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Abstract

This paper introduces the first asymptotically optimal strategy for a multi armed bandit
(MAB) model under side constraints. The side constraints model situations in which bandit
activations are limited by the availability of certain resources that are replenished at a constant
rate. The main result involves the derivation of an asymptotic lower bound for the regret of
feasible uniformly fast policies and the construction of policies that achieve this lower bound,
under pertinent conditions. Further, we provide the explicit form of such policies for the case
in which the unknown distributions are Normal with unknown means and known variances,
for the case of Normal distributions with unknown means and unknown variances and for
the case of arbitrary discrete distributions with finite support.

Keywords Stochastic bandits - Sequential decision making - Regret minimization -
Sequential allocation

1 Introduction

Consider the problem of sequentially activating one of a finite number of independent bandits,
where each activation of a bandit incurs a number of bandit dependent resource utilizations, or
activation costs. For each resource type the constraint ensures that the total resource utilized
(or equivalently cost incurred) at any time does not exceed the current resource availability
(budget). It is assumed that following each activation any unused resource amounts can be
carried forward for use in future activations. We also make the assumption that successive
activations of each bandit yield independent, among different bandits, identically distributed
(iid) random rewards with positive means, and distributions that depend on unknown param-
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eters. The objective is to obtain a feasible policy that maximizes asymptotically the total
expected rewards or equivalently, minimizes asymptotically a regret function. We develop a
class of feasible policies that are shown to be asymptotically optimal within a large class of
good policies that uniformly fast (UF) convergent, in the sense of Burnetas and Katehakis
(1996) and Lai and Robbins (1985). The results in this paper extend the work in Burnetas
et al. (2017) which solved the case where there exists only one type of constraint for all
bandits. Further, the class of block-UCB (b-UCB) feasible policies developed here, which
achieve the asymptotic lower bound in the regret, have a simpler form and are easier to com-
pute than those in Burnetas et al. (2017). We also refer to Burnetas and Kanavetas (2012)
where a consistent policy (i.e., with regret o(n)) for the case of a single linear constraint was
constructed.

There is an extensive literature on the multi-armed bandit (MAB) problem, cf. Mahajan
and Teneketzis (2008), Audibert et al. (2009), Auer and Ortner (2010), Honda and Takemura
(2011), Bubeck and Slivkins (2012), Lattimore (2018), Cowan and Katehakis (2020), and
references therein. MAB models with a finite exploration budget that limits the number of
times one can sample (activate) arms during an initial exploration phase, which is used to
identify the optimal arm are considered in Bubeck et al. (2009). Tran-Thanh et al. (2010)
considers the problem when both the exploration and exploitation phases are limited by a
single budget and establish an upper bound for the loss of a budgeted - first algorithm for
this problem. Badanidiyuru et al. (2018) consider the MAB problem with multiple resource
constraints and a finite horizon 7', assuming that when a resource is exhausted activations
stop. They show how to construct policies with regret in the order of O(log T), where T
is the horizon length. Agarwal and Devanur (2014) provided a more general version of
Badanidiyuru et al. (2018) which allows arbitrary concave objectives and convex feasibility
constraints. Ding et al. (2013) constructed UF policies (i.e., with regret O (logn)) for cases
in which activation costs are bandit-dependent iid random variables. Applications of MAB
models include problems of online revenue management: Ferreira et al. (2018), Wang et al.
(2014), Johnson et al. (2015) of dynamic procurement: Singla and Krause (2013), auctions:
Tran-Thanh et al. (2014).

One key difference between these finite resource budget models and the model herein is
that in the present model is that we do not have a total budget for each resource fixed at
the beginning, but rather for each resource its budget is increased at a constant rate at each
activation period. Furthermore, the resource constraints must be satisfied at each period in the
sense that for each resource its total budget utilization during the first n periods cannot exceed
the total n-period budget available for all n. Thus, for each resource there is one constraint
at each time period rather than a single constraint for the entire horizon. In this way the
bandit activation problem becomes more restricted and it requires a different approach in
the activation policies. For example, if a particular bandit consumes a large amount of some
resource at each activation, then after one activation the controller may have to wait for
several subsequent periods until the budget of this resource is sufficiently replenished so that
the bandit may be activated again. Thus the exploration phase is necessarily intertwined with
the exploitation phase due to the structure of the resource constraints.

A second key difference is that we construct a new class of feasible UCB policies and we
establish their asymptotic optimality. Asymptotic optimality means that our policies achieve
the exact asymptotic lower bound in the regret function and not only in terms of order of
magnitude O (logn), as is typical in finite horizon formulations.

On the applications side, the results herein can be used to solve infinite horizon versions of
online network revenue management where the retailer must price several unique products,
each of which may consume common resources (e.g., inventories of different products)
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that have limited availability and are replenished at a constant rate. For versions of such
problems with no resource (inventory) replenishment we refer to Ferreira et al. (2018) and
references therein. Additional applications include search-based and targeted advertising
online learning, cf. Rusmevichientong and Williamson (2006), Agarwal et al. (2014) and
references therein.

For other recent related work we refer to: Guha and Munagala (2007), Tran-Thanh et al.
(2012), Thomaidou et al. (2012), Lattimore et al. (2014), Sen et al. (2015), Pike-Burke and
Grunewalder (2017), Zhou et al. (2018), Spencer and Lopez (2018) and Denardo et al. (2013),
Cowan and Katehakis (2015) Pike-Burke et al. (2018), Lattimore and Szepesvari (2018), Pike-
Burke and Grunewalder (2017), Cowan et al. (2023). Similar action constrained optimization
problems also arise in MDPs cf. Feinberg (1994), Borkar and Jain (2014), queueing Hordijk
and Spieksma (1989), many areas c.f. Perakis and Roels (2008), Levi et al. (2015), Babich
and Tang (2016), Feng and Shanthikumar (1994), Chen et al. (2021).

In the sequel we first establish in Theorem 5, a necessary asymptotic lower bound for the
rate of increase of the regret function of f-UF policies. We then construct a class of “block
f-UF” policies and provide conditions under which they are asymptotically optimal within
the class of f-UF policies, achieving this asymptotic lower bound, cf. Theorem 6. For the
development of these policies we use the notion of ‘blocks of activations’, that essentially
allow the implementation of necessary randomizations cf. Feinberg (1994), without violating
the feasibility constraints. Then, in Sect. 4.1 we provide the explicit form of an asymptotically
optimal f-UF policy for the case in which the unknown distributions are Normal with unknown
means and known variances, in Sect. 4.2 for the case of Normal distributions with unknown
means and unknown variances and in Sect. 4.3 we do the same for case where the unknown
distributions are non parametric, discrete with finite support.

2 Model formulation

Consider k independent bandits, where successive activations of a bandit i, constitute a
sequence of i.i.d. random variables X i, X;, .... For each fixed i, X;, follows a univariate
distribution with density f; (|0;) with respect to anondegenerate measure v. The density f; (|)
is known and 0, is a vector of parameters belonging to some set ®;. Let = (0;,...,0;)
denote the set of parameters, § € ©, where ® = @ x ... x . Given 4 let u(@) =
(1)), ..., 1k (8;)) be the vector of the expected values, i.e. i;(0;) = EQ(Xi). The true
value 6§ _ of 6 is unknown. We make the assumptions that outcomes from different bandits
are independent and all means p; (9;) are positive.

Each activation of bandit i incurs L different types of resource utilization (or cost): c’]
j=1,..., L. Toavoid trivial cases, we will assume that L < k. We also assume that there
are two classes of bandits, one with c; < c? for each constraint type j and for any bandit i

in this class, and the other one with c§ > c(} for each constraint type j and for any bandit i in
this class. Intuitively, this means that there is at least one bandit that can be activated in each
period without violating the strict feasibility constraint we define below. Now, by relabeling
the bandits we call as bandit i = 1 the bandit which has the maximum number of costs c}

that are the minimum among cij in the constraint type j. Similarly, we label as bandit k the
bandit which has the maximum number of costs c/; that are the maximum among c; in the

constraint type j. Note that ¢} < ¢9 for each constraint type j, and c? < c/j‘., again for each
constraint type j. For simplicity of the mathematical analysis below we assume that there is
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no bandit with activating cost c that is equal to ¢? i Equlvalently, for each constraint type j,

dj+
there exists d;, with 1 < d; < k and cj < c? < c/ (note that d; = max{i cj < c?}).

Following standard terminology, adaptive policies depend only on past activations and
observed outcomes. Specifically, let A;, X;, ¢+ = 1,2, ... denote the bandit activated and
the observed outcome at period ¢. Let h; = (o1, x1,....,%—1,Xx;—1) denote a history
of activations and observations available at period t. An adaptive policy is a sequence
m = (m, m,...) of history dependent probability distributions on {1, ..., k}, such that
7 (j, hy) = P(A; = j|ht). Given hy, let T¥ (n) denote the number of times bandit « has
been activated during the first n periods 7% (n) = Z:‘: 1 HA; = a}. Let V; (n) and C;j » (n)
be respectively the total reward earned and total type j resource utilized (cost incurred) up
to period n, i.e.,

k Tin
Ve (n) = Z Z @.1)
i=1 t=
k Té(n) 4
Cinm) =) Y ch (2.2)
i=1 t=1
We call an adaptive policy feasible if
Ciatm)/n<c), Vj=1,... L Vn=12,... (2.3)

The objective is to obtain a feasible policy 7 that maximizes asymptotically EgVr (1), V8 €
©, or equivalently, it minimizes asymptotically the regret function Ry (6, n) cf. (3.1).

2.1 Optimal solution under known parameters
It follows from standard theory of MDPs cf. Derman (1970), that if all parameters 0 were

known, the optimal activation(s) (the same in all periods) for maximizing the expected average
reward are obtained as the solution to the following linear program (LP).

k
() = max ) _ i (9)xi

i=1

subject to Zc’ixi +y1 = c?

24
k
Z cixi+yL = c(z
i=1
k
Sx=
i=1
Xi 207Vl )’] ZO,V‘],
where the variables x;, fori = 1, ..., k, represent the activation probabilities for bandit i of

an optimal randomized policy.
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Thus, a basic matrix B is an (L + 1) x (L + 1) matrix that consists of one or at most L + 1
bandit (and slack) variables x; (and y;); recall that L < k. Note that any basic feasible solution
(BFS) corresponding to such a choice of the matrix B is uniquely determined by the vector
corresponding to the choice of basic bandit variables: b = {iy,...,i;},j=1,...,L+ L
For simplicity, the sequel we will not distinguish between B and b, since if one knows
one he knows the other. Thus, the vector b uniquely determines a corresponding (possibly
randomized) activation policy with randomization probabilities x;, , . .., x; i j=1,...,L+1
in b. We use K to denote the set of bandits corresponding to a feasible choice of b, for
simplicity written as

K=1{:b=\{i....i;}, j=1,...,L+1}.
Given our assumptions on the c;s, it follows that the feasible region of (2.4) is nonempty
and bounded, hence K corresponds to a finite number of BFS.
In the sequel it will be more convenient to work with the dual problem DLP stated below.
z"b(g) = min c[l)gl + ...+ C(ZgL + gr+1

subjectto  clgi+...+clgr +gre1 = m16)

C]fgl +-~-+C]2gL+gL+1 > ur(8y)
gi=0,j=1,...,L, gry1 €R

For a basic matrix B of LP, we let v8 = (gfg, e gf, ng) denote the dual vector
corresponding to B, i.e., vB = up(@)B~!, where 15 (0) contains the means of the bandits
given by the choice of B. B B

A BFS is optimal if and only if the reduced costs (dual slacks) for the corresponding basic
matrix B are all nonnegative, i.e.,

by @) =cigl +...+clgl + 8041 —Ha(0y) =0, a=1,....k

Note that it is easy to show that the reduced cost can be expressed as a linear combination
of the bandit means, i.e., ¢f ) = wf u(0), where gg is an appropriately defined vector
that does not depend on 1(8). o

In the sequel we use the notation O*(9) to denote the set of choices of b corre-
sponding to optimal solutions of the LP for a vector u(8), i.e., O*(®) = {b € K :
b corresponds to an optimal BFS}. T B

3 Optimal policies under unknown parameters
3.1 The regret function
In this subsection we consider the case in which 6 is unknown and define the regret R, (g ,n)

of a policy 7 as the finite horizon loss in expected reward with respect to the optimal policy
7* corresponding to the case in which 6 is known, i.e.,

Rx(8.n) = nz*(0) — EgVx (n)

k
=nz"©) — Y w0 EgT(n). 3.1)
j=1
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We now state the following. A feasible policy 7 is called consistent if R, (8,n) =
o(n), n - oo, YO € O, and it is called uniformly fast (f-UF) if R, @.n = o(n®), n —
00, Va>0,vY60¢e0O.

Following the approach in Burnetas et al. (2017), we will establish in Theorem 5 below
a lower bound M (@) for the regret of any f-UF policy and construct a block UCB policy 7%
which is f-UF and its regret achieves this lower bound, i.e.,

lim R,0(0,n)/logn < M(6), V6.

n—oo

Thus, it will be shown that policy 7° is asymptotically optimal.

3.2 Lower bound for the regret

For any optimal basis choice b = {i1,...,ij} € O*(9), and « € b, we define the sets
A®qy () and D(9), as follows =

ABu(0) =1{0, € Oy : 07(0) = {b} }, (3.2)
D@®) ={a: a¢bforanyb e 0*(@) and ABq (0) # ¥},
where g/ =0 ..., Q; ..., 0;),1s a new vector such that only parameter Q; is changed
from 6,. Note that the first set consists of all values of ®, under which the problem with
known parameters under the perturbed g/ has a unique optimal solution that includes bandit c.
The second set D (@), consists of all bandits that do not appear in any optimal solution under
parameter set ¢ but, by changing only the parameter vector 6 ,, there is uniquely optimal
solution that contains them.
We next define the minimum distance of a parameter vector 0, to a new parameter vector
6, which makes bandit « to bec/:ome optimal and hence appear in the unique optimal solution
when its parameter becomes 0, .

Ko () = inf{l(0 ) : Q; € ABy (@)}, (3.3)

405740[

where, 1(9,,, Q/a) denotes the Kullback-Leibler distance for the distributions f(-, 8,), and
fC0)) e,
, +00
10 9>::/ log f@””?ﬂxgwdwm

=’ = oo f(

The next Lemma establishes lower bounds for the new mean (Q;) under the changed
parameter vector Q; in terms of the quantity u}, @ = ¢f @) + 1a(@,). The proof is spe-
cialized and not the focus of this paper, and is relegated to the appendix.

Lemma 1 For any optimal matrix B under 6, such that for any Q; € AB®y () the following
is true B B

¢2©)=0%©) =0,V j#e and
$2©) = uy©) — 1a(0,) <0.
The above and Eqgs. (3.2), (3.3) imply that

Ko(0) =inf{I(0,.0,) : 0, € O, 13(®) < 11a(0,,)}. (3.4)
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In order to establish a lower bound on the regret we need to express it as:
k L k '
R (@.m) =Y ¢POETIm) +Y g’ Y () —cHETim), voeo®, (35

and any optimal basic matrix B, where the above expresswn follows from the LP and DLP
relations since B is an optimal basis: z*(0) = Zle c?gl —l—gH_1 and ¢B(9) Z] Lt g, +
8r 1 — 1i(8)).

Both terms of the right side of (3.5) are nonnegative, the first due to optimality of B and
the second due to the feasibility of B. It follows that a necessary and sufficient condition for
a policy m to be f-UF is that for all & € ® and any optimal B under 6 the following two
relations hold. B B

g EaTi) .
¢F @)limy0o———— =0, foralla > 0, j ¢ b, (3.6)
- n
EgTi(n)
Z gl (- )hmn_on =0foralla > 0. (3.7)

i=1 jeb

The following lemma and proposition are used to establish in Lemma 4 a lower bound for
the activation frequencies of any f-UF policy. They readily imply the lower bound of such
polices for the regret in Theorem 5. The proof of the lemma is relegated to the appendix.

Lemma 2 [fthere is a uniquely optimal b € O*(0). Then the following hold.

@O Ifb=1{iy,...,ij}, j=2,...,L+1, then giB > 0, for j — 1 out of the L resource
constraints, and equal to O for the remaining resource constraints.

(ii) When b is a singleton, i.e., b = {i1}, then giB = 0, for every resource constraint
i=1,...,L,ie,only gfﬂ is positive.

The next proposition establishes that a f-UF policy is such that V 6 € ©, it must be true
that the number of activations from each bandit @ € D(0) are at least 3,,, for some sequence
of positive constants 8, = o(n). Its proof is given in the appendix.

Proposition 3 For any f-UF policy & and for all § € © we have that for « € D(0), any
g/ € A(g) and for all positive sequences: 8, = o(n) it is true that

Py [TY(n) < Bnl = o(n®™Y), foralla > 0.

The next Lemma follows using a change of measure from g, to ¢ as done in Burnetas and
Katehakis (1996) and in Lai and Robbins (1985).

Lemma 4 Ing/ [T¥(n) < Bul = o(n® 1, forall a > 0 and a positive sequence B, = o(n)

then
logn

Ka(©)

lim Py[TZ (n) < 1=0,
n—oo =

forallg €Banda € D(g).
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Proof If wetake B, = logn/Kgy (g) then Proposition 3 implies Py [TX(n) <logn/Ky (@] =

o(n®~1). Now, using the change of measure from 0 "to§ and the same arguments as in Burnetas
and Katehakis (1996) we have that o

logn
: o
nhm PQ |:Tﬂ (n) < a(@):| =

We next define the constant M (@) and prove the main theorem of this section. Let

o7 ©®
MO = ). o
jeD®©) i@
Theorem 5 If v is an f-UF policy then
Rz (0, n)
lim ——=—""> M@®), V0 € ©.

n—oo logn
Proof By Lemma 4 and using the Markov inequality, we obtain that if 7 is f-UF, then

L ETim) ,
lim — > , Yje D@, ¥8 € ©.
n—oo logn K;©®) = =

Also, we have from Lemma 2 that gB > 0 and from Eq. (2.3), we have that nc —
E¢C; (n) = 0,foralln, i.Finally, we have that the optimal bandits under 0 have qu @ =0.
These observations together with the above two relations suffice to complete the proof if we

recall that Ry (0, n) = Y_5_ 1¢>B(9)E9Tf(n)+2, 188 Yh e —cJ)EgT](n) o

3.3 Blocks and block based policies

We consider a class of policies such that activation is performed in groups of periods called
activation blocks as defined below so as total resource utilization of activations in each
block satisfies all the resource constraints of (2.3). For each constraint j we first define the
differences .

i i
8j_cj c;-

Note that Si expresses the net effect of a single activation of bandit i on the corresponding
resource ¢(. This effect is a reduction in the resource ¢ if 8’ > 0, and a surplus if 8’ <0,

that can be carried over to subsequent periods.
Thus, for any period the feasibility constraint of (2.3) can be written as

1 n
=Yy <0, Y0, j=1,...,L
n

t=1

Since 8. is assumed to be rational, foreachi = 1, ..., k and j=1,..., L andthereis a
finite number of them we may assume, without loss of generality, that they are all integers,
since we have assumed the same for the coefficients and right sides of the constraints.

Let N = {1, ..., k} be the set of all bandits. Intuitively, for a specific constraint “low
resource utilization” bandits in A/ (i.e., bandits with small ci.) must be sampled often enough to
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accumulate resources (by carrying over ‘surplusess’) in order to make possible the activation
of “high resource utilization” bandits. Mathematically it suffices to find { y;, i € N} such that
bandit i = 1 (where the § ]1 = min; 8; for the maximum number of different constraint types
j=1,...,L)is sampled yjl. times and each bandit i € A'\{1} is sampled once (yj. =1, for
alli e M\{l}and j = 1,...,L),andzieNy;.5§ go,y; eN,VieNandj=1,.... L.
Any block with y} = y; = max; y} forall j =1, ..., L satisfying the previous properties
is feasible with respect to the constraints of (2.3).

Using the above remarks, we next define the Initial Sampling Block (ISB) and the
Linear Programming Blocks (LPBs) to construct a class of block feasible policies B =
{7 7 is feasible} as follows.

ISB block: A policy m € B starts with an ISB block during which all bandits {1, ..., k}
are sampled at least a predetermined number nq of times, while the constraints of (2.3) are
satisfied sample path-wise. This block is necessary in order to obtain initial estimates 1 ; (6 j)

of 14j(8 ;) for all bandits. This ISB block has length of yl 4 (k — 1), defined above.

LPB blocks: After the completion of an ISB block the 7 policy chooses any b (where b = {i;}
orb = {iy, ..., i;}) that corresponds to a BFS of the LP and continues activating any of the
bandits in b for a block of time periods LPB(b), where LPB(b) is defined as follows.

i) When b = {i1}. In this case due to the feasibility of b we must have Al < c?, for
all j =1,..., L, and its activating frequency must be equal to 1, i.e., x;, = 1. In this case
wl;c7 define the LPB()) block to have length equal to 1 and 7 activates bandit i once, i.e.,
m; = 1.

l ii) When b = {iy, ..., i;}, we have the positive randomization probabilities {x;};ep.
According to our assumption for rational coefficients in the resource constraints, these ran-

b
domization probabilities can be written in the form of x; = yib=. where X (b) = 3/, m?

ij
is the least common denominator, for integer numbers m ~ which we take to be the number

of activations of bandit i ; j W1th1n this LPB(b). In this case we take the length of the LPB(b)

block to be equal to: l.j , and we take 7 to activate m? / number of times each bandit

i= 11
| € b, in this way ensuring the constraint feasibility of 7 within the block.

Remark 1 In the above definition of block activations for any b that corresponds to a BFS
of the LP we defined the integers mZ to be the number of activations from bandit o within
a LPB(b). Note that in a computational implementation the solution of an LP may be given
in decimals. In this case, one cannot compute an exact least common denominator for the
randomization probabilities which is important since the denominator defines the length of the
LP block. However, every time one solves a LP one knows the specific constraint equations
that correspond to the optimal basic matrix B. Thus one has a subsystem of equations of
the form Bx = c. Using the determinants expression of the solution one can compute an
integer denominator for the randomization probabilities, under the assumption of rational
coefficients. Then one can find the least common denominator that is an integer and can be

used as the length of the block of activations Zi' . mb corresponding to B.

The definition of any 7 € B policy is completed by contlnulng activations of bandits in A/
by repeating choices of b as above. In the sequel the choices of b will be based on all collected
data up to the start of the ‘current block’ and thus 7 € B will be well defined adaptive policies.
In what follows we will restrict attention to such policies in 3 and for notational simplicity
we will simply write 7 in place of 77, when there is no risk for confusion.
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3.4 Regret of block based policies

In this section we define the regret of block based policies and establish its relation with
the initial regret of (3.1). Assume that we have [/ successive blocks we take ﬁ’ (1) to be the
number of LPB(b) type blocks in first / > 2 blocks (since for / = 1 we start with an ISB
block). Thus in the first 2, ...,/ blocks each corresponds to a single feasible b and we can
write Yy T2 =1 — 1.

Let S (1) be the total length of first / blocks (including the ISB block) and let L,, = Lz (n)
denote the number of completed blocks in n periods. It can be shown that

TES(D) =Y mh TP +m], (3.8)
beKkK :aebh
where mg was defined above and mg is the number of activations of bandit « in the ISB

block (i.e., m; = y! and m% = mQ1 for all &« € N\{1}).
Note that when Q is known the quantity Eg S, (/) z* (Q ) represents the total expected reward
under an optimal policy. When § is unknown the quantity Eg Zf‘:l D oper Hj@ j) ml; if o+

-_1 (6 .)m" represents the total expected reward under a block policy 7. Thus, we can
b1 1 (0 m rep he total expected d under a block policy 7. Th
define the regret of a block policy 7 as

k k
Re(@,D) = EgSeVT* @) — Eg Yy, Y. wj@)pmiTD = nj@)pmy. (3.9)
B T j=lbek:jeb =1

Also note that in a period n the length of the completed blocks Sy (L,)) is less than or equal
to n. When Sy (L)) = n, then the number of activations of bandit « up to period »n is equal
to the number of activations up to the last completed block, i.e., T2 (Sz(L,)) = TZ(n).
Otherwise, if S;(L,)) < n (i.e., period n is within the last block which is uncompleted)
then T (S;(L,)) < TZ(n). Note that there is a finite constant M, that is equal to the
maximum number of times that bandit o appears in every feasible block (i.e., feasible basis).
This number allows one to obtain an upper bound on on 7 (n) when S;(L,)) < n, i.e,
TZ(n) < TZ(Sx(Lyn)) + My. Summarizing the above arguments we have:

T (Sx(Ln)) = T (n) < T (Sx(Ly)) + Ma, (3.10)

The definition of (3.9) and (3.10) yield the following relation for the two types of regret,

k
Re(®. L)+ (1 — EgSx(Ln) 2"®) — Y M 11;(0,) < Rx (8. 1)
j=1
< Rx (8, La) + (n — EgSx (L) 2% (0). (3.11)

The relations in (3.11) imply the following relation between the two regret functions,

Rr@®.n) __  R:(0.Ly

limy 0o ———— = limy o0

(3.12)
logn

logL,

From (3.12), it follows that to show that a policy achieves the lower bound for R (g ,n) it
suffices to show that it achieves the lower bound for ﬁn (g, Ly).

@ Springer



Annals of Operations Research

3.5 Asymptotically optimal block UCB policy

In this section we provide a general method to construct asymptotically optimal policies 7°.
We call them Z-UCB policies and such policies achieve the lower bound for the regret. To
state the Z-UCB policy below we need some definitions. At the beginning of any block / we

~l ~

have the estimates § which give an optimal solution b(Ql) and corresponding optimal basis
~ Al B N

matrix B of LP(@ ). Using the optimal solution of the linear program b(@ ), we can compute

for any block / and for every bandit @ € {1, ..., k} the inflations v, = vy (Ql) of iy (QAL) and
A Al -

(B,8) . . . .
the set @, =" of all bandits « that according to Lemma 1, after the inflation of the mean
only of bandit « to v, may be in an optimal solution, as follows.

N / N logS, (I —1)
)= 0,):10,60,)<-———}, 3.13
va(@) s;;p{uau) €80 = 7o 51y (3.13)
8.8 N B oA R N
& = ={a ui@) = 2@ + 1a@,) < va@)). (3.14)
8.8 3.8 . N N
If ® =" # ¢, forevery « € ®, = we define the index: uq(0) = uq(0 ,s,1) as
follows. L, | B B
uo@ . 5.1) = max(z" @0 1@, 0),) < = (3.15)
- A

where by (Ql, Q:x) is the uniquely optimal solution of LP(QI, Q;), which is obtained from the

Al /
LP(@ ) when we replace only the parameter of bandit « by ¢,,.
We next state the asymptotically optimal Z-UCB policy. It is based on the computation of
A oAl
N B.6 A N A A A
the quantities vy (Ql), CIDZ( 2 and u, (Ql, s, t) above, where Ql and B = B(Ql), are updated
Z = N Z Z
at the end of each block /. The update for vy (¢ ) requires in general the solution of simple

optimization problem with the single convex constraint and objective that depends on the
JN

B, Al )
functional relation of uq (6,,) on @,,. The updates for <I>l( & and ua(g , §, t) are simple and
fast since they do not require solving any complex optimization problems.
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Z-UCB POLICY 7:
Step 1 Employ one ISB block in order to have one estimate 6, from each

. . A2 .
bandit a. Then, update the vector of estimates g , and the statistics S;0(1) and
T;O(Sno(l)).

Al
Step 2 For block / (I > 1), employ an LPB(x%(8")) block, defined below.
Given the history until the beginning of block / we have the vector of estimates

Ql and the statistics S,0(l — 1) and Tj‘;‘o (S,0(I —1)). Based on these, compute
bf), and zb{) (Ql). Then compute vy (Ql)’s by Eq. (3.13) for every bandit @ =

X5
{1,...,k},and ®, =, by Eq. (3.14).
NOW there are two cases:

8.8

1
i) If @, # (), for every o € CIDZ(

) L
compute the indices

ESS

B

e @) = ua @, 5.0) = ua @', S0l = 1), T (Spol = 1)),

. . . Al Al .
and the corresponding uniquely optimal BFS: bg ©) =by(@, Qg (s, 1)) in Eq.
(3.15). B B
The Z-UCB policy 7° employs the LPB block which corresponds to the index:

Al Al
@)= argmax {ua(@)}
9 - fue@

0@, aco

2 ol
.. (B,8)
e, =

solution under an increase, the Z-UCB policy 7° employs the LPB(bé) block.

= {J, take no(g) = b}, meaning that no bandit offers a better

Remark 2 With apologies for the notation we have used bf) as the initial optimal solution of

LP(QI), for the [ block, and bg (él) as the inflated solutions of b2, cf. (3.13) and (3.14).

In words, the Z-UCB policy firstly employs an ISB block in order to have estimates for
each bandit. Then, for/ =1, 2, .. ., it employs only LPB blocks according to the following.
Firstly, the Z-UCB policy finds the initial optimal solution bf) (with basis matrix é) which is a

. . . . .. Al
solution based on the estimates up to this block. Secondly, it computes the indices uy (6 , s, 1)

A Al A Al
B.0 . l B.0
(of Eq. (3.15)) for all bandits o € CDI( = ), by varying only @,,. Thus, for any o € d>l( = ),

we have the corresponding new uniquely optimal BFS: bg (Ql). Then, the Z-UCB policy

chooses to employ the LPB block which corresponds to the highest z value among 52 (é[),
A oAl
weal®d
The main result of this paper is that under the following conditions policy 7° is asymp-
totically optimal in the class of f-UF policies.
To state condition C1 below we need the definition of the bandit unobservable quantities:
Ju (8, €), as follows. For any § € ®, ¢ > 0, an optimal matrix B under 6, as in Lemma 1,
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we define: @;(e) = {Q; : M;‘t@) —€< ,ua(Q;)} and

Ju(6,€)= inf {I0,.0,):z(6,) > ") — €.
- 6.,€0),(e) =

A oAl
A B0
From the definition of J, (Ql, €), where o € CDI( o
N ~ ’ Al ot
J@ 6 = inf{1@,.0,) : %) > 2*(9) — e,
Z 6, Z
we have that ua@l) > z*(®) — € if and only if Ja@l, €) <log S, (I — 1)/T2(Sx(I —1)).
(C1) V0e®, i¢b for any b € O*(g) such that A®;(0) = @, if ,u;.k(g) —€ < pLi(Q;),
Y € > 0, for some Q; € ©;, the following relation holds:
lim J; (0, €) =
e—0 —
(C2) Vi, V9, € ®;,Ve >0,

Pgi(@; —0;1 >¢€)=o0(1/t), ast — oo.
(C3) Vi, V0, €0;,Ve>0,ast — o0

Ajo 7
Pg(zb“(g ) < 7*(9) — €, forsome j < 1) = o(1/1).
Next, we state and prove the main theorem of the paper.

Theorem 6 Under conditions (C1),(C2), and (C3), and policy °, defined above, the follow-

ing holds.
—_ Rp@.n)
lzmnﬁmﬁ < M(g), forallg € 0.

Proof From (3.12), to establish the above inequality one can prove the same bound for
hmn_woR,T (9 L,)/log L,. Now, from (3.8) and (3.9) we have the following

k k k k
Re@ L =EgY" Y miTRw+ Y mhr @+ mY—Egy " D wj@p)mh T2 (La)

j=1beK:jeb j=1 j=1 j=lbeK:jeb

k
—Zﬂj@j)m?,

j=1

which using the relations: z* @) = Z, 16 gl —I—gLJrl and ¢B ©® = Z/ 1 ]gj —|—gLJrl
1i(0;) and after some algebra can be rewritten as:

k L
Re@. L)y=Y_ Y mh¢P@FEgTr(La)+) [EgSpo(Ln)c) —EgCi 70(Sz(La)gf.
j=1beK:jeb i=1
Now, since q’)}9 (8) = 0 for optimal j, to prove the inequality for the regret it is sufficient
to show that for policy ¥ the relations below hold.
_ EeTh (L)

1
lim = < , foralli e D),i € b,b ¢ O*(9), 3.16
Ty pamn o © ¢ 0*(©), (3.16)
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EgT? ,(Ln)

limy, 00 =0, foralli ¢ D(0),i € b,b ¢ O*(0), 3.17)
log L, = =

. EgTh [(Ly)

lim,_,0o————— =0, forallb ¢ 0*(9), (3.18)
log L, =

L
Z[EQSHU (Ln)c? — EgC; 70(Sx (La)1gE = o(logn), (3.19)
i=1

where B is an optimal basis under ¢, and Tfo,l (Lp) and TfO,z(L") can be obtained by the

fragmentation of YN":O (L) as:

Ly,
Tl =Y 1nd =b.b ¢ 0°@).b € 0*@). ui@'.6)) = uar (@)
=2
L” t t t t
=Y 1x =b.b¢ 0% 0).b € 0*@). i@ . 6) = uer @), ui @' 0;) < 2*©) — €}

=2
Lil

+Y Uml =b.b ¢ 05 @).b e 0* @) ui@'.6) = uar @), ui (@', 6)) > 2*(8) — €}
=2

=T0 | (L) + T2 5 (L),

The proof of the inequalities (3.16), (3.17) and (3.18) is given in Lemma 7 in the appendix.
(3.19) follows from Lemma 2 which shows that for the constraints that do not obtain the
optimal solution the corresponding g? are equal to 0 and that a block based policy for the
optimal bandits uses the whole amount ¢ of the constraints that give the optimal solution. 0

Remark 3 According to Remark 45 in Burnetas and Katehakis (1996) condition (C2) is
equivalent to C2’ below which is often easier to verify.
(C2)V8>0,ast — o0

t—1 . .
Y Py (b ¢ 0*®).be 0% @), i@ . €) < J:(0. €) — §) = o(log ).
j=1

4 Applications
4.1 Normal distributions with unknown means and known variances

Assume the observations Xé; from bandit « are normally distributed with unknown means
E X}, = 6, and known variances a(f, ie,0y, =04,0 =0, ua(@,) = bo,and Oy = (0, +00).
Given history A, define

T S00-1)

Al _ =l o
Halle) = e St — 1)
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Now from the definition of ®, it follows that A®y(0) = (64 + qbf (6), oo) for any
optimal matrix B under 9, therefore D(6) = {« : « ¢ b forany b € 0*(6)},V 8 € ©. Thus,
we can see from the structure of the sets ®, and A®, (6) that condition (C1) is satisfied and

A oAl
that @;B‘Q ) # () (we do not have the case (ii) in Step 2 of our policy).

Also, we have:

, 0, — 6,)>

10y, ga) — %
_ @E®)?
Ko (0) = Th02

It is easy to see that the Z-UCB indices of Eq. (3.15) simplify to:
Al 5 pKa
ug @) = 7P @ e )7

where 12
2log S,0( — 1))

oKa — gl
o a+0’a (T:O(Sno(l—l))

is the 6, which satisfies the maximum in the index uy (él), of Eq. (3.15).
A Al Kg
Note that ba(Ql, 0Ky — fiy, . .., ij}; thus, in the first case we have 7P @ 05 —
é['ll‘xil +.. .+9§°‘xa +.. .+§fjxij and z*(0) = 0;,xi, +...+0uXxe + .. -+ 6i;xi; Therefore,
Al A «
for by (6, 6’(5 “) € 0O*(0) and from the structure of 7@ 6a®) the index is a sum of normal
distributions which is also a normal distribution, and from a well known tail inequality of
normal distribution condition (C3) is satisfied.
According to Remark 3 the next sum of probabilities is equivalent to condition (C2)
Ly
At At
Y Pyb ¢ 0%(©), b€ 0%@), Ji@ ) < Ji0,€) — )
=2

Ly
=Y Py ¢ 0*(©).b e 0" @). 16! —6:] > £). > 0,
t=2

where the equality follows after some algebra because of the normal distribution and the
explicit form of 1(6/, ;) in this case:

At !
) 2 E0) S @) — ) <

i@ o) =infl1].0;

i

Ji(@. €) = inf{1(6;,0,) : 2@ > 7%(9) — €} — 6.

i

Also, we have that él.’ is the average of iid random normal variables with mean 6; thus

P78 — 6,1 > &) < P (6] — 6] > &, for some I < 1)

IA

t
S RE6 - 61l > §) = o(1/1),

=2

where the last equality follows from a consequence of the tail inequality 1 — ®(x) < ®(x)/x
for the standard normal distribution, Feller (1967). Thus, we can see that condition (C2) holds.
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Summary of Z-UCB Policy 7°:
Step 1 Employ one ISB block in order to have one estimate 6, from each

A2
bandit a. Then, update the vector of estimates 6 , and the statistics S0 (1) and
T;‘O(Sﬂo(l)).

Al
Step 2 For block / (I > 1) employ an LPB(nO(Q )) block defined below.
Given the history until the beginning of block / we have the vector of estimates

él and the statistics S;0(l — 1) and Tj‘r"0 (S,0(I —1)). Based on these, compute

Al
bf), and zhé (6 ). Then for every bandit « = {1, ..., k} we compute the indices

Al Al Ky
ug(@) = @5,

Al
where b, (6, 905( ) is the solution which we obtain if we replace only the param-
eter of bandit « by 0(5 ¢ where

1/2
2log S,0( — 1)
T4 (S —1))

9‘5“ :éé+aa<

The Z-UCB policy employs as block / the JTO(QI) = argmax,, {uqy (Ql)}, where
ties in the arg max are broken arbitrarily.

4.2 Normal distributions with unknown means and unknown variances

Assume the observations Xg; from bandit « are normally distributed with unknown means
EX] = jiy and unknown variances VarX) = 0‘3, ie, 0, = (La> 05), and ©, = {6, :
e > 0, 03 > 0}. Given history h;, define

% (SpU=1) _; 7% (S00=1) N
. i . il (Xa — ua(8y))
Ma(Qfx) = M and aj(gi) = 25 _ ¢ e
T2 (Spo(l = 1)) T%(Syo(l — 1))

Now from the definition of ®,, it follows that A®,(0) = (e + ¢>£ (6), oo) for any
optimal matrix B under 6, therefore D(0) = {a : a ¢ b forany b € 0*(6)},V 8§ € ©. Thus,
we can see from the structure of the sets ®, and A®, (#) that condition (C1) is satisfied and

~ Al -
8.0
that <1>,( £) # () (we do not have the case (ii) in Step 2 of our policy).

Also, we have:
, 1 0.) — ta)?
,(%,Qa):zlog(HW)

2
Oq

1 (@8 0))*
Ka(@zilog 1+072* .

o

It is easy to see that the Z-UCB indices of Eq. (3.15) simplify to:

' Kq
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where

2 1/2
10 OK) = 1y @L) + 040 (S,,o(l _ TS0 1) ,

Al
is the mean of the 6, which satisfies the maximum in the index ua(g ), of Eq. (3.15).

N _ ) . b (@ 05)
Note that by (0, 6,*) = {i1,...,a,...,i;}; thus, in the first case we have z *'= "~ ~ =

Al Al
iy @)%, + -+ 1 OK)xg + .+ 1y @ )xi; and 25©0) = iy iy + A o+

Al
i, ;. Therefore, for by (@', 6X%) € 0*(8) and from the structure of 2@ ") the index
is a sum of normal distributions which is also a normal distribution, and from a well known
tail inequality of normal distribution condition (C3) is satisfied. Finally, condition (C2) is
satisfied according to the analysis in Cowan et al. (2018).

r

Summary of Z-UCB Policy 7°:
Step 1 Employ one ISB block in order to have one estimate 6, from each

A2
bandit a. Then, update the vector of estimates g , and the statistics S;0(1) and
T;‘O(Sﬂo(l)).

Al
Step 2 For block / (I > 1) employ an LPB(nO(Q )) block defined below.
Given the history until the beginning of block / we have the vector of estimates

Ql and the statistics S;0(l — 1) and Tj‘r"0 (S,0(I —1)). Based on these, compute

bé, and zhé (Ql). Then for every bandit « = {1, ..., k} we compute the indices

Al ba@oKe
Ml)t(g)zz (:5J )7

Al . . . .
where by (6, Qf”) is the solution which we obtain if we replace only the param-
eter of bandit « by Qfa, where

2 172
~l ~l T (¢ ~(—1)—2
1o (0K) = 114(0,) + 00 (@) (Snoa — 1) 00072 1) .

Al Al
The Z-UCB policy employs as block / the 7%(6') = arg max;, {uq (@)}, where
ties in the arg max are broken arbitrarily. B

4.3 Discrete distributions with finite support

Assume the observations X({; from bandit « are univariate discrete distributions, i.e.,
fa(x,Ba) = paxlXe = x}, x € S¢ = {ra1,...,7ad,}, where the parameters pq x
are unknown. The unknown parameters are in ®, = {Ba € R« . Pax > 0, Vx =
1,...,dy, Y, pax = 1}, and rg . are known. Therefore, according to our notation, 6 , = p,
andf = p = (Bl""’ﬁk)'

We can compute the mean reward of a bandit as uq(6,) = ,ua(ga ) =1, r, =

Zx TeaxPax, Where [:x denotes the transpose of the vector r,. Now from the definition
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of By, it follows that AGy(p) = (Ke (Ba) + ¢£ (p), 0o) for any optimal matrix B under
D, therefore D(p) = {a : « E bforany b € 0*(37}, V p € ©. Thus, we can see from the

é.l

>

)
£ 0

(
structure of the sets ®y and A®y(p) that condition (C1) is satisfied and that @,

(we do not have the case (ii) in Step 2 of our policy).
Also, we can compute

d,

’ ¢ P
I(p,.p)=  Paxlog (p‘,”) :

x=1 ax

do
Ko(p) =m'}n{1(£a,£;) : N«a(ﬁ;) > [ta(p,) +¢f(£), Zp;x = 1).

Py x=1

Now, for any estimators ﬁfx of P, the computation of the index

A A ba(pl.p)) N log s
ue(P) = ua (P s, 1) = max{z B (Pl p ) < I8
o o 2,

involves the solution of K ( g[ ), which is a linear function maximization problem subject

to a constraint with convex level sets and a linear constraint, as in Burnetas and Katehakis
(1996). Thus, if the minimum in K, (él) is Bfa then

Al bo (Pl pKe)
ug(p)y =z "=" ",
K . . : ba(p'.pKe)
Note that ba(g ,Ea“) = {i1,...,a,...,i;}; thus, in the first case we have z * ="~ ' =

oAl / K ’ Al ! ’

Ly Py X +. ""‘Lxﬁa"‘xa +. ..+£ij£i‘/_xl-j andz*(g) =1, P, i +"'+Lx£a'x0( +...+

L;-/. p; Xij- Thus, the index is just a weighted sum of the estimated means and the inflated
S

one, so in order to prove that the policy satisfies the conditions (C2) and (C3) one can follow
exactly the same arguments that are used in Proposition 3 in Burnetas and Katehakis (1996).
In Proposition 3 they use arguments based on the properties of the mean rewards of each
bandit which hold in our case due to the form of our indices, as we analyzed above.
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r

Summary of Z-UCB Policy 7°:
Step 1 Employ one ISB block in order to have one estimate ﬁa from each

bandit a. Then, update the vector of estimates éz, and the statistics S,0(1) and
T;o (S,0(1)).

Step 2 For block / (I > 1) employ an LPB(9( f)l)) block defined below.

Given the history until the beginning of block / we have the vector of estimates
é[ and the statistics S,0(/ — 1) and T;;‘O (S,0(I —1)). Based on these, compute

b(l), and zbé (él).
Then for eV&y bandit @ = {1, ..., k} we compute the indices

where by ( él, Bfa) is the solution which we obtain if we replace only the

parameter of bandit « by Bfa , where

d,

. 2 P roo ’ ’
pke =m;n{2paxlog( ) P, =rep, + 5P D Pux =1}
Py x=1 Pox T ox=1

The Z-UCB policy employs as block / the ( él) = argmax,,_{uq( él)}, where
ties in the arg max are broken arbitrarily. B N

5 Conclusions

This paper introduces a novel approach to multi-armed bandit (MAB) problems with side
constraints, tackling the challenge of resource-limited activations. By deriving an asymptotic
lower bound for regret in feasible policies and designing optimal strategies that achieve this
bound, the study advances constrained bandit models. The proposed block-based Upper Con-
fidence Bound (UCB) policies ensure asymptotic optimality while offering computational
advantages over existing methods. These findings have broad implications for sequential
decision-making in dynamic resource allocation, including applications in online revenue
management and targeted advertising. Future research could refine these policies further,
particularly in complex environments with evolving constraints and adaptive learning mech-
anisms.

A Appendix

Proof Lemma 1. It is obvious that qbf (g’) = ¢/B (6) =0, Vj # a because we only change
the parameter of bandit & and ¢f(g/) = qbf(g) = c{gfg +...+ c{gf + ng - /Lj(Qj).

For a bandit o € B(g) we have that o« ¢ b, for any b € 0*(@). Therefore qb(f @) =
c‘f‘gf +...+ c%gf + ng — uq(8,) > 0, for any B corresponding to b.
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’

Now, any optimal b € 0*(@ is not optimal under g/ =(,...,04,...,6y), for any

)=
’

0, € AOy(0), thus O*(0) = {b'} where b’ ¢ O*(©).
Therefore, for any optimal matrix B under 8 we have that d)f (Q/) =cf gf +...+clg f +
ng — Ug (Q;) < 0 because B is not optimafunder Q/. -
Now from ¢Z(©0) = cfef + ...+ cfgf + gf; — 11a(8,) we have that 5 () =

¢E©) + 1a(0,) — 11a(0,,) < 0. O

Proof Lemma 2. (i) Let 0: 0*@) = {b}, then giB > 0, only for j — 1 out of L type of
constraints because if ng = 0 for some of them we must have more than one solutions in the

primal, which cannot occur because b is uniquely optimal.
(ii) Let g : 0*@) = {b}, then giB =0,foralli = 1,..., L from the dual solution and

¢f (6) > Oforall j # iy. Thus, gf 41 18 positive since the means (u’s) are positive. O

Proof Proposition 3. Let o € D(g), 90/[ € A®y (Q)- The definition of A®, (@ and Lemma 1
imply that we must have a b which is uniquely optimal under g (.e., 0*(@’) = {b/}) and
a € b'. Then we have two cases for the uniquely optimal solution b depending on wether b
is a singleton or not.

Inthe firstcaseb’ = {a},and Lemma 2 implies that for a f-UF policy giBl =0,i=1,...,L
thus, the definition of a f-UF policy implies that:

EQ/T,{(n) =o(n%), foralla > 0, forall j ¢ b (A1)
Therefore, .
n—Ey Ty (n) = > EyT{(n) = o(n), foralla > 0. (A.2)
N jgb

Now for any sequence 8, = o(n) with 8, < n (for all n), we obtain the following.

Ey Ty (n) = Dk PyITE () = k]

k=1
LB "

=Y kP TE) =kl+ > kPyITE(n) =k
k=1 k=Bul+1

< ,BnPQ’[T;[X(n) =< ,Bn] + nPQ/[T;‘(n) > IBn]
=n— (1= B Py ITE () < B,

Therefore
n—Ey T;(n) = (n — ﬂn)PQ/[Tﬁ(n) < Bul- (A3)

From (A.2) and (A.3) we obtain
(n — Bu) Py [T (n) < Bu] = 0(n®), foralla > 0,

thus
PQ/[T;(n) < Bul=om®™", foralla > 0.

And the proof is complete for this case.
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In the second case b = {it,...,ij}, for j =2,..., L + 1, where bandit « is one of
i1,...,ij. Then as before (A.1) holds Va > 0, Vi ¢ b'. 1t follows from Lemma 2 that for

an f-UF policy we must have giB > 0, for j — 1 resource constraints, which we label as

i =s1,...,5j-1. Using the last result and and (3.7) we obtain:
Sj—1
> el Z(c cf)EQ/ T (n) = o(n®), Ya > 0. (A4)
i=s] leb’ -

If we sum (A.1) for all i ¢ b’ it follows that

n—Y EyTin)=Y E,Ti(n)=e,, wheree, =o0(n"), Va>0. (A.5)
et gt
Now, letx;,, ..., x; ; be the corresponding randomization probabilities, then ) ceh Xk = 1

and from (A.5) we have that
Z(nx,- —Ey T,’; (n)) = &,, where g, = o(n%), Ya > 0. (A.6)
ieb’ -

From the definition of z* we can write z*(g/) = sz;&a Xiy My (7”() + Xo Mo (Q;), and from
theDLPwehavez L) = Zk’ 51, dgB +gf+l.Also,fromtheDLPweobtainthatqbiB (g) =
Yo, ckgk + g8 — w0, fori # a, and 98 ©) = 0! clgf +gF,, — wi(@)).
where ¢iB (g) =0forieb.

After some algebra we can show that

%0’ — (0 i\,B 0 i B , .
z (g) = (cs1 — cSl)g‘Yl +...+ (CSI, — ch_l)ng_l + wi(;), foreveryi e b, (A7)
and
@) = Y xiiy 0;) + Xapta(©,,)
ir#o
= xj, (cﬂgs1 +...+ csj ]gsj Tt gfﬂ) +. (Cls'{gg + ...+ Céﬁ-_lé’f},l + gfﬂ)

Sj—1
=Y g Zc Xi, +gL+1 (A.8)
i=s1 leb

Using z* (6’ ) = Zk’ ;1 gk —|—gL+1, and (A.8) we have: z*(g/) gL_~_1 = Zk . ckgk
and

Z*@/) - g£+1 =y Yll g? Zleb’ clx;, which imply:

Sj—1 Sj—1

> g8 o - g Z chx;, = 0. (A.9)

i=s] i=s] leb
In addition, since Zk oy Xk = 1 (A.9) can be written as:

le le

Zgl Zcx,, Zgl Zcx,l_O

i=s1 leb i=s1 leb'

@ Springer



Annals of Operations Research

which simplifies into:
Sj—1

Z gl-B/ Z(c? — cl[-)xi, =0.
i=s| leb'
Multiplying both sides of the last equation by n,
Sj—1 ,
Z giB Z(cio — cf)nxil =0. (A.10)
i=s] leb’
From (A.4) and (A.10) we have that
Sj—1
3 g? S — s — Ey TLm) = otn®), Va > 0. (A1)
i=s leb’

Combining, (A.6) and (A.11) we obtain,
nxj — EyTi(n) = o), Ya>0,Vieb. (A.12)

For any n let
! 0 I\l
I7 = Tim).and FJ; = (c) — c)TLm),
I¢b’ I¢b’
where i is the i —th resource constraint. Now, for each resource constraint i, label as c?‘ the

minimum cij for j =1, ..., k. With thus defined c;‘ and the above definitions we have:

b4 7.0 * . .
Fn,i <T,(c; —cj), forall constraintsi =1, ..., L.

Furthermore, from (A.5)
EQ/FZ =on%), Ya > 0. (A.13)

Now, (2.3) and the definition of F,"; imply the following.

Sj—1 , Sj—1 , Sj—1 ,
gl ) —Cizmn =) el Fl i+ g8 Y () —chHTim. (A.14)

i=s] i=s| i=s| leb

For any bandit in b the following arguments hold. For simplicity we present these arguments
only for the specific bandit o for which o € D(g), 0, € AB, (@.

Since giB, > 0 (from the optimality of B/) and nci0 —Ciz(n) >0, VnVi (from the
feasibility of ) the right side of (A.14) is nonnegative. Using the non negativity inequality
of the right side of (A.14) and moving the term that corresponds to bandit « to the left side
in the equation (A.14) (and changing the sign of (¢ — ¢! )) we obtain the inequality below,

sj-1 si-t Si-t
Yol —ehTEm <Y gl FLi+ Y 8l Y (=T,
i=s| i=s| i=s] leb’ I

Using (A.7) on both sides of the above inequality (for i = « in the left hand side and for
allieb,i # « in the right side) we obtain:

Sj—1 , ,
(a(Oy) = F@NTEM) < D g Fri+ Y @) — m@) T,
i=s1 leb l#a

@ Springer



Annals of Operations Research

which simplifies into:
Sj—1 ,
M@ )TE(m) < D gP FT+2©0)) Ty — Y w@)Tin).
i=s leb leb l+a
Now from the definition of I'7 we have thatn —T'7 = " b’ T,l[ (n) and recall that z*(g/) =

Xo Mo (Q;) + Zleb/ 1o XU (8,) and that by assumption j;(8;) > 0. Using these and simple
algebra the above inequality can be written as,

’

Sj—1 B
TX(n) < nxq +
90 ua@a)

i=s1

FT + ( Z (nx1 — Th () (@)).
Ha leb J#a
The last inequality can be rearranged and written as,

S,]

nxg —TEm + Y -2 aw) FT + M Z (nx; — Ty ()i (8)) = 0.

i=s| leh l#a

For simplicity the above will be written as

nxq — T2 (n) + AL (n) + A2 (n) > 0.

where AL (n) = ;7 -4 T )F,fl and AZ (n) = a(lg;) e tta X1 = T (M) (8)).

Note that from (A. 12) (and (A.13) respectively) it follows that Air (n) =om?), Ya > 0,
and i = 1,2, since all means are positive. From the Markov inequality, for any positive

Bn = o(n)

Ey(nxy — T2 (n) + AL (n) + A2 (n))

IA

Py (nxy — Tg(n) + Ay (n) + A2 (n) = nxy — Bu) ,
g nx, — Bn

_ 0(na)5,, 0o, Va>o0.

Using the above we obtain,

Py (T3 (n) < ) < Py (T3 () < B + Az (n) + AZ(m) = 0(n®™ 1),V a > 0.
And the proof is complete for this case too. 0

For the analysis in proof of Lemma 4 we use the index ui(gt, Q;) at block 7, where
Q;. is the corresponding inflated 0;, to denote the index ui(g) of bandit i. In fact Q; =
Q?(Sno(t —1), T;O(Sno (t — 1))) according to the definition of our policy.

Lemma 7 Under conditions (C1),(C2), and (C3) policy 70 satisfies:

li Eal o) L ralli e D®).i cb.b¢ 0" @)
iy, — < , Joralli € ,I €D, s
T log Ly m? K (6) = =

— EQT:O 2(Ln) ) .
limp— 0o ———"—— =0, foralli ¢ D©0),i €b,b ¢ 0*@),

log L,
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EgT |(Ln)
—=——— =0, forallb ¢ 0*(9).
log L, =

limy s 0o

Proof From the relation between the two indices u; and J; we have that

Ln
~ ~t At ’
T2 (L) =) Um) =b,b ¢ 0*(0),b e 0*@ ), u;(@ .6,

=2

= ue+ @), ui@',6)) > 2*©) — )
Ln
<3S 1nl =bb¢ 0*©).b € 0*@), ui@'.6) = ua= @), ;@' )
=2

log So(t —1)
< -
T;O(Sno(t —1))

Ly
=Y 1nl =b.b ¢ 0*®).b e 0° @) u;(@'.6) = uar @),
=2

" logS_o(t — 1 ~
B@ e < 85D G s e e - )

= T (St —1))" " = =
Ly

Al ~t ’ ~t

+) Ux =b.b ¢ 0% (@).b e 0*@). ui@.0) = ue(@).
=2

A logS_o(t — 1
Ji(gtaf) < M

i Ji ét, Ji(0,€) —8
T/ o (Spot — 1))’ @, < 4@, €) - 5)

Ln
<> 1nl =bb ¢ 0*©).b e 0*@), ui@.6))
=2

e @), Ty (S0t — 1)) < 08,
TS a0t Ji@.€)— 8
Ly

+3 1ml =b.b ¢ 0% ®), b e 0*@). ;@' 6)
=2

= ug @), ;@' €) < J;(6. ) — 8.
Now, the first sum of the last inequality for ¢ = % is equal to
Ln
S 1xl =b.b ¢ 0%©).b € 0*@), ui@'.6) = uar @), Ty (Spo(t — 1)) < c}
=2

L’l
<Y m) = b, Th(Sp(t — 1) <)
=2

L, le/m?]

=33 Ul = b, Ty (Spo(t — 1) = sm? + m)

t=2 s=0
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le/m?) L,
— 0 _ i _ b 0
= > D Hr =b.TH(Spo(t — 1) = sm) +m{}
s=0 =2
< le/mf) +1
m; m; (Ji(0, €) — 8)
Thus,
Ln t t IOgL
0 Al g ) i n
Eg; Hr, =b,by € 0%O),ui (@ ,0;) = ug=(© ), Ty (Spo(t — 1)) < m}
log L
<— 0g Ln 11 (A.15)
m; (Ji (0, €) — 8)
Furthermore,
Lll

Yom =00 ¢ 0%©).b € 0°@).ui@.6) = uar@). i@, €) < Ji(8. €) — 5)
=2
Ly
~ At
<> b g 0*@).b € 0°@). i@ . &) < Ji(8. ) — 8}
t=2
Then from (C2) and Remark 3 we have that

Ly,
Eg Y Hnl=b.b¢ 0"®).b e 0*@).u;@.6) =us@). i@, e) < J; (. €) - 8)
=2
< o(logLy). (A.16)

Now we have that u; (g, Q;) = Ug* (Qt) > Ug (Qt, Q;) for any bandit s which is contained
in an optimal BFS of 0. Thus we can show the following inequalities

Ly
T (L) =Y Uz =b.b g 0°©).b € 0*@). ui@.0) = uer @), u: @', 6)) < 2*©) — €}

t=2
Ly

<> u@'.0y) <* @) — )
=2
Ly .

<Y Hug@'.0,) <2*(©) — €. forsome j < Syo(t — 1)}
t=2

Ly .
=Y " 1{|6; —0,] > &, forsome j < S,o(t — )}.
=2

Thus from condition (C3)

Ly,

EgY Hnl=b.b¢ 0*©).be 0 @) ui@.0) = uer@). ui@.0) <*®) —¢)
=2

<o(logL,). (A.17)
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Finally, it follows from (A.15), (A.16) and (A.17) that
log L,

E Tb L)< ——M
ol ) = g0 — )

+1+o0(ogLy,)+o(logL,).

Now from the definition of J; @, ¢) and (C1) we have that
lim J; (0, €) = K;(9), fori € D(@) and lim J; (8, €) = oo, fori ¢ D(6).
e—>0 = = = e—>0 = =

Thus
i Folh o (L) ! foralli € D(),i € b,b ¢ 0*(6)
1m, — . < , torall: € ,1 €D, ,
n— 00 log Ln —_ m? Kl‘ (g) — p—
_ EgTh Ly
limyoo————— =0, foralli ¢ D(9),i € b,b ¢ 0O*(9) and
log L, = =
- EQT:O 1(L11)
lim,_y0o——>——— =0, forallb ¢ 0*(9).
log L, =
This completes the proof. O
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