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Abstract

We present methods for online linear optimization that take advantage of benign (as op-
posed to worst-case) sequences. Specifically if the sequence encountered by the learner is
described well by a known “predictable process”, the algorithms presented enjoy tighter
bounds as compared to the typical worst case bounds. Additionally, the methods achieve
the usual worst-case regret bounds if the sequence is not benign. Our approach can be
seen as a way of adding prior knowledge about the sequence within the paradigm of online
learning. The setting is shown to encompass partial and side information. Variance and
path-length bounds Hazan and Kale (2010); Chiang et al. (2012) can be seen as particular
examples of online learning with simple predictable sequences.

We further extend our methods to include competing with a set of possible predictable
processes (models), that is “learning” the predictable process itself concurrently with using
it to obtain better regret guarantees. We show that such model selection is possible under
various assumptions on the available feedback.

Keywords:

1. Introduction

No-regret methods are studied in a variety of fields, including learning theory, game the-
ory, and information theory Cesa-Bianchi and Lugosi (2006). These methods guarantee a
certain level of performance in a sequential prediction problem, irrespective of the sequence
being presented. While such “protection” against the worst case is often attractive, the
bounds are naturally pessimistic. It is, therefore, desirable to develop algorithms that yield
tighter bounds for “more regular” sequences, while still providing protection against worst-
case sequences. Some successful results of this type have appeared in Cesa-Bianchi et al.
(2007); Hazan and Kale (2010, 2009); Chiang et al. (2012); Bartlett et al. (2007) within the
framework of prediction with expert advice and online convex optimization.

In Rakhlin et al. (2011), a general game-theoretic formulation was put forth, with “regu-
larity” of the sequence modeled as a set of restrictions on the possible moves of the adversary.
Through a non-constructive analysis, the authors pointed to the existence of general regret-
minimization strategies for benign sequences, but did not provide a computationally feasible
method. In this paper, we present algorithms that achieve some of the regret bounds of
Rakhlin et al. (2011) for sequences that can be described as

sequence = predictable process + adversarial noise

This paper focuses on the setting of online linear optimization, and the results achieved
in the full-information case carry over to online conver optimization as well. To remind
the reader of the setting, the online learning process is modeled as a repeated game with
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convex sets F and X for the learner and Nature, respectively. At each round t=1,...,T,
the learners chooses f; € F and observes the move x; € X of Nature. The learner suffers a
loss of (f;,x¢) and the goal is to minimize regret, defined as

T T
Regy = Z (ft,z¢) — inf 2 (f,xe)-
t=1 feFt=1

There are a number of ways to model “more regular” sequences. Let us start with the
following definition. Fix a sequence of functions My : X1+ X', foreach t € {1,...,T} = [T].
These functions define a predictable process My, Ms(z1), ..., Mp(z1,...,zp-1) . If, in
fact, xy = My(x1,...,24-1) for all ¢, one may view the sequence {x;} as a (noiseless) time
series, or as an oblivious strategy of Nature. If we knew that the sequence given by Nature
follows exactly this evolution, we should suffer no regret.

Suppose that we have a hunch that the actual sequence will be “roughly” given by this
predictable process: z; v My(z1,...,24-1). In other words, we suspect that the sequence is
described as predictable process plus adversarial noise. Can we use this fact to incur smaller
regret if our suspicion is correct? Ideally, we would like to “pay” only for the unpredictable
part of the sequence.

Information-Theoretic Justification Let usspend a minute explaining why such regret
bounds are information-theoretically possible. The key is the following observation, made
in Rakhlin et al. (2011). The non-constructive upper bounds on the minimax value of the
online game involve a symmetrization step, which we state for simplicity of notation for the
linear loss case with F and X being dual unit balls:

T T
th(.ﬁg —:Bt) Zﬁtﬂft
t=1

t=1

sup E, ... sup E,

! !
z1,T] TT, Ty

<2supE, ...supE.,
x

* xrr *

If we instead only consider sequences such that at any time ¢ € [T'], z; and z have to be oy-

close to the predictable process My(x1,...,x4-1), we can add and subtract the “center” M;

on the left-hand side of the above equation and obtain tighter bounds for free, irrespective

of the form of M(x1,...,z,1). To make this observation more precise, let
Cr=Cy(z1,...,x-1) = {x: |2 = My(21,...,221) |« <00} (1)

be the set of allowed deviations from the predictable “trend”. We then have a bound

T T

! 2

sup E. ... sup E., Zet(mt—Mt(xl,...,xt_l)+Mt(x1,...,xt_1)—xt) <c Zat
z1,x)eCy zp,xneCr t=1 % t=1

on the value of the game against such “constrained” sequences, where the constant ¢ depends
on the smoothness of the norm. This short description only serves as a motivation, and the
more precise statements about the value of a game against constrained adversaries can be
found in Rakhlin et al. (2011).

The development so far is a good example of how a purely theoretical observation can
point to existence of better prediction methods. What is even more surprising, for the
methods presented below, the individual o4’s need not be known ahead of time except for
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their total sum Y-, 62. Moreover, the latter sum need not be known in advance either,

thanks to the standard doubling trick (see Appendix), and one can obtain upper bounds of

T T T
Z(ft,l't)—infz<f,.%'t> <c EHmt—Mt(xl,...,xt_l)Ha . (2)
t=1 t=1

feFt=1

Let us now discuss several types of statistics M; that could be of interest. Regret bounds
in terms of My(x1,...,24-1) = x4—1 are known as path length bounds Chiang et al. (2012);
Rakhlin et al. (2011). Such bounds can be tighter than the pessimistic O(v/T) bounds
when the previous instance x; is a good proxy for the next move. Regret bounds in terms of
Mi(xq,...,204-1) = % Zj x5 are known as variance bounds (see Cesa-Bianchi et al. (2007);
Hazan and Kale (2009, 2010); Rakhlin et al. (2011)). One may also consider fading memory
statistics. That is, My(x1,...,2-1) = Zéj asxs where Zij as =1 and a; > 0 or even plug in
an auto-regressive model. If “phases” are expected in the data (e.g., stocks tend to go up in
January), one may consider My(x1,...,2¢1) = ¢,k for some phase length k. Alternatively,
one may consider averaging of the past occurrences T}j(t) c [t] of the current phase j to get
a better predictive power: My(z1,...,24-1) = YseT; OlsTs

The use of a predictable process (M;)s1 can be seen as a way of incorporating prior
knowledge about the sequence (x;);»1. Importantly, the bounds still provide the usual
worst-case protection if the process M; does not predict the sequence well. To see this,

observe that \/Z?ﬂ |zs — My||2 < 2maxgex |2|/T which is only a factor of 2 larger than
the typical bounds. However when M,’s do indeed predict x;’s well, we have lower regret,
a property we get almost for free. Notice that in all our analysis the predictable process
(My)¢s1 can be any arbitrary function of the past.

A More General Setting The predictable process M; has been written so far as a func-
tion of x1,..., 7 1, as we assumed the setting of full-information online linear optimization
(that is, x; is revealed to the learner after playing f;). Whenever our algorithm is determin-
istic, we may reconstruct the sequence fi,..., f; given the sequence z1,...,r;_1, and thus
no explicit dependence of M; of the learner’s moves are required. More generally, however,
nothing prevents us from defining the predictable process M; as a function

Mt(Il7"'7It—17f17"'7ft—17Q17"'1qt—1) (3)

where I is the information conveyed to the learner at step s € [T'] (defined on the ap-
propriate information space Z) and ¢, is the randomized strategy of the learner at time s.
For instance, in the well-studied bandit framework, the feedback I is defined as the scalar
value of the loss (fs,xs), yet the actual move z; may remain unknown to the learner. More
general partial information structures have also been studied in the literature.

When M; is written in the form (3), it becomes clear that one can consider scenarios
well beyond the partial information models. For instance, the information s might contain
better or complete information about the past, thus modeling a delayed-feedback setting (see
Section 5.1). Another idea is to consider a setting where I contains some state information
pertinent to the online learning problem.

The paper is organized as follows. In Section 2, we provide a number of algorithms for
full-information online linear optimization, taking advantage of a given predictable process
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M;. These methods can be seen as being “optimistic” about the sequence, incorporating
M1 into the calculation of the next decision as if it were the true. We then turn to the
partial information scenario in Section 3 and show how to use the full-information bounds
together with estimation of the missing information. In Section 4 we turn to the question of
learning M, itself during the prediction process. We present several scenarios which differ
in the amount of feedback given to the learner. Along the way, we need to prove a bound
for nonstochastic multiarmed bandits in terms of the loss of the best arm (proved in the
Appendix) — a result that does not appear to be available in the literature. Finally, we
consider delayed feedback and other scenarios that fall under the general umbrella.

Remark 1 We remark that most of the regret bounds we present in this paper are of the
form An~' + By YL, ||lzy — My|?. If variation around the trend is known in advance, one
may choose n optimally to obtain the form in (2). Otherwise, we employ the standard
doubling trick which we provide for completeness in Section B. The doubling trick sets n in
a data-dependent way to achieve (2) with a slightly worse constant.

Notation: We use the notation gy, to represent the sequence yy,...,y;. We also use
the notation z[i] to represent the i*" element of vector z. We use the notation z[1: ¢] to
represent the vector (z[1],...,z[c]). Dr(f, f") is used to represent the Bregman divergence
between f and f’ w.r.t. function R. We denote the set {1,...,7} by [T].

2. Full Information Methods

In this section we assume that the value M, is known at the beginning of round ¢: it is
either calculated by the learner or conveyed by an external source. The first algorithm
we present is a modification of the Follow the Regularized Leader (FTRL) method with a
self-concordant regularizer. The advantage of this method is its simplicity and the close
relationship to the standard FTRL. Next, we exhibit a Mirror Descent type method which
can be seen as a generalization of the recent algorithm of Chiang et al. (2012). Due to
lack of space, full-information methods based on the idea of a random playout (Follow the
Perturbed Leader) are postponed to the Appendix.

For all the methods presented below, we assume w.l.o.g. that M; = 0. Since we assume
that M; can be calculated from the information provided to the learner or the value of M;
is conveyed from outside, we do not write the dependence of M; on the past explicitly.

2.1. Follow the Regularized Leader with Self-Concordant Barrier

Let F c R? be a convex compact set and let R be a self-concordant function for this set.
W.l.o.g. suppose that minger R(f) = 0. Given f € int(F), define the local norm | - | with
respect to R by [gls = /g"(V>R(f))g. The dual norm is then [z[} = VIT(VER(f)) L.
Given the f; defined in the algorithm below, we use the shorthand |- |, = |-

Optimistic Follow the Regularized Leader
Input: R self-concordant barrier, learning rate n > 0. fi = argminer R(f).

Update : Jt+1 = argminger 7 <f7 22:1 Ts+ Mt+1) +R(f)
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We notice that for M;.1 = 0, the method reduces to the FTRL algorithm of Abernethy
et al. (2008, 2012). When My, # 0, the algorithm can be seen as “guessing” the next move
and incorporating it into the objective. If the guess turns out to be correct, the method
should suffer no regret. The following regret bound holds for the proposed algorithm:

Lemma 2 Let F c R? be a convex compact set endowed with a self-concordant barrier R
with ming.r R(f) = 0. For any strategy of Nature, the Optimistic FTRL algorithm yields,
for any f* e F,

T

T
t;(ftaxt Z from) < R(S )+2772(th My7)? (4)

as long as n|zy — My||; < 1/4 for all t.

By the argument of Abernethy et al. (2008, 2012), at the expense of an additive constant
in the regret, the comparator f* can be taken from a smaller set, at a distance 1/T from the

boundary. For such an f*, we have R(f*) < ¥logT where ¥ is a self-concordance parameter
of R.

2.2. Mirror-Descent algorithm

The next algorithm is a modification of a Mirror Descent (MD) method for regret mini-

mization. Let R be a 1-strongly convex function with respect to a norm |-||, and let Dg(-,-)

denote the Bregman divergence with respect to R. Let VR be the inverse of the gradient

mapping VR. Let | - |+ be dual to |- || (yet we do not require F and X to be dual balls).
Consider the following algorithm:

Optimistic Mirror Descent Algorithm (equivalent form)
Input: R 1-strongly convex w.r.t. |-, learning rate n >0, fi = g1 = arg ming, R(g)

Update :
gi+1 = argmin 7 (g, z) + Dr(g, 9t)
geF

ft+1 = ar)gn}in n <f7 Mt+1> + D’R(fa gt+1)

Such a two-projection algorithm for the case M; = x;_1 has been exhibited recently in
Chiang et al. (2012).

Lemma 3 Let F be a convex set in a Banach space B and X be a convex set in the dual
space B*. Let R: B+ R be a 1-strongly convex function on F with respect to some norm
| -|. For any strategy of Nature and any f* € F, the Optimistic Mirror Descent yields

T

d -1p2 n z 2
(fi, ) - Z Fhme) < Ry + 52“1'1&_Mt”*
t=1 t=1 =1

where RZ,, = maxser R(f) —minger R(f).
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As mentioned before, the sum Y7, |2; — M;|? need not be known in advance in order to
set n, as the usual doubling trick can be employed. Both the Optimistic MD and Optimistic
FTRL work in the setting of online convex optimization, where x;’s are now gradients at
the points chosen by the learner. Last but not least, notice that if the sequence is not
following the trend M; as we hoped it would, we still obtain the same bounds as for the
Mirror Descent (respectively, FTRL) algorithm, up to a constant.

2.2.1. LocAaL NORMS FOR EXPONENTIAL WEIGHTS

For completeness, we also exhibit a bound in terms of local norms for the case of F c R?
being the probability simplex and X being the £, ball. In the case of bandit feedback, such
bounds serve as a stepping stone to building a strategy that explores according to the local
geometry of the set (see Abernethy et al. (2012)). Letting R(f) = XL, f(i)log f(i) - 1, the
Mirror Descent algorithm corresponds to the well-known Exponential Weights algorithm.
We now show that one can also achieve a regret bound in terms of local norms defined
through the Hessian V*R(f), which is simply diag(f(1)7},..., f(d)™'). To this end, let

lglle = Vg"VPR(f1)g and [z} = \/xVER(fi) x.

Lemma 4 The Optimistic Mirror Descent on the probability simplex enjoys, for any f* € F,

T

" I « logd
(fo—fme) <20 > (Joe - M| })? +
-1 =1

t

as long as |zt — M|e < 1/4 at each step.

3. Methods for Partial and Bandit Information

We now turn to the setting of partial information and provide a generic estimation procedure
along the lines of Hazan and Kale (2009). Here, we suppose that the learner receives
only partial feedback I; which is simply the loss (f;, z;) incurred at round ¢. Once again,
we suppose to have access to some predictable process M;. Note the generality of this
framework: in some cases we might postulate that M; needs to be calculated by the learner
from the available information (which does not include the actual moves x;); in other cases,
however, we may assume that some statistic M; (such as some partial information about
the past moves) is conveyed to the learner as a side information from an external source.
For the methods we present, we simply assume availability of the value M;.

As in Section 2.1, we assume to have access to a self-concordant function R for F, with
the self-concordance parameter 9J. Following Abernethy et al. (2008), at time ¢ we define! our
randomized strategy ¢; to be a uniform distribution on the eigenvectors of V2R (h;) where
h: € F is given by a full-information procedure as described below. The full-information
procedure is simply Follow the Regularized Leader on the estimated moves Zi,...,T¢—1
constructed from the information Iy, ..., -1, f1,..., fi-1,q1, - - -, qt-1, with I = (fs, zs). The
resulting algorithm is dubbed SCRiBLe in (Abernethy et al., 2012). Hazan and Kale (2009)

1. We caution the reader that the roles of f; and z; in Abernethy et al. (2008); Hazan and Kale (2009)
are exactly the opposite. We decided to follow the notation of Rakhlin et al. (2010, 2012), where in the
supervised learning case it is natural to view the move f; as a function.
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observed that this algorithm can be modified by adding and subtracting an estimated mean
of the adversarial moves at appropriate steps of the method. We use this idea with a general
process M;:

SCRiBLe for a Predictable Process

Input: 7 > 0, ¥-self-concordant R. Define hy = argmin¢er R(f).

At timet=1to T
Let Aq,...,A, and Aq,..., A, be the eigenvectors and eigenvalues of VQR(ht).
Choose i; uniformly at random from {1,...,n} and &, = +1 with probability 1/2.
Predict f; = hy + Et)‘z'_tl/ 2Ait and observe loss (ft,x¢).
Define jt =n ((ft, T — Mt)) Et)\ilt/Q . Ait + Mt.
Update : hey1 = arg minger [77 (h, Y T+ Mt+1) + R(h)] )

The analysis of the method is based on the bounds for full information predictable
processes M; developed earlier, thus simplifying and generalizing the analysis of Hazan and
Kale (2009).

Lemma 5 Suppose that F is contained in the €y ball of radius 1. The expected regret of
the above algorithm (SCRiBLe for a Predictable Process) is

T

T T
E[Z(ft,l‘t YAS ]Sn_lR(f*)+277 ((fr, 20 — My))? (5)
t=1 =1 -1

t

T
< T'R(f) + 20n® Y E[[|w - My ]
t=1

Hence, for any full-information statistic M{ = M{(x1,...,x1-1),
< z 1 2w 2 2w 2
_ * / !
E[Z<ft,xt > Af" ]Sn R(F*)+4nn® 3UE [ = M{*] + 4nn® > B[ M, - My |*]
t=1 =1 t=1 t=1

(6)

Effectively, Hazan and Kale (2009) show that for the full-information statistic
M{(x1,...,241) = 75 Lt x,, there is a way to construct My = My(I14_1, fii-1,qu¢-1) in
such a way that the third term in (6) is of the order of the second term. This is done by
putting aside roughly O(logT") rounds in order to estimate M, via a process called reservoir
sampling. However, for more general functions M/, the third term might have nothing to
do with the second term, and the investigation of which M} can be well estimated by M; is
an interesting topic of further research.

4. Learning The Predictable Processes

So far we have seen that the learner with an access to an arbitrary predictable process
(M¢)>1 has a strategy with a regret bound of O (\/2311 | ¢ — My ||§) . Now if the predictable

process is a good predictor of the sequence, then the regret will be low. This raises the
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Optimistic Mirror Descent with Learning the Predictable Process
Input: R 1-strongly convex w.r.t. | - |, learning rate n >0
Initialize fi = g1 = argming R(g) and initialize ¢; € A(II) as, V7 eI, qi(m) =
Set My = ¥rert 1 (m) MT
At t=1,...,T, predict f;, observe x; and update :
T 2
Vi ell, gu(m) o< gp(m) e M2l and My = ¥ e g (7) M7
gt+1 = arg?in n{g, ) + Dr(9,9t) , fre1= ar]gmin n{f, Mii1) + Dr(f, gt+1)
ge eF

L
||

question of model selection: how can the learner choose a good predictable process (M )17
Is it possible to learn it online as we go, and if so, what does it mean to learn?

To formalize the concept of learning the predictable process, let us consider the case
where we have a set I indexing a set of predictable processes (strategies) we are interested
in. That is, each 7 € II corresponds to predictable process given by (M]);>1. Now if we
had an oracle which in the start of the game told us which 7* € II predicts the sequence
optimally (in hindsight) then we could use the predictable process given by (M7 )i and

enjoy a regret bound of O (\/inf,ren YLy @ - MF ”2) . However we cannot expect to know

which 7 € II is the optimal one from the outset. In this scenario one would like to learn
a predictable process that in turn can be used with algorithms proposed thus far to get a
regret bound comparable with regret bound one could have obtained knowing the optimal
n* eIl

4.1. Learning M;’s : Full Information

To motivate this setting better let us consider an example. Say there are n stock options
we can choose to invest in. On each day ¢, associated with each stock option one has a
loss/payoff that occurs upon investing in a single share of that stock. Our goal in the long
run is to have a low regret with respect to the single best stock in hindsight. Up to this point,
the problem just corresponds to the simple experts setting where each of the n stocks is one
expert and on each day we split our investment according to a probability distribution over
the n options. However now additionally we allow the learner/investor access to prediction
models from the set II. These could be human strategists making forecasts, or outcomes of
some hedge-fund model. At each time step the learner can query the prediction made by
each 7 € I as to what the loss on the n stocks would be on that day. Now we would like to
have a regret comparable to the regret we can achieve knowing the best model 7* € II that
in hind-sight predicted the losses of each stock optimally. We shall now see how to achieve
this.

The proof of the following lemma relies on a particular regret bound of (Cesa-Bianchi
and Lugosi, 2006, Corollary 2.3) for the exponential weights algorithm that is in terms of
the loss of the best arm. Such a bound is an improvement over the pessimistic regret bound
when the loss of the optimal arm is small.

Lemma 6 Let F be a convex subset of a unit ball in a Banach space B and X be a convex
subset of the dual unit ball. Let R : B~ R be a 1-strongly convex function on F with respect
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to some norm | -|. For any strategy of Nature, the Optimistic Mirror Descent Algorithm
yields, for any f* € F,

T T T
Z(ft,wt Z fra)y<n RmaX+3.2n(ian:Ut—Mt”3+log|H|)
t=1 t=1 mell ¢=1

where RZ,, = maxfer R(f) —minger R(f).

Once again, let us discuss what makes this setting different from the usual setting of
experts. The forecast given by prediction models is in the form of a wvector, one for each
stock. If we treat each prediction model as an expert with the loss ||z, — M[7||%, the experts
algorithm would guarantee that we achieve the best cumulative loss of this kind. However,
this is not the object of interest to us, as we are after the best allocation of our money
among the stocks, as measured by inf j.r YL (f,x).

The algorithm stated above can be seen as separating two steps: learning the model
(that is, predictable process) and then minimizing regret given the learned process. This is
implemented by a general idea of running another (secondary) regret minimizing strategy
where loss per round is simply |M; — z|*> and regret is considered with respect to the best
m e II. That is, regret of the secondary regret minimizing game is given by

T
>l = M| mflewt M3
t=1 mell ¢=1

In general, the experts algorithm for minimizing secondary regret can be replaced by any
other online learning algorithm.

4.2. Learning M;’s : Partial Information

In the previous section we considered the full information setting where on each round we
have access to z; and for each ™ we get to see (or compute) M/. However one might be in
a scenario with only partial access to z; or M[", or both. In fact, there are quite a number
of interesting partial-information scenarios, and we consider some of them in this section.

4.2.1. PARTIAL INFORMATION ABOUT LOsS (BANDIT SETTING)

In this setting at each time step ¢, we only observe the loss (f;,x:) and not all of xy.
However, for each 7 € IT we do get access to (or can compute) M]" for each 7 € II. Consider
the following algorithm:
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SCRiBLe while Learning the Predictable Process

Input: 7 > 0, ¥-self-concordant R. Define hy = argminfer R(f).

Initialize q; € A(II) as, Vr eIl ¢ () = ﬁ

Set My = ¥rerm ql(W)le

At timet=1to T
Let Ay,...,A, and Aq,..., A\, be the eigenvectors and eigenvalues of V2R (hy).
Choose i; uniformly at random from {1,...,n} and &, = +1 with probability 1/2.

Predict f; = hy + ¢\, tl/ 2Ait and observe loss (ft, x¢).
Define It =n ((ft, Tt — Mt)) 613)\1-1!2 . Ait + Mt.
Update : g¢1(m) o< gi () e~ (eae)=(fe.MTN? and My, = et qee1 (M) MF

¢
h¢y1 = arg min [n <h, Z T+ Mt+1> + R(h)] i
heF s=1

The following lemma upper bounds regret of this algorithm. Once again, the proof
requires a regret bound in terms of the loss of the best arm (Cesa-Bianchi and Lugosi, 2006,
Corollary 2.3).

Lemma 7 Suppose that F,X are contained in the £o ball of radius 1. The expected regret
of SCRiBLe while Learning the Predictable Process is

T T
B[ o) - X7 | <o RO )+2nn2E[Z( (v - Mt>)] )

< 'R(f*) + 1302 (IE [inf e - Mtﬂ||2:| + log|H|) :

mell =1

4.2.2. PARTIAL INFORMATION ABOUT PREDICTABLE PROCESS

Now let us consider the scenario where on each round we get to see x; € X. However, we
only see M, for a single m; € IT we select on round t¢. This scenario is especially useful in
the stock investment example provided earlier. While x; the vector of losses for the stocks
on each day can easily be obtained at the end of the trading day, prediction processes
might be provided as paid services by various companies. Therefore, we only get to access
a limited number of forecasts on each day by paying for them. In this section, we provide
an algorithm with corresponding regret bound for this case.

Due to the scarce information about the predictable processes, the proofs of Lemmas 8
and 9 below require an improved regret bound for the multiarmed bandit, an analogue
of (Cesa-Bianchi and Lugosi, 2006, Corollary 2.3). Such a bound is proved in Lemma 11
in Section A. We have not seen this result in the literature, and the bound might be of
independent interest (note that the bound of Auer et al. (2003) in terms of the largest gain
is of a very different nature). Lemma 11 relies on using a self-concordant barrier for the
simplex and utilizing the regret bound in terms of local norms.

Armed with Lemma 11, we can prove the following:

10
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Optimistic MD with Learning the Pred. Proc. with Partial Information
Input: R 1-strongly convex w.r.t. | - |, learning rate n >0
Initialize g1 = argmin, R(g) and initialize ¢; € A(II) as, V7 e II,q1(7) = %

Sample 71 ~ ¢ and set fi = argmin 7 (f, Mm) +Dr(f,q91)
feF

Att=1,...,T, predict f; and :
Update ¢; using SCRiBLe for multi-armed bandit with loss of arm 7 :
| M = 2| and step-size 1/32|T1]%.
Sample 741 ~ i1 and observe M. Update
gt+1 = arglgin n <g7xt> + D’R(gagt) ft+1 = ar]%?in n (f7 Mﬁ{l) + D'R(fa gt+1)
ge €

Lemma 8 Let F be a convex set in a Banach space B and X be a convex set in the dual
space B*, both contained in unit balls. Let R : B — R be a 1-strongly convex function on F
with respect to some norm ||-|. For any strategy of Nature, the Optimistic MD with Learning
the Predictable Processes with Partial Information Algorithm yields, for any f* € F,

z A 1p2 N[ 2
B[ 35| - ) <7 R+ T[S - 0 )
t=1 t=1 t=1

T
nIR2 .+ (E inrf[ @ = M] |2 + 3211 log(T\HD)
mell =1

where RZ,, = maxser R(f) —minger R(f).

4.2.3. PARTIAL INFORMATION ABOUT BOTH L0OSS AND PREDICTABLE PROCESS

In the third partial information variant, we consider the setting where at time ¢ we only
observe the loss (f,z:) we suffer at the time step (and not entire z;) and also only M
corresponding to the predictable process of m; € II we select at time ¢. This is a blend of
the two partial-information settings considered earlier.

Lemma 9 Suppose that F,X are contained in the £s ball of radius 1. The expected regret
of SCRiBLe for Learning the Predictable Process with Partial Feedback (see nezt page) is

T T
B[S () - zfm<wmwwwﬂyanmﬁ )
t=1 t=1 t=1

T
<IR(FY) + dnn? (E [inf T Mgf||2] + 32112 log(T|H|)) :

mell =1

11



RAKHLIN SRIDHARAN

SCRiBLe for Learning the Predictable Process with Partial Feedback
Input: 7 > 0, ¥-self-concordant R. Deﬁne hy = argmin per R(f).
Initialize q; € A(II) as, Vr eIl ¢ () = |H| and draw mp ~ q1
At timet=1to T
Let Ay,..., A, and Aq,..., A\, be the eigenvectors and eigenvalues of VQR(ht).
Choose i; uniformly at random from {1,...,n} and &, = +1 with probability 1/2.
Predict f; = hy + st)\;tl/ 2Ait and observe loss (ft,x¢).
Define &; = n ((fi, 20— M) e\ Ay, + M.
Update g; using SCRiBLe for multi-armed bandit with loss
of arm m; € IL: ((f, x¢) — (fr, M]*))? and step size 1/32|TIJ.
Draw 7,1 ~ ;11 and update hyy1 = argminger [77 (h, Y T+ Mfo) + R(h)] .

5. Other Examples
5.1. Delayed Feedback

As an example, consider the setting where the information given to the player at round ¢t
consists of two parts: the bandit feedback (f;, z;) about the cost of the chosen action, as
well as full information about the past move x; . For ¢t > k, let My = My(I1,..., ;1) =

1Zt k=1 1s. Then

4k
(-1)2>

2
k-1, k-1,
| M, - M{|? = ”t [ 1Zt Ls til s= 15”5” < H(t 1)(t 1) Y s i 1 Zs =t—k Ls

<

where M = = 1 Y71 2, is the full information statistic. It is immediate from Lemma 5 that
the expected regret of the algorithm is

E[Si ooz = T (F e < ' RO + dnn? TEL B |2 - M2 + 3202k

This simple argument shows that variance-type bounds are immediate in bandit problems
with delayed full information feedback.

5.2. I.LI.D. Data

Consider the case of i.i.d. sequence x1,...,zp drawn from an unknown distribution with
mean g € RY. Let us first discuss the full information model. Consider the bound of either
Lemma 2 or Lemma 3 for M; = A Y42} z,. For simplicity, let | | be the Euclidean norm
(the argument works with any smooth norm). We may write |z; — My|? < s — p|? +
| My — p)|? + 2 (x — p, My — ) . Taking the expectation over i.i.d. data, the first term in the
above bound is variance o2 of the distribution under the given norm, while the third term
disappears under the expectation. For the second term, we perform the same quadratic
expansion to obtain

2
E|M; - u|? < = 1)2 YiAE|z - pl* <% and thus X2 E|ay — My|? < To? + 02 (log T + 1)

Coupled with the full-information results of Lemma 2 or Lemma 3, we obtain an O(o\/T)
bound on regret, implying the natural transition from the noisy to deterministically pre-
dictable case as the noise level goes to zero.

The same argument works for the case of bandit information, given that M; can be
constructed to estimate M well (e.g. using the arguments of Hazan and Kale (2009)).

12
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Appendix A. Improved Bounds for Small Losses

While the regret bound for the original SCRiBLe algorithm follows immediately from the
more general Lemma 5, we now state an alternative bound for SCRiBLe in terms of the
loss of the optimal decision. The bound holds under the assumption of positivity on the
losses. Lemma 10 is of independent interest and will be used as a building block for the
analogous result for the multi-armed bandit in Lemma 11. Such bounds in terms of the loss
of the best arm are attractive, as they give tighter results whenever the loss of the optimal
decision is small. Thanks to this property, Lemma 11 is used in Section 4 in order to obtain
bounds in terms of predictable process performance.

Lemma 10 Consider the case when R is a self-concordant barrier over F and sets F and
X are such that each (f,z) € [0,s]. Then for the SCRiBLe algorithm, for any choice of step
size n < 1/(2sn?), we have the bound

I 1 4 * -1 *
E[; (ft,$t>:| < 1= (2sn%)7 (;(f o)+ R(f ))

We now state and prove a bound in terms of the loss of the best arm for the case of
non-stochastic multiarmed bandits. Such a bound is interesting in its own right and, to
the best of our knowledge, it does not appear in the literature.? Our approach is to use
SCRiBLe with a self-concordant barrier for the probability simplex, coupled with the bound
of Lemma 10. (We were not able to make this result work with the entropy function, even
with the local norm bounds).

Suppose that Nature plays a sequence x1, ...,z € [0, s]d. On each round, we chose an
arm j; and observe (e;,, zy).

SCRiBLe for multi-armed Bandit (Abernethy et al., 2012, 2008)
Input: 7> 0. Let R(f) = - ©i log(f[i]) ~ log(1 - £ [4])
Initialize ¢; with uniform distribution over arms. Let hy = ¢1[1:d — 1]
At timet=1to T
Let {A1,...,Ag-1} and {A1,..., g1} be the eigenvectors and eigenvalues of
V2R (ht).
Choose i; uniformly at random from {1,...,[d - 1]} and draw &; ~ Unif{+1}.
Set fi = hy + e\ PNy, and g; = (fr,1- S5 fili]).
Draw arm j; ~ ¢; and suffer loss (e;,, z¢).
Define #; := d ((ej,,z¢)) 5t)\§t/2 A,
Update : hyyq = argming gga-1 [n (h, >t :%S) + R(h)] :

Lemma 11 Suppose x1,...,x7 € [0,5]%. For any n < 1/(4sd?) the expected regret of the
SCRiBLe for multi-armed Bandit algorithm is bounded as :

T 1 ) T .
E{E (ejt,xt)} < TT}SCP inf Z (ej,xt) +dn " log(dT)

t=1 jeld] t=1

2. The bound of Auer et al. (2003) is in terms of maximal gains, which is very different from a bound in
terms of minimal loss. To the best of our knowledge, the trick of redefining losses as negative gains does
not work here.
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Appendix B. The Doubling Trick

For completeness, we now describe a more or loss standard doubling trick, extending it
to the case of partial information. Let Z stand for some information space such that the
algorithm receives I; € Z at time ¢, as described in the introduction. Let W : ug(Z x F)® —» R
be a (deterministic) function defined for any contiguous time interval of any size s € [T].
By the definition, W(7I,,..., I}, fr,..., ft) is computable by the algorithm after the t-th step,
for any r <t. We make the following monotonicity assumption on V¥: for any I,...,I; € Z

and any fi1,..., fr € F, U(L14-1, fr-1) < (L1, f1:) and (Lo, for) < O (L1, f1i)-

Lemma 12 Suppose we have a randomized algorithm that takes a fixed n as input and for
some constant A without a priori knowledge of T, for any 7 > 0, guarantees expected regret
of the form

E [iloss(ft,a:t) — inf iloss(f, a:t)] < Anfl +nE [V (117, f1:r)]
t=1 feFt=1

where U satisfies the above stated requirements. Then using this algorithm as a black-box
for any T >0, we can provide a randomized algorithm with a regret bound

T T
E [zloss(ft,a:t) - Jicnf Zloss(f, :Ut)] < 16\/AIE (Y (1.7, f17)]
=1

eF t=1

Proof The prediction problem is broken into phases, with a constant learning rate n; = 1792~
throughout the i-th phase, for some 79 > 0. Define for ¢ > 1

Si+1 = min {7' : 771'\:[](]81'17'7 fsi:T) > A/r/z_l}

to be the start of the phase ¢ + 1, and s; = 1. Let N be the last phase of the game and let
sy+1 =T + 1. Without loss of generality, assume N > 1 (for, otherwise regret is at most
4A/no). Then

T T [ N Skp1-1 she1-1
E| > loss(ft, ;) — inf ) loss(f, xt)] <E|> E [ > loss(fr, ) —inf Y loss(f,xt)
t=1 fEft:l k=1 Spispp1—1 t=sp, fE.T— t=sp,

N
S ]E Z (Anlzl + 77k E [‘II(ISkiskJrl*l’ fsklsk+11)])]

SkiSpe1—1

where the last inequality follows because 1V (L, :s,,, -1, fsgispei-1) < Anp, ' within each phase.
Also observe that

77N—1‘I’(13N_1:5N7 fsN_lzsN) > Aﬁz_vl—h

which implies

2N = = ok < 2\/qj(IsN1:sjj4, fsn_1isn) < 2\/\11(11:1, fir)
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by the monotonicity assumption. Hence, regret is upper bounded by

N N
25" Anit = 240512 Y 2N <4 angteN < 8/ A U(Ihr, frr)
k=1 k=1

Putting the arguments together,

|:Z IOSS(ft, mt) inf Z IOSS(f, J}t):| < 8E [\/ A \II(Il:Ty fl;T):I < 8\/A E [\Il(IlzTa fl:T)]

feFt=1

Now, observe that the rule for stopping the phase can only be calculated after the first
time step of the new phase. The easiest way to deal with this is to throw out N time
periods and suffer an additional regret of sN (losses are bounded by s). Using 19 = 44/s
this leads to additional factor of sN < 2V = 4An612N <8/ A V(Iy.7, f1.7), which is a gross
over-bound. In conclusion, the overall bound on regret is

[Zloss(ft,a:t) 1anloss(f,a:t)] <16\ AR [U (11, fi1)] -

feFt=1
|

We remark that while the algorithm may or may not start each new phase from a cold
start (that is, forget about what has been learned), the functions M; may still contain
information about all the past moves of Nature.

With this doubling trick, for any of the full information bounds presented in the paper
(for instance Lemmas 2, 3, 4 and 6) we can directly get an algorithm that enjoys a regret
bound that is a factor at most 8 from the bound with optimal choice of 7.

For Lemmas 5, 7, 8 and 9, we need to apply the doubling trick to an intermediate
quantity, as the final bound is given in terms of quantities not computable by the algorithm.
Specifically, the doubling trick needs to be applied to Equations (5), (7), (8) and (9),
respectively, in order to get bounds that are within a factor 8 from the bounds obtained
by optimizing n in the corresponding equations. We can then upper these computable
quantities by corresponding unobserved quantities as is done in these lemmas. To see this
more clearly let us demonstrate this on the example of Lemma 9. By Equation (9), we have
that

T T T

B[ 33 () - 20" | €7 RO 200 | (U - M7
=1 =1 t=1

Now note that ({f:,z; — M]*))? is a quantity computable by the algorithm at each round.

Also note that 2nn? Y1 ((fi, 21 — M*))? satisfies the condition on ¥ required by Lemma

12, as the sum of squares is monotonic. Hence using the lemma we can conclude that

T T T
E[; ft,ZL't Z f ZL’t :| < 16J 2n2R(f*)E|:Z;(<ft,ZL‘t —Mzrt>)2:| (10)

The following steps in Lemma 9 (see proof in the Appendix) imply that

T T
E[tzl“f“"’”t - My W] <2 (E[mf > e - MerQ] +32|H|3log<T|n|>)

mell ¢=1
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Plugging the above in Equation 10 we can conclude that

T T '
E|Y (frome) = D (", ) ]slG\J 4n2R(f*)( [mfZth—M“H +32|H|3log(T|H|))
t=1 t

] mell ¢=1

This is exactly the inequality one would get if the final bound in Lemma 9 is optimized for
1, with an additional factor of 8. With similar argument we can get the tight bounds for
Lemmas 5, 7 and 8 too, even though they are in the bandit setting.

Appendix C. Proofs

Proof [Proof of Lemma 2| Define g;11 = argminger 7)(f7 Y xs> + R(f) to be the
(unmodified) Follow the Regularized Leader. Observe that for any f* € F,

T T T
S Afe= 5 ae) =D (fr = grer, we — My) + Y (fr = g1, My) + Z Gee1 — [ 24) (11)
=1 =1 =1 =1

We now prove by induction that

Z(ft_gtﬂyMt) + Z(gmlﬂvt Z fr SCt +1 1R(f ).
t=1 t=1 t=1
The base case 7 = 1 is immediate since M; = 0. For the purposes of induction, suppose

that the above inequality holds for 7 =T — 1. Using f* = fr and adding (fr — gr+1, M) +
(97+1, x7) to both sides,

T T T-1
Y fe = grat, My) + > {grer, @) < Z fryze) + " R(fr) + (fr - 9741, M7) + {9741, 27)
t=1 t=1 t=

IN

T-1

(fT7 > t+MT>+77 R(fr) = (91+1, M7) + {(97+1, 27T)
t=1

< <9T+17 Z T+ MT) + 0 "R(gr+1) = (gr+1. M7) + (9741, 1)

g* th)w "R(g")

by the optimality of fr and gr,1. This concludes the inductive argument, and from Eq. (11)
we obtain

T T
S fe=Frm) <3 (fr = geo,m - M)+ ' R(S) (12)
t=1 t=1

Define the Newton decrement for ®:(f) = n (f, Y xs+ Mt+1> +R(f) as

A, @) = [VO(f)]F = V2@ (f) " VR f)] -

Since R is self-concordant then so is ®;, with their Hessians coinciding. The Newton
decrement measures how far a point is from the global optimum. The following result can

18
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be found, for instance, in Nemirovski and Todd (2008): For any self-concordant function
R, whenever A\(f,R) <1/2, we have

|f - argminR| s < 2A(f,R)

where the local norm | - |7 is defined with respect to R, ie. [g]; = \/9"(VZR(f))g.
Applying this to ®; and using the fact that V®;_1(gp1) = (M — ),

Ife = g1l g = llges1 — argmin @¢||;, < 2A(ger1, Pr) = 20| My — 4], (13)
Hence,
T T .
(fe =[5 we) <D fe = geelelme = Me|] + 07 " R(F)
t=1 =1
= 2 1
<20 (lwe = M| 7,)" + 07 R(f™),
t=1
which proves the statement. |

Proof [Proof of Lemma 3] For any f* € F,

(fe = f" ) = (e = geers xe = My) + (ft = grar, My) + (ge1 — f7, 24) (14)
First observe that
1
(ft = ger1, e = My) < | fe = gean| |e — My, < g |2 = M7 + % | fe—geat]® - (15)

On the other hand, any update of the form a* = argminge4 (a, z) + Dr(a, ¢) satisfies for any
d e A (see e.g. Beck and Teboulle (2003); Rakhlin (2008))

(" —d,z) < Dr(d,c) - Dr(d,a*) - Dr(a*,c) . (16)
This yields

(ft = gt+1, My) < = (DRr(ge+1, 9t) = Dr(gt+1, ft) = Dr(ft, 9t)) (17)

SR

and

<9t+1 - f*ﬂft) < (D'R(f*?gt) - D'R(f*agt+1) - DR(QHLQt)) . (18)

S .

Using Equations (15), (18) and (17) in Equation (14) we conclude that
" 1
(Fe= 17 we) < 3 lae= Mol + oo | fi = g
2 2n
1
+ " (Dr(gt+1,9t) = Dr(gt41, ft) = Dr(f1: 9t))
1 * *
+ " (Dr(f",9t) = Dr(f", g1+1) = DR(gt+1,9¢)))

’I’] ]. ]- * *
<5 |z - Me|? + o | fi = gea|* + ; (Dr(f",9t) = DR(f", 9t41) = Dr(gt+1, f1))
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By strong convexity of R, Dr(gt+1, ft) > % lgte1 = fi ||2 and thus

(fe = f" x) < g |ze — Mi|? + % (Dr(f",9t) = DrR(f", 9t41))

Summing over ¢t = 1,...,T yields, for any f* e F,

T 2

R
S (- 1) sﬂznxt My |2 4 “max
t=1 2z n

where R2 . = maxser R(f) — minger R(f). [ |

Proof [Proof of Lemma 4] The proof closely follows the proof of Lemma 3 and together
with the technique of Abernethy and Rakhlin (2009). For the purposes of analysis, let g¢.1
be a projected point at every step (that is, normalized). Then we have the closed form
solution for f; and gy41:

exp{-n Y vs(i)} exp{-n ¥2) @5(i) - nMy(i)}

910 = S et s 2 T S e on S () - M ()]
Hence,
ga()) _ exp{-nyiiz()}  Eiaexp{-nXiwa() - M)}

f()  exp{-nSii 2 (i) - M (D)} XL exp{-nXi 2.(5)}
>4 exp{-n T zs(j) - nMi(j)}
= ex xi (1) — M (2
T ey s poy o 5y WS YA 5
exp{-n(x¢(i) - Mt(Z))}
291 fi(5) exp {=n(w (i) - My(i))}

For any f* € F,
(fe = 7 ) = (fr = Gear, me = M) + (fr = grar, My) + (gre1 = [, 21) (20)

First observe that

(19)

(fe = gear, xe = My) < | fe = gee1 |y e — MtH: . (21)

Now, since V2R is diagonal,
d d
1 fe = geall; = 2 (fi(0) = 901 (0))? (i) = =1+ 3 fuli) (gea1 (D) £i(i))?
i=1 i=1

using the fact that both f; and g;+1 are probability distributions. In view of (19),

exp{-Z} )2

2
- - 1+E
142 = gl " (Eexp{—Z}

20
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where Z is defined as a random variable taking on values n(x.(i) — M¢(i)) with probability
f1(3). Then, if almost surely EX — X < a/2,

(-7} )’ (-2} \'_, a1
E(Eexp{—z}) ‘“E(W) ~1=Eep{2(87 - 2)) -1 45 ()

since the function (e¥ —y —1)/y? is nondecreasing over reals. As long as |p(z;(i) — My(i))] <
1/4, we can guarantee that EZ — Z < 1/2, yielding

d
|fe = geaall, < 2VEZ? =2 ;ft(i)(n(évt(i) = My(i)))? = 2n]as = M|y

Combining with (21), we have
(fi = gevr, @ = My) < 29(|lae = My|})? (22)

The rest similar to the proof of Lemma 3. We have

(ft = gt1, My) < = (DR(g+1, 9t) = Dr(9t+1, ft) = Dr(ft,9t)) - (23)

I |~

and

(g1 — 5 2e) < = (DR(f",9t) - DR(f™, gt+1) = Dr(9t+1,9¢)) (24)

SER

We conclude that
(fo— 1" 2e) <2n(ae - My|})?
1
+ " (DRr(gt+1,9¢) = Dr(gt+1, ft) = Dr(ft,9t))

+ % (Dr(f*,9) - Dr(f* g1 - Dr(ges1.90))

<2n(|lwe - Me|;)* + % (Dr(f",9t) = DR(f™, gt+1) — Dr(gt+1, f2))

Summing over t = 1,...,T yields, for any f* e F,

T

. I “ logd
(fo= 1w <20 2 (e - M) + =2
=1 t=1

t
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Proof [Proof of Lemma 5] In view of Lemma 2, for any f* € F
T T 5
> Ahe @) = YA f &) < R )+2772(H9€t—MtH )
t=1 t=1

%y 2
)

RO 2 Y (U - M) (e
t=1

T
<y 'R(f*)+2n 21”2(<ft7xt - My))?
t=

T
<TIR(ST) + 2mm? Y o - My®
t=1

where for simplicity we use the Euclidean norm and use the assumption | f;| < 1; any primal-
dual pair of norms will work here. It is easy to verify that Z; is an unbiased estimate of x;
and E[f], = hy. Thus, by the standard argument and the above upper bound,

<f*’ xt):l

t=1 t=1

o

< 'R(F) + 20 Y 0P B[ ((frym - My))?)

B[ ) - 207 | - 2 ) -

NS

(ht, Tt) = (f*,i“t>]

1

S TS T

t=1
1 2w 2
< R(fT)+2mn ZE[th - M| ] .
t=1
The second statement follows immediately. |

Proof [Proof of Lemma 6] First note that by Lemma 3 we have that for the M; chosen
in the algorithm,

T T
S {ferae) - Z from) < 'RZ .+ gz |y — My |2
t=1 t=1 t=1
n T
1R12nax > Z Z gt ()| e — M HE (Jensen’s Inequality)
2 t=1 mell
12 n( 4e e w2
Rmax o inf Z ”xt - Mt ”* + 10g |H|
2 - mell ¢=1

where the last step is due to Corollary 2.3 of Cesa-Bianchi and Lugosi (2006). Indeed, the
updates for ¢;’s are exactly the experts algorithm with pointwise loss at each round ¢ for
expert 7 € II given by |M[ - act||z Also as each M € X the unit ball of dual norm, we can
conclude that |M] -z, ||z < 4 which is why we have a scaling by factor 4. Simplifying leads
to the bound in the lemma. |
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Proof [Proof of Lemma 7] In view of Lemma 2, for any f* e F
T T . 5
Yo, @) = Y (S T) <7 R(ST )+2772(H9Ct—MtH )
t=1 t=1

%\ 2
)

LRG29S (o - MY ([N
t=1

T
< 'R(f*) +2nn? Z;((fu x — My))?
t=

It is easy to verify that #; is an unbiased estimate of z; and E[f], = hy. Thus, by the
standard argument and the above upper bound we get,

Mﬂ

T T
E;(fhxt t;f ﬂft] [t (ht, 1) = (f*7$t>]

o

T
RO +2nn2E[z<<ft,zt —Mt>>2]

t=1

Il
—

(i, Tt) =

T T

(f*vjt>:|

M=

Il
i

This proves the first inequality of the Lemma. Now by Jensen’s inequality, the above bound
can be simplified as:

T T T
E Zlm,xt 21 f :ct]<n‘1R(f*>+2nn2E[Zl(<ft,xt—Mt>>2]

T
IR + 2nn2E[Z S () (U - Mm)z]

t=1 mell

<n 172(f )+877n ( 1)(E1n§2( ooz — M7r>) +log|H|)
mell =1
where the last step is due to Corollary 2.3 of Cesa-Bianchi and Lugosi (2006). Indeed, the
updates for ¢;’s are exactly the experts algorithm with point-wise loss at each round ¢ for
expert 7 € I given by ({f:,z; — M[))?. Also as each M € X the unit ball of dual norm,
hence we can conclude that ({f;, z; — M]))? < 4 which is why we have a scaling by factor 4.
Further since | f¢| <1 we can conclude that :

T T
E Z frowe) — Z fra)|<n 172(]” )+817n (e 1)(E1nf2||xt M’T|| +10g|H|)
t=1 t=1

mell¢=1

T
< 'R(f*) + 13002 (IE inf Y [z - M[|* +log |H|) .
mell¢=1

This concludes the proof. |
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Proof [Proof of Lemma 8] First note that by Lemma 3, since M/ is the predictable
process we use, we have deterministically that,

T T

T
(o) = 2 AS ) €7 B+ 2 3 = M2
t=1 t=1 t=1

Hence we can conclude that expected regret is bounded as :

T n T
B[St - L | ¢ R | - 72| )
t=1 t=1 t=1

This proves the first inequality in the lemma. However note that the update for ¢’s is
using SCRiBLe for multiarmed bandit algorithm where the pointwise loss for any m € II
at round ¢ given by |z;— M|?. Also note that maximal value of loss is bounded by
maxyy, o, |v¢ — M|, < 4. Hence, using Lemma 11 with s = 4 and step size 1/32[TI|?, we
conclude that

T T

E [Z e = M ||3] <2inf 37 |l = M| + 64|TI log (TTI])
t=1 mell =1

Using this in Equation (25) we obtain

T T
E[z foa -3 () ] RS+ (infznxt—M:n%+32|H|dlog<T|H|>)
t=1 t=1

mell ¢=1

Proof [Proof of Lemma 9] In view of Lemma 2, for any f* € F

T T

T
(hey o) = 2 AL @) <7 R(S*) + 20 3 (17 - M [7)?
=1 =1 t=1

%\ 2
)

T
= R(F) + 20 Y (fime - M) (i

T
<y 'R(f*) + 2nn? E;((ft,wt - MJ))? .
t=

We can bound expected regret of the algorithm as:

T T
]ETI'I;T,’L'LT Z ft?xt Z f ,,It:| Z]E’th 1,7’l’1t h’taxt Z f :L‘t
t=1 t=1 t=1

t=1

T T
Z]E 1108, 1:t ht,fL’t Z f* '/it
t=1 t=1

< IR(F) + 2 E [;«ft,wt . Mz”>>2] (26)
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This gives the first inequality of the Lemma. However note that the update for ¢;’s the
distribution over set II is obtained by running the SCRiBLe for multi-armed bandit algo-
rithm where pointwise loss for any 7 € IT at round ¢ given by ({f;,z; — M[))%. Also note
that maximal value of loss is bounded by 4. Hence using Lemma 11 with s = 4 and step
size 1/32|I1]* we conclude by the regret bound in that lemma that

T T
E [Z((ft,xt - M;”))Q] <2FE [inlf] S fry e = MTT))? + 64[TI 1og(TyH|)]
t=1 mell ¢=1
Plugging this back in Equation (26) we conclude that
E[Regr] < n_lR(f*) + 477n ( [1nf Z (fe, e — M) :| + 32|H|310g(T|H|))

mell t=1

<TIR(S*) + Ann? (IE [inf S e - M ||2] + 32 log(T|H|)) :

mell ¢=1
|
Proof [Proof of Lemma 10] In view of Lemma 2, for any f* € F
T T . 5
o Ahe E) = D &) < R(F )+2772 [Z¢]17)
t=1 t=1 t=1
1 U 12, |I* 2
=n 'R,(f*)+2772n ((ft,xt (Hé‘t)\ t)
t=
T %\ 2
< T’_lR(f*) +2s nn Z ftaxt (HEt)\itQ 1t t)
1 T
ST]_ R(f*)+28 nn Z ft,l‘t
It is easy to verify that Z; is an unbiased estimate of ; and E[f], = hy. Thus,
T T T T
E Z ftyxt Z f , Lt ] [Z (htﬁﬁt) Z <f »’Ut)]
t=1 t=1 t=1 =1
T T
=E|:Z<ht,fét) Z(f »”Ct)]
t=1 t=1
T
< YR(f*) +2s nn E[Z ft, ) ] :
Hence we can conclude that
[ | < =y (10 3 b )
E frox)| < ——————1[inf ) (f,z +77_7?,f*)
t=1 v 1= (2sn°)n \fer i '
|
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Proof [Proof of Lemma 11] We are interested in solving the multi-armed bandit problem
using the self-concordant barrier method so we can get a regret bound in terms of the loss
of the optimal arm. We do this in two steps, first we provide an algorithm for linear bandit
problem over the simplex. That is we provide an algorithm for the case when learner plays
on each round ¢; € A([d]), adversary plays loss vector z; € [0, s]% and learner observes (g, z;)
at the end of the round. Next we show that this bandit algorithm over the simplex can
be converted into a multi-armed bandit algorithm. To this end let us first develop a linear
bandit algorithm over the simplex based on self-concordant barrier algorithm (SCRiBLe).

Bandit algorithm over simplex: Note that one can rewrite the loss of any ¢ € A([d])
over any z € [0, s]%

(g, z)=(q[1:d-1],2[1:d-1]) + (1 - (q[1:d-1],1))z[d]
=(q[1:d-1],z[1:d-1]-1z[d]) + z[d]

=((q[1:d-1],1),(z[1:d-1] - 1z[d],z[d]))

Since the above we have for any distribution over the d arms ¢, and any loss vector z, we
see that solving the linear bandit problem where learner picks from simplex and adversary
picks from [0, s]¢ is equivalent to the linear bandit game where learner picks vectors from
set F' and adversary picks vectors from set X’ where

:{(f, ): feR" st Vie[d-1], f[i] 20, Zf }

and X’ {(z[1:d-1]- [ ] z[d]):x e X}. Now we claim that the function R(f) =

-4 og(f[i]) - log(1 - X4 £[i]) is a self—concordant barrier of the set .7-"’ To see this
first note that the functlon R(f[l d-1]) = - X E L og(f[4]) - log(1 - XL f[4]) is a self-
concordant barrier on the set {f e R¥!: Vie [d- 1]f[ 120,54 f[i] < 1}. Now since the
function R is simply the same as the function R applied only on the first d — 1 coordinates
of the input it is easy to see that R is a self concordant barrier on F’. Hence using Lemma
10 we can conclude that for the SCRiBLe algorithm with this reduction with any choice of
n >0 and any ¢* € A([d]),

T 1 T
E[;(Qt,xﬁ]ﬁm t; q",xe) +dn” m[z%i)]dog(l/q []))

1 T
<———| inf (q, ) + 1 +dn " log(dT)
1= (25d®)n \ gea(ra)) t;

1 T
=——— | inf Y (ej,x) +1+dn " log(dT) (27)
1-(2sd?*)n je[d] z; ’
where the last step obtained by picking ¢* = (1 -1/T)ej + ¥, (1/(d = 1)T)e; with j* =

argmin Zthl (e, ).
jeld]
Thus we have a linear bandit algorithm over the simplex with the bound given in Equa-

tion (27). Now we claim that this algorithm can be used for solving multi-armed bandit
problem.
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Using linear bandit algorithm over simplex for multi-armed bandit problem:
We claim that the algorithm we have developed for the simplex case can be used for the
multi-armed bandit problem. To see this note first that for any choice of q1, ..., qr € A([d])
and any choice of z1,...,zp,

T
E[;(qt,xt>]— inf (q,:z:t)zE[

qeA([d])
gl
t

Hence this shows that if we have an algorithm that outputs ¢1,...,¢r then on each round
by sampling the arm to pick from ¢; we get the same regret bound. However note that to
run a bandit algorithm over the simplex we needed to be able to observe (g, x¢), while in
reality we only observe (ej,,x;). There is an easy remedy for this. Note that we needed to

E [(ejt,xt)]] — inf (ei, z¢)
i€[d]

Jt~qt

(€j,,x¢) — inf (ei,xt)]
ie[d]

M= TS

Il
—_

observe (g, x;) only to produce the unbiased estimate Z; := d ({q¢, x¢)) Et)\gt/ 2 -A\;,. However,
d ({qt,xt)) 5t/\;t/2-Ait =E; [d ((ej,, ) Et)\z.lt/Z . Ait]. Hence, d ({(e;,, z+)) st)\l.lt/Q-Ait is also an

Jt~qt
unbiased estimate of Z; and so the algorithm can simply use (ej,,x;) to build the estimates
while enjoying the same bound in expectation. Thus, SCRiBLe for multi-armed bandit

enjoys the bound

T 1 ) T "
E{E <€jt,l‘t)} < TT]SCZZ ]mf Z (ej,:r:t) +dn 10g(dT)

t=1 je[d] t=1

which concludes the proof. |
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