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Abstract This paper generalizes the optimized gradient method (OGM) [9,15,16] that achieves the op-
timal worst-case cost function bound of first-order methods for smooth convex minimization [7]. Specif-
ically, this paper studies a generalized formulation of OGM and analyzes its worst-case rates in terms
of both the function value and the norm of the function gradient. This paper also develops a new algo-
rithm called OGM-OG that is in the generalized family of OGM and that has the best known analytical
worst-case bound with rate O(1/N'®) on the decrease of the gradient norm among fixed-step first-order
methods. This paper also proves that Nesterov’s fast gradient method [24,26] has an O(1/N15) worst-
case gradient norm rate but with constant larger than OGM-OG. The proof is based on the worst-case
analysis called Performance Estimation Problem in [9].

1 Introduction

First-order methods are favorable for solving large-scale problems because their computational complexity
per iteration depends mildly on the problem dimension. In particular, Nesterov’s fast gradient method
(FGM) [24,26] achieves the optimal worst-case rate O(1/N?) for decreasing smooth convex functions after
N iterations [25], and thus has been widely used in (large-scale) applications. Recently, the optimized
gradient method (OGM) [9,15,16] was found to achieve the optimal worst-case cost function bound of
first-order methods (with either fixed-step or adaptive-step approaches) for smooth convex minimization
in [7], whereas FGM achieves that bound only up to constant.!

Building upon [9,15,16], this paper presents two different ways of generalizing OGM and its develop-
ment. First, this paper specifies a parameterized family of algorithms that generalizes OGM, and provides
worst-case bounds on the function and gradient norm values for this family. Like the generalized forms of
FGM [3,26] being widely used and studied (e.g., [1,3,29]), we believe introducing the generalized OGM
here can be potentially useful. Second, this paper optimizes the step coefficients of fixed-step first-order
methods with respect to the rate of decrease of the cost function’s gradient norm, leading to a new
algorithm called OGM-OG (OG for optimized over a gradient). This development expands the choice of
worst-case rate metrics for optimizing first-order methods in [9,15,16] that focused on the cost function
decrease leading to OGM. We next briefly review the Performance Estimation Problem (PEP) [9] that
was used in [9,15,16] to develop OGM and that we extensively use throughout the paper.
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1 There is a backtracking line-search version of FGM [25] that also achieves the optimal worst-case function bound up

to constant, which is sometimes more useful than the fixed-step FGM in practice. However, such backtracking line-search
version of OGM with a fast worst-case bound is yet unknown (unlike the fixed-step OGM [9,15,16]), while recently an
exact line-search version of OGM is developed in [8].
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Drori and Teboulle [9] cast a worst-case analysis into an optimization problem called PEP? [9] that
examines the maximal absolute cost function inaccuracy over all possible inputs (cost functions) to the
optimization algorithm. (See e.g., [5,8,10,15,16,17,18,19,30,31] for its extensions.) Moreover, Drori and
Teboulle [9] optimized numerically the step coefficients of first-order methods using PEP for smooth
convex minimization, and found an algorithm whose worst-case bound is lower than that of FGM, but it
required too much computation and memory to be appealing for large-scale problems. Building on their
work, the authors [15,16] found computationally and memory-wise efficient version, called OGM, and
showed analytically that OGM satisfies an analytical worst-case bound that is twice smaller than that of
FGM. Drori [7] showed that the OGM is optimal for large-dimensional smooth convex minimization over
a general class of first-order methods with either fixed or adaptive step sizes [7]. This OGM has been
numerically extended for nonsmooth composite convex problems in [30]. In addition, this OGM-type
algorithm was already studied in the context of a proximal point method [13, Appendix].

Using the PEP approach [9], this paper proposes a generalized version of OGM (GOGM) and analyzes
its worst-case rates in terms of both the decrease of the cost function and the decrease of the norm of
the gradient of the cost function. The results complement the worst-case analysis of the OGM [15,16],
and expands our understanding of OGM-type first-order methods.

This paper analyzes the worst-case rate of the gradient norm (in addition to that of the cost function)
because it is important when dealing with dual problems, considering that the dual gradient norm
corresponds to the primal distance to feasibility (see e.g., [6,22,27]). While FGM has not been shown
previously to satisfy a rate O(1/N15) for decreasing the gradient norm, modified versions of FGM with
such rate were studied in [11,21,27]. This paper proves that FGM in fact does have that rate, building
upon [31] that numerically conjectured such rate for FGM using the gradient norm version of PEP. For
further acceleration of the worst-case gradient norm rate, we optimize the step coefficients of first-order
methods with respect to the gradient norm using PEP and propose an algorithm named OGM-OG that
belongs to the GOGM family and has the best known analytical worst-case bound on rate of decrease
of the gradient norm among fixed-step first-order methods.

One can extend some aspects of the approaches for generalizing OGM described in this paper to other
optimization algorithms and problems. One direction we have already taken in [17] aims to improve the
fast iterative shrinkage/thresholding algorithm (FISTA) [2] (that reduces to FGM for smooth convex
problems) for nonsmooth composite convex problems. Naturally, this paper and [17] use some similar
approaches, but they are different; the methods in [17] when simplified to the smooth case correspond
to a generalization of FGM that differs from the GOGM. Another direction we have recently taken in
[18] focuses on optimizing the step coefficients of first-order methods with respect to the gradient norm
under the initial bounded function condition that is different from the initial bounded distance condition
used in this paper.

Sec. 2 defines the smooth convex problem and the first-order methods. Sec. 3 reviews and discusses
worst-case analyses of a gradient method (GM), FGM, and OGM for both the function value and the
gradient norm. Sec. 3 also reviews first-order methods that guarantee an O(1/N!-%) rate for the gradient
decrease. Sec. 4 reviews the cost function form of PEP [9] and reviews how the OGM [15] is derived
using such PEP. Sec. 4 then proposes a generalized version of OGM (GOGM) using the cost function
form of PEP, and Sec. 5 provides a worst-case gradient norm bound for the GOGM using the gradient
form of PEP. Then, Sec. 5 optimizes the step coefficients using the gradient form of PEP and proposes
the OGM-OG that belongs to the GOGM family. Sec. 5 also proves that FGM decreases the gradient
norm with a rate O(1/N'®). Sec. 6 and Sec. 7 provide discussion and conclusion.

2 Smooth convex problem and first-order methods
2.1 Smooth convex problem

We focus on the following smooth convex minimization problem

win f(e), )

2 The original PEP was intractable to solve, so a series of relaxation on the PEP was introduced in [9] to make it

possibly solvable, which we review in Sec. 4.1.



where the following additional conditions are assumed:

— f : R? = R is a convex function of the type Ci’l(Rd), i.e., continuously differentiable with
Lipschitz continuous gradient:

IVf(z) = Vi@l < Lllz—yll, Yz,yeR’ (2.1)

where L > 0 is the Lipschitz constant.
— The optimal set X, (f) = argmingcpa f(x) is nonempty, i.e., the problem (M) is solvable.

We use Fr,(R?) to denote the class of functions that satisfy the above conditions. We also assume that
the distance between an initial point &y and an optimal solution x, € X(f) is bounded by some R > 0,
ie.,

lzo — || < R. (2.2)

2.2 First-order methods

To solve (M), we consider the following class of fized-step (or non-apdative-step) first-order methods
(FSFOM), where the update step at (i + 1)th iteration is a weighted sum of the previous and current
gradients {V f(xy) }i_, scaled by + with fixed constant step coefficients {h; 11, };_, that are not adaptive
to the given f and xo (and thus L and R). This class FSFOM includes GM, FGM, OGM, and the methods
proposed in this paper, but excludes line-search-type methods.

Algorithm Class FSFOM
Input: f € Fr(RY), xy € R
Fori=0,...,N -1

L
Tit1 =Ti — 7 kz,ohi“vkvf(m‘k)-

3 Review of the worst-case analysis of FSFOM

This section reviews the worst-case analysis of existing FSFOMs (and simple variants thereof) in terms of
bounds on the cost function and gradient norm. Sec. 3.1 reviews the worst-case cost function decrease of
GM, FGM, and OGM. Sec. 3.2 presents both FSFOMs (including GM, FGM, OGM and some variants)
that have either O(1/N) or O(1/N'5) rate for the worst-case gradient decrease; it also reviews an
O(1/N?) lower bound of the worst-case rates of first-order methods for decreasing the gradient norm.

3.1 Function value worst-case analysis of FSFOM

The simplest example of a FSFOM is the following GM that uses only the current gradient and the
Lipschitz constant L for the update.

Algorithm GM
Input: f € Fr(RY), o € R
Fori=0,1,...
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This GM monotonically decreases the cost function [25] and satisfies the following tight® worst-case
bound [9, Thm. 1], for any ¢ > 0,

LR?
i) — ) < ——.
Among the class FSFOM, the following two equivalent forms of FGM [24,26] have been used widely
because they decrease the cost function with the optimal rate O(1/N?).

(3.1)

Algorithm FGM1 Algorithm FGM2
Input: f € .7:L(Ral)7 zo = yo € R?, Input: f € J-'L(R"l)7 zo = yo € R?,
to = 1. to = 1.
Fori=0,1,... Fori=0,1,...
1 1
Yir1 =i — — Vf(z:) Yir1 =i — — Vf(zi)
L L
14 4/1+ 4t2 1<
tigr = —F Zi41 =0~ 7 >t V()
2 k=0
t; —1
Tit1 = Yir1 + —— Yit1 — i) 14 4/1 442
tit1 tiy1 = ————,
2
1 1
Tit1 = | 1— Yi+1 + Zit1
tit1 tiy1

Specifically, the FGM1 and FGM2 iterates satisfy the following worst-case cost function bounds [15,24
26] for any ¢ > 1:

3

LR2 2LR2 LR2 2LR2
flyi) = f(zs) < 22, = G+ 12 and  f(xz;) — f(zs) < 2—tf < i+ (3.2)

A

where the parameter ¢; satisfies

1+ 2

7=t and t; > for all 4. (3.3)
=0

A generalized form of FGM in [3] uses parameters ¢; satisfying ¢ty = 1 and ¢7 < t? ; + ¢;, including
the choice t; = ”Ta for any a > 2. There is another generalized form of FGM in [26], and these gen-
eralized forms of FGM have been widely used and studied (e.g., [1,3,29]). Similarly this paper studies
generalizations of the OGM.

Building upon [9] that optimized numerically the step coefficients over the cost function form of PEP,
the authors [15] developed the following two equivalent forms of OGM, as reviewed in Sec. 4.

Algorithm OGM1 Algorithm OGM2
Input: f € .7:L(Ral)7 zo = yo € R?, Input: f € J-'L(R"l)7 zo = yo € R?,
6o = 1. 6o = 1.
Fori=0,...,N—1 Fori=0,...,N—1
1 1
Yiv1 =z — V(@) Yiv1 =z — V(@)

14,/14+462
———* i< N-2

1
, i=wo— — S 20
Oir1 = 1+,/f+862 T kz—:o eV
—Y—*, i=N-1 ’2
1+,/1+462
Iy 14497 i< N -2

Tit1 = Yit1 + bi = (Yiv1 — yi) Oit1 = 2’
Oit1 14/1+867 i=N_1
6; 2 ’
+ (Yir1 —x)
Oit1 Tip1=(1- Yiy1 + Zi+1
0it1 0it1

3 A tight worst-case bound denotes an inequality where the equality holds for some function f. For example, [9, Thm. 2]
shows the bound (3.1) is tight.



The OGM iterates satisfy the following worst-case cost function bounds [15,16]:

LR? LR?
fyi) = (=) < 07 S Ve (3.4)
for any 1 < ¢ < N, and
LR? LR?
flan) S € 3 S e T (35)

The parameter sequence 6; satisfies

1+1 . i+2 .
i <N-1 H2 < N1,
92 = { l:]% b = ’ and 97, Z { 2 '= (36)

1 -1 . i .
23, 0 +0n, i=N, e, i=N,

which is equivalent to ¢; (3.3) except at the final iteration. The bounds (3.4) and (3.5) of OGM are about
twice smaller than the bounds (3.2) of FGM, so OGM decreases the cost function faster than FGM in
the worst case (and often in practice [14]). In addition, the bound (3.5) on the final iterate xx is tight
and satisfies the optimal worst-case bound of general first-order methods including both FSFOM and
adaptive-step first-order methods, when the condition d > N + 1 holds [7].

The additional term #il(yiﬂ — x;) of OGM1 and the additional constant 2 for the update of z;
of OGM2, compared to FGM1 and FGM2 respectively, along with the parameter 6y, are what make
OGM optimal (for d > N + 1). One of the main goals of this paper is to generalize the form of OGM
and analyze the worst-case rate of such generalized OGM in terms of both the function value and the
gradient norm, complementing the bounds (3.4) and (3.5) on the function value of OGM.

The next section studies the worst-case rate of the gradient of FSFOM.

3.2 Gradient norm worst-case analysis of FSFOM

When tackling dual problems, it is known that the gradient norm worst-case rate is important in addition
to the function value worst-case rate because the dual gradient norm is related to the primal distance to
feasibility (see e.g., [6,22,27]). One simple way to find a (loose) worst-case bound for the gradient norm is
to use the well-known convex inequality for convex functions with L-Lipschitz continuous gradients [25]:

s IVI@IP < @)~ f (o 197@)) < flo) - flen), v R, (37)

as discussed in [25,31]. Combining the bounds (3.1), (3.2) and the inequality (3.7), for any ¢ > 1, the
GM iterates satisfy

LR
Vi) < V2L(f(x;) — f(xy)) < , 3.8
IV f (@)l < V2L(f (i) — f(=.)) N (3.8)
and the iterates of FGM satisfy
LR 2LR LR _2LR
il < < ) d il < <—. .
IVF@)l < 7 < =0, and (Vi) < = < 22 (39)
Similarly for any 1 <4 < N, the OGM iterates with the bounds (3.4) and (3.5) satisfy
LR V2LR LR _ V2LR
Viy)ll < < = , and ||Vf(x < —X< . 3.10
V7wl < 57— <250 ad Vi@l < 5 < 3 (3.10)

Unfortunately, using the inequality (3.7) provides at best an O(1/N) bound due to the optimal rate
O(1/N?) of the function decrease. Furthermore, in general using (3.7) need not lead to tight worst-case
bounds on the gradient norm.

Using a different approach, a smaller O(1/N) worst-case bound for the gradient norm of GM was
derived in [27], as reviewed in next section. While the bounds (3.8), (3.9), and (3.10) are not guaranteed
to be tight, the next section shows that the worst-case gradient bound (3.10) on the final iterate xn
of OGM is in fact tight and thus has the same disappointingly slow O(1/N) worst-case bound on the
gradient norm as GM.



3.2.1 FSFOM with rate O(1/N) for decreasing the gradient norm

This section uses the following lemma stating that GM monotonically decreases the gradient.

Lemma 1 [22, Lemma 2.4] The GM monotonically decreases the gradient norm, i.e.,

Hw (e~ 17/@) H <V @)l (3.11)

The following theorem reviews a simple proof in [27] that provides a worst-case gradient norm bound
for GM with rate O(1/N) that is smaller than (3.8), where [22, Thm. 6.1] additionally considers Lemma 1.

Theorem 1 [22, Thm. 6.1], [27] Let f : R? = R be Fr(R?) and let xg,--- ,xx € R? be generated by
GM. Then for any N > 1,

. V2LR
ie{g}}?’N} [IVf(z)|| = IV f(zn)]| < m (3.12)

Proof Lemma 1 implies the first equality in (3.12). Using (3.1), (3.7), (3.11) yields:

LR2 (3.1) (3.7) 1 &
T3 2 S S = S - S g 3 IVl

B1) N—m+1
> T||Vf(ﬂ7N>||27

which is equivalent to (3.12) using m = [N/2] for which m > ¥=2 and N —m > &.

Inspired by the conjecture in [31, Sec. 4.1.3], the following theorem shows that the O(1/N) rate of
the worst-case gradient norm bound (3.12) of GM is tight up to a constant.

Theorem 2 Let g, - ,xn € R? be generated by GM. Then for any N > 1,

LR
<  max min Vfi(x;)||=  max Vi(x , 3.13
N1 S cmex, ie{o’___7N}|| f i)l o, IV f(@n)ll (3.13)
z.€X(f), m*eX(f)
llzo—z«||<R llzo—z«||[<R

where the inequality in (3.13) is achieved by the following function in Fr,(RY):

(@) {N+1||x|| i el >

N+“ (3.14)
5 llll?, [l]| <

N+1
Proof Lemma 1 implies the equality in (3.13). Starting from xo = Rv, where v is a unit vector, the GM
iterates are

) LR
( . )Ru V(@) = iy, i=0.N,

which implies the inequality (3.13).

We next show that the bound (3.10) for the gradient norm at the final iterate y of OGM is tight
and and that its worst-case function is a simple quadratic function. Note that OGM was derived by
optimizing a worst-case bound on the cost function decrease and its behavior in terms of gradient norms
was not investigated previously.

Theorem 3 Let xg, - ,xn € R? be generated by OGM. Then for any N > 1,

LR V@LR)
max min Vf(x;)||=  max Vi(x =— | < , 3.15
i ([Vf)l = max (9@ = g (<30 (3.15)
z. €X(f), z. €X(f),
llzo—w.||[<R llzo—a«||<R

where the worst-case function in Fr(R?) for OGM in terms of the gradient norm is the quadratic function

$x) = §llx|>.



Proof See Appendix A.

Comparing (3.12) and (3.15), we see that GM and OGM have essentially similar worst-case gradient
norm bounds. This is a dilemma because OGM is the fastest FSFOM in terms of the worst-case cost
function bound, but is as slow as GM in terms of the worst-case gradient norm bound. Therefore, one
of the main goals of this paper is to study optimizing the step coefficients of FSFOM using PEP with
respect to the gradient norm in Sec. 5.4.

We next discuss the specific FSFOM in [27] that decreases the gradient norm with a faster O(1/N*-%)
rate.

3.2.2 FSFOM with rate O(1/N15) for decreasing the gradient norm

Searching for a FSFOM that decreases the gradient norm faster than the O(1/N) rate of GM (and
OGM), Nesterov [27] (among other variants of FGM [11,21]) considered performing FGM for the first m
iterations, and GM for the remaining iterations. He showed that this method, which we denote FGM-m
, satisfies a fast rate O(1/N'?) for decreasing the gradient norm. In [6,22,27], FGM-m for m = |N/2|
was used to solve dual problems. To pursue a faster worst-case rate (in terms of the constant factor), we
consider here another variant that performs OGM for the first m iterations and GM for the remaining
iterations, which we denote OGM-m .

Algorithm OGM-m
Input: f € .FL(Rd), zo=yo €R?, Yo=1, me {1,...,N —1}.

Fori=0,...,m—1
1
Yir1 =i — V(@)

14, /1+492
—t " i<m-2
Vig1 =

2 )

1+4/1+802

5 , t=m-—1

19. _ .
Tit1 = Yit1 + —— Yit1 — Yi) + —— (Yir1 — %)
191’-0—1 ’19i+1

Fori=m,...,N—1

1
Tip1 =T — va(mi)

The following theorem bounds the gradient norm of the OGM-m iterates, inspired by the proof in [22,
27] for the worst-case gradient norm bound of the FGM-m iterates. The worst-case bound of FGM-m
in [22,27] is asymptotically v/2-times larger than the following new bound (3.16) for OGM-m .

Theorem 4 Let f : R? — R be Fr(R?) and let xo,---xy € Re be generated by OGM-m  for
1<m< N —1. Then for any N > 1,

V2LR
(m+1)VN —m+1

min }IIVf(wi)ll <IVf(zn)l <

o min (3.16)

Proof Using (3.5), (3.7), (3.11) yields:

LR2 (35) (3.7) 1 N
2z = J@n) = f@) = f(a:NH)ff(a:*Hi;||Vf<mi>||2

61D N —m+1

2
SN L 9 a2
which is equivalent to (3.16) using ¥, > mTJ;l that is implied by (3.6).

The bound (3.16) is minimized at a point close to m = |2N /3], leading to its (approximately) smallest
constant 28 with the rate O(1/N'5).

Other variants of FGM having O(1/N!-%) worst-case gradient bounds were derived in [11,21]. Such
variations of FGM (including FGM-m) were derived since, prior to this paper, it was unknown whether
or not FGM decreases the gradient norm with the rate O(1/N15); this rate for the gradient norm of



FGM was conjectured numerically in [31]. Sec. 5.2 below uses the PEP to show for the first time the
rate O(1/N1) for the gradient decrease of the FGM. The bound (3.16) of OGM-m for decreasing the
gradient is smaller than the bounds for the FGM variants in [11,21], and Sec. 5.4 below shows that our
proposed methods have worst-case bounds even lower than (3.16).

The preceding sections have focused on tight or upper worst-case bounds of the gradient norm decrease
of first-order methods, whereas the next section reviews a lower bound for the worst-case gradient norm
decrease in [23], illustrating the best achievable worst-case rate of the gradient norm decrease for any
first-order method (with either fixed-step or adaptive-step approaches).

3.2.8 A lower bound of the worst-case rates of first-order methods for decreasing the gradient norm

For completeness, this section reviews a lower bound on the worst-case rate of any first-order method
in terms of the gradient norm values for smooth convex quadratic functions [23]. Lower bounds on the
function value were studied for convex quadratic functions in [23], and for smooth convex functions in [7,
25].

When the condition d > 2N + 3 holds, a worst-case gradient norm bound of any first-order method
generating x v after N iterations has rate O(1/N?) at best, for convex quadratic f, i.e., has the following
lower bound [23, Sec. 2.3.B:

LR
—— <  max Vf(x , 3.17
PN IP S el V@ 347
z.€X(f),
llwo—z.||I<R

where QL (R?) = {f : f(®)=32'Qz+p'w+rforzcR? Q=0, ||[Q|<L}. Since QL(R?) C
Fr.(RY), the lower bound (3.17) for convex quadratic functions also applies to smooth convex functions.

A regularization technique in [27] achieves the rate O(1/N?) up to a logarithmic factor. However,
its adaptive step coefficients require knowing R in advance which is undesirable in practice. To our
knowledge, whether there exists any FSFOM satisfying such rate is an open question. Instead, this paper
discusses a way to develop FSFOM that achieves an O(1/N1%) gradient norm bound with the smallest
constant among known FSFOM.

4 Relaxation and optimization of the cost function form of PEP

This section reviews a relaxation of the cost function form of PEP [9] and reviews how [9, 15, 16] optimized
the step coefficients of the FSFOM class over the cost function form of PEP, leading to OGM. Then,
we propose a parameterized family of algorithms that generalizes OGM, and analyze the worst-case cost
function decrease of the generalized OGM family.

4.1 Review: Relaxation for the cost function form of PEP

The worst-case bound on the cost function for a FSFOM having given step coefficients b := {h;+1 1}
corresponds to a solution of the following PEP problem [9, Prob. (P)]:
BP(h,N,d,L,R) = max f(mN)if(m*) (P)
FeFLRY),
xo, &N ERY,

m*EX*(f),
[leo—a.||<R

1 .
s.t. @it Z:Bi—zkz_ohi_,_l,ka(:Bk), i=0,...,N—1.

Since problem (P) is impractical to solve due to its functional constraint f € Fr(R%), [9] relaxed it by
the following finite set of inequalities satisfied by f [25, Thm. 2.1.5]:

%va(wi) = V@)’ < fla:) - f(z;) = (Vf(z;), zi —z;) (4.1)



fori,j =0,1,...,
RN+ with
1

gii=—
" Lo — .|

N, . Then, a matrix G =

Vf(x;), and §; :

(90, ,gn|" € RVHDXd and a vector § = [dg,--- ,dn]" €

1
Lz — =P

(f (@) — f(=.))

are introduced to represent gradient vectors and function values respectively in the set of (4.1). This
leads to a finite-dimensional relaxation of problem (P) [9, Prob. (Q)]:

Bpi(h,N,d,L,R) := max  LR*0xn (P1)
GE]R(N+1)xaL7
SeRN L
st. T{GTA;;(h)G} <6 —6;, i<j=0,...,N,
Tr{G"B;;(h)G} < — 4, j<i:0,...,N,

T{G'C,G} <5;, i=0,.

Tr{G' D, )G+1/uTG}< 51, i=0,...,N,

for any given unit vector v € R?, where u; = €;411 € RV*1 is the (i 4+ 1)th standard basis vector. Note
that Tr{GTuiu;rG} = (gi, g;) by definition. The matrices A; ;(h), B; j(h), C;, D;(h) are defined as

A;j(h): %(uzfu])( C—ug) 4 Z i1 Zk Ohlk(u]uk +Uk'UJT)
B;; h) = %(uz - uj)(uz - u]) -3 Zl:j+1 Zk:o hl,k(ujuk + ukuJT)a (4.2)
C; = tuu, '
[ 2 i
Dj(h) = juiu] + 535, Yo hjr(wiu] +upu).
In [9, Prob. (Q)], problem (P1) is further relaxed by discarding some constraints to yield
Bpa(h,N,d,L,R) := max LR*0yn (P2)
GeR(N+D)xd,
SerRN+1
s.t. TF{GTAi,LZ'(h)G} §5i71 751', 1= 1,...,N,
T{G'D;(h)G +vu,;G} < -5, i=0,...,N,

for any given unit vector v € R%. We explicitly illustrate the relaxation from (P1) to (P2) because Sec. 5
uses a similar but different relaxation. Taylor et al. [31] avoided this step to analyze a tight worst-case
bound of (P) (under a large-scale condition d > N + 2 [31, Thm. 5]); however, this relaxation (P2)
facilitates the analysis in [9,15,16] and in this paper.

Replacing maxg,s LR?*Sy by ming s{—0dy} for convenience in (P2), the Lagrangian of the corre-
sponding constrained minimization problem with dual variables A = (A1, ,Ax)" € RN and 7 =

(70, ,7n) " € RN*L for the first and second constraint inequalities of (P2) respectively becomes
N
L(G,8,\,7;h) —5N+Z>\ i = 0i1)+ > Tdi (4.3)
i=0
+Tr{G"S(h, A\, 7)G +vT G},
where
N
S(h, X, T) ZAAZu h) +> 7Di(h (4.4)
=0

Then, we have the following dual problem of (P2) that one could use to compute a valid upper bound
of (P) using a semidefinite program (SDP) for given h [9, Prob. (DQ’)]:

1 S(h, A7) 3
BD(h,N,L,R) = {gLR2’}/ : ( (lTT T) i:) = 0},
2 2

min

D
(A T1)€eA, (D)
yER



where

_ INH1 . To = A1, AN +7n =1,
A{(A’T)GR'i_ ')\i—)\i+1+7'i=0,iZl,...,N—l, ’ (4'5)

The next section reviews the analytical solution to this upper bound (D) for OGM, instead of using a
numerical SDP solver.

4.2 Review: Optimizing step coefficients for the cost function form of PEP

Drori and Teboulle [9] optimized numerically the step coefficients h over the simple SDP problem (D)
as follows [9, Prob. (BIL)]:

hp := argmin Bp(h,N, L, R). (HD)
heRN(N+1)/2

The problem (HD) is bilinear, and [9, Thm. 3]* used a convex relaxation technique to make it solvable
by numerical methods.
In [15, Lemma 4], we solved (HD) analytically yielding the optimized step coefficients

ﬁ(wrz;:mhj,k), k=0,...0i—1,
1+29i—1, k:Z,

[

hivik = (4.6)

for 6; in (3.6). Fortuitously, the optimized coefficients (4.6) lead to equivalent computationally efficient
OGM1 and OGM2 forms [15, Prop. 3, 4 and 5], and the bound (3.5) for the final secondary iterate @y
of OGM is implied by [15, Lemma 4]. Recently, Drori [7] showed that the OGM is optimal for d > N +1,
implying that optimizing over the relaxed bound (D) in (HD) for simplicity is equivalent to optimizing
over the exact worst-case cost function bound (P) when d > N + 1.

One could use a SDP solver to compute a numerical bound from (D) for any FSFOM; however,
deriving an analytical bound using (D) is difficult for the primary sequence {y;} of OGM. Therefore, we
devised a new relaxed bound in [16] similar to (D), which we review next.

4.3 Review: Another cost function form of relaxed PEP for the primary sequence of OGM

An upper bound of the worst-case bound on f(yn41) — f(x.) for FSFOM with step coeflicients h and
YN+l = TN — %f(:vN) could be computed using (D) by a SDP solver. However, we found it difficult to
find its analytical worst-case bound for the primary sequence {y;} of OGM, so [16, Prob. (D’)] provided
the following alternate upper bound on f(yn+1) — f(@4):

. 1 S(h,\,7)+ Sunu), i1
Bo (h,N,L,R) := —LR%*y : Y 2 N =0 D’
D( 9 )y ) ()‘g"l;]g/‘a{Q Y < %TT %,Y - ) ( )
yE

which led to the bound (3.4) for the primary sequence {y;} of OGM in [16].
Similar to [15, Lemma 4], we found a feasible point of (D) in [16, Lemma 3.1], along with feasible
step coeflicients h of a FSFOM:

o (th = ik hj,k) ; k=001,
1+ 2t;—1 _

tit1

hisin = (4.7)

)

for t; in (3.3). Then, [16, Thm. 3.1] showed the bound (3.4) using [16, Lemma 3.1]. The step coeffi-
cients (4.6) and (4.7) are identical except the final iteration, since ¢; (3.3) and 6; (3.6) are equivalent for
1< N.

We are now done reviewing the portions of papers [15,16] that are the ingredients for specifying a
parameterized family of algorithms that generalizes OGM in the next two sections.

4 [9, Thm. 3] has typos that are fixed in [15, Eq. (6.3)].
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4.4 Feasible points of (D) and (D’) for the generalized OGM

This section specifies feasible points of (D) and (D’) that lead to a generalized version of OGM. Specifi-
cally, the following lemma presents additional feasible points of (D); this lemma reduces to [15, Lemma 4]
(and the step coefficients (4.6) of OGM) when 67 = (; for all i.

Lemma 2 For the following step coefficients:

ﬁﬁi(2m,f§j:kH}%k), i=0,. . N1, k=0,....i—1,

hivie =14 PN L, (4.8)
14 B i=0,....N—1, k=1,
the choice of variables:
2 .
1 N =Y,
’7257'0, )\i:Qi_lTO, ’iZl,...,N, T = 91-7'0 iil,...,N*l, (49)
GTNTOa 1= )
is a feasible point of (D) for any choice of 0; such that
o0 j=0,...,N—1
0p=1, 6; >0, and 912 < £2; = Zl:](\),ilf Z ’ ’ ’ (410)
221:0 0, +0N, i=N.

Proof See Appendix B.

The following lemma also specifies some feasible points of (D’); this lemma reduces to [16, Lemma 3.1]
(and (4.7)) when t? = T; for all i.

Lemma 3 For the following step coefficients:

M(%rzgzkﬂhj,k), i=0,.. N1, k=0,....i—1,

hivie =14 S, (4.11)
14 G- Dbie i=0,...,N—1, k=i,
i1
the choice of variables:
" =1,...,N T i=0, (4.12)
= 570, i = 44-1T0, = 1,...,1V, Ty = . .
7 20 Ho tiTO Z:L...,N,

is a feasible point of (D') for any choice of t; such that

to=1, t;>0, and t2<T;:= Ztl. (4.13)

=0
Proof See Appendix C.

Similar to the relationship between the step coefficients (4.6) and (4.7), the step coefficients (4.8)
and (4.11) are identical (when 6; = t; for i < N) except for the final iteration, implying that the iterates
{x:}7," of the two FSFOMs with (4.8) and (4.11) are equivalent; only the final iterate zy is different.
The step coeflicients (4.6) and (4.7) lead to computationally efficient equivalent OGM forms; similarly
the next section provides computationally efficient generalized forms of OGM that each correspond to
a FSFOM with either (4.8) or (4.11), and we analyze their cost function worst-case bounds.
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4.5 Generalized OGM

This section proposes a generalized OGM using lemmas 2 and 3. The FSFOM with the step coefhi-
cients (4.8) has the following two equivalent efficient generalized forms of OGM, named GOGM1 and
GOGM2, that reduce to the standard OGM when 67 = §2; for all i.

Algorithm GOGM1 Algorithm GOGM2
Input: f € .7:L(Ral)7 zo = yo € R?, Input: f € J-'L(R"l)7 zo = yo € R?,
6 =20 =1. 0o =2 =1.
Fori=0,...,N—1 Fori=0,...,N—1
1 1
Yiv1 =z — V(@) Yiv1 =z — V(@)

Choose ;41 >0

L
Zit1 =Ty — — 20,V f(x
s.t. 07,1 < 2,41, where i+l o= 7 Z KV S (k)

k=0
. { itlo, i<N-2 Choose ;11 > 0
i+1 = N—1 .
2305 0 +on, i=N-1 s.t. 07,1 < 2,41, where

($2; = 0:)0i41
0;82; 11

(202 — 2,)0;41
WO 7 )it
0:82; 11 Wit1 ) Tip1 = (1 —

i1 )
Tit1 = Yit+1 + (Yi+1 — Yi) Oipr = { ;:o o, i <N-—2

2N to oy, i=N-1

0it1
211

0it1
211

Zi4+1

) Yi+1 +

Proposition 1 The sequence {xg,--- ,xn} generated by the FSFOM with (4.8) is identical to the cor-
responding sequence generated by GOGM1 and GOGM2.

Proof See Appendix D. Note that this proof is independent of the choice of 0; and (2;.

Because the proof of Prop. 1 for the FSFOM with step coefficients (4.8) is independent of the choice
of 0; and (2;, it is straightforward to show that the FSFOM with step coefficients (4.11) has the following
two efficient equivalent forms, named GOGM1’ and GOGM2’, that reduce to [16, Alg. OGM1’ and
OGM?2'] when t? = T; for all 4.

Algorithm GOGM1’ Algorithm GOGM2'
Input: f € Fr(R?), xo = yo € R?, Input: f € Fr(R?), xo = yo € R?,
to="1p = 1. to="1p = 1.
Fori=0,...,N—1 Fori=0,...,N—1
1 1
Yiv1 =z — V(@) Yiv1 =z — V(@)
Choose t;+1 >0 1 ¢
i+1 Zit1 =0~ 7 Z 2tV f(xy,)
st.t? <Tip1 =Y 4 k=0
=0 Choose t;11 >0
. (Tz — ti)t¢+1 i+1
Titl = Yit1 + W(ylﬁ'l - i) st 7 <Tipr = Ztl
1=0
(262 — Ty)tigr (i1 — o2) tiin tin
tiTi1 o t Tiy1 = (1 = )yi+1 +
Tit1 Ti+1

Clearly when 60; = t; for i < N, the primary iterates {y; iV:o and the intermediate secondary iterates
{x;}X 5 of GOGM and GOGM' are equivalent. Although illustrating two similar algorithms GOGM
and GOGM’ might seem redundant, presenting both formulations with lemmas 2 and 3 completes the
story of generalized OGM here and in Sec. 5.

Using lemmas 2 and 3, the following theorem bounds the cost function decrease of the GOGM and
GOGM’ iterates.
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Theorem 5 Let f : R — R be Fr(R?) and let yo, - ,yn,xn € R? be generated by GOGM1 and
GOGM2. Then for any 1 <i < N,

LR?

fyi) = f@s) < 10,0 (4.14)
LR?
flan) = f(@) < 5o (4.15)

The iterates yo,--- ,yn € R? generated by GOGM1' and GOGMZ also satisfy the bound (4.14) when
Hi:tifori<N.

Proof Using Lemma 3, the FSFOM with h in (4.11) of GOGM satisfies

1 LR?
f(yN+1) - f((lf*) < BD’(h’aNaLaR) = §LR2’Y = F’ (416)
N

where Yn4+1 = TN — %Vf(:cN). Since the coefficients h in (4.11) are recursive and do not depend on
a given N, we can extend (4.16) for all iterations. By letting 0; = t; for i < N, the bound (4.16) also
satisfies for the iterates {y;} of GOGM, as in (4.14).

Using Lemma 2, the FSFOM with the step h in (4.8) of GOGM satisfies

LR?
20N’

Fxx) — f(z.) < Bo(h, N, L, R) = %LR% _ (4.17)

which is equivalent to (4.15).

GOGM and Thm. 5 reduce to OGM and its bounds (3.4) and (3.5), when 02 = (2; for all i. Similar

ita i < N,
to general forms of FGM in [3,26], the GOGM family includes the choice 6; = { \/‘15(N+a_1) N for
V2WN+a-l) 5

any a > 2, because such parameter 6; satisfies the following conditions for GOGM:

0 — 07 = (i+1)(i+2a) (i+a)’ _ (a —2)i* +a(2a — 3) >0, (4.18)
2a a? 2a?

for i < N, and 2y — 912\, = 20n_1 +0n — 9?\, > 29?\,71 + 0N — 9?\, = Oy > 0. Similarly, the GOGM’
family includes the choice t; = ZJFTQ for any a > 2, which we denote as OGM-a.

Corollary 1 Let f : R? — R be F1(R?) and let yo, - - ,yn € R? be generated by GOGM' with t; = £
(OGM-a) for any a > 2. Then for any 1 <i < N,

aLR?
flw) ~ f(@) < gy

(4.19)
Proof Thm. 5 implies (4.19), since T; = W and the condition T; — t? > 0 satisfies in (4.18) for
any a > 2.

5 Relaxation and optimization of the gradient form of PEP

This section analyzes a worst-case bound for the gradient of any GOGM (and GOGM’) using the gradient
form of PEP. We use relaxations on the gradient form of PEP that are similar but slightly different from
those of PEP for the cost function in the previous section. Using this relaxed PEP, we prove that FGM
has an O(1/N'5) rate for the worst-case gradient decrease, and analyze the worst-case gradient bound
for the GOGM. Then, we optimize the step coeflicients with respect to the gradient form of PEP and
propose an algorithm named OGM-OG that lies in the GOGM family and that has the best known
analytical worst-case bound for decreasing the gradient norm among the class FSFOM.
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5.1 Relaxation for the gradient form of PEP

To analyze a worst-case bound on the gradient for a FSFOM with a given h, we consider the following
gradient-form version of PEP that is similar to (P):
Bpi(h,N,d,L,R) :=  max min ||V f(x;)]|? (P")
feFL(R?), 1€{0,...N}
@o,+ ;N ERY,

. €X.(f),
[leo—z«||<R

1 ¢ .
s.t. Lit1 :miizkzohprl’kv‘f(mk)’ ZZO,...,N*I.

Here, we use the smallest gradient norm squared among all iterates (min;e o, ny ||V f(2:)||?) as a crite-
ria, as considered in [31, Sec. 4.3]. We could instead consider the final gradient norm squared (||V f(zn)||?)
as a criteria, but our proposed relaxation on (P”) in this section for such criteria provided only an O(1/N)
worst-case bound at best even for the corresponding optimized step coefficients (results not shown); we
leave studying the gradient form of the tight PEP as future work.

As in [31], we replace min;eqo, . n} ||V f(23)|[* in (P”) by L?||zg — @.||?a with the condition o <
WHVf(QQN 2 = Tr{G " (u;u )G} for all i. Then, we relax this reformulated (P”) similar to the
relaxation from (P) to (P2) with the additional constraint TrH{G'CyG} < dn in (P1) as follows:

Bpor(h,N,d,L,R) :== max L*R%a (P2")
GeRWN+Dd,
SERN+L,
a€eR

s.t. TF{GTAi_Li(h)G} < 61’—1 —61', 1= 1,...,]\[7
Tr{G'CNG} < én,
Tr{G'D;(h)G +vu; G} < -5, i=0,...,N,
Tr{GT(fuiuiT)G} <-a, i=0,...,N.

)

Replacing maxg s L2 R?a by ming s{—a} for convenience, the Lagrangian of the corresponding con-
strained minimization problem with dual variables A € RY,n e Ry, 7 € Rf“, and B = (Bo, - ,Bn)" €
Rf *1 for the first, second, third, and fourth set of constraint inequalities of (P2”) respectively becomes

N N N
‘C”(G’ 5) Aana Ta/37 h’) =—a+ Z)‘z(él - 61'—1) - n(SN + ZTiéi + Zﬁia (51)
i=1 i=0 i=0
+Tr{G"S"(h, A\, n,7,8)G +vr' G},
where
1 N
S”(h'a Aana Taﬂ) = S(h'a AaT) + 577“Nu1-|\—/ - Zﬁlulu: (52)

=0

Then similar to (D), we have the following dual problem of (P2”) that one could use to compute an
upper bound of the PEP (P”) of the smallest gradient norm squared among all iterates by a numerical
SDP solver:

1 " 1
Bo+(h,N,L,R):=  min {—L2R27 : (S (h’f"Q’T’m %T) tO}, (D")
(Amr.Bea”, (2 2T 27
vER
where
N
Y. R3N+3 . T0=AnL AN+ N =1, Yo Bi=1,1 _
{(’\’”’T"B)E + N1 +7=0,i=1,...,N—1 (5:3)

The next two sections use a valid upper bound (D”) of (P”) for given step coefficients h, providing
an analytical solution to (D”) for the step coefficients h of FGM and GOGM’, superseding the use of a
SDP solver.
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5.2 A worst-case bound for the gradient norm of FGM

FGM is equivalent to a FSFOM with the step coefficients [15, Prop. 1]:

L (trz;:kﬂhjyk), k=0,...,0i—1,
14 =L k=i,

tit1

hiyik = (5.4)

for t; in (3.3). The following lemma provides a feasible point of (D) associated with the step coeffi-
cients (5.4) of FGM to provide a worst-case bound for the gradient of FGM.

Lemma 4 For the step coefficients (5.4), the following choice of variables:

1N e\t
(3xe) . i-o (5.5)

tiTo, ’iZl,...,N,

2 .
y=1, XNi=t;i 170, t=1,...,N, 7=

1
n:t?\/TOv /B’L = §t?TO; i:()v"'aNa (56)
is a feasible point of (D") for t; in (3.3).
Proof See Appendiz E.

Using Lemma 4, the following theorem bounds the gradient norm of the FGM iterates, proving for
the first time an O(1/N'®) rate of decrease.

Theorem 6 Let f : R? — R be Fr(R?) and let yo, - ,yn,To, - ,xy € R? be generated by FGM.
Then for any N > 1,

min - [|[Vf(y;)|[| <  min_ ||V f(z)|] (5.7)
+ i€{0,...,N

LR 2v/3LR

where Yyni+1 = TN — %Vf(:cN).

Proof Lemma 1 implies the first inequality in (5.7). Using Lemma 4, the FSFOM with the step coefficients
h (5.4) of FGM satisfies

in__||Vf()|> < Bpr(h,N,L,R) L2 L (5.8)
min i S " R , L, = — = —, .
i€{0,...,N} b 2 v Z;V:O 2
which is equivalent to (5.7) using Zszo 2 > ZkN:o (ka)Q = (N+1)(2N224+13N+24).

5.3 A worst-case bound for the gradient norm of GOGM

Having established the gradient bound (5.7) for FGM, this section and the next seek to improve on it
by studying GOGM. To bound the gradient decrease of GOGM (and GOGM’), the following lemma
illustrates one possible set of feasible points of (D”).

Lemma 5 For the step coefficients (4.11), the following choice of variables:

-1
1 ( N 42 ) L
Y = =To, )‘i = 711-_17'0, 3 = 1, .. .,N, TP = Zk:O (Tk tk) b 0’ (59)
2 tiTo, i=1,...,N,
7’]:TNTO, ﬁi: (Tz—tf) 70, ’L'ZO,...,N (510)

is a feasible point of (D) for any choice of t; and T; that satisfies (4.13) and for which there exists some
i such that t? <T;.
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Proof See Appendiz F.

Using Lemma 5, the following theorem bounds the worst-case gradient norm for the iterates of GOGM
and GOGM'.

Theorem 7 Let f : R — R be Fr.(R?) and let yo,--- ,yn,To, -+ ,xn € R? be generated by GOGM' .
Then for any N > 1,

LR

2 /SN (T — )

where yn 11 = &y — 1V f(xn). The bound (5.11) can be generalized to the intermediate iterates {z: )"
and {y; fio of both GOGM and GOGM' when 0; = t; (fori < N).

IVf(yall < minN}HVf(iBi)H < (5.11)

min
€{0,..., N+1} 1€{0,...,

Proof Lemma 1 implies the first inequality in (5.11). Using Lemma 5, FSFOM with the step coefficients
h (4.11) of GOGM' satisfies

1L2R27 _ L2R2
N )
2 43— (T — 1)

which implies (5.11). Since the iterates of GOGM are recursive and do not depend on a given N, the
bound (5.11) easily generalizes to the intermediate iterates of GOGM' (and GOGM when 0; = t;).

minN} IV f(x)|]* < Bpr(h,N,L,R) =

5.4 Optimizing step coeflicients over the gradient form of PEP

In search of a FSFOM that decreases the gradient norm the fastest, we optimize the step coefficients in
terms of the gradient form of the relaxed (D”) by solving the following problem:

hps = argmin Bpr(h, N, L, R). (HD")
heRN(N+1)/2

The problem (HD”) is bilinear, similar to (HD), and a convex relaxation technique [9, Thm. 3] makes
this problem solvable using numerical methods.

We solved (HD”) for many choices of N using a numerical SDP solver [4,12], and observed that the
following choice of t;:

1, i =0,
2
t; = L;‘”H, i=1,...,|N/2| -1, (5.12)
%a Z:LN/2J77N7

makes the feasible point in Lemma 5 optimal for the problem (HD”). Based on that numerical evidence,
we conjecture that hp~ in (HD”) corresponds to the step coefficients (4.11) with the parameter #; (5.12).
The t; factors in (5.12) start decreasing after i = [N/2] — 1, whereas the usual ¢; in (3.3) and ¢; = =2
for any a > 2 increase with ¢ indefinitely.

In addition, we found numerically that minimizing the gradient bound (5.11) of GOGM/| i.e., solving
the following constrained quadratic problem:

N [/ k
max Ztl —t2 s.t.  t; satisfies (4.13) for all 4, (5.13)
L fwer

is equivalent to solving the problem (HD”). In other words, the solution of (5.13) numerically appears
equivalent to (5.12), the (conjectured) solution of (HD”). The unconstrained maximizer of the cost
function of (5.13) is t; = %, and this term partially appears in the constrained maximizer (5.12) for
[N/2] <i<N.

We denote the resulting GOGM’ with (5.12) as OGM-OG (OG for optimized over gradient). The
following theorem bounds the cost function and gradient norm of the OGM-OG iterates.
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Theorem 8 Let f : R? — R be Fr(RY) and let yo,- - ,yn,To, - ,&nx € R be generated by OGM-OG.
Then,

2LR?

' V6LR
e V@I < | min (V@) < s (5.15)

where yny11 =N — TV f(zN).

Proof OGM-0G 1is an instance of GOGM' and thus Thm. 5 implies that OGM-OG satisfies

2
flua) — fl@) < T

which is equivalent to (5.14), since

(N —m)(N —m+1)

N
In=Tn+ Y ti=th,+

l=m+1 4
- (N+3)2+N(N+2) 2N?+8N+9
- 16 B 16

form = |N/2], usingm > 2 N—m > L andt, > 22 > N43 jp (3.3).
Thm. 7 implies (5.15), using the above inequalities for m, the equality t? = T; for i <m, and

i (T, — 17) = ZN: <t3n+ i tlt§>

k=m+1 k=m+1 l=m+1
N k 2
N—l+1 (N-k+1
_ 2
_(N_m>tm+z<z Ll (v ))
k=m+1 \l=m+1
N—m K 2
N-lU'-m+1 (N-k-m+1
=(N — 2 -
N I G
k'=1 '=1
=(N —m)t3,
+N <2N m+1k k(k+1) (Nm+1)22(Nm+1)k+k2>
4
=1
3 N-—-m+1)2
N-—m)t L L (N —m+3/4)k _WeomA 1)
— (N —m) +Z( + (N —m+3/4) T )

(N—m)(N—m+1/2)(N —m+1)

:(N—m)t?n— 6
(N—m)(N-—m+3/4)(N-—m+1) (N—-m)(N—m+1)>
- 2 - 4
Z(meL(erQ)Q n (N—m)Q(éV—m+1) B (]\77m)(]\;—m+1)2
SO PO 1) Ly

The gradient bound (5.15) of OGM-OG is asymptotically v/2-times smaller than that of FGM in Thm. 6
and 1.5-times smaller than that of OGM-m=|2N /3| in Thm. 4. Regarding the cost function decrease,
the bound (5.14) of OGM-OG is asymptotically the same as the bound (3.2) of FGM, and both are twice
larger than the bounds (3.4) and (3.5) of OGM.
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5.5 Decreasing the gradient norm with rate O(1/N!-%) using GOGM without selecting N in advance

Although OGM-OG satisfies a small worst-case gradient bound with a rate O(1/N*®), OGM-OG (and
FGM-m and OGM-m ) must select N in advance, unlike FGM. Using Thm. 7, the following corollary
shows that OGM-a with a > 2 can decrease the gradient with a rate O(1/N'®) without selecting N
in advance. (Cor. 1 showed that OGM-a algorithm with @ > 2 can decrease the cost function with an
optimal rate O(1/N?).)

Corollary 2 Let f : R? — R be Fr(RY) and let yo,--- , YN, To, -+ ,n € R? be generated by GOGM
with t; = =& (OGM-a) for any a > 2. Then for N > 1,

. Vil < mi Vf(a 5.16
ie{o?,lf?vﬂ}” f(y)ll_ie{g}}vr}w}ll enl (5.16)
aV6LR

= 2/N(N + 1) ((a — 2)N + (3a2 — 4a — 2))’

where Yyn4+1 = TN — %Vf(:cN).

Proof Using T; = w and (4.18), Thm. 7 implies (5.16) since

Z(Tk 2= Z (a—2)k* + a(2a — 3)k

2a2
k=0 -0

N(N +1) ((a—2)N + (3a*> — 4a — 2))
6a?

o

OGM-a for any a > 2 has a gradient bound (5.16) that is about 37— -times larger than the bound (5.15)

of OGM-OG. This constant factor minimizes to v/2 when a = 4, and this OGM-a =4 has a worst-case
gradient bound that is asymptotically equivalent to the bound (5.7) of FGM. Therefore, when one does
not want to select N in advance, both FGM and OGM-a=4 (and OGM-a for any a > 2) will be useful
for decreasing the gradient with a rate O(1/N*5).

6 Discussion

This section summarizes analytical worst-case bounds of FSFOM discussed in the previous sections. This
section also reports tight numerical worst-case bounds for exact comparison of algorithms because many
of the analytical bounds are not guaranteed to be tight.

6.1 Summary of analytical worst-case bounds on the cost function and gradient norm

Table 1 summarizes the asymptotic rate of analytical worst-case bounds of all algorithms described in this
paper. As discussed, OGM and OGM-OG have the best known worst-case bounds for the cost function
and gradient decrease respectively in Table 1. However, since OGM has a slow worst-case rate for the
gradient decrease, other algorithms such as FGM, OGM-m , OGM-OG, and OGM-a that satisfy both
the optimal rate O(1/N?) for the function decrease and a fast rate O(1/N'-5) for the gradient decrease
could be preferable over OGM when one is interested in both the gradient decrease as well as the function
decrease, particularly when solving dual problems. In addition, when one does not want to choose N in
advance, FGM and OGM-a could be preferable.

6.2 Tight worst-case bounds on the cost function and the gradient norm

Since many worst-case bounds presented in Table 1 are not guaranteed to be tight, we used the code
in Taylor et al. [31] (with SDP solvers [20,28]) to compare tight (numerical) worst-case bounds for
N = 1,2,4,10, 20, 30,40,47,50. These numerical worst-case bounds are guaranteed to be tight, i.e.,
equivalent to the bounds of either (P) or (P”), when the large-scale condition d > N + 2 is satisfied [31,
Thm. 5], and we assume this condition hereafter. Tables 2 and 3 provide tight worst-case bounds for
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. Asymptotic worst-case bound Require selectin,
Algorithm Cosil fulzlction Gradient norm ]\(}1 in advance ®
GM Nt VeN~! No
FGM 2N~2 2v/3N-L15 No
OGM N2 V2N—1 No
OGM-m=[2N/3| IN-2 36 y-1.5 Yes
OGM-0G 2N 2 VEN—1.5 Yes
OGM-a (a > 2) gN—2 Q%N*M No
OGM-a=4 2N—2 2V/3N~-15

Table 1 Asymptotic worst-case bounds on the cost function “1?2 (f(®ny) — f(z+)) and the gradient norm

mingefo,..., N} ﬁHVf(wl)H of GM, FGM, OGM, OGM-m , OGM-OG, and OGM-a. (The worst-case cost function bound
for OGM-m in the table corresponds to the bound for OGM after m iterations, because we do not have an analytical
bound for the final iterate.

the decrease of the cost function f(xy)— f(x.) and the gradient norm decrease min;e(o,... Ny ||V f(2:)||
respectively. Although most of the bounds in Table 1 are not guaranteed to be tight, the worst-case rate
formulas in Table 1 are similar to the tight numerical results in Tables 2 and 3, except that the gradient
bounds of OGM-m in Table 1 are relatively looser than those of OGM-m in Table 3. In particular,
the tight numerical gradient bound of OGM-m is smaller than that of FGM in Table 3, which was not
expected from their known (possibly loose) analytical bounds in Table 1.

N GM FGM OGM OGM-m OGM-0OG | OGM-a
1 6.0 6.0 8.0 6.0 7.3 6.5
2 10.0 11.1 16.2 12.0 13.2 15.1
4 18.0 24.7 39.1 24.2 28.6 32.3
10 42.0 90.7 159.1 86.6 99.9 106.4
20 82.0 283.6 525.1 275.3 310.4 308.9
30 122.0 578.6 1095.6 565.1 604.9 610.9
40 162.0 975.1 1869.2 899.0 1009.9 1012.8
47 190.0 13129 | 2531.1 1227.9 1352.8 1353.6
50 202.0 1472.8 | 2845.1 | 1374.4 1516.0 1514.6
Empi. O() N—IAO N—1A9 N—1A9 N—IAS N—LS N—LS
Known O(-) | N7! N—? N—? N—? N2 N2

Table 2 Tight worst-case bounds on W%, the reciprocal of the cost function, of GM, FGM, OGM, OGM-

m=|2N /3|, OGM-OG, and OGM-a=4. We computed empirical rates by assuming that the bounds follow the form bN —¢
with constants b and ¢, and then by estimating ¢ from points N = 47,50. Note that the corresponding empirical rates are
underestimated due to its simple modeling of bounds.

N GM FGM OGM OGM-m OGM-0G | OGM-a

1 2.0 2.0 2.0 2.0 2.3 1.8

2 3.0 3.3 2.8 3.5 3.7 3.3

4 5.0 5.9 4.4 6.4 6.8 5.7

10 11.0 13.8 8.9 18.0 18.9 15.3

20 21.0 32.8 16.2 43.1 45.4 35.2

30 31.0 56.4 23.4 74.4 78.6 59.4

40 41.0 83.6 30.6 110.7 116.9 87.1

47 48.0 104.7 35.6 138.9 146.6 108.4

50 51.0 114.2 37.7 151.4 160.0 118.0
Empi. O() N*L() N71‘4 N*(LQ N71‘4 N71.4 N71.4
Known O() N—l N—1A5 N—l N—1A5 N—1A5 N—1A5

Table 3 Tight worst-case bounds on

the reciprocal of the gradient norm, of GM, FGM, OGM,
OGM-m=|2N /3], OGM-OG, and OGM-a—4. Empirical rates were computed as described in Table 2.
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6.3 Tight worst-case bounds on the gradient norm at the final iterate

To be clear, Sec. 5 and Tables 1, 3 have focused on analyzing the smallest gradient norm among all
iterates using the gradient form of PEP, whereas the gradient analysis in Sec. 3.2 considers the final
gradient in addition to the smallest gradient among all iterates. As mentioned before, we have not yet
found a relaxation on the final gradient form of the PEP that provides as comparable results as for the
relaxation on the smallest gradient form of the PEP (P”) in Sec. 5. To complete comparisons on the
worst-case gradient bounds, Table 4 uses the code provided by Taylor et al. [31] (with SDP solvers [20,
28]) to compare tight (numerical) worst-case bounds on the final gradient of the FSFOMs presented
in this paper.® The worst-case smallest gradient norm bounds (3.12) and (3.16) of GM and OGM-m
respectively (among algorithms considered) extend to the final gradient bounds.

In Table 4, FGM and OGM-a =4 have slow O(1/N) tight worst-case bounds on the final gradient,
unlike OGM-m = [2N /3] and OGM-OG roughly having O(1/N*®) bounds for both the smallest and final
gradients. Thm. 4 has shown that the final gradient of OGM-m satisfies a worst-case rate O(1/N'-5),
but this is unknown yet for OGM-OG, which we leave as future work. We also leave as future work
the challenge of developing a FSFOM that has O(1/N'-%) or even faster worst-case rates for the final
gradient decrease that are lower than those of OGM-m and OGM-OG, possibly without requiring to
choose N in advance.

FGM OGM OGM OGM OGM-a
N GM
YN TN | YN TN | -m -0G YN TN
1 2.0 2.0 2.0 2.0 2.0 2.0 2.3 2.0 1.8
2 3.0 3.0 3.3 3.2 2.8 3.5 3.7 3.6 3.3
4 5.0 5.8 5.9 5.5 4.4 6.4 6.8 6.8 5.1
10 11.0 15.1 8.2 11.9 | 89 18.0 18.9 15.9 8.7
20 21.0 25.1 13.1 22.2 16.2 | 43.1 44.4 26.3 13.8
30 31.0 35.1 | 182 | 324 | 234 | 744 74.1 36.3 | 18.8
40 41.0 45.2 23.2 | 425 30.6 110.7 107.0 46.3 23.8
47 48.0 52.2 | 26.7 | 49.6 | 35.6 | 138.9 131.6 53.3 | 27.3
50 51.0 55.3 | 28.2 | 52.6 | 37.7 | 151.4 142.6 56.3 | 28.8
Empi. O() N71‘0 N70'9 N70‘9 N71.4 N71.3 N70'9
Known O(-) | N7 1 N-T N—T N-L5 | N-T N—T

: LR LR : :
Table 4 Tight worst-case bounds on 7 ()] (and HVf(yN)H>’ the reciprocal of the final gradient norm, of GM,

FGM, OGM, OGM-m=[2N /3|, OGM-OG, and OGM-a=4. Empirical rates were computed as described in Table 2. The
known bounds of OGM-OG and OGM-a =4 are derived based on Sec. 3.2, where the empirical bounds of OGM-OG are
comparable to the bounds of OGM-m= 2N /3| with known rate O(1/N'-5).

6.4 Non-optimality of OGM-OG in terms of the worst-case gradient bound

Because OGM is optimal in terms of the function decrease when d > N + 1 [7], one might hope that the
OGM-0OG would achieve the optimal worst-case bound in terms of the gradient decrease, since OGM-OG
is also derived by optimizing the step coefficients over the gradient form of relaxed PEP. However, the
OGM-OG is apparently not optimal as explained next.

Taylor et al. [31] numerically studied an optimal fixed-step GM using their tight PEP in terms of
both the cost function and gradient decrease. In other words, they searched for an optimal step h of GM:

h
Lit1 = i — ZVf(.’I%)

fori=0,...,N —1 and a given N with respect to either f(xy)— f(x.) or ||f(xn)||- In the special case
of N =1, Taylor et al. [31] numerically conjectured that the step size h = 1.5 is optimal in terms of the

5 Table 4 reports tight worst-case gradient bounds for both the final primary iterate yn and the final secondary iterate
xn (if necessary), unlike Tables 2 and 3. We observed that numerical tight worst-case cost function bounds on both final
iterates yn and x have similar values for the algorithms in Table 2 (unlike Table 4), so we did not report the bounds on
yn for simplicity. We also did not report numerical tight smallest worst-case gradient norm bounds min;¢ (o,... N} ||V.f(y:)l|
of the primary iterates {y; } because the code provided by Taylor et al. [31] does not support computing their values, unlike
that of the secondary iterates {x;} in Table 3.
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cost function decrease. The corresponding GM is equivalent to OGM for N = 1, and this (numerically)
confirms the optimality of OGM [7] for N = 1. They also numerically conjectured that the optimal step
size of GM for N =1 in terms of the gradient decrease is h = /2 with a worst-case bound

LR LR
\/§+1N 2.4°

However, OGM-OG for N = 1 reduces to GM with h = % ~ 1.3 with a bound g_]g in Tables 3 and 4,
implying that OGM-OG is not optimal even for N = 1 based on the numerical evidence in [31].

This analysis for V = 1 illustrates that there is still room for improvement in accelerating the worst-
case rate of first-order methods in terms of gradients, which we leave as future work possibly with a
tighter relaxation on the gradient form of PEP. In addition, we leave as future work studying the optimal
worst-case bound for the gradient decrease of first-order methods building upon [7,23], and developing
a FSFOM that achieves such optimal bound. Nevertheless, the OGM-OG is the best known FSFOM for
decreasing the gradient norm among the class FSFOM, and will be useful when decreasing the gradient
is key.

IV f(1)l| <

(6.1)

7 Conclusion

We generalized the formulation of OGM and analyzed its worst-case bounds on the function value and
gradient, using the cost function form and the gradient form of relaxed PEP. We then proposed OGM-OG
by optimizing the step coefficients of FSFOM using a relaxed PEP with respect to the gradient, similar
to the development of the (optimal) OGM. To the best of our knowledge, the worst-case bound on the
gradient of the OGM-OG is the best known analytical worst-case bound for decreasing the gradient norm
among the class FSFOM.

However, this OGM-OG is not optimal for decreasing the gradient norm, and further accelerating
the worst-case rate of FSFOM in terms of the gradient possibly with a tight relaxation on the gradient
form of PEP is a possible research direction. On the other hand, deriving an optimal worst-case bound
for the gradient norm of first-order methods, similar to that for the function decrease [7] will be useful.
Nonetheless, the proposed OGM-OG (and OGM-a) may be useful when one finds minimizing gradients
important, particularly in dual problems. In addition, we used the proposed gradient form of PEP to show
that FGM decreases the (smallest) gradient with a rate O(1/N'-?), implying that FGM is comparable
in a big-O sense to OGM-m , OGM-OG and OGM-a for the gradient decrease.

Our analysis considers unconstrained smooth convex minimization; extending such gradient norm
worst-case analysis to constrained problems or nonsmooth composite convex problems is a natural di-
rection to pursue, which is studied for FGM (or FISTA [2]) by the authors [17]. In addition, extending
the analyses on the general form of FGM in [1,3,29] to GOGM is a possible research direction. Lastly,
investigating a new relaxation of the PEP approach that allows adaptive step size such as backtracking
line-search or exact line-search [5,8] is of interest.

Software

https://gitlab.eecs.umich.edu/michigan-fast-optimization has Matlab codes for the algorithms
considered and the SDP approaches in Sec. 5.4 and Sec. 6.

A Proof of Thm. 3

Due to (3.10), we have

) LR

max  min _||[Vf(z)|| <  max  [[Vf(zn)|]| < 7,

feFL(RY), i€{0,...,N} feFL(RY), On
z. €X(f), z. € X(f),
o —w.[|<R llzo—a|[<R
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and the rest of the proof shows that the following inequality holds

LR
— = i)l = Al
on ie{g?mN}HVMw)H [[Vé(zn)|] (A1)
< max min HVf(mz)H< max ||V f(zn)|ls
feFL®RY), 1€{0,.. feFL®RY),
z€X(f), . €X(f),
[leo—z«||<R [leo—z«||[<R

which then implies (3.15) with 6 > % (3.6).

Starting from xg = Rv, where v is a unit vector, we first use induction to show that the following iterates:
il .
z; = (—1) G—Ru, i=0,...,N, (A.2)

correspond to the iterates of OGM applied to ¢(z). We use [15, Prop. 4] that the sequence generated by OGM is identical
to the sequence generated by FSFOM with

g_:hk k=0,...,i—2,
91 iy

hivik= (h“ 1—1), k=i-1, (A.3)
1+29";'7;1, k=i,

fori=0,...,N — 1.
Assuming that (A.2) holds for i < N, we have

L
Tiy1 =Ti— o > hig1kVe(wr)
k=0

1 20; — 1 1229, 1 16, —1
=z;—— (1 Vo(z) — — > R,V = V(zi_
T 7 ( + Ors ) #(xi) I P Gir1 ik o(xy) + L 01 d(xi-1)

1—26; 0; — 1

0; —1
(s —®im1) + —— @1

Oix1  Oipa Oit1
0; ; 1
== (c1)* R,
9i+1 9i+1

using (A.3) and V¢(x) = La. Therefore, after N iterations of OGM we have:

1 LR
in V6@l = Vol =|[ve (¥ L) || = 52, (a4)
N} On On
which is equivalent to (A.1). The first equality of (A.4) holds since OGM monotonically decreases the gradient norm of
o(x), i.e. ||Vo(zi)|| = LQ—R monotonically decreases as 4 increases.

B Proof of Lemma 2

It is obvious that (X, 7) in (4.9) is in A (4.5). Using (4.2) and (4.4), we have

Lt mhig +m STk bk )y i =20 N k=0, i -2,
1 ) N . .
S(h7A7T) = 2 (()‘Z+Tl)h’hk )‘2)7 Z_ 17"'7N7 k=1 1'7 (Bl)
Ait1, i=0,...,N—1, k=1,
1 i=N, k=i,

and inserting (4.8) and (4.9), yields

S(h7A7T)
91 ! ] — . _ .
: Qmﬁl(zek ST b, >+9.mz§. Lhy, ) i=2...,N—1,k=0,...,i—2,
1(2 . _ ,
(Gl (zek—zj k+1hjk)+ Org SNL by, ) i=N,k=0,...,i—2,
i (2imn (1+( L R i=1,...,N—1, k=i—1,
% QQN (1 (20N 1—1)0N)_QN,170>7 i=N, k=i—1,
Qio, i=0,...,N—1, k=i,
QTNT(N i=N, k=4,
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00,70, i=1,....N—1,k=0,...i—1,
INOkry i=N, k=0,...,i—1,

— 2
0, i=1,...,N—1, k=i,
ONry,  i=N, k=4

for 0; and £2; in (4.10). Then, using (4.9) and (4.10), we show the feasibility condition of (D):

S(hoA, 1) 27\ /. a2 -
( e ;\/)—(dlag{ﬂ 0%} +60 )mto,

On 1 T On 1 T
Wher60:<00,~~-,01\r,1,7,§> and(l:<!207~-~,QN,1,T,Z) .

C Proof of Lemma 3

It is obvious that (X, 7) in (4.12) is in A (4.5). Inserting (4.11) and (4.12) to (B.1) yields

1
S(h,\, 1)+ EuNu;

: Tm%(ztk—zj;}mhj,k)+t,-mz§;}€+lhj,k>, i=2,...,N—1,k=0,...,i—2,
=71 Tm(1+(2t%;”“>—n_m>, i=1,...,N, k=i—1,

Tiro, i=0,...,N, k=i
_JtitgTo, i=1,...,N, k=0,...,i—1,
|\ Tero,  i=1,...,N, k=4,

for t; and T; in (4.13). Then, using (4.12) and (4.13), we show the feasibility condition of (D’):

/ 1
(S (g;_’_\r”) %;) - (diag{T -2} +ttT> 70 > 0,

where t = (to,- -+ ,tn, %)T and T = (To,--- ,Tw, %)T.

D Proof of Prop. 1

The proof consists of three propositions and they follow the derivations in [15, Prop. 3, 4 and 5] respectively. Note that
this proof is independent of the choice of 6; and (2;.

Proposition 2 The step coefficient (4.8) satisfies the following recursive relationship

(£2,—6;)0;41 _ .
th’k k707...7l—2,
2;20;)0; 4
hit1k = W(hmﬂ -1), k=i-1, (D.1)
ScCTII
i1

fori=20,...,N —1.

Proof We use the notation h; , for the coefficients (4.8) to distinguish from (D.1). It is obvious that h;+1,i = hiy1,i,0=
0,...,N —1, and we clearly have

0; 0; (29', — 1)09'
/ i+1 ’ i+1 i—1 i
= 20,1 —hl . = 24t (o9, (14 2zt %
i+1i-1 Qi+1 ( i1 tat 1) 211 ( i1 ( £2; ))

20,1 — 1)(£2; — 0;)0; 2, —0;)0;
_ ( 1—1 )( 7 ’L) 1+1 _ ( 7 z) 1+1 (hi,i—l . 1) :hi+1,i71-

020241 0:82; 11
We next use induction by assuming h;+1 g = hiy1p fori=0,...,n—1, k=0,...,i. We then have
0 n 0 n—1
’ n+1 ’ n+1 ’ ’
e =g (26— D M| =5 206 = > Wiw =l
n+1 j=k+1 n+1 j=k+1

_ 9n+1 (Qn ’ ’ ) _ (Qn - Gn)€n+l h —h

=— | — =——————hpr= 1,k-
Qn+1 Gn ok ok 9n9n+1 " s

Proposition 3 The sequence {xo,...,xN} generated by FSFOM with (D.1) 4s identical to the corresponding sequence
generated by GOGM]1.
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Proof We use induction, and for clarity, we use the notation x{,--- @'y for FSFOM with (D.1). It is obvious that
x(, = xo, and we have

, , 1 , 1 (260 — 1)61
=) — —h1 0V —zo— = (1+ 22—y
T = x th,o flzg) = zo 7 o f(xo)

(20 — 00)01 (202 — 20)61 B
=y1+ ot (y1 —yo) + Dot (y1 — xo) = 1.
Assuming :1:; =a; fori=0,...,n, we then have
n—2
/ / 1 !
wn+1 =T, — Zhn+l,nvf(m )_ _hn+1n 1vf(wn 1 - 5 Z hn+1 kvf(mk)
k 0
1 (20, — 1)0p41 1 (20 — 6n)0nt1
=y — — |1+ —F"—F— |V ———————(hnn-1 — 1)V f(xn-
on— 7 (14 g ) v - L Bem i les - V@)
152 (20 = 00)0n11
-7 (ng%hn,kvf(wk)
k—0 nein+1
1 (202 — 20)0n41
= — 2 IR Gt
Yn+1 L On Pris1 f(zn)
n—1
1 (Qn - en)€n+l
———F— [ Vf(zn) -V — hn. 1tV
I ot f@n) = Vf(@n 1>+k§:jo *V S (k)

. (262 — 2,,)0n41
=Yn+1+ 0, Qn+1 (yn+1 mn)
(Qn - gn)6n+l
6n9n+1

(Qn - gn)6n+l

(—%Vf(wn) + %vf(wnfl) + Tn — mnfl)

(202 — 20)041

— + — —+ — =T .

Yn+1 On Prs1 (Yn+1 —yn) On Pnin (Yn+1 n) n+1
Proposition 4 The sequence {xo, - ,xN} generated by FSFOM with (4.8) is identical to the corresponding sequence
generated by GOGM2.
Proof We use induction, and for clarity, we use the notation @, - - - , @y for FSFOM with (4.8). It is obvious that x, = xo,
and we have

290 1)641
o =~ ThoViGeh) = a0 - 1 (14 EL2 0% O p(an)

I
~(1- il) (20~ 3 9s@0)) + 2 (960 ~ [ Vi(e0) = 1 (20 ~ )Y f(a0))

21
01 01
=11-—= —z1=
( 91) Y1+ o 1 1
Assuming :1:; =a; fori=0,...,n, we then have

1 1
1’;1+1 =, — Zthrl,nvf(w;L) I Z P16V f(],)

n—1

1 20, — 1)6,, 1
=Tn — (1+(!2717H)Vf($n)__ >

+1 L

k=0
(wn - %Vf(mn))

)

+ Onta ( ——ZZGka(wk)-f— Z Z hy; Wf(m))
)
)

?;A 26k_ Z hj,k: Vf(:l:k)
ntl j=k+1

on41 L= 0 j=k+1
On+1 ( ) +1
=(1- — =V f(x xro — — 20,V f(x
( o f(@n) (o Z KV f(xK)
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E Proof of Lemma 4

It is obvious that (A, 7, 7,0) in (5.5) and (5.6) is in A" (5.3). Using (5.2) and (B.1), we have

8" (h,X,n,7,B) (B.1)
%(()‘i+7'i)hi,k+7—i2§;}€+1hj,k>y i=2,...,N, k=0,...,1—1,
_ )R (i +mdhik — M), i=1,...,N, k=i—1,
Ait1 — Bi, i=0,...,N—1, k=41,
n— BN, i=N, k=1,

and inserting (5.4), (5.5), and (5.6) yields

S//(h7 A7 177 T7 B)

- - ‘ ,
% t?Totfli (tkfzg':kﬁ_lhj,k)+tiTOZ;:k+1hj,k>v Z=2,...,N,k=0,...,’L*1,

_ ti_1—1 . .

={1 tl?m(1+t—1i)—t§_lm), i=1,...,N, k=i—1,
12, i=0,...,N, k=i,

1
:Etitkﬂ), 1=0,...,N, k=0,...,1,
for ¢; in (3.3). Then, using (5.5), we finally show that the feasibility condition of (D) holds:

1
) =_tt'79 = 0O,
=T 2

S"(h, X 0,7, 08) 3
1T i
2 2

where t = (tg,- - 7tN,l)T.

F Proof of Lemma 5

It is obvious that (X, n,7,3) in (5.9) and (5.10) is in A”. Inserting (4.11), (5.9) and (5.10) to (E.1) yields
Sll(h7 A7 n7 T7B)
L (Timo <2tk i hj,k> + YTk, hj,k) L i=2,... N, k=0,...,i—1,
% TiTo(l+w>7Ti,1To>, i=1,...,N, k=i—1,
Tiro — (Ti — t2) 10, i=0,...,N, k=1,
=titg70, ©=0,...,N, k=0,...,1,

for t; and T; in (4.13). Then, using (5.9), we finally show that the feasibility condition of (D’') holds:

8" (h, X\, n,7,B) ;
%TT 2

where t = (to7 - tN, %)T
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