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Abstract We consider a version of the continuous-time multi-armed bandit problem
where decision opportunities atrive at Poisson arrival times, and study its Gittins
index policy. When driven by spectrally one-sided Lévy processes, the Gittins index
can be written explicitly in terms of the scale function, and is shown to converge to
that in the classical Lévy bandit of Kaspi and Mandelbaum [8].
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1 Introduction

The multi-armed bandit (MAB) problem is a stochastic dynamic optimization prob-
lem where at each decision time, one of J alternatives (called arms) is selected and a
reward is then collected. In its infinite-time horizon formulation, the objective is to
derive a policy (strategy) that maximizes the expected total discounted rewards. An
important assumption of the MAB is that the state of each arm changes only when
it is selected and the evolution of each arm is independent of others. By exploiting
these features, the existing results have shown the optimality of the so-called Git-
tins index policy [6], which selects at each time the arm with the highest Gittins
index. The Gittins index is defined in terms of an optimal stopping problem and can
be computed separately for each arm. The state of each arm is usually assumed to
evolve in a Markovian fashion, and thus the MAB can be seen as an instance of
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the Markov decision process (MDP) problem (see [22]). This optimality result is
important in the MDP research in that the original J-dimensional MDP problem can
be reduced to J independent 1-dimensional MDPs, providing a way to overcome the
curse of dimensionality.

The continuous-time MAB theory has been developed in the 1990s by, for exam-
ple, El Karoui and Karatzas [7] and Kaspi and Mandelbaum [8, 9]. For the setting
where an arm is continuously selected, advanced stochastic analysis techniques, in
particular local time analysis, are required to precisely model the problem. How-
ever, main results in the discrete-time model continue to hold in the continuous-
time model. The Gittins index can be defined in a similar way, and it is optimal to
choose the arm with the highest Gittins index at all times. The advantage of study-
ing a continuous-time model is that the Gittins index can be sometimes obtained
in an explicit form while numerical approaches are usually required in the discrete
time case. In particular, Kaspi and Mandelbaum [8] considered the model driven
by one-dimensional Lévy processes and expressed the Gittins index concisely using
the Wiener-Hopf factorization and excursion theory of Lévy processes.

In this paper, we revisit the MAB problem, in particular the Lévy model of [8],
and study a version where decision opportunities arrive only at independent Pois-
son arrival times. This problem is at the interface between the discrete-time and
continuous-time models. The state of each arm evolves continuously whereas de-
cision times are discrete. We consider two variations of the problem and study the
corresponding Gittins index policy for each. We introduce cutting-edge results of
the fluctuation theory of Lévy processes (e.g. [3, 11]), which had not been available
when the results of [8] were developed.

The Poissonian observation model has recently drawn much attention in the
stochastic control literature (see, e.g., [2, 5, 18, 19, 21, 24]), but it has not been
considered in the MAB problem. With the assumption that decision opportunities
arrive at exponential times, an analytical approach is still possible thanks to recently
developed fluctuation-theory-based methods such as [1, 15, 20]. The Gittins index
can be written in terms of the so-called scale function when the Lévy process has
only one-sided jumps (spectrally one-sided). We further investigate its connection
with [8] by showing the convergence of the Gittins index to that obtained in [8].

The rest of the paper is organized as follows. In Section 2, we review the classical
discrete-time and continuous-time models of the MAB problem, as well as the Lévy
model of [8]. In Section 3, we introduce the Poissonian decision time models and
propose our Gittins index policy. In Section 4, we review the fluctuation theory
of spectrally one-sided Lévy processes and the scale function, and then obtain the
Gittins index explicitly in terms of the scale function. In Section 5, we show the
convergence of our Gittins index to that in [8]. We conclude the paper in Section 6.
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2 Preliminaries

2.1 Discrete-time Markovian bandits

A (multi-armed) Markovian bandit consists of J > 1 arms. For each arm labeled
j€ 7 :={1,....,J}, we use an E;-valued discrete-time Markov process X/ =
(X7 (k))x>0 defined on a probability space (2/,.%7/,P/) to model the state dynamics
of arm j. These J processes are assumed mutually independent. At each time k > 0,
one of the J arms is selected. A state-dependent reward is then collected and the
state of the arm changes. On the other hand, the states of all the other arms remain
the same.

A policy (strategy) m = (7w(k))x>o models the arm to be selected at each time
k > 0. It is adapted in the sense that 7(k) must be determined based only on the
information collected until time k. Let 07 (k) be the number of times arm j € ¢
has been selected before time k > 0 under policy 7. At time k, immediately before
making the decision, the state of the arms are (X/ (07(k)),j € 7). Using these, the
decision maker needs to determine 7(k) and the reward from arm 7 (k) is collected.
The counters (67; j € _#) are updated as follows: 67 (k+1) = o7 (k) + Lif j = 7 (k)
while G}T(k—i- 1) = G]’.’(k) if j # n(k).

The objective of the MAB problem is to obtain an optimal policy that maximizes
the total expected reward over an infinite-time horizon. Given a discount factor 0 <
B < 1 and a reward function R’ : E; — R for each j € ¢, the problem is to compute
the value function

=)

v(x) = supEx | Y BR™M (X" (7, (K))) |, (1)
n k=0

for x = (x!,...,x’) € E| x --- x E; and obtain an optimal strategy 7*. Here, Ey is
the conditional expectation when X/(0) = x/ for j€ _#.

In this problem, there exists a simple policy, known as the Gittins index policy,
that works optimally in every instance of the MAB problem. It is optimal to choose
the arm with the highest Gittins index, i.e. to select, at each k > 0,

mt (k) = arg;fgli;fl}(xj(ﬁf(k))),

where the Gittins index of arm j at state x is a “normalized maximal reward”

Ej -1 Rk R Jj X J k
[(x) := sup — [Zkz.oﬁ . (K (K)]
721 Bt [£iso BY]
which can be computed without any knowledge about the other arms. Here, 7 is
chosen over all stopping times greater than or equal to 1 with respect to the filtration

generated by (X J(k))i>0, and E{ is the expectation operator of the law of P} under
which X/ (0) = x assuming arm j is always selected.

; (@)
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The Gittins index (2) can be derived by computing the unique value of y such
that the value of the optimal stopping problem

7—1
B (RI(X/(K)) ~7) ©

supE, [
k=0

7>1

becomes zero; see [9, Eqn. (20)].

2.2 Continuous-time bandits

In the continuous-time model, the state process X/ = (X/(t));>o, for j € Z, is
an E;-valued continuous-time process defined on a probability space (Q/,.7/,P/).
Again, these processes are assumed mutually independent.

The evolution of the arms is given by

X:=(X(s) = (Xl(sl),...,XJ(sJ)),s: ($15...,87) > 0),

which is adapted to the multiparameter filtration (.Z (s) = .F ! (s1) V- -- V.7 (s7))s>0
where (F/(t));>0 is the natural filtration generated by X/ for j € _#. For more
details, we refer the reader to [8].

In the continuous-time model, a strategy is given by a J-dimensional process

T=(T(t)=(T'(),...,T(t));t > 0)

where T/(t) is the amount of time allocated to arm j until 7. Naturally, T(z) is
nondecreasing, and T (¢)+---+T”(t) =t for all # > 0. A strategy has to be adapted
and hence

{T'(t) <s1,..., T (t) <55} € F(s)

forallz >0ands = (s,...,s7) € [0,00).
Given a discount factor ¢ > 0 and a reward function r/ : E; - R, j € ¢, the
objective is to maximize the total discounted expected reward

v(x) = supEx
T

/ Tet Y P (XTI (1)) dTi 1)
0 jes

over all allocation strategies T. Regarding the reward function, for the problem to
be well-defined, it is assumed that

5| e <= e gore; @

where again Ef is the expectation operator of the law P} of X/ under which X/ (0)=
x assuming arm j is always selected.
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The Gittins index in the continuous-time model is analogous to (2) where the
summations are replaced by integrals:

o El[ffe i (xI@)d] '
L= e ] SO

Similar to the discrete-time counterpart, it is optimal to choose the arm with the
highest Gittins index, although some technical details are needed to deal with the
times at which multiple Gittins indices coincide.

2.3 Lévy bandits

As a special case of the continuous-time model, in Kaspi and Mandelbaum [8],
an explicit expression of the Gittins index (5) was obtained under the following
assumption: for each j € 7,

1. the state process X/ is an R-valued Lévy process (E i =R);
2. the reward function r/ is increasing and continuous.

Under these assumptions, the Gittins index (5) for arm j € _# when its state is
x € R can be written concisely by

W= [ Perw@). cer

where 1/ is the probability measure determined by

—0y,,Jj _ (pl (%O) >
Jo & @ = s 020, ®)
in terms of the Laplace exponent ¢/ (g, 8) of the inverse local time at maximum and
the ascending ladder height process (L~!(¢),H()),>0 (see Section 5.1). The above
characterization in terms of (6) is given in (4.5) of [8], which is derived from an
alternative expression (3.3) of [8] via the Wiener-Hopf factorization.
The optimal value function can be written in terms of the Gittins index function.
We have

vx) =By | [T\ DI
je s

where X/(t) := info<,<, X/ (u) is the running infimum process and (T*/;j € #) is
the allocation time under the Gittins index policy.
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3 Periodic observation models

We now consider a version of the continuous-time model where decision times ar-
rive at exponential times. Let N = (N(¢));>0 be a Poisson process with rate 1 > 0,
independent of X/ for all j € ¥, with arrival times .7 := {T1,T»,...} (hence
Ti+1 — Ty, k > 0, is an independent exponential time with mean A~ where Ty := 0
for convenience). We assume the decision times are given by .7 U{0}. For each T,
k > 0, one arm is selected. If arm j is selected at T, its state changes as a Lévy
process according to the law P/ until the next decision time Ty |, while the states of
the other arms remain the same during the period.

We consider two variations of the problem when X/ is a one-dimensional Lévy
process foreach j € 7.

3.1 Problem 1

With a discount factor ¢ > 0 and a reward function R/ : R — R, we consider the
maximization problem:

v(x) = supEy Z e~ gr (k) (x7 (k) (Gg(k> )|,
T k=0
which can be seen as a version of the discrete-time model (1) where the deterministic
decision times NU {0} are replaced by the Poisson arrival times (in addition to zero)

7 U{0}. Here, analogously to (1), (k) € _# denotes the arm selected at time T}

and
k—1

of (k) = Z;,)(THl —T) V()=

is the amount of times arm j has been active before 7 under policy 7. The selec-

tion 7w(k) must be determined based only on the information collected right before
making decisions, i.e.

Ti,....T and X/(1),t < cf(k)forall je 7. (7

Analogous to what is assumed in [8], we assume the following.
Assumption 3.1 For each j € ¢, we assume

1. the reward function R/ is strictly increasing,
2. We have |, [Z,f’zo e 9% R/ (X (Ty) |] < oo for x € R, where E is the same as that
in the continuous-time model in Section 2.2.
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3.2 Problem 2

As a special case of Problem 1, we also consider a variant of the continuous-time
model reviewed in Section 2.2, where the change of selection can be made only at
7 U{0}. At each T, an arm is selected and it is locked in until 7} ;. The difference
from Problem 1 is that the reward depends on the path between the decision times.
This can be modeled as a maximization problem

v(x) = sup va(X),

with

vz(x) :=Ex

/0 e .Z ! (X/(ST (t)))dsf(t)] ,
j€s

where, for each j € ¢, r:R—Rand S}’(t) is the amount of time at which j has

been active until time 7 under 7. For Ty <1 < Tiy1, S7p (1) = Gg(k) (k) + (t — Tp),

and hence

=

T;
5 /T B —ar k) (X”(“(fo(k) (k) +(t— Tk))) dt] .
k=0"Tk

vr(x) = Ex

With ¢(T},) all information observed until 7; under 7 (i.e. (7)) and e, an indepen-
dent exponential random variable with mean A~!, noting that 7(k) € ¥(T;) and
because Ty, — Ty ~ e, and is independent of ¥ (T}), the strong Markov property
gives

vz(x) = Ex i
k

];]EX ('/'TkJrl PR (X’f(k)(c,’f(k)(k) +(t— Tk))) dt‘gm‘)ﬂ

:]EX

Lo, ( e (x5 1 +1) dt\g@)ﬂ

=Ex [k;)e_C’TkRn(k) (x™®) (o7 (k)))} )
)]

where

Ri(x):=E] [ /O P et (x) (t))dt] —E [ /0 T lathyi(x (t))dt} , je #andxeR.
©)

Hence, this is a special case of Problem 1 with this choice of the reward function.
For Problem 2, we assume below, following what are assumed in [8].

Assumption 3.2 For each j € ¢, we assume
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1. the reward function v/ is strictly increasing and continuous.
2. the integrability condition (4) is satisfied.

This assumption guarantees that (9) is finite and Assumption 3.1 is fulfilled.

3.3 Gittins index

We define the Gittins index for our problems, analogously to those in the classical
case. For simplicity, we fix an arm j € _¢ and omit the index in an obvious manner
(e.g. R= RJ and X = X/). Here, we follow similar steps as [9, Section 3.6] to derive
our Gittins index.

Recall that the Gittins index in the discrete-time case (2) is derived by considering
the optimal stopping problem (3) parameterized by Y. Thus, it is natural to consider
an analogous index in the Poissonian decision time settings, by considering (3) with
the deterministic decision times replaced by Poisson arrival times.

For each y € R, consider the following auxiliary optimal stopping problem

v(x,7) = sup Ey Ze T (RX(T)) =) | 5
M>1
where M is selected from a set of stopping times greater than or equal to 1 with
respect to the filtration A := (@), With 7 := 0 (Ti, 1 <i <k X(1),t <T;), ie
we stop at Ty, for an A-stopping time M.
Lemma 1. For x € R, the mapping y — v(x,7) is strictly decreasing and convex.

Proof. Fory > yand an A-stopping time M > 1,

M—1 M-1
B[ Y e (RX(T) - 1) | 2 @-D+E[ ¥ e (RX(T) -7)].
k=0 k=0

After maximizing both sides over M, the decreasing property is immediate.
Regarding the convexity, for 6 € [0,1], 71,7 € R, and A-stopping time M,

M-1
w87+ (1= 8)p) = Ex | ¥, ¢ [ROX(T) — (8% + (1 - 8))]
k=0

M-1
=SB Y e M R(X(TV) ~ ]| +(1 [Ze”“ (7))~
k=0

where the decomposition makes sense from Assumption 3.1(2) together with the
fact that By [Y5 e 9] = E, |1 + S0y PdN(s)] = (A +¢)/q < . This gives
v (x, 071 +(1=0)p) <dv(x,n)+ ( 5) (x,72) and hence v(x,0y +(1—0)p) <
ov(x,71) + (1 = 98)v(x, ), showing the convexity.
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Fix x € R. By Lemma 1 we have that the mapping ¥ +— v(x, ) is continuous, and
monotone convergence gives limy ., v(x,¥) = oo and limy;. v(x,y) = —oo. Hence,
v(x, ) has a unique root, which we denote by I"(x) such that

v(x,y) >0 <= v <I'(x),
v(x,y) =0+=y=TI(x), (10)
v(x,7) <0< y>T(x).

We call I'(x) the Gittins index for our problem.

By these obtained characteristics of the optimal stopping problem, following the
same arguments in Section 3.6 of [9], we derive our Gittins index in the form anal-
ogous to (2).

By Snell’s optimal-stopping theory (see, e.g., [23]) we have that the stopping rule
that attains v(x, y) is given by

t(x,7) = inf{m > 1 : v(X(T},),7) < 0}

=inf{m>1:T'(X(Tyn)) <7}, (b
where the latter holds by (10).
Therefore, for any A-stopping time M’ > 1,
M-1 M -1
0=v(r,[(x) = sup B, | Y e R (T) - T (W) | 2 Ee| ¥ ¢ [RX(T) ~ T ()]
M=>1 k=0 k=0
M1 M1
- Ex[ Y e‘quR(X(Tk))} _I'(%E, [ Y e—qu} ,
k=0 k=0
12)

and thus
E |5 e R(X(T)]

E, [ZkMQBI e*qu}

'x)>

On the other hand, by (11), the inequality (12) holds with equality when M’ equals
t(x,['(x))=inf{m > 1: ' (X(T,)) <I'(x)}.
This implies that

I o)) B D )
(x) = As/lu>pl B {2M71 e_qu} - E {Zf(x,l“(x))—l e_qu}
N x| ~k=0 X | ~k=0

13)

Note that both the numerator and denominator are finite by Assumption 3.1(2).
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We now write (13) more explicitly. By Assumption 3.1 and because X is spatially
homogeneous, I'(x) is strictly increasing in x and thus

T(x, I (x)) =inf{m > 1: X(T,,) < x}. (14)
Because N is a Poisson process with arrival times .7 := (T;);en, using
T, = T‘r(xf(x)) = 1nf{S IS X(S) < x},

we have

T(x,I(x))—1

Y, e RR(X(Th)

k=0

— R+ 5| /. e PROE)ANG) | B, e ROK(T)

[y

R Ex | [ e RO gV |

T
— R(x) + AE, /0 e FRX(5)) 1 (5)onyd | -

Here, the second equality holds because if 7; < 7, then X(7;) > x for all i > 1
whereas X (7, ) < x by the definition of 7, . The last equality holds by compensation
formula.

We hence have the following.

Theorem 1. The Gittins index I' for Problem I is

R(x)+AE,

/ e—QSR<x<s>>1{X<S>>x}ds]

7}7 - b
/0 e qsl{x(s)>x}ds

The Gittins index for Problem 2 can be written by substituting (9) in (15).

I(x)= xeR  (15)

1+ AE,

Remark 1. As A — 0, the Gittins index I"(x) converges to the instantaneous reward
R(x) for all x € R. In particular, it converges to the g-resolvent E [ ;" e~ 4 r(X (¢))dt]
for Problem 2. These results are consistent because, as A goes to zero, the future
rewards vanish.

4 Spectrally one-sided cases

In this section, we focus on the spectrally negative and positive cases and compute
the Gittins index (15) in terms of the scale function. Recall that a spectrally negative
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Lévy process is a Lévy process without positive jumps that does not have monotone
paths a.s. The spectrally positive Lévy process is its dual process.

4.1 Review of fluctuation theory for spectrally negative Lévy
processes

We first review the fluctuation theory and scale function of the spectrally negative
Lévy process.

Let (Y ()):>0 be a spectrally negative Lévy process defined on a probability space
(Q,.7,P). We denote its Laplace exponent by

y(8) :=logE[e? V], 6>0, (16)
which is known to be convex on [0, ) and admits its right-inverse
P(q) :=sup{s >0:y(s)=¢q}, ¢g=>0. 17

For y € R, let P be the conditional probability under which ¥ (0) = y and [, be its
expectation operator. We omit the subscript when y = 0.

Fix ¢ > 0. The g-scale function W9 is a mapping from R to [0,c0) that takes
value zero on (—eo,0), while on [0,0) it is a continuous and strictly increasing
function with the Laplace transform

/ e 0w @) (x)dx =
0

Define also the second scale function

m, 0 > d(q). (18)
Z9D(x;0) := e""(l +(qg—w(0)) /Oxe—"zw(‘” (z)dz), xeR,0>0.
In particular, for x € R and A > 0,
79 (x; D (g + 1)) = e Pt /l/ Plattzyy @) (; )dz),
which can also be written by (18),
79 (x; (g + 1)) = ePla+h) m/ P2y (@) (1)
—x/ P42z (@) (7 4 x)dz. (19)

There are a number of applications of the scale function. For example, the g-
resolvent can be written
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E, {/Ne_qslA(Y(s))ds} :/ 1A(y+u)g(q)(u)du, (20)
0 R
for any Borel set A on R where
D(q)u
@ () := £ “W9D(—y), ueR; @1
§00 = gy W

see [10, Theorem 2.7 (iv)].
The joint Laplace transform of the first passage time

7, :=inf{r >0:Y(r) <0} (22)

and the overshoot Y (7, ) is given by the following identity

H'9 (v;0) :=E, eiqra+ey(ra)1{r5<w}

v(0)—q

wo(y), yeR, 0>0;  (23)
see, e.g., Eqn. (4.5) in [12]. In particular,

A
HD(y:(q+4) =29 (y:@(q+ 1)) — 5 Wy, yeR.

(g+4)—@(q)

Similar results have been obtained for the Poisson observation case. Recall that
T = (Ty)n>1 is the set of jump times of an independent Poisson process with rate
A. We define forz € R

T, :=inf{S€ .7:Y(S)<z} and T.":=inf{S€ T :Y(S)>z}.
Using [19, Theorem B.1] and [13, Theorem 3.1], we have the following.

Lemma 2. Let A be a Borel set on R.

(1) We have
Iy D(g+A)—@
E /0 * e (Y ())dr | = w /A H) (—u; d(g))du.
(2) We have
7+
E /T° eI Ly (—¥ (1))dt| = M/H@(u;d)(q—&—l))du.
Jo A A
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4.2 Gittins index for spectrally one-sided Lévy processes
We now express the Gittins index (15) in terms of the scale function for both spec-
trally negative and positive cases.

Proposition 1. Suppose X is a spectrally negative Lévy process with its Laplace
exponent Y and scale function W@ as defined in Section 4.1.

1. The Gittins index (15) for Problem I can be written, for x € R,

@(q) )(R(x)+( (g+A)— / R(x+y)e >>dy>. (24)

TO=%6rn

2. The Gittins index (15) for Problem 2 can be written, for x € R,

(x) = (q)
D(g+A)

/r(x+u)g(‘”l)(u)du
R
+(@(g+2) =) [ 0 [ r<x+y+u>g(q+“<u>dudy] ,ED)

where g<q+’l) is defined as in (21) (with q replaced by g+ A).

Proof. (1) By Lemma 2(1) with ¥ = X and because H4**)(—y; ®d(g)) = e~ PV
for all y > 0,

D

T
| e R - ds

-
E /0 ’ e PR(X(s) —|—x)1{X(S)>0}ds]

= Pla+r) = blg) / R(x+y)e Pl dy.

By replacing R(-) with 1, we also have E, {fOT; e’qsl{x(s)n}ds} =(P(g+A)—
D(q))/(AP(q)). Substituting these in (15), we have (24).

(2) By (9) and (20), we have R(x) = [ r(x 4+ u)g9**) (u)du, which is finite by
Assumption 3.2. Substiuting this in (24), we have (25).

Proposition 2. Suppose X is a spectrally positive Lévy process whose dual process
—X is a spectrally negative Lévy process with its Laplace exponent y and scale
function W@,

1. The Gittins index for Problem 1 is given by, for x € R,

qP(g+A)

T = Gr oo

(R(x)+( (g+A)— /Rx—|—y @(q—l—l))dy).
(26)
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2. The Gittins index for Problem 2 is given by, for x € R,

oo dP@HA) 1 ) () dy
6= 1 oty (orte e e

HO+ )~ 2() [ HO@(g+) [ rxty - gt )ducy ).
27)

Proof. (1) By Lemma 2(2) with Y = —X,

E,

/ e—qSR<x<s>>1{x<s>>x}ds]

7t
=K l/() ’ e PR(-Y(s) —|—x)1{_y(s)>0}ds

l
_ Plgrt) —®lg) /Rery ) (y; (g +A))dy,

which is finite by Assumption 3.1(2). On the other hand,

-
/ e Pds
0

Ex = ]Ex - Ex

T-
/0 eiqsl{x(s)gx}ds .

(28)

T-
/0 eiqsl{x(s)»(}ds

Here, by identity (62) in [16],

T): — —
E, l/o e"‘ds] é (1-E[e]) zé (1 _ W)
_1 @)
Tq®(g+A)

and, by Lemma 2(2) with ¥ = —X and A = (—o0,0],

T T
E, /0 e P lix(y<nds| =E / e 1 y(5)<oyds

Substituting these in (28) gives
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(A B 1 @&(q) D(g+A)—P(q)
1+/1Ex/0 e P lix(s)>xyds —”’l(qé(qm)_ D(g+A)A )
_(it9)lg)

qP(g+1)

Substituting these we have (26).
(2) By (9) and (20),

R(x)=E {/Ow e~ @t (X (s) —i—x)ds} =E [/we(‘ﬁ’l)sr(—Y(s) +x)ds

0
= [ rlr= g P
JR

which is finite by Assumption 3.2(2). Substiuting this in (26), we have (27).

5 Convergence of the Gittins index as A — oo

In this section, we show the convergence of the Gittins indices obtained in Proposi-
tions 1 and 2 to those in the classical Lévy case [9].

5.1 Classical Lévy bandit case

We first review and obtain a characterization of the Gittins index of [9]. Let Y be a
spectrally negative Lévy process and use the same notations used in Section 4.1.

For the spectrally negative case, the local time at maximum can be selected to be
L(t) =Y (t) := supg<,, Y (u) for t > 0. Then, the ascending ladder height process
becomes (L~!(),H(t));>0 where

L7 Ye):=inf{s > 0:Y(s) >t} =inf{s > 0:Y(s) >},

and because Y does not jump upwards,

(see [11, Section 6.5.2]). As in [11, (6.34)], the pair (L' (), H(t));>0 becomes a
two-dimensional subordinator with its Laplace exponent

]E[e—qul(l)—f?H(l)1{1<L(m)}} — ¢~ K(4,8) (29)

where
k(¢.0) == ®(q)+0. ¢.0>0.
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By the Wiener-Hopf factorization, with L and (L', H) those for the dual process
—Y (called the descending ladder height process)

]E[e_q27](1)_9FI(1)1{1<Z<M)}] — e—f(q,@) (30)
with 0)
-y
R(q,0) =  4.0>0;
(¢,0) o) -0 ¢

see [11, Eqn. (6.35)].

Using these, the Laplace transform (6) that characterizes the Gittins index in the
classical Lévy model can be written explicitly.

(1) Suppose X is a spectrally negative Lévy process. By (29) for Y = X,

?(q,0) = k(q,0) =P(q)+6, ¢,6=>0,
and thus (6) becomes

—0y _ ¢(Q)
/[O‘w)e uldy) = g ts. 00 31)

(2) Suppose X is a spectrally positive Lévy process. Let y be the Laplace expo-
nent of its dual (spectrally negative) Lévy process and @ its right inverse. By (30)
forY = -X,

_ . q—v(6)
,9 =K ,9 = — 5 0 > 07
9(4.60)=R(0.6) = T "
and (6) becomes
_ 60— 2(q)
e Op(dy)= 1 "2 g5, (32)
~/[07m> H(d) P(q) y(0)—q -

5.2 Convergence of the Gittins index

Suppose X is spectrally negative. For Problem 1, the Gittins index (24) can be writ-
ten

(x) = /[0 Rt @), xeR, (33)

with

@)=

D(g+A) (&(dy) + 1m0 (Plg+A) - @(q))e_‘p(q)ydy) . y>0,

where 0y is the Dirac measure at zero.
For Problem 2, the (normalized) Gittins index (25) can be written
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(@) =G AE [ g e
H@+2) = () [ [ e P00 ]
(35)
_ /R r(x+u)pl(du), xeR, (36)
where

p ) i= I 038 0) (@0 )~ @) (1 x P)w)] n, we

Here, -
(F 1D % glat2)y () = /0 e~ Py glath) (o y)dy

which is a convolution of £ (u) := e“p(‘?)“l{DO} and g9t as defined in (21).
In (36), we consider a normalized version because R(-) in (9) depends on A. This
normalization is appropriate in view of Remark 2(2) below.

Remark 2. 1. By setting R = 1 in (33), we have 1 = I'(x) = uf ([0,0)) and hence
ufl is a probability measure.

2.Whenr=1,R=(qg+2)"! (see (9)) and thus I"(x) = (¢ +A)~!. Substituting
these in (36), we have ,u% (R) = 1, and thus u% is a probability measure.

Proposition 3. When X is spectrally negative, the measures ufl and u% converge
weakly to | (defined by (31)) as A — oo

Proof. Proof for Problem 1. For 6 > 0, because

/[ o e % [8y(dy) + (P(g+ 1) — P(q))1 =0y P47 dy]

DP(g+A)—P(q) 60+ P(g+A)
D(g)+0  DP(g)+6

the Laplace transform of ,ufl becomes

Coy Arqy . Plg) O+ P(g+A)
Joo e @) = 5 e

(37)

which converges to (31) as A — oo. By the the continuity theorem for Laplace trans-
forms, the weak convergence holds.

Proof for Problem 2. Because /vtél has a support R, we consider Fourier trans-
forms. To this end, define the characteristic exponent of X =Y by ¥(0) = —y(i0)
such that

E[¢fX] = ¥l g cR,5>0. (38)
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Fix 6 € R. Using (20) and (38), the Fourier transform of g(’ﬁ’l) becomes

/Reieyg(qwl)(y)dy —F {/0 o (aTA)s 4iOX(5) 4

°° 1
— —(q+l)s —lfl(e)sd — . 39
/0 c ety )

On the other hand, the Fourier transform of f(?) becomes Jr ¢ (@) (dy= [y 60 P@dy =
(®@(q) —i0)~'. By these and the convolution theorem,

1
(P(6)+(q+21))(P(q) —i6)

e g ) )y =
R

This together with (39) gives

i _ P(q) (g+A) D(g+A)—P(q)
et @) = 5o e e ( B(g) 10 )
CBgA)-i0 (g+h) D)

D(g+A) Y(O)+(g+A) P(g)—i6’

(40)

which converges as A — oo to [} ) e u(dy) = ®(q)/(®(g) —i6), matching (31)
(with 6 replaced by —i60). By the continuity theorem, the weak convergence holds.

Remark 3. (1) For Problem 1, the Laplace transform (37) can be written

_ P(g)+6
0+ D(g+A)

— 07 71’
J e ui ) = O where g1(6..4):

(2) For Problem 2, the Fourier transform (40) can be written

(P(0)+(g+4))(P(g) —i6)
D(g+A)—i0 '

0y2 (d _ 20.4.2) where ¢,(0,¢,1) :=
/]Re ,le( y) @2(97q7)~) (PZ( g5 )

These expressions can be seen as generalizations of the classical case (6).

We now consider the spectrally positive case. For Problem 1, the Gittins index
(26) can be written

re= [ Retyut@). xek

with

A qP(q+4)

uf @)= 3 5 (B + 1) (Pla+4) = P@DH D Pla+ A)dy), y20.

For Problem 2, the Gittins index (27) can be written with g(u) := g(—u), u € R,
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(g+ ) (x)
_qP(g+4)
@(q)

/ r(x—u) g™ (u)du
JrR

+(@(g+n)-o() [ [ H<q><y;c1><q+z>>r<x+y—u>g<q+”<u)dudy]

_qP(g+42)

b(g) /Rr(x—I—u)fg\(ﬁx)(u)du

+(@(g+) () [ [ °°H<q><y;<1><q+m>r<x+w>ig*q+“<w—y)dydw]

= [ et ()
R
where
d () 1= PR (G000 1 (@(q 4 2) — () (F9 <8P (W)) . ueR
? ®(q) ’ ’

with £ (u) := H) (u, @(q+ 1)) 1 {y=0).-
Remark 4. Similar to Remark 2, both ufl and uzl are probability measures.

Proposition 4. When X is spectrally positive, the measures [.Lf1 and ‘LL% converge
weakly to 1 (defined by (32)) as A — o

Proof. Proof for Problem 1. In order to characterize the measure u* we compute its
Laplace transform. To this end, for 6 > &(g), using (19),

| e z900+ )
_;L/ By/ Plat2) =)y (@) (4)dudy

— / Pla gy (9) () / ! (0-2(a+ )y gy,
0

H — / Pla2)uyy (@) )(e@(que)u_l) du
@ (q

N ~6uy (@) /°° ~ (gD )upy ()
_<I>(q+),)—6</o e W\ (u)du — ) © WY (u)du

_ A+q—y(6) @)

(P(g+2)—0)(y(6)—q)’

and hence, again using (18),
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(lg+2) = Dlg)) [ e OHD (5, D(g+2))dy
B A+qg—y(0) A
= (Pl =P G -0 we -0 we)—q
_ (g—y(0)P(g+A)—(A+q—y(0))P(q) +A6
(v(6) —q)(P(g+1)—6) ’

which holds for any 6 > 0 by analytic continuation and is finite in view of Lemma
2(2). Thus,

(42)

(¢—y(6)P(g+A)~(A+q—-y(6))P(g) +16
(w(8) —q)(P(g+4)—0)

_ (A+q—-v(6))(6 - 2(q)

~ (w(0)—q)(P(g+2) -6

Therefore,

/[Omf“’yu%(dy)“q"’(‘” Plg+h) 60— d><> g

q)
)
)

Atqg  BlgiA)-6y(e) -qdg -0 W

which converges to (32) as A — . By the continuity theorem, the weak convergence
holds.

Proof for Problem 2. Again let ¥(6) = —y(if) (where we recall y is for the
dual spectrally negative Lévy process ¥ = —X) and hence E[eiey(x)] = ¥0)s ge
R,s > 0.

We have

_ (g+A)s —0)s o 1
/ - ds_qf(—e)+(q+/1)' Sl

Because (42) also holds for 8 = 0 and it is finite, by analytic continuation, we
obtain

(@lg+2)=D(g)) [ ”HD (5, D(g+2))dy

(g P(-0)P(g+A) — (A +q+P(-0)P(g) — iAB
(—¥(=0) —q)(®lg+ 1) +16) ‘

Together with (44) and the convolution theory for Fourier transforms,
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[ ud (@)
_qP(g+A) 1 <1+ (q+¥(-6)P(g+A)—(A+q+¥(-0))P(q) —ir6
P(g) Y(-6)+(¢+A) (=¥(=0)—q)(P(g+41)+i0)
_i0+d(g) ¢ P(q+2)

D(gq) W(-0)+qP(qg+A)+ib’
(45)

which converges as A — oo to

i6y _q i0+P(q)
/[Ooo ee)ﬂ(d)’) = wi‘f’(—equ’

s

matching (32) (with 0 replaced by —i0). Therefore the continuity theorem shows
the weak convergence.

Remark 5. (1) For Problem 1, the Laplace transform (43) can be written

oy 91(0..2) _ (v(8)—q)(P(g+2) - 6)
/[o,wf Pufla) = Jrg ey where 91(0.0.2) 1=

(2) For Problem 2, the Fourier transform (45) can be written

i 0,9,1)
ul (d _ »0.4,4) where ¢,(0,¢,1) :=
/]R 1 (dy) ®2(6,9,1) #2(8,4,4)

These can be seen as generalizations of (6).

0+ P(q)

Remark 6. The weak convergence as in Propositions 3 and 4 implies the conver-
gence of the Gittins index, if R(-) and r(-) are bounded and continuous in Problems
1 and 2, respectively.

6 Concluding remarks

In this paper, we studied an extension of the MAB driven by Lévy processes [8]
where decision opportunities arrive at Poisson arrival times. The Gittins index can
be written analogously to the classical case (15). In particular, we obtained explicitly
its form in terms of the scale function for the case of spectrally one-sided Lévy
processes and showed its convergence to those in [8] as the arrival rate increases to
infinity.

The studied problem is new to the best of our knowledge and there are several
venues for future research.

First, in the current paper, we did not discuss the optimality of the Gittins index
policy, and it is of great importance to analyze its near or exact optimality. The
convergence results obtained in Section 5 suggest that it is near optimal at least

(A+q—y(6))(6 —P(q))

(F(=6) +9)(P(g+4) +ib)

)
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when A is high. It is a non-trivial and crucial problem to investigate whether the
optimality remains to hold generally under the Poissonian decision times.

Second, one potential application of the considered problem is to approximate
the optimal solutions in the classical discrete-time model (in Section 2.1) in terms
of the Gittins index policy in the considered problem by approximating deterministic
decision times in terms of Poisson arrival times. This is related to Carr’s randomiza-
tion [4], where constant discrete decision times are approximated by Erlang random
variables, or the sum of independent exponential random variables. This approxi-
mation method is conjectured to be practical and accurate in view of the existing
related results in stochastic control such as [14].

Third, the obtained results are conjectured to hold for more general processes.
The convergence of our Gittins index to that in (15) is easily conjectured to hold
for a general Lévy process with two-sided jumps. In addition, the Gittins index may
admit an analytical expression written in terms of the Wiener-Hopf factorization,
even when the spectrally one-sided assumption is relaxed. It is also of great interest
to generalize the results to a more general Markov process with jumps by taking
advantage of the recent development of excursion theory such as [17].
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