7, and the monotonicity of L(-), and the last inequality follows from monotonicity of
L,7,_1 and 7. Therefore, we conclude the uniform bound

Since the algorithm ensures Qn,l,n,g

n—1,n

Vn < N.

€
L, <2L | —————
" (2\/LNTN)7 -

L >} , which exists by
2V Lt
our monotonicity assumptions on L(-) and convexity of —1/L(-). These same assumptions, along

with Ly < 2L (2\/;1\]7“7) enforce L, < L.(7y) for all n < N. Therefore

Define as the unique positive solution, L.(7) := L>0:L=2L (

N2 N2
™ =

T (i) )

by noting the same recurrence as above that 7y has with fixed L. Finally, taking the unique positive
solution to 7.(N) := {7’ >0:7= %?T)} , we bound 7n > 7.(N) from our assumptions on L(-).
Using 7.(N) and L.(7-(NN)) to simplify (4.13) yields the claimed result.

In the case where f is L(0) = k/d9-inexactly smooth, we can express these functions exactly.
Provided that Lo < 21%9/2k (g)q it holds that

N i—
1D+ 2 o (g — 4 ol -

— <
fN f* >~ 7A_E(]\U 9
q N i—

2R (I0+ T 5 (2 - ) el .
- N2—qgq 2

0N 22

a\ 3= _

where L.(7) = (Tzﬂigﬂ) " and 7(N) = Z;Z‘fq- m
2K

22



Acknowledgments. Benjamin Grimmer was supported as an Alfred P. Sloan Foundation fellow.

References

[1]

[15]
[16]
[17]
[18]

[19]

H. Bauschke and P. Combettes. Convex Analysis and Monotone Operator Theory in Hilbert Spaces.
Springer Cham, 2017.

S. Boyd and L. Vandenberghe. Convexr Optimization. Cambridge University Press, Cambridge, UK,
2004.

S. Bubeck. Convex optimization: Algorithms and complexity. Foundations and Trends in Machine
Learning, 8:231-357, 2015.

E. de Klerk, F. Glineur, and A. B. Taylor. On the worst-case complexity of the gradient method with
exact line search for smooth strongly convex functions. Optimization Letters, 11(7):1185-1199, 2017.

E. de Klerk, F. Glineur, and A. B. Taylor. Worst-case convergence analysis of inexact gradient and Newton
methods through semidefinite programming performance estimation. SIAM Journal on Optimization,
30(3):2053-2082, 2020.

O. Devolder, F. Glineur, and Y. Nesterov. First-order methods of smooth convex optimization with
inexact oracle. Mathematical Programming, 146:37-75, 2014.

J. Diakonikolas and C. Guzman. Optimization on a finer scale: Bounded local subgradient variation
perspective. SIAM Journal on Optimization, 36:152—-184, 2026.

Y. Drori. The exact information-based complexity of smooth convex minimization. Journal of Complexity,
39:1-16, 2017.

Y. Drori and A. Taylor. Efficient first-order methods for convex minimization: a constructive approach.
Mathematical Programming, 184:183-220, 2020.

Y. Drori and M. Teboulle. Performance of first-order methods for smooth convex minimization: a novel
approach. Mathematical Programming, 145:451-482, 2014.

Y. Drori and M. Teboulle. An optimal variant of kelley’s cutting-plane method. Mathematical Program-
ming, 160:321-351, 2016.

M. P. Friedlander, Goodwin A, and T. Hoheisel. From perspective maps to epigraphical projections.
Mathematics of Operations Research, 48:1711-1740, 2022.

O. Gannot. A frequency-domain analysis of inexact gradient methods. Mathematical Programming,
194:975-1016, 2022.

B. Goujaud, C. Moucer, F. Glineur, J. Hendrickx, A. Taylor, and A. Dieuleveut. PEPit: computer-
assisted worst-case analyses of first-order optimization methods in Python. Mathematical Programming
Computation, 16:337-367, 2024.

B. Grimmer. On optimal universal first-order methods for minimizing heterogeneous sums. Optimization
Letters, 18(2):427-445, 2024.

B. Grimmer, K. Shu, and A. L. Wang. Beyond minimax optimality: a subgame perfect gradient method.
Mathematical Programming, 2026. Published online.

V. Guigues, J. Liang, and R. Monteiro. Universal subgradient and proximal bundle methods for convex
and strongly convex hybrid composite optimization, 2025.

J. B. Hiriart-Urruty and C. Lemaréchal. Fundamentals of Convexr Analysis. Springer Berlin, Heidelberg,
2001.

T. Hoheisel. Topics in convex analysis in matrix space. Lecture Notes, Spring School on Variational
Analysis, Paseky nad Jizerou, Czech Republic, May 2019.

23



[20]
[21]
[22]
[23]

[24]

A

D. Kim and J. Fessler. Optimized first-order methods for smooth convex minimization. Mathematical
Programming, 159:81-107, 2016.

T. Li and G. Lan. A simple uniformly optimal method without line search for convex optimization.
Mathematical Programming, 2025. Published online.

Yin Liu and Sam Davanloo Tajbakhsh. Nonasymptotic analysis of accelerated methods with inexact
oracle under absolute error bound, 2025.

A. Nemirovski and Y. Nesterov. Optimal methods of smooth convex minimization. USSR Comput.
Math. Math. Phys., 25:21-30, 1985.

A. Nemirovski and D. Yudin. Problem Complexity and Method Efficiency in Optimization. Wiley-
Interscience Series in Discrete Mathematics. John Wiley & Sons, New York, 1983. Translated from the
Russian by E. R. Dawson.

Y. Nesterov. Introductory Lectures on Convex Optimization: A Basic Course, volume 87 of Applied
Optimization. Kluwer Academic Publishers, Boston, MA, 2004.

Y. Nesterov. Universal gradient methods for convex optimization problems. Mathematical Programming,
152:381-404, 2014.

C. Park and E. Ryu. Optimal first-order algorithms as a function of inequalities. Journal of Machine
Learning Research, 25:1-66, 2024.

R. Rockafellar. Convexr Analysis. Princeton University Press, 1996.

A. Taylor, J. Hendrickx, and F. Glineur. Exact worst-case performance of first-order methods for
composite convex optimization. SIAM Journal on Optimization, 27:1283-1313, 2017.

A. Taylor, J. Hendrickx, and F. Glineur. Smooth strongly convex interpolation and exact worst-case
performance of first-order methods. Mathematical Programming, 161:307-345, 2017.

Y. Wu, Y. Ouyang, Z. Zhang, and Q. Luo. Universal and parameter-free gradient sliding for composite
optimization, 2026.

M. Zamani and F. Glineur. Exact convergence rate of the last iterate in subgradient methods. SIAM
Journal on Optimization, 35:2182-2201, 2025.

Deferred Proofs on Inexactly Smooth Calculus

Proof of Lemma 2.4. (1. = 2.) Here we have that for all z,y with g, € 9f(z), g, € 0f(y) and
alld >0

F@) > £0) + o9 = 1) + 7757l — el =

Writing gy = g»+(g9y—9.) and applying Young’s inequality to bound the inner product (g, — g,y — )

by @Hy —z|]? + %@)Hgy — g.||%, yields the second condition.
(2. = 3.) It holds that for any x, z and g, € 9f(x) and any 6 > 0,

)2 @)+ {genr—2) — D) 5= )~ (200) -

L(5)

Iz — | -4,
2

where we use the Fenchel-Young equality (2.1). In turn, for any y with g, € 9f(y),

[ (gy) = (2,99) — f(2)

Z <Z79y> + f*(.gr) - <zvgm> - L(Q(S)Hz - xHQ -0
= P (02) + gy — ) (2= 20y~ 02— 2l b
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Taking the supremum over z gives f*(gy) > f*(9z) + (x, g9y — g2) + f@Hgy 7 | -
(3. = 1.) It holds with the Fenchel-Young equality (2.1) that

. 1
(9, y) = f(y) = [ (9y) = (g, x) — f(2) + (T, 9y — g2) + ml!ggg —gyll* 0.
Rearranging, swapping the roles of z and y above, and noting this holds for all z,y with respective
subgradients g, g, and all 6 > 0 yields the claimed inexact cocoercive-type condition. O

Proof of Lemma 2.5. We now prove each of the three claims separately.

1. Noting that g, € 0f(z) <= ag, € 9d(af)(z), applying the change of variables § — §/«
in (1.4) and rearranging proves the claim.

2. Note that for any ga,—p € Of(Ax —b), by the subgradient chain rule [1, Corollary 16.72], one
has AT gz € O(f o (A(-) — b))(z). Therefore, with the change of variables z — Az — b, (1.4)
becomes

F(Ay — B) < f(Ax )+ {gas Ay —b— (Az—8) + 4y b (4 )2 45
L 413,00

2y — a2+ 5.

< f(Az —b) + <ATgAm—b, Y- 9E>

3. For any fixed z, let z; € argmin, f(x,2). Then F(z) = f(z,2;) and F(y) = inf, f(y, 2) <

f(y,2z). Since f(z,z) is L(-)-inexactly smooth it holds for any (z, z), (y,2") and (g., g.) €
Of(x,z) and any § > 0 that

L6
F.2) < F@.2) +{gmy — 2) +{gan 2 = 2) 4 D (i + 12— 2|) 44

From the subdifferential calculus rule [12, Theorem 1|, we know that OF(x) = {g. : (¢x,0) €
Of(x,2y), 2, € argmin, f(x,z)}. For any z, € argmin, f(z,z), and any associated g, such
that (g.,0) € Of(x, z,), let z = 2/ = 2z, and g, = 0. Then, the above inequality establishes the

inexact smoothness of I’ as

L(%)

Fy) < f(y22) < F(@) + {gary = 2) + =y — 2|* + 6.

O]

Proof of L'emma 2.6. Recall from Lemma 2.4 that L;-inexact smoothness of f; ensures that all
x,y with gg(f) € 0fi(z) and gz(f) € dfi(y) and §; > 0 have

Jily) < fi@) + (9 y — ) + = lly — @] + 3, (A1)
* 7 * % ) % 1 % 7
7160 2 £160) + (.9 = o) + 55 ol = g1 = 6 (A2)

1. For any choice of §; > 0, summing each inequality in (A.1) with >, §; = § and utilizing the
sum rule [28, Theorem 23.8] establishes a suitable quadratic upper bound for the function
oty fi. Taking the infimum over all selections of §; > 0 gives the claimed formula.
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2. Consider the function given by the inner maximum f*(g,) = max; f;(g;). By [1, Theorem
18.5], letting Z*(g,) = {i : f*(92) = f;(92)} the subdifferential of this maximum is given by

0f"(9a) = conv | O (g0).

1€Z*(ga)

Fix any g, with z € 0f*(gs), which the above formula guarantees must take the form
T = Ziel*(gz) a;x; with 2; € 0ff(g,). Then for any gy,

o) = Y aififlgy) > Y ailfi(9e) + (wir gy — go) + 2ij)llgy ~ gal* = 0)

iEI*(gw) iEI*(gz)

Zf*(gx)+<$7gy_gx>+ ||gy_ng2_5'

1
2 max; Lz (5)
Hence f* is 1/ max; L;(d)-inexactly strongly convex and so Lemma 2.4 gives the result.

3. Summing the bounds (A.2) with any selection of d; > 0 verifies the > 1/L;(;)-inexact strong
convexity of ) f*. Taking the supremum over choices of §; > 0 with ) §; = ¢ tightens this
bound, from which the claimed inexact smoothness follows again by Lemma 2.4.

O]

Proof of Lemma 2.7. For any z,y € R%, g, € df(z), and § > 0, it suffices to show that the
following Sy function is nonnegative. Namely,

L(9)

0 < 87,0, 90, 6) i= F(&) + (gsy — 2) + “o Iy = o+ 6 = £ (1)

Since h is convex with full domain, we can apply a subgradient chain rule [1, Corollary 16.72] to
f=hol-|. From this, any subgradient g, € f(z) can be decomposed into the form

gz = Cu, ¢ € Oh([lx]]), wed|-[|(x).

Consider minimizing Sy over all values y with some fixed norm, ||y|| = s. Note that if  # 0 then
one has u = x/||z|| whereas if + = 0, one can have any u € B(0,1). In either case, since Sy is a
simple quadratic with respect to y on this sphere, Sy must minimize over y somewhere collinear
with g,. From this, the result follows as

) L(9)
S¢(2,y,gx,6) = min {h(HIH) + ¢yl = Nl + == Gyl = ll)* +6 - h(IIyH)} > 0,
where the second inequality holds from A(| - |) being L(-)-inexactly smooth. O

B Deferred Proofs for Performance Estimation Theory

Proof of Lemma 3.7. We first show k£ = infs>g LO)+y L(6)22+26L(6)/R2

} is strictly positive. For

6 € [0,1], the term in the infimum is greater than L(J§) > L(1) by monotonicity. For ¢ € [1,00), we

/3L (3)
2

observe that the expression inside the infimum is also larger than NI To uniformly lower bound

this on [1, 00), notice that the concavity of 1/L(-) gives

1 1 1 1 1
w0 > 5z (1 5) 707
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Together with 1/L(1) > 1/L(0) > 0, where we utilize the convention 1/00 = 0, yields

1 1 1 1
Lw><Lm>+<uw'7um>& o=t

Therefore, 6L(0) > &/ (ﬁ + (ﬁ — ﬁ) 5) . The right-hand side is increasing in §, so 0L(J) >
L(1) for all § > 1. Together, these give the claimed positivity & > min {L(l),

L)
RV2
To verify f is L(-)-inexactly smooth, we check the conditions directly. Since the function h(z)
is extended linearly outside of the ball with radius R, as a consequence of Lemma 2.7, it suffices
to only verify for ||z, ||yl < R. We note that for given ||z|| < R, h(z) = £|z||? and Vh(z) = ka.
Recall the cocoercive-like condition from Lemma 2.4 for being L(-)-inexactly smooth states that
for all z,y and § > 0, h(y) > h(z) + (Vh(z),y — =) + fw)HVh(x) — Vh(y)||?> — 8. In this case, this
simplifies to all ||z||,||y|| < R and ¢ > 0 having

Lo

2

k k )
02 syl =l = Gl — 2l —o

Our choice of k£ = infs>

2
{L(6)+ L(6)2 +2OLO)/R? } is exactly the maximum value of k for which this

holds. Therefore h is L(-)-inexactly smooth. To conclude, we note that so long as ||Q|/op < 1, then
by Lemma 2.5, h o Q'/? is L(-)-inexactly smooth as well. O

Proof of Lemma 3.8. We construct a Slater point of a similar form to [30, Theorem 6]. In
particular, under the Gram reformulation of (3.7), we show the existence of a strictly feasible point
with G = 0 and Qi,j > 0.

For L(-) satisfying our assumptions consider the construction of an L(-)-inexactly smooth

function h(x) as defined in Lemma 3.7 for R = D(1 + LIORRY L(1)22+2L(1)/D2 [W{loo)¥. Define

2 1 0 ... 0
05 12 1 ... 0
2+2C08(ﬁ) SO o

o 0 0 ... 2

By the calculus rules in Lemma 2.5, f is 0.5L(+)-inexactly smooth and therefore f is L(-)-inexactly
/ 2

smooth. Furthermore, f has Hessian kQ for all ||z]|g < R with k := infs>¢ {L(6)+ L(6)2 +26L(6)/R2}

and minimizer z, = 0. Choosing z¢p = De;, we show by induction that ||z,|g < R for all
n < N. The base case holds since ||Q|lop < 1 and D < R. Then suppose ||z;]lqo < D(1 +

L(1)4++/L(1)24+2L(1)/D? i
R e LY

for all ¢ < n — 1. Consequently,

n—1
lznllo < llzolle + 1l D Waigille
=0
n—1
=D+ > WaikQuzillq
=0

<D+ kHWHoo (1 + KW o)

1)+ +/L(1)2 4+ 2L(1)/D?
2

< D(1+

Wloo)™
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where the first inequality uses the triangle inequality, the equality uses g; = kQx;, the following
inequality applies the induction hypothesis and submultiplicativity of the matrix norm, and the last
inequality holds by the definition of k, the bound D < R, and nonnegativity of the norm.
Therefore, g, = kQzy, for all n < N. Furthermore, under the assumption W;;_; # 0 (see [30,
Theorem 6]), it holds that P =[zg | go | g1 | ... | gn] is upper triangular with non-zero diagonals
and G = PTP > 0. Consequently, each gradient is distinct and f belongs to a stricter class than
L(-)-inexactly smooth functions, having Q; ;(F,G) > 0. With all non-affine constraints strictly
feasible, we have constructed a Slater point. 0

C Deferred Proofs for Algorithm Design

Proof of the derivation for (4.6). Recall the definition of p?itgerp given in (4.5). We can re-
formulate this by applying the zero equality constraints and noting that x, € span{g;} implies

T2 ) ‘
|z = N, % < D?. Doing so yields

folo By TN T
st fi = £3 = (g wi) = swps, o {5 (19> + 1lg51%) = 35} >0, 0<j<i<N
e i = 3 = sups, 50 { gy (ol + Hggll ) =i} 20, 0<i<j<N
fo = fi— (g wa) — supa*po {mugzu —0uif 20, i=0,... N
fi = fo = sws, so{ sl = dia} 20, i=0,... N
No ) < p2.
(C.1)
The associated dual program is then
o min e vD? 4+ Nocicien Mg [ = (95 70) — et (ol + i )]
+ Tosicien g (81 = ariyy (loill* + 1gs11)]
+ 0 A [ s = (03, 7) — iy i)
e + B Mo B - i LA
e v o it
s.t. NJHA“ S N =M= N j=0,...,N—1
Yot Ay =20 A — Ai
SN oAk — Aix =1
Xij =0, Ai 20, A >0, v2>0.
(C.2)

where we derive the constraints in the dual program by considering the linear components of the
Lagrangian. Moreover, we note that the optimality conditions for the inner maximization imply

28



that \; ; = 0 for ¢ > j. Solving the inner maximization yields

o, 0, VPR ZOSKJ'SN Nijlig + 3it0 Midei T Xito Nindin
2
s.t. zfy] SZ:L]V.]+1 2L Zz 0 2Li§l ) +2LA(3;J.’J‘) +2L)E{5’;*), 7=0,...,
d;itgerp = NJ+1 Ajii = Zg:ol )‘m =Aj— A J=0,...,N-1
Y AN =20 A — A
E’fio /\*,z’ - )\i,* =1
>\i,j > O, )\*,i > 0, )\i,* > 0, v>0.

Substituting v < s/2 and t; ; <= A; ;/L(d; ;) gives the claimed dual. O

Proof of Theorem 4.3. Define the following quantity for n =0,..., N — 1,

1 2 1 2 1 2
H,=1, (f* o+ SYACH) gnl| > + 2on Ty || 2Hzn+1 |
+ZT’L 10— 1, +Z Ty — Ti— 1

with the following modified value at n = N,

N

Hy =17n (fx — fn) + *||5U0 - LU*” - *H2N+1 - CL’*H + Zﬂ 10i-1, + Z — Ti—1)0x,-

=1 =0
We claim that Algorithm 2 inductively maintains the nonnegativity of H,.

Recall Q; s, == fi— fj — <gj,xi — xj> — #ng — ng2 + 6;5. With 7—; := 0 and for
any xg and our choice of 7y = oo 50 1) + L( ), setting 21 := xg — Tpgo, the base case holds that
Hy = 10Q400,, = 0. For any n = 1,. , this nonnegativity is inductively maintained by
observing the identity

H,=H,_ 1+ ™1 Qn—l,n,én,lyn + (Tn - Tnfl)Q*,n,(S*m

which shows H,, is a sum of three nonnegative quantities (and hence is nonnegative). This identity
follows from the carefully constructed choices of 7, Ty, 2,
Hence Hy > 0. Rearranging the definition of Hy, this establishes a convergence guarantee of

- [L‘*H2 + ON

1
fn=f < 2ll7o (C.4)

N

where oy = Zfil Ti—10i—1,i+ Zf\io (Ti —Ti—1)0x4. The remainder of the proof follows from analyzing
the sequence 7, which is entirely determined by our choice of tolerances ;1 ; for i« < n. Below, we
carry out these final calculations. Given these, the guarantee outlined for the (53, p)-Holder smooth
setting is a direct result from the L(J) = /i/ d%-inexactly smooth guarantee, the implications of

1
Proposition 2.1, and the substitutions p = 1+q 4 and B = ( (%)q> (e

For the chosen, optimized tolerances with

_1
_ qrD? 5 B
et = ((q T12(N + 1)> N (C.5)

2As a verification of an effective equivalent identity, see, for example, [16, Lemma 3].
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the recurrence defining 7,, collapses to

9 Tn Tn—1 2 TN—-1
Tn — Tn— = + Vn<N, TN — TN— = T - C.6
( 1) L((sn,nJrl) L((Snfl,n) ( N N 1) L(éNfl,N) ( )

Since dp,—1,5, is decreasing in n, L(d,—1,,) is nondecreasing in n, so for n < N,

Tn Tn—1 Tn + Tn—1 (\/ Tn + / 7_n71)2
+ > > )
L((Sn,n—l-l) L(dn—l,n) L((Sn,n—l—l) 2L(6n,n+1)

using a® + b > %. Taking the square root in (C.6) and dividing by /7, + \/Tn—1 yields
1

\/a —VTn—1 2 : (C.7)
2L(0pn+1)

This bound is asymptotically sharp. Bounding (C.6) for n < N from above instead gives

2
Tn + Tn—1 < Tn + Tn—1 < (\/Tn+\/7-n71) ,

L((Sn,n-‘rl) L(én—l,n) o L((sn—l,n) L((Sn—l,n)

using L(6n,nt1) > L(0p—1,n) and 7, + 71 < (/T + /T 1) Taking the square root and dividing

by \/Tn + \/Tn—1 gives the companion to (C.7): \F VTn-1 < \/ﬁ for n < N. Substituting
n—1,n

C.5) into L(6) = k/0? and dividing by gives

( Vn zl¢ﬁ@:?

__9
0< VTn = v/Tn-1 < \/571 at+l . \/§ n_l

Tl Y Mi1) e g+

(14+0(1)) — 0,

where the equality uses Y i (i + 1)_# =(g+1)(n + ) I(14o0(1)). Therefore, 7,/Tpn—1 — 1
uniformly in N. Since L(8yn+1)/L(0p—1,n) = (1 + 1/n) 5 1 as well, (C.6) reads (7, — 7—1)% =
L(5iT:+1) (1+0(1)), and with /7, + /Tn_1 = 2,/Tn(1 + 0(1)) this yields the asymptotic equality
VTn = /Th-1 = \/ﬁ(l + 0(1)) for n < N. Telescoping these terms gives

(g+1)7T (gD T (n+ 1)1
1 9

(1+0(1), Yn<N, (C.8)
K a+1 (N+1) g+l

Tn =

[\~

where the modified case of n = N only adds lower order terms. Considering our choices of d,,_1 5, it
holds 7,—10p—1,n = (N+1) (1+0(1)) for each n < N so

N qu
oN =) Ti10i-1i= 5 (14 0(1)). (C.9)
i=1
Substituting (C.8) and (C.9) at n = N into (C.4) gives the claimed result. O
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