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Abstract

To deal with changing environments, adaptive re-
gret has been proposed to minimize the regret over
every interval. Previous studies have established
a small-loss adaptive regret bound for general
convex functions under the smoothness condition,
offering the advantage of being much tighter than
minimax rates for benign problems. However, it
remains unclear whether similar bounds are at-
tainable for other types of convex functions, such
as exp-concave and strongly convex functions. In
this paper, we first propose a novel algorithm that
achieves a small-loss adaptive regret bound for
exp-concave and smooth function. Subsequently,
to address the limitation that existing algorithms
can only handle one type of convex functions, we
further design a universal algorithm capable of
delivering small-loss adaptive regret bounds for
general convex, exp-concave, and strongly con-
vex functions simultaneously. That is challenging
because the universal algorithm follows the meta-
expert framework, and we need to ensure that up-
per bounds for both meta-regret and expert-regret
are of small-loss types. Moreover, we provide a
novel analysis demonstrating that our algorithms
are also equipped with minimax adaptive regret
bounds when functions are non-smooth.

1. Introduction

Online convex optimization (OCO) is a powerful framework
for online learning, which enjoys both theoretical guaran-
tees and practical applications (Hazan, 2016). According to
the protocol of OCO, it can be seen as a structured repeated
game. At each round ¢, the online learner chooses a decision
w; from a given convex set V. After submitting this deci-
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sion, a convex loss function f; : VYW — R is revealed and
the online learner suffers a loss f;(w;). The learner aims to
minimize the cumulative loss over 7" rounds. To measure
the performance, static regret is typically used:

T T
Regret(T) = > fi(wi) — Inin, > filw)
t=1 t=1

which is defined as the difference between the cumulative
loss of the online learner and that of the best decision chosen
in hindsight.

Since the seminal work of Zinkevich (2003), various algo-
rithms have been developed to minimize the static regret
(Shalev-Shwartz, 2011; Hazan, 2016). However, the static
regret is not suitable to changing environments because it
chooses a fixed comparator. To address this limitation, re-
cent advances in OCO introduce adaptive regret (Hazan &
Seshadhri, 2007), which measures the performance with
respect to a changing comparator. The goal is to minimize
the static regret of every interval [r, s] C [T, i.e.,

Regret([r,s]) = Y f(w) — min 3" fi(w).

In the literature, several online algorithms have been pro-
posed to minimize the adaptive regret of convex functions,
which attain O(1/(s — r) log s), O(£ log slog(s —r)) and
O(5 log slog(s — r)) adaptive regret for general convex, a-
exponentially concave (abbr. a-exp-concave) and A-strongly
convex functions (Hazan & Seshadhri, 2007; Jun et al.,
2017a; Zhang et al., 2018) respectively, where d is the
dimensionality. Furthermore, when the loss functions
are also smooth, Zhang et al. (2019) demonstrate that
an O(/L; jlog L Jlog L} ;) small-loss adaptive regret
bound (also known as first-order bound) is attainable for
general convex functions, where

Ly, = min ; fi(w) )

is the total loss of the best decision over interval [r, s]. Such
bound is comparable to the O(4/(s — r) log s) bound in the
worst case, but could be much tighter when the comparator
has a small loss. Note that in the studies of static regret, we
also have small-loss bounds for exp-concave and strongly
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Table 1. Comparative overview of related work on adaptive regret and our paper.

Method

Loss Type

Adaptive Regret

Hazan & Seshadhri (2009)

(Q-€Xp-concave

4 )og slog(s — )

Zhang et al. (2019)

convex & smooth

VL slog LT Jlog Ly

convex
Q-exp-concave
A-strongly convex

Zhang et al. (2021)

V(s — 1) log slog(s — )
4og slog(s — )
5 log slog(s — )

FLHS a-exp-concave & smooth % log L] ;log LY,

(this work) a-exp-concave Llog slog(s —r)
convex & smooth VLislog L Jlog Ly

a-exp-concave & smooth g log L7 ; log Ly

USIA A-strongly convex & smooth +log L; Jlog L,

(this work)

convex
Q-exp-concave
A-strongly convex

V(s —r)logslog(s — )
4 og slog(s — )

5 log slog(s — 1)

convex functions (Orabona et al., 2012; Wang et al., 2020).
As a result, it is natural to ask whether small-loss adap-
tive regret bounds can also be established for them which
motivates the study of this paper.

To minimize the adaptive regret, we adopt the two-level
framework where multiple experts are created dynamically
and aggregated by a meta-algorithm (Hazan & Seshadhri,
2007; Zhang et al., 2019; Wang et al., 2024). For exp-
concave and smooth functions, we propose Follow-the-
Leading-History for Smooth functions (FLHS) by com-
bining Follow-the-Leading-History (Hazan & Seshadhri,
2007) and problem-dependent intervals (Zhang et al.,
2019). Our method achieves an O(Zlog L} ,log L} )
small-loss adaptive regret for a-exp-concave and smooth
functions. Furthermore, we adapt FLHS to A-strongly
convex and smooth functions by replacing its expert-
algorithm with S?0GD (Wang et al., 2020), resulting in
an O(5 log L} ,log Ly ) small-loss adaptive regret for \-
strongly convex and smooth functions.

Combined with the result of Zhang et al. (2019), small-loss
adaptive regret bounds have been successfully established
for general convex, exp-concave, and strongly convex func-
tions. However, the associated algorithms lack universality
and can only handle one type of convex functions, which
drives us to develop a Universal algorithm for exploiting
Smoothness to Improve the Adaptive regret (USIA). First,
we address the variability of function characteristics by
designing three types of expert-algorithms, specifically de-
signed for convex, strongly convex, and exp-concave func-
tions under the smoothness condition. Second, we con-
struct a set of problem-dependent intervals based on the
cumulative loss of the meta-algorithm, which is different

from Zhang et al. (2019) that rely on the performance of
the expert. These intervals are created dynamically, and
each of them is associated with multiple experts. Third,
inspired by universal algorithms for static regret (Zhang
et al., 2022b), we extend Adapt-ML-Prod (Gaillard et al.,
2014) to combine the predictions of dynamically created
experts, thereby equipping our algorithm with second-order
bounds that can exploit exp-concavity and strong convex-
ity. In this way, USIA attains O(,/L; ;log LT ;log L} ),
O(£logLj ,logL;,) and O(5logLj logLy,) small-
loss adaptive regret bounds over any interval [r, s] C [T
for general convex, a-exp-concave and A-strongly convex
functions respectively.

Furthermore, we also introduce an additional enhancement
to our algorithms, i.e., FLHS and USIA. Notably, previous
studies on adaptive regret for convex and smooth functions
(Zhang et al., 2019; Zhao et al., 2022) fall short in providing
theoretical guarantees for non-smooth functions. To avoid
this limitation, we provide a novel analysis demonstrating
that our algorithms maintain the minimax adaptive regret
bounds when functions are non-smooth.

Technical Challenge. The technical challenges in this paper
can be summarized into two aspects: (i) the first challenge
lies in algorithm design, specifically in enhancing Adapt-
ML-Prod as the meta-algorithm to aggregate dynamically
constructed experts and also enjoy universality. Addition-
ally, the dynamic construction of experts requires careful de-
sign to yield problem-dependent regret bounds; (ii) the sec-
ond challenge is to adapt the proposed algorithms (designed
for smooth functions) to non-smooth functions, which is
unexplored in the literature. Table 1 summarizes our results
in comparison with existing studies.
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Figure 1. Geometric covering (GC) intervals. In the figure, each interval is denoted by [ .

2. Related Work

We briefly review the development of adaptive regret, univer-
sal algorithms and parameter-free algorithms. The omitted
related work on static regret is included in Appendix A.

2.1. Adaptive Regret

Adaptive regret has been well studied in various settings (Lit-
tlestone & Warmuth, 1994; Freund et al., 1997; Adamskiy
et al., 2012; Gyorgy et al., 2012; Wan et al., 2022; Zhang
et al., 2022a), such as prediction with expert advice (PEA)
and online convex optimization (OCO). Hazan & Seshadhri
(2007) first introduce the adaptive regret for OCO,

A-Regret(T) [Tgﬁ){(ﬂ Regret([r, s])
which is the maximum regret over any contiguous interval,
and propose Follow-the-Leading-History (FLH) to attain
an O(g log? T') adaptive regret bound for a-exp-concave
functions. FLH is a two-level algorithm and contains 3
components:

* An expert-algorithm, which minimizes the static regret
over a given interval;

* Dynamically created intervals, each of which is associ-
ated with an expert-algorithm;

* A meta-algorithm, which aggregates the decisions of
active experts in each round.

FLH creates a set of intervals based on a data streaming
algorithm, and runs an instance of ONS as an expert over
every interval. Then, it uses a meta-algorithm based on
Fixed-Share algorithm (Herbster & Warmuth, 1998) to track
the best expert. Adamskiy et al. (2012) point out that FLH
creates and removes experts dynamically, which can be
modeled by sleeping experts (Freund et al., 1997). For
A-strongly convex functions, we can also use online gra-
dient descent (OGD) as the expert-algorithm in FLH, and
obtain an O (% log? T') adaptive regret bound (Zhang et al.,
2018; Wang et al., 2018). For general convex functions,
Hazan & Seshadhri (2007) modify FLH by replacing ONS
with OGD as the expert-algorithm, thereby achieving an
O(+/T log® T) adaptive regret bound. In this way, efficient
FLH achieves an O (/T log® T') adaptive regret bound. The
limitation of the above bound is that it is not guaranteed to
perform well on short intervals, because the upper bound is

meaningless for intervals of length O(v/T).

To ensure a good performance on every interval, Daniely
et al. (2015) propose the strongly adaptive regret,

SA-Regret(T,7) =

max

Regret([s,s+7—1
[s,5+7—1]C[T] ret({ =1

which is defined as the maximum static regret over intervals
of length 7. Furthermore, they propose a novel way to
construct the set of intervals, named as geometric covering
(GC) intervals. Mathematically, GC intervals are defined as

U z )

keNU{0}

where Z;, = {[i- 2%, (i +1)-2" — 1] : i € N}. A graphi-
cal illustration of GC intervals is given in Fig. 1. We observe
that each 7, is a partition of N\ {1,---,2*¥ — 1} to con-
secutive intervals of length 2k For each of GC intervals,
Daniely et al. (2015) run an instance of online gradient
descent (OGD) as the expert-algorithm. Then, they intro-
duce a novel meta-algorithm, named as Strongly Adaptive
Online Learner (SAOL), which is similar to the multiplica-
tive weights method (Arora et al., 2012). SAOL attains
an O(y/7logT) strongly adaptive regret bound, which is
further enhanced to O(y/7 log T) (Jun et al., 2017a).

7T =

When the loss functions are also smooth, the adaptive regret
of general convex and smooth functions can be improved
to O(logs\/L; ;) (Jun et al., 2017b). To deliver tighter
results, Zhang et al. (2019) propose problem-dependent in-
tervals, which make the number of experts dependent on
the total loss of the expert-algorithm instead of the time
length. Then, they develop SACS by running multiple in-
stances of SOGD over problem-dependent intervals and us-
ing AdaNormalHedge (Luo & Schapire, 2015) as the meta-
algorithm. For general convex and smooth functions, SACS
attains an O(,/L; ;log LT ,log L7 ) small-loss adaptive
regret bound. Following this research, Zhao et al. (2022)
propose an efficient method for adaptive regret that reduces
projection complexity. To achieve this goal, they refine
the construction of problem-dependent intervals and attain
min{O(,/L; ;log LT ;log L; ), O(y/(s — ) logT)} for
general convex and smooth functions. However, both of
them did not consider non-smooth functions. Moreover,
under the smoothness condition, small-loss adaptive regret
bounds for exp-concave functions and strongly convex func-
tions are still unknown in the literature.
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2.2. Universal Algorithms

Although there exist plenty of algorithms under the setting
of OCO, most of them can only handle one type of convex
functions and need to know the moduli of strong convexity
and exp-concavity beforehand. The requirement of domain
knowledge for choosing the optimal algorithm hinders their
applications to real-world problems, motivating the devel-
opment of universal algorithms for OCO.

The first universal algorithm for OCO is adaptive online
gradient descent (AOGD) (Bartlett et al., 2008). AOGD is
able to automatically interpolate between the O(ﬁ ) regret
bound of general convex functions and the O(logT') re-
gret bound of strongly convex functions. However, AOGD
suffers two restrictions, including its need for the modu-
lus of strongly convexity in each round and its suboptimal
O(V/T) regret bound for exp-concave functions. Another
milestone of universal algorithms is the multiple eta gra-
dient algorithm (MetaGrad) (van Erven & Koolen, 2016;
Mhammedi et al., 2019; van Erven et al., 2021), which
adapts to a much broader class of functions. Specifically,
MetaGrad attains O(g log T') and O(\/T loglog T') regret
bound for a-exp-concave and general convex functions, re-
spectively. However, it treats strongly convex functions as
exp-concave, thus obtaining a suboptimal O(% logT) re-
gret bound. Wang et al. (2019) overcome this problem by
developing Maler, which achieves minimax optimal regret
bounds for three types of convex functions simultaneously.
In a subsequent work, Wang et al. (2020) extend Maler
to support smoothness. Their universal algorithm, named
as UFO, obtains O(+/L%.), O(< log L%) and O(5 log L)
regret bounds for general convex, a-exp-concave and A-
strongly convex functions respectively.

However, most of existing universal methods (van Erven &
Koolen, 2016; Wang et al., 2019; 2020) require the experts to
process the surrogate losses, making it difficult to exploit the
structure of the original problem and utilize previous algo-
rithms. To address this limitation, Zhang et al. (2022b) pro-
pose a simple yet universal strategy for OCO (USC), which
allows the experts to process the original online functions
directly. The key idea is to run multiple expert-algorithms to
process the original online functions, and deploy Adapt-ML-
Prod (Gaillard et al., 2014) over linearized loss to aggregate
the decisions. In this way, USC can utilize the property of
exp-concavity and strongly convexity to yield a negligible
regret bound for the meta-algorithm. Advancing this line of
research, Yan et al. (2023) propose a multi-layer universal
algorithm equipped with gradient-variation bounds. Fur-
thermore, they construct novel surrogate losses to reduce
gradient query complexity. For adaptive regret, we note that
Zhang et al. (2021) have proposed a universal algorithm for
minimizing the adaptive regret of convex functions, but they
did not consider the smoothness condition.

2.3. Parameter-free Algorithms

Most of the existing online learning algorithms require the
knowledge about functions to set their parameters, such
as step size and the norm of gradients, thereby driving the
advancement of parameter-free online learning algorithms
(Orabona, 2014; Orabona & P4él, 2016; Cutkosky & Boa-
hen, 2016; 2017; Cutkosky & Orabona, 2018; Mhammedi
& Koolen, 2020). The study of parameter-free algorithms
mainly focuses on general convex functions, which is com-
plementary to the development of universal algorithms.

3. Main Results

We first present necessary preliminaries, and then provide
our proposed algorithms.

3.1. Preliminaries

We introduce the following standard assumptions used in
the studies of OCO (Hazan, 2016).

Assumption 3.1. The gradients of all functions are bounded
by G, i.e.,

max [|Vfi(w)]| < G, vt € [T]. ©)

Assumption 3.2. The diameter of the domain JV is bounded
by D, ie.,
max |[w —w'| < D. @)
w/ew

Assumption 3.3. All the online functions are nonnegative
and H-smooth over W, i.e.,

IV fe(w) = V(W) < Hlw — w]]. ®)

forallw,w’ € W, t € [T].

Assumption 3.4. The value of each function is bounded by
F,ie.,

0 < fi(w) < F,¥Yw € W,Vt € [T). (6)

Clarifications on Assumption 3.4 It is worth mentioning
that our algorithms does not need to know the value of F'; in-
stead, it is only used in the theoretical analysis, which is con-
sistent with previous work for small-loss bounds (Orabona
et al., 2012; Zhang et al., 2019; Wang et al., 2020).

Next, we state the definitions of strongly convexity and
exp-concavity (Boyd & Vandenberghe, 2004; Cesa-Bianchi
& Lugosi, 2006), and introduce an important property of
exp-concave functions (Hazan et al., 2007, Lemma 3).
Definition 3.5. A function f : WW — Ris A-strongly convex
if

FW') > () + (T F(w), W' = w) + 5w~ w?

for all w, w’ € W.
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Figure 2. Compact problem-dependent geometric covering (CPGC) intervals. In the figure, each interval is denoted by [ ].

Definition 3.6. A function f : W +— R is a-exp-concave if
exp(—af(-)) is concave over W.

Lemma 3.7. For a function f : W — R, where W has
diameter D, such that Vw € W, |[Vf(w)|| < G and
exp(—af(+)) is concave, we have

B

FW') 2 f(W)+H{Vf(w), W' =w)+ 2 (V (W), w'—w)?,

forallw,w' € W, where 3 = 3 min{ 25, a}.

3.2. Follow-the-leading-history for Smooth Functions

To utilize exp-concavity, we follow the structure of FLH
(Hazan & Seshadhri, 2009), which runs multiple experts
over a set of intervals and aggregates them by a meta-
algorithm. The regret over interval [r, s] can be decomposed
as the sum of the meta-regret and the expert-regret, i.e.,

> i) iy > i)

=D fewi) =D fwi)+ > fu(wh) — VI‘,%%Z fe(w)

meta-regret

expert-regret

where w; and w; denote the output of the meta-algorithm
and an expert-algorithm in the ¢-th round. For expert-regret,
FLH runs ONS (Hazan et al., 2007) as the expert-algorithm
to attain an O(< log(s — r)) regret bound. For meta-regret,
it uses a variant of Fixed-Share (Herbster & Warmuth, 1998)
as the meta-algorithm to achieve an O(é log s) regret bound.
To obtain small-loss regret over interval [r, s], we need to
turn both bounds to depend on the cumulative loss.

Under the smoothness condition, ONS naturally attains a
small-loss regret bound for exp-concave functions (Orabona
et al., 2012). Thus, we can directly utilize theoretical guar-
antee of ONS to obtain small-loss expert-regret. However,
the meta-regret over interval [r, s] of FLH depends on the
number of intervals created till round s, which is problem-
independent and cannot exploit the smoothness property.
Inspired by Zhang et al. (2019), we construct intervals in a
problem-dependent way. In the following, we first review
the key procedures of problem-dependent intervals.

Review of Problem-dependent Intervals The basic idea
of problem-dependent intervals is to generate intervals based
on the real-time performance of an expert-algorithm. Specif-
ically, we run an instance of the expert-algorithm in round
si, where s; = 1. When its cumulative loss becomes larger
than a threshold C in round s; + o, we set 5,41 = s; +a+1
and restart the expert-algorithm. By repeating this process, a
sequence of points sy, So, S3 - - - are generated, and we refer
to them as markers. Instead of using original time points,
we construct problem-dependent geometric covering (PGC)
intervals based on markers. The advantage of PGC intervals
is that the number of intervals depends on the total loss of
expert-algorithm instead of the time length.

Mathematically, PGC intervals are given by

I= U f}c, f}c = {[Si,zk’s(i+1).2k‘ — 1] NS N}

keNU{0}

where for all k € NU {0}
Ii = {[si.265 8(i41)2r — 1] 1 €N}

Moreover, we can further simplify PGC intervals by remov-
ing overlapping intervals with the same point (Zhang et al.,
2019). To facilitate understanding, we first explain how
to compress the GC intervals in (2) to obtain compact GC
(CGC) intervals. Mathematically, CGC intervals are defined
as C = Uyenuyoy Cr» where Cp = {[i- 2k (i+1)-2k—1]:
1 is odd}. Following this idea, we can compress PGC inter-
vals similarly, and the compact PGC (CPGC) intervals are
given by

5: U 5}€, CN}C = {[Si,zk’s(i+1)_2k - 1] AT Odd} .
keNU{0}

A graphical illustration of CPGC intervals is given in Fig. 2.

Our Approach According to the framework of FLH, our
algorithm also contains 3 components, including an expert-
algorithm, a set of intervals and a meta-algorithm. First,
we use ONS as our expert-algorithm. Then, we construct
CPGC intervals based on the real-time performancg of ONS,
and associate each interval I = [s,,s, — 1] € C with an
instance of ONS that minimizes the regret during /. Finally,
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Algorithm 1 Follow-the-Leading-History for Smooth func-
tions (FLHS)
1: Initialize indicator NewlInterval=true, the total number
of intervals m = 0, the index of the latest expert n = 0
2: fort =1to T do
3. if Newlnterval is true then

4: Create an expert F; by running the algorithm of
ONS,andset L1 =0, pr s = T

5: Add E; to the set of active experts: A; = A1 U
{E:}

6: Reset the indicator NewlInterval=false

7: Update the total number of intervals m = m + 1

8: Set g; = j such that [m, j — 1] € C and record the
index of the latest expert n =t

9: endif

10:  Receive output w; ; from each expert £; € A,

11:  Submit w; in w; = ZEjeAt Dt Wi j

12:  Update the cumulative loss of the latest expert: L; =
Li1+ fi(Wen)

13:  if L; > C then

14: Set the indicator NewlInterval=true

15: Remove experts whose ending times are s,,,+1 — 1:
Ar = A\ {Eilgi =m + 1}

16:  endif

17:  forall E; € A, do

18: Update weight in (7)

19: if NewlInterval is true then p;1;, = (1 — (m +
1) ™Y Pes1,i else py1i = Prgi

20:  end for

21: end for

we modify the meta-algorithm of FLH to accommodate
the new intervals. Let E; be the expert-algorithm created
in round ¢. FLH initializes the weight of E; to be 1/t
and multiplies the weight of other active experts by (1 —
1/t) which lead to problem-independent terms. To yield a
problem-dependent meta-regret, both the initial weight and
the updating rule need to be modified to benefit from CPGC
intervals. Specifically, we denote the number of dynamically
constructed experts by m, and then modify the initial and
updating weights to 1/m and (1 — 1/m) accordingly.

Our Follow-the-Leading-History for Smooth functions
(FLHS) is summarized in Algorithm 1. To generate CPGC
intervals, we introduce a Boolean variable NewlInterval to
indicate whether a new interval should be created. Further-
more, the total number of intervals and the index of the
latest expert are denoted by m and n, respectively. In each
round ¢, if Newlnterval is true, we will create an expert
E; by running an instance of ONS, and introduce L;_; to
record the cumulative loss of the latest expert. In Step 4, we
initialize the weight of E to be p;; = 1/(m + 1) which is
problem-dependent. We add E to the active set A; in Step

5. Then, we reset the indicator to be false and update the
total number of intervals (Steps 6 to 7). According to CPGC
intervals, we know that the m-th marker s,,, = ¢ and the
ending time s; satisfies [m, j — 1] € C. So we set g; = j
and record the index of the latest expert n = ¢ in Step 8
and remove expert I/, when m is going to reach g, in Step
15. In Step 10, we collect the predictions of all the active
experts, and aggregate them in Step 11. We keep track of
the latest expert and record its cumulative loss L;. When
L, is larger than the threshold C', we set NewlInterval to be
true and remove experts whose ending times are s,,, 41 — 1
(Steps 13 to 16). In Step 18, FLHS updates the weight of
each active expert, i.e.,

pt ie_nft (Wt,i)

Pt+1,i = Zje.A ptjefnft(wt_,j)
. Pt,

where 7 is the learning rate. To ensure that the sum of all
weights is 1, FLHS multiplies each weight by (1 — (m +
1)~1) if NewlInterval is true because a new expert will be
created at next round.

N

In the following, we present theoretical guarantees of FLHS
for a-exp-concave and smooth functions.

Theorem 3.8. Under Assumptions 3.1, 3.2, 3.3 and 3.4,
if the online functions are a-exp-concave and appropriate
parameters are set, for any interval [r,s] C [T| and any
w € W, FLHS satisfies

- - d * *
S w0 =Y w0 ((Jroa i sz )
where L7 ; and Ly ; are defined in (1).

Remark In the literature, the state-of-art adaptive regret
bound for exp-concave functions is O(£ log slog(s — 1))
of Hazan & Seshadhri (2009). We observe that the
problem-independent term log s log(s — r) is improved to
log L log Ly ; in Theorem 3.8.

Then, we also prove that our proposed algorithm is equipped
with the following theoretical guarantee when dealing with
non-smooth functions.

Theorem 3.9. Under Assumptions 3.1, 3.2 and 3.4, if the
online functions are c-exp-concave and appropriate param-
eters are set, for any interval [r, s| C [T] and any w € W,
FLHS achieves an O(<2 log slog(s — r)) minimax adaptive
regret bound for non-smooth functions.

Remark When functions are non-smooth (without As-
sumption 3.3), we provide a novel analysis for problem-
dependent intervals to demonstrate that our algorithm can
also deliver a minimax adaptive regret bound, conferring
an advantage over previous studies on adaptive regret for
smooth functions (Zhang et al., 2019; Zhao et al., 2022).
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Parameter Setting According to the procedure of FLHS,
we need to set threshold C to construct CPGC intervals,
where C' requires the problem-dependent parameters, such
as G, D, H and «. For non-smooth functions, we can set
H be any constant, e.g., 1. The detailed requirements of
threshold and the exact regret bounds of FLHS are included
in Appendix B.1.

Strongly Adaptive Regret We would like to further clar-
ify that our work focuses on strongly adaptive regret, which
was introduced to measure the performance of each interval,
with its bound reflecting the length of the interval. Notice
that our analysis is conducted for every interval [r, s] C [T,
and our small-loss bound includes the cumulative loss Ly ,,
which in turn depends on the length of the interval. In
particular, when functions are non-smooth, we can derive
the existing strongly adaptive regret bounds from our the-
oretical guarantee. By substituting the regret bound from
Theorem 3.9 into the definition of strong adaptive regret,
we prove that FLHS achieves an O(g log 7 log T) strongly
adaptive regret for a-exp-concave functions.

3.3. From Exp-concave to Strongly Convex

We proceed to discuss how to modify FLHS to obtain a
small-loss adaptive regret bound for A-strongly convex and
smooth functions. It is established that strongly convex func-
tions with bounded gradients are also exp-concave (Zhang
et al., 2018, Lemma 2). Therefore, we can reuse the meta-
algorithm of FLHS. For the expert-algorithm, we replace
ONS with S20GD (Wang et al., 2020), which is specially
designed for strongly convex and smooth functions. Next,
we establish the following theoretical guarantee A-strongly
convex functions under the smoothness condition.

Theorem 3.10. Under the same assumptions as Theo-
rem 3.8, if the online functions are A-strongly convex and
the learning rate n = 2, for any interval [r,s] C [T} and
any w € W, FLHS with S?0OGD expert satisfies

S S 1
th(wt) - th(w) <O (/\ log L*{’Slog L:ys)
t=r t=r

where Ly ; is defined in (1). Furthermore, when functions
are non-smooth (without Assumption 3.3), FLHS achieves
an O(4 log slog(s — 1)) adaptive regret bound.

Remark Compared with the O(§ log slog(s — r)) bound
of Zhang et al. (2018), our algorithm attains a small-loss
adaptive regret bound for A-strongly convex and smooth
functions. Similar to Theorem 3.9, our algorithm can also
achieve a minimax adaptive regret bound when functions
are non-smooth.

3.4. A Universal Algorithm for Exploiting Smoothness

In this section, we develop a universal algorithm for exploit-
ing smoothness to improve the adaptive regret.

Expert-algorithm We run multiple experts simultane-
ously to deal with the uncertainty of the functions types, as
well as the modulus of exponentially concavity and strong
convexity. Specifically, We create three types of experts
by running the algorithm of SOGD, S20OGD and ONS to
address the uncertainty of the functions types, where SOGD
is designed for convex and smooth functions. To approx-
imate the modulus of exp-concavity and strong convexity,
we construct two finite sets Py, and Pex, comprising pos-
sible values of the modulus, which are served as the in-
put parameters for S20GD and ONS. Taking A-strongly
convex functions as an example, assume that T is fixed
in advance and the unknown modulus A is both upper
bounded and lower bounded, i.e., A € [1/T, 1], we construct
Pyr = {1/T,2/T,22)T,--- , 2N /T} to be set of possible
values, where N = [log, T'|. The detailed procedure of
creating multiple experts is summarized in Appendix D.2.
Additionally, we also provide justifications in Appendix G
regarding the assumption of the bounded modulus, which is
commonly accepted in the majority of scenarios.

Meta-algorithm We choose Adapt-ML-Prod (Gaillard
et al., 2014) as Zhang et al. (2022b) have proved that its
meta-regret can automatically exploit the exp-concavity and
strong convexity by utilizing the linearized loss. Following
this idea, we extend Adapt-ML-Prod to support sleeping
experts so that our meta-algorithm can aggregate all the
decisions from dynamically created experts, and yield a
problem-dependent meta-regret.

Construction of Problem-dependent Intervals com-
pared with FLHS, we need to run multiple experts rather
than a single expert over an interval. In this scenario, we
explain that generating CPGC intervals based on the cumu-
lative loss of the expert-algorithm as Zhang et al. (2019)
will result in a suboptimal regret bound for convex and non-
smooth functions. Specifically, if we construct intervals
based on the total loss of the expert, we can obtain an opti-
mal regret bound over a CPGC interval [s,_1, s, — 1] € C.
However, the problem arises when bounding the regret of a
sub-interval [r, s, — 1],

Sq—1 Sqa—1
> filw) = > filw)
t=r t=r
Sq—1 Sq—1 Sq—1
< Y filw) = Y filWeso )+ Y feWis, )
t=sq-1 t=sq-1 t=sq-1
meta-regret <C+F
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Algorithm 2 A Universal Algorithm for Exploiting Smooth-
ness to Improve the Adaptive Regret (USIA)
1: Initialize indicator NewlInterval=true, the total number
of intervals m = 0
2: fort=1to T do
3:  if Newlnterval is true then

4: Create multiple experts for three types of convex
functions and add all the experts to the set active
experts: A, = A1 U {EF}

5: Reset the indicator Newlnterval=false and update
the total number of intervals m = m +1

6: Initialize 7f = In(2m + 1), 2} ;, = 1 and
Lf_lyt = 0 for all the experts

7: Set g; = j such that [m, j — 1] € Cand L;_; = 0

8: endif

9:  Set nf, ; and calculate the weight pfl by (8) for each

expert EF € A,

10:  Receive output Wﬁ ; from each expert EF € A,

11:  Calculate wy = Y pie 4, P ;W ; and evaluate the
gradient V f;(wy) ’ .

12:  Update the cumulative loss of the latest expert: L; =
L1+ fe(wy)

13:  if L; > G(m) then

14: Set the indicator Newlnterval=true

15: Remove experts whose ending times are t + 1:
Ay = A\ {Ef|gi = m + 1}

16:  endif

17:  Observe the normalized linearized loss Efl of each
expert EF € A; by (9)

. - k gk
18:  Observe the meta loss ¢, = ZE?E& Py
19:  Update L¥

', and z} ; of each expert Ef € Ay by (10)
20: end for

where s,_1 < r < s4. According to the theoretical guaran-
tee of Adapt-ML-Prod for convex and non-smooth functions,
the meta-regret will be

Sq—1 Sq—1
Z fe(wy) Z fiWisa ) SO (V/Sa = Sa—1) -
t=8q-1 t=sq—1

Since there is no relationship between s,_1 and r, this
bound could be loose for convex functions over interval
[r, s — 1]. To address this problem, we provide another
approach to bound the regret of a sub-interval [r, s, — 1] by

Sq—1 Sq—1 Sq—1 Sq—1
D felwi) =D filw) <D flwi) < D fulwy),
t=r t=r t=r t=Sq—1

which motivates us to directly control the cumulative loss of
the output w, from meta-algorithm during the construction
of CPGC intervals. Since the meta-algorithm aggregates
the experts over all the intervals, the cumulative loss of its

output depends on the number of intervals created till current
round, thereby rendering a fixed threshold of Zhang et al.
(2019) inadequate for intervals construction. Therefore,
we instead construct a threshold function G(a) based on
the cumulative loss varying with the number of intervals,
where a is the interval index. We also mention that such
technique also appears in Zhao et al. (2022), but their goal
is to reduce projection complexity, which is different from
ours. According to the theoretical guarantee, the meta-regret
exhibits only a logarithmic dependency on the number of
intervals, thus ensuring a tight regret bound within each
interval segment.

Our Universal algorithm for exploiting Smoothness to
Improve the Adaptive regret (USIA) is summarized in Al-
gorithm 2. To generate CPGC intervals, we introduce a
Boolean variable Newlnterval to indicate whether a new
interval should be created and denote the total number
of intervals by m. In each round t, if Newlnterval is
true, we create multiple experts EF in Step 4, where
k=1,---,14 2[log, T']. Then, we reset the indicator
to be false and update the total number of intervals in Step 5.
Next, we initialize the F, zf_u and L,’f_l_’t for each expert
E¥ which are parameters for Adapt-ML-Prod in Step 6. In
Step 7, we introduce g; = j and Ly_1 to record the ending
time of the m-th marker and the cumulative loss, repsec-
tively. In Step 9, we set the learning rate for each expert in
the active set and calculate the weight p,’;i:

n¥ |, = min ! 771
t—1,1 2 1+Lt L

L . (®)
ko Mi—1,%t—1,4
Pt =

ZE;?eAt Me—1,5T¢—1,5

In Step 10, USIA collects the predictions of all the active
experts, and aggregates them in Step 11. We keep track of
the aggregated prediction w; and record its cumulative loss
L;. When Ly is larger than the threshold function G(m), w

set Newlnterval to be true and remove experts whose endmg
times are s,,+1 — 1 (Steps 13 to 16). After evaluating the
gradient V f;(w,), we observe the normalized linearized
loss for all the active experts in Step 17, which is formulated
as,

<Vft(Wt)7 Wi —
2GD

W) + GD

b = € [0,1]. ©)

In Step 18, we calculate the weighted average of Ef’ ; as the
loss of the meta-algorithm suffered in the ¢-th round. Finally,

d k ks .
we update the parameter Ly ; and z3 ,; in the set of active
experts according to the rule of Adapt-ML-Prod:

L?,i = Litl,i + (4 — ff,i)27

xi‘z = (xf_u (1+ 775—1,1‘(@ - 551))) "ot
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Subsequently, we present the following theoretical guaran-
tee of USIA, and defer the details of expert-algorithms and
analysis in Appendix D.

Theorem 3.11. Under Assumptions 3.1, 3.2, 3.3 and 3.4, for
any interval [r, s] C [T] and any w € W, with appropriate
parameters set, if the online functions are a-exp-concave
with « € [1/T, 1), USIA satisfies

S S d
S hiw) = 305w <0 (Ston Lt g 12, ).
t=r t=r

if the online functions are \-strongly convex with A €
[1/T,1], USIA satisfies

S S 1
th(wt) — th(w) <0 (/\ log L7  log L;S> ,
t=r t=r

if the online functions are general convex, USIA satisfies

Z fr(wy) — Z filw) <O (\/L:’S log L7  log Lﬁ}s) ,
t=r t=r

where L*

s

is defined in (1). Moreover, when functions
are non-smooth, USIA achieves O(%logslog(s — 7)),
O(5 log slog(s — 1)) and O(y/(s — r)log slog(s — 1))
adaptive regret for a-exp-concave, A-strongly convex, and
general convex functions, respectively.

Remark Theorem 3.11 demonstrates that USIA is able
to attain small-loss adaptive regret bounds for three types
of loss functions simultaneously. Moreover, USIA is im-
plemented without knowing the modulus of exp-concavity
and strong convexity. When dealing with changing en-
vironments, USIA can also handle the case that the type
of functions changes between rounds. For example, un-
der the smoothness condition, suppose the online func-
tions are general convex during interval [rq, s1], then be-
come a-exp-concave in [ra, sz, and finally switch to A-
strongly convex in [rs, s3]. When facing this function
sequence, USIA achieves O(\/ Ly . logLi, logL: . ),

1,81 L,s1 1,51
O(£logLj ,, log Ly, ,,) and O(+ log L , log L7, ,.) re-

1,83 73,53

grets over intervals [r1, s1], [re, s2] and [r3, s3], respectively.
Furthermore, when the online functions are non-smooth, our
algorithm can also attain adaptive regret bounds for three

types of loss functions simultaneously.

Parameter Setting According to the procedure of USIA,
we need to set threshold G(m) to construct CPGC intervals,
where G(m) requires G, D, H and T in USIA. For non-
smooth functions, we can set H be any constant, e.g., 1.
The detailed requirements of threshold and the exact regret
bounds of USIA are included in Appendix D.1.

Reduce Gradient Query Complexity According to the
description of Algorithm 2, we need to construct O (log T')
CPGC intervals to adapt to the changing environment, and
each interval is associated with O(log T') expert-algorithms
to address the uncertainty of the function. Therefore, USIA
maintains O(log2 T') expert-algorithms which is the same
as that of existing universal algorithm for adaptive re-
gret (Zhang et al., 2021). Within the meta-expert framework,
each expert-algorithm needs to query the function gradient
once and evaluate the function value once per round, thus
leading to significant concerns about computational effi-
ciency. To address this limitation, we introduce an improved
implementation of USIA with one gradient query and one
value estimation per round in Appendix E.

4. Conclusion

In this paper, we develop an adaptive algorithm, named as
FLHS, which achieves a small-loss adaptive regret bound
for exp-concave functions. Additionally, we point out that a
small-loss adaptive regret bound for strongly-convex func-
tions is attainable by changing the expert-algorithm. Fur-
thermore, we propose a universal algorithm for exploiting
smoothness to improve the adaptive regret, namely USIA.
Under the smoothness condition, it delivers small-loss adap-
tive regret bounds for general convex, exp-concave and
strongly convex functions simultaneously. Finally, we prove
that our algorithms can also attain minimax optimal regret
bounds when functions are non-smooth, which offers a sig-
nificant advantage over previous studies.
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A. Omitted Related Work

In this section, we discuss some related work on static regret. For general convex functions, online gradient descent (OGD)
with step size 1, = O(1/+/t) attains an O(+v/T') regret bound (Zinkevich, 2003). For a-exp-concave functions, ONS is
equipped with O(g log T') regret bound, where d is the dimensionality (Hazan et al., 2007). For A-strongly convex functions,
an O(% log T') regret bound is achievable by applying OGD with step size n; = O(1/[At]) (Shalev-Shwartz et al., 2007).
While the above regret bounds are minimax optimal for the corresponding type of functions (Abernethy et al., 2008), tighter
bounds are attainable if the loss functions are smooth. For general convex and smooth functions, OGD with a constant step
size attains an O(v/L) regret bound (Srebro et al., 2010), where L is the upper bound of Zthl ft(w) for any w € W. For
general convex and smooth functions, OGD with a constant step size attains an O(\/f) regret bound (Srebro et al., 2010),
where L is the upper bound of ZtT=1 fi(w) for any w € W. However, the modulus of smoothness and upper bound L
are required to set the step size, which are typically unavailable in practice. Scale-free online gradient descent (SOGD)
(Zhang et al., 2019) is proposed to address this limitation, which is a special case of the Scale-free online mirror descent
(SOMD) (Orabona & Pal, 2018). SOGD achieves an O(\/ﬁ) small-loss regret bound for general convex functions, where
L% = minyew Zthl f+(w). For a-exp-concave and smooth functions, ONS is able to attain an O(g log L) small-loss
regret bound (Orabona et al., 2012). For A-strongly convex and smooth functions, Wang et al. (2020) introduce smooth and
strongly convex online gradient descent (S20GD) which yields an O(% log L%.) small-loss regret bound.

B. Follow-the-Leading-History for Exp-concave and Smooth functions
B.1. Exact Bounds for a-exp-concave and (Non-)Smooth Functions

Due to page limit in the main body, we present bounds using the big-O notation in the theorems. Here, we provide the exact
bounds.

For a-exp-concave and smooth functions, suppose
2
o \/ 4HBD
=3 d

where 8 = % min{w%, a}. Under this condition, FLHS achieves the following regret bound

th(wt) - th(w) < (1 + ’Vlogz (2 + éth(W)>-D (MR(s) +ER(r,s))+ C + F

2
4H5D +2+%+dHD2 (11)

+4HBD?log
e

where

MR (s) = %m (1 + %Z ft(w)>

d 8HAB2D? < AH 3D? 5, AHBD? 1
ER(r,s) = %log <d;ft(w)+ J + 4HBD*log . +2 —|—ﬁ.

For a-exp-concave and non-smooth functions, FLHS achieves the following regret bound

> filwe) = > fulw)

§<1+ {log2 <4§(s—r+1)+2>—‘) (Zln(l—&—és)+;lﬂlog(626i121)2(8—r)+1>+215>+0+F.

B.2. Algorithm Description: Follow-the-Leading-History for Smooth functions

Highlight First of all, we make clarifications that the expert-algorithm must attain an anytime regret bound over CPGC
intervals, because we need to construct CPGC intervals based on the real-time performance of the expert-algorithm.

For exp-concave functions, we use Online Newton Step (ONS) as our expert-algorithm to minimize the regret during interval
[$p, S¢ — 1]. The generalized projection IT3,(-) is defined as

IT5;,(x) = argmin(w — x) " B(w — x)
wew

12
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which is used in Step 4 of Algorithm 3.

Algorithm 3 Expert F; : Online Newton Step (ONS)

1: Initialize w,, be any pointin W and X, 1 = ﬁld,
2: fort = s,tos, — 1do

3: Update Et = Etfl + gtgt—l— where gt = Vft(wt’sp)
4:  Calculate

1
Witl,s, = Haﬁ (Wt,sp - th lgt)

5: end for

B.3. Proof of Theorem 3.8

First, we start with the meta-regret.

Lemma B.1. Under Assumptions 3.1, 3.2 and 3.3, if the online functions are a-exp-concave and the learning rate n = a,
for any interval [s,, s, — 1] € C, the meta-regret of FLHS with respect to I, | satisfies

sq—1 sq—1 sq—1
> flw) = Y fulwis,) < 2l (1 ey ft<w>>
t=sp t=sp t=1

where C is defined in (11).

Remark Compared with the problem-independent bound O (é log(sq — 1)) of efficient FLH, the meta-regret of our
FLHS is problem-dependent, since it depends on the cumulative loss of the expert instead of the time length.

For each CPGC interval I = [s,, s, — 1] € 5, we create an instance of Online Newton Step (ONS) (Hazan et al., 2007) as
expert-algorithm because it can attain a small-loss regret bound for exp-concave and smooth functions during I (Orabona
etal., 2012, Theorem 1).

Lemma B.2. Let 3 = % min{ﬁ, a}. Under Assumptions 3.1, 3.2 and 3.3, if the online functions are a-exp-concave, for

any interval [s,,sq — 1] € C and any w € W, expert E, satisfies

sq—1 sq—1

sq—1
d SHB2D? ¢ 4HBD? . AHBD? 1
2; ft<wt,sp)—; filw) < 55108 ngj Julw) + === +4HBD*log — — +2| + 55.
=Sp =Sp —°Pp
For simplicity, we denote
9 4 sq—1
MR =—In[1+—=
(50) = = n< + = ;ft<w>),
_d . (8HED? o AHBD® o AHBD 1
ER (s, 50) = 55108 | 0 D Julw) + =+ 4HAD log == +2 | +

t=sp

Combining the meta-regret and expert-regret, we can obtain a small-loss bound for a-exp-concave and smooth functions
over any CPGC interval. Next, we extend this bound to any interval [r, s] C [T].

The analysis is similar to the proof of Theorem 4 of Zhang et al. (2019). Let s, be the smallest marker that is larger than r,
and s, be the largest marker that is not larger than s. Then, we have

Sa—1 <17 < Sg, and sp < 8 < Sp41-

13
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First, we bound the regret over interval [r, s, — 1]. We have

Sq—1 Sq—1 Sq—1 Sq—1

S hw) - S AW < S v < S fuwe)
t=r t=r t=r t=8q—1

Sq—1 Sq—1 Sa—1

Z fir(we) Z fr(Wis, ) Z fe(Wis,_y)
t=5q4_1 t=54_1 t=Sq-1

<MR(s, — 1)+ C+F
where the last step is due to the construction rule of markers and Assumption 3.4. Next, we bound the regret over interval
[Sa, s]. To proceed, we introduce the following property of CPGC intervals (Zhang et al., 2019, Lemma 11).

Lemma B.3. Let [s,, sp] C [T] be an interval that starts from an marker s, and ends at another marker sy. Then, we can
find a sequence of consecutive intervals

Il = [5i175i2 - 1}712 = [Sizasie. - 1]3 7Iv = [Siuasierl - 1] eC

such that
11 = A,y < b <iyy1, and v < [logy(b—a+ 2)].
Note that
b<’L'v+1 =b+1 Siv+1 :>Sb+1—]. < 8i1j+1—1:>8§ Sierl_]..

Thus, the interval [s,, s] is also covered by the sequence of intervals in the above lemma. Then, for the first v — 1 intervals,

Sigy1 1 Sigp1 ™
> filwe) Z ft(w) <MR(s;,,, — 1) + ER(s;,, 85y, — 1), Vk € [0 —1].
t= Sip, t= Siy,

And for the last interval, we have
Z fr(wy) — Z fi(w) < MR(s) + ER(s;,, 8).
t=s, t=S8i,

By adding them together, we have

> felwi) th < (v+ 1)MR(s) + vER(1,s) + C' + F 1)

< (14 [logy(b—a+2)]) (MR(s) +ER(1,s)) + C + F.

Finally, we provide an upper bound of b — a by summing (19) overi = a,--- ,b — 1 and arrive at
sp—1 sp—1 s
C 4
E = =b—a< — § = E
t=s ft 4 ) ‘ t s ft C t=r ft (w

B.4. Proof of Theorem 3.9

When functions are non-smooth, i.e., removing Assumption 3.3, the following analysis shows that FLHS with ONS expert
can also attain an adaptive regret bound for a-exp-concave functions. For expert-regret, since ONS is equipped with a
squared gradient-norm regret bound, we have

sq—1 sq—1

21212
> filwis,) = > filw) < Qdﬁ log (ﬂiD(sq — sp) + 1) + % (13)

t=sp t=sp

14
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For meta-regret, from the construction of markers, we have

siy1—1
Z ft(wt,si) >C
t=s;
Summing the above bound over i = 1,...,m — 1, we attain
m—18i+1—1 Sy —
m<14 — Zthwts <1—|——ZF<1+ —1)
t=s; t=s1
which implies
sq—1 sq—1 F
th(wt th Wtsp > (1+C(Sq—1)>
t=sp t=sp

Combining the meta-regret and expert-regret, we can easily attain an adaptive regret bound for a-exp-concave and non-
smooth functions. Then, we extend to [r, s] C [T] by repeating the above analysis.

We start with (12), and obtain
Y o filw) = > fulw
t=r t=r

14
+C+F.

For the upper bound of b — a, we get

sp—1 S AF
th _*th(W)S?(s—r—i—l).

Substituting the above bound into (14), we finish the proof.

B.5. Proof of Lemma B.1
According to Definition 3.6, we have
e—aft(wt) — e*aft (ZEjE-At Pt,th,j) > Z pt,je—aft(wt,j)
E;eA;

which implies

1 ot
ft(Wt) < —aln Z Dt j€ fe( t,]).
EjeA,

Then, we have

1
Jt(we) = fi(wes,) < — | Ine —aft(Wesp) _Ip Z Dt,j e~ fi(wes)
a E; €A,
e*aft(wt,S;p)
=gl “af(wiy)
>oEea, Pri€ g (15)
1 1 Dt ie_aft(wt,sp)
=l ’ o)
« Pi,i EEjeAt Dy et (Wi
= 1 In LJA’SP .
« pt,sp

15
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When t = s,,, we have
1 .
fsp (Wsp) - fsp (Wsp,sp) S a (lnpsp-ﬁ-l,sp + 111 msp)

where m,, denotes the number of experts created till round s;,. When ¢ # s,,, we prove the following inequality

1 . 1 . . 2
a (lnpt+1,sp - lnpt,sp) < E <1npt+1,sp - lnpt,sp + ]l{NewInterval}r,nt>

fe(wi) = fr(ws,) <

where the last step is due to —In(1 — z) < 2z when 0 < z < 3.

Summing (15) over ¢t = s, -+, 54 — 1, we have
sq—1 sq—1
M7 hw) =Y flwis,)
t=sp t=sp
1 sq—1 sq—1 9
stp (W3p> - fSp (Wsp)'sp) + a Z (lnﬁtJrl,Sp - lnﬁt,sp) + Z ]l{NewInterval} : E
t=sp+1 t=sp+1 (16)

1 2 1 2 2
<—(nm,, +Inps 41,5,) + — Z - < —Inmg, + —Inm,, 1 — —Inm, 11
7 a t a a «

t=msp, 41

Q

<0
2
== Inmg, 1.
Next, we need to provide a small-loss upper bound for m, ;. Note that in each interval [s;, ;11 — 1], an expert I, is
created by running ONS. According to (29), we have

sit1—1 Si41—1 9 4o Sit1—1
d 8HB2D 1
Y filwis) = Y fulw) < 52 lo ( 3 ft(w>+5>+
t=s; t=s; 28 d t=s; 2
< a4 SHﬂQDQ Iilf )+ E +i (17)
=23 = t 23
1 +d\@ dHD2 it
< + > filw

2p

t=s;

where = = % +4HBD? log % + 2. On the other hand, from the construction of markers, we have

Si+171

Z ft(wt,si) Z C

t=8i

Suppose
d [4HBD? 4HBD? 1
C> \/ p +4HBD?log p +2+4 - +dHD?. (18)
B d e B
Thus, we have
Si1—1 =
1 1+dVZ dHD? e
Do hwyzg (O |5+ > (19)
= B 2 4
Let m is the number of experts created till round ¢. Summing (19) overi = 1,--- ,m — 1, we have
Sm—1
> filw -1)
t=s1
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implying
smfl 4 t
<l+4+—= — 20
me<lt z RS 1 G SR 0)
Combining (16) and (20), we can achieve the meta-regret of FLHS,
sq—1 sq—1 9
Z felwe) = Z fe(Wes,) € ~ln (1 + Z fe(w ) = MR(s, — 1).
B.6. Proof of Lemma B.2

The analysis is similar the proofs of Theorem 1 of Orabona et al. (2012). For the convenience of notations, we suppose
Wi =W, letys ) =wy — %E;lgt, and wy 1 = Haf (¥t+1), we have

1__
Vi1l =W =Wy — W — =X, ‘g,

B

1 2D
Le(yerr — w) = Zy(we —w) — 78
And we combine above equalities and arrive at
T T 2 T |
(Yi+1 = W) Bi(yes1 —w) = (we —w) Ze(we —w) — gy (W — W) + 58, X gy
B B (22)
> (Wip1 — W) S (Wi — w).
Thus,
g/ (Wi —w) < 25 g X g+ g( —w)  Sy(wy —w) - g(wtﬂ —w) (Wi —w). (23)
Then summing over ¢ = s,,,- -+, s, — 1 and we attain
sq—1 1 sq—1 B
Z g/ (w; — Z g Y e+ 5 B (Ws, — W)Tzsp (Ws, — W)
t=sp f Sp
B sq—1
+ 5 Z (Wt - W)T(Et - thl)(wt - W)
t=sp+1
24
— g(wsq — W)TZSq,l(wsq - w) 24)
sqfl
_%Zgﬁt g+ 5 Z g, Wy —w)°
t=sp t=sp
g . E
+ §(wsp —w) (Zs, — 85,85, ) (Ws, —W).

17
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After that,
sq—1 sq—l
Z g;—(Wt Z 8t Wt —
t=sy t=sp
sq—1 B
S Z g;rzt g+ = (Wsp - W)T(Zsp - gspg;r )(Wsp - W)
Qﬁt " 2 P
sq—1 1 sq—1
25
_wfz;pgt ; gt+25 Zﬂt;s,, el + 25 (25)
sq—1
S TS A
2ﬁt = 28

Z 1 1 1 [¥s, 1l
'_25 \Et 1| |Esp71

_1’_7

where the last inequality is obtained by Hazan et al. (2007, Lemma 12). It is easy to bound |3, _;| with sum of gradient
norm.

sq—1 sq—1
tr(zsq—l) = tI‘ ‘?p—l Z ||gt||2 /BQDQ + Z Hgf”2
t=s, t=sp
Sq—1 d (26)
‘Esq71| = IBQDQ + Z ”gtH /d
t=sp

where the last inequality is obtained by Jensen’s inequality. According to the definition of X5, 1 and Lemma 3.7, we have

sq—1 sq—1 sq—1 sq—1

g
D flw) = Y fw) < gl (wimw) = 5 Y (Wi —w)?
t=sp t=sp t=sp t=sp
27
d 8D 9
il | 1 il
< 5108 d;m&++%
Next, we introduce the self-bounding property of smooth functions (Srebro et al., 2010, Lemma 3.1).
Lemma B.4. For an H-smooth and nonnegative function,
IVf(w)|| < \4H f(w),Vw € W.
In this way, we attain
sq—1 sq—1 sq—1
. . 4HB?D? 3 1
— _ 1 —. 28
2 v =2 < TP 9

To obtain the small-loss regret bound, we need the follow lemma (Orabona et al., 2012, Corollary 5).

Lemma B.5. Let a,b,c,d, x > 0 satisfy
z—d < aln(bx + ¢).

r—d<aln (2 <ab1n2ab+db+c>>.
e

18
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Finally, we finished the proof by combining (28) and Lemma B.5,

sq—1 sq—1
> filw) = Y fu(w)
t=sp t=sp

sq—1 29)
d SHB2D? AHBD? .. AHBD? 1 (
<—log | =22 4HBD?1 2| +—
e SR L L
=ER(sp, 54 — 1).

C. Follow-the-Leading-History for Strongly-convex and Smooth functions
C.1. Algorithm Description: Smooth and Strongly Convex OGD (S20GD)

For \-strongly convex functions, we use Smooth and Strongly Convex OGD (S?0OGD) as our expert-algorithm, since it is
equipped with small-loss regret bound. The projection operator ITyy(+) is defined as

Iy (x) = argmin |w — x||.
wew

Algorithm 4 Expert F : Smooth and Strongly Convex OGD (S20GD)
1: fort = s, tos, —1do

2:  Update
w1 = My (W — augy)
where ’Y
= —————=, &= V[fi(wy).
0+, lleil
3: end for

For each CPGC interval I = [sp, s, — 1] € C, we create an instance of Smooth and Strongly Convex OGD (S20GD) as
expert-algorithm because it can attain a small-loss regret bound for strongly convex and smooth functions during I (Wang
et al., 2020, Theorem 1).

Lemma C.1. Lety = %2 and § = G?. Under Assumptions 3.1 and 3.2, if the online functions are \-strongly convex, for
any interval [sy, sq — 1] € C and any w € W, expert E, satisfies

sq—1 sq—1 so—1
q q G2 1 %

2 2
t; fe(Wis,) — t; fi(w) < AD” + B3N log ret) t; IV fe(wes,)l

Furthermore, under Assumption 3.3, we have

sq—1 sq—1

2 sq—1
D filWis,) = > fulw) < Gyln % Y filw) | +AD?

t=sp t=sp t=sp
where \ ) \
SAHD 4H = 4H + Xe

=+ —In——— 42 30

D WS W (30)

is a constant.

C.2. Proof of Theorem 3.10

We introduce the following property of strongly convex functions (Zhang et al., 2018, Lemma 2).

19
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Lemma C.2. Suppose a function f : W — R is A-strongly convex and |V f(w)| < G for all w € W. Then, f(-) is

% -exp-concave.

The above lemma implies that strongly convex functions with bounded gradients are also exp-concave. Thus, for A-strongly

convex and smooth functions, when we set learning rate n = % in FLHS, (16) implies

sq—1 sq—1 G

sp S —/—1n Sq—
th(wt thwt < By Inms, 1.
t=sp t=sp

Then, we bound m,, 1 by repeating the analysis of Theorem 3.8. Note that in each interval [s;, 5;41 —

created by running S20GD. According to Lemma C.1, we have

sip1—1 sip1—1 o sip1—1
Z fe(Wes,) Z fr(w <*1 < Z fe(w >+/\D2

t=s; t=s; t=s;
G 5l+1 1
< Z ft(W) + p + AD?
t=s;
G? 2hG ot
+ Y filw

<
< VHE

t=s;

where p = g)‘é# + 4Th In % + 2. Suppose
2G? h02
C > —\m + + 2\D2.
Thus, we have
i 2hG2 2\ @ C
> filw) = < ( Vi + - +)\D>)2.
= 2 4
Let m is the number of experts created till round ¢. Summing (19) overi =1,--- ,m — 1, we have
Sm—1
Z fe(w 2 -1)
t= S1
implying
4 Sm—1 4 t
<1+ —= <14 —
m=1tg tz folw) < 1+ ctzlft(w
=s1 =

Combining the meta-regret in (31) and expert-regret of Lemma C.1, we have

sq—1 sq—1

> felwi) = > fulw

t=sp t=sp

G2 2 9
MR(s5—1) ER(sp,sq—1)

3D

1], an expert E, is

(32)

(33)

(34)

(35)

Finally, we finish the proof by repeating the analysis of Theorem 3.8. Furthermore, we can also attain an adaptive regret
bound for A-strongly convex and non-smooth functions. Due to the theoretical guarantee of S?0OGD, we have

sq—1 sq—1

2
Z fe(Wes,) — Z fi(w) < AD? + % log (sq — sp) = ERs(sp, s¢)-

t=sp t=sp

20
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when functions are non-smooth, (31) implies that

because

Combining the meta-regret and expert-regret, we have

sq—1 sq—1

S filwe) = Y fulw) < L(;Qm (1+ g(sq_1)> +AD2+Q21Og(Sq_sp).

t=sp t=sp

Then, we extend the above bound to any interval [r, s] C [T'] by repeating the analysis of Theorem 3.8.

D. Universal Algorithm for Exploiting the Smoothness to Improve the Adaptive Regret
D.1. Exact Bounds of USIA for (Non)-Smooth Functions

Due to page limit in the main body, we present bounds using the big-O notation in the theorems. Here, we provide the exact
bounds.

Suppose for the m-th interval,

e (T )
G(m) = 4GDT(m) + 10HD < ln(2m+l)+\@>

T'(m)
+2 (111(2m+1) + ﬁ) D+/4G? + 8HGDI (m)

where I'(m) = In(2m + 1) + 21n(3 + 2log, T'). For a-exp-concave and smooth functions, USIA satisfies

> filwe) = fulw) < (MR(s) + ER(r, s) + Z) log, (2 - ﬁ > ﬁ(w)) +G(a)+ F

where

ER(r,s) = d log <8Hﬂ2D2 ( fe(w) + AHBD" +4HBD?*log AHAD? + 2)
ﬁ d t=r d €
E= <4GD + ;) e(T) + %62(T) + %
Sq—1 s
Gla)+F<O0 <log > ff(w)> <0 <1og2ft(w)>
t=1 t=1
For general convex and smooth functions, USIA has
S fuwe) = 7 filw) < A(s)o(r,s) + B(s), [ v(r5) S fi(w) + Gla) + F (36)
t=r t=r t=r

21
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where

S

9 8 2 8
A(s) = 4HD?*In (3 + 0] th(w)> + (8V2HD? +2GD + 1)¢ In (3 + 0] Zﬁ(w))

t=1 t=1

+ (16HD2(\/§ +1)+4GD + 2) e(T) + 16HD2e*(T) + 24HD? + 2v/2GD

B(s) = 4HD2\I< ( ga th >+4\f+1 (T>+4e2(T)>

e(T) =In(3+2log, T)

4 S
v(r, s) = log, (2 oM ;ft(w)>
Gla)+ F <O <log GE_: ft(w)> <0 <longt(w)> .

When deal with non-smooth functions, for a-exp-concave functions, USIA satisfies

o _ AF
;ft(wt th R(s) +ER(r,s) + =) log, (2—|—g(1)(s—r+1)>+g(a)+F

where

w1005 125
ER(r, s) = i10 (BQ (r—s) )+21ﬁ
) +

26
(4GD+§) (T)+ﬂ 2(T)

—_
—
—

Gla)+ F <O(logs).
For general convex functions, USIA satisfies

sq—1 sq—1

> filw) = > fulw

t=sp t=sp

<2GD (MR®(s) + ¢(T)) log, <2 AR

g(l)(errl)) +G(a)+ F

4F
+GD (\/§+ e(T) + MRC(S)) \/(5 —r+4)log, <2 + %(s —r+ 1))
where MR“(s) = In (3 + %(s)) and e(T) = 21In(3 4 log, T')
D.2. Expert-algorithms for USIA

The projection operator I1yy (-) is defined as

Iy (x) = argmin |w — x||.
wew
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Algorithm 5 Expert F; : Scale-free online gradient descent (SOGD)
1: fort = s, tos, —1do

2:  Update
wirr = Iy (Wt - ﬂtgt)
where 5
m=——5———=, 8= Vfi(wy).
0+ i, lleil
3: end for

The procedure of creating multiple experts is summarized as below. In Step 1, we initialize £ = 1 to record the number
index for the expert-algorithm.

Potr = {1/T,2/T,2*/T,- - ,2N/T},  Peyp = {1/T,2/T,2%/T,--- .2V T}

where N = [log, T']. For general convex functions, we create an expert by running the algorithm of SOGD to minimize the
linearized loss in Step 2. For A-strongly convex functions, we construct a finite set P, containing possible values of the
modulus, which are served as the input parameters for S?OGD in Step 4. Similarly, for a-exp-concave, we construct a finite
set Peyyp to be the input parameters for ONS in Step 7.

Algorithm 6 Expert-algorithms for USIA
1: Input: Initialize the number index of the expert-algorithm k = 1

2: Create an expert £} by running the algorithm of SOGD to minimize ¢;(w) = (V f;(w;), w)
3: forall \ € Py andk =k +1 do

4:  Create an expert EF by running the algorithm of S20GD with A

5: end for

6: foralla € Poypand bk =k + 1 do

7:  Create an expert EF by running the algorithm of ONS with o

8: end for

D.3. Proof of Theorem 3.11
We start with the meta-regret of USIA over any CPGC interval.

Lemma D.1. Under Assumptions 3.1 and 3.2, for the m-th interval [sp, sq — 1] € C we created and any w € W, the
meta-regret of USIA with respect to Efp satisfies

sq—1 sq—1 sq—1

3 T'(m)
b=y A, < ——=—=——=, |1+ 0 — 5 )2+ T(m
t=sp t t=sp b/ m@Em ) ;sp(t o) )

where T'(m) = In(2m + 1) + 2In(3 + 2log, T).

The main advantage of the above meta-regret is that it automatically utilizes the property of exp-concavity and strongly
convexity. We take a-exp-concave functions as an example to explain the reason why this meta-regret can deal with
exp-concavity. The definition of /; in Step 26 implies

(Vfi(we),wy — W)+ GD
b= phth, = tﬁD> : (37)

E'JIC €A,
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Combing Lemma D.1 with the definition of ¢; and Efvsp in (37) and (9), we have

sq—1
N (Vhilwi), wi —wh, )
I'(m) 8g—1
S mam o)\ et > (Vfilwe), we — wE, )2 4 2GDI(m)

t=sp

(38)
-1

I'(m) ['2(m) < 2
<2GD (]n(27n—|—1) + F(m)> + m tgs:p <Vft(wt)7wt - Wf,sp>

T(m) 1 I2(m) BD
SQGD (hl(ern_|_]_) + F(m)> + % . m + 5 t;gp<Vft(Wt),Wt - W?,sp>2'

In the above derivation, the second inequality follows from the basic inequality v/a + b < \/a + v/b and the last inequality
utilizes 2ab < a? + b%. Thus, when the online functions are a-exp-concave, Lemma 3.7 implies

sq—1 sq—1

Z ft(wt) - Z ft(wf,sp)

t=sp t=sp

sq—1 54_1
< Z V fe(wy), Wf,e Z Vfi(wy), W 9p>2

t=s, t Sp
5 I(m) 1 T2(m) (39)
<26D | ——m e 4 T(m) | + = -

41n*(3 + 2log, T)

<4GD (In(2m + 1) +1 2log, T In(2 1 log, T
<4GD (In(2m + 1) +In(3 + 2log, 7)) + 2ﬁ<n(m+ 1) +81n(3 +log, T) + In(2m + 1) )

<0 (; log m)

where the last step is because we can treat the double logarithmic factor as constant (Chernov & Vovk, 2010; Luo & Schapire,
2015). From above discussions, we observe that USTA attains a logarithmic term regret bound for a-exp-concave functions
without knowing value of o. Based on Definition 3.5, the above derivation also holds for strongly convex functions.

Small-loss bound for m-th interval. Next, we provide a small-loss upper bound for m-th interval. First, from the first-order
condition of convex functions, we bound the meta-regret in Lemma D.1 by

sq—1
Z (Vft(Wt)7 Wi — Wf,sp>
t=sp
& 4G2D2 + sil<Vft(wt), Wt s Y2+ 2GDT'(m)
T V/In(2m+1) P
<a6nr(m) + L Licapr 4 3 v lw, w1 (40)
In(2m + 1) = wr
<2GDT(m) + _TmD 4G? + Sil IV fe(we)ll?
In(2m + 1) =,
<2GDT'(m) + _LtmD 4G? +4H Sil fe(we).
- In(1 4+ m) =
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Note that we run SOGD in each CPGC interval, thus we can directly use the theoretical guarantee of SOGD in each interval
[si, si+1 — 1] (Zhang et al., 2019, Theorem 2).

Lemma D.2. Set § > 0 and a = D/+/2. Under Assumptions 3.1, 3.2 and 3.3, for any interval [s;,s;y1 — 1] and any
w € W, we have

Si+1—1 sip1—1
D (Vh(wi,),wh, —w) <V2D2 |6+ Y [VE(wE)|?
t=s; t=s;

The theoretical guarantee of SOGD implies that

si41—1 si41—1
> (Vhiwy),wi,, —w) < V2D2, |5 +4H Y fu(wy). (41)
t:Si t:Si

Combining (40) and (41) (set § = 4G?) on interval [s;, ;11 — 1] (s; = s;,), we have

sip1—1 Sig1—1 Si41—1
Yo flw) = D AW < D (VHilwe), wi —w)
t=s; t=s; t=s;
<2GDT'(m) + % +vV2 | D,|4G? + 4H5ii_1f (wy)
= m@m+ 1) &
I'(m) e
<2GDT(m) + | ———=—=+ V2 | V4H D2, | — + > filw).
In(2m + 1) —
Then we need the following lemma (Shalev-Shwartz, 2007, Lemma 19).
Lemma D.3. Let x,b,c € R,. Then,
r—c<bJ/r = x—c<b>+b/e
Let
Si4+1— 1
Z ft Wt
t=s;
G2 sit1—1
— +2GDT'(m
= F + tz; fe(w
I'(m)
b= | ——=—t— + V2| V4HD?,
In(2m + 1)
we arrive at
Si+1—1 Si41—1
ST flw) = D filw)
t=s; t=s;
r 2
<2GDT(m) + 4HD? A GO
In(2m + 1)
T'(m) G2 e
+ | ———=——+ V2| VAHD?,| — +2GDT(m)+ > fi(w (42)
In(2m + 1) H =
r 2
<2GDI(m) + 5HD? _ I 5
In(2m + 1)
(=L 5) py/aee T sEGDT(m i 1 folw
In(2m + 1) —
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Then, we have

sir1—1 sir1—1

thWt ) < P(m +22ft

t=s; t=s;

where

2
P(m) = 2GDT(m) +5HD ( TR + \/§>

I'(m) 2
+ <ln(2m+1) + \/§> D\/4G? + 8HGDT (m)

I'(m)=In(2m+ 1) + 21n(3 + 2log, T).

Suppose G(m) = 2P(m),

ey - 1
> Jlw) = 5 (G(m) = P(m)) > 1G(m). (43)
t=s;
Summing the above inequality over ¢ = 1,--- ;m — 1, we have

sq—1 Sm—1 1 — g 1) 4 sq—1
> - )>=—“~(m-1 <14 - 44
> fiw) > Y i) 42 > 2 )= m <1t gy 3 ) 44)

= =s1 =1 =

where the last inequality utilizes the property of nondecreasing in G(-).

Small-loss bound for a-exp-concave functions. Combining (39) and (44), we can attain a small-loss adaptive regret bound
over any CPGC interval for a-exp-concave functions,

sq—1 sq—1
> flw) = D fulwis,)
t=sp t=sp

sq—1

< <4GD + 2lﬁ> In (3 + %1) Z ft(w)> + <4GD + g) e(T) + %62(T)

t=1

where €(T) = In(3 4 2log, T'). Then we combine the above bound with the small-loss bound of ONS expert. Let Etksp be
the ONS expert with & € P,y and & < o < 26. Since a-exp-concave functions are also &-exp-concave, we can directly
utilize the theoretical guarantee of ONS expert with & to attain

sq—1 sq—1

SohwE )= > filw

t=sp t=s
<4 SHBQDQng( )+4HBD2+4HBD21 4HBD2+2 42

~ 10 _— \%\% og —— ~

=95 g d & t d & . %
_d SHA2D? AHBD? o AHBD? 1
sgloe Tth(W)‘f' g T BD*log . T2 +B~

t=sp

We combine the meta-regret and expert-regret to achieve the final adaptive regret bound,

sq—1 sq—1
> fiwi) = D fulw) SMR(sq — 1) + ER(sp, 5, — 1) + E (45)
t=sp t=sp
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where

<4GD + ) (3 + g(gl) Z_l J%(W))

d 8HB2D? AHBD? AHBD?
R (550 — 1) = Slog | S22 3 i) + 02 1 amsptiog O 4
t=sp
4 2 1
== 4GD+> T) 4+ Ze2(T) + =.
( HEGEEEORE

Finally, we extend the above regret bound to any interval [r, s] C [T] by repeating the analysis of Theorem 1, since they
enjoy the same order of meta-regret and expert-regret. We highlight the only difference in the analysis that we bound the
regret over interval [r, s, — 1],

Sqa—1 Sq—1 Sq—1 Sq—1 Sq—1
S siw =S 5w < nowo < 5 i <6107 <0 <1ogz ft<w>>.
t=r t=r t=Sq—1 t=1

To proceed, we omit the analysis for A-strongly convex functions because strongly convex functions with bounded gradients
are also exp-concave.

Small-loss bound for general convex functions. To deal with general convex functions, we go back to the first inequality
in (42),

sq—1 sq—1
> flw) = > filw)
t=sp t=sp

<2GDI(m) + 4HD? (F(m) + \/§>

In(2m + 1)
— (46)
%m@ VAHD? G—+2GDF )+ Z fe(w
* In(2m + 1) H t=syp t

<A(sq —1)+B(sq — 1)

t=sp

where

sq—1

8 3 sq—1
A(sq 1)4HD21n< 0] th ) + (8V2HD? +2GD + 1) 1n<3+g(1);ft(w)>

+ (16HD2(\/§ +1)+4GD + 2) e(T) + 16HD2*(T) + 24HD? + 2v/2GD

sq—1

8
B(sq — 1) = VAHD? <ln <3 + = opa Z ﬁ(w)) +4(V2+1)e(T) + 462(T)>

€(T)=In(3+2log, T)

Finally, we extend the above regret bound to any interval [r, s] C [T'] which is similar to the analysis of FLHS. Let s, be
the smallest marker that is larger than r, and s; be the largest marker that is not larger than s. We bound the regret over
[’I", Sa — 1]7

S hiw) = S AW € 3 flw) € S filwn) <G(@+F <0 <1og ) ft(W)> @

t=Sq—1 t=1
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Then we bound the regret over [s,, s| by repeating the analysis of Theorem 3.8, for the first v — 1 intervals, (46) implies

-1

Sipy1 ™ Sipy1 Sipg1 1
Z ft Wt Z ft S'Lk,+1 _1)+B(Sik+1 _1) Z ft(w)7Vk€ [’U—l].
t=si, t=si, t=s;,

And for the last interval, we have

Y few) = Y filw) < A(s) +B(s)

tZSiU t:Sri,U

t:Sri,U

By adding them together, we attain

s v—1 | Sigp1— 1
> filwe) - th ) < vA(s) + B(s) > filw)+
t=r k=1 t=sqp,

+F

where the last inequality is due to the Cauchy-Schwarz inequality. Finally, we use the upper bound of v by summing (43)
overi =a,--- ,b— 1 and finish the proof.

Adaptive regret bounds for non-smooth functions. We start with a-exp-concave functions to show that USIA can also
attain an adaptive regret bound for a-exp-concave and non-smooth functions. From the construction of markers, we have

Si+171

ST filwe) = G0) > G(1).

t=s;

Summing the above bound over i = 1,...,m — 1, we attain

Thus, (39) implies that

sq—1 sq—1
o fwi) = Y fulwiy,)
t=sp t=sp
41n*(3 4 2log, T)
<
<AGD (In(2m + 1) +1n(3 +210g, T)) + .5 <1n(2m D +8IB+log, T) + —1 5 =

<4GD+26)111(3+Q2£)((, 1))+4( B)ln(3+log2) %lnz(SJrlogQT).

Then, we combine the meta-regret with the expert-regret of ONS. Finally, we extend to [r, s] C [T] by repeating the above
analysis. Similarly, we can also have the same guarantee for for A-strongly convex and non-smooth functions.
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For general convex and non-smooth, we modify (40) to achieve

sq—1
D Vfilwi),wi —wi)
t=sp
sq—1
I'(m)D <
<2GDT —t |4G? 2
<26DI(m) + 7 E 46 +_Z IV wo)| "

<2GDT'(m) + \/my/
<2GD (MR“(sq) + €(T)) + GD (e(T) + \/M) Sq—sp+4

where MR¢(s,) = In (3 + %(sq - 1)) and ¢(T') = 21n(3 + log, T'). Combining te above bound with expert-regret in
(41), we have

sq—1 sq—1 sq—1
Do flw) = D fulw) <Y AV fi(wi), wi —w)
t=sp t=sp t=sp

<2GD (MR®(s,) + ¢(T)) + GD (\/5 +€(T) + \/MRC(sq)> 5q— 5p 1 4

Then, we extend this bound to any interval [r, s] C [T'] which is similar to the above analysis.

D.4. Proof of Lemma D.1

The analysis is similar to the proofs of Corollary 4 of Gaillard et al. (2014). We first introduce the following lemma.

Lemma D.4. Under Assumptions 3.1 and 3.2, for any interval [s,, s, — 1] € C, the meta-regret of USIA with respect to Efp
satisfies

sq—1 sq—1 1 sq—1
2
Zﬁt Z€t5p§ k lnxk +Zntsp tsp)
t=sp t=s, gp_l Sp sp—1,8p t=s,
first term
5q—1 ’f] (49)
NERED I LS
nsqfl Sp t=1 EkG.A nt,]

second term

k _ . 1 '75‘
where Np,s, = Min {2, 1/ 71+L§ }
Sp

The proof of Lemma D.4 could be found below. Our goal of proof is attain the bounds of two terms in (49). The following
lemma (Gaillard et al., 2014, Lemma 14) will be useful.

Lemma D.5. Let ag > 0 and ay,- -+ ,anm € [0,1] be real numbers and let f : (0,+00) — [0, +00] be a nonincreasing
function. Then

m apotar+-+am
> aifao+ i) < flao) + F(w)du.
=1

ao

For the first term in (49), we utilize the definition of learning rate and arrive at

sq—1 sq—1 e}lsc 2
Sp

S =t )2 < Y %-

t=sp t=sp 1+ Lt 1,sp
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Then we apply Lemma D.5 with f(z) = 1/1/z, and get

sq—1 k
q 0 —LF, )2 1 Lrey 1
(b — & ,,) < +/ 1
t=sp \/1+Lt 1,sp \/1+L§p71,sl, Lgpflvsp lt+u
(50)
sq—1
<1=2VT4+2, (14 ) (6 — 1, )2
<0 t=sp

For the second term in (49), we have

sq—1 sq—1 k
M-y ) < ( HL1>
Z Z ( )‘ %t 1+ Ly

t=1 EkeA t=1 g
sq—1 ( (gt Ek ) >
t=1 E;eA; 1+Lf L.
sq—1
Sl (etigzltc])Q
2 t=1 EkeA, L+ Li Li
sq—1)N\ej
oy Ty
sq=1 4 t=7j 1+Lt 1,5
EkGU q 7 L=]

IN

| =
M
—
+
=)
—
+
M:
Hh
:
5
=

IN
I

; Z (1+1nsy)

E’“GUSq YA,

where e; denotes the ending time of an expert E]’C and (s; — 1) Ae; = min{s, — 1, e;}. In the above derivation, the second
inequality is attained by g(1 + z) < ¢g(1) + z¢’(1), z > 0 for any concave function g. For the third inequality, we apply
Lemma D.5 with f(z) = 1/2. From the structure of CPGC intervals, we have

M1, 1
In|1+- Z Z < J—) gln(l+26n(1+lnsq)>.

t=1 EkE.A ntd

where 7 denotes the number of experts until round s, — 1. According to our algorithm USIA, [s,, s, — 1] € C denotes the
m-th interval we created. It is also easy to verify that m < m’ < 2m + 1, where m’ denotes the number of intervals created
until round s, — 1, due to the construction of CPGC intervals. Because we create 1 + 2[log, 7| experts on each interval,
thus n < (2m 4 1)(1 4 2[log, T']). Then we arrive at

14t Z Z (m 1,5 _1) <In(142m)+2In(3+ 2log, T') = Q(m).

t=1 EkeA, nm

After obtaining two bounds for the first term and second term, we now get back to (49). Because of the choice of
nonincreasing learning rates, we use 77§p71,sp > ’7§q71,5p and attain

sq—1 sq—1 sq—1
q q 1 1 q
- U, < i (m ": + Q(m)> +2 9 1+ > (-t )% (51)

t=s, t=sp sp—1,sp
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Now if \/1 + Zsrl EQSPF > 2, /7% then 77§q—1,s,, <1/2, (51) is bounded by

sq—1 sq—1 sq—1 In o + Q( )
Dol Dt S\ 1D (=t ) | 2y : (52)
t=s, t=s, t=s, 'YS

P

Alternatively, if \/1 + Zs‘fl( 65751))2 < 2,/7k then 77§q71,sp = 1/2, (51) is bounded by

sq—1 sq—1

-t < 21n; +2Q(m) + 47 . (53)

t=s, t=sp 5p 1,sp

Combining the bound in (52) and (53), we have

sq—1 sq—1 k sq—1
: : 2vg, +Q(m) :
o=y o, < — 1+ DT )2+ 2Q(m) + 49F

t=sp t=sp \/’ng t=sp

Then we set 'yfp = In(2m + 1) and finish the proof.

D.5. Proof of Lemma D.4

This lemma is an extension of Gaillard et al. (2014, Theorem 3) to sleeping experts. The analysis will rely on the following
lemma (Gaillard et al., 2014, Lemma 13).

Lemma D.6. Forallz > 0andall @ > 1, we have x < z“ + (o — 1) Je.

Following the proof of Gaillard et al. (2014), we start to analyze the meta regret for any interval [r, s] € C. Let X s =
> EeA, S o we bound In X, from below and above. For the lower bound, we start with In X > In x? j and arrive at

T]k k
lnx’;j :Tl :L'S 1+ In (1+7)5 U(@ Ks_rj))
Ne_1 Jj 773 1,5
ne,
> - Inzf_, + ij —Ceg) =t (= b 5)7) (54)
nT 1,5 t=r
k s
> 777 IIIJZT 1,5 + ns g (Z(Et - gtj) - nf—l,j(et - Kt,j)2>
r—1,5 t=r

where the first inequality uses the inequality In(1 + x) > x — 2?2 for all z > —1/2 (Cesa-Bianchi et al., 2005, Lemma 1)
and the second inequality utilizes the property of nonincreasing in learning rate.

We now bound from above. According to the definition of weight update, we have

"571,1
k nk . k k
Z (zg;) "™ = Z oy (L (e — L))
E]'E.At EjeAt
k
= Z zt—l,] Z 771‘ 1jxf 1] Z T’t 1]171‘ 1]£t] (55)
E;je A, EjeA; E;jeA;
k
= D Ty
EjE.At

k
where the last equality is obtained by (8). Because we always have x,’f ;> Oand % > 1, applying Lemma D.6 in (55)
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can make us obtain

T’f 1 =1, 1 nk 1
t—17
ks X k) T4l 3 ()
EjeA; EjeA; EjeA, b
1 nk
k -1,
S ICEPRE Sy
E €A, BeA, i
Similar to the proof of Lemma, we sum (56) overt = 1, - - - , s and arrive at
S S ’)’]
k k t— 1]
)IDIEAED DD PO ZZ anial)
t=1 E;€A, t=1 E;€A, €= EjeA, Tt

which can be rewritten as

> ah+ DDA S

w
|
—

Eje.As t=1 EjEAt\At+1 EjeA{,ﬁ.At+1
s s k
1 Mi—1,5
k k k t—1,7
< D0 bt D gt > wlay|+od D (-
Eje-Al =2 EjEAt\At—l EjE.AtﬂAt—l t=1 EjE.At }tJ
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s—1
k k
DR TED DD DR ¥
E;cA; t=1 E;e A\ A1
S
k k 77t 173
S SR TED S DEFITRED b RL- T
B €A, t=2 E;e A\ Ar_1 t 1E;eA; t,j

<14 - Z > 77*”—1

t 1 E;eA, 771:,]

By the definition that weights are always non-negative, we can get the upper bound

- Y atysiely 3 b

EjeA; t 1 E;eA, 7775]

We finish the proof by combing the upper bound and lower bound in (57) and (54).

E. Improved Implementation of USIA Algorithm

(56)

(57

To equip the USIA algorithm with dual adaptivity to function types and changing environments, it maintains O(log2 T)
expert-algorithms which is the same as that of existing universal algorithm for adaptive regret (Zhang et al., 2021). Within
the meta-expert framework, each expert-algorithm needs to query the function gradient once and evaluate the function
value once per round, thus leading to significant concerns about computational efficiency. In this section, we introduce an

improved implementation of USIA with one gradient query and one value estimation per round.

E.1. Key Ideas

Note that the USIA algorithm constructs three types of expert-algorithms to address the uncertainty of function types, i.e.,
SOGD, S?0GD, and ONS, with each expert running the original loss function. To reduce the number of gradient queries,
the basic idea is to construct suitable surrogate losses for these expert-algorithms. For general convex functions, we can

construct the following linearized loss for each SOGD expert,
U(w) = (V fi(wi), w).
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The challenge lies in developing appropriate surrogate losses for the S20GD and ONS expert, as they must meet the
following criteria: (i) inherently enjoying strong convexity or exponential concavity, (ii) enabling the expert-algorithms to
obtain small-loss bounds, and (iii) ensuring their compatibility with the linearized loss of the meta-algorithm within the
meta-expert framework. Next, we take strongly convex functions as an example to describe our proposed method. For
simplicity, we assume that \ is known and construct the following surrogate loss for the S20GD expert Ef 5p>

G (w) = (Vfilwy), w — W) + 2—(;||Vft<wt)ll2l|wt - wl*. (58)

According to our derived Lemma E.3, the above surrogate loss is a 3 ||V f;(w¢) | 2-strongly convex functions with bounded
gradients, i.e., V£ (w)||* < (1 + D/G)?||V fi(w)||*. Therefore, the S?OGD expert Efysp can obtain the squared
gradient-norm bound according to Lemma E .4, i.e.,

S

ER(r,s) = Y (65 (wh,) — 65%(w)]| = O (i log (Z ||Vft<wt>2>> , (59)

t=r

which can be directly converted to a small-loss bound. Subsequently, we prove that our proposed surrogate loss is compatible
with the meta-algorithm within the meta-expert framework. For any interval [r, s] C [T] and any w € W, we have

> filw) = > fulw)

< (T AW we—w) — 3 Dlwe — w?
t=r

t=r

: : * (60)
<Y AV Silwe), Wi —wi )+ > (Viwa), wi —w) =D TGQHVft(Wt)HzHWt - w|?
t=r

t=r t=r
s

(6L - - str str A
=N (Vhwe),we—wig )+ >[5 (wE) = G5 (W) = TGgllvft(Wt)IFIIWf,sp —w?
t=r

t=r t=r

meta-regret expert-regret =V

where the first inequality is due to strong convexity, and the second inequality is because the gradients are bounded, and the
equality is according to the definition of surrogate losses in (58).

As outlined in the above analysis, the expert-regret can be bounded by (59). Next, we turn our focus to bounding the
meta-regret. According to our extended theoretical guarantee of Adapt-ML-Prod in Lemma D.1, the meta-regret enjoys the
second-order bound, i.e.,

S S

Z<Vft(wt);wt —wi, ) <O Z<vft(wt)awt —wi, )2

— t=r
G2 s A 2 k 2
<0 () + 20 ggm I AtwlFlwe w1

Substituting the meta-regret into (60), we arrive at
2

gft(wt) - tz_s;ft(w) <0 (Cj\) +ER(r, 5).

It is worth noting that the negative term V.7 in (60) is cancelled by the last term in meta-regret, implying that the optimality
of the algorithm only depends on the expert-regret because O(G? /) is small. For exp-concave functions, we construct the
following surrogate loss,

(W) = (VFilwe).w = wi) + 5 (9 fiwe). we —w)?

33



Small-loss Adaptive Regret for Online Convex Optimization

and the analysis is similar. From the formulations of our proposed surrogate losses, it is evident that the expert-algorithms
only accesses f;(+) through V f;(-). Moreover, the only function value estimation occurs during the construction of problem-
dependent intervals. Therefore, equipped with our proposed surrogate losses, the USIA algorithm reduces the number
of gradient queries and value estimations per round from O(log2 T) to 1. The theoretical guarantee of the improved
implementation of USIA is as follows.

Theorem E.1. Under the same assumptions as Theorem 3.11, by setting appropriate surrogate loss functions and parameters,
the improved implementation of USIA algorithm possesses the same theoretical guarantee as Theorem 3.11.

Remark Theorem E.1 demonstrates that our proposed surrogate losses can effectively reduce the gradient complexity of
USIA algorithm without sacrificing the optimality of adaptive regret bounds.

E.2. Algorithm Description: Improved Implementation of USIA

Algorithm 7 An Improved Implementation of USIA
1: Initialize indicator Newlnterval=true, the total number of intervals m = 0
2: fort =1to71 do

3:  if Newlnterval is true then

4: Create multiple experts by running Algorithm 8 and add all the experts to the set active experts: A; = A; 1 U{EF}
5 Reset the indicator NewlInterval=false and update the total number of intervals m = m + 1

6: Initialize v/ = In(2m + 1), #}_, , = Land L}, , = 0 for all the experts

7 Set g; = j such that [m,j —1] € Cand L;_, = 0

8 end if

9:  Setnf, and calculate the weight py ; by (8) for each expert E € A,

10:  Receive output w¥, from each expert EF € A,
. _ kook :
11:  Calculate w; = > Brea, PV and evaluate the gradient V f;(w;)

12:  Update the cumulative loss of the latest expert: Li=1L; 1+ fr(wy)
13:  if L; > G(m) then

14: Set the indicator Newlnterval=true
15: Remove experts whose ending times are t + 1: A; = A, \ {EF|g; = m + 1}
16:  end if

17:  Observe the normalized linearized loss ﬁf, of each expert EF € A; by (9)

18:  Observe the meta loss £; = " pie 4, PF 05
19:  Update L}, and z} ; of each expert E¥ € A, by (10)

20: end for

Algorithm 8 Expert-algorithms for improved USIA

1: Input: Initialize the number index of the expert-algorithm k£ = 1

2: Create an expert £} by running the algorithm of SOGD to minimize /;(w) = (V f;(w,), w)
3: forall A € Py andk =k + 1 do

4:  Create an expert EF by running the algorithm of S20GD to minimize K;“k( -) in (62)

5: end for

6: forall& € Peypand k =k + 1 do

7:  Create an expert ¥ by running the algorithm of ONS to minimize €4 (-) in (61)

8: end for

Our efficient implementation of the USIA algorithm is summarized in Algorithm 7 and the procedure of the expert-algorithms
is summarized in Algorithm 8. For expert-algorithms, the difference between USIA and its efficient version is that the ONS
expert and the S20GD expert employ the different loss functions. Specifically, the ONS expert runs the following surrogate
loss,

(Vfe(we), we — W) 4+ (V fi(wi), w — wy), (61)

[N e

lr(w) =
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where 5 mm{ 16D ). And, the S20GD expert runs the following surrogate loss,

. A
(W) = (Vfe(we), w —wy) + TGQHVft(Wt)HQHWt —wl?. (62)
Other descriptions of meta-algorithm in improved USIA is same as that in USIA.

E.3. Proof of Theorem E.1

Adaptive regret bound for a-exp-concave functions. Let Ef s be the ONS expert with & € Pe,,,. To achieve one-gradient
evaluation, we need to construct the following surrogate loss for each ONS expert,

l\D\Q>

K?E(W) (Vfi(wy), wy — >2 +(Vfi(we), w — wy), (63)

where 5 mln{ 165 (). Our proposed surrogate loss in (63) has the following property.

Lemma E.2. Under Assumptions 3.1 and 3.2, £77.(-) in (63) is f-exp concave, and

IVERW)IIP < (1+ BGD)Y? |V fi(wy)|*. (64)

When we employ ONS algorithm to minimize the above surrogate loss, we set the parameter to be ﬁ’ 5 mm{ 4G, 55 }
where G’ = 4G? denote the new upper bound of gradients. For expert Etk s, equipped with & < a < 2a we can use the
theoretical guarantee of ONS to arrive at

sq—1 sq—1

exp exp d 5/2 exp 2 1
$ k) - 3 o < 4 S vt i 1) +
t=sp t=sp 26 t=s, Qﬂ
©h d 3"2D?(1 + BGD)? 2
< —1 \vJ 1 <
=0 0g d tzs:p IV fe(wo)ll® + Y
sq—1
d. [ B°D*(1+ BGD)? % 1
= log IV fe(wo)ll* +1 | + =,
5 X E
where 8 = 1 min{ 4GD,a} and = 3 min{ 15825 795+ @} The last inequality is due to & < o < 2& = B<p<

2[3 = B' < ﬁ’ < 25’ and definition of 6’ According to the definition of surrogate loss, we have

sq—1 sq—1

Do ETwE) = D T (w

t=sp t=sp
sq—1 Bsq—l Bsq—l
=Y (Vilwe), wh, —w)+ 5 D AV fulwi), Wi —wi )7 - 5 D (Vi(we), Wy —w)? (65)
t=sp t=sp t=sp
d 2D2(1 + BGD)? 1
Sglog Fra d i Z IVfe(wo)|? +1 ] + 5
t=sp

Next, we formulate the meta-regret of USIA in (38) as,

sq—1

D AV filwi),wi —wi)

B (66)

I'(m) m i . 7F2(m) ésq W), Wy — wh )2
SQGD( In(2m + 1) I )> T3 meEmt1) 2 2 AV fulwa) e =i, )

t=sp
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where the last step we set § = B . Combining (65) with (66), we attain

sq—1 sq—1 sq—1
S Vwe), we—w) = > (Vfi(wi),wi —wf )+ > (Vfi(wy), wh, —w)
t=sp t=sp t=sp

In(2m +1 28 In(2m+1)
212 9 Sq— 1
#tog | ZPEEEDE 7 0 1)+ L (0w =
t=sp

T'(m) 1 I'2(m)
26D ( memE F(m>> "B mEmt1)

272 -1
PO ICD S 5 e+ 1 +3+5

t=sp

B

+g log <Vft(Wt) Wi — W>2.

Thus, for a-exp-concave functions, we have

sq—1 sq—1 sq—1

S A = 3 R < YT AT Sl we W) — (T fuw) w — w)?

t=sp t=sp t=sp

I'(m) 1 I'2(m)
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t=sp

d
+—= log
B

o —

Next, we utilize Lemma B.4 and B.5 to convert the above bound to obtain

sq—1 sq—1
> filw) = D fulw)
t=sp t=sp
I'(m) 1 I'2(m) 1
<2GD <ln(2m—|— ) —|—F(m)> + 5 m@mil) + 5 (67)
+glog 8Hﬁ2D2(1 + BGD)? Z fyw
ﬂ t=sp
where
é(T)
_8HB?D*(1+ GD)* ( 2GDI(m) 1 T*m) 1
B d ( In(2m + 1) +2GDE(m) + B In(2m+1) 5)

+8HBD?*(1 + BGD)? log(8HBD?*(1 + BGD)?) + 2

Note that €(T") = O(log T') in the worst-case which can be treated as constant in double logarithmic term. Next, we utilize
small-loss upper bound for m in (44) to arrive at the small-loss bound for c-exp-concave functions, which is similar to (45).

Adaptive regret bound for )\-strongly convex functions. Similar to a-exp-concave functions, we also construct the
following surrogate loss for each S20GD expert,

IV fr(we) [P [[we — w, (68)

A
(W) = (Vfulwe),w = wi) + 52|
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where Eﬁsp be the S20GD expert with A € Py, where A < A < 2X. Our proposed surrogate loss in (68) has the following
property.

Lemma E.3. Under Assumptions 3.1 and 3.2, the loss function £}"(-) is % |V fi(wy)||?-strongly convex, and

D 2
||w;i’k<w>||2s(1+ ) 19wl ©9)

From the upper bound of Vﬂi‘fk (+) according to Lemma E.3, we can see that the new upper bound of the gradients becomes
G’ = G + D. Thus, we need to refine the theoretical guarantee of S?0GD.

Lemma E.4. Under Assumptions 3.1 and 3.2, for the S2OGD expert Eﬁsp with X\ € Py, we have

sq—1 sq—1 sq—1

str Sfr (G + D)2 A
Tt - X <1 T o | ot S IV A 1
Sp Sp Sp
According to the definition of the surrogate loss, we have
sq—1 sq—1
> Grwh,) = 3 6w
t=syp t=sy
sq—1 A A
=Y (VSlwe),wi,, —w) + 2GQIIVJ% wo)ll*we — wi ||* — 2G2 IV felwo)|* [ we — wi* (70)
t=syp
(G+D)? 2
<14+ -——1 \Y% 1
<1+ h og G+D2 ZH fe(wo)l|” +

The meta-regret of USIA in (38) is formulated as,

sq—1
> (Vfi(wy), wi — Wi )
= _ 1)
I'(m) G2 Tm) XX 2 o2
<2GD | ——=+T + = —— =+ —= \Y — ,
- < In(2m + 1) (m)> 2N In(2m+1) 2G2 tg;p IV fe(wo)Fllwe = wis,
where the last step we set § = A Combining (70) and (71), we have

sq—1 sq—1 sq—1

D Viw),we—w) =Y (Vfilwe),wi —wi )+ Y (Vi(w),wh, —w)

t=sp t=sp t=sp
caop (T pgy) 4+ &L T A RS o e, — wi?

m — "+ — w Wi — W
- In(2m + 1) 2\ In(2m+1)  2G? = o !
sq—1
(G+ D)? A <
+l4 S log CENIE tzs |V fo(we) || (72)
<2GD __Lm) +T(m) | + CiZ L Z |w; — w2
- In(2m + 1) A In(2m+1
sq—1
(G+ D)? A . 5

1+ ==l | o ; IV fi(w)
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Thus, for A-strongly convex functions, we have

sq—1 sq—1
S fitw) = 3 fuw)
et o =
< Z<vft(wt)7wt -—w)— 5 Z [w; —w]?
e L (73)
I'(m) G I'#(m)
<2GD <1n(2m =y + F(m)) + N mEm i)
(G + D)? A
+l+ ==l | G o t; IV £ (we) |12

Similar to a-exp-concave functions, we can utilize Lemma B.4 and B.5 to convert the above bound to obtain small-loss
adaptive regret bound for A-strongly convex functions.

F. Supporting Lemmas
F.1. Proof of Lemma E.2
According to the definition of £;*"(w) in (63), we have
V&P (W)VET (w) T
=V fi(wi)V fi(wi) " 428V fi(wi)(w — wi) TV fi(wi)V fo(wy) T
BV S (W) Vfe(we) (W — wi) (W — we) TV fy(wi) Vi (wi) T
=(1+4 2B(V fu(wr), w = wi) + B2V fi(wi), w — wi)*)V fu(wi) V fo(wi) T
SOV W)V = SV

where V25" (w) denote the Hessian matrix of £ (-) and the inequality is due to 3 < 1/(8GD). Therefore, £5*(-) is
g-exp-concave (Hazan, 2016, Lemma 4.1). Then we provide the upper bound of £;(-) as follows:

IV < || 9 sitwa) (14 BV A, w = w) )| < (14 BGD2 IV A Gw)

F.2. Proof of Lemma E.3

According to the definition of 3} (w) in (68), we have

Str Str Str )\
tt,k(wl) > t[,k(w) +(V t[,k(W)»W/ —-w) + EHVft(wt)H?Hw’ - wl?

where w, w’ € W. According to Definition 3.5, it can be seen that £ (-) is % |V fi(w)||>-strongly convex. Next, we
provide the upper bound of the gradient of /") (-) as follows:

V52 < |V i) + %nwt(wt)n%w - w)

A
2 D21V fe(wy)|I?

< |V (w1 + 2 ||Vft(Wt)|| (V(we), w —wy) + a

<@+ E) IV fu(wo)ll.
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F.3. Proof of Lemma E.4

Let w7’5_~_1 = Wik — O%V@“k(wt,k). According to Lemma E.3, we have

, A
C(Wek) = L5 (W) < (VR (Wek), Wik — W) — TGQIIVft(Wt)HQIIWt,k - wlf?

= (W~ W Wk~ W) o[V o) [ —
For the first term, we have
<Wt,k- - W£+1,k-7 Wik — w)
= Wi — wll* + (W — Wiy g Wk —w)
= Wi = wlI* = Wit = Wl = (Wep = Wiy Wiig e — W)
=||wer — wl* - [Wii1x— wl? + [Wii1x— wi gkl + (W1 h — Wik, Wik — W)

which implies that

(Wi = Wiy Wer = W) = o ([Iwer = Wl = Wiy = Wi+ Wiy e — wel?) -

w\'—'

Thus,

(677
me(Wek) = 05(w) < ([wek = wl* = [1wipy = W)

. A
Foe IVER DI = 52 IV A (w) P wee = .
Summing the above bound up over ¢ = s, to s, — 1, we attain
sq—1 sq—1
> i) — 3 A
t=sp t=sp
A I w — w2
2 2 t,k —
< EAEDY <at — a1 = S IV AWl ) ek L
sq—1
+ D oo HV e (wer)|?
t=sp
sq—1
— 1 - G+ D V fe(wy)||?
<1+ Z 7||V£ttk(wtk)”2 < 1+( ) Z ” ft( t)H >
=, 20 24 G+ D)2 /A+ i, IV filwi)ll

where the last two inequalities is due to o, = (1 + D/G)? + % S s, IV fi(w) |> which is specifically set for new
surrogate loss. Finally, we utilize the following lemma to finish the proof (Hazan etal., 2007, Lemma 11).

Lemma F.1. Letly,- - -,lp and § be non-negative real numbers. Then

T 2

Zztlt 1og< Zz2+1)

t=1 7 11

G. More Discussions

Bounded Modulus For a-exp-concave and A-strongly convex functions, we assume that the modulus of the functions are
both upper bounded and lower bounded, i.e., A € [1/T, 1]. We remark that this assumption is generally acceptable in most
cases because it is unnecessary to explicitly consider the cases in which A < 1/T and A > 1. (i) When A < 1/T, the regret
bound will become at least 2(T") due to the inverse dependence of the regret bound on A. Thus, it is more appropriate to
treat these functions as general convex functions. (ii)) When A > 1, we observe that A-strongly convex functions can also
be viewed as 1-strongly convex functions according to Definition 3.5. By treating these functions as 1-strongly convex
functions, we can establish the regret bound which remains optimal up to a constant factor, i.e., A.
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Circumvent the Assumption on Bounded Modulus For the modulus of strong convexity J, there exists a method to
remove the assumption that A < 1. The basic idea is to provide an upper bound for the modulus of strongly convexity under
Assumptions 3.1 (bounded gradients) and 3.2 (bounded domain). If the function f(-) is A-strongly convex, then it satisfies

Fw) = Fw) 2 2w = w7,

for all w € W, where w* € WV is the minimizer of function f(-) (this property can be found in Eq. (2) of Hazan & Kale
(2014)). According to Assumption 3.1, we have

fw) = f(w") < Gllw — w||.
We combine the above two inequality to attain
A .
Slw-w <6,

which holds for all w € W. According to Assumption 3.2 that the diameter of decision domain is bounded by D, we can
always find a point w € W such that [|[w — w*|| = £ (otherwise, the diameter will be strictly smaller than D). Therefore,
we provide an upper bound for modulus of strongly convexity that A < %.

Adapting to Non-smooth Functions when functions are non-smooth, we can set H be any constant, e.g., 1. Note that
the modulus of the smoothness H is only used to set parameter C' in our algorithm. As a result, as long as H is a constant,
C would be a constant. In this way, the number of the intervals always satisfies m < O(T'), which does not affect the
optimality of the regret bound according to our analysis of Theorem 3.8.
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