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A LINEAR RESPONSE BANDIT PROBLEM*

By ALEXANDER GOLDENSHLUGER AND ASSAF ZEEVI

University of Haifa and Columbia University

We consider a two—armed bandit problem which involves sequen-
tial sampling from two non-homogeneous populations. The response
in each is determined by a random covariate vector and a vector
of parameters whose values are not known a priori. The goal is to
maximize cumulative expected reward. We study this problem in a
minimax setting, and develop rate-optimal polices that combine my-
opic action based on least squares estimates with a suitable “forced
sampling” strategy. It is shown that the regret grows logarithmically
in the time horizon n and no policy can achieve a slower growth
rate over all feasible problem instances. In this setting of linear re-
sponse bandits, the identity of the sub-optimal action changes with
the values of the covariate vector, and the optimal policy is sub-
ject to sampling from the inferior population at a rate that grows

like v/n.

1. Introduction. Sequential allocation problems, otherwise known as
multi-armed bandit problems, arise frequently in various areas of statistics,
adaptive control, marketing, economics and machine learning. The problem
can be described as that of choosing between arms of a slot machine, where
each time an arm is pulled a random reward which is arm-dependent is
realized. The goal is to maximize the cumulative expected reward. Since the
mean reward rate for each arm is not known, the gambler is faced with the
classical dilemma between exploration and exploitation.

The first instance of these sequential allocation problems was introduced
by Robbins (1952), and since then numerous variants thereof have been
studied extensively in many different contexts; we refer to Berry and Fristedt
(1985), Gittins (1989), Lai (2001) and the recent book by Cesa—Bianchi and
Lugosi (2006), as well as references therein. A stream of such literature
has focused on the characterization of optimal procedures under Bayesian
formulations, but the complexity of the problem has led many researchers to
seek approximate solutions that perform well in a suitable asymptotic sense;
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see, e.g., Lai and Robbins (1985), Lai (1987), Lai (1988), Lai and Yakowitz
(1995), Auer et al. (2002a) among others.

The prototypical bandit model assumes sequential sampling from two
“homogeneous” populations, where the distribution of the realized random
reward depends only on the chosen arm. However, in many practical situ-
ations some additional information can be utilized for allocation purposes.
In particular, imagine that at each stage t additional side information, in
the form of a random covariate X, is given, and the reward in each arm
depends also on the value of this side observation. This model is a more
accurate reflection of many instances treated in the bandit literature. Con-
sider for example the problem of clinical trials which motivated several of the
original bandit papers. In that setting, see Lai (1987), patients enter sequen-
tially and receive one of, say, two possible treatments whose efficacy is yet to
be determined. The objective is to allocate the “better” treatment to each
patient. Viewing the patients as a homogeneous population ignores many
important patient specifics (e.g., age, weight, blood pressure, comorbidities,
etc), that can be used to improve treatment allocation. Such additional infor-
mation can be encoded as a covariate, i.e., an auxiliary explanatory variable,
that is observable just prior to the selection of an arm, and whose value can
influence the mean response of each arm. Because the identity of the pre-
ferred arm depends on the revealed covariate value, the theory of sequential
allocation problems with such side information is significantly different from
the traditional setting where no covariates are present.

Although sequential allocation problems have been the subject of a volu-
minous literature, the study of bandit problems with side information (co-
variates) is in a far more nascent stage. The pioneering work of Woodroofe
(1979) provides recursive expressions for the optimal Bayesian policy in a
one—armed bandit problem. This setting involves one arm whose response
is known a priori, and another arm whose response depends in a very spe-
cific manner on a single covariate; see also Woodroofe (1982) and Sarkar
(1991). The one-armed allocation model was recently studied in a minimax
setting by Goldenshluger and Zeevi (2009); we refer to that paper for further
references and links to antecedent literature.

In the present paper we formulate and study a two—armed bandit prob-
lem which is a natural extension of the setups in Lai and Robbins (1985),
Woodroofe (1979) and Goldenshluger and Zeevi (2009). At each stage t a
covariate X; € R? is observed, and the mean reward of each arm is given by
a linear function of the covariate, where the parameters characterizing this
response function are unknown. After the value of X; is observed, one of the
two arms is selected and one obtains a noisy observation of the mean reward
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for that particular value of X;; this is the response variable. (One can view
this setting as a linear regression model with X; playing the role of a vec-
tor of explanatory variables.) The objective is to maximize the cumulative
expected reward over a finite horizon of length n. We refer to this setup as
the linear response bandit problem. In this setting we develop an allocation
policy, study its performance, and derive a lower bound on the minimax
regret for a natural class of joint distributions of covariates and rewards. We
demonstrate that the proposed policy is optimal in terms of the dependence
of its performance on the horizon n. That is, no other admissible policy can
achieve a faster growth rate of cumulative expected rewards. These results
characterize the complexity of the linear response bandit problem.

In antecedent literature there is some discussion of a univariate version
of the linear response bandit problem by Gooley and Lattin (2000) in the
context of dynamic customization of marketing messages. The most closely
related papers to ours are Auer (2002), Mersereau et al. (2009) and Rus-
mevichientong and Tsitsiklis (2010); it will be useful to defer further dis-
cussion of connections between our work and the aforecited literature to
Section 6, after our model and main results have been developed. We also
refer the interested reader to Ginebra and Clayton (1995), Yang and Zhu
(2002), Wang et al.] (2005), Langford and Zhang (2008), and Lu et al. (2010),
where other related models were considered.

The rest of the paper is organized as follows. In Section 2 we present
the problem formulation. Section 3 describes the proposed allocation policy,
and Section 4 contains our main results. In Section 5 we present results
characterizing properties of the least squares estimators under the proposed
policy; these are the key ingredients that are later used in the proof of
the upper bound on the regret. Section 6 contains discussion and adds some
concluding remarks. The proofs are given in Section 7. An Appendix contains
auxiliary results.

2. Problem formulation. Consider the following two—armed bandit
problem. One observes a sequence X1, X, ... of independent random vectors
with common distribution Px. At each stage ¢, one can allocate the covariate
vector X; € R? to the i-th arm (i = 1,2) of the bandit machine; this will
be referred to as selecting the ith arm. Following that selection, one obtains
the response Y; = Y;(Z),

v =Tz, +9, i=1,2

where 3; € R¥™! are unknown parameters, Z; = (1, X;) € R¥! and z—:gl) are
iid normal random variables with zero mean and variance 2, independent
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of X;. In that manner, at each stage t if the i-th arm is selected then the ob-
tained reward is equal to Yt(l). The goal is to maximize cumulative expected
rewards up to stage n. Here and in what follows, all random variables are as-
sumed to be defined on a common probability space (2, F,P), and E stands
for the expectation operator with respect to P.

An admissible allocation rule (policy) 7 is a sequence of random variables
1,72, ... taking values in the set {1,2} such that m; is measurable with re-
spect to the o—field .7-";[1 generated by the previous observations and actions

{WS,XS,YS(WS), s=1,...,t — 1} and by the current covariate vector Xy,
-7:tt1 - 0-(77-17 X17 Y1(7r1)7 ceey T—1, Xt—la Y;(_ﬂfil)y Xt)

We also denote F;_1 = a(m,Xl,Yl(m), e T, X1, Y;(_ﬂffl)).
Let 7* = (7},t > 1) be the oracle rule which “knows” the arm parameters
and at each stage t prescribes

T = apgmax{B?Zt}, t=1,2,...

1=1,2

Performance of an allocation rule = will be measured by the regret relative
to the oracle performance:

Ra(m,n*) =EY V™ BN Y™ =B 672, — 53 Zi|I{m # 7).
t=1 t=1 t=1

Let P be a class of pairs (Px y-), Py y ) of joint distributions of (X, y ()
and (X,Y ). The maximal regret of a rule 7 is defined as

Ry, (m;P) := sup {Rn(ﬂ',ﬂ'*) t(Pyym: Pxye) € 77},
and the objective is to develop a rate—optimal rule 7 such that
(1) R, (7m;P) < C inf Ry, (m,P)

for some positive constant C' that does not depend on n. The infimum on
the right hand side is taken over all admissible policies 7.

3. The proposed policy. Now we are in a position to define the pro-
posed policy. The policy combines forced sampling from both arms at pre-
scribed time instances with myopic action between said times; the terms will
become clear in what follows. We begin with a description of the sequences
of time instants when the policy will perform forced sampling from both
arms.
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3.1. Forced sampling sequences. Fix a real number ¢ > 0, which will
serve as a design parameter to be specified. Define the sequence T = (75,
s > 1) of positive integers by

=1, 7s = |exp{gs}], s=2,3,...
For a given natural number ¢, the number of elements N () of the sequence

T that are less than or equal to t satisfies the following inequalities:

1 1
(2) glnt—lgN(t)galn(t—i—l).

It is easily verified that if

(3) s>1/::1+Eln+(eq2_1)—‘,

then 74 — 75_1 > 1. This fact implies that the subsequences
Ti=(rs,s>v+1), To:=Th+1l=(rs+1,s>v+1)

are disjoint.
Now we are in a position to define the forced sampling sequences. Let

(4) vy :=vV(d+1),
and define

Tie={seTh:2v+1<s<t}U{s:s=2j—1,j=1,...,19},
Tor={se€Ta:2v0+1<s<t}U{s:s=2j, j=1,...,0}.

()

Here 7;; denotes the set of time instances up until stage ¢ when the policy
performs forced sampling from the ith arm. We set also T;(t) = #{7i+},
where from now on #{-} stands for the cardinality of a set.

Note that by construction, for all £ > 2y +1 one has T3 (t) = N (t) —v+wy,
while T5(t) = N(t) —v + v or Th(t) = N(t) — v + vg — 1. Thus we always
have N(t) —v 4+ 1y — 1 < T;(t) < N(t) — v + v which, in view of (2),
yields

—

1
6) -Int—v+ry—2<Tt) < -In(t+1)+wv—v, Vt>2u+1.
q

LS



Downloaded from informs.org by [216.73.217.134] on 06 July 2026, at 22:05 . For personal use only, al rights reserved.

LINEAR RESPONSE BANDIT PROBLEM 235

3.2. Policy description. In what follows we denote our proposed policy
by & = (#t,t > 1). For a subset J of {1,2,...} we define

0 49) = Q)| s S 2. Q)= S 2t

seJ seJ

Thus, given a set J of indices, b(.7) denotes the least squares (LS) estima-
tor of the parameter vector 3 in the linear regression model based on the
observations {Z, Ys(ﬁs), s € J}. We will write Y; and e, instead of Ys(ﬁs) and
z—:gﬁs) respectively when the value of 74 is clear from the context.

Let

(8) Sz’,t = {1 <s<t: ﬁ's = Z}, and Sl(t) = #{Si,t}7 1= 1,2,

be the set of indices for which the strategy 7 pulls arm ¢ = 1,2, and its
cardinality, respectively. For this index set, and for 7;; given in (5), we
define the following estimators via (7):

~

Bi(t) := B(Si,t)7 Qilt) = Q(Si,t)a

9 _ . . .

) Bi(t) == b(Tir), Qi(t) := Q(Tir).

Thus we have two sets of the LS estimators: the estimators Bl(t) are based
on the entire set of observations sampled from arm ¢ = 1,2 up until time ¢,
while Bz(t) are estimators based only on the observations collected through
the forced sampling subsequence.

The proposed policy @ = (7,t > 1) uses these two sets of the LS esti-
mators and requires two design parameters: a forced sampling parameter g;
and a localization parameter h. These parameters will be specified later; see
(15) in Theorem 1. The policy is given by the following algorithm.

ALGORITHM 1.

1. Initialization: pull each arm v times, i.e., set
ﬁgj_l = 1, and ﬁ'gj = 2, j = 1,...,1/0.

2. Set t = 2uy.

3.Ift+1€T;
then set 7i;+1 = 7 (pull arm 4) and compute the estimates BZ-(H— 1),
Bit+1),i=1,2;

else
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if |(51(t) — Bz(t))TZt+1| > h/2 then set

Tyl = arg E%{Bzr(t)ztﬂ};

if [(B1(t) — B2(t))T Zis1| < h/2 then set

Ti41 = arg max {BiT(t)Zt-i-l}§

and compute the estimates @(t +1),i=1,2.
4. t < t+ 1 and repeat from step (iii).

If the time instant ¢+ 1 belongs to a forced sampling subsequence 7;, then
the subsequent observation is taken from the ith arm (i.e. 7,41 is set to i),
and all estimates are updated. Otherwise, two different actions are possible.
If Zy,1 falls outside the h/2-margin of the set {z : 5 (t)z = 3% (t)z}, then
the myopic decision is made on the basis of the forced sampling LS estimates.
If Z,,1 belongs to the h/2-margin of the set {z : 7 (t)z = BI(t)z}, then
7 performs myopic action using the LS estimates based on the entire set of
observations.

We note that the accuracy of the forced sampling LS estimates is easily
controlled; this fact facilitates analysis of the algorithm performance. In
particular, intuitively speaking, the forced sampling estimators are used to
ensure that statistical information is gathered in a suitable manner from
both arms, and preclude the myopic action from “under-sampling” any one
of them. In this context, when myopic action is performed, the localization
parameter h is used to distinguish whether the present covariate falls “close”
to the decision boundary; if it does, then the “full information” LS estimates
are used (these are the estimates computed based on forced sampling and
observations collected via myopic actions); if it does not, the LS estimates
based exclusively on the forced sampling instances are used.

4. Main results.
4.1. Classes of joint distributions. Since
(10) YOIX =2 ~ N(BT2,0%), z2=(,2), i=12,

the classes of pairs of joint distributions of (X, Y ™), (X, Y () can be defined
by specification of parameter sets for (1, f2) and a class of distributions Px.

DEFINITION 1. We say that the pair (PX7y(1),PX7y(2)) belongs to the
class P if (10) holds and the following conditions are satisfied:
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(A1) Xy = (X¢1,...,X¢q), t = 1,2,... are independent identically dis-
tributed random vectors having density with respect to Lebesgue mea-
sure on R?, and max;—1, q|X¢;| <7, forall t. Let p:=EX;, V :=
EX; X[, and

(11) 0=|" w € R(@+1)x(d+1)
poV '
There exists a positive real number A such that A\pin{@} > A > 0.
(A2) (Margin condition). There exist positive real numbers pg, L such that

P{|(B1 — B2)" Zs| < p} < Lp, Vp € (0, po.

(A3) (Diversity outside margin). There exists a real number A, > 0 such
that

(12) Ain{EUS Z, 21} A Muin{BUS Z,21} > X\, > 0,

where U := I{(B1—B2)"Zs > po} and U := I{(B1—P2)" Zs < —po}.
(A4) (Parameter set). The arm parameters (f1, f2) satisfy

1Bill < b, i=1,2.

Discussion of the assumptions. Assumption (A1) states that X; is a ran-
dom vector with non-degenerate distribution over R?, which ensures that
the arm parameters 57 and (9 are identifiable. Moreover, because this dis-
tribution has a density with respect to Lebesgue measure on R?, it follows
that after the initialization step in Algorithm 1, the LS estimators are well—
defined, i.e., the corresponding matrices QZ() and Q,() are non-singular
with probability one.

Assumption (A2) is related to the behavior of the distribution of X; “near”
the decision boundary {z : 5{3: = ﬁg x}; it is akin to the so-called margin
condition that is widely used in the classification literature [see, e.g., Tsy-
bakov (2004)]. Roughly speaking, the region near the decision boundary is
where it is most “difficult” to distinguish between the two arms. At the
same time, the contribution to the regret of making incorrect decisions is
affected by the probability of covariates falling into that region. The margin
condition therefore plays a central role in determining the complexity of the
linear response bandit problem, much like its role in classification problems.

Assumption (A3) implies “persistence of excitation,” in the language of
automatic control. Under this condition it is possible to improve the accu-
racy of estimates of the arm parameters without necessitating errors in the
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selection of the arms; for further discussion see Goldenshluger and Zeevi
(2011). Assumption (A3) also implies that

(13)  poi=min [P{(B1 — 5)" 2 = po}, P{(B1 — B2)" 2 < —po}| > 0.

That is, there is probability mass away from the region in which the margin
condition holds. This implies that the distribution Px is such that with
positive probability the random variable (8; — B2)7 Z; can take positive and
negative values, and the preference of arms is changed depending on the sign

of (81 — 52)TZt-

4.2. Bounds on the regret. The next result establishes an upper bound
on the maximal regret of the policy defined in Algorithm 1.
Let t, denote the minimal positive integer satisfying

(14) te > (8vp + 1) V 40960%(1 V r?)d(1 + rd)?py 2A; %,
where v is given in (4), and pg and A, appear in Assumptions (A2) and (A3).

THEOREM 1. Let 7t = (7ty,t > 1) be the policy defined by Algorithm 1 and
associated with parameters h and q. If P is a class of pairs (PX’Y(l),PX7y(2))
of joint distributions given in Definition 1, and

h2) X’
1 > h, mi - Y
(15 po=h, min{ 19202(1 + r2d) * 24(d + 1)2(r2 v r4)} -

then for every n > t,

4b
R,(m;P) < ;\/)\max(Q) In(n+1)
(16) + C Lo’ d?(1 4+ r2d)A;2(1 vV r)? Inn + Cy,

where C1 is an absolute constant, and Co is a constant that can depend on
parameters of the class P, o%,d, r and b only.

The bound shows that the maximal regret of 7 grows at most logarith-
mically, i.e., R,(7;P) = O(lnn) as n — oo. As the proof of the theorem
indicates, the first term on the right hand side of (16) describes the contri-
bution of the forced sampling scheme to the regret, while the second term
is due to the “difficulty” of resolving the correct allocation when the co-
variate X; falls “near” the decision boundary. It is also worth noting that
the proposed policy does not require a priori knowledge of the length of the
horizon n.
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Another characteristic of the policy is the maximal inferior sampling rate,
defined as the worst—case expected cumulative number of inferior arm selec-
tions:

M, (7;P) := sup {Mn(fr,w*) t(Pyym, Pxy@) € 73}
My (#,7%) = EY Im # 7},
t=1

where 7 = (7f,t > 1) is the oracle rule. The inferior sampling rate of the
policy 7 is bounded as follows

1
M, (m;P) < 5 In(n + 1)

(17) + C3Ld* X\ to/1+r2d (1V r)vn + Cy,

i.e., M,(7;P) = O(y/n) as n — oo. In the end of the proof of Theorem 1 we
present the arguments leading to this upper bound.

A natural question is whether there is a policy with maximal (over P)
regret that grows slower than O(Inn) as n — oco. We now show that the

magnitude of the regret established in Theorem 1 is essentially best possi-
ble.

THEOREM 2. Let P = (Pyy), Pxy) be the class of pairs of distri-
butions defined in Definition 1. Then for any admissible policy ™ and for n
sufficiently large

R, (7;P) > C30%Inn,

where C3 depends on the parameters of the class P.

This theorem, along with Theorem 1, shows that the proposed policy &
is rate—optimal in the sense of (1).

4.3. Numerical illustration. In this section we illustrate performance of
the proposed policy and its dependence on the dimensionality of the co-
variate vector X;. In our simulations the covariate vectors X; were chosen
to be uniformly distributed on [~1,1]¢ with d € {2,4,6,8,10,12}. In each
run the arm parameters 31,3y € RI*! are chosen as follows: /1 = 0 and
By = %(O, d1,...,04) where ¢; are independent random signs (Rademacher
random variables). The policy is implemented with parameters h = 1 and
q = min{0.1,d"2}.

In each run we compute the regret of our policy for the horizon n = 250 x k
where k € {1,2,3,4,6,12,20,30} and average the results over 50 runs. Fig-
ure 1 depicts the graphs of average regret against the logarithm of the hori-
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350

Regret

55 6 6.5 7 75 8 8.5 9
Log(Horizon)

Fi1G 1. Regret of the proposed policy averaged over 50 runs against the logarithm of the
horizon Inn for dimensions d € {2,6,12}.

TABLE 1
The slope estimates for Inn dependence of the regret

dimensionality d 2 4 6 8 10 12
slope estimate 10.659 | 17.715 | 27.021 | 42.467 | 61.134 | 84.636
standard deviation 0.380 0.562 0.594 1.012 3.370 4.522

zon for d € {2,6,12}. As predicted by the results of Theorem 1, the graphs
indicate an approximately linear growth of the regret with Inn. It is also
clearly seen that the policy performance deteriorates with the dimension-
ality d. Based on the regret samples obtained in 50 runs we estimated the
slopes using the least squares method. The slope estimates along with the
standard deviations are given in Table 1. These results indicate that the
upper bound of Theorem 1 is conservative in terms of its dependence on the
dimensionality d.

5. Statistical properties of the LS estimators under the pro-
posed policy. The key to establishing upper bounds on the regret in The-
orem 1 is an analysis of statistical properties of the least squares estimators
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Bi(t) and B;(t), i = 1,2 defined in (9). In this section we present several
results to that effect and briefly discuss their implications.

Our results will be in the form of various probability bounds, and for that
purpose it will be useful to define the following quantity that will be used
repeatedly. For s, s,u > 0, put

2 S PO
P(s,s,u) = \/;(1—0-7“2(1)1/2;5—; exp{ - —40%2}

Ms
(18) +2d(d+3)eXp{_8(d+1)_2(r2\/r4)}'

The next statement establishes a probability bound related to deviations
of the LS estimators along the forced sampling subsequence, (;(t), from the
true parameter values.

PROPOSITION 1. Let Assumption (A1) hold; then for any » > 0, and
anyt > 219+ 1

P{{(Bit) - )7 Zera| 2 2} < PO Ti(0),VT+7%d), i=12.

Proposition 1 and the lower bounds on T;(t), i = 1,2 in (6) imply that
the probability P{|(8;(t) — 3i)T Zi+1| > s} can be made negligible by choice
of the forced sampling parameter ¢. It turns out that this fact, together
with Assumption (A3) that characterizes the diversity of X;’s outside the
margin, ensures that under the proposed policy each arm is pulled a linearly
increasing number of times with high probability. Moreover, under the pro-
posed policy the information about the unknown parameters increases at a
suitable rate. These facts are central for the proof of Theorem 1; they are
subject of the next statement for which the following notation will be useful.

For 7 C{1,2,...} let (J) := Y ,cs ZsZ!. Recall also that Sj; = {1 <
s <t:7ws =1}, and S;(t) = #{Si+}, 1 = 1,2.

PROPOSITION 2. Let Assumptions (A1) and (A8) hold, and let
t 2 p
Po=(d+1 Pl—  Ti(s—1),1),
=@y 35 (52 Tt - 1.1)

where P(-,-,-) is defined in (18). If h < po then for all t > 8vy + 1 and
i=1,2

2
(19) P{Si(t) < gput} < Pt ep{ - LY,
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]P’{)\min (2(Sin))

At A2t
Q0) = SEps PN Den | - gt

where py and A« are given in (13) and in (12) respectively.

A couple of remarks on the statement of Proposition 2 are in order. First,
it follows from (18) and (6) that if for any k > 0 we set ¢ < C1k~1, where
Cy = Ci(po, A, d,r) is some explicit constant, then P, < v/Int/tF for all
t > 81y + 1. Under this choice of the forced sampling parameter ¢, with high
probability the proposed policy pulls each arm a linearly growing number of
times. Second, inequality (20) shows that with high probability the minimal
eigenvalue of the matrix X(S;;) grows linearly. This, in turn, implies that
the accuracy of the estimates Bl(t) improves in a suitable manner when
sampling according to the proposed policy. This last fact is quantified in the
next proposition.

PROPOSITION 3.  Let Assumptions (A1) and (A3) hold, and let h < po;
then for allt > 2vy + 1 and i = 1,2 one has

8
< 2esp{ - T} e { - Fiis)
]P’{’(Bz’(t) =BT 2| = 5, Anin (2(Sip)) 2 /\gt}
242
< 2exp { - W%}
242
+ 2dexp { - 2560-2;{(1/\—>;t7"2d)7‘2 }

Proposition 3 establishes bounds on the deviations of the LS estimates
ﬁz(t) from B;, i = 1,2, on the event that the minimal eigenvalue of the
matrix 3(S; ) grows linearly in ¢. As stated above in Proposition 2, this
event occurs with high probability under an appropriate choice of the force
sampling parameter q.

6. Discussion and concluding remarks.
1. Extensions. As shown above, under suitable conditions on the class of
joint distributions of covariates and responses, the minimax regret in the
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linear response bandit problem scales like Inn with the horizon length n.
These results can be extended in different directions.

The upper bound of Theorem 1 remains intact if condition (A2) in the
definition of the class P is replaced by the following more general margin
condition: there exist positive real numbers pg, L and a > 1 such that
P{|(B1 — B2)T Zi| < p} < Lp®, ¥p € (0, po]. Note, however, that because the
covariate X; is assumed to have a continuous distribution, the case a = 1 is
the most typical. When « > 1, the policy proposed in this paper is no longer
rate—optimal; see Goldenshluger and Zeevi (2009) that treats a particular
one-armed setting from which the above conclusion can be drawn.

Although we considered the two—armed version of the linear response
bandit problem, our results can be extended to the case of K arms. Indeed,
one expects that under a suitable margin condition, of the type given in (A2)
ensuring proper separation of the best arm from other arms for any given
value of the covariate vector, a maximal regret of the order Inn is achievable.
It is also worth noting that the results of this paper remain intact if instead
of the Gaussian assumption, the errors EEZ), 1 = 1,2 are assumed to have
sub—Gaussian tails.

2. Relation to existing literature. The linear response model was previously
studied by Auer (2002); however, his assumptions, analysis and results all
differ from ours. In particular, Auer (2002) considers the K—armed bandit
problem with bounded linear response, when the parameter vector is com-
mon to all arms (for the two—armed problem, f; = (2 in our notation).
In his model, the covariates are assumed to be arbitrary, deterministic and
arm—dependent, i.e., for each arm there is an arm-specific sequence of the
corresponding covariates. In this setup, Auer (2002) develops a policy and
shows that the worst—case regret (with respect to the covariates) is bounded
from above by O(y/n). In this context it is also worth noting that even in
the traditional bandit problem, the minimax regret has the order y/n under
so-called adversarial and “gap—free” scenarios [see, e.g., Auer et al. (2002b)
and Juditsky et al. (2008)].

The work by Mersereau et al. (2009) and Rusmevichientong and Tsitsiklis
(2010) considers the problem of sequential constrained linear optimization
based on noisy observations of function values. In particular, in their set up,
the mean reward is given by an underlying linear function, whose parameters
are not known a priori. At each stage, the decision maker needs to choose
an argument value of that function, with the objective of maximizing the
cumulative mean rewards. In that setting, Rusmevichientong and Tsitsiklis
(2010) propose a rate-optimal policy and demonstrate that the minimax
regret is of the order y/n for a broad family of constraint sets.
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In contrast to these results, we consider the case when the parameter
vectors are arm—dependent, and the covariates are independent identically
distributed vectors. To further clarify, what we term as a “covariate” is
exogenously given, while in Mersereau et al. (2009) and Rusmevichientong
and Tsitsiklis (2010) this is the decision variable. Thus our model is a more
natural extension of the traditional line of research on bandit problems, and
in particular directly extends the clinical trial model considered by Lai and
Robbins (1985).

3. Regret, inferior sampling rates, and traditional bandit results. The or-
der of maximal regret achieved by our policy exhibits a growth rate of
O(Inn) that is identical to the best achievable asymptotic results in the
traditional bandit literature; cf. Lai and Robbins (1985). The reasoning for
this is markedly different in the linear response bandit problem. First note
that in the traditional bandit problem, the regret is proportional to the in-
ferior sampling rate. Hence the logarithmic growth is essentially driven by
controlling the error probability in a sequential hypothesis testing problem.
In contrast, in the linear response bandit problem the errors are essentially
due to the difficulty of allocating covariates X; in proximity of the decision
boundary. In particular, the maximal inferior sampling rate here is of or-
der /n, which means that the frequency at which one makes sub-optimal
arm selections is quite high relative to the traditional bandit problem. In
essence, when the values of X; are in the vicinity of the decision boundary
{z : B¥'2z = T2}, it is impossible to distinguish the two arms at stage t to
any finer resolution than order 1/+/t. This is the determining factor behind
the y/n-growth in the inferior sampling rate. At the same time, the regret is
also determined by the difference in the mean reward rate, which is smaller
near the margin. Hence, eventually the large number of inferior arm selec-
tions does not translate into a large growth rate in the regret. One other
comment pertains to the lower bounds which establishes the rate-optimality
of our proposed policy. Unlike the change-of-measure argument due to Lai
and Robbins (1985), which is ubiquitous in asymptotic optimality results
found in the traditional bandit literature, our lower bound argument builds
on a Bayesian analogue of a Cramér-Rao type inequality to bound the mean
squared estimation error from below at each stage t.

4. The case of “fully separated” responses. We have focused on classes of
joint distributions of covariates and rewards such that the preference of arms
changes for different values of the covariate vector X;. If the arm parameters
are well-separated and preference of the arms does not change for all values
of X, and if the distribution of X; is continuous, then the minimax regret
is also of the order Inn as n — oco. This rate is achieved by the policy with
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forced sampling and myopic action, just on the basis of “forced sampling”
least squares estimates f;(t), i = 1,2 [see (9)]. We note, however, that under
these conditions both the regret and the inferior sampling rate are of the
order Inn which is similar to the setup considered in Lai and Robbins (1985).

7. Proofs. Asstated in the discussion of the assumptions in Section 4.1,
under Assumption (A1) the initialization step of the proposed policy results
in well defined LS estimates (i.e., the corresponding LS matrices are invert-
ible) with probability one. This fact is used in all the proofs below without
further explicit mentioning.

PROOF OF PROPOSITION 1. Because the estimates §3;(t) are based on the
forced sampling observations only we have

52
T;(t)

Bilt) = Bi | {Xs i s € Tia} ~ Nawa (0, 2= Q7' (1), i =12,

where Q;(t) is given in (9). Therefore, for any vector a € R4! and any real
number s > 0

P{(Bi(t) —Bi)"a > %‘ {Xs:s€ ﬁ,t}}
Ti(t) { 7*T;(t) }
S ~ _1 eXp - *_1 .
V2rxo[aT Q' (t)a]l/? 202a”Q; " (t)a
We need the following bounds on the eigenvalues of the matrices Q;l(t)
Because the maximal eigenvalue of a symmetric matrix is less than the

maximum of the sums of absolute values of its row elements, it follows from
boundedness of the components of X; that A\nax{Qi(t)} <1+ r2d. Hence

(22) Amin{ Q7 H(8)} = flﬂd

(21)

Furthermore, we can write Q,(t) = Q + Ei(t), i = 1,2, where @ is given
n (11), and F;(t) is a symmetric matrix whose elements can be controlled
using Lemma 1 [see Appendix]. In particular, letting Iy, = T'(34,7;¢) in
(38) (see Lemma 1 in the Appendix), s := [2(d + 1)]7'A with A given in
Assumption (A1) we have

ma

A
k’lzlv---},(d-i-l HEZ(t)]kl‘I{F*} < = 5

(d+1)
Here [E;(t)]x; denotes the k,l entry in the matrix F;(¢). Hence on the event
I'., all eigenvalues of E;(t) belong to the interval [—A/2,A/2]. The well-
known result on perturbation of eigenvalues of d x d symmetric matrices
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states that if A and F are symmetric matrices, then A\j(A + E) € [A\;(A4) +
Amin(E), Aj(A) + Amax(E)], for j = 1,...,d [see, e.g., (Stewart and Sun,
1990, Corollary 4.9)]. Using this result we have that on the event I,

~ 1 ~_ 2
(23) /\min{Qi(t)} 2 §A = Amax{Qi l(t)} S X
Using (22) and (23) we obtain from (21)
P{[(Bi(t) — ) a = =] NT. | {X,:s€ Tk}
(1 +r2d)T5(t) { #AT;(t) }
24 < _ ¥ AL |
() T Vel U A%l
Here and in what follows || - || stands for the Euclidean norm of a vector. In
addition, by Lemma 1
P{[(Bi(t) - B)Ta> A nTE} < BT}
NT;(t)
2 < — — .
) < dd+3)ep { S+ 202V ) }

Combining these inequalities we obtain for any a € R4t that

P{(Bz(t) — ) a> %} < (1 + r2d)T;(¢) { M}

V2r ol  4o?]al?
N2T (¢
(26) + d(d+3)exp{—8(d+1)2(33vT4)}.

In order to complete the proof of the proposition, we substitute Z;,1 for
a in (24) while conditioning on X1, use the evident bounds || Z;41|| > 1
and || Zi41]| < V1 + r2d, and combine the obtained result with (25). O

ProOOF OF PROPOSITION 2. We will prove the proposition for S;; and
Y(S1,4). The proof for Sz ; and ¥(Sz,) is completely analogous.
Let &(s) = Bi(s) — Bi, i = 1,2. We have the following set inclusions

Siy={1<s<t:@,=1}
(5) 2 +1<s<t:m,=1, (Bi(s—1) = Bo(s —1))TZ, > h/2}
b - ~
2 1< s <t (Bals — 1)~ fals — )77 > po/2)
- {2y0+1 <s<t:(f—Bo) 2> % —ng(s—1)Zs+g§(s—1)Zs}
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2 {2Vo +1<s<t:(B1—B)TZs > po, &L (s — 1) Zs| < po/4,

€1 (s = 1) 2] < po/4}
= Sl,tv
where (a) follows from truncation of the index set, and (b) follows from the

structure of the policy 7 and h < pg.
19, Recall that Si(t) = #{S1.+}. Using the above inclusions we have

t

Si(t) = #{Si4} > Z I{(Br — B2) Zs > po} ws,

s=2v9+1

where w; := I(As), and the event A, is defined by

Po Po
. < (onls 2
s P i T €rs(s =1l < 4(1 4+ rd) P e 28 €25 (s= 1)l < 4(1+rd)

Therefore for any ¢ > 0

¢
P{S:(t) <ct} < P{ > I8 — B2)" Ze > polws < Ct}
s=2r9+1
¢

< ]P’{ Z I[(B1 = B2)"Zs > po] ws < ct,
s=21p+1
t
Z we > 2ct/p*}
s=2v9+1

t
-+ ]P’{ Z we < 2ct/p*} =: J1 + Jo.
s=2vp+1

Denote p' = P{(B1 — B2)TZs > po} and observe that by (13), p’ >

p«. Note also that wg is Fs_i-measurable; hence (22221/04-1[29/ — I{(B —
ﬁg)TZs > po}lws, Fs) is a martingale with bounded differences. Therefore
by the Azuma—Hoeffding inequality

t t
Ji < P{ > [p’—f{(ﬂl—ﬁz)TZszpo}}wszp’ > ws—dt,

s=2v9+1 s=2vp+1

t
D« Z W > 2Ct}

s=2r9+1
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IN

P{ Et: [p/ —H{(B1— B2)" Zs > Po}] ws > Ct}

s=2r9+1

< e 62t2
X — (-
= P T o "2

In order to bound Js note that

: . 2ct ‘ ot
E H{AS} >t—2d—2— —( C E I{AS} > -
P+ 2
s=2vp+1 s=2vp+1
t

c U 4

s=[t/2]

provided that ¢ > 819+ 1 and ¢ < p,/8. Therefore using a union bound and
(25) with the vector a taken to be the standard basis vectors in R+! we
obtain

t

A SR TTRD h  (FT FAE,

s=t/2] —[t/2) i=1
t 2

< @d+1) Y ZP( 1+rd Ti(s —1),1),
s=[t/2] i=1

where we have used Proposition 1; recall that P(-,-,-) is defined in (18).
Setting ¢ = p,/8 we arrive to (19).

20, By Lemma 3 we have that for any two sets of indices Jo C Jq,
/\min{z(j2)} < )\mln{z(jl)} Hence

/\min{z(‘sl,t)} 2 min{z(gl t)}

S S w27 - )7, > )}

s=2r9+1

t
= )\min{ > wSUjZSZ;f}.

s=2vp+1

We can write

t t

t
S wUfzzl = Y wB{Uf 2.2+ ) w.E(s),

s=21r9+1 s=2vp9+1 s=2v9+1
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where
E(s)=Ufz,2T ~RUfZ,7T.

Thus we have

/\min(z(gl,t)) > /\* Z Wg

s=2r9+1

(2 wro))|

s=2vp+1

e )

s=2r9+1
Define the event

t
sl
= s < —1
Dy {k,l:r{l,é.),(d+1 ‘ S:;Hw Ek’l(s)‘ = 8(d+ 1)}

where Ej ;(s) are the components of the matrix E(s). Note that for any k
and [, (ZZZZVGH wsEy (s), Fs) is a martingale with bounded differences,
|Exi(s)| < 2(1Vr?). Therefore by a union bound and the Azuma-Hoeffding
inequality

2
P{Di} < (d+1)(d +2) exp{ T 128(1v gk)t?(l + d)? }

On the event Dy

{32 09) | e 5 ws)|} < %

s=2r9+1 s=219+1
Therefore,
. At . At .
P )\min(z(sl,t)) < 3 <P )\min(z(sl,t)) < ] 7Dt +]P){Dt}
! At
SIP’{A* >, ws <5 >Dt}+P{Dtc}
s=2r9+1
t 2 p
0
< 7 T(e —
<@d+1) > ZP(4(1+M),TZ(S 1),1)
s=[t/2) i=1
+(d+1)(d+2)expd— At
PV 1280V i22(1+d)2 J°

where the last inequality follows from the bound on Jy. This concludes the
proof. O
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PROOF OF PROPOSITION 3. Observe that
R t
(27) Bit) = Bi =X NSin) Y ZesI (75 = i), i=1,2.
s=1

Furthermore, by Lemma 2 in the Appendix for any s > 0

2

P{‘;z—:s[(ﬁs :z’)( > %} < 2exp{ _ %}

2

> %} < 2dexp{ - %7}

t
P{ ( X, pesl(fs = i
max Szz:l s ksl (s = 1) 5752,

kzlv"'v

Consider the event

(28) Biu = Pan(265:0) = 21, =12

Then it follows from Lemma 2 in the Appendix, the previous two inequalities,
and (27) that

P{”Bz‘(t) — Bill = », Bi,t}

t
P s A= (S| D ZoesI (s = )| = 5, Biy }

<
{ s=1
t
< P{|Y Zueol o = )] 2 sedmind S(Si0)}, Bic
sjl PoW
< IP’{H;ZSaSI(ﬁS:z‘)H > = }
! 2\t
< P{|;esf(ﬁs:i)\ >
+IP’{ max ‘Et:X kEsl (s = 1) >ﬂ}
h=1,....d — s,kcs s = 16\/&
2 \% 2 \2t
= 2eXp{ - 2560—2} * QdeXp{ 256 do2r? }

where the second to last inequality follows from the fact that Z; = (1, Xs).
The second statement of the proposition follows from the above bound and
the Cauchy—Schwarz inequality. O
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PROOF OF THEOREM 1. In the proof below ¢y, co, ... denote the absolute
constants, while C1, Cs, ... stand for positive constants that can depend on
A, o2, d, po, b, r.

19, Let 7, = Ti,n U T2, denote the set of time instances where the pol-
icy m performs forced sampling from the first and second arm; and recall
that T;(t) = #{7i+}. Using the Cauchy-Schwarz inequality and Assump-
tions (Al) and (A4) we have

Ry(i,7*) = B |87 Z — B3 Zo|I{m # m}}
t=1

2/ Amax(@Q) ts +E > |81 Zt — B3 Zo|T{m; # 7}}

<
t=t.+1
teTn
+E > 1872 — B3 Zy| I{m # 7}
t=t.+1
tZTn
< 2b V /\max(Q) [t* + 1T (n) + T (’I’L)]
(29) +E Z |81 Zy — B3 Zy|I{m, # 7}
t=t,+1
t&Tn

By definition of the policy 7,
4
{7} = Ditt)
i=1

where

Dy(t) = {(Bi(t — 1) = Bot — 1))T Z, > g (81— B2)TZ, < 0}

Dy(t) == {(Br(t —1) = Bo(t = 1))" Z; < —g, (81— B2)" Z, > 0}
Dy(t) = {|(Bult — 1)~ ol — ) 21| < 3,

(Bu(t = 1) = Balt = 1) Z <0, (8, - B2)7 2, > 0}
Dift) = {| (Bt = 1)~ alt = 1) 21| < 3,

(Bu(t = 1) = Bt = )72, 2 0, (81 - 52)72 < 0}.

The event D;(t)U Do(t) occurs when at the step ¢ the policy makes an error
taking a myopic action based on the forced sampling estimates 3;(t — 1),
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i =1,2. The event Ds3(t) U Dy(t) describes the situation when at step ¢ the
policy incurs an error taking myopic action based on the estimates @(t —1),
i=1,2.

Write

n
E Z 81 Zy — B3 Zi|I{m # m}'}
tZTn

<E Y |81 Z — B3 Zi|I{D1(t) U Ds(1)}
t¢Tn

+E > |87 2 — B3 Zi|I{Ds(t) U Da(t)}
t=ts«+1
t&Tn

=: K1+ Ey
29, First we bound E;. We have
P{D:(t)} < P{(Bi(t—1)—B1)"Z + (B — Pa(t —1))" Z; > h/2}
< P{(Bi(t —1) = B1)" Zi| > h/4}
+P{I(B2 = Ba(t = 1)T Zi| > h/4}
(30) < Ph/4,Ti(t—1),V/1+72d) + P(h/4,To(t — 1),/ 1+ r2d),

where we have used Proposition 1. The same upper bound holds for P{Dx(t)}.
Thus in view of (30)

n 2
By <2b(1+7r%d)'? Y > P(h/A,Ti(t — 1), V1 + r%d).

By definition, t. > 8y + 1; then (6) and (18) imply that if ¢ satisfies

hA A }
12802(1 +r2d)” 16(d + 1)2(r2 Vv r4)

qgmin{

then

oV
E, <Oy Z Vit < Cs.

—1)2 —

3Y. Now we bound FEs. For brevity we will write Ag = 1 — 2 and A 5(t) =
B (t) — 32(15). We have

BIATZII{Ds(0)} = BIATZIT{Ds(t), AFZ > o)
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+E|ALZ,|T{Ds(t), AF Z < po}
= Ji(t) + Ja(t).

In words, Ji(t) and Jo(t) are the t—step contributions to the regret due
to myopic action errors when the covariate X; falls inside and outside the
po—margin of the decision boundary Ath =0.

We have

A < w0+ 2Pt -1) - 8)" 7

+ (B = Balt = 1)7Z0 < —po}

IN

(1 +r2d)'/2 Z [ { (Bi(t—1) — B Zi| = po/2, Bi,t—l}

(31) +P{BE )|,
where B, ; is defined in (28). By inequality (20) of Proposition 2 and (6),
(32) P{B{,} < Cs(t —1)"*y/In(t — 1),

provided that

P A2 }

o
¢ = { 19202(1 Frd)? 24(d+ 1)2(r2 v )

In addition, by the second inequality of Proposition 3 the first probability on
the RHS of (31) decreases exponentially in . Therefore Y 7, .| Ji(t) < Cy,
i.e., we have finite contribution to the regret from myopic actions errors
when X;’s are far from the decision boundary.
Now we proceed with Jy(t). Let By := By N By y; then

Jo(t) = E|AFZ|I{Ds(t), AL Z < po}I{Bi—1}

+E|AFZ|I{Ds(t), A5 Zy < po}I{B{ 1}
E|AL Z|I{ Ds(t), AL Zy < po}I{Bi_1} + 2(1 + r°d)/*P{Bf_, }

= JP)+ P 0).

IN

By (32) and our choice of ¢

In(t — 1)
J(Z)( t) < C5n(+’ nd Z ) < Cg.
(t—1) t=t.+1
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(1)

It remains to bound J, ’(t). Define the events

My = {275 g < (81— )T Ze < 27Fp0 ), k=0,1,2,...

Then

IV = EZ’Ath’I{Mka(Bl(t_l) B Z — (Ba(t — 1) — B2)" 2,

k=0
< -ALZi, B}

< poBY 27FI{(B1 = 52)" 2 < po27*}
k=0
{Z [(Bi(t = 1) = B) 2| = 27 o, Bt_l}
< o Z 27 FP{(B1 — B2)" Z¢ < po27*}
k=0
2—k—2p0
_ > Y
Z {Hﬁl t 1 5@” - \/my Bt—l}
< 2(2d + 2)Lp? Z 272k exp{—27%k 21,
k=0
where
It

4096 02(r2 vV 1)d(1 + r2d)

Here the second inequality is obtained by bounding || Z;|| < v/1 + r2d, con-
ditioning on JF;_1 and using the fact that Z; is independent of F;_1; and
the last inequality follows from Assumption (A2) and Proposition 3. Taking
into account that z > 1 by (14), and using Lemma 4 we finally obtain

J2(1)(t) < e Ko Ld* 27202 (1 + r2d)(1 v r?)t L,

where ¢; is an absolute constant, and K, is given in Lemma 4 in Appendix.
Combining the above bounds we obtain that

(34) Z E|ALZ|I{D3(t)} < coLo®d®(1+r*d)A;*(1Vr?)Inn + Cr,
t=t«+1

where ¢y is an absolute constant.
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We note that >, E|A5Zt|l {D4(t)} is also bounded by the expression
on the RHS of (34); the proof of this bound follows verbatim to the above.
Combining these results with (29) and taking into account the upper bound
in (6) we complete the proof. O

Remark on the proof of (17). The proof follows Theorem 1 with the
following changes. Instead of (29) we have

n

My (7t,7*) < [ts + T1(n) + To(n)] + E Z {m # m;}.
t=t+1
t&Tn

The first term on the RHS above is upper bounded by t, + ¢ ' In(n + 1).

Bounding the second term on the RHS goes along the same lines. The dom-

inant term here will be J2(1)(t) that now takes the form

T (1) <202d +2)Lpe Y 27 F exp{—27% 2},
k=0

where z is given by (33). Then application of Lemma 4 leads to (17). O

PRrROOF OF THEOREM 2. Let Xy = (Xy1,...,X;4) be a random vector
with independent components, each distributed with a density fx with re-
spect to the Lebesgue measure such that supp(fx) = [-1,1], and

0<cy < fx(xr) <Cf<oo, Voel[-1,1].

Denote 8 = (81, 52) € R4 x R4 the vector of the arm parameters; we
refer to 8 = (B, B2) as the configuration. Let B C R4 x R be a set of
configurations, and let A be a probability measure on B, with E) denoting
the expectation with respect to A. (In what follows B and A will be chosen
so that assumptions defining the class P hold.)

Put Ag := 1 — (2 and fix an arbitrary policy 7. The regret of 7 can be
bounded from below as follows

sup {Rn(ﬂ',ﬂ'*) : (PX7Y<1),PX7y(2)) € 73}

> supE Y |ALZ)] [I{A%Zt >0,m =2} + I{A}Z, < 0,m = 1}
BeB

>E) <EA [Agztf{&gzt >0} | J-“;Ql}l{m =2}
t=1
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—Ex [A%Ztl{Ath <0} | }";11} I{m = 1}).
The Bayesian decision rule is: choose 7ty = 1 if
Ey [A%ZJ{A}; Z; >0} | F- 1} > —E, [Ag Z{AEZ, < 0} | Fi- 1}

and 7; = 2 otherwise. Set ;1 := Ex[Ag | F;7;]. Now, since Z; is indepen-
dent of both F;—; and 3, then Ex[Ag | F;F ] = Ex[Ag | Fi—1]. Therefore,
the Bayesian policy takes the form 7, = I{y} Z; > 0} + 2I{~y} Z; < 0}.
Thus we have

(35) Ru(mP) > B EAlATZ|1{sign(A] ) # sign(v] 1 20}
t=1

Now we specify the probability measure A on B C R4t x R4+1: X\ will be
taken as the product measure of the form A\ = (dy X d1 X Jg X - - X dg) X (Ag X
dp X - -+ x dg), where J, denotes the point mass at a, and \g is a probability
distribution on [—1/2,1/2] to be specified. Under these circumstances 51 =
(0,1,0,...,0) and 33 = (0,0, ...,0), where 6 is a random variable distributed
according to Ag. With this construction, the observations are realized as:
Y;(D = X1+ &?El) and Yt(z) =0+ &?Ez) for t = 1,2,.... Note that with the
above choice of primitives, for any probability distribution Ag on [—1/2,1/2]
we have that: Assumption (A1) holds with » = 1; Assumption (A2) holds
with L = 20y and pg = 1/4; Assumption (A3) holds with p, = ¢s/4; and
Assumption (A4) holds with b = 1.

With the above setting, v;_1 = (ét_l, 1,...,0) with 01 := —Ex, [0|Fi-1],
and note that |6,_;| < 1/2. Therefore

Ex|A% Zy|I{sign(A} Z;) # sign(+{ 1 Z) }
= Ex|Xe1 — 0] [I{Xm >0, X1 <01} +I{Xp1 >0, X1 < ét—l}]

Because ét_l is Fy—1—measurable, and X, ; is independent of F;_; we have
from (35)

Ro(m:P) 2 E8y, Y [
t=1"0

Let ¢(6) denote the density of Ag. Let 7} | = o(X11,..., X¢i—11, Yl(l), ol
Yt(_lg, Y1(2), . ,Yt(_?)7 because F;_1 C F;_4,

9V9At71

CF e A
|z — 0| fx(z)dz > Ef STEE, |61 -0
t=1

/\9At71

i, 12> . 2
;EEAO 10,1 — 0 _;gtnfl/lﬁzwt_l 0|%0(6)do,
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where the inf above is taken over all sequences 0 = (d;) such that &;_; is
Fi ;—measurable. Therefore we have

cf . 9
. > 2 —
(36) R, (m;P) 5 tE 1 6131; E|6;—1 — 0]°¢(0)do

Thus the problem is reduced to establishing a lower bound on the Bayesian
risk in the problem of estimating the scalar parameter 6§ € [—1/2,1/2] from
observations V;—1 = {(Xs1, Ys(l), 3(2)), s = 1,...,t — 1}, where Ys(l) =
Xo1 + Egl) and YS(Z) =0+ 822) for s = 1,...,t — 1 and {agl),&??)} are
sequences of mutually independent iid zero mean Gaussian random vari-
ables with variance 2. This problem is well studied, and there are different

methods for establishing such lower bounds. In particular, by the van Trees
inequality [see Gill and Levit (1995)]

1
2

— >
(37) gﬁf E|6;—1 — 0]°¢(0)do L+ 10

where I;_1 is the expected Fisher information for 6 associated with the
conditional density of the observations ), given 6; and I(¢) is the Fisher
information for the location parameter in ¢. Thus,

I _E[ﬁlnf(yt 1;9)] ~E[- (Y8<2>—9)]2:—.

A standard choice of the distribution A is
0(0) = 2cos®(n0)I{]0] < 1/2}.

With this choice I(¢) = 4n%. Therefore applying the inequality in (37) for
each summand in (36) we obtain

: i 1 52
Rn(W7IP)ZEZL€1T Z 1—1—47‘(2 B} ZCCfO' Inn.

for n large enough. This completes the proof. O

APPENDIX A: AUXILIARY RESULTS

LEMMA 1. Let Xy = (Xs1,...,X54), s = 1,...,n be a sequence of
independent identically distributed random vectors from R with bounded
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components, maxj—i _q4|Xs ;| <r. Let EX, = p and EX, X! = V. For any

2% > 0 and any non—random index set J C {1,...,n} define the event
1
I'(,TJ) = { max ‘— Xsi— i §%}
(e J) 21,0 #{J}s; a
1
38 max [ S X, X - Vy g%}.
( ) ﬂ { i,j=1,...d #{j} g ) 2

Then
At
P{T* < — .
e < da+ e - 2 EIH
PROOF. The proof is an immediate consequence of the Hoeffding inequal-

ity, the union bound, and straightforward algebra. O

LEMMA 2. Let {w:} be a sequence of random variables such that ws is
Fs—1—-measurable and |ws| < Ly, for all s almost surely. Let {e;} be iid,
e ~ N (0, 02) and &; is independent of Fy_1. Then for any a > 0 one has

t 2
a
P Zs:l wees > a} <exp{ - m}v vi.

PROOF. The proof is straightforward; we provide it for completeness. For
any A > 0 we have
th—l} }

Eexp{)\zt:wses} = Eﬁexp{)\wses} = E{E[ﬁexp{)\wsss}
s=1

sj_ll s=1
= E { H exp{)\wsss}E{ exp ()\wt&?t) ‘]—}_1 H .
s=1
Furthermore,

E{ exp ()\wtst) ‘.7-}_1} = exp (?A%}?) < exp (%2)\21312”)7

because the random variable Awye; is conditionally (on F;—1) Gaussian. It-
erating this argument we finally obtain that

t
t
Eexp {/\ Z; wsss} < exp <§/\202L3}). O
s=
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LEMMA 3. For J C {1,2,...} define 5(J) := Y ,c s ZsZL. If Jo C h
then )\min{g(jZ)} < )‘min{z(jl)}'

PROOF. The proof is immediate and it is omitted. O

LEMMA 4. For a,z > 0, let V(a,2) == 370,27 exp{—2272*}. Then
for all 0 < o < 22

_ 2)*/2 T'(a/2)
3) Vi <Kot K- | T

where T'(+) is the Gamma—function.

PROOF. Let
(40) I(a, 2) ::/ 27 exp{—22"%dy.
0

Note that the integrand above has a unique (global) maximum at y* =
—(1/2)logy(cr/22) provided that a < 2z. Put k* := |y*| and write

k* 00

Via,z) = Z 27 exp{—227"2F} + Z 27 exp{—2272F}
k=0 k=k*+1
=:Vi(a, 2) + Va(a, 2).

It follows that

Vv 2= (/2)22 _ /2
< g @ .
2z) S 7055 = T

Since the integrand in (40) is monotone increasing on [0, y*), we have that

*

Vil ) < / 27 exp{—22" W}y < I(a,2)
0

1 R 2 L(a/2) _
- «a - du < ——12/ a/2
2 Ou exp{—zu“}du < T ,

where I'(-) denotes the gamma function. Thus for all 0 < o < 2z

(/2 | T(a/2)
1—-2-« i 2In2 |

Via,z) < z_a/z[

as claimed. O
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