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ABSTRACT

Bregman proximal point algorithm (BPPA), as one of the centerpieces in the op-
timization toolbox, has been witnessing emerging applications. With simple and
easy to implement update rule, the algorithm bears several compelling intuitions
for empirical successes, yet rigorous justifications are still largely unexplored. We
study the computational properties of BPPA through classification tasks with sepa-
rable data, and demonstrate provable algorithmic regularization effects associated
with BPPA. We show that BPPA attains non-trivial margin, which closely depends
on the condition number of the distance generating function inducing the Bregman
divergence. We further demonstrate that the dependence on the condition number
is tight for a class of problems, thus showing the importance of divergence in
affecting the quality of the obtained solutions. In addition, we extend our findings
to mirror descent (MD), for which we establish similar connections between the
margin and Bregman divergence. We demonstrate through a concrete example,
and show BPPA/MD converges in direction to the maximal margin solution with
respect to the Mahalanobis distance. Our theoretical findings are among the first
to demonstrate the benign learning properties BPPA/MD, and also provide strong
corroborations for a careful choice of divergence in the algorithmic design.

1 INTRODUCTION

The role of optimization algorithms has become arguably one of the most critical factors in the
empirical successes of training deep models. As the go-to choice for modern machine learning,
first-order algorithms, including (stochastic) gradient descent and their adaptive counterparts (Kingma
and Bal, 2014; Duchi et al.| 2011)), have received tremendous attention, with detailed investigations
dedicated to understanding the effect of batch size (Goyal et al.l 2017 |Smith et al.| 2018} |Keskar
et al.; 2016), learning rate (L1 et al.,2019; |[He et al., 2019; Lewkowycz et al., [2020)), and momentum
(Sutskever et al.l 2013} Smith| [2018)) across a broad spectrum of applications.

Meanwhile, Bregman proximal point algorithm (Eckstein, |1993; Kiwiel, [1997) has been drawing
substantial interests. The resounding successes of this classical algorithm are particularly evident
for applications including knowledge distillation (Furlanello et al., 2018)), mean-teacher learning
paradigm (Tarvainen and Valpolal 2017), few-shot learning (Zhou et al.,|2019), policy optimization
(Green et al.} [2019)), and fine-tuning pre-trained models (Jiang et al.| 2020), yielding competitive
performance compared to its first-order counterparts. In the general form, Bregman proximal point
algorithm updates parameters by minimizing a loss L(-), while regularizing the weighted distance to
the previous iterate measured by some divergence function D(-, -),

0:11 = argming L(0) + 1/(2n,)D(6, 0;). (1.1)

Popular choices of divergence function used in practice include the squared ¢;-norm distance
D1s(0,0:) = Ep || fo(x) — fo, (.L')Hg (Tarvainen and Valpola, 2017), and Kullback-Leibler based
divergence D1, (0, 0;) = EpKL (fo (z)] fo(z)) (Furlanello et al.l|2018), where D denotes the data
distribution.  Such a simple update is of great practical purposes, as it is easy to describe, and
admits simple implementation by adopting suitable off-the-shelf black-box optimization algorithms
(Solodov and Svaiter, 2000; [Monteiro and Svaiter, 2010; |[Zaslavskil, [2010). The updating form
also suggests plausible intuitions for its empirical successes, including iteratively constraining the
search space, alleviating aggressive updates, and preventing catastrophic forgetting (Schulman et al.|
2015} |L1 and Hoiem| |2017). However, none of the intuitions have been rigorously justified, and



theoretical understandings for the empirical successes of Bregman proximal point algorithm remains
underexplored.

A first, and a natural question is whether Bregman proximal point algorithm benefits from the same
kind of mechanism that (stochastic) gradient descent (GD/SGD) enjoys for having the generalization
properties. In particular, in many important applications, GD/SGD is widely believed as the “the
algorithm that finds the right kind of solutions” for problems with non-unique solutions. Such a claim
is supported with numerous provable examples: GD/SGD converges to the minimum-norm solution
of under-determined linear systems (Gunasekar et al., 2018]), converges to the max-margin solution
for separable data (Soudry et al., 2018} Nacson et al., 2019)), aligns layers of deep linear networks (Ji
and Telgarsky, [2018]), and converges to a generalizable solution for nonlinear networks (Brutzkus
et al.| 2017 |Allen-Zhu et al.l 2018)) in the presence of infinitely many overfitting solutions. Given the
emerging successes of Bregman proximal point algorithm, and the aforementioned evidences on its
first-order counterparts (e.g. GD/SGD) finding generalizable solutions, one would naturally wonder

Does Bregman proximal point algorithm converge to a solution with favorable qualities?

Another important question with great practical implications for Bregman proximal point algorithm
is how the divergence measure D(-, -) affects the solution. Instead of directly applying the Euclidean
distance based divergence, it is widely observed that the successful application of Bregman proximal
point algorithm is contingent on the careful design of divergence measure, based on the task at
hand (Li and Hoiem, 2017 Hinton et al.,|2015). Take the example of fine-tuning language model,
the symmetrized Kullback-Leibler based divergence evaluated on the predictions of the updated
model (i.e., f;1) and previous model (i.e., 6;) yields the state-of-the-art result (Jiang et al.| [2020)).
Identifying the underlying mechanism for the success or failure of a given divergence choice is not
only of theoretical interest, but also can significantly reduce human effort in searching/designing the
suitable divergence for a given task. As an important addition, one may also ask whether the impact of
divergence on the Bregman proximal point algorithm find natural counterparts in commonly adopted
first-order algorithms (e.g. mirror descent, (Nemirovski and Yudin, |1983)). In such cases, better
task-dependent algorithmic designs could be proposed in conjunction with the suitable divergence.
To this end, we raise our second question.

How does divergence affect the qualities of the solution obtained by Bregman proximal point
algorithm (and other first-order algorithms)?

In this paper, we initiate our study to address our previously proposed questions. We focus on
a non-trivial example of an under-determined system — training linear classifiers using separable
data. In particular, for exponential tail losses (e.g., exponential loss), the empirical loss function has
infimum zero that is asymptotically attainable at infinity along infinitely many directions. The natural
candidate for measuring the quality of the obtained classifier is its margin, i.e., the minimum distance
between the samples and the decision hyperplane. For such a problem, we summarize our theoretical
findings below as concrete answers to the previous questions.

e We show that Bregman proximal point algorithm (BPPA) obtains a solution with non-trivial margin
lower-bound. As a concrete demonstration, we tailor our main theorem for Mahalanobis distance,
and show that BPPA converges in direction to the maximal margin solution. We provide non-
asymptotic analyses of the margin and empirical loss for constant stepsize BPPA, and propose a
more aggressive stepsize rule for a provable exponential speed-up.

e We establish a dependence of such a margin lower-bound on the condition number of the distance
generating function for defining the divergence. In addition, we provide a class of problems where
the margin lower-bound is tight, demonstrating that the Bregman divergence is crucial in affecting
the quality of the obtained solution.

e We extend our findings to first-order algorithms. Specifically, we show that mirror descent
(MD) enjoys the same previously mentioned margin properties. We also provide non-asymptotic
convergence analyses of the margin and empirical loss for constant stepsize MD, and its exponential
speed-up using a varying stepsize scheme. Our findings for MD strictly complement prior works
on under-determined regression problems (Gunasekar et al.,|2018; |Azizan and Hassibi, [2019).

Notations. We denote [n] := {1,...,n}; sgn(z) = 1if z > 0 and —1 elsewhere. We use w.r.t in
short for “with respect to”. For any |[|-|| in Euclidean space R%, we use ||-||, = max,j<1 (-, y) to
denote its dual norm. Note that we have (||-||,), = [|-||.



2 PROBLEM SETUP

We study the binary classification on linearly separable data. Specifically, the dataset is S =
{(zs,y:)}; C RY x {+1, —1}, where z; is the feature vector, and y; is the label. In addition, there
exists a linear classifier u € R such that y; (u,x;) > 0 for all i € [n]. That is, the decision rule
fu(-) = sgn({u,-)) achieves the perfect accuracy on the dataset, with y; = f,,(z;) for all i € [n].

For each linear classifier f,,(-) with perfect accuracy, we define its ||-||,-norm margin as the minimum
distance in ||-|| ,-norm from the feature vectors to the decision boundary H,, = {x : (z,u) = 0}. Itis
well known that the ||-||,-norm margin, denoted as -y,,, only depends on the direction of the classifier

and satisfies v, = min;ep,) { Z:yi, ﬁ>, where ||-|| is the dual norm of ||-||.. The ||-||,-norm margin

measures how well the data is separated by decision rule f,(-), measured in ||-||,-norm, and is an
important measure on the generalizability and robustness of the decision rule. Given a norm ||-||, on

R9, we define the optimal linear classifier with the maximum |[|-||,-margin below.

Definition 2.1 (Maximum ||-||,-norm Margin Classifier). Given a linearly separable dataset
{(zi,Yi) Yicn), we define the maximum ||-||.-norm margin classifier . , and its associated maxi-

mum ||-|| .-norm margin vy _as

w)., = argmax min (u, y;z;) , y|.|. = Max min (u, y;z;) .
lul|<1 ¢€[n] lull<1i€[n]

For a separable dataset, we consider finding the classifier by minimizing the empirical loss
Ls(0) = 5 st L (0, i) @1

Here we focus on the exponential loss ¢(z) = exp(—z), and our analyses can be readily extended to
other losses with tight exponential tail (e.g., logistic loss).

Observation. One can readily verify that with a separable dataset S, the empirical loss has infimum 0
but possesses no finite solution that attains the infimum. Thus any optimization algorithm minimizing
the loss Ls(-) will observe the explosion on the norm of iterate.

It has been shown that various optimization algorithms, including (stochastic) gradient descent and
steepest descent, converge in direction to the maximum margin classifier in different norms (Soudry
et al.,2018; Nacson et al.,|2019; \Gunasekar et al., [2018; J1 and Telgarsky, 2019;2021)). Connections
between gradient descent and the regularization path of homotopy method have also been established
(Ji et al.} 2020). A striking feature behind such phenomena is that there is no explicit regularization
in the loss function, and such effects have been termed as the implicit (algorithmic) regularization.

Up to date, most of the implicit regularization effects are attributed to (stochastic) gradient descent,
given their prevalence in applications. However, as Bregman proximal point algorithm (BPPA)
becomes increasingly popular in various domains, there exists considerable lack of understanding on
the computational properties of BPPA. In addition, practitioners often find the choice of divergence
function crucially important for the performance of BPPA (Jiang et al., |2020; |Furlanello et al.,
2018)). This empirical evidence thus calls for a detailed characterization on the connection between
computational properties and the divergence function of BPPA.

In what follows, we study the BPPA for solving problem in detail. The BPPA (Algorithm[T) is an
adaptation of the vanilla proximal point algorithm (Rockafellar, |1976afb) to non-euclidean geometry,
by using Bregman divergence as the divergence measure in (I.1). Specifically, given a distance
generating function w(+) that is convex and differentiable, we define the Bregman divergence D,, (-, )
associated with w(-) as D,,(6,0") = w(0) — w(0") — (Vw(#'),0 — ") . Throughout our discussions,
we only impose the following mild assumption on Bregman divergence function D,, (-, -).

Algorithm 1 Bregman Proximal Point Algorithm (BPPA)

Input: Distance generating function w(-), stepsizes {n'};>o, samples {z;, y; }™ ;.

Initialize: 0° < 0.

fort=0,...do 1

Update 6,41 = argmin Ls(0) + —D,, (0, 6,). (2.2
0

end for 2




Assumption 1. We assume that the distance generating function of Bregman divergence D, (-, -) is
L.,-smooth and pi,,-strongly convex w.r.t. ||-||-norm. That is,

w Lw
B0 0/)1* < w(6) = w(8') = (Vw(®),0— ') < 26— 0'|]*.
3 ALGORITHMIC REGULARIZATION OF BPPA

We show BPPA achieves a ||-||,-norm margin that is at least 4/ ft,, / L,,-fraction of the maximal one.
Theorem 3.1 (Constant Stepsize BPPA). Let D). = maX;cy,) ||z:|,, where ||-||, denotes the dual
norm of ||-|. Then under Assumption[l} for any constant stepsize n, = n > 0, the following hold.

(1) We have lim,_, o, Ls(0;) = 0. Specifically, we have that Ls(0;) diminishes at the following rate,

1 Ly log2 Y nt Ly, log2 Y mt

Ls(8) < - 42(||* ) _o Q(HH* Y
V1.7 Vi, Vi,

(2) We have that the margin is asymptotically lower bounded by

. . et > ,U/w
lim min ( —, %% ) 2> «/ 71> 3.1
t—o0 i€]n] < [164]] Y wal Il.

where .|| is defined in Deﬁnition@] In addition, for any given € > 0, there exists a t( satisfying

2 2
& Djpy, Dy, Lo\ 1
0= max 5, €XP st | == — ,
1. T, €N Hw ) Vg N

such that for t > to number of iterations, we have

0 L .
<”9i”7ym> > (1 *6)\/wa~u*, Vi € [n].

We highlight that (1) The choice of Bregman divergence in BPPA is flexible and can be data
dependent. Properly chosen data-dependent divergence can adapt to data geometry much better than
data-independent divergence, leading to better separation and margin. In Section [5| we demonstrate
how BPPA can benefit significantly from such an adaptivity of carefully designed data-dependent
divergence. (2) Our analysis on the convergence requires handling non-finite minimizers, which
implies divergence of iterate ||0;|| — co. The optimization problem of our interest does not meet the
standard assumptions in the classical analysis of BPPA in the literature, and requires a careful choice
of reference point in order to derive non-trivial convergence results. (3) Our result is closely related,
but should not be confused with the homotopy method in (Rosset et al., 2004), which can be viewed
as performing only one proximal step at the origin, with an extremely large stepsize. (4) Finally, our
result is a generalization of |Telgarsky| (2013); |Gunasekar et al.| (2018)) to non-euclidean settings with
Bregman divergence. Working with Bregman divergence poses unique challenges, as it is previously
unclear how to relate the primal margin progress to the per-iteration progress over the dual space.

Theorem [3.1] shows that if the distance generating function w(-) is well-conditioned w.r.t. ||-||-norm,
then Bregman proximal point algorithm will output a solution with near optimal |||, -norm margin.
As a concrete realization of Theorem , we consider the Mahalanobis distance [|-|| , == /(-, 4-)
induced by a positive definite matrix A.

Corollary 3.1. Let ||| = ||-|| , for some positive definite matrix A. Under the same conditions as
in Theorem[3.1] BPPA with distance generating function w(-) = (-, A-) converges to the maximum
||-|| .-margin solution, where ||-||, = ||-|| 41 Specifically, we have

Loy < — L 4 Twlog Cunnt) _ o, ((Lulog” (. m1)
s(by) < 3 = 5 .
V1L 7 Ay 1t i

In addition, we have lim;_, o min;c(y <Hz—z”, yimi> = Y|-|.- Specifically, for any given € > 0,

~ D? D?
there exists a tq satisfying to .= O (max { = I “exp <> —— }) , such that for t > tg

M, € ) i
number of iterations, we have
0 :
<||et||7yzlz> > (I =€)y, Vie(n]

Finally, we have the direction convergence that lim;_, ., ng 7= Y-




Note that similar directional convergence results have been shown in |Gunasekar et al.| (2018) for
steepest descent w.r.t. ||| , norm. The directional convergence of BPPA obtained here, however, is
not a simple corollary of known results, since existing analyses focus on first-order algorithms in
euclidean setting (e.g., GD/SGD, steepest descent). Such existing analyses do not simply extend to
non-first-order algorithms in non-euclidean setting, such as BPPA.

When the distance generating function w(-) is ill-conditioned w.r.t. ||-||-norm (i.e., \/ o /Loy < 1),
it might be tempting to suggest that the margin lower bound in (3.T) is loose, and what really happens
is limy oo min;e <H‘Z—:H, yimi> =Y. However, as we show in the following proposition, there

exists a class of problems, where the lower bound in (3.1)) is in fact a tight upper bound (up to a factor
of 2), demonstrating that the dependence on condition number of distance generating function w(-)
w.r.t. ||-|[-norm is not a proof artifact.

Proposition 3.1 (Tight Dependence on Condition Number). There exists a sequence of problems
{P™)},,51, where each P(™) = (S(m), H~||(m) ,w(m)) denotes the dataset, the norm, and the
distance generating function of the m-th problem. For each m, the distance generating function
w™(.) is MSU )_strongly convex and L™ smooth w.r:t. |I||-norm. Then Bregman proximal point
algorithm applied to each problem in {P(m) Ym>1 yields
9 (m)
dm, min < 10, |’W> [ <2 L(m)’ vm 21, (3.2)

In addition, for any m > 4, we have lim;_, o, mln(w y)eSm) < 0 >/’YH f[om) <2,/& ,,L) < 1
In fact,

0
lim min <H0t”,yx> /'yH.”(m) — 0, asm — oo. (3.3)
} .

t—o0 (z,y)GS(m)

Combine Theorem[3.1] Corollary [3.T]and Proposition[3.T} we conclude that the margin of the obtained
solution by BPPA has non-trivial dependence on the condition number of the distance generating
function w(-). This observation provides a strong evidence that the Bregman divergence D, (-, -)
in BPPA is highly important to the quality of the obtained solution, and advocates a careful design
of Bregman divergence when using the BPPA. Our theoretical findings also aligns the empirical
evidences on the importance of divergence found in knowledge distillation and model fine-tuning
(Jiang et al.| 2020; |[Furlanello et al., 2018).

We have shown that BPPA with constant stepsize achieves a margin that is at least /1, / L, -fraction
of the maximal one. Meanwhile, our complexity bound in Theorem [3.1] shows that to obtain such a
margin lower bound, it might take an exponential number of iterations. We next show by employing a
more aggressive stepsize scheme, we can attain the same margin lower bound in a polynomial number
of iterations, while speeding up the convergence of the empirical loss { Ls(6;)}+>o drastically.

Theorem 3.2 (Varying Stepsize BPPA). Given any positive sequence { }1>o, letting the stepsizes
{n}i>0 ben, = %, then the following facts hold.

(1) lim;_,oo Ls(0;) = 0. Specifically, for any t > 0, we have Ls(6;11) < Ls(0;)3(a:), where

a 2.2
ﬂ(a) = minﬁe(o,l) max {ﬁ’exp <2BLZ,*> } < 1.

(2) Letting oy = ﬁ we have lim;_, o Min;e [y <Hz:|\ , yia:i> > g—zryu.”*. In particular, for any
e € (0, %), there exists a tg satisfying

8
Ly
to=0 B — , 34
TV Hw€

such that in t > to number of iterations, we have

0; Ly .
iz ) > (1 — —1 5, Vi€ [n].
(s = 4=y Fm viebd
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Additionally, the convergence rate of { Ls(0;)}1>0 is given by Ls(6,) = O (eXp (—A{L!\/f)) )

We remark that (1) We do not optimize for the best polynomial dependence on 1/¢ in the iteration
complexity (3.4), as our main goal is to show the exponential gap between the complexity presented
in Theorem [3.1]and here. We refer interested readers to Appendix [B] where we show that we can
improve the polynomial dependence with more tailored analysis. (2) We also demonstrate that the
empirical loss converges almost exponentially faster with our choice of stepsizes. (3) We reiterate
that using the aggressive stepsizes does not change our established margin lower bound, and the
exact convergence to the maximum margin solution demonstrated in Corollary still holds for this
scheme of stepsizes, which can be achieved with a polynomial number of iterations.

e Inexact Implementation of BPPA. The proximal update (2.2) requires solving a non-trivial
optimization problem, and there has been fruitful results of inexact implementation of BPPA in
optimization literature (Rockafellar,|1976b; | Yang and Toh, 2021 [Solodov and Svaiter, 2000; Monteiro
and Svaiter, 2010). Here based on the varying stepsize scheme proposed in Theorem [3.2] we discuss
the feasibility of a gradient descent based inexact BPPA that: (1) admits a simple implementation
and achieves polynomial complexity, (2) retains the margin properties of exact BPPA. Specifically, at
the ¢-th iteration, the gradient descent based inexact BPPA solves the proximal step

é\t_,_l A argming ¢ (0) = % Yo exp (= (0, yixi)) + %me(Q, é\t) 3.5)
up to a pre-specified accuracy J; with gradient descent. Our key observation comes from the fact
that when applying gradient descent to ¢;(-) with small enough stepsizes, the iterate would stay in a
region that has relative smoothness M, and relative strong convexity 1, bounded by

My < Ls@) + & = Ls@) (14 %), = =20,

- Mt [e37

both measured w.r.t. Bregman divergence Dy, (-,-) (Lu et al.l 2018). Note that the first inequality
follows by our choice of stepsize 7; in Theorem Thus the effective condition number x; == My /s
of ¢¢(-) is bounded by x; = 1 4+ a; = O(1), which implies that the ¢-th proximal step requires

@ (nt log(é—lt)) =0 (1og(6—1t)) number of gradient descent steps. Summing up across % iterations

(3:4), we need up to O (Ziozl log(%)) gradient descent steps, which depends polynomially on ¢
even if we choose an extremely high accuracy §; = O(exp(—t)) for each inexact proximal step (3.3).

4 ALGORITHMIC REGULARIZATION OF MIRROR DESCENT

Inspired by the results in the previous section, we further show that mirror descent (MD, Algorithm 2)),
as a generalization of gradient descent to non-euclidean geometry, possesses similar connection be-
tween the margin and Bregman divergence. We remark that our results are the first to characterize the
algorithmic regularization effect of MD for classification tasks, while previous literature exclusively
focus on under-determined regression problems (Gunasekar et al., 2018} |/Azizan and Hassibi, 2019).

Algorithm 2 Mirror Descent Algorithm (MD)

Input: Distance generating function w(-), stepsizes {n'};>o, samples {z;, y; }1;.
Initialize: 6° «+ 0.
fort=0,...do

Compute gradient VLs(6;) = L 3" | exp (= (0y, yiws)) (—yiwi).

Update 9t+1 = argming <VLS(9t)7 0 — 9t> + ﬁDw(Q, 9t)
end for

Theorem 4.1 (Constant Stepsize MD). Let D). = maX;c[n) ||xl|,, where ||-||, denotes the dual
norm of |||, and D, = max;e[n [|%i|l,. Under Assumption|l} let jiz be the strong convexity

parameter of w(-) w.r.t. ||-||o-norm. Then for any constant stepsize n; = n < 3 [;‘HQH , we have that
2

(1) lim;_, o Ls(6;) = 0. Specifically, we have that Ls(0;) diminishes at the following rate,

1 Lw lo 2 . t Lw lo 2 . t
Ls(6)) < N 4g2(7| 1.nt) o g () )
L7 Vit Vit




(2) We have that the margin is asymptotically lower bounded by

lim min <9t,yixi> > \/EVH .
t—00 i€ [n] ||9t|| Lw *

In addition, for any € > 0, there exists a ty satisfying

D32 p
to=0 | exp 11 Dl Feo log (1> 4.1)
1/2 3/2 ’ :
Rl Sy e ¢

such that any t > to, we have

Ht Mo
<”9t”7yiwi> > (1—e€),/ 7.

Theorem |4.1{shows that mirror descent attains the same ||-||,-norm margin lower bound as BPPA,

which is \/ft,, / L,-fraction of the maximal margin. Note that ps > 0 is a direct consequence of
Assumption[I]and the equivalence of norm on finite-dimensional vector space.

Similar to Corollary let ||-|| = [||| , be the Mahalanobis distance, then MD equipped with
distance generating function w(-) = (-, A-) converges to the maximum ||-|| .-norm margin classifier.

Corollary 4.1. Let ||-|| = ||-|| 4 for some positive definite matrix A. Then under the same conditions as

in Theorem{.1| the MD with distance generating function w(-) = (-, A-) converges to the maximum
2

||| .-margin solution, where ||-||, = ||-|| s-1. Specifically, we have Ls(6;) = O (W) .
1l

In addition, we have limy_, o, min;c(y, <Hz—:”, yixi> = Y|-||.- Specifically, for any given € > 0,

3/2
DH_”*DH,Hszn

1/2, 3/2
/H2/ €3/2

VR M €
1l

there exists a to with to = O (exp ( g (1)>) , such that for t > to number of

iterations, we have

0 .
<||0Z||7yzxz> > (1- E)V\I‘H*a Vi € [n].

Finally, we have direction convergence that lim;_, ”g—:u = U

Note that Corollary [4.1|recovers the directional convergence of steepest descent in|Gunasekar et al.
(2018)) w.r.t ||-|| ,, which coincides with MD with distance generating function w(-) = (-, 4-).

Theorem 4.1| guarantees the near optimal ||-||,-norm margin when the distance generating function
w(-) is well-conditioned w.r.t. ||-||-norm. For cases when w(-) is ill-conditioned, we demonstrate that
there exists a class of problem for which the margin lower bound is tight.

Proposition 4.1. There exists a sequence of problems {’P(m) }m>1 by the same construction as in
Proposition[3.1] such that the margin lower bound in Theorem{d.1|is tight up to a non-trivial factor of
2. Specifically, we have (3.2) and (3.3)) also hold for MD.

Finally, we propose a more aggressive stepsize scheme for MD that achieves the same margin lower
bound. In addition, instead of requiring an exponential number of iterations (@.1]) as constant stepsize
MD, such a stepsize scheme only needs a polynomial number of iterations, and achieves an almost
exponential speedup for the empirical loss {Ls(6;) }+>0.

Theorem 4.2 (Varying Stepsize MD). Let the stepsizes {n; }1>0 be given by n, = %, where
12 1

a; = min{ DL \/t—Tl} Then under the same conditions as in Theoremd.1

(1) We have lim;_ o, min;g () <HZ—:”, ymji> > Z—ZWH.”*. In addition, for any € > 0, there exists a

. o Dy Lw 4
to satisfying to = O <(7*#22\/l76> ) , such that for any t > to, we have

0 L .
<”92”7ym> >(1- 6)\/77|\-|\*» Vi € [n].

(2) We have lim;_, o, Ls(0;) = 0. In addition, the convergence rate is given by

Ls(6:) =0 (exp (— PYIH/'H* \/E)) .
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5 EXPERIMENTS
Synthetic Data. We take S = {((—0.5,1),+1),((—0.5,—1), 1), ((—0.75,—-1),-1), ((2,1),+1)}.
One can readily verify that the maximum ||-||,-norm margin classifier is w ., = (0, 1). For both

BPPA and MD, we take the Bregman divergence as D, (z,y) = ||z — y\li, which corresponds to
the vanilla proximal point algorithm and gradient descent algorithm. Note that both algorithms are
guaranteed to converge in direction towards ., = (0, 1), following Corollary [3.Tand 4.1}

10_| \\ 1.00 ,

107N — 098 IR

10_‘) \\ = ! -~ 10 \\
S i 5096 S0
N ~ = TRl SN
= 107" \\ < 0.94 = w—zo \\

-21 Sso ~ 0.92 10724 \\\\
1(]725 T sz < U 10 —— Constant Stepsize  ~~_
10 =] 0.90 1072 == Varying Stepsize S 0.825 epsize
0 200 400 600 800 10001200 0 200 400 600 800 10001200 0200 400 600 800 10001200 0 200 400 600 800 10001200
Iterations Iterations Iterations Iterations
(a) BPPA (b) MD

Figure 1: BPPA and MD run on the simple data set S.

We take 7, = 1 = 1 for the constant stepsize BPPA/MD, and n; = IZrLiﬁ‘)l‘/m for the varying

stepsize BPPA/MD, following the stepsize choices in Theorem 3.1} 3.2] and[@.2] To implement
the proximal step in BPPA at the ¢-th iteration, we take 128 number of gradient descent steps with
stepsize 0.27;, following our discussion at the end of Section[3] We initialize all algorithms at the
origin and run 1200 iterations. From Figure[I} we can clearly observe that both BPPA and MD
converge in direction to the maximum ||| ,-norm margin classifier w .|, which is consistent with our
theoretical findings. In addition, by adopting the varying stepsize scheme proposed in Theorem 3.2]
and .2} both BPPA and MD converge exponentially faster than their constant stepsize counterparts.

Data-dependent Bregman Divergence. We illustrate through an example on how properly chosen
data-dependent divergence can lead to much improved separation compared to data-independent
divergence, even on simple linear models.

We have n labeled data {(z;,v;)};~, sampled from a mixture of sphere distribution: y; ~
Bernoulli(1/2), z; ~ Unif (Sy,,(r)), where S.(r) denotes the sphere centered at z with radius
7 in R%. In addition, we also have m unlabeled data {7 };n:l, following the same distribution as

{;}!_,, with no labels given. Clearly, the maximum ||-||,-margin classifier for the mixture of sphere
distribution considered here is given by the linear classifier f*(-) = sign((-, u)).

Divergence | Alignment
DM(-,) 0.8703
D). ) 0.8175
DB, 0.9754

Figilre 2 BPPA with Brf;gmz;n divergence D(?’)i (rig;ht) significantly Table 1: <ﬁ7 N> av-
improves alignment with optimal classifier 1, compared to D) (left) 2
and D@ (middle).

We choose n = d = 2,m = 100, = 0.8, and generate y ~ Unif (So(1)). We compare three types
of Bregman divergence, given by D™ (9,6') = ||6 — 9’||§ (vanilla proximal point), D) (6, 0") =
(0 —0")T5(0—0),and DO)(0,0') = (0 —0') TS0 — 0'), where & = = > | x;2] denotes
the empirical covariance matrix. Note that D(2) and D(®) are data-dependent from their construction.

For each divergence function, we run BPPA with 8 independent runs, the results are reported in
Figure[2]and Table[T} We make two important remarks on the empirical results:

eraged over § runs.

e Data-dependent divergence D(®) gives the best separation despite limited labeled data (in fact only
21), much improved over data-independent squared ¢5-distance D1,
e Not all data-dependent divergence helps, D(?) shows degradation compared to D(1).

We further remark that by utilizing Corollary [3.I] one can completely characterize the solution
obtained by BPPA for each of the divergence in closed form. Using such a characterization allows
one to corroborate the empirical phenomenon with our developed theories, deferred in Appendix [A]



CIFAR-100. We demonstrate the potential of extending our theoretical findings for linear models

to practical networks, using ResNet-18 (He et all [2016)), ShuffleNetV2 (Ma et all, 2018), Mo-

bileNetV?2 (Sandler et all 2018)), with CIFAR-100 dataset (Krizhevsky et al., 2009). At each

iteration of BPPA, the updated model parameter 6,1 is given by solving the proximal step

0,41 = argming 1/n > €(fo(z:);y:) + 1/(20)D(6;6;) for all t > 0, where D denotes di-
vergence function, and 6 is obtained by standard training with SGD. We consider inexact imple-

mentation of the proximal step, discussed in (3.3). Specifically, each proximal step is solved by
using SGD, with a batch size of 128, an initial learning rate of 0.1 which is subsequently divided
by 5 at the 60th, 120th, and 160th epoch. We consider two divergence functions widely used in

practice, defined by Dys(0',0) = 1/(2n) >0, || fo(z:) — for (xl)||§ (ITarvainen and Valpolal, |2017|),

and Dx,(0,6') = 1/(2n) >-1, KL (for (z4)|| fo(x;)) (Furlanello et al.l 2018). For each of the diver-

gence, we run BPPA with 3 proximal steps, with the proximal stepsize n; = 1 = 0.025 for Dxkr,, and
ne = n = 0.2 for Drg (n; = 0.025 gives significantly worse performance). For standard training
with SGD, we use a batch size of 128, an initial learning rate of 0.1 further divided by 5 at the 60th,
120th, and 160th epoch. The results are reported in Figure 3]

ResNet18

MobileNetV2

ShuffleNetV2

ResNet18

~
n S o

Test Accuracy
o o u
2 3

~— SGD
= KL-Prox-3
~—— LS-Prox-3

@
@

@
S

Test Accuracy
[ SR
g 3 3

IS
S

30

~— SGD
= KL-Prox-3
~— LS-Prox-3

Test Accuracy
o 2 o N
g 2 § 3

@
=)

~—— SGD
= KL-Prox-3
=~ LS-Prox-3

' —— SGD
KL-Prox-1
= KL-Prox-2
= KL-Prox-3
LS-Prox-1
LS-Prox-2
= LS-Prox-3

50 100 150
Epoch

200

50

100

150
Epoch

200

50

100 150
Epoch

200

75 100

125 150
Epoch

Figure 3: BPPA with divergences Dxr, and Dy,g on CIFAR-100 dataset. KL-Prox-% denotes learning
curve of the k-th proximal step with Dky,; LS-Prox-k denotes learning curve of the k-th proximal

step with Drs.

One can clearly see from Figure B} (1) Across different model architectures, BPPA with Dy,
outperforms standard training with SGD; (2) BPPA with Dy g yields negligible differences compared
to SGD. The qualitative difference of Dky, and Dy g strongly indicates that the divergence function
serves an important role in affecting the model performance learned by BPPA, which we view as an
important evidence showing broader applicability of our developed divergence-dependent margin
theories. In addition, the learned model with Dy, improves gradually w.r.t the total number of
proximal steps. For ResNet-18, the accuracy increases from 75.83% (standard training) to 78.56%
after 3 proximal steps — an additional 1.4% improvement over Tf-KD,,; s (see Table E[), which can be

viewed as BPPA with 1 proximal step. We view such findings as the evidence suggesting the scope of

algorithmic regularization associated with BPPA goes beyond simple linear models.

We make further remarks on the previously proposed l
method in [Yuan et al] (2019), named Teacher-free

Knowledge Distillation via self-training (Tf-KD,;¢) ,
which is equivalent to BPPA with 1 proximal steps, us-
ing Dk, (6,6) as the divergence function. Tf-KD; s
was shown to improve over SGD for various network
architectures on CIFAR-100 and Tiny-ImageNet. We
include the reported results on CIFAR-100 therein in

Table 2] for completeness.

175 200

Model ‘ SGD ‘ Tf—KDself ‘
MobileNetV2 | 68.38 | 70.96 (+2.58)
ShuffleNetV2 | 70.34 | 72.23 (+1.89)

ResNet18 75.87 | 77.10 (+1.23)
GoogLeNet | 78.72 | 80.17 (+1.45)
DenseNet121 | 79.04 | 80.26 (+1.22)

Table 2: Comparison of Tf-KD,; s (2-step

BPPA) and SGD on CIFAR-100.

6 CONCLUSION AND FUTURE DIRECTION

To conclude, we have shown that for binary classification task with linearly separable data, the
Bregman proximal point algorithm and mirror descent attain a ||-||,-norm margin that is closely
related to the condition number of the distance generating function w.r.t. ||-|-norm. We list two
directions worthy of future investigations. (1) Our analyses exploit the fact that the Bregman
divergence is defined over the model parameters, while many popular data-dependent divergences
are defined over the model output (e.g. prediction confidence). Making this non-trivial extension to

data-dependent divergence can also help demystify the mechanism of the data-dependent divergence.

(2) Our current analyses focus on linear models, and the extension to nonlinear neural networks
requires more delicate definitions of margin and divergence. We leave this direction as our long-term

investigation plan.
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Supplementary Material for ‘“Implicit Regularization of Bregman Proximal
Point Algorithm and Mirror Descent on Separable Data”

A DISCUSSION ON EXPERIMENT SECTION

The observed phenomenon for our second experiment can be explained by Corollary [3.I] Recall that
4 is the maximal 3-norm max-margin solution of the mixture of sphere distribution. In Corollary@
take A = AW =1, A= A® = I;r? Jd+pup" and A = A®) = (Iyr? /d + pp )_ respectively.
Note A1) A AB) by definition are positive definite, hence apply the result of Corollary
A®) promotes a solution 1(®) that has larger directional alignment with . (hence achieving better
separation), while A(?) promotes a solution 1(?) that has smaller directional alignment with  (hence
has worse separation). It remains to note that & — A®), $=1 — A®) for m sufficiently large,
hence the solutions of BPPA with D(®) and D converge to (?) and p(® for large enough m,
respectively. In conclusion, BPPA with D(?) converges to a classifier with smaller alignment with
1 (worse separation), while BPPA with D) converges to a classifier with larger alignment with 1
(better separation).

B PROOFS IN SECTION

Proof of Proposition[3.1] For each m € Z7¥, we consider the following simple problem P (™).
First, the data set S = {(2;,:)}?~, C R™ x {+1, —1} contains only two data-points, where

T = z(m), y1 = land x4 = —z(m) yo = 1 for some vector 2(m) ¢ R™ to be chosen later.
Consider norm ||- ||(m = ||1, and dlstance generating function w(m)(ﬂ) 19 H2 , both defined on
R™. From the simple identity 1 HG’HQ =3 Ht9||2 0,0/ —0) + %0 — 0||2, together with the fact
that )
2 2 2 2
16 = 6"ll; < 116 = 6"l 10— 0ll; = — 110 = &'l
we conclude that w(™(-) is 1-smooth and X-strongly convex Ww.r.t. ||-||(m)—n0rm, and
\/NSU’”)/L&T) = /1/m. By Corollary taking A = I,,,, we conclude that lim;_, o, ﬁ = uém),
tll2
where
u{™ = argmax  min 0,yx) = 2
= X —
P elbst @pesty 1=,
is the maximum ||-||,-norm margin SVM. Hence we have
) H m 2
lim  min < i ,y;c> = u2 H ‘ : )HQ.
B 335 \TA, T T
On the other hand, we can readily verify that Yy = MAX gy m) <4 <0, z(m)> = ||z(m) HOC Thus

we conclude that

lim  min <0t yx> /’y oy = 2]l .
t—00 (g, y)es<m> 6, II-11% HZ(m)H1 Hz(m)Hoo
Now taking (™) = (1 ,ﬁ, ce f) one can readily verify that

= 2—1/m
= < — VYm>1.
o, T = V= < v
Thus we conclude our proof with
. Z N [ 2, fu
tlggo (z, £1els<m> <|9t||1 >/'y|.|gm) N Hz(m)H1 Hz(m H = NG 2 m’ Vm 2 1.

13



Lemma B.1. Ler f(-) be convex, and D,,(0',0) = w(0") —w(0) — (Vw(0),0" — 0) be the Bregman
divergence associated with w(-). Letting

1
0¢+1 = argmin f(0) + %waa@t), (B.1)
6
then for all 0, we have
1 1 1
Jf(Org1) + 27an(9’ Or+1) < f(0) + %Dw(e,ét) - %Dw<9t+17 0r).

Proof. By the optimality condition of (B.I]), we have

1
<f/(9t+1) + %VDw(gtJrl»et)a 0 — 9t+1> >0,

where VD, (0:11,0;) denotes the gradient of D, (-, 6) at 0;11, and f/(0:41) € Of(6¢4+1) denotes
the subgradient of f(-) at ;1. Now by the definition of the Bregman divergence, we have

Dy(0,0¢) = Duy(0r41,0) + (VDo (0111,04),0 — 0ry1) + Doy(0,0111).
Combining this with the fact the (f'(0;+1),0 — 0;11) < f(6) — f(6¢+1), we conclude our proof. [

Lemma B.2. For proximal point algorithm with Bregman divergence D., (-, ), where w(-) is Ly,-
smooth w.r.t. to ||-||-norm, we have

Lw 2
L(6)— L) < —|9]".
(0:) ()_4ntll |

Proof. Given the update rule
1
0511 = argmin L(0) + — D, (0, 0;),
0 21

together with Lemma|[B.1] wherein we take f(-) = L(-), and § = 6, we have that
1 1
L(0s41) < L(0s) — — Dy (0s,0541) — — Dy (0541, 05). B.2
(0012) < L8.) = 5 D02 00i2) = 5-Du(B111.60) (B2)
Since w(+) is convex, we have D,,(0s,0511) > 0 and D,,(6s+1,0s) > 0. Thus, we have monotone
improvement L(0y1) < L(6s). On the other hand, by Lemma we also have

1 1
L(0s41) — L(0) < —D(0,05) — — Dy (0,0541). B.3
(0s+1) ()_277 (6,05) o (0,0511) (B.3)
Summing up the previous inequality from s = 0 to s =t — 1, we have

t

5" L(0) = L(6) < 5-Du(6.60).

s=1

Additionally, since w(+) is L,,-smooth w.r.t. ||-|| norm, we have
Ly,

Dy (6,60) < 5 16— 6o]* .

Combining with the fact L(0;11) < L(f;) for all s > 0 and 6, = 0, we arrive at
Lw 2
L) — L) < — 9] .
(6~ L6) < 7% 16
O

Finally, we show the convergence of loss for binary classification task with separable data. We remark
that with separability, the empirical loss L(-) has infimum zero, but such an infimum can not be
attained.

& Proof of Theorem 3.1}
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o Proof of TheoremB.1}(1). Define ur = Ry _, where

||, = argmax min (u, y;z;) ,
ull<1 €n]

Y. = max min (u, y;2;) .
T ull<tign]

By Lemma we have L(0;) < L(ug) + 57; lug||*. On the other hand, we know that
1 n
L(ur) = =~ exp {=R (up,yiwi)} < exp (=R
i=1

Thus, L(6;) < exp (—Ry..) + R;ﬁw . Finally, by taking R = w, we have

Y-l
1 Ly log? (v nt Ly log? (. nt
148, < . g2(7n L7) _ o 3 (i) | B4
V1, mt iy mt Vi, M
O

We proceed to show the parameter convergence of the proximal point algorithm with constant stepsize.
Before that, we provide some technical lemmas regarding Bregman divergence and Fenchel conjugate
duality. The first lemma shows that the Bregman distance between primal variables (x, ) induced by
w(-) is the same as the Bregman distance between the dual variables (z, = Vw(y), z, = Vw(x))
induced by w*(-).

Lemma B.3. Ler w(-) be strictly convex and differentiable, and w*(-) = max,, (-, ) — w(z) be its
convex conjugate function. Then we have

where D, and D, denote the Bregman divergence induced by w(-) and w*(-) respectively.

Proof. By the definition of conjugate function, we have w*(v) = max,, (v, u) —w(u). Since w(-) is
strictly convex, we have w* () is differentiable, and

Vw*(v) = argmax (v,uy —wu),= (v, Vw*(v)) —w(Vw*(v)) = w*(v), Vo.
Since w(-) is proper, we have w = (w*)*, which also gives
V() = argmax (u,v) — (1), = (u, Vuo(w)) — 0 (Vo (w)) = w(w)
= u = Vw* ' (Vw(u)), Yu.

By the definition of D,,~, we have

=w"(Vw(y)) — w* (Vw(z)) — (V" (Vw(z)), Vw(y) — Vw(z))

= w"(Vw(y)) — w* (Vw(z)) — (z, Vu(y) — Vw(z)

=w"(Vw(y)) — (Vw(y),y) — [w*(Vw(z)) — (Vw(z),z)] — (Vw(y),z —y)
=w(z) —w(y) — (Vw(y),z —y)

O

The second lemma establishes the duality between smoothness and strong convexity w.r.t. to general
||-||-norm. We refer interested readers to|Kakade et al.| (2009) for the detailed proof.

Lemma B.4. [Theorem 6,|Kakade et al.|(2009)] If f(-) is L-smooth and p-strongly convex (. > 0)
with respect to ||-||-norm, then f*(-) is i—smooth and + strongly convex with respect 1o ||-|| .-norm.

Here f*(-) = max, (z,-) — f(z) denotes the convex conjugate of f(-), and (|||, ||-||,) are a pair of
dual norm.
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o Proof of Theorem[3.1}(2). From (B:2), we have

Z exp (— (041, yix;)) = L(0r41)

1 1
< L(6;) — %Dw<9t7 Or1) — %watﬂ, 0;)

1 1

=L(0,){1— ———Dy(0;,041) — ————Dy (0411, 0

(0{ s DO Oes1) = 5 DB t)}
1 1

< L(0y) exp{ ————Dy(04,0041) — ————Dy (0411, 0;) ¢ .

= (t) Xp{ 277L(9t) (t t+1) 277L(9t) (t+1 t)}

Hence for each ¢ € [n], the normalized margin can be lower bounded by

041 —logn — log L(Qo) Dy (01,01 41) + Do (0141, 0¢)
) > . (B.6
<||9t+1|| ”> ST el ||em|| Z 7(6.) B0

By optimality condition of the proximal update 6;; € argmin, L(6) + %DM(G, 6;), we have that
1
% (Vw(9t+1) — V(et)) + VL(9t+1) = 0, (B7)
Thus we have
[Vw(Oey1) = Vw(Oy)|l, = [Vw(bi1) — Vw ()]

2 n
= =20 (VL)) = =0 3 (g e exp (= (B, i)
=1

> 2nL(Oc41))-).

where the first inequality follows from ||w.;_|| = 1, the second inequality follows from the Fenchel-
Young Inequality, the second equality uses the definition of V L(6;1), and the final inequality follows
from (uy i, yis) > V),

Now by Lemma B3] we have D, (0;,0;11) = Dy (Vw(041), Vw(6;)). Since w(+) is Ly,-smooth
w.r.t. ||-||-norm, by Lemmawe have that w*(-) is Llw -strongly convex w.r.t. ||-||,-norm, which
gives us

Dw* (Vw(9t+1)7 Vw(@t))
= w*(VW(9t+1)) —w (Vw(8y)) — (Vw (Vw(8:)), Vw(bri1) = V(b))

> 51 V(B = Vo @)]?.

Thus we have

\/D 9t79t+1 \/D Vw 9t+1) Vw(@t))

=YY ||Vw Ory1 — Vw (0|, > VI UL(9f+1)V|\ I

where the last inequality follows from (B:3).

Together with the fact that w(-) is u,,-strongly convex w.r.t. ||- H-norm we have

Doy (0, 0141) > \/ TIL Oiv1) M-I VDo (01,0:41) > \/ 77L Ocv1)

— 0] -
(B.9)

By the same argument, we also have that

Du(Br+1,0) = [ F4nL(Ocs1 ). 1011 — b0l
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Together with (B6)), we have

Ot 11 >
s Yily
<9t+1| Y

— logn - log L(90 Z 03, 05+1 + Dw(os-i-h 93)
277 H9t+1||

=T el L)

> S Z VE T e o

§ —1ogrlz|9—t+1?ﬁL(9o) \|9t1+1H : Z“;LL(Q(J;) ot esr — 4] (B.10)
. log7|1|9t+1§)ﬁL (6o) |';!+1\/MTZ SH 0541 — 05|l

—logn —log L(6p) /,uw / t
> + 0 0 E g1 — 0O .
||9t+1 || -1l L || s+1 — || par H +1 H

Next, we provide two technical lemmas regarding properties of the iterates produced by proximal
point algorithms.

Lemma B.5. The iterates produced by proximal point algorithm {8, }s>0 satisfy

1
E [0s41 = Osl = [|6e41 ] = Dy {log (27” I, 7775) — 2loglog (.. Ut)} (B.11)
s=0
L(05+1) 2 Lulog® (3.,75)
1> > exp{ —D. n . (B.12)
L(0;) P Il s, 2u7fy 8

Proof. For any t > 0, since 6y = 0, we have

t
165411 <D 110541 — 0]l -
s=0

Now by the convergence of empirical loss (B.4), together with the assumption that [|z;]|, < Dy ,

1 L2, 1og” (y.mt) Ly 1og? (. mt)
exp (=D [|0s41]]) < L(0;) < + —= =0 : :
V-1t gt iy, m

Thus we have the following lower bound,

1
Z 10541 = Osl = [|0e41 ] = Dy {log (4’7“ 1.1t/ L ) — 2loglog (7|\~||*77t)}~
s=0 *

On the other hand, we have
L(Ost1) _ 2oimy exp (= (0s,4izi)) exp (= (Os41 — 0, yizi))
L(0y) Z?=1 exp (— (0s, yizi))

We then establish an upper bound on ||fs41 — 65||. By (B:2) and the fact the L(6) > 0 for all 6, we
have

> exp (— 0541 — 0] DH-H*) :

DW(98’98+1) + Dw(93+1,95) <2n (L(GS) - L(93+1)) .

On the other hand, since w(-) is j,,-strongly convex, we have

IUITM Heerl - 95H2 S Dw(95765+1)7 % ||95+1 - 95”2 S Dw(95+1705)-
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Thus we obtain

21 L(0s+1)
Os41 —05] < L(0) — L(0s —L(0 <1
1851 = 05l <v/n (L(0s) — L(Bs41)) < oy (05, 60
Together with the convergence of empirical loss in (B.4), we have
2 Ly, log2 Y- MS L, log2 Y- NS
10es— 0u]] < N (2n 1.7) _ o (2\| L)L gy
SHw Y|, 2pj, 8 Y, 8

Thus we have

L(6s11) Ly log? ()., 79)
———=>exp (—||0s+1 — Os|| Dy ) = Q< exp | =Dy *
T (= 1051 = 0l Dy ) I, P
O
Now by (B:10), we have
—1 —log L
< Or 1 ,yi$i> > ~logn —log (6o) (B.14)
[[0e41 1011
()
fw [~ L(Bsi1) ;
w s+1
9? - 9@ 05 - 08 .
WA T {Z_;) Ty o= JI}/{;II 1 II}
(b)
We then derive a large ¢ to ensure <“9 it yle> > (1 =€)y /52y, foralli € [n].
We first address the term (a) in (B.14). By (B.T1)) in Lemma[B.5| we have
1
H9t+1H Z m {log (4’7ﬁ.|‘*’l7t/Lw) — 210g10g (fyHH*nt)} .
Thus combining with 6y = 0, (i.e., L(6p) = 1), we need
—logn —log L(6p)| _ logn Dy, logn
0 0 -
10411 1041l log (4'7ﬁ.\|*77t/Lw) —2loglog (7\|-\|J7t) (B.15)

< [EwLE
“\ L, 2

One can readily verify that by taking

Dy logn
t=0 {exp <|”*€’V|.|*> } ,

the previous inequality (B-13) holds.
It remains to bound term (b) in (B:14). We need

~ L(0s41) t ]
{s_o L(Qs) H95+1 - 95” / ; ||93+1 - 93|| >1-— 5 (B.16)

Forany ¢ suchthat0 <t <t-—1,

{Z S - esn} / {Z 01 - esn}

I+

1 s+1 ( )
- [05+1 —0s || 0541 —
Sieo 101 =0 | 5 3 708
1 L(0s41)
> 10551 —
> o 16541 — Ok Z; L(0 >

18



By (B:12) in Lemma B3] we have

L(0, 2 Ly log® (v, 1)
% > exp § — Dy, t 7 .
( 5) SHwY|-I, Mw'7||“|*3
. . =~ LwDﬁ,H
One can readily verify that, fort = © W ,and any s > ¢
w0,
L(93+1) €
— T2 >1— . B.17
L(6s) — 4 ( )

Thus we have
1 : L(0s+41) S o l10s11 — 64| €
; A e e (1-%) ®1s
Zk:() ||0k+1 - gk” s=t+1 ( 5) Zk:o ||9k+1 — QkH

By (B:I3) in the proof of Lemma[B.3] we have

2 L log? (.
, Luwlog (vi-11.ms)

[6s41 = 05| <
) ’ SHw-, 2Nw“ﬁ-\|*5

b

Thus we obtain the following upper bound on Zi o l10s+1 — 0] that

||es+1—e||< [ oo+ o0
PRETRR uw \/ )+

m[

-

Together with (B-11)), we obtain

2t L
St o 10541 — s || Hewo Y-l ’Yn eV ot [\/2t log® (3. 1.7 +\/log }

< Dy. I.
Zk 0 0ks1 — gk” log (2’7”.||*77t) 2loglog (Wl\'l\*nﬂ

Dy y/tlog®(®) [
P Ly

-1, log (ﬁn]@ fw

Thus, letting ¢t = © {exp (%\Iﬁiogé, / ﬁ—w) /’yﬁH 77}, we have

Zk 0 10k+1 — GkH - 4

= ( PiyLw
In summary, fort = 0 | —>—— |, and
- Yy,

Dy vtlogt |L,
t—max{t O ( exp M — /’yﬁH n }
M-l € Huw i
— max é Dﬁ‘l*Lw ) exp LwDﬁH* IOg 1 /72 n
GZ’YﬁAH o | ,Uw'Vﬁ.” €2 € -0 ’

by combining (B.17). (B.TS). and (B.19). we have
¢ t

L(0s+1) ‘., .

{Z L(6,) ||95+1 - 95”} / {Z ||95+1 — 95||} >(1- Z) >1— o

s=0 s=0

19



Or equivalently, we have (B:16) holds.

Finally, combine (B.I4), (BI5), and (BI6), we conclude that there exists ¢y =

~ ( L,D? L., D?
W w ), 1 2
e {O ("“272»*) 0 {exp (““’Wﬁ-l*‘Q log (6)) /VH*U} }’ such that

0 [ Ly .
<”9:1” 7y¢1’¢> > (1—¢) 77|\.||*, Vi € [n],

for all ¢ > ty. Hence we conclude our proof. ]

O

& Proof of Corollary Define ¢(u) = min;e,) (u, y;z;). We observe that ¢(-) is concave, and
¢(+) is positive homogenous.

By the previous observations, we claim two properties of {* = argmax|, <y o(u):

(a) U* is singleton, i.e., U* = {u)._}.

®) [Juy, | =1

To show (a), suppose that there exits u1, us € U* and u; # ug. Let u, = auy + (1 — a)uy for any
a € (0,1). Since ||-|| is a strictly convex function, {u : ||u|| < 1} is a strictly convex set. Hence
U € int ({u : |lu]] <1}) and |Jue|| < 1. In addition ¢(us) > ap(ur) + (1 — @)d(uz) = d(uq)
given the fact that ¢(-) is concave and ¢(u1) = ¢(us).

Then we have
Ug 1 1
o (i) = ) = o) > 6w,
[[al [[uall [[uall
which contradicts the fact that u; € U*. Thus we have (a) holds.

On the other hand, using positive homogeneity, for any u, € U* such that ||u.|| < 1, we have
Uy = U/ ||u.l satisfy ¢(@s) > ¢(u.) and ||u.|| = 1, which again yields a contradiction. Thus we
have (b) hold.

To show asymptotic convergence, since we have shown in Theorem (2) that limy_, o ¢ (”g—:u) =
max|, <1 ¢(u), given that U* = {u) } is a singleton and ¢(-) is continuous, we must have

: 0r
hmt_mo m = UHH* L]
& Proof of Theorem 3.2}

o Proof of TheoremB.2(1). By (B2), we have L(0s+1) < L(6s) — 5-Duw(0s,0541) —

QAs

Q—;SDUJ(HSJA, 0s). Recall that our stepsize is given by 1, = ;. which gives us

1 1
L(05+1) S L(as) - 277 Dw(05793+1) - ﬁDu}(as-i_l’ 95) (BZO)
1 1
<L ——— D - D
~ (95) eXp{ 277§L(99) w<95593+1) 2779L(99) w(95+1795)}
1 1
= L(@S) exp {_me(95,05+1) — ﬂDw(05+17 95)} . (le)
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In addition, given the fact that w(-) is L,,-smooth w.r.t. [|-||-norm, By Lemma[B.4] we have that w*(-)
is ——strongly convex w.r.t. ||-||,-norm, and hence

w(esa 05+1) = w* (vw(gerl)v Vﬂ)(es))
1
=T IVw(Oss1) = V(0]

2172 (B.22)
T oL Ossi iy,

2
_ 203 ((L(0s+1) 2
T L, \L(6,) ) THL

where the first equality holds by Lemma[B.3] and the second inequality holds by (B-8). Following the

>

2 2
same arguments, we also have D,,(0511,05) > 2;‘5 (ng(‘;*)l)) ’yﬁH . Hence we obtain

2
L:s1) _ o (E0) ) 20570,
L(6s) — L(6;) Ly |~
We conclude that 85 := L(6s41 /L ) < 1. Now forany 8 € (0, 1), if 85 > §3, then
20573
g, = L0s11) exp< g2 2., )

L(0s) Ly,
Hence we have

L(93+1)
L(0s)

Sﬂs:maX{ﬁ,eXp< g2 22 1. ) V3 € (0,1).

U}

Since the the previous inequality holds for any 5 € (0, 1), we minimize the right hand side with
respect to 3, and obtain

L(0s11) . 22% R
< = s)- B.23
10, = stlen "o\ L Ble) (29
Hence loss {L(6;)}s>0 contracts with contraction coefficient 8(c). O

To proceed, we first establish a lemma stating that L(6s¢)/L(6) has a lower bound.

Oy

Lemma B.6. The iterates produced by Proximal Point Algorithm with varying stepsize n; = A

satisfy

L(0441)
L(Z)l > Blayg) = Br&%ﬁ) min {ﬁ,exp ( atDﬁ_”*B> }, vt > 0. (B.24)

Proof. Since w(:) is p1,,-strongly convex w.r.t. |-||-norm, by Lemma[B.4] we have that w*(-) is

-L _smooth w.r.t. to ||-]|, norm. Thus,

Lo
Dyy(0s,05+1) = Dup= (Vw(0s41), Vw(0s))
1
< — [ Vw(Bs11) — V(8|

2t

203
= =5 | VL(0s41) |2

Hw

27 20‘ (L(9s+1)>2 2
< ZE12(0,4,)D? D2,
S T F0se)Dy =2 Ty ) Pl

where the first equality holds by Lemma B3] the second equality holds by the optimality condi-
tion of the proximal update (B.7), and the last inequality holds by the fact that |VL(0s41)|| =
| 2570 exp (= (o1, viwi) yiws|| < L(Osq1) D). I, and |, < DH .- Thus by w(:) is ft.,-
strongly convex w.r.t. ||-[|-norm, i.e., Dy (05, 0541) > 5 [|0s — 0,41]], we obtain |01 — 0, <

20 L(6s41)
ww L(6s) -
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Thus we have

n

1
L<es+l) = E ZGXP (_ <957 yle>) exXp (_ <98+1 - Hsa yzxz>)
i=1

1
> E ZGXP (_ <957yzmz>) exXp (_ Heerl - HSH -DHH*)

i=1
QOésDﬁ'H* L(es—f—l)
Haw L (0s) '

> L(0s) exp <_

Letting 3, = Lg’zg*)l), then for any 8 € (0,1), if 85 > 3, we have % > exp ( Mf"ﬁ>

Thus we conclude that

2
L(fs+1) : 20, Dy,
L(6,) = f, > min {3, exp <_/~Lwﬂ }, VB e(0,1).
Maximizing the right hand side w.r.t. 8, we have
L(0y41) 20Dy
2 S Blay) = : Mg L B.25
L0y 2 Blee) = o min {fexp | -—270 ) } ®29
O
o Proof of Theorem[3.2}(2). We start by (B.2T) and obtain
1 1
L(@t) = L(Gt,l)exp {—2a€ Dw(et,h@t) — MDw(Gtﬁtl)}
=
(90 eXp{ ZD 08798-‘1-1 20 ZDw(05+1a93)}~
From which we obtain that for any i € [n],
< 0, yx> —logn —log L(6y) 300 Du(0s,0541) +zt t Du(041,6,)
10177/ = 16| 20 (|04 20, (|04
S8 D (05, 0541) N S Dw(0551,05)  logn +log L(6)
205 Y 0 1051 — O]l 20 370 (18541 — 6] 162l
(B.26)
w S0 L 18arr = Ball  logn +log L(8
> . 5 £.) _ Jogn log L{%) (B.27)

Ly ZS:O ||93+1 - 98” Z;;B H03+1 - 03“ ’
(a) (b)
where the second inequality follows from triangle inequality, and the third inequality follows from

(B:9) where we have
Hoaw How L(es-i-l)
Dw 98)98 > - sL 93 s - 95 = sy [ 7 B
(05, 0541) 2 4 [ s L(0s11) 11 =0l =y [T L
<+1 — 05]|. We proceed to bound the two terms

and similarly Dy, (0s41,0s) > sy /5= B(c)
in (B:27) separately.

We first give two technical observations. By (B.22) we readily obtain the first one that

Ly, 202 (L(fs11)
7 ||05+1 - GSHZ > Dw(05,05+1) > w < 1(1(9:)1)) PYﬁH*’

20 L(0s41)
T CARRULIR

or equivalently, ||6511 — 05| >

22



For the second observation, we start from (B.20), which leads to

L(6, 1
2(05 ),U/w Hes - '98+1||2 S ﬂ (Dw(957 95+1> + Dw(93+1a 95)) S L(95)7 (BZS)

where the first inequality follows from the definition of 7, together with the fact that w(-) is fiy-

strongly convex w.r.t. ||-|[-norm. Hence we have ||0s — 0541 < (/==
uw

Claim: For any € > 0, there exists ¢, such that for all s > ¢, we have % >1—e

Given the pervious claim, for any ¢ > ¢, we can lower bound (a)

oo i o —Oull ) Ty (e =6
ZS:O Hes-i-l - 9&“ a Ei;é ||95+1 B 96”

>(1—¢) (1 Tl - es>
B ZZ;B 10541 — 05|

Now by our two observations, we have
t—1 5 t—1
Z ||95+1 - 05” < \l Z\/Oésa
s=0 Huw s=0
t—1 t—1 t—1
29 L(0s) _ 27 L(0s) _ 2- u
g1 — 04| > - s > . s s
g 1621 = 0]l > = ga o) 2 L, ;a 169 2 Za
Thus we obtain

Zi %) LI(,9;+;) ||08+1 05” S (1 _ 6) {— \/T L’w Zé;é o
Yool —0s fw 2, (L =€) 121 ay

s=(

2 L, YLl an
>(1—¢) 1_\/7725;# :
P NIl Y e—g Qs

where the last inequality follows from e < 1. Now take a; = (s + 1)71/2, we have
Yo 1) B — bl >(1-¢(1 2 Lu , ( £ ))
e _ 2
S0 10541 — 65l Haw Y|[-]I. Vit — i
2 L t3/8
—(l-o 1= wo( > (B.29)
| )< P Y, \VE— )
2 1
=(1-¢)|1- wO() ,
( ) < L V)| t1/8

where the last two equalities hold by taking ¢ = ¢2.
It remains to determine the size of ¢. Note that for this we need
L(0s+1)
L(0;)
By Lemma | we have Z T *“) > B(as) = maxge(o,1) min {3, exp (—OésDﬁ.”*ﬁ) }. To make
Blas) = (1 —¢€), we must have

>1—¢ Vs>t

N —log(l1 —¢) —log(l —¢)

D}y Blas) — Diy (T—e)

Thus by choosing ¢ > % =0 (D2 52)’ we have $(ay) > 1 —e. Since 3(-
-1 1 ==

) is
decreasing function, and {ca } s> is a decreasing sequence, we have $(a) > 1 — e forall s > .
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Thus in summary, by taking

L ® L :
thaX{tQ, _Tw }:@ _Tw
NNl vV Hwe TNV Hwe

from (B.29)), we have control over term (a) as
t—1 L(6s
Sso S5 11651 — 6]

ST 10041 — 65l

>(1—€)?>1-2e

To control term (b), recall
t—1 t—1 t—1
2y, (1 =€) iR iR
Z"es-&-l_es"ZLiZasZTZas:@ T\/-E )
s=0 w s=t woos=t w

where the last inequality follows from e < % and t = t. Thus by taking

log? nL3 1 1
tzmax{ﬁ’o%nTUQ}:@ - |-
Vg, Hw € Djjy.€

log n+log L(00) Hw

we have a bound for term (b) that ST 001001 <\ EENLE

V-l VHwe
<0t7y11'z> > (1 —36) ,in,yH‘H , Vi€ [n]
[0l \ L, "

o Proof of Theorem[3.2}(2). To show loss convergence, by (B.23), we have

L(0)) < exp {ilog 6<a5)} .

s=0

8
Putting everything together, there exists ¢y = © <(L) ) , such that for all £ > ¢y, we have

Now by the definition of 3(«) we have

2 s 2' 2 s 2'
Blas) = exp {—52<a5>a;"*} < exp (—5%@3)@;"*) .

By choosing € = % in the proof of Theorem (2), we have that fort >t > 4}3?‘7‘(*2) . Blag) > %

2 o7
Hence for ¢ > 41%”(2), we have B(a;) < exp —21”') . Thus we conclude that

- o G M
L(6;) < exp Zlogﬁ(as) < exp —ZT =0 [ exp _Tﬁ .

s=0 s=t
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C PROOFS IN SECTION

Proof of Proposition The proof is a direct consequence of Corollary ff.T|and the proof of Propo-
sition 311 O
& Proof of Theorem 4.1}

o Proof of Theorem[d.1}(1): We first show that for small enough stepsize 7;, we have monotonic
improvement, i.e., L(0;41) < L(6;). Suppose not, and we have L(6;+1) > L(6;), then given the

second-order taylor expansion, there exists 6; = a0 + (1 — )01 for some o € [0, 1], such that
1 ~
L(O111) < L(0r) + (VL(01), 0111 — 01) + 5(9t+1 —0,) " V2L(0;) (041 — O).

By some calculation, we have
VQL(évt) = Zexp (— <évt, yle>) xlx;r < DH'HQL(éVt)Id'
i=1

Since L(-) is a convex function, by the definition of 6, we have

L(6r) < ar L(0:) + (1 — ) L(0s41) < max{L(6:), L(0s41)} = L(0e41),
where the last inequality holds by our assumption L(6;;1) > L(6;). Hence we have
max{L(041), L(6:)}

2

L6
= L(6;) + (VL(6;), 0111 — 0;) + ( ;“>D”.”2 1601 — 04[5 -

L(0i41) < L(0y) + (VL(6),0p41 — 0:) + Dy, 101 = 6ell; (€.

To proceed, we employ the well known three-point lemma in mirror descent analysis, which states
the following.
Lemma C.1. Given Bregman divergence D, (-, -) and mirror descent update
1
9t+1 = argmin <VL(615), 9 — 9t> + Z—Dw(é’, 9,5),
6 Uiz

we have

1 1 1
VL0 ,0 — 0+ —Dy(0i41,0;) < —D,(0,0,) — —D, (0,60 , V6.
(VL(0¢41),0¢41 — 01) o (O¢41,0t) o (6,0:) o (0,0:41)

Proof. The proof follows exactly the same lines as in Lemma [B.1] O

Since distance generating function w(-) is pi,,-strongly convex w.r.t. |-||-norm, by the equivalence of
norm, we know that there exists z1o > 0, such that w(-) is po-strongly convex w.r.t. ||-||,-norm. That

is Dy (0',6) > B2 |6 — 0H§ for any (6, 6). Thus combined with Lemma

L0
L(0t41) < L(0:) + (VL(0r), Or1 — 0) + %DH»H2 16641 — 0l

Lo
< L(01) + (VL(6:), 0041 — 0:) + 7(/:1)1)".”201,}(9#179,5)

( 1 L(0:+1) Dy,

1
< L(0:) + (VL(6:), 041 — 0) + — Doy (0141, 6:) — 5~
U M2

277t

< L(0) + (L(6:),0 — 0,) + Qime(e,et)

L(0:41)Dy.
- LDw(979t+1) — (L — M
2n 20 s

Taking 6 = 6, in the previous inequality, we obtain

1
— —Dy(04,0:41) — (
Ui3

) Doy (6¢41,6:)

) Dw(0t+17 0,5)

1 L(0e1) Dy,

L(0141) < L(6y) o -

) Dw(0t+17 Gt)
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Simple rearrangement gives us

Doy (01 41,01) D) > ( 1 1 >
2 ) < 106,) (1 = ———Du(0,,0041) — ————Doy(6111.6,) ) .
H2 < Lig) 2n:L(0:) (81, 6141) 2n:L(0:) (B, 60)

Doy (0141,00) D,

L(0,11) (1 -

One can readily check that whenever = < 7 Ll( ) {Dw(0,60t41) + Dy (6141, 61)},

we have L(0;11) < L(6;) and hence a contradiction. Equivalently, we need

< p2  Du(by,041) + Di(0r41,01) < po Ly,
~ 2L(6:) Dyy(0141,0:) D)., = L(0t)pu Dy,

where the last inequality comes from w(-) is L,-smooth and p.,-strongly convex w.r.t. |-|-
norm, which gives us Dy, (6, 0p11) < L [|0,51 — 6,7, and 2 [|0p11 — 041> < Diy(0441,60,) <

Lo 16041 — 6,

We have shown that L(0; 1) < L(6;) whenever 1; < m. In addition, by (C:I)), whenever
L w ‘12

_ P
m=n< 3L@)D) ], we have for any 6,

L(6
L(0141) < L(0) + (VL(0r), Or1 — 0r) + ( t)D\le 1621 — 0cll3

2
Lo
< L(O) + (V20,0001 0 + 2Dy, D (011,00
1
< L(0y) + (VL(0;),0i11 — 0:) + %waﬂ_l, ;) (C.2)

1 1
< L(0:) + (VL(6:),0 — 6:) + Q*an(a, ;) — %Dw(ﬂ, Or41)

1 1
< L(O) 4+ —Dyw(0,0:) — — Dy (6, 041).
< ()+277 (0.6:) 2 (0,0¢41)
Thus L(0¢11) — L(9) < 5. Dw(8,0:) — 55 Du (8, 0141), which is the same as the recursion (B.3)
. . . _ M2 _ M2
obtained in Lemma Finally, observe that whenever 7; = 7 < 5 L@y, — 20,5, Ve always

have L(0;41) < L(6;) < L(6y) for all ¢ > 0. Thus by simple induction argument, 7, = 1 <
for all ¢ > 0 and all the previous stated statements holds for all ¢ > 0.

_pa
2L(0) Dy

Follow the exact same lines as in Lemma [B.2]starting from recursion (B.3)), and the proof of Theorem
[B:1}(1), we obtain

(C.3)

L(6) <

1, L log” (v.mt) _ [ Luwlog” (p.11t)
Lt 4Wﬁ.”*77t

Vit
0

o Proof of Theorem[|.1}(2): Starting from (C.I)), whenever 1, = n < 25‘”2 we have L(0;,1) <

bl
2

L(6,) for all t > 0 given previous proof of Theorem[4.1}(1), and hence for any 6,

Lo
L(Ors) < L0 + (VL0 e — 00 + 2Dy 0r — 0,2

2
L(#
< L(0) + (VL(0:), 0141 — 0r) + ’i;)DLbDw(Ht-i-la 0+)
1 1 L) )
=L(0;) +(VL(0:),0 —0;) + — D, (0;41,0;) — | — — Dy. D (0:41,0
(604 (V260,080 + 5 Dulb1.00 — (53 = Dy, ) Db, )
1 1
< L(6:) + (VL(6:),0 — 0:) + %Dw(eﬂt) - %Dw(e, Oi11)
1 Lo
_ (277 _ L;)Dl'b) Dy (0441,0,),
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where the last inequality follows from Lemma Taking 6 = 6,, we have

1 1 L)
L(O:11) < L(0:) — %watﬂtﬂ) - (% - ?D\H\Q) Doy (0i41,01) (C4
L(0:) expd — — Do (6, 0p41) — —— (= — (001, 00)
t) €Xp 207L(0y) wlUt, Ut41 L(6:) \ 21 Dy, 41, 0t)
t t
1 1 (1 (0 )5
M%)wp{_g%%MWQwa”&“)_$0ng<2n “)waﬁheﬁ}
(C5)
Now we can lower bound D,, (5, 65.1) by
Dw(95795+1 = \/D 95705+1 \/D 95795+1)
= /Dy (Vw(bss1), Vw(8s)) /D (B, 0541)
1 Pw
2L, [Vw(Os41) — Vw(s)|, 5 [0s+1 — 0l , (C.6)

where the second equality holds by Lemma([B.3] and the final inequality holds by Lemma[B.4} together
with Assumption[T} Note that the optimality condition of mirror descent update gives us

VL) + % (Vw(0ar1) — V(6,)) = 0.

By the definition of (w.|_,7..), we have

[Vw(ls+1) = Vw(bs)[, = [Vw(bst1) — Vw(bs)
> (Vw(fs41) = Vw(bs), “H~H*>
=2n <—VL(93),UH.||*> (C.7)

2 n
=n ZGXP (= (Os, yiza)) (yami, uy.y)
=1
> 20L(0s)y..-

Thus combining (C.6) and (C.7), we conclude that

D0 0s41) 2 1 [ T LOJ 11 [ =l (€3)
Follow the exact same lines of argument, we can also show
Dw(95+1795) > {’7\( ZlL(es) s+1 — 95” . (C9)
w

Using definition L(6y41) = = 37" | exp (— (6141, yix;)), together with (C3), (C:8) and (CI), we
obtain
1 n
- > exp (= (Br41,yixs))
i=1

t

L(Go)exp{ 22 L(G) w(ls,0s41) Z

S

> w ‘;+17 }
- 93 ||} .

‘*H

L T L
L(Bo) 4 = NI 1051 = Osll vy, — - Dy,
s=0 w s=0

27




Taking logarithm and dividing by ||f;+1]| on both sides, we have for any i € [n],

<9t+1 yx>
[ e

—logn —log L(6y) 1 [pu ZZ:O 10541 — 0] Y-l

18z 2V Ly 1641

t
1 L(6s) T
+ ; (2 I 7717||-|2) \ T, .

t
—logn —logL(fp) 1 [pw 2oz 10s+1 = Osl vy,
] 2\ L 5 (01— 0.
(@) (b)

t
1 L(6s) 1
+D :(2 . 77D||-|2) T
s=0

I
(©

To get asymptotic convergence, observe that by (C.3), L(6;) — 0. Thus we have

t
1 L6,
[Brsall =+ 00, 3 [Bess = 6l = 61 > o0, 5= 20
s=0

95+1 - 95”

t
Our1 — 0 / Do llbsri =6, (C.10)
s=0

1
Dy, = 5

from which we conclude

1 /u 1 [
(a) =0, (b)= 2\/57.“7 (€)= 5 f:VII-\I*’

t
where we use the simple fact that lim;_, o Eff%:;b = a if lim;_ o ZZ:O bs = oo and

lim;_,, as = a. Thus we obtain

. 9f+1 > Hw
lim ( ———,yix; ) > 4/ =—|.1|_ -
HOC<||9t+1|| =N L,

To get detailed convergence rate, we proceed to treat term (a) and (c) in (C.10) separately. In order to
make < 9t+1“7yixi> >(1—¢) %’YH.H*, it suffices to make

16441
Haw €Y1, € Hw
=755 @2 (1-3) T (€1

To bound term (a), observe that from the loss convergence (C.3), together with assumption that
lzill. < Dy,

1 L2 1og” (7). nt) Ly log? (y.t)
eXP(—D||9t+1||) < L(et) < ; A2 t* =0 4~2 t* :
V0,7 Vi, Vi,

Thus we have the following lower bound,

t
1
Z 10541 — O] = [1e41]] = Dy {log (‘Wﬁ.nﬂt/Lw) — 2loglog (A/H~|\*77t)} . (C12)

s=0 *

One can readily verify that by taking

Dy logn
t:@{exp (l ”*6 *y|.|*>},

To bound (c), it suffices to make
D)1, Yo 6511 — 65| L(6s)
H2 Zi:o [05+1 — 05l

tw
we have (a) < /7% —5=.

<

N
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Note that for any 0 < t < ¢ — 1, we have
t
Sao 041 = Ol L(0) _ Ticollfaer = Oall L(6s) | Xmpsa 1631 — sl L(O:)

EZ:O ||93+1 - 93” B Zi:o H93+1 - HSH Zi:o ||98+1 - 03||
Zézo ||6s+1 - 6e|| ZZ=§+1 ||95+1 - 99” L(oi)
B ZZ:O ||95+1 - 95” ZZ:O ”95+1 - 05”
t
" s 1 — 05
S Zf:O || +1 || [1(92)7
Zs:() ||93+1 - 93”

where we use the fact the loss in monotonically improving, thus L(6,) < L(6y) = 1 forall s > 0,
and L(0,) < L(6,) for all s > {.

On the other hand, taking 6 = 6, in (C:2)), we have L(0;+1) < L(6;) — 5D,y (¢, 0¢41). Since w(-)
is fiy,-strongly convex w.r.t. ||-||-norm, and L(6;) > 0, we obtain
2 2
Jouss =0 <\ (2060) — L) < ¢ 2 1),

Combining with loss convergence in (C.3)), we have

2 L log? (v).1,79)

0541 = 05 <
° ’ S|, 24008

Thus we obtain the following upper bound on 3" [|0s41 — 0] as

t
- ot 1 /L

1601 — 6] < | —2 +,/w[ 2108 (yy1) + 1og2<t>t}
e FwY Yl Bw \/ - \/

o150 )

-

Together with (C.12), we obtain

Ly
Zi o l10s41 — 05 || Hw'YH I ’Y|| Il \/: [\/t 21og?( VLm) + \/log }
S < Dy,
oo 10k+1 — 9k|| log (27” I nt) — 210g10g oA 77t)

DH'H tlog )
-0
-1, log (w I 77f

Thus we can choose ¢t = © {exp (W, [ e ) /’YH I 77} so that

Dy Yoo 541 —6s]l _
2 3o 10kan — Okl ~ 4

(C.13)

LDy

In addition, by the loss convergence (C.3)), we can choose ¢ = 5 <u272 .
AR

>, so that mL(L) <
2

£
1

Thus in conclusion, we can choose

3/2
=6 [ exp Dy P et (1)
VR md * e #\e ’

t
D)1y S0 o l0s4+1—05l
so that
B2 >k ollOky1 =0kl —

=l
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Finally, we conclude that there exists

D32 p
' max{@ (exp <D|-|* lognv )> o [ exp 1 P, Lon log 1
0 -1 ) ) 1/2 3/2 3/2 P )
‘ Vi o H2 e ‘

such that for any ¢ > to, we have (C.I1) holds, which implies

g [ P :
<”9:i”,yle> >(1—c¢) 7L Vi € [n].

& Proof of Theorem

o Proof of Theorem[#.2}(1): Following similar lines as we obtain (C.10), we can show that for any
i€ [n],

< Ore1 > —logn —log L(o) | 1 [Hw u—ollfss1 — Osll v,
[0l — 0+l 2V Ly 10+l

t
1 ) Hw
+2 (2 WDHZ) \ T 05 = s
s=0

t
—logn —log L(fo) 1 [pw 2 om0 051 = Osl vy,
[[0e-41] 2V Ly Zifo 16541 = 5]l

t
1 L(,)
—I—Z(Q_ 1 ﬂsD|~|2) \/>’Y| Il — s |/Z|98+1_9 [
s=0
Hw —logn —log L(6)
2 \/?WL + =
w Y seo 10s+1 — b5l

t
Haw L(0s
VI 7|~|*ZLQ)%D|-|2 [Ch 9||/Z||9s+1—0|| (C.14)
w s=0

In addition, we have

Ly
2 [0s+1 — 05”2 > Dy(0s,0541) = D+ (Vw(0s41), Vw(y))

27 5 2 203
2 L2000, = T (C.15)
where the first inequality follows from w(-) being L,,-smooth w.r.t. ||-||-norm, the second equality
follows from Lemma|B.3] and the second inequality follows from (C.7), and the final equality follows
from the definition of stepsize 7, = 7(5. Thus we obtain 10541 — Ol > Mzﬂ From which we
conclude
¢ ¢
2y 29).
> 001 =0, = Y F e, = 0 (L"ﬁ) . (C.16)
5=0 5=0 L w
< L2 : < M2
On the other hand, whenever 7, < 2D, L) or equivalently, s < 5 Diis we have

% [0s+1 — 03“2 < Dy(0s,0541) <205 {L(0s) — L(Os41)} < 2nsL(05) = 2as,

where the first inequality follows from w(-) being i.,,-strongly convex w.r.t. ||-||-norm, the second
inequality comes from (C.4), and the last inequality follows from L(6,) > 0 and the definition of «.

Hence we have ||0; — 041 < 2, [
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Thus we have

L(0
Z Dy, 10542 = 05 /Z 10541 — 65|
=0

3/2
o Dl Eieed” o Dl au) C.17)
RNy L H2 Hao

Thus combining (C.14), (C16), and (C.I7), we conclude that there exists ¢ with tm =

max @(log"L)z @(M>4 such that for ¢ > tg, we have
Menle) V-, H2/ Frwe > = 10,

0111 Hoaw —logn —log L(6)
(reogmes) =y . + T2
t+1 w > s=0 10s+1 — 0|
t
Hw L(GS)
- HfWHLZ?”SQ% 10541 — Os]] Z||9s+1 O
w s=0

> (1 — e)m’yn.h, Vi € [n]

o Proof of Theorem[#.2}(2): Follow the exact same line as we show (C.3)), we conclude that with
stepsize 7 < L?JS) < 2D\|.|Z2L(95)’ we have

O

t

L(0¢+1) < L(0o) exp {— > 277%(9) (0, 0511) — > (0 ( LEZS)DH-|2) Dy (0541, 95)}

< L(6o) exp {— Z@ me(es’ 95+1)} — L(0) exp {— > 2;3 Dy (0., es+1)} .

In addition, from (C.13), we have

Thus we conclude that

L(Brin) < L(6) exp {—VQ' Zas} —0 <exp (—V'L'”* ﬂ)) .
w ) w
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