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Abstract

We study the connections between ordinary differential equations and optimization algorithms in a
non-Euclidean setting. We propose a novel accelerated algorithm for minimising convex functions
over a convex constrained set. This algorithm is a natural generalization of Nesterov’s accelerated
gradient descent method to the non-Euclidean setting and can be interpreted as an additive Runge-
Kutta algorithm. The algorithm can also be derived as a numerical discretization of the ODE
appearing in Krichene et al. (2015a). We use Lyapunov functions to establish convergence rates
for the ODE and show that the discretizations considered achieve acceleration beyond the setting
studied in Krichene et al. (2015a). Finally, we discuss how the proposed algorithm connects to
various equations and algorithms in the literature.

Keywords: Lyapunov function, probability simplex, convex optimization, mirror map, gradient
descent, accelerated methods

1 Introduction

Optimization lies at the heart of many problems in statistics and machine learning. We are interested
in solving the following problem

min f(x) (1)

reX

where X C R? is closed and convex and the objective function f is convex and continuously
differentiable in an open set that contains /X'. Numerous different algorithms (Polyak, 1987; Boyd
and Vandenberghe, 2004; Nocedal and Wright, 2006; Beck, 2017) have been proposed for this
problem both in the case where X = R? as well as when X’ is a proper convex subset of R%. These
different algorithms can be classified depending on the type of information they use. For example,
first-order methods make use only of the gradient of f, V f. Second-order methods use additionally
second derivatives utilising in some shape or form the Hessian of f, V2f and this enables faster
convergence.
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In the last few years, first-order methods have gained in popularity despite their slower con-
vergence rate since data sets and problems have become larger (Wright and Recht, 2022). In the
unconstrained case, the simplest first-order method is gradient descent which however does not give
optimal convergence rates within the class of (strongly) convex and gradient Lipschitz functions
(Nesterov, 2014). On the other hand, Nesterov proposed a family of accelerated first-order methods
with optimal convergence rates. In the constrained case, one popular algorithm for its simplicity is
projected gradient descent (Bubeck, 2015), which is the composition of a gradient descent step and
a projection to X. On the other hand mirror gradient descent (Beck, 2017), which is an adaptation of
gradient descent with the Euclidean distance replaced by a Bregman divergence, avoids calculating
such projection. Nevertheless, both methods fail to yield optimal convergence rates for convex and
gradient Lipschitz functions. Two examples of accelerated methods in this constrained setting are
the methods proposed in Krichene et al. (2015a) and Tseng (2008).

In a different direction in the last few years, there has been a renewed interest in connecting
optimization algorithms with ordinary differential equations (ODEs). This has been partially driven
by the desire to understand better the acceleration phenomenon starting with the seminal paper of
Su et al. (2016) that showed in the convex case Nesterov’s accelerated method corresponds to a
discretization of a particular second-order ODE. This result sparked a lot of subsequent research on
the links between optimization and numerical solutions of ODEs (Scieur et al., 2016; Wilson et al.,
2021) as well as borrowing ideas from dynamical systems and control theory to prove convergence
of optimization algorithms (Wilson et al., 2021; Lessard et al., 2016; Fazlyab et al., 2018).

An important question is why certain discretizations of second-order ODEs like the one that
appeared in Su et al. (2016) may or may not accelerate. The papers (Shi et al., 2022, 2019) explain
the behaviour of different algorithms using the high-resolution ODEs framework. Following a dif-
ferent direction Sanz Serna and Zygalakis (2021) uses Lyapunov functions combined with integral
quadratic constraints (Lessard et al., 2016; Fazlyab et al., 2018) to provide sufficient conditions that
a numerical discretization should satisfy to yield acceleration. Furthermore, these ideas are extended
in Dobson et al. (2023) to obtain sharper convergence rates for the Nesterov’s accelerated method in
the strongly convex case as well as giving an interpretation of it as an additive Runge-Kutta method
(Cooper and Sayfy, 1980, 1983).

The majority of the literature proposes and studies these second-order ODEs in the Euclidean
setting. One exception is Krichene et al. (2015a) which generalises the ODE from Su et al. (2016)
in a non-Euclidean setting using appropriate Bregman divergences. In addition, it proposes a dis-
cretization of this ODE that uses a suitable regularising function and inherits the favourable proper-
ties of the ODE leading to an accelerated optimization algorithm. An alternative way to generalise
the ODE from Su et al. (2016) is given in Wilson et al. (2021), which is analysed using Langrangians
that contain appropriate Bregman divergences.

In this work, we provide a novel discretization of the ODE appearing in Krichene et al. (2015a)
leading to an accelerated optimization method for the problem (1) without requiring the use of a
regularisation function. The proposed method is the natural extension of Nesterov’s method in the
non-Euclidean setting and corresponds to an additive Runge Kutta discretization of the underlying
non-Euclidean ODE. Furthermore, we extend the analysis from Krichene et al. (2015a) both for
the ODE dynamics as well as their discretizations to be able to deal with scenarios not previously
covered, for example in the case of simplex when the minimizer is on the boundary. Finally, we
make explicit connections between the various non-Euclidean ODEs (Krichene et al., 2015a; Wilson
et al., 2021) and optimization algorithms (Tseng, 2008).
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The rest of the paper is organised as follows. In Section 2 we revisit the problem when X = R?
and discuss the connection between ODEs and optimization algorithms. We then in Section 3 dis-
cuss in detail a natural generalization of gradient flow and gradient descent in the non-Euclidean
setting. Section 4 contains our main results. In particular, after summarising the results in Krichene
et al. (2015a), we propose our novel algorithm and explain why it generalises Nesterov’s method
in the non-Euclidean setting as well as its connection with additive Runge-Kutta methods. Further-
more, we establish convergence for our algorithm in the setting proposed in Krichene et al. (2015a)
and extend these results in a more general setting. This section concludes by discussing trans-
formations of our algorithm for the different ODEs discussed previously in the literature. Several
numerical experiments are presented in 5 that illustrate the behaviour of our proposed method as
well as compare it with the method in Krichene et al. (2015a). Finally, Section 6 gathers the proofs
of theorems from earlier sections.

2 ODEs and optimization in the Euclidean setting

In this preparatory section we consider the particular case where in (1) X = R% and R is endowed
with the standard Euclidean norm.

2.1 Gradient flow and gradient descent
The simplest ODE associated with the problem (1) is given by the gradient flow
L(t) = =V f(x(t)). 2

When (1) has a minimizer x*, f(x(t)) — f(z*) approaches 0 at a rate O(1/t), as it may be proved
e.g. by means of the Lyapunov function

V(o) = H5(2) = Fa) + 5 lle = 2. G

In fact, since V' is nonincreasing along solutions of (2), one has

1

2
e =2, >0

fa() = f(=*) < SV (2(0),0) =

The simplest method to discretize (2) is the explicit Euler rule, that leads to the standard gradient
descent algorithm

Lh+1 = Tk — th(l’k), (4)

where h is the timestep/learning rate. Since x; ~ x(kh) one would expect that f(zy) — f(a*)
would decay like 1/k. In fact, when f is L-smooth, i.e.

Va,y eRY, V(@) = VIl < Lyl — yll,
and h < 1/Ly, the O(1/k) decay may be proved by using the discrete Lyapunov function
* 1 *
Vie(z) = kh(f(z) = f(2%)) + S llz — @ &

3
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which is the obvious counterpart of (3). A more sophisticated Lyapunov function valid for 1/L; <
h < 2/Ly may be seen in Fazlyab et al. (2018).

There is no need to derive (4) by seeing it as an integrator for an ODE. The algorithm may be
written as

1
T)y1 = arg min {f(mk) + (Vf(xp),x —xp) + — ||z — kaQ} , 5)
zER4 2h

with a clear optimization interpretation: f(zy) + (V f(xg),x — ) is the linear approximation to
the objective function and (1/(2h)) ||« — 2||* represents a penalty term.

2.2 Acceleration

Algorithms with acceleration for convex objective functions, including the celebrated Nesterov
method (Nesterov, 2014), raise to O(1/k?) the O(1/k) rate of convergence of gradient descent.
Even though no system of ODEs was originally used to derive Nesterov’s algorithm, the well-
known reference Su et al. (2016) showed the relation between the algorithm and the second-order
ODE

. r+1.
B(t) + &(t) + Vf(x(t)) =0,
where r > 2. For our purposes, it is useful to rewrite the equation as a first order system
. t
() = Vi), (62
. r
Bt) = (=)~ (1)), (6b)
with Lyapunov function
2

Vi 21) = H(f() — Fa) + 5=~ ],

which implies the following O(1/t?) decay estimate of f(z(t)) towards the optimal value f(z*)

7n2 7”2
Fla(t) = £@*) £ SV (@(0),2(0),0) = o [|2(0) — "2, t>0.

Following the line of thought in the preceding subsection, one would expect that integrators
(zk, k) — (241, Try1) for (6), where (zx, x)) approximate (z(kd),x(kd)) (4 is the time-step),
may offer the potential of yielding optimization algorithms for which f(x) — f(z*) decays like
1/k?, i.e. algorithms that show acceleration. Unlike the case of the gradient flow, this is not a simple
task since standard discretizations such a Runge-Kutta algorithms do not lead to acceleration, see
the discussion in Sanz Serna and Zygalakis (2021) and Dobson et al. (2023). In addition, even for
discretizations with acceleration, a Lyapunov function of the ODE, may not work for the discrete
algorithm.

As proved in a more general setting in Section 4.2, if {v;}72, is a sequence with o = 1,
v > 1, k=1,2,..., the algorithm

1

Yy = T+ —(zk — .’Ek), (7a)
Yk

21 = 2k — WhV f(yw), (7b)
1

Thr1 = Ye+ —(Zer1 — ), (7c)
Yk
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Figure 1: An illustration of one step of the Nesterov algorithm in a Euclidean setting

provides, for suitable choices of the learning rate h and the coefficients 7y, a consistent, albeit
nonstandard, discretization of (6) that leads to acceleration. Figure 1 illustrates one step of (7). The
point yy, is determined as a convex combination of x; and zg, then 2y is obtained by moving from
zk 1n the direction of the gradient and finally x4 is obtained as a convex combination of x; and

Rk+1-
The algorithm may be reformulated by eliminating the variable z. Using (7b) and (7c), we

obtain
Tr1 = Y — WV f(yr) €))

and, after setting z, = = + (yk—1 — 1)(xx — Tx—1), (7a) becomes, for k > 1,
Yk = of + Br—1(Tr — Tp—1), Br—1 = (k=1 — 1)/, )

(yo = xp). In the formulation (8)—(9), one first computes y; by extrapolation from z;_; and zy
and then moves from yy, to x41 by a gradient descent substep. The relations (8)—(9) are the well-
known formulas for the accelerated Nesterov method (Nesterov, 2014) when written as a three-term
recursion linking z_1, xx and x;; as in e.g. Fazlyab et al. (2018), with

1
e==(1+/1+49% ), k=12,..., v = 1. (10)

3 Non-Euclidean optimization

N |

It is well known that, in many instances (see e.g. the discussion in (Beck, 2017, Example 9.19)),
it is useful to consider the problem (1) when the norm in R4 is not Euclidean. In what follows, E
denotes R? endowed with an arbitrary norm || - || and E* is the dual space with dual norm || -
The map (-, ) : E* x E — R denotes the standard pairing between E* and E, i.e. the real number
(C,x) = Zj ¢jx; is the value of the linear form ¢ € E* acting on the vector z € E.

-

5
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3.1 Mirror gradient ODE and mirror descent

In the non Euclidean setting, the gradient flow equation (2) is meaningless because &(t) € E is a
primal vector and V f (z(¢)) € E* is a dual vector. Nemerovsky and Yudin (Nemirovsky and Yudin,
1983) suggested alternative ODEs of the form

C(t) = =VIx(C®)),  z(t)=x(C(®), (11

where ( takes values in E* and x maps E* into E. The dynamics take place in the dual space and
the primal variable x just mirrors the behaviour of (; for this reason,  is referred to as the mirror
map. In Nemirovsky and Yudin (1983), it is assumed that x = Vv*, where v* : E* — R is
a differentiable function which is used to construct Lyapunov functions for (11). There is much
freedom in the choice of ¥* (Nemirovsky and Yudin, 1983); throughout this paper the attention is
restricted to cases where the following standing requirement is met.

Assumption 1 The mirror map satisfies x = V* for some convex and differentiable function
Y* : ¥ — R and takes values in X. In addition, it is L,-smooth i.e. for each &, € E*:

X&) = X (Ol < Ly [l€ = ¢l

If Dy« denotes the corresponding Bregman divergence, so that for £, ¢ € E*,

Dy (&¢) = ¢*(&) = ¥™(C) — (€ — ¢, V™ (Q)),

and ¢* is such that x* = x(¢*) is a minimizer of (1), it is easy to prove (see e.g. Krichene et al.

(2015a)) that
d
77D (C(1), ¢) < = (f(2(®)) = f(=7)) <0, (12)
a fact that may be used to establish convergence (Nemirovsky and Yudin, 1983).

Some examples follow.

* Unconstrained Euclidean case. Here X = E, the norms || - || and || - ||« are Euclidean, and
*(-) = (1/2)| - ||*. In this case, the spaces E and E* may be identified with one another,
x is the identity, Dy« (&,¢) = (1/2)|€ — ¢]|? for each & and (, and the pairing (-, -) may
be identified with the Euclidean inner product. The ODE (11) reduces to the gradient flow
equation (2)

* The simplex. Here X is the probability simplex
d

A= {x: (T1,...,2q) eRd:ij =1, z, 207]':17_,_’(1},
j=1

Choosing ¢*(¢) = log >, ¢%, the i-component of x(¢) equals €%/ > y e%; clearly x maps
E* onto the relative interior of X (Beck, 2017)., i.e. the subset A of A consisting of points
with positive components. The mirror map is 1-smooth (Beck, 2017, Example 5.15) when
| - || is either the £>° or the £? norm (in which case || - || is respectively the ¢! or the £2 norm).

s The hypercube. X = [0,1]%. One may choose ¥*(¢) = > log(e% + 1), so that the i-th
component of x(() is €% /(eS + 1). Now Y is a diffeomorphism of E* onto the interior
(0,1)% of X. If || - || is any of the £ norms, p € [1,oc], it is easy to check that L, = 1/4.
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The Euler discretization of (11) yields the following mirror descent algorithm

Cer1 = Ck — WV f(x(Ck)), Tt = X(Cer1)- (13)

As in the ODE, the primal variable x just mirrors the evolution of the dual variable .

3.2 Writing the mirror flow ODE and mirror descent in the primal space
We now write the ODE (11) in terms of the primal variable x. If x is differentiable with Jacobian
X', (11) implies:

@(t) = —X'(C(1)V f(z(t)). (14)
This equation still contains (; in order to eliminate {, we have to demand that the mirror map, that
we recall it is assumed throughout to satisfy Assumption 1, has additional properties.

Assumption 2 The mirror map x = V* is differentiable and its image is the relative interior
ri(X). In addition, * is the convex conjugate of a function ) = ¢ + dx, where ¢ : E — (—o0, 00|
is proper, convex, differentiable over ri(X) and satisfies X C dom(¢).

This additional assumption holds in the three examples just considered. In the Euclidean setting,
#(-) = (1/2)]| - ||*. For the simplex, ¢ is given by

$(x) =Y wilogw (15)
j=1

(negative entropy) if « is in the nonnegative orthant, with ¢(z) = oo else. For the hypercube,

n

o(x) = Z (ziloga; + (1 — ;) log(1 — x;)),

j=1

(negative bit entropy) if = € [0, 1]9, with ¢(x) = oo else.
We next present a lemma that we shall use repeatedly. Some notation is required. The symbols
A, V will denote respectively the affine hull of X’ and the corresponding linear subspace:

VY =span{z — z: x,z € X'},
A=X+V.

For instance, for the simplex, A has the equation ) ;2j = 1 and V consists of all vectors with
> ; ¢j = 0. The notation N refers to the vector subspace of E* orthogonal to V C F; thus ( € N
if and only if ({, z) = 0 for each x € V, or, equivalently, if and only if ({,x; — x2) = 0 for all 1,
x in A. For the simplex, N\ is spanned by the vector 1 whose entries are all equal to 1 (see the left
panel in Figure 2). For the Euclidean case and the hypercube, ) = F and therefore N' = {0}.

Lemma 1 [f Assumptions I and 2 hold, then:

1. As z varies in 1i(X), the inverse images by the mirror map x~1(2)= {C : x(¢) = 2} provide
a partition of E* into pairwise disjoint sets.
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Figure 2: Lemma 1 for the case of the simplex. The left and right panels correspond to the primal
and dual spaces. Each point ¢ € E* is mapped by x into a point z = x({) € ri(X) = Ay; the
image V¢(z) does not in general coincide with ¢, but ¢ and V¢(z) differ in an element in N. The
straight lines of slope 1 partition the dual space; each line is mapped into a single point by x.

2. For each z € 1i(X), its inverse image x~'(z) is the affine set Vé(z) + N. In particular,
Vo(z) € X (2) i X(V(2)) = =

3. If ¢ € B*, then Vo (x(C)) — ¢ € N. Therefore for each 1, 2 in the affine hull A of X,
(Vo(x(Q) — ¢, z1 — x2) = 0.
4. IfC € E* andn € N, then
X =x(C+n),  X(Q)=xX(C+n).

Proof The proof can be found in Section 6. |

The lemma shows that there is a bijection between points z € ri(X') and sets Y ~!(2) = Vo (2)+
N C E*. There are two essentially different scenarios:

1. N = {0}. Each set V¢(z) + N consists of the single point V¢(z). In other words, the
mapping V¢ restricted to ri(X') is the inverse of x and there is a one-to-one correspondence
z = x(C), ¢ = V¢(z), between points z € ri(X) and points ¢ € E*.

2. N # {0}. In this case, for each z € ri(X), the affine set V¢(z) + N has dimension
dim(N) > 0. The point V¢(z) is in the set V¢(z) + N but it does not belong to any
set Vo(2') + N if 2/ # z. The mapping z € ri(X) — V¢(z) provides a one-to-one
parameterization of a manifold M of dimension dim(E*) — dim(N'). See Figure 2 for the
simplex with d = 2, where M is a curve.
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We may now rewrite (11) in the primal space when the additional Assumption 2 holds. We
consider two situations.

* The case N = {0}. The one-to-one correspondence between x = x(¢) and { = V() may
be used to express (11) as

d
GV0() = V(@) (16

When N is not reduced to {0}, this differential equation is meaningless because the left hand-
side is constrained to be a vector tangent to the manifold M and V f(z) is not constrained in
that way (refer to the right panel in Figure 2).

* General N. By Part 3 in the Lemma, n := V¢(z) — ¢ € N. Then by Part 4, x'(¢) =
X' (V¢(z)) and from (14)
& =—X'(Vo(x))V f(2). (17)

In the particular case with N' = {0}, this reduces to (16), because x'(V¢(x)) is the inverse of
(Vo(x)), as it is seen by differentiating x(Vo(z)) = x.

Example 1 In the case of the simplex, straightforward differentiation of the expression for x shows
that (17) reads:

i = D(@)( = Vf(2) + (~Vf(@),2)1), (18)

where D(x) is the diagonal matrix with entries ;. For x in the relative interior, this matrix is the
inverse Jacobian of the map V ¢, whose components are 1 4 log x; (i.e. the inverse of the Hessian of
@). The right-hand side of (18) is of the form D(x)v, where the vector v =V f(z) + (V f(x),z)1
is a linear combination of V f (x) and 1, with a coefficient (V f(x), x) that ensures that v is tangent
at Vo(z) to the manifold M. Multiplying v by the inverse Jacobian results in a vector D(x)v that
is tangent to the relative interior of the simplex, the inverse image of M by V. Analytically this
corresponds to the fact that, in (18), (d/dt) > ;%;j = 050 that this differential equation preserves
the constraint ;2 = 1. Furthermore, due to the presence of D(x), the i-th component of the
right hand-side of (18) vanishes if x; = 0. Therefore the points on the hyperplanes x; = 0 in E are
equilibria of the differential equation, so that, as t varies, the x;(t) will remain positive if x(0) is in
the relative interior.

Similarly, when Assumption 2 holds, it is possible to rewrite the discretization (13) purely in
terms of primal variables. For the case N' = {0}, we have

Vo(xri1) = V() — YV f (), (19)

that coincides with the Euler discretization of (16). Once V¢(xy41) has been computed by this
formula, x4 is retrieved as x (Vo (xg41)).
For general, A/ we note that

Tpp1 = x(Ce — RV f(21));

Part 3 in the Lemma implies n = V¢(xr) — (& € N, and then, by Part 4, we have the following
well-known formulation (see (Beck, 2017, Remark 9.6)) of the mirror descent algorithm:

Tha1 = X(V¢($k) - th(a:k)). (20)
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As it may have been expected, this is a consistent discretization of the differential equation (17), as
it may be seen by Taylor expansion of the right hand-side. When A" = {0}, the application of V¢
to (20) yields (19).

The algorithm (20) may be formulated from an optimization point of view, without using ODEs
as stepping stones. Such a formulation is based on the the (primal) Bregman divergence D, associ-
ated with ¢:

Dy(z,2) = ¢(x) = 6(2) = (Vo(2),x = 2).

For example in the case of the simplex, Dy is the Kullback-Leiber divergence. Since ¢ is finite in
X and differentiable over ri(X'), Dy(z, 2) is defined at least for x € X and z € ri(X). It is well
known (see (Beck, 2017, Remark 9.6)) that (20) is equivalent to

Tpt1 = argiréifvl {f(xk) +(Vf(zk),x — zx) + }1LD¢(x,xk)} )

which is the direct non Euclidean counterpart of the gradient descent formula (5).

4 Non-Euclidean accelerated ODEs and numerical schemes

Mirror descent may only achieve a O(1/k) rate of convergence (Beck, 2017), something to be
expected from the fact that in the Euclidean setting reduces to gradient descent. We now consider
ODEs and algorithms that may provide rates O(1/t%) or O(1/k?) in non Euclidean scenarios.

4.1 A Primal/Dual ODE and a discretization

In order to construct optimization algorithms, Krichene et al. (2015a) considered the system

i) = —IVia() C1a)

it) = () — (1)), @1b)
where > 0 is a parameter. The variable x takes values in E and ( takes values in E*; the paper
(Krichene et al., 2015a) proves that if the initial data (o, z¢) € E* x X satisfy! x(¢o) = zq, then
the system has a unique continuously differentiable solution ({(¢), z(t)) for 0 < t < co. Note that
(21) is a natural generalization of (6) as in fact coincides with it in the Euclidean case x({) = C.
If, » > 2, x* is a minimizer, x({*) = z*, and Assumption 1 is satisfied, then

2
V(#,6,0) = 5 (f(2) = Fa7)) + Dys (¢,¢7) 20 2)

is a Lyapunov function for the system, i.e. (d/dt)V (x(t),{(t),t) < 0 along solutions of (21). This
immediately implies the following decay estimate of f(x(t)) towards the optimal value f(x*)
2 2
Fa®) = £*) < 3V (#(0),6(0),0) = T3 Dye (¢(0),¢), £ 0.

Note for future reference that V' includes the dual variable ¢ through D+ as in (12).

1. The requirement x (Co) = o is imposed in view of the singularity of (21a) at ¢ = 0.

10
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As in the situation we discussed in the Euclidean case, discretizations (Cx, zx) — (Cot1, Tht1)
of (21), where ((k, %) approximate ({(kd), z(kd)) (6 > 01is the time-step), may offer the potential
of providing optimization algorithms for which f(x;) — f(x*) decays like 1/k?, i.e. algorithms that
show acceleration. An algorithm with acceleration was suggested in Krichene et al. (2015a). It uses
a learning rate h > 0, parameters » > 0 and v > 0 and a regularization function R such that for x,
yE X,

IR Lgr
§||5'3 —y|? < R(z,y) < 7”m —y|*

We will refer to it as accelerated mirror descent with regularization (AMDR) and it is given in
Algorithm 1. If § = v/h, then the algorithm may be seen as a numerical method to integrate the

Algorithm 1 Accelerated Mirror Descent with Regularization (AMDR) (Krichene et al., 2015a)

Require: N € NJh > 0,7 > 0,v > 0 and regularizer R
0. Initialize: zo € X, (o € E*(x(¢o) = o)
fork=0,...,N—1do

Loy 2 + 725 (X () — 1)

2. oyt < Gk — "BV f ()

3. Tp4q < argming y (fyh(Vf(yk), z) + R(x, yk))
end for
return z

system (21), with ¢; and z}, approximations to {(k¢) and z(kd) respectively. This is easily proved
after taking into consideration that z 1 and yj, differ by an O(62) amount (Krichene et al., 2015a).

The discretization in AMDR was constructed so as to inherit the Lyapunov function (22). This
is a nontrivial task, because, typically, numerical integrators, even if very accurate, fail to reproduce
the large ¢ properties of the system being integrated; see the discussion in Sanz Serna and Zygalakis
(2021). For this algorithm, it is proved in (Krichene et al., 2015a, Lemma 2) that, if v > LrL, and
h < ER/(QLf’y), then

(2k +1— kr)

V(karl? Ck+17 (k + 1>5) - V(xlﬁ Ckv kd) < D) (f(karl) - f(.’IJ*>)

r
For 7 > 3, k > 1, the right hand-side is < 0 and thus the bound establishes an O(1/k?) decay of
f(xg) — f(z*) (acceleration).

4.2 An alternative primal/dual discretization

The need for the regularisation function R in AMDR could be problematic. For example, in the case
of the simplex, one possible choice of R is an e-smooth entropy function (Krichene et al., 2015a.,b).
In that case, there is an efficient algorithm to implement Step 3 of AMDR, but unfortunately the
value of « to be used depends on ¢ and the learning rate h can become prohibitively small. Fur-
thermore, beyond the simplex setting, it might not be obvious how to set R and implement Step 3.
Motivated by this, we propose Algorithm 2 (AMD) that is a natural generalization of Nesterov’s
method in the non-Euclidean setting and makes no use of a regularization step. A learning rate
h > 0 and a sequence {fyk}?:o withyg = 1,7 > 1,k = 1,2,..., are required. Note that Step 3 is

11
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Algorithm 2 Accelerated Mirror Descent (AMD)

Require: N € N, {yk}]kvz’ol, h>0
0. Initialize x¢ € X, (o € E*,
fork=0,...,N —1do

1
Loy < o) + %(X(Ck) — )
2. Ceg1 < G — AV f(yr)

3. Xpy1 < Yk + %k(X(CkH) — x(¢k))
end for

return x

equivalent to

1
Tpy1 = T + % (X(Crr1) — z)- (23)

In Step 1, yy, is a convex combination of x; and x(zx) and in (23) 41 is a convex combination of
x, and x(2x+1). By induction, all the yj, are in X" (so that V f(yy) makes sense) and all the z are
alsoin X.

In the Euclidean case this algorithm reduces to (7), i.e. to the Nesterov algorithm implemented
as a one-step recursion with the help of the variable z. The standard implementation (8)—(9) of
Nesterov’s algorithm cannot be directly applied to the non Euclidean scenario since (8) mixes primal
and dual variables. In AMD such a mixing is avoided; in Step 2, the gradients are accumulated in a
dual variable (as in mirror descent (13)) and the primal mirror images of the dual variable are used
to perform the convex combinations in Steps 1 and 3.

After defining = v/h and £, = 767, Steps 1 and 2 in Algorithm 2 and (23) imply

1 r
g(yk —xr) = =(x(zx) — 71),
tg,
1 t
g(CkH ) =~V f (),
T
1 r
<(@rg1 — k) = =(x(2kr1) — T8)-
1) tr
If we now assume that L
Y = — + o(k), k — oo, 24)
,

then £, — kd as k — oo, § — 0 with kd constant. We therefore have the following result:

Theorem 2 Suppose that Assumption 1 and (24) hold, then AMD provides a consistent one-step
numerical integrator (C, x) — (Ckr1, Tpt1) for the system of ODEs (21).

The following result (proved in Section 6) implies that, for suitable choices of the learning rate
h and the constants 7y, AMD is indeed an accelerated optimization method.

Theorem 3 Suppose that Assumption 1 holds and that the coefficients y, satisfy

V- - <0, k=12 25)

12
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Assume that f is L¢-smooth, i.e. for each x,y in the domain of f:

IVf(z) = Vi)l < Lyllz -yl (26)
and that )
h < LfLX‘ 27

Let x* be a minimizer of (1) and * € E* satisfy x(C*), and define for k = 0,1,...

Vie(zr, &) = (v — 1) (f(zk) = f(@%)) + Dy (G, €F). (28)

Then, along trajectories generated by AMD

Vi1 (k415 Cot1) < Vi(zk, Gr), k=0,1,...

and therefore
(’le - ’)/k)h(f($k) - f(x*)) < D@b*(CO?C*)a k= 07 17 cee

Under the consistency condition (24), the right hand-side of (28) converges, in the limit § — 0,
kd — t, to the Lyapunov function (22) of the differential equations. The choice

k
v = ;Lr, k=0,1,... (29)

fulfills the consistency requirement (24) and, if » > 2, also the condition (25). Recall that the same
condition on r is required for (22) to be a Lyapunov function for the differential equations unlike
the case of AMDR. When the coefficients 7, are chosen as in (29), the theorem shows a decay
flar) — f(2*) like 1/((vF — yn)h) ~ 12/(k*h) as k — oco.

The best decay of f(zy) — f(x*) that may be proved with the theorem occurs when the -y, are
chosen as large as possible subject to (25), i.e. when the inequality in (25) becomes an equality. In
this case, we have the well-known recurrence (10). These coefficients are slightly larger than (29)
with » = 2 and, accordingly, guarantee a slightly better convergence. One may prove that with
this recurrence, as k — oo, v, = k/2 + (1/4) logk + o(log k), to be compared with the estimate
Y = k/2 + O(1) valid for (29) with r = 2.

4.2.1 CONNECTION WITH ADDITIVE RUNGE KUTTA METHODS

As pointed out in Dobson et al. (2023), when run with parameters adapted to strongly convex ob-
jective functions in Euclidean space, Nesterov algorithms may be interpreted as an Additive Runge-
Kutta method (Cooper and Sayfy, 1980, 1983) for integrating ordinary differential equations. A
similar interpretation exists here. We set £ = ({, x) and write (21) by additively decomposing the
right hand-side as

£ =g"(&, 1) + g1 + gPl(E ),
with

13
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Then the step (Cx, k) — (Ck+1, Tx+1) may be written in a Runge-Kutta fashion as
et = & + 69M (k1. t) + 69 (B3, t) + 09 (Ens, i)

with the so-called stage vectors defined by

Ek,l = £k7
Ere = & 4091 Er, i) + 092 (B, k),
Erz = &+ g Sk, ) + 59 (ks te) + 59 (Zk.a, ).

Note that =5 1 = (Ck, k), Ek,2 = (Ck, Yk)» Ek,3 = (Ckt1, i) Thus the successive computations of
Ek2, Zk,3, and &1 in the Additive Runge-Kutta scheme represent the computations of vy, (x+1,

Th41-

4.3 Convergence when z* is not in the image of the mirror map

The Lyapunov functions (22) (28), used for establishing convergence for the ODE (21) and its
discretizations AMDR and AMD, contain a term Dy« (¢, (*), where x(¢*) = «*. Therefore they
cannot be used to establish convergence when the minimizer x* is not in the image of the mirror
map. In the case of the simplex, this implies that one cannot treat minimizers * having one or
more zero components. Similarly, for the hypercube, minimizers having some of their components
equal to 0 or 1 cannot be dealt with. In this subsection we remove this limitation by using Lyapunov
functions that, as distinct from those considered above or in Krichene et al. (2015a), are formulated
purely in terms of primal variables. Accordingly we will operate with Bregman divergences defined
in [E rather than in E* and this will require that Assumption 2 holds.

4.3.1 THE DIFFERENTIAL SYSTEM
Using the primal Bregman divergence Dy, for the system of differential equations (21), in lieu of
the Lyapunov function (22), we may alternatively consider

. 2
V(z,(,t) = %(f(w) — f(@) + Dy (2", x(0)), (30)

where we note that D (2*, x()) is well defined because x takes values inri(X’). Now the existence
of ¢* with x(¢*) = z* is not required. If such a (* exists, then the numerical values of (22)
and (30) coincide, according to well-known properties of the Bregman divergence. The following
theorem, proved in Section 6, shows that, for r > 2, V is indeed a Lyapunov function and therefore
f(z(t)) — f(z*) decays like 1/t2.

Theorem 4 Suppose that Assumptions 1 and 2 hold. If r > 2, then along solutions of (21),
(d/dt)V < 0.
4.3.2 ALGORITHM 1 (AMDR)

For AMDR, Lemma 2 in Krichene et al. (2015a) may be replaced by the following new result whose
proof is given in Section 6. It implies that for » > 3 we shall have acceleration even if £* is not in
the image of x.

14
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Theorem 5 Suppose that Assumptions 1 and 2 hold. If f is Ly-smooth,y > LrL, and h <
(r/(2Ly7), then for AMDR

~ ~ 2k+1—kr)h
V(Zk+1, Cer1s (B +1)0) — V(wg, G, kS) < Hﬂr)(f(u’ﬂkﬂ) — f(z")).
4.3.3 ALGORITHM 2 (AMD)

In the context of the AMD instead of using the discrete Lyapunov function (28), we will alternatively
consider for k = 0,1, ...

Vi(r, Go) = (0 — )R (f(zx) — f(2*)) + Dy (2%, x(Ck))- (31
By using V, Theorem 3 may be strengthened as follows (see Section 6 for the proof):

Theorem 6 Suppose that Assumptions 1 and 2 hold and that the coefficients vy, satisfy (25). Assume

that f is L ¢-smooth and that
1

LyLy ‘
Let x* be a minimizer of (1). Then, for (xy41,Cx+1) given by AMD

Vk-ﬁ-l('xk-i—l?é.k-‘rl) < Vk(xkvgk)v kanL

h <

and therefore

(’YI% - Vk)h(f(xk) - f(:L‘*)) < D¢(x*>X(€0))7 k=0,1,...

Thus the decay of f(xy) — f(z*) takes place whether z* is in the image of x or otherwise.

4.4 A primal accelerated ODE and its discretizations

In the literature several ODEs and algorithms have appeared that have similarities to those in Krich-
ene et al. (2015a). We now investigate this further in the case of ODEs appearing in (Wibisono et al.,
2016; Wilson et al., 2021) and one of the algorithms given in Tseng (2008). One notable difference
is that, contrary to the setting in Krichene et al. (2015a), only primal variables are used in those
references. Motivated by this, we will now give formulations of the ODE (21) and Algorithms 1
and 2 that only make use of primal variables. The developments parallel those in Section 3.2. In
this subsection it is assumed that Assumption 2 holds.

4.4.1 PRIMAL WRITING IN THE CASE N = {0}

The differential system In the case where N is trivial, the one-to-one correspondence between
z = x(¢) and ¢ = V¢(z) may be used to rewrite the system (21) in terms of the primal variable z
as follows:

SV = Vi) (320

#(t) = %(z(t)—:c(t)). (32b)

For the value » = 2, this system is a particular instance of the systems derived in Wilson et al. (2021)
through Lagrangian functions. Note that when N is not reduced to {0}, the differential equation
(32a) is meaningless because the left hand-side is constrained to be a vector tangent to the manifold
M and V f(x) is not constrained in that way (see the right panel in Figure 2).
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The algorithms  As is the case for the differential system, when N' = {0}, AMDR and AMD may
be expressed avoiding dual variables. Restricting the attention to AMD (AMDR may be dealt with
analogously), we have

1
Y = T+ —(zk — k),
Yk
Vo(ze+1) = Vélzr) —1hV f(ye), (33)
1
x = + —(z — 2k)-
k+1 Yk %( k+1 k)

Formulas similar to (33) appear in (Wibisono et al., 2016; Wilson et al., 2021). Once V(2 1) has
been found via (33), zj1 is recovered as x(V¢(zx4+1)). Note that when A is not reduced to {0},
(33) is meaningless because nothing guarantees that its right hand-side lies in M, the set where V¢
takes values.

4.4.2 PRIMAL WRITING IN THE GENERAL CASE

The differential system It is possible to obtain a system of differential equations satisfied by the
primal variables z(t) = x({(t)) and z(t) without the hypothesis N' = {0}, where {(¢) and z(t) are
solutions of (21). In fact, by arguing as in Section 3.2 and denoting by z the mirror of the variable
¢, one may write:

¢ = Vo) (-9, B4)
i = %(z(t)—x(t)); (34b)

in the particular where A/ = {0}, this reduces to (32). The system (34) has to be initialized with
x(0) = z(0) in the relative interior of X', and from (30), it has the Lyapunov function:

t2
)

(f(x) = f(z*) + Dy (2", 2). 35)

Example 2 (Example 1 continued) In the case of the simplex, (34a) reads

. t t

2= D(:)( — 2V (@) + (—Vf(@), 1), (36)
where D(z) is the diagonal matrix with entries z;;
The algorithms It is also possible, without any assumption on the dimension of N, to express

AMDR and AMD in terms of the primal points z; = x((). For brevity we only give details for
AMD, which, by arguing as in Section 3.2, may be reformulated as

1

e = xp+ — (2 — xp), (37a)
Tk

zepr = x(Volzr) — whV (), (37b)
1

Tp+1 = Ykt %(2k+1 — k). (37¢)
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This is a particular case of the algorithms studied in Tseng (2008). Note that in Tseng (2008) there
18 no discussion of the continuous time limit; however it is not difficult to show that, when (24) is
fulfilled, the algorithm (37) is a consistent discretization of the system (34). Furthermore, in terms
of primal variables, the discrete-time Lyapunov function in (31) is given by

(Vi = ) (f (@) = f(2¥)) + Dy (2%, 1)

Under the consistency requirement (24), this is an approximation to the continuous-time Lyapunov
function (35).

5 Numerical experiments

We now illustrate the performance of AMDR and AMD. The standard mirror descent algorithm
(20) will be used as a benchmark. All experiments reported correspond to the simplex. Recall that
in this case it is possible to run AMDR with an efficient regularizer, something that may or may not
be the situation for other instances of X.

In the experiments that follow, we set » = 3 for AMDR and, as in Krichene et al. (2015a), use
~v = 1 and perform Step 3 by means of the efficient procedure in (Krichene et al., 2015a, Algorithm
4) with € = 0.3. It turns out that with this setting, the computational costs per step of AMDR and
AMD are virtually identical and also coincide with those of mirror descent. For AMD we use 4
given by (10).

5.1 Non strongly convex objective function

In order to check that AMDR and AMD provide acceleration, we first consider an extremely simple
toy example with d = 2, f(z) = (1/p)((x1 — 1/2)P + (2 — 1/2)P), p = 10. The initial condition
is chosen as [0.999, 0.001]7 and the three algorithms were run with different choices of the learning
rate. Results for the representative value h = 1 may be seen in Figure 3. While for mirror descent,
the decay is slightly better than 1/k, for AMDR and AMD the decay is slightly better than 1/k2.
Increasing the value of the parameter p results in rates that become closer to 1/k for mirror descent
and to 1/k? for the other two algorithms.

5.2 Quadratic objective function

Now the objective function is f(z) = (1/2)2” BT Bx, with B a d x d matrix with entries given by
independent standard normal random variables. The initial ¢ is chosen randomly by generating a
vector with independent, uniformly random components in [0, 1] and then rescaling to ensure that
> ;®j = 1. The smoothness constant L for the gradient V f (z) = BT Bz is the norm of BT B
as an operator from (R%, ¢1) to (R?, £>°), which is given by the maximum m(B7” B) of the absolute
value of the entries. In Assumption 1, L, = 1 and, in view of condition (27) in Theorem 3, we run
AMD with a learning rate h = 1/m(B” B); the same value is used for mirror descent. For AMDR
we follow the prescription in Krichene et al. (2015a) and set

h=1/e/ (201 +dom(BT B)y).

The experiment in Figure 4 has d = 1000 and 50,000 steps. The minimizer is not in the relative
interior (in fact has 323 vanishing components) and the results in Section 4.3 are necessary to
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Figure 3: Non strongly convex objective function, f(xy)— f(z*) vs. k. The dotted lines have slopes
corresponding to decays 1/k and 1/k?.
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Figure 4: Quadratic objective function, f(xy) — f(x*) vs. k. The dotted line has a slope corre-
sponding to a decay 1/k2.
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Figure 5: Quadratic objective function, larger learning rates, f(xy) — f(«*) vs. k. The dotted line
has the same equation as the reference line in Figure 4 so as to make it easy to compare both figures.

establish the convergence of AMDR and AMD. In addition, in the experiment, m(B” B) ~ 1.2 x
103 which leads to learning rates h =~ 8.5 x 10~ for mirror descent and AMD and h ~ 6.5 x 10~*
for AMDR. The figure clearly bears out the 1/k? acceleration proved in Theorem 6 for AMD. Mirror
descent and AMDR lead initially to very little decay in f but they decay faster than 1/k? once they
are near the minimizer. In this particular experiment they are both outperformed by AMD.

5.3 Quadratic objective function, larger learning rates

Numerical experimentation reveals that the recipes we have just used to determine the learning rates
are too pessimistic; the three algorithms tested may operate with substantially larger values of h,
thus providing a larger decay in f for a given number of iterations. In fact, the values of h were
based on the size of m(BT B) (an operator norm for the matrix in V f(z) = B? Bx). However, in
(36) or (18) we see that in the differential equations being approximated by the algorithms, V f(x)
is premultiplied by D(z) = diag(z) or D(z) = diag(x) respectively. Once the solution is close to
the minimizer, those matrices are close to D(z*) and it is reasonable to think that the learning rates
should really be determined by the size of the matrix D(z*)B” B rather than by the size of BT B. If
D(2*) BT B is much smaller than B’ B learning rates based on the size of B B may be expected
to be unduly pessimistic.

These considerations may be related to the notion of relative smoothness introduced in Lu et al.
(2018) (see also Bauschke et al. (2017)), an alternative to the notion of (absolute) smoothness in
(26). For the sake of brevity, we only present the concept of relative smoothness as it applies to
the simplex. A real function g, twice continuously differentiable, is said to be L,-relatively smooth
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with respect to the negative entropy ¢ in (15), if for z in the relative interior of the simplex
V3g(z) = L,V?¢(2).
Recalling that D(z) is the inverse of V2¢(z), we may equivalently write
D(2)Y?V2g(2)D(2)"/? < L, 1,

and therefore the best possible L, is given by the maximum of the spectral radius of the symmetric
matrix D(2)"/2V?g(2)D(z)'/? as 2 ranges in the relative interior. Note that this symmetric matrix is
similar to the matrix D(z)V?2g(z) and therefore shares its eigenvalues. For f(z) = (1/2)z7 BT Bz,
D(2)V?f(z) = D(z)BT B and therefore L, is the maximum eigenvalue of D(z)BT B (while as
pointed out above Ly is the maximum of the entries of BT B). It may then be conjectured that
the assumption of relative smoothness of f as in (26) could be replaced by the assumption that the
objective function be L,-relatively smooth and that the algorithms may be operated with learning
rates based on using the value of L, rather than on the value of L.

To investigate this conjecture, we revisit the experiment in Figure 4. There, as mentioned before,
x* has 323 vanishing entries. In addition the maximum entry of z* happens to be 5.9 x 1072 (since
the entries add up to 1 they might be expected to be small). Thus, the entries of D(z*)B” B are
more than two orders of magnitude smaller than those BT B. We introduced the symmetric matrix

M — D(:U*)I/QBTBD(:U*)I/Q

and estimated L, by the spectral radius p(M).> Then we used the learning rate h = 1/(L,L,)
(rather than 1/(L, L)) for mirror descent and AMD and

h=\Je/ (21 + de)p(M))

for AMDR. Figure 5 has the same realizations of the random elements B” B and x as Figure 4, the
only difference being that we now use the L,-based values of the learning rates just described; these
turn out to be h ~ 1.3 x 10~! for mirror descent and AMD and h =~ 8.1 x 10~3 for AMDR. In
Figure 5 each optimization method qualitatively behaves very much as it did in Figure 4; however
for each method the size of f(xy) — f(x*) for given k is now clearly smaller than it was.

This experiment shows the interest of future analyses of AMDR and AMD replacing the notion
of absolute smoothness by the notion of relative smoothness, similarly to what it is done in (Lu
et al., 2018, Theorem 3.1).

6 Proofs

This section contains the proofs of the results in the paper.

6.1 Proof of Lemma 1

Part 1. This is a trivial consequence of the fact that x maps E* onto ri(&X’).

2. Of course, this would not make sense in a real application, as M requires the knowledge of z*. In practice L, could
be estimated as the spectral radius of D(xx)*/2?BT BD(x)*/? for a suitable k.
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Part 2. Fix z € ri(X). Since x = Vu*, by a well-known result on conjugate functions, see
e.g2. (Beck, 2017, Theorem 4.20), the relation x({) = z is equivalent to ( € 0y(z). It is then
sufficient to prove that 9y (z) = V¢(z) + N. By definition, g € 9¢(z) means that, for each
x € E, (x) > ¢(2) + (9,2 — z). This inequality trivially holds if z ¢ X, because then ¢)(x) =
d(x)+0x(x) = co. Therefore g € Jv(z) if and only if, for x € X, ¢ (x) > ¥ (2)+ (g, x—2z), thatis
¢(x) > ¢(2)+ (g, x — z). On the other hand, since ¢ is differentiable at z, the linear approximation
at z based on the use of V(z) given by £(x) = ¢(z)+ (g, x — z) is unique in satisfying ¢(z) > ¢(x)
for each z € E. In this way g € 0v¢(z) if and only if (g, — z) = (V¢(z),z — z) foreach z € X,
which in turn is clearly equivalent to g — V¢(z) € N.

Part 3. We have ¢ € x~1(x(()), so that, by Part 2, ¢ € Vo(x(¢)) + N or Vo(x(¢)) — ¢ € N.
Part4. By Part 2, Y~ (x(()) is an affine set associated to the vector space N. Therefore the relations
¢ € x 1x(¢)and n € N imply ¢ +1 € x~(x(C)), so that x(¢) = x(¢ + n). Differentiation
leads to X'(¢) = X'(C +n) .

6.2 Proof of Theorem 3

We first deal with the part of the Lyapunov function that involves the variable x. By the convexity
and smoothness of f,

L
F(ren) < Fue) + (V) i = v) + L llare — el

and, from the definition of x4 in Step 3 of Algorithm 2, after shortening slightly the notation,
< v _ ﬁ _ 2
f(@r+1) < f(ye) + (Vi T — yk) + 52 IXk+1 — X&l "
k

Here Vi, = V f(yx) and xx = x (k). We now use (23) to get

1 1 L
flxrey) < flyw) + (Vi (1 - ) Th A+ —Xkr1 — Uk) + e — xal
Vi Vk 2v;;
1
= (1 - %> (f(yk:) + Vi, g — yk>)
1 L
o (10 + (T =) + 25l =l

1 1 .
- (1— %) () + (Fhomn =90 ) + () + (T — )
+i<vk, Xkt1 — 27) + %||Xk+1 — xxll*-
Vi 2%

Invoking again the convexity of f

o) < (1 - jk) Fan) + (@) + (Ve — o)

Lf 2
+—5Ixk+1 — X&ll%s
27,3
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and therefore

flarn) — fl@*) < (1 _ ;) (Flan) — F@*) + jk<vk,xk+1 )
L
+ﬁ”Xk+1 —xxll?.

We now multiply across by ’ygh and take into account the formula in Step 2 of the algorithm,
Veh(f(@ra1) = f(2%) < (i —w)h(f (@) — f(z¥))
—(Ch+1 — Chs Xb1 — ) + %HXH—I — xxll*.
The bounds (25) and (27) then yield
(Viy1 — Vet ) B (f (zpg1) — f(2¥)) < (vi — Yi)h(f(zr) — f(z¥)) (38)
—(Ch1 = Chs Xpo1 — T7) + 22X|!Xk+1 — xll*-

We next address the part of the Lyapunov function involving the variable (. By using the three-
points lemma for Dy« as in (Krichene et al., 2015a, Lemma 5) and recalling that x(¢*) = z*,

Diﬁ* (gk+1> C*) = D’lll* (Ckv C*) - Dw* (Ck‘a gk-i—l) + <Ck+1 - Cka Xk+1 — x*>7

and the smoothness bound in (Krichene et al., 2015a, Lemma 5) yields
1
Dy (Crt1,C*) < Dyge (Ck, ) — o7 I = Xl12 + (o1 — Cos Xap1 — ).
X
It is now sufficient to add the last bound to (38).

6.3 Proof of Theorem 4

By differentiating we have,

R 2
90 = ZUa) - 1) + ). a0)
O (). 2 — x(C),

and Lemma 1, Part 3, implies

(%VQS(X(C@)))#U* —x(€(®))) = {C(®), 2" = x(¢(1)))-

These two equalities and the differential equations (21a)—(21b) may be combined to yield:
d ~ 2 t N
27 = (1) Hteo) - s6)
t * *
—= (£ = 1) — (VI @), 2" = a(0)).

Both terms in the right hand-side are < 0, the first because » > 2 and the second because f is
convex.
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6.4 Proof of Theorems 5 and 6

We begin with Theorem 6. We reproduce the proof of Theorem 3 until we reach (38). For the part
involving Bregman divergences, the three-points lemma for Dy gives

Dy(2*, xk+1) = De(o*, xx) — Dg(Xk+1, Xk)
H(Vo(x(Cry1)) — VA(X(Ck))s Xrr1 — 27)

and, as a consequence of Lemma 1, Part 3, the differences V(x(Crr1)) — Cer1 and Vo(x(Cr)) — Ck
are in N and we may alternatively write

Dy(x*, Xt1) = Do (2™, X&) — Dg(Xtet15 X0) + (Cot1 — Chor Xoop1 — 7).

From (Beck, 2017, Lemma 9.4 (a))

1
Dy (™, xr41) < Dg(a™, xx) — fHXkH — xwl1? + (Gt — G X1 — 27,
X

because 1) = ¢ + dx is (1/L,)-strongly convex (Beck, 2017, Theorem 5.26(a)). The proof con-
cludes by adding the last bound to (38).

To prove Theorem 5 one may proceed similarly. The part of the Lyapunov function involving x
is dealt with as in the proof of Lemma 2 in Krichene et al. (2015a) and the difference in Bregman
divergences is treated exactly as in the proof of Theorem 6 just given.
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