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ABSTRACT

We consider the Adversarial Multi-Armed Bandits (MAB) problem with unbounded
losses, where the algorithms have no prior knowledge on the sizes of the losses. We
present UMABR-NN and UMABR-G, two algorithms for non-negative and general unbounded
loss respectively. For non-negative unbounded loss, UMAB-NN achieves the first adap-
tive and scale free regret bound without uniform exploration. Built up on that, we further
develop UMAB-G that can learn from arbitrary unbounded loss. Our analysis reveals the
asymmetry between positive and negative losses in the MAB problem and provide ad-
ditional insights. We also accompany our theoretical findings with extensive empirical
evaluations, showing that our algorithms consistently out-performs all existing algorithms
that handles unbounded losses.

1 INTRODUCTION

Multi-armed bandit (MAB) presents a popular online learning framework for studying decision making
under uncertainty (Slivkins et al.f 2019; [Lattimore & Szepesvari, 2020; Bubeck et al.| [2012), with a wide
range of applications such as advertisement (Schwartz et al., 2017), medical treatments (Villar et al., 2015)),
and recommendation systems (Mary et al.,2015). In this paper we focus on the adversarial MAB (AMAB),
where the losses are allowed to be generated adversarially by the environment|Auer et al.|(2002). Most prior
works on AMAB assume that the losses are naturally bounded, e.g. ¢; € [0, 1], Vt. With such knowledge,
the algorithms can set their learning rate (in a general sense) properly. For example, in its regret analysis,
the EXP 3 algorithm relies on the inequality exp(z) < 1+ 2 + (e — 2)a? to transform exponential terms
into quadratic terms (Auer et al., [2002)), which only holds true if the loss  can be upper bounded by 1.
In many real-world applications, however, such natural loss bound does not always exist. For example, in
quantitative trading, the fluctuation of stock prices can differ wildly across time. In online market places,
the price can vary dramatically for different products. If one must give a uniform bound M for the losses
across all actions and time, such a bound will likely be loose. In such cases, existing algorithms will have
a regret that scales with M, which is suboptimal compared to a guarantee that depends on the actual size of
the losses.

Motivated by the above limitation of existing algorithms, we wish to design AMAB algorithms that require
no prior knowledge on the scale of the losses and adaptively achieves smaller regret when the losses are
small in scale. In addition, instead of a regret bound that depends on the number of rounds and a (hidden)
uniform bound of the losses, we wish to design data-dependent algorithms whose regret scales with the
actual loss sequence, which is beneficial when the sequence of loss is sparse or when its scale varies across
time (Wei & Luo, [2018};|Bubeck et al.,|2018)). In other words, we would like to ask the following question:

Can we design an algorithm that achieves optimal and adaptive regret guarantee
without any prior knowledge on the losses?
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‘ ‘ Algorithm Unbounded | Adaptive Regret ‘ ‘
(Hazan & Kale|[2011) No Yes 9] (\/Zthl \|Zt||§)
(Hadiji & Stoltz{[2020) Yes No 6(&0 \/ﬁ)
(Putta & Agrawal/[2022) Non-Adaptive Yes No 0] (foo\/niT +1/n Zthl |14 ||§>
(Putta & Agrawal|[2022) Adaptive Yes Yes 9] (ZOO \/n Sl + \/n STl H%)
UMAB-G Non-Adaptive Yes No 6([;@4— «/nthzl Hf,”gc)
UMAB-G Adaptive Yes Yes 9] (éoo \/n ST el + \/n Sr e Hgo>

Table 1: Comparison between our results and previous worksﬂ

In the following, we present two algorithms, UMAB—NN and UMABR-G, for Non-Negative and General un-
bounded loss, respectively. Our main contributions can be summarized as follows.

1. We propose UMAB-NN, a scale-free AMAB algorithm that works for unbounded non-negative
losses. The regret guarantee of UMAB-NN adapts to the infinity norm of the loss sequence while
matching the worst-case lower bound of |Auer et al.| (2002).

2. Building upon UMAB-NN, we then propose UMAB—-G which works for arbitrary unbounded losses
that can be both possible and negative. We present two versions of the algorithm, distinguished
by whether the exploration subroutine adapts to the observed losses. For the non-adaptive version,
it achieves an optimal worst-case regret guarantee and partially adapts to the non-negative part of
the loss sequence, improving upon the previous results of [Hadiji & Stoltz (2020); Putta & Agrawal
(2022); Huang et al.[(2023)). For the adaptive version, our algorithm achieves an improvement on
the order of O(/n) compared to Putta & Agrawal|(2022), where n is the number of the actions.

3. Last but not least, we evaluate the performance of our algorithms on real world datasets. The
results show that our algorithms consistently outperform existing methods in a variety of tasks
with distinct loss patterns. We also construct synthetic simulations to illustrate the impact of our
exploration strategy and draw comparisons between the two versions of our algorithm.

2 PROBLEM SETUP AND RELATED WORKS

We start with some notations. Let [n] denote the set {1,...,n} and [T] denote the set {1,...,T}. Let A,
be the probability simplex {p € R™ : 3°, .., px = 1;px = 0,Vk € [n]}. Let 1,, and 0,, be all ones and
all zeros n-dimensional vector respectively. Let e; denotes the one-hot vector with 1 on the kth entry. For
vectors p; and ¢;, we use py , and £, j, to represent the kth entry of p; and ¢, respectively. The L1, L2 and L-

infinity norms of £, are denoted as [[£[[1 = 3y [Cekl [1ellz = /2 ke 6 s elloo = maxgen) [€ex]

respectively. We denote by /o, = maxyc(r) ||| oo the uniform norm bound of the losses. Moreover, we
denote by £, = max;c[7] ke[n] | min(¢s x, 0)| the magnitude of the most negative entry of the losses. Notice
that {__ < /., and ¢ = 0 if the loss sequence is non-negative. Both ¢, and ¢__ are unknown to the player
through the game.

Adversarial Multi-armed Bandit: We consider the oblivious adversarial setting. In each round t =
1,...,T, the player selects a distribution p; over [n] and the adversary selects a loss vector £; € R™ simul-

'For brevity we consider n, £, < T and omit the log terms. Detailed regret is provided later.
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taneously. Then, the player samples action k; ~ p; and observes loss ¢; ;,,. We measure the performance of
an algorithm in terms of its pseudo-regret:

Rem B[S - min ] (1)

2.1 RELATED WORKS

Scale-free algorithms are ones whose regret bound scales linearly with respect to /., while requiring
no knowledge of ¢, a prior ﬂ Scale-free regret bounds were first studied in the full information setting,
such as experts problems (Freund & Schapirel [{1997; De Rooij et al., 2014} |Cesa-Bianchi et al., 2007) and
online convex optimization (Mayo et al., 2022; Jacobsen & Cutkoskyl 2023} |Cutkosky, |2019). For experts
problems, the AdaHedge algorithm from |De Rooij et al.|(2014) achieves the first scale-free regret bound.
For online convex optimization, past algorithms can be categorized into two generic algorithmic frameworks:
Mirror Descent (MD) and Follow The Regularizer Leader (FTRL). The scale-free regret from the MD family
is achieved by AdaGrad proposed by Duchi et al.|(2011). However, the regret bound of Duchi et al.|(2011)
is only non-trivial when the Bregman divergence associated with the regularizer can be well bounded. Later,
the|Orabona & Pal|(2018)) proposed the AdaF TRL algorithm which achieves the first scale-free regret bound
in the FTRL family and generalizes [Duchi et al.| (2011)’s results to cases where the Bregman divergence
associated with the regularizer is unbounded. For the AMAB problem, |Hadiji & Stoltz (2020) extends the

method of |[Duchi et al.|(2011) and provides a scale-free regret bound of 9] (&o vnT ), which is optimal (up

to log terms) in the worst case. However, such worst-case regret bounds can be overly pessimistic in general

cases: a single outlier 10ss £,q175¢ can result in an additional regret on the order of O(||€outiier||ooVNT).
To address it, [Putta & Agrawal| (2022) presents scale-free bounds that adapt to the individual size of losses

across time. Unfortunately, the worst-case guarantee of |Putta & Agrawal| (2022)) is 5(€oon\/T ), which

scales linearly to the number of actions. Our paper closes this gap: our algorithms achieve an adaptive regret
better than [Putta & Agrawall (2022), as well as an optimal worst-case regret that matches with [Hadiji &
Stoltz] (2020).

Adaptive algorithms refer to the algorithms that dynamically adjusts to the input data it encounters. Rather
than scaling solely on 7T in the regret, an adaptive algorithm adapts to a “measure of hardness” of the
sequence of losses. An adaptive regret algorithm performs better than the worst-case regret if the sequence
of loss is “good”. In the last two decades, adaptive algorithms have been widely studied in the settings of
expert problems and online convex optimization (Hazan et al.l 2007} Streeter & McMahan| 2010; [Duchi
et al.,[2011}; |De Rooij et al., 2014} |Orabona & Pal, 2015} 2018). For the MAB setting, several works derive
adaptive regret bounds based on different “measure of hardness”. For example, Allenberg et al. (2006);
Foster et al.| (2016)); [Pogodin & Lattimore, (2020); Ito| (2021)) derive the first-order regret (a.k.a. small-
loss regret), which depends on the cumulative loss minge, Ztem |¢¢ 1|, but under the assumption that

Ly € [0,1],Vt, k. [Hazan & Kale| (2011); Bubeck et al.| (2018)); Wei & Luo| (2018); [Ito| (2021) propose
bounds that depend on the empirical variance of the losses, i.e., >,y |4 ||3. Path-length bounds are also

studied (Wei1 & Luol 2018; Bubeck et al., 2019; Zimmert & Seldin, [2021} [Ito, |2021)), which depends on the
fluctuation of loss sequence } ¢ (7 [[€¢ — £i—1]|1. We remark that all results above require the assumption

that losses are bounded within [0, 1], which we remove in this paper.

2We note that an alternative and more strict interpretation of scale-free algorithms refers to ones that will not change
the sequence of p:’s when losses are multiplied by a positive constant.
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3 ALGORITHM AND ANALYSIS

We now present our two algorithms UMAB-NN and UMAB-G. UMAB-NN works for the case where losses are
Non-Negative, i.e., ; € R’}. Remarkably, UMAB-NN is a strictly scale-free algorithm: the algorithm will
not change its sequence of action distributions if the sequence of losses is multiplied by a positive constant,
which immediately implies scale-free regret. Our second algorithm, UMAB-G, builds upon the first algorithm
to allow potentially negative losses, i.e., £; € R™. We provide two versions of the algorithm: UMAB-G with
non-adaptive and adaptive exploration rates. For the non-adaptive version, our results achieve adaptability
to the non-negative part of the loss, while ensuring the optimality for the worst case guarantee, which is new
compared to previous works ﬂ For the adaptive version, we improve the previous result (Putta & Agrawal,
2022) by O(y/n). A summary of the comparisons to prior works can be found in Table

Both the algorithms we propose are based on the Follow-the-Regularized-Leader (FTRL) framework. Let
us first consider the full information case, the traditional adaptive FTRL framework uses a regularizer ¥
and time-varying learning rates 7y, . . ., J7+1, With certain regularity constraints (see, e.g., (Orabona & Pal|
2015)). The update rule takes the form of

t—1

1 1
= arg min —Y(p), = arg min ( ls,p) + —VU ), 2
P1 = arg min (p), e =arg min ;( ) " (p) )

where / is the observed loss at round s and 7, is the adaptive learning rate depending on the losses
ly,...,0i_1. In the bandit setting, we cannot observe the complete loss vector ;. Similar to prior works, we
construct an unbiased loss estimator through the importance-weighted (IW) sampling method introduced by

(Auer et al., 2002), i.e., construct #; € R™ such that ft,k = %EM, Vk € [n], where 1(k = k;) denotes

the indicator function. Notice that E[@t] =Pk ;—’“két = {;. Using /,, we are able to reduce the bandit
setting to the full information case.

3.1 NON-NEGATIVE LOSS

Let’s start with the setting where the loss sequence is non-negative but can be arbitrarily large, i.e., £, 1, > 0
forevery t € [T] and k € [n]. UMAB-NN (Algorithm|[I) is a natural adaptation of the classic FTRL algorithm
with log-barrier regularizer. The log-barrier regularizer is defined as

w003 (i (1) e (1))

Dtk

Notice that ¥(p) > 0 for all p € A,,. Such regularizers are commonly used for studying adaptive regret
in the AMAB setting (Wei & Luo)} 2018 [Putta & Agrawall, 2022; Bubeck et al.| 2019). In each round,
UMAB-NN calculates an action distribution p; through the update rule, then plays action k; sampled from

p:. After receiving loss /; j,, UMAB-NN constructs the unbiased IW estimator ét and updates the learning
rate 7;. The novelty comes in our design of learning rate (line 5). Different from the learning rate in|Orabona

& Pl (2018), we use Eikt instead of ||;]|2. This is because ||¢;]|2 is of order 1/pt2,kt. If one uses the one in
Orabona & Pdll (2018) instead, i.e. 7,11 = O(y/n/ >\, |45]12), the learning rate will be too small since
1/ pf, %, cannot be bounded. Based on this observation, UMAB—NN adapts the learning rate to the sum of the

square of the partial loss, i.e., ;41 = O(y/n/ 22:1 @,ks ), which can be well bounded by O (¢ +/n/T).

*We note that a recent work (Huang et al.| 2023) proposes an algorithm that achieves adaptive regret for general
unbounded loss. However, there exists a critical issue within their proof and algorithm, resulting in their regret being
actually unbounded. We have communicated with the authors about the issue. The details are provided in Appendix@




-
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Algorithm 1: UMAB-NN: Unbounded AMAB for Non-Negative loss

Input: Log-barriers regularization ¥, 17; = oo
fort=1,...,Tdo

Compute the action distribution p; = arg minpea,, ( SN, p) + i\Il(p))

s=1 Nt

Sample and play action k; ~ p:. Receive loss £; i,
Construct IW estimator @t such that ét,k = Wﬂt’k’ Yk € [n]

Update learning rate ;1 = 2 /%ﬁk

We remark that Algorithm [I]is strictly scale-free. If all losses are multiplied by a constant ¢, then in line
2, both terms on the right hand side will be multiplied by c, resulting in the same p; being picked by the
algorithm. Our main result is the following regret bound for Algorithm I}

Theorem 1 Forany (1, ..., Ly € R, the expected regret of Algorithm is upper bounded by

Ry <6(,[/n 3 6]2.)

Notice that Theorem [I]is adaptive to the infinity norm of the losses. Furthermore, the worst case regret is

bounded by O({o, VnT ), which matches the lower bound established in (Auer et al., 2002). We remark
that Theorem [I] is the first result that achieves both optimal adaptive rate and optimal minimax rate for
unbounded non-negative losses. Next, we briefly highlight the key steps in proving Theorem I} which also
provide intuition for our further improvement in the next section.

Proof sketch of Theorem [1} Since /, is an unbiased estimator of ¢, for every t € [T] and comparator
p’ € A,, we have E{Zthl b, — Ztll(ét,pf)} = E[Zf=1<ét,pt — p!)|. It suffices to focus on the
regret of Zthl (0;, p; — p1). We start with the standard analysis of a FTRL-type algorithm.

Lemma 1 ((Orabona, 2019) Lemma 7.1) For any fl, e jT € R"™, using the update rule of along with
the non-increasing sequence of learning rates 01, . .. ,Nr+1, there is

- U(p') <~/
;<€tapt -pl) < T + tz:; <<€t7pt — Pey1) + Fi(pe) — Ft(Pt+1)>

for every comparator pt € A,,, where function Fy is defined as Fy(p) = Zt_l <@s, p) + i\ll(p)

s=1

For the sake of completeness, the proof of Lemmal|I]is provided in the appendix. Lemma I|decomposes the
regret into two terms. The first term depends on the regularizer and the comparator. Intuitively, ¥(p') will
appear to be infinity if p is the best fixed action (some entries of p' are zeros). The problem can be easily
solved by comparing with some close neighbor of the best action (Putta & Agrawal, 2022), i.e., mixing a

uniform distribution with the best fixed action. Therefore, it suffices to focus on the terms (¢;, p; — p¢+1) +
Fi(p:) — Fy(pt+1)- The following key lemma gives an upper bound using the notions of local norms.

Lemma 2 Forany{y,...,0r € R", using the update rule of@), denote by ||x||a = VxT Ax, there is

R 1 -
(e, Pt — Pe41) + Fi(Pr) — Fie(pes1) < ifitﬂgtﬂﬁvij(&)yh 3)

where &; is a point between py and Pyy1. Moreover it suffices to set §; as p; when £; € R}.
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Algorithm 2: UMAB-G: Unbounded AMAB for General Loss

Initialize: Log-barriers regularization W, learning rate 7; = 1/4, exploration rate p; = 1/2n2, clipping
threshold C; = —1
fort=1,...,Tdo

Compute the action distribution: p; = arg minpea, (Zi;ll (I, p) + %\I!(p))

Calculate p; by Algorithmwith exploration rate p;. Play action k; ~ p}. Receive loss ¢y , .

%, Vk € [n], where £} ;= max(2C}, by x, ).

/
t,k

Update clipping threshold Cty1 = min(Cy, £} ).

Construct loss estimator ¢/ such that ll =

Update learning rate: 1,41 = %\/ W
Update exploration rate:

1. (Non-Adaptive): pyr1 = 1/(2n% +v/nT).

2. (Adaptive): prq = 1/(2n% +24/32"_, [(ls, c))).

Algorithm 3: Extra Exploration on Action Distribution

Input: Action distribution p;. Exploration rate p; < 1/2n?
Output: Extra exploration distribution p}
Define k} € arg max; ¢, ps,x- Construct a vector ¢; € R” such that for every k € [n], there is

1, if prr < pi
Ct’k == _Zk/E[TL]/{k} Ct’k' lfk:k:
0, else

Construct the extra exploration distribution p} = p¢ + p;c;.

Note that (3)) holds for general losses and will be useful in the next section. When 0 € R, we can further

bound " by min (%mff,kt, ek, \) since (£, Pt — Pes1) + Fi(pe) — Fo(Pes1) < (L, pe) = |€o.1,|. which
implies
T . U (ph) r /1
_pf L2
E t:1<£t7pt p') < P~ + E i mln(Qntft,ktawt,kJ) 4

The right hand side of @) takes a similar form as in scale-free online convex optimization (Orabona & Pal,
2018)), but the upper bound depends on ¢; j, instead of ||¢;||2. Using a learning rate as in Algorithm 1] the

second term on the right hand side of (4)) can be bounded by O(4/n Zle €7 ) based on (Orabona & Pil,
2018)), which suffices to complete the proof.

3.2 GENERAL LOSS

Next, we remove the non-negative assumption and study the general loss setting, i.e., {1,...,¢7 € R".
To begin with, we first explain why Algorithm [I] cannot work when the losses become negative. Recall

Lemma it requires bounding (¢¢, p; — pt+1) + Fi(pt) — Fi(Pet1) by ”t|‘ét||%v2\1f(£t))—l/2 for general
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losses. However, notice that

LG - f?,kll(/f ki) oo K?kt

||gtH2v2 ) T = fk
(V2W(&,)) ; V%}k\p(&) s pt . t pt’kt

gt ke (5)

where &, i, is some value between p; i, and piiq x,. Given py41 k, might significantly exceed p; j,, the
size of & i, /ptk, cannot be confined. In this case, €7, &7 /p7,, is potentially of order O(1/p7 ., ), which

is too large for the analysis. Additionally, 7<lﬁt, P:+1) could potentially be positive and cannot be well
bounded due to the same reason. Thus, inequality (@) no longer holds under the condition of general loss.
Inspired by such observations, it naturally follows to consider bounding the magnitude of p;11 k, /Dt k, -
Unfortunately, without imposing additional restrictions on the losses, using the update (2) directly cannot
bound pi41 k, /Pt.k,. For example, given arbitrary py, 7:+1, and k;, we can always find a sufficiently small
Ly, < 0 that makes p;11 , > 1/2 through . In this case, if p; , is close to zero, pi41 g, /Pi.k, could be
extremely large.

To address this issue, we propose UMAB-G, as illustrated in Algorithm[2] The key ideas of UMAB-G include
(1) using truncated loss to update the action distribution. Instead of dlrectly taking 7, as the input loss, we
clip it by a threshold C} that depends on previous received losses l1,...,0,_y. The truncation ensures that
every input loss is “not too negative” for the update of action, and thus the magnitude of p;41., /Dt k, can
be well bounded. (2) adding an extra exploration to ensure that the probability p; ; would not be overly
small. For unbounded AMAB with general loss, we need to ensure that each arm has a certain probability
to be pulled, so that we can perceive the change of loss norm in time to tune the learning rate. Instead of
the commonly used scheme of mixing with a uniform distribution (Hadiji & Stoltzl 2020} Putta & Agrawall
2022)), we develop a data-dependent mixing strategy (Algorithm[3) that substantially reduces the error caused
by the extra exploration. Specifically, similar to (Putta & Agrawall 2022)), we consider two exploration rate
distinguished by whether the exploration rate is adaptive. The main result of Algorithm[2]is as follows.

Theorem 2 For any {1, ..., 0y € R", with the non-adaptive and adaptive exploration rate, the expected
regret of Algorithm[2]is upper bounded by

Non-Adaptive: Ry < @<€Oon2 +4/n Zt 12112 + E;VnT), (6)
Adapive: R < Ot +\[n 3 ]+ ooy n 3, el 4 /03, Hilc) D

Notice that the non-adaptive regret in Theorem [2] achieves “semi-adaptivity” to the loss sequence. If the loss
sequence is non-negative, the right hand side of (6)) is reduced to a form of the regret in Theorem|[I] Moreover,
the worst case bound of @ is @(Eoo v/nT) for large T, which is optimal up to log factors (Auer et al., 2002).
For the adaptive exploration rate, our result improves upon the previous result (Putta & Agrawal, [2022) and
achieves optimal dependency on n and 7T'.

Proof sketch: Recall that /; is the unbiased estimator and 572 is the clipping biased estimator. By Algorithm

and the proof of Theorem 1} it suffices to bound the expectation of Zle {0y, p, — p'). We first decompose
the regret into three terms as follows.

T T T

T
> py—ph) = W pe—ph + D (.0, — )+ D> (6 —{;.p; — ')
t=1

t=1 t=1 t=1

@ © ®
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Here, term @ is the regret of the corresponding FTRL algorithm with truncated loss @1, e ,lfi[. Term @
measures the error incurred by extra exploration, i.e., using p; instead of p;. Term @ corresponds to the
error of using the truncated loss lz In the rest of the proof, we bound these three terms respectively.

Bounding @: By Lemmaand Lemma we have

1 \IJ(pT) 1 Z 2
t’ . + E 7]tH ;H(V W)t
E I t=

t=1 T+1

2 2
+ Z 02 Py k., & ko
t t kf /2 :

nr+1 tk,ptk:t

The key step is to bound the magnitude of p; x, /D', ot and pyy1.k, /Pek, (since &, i, is always between py ,
and py4q, kt) for £ ,, < 0. This in turn is guaranteed by our de51gn of loss truncation and extra exploration.
As shown in Lemma I Algonthm ! ensures that both p; , /D] Pt k, and p;i1.k,/De.k, can be bounded by
constants. With these two ratio bounded, we can immediately reduce the right-hand-side to the form of ().

Using a similar proof as in Section 3.1, we can bound

Bounding @: By the definition of p}, we first note that ZtT:I (0, p) —py) = Zle pe(l;, c;), where p;
is the exploration rate and c; is an offset on p; to prevent some entries in action distribution from being too
small. The key of our extra exploration algorithm is to upper bound (¢}, ¢;) by O(¢sov/nT), in contrast to

O(lson®/?\/T) as in (Putta & Agrawal, 2022). This reduces the variance of our exploration rate, leading to
an improved regret. The details are provided in Lemma 3]

Bounding (3): Notice that S=,7 (0 — £, b} — p) < X1 14 — [Py — 0 lloo < 02, 1160 = 411
The key idea of bounding @ is to show that the number of distinct (¢;, #) pairs and ||/ || can be bounded
by O(log () due to the double tricks, which is shown in Lemmal6]

Summing the bounds for @,@,@ gives Theorem

4 EXPERIMENTS

We now corroborate our theoretical improvements and testify the performance of our algorithms UMAB-G
(Algorithm [2] with non-adaptive exploration) and UMAB-G—A (Algorithm 2] with adaptive exploration). We
compare to all existing scale-free/unbounded AMAB algorithms, including SF-MAB (Putta & Agrawall
2022), SF-MAB-A (Putta & Agrawall 2022), AHB (Hadiji & Stoltz, [2020), and banker—-OMD (Huang
et al.,[2023). The figures show the average performance and standard deviations across 500 trails.

Applications to Stock Trading: In out first experiment, we consider an application to the stock market.
Here we consider n = 10 stocks and 7" = 1258 rounds (daily price for 5-years). For every stock, its loss
is the normalized price difference, i.e., the difference between two consecutive days for 100 shares. Stock
prices are generally chaotic and the fluctuation can vary greatly among stocks and across time. The regret
trajectories of the different algorithms are illustrated in Figure [I(a) Note that the regret of UMAB-G and
UMAB-G-A is significantly smaller than that of other algorithms, especially when the number of rounds is
large. This is because 1). Compared to (Putta & Agrawal,[2022)), our algorithms tune the learning and explo-
ration rate more carefully, resulting in a saving of O(y/n) term in theory and better empirical performance
in practice. 2). Compared to (Huang et al., 2023), our exploration rate design ensures that the algorithms
can perceive the changes in loss scale and adapt learning rate in time. 3). Compared to (Hadiji & Stoltz,
2020), our exploration design leads to smaller regret than mixing with uniform distribution.

Applications to Amazon Sales We further construct an experiment using Amazon sales data. Similar to the
above, we consider n = 10 Amazon stores and T' = 1258 rounds (weekly sales for 2-years). We assume that
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Figure 1: Real Data Experiments

in each round, each store randomly discloses the weekly sales of one of its departments. The loss is defined
by the negative of the weekly sales. We generate 10 rounds of loss using one week’s data. Notice that the
loss we considered in this setting is completely negative. The simulation results are shown in Figure [I(b)}
As expected, our algorithms outperform all other competitors. Compared to the stock market example, the
fluctuation of regret trajectories of Amazon sales data is more stable for all the algorithms. This is because
changes in Amazon store sales are more gradual than those in stocks: since all the algorithms we consider
in the experiment are based on the FTRL/OMD framework, such a loss sequence will induce a stable action
distribution, thereby resulting in the smoothness of the regret curve.

Applications to Model Selection In the last setting, we explore an application to the model selection prob-
lem. We assume that we have access to n = 10 linear regression meta-algorithms (SGD with different
learning rate). Similarly to the above, we set the number of rounds 7" = 1258. In each round ¢, the meta-
algorithms output the training loss error based on a dataset of size ¢. Notice that since the size of the data
set varies in each round, the optimal meta-algorithm will also change. In this scenario, the regret measures
whether a model selection algorithm can promptly detect the change in the optimal meta-algorithm. More-
over, the prediction error can be very large when the data set is small. The results are shown in Figure|l(c)
Again, the regrets of our algorithms are strictly smaller than all baselines. Compared to the first two ex-
periments, the regret trajectories are smoother because of the stochastic nature of the loss sequence as ¢
increases.

The above experiments demonstrate the effectiveness of our algorithms against several different loss se-
quence patterns. However, one observation is that the adaptive and non-adaptive version of our algorithm
perform quite similarly in all three experiments, and there is no evidence to suggest the significance of extra
exploration. In Appendix [A] we perform an ablation study to illustrate the impact of extra exploration. We
also construct a deeper comparison between the adaptive and non-adaptive version of our algorithm, and
discuss their respective strength and weakness.

5 CONCLUSION

We proposed the first algorithms that achieve optimal adaptive and non-adaptive regrets in adversarial multi-
armed bandit problem with unbounded losses. Real data experiments validate our theoretical findings and
demonstrate the superior performance of our algorithms compared to all existing algorithms for unbounded
losses. Future work include extending our algorithmic tools to more challenging settings such as contextual
bandit and reinforcement learning.
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Figure 2: Impact of Extra Exploration with Non-Adaptive/Adaptive Rates

A  ADDITIONAL EXPERIMENTS

In this section, we conduct additional experiments investigating the effect of extra exploration and the pros
and cons of adaptive and non-adaptive exploration scheme.

A.1 IMPACT OF EXTRA EXPLORATION

First, we demonstrate the importance of extra exploration for unbounded loss. Consider a problem with two
arms n = 2 and set 7" = 1258. We design the following loss sequence:

[0,-0.5]T, if1<t<100
ly =14 [-10,0]T, if100 <t < 150 (8)
[-0.05,0] T, if150 <t < 1258

The intuition is to try deceive algorithms into taking the second arm as the “superior option” in the initial
rounds which reduces the frequency of algorithms pulling the first arm, and thus hindering algorithms ability
to detect the changes of the optimal arm. Especially, considering the loss can be unbounded, failing to detect
the changes is costly. In this case, the regret trajectories are provided in Figure[2(a)] where the comparison is
between UMAB—-G—A and our algorithm with no extra exploration. It suffices to note that the algorithm with
extra exploration performs much better than the one without extra exploration. This is consistent with the
intuition of our design: extra exploration ensures that each arm has a probability of being pulled, so that the
algorithm can always perceive the changes in the losses and adjust its learning rate in relatively few rounds.

A.2 COMPARISON BETWEEN UMAB-G AND UMAB-G—-A

Next, let’s investigate the difference between our algorithms with non-adaptive and adaptive exploration
rates. Intuitively, adaptive exploration rate is usually larger than the non-adaptive rate because it is of order
O(1/+/t) instead of O(1/v/T) (assuming ¢, < T). This makes adaptive exploration perform better in
adversary cases, e.g. as shown in Figure 2(b)] where we use the same loss sequence in (8). However, if the
loss sequence is not adversary, e.g. there exists one arm that is always better than the others, non-adaptive
exploration will be better since it loses less in extra exploration. An example is illustrated in Figure
where we use stochastic loss with expectation [1,0]". In summary, adaptive and non-adaptive have their
own advantages under different loss sequences in practice.

12
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B ADDITIONAL DISCUSSION ABOUT CLOSELY RELATED WORKS

B.1 DETAILED COMPARISON TO |PUTTA & AGRAWAL/(2022)

In this subsection, we provide a detailed comparison between our work and [Putta & Agrawall (2022) since it
is the most closely related work to ours. Both works are based on FTRL-type algorithms design, and both
consider non-adaptive and adaptive extra exploration. The key idea of |[Putta & Agrawal (2022)) is to bound
by O(Zf, k. /Pt k), resulting in an expectation regret O(||{;||2). In our work, we refine the analysis of ,

improving the bound to O((7 ;. ), where the expectation is bounded by O([|¢;|%,). Considering the worst
case scenario where ||¢;||3 = n||¢;||2,, our algorithm saves /7 in the regret.

Furthermore, Putta & Agrawal| (2022)) choose a uniform distribution for extra exploration. This approach

ensures an exploration error (@ in this paper) of O({-v/'nT) in non-adaptive case. However, for adaptive
case, mixing a uniform distribution results in a large variance in the analysis of the exploration error. The
proof idea of [Putta & Agrawal| (2022) can be summarized as (under our notations definition)

(0, ey < 10 lssllcelly < looV/nT - n = £oon®/ VT,

which is suboptimal in n. In this study, we design to a new exploration strategy, as described in Algorithm 3]
By Lemma |10, we bound (¢}, c;) by O({se(v/nT + n2)), which is optimal in n for large enough 7". In
summary, the algorithms presented in this article offer a O(y/n) improvement of the regret over Putta &
Agrawal| (2022), in both non-adaptive and adaptive settings, thanks to both our novel exploration strategy
and tighter analysis.

B.2 THE ERROR IN BANKER—-OMD (HUANG ET AL.,|2023))

Huang et al.| (2023)) shared a similar clipping (skipping) idea with us. In Lemma 4.2 of (Huang et al., 2023,
the authors control the regret of the general case by the regret of the non-negative case directly (Theorem

4.2 of (Huang et al.,[2023)). In this case, the authors bounded the clipping error (i.e., @ in this paper) by

<ét7pt - PT> < <gt,Pt> <o

However, notice that the above only holds true if EAt > 0. When ft <0, -(@t, pT> is positive and on the order
of 1/p; k,, which can be arbitrarily unbounded. In this case, their regret will always include a O(1/p; x,)
term and thus be unbounded. We have confirmed this with the authors of |Huang et al.| (2023), and indeed
they have made the mistake in their proof. So their current analysis for the general loss setting does not
work.

One may think that the issue can be solved by analyzing the regret using ¢; instead of iy ie.,

E[(¢s,pt — P')] = E[1-ciip(ls, Pt — P)] + E[Loctiple, Pt — )]

where 1_;, denotes the probability of the clipping happening. Using the proof of (Huang et al.| [2023), it
suffices to show the second term can be bounded by O (¢, log £,). It might be intuitive to think that the

13
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first term can also be bounded by using 7' to estimate L ctip(¢,k) ft- However, we note that

- —elip(t,k) Ltk Tectipt, k) btk .
E[(¢;, p: — pr ( p(t ) Dtk — ;(tk ) 1(k =k ))
t.k ¢,

= Z Tctip(e, k) bekTe e — Z Tecrip(e, i) lek 1(k = k¥)
% %

= E Lctip(e, k) e ke ke — Locrip(e,kr)le i
%

# Z Ttk (chz‘p(t,k)(ft,k - gt,k*))
3

= E[]]-clip(t) (e, — ),
which implies that @Q is not an unbiased estimator of 1_;,(¢,x)¢t, so this route does not work. Therefore,

as far as we can see, there doesn’t exist a clear way of fixing the proof in[Huang et al.[(2023) to make their
results match ours.

In our paper, we avoid issue by adding extra exploration to upper bound ||ft||OQ We suspect such explicit
exploration is inevitable for no-regret learning under the unbounded losses (Bubeck et al., 2012)). Besides
this issue, our differences and improvements compared to (Huang et al.l 2023)) mainly include: (1). Our
results reveal an asymmetry between positive and negative losses in the AMAB problem. Especially, there
is no clipping in our algorithm UMAB-NN, which greatly simplifies the algorithms in (Huang et al.| [2023)).
(2). The space complicity of our algorithms is O(n) because the algorithm only needs to maintain a constant
number of R™ vectors. In contrast, the space complexity of (Huang et al.,[2023) is O(7?) due to the necessity
of keeping a weight matrix of size " x T'.

C PROOF OF THEOREM

C.1 MAIN PROOF AND STATEMENT OF TECHNICAL LEMMAS

Recall (), the expected regret is denoted by

T T T T T
E[ >t = min S to] =E[ 3 (0.0 p7)| =E[ Yl 00— ph)]| + (0 pf - ),
t=1 kel i t=1 t=1 t=1
where p* denote the best fixed strategy. Especially, we consider
1

1
(-
p )P T our
where 1,, is the all-ones vector. It is obvious that pJr S A In this case, there is

1 1 Y4
T_ * < < >
(t Pt~ %) < {f %~ ) < ol 1) < ol <

where the second inequality is due to ¢, > 0 by assumptlon. Thus we have ZtT:1<€t, pl —p*) < /. It

suffices to focus on ZtT 1, pr — p*). Recall (4), there is
T

T

\I/ ) 1
S epe ) < TP S win (St )
t=1

Nr+1 =1

T
nlog(nT) 1
_7—1—5 mln( 2, e t)
P 2 Nkt i, |tk‘
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where the second inequality is because all entries of p' are no less than 1/nT by definition.

It remains to bound Zthl min (%méi ko [tk |) The proof relies on a technical lemma from (Orabona &
Pal, 2018).

Lemma 3 ((Orabona & Pdl, |2018) Lemma 3) Let a1, . ..,ar > 0. Then

) <35 Zat + 35 maxa,

2
E mln(
t—1 2
D102

Using Lemma[3|and 7o, . .., nr as in Algorithm[I} we have

4 nlog(nT d
St p) < 8 S i (Gt i)
t=1 Nr+1
1 d a n
< 3 nZéikt log(nT) + Zmin ( 72? v ikt’ Mt,kto
t=1 t=1 s=1"s,ks
1 Gk,
< > nZE log(nT) +\f2m1n (7_1 > 7|€t,k‘t‘)
Zs:l s,ks
1 T
2
< nze log(nT) +3.5v/n ;ft,mg%wuktl)

T
<4y n > 2, log(nT) + 3.5v/nlx
t=1

T
<4 nz 1€:]|2, log(nT) + 3.5v/nls

t=1

Note that the right hand side of the above is deterministic. Thus

]E[sz - mmetk} <4 nZ||£t|2 log(nT) + 3.5v/nloo + loc

t=1 t=1

T
ny el
t=1

completes the proof.
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C.2 PROOF OF TECHNICAL LEMMAS

C.2.1 PROOF OF LEMMA

For notations simplicity, we denote by

We first note

<£t7 Pt>

[M]=

T
> (b, pe—P") = —Fri(p') + Ui (p') +
t=1

t

1
= —FPra(p') + U (p') — Fi(p1) + Fria(prs1)
T
+ > (Fi(pe) = Frpa(pes1)) + > (L, po)
= t=1

= —Frii(p )+\IIT+1( ) Fi(p1) + Fre1(pr+1)
T

+ Z (Ft ) éhpt> Ft+1(pt+1))

By definition, there is

Fro1(prs1) — Fryi(ph) = pfgiAH Fri1(p) — Frya(p') <0

Ury1(p") — Fi(p1) = i (ph) — pfggl Ui(p) < Vi (ph).

n

Thus, we obtain

T T
> (b, pe = ph) < Ura(ph) + > (Ft i)+ (lt, pr) — Ft+1(pt+1))
=1

t=1
Furthermore, we note that

t
. 1
Fy(pe) + (b, pe) — Fip1(pey1) = Z(Zs,Pt —Pe+1) + E‘I’(pt) -
s=1
i 1 1
< Z(&»Pt —Pt+1) T E\I}(pt) - ;W(Pt)

\\
. (Pt)

t

= (ly, pt — Pt4+1) + Fi(pt) — Fr(Pet1),

where the first inequality is due to the assumption 7,41 < 7;. Combining the above concludes the proof.

C.2.2 PROOF OF LEMMA

We first prove inequality (3). By Taylor’s expansion,

1
Ey(Pe+1) = Fi(pe) = (VE(Pt), Pet1 = Pe) + 5llPers — Pel2r, (e,
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where &, = ap; + (1 — @)p¢1 for some « € [0, 1]. By definition,
= in Fi(p).
pe = arg min Fi(p)

By KKT conditions, there exists some A; € R such that

Pt = argglel]% (Ft(P) + (11— ;pt,k))-

By the optimality of p;, we have
VFi(p:) + M1, =0,
which implies
(VE(P), Pt4+1 — Pt) = (—Aln, Pra1 — Pe) = 0.
Thus, there is
Fy(pe41) — Fr(pe) = %Hpt+1 - Pt|\2v2F,,(g,,)-

Using the above,

" A 1
(s Pe = Pe1) + Fo(Pr) = Fy(Pet1) = (bt P = Pet1) = 5lIPers — Pele e,

R 1 2
< max (0.p) = 5 I0lr )

1, 1.
< SIltos mey-+ = 5mlllilltvzwe) 1

where the second inequality is because V2W(&;) is a diagonal matrix and the second equality is due to
V2F (&) = VU (&) /n;:. Thus the proof of (3)) is complete.

Now we prove
~ 1 )
(Ce, Pt — Pey1) + Fr(p) — Fi(Pry1) < 5m||£t“%vw(pt))_l
ifl, € R . Recall
A " gz n_ g2 I].(k = kt)
0112 = Lk = =
1llto2w e, -1 kz::l Vie¥(&) 2

2
k=1 pt,k

£2
2 _ Ttk 42
ft,k_ 2 Et,kt
Pi k.

and &; is between p, and p;1, we prove case by case.

1. (pt,k, — Pt+1,k, < 0): In this case, we have

(lt,pt — Pt+1) + Fr(Pt) — Fr(Pet1) < (b, Pt — Pry1)
= Ltk (Pt,k,, *pt+1,kt)
1 .
S 0 S §||€t||%v2\1/(pt))*1'
The first inequality is due to p; minimizing F;.
2. (pt,k, — Pt+1,k, = 0): In this case, we have & 1, < p¢ r,, and thus

1elltzwie -1 < Gr = 1elFv2w(p,y) -

completes the proof.
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C.2.3 PROOF OF LEMMA

The proof refers to Lemma 3 in (Orabona & Pall 2018). Without loss of generality, we can assume a; > 0,
otherwise we can remove all a; = 0 without affecting either side of the inequality. Let M; = max ¢[y as
and My = 0. We aim to prove for any o > 1

2 t t—1

: aj 2 2 _ 2 & _
min (W7at) SQ 1+Oé ( Zla/s Zla/8> + a—l(Mt Mtfl).
s=1"s 5= 5=

from which Lemmafollows by summing over ¢ = 1, ..., 7T and choosing oo = v/2. The proof is based on
case analysis.

1 (@2 <30

913

2
az

n () < -
min y At | = -
t—1 1
Ve T Ehe s sha s siia)
) ) t—1
< _gid+al) 21+ a2 Za2 )
af + 3,7, a2 =1
where the last inequality isby 22/v/22 + y? < 2(\/22 + y2 — /y?).

2. (@2>a2Y' )

sls

2
ay

. aay — ag «
min yar ) < ap = < at —
2

t—1 a—1 T a-1
Zs 1 s
where we use a; = M; and M; 1 < 1/2:S 1 a2

D PROOF OF THEOREM

D.1 MAIN PROOF AND STATEMENT OF TECHNICAL LEMMAS
We begin by presenting the lemma statements that were left out in Section 3.2.

Lemma 4 Given any action sequence k1, ..., kr, if by, < 0. there is pyj, < 2p§’kt and pi41,k, < 6Dk,
foreveryt € [T).

Lemma 5 With the non-adaptive and adaptive exploration rates as in Algorithm 5] we have

Non-Adaptive: B[ (71,01 = pi)] <2/n > le]%.
Adaptive E[Zt@;,pg - pt>] <ol + 2\/1 +40 3" [lloo + 2oy 0D [0]loc-
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Lemma 6 Given any action sequence k1, . .., kp, with the non-adaptive and adaptive exploration rates as
in Algorithm[3] we have

Non-Adaptive: E[Zt@t — 7. pl— p‘ﬂ < (2n% +VnT)logy (1 + £oo),

Adaptive: E[Zt@t — 7. pl— pU} <l (2712 + 34 /nzt H&Hoo) logy (1 + 4oo)-

Now we give the detailed proof of Theorem[2] By Lemma[2] we have

. 1
(6, Pt — Prv1) + Fi(pi) — Fi(piy1) < min <§m€/ikw \4,m|)~
if 4; , > 0. Alternatively, when ¢, ,, < 0, by Lemma@and@ and inequality @), we have
1 A 1 El

" L
(i, Pt — Pet1) + Fi(Pe) — Fi(Prv1) < §Ut||a:||%v2\y(§t))fl 5 ' —5 &k
T

A

177 /2 pt Ky max(pt kt7pt+1 kt)
Ytk 2
2 ¢k, pt,kt

| /\

2
< 7277t£/t,kt'

Moreover, we further note by LemmaE[,

(0, pt — Per1) + Fr(pt) — Fi(pes1) < (0}, Pt — Pes1)

Uy Dtk
< ‘7’ =Ptk — Pt1,ke|
Pk, 1P t,kyg
Uik Dtk
< [ T g < 100, |
Kt t,ky

Combining the above we have

(0, pt — Pes1) + Fi(pt) — Fi(per1) < 18 min (477% tees [0 kt|)

for any ¢, € R™. Using a similar proof as in Theorem[I} we have

a nlog(nT)
5 . 2
Z% p:—p') < ———2 + 18min (477tf/t,ku Iﬁik\)
t=1 T+1
T 6/2
<4y [20202 4+ 0 07, log(nT) + 18y/nmin (‘57’c 4 k|)
— t=1 g2 '
t=1 25:1 s,ks
T
< 4,|2n202, —l—nZﬁ’ k, log(nT) —|—63\f( Zf’t ks —l—max |€tk|)
t=1

< 67, 2n202, +n21ztk log(nT)+63fmax|€tk|
t=1

T
< 67| 20202 +n Y [[6]|% log(nT) + 63v/nlx
t=1
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The last inequality is because [¢'; i, | < |¢¢ k,|. In short, we can bound

[ZT: (€ pe — } O(J WEOMZT:II&I%O)- ©)

t=1 t=1

Now we summarize all the results.

E [ Z et’kt — min Z €t7k:|
L ke[n] P}

=E[> (0. p, — p*)]

t=1
T
<B| Y (6P}~ p)] + b
_t7:“1 R T T
<E[Y_(l;,pr — p")| +E[Y (01,0t — pi)| +E[Y (6 — 4.5, — p1)] + L.
t=1 t=1 t=1

Based on Lemma [5|and [6] and inequality (9), we have

1. (Non-Adaptive):

T T
B3t~ puin 3o

S@(anéio +ni||€tll&)+@(m)+o( ~(n? +\/rﬁ))
:@(ﬁoorﬂ + W+ (;O\/ﬁ),

2. (Adaptive):

T T
E [ Z bk, — I?ell[fll] Z ét,k}

O(an +n2||et|\2) Ot (n%ninetu)ﬂniwtnw)
+O(r(n” + ngnetnm))

T T T
:@(Eoon2 n \lnz 116412, MOOJ nz 1€clloo + an ||m|oo).
t=1 t=1

t=1
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D.2 PROOF OF TECHNICAL LEMMAS
D.2.1 PROOF OF LEMMA

The first inequality p; ,, < 2p;’ &, can be easily verified. Recall p; = p;+p;c; and kf € arg Maxy e n) Pt,k/
as in Algorithm it suffices to focus on the case k; = k', otherwise p; , < péy Ky When k; = k}, we note
that

1

N =DPtky — 5 -

/
Pt ke, = Ptk + PtCt i, > Pty — m

2n?
The first inequality is due to p; < 1/ 2n2 and ik, = —n by definition. Moreover, there is

1
Pt.k, € arg Max Py’ > —.
k’€[n] n

Thus

1 1
Dk, < Ptk + Dtk — o 2(pt,k,, - %> = 2p} k,

completes the proof.

The proof of the second inequality relies on the following two technical lemmas.

Lemma 7 Given any L € R™ and k € [n], consider

PEA,

X = arg min ((L, p) + %‘II(P))

I 1
% = in ((L+ Zepp)+-v )
X = arg min (< erkek p>+77 (p)

where xy, is the kth entry of x. If

then

Lemma 8 Given any L € R", consider

X = arg min ((L, p) + %\I/(p))

PEA,

1
' = in ((L g )
X = arg min (< ,p>+n, (p)),

n <n<Cry,
for some C' > 0, then

z), < Cxy, Vk € [n].
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Now we use Lemma [7| and [8] to bound the magnitude of pyy1 i, /prk,. Recall the update rule of action
distribution

p: = arg min ( Zﬁs,p ))7

pe n
Pi+1 = arg mm ( 6 +Z€S,p + L\Il(p))
M+1
Define the intermediate distribution

p: = arg min (f —|—Z€S,p ))

pe n

Notice that /} = 1,1k, /Pt,k,- Denote by L = SN by Lemma Pty [P, < 20 =1/2m <0, <

s=17%s>
0. Moreover, by Lemma D1k, /P, < 3if M1 < m < 3m41. Combining these two results leads to
Di+1.k, /Pt.ke, < 6, which completes the proof. Therefore, it remains to show that the two conditions hold.

We first prove —1/2n; < Eé,kt < 0. Recall

_1 n
T e,

We have

2 t—1 p2
C—I—Zf )<1

2 2
glt,kt < 4Ct < 4( S 47"71&27

n

where the first inequality is by the assumption ¢ 5, < 0, which implies E;’ k, < 0, and the clipping rule (line
5 of Algorithm[2).

Then we show 7,11 < 1y < 3nm¢41. Since 41 < 1 18 trivial, it suffices to prove 1y < 31;41. Notice that
Cyy = min (C2,07,,) < min (C2,4CF) =42,

Thus,

_1 n
T ey Ty e,

_3 n
INCE+9> L 02,

3 n
SZ 2 2 t—1 y2
dnCg +4nC7 + > 1 U5

<3 n

=4 2 /2 —1 ,2
nCiyy + gtk +2 o s ks

= 3N41-

completes the proof.
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D.2.2 PROOF OF LEMMA

Non-Adaptive exploration:

N

e[ Yot -] -2

<E|

Pt@a Ct>]
t

Il
_

M=

pellfil, e

Il
_

T

=Z t (€], et])

o+

[14¢]] 0o
<2n Z T

<ayZia il

The first inequality is due to that #, is the truncation of /;, thus |[¢}| < |/;]. The last inequality is by
Cauchy—Schwartz inequality.

Adaptive exploration: We first introduce two auxiliary lemmas.

Lemma9 Letay,...,ar > 0. Then

T
<2, Y ar+ 1+ max(ar).

T
=1 \/223 1as +1 t=1 telt]

Lemma 10 Given any action sequence ki, ..., kp, with the adaptive exploration rate as in Algorithm
there is
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The detailed proof of Lemma 9] and[I0] would be provided later. Now we can prove Lemma 3]

T T

Z<g;’p; _pt> Z WZthH

t=1 t=1
T ~
SZ |<e;,ct>|A
=12 )
T ~
<2\ (14230 el + max (12, )]
t=1

T
<2 1+22|<é;,ct>|+eoo(znz+
t=1

where the second inequality is due to p; = 1/(2n2+4/2 Zi;ll (0, ¢s)]) < 1/(\/1 +2 Zi;ll (0, cs)|, the

third inequality is by Lemma@ with a; = |(#}, c;)|. The last inequality is by Lemma Taking expectation
on the both sides, there is

[ET: 0y, py — pt}<E[2 1+2Z|4,ct }JFEVOO(%QJF
t=1

t=1

< om0 +2 1+2E[i|€t,ct }de [imt,ct}
t=1 t=1

< M2l 42 1+2Z [121] lea) +€w\l2i<E[@|}ctl>

t=1
T T
<2200+ 2, 1+ 25 (e ferl) + ooy | 2360 el
= t=1
T T
§2n2€oo+2\ 1+ 403" [elloo + 20s0y | 7D (1]l
t=1 t=1

The second inequality is by using Jensen’s inequality. The fourth inequality is because E [|ég |} = |¢;| and the

magnitude of the truncation loss is not more than that of the original loss, i.e., |¢}| < |¢;]. The last inequality
isdue to (€], |et]) < |[4elloolleellr < 2n||4¢||oo- The whole proof is completed.

D.2.3 PROOF OF LEMMAE]

Recall

B

T T
(b= 01,0, =) < 37 N = Ol < 3161 # 2.
t=1 t=1

t=1
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where the last inequality is due to ||/, — £}y < ||[4||1 by the clipping property. We note that the clipping
occurs only if 4, < 0 and ¢, 5, < {4 1, /p: for every t € [T'] by extra exploration. Thus,

d d | min(¢ O|
Gl 1(l, #0) <y =tk Ty 0, £ 0 (0 #101).
;Ht\h(t#a_; U A Z ) #

It suffices to prove Zle 1(0, # 7)) < logy(1 + £s). Notice that #; # ¢} will happen if and only if
gt,k,, < 2C%.

PT+1

In this case, we have
Ct_;,_l - 20,5

Now we need to get an upper bound on the size of C'r. In Algorithm[2] C; will be updated (i.e., Cy # Cyi1)
if and only if the received loss ¢; ,, < Cy. When C} is updated, we can note that Cy; > ¢; 1, holds, which
also means |Cy41] < |y k, |- Thus, we have

|Cr| < max(1, [l k,|) <1+ Lo
te[T]

Since |C| is non-decreasing with ¢, it suffices to say that £; i, # ¢} ;. (k1.+—1) will happen at most log, (1 +
£s) times. This completes the proof.

D.2.4 ITOOFOFLEMMAI

We first note that for every a € R,

1 1
arg min (<L, p) + H‘HP)) = arg min ((L +al,,p) + E‘If(p))

Thus, without loss of generality, we can assume that L = [Lq, . .. 7Ln]T satisfies

n

1
ZUL =1; Ly >0, Vk € [n].

Notice that under such conditions, there is
1 1
in ((L,p)+ -0 ) - i ( L,p)+ -0 )
arg min (< p) + ; (p)) = arg in (L,p) + ; (p)

by KKT conditions.
Now we start the proof. By the optimality of x, there is

1
nLy + — =0, Vk € [n].
Tk

Then we have

I 1 I
Tk mrr, 2
thus
L
Ly + L > 2L
Tk 2
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By the optimality of x’, there exists Lagrangian multiplier A’ such that

l 1
nLy —n—+N - — =0,
Tk Ty
1
Ly + N — o =0, V&' € [n]\{k}.

and satisfies

1 1
) n —1
Y T

Using the above, we note that
1 1
; Sz :
77Lk+nﬁ+)\/ 777’€—|—)\/

Ty =

It suffices to prove that A’ > 0. Define function

1 1
f =y - + —,
welmgr e TA bt g+ N
we note that

n

1 1 1
) * 2D o =b

l_
wetangey TR Lkt g TS

due to ! < 0, which implies f(0) > 1, Since f decreases with )\, it suffices to conclude \ > 0. Thus,
1

< —
kin%%—/\’

2
S _— = 21’k.
nLy
completes the proof.

D.2.5 PROOF OF LEMMA

Similar to the proof of Lemma it suffices to choose L = [Ly, ..., L,] " such that
1
nLy — — =0, Yk € [n].
Lk
By the optimality of x’, there exists Lagrangian multiplier A’ such that

1
n’Lk+>\’—m—, =0, Vk € [n],
k

1
E S
! !
= 'Ly + A
Similar to the above, it suffices to show that \’ > 0 considering " < 7. Thus,
1 1 C

T = < < — =(Cup.
MWLy + N T Ly, — nky k

This completes the proof.
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D.2.6  PROOF OF LEMMA[9]
We denote by
ht = min ( max (as),at), bt = a¢ — ht.
set—1]
It suffices to say that
T
Z = max at
- te[T)
The proof can be completed as follows.

d a d a
t ¢
—<
25! o 1as—l—l t=1 \/E s—1 s +Maxgep—_1)(as) +1
_zT: ht+bt

1 \/Zs 18s +maxse[t 1y(as) +1

+th

t

MH

o~
Il

1 Zs:l hs +1

< 2\ th +1+ max(at)

T

<2 Zat+1+m%(at)
t=1

D.2.7 PROOF OF LEMMA

gLk =k
3 ,f|<z'““| ey

k=1

kf =k 1k=k
OOMM,M + 0o Z uw
ke[n]\{k{}

]l(kt*:kt)n+£ Z 1(k = k)
Pt

t.k + PtCek

</

Dty + PeCtkx Ptk + PtC.k

St T
/n=1/2n kel (ki }

< oo max(2n2,1/py)

< loomax(2n?,1/pri1) = Lo (2712 +

where the first inequality is by the definition of ¢, and p}, the second inequality is by the definition of £
The third inequality is due to 1). Pt} is one of the largest entries in p;, which implies Prr; = 1 /n. 2).
cier > —nand py < 1/2n% forall t € [T1. 3). pr.x + pecer > pe forall k € [n]\{k;} by Algorithm The
last inequality is because p; is nonincreasing.
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