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Abstract

In this paper, we study a best arm identification problem with dual objects. In
addition to the classic reward, each arm is associated with a cost distribution and the
goal is to identify the largest reward arm using the minimum expected cost. We call
it Cost Aware Best Arm Identification (CABAI), which captures the separation of
testing and implementation phases in product development pipelines and models the
objective shift between phases, i.e., cost for testing and reward for implementation.
We first derive a theoretical lower bound for CABATI and propose an algorithm called
CTAS to match it asymptotically. To reduce the computation of CTAS, we further
propose a simple algorithm called Chernoff Overlap (CO), based on a square-root
rule, which we prove is optimal in simplified two-armed models and generalizes well
in numerical experiments. Our results show that (i) ignoring the heterogeneous
action cost results in sub-optimality in practice, and (ii) simple algorithms can
deliver near-optimal performance over a wide range of problems.

1 Introduction

The stochastic multi-armed bandit (MAB) (Thompson, 1933; Robbins, 1952) is a classic model
which has widespread applications, from content recommendation (Kohli et al., 2013), resource
allocation (Liu et al., 2020), clinical trials (Villar et al., 2015), to efficient ad placement. A multi-
armed bandit problem involves an agent and an environment, which is represented by a set of actions
(arms) with distinct underlying reward distributions. At each round, the agent will choose one of the
arms and then obtain a random reward generated from the associated distribution. Most existing
studies formulate MAB either as the best arm identification (BAI) problem (Kaufmann et al., 2016;
Garivier & Kaufmann, 2016) where the agent intends to identify the highest reward arm as quickly as
possible or as a regret minimization problem (Auer, 2002; Garivier & Cappé, 2011) where the goal is
to maximize the cumulative reward over a time-horizon. Both formulations have been well-developed
and successful in balancing the trade-off between exploration and exploitation.

However, unlike the classic MAB model, most real-world product development pipelines are usually
separated into two phases: testing (survey) and implementation (release). Here, testing refers to
the process where one intends to find the best product among a set of potential candidates through
sequential trials, e.g., A/B testing for clinical decisions. The implementation phase refers to the
selected best product being used in a wider population after testing, usually involving mass produc-
tion. Different performance measures are emphasized in different phases. For example, the cost of
prototype medicine may be of primary concern in testing while the efficacy is more important in
implementation since the production cost is either decreased via mass production or covered through
insurance. Similarly, when choosing the best platform for online advertising, the total payment to
different platforms for advertising may be of essential concern in testing, while the click-through and
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conversion rate are what matters in implementation after the best platform is selected. Unfortu-
nately, neither BAI nor regret minimization captures the aforementioned differences, which makes
algorithms developed for traditional MAB not directly applicable. Moreover, trying out different
candidates during testing may require different costs, which again is not captured in classic MAB.

Cost Aware Best Arm Identification: in this paper, we propose a new MAB problem called
Cost Aware Best Arm Identification (CABAI), where besides reward (the main object for implemen-
tation), each arm is in addition associated with a cost distribution to model the object for testing.
Each time the agent chooses an arm, it will observe a random reward-cost pair, which is indepen-
dently generated from the reward distribution and cost distribution respectively. The goal in CABAI
is to identify the highest reward arm using the minimum cost possible, which breaks down to the
following questions: (1) how should we sample arms during testing with unknown cost, and how
does the rule differ from BAI (sampling rule)? (2) when is the best arm identifiable (stopping
rule)? (3) which arm should we choose for implementation (decision rule)? We will show that
the design of algorithms for CABAI is related to BAI, but have fundamental differences so that
BAT optimal algorithms do not necessarily achieve good performance in CABAI. This also implies
that directly applying BAI algorithms and neglecting the heterogeneous nature of arms in practice
will result in sub-optimality. We address the following questions in our paper: (1) What are the
fundamental limits of CABAI? (2) How should we design efficient algorithms to achieve the limit?

Our Contributions: We propose CABAI and show that traditional BAI algorithms no longer per-
form well. As summarized in Table 1, the optimal proportions of arm pulls have essential differences
between traditional BAT and CABALI, i.e., TAS (Garivier & Kaufmann, 2016), which is optimal in
BALI allocates almost the same amount of pulls to the first two arms, while the optimal proportion
of arm pulls for CABAI emphasize more on the low-cost arm, as achieved by our proposed CTAS
algorithm. We first prove a non-asymptotic lower bound on the minimum cumulative cost required
to identify the best arm. Then, we propose an algorithm called Cost-Aware Track and Stop (CTAS)
to match the lower bound asymptotically. However, the CTAS algorithm is required to solve a bilevel
optimization problem at each time step, which exerts relatively high computational complexity and
prevents its direct use in practice. To overcome this issue, we further propose a low-complexity al-
gorithm called Chernoff Overlap (CO) which exhibits desirable empirical performance and remains
theoretically optimal in simplified bandit models.

Algorithm  Optimal? wq(¢) (1.5,1) wa(t) (1,0.1) ws(t) (0.5,0.01)

TAS X 0.46 0.46 0.08
CTAS v 0.23 0.72 0.05

Table 1: The expected rewards are g = [1.5,1,0.5] and the expected costs are ¢ = [1,0.1,0.01]. For
arm ¢, w;(t) is the proportion of arm pulls up to time ¢, i.e., w;(t) = N;(t)/t where N; is the number
of pulls. Noticeably, CABAI emphasizes more on low-cost arms to complement high-cost arms.

1.1 Related Work

We review existing MAB results most relevant to our paper. A detailed discussion is in the appendix.

BAI with Fixed Confidence: BAI has been studied for many years and was originally proposed
in Bechhofer (1958). In this paper, we consider a subset known as the fixed confidence setting, where
the agent aims to minimize the sample complexity while ensuring the best arm is identified with
probability at least 1 — §. Here, § is a pre-specified confidence level, and such algorithms are called
J-PAC. In Kaufmann et al. (2016), the authors introduce a non-asymptotic lower bound for this
setting. Subsequently, they propose the Track and Stop algorithm (TAS) that matches this lower
bound asymptotically. The TAS algorithm has since been extended to various other settings (Jour-
dan et al., 2023; Garivier & Kaufmann, 2021; Kato & Ariu, 2021). Before it, researchers proposed
“confidence-based” algorithms, e.g., KL-LUCB (Kaufmann & Kalyanakrishnan, 2013), UGapE (Gabil-
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lon et al., 2012), which rely on constructing high-probability confidence intervals. They are more
computationally feasible than TAS inspired algorithms, but with few theoretical guarantees.

BAI with Safety Constraints: A formulation similar to our paper is BAI with safety con-
straints (Wang et al., 2022). As a motivating example, they consider the clinical trial setting, where
each drug is associated with a dosage and the dosage has an associated safety level. They attempt
to identify the best drug and dosage for fixed confidence without violating the safety level. Similarly,
Hou et al. (2023) attempts to identify the best arm subject to a constraint on the variance. Our
formulation is distinct from them because the agent is free to perform any action. In Chen et al.
(2022b;a), they formulate safety constraints as a constrained optimization problem. They explore
and show that allowing minimal constraint violations can provide significant improvement in the
regret setting. This is distinct from the BAI setting explored in this paper.

Multi-fidelity BAI: An alternative formulation that considers cost is the multi-fidelity formulation
introduced in Kandasamy et al. (2016) and recently considered in the best arm identification regime
(Poiani et al., 2022; Wang et al., 2023). In this setting, along with choosing an arm, the agent
chooses the desired fidelity or “level of accuracy” of the mean estimate. Each fidelity incurs a cost,
where higher fidelity incurs a larger cost but provides more accurate estimate. This setting clearly
differs from ours because the cost of each fidelity is known a priori and is controllable through choice
of fidelity.

2 Preliminaries

We study a model similar to the fixed-confidence BAI in stochastic K-armed bandits. We denote
the set of arms as A = {1,2,--- , K}. Each arm a is associated with a reward distribution v, =
{vurs - v b with expectations p == {1, o, - -+, ux }. We assume v, are independent and make
the natural exponential family assumption standard in BAT literature (Kaufmann et al., 2016):

Assumption 1 (Natural Exponential Family). For any a, v,, belongs to family P which can be
parameterized by the expectation with finite moment generating function, i.e.,

P ={vulp €0,1], v = h(z) exp(b 2 — b(0,))},
where 0,, is a function of u, and b(0) is convex and twice differentiable.

For two different expectations p and p’ with the same exponential family, we use d (i, ') to denote
the KL-divergence from v, to v,/. Note that Assumption 1 is very general and includes a large class
of distributions such as Gaussian (with known variance), Bernoulli, and Poisson distributions by
considering the following choice of parameters:

Bernoulli: 6, = log (,u) ., b(0,) =log (1+e%), h(z)=1

I—p
: . 0, 1 —x
Poisson : 6, = log(), b(d,,) = e+, h(z) = e
202
; K a6, L 22202
Gaussian : 0 — bl,) = h(x) = —e % /27
1 0_27 ( #) 9 ) ( ) \/ﬁ

Unique to this work, we assume that each arm has a cost with distribution v, := {v,,,..., Ve, } and
expectations ¢ := {c1,...,cx}. We assume they satisfy the positivity assumption, which is natural

in our motivating examples in real world such as ad placement or clinical trials, where the cost of
each action is always bounded and all actions are not free.

Assumption 2 (Bounded Positivity). For any arm a, we assume the support of the cost distribution
V., 1s positive and bounded away from 0, i.e., supp(v,,) € [¢,1], where £ is a positive constant.

Problem Formulation: We define the best arm a*(p) to be the action which has the highest
expected reward, i.e., a*(p) = argmax,ea [tq, and we assume there is a unique best arm. The
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results can be generalized to scenarios with multiple best arms given the number of best arms. At
each round (time) ¢ € NT, we interact with the environment by choosing an arm A; € A. After that,
a (reward, cost) signal pair (R, Cy) is independently sampled from the joint distribution v, xwv.,,
of the action that we choose. For any time ¢, we use N,(t) to denote the number of times that arm
a has been pulled, and we use [i,(t) and ¢,(¢) to denote the empirical average reward and cost:

~ 1 < 1 <

= “lia,— c, = LA, —qy-
/”'a(t) Na(t) kz Ry, {Ar=a}> ca(t) Na(t) kz Ck {Ar=a}

=1 =1

For any policy 7, it consists of three components: (1) a sampling rule (A;);>1 to select arms to
interact at each round; (2) a stopping time 75 which terminates the interaction; and (3) an arm
decision rule @ to identify the best arm. As a convention of BAI with fixed confidence, we require
our policy 7 to be §-PAC (Probably Approximately Correct) (Kaufmann et al., 2016), which means
the algorithm should terminate in finite time and the probability of choosing the wrong best arm
should be lower than the confidence level §. The definition of §-PAC is as follows:

Definition 1. An algorithm 7 is §-PAC if for any reward and cost instances (p,c), it outputs the
best arm a* () with probability at least 1 — & and in finite time almost surely, i.e.,

Puxe(@# a*(p)) <6, Puxe(rs <o0) = 1.

For any time ¢, define the cumulative cost as J(t) := >.t_, Cj. For any fixed 8, let II; denote the
set of all 0-PAC best arm identification policies. The goal of this work is to find 7 € Ils, such that
m=argmingecm, Euxe [J(75)]. We use boldface & to denote vectors and instances, and calligraphy X
to denote sets. We use the subscript P xc, Epxc to denote the probability measure and expectation
with respect to a specific instance (u, c).

3 Lower Bound

We first characterize the theoretical limits of this cost minimization problem. Denote by M a set of
exponential bandit models such that each bandit model g = (u1, ..., uk) in M has a unique best
arm a*(p). Let ¥ = {w € Ri Twyp W = 1} to be the set of probability distributions on
A, then we present the following theorem which characterizes the fundamental lower bound.

Theorem 1. Let § € (0,1). For any 6-PAC algorithm and any bandit model p € M, we have:

By [(75)] 2 T" () log } + 0 (1og ;) |

where T* () is the instance dependent constant satisfying:

w
T ()" ' = su inf —2d(tta, Ma).
() weEpK Ae{a* (N)#a* ()} za: Ca (n )

The proof of Theorem 1 is deferred to the appendix but primarily relies on the “transportation”
lemma proposed in Kaufmann et al. (2016), which characterizes the theoretical hardness to distin-
guish the bandit model p from any other models A where a*(\) # a*(p). Theorem 1 suggests that
O(log(1/d)) cumulative cost is inevitable to identify the optimal arm, and it also characterizes the
asymptotic lower bound constant 7™ (p).

Instance Dependent Constant 7*(u): The instance dependent constant 7*(u) obtained in our
Theorem. 1 is different from classic best arm identification lower bounds, e.g., T*(u) in Theorem
1 of Garivier & Kaufmann (2016). Even though it captures the hardness of this instance in terms
of the cumulative cost, T* () is still a vague notion in the sense that the relationship between the
theoretical cumulative cost J(75) and model parameters, p, ¢, is still unclear. To better understand
this mysterious constant 7*(u), we present Theorem. 1 in the simple case of 2 armed Gaussian
bandits with unit variance, where T*(u) has a closed-form expression.
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Algorithm 1: Cost-adapted Track And Stop (CTAS)

Input: confidence §; a > 1; sufficiently large B; oracle function ComputeProportions(u, c).
pull each arm a € A once as initialization;
fort> K +1do

forced exploration set Uy = {a | N,(t) < V/t} ;
w* = ComputeProportions(ﬁ(t),E(t)) ; // compute optimal proportion
if U; # () then // Sampling Rule
pull the least-pulled arm: a; € argmin N, ()
acA
else
L a; € argmax J(t)w: — ¢, () Ny(t) ; // pull the arm with largest deficit
acA
if Z(t) > log (BTt”) then // Stopping Rule
| break;
return a = argmax fis(t) ; // Decision Rule
acA

Corollary 1. Let 6 € (0,1). For any 0-PAC algorithm and any 2-armed Gaussian bandits with
reward expectations {u1, 2} and unit variance such that py > us , we have:

2
Bce (0] 2 2V g L 10g 7).

It is noticeable that the dependence on cost is non-trivial but somehow involves the square root
\/€q for each action. This inspires our low-complexity algorithm Chernoff Overlap (CO) based on a
square-root rule. The lower bound of a slightly more general setting is provided in the appendix.

The Optimal Weight w* : Let w* = {w}}sca be the solution of the sup-inf problem in the
definition of T*(u) in Theorem 1. The weight w™* is essential in designing efficient algorithms to
match the lower bound, as it characterizes the optimal proportion of the total cumulative cost from
pulling arm a. Concretely, any algorithm which matches the lower bound should satisfy:

E N,
lim Ca #XC[ G(Té)] :w*

650 Epxe [J(75)] w VaeA (1)

This differs from Garivier & Kaufmann (2016), where w, is the proportion of rounds that arm a is
pulled. Like T™* (), there is no closed-form expression for w* in general bandit models with K > 3.
In the appendix, we show that one can compute the desired quantities such as T*(u) and w* by
similarly solving K continuous equations to Garivier & Kaufmann (2016). Therefore, we can readily
apply iterative methods such as bisection to compute these values. We summarize this procedure in
the ComputeProportions Algorithm (Algorithm. 3 in the Appendix), which will be called regularly
as a sub-routine in our proposed algorithms (Algorithm. 1).

4 Asymptotically Cost Optimal Algorithm

In this section, we propose a BAI algorithm called Cost-aware Track And Stop (CTAS) whose cumu-
lative cost performance asymptotically matches the lower bound in Theorem 1 both in expectation
and almost surely. We discuss each of the sampling, stopping and decision rules for CTAS:

Sampling Rule: From (1), a necessary condition for the optimal algorithm is derived. Our sampling
rule in Algorithm 1 strives to match the proportion of the cost of each arm to the optimal proportion
w*(p). First, we force the empirical proportions @, = ¢,N,(t)/J(t) to not differ too greatly from
the empirically optimal weights w*(f1) using a largest-deficit-first like arm selection policy. We will



RLJ | RLC 2024

show that as the empirical mean g — p, we will have w*() — w*(p), and the empirical cost
proportion will also converge and concentrate along the optimal proportion w*(g).

Forced Exploration: Also present in Algorithm 1 is the forced exploration, which pulls the least-
pulled arm when ¢(t) is not empty (Line 6). This ensures each arm is pulled at least (v/#) times, and
makes sure that our plug-in estimate of w* is sufficiently accurate. The v/t rate of forced exploration
is carefully chosen to balance the sample complexity and the convergence rate of the empirical mean.
If chosen too small, the fraction of cost from different arms will concentrate along the inaccurate
estimation which results in sub-optimality. If chosen too large, the forced exploration will dominate
the sampling procedure, leading to an almost uniform exploration which is sub-optimal.

Stopping Rule and Decision Rule: We utilize the Generalized Likelihood Ratio statistic (Cher-
noff, 1959) between the observations of arm a and arm b Z, ,(t). For an arbitrary exponential family,
Z4 () has a closed-form expression as follows:

Zap(t) = Na(t)d (1ia(t), ia,p(t)) + No(t)d (1 (1), fiap(t)) ,
where [i,5(t) = lip,q(t) is defined:

N,(t)
Na(t) + Nb(t)

Ny(t) .

Fia(t) + m#b(ﬁ

Ha,b(t) =
In particular, the Chernoff statistics Z(t) = max,c 4 Minpe 4 p£q Zq,b(t) measures the distance be-
tween an instance where the current empirical best arm is indeed the best arm, and the “closest”
instance where the current empirical best arm is not the true best arm, both reflected through re-
ward observations. So, the larger Z(t) is, the more confident that the empirical best arm is indeed
the best arm. The proposition below ensures the 6-PAC guarantee of CTAS.

Proposition 1 (§-PAC). Let § € (0,1) and o > 1. There exists a constant B, such that for all
B > B, the CTAS algorithm in Algorithm. 1 is 6-PAC, i.e.,

Puxe (15 < 00,075 # a™) < 0.

The cost bandit setting also encourages the algorithm to stop as early as possible, so the same
stopping rules from traditional BAI (Garivier & Kaufmann, 2016) can be used. A more refined
threshold can be found in Kaufmann & Koolen (2021). However, we will use the threshold in
Algorithm 1 for the rest of the paper for simplicity. Our Proposition. 1 combines Theorem 10 and
Proposition 11 from Garivier & Kaufmann (2016), and the proof will be provided in the appendix.

Asymptotic Optimality for CTAS: In Theorem. 2, we provide provable cost guarantees for the
CTAS algorithm. Namely, the algorithm asymptotically achieves the lower bound in Theorem 1 in
expectation as the confidence level ¢ decreases to 0.

Theorem 2 (Expected Upper Bound). Let § € [0,1) and a € [1,e/2]. Using Chernoff’s stopping
rule with B(t,d) = log(O(t*) /), the CTAS algorithm ensures:

. Epxe[J(75)] *
MR Toatije) =T

For optimality, we can simply take @ = 1 and choose B > 2K from Proposition 1. The proof of the
theorem along with a weaker almost sure cost upper bound result (Theorem. 6) will be provided in
the appendix. The major difference of the expected upper bound and the weaker version is the rate
of exploration, where Theorem. 2 requires O(v/t) forced exploration rate while the weaker version
suffice with o(t). We first show the empirical proportion of the cost for each arm converges to
the optimal proportion (Theorem. 5), with the help of forced exploration rate. Then, the Chernoff
stopping time ensures our algorithm stops early to guarantee 5-PAC and to minimize the cost.

oo K41 (log?(Bat®)logt) ™

1B, satisfies By > 2K for a = 1, or thl KK e

< Bq for a > 1.
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Figure 1: Change in overlap upon pulling arm 2, where the ellipsoids stand for confidence intervals.
Left: wider confidence interval for uo. Right: reduced confidence interval upon pulling arm 2.

5 Low Complexity Algorithm

Even though CTAS achieves asymptotically optimal cost performance, this algorithm suffers from
the heavy computation time of computing w*. As shown in Table 2 in Section 6, the CTAS and
TAS algorithm requires much more time to compute the sampling rule at each time step. This
leads to the desire for a “model-free” algorithm that does not require us to compute w*. In this
section, we propose a low-complexity algorithm called Chernoff-Overlap (CO) which is summarized
in Algorithm 2. CO is based on action elimination. The main idea behind these algorithms is to
sample each arm uniformly and then eliminate arms that can be declared sub-optimal with high
probability. However, it is easy to see that sampling uniformly would not be a good idea in the case
of heterogeneous costs. This requires that the sampling rule take into account the proper ratio of
information gained from pulling an arm concerning the cost of that arm.

Sampling Rule: To gain maximum information on the remaining uncertainty of reward, it is
desirable to pull the arm with the largest decrease in “overlap” as shown in Fig. 1, which results in
the arm with minimum pulls N¢(a). However, we also need to consider the cost of arms and weigh
the decrease of overlap with cost. Through analysis of the two-armed Gaussian setting, this leads
to our choice of sampling rule which weighs N, (t) with \/c,, called the square-root rule.

Stopping Rule: Our stopping rule will still rely on the generalized likelihood ratio. For any time
t, Let a*(¢) be the empirical best arm, i.e., a*(t) = argmax, fi(t). The Chernoff statistics we adopt
in CO is instead the pairwise statistic Zg«(4)o(t). When it is large, the empirical reward fiq(t) of
arm ¢ is significantly lower than the empirical reward of a*(t), which gives us high confidence to
eliminate this arm. Naturally, we then stop when only one arm remains. The following proposition
ensures that by the choice of a proper threshold, CO is 6-PAC. The proof will be in the appendix.

Proposition 2 (6-PAC). Let § € (0,1) and o > 1. There ezists a large enough constant B such
that the Chernoff-Overlap algorithm in Algorithm. 2 is §-PAC, i.e.,

Puxe (15 < 00,07, # a™) < 6.

Cost Upper Bound for Chernoff-Overlap: It is difficult to relate an algorithm to the general
cost lower bound in Theorem 1 without direct tracking. Therefore, we must resort to relating the
cost upper bound of Chernoff-Overlap to the lower bound in cases where there is a closed-form
solution. We consider the two-armed Gaussian bandits setting and show that Chernoff-Overlap is
asymptotically cost-optimal for this special case, resulting in the following Theorem.

Theorem 3. Let 6 € (0,1) and a € (1,¢/2). For any 2-armed Gaussian bandit model with rewards
{1, u2} and costs {c1,ca}, under the CO algorithm in Algorithm 2 we have with probability 1:

lim sup J(rs) < 2a (\/a+ \/a)

50 log(1/0) = (m—p2)*

The proof of Theorem. 3 will be delayed to the appendix. The key to the proof is to show that under
our sampling rule balanced by /¢, (¢) for each arm, the empirical cost proportion w(t) converges

2B can be chosen the same as Proposition 1.
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Algorithm 2: Chernoff-Overlap Algorithm
Input: confidence level §; o > 1; sufficiently large constant B

pull each arm a € A once as initialization;
fort> K +1do

if ‘R| <1 then // Stopping Rule

| break;

eliminate all arms a from R if Z,-(4) 4 (t) > log (BTta), where a*(t) = arg max, i, (t);

pull arm a; € argmin /¢, N, (1) ; // Sampling Rule
a€R

returna € R

to the optimal proportion @w*. Then, we can apply a similar argument as the weaker version of
Theorem 2 to prove the upper bound. Comparing it to Corollary. 1, we show our low-complexity
algorithm is optimal in this setting. It is an important observation that in the homogeneous cost
case, this algorithm reduces to a racing algorithm. It is well known that racing algorithms cannot be
optimal on a general MAB model. However, we will show that it enjoys surprisingly good empirical
performance over a wide range of bandit models with multiple arms in the next section. Establishing
a provable suboptimality gap is an interesting future research problem.

6 Numerical Experiments

As shown before, CO does not inherit the strong theoretical guarantees of CTAS. However, the main
appeal of the algorithm comes from both its simplicity and the much more efficient computation time.
As shown in Table 2, CO takes significantly less time to run while maintaining good performance.

CO CTAS TAS d-LUCB

Gaussian 85 1712 2410 82
Bernoulli 58 1995 2780 60
Poisson 96 3260 4633 101

Table 2: The process time (seconds) of each of the algorithms over 1000 trajectories for Gaussian,
Bernoulli, and Poisson distributed rewards with g = [1.5,1.0,0.5] and ¢ = [1,0.1,0.01].

Discussion: Our square-root sampling rule of CO comes from reverse-engineering the optimal
proportion in the two-armed Gaussian case and then separating the multi-arm problem into pairs
of two-armed problems using action elimination. However, an interesting empirical result shown in
Fig. 2 is how well it generalizes to other reward distributions. This is illustrated in Figure 2(b). We
see that the change in reward distribution does not drastically impact performance. From this, we
can deduce that the cost factor of /¢ generalizes beyond Gaussian distributions. This is partially
because when the shrinkage of confidence interval overlap is small, the exponential distribution
family is locally Gaussian, and therefore can be approximated by Gaussian bandits. More evidence
for this cost factor is shown in Figure 2(a). Here we see that CO is approximately able to match the
optimal proportions of arm pulls. The main distinction is that CO is more willing to pull the low-cost
arm to eliminate it early on. This results in similar performance because the additional pulls are
inexpensive relative to the other arms. Another interesting observation is CO sometimes performs
better than CTAS. This is in part because of the elimination rule in CO. While the same proof as
CTAS can be utilized to show that CO is 0-PAC, the theory does not utilize the full “tightness” of
the CTAS stopping rule. The CO event of error lives in between the event of error for CTAS and
the event bounded by theory, causing earlier stopping with less confidence. Empirically, we also had
to do more exploration by a constant factor of v/t due to the added variance from random costs.
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Figure 2: Results averaged over 1000 trajectories with fixed confidence level § = 1075, In (a), we
have the average number of arm pulls at each time ¢. In (b) we have the statistics regarding total
cost for these trajectories. This figure was generated with g, = [1.5,1,.5] and p, = [.9,.6,.3] with
c=11,.1,.01], where p; and p, follow a Bernoulli and Poisson distribution respectively.

Lastly, the TAS family algorithms are very sensitive to good initial starts, meaning that the results
are also obfuscated by these extraordinarily long trajectories due to insufficient exploration.

7 Conclusion

In this work, we introduced a new MAB problem: Cost-Aware Best Arm Identification. We pro-
vided a new lower bound and an asymptotically optimal cost-adapted BAI algorithm. Finally, we
introduced a low-complexity algorithm with promising empirical results. As a future direction, it
may be interesting to explore how this algorithm can be adapted to the regret setting in either the
cost adapted setting (Sinha et al., 2021), or as an ETC algorithm for carefully chosen costs.
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