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Abstract

This paper proposes near-optimal algorithms for the pure-exploration linear bandit
problem in the fixed confidence and fixed budget settings. Leveraging ideas from
the theory of suprema of empirical processes, we provide an algorithm whose
sample complexity scales with the geometry of the instance and avoids an explicit
union bound over the number of arms. Unlike previous approaches which sample
based on minimizing a worst-case variance (e.g. G-optimal design), we define an
experimental design objective based on the Gaussian-width of the underlying arm
set. We provide a novel lower bound in terms of this objective that highlights its
fundamental role in the sample complexity. The sample complexity of our fixed
confidence algorithm matches this lower bound, and in addition is computationally
efficient for combinatorial classes, e.g. shortest-path, matchings and matroids,
where the arm sets can be exponentially large in the dimension. Finally, we propose
the first algorithm for linear bandits in the the fixed budget setting. Its guarantee
matches our lower bound up to logarithmic factors.

1 Introduction

The pure exploration stochastic multi-armed bandit (MAB) problem has received attention in recent
years because it offers a useful framework for designing algorithms for sequential experiments. In
this paper, we consider a very general formulation of the pure exploration MAB problem, namely,
pure exploration (transductive) linear bandits [12]] : given a set of measurement vectors X C R?, a
set of candidate items Z C R<, and an unknown parameter vector § € R?, an agent plays a sequential
game where at each round she chooses a measurement vector z € X and observes a stochastic
random variable whose expected value is =" . The goal is to identify z, € arg max,c z 216, This
problem generalizes many well-studied problems in the literature including best arm identification
[L1L 214 231 1250 6], Top-K arm identification [22l 28} 9], the thresholding bandit problem [27]],
combinatorial bandits [[10} 13} (8,15, 20]], and linear bandits where X = Z [30l 33, [31].

The recent work of [12] proposed an algorithm that is within a log(|Z|) multiplicative factor of
previously known lower bounds [30]] on the sample complexity. This term reflects a naive union
bound over all informative directions {z. — z : z € Z \ {z.}}. Although one might be inclined to
dismiss log (] Z|) as a small factor, in many practical problems it can be extremely large. For example,
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in Top-K log(|Z|) = O(klog(d)) which would introduce an additional factor of k that does not
appear in the upper bounds of specialized algorithms for this class [22} 8l [25]. As another example, if
Z consists of many vectors pointing in nearly the same direction, log(| Z|) can be arbitrarily large,
while we show that the true sample complexity does not depend on log(|Z|). Finally, in many
applications of linear bandits such as content recommendation | Z| can be enormous and thus the
factor log(| Z|) can have a dramatic effect on the sample complexity.

The high-level goal of this paper is to study how the geometry of the measurement vectors X and
the candidate items Z influences the sample complexity of the pure exploration transductive linear
bandit problem in the moderate confidence regime. We appeal to the fundamental TIS-inequality [19]
which describes the deviation of the suprema of a Gaussian process from its expectation, leading us to
propose an experimental design based on minimizing the expected suprema. We make the following
contributions. First, we show a novel lower bound for the non-interactive oracle MLE algorithm,
which devises a fixed sampling scheme using knowledge of §. While this non-interacting lower bound
is not a lower bound for adaptive algorithms, it is suggestive of what union bounds are necessary
and can be a multiplicative dimension factor larger than known adaptive lower bounds. Second, we
develop a new algorithm for the fixed confidence setting (defined below) that nearly matches the
performance of this oracle algorithm. Moreover, this algorithm recovers many of the state-of-the-art
sample complexity results for combinatorial bandits as special cases. Third, applied specifically to
the combinatorial bandit setting, we develop a practical and computationally efficient algorithm. We
include experiments that show that our algorithm outperforms existing algorithms, often by an order
of magnitude. Finally, we show that our techniques extend to the fixed budget setting where we
provide the first fixed budget algorithm for transductive linear bandits. This algorithm matches the
lower bound up to a factor that in most standard settings is bounded by log(d).

2 Preliminaries

In the (transductive) linear bandit problem, the agent is given a set X C R? and a set of items
Z c R4, Ateach round ¢, an algorithm A selects a measurement X; € X which is measurable with
respect to the history F;_1 = (X, Ys)s<¢ and observes a noisy observation Y; = XtT 6 + n where
6 € R? is the unknown model parameter and 7 is independent mean-0 Gaussian nois We assume
that argmax , ZzTG = {z,}, and the goal is to identify z,. We consider two distinct settings.

Definition 1. Fixed-Confidence: Fix X, Z,0 C R%. An algorithm A is §-PAC for (X, Z,0) if 1)
the algorithm has a stopping time T wrt (Fi)en and 2) at time T it makes a recommendation z € Z
and for all § € © it satisfies Py(Z = z.) > 1 — 6.

Definition 2. Fixed-Budget: Fix X, Z,0 C R% and a budget T. An algorithm A for fixed-budget
returns a recommendation z € Z after T rounds.

Linear bandits is popular for applications such as content recommendation, digital advertisements, and
A/B testing. For instance, in content recommendation X = Z C R may be sets of feature vectors
describing songs (e.g., beats per minute, genre, etc.) and § € R¢ may represent an individual user’s
preferences over the song library. An important sub-class of linear bandits is known as combinatorial
bandits which is a focus of this work.

Combinatorial Bandits: In the combinatorial bandit setting, X = {ej,...,eq} (Where e; is the
i-th canonical basis vector) and Z C {0, 1}9. We will sometimes overload notation by treating Z as
a collection of sets, e.g., for z € Z writing i € z iff e] 2 = 1. We next give some examples of the
combinatorial bandit setting.

Example 1 (MATROID). M = (S, T) is a matroid where S is a set of ground elements and T C 2° is
a collection of independent sets. This setting includes best arm identification, Top-K arm identification,
identifying the minimum spanning tree with largest expected reward in a graph, and other important
applications (see [7|] for a list of applications).

Example 2 (MATCHING). For a balanced bipartite graph with d edges and 2+/d vertices let Z

denote the set of \/d! perfect bipartite matchings. The goal is to identify the matching z € Z that
maximizes 0 z.

'Our results still apply in the case where the noise is sub-Gaussian, but for simplicity here we assume that
the noise is Gaussian (see the Supplementary Material).



In some of these settings, | Z| is exponential in the dimension d. For example, in the problem of
= (+/d)!. In this setting a naive evaluation of

argmax, =20 by enumerating Z becomes impossible even if 6 were known. For such problems,
we assume access to a linear maximization oracle

ORACLE(w) = argmax z ' w, 1)
zEZ

which is available in many cases, including matroids, MATCHING, and identifying a shortest path in a
directed acyclic graph (DAG). We will characterize the computational complexity of an algorithm in
terms of the number of calls to the maximization oracle.

3 Review of Gaussian Processes

We now discuss how our work departs from previous approaches to the pure exploration linear
bandit problem. Consider for a moment a fixed design where n > d measurements x1, . .., x, were
decided before observing any data, and subsequently for each 1 < i < n we observe y; = z,/ 6 + n;
with 1; ~ A(0,1). In this setting the maximum likelihood estimator (MLE) is given by ordinary

least squares as § = (31, ;2] )~ Y, y;x;. Substituting the value of y; into this expression,
we obtain 6 = 6 + (Xr o xT)_1/2 7 in distribution where n ~ N(0,1;). After collecting
{(zi,y:)}, and computing 8, the most reasonable estimate for z, = argmax.czz'0 is just
Z = argmax,czz T9. The good event that Z = z, occurs if and only if (z, — z)TG > 0 for
all z € Z\ {z,}. Since @ is a Gaussian random vector, for each z € Z, (z, — 2)T (8 — 6) ~
N, (2 —2) T (X0 zz]) - (z+ — z)). If we apply a standard sub-Gaussian tail-bound with a
union bound over all z € Z \ {z,}, then we have with probability greater than 1 — ¢ that

(20 = 2) 70> (52— 2) 70— \/2]12 — #I[% -1 os(|21/9) 2)

forall z € Z \ {2,} simultaneously, where we have taken A = }""" | z;z; and used the notation
|z||3 = = T Wz for any square W. Thus, we conclude that if n and {1, ..., ,} are chosen such
(22? eya])—1 108(I1Z1/0)
= (G-—2) 707

(2. —2) 70 > 0forall 2 € Z\ {2} and consequently, Z = z,. This simple argument is the core of
all approaches to pure exploration linear bandits until this paper [30, 23|33} [12]. However, applying
a naive union bound over all z € Z can be extremely weak and does not exploit the geometry of Z

that induces many correlations among the random variables (z, — z) " (é\ —0).

2|z —=|l

that max, ¢ z > 1 then with probability at least 1 — & we will have that

At the heart of our approach is the following concentration inequality for the suprema of a Gaussian
process (Theorem 5.8 in [2]).

Theorem 1 (Tsirelson-Ibragimov-Sudakov Inequality [19]). Let S C R? be bounded. Let (V) cs
be a Gaussian process such that E[V] = 0 for all s € S. Define 0* = sup,cs E[V.2]. Then, for all
u >0,

2
IP’(|supV ]EsupV| >u) < 2exp <2u > .
o2

seS

Setting S = Z, we can apply this to the Gaussian process V, := (z, — z)T(é —0) = (2 —
2) (X0, ] )Y/ %y where, again, n ~ N(0, I;). We then have with probability at least 1 — &

(2 — z)T§2 (2. —2) 0 —E, | sup (2. —2) A7/
z€2Z\{z.}

¢2 sup [|z. — 2|3, log()

z€EZ

forall z € Z \ {z.} simultaneously. This bound naturally breaks into two components. The second-

term is the high-probability term, and as the discussion above implies, naturally motivates the experi-

mental design objective ming, ..., Max e z\(z,}]/2+ — zH%Z" 2i2T)-1 from past works on linear-
i=1"t"q

bandit pure exploration. The first term, E, . n(0,1,) [SUPzez\{z*}(Z* —2)7 (Z?:l xlx;r) -1/2 7]} is



the Gaussian-width of the set { (>, z;z, ) e (2« — 2)}2e2\{=.} [32]. This term represents the
penalty we pay for the union bound over the possible values of Z and reflects the underlying geometry
of our arm set. For moderately sized values of § € (0, 1) such as the science-stalwart § = 0.05, the
Gaussian width term can be substantially larger than the high probability term. Analogous to above,
this motivates choosing z1, - - - , x,, to minimize the Gaussian width term.

Relaxation to Continuous Experimental Designs. In practice, optimizing over all finite sets of
X of size n to minimize an experimental design objective is NP-hard. Define A := {\ € RIX!
> A =1, \; > 0} to be the simplex over elements X’ and define A(\) = Y_, 1 Azzz where
A € A denotes a convex combination of the measurement vectors. Defining the design that minimizes
the high probability term motivates the definition
* . * * ||Z* — Z”Z()‘)_l
J )\122 p*(N) where P () S T )

On the other hand, minimizing the Gaussian width term motivates the definition

* . * * (Z* - Z)TA(A)71/27’ 2
= inf h =E, . .
5 jnf N where 7" () n N(o,l)[zez}\l%*} 07 (2 — 2) ]

While the above suggests the importance of the quantities p* and v*, we will show later how they are
intrinsic to the problem hardness. For now, we point out that these quantities are easily relatable.

Proposition 1. There exists universal constants ¢, ¢’ > 0 such that for any X and Z we have

e =212 )1

cp* —infrz,, infrea OG- < 7" < min(c'log(|2])p*, dp”).

2
Typically, inf,,, infyca |\(ng (jlf(z)); < p*, in which case p* < ~*. While there are instances

where v* = ©(dp*), the upper bound is not necessarily tight.

Proposition 2. There exists an instance of transductive linear bandits where v* > cdp®, and a
separate instance for which v* < ¢’ log(d)p* where ¢, ¢’ > 0 are universal constants.

4 Towards the true sample complexity

This section formally justifies the quantities p* and v* defined above. The following result holds for
any X and Z and was first proven in this generality in [[12], extending [30} 29} 8]].
Theorem 2 (Lower bound for any adaptive algorithm [12]). For any é € (0,1), any 6-PAC algorithm

*

wrt (X, Z,R%) with stopping time T satisfies Eg[r] > log (545 )p*.

Mirroring the approaches developed in [24) 8] [14]], it is possible to develop an algorithm that satisfies

Ege ([%]) = p*, demonstrating the tightness of Theorem [2|in the regime of § tending towards
0. However, for fixed 6 € (0, 1), algorithms for linear bandits to date have only been able to match
this lower bound up to additive factors of dp* or log(| Z|)p* [24,[12]] (note, this does not rule out
optimality as § — 0). In particular, the lower and the upper bounds of linear bandits do not reflect
the underlying geometry of general sets X and Z in union bounds and are loose in general. For
example, in the well-studied case of Top-K, these bounds do not capture some additive factors that
are necessary and achievable in addition to p* alone [28 9]

lims_o

As a step towards characterizing the true sample complexity, we next demonstrate a lower bound that
incorporates the geometry of X’ and Z for, presumably, the best possible non-interactive algorithm.
Precisely, the procedure chooses an allocation {z1,, z,,... } € X, thenobserves {yr,,yr,,...} € R

where y7, ~ N (z] 6,1), and finally forms the MLE § = argmin; ", (ys, — =}.6)? and outputs
7 = argmax,cz 2T0. We emphasize that this procedure can pick any allocation; in particular, it can
use the allocation that achieves p*.

Theorem 3 (Lower bound for non-interactive MLE). Fix X, Z C R? and a problem 6 € R
Let 6 € (0,0.015] and ¢ > 0 be a universal constant. If the non-interactive MLE uses less than

c(v* +1og(1/6)p*) samples on the problem instance (X, Z, ), it makes a mistake with probability
at least 0.



Input: Confidence level § € (0, 1), rounding parameter ¢ € (0, 1) with default value of %;
121 «— Z, k<— 1,6, «— 6/2Kk*;
B :=infaea Eyono,n[max. ez (z — 2/) TAN) T2 + 2108;(%)maxz,z'62 Iz — ZIH2A()\)*1 VL

while | Z;| > 1 do
Let \x and 75, be the solution and value of the following optimization problem

. T _ 1 2
)}ngT()\;Zk) =E,n,n[max; .cz, (z—2") AN 1/277]2—i—2 IOg(a)maxz,z’ezk ||z — Z/|’A(>\)—1

Set Ny +— [2(1 n e)Tk(ﬁ%)Q-‘ V g(e) and find {z1,. .., zn, } «— ROUND(\p, Ny, €);
Pull arms 1, ..., zn, and receive rewards y1, ..., Yn,;

Let O «+— (XNk zox] )P N 2oy, s R

Zp1 +— Zp \ {2z € 2 : 32/ such that (z' — 2) "6, — s > 0}

k<—k+1
return Z, = {Z}.

Algorithm 1: Fixed Confidence Peace. See text for explanation of ROUND sub-routine.

By Proposition[2] v* can be larger than p* by a multiplicative factor of the dimension d, demonstrating
that the lower bound of Theorem [3|can be much larger than the lower bound of Theorem 2] While
there exists problem instances in which the best known adaptive algorithm can achieve a sample
complexity strictly smaller than the lower bound of Theorem 3 (e.g., best-arm identification), we are
unaware of any settings in which the sample complexity of the best adaptive algorithm improves over
Theoremby more than a factor of log(d), which is typically considered insignificant.

5 Fixed Confidence Setting Algorithms

In this section, we present Algorithm[I] Peace, that achieves the state-of-the-art sample complexity
for (transductive) linear bandits in the fixed confidence setting. In each round k we eliminate from
the set of candidates Z all the elements that are roughly 2~ suboptimal. In each round the query
allocation is fixed according to the best non-adaptive strategy.

Our algorithm must round a design to an integral solution. It uses an efficient rounding procedure
ROUND(\, N, ¢) that for A € A and N > ¢(e) returns £ € NI*| such that > wex ke = N and
7(k; Z") < (14+€)7(NX; Z') [. It suffices to take g(e) = O(d/€?) (see the Supplementary Material).
Define Sy :={2€ Z:0" (2. —2) < B27F}, A, := 0" (2, — 2), and Apiy := minez\ 2.} A

Theorem 4. With probability at least 1 — 0, Algorithm|[I|terminates and returns z, after a number of
samples no more than

[v* + p* log(log(5Z-)/8)emin(log( 52-), log (o rmimcarovsy) + edlog(x2).
log(B) = O(log(d)) when X = Z and in combinatorial bandits, and B can be replaced by an upper
bound on max, ¢ z A, when one is known. 7(\; Z) can be optimized using stochastic mirror descent;
we show that after a suitable transformation, it is convex in the combinatorial bandit setting. We
conjecture that it is convex in the general case, as well.

While our upper bound has an extra additive factor of d compared to the lower bound of Theorem 3]
this factor is necessary in many cases. The following theorem shows that in the combinatorial setting,
an additive factor of d is necessary if the agent has no apriori knowledge about 6.

Theorem 5. Consider the combinatorial setting where X = {ey, ... e} and Z C {0,1}%. Let
§ € (0,1/4). Fix 6 € R? such that argmaxZeZzTG is unique. If an algorithm A is 0-PAC wrt

(X, Z,R%), then By [Zle T;] > 4 where T; denotes the number of times that A pulls e;.

The intuition behind the argument in Theorem E] is that if 2(d) directions are not explored with
constant probability, then there is some 6; that the algorithm has no information about with constant
probability. Thus, an adversary can perturb 6; to alter the best z, making the agent incorrect with a
constant probability, which contradicts the §-PAC assumption.



5.1 Computationally Efficient Algorithm for Combinatorial Bandits

A drawback of Algorithm [1| is that it is computationally inefficient when |Z| is exponentially
large in the dimension. In this section, we develop an algorithm for combinatorial bandits that
is computationally efficient when the linear maximization oracle defined in (I) is available. We
introduce the following notation for a set Z’ C Z:

¥(2") = minE[ sup (z—2") A2 ()%, 3)

€A z,2'€Z’

We also introduce the subroutine UNIQUE(Z, b\k, 27FT"), which uses calls to the linear maximization
oracle to determine whether the gaps are sufficiently well-estimated to terminate (see the Supplemen-
tary Material).

Input: Confidence level § > 0, rounding parameter € € (0, 1) with default value of %,
suffices though this is wildly pessimistic; we recommend using o = 4) ;
o =0€RLT ¢«— 7(Z) V1,0 ¢ 555 ;
for k =0,1,2,...do
Zp +— argmax . z 6Tkrz;
Let A\, 7% be the solution and value of the following optimization problem

Gr—2)TAN 20
2-FT 4+ 0 (3 — 2)

Set N +— « [Tk lOg(l/ék)(l +4 Gﬂ V q(e) and find {a:l, - 7iL'Nk} — ROUND()\k, Nk);
Pull arms 1, ...,z N, and receive rewards y1,...,Yn,;

Let Opy1 «— (Zivz"l zexd )t Zi\;kl TsYs

if UNIQUE(Z, §k, 27*T") then return Zj
Algorithm 2: Fixed Confidence Peace with a linear maximization oracle.

a>0(a=42941

“

inf E, max,cz
inf E, N(0,1)[max¢

The objective (@) in Algorithm [2]acts a surrogate for * that becomes increasingly accurate over
the course of the game. Enough samples are taken at round k to ensure with high probability
@(Ek —z) ~ A, forall z € Z such that A, > 27FT. Thus, at round k, (@) behaves approximately

(ze=2) TAN) 212 . :
as E, (o, [max.cz W] . As such, {@) ensures that (i) Algorithm [2does not take

too many sample at any round and (ii) enough samples are taken to estimate A, for each z € Z ata
progressively finer level of granularity.

In the Supplementary Material, we provide procedures for computing «(Z) and (@) only using calls to
the linear maximization oracle. The main challenge is to compute an unbiased estimate of the gradient
of the objective in (@) (for an appropriate first-order optimization procedure such as stochastic mirror
descent), which we now sketch. Since the expectation in () is non-negative, it suffices to optimize
the square root of the objective function in @). Writing g(X\;n; z) = %
may exchange the gradient with respect to A and the expectation over 7, to (k)btain an unbiased
estimate, it suffices to draw n ~ N (0, I), and compute Vymax,czg(A;n; z). Since for a collection
of differentiable functions {h1,...,R;}, a sub-gradient V,max;h;(y) is simply V,ho(y) where
ho(y) = arg max; h;(y), it suffices to find arg max, c = g(A; n; z). We reformulate this optimization
problem as the following equivalent linear program:

, since we

min s subject to max.cz(Z, — z) T AN)"Y2) —s27FT + 6] (3, — 2)] <0 (5)
A call to the linear maximization oracle can check whether the constraint in (3) is satisfied so the
above linear program can be solved using binary search and multiple calls to the maximization oracle.

It would be ideal to also design a surrogate for p* that can be optimized using linear maximiza-
tion oracle calls in a similar way to (@). Unfortunately, the above technique appears to fail since
(2x=2) ’2
2-kT 48] (3 —2) AN -1
maximization oracle calls. Fortunately, leveraging properties of Gaussian width, we show that

optimizing (@) leads to only a small loss in sample complexity.

max,ecz H contains quadratic terms that cannot be optimized using linear



Input: € € (0, 1) with default value of -, budget 7" such that T > ¢(¢) [log, (v(2))] ;
IR +— [logs(v(2))], N «— |T/R], 20 +— Z,k +— 0;
while ¥ < Rand |Z;| > 1do
Let Ag achieve the minimum in y(Z}) and find {x1,...,zn} +— ROUND(Ag, N, €);
Pull arms 1, . .., xn and obtain rewards y1, ..., yn;
Set O +— (Zivzl zexg ) Zi\’:l T
Compute an ordering 7 over 2, such that <§k, 2y (3) — z,rk(i+1)> > 0foralli;
Let ix11 be the largest integer for which v({zx, (1), - 2ry, (140) }) < V(Z6)/2;
Zpy1 {Zﬂ'k(l)7 R Zﬂk(ik+1)};
k<+«—Fk+1;
~
return arg max;c z, 0 2

Algorithm 3: Fixed Budget Peace

Theorem 6. Consider the combinatorial bandit setting. With probability at least 1 — 45 Algorithm[2]
terminates and returns z, after at most

(7" + p*) log(log(v(2)/Amin) /) + d]clog(v(Z)/ Amin)

samples and if § € (2%,, 1), then with probability at least 1 — 40, the number of oracle calls is upper

bounded by

max ¢ 2 3 lo min 5
O((d +og( ‘! Z,,ifé 10 1og(a? Acgi : g”‘zgg/ Bmin)

min

Theorem@nearly matches the sample complexity of Theorem The latter scales like v*+p* log(1/4)
whereas the former scales like (v* + p*) log(1/0), reflecting a tradeoff of statistical efficiency for
computational efficiency. It is unknown if this tradeoff is necessary.

6 Fixed Budget Setting

Next, we turn to the fixed budget setting, where the goal is to minimize the probability of returning a

suboptimal item z € Z\ {z.} given a budget of T total measurements. Algorithm[3is a generalization

of the successive halving algorithm [23] and the first algorithm for fixed-budget linear bandits. It

divides the budget into equally sized epochs and progressively shrinks the set of candidates Zj. In

each epoch, it computes a design that minimizes (2}, ) and samples according to a rounded solution.

At the end of an epoch, it sorts the remaining items in Z by their estimated rewards and eliminates
Y(Zk)

enough of the items with the smallest estimated rewards to ensure that y(Z41) < T5%.
Theorem 7. Suppose that v({z,z.}) > 1 forall z € Z\ {z.}. Then, if T > cmax([p* +
~v*], d) log(v(Z)), Algorithm|3|returns Z € Z such that

T

P(Z # 2,) < 2 [log(v(Z))] exp(—c,[p* ] los((2))

).

We note that the combinatorial bandit setting satisfies the assumption that y({z, z.}) > 1 forall z €
Z \ {z.}, but this lower bound is unessential and the algorithm can be modified to accommodate an-
other lower bound. Theorem [7|implies that if 7' > O(log(1/6)[p* +~v*]log(7(2)) log(log(v(2)))),
then Algorithm [3|returns z, with probability at least 1 — §. Finally, log(v(Z)) is O(log(d)) in many
cases, e.g., combinatorial bandits and in linear bandits when X = Z.

7 Discussion and Prior Art

Transductive Linear Bandits: There is a long line of work in pure-exploration linear bandits
[30} 33, 31]] culminating in the formulation of the transductive linear bandit problem in [[12]] where
the authors developed the first algorithm to provably achieve p* log(| Z|/6). The sample complexity
of Theorem[d] v* + p*log(1/4), is never worse than [12]] since v* < p* log(|Z|) by Proposition 1}



On the other hand, it is possible to come up with examples where v* does not scale with | Z|, but
just p* (see experiments). While our algorithms work for arbitrary X', Z C R?, problem instances of
combinatorial bandits most clearly illustrate the advances of our new results over prior art.

Combinatorial Bandits: The pure exploration combinatorial bandit was introduced in [10]], and
followed by [13]]. These papers are within a log(d) factor of the lower bound for the setting where Z

is a matroid. If A; = 7 2z, — max,cz.c.0' 2 wheni ¢ 2, and 0 2, — max.cz.z.0 2z otherwise,
then a lower bound is known to scale as zg; A;?1log(1/6). The following result shows that * is
within log(d) of the lower bound, implying that our sample complexity scales as 25:1 A% log(d/s).
Proposition 3. Consider the combinatorial bandit setting and suppose that Z is a matroid. Then,
v* < clog(d) E?:1 A2 for some absolute constant c.

However, in the general setting where Z is not necessarily a matroid, [8]] points out a class with
| Z| = 2 where the sample complexity of [10} [13] is loose by a multiplicative factor of d. Chen et al.
[8]] was the first to provide a lower bound equivalent to p* log(1/¢) for the general combinatorial
bandit problem, as well as an upper bound of p* log(|Z|/§). However, as stressed in the current
work, the log(|Z|) term is not necessary in many scenarios; for example, in Top-K, p* log(|Z|) is
larger than the best achievable sample complexity by a multiplicative factor of & [9l [28]. This is
not in contradiction with the lower bound provided in Theorem 1.9 of [8]] which provides a specific
worst-case class of instances where the log(| Z|) is needed.

The next technological leap in combinatorial bandits is the algorithm of [5] (and the follow-up [20]).

They provided an algorithm with a novel sample complexity that replaces log(| Z|) with a more

geometrically inspired term. Define the sphere B(z,7) = {2’ € Z : ||z — 2|, = r}, and the

||zfz'||§log(d\B(z*7 zfz'”Q)\)
2

complexity parameter ¢; := mMaxX,cz\{z, }:icz. Az . Then [3]] provide a

sample complexity scaling like ¢* := >""" | ¢;. The followingzshows that v* is never more than
log log(d) larger than this complexity.

Proposition 4. Consider the combinatorial bandit setting. Then, v* < O(yp* log(log(d))).

However, for even these sample complexity results that take the geometry into account, there exist
clear examples of looseness that our approach avoids.

Proposition 5. There exists an instance of Top-K where o* = Q(klog(d)p*) but v* = O(log(d)p*).

In summary, we have the first algorithm with a sample complexity that simultaneously is nearly
optimal for matroids, essentially matches our novel lower bound v* + log(1/9)p* < log(|Z]/6)p*,
and is never worse than the sample complexity ¢* from [5} 20].

Computational Results in Combinatorial Bandits: The algorithm CLUCB from [10] is compu-
tationally efficient and user-friendly. [S]] and [8] provide computationally efficient algorithms, but
their running times scale very poorly with problem-dependent parameters, making these algorithms
impractical and we are unaware of any implementations.

8 Experiments

Combinatorial Bandits: We use 6 = 0.05 on all the experiments and the empirical probability of
failure never exceeded ¢ in all of our experiments. We consider three combinatorial structures. (i)
Matching: we use a balanced complete bipartite graph G = (U UV, E) where |U| = |V | = 14. Note
that | Z| = 14! > 8 - 10'°. We took two disjoint matchings M; and M and set ., = 1 if e € M,
and 0. = 1 — hife € M, for h € {.15,.1,.05,.025}. Otherwise, 6. = 0. (ii) Shortest Path: we
consider a DAG where a source leads into two disjoint feed-forward networks with 26 width-2 layers
that then lead into a sink (see Figurefor an illustration). Note that |Z| > 10%. We consider two
paths P; and P, such that they are in the disjoint feed-forward networks. We set 8, = 1ife € P,
and0, =1—hife € Pyforh € {.2,.15,.1,.05}. Otherwise, 6, = —1.

(iii) Biclique: In the biclique problem, we are given a complete balanced bipartite graph with v/d
nodes in each group. Z is the set of bicliques with /s nodes from each group in the bipartite
graph. This problem is NP-hard, so there is no linear maximization oracle, and therefore, we
consider a small instance where v/d = 8 and /s = 2. We pick two random non-overlapping
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Figure 1: In row 1, panels (i) and (ii) depict the relative performance of CLUCB and UA to PEACE,
and panel (iii) depicts the relative performance of CLUCB, DisRegion, and UA to PEACE. In row 2,
Panel (i) compares uniform sampling and FBPeace in the fixed budget setting, and panel (ii) compares
the performance of RAGE to Peace on the linear bandits experiment.

bicliques and let B; and B> denote the set of their respective edges. If e € B, we set 6, =
l,and if e € By, weset. = 1 — hfor h € {.1,.8,.6,.4,.2}. Otherwise, we set §. = 0.

Layer1 Layer2 Layer25 Layer26
o oo

As discussed in the related work, all of the algorithms in the literature
are either inefficient or have burdensome running times, with the sourced N \ Sink
sole exception being CLUCB from [[10]. Therefore, for the shortest NS S

path and matching experiments, we compare Algorithm [J]againsta T

uniform allocation strategy (UA) and CLUCB. The biclique instance ~Figure 2: Shortest Path Problem
is small enough that Z can be enumerated, so we also compare

against Algorithm 4 from [5] (denoted DisRegion), which achieves

the best sample complexity result from that paper.

The first row of panels in Figure 1| depicts the ratio of the average performance of the competing
algorithms to the average performance of our algorithm. In the matching experiment, as the gap
between the best matching A/; and the second best matching Ms get smaller, CLUCB pays a cost
of roughly |U|/h? to distinguish M; from My whereas our algorithm pays a cost of roughly 1/h?.
A similar phenomenon occurs in the shortest path problem. In the biclique experiment, as the gap
between the best biclique and the second best biclique decreases, the performance of the competing
algorithms degrades relative to Peace. For example, for large h, Peace and DisRegion have similar
performace but for A = .2, DisRegion requires more than 3 times as many samples as Peace.

Multivariate Testing We consider multivariate testing [[16} [15] in which there are d options, each
having k possible levels. For example, consider determining the optimal content for a display-ad with
slots such as headline, body, etc. and each slot has several variations. A layout is specified by a d-tuple
f=(f1,-,fa) € {1, -, k}? indicating the level chosen for each option. For each option I, 1 <
I <dandlevel f,1 < f <k, there is a weight WJ{ € R, and for each pair of options I, J and factors

fr, f7, there is a weight WfIIJf € R capturing linear and quadratic interaction terms respectively.

The total reward of a layout f = (fy,-- -, fq) is given by Wy + Z?:l W]{I + Z?Zl Z§:1 W;szJ
The fixed budget experiment in Figure[I] considers a scenario when k = 6 and d = 3 and compares
Algorlthm (FBPeace) to uniform sampling. We set W1 1 = .8and I/V1 1 = .1 and all other weights
to zero, capturing a setting where the three options must be synchronized. At 10000 samples, FBPeace
is 30% more likely to return the true optimal layout.

Linear Bandits. We considered a setting in R?, where X = {e;,cos(37/4)e; + sin(37/4)es} and
Z = {cos(m/4+ ¢i)e1 +sin(m/4+ ¢;)ea} , where ¢; ~ Uniform([0,.05]). The parameter vector
is fixed at § = e,. In Figure|l| we see that as the number of arms increases (from 10° to 10°), the
number of samples by our algorithms is constant, yet grows linearly in log(| Z|) for RAGE [[12]. This
reflects the main goal of the paper - optimal union bounding for large classes.



Broader Impact

In this paper, we developed adaptive learning algorithms for linear and combinatorial settings. These
algorithms hold the promise of decreasing the amount of data that is required to make discoveries.
Given the generic nature of these algorithms, it is possible that practitioners will apply these algorithms
towards goals that are ultimately harmful for society. However, we believe that our algorithms also
hold significant promise to benefit society. By making the learning process more data-efficient, we
are optimistic that our algorithms can be applied to accelerate drug discovery, as well as the rate of
scientific discovery in a wide range of fields ranging from biology to the social sciences. Our belief is
that the potential benefits outweigh the potential negative consequences.
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A Outline and Notation

Section [B] gives the proof of Theorem 3] Section [C|presents proofs of the two results for the fixed
confidence setting. Section[D|proves provides the main results on the computational efficiency of
Algorithm 2] Section [E]provides the proof of our upper bound for the fixed budget setting. Section [F|
proves various results related to v*. Section [G| gives additional lower bounds for the transductive
linear bandit problem. Section [H| provides a discussion of rounding. Section [l presents technical
lemmas. Section [J]discusses the convexity of v*. Section [K|discusses the sample complexity results
of other papers. Section[M]gives further details on the experiments.

For the combinatorial bandit setting, we assume wlog that for all i € [d] there exist z, 2’ € Z such
thati € zand i ¢ 2’. We will sometimes write z N2’ to denote (212}, ..., 24-2}) . In a similar way,
we will use zAz’ to denote the symmetric difference of z and 2/, viewed as sets. We use ¢, ¢/, - - - to
denote positive universal constants whose values may change from line to line.

B Proof of Theorem

Proof of Theorem 3] For simplicity, we suppose that Z is finite; the extension is straightforward by

taking an € of room. Define A, = 67 (z, — 2). Let X = {x1,..., 2, }. Fix {z,,...,27,} C X to
be the measurement vectors pulled by the algorithm. Define the matrix
z,
X = :
T,

Define § = (X T X)"1XTY.

Let \ € A be the associated allocation: \; = + ZST:1 1{Is; = i}. Note that

TixT yv\—1/2 T i
E, 1) [ze;l\l?z*} (26 — 2) (AX; X)~v " %E%N(o,z) [zegl\l?z*} (26 — 2) Afi()\) /2
and

sup 7 = 2l ) _ sup w_
2€2\{z.} A, VT zez\{z} A,
Recall
p*(\) = sup m
2€2\{z«} AE

—ATA —-1/2
'Y*()\) = Ean(O,I)[ sup (Z* Z) ()‘) n 2
2€Z\{z.} A,
%g(\/\}( 1o§(1/(;).hFirst, suppose that T’ < log(1/8)p* (X). By definition of p* (),
c Z4 ¢ such that

Casel: T <
there exists z

_i2
|2 _Z”A()\)—l

Note that

(z—2)T(60-0) (z— z*)TAETA)—l/Qn N, 120 = 2% ay - ) ®

)
A AZ

g

and by assumption

(7
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By Proposition 2.1.2 of [32]], we have that if g ~ N (0, 0?), then
1 1

P(g/oc >t) > (% - t—s) \/ﬂe—ﬁ/z
Let g ~ N(0, m). Therefore, using (7),
IP((Z_Z*)AM >V2) > P(g > V2)
> (e )L g2
~ VIog(1/8) \flog(1/8) V2T

> 9.
where the last inequality follows since ¢ € (0, 0.015] and inspecting the graph of the functions. Thus,
with probability at least §, we have

(2—2)T(0—0)

)
X > V2,

n|

which implies that
(2—2)70>0,

in which case the algorithm makes a mistake. Thus, we may suppose for the remainder of the proof
that T > 11log(1/8)p* (M).

Case 2: T > 2log(1/6)p*(A). Next, suppose

1 2. — 2)TAN)TL/2
T S ZEUNN(O,I)[ sup ( ) ( ) 77]2 (8)

2e2\{2} 07 (2 — 2)
Note that § ~ N(0,(XT X)) so that
(z—2)T(0-0)

(z - Z*)T(XTX)’”QU]

E =E, .
zez’li?z*} A, N O [zez’l\l?z*} A
2 — ) T(XTX)-1/2
= Ean(O,I)[ sup ( ) (A ) n}
z€Z\{z.} z

where we used the fact that (z, — 2) " (X" X)"/25 and (2 — 2.)T (X T X)~'/21 are equal in
distribution.

By Theorem 5.8 in [2], with probability at least 1 — e~ 1/2,

(2 = 2) T(XTX)" V2 (z—2)"(0—0)

E,n@,n] sup ]— sup
K 2€Z\{z.} A, z€Z\{z.} A,
Zw — 2 —
e
z€Z\{z.} A

Towards a contradiction, suppose that inequality (8) does not hold. Then, with probability at least
1 — e /2 we have

(z—2)7(0—0)

sup

2€Z A
I T
_ \%TErwN(o,l) [Zez}\l?z*} (24 — Z)TAfi()\)l/W] _ \% ZGZI\I?Z*} |Z*_Z|ZM,\)—1
> %EUNN(O,I) [zeg\li*} (2 — z)TAf‘i()\)l/W?] _q ©
>1 (10)
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where inequality (@) follows from T' > 1 log(1/6)p*(\) > p*(A) since § € (0,0.015] and inequality
(TO) follows from the inequality (8). Rearrangmg the above inequality, if (§)) holds, then there exists
az € Z\ {z} such that

(z—2)780>0.
Combining the two cases imply that

T = c[p*(N) + 7" (N)] = c[p” +77].

C Fixed Confidence Upper Bound Proofs

C.1 Peace Algorithm Proofs

Proof of TheoremH] Step 1: Define a good event. Define ¢, = ,;% Let z1,..., 2N, denote the
pulled measurement vectors in round k. By Theorem 5.8 in [2]], with probability at least 1 — ,;%

sup |(z—2) " (0x — 0)]

2,2 €2y,
SE[ sup (Z—Z) (ak_e +\/210g k2/(S max; ./ecz, HZ Z” Nkwa) 1
z,2' €2y >
=E,ono,nl sup (z—2) sz 12 \/210g 2k2/0)max, yez, ||z — 2 || SV pipTy-1
2,2’ €2},
1+4+e€ _
<\ S B, o] i (2 )T A2
k z,2' €2y,
+ /210g(2k2 /) max. ez, 1z - z’||124()\k),1> (1)
2(1 + €)1y
<Gy | — 12
< N, (12)

where inequality follows by the guarantee on the the rounding subroutine ROUND and Lemma
and the line (T2) uses /a + Vb < v/2a + 2b and the definition of 7. Define the events

~ 2(1
=1 sup |(z—2) (0 —0) < 20+
z,2' €2y, Nk

}

£ =2 &

Note that line (T2)) implies that P(£,) > 1 — k%. Thus, we have

= = sin(7d)
:HP(ekml &) anf— =5 =1-9

where the last line used 6 € (0, 1). We suppose £ holds for the remainder of the proof.

Step 2: Correctness. Define Sy, := {z € Z : 07 (2, — 2) < B27*}. We show that z, € Z; and
Zy, C Sk for k =2,3.... Using the event £, we have that

- 2(1 B
sup |z — )T (@ — o) < /LTI B
2,2/ €24 N 4
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where we used N, > 27-k( ) (14 €). First, fix any z ¢ S7. We will then show that z € Z5. By
definition, 67 (z, — z) > Note that

(2o —2) 70, — B2 2= (2, — 2) T (61 — 0) + 07 (2, — 2) — B272
)

(z*—zT(é\l—G)—&—g
~_B_B
=4

>0
where we applied the assumption that z ¢ S; and the event. Thus, by the elimination rule, z ¢ Zs.
Now, we show that z, € Z. Let z € Z;. Then, using the event we have that
(2—2)70 —B2 2= (2—2)T (1 —0)+ 07 (2, — 2) — B272
—2.)7(6, — 0) — B272

—~

AN A
Selww
|

This proves the base case.

Next, we prove the inductive step. Suppose that Z;,_1 C Si_2; we show that Z;, C Si_;. For any
!
z,2° € Zk;,l,

~ 2(1
[(z — z’)T(Qk—l —-0) < 7( + O
Ng
< B2~ (k41

Letz € S¢_ | sothat @' (z, — z) > B27FT1 Then,
(2 — z)Té\k_l — B2+ — (5, — z)T(é\k_l —0) + (2, — 2) "0 — B2~ (k+1D)
(2o — 2) T (Bp_y — 0) + B2+
_p2—(k+1) 4 pgo—(k+1)
=0
Thus, z € Zj, proving one part of the inductive step.

V

Y

Next, we show z, € Zi. By the inductive hypothesis, z, € Z;_;. Let z € Z;_. Then,
(2= 2) 051 — B270HD = (2 — 2T (Bp_1 — 0) + (2 — z,) 76 — B2~ (F+D)
< (2= 2) T By — 0) — B2~ (F+D)
< B2~ (k+1) _ po—(k+1)
=0
Step 3: Upper bounding the sample complexity. Now, we bound the number of samples taken

until the algorithm terminates. Since Z; C Si_; for k = 2,3... as we showed in the previous
step, once k > clog(B/Ain), we have that Z;, = {z.} and thus there are at most clog(B/Ain)

rounds. In round k, the algorithm takes Ny = ’VZT]G(QA+1) 1+ e)] V ¢(€) samples and, thus, the
sample complexity is bounded by the following sum
clog(B/Amin) clog(B/Amin) 2k

> Ne<flog(B/Amin)d+ Y Tk(§)2] (13)

k=1 k=1

where we used g(e) = O(d) by the guarantees on the rounding procedure and € = 1/10. Now, we
focus on upper bounding the second term in the above expression. For £ = 1, then

<< (14)
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where we used the relation B = 7 V 1.

Next, we bound the terms k& > 1. Note that

2k _ 2k
()2 =Epno.plmax. ez, (= — #) AN V205
1 2 2k
+ 210g(5*k)maxz,z’ezk 12 = 2" a1 (E)Z
We begin by bounding the second term. Fix . Then,
2 2k 2 2 2" 2
max; .rez, [z — 2 HA()\)*l (E) <max; .es, |2 — 2 ”A(A)*l (E) (15)
2 2k
< emaxze sy (=) 12— 24001 () (16)

2

2 — ZHA(A)*l
} 0T (2, — 2)2
where line (I3)) follows since Zj, C Si_; for k = 2,3,..., line (I6) follows since the triangle
. . . 2 2 .
inequality implies max. .res, [z — 2[4 (n)-1 < emax.es,\ (2.} (2« — 2[4 (x)-1, and line (T7) fol-
lows since for all z € S \ {2.}, A, < 27 B by definition. Next, we bound the first term:
(z—2)TAN) 0

2-kB

< cmax e z\{z, a7

E,~n(,ry[max; .ez,

(2 = 2) TAN) 20

=4E, N0, [max ¢z,

2-kB
2e — 2)TA(N) /2
S 4ET]~N(O,I) [maxzesk ( )2_1‘7; ) 77]2 (18)
2 — 2) TAN *1/277
< 4E7]~N(0,I) [max(maxzesk\{z*} ( GT)(Z* E i) ,0)}2 (19)
(2 —2)TAN) 2
S 8[E77~N(O,I) [maxzesk\{z*} 9T (Z* - Z) 2
|24 — Z||,24(>\)71
M s\ () T ) (20)

Ze — 2)2

where line (I8) follows by Z; C Sj_1, line (I9) follows by Lemma [14] for all z € Sy \ {z.},
A, <27%B,and z, € S, and line (20) follows by Lemma|[16] Thus, combining (T7) and (20), and
taking the infimum over \, we obtain

2" : (2. —2)TAN) V2
Tk(E)Q < c[ngf E,n,n [maXzEZ\{z*} 07 (2 — 2) 2

24 — 201 % )1
+ max,ez\{z,} ﬁ log(k:2/5)]

< dIy* + p" log(k*/9)] @1
where line (Z2I) follows by Lemma|[I3] Thus, combining (T3)), (T4), and (ZI), we obtain

clog(B/Amin)

Ni < clog(B/Apin)ld + 7" + p* og(10g(B/A in) /3))- (22)
k=1
Next, we will prove
clog(B/Amin)
> N <clog(B/Apin)d + log(——————-)[y" + p" log(log(B/Amin) /9)]-
P Mg s, >1 L'k

(23)
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Fy = infy max, e, ||z — Z/Hi()\),l log(%) + E,[max,es, (2 — 2)TAN) V22 k>1

B k=0
(22) and (23) together would imply the result. By a similar argument used to establish (22)), it suffices
to prove

clog(B/Amin) 2k

¢ B
(=) < log(——————\[v* + p* log(log(B/Apmin) /6
S ) Stosl b o085 S 3]

Let L be the largest integer such that |Sz,| > 1. Define

Ey Ey

H;,={kell]: F € (m, F]}'

and define
k; = max(k ke Hz)
for i € [logy(Fo/Fr)]. Then, the sample complexity is upper bounded by

clog(B/Amin) 2k clogs(B/Amin) 2k
Y. wFrs > R(R) (24)
k=2 k=2
[logy(Fo/FrL)] ok
D v W
=1 keH;
[logy (Fo/FL)] ok

< Z maxec g, Fi Z (E)Q

i=1 keH;
[logy (Fo/FL)] 2k7
<d > maxgen, Fil 5 (25)
i=1
[oga (Fo/F1)] ok
< " Z Fkl( 5 )2

i=1
(2 = 2) TAQN) V21
07 (24 — 2)

< " [logy(Fy/Fr)] [iI}\lean(O,]) [max, e z\

2w = 2[5y
+ ma&wﬁ] log(10g(B/Amin)/9)] (26)

where line (24) follows since Zj, C Sy,_1, line (23) follows since Y, | (2) < ¢2?™, and line (26)
follows by (21).

O

C.2 Computationally Efficient Algorithm for Combinatorial Bandits Proofs

Before giving the proof of Theorem [6] we restate the algorithm with subroutines for solving the
optimization problems approximately. Define 0 = (0,...,0) .

We briefly note that the optimization problem in (27) includes (Z) as a special case by the following
identity:

—1/2

E,no,n[max. cz(z — 2') TAN) T2 = 4B, un (o, [max.czz T A(X) /)%,

We also define the UNIQUE subroutine (Algorithm 3)), originally provided in [8]. It finds the empirical

best z and the emprical second best 2’ and determines whether enough samples have been collected
to conclude that Z is the best. It uses at most d calls to the linear maximization oracle.
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Input: Confidence level § > 0, rounding parameter € € (0, 1) with default value of %,
suffices though this is wildly pessimistic; we recommend using o = 4) ;

\, 4T +— ComputeAlloc(0, 0, 1, g), which approximately solves

a>0(a=42941

7(2) = jnf Epnon max.ezz" AN /)

D+ T'V1,0 «— 0€R 6+ 25
for k =0,1,2,...do
Zp +— argmax . z G:TZ;

Ak, Tk <— ComputeAlloc(Z, é\k, 27k , which approximately solves

64
) T2 (er D)
(B —2) TAN) 2
2D + 0] (3 — 2)

Set Ni, «— a7, log(1/0k)(1 + €)] V q(e) and find {z1, ..., zN, } +— ROUND(A, Ni);
Pull arms 1, ..., zn, and receive rewards y1, ..., Yn,;

Let §k+1 — (Zi\f:kl ZL‘SII'T)_I Zi\]:kl TsYs s
if UNIQUE(Z, Ok, 2’kF) then return Zj,
Algorithm 4: Fixed Confidence Peace with a linear maximization oracle.

)\lgg EWNN(O,I) [maxzez (27)

Input: Z, estimate é, shift b > 0 ;
2 «— argmax_. > 0" z;
fori=1,2,...,dst i€ zZdo

5 _ 0; j#i
—00 j=1

2D« arg maxzez(é(i))Tz;
if 07 (2 — 29) — b < 0 then return False
return True

Algorithm 5: UNIQUE.

Proof of Theorem 6] We will first show that if we can solve the optimization problem

(20 — Z)TA(A)_”Q??.

Emax,
Ty + 64 (20 — 2)

for arbitrary 0y € R, z5 € Z, and b > 0, then the sample complexity claim follows. In particular,
this implies solving the optimization problems v(Z) and @27). Then, we will show that solving it
approximately using the subroutine ComputeAlloc only affects up to a constant factor and bound the
number of oracle calls.

Step 1: Good event holds with high probability. Define the sets

g — {zeZ:A,<T27%} k>1
Tz k=0

and define §;, = 52;. Define the events for all j € [k]

Sk ={ sup |(z—2) (s —0)| <
z,2' €S}

E[Supz,z’esj (Z - Z/)TA()‘k)_l/Qn]Q
Ny

\/2(1 +¢e)(1+ mlog(1/0k))
Y = ﬁ?ZOZk,j

Y — m}goi‘(lF/Amm) m?:o Zk‘,j
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Let 1, ..., zy, denote the measurement vectors selected in round k. Theorem 5.8 from [2]] implies
that with probability at least 1 — %3

sup [(z— ) (Bss — 0)|
2,2’ €S}

<E sup (z—2)7 (6, —0)+ \/2 log(1/6x)max. .ics, ||z — 2

2,2’ €S

2
H(Zj\’:kl @] )1

=E sup (z—2)) Z% 1/2,7+\/210g 1/8,)max. .res, ||z — ZH(ZM

-1
Tiw]
z,2' €8

<E sup (z— z T;T 1/2
2,2’ €8S} Z

+ 4| mlog(1/8)E[ sup (2 —2') ZJ; z])~1/2n) (28)
z,2' €8S}
<4 12(1+ 7wlog(1/0k))E[ sup (2 —2') Zx z] )12 (29)
z,2' €S

Efsup, .eg, (2 — 2/) T A(A) ~1/2n)]?
N,

< \/2(1+6)(1+7r10g(1/5k)) (30)

where line (28] follows by Lemma line (29) follows by v/a + vb < \/2(a + b), and line (30)

follows by Lemma Therefore, P(X}, ;) < k%. By law of total probability,

oo k 0o
SZZP SNt < Zk+1—<35
k=1

k=1 j=0
We suppose the event X holds for the rest of the proof.

Step 2: gaps are well estimated every round k£ Now, we show that the following hold: at every
round k£ > 1,

1. if z € S¢,
(e =)@~ 0)| < 5
2. itz e S,
o270 < 25

We proceed inductively. First, we prove the base case k = 1. On the event X; ;, we have using the
definition of Ny, forall z € Z,

(2 =2) @ =0)| < sup_|(z=2)"(BL-0)]
z,z' €

§ \/ 2(1+ €)(1 + 7 log(1/0))Elsup, L. c 5 (2 — 2/) T AN /22
< i

¢ 8(1+ ¢)(1 + wlog(1/8))Elsup. c 2 (50 — 2)TA(N)~V/2n)2
No

2-11
<
- 8

3D
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where in the last line we used Ny, = o [, 1og(1/6;)(1 + €)] V g(¢). Observe that whether z € Sy
or z € Sf the base case follows. Next, we show the inductive step. Suppose that at round £ > 1, if
z € S¢,

N A,
(oo = 2) T B )] < 52

and if z € Sy,
~ 2-kT
oo =)@ 0)] < 2

Now, consider round k+1. Fix 29 € Si,,. If A, > L, there is nothing to show by (31)). Thus,
suppose A, < L 5. Then, there exists j < k such that I'2™ 3“) < A,, <T277. Then,

(2« = 20)T (Bks1 — )] (=) (Bhs1 — 0)

< sup
Azo 2,2’ €8 | Azo |
Efsup. s, %]2
<A12(14+€)(1 + mlog(1/0r)) : N u (32)
k
Efsup. g W}z
< A|8(1+¢€)(1+ mwlog(1/dk)) 2 N Bz
k
Efsup,. o G2 AC) 01
< \/36 1+ €)(1 + 7log(1/61)) lsup-es, T - (33)
k
Efsup,, =2 A2
<\/361+e )(1 + wlog(1/6x)) [sup-c2 NA”Q - (34)
k
E[sup, . » M]
< \l 162(1 + €)(1 + 7 log(1/8;)) “’}V'ZW”Q T 3s)
k
1
< = 36
<3 (36)

where line follows by the event %, line follows from Lemma [14] since Z;, € S; and for
all z € S5, 3A,, > A, + 27T, (33) follows by the inductive hypothesis and Lemmam and (36)
follows by the definition of INj,. Next, fix 29 € Si1; a similar series of inequalities shows that

- 9—(k+1)T
(20 = 20) Bers - ) < ——,
yielding the claim.

Step 3: Correctness. To show correctness, it suffices to show that at round k, if Z;, # z,, then the
UNIQUE(Z, 0,27 *T) returns false. Inspection of the subroutine reveals that it suffices to show that
(Zr — 24) "0 — 27FT < 0. By the claim in Step 2, we have that

(Ek — Z*)Té\k — 2_k1—‘ = (Zk — Z*)T(é\k — 9) — Agk — 2_kF

Az, 27FT
< max( 82’“, 5

) — Az, —27FT
<0
proving correctness.

Step 4: Upper bound the sample complexity. Note that at round &, UNIQUE(Z, éAik, 27kT) checks
whether the gap between Zj; and arg max, >, @z is at least 27*T, and terminates if it is. Thus, by
the claim in Step 2, the algorithm terminates and outputs z, once k > clog(I'/Apnin). Thus, the
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sample complexity is upper bounded by

clog(T/Amin) clog(T/Amin) 2k

Z Ny, < [log(T/Apin)d + Z Tr( T )2] 37

k=1 k=1

where we used g(e) = O(d) by the guarantees on the rounding procedure and € = 1/10. Now, we
focus on upper bounding the second term in the above expression. For £ = 1, then

21, ¢
=)yr<=</d 38
71 ( T )7 < r==¢ (38)
where we used the relation I' = 7; V 1. Thus, to obtain the upper bound on the sample complexity, it
suffices to upper bound

(Zx —2) "AN) P00,
2-FT + 0] (3, — 2)

7 = inf E, .y n|[max,cz
NeA T (07)[ z€

for £ > 1. Fix A € A. We have that
(B —2)TAN) V2
2=k + 0 (3, — 2)

(Zk — Z)TA(A)*/%?]Q
27]6].—‘ + Az
(25 — Z)TA()‘)_UQ’Y}Q
2=k + A,
(2 — 21) TAN) 20

2
Ey~n(o,n[maxzcz ]? < cEyono,n[max.ez

< [Eypon(o,nmax.cz

+E,~n0,r)[max.cz

2=k + A,
We bound the first term as follows. Fix zg € Z \ {z.}.
(2 —2) TAN) V2
E,<n(o,n[max;ecz 5T 1 AL ]
(2. —2)TAN) V2

= ]Ean(O,I) [maXZEZ\{z*}maX( 29—k + A, ,0)]

2o — 2) TAN) /2
< Epono,n[max.ez\ (2.} ( 2*)’<F+(A)z 77|]2

2

(2o —2) TAN) 205 M2 = 20ll4(0)-2

< 8E,n(0,1)[Max.c 2\ (2, } 9T + A, 2T+ A, )2 (39
2. — 2)TAN)Y/2
< 8[E,~n(0.1) [maxzez\{z*}( )A ) Uk
z
2
|2 — Z”A(A)*l

+max,s, ———s ] (40)

AZ
where line (39) follows by exercise 7.6.9 in [32].
It remains to bound the second term. Note that

_z\T —1/2 —_3)T —1/2
Ze — Zk) AN n Ze — 2k) A(A 7
R e N G S C e o

E,~n(0,r)[max ez

~ 112
C||Z* - ZkHA()\)*l
- (27+T)?
~ 12
|2 — ZkHA()\)*l

<c (41)
AZ

2
[ ZHA()\)*l

< cmaxzeg\{z*}T (42)

where line @T)) follows since Z, € Sj2 by Lemmal[T}
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Thus, combining (37), (38), @0), and {@2)) yield the upper bound
clog(T/Apmin)

Y. Np<clog(l/Amin)ld +7" +p'].
k=1

Step 5: Computation. Next, we show that we can solve the optimization problems ~(Z) and
approximately and bound the number of oracle calls. In the interest of brevity, define

(Zx —2) AN V2

2-FT + 0 (% — 2)

gk(A) == E,n(o,n[max.cz

Let Dy, 1 denote the event that GetAlloc(Zy, é\k, 2-kr ) returns A, € A such that

65
? 42 (k+1)2
k(M) < C[Aigg gr(\) +1] (43)

Let Dy, 1 denote the event that GetAlloc(Zy, §k, 2-kT
of oracle calls

, %) uses at most the following number

3 1 d? kA
cld +1log(¢ - k*) + 10%(10g(d)2m ﬁ)} log(d)* T2 2 5 (44)

where ¢ < max,A, + I'. Furthermore, define D; = N;Dy, 1 and Dy = N Dy 1.

GetAlloc is applied with confidence level = 2 s and thus by Theorem and a standard union bound

argument, with probability at least P(D;) > 1 — ¢ and P(Dy) > 1 — & - 1.

Next, let Cy, denote that event that EvalAlloc(Zy, §k, 2=k
Ty, such that

s T2k +1)2) that the algorithm outputs a

gr(Me) < 1 < clgp(Ar) + 1] (45)
and the number of oracle calls is upper bounded by
2

e

dk
log (1/8) log( ry=-).
Define C = NyCx. Since EvalAlloc is applied w1th confidence level 6 = ka and by Lemmaland
a standard union bound argument, P(C) > 1 — 5.
Suppose that D; NCNE occurs. Inspection of the proof reveals that nothing is lost by the approximation

in (@3)) and (@3). Thus, by a union bound, it follows that with probability at least 1 — 49, the algorithm
terminates and returns z, after the stated number of samples in the theorem.

Now, suppose D; N Dy N C N &€ holds. Since there are ¢log(I'/ A, ) rounds, the bound on the
number of oracle calls follows by the dominant term appearing in line (@4)). Thus, by the union bound
and assuming § > 2% the event D1 N Dy N C N € occurs with probability at least 1 — 4. This
completes the proof.

O

The following Lemma is an essential ingredient in the proof of the upper bound for the computationally
efficient algorithm for combinatorial bandits.

Lemma 1. Let k > 1. Consider the kth round of Algorithm 2] Suppose that

e ifz€SE,
(2 = 2) T (0 - 0)] < % (46)

o ifzc S,
(2 = 2) T (0 — 0)| < Q_SkF @7)



Then, the following hold:

1.
Zk € Skt2, (48)
2. ifz€ S
~ 1
|(Ge —2) "0 — (2 — 2)T0] < 54 (49)
3. ifz €Sk,
(e — 2) "0k — (2. — 2)T0] < %2*’“F. (50)

4. There exist universal constants c,c’ > 0 such that
> TA)\_1/2 > TA)\_1/2
ifoup B AT AN s G ) TAN)
z€EZ Az +27°T z€EZ (Ek — Z)Tak + 2—kT

(Zk — Z)TA(/\)’”QTI]Q

< E
< CBlsup =X or

Proof. Step 1: 1 holds at round k. Note thatif 2z € S;_ , N Sk, then
27k

é\;(z*—z)zAz— >0

by (]%7[) and since z € S, N Sy implies that A, > %. Thus, z # Zi. On the other hand, if
z €Sy,
é;r(z*fz)zAzf%>O
by (@8), so that z # Zj,. Together, these cases together imply that Z, € Sj4o.
Step 2: 2 and 3 hold at round k. First, suppose z € Si.. We have that
(2= 2) Ok — (20 = 2) 0] < |G = 2) T (0= 0)| + 107 (3 — 2) = 0" (2. — 2)]
<U(E—2) O =0+ (2 — 2) (O = 0) + 107 (3 — 2|

< é(r’fr +A;)+ ir’fr (51)
1

< —

<54

where line (51)) follows by (@6) and by (@8)) which we have shown holds at round k. By a similar
argument, if z € S,

~ 1
|(Zk — 2) 0 — (2. — 2) 70| < 52_’“I‘.

Step 3: 4 holds at round k. We have shown that (8) and @9) hold at round k. Fix z € Z. If
z € Sg, by @9) we have that A, > %@r(fz‘k — z) and thus
1 3 1

< = .
A, +27F0 7 2(3, — )70, + 27k
On the other hand, if z € Sy, by (30), we have that A, > 0 (Zp — 2) — ¥ Thus,
1 1
— <2 — .
Therefore, since in addition Z, € Z, we may apply Lemma [I4]to obtain
s TA)\—I/2 s TA)\—l/Q
foup B TAN Y0 Gl ) TAN)
zZEZ A, +27FT 2€Z (Ek — Z)Tgk + 2°kT

yielding one of the inequalities. By a similar argument, we obtain the other inequality, proving the
claim.
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D Computational Results for Computationally Efficient Algorithm for
Combinatorial Bandits

In this section, we present the computational subroutines for the computationally efficient algorithm
for combinatorial bandits. The main optimization problem in Algorithm [2]is given in line (27). Fix
20 € Z,b > 0, and 0y € R? for the remainder of the section; we will omit dependence on these
quantities because they are fixed. Since the Gaussian width is nonnegative, it suffices to solve:

- (20 —2) AN/
f g\ :=E » .
AlgAg( ) maez T Og (z0 — 2)

Define the following functions

(20 —2)TAN) /2

b+ 6, (20 — 2)
(20— 2)TA(N) "V

b+0] (20— 2)

gAsm;r) == maxaezz | (AN) 20+ 160) — r(b+ 67 20) — 29 A(N)"/*n
gximiriz) =2 (AN 2+ r60) — r(b+ 6] 20) — 20 AN

g(A;n) = max.cz

g\ z) =

D.1 Main Subroutine

Input: zo € Z, 00 € R, Offsetb > 0,6 > 0;
A «— GetAlloc(zo, 6o, b, 9);

r +— EvalAlloc(zo, 00, b, A, §);

Return (A, 7)

Algorithm 6: ComputeAlloc(zg, 6y, b, d)

ComputeAlloc(zg, 6p,b,0) is the main subroutine; it solves and evaluates infy g(\).
GetAlloc(zg, 09, b, 0) and EvalAlloc(zg, 0o, b, A, §) only use calls to the linear maximization ora-
cle. GetAlloc(zg, 8y, b, 0) finds a solution within a constant additive factor of the optimal solution
to the optimization problem infyca g(A) with probability at least 1 — 4. EvalAlloc(zo, 6o, b, A, §)
determines the value of g(\) within a constant additive factor with probability at least 1 — 4.

GetAlloc (Algorithm [7) performs stochastic mirror descent over the subset of the simplex that is a
mixture with the uniform distribution

~ 1
A={NcR': )= §(m+ﬁ') where k € A and k' = (1/d,...,1/d)"}.
Define the Bregman divergence associated with a function f:

Dy(z,y) = f(z) — f(y) — Vi) (z —y).

GetAlloc calls estimateGradient (Algorithm [8) to obtain an unbiased estimate of the gradient. esti-
mateGradient needs to solve a maximization problem, for which it calls computeMax (Algorithm J),
a subroutine that essentially performs binary search.

EvalAlloc (Algorithm[I0) estimates the number of samples to take in a round, only using calls to
the linear maximization oracle. Because it estimates the mean of estimator that is not necessarily
sub-Gaussian, but has controlled variance, this subroutine uses the median-of-means estimator.
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Input: zo € Z, Offset b € R, 6y € RY, confidence level § > 0 ;
Define ®(\) = Zle A log(\);
T <— clog(d)? ‘;—2 5% where ¢ > 0 is a universal constant obtained in the proof of Theorem

/ . . . . .
Kk = %, / % where ¢’ > 0 is a universal constant obtained in the proof in of Theorem
b2

PR argmin, o x ®(N);

for s =1,2,...,T do
Let rs «— estimateGradient(zo, 6o, b, \);
Ast1 = argmin/\eém";r)\ + Da (A As)

Return % 37 A

Algorithm 7: GetAlloc(zg, 0o, b, §): Stochastic Mirror Descent for Transductive Bandits with linear
maximization oracle

Input: \ € A, 2o € Z,Offsetb € R, 6y € R%;
Draw 1 ~ N(0,I);

IMAX-VAL <— computeMax(zo, 6o, b, A, 7, 0);
Choose

Z € argmax g(\; 7; MAX-VAL; z)
z2€Z

Return Vag(A;m; 2)
Algorithm 8: estimateGradient(z, 6y, b, \): Compute unbiased stochastic subgradient

Input: \ € A, zp € Z, Offsetb € R, 6y € R, 5 € R%, TOL > 0;
Define

LOwW = 0, HIGH = 2

while g(\; 7 : HIGH) > 0 do
HIGH <— 2 - HIGH;
while g(\; 7; LOW) 5 0 or 5 (HIGH 4+ LOW) > TOL do
if g(\; ; 3 (HIGH + LOW)) < 0 then
LOW <— 1 (HIGH + LOW)
else
HIGH <+— % (HIGH + LOW)
LOW «— g(\;m; 2') for some 2’ € arg max g(\; n; LOW; z)
Return LOW

Algorithm 9: computeMax(z, 6y, b, A\, n, TOL): Compute g(X;n)

Input: A\ € A,z € Z, 600 € R, Offsetb € R ;

T «— 8644 log(1/6);

Draw 71, ...,n7 ~ N(0,1);

lys +— computeMax(zo, 0o, b, \,ns, TOL = 1/2) fors =1,..., T}

LLet 7 be the output of the median of means estimator applied to y1, . .., yr;
Return [r 4 1]?

Algorithm 10: EvalAlloc(zg, 0o, b, A): Estimate g(\)
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D.2 Proofs

Recall the definitions:
(20 —2)TAN) /2
b+04 (20 — 2)
(20— 2) AN~/
b+04 (20 — 2)
g(Aim;r) i=maxaezz | (AN) 20+ 160) —r(b+ 07 20) — 29 AN~
gximir;2) = 2T (AN T2+ o) — r(b+ 6 20) — 29 AN

We note that we may assume without loss of generality that 6] (zo — 2) > 0 for all z € Z. We define
the event B = {| arg max, = g(\;n; z)| = 1}, which will appear in the analysis several times.

g(X;n) i= max.cz

g\ z) =

The following Lemma provides the guarantee for estimateGradient. Define ¢ =
vmax_ e z0] (z0 — z) +b.

Lemma 2. Consider the combinatorial bandit setting. Fix zyg € Z,b > 0, 8y € R, and \ € A.
estimateGradient(zo, 0o, b, \) returns an unbiased stochastic gradient of the function g(\) with
probability 1. Let £ > 0. With probability at least 1 — ;—5 it terminates after O(d + log(%) + log(%))
oracle calls.

Proof. Step 1: Correctness. Let ) ~ N(0, I). Note that Eg(\; ) = g(X). Since n ~ N(0, I), with
probability 1 argmax_ .z g(A; 7; 2) is unique and, therefore,

Vamax,g(A;n; z) = Vag(;n; arg max g(A;m; 2)).
z€EZ

By Lemma(8] we have that
VaEg(A;n) = EVag(A;n)1{Bz}.
Thus, we have
ViEmax,g(X\;n; z) = EVamax,g(\;n; 2)1{Bx} = EVag(X\; n; arg max g(A;n; 2)) 1{Bx}.
zZEZ
As a consequence, to show that estimateGradient returns an unbiased gradient, it suffices to show that

Algorithm [8|identifies arg max, . z g(A;n; z). Note that g(\; 1) is equivalent to the following linear
program problem

re =minr
T

s.t. g\ ) = maxzezzT(Aflﬂ()\)n +760) —r(b+ QJZO) — ZJA()\)*I/QH <0.

The estimageGradient algorithm terminates once it finds 7 > 0 such that max.czg(\; n; 7; 2) = 0.
Let Z € argmax, ¢ z g(A; n; 7; 2). Then,

0 = max.g(A;n; 7; 2)
= g(\n;75 2)
= 2T (A2 (N +760) — 7(b + 69 20) — 20 AN *n
> 2 (A7Y2(Nn 4+ 760) — 7(b+ 04 20) — zg AN) 2.

where the strict inequality holds with probability 1 since  ~ N(0,I). Rearranging the above
inequality, this implies that for every forall z € Z \ {z}

(20 — 2) TA(N) "2 i (20 — 2) TAN) V2
b+64 (20 — 2)  b+0) (20— 2)

implying that Z = arg max, g(\;T; z), showing estimateGradient returns an unbiased gradient.

Step 2: Running time. Next, we bound the number of oracle calls. Define y§ =

SUpP,cz %. By Theorem 5.8 of [2]], we have that
0 Z0—=%

(20— 2) TAN) "V d’
) <85

V() < 4 \Y%
) = igg ( b+0] (20 — 2)
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where we used \ € A. Define the event
AT —1/2 2
(20 —2) " A(N) n 8d 1

&= — =
S T =) =)
Thus, by Chebyshev’s inequality, we have that
P(E°) < 6. (52)

Thus, choosing § = 2% we have with probability at least P(£¢) < 2% Then, by Lemmathe first
while loop requires
1

¢)

O(log(%)) = O(log(%) + d + log(

oracle calls.

Next, we consider the second while loop. Define the event

£
D ={lg(X\m;z) — g(Xsm; 2)| > G 2 € 2}
By Lemma we have that with probability at least D > 1 — 2% Then, by Lemma the second
while loop requires at most O(d + log(%) + log(%)) oracle calls. A standard union bound argument
for event £ N D yields the result.

O

The following Theorem provides the guarantee for GetAlloc.

Theorem 8. Consider the combinatorial bandit setting. Fix zo € Z, b > 0, and 0y € R<. With
probability at least 1 — § GetAlloc(zg, 6o, b, 0) returns \ € A such that

9(V)? < e[min g(A)* +1].

Let & > 0. Furthermore, with probability at least 1 — g—ﬁ the number of oracle calls is bounded above
by

3
eld + 1o8(6/) + og(105(d)? 5 =) log(d)

,d3 1
b2 52"
Proof. Step 1: Guarantee on final allocation. Note that for any z € Z,
)\73/277.
Vg m; 2)i 1{By}| = 1{Bx}1{i € zpAz}|——+—"——
VagQsm (B} = LA € 2082}yl |
and thus

d3
Emax.cz [[Vag(hin; 2)1{Ba} % < ¢}z Emaxin?
d3
< log(d)cs

where we used the fact that \ € A.

Note that the mirror map used is

d
O(A) = Ailog(Ai).
i=1
It is not hard to see that

sup ®(\) — min ®(\') < log(d)
AcA AeA
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By Theorem 6.1 in [4],

_ ) 32 1
Eg(A) — min 9(A) < elog(d)——1/ 7.

Then, by Markov’s inequality,
P(g(A) — min g(A) > 1) < Eg(A) — min g(})
AcA AEA

3/2
< ClOg(d)dT\/%
3/2 1
< ClOg(d)dT\/ T

=4
by our choice of 7". Noting that min, .z g(A) < v2minyea g(\) yields the result.

Step 2: Bound the number of oracle calls. Using Lemmawith ¢ = % and union bounding over
each of the T iterations, with probability at least 1 — g—g the number of oracle calls is at most

3 3
cld +108(-5) + log(/& - T)T = cld + log(6/€) + log(log(d)” oy =) low(d)* o5 <

The following Lemma provides the guarantee for Algorithm[I0]

Lemma 3. With probability at least 1 — 6, Algorithmreturns 7 such that g(\)? < (1 +1)? <

g(\)? + 4. Furthermore, with probability at least, 1 — 9, it uses O(g—j log(1/6) log(i%)) oracle calls.

Proof. Let i = sup, . 5 G0=2 AQ)n. gy, 5.8 of [2], we have that
. Ys = SUP ez 5100 (z0—2) y Theorem 5.8 o , we have tha

V(i) < 4supV((ZO — z)TA()\)—l/Qn) . gﬁ

eZ b+6] (20 — 2)

Applying the median of means estimator (see [18]) to 4y, .. ., yr yields that with probability at least
1 — ¢ 7 satisfies

7 Bap 0= AN

Ns
<1/2
ez b+9(-')_(zofz) =V

by our choice of 7" and standard results for median of means estimation. Since the procedure
computeMax a tolerance of 1/2, by Lemmal5] we have that |y, — g,| < 1/2foralls =1,...,T.
Thus, it follows that |7 — 7| < 1/2. Thus,

— AT A —1/2
|7'fIEsup(Z0 Z).l_ () ns\gl.
ez b+0y (20— %)
Manipulating the above inequality yields the result.
(z0—2) TAQN) "0,
2
same argument made in inequality (52)), we have that with probability at least 1 — %, s < O(%).
Union bounding over all g, s € [T], we have that with probability at least 1 — J, sup, g5 <
O(bd%S log(1/4)). Since the procedure computeMax uses a tolerance of 1/2, by Lemmawe have

that each call of computeMax uses at most O(log(%)) calls to the linear maximization oracle,
yielding the result. O

It remains to bound the number of oracle calls. Consider 7, = sup,¢z
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D.3 Technical Lemmas

Lemma 4. Consider the combinatorial bandit setting. Fix 6y € R% and b > 0. Let £ > 0. Then,

§ §
Pz # 2" € Z: |g(hn;2) — g(\m; 2)] < @) < i
Proof. Letm = |Z|. Fix z # 2/ € Z. Fix 29 € Z, k € N, and 6y € R?. For the sake of brevity,
define h(2) := g(A\;m; 2). Note that |h(z) — h(z")] is a truncated normal distribution. Now, we lower
bound its variance.

(20— 2)TAN) 2 (20 —2)TAN) V2

27kB+ 04 (20 — 2) b+ 04 (z0 — 2')

V(h(z) - h(=")) = ]

2

> ’ (20 —2)TAN) T2 (20— 2)TAN) /2

T b+04 (20— 2) b+0g (20— 2") ||
. 1

= bez b+ 64 (20 —v) ’OC
1

5

where we used the fact that for every ||z — 2’|| ., > 1 for combinatorial bandits and and the definition
of ¢.

Then, using the cdf of the half normal, we have that

P(|h(z) — h(Z")| < ¢2€2d) _ [ L V27 eXp(*2 y_ )dy

¢22d y
< 2
< |7 oV g =y
§
Thus, using a union bound, we have that
£ Z
P(Ez#2 € Z:|h(z) — h(2)| < 525 < %)
£

Lemmas 5] [6] and[7]show that Algorithm [J]essentially performs binary search.
Lemma 5. The following two claims holds regarding Algorithm|[9)

1. At the end of the first while loop ofAlgorithmE)] g(\;n) € [LOW, HIGH] and it takes at most
O(log(g(X\;n))) oracle calls.

2. In the second while loop of Algorithm @] it always holds that g(\;n) € [LOW,HIGH].
Furthermore, define z = argmax_c z g(A; 0; z). Then, if g(\;n) — max.+zg9(\;n; 2) > €,
then it terminates after O(log(@)) oracle calls.

Proof. We begin by proving the first claim. By Lemmal] if HIGH < g(\; ), then g(\; n; HIGH) > 0
and HIGH keeps increasing. At some point, we have HIGH > g(\; ), which by Lemma@implies
that g(\; n; HIGH) < 0 and the while loop terminates. Notice that since zg € Z, g(A;n) > 0 = LOW.
Furthermore, since HIGH doubles at each round the first while loop takes at most O(log(g(\;7))))
oracle calls. This completes the proof of the first claim.

Next, we prove the second claim regarding the second while loop. At the beginning of the second
while loop, g(A; 1) € [LOW, HIGH]. It is a straightforward consequence of Lemma@that at the end
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of the if else statement in the second while loop it holds that g(A; 77) € [LOW, HIGH]. In the last line
of the while loop where

LOW «— g(\;m; 2") for some 2’ € arg max g(\; n; LOW; 2)

it follows from Lemma 7] that g(A; n; LOW) > 0. Then, by Lemmal 6] it follows that g(X; ) > LOW.
Thus, the claim that g(A;7) € [LOW, HIGH] during the second while loop holds.

Finally, we bound the number of oracle calls. Assume g(\;7) — max..zg(\;n;2) > € where
Z = argmax, . z g(\;m; z). Since at the end of the first while loop HIGH < 2¢(\; n) and the second

while loop performs binary search, we have that after O(log(g(%"’))) oracle calls,
g(Asm) > Low > g(A;n) —e.

Let y € argmax_ ¢ z g(\;7; LOW; z); we claim that y = argmax . z g(\; 7; 2). By Lemmal[7] we
have that g(\; 7; LOW;y) > 0. Rearranging, we obtain

(20 —y) TAN) Y2y
b+06y (20 —y)

> LOW > g(A;m) — e > max,x:9(A\;7; 2),

which implies that

(20 —2)"AN)
= arg max g(\;7; z) = arg max
Y %ez gxm:2) %ez b+ 98—(20 —z)

proving the claim.

Thus, inspection of the algorithm shows that it suffices to show that g(\;n; g(A;n)) = 0, but this
follows directly from Lemma [6]

O
Lemma 6. If g(\;n;r) <O, thenr > g(A\;n) and if g(A;m;7) > 0, thenr < g(A;n).

Proof. Suppose g(A;n;r) < 0. Then, by definition,
max,ezz ' (A™Y2(N)n+ o) — r(b+ 64 z0) — zg AN) "2 < 0.
Rearranging, we have that for all z € Z,
(20 —2) "AN)~*n
b+ 64 (z0 — 2)

thus proving the first claim. Next, suppose g(\;7;7) > 0. Then, rearranging as above, there exists a
z € Z such that

<r,

(20— AN 2y
b+ 604 (20 — 2)

proving the second claim. O

Lemma 7. If max.czg(\;n;2;L1) > 0, then letting Lo = g(\;n;2') for some 2/ €
argmax, .z g(\;n; z; L1), we have that Ly > Ly and g(\;jn;Ly) > 0. Furthermore,
g(\;m; LOW) > 0 throughout the execution of Algorithm |9}

Proof. We have that
g\ 25 Ln) = (') (AN + Lao) — La(b + 64 20) — 29 AN ~?n > 0.
Rearranging, we have that
(20 —2") AN~
b+ 6] (20 — 2')
proving the first claim. Furthermore, rearranging the equality
(20 —2") TAN) 2
b+ 6] (20 — 2')

L2 =

> Ly,

= L2
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yields 0 = g(A;m; 2’5 Lo) < max,eczg(A\;n; z; L), yielding the second inequality.

Finally, g(\;n; LOW) > 0 follows inductively. In the base case, LOW = 0 and we observe that for
0 = g(A;m;20;0) < max,ezg(A;n; z;0). The inductive step follows by the update and the above
claims.

O

Lemma 8|shows g()) is differentiable.
Lemma 8. Let A\ € A. Then, Eg(\; n) is differentiable at X and ¥V \Eg(\; 1) = EVg(\;n)1{Bx}

where

By = {|argmax g(\;m; 2)| = 1}.
ZEZ

Proof. Note that
EVag(Nm)I{Bx} = VaAEg(\;n) <= (EVag(A;n)L{Bxr}): = (VaEg(X;n)): Vi
and thus, it suffices to prove the statement for a single fixed i. Note that since A € A, AN~

AN T2 (z0—2)
b+6, (z0—2)

1/2 is

full rank and hence each is distinct . Therefore, since n ~ N (0, I), By occurs with

probability 1.
Note that for each fixed z, since \ € A,

|a (>‘ ; )| 1 A_3/2n2 | < C|d3/27h
O\ - 2b+0T(zofz) - b

| =: Ly

g(X;m; z) is Ly-Lipschitz in A;. Since g(\;n) = max.czg(\;n; 2), g(A;n) is L, -Lipschitz in \;.
Thus, we have that for any h > 0,
9(A+ heiin) — g(Asn)
h = In
and so by the Dominated Convergence Theorem
A+ heisn) — g(Xs . A+ hei;n) — g(A;
lim ]E[g( + heiin) — g( 77)] _ E[ lim g\ + hei;n) — g( 77)]
h—0 h h—0 h
A+ hegin) — g(X;
_ E[ lim g\ + hei;n) — g( n)l{m
h—0 h
9g(A;n)
1{Bx
LB
which shows that the partial derivatives of E[g(\; n)] exist and
OE[g(A;n)] 9g(Xin)
=E 1 .
I [ I {Bx}]
To show that E[g(\; )] is differentiable, it suffices to show that the partial derivatives %ﬁm)] are

— gL

continuous. Let A(™ € A be a sequence such that lim,, A™) = X\. Then, a straightforward
application of the Dominated Convergence Theorem shows that

, dg(A™; ) dg(A™; )
tim E[Wl{lgm) H=E[ lim WB{BMM 1
. 9g(AMsn)
Enlg)nongn)]l{B)\(w)}]l{B)\}]
dg(A;in)
= E[ O 1{Bx}]

where we used that lim,, o 1{By) }1{Bx} = 1{B,}. This is true since clearly if 7 is such that
1{Bx} = 0, then the claim follows. On other hand, if 7 is such that 1{B,} = 1, then using the
Lipschitzness of g(\; n; z) (as previously argued), we have that lim,, o 1{By } = 1{B,}. Thus,
we conclude that the partial derivatives are continuous, which completes the proof.

O
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E Fixed Budget Upper Bound Proofs

Lemma [9]is the main step in the proof of the upper bound for the fixed budget algorithm.
Lemma 9. Suppose T' > cRmax([p* + v*|,d). If z« € Zy, then z, is eliminated in round k with
probability at most

T

2 exp S —
I

).

Proof. Let N = |T/R|. Let X = {x1,...,%m}. Let Ay denote the design chosen by the algorithm
inround k. Let 1, ..., 21, denote the measurement vectors selected in round % and define A € A

by \; = ﬁ Zivzl 1{I; = i}. Let £ > 0 (a constant to be chosen later). Define
A =argminA’

2
”Z_Z/HA(X)*

s.t. sup
seze (A)?

<&+

Define the event

E={ sup
{z,z’ezk A

+

~ 22T A(N)-1/2
=)@~ 6)] _ \/]E[Supzﬁz,ezk N

| T/R]

N | =

By Theorem 5.8 in [2] with probability at least

~ T/R| — /R
B(E) < 9 _ <2exp(pro
( ) < exp(8SUpz,z’€Zk ‘LZQ_Z/HA(X)_l ) = eXp(8§[p* + 7*])

where we used the definition of A. Suppose £ occurs for the remainder of the proof.
Define
Zk,wrong = {Z S Zk : é;l'(z* — Z) < 0}

Towards a contradiction, suppose z, is eliminated at round k. Then, by definition of the algorithm,

Z 1 _
Y(Zk wrong U {z}) > ¥ = iE sup (2 —2")TAM) ™2,
z,2' €2y,
Define zo = argmax_cz, .~ A;. Then,
- 1
E sup (z—2)TAN) "< ZE sup (z—2)TAQ\) "2 (53)
2(1 + 6) z,2' €2y, 2 z,2' €2y,
<minE sup (z—2)TAN) Yy
A Zyzlezk,wrongu{zx}
< cm}%nE sup (2. —2) TAN) Y2y

zezk,wrongu{zx}

<! m}%nE sup (24 — Z)TA()\)_U%]

2€ 2k, wrong
+ [z = 20l 4(n)-1 (54)
where line (53) follows by the guarantees of the rounding procedure and Lemma [TT]and line (54)
follows by Lemma([T6] Thus,
sup, s z—2)TAN)"1/2 L —2) AN/
pZ,Z Ezk( ) ( ) T}]Q S CminE[ sup (Z Z) ( ) 42

E[
Azo A 2EZk wrong AZO

2
|2 — ZOHA(A)*l
A2
20
<[y 4 p] (55)
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where line (33) follows by Lemma|[T3] Furthermore, we have that

I\ — 2
sup, ez, (2 = 2/) TAN) 2, 12 = 2'l[az)—
’ ["2¢ sup ——F—"—

Azo 2,2’ €Zy, Azo

E| (56)

by Lemma([T2] Combining inequalities (53] and (56), we have that there exists a univesral constant
& > Osuch that A, > A (choose this ).

Then,
(22— 20) T (O — 0)| < sup |(z—2)" (B — )]
z,2' €2y,
Efsup, ¢z, G=TANTne
, k

< - 0 —
<A T/R] +5 (57)
<A, T —

A, A
< 5 + 5 59)
<A,

where line (57) follows by the event &, line (38) follows by (33), and line (39) follows since
T > cR[p* + ~*] for an appropriately large universal constant ¢ > 0. Rearranging the above
inequality implies that

(2 — zo)Tgk >0

and thus 29 € 2k wrong, @ contradiction. Therefore, on £, z, is not eliminated.

Proof of Theorem[7} Define the event
Ej, = {z. is not eliminated in round k},
E =0k E}.
Then, by the law of total probability, Lemma@, and the definition of R = [log(v(Z))],

R
P(E°) < P(ET) + ) P(E;| M) Ey)
k=2

< Nlog(+(2))] exp(zom—

2R 117

Assume the event F holds. Recall the assumption that v({z, z,}) > 1 forall z € Z \ {z,}. Since by
the definition of the algorithm and R,

the algorithm must terminate in one of the [log(y(Z))] rounds and return z.., completing the proof.
O

F ~* Results

In this Section, we prove various results related to v*.

Proof of Proposition[2] Define § = e; and z, = e;. Let
Z={weR: ||, =1,v =0} U{z}.
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Let X = {ey,...,eq}. Then, for any A € A,

(2 —2)TAN) " ?n _
]E’r]NN(O,I) [mangz\{z*} QT(Z — Z) ]2 = EUNN(O,[) [maxzez\{z*}(z* — Z)TA()\) 1/277]2

=E,~nN(0,1) [maxzez\{z*}ZTA(A)_1/277]2
> (d—=1)Epn,1) [maxzeZ\{z*}ZTW]2

> (d—-1)(d+c¢)
where c is a universal constant where the second to last inequality follows by symmetry and the last
inequality follows by example 7.5.7 in [32]. On the other hand,

2
* = inf max —”Z* ~ Allapy
P l z€Z\{z.} 07 (2, — 2)2

= infmax,cz\ (.. |2« — z||2 1
A z Zx A(N)
< 4d

where we took A = (1/d,...,1/d)". Thus, there exists an instance where p* < dc and v* > ¢'d?,
proving the result.

Top-K is an example of a problem instance where v* < clog(d)p* (see Proposition @)

Proposition 6. Consider an instance of Top-K. Assume wlog 61 > 65 > ... > 0.

~* < clog(d) [Z(@i — Ops1) 2+ Z(Gk —0;)77).

i<k i>k

Proof of Proposition[6] Define

A 0; — Opp1 ifi <k
Y0 —6; ifi >k

—2
2 Notethat Z = {z C [d] : |2| = k}. Then,

XA

ZiG[k}Az \/%Tnl

v < Epono,r)[max;czy(x ]2
! Zle[k]\z 0; — Zjez\[k] ej

N ZZ k z(el - ek‘)’rh + Z ATk (9k+1 — Qj)nj
= Z A; 2En~N(0,1) [max,c z\[x] E[rI\ > = Z]:e \[k] - 2
j€n] iclk\z % — 2jea\m

= Z A;2EW~N(0J) [maXzCZ\[k]UzTU + szU]Q
J€[n]

where we defined the vectors

0; — 0y,

('Uz)i =

Zie[k]\z 0; — ZjEZ\[k] b,
Or+1 — 0;

Dicihe i = 2 jeam i

1{i e [k]\ 2}

(w2)i = 1{i € [2] \ [K]}

Note that

HU H _ Zze[k]\z(ez - ek) < Zie[k]\z 0; — ZjEZ\[k] Qj .,
b e 0 Xjeam i T Liewns 0 — Ljeam b
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where we used the fact that |[k] \ z| = |z \ [k]| and the assumption 6; > 05 > ... > 6,,. Similarly,
w2, <1.

Thus,

7 < Z A]'_QEnNN(O,I) [max, c z\ (v, 1 + w, n)°
J€ld]

< Z Aj_Q]EnNN(OJ) [maXU:HleglUTn + maxw:HleSlen]z
Jeld]

< clog(d) Y A;?
]

jeld

where in the final inequality we used Example 7.5.9 of [32]].

O
Proof of Proposition|]]
. ANz = 2)) T
v = HAlf E,~n(o.r)[max ez 07 (2o — 2) ’
~1/2(, _
< ir,{fclog(|3|) diam({ A()\Q)T(z* (_Z*z) ) 12 € Z\ {z}})? (60)
. AN 2z = o)
< /
< log(|2])intmax.cz.. | =~ |

2
(B ZHA(,\y1

= log(|Z]) iI}l\f max,ez\ -, (e — 2)?

— ' log(|2])p"

where we used exercise 7.5.10 of [32]] in line @) On the other hand, Proposition 7.5.2 of [32]]
implies that

Now, we prove the lower bound. There exists £ > 0, z; € Z, and A; € A such that

|24 — Z||,24(A)—1 24 — ZlHA(/\ )1
inf inf :
§ + zgélz* >\IQA A§ o A§1
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Let Ay € A attain v*. Let A = %()\1 + A2) Then,

2
. [ ZHA()\)*l
min max,,, ————5———

DYV A2
24 — ZH,QA(X)—l
<max,,, Xz
< 4 Ze — 2 Zy— 21 2 HZ*—ZlHi(,‘\)—l)
S almaXyy, (|~ — A2
Az Azl A(S\)—l A%l
s Zx — & Zx — 21 T\ —
< 4(§E7]~N(O,I)maxz,z/62\{z*}(T - T)TA()\) 1/277]2 (61)
z zZ1
2
e = 21lfany—
AZ
Zx = 2T 4 03\—1/2, 12 [| 2 _21”,24@)*1
= 42y o.nmaxzez o) (T3 ) AN TP =)
zZ1
Zye — % T —1/2,12 ||Z* _21”124()\1)71
< 8(27E N (0,)MaX e 2\ {2, ( Al ) AR) T A )
(62)

. Z*fz —
< 8(2m inf Eyovionmaxeez (=) (“5 ) AG) TP

2 — ZH,24(,\)71
inf inf ——X~— .
PR Y

where line (61)) follows by Lemma [I2] and line (62)) follows by the Sudakov-Fernique inequality
(Theorem 7.2.11 of [32]]) since A(A\)~! < 2A()\2)~ L. Since £ > 0 is arbitrary, sending & — 0
yields the lower bound. O

Proof of Proposition[d] Recall the definition B(z,7) = {2/ € Z : ||z = /||, = r}. Let \; = %.
Further, define

A; = {j € [d] : log(d|B(z.,)|) € 271, 27]}.
Let v > 0 a constant to be chosen later. Then,

Ziez*Az \/%Tni ]

V7 < Epeno,nmax ez .,

A,

1.
= %Ean(O,I) [maxzez\z*’UW]
= \/?Enwv(o,z) log(max_cz . eXP(UW))]
< \/flog(En~N(0,I) [max ez, eXP(UW)D (63)
= \/;7* log(EE,, [max;e410g(d))MaX2 2, |27z, |€A; eXP(UW)]) (64)
< \/f*log( Z Eymax..._ |2az.jea; eXp(vW)]) (65)

i€[4log(d)]
1

< \/zT* log(4log(d)max;ciq10g(a)En[max.... zaz.|ca, eXp(vW)]) (66)

where line (63) follows by Jensen’s inequality, where line (64) follows by the definition of A;, and
line (63) follows since the max is upper bounded by the sum.
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Notice that line (66) contains the moment generating function of a Gaussian random variable. We
upper bound its variance as follows. Suppose |z.Az| € A;. Then,

3 1 ..
1€2. A2 /P, i

V( )

A,
Z cz. A mlnz ez Az =i
1€z, Az |z Az’ | log(d|B(z«,| 2« Az’|)|)
=V( “A : ) (67)
. ’ A2,
minz ez, Az’ [z AZ7] log(d\B(z*,lz*Az’m)
=2 Y (68)
i€z Az z
A2,
= ! Z Ml iz A2’ [o R TTog(d] B (o=, 2 7))
«Az|log(d|B(zy, |2 A , A2
‘Z Z| g( | (Z |Z Z|)D 1€2. Az |z*Az|log(d|B(z*,\z*Az\)\)
1
<
log(d|B(z+, |2 Az])])
1
< (69)

where line (67) follows by the definition of ;, line (68) follows since n ~ N (0, I), and line (69)
follows since |z, Az| € A;. Now, continuing and using this upper bound on the variance, we have

Zie « Az L7]2
Log(4log(d)maxie(a og(a En[Max. sz, [:az. jea, exp(v =3 —))

v
v

ver
v

. C
log(4log(d)max;e[a10g(a) | Ujea; B(2«,J)l eXp(UQF)) (70)

= MaXie(alog(a)] V9" [l0g(410g(d)) /v +log(| Ujea, Bz, j)I)/v + v%l]

. C
= g g4 08() (| Ui, Bowsd)) 7 a
. C
< maica gt Tog (g () mas s, og( 40| Bz ) ) 3
. &
< e g log (4 og () Jmax s, og(d| Bz, 3 )
v* log(log(d)) (73)

where (70) follows by Lemma(17]and {z € Z:z# 2, [20%] € Ai} C Ujea, B(z, ), line (1)
follows by maximizing the constant v, (72) follows since |A;| < d, and line (73] follows by definition
of A;.

O

Proof of Proposition[3] Define the allocation

)\7; 0.8 A(—Q

K2

where

T T,
A_ _ 0z, —max.cz.c.0 2 i &2
T QT _ . 9T :
Zy —MaXsezig0 'z 1€ 2z
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Then,

1
Dicz.n: i P

7 < Epono,n[max.ez .,
! EiEz*\z 0; — ZjEz\z* Hj

ZiEZ*AZ Aznl ]2
1€2.\2 0; — ZjEz\z* Hj

|
-M&
>

@
Il
—

ZZ]EnNN(o,I) [max, ¢z -, 5

ZiEZ*\z Agni + ZieZ\Z* Ain; 2
ZiEz*\z 0; — ZjEz\z* 91

vl n+wln 2

[
_M&

@
Il
-

A,-72]Enwzv(0,1r) [max.cz .,

Il
.M&

s
Il
-

AZZ]E ~N(0,1)[MaX ¢ 2\ -,
NGO \ Zie,z*\z 0; — Z]Ez\z* 0j

where we defined the vectors

(vz)i -

GT * z 11 z‘g—r
e T MAReCZiided 2 yfie 2\ 2)
ZjEz*\z aj - ZjEZ\z* gj

0T ies07
Zy — MAX,c 2oy le{@' €z \ 2z}

(wz)i -
Zjéz*\z 0j - ZjEz\z* 0]

It remains to bound the expected suprema. Suppose wlog z. = {1,...,r}. By Lemma there
exists a bijection o : z, — 2 such that for every i € z,, 2" := (2, \ {i}) U {0 (i)} € Z. Note that

HTZ* - maxzeZ:ineTz < QT(Z* - Z(l)) =0; - 6‘0(1').

Therefore,

HU H . Z |9TZ* - maszZ:i€20T2|
. =
! ZJEZ*\Z 9j - Zje,z\z* ej

1€2,\2Z
0; — 0,
< (@)
1€2,\2 Zjez*\z gj - ZjGZ\z* ej
<1l

A similar argument show that ||w. ||, < 1. Thus,
Eyon(o,nmax.cz\., v n+w] n* <E,on,n [max'u:H'quglan + maxwzuwulng?ﬂQ
< clog(d)
where in the final inequality we used Example 7.5.9 of [32]].

The following Lemma appears as Corollary 3 in [3].

Lemma 10. Given two bases By and Bs of a matroid M = (E,I), there exists a bijection o :
By — By such that (By \ o(e))Ue € I foralle € 1.

G Additional Lower Bounds

In this section, we show that in several common situations Q(d) samples are required. The following
Theorem applies to combinatorial bandits and implies Theorem 3}

Theorem 9. Let § € (0,1/4). Consider the combinatorial bandit setting. Fix 6 € © such that there
is a unique best arm. Suppose © satisfies the following property: for all i € [d]

(0+e;- min A, €©)or (0 —e;- min A, € O) is true.

1€2,\2 1€2\ 2«
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If an algorithm A is §-pac wrt (X, Z,0), then

d

Eo[> T] >

i=1

1\9\&

where T; denotes the number of times that A pulls e;.

Remark 1. Note that if © = RY, then © satisfies the condition in the above Theorem.

Proof of Theorem[g Without loss of generality, suppose 1 = argmax, 0 z;. Towards a contradic-

tion, suppose there is some arm ¢ such that Ey[T;] < 5. Let z; such that i € z;Az; and suppose that
1€ 2z \ z1 (the other case is similar). Define
b, — 0% itk #1
k= 0; + 29T(Z1 - Zj) if k =i.

Note that (z; — z;) T < 0. Observe that
> By[T)] > Po(T; > 0).

Define the event A = {T; = 0} N {I = 1}, where I denotes the index of the set output by A as its
answer for the best set. Note that

Py(A°) < Pp(T; > 0) + Po(I #£1) <

NJM—\
=~

so that Py(A) >
Define

1
I

klZT—ZIOg fo(Zs)/ f5(Zs))

s=1

where Z is the observation on the sth pull of e;, fp denotes the density of the distribution associated

with e; € X under 6, and f; denotes the density of the distribution associated with e; € X’ under 0.
Then, by the change of measure identity (Lemma 18) from [25],

Ps(I =1) > Py(A)
= Ey[1{A} exp(~Tikl; 1,)]
=Py(A)
1

> .
4

where we used the fact that the only difference between problem ¢ and problem 0 is the ith arm
and on the event A, T; = 0. Thus, on problem instance (Z,6), A gives the incorrect answer with
probability 1/4 > ¢, which is a contradiction.

O

The following Theorem gives a lower bound for best arm identification in linear bandits.

Theorem 10. Let § € (0,1). Let X C RY, such that ||z;||, < 1foralli € [|X|], Z = X, and

O = R Fix § € O such that there is a unique best arm and let x1 = arg max; 0 ' z;. If an algorithm
Ais d-pac wrt (X, Z,0) and d > 3, then

d
T;] > cl —5 ———
Bald Tl = clow( g0 iy G =

where T, denotes the number of times that A pulls © € X.
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Proof of Theorem[I0] By Theorem 1 of [12]], we have that

1
EG[Z T = log(ﬁfs)clo*

zeX
so it suffices to lower bound p*.
Since
2
* = min max; M [minL]minmaX» @1 — 4|
PR i O (zy — )2 = #1107 (x1 —25)% A LR T R

it suffices to show that
m/\inmax#l o1 — xi”,zq()\)fl > cd.
Let
A" = argminymax;z1 [|21 — @] 4()-1 -
Then,
Vd = min max;e(|x|] 3]l 42y -1

< minmaxpzy |21 = Zill o1+ 21l 40—

< maxiz |21 = Till g a4 101070 T 2L AG 4 1a007) 0

< V2maxiz ||z — Till a1+ \@Hle(xlx{ﬁ

= V2max;; ||#1 — Till gy + V2. (74

The first line follows by Keifer-Wolfowitz (Theorem 21.1 in [26]). The second to last inequality
follows because

11 1.
which implies
1 s 1 N 1 _

(GAN) ™ = (AN + soaa])
Also, since x1 € span(z ), the same fact implies that

3ot Il vy -
Rearranging the inequality (74), we obtain

2(Vd = v2)* < minmaxiz o — il -

and thus the result follows.

H Rounding

In this Section, we justify the application of the rounding procedure from [[1]]. Define

| X1
Sy = {v e NI :ZvigN}
i=1

|X]
Cy={ve [O,N]‘Xl : Zvi <N}
i=1

The following Theorem appears in [[1].
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Theorem 11. Let F : ST — R such that
e Forany A,B €S}, if A < B, then F(A) > F(B),
e forany A€ S} andt € (0,1), F(tA) =t 1F(A).

Let ¢ € (0,1/6]. Then, if |X| > N > 56%, for any m € Cl, there exists an algorithm that in
O(|X|d?) time rounds  to r. € Sy such that

F(A(k)) < (14 6¢)F(A(m)).
The following result shows that the optimization problem

Lemma 11. Fix V C R% Define the functions F, G - S:lr — R

F(A) =E, N1 [max,eyv' A~1/2p)?
G(A) = max,cyv ' Av.

F and G satisfy the conditions of Theorem|I1]

Proof. 1tis trivial to see that G satisfies the conditions of Theoremﬂ;ﬂ Thus, we focus on the function
F.letA Be€e Sj{ such that A < B. Then, A~! = B~!. Fix v,w € V. Then,

E[(v —w)T A7) = o~ w| g1 < o~ w] oy =E[(v — w) " BT
Then, by Sudakov-Fernique inequality (Theorem 7.2.11 in [32]), it follows that F'(A) > F'(B).
The second condition is trivial. O

I Technical Lemmas related to v*

In this Section, we state and prove several useful technical lemmas.
Lemma 12. Let S C Z. Then,

_ 2 2
Eyon (0,0 [maxs o es[AN) V2 (z = 2)] Ty)? > —max. zes Iz = 2" [agay-1 -
Proof. Fix z1,29 € S. Then,

E,n(o,1) [max. .res[AN)2(z = 2/)] Tn] > E,n(o,1) “A()\)*l/z(zl - 22)]T77|}

2
= |lz1 — 224/ =
T

Lemma 13. Let o > 0 be a constant. Then,

2
. (2« — 2) TAN) V2 124 = 2[4 (x)-2
H){f Ean(O,I) [maxzeZ\{z*} 0T (Z* — Z) ]2 -+ maxzeg\{z*}m

<c[y"+p0f
Proof. Let A1 denote the solution to v* and A5 the solution to p*. Define A = %(/\1 + A2). It suffices

to show that

(2« —2) TA(N) ™2
E,n(,n[max.cz\ (2,1 07 (2. — 2) ’

(20 = 2)TA) "0
< CEnNN(O,I) [maXzeZ\{z*} HT(Z — z) ]2
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and

2 2
[ Z”A()\)—l 2% — ZHA()\2)—1
maXzEZ\{z*}W < Cmaxzez\{z*}m

Note that

1/2 Z()\Lz + )\gﬂ)wm—r =1/2 Z )\i,a:xx—r
reX rxeX

for ¢ = 1, 2. Therefore,

2AN\) P> AN (75)
fori=1,2.
(75) immediately implies

2 2
||Z* _ZHA()\)—I HZ* _zHA()\2)71
<
maszZ\{Z*}W = Cmaxzez\{z*}W'

(75) implies via Sudakov-Fernique inequality (Theorem 7.2.11 in [32]]) that
(2 —2) TAN) 20,

Epn(o,n[max.ez\ (-} 0 (7 — 2) ]
(2 —2) TAQM) 20,
< By o, [maxzezy gz, 0 (o — 2)
O
Lemma 14. Let V = {vy,..., v} C R? and suppose 0 € V. Let a; > 1 for all i. Then,
EUNN(OJ) sup v;n < ]EWNN(O,I) sup aiv;n
v; EV v, €V
Proof. Fix nn € R?. Then, clearly,
sup viTr] < sup aiviTn.
v; €V v, eV
Taking the expectation wrt 7 ~ N (0, I) yields the result. O
Lemma 15. Fix V C R%. Then,
Ean(O,I) sup UTn > 0.
veV
Proof. Fix vy € V. Then,
E,~n(o.r) supv ' 1 > E,n(o.nve 1 = 0.
veV
O
Lemma 16. Let V C R? and suppose 0 € V. Fix vy € V. Then,
Esupv'n < 2(||voll, +E sup v'g)
veV veV\{0}
Proof.
Esupv n<E sup [v 0| <2(lugll, +E sup vTg)
veV veV\{0} veV\{0}
where the last inequality follows by exercise 7.6.9 of [32].
O
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Lemma 17. Consider a sub-Gaussian random process X, indexed by t € T such that for any v we
have Elexp(vX;)] < exp(v202/2). Then E [sup,c Xi] < \/2sup,cr o2 log (|T]).

Proof.
l
E [sup Xt] = — [sup VXt:|
teT v lteT

l

= - [ (supexp z/Xt)>}
v teT
1

< —log (E [bupexp (uXQ])
v teT
1

< tog (TsupE fexp ()]
v teT

<1 (|T| % /2))
— supexp (Vo

v 7&67E P K
1

= Slog(T) + vsupa?/2

< [2supoilog (|T])

teT

J Some Useful Results regarding Computational Efficiency

The following result shows that after a suitable monotonic transformation, the objective function
in the optimization problems for finding a good allocation in Algorithms [Iand [2]is convex when
X = {e1, ..., eq}, which holds in the combinatorial bandit problem. We note that Lemma [I5|shows
that the gau551an width is nonnegative and thus it suffices consider the squareroot of the objective
function.

Proposition 7. Fix V' C R

)n]

f) =Epno.n [maxvevU—rdiag(W

is convex.

Proof. Fix A,k € S"~! and « € [0, 1]. By matrix convexity,

1 1/2 . 110 . 110
— Y2 < qdiag(— 1 — a)diag(—)Y2.
T ) S edisg() (1 adiag ()
Furthermore, since the above matrices are diagonal,

1 1 1
[ g7 d 7 1/2 1— d - 1/2 2.
T ) = (ading()? 4 (1 a)diag()'?)
Then, by Sudakov-Fernique inequality (Theorem 7.2.11 [32]),

f(a)‘ + (1 - CV) ) ]Ean(O diag( 5

diag(

diag(

) Sup v’y

1
aXi+(A—a)m; 7 ey

.
S B (0.(ading(3) /2 +(1—a)ding()1/2)2) SUP 2 1]

o1 .1
=Eyno,1) 525 UT(adlag(E)l/Q +(1- a)dlag(ﬁ—i)l/Q)n

. 1
< aEy,n(o,1) SUp Uleag(*)lﬂn
veV Ai

+ (1= OBy o S dlag(,_i )2
= af(\) + (1 - oz)f(f@)
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K Comparison Results

In this Section, we prove various results related to the sample complexities proposed in other works.
Recall the notation for the sphere B(z,7) = {2’ € Z : ||z — /||, = r}.

Proof of Propositiond} Define 61 = ... = 0 = 1/2, 041 = ... = ba_1 = %— iz and
Osy, = ... =04 = 0and d = k%. Define

o 91 — 9k+1 01 S k
Al_{Gk—Hi 1>k
_ AT2
T Z;l:1 AZQ
Note that

N
pr < Z A *max, .., 7ZLEZA*§Z -
: z

<ed A
< c[k? +d]
<dd.

Consider arm d. We will show that g > cklog(d). Fix z = {k+ 1,k + 2,...,2k — 1,d} and
2« = [k]. It suffices to show that

122 — 2|y log(| B(z+, |2 A%])

> clog(d)k
07 (2, — 2) = clog(d)k,
from which the claim will follow. Note that
o =2l _ 2%

0T(z =2 (Bl +3)? ™
Furthermore,

g B .2 = o (7))

(d — 2k)*

2 log(——7)
Zklog(d_%)
> klog(k —2)

> iklog(d)

where in the last inequality we used d = k2. Thus, the claim follows and ¢, > ck. A similar
argument applies to arms {2k, ..., d — 1} yielding the result. O

The following proposition shows that p* is lower bounded by the typical measure of hardness for
top-k [25]]. It implies that the sample complexity of [8, [12] is off by a factor of k.

Proposition 8. Consider the top-k problem where 61 > ... 0 > 041 > ... > 0.

1 1
LIS - -
P= Z (0 — Orq1)? * Z (O — 0:)?

i<k i>k
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Proof.

* = inf max —”Z* _ 2”124()‘)_1
po=1m FEANE) YT (o, — 2)2
D icAA[K] ,\i
e s — >oien 00
7)% i /\kl“ max; 7/\% b )
(0; — Ops1)?’ i€[d]\[K] (0 — 0;)2
1 1

11)\1 maxA#k]

> min max(max;e]
A

— A max; )
(0; — 0ps1)?’ i€[d]\[k] (01, — 6;)2

To minimize the RHS, we set it to a constant ¢. Then,

1 .
U i 7=y LA
' W otherwise

> min max (max;e
A

Then, the result follows from the below and solving for c.

1 1 1
. ;Ai el (6 = Ok11)? > @ — 07

i<k
O

The following gives an instance where | Z| is linear in the dimension d, but * is loose by a v/d factor.

Proposition 9. Consider the combinatorial bandit setting. There exists a problem where | Z| is linear
in the dimension d and ©* > cp* V.

Proof. Fix k < d. Define z; = [k],20 = {k + 1},23 = {k+3},...,24—r = {d} and let
Z ={z1,...,24—k}. Note | Z| < d and thus satisfies the hypothesis. Fix ¢ > 0 and let

0, — e 1<k
10 otherwise

Then, z, = z;. The upper bound guarantee of [5,20] is at least

k d
|z Az| |2 Az E+1
2#zZe 7T 7. N9 =d
Zmax # 0T (20 — 2)2 +4Z 07 (2, — )2 (ke)2
i=1 i=k+1
d
> —. 76
Z 1 (76)
On the other hand, we have that
2
* _ max [EA *Z”A()\)—l [k2—|-d
prm M DT, o S (ke)?
1 d
<2|—= 77
- [62 + (ke)2] a7
where we took
1,1
' = otherwise
Putting k& = v/d into and (77) yields the result. O

In the matching problem, if § = 1{i € z}A for some z € Z and A > 0, we say that it is an
instance of HOMOGENOUS MATCHING. The following result appears in [3]. It shows that the sample
complexity of [5120] is correct for the homogeneous matching problem.
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Proposition 10. Consider the homogenous MATCHING problem. Then, p* = ©(d/A?). Further,
letting

o |2+ Az log(|B(2+, |2:Az)|)
Pi = MAXzc z\{z.}:i€2. Az A2
z

we have that > ;| p; = O(d/A?).

Remark 2. It follows from Proposition 4| that for the homogenous MATCHING problem, v* <
O(log(log(d))d/A?)

The following result appears in [8]]. It shows that there is a gap of order d between the sample
complexities in [[10] and [[13]] and the lower bound.

Proposition 11. Let d be even. Consider the combinatorial bandit setting where X = {ey,...,eq}
and Z = {[d/2],{d/2 +1,...,d} and 0; = €1{i < d/2}. Then, the guarantee of the CLUCB in
[10] and the algorithm in [13]] is Q(de=2In(1/d)). On the other hand, p* = €2,

The following result shows that the sample complexity cannot depend on log(Z) because | Z| can be
arbitrarily large while v* < 1.

Proposition 12. For any N € N, there exists an instance of the transductive linear bandit problem
where |Z] > N and v* < 1.

Proof of Proposition[I2] Let X = {eq,...,eq}. Let = ae; for a constant a > 0 to be chosen
later. Let 21 = e;. Let 29,..., 2y such that for every i e] z; = 0 and |||, = 1. Then, A; :=
07 (21 — z) = a for all i and some A > 0. Then, by Proposition 7.5.2 of [32], we have that

. (2o —2) TAN) Py 1 T —1/2
fE =~ inf E L—2i) A /
Jnf [§1>1119 A ] =~ jnf [31;13(2 zi) AN ]

?maxbl HA()\)_l/2(z* - zi)H2

IN

d
amaxbl |24 — 21”2

2d

a
<1

for @ = 2d. Thus, the claim follows.

L Extension to SubGaussian noise

We briefly sketch the extension to SubGaussian noise. First, we define some notation: If Y is a
random variable, define [|Y[|,,, := inf{s > 0: E’Sf—; < 1}, i.e., the 2-Orlicz norm. If Y is a random

vector, then [[Y||,,, = Sup,.y|,=1 ||1)TY||¢2 (see [32] for a reference).

Alvlly
Letn > d and fix a set of measurements xy,, ..., zy, andlety, ..., y, be the associated observations
where we assume y; = ;] 6 + ; for 7; is independent mean-0 subGauss(1) noise. Define the matrix

T
LL’II

X = :
T
zp,
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Define = (XTX)"'XTY. Note that § — § = (X T X)~1X 7. Note that Inll,, < 1. For any
v e Re,

1
[ X(XTX) 1ol

JoT (X TX)TIX Tyl = [X(XTX) |, v (XTX)'X Ty

P2
< XXX,
= ||U||(XTX)*1
This shows that H’UT(XTX)_lXTnHwQ < ||vT(XTX)_1XTﬁH¢2 where 77 ~ N(0,1). Thus,

applying Theorem 8.5.5 and Talagrand’s majorizing measure theomem (Theorem 8.6.1) from [32]
yields for all z € Z'\ {z.}

(2 — Z)Té\z (2o —2) 70 — C(EWNN(OJL{) sup (2, —2) T A7Y/?y
2€Z\{z.}

—\/2 sup ||Z*—Z||,24—110g(%))’

2€Z\{z.}

where ¢ > 0 is a universal constant, which is the essential concentration inequality used for the
arguments in this paper.

M Experiment Details

Combinatorial Bandit Experiments: We used Python 3 and parallized the simulations on an
Intel(R) Xeon(R) CPU E5-2690. For each experiment, we generate noise from a standard normal
distribution. We used the stochastic mirror descent algorithm described in Section[K] but let A € A
(instead of A). We ran the algorithm for 1000 iterations with a batch size of 10 on all experiments.
Once we obtained a A € A, we used 2,000 samples to form an empirical mean to estimate the
Gaussian width. We considered the setting where it is known that max, A, < 2d, which holds for
example when 0 € [—1, 1], and thus solved

(Zr—2)TAN) 2
2=k . 2d + 0 (3 — 2)

instead of (27). We rounded our designs 75, A\ simply by taking the ceiling (which only incurs a loss of
an additive factor of d because |X| < d.

inf E,_ . max, ¢z
Jnf E, N(o,1)[max_¢

To implement CLUCB, we use a state-of-the-art anytime confidence bound (inequality (2) from [[17]),
which is much better than the one used in [[10]. For the uniform allocation algorithm, we use the
termination condition that one obtains from applying the TIS inequality (Theorem 5.8 in [2]) to the

process 01 (z — 2').

We used 20 trials for the matching experiment, 30 trials for the shortest path experiment, and 60 trials
for the biclique experiment. We generated 95% confidence intervals using the bootstrap.
Transductive Linear Bandits: = We made two main changes to the algorithm as written,
both focused on computing the objective infyca 7(A; Z) more effectively. Firstly, we con-
sidered two different subproblems: minyea E,n(0,r[max. .cz,(z — 2')TA(A)~/2p]% and
miny max, .||z’ — ZHZ( »-1- In the setting where there are extremely large number of arms, it
is not practical to take a max over all pairs of them - so in both subproblems we only took the max
over Zj — Zj, where Z;, = argmax . z, 9; 2. To justify this, we point out that by Theorem 7.5.2 of
32] E,~n0,5[max.: scz, (z — 2') TAN)"12n] = 2B, n(o,n[max.cz, (2 — 2) T AN) "1/ 21),
and miny max., .||z’ — ZH124(>\)*1 < 4miny max.ez, |2 — zHi(/\),l. Motivated by this, we
computed the distribution ' = argmin,E, (o 5)[max.cz, (% — 2) TA\)"V/2y] and N’ =
miny max, ||Z; — z||i‘()\),1 and set A, = (A" 4+ \”)/2. Note that using this distribution only makes
the algorithm perform worst than if the optimal - it does not affect correctness in anyway.

Fixed Budget: As in the previous, we computed an allocation not using y(Zj,) but rather a minimum
over the differences 2z, — Z.
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