A Algorithm Details

Our terminology is summarized below:

05« Bandit instance parameter in task s, generated as 0 , ~ P(+; )

P(-; ) Task prior, a distribution over bandit instance parameter 6, .

L Meta-parameter, a parameter of the task distribution

Q Meta-prior, a distribution over the meta-parameter /i,

P, Uncertainty-adjusted prior in task s, a distribution over 6, , conditioned on Hj.s_;
Qs Meta-posterior in task s, a distribution over i, conditioned on Hy.5_1

Y. Stochastic rewards of all arms in round ¢ of task s

At Pulled arm in round ¢ of task s

We continue with two lemmas, which are used in the algorithmic part of the paper (Section 3).

Proposition 1. Let £,(0) = [],_, pa, ,(Ys,e(As,e); 0) be the likelihood of observations in task s.
Then for any task s € [m),

/Pt?u W), Q)= [ £0a(0) PUO: 1) dral0) Qucr (1),

Proof. To simplify presentation, our proof is under the assumption that 6 . and /i, take on countably-
many values. A more general measure-theory treatment, where we would maintain measures over
05, and p,, would follow the same line of reasoning; and essentially replace all probabilities with
densities. A good discussion of this topic is in Section 34 of Lattimore and Szepesvari [31].

The following convention is used in the proof. The values of random variables that we marginalize
out, such as 6§, . and p., are explicitly assigned. For fixed variables, such as the history Hy.s_1, we
also treat H;.,_1 as the actual value assigned to Hy.5—1.

We start with the posterior distribution of ¢, . in task s, which can be expressed as

P(es,* =4 | Hl:s—l) - ZP(987* - 97,“* =K | Hl:s—l)
= PO =0 p = )P (pa = | His 1) -
m

The second equality holds because 0, . is independent of history H;.,_; given ji,.. Now note that
P (us = p| Hy.5—1) is the meta-posterior in task s. It can be rewritten as

]P)(,U* —M‘Hls 1)
P (pe = p| Hys—2)
P(Hs—l |H1:s—27 Hox = :u)
= P * = o 15—
IP)(-E[sfl |H1:572) (H M| ! 2)
X ]P)(Hsfl |H115*27 M = M)]P)(:u’* =K | H12572) )

fi(p)

P (p = p| Hyo-1) = P(ps = p| His—2)

where P (p. = | Hy.s—2) is the meta-posterior in task s — 1. The last step follows from the fact that
P(Hs_1| Hi.s—2) is constant in p. Now we focus on f;(u) above and rewrite it as

ZP s—15 Os—1x = O | Hio—2, po = )

= Z]P) H, 4 ‘Hl:572; 9571,* =0, px = M)P(esfl,* =0 ‘ Hys 2, s = /1‘)
[4

= ZP(Hsfl ‘Hltsf% 0571,* = 0)]?(05,17* =0 I My = /i) .
’ £2(0)

In the last step, we use that the history H,_; is independent of p, given Hy.s_2 and 65_1 ., and that
the task parameter 0,_1 . is independent of H1.,_o given fi,.
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Now we focus on f2(6) above. To simplify notation, it is useful to define ¥; = Y;_1 ;(As_1,) and
Ay = As_1 ;. Then we can rewrite fo(6) as

I
=

f2(9) ]P)(At,Y;; | Hl:sfl,tv 9571,* = 9)

~
Il
-

[
=

]P(Y;f |At7 Hl:sfl,ta 9871,* = Q)P (At ‘ Hlisfl,h 98*1,* = 9)

~
Il
-

[
=

]P)(}/t |At7 05—1,* = H)P(At | Hl:s—l,t) o8 P(len | Al:'ru 95—1,* = 0) .

~
Il
=

In the third equality, we use that the reward Y; is independent of history H1.s_1,; given the pulled
arm A, and task parameter 65_; ,, and that A, is independent of §,_; . given Hi.,_1 ;. In the last
step, we use that P (A, | H1.s—1,¢) is constant in 6.

Finally, we combine all above claims, note that
P(Ose =0 =p) =P (051 = 0| p = p) = P(6; 1) ,

and get

P05« = 0] His-1) = ZP(‘g?N)P(M* = p|His1) ,
w

P(,U* =K | Hl:s—l) = ZP(Yl:n ‘ Al:na 95—1,* = 9) P(HQ,U)P(M* =M | Hl:s—2) .
6

These are the claims that we wanted to prove, since
Ps(e) == ]P)(as,* =40 | Hl:s—l) 5

Q‘?(/u‘) = P(M* =K | Hl:s—l) B
Ls—l(e) = ]P)(Yl:n ‘ Al:n; 05—17* = 0) .

This concludes the proof. O

Lemma 7. Fix integers s and n, features (x¢,;) tes],te[n)> and consider a generative process

ok NN(NQan)»
VL [8] ¢ 0o | 11w ~ Npta, S)

VOE [s],t € [n]: You | pu ~ N2 0,07,

where all variables are drawn independently. Then i, | (Yot)oes], tefn) ~ N (i, ) for

s —1
~ $ 2_1 Z 14 4 E_1 £ 14
L <Q‘q+plg2_o-2<0 +g2> g2>’

. ‘G, G G\ 'a
2—1:Eq—1+zaf—0§<201+ ‘) .
=1

o2 g2 ’

where Gy = Z?zl a:“a:;t is the outer product of the features in task { and By = Z::l et Yo is
their sum weighted by observations.

Proof. The claim is proved in Appendix D of Kveton et al. [28]. We restate it for completeness. [
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B Proofs for Section 4.1: Generic Regret Bound

B.1 Preliminaries and Omitted Definitions

Notation for History: Let us recall that H, ; = ((As1,Y5,1),.- ., (Ast—1,Ys—1)) denote the
events in task s upto and excluding round ¢ forall ¢t > 1 (H,; = (). The events in task s is denoted
as Hy, = H, 41 and all the events upto and including stage s is denoted as Hy., = U3, _; H,.
Let us also define history upto and excluding round ¢ in task s as Hy.s; = {H1.5—1 U Hy ¢}, with
Hy.s = Hj.5n+1. Given the history upto and excluding round ¢ in task s, the conditional probability
is given as P, (-) = P[- | Hy.5,.], and the conditional expectation is given as E, ;(-) = E[- | Hi.s,4]-
Note P[] and E[-] denote the unconditional probability and expectation, respectively.

History dependent Entropy and Mutual Information: We now define the entropy and mutual
information terms as a function of history.

The mutual information between the parameter 6; ., and the action (A, ;) and reward (Y ;) at the
beginning of round ¢ in task s, for any s < m and ¢ < n, as a function of history is defined as

Ps,t(as,*vi/s,hAs,t) ):|
s,t (95,*)Ps,t (Y:s,ta As,t)

Is,t(as,*§As,t7Y€,t) = IEs,t |:10g <]P,

We also define the mutual information between the parameter /., and the action (A; ;) and reward
(Y5,¢) at the beginning of round ¢ in task s, forany s < mand ¢t < nas

IP)S,t(,u’*7Y8,t7AS,t) )]
s,t(ﬂ*)Ps,t(Ys,t, As,t)

IS,t(;U'*; As,tv Y;,t) = Es,t [10g <]P>

Further, the history dependent conditional mutual information between (., 05 ), and A ; and Y ;,
namely I (65 «, ts; As i, Ys.1), is defined below.

P, 05*7 *;Y; aAs
[s,t(es,*,ﬂ*;As,hY:s,t) = Es,t |:1Og <P <;( o B ! 7t) >:|

S,% N*)Ps,t (3/87757 As,t)

Finally, we define the history dependent conditional mutual information between 6, ., and A, ; and
Ke,t given i, as Is,t(es,*; As,t7 Ys,t | H*)-

IP)S 05*7YS ,As *
Iot(Osni Agy,You | ) = By {bg( (05 Yots Asi | 1) )]

IP)s7t(‘95,* | M*)Ps,t(ys7t>As,t | ,U*)
The conditional entropy terms are defined as follows:
hs,t(es,*) - Es,t [7 IOg (Ps t(as,*))]
hs,t(ﬂ*) = Es,t [* IOg (Ps t( s )]
hs,t(gs,* ‘ /i*) = Es,t [_ log (Ps t( 5% ‘ N*))] .

Therefore, all the different mutual information terms I ;(-; As ¢, Ys.+), and the entropy terms hg 4 (+)
are random variables that depends on the history Hy.g ;.

We next state some entropy and mutual information relationships which we will use later.
Proposition 8. For all s, t, and any history Hy.s 4, the following hold

Is,t(es,*a Hoxs As,tv }/s,t) = s,t(ﬂ*; As,ta }/s,t) + Is,t(es,*§ As,ta YVs,t | M*) )
Is,t(as,*; As,tv }/s,t) = hs,t(eby*) - h87t+1(987*) :

History Independent Entropy and Mutual Information: The history independent conditional
mutual information and entropy terms are then given by taking expectation over the possible histories

I('; As,t7 Y;,t | Hl:s,t) = E[Is,t('; Asﬂfa Ys,t)]7 h( | Hl:s,t) = E[hs,t()]
I(';A&th, Hl:s,t) = E[Is,t(';A&hYsﬂf | /’L*)]v h( | ,U/*aHl:s,t) = E[h&t(' ‘ /’6*)]
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An important quantity that will play a pivotal role in our regret decomposition is the conditional
mutual information of the meta-parameter given the entire history, which is expressed as

m n m n

I(M*;Hl:m) = ZZI(,U/*;AS,taY—s,t | Hl:s,t) = Ezzjs,t(ﬂ*;As,tan,t)~

s=1t=1 s=1t=1

The first equality is due to chain rule of mutual information, where at each round the new history
Higi41 = Hisp U (A, Ys ).

Similarly, in each stage s, the mutual information between parameter 6 , and the events in stage s,
i.e. Hg, conditioned on p, and history up to task (s — 1) is key in quantifying the local regret of task
s. Which is again expressed as

n n

1(93,*; H, | o 5 Hl:s—l) = ZI(GS,*Q As,ta Yo | o s Hl:s,t) = EZIs,t(Gs,*; As,tyys,t | /L*)-
t=1 t=1

The first inequality again follows chain rule of mutual information with new history being the
combination of old history, and the action and the observed reward in the current round.

We further have the relation of mutual information and conditional entropy as
I(es,*; HS ‘ sy Hl:s—l) = h(es,* | sy Hl:s—l) - h(es,* | s s Hl:s) )
I(N*? Hym) = h(u*) - h(:u* | Hi:m) -
Weyl’s Inequalities: In this paper, the matrices under consideration are all Positive Semi-definite
(PSD) and symmetric. Thus, the eignevalues are non-negative and admits a total order. We denote the

eigenvalues of a PSD matrix A € R?, for any integer d > 1, as Ag(A) < --- < A\ (A); where A\ (A)
is the maximum eigenvalue, and A\4(A) is the minimum eigenvalue of the PSD matrix A.

Weyl’s inequality states for two Hermitian matrices (PSD and Symmetric in reals) A and B,
AN(A)+A(B) < AN(A+B) < AM(A)+X:(B), Vj+k—-d>i>r+s—1

The two important relations, derived from Weyl’s inequality, that we frequently use in the proofs are
given next. For PSD and symmetric matrices {4;} we have

MO DAY (A, and Aa(d ] Ai) =) Ma(Ay).
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Lemma 2. Suppose that (3) holds for all s € [m] and t € [n], for some T 1, €5 > 0. In addition,
let (T's)se[m) and T be non-negative constants such that I's ; < T's < T holds for all s € [m] and
t € [n] almost surely. Then

m n

R(m,n) < T/mnd (ite; Hyom) +ZI‘ \/nI et Hy | Huo )+ 30 Eleg ]

s=1t=1

Proof. The proof follows through the series of inequalities below (explanation added).

n)=EY [A.]

Eq 3] SEY Tory/Tor(baui A Vo) +EY  ens

s,t s,t

I(X:2) STXY: 2] SEY Tauy/Ls(Bsr i Aup. Yor) +EY ea
s,t s,t

[Chain Rlﬂe] = EZ Fs,t \/Is,t(ﬂ*; As,ta Ys,t) + Is,t(os,*; As,ta Ys,t | N*) + EZ €s,t

s,t s,t

[V <\[+\[ <Ezrst\/-[st M*,Asta}/;t +Ezrst\/Ist s*,Astay;t|N*)
+EZ€St

.. <T, <T,¥s,t, wp. 1] <I‘EZ\/I”M*,A”,YH +Zr

+]Ez€gt
[Jensen’s Inequality] <FZ\/EIH (ts; Asty Yst) +ZI‘ Z\/]Elst (05,3 As,ts Yt | fhs)

+EZ€St

EZ\/Ibt 5*7Abt7)/6t|u*)

)

[Cauchy-Schwarz] < I‘\/ngIEISt fha; Asty Yar) +Zr \/nZEIs7t(957*;As7t,Y,7
t

s,t

Y
s,t
[Chain Rule] = T'/mnl (ji; Hyom) +ZF \/nl st Hy | oy Hygy —HEZeSt

The first inequality follows due to Eq. (3).

- The second inequality uses the fact that I(X; Z) < I(X,Y; Z) for any random variables
X,Y,and Z. Here X =0, ,,Y = p,,and Z = (A, 1, Y5 4).

The second equality uses the chainrule I(X,Y;2) = I1(X;Z) + I(X;Z | Y), as stated in
Proposition 8, with the same random variables X, Y, and Z.

The Jensen’s inequality uses concavity of /.
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C Proofs for Section 4.2: Linear Bandit

C.1 Marginalization of the Variables

Notation in Marginalization: Let A (x; i, 3) denote a (possibly multivariate) Gaussian p.d.f. with
mean p and covariance matrix X for variable . We now recall the notations of posterior distributions
at different time of our algorithm

PO;p) =P (05 = 0] po = p) = N (0311, 50), Q(n) =P (psc = ) = N (15 o, £g)
Pu0) = B (0 = 0] Hio) = [ PO:0Q(0) a1
Psy(0) =P (0s = 0| Hysy) o PM(HS,:: |05, = 0) Ps(0),
Qu0) = F (e = | Hiama) = [ P(Heor00s =) PI6: 0/ 46Qu 1 (1)
The marginalization is proved in an inductive manner due to the dependence of the action matrix A
on the history. We recall the expression of the rewards,

T
Y,t = As,tes,* + ws ¢

In each round ¢ and task s, given the parameter 6, , and the action A, ;, the reward Y ; has the
pdf. P(Ys | 054, Ast) = N (Ysy; A£t957*, 02). Let ocx denote that the proportionality constant
is independent of X (possibly a set).

We obtain the posterior probability of the true parameter in task s in round ¢, given the true parameter
1. Let us define for all s < m, and t < n.

t—1
Py (0) =P(Oss = 0| pra, Hizon) < [[ P(Varr | Os = 0, Asr) P(0, 1)
t'=1
S v As 1”0)
g tHI exp ( g | N, Eo)
1 A, AT
Xg eXp <— D (0= A Vo) =5 (0 — Ay Y t/)) N(0; o, 2o)
t'=1

t—1 t—1

o<9exp<—(9—6)TZA*;':}f’(9—0))]\/’(9;”*,20) l@z(z ”/A ZAstlet/

t'=1 t'=1 t'=1
t—1 A
t'=1 t'=1

We now obtain the posterior probability of the true parameter in task s in round ¢ as by taking integral
over the prior of the parameter (..

t—1

Pua®) = P(Ors =0 | i) o [ (Vo |60 =6, 4u) [ PO.Qu ()N

t'=1 H

v — AT,0)
X H eXp( t2t> /N 0 y Ky EO)N(IU‘,NJSaE )dﬂ

t'=1
t—1 A A
g exp ( D (0 — AgpYou )T T2 (0 — Agp Y, m) N(6; fis, 2o + £5)
t'=1
t—1 A AT
Xg €Xp <_ 2(9 - As,t/}/s,f’)T = ;a; - (9 As t’Ys t/)> N(&, /3“87 Yo + Es)
t'=1

19
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t—1 t—1

t—1 T
Xg exp <_ (9_§)TZ$(9 0)) N(a;ﬂs720+2s) lé_ (Z %)712As,t’y’s,t’

t'=1 t'=1 t'=1
t—1
t/As t’ — t’As N — ~ &

g N (9; (Z Z Ag Yo, Z St ety 1) N(0; fis, Zo + Xs)

t'=1 t'=1 t'=1

A el t/A
xg N (9; St ((20 +34) s + Z A Y, f/> s t) lz; (Zo + 25) Z ]

t'=1 t'=1

Thus, for fis; = is,t ((Eo + f]s) s+ Zt, 1 As t/YS,t/), the parameter conditioned on the
history is distributed as 6 . | Hy.s1 ~ N (fis 1, S7t).

We now compute the posterior of the meta-parameter 1, in a similar way, but some of the computation
can be avoided by using Lemma 7.

Qo () = / (H, | 0. = 0)P(6; 1)d0Q, (1)

X0, 1_‘[[P> st ‘ 95* =0,A t) (Q,M)der(H)

9t1

X9, P(Yoi | 0o = 00, Agt) P00, 11)d0sQo (1)
1/ 11

0c 121
= N(Ms+1728+1)

The second equality is obtained by expanding out the Qs(u) expressions iteratively, and using the
fact that Qo (u) is the prior distribution of 4 at the beginning. The final equality follows from the
application of Lemma 7, by observing that the expression describes a setting identical to the setting
therein, with actions xp; = A, for all € [s] and ¢ € [n]. The probability of playing the actions
Ay + (as oppossed to fixed z, + in Lemma 7) are absorbed by the proportionality constant.

Recall that we have due to Lemma 7, for G, = Y, Ay A7, V¢ € [m] and for any s € [m)],

s—1 s

S =Y G -G (S + ) &=t

1
1+ G (2071_‘[_@)*1 Ea1

o2 o2

q

Further, if in task ¢ if forced exploration is used, then G/ is invertible, and using Woodbury matrix
identity we have
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C.2 Proof of Lemma 4

Lemma 4. For any Hy.s -adapted action sequence and any s € [m)], we have

18 Hy | pros Hi 1) < $log (14 2E0%) | 1(ju,; Hin) < $log (14 578525 )

Proof. We obtain the conditional mutual entropy of 6 . given the history upto (s — 1)-th task and ¢
(similar to Lu et al.[33])

I(Os; H | s, His— 1) h(Os s | pra, His—1) = h(Os s | pra, H.s)
E[hs—1,n41(0s | 1)) — ElPs,nt1 (05,0 | )]
log(det(2meXg)) — E[L log(det(2meSs . .))]
E

[log(det(X) dct(E L))

ERONTS

< glog (f[ Ai(Zo) (Ai(lzo) N ;))
< 41og (1 +nA1<§o>)

The first inequality follows from the definition of conditional mutual information (here we have outer
expectation). Using the relation between the history-independent and history-dependent entropy
terms we obtain the second inequality. Note that fs_1 n41(0s,« | ft«) is independent of history, as
the 6, , given ji, does not depend on old tasks.

For the first inequality, we derive the following history independent bound.

XNi(Eah ) =N (Egl + 2% Z As,t/Azt,)

t'=1

n As /AT ’
<A (%) A <Z — )

t'=1

1 n As t’AZt/
t —_—
)\i(zo) i (Z 0'2

t'=1

1 n

<
- )\1(20) * 0'2

The matrices % Z?,:l Asyt/AsTﬂf,, and X ! are Hermitian matrices, giving us the first inequality by
applicaiton of Weyl’s inequality. The last inequality first uses linearity of trace, and tr(A&t/AsT)t,) =
tr(Ait,As,t/) < 1, by Assumption 1.
Similarly, we derive the mutual information of the meta-parameter of 6 given the history as follows
I(p; Hizm) = h(pa) — B(ps | Hiim)

= h(/”'*) - E[hm,n-&-l(,u‘*)]

= 1log(det(2meX,)) — E[3 log(det(2meX,41))]

= 3Ellog(det(%,) det(3,4,))]

A(2g)
< dipg (14 10AZG)
=2 °g< (o) + 0

For the final inequality above, we derive a history independent bounds in a similar manner.

—1
m n AT
Ai (Zm1+1) < )\l(qu)+)\1 E (§}O+(Z %) 1)

s'=1 t'=1
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C.3 Proof of Lemma 3

Lemma 3. For all tasks s € [m)], rounds t € [n], and any ¢ € (0,1], (3) holds almost surely for

(Zs,t)
I, =4 max log(4)A]/d), €5t =1/2002 . + 2E, i Eg ¢ 1110s.41|2] 5
i \/10g(1+0max( S g(4Al/0), e (Ss) s {1054 2]

where &g 4 is the indicator of forced exploration in round t of task s. Moreover, for each task s, the
following history-independent bound holds almost surely,

A1(2g) (1 + nxl(zo)>
)\1(20) +02/77+8>\1(E )

(&)

Proof. We next derive the confidence interval bounds, similar to Lu et al. [33], for the reward Y ;

around it’s mean conditioned on the history H,_; U H, ;1. Let Gg .+ be the parameter sampled by
TS in task s and round ¢, when we do not have forced exploratlon

Es,t[As,t] = Es,t[AZ*Gs,* - Aztes,*} = Es,t[AZ,tés,t - Aztgs,*]
The last equality holds as for Thompson sampling (i denotes equal distribution)
Ai*es,* | Hl:s,t i Acsr’tés,t ‘ Hl:s,t~

When for task s and round ¢ we have forced exploration the bound is given as

Es,t[As,t] [AZ é AZ—:teS,*] + Es,t[AZ—:*es,* - Aztés,t]
<E,,[AT, é&t — AT,0,.] + 2E, [max a7 0, .|]
’ ’ acA

S Es,t[AZ:tes,t - Agtes,*] + 2Es,t[”9$,*”2]-

In the second last inequality we use the fact that 0, . | Hi.s 4 9s,t | Hi.st.
Recall Y ;(a) denote the reward obtained by taking action « in task s and round ¢. Also recall that
st | Hi:st ~ N (fis,t, Xs,t). Let us consider the set

O+ = {06 | a’h — aTﬁAsvt |< F;t \/Is,t(as,*; a,Ys(a)),Va € A}.
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The history dependent conditional mutual entropy of 6 , given the history H;_; U H, ; (not (i)
(which will be useful in deriving concentration bounds) as

Is (es *7As taYst) h (95 *) _hs,tJrl(es,*)
i 1og(det(27re(is,t_1))) — Llog(det(2meXs )
% log(det(f]s,t_l i:é))

Llog (det <I+Zst | Ao A)>
1 log (det (1 + 714* 1Hoto14s t))

The last step above uses Matrix determinant lemma.' Recall that o
forall s < mandt¢ < n. For§ € (0, 1], let

02 237 _
Tr=4 ;< t-1) — log(4A).
10g<1 +O—max(257t—l)/o— )

Now it follows from Lu et al. [33] Lemma 5 that for the Iy ; defined as above we have

]Ps,t(és,t € G)s,t) >1- 5/2

3 — T
mmx(zsyt) = MaXgeA @ Zs,f,a

We continue with the regret decomposition as
Es,t [As,t]

=E, [l(és,t, s+ € Ost) (Aztés,t — Agtos,*ﬂ +Eg ¢ [lc(és,tyes,* € O44) (Az,tés,t — Aztes,*)}

< B [Z 1(Aus = @) /Lo (0s 00, Y ()

acA

~ ~ 2
+ \/Ps,t(os,t or 93,* ¢ @s,t)Es,t [(Aztas,t - Aztes,*) :|

~ ~ 2
S Fs,t\/Is,t(es,*; As,tY;,t) + \/Ps,t(gs,t or 93,* ¢ @s,t) glea_,i( \/Es,t |:(aT05,t - aTgs,*> :|

S Fs,t\/ls,t(es,*; As,tYe,t) 250}2113)(( s, t— 1)

€s,t

- The left side term in the first inequality uses the definition of ©; ;. The right side term
in the first inequality holds due to Cauchy—Schwarz. In particular, we use E[XY] <

E[X2E[Y?] with X = 1¢(d,,,0,. € O,,) and Y = (Aités,t _ AST,te&*).
- The left side term in the second inequality follows steps similar to proof of Lemma 3 in Lu
et al. [33]. The right side term in the second inequality maximizes over the possible actions

(we can take the max out of the expectation as action A; ; is a function of history upto task
s, and round ¢ — 1). The last inequality follows from the following derivation

E’s,t [(aTés,t - ClT@s}*)Q}
]Es,t {GT ((ésﬁt - /Js,tfl) - (9&,* - ,U/s,tl))2:|

S aT (Es t |:(és t — Ms tfl)(és,t - Ms,tfl)T:| + Es,t [(95,* - Ms,tfl)(es,* - Ms,tfl)T]) a
< 247 ZS —1a < 20de(ES7t_1)

IN

'"Matrix determinant lemma states that for an invertible square matrix A, and vectors u and v
det (A+uv”) = (1+v"A " u) det (A). Weuse A =1, u=23,, 14,1, andv = A, /0.

23



This conclude the proof of the first part.

2 (Bat) S AM(2s). Indeed, as [|al|2 < 1, we have
Set) = TS0 < T (Bsr)a < A(Ss1).
) =maxa” Yy ra < maxa A (Xsp)a < Ay (Vi)

We first claim that o

0-12‘[] ax (

Furthermore, \; (3, ;) decreases with s and ¢ (precisely with n(s — 1) 4 t). To show this we use

AM(Sse) =271

t
_ AL A, AT,
:)\d1<(20+25) 1+Z 702 * )

t'=1

t—1
& A, AT,
g Agl <(EO+ES)1 + Z :'702 = )

t=1
=2 (0) = M(B)
T
The inequality holds due to Weyl’s inequality and % being a PSD matrix. In particular, we
have Ag(A + B) > Ai(A) + Ag(B), given A and B are Hermitian. Thus
A (A4 B) < (Ma(A) +Xa(B) ! < 271 (A).
. . n AS t/ATt/ .
Recall in each task s, due to forced exploration, we have A\y(D_; _; —=z=) > %, where ) is

the forced exploration constant. We now prove an upper bound for the term \; (f]s) independent of
action sequences.

AL(Z0 + ) — A (Zo) < Ar(Bs) = A (B

, ~1
_ ;1 5, +Z<Z‘A’1’A’f’> (E +ZA/f/A/f/> 20—1

‘=1 \t'=1 t'=1
-1

-1
)+ Z Ad (Eo + ( Z %)_1>

<

s'=1 t'=1

s—1 n T -1\ !
< Aa(E0) + Z </\1 o) + M1 ((Z AS,’t(;;qsl't')1>>

s'=1 t'=1

< (A(Z) + sOu(S0) +02/m) 1)

In the above derivation, we use the Weyl’s inequalities multiple times. Note the direction of inequality
should be < if there are even number of inverses, whereas it should be > if there are an odd number
of inverses associated. The first inequality uses the inequality Ag(D>_, A;) > >, Aa(A;) given all the
matrices A;-s are Hermitian. The second inequality similarly uses A1 (>, A;) < >, Ai1(4;) given
all the matrices A;-s are Hermitian. The final inequality uses the minimum eigenvalue bound when
forced exploration is used.
This concludes the second part of the proof, in particular

A (20) (14574
A1 (Bo)+o2 /ntsii(Zq)

Set) <M (B0 +3) < M(Zo) [ 14

max(

C.4 Proof of Theorem 5

Theorem 5 (Linear bandit). The regret of AdaTS is bounded for any § € (0,1] as
R(m,n) < eyvVdmn + (m+c3) Rs(n;pe) +  csdm

Learning of jt« Per-task regret Forced exploration
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where

o2

. A1 (Z)+A1(Z0) 1(Bg)m
c1 = \/81 ( IM) log(4[A]/6) log (1 + m) )
og| 14+

cy = <1 + 77/\;’7(220)) logm, and c3 = 2\/||114]12 + tr(Z, + o). The per-task regret is bounded as
Rs(n; ps) < cavdn + /20 A1 (20)n, where

e = [8— AU log(4]4]/0) log (1 4+ 226 )
10g<1+T>

Proof. We note that, for each s, we can bound w.p. 1

a®/n
A () (11 =)
A(Zo) [ 1+ ,\1(20)+02/n+1skf(2q)
N ey los(al41/0)
Al(z ) A (Zq )(1+/\ ) ))
log [ 1+ R e e ey e

This is true by using the upper bounds on amw(E ¢+) in Lemma 3, and because the function
v /log(1l + ax) for a > 0 increases with z. Similarly, we have

0_2
M (3 (14 5obly)
A (Z0)+02/n+sr1(2q)

637,5 S 5)\1(20) 1 +

Therefore, we have the bounds I's ; < I'g w.p. 1 for all s and ¢ by using appropriate s, and by setting
s =0 we obtain I'.

We are now at a position to provide the final regret bound. For any § > 0

R(m,n) < T/mnl(u; H, —I—IEZF \/nl (Os,; Hs | puey Hs—1 —HEZeSt

A (Sq) + Ai(Z0) i mnA (Sq)
4%bﬁHﬁh@ﬁ+h@MVﬂf%M'A”®¢m%1go+naww+ﬂ>

regret for learning p

A (20 (1452

M) | 1+ Smrermran (s,

+) 4 e

by (E ) )\1(2 )(1+)\ (E ))
1+ 1020 1 A (Zo)+02/n+sA1(Zq)

log(4|A/5)\/n‘21 log (1 + n)\l((fjo))

log

M (20) (14524

A (Zo)+02/n+si1(2g)

) [1105,l2]

<4 A1 (Zg) + Ai(Xo)
=\ log(1+ (AM(Eg) + Mi(20))/0?

+) n | 200 (20) | 1+

s=1

(E5e

s=1t=1

mny (2q)
) 10g(4|A/6)\/ng log (1 + n)\d(EOW)

regret for learning 1o
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LN M E) O Co) o /)
+ (m + 221 (Z0) A11(20)+012/770+8>\1(Eq)> X

s=1

4 &bg@ﬂfu/é) ndlog (1 + anO)) + /21 (%0)0
log (1 + Alg‘))) g

+ 2mdy || g3 + tr(Sq + So)

A1 (Zg) + A (Eo) 41 _mni(Ey)
=4 \/1og(1 (M () + M (Do) 02) 10g(4|“4/5>\/m”2 log (1 T (o) + 0—2)

regret for learning

0_2
+ (m +(1+ Al(gz))log(m)) X

4

A1 (%o) ) 1og(4|A|/5)\/ng log (1 + n)\l((j:o)> +ny/2M1(Z0)8

log (1 + Lg(’)

+ 2mdy || gl + tr(Sg + So)

The first inequality follows by substituting the appropriate bounds. The second inequality first
removes the part highlighted in blue (which is positive) inside the logarithm, and then uses the fact
that T+ 2 < 1+ /2 forall z > 1. We also use E[||0s . [|2] = /[[114]13 + tr(X, + o) and the
fact that AdaTS explores for d rounds in each task. The final inequality replaces the summation by an
integral over s and derives the closed form. O

26



D Proofs for Section 4.3: Semi-Bandit

In this section, we expand the linear bandit analysis to handle multiple inputs as is common in
semi-bandit feedback in combinatorial optimizations. Furthermore, as the rewards for each base-arm
are independent for each arm we can improve our analysis providing tighter prior dependent bounds.
The center piece of the proof is again the mutual information separation between the meta-parameter
and the parameter in each stage. However, in the regret decomposition we sum the confidence
intervals of different arms separately.

Notations: We recall the necessary notations for the proof of regret upper bound in the semi-bandit
setting. For each arm k the meta-parameter ju, i ~ N (pq,k, 027 ;). The mean reward at the beginning

for each task s, for an arm k is sampled from N (/l*,lm ag’ k) The reward realization of arm k in

round ¢ and task s is denoted by Y; ;(k) = 05 . (k) + ws (k) where be the reward of the arm k at
time ¢ (arm k need not be played during time ¢). Then the reward obtained for the action a (a subset
of [K] with size at most L) is given as Y5 ;(a) = >, c, Ys.¢(k). Let, for each task s and round ¢, the
action (a subset of [K]) be A, and the observed reward vector be Ys ; = (Y 1(k) : k € Ag ).

The linear bandits notations for history, conditional probability, and conditional expectation carry
forward to semi-bandits. Additionally, let us denote the number of pulls for arm k, in phase s,
upto and excluding round ¢ as Ny +(k). The total number of pulls for arm k in task s is denoted as
N;(k) = Ns n41(k), and up to and including task s is denoted by Ny.4(%).

Mutual Information in Semi-bandits: The history dependent and independent mutual information
terms are defined analogously, but we are now interested in the terms for each arms separately. For
any arm k € [K] and action a C [K], the history dependent mutual information terms of interest are

|: ]P)s t(9 ( ) As,tvyvs,t | N*,k) :|
Ps t( ( ) ‘ s, k) s,t(AsJa}/s,t | /J/*,k:)
Lou(0su(k); 0, You(a) | o) = B {Ps — P,, t/(f) k(j)t Y:té;;) o k;{l) ‘ u*i),A a)]
]P)s,t (ﬂ*,ka As,ta K‘;,t)
s,t(M* k)Ps t(As ty Ys t):|

Pyt (b, Yst (k) | Asp = a) }
(k) | Asp=a)Ps(Yse(a) | Asi=a)

The history mutual information independent terms of interest are

I(Gs,*(k)v As,ta Ys,t ‘ Mo ke s Hl:s,t) = E[Is,t (95*(k)7 As,tv Ys,t | N*,k)]?
I(:u*,k; As,t7 Ys,t | Hl:s,t) = E[Is,t(,u*,k; As,t7 Ys,t)]~

Ist( ()Astayst‘ﬂ*k) E

Is,t(ﬂ*,k; As,ta 1/s,t) = Es,t |:]P)

Lot i 0, Yo 1(a)) = Eo s [PS s

We now derive the mutual information of 0, . (k) and events in task s, i.e. Hy, given [« k> and history
upto and excluding task s, i.e. Hy.5_1.

Lemma 9. Forany k € [K]|, s € [m], and Hi.s, adapted sequence of actions ((Ast)j—1)7,, the
Sollowing statements hold for a (K, L)-Semi-bandit

I(es*(k)aHs | M*7k7H1:s—1) - Ezps,t(k S As,t)ls,t(es,*(k); k?YS,t(k) ‘ M*k)
t

I(:U/*,k: | Hl:m) = Ezzps,t(k' S As,t)Is,t(,u/*,k:; k7 n,t(kﬁ))

s t

Proof. The proof follows by the application of the chain rule of mutual information, and noticing
that the rounds when an arm k was not played the mutual information I ; (05 .. (k); k, Y5 (k) | fts.k)
and I, (p ; k, Ys 1 (k)) both are zero. This is true because no information is gained about the
parameters 6, .. (k) and p.  in those rounds.
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1(95*(k)7 HS | Mo ks Hl:sfl)
= EZ 1(98,*(k)7 A87t7 }/S,t | Hox ke Hl:s—l; Hs,t—l)
t

= Ezls’t(esl*(k>;AS,t7}/.s,t | ’u/*)k)
t

=E> Y Por(Aes = a) s (B n(k); a, Yar(a) | frar)

t acA

=E> > Poi(Ass = a)L(k € a) (05 (k); k, Yar (k) | 1 1)
t acA

HED Y Poi(Aae = a) g (05 (k)ia\ k, Yap(a\ k) | g, (k, Yar(k)))
t acA

=B Pk € Ag ) Lot (s n(R)i b, Veu(B) | i)
t

Here, a \ k implies the action with arm &k removed from subset a. Due to the independence of
the reward of each arm, for any fixed action a, 0 (k) L (a \ k,Y; (a \ k)) conditioned on fi, ,
(k,Ys,(k)), and history Hy., ;. Therefore, we have

Lt (0s,5(K);a\ b, Y u(a\ k) | pis, (K, Y5 (k) = 0.
A similar sequence of steps lead to
I | Hiom) =B Y Poy(k € Ag i) Lo st ki b, Yar (k).

s t
The above equalities develop the chain rules of mutual information for each of the arms separately,
by leveraging the independence of the rewards per arms. O

Per Task Regret Bound: We derive the per task regret using the information theoretical confidence
intervals while accounting for each arm separately. Let the posterior distribution of 6, , (k) at the
beginning of round ¢ of task s be N (fis ¢ (k), 62, (k)) for appropriate ji (k) and 62 , (k) that depends
on the history Hy.s 4, forall k € [K], s € [m], and t € [n]. We will derive these terms or bounds on
these terms later.

Lemma 10. For an Hi.s, adapted sequence of actions ((As)p—1)72q, and any § € (0,1], the
expected regret in round t of stage s in a (K, L)-Semi-bandit is bounded as

Es,t[A Z ]P)s t k € As t < st \/Is t s, * kyy.s,t(k)) + \/26}1{0-3,t(k)> ’ (6)

ke[K]

where

Ty (k) =4 75 (k) log(4K).
IOg(1+Ust 1(k)/o?) 0

Proof. Similar to linear bandits we have without forced exploration

Est = st Z 95* Z 68,*(k)]

k€A, « k€A, ¢

= ES,t[ Z éS,t(k) - Z 93,*(k)]
k€A ¢ k€At

= ES,t[Z 1(Ast = a) Z(é&t(k) — 05, (K))]
acA ke€a

- Es,t[ Z ]l(k € AS,t)(QS,t(k) - 98,*(16))]
ke[K]

= Z Ps,t(k S As,t)Es,t[és,t(k) - 937*(](1)]

ke[K]
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The second equality is due to Thompson sampling (g denotes equal distribution)

Z 95,*(k) | Hl:s,t g Z és,t(k) | Hl:s,t~

k€A, k€A,

When forced exploration is used in some task s and round ¢ we have, 0, .(k) | Hy.5, 4 ésyt(k) |
Hiy.gy

Eor[Dst] =Baal D 0su(k) = Y 0s.(k)]

kEA, .. k€A,

= Es,t[ Z és,t(k) - Z 95,*(1{7)} + Es,t[ Z 95,*(k) - Z és,t(k)]
k€At k€A, 4 k€A, « k€A, 4

= ES,t[ Z éS,t(k) - Z 93,*(@] + ES,t[ Z 93,*(k) - Z ést(k)]
keAs ¢ k€At keA « k€At

S Z IP>s,t(k/’ S As,t)Es,t[é&t(k) - es,*(k)] + 2\/?]}‘:5,25[ Z 9?,*<k)]
ke[K] \/ keK

For each k € [K], for appropriate fis.(k) and 63 (k) we know that HAM(k) | Hisp ~
N (fis,i(k),62 (k). We define the confidence set for each arm k at round ¢ of task s, for some
I's +(k), which can be a function of Hy., 4, to be specified late, as

Oua(K) = {011 6 — s o(k) |< 0 /1,4 (B (B b, Y (B}
A derivation equivalent to linear bandits, gives us
52, 1 (k
Lyt (B ()3 K, Yo o) = S log (14 Z0).

Because, we only consider arm k& we obtain as a corollary of Lemma 5 in Lu et al. [33] that for any &,
and any 5% > 0 for

)
_ O—s,tfl(k) 1K
Fealh) = 4\/ loa(1 1 62, (R #0)
we have P, (., (k) € O,4(k)) >1—§/2K.

We proceed with the regret bound as

Es,t[éS,t(k) - 9&*(’“)]

SEs i [1(0s,6(k), 0.« (F) € Os,6(k)) (05,6 (F) — 05, (K))]

+ By t[1°(0s,0(K), 05, (k) € Ot (k) (0,6 (k) — 0, ())]

< Fs,t(k)\/fs,t(&,*(/f); k,Ysu(K)) + \/P(és,t(/f) or O, (k) & O, (k) Eq o (0, () — 0s.4(k))?]
< P (Tt O (R): e Yot (R)) /B[ (B () — it (B))? + (B e (k) — e (K))?

< Tt T (Oun (R): 1 Y (B)) + /25402, ()

This concludes the proof. O

Regret Decomposition: We now develop the regret decomposition for the (K, L)-Semi-bandit
based on the per step regret characterization in Lemma 10.

Lemma 11. Let, for each k € [K], (I's(k))se[m) and I'(k) be non-negative constants such that
T (k) <Ts(k) <T(k) holds for all s € [m] and t € [n] almost surely. Then for any § € (0, 1] the
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regret of AdaTS admits the upper bound

R(m,n) <VmnKL [+ Z T2(k)I(ts s Hiom) +2\/mK Z (,ug(k) +0'(2J7k +03,k)

ke[K] keK

+Z VKL |5 Y T2(k)I(0s(k); Hy | prap, Hior) + 1 [20% Y 62(k)
ke[K] ke[K]

Proof. The regret decomposition is computed in the following steps. Recall that &; ; is the indicator
if in round ¢ of task s we use exploration.

ZAst
<E Z Zpat keAét < 5t \/Ibt 5* k;Ys,t(k))>

sl ke[K]

+E [Z D Poa(k € Ag)eas(k)| +2E | D EVEE [ [ 62,.(k)]
st ke[K] st keK

<E[Z ZIP’St ke Ay < st \/Ist o u*,k;k,Ys,t(k))>

st ke[K]

+E (D) Poulk € Agy)y /20502 ,(k) | +2mK>PE[ [ 02, (k)]
st ke[K] kek

=k [Z D Puslk € Asy) < st \/Iet sox(R)i ke, Yoi(R) | k) +Is,t(u*,k;/€,Ys,t(k))>

st ke[K]

+E [Z S Bk € Ay /2602, (k)| +2mEY? |3 (Mg(k) o2, +a§7k)

st ke[K] keK

<E [Z 3" Polk € Agi)Tou <\/15t o (R): b, Ya g (R) | u*,k)+\/Is,t(ﬂm;k,ys,t(k)))

sl ke[K]

+E [Z S Bk € Aoy /2602, (k)| +2mEY? |3 (ug(k‘)—i—og’k—&-aik)

st ke[K] keK

)Y Y E [Z Pan(k € Au )/ Tus (B (k)i B, Yoy (B) | 1. t)

s ke K] t
+ Z lz ]P)s,t(k S As,t)\/ls,t(,u*,k; k7Ys,t(k))
ke[K] 55t
4_22\/7 ZPétkeAét —|—2mK3/2 Z(/J’q "‘%k"’aqk)
s ke[K] keK

The first inequality follows from the expression for the reward gaps in Equation 6. The next two
equations follow due to the chain rule of mutual information, similar to the linear bandit case. The only
difference in this case we use the parameters for each arm (65 (k) and L« 1;) separately. Also, we use
the fact that there are at most m K rounds where forced exploration is used for the m tasks. The next
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inequality is due to v/a + b < /a + V/b. The final inequality follows as T'y ; (k) < T's(k) < T'(k),
and 05+ (k) < os(k) w.p. 1forallk € [K],and s < mand ¢t < n.

‘We now derive the bounds for the sum of the mutual information terms for the per task parameters
given the knowledge of the meta-parameter.

> Z Iy (k)E [Zm,t(ke A )y T (B (R): k. Yoy (B) | ﬂ*,m]

s ke[K

=53 Z \/]P’Syt(k € Asyt)\/lP’s,t(k € As i) st (054 (K)s ) Yy 1 () | u*,k)]

s kelK)

< Z Z F \/Z Ps’t(k’ S As,t)\/Z ]P)s,t(k S As,t)Is,t(es,*(k); k7)/;,t(k) ‘ /'L*,k)

s ke[K]

<> > Lk EZPS,M € As,a\/lE;Ps,t(k € A ) Lo (Os (k) e, Yoo () | prace)

s ke[K]
_Z Z E)VEN,(k \/I s (k) Hs | pa ko, Hi:s—1)
s ke[K]
<Y KDY ENGS(K) [+ > T2(k) (k); Hs | pooc s H1:5-1)
s ke[K] ke[K]
—Z\/ﬁ Z 1“2 )H |M*k7Hls 1)
ke[K]

The first equality is easy to see. Next sequence of inequalities follow mainly by repeated application
of Cauchy-Schwarz in different forms, and application of chain rule of mutual information. We now
describe the other ones.

- The second equation follow as Y, a;b; < />, a7 >, b7 for a;,b; > 0, with a; =

V IP)s,t(k' € As,t) and bz = \/]P)s t(k ) (9 )k (k)7k’Y97t( ) | :u’*,k)'

- The third equation uses E[XY] < +/E[X?]E[Y?] for X,Y > 0 w.p. 1 (positive random
variables).

- The next equality first uses the relation E) ", P, +(k € A;;) = E[N,(k)] where N,(k)
is the number of time arm k is played in the task s. Then it also use the chain rule for
I(es,*(k); Hs | Mo ke Hl:sfl)-

- For the next inequality, we apply Cauchy-Schwarz (3~, a;b; < \/>_; a7 >, b?) again as

a; = /E[Ny(k)] and b; = I (05, (k); Hy | fts,k, Hi:5—1). Also note that K and - cancels
out.

- The final inequality is attained by noticing E[> ©, N,(k)] < nL, as at most L arms can be
played in each round.

The sum of the mutual information terms pertaining to the meta-parameter can be derived equivalently.

» T(k)E

S Pui(h € Au)y/Tus (e ik, Ys,t(k))}

ke[K] st
S sy VParlk € Au)yPailh € Au)Tay(paii b, Ys,tac))]
ke[K] L s,t

S Y THRE | D Pk € Acr) | Por(k € Ag)oi(pans b, Yeu (k)
ke[K] LY st s,t
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IN

SO T(k) JEY Pas(k € Ac), [ED Pos(k € Asi) It ki b, Var(k))

ke[K] sit 5.t

= > T()VEN (0 T i)

ke[K]

\/K Z IE]Vlzm Z FQ ,u*,k;Hlim)

ke[K] ke[K]

IN

=VmnKL |% Y T2(k)I (s k; Him)

ke[K]

For the third term we have

> 20L62R)ED Paa(k € Agy)

ke[K] t

< Z 26 %62 (k)E[N, (k)]

261202 Z

20+ ]<n [26+ a2
ke ke K] ke[ K]

This provides us with the bound stated in the lemma.

Finally, we have B[/, o 62 (k)] < \/ZkeK (ug(k) + 05+ 037,@)

O

Bounding Mutual Information: The derivation of the mutual information can be done similar to
the linear bandits while using the diagonal nature of the covariance matrices. We present a different
argument here.

Lemma 12. For any Hy.; -adapted action-sequence and any s € [m] and k € [K], we have

2
T(@,0 (k)3 Hy | s Hizoo1) < 3log (1475 ) |
2
. 1 9q,
I(,U/*,ka Hl:m) S 5 log (1 “+ mm) .

Proof. We have the following form for the conditional mutual information 6 . (k) with the events
H (k) conditioned on the meta-parameter /i j, and the history of arm & pulls upto stage s (for each
s) Hy.5—1, as a function of Hy, given as
2
90,k )
o2 |-

Another way to see this is, in each stage if p, ; was known then the variance of the estimate of
05 «(K), or equivalently of (65 .(k) — pi« 1), after N, (k) samples and with an initial variance o§ ,

- 1
willbe S, o2
Thus we have the multiplication with P(N4(k) > 1). The mutual information is then derived easily.

100 (k); Hy | in g, Hioo1) = SElog (1—|—N (k)% ) < %bg(

We note that only when Ng(k) > 1 the mutual information is non-zero.

Similarly, the mutual information of 65 .. (k) and the entire history of arm & pulls, i.e. Hy.,,(k), is
stated as follows.

2
' 1 o—%k
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We claim (proven shortly) that at the end of task m the variance of estimate of s ;. is (6, 2(k) +
>owr—1(03 y + 0% /Ny (k))~')~". This gives the first equality. The final inequality holds by noting
that minimizing the terms 02 /N, (k) with N,(k) = n, for all s, (as any arm can be pulled at most n
times in any task) maximizes the mutual information.

We now derive the variance of p. ;. Let the distribution of ., j at the beginning of stage s is
N (fis(k), 52(k)). From the N,(k) samples of arm k, we know 0, (k) ~ N (0,(k), 02/N,(k))
where 0, (k) is the empirical mean of arm k in task s. Further, 0, . (k) — . x ~ N(0, 3 ) by our
reward model. Thus, we have from the two above relation

o? /Ns(k) i 2 2
M*,kNN<WW95(k),Uo7k+U /Ns(k)>'

However, we also know independently that i, . ~ N (fis(k), 52(k)). Therefore, a similar combina-

tion gives us f.  ~ N (fis41(k), 52,1 (k)) where e
frasa (k) = 62, (K) (s (0)52(R) + 0. (K)o /N ()
6,21 (k) = 672 (k) + (03 4 + 0 /Nu(k) ™!

The last equality follows from induction with the base case 63 (k) = o ;.. O

Bounding I'(k): We finally provide the bound on the I'(k) and I'(k) terms used in the regret
decomposition Lemma 11.

Lemma 13. Forall s € [m], and (I's(k))scim) and T'(k) as defined in Lemma 11 admit the following
bounds, for any § € (0,1], almost surely

2 (1+‘72/08,k)03,k
UO,k (]‘ + (¢7g7k—‘,-172)—&-51'1—31,c

Py(k) < 4 : oy loe (),
1 70,k (A+07/5,1)0 x ’
5log;(lJr o (1+W>)

90 Ic+‘7§,k 4K
Pk <4 REARLER
10g<1+ 0 kgz q,k>

Proof. At the beginning of task s we know that 0, .(k) ~ N (fis(k), 05, + 0Z(k)). And as the
variance of 65 . (k) decreases during task s with new samples from arm &, we have the variance

2 2y _2
(go,k+0 )o-q,;c
(Jo,k+02)+saq,k

a—?,t(k) < 0(2),k +62(k) < Jg,k +

The inequality holds by taking N, (k) = 1 in the expression of 52 (k) for all tasks as arm k has been
played using forced exploration.

Therefore, we can bound I's(k), for any s, as

1—‘,—0’2 o2, )o? §
087’“ (1 * (((73 ﬁff;;i)W%Z) 4K
FS(k) = 4 1 ‘73 k N (1+‘72/‘7§k)‘72 k log(T)
5 log (1 + 3 (1 + 7(031”02)4503’& ))
0'2 0'2 .
This implies T'(k) < 4 % 1og(%) by setting s = 0. O
log <1+70 e )
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Deriving Final Regret Bound: We proceed with our final regret bound as
Theorem 6 (Semi-bandit). The regret of AdaTS is bounded for any ¢ € (0,1] as

R(m,n) < eyVKLmn + (m 4+ ¢2) Rs(n; ) +  esK*?m 4 cqoV20mn,

Learning of [« Per-task regret Forced exploration
where
=4 g 3 — e log(K/8)log (1+ TR,
kE[K] 10g(1+7q k370, ) ot/

_ o® . — 2 2 2
- <1 " [Kr?%f)(;po 0, k) logm, ca=2 Z (’uq,k’ T Ok T UO,k)’

ke[K]
a= |% Z 1og(1+ qkm).

ke[K]: 00,,=0

The per-task regret is bounded as Rs(n; j1.) < csvV K Ln + \/26% > ke(i] To, 11 Where

k€[K]: 00,,>0 108

o 1 0'2 0'0 kn
cs=4 | Z 70 log(4K/é)log (1 +
(%)
The prior widths 041, and o 1, are defined as in Section 3.1.
Proof. We now use the regret decomposition in Lemma 11, the bounds on terms I'(k) and T'(k) in

Lemma 13, and the mutual information in Lemma 12 bounds derived earlier to obtain our final regret
bound for the semi-bandits. The regret bound follows from the following chain of inequalities.
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The derivation follows through steps similar to the corresponding derivations for the linear bandits.
In the second inequality we differentiate the arms which has 02 , = 0 against the rest. Any arm k

with a&k = 0 has no mutual information once i, is known, i.e. I(0s .(k); Hs | ps o, H1:5-1) =0
for all such k. O
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Figure 4: AdaTS in a K-armed Gaussian bandit. We vary both K and meta-prior width .
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Figure 5: AdaTs in a d-dimensional linear bandit with K = 5d arms. We vary both d and meta-prior
width o,.

E Supplementary Experiments

We conduct two additional experiments. In Appendix E.1, we extend synthetic experiments from
Section 5. In Appendix E.2, we experiment with two real-world classification problems: MNIST [32]
and Omniglot [30].

E.1 Synthetic Experiments

This section extends experiments in Section 5 in three aspects. First, we show the Gaussian bandit
with K € {2, 4,8} arms. Second, we show the linear bandit with d € {2, 4, 8} dimensions. Third,
we implement AdaTS with a misspecified meta-prior.

Our results are reported in Figures 4 and 5. The setup of this experiment is the same as in Figure 2,
and it confirms all earlier findings. We also experiment with two variants of misspecified AdaTS. In
AdaTS™, the meta-prior width is widened to 30, This represents an overoptimistic agent. In AdaTS™,
the meta-prior width is reduced to o, /3. This represents a conservative agent. We observe that this
misspecification has no major impact on the regret of AdaTS, which attests to its robustness.
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Figure 6: AdaTs in two meta-learning problems of digit classification from MNIST. On the top, we
plot the cumulative regret as it accumulates over rounds within each task. Below we visualize the
average digit, corresponding to the pulled arms in round 1 of the tasks.
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Figure 7: AdaTs in two meta-learning problems of character classification from Omniglot. On the
top, we plot the cumulative regret as it accumulates over rounds within each task. Below we visualize
the average character, corresponding to the pulled arms in round 1 of the tasks.

E.2 Online One-Versus-All Classification Experiments

We consider online classification on two real-world datasets, which are commonly used in meta-
learning. The problem is cast as a multi-task linear bandit with Bernoulli rewards. Specifically, we
have a sequence of image classification tasks where one class is selected randomly to be positive. In
each task, at every round, K random images are selected as the arms and the goal is to pull the arm
corresponding to an image from the positive class. The reward of an image from the positive class is
Ber(0.9) and for all other classes is Ber(0.1). Dataset-specific settings are as follows:

1. MNIST [32]: The dataset contains 60 000 images of handwritten digits, which we split into
equal-size training and test sets. We down-sample each image to d = 49 features and then
use these as arm features. The training set is used to estimate po and X for each digit. The
bandit algorithms are evaluated on the test set. In each simulation, we have m = 10 tasks
with horizon 7 = 200 and K = 30 arms.

2. Omniglot [30]: The dataset contains 1 623 different handwritten characters from 50 different
alphabets. This is an extremely challenging dataset because we have only 20 human-drawn
images per character. Therefore, it is important to adapt quickly. We train a 4-layer CNN to
extract d = 64 features using characters from 30 alphabets. The remaining 20 alphabets are
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split into equal-size training and test sets, with 10 images per character in each. The training
set is used to estimate po and X for each character. The bandit algorithms are evaluated on
the test set. In each simulation, we have m = 10 tasks with horizon n = 10 and K = 10
arms. We guarantee that at least one character from the positive class is among the K arms.

In all problems, the meta-prior is NV (0, I;) and the reward noise is o = 0.1. We compare AdaT$S with
the same three baselines as in Section 5, repeat all experiments 20 times, and report the results in
Figures 6 and 7. Along with the cumulative regret, we also visualize the average digit / character
corresponding to the pulled arms in round 1 of each task. We observe that AdaTS learns a very good
meta-parameter ., almost instantly, since its average digit / character in task 2 already resembles the
unknown highly-rewarding digit / character. This happens even in Omniglot, where the horizon of
each task is only n = 10 rounds. Note that the meta-prior was not selected in any dataset-specific
way. The fact that AdaTs still works well attests to the robustness of our method.
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