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Abstract

Gradient-based optimization algorithms can be studied from the perspective of limiting or-
dinary differential equations (ODEs). Motivated by the fact that existing ODEs do not distin-
guish between two fundamentally different algorithms—Nesterov’s accelerated gradient method
for strongly convex functions (NAG-SC) and Polyak’s heavy-ball method—we study an alter-
native limiting process that yields high-resolution ODEs. We show that these ODEs permit a
general Lyapunov function framework for the analysis of convergence in both continuous and
discrete time. We also show that these ODEs are more accurate surrogates for the underlying
algorithms; in particular, they not only distinguish between NAG-SC and Polyak’s heavy-ball
method, but they allow the identification of a term that we refer to as “gradient correction” that
is present in NAG-SC but not in the heavy-ball method and is responsible for the qualitative
difference in convergence of the two methods. We also use the high-resolution ODE framework
to study Nesterov’s accelerated gradient method for (non-strongly) convex functions, uncover-
ing a hitherto unknown result—that NAG-C minimizes the squared gradient norm at an inverse
cubic rate. Finally, by modifying the high-resolution ODE of NAG-C, we obtain a family of new
optimization methods that are shown to maintain the accelerated convergence rates of NAG-C
for smooth convex functions.

Keywords. Convex optimization, first-order method, Polyak’s heavy ball method, Nesterov’s
accelerated gradient methods, ordinary differential equation, Lyapunov function, gradient mini-
mization, dimensional analysis, phase space representation, numerical stability

1 Introduction

Machine learning has become one of the major application areas for optimization algorithms during
the past decade. While there have been many kinds of applications, to a wide variety of problems,
the most prominent applications have involved large-scale problems in which the objective func-
tion is the sum over terms associated with individual data, such that stochastic gradients can be
computed cheaply, while gradients are much more expensive and the computation (and/or storage)
of Hessians is often infeasible. In this setting, simple first-order gradient descent algorithms have
become dominant, and the effort to make these algorithms applicable to a broad range of machine
learning problems has triggered a flurry of new research in optimization, both methodological and
theoretical.
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We will be considering unconstrained minimization problems,

min f(z), (1.1)
zeR?
where f is a smooth convex function. Perhaps the simplest first-order method for solving this
problem is gradient descent. Taking a fixed step size s, gradient descent is implemented as the
recursive rule
Try1 = 2 — sV f(zg),

given an initial point xg.

As has been known at least since the advent of conjugate gradient algorithms, improvements
to gradient descent can be obtained within a first-order framework by using the history of past
gradients. Modern research on such extended first-order methods arguably dates to Polyak [Pol64,
Pol87], whose heavy-ball method incorporates a momentum term into the gradient step. This
approach allows past gradients to influence the current step, while avoiding the complexities of
conjugate gradients and permitting a stronger theoretical analysis. Explicitly, starting from an
initial point zg, x1 € R", the heavy-ball method updates the iterates according to

Tpr1 = T + (T — )—1) — sV f(zk), (1.2)

where a > 0 is the momentum coefficient. While the heavy-ball method provably attains a faster
rate of local convergence than gradient descent near a minimum of f, it does not come with global
guarantees. Indeed, [LRP16] demonstrate that even for strongly convex functions the method can
fail to converge for some choices of the step size.!

The next major development in first-order methodology was due to Nesterov, who discovered
a class of accelerated gradient methods that have a faster global convergence rate than gradient
descent [Nes83, Nes13|. For a u-strongly convex objective f with L-Lipschitz gradients, Nesterov’s
accelerated gradient method (NAG-SC) involves the following pair of update equations:

Yk+1 = T — sV f(xg)

1—/us
Tt = Yh1 + ——— (Y1 — Uk) »

1+ /us

given an initial point xg = yo € R™. Equivalently, NAG-SC can be written in a single-variable form
that is similar to the heavy-ball method:

1—./us 1—./us
xk—l—l:$k+7'u(l'k_$k—l)_Svf(xk:)_iu's

1+ /us 1+ /us

starting from zg and x1 = zg — %\/(/%0) Like the heavy-ball method, NAG-SC blends gradient

and momentum contributions into its update direction, but defines a specific momentum coefficient
1—/pis
/s
accelerated linear convergence rate:

flar) = f@) <0 (1= vam)').

![Pol64] considers s = 4/(VL + /i)* and o = (1 — \/is)®. This momentum coefficient is basically the same as
1—is
T+

(1.3)

(Vf(zr) = Vf(zr-1)), (1.4)

Nesterov also developed the estimate sequence technique to prove that NAG-SC achieves an

the choice a =

(adopted starting from Section 1.1) if s is small.



if the step size satisfies 0 < s < 1/L. Moreover, for a (weakly) convex objective f with L-Lipschitz
gradients, Nesterov defined a related accelerated gradient method (NAG-C), that takes the following
form:

Yk+1 = 7k — sV f(zg)
(1.5)

k
Th+1 = Yg+1 + m(ykzﬂ — Yk)s

with zg = yp € R™. The choice of momentum coefficient kiw’ which tends to one, is fundamental to
the estimate-sequence-based argument used by Nesterov to establish the following inverse quadratic
convergence rate:

o) = 1) 20 (5. (16)

for any step size s < 1/L. Under an oracle model of optimization complexity, the convergence rates
achieved by NAG-SC and NAG-C are optimal for smooth strongly convex functions and smooth
convex functions, respectively [NY83].

1.1 Gradient Correction: Small but Essential

Throughout the present paper, we let a = ifﬁ and z1 = 29 — Qi%) to define a specific

implementation of the heavy-ball method in (1.2). This choice of the momentum coefficient and the
second initial point renders the heavy-ball method and NAG-SC identical except for the last (small)
term in (1.4). Despite their close resemblance, however, the two methods are in fact fundamentally
different, with contrasting convergence results (see, for example, [Bubl5]). Notably, the former
algorithm in general only achieves local acceleration, while the latter achieves acceleration method
for all initial values of the iterate [LRP16]. As a numerical illustration, Figure 1 presents the
trajectories that arise from the two methods when minimizing an ill-conditioned convex quadratic
function. We see that the heavy-ball method exhibits pronounced oscillations throughout the
iterations, whereas NAG-SC is monotone in the function value once the iteration counter exceeds
50.

This striking difference between the two methods can only be attributed to the last term in

(1.4):
1 — i
1+ /us
which we refer to henceforth as the gradient correction®. This term corrects the update direction
in NAG-SC by contrasting the gradients at consecutive iterates. Although an essential ingredient
in NAG-SC, the effect of the gradient correction is unclear from the vantage point of the estimate-
sequence technique used in Nesterov’s proof. Accordingly, while the estimate-sequence technique
delivers a proof of acceleration for NAG-SC, it does not explain why the absence of the gradient
correction prevents the heavy-ball method from achieving acceleration for strongly convex functions.
A recent line of research has taken a different point of view on the theoretical analysis of

acceleration, formulating the problem in continuous time and obtaining algorithms via discretiza-
tion [SBC14, KBB15, WWJ16]). This can be done by taking continuous-time limits of existing

-5 (Vf(xr) = V(zr-1)), (1.7)

2The gradient correction for NAG-C is rkr?) -s(Vf(zr)—Vf(zrk-1)), as seen from the single-variable form of NAG-C:
Thir = Tk + g (@r — 2k-1) — sV f(zr) — 45 - s(Vf (@) = V(ze-1)).
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Figure 1: A numerical comparison between NAG-SC and heavy-ball method. The objective function (ill-
conditioned p/L < 1) is f(x1,22) =5 x 107322 + 23, with the initial iterate (1,1).

algorithms to obtain ordinary differential equations (ODEs) that can be analyzed using the rich
toolbox associated with ODEs, including Lyapunov functions?. For instance, [SBC16] shows that

X(t) +%

X(t)+ Vf(X(t)) =0, (1.8)
with initial conditions X (0) = ¢ and X (0) = 0, is the exact limit of NAG-C (1.5) by taking the
step size s — 0. Alternatively, the starting point may be a Lagrangian or Hamiltonian frame-
work [WWJ16]. In either case, the continuous-time perspective not only provides analytical power
and intuition, but it also provides design tools for new accelerated algorithms.

Unfortunately, existing continuous-time formulations of acceleration stop short of differentiating
between the heavy-ball method and NAG-SC. In particular, these two methods have the same
limiting ODE (see, for example, [WRJ16]):

X(t) +2y/nX () + V(X () = 0, (1.9)

and, as a consequence, this ODE does not provide any insight into the stronger convergence results
for NAG-SC as compared to the heavy-ball method. As will be shown in Section 2, this is because
the gradient correction %\/‘/gs (Vf(x) — Vf(xr_1)) = O(s'®) is an order-of-magnitude smaller
than the other terms in (1.4) if s = o(1). Consequently, the gradient correction is not reflected in
the low-resolution ODE (1.9) associated with NAG-SC, which is derived by simply taking s — 0 in

both (1.2) and (1.4).

1.2 Overview of Contributions

Just as there is not a singled preferred way to discretize a differential equation, there is not a single
preferred way to take a continuous-time limit of a difference equation. Inspired by dimensional-

30me can think of the Lyapunov function as a generalization of the idea of the energy of a system. Then the
method studies stability by looking at the rate of change of this measure of energy.



analysis strategies widely used in fluid mechanics in which physical phenomena are investigated at
multiple scales via the inclusion of various orders of perturbations [Ped13], we propose to incorporate
O(+/s) terms into the limiting process for obtaining an ODE, including the (Hessian-driven) gradient
correction v/sV2f(X)X in (1.7). This will yield high-resolution ODEs that differentiate between
the NAG methods and the heavy-ball method.

We list the high-resolution ODEs that we derive in the paper here*:

(a) The high-resolution ODE for the heavy-ball method (1.2):

X(t) +2/pX (t) + (1 + /ps)VF(X(t) =0, (1.10)
with X (0) = 2o and X (0) = ﬁ{fijg)
(b) The high-resolution ODE for NAG-SC (1.3):
X (1) +2y/pX (8) + VsV F(X ()X (1) + (L + /us) Vf(X(1) = 0, (1.11)

with X (0) = z¢ and X(0) = —mﬁvif%”-

(c) The high-resolution ODE for NAG-C (1.5):

X(t) + %X(t) +VSVEF(X ()X () + (1 + 35?) VFX(#)=0 (1.12)

for t > 3/5/2, with X (31/5/2) = ¢ and X (3y/5/2) = —/sV f(x0).

High-resolution ODEs are more accurate continuous-time counterparts for the corresponding
discrete algorithms than low-resolution ODEs, thus allowing for a better characterization of the
accelerated methods. This is illustrated in Figure 2, which presents trajectories and convergence of
the discrete methods, and the low- and high-resolution ODEs. For both NAGs, the high-resolution
ODEs are in much better agreement with the discrete methods than the low-resolution ODEs®.
Moreover, for NAG-SC, its high-resolution ODE captures the non-oscillation pattern while the
low-resolution ODE does not.

The three new ODEs include O(4/s) terms that are not present in the corresponding low-
resolution ODEs (compare, for example, (1.12) and (1.8)). Note also that if we let s — 0, each high-
resolution ODE reduces to its low-resolution counterpart. Thus, the difference between the heavy-
ball method and NAG-SC is reflected only in their high-resolution ODEs: the gradient correction
(1.7) of NAG-SC is preserved only in its high-resolution ODE in the form /sV2f(X (t))X (t). This
term, which we refer to as the (Hessian-driven) gradient correction, is connected with the discrete
gradient correction by the approximate identity:

1;% S (Vo) = V() ~ sV (o) (0 — 2no1) ~ sSV2F(X ()X (0

4We note that the form of the initial conditions is fixed for each ODE throughout the paper. For example, while zo

is arbitrary, X (0) and X (0) must always be equal to zo and —2+/5f(20)/(1+ \/fi5) respectively in the high-resolution
L . . _ 1- /@ _ 25V f(z0)
ODrE of the heavy-ball method. This is in accordance with the choice of @ = 1+¢g and 1 = xg — T\/;T;
°Note that for the heavy-ball method, the trajectories of the high-resolution ODE and the low-resolution ODE
are almost identical.
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Figure 2: Top left and bottom left: trajectories and errors of NAG-SC and the heavy-ball method for
minimizing f(z1,22) = 5 x 10732% + 23, from the initial value (1, 1), the same setting as Figure 1. Top right
and bottom right: trajectories and errors of NAG-C for minimizing f(z1,72) = 2 x 107222 +5 x 107323,
from the initial value (1,1). For the two bottom plots, we use the identification ¢ = k+/s between time and
iterations for the x-axis.

for small s, with the identification ¢ = ky/s. The gradient correction v/sV2f(X)X in NAG-C arises
in the same fashion®. Interestingly, although both NAGs are first-order methods, their gradient
corrections brings in second-order information from the objective function.

Despite being small, the gradient correction has a fundamental effect on the behavior of both
NAGs, and this effect is revealed by inspection of the high-resolution ODEs. We provide two
illustrations of this.

e Effect of the gradient correction in acceleration. Viewing the coefficient of X as a
damping ratio, the ratio 2,/u + /sV2f(X) of X in the high-resolution ODE (1.11) of NAG-
SC is adaptive to the position X, in contrast to the fized damping ratio 2,/u in the ODE
(1.10) for the heavy-ball method. To appreciate the effect of this adaptivity, imagine that the
velocity X is highly correlated with an eigenvector of V2f (X)) with a large eigenvalue, such
that the large friction (2,/n + /sV2f(X )X effectively “decelerates” along the trajectory of

SHenceforth, the dependence of X on t is suppressed when clear from the context.



the ODE (1.11) of NAG-SC. This feature of NAG-SC is appealing as taking a cautious step in
the presence of high curvature generally helps avoid oscillations. Figure 1 and the left plot of
Figure 2 confirm the superiority of NAG-SC over the heavy-ball method in this respect.

If we can translate this argument to the discrete case we can understand why NAG-SC achieves
acceleration globally for strongly convex functions but the heavy-ball method does not. We
will be able to make this translation by leveraging the high-resolution ODEs to construct
discrete-time Lyapunov functions that allow maximal step sizes to be characterized for the
NAG-SC and the heavy-ball method. The detailed analyses is given in Section 3.

e Effect of gradient correction in gradient norm minimization. We will also show
how to exploit the high-resolution ODE of NAG-C to construct a continuous-time Lyapunov
function to analyze convergence in the setting of a smooth convex objective with L-Lipschitz
gradients. Interestingly, the time derivative of the Lyapunov function is not only negative,
but it is smaller than —O(y/st?||V f(X)||?). This bound arises from the gradient correction
and, indeed, it cannot be obtained from the Lyapunov function studied in the low-resolution
case by [SBC16]. This finer characterization in the high-resolution case allows us to establish
a new phenomenon: ,

. 2 L
i, 1971 < 0 (35 ).

That is, we discover that NAG-C achieves an inverse cubic rate for minimizing the squared

gradient norm. By comparison, from (1.6) and the L-Lipschitz continuity of V f we can only

show that ||V f(z)|? < O (L?/k?). See Section 4 for further elaboration on this cubic rate
for NAG-C.

As we will see, the high-resolution ODEs are based on a phase-space representation that provides
a systematic framework for translating from continuous-time Lyapunov functions to discrete-time
Lyapunov functions. In sharp contrast, the process for obtaining a discrete-time Lyapunov func-
tion for low-resolution ODEs presented by [SBC16] relies on “algebraic tricks” (see, for example,
Theorem 6 of [SBC16]). On a related note, a Hessian-driven damping term also appears in ODEs
for modeling Newton’s method [AABR02, AMR12, APR16].

1.3 Related Work

There is a long history of using ODEs to analyze optimization methods [HM12, Sch00, Fio05].
Recently, the work of [SBC14, SBC16] has sparked a renewed interest in leveraging continuous
dynamical systems to understand and design first-order methods and to provide more intuitive
proofs for the discrete methods. Below is a rather incomplete review of recent work that uses
continuous-time dynamical systems to study accelerated methods.

In the work of [WWJ16, WRJ16, BJW18], Lagrangian and Hamiltonian frameworks are used to
generate a large class of continuous-time ODEs for a unified treatment of accelerated gradient-based
methods. Indeed, [WWJ16] extend NAG-C to non-Euclidean settings, mirror descent and accel-
erated higher-order gradient methods, all from a single “Bregman Lagrangian.” In [WRJ16], the
connection between ODEs and discrete algorithms is further strengthened by establishing an equiv-
alence between the estimate sequence technique and Lyapunov function techniques, allowing for a
principled analysis of the discretization of continuous-time ODEs. Recent papers have considered



symplectic [BJW18] and Runge-Kutta [ZMSJ18] schemes for discretization of the low-resolution
ODEs.

An ODE-based analysis of mirror descent has been pursued in another line of work by [KBB15,
KBB16, KB17], delivering new connections between acceleration and constrained optimization,
averaging and stochastic mirror descent.

In addition to the perspective of continuous-time dynamical systems, there has also been work
on the acceleration from a control-theoretic point of view [LRP16, HL17, FRMP18| and from a
geometric point of view [BLS15, CML17]. See also [OC15, FB15, GL16, DO17, LMH18, DFR18§]
for a number of other recent contributions to the study of the acceleration phenomenon.

1.4 Organization and Notation

The remainder of the paper is organized as follows. In Section 2, we briefly introduce our high-
resolution ODE-based analysis framework. This framework is used in Section 3 to study the heavy-
ball method and NAG-SC for smooth strongly convex functions. In Section 4, we turn our focus to
NAG-C for a general smooth convex objective. In Section 5 we derive some extensions of NAG-C.
We conclude the paper in Section 6 with a list of future research directions. Most technical proofs
are deferred to the Appendix.

We mostly follow the notation of [Nesl3], with slight modifications tailored to the present
paper. Let F i(]R”) be the class of L-smooth convex functions defined on R"; that is, f € ]-% if
fly) > f(x) + (Vf(z),y —x) for all x,y € R™ and its gradient is L-Lipschitz continuous in the
sense that

IVi(@) =Vl <Lz -yl

where || - || denotes the standard Euclidean norm and L > 0 is the Lipschitz constant. (Note that
this implies that V f is also L'-Lipschitz for any L' > L.) The function class F7(R™) is the subclass
of F}(R™) such that each f has a Lipschitz-continuous Hessian. For p = 1,2, let Sz . (R™) denote

the subclass of F7(R") such that each member f is p-strongly convex for some 0 < y < L. That
is, f €Sy, (R") if f € F/(R") and

) = f(@) + (Vf(@)y =)+ 5y -l

for all z,y € R". Note that this is equivalent to the convexity of f(z) — 4|z — 2*||?, where z*

denotes a minimizer of the objective f.

2 The High-Resolution ODE Framework

This section introduces a high-resolution ODE framework for analyzing gradient-based methods,
with NAG-SC being a guiding example. Given a (discrete) optimization algorithm, the first step in
this framework is to derive a high-resolution ODE using dimensional analysis, the next step is to
construct a continuous-time Lyapunov function to analyze properties of the ODE, the third step
is to derive a discrete-time Lyapunov function from its continuous counterpart and the last step is
to translate properties of the ODE into that of the original algorithm. The overall framework is
illustrated in Figure 3.
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Figure 3: An illustration of our high-resolution ODE framework. The three solid straight lines represent
Steps 1, 2 and 3, and the two curved lines denote Step 4. The dashed line is used to emphasize that it is
difficult, if not impractical, to construct discrete Lyapunov functions directly from the algorithms.

Step 1: Deriving High-Resolution ODEs

Our focus is on the single-variable form (1.4) of NAG-SC. For any nonnegative integer k, let t, = kv/s
and assume xp = X (tx) for some sufficiently smooth curve X (¢). Performing a Taylor expansion in
powers of /s, we get

P = X(th2) = X () + X (V5 + 5 X(00) (VB)” + £ X(0) (v&)* + 0 ((v5)") -
phy = X (1) = X () — X0V + 5 X (1) (v5)” — 2X(00) (v5)° + 0 ((v5)' |
We now use a Taylor expansion for the gradient correction, which gives
Vi (n) = Vi(aie1) = V(X (#)) X (t)vs + 0 ((v3)?) (2:2)

Multiplying both sides of (1.4) by i% . % and rearranging the equality, we can rewrite NAG-SC

as

Tht1 + Ti—1 — 27 2\ /s Ty — T 1+ /us
' - - — =0. (2.
S + - s . +Vf(zxg) — Vf(rr—1) + 1_\/EVf($k) 0. (2.3)

Next, plugging (2.1) and (2.2) into (2.3), we have’

"Note that we use the approximation w = X (t1) + O(s), whereas [SBC16] relies on the low-accuracy

Taylor expansion M = X(tx) + 0(1) in the derivation of the low-resolution ODE of NAG-C. We illustrate
this derivation of the three low-resolution ODEs in Appendix A.2; they can be compared to the high-resolution ODEs
that we derive here.



X(ty) +0 ((\/5)2) + ff/ﬂ;ﬁ [X(tk) + %X(tk)\/g—i- 0 ((\/E)Q)}

. 1+ s -
# PO X0V + 0 (9)) + (702 ) V(X 0) =0

which can be rewritten as

O V() 4 A X (1) + T F(X () + O(s) =
— Vs - i N
Multiplying both sides of the last display by 1—,/us, we obtain the following high-resolution ODE
of NAG-SC:
X 4+ 2/pX +VsVEF(X)X + (14 us)VF(X) =0

where we ignore any O(s) terms but retain the O(y/s) terms (note that (1—,/us)y/s = /s4+0(s)).

Our analysis is inspired by dimensional analysis [Ped13], a strategy widely used in physics to
construct a series of differential equations that involve increasingly high-order terms corresponding
to small perturbations. In more detail, taking a small s, one first derives a differential equation
that consists only of O(1) terms, then derives a differential equation consisting of both O(1) and
O(+/s), and next, one proceeds to obtain a differential equation consisting of O(1), O(y/s) and O(s)
terms. High-order terms in powers of /s are introduced sequentially until the main characteris-
tics of the original algorithms have been extracted from the resulting approximating differential
equation. Thus, we aim to understand Nesterov acceleration by incorporating O(y/s) terms into
the ODE, including the (Hessian-driven) gradient correction 1/sV2f(X)X which results from the
(discrete) gradient correction (1.7) in the single-variable form (1.4) of NAG-SC. We also show (see
Appendix A.1 for the detailed derivation) that this O(,/s) term appears in the high-resolution ODE
of NAG-C, but is not found in the high-resolution ODE of the heavy-ball method.

As shown below, each ODE admits a unique global solution under mild conditions on the
objective, and this holds for an arbitrary step size s > 0. The solution is accurate in approximating
its associated optimization method if s is small. To state the result, we use C?(I;R") to denote the

class of twice-continuously-differentiable maps from I to R™ for I = [0, 00) (the heavy-ball method
and NAG-SC) and I = [1.5/s,00) (NAG-C).

Proposition 2.1. For any f € Sﬁ(R”) = ULZusi,L(Rn)7 each of the ODEs (1.10) and (1.11) with
the specified initial conditions has a unique global solution X € C?([0,00);R™). Moreover, the two
methods converge to their high-resolution ODFEs, respectively, in the sense that

limsup max Ha:k— (kv/s)|| =0,
s—0 0<k< f

for any fired T > 0.

In fact, Proposititon 2.1 holds for 7" = oo because both the discrete iterates and the ODE
trajectories converge to the unique minimizer when the objective is stongly convex.

Proposition 2.2. For any f € F2(R") := Up~oF2(R"), the ODE (1.12) with the specified initial
conditions has a unique global solution X € C?%([1.5y/s,00);R™). Moreover, NAG-C converges to
its high-resolution ODE in the sense that

lim sup max_ ka— X (kv/s + 1.5\/§)H:
s=0 0<k<Z

10



for any fired T > 0.

The proofs of these propositions are given in Appendix A.3.1 and Appendix A.3.2.

Step 2: Analyzing ODEs Using Lyapunov Functions

With these high-resolution ODEs in place, the next step is to construct Lyapunov functions for
analyzing the dynamics of the corresponding ODEs, as is done in previous work [SBC16, WRJ16,
LRP16]. For NAG-SC, we consider the Lyapunov function

£(1) = (14 VS) (F(X) — F*) + IXI? + LK + 20X —2) + VYA (2.4)

The first and second terms (14,/s) (f(X) — f(z*)) and %HXH2 can be regarded, respectively, as the
potential energy and kinetic energy, and the last term is a mix. For the mixed term, it is interesting
to note that the time derivative of X + 2,/u(X — 2*) + /sV f(X) equals —(1 + /us)V f(X).

The differentiability of £(¢) will allow us to investigate properties of the ODE (1.11) in a princi-
pled manner. For example, we will show that £(¢) decreases exponentially along the trajectories of
(1.11), recovering the accelerated linear convergence rate of NAG-SC. Furthermore, a comparison
between the Lyapunov function of NAG-SC and that of the heavy-ball method will explain why
the gradient correction /sV?f(X )X yields acceleration in the former case. This is discussed in
Section 3.1.

Step 3: Constructing Discrete Lyapunov Functions

Our framework make it possible to translate continuous Lyapunov functions into discrete Lyapunov
functions via a phase-space representation (see, for example, [Arn13]). We illustrate the procedure
in the case of NAG-SC. The first step is formulate explicit position and velocity updates:

T — Tp—1 = V/SUp—1

b=ty =~ = VA(Y o) = Vi)~ VAV,

where the velocity variable vy is defined as:

(2.5)

Tr+1 — Tk

NG

V f(zp). Interestingly, this phase-space representation has the

Vi =

_ 2%
T+/ns
flavor of symplectic discretization, in the sense that the update for z; — xx_1 is explicit (it only

depends on the last iterate vg_1) while the update for vy — vgp_1 is implicit (it depends on the
current iterates zy and vy)®.

The initial velocity is vg =

8 Although this suggestion is a heuristic one, it is also possible to rigorously derive a symplectic integrator of the
high-resolution ODE of NAG-SC; this integrator has the form:

Tk — Th—1 = /SUk—1

Vg — Vp—1 = —2/ 145V — SVQf(JSk)’Uk -1+ \/;E)\/EVf(xk)
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The representation (2.5) suggests translating the continuous-time Lyapunov function (2.4) into
a discrete-time Lyapunov function of the following form:

2
£(F) = Y (f(ag) — 1) + o+ 5
——

1— /us Uk + ﬁi(fﬁkﬂ — ") + sV [f(xy)

NATE
I II 1
S|V ()l
2(1—/ps)’
—_———

a negative term

(2.6)

by replacing continuous terms (e.g., X) by their discrete counterparts (e.g., v). Akin to the
continuous (2.4), here I, II, and IIT correspond to potential energy, kinetic energy, and mixed
energy, respectively, from a mechanical perspective. To better appreciate this translation, note
that the factor % in I results from the ter (73) in (2.5). Likewise, 7 \\fﬁ in ITI

2v/ps

is from the term 1 ka in (2.5). The need for the final (small) negative term is technical; we

discuss it in Section 3.2.

Step 4: Analyzing Algorithms Using Discrete Lyapunov Functions

The last step is to map properties of high-resolution ODEs to corresponding properties of optimiza-
tion methods. This step closely mimics Step 2 except that now the object is a discrete algorithm
and the tool is a discrete Lyapunov function such as (2.6). Given that Step 2 has been performed,
this translation is conceptually straightforward, albeit often calculation-intensive. For example,
using the discrete Lyapunov function (2.6), we will recover the optimal linear rate of NAG-SC and
gain insights into the fundamental effect of the gradient correction in accelerating NAG-SC. In ad-
dition, NAG-C is shown to minimize the squared gradient norm at an inverse cubic rate by a simple
analysis of the decreasing rate of its discrete Lyapunov function.

3 Gradient Correction for Acceleration

In this section, we use our high-resolution ODE framework to analyze NAG-SC and the heavy-
ball method. Section 3.1 focuses on the ODEs with an objective function f € 837 . (R™), and in
Section 3.2 we extend the results to the discrete case for f € 8;7 . (R™). Finally, in Section 3.3 we
offer a comparative study of NAG-SC and the heavy-ball method from a finite-difference viewpoint.

Throughout this section, the strategy is to analyze the two methods in parallel, thereby high-
lighting the differences between the two methods. In particular, the comparison will demonstrate

the vital role of the gradient correction, namely 7 +\F s(Vf(z) — Vf(zk—1)) in the discrete case

and /sV2f(X)X in the ODE case, in making NAG-SC an accelerated method.

3.1 The ODE Case

The following theorem characterizes the convergence rate of the high-resolution ODE corresponding
to NAG-SC.

12



Theorem 1 (Convergence of NAG-SC ODE). Let f € SiL(R”). For any step size 0 < s < 1/L,
the solution X = X (t) of the high-resolution ODE (1.11) satisfies

2|jzo — 2*||> _ v
_ e 4
S

FX(8) = f(z") <

The theorem states that the functional value f(X) tends to the minimum f(z*) at a linear rate.
Vit
By setting s = 1/L, we obtain f(X) — f(z*) < 2L ||zg — x*||2e_TM.
The proof of Theorem 1 is based on analyzing the Lyapunov function £(¢) for the high-resolution

ODE of NAG-SC. Recall that £(t) defined in (2.4) is

1, . 1, -
E() = (1+ vius) (F(X) = F(@*) + 71X + 21X+ 2Vi(X —a™) + VsV (X
The next lemma states the key property we need from this Lyapunov function

Lemma 3.1 (Lyapunov function for NAG-SC ODE). Let f € SiL(]R"). For any step size s > 0, and
with X = X (t) being the solution to the high-resolution ODE (1.11), the Lyapunov function (2.4)
satisfies

d&(t m s . .
W o ey NIV + X0V )X (0). (3.1)
The proof of this theorem relies on Lemma 3.1 through the inequality £(t) < —%5 (t). The

term %(HV]“'(X)H2 + XTV2f(X)X) > 0 plays no role at the moment, but Section 3.2 will shed

light on its profound effect in the discretization of the high-resolution ODE of NAG-SC.

Proof of Theorem 1. Lemma 3.1 implies £(t) < —%5(1&), which amounts to
d Vit
= (e@ ) <0.
dt ( (Be s

By integrating out ¢, we get
E(t) <e "4 £(0). (3.2)

2

— |2 — " .
+ 20— ) = 1Y VAV () ]
Since f € Sﬁ,Lv we have that ||V f(zo)|| < L|lzo—2*| and f(z0) — f(2*) < L|jxo — 2*||*/2. Together
with the Cauchy—Schwarz inequality, the two inequalities yield

2 1— 2 nt

$0 = 1) < [ o) = 1)+ S S IV + e =) e
L 3—2fs+ps P
<5 o o T I e

13



which is valid for all s > 0. To simplify the coefficient of ||zo — $*||267@, note that L can be
replaced by 1/s in the analysis since s < 1/L. It follows that

_ * — v
e e e
Furthermore, a bit of analysis reveals that
1 3 —2\/ps+ ps 2us
2 2(1+4 /us)3 14 \ﬁ

since pus < u/L < 1, and this step completes the proof of Theorem 1. ]

We now consider the heavy-ball method (1.2). Recall that the momentum coefficient « is set

Ty

to 1 N The following theorem characterizes the rate of convergence of this method.

Theorem 2 (Convergence of heavy-ball ODE). Let f € 82 L (R™). For any step size 0 < s <1/L,
the solution X = X (t) of the high-resolution ODE (1.10) satzsﬁes

7l|lzo — || _vm
—¢€¢ 4 .

FEX®) - St < SR

As in the case of NAG-SC, the proof of Theorem 2 is based on a Lyapunov function:

£(1) = (14 Vi) (F(X) — f(a*) + I XI? + 1K + 20X — )| (33)

which is the same as the Lyapunov function (2.4) for NAG-SC except for the lack of the /sV f(X)
term. In particular, (2.4) and (3.3) are identical if s = 0. The following lemma considers the decay
rate of (3.3).

Lemma 3.2 (Lyapunov function for the heavy-ball ODE). Let f € S/i L (R™). For any step size
s > 0, the Lyapunov function (3.3) for the high-resolution ODE (1.10) satisfies

de) o _VEeq

at — 4
The proof of Theorem 2 follows the same strategy as the proof of Theorem 1. In brief, Lemma 3.2
gives £(t) < e~ VA/4£(0) by integrating over the time parameter t. Recognizing the initial conditions

2/sV f(z)

1+ /us
in the high-resolution ODE of the heavy-ball method and using the L-smoothness of V f, Lemma 3.2
yields

X(0) =29, X(0)=—

1 3 2(us) 1 [lwo — a*|2e T

X)—fz*) < |z + )
fX) = f@7) = 2 (1+/ms)?® 14 /pus s

if the step size s < 1/L. Finally, since 0 < us < p/L < 1, the coefficient satisfies

1 3 2us 7

=+ S+

2 (14 /ns) 1+ /us

The proofs of Lemma 3.1 and Lemma 3.2 share similar ideas. In view of this, we present only

the proof of the former here, deferring the proof of Lemma 3.2 to Appendix B.1.

14



Proof of Lemma 3.1. Along trajectories of (1.11) the Lyapunov function (2.4) satisfies

= U ymTI), X) + 5 (X, 2/~ VEVAR(OX — (1 4+ ) V(X))

45 (X 4203 (X — %) 4 VEVF(X), (14 V) V(X))
=~V (I + (1 + V35s) (VF(X), X =) + S IVF(X)I?) (3.4)
- IV + X0 K]
< it (IXI2 + (14 vis) (V5 (X), X = %) + SIVFOIP)
Furthermore, (V f(X), X — 2*) is greater than or equal to both f(X) — f(z*) + §[| X — 2*||? and
w||X — 2*||? due to the u-strong convexity of f. This yields
(1 + Vi) (VF(X), X ) > =00 (00, X =) + (960, X — )
> ”‘ﬁ FOX) = 7+ 1% 2 7] + B )2

z”fu X) — f@) + L% — o),

which together with (3.4) suggests that the time derivative of this Lyapunov function can be
bounded as

dé

< Vi (TR0 - e P B x-S IIOR). )

Next, the Cauchy—Schwarz inequality yields

Jovix =2+ X+ VEvseo| <3 (40X — 2 + 1XI7 + 5 IVFCOI?)

from which it follows that

E(t) < (14 Vis) (F(X) — F(&) + [ X2+ 3u |1 X — 2| + 2 IIVf( ). (3.6)

Combining (3.5) and (3.6) completes the proof of the theorem.
O

Remark 3.3. The only inequality in (3.4) is due to the term %> (HVf( )12+ X TV2f(X)X), which
is discussed right after the statement of Lemma 3.1. This term results from the gradient correction
V3V2f(X)X in the NAG-SC ODE. For comparison, this term does not appear in Lemma 3.2 in the
case of the heavy-ball method as its ODE does not include the gradient correction and, accordingly,
its Lyapunov function (3.3) is free of the /sV f(X) term.

15



3.2 The Discrete Case

This section carries over the results in Section 3.1 to the two discrete algorithms, namely NAG-
SC and the heavy-ball method. Here we consider an objective f € 31 1 (R™) since second-order
differentiability of f is not required in the two discrete methods. Recall that both methods start

with an arbitrary z¢ and x1 = z¢ — 2?2]\0}%)-

Theorem 3 (Convergence of NAG-SC). Let f € S}L’L(R"). If the step size is set to s = 1/(4L),
the iterates {x1}72, generated by NAG-SC (1.3) satisfy

5L [lao — 2|

(14 HVarE)

flag) = f(a7) <

for all k > 0.

In brief, the theorem states that log(f(zx) — f(z*)) < —O(k+/p/L), which matches the optimal
rate for minimizing smooth strongly convex functions using only first-order information [Nes13].
More precisely, [Nes13] shows that f(x3) — f(z*) = O((1—+/p/L)*) by taking s = 1/L in NAG-SC.
Although this optimal rate of NAG-SC is well known in the litetature, this is the first Lyapunov-
function-based proof of this result.

As indicated in Section 2, the proof of Theorem 3 rests on the discrete Lyapunov function (2.6):

2
£006) ~1 Y (1) = )+ Il + § o+ 2 =)+ VAT F o)
sVl
21— ms)

Recall that this functional is derived by writing NAG-SC in the phase-space representation (2.5).
Analogous to Lemma 3.1, the following lemma gives an upper bound on the difference £(k+1)—E& (k).

Lemma 3.4 (Lyapunov function for NAG-SC). Let f € Sl L (R™). Taking any step size 0 < s <
1/(4L), the discrete Lyapunov function (2.6) with {x1}72, genemted by NAG-SC satisfies
Ek+1)— Ek) < ——Vé“g(k ).

The form of the inequality ensured by Lemma 3.4 is consistent with that of Lemma 3.1. Alter-
natively, it can be written as £(k + 1) < —2—£&(k). With Lemma 3.4 in place, we give the proof

14-YE2
of Theorem 3.

6

Proof of Theorem 3. Given s = 1/(4L), we have

A1 — /(L))

3+ 4+/p/(4L)

flax) = f(a7) < (k). (3.7)

To see this, first note that

L+ \/u/ iL) . IV )
= yan O S0 )
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and

o7 IV A0 < fa) - f).

Combining these two inequalities, we get
1 4L xg) — f(a* 3+4 4L
e > T (7o) = o)) - L = SENIED (1(01) — 10
which gives (3.7).
Next, we inductively apply Lemma 3.4, yielding
ZON)
(1) (1+hvirE)

Recognizing the initial velocity vy = —2‘1[857\;%0) in NAG-8C, one can show that

E(k) <

< TV () = 1)

£(0) < V f (o)

" v

H (20 =) = YA (a0

11+ /ps Ls 2u/L Ls (1+/p5\?
= [2 (i \//T> e T e (1—m>
Taking s = 1/(4L) in (3.9), it follows from (3.7) and (3.8) that

2

(3.9)

- L|zo — 2|

Flaw) - fa) <

(1+ % VarT)

sp Lo — 2*|?

Here the constant factor C),/r, is a short-hand for

4( Vi/( 4L> {1%/;;/ (4L) 1 24/ L L1 <1+\/#/(4L)>2] |

34+4/u/(40) |2-2/p/(AL)  A(1 + /p/(4L))2 + — /u/(AL))? 8 1/(4L)

which is less than five by making use of the fact that u/L < 1. This completes the proof.

O
We now turn to the heavy-ball method (1.2). Recall that a = hﬁ and z1 = zo — Q‘i{/(l%).

Theorem 4 (Convergence of heavy-ball method). Let f € S;L(R"). If the step size is set to
s = pu/(16L2), the iterates {xr}32, generated by the heavy-ball method satisfy

5L ||xg — x*H

f(xg) — f(2o) < (- 16L)k

for all k > 0.
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The heavy-ball method minimizes the objective at the rate log(f(zx) — f(2*)) < —O(ku/L), as
opposed to the optimal rate —O(k+/u/L) obtained by NAG-SC. Thus, the acceleration phenomenon
is not observed in the heavy-ball method for minimizing functions in the class S}h (R™). This
difference is, on the surface, attributed to the much smaller step size s = u/(16L?) in Theorem 4
than the (s = 1/(4L)) in Theorem 3. Further discussion of this difference is given after Lemma 3.5
and in Section 3.3.

In addition to allowing us to complete the proof of Theorem 4, Lemma 3.5 will shed light on
why the heavy-ball method needs a more conservative step size. To state this lemma, we consider
the discrete Lyapunov function defined as

2

k) = VI ) — fa) 2 ol S ot Y -] . (310)

1—/us 4 4H 1—/us

which is derived by discretizing the continuous Lyapunov function (3.3) using the phase-space
representation of the heavy-ball method:

T — Tp—1 = \/5ka1

AT 1+ /ps (3.11)
T 0k e VsV f ().
Lemma 3.5 (Lyapunov function for the heavy-ball method). Let f € Sl (R™). For any step

size s > 0, the discrete Lyapunov function (3.10) with {x}72, generated by the heavy-ball method
satisfies

Vg — Ug—1 = —

E(k+1)-E(k) < \/73m1n{1+\/\/fi}5(k‘—|—1)

The proof of Lemma 3.5 can be found in Appendix B.3. To apply this lemma to prove Theorem 4,
we need to ensure

W (Y (- 16 - § (FE) 9ol 20 (613)

A sufficient and necessary condition for (3.13) is

(3.12)

B (fann) = 1) = (T ) sE(f o) = ) 2 0. (3.14)

This is because | Vf(2p+1)||? < 2L (f (zp41) — f(2*)), which can be further reduced to an equality
(for example, f(z) = %HxH ). Thus, the step size s must obey

o (%)

In particular, the choice of s = fulfills (3.14) and, as a consequence, Lemma 3.5 implies

16L2

Ek+1)—E(k) < —

< 16L€(k+1)
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The remainder of the proof of Theorem 4 is similar to that of Theorem 3 and is therefore omitted.
As an aside, [Pol64] uses s = 4/(V/L + \/u1)? for local accelerated convergence of the heavy-ball
method. This choice of step size is larger than our step size s = ﬁ, which yields a non-accelerated
but global convergence rate.

The term 3 (}J_r\/\/g)z IV f(zrs1)]|? in (3.12) that arises from finite differencing of (3.10) is a
(small) term of order O(s) and, as a consequence, this term is not reflected in Lemma 3.2. In
relating to the case of NAG-SC, one would be tempted to ask why this term does not appear in
Lemma 3.4. In fact, a similar term can be found in £(k + 1) — £(k) by taking a closer look at the
proof of Lemma 3.4. However, this term is canceled out by the discrete version of the quadratic
term é(HVf(X)H2 + XTV2f(X)X) in Lemma 3.1 and is, therefore, not present in the statement
of Lemma 3.4. Note that this quadratic term results from the gradient correction (see Remark 3.3).
In light of the above, the gradient correction is the key ingredient that allows for a larger step size
in NAG-SC, which is necessary for achieving acceleration.
For completeness, we finish Section 3.2 by proving Lemma 3.4.

Proof of Lemma 3.4. Using the Cauchy-Schwarz inequality, we have”

2

III = H (1 il g) v + %(% — %) + VsV f(zy)

L+ ps Ap S x|
<1 \/lT> vk ]| "‘W”mk 17+ s Vf( k)\],

which, together with the inequality

sIIVf(zi)]”
2(1 = /)

4

5 HVf(xk)ll

3s

= S IV F@OI? + 5 V@l -

Ls ) sﬁsnwm)u
<5 o) = f@) = MY R

for f € Sli . (R™), shows that the Lyapunov function (2.6) satisfies

) < (T=om + ) (o) — 1) + Y

(3.15)
3:“ * |2 \/ILE * S 2
g e = s (Few) = £ = 19 @)
Next, as shown in Appendix B.2, the inequality
1—2Ls 1
E(k+1)—&(k) < [(f(w ) = (@) + —= llos1al?
v (-ym) - (3.16)

[ « VHS oS
+m g1 — 2 + 1= Jm)? (f(xkﬂ) —fl@*) =5 HVf(OCkH)HQ)]

9See the definition of ITT in (2.6).
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holds for s < 1/(2L). Comparing the coefficients of the same terms in (3.15) for £(k + 1) and
(3.16), we conclude that the first difference of the discrete Lyapunov function (2.6) must satisfy

1—2Ls 1—y/ps 1 1
1_\/ﬁ+%(1_\/ﬁ)271+w/,u5+/,68’671—1//,68
1-2L 1—4/ 1 1
S_ Nsmin LS) e (AP g(k+1)
1+% 14+ ps+pus 6 1—/us

- g,

since s < 1/(4L). O

Ek+1)—E(k) < — usmin{ }5(/€+1)

3.3 A Numerical Stability Perspective on Acceleration

As shown in Section 3.2, the gradient correction is the fundamental cause of the difference in con-
vergence rates between the heavy-ball method and NAG-SC. This section aims to further elucidate
this distinction from the viewpoint of numerical stability. A numerical scheme is said to be stable if,
roughly speaking, this scheme does not magnify errors in the input data. Accordingly, we address
the question of what values of the step size s are allowed for solving the high-resolution ODEs
(1.10) and (1.11) in a stable fashion. While various discretization schemes on low-resolution ODEs
have been explored in [WWJ16, WRJ16, ZMSJ18|, we limit our attention to the forward Euler
scheme to simplify the discussion (see [SB13] for an exposition on discretization schemes).
For the heavy-ball method, the forward Euler scheme applied to (1.10) is

X (14 \5) = 2X(W £ X (= F) o X(0) = X( = V5)
s NE

Using the approximation Vf(X(t — /s) +€) = Vf(X(t — /3)) + V2f(X(t — /3))e for a small
perturbation €, we get the characteristic equation of (3.17):

det (AT — (2 — 2/ M + (1 — 2y/8) I + (1 + /is)sV2F(X (t — v/5))) =0,

where I denotes the n x n identity matrix. The numerical stability of (3.17) requires the roots
of the characteristic equation to be no larger than one in absolute value. Therefore, a necessary
condition for the stability is that!©

(1 —2y/ms)I + (1 + /us)sV2f(X(t —/5)) < I. (3.18)

By the L-smoothness of f, the largest singular value of V2f(X(t — 1/s)) can be as large as L.
Therefore, (3.18) is guaranteed in the worst case analysis only if

(14 us)sL < 2/us,

which shows that the step size must obey

+(1+/ps)VF(X(t—+/5)) =0. (3.17)

s<0 (%) . (3.19)

10The notation A < B indicates that B — A is positive semidefinite for symmetric matrices A and B.
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Next, we turn to the high-resolution ODE (1.11) of NAG-SC, for which the forward Euler scheme
reads

X(t+vs) = & OFXE=VE) 4 o/ 4 Vav2(X (1 — y3)) - = fjg ) (3:20)
+ (L4 VS V(X (t— /5) = 0.

Its characteristic equation is

det (AQI —(2—=2yms — sVEF(X(t — V)M + (1 — 2y/ms)I + / us3V2f(X (t — \/5))) =0,
which, as earlier, suggests that the numerical stability condition of (3.20) is

(1= 2/8) I + VusPV2F (X (= /3)) < T.

This inequality is ensured by setting the step size

s=0 (11;) : (3.21)

As constraints on the step sizes, both (3.19) and (3.21) are in agreement with the discussion in
Section 3.2, albeit from a different perspective. In short, a comparison between (3.17) and (3.20)
reveals that the Hessian 1/sV?2f(X (t —/s)) makes the forward Euler scheme for the NAG-SC ODE
numerically stable with a larger step size, namely s = O(1/L). This is yet another reflection of the
vital importance of the gradient correction in yielding acceleration for NAG-SC.

4 Gradient Correction for Gradient Norm Minimization

In this section, we extend the use of the high-resolution ODE framework to NAG-C (1.5) in the
setting of minimizing an L-smooth convex function f. The main result is an improved rate of NAG-
SC for minimizing the squared gradient norm. Indeed, we show that NAG-C achieves the O(L?/k?)
rate of convergence for minimizing ||V f(xy)||?>. To the best of our knowledge, this is the sharpest
known bound for this problem using NAG-C without any modification. Moreover, we will show that
the gradient correction in NAG-C is responsible for this rate and, as it is therefore unsurprising that
this inverse cubic rate was not perceived within the low-resolution ODE frameworks such as that
of [SBC16]. In Section 4.3, we propose a new accelerated method with the same rate O(L?/k?) and
briefly discuss the benefit of the phase-space representation in simplifying technical proofs.

4.1 The ODE Case

We begin by studying the high-resolution ODE (1.12) corresponding to NAG-C with an objective
fe ]:%(]R”) and an arbitrary step size s > 0. For convenience, let to = 1.54/s.

Theorem 5. Assume f € F2(R") and let X = X(t) be the solution to the ODE (1.12). The
squared gradient norm satisfies

) 12 4+ 9sL)||zg — o*||?
)
oof [IVAX )" < NN

for all t > ty.
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By taking the step size s = 1/L, this theorem shows that
inf_[|[Vf(X(w)|* = O(VL/E),

to<u<t
where the infimum operator is necessary as the squared gradient norm is generally not decreasing
in ¢t. In contrast, directly combining the convergence rate of the function value (see Corollary 4.2)
and inequality |V f(X)||? < 2L(f(X) — f(z*)) only gives a O(L/t?) rate for squared gradient norm
minimization.
The proof of the theorem is based on the continuous Lyapunov function

/i

e =t (145 ) (P00 = S + ek + 20X~ o) +AVICOR, (@)

which reduces to the continuous Lyapunov function in [SBC16] when setting s = 0.

Lemma 4.1. Let f € F7(R"). The Lyapunov function defined in (4.1) with X = X(t) being the
solution to the ODE (1.12) satisfies

O < [vae+ (3+3) e+ L] ivseor (42)

for allt > tgy.

The decreasing rate of £(t) as specified in the lemma is sufficient for the proof of Theorem 5.
First, note that Lemma 4.1 readily gives

/ [*f i (2 " 2) ut sz] V(X () du < — / ) b

= E(to) — E(t)
< &(to),

where the last step is due to the fact £(¢) > 0. Thus, it follows that

) Vo’ L)+ VAKX (w)]? du
inf |V (X ()] < Jio [\f j(L+2)1+2L} I ff( w)|
to<u<t iy V/5u2+ (1 +3)u+ Ydu 43)
E(to) |
V(3 =) /3+ (1 + %) (tQ_tg)/QJrT‘/Lg(t—to)

Recognizing the initial conditions of the ODE (1.12), we get

<

E(to) = tolto +V5/2)(f(z0) ~ J(&) + 5 |~ tow/3V S (w0) + 2o — 2*) + to/3V S (o)

L
<35 Sllwo — a*|* + 2lwo — (%,

which together with (4.3) gives

(24 1.5sL) ||zo — 2*|?

inf ||[VF(X(w)]? < .
toS“StH el V(3 —18)/3+ (1 +3) (2 — 13)/2+ YE(t — to)

(4.4)
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This bound reduces to the one claimed by Theorem 5 by only keeping the first term /s(t3 — 3)/3
in the denominator.

The gradient correction 1/5V2f(X)X in the high-resolution ODE (1.12) plays a pivotal role in
Lemma 4.1 and is, thus, key to Theorem 5. As will be seen in the proof of the lemma, the factor
|V £(X)|| in (4.2) results from the term t,/5V f(X) in the Lyapunov function (4.1), which arises
from the gradient correction in the ODE (1.12). In light of this, the low-resolution ODE (1.8)
of NAG-C cannot yield a result similar to Lemma 4.1 and; furthermore, we conjecture that the
O(V/'L/t?) rate does applies to this ODE. Section 4.2 will discuss this point further in the discrete
case.

In passing, it is worth pointing out that the analysis above applies to the case of s = 0. In this
case, we have tg = 0, and (4.4) turns out to be

2 _ ALz — |
Jint VA ()P < =

This result is similar to that of the low-resolution ODE in [SBC16]!!
This section is concluded with the proof of Lemma 4.1.

Proof of Lemma 4.1. The time derivative of the Lyapunov function (4.1) obeys

d‘zy) — <2t+ ‘f) (f(X) = f(@) +1 <t+ f) <Vf(X)’X>
+ <tX +2(X —2*) + t/sVf(X), — (‘f + t) Vf(X)>
_ (% N {) (F(X) — F@*) - (Va+20) (X — 2", V(X))

- et (14 ) 19100l

Making use of the basic inequality f(z*) > f(X)+ (Vf(X),2* — X) + 5= | Vf(X) |2 for L-smooth
f, the expression of @ above satisfies

T <L - s - (Vi 1) (045 19500

- (vare 1) (14 2) iwscor?
v (343) e ] wscore.

Note that Lemma 4.1 shows £(¢) is a decreasing function, from which we get

x E(to) 3s(f (o) — f(2*)) +2 |laro — ||
X — Xz < =
= )_t<t+*f) t(t+—“j)

" To see this, recall that [SBC16] shows that f(X(¢)) — f(z*) < 2“”’;7;*”2, where X = X(t) is the solution to (4.4)
with s = 0. Using the L-smoothness of f, we get |V f(X (t))||* < 2L(f(X (1)) — f(z*)) < M

t
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by recognizing the initial conditions of the high-resolution ODE (1.12). This gives the following
corollary.

Corollary 4.2. Under the same assumptions as in Theorem 5, for any t > tg, we have

(44 3sL) ||zo — x*|?

f(X(@) — f(2*) < t(2t + /3)

4.2 The Discrete Case

We now turn to the discrete NAG-C (1.5) for minimizing an objective f € F}(R"). Recall that this
algorithm starts from any x¢ and yg = 9. The discrete counterpart of Theorem 5 is as follows.

Theorem 6. Let f € F;(R™). For any step size 0 < s < 1/(3L), the iterates {xy} 5oy generated
by NAG-C obey

2
0Zi<k IV 1ol s2(k+1)3

for all k > 0. In additional, we have

119 ||z — 2*|)°

flzg) — f(z¥) < s(k + 1)2 ’

for all k > 0.

Taking s = 1/(3L), Theorem 6 shows that NAG-C minimizes the squared gradient norm at the
rate O(L?/k3). This theoretical prediction is in agreement with two numerical examples illustrated
in Figure 4. To our knowledge, the bound O(L?/k3) is sharper than any existing bounds in the
literature for NAG-C for squared gradient norm minimization. In fact, the convergence result
f(x) — f(x*) = O(L/k?) for NAG-C and the L-smoothness of the objective immediately give
IV f(z)||? < O(L?/k?). This well-known but loose bound can be improved by using a recent result
from [AP16], which shows that a slightly modified version NAG-C satisfies f(xy) — f(z*) = o(L/k?)
(see Section 5.2 for more discussion of this improved rate). This reveals

2
IVl <o (2)

which, however, remains looser than that of Theorem 6. In addition, the rate o(L?/k?) is not valid
for k < n/2 and, as such, the bound o(L?/k?) on the squared gradient norm is dimension-dependent
[AP16]. For completeness, the rate O(L?/k?) can be achieved by introducing an additional sequence
of iterates and a more aggressive step size policy in a variant of NAG-C [GL16]. In stark contrast,
our result shows that no adjustments are needed for NAG-C to yield an accelerated convergence
rate for minimizing the gradient norm.

An Q(L?/k*) lower bound has been established by [Nes12] as the optimal convergence rate for
minimizing ||V f||? with access to only first-order information. (For completeness, Appendix C.3
presents an exposition of this fundamental barrier.) In the same paper, a regularization technique
is used in conjunction with NAG-SC to obtain a matching upper bound (up to a logarithmic factor).
This method, however, takes as input the distance between the initial point and the minimizer,
which is not practical in general [KF18].
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Figure 4: Scaled squared gradient norm s%(k + 1)3 ming<;<x |V f(z:)||* of NAG-C. In both plots, the scaled
squared gradient norm stays bounded as k — co. Left: f(z) = 3 (Az,z)+ (b, z), where A = T'T is a 500 x 500
positive semidefinite matrix and b is 1 x500. All entries of b, T € R?°0%590 are i i.d. uniform random variables

200
on (0,1), and || -||2 denotes the matrix spectral norm. Right: f(x) = plog { > exp [({as, z) —b;) /p]}, where
i=1

A = [a1,...,a200] is a 200 x 50 matrix and b is a 200 x 1 column vector. All entries of A and b are
i.i.d.-sampled from N(0,1) and p = 20.

Returning to Theorem 6, we present a proof of this theorem using a Lyapunov function argu-
ment. By way of comparison, we remark that Nesterov’s estimate sequence technique is unlikely
to be useful for characterizing the convergence of the gradient norm as this technique is essentially
based on local quadratic approximations. The phase-space representation of NAG-C (1.5) takes the
following form:

Tp — Th—1 = V/SVk—1

3 3 (4.5)
= ey = = o = VAT )~ Vo)) = (14 ) VEV S,
for any initial position z¢ and the initial velocity vg = —+/sV f(zp). This representation allows us

to discretize the continuous Lyapunov function (4.1) into

1 2
E(k) = s(k+3)(k+1) (f(wr) = f(@)+5 [|(k + D)vsvp + 2(zp41 —27) + (k + sV f(ap)[|”- (4.6)
The following lemma characterizes the dynamics of this Lyapunov function.

Lemma 4.3. Under the assumptions of Theorem 6, we have

s2((k+3)(k—1) — Ls(k +3)(k+ 1))

Ek+1)— E(k) < — 5

IV f (zps)|?

for all k > 0.

Next, we provide the proof of Theorem 6.
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Proof of Theorem 6. We start with the fact that
(k+3)(k—1)—Ls(k+3)(k+1) >0, (4.7)

for k > 2. To show this, note that it suffices to guarantee

1 k-1

ST hED (48)

which is self-evident since s < 1/(3L) by assumption.
Next, by a telescoping-sum argument, Lemma 4.3 leads to the following inequalities for k > 4:

k—1
Ek)—E@3) =) (E(i+1)—£@))
=3
1
<) —5 l+3)(@—1) = Ls(i +3)(i +1)] IV £ (i)
=3 (4.9)
2
< 5 _ . .
<5 41?121? IV f () zz; [(i4+3)(i—1)— Ls(i+3)(i+ 1)]
52 = 1
<5 N . C oy Lo .
<= IS (3= g3 1)
where the second inequality is due to (4.7). To further simplify the bound, observe that
k—1
: , 1, : 2k® — 38k +60 _ (k+ 1)
Z{(z—i—B)(z—l)—(z+3)(z+1)]: 2( + ),
P 3 9 36
for k > 4. Plugging this inequality into (4.9) yields
s2(k+1)3
_ < 2\ )
&) — £3) < =5 min V£
which gives
72(€£(3) — E(k)) 72£(3)
DI° < < ) 4.1
2 VI @I < =560 < aw (410
It is shown in Appendix C.1 that
E(3) < &£(2) <119 ||lzo — z*||?,
for s <1/(3L). As a consequence of this, (4.10) gives
2 _ 8568 flarg — )2
4.11
min, V)| < 2 (111)

For completeness, Appendix C.1 proves, via a brute-force calculation, that ||V f(zo)||?, |V.f (@)1, | V.f (z2)]%,
and ||V f(z3)||* are all bounded above by the right-hand side of (4.11). This completes the proof
of the first inequality claimed by Theorem 6.
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For the second claim in Theorem 6, the definition of the Lyapunov function and its decreasing
property ensured by (4.7) implies

. E(k) £(2) 119]Jzo — *|”
f(xk)_f(x)gs(k+3)(k+1) Ss(k—l—?))(k-f-l) - S(k‘—l-l)z ’

for all £ > 2. Appendix C.1 establishes that f(xg) — f(z*) and f(z1) — f(z*) are bounded by the
right-hand side of (4.12). This completes the proof.

(4.12)

O
Now, we prove Lemma 4.3.

Proof of Lemma 4.3. The difference of the Lyapunov function (4.6) satisfies

E(k+1)—&(k) =s(k+3)(k+1)(f(wrr1) — flar)) + 52k +5) (f(2r41) — f(27))
+ (2(xpt2 — Tpy1) + V(k + 2) (Vg1 + VSV f(@rg1)) — Vs(k + 1) (v + VsV f (),
2(xpq2 — %) + (k +2)Vs(vkr1 + VsV f(2r41)))

B % 12(zht2 — @pg1) + V5(k + 2)(Vkr1 + VsV f (@r41)) — (k + 1)V/s(vp + \/EVf(xk))HQ

= s(k+3)(k + 1) (f(wrt1) — flak)) + 52k +5) (f(zh41) — f(27))
+ (=s(k +3)Vf(@r11), 2(@p42 — ) + Vs(k + 2)(vp41 + V5V f(2r41)))

— 5k + 3)V f (i)
= s(k+3)(k + 1) (f(zkt1) — flak)) + 52k +5) (f(zh41) — f(27))
— 53 (k +3)(k +4) (Vf(@rs1), vkr1) — 250k + 3) (Vf (@rs1), Trgr — 2°)
— 5% (k+3)(k+2) |V f(zrs1) ] - S;(k +3)? |V f(zry0) 12,
where the last two equalities are due to
(k+3) (vr + VsV f(x) =k (k-1 + VsV f(xr-1)) = —kVsV fa), (4.13)

which follows from the phase-space representation (4.5). Rearranging the identity for £(k+1)—E&(k),
we get

E(k+1) = E(k) = sk +3)(k + 1) (f(@rs1) = f(2x)) — 52 (k + 3)(k +4) (V[ (2x41), V1)

+5(2k 4+ 5) (f(zry1) — f(2¥)) = 8(2k +6) (Vf(2p41), Thp1 — ) (4.14)
82
T

The next step is to recognize that the convexity and the L-smoothness of f gives

Flaien) = F(a) <V fpn). 2o = 12) = o [V xan) = ()
f@ie1) = f(@7) SV f(Ths1), Topr — 27) -

Plugging these two inequalities into (4.14), we have

Ek+1) — Ek) < —s2(k+3) (VF(pp1), (k + Dopr — (k+ 1)og)
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S

o k+3)(k+ DIV f(zhe1) — VI@o)l? = s (Vf (@) wpa1 — )

82
- SRR 19 f 0

(k4 3) (Vf(@rs1), (K + Dvggr — (k + 1)vg)
e s2(k+3)(3k+7)
2

e

< —s

(k+3)(k+ 1) IV f(2r41) — V(1) IV £ (zren) |,

5
2L

where the second inequality uses the fact that (V f(xg41), g+1 — 2*) > 0.
To further bound &(k + 1) — £(k), making use of (4.13) with k£ + 1 in place of k, we get

E(k+1) = E(k) < s*(k+3)(k+ 1) (Vf(zps1), Vf(@p1) — Vf(z))
— 57 (k+3)(k+ 1) [Vf (i) - V)

i ((k+3)(3k+7)
2

(k) + 4>) IV )

53 S
= B D9 )P - T 0 - 199 fo) - V@)
32 _
-SRI g a2
82

< —5 [(k+3)(k —1) = Ls(k +3)(k + D] IV f (zrs1)|* -

2
This completes the proof.
O

In passing, we remark that the gradient correction sheds light on the superiority of the high-
resolution ODE over its low-resolution counterpart, just as in Section 3. Indeed, the absence of the
gradient correction in the low-resolution ODE leads to the lack of the term (k + 1)sV f(zy) in the
Lyapunov function (see Section 4 of [SBC16]), as opposed to the high-resolution Lyapunov function
(4.6). Accordingly, it is unlikely to carry over the bound £(k+1)—&(k) < —O(s?k?||V f (zx11)||?) of
Lemma 4.3 to the low-resolution case and, consequently, the low-resolution ODE approach pioneered
by [SBC16] is insufficient to obtain the O(L?/k?) rate for squared gradient norm minimization.

4.3 A Modified NAG-C without a Phase-Space Representation

This section proposes a new accelerated method that also achieves the O(L?/k3) rate for minimizing
the squared gradient norm. This method takes the following form:

Yk+1 = ok — sV f ()
k k kE—1 (4.15)
= — - —-s|——=V - —V ,
Th+1 = Yk41 + E 3(yk;+1 Yk) — S <l<: 13 f (Y1) k13 f(?ﬂc))
starting with x¢ and yo = x¢. As shown by the following theorem, this new method has the same
convergence rates as NAG-C.
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Theorem 7. Let f € F}(R"). Taking any step size 0 < s < 1/L, the iterates {(zx,yr)}3,
generated by the modified NAG-C (4.15) satisfy

. 5 882z — a*|?
. . <
Jin V£ + V£ < =500 s

o _ 21|z — 2|
f(yk)*f(x)fwa

for all k > 0.

We refer readers to Appendix C.2 for the proof of Theorem 7, which is, as earlier, based on a
Lyapunov function. However, since both f(z)) and f(yx) appear in the iteration, (4.15) does not
admit a phase-space representation. As a consequence, the construction of the Lyapunov function
is complex; we arrived at it via trial and error. Our initial aim was to seek possible improved rates
of the original NAG-C without using the phase-space representation, but the enormous challenges
arising in this process motivated us to (1) modify NAG-C to the current (4.15), and (2) to adopt
the phase-space representation. Employing the phase-space representation yields a simple proof
of the O(L?/k3) rate for the original NAG-C and this technique turned out to be useful for other
accelerated methods.

5 Extensions

Motivated by the high-resolution ODE (1.12) of NAG-C, this section considers a family of general-
ized high-resolution ODEs that take the form

/s B
5 )Vf(X)—O, (5.1)

for t > a/s/2, with initial conditions X (a\/s/2) = xg and X (ay/5/2) = —/sV f(xo). As demon-
strated in [SBC16, ACR17, VJFC18], the low-resolution counterpart (that is, set s = 0) of (5.1)
achieves acceleration if and only if @ > 3. Accordingly, we focus on the case where the friction
parameter « > 3 and the gradient correction parameter § > 0. An investigation of the case of
a < 3 is left for future work.

By discretizing the ODE (5.1), we obtain a family of new accelerated methods for minimizing
smooth convex functions:

X+ %X + BVEVEF(X)X + (1 +

Yk1 = T — BV f ()

( ) k ( ) (5.2)
T =xp — sV f(xg) + —— — s

k+1 k k k Yk+1 — Yk

starting with o = Yo- The second line of the iteration is equivalent to

_ (4 1 1 k
Tpt1 = ( - 5) T+ Bykﬂ + m(ykﬂ — Yk)-

In Section 5.1, we study the convergence rates of this family of generalized NAC-C algorithms along
the lines of Section 4. To further our understanding of (5.2), Section 5.2 shows that this method in
the super-critical regime (that is, a > 3) converges to the optimum actually faster than O(1/(sk?)).
As earlier, the proofs of all the results follow the high-resolution ODE framework introduced in
Section 2. Proofs are deferred to Appendix D. Finally, we note that Section 6 briefly sketches the
extensions along this direction for NAG-SC.
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5.1 Convergence Rates
The theorem below characterizes the convergence rates of the generalized NAG-C (5.2).

Theorem 8. Let f € F1(R"),a >3, and 8 > % There exists co 3 > 0 such that, taking any step
size 0 < s < cq 8/ L, the iterates {xy}72, generated by the generalized NAG-C (5.2) obey

2 Ca,pllzo — 2*?
Jin [V £ ()" < 2 r1)F (5.3)
for all k > 0. In addition, we have
Capllzo — ¥
_ * < )

for all k > 0. The constants cog and Cy g only depend on o and 3.

The proof of Theorem 8 is given in Appendix D.1 for « = 3 and Appendix D.2 for a > 3.
This theorem shows that the generalized NAG-C achieves the same rates as the original NAG-C in
both squared gradient norm and function value minimization. The constraint 5 > % reveals that
further leveraging of the gradient correction does not hurt acceleration, but perhaps not the other
way around (note that NAG-C in its original form corresponds to 5 = 1). It is an open question
whether this constraint is a technical artifact or is fundamental to acceleration.

5.2 Faster Convergence in Super-Critical Regime

We turn to the case in which a > 3, where we show that the generalized NAG-C in this regime attains
a faster rate for minimizing the function value. The following proposition provides a technical
inequality that motivates the derivation of the improved rate.

Proposition 5.1. Let f € fL(R") a>3, and B > 2 There exists ¢! ap >0 such that, taking any
step size 0 < s < ¢/ ﬁ/L the iterates {:z:k}k o generated by the genemlzzed NAG-C (5.2) obey

o0 C/ ) _:1:*
S [0+ 1) () — £ + (b + D[V < apllzo = ol

S
k=0

where the constants c’aﬂ and Crlxﬁ only depend on « and (3.

In relating to Theorem 8, one can show that Proposition 5.1 in fact implies (5.3) in Theorem 8.
To see this, note that for k > 1, one has

k . 2 2 Chgllzo—a*| )
A 1 ) Za, g0 T _
min va(xz)”Q Zz:O S(Z—i_ ) va(wZ)H < . s -0 ||SC0 5 :g || ’
0<i<k S o s(i4+1)2 sE+1)(k+2)(2k+1) s2k

where the second inequality follows from Proposition 5.1.
Proposition 5.1 can be thought of as a generalization of Theorem 6 of [SBC16]. In particular,
this result implies an intriguing and important message. To see this, first note that, by taking
= O(1/L), Proposition 5.1 gives

D (k1) (flaw) = fa*) = O(Llzo — 2*|*), (5-4)
k=0
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which would not be valid if f(zy) — f(2*) > ¢L ||z — *||* /k? for a constant ¢ > 0. Thus, it is
tempting to suggest that there might exist a faster convergence rate in the sense that

— x* 2
S = Ja) < o <L””7°k”> . 65.5)

This faster rate is indeed achievable as we show next, though there are examples where (5.4) and
flxx) — f(@*) = O(L ||z — 2*||* /k?) are both satisfied but (5.5) does not hold (a counterexample
is given in Appendx D.3).

Theorem 9. Under the same assumptions as in Proposition 5.1, taking the step size s = ¢, ﬁ/L,
the iterates {x1}72, generated by the generalized NAG-C (5.2) starting from any xo # x* satisfy

R~ S6Y)

koo Lllzo — a*||?

107" \ \ 10" \
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Figure 5: Scaled error s(k + 1)2(f(x) — f(z*)) of the generalized NAG-C (5.2) with various («, ). The
setting is the same as the left plot of Figure 4, with the objective f(z) = 1 (Az,z) + (b,x). The step size
is s = 1071||A||; . The left shows the short-time behaviors of the methods, while the right focuses on the
long-time behaviors. The scaled error curves with the same 3 are very close to each other in the short-time
regime, but in the long-time regime, the scaled error curves with the same « almost overlap. The four scaled
error curves slowly tend to zero.

Figures 5 and 6 present several numerical studies concerning the prediction of Theorem 9. For
a fixed dimension n, the convergence in Theorem 9 is uniform over functions in F! = U L>0]—“£ and,
consequently, is independent of the Lipschitz constant L and the initial point xzg. In addition to
following the high-resolution ODE framework, the proof of this theorem reposes on the finiteness
of the series in Proposition 5.1. See Appendix D.2 and Appendix D.4 for the full proofs of the
proposition and the theorem, respectively.

In the literature, [AP16, May17, ACPR18] use low-resolution ODEs to establish the faster rate
o(1/k?) for the generalized NAG-C (5.2) in the special case of 3 = 1. In contrast, our proof of
Theorem 9 is more general and applies to a broader class of methods.
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Figure 6: Scaled error s(k + 1)2(f(xy) — f(z*)) of the generalized NAG-C (5.2) with various («, 3). The
200

setting is the same as the right plot of Figure 4, with the objective f(z) = plog{ exp [({as, ) — b;) /p] }
i=1

The step size is s = 0.1. This set of simulation studies implies that the Convergencg in Theorem 9 is slow for
some problems.

In passing, we make the observation that Proposition 5.1 reveals that

= Chp llzo — 2|
> sk [V f ()P < =
k=1

which would not hold if ming<;<x |V f(2:)||? > ¢||zo — 2*||?/(s%k?) for all k and a constant ¢ > 0.
In view of the above, it might be true that the rate of the generalized NAG-C for minimizing the
squared gradient norm can be improved to

|lxo —

* (|2
mmHVfme—o(ﬁm")-

0<i<k

We leave the confirmation or disconfirmation of this asymptotic result for future research.

6 Discussion

In this paper, we have proposed high-resolution ODEs for modeling three first-order optimization
methods—the heavy-ball method, NAG-SC, and NAG-C. These new ODEs are more faithful sur-
rogates for the corresponding discrete optimization methods than existing ODEs in the literature,
thus serving as a more effective tool for understanding, analyzing, and generalizing first-order meth-
ods. Using this tool, we identified a term that we refer to as “gradient correction” in NAG-SC and
in its high-resolution ODE, and we demonstrate its critical effect in making NAG-SC an accelerated
method, as compared to the heavy-ball method. We also showed via the high-resolution ODE of
NAG-C that this method minimizes the squared norm of the gradient at a faster rate than expected
for smooth convex functions, and again the gradient correction is the key to this rate. Finally,
the analysis of this tool suggested a new family of accelerated methods with the same optimal
convergence rates as NAG-C.

32



The aforementioned results are obtained using the high-resolution ODEs in conjunction with a
new framework for translating findings concerning the amenable ODEs into those of the less “user-
friendly” discrete methods. This framework encodes an optimization property under investigation
to a continuous-time Lyapunov function for an ODE and a discrete-time Lyapunov function for
the discrete method. As an appealing feature of this framework, the transformation from the
continuous Lyapunov function to its discrete version is through a phase-space representation. This
representation links continuous objects such as position and velocity variables to their discrete
counterparts in a faithful manner, permitting a transparent analysis of the three discrete methods
that we studied.

There are a number of avenues open for future research using the high-resolution ODE frame-
work. First, the discussion of Section 5 can carry over to the heavy-ball method and NAG-SC,
which correspond to the high-resolution ODE

K () + 2K (8) + BVEV2 (X)X (1) + (1 + /15) VA(X() = 0

with 8 = 0 and 8 = 1, respectively. This ODE with a general 0 < 8 < 1 corresponds to a new
algorithm that can be thought of as an interpolation between the two methods. It is of interest
to investigate the convergence properties of this class of algorithms. Second, we recognize that
new optimization algorithms are obtained in [WWJ16, WRJ16] by using different discretization
schemes on low-resolution ODE. Hence, a direction of interest is to apply the techniques therein to
our high-resolution ODEs and to explore possible appealing properties of the new methods. Third,
the technique of dimensional analysis, which we have used to derive high-resolution ODEs, can be
further used to incorporate even higher-order powers of /s into the ODEs. This might lead to
further fine-grained findings concerning the discrete methods.

More broadly, we wish to remark on possible extensions of the high-resolution ODE framework
beyond smooth convex optimization in the Euclidean setting. In the non-Euclidean case, it would be
interesting to derive a high-resolution ODE for mirror descent [KBB15, WWJ16]. This framework
might also admit extensions to non-smooth optimization and stochastic optimization, where the
ODEs are replaced, respectively, by differential inclusions [ORX 16, VJFC18] and stochastic differ-
ential equations [KB17, HLLL17, LTE17, LS17, XWG18, HMC™ 18, GGZ18]. Finally, recognizing
that the high-resolution ODEs are well-defined for non-convex functions, we believe that this frame-
work will provide more accurate characterization of local behaviors of first-order algorithms near
saddle points [JGNT17, DJL ™17, HLS17]. On a related note, given the centrality of the problem of
finding an approximate stationary point in the non-convex setting [CDHS17a, CDHS17b, AZ18],
it is worth using the high-resolution ODE framework to explore possible applications of the faster
rate for minimizing the squared gradient norm that we have uncovered.
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A Technical Details in Section 2

A.1 Derivation of High-Resolution ODEs

In this section, we formally derive the high-resolution ODEs of the heavy-ball method and NAG-C.
Let t;, = kv/s. For the moment, let X (¢) be a sufficiently smooth map from [0, 00) (the heavy-ball
method) or [1.5y/s,00) (NAG-C) to R™, with the correspondence X (t) = X (kv/s) = xx, where
{z1}72, is the sequence of iterates generated by the heavy-ball method or NAG-C, depending on
the context.

The heavy-ball method. For any function f(z) € 82 L (R"), setting a = 1 +ﬁ, multiplying

both sides of (1.2) by }f\/‘/ﬁiz -1 and rearranging the equality, we obtain

S

-2 2./ — 1+ /ps
Th41 + Th—1 — 2Tk n S Tg+1 xk Vf( L) = (A1)
] 1—/us ] 1 —
Plugging (2.1) into (A.1), we have

X(n) +0 (v3) + X(tk>+;¢§i¢<tk>+o(<ﬁ)2)]+1f£w< (t3)) = 0.

By only ignoring the O(s) term, we obtain the high-resolution ODE (1.10) for the heavy-ball method
X+2/pX + 1+ ps) VF(X)=0

NAG-C. For any function f(z) € F7(R"), multiplying both sides of (1.5) by 1+\/\/; 5 and rear-

ranging the equality, we get

Tp41 + xz_1 — 2z, n % _ a:k+1s— Tk (Vf(xp) — V(zp1)) + (1 + 2) Vf(zr) =0. (A2

For convenience, we slightly change the definition ¢, = k+/s + (3/2)/s instead of t;, = k4/s.
Plugging (2.1) into (A.2), we have

.. 2 3
X(tk)+O<(\/§) )+—tk_(3/2)\/§ [X(tk)Jr ~VsX(tr) +O< )]
VX)XV +0 (VB)) + EEEMEVCx (0) =

Ignoring any O(s) terms, we obtain the high-resolution ODE (1.12) for NAG-C

X+§X+\/§V2f(X)X+< 3f> VI(X) =

A.2 Derivation of Low-Resolution ODEs

In this section, we derive low-resolution ODEs of accelerated gradient methods for comparison.
The results presented here are well-known in the literature and the purpose is for ease of reading.
In [SBC16], the second-order Taylor expansions at both ;1 and xp11 with the step size /s are,

v = X ((k+ 1)V5) = X(0) + X0V + 5 X (1) (v5) + 0 ((V5)°)

f (A.3)
rer = X (K~ 1)V3) = X(0) — XtV + 5% () (v3)” +0 ((v5)°)
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With the Taylor expansion (A.3), we obtain the gradient correction
V() = Vf(ar-1) = VX 0))X )5 + 0 ((v5)*) = 0 (Vs) - (A1)
From (A.3) and (A.4), we can derive the following low-resolution ODEs.
(1) For any function f(z) € SEML(]R”).
(a) Recall the equivalent form (2.3) of NAG-SC (1.3) is

Tkl + Tp—1 — 27 2\/1uS  Tpy1 — T _ M _
s T 1— Jiis S + (Vf(2g) = Vf(zp-1)) + T \//EVf(a:k) =0.

Plugging (A.3) and (A.4) into (2.3), we have

X(te)+0 (Vs) + 13\/\//?@ X (t) + %X\/EJF o) ((\/5)2)]
+0(V5) + (1+0(V5)) V(X (1)) = 0.
Hence, taking s — 0, we obtain the low-resolution ODE (1.9) of NAG-SC
X +2/pX + Vf(X)=0.
(b) Recall the equivalent form (A.1) of the heavy-ball method (1.2) is

Tyl + Tp—1 — 2Ty, n 25 Tpyy — p n 1+ \/ﬁVf(:ck) _0.
s 1— s s 1— /s
Plugging (A.3) and (A.4) into (A.1), we have
X(1) +0 (vA) + 72 [ X(00) + 5vaX (1) +0 ((va)] + V(X)) =0
Hence, taking s — 0, we obtain the low-resolution ODE (1.9) of the heavy-ball method
X +2/pX + Vf(X)=0.

Notably, NAG-SC and the heavy-ball method share the same low-resolution ODE (1.9), which
is almost consistent with (1.10). Thus the low-resolution ODE fails to capture the information
from the “gradient correction” of NAG-SC.

(2) For any function f(z) € Fi(R"), recall the equivalent form (A.2) of NAG-C (1.5) is

T + a1 — 2x 3 =z —x 3
s P DL SRy BB S0 (9 ()~ (o)) + (14 ) D) =0

Plugging (A.3) and (A.4) into (A.2), we have

3 . 1 .. 9
X (k) + O (Vs) +E' X(tk)+§X(tk)\/§+O<(\/§) )}
+0 (Vs) + <1+ 3;?) V(X (t)) = 0.

Thus, by taking s — 0, we obtain the low-resolution ODE (1.8) of NAG-C
. 3.
X + EX%—Vf(X) =0,

which is the same as [SBC16].

38



A.3 Solution Approximating Optimization Algorithms

To investigate the property about the high-resolution ODEs (1.10), (1.11) and (1.12), we need to
state the relationship between them and their low-resolution corresponding ODEs. Here, we denote
the solution to high-order ODE by Xy = X(¢). Actually, the low-resolution ODE is the special
case of high-resolution ODE with s = 0. Take NAG-SC for example

X+ pXy + VsV F(X)Xs + (1+us)VF(X,) =0

X,(0) = a0, Xu(0) = — VYT 0]

1+ /ps

In other words, we consider a family of ODEs about the step size parameter s.

A.3.1 Proof of Proposition 2.1

Global Existence and Uniqueness To prove the global existence and uniqueness of solution
to the high-resolution ODEs (1.10) and (1.11), we first emphasize a fact that if X = X,(¢) is the
solution of (1.10) or (1.11), there exists some constant C; > 0 such that

sup HXs(t)H < (i, (A.5)

0<t<oo

which is only according to the following Lyapunov function

£(1) = (14 Vi) (/(X2) ~ F@*) + 1Kl (A.6)

Now, we proceed to prove the global existence and uniqueness of solution to the high-resolution
ODEs (1.10) and (1.11). Recall initial value problem (IVP) for first-order ODE system in R™ as

& =b(z), x(0)=ao, (A.7)
of which the classical theory about global existence and uniqueness of solution is shown as below.

Theorem 10 (Chillingworth, Chapter 3.1, Theorem 4 [Per13]). Let M € R™ be a compact manifold
and b € CY(M). If the vector field b satisfies the global Lipschitz condition

16(z) = b(y)ll < L]z =yl

for all x,y € M. Then for any xy € M, the IVP (A.7) has a unique solution x(t) defined for all
teR.

Apparently, the set Me, = { (X,, X,) € R
orem 10 with m = 2n.

| X < Cl} is a compact manifold satisfying The-
e For the heavy-ball method, the phase-space representation of high-resolution ODE (1.10) is

d<&>:< X, ) (A8)
dt \ X, —pXs — (14 /us)V f(Xs)
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For any ( )T, S,YS € Mc,, we have

Xs Ys
< qu (14 VRSV (X >> ) (—m -+ mwm@) H

0
H( ) V) <Vf(Xs)—Vf(Ys)>'|
<142 + (14 VI)L|X, - Y|

SQmax{\/l +p?, (14 \//E)L} H <§S> - (YS>

Ys

‘ . (A.9)

e For NAG-SC, the phase-space representation of high-resolution ODE (1.11) is

d <X> _ ( Xs , ) (A.10)
dt \ x, —pXs — sV f(X)Xs — (1 + Vus)V F(Xs)
For any (X,, X,) ", (Ys,Ys)" € Me,, we have

H<_MXS—\/§v2f(XS)XS—(1+@Wf(Xs))_( —nYs = VsV F(Y)Ys — (1 + Vis) V(Y. ))H

X —Ys
(— (0 + VsV F(Xs)) (X — 1’@)) o H ( (V2F(X5) = V2£(Y5)) Y)

0
ti i) <Vf(Xs) - me)) H
S\/1+2u2+23L2‘ (o — Vo| + [VsCLL' + (1 + /is)L] | Xs — Y|

)G e

Based on the phase-space representation (A.8) and (A.10), together with the Lipschitz condi-
tion (A.9) and (A.11), Theorem 10 leads to the following Corollary.

Corollary A.1. For any f € Sp.(R") := ULZMS;%,L(R”); each of the two ODFEs (1.10) and (1.11)
with the specified initial conditions has a unique global solution X € C?(I;R™)

<

SQmax{\/1+2u2+25L2,\/§C1L/ (1+/is)L }

Approximation Based on the Lyapunov function (A.6), the gradient norm is bounded along the
solution of (1.10) or (1.11), that is,

sup ||V f(Xs(@)| < Co. (A.12)

0<t<o0o

Recall the low-resolution ODE (1.9), the phase-space representation is proposed as

d (X) _ ( X ) (A13)
dt \ X —puX — VF(X)
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Similarly, using a Lyapunov function argument, we can show that if X = X (¢) is a solution of (1.9),
we have

sup HX(t)H < Cs. (A.14)

0<t<o0o

Simple calculation tells us that there exists some constant £1 > 0 such that

X Y X Y
. — . =1 (A.15)
QR B G | B (R ]

Now, we proceed to show the approximation.
Lemma A.2. Let the solution to high-resolution ODEs (1.10) and (1.11) as X = X(t) and that
of (1.9) as X = X (t), then we have

<L

lim max || Xs(t) — X(t)] =0 (A.16)

50 0<t<T
for any fixed T > 0

In order to prove (A.16), we prove a stronger result as

tim mase ([1X.(0) = X0 + | X(0) - X(0)]?) = 0. (A17)

Before we start to prove (A.17), we first describe the standard Gronwall-inequality as below.

Lemma A.3. Let m(t), t € [0,T], be a nonnegative function satisfying the relation
t
vﬂﬂ§c+a/Qm@®,temTL
0

with C,a > 0. Then
m(t) < Ce™

for any t € [0,T].
The proof is only according to simple calculus, here we omit it.
Proof of Lemma A.2. We separate it into two parts.

e For the heavy-ball method, the phase-space representations (A.8) and (A.13) tell us that

d Xs — X XS — X 0

— | . ] = . ) — /s

dt\ X, -x)  \ —n (K- X) = (VF(X) = V(X)) V(X.)
By the boundedness (A.12), (A.5) and (A.14) and the inequality (A.15), we have

X () = X O + 1 Xs(t) = X017
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t Xs(u) — X(u)\ d [ Xs(u)—X(u) ) . . )
=2 : du + || X, 0 X,(0) — X(0
/ <<Xs(u) _X(u)> ' Tu < X(u) — X(u)>> + [|X5(0) = X (0)[I” + [|X5(0) = X (0)]]

W9 sao?] v

<2£1/ 1 X (u) = X ()| + | Xs(w) — X (u)|*du + [(Cl +C3) Co /it + —— v

<22 [ 1) = X@IP + 1K) ~ X () Pdu+Cov5.
According to Lemma A.3, we have
1X5(8) = X ()7 + | Xs(8) = X(8)]* < Car/5e™ 1.

e For NAG-SC, the phase-space representations (A.10) and (A.13) tell us that

(D) (L o |
dt\ X, - X))\ —n (K- X) = (VF(X) = VF(X) V2 (X)X + VAV F(X,)

Similarly, by the boundedness (A.12), (A.5) and (A.14) and the inequality (A.15), we have

I1X(8) = X O + 1 Xs(t) = X017

t Xs(u) — X(u)\ d [ Xs(u)— X(u) 5 i i )
=2 . . du Xs(0) — X (0 Xs(0) — X(0
/<(Xs(u)_X( )> du( 5<u>_x<u>>> +X(0) = XO) + %,0) = X0)]

<or, / 1X () = X (@)]]? + [ X () — X ()| 2du
4
+ [(Cl +C3) (LC1 + Coy/p) t + (1+\\[ﬁ)2 1A\ xo)HQ] Vs
<21, / 1Xa() — X ()l + [ Xa(u) — X ()2 + C5v/5

According to Lemma A.3, we have
1X(8) = X ()1 + 1X(8) = X ()] < C5v/5e>5

The proof is complete. ]

Lemma A.4. The two methods, heavy-ball method and NAG-SC, converge to their low-resolution
ODE (1.9) in the sense that

lim max ||zx — X(kVs)| =
=0 0<k<T/ /5

for any fired T > 0.

This result has bee studied in [WRJ16] and the method for proof refer to [SBC16, Appendix
2]. Combined with Corollary A.1, Lemma A.2 and Lemma A.4, we complete the proof of Proposi-
tion 2.1.
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A.3.2 Proof of Proposition 2.2

Global Existence and Uniqueness Similar as Appendix A.3.1, we first emphasize the fact
that if X5 = X;(¢) is the solution of high-resolution ODE (1.12), there exists some constant Cg such
that

~ sup HXs(t)HSC(;, (A.18)
35 <<oo

which is only according to the following Lyapunov function

3v/s

) = (1+287 ) 1) - s + 5 %] (A19)

Now, we proceed to prove the global existence and uniqueness of solution to the high-resolution
ODEs (1.12). Recall initial value problem (IVP) for first-order nonautonomous system in R™ as

z=b(x,t), x(0)=m, (A.20)
of which the classical theory about global existence and uniqueness of solution is shown as below.

Theorem 11. Let M € R™ be a compact manifold and b € CY(M x I), where I = [tg,00). If the
vector field b satisfies the global Lipschitz condition

16(z,t) = b(y, )| < L[z =yl

for all (z,t),(y,t) € M x I. Then for any xy € M, the IVP (A.20) has a unique solution x(t)
defined for allt € I.

The proof is consistent with Theorem 3 and Theorem 4 of Chapter 3.1 in [Per13] except the
Lipschitz condition for the vector field

16(z,8) = b(y, )| < L[z —y]|

instead of
[b(z) —b(y)|| < £z —yll
for any x,y € M. The readers can also refer to [GH13]. Similarly, the set

Me, = {(XS,XS) c R2"

1%l < ¢}

is a compact manifold satisfying Theorem 11 with m = 2n.
For NAG-C, the phase-space representation of high-resolution ODE (1.11) is

d [ X, Xs
dt (X) B X VsV (X)X, <1+3f> VXS] (A2
For any (XS,Xs,t), (Ys,}'fs,t) € Me, x [(3/2)y/s,0), we have
X, Y,
3
2t
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Xs_}‘/s 0
I+fv FX )) (X, — Y5) +\/gH((v?

( “50)|(3
2t VI(Xs) — VI(Y)

+ v+ (1432 1] 1x -

<2max{\/1+ +2sL2, \fC6L’+2L}||< )—(f)

Based on the phase-space representation (A.21), together with (A.22), Theorem 11 leads the
following Corollary.

Corollary A.5. For any f € F2(R") := Up>oF#(R"), the ODE (1.12) with the specified initial
conditions has a unique global solution X € C?(I;R").

Xs) = V2 f(Y5)) Y) ||

+f+23L

(A.22)

Approximation Using a linear transformation ¢ + (3/2)y/s instead of ¢, we can rewrite high-
resolution ODE (1.12) as

3 3y/s
t+3y/s/2 2t +3/s

for t > 0, with initial X,(0) = 29 and X,(0) = —/sV f(z0), of which the phase-space representation
is

%,(t) + X0 + VIV OG0 + (14 Vi =0 (a)

X
d [ Xs s
R . . ; . A24
dt <X> - 3?1/5/2.)(3 V(X)X — <1 +o e i\gﬁ> VF(X) (424

Here, we adopt the technique max{J,t} instead of ¢ for any 6 > 0 to overcome the singular point
t = 0, which is used firstly in [SBC16]. Then (A.24) is replaced into

d <X§> ; Xs e
il Sl = s s S sy |
XS o0} Fava e T VIV II(X)XS - (1 T S max (0,1} T 3\/5) i ()?:25)

with the initial X%(0) = z¢ and X?(0) = —/sV f(z0). Recall the low-resolution ODE (1.8), with
the above technique, the phase-space representation is proposed as

—| s = 3 5 s | (A.26)

with the initial X?(0) = 2o and X?(0) = 0. Then according to (A.25) and (A.26), if we can prove
for any § > 0 and any ¢ € [0, 7], the following equality holds

lim || X%(t) — X°(¢)|| = 0.
s—0
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Then, we can obtain the desired result as

lim [ X,(t) = X (¢)] = lim lim | X2(t) — X°(t)|| = lim lim | X2 (t) — X°(¢)|| = 0.
S—>

s—06—0 6—0s5—0

Similarly, using Lyapunov function argument, we can show that the solutions Xf and X satisfy

sw_[[X20)| < and  swp vrexien] <cs (A.27)
0<t<oo 0<t<oo
and
sup ’X‘S(t) ‘ <Cy and sup HVf(X‘S(t))H < Cyo. (A.28)
0<t<oo 0<t<oo

Simple calculation tells us that for any (X, X), (Y,Y) € R?", there exists some constant £y > 0
such that

3 ) - 3
TR N A

(¥

for all ¢ > 0. Now, we proceed to show the approximation.

Y - Vf(Y)

X Y ||
"~ max{t,0} + (3/2)\/s

<Ly (A.29)

Lemma A.6. Denote the solution to high-resolution ODE (1.12) as X = X,(t) and that to (1.8)
as X = X(t). We have

lim max X (t) — X ()] =0 (A.30)

for any fired T > 0

In order to prove (A.30), we prove a stronger result

tim mae (|1X(6) = X O + |1X.() - X(0]?) =0. (A.31)

Proof of Lemma A.6. The phase-space representation (A.25) and (A.26) tell us that

S
d(Xf—X5> X —X

A\ X - X _max{t,é}i— s (8 = X0) = () - v )
0
Ve e ¢ ° Vi(Xs) - -

2max{t,6} +3/5
By the boundedness (A.27) and (A.28) and the Lipschitz inequality (A.29), we have

[xze -~ x| + %20 - %20
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t 6 w) — 4 w 1) u) — § w . .
=), <<§5Eui—;§u;> Er (i}iu;_;gui»d“*HX5<0>—X5<0>!\2+HX2(0>—X5<0>HQ

<2, [ |[x800 — x)|+ [ €0 - X an

3Cs 9C10

+ierven (2o + 52+ 50) b4 R v s P V5

<225 [ 1,(0) = X1 + 1) — X ) Pdu-+ Cuvs
According to Lemma A.3, we obtain the result as (A.31)
[zt — x| + 15200 — X201 < eunvaee
The proof is complete. O

Lemma A.7 (Theorem 2 [SBC16]). NAG-C converges to its low-resolution ODE in the sense that

lim max ka — X(k\/E)H =0
=0 0<k<T/ /5

for any fired T > 0.

Combined with Corollary A.5, Lemma A.6 and Lemma A.7, we complete the proof of Proposi-
tion 2.2.

A.4 Closed-Form Solutions for Quadratic Functions

In this section, we propose the closed-form solutions to the three high-resolution ODEs for the
quadratic objective function

fz) = %0;1:2. (A.32)

where 0 is the parameter suitable for the function in 837 . (R") and F#(R"). We compare them
with the corresponding low-resolution ODEs and show the key difference. Throughout this section,
both ¢; and co are arbitrary real constants.

A.4.1 Oscillations and Non-Oscillations

For any function f(x) € 837 1 (R™), the parameter 6 is set in [p, L]. First, plugging the quadratic
objective (A.32) into the low-resolution ODE (1.9) of both NAG-SC and heavy-ball method, we
have

X +2/pX +6X =0. (A.33)

The closed-form solution of (A.33) can be shown from the theory of ODE, as below.
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e When 6 > pu, that is, 4u — 460 < 0, the closed-form solution is the superimposition of two
independent oscillation solutions

X(t) = C1e_‘/’jtcos( 0 —,u-t) +62€_\/’7tsin< H—M.t> ,
of which the asymptotic estimate is

IX@)) =0 (e=v).

e When 6 = pu, that is, 4u — 40 = 0, the closed-form solution is the superimposition of two
independent non-oscillation solutions

X(t) = (c1 + cot) e VFE,
of which the asymptotic estimate is

IX@ = (te=v).

Second, plugging the quadratic objective (A.32) into the high-resolution ODE (1.11) of NAG-SC,
we have

X+ 2yp+Vs0)X 4+ (1 + /us)0X = 0. (A.34)
The closed-form solutions to (A.34) are shown as below.

e When s < %, that is, 4(u — 0) 4 s6% < 0, the closed-form solution is the superimposition
of two independent oscillation solutions

X(t) = e_(ﬁ+‘/§9)t [61 cos (\/(«9 —p) — 2502 : t> + cosin (\/ (0 —p) — 3592 . t)] ,

the asymptotic estimate of which is

HX@H=@Q¥WW@5QSOG~M)

e When s = 4(99_“), that is, 4(u — 0) + s6? = 0, the closed-form solution is the superimposition
of two independent non-oscillation solutions

_ NEL.
X(t) = (c1 + cat) e (va+st)e.

the asymptotic estimate of which is

nangoﬁawwfﬂﬁgo@w@)
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e When s > 4(%5“), that is, 4(p — 0) + 562 > 0, the closed-form solution is also the superimpo-

sition of two independent non-oscillation solutions
\/s60 502
— | VEFYST A/ (e—0)+ )t
X(t) = cre (v 5y )y

the asymptotic estimate of which is

X@®| <0 <e<\/ﬁ+\/§0m)t> <o (e_\/ﬁt> .

—(ﬁ+ ‘/259—\/(u—0)+532>t

Co€ )

Note that a simple calculation shows

40 — 4 2
( 2,u): Z < , for 8 > pu.
0 0—p+d+2 1tn

Hence, when the step size satisfies s > 2, there is always no oscillation in the closed-form solution
of (A.34).

Finally, plugging the quadratic objective (A.32) into the high-resolution ODE (1.10) of the
heavy-ball method, we have

X + 20X + (1 + /us)0X = 0. (A.35)

Since 44 — 4(1 4+ /is)8 < 0 is well established, the closed-form solution of (A.35) is the superim-
position of two independent oscillation solutions

X(t) = cre VF cos <\/(1 +\/ps)0 — - t) + coe VPt sin (\/(1 +\/18)0 — - t> ,
the asymptotic estimate is
IX @) =6 (V).

In summary, both the closed-form solutions to (A.33) and (A.35) are oscillated except the fragile
condition # = p and the speed of linear convergence is © (e*\/ﬁt). However, the rate of convergence
in the closed-form solution to the high-resolution ODE (A.34) is always faster than © (e~ V¥).
Additionally, when the step size s > 2, there is always no oscillation in the closed-form solution of
the high-resolution ODE (A.34).

A.4.2 Kummer’s Equation and Confluent Hypergeometric Function

For any function f(z) € F#(R"), the parameter ¢ is required to located in (0, L]. Plugging the
quadratic objective (A.32) into the low-resolution ODE (1.8) of NAG-C, we have

X+ %X +6X =0,
the closed-form solution of which has been proposed in [SBC16]

X(t) = : [C1J1 (\/ét) + Y <\/§t>} ;

L
Vot
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where Ji(-) and Yi(:) are the Bessel function of the first kind and the second kind, respectively.
According to the asymptotic property of Bessel functions,

1

J1 (Vo) and Yy (V6t) ~

Ixen=o ().

Now, we plug the quadratic objective (A.32) into the high-resolution ODE (1.12) of NAG-C and
obtain

1
\/Z’

<

we obtain the following estimate

X+<i’+9\/§>)'(+<1+3$> 6X = 0. (A.36)

For convenience, we define two new parameters as

€= /50?40 and p— 9\/§+\/2392—49'
Let Y = Xe?! and t' = £t, the high-resolution ODE (A.36) can be rewritten as
Y () + B -t)Y ()~ (3/2)Y () =0,
which actually corresponds to the Kummer’s equation. According to the closed-form solution to

Kummer’s equation, the high-resolution ODE (A.36) for quadratic function can be solved analyti-
cally as

X(t)=e " [clM <;’,3,§t> + U (2,3,&)] (A.37)

where M(-,-,-) and U(-,,-) are the confluent hypergeometric functions of the first kind and the
second kind. The integral expressions of M(-,-,-) and U(-,-,-) are given as

T 1
M (2,3,&) = (8 / egt“u%(l —u)%du
0

3 1 1 1
U ,37525) = / ez (1 — u)2 du.
(5 F@ L

Since the possible value of arg(¢t) either 0 or 7/2, we have

egt 7% — 7%
2

U <Z>3,§t> ~ (—ft)_%

(A.38)

Apparently, from the asymptotic estimate of (A.38), we have
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e When s < 4/6, that is, s6? — 40 < 0, the closed-form solution (A.37) is estimated as

IX@) <0 (¢ Fe*5)

Hence, when the step size satisfies s < 4/L, the above upper bound always holds.

e When s > 4/0, that is, s — 40 > 0, the closed-form solution (A.37) is estimated as

50—\s62—
IX ()] ~ e 05

Apparently, we can bound

__t 3 _t _ 3logt
Xl <0 (e m—z)zo(e it )

and

-2t 3 _2t 3logt
Xz e (e ) —a (v E).

B Technical Details in Section 3

B.1 Proof of Lemma 3.2

With Cauchy-Schwarz inequality
1X + 2v/(X — )2 < 2 (|XIP + 4p X - 2*]3)
the Lyapunov function (3.3) can be estimated as
* 35
€ < (1L+vus) (F(X) = f@*) + JIX P + 20 | X — 2" (B.1)

Along the solution to the high-resolution ODE (1.10), the time derivative of the Lyapunov func-
tion (3.3) is

8 (v (VA0 X)L (X 2 K - (1 VX))
o (X (X ), (L VAR VI(X))
= =it [IX13 + (L + /i) (V£(X), X —a")] .
With (B.1) and the inequality for any function f(z) € 837 L(R™)
Fa*) = F(X) + (V0,0 = X) + S X =[5,

the time derivative of the Lyapunov function can be estimated as

C < VR[+ VIRX) — Fa) + 1K1 + 21X — )]
< Vg

Hence, the proof is complete.
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B.2 Completing the Proof of Lemma 3.4
B.2.1 Derivation of (3.16)

Here, we first point out that

e+ 1) = £0) < = 1Y [ (9 (o). = %) = s 19 i) IF) + o P

= 1- s |[1— s
Liltyps 1-yusy (1 2
_2<1—\/ﬁ+1+\/ﬁ> <L—8) IV (@ri1) = VI (@)l (B.2)

implies (3.16) with s < 1/L. With (B.2), noting the basic inequality for f(z) € SliL(]R") as

F@*) 2 flern) + (T @)sa = o) + 57 IV Gl
@) > f@ee) + (V@) a* — o) + 5 lane =23,

when the step size satisfies s < 1/(2L) < 1/L, we have

e+ 1) - £0) <~ [ (TR (o) = 1) + 5 (1205 ) MA@ P

1 ps (\1- ns 2L \1— \/us
5 (7 s =71 = (202 ) 19 ke + o
2

<~V [(l _1\/?) (F@ren) = £@) = s IV @ern)])
s () - 169 = S I9F @) )
5 et = 21+ T o

< —Vis [(11_5% () = 5@ + = o
+2(1_M\/W kg1 — ¥
+(1_% (f(kaH) = f(@") - g va(SCkJrl)HQ)] :

B.2.2 Derivation of (B.2)

Now, we show the derivation of (B.2). Recall the discrete Lyapunov function (2.6),
2

(14 s 1 1 2. /1 .
£) = (T2 ) (@) = F) 4 I+ ot T2 s =)+ VAT F (o)
I L 111
s (1 .
- (=) Ivseare.

additional term

o1



For convenience, we calculate the difference between £(k) and £(k + 1) by the three parts, I, IT
and III respectively.

e For the part I, potential, with the convexity, we have

(T2 () - 1)~ (122 (76000 - 110

1— /s 1— Jus
< (1 i_ ﬁ) (Vf(@k41), Ths1 — 2x) — i va(xkﬂ) — V£ ()|
1+ \/us 1+ /ps
< (T0E) va 9@~ (7202 ) 195 i) = 9 )
I I

e For the part II, kinetic energy, with the phase representation of NAG-SC (2.5), we have

1 1 )
3 (Vkg1 — ks Vkg1) — 1 Vg1 — vl

= a2 Y (9 i) — VA (@0, )

Dol = L o2 =
4 k+1 4: k

1— iis 2
1
N 1:/@ ' \f (Vf(@p41); vkg1) — 1 k41 — vrll?
1—
= _% [k ]I —\f : H\/\/g (Vf(@ps1) = Vf(zk), vk)
11, 11,
I IV i) = @+ 5 (V) = V(0. VS )
113 11,
L ). ) = o =

15 I

e For the part III, mixed energy, with the phase representation of NAG-SC (2.5), we have

2

2
% Ukl F %(mw — ") + VsV (ze)|| — i vg, + %(xkﬂ —2*) + VsV f(zg)
% < 1 i_ \\?\[Vf(xkﬂ) li_\/\/gvk+1 + %(wkﬂ — )+ \/§Vf(37k+1>>
v (%) sV £ (@)
=—7 %1j\/\/§ (Vf(@ri1), Thp1 — %) — 3 G t \/\/M:> V5 (Vf(Zpe1), Vi)
11, 111,
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S 2
5 (T ) sV sl -5 (T ) shostanl.

ITI3 1114

Both II; and III3 above are the discrete correspondence of the terms —i IV f(X(t ))||2

‘[X( t)TV2f(X(¢))X(t) in (3.1). The impact can be found in the Calculatlon Now, we cal-
culate the difference of discrete Lyapunov function (2.6) at k-th iteration by the simple operation

E(k+1) —E(k)
S(W>\/§<Vf($k+l)pvk> 1 <1+\ﬁ> IV f(2ps1) — VI (zp)]?

1— /s 2L \1— is
11 12
1-— 1—
L o = Y (9 ) = V) ) + L IV ) = VS0l
11, I, 113
1 1
5 (@) = V), Vo)) L S (9 ). v} = o = el
114 II; ITg

Vi LE s (Vf(xp1)s o1 — %) — 2 <1 - \ﬁ> Vo (V) v

- vEsl— Vi 1— /s
III, IEQ
3 (FEE ) s 1wt - (F2E) 519
III; 111,
s 1
3 <1_\/ﬁ> (IVf @es)l” = 1V £ (@) 1)

additional term

V(Y (o

Ts1), st — ) + uvmn?)

1 s \1— s
II,+I1I;
11+ /us 1+ /us
5 (FE) [Va (s, (T2 ) et = o) + 519 ol
11 +I11, 41113

_\f 1 _T_ ? (Vf(@r+1) = V(zr),ve) + g (Vf(xps1) — VI(zr), VI(zr))

Tl 1L,
1 1+ /s 1+ /us 2
4 [””kﬂ - UkHQ +2 (1_\/@> VS (Vf(h41), Vg1 — vi) + (1_\/%) S va(xkﬂ)HQ
A1 I+ 1T6 41114
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1 [1 (”Wﬁ> s <1 - WE)] IV f(@ri1) — V£ ()]

2 \1- s L+ /s
Io+113
1 1
2 <1—\/ﬁ) i (HVf(ka)IIQ IV (@)I?)

additional term

Now, the term, (1/2)I; 4+ II5 + IIs + II14, can be calculated as

1 1 1+ /us
o1+ s + e + Ly = — [”Ukzﬂ — vg]|* +2 (1_\#78) Vs (Vf(@pt1), vks1 — Vi)

1+ ps\?
+ (1_\/@) s va(xch)HQ]

Vg1 — Uk + (ijﬁ:j) VsV f(ar)

1 2

<0.

With phase representation of NAG-SC (2.5), we have

%Il + II1, + 1115 = ! (H\/ﬁ> {\/5 <Vf(xk+1), (%) Vg1 — Uk> +s ||vf(xk+1)’2]

2 \1- /zis
Ct\/\/g) s (<Vf($k;+1) — Vf(zk), Vf(zps1)) + 12_% \|Vf($k+l)||2>

_ 1

T2

N % <i\/\/§> ~5 (V@) = Vifzn), VF(@re1)
IV,

<1 - \/lﬁ> 1 % s |V f(@rs)l

IV,

For convenience, we note the term IV = (1/2)I; + IIIy 4 ITI3. Then, with phase representation of
NAG-SC (2.5), the difference of Lyapunov function (2.6) is

e+ 1) = £06) <~V (Y (19 onin)ansn — ') = sV fanen)?) + o)

= 1- s \1- s
I, +11I1,+1V
1 1-— S
VIS (S (1) — VI (k). T — )

2 1+ /us

II,

+ ( 1—1w7> s (VF(wri1) = VI (2k), VI(2841))

II4,+IV,
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e ()

Iy +113

-5 (=) * (19s P - 19 s@0r?)

additional term

)] 195 i) - TrGnl?

Now, we can find the impact of additional term in the Lyapunov function (2.6). In other words,
the 114 + IV term added the additional term is a perfect square, as below

1
11 IV dditi 1t =|—
4+ 1 + additional term (1_ s

1 1 9 9
—3 <1—\//ﬁ> S (va<$k+l>H — [V f ()|l )
— () IV ar) - VAP
AV k41 k
Merging all the similar items, I14 + IV, + additional term, Iy + II3, we have

) S (Y (ers1) — VI (2), V (@)

(I14 + IV, + additional term) + (Is + II3)
1 1 1—/ps 14+ /ps 1
— (e - T L) sV S - V@0l
—vpns  1+y/us 1—/us Ls
1/14+/pus 1—/us 1+,/us 1
< (T VL ) sV e - VAP
—vps  1+y/us 1—./us Ls

Now, we obtain that the difference of Lyapunov function (2.6) is

Elk+1)— E(k) < - —ﬂr (1 - ﬂ ((V (i), wisr = 2%) = s[9F (pan) ) + uvmu?)

; 1 :L:; (Vf(@re1) = VF(@r), 2psr — z3)

1+yps 11— s 1+ yps 1 )
+2(1—\//E+1+\/ﬁ_1—\/5'm)s”vf(xk“)_vf(“)”

With the inequality for any function f(z) € S} L L(R™)

IV f(@ri1) = VE@)? < LVF(@p1) — VF(@r), Tp1 — x)

we have
Ek+1)—E(k) < -1 % [ + \\; ((Vf(a:k+1),xk+1 —z*) — s ||Vf(ark+1)\|2> + Hvk+1”2]
% 1+ \/\/f 7 IVF@ren) = V@)
(2 L i
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=77 % G J_r \/\/Z:z <<Vf($k+1)’93k+1 —at) —s ||Vf($k+1)||2) + ||Ul~c+1||2>

L(1h IS L i (1
T3 (1—\/m+ 1+\//E) <L_S> IV f (@rs1) = V()]

B.3 Proof of Lemma 3.5

With the phase representation of the heavy-ball method (3.11) and Cauchy-Schwarz inequality, we
have

2

2 1+ ps 2
Uk_i_i(l,]ﬁ_l_l,*) :"ka+\/ﬁ($k—1}*)
1—/us 9 1—/us 1—\/us 9
1+ s\ 2 4p N
<2 |(12VE) o+ e o = 71
1—/ps (1 —/ps)
The discrete Lyapunov function (3.10) can be estimated as
1+ /us 1+ ps 9 20 9
Ek) < —— (f(ak) — f(@) + ———5 |vklls + ———= llzx — 275 - B.3
) < Ve Fen) = @) + o Il s e =2l (B3

For convenience, we also split the discrete Lyapunov function (3.10) into three parts and mark
them as below

2./ 2
(e L(ﬁlkarl — )

E(F) = TV () — 1)+ ¢l +
~——

1—/us 1— /s ’
I I 11

where the three parts I, IT and III are corresponding to potential, kinetic energy and mixed energy
in classical mechanics, respectively.

e For the part I, potential, with the basic convex of f(z) € S;i L(R™)

f(xr) > f(xrp1) + (Vf(@rg1), 2 — Tg1) + % IV f(@pr1) = VF(ze)ll5

we have
(F2E) (onn) - 1) - (T2 (5t - 10
L+ s 1 (1+ /s
= (1—ﬂ> Vs (V@) v —op (1—%) 19/ i) = V)l
I T

e For the part I1, kinetic energy, with the phase representation of the heavy-ball method (3.11),
we have
1
2
|

1 2
=3 <Uk+1 - Ukvvk+1> T ||’Uk:+1 - ’Uk:H

1 9 1
1 V41" — 1 vk 9
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= P VA (). )

11,

11,

L 2
1 Vk+1 (%3

~~

I3

e For the part ITI, mixed energy, with the phase representation of the heavy-ball method (3.11)

we have
2 2 9 2
i Vg1 + l\f/ﬁw(ﬂ%w — )| — i U + 1_{/}7@(%“1 — %)
2
% <Ul~c+1 — v + 1_{/[7@(901%2 = Th1)s Ukt Ok + T — _\{/ﬁ/ﬁ(ﬂ%w + Tpp1 — 2$*)>
1 1+ 2 1
5 T A (T v + =) - § (T j/;) 9 Fnan)l?
1 1
=7 i_ g 1 % (Vf(xrs1), Tpy1 — ) — 3 <1 i_ \/\/,u:> Vs (Vf(xpi1), ver1)
1L, 1L,
1+
- () 1wl
115

Now, we calculate the difference of discrete Lyapunov function (2.6) at the k-th iteration by the

simple operation as

Lt Vs )ﬁ<Vf<xk+1>,vk> ! (”W ) 19 f () — VF )|

E(k:+1)—8(k:)<<1_r L (1
L i
_]-l/zm Hvk-‘rlu —% 1 + \/\/: \[<Vf($k+1),vk+1> —% ||Uk+1 _ kaZ
1, I, I3
1 1+ s
111, 111,
1+ /s
-5 (R m) 19 fGaee)
I1Ig
I —WZT G - Q (VF(@rsn), angs = 2%) + |vk+1|2>
I, 11T,
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! (”f ) IV () — VF ()|

2L \1— /115
1)
1/1+ 14+ /us
—3 <1 \ﬁ) \/§<Vf(l"k+1), <\/lT> Vkt1 — Uk;>
— /s 1— s
11,4111,

1 14+ /us 1+./p

~1 <Hvk+1 — wgl” +2V/5 - 1= s (Vf(@kt1), k41 — k) + 5 (1 — \//T> IV f(@k+1) ] >
511+1121r113+1113

With the phase representation of the heavy-ball method (3.11), we have

%Il + 111, = —3 <1 i W) \/5<Vf(wk+1)a (H\/ﬁ> Vk+1 — ”k>

1— /s 1— /s
8 1+ /ps '
=5 (Y wsnr
and
1
*Il + 11, + 113 + 1113
1+ 1+
= 1 [ =l + 235 T ) v ) + s LRAV/LEA NPT
— i 1— Vs
1 14 /us 2
== g |[vert —vet 1_\/\/; VSV f(2g11)
<0.

Now, the difference of discrete Lyapunov function (3.10) can be rewritten as

E(k+1) = E(k) < —5 ‘/‘fﬁ G J: ? (Vf(zhs1), T — 2%) + !vk+1|!2>

1 (14 /is
“a ()
(e

With the inequality for any function f(z) € S/i L (R™)

) IV F ) — Vi ()|

) 19 ) 2.

@) 2 fwen) + (V@) a* — o) + 5 awn -2,

we have

£+ 1) = £(6) < Vi | T (o) = £57) + 5 - G2 o =2+ e
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s (1+/us
Ly (e ﬁ) IV @) P
<~V TV (o) = 1) + - T o = ol
s (14+/pus 2
+3 (128 sl
_ 1 1+ ks TR o, p 1+ps 2
<~V |3 T (o) = F) + T el 4 - TV o =]
3 1+ /s s (14 s
- Lm (FE) e - £ =5 (1 W) IV f @) ] .
Comparing the coefficient of the estimate of Lyapunov function (B.3), we have
(11— s 1
Ek+1)—-E&(k) < — ,usmln{l +\/AE’4}5(]€+ 1)
3 1+ /s oy 5 (14 0B
- Lm (F2) (e - 16 - § (FE) 19 o) ]
The proof is complete.
C Technical Details in Section 4
C.1 Technical Details in Proof of Theorem 6
C.1.1 [Iterates (xy,yr) at k=1,2,3
The iterate (zy,yx) at k =1 is
x1 =y1 = x9 — sV f(xo). (C.1)
When k = 2, the iterate (xg, y) is
y2 = 0 — sV f(z0) — sV f(zo — sV f(20))
5 (C.2)
xo = w9 — sV f(x0) — Zsz(xo — sV f(z0))-

When k = 3, the iterate (zg, yx) is
s = w0 — 5V f(z0) — 35V f (w0 — 5V f(w0)) — 5] <xo — 5V f(w0) — 259 f (o - sz(ﬂEo)))

x3 =x0 — sV f(zg) — %sz(mo — sV f(xg)) — gSVf (xo — sV f(xg) — Zsz(xo — SVf(xo))> .
(C.3)

59



C.1.2 Estimate For |V f(xz)||* at k=0,1,2,3
According to (C.1), we have
IV f@n)* = IV f@o = sV o)l < L? o —a* — sV f (o)
212 (o — 2*|* + 5% |V f(w0)]?)
2L%(1 + L%s?) ||lzo — 2*||%. (C.4)

IN

IN

According to (C.2), we have
2

Vsl = |97 (0 59 Ga0) = Fo91 (20 = 5100 )

2

< L?|lzg — a* — sV f(xg) — ZSVf (zo — sV f(z0))

< 32 (P4 2 IV )| + 3052 19 — 59 )|

25
< 322 (14 229) -+ T2 o — a* = sV el

25
< 3 (14 232 o = o P4 22 (oo = 4 2V o))

33 25
< 3L2 (1 + §L252 + 8L4s4> lzo — z*||*. (C.5)

With (C.1)-(C.3), we have

IVf@@)® < LP|lzs —a*|”
2

< L*|lzg — 2% — sV f(zo) — ;—ZSVf(xl) - gsz (x2)

N 729 49
= 4 (Jlao - '+ IS ao) P + oo IVl + 22 [V el

729 147 33 25
= 4I° [1 + L% + %LQSQ(I + L%s%) + 2—5L282 (1 + §L252 + 8L484>] |zg — *]|?
L?(40 4 381L?%s? + 1156 L*s* + 735 L6 0
- I ) lzo — 2*||. (C.6)
10
Taking s < 1/(3L) and using (C.4), (C.5) and (C.6), we have

2
il

9 |lwo—= 9 20 on—x*HQ
H f(x(])H = 052 ) H f(xl)H = ]1s2 y

485 ||z —x*HQ 2372 ||z —a:*H2
2 2

\V4 T < \V4 T <

IV 7 G2)|” < 97252 ’ Vi)l < 218752

C.1.3 Estimate For f(zy) — f(z*) at k=0,1

According to (C.1), we have
L
fla) = f@) < o=
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L
< 5 llwo = sV (x0) — 2|
< L (llwo - I + 52V (w0) )
< L(1+ L%s%) ||zo — 2*| 2. (C.7)
Taking s < 1/(3L), (C.7) tells us that
* 2 * 2
- 10 ||zg — =*||
_ * < on T H _ * < .
flao) - flay < 2L Flan) — flay < THE =T
C.1.4 Estimate for Lyapunov function £(2) and £(3)
With the phase-space representation form (4.5), we have
xr3 — T2 1 7
n = B = V(1) + {9 f ) (©3)

According to (4.6), the Lyapunov function £(2) can be written as

£(2) = 155 (f(x2) — f(z*)) + % |2(z2 — 2*) + 5/502 + 35V f(22) || .2

With (C.8) and Cauchy-Schwarz inequality, we have

15Ls . 3 .
£(2) < =5 oz —a* P+ 5 (4lez — 2| + 255 el + 95 |V £ (w2) )
15Ls o 27 75 L 1 7 2
< (B4 6) o P4 TR IVS @ + D2 | {0 0) + 19 e2)

15Ls 27 3
< (B4 0) o = o4 TR IV + 32 195 P 414752 [ o)

15Ls o 321 3
= (5576 lloa = P+ S IV P 4 5 IV )

Furthermore, with (C.2), we have

£(2) < (152LS +6>

Finally, with (C.4)-(C.5), Cauchy-Schwarz inequality tells

2

v — ¥ — 5V f(w0) — 25V (w0 — 5V F(m0)|| + 2t [V i )P+ 55” [VF(an) P

3 963 3
£(2) < { [ (12 +15Ls) + ﬁL232 (8 4 33L%s* + 25L%s*) + 5L252(1 + L252)} Nwo — 2|

16
288+ 360Ls + 8916L%s? + 1485L%s® + 32703L*s* + 1125L°s® + 24075L0% 0
B 16
o — "7 (C.9)

By Lemma 4.3, when the step size s < 1/(3L), (C.9) tells us

E(3) < &£(2) <119 ||lzg — a*|%.
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C.2 Proof of Theorem 7

Let wy = (1/2) [(k 4+ 2)ap — kyi + (k — 1)sV f(yx)] for convenience. Using the dynamics of {(x, yx)}7,
generated by the modified NAG-C (4.15), we have

[(k +3)zk41 — (K + Dykt1 + sV f(Yr41)]
_ sk
k43

W1 =

Vf(Yri1)

N = N

k
k v _
[( +3) <yk+1 + o +3(yk+1 Yk)

s(k—1)
k+3
[(k + 2)ypr1 — kyr + s(k — 1)V f (yx—1)]
s(k+2)
2

Vf<yk>) (k4 Dyt + 56V £ (gs)

N |

_wk

V().
Hence, the difference between ||wy41 — z*||* and ||jw, — 2*||* is

Hz W41 + W . .CU*>

1 1
3 s = 22 = 3 o =17 = (s =, 25

s? 2 S

A [ L PR
s? 2 s*(k —

= S 9 s - SEEED (94, Vi)
_ S(k: 2) (Vf(x), (k+2)x) — ky, — 22*) .

If the step size satisfies s < 1/L, there exists a tighter basic inequality than [SBC16, Equation (22)]
and [Bub15, Lemma 3.6] for any function f(z) € F}(R")

flz = sV @) < fo) + (V@) —y) = S IVI@I = 5 V@) - VI, (C10)
With (C.10), we can obtain that

(k+2) (f (k1) = f(@7) =k (Fye) = (7)) <V (2r), (k + 2)xy, — kyy, — 227)

s(k+2 sk
2 ) I ) - V)
Consider the discrete Lyapunov function
s(k+1)2 1
ek = “EE () — 1) + 1 o — 272 (1)

Hence, the difference between £(k + 1) and £(k) in (C.11) is

s2(k—1)(k+2)
2

£ +1) — £(K) = — (F() — @) -
82
TG ) Vs P

(VFf(xr), VI(yr))
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s2(k—1)(k+2)

When k > 2, we have

k
E(k+1)—£2) =) (E(i+1) —£(i)

2
P26 —1)(i
<SS VEER 0 ) + V) P

k

< - min HVf(:cz +V)lI? Y - 1) +2)

=2

2
< 2 min V(@) + V)P Kk + 3k — 4)

T 24 9<i<k
) 3
s 2 (k+1)
< 5 )
<-5 212112 IV f(zi) + Vf(y)l 7
s2(k+1)3

—_— e —— 1 y l 2
- T legk IV f(z:) + Vfyi)]”-

Furthermore, we have

L68[£(2) —E(k+1)] _ 168£(2)

. 2
2l VT +VIl™ < = a0y = 2k

Combining with (C.12), we obtain that

168&(1
i [V () + V(0] < 2(k+<1;
168 1
S 2k [8 (f(y1) = f(@")) + 5 [l = x*llﬂ
168 L . 1 .
s2(k + 1)3 (; lyr = a*(1” + 5 llwo — sV f (wo) — HZ>
168 L )
R CERE (28 oo = 59 Fe0) = I + 5
882 || g — x|
s2(k+1)3

Similarly, when s < 1/L, for kK = 0, we have

4 lzo — ¥

IV £ (z0) + V£ (yo)|I* = 4[|V f (o) ||* < SRE—

S

for k = 1, following the modified NAG-C (4.15), we obtain (x1,y;) as

4
y1 = x0 — sV f(xg), x1=x0— gSVf(l’o),
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IV () + Vf )1 -

3s
Ty — ?Vf(xo) —a*

(C.12)
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furthermore we have
IV @) + Vol <2 (195 @) + 19 @0)l?)

2 2 2
< 5 (Il =" + iy = =*I1)

4
5 [0+ L26%) lao — 2| + (1 + (16/9)L%?) a0 — 2*|?]

17252 ||zg — ¥
- 9

IN

For function value, (C.12) tells

. 4€(1) 21 ||z — 2*|)?
f(yk:)_f(x )é 8(16—!—1)2 < s(ko—l— 1)2

for all k > 1. Together with
lzo — |

fyo) = f(a") < ——,

S
we complete the proof.

C.3 Nesterov’s Lower Bound

Recall [Nes13, Theorem 2.1.7], for any k, 1 < k < (1/2)(n — 1), and any xy € R"™, there exists a
function f € Fi(R") such that any first-order method obeys

3L ||zo — x*|?

f(xk) - f(x*) > 32(k 4 1)2

Using the basic inequality for f(z) € F;(R"),

IVF (@)l ok — 2™ 2 (V f(xn), o — 27) = flaw) — f(27),

we have
3L ||zo — x*|?

>
I= 32(k+1)?2 max |jzp — a*|
L<ks gt

IV f (k)

for 1 <k <(1/2)(n—1).

D Technical Details in Section 5

D.1 Proof of Theorem 8: Case o = 3

Before starting to prove Theorem 8, we first look back our high-resolution ODE framework in
Section 2.

e Step 1, the generalized high-resolution ODE has been given in (5.1).
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e Step 2, the continuous Lyapunov function is constructed as

ety = [e+ (3 -5) V3] (X @) - 50
+ 5 200 2y 4o (X0 + svsvrxap)| . o)

Following this Lyapunov function (D.1), we can definitely obtain similar results as Theorem 5
and Corollary 4.2. The detailed calculation, about the estimate of the optimal constant 3
and how the constant 8 influence the initial point, is left for readers.

e Step 3, before constructing discrete Lyapunov functions, we show the phase-space represen-
tation (5.2) as
Ty — Tp—1 = V/SUp—1

oh = vt = = ok — BVE (Vf () = Vi (ane)) = (14 7)) VAV ().

(D.2)

Now, we show how to construct the discrete Lyapunov function and analyze the algorithms (5.2)
with o = 3 in order to prove Theorem 8.

D.1.1 Case: <1
When 8 < 1, we know that the function

kE+3

=535

decreases monotonically. Hence we can construct the discrete Lyapunov function as

E(k) = s(k+4)(k+1) (f(zx) — f(z7))
2

k

which is slightly different from the discrete Lyapunov function (4.6) for NAG-C. When 5 — 1, the
discrete Lyapunov function (D.3) approximate to (4.6) as k — oo.
With the phase-space representation (D.2) for a = 3, we can obtain

(k+3) (o + BVsV f(ar)) — k (vk—1 + BVsV f(zr-1)) = —V/s (k+ 3 = 38) V f(ax). (D.4)

The difference of the discrete Lyapunov function (D.3) of the k-th iteration is

E(k+1) = E(k) = s(k+5)(k+2) (f(zrr1) — f(27) = s(k +4)(k +1) (f (zx) — f(27))

S 120w =)+ Va4 2) (1 + BV o)
k
~ g ke =) VA D o+ 35S )

<s(k+4) (k+1) (f(@r1) = flar)) + 52k +6) (f (2r41) — f(27))
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k+4

+ P [(2(@py2 — Tpg1) + Vs(k +2) (vkg1 + BVSV f(@k41))

—Vs(k+1) (vg + BVsV f(xr))
2({Ek+2 — T ) + \[ k+ 2 (Uk+1 + ﬁfvf(xk+1))>

—= H2 iy = Thr1) TV + 2) (Vi1 + BVSV S (2h11))
—Vs(k +1) (v + V3V flap)|]

=s(k+4)(k+1) (f(@re1) — f(zr) + 52k +6) (f (z41) — f(27))
— {(s(k+ )V f(2k41), 2@t — °) + Vs(k + 2) (k41 + BVSV f(2h11)) )

_ 552(k +4) (k+4—8) V(x|

With the basic inequality of any function f(x) € F}(R")

1
{ Fla) > Fanan) + (VF (@) 2 2o + 5 [V (wxa) = V)P
(@) = flare) + (V(@k41), 27 — Tpg)
and the phase-space representation (D.2)
Tht2 = The1 + V/SUR41,

the difference of the discrete Lyapunov function (D.3) can be estimated as

E(bk+1)—&(k) <s(k+4)(k+1) <<Vf(33k+1)>$k+1 —xp) — i IV f(xrs1) — Vf(xk)||2>
+5(2k +6) (f(zr41) — f(27)) = 5(2k + 8) (V f(h1), Tpt1 — 27)
— 53 (k+ 42 (VS (@rr1), vier) — Bk +2)(k +4) [V (@) 1
B (k44— B) [V f(ri)P
%Uc +4) (Vf (2r41), (b + Dvpgr — (& + L)vg)
VTS0 (o)~ V)
— 25 (f(ars1) — f(a¥))

— B+ )k +2) + 5 (k4 4) (k4 )| IV F )

) -
) —

Utilizing the phase-space representation (D.2) again, we calculate the difference of the discrete
Lyapunov function (D.3) as

3
S2

E(k +1) = E(k) < s2(k +4) (Vf(zp41), BVs(k + 1) (Vf (@hr1) = VI (2x)) + sk + 4V f(2p11))

_ (’““;)L(’”” IV f(zrr1) = Vf ()]

=2 (Bl + )k +2) + 5+ 4) (6 +4- 5)| 195 Grs)l
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< Bs*(k +4)(k + 1) (Vf (241), Vf (@hr1) = V f(2r)

_ 3(’”‘;);’”1) IV f(@hr1) = Vf (22)]?

= [t 20 08 = 5 4445 (o 0] 2 19 )

2.3
< Lﬁ; (k +4)(k + 1) |V f (g0 I

[ 93— L a9+ 0] 19

1 LB3%s
—— [+ - o ae ) - ) o 02 9 ) P
To guarantee that the Lyapunov function £(k) is decreasing, a sufficient condition is
1 L3?
B(k:+2)—§(k+4+ﬁ)— 62 S(k:+1) > 0.
Simple calculation tells us that (D.5) can be rewritten as
28 — _ _
S(ﬁ 1)k + 35 4: 1 2/8—1+M '
(k+1)Lp? Lp? E+1
Apparently, when 8 — 1, the step size satisfies
0<s< b1
Ch+1 L

(D.5)

(D.6)

which is consistent with (4.8). Now, we turn to discuss the parameter 0 < 5 < 1 case by case.

e When the parameter 5 < 1/2, the sufficient condition (D.5) for the Lyapunov function &(k)

decreasing cannot be satisfied for sufficiently large k.

e When the parameter 1/2 < 8 < 1, since the function h(k) = — (26 -1+ g—:f

7

monotonically for k > 0, there exists k3 g = L%J + 1 such that the step size

(28 — 1)ks 5+ 36 — 4
- (k‘375 + 1)L52

) increases

works for any k > k3 g (k3 3 — 2 with 8 — 1). Then, the difference of the discrete Lyapunov

function (D.3) can be estimated as

2(25-1-1:525
Q2(P -2 2PS

Ek+1)—EK) < — 5

) (h— ks o) |V Flanen)]?

Here, the proof is actually complete. Without loss of generality, we briefly show the expression
is consistent with Theorem 8 and omit the proofs for the following facts. When k > k3 g+ 1,

there exists some constant Cg 5> 0 such that

E(k+1) — (k) < =25 y(k + 1) |V f (zps0) |

For k < k3 g, using mathematic induction, there also exists some constant @%} 3> 0 such that

for s = O(1/L), we have

2
€55 70 — 27|

IV f(zg0)]|? < 5 and f(xy) — f(z*) <

s 4s s
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D.1.2 Case: >1
When B8 > 1, we know that the function

k+2

9 =313-5

decreases monotonically. Hence we can construct the discrete Lyapunov function as

E(k) = s(k+3)(k+1) (f(zx) — f(z"))
k+2

ok 3 g 120k — o)+ Vs(k 1) (o + BV f(x)|®. (D7)

which for § =1 is consistent with the discrete Lyapunov function (4.6) for NAG-C.
With the expression (D.4)

(k +3) (v + BVEV (1)) — k (051 + BVEV flanr)) = =5 (k + 3 — 38) Vf (),

the difference of the discrete Lyapunov function (D.7) of the k-th iteration is

E(k+1) = E(k) = s(k+4)(k +2) (f(zrt1) — f(27) = s(k +3)(k + 1) (f(zk) — f(27))

+ gt P(wnra =) + Vilk +2) (s + V59 f (i)
k
e 2k — ) + VS 1) o+ B )

<s(k+3)(k+1) (f(@r1) = flzx) + 52k +5) (f (wp41) — f(27))
ks [(2(@hr2 — zp41) + V(k +2) (ve1 + BV5V f(2h41))

M
—Vs(k+1) (v + BVsV f(zr))
2(3%.,.2 —x ) + f(k + 2) (Uk+1 + 5\/§Vf($k+l))>

Y H2 Tpyo — Tht1) + V/s(k +2) (Uk+1 + 5\[vf($k+1))
—Vs(k+ 1) (v, + BVEV )]

=5 (k+3) (k+1) (f(wrr1) = f(zr) + s(2k +5) (f(zx11) — f(2¥))
— (s(k +3)Vf(xh+41), 2(zp42 — 27) + V/5(k + 2) (g1 + BVsV f(w511)))

= 55°(k+3) (k+ 4= B) |V f(wre)|*
With the basic inequality of any function f(x) € F}(R")
{ Flox) > Fai) + (9 F(@een). o - ai) + 5 [VF(@rer) - V(o)
f@) = f(zrar) + (V(@rg1), 27 — Ty

and the phase-space representation (D.2)

Thto = Thi1 + V/SUK41,
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the difference of the discrete Lyapunov function (D.7) can be estimated as

E(k+1) —E() < s(k+3)(k+1) <<Vf<xk+1>, T — k) — o [V e) - me)n?)
+ 52k +5) (f(ze41) — f(27)) — 8(2k 4+ 6) (V f(2p41), Thy1 — 27)

— 53 (k4 )k +4) (VS (1), vir) — B3> (k +2)(k + 3) [V (10)
— 52k 3) (k+ 4= B) |V i) P

=52 (k+3) (V f (2511, (b + 4)viy1 — (k + 1)vg)
I 19 ) - Vil

25 (f(aper) — F(a))

— Bk B0k +2) + 5 (k4 3) (k4= )| IV ()

<

Utilize the phase-space representation (D.2) again, we calculate the difference of the discrete Lya-
punov function (D.7) as

3
2

E(k +1) = E(k) < s2(k +3) (Vf(z41), BVs(k + 1) (Vf (@rs1) = VI (2r)) + Vs(k + 4V f(2r11))

_ 5(’“+?2’)L(’“+1) IV f(@hr1) — V f ()|

=2 B0+ 3)0 2+ 6+ 3) 6+ 4= 6)] IV ) P

< Bs*(k +3)(k + 1) (Vf (241), V.f (@hr1) = V fx)

_ SR AEDKRAD G ) - V)2

2L
= [ 20918 - 5 445 (o 9)] 2 19 )
LB3%s? 9
< B2 e 3)(k+ 1) 19 o)

2
-2+ L e 148 0+ 3)] 2 197G

Lj3%s
2

== [+ = 5 a4 - L0 o 92 9 ) P

Consistently, we can obtain the sufficient condition for the Lyapunov function £(k) decreasing (D.5)
and the sufficient condition for step size (D.6).
Now, we turn to discuss the parameter § > 1 case by case.

e When the parameter § > 3, since the function h(k) = %52 (26 -1+ ’g—:lg) decreases mono-
tonically for £ > 0, then the condition of the step size

28-1  28-1
S UtoL® = IR
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holds for (D.5), where € > 0 is a real number. Hence, when k > k3 3 + 1, where

4—3ﬂ+L623J +1}’

k375:max{0,w—3j—|—1, {25—1—11523

the difference of the discrete Lyapunov function (D.7) can be estimated as

) <2ﬁ—1—Lﬁ23
_gZ (P T aPs

£k +1) ~ E(k) < 5 ) e Vs P

e When the parameter 1 < < 3, since the function h(k) = Lﬁg (25 k+1) increases

monotonically for £ > 0, there exists k3 g = max {0, |8 —3]+1, [35 S/H + 1} such that the

step size
(26 — 1)]{,‘375 + 38 —4
(ks + 1)L32

works for any k > k3 3. When 8 = 1, the step size satisfies

k—1 1

<~ .=
O<s=177°'1

which is consistent with (4.8) and k3 3 = 2. Then, the difference of the discrete Lyapunov
function (D.3) can be estimated as

2(2[3—1—Lﬁ23
P e el il

£k 1)~ E(K) < - ) e Vs P

for all k > k3 g+ 1.

By simple calculation, we complete the proof.

D.2 Proof of Theorem 8: Case o > 3

Before starting to prove Theorem 8: Case a > 3, we first also look back our high-resolution ODE
framework in Section 2.

e Step 1, the generalized high-resolution ODE has been given in (5.1).

e Step 2, the continuous Lyapunov function is constructed as

ety =t[t+ (5 - 8) V5| F(xX@) - 1)

2Ha—1<x<t> #) + ¢ (X(0) + BVEVF(X( )H

which is consistent with (D.1) for o — 3. Following this Lyapunov function (D.8), we can
obtain
—x* 2
rex) - s < o (K22
. 0 (D.9)
/t u(F(X(w) = (@) + Vsu? |V AX ()] du < O (IIX (to) — 2*])
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for any ¢ >ty = max {\/s(a/2 — B)(a — 2)/(a — 3),/s(«/2)}. The two inequalities of (D.9)
for the convergence rate of function value is stronger than Corollary 4.2. The detailed calcu-
lation, about the estimate of the optimal constant 8 and how the constant 8 influences the
initial point, is left for readers.

e Step 3, before constructing discrete Lyapunov functions, we look back the phase-space rep-
resentation (D.2)

Tp — Th—1 = /SVk—1

Vp — Vg—1 = _%Ulc — BVs (Vf(xp) = Vf(xr-1)) — <1 + %) VsV f(x).

The discrete functional is constructed as

E(k) =s(k+1)(k+a—pB+1)(f(z) — f(z9))
+ % (e = Darr = 2*) + Vsl +1) (vs + Bv5VF(x))||* . (D.10)

When § =1, with a — 3, the discrete Lyapunov function £(k) degenerates to (4.6).

Now, we procced to Step 4 to analyze the algorithms (5.2) with a > 3 in order to prove Theorem 5.1.
The simple transformation of (D.2) for a > 3 is

(k+ o) (vk + BVsV f(xr)) = k (vk—1 + BVsV f(ag-1)) = =5 (k+~v—=78) Vf(zx). (D.11)
Thus, the difference of the Lyapunov function (D.10) on the k-th iteration is
E(k+1) —&(k) = s(k+2)(k+a—B8+2)(f(zx) — f(z7))
+ % (e = 1) (@rg2 — 2%) + V/5(k +2) (vhs1 + BVSV f (wr41)) ||
—s(k+1)(k+a—B+1)(f(zx) — f(z9))
— 5 = D — ) + VA1) (v + BYEY )

=s(k+1)(k+a—B8+1)(f(xk1) — flzx)) + 52k +a =B+ 3) (f(xk11) — f(27))
+ (@ = 1) (@hy2 — zrp1) + Vs(k +2) (vkg1 + BVSV [ (2r41))
— Vs(k+1) (vr + BVsV f (1)) ,
(a0 = 1) (wpao — %) + Vs(k +2) (vk+1 + 5\/§Vf(xk+1))>

- % (o = 1) (@hso — Trs1) + (K + 2)V/s (Vg1 + BV f(h41))

~(k+1)V5 (v + BYEVS (@)
=s(k+1) (k+a—B+1)(f(zrs1) — flar))
+52k+a—B+3)(f(zre) — f(z7))
—(s(k+a—B+1)Vf(@rs1), (0 — 1) (zpp1 — &%) + Vs(k + o+ Dvgg
£ Bs(k + 2V f(xn)

- %SQ(k +a— B+ 17|V ()l
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With the basic inequality of convex function f(z) € F}(R"),

{ f(xr) = f(ops1) + (VF(@11), 26 — Tps1) + % IV f(2h41) = V f ()l
f(@) > f(wge1) + (VI (@ht1), 2" — py1)
and the phase-space representation (D.2)

Thyo = Tpy1 + VSUk1,

the difference of the discrete Lyapunov function (D.10) can be estimated as

€+ 1) = £0) = stk + 1) -+ = 54 1) (19 (ons) s = ) = 57 [V o) = Va0l

52k +a—B+3) (o) - F@%) = sa— 1) (k+a — B+ 1) (VS (0hs1), 0451 — 7°)
—(s(k+a—=B+1)Vf(zr), Vs(k +a+1vgg)
— 58— B+ 1) (28 + Dk + a4 38+ 1]V ()|

< 55 (k+a—0B+1)(Vf(zks1), (k+ a+ Dvgrr — (kK + Dvg)

k k+o—
_ s+ 1)( 2+L B4 D) |9 @rr) = V@)

—sf(a—3)k+(a—2)(a—B+1) —2 (flzr) — f&))
- gsmﬁa —BHD 28+ Dk +a+ 38+ 1] |V f(zrs)]?

Utilizing the phase-space representation (D.2) again, we calculate the difference of the discrete
Lyapunov function (D.10) as

E(k+1) = E(k) = Bs°(k + 1) (k +a = B+ 1) (Vf(wr41), V(@r41) — V[ (1))
+ 5% (k+a+1) (k+a—B+1)|Vf(ze)l

s(k k+a—
_ s+ 1)( ;; B 19 fwasn) = Va2

—s[(a—3)k+(a—2) (a - B+1) = 2) (Faps) — F(2*))
— 55k — B+ 1) (28 + Dk + a4 36+ 1]V (e

= Bs*(k+1) (k+a = B+ 1) (Vf(2p1), Vf(@rr1) = Vf(zr)

k k+a—
Cs(k+1)( 2+La B+1) IV f (1) — V()2

~ sl =3+ (a=2) (@~ B+ 1) 2 (Fan) - F()

— 5k a— B4+ 1) (26— Dk = a+ 36— 1) [V f(opan)I

Lﬂ283
2

<

(k+1) (k+a—B+1) |V f(zre)?
—sl(a—3)k+(a—2)(a—B+1) = 2 (Flans1) — f(z*))
582k — B+ 1) (28— Dk — a4 38— 1]V (wen)|?
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=—sl(l@=3)k+ (a—2) (e =B +1) = 2] (f(zps1) — f(z"))
(kb= B+ 1) (28— Dk~ a+35 — 1~ LF%s(k + 1)] |V (x|
To guarantee the Lyapunov function £(k) decreasing, a sufficient condition is
(26 -1k —a+33—-1-L3%(k+1)>0. (D.12)
With the inequality (D.12), the step size can be estimated as
20 —1 a—p

s < —

= L2 (k+1)Lp%

e When the parameter § > 1/2 and a < f3, since the function h(k) = 25[;21 — ﬁ decreases

monotonically for £ > 0, thus the step size
28 —1 26 —1
s < B <28
(A+eLp =~ LP

holds for (D.12), where € > 0 is a real number. Hence, when k > k, g + 1, where

kaﬂ:maX{O, {2_(0—2)(Q—B+I)J . { 4— 36+ LB%s

o 1+25LBQSJ+1,Lﬁ—a—1J+1},

the difference of the discrete Lyapunov function (D.10) can be estimated as

26 —1— LB%s

£ +1)-6(0) < ~s(a=3) (k — ho) (o) = o) -s* (Z 1

e When the parameter 8 > 1/2 and a > f3, since the function h(k) = 25;21 - (kfig 72 increases

monotonically for k > 0, there exists

ko :max{O, F— (o _j)_(ag_ﬁ+1)J +1,|f—a—1]+1, {WJ +1}

such that the step size satisfies

L (28-Dhag—a+38-1
5= LA (kags + 1)

When 8 =1, the step size satisfies

1 ka’/g—a—|—2 1 kaﬁ—l

s<— .l S, 2
“ L (kapt+l) L kapl

with «a — 3,

which is consistent with (4.8). Then, the difference of the discrete Lyapunov function (D.10)
can be estimated as
28 —1— LA%s

E(h+1)-£(0) < —sla=3) (£ o) (Fon) - 1) (P
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D.3 A Simple Counterexample

The simple counterexample is constructed as
L ||zo — 2|
flag) = f(@") = (k+1)?
0, k #

, k=47

where j € N. Plugging it into (5.4), we have

SOk 4+ 1) (Flar) - f(2) = Lo —2*- Y ( - ) < .

k=0 oo \J +1

Hence, Proposition 5.1 cannot guarantee the faster convergence rate.

D.4 Super-Critical Regime: Sharper Convergence Rate o(1/t*) and o(L/k?)
D.4.1 The ODE Case

Here, we still turn back to our high-resolution ODE framework in Section 2. The generalized high-
resolution ODE has been still shown in (5.1). A more general Lyapunov function is constructed
as

s =tft+(5-8)Vs+la—v- 1)5\/5] (FX (M) = ()
e g [x0 -4 (o v i) @

—1)
R R
where 2 < v < a — 1. When v = a — 1, the Lyapunov function (D.13) degenerates to (D.8).
Furthermore, when v = o — 1 — 2, the Lyapunov function (D.13) degenerates to (D.1). Finally,
when 2 =v = a — 1 and = 1, the Lyapunov function (D.13) is consistent with (4.1). We assume
that initial time is

ta,,g,yzmax{\/g<ﬁ_a) 7\/§<5(a—2) B a(u—l)) | \/ga}'

2 v—2 2(v—2) 2

Based on the Lyapunov function (D.13), we have the following results.

Theorem 12. Let f(z) € F2(R™) and X = X(t) be the solution of the ODE (5.1) with o > 3 and
B > 0. Then, there exists to 5, > 0 such that

im (700 — £+ [ €00+ vV I = € o — 1P

t—o00

' (D.14)
[ [pr0x) = e+l + svsvioee| | au < oo

for allt >t,p,, where the positive constant ¢2 0B and the integer to g, depend only on «, B and
v. In other words, the equivalent expression of (D 14) is

JEO) - 1) + ][0 + Vv s 0)] <0 (””“”0‘"’”’) .

t2
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Now, we start to show the proof. Since X = X(¢) is the solution of the ODE (5.1) with o > 3
and > 0, when t > t, 3, the time derivative of Lyapunov function (D.13) is

dé, (t)
dt

= [2t+ (5 -8) Vs + (a—v = DBVS| (F(X(1) = f(a*))
[+ (% ) V5 + (a— v = 1)BV5| (VIX 1), X)) +vla—v—1) (X(t) 2", X (1))
—((a=1=)X @)+ [t+ (5 = 8) V5] VAX@).1(X(1) = a*) +t (X (1) + BV5VF(X(1) )
= [2t+ (S~ 8) Vot (a—v = 1)8VE] (FX(0) ~ F&*) ~ (@~ 1 —w)t [ £0)]
—v|t+ (5 -8) V3| (VFX®), X (1) - a*) (D.15)
— B3 [t+ (5 = B) V] IV X ).
With the basic inequality for any f(z) € F2(R™)
F() 2 FX(0) + (VAX (1), 2" = X (1)),
the time derivative of Lyapunov function (D.15) can be estimated as

d&, (1)

at S{(VQ)H\/;[ :

a(v

5 = (- 2] | (@) - 70
. 2 o
—(a—1=wt||X@)| = a5 [+ (5 - 8) V3] IV (x @),

With the Lyapunov function &,(t) > 0 and the technique for integral, for any ¢ > to we have

/t (u—t0) (f (X ()~ £ (7)),

0+46

/t:u(f(X(U))—f(:v*))du < /t:0+6U(f(X(u))—f(fv*))dU+(1 +2)

where 6 < t — tg. Thus, we can obtain the following Lemma.

Lemma D.1. Under the same assumption of Theorem 12, the following limits exist
t t ) 2 t
lim &(t), lim [ w(f(X(w) - f(z*)du, lim [ u HX(u)H du, lim [ u? |V f(X ()] du.
to 0

t—00 t=00 Jy, t—00 to

With (D.15) and Lemma D.1, the following Lemma holds.

Lemma D.2. Under the same assumption of Theorem 12, the following limit exists

lim [ w(Vf(X(w)), X (u) —x*) du.

t—o00 to

Lemma D.3. Under the same assumption of Theorem 12, the following limits exist

lim |X(t) —2*| and lim ¢ <X(t) — ot X (1) + B\/EVf(X(t))> .

t—o00 t—o00
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Proof of Lemma D.3. Taking v # v/ € [2,v — 1], we have

Ev(t) = Eu(t) = (v = V) [=BVst (F(X () — f(a))

+ (X0 = X0+ 0TS0 + 251X - 0
With Lemma D.1 and (D.9), the following limit exists
Jim [¢(X(0) ~ 2", X(0) + SEVICEO)) + 51X - (D.16)

Define a new function about time variable ¢:
1 t .
m(t) = 5 [1X(1) — 2P+ BVs [ (VX (), X (u) — 2*) du.
to

If we can prove the existence of the limit 7(¢) with ¢ — oo, we can guarantee tlim |1 X (t) — =*||
—00

exists with Lemma D.2. We observe the following equality
tr(t) + (o — )7 (t)

= Blo=1)v5 | (VI(X (), X(w) ~ ) dutt (X (1) — o, X () + BVEVF(X (1) )+

o —

1 2
5 | X (t) — ="

With (D.16) and Lemma D.2, we obtain that the following limit exists

lim [t7(t) + (o — 1)7(t)],

t—o00

that is, there exists some constant @3 such that the following equality holds,
d(t*~'n(t))
Jim t"flii? = lim [t (t) + (o — )7 (t)] = €3,
For any € > 0, there exists ¢y > 0 such that when t > tg, we have

o1 (W(t)— ¢ )-tg—l <7r(t0)— < )< C (et

a—1 a—1 a—1

¢3 to a-l €
to) — — .
m(to) a—1‘<t> +a—1

The proof is complete. O

that is,

Finally, we finish the proof for Theorem 12.
Proof of Theorem 12. When t > t,, 3, we expand the Lyapunov function (D.13) as

via—1)

X () - )

&) =t [t+ (5 — B8) Va+(a—v=1)8V5| (F(X(®) — fz*) +
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2. 2 .
+ 5 || KO + BVETIE )|+ (X0 — a7, X () + BYEVI(X D))

With Lemma D.1 and Lemma D.3, we obtain the first equation of (D.14). Furthermore, Cauchy-
Scharwz inequality tells that

14 (5 = 8) VA + (v =18V (FX0) — £ + 5 [ X0+ 8vav x|
<[+ (5-8) Vo @ —v = 03VE UK@) - s + e[ KO+ Palvsx I,

With Lemma D.1, we obtain the second equation of (D.14). With basic calculation, we complete
the proof. 0

D.4.2 Proof of Theorem 9

Similarly, under the assumption of Theorem 9, if we can show a discrete version of (D.14), that
is, there exists some constant @iﬁﬂj > 0 and ¢4 8, > 0 such that when the step size satisfies
0 < s < ¢q8./L, the following relationship holds

2
Co s llmo — 2|

(k+ 1) (flwn) = £ + o+ BVEVF()|*) =

lim
k—oco

> e 1) (7o) = £0°)) + o+ BV )|*) < o
k=0

i (D.17)

Thus, we obtain the sharper convergence rate as

* (|2
f@m—f@U+Hw+ﬁ¢ﬂW@wWS0(mﬁ;f”)-

Now we show the derivation of the inequality (D.17). The discrete Lyapunov function is con-
structed as

(k+2)(a—1-v)8
kE+oa+1
I

Ek)=sk+1) |k+a+1—8+ ](f(m)f(x*))

+ 1/(61—21/—1) |zhe1 — 2*|? +% |v(zhsr — ) + (K + 1)Vs (or + Bv/sV f (1)) H27 (D.18)

11 I1I

where 2 < v < a — 1 and parts I, IT and III are potential, Euclidean distance and mixed energy
respectively. Apparently, when v = a — 1, the discrete Lyapunov function (D.18) is consistent
with (D.10). When 8 =1 and v = a — 1 — 2, the discrete Lyapunov function (D.18) degenerates
to (4.6), Now, we turn to estimate the difference of Lyapunov function (D.18).

e For the part I, potential, we have

(k+3)(a—1—-v)p
k+a+2

s(k+2) |k+a+2-0+ (f(zpt1) — f(2*))
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(k+2)(a—1-v)5
k+a+1

(k+2)(a—1—-v)B
k+a+1

+ 52k +a+3—=8) (flzr) — f(29))

k+3 k41
+“k+mm_l_W5h+a+2_k+a+1

(k+”m‘1‘”w]uwﬂa—fmm>

—dk+UP%u+1—ﬁ+ ]uuw—fum

=tk 1) [ita 104 | (o) = sl

](ﬂm%ﬂ—fwﬂ)

k+a+1
I,
+s2k+a+3+ (2a—3-2v)8] (f(zp41) — f(27)),

I,

Sdk+U[k+a+1—B+

where the last inequality follows k+a+2>k+a+ 1>k + 2.
For the part II, Euclidean distance, we have

via—v—1) 2 V(e-v-1)

5 [@kr2 — 27 5 [
vioe—v—1
=v(a—v—1)(Tpt2 — Tpt1, T2 — °) —(2> [ [

11, I,

For the part ITI, mixed energy, with the simple transformation (D.11) for o > 3

(k+a) (vk + BVsV () — k (k-1 + BVsV f(zr-1)) = —Vs (k+~v —7B) V[ (1),
we have

% Hu(xk+z —2*) 4+ (k+2)Vs (Uk+1 + B\/EVf(wk—i-l)) H2

_ % v (@ — o) + (b + D5 (ok + BVSV F(n)) ||

= (V(@ps2 — Thg1) + (b +2)Vs (vpg1 + BVsV f(p41)) — (K +1)V/s (vi + BVsV f(ar))
V(pgo — &%) + (k+ 2)Vs (Vg1 + BVsV f(2r41)))

- % |v(@hs2 — Tis1) + (k +2)V/s (ves1 + BVSV [ (@r41)) — (K + 1)V's (v + BVSV f () H2
=—(s(k+a+1-8)Vf(rg)+ (@ —1—v)(Tpt2 — Tht1),
V(Tpio — %) + (k4 2)(Ths2 — T11) + Bs(k + 2)V f(2g41))

Sl (bt 1= ) Vf(ai) + (0~ 1= 0)(akn — as)|
= —v(a—v—1) (Try2 — Trp1, Thp2 — %) — (b +2) (@ — v = 1) [[Zry2 — 2|

—Bs(k+2)(a =1 =v)(Vf(@k+1), Tht2 — Th1)

—(s(k+a+1-=p)Vf(zr),

V(zkr — @7) + (b + 2 + V) (@hp2 — 2pg1) + Bs(k + 2)V f(@h41))
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_ % s (k+a+1—8)Vf(zm)|?

—(s(k+a+1=p3)Vf(@rt1), (@ =1 —v)(Tpt2 — Thy1))

(a—1 —'V)2 2
SO s - e
2k+a+3—-v)(a—v-—1)

2
T — X
2 H k+2 k+1H

=—v(a—v—1){Tpro — Tpt1, Tpao —T°) —

I1I,

111,
(k+2)(a—1-v)p
k+a+1

I,
—sv(k+a+1—B)(Vf(xri1), Tps1 — 27)
111,

—%ﬁﬁv+a+l——B+2@%+%5Hk+wx+1—ﬁ%”vf@huﬂﬁ-

—s(k+a+1)|k+a+1-38+ (Vf(@rs1)s Thg2 — Thg1)

III5

Apparently, we can observe that
II; +II1; =0,

and
sk+a+3)(a—v—1)

2
9 Hvk+1H .

11, + 111, = —

Using the basic inequality for f(z) € F} (R"™)

Flaen) 2 Flei) + (V@) 26— 2pan) + g VS (i) = V)P,

we have

BP0 (flann) = San)

(k+2)(a—1-v)B
k4+a+1

I + 1113 + X115 = s(k + 1) [k:+a+1—ﬁ+

—8(k+04+1) [kz—i—a—i—l—ﬂ—i— :| <Vf(.ka+1),xk+2 —:Ck+1>

ka1 Bk £ 2B (ka1 B) VS ()

2
; (k+2)(0—1-1)g
§—w[k+a+l—5+ R ]

(Vf(ren), (B + o+ Dogpr — (k4 Dog)

(k+2)(a—1-v)5
k+a+1

_ s(k+1)
2L

- %SZ k+a+1—8+20k+2)8](k+a+1—73) V(x|

F+a+1—6+ ]Hvﬂmﬂ)—vﬂmNQ

Utilizing (D.11) again, we have

I, + III5 + III5 < Bs?(k + 1) [k+a+1_5+ (k+2)(04—1—y)5}

Etatl (Vf(@hi1), VI (@r1) = Vi (r))
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(k+2)(a—1-v)8
k+a+1

+y@+a+1ﬂk+a+1—ﬂ+ ]HVﬂuHWQ

s(k k a—1—-v
S prari-pa B 9 - V@1

—%82 [k+a+1=3+2(k+2)8] (k+a+1-B)IVf(ze)]

13252 k+2 —1-—
< ) [rras 1 gy EEO L gy 2
#2ratn) [krat1opr RO IZ o, 2

—%82 [k+a+1—3+2(k+2)8] (k+a+1-B)IVf(ze)]

[ L3 | E+2)(a—1-—
282_ gs(k+1)+(k+a+1)_ [k+a+1—ﬁ+( +k)(+aa+1 ”)5] IV f () |2
— 582 [28+ D+ o+ 1438 (b + 0 +1— B) [V (we)|?
. ]
<& | 2220t )+ (ko )| bt - B4 (01— )]V (e P
— 582 [08+ D+ o+ 1438 (h+ 0 +1— B) [V we)|?
Since 8 > 1/2, let n € N satisfy
n:\‘2521J+1.
When k > n(a—1—-v)58 — (a+1— ), we have

Lj3%s
2

2
~ Sy (@0 D+ et 135 [+ ot 1= B+ (= 1= )]V i)

With the monotonicity of the following function about k

11+III;>,+III5§32[ (k+1)+(k:+a+1)] k+a+1-8+(a—1-v)8]Vf(zp)|?

n(28+1 n
Wk _<imﬂk_0k+dmﬂ)%a+1+&%—@—1
(k) = LA2(k+1)

2
26n—n—-2)k+1)+ (8 — a)n — 2«
LA?(n+1)(k+1)

we know there exists some constant ¢, g, and ki g, such that the step size satisfies 0 < s <
¢a,8v/L. When k > ki o 5, the following inequality holds

)

s2/26n n+2
L+Hh+nkg—2(nﬁl—n+1—u%§w—km@»WVﬂmﬂw?

With the basic inequality for f(x) € Fi(R"),
(@) = flare) + (V(@k41), 27 — Tpp)
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we know that there exists kg o g, such that when k > k9 o 5.,
I + Iy < —s(v = 2)(k = k2,0,80) (Vf (Zpt1), Thoy1 — 27) -

Let ko g = max{ki a8, k2.0,8,} +1. Summing up all the estimates above, when § > 1/2, the
difference of discrete Lyapunov function, for any £ > &, 3.,

52<26n n+2

Eh 1)~ £0) <~ (220 = 288 - 1% (k= k) VS s

— (v = 2)(k = kap) (VF(@hr1)s 2rs1 — 2%)

sk +a+3)(a—v—1) 2
- . ok

With the basic inequality for any function f(z) € F}(R™)
(Vf(@ps1), 2eyr — 2%) = flapr) — f(27),
we can obtain the following lemma.
Lemma D.4. Under the same assumption of Theorem 9, the following limit exists

lim €(k)

k—o00

and the summation of the following series exist

D (k+ 17|V ()l D (k+ 1) (V(zpar), Tpar — 27),
k=0 k=0

>k + D) (f(wer) — F@¥), > (k4 1) [lorga ]l

k=0 k=0

Lemma D.5. Under the same assumption of Theorem 9, the following limits exist

(k+1) (xre1 — 2", 00 + BVsV f(xr)) -

lim |z —2z*]] and lim
k—ro0 k—ro0

Proof of Lemma D.5. Taking v # v/ € (2, — 1], we have

(k+1)(k+2)

S0 (Fow) - S6)

Ek)—E(k)=(v—1) [—3,8 :

(@—1)

(k4 DVs (zra1 = 2% v + BVSV f(2r)) +

st a:*nﬂ

With Lemma D.4, the following limit exists
a—1

kh_}r{)lo [(k + )Vs (@pg1 — a*, v + BVSV fzy)) + lxgs1 — w*HQ] : (D.19)

Define a new function about k:

k—1
(k) := % g — 2*|* + Bs Z (Vf(xi),xiz1 — ™).

i=ko
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If we can show the existence of the limit 7w (k) with & — oo, we can guarantee klirn |lxg+1 — ||
—00

exists with Lemma D.4. We observe the following equality

k
(k+1D)(n(k+1)—a(k)+ (@ —Da(k+1)—s(a—1)3 Z Vf(zi), zig1 — %)
=0

. k+1)s a—1 N N
(k4 1) G — i — ) — D 2 O P s )8 () i — 2*)
. k+1)s a—1
(k4 DV (w1 — 20+ BYEY () — S a2 O Ly o,

Lemma D.4 and (D.19) tell us there exists some constant €® such that

lim [(k+a)r(k+1) — (k+ Dr(k)] = €,

k—o0
that is, taking a simple translation 7/(k) = 7 (k) — €®/(y — 1), we have
lim [(k+a)7'(k+1) — (k+1)7'(k)] = 0.

k—o00
Since & (k) decreases for k > ko g, thus, ||z — 2*||? is bounded. With Lemma D.4, we obtain that
m(k) is bounded, that is, 7/(k) is bounded. Then we have
(k+2)*'n'(k+1) — (k+ 1) '’ (k)

li =0
Fvos (k+ 1)a—2 ’

that is, for any € > 0, there exists kj > 0 such that

k—1
/ . ey (i+1)*
ky +1\*" i=k!
7 ®)] < ( ki > I ko) |+ — Sy

With arbitrary € > 0, we complete the proof of Lemma D.5. O

Proof of (D.17). When k > k, g,, we expand the discrete Lyapunov function (D.18) as

Ek) =s(k+1) {k +a+1-—B+ (k+ ?f _+11_ ”)5] (f(zr) = f(z))

+/s(k+1) <xk+1—$ Uk‘i‘ﬂ\[vf(xk»
(k+1

v(ia —

PO o S s v s

With Lemma D.4 and Lemma D.5, we obtain the first equation of (D.l?). Additionally, we have

k —-1- k
sliraa— g EEROZIZIB (1) - @)+ 522 o+ 5o )
<o a1 g O (1) - )+ e s ol + e+ DES V1P
With Lemma D.4, we obtain the second equation of (D.17). O
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