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Abstract

We demonstrate a modification of the algorithm of Dani et al [5] for the online linear opti-
mization problem in the bandit setting, which allows us to achieve an O(V/T' InT') regret bound
i high probability against an adaptive adversary, as opposed to the in expectation result against
an oblivious adversary of [5]. We obtain the same dependence on the dimension (n%/?) as that
exhibited by Dani et al. The results of this paper rest firmly on those of [5] and the remarkable
technique of Auer et al [1] for obtaining high-probability bounds via optimistic estimates. This
paper answers an open question: it eliminates the gap between the high-probability bounds
obtained in the full-information vs bandit settings.

1 Introduction

In the online linear optimization problem as studied, for instance, by [6, 8], the decision maker
(player) at each time ¢ € {1,...,T} chooses a vector x; from a decision space D C R™. The reward
or gain obtained at time ¢ is a linear function Gjx; of z;, chosen by the adversary at the same
time that x; is chosen. An oblivious adversary is a fixed sequence {G;} of linear functions, while
an adaptive adversary can choose Gy depending on x1,...,x;1. The goal of the decision maker is
to minimize the regret

T T
max E Gix — g Giz ,
xeD

=1 t=1

which is the difference between the total gain of the best decision in hindsight and that of the
decision maker. In the full-information setting, the linear function Gy is revealed to the decision
maker at the end of each round and gradient methods, for instance, can be employed to achieve
O(V/T) bounds on the regret if the decision space is convex. The efficient randomized method of
Kalai and Vempala [6] also enjoys this guarantee on the expected regret.

The partial information or bandit version of the problem has been receiving increasing attention
in the recent literature. In the bandit version, the decision maker only gets to observe Gjx;. In



other words, only the value of the linear function at the decision made, not the full function, is
revealed. For the special case when D = {ei,...,e,} is the standard basis in R", the problem
is referred to as the adversarial n-armed bandit problem. Auer et al. [1] gave several algorithms
for the n-armed bandit problem with near-optimal regret bounds. Their Exp3 algorithm achieves
O*(\/ﬁ ) regret in expectation.! However, the gains accumulated by Exp3 turn out to have high
variance and hence the authors proposed another algorithm Exp3. P that achieves O*(v/nT) regret
with high probability. The key idea used by Exp3. P is that of maintaining biased estimates of the
actual gains of various bandit arms. The bias is made large enough such these estimates are upper
bounds on the actual gains with high probability.

One can use Auer et al.’s algorithms in the online linear optimization setting by associating an
action with element of D (or an appropriate discretization of D). However, since the size of D is
usually exponential in n for most problems of interest (e.g. online shortest paths), the regret bounds
thus obtained are loose. Several authors [2, 7, 4, 5] have obtained stronger bounds. Some of these
results even hold for the case of adaptive adversaries, that is adversaries that do not a priori fix a
sequence of functions to be played. Nevertheless, even for an oblivious adversary (one whose moves
do not depend on player’s actions) the best regret bounds were O*(poly(n)T%/?). Recently, Dani et
al. [5] proposed a breakthrough algorithm that achieves O*(n3/2y/T) bound on the expected regret.
The dependence on T is optimal ignoring logarithmic factors. Their algorithm is similar in flavor
to the Exp3 algorithm of Auer et al. Moreover, like the original algorithm, the estimates kept by
their algorithm can also have high variance and therefore the question of achieving O* (poly(n)v/T)
regret bounds that hold with high probability remained open.

We propose an algorithm called GH. P that does achieve the desired regret bounds with high
probability. It is based on the idea of using high confidence upper bounds that was also utilized by
Exp3.P. Our results are obtained by combining this idea with the insights obtained in Dani et
al.’s paper [5]. A key step in our analysis involves the use of strong concentration inequalities like
Bernstein’s that take variance information into account. We also mention that our bounds scale as
n3/2 with the dimension, which matches the in expectation results of [5]. Curiously, the bounds in
the full-information setting of prediction with expert advice (see e.g. [3]) have a logn dependence
on the dimension.

It is known that, without loss of generality, we can assume that the adversary’s choice of Gy is
a deterministic function of xi,...,z;—1 (see e.g. [4, Remark 3.1], [7]). This makes G a constant
when conditioned on x1,...,x:_1, a property essential for our proofs.

While the result of the paper closes the gap between the lower and upper bounds in high
probability on the regret in the bandit setting with linear functions, the quest for an efficient
algorithm is still open.

The plan of the rest of the paper is as follows. We present the algorithm GH. P and the high-
probability performance guarantee in Section 2. This is followed by the proof of the bound in
Section 3. The proof consists of two steps: (i) proving that certain upper bounds do hold with
high probability, and (ii) the usual analysis of exponential updates using the exponential potential
function. We discuss further open questions in Section 4.

'In the rest of the paper, we will use O*(-) notation to hide constant and logarithmic factors.



2 Algorithm GH.P and a v7-Bound

In this paper we mostly follow the notation of Dani et al [5]. We will, however, set the game in
terms of gains instead of losses. To this end, denote the decision space by D and suppose that
D c [-1,1]". Denote the linear function played by the environment at time ¢t € {1,...,T'} by

and the prediction of the player (decision maker) by z; € D. Define

Grax = max E Gix and Galg : E Gl .

Hence, the goal of the decision maker is to minimize Gpax — Galg.

We assume that G{z € [0, 1] for all x € D and that the standard basis (spanner) is in D (or that
there exists a 1-barycentric spanner). According to Lemma 3.1 of [5], we can further assume that
D is discretized and of size at most (4nT)"/?, as the optimal gain of a decision in this discrete set
is within an additive v/nT of the best gain in the corresponding continuous decision space. Only
the logarithm of the cardinality of the set will enter in our bounds.

The algorithm presented below is a modification of the algorithm in [5]. Note that the difference
is in the way we update weights wy, using upper confidence intervals. This modification was crucial
in the results of Auer et al [1] for obtaining high-probability bounds in the n-armed bandit setting.
This update is also a crucial change to the algorithm of Dani et al [5].

Algorithm 1 GeometricHedge.P algorithm (GH.P)

1: Input: parameters n,v,a,T
2: Ve € D,

w1 (z) = exp(nav/T)

3: fort=1toT do

4: Ve e D,
wy(x) gl

pe(z) = (1— ’Y)m + El{me spanner}
5. Sample x; ~ p;
6:  Observe gain g = G|y
7. LetCy =), pt( Jrx" = Egpep, [z27]
8: Let Gt = gtC Tt
9: Ve D,

~ (0% _

w1 () = wi(z) exp [Tl < 17+ ﬁxTCt 195)}

10: end for

The main result of this paper is the following guarantee on the algorithm GH. P.

Theorem 2.1. If we set o = 2\/111% + (n/2)In(4nT), v = % \\//1%14”7 and 1 = v/3n?, then

against any adaptive adversary with probability at least 1 — 46,

Gmax < Galg + QnWﬁ—}— 12n3/2\/1n4nT\/T+ Q,

where Q = 4n3/21n ! (annT)1/4 +3nlnT + 2n?In4dnT, a remainder term.

Next section is devoted to the proof of Theorem 2.1.



3 Analysis

We first state several results obtained in Dani et al [5] which will be important in our proofs.

Lemma 3.1. For any x € D and t € {1,...,T}, it holds that
o |Ga| <n?/y
e 2TC;lz < n?/y.

. erDpt(x)xTC;lx =n.

3.1 High Confidence Upper Bounds

Let E[-] denote E[-|x1, ..., x4—1]. Since we are considering adaptive (but deterministic) adversaries,
Gy is not random given zy,...,x¢—1. Observe that Efzix]| = Epp, [z2"] and, thus, E ]G] = G;.
However, the fluctuations of the random variable G; are very large. The following lemma provides

a bound on these fluctuations. Its proof closely follows that of Auer et al [1].

Lemma 3.2. If a < 2V/T then for any x € D,

T T
N 1 _ —ao2
Pr <ZGI:C > ZGIJJ—F@ (\/T—F —TZxTCt 1:1:)) < Tem o /4
Proof. Fix an x € D and let

ox(t+1) ::ﬁ+—ZxTCT_1x,

St 1= < .
P 20, (t+1) T 2T

Since o < 2¢/T and ox(t+1) > VT, we have s; < 1. Now,

T
Pr (Z(Gt — G — aoy(T+1)/2 > ac,(T + 1)/2>

t=1

< Pr (sTtil ((Gt Gz — \%aﬁcglx) > a2/4>

T
=Pr|exp|s (Gy — Gz — ixTC;lx ) > ex (a2/4)>
(o (2 i) ) 2o

T
2 A (6
< e */*Eexp <ST g ((Gt —Gy)'x — azTCtlaz>>
t=1 vT

~~

Zr




Now,

]EtZt = Ztsi/lst_lEt exp [St(Gt - ét)Tx} exp [—st\;)%xTCt_lx]

< Zfi/lst’lEt [1 + 5:(Glx — Gix) + s2(Glx — sz)ﬂ exp [—staxTCt_lx] (2)
VT
_ _ a _
< Zfi/lst ! [1 +0+ s22"C; 1:6} exp [—st\/fﬂcTCt 11‘] (3)
< fo/lst_l [1+4 si2"C; 2] exp [~s72"C; 'z (4)
<z (5)
<1+ Zi (6)

Equation (2) uses s;(Gy — Gy)Tz <1 and e < 14 a+ a? for a < 1. Equation (3) uses E;[G;] = Gy
and

E(Glz — Gla)? = Vary (Gl z)
< Ey(Giz)?
=E,; [g/2"C; 'z2, C; ']
< 2"C;'Ey [242]) C;

=2'C;'C,Ci e =2"C e

Equation (4) uses s; < a/(2v/T). Equation (5) uses 1+ a < e® for any a. Finally, equation (6) uses
2" <14z for any z > 0 and r € [0,1]. Note that s; is a decreasing sequence and hence s;/s;—1 < 1.
Noting that Z; <1 we get EZ7r < T'. Thus the lemma follows from (1). O

3.2 Potential Function Analysis

Our choice n = ~/3n? implies that nGTz < 1/3. Moreover, if a < 2v/T then naz™C; ra/VT < 2/3
(by Lemma 3.1) and hence
o)

VT

Now using the fact that e* < 1+ a + a® for any a < 1 and that (b + ¢)? < 2(b% + ¢2) for any b, c,
we get

n (G’Iw + xTCt_Ix> <1.

wy(x) exp {77 ( T+ %xTCt_lx)]

Wiy
Wi g,; 2 zep Wt(T)
) — 11 . . 2022
_ P ) nt{re spanner} 14 776%0 I ﬂxTCt—lx n 2772(GtT$)2 " a‘n (:UTC[lx)Q
11—~ vT T
xeD

207

T

Sl [Z pe(w)Cia + %pt(:c)ffc{ Y+ 2py(2) (GT)? +

pi(x)(x"Cy 196)1



Summing over ¢ and using the fact that log(1 + z) < =z,

W B N 2c _
R ZZpt D)Glr+ ()2 Cy e+ 20y () (G + 2 () 07O
t=1 =z

In the remainder of the section, we bound each of the four terms in the above upper bound,
summed over ¢t and x. The first term is the most difficult to deal with. We would like to relate
it to the total loss of the algorithm, Zthl G{z:. However, the magnitude of the random quantity
GtTa: grows with 7' and a direct approach yields rates worse than the desired v/T' dependence. It
turns out that a more careful analysis can be applied to show that the variance of ) pt(x)ézw is
in fact small. The key is to utilize the Bernstein inequality for martingale differences.

3.2.1 First term

Lemma 3.3. With probability at least 1 — 26

Zzpt th’—ZGtﬂ?t (n+1)v2TInd~1 + - 1n5 n2fy*1/2

Proof. We can write C; ! = V;A;'V] where A; ! is a diagonal matrix of AL L’s and columns of V,
are orthonormal bases. Then

n
e'Cl ey = Z /\;i1 (T ;) (zf o).

Let us adopt the following notation. For any y, let y = > | Bi(y)vei. In other words, B¢ ,(y) is
the projection of y onto the ith basis vector. Then

iUTCt_IiUt Z)\ ﬁtz )Bi(x).

We will need the following inequalities:

Egmp, Bti(x Zpt )Bi(x Zpt (2Tve)? = M (8)

as shown in equation (1) of [5]. It then follows that

E:wptﬁt,i(x) < \/E . (9)

Furthermore, for any x € D,

Bl <Zﬁtg ) =|z|* <n.



Let us define Y; := > pt(x)ézx With a bit of calculation, we get the following equality:

Y, = Zpt(az)@ T

—Zpt )gix"C; g
:Zpt thAmﬁtz )Be.i(4)
_gtz/\tzﬁtz Tt Zpt /Btz

= g Z A i Bi(@e) Eamp, Bri()
=1

The goal is to show that ), Y; is close to ), E;Y;. Let us bound the conditional variance of Y;.

Note that 0 < g < 1 by assumption.

n 2
Var (V) < BV} = K (gt > A;}ﬂt,z-(onxwmﬁm(a:))

i—1
n 2
¢ (Z At,illgt,i(:Et)Exwptﬁt,i(:E))
i=1
< nlE; Z (At,i 6t,i(1't)Ex~pt5t,i(fU)>
i—1

=1y N PEBri(w0) (Bomp, Bri(@))?

i=1

=n Z Ay 2B, B () (B, B1,i(2))

<nZ)\ )\Hgn

Equation (10) uses g7 < 1. Equation (11) uses (31 a;)? < n(>_"

i=1

EiBi(24)? = Egmp, Bri(2)?

a?). Equation (12) uses



Equation (13) uses (8) and (9). Moreover,

|Yt tﬂftz)\mﬁm JUt) prtﬁtz( )
=1
< |Gim - Z )‘Zillgt7i(xt)E$NPtﬂt,i(x)
i=1

n
PPV IVEE
=1

2
n
< nfmax)\ 12 o

< f
Hence, we also have |Y; — E;Y;| < 2n?/ V7. Applying Bernstein’s inequality (see Appendix) for
martingale differences to the sequence Y; — E;Y;, we obtain that with probability at least 1 — ¢,

T T
4 2
SV - Y B < V2T 6 1Vn? +21n5—13\”F

t=1 t=1 Y

Jumping ahead, we will be setting v = T~/2 so the above rate is correct. We have
Y~ STEY, < V2TInoTn + o lns'n2y 12
; t — ; tX¢ n n—+ - 3 n

Observe that

T T T T
ZEtY} = ZEt [Zpt(x)G x| = Z Zpt(z) [T = Z G{Epp, @
t—1 =1 ac t—1

t=1 =

and that Zthl Gjx is concentrated around this value, as we now show. Indeed, define Z; :=
G{(zy — Egp,x). Since

EtG-tr.Z't = GIEt.’Et = G;Ex,\,ptlt N
Z; is a martingale difference sequence. Note that |Z;| < 1 and therefore, by Azuma-Hoeffding
inequality (see Appendix), with probability at least 1 — 0,

T T
Z G{Egp,® — Z G{r; < V2T In§-L
t=1

t=1

Combining these two results, with probability at least 1 — 24

T T
ZZpt(ac)CAQx — ZGtht <V2T'Iné—! + \/2T1n5*1n+ 3 In§~n2y~1/2
t=1

t=1 =



3.2.2 Second term

The second term in (7) is simply bounded as

«

T
a .
Wia g g pe(x)z"C; e < \/TnT = anVT,
t=1 =z

using Lemma 3.1.

3.2.3 Third term

Considering the third term in (7), we get

Zpt(x)(élm)Q = Zpt(x)étT:E:ETét =GT (Zpt(x):nfﬁT) Gy = ¢?2]C71C,C ey < 2T C lay.

From Lemma 3.1,
T—1, _
Einpr Cx=mn.

Define a martingale difference sequence with respect to x;:
Y; = 2]C; tay — By, v C; L.
Observe that |V < ”72 and therefore, with probability at least 1 — §,
T 2

Z:}:ZCt_lxt <nT + v21n5_1ﬁn7
=1

Combining this result with (14), with probability at least 1 — 9,

d 2
23S pi(@) (GFa)? < 2gnT + 29v/2In 6 VT =
t=1 7

xT

3.2.4 Fourth term

Finally, the last term in (7) is bounded as

T T
202 20
Z Z o 7771171;(37) ('Cla)? < a™n Z pt(év)n*SETC;lx

t=1 xz€D t=1

20%nn _
SR 95 WACEL

<

<

where in the first inequality we used the fact that 0 < "C; 'z < n?/~.

(14)



3.3 Plugging in

Putting all the results together, we rewrite (7) as follows. With probability at least 1 — 34,

In Wr < 1 |:<Ga]g + V2T Iné—1 +V2I'nén+ glncs_ n2'y_1/2> + (anﬁ)

Wiy = 1—7v
2 9 2 3
+ <2nnT+2n\/2ln5—1ﬁ”> + ( a >] . (15)
Y Y

On the other hand, if we choose a such that T exp(—a?/4) < §/|D| then with probability at
least 1 — §, we have for all x € D,

T
>77<Z L+ aog( T—i—l)) —naVT —In|D|

t=1

T
>n) Gix—naVT —In|D|. (16)
t=1

Such a choice of « corresponds to @ > 24/InT +Ind~1 + In|D|. Recall that In|D| < (n/2) In(4nT).
Combining (15) with (16), we have that with probability at least 1 — 44,

In |D|

((n—i— V2T Iné—t + = 1n5 1/2> + (anVT)
n? 2023
+ (277nT+ 277\/211151\/T> + < )
Y v

(1 =7)Gmax < Gag + VT +

Plugging in our choice of = v/3n? and a = 2y/InT + In 61 + (n/2) In(4nT), and noting that
Gmax < T, with probability at least 1 — 496,

Gmax < Gaig +2(n+ 1)y/InT +1n6-1 + (n/2) n(4nT)VT + 3n2Wer7”J)

<<n+1>¢m+ In 6~ 1n2 1/2>

With a choice of v = 3”3/% V1}14”T. Substituting,

Grax < Galg +2(n 4+ 1)/InT +n 61 4 (n/2) In(4nT)VT + n%2V/TVInanT

8v/2 T\
1 —-1,3/2
+(n+1)v2TIné —|——3\/§1n5 n <ln4nT>

+ v/nVT+/In(4nT) + ;v 2In6—1VT + gn (InT +Ind " + (n/2) In(4nT)) + gn3/2v1n4nT\/T.

10



By making simple over-approximations, we obtain that with probability at least 1 — 44

Gmax < Galg +9nVIn 6~ WT + 120%2VIndnTVT + Q,

where a non-significant remainder term Q = 4n®/?In§—! (lnfnT)1/4 +3nInT + 2n?In4nT. We

observe that the dependence on time horizon is v1'InT and the dependence on the dimension is
n3/2, matching the corresponding results of [5], obtained in expectation.

4 Conclusions and Open Problems

While the algorithm we presented achieves the desired O*(v/T) bound with high probability, the
quest for an efficient algorithm is still open. Achieving similar results for general convex functions
is also an intriguing open question.

A Concentration Inequalities

The following well-known inequalities can be found, for instance, in [3], Appendix A.

Lemma A.1 (Bernstein’s inequality for martingale differences). Let Yi,...,Yr be a martingale
difference sequence with respect to X1, ..., X7. Suppose that Y; € [a,b] and E[Y?|X;—1,...,X1] <
o2 almost surely for allt € {1,...,T}. Then for all € > 0,

T
Pr (ZYt > V2To?Ind! —|—21n5_1(b—a)/3> <9
t=1

Lemma A.2 (Azuma-Hoeffding inequality for martingale differences). Let Yi,...,Yp be a mar-
tingale difference sequence with respect to Xi,...,Xrp. Suppose that |Y;| < ¢ almost surely for all
te{l,...,T}. Then for all e >0,

T
Pr (ZYt > V2T ¢c2 1115_1) <6

t=1
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