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ABSTRACT

In this paper, we investigate the performance of two first-order optimization al-
gorithms, obtained from forward Euler discretization of finite-time optimization
flows. These flows are the rescaled-gradient flow (RGF) and the signed-gradient
flow (SGF), and consist of non-Lipscthiz or discontinuous dynamical systems that
converge locally in finite time to the minima of gradient-dominated functions. We
propose an Euler discretization for these first-order finite-time flows, and provide
convergence guarantees, in the deterministic and the stochastic setting. We then ap-
ply the proposed algorithms to academic examples, as well as deep neural networks
training, where we empirically test their performances on the SVHN dataset. Our
results show that our schemes demonstrate faster convergences against standard
optimization alternatives.

1 INTRODUCTION

Consider the unconstrained minimization problem for a given cost function f : R™ — R. When f is
sufficiently regular, the standard algorithm in continuous time (dynamical system) is given by

i = Far(z) £ -V f(z) (D

with & £ %x(t), known as the gradient flow (GF). Generalizing GF, the g-rescaled GF (g-
RGF) Wibisono et al.| (2016) given by
. Vf(z
xr = Fq_RGF(IL') = 7Cf7()q;2 (2)
IV f()lls™
1

with ¢ > 0 and ¢ € (1, oc] has an asymptotic convergence rate f(xz(t)) — f(2*) = O (7= ) under
mild regularity, for ||2(0) — z*|| > 0 small enough, where 2* € R™ denotes a local minimizer of f.
However, it has been recently proven Romero & Benosman| (2020) that ¢-RGF, as well as ¢-signed
GF (¢-SGF)

&= Fy_sar(z) = —c|[Vf(z)[{" sign(V f(z)), 3)
where sign(-) denotes the sign function (element-wise), are both finite-time convergent (in continuous-
time), provided that f is gradient dominated of order p € (1, ¢). In particular, if f is strongly convex,
then ¢-RGF and ¢-SGF is finite-time convergent for any ¢ € (2,00], since f must be gradient
dominated of order p = 2. Considering that many algorithms are inspired from continuous flows
with convergence guarantee, e.g., [Muehlebach & Jordan|(2019); Fazlyab et al.|(2017a); |Shi et al.
(2018)); Zhang et al|(2018)); Franca et al.|(2019b)); Wibisono et al.|(2016), a natural question arises:
what is the convergence rate of the corresponding discrete-time algorithms, which are induced by
discretization of finite-time convergent continuous-time flows?

1.1 CONTRIBUTION

In this paper, we investigate the convergence behavior of an Euler discretization for the ¢-RGF (equa-
tion[2) and ¢-SGF (equation3)). We provide convergence guarantees in terms of closeness of solutions,
using results from hybrid dynamical control theory. Furthermore, we provide iteration / sample
complexity upper bounds for both the general (deterministic) and stochastic settings. We then test the
performance of the proposed algorithms on both synthetic and real-world data in the context of deep
learning, namely, on the well-known SVHN dataset.
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1.2 RELATED WORK

Propelled by the work of (Wang & Elia (2011) and Su et al.| (2014)), there has been a recent and
significant research effort dedicated to analyzing optimization algorithms from the perspective of
dynamical systems and control theory, especially in continuous time (Wibisono et al., [2016; [Wilson,
2018 |Lessard et al., 2016} Fazlyab et al., 2017b;|Scieur et al., 2017} [Franca et al., 2018;; |[Fazlyab et al.,
2018; [Fazlyab et al., [2018; [Taylor et al.,|2018; [Franca et al., 2019a; |Orvieto & Lucchil 2019; [Romero
et al., |2019; Muehlebach & Jordan, [2019). A major focus within this initiative is in accceleration,
both in terms of trying to gain new insight into more traditional optimization algorithms from this
perspective, or even to exploit the interplay between continuous-time systems and their potential
discretizations for novel algorithm design (Muehlebach & Jordan| 2019; [Fazlyab et al., 2017aj
Shi et al., 2018} |[Zhang et al., [2018}; [Franca et al., |2019b; Wilson et al., 2019). Many of these
papers also focus on deriving convergence rates based on the discretization of flows designed in the
continuous-time domain.

Connecting ordinary differential equations (ODEs) and their numerical analysis, with optimization
algorithms is a very important topic, which can be dated back to 1970s, see |Botsaris| (1978a3b));
Zghier (198 1)); Snyman| (1982; [1983)); |Brockett (1988)); Brown| (1989). In|Helmke & Moore|(1994),
the authors studied relationships between linear programming, ODEs, and general matrix theory.
Further, Schropp| (1995)) and [Schropp & Singer| (2000) explored several aspects linking nonlinear
dynamical systems to gradient-based optimization, including nonlinear constraints.

Tools from Lyapunov stability theory are often employed for the analysis, mainly because there
already exists a rich body of works within the nonlinear systems and control theory community for
this purpose. In particular, typically in previous works, one seeks asymptotically Lyapunov stable
gradient-based systems with an equilibrium (stationary point) at an isolated extremum of the given
cost function, thus certifying local convergence. Naturally, the global asymptotic stability leads
to global convergence, though such analysis will typically require the cost function to be strongly
convex everywhere.

For physical systems, a Lyapunov function can often be constructed from first principles via some
physically meaningful measure of energy (e.g., total energy = potential energy + kinetic energy). In
optimization, the situation is somewhat similar in the sense that a suitable Lyapunov function may
often be constructed by taking simple surrogates of the objective function as candidates. For instance,
V(z) £ f(z) — f(2*) can be a good initial candidate. Further, if f is continuously differentiable

and z* is an isolated stationary point, then another alternative is V (z) £ ||V f(z)]|2.

However, most fundamental and applied research conducted in systems and control regarding Lya-
punov stability theory deals exclusively with continuous-time systems. Unfortunately, (dynamical)
stability properties are generally not preserved for simple forward-Euler and sample-and-hold dis-
cretizations and control laws (Stuart & Humphries| [1998)). Furthermore, practical implementations
of optimization algorithms in modern digital computers demand discrete-time. Nonetheless, it has
been extensively noted that a vast amount of general Lyapunov-based results (perhaps most) appear
to have a discrete-time equivalent.

2 PRELIMINARIES

2.1 OPTIMIZATION ALGORITHMS AS DISCRETE-TIME SYSTEMS

Generalizing (I, (2)), and (3), consider a continuous-time algorithm (dynamical system) modeled via
an ordinary differential equation (ODE)

&= Flz) )
for ¢t > 0, or, more generally, a differential inclusion
(t) € F(x(t)) (5)

a.e. t > 0 (e.g. for the ¢ = oo case), such that z(t) — a* as t — ¢*. In the case of the ¢-RGF
and ¢-SGF (3) for f gradient dominated of order p € (1, g), we have finite-time convergence, and
thus t* = t*(z(0)) < .
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Most of the popular numerical optimization schemes can be written in a state-space form (i.e.,
recursively), as

X1 = Fa(k, Xi) (6a)

z = G(Xy) (6b)

fork € Zy = {0,1,2,...} and a given X € R™ (typically m > n), where Fy : Z, x R™ — R™
and G : R™ — R".

Naturally, (6) can be seen as a discrete-time dynamical system constructed by discretizing (@) in time.
In particular, we have xj, &~ x(tx), where {0 = ¢y < t; < t3 < ...} denotes a time partition and
z(+) a solution to (4] or (5)) as appropriate. Therefore, we call X}, and x, respectively, the state and
output at time step k.

Example 1. The standard gradient descent (GD) algorithm

Tpp1 = ok — NV fzk) )
with step size (learning rate) > 0 can be readily written in the form () by taking m = n,
Fy(z) =2 —nVf(x),and G(z) £ z.

* If the step sizes are adaptive, i.e. if we replace 7 by a sequence {7} with 7, > 0, then we only
need to replace Fy(k,x) = x — n, V f(z), provided that {n;.} is not computed using feedback
from {x} (e.g. through a line search method).

* If we do wish to use time-varying step-size, then we can set m = n + 1, G([x;n]) £ z,
1 2 1 2) .

and Fa([e;n]) 2 (B3 ([wsn)); By ([ )], where F{Y ([z3]) 2 @ = 7V f(z), and F is

a user-defined function that dictates the updates in the step size. In particular, an open-loop

adaptive step size {7} may be achieved under this scenario, provided that it is possible to write

M1 = Féz) (M)

* If we wish to use individual step sizes for each the n components of {x }, then it suffices to
take 7, as an n-dimensional vector (thus m = 2n), and make appropriate changes in Fyy and G.

In each of these cases, GD can be seen as a forward-Euler discretization of the GF (]I[), ie.,
Tpt1 = @ + At For(zr) 3
with Fop = —V f and adaptive time step Aty = ¢, — t; chosen as Aty = 7.

Example 2. The proximal point algorithm (PPA)

. 1
Tht1 :argmln{f(x)+2||x—mk|§} ©)
r€R” Mk

with step size 7, > 0 (open loop, for simplicity) can also be written in the form (6}, by taking m = n,
Fa(k,x) £ argming cpa { f(2') + ﬁ”x’ — 2|13}, and G(x) £ . Naturally, we need to assume
sufficient regularity for Fy(k, z) to exist and we must design a consistent way to choose Fy(k, x)
when multiple minimizers exist in the definition of Fy4(k, x). Alternatively, these conditions must
be satisfied, at the very least, at every (k,z) € {(0,x0), (1,21), (2,22),...} for a particular chosen
initial ¢ € R™.

1

By assuming sufficient regularity, we have V. {f(z) + Tir

|z — 2|3} 2=y, = 0, and thus

1
Vf($k+1) + nfk(xk+1 — xk) =0 <— Tkl = Tk + AthGF(ka) (10)

with Atj, = n, which is precisely the backward-Euler discretization of the GF (T).

2.2 CONTINUOUS-TIME CONVERGENCE OF ¢-RGF AND ¢-SGF

In this section, we review the necessary conditions to ensure finite-time convergence of these flows.
Here the hyperparameter ¢ > 0 in equation [2] and equation [3] will not be explicitly denoted in
Fy_rer, Fy—sar. Next, borrowing terminologies from Wilson et al.| (2019), we define the notion of
gradient dominance with order p as following.
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Assumption 1 (Gradient Dominance of Order p). For a continuously differentiable function f, we
assume the function f is p-gradient dominated of order p € (1, 00] (n > 0), i.e.,

P
p—

P @I 2 0 (@) - f@), Ve R, an

where 2* € argmin, . f(z) is the local minimizer, also we denote the optimal value f* £ f(2*).

Remark 1. It can be proved that continuously differentiable strongly convex functions are gradient
dominated of order p = 2. In fact, gradient dominance is usually defined exclusively for order
p = 2, often referred to as the Polyak-Lojasiewicz (PL) inequality, which was introduced by [Polyak
(1963)) to relax the (strong) convexity assumption commonly used to show convergence of the GD
algorithm (7). The PL inequality can also be used to relax convexity assumptions of similar gradient
and proximal-gradient methods (Karimi et al., [2016} |Attouch & Boltel 2009). Furthermore, if f is
gradient dominated (of any order) w.r.t. *, then z* is an isolated stationary point of f.

Our adopted generalized notion of gradient dominance is strongly tied to the L.ojasiewicz gradient
inequality from real analytic geometry, established by F.ojasiewicz| (1963; 1965 independently
and simultaneously from [Polyak| (1963), and generalizing the PL inequality. More precisely, this
inequality is typically written as: for some C' > 0 and 6 € (3,1],

IVf(@)llz>C-|f(z)— f*]° (12)

holds for every € R"™ in a small enough open neighborhood of the stationary point x = z*. This
inequality is guaranteed for analytic functions t.ojasiewicz|(1965). More precisely, when z* is a local
minimizer of f, the aforementioned relationship is explicitly given by

Cz(p> Tk, =tz (13)
p—1

Therefore, analytic functions are always gradient dominated. However, while analytic functions are
always smooth, smoothness is not required to attain gradient dominance. Also recently it is shown
that in reinforcement learning, the value functions with softmax parameterization satisfies the above
condition (Mei et al.; 2020} [2021)), which further rationalizes our settings.

The following results in Romero & Benosman| (2020) summarized the finite-time convergence of
¢-RGF (equation [2)) and ¢-SGF (equation [3)) in continuous-time sense, which also motivates the main
topic in this paper.

Theorem 1 (Romero & Benosman|(2020)). Suppose that f : R™ — R is continuously differentiable
and p-gradient dominated of order p € (1, 00) near a strict local minimizer x* € R™. Let ¢ > 0 and
q € (p, 0] Then, any maximal solution x(-), in the sense of Filippov, to the ¢-RGF (2)) or ¢-SGF
will converge in finite time to x*, provided that ||z(0) — x*||2 > 0 is sufficiently small. More precisely,

tlir? x(t) = x*, where the convergence time t* < oo may depend on which flow is used, but in both
— *

cases is upper bounded by
1 1

o IViEI

t
S ct(- )

, (14)

p—1
5 1 _ _ . .

where xo = z(0), C = (%) "o, = ”171, and 0’ = qu. In particular, given any compact

and positively invariant subset S C D, both flows converge in finite time with the aforementioned

convergence time upper bound (which can be tightened by replacing D with S) for any x¢ € S.

Furthermore, if D = R", then we have global finite-time convergence, i.e. finite-time convergence to

any maximal solution (in the sense of Filippov) x(-) with arbitrary xo € R"™.

In essence, the analysis introduced in Romero & Benosman| (2020) consists of leveraging the gradient
dominance to show that the energy function £(t) = f(xz(t)) — f* satisfies the Lyapunov-like

differential inequality £ (t) = O(E(t)®) for some o < 1. The detailed proof is recalled in Appendix
for completeness.

"For more modern treatments in English, see f.ojasiewicz & Zurro|(1999)); Bolte et al.|(2007)
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3  MAIN RESULTS: CONVERGENCE ANALYSIS FOR EULER DISCRETIZATION

With the previous discussion on continuous-time gradient flow, now we turn to the algorithm perspec-
tive. We propose the following general framework based on forward Euler discretization of the flows
with finite-time convergence guarantee.

Tpy1 = x +0F (xr), n >0 (15)

where F' € {F,_rar, Fy—sar}. We will show later, in Theorem that the simple method leads, for
small enough 7 > 0, to solutions that are O(e)-close to the continuous-time flows. Also with a little
abuse of notations, we will still use RGF/SGF to call the discrete-time algorithms induced by their
corresponding continuous-time flows if the context is clear.

3.1 CLOSENESS OF THE DISCRETIZATION

We present here some convergence results of the proposed discretization. We first start with a
proximity analysis, which aims at showing the closeness between the solutions of the continuous
flows and the trajectories of their forward Euler discretization.

Theorem 2 (Closeness of Discretization). Suppose that f : R™ — R is continuously differentiable,
locally L ¢-Lipschitz, and p-gradient dominated of order p € (1, 00) in a compact neighborhood S
of a strict local minimizer x* € R™. Let ¢ > 0 and q € (p, o0]. Then, for a given initial condition
zo € S, any maximal solution z(t), x(0) = o, (in the sense of Filippov) to the ¢-RGF given by (2)
or the q-SGF flow (3)), there exists an arbitrarily small € > 0 such that the solution xy, of any of the
discrete algorithm , with sufficiently small ) > 0, are e-close to x(t), i.e., ||z — x(t)|]2 < € for
|t — kn| < €, and s.t. the following bound holds

| f@x) = F@)l2 < Lye+ [(f (o) = f@) "™ = (1 = a)nk] L S0, k< ke,
I f(zr) = f(a*)||2 < Lye, k> k*,

(16)

1
p—1 v
wherea =4 =21 ¢ =1 z—¢ (( = ) ’ WI)) " and b = Yl f@ )0

0 p—1 ¢(l—a)n

The analysis summarized in Theorem [2]is based on tools form hybrid control theory, and is detailed
in Appendix @ Theorem [2] shows that e-convergence of -y — x* can be achieved in a finite number

of steps upper bounded by k* = % This is a preliminary convergence result aiming
to show the existence of discrete solutions obtained via the proposed discretization algorithms, which
are e-close to the continuous solutions of the finite-time flows. We also underline here that after .
reaches an e-neighborhood of z*, then z 1 ~ x, Vk > k*, since z* is an equilibrium point of the

continuous flows, i.e., Af(z*) = 0, e.g. see Deﬁnitionin Appendix

3.2 CONVERGENCE RATES OF EULER DISCRETIZATION: GENERAL CASE

However, the bound (I6) does not allow us to have a constructive practical value of the stepsize
7, since the pair (e,7) are implicitly related, for ‘sufficiently small’ 7 (refer to the definition of
e-closeness and the proof of Theorem 2]in Appendix [D). To derive convergence rates of the proposed
discretization with practical stepsize 1, we need to introduce an extra assumption of L-Lipschitz
smooth, as presented below.

Assumption 2 (Lipschitz Smoothness of Order ¢g). We assume the function f is L-Lipschitz smooth
of order ¢ € (1,2], i.e., for any z,y € R™,
IV£(y) = VI@)ly < Llly =5 (17)

Remark 2. The smoothness assumption is a very common setting in optimization algorithm literature
(Nesterov} 2003} Beck, [2017). This assumption above is also called as (L, ¢)-Holder continuity

2Note that there might be several ways of approaching this proof. For instance, one could follow the general
results on stochastic approximation of set-valued dynamical systems, using the notion of perturbed solutions to
differential inclusions presented in|Benaim et al.[(2005)).
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(Devolder et al., 2014} Nesterov} 2015, it is easy to find that the condition will lead to the following
property:

) < F(@) + (Vf(a)y— ) + §||y—x||3, (18)

which is also called weak smoothness. When ¢ = 2, the function will be Lipschitz smooth, so the
above setting is a generalization of the common Lipschitz smoothness.

With these setting, now we will start our discussion from the general case, i.e., we have the access to
the true gradient V f (). The main result is presented in the following theorem, while we defer the
proof to Appendix [E] .

Theorem 3 (Convergence Rate of the general Case). Suppose that f : R™ — R is continuously dif-
ierentiable, w-gradient dominated of order q and L-Lipschitz smooth of order q following Assumption

and EI then running q-RGF ( equationand equation|l5) for K iterations with a stepsize n = LT3
satisfies that

K
flex) = £ < (1= 877) " (f(0) = ), 19)
and running q-SGF ( equationand equation|(15)) for K iterations with n = (nL) ™ satisfies that

1

s -1 (1= (18) ™) e - 7, 20)

where n is the dimension number and Kk = l% The corresponding iteration complexity are

@) (/w%l In %) and O((n% Ii) =T n %) respectively.

Remark 3. The above results show that with a constant stepsize, both the ¢g-RGF and ¢-SGF can
attain a linear convergence rate to reach the optimal point. Note that for the classical Lipschitz smooth

case (i.e. ¢ = 2), the RHS of the RGF result (equation will reduce to (1 — K*I)K(f(aco) — ).
which is the same as that in (Karimi et al.,|2016, Theorem 1); while for SGF (equation , it will be

(1- (nﬁ)_l)K(f(mo) — f*), which recovers the result in (Beznosikov et al., 2020, Theorem 13
So we can conclude that our results extend the classical results in Lipschitz smoothness case.

3.3 CONVERGENCE RATES OF EULER DISCRETIZATION: STOCHASTIC CASE

Attaining the full gradient may be expensive in practical applications due to the large data size,
while stochastic optimization algorithms are more applicable in such cases (Robbins & Monro} 1951
Bottou et al.,[2018). So now we turn to discuss the complexity results when we have only the access
to the unbiased estimator of the gradient. To formalize the discussion, we impose the following
assumption on the gradient estimator, which is very common in stochastic optimization literature
(Ghadimi & Lan| 2013} Bottou et al., 2018)). .

Assumption 3 (Unbiased Gradient Estimator). For any given z € R", we assume to have only the
access of the unbiased gradient estimator, denoted as g(x; &) where ¢ is a random variable, while we

assume that it satisfies that E¢[g(x;&)] = V f(x), E¢l|g(x;€) — Vf(x)Hg <o

Stochastic ¢-RGF  We present the convergence result of stochastic g-RGF in the following theorem,

and defer the proof to Appendix El For convenience, we denote 1) = q—ﬁl € 2, +0).

Theorem 4 (Convergence Rate of the Stochastic RGF). With the setting in Theorem |3} if we fur-
ther assume for each x € R™, we only have access to the unbiased estimator of the gradient in
Assumption [3| then if we replace the gradient in q-RGF (equation [2)) by its unbiased estimator

g(z) = b(lx) Zs’(:l) g(x; &) with batch size b(x) € NT. Then for -RGF (equationand equation
2
2\ 7
with g(z), if we set n = (L) = b(z) = (W) , then we have
K
2 1 €
_ < R ok -

*Note that £ ||V f(z)||7 ' sign(V f()) is an Z-approximate compressor of gradient V f () (Karimireddy
et al.}2019), so we can apply (Beznosikov et al.,|2020, Theorem 13) to recover the result.
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Stochastic g-SGF The analysis of the Euler discretization of ¢g-SGF in the stochastic case is a bit
more complicated. Indeed, note that previously our discussion are based on /5-norm. Here, however,
following the argument in Balles et al.| (2020), we change the gradient dominance and Lipschitz
smoothness assumption to hold in £,,-norm (and its dual norm ¢7).

Assumption 4 (Gradient Dominance and Lipschitz Smoothness under (¢1, £, )-norms). We assume
the function f is p-gradient dominated of order g and L-Lipschitz smooth of order ¢ under /,-norm
(and its dual norm ¢7), i.e., for any x,y € R"

%IIW@)H;% >umi(f(z) — 1), IVF@) - V@), <Ly -5 @2

Similarly the new smoothness condition above implies that f(y) < f(x) + (Vf(x),y — ) +
%Hy —z||?, (Vz,y € R™). And for the gradient estimator, we need the following assumption.

Assumption 5 (SPB Unbiased Gradient Estimator (Safaryan & Richtarik, 2021)). For any given
x € R", we assume to have only the access of the unbiased gradient estimator under #;-norm, i.e.,
Eelg(z; €)] = Vf(x), Eellg(x; &) — Vf(:r)Hf < 02; and for its mini-batch version g(x) with batch
size b(x), we further assume that it satisfies success probability bounds (SPB) property, i.e., for each
component of g(x) and V f(z) (denoted as g;(x) and V, f(z)), we have Ip* € (%, 1] such that

P(sign (V, f(x)) = sign (g:(z))) > p* > %, Vie{l,2,---,n}. (23)

Remark 4. Note that similar assumptions under ¢,-norm (and its dual norm ¢;) are widely adapted
in the literature of sign-based algorithms, e.g., Karimi et al.| (2016); |[Bernstein et al.| (2018azb)); Balles
et al.[(2020). Here the extra SPB assumption, proposed in |Safaryan & Richtarik (2021), is very
important in the convergence analysis of stochastic sign-based algorithms. An intuitive understanding
to justify SPB is that, with a large batch size, the output estimator g(z) will be very similar to V f (z),
so the corresponding probability above should be higher. For more details on the rationality of the
assumption, we refer the reader to[Safaryan & Richtarik (2021)) for further discussions.

With the above preparation, we summarize the result of stochastic SGF in the following theorem,
while deferring the proof to Appendix

Theorem 5 (Convergence Rate of the Stochastic SGF). Suppose the function f satisfies the setting

in Assumptiond| above, then for q-SGF (equation [3| and equation[I5) with an unbiased gradient

estimator g(x) of batch size b(x) € N, if we assume the gradient estimator g(x) satisfies Assumption
2

N A\ .
and setn = (é;ii) T and b(xy) = (2“;6(1) (2p* —1)"*0?, it satisfies that

1\ K €
Elf(ax) = £1< (1= 2" =0V (x2°7) 77 ) (flao) = )+ 5. 24

Remark 5. The results in Theorem [ and Theorem 3] shows that both stochastic RGF and SGF will
drive the function value to linearly converge to the O(¢)-neighborhood of the optimal value. As a
comparison on stochastic RGF, |Lei et al.| (2019) studied the convergence guarantee of stochastic
gradient descent (SGD), which can be viewed as stochastic 2-RGF, under a similar setting. Also
for stochastic SGF, we notice that recently |Li et al.| (2021)) provided a similar convergence result of
stochastic SGF in the classical setting (i.e., ¢ = 2), their result also requires an lower bound on the
probability of estimation correctness, which corresponds to the SPB assumption above. Our result
can be viewed as an extension of their work.

4 NUMERICAL EXPERIMENTS

In this section, we will use several experiments to verify the effectiveness of our proposed algorithms,
more details will be presented in Appendix [H]

4.1 NUMERICAL EXPERIMENTS ON ACADEMIC EXAMPLES

Let us show first on a simple numerical example that the acceleration in convergence, proven
in continuous time for certain range of the hyperparmeters, can translate to some convergence
acceleration in discrete time.
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Example 1 Consider the following function: f : R — Rand f(z) £ 7|x|*, which can be shown to

be (¢ — 1)~ !-gradient dominated of order ¢, and 2-Lipschitz smooth of order ¢ when 1 < ¢ < 2 (Lei
& Ying, |2020; Romero & Benosman, |[2020). Here we set ¢ = 1.95 for the objective function. The
test results of the proposed RGF and SGF algorithms compared with other algorithms is presented
in Figure[T|below. The figure shows both sensitivities to stepsizes and performances of algorithms,
measured by the optimality gap f(x) — f* where f* is the optimal value which is 0. We can find
that g-RGF and ¢-SGF, comparing to the classical one (2-RGF) and an over-large one (10-RGF), can
accommodate larger stepsize and attain better performances with the best-tuned stepsizeﬂ Also we
further plot the theoretical bounds provided in Theorem 3] (in red), we can find that the proposed
algorithms attain linear convergence patterns and their optimal stepsize choice is close to those in
Theorem 3] so the experiment results matches the theory well in the example.

RGF, Performance vs. Stepsizes, g=1.95 RGF, Performance of Each Algorithm, g=1.95
10-15 —ﬁ\‘ — — 10712 ‘\7\: E——— — —
10-53 - 10-50 N S
~ |
§ 107 § 10788 ~
5107129 510712 -
Z10m E10- -
810205 g10-202 ~C
107243 10-240] — 2-RGF AN
—— 2-RGF q-RGF ~
10-281 q-RGF 10-278] — 10-RGF
—— 10-RGF —— Theorem 3
10* 1073 1072 1071 10° 101 0 200 400 600 800 1000
Stepsize Iteration
SGF, Performance vs. Stepsizes, g=1.95 SGF, Performance of Each Algorithm, g=1.95
10712 N 8= E— 107124 —
104 N\ 1050 S A
L NN -
§ 10-83 § 10-%8 \\\
>10-18 5107126 \\\
Elo—ln 210-154 \\\
8107188 B0 o
10-223 10-240 2-SGF \\\\
2:5GF -SGF ~
10-258 Q-SGF 10-278 10-SGF
10-SGF Theorem 3

107¢ 1073 1072 1077 10° 10" 0 200 400 600 800 1000
Stepsize Iteration

Figure 1: Results of discretization of RGF and SGF with different ¢ on Example 1

Example 2 We consider the Rosenbrock functionf : R? — R, given by f(x1,22) = (a — 21)% +
b(zy — x2)2, with parameters a,b € R, which is locally Lipschitz smooth. This function admits
exactly one stationary point (2%, z%) = (a, a?) for b > 0, and is locally strongly convex, hence locally
satisfies gradient dominance of order p = 2, which allows us to select ¢ > 2 in ¢-RGF and ¢-SGF to
achieve finite-time convergence in conitnuous-time. We report in Figure |2|the mean performance
of forward-Euler discretization for g-RGF and ¢-SGF, with fixed step si% for several values of
g, for 10 random initial conditions in [0, 2]. We observe that, as expected from the continuous flow
analysis, for g close to 2, g-RGF behaves similar to GD in terms of convergence rate, whereas for
q > 2 the finite-time convergence in continuous time translates to some acceleration in the associated
discretization algorithm as well. Similarly for g-SGF, ¢ closer to 2 translates to less accelerated
algorithms, with a behavior similar to GD, whereas larger ¢ values lead to accelerated convergence.

4.2 NUMERICAL EXPERIMENTS ON REAL-WORLD DATA

We report here the results of our experiments using deep neural network (DNN) training on the SVHN
dataset. Note that, we use PyTorch platform to conduct all the tests reported in this paper. Both CPU
and GPU tests have been performed. The results reported in this section are CPU tests, whereas
GPU tests are reported in Appendix |[Hl We underline here that the DNNs are non-convex globally,
however, one could assume at least local convexity, hence local gradient dominance of order p = 2,
thus, we will select ¢ > 2 in our experiments (see (Remark[7} Appendix [H) for more explanations on
the choice of ¢).

“The experiment results show that ¢-RGF and ¢-SGF will drive the function value to exactly 0 with certain
stepsizes, which generates plots that may exceed the lower limit in figures.

SWe did multiple iterations to find the best step size for each algorithm (best values where between 10~* and
10~2 depending on the algorithm). Details of the step size for each test are given in Appendix
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Figure 2: Results of Discretization of RGF and SGF with Different ¢ on Example 2

4.2.1 EXPERIMENTS ON SVHN DATASET

We test the proposed algorithms to train the same VGG16 CNN model with cross entropy loss
on the SVHN dataset. We divided the dataset into a training set of 74 batches with 1000 images
each, and a test set of 27 batches of 1000 images each, and ran 20 epochs of training over all the
training batches. We tested the discretization of g-RGF (¢ = 1, ¢ = 2.1, n = 0.04), and of ¢-SGF
(c = 1073, ¢ = 2.1, n = 0.04) against classical gradient descent (GD), and Adanﬁ Note from
Figures [3] ] it is clear that ¢-RGF and ¢-SGF give a good performance in terms of convergence
speed, and final test performance 93%. We can also observe in Figure E| that ¢-SGF, and ¢-RGF
converge faster (40 min lead in average) than SGD and Adam for these tests, and reach an overall
similar performance on the test-set. Additional numerical results, including GPU runs, can be found

in Appendix
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Figure 3: Losses for several optimization algorithms- SVHN:

Train loss (left), test loss (right) Figure 4: Training loss vs. com-
putation time for several opti-
mization algorithms- VGG-16-
SVHN

5 CONCLUSION

We presetned some connections between optimization algorithms and continuous-time representa-
tions (dynamical systems) via discretization. We then reviewed two families of non-Lipschitz or
discontinuous first-order optimization flows for continuous-time optimization, namely the g-RGF
and ¢g-SGF, whose distinguishing characteristic is their finite-time convergence. We then proposed a
forward Euler discretization of these flows. Based on tools from hybrid systems control theory, we
proved a closeness convergence bound for these algorithms, and then proposed several convergence
rates in the deterministic and the stochastic setting. Finally, we conducted numerical experiments on
a known deep neural network benchmark, which showed that the proposed discrete algorithms can
outperform some state of the art algorithms, when tested on large DNN models.

SWe also tested Adaptive gradient (AdaGrad), per-dimension learning rate method for gradient descent
(AdaDelta), and Root Mean Square Propagation (RMSprop). However, since their performance was not
competitive we decided not to report the plots to avoid overloading the figures.
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A DISCONTINUOUS SYSTEMS AND DIFFERENTIAL INCLUSIONS

Recall that for an initial value problem (IVP)
i(t) = F(a(1)) (250)
z(0) = g (25b)
with F': R” — R"™, the typical way to check for existence of solutions is by establishing continuity

of F. Likewise, to establish uniqueness of the solution, we typically seek Lipschitz continuity. When
F is discontinuous, we may understand as the Filippov differential inclusion

(t) € KIF](z(t)), (26)
where IC[F] : R® = R" denotes the Filippov set-valued map given by
K[Fl(z)2 () () ©@F(Bs(z)\S9), 27)
6>0 pu(5)=0

where 1 denotes the usual Lebesgue measure and co the convex closure, i.e. closure of the convex
hull ¢o. For more details, see [Paden & Sastry| (1987). We can generalize to the differential
inclusion |[Bacciotti & Ceragioli|(1999)

o(t) € F(x(t)), (28)
where F : R™ =% R" is some set-valued map.
Definition 1 (Carathéodory/Filippov solutions). We say that z : [0,7) — R™ with0 < 7 < oo is
a Carathéodory solution to (28)) if z(-) is absolutely continuous and (28)) is satisfied a.e. in every
compact subset of [0, 7). Furthermore, we say that x(-) is a maximal Carathéodory solution if no

other Carathéodory solution 2'(-) exists with 2 = 2'[(p ). If ' = K[F7, then Carathéodory solutions
are referred to as Filippov solutions.

For a comprehensive overview of discontinuous systems, including sufficient conditions for existence
(Proposition 3) and uniqueness (Propositions 4 and 5) of Filippov solutions, see the work of |Cortés
(2008). In particular, it can be established that Filippov solutions to (25) exist, provided that the
following assumption (Assumption[6) holds.

Assumption 6 (Existence of Filippov solutions). F': R™ — R" is defined almost everywhere (a.e.)
and is Lebesgue-measurable in a non-empty open neighborhood U C R” of xy € R". Further, F'is
locally essentially bounded in U, i.e., for every point x € U, F' is bounded a.e. in some bounded
neighborhood of z.

More generally, Carathéodory solutions to (28) exist (now with arbitrary zy € R"™), provided that the
following assumption (Assumption[7) holds.

Assumption 7 (Existence of Carathéodory solutions). F : R” = R™ has nonempty, compact, and
convex values, and is upper semi-continuous.

Filippov & Arscott| (1988) proved that, for the Filippov set-valued map F = K[F], Assumptions E]
and[7]are equivalent (with arbitrary z, € R™ in Assumption 6).

Uniqueness of the solution requires further assumptions. Nevertheless, we can characterize the
Filippov set-valued map in a similar manner to Clarke’s generalized gradient, as seen in the following
proposition.
Proposition 1 (Theorem 1 of [Paden & Sastry| (1987)). Under Assumption[] we have

K[F)(z) = { lim F(xy):x, € R"\ (NpUS) stz — x} (29)

k—o0

for some (Lebesgue) zero-measure set N C R™ and any other zero-measure set S C R". In
particular, if F is continuous at a fixed x, then K[F](x) = {F(z)}.

For instance, for the GF (1), we have K[V f](z) = {—V f(x)} for every z € R", provided that f

is continuously differentiable. Furthermore, if f is only locally Lipschitz continuous and regular (see
Definition [3|of Appendix B}, then K[V f](x) = —9f(z), where

6f(3;‘) £ {kh—go Vf(.%'k> cxp € R? \Nf s.t. xp — l‘} 30)

14
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denotes Clarke’s generalized gradient|/Clarke] (1981) of f, with A/ + denoting the zero-measure set
over which f is not differentiable (Rademacher’s theorem). It can be established that J f coincides
with the subgradient of f, provided that f is convex. Therefore, the GF () interpreted as Filippov
differential inclusion may also be seen as a continuous-time variant of subgradient descent methods.

B FINITE-TIME STABILITY OF DIFFERENTIAL INCLUSIONS

We are now ready to focus on extending some notions from traditional Lipschitz continuous systems
to differential inclusions.

Definition 2. We say that z* € R" is an equilibrium of if 2(t) = «* on some small enough non-
degenerate interval is a Carathéodory solution to . In other words, if and only if 0 € F(z*). We
say that is (Lyapunov) stable at x* € R™ if, for every € > 0, there exists some § > 0 such that, for
every maximal Carathéodory solution z(-) of (28), we have ||zg — 2*||s < § = |Jz(t) —a*[2 <¢
for every ¢ > 0 in the interval where x(-) is defined. Note that, under Assumption 7] if is stable
at z*, then z* is an equilibrium of (28) Bacciotti & Ceragioli| (1999). Furthermore, we say that (28) is
(locally and strongly) asymptotically stable at x* € R™ if is stable at * and there exists some § > 0
such that, for every maximal Carathéodory solution z : [0,7) — R™ of (28), if [|zg — 2*|2 < §
then z(t) — z* as t — 7. Finally, is (locally and strongly) finite-time stable at x* if it is
asymptotically stable and there exists some § > 0 and T : Bs(z*) — [0, 00) such that, for every
maximal Carathéodory solution z(-) of (28) with 29 € Bs(x*), we have lim;_,p(5,) 2(t) = z*.

We will now construct a Lyapunov-based criterion adapted from the literature of finite-time stability
of Lipschitz continuous systems.

Lemma 1. Let £(-) be an absolutely continuous function satisfying the differential inequality
E(t) < —cE&(t) @31

a.e. int > 0, with ¢,£(0) > 0 and o < 1. Then, there exists some t* > 0 such that £(t) > 0 for
t € 10,t*) and E(t*) = 0. Furthermore, t* > 0 can be bounded by

11—«
oSO
“c(l1-a)
with this bound tight whenever @) holds with equality. In that case, but now with o > 1, then
E(t) > 0 for every t > 0, with lim;_, o E(t) = 0. This will be represented by t* = oo, with
E(00) £ limy_, 00 E(1).

(32)

Proof. Suppose that £(t) > 0 for every ¢ € [0, 7] with T > 0. Let ¢* be the supremum of all such
Ts, thus satisfying £(¢) > 0 for every ¢ € [0,¢*). We will now investigate £(t*). First, by continuity
of £, it follows that £(t*) > 0. Now, by rewriting

5 « d g(t)lia
Et) < —cE(t) = T { 1o } < —e, (33)

a.e. int € [0,t*), we can thus integrate to obtain

W' )
11—« 11—«

< —ct, (34)

everywhere in ¢ € [0, t*), which in turn turn leads to
E() < [E(0)™ = c(1 — a)t]/ (07 (35)

and

11—« -« -«
O @) _ E)

- (1 —a) ~ ol —a)’
where the last inequality follows from £(t) > 0 for every ¢ € [0, ¢*). Taking the supremum in
then leads to the upper bound (32). Finally, we conclude that £(t*) = 0, since £(t*) > 0 is impossible
given that it would mean, due to continuity of &, that there exists some 7" > ¢* such that £(¢) > 0 for
every ¢ € [0, TY, thus contradicting the construction of *.

(36)
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Finally, notice that if £ is such that (31)) holds with equality, then (35) and the first inequality
in hold with equality as well. The tightness of the bound thus follows immediately.
Furthermore, notice that if & > 1, and £ is a tight solution to the differential inequality @, ie.
E(t) = [E(0)' =2 — ¢(1 — a)t]/(*=), then clearly £(t) > 0 for every t > 0 and £(t) — 0 as
t — oo. ]

Cortés & Bullo| (2005)) proposed (Proposition 2.8) a Lyapunov-based criterion to establish finite-
time stability of discontinuous systems, which fundamentally coincides with our LemmaI| for the
particular choice of exponent oo = 0. Their proposition was, however, directly based on Theorem 2
of Paden & Sastry| (1987). Later, Cortés| (2006) proposed a second-order Lyapunov criterion, which,
on the other hand, fundamentally translates to £(t) = V (x(t)) being strongly convex. Finally, Hui
et al.| (2009) generalized Proposition 2.8 of (Cortés & Bullo|(2005) in their Corollary 3.1, to establish
semistability. Indeed, these two results coincide for isolated equilibria.

We now present a novel result that generalizes the aforementioned first-order Lyapunov-based results,
by exploiting our Lemma More precisely, given a Laypunov candidate function V' (), the objective
is to set £(t) = V(x(t)), and we aim to check that the conditions of Lemmahold. To do this, and
assuming V' to be locally Lipschitz continuous, we first borrow and adapt from Bacciotti & Ceragioli
(1999) the definition of set-valued time derivative of V : D — R w.r.t. the differential inclusion (28)),
given by

Viz)2{aeR:Fvec F(z)st.a=p-v, Yp e dV(z)}, 37
for each « € D. Notice that, under Assumption [7|for Filippov differential inclusions F = C[F],
the set-valued time derivative of V' thus coincides with with the set-valued Lie derivative LrV (-).
Indeed, more generally V' could be seen as a set-valued Lie derivative £V w.r.t. the set-valued map
F.

Definition 3. V(+) is said to be regular if every directional derivative, given by
V(z+hv)—V(z)

(e L1
Vi(z;v) = ilzli% o , (38)
exists and is equal to
V' +hov) =V (2
VO(z;v) £ limsup (2’ + hv) (=) 39)

)
' —x h—0t h

known as Clarke’s upper generalized derivative |Clarke| (1981).

In practice, regularity is a fairly mild and easy to guarantee condition. For instance, it would suffice
that V' is convex or continuously differentiable to ensure that it is Lipschitz and regular.
Assumption 8. V' : D — R is locally Lipscthiz continuous and regular, with D C R™ open.

Under Assumption [8] Clarke’s generalized gradient
V(x) 2 {peR": V°(z;v) >p-v,Vv € R"} (40)
is non-empty for every x € D, and is also given by

oV (z) = { lim VV(zg) :xp € R" \ Ny s.t. zp — x} ) 41)

k—o0

where Ny denotes the set of points in D C R™ where V is not differentiable (Rademacher’s
theorem) (Clarke| (1981)).

Through the following lemma (Lemma [2), we can formally establish the correspondence between the

set-valued time-derivative of V' and the derivative of the energy function £(¢) £ V (z(t)) associated
with an arbitrary Carathéodory solution x(-) to the differential inclusion (28).

Lemma 2 (Lemma 1 of Bacciotti & Ceragioli| (1999)). Under Assumption[8| given any Carathéodory
solution x : [0,7) — R" to @) then E(t) = V(x(t)) is absolutely continuous and E(t) =
AV (x(t) € V(z(t) ae int € [0,7).

We are now ready to state and prove our Lyapunov-based sufficient condition for finite-time stability
of differential inclusions.
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Theorem 6. Suppose that Assumptions[7]and[8| hold for some set-valued map F : R™ = R™ and
some function V : D — R, where D C R" is an open and positively invariant neighborhood of a
point x* € R™. Suppose that V' is positive definite w.r.t. x* and that there exist constants ¢ > 0 and
a < 1 such that

sup V(z) < —cV(x)® (42)
a.e. in v € D. Then, (28)) is finite-time stable at x*, with settling time upper bounded by
V(xo)l_"‘
< =L 43
S A (43)

where x(0) = xo. In particular, any Carathéodory solution x(-) with x(0) = x¢ € D will converge
in finite time to x* under the upper bound [{3)). Furthermore, if D = R", then is globally
finite-time stable. Finally, if V(x) is a singleton a.e. in x € D and holds with equality, then the
bound is tight.

Proof. Note that, by Proposition 1 of [Bacciotti & Ceragioli| (1999), we know that is Lyapunov
stable at z*. All that remains to be shown is local convergence towards x* (which must be an
equilibrium) in finite time. Indeed, given any maximal solution x : [0,t*) — R”™ to (28) with
z(0) = xo # x*, we know by Lemma |2} that £(t) = V(z(t)) is absolutely continuous with
E(t) € V(x(t)) ae. int € [0,t*]. Therefore, we have

E(t) <supV(a(t) < —cV(x(t)* = —c&(t)* (44)

a.e. int € [0,¢*]. Since £(0) = V(xg) > 0, given that ¢ # z*, the result then follows by invoking
Lemmal(l]and noting that £(t*) = 0 <= V(t*,z(t*)) =0 < z(t*) = z*. [ ]

Finite-time stability still follows without Assumption[7] provided that z* is an equilibrium of (28). In
practical terms, this means that trajectories starting arbitrarily close to * may not actually exist, but
nevertheless there exists a neighborhood D of z* over which, any trajectory z(-) that indeed exists
and starts at £(0) = 2o € D must converge in finite time to 2*, with settling time upper bounded by
T'(z0) (the bound still tight in the case that (42) holds with equality).

C PROOF OF THEOREMII

Let us focus on the ¢-RGF (the case of ¢-SGF follows exactly the same steps) with the
candidate Lyapunov function V £ f — f(x*). Clearly, V is Lipschitz continuous and regular (given
that it is continuously differentiable). Furthermore, V' is positive definite w.r.t. z*.

Notice that, due to the dominated gradient assumption, =* must be an isolated stationary point of
f. To see this, notice that, if x* were not an isolated stationary point, then there would have to exist
some Z* sufficiently near x* such that Z* is both a stationary point of f, and satisfies f(z*) > f(z*),
since x* is a strict local minimizer of f. But then, we would have

1

0= PR IVAGIET 2 0T (1) - Fla) >0, (45)

and subsequently 0 > 0, which is absurd.

q—2
Therefore, F'(x) £ —cV f(2)/||Vf(z)||s~" is continuous for every = € D \ {0}, for some small
enough open neighborhood D of x*. Let us assume that D is positively invariant w.r.t. (2), which can

be achieved, for instance, by replacing D with its intersection with some small enough strict sublevel
1

set of f. Notice that || F'(x)]|l2 = ¢|Vf(x)[|3~" with ¢ € (p,00] C (1,00, i.e., ;L5 € [0,00). If
q = 00, which results in the normalized gradient flow = = —% proposed by [Cortés| (2006),
then ||F(x)|l2 = ¢ > 0. We can thus show that F'(x) is discontinuous at x = 0 for ¢ = co. On
the other hand, if ¢ € (p,00) C (1, 00), then we have ||F(x)|2 — 0 as * — «*, and thus F'(x) is
continuous (but not Lipschitz) at x = x*. Regardless, we may freely focus exclusively on D \ {z*}

since {x*} is obviously a zero-measure set.
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Let F £ K[F]. We thus have, for each x € D\ {z*},

sup V(m) =sup{a €eR:Fv e F(z)st.a=p-v,Vp €V (zx)} (46a)
=sup{VV(x) -v:ve F(x)} (46b)
=VV(z)- (I) (46c)
— —c|Vf(@)l5 (46d)
- —cIIVf(:r)IISL’ (46¢)
< —cC(f() - f@*)]7 (460)
= —cCTV (;C)% (46¢)

Since 2 7 <1, giventhats > 1 — = L is strictly i 1ncreas1ng, then the conditions of Theorem 6] are
satisfied. In particular, we have finite-time stability at * with a settling time ¢* upper bounded by

< o) = Fe ) (S ol/OF ) sl T
cCo (1*%) cC? (177) O (1_%)

for each xy € D, which completes the proof.

D PROOF OF THEOREM

To prove Theorem 2] we borrow some tools and results from hybrid control systems theory. Hybrid
control systems are characterized by continuous flows with discrete jumps between the continuous
flows. They are often modeled by differential inclusions added to discrete mappings to model the
jumps between the differential inclusions. We see the case of the optimization flows proposed
here as a simple case of a hybrid systems with one differential inclusion, with a possible jump or
discontinuity at the optimum. Based on this, we will use the tools and results of |[Sanfelice & Teel
(2010), which study how a certain class of hybrid systems behave after discretization with a certain
class of discretization algorithms. In other words, Sanfelice & Teel (2010) quantifies, under some
conditions, how close are the solutions of the discretized hybrid dynamical system to the solutions of
the original hybrid system.

In this section we will denote the differential inclusion of the continuous optimization flow by
F : R™ = R", and its discretization in time by Fy : R™ =% R". We first recall a definition, which
we will adapt from the general case of jumps between multiple differential inclusions (Definition 3.2,
Sanfelice & Teel (2010)) to our case of one differential inclusion or flow.

Definition 4. ((T', €)-closeness). Given T' > 0, € > 0, 1 > 0, two solutions z; : [0, T] — R"™, and
ke {0,1,2,...} = R™are (T, ¢)-close if:

(a) for all ¢ < T there exists k € {1,2, ...} such that [t — kn| < ¢, and ||z:(t) — 2 (k)2 < €,

(b) forall k € {1,2, ...} there exists ¢t < T such that |t — kn| < ¢, and ||z:(t) — zx (k)2 < e

Next, we will recall Theorem 5.2 in|Sanfelice & Teel|(2010), while adapting it to our special case of
a hybrid system with one differential inclusiorﬂ

Theorem 7. (Closeness of continuous and discrete solutions on compact domains) Consider the
differential inclusion

X(t) € F(X(1)), (48)
for a given set-valued mapping F : R"™ =% R™ assumed to be outer semicontinuous, locally bounded,
nonempty, and with convex values for every x € C, for some closed set C C R™. Consider the
discrete-time system represented by the flow Fq : R™ = R"™, such that, for each compact set K C R",
there exists p € Koo, and n* > 0 such that for each x € K and eachn € (0, n*],

Fa(x) Cx+mnconF(x+ p(n)B) +np(n)B. (49)

A set-valued mapping F : R™ = R™ is outer semicontinuous if for each sequence {x;}52, converging
to a point z € R™ and each sequence y; € JF(x;) converging to a point y, it holds that y € F(x). It
is locally bounded if, for each z € R", there exists compact sets K, K’ C R" such that z € K and
F(K) £ Ugzex F(z) C K . In what follows, we use the following notations: Given a set A, conA denotes the
convex hull, and B denotes the closed unit ball in a Euclidean space.
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Then, for every compact set K C R", every ¢ > 0, and every time horizon T' € R there exists
n* > 0 such that: for any n € (0, n*] and any discrete solution xj, with x,(0) € K + 6B, § > 0,
there exists a continuous solution xy with x(0) € K such that x), and x are (T, €)-close.

To prove Theorem [2] we will use the results of Theorem[7} where we will have to check that condition
(@9) is satisfied for forward Euler discretization.

We are now ready to prove Theorem 2] First, note that outer semicontinuity follows from the upper
semicontinuity and the closedness of the Filippov differential inclusion map. Furthermore, local
boundedness follows from continuity everywhere outside stationary points, which are isolated.

Now, let us examine their discretization by forward-Euler.
The mapping F4 in this case is a singleton, given by

Falz) &z +nF(z), (50)
where 1 > 0, which clearly satisfies condition @[)

Then, using Theoremwe conclude about the (7', €)-closeness between the continuous-time solutions
of the flows F : ¢-RGF (2)), ¢-SGF (3), and the discrete-time solutions.

Finally, using the Lyapunov function V' = f — f(*) as defined in the proof of Theorem|[I} together
with inequalities , (3), and a local Lipschitz bound on f, one can derive the weak convergence
bound given by , as follows:

[F(r) = £(2*) = (fxe) = f@*)lla = [ f(zx) = f(2i)lla < €= Lye, Ly >0, €>0,
1/ (ex) = f()|2 = [[(f () = F@)]2 <[ f(zx) = fl2o)ll2 <& 1)
1f(2r) = f(@)l2 <+ [ f(20) = f(29)]2,
1 (@) = fl@)ll2 < €+ [(f(zo) = F(2*) 7% = &(1 — a)nk] /=) for k <k,
where o = (;i/, 0= pw;l, 0 = %1, c=c ((qul)pdl /Nl”)e/, k* = —(f(“)aff_(f;)),,)(l_a).

Next, the case for & > k* is rather straightforward: Indeed, for ¢ > t* by finite-time convergence
result, we have x; = 2*, which directly leads to the bound || f(zx) — f(x*)|l2 < Lye, k > k*, since
the term || (f(x¢) — f(z*))||2 in (51 vanishes.

E PROOF OF THEOREM 3]
Proof. We divide the discussion by different ﬂowﬂ
Proof of ¢-RGF: Following the definitions of smoothness, we have
f(err1) < flaw) +(Vf(2r), Ther — ox) + §||xk+1 — x5

B /ST /T

= f(xk) 2 q a(a—2)
IV Fali IV Falls
L q _q
— fon) - (v - q”) IV )3T )

< flaw) - %qunwmwﬁ

< o) = 2 () — )
= f(aw) — k77 (f(zx) — f7)

8Note that here for convenience, we fix the order in gradient dominance as ¢, while previous discussion
assumes that ¢ > p.
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so subtract both sides by f*, we have

Flanin) = £ < (1= w77 (Few) - 1), (53)

which verifies the conclusion by recursion.
Proof of ¢-SGF: Similarly, for the ¢-SGF case, we have

F@nn) < Flon) + (VF @), zign — o) + §||xk+1 I8

Lyn?

IV f (@) 7T

— fe) - (7 - ”j”) IV fn) 7 (54)

= Fon) — VIV F @) T (7 (), sign (T (1)) +

-1 q 1 -
< flox) — (n2 L) ™=a ||V f(ax)ll{™
q— 1, 1 q 1 *
< Jla) = =D)L () ~ ),
so we have
q 1 *
fr) = 1 < (1= 030 ™) (flaw) - 1), (55)
By the inequality e=* > 1 — x, we can get that the complexity of the above algorithm with ¢g-RGF
and ¢-SGF are
LA =, A
(’)<nql In ) and O<(ngn> “n >, (56)
€ €
which verifies the conclusion. u

F PROOF OF STOCHASTIC ¢-RGF (THEOREM [4)

Proof. Following the definitions of smoothness, we have

Flanen) < Flon) + (VF@e), znpn — i) + §||$k+1 —

— few) - w<w<xk) ~ o) + 9lan), 9’(“"’“)> 1 Loi _llgallz

lg(ai)lls™ T gz )47
= 1w~ (- L) o)l — w<Vf<mk> ~ glar), 9(’“)>
1 lg(ze)ll3™

q
q

< flow) - (% - ka.)”gw;p T 1 I [COR 197w~ gl
1 g3~ ||,
q
— faw) (L - L;’f) o)l + 2 1970) ~ o)1,
(57)

where the second inequality comes from the Young’s inequality. Then note that by Jensen’s inequality,

P

197Gl =2 |90 = ) + )| <27 (ot + 19500 - st

= —g@)lly < -2V + IV (er) — gy
(58)
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note that the setting of 7, will ensure the coefficient of ||g(z) ||12z’ to be negative, so we have

(4

q
= fox) = 2" (Z; -2k

Flonen) < o) — (2 = E8) (2019 )12 — 1950) - oan) ) + 1970 - st

. L~
NITslE + (22 = 225 )19 n) - atonl
(59

then take expectation on both sides, by the bounded variance and gradient dominance, we have

Ef(wis1) < Elf(xk) —2'¥ (W - L%‘i) 177 )ls + (2% } MZ> < : >¢1

v q vooa J\b(ay)
- Vi L,Yq E N 2k L,.Yq o2 %
< Elf(xk) —2! 1p<w - qk>P/“ (f(xr) = /) + (1/, B qk) <b(xk)> 1
(60)

so subtract both sides by f*, we have

(o2 (= 5 et = (5 - 50) (i)

NI

Elf(zr1) — [ <E

|

(61)
oo | @) log <m>
2K Td € ’
we have
Bf (k) 1] SE| (1= oo™ ) () - ) + oL
i (2¢)¥ DPbe
[ 2 1 K 20-7/1 K-1 ) . [
<E (1— nw) A+ e (1—/@1)]
2 1 K 20—@0 1 1
<E 1-— T—¢q A + L
( @)?" ) YUY 1 (1 - (2;))'«&/‘611‘1)]
- 2 o\ L 20% )Y (62)
- (1 - (Qw)wﬁlq> A+ W)blew T ’“1]
' 2 o \" . (@o)rur
- (1 - (2¢)w’il_q> A+ ]
[ 2k T=a 25V 17
<E|exp ( (;¢)¢ K)A I ( U)bw/i ]
cEf L
=5 + 5 = €,

while the total sample complexity is (note that i + % =1, ¢ € (1, 2], which implies 1) € [2, +00))

¥ (90) i\ ¢ .,
ks 200 <2A) _ (2 (20)" 1 ) :O(O_QH“MQ¢¢6¢IOgA>7 (63)
€

2Kk T—a € €

which verifies the conclusion. |

21



Under review as a conference paper at ICLR 2022

G PROOF OF STOCHASTIC ¢-SGF (THEOREM [3))

Proof. Note that, as mentioned in Assumption ff]and[5] here the gradient dominance and Lipschitz
smoothness is defined under (¢, ¢ )-norms. Following the definitions of smoothness, we have (note

that ¢ = q_%)

Fansn) < Flon) + (VF(@e) znpn — o) + §\|$k+1 —all%,

= Jen) —ellg(an) |7 (VF () sign (g(an)) + %Hg(wk)llf_l - [Isign (g(z))1%

—f(fl?k-)Wcllg(fﬁk)lf11<Vf($k),Sign(9(wk))>+L;Zg(l’k)llfqlv

(64)
conditioning on x, we have
Elf(zrs1) | 21]
o ) L~ - (65)
< 7o) = Bl I (9 on)sin (o) [ | + B[ 2L o) 7
note that for each component of g(zy), we have
B ool sign ((21)) |
=E|llg(ze) |l P(sign (Vi f (zx)) = sign (gi(zx))) sign (Vi f(zx))
(66)

- ||9(xk)\\1%llp(sign (Vif(zk)) # sign (gi(x1))) sign (Vi f (x1)) ka]

=E {Ilg(ﬂ?k)llf1 (2P(sign (Vif (z1)) = sign (gi(zx))) — 1) sign (Vi f (zx)) ka} ;
then with the SPB condition in Assumption 5} we have

bl

DN =

P(sign (V; f(zx)) = sign (gi(zx))) = p* >
so we have

E[f(zrr1) | 2]

< flax) —E {wg(wk)llfil (20" — 1)(sign (V£ (@), ¥ Fla)) |xk} n E[L(j’“||g<xk>||fil m]
< flan) - E[wk@p* Dl T IV ), 4 T E[L;‘“ng(xk)nf“ m}

N _a_
< Jk) = (2" = DIVA@OITT + = EB[lg(a) I 7]
(67)

1

where the last inequality comes from the convexity of ||-||#~*. Then for the last term in the RHS, by
decomposition, we have

P
< 2w71(||f(x,€)||‘f + |V (k) — 9(%)“%)7

(68)

oGl =2 5(Taten) = o) + 121

1
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so we have (recall that ¢ = q%)

E[f(zr41) |2k

L qop—1
< o) = (@ = DIVH@ITT + B[l @l + 195 wn) - o)} |
q P—1 qdo9p—1 2 %
< 7o) - (" = v - 222 )IVf alFT+ 2 ()
q2¢ N\ guatt L L2l g2 %
< g - (25" = 1w = ) P 0y - gy 4 TR (L)
(69)
so take
Pp—1 1—q 1i 0 5
’Yk_(;}f“—l) , b(xk):b2—<2'uq ) (2p* — 1) %7,
and
K= | =) 22
we have
Elf(rx) — f*]
Lo 1y (pg-1) o U7 o, (2T 2N
<E (1—¢(2P -1 (L2v7Y) q_1>(f($K1)—f) o 1) (b2>
- .
_ ok 1\ (Lop—1\Toq o (L2 1) 7 <U2>2
E_(l (2" = 1)” (k2" 7)) (flaw—r) — ) o I\
P—1 1i(1 2\ 2
<(1=@" = )Y (r22 7)) (f(wo) - (£2"7) <U) !
(1= -0 ) e -1+ o (F) e
. s W™ (*\*
< exp (2" — 1" (x27) K)A+q(2p* 1)% (b?)
“3t3=e
(70)
which concludes the proolﬂ ]

Remark 6. Similar results can be derived in the case of single sample (trivial batch size), however,
some of them will require additional assumptions like bounded gradient norm and vanishing stepsize
(Karimi et al.| (2016), Theorem 4), but here we do not need this strong assumption of gradient
boundedness, and we always use a constant stepsize; these are the benefits brought by ‘non-trivial®
batch-size, i.e., neither one sample nor the full set of data.

Furthermore, in that case, the final complexity will be generally O(1/e) (Karimi et al.| (2016),
Theorem 4), whereas here our result is a linear convergence iteration complexity (i.e., O(log (1/¢)))
to achieve the e-neighborhood (while the final sample complexities of two paradigms should be the
same), which is much faster. So there will be a tradeoff in different parameter settings.

Lastly, we want to mention that batch size with dependence on € is pretty common (or even required)

in stochastic optimization problems, e.g.,|Ghadimi et al.[|(2016)) and |Fang et al.|(2018)). Therefore, we
believe that using a batch size with dependence on ¢ is a reasonable option.

“Different from stochastic RGF, here we do not discuss the sample complexity, because the extra SPB
assumption is defined on the “oracle”, i.e., the mini-batch estimator g(x), so the concern here should be the
oracle complexity instead, which will be the iteration number K here.
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H ADDITIONAL EXPERIMENT DETAILS AND NUMERICAL RESULTS

In this section, we will expand upon the numerical results experiments discussed in the paper. In
particular, we report more details on the hyper-parameters values usecf;c] for the numerical tests, and
report some results for GPU implementation of SVHN experiments.

H.1 HYPER PARAMETERS VALUES USED IN THE TESTS OF SECTION 4.1- EXAMPLE 2
* GD fixed step size: n = 1073

RGF Euler disc. w/fixed step size: ¢ = 2.2, n = 1073

RGF Euler disc. w/fixed step size: ¢ =3, n = 102

RGF Euler disc. w/fixed step size: ¢ = 6, n = 1072

RGF Euler disc. w/fixed step size: ¢ = 10, n = 1072

H.2 HYPER PARAMETERS VALUES USED IN THE TESTS OF SECTION 4.2

Note that the description of the coefficients for each of the prior art methods can be found in:
https://pytorch.org/docs/stable/optim.html.

* GD: = 4.1072, 1r = 0.9, Nesterov=False

* RGF: 7 = 4.1072

e SGF: 1 = 4.1073

* ADAM: ) = 8.10~* (remaining coefficients=nominal values)

« RMS: 1 = 10~ (remaining coefficients=nominal values)

» ADAGRAD: = 10~ (remaining coefficients=nominal values)

» ADADELTA: p = 4.1072, p = 0.9, ¢ = 1075, weight decay = 0
Remark 7. Choice of ¢: The settling time upper bound (15) decreases as ¢ — oo, which appears to
lead to faster convergence when discretized. On the other hand, the larger q is, the stiffer the ODE, so
more prone to numerical instability, so ¢ cannot be too large. Therefore, assuming p to be not too
large, it appears that ¢ € (p, p + 6] works best, with 6 > 0 as small as needed to avoid numerical
issues. For instance, if we know the cost function to be strongly convex (locally), then we search for
q slightly larger than p = 2 at first, but continue to increase until performance deteriorates. If, on
the other hand, we don’t know the order p > 1, then it’s currently unclear how to choose q. We will
investigate this further in future work. Furthermore, there is evidence that gradient dominance does
hold locally in many deep learning contexts (Zhou and Liang, 2017, https://arxiv.org/abs/1710.06910).
Indeed, since convexity readily leads to gradient dominance of order p = oo, it suffices that a slightly

stronger form of it holds (but weaker than strong convexity), in order to have p < oo, and thus for us
to be able to choose ¢ > p.

H.3 EXPERIMENT 6: GPU IMPLEMENTATION

To check if the numerical results obtained on CPU, more specifically the acceleration trends, hold
true on a GPU, we run some extra tests on a Titan X nvidia gpu with 12GB memory, the results are
reported below.

We first tested the performance of Euler discretization of the proposed flows against Adam, and GD
algorithms on SVHN dataset. We tested the proposed algorithms to train the VGG16 CNN model
with cross entropy loss. We divided the dataset into a training set of 74 batches with 1000 images
each, and a test set of 27 batches of 1000 images each, and ran 20 epochs of training over all the
training batches. We tested Euler discretization of g-RGF (¢ = 1, ¢ = 2.1, n = 0.04 ), and Euler
discretization of ¢-SGF (¢ = 1073, ¢ = 2.1, n = 0.04 ) against GD ( = 0.1) and Adam (same
optimal tuning as in Section 4.2).

In Figures[3],[6] we can see that both algorithms, Euler ¢-RGF and Euler ¢-SGF, converge faster than
GD and Adam for these tests, and reach the same performance on the test-set.

1%In all the tests, for ¢-RGF and ¢-SGF ¢ = 1 unless otherwise stated.

24



Under review as a conference paper at ICLR 2022

61 — Adam-94% 254 —— ADAM-94%
— RGF-94% —— RGF-94%
5 | — 5GD-94% — 5G0-94%
— SGF-94% 207 — SGF=34%
& 4
5 % 15 A
£ 3 3
= i
£ W
= ]
E 5] 10
14 05
01 0.0 1
T T T T T T T T T T T T T T
o 200 400 G600 800 1000 1200 1400 o 100 200 300 400 500
Training Iteraticns Test Iterations

Figure 5: Losses for several optimization algorithms run on GPU- VGG16-SVHN: Train loss (left),
test loss (right)
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Figure 6: Training loss vs. computation time for several optimization algorithms run on GPU-
VGG16-SVHN
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