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Abstract

Recent advances in convex optimization have leveraged computer-assisted proofs to develop optimized
first-order methods that improve over classical algorithms. However, each optimized method is specially
tailored for a particular problem setting, and it is a well-documented challenge to extend optimized
methods to other settings due to their highly bespoke design and analysis. We provide a general frame-
work that derives optimized methods for composite optimization directly from those for unconstrained
smooth optimization. The derived methods naturally extend the original methods, generalizing how
proximal gradient descent extends gradient descent. The key to our result is certain algebraic identities
that provide a unified and straightforward way of extending convergence analyses from unconstrained
to composite settings. As concrete examples, we apply our framework to establish (1) the phenomenon
of stepsize acceleration for proximal gradient descent; (2) a convergence rate for the proximal optimized
gradient method [47] which is faster than FISTA [8]; (3) a new method that improves the state-of-the-art
rate for minimizing gradient norm in the composite setting.

A preliminary version [9] of this paper was accepted at the 38th Conference on Learning Theory (COLT 2025). This paper
develops a general framework that recovers the results of [9] as a special case. Email: {jinhobok, alts}Qupenn.edu.
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1 Introduction

First-order methods such as gradient descent (GD) and Nesterov’s accelerated gradient descent (AGD)
[38] are widely popular in modern large-scale optimization. Recently, the optimization community has
devoted significant effort to developing optimized methods which have faster convergence rates than classical
algorithms such as GD or AGD for fundamental settings such as unconstrained smooth convex optimization
(i.e., min, f(x) where f is convex and smooth). A celebrated example is the optimized gradient method
(OGM) [31]: in terms of worst-case convergence rate, this method is not only faster than AGD (by a
constant factor), but moreover exactly achieves the best possible rate among all black-box first-order methods
[15]. Another notable example is stepsize-accelerated GD, which incorporates time-varying stepsizes (but no
momentum) and attains a provably faster rate than the traditional constant-stepsize GD [1, 2, 3, 23, 25].
However, it remains largely open whether optimized methods can be extended beyond the settings they
were originally designed for. A central challenge is that the design and analysis of optimized methods are
heavily tailored to their particular settings and, as a result, often lack flexible structures or properties that



are applicable to other settings. A related challenge is that the design and analysis of optimized methods
are based on computer-assisted proofs which are typically difficult to interpret, let alone adapt to other
settings. In contrast, simpler algorithms such as GD and AGD have been successfully extended to many
settings [4, 12, 20, 21, 28, 29] due to versatile components of their design and analysis, for example the
descent lemma [39] and momentum [8, 18, 44, 52]. These challenges raise a fundamental question:

Is there a unified way to extend optimized methods to other settings?

1.1 Contribution

We answer this question in the affirmative for the fundamental setting of composite conver optimization,
i.e., min, f(x) 4+ h(z) where f is convex and smooth, and & is convex (but potentially nonsmooth) and can
be accessed via its proximal operator prox,,(z) = argmin,{ah(z) + 3||z — z[|*}. The composite setting is
a strict generalization of unconstrained optimization (by letting h = 0) and constrained optimization (by
letting h = 1 be the indicator of a constraint set k), and captures regularization-based problems prevalent
in machine learning, signal processing, and statistics [11].

Conceptually, we develop a reduction-style argument which shows that optimized methods in the uncon-
strained setting are also optimized in the composite setting. This allows us to establish results of the following
type: if an algorithm A for unconstrained convex optimization has convergence rate

Fl@n) = fl2) < mllwo — 2.2,

then there is a composite extension T (A) of this algorithm for composite optimization that has convergence
rate

F(@n) + h(zn) = f(22) = h(zs) < O(7a)llwo — x|

This reduction similarly applies to the alternative performance metric of gradient norm. The new algorithm
T (A) extends the original algorithm A in a simple and natural way that generalizes how proximal gradient
descent extends gradient descent; see the technical overview section below.

We believe that this unified framework provides a useful viewpoint for studying optimized first-order
methods, since it reduces the design and analysis of methods for one setting (composite) to another setting
(unconstrained). This is in contrast to prior approaches, where the design and analysis of each optimized
method are typically done in a case-by-case fashion for each particular setting; see the discussion of prior
work in Section 1.3.

Our unified framework leads to convergence rates that are competitive with highly optimized algorithms
and, in some cases, yields state-of-the-art complexity guarantees and answers open problems. As concrete
examples, we apply our framework to establish the following:

e Stepsize-based acceleration of proximal GD. We answer the open questions of [3, 23] by showing
that stepsize-based acceleration is possible for proximal GD. That is, we show that proximal GD can
achieve accelerated rates with a judicious choice of stepsizes—without any other modifications to the
algorithm (e.g., momentum). Previous results for stepsize-based acceleration were limited to the setting
of GD for unconstrained smooth convex optimization, and it was unknown whether this phenomenon
was possible in constrained or composite settings. See [9, Section 1] for a comprehensive discussion
of this open problem and the challenges. We show a rate of O(1/n'&2(0+V2)) ~ O(1/n'-2716)  which
improves over the classical O(1/n) guarantee that is tight for proximal GD with constant stepsizes
[50]. This asymptotic rate is conjecturally optimal even for the simpler setting of vanilla GD for
unconstrained optimization [2, 3, 24, 25]; hence, our rate is also conjecturally optimal. Appealingly,
our framework enables us to use the same stepsizes that were developed for accelerating vanilla GD—an
approach that is natural, yet was previously unclear how to analyze beyond the original setting.

e Proximal OGM. Applying our framework to OGM yields an accelerated rate of O(1/n?) with nearly-
optimal constant factor. This rate is faster than all prior methods except OptISTA, an exactly optimal
method with a computer-assisted design that was recently developed specifically for this setting [27].



Unconstrained setting

Algorithm \ Performance Metric Objective function Gradient norm
Stepsize-accelerated GD O(1/nlos2(1+v2)) [9] O(1/nlos2(1+v2)) [25]
OGM(-G) 0(1/n?) [31] O(1/n?) [33)

U Composite extension (Definition 2.2)

Composite setting

Algorithm \ Performance Metric Objective function Gradient norm

Stepsize-accelerated proximal GD  O(1/n!°82(1+V2)) (Theorem 4.2)  O(1/n'°%2(1+V2)) (Theorem 5.3)
Proximal OGM(-G) O(1/n?) (Theorem 4.7) O(1/n?) (Theorem 5.5)

TABLE 1: Summary of applications. We develop a unified approach for extending optimized methods from unconstrained to
composite settings, extending the asymptotic rate for each combination of algorithm and peformance metric.

e Proximal OGM-G. Applying our framework to OGM-G, a “gradient norm” version of OGM [33],
yields the state-of-the-art convergence rate for minimizing gradient norm in the composite setting.
This rate improves over the previous best guarantee [34] by a factor of nearly 10.

See Table 1 for a summary, and see Sections 4 and 5 for formal statements and further details.

1.2 Overview of framework

Here we overview our reduction-style approach for extending first-order methods from unconstrained to
composite settings. We focus on the main conceptual ideas here; see Section 2 for formal statements.

Design of composite extension. Let A be a first-order method for the unconstrained setting. We propose
a simple, unified way of designing an algorithm 7 (A) for the composite setting. The derived algorithm 7 (A)
extends A in a way that generalizes how proximal GD extends GD. To explain this, recall that proximal GD
updates as x;11 = prox,,;(zs — «;V f(x:)). By definition of the proximal operator, this is equivalent to

Zer1 = @ — o (Vf(x) 4+ 8¢41), where sp41 € Oh(zry1) .

One can view this proximal GD update as GD, except with V f(x;) replaced by V f(x;)+ s¢+1. Our proposed
extension T (A) generalizes this: whenever a gradient iterate V f(x;) appears in the original method A, we
replace it with V f(z;) + s¢41 for the composite setting.

Analysis of composite extension. While the design of these composite algorithms is simple and natural,
its analysis is nontrivial. This is the main content of the paper. Our starting point is existing analyses for
optimized methods in the unconstrained setting. These have been driven by a powerful technique known as
the performance estimation problem (PEP) [16]; in this framework, a dual solution of a certain semidefinite
program provides a proof of a given algorithm’s convergence rate. Specifically, in order to establish a
convergence rate of the form f(z,) — f(2.) < 7u|lwo — x4]|? for an algorithm A, a dual solution to the
semidefinite program provides multipliers A;; > 0 and a sum-of-squares (SOS) quadratic polynomial P > 0
such that the following identity holds:

Tallzo = 2.l” = (f(zn) = f)) = D NijQij + P, (1.1)

2]

where @;; > 0 is a quadratic polynomial in the iterates x;,z; and the first-order information of f at these
points. This identity certifies the desired convergence rate since the right hand side is nonnnegative.

Our analysis is based on a crucial observation in this template (1.1): optimized methods have simple
solutions. In particular, for unconstrained optimized algorithms, the sum-of-squares term is often just a



single square—rather than the sum of multiple squares that cannot be collapsed into a single square. In
other words, the corresponding quadratic form is of rank 1. This core property was observed in [45, Chapter
5] for many different types of optimized methods, and it is an interesting open question in itself to understand
if this phenomenon hints at an underlying general theory for optimized methods; see also the discussion of
future work in Section 6.

Surprisingly, this common structure alone is informative enough for us to characterize a (candidate)
dual solution in the composite setting. In this setting, a PEP-based approach tries to find multipliers
Aij = 0,135 = 0 and an SOS quadratic polynomial P > 0 such that the following identity holds:

Tallwo — 2. = (f(zn) + hlan) — f(22) = h(z.) = > A QL + > niyQl + P, (1.2)

2 2

where now we have pairs of valid inequalities Q{J > 0 and Qf’] > 0 for the first-order information at f and h,
respectively. The key difficulty in this extended template (1.2) is identifying the solutions, i.e., the quantities
Aijs Wij, and P. This is in large part because of the additional complexity from h, which appears in (1.2)
but not in (1.1). Finding such PEP solutions is a well-documented challenge; for example, the pioneering
work on PEP for the composite setting [47] writes:

“

. algorithmic analyses using [PEP] are intrinsically limited by our ability to solve semidefinite problems,
both numerically ... or analytically .... Therefore, any idea leading to (convex) programs that are easier to
solve while maintaining reasonable guarantees would be very advantageous.”

We overcome this challenge by providing closed-form expressions for the quantities in the composite
identity (1.2) in terms of the quantities in the unconstrained identity (1.1). This lets us avoid solving (1.2)
from scratch, and instead we borrow solutions from (1.1). In particular, an important starting point is that
we use the same A;; from the unconstrained setting. While this approach is seemingly straightforward, the
corresponding analysis is rather subtle since the corresponding terms—namely, A;;@Q;; in (1.1) and \;; szj in

(1.2)—are not equal. Indeed, ij has additional terms involving h in the composite setting (see Definition 2.4
for details). Our analysis establishes that these differences can be offset with a careful construction of the
multipliers p;; and the sum-of-squares term, both of which are new and different from the multipliers \;;
and the sum-of-squares term in the unconstrained setting.

Candidate solution. Altogether, this provides a general reduction-style approach of obtaining conver-
gence guarantees, since the resulting formulae for \;;, 5, P are explicit, satisfy the identity (1.2), and can
be applied to any method with the aforementioned rank-1 property.

We refer to this as a “reduction-style approach” since it is not an end-to-end reduction. In particular, one
still needs to check the feasibility constraints® that u;; > 0 and that P is actually SOS. Verifying these two
conditions must be done in an algorithm-specific manner but is conceptually simple because of the closed-
form expressions. See Sections 4 and 5 for multiple examples. We emphasize that this is much simpler
than solving (1.2) from scratch—since that requires solving for A;j, pi5, P; verifying the identity (1.2); and
checking the feasibility constraints \;; > 0, p;; > 0, and that P is SOS.

Sum-of-squares structure. We comment in particular on the SOS verification of P, since our framework
provides a conceptually new approach for accomplishing this. Given A;; and p;;, P is defined as the residual in
the identity (1.2). Verifying that P is SOS is in general a key challenge for PEP-based analyses [16, 27, 47],
especially in the composite setting since then P is typically of high rank, i.e., any decomposition as a
sum of squares (if one exists) requires Q(n) squares. Finding such a decomposition is challenging, as that
amounts to verifying positive semidefiniteness of the corresponding coefficient matrix, the entries of which
have complicated algebraic expressions.

We provide a new approach for this verification: we combine certain aspects of the analysis for the
unconstrained setting (1.1) and the proximal point method [47]. In the former, as mentioned, the matrix
is rank-1. In the latter, while the matrix has high rank, it has a simple Laplacian structure which implies
positive semidefiniteness. We show that modulo a Schur complement, the matrix in our analysis is a sum of

1 Feasibility of Aij = 0 is automatically guaranteed from the re-use of A;; in our approach.



a rank-1 matrix and a Laplacian matrix. Ultimately, this reduces checking positive semidefiniteness of P to
checking that an explicit rank-1 perturbation of a Laplacian matrix remains Laplacian; in our applications,
this amounts to simply comparing only a couple entries. We remark that more generally, such a combination
of structures from different base algorithms may be useful for PEP-type analyses.

Performance metrics. So far, we have focused on convergence rates that are measured in terms of subop-
timality of the objective function. Our approach applies in a nearly identical manner when convergence rates
are instead measured in terms of approximate stationarity, i.e., making the (sub)gradient norm small. We
show results of the following type: if an algorithm A’ for unconstrained convex optimization has convergence
rate

IV £ (@a)lI” < 7 (f (@0) = f(22)),

then the composite extension 7 (A’) has convergence rate

IV f(zn) + sall* < O(7,) (f(w0) + h(wo) — f(a.) — h(z.))

for s, € Oh(x,). Note that we use the same composite extension T for these results. For this setting of
gradient norm minimization, the two building blocks we use for the SOS verification have slightly different
forms: for the unconstrained setting, the residual term is zero rather than a single square; and for the
proximal point method, the corresponding matrix is diagonally dominant rather than Laplacian [26]. The
rest of the analysis is conceptually identical.

1.3 Prior work

Performance estimation problem (PEP). The PEP framework, pioneered by [16], formulates the
worst-case performance (i.e., convergence rate) of a given algorithm 4 as a semidefinite program. In this
auxiliary optimization problem, the objective function corresponds to the performance metric for A, and
the constraints are on the function class and the iterates being updated by A. The primal searches over
worst-case problem instances, while the dual searches over proofs of the convergence rate as described in
the previous section. In many settings of convex optimization, this formulation as a semidefinite program is
tight in that any proof for convergence rate can be expressed as a solution of the dual [48].

Among numerous applications of PEP (see e.g., [18, 47]), there have been two main streams of work. One
line of work establishes tight rates for existing algorithms, such as gradient descent [5, 16, 36, 42], proximal
point/gradient method [47, 49], splitting methods [43], ADMM [56], and Chambolle-Pock [10], among others.
Another line of work develops new optimized methods that are either asymptotically or exactly optimal in
each setting, including: smooth (strongly) convex optimization [31, 33, 46], nonsmooth convex optimization
[17, 22, 57], composite optimization [27], fixed-point iteration [41], minimax optimization [53], and monotone
inclusion [30]. Our framework is situated at the interface of these two directions: it yields nearly tight rates
by extending existing optimized methods and their proofs to a new setting. In particular, we provide explicit
formulae for the PEP-based proofs (a challenge for the first line of work) and show how optimized methods
can be naturally extended to a more general setting (a challenge for the second line of work).

An emerging area of study which uses PEP is stepsize-accelerated GD [1, 2, 3, 13, 19, 23, 24, 25, 51, 58, 59],
which seeks to improve the rate of GD by only changing the stepsizes. Classically, this was only known to
be possible for minimizing convex quadratics [55]. The recent line of work extends this improvement beyond
the quadratic setting by using time-varying stepsize schedules that are nonmonotone and use exceedingly
large steps. In particular, [2] showed the “silver convergence rate” O(1/n'°82(1+V2)) which is conjectured to
be asymptotically optimal among all possible stepsize schedules. See [9, Section 1.3] for a recent overview of
this very active literature on stepsize-based acceleration.

Composite optimization. Composite optimization arises in many applications due to the flexibility
afforded by the non-smooth component h—in particular as a regularization penalty. For example, in the
common setting where h is the ¢; norm, proximal GD is known as ISTA [14]. The seminal work of [§]
introduced FISTA, a widely popular algorithm with O(1/n?) rate. Since then, different variants of FISTA
have been proposed [7, 32]; see also [6, Chapter 10] for an overview. Notably, the recent paper [27] presented



an optimized method OptISTA whose convergence rate is faster than FISTA and moreover exactly matches
the lower bound for black-box first-order methods. Several works have also made progress in the task of
gradient norm minimization in the composite setting [34, 37], achieving O(1/n?) rate; however, the optimal
constant factor is unknown.

Our framework provides a general way to design and analyze methods in this setting. This leads to new
algorithms as well as new rates for existing algorithms. Here, we further contextualize the applications of
our framework. Our composite extension of OGM recovers POGM, a method that appeared in the original
paper on PEP for composite optimization [47]. However, that paper only presents numerical bounds from
PEP; we provide rigorous convergence analyses here. We remark that while the design and analysis are
simpler for POGM than OptISTA, it does not achieve the exactly optimal rate. This is not just an artefact
of our technique and it was numerically observed that the POGM is suboptimal, though only by a small
multiplicative factor of roughly 1.12 [47]. Our theoretical result achieves a rate for POGM with a mild
multiplicative factor of roughly 1.29 compared to the exactly optimal rate. Furthermore, our composite
extension of OGM-G achieves the state-of-the-art rate, improving over the result of [34, Section D.4] by a
factor of roughly 9.30. For stepsize-based acceleration, previous results were known only for GD (in the
unconstrained setting), and it was an open problem if this phenomenon extends to projected GD (in the
constrained setting) or proximal GD (in the composite setting). This was posed as an open problem in
[3, 23]; see [9, Section 1] for a detailed discussion of the challenges. We resolve this question by showing that
the silver stepsizes for vanilla GD enable the same asymptotic rates for proximal GD.?

Connections between algorithms. A recent line of PEP-related work has investigated relations between
different algorithms. For example, [37] identified a common geometric structure in accelerated algorithms,
and [54] identified a common property in accelerated minimax algorithms. [40] established a connection
between AGD and OGM, along with certain extensions of OGM. [34, 35] developed the notions of H-duality
and mirror duality, which are one-to-one correspondences between certain algorithms, one of which is designed
for minimizing the objective function and the other for minimizing the gradient norm.

This paper shares some similarities with H-duality (and mirror duality) [34, 35], in that they also reduce
the design and analysis of one method to another method. However, the details are quite different. Most
importantly, our results are orthogonal—in fact complementary—to theirs as we relate algorithms for differ-
ent problem settings with the same performance metric, whereas H-duality relates algorithms for the same
problem setting with different performance metrics. There are also other differences. H-duality provides
a fully-fledged reduction whereas our framework is not fully black-box; however, our framework is general
enough to apply to both stepsize-accelerated GD and OGM, which have markedly different proof structures
(in terms of the multipliers {);;}), while H-duality only applies to methods with specific proof structures.?

2 Main results

2.1 Composite extension and preliminaries

Throughout, we consider first-order methods with iterates zq,x1,...,z,, where n is the total number of
iterations. We let z, denote an optimal point for the relevant optimization problem. For a smooth convex
function f and convex function h, we use the shorthands F := f + h, f; := f(x;), ¢; := Vf(x;), hi := h(x;),
F; := F(x;), and we let s; denote a subgradient of h at x;, for i € {0,1,...,n,*}.* Without loss of generality
(by normalization), the smoothness parameter of f is assumed to be 1 throughout. Vectors are always
vertical, and we denote the sum of the entries of a vector v by > v.

Our result is stated for a general class of first-order methods. In the literature, this class is known as
fixed-step first-order methods.

2Part of these results appeared in the preliminary conference version [9] of the present paper. The proofs and rates in [9]
are mathematically equivalent to Theorem 4.2 here, but our proof here is much simpler and based on the general framework
developed in this paper. This framework also lets us extend these results both to minimizing gradient norm (Theorem 5.3), as
well to analyzing momentum-based methods (Theorems 4.7 and 5.5).

3A certain analog of H-duality for stepsize-accelerated GD recently appeared in a different work [24, Section 3.1]. However,
it only applies to specific choices of stepsizes.

4Unless otherwise specified, * is always included when referring to the set of “all indices”. * is never included when indices
are compared by their values (e.g., ¢ > 0,7 < n), and indices * — 1, % + 1 are defined to be equal to x*.



Definition 2.1 (Stepsize matrix and first-order methods). An n-stepsize matrix H is an upper triangular
matriz indexed as
aq.0 ce Qn 0

H:=
Qp on—1

where ag x—1 # 0 for all 1 < k < n. The (n-step) first-order method with H s defined as

T1 = o — 1,090,

T2 = X1 — 2,090 — 2,191,

Tp = Tp—1 —0podo — " — Opn-19n—1-

The condition ay r—1 # 0 ensures that the iterates are not redundant (i.e., not a linear combination of
previous iterates) and H is invertible.

Given a first-order method for the unconstrained setting (i.e., a stepsize matrix H), we define its composite
extension by replacing g, with g, + s441.

Definition 2.2 (Composite extension). Consider a first-order method with n-stepsize matriz H. Its com-
posite extension is

1 = 2o — a1,0(go + 51),

o =21 — a2,0(go + 51) — 2.1(91 + s2),

Tp = Tp—1 — an,O(gO + 51) — = an,n—l(gn—l + Sn)

Remark 2.3 (Implementation). An equivalent, implementable form of the composite extension (Definition
2.2) that only involves gradient and proximal oracles is

T = PYOXQLOh(mo - 011,090),

1
S1 = 7(550 — 1) — go,
@10
Tg = pTOXazylh(ﬂﬁl — az,0(go + 51) — @2,101),
1
sg = — (21 — 22 — a2,0(g0 + 51)) — 91,
Q21
Ty = PproXe, . p(Tn—1 = ano(go + 1) =+ — Qnp-19n—1).

An issue for practical implementation is efficiency: as written, this algorithm requires storing all previous
(sub)gradients. Notably, this issue is not specific to our approach and already exists in the unconstrained
setting. All of the algorithms in our results can be implemented efficiently; see Sections 4 and 5.

Following PEP-based analyses, we make use of co-coercivities, which form a complete set of inequalities
for certifying convergence rates [48]. In the unconstrained setting, we only have a single set of co-coercivities
{Qi;}, whereas in the composite setting we have two sets of co-coercivities {Q{J} and {Q?j}, respectively
corresponding to the first-order information of f and h.

Definition 2.4 (Co-coercivities). Let H be a stepsize matriz and let {z;} be the iterates of the first-order
method with H. Then define

1
Qij = fi = fi = (95,2 — 25) = S llgi —gill*.



For the iterates {x;} of the composite extension with H, define

1
Qfy = fi = f5 — (g5 i — x5) - Sllgi = gill*,
b= hi = hy = (sj, 20— zj).

Note here that the iterates {x;} in Q;; and ij are different, since they are generated by the algorithms in
Definition 2.1 (unconstrained) and Definition 2.2 (composite), respectively.

These co-coercivities are sometimes called “valid inequalities” since they are positive for any f and h.

Lemma 2.5 ([48, Theorem 4]). Let f be convex and 1-smooth, and let h be convex. Then Q;; > O,Q{j >0
and QZ >0 foralli,j.

2.2 Algebraic recipes for composite extension

We state our main technical result, starting with objective function as the performance metric for the
convergence rates. As overviewed in Section 1.2, our result begins with a certificate (i.e., a dual PEP
solution) for the unconstrained setting (2.1), which has a single square residual. From this, we establish a
structured algebraic identity (2.2) which provides a candidate solution for the dual PEP in the composite
setting. Once it is checked that this candidate is indeed a valid solution via its explicit formulae (see the
remark below), we directly obtain a formal proof for the convergence rate.

Theorem 2.6 (Composite extension for objective function minimization). For a first-order method with H
and its corresponding cocoercivities {Q;;}, assume that there exist X = {X\;; > 0 : 4 € {0,1,...,n,%},j €
{0,1,...,n}} and v = [y0,71,- - -+ Vn] Such that

1 . 1
Z/\ijQij + §H$0 — Ty — Z%‘%HQ = Ru(fe — fu) + 5\\550 — % (2.1)
i i=0

Then for the composite extension with H and its corresponding cocoercivities {Q{j} and {th]}, there exist
p=Apij:ie{l,....,n,x},je{l,...,n}},0,8 (explicitly stated in Definition 3.3) such that

1 1 1
D o AQf 4D Qi+ gllwo — au —ul® + 5 Te(VSVT) = Ru(F — Fu) + 5 (14 8)llwo —zl*, (2.9
%, %,
where V := [xo — Tyls1] ... |Sn|8*] is the columnwise-concatenated matriz, w:= Y o Yi(gi+Si+1) —YnSnt1+

T
Zie{l 11111 nx} OiSi, and S = [i UL} with > v =0 and L being Laplacian.® In particular, if

(i) pij =0 for alli,j
(ii) S is positive semidefinite (e.g., implied if ¢ = vT LTv)
then the composite extension with H has the following convergence guarantee:

<1—|—§

F_F*\
" 2R,

[

|20 — 2«

The main technical challenge in establishing this theorem is the formulae for the multipliers and sum-of-
squares term. For ease of exposition, these formulae are provided later in Definition 3.3, since this requires
additional notation. Given these expressions, the proof is based on matching the coefficients (for linear forms
of {fi}, {h:} and quadratic forms of xg — ., {g:}, {s:}) in (2.1) and (2.2). See Appendix A for details.

5A symmetric matrix is Laplacian if all nondiagonal entries are nonpositive and all row (column) sums are 0. Laplacian
matrices are positive semidefinite, since 27 Lz = 2 i (—Lij)(wi — z;)2 > 0.



Remark 2.7 (Interpretation and instantiation). As overviewed in Section 1.2, Theorem 2.6 implies that
only two statements—items (i) and (ii)—need to be checked in order to obtain a convergence guarantee for
the composite extension. This verification is tractable because p, S are given in closed form.

The expression for €& in Theorem 2.6, while providing the tightest possible rate using our framework,
requires computing the pseudoinverse of L. In our applications, we bypass this by instead choosing & > 0 as
a small constant which only inflates the rate slightly.

For checking (i), we can often use structural properties of A\ and H from (2.1). For checking (%), the
key point is that “most of S” is already positive semidefinite; note that S is of dimension (n +2) x (n+2),
and L is a positive semidefinite submatriz of dimension (n+ 1) X (n+ 1). In this sense, it suffices to show
that the Schur complement L — *vvT (i.e., a small perturbation of L) is positive semidefinite. A tractable
approach for this is to show that it is Laplacian, as we already know that the row and column sums are 0
from > v =0. See the applications in Section 4 for details and concrete examples of checking (i) and (ii).

We also show an analogous result when the performance metric is the (sub)gradient norm. Here the
algebraic structure is simpler, as we begin with the sum-of-squares term being 0 in the unconstrained setting.

Theorem 2.8 (Composite extension for gradient norm minimization). For a first-order method with H and
its corresponding cocoercivities {Qi;}, assume that there exists ' = {\; > 0:4,j € {0,1,...,n}} such that

R,
>N Qu = = gull> + fo = fu- (2.3)
]

Then for the composite extension with H and its corresponding cocoercivities {ij} and {Q?j}, there exist
wo=Api; i €{0,...,n},j €{1,...,n}}, 5" (explicitly stated in Definition 3.4) such that

_R,(-¢)

1
D NGQf D@l + 5 Te(VIS(VI)T) =
2] %

where V' = [gn|81| .. |sn] Furthermore, if

(i) 1}, > 0 for all i, j

(ii) S’ is positive semidefinite (e.g., implied if & =1 — %}

then the composite extension with H has the following convergence guarantee:

||9n‘i‘sn||2< (Fo — Fn).

R, (1-¢)

The proof is similar to that of Theorem 2.6 and is provided in Appendix B. Note that whereas the positive
semidefinite matrix S in Theorem 2.6 has Laplacian structure, the matrix S’ in Theorem 2.8 has diagonally
dominant structure.’

Remark 2.9 (Performance metric for gradient norm minimization). In the literature on gradient norm
minimization, results are often stated with respect to fo — f« instead of fo — fn (or in the composite setting,
Fy—F., rather than Fo—F, ). It is easy to see that bounds with respect to the latter imply corresponding bounds
with respect to the former. Furthermore, often the converse is also true, meaning that these performance
metrics are essentially equivalent.” We state our results with respect to fo — f, and Fy — F,, because this
yields slightly simpler formulations and also applies to settings where no finite minimizer exists.

6 A symmetric matrix is diagonally dominant if for each row/column, the absolute value of the diagonal entry is at least the
sum of the absolute values of the nondiagonal entries. For example, Laplacian matrices are diagonally dominant. Diagonally
dominant matrices are positive semidefinite by the Gershgorin circle theorem.

/
"Details: combining (2.3) with the inequality Qn« = fn — f« — %HgnH2 > 0 yields —%Hgnﬂz + fo — f« > 0; combining

Ty
(2.4) with the inequality Qf. + Qh, =Fy,—F — %Hgn + 54]|2 = 0 yields —MH‘% + sn||2 + Fo — Fix > 0. In many cases,
the bounds with respect to fo — f« (or Fo — Fy) are obtained precisely in this way. See also, for example, [34, equation 3].
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Remark 2.10 (Corollary for related performance metric). A standard trick is that by running methods
for minimizing objective function and minimizing gradient norm, each for n/2 iterations, one obtains a
final convergence rate for n steps—comparing gradient norm to initial distance (both squared)—which is the
product of the two constituent rates, see e.qg., [37]. For example, by using the composite extensions of OGM

and OGM-G,

g + 502 < O (le)) () + hl@nys) — Flas) — b))

<O <(n/12)2> x O <(n/12)2> 2o — 2.]|* = O (7114> 2o — 2.2

Similarly, for stepsize-accelerated prozimal GD, our results yield a rate of O(1/n(1082(HV2)) ~ (1 /n1-6168)
for the final gradient norm compared to the initial distance.

2.3 Notation

To express convergence rates in a simpler form, we often use the standard notation a,, ~ b,, if lim, (a, /b,) = 1.
We write [A]; ; to denote the (4, 7) entry of the matrix A.

It is also convenient to introduce some notation for triangular matrices corresponding to stepsize param-
eters. We define Ul(ay, ..., a,) to be the n x n upper triangular matrix whose (4, j) entry is a; if ¢ = j and 1
if 1 < j. We denote U(1,) as U,; this is the n X n upper triangular matrix with 1 in every entry on or above
the diagonal. For a n-stepsize matrix H, we define H:= HU,,ie.,

01,0 --- Qnpo
H = t. . E s
an.,nfl
where @; ; := ZZ:;‘H ay ;. Then it can be observed that the iterates xo, ..., z, of the first-order method

with H satisfy

1 = o — (1,090,

T2 = To — Q2090 — ®2,101,

Tp =T — Anpo0gdo — " — Ann—-19n—1-

3 Formulae for multipliers

In this section, we formally define the multipliers in Theorems 2.6 and 2.8. We begin by introducing notation
for certain simple linear transformations of the coefficients A and p that frequently appear in our analysis.
These definitions are stated for A and p, and apply analogously to A’ and p’.

Definition 3.1 (Multipliers). For A = {\;; : i € {0,1,...,n,%},57 € {0,1,...,n}} and p = {u;; : 1 €
{1,...,n,x},5 € {1,...,n}}, define

)\i,o = Z >\i,j; )\.J‘ = Z)\i’j’ He 5 = Zui,j ,
j i %

11



and

[ —(Neo+ Xoe) - Ao,n—2 + An—2,0 Aon—1 + An—10
An—2,0+Aon-2 -+ —(Aem—2+An—2e) An—2n-1+ A—1.n-2
_>\n—1,0 + /\O,n—l v )\n—l,n—2 + )\n—2,n—1 _(Ao,n—l + /\n—l,o)
[ Mo —Xer A2 .. An—1
A2,0 A21 —Ae2 . A2n—1
= : : . - : e R
)\nfl,O )\nfl,l cee >\n71,n72 _>\o,n71
L )\n,O )\n,l v )\n,n72 )\n,nfl
_*,u.,l cee H1,n
ﬁ = : ., : G RTLXTL'
| Hn,1 oo —Hen

Similar notlations are also defined with respect to N = {X, ; : 4,5 € {0,1,...,n}} and p' = {p;; : i €
{0,...,n},5€{1,...,n}}.

Remark 3.2 (Reparameterization). Below, it is convenient to define i and i’ respectively instead of p and
' (which are the actual multipliers in Theorems 2.6 and 2.8). This is equivalent due to the one-to-one
correspondence: given [i, ji; j = €1 [i€; - 1(izjy uniquely defines p; similarly, given @', pi ; = elile; Liizsy
uniquely defines u', where we use the shorthand ey :== —1,, and e, := —1,,.

3.1 Objective function minimization

In the setting of objective function minimization (Theorem 2.6), the new coefficients o, i, S for the composite
setting are formally defined as follows.

Definition 3.3. In the setting of Theorem 2.6, define o as

Aicin + Aniz1

o:=|01,...,0p,04|, 0;:=—"——""— 3.1
o1 ] - (3.1)
For notational convenience, we also define 5 := [yo,...,VYn-1],0 :=[01,...,0,]. Then u,S are defined as
io=—H Y (HEN"+3F+3)") =H A -75") + A, (3.2)
_[& " — o o __[x F]_
S = |:U Ll v i= [Ula v ,’Un7’()*]7 v =0 + )\*,171 s iy L= iT _)\*,. oo . (33)

Note that the equality in (3.2) is due to (2.1); for details, see (A.2).

3.2 Gradient norm minimization

In the setting of gradient norm minimization (Theorem 2.8), the new coefficients ', S’ for the composite
setting are formally defined as follows.

Definition 3.4. In the setting of Theorem 2.8, define i, S’ as

i =—H YHN)T, (3.4)
/ R’/ﬂ (’U/)T / / T / / / / / /
S = o x| R .(1—¢&)(e1+ent1)(er +enyr), o :i=[vy,...,v,], vi:= Nicin + o1 (3.5)

12
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4 Applications to objective function minimization

Here we apply our main theorem for objective function minimization (Theorem 2.6) to the composite exten-
sions of stepsize-accelerated gradient descent and optimized gradient method. For each result, we only need
to verify items (i) and (ii) of the theorem. The following subsections do this by using the formulae for the
multipliers in Definition 3.3.

4.1 Stepsize-accelerated proximal GD

Gradient descent (GD) is a first-order method with diagonal stepsize matrix H. Its composite extension is
proximal GD with the same stepsizes.
For k € N and n = 2* — 1, the silver stepsize schedule 7(*) (of length n) is defined as

M =14 p" O for 1 <i < m,

where p := 1 4 /2 is the silver ratio and v(i) is the largest integer j such that 27 divides i. This can be
equivalently defined in a recursive way as 71 := [v/2] and 7+ = [z(®) pk=1 1 1 7(F)] The silver stepsize
schedule deviates qualitatively from mainstream stepsize schedules: it is time-varying, nonmonotone, fractal-
like, and uses arbitrarily large stepsizes that are in particular larger than 2 (the threshold at which constant
stepsize schedules make GD divergent). See Figure 1 for an illustration.

[2] introduced the silver stepsizes and proved the (partially) accelerated rate of O(1/n!°82°). The
following choice of A and v from [51, Theorem 5.2] certifies this asymptotic rate with tight constant factor.
The recursive definition of A, in essence, combines the proofs for the constitutent stepsize schedules in the
recursive definition of 7—a technique known as recursive gluing [2, 3].

Proposition 4.1 (Multipliers for unconstrained GD; [51, Theorem 5.2]). For k € N and n = 2 — 1, GD
with the silver stepsizes satisfies (2.1) with

A=k
v =", 0",
R, =2p" — 1.

Here, \*%) is recursively defined as

(k) .y (k) (k)
>\1'7j = A 1{1;&*} +Aj 1{2:*} )

4,3

with A% .= [7®) p*] and

1. 10 p

A0 [1 0},

S\(kJrl) = S\(kJrl),rec + S\(k+1),sp + S\(kJrl),lr
—— ——
TeCuUrsion sparse correction  low-rank correction
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where AFt1)ree N(k+1).sp N(+1).I e defined as
N (k+1),rec N (k 5 (k
)‘7(17;— ) = Ag,j)l{oéi,jén} + p2)‘7(1—)n—1,j—n—11{n+1§i,j§2n+1}a

3 (k+1),
)‘z(yj P PLiGj)=(n2n+1)} + Pkl{(z‘,j)=<2vL+1,n)}v

N (k+1),1r k k
)‘z(,j M= pﬁ§—)n1{i:n:n+1§j<2"} + P”§—)n1{i:2n+1,n+1gjg2n}-
Based on this, we show that proximal GD with the silver stepsizes also has an O(1/n!°827) rate. This
improves over the O(1/n) classical rate of proximal GD [50, Theorem 7] and establishes that the phenomenon
of stepsize-based acceleration extends to the composite setting.

Theorem 4.2 (Convergence rate of proximal GD). For k € N and n = 2F — 1, prozimal GD with the silver
stepsizes satisfies

F(z,) — Fz.) < .

lwo — 2. |1* ~ o = .

p p
V2(4pF — 2) 4n/2nl08>

Proof. The result follows from an application of Theorem 2.6 once we verify items (i) and (ii) there. For
item (i), from H = diag(¥) = diag(yo, - .., Vn—1) We have
G=_—HNTHT - O(n—1)xn
G+

The main technical portion is to calculate the first summand. In general, the individual entry of such matrix
(in the form —H'ATHT) can be expressed as a scaled partial sum as follows.

Lemma 4.3. Let H = diag(ay, ..., a,) where a; #0 for all 1 <i < n. Then

. Zl}j[A]l,i‘Fl _ Zl;j[A]l,i

~ ~ <n—1
_ —1 T T L — J Q41 (673 ) ~
[ H™A'H ]7”] o Zz;j[A]l,n _
—a; = i=n.
1 i=j
Proof. From —H 'ATHT = —Uldiag(1/a1,...,1/a,)ATU diag(aq, ..., an) and [U; Y ;=< =1 j=i+1,
0 else
At _ [Alje
. Lol Bl i <n—1
(U, 'diag(1/an, ..., 1/an)AT); ; = {‘f;ﬁ;m R
Thus (post)multiplying Uldiag(ay, ..., a,) to this matrix yields the result. O

In this sense, to establish nonnegativity we need to compare partial sums in adjacent columns of A. The
key lemma here is that, fortunately, we can compare the individual entries and sum the differences. Below,
recall that [y, ...,Yn_1] = 7*) from Proposition 4.1, and ~, = p*.

Lemma 4.4. Let A = A% . Then

Aig—1 Ay J20 0<i<j—2
Vi-1 vio|<0 i>2j5+1

for all1 < j <n—1. In particular, for j = n the inequality is valid for v, = 1.8

8For j = m, this immediately implies a corresponding inequality for v, = p¥. This result is only needed for the induction
argument.
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Proof. We use induction on k. For k = 1, no such entry exists; for & = 2, most of the comparisons are
. 2
trivial from either A;j_; = 0 or \;; = 0, and the nontrivial ones are: 21 — 282 — £-r J\r/p;l <0,

A A P+ ' ’
5 2 — 1 P— 3 —
122 - 133 =2 P = 0 (lettlng Y3 = 1)

Now assume that the result holds for k, and consider k + 1 with A = A*+1 and corresponding ~.

Then for 1 < j < n, the inequalities hold from the recursive definition of A and induction hypothesis, with
\(k+1),5p _ _
)\27;13?71 - )\27;1’” =0- % < 0. For j = n+1, note that \;,, = 0 forall n+1 < ¢ < 2n and
A2nt1,ntl

Ain+1 = 0 for all 0 < 7 < n — 1; thus it only suffices to consider i = 2n 4 1, where )‘2";7:1’" - =

pk_pifﬂ — % < 0. For n+2 < j < 2n+ 1 the inequality readily follows from the induction hypothesis, with

An,2n  An2n+1
Y2n Y2n+1

= % — p =0 (letting ~vo,+1 = 1). O

Establishing these, now we return to item (i), i.e., the nonnegativity of u. First we consider the first
n — 1 rows of . For 2 <i < n—1, we have

Asi | Awiie
Hi1 = Y0 <—’ + —— 1) =0,
Vi Yi—1
since A, j =; forall0 <j<n—1. Thusfor 1 <j<i<n-—1, by Lemma 4.4,

J=ly J=ly
[i = Vi1 (_ 211 A + 21 l,zl> >0,

Yi Yi—1

and similarly for 1 <i<n—1and j > i,

SN D A
,Ui,j:’yj_1< ZJIJZ— = >0

Vi Yi—1

For the nth row of i, for 1 < j<n—1,

j—1
Yi-1
Hn,j = . (Aen—1+ ZAl,n—l) —(vj-1 +0j)
=1

Tn—1

’Y'ljil Aj—1n + A1
e S SR

Tn—1 -1 Tn

—1
1 j

> —(vj—1 Z A —Aj—1n—Anj-1) 20,
Tn =1

where the second equality is from A, ,,—1 = y,—1 and the definition of o, and the final inequality is from the
following lemma.

Lemma 4.5. Fork>2 andn=2%—1, tg»k) = Fj(»k) Z{:—ll /\l(];) - /\5'11)1,n - )\553»71 >0 foralll<j<n—1.

Proof. For k = 2, tgz) =0 and th) = 2)\f§ — )\ﬁ% — )\gi =p—p=0.
Assume that the result holds for k, and consider 2n + 1 = 2¥*! — 1. Then clearly t;kﬂ) = 0 for all
1<j<nand 5 = (14 pF1p—p—pF=0. For n+2<j < 2n,

Jj—1
(k+1 (k+1 k+1) (k+1 (k+1
£ = )Z Al(,2n+1 e P IR Y /e
=1
(—n—1)-1

_ (k) 2 (k) 2y (k) 2y (k) (k)
=T o1 | P Z P A | = PG ) —12n41 T (p AnyGi—n—1)—1 T P 1)
1=1

=pt > 0.
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Furthermore, from A1 g =1 and Ayg =--- = A0 =0, [u*,l /,L*,n] = —170 = e; + 5 + 7 which

-1 =1
proves item (i) with v; =<1 i = *.
0 else
For item (ii), it suffices to choose £ > 0 such that L — %va is Laplacian. Since v = —ej + €41, we only

need to check that the (1,n + 1) entry of this matrix V2 — o010, + % is nonpositive. For this we can take

&= %, (note that for & > 2, o1 = 0 and thus the entry becomes 0), proving item (ii).
O

4.2 Proximal OGM

Optimized gradient method (OGM) [31] is a (n-step) first-order method with stepsize matrix H, whose entry
is recursively defined as

G 0<j<i—2
Qi1 =S G i —1) j=i—1 (4.1)
1+ 3=t j=i.

Here, for each n € N the sequence {6; : 0 < i < n} is defined as

1 i=0
2
fi=q gt 1<i<n-1 (42)
1+44/14+8607_, "
——= .
It is straightforward to check that 67, ; — 6,41 —07 =0for 0 <i<n—2,02—0,—202_, =0and 2 ~n?/2

(see e.g., [40]). The certificate for the convergence rate of OGM is rather simple, as presented in the following
proposition.

Proposition 4.6 (Multipliers for OGM; [31, Theorem 2]). OGM satisfies (2.1) with

219i2 j=i1+1,0<i<n—-1
20; i=%0<j<n—-1

Aij =
Hj t=%j]=n
0 else,
v =[200,...,20,_1,0,],
R, =02.

We establish a comparable rate for its composite extension as follows. Notably, this convergence rate is
faster than that of FISTA and only differs by a small constant factor from the exactly optimal rate.

Theorem 4.7 (Convergence rate of proximal OGM). For n > 2, the composite extension of OGM satisfies’

3+5 3+\f
862

Fzn) = F(a.) < lzo — @4 [1* ~ lzo — @

Proof. As before, we show items (i) and (ii) of Theorem 2.6. For item (i), first we use the following formulation
of the stepsize matrix for OGM.

Lemma 4.8 (Factorization of H for OGM). Let H be the n-stepsize matriz for OGM. Then
H = d1ag(2<90, ey 2971,1)[]((‘01, ey @n)U(Gla ceey Qn)_l 5

1+ 95;1 i<n

1481 j—n.

where @; 1= {

9For n = 1, F(rn) — F(m*) < 32 lwo — z«]|? = 5 L||zg — 2||? holds, which is tight. For n > 3, the constant factor in the

convergence rate in Theorem 4.7 can 'be slightly improved; see the proof and Footnote 10 for details.
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Proof. Consider an equivalent equality (note that each matrix is upper triangular)
HU(@l, ey 9n) = d1ag(290, ey 29n_1)U(§01, ey QDn) . (43)

From [31, Lemma 4], we have Zj‘:k-&-l o+ g1y, = 20 for all 0 < k <@ < n— 1, which is precisely
the equality corresponding to the (k + 1,7 + 1) entry of (4.3). Similarly, from the same lemma we have
Oiv10i11,; = 0i41 +20; — 1 for all 0 < @ < n — 1, which is precisely the equality corresponding to the
(i+1,i+ 1) entry of (4.3), from 26;0;11 = ;41 + 20; — 1 which follows from the recursive definition of
{6:}. O

Now we calculate the term (HX)T in (3.2). From

—20? j=i+1 —202 j=i+1
[)\]1‘7]‘ = 2912 j=1+2 thus [Un)\]z,] = —29j,1 j=zi+2
0 else, 0 else,

it can be observed that

Un’)\“ _ U(ah,en) On—l dlag(—261,T...,—29n_1) ’
O On—l
which implies
HX = diag(20o, ..., 20,_1)U(¢1, ..., 0n) [0"0_1 dlag(—2910,T.. " _29"_1)]
n—1
—201 =205 ... —20,_4
ding(_0 0_2) —205 ... —20,_1
. 0,,_ iag(—6p,...,—0n_ .
= diag(26o,...,20,_1) [ 6 ! & %Z—l n-2 ] +lo,_, :
_29n71
0 05y
Also, from (3.1) we obtain o = [0,,—1, 0, — 1,1], which implies that
40;_10;_1 1<j<n—1
~~ U —20? i=j+1,7<n-1
H\ T + + Ty, . _ j—1 )
[( ) ’Y(’y U) ]17] 2(26’”71 + 977, _ 1)91'71 ] —n
0 else.
Thus
i=—H Y (HN"+7F +5)")
= U U0, ...,0.)U(p1, ..., 0n) ‘diag(20, ..., 20, 1) (HNT +3F +)7),
where
2(%;1 7 < _j < n—1
. L EeT e —(6, - 1) i=j+1,j<n—-1
diag(26, . ..,20,_1) "L ((HN)T M, = (6; ’
[diag (26, DTENT Y0+ s =950 7 g il
0 else.

Now we consider each column of iz, which boils down to solving the following equation. The proof is
straightforward by solving the equation in the order of x,,, x,,—1,...,x1.
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Lemma 4.9 (Solving linear system for jth column). For 1 < j < n, define x(j) to be the unique solution

x=[x1,...,2,] Of
Ulgr,... o)z =20; 4 {o,lfj] — (0~ ey,
where for here, e,11 := 0,. Then
Tp ="+ =Tjp2 =0,
Tjp1 = —9(;]_:11 <0,
xj = (;(QHj_l —xj41) >0,
7y = L Ly = efil+_2leixi“ >0,1<i<j—1.

Now fix 1 < j <n— 1. Then for x = z(j), by Lemma 4.9 we have z;; <0 and x; > 0 for all 1 < < j.

0; i=J
Thus with [U,'U(61,...,0,)]i; =41—0; j=i+1 we have
0 else,
]
: 01 1—106,
Hi—1,j 92 1-— 93 T
THej | = S
Hj+1,5 9n,1 1-— On Tn
: O
L Hn,j
or equivalently,
Hng = = pjt2,5 =0,
i1 = —0j4175401 >0,

,LL,L',j = —(Gixi =+ (1 — 9i+1)$i+1) = —01‘331' + (91'_1 + 297,).731 = (01_1 + 97,).731 > 0, 1 g 7 < j — 1,

and

Hxj = Hej — Z pij =011+ 22+ x5 = (01 — p1)71 +20;_1 = (01 —p1)x1 + 05 + A j1,
ig{jx}

which proves that p.; > 0 and v; < 0. It can be analogously shown that p1,,...,tn-1,n» > 0 and
Up = Op+ A n—1 — ths,n < 0, where the only difference is that the factor 26;_; in the linear system in Lemma
4.9 is replaced by 26,,_1 + 0,, — 1, proving item (i).

For item (ii), first note that L is a symmetric matrix such that

462 i=j<n—1
02 —1 i=j€{nn+1}
L, = —202 | j=i+1<n
i —20,_ 1 —0,+1 j=i+1l=n+1
—20;_1 i<n—1,j=n+1
0 else.
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Also, for all n > 2, from

v = —200(60; — @1)% (1 + Zleo_goi)
1+v5  3+V5 Lt
_2< 5 4 ) (3-V5) (H 42 ) o

—2(V/5 - 2) <1+ \/5_1>

4o

and 1 < g2 < 2 we have —‘/52*1 < v < —%. Thus choosing ¢ = ‘/54*1, L — %va is Laplacian: it only
suffices to check whether the nondiagonal entries on the (n + 1)th column are still nonpositive, which is
true because the (1,n —|— 1) entry is —290 -8 -2+ ‘[ L = 0 and the (i,n + 1) entry for 2 < i < n is
—20;-1 — F < -2+ 25 <0 from —1 < v; <0. Thus S is posmve semidefinite, proving item (ii).° O

As noted in Section 1.3, the composite extension of OGM is equal to the proximal OGM (POGM)
introduced in [47], by the following proposition. POGM updates as'! (with yo = 29 = x0)

Yrt1 = o — Vf(zp),

k 2k — Tk O
Zk4+1 = Yk+1 T <yk+1 — Yk + ) + (Ye+1 — Tx),
Or11 Qk k-1 Or+1

Tp41 = ProXe, ,  p(Zk+1),

20 1
’“71 for k = 0, ag r—1 is not used as z; — xp = 0), and

for 0 < k < n—1 (recall that a1 =1+
outputs the final iterate x,,.

We note that the equivalence between POGM and the composite extension of OGM is natural, as they
share common principles. As explained in [47, Section 4.3], POGM is constructed based on two principles:
the algorithm being equivalent to OGM when h = 0, and the algorithm staying at the optimum point (i.e.,

ZTk—1 = X = T, implies zp11 = 2,). One can deduce that both of these are satisfied by composite extension.

Proposition 4.10 (Efficient form as POGM). Fiz n € N, and let {(Tk, Yk, 2zr) : 0 < k < n} be the iterates
of POGM and {zy : 0 < k < n} be the iterates of the composite extension of OGM, with Ty = zo. Then
T =x for all1 < k < n.

Proof. Define z; := zg and x; := x + o r—15c for 1 < k < n. We use (strong) induction on k to show
that
Tk = Tk, 2p = Ty

for all k& (the case k = 0 holds by definition).
For k =1, we have

-~ By, _ 0o ~ _
Z1 =y1+9f(y1—xo)=xo— 1+0 Vf(Zo) = x0 — 1,090 = 77 ,
1
OFor n =1, from L = |:33 _3 ] and v1 = —1 we can choose £ = l. For n > 3, the smallest value of £ that our approach

V194286215
can take is £ = ”71 — 15517 41942 862v5  .2894 from (4.4), slightly smaller than u =~ 0.3090.
HIn [47], an additional notation of 7y is introduced there instead of ag41,x; by (4.1), they are identical.
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and thus @1 = prox,, ,,(z7) = 1. Assume that the result hold for 1,..., k. Then

~ ~ O, —1 (_ - 2 — 0 ~
Zk+1 = Yk+1 + g <yk+1 — Yk + b k) + 9 u (Ur+1 — Tk)
k+1 Ak, k—1 k+1
0, —1 0
=Tr — gk + b (xk_xkfl_(gk_gkfl)"‘sk)_ikgk
Ort1 Or+1
20, — 1 0, — 12
k — k — k —
=@+ 5 ——(gh-1 + 51) - <1+ ) ) kT > k(g + i)
k+1 k+1 k1S
k—2
O — 1 O — 1 2, — 1
=k = ) —p——j(g; +sj41) = p—— (k-1 — 1)(ge—1 + sx) — (1 += 9k
= ka1 k+1 k41
=Tpiq,

where the first equality is from the induction hypothesis and the last equality is from the definition of a1 ;.
ThUS7 §k+1 = Th+1- O

5 Applications to gradient norm minimization

We now consider the performance metric of gradient norm rather than objective function. As in Section 4,
we consider composite extensions of both stepsize-accelerated GD and OGM-G (i.e., a gradient norm version
of OGM). For each result, it only suffices to prove item (i) of Theorem 2.8, as item (ii) is guaranteed by a
certain choice of &’ (see the details therein). As the arguments are fairly similar to that in Section 4, we only
present the main conceptual steps and defer the details to Appendix C.

5.1 Stepsize-accelerated proximal GD

To the best of our knowledge, the silver stepsize schedule does not admit coefficients ' satisfying (2.3).
However, a slightly modified stepsize presented in [25] satisfies the condition. Compared to the silver stepsizes,
this stepsize schedule has larger values in its first half.

Definition 5.1. For k € N, define 7, := 4 and (recall p =1+ +/2)

1
Thil =5 (Tk +4pF + /72 + Skak) )

Also, define i, := 1+ 7%-&-82%‘ Finally, define the stepsize w®) (of length n = 2% —1) as w™") = [3/2],

whHD = [®) *)].

s Ny T

The multipliers A’ = X*) for stepsize w*) are similar to those for silver stepsizes in terms of their
recursive definition.

Proposition 5.2 (Multipliers for unconstrained GD; [25, Proposition 1]). For k € N and n = 2¥ — 1, GD
with stepsize w*) satisfies (2.3) with

A/ — )\/(k),

R;l =71, — 1.

Here, N'®) is recursively defined as

0 2
(1) .
w3 g,
)\/(kJrl) e )\/(kJrl),rec + )\/(kJrl),sp + A/(k:Jrl),lr
— — ——

TECUTrSION sparse correction  low-rank correction
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where N(Ft1)ree \r(kt1).sp N1 gre defined as (with A\*) as previously defined in Proposition 4.1)

k+1 Tht1
)\/SJJF Jree = )‘1(3)1{0<1 Jj<n} + p+ )‘5 )n 1,j—n— 11{n+1<1,g<2n+1}7
(k4 )sp _ ThEL Tt
)\ @7 - 2p2k {(MJ) (n,2n+1)} + <2pk — ].> 1{(i,j)=(2n+1,n)},
N/(k+1),1 Tk+1 (k Thal (K
)\'f]"' ),lr = 2p2k ]( )n {z n,n+1<j<2n} + 2p2k ]( )nl{z 2n+1,n+1<j<2n}-

Using these multipliers, we obtain an O(1/n!°%2#) rate for proximal GD with the same stepsizes. This
establishes the phenomenon of stepsize acceleration for the composite setting, when measured in gradient
norm—previously only known for the unconstrained setting [25].

Theorem 5.3 (Convergence rate of proximal GD). For k € N and n = 2% — 1, prozimal GD with stepsize
w®) satisfies

||vf($n)+sn”2 < 2;_:§(F0F7) ffﬁong)

(Fo = Fn)
where sy € Oh(zy).

Proof sketch. The proof is similar to that of Theorem 4.2. A key to that result was a structured inequality
in A*) (Lemma 4.4), which also holds for X'*) from its recursive definition. See Appendix C.1 for details.

O
5.2 Proximal OGM-G

OGM-G [33] is a (n-step) first-order method with stepsize matrix H, whose entry is recursively defined as
(recall the definition of {#; : 0 < ¢ < n} from (4.2))

On_j_1—1

[ Q41,541 0 < .7 < 1—2
o On_j_1—1 _
Qi1 = ", (iy1,—1) j=i—1
20, _;_1—1
1+ — j=1

As in the case of OGM, the multipliers X' for OGM-G are simple. Indeed, these can be considered as
certain transformation of the multipliers A for OGM in an appropriate sense [34].

Proposition 5.4 (Multipliers for OGM-G; [33, Theorem 6.1]). OGM-G satisfies (2.3) with

202 j=1+1,0<i<n—-1
1 1 .
(1/02)N, = P 200 i=nl<j<n-—1
n/"',jg 1 1 i—ni=0
202, 62 =n,J =
0 else
2
R =02 —

Using these multipliers, we establish the following convergence guarantee for the composite extension of
OGM-G. This bound is almost 1/10 of the previously known best result in [34].

Theorem 5.5 (Convergence rate of proximal OGM-G). For n > 2, the composite extension of OGM-G

satisfies™
200 gy~ A2

IV () + sl < 50— \(ry - ).

where s, € Oh(xy,).

R2Forn =1, |[Vf(zn) + snl? < %(Fg —Fp) = %(F() — Fy) holds. See the proof for details.

3N
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Proof sketch. The overall proof structure is similar to that of proximal OGM (Theorem 4.7). The proof
is more technical here (although straightforward) due to each component in the formula ' = X + H=1)\
(Definition 3.4) being comphcated In particular, for the nonnegativity of ,u some entries are nonnegative

only through the sum of XN and H-'N\: for each j, the (j — 1, ) entry of A is negative and (j — 2, j) entry
of H=1N is negative. For details, see Appendix C.2. O

We also derive the following efficient representation of the composite extension of OGM-G, which we call
P-OGM-G (proximal OGM-G). The derivation and analysis of this representation closely resemble those of
POGM (Proposition 4.10). P-OGM-G updates as (with yo = 29 = o)

Yrt1 =z — Vf(2),
(anfk - 1)(20’)17](571 - ]-)
an—k(2€n—k - 1)

Tk+1 = PFOXaHl,kh(ZkH),

Rk — l'k) 20n7k71 -1

—z),
O k-1 20, — 1 (1 = k)

Zk+1 = Yk+1 T+ (yk—H — Yk +

for 0 < k < n—1 (recall that oy j— 1_1+0"7k1

outputs the final iterate x,,.

for kK = 0, agk—1 is not used as zp — zx = 0), and

Proposition 5.6 (Efficient form as P-OGM-G). Fizn € N, and let {(Zy, Yk, 2x) : 0 < k < n} be the iterates
of P-OGM-G and {z) : 0 < k < n} be the iterates of the composite extension of OGM-G, with Ty = .
Then T = x, for all 1 < k < n.

Proof. As in the proof of Proposition 4.10, by defining z := xp and z, := x} + o p—155 for 1 <k < n, we
inductively show that Zj = x and zj, = x; . For k = 0 this holds by definition. For k = 1, we have

(0,120, —1)

B 2, -1
2=yt 6, (20, — 1) (1—Y0)+

~ ~ 20,1 —1
_ = —_ 1 —_—
29n _1 (yl 330) i) ( +

On

> Vf(Zo) = wo—1,090 = 27 ,

and thus 1 = z1. Assume that the result holds for 1,..., k. Then

L (Onr —1)(20p_p_1 — 1) Zh— T\ 20np1—1

Zh+1 = Yk+1 + B 1 (2005 —1) Yer1 — Yk + P + %0, . 1 (Y41 — Tn)
B Ot — 1)(20p_1 — 1) 2, 1 —1
=T, — gk + NG Y (xr — 2p—1 — (gk — Gr—1) + 5k) ST 9k

(97L—k - 1)(29n—k—1 - 1) 2971—16—1 -1
= _ — 1 _—
Tk + 0 2 20 r — 1) (grk—1 + sk) + - gk

(enfkr - 1)(29n k—1 — 1
- E ok, (95 + Sjt1)
an—k(20n—k - 1) =0 I it

k—2
B (Onp —1)(20p_p1 — 1)
— Z enfk(29n7k - ]-)

ok,j (95 + 8j+1)
=0
(Orn—r —1)(20p—1—1 — 1)

_ e 2977,7](571 - ]-
_ 1 —1 _ - (14 —
On (20, 1) ket gk ) ( H— )g’“

= Tpq1s
where the first equality is from the induction hypothesis and the last equality is from [33, equation 32]. Thus,
Tpy1 = Thyt- O

6 Discussion
In this paper, we developed a general-purpose result for extending optimized first-order methods from the

unconstrained setting to the composite setting, and we applied this to different combinations of algorithms
and performance metrics. Our work suggests several directions for further inquiry, such as the following.
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Different classes of methods. Our result connects methods in unconstrained and composite settings; can
more general connections can be made? These can be, for example, between different problem settings (as
in this paper), between different performance metrics (as in H-duality), or between more general algorithms
(e.g., that use line search or adaptive updates). Developing these connections is a fundamental question in
its own right and could help unify the design and analysis of algorithms.

Further understanding of optimized methods. The starting point for this work is the observation
that optimized methods admit simple proof structures, namely the sum-of-squares term is of rank 0 or 1 (see
the technical overview in Section 1.2). This phenomenon holds beyond the optimized methods we covered
here [45, Chapter 5], and for specific choices of stepsizes for GD it admits an equivalent characterization
in terms of worst-case functions [24, Proposition 4]. On the other hand, it is unclear whether proofs for
“non-optimized” methods such as constant-stepsize GD or AGD admit such structures (see e.g., [16, 31]). It
is an interesting open question to understand the generality of this phenomenon and whether it hints at an
underlying unified theory for optimized methods.

A full reduction. While our main results (Theorems 2.6 and 2.8) provide reduction-style approaches that
are much simpler to invoke than proving convergence rates from scratch, these reductions are not fully black-
box as one needs to verify items (i) and (ii). It would be helpful for the design and analysis of algorithms if
these reductions could be made fully black-box, or more generally if there are other unified approaches for
solving the semidefinite programs arising from PEP-type analyses.
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A Proof of Theorem 2.6

A.1 Implications of (2.1)

In order to establish (2.2), we first parse out (2.1) by comparing the coefficients on its each side.

Linear form. By comparing the coefficients of the linear form in {f;}, we obtain

Nioe—Aei =0, 0<i<n—1,
)\n,o - )\o,n = _Rn, (A].)
)\*,o = Rn

Quadratic form. Here, we compare the coeflicients of the quadratic form in z¢ — x,, {g;}. The coefficient
of (g;,9;) for 0 < i < j < n on the left hand side of (2.1) is

n n
D @it = Gides T D Gk + Ay + A+ 7075 =0,
k=it1 k=j+1

and for 0 < i = j < n the coefficient is Y7, | G idri — 2(Xeyi + Aie) + 3792 = 0. This is equivalent to

o~ ~~ ~~

AO,n + A’rL,O
)\nfl,n + )\n,nfl _n)\ Lin
on+>\no:’)/n (A4)

Also, by comparing the coefficient of (xg — x«, ¢;) for 0 < i < n, we obtain

>\*i:'7i> 0<Z<7’L (A5)

)

A.2 Verification of (2.2)

Assuming (2.1) is true, we show that (2.2) is true by matching coefficients. It is clear that both sides of (2.2)
are linear in {f;}, {h;} and quadratic in xg — x,, {g;}, {s:}-

Linear form. The coefficients of {f;} are from (2.1). For the coefficients of {h;}, it suffices to show that

nl, = —Rye, .
*Al,n
From fi = A + I}*l(x —%5T) and A1, = \ : from (A.1), it suffices to show that
—An—1n
Ao,n - Rn
)\Ln )\l,n
A5, = | ¢ |e(-5D1, =0
)\nfl,n )\nfl,n
_)\o,n _)\o,n
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The right hand side is equal to the left hand side because

Ao, + Ao
- - ’Yn;? = - :
A—1n + Ann—1 [ An—1,n + Ann—1
[ Ao+ Ano + Ao

/\O,n + /\n,O

_>\7L—17" + An,n—l + >\*,n—1
=\—755)1,,

where the first equality is from

Yo =3, = e e 2 (A6

by (A.4) and the second equality is from (A.5).

Quadratic form. Now, we compare the coefficients of the quadratic forms (in zg — x4, {g:}, {si}). The
analysis is more technically involved than that for the linear form, because @;; (in unconstrained setting) is
not equal to Q{j (in composite setting). Thus, we define and analyze an intermediate quantity that connects
these quantities. After this, the comparison is conceptually straightforward yet algebraically tedious.

Setup. It is convenient to first characterize ), ; )\i,ijj, from (2.1) (which is written in Q;;, for uncon-

strained setting). For this, define the pseudo-co-coercivities QV{J obtained by replacing (o — 2, 90, g1, - - -, In)
from Q;; with (xo — x4, 90 + 1,91 + 52, -, gn—1 + Sn, gn + Sn+41), With s, 41 := 0. Then (2.1) implies

1 1
> QL+ 3 llwo — 2. — (90 + s1lg1 + s2| .- |gn + Sng1] V* = Ra(fi — fo) + 5l - w|?. (A7)
i

The difference between the actual co-coercivities Qifj and pseudo-co-coercivities QV{] satisfies
F_pf 1 2, 1 2
Qi; — Qi = (sj41,0i — ;) — 5\\91‘ —gjlI* + 5”91' + 8it1 — g5 — Sj+1l
1 2
= (sjr1, @i = 25) + S llsivs — sjall” +(9i = g5, i1 — 5541)
with s.41 := s,. Therefore, by adding 3, ; A (Qlfj — @fj) on both sides of (A.7) using (A.8),

1
E :/\z‘,ijj + §H$0 — 2. — [0+ 51|91 + s2| - |gn + S0 ] I
,J

1 1
= Ry(fe — fo) + §||$0 —z? + Z Aij <<Sj+1,$i —x5) + §||5i+1 —siall® + (g — g5, 8001 — Sj+1>)
i,

1 1
# s ((ene =)+ glasal? = Gl + {gs,3500 =)
J
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where we split the sum 37, - A; j(Qij — @{j) based on i # * and ¢ = x. Thus, (2.2) is equivalent to

1
Zﬂi,jQ?j = Rn(h* - hn) + §§on _ x*”Q

.7

—_

+{zg — x4 — [go + s1]g1 + 52| .. |gn + Sns1] 7, [s1ls2] - [snlsi] o) — = [s1]s2] - . - |snls:] o]

~——— N

1
=D My <<Sj+179«"i = 2j) + 5 lIsi1 — sivill” 4 (9i — g5, si41 — 8511)
ik,
1 2 1 2 1 T
=2 A (Ssirnme = )+ llsjal® = llsal® + (g5 8541 = 50) ) = 5 Te(VSVT).
J
(A.9)

Category of vectors. For convenience, we categorize the vectors (that constitute the quadratic form)
into different types as follows:

g:9go,---,9n (gradients),
$:81,...,5, (subgradients), (A10)
i:xo— x, (initial distance),

0: 58, = —g. (optimum).

In our subsequent analysis, we divide into different cases based on the combination of these types.
Coefficients of (g,g). These are directly from (2.1).

Coefficients of (g,s). The coefficient of (g;, s;) on the left hand side of (A.9) for0<i<n—-1,1<j<n
is

Z Qg ifk,j — O ifte j {1 < j — 1},
k=i+1
whereas the corresponding coefficient on the right hand side of (A.9) is
n
—Yioj+ Y Akidkg1 — @1ide 1 1{i <G =2 A+ A1 — (e + A1) 1{i =5 — 1}
k=i+1
Thus, the coefficients being matched is equivalent to (with a correspondence of entry (i,5) < (gi—1, 5;))
Hji= 77 + HX+ X,
which is true from (3.2). Note that the alternative form in (3.2) is obtained from (A.2).

The coefficient of (g, s;) for 1 < j < n on the left hand side of (A.9) is 0. For the right hand side it is
—Yn0; + XNj—1.n + Ap,j—1 = 0 from (3.1).

Coefficients of (s,s). The coefficient of (s;, s;) for 1 < ¢ < j < n on the left hand side of (A.9) is

n ~ ~ n ~ . .

Dk ki1t — Oi1flej + D p Ok 1tk J >0
n o~ ~ . .

Zk:i Ak i—1MHki — QO i—1He J=1,

and the corresponding coefficient on the right hand side is
n n
—Yi-104 — Vj—10; — 005 + E O i—1 Mk j—1 — Oj—1,i—1Ne j—1 + g Ok j—1 Ak i—1 + i1 -1+ Aj_1,i—1
k=i k=j
+Aic1,j—1 +Aj—1,i-1 + 0405

n n
= —Y-10j — Yj—10; + E Qhim1 Ak j—1 — Oj—1,i—1Nej—1 + g k. j—1 Mk i1+ 2(Nic1—1 + Aj—1,i-1)
k=i y
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if i < j and

ag;

| —

1 Ny _ 1 1
— Yi—-10; — 501-2 + ;ak,i—l)\k,i—l — e, i i—1 — 5(&‘—1,- + )\o,i—l) 2(>\1 Le T Aejiz 1)+
=1

n
= —_10; + Z&k,i—1>\k,i—1 — fhe,i@ii—1 — (ANi—1,e + Ae,iz1)
=i

if 4 = j. Thus the coefficients matching is equivalent to
Hii+ (Hp)" = —(367 +57) + Hx + (HN) + 22X,
which holds from (3.2) as Hji = HX + X =757,
Coefficients of remaining combinations. The rest of the combinations for inner products involves
Xy — Tx OF S, = —¢y, which only appears in a few entries of (A.9).

e (g,0),(s,0),(0,0): In (A.9), the left hand side has coefficients 0, and the right hand side has coefficients
( espectlvely for (Gis S}, (8, 84) s |82 ]1?) =viow + sy = 0, —yj_10. —0jo +7j_10.+0j0. =0, — 202+

1,

o7 =0.

29

i), (g,7): Straightforward from (2.1).

(4,
o (s,1),(0,4): In (A.9), for <3J7x0 x,) the left hand side has coefficients p. ; and the right hand side
has coefﬁments O 4 A jm1 — Vj = s j-

A.3 Other properties

In this section, we conclude the proof of Theorem 2.6 by providing the remaining details.

> v =0. From the definition of v in (3.3),

ZU = Z(O’k + Ak—1 — Hak) T Ox
k=1
LR LW W

where Y~ 0 = A\, = 7 from (A.5) and (A.6). Thus Y v = R, — pixe. The term pu, o can be calculated as
follows:

Hx.0 = *12[’11”
Ao —Aln — e
>\n,0 + >\*70 + /\OJL 1, 1.7 1
=—1Tg' |- . _<25>5 —17 :
' >\n70_>\n7n—)\.n,
=1+ A1+ Ancim L, , 1, 1
=1TH 3+ 3)7n + Ao — A — Ao
)\1,n
*Ao,n

= )\*,n _)\*,n+Rn :Rna

where the second equality is from the definition of & (3.2), the third equality is from (A.1) and (A.6), and
the fourth equality is from (A.3). Thus, > v =0.
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X7

L is Laplacian. Recall from (3.3) that L = — [?T ) } — ooT. Here, the nondiagonal entries are

clearly nonpositive. The jth row sum for 1 < j < n is

Aj—1n + Anj—1+ A jo1 — -1 — (Z U) 0j =0 (’Yn - ZU) =0,
where the first equality is from the definition of o (3.1), Ay j—1 = ;-1 from (A.5) and the last equality is

from (A.6). The (n+ 1)th row sumis —> 7+ Ao — (D 0) 0 = Ao — 2. v =0 from (A.5).

B Proof of Theorem 2.8

As in Appendix A, we show that (2.4) is true by matching coefficients (whose both sides are linear in
{fi}, {h:} and quadratic in 29 — ., {g:}, {si}), assuming (2.3) is true.

B.1 Implications of (2.3)
We record properties of A’ by comparing the coefficients in (2.3).

Linear form. The coeflicients of the linear form in {f;} yield

6,0 - A/0,0 = 17
)\;’.—)\/.71-:0, ie{l,...,n— 1%}, (B.1)
)\/n,o - )‘/o,n =-L

Quadratic form. The coefficients of the quadratic form in zg — x., {g;} yield

N+ HXN + (HXN)T = 0pn, (B.2)
A{),n + )‘;1,,0 )‘ll,n
: +H : =0,, (B.3)
;’L—l,’l’b + )‘{n,n—l _)\/o,n

Aen + X =R,

n*

B.2 Verification of (2.4) and positive semidefiniteness

Now, we compare the coefficients in (2.4). The derivation for each case is very similar to that in Appendix
A.2 and thus we focus on the equivalent forms presented in matrix.

Linear form. The coefficients for {f;} are from (2.3). For the coefficients for {h;}, it suffices to show that

~/

wl, =—e,.
_>‘Il,n
From /i’ = X' + H='XN and N1 = /: (from (B.1)), it suffices to show that
_)‘n—l n
Ao — 1
li /
1,n 1,n
H N1, = o e N1, =H L ;
n—1,n n—1,n
_/\/o n _A/o n

which holds from (B.3).
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Quadratic form. By using the pseudo-co-coercivities defined in Appendix A.2, (2.4) given (2.3) is equiv-
alent to

R, R,
> Qs = P lgal” = S2 A = &)llgn + sull” + ho — b
4,7
1
ST <<5j+17xi =) + 5181 — sivill” + (9 — g5, 5041 — Sj+1>> (B.5)
.7j
1
-5 Te(V'S' (V).

Note that the term —RT;(l — &|gn + snl|? in (B.5) is cancelled by the summand —R/, (1 — ¢')(e; +
ent1)(e1+ens1)T in S’ from (3.5). Also, for the types of vectors defined in (A.10), we only need to consider
type g and s as we do not use the index .

Coefficients of (g,g). These are directly from (2.3).

Coefficients of (g,s). The coefficients of (g;, s;) for 0 < ¢ < n—1,1 < j < n being matched is equivalent
to
Hi' = HN + X,
which holds from (B.3) and Hj/ = —(fIX)T from (3.4).
The coefficient of (g, s;) for 1 < j < n on the left hand side of (B.5) is 0; for the right hand side it is
Njcipn + Anj—1 — v;. =0 from (3.5).

Coefficients of (s,s). By considering the coefficients of (s;, s;) for 1 < ¢ < j < n, it suffices to show
Hi' + (Hi)" = HN + (HN)T + 2N,
which follows from the corresponding result for the coefficients of (g, s).

Structure of S’ and diagonal dominance. Recall the definition of S’ from (3.5):

/ NT
S:F”“Q}—mm—&@+%ﬂmewmx

o =N
where v/ = [v],... v} ] with vl =X._, , + A, 4.
R/ (’Ul T

The first summand | 7 } is diagonally dominant: in the first row, v; > 0 with R, = X, , + X\, , =
v ; ,

Y
>_ v from (B.4); in the ith row for 2 < i < n+1, the diagonal entry is A, ;_; +A;_; ,, and the absolute sum
of the remaining entries is v,_; + Zkg{i_l n}()\;f,i—l N1 k) = At A

Thus, if we choose &’ € [0,1) such that the (1,n + 1) entry of " is nonnegative, i.e., A}, ;, + X

n,n—1 "
L . : bV bV I
RI,(1—¢&) >0, S is diagonally dominant. In particular, we can choose ¢ = 1 — % (which is

always in [0, 1] from (B.4)).

C Deferred details for Section 5

C.1 Stepsize-accelerated proximal GD

Proof of Theorem 5.3. As in the case of objective function minimization, we first show that the following
key lemma holds.
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Lemma C.1. Forke N andn =25 —1, let X' = N*). Then

A1 Ny =0 0<i<j-2 (C.1)
Yier (S0 =g+l
for all 1 < j < n, where [v), ..., 7h_1] == w®) and 4/, := 1.
Proof. For k = 2 (note that no such entries are included for k£ = 1), all inequalities are straightforward (as
/ A )\/ AI
either A ;_; or A} ; is 0) except — 32 = 1;/3 2% 0 and ;; ~Ma o % —1=0.

Assume that the result hold for k, and consider k + 1. For 1 < j < n, (C.1) holds by the induction
hypothesis with w*+1) = [w (k)mk,w(k)].

For j =n+1, we have \] ;_; =0 foralln+1<i<2nand \j ; =0 for all 0 <i <n— 1. Thus, it only
suffices to consider ¢ = 2n + 1 where

Aot Montimir 1 [(Trm 1 7,1 2p"
n+in n+1,n _ = 1) - = \/§<0<:> 219(1_ >’
T Tnt1 ( 2p" ) V2 2p% m=r Tht1
. _ 7 (T +8pF) =T k 4p" _ k 2"
which holds from ny =1+ Y——F—"— =1+ p" — s i 1+p (1 — Tk+1).
For n+2 < j<2n+1, (C.1) holds from Lemma 4.4. O
By Lemma C.1, for 1 < j <i<n—1,
J—=1 4/ J—=1 s
o D=0 MLic1 2a1—0 My 5
Mg 5 = Yj—1 v - ! 20,
and for 1 <i < j < n,
Dmi AL 2= M
Kij = Vi1 ( 7”, - 7271 >0.
Fori=nand 1<j<n—1,
V-1
,LLn,J - j Z)‘ln 1 2 )
Tn—1 1—=0
and fori=0and 1 < j < n, [M6,1 o ] =10 = e,
For item (ii), as in Theorem 2.8 we take ¢’ =1 — Anncitnoin Rop k= 1 (recall n = 2F — 1) we have

R,
N1+ A1, = 3; for k> 2

/ - Tk y/(k—1) y/(k—1) Tk
M=t + Xom1 = P20 1) A1y/2,n-3)/2 T An—sy/2,(n—1y/2) T 952(E—1) V2

p
_ Tk i 2%k—3 2k—3 Tk
T 20D <\@(p D+p ) + 9p2(h—1) V2
_ Tk
=7
where the formula for aj := )\((: 11))/2 (n—3)/2> by = 5\/((::31))/2 (nfl)/2(k > 2) are obtained from respectively

solving as = 1,a;41 = p a; + p\/§ and by = p,bj41 = p2bl from the recursive definition in Proposition 5.2.

Finally, from [25, Lemma 4], & ~ opitymmr ~ s 0
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C.2 Proximal OGM-G

Before the proof of Theorem 5.5, we present the following lemma that will be used throughout our analysis.
This quantitatively characterizes the sequences {6;} and {y;}.

Lemma C.2. (a) (Difference of {6;}). 0;41 —0; > % for all 0 < i < n—1 and 0,41 — 0; < 3 for all
0<i<n—-2.
(b) (Concentration of {@i}). iy1 = 3,0iv2 = . pits = = foralli > 1 and ¢; < 3,041 <1+ % for
alll<i1<n—1.

14+4/14462  144/462426,+1 i
LHo s L =0;+3. 0, —0,_1> 1 directly

Proof. (a) For0<i<n—2, 91‘4—% <Oy =
follows.

(b) The upper bounds hold from 6; 1 < 6; = ¢; =1+ 021';; < % forall1 <i<n-—1and V20, 1 <6, =

on =1+ 9’;‘1 <1+ % For the lower bounds, it is straightforward to see that ¢; is increasing in i

and ¢, > 2. Thus, it suffices to show that @3 > 4,3 > B ¢y > I (for n > 5).

These are respectively equivalent to

05 .

| Ot

3
O < b, O3< by, 04 <
2 8
From (a), we know that 6; > %—!—1 and in particular 6; > %,02 > 2. Thus from (a), 02 < 61 + % < %01
and 03 < 0y + % < %92, proving the first two inequalities. The last inequality holds from 6, =

14+/14462
2

1+%93—1
2

< = 293, from 63 > g

O

Proof of Theorem 5.5. For item (i), we calculate i’ = N + H ~1)\" and show the corresponding nonnegativity.
For notational convenience, we will mainly consider these matrices scaled by 1/62.
First, note that from

“wr j=itl
1 . .
P =1+4+2
- %, J=1t
! _ 1 1 . .
[(1V0)N]ij =z~ — 52 i=mn,j=1
1 1 . .
vy i e— T="nNn 2 < <n
202, T 202, ESTS
0 else,

its (j — 1,7) entries are negative, whereas the rest are nonnegative.
The main technical part is to calculate H~1). First, note that the stepsize matrix H of OGM-G satisfies
the following (the proof is analogous to that of Lemma 4.8 and hence is omitted):

H=U(0,...,00) ' U(pn,...,p1)diag(20, _1,...,200)
= H ' =U;'diag(1/(20n_1), ..., 1/(200)U(@n, ... 01) U (bn,....01).
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i=j—1

202 _,
, o 57— j=i-1
Thus with [(1/0;)N]i; =4 7" . we have
97 _— 927 1 = j = 1
n n—1
g =22,
- I~ i+2<j<n-1
2071—7+1 20n—]
07 3 i+2<j=n
On—i . .
s —gr . itl=j<n-1
2992§ 013 itl=j=n
[(1/07%)(](0117 . 791)>\/]Z,J = 2962"71 =7 = 1
T 2<i=j<n—1
—% 1=7=n
297131;+1 t=j+1
0 else.

Similarly as before, we fix j and solve an equation with respect to the jth column. We divide this step into
two cases.

~

Typical columns (2 < j < n—1). Here we consider a jth column of (1/02)U(0,,...,01)\, which is given
as

This column, after premultiplying U(pp,...,@1) "}, satisfies the following properties. The proof for the
following lemma is similar to that of Lemma 4.9 and is deferred until later.

Lemma C.3 (Linear system for typical columns). For 2 < j < n — 1, let 2'(j) be the unique solution

o =[zq,...,2] of

(% _ #) 1. ]
203,_j+1. 29§_j1 J= .
297:2:#21 T, On—jyoOn—jy1 — On_jio — Op_ji1
Ulpn,---y01)x = 29n—j+101217j 7% = —(20p—j41 — 1)p_j11
1"*3' 0n7j+10n7j
2005 0n—j—1
L 0n—j—1 J
Then the following hold.
(a) x, =+ =al o =0,27, >0,2; <0 and z;_; > 0.

(b) Forj >3,z 5 <0 andz) = i::’;;lzgchl forall1 <k <j—3.

2 1, On_jt1 .1
(¢) =0 _ji1+ 3251 — 20, ¥ = 0-

. Or_j
M)Ewg}&@ij+2%£ix}2—%%,@>Q
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1 L
20, —i t= ‘7

Note that U, 'diag(1/(20p—1),...,1/(200))]ij = § —35~— J =i+ 1 holds. Thus with Lemma C.3 and
0 else
2’ = 2/(j), the (i, ) entry of (1/62)H~'N = (1/62)U; 'diag(1/(26n_1), .- .. 1/(200)Un(@ns - - ,01) " U (B, . .., 01) N

is given as

1 1 / 1 / ;

205 +10%_; (29n—1xi - 20w,—i—lxi+1> l<isn-—1
1 1 . -

0,5 0T (%xn) =0 i=mn.

In particular, except for i € {j — 2, j}, the (i,7) entry of (1/62)H ') is nonnegative as

1, 1 , 1 1 , o
- i+1 2 - 120, 1<i<j—3,
2911—1'% 2971—1‘—1%“ (29n_i 29n_i_1>x1+1 (W]
1 , 1,
s >0,
P Tj-1 20,,_; Zj

1 !/
0,520
by Lemma C.3 (a) and (b).

Summing up what we have shown so far, for (1/62)(A+ H~')\) it suffices to show that the (4, j) entry is
nonnegative for ¢ € {j — 2,7 — 1}. For ¢ = j — 2, this entry is given as (from Lemma C.3 (c))

1 1 1 / 1 / 1 2 9"—j+1 / 1,
e gt )= (g2 DT ) >0,
29§_j+1+29n,j+193_j (29nj+2xj—2 29nj+1z3—1> 202_,,,0%_; < n—j T 29n,j+2“5—2 5 %1

and for ¢ = j — 1 this entry is given as (from Lemma C.3 (d))

1 1 1 1 1 , 1, b
- AP S/ [ P A £ L2 A Y
202, 20, 02 (29n_j+1xﬂ—1 20,_; xﬂ) 202,02, ( n—i+1 T oT-1 T e T

n

o~

Special columns (j € {1,n}). The first column of (1/62)U(0,,,...,01)N is given as

__On
202

n—1

20,1 ’
0n—2

from which it is trivial to check that the (i,1) entry of (1/9,21)1;'_1X is nonnegative for all 2 < i < n (in
particular, is equal to 0 for all 3 < i < n).
The nth column of (1/62)U(6,,,...,01)\ is given as

B S e
(29% 95) n—2
Oy 1
202 02
1 0 0

0o

As in the case of typical columns, we solve the corresponding linear system as follows.

Lemma C.4 (Linear system for nth column). Let y' = [y1,...,y.,] be the unique solution of
1 1
(goz —gp)ln-2]  [-(202 - D1,
Ulpns--vp1)y =20 | afr—gqz | =] 62-267
i —263
0

Then the following hold.
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(a) yp, =461 < 0,9,y = 55 (02 +201 = 2) > 0,y;, 5= — (02— 1~ (p2 = 1)y}, 1)

(b) yj, = Z=ypy for all 1 <k <n—3.

< 0.

For 1 < i < n— 3, the (i,n) entry of (1/§2)H~*\ is nonnegative from

(2071 [3 o 2971 i— 1>y7‘+1 =

The (n —2,n) entry of (1/62 YA+ H- 1/\) 202 (ﬁyg_g - ﬁy&_l) + ﬁ > ﬁ (6

where
1 1 1 1
91—5%71‘1‘59;72:91—511;71_%(92_1—(@2—1)9;71)
1 3
291—§y;,1—§(92—1—(<p2—1)y;,1)
3 309 — 7
=0, ——=(6—1
1 8( > — 1)+ g Yn-1
3 3 7
=0; ——=(6,—1 —— — (0 20 — 2
1 8(2 )+'(8 8@2)( b + 201 )
3 9
291_*(92—1)—5(924-291—2)
21 15
4*91 —0y + —

16 32 16
7 21 3 15
> —0; — — <91 + ) + —

~ 16 32 16
2@}07

32

1 /
20, % ~

1 /
20, 1 Jit1 2

— 3Yn 1+ 3 o)

and the (n—1,n) entry of (1/62)(A+H~1A) is 9% (291 Yno1 — 50 y;z) —ﬁ P ﬁ (3v_1 — 3y, — 63) where

1 3
—9? + iy;_l - Zy; = —93 + T@(92 + 291 — 2) + 391

:01—14—27%02(924-291—2)20.

Nonnegativity of s ;. Finally, for [po1 ... pon] = —15@’ + f[‘ly), we have

—(ONIN = [~ wE i On-e]

n—1

and
—(1/62)1T(H N = —17U; ' diag(1/(200_1), -, 1/(200))(1/02)U (0, - .., 1) " U(Bns - .., 01) N
1 N
=5 T (102U (pny ... 01) U Oy .., 01N .
n—1
We know that (1,7) entry of —(1/62)U(n, .., 1) U (O, ..., 00)N is nonnegative for all j # 2. Thus it

suffices to verify the nonnegatlwty of the first two entrles of —(1/92)1T(X + H-\).
L) (60 + 2

w - w

tpn1

The first entry is
) = 29571 (2% (0 —|— ) Oy + e 1) where from Lemma C.2,

1 O 203 1 O 0n — 1)0,_
(9n+1)_9n1+ 1> (9n+ 1)_0n1+()1

2¢ On—1 62 24+2 On—1 0,
1 2 1
> V20,1 + 26, ) — 014 =01 =0
9 T \/i < 1 3 1 1 2 1
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The second entry, for n > 3, is (letting 2’ = 2'(2)) — 452 192 )+ 5r— = 3 1627 (=42} + 62_,) where

S 156 (en ) 4202, — 6 1) — %(29271 —On1 + wé)) + (671 = bn-1)
> 3 (1200~ e 0= ) -0
> 7% (7()(6)” — 1)+ 2002, —0,1) — 3(292 1= bOno1) — iﬁn—l) + (01— On1)

L (062, — 420, +50) > 0.

n—1

T 112
. P 1 1 1 1
Finally, the second entry for n = 2 is f@y’l + 507 = 307 (fiy’1 + 91) where

1
—53/1 + 01

1

WV

1
—5 (02 +200 =2) 10,

1
—(6, — 6 2
3(1 >+ 2)

1 3.1
(-6 —5+2) >0,
3(1 2! 2+> 0

. . . 1+\/1+802
where in the second inequality we used 65 = L g 1+391.
. . Al +A
For item (ii), we can take ' = 1— % where X, _; 4+ X, 1 =02 (ﬁ + ﬁ - ﬁ) = @9%

1 1 3
forn>2 Forn=1,\,_;,+\,,_ =@ Es1

O
We present the proofs of the technical lemmas within the previous parts as follows.
Proof of Lemma C.3. For notational convenience, let i := n — j (which implies 1 <i < n — 2).
(a) Since U(pp,...,®1) is upper triangular, we can solve the equation iteratively starting from a7 , which
yields z;, = -+ = 2%, 5 = 0. Also,
Oi10;
x}_H = +% > 0,
Pi
1
J}; = (29 — 91'_;'_1 + I;+1) <0,
@H
1
xh_y = Oir20iy1 — Oiya — Oip1 — 2 —
j—1 901'+2( +2Vi+ + +1 7 j+1)
1
= ——(Oig20ip1 — Oiva — Oip1 + (207, — Oiv1) + (0ig1 — 1))
©i+2
1
= (Bivo(Bisr — 1) + 267 + (i1 — 1)}),
Pi+2
where ffom (pip1—1)7) = =22 (202, —Oip1 +2541) > —5 (202, —0ia +~”C§+1) —5(3071 —0i41),
@iy > o (i1 + 5) Bir — 1) + 20071 — 0in1) — 530711 — 0i1)) = 550 (307, — 401 —1) > 0.

(b) Solving the equation yields




which implies z) =
L (12

Pi+3

1 / / _ Pn-k—=l g : / _
m(—ka + Pn—kTppy) = - i Ty forall 1 <k < j—3. From 2} , =

"1 —a; — ), it suffices to show that 2 ; + 2 + 2, > —1, which is equivalent to

1 1 1 1 1
(9i+20i+1_9i+2_0i+1)_ (1 - ) (2012+1—01+1)+(1 - > <1 - ) —91-“01- > —1.
Pit+2 Pi+2 ) Pi+1 Pi+2 Pi+1/) Pi

By Lemma C.2, > g and < %1“, wl+2 < % (note that here, i +2 < n as j > 3). Thus the left

hand side is lower bounded by

2 2 3\% 2
§(9i+29i+1 —0ir2 —0iy1) — (1 - 3> ~(207, — 0i41) + (1 - 4> §9i+19i
1
= 24(16014_2( i+1 — 1) — 1291_,'_1 1091‘4_1 + 91‘4_191')
1
> 24((16@+1 +8)(0;41 — 1) — 1207, — 100,11 + 67)

= *(49?“ — 180,11 + (6%, — 6i41))
= (591+1 190;41) > —1,
as desired.
(c) First, note that %‘71 > 0 and x; < 0 from (a). Thus

91+1 /
20,

1 1
9z+1+2;1* 91+1+2(;1 )

11 9 o1
—07,, + 27(91+2(9z‘+1 — 1) +20; + (piy1 — 1)2}) — 5% -

Consider first the case where i £ n — 2. Then ﬁ > %, implying

1 1 1
— 07 + 5@(9i+2(9i+1 — 1) + 207 + (pir1 — 1)) — 2%

1 1 1 1
071+ 5 3 <<9i+1 + 2) (Bix1 — 1) +2(67; — i) + 2%) - 533;

5 1 1
=gl 53
Since —sc;» > %(20$+1 — 01 + x;H) > % (291-2+1 — 041+ %9i+19i) > %6‘ (from 6; > 6, > %) the

final term is lower bounded by 9924_1 9i+1 — % >0 (from ;41 202> 1+ %)
If i =n — 2, then T >2— /2 and Oito = \/591'-&-1, implying

11 1,

2 !
91+1 + 2@(9i+2(9i+1 - ].) + 291 + (4,01+1 - 1)1'j) — §{Iij

1 1
(\/@Hl(ﬁiﬂ -1)+ 2(91+1 Oiy1) + 21‘;) — 55(:;

1
>0 4+ ——
oy 2

1
Oy — ——a,
+1 22"
\/>

91+1 i1 20,

_ 17425
—_—

where the last inequality is from 6;1 > 05 =

39



(d) First, note that 2, <0 and 2%_; > 0 from (a) and (b). Thus

0; 1 1
7
—02 1 1 / / 1 /
i+ 20its (-1—ajy —a; —afy) 9Ti-1

From Lemma C.2, this is lower bounded by

) 1
07 + ﬁ(—l — TGy — T — ) — 533;‘71
5 6 5
=07 — Ve ?559_1 - ﬁ(9i+29i+1 —0ir2 — Oiy1 — i2t]_q)
5 5p;10 — 12
=07 — 14 — (g2 —1)(0i1 — 1) + 7@1+124 x;»_l
2 5 19 9 ,
207 = 1402 = 1)(0is1 — 1) — %(9i+2(9¢+1 — 1)+ 207 + (piy1 — 1))
16 5 19 19 pit1
£‘9@2 12 Girz = D(0is1 = 1) = 250i2(0i41 — 1) + =5 ;z“ (293“ Ois1+ 25 14)
16 5 19 19 2
35‘9@2 12 Oirz = D(0is1 = 1) = Z50i2(0i41 — 1) + o5 <2912+1 i1+ 391'2)
5 1 19 3 19 2
gef 1201 = PO = 1) = (01 + (01 — 1) + 505 (29 —bip1 + §(9?+1 - 9i+1)>
1

> ﬁ(01+1 601 +12) > 0.

O

Proof of Lemma C.4. (a) The formulae for y/,, yn 1, Y _o can be derived straightforwardly by solving the

equation, with 62 = 0;+1 and ¢; = 3‘*‘\[

from 02 ~1— (23— 1)y}, = B2—1(1 - 7) (020, —2) > Oo—1-1(02420,-2) = 2 (62 — 0, — 1) > 0.

. The only nontrivial inequality is yn 5 < 0, which holds

(b) The proof follows as in Lemma C.3 (b).
O
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