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Abstract

We study the budgeted bandit problem, where each arm is associated with both a reward
and a cost. In a budgeted bandit problem, the objective is to design an arm pulling
algorithm in order to maximize the total reward before the budget runs out. In this work,
we study both multi-armed bandits and linear bandits, and focus on the setting with
continuous random costs. We propose an upper confidence bound based algorithm for
multi-armed bandits and a confidence ball based algorithm for linear bandits, and prove
logarithmic regret bounds for both algorithms. We conduct simulations on the proposed
algorithms, which verify the effectiveness of our proposed algorithms.

Keywords: Budgeted Multi-armed Bandit, Budgeted Linear Bandit, Online Learning

1. Introduction

Bandit problems are typical examples of sequential decision making problems in an un-
certain environment. Many different kinds of bandit problems have been studied in the
literature, including multi-armed bandits (MAB) and linear bandits. In a multi-armed ban-
dit problem, an agent faces a slot machine with K arms, each of which has an unknown
reward distribution (throughout this work, we restrict our attention to stochastic bandits);
at each round ¢, he/she needs to pull one arm from the K candidates and will receive a
random reward drawn from the unknown distribution associated with the pulled arm. The
goal of the agent is to sequentially pull arms so as to maximize the total reward. In a
linear bandit problem, the set of K arms is replaced by a compact set of d-dimensional vec-
tors (Dani et al., 2008), and the expected reward of an arm linearly depends on its vector
representation. The key of bandit algorithms is to make a trade-off between exploration
and exploitation: the agent should simultaneously consider pulling the best arm based on
the information collected in the past (exploitation) and trying other arms to collect useful
information for future pulling (exploration).

* This work was done when the first two authors were interns at Microsoft Research.
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In this paper, we consider the budgeted bandit problem, in which pulling an arm is
costly and the objective is to maximize the total reward subject to a budget constraint on
the total cost. A variety of Internet applications can fall into this problem. For example,
both the real-time bidding problem in online advertising (Chakrabarti et al., 2008) and
the cloud service provisioning problem in cloud computing (Ardagna et al., 2011) can be
regarded as budgeted bandits. In fact, this problem has been studied in the literature, with
different settings (Tran-Thanh et al., 2010, 2012; Ding et al., 2013). For example, Tran-
Thanh et al. (2010) study budgeted multi-armed bandits with fixed costs and propose an
epsilon-first algorithm with regret bound O(B %) where B is the budget. Tran-Thanh et al.
(2012) further derive an improved regret bound of O(log B) for the same setting. Ding et al.
(2013) study multi-armed bandits with discrete random costs and propose two algorithms
based on upper confidence bound (UCB) whose regret bounds are both O(log B). Different
from these works, in this paper, we study budgeted bandits with continuous costs. Many
real world applications can be modeled as budgeted bandits with continuous costs. An
example is bid optimization in sponsored search: the per-click payment of a bid (the cost
of an arm) is allowed to have six digits after the radix point, which is more convenient
to be modeled as a continuous variable. Another example is virtual instance selection in
cloud computing. When a user has a certain job to run in the cloud, he/she can select
different type of virtual instances !; the running time of his/her job on a selected instance
is a continuous variable and so for the payment.

We consider two kinds of budgeted bandits, multi-armed bandits and linear bandits.

For the budgeted MAB problem with continuous random costs, we propose a UCB-
based algorithm called Budget-UCB. The algorithm can be regarded as an extension of the
UCB-BV1 algorithm proposed in (Ding et al., 2013), however, its theoretic analysis is far
different from that of UCB-BV1. Actually the discrete costs are very critical to UCB-BV1
because the analysis of its regret bound is based on induction which only works for a well-
ordered set (the set of discrete costs is well ordered). In contrast, the interval [0, 1] of the
continuous costs is not well-ordered at all. As a result, with the techniques used in (Ding
et al., 2013), UCB-BV1 cannot achieve a meaningful regret bound in our setting. To tackle
this challenge, we make modifications to UCB-BV1 and explore new proof techniques so as
to obtain a nearly optimal distribution dependent regret bound of O(log B).

For the budgeted linear bandit problem, all the arms constitute a subspace of d-dimensional
space R?, and the expected reward and cost of an arm are fixed but unknown linear func-
tions of the vector representation of the arm. For this setting, we generalize the algorithms
proposed by Dani et al. (2008) and Abbasi-Yadkori et al. (2011), and obtain a new algo-
rithm called Budget-CB. In each step of the algorithms proposed in (Dani et al., 2008) and
(Abbasi-Yadkori et al., 2011), a confidence ball is constructed, which contains, with high
probability, the parameter of the fixed and unknown linear function associated with the
expected rewards. Since they do not take costs into consideration, they tend to pull arms
with large rewards and do not work well for our setting. Consider a simple example with
two arms: the expected reward and cost for the first arm are both 1, while the expected
reward and cost for the second arm are 0.5 and 0.1 respectively. For this example, the
algorithms proposed in (Dani et al., 2008) tend to pull the first arm frequently. However, it

1. Amazon EC2 Instances: https://aws.amazon.com/ec2/instance-types/?ncl=h_1s.

318


https://aws.amazon.com/ec2/instance-types/?nc1=h_ls

BUDGETED BANDIT PROBLEMS WITH CONTINUOUS RANDOM COSTS

is clear that a much better policy is to pull the second arm more frequently. To tackle this
challenge, we construct two confidence balls, one for the reward and the other for the cost,
and then optimize the reward-to-cost ratio in these two confidence balls. We prove that by
doing so, we can achieve a distribution dependent regret bound of polylog(B).

The proofs for the regret bounds of the above two algorithms are technical: We need to
bridge the relationship between the expected pulling time of suboptimal arms, bound the
expected pulling time for suboptimal arms, and deal with the randomness of the stopping
time. We also need to carefully characterize the conditional independence between rewards,
costs, the arm pulled by the algorithm, and the stopping time (as random variables) in
the regret analysis. We believe that our proof techniques can be applied to more general
settings and can be of independent interest to the community.

To summarize, we have two main contributions: (1) To the best of our knowledge, this
is the first work that obtains an O(log(B)) distribution dependent regret bound of UCB
based algorithms for budgeted multi-armed bandits with continuous random costs; (2) It
is the first time that budgeted linear bandits are investigated and a distribution dependent
regret bound of order polylog(B) is derived.

The remaining of the paper is organized as follows. Related work is discussed in Section
2. The algorithm for budgeted multi-armed bandits with continuous random costs is intro-
duced and analyzed in Section 3. The algorithm for budgeted linear bandits is described
and analyzed in Section 4. Experimental results are given in Section 5. Section 6 concludes
the paper and discusses possible further research directions.

2. Related Work

While most existing works on bandit problems (Agrawal et al., 1988; Auer et al., 2002;
Gyorgy et al., 2007; Dani et al., 2008; Abbasi-Yadkori et al., 2011; Wang et al., 2009;
Kleinberg, 2004; Li et al., 2010) do not consider budget constraints, which does not hold in
many real-world applications, there have been some attempts that take budget constraint
into consideration (Audibert et al., 2010; Bubeck et al., 2009; Guha and Munagala, 2007;
Tran-Thanh et al., 2010, 2012; Badanidiyuru et al., 2013). Roughly speaking, these related
works can be classified into two categories.

In the first category, the cost of pulling an arm is fixed and no exploration for costs
is needed. In the pure exploration problem studied by Audibert et al. (2010) and Bubeck
et al. (2009), the exploration phase and exploitation phase are separated. In the exploration
phase, it is assumed that pulling each arm has a unit cost, and the budget is imposed on
the total number of pulls. After the exploration, the agent is asked to choose the best arm
according to certain criteria, and this arm will always be used in the future exploitation
phase (which is not associated with a cost any more). Guha and Munagala (2007) study
how to minimize the budget given a confidence level for the optimality of the selected arm.
Tran-Thanh et al. (2010) propose e-first methods, which use a fixed proportion (€) of the
budget for exploration, and the remaining proportion for exploitation. Tran-Thanh et al.
(2012) propose a UCB style algorithm for the regret minimization problem of fixed cost
budgeted bandits.

In the second category, the cost of pulling an arm is a discrete random variable, instead of
a fixed value. Due to the uncertainty of costs, both the exploitation phase and exploration
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phase should take the costs into account. Ding et al. (2013) develop two UCB based
algorithms to solve this problem and obtain nearly optimal regret bounds.

In this paper, we study a more general setting for UCB based algorithms, in which
the cost of pulling an arm is random and continuous. We call it budgeted bandits with
continuous random costs, which covers previous work with UCB based algorithms (both
fixed costs (Tran-Thanh et al., 2012) and discrete random costs (Ding et al., 2013)) as its
special cases. We also propose the budgeted linear bandits in this work. A closely related
work is (Badanidiyuru et al., 2013), which also studies bandit problems with continuous
costs. The differences between (Badanidiyuru et al., 2013) and our work lie in two aspects:
(1) We study both multi-armed bandits and linear bandits, while Badanidiyuru et al. (2013)
only consider multi-armed bandits; (2) Our analysis focuses on distribution dependent regret
bounds, while Badanidiyuru et al. (2013) focus on distribution independent bounds.

3. Budgeted Multi-armed Bandits with Continuous Random Costs

3.1. Problem Formulation of Budgeted Multi-armed Bandits

In the budgeted multi-armed bandit (MAB) problems, the bandit is associated with a
finite set of arms denoted by {1,2,---, K} (K > 2). For ease of reference, denote the set
{1,2,--- K} as [K]. The agent is asked to pull one of the K arms at each round ¢. If
arm ¢ is pulled, the agent will receive a reward r;; and a cost c¢;;. We assume that the
pairs {(riz,cit)}i2, are independently and identically drawn from an unknown continuous
distribution,? and both rewards and costs take real values from [0, 1].

We use B to denote the budget, which is a known parameter and will constrain the total
number of pulls, i.e., the stopping time of the pulling procedure. The stopping time T, p
of a pulling algorithm «a is a random variable depending on B, and can be mathematically
formulated by ZtTi’lB -1 Cast < B < Zzi’f Cas,t- The total reward collected up to time T, g

by the pulling algorithm « is defined as R, = thi’lB Tayt- Let R* denote the optimal expected
total reward when the distribution of rewards and costs are known. We use expected regret
to evaluate the performance of the algorithm which is defined as below,

Ta,B
Regret f pr E[R,] = R* — E[ Z Tat,t:|; (1)

t=1

where the E is taken over the randomness of rewards, costs, and the pulling algorithm.

3.2. Algorithm

Our proposed Budget-UCB algorithm is shown in Algorithm 1. In the algorithm, for any
arm @, n;q, 7;¢ and ¢ ¢ denote the pulling times, average reward and average cost of arm 4
before round ¢. Mathematically,

t—1 t—1 . t—1 .
isl(as = isl(as =
ni,t _ E 1(as _ Z), Fi,t — Zs:l r%s (a’é Z)7 Ei,t _ Zs:l Ché (aé Z),
s=1 niat ni,t

2. Note that we only assume that the reward-cost pairs at different rounds are independent, and do not
assume that the cost and reward at the same round are independent. In some applications the cost of
pulling an arm may be correlated to the reward.
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where 1(-) is the indicator function. The parameter X is a positive lower bound of the

expected costs of all arms.® In Algorithm 1, the first term on the right side of Eqn. (2)
is an exploitation term, which is the average reward-to-cost ratio. This term forces the
algorithm to choose those arms with higher marginal rewards. The second term is an
exploration term: it is proportional to €;; thus prefers the arms pulled less frequently in
the past (this is in the same spirit with the exploration term in UCB1 (Auer et al., 2002)),
and inversely proportional to ¢ ; thus prefers the arms with lower costs (intuitively, due to
the limited budget, the arms with lower costs are worth exploring because they consume
less). The third term is a hybrid term that performs joint exploitation and exploration.

Algorithm 1 The Budget-UCB Algorithm (Input: \)
Initialization: Pull each arm ¢ once in the first K steps, set t = K.
1: while 3! ¢,, s < B do
2: Sett=1¢+1.
3:  Define ¢;; = \/%. Calculate the index D;; of each arm 7 as follows.

Dy = Tit 4 Gt S min{7; ;s + €4, 1}
K3 - _ — — — b)
TG Gt Gymax{Cis — €4, A}

4:  Pull the arm a; with the largest index: a; € argmax; D; ;.
5: end while
Return: The accumulate reward 22:1 Tag,s-

3.3. Regret Analysis

We first declare the notations that will be frequently used throughout this work: (1) uf and
p§ denote the expected reward and cost of arm i respectively. (2) i* denotes the arm with

the largest expected reward to expected cost ratio, i.e., i* = argmax; % We name arm *

(3

as the optimal arm. Without loss of generality, we assume there is a unique optimal arm.*.
The others arms are called suboptimal arms. (3) For any ¢ # i*, A; = Z}; — % Obviously,

A; > 0. (4) By denotes the budget left at the beginning of round ¢. (5) n; 1, ;, denotes the
pulling time of arm i when the algorithm a stops. (6) pf,;, denotes min;e(g{s}-

The regret analysis of the Budget-UCB algorithm is different from previous works (Tran-
Thanh et al., 2010; Ding et al., 2013). This is because we consider continuous costs and the
main proof technique in (Ding et al., 2013), the induction methodology designed for discrete
costs, cannot be directly applied. Therefore, we first propose a framework that relates the
regret with the pulling time of each suboptimal arm.

3. Note that to use this algorithm, one needs to know A in advance, which is a lower bound of the expected
costs of all the arms. In some applications, the expected costs can be known and it is easy to set \.
In some other applications, the costs correspond to monetary payments and one can set A to be the
minimum unit of the currency.

4. If there are multiple optimal arms (denote them as O), we can randomly pick an ¢* € O as the “optimal”
arm. We have A; = 0 Vi € O, which will not contribute to upper bound of the regret in Lemma 1.
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Lemma 1 The expected regret of any algorithm a (denoted as Regret(a)) is upper bounded
by: Regret(a) < 32 pi Aik[nir, p| + piie /15

Proof The proof of Lemma 1 consists of two steps.
(S81) We will prove that R* < (B + 1)l /pé..
Proof: Let a* denote the optimal pulling algorithm. We can obtain that

R = E{Zm;ﬂ(& > 0)] = i E[riila; =i,B; > 0|P(aj =i, B; > 0)

c© K
<(XoDCElewda; =i, B > 0]P(a} =i, B, > 0)) o {chl Bzollt )

t=1 i=1 'U'l t=1 :uz
iy T (B4 1)yl
:E{ CQLJLZCS( C)m
t=1 Hix Hix

The inequality in (3) holds because: (i) a; and B; are only related to the pulling history
until round ¢t — 1. Thus, Efrislaf = i,B; > 0] = pf < péul./pS.. (i) Similar to the
discussion in (i), we can obtain that IE[CZ tla; =i, By > 0] = pf. O

(82) We will prove Lemma 1 in this step. Accordmg to (81), the optimal reward can be
upper bounded as R* < (BH)“ =< E[Zt Capt + 1}

a, the regret can be bounded as

for any algorithm

Ta_ B Ta,B

Ta,p r
Regret(a) < B[ 3 o+ 1) 55 B[ 3 rue] =B[ 30 e =] + 2
t=1 i t=1 =1 i~ Hi=
:E[ZZ(M“ oo = rid) Lar =i, B 2 0)| + £
t=1 i=1 Hix i
K oo r
ZZE[( m)‘at:z‘,BtZO}P(at:i,BtZO)Jr“—j
i=1t=1 5
i
= Z HEAP(ay = i, By > 0) + ~0 = Y piAE[ni, 5]+~
t=1 iF£i* i" i#i* j 22
Thus we reach the conclusion in Lemma 1. [ |

Then we only need to focus on bounding the expected pulling time of each suboptimal arm.
We introduce two notations 7 and N as follows: (both Ty and N are deterministic)

2B 1+ 5+ 52
T, :{ J; N:S(#) log T. 4
0 Icnin Alulc 0 ()

Without loss of generality, we assume N > 1, which is easy to be satisfied with B > 1
given the costs are upper bounded by 1. We can verify that n;r, , can be decomposed as

o) To s}
Nit,, =Y Hay=1,B; >0} <14+ N+ Y a=in, >Np+ > 1{B >0} (5
t=1 t=K+1 t=To+1

For ease of reference, for any ¢t > 1 and a given i # *, denote the event {a; = i,n;; > N}
as E. The expectations of the last two terms in (5) will be bounded in (S1) and (S2).
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S1): Bound E 1{E"Y]. Define H;; = St 4 Gt min{risteinl} = qp po happens, at
2 CK41 t 7 t

Cit Ci,t max{Ci t—€;t,\}
least one of the following four events happens.

7 r
1. = c . 2, it i — c .
E; e — ps| > € Ef : == > - 4 Hyy, |G — p5| < €545
Cit i
— r T s
Tie / - -
3, laxgt o= — c . 4 . M= 12 — c
B i —= <= — Hiey,, [Cip — 15| < €445 By —— < = +2H;4,[Cis — p15] < €i6,m4¢ > N.
Cimyt Hx Hi= Hy

This is because: (i) One of B} and E} must hold; (ii) Conditioned on E}, at least one of

the following three events must hold: (ii-a) ?—t > Z—; + H;y; (ii-b) 2*: < Z%: — Hi»4; (ii-c)
Zi “Z £ +2H;;. Thus, E[Zt xa1 HEPH < Z; 1 Zt K4l P{E}}. We will bound the sum
of the four probablhtles from (S1-1) to (S1-4).

(81-1) Bound Y1 k41 P{E}}: This step depends on the following lemma:
Lemma 2 For Budget-UCB, we have

P(I7ie — nil > €ie) <20t =1)7%, P(leie — pf| > €ip) <2(6-1)7°. (6)

Proof We adapt the proof of Theorem 1 in (Auer et al., 2002). Denote X; ,, as the average
reward of n independent plays of arm i. We have

t—1

~
|

1

2log(t —1
P(|Fis — pf] > €i) = > P(|Fix — pf| > €i0,m50 = 1) = ]P’(|fi,t = il = me = n)
it
n=1 n=1 ’
2log(t — 1)\ _a v -4 -3
< Xin — pf| > 7)< 2t —1)4 =2t — 1)3,
Z ( > =) < - =20

where the inequality marked with & comes from the conventional Chernoff-Hoeffding in-
equality. Similarly, the second inequality of (6) can be obtained. |

By Lemma 2, we have that .0 k1 P{EL} <23772.1/(t—1)° < 1.

(81-2) Bound Y10 k41 P{E?}. If event E? happens, we have |Fjy — pf| > €;4. Otherwise,
we have |F;; — ul'| < €+, which implies that u! < 7;; + €; ;. One can also verify that E?
happens means that ;1 > ¢;; — €; ;. Therefore, we can obtain

- s — T C C b~ T T M —
Tia g _ (Fie = p)ug + (= Capi _ ci LGl _ Gt G min{7; s + €6, 1}

Cit M5 Ci i 0§ Cit Gl Gt Cigmax{Ci; — € ¢, A}

it

By Lemma 2, we have ZZEKH P{EZ} < S P(|riy — pf| > €¢) <23 2.t —1)3 = 1.
(81-3) Bound ZZEKH P{E}}. We can verify that if the event E} holds, we have |7+ ;—pl.| >
€+ ¢. Leveraging Lemma 2 again, we have Zg ka1 P{E} < 1.

(S81-4) Bound Zt ki1 P{EL}. For event Ef, given [¢;y — pf| < €4 and nyy > N, it can be
verified that for any ¢ < Tp, e > %z +2H;; (i.e., 1(E}) = 0) as follows:

iul-*
i < = . = € 1+ -+ — ) < —us
it Nt N 24+ 2+ A Tt )=
1 A; JAVIR €it 1 Ay 1 pl. oul
= €zt<1+)\>§2(m ez,t)§2czt:>Hi,tSm(l+>\ §7:§ e
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According to (S1-1) to (S1-4), we can obtain that E[3 /2 Ck1 HEPY <3
(82): Bound » 24 1 P{B; > 0}. We use two sub steps to bound it.

(82-1) We prove that for any t > Ty, P{Biy1 > 0} < exp { — 2(B — tul;,)?/t}.
Proof. Denote the cost at round s € {1,2,--- ,t} as ¢(s). We have

Ele(1)] + -+ + Ele(t)] = thfn = | |y > 2B — iy, > B. (7)
Accordingly, we have that
P{Bui1 = 0} = P{c(1) + -+ +c(t) < B}
<P{c(1) +--- +c(t) = E[c(1)] = -+ = E[e(t)] < B = E[c(1)] = --- — E[e(t)]}
— C —_ e e — C 2
§exp{f2(B Ele(1)] ; Elc®)) } (according to Hoeffding inequality)
2(B — t/”L;:nin)2

< exp{ - } (according to (7)) . O

t

(82-2) Bound 3 27 1 P{B; > 0} according to (§2-1). Define 7(B) as follows:
_ . Fmin (B — /J’fnin)z 3B _ Bugin

T(B)—exp{ B }+( - )exp{ 5 }+(

min

5 xXp{l — 2Bun ). (8)

ain)
min

Please note that 7 (B) tends to zero as B tends to infinity. Then we have

e c. (B — yC. 2 >
S (B, > 0} <exp{ - LonlB b)Y L S™ pep, o)
B
t=To+1 t=To+1
P (B I 2(B + i)
Sex {_ min mln } ex { min }
P Z P T

<oxp { — ainlP sy (1 2By g ey (- Blind o S™ (i) < T

Hmin 1=Tp+1
Therefore, according to Lemma 1, (5), (S1) and (S2), we come to the following theorem:

Theorem 3 The regret of Budget-UCB is at most

§(1+1+2)%  op .
; ( A’\iMSQ)loguc (3+7T(B ZAM oy (9)

min i£i* i
where T (B) is defined in (8).

Please note that 7 (B) tends to zero as B tends to infinity. We make the following discussions
about the theorem.

e This theorem shows that the asymptotic regret bound of the proposed algorithm is
of O(log B) when B is sufficiently large. More precisely, given a bandit (i.e., the
parameters {p] , uS fil are fixed), the regret of the algorithm grows in the logarithmic
order of the budget B when B goes to infinity.
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e When B is not very large, other terms in the regret bound may play a more important
role than log(B). We conducted a set of numerical experiments to evaluate how the
algorithm performs when B is not very large. The experimental results are reported
in Section 5.

e Badanidiyuru et al. (2013) propose an algorithm whose regret is
O(VKOPT + OPT+/K/B),

where OPT is the expected total reward of the optimal policy. Since OPT is linear
order of B, the regret of their algorithm is upper bounded by O(v/B). However, this
is not to say that our algorithm is better than theirs, because our O(log B) bound
is distribution dependent, which is incomparable with their distribution independent

bound.

4. Budgeted Linear Bandits with Continuous Random Costs

4.1. Problem Formulation of Budgeted Linear Bandits

The linear bandit (Dani et al., 2008; Abbasi-Yadkori et al., 2011) problem is a more complex
and practical one than the conventional multi-armed bandits . We extend the budgeted
multi-armed bandits to the linear setting and proposed the budgeted linear bandits. In
budgeted linear bandits, the set of arms is represented by a d-dimensional compact set
K C RY (d > 1). An agent chooses an arm z; € K at round ¢, then results in a random
reward 7(z¢) € [0,1] and a random cost ¢;(z;) € [0,1]. For any arm = € K, the reward at
round ¢, the cost at round ¢, the expected reward and cost are of the following linear forms:

ri(x) = P TAE ny, ci(z) = ot + ng, Elre(x)] = T Ele:(2)] = zpe, (10)

where ", ¢ € R? are unknown parameters, and " and p¢ are bounded, i.e., |||z <
S, |ull2 < S, S > 0 and S is known in advance. z' is the transpose of x and 7}, 1§ are
C-sub-Gaussion.” For any = € K, ||z|2 < L.5 We further assume that the expected costs
of all the arms are larger than a positive parameter A > 0 which is known in advance and
smaller than 1. The expected reward of all the arms are no less than zero. Mathematically,
for any x € K, z"p" € (0,1) and 2" u¢ € [A\,1). This assumption is very natural since in
practice whatever non-trivial action an agent takes, he/she needs to afford a certain non-
zero cost. This assumption means that the zero action z = 0 is not in the compact set /.
Taking the action x = 0 will lead to both zero expected reward and zero expected cost and
it is ignored in our problem.

Similar to the conventional budgeted MAB, we also define an optimal arm x*, which is
(z*) T
(Z*)TMC .

T, r
arg maxXgex % and 7 denotes the corresponding ratio, i.e., We require that there

*\T 7
is a positive gap Amin between the optimal and sub-optimal arms, i.e., Apin = Ei*;TZ — —
T, r
SUDgekc\ {2+ iT—’;L and A, > 0. Please note such the Ay, also exists in (Dani et al., 2008)
(I*)T T . $T r

(the A in (Dani et al., 2008)). On the other hand, A« denotes (x*)TZC infye (o} Frhe-

5. We adapt the definition of C-sub-Gaussion from (Abbasi-Yadkori et al., 2011), which is: For any £ € R,
2 ~2
E[ef”]t |ZC1,{E2, RS T/ R 777t—1] S eXp{%
6. This implies that for any ¢, ||z¢]|2 < L.
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Adapting the stopping time and the regret for conventional budgeted bandits, for any
algorithm a, the stopping time 7, p and the regret can be defined as follows:

Ta,nyl TQYB Ta,B

Z ci(zy) < B < Z ct(zt); Regret(a) = R* — E[ Z rt(xt)}, (11)

t=1 t=1 t=1

where R* is the total expected reward of the optimal algorithm when y" and p¢ are known.

4.2. Algorithm

Our proposed algorithm for budgeted linear bandits is shown in Algorithm 2. We call
it Budget-CB since confidence balls (CB) play an important role in the algorithm. The
algorithm follows the framework Optimism in the Face of Uncertainty principle for Linear
bandits (OFUL) (Abbasi-Yadkori et al., 2011). In Algorithm 2, ||z|| 4 denotes V2" Az where
A is positive definite and I; is the d-dimensional identity matrix. To run Algorithm 2, we
need two hyper parameters: ¢ € (0,1) and p > 0.

Algorithm 2 The Budget-CB Algorithm (Input: A, hyper parameters p > 0, § € (0,1))
Initialization: Pull an arm randomly in the first step, set ¢t = 1.
1: while 3°_ ¢s(25) < B do
2: Set t =1t + 1.
3:  Define €(t) = Cy/dlog (1 +tL2/(pd)) + 2log(1/5) + S./p
Calculate Ay = ply + N T wex ], i = A7V S 2 ro(wg)as, 1§ = A7 S eo(ag) s
Construct confidence balls as follows:
B ={v"; [v" = iilla, < e@)}, Bf = {v% [[v° — fgl| a, < €(t)};
4:  Pull one arm z; € arg max r o min{rTvT1}
: t g €K, v eB] ,veeB; max{z T v}
5: end while

Return: The accumulate reward 3% 7¢(xs).

At each round, we update the estimated reward vector jij and the estimated cost vector
ity according to the Step 3 of the algorithm, which are in fact the results of minimizing the
regularized square loss on the past decisions x; and observations (rs(zs), cs(xs)). In Step 3,
we also construct confidence balls B] and By centered at fi; and fif respectively. The radius
of the balls is €(t) which controls the degree of exploration. The decision of z; is made by
jointly maximizing the reward-to-cost ratio among all the possible z, v, and v, in K, B}
and By

4.3. Regret Analysis

In this subsection, we upper bound the regret of Budget-CB algorithm. Similarly, we first
give the framework of analyzing budgeted linear bandit. Let 7, denote the pulling time of
all the suboptimal arms when the algorithm a stops. The analysis of the regret bound of
Budget-CB depends on the following lemma.

7. The computation of z; is similar to that in (Dani et al., 2008): if the decision set is small, we can
enumerate all choices; for some other special cases, such as K is a polytope, the optimization problem
is indeed NP-hard (Sahni, 1974), the exact computation is not computationally practical, and we can
adopt local search methods to compute it.
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Lemma 4 For any algorithm a, the regret is at most AmaxE{7,} + 7.

Proof (S81) We will prove that R* < (B + 1)7.

Proof of (S1). Let a* denote the optimal policy. Denote P{B, > 0,U¢_ {z} < 2'}} as
FB(z), where x! is the i-th dimension of z;, and so is 2. Again, we can safely write
E[ri(z)|B; > 0,2y = z] and E[c¢;(x)|By > 0,2¢ = x| as E[ry(z)] and E[ci(z)] respectively,
since the event {B; > 0,z; = z} is only related to the history until round ¢ — 1, while r(x)
and ¢;(x) are independent of the history. Similar to the (S1) of the proof of Lemma 1,

E[ Y ria)] :i/}CE[rt(x)]dFtB(x) < (i/}CE[ct(x)]dFtB(x)>7
t=1 t=1

= E[Y a@)i(B =0y < (B+ 1) 0

Tox B

(]

t=1

8

Il
-

(82) We will prove Lemma 4 according to the results in (S1). We can verify that R* <
<E{Z;‘Fif ct(xt)} + 1)7. Thus, the regret can be upper bounded as follows:

Ta,B Tu,B Ta,B

(E{ Z ct(xt)} + 1)7 - E[ Z rt(xt)} =E Z [vee(we) — re(@e)] +

t=1 t=1 =

= Y El(eile) —ri(@))1(By > 0] 7= /K E [yei(x) — ro(a)] dFP (2) + 7
t=1

t=1

= > /,C (vaTue —a "y ) dFP (@) +y <) /’C y }xTuCAmaxdFtB(x) +v
t=1 t=1 x*

< Z/ AmaxdFtB(x) + 7 = AmaxE[ra] + 7.
K\{=z*}

t=1
Therefore, we can get Lemma 4. |

To get E{7,}, we also need to divide the pulling rounds before round 7y and after round 7y,
where 7y denotes L%J Similar to the (§2) for conventional budgeted multi-armed bandits,

we can get that B[} ) 1{a; # z*, By > 0}] < L(B), where

K(B):exp{—)\(BT?)\)Q}+%exp{—37/\}+%exp{l—23)\}. (12)

Then, we focus on bounding the expected pulling time of suboptimal arms before the m-th
round, which is denoted as E{7'}. The proof consists of three steps.

(S81) We will prove that the two parameter vectors p” and pc lie in the confidence balls with
high probabilities.

Lemma 5 For the Budget-CB algorithm, with probability at least 1 — §, for any t > 1,
u" € By, ut e Byf.

Proof Define the following notations: 7" = (n},---,n/)", n° = (15, , )", X =
(z1,---,2¢)". According to Theorem 1 in (Abbasi-Yadkori et al., 2011), for any § > 0
and ¢, with probability at least 1 — 4,

A,)1/2 7,)-1/2
1X T g sc\/2log(det( el ) (13)
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Since iy = (XX +p) ' XT(Xp " +n") = (X" X +pD) ' X"y +p" —p(XTX +pI) "1 y"

for any x € RY, we have 2Ty —2'p" = 2" (XTX +p) ' X 0" —p2 (X TX + pI) "ty =
<x,XT77T)A;1 — p(z, :“T>A;17 where (z,9)y = ' My and M is positive definite. According
to Lemma 10 in (Abbasi-Yadkori et al., 2011), we have det(A;) < (p + %)d. As a result,
(13) can be further bounded as

tL? 1
T r < [ -
X0 4 C\/dlog(1+ pd)-l-Zlog(S

When the above event holds, using Cauchy-Schwarz inequality, we can obtain

T = 2T < el (IX T Waen + ol ap ) < el (X0 Lo+ Vol )

tL2 1
<zl - (C\/dlog (1 + ﬁ) +2log 5 + \/,BS) = ||al| s ().

where the first inequality holds because |[u"||%_1 < 1/Amin(Ad)||1"]13 < 1/pllu"||3 and
t
Amin (A¢) is the minimum eigenvalue of Ay, which is certainly no smaller than p. Finally, by

sotting = Ay (1} — "), we get |3} — 1[4, < e(t).
Similarly, for the cost of the arms, we have " fif —z T pu¢ < ||£U||At—1 €(t). Then by setting

x = Ae(pf — p°), we get [|f — pcl|a, < €(t). =
(82) We will give a high probability bound of T'.

Lemma 6 For Budget-CB, if p > max{1, L*}, with probability at least 1 — &, 7' is upper
bounded by

7 < )\4?25 (C’\/dlog (1 + T(;)Z?) + 2log% + \/ES>2 log ( T(c)liQ)' (14)

min

Proof Define the following two formulas in (15). It is easy to see that ¢(¢) > A2Api, when

xr # .
(8) (1) = (2" 1) e, 1) — (e j7 ) p); () (7 ) = arg max 2inllae ).} g

vreByiuee By max{{xy, v°), \}
At round ¢, since arm z; is pulled, we have
min (e, ), 1} | min{(e®, )1} _ (@)
max{(z¢, 1), A\} — max{{z*, uc),\}  (a*,puc)’

which shows that (z*, 4 (w4, i) < (5*, 1)z, i7). Given |2 — i L, < e(t) 1§ — L, <
€(t), we can obtain that

(16)

o(t) = (2", w" ) (we, p) — (e, p")(@", p) < (2", 0" W we, 1 — 1) — (2%, p) (e, 0" — A7)
=(@", 1" N we, n° — pg) + (@*, p") (e, i — 1°) — (@, p)(@e, 1" — py) — (@7, p) (@, iy — A7)
<de(t)||zel| o1, - (17)

By Lemma 11 in (Abbasi-Yadkori et al., 2011), we get that if p > max{1, L?}, with
probability at least 1 — 4,

T)\4A12mn<2(p <32d( \/dlog (1+T252)+210g(15+\//75) log (1+ Zi) (18)
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Then we can get Lemma 6. u

(83) Give the expected regret of Budget-CB. According to Lemma 6, we can get that

E{r'} < (1- 5){;’23(0\/d10g (1+ T“p;‘z) + 210g% + \/55)2 log (1+ T‘;’;)} +0m. (19)

min

The expected pulling time of suboptimal arms is bounded by E{7'} + £(B). Therefore, by
setting 0 = % and by Lemma 4, we can get that

Theorem 7 For any p > max{1, L?}, the expected regret of Budget-CB is at most

SQdAmax QBL2 2 QBLQ 2
VI log (1 21og B log (1 “ BIYA. .
MA2 (C\/dog( + Apd)+ og +\/ES) og( + )\dp)-i-(/\-l-ﬁ( NAmax + 7

Theorem 7 shows that the asymptotic regret of Budget-CB is O (dQAA?m‘”‘ log? (B)), which is

min

a polylog(B) regret bound.

5. Experiments

In this section, we report our experimental results on the performance of the proposed
algorithms. First, we simulate a budgeted multi-armed bandit as follows. (1) A bandit

x10° x10°

N UCB1 EUCB1 C_ICB
¢,-GREEDY [ Budget-CB
CvUCB-BV1 5000

I Budget-UCB

=¢=,-GREEDY
C—vUCB-BV1
B Budget-UCB 35

4000

3000

Regret

15 2000

1000

0
5 10 20 50 100 5 10 20 50 100 5 10

20 0 100
Budget (x100) Budget (x100) Budget (x100)

(a) Continuous costs (b) Discrete costs (¢) Linear bandit problems

Figure 1. Experimental results of the MAB

with 100 arms is created. (2) The reward/cost of each pulling of an arm is sampled from
beta distributions. The two parameters of each beta distribution are uniformly sampled
from [1,5]. (3) The budget is chosen from the set {500, 1000, 2000, 5000, 10000}. For each
value of budget, all the algorithms are run for 100 times and their average regrets are
examined. (4) For comparison purpose, UCB1 and the ¢,-GREEDY algorithm (Auer et al.,
2002) are implemented as baselines. We also propose a variant of UCB-BV1 as baseline®
(Ding et al., 2013): we only need to replace the D;; in (2) of Algorithm 1 with Eqn. (20-a).
For ease of reference, denote the variant as vUCB-BV1.
_ — 1
(20-a) Dy = —2L 4+ 1.5(1 + l)ei,t; (20-b) Dy, = —2t 4 A+ 36

Cit A Cit A— €it

(20)

8. We find that if we directly run the original UCB-BV1 (by replacing the D, in (2) of Algorithm 1 with
Eqgn. (20-b)), when the B is not sufficiently large, the exploration term in Eqn. (20-b)) is too large. As
a result, UCB-BV1 wastes much budget on suboptimal arms and does not achieve good results.
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The results of the simulation are shown in Figure 1(a), from which we have the following
observations. (1) UCBI and the e,-greedy algorithm perform the worst. The reason is that
these two algorithms are not designed for the budgeted bandit problems and do not take
budget constraints into consideration: they tend to pull arms with large empirical rewards
which may also have large costs and therefore run out of budgets quickly. To verify this, we
have listed the mean rewards (7), mean costs (¢), ratio of mean reward over mean cost (7/¢),
the stopping time (7) and the pulling percentage of the optimal (%opt) of each algorithm
across the 100 runs in Table 1. It is clear that UCB1 and ¢,-GREEDY have larger average
rewards but much smaller stopping time than the other two algorithms. (2) Budget-UCB
outperforms the vUCB-BV1 algorithm, since it can find the optimal arm with fewer pullings
and then focus on pulling the optimal arm, which can be reflected in the pulling percentage
of the optimal arm.

Table 1: Statistics of the Continuous Costs Bandit
Algorithm T c r/e T %opt
UCB1 0.861 0.868 0.991 11518.7 1.01
en-GREEDY  0.966 0.976 0.990 10248.1 <1
vUCB-BV1 0.743 0.310 2.396 32258.9 72.04
Budget-UCB 0.759 0.245 3.100 40872.4 80.03

We also test how our proposed Budget-UCB algorithm performs when the costs take
discrete values (which is a special case of continuous costs). For this purpose, we change
the costs to be discrete by sampling the cost of each pulling of an arm from a Bernoulli
distribution. In addition, we change the distribution of the reward of each arm to be
Bernoulli too. The parameters of the Bernoulli distributions are also randomly chosen from
(0,1). The results are shown in Figure 1(b), from which we can see that the Budget-UCB
also achieves the lowest empirical regrets among the four algorithms. Similar statistical
results like that for continuous cost bandits can be found at Table 2.

Table 2: Statistics of the Discrete Random Costs Bandit
Algorithm 7 c r/e T (%)opt
UCB 0.789 0.786 1.027 13018.8 1.088
en-GREEDY 0.874 0.879 0.995 11374.9 0.132
vUCB-BV1 0451 0.781 1.692 21673.6 45.714
Budget-UCB 0.785 0.249 3.149 40101.3 79.845

Second, we simulate a linear bandit as follows. (1) The set of arms is a ten-dimensional
polyhedron in the Euclidean space. (2) The reward/cost of each pulling of an arm is sampled
from a truncated Gaussian distribution supported on [0, 1]; each dimension of p" and u°
(the true reward/cost vector) is sampled from a uniform distribution. (3) For comparison
purpose, the CB algorithm (Abbasi-Yadkori et al., 2011) (designed for classical linear bandit
problems without budget constraint) is implemented as a baseline. (4) The budget is set
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as 500, 1000, 2000, 5000, 10000. For each value of budget, both algorithms are run for 100
times and their average regrets are examined.

The results of the simulation is summarized in Figure 1(¢).

From Figure 1(c), we can see that Budget-CB outperforms CB. The reason is that CB
tends to pull arms with large empirical rewards and thus most of the budget is not spent on
the optimal arm (which has large reward-cost ratio but not necessarily large reward). This
verifies the necessity of designing a specific algorithm for the linear bandits with continuous
random costs, rather than simply adopting an algorithm designed for other settings.

To sum up, the experimental results show that our algorithms are better than baselines
for budgeted bandit problems with continuous random costs.

6. Conclusions and Future Work

In this paper, we have studied both budgeted multi-armed bandits and budgeted linear
bandits with continuous random costs. We have designed two algorithms and proved their
(poly) logarithmic regret bounds with respect to the budget.

For future work, we plan to investigate the following aspects. First, we have assumed
that the rewards and costs of different arms are independent of each other in this work.
We will investigate the case that the rewards and costs of different arms are correlated.
Second, we will investigate how to solve real-world bandit applications with more complex
constraints (e.g., with both budget constraint and time constraint). Third, we will explore
the distribution-free regret bound.
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