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Abstract

We derive a second-order ordinary differential equation (ODE) which is the limit of Nesterov’s
accelerated gradient method. This ODE exhibits approximate equivalence to Nesterov’s scheme
and thus can serve as a tool for analysis. We show that the continuous time ODE allows for a
better understanding of Nesterov’s scheme. As a byproduct, we obtain a family of schemes with
similar convergence rates. The ODE interpretation also suggests restarting Nesterov’s scheme
leading to an algorithm, which can be rigorously proven to converge at a linear rate whenever
the objective is strongly convex.

Keywords. Nesterov’s accelerated scheme, convex optimization, first-order methods, differen-
tial equation, restarting

1 Introduction

In many fields of machine learning, minimizing a convex function is at the core of efficient model
estimation. In the simplest and most standard form, we are interested in solving

minimize f(x),

where f is a convex function, smooth or non-smooth, and x € R" is the variable. Since Newton,
numerous algorithms and methods have been proposed to solve the minimization problem, notably
gradient and subgradient descent, Newton’s methods, trust region methods, conjugate gradient
methods, and interior point methods.

First-order methods have regained popularity as data sets and problems are ever increasing in
size and, consequently, there has been much research on the theory and practice of accelerated
first-order schemes. Perhaps the earliest first-order method for minimizing a convex function f is
the gradient method, which dates back to Euler and Lagrange. Thirty years ago, however, in a
seminal paper Nesterov proposed an accelerated gradient method (Nesterov, 1983), which may take
the following form: starting with xy and yg = xg, inductively define

Tk = Yk—1 — SV (Yr—1)
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Yp = Tk +




For any fixed step size s < 1/L, where L is the Lipschitz constant of V f, this scheme exhibits the
convergence rate )
*
fan - <o (120, @)
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Above x* is any minimizer of f and f* = f(z*). It is well-known that this rate is optimal among
all methods having only information about the gradient of f at consecutive iterates (Nesterov,
2004). This is in contrast to vanilla gradient descent methods, which have the same computational
complexity but can only achieve a rate of O(1/k). This improvement relies on the introduction of the
momentum term xy — i1 as well as the particularly tuned coefficient (k —1)/(k +2) ~ 1 — 3/k.
Since the introduction of Nesterov’s scheme, there has been much work on the development of
first-order accelerated methods, see Nesterov (2004, 2005, 2007) for theoretical developments, and
Tseng (2008) for a unified analysis of these ideas. Notable applications can be found in sparse
linear regression (Beck and Teboulle, 2009; Qin and Goldfarb, 2012), compressed sensing (Becker
et al., 2011) and, deep and recurrent neural networks (Sutskever et al., 2013).

In a different direction, there is a long history relating ordinary differential equation (ODEs)
to optimization, see Bloch (1994), Helmke and Moore (1996), Schropp and Singer (2000), and
Fiori (2005) for example. The connection between ODEs and numerical optimization is often
established via taking step sizes to be very small so that the trajectory or solution path converges
to a curve modeled by an ODE. The conciseness and well-established theory of ODEs provide
deeper insights into optimization, which has led to many interesting findings. Notable examples
include linear regression via solving differential equations induced by linearized Bregman iteration
algorithm (Osher et al., 2014), a continuous-time Nesterov-like algorithm in the context of control
design (Diirr and Ebenbauer, 2012; Diirr et al., 2012), and modeling design iterative optimization
algorithms as nonlinear dynamical systems (Lessard et al., 2014).

In this work, we derive a second-order ODE which is the exact limit of Nesterov’s scheme by
taking small step sizes in (1); to the best of our knowledge, this work is the first to use ODEs to
model Nesterov’s scheme or its variants in this limit. One surprising fact in connection with this
subject is that a first-order scheme is modeled by a second-order ODE. This ODE reads

. 3.

X+;X—|—Vf(X):0 (3)
for t > 0, with initial conditions X (0) = zq, X (0) = 0; here, zq is the starting point in Nesterov’s
scheme, X = dX/dt denotes the time derivative or velocity and similarly X = d?X/d¢?> denotes
the acceleration. The time parameter in this ODE is related to the step size in (1) via t = ky/s.
Expectedly, it also enjoys inverse quadratic convergence rate as its discrete analog,

xo — x*||?
sexy - g <o (10770,

Approximate equivalence between Nesterov’s scheme and the ODE is established later in various
perspectives, rigorous and intuitive. In the main body of this paper, examples and case studies are
provided to demonstrate that the homogeneous and conceptually simpler ODE can serve as a tool
for understanding, analyzing and generalizing Nesterov’s scheme.

In the following, two understandings of Nesterov’s scheme are highlighted, the first one on
oscillations in the trajectories of this scheme, and the second on the peculiar constant 3 appearing
in the ODE.



1.1 From Overdamping to Underdamping

In general, Nesterov’s scheme is not monotone in the objective function value due to the introduction
of the momentum term. Oscillations or overshoots along the trajectory of iterates approaching the
minimizer are often observed when running Nesterov’s scheme. Figure 1 presents typical phenomena
of this kind, where a two-dimensional convex function is minimized by Nesterov’s scheme. Viewing
the ODE as a damping system, we obtain interpretations as follows.

Small ¢. In the beginning, a large 3/t leads the ODE to be an overdamped system, returning to
the equilibrium without oscillating;

Large t. Ast increases, the ODE with a small 3/t behaves like an underdamped system, oscillating
with the amplitude gradually decreasing to zero.

As depicted in Figure la, in the beginning the ODE curve moves smoothly towards the origin,
the minimizer z*. The second bullet provides partial explanation for the oscillations observed in
Nesterov’s scheme at later stage. Although our analysis extends farther, it is similar in spirit to
that carried in O’Donoghue and Candes (2013). In particular, the zoomed Figure 1b presents some
butterfly-like oscillations for both the scheme and ODE. In relating, each overshoot in Figure 1b
corresponds to a bump in Figure 1c. We observe also from Figure 1c that the periodicity captured
by the bumps are very close to that of the ODE solution. In passing, it is worth mentioning that the
solution to the ODE in this case can be expressed via Bessel functions, hence enabling quantitative
characterizations of these overshoots and bumps, which are given in full detail in Section 3.
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(a) Trajectories. (b) Zoomed trajectories. (c) Errors f — f*.

Figure 1: Minimizing f = 2 x 107223 + 5 x 107323, starting from o = (1 1)T. The black and
solid curves correspond to the solution to the ODE. In (c), for the x-axis we use the identification
between time and iterations, t = k+/s.

1.2 A Phase Transition

The constant 3, derived from (k + 2) — (k — 1) in (3), is not haphazard. In fact, it is the smallest
constant that guarantees O(1/t?) convergence rate. Specifically, parameterized by a constant r, the
generalized ODE

X+§X+Vf(X):0

can be translated into a generalized Nesterov’s scheme that is the same as the original (1) except
for (k—1)/(k+2) being replaced by (k—1)/(k+r—1). Surprisingly, for both generalized ODEs and
schemes, the inverse quadratic convergence is guaranteed if and only if » > 3. This phase transition
suggests there might be deep causes for acceleration among first-order methods. In particular, for
r > 3, the worst case constant in this inverse quadratic convergence rate is minimized at r = 3.



Figure 2 illustrates the growth of t2(f(X(t)) — f*) and sk?(f(x) — f*), respectively, for the
generalized ODE and scheme with r = 1, where the objective function is simply f(x) = %xQ. Inverse
quadratic convergence fails to be observed in both Figures 2a and 2b, where the scaled errors grow
with ¢ or iterations, for both the generalized ODE and scheme.
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(a) Scaled errors t2(f(X(t)) — f*). (b) Scaled errors sk?(f(zg) — f*).

15 20 25 30 35 40 as 50 3 500 1000 1500 2000 500
t iterations

3000 3500 2000 4500 5000

Figure 2: Minimizing f = %xQ by the generalized ODE and scheme with » = 1, starting from
zo = 1. In (b), the step size s = 1074,

1.3 Outline and Notation

The rest of the paper is organized as follows. In Section 2, the ODE is rigorously derived from
Nesterov’s scheme, and a generalization to composite optimization, where f may be non-smooth,
is also obtained. Connections between the ODE and the scheme, in terms of trajectory behaviors
and convergence rates, are summarized in Section 3. In Section 4, we discuss the effect of replacing
the constant 3 in (3) by an arbitrary constant on the convergence rate. A new restarting scheme is
suggested in Section 5, with linear convergence rate established and empirically observed.

Some standard notations used throughout the paper are collected here. We denote by F, the
class of convex functions f with L—Lipschitz continuous gradients defined on R", i.e., f is convex,
continuously differentiable, and obeys

IVf(z) = Vil < Lz -yl

for any =,y € R", where || - || is the standard Euclidean norm and L > 0 is the Lipschitz constant.
Next, S,, denotes the class of p—strongly convex functions f on R"™ with continuous gradients, i.e.,
[ is continuously differentiable and f(z) — ul|z[?/2 is convex. We set S, = F, NS,. Last, we
sometimes slightly abuse the notation by using zj for both the kth iterate of Nesterov’s scheme
and the kth coordinate of x, depending on the context.

2 Derivation

First, we sketch an informal derivation of the ODE (3). Assume f € Fy, for L > 0. Combining the
two equations of (1) and applying a rescaling give

Thil — Tk :k—lxk—x
NG E+2 /s

Introduce the Ansatz x ~ X (ky/s) for some smooth curve X (¢) defined for t > 0. Put k =¢//s.
Then as the step size s goes to zero, X () ~ 7,/ 5 = z and X (t + /s) = T4 /5)/ /5 = Th+1, and

L VsV E (). (4)
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Taylor expansion gives

(vker —2)/V/5 = X(1) + 5 X (V5 +0(V5), (05— 251)/V5 = X (1) = 5 X (V5 + o(V5)

and /sV f(yr) = /sVf(X(t)) + o(y/s). Thus (4) can be written as

X(1) + X (V3 +o(v3)
= (1= 2) (%) - LROVE +ovE) — VEVSXW) +0(v5). 5)

t
By comparing the coefficients of /s in (5), we obtain

X+%X+Vf(X):0.

The first initial condition is X (0) = xg. Taking k = 1 in (4) yields (z2 — z1)/v/s = —/sV f(y1) =
o(1). Hence, the second initial condition is simply X (0) = 0 (vanishing initial velocity).

One popular alternative momentum coefficient is 6y, (9,;_11 — 1), where 6 are iteratively defined
as g1 = (, /% +49,% — 9,3) /2, starting from 6y = 1 (Nesterov, 1983; Beck and Teboulle, 2009).
A bit of analysis reveals that 04(6, ', — 1) asymptotically equals 1 — 3/k + O(1/k?), thus leading
to the same ODE as (1).

Classical results in ODE theory do not directly imply the existence or uniqueness of the solution
to this ODE because the coefficient 3/t is singular at ¢ = 0. In addition, V f is typically not analytic
at xg, which leads to the inapplicability of the power series method for studying singular ODEs.
Nevertheless, the ODE is well posed: the strategy we employ for showing this constructs a series

of ODEs approximating (3) and then chooses a convergent subsequence by some compactness
arguments such as the Arzela-Ascoli theorem.

Theorem 2.1. For any f € Foo := Ur>oFL and any xg € R™, the ODE (3) with initial conditions
X(0) = 20, X(0) = 0 has a unique global solution X € C*((0,00); R™) N CL([0,00); R™).

The next theorem, in a rigorous way, guarantees the validity of the derivation of this ODE. The
proofs of both theorems are deferred to the appendices.

Theorem 2.2. For any f € F, as the step size s — 0, Nesterov’s scheme (1) converges to the
ODE (3) in the sense that for all fixred T > 0,

lim max ka—X(k\/g)H = 0.

—0 T
S ngzgﬁ

2.1 Simple Properties

We collect some elementary properties that are helpful in understanding the ODE.
Time Invariance. If we adopt a linear time transformation, ¢ = ct for some ¢ > 0, by the chain
rule it follows that
dX  1dX d?X 1 d?X
At cdt’ d2 2 de?’
This yields the ODE parameterized by £,

d’X  3dX
74_?

- —— 4+ V(X)) =0.
@ Tia TV



Also note that minimizing f/c? is equivalent to minimizing f. Hence, the ODE is invariant under
the time change. In fact, it is easy to see that time invariance holds if and only if the coefficient of
X has the form C/t for some constant C.

Rotational Invariance. Nesterov’s scheme and other gradient-based schemes are invariant under
rotations. As expected, the ODE is also invariant under orthogonal transformation. To see this,
let Y = QX for some orthogonal matrix Q. This leads to Y = QX,Y = QX and Vyf =
QV x f. Hence, denoting by @7 the transpose of ), the ODE in the new coordinate system reads
QTY + %QTY + QTVy f =0, which is of the same form as (3) once multiplying @ on both sides.
Initial Asymptotic. Assume sufficient smoothness of X such that lim; . X (t) exists. The mean
value theorem guarantees the existence of some ¢ € (0,t) that satisfies X (¢)/t = (X (t) — X (0))/t =
X(€). Hence, from the ODE we deduce X (t) + 3X(€) + Vf(X(t)) = 0. Taking the limit ¢t — 0
gives X (0) = —V f(z0)/4. Hence, for small ¢ we have the asymptotic form:

V f(x0)t?
X(t) = —f(go) + 20 + o(t?).
This asymptotic expansion is consistent with the empirical observation that Nesterov’s scheme

moves slowly in the beginning.

2.2 ODE for Composite Optimization

It is interesting and important to generalize the ODE to minimizing f in the composite form
f(x) = g(x) + h(x), where the smooth part g € F1, and the non-smooth part h : R” — (—o0, o0] is
a structured general convex function. Both Nesterov (2007) and Beck and Teboulle (2009) obtain
O(1/k?) convergence rate by employing the proximal structure of h. In analogy to the smooth case,
an ODE for composite f is derived in the appendix.

3 Connections and Interpretations

In this section, we explore the approximate equivalence between the ODE and Nesterov’s scheme,
and provide evidence that the ODE can serve as an amenable tool for interpreting and analyzing
Nesterov’s scheme. The first subsection exhibits inverse quadratic convergence rate for the ODE
solution, the next two address the oscillation phenomenon discussed in Section 1.1, and the last
subsection is devoted to comparing Nesterov’s scheme with gradient descent from a numerical
perspective.

3.1 Analogous Convergence Rate

The original result from Nesterov (1983) states that, for any f € Fr, the sequence {xj} given by
(1) with step size s < 1/L obeys
2|z — a*?
xp) — < ———— 6
Our next result indicates that the trajectory of (3) closely resembles the sequence {xy} in terms of
the convergence rate to a minimizer z*. Compared with the discrete case, this proof is shorter and
simpler.



Theorem 3.1. For any f € Feo, let X(t) be the unique global solution to (3) with initial conditions
X(0) =z, X(0) =0. Then, for anyt >0,

2||zg — x

*HZ
12 ’

JX@) -1 < (7)
Proof. Consider the energy functional! defined as (&) = t2(f(X(t)) — f*) + 2| X 4+ tX /2 — 2*|%,
whose time derivative is

3

5’:2t(f(X)—f*)+t2<Vf,X>+4<X+;X—x*,2X+;X>.

Substituting 3X /2 + tX /2 with —tV f(X)/2, the above display gives

& =2t(f(X) = ") + 44X — 2", =tV [f(X)/2) = 2t(f(X) = f") = 26(X — 2", Vf(X)) <0,

where the inequality follows from the convexity of f. Hence by monotonicity of £ and non-negativity
of 2| X +tX /2 — 2*||?, the gap obeys

E) _E(0)  2[lmy — x|
2 £2 :

O]

Making use of the approximation ¢ &~ k./s, we observe that the convergence rate in (6) is
essentially the same as in (7), yet another piece of evidence for the approximate equivalence between
the ODE and the scheme.

We finish this subsection by showing that the number 2 appearing in the numerator of the
error bound in (7) is optimal. Consider an arbitrary f € F(R) such that f(z) = x for x > 0.
Starting from some x¢ > 0, the solution to (3) is X (t) = zo — t2/8 before hitting the origin. Hence,
t2(f(X(t)) — f*) = t*(zo — t?/8) has a maximum 2z3 = 2|z — 0|? achieved at t = 2,/zg. Therefore,
we can not replace 2 by any smaller number, and we can expect that this tightness also applies to
the discrete analog (6).

3.2 Quadratic f and Bessel Functions

For quadratic f, the ODE (3) admits a solution in closed form. This closed form solution turns out
to be very useful in understanding the issues raised in the introduction.

Let f(z) = 1(z, Az) + (b,z), where A € R"™" is a positive semidefinite matrix and b is in the
column space of A because otherwise this function can attain —oo. Then a simple translation in
x can absorb the linear term (b, x) into the quadratic term. Since both the ODE and the scheme
move within the affine space perpendicular to the kernel of A, without loss of generality, we assume
that A is positive definite, admitting a spectral decomposition A = QT AQ, where A is a diagonal
matrix formed by the eigenvalues. Replacing = with Qz, we assume [ = %(x,Aaﬁ from now on.
Now, the ODE for this function admits a simple decomposition of form

Xi—l—%Xi—l—)\iXi:O, 1=1,....n

'We may also view this functional as the negative entropy. Similarly, for the gradient flow X + Vf (X) =0, an
energy function of form Egradient (t) = t(f (X (£)) — f*)+|| X (t) —2*||*/2 can be used to derive the bound f(X (¢))—f* <

llzo—a*|I?
2t



with X;(0) = x4, X;(0) = 0. Introduce Y;(u) = uX;(u//A;), which satisfies
u?Y; + uY; + (u? —1)Y; = 0.

This is Bessel’s differential equation of order 1. Since Y; vanishes at u = 0, Y; is a constant multiple
of Ji, the Bessel function of the first kind with order 1. Applying the asymptotic expansion
Ji(u) ~ u/2 when u — 0 (see e.g. Watson, 1995), we obtain

i 2:L'0,i

Xi(t) = t\mh(t\/i-)- (8)

For large ¢, the Bessel function has the following asymptotic form (see e.g. Watson, 1995):

Ji(t) = \/Z (cos(t — 3m/4) + 0(1/75)). 9)

This asymptotic expansion yields (note that f* = 0)

* " 203, 2 (o=
o) - = sy = 32 (W) =0 (gt ). (10)

On the other hand, (9) and (10) give a lower bound:

n

1t 2w 2llzo — a*|?
limsup ¢*(f(X(t)) — f*) > lim ~ E 2x2 judy (uy/ )2 du = g z > , (11
t—)oop (f( ( )) f ) 5ot gt 0, 1( ) P 71'\/)\77; = ﬂ_\/z ( )

where L = || A||2 is the spectral norm of A.

Above, (10) is interesting since it suggests that Nesterov’s scheme possibly exhibit O(1/k%)
convergence rate for strongly convex functions. This convergence rate is consistent with the second
inequality in Theorem 4.2. In Section 4.3, we prove the O(1/t3) rate for a generalized version of
(3). However, (11) rules out the possibility of a higher order convergence rate.

Recall that the function considered in Figure 1 is f(z) = 0.022? + 0.005z2, starting from
xo = (1, 1). As the step size s becomes smaller, the trajectory of Nesterov’s scheme converges to the
solid curve represented via the Bessel function. While approaching the minimizer z*, each trajectory
displays the oscillation pattern, as well-captured by the zoomed Figure 1b. This prevents Nesterov’s
scheme achieving better convergence rate. The representation (8) offers excellent explanation as
follows. Denote by Ti,T5, respectively, the approximate periodicities of the first component |X|
in absolute value and the second |Xs3|. By (9), we get 71 = 7/v/A1 = 57 and T = 7/y/Ag =
107. Hence, as the amplitude gradually decreases to zero, the function f = 2x(2)’1t]1(\/)\71t)2/t2 +
2x8’2J1(\/)\72t)2 /t? has a major cycle of 107, the least common multiple of 7} and Ty. A careful
look at Figure 1c reveals that within each major bump, roughly, there are 107 /T} = 2 minor peaks.

3.3 Fluctuations of Strongly Convex f

The analysis carried out in the previous subsection only applies to convex quadratic functions.
In this subsection, we extend the discussion to one-dimensional strongly convex functions. The
Sturm-Picone theory (see e.g. Hinton, 2005) is extensively used all along the analysis.

Let f € S, r(R). Without loss of generality, assume f attains minimum at z* = 0. Then, by
definition p < f’(x)/z < L for any x # 0. Denoting by X the solution to the ODE (3), we consider
the self-adjoint equation,

Y'Y + WY =0, (12)

8



which, apparently, admits a solution Y (¢t) = X (¢). To apply the Sturm-Picone comparison theorem,
consider
Y)Y + ut’y =0

for a comparison. This equation admits a solution Y () = Ji(y/pt)/t. Denote by ¢ <ty < --- all
the positive roots of Ji(¢), which obey (see e .g. Watson, 1995)

38317 =4, —ty>ly—t3 >ty —ty>--->m,

where £y = 0. Then, it follows that the positive roots of Y are t1/\/i, ta/ /R, . ... Since 3 /(X (t))/X (t) >
pt3, the Sturm-Picone comparison theorem asserts that X (¢) has a root in each interval [¢; /\/t, ti41/ /B
To obtain a similar result in the opposite direction, consider

#3Y') + LY = 0. (13)

Applying the Sturm-Picone comparison theorem to (12) and (13), we ensure that between any two
consecutive positive roots of X, there is at least one #;/ VL. Now, we summarize our findings in
the following. Roughly speaking, this result concludes that the oscillation frequency of the ODE
solution is between O(,/fz) and O(vV/L).

Theorem 3.2. Denote by 0 < t1 <ty < --- all the roots of X (t) — x*. Then these roots obey, for
alli>1,
7.6635 7.6635

T
t < iy — < Y e — >
N/

3.4 Nesterov’s Scheme Compared with Gradient Descent

The ansatz t &~ k+/s in relating the ODE and Nesterov’s scheme is formally confirmed in Theorem
2.2. Consequently, for any constant ¢, > 0, this implies that z; does not change much for a
range of step sizes s if k ~ t./y/s. To empirically support this claim, we present an example
in Figure 3a, where the scheme minimizes f(z) = |y — Az||?/2 + ||z|j; with y = (4, 2, 0) and
A(;,1) = (0, 2, 4), A(;,2) = (1, 1, 1) starting from o = (2, 0). From this figure, we are fortunate
to observe that xj with the same t. are very close to each other.

This interesting square-root scaling has the potential to shed light on the superiority of Nes-
terov’s scheme over gradient descent. Roughly speaking, each iteration in Nesterov’s scheme
amounts to traveling /s in time along the integral curve of (3), whereas it is known that the
simple gradient descent x4 = x3, — sV f(x;) moves s along the integral curve of X + Vf(X) = 0.
We expect that for small s Nesterov’s scheme moves more in each iteration since /s is much
larger than s. Figure 3b illustrates and supports this claim, where the function minimized is
f = |z1]® + 5laa]® + 0.001(x1 + x2)? with step size s = 0.05 (The coordinates are appropri-
ately rotated to allow xy and z* lie on the same horizontal line). The circles are the iterates
for k£ = 1,10, 20, 30,45, 60, 90, 120, 150, 190, 250, 300. For Nesterov’s scheme, the seventh circle has
already passed t = 15, while for gradient descent the last point has merely arrived at ¢t = 15.

A second look at Figure 3b suggests that Nesterov’s scheme allows a large deviation from its
limit curve, as compared with gradient descent. This raises the question of the stable step size
allowed for numerically solving the ODE (3) in the presence of accumulated errors. The finite
difference approximation by the forward Euler method is

X(t+At) —2X(¢) + X(t— At)  3X(t) — X(t — At)
At2 Ty At

+Vf(X() =0, (14)
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Figure 3: In (a), the circles, crosses and triangles are zj evaluated at k = [1/4/s],[2/y/s] and
[3/+/s], respectively. In (b), the circles are iterations given by Nesterov’s scheme or gradient
descent, depending on the color, and the stars are X (t) on the integral curves for ¢t = 5, 15.

which is equivalent to

3AL

X(t+ At) = (2 - T)X(ze) — ABVF(X (1) — (1 - 3TAt

)X(t — Ab). (15)

Assuming f is sufficiently smooth, we have V f(x+6x) ~ V f(z)+ V2 f(z)éx for small perturbations
Sz, where V2f(x) is the Hessian of f evaluated at z. Identifying k = t/At, the characteristic
equation of this finite difference scheme is approximately

det (V— (2—At2v2f—3ft>)\+1—3?t> = 0. (16)

The numerical stability of (14) with respect to accumulated errors is equivalent to this: all the
roots of (16) lie in the unit circle (see e.g. Leader, 2004). When V2f < LI, (i.e., LI, — V2f is
positive semidefinite), if At/t small and At < 2/v/L, we see that all the roots of (16) lie in the unit
circle. On the other hand, if At > 2/v/L, (16) can possibly have a root A outside the unit circle,
causing numerical instability. Under our identification s = At?, a step size of s = 1/L in Nesterov’s
scheme (1) is approximately equivalent to a step size of At = 1/4/L in the forward Euler method,
which is stable for numerically integrating (14).

As a comparison, note that the finite difference scheme of the ODE X (t) + Vf(X(t)) = 0,
which models gradient descent with updates xx1 = xp — sV f(x), has the characteristic equation
det(A — (1 — AtV2f)) = 0. Thus, to guarantee —1I,, < 1 — AtV2f < I, in worst case analysis, one
can only choose At < 2/L for a fixed step size, which is much smaller than the step size 2/+/L for
(14) when Vf is very variable, i.e., L is large.

4 The Magic Constant 3

Recall that the constant 3 appearing in the coefficient of X in (3) originates from (k42)—(k—1) = 3.
This number leads to the momentum coefficient in (1) taking the form (k—1)/(k+2)=1-3/k+

10



O(1/k?). In this section, we demonstrate that 3 can be replaced by any larger number, while
maintaining the O(1/k?) convergence rate. To begin with, let us consider the following ODE
parameterized by a constant r:

X+§X+Vf(X):o (17)
with initial conditions X (0) = xo, X (0) = 0. The proof of Theorem 2.1, which seamlessly applies
here, guarantees the existence and uniqueness of the solution X to this ODE.

Interpreting the damping ratio 7/t as a measure of friction? in the damping system, our results
say that more friction does not end the O(1/t?) and O(1/k?) convergence rate. On the other hand,
in the lower friction setting, where r is smaller than 3, we can no longer expect inverse quadratic
convergence rate, unless some additional structures of f are imposed. We believe that this striking
phase transition at 3 deserves more attention as an interesting research challenge.

4.1 High Friction

Here, we study the convergence rate of (17) with » > 3 and f € F. Compared with (3), this
new ODE as a damping suffers from higher friction. Following the strategy adopted in the proof
of Theorem 3.1, we consider a new energy functional defined as

2t2 . t . ) 2
) = ZUK0) = £+ 0= )X + X0 -

By studying the derivative of this functional, we get the following result.

Theorem 4.1. The solution X to (17) obeys

.o (r=1)?|zo — a*|? > " (r — 1)*|Jzo — 2*]?
Fexo) - < = [ - e < Tt
Proof. Noting rX +tX = -tV f(X), we get £ equal to
T4_t1(f(X) e T2j21(Vf,X> FoX X X o)
= () ) ax vy < -2 g, )

where the inequality follows from the convexity of f. Since f(X) > f*, the last display implies
that £ is non-increasing. Hence

22
r—1

(f(X(1) = [*) < E) < EO) = (r = 1)[|lwo — 2*||?,

yielding the first inequality of this theorem. To complete the proof, from (18) it follows that

[T 0 - e - [T =£0) - 80600 < (= o - o7,

as desired for establishing the second inequality. O

2In physics and engineering, damping may be modeled as a force proportional to velocity but opposite in direction,
i.e. resisting motion; for instance, this force may be used as an approximation to the friction caused by drag. In our
model, this force would be proportional to —%X where X is velocity and 7 is the damping coefficient.
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The first inequality is the same as (7) for the ODE (3), except for a larger constant (r — 1)2/2.
The second inequality is interesting in that it measures the error f(X(¢)) — f* in an average sense.

Now, it is tempting to obtain such analogs for the discrete Nesterov’s scheme as well. Following
the formulation of Beck and Teboulle (2009), we wish to minimize f in the composite form f(x) =
g(z) + h(z), where g € Fr, for some L > 0 and h is convex on R™ possibly assuming extended value
oo. Define the proximal subgradient

Gy 2 & mrEmin (2 — (@ = sVg(@)[*/(25) + h(z))

S

Parametrizing by a constant r, we propose the generalized Nesterov’s scheme,

Tk = Yp—1 — SGs(Yr—1)
k-1 (19)

Y = T + m(ﬂfk — Tk—1),

starting from yy = xg. The discrete analog of Theorem 4.1 is below.

Theorem 4.2. The sequence {xy} given by (19) with 0 < s < 1/L obeys

r—1)2||zg — z*||? > r—1)2||zg — 2*|?
f(xk)—f*s(25(,3+|ro_2)2”, ;(kw—l)(f(ask)—f*)s( Qi(ﬂ_og) !

The first inequality suggests that the generalized Nesterov’s schemes still achieve O(1/k?) con-
vergence rate. However, if the error bound satisfies f(xp) — f* > ¢/k'? for some ¢ > 0 and a dense
subsequence {k'}, i.e., {k'} N {1,...,m}| > am for any positive integer m and some a > 0, then
the second inequality of the theorem is violated. Hence, the second inequality is not trivial because
it implies the error bound is in some sense O(1/k?) suboptimal.

Now we turn to the proof of this theorem. It is worth pointing out that, though based on the
same idea, the proof below is much more complicated than that of Theorem 4.1.

Proof. Consider the discrete energy functional,

r—2)%s
ety = 22 () - ) = - o
where z, = (k+7r — 1)yg/(r — 1) — ka/(r — 1). If we have

2s[(r = 3)(k+r—2)+1]
r—1

E(k) + (f(@p—1) = f7) <€k = 1), (20)

then it immediately yields the desired results by summing over (20). To be specific, by recursively
applying (20), we see

k

si(r=3)(t+r— r—2)2%s
ey PO=IOE =D N ) < 20) = 2EZ2 () )4 - Dl
=1
which is equivalent to
sy + 3 OO =D 0y — ) < (= 1) - 712 (21)

12



Noting that the left-hand side of (21) is lower bounded by 2s(k 4+ r — 2)2(f(zx) — f*)/(r — 1), we
thus obtain the first inequality of the theorem. Since £(k) > 0, the second inequality is verified via
taking the limit & — oo in (21) and replacing (r —3)(i +r — 1)+ 1 by (r —3)(: +r — 1).

We now establish (20). For s < 1/L, we have the basic inequality,

fly—sGs(y)) < fl2) +Ga(y)" (y — 2) — ;IIGs(y)||27 (22)

for any x and y. Note that yx_1; — sGs(yr—1) actually coincides with . Summing of (k —1)/(k +
r—2) x (22) with © = 251,y = yg—1 and (r — 1)/(k +r —2) x (22) with z = 2*,y = yg_1 gives

k—1 r—1

< Y =
fae) < k:+r—2f($k_1)+]<;+r_2f
r—1 rrk+r—2 E—1 NS )
+mGs(yk—l) (flyk—l - T‘*lxk_l_x) §||Gs(yk_1)||
_ k-1 r—1 * (T_l)z *12 *12
N k+7’—2f($k_1)+]€+7"—2f +25(k+r_2)2(||2k—1_x || _sz_l' || >a

where we use zp_1 — s(k + 1 — 2)Gs(yg—1)/(r — 1) = z. Rearranging the above inequality and
multiplying by 2s(k +r —2)2/(r — 1) gives the desired (20).
]

In closing, we would like to point out this new scheme is equivalent to setting 8, = (r —1)/(k +
r — 1) and letting 9;4(9,;_11 — 1) replace the momentum coefficient (k —1)/(k +r —1). Then, the

113

equal sign “ =" in the update 041 = (1/0} + 467 — 02)/2 has to be replaced by an inequality sign

“>7. In examining the proof of Theorem 1(b) in Tseng (2010), we can get an alternative proof of
Theorem 4.2.

4.2 Low Friction

Now we turn to the case r < 3. Then, unfortunately, the energy functional approach for proving
Theorem 4.1 is no longer valid, since the left-hand side of (18) is positive in general. In fact, there
are counterexamples that fail the desired O(1/t?) or O(1/k?) convergence rate.

Let f(z) = 3|z||?> and X be the solution to (17). Then, ¥ = £t X obeys

Y +tY + (12 — (r—1)2/4)Y = 0.

With the initial condition Y (t) ~ t%xg for small ¢, the solution to the above Bessel equation in a
r—1

vector form of order (r —1)/21is Y (t) =22 I'((r +1)/2)J—1)/2(t)z0. Thus,

X(t) _ 27";1]:’((7' + 137/12)J(r,1)/2(t) 0.

t 2

For large t, the Bessel function Ji,_1)2(t) = /2/(wt)(cos(t — (r — 1)w/4 —7/4) + O(1/t)). Hence,

FX () = f* = O (|lzo — 2*|I°/17)

where the exponent r is tight. This rules out the possibility of inverse quadratic convergence of the
generalized ODE and scheme for all f € Fp if r < 2. An example with » = 1 is plotted in Figure 2.
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Next, we consider the case 2 < r < 3 and let f(x) = |z| (this also applies to multivariate
f = |z|).? Starting from zq > 0, we get X(t) = xg — 2(1t7-2+r) for t < \/2(1 4+ r)xg. Requiring
continuity of X and X at the change point 0, we get

r+1

t2 22(1+r)zo) 2 r+3.
2(1+7) PZ—1e-1 -1

X(t) =

for \/2(1+7)zg < t < \/2¢*(1 + 1)z, where ¢* is the positive root other than 1 of (r — 1)c +

43 = r + 3. Repeating this process solves for X. Note that ¢'~" is in the null space of
X 47X/t and obeys t2 x t!=" — o0 as t — oo. For illustration, Figure 4 plot t2(f(X(t)) — f*)
and sk?(f(zy) — f*) with r = 2,2.5, and r = 4 for comparison*. It is clearly that inverse quadratic
convergence does not hold for r = 2,2.5, that is, (2) does not hold for » < 3. Interestingly, in
Figures 4a and 4d, the scaled errors at peaks grow linearly, whereas for r = 2.5, the growth rate,
though positive as well, seems sublinear.

’ +2(F — ) 1 — -
(a) ODE (17) with r = 2. (b) ODE (17) with » = 2.5. (C) ODE (17) with r = 4.
I sea—m | “““ SK2(t = 1) ” SR

iterations iterations 10" iterations

(d) Scheme (19) with r = 2. (e) Scheme (19) with r = 2.5. (f) Scheme (19) with r = 4.

Figure 4: Scaled errors t2(f(X (t)) — f*) and sk?(f(zx) — f*) of generalized ODEs and schemes for
minimizing f = |z|. In (d), the step size s = 1076, in (e), s = 1077, and in (f), s = 1076,

However, if f possesses some additional property, inverse quadratic convergence is still guar-
anteed, as stated below. In that theorem, f is assumed to be a continuously differentiable convex
function.

r—1

Theorem 4.3. Suppose 1 < r < 3 and let X be a solution to the ODE (17). If (f — f*) 2
convex, then

s also

(r —1)%[|zo — 2*|?
212

FX (@) =17 <

r—1

Proof. Since (f — f*) 2 is convex, we obtain

(FX(1) = )T < (X —a*, V(F(X) = )

r— r—1 r—3

) = 5 (J(X) = )7 (X =2, VX)),

3This function does not have a Lipschitz continuous gradient. However, similar pattern as in Figure 2 can be also
observed if we smooth |z| at an arbitrarily small vicinity of 0.

“For Figures 4d, 4e and 4f, if running generalized Nesterov’s schemes with too many iterations (e.g. 10°), the
deviations from the ODE will grow. Taking a sufficiently small s can solve this issue.
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which can be simplified to 25 (f(X) — f*) < (X —2*, Vf(X)). This inequality combined with (18)
leads to the monotonically decreasing of £(t) defined for Theorem 4.1. This completes the proof

by noting f(X) — f* < (r — DE(1)/(2t*) < (r — 1)£(0)/(2t?) = (r — 1)%||lwo — 2*[|?/(2£*). 0

4.3 Strongly Convex f

Strong convexity is a desirable property for optimization. This property even allows vanilla gradient
descent to achieve linear convergence. Unfortunately, the example given in the previous subsection
simply rules out such possibility for Nesterov’s scheme and its generalizations (19). However, from a
different perspective, this example suggests that O(t~") convergence rate can be expected for (17).
In the next theorem, we prove a slightly weaker statement of this kind, that is, a provable O(f%)
convergence rate is established for strongly convex functions. Bridging this gap may require new
tools and more careful analysis.
Let f € S, r(R"™) and consider a new energy functional for a > 2 defined as

2

E(ti0) = (X (W) - 1)+ = vy 4 2

2r -«
When clear from the context, £(¢; ) is simply denoted as £(t). For r > 3, taking a = 2r/3 in the
theorem stated below gives f(X(t)) — f* < ||z — x*||2/t2‘?7.
Theorem 4.4. For any f € S, .(R"), if 2 < o < 2r/3 we get
c ||on —*?

pT e

fX@) =1 <
for any t > 0. Above, the constant C' only depends on o« and r.
Proof. Note that &(t; ) equals

(2r — a)tet
2

(a—2)(2r — a)?t*—3
. X — |

n (a — 2)(22 — oz)to‘_2

at® N (f(X) = f*) — (X — 2", V(X)) +

(X, X —x*). (23)
By the strong convexity of f, the second term of the right-hand side of (23) is bounded below as

(2r — a)to‘_l

(2r — a)t"‘_l
5 ( —

2

w(2r — a)te!

X — 2%
1 | |

X —a", V(X)) = (f(X) =)+

Substituting the last display into (23) with the awareness of r > 3a/2 yields

2u(2r — a)t? — (a — 2)(2r — a)?)te=3

s
£s 8

|2 + (@ —2)(2r — a)t* 2 d||X —a*|

X —
| 8 dt

Hence, if t > t, == /(o — 2)(2r — )/(2p), we obtain

(a—2)(2r — oz)to‘_2 d|| X — x*HQ

*(4) <
E(t) < 8 dt
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Integrating the last inequality on the interval (t,,t) gives

o — r— )2 - r—a)te?
( 2)(28 )t 2)(28 )ta ||X(ta) o x*HQ

t o — r—o a—2
_ é ; (a— 2)2(2r — oz)ua—3||X(u) _ x*HQdu < E(ta) + ( 2)(28 )t

E(t) < E(ta) + 1x@) — 2P - @

1X () — 2|

(a —2)(2r — a)t*2
Ap

Making use of (24), we apply induction on « to finish the proof. First, consider 2 < a < 4.
Applying Theorem 4.1, from (24) we get that £(t) is upper bounded by

< E(ta) + (f(X(@) = ). (24)

(@ —2)(r — 1)*(2r — o) [lzo — 2? (@ —2)(r —1)*2r — a)lzo — l‘*llQ.

E(ty) + < E(ty) + 25
(ta) o (ta) o (25)
Then, we bound &(t) as follows.
2r — a)?te72 1 2r — 2 2ta 2r—2 2
Elta) <t¥(f(X(ta)) — f* ( < H X (ta 2 X(ty) — *
(ta) <ta(f(X(ta)) — f) + 1 ST ( )+2T_a (ta) T
(2r—a)2tg_2Ha—2 a—2 2
X(ty) —
4 2r — « (a) 2r—ax
_22 -1 2 k12
< (r = 125 2o — 22+ © )(l tfjxo T 26)
Hlo

where in the second inequality we use the decreasing property of the energy functional defined for
Theorem 4.1. Combining (25) and (26), we have

E(t) < (r = 1)°t57%|lwo — 2™[|* +

(@ —2)(r —1)*(2r + o —4)|zo —a*|* _ O( [0 — JU*H2>
Suta= B .

For t > t,, it suffices to apply f(X(t)) — f* < &(t)/t? to the last display. For ¢ < t,, by Theorem
4.1, f(X(t)) — f* is upper bounded by

a—2 a—2
(r=1D?llwo —a*|? _ (r=1)°u = [(a = 2)(2r = )/@u)] = [lwo —2*|* _ O(on - w*HQ) (27)
212 - 2 M(’T‘?‘ta MQT_Qta '
Next, suppose that the theorem is valid for some & > 2. We show below that this theorem is
still valid for a := & + 1 if still » > 3a/2. By the assumption, (24) further induces

C’(a —2)(2r — a)l|lzo — x*H2
47ty

(a—2)(2r — oz)t“_2 C’on — a:*H2

E(t) < E(ty) + —
() < €(t) m e

< E(ty) +

for some constant C' only depending on & and r. This inequality with (26) implies

(o= 2)*(r = D*llzo — ¥ Cla=2)(2r — a)|zo — 2|
Apte ™ 4T t,

E(t) < (r—1)*07"|lwo — 2*|* +

=0 (Jleo — & |*/n"F") |

which verify the induction for ¢ > t,. As for ¢t < t,, the validity of the induction follows from
Theorem 4.1, similarly to (27). Thus, combining the base and induction steps, the proof is com-
pleted. O
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It should be pointed out that the constant C' in the statement of Theorem 4.4 grows with the
parameter r. Hence, simply increasing r does not guarantee to give a better error bound. While it
is desirable to expect a discrete analogy of Theorem 4.4, i.e., O(1/k%) convergence rate for (19), a
complete proof can be notoriously complicated. That said, we mimic the proof of Theorem 4.4 for
o = 3 and succeed in obtaining a O(1/k3) convergence rate for the generalized Nesterov’s schemes,
as summarized in the theorem below.

Theorem 4.5. Suppose f is written as f = g+ h, where g € S,,1, and h is convex with possible
extended value co. Then, the generalized Nesterov’s scheme (19) with r > 9/2 and s = 1/L obeys

. CLllzg — 2*||2 /L]
oy — g+ < Ol I Ty,

where C' only depends on 7.

This theorem states that the discrete scheme (19) enjoys the error bound O(1/k?) without any
knowledge of the condition number L/u. In particular, this bound is much better than that given
in Theorem 4.2 if k > /L/u. The strategy of the proof is fully inspired by that of Theorem
4.4, though it is much more complicated and thus deferred to the Appendix. The relevant energy
functional £(k) for this Theorem 4.5 is equal to

s(2k + 3r — 5)(2k +1(23r — Ok +Ar=9) ey

+2k:+3r—5
16

12(k 47 — Dy — (2k + Dy, — (2r — 3)z*||%. (28)

4.4 Numerical Examples

We study four synthetic examples to compare (19) with the step sizes are fixed to be 1/L, as
illustrated in Figure 5. The error rates exhibits similar patterns for all r, namely, decreasing while
suffering from local bumps. A smaller r introduces less friction, thus allowing x; moves towards x*
faster in the beginning. However, when sufficiently close to z*, more friction is preferred in order to
reduce overshoot. This point of view explains what we observe in these examples. That is, across
these four examples, (19) with a smaller r performs slightly better in the beginning, but a larger
r has advantage when k is large. It is an interesting question how to choose a good r for different
problems in practice.

Lasso with fat design. Minimizing f(z) = 5|l Az — b||? + A||z||1, in which A a 100 x 500 random
matrix with i.i.d. standard Gaussian N (0, 1) entries, b generated independently has i.i.d. A (0, 25)
entries, and the penalty A = 4. The plot is Figure 5a.

Nonnegative least squares (NLS) with fat design. Minimizing f(x) = ||Az — b||? subject to
x = 0, with the same design A and b as in Figure 5a. The plot is Figure 5b.

Lasso with square design. Minimizing f(z) = %||Az —b||>+ A||z||1, where A a 500 x 500 random
matrix with i.i.d. standard Gaussian entries, b generated independently has i.i.d. N(0,9) entries,
and the penalty A = 4. The plot is Figure 5c.

Nonnegative least squares with sparse design. Minimizing f(z) = ||Az — b||? subject to
x = 0, in which A is a 1000 x 10000 sparse matrix with nonzero probability 10% for each entry
and b is given as b = Az + N(0, I1000). The nonzero entries of A are independently Gaussian
distributed before column normalization, and z° has 100 nonzero entries that are all equal to 4.
The plot is Figure 5d.
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(a) Lasso with fat design. (b) NLS with fat design.
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iterations iterations

(¢) Lasso with square design. (d) NLS with square design.

Figure 5: Comparisons of generalized Nesterov’s schemes with different r.

5 Restarting

The example discussed in Section 4.2 demonstrates that Nesterov’s scheme and its generaliza-
tions (19) are not capable of fully exploiting strong convexity. That is, this example suggests
evidence that O(1/poly(k)) is the best rate achievable under strong convexity. In contrast, the
vanilla gradient method achieves linear convergence O((1 — u/L)¥). This drawback results from
too much momentum introduced when the objective function is strongly convex. The derivative of
a strongly convex function is generally more reliable than that of non-strongly convex functions.
In the language of ODEs, at later stage a too small 3/t in (3) leads to a lack of friction, resulting
in unnecessary overshoot along the trajectory. Incorporating the optimal momentum coefficient
VI i
VI+yi
of O((1 — +/u/L)*) (Nesterov, 2004), which, however, requires knowledge of the condition number
wu/L. While it is relatively easy to bound the Lipschitz constant L by the use of backtracking,
estimating the strong convexity parameter u, if not impossible, is very challenging.

Among many approaches to gain acceleration via adaptively estimating pu/L (see Nesterov,
2007), O’Donoghue and Candés (2013) proposes a procedure termed as gradient restarting for
Nesterov’s scheme in which (1) is restarted with 29 = yo := z; whenever f(zr11) > f(z). In
the language of ODEs, this restarting essentially keeps (V f, X ) negative, and resets 3/t each time
to prevent this coefficient from steadily decreasing along the trajectory. Although it has been
empirically observed that this method significantly boosts convergence, there is no general theory
characterizing the convergence rate.

In this section, we propose a new restarting scheme we call the speed restarting scheme. The
underlying motivation is to maintain a relatively high velocity X along the trajectory, similar in

(This is less than (k —1)/(k +2) when k is large), Nesterov’s scheme has convergence rate
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spirit to the gradient restarting. Specifically, our main result Theorem 5.1 ensures linear conver-
gence of the continuous version of the speed restarting. More generally, our contribution here is
merely to provide a framework for analyzing restarting schemes rather than competing with other
schemes. Throughout this section we assume f € S, 1, for some 0 < o < L. Recall that function
fe€S8,rif feFand f(z)— pllz|?/2 is convex.

5.1 A New Restarting Scheme

We first define the speed restarting time. For the ODE (3), we call

)| X ()|
T =T(xo; f) :sup{t >0:Vue (0,t), Hd(U)H > 0}
u
the speed restarting time. In words, T is the first time the velocity || X| decreases. Back to the
discrete scheme, it is the first time when we observe ||z41 — x| < ||xx — 2g—1]|. This definition
itself does not directly imply that 0 < T" < oo, which is proven later in Lemmas 5.4 and .12. Indeed,
f(X(t)) is a decreasing function before time T for ¢t < T,

df(X(#)) 3y LAIX?
= = —— —_— < 0.
— (v r(x), %) = =X - 5T <o
The speed restarted ODE is thus
. 3 .
X(t) + —X(O) + VX)) =0, (29)

where tg, is set to zero whenever <X , X ) = 0 and between two consecutive restarts, tg, grows just
as t. That is, ts, =t — 7, where 7 is the latest restart time. In particular, t5, = 0 at ¢ = 0. Letting
X*" be the solution to (29), we have the following observations.

e X(t) is continuous for ¢t > 0, with X*(0) = xq;

o X%(t) satisfies (3) for 0 <t < T} := T'(xo; f).

e Recursively define Tj41 =T (Xsr (Zj’:l Tj) ,f) for i > 1, and X(t) := X¥ <Z;:1 T; + t)
satisfies the ODE (3), with X (0) = X* (22:1 Tj), for 0 <t < Tjqq.

The theorem below guarantees linear convergence of X*°. This is a new result in the literature
(O’Donoghue and Candes, 2013; Monteiro et al., 2012). The proof of Theorem 5.1 is based on
Lemmas 5.3 and 5.4, where the first guarantees the rate f(X®") — f* decays by a constant factor
for each restarting, and the second confirms that restartings are adequate. In these lemmas we all
make a convention that the uninteresting case xg = x* is excluded.

Theorem 5.1. There exist positive constants ¢y and co, which only depend on the condition number
L/u, such that for any f € S, 1, we have

S I s el %
- 2

Before turning to the proof, we make a remark that this linear convergence of X®" remains to
hold for the generalized ODE (17) with » > 3. Only minor modifications in the proof below are
needed, such as replacing u? by u” in the definition of I(¢) in Lemma .12.
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5.2 Proof of Linear Convergence

First, we collect some useful estimates. Denote by M(t) the supremum of || X (u)||/u over u € (0,1]
and let

I0) = [ (VI () = V1 ao))du

It is guaranteed that M defined above is finite, for example, see the proof of Lemma .5. The
definition of M gives a bound on the gradient of f,

VIX0) - Vil < 1] [ X <2 / X,

LM (t)t?
u 2

Hence, it is easy to see that I can also be bounded via M,
t CLM(uyu® | LM(t)8
1) < /0 W[V (X (0) — Vf (o)l du < /0 (0 g, < LMOE,

To fully facilitate these estimates, we need the following lemma that gives an upper bound of M,
whose proof is deferred to the appendix.

Lemma 5.2. Fort < \/12/L, we have

IV £ (o)
M®) =0z Lt§/12)'

Next we give a lemma which claims that the objective function decays by a constant through
each speed restarting.

Lemma 5.3. There is a universal constant C > 0 such that

s - < (1= 5 ) - 7.

Proof. By Lemma 5.2, for t < 1/12/L we have

LM _ LIV (o)

1
= | I(t)| <
g0l s —5—= 48(1 — Lt2/12)’

HX(t) + iv,f(xo)

which yields

LV f(xo)|lt?
48(1 — Lt2/12)

L||V f (o) [|*

< ||X@) < EHVf(:zco)H + 48(1 - Liz/12)°

0< {1V ao)] (30)

Hence, for 0 < t < 4/(5v/L) we get

df(X) _ 3¢ Ld

sl I -t v

) 3 .
X% < —;IIXIIQ

3

t LV f(ao)|*
<3 (19t -

2
2
M) < Oyt V £ (z0)|%

where C7 > 0 is an absolute constant and the second inequality follows from Lemma .12 in the
appendix. Consequently,

£ (¥G/6VED) = fa0) < [ ~Cuul a0 P < =L (@) - 1)
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where C' = 16C1 /25 and in the last inequality we use the p-strong convexity of f. Thus we have

r(x(5)) - = (-9 Gt -
To complete the proof, note that f(X(T)) < f(X(4/(5vL))) by Lemma .12.

O]

With each restarting reducing the error f — f* by a constant a factor, we still need the following
lemma to ensure sufficiently many restartings.

Lemma 5.4. There is a universal constant C such that

4 exp (%)
T<—=.
- 5L

df(X 3
Proof. For 4/(5v/L) < t < T, we have &) < _3

X()]? < —3||X(4/(5V/L))||, which implies

5v'L

T
F(X(T)) = f(zo) < _/4 %||X(4/(5ﬁ))||2dt = —3|\X(4/(5\/f))||210g MZE

Hence, we get an upper bound for T,

Flwo) — FX(TY)\ _ 4 Fao) — 1
<572 Gixaevine) = vz ™ Girwevoe)

Plugging t = 4/(5v/L) into (30) gives || X (4/(5v/L))|| > %HV}”(&:O)H for some universal constant
C1 > 0. Hence, from the last display we get

4 L<f<xo>—f*>> 4 L
N <3c%|er<xo>\2 =5V P ecn

Now, we are ready to prove Theorem 5.1 by applying Lemmas 5.3 and 5.4.

Proof. Note that Lemma 5.4 asserts, by time ¢ at least m := L5tﬁe_éL/ #/4] restartings have
occurred for X®. Hence, recursively applying Lemma 5.3, we have

JXF@) = fF < XM+ 4 T) = 7 < (A= Cp/L) (f (X (T + -+ 4 Tin1)) = f7)

< (1= Cp/L)"™(f(x0) — f*) < e E(f(wo) — )

L k]2
< exem VI (f(ag) — 1) < PN 2T ocarr,
where ¢; = exp(Cpu/L) and ¢y = 5Cue*é“/L/(4L).

O
In closing, we remark that we believe that estimate in Lemma 5.3 is tight, while not for Lemma

5.4. Thus we conjecture that for a large class of f € S,, 1, if not all, T = O(v/L/u). If this is true,
the exponent constant cp in Theorem 5.1 can be significantly improved.
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5.3 Numerical Examples

Below we present a discrete analog to the restarted scheme. There, ki, is introduced to avoid
having consecutive restarts that are too close. To compare the performance of the restarted scheme
with the original (1), we conduct four simulation studies, including both smooth and non-smooth
objective functions. Note that the computational costs of the restarted and non-restarted schemes
are the same.

Algorithm 1 Speed Restarting Nesterov’s Scheme

input: 7o € R",yo = z0,2-1 = 20,0 < 8 < 1/L, kmax € NT and ki, € NT
7«1
for £k =1 to kpax do
< argming (55 | — yr—1 + sV (ye—1)[> + h(x))
Yk < Tk + ;%(ﬂ?k — Tp-1)
if ||zr — zp—1]| < ||zp—1 — 22| and j > kmin then
j 1
else
j+—J+1
end if
end for

Quadratic. f(x) = %xTAm + bz is a strongly convex function, in which A is a 500 x 500 random
positive definite matrix and b a random vector. The eigenvalues of A are between 0.001 and 1. The
vector b is generated as i.i.d. Gaussian random variables with mean 0 and variance 25.
Log-sum-exp.

m
f(2) = plog | D" exp((alw ~ b))/p)],

i=1
where n = 50,m = 200, p = 20. The matrix A = (a;;) is a random matrix with i.i.d. standard
Gaussian entries, and b = (b;) has i.i.d. Gaussian entries with mean 0 and variance 2. This function
is not strongly convex.
Matrix completion. f(X) = 3| Xobs — Mops||% 4+ Al|X||«, in which the ground truth M is a
rank-5 random matrix of size 300 x 300. The regularization parameter is set to A = 0.05. The 5
singular values of M are 1,...,5. The observed set is independently sampled among the 300 x 300
entries so that 10% of the entries are actually observed.
Lasso in {;—constrained form with large sparse design. f(z) = |4z —b||> s.t. [|z]1 <4,
where A is a 5000 x 50000 random sparse matrix with nonzero probability 0.5% for each entry
and b is generated as b = Az" + z. The nonzero entries of A independently follow the Gaussian
distribution with mean 0 and variance 0.04. The signal z° is a vector with 250 nonzeros and z is
i.i.d. standard Gaussian noise. The parameter J is set to ||z°]|.

In these examples, ki is set to be 10 and the step sizes are fixed to be 1/L. If the objective
is in composite form, the Lipschitz bound applies to the smooth part. Figures 6a, 6b, 6¢ and 6d
present the performance of the speed restarting scheme, the gradient restarting scheme, the original
Nesterov’s scheme and the proximal gradient method. The objective functions include strongly
convex, non-strongly convex and non-smooth functions, violating the assumptions in Theorem 5.1.
Among all the examples, it is interesting to note that both speed restarting scheme empirically
exhibit linear convergence by significantly reducing bumps in the objective values. This leaves us
an open problem of whether there exists provable linear convergence rate for the gradient restarting
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Figure 6: Numerical performance of speed restarting (srN), gradient restarting (grN), the original
Nesterov’s scheme (oN) and the proximal gradient (PG).

scheme as in Theorem 5.1. It is also worth pointing out that compared with gradient restarting,
the speed restarting scheme empirically exhibits more stable linear convergence rate.

6 Discussion

This paper introduces a second-order ODE and accompanying tools for characterizing Nesterov’s
accelerated gradient method. This ODE is applied to study variants of Nesterov’s scheme and
is capable of interpreting some empirically observed phenomena, such as oscillations along the
trajectories. Our approach suggests (1) a large family of generalized Nesterov’s schemes that are
all guaranteed to converge at the rate O(1/k?), and (2) a restarting scheme provably achieving a
linear convergence rate whenever f is strongly convex.

In this paper, we often utilize ideas from continuous-time ODEs, and then apply these ideas
to discrete schemes. The translation, however, involves parameter tuning and tedious calculations.
This is the reason why a general theory mapping properties of ODEs into corresponding properties
for discrete updates would be a welcome advance. Indeed, this would allow researchers to only
study the simpler and more user-friendly ODEs.

As evidenced by many examples, the viewpoint of regarding the ODE as a surrogate for Nes-
terov’s scheme would allow a new perspective for studying accelerated methods in optimization.
The discrete scheme and the ODE are closely connected by the exact mapping between the coeffi-
cients of momentum (e.g. (k —1)/(k + 2)) and velocity (e.g. 3/t). The derivations of generalized
Nesterov’s schemes and the speed restarting scheme are both motivated by trying a different veloc-
ity coefficient, in which the surprising phase transition at 3 is observed. Clearly, such alternatives
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are endless, and we expect this will lead to findings of many discrete accelerated schemes. In a
different direction, a better understanding of the trajectory of the ODEs, such as curvature, has
the potential to be helpful in deriving appropriate stopping criteria for termination, and choosing
step size by backtracking.
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Appendix A. Proof of Theorem 2.1

The proof is divided into two parts, namely, existence and uniqueness.

Lemma .1. For any f € Fy and any o € R™, the ODE (3) has at least one solution X in
C?%(0,00) N C0, 00).

Below, some preparatory lemmas are given before turning to the proof of this lemma. To begin
with, for any § > 0 consider the smoothed ODE

X+HM}§MX+W(X)ZO (31)

with X (0) = 9, X(0) = 0. Denoting by Z = X, then (31) is equivalent to

d (X) Z
dt <Z) B <—max3(a,t>z—vf(X)>

with X (0) = 20, Z(0) = 0. As functions of (X, Z), both Z and —3Z/max(d,t) — Vf(X)) are
max(1, L) + 3/6-Lipschitz continuous. Hence by standard ODE theory, (31) has a unique global
solution in C2[0,00), denoted by Xs. Note that X is also well defined at ¢ = 0. Next, introduce
Mj5(t) to be the supremum of || Xs(u)||/u over u € (0,#]. Tt is easy to see that Ms(t) is finite because
| X5(w)||/u = (| X5(u)— Xs(0)])/u = || X5(0)||+0(1) for small u. We give an upper bound for M;(t)
in the following lemma.

Lemma .2. For § < \/6/L, we have

[V f (o)
Mjs(8) < ﬁ

The proof of Lemma .2 relies on a simple lemma.

Lemma .3. For any u > 0, the following inequality holds

IV F(Xs(w) = VS (o)l < 5 LM (u)ui.
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Proof. By Lipschitz continuity,

| Xs(v)]] 1
v 2

IV £(X5) = V@)l < L1Xs(0) — ol = || [ Kto)ao]| < [T

Next, we prove Lemma .2.

Proof. For 0 <t <6, the smoothed ODE reads

. 3 .

Xs+ 5 X5+ Vf(Xs) =0,
which yields

) t t t
Xse®tl? = — / VI (Xs5(u))e™ P du = —V f(xo) / e*/0du / (VS (X5(u) = Vf(x0))e™/*du.
0 0 0

Hence, by Lemma .3

X;(t 1 t 1 t1
H 5t( )H <te_3t/6||Vf($0)”/ eSu/ddu+te—3t/6/ ELMJ(U)UQGSU/(SdU
0 0
LMjs(8)6>
< IVfG@o)ll + ————

Taking the supremum of || X5(t)||/t over 0 < t < § and rearranging the inequality give the desired
result. ]

Next, we give an upper bound for Ms(t) when ¢ > 0.
Lemma .4. For § < \/6/L and 6 <t < +/12/L, we have

(5 — L0%/6)|[V £ (x0)]
M;s(t) < 41— La2/6)(1 — Lt§/12).

Proof. For t > §, the smoothed ODE reads
. 3.
Xs 4+ 7 X5 + Vf(X5) =0,

which is equivalent to .
dt3 X5(t)

dt

Hence, by integration, t3X;(t) is equal to

= —t*V f(X5(t)).

[ )8 55(5) = — [P o) [0V SO0 -9 )55 (0)
) ) )

Therefore by Lemmas .3 and .2, we get

X)) _ t*— ot 1 /t 1 5 5 | X5(0)|
< N 11 X5 (9) ||
n S |V f(zo)| + 7 2LM(;(u)u du + TR
1 1 2 IVf(Xo)ll
<= VAol
< JIVF@o)ll + LM () + T IR6
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where the last expression is an increasing function of ¢. So for any § < t' < t, it follows that

L IV Go)ll
116

HX(s(t/)H

L < LIV A o)l + 75 LM (1)

which also holds for ¢’ < §. Taking the supremum over t' € (0,t) gives

IIVf(Xo)H

Ms(t) < iHVf(rro)H + 5 LMs (1) — L8%)6°

The desired result follows from rearranging the inequality. O
Lemma .5. The function class F = {X; : [O, 6/L] — R"|6 = /3/L/2™,m = 0,1,...} is
uniformly bounded and equicontinuous.

Proof. By Lemmas .2 and .4, for any t € [0,/6/L],0 € (0,+/3/L) the gradient is uniformly bounded
as

10l < VETEMAGTE) < VT Emase (IS AEES Y — 5 679 1)
2

-5 a1-Ha-b

Thus it immediately implies that F is equicontinuous. To establish the uniform boundedness, note
that

X5 < [ X50)] +/0 1X5(w)lldu < [|zol| + 30]V f (o)ll/L.

We are now ready for the proof of Lemma .1.

Proof. By the Arzela-Ascoli theorem and Lemma .5, F contains a subsequence converging uniformly
on [0,1/6/L]. Denote by {Xj,, }ien the convergent subsequence and X the limit. Above, &, =

\/3/L/2™ decreases as i increases. We will prove that X satisfies (3) and the initial conditions
X(0) = 20, X(0) = 0.

Fix an arbitrary to € (0,1/6/L). Since || X, .(to)|| is bounded, we can pick a subsequence
of X57ni (to) which converges to a limit, denoted by X£ . Without loss of generality, assume the

subsequence is the original sequence. Denote by X the local solution to (3) with X (to) = X (o)
and X (to) = X£. Now recall that X5,,, is the solution to (3) with X (to) = X, (to) and X(ty) =

X(;mi (to) when 6,,, < to. Since both X, (to) and X(;mi (to) approach e (to) and Xto, respectively,
there exists ¢y > 0 such that

sup || Xs,,, (8) = X(8)] =0
to—eg<t<to+eo

as 1 — oo. However, by definition we have

sup || X5, (£) — X ()] — 0.
to—eo<t<to+eo

Therefore X and X have to be identical on (to — €o,to + €p). So X satisfies (3) at tp. Since tg is
arbitrary, we conclude that X is a solution to (3) on (0,/6/L). By extension, X can be a global
solution to (3) on (0,00). It only leaves to verify the initial conditions to complete the proof.
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The first condition X (0) = zq is a direct consequence of X5,,,(0) = wo. To check the second,
pick a small ¢ > 0 and note that

¥ =X _ ) 1K6, 0 = X5, O

t 1—00 t

= lim || X5, (&)
71— 00

< limsup tMs,, (t) < 5t\/6/L||V f(z0)|

1—00

where & € (0,t) is given by the mean value theorem. The desired result follows from taking
t— 0. O

Next, we aim to prove the uniqueness of the solution to (3).

Lemma .6. For any f € Fu, the ODE (3) has at most one local solution in a neighborhood of
t=0.

Suppose on the contrary that there are two solutior}s, nam_ely, X and Y, both defined on (0, «)
for some ae > 0. Define M (t) to be the supremum of || X (u) — Y (u)|| over u € [0,t). To proceed, we
need a simple auxiliary lemma.

Lemma .7. For any t € (0, «), we have
IVFX() = VY ()] < LEM(2).
Proof. By Lipschitz continuity of the gradient, one has
IVFEX () = VAV @) < LI X \—LW/X‘ u)du + X(0) - me

< L/ X () — V()| du < LN ().

Now we prove Lemma .6.

Proof. Similar to the proof of Lemma .4, we get

B0 =T (0) = = [ WA ) = VA ()

Applying Lemma .7 gives
t
. . 3 1 .
BIX() - V() < / L Wi (u)du < LLON (1),
0

which can be simplified as |X(t) =Y ()| < L2M(t t)/5. Thus, for any ¢ < t it is true that
HX(t’) Y ()| < Lt*M(t)/5. Taking the supremum of | X (#") = Y (t")|| over t' € (0,t) gives M(t) <
Lt>M (t)/5. Therefore M(t) = 0 for t < min(a, \/5/L), which is equivalent to saying X =Y on
[0, min(«, y/5/L)). With the same initial Value X(0) = Y(0) = zo and the same gradient, we
conclude that X and Y are identical on (0, min(«, y/5/L)), a contradiction. O

Given all of the aforementioned lemmas, the proof of Theorem 2.1 is simply combining .1 and
.6.
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Appendix B. Proof of Theorem 2.2

Identifying /s = At, the comparison between (4) and (15) reveals that Nesterov’s scheme is a
discrete scheme for numerically integrating the ODE (3). However, its singularity of the damping
coefficient at ¢ = 0 leads to the nonexistence of off-the-shelf ODE theory for proving Theorem 2.2.
To address this difficulty, we use the smoothed ODE (31) to approximate the original one; then
bound the difference between Nesterov’s scheme and the forward Euler scheme of (31), which may
take the following form:

X=X+ A7)

o = (1 - Hmi?j%)% — AtV f(X}) %)
with X = x and ZJ = 0.
Lemma .8. With step size At = /s, for any T > 0 we have

o, X7 — 2| < C6% + 04(1)
for some constant C'.
Proof. Let zr, = (xg+1 — x)/+/s. Then Nesterov’s scheme is equivalent to
Tpy1 = T + V52K
2% +3 (33)

21 = )Zk; — VsV f (iﬁk + \/gzk)-

3
1—
( k+3 k+3
Denote by ay, = || X? —xx||, bx = || Z) — 21|, whose initial values are ag = 0 and by = ||V f(z0)||v/5.
The idea of this proof is to bound aj; via simultaneously estimating a; and bg. By comparing
(32) and (33), we get the iterative relationship for ap: agi1 < ag + +/sbg. Denoting by S, =
bo + by + - - - + by, this yields

ar, < /sSk-1. (34)
Similarly, for sufficiently small s we get

3 3
k+3 max{0/\/s,k}

| +2Ls) 2],

bry1 < |1 —

b+ L/sar + (| |+ 2Ls)

B S
max{d//s, k}

3 3
< —_
_bk+L\/gak+(‘k:+3 max{d//s, k}

To upper bound ||zx||, denoting by C the supremum of \/2L(f(yx) — f*) over all k and s, we have

k—1

<
Ikl < =

lze—1ll + VsV (we)ll < llze-1]l + C1v/s,

which gives ||zx| < C1(k + 1)4/s. Hence,

3 3 02\/§7 kS 2
— 2L < °
(’k:+3 max{5/+/s, k}‘ +2Ls) ] < {02,3/5 <G, k>
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Making use of (34) gives

by + LsSi_1 + CQ\/E, k< 5/\/§
b1 < Cos
bk+LSSk_1+T2, k>5/\/§.

By induction on k, for k < §/4/s it holds that

< C1Ls+ Cy+ (C1 + Cy)v LS(l n \/E)kil B CiLs+Cy — (C1 + C)v LS(l B \/E)kil.

b
F I I

Hence,

C1Ls + Cy + (C1 + C3)V'Ls r  CiLs+Cy— (C1 4 C2)VLs k Co
< 1+VL 1-VIs)k — 2.
= 2L\/5 (14 v Ls)" + 2L\/5 ( S oI

Letting k* = [§//s], we get

Sk

Czeé\/E + C’ge_é\/Z —2C

lim sup v/sSp+ 1 < = 0(52)7
s—0 2L
which allows us to conclude that
ar < V/5Sk—1 = 0(6%) + 05(1) (36)

for all k < §/4/s.
Next, we bound b, for k > k* = [§/4/s]. To this end, we consider the worst case of (35), that
is,
CQS

bp+1 = by + LsSp—1 + 5

for k > k* and Sp+ = Spey1 = C382/+/s + 05(1/+/s) for some sufficiently large C3. In this case,
Cys/d < $S_1 for sufficiently small s. Hence, the last display gives

bp+1 < by + (L + 1)Ssk_1.

By induction, we get

S < 0352/\/5‘;05(1/\/5) ((1+ L1 D)) +(1— \/M)k—k*>.

Letting k° = |T/+/s], we further get

C30> (e(T_é)*/TTH + e_(T_é)m)

lim sup v/sSke < = 0(6?),

s—0 2

which yields
ar, < V/sSk_1 = O(6?) + 0s(1)
for k* < k < k°. Last, combining (36) and the last display, we get the desired result.

Now we turn to the proof of Theorem 2.2.
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Proof. Note the triangular inequality

ek = X (kV3)| < llar — XRN -+ 11X5 — X5 (kv/s) | + | Xs(kv/5) — X (kv/5)]),

where X;(+) is the solution to the smoothed ODE (31). The proof of Lemma .1 implies that, we
can choose a sequence d,, — 0 such that

sup [ X, (£) = X(8)]| = 0,
0<t<T

The second term HX,‘jm — X5, (kv/s)|| will uniformly vanish as s — 0 and so does the first term

l|lxr — Xgm || if first s — 0 and then §,, — 0. This completes the proof. O

Appendix C. ODE for Composite Optimization

In analogy to (3) for smooth f in Section 2, we develop an ODE for composite optimization,
minimize f(x) = g(x) + h(x), (37)

where g € Fr, and h is a general convex function possibly taking on the value +o00. Provided it is
easy to evaluate the proximal of h, Beck and Teboulle (2009) propose a proximal gradient version
of Nesterov’s scheme for solving (37). It is to repeat the following recursion for k > 1,

Ty = Yr—1 — SGt(Yr—1)

k+2

Yk = Tk + (z) — Tk—1),
where the proximal subgradient G5 has been defined in Section 4.1. If the constant step size
s <1/L, it is guaranteed that (Beck and Teboulle, 2009)
flay) — < 2Hx0 —.’IJ*”2
g — s(k+1)2 7

which in fact is a special case of Theorem 4.2.
Compared to the smooth case, it is not as clear to define the driving force as Vf in (3). At
first, it might be a good try to define

O(a) = lmGa(z) = lim ©— 2800 (12 = (2 = sVg(2)) |/ (25) + h(=))

s—0 s—0 S

if it exists. However, as implied in the proof of Theorem .11 stated below, this definition fails to
capture the directional aspect of the subgradient. To this end, we define the subgradients through
the following lemma.

Lemma .9. (Rockafellar, 1997) For any convex function f and any x,p € R", the directional
derivative limy_,o4 (f(z + sp) — f(x))/s exists, and can be evaluated as

flx+sp) = f(=)

lim = sup ({,p).
s—0+ S ceof(x)

Note that the directional derivative is semilinear in p because supgcy (4 (€, €P) = ¢SUDeeqf(2) (€, D)
for any ¢ > 0.
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Definition .10. A Borel measurable function G(x,p; f) defined on R xR™ is said to be a directional
subgradient of f if

G(x,p) € 0f (x),

(G(x,p),p) = sup (&,p)
§€of(x)

for all x,p.

Convex functions are naturally locally Lipschitz, so df(x) is compact for any z. Consequently
there exists £ € 0f(x) which maximizes (£, p). So Lemma .9 guarantees the existence of a directional
subgradient. The function G is essentially a function defined on R™ x S*~! in that we can define

G(x,p) = G(z,p/llpll),

and G(z,0) to be any element in Jf(x). Now we give the main theorem. However, note that we
do not guarantee the existence of solution to (38).

Theorem .11. Given a convex function f(x) with directional subgradient G(x,p; f), assume that
the second order ODE

. 3. . )
X—l—;X—i—G(X,X):O, X(0) =20,X(0)=0 (38)
admits a solution X (t) on [0,«) for some a > 0. Then for any 0 < t < «, we have

2]z — 2|3

FX®)) = "< =5

Proof. 1t suffices to establish that £, first defined in the proof of Theorem 3.1, is monotonically
decreasing. The difficulty comes from that £ may not be differentiable in this setting. Instead,
we study (£(t + At) — £(t))/At for small At > 0. In &, the second term 2||X + tX/2 — z*||? is
differentiable, with derivative 4(X + %X — x¥, %X + %X ). Hence,

t . t . t . ot
2\|X(t+At)+§X(t+At) —x*HQ—2HX(t)+§X(t)—x*H2 =4(X+ §X—x*, 2X+§X>At+o(At)
= (X, G(X, X))At — 2t(X — 2", G(X, X)) At + o(At). (39)

For the first term, note that

(t+ ADX(F(X(E+ A1) = [*) = (f(X(1) = [F) = 20(F(X(t + At)) — [*)At+
(X (t+ AL) = f(X(1))) + o(Ab).
Since f is locally Lipschitz, o(At) term does not affect the function in the limit,
F(X(t+ A1) = f(X + AtX + o(At)) = f(X + AtX) + o(At). (40)
By Lemma .9, we have the approximation

FX 4+ ALX) = f(X) + (X, G(X, X))At + o(At). (41)
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Combining all of (39), (40) and (41), we obtain

E(t+ At) — E(t) = 2t(f(X (t + At)) — AL+ 12X, G(X, X)) At — t2(X, G(X, X)) At
—2t(X — 2%, G(X, X)) At + o(At)
= 2(f(X) — fX)AL — 26(X — 2, G(X, X)) At + o(At) < o(At),

where the last inequality follows from the convexity of f. Thus,

<0

- )

s LA —E()
At—s0+ At

which along with the continuity of £, concludes that £(t) is a non-increasing function of t.

We give a simple example as follows. Consider the Lasso problem
o 1 2
minimize iHy — Az||” + N|z]]1-
Any directional subgradients admits the form G(z,p) = —AT (y — Az) + Asgn(z, p), where

sgn(x;), x; #0
sgn(x,p); = { sgn(p;), i =0,p; #0
€ [_171]5 xz:O,pzzo

To encourage sparsity, for any index ¢ with x; = 0,p; = 0, we let

G(x,p)i = sgn (A] (Ax —y)) (|AT (Az —y)| = N) , .

Appendix D. Proof of Theorem 4.5

Proof. To begin with, for f = g + h, with ¢ a p—strongly convex function and h convex, the
inequality (22) can be strengthened to

s 7
Fly=5Gs(v) < f(@) + Gs()" (v = 2) = SIGs)I* = G lly — . (42)
Summing (4k — 3) x (42) with x = x_1,y = yx—1 and (4r — 6) x (42) with z = 2*,y = yx_1 yields

(4k+4r—9)f (1) < (4k—3) f(xp_1)+(4r—6) f*+Gs(yr_1)T [(4k+4r—9)yp_1 — (4k—3)2)_1 —(47—6)z"]

s(4k +4r —9 4k — 3
G 12 - P 1 e - 9 —

< (4k = 3)f(wp—1) + (4r — 6) f"+
Gs(yh—1)" [(4k +dr = 9) (g1 — 2%) — (4k = 3)(zp—1 — 27)] — p(2r = 3)|lyn—1 — "%, (43)

*HQ

which amounts to a lower bound of G(yr—1)" [(4k + 4r — 9)yr—1 — (4k — 3)zp_1 — (4r — 6)z*]. De-
note by Ay the second term of £(k) in (28), namely,

k+d * *
8 2 55 o 2) (g — o) — (28 + (o — ),
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where d := 3r/2 — 5/2. Then by (43), we get
L k2
k+r—2
1
— (4 = 8) (s — %)) L2 2~ s —a*) — 2k~ (s — )
- _s(k+d)(2k +2r —5)

k+d

Ap—Ap_1 = —T<s(2r +2k —5)Gs(yp—1) (Tp—1 — Tp—2), (4k +4r —9)(yr—1 — 2*)

[(4k+ 47— 9) (f (1) — ) — (4k = 3) (f (e1—1) — )+ 1(2r =) |yar —*|?)

= 8
_ W<xk—1 — Tp—2, (4k + 47 — 9)(yr—1 — =¥) — (4k — 3) (21 — 7))

220+ 7= 2)(pr — %) — (26— Do — 2]

Hence,

At s(k +d)(2k + 27“; 5)(4k +4r —9) (Flaw) — 1)
<A+ s(k+d)(2k + :7“ —5)(4k — 3) (Flapa) — )
B sp(2r — 3)(k +8d)(2k‘ +2r —5) oot — 2|2+ T + T, (44)
where
moa KEDk=2) e (Mt Ar— ) (g — 2%) — (4 — 3) (a1 — 7))
1= 8(k Tr— 2) k—1 k—2> Yk—1 k—1
and

1 * *
My £ 220k + 7 = 2)(ye—1 — %) = 2k = D(zp1 — )|
By the iterations defined in (19), one can show that

(2r —=3)(k+d)(k—2)

I = — St tr—2) (lok—1 = 2*|? = -2 — 2*||?)
(k= 2)(4k +4r = 9)(k +d) + (2r = 3)(k = 2)(k +7 — 2)(k + d) lhr — 24l
8(k + 1 —2)2 ol ke
and
r— 3)2 r— — —
tty = 2 gy = o BB oy 2P — g )
(k—2)2(2k —1)(2k +4r —7)+ (2r —3)(2k — 1)(k —2)(k + 7 — 2) B )
* 8(k +r —2)2 k-1 = 2ia™

Although this is a little tedious, it is straightforward to check that (k — 2)%(4k + 4r — 9)(k + d) +
(2r —=3)(k—2)(k+r—2)(k+d) > (k—2)2(2k —1)(2k +4r —7) + (2r —3)(2k — 1) (k — 2)(k +r —2)
for any k. Therefore, Iy + Il is bounded as

(2r — 3)?
8

@2r —3)(k —d—1)(k — 2)

)
I + 115 <
1+ 12 < 8k +r—2)

lye—1 — 2*||* + P e = 2*?),

(g1 —=
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which, together with the fact that su(2r—3)(k-+d)(2k+2r—5) > (2r—3)2 when k > /(2r — 3)/(2sp),
reduces (44) to

s(k 4+ d)(2k 4+ 2r — 5)(4k + 4r — 9)

Mg+ - (F(ox) — 1)
a2k gr SOk o
= = s — P = o — 1P,
This can be further simplified as
E(R) + Ap(f(@r—1) = *) < E(k = 1) + Bi(llag—1 — 2*[* — [Jzp—2 — 2*[?) (45)

for k > /(2r — 3)/(2su), where Ay = (8r — 36)k? + (20r%2 — 1267 + 200)k + 12r3 — 100r% +
288r — 281 > 0 since r > 9/2 and By = (2r — 3)(k —d — 1)(k — 2)/(8(k + r — 2)). Denote by
E* = [max{\/(2r — 3)/(2su),3r/2 —3/2}| < 1/,/sp. Then By is a positive increasing sequence if

k > k*. Summing (45) from k to k* + 1, we obtain

k k
ER)+ Y Ailf(wic) = ) <ER)+ Y Billwis — 2| —llzi—z — o)
Z:k*+1 Z:k*+1
k—1
— E(K) + Bylleir — o |? = Bpestllzge—s — 2|2+ S (By - Bian)llzjo1 — ¥
i=k*+1

< 5(k*) + Bkak,1 - x*HQ.

Similarly, as in the proof of Theorem 4.4, we can bound £(k*) via another energy functional defined
from Theorem 4.1,

s(2k* +3r — 5)(k* +1r — 2)?

E(kY) < 5 (f(zp) = )
+ %Hz(w b1 — e — 2K e — 200 — 1) — (ape — )]
< SRS O 2 )y IR 1y 2k —2(r— )
A= gy g s VLI =Dy

o Dy — e 102 )

For the second term, it follows from Theorem 4.2 that

Bulloioa - o' < B BEEE I EAEED (10, ) o)

(2r —3)(2k — 3r + 3)(k — 2) (r — 1)?|lzo — z*||? (47)

8u(k +r—2) 2s(k +r — 3)?
(2r — 3)(r — 1)*(2k* — 3r + 3)(k* — 2)
<
16su(k* + 1 —2)(k* +r — 3)2

*||2 < on - .%'*HQ

NG

Hﬂfo -
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For k > k*, (46) together with (47) this gives

) 16E (k)
flap) = f7 < $(2k + 3r — 5)(2k + 2r — 5)(4k + 4r — 9)
16(E(K*) + By|lwg—1 — 2*|?) < llwo = 2*|*

~ s(2k+3r—5)2k+2r —5)4dk +4r—-9) ~ sg,u%k:?’

To conclusion, note that by Theorem 4.2 the gap f(zy) — f* for k < k* is bounded by

(r = 1)|lwo — 2*|* _ (r = 1)°/spk? IIJUo;lﬂﬂ*II2 < \/@k*\lwo;lw*IIQ < II»”UOS*;’U*H2
28(16—}-7‘—2)2 Q(k—l-’l”— 2)2 S§u5k3 85/15]{73 55,u§/~c3

Appendix E. Proof of Lemmas in Section 5

First, we prove Lemma 5.2.

Proof. To begin with, note that the ODE (3) is equivalent to d(t*X (t))/dt = —t3V (X (t)), which
by integration leads to

. 4 t #4
X () = = V(wo) - /0 wH(VF(X () = V f(w0))du = =V f(z0) = (). (48)
Dividing (48) by t* and applying the bound on I(t), we obtain

XN _ IVf@o)ll | @I _ IVF(@o)ll | LM ()t
t§40+t4§40+12'

Note that the right-hand side of the last display is monotonically increasing in ¢. Hence, by taking
the supremum of the left-hand side over (0,t], we get

< IVl LM(t)tQ’
B 4 12

M(t)

which completes the proof by rearrangement.

Next, we prove the lemma used in the proof of Lemma 5.3.

Lemma .12. The speed restarting time T obeys

T(xo, f) > 5\4@.

Proof. The proof is based on studying (X(t),X(t)). Dividing (48) by 3, we get an expression for
X,

(1) =~ {9 (o) — /0 WV (X (1)) — ¥ f(z0))du. (19)

Differentiating the above, we also obtain an expression for X:
. 3 3 [
X(0) = ~VIXW) + 39 a0) + 55 [ w (VA @) = fan))d (50)
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Using the two equations we can show that d||X||2/dt = 2(X(¢),X(t)) > 0 for 0 < t < 4/(5V/L).
Continue by observing that (49) and (50) yield

(X0, X (1)) = (= V(o) — 510, — VAW + SV f (o) + 5 101))
> L (V5 (@), VAKX (0) — LIV o)l ~ @I (IVF X + 51V 5 @o)l) - 2T

> LIV o)l ~ LIV Ao VA (X (1) — V(o) - 261V f (o)

. 2 245
_ “ﬁ?t(nvm(t» = Vi (@o)ll + gHVf(DCo)H) - H{g)t
3 ] , ) 2 245
) %”vf(mw LM !vf( oll Lz\41(2t)t (LM2(t)t +g”vf(xo)\|> - “44;’5)’5
3 2 245
= g5l VAteoll? - S5 e - S

To complete the proof, applying Lemma 5.2, the last inequality yields

1 Lt? L2t
16 12(1 — Lt2/12)  256(1 — Lt2/12)?

(X(t),X(t) > ( )\|Vf(a:0)||2t >0

for t < min{+/12/L,4/(5v/L)} = 4/(5v/L), where the positivity follows from

1 Lt? B Lt -

16 12(1— Lt2/12)  256(1 — Lt2/12)2 ~
which is valid for 0 < ¢t < 4/(5V/L). O
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