Limitations: The main contributions of our works are theoretical. From a theoretical point of view,
the limitations of our paper are discussed in Sections E]and In particular, we believe that tightening
the gap between the upper and lower bounds in regret will require novel and non-trivial algorithmic
ideas - we leave this as an important direction of future work.

Broader Impact: Due to the theoretical nature of the work, we do not foresee any adverse societal
impact.

A Low rank matrix completion

Below, we describe the Estimate sub-routine to estimate a M x N low rank matrix Q of rank r given
a partially observed set of noisy entries {Z;;}(; j)cq corresponding to a subset €2 C [M] x [N]. Here
EZ;; = Qj for all (4, j) € Q and furthermore, {Z;;}(; j)cq are independent sub-gaussian random
variables with variance proxy at most o'2.

Algorithm 4 Estimate (Low-rank matrix completion ) [17]

Require: Matrix dimensions (M, N), noise variance o2, rank r, subset of indices that are observed ) C
[M] x [N] and noisy observations {Z; }; j)eq-

1: Partition the rectangular matrix into square matrices. Without loss of generality, assume M < N. For each

i € [N], randomly set ¢; to be a value in the set [[N/M]] uniformly at random. Partition indices in [N]

into [N]W,[N]®, ... [N]® where k = [N/M] and [N]? = {i € [N] | ¢ = ¢} for each ¢ € [k]. Set
Q9D — QN ([M] x [N]@) forall ¢ € [k]. {IfM > N, we partition the indices in [M].}
2: for g € [k] do

3:  Solve the following convex program with A = Cxo+/|Q| / max(M, N), for some constant Cy > 0
oD 2
Q) — Zu)

min . 5
Q@ erMx M1 20 o)

+ Q.

where [|Q(@||, denotes nuclear norm of matrix Q%) and v (5) is index of j in set [N](9).
4: end for _ _ ~
5: Return Q € RM*N such that Q@ = QY forall ¢ € [K].

B Explore-Then-Commit (ETC)

We first present a greedy algorithm in the blocked setting with B = 1 (no repetition) that uses the
Explore-Then-Commit (ETC) framework. Such an algorithm has two disjoint phases - exploration
and exploitation. We will first jointly explore the set of items (without repeating same item for any
user) for all users for a certain number of rounds and compute an estimate P of the reward matrix P.
Subsequently, in the exploitation phase, for each user, we recommend the best estimated distinct items
(that have not been recommended in the exploration phase to that user) inferred from the estimated

reward matrix P. Note that if we explore too less, then our estimate will be poor and hence we will
suffer large regret once we commit in the exploitation phase. On the other hand, if we explore too
much, then the exploration cost will be high. Our goal is to balance both the exploration length and
the exploitation cost under the blocked setting. Thus, we obtain the following result:

Theorem 3. Consider the GBB setting with M users, C = O(1) clusters, N items, T recommendation

rounds and blocking constraint B = 1. Set do = min(M, N). Let Rl(fp)u(t)

round, defined as in (). Suppose dy = Q(urlog(rds)). Let P € RM*N be the expected reward
matrix that satisfies the conditions stated in Lemma and let o be the noise variance in rewards.
Then, Algorithm applied to the online rank-r matrix completion problem under the blocked setting
guarantees the regret defined as in eq. to be:

be the reward in each

~ . Ny1/3 N
Reg(T) = O (1T |[P||\/*max (1, 1) + #2|[Pl| o max (1, ) + [P, T2).  ©

In order to understand the result, note that the second term in the regret bound stems from the fact
that in our algorithmic framework, the low rank matrix completion module needs a certain number of
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Algorithm 5 ETC (Explore-Then-Commit Algorithm with Blocking constraint B = 1)

Require: users M, items N, rounds T, noise a ,rank r of P.

1: Setp = CN)((NHPHOO 2“(;‘%\/ ) ) Set do = min(M, N) and A = Co+/dap for
constant C'.
2: For each tuple of indices (¢, j) € [M] x [N], independently set §;; = 1 with probability p and
d0i; = 0 with probability 1 — p
3: Denote Q = {(4,7) € [M] x [N] | 6;; = 1} and m = max;emy | |7 € [N] | (4, 5) € | to be the
maximum number of index tuples in a particular row. For all (¢, j) € Q, set Mask;; = 0.
4: forroundst =1,2,...,m do
5:  For each user u € U, recommend an item p,,(¢) in {j € [N] | (u ]) €Q, Maskuj =0} and
set Mask,,,, () = 1. If not possible then recommend any item p,(t) in [N] s.t. (u, pu(t)) & Q2
and has not been recommended yet to user u. Observe Ri; )
6: end for _ _
7. Compute the estimate P € RM*XN " as  output of P —
Estimate([M], [N}, 02,7, 2 {RY) )} icm)-
8: for each of remaining rounds do
Set j;, = argmax;cnjPuz, (j) for each user u, s.t. 7, (jj,,) has not been recommended before

to u.
10:  For each user u € [M], recommend the item 7, (j7,) to user w.
11: end for

observed indices and therefore a certain number of exploration rounds (note that p > C' u2d; 1 lo,gr3 do
for some constant C' > 0 in Lemma [I). Similarly, the third term stems from the failure of the
estimation module; again, the term T~~ can be replaced by T ¢ for any constant ¢ > 0. The first
term in the regret bound captures the dependence on the number of rounds T - the scaling of T%/3 is
sub-optimal and our subsequent goal is to improve this dependence to the rate of v/T.

Proof of Theorem. 13| Suppose we explore for a period of S rounds such that the exploration period
succeeds with a probability of 1 — v. Conditioned on the event that the exploration period succeeds,
we obtain an estimate P of the reward matrix P satisfying HP PHOo < p. Recall 7, : [N] = [N]
to be the permutation on [N] such that for any 4,5 € [N];¢ < j, we have Pu7r G > Pwum.
Similarly, denote 7, : [N] — [N] such that for for any 4, j € [N];i < j, we have Pu,r () > Pum G)-
Now consider any index ¢ € [T] for which we will analyze P.z.@) — Pur, @) which is the error
if we choose the it item according to the estimated matrix P (instead of P). There are several
cases that we need to consider. First, suppose 7, (i) = m,(j) where j < 7. In that case, we have
Pz, () — Pun,(i) = 0. Now, consider the other case where j > 7 implying that the element in the

th position in the permutation 7, has shifted to the left in 7,,. In order for this to happen, there
must exist an element 41 < ¢ < i for which 7, (i2) = 7, (¢1) implying that an element ¢; in the
permutation 7, has shifted to the right in 7. Therefore,

P P

=Pz, (i) = Puz() T Pumu(i) = Pusu(in)
+ Pz, (i0) — Pusu(in) T Pusu(ia) = Puma(i) = —2p

uTy, (i) = L umy, (i)

where we used the fact that [P — Plloc < p, Puz, i) — Pus, (ip) > 0 (since i < i2), Pz, (iy) —
Pur, (i) = Pury(is) = Pur,(s) = 0 (since i1 < ). Therefore, at each step of the exploitation stage,
for each user u, we recommend one of the top T — S items (as inferred from P) with the highest
reward that have not been recommended until that round to the user u; in each such step, we will suffer
aregret of at most 2p if we compare with the item at the same index in 7. As before, conditioned on
the event that the exploration fails (and in the exploration stage as well), the regret at each step can be
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bounded from above by 2||P||o. In that case, we have

Reg (T Z Z Pur.o) — Z Pup.t) < max ( Z wr ( Z Pu‘rru(t))

uE[M te[T] te[T] te[T] te[T]
< 25||P||c + 2(T — S)p Pr(Exploration succeeds) + 2(T — S)||P|| Pr(Exploration fails)
< 2S||P||oe + 2Tp + 2TH|P| 0o

We use Lernmato set S = O(Np + y/Nplog M6*1) such that p = O(\‘;{% M%d?) and
v=1-3—0(dy?). We have

Reg(T) <O(Np+\/Np10gM5 )||PHOO+TO<\/>

For simplicity, we ignore the logarithmic and lower order terms and attempt to minimize Np||P||oo +

. 2/3
T(% %) (Simplified Expression) by choosing p = (N||P||)~2/3 (\T/‘;l\/ 3log dl) ,
6 = T~% If p > Cp2dy " log® dy, then notice that Np > 1 and therefore Np + \/Nplog Mé—1 =
O(Npy/log Mé—1). Subsequently, we have

3Nlogdy\1/3
Reg(T) = O(T2/*(0*?|P o)/ (E=22 ) T log VMIT + [Pl T2).
2

There exists an edge case when the value of p that minimizes the simplified expression satisfies

p < Cu2d; log® dy. Then we can substitute p = Cp2d; * log® dy. In that case, the second term
in the simplified expression will still be bounded as before. On the other hand the first term in the

simplified expression will now be bounded by O( Nd‘f log® da log?(MNT)||P||__). Hence, our regret
will be bounded by

u3 log do _
FE2) 4T +d3 )P

3 2
. 3/ 1> Nlogda\1/3 Np -
Reg(T) = O(T*/*(0? [Pl)/*(F=75) o VT + = log” (MNT)[ Pl + [P T2

= O (WT* P ma (1, %)1/3 12| [P o max (1. %) P T?).

C Experiments

We conduct detailed synthetic experiments in order to validate the theoretical guarantees/properties
of our algorithm. For this purpose we use a simplified version of B-LATTICE described in Alg. @(all
experiments have been performed on a Google Colab instance with 12GB RAM) :

In PB-LATTICE(Alg. @, we do not use the exploit component for simplicity. Intuitively, if the
user is recommended a golden item during the explore component, it is a good event in any case.
Furthermore, in Step 14, we use k-means to cluster the users. Since we obtain a significantly large
embedding vector for each user in Step 13, k—means is quite practical.

We run PB-LATTICEon several synthetic datasets. There are two main baselines for us to consider 1)
Greedy Algorithm namely Alg.[5]2) In the setting where the user u, on being recommended item
J provides a like (+1) with probablity P,; and a dislike (—1) with probability 1 — P,;, we also
compare with Collaborative-Greedy in |4]. However, recall that [4], even in the restricted setting,
only provides theoretical guarantees on the number of likeable items (items with probability of liking
> 0.5) recommended during the course of T rounds.

We generate three synthetic datasets to validate our algorithms. For each of them, we take M = 150
users, N = 150 items and T = 60 rounds (hence the total items recommended will be 9000). The
reward matrix P UVT (U € RM*Cand V € RN*C) ig generated as in [25]] - in the ith row of
U, the (i%C)" entry is set to be 1 while the other entries are 0; the entries of V are sampled in the
following way for the three datasets.
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Figure 1: Cumulative Regret of the greedy algorithm (Alg.|5) and the Blocked LATTICE algorithm
(simplified version in Alg. [6). In the setting where our observations are in {+1, —1} i.e. the user
likes (41) an item with probability p and dislikes with probability 1 — p, we also compare with the
algorithm provided in [4] named Collaborative-Greedy. In all our settings, we have M = 150 users,
N = 150 items, C = 4 clusters and T = 60 rounds. The ground truth reward matrix P = UVTis
generated in the following way: each row of U is a standard basis vector while each entry of V is
sampled independently from A/(0, 25) in (a) , each entry of V is sampled independently from (0, 5)
in (b) and each entry of U is sampled independently from ¢/(0, 1) in (c). In (a) and (b), gaussian
noise with variance 0.25 is added to the expected observation and in (c), we observe +1 (probability
is expected reward) or -1. Notice that PB-LATTICE has 1) a small cold-start period 2) always makes
good recommendations 3) better empirical rewards than other baselines.
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Algorithm 6 PB-LATTICE (Practical Blocked Latent bAndiTs via maTrIx ComplEtion with blocking
constraint B = 1)

Require: Phase index ¢, phase length my, List of disjoint nice subsets of users M), list of corre-
sponding subsets of active items A “), clusters C, rounds T, noise 02 > 0, round index ¢, gap
factor vy.

1: Set A = 1004/ (me/M).

2: for rounds to + 1,49 + 2, ..., min(to +m, T) do

3:  for it nice subset of users M9 € M with active items N (5t set in list A/(©)) do

4 Initialize Q) = &

5: for user u in M %9 do

6: Choose a random item j € N4 for recommendation to user u. If j is not blocked,
recommend j to user u and observe Z,; to be the feedback from user v for item j. If
j is blocked, then recommend any j' € N (£4) that is unblocked for user u € M®),
Observe Z,,;- to be the feedback from user u for item j'.

7: Update Q) = QO U {(u, 7)}
8: end for

9: end for
10: end for

11: for i nice subset of users M) e M with active items A(©9 (3t set in list A(©)) do
12:  Initialize M*+D) = [] and NE+D) — .

13:  Compute T € RM*N by solving the convex program

1

. 2
Jmin o> (zij - Ti‘,-) + AT e prcenn [l %
(4,9)€Q®

14:  Solve k-means for users in M%) using the vector embedding formed by the rows in
T pqce.iy prce.y. Choose best k < C by using ELBOW method. Denote the cluster of users by

{MEEIY
15 for each cluster of users M (4539 do ]
16: Compute set of active arms N(“49) as {s € N | T, > Tz, () — V¢ for some u €

ME4DY Here 7, is the permutation of the surviving items in A/(“) in descending order
of estimated reward for user u.
17: Append M53) to MEFD and N (653) to NEHD),
18:  end for
19:  Compute my41, V41 as a function of £. Set ¢ = min(tg + m, T).
20:  Ift < T, invoke Algorithm PB-LATTICE(phase £+ 1, phase length my 1, list of users M ‘+1),
list of items N\ (”1), clusters C, rounds T, noise o2, round index to + m, gap factor vy ).
21: end for

1. (DI:) Each entry of V is sampled from a gaussian distribution A (0, 25) with mean zero and
variance 25. User u on being recommended item j provides a random feedback distributed
according to N (P,,;,0.25).

2. (D2:) Each entry of V is sampled from a uniform distribution (0, 5) with range in [0, 5].
User u on being recommended item j provides a random feedback distributed according to
N(P,;,0.25).

3. (D3:) Each entry of V is sampled from a uniform distribution [0.05,0.95] with equal
probability. User u on being recommended item j provides a like (+1) with probability
P,,; and a dislike (—1) with probability 1 — P,,;.

For the PB-LATTICEalgorithm (Alg. [6), we choose the hyper-parameters on the phase lengths and gap
parameters as ; = 10 + 2 and v, = ||P||__/(8 - 2%). Since PB-LATTICEis a recursive algorithm,
we initialize PB-LATTICEwith phase index 1, phase length 12, list of users [[M]], list of items [[N]],
clusters C, rounds T, noise o2, round index 1, gap factor ||P||__/16. For the greedy algorithm
(Alg. , we experiment with two exploration periods (m = 10 and m = 30). Finally, for the
Collaborative-Greedy algorithm in [4], we choose § = 0.5 and o = 0.5.

17



Results and Insights: The cumulative reward until round ¢ (deﬁned asM~! ZJ 1 Zu 1Pupuii)

and the round wise reward at round ¢ (defined as M~ 1 Pup, (1)) is plotted for all the three
datasets D1, D2, D3. in Flgures. . .- .and Apart from obtaining good empirical
rewards, PB-LATTICEhas several practically relevant properties which are demonstrated through our
experiments:

1. Note from Figuresandthat the greedy algorithm has a large cold-start period for good
exploitation properties. If the exploration is too small, then the estimation becomes poor.
On the other hand, PB-LATTICEimproves in phases - therefore, it has a small cold-start
period i.e. it starts recommending relevant items very quickly and also has good estimation
guarantees

2. Collaborative-greedy in [4] proposes exploration rounds throughout the entire course of T
rounds. This is often impractical as users will demand good recommendations throughout.
This is demonstrated in Fig. Where the red curve (round-wise reward of Collaborative-
Greedy) has several dips but the round-wise regret of PB-LATTICEstays high.

D Detailed Proof of Theorem/[l]

Next, we characterize some properties namely the condition number and incoherence of sub-matrices
of P restricted to a nice subset of users. The following Lemmasandcan be found in [25]

Lemma 2. Suppose Assumption|l|is true. Consider a sub-matrix P, of P having non-zero singular
values \| > -+ > A, (for C' < C). Then, if the rows of Pgy, correspond to a nice subset of users,

A/
we have )\,1 < &\/?

Lemma 3. Suppose Assumpnon I is true. Consider a sub-matrix Pg,, € RB'xA’ (with SVD
decomposition Pgyp, = UEV) of P whose rows correspond to a nice subset of users. Then,

Cr e
ol < e w5, < Vi
,00 2,00

Lemmas andallow us to apply low rank matrix completion (Lemma to relevant sub-matrices
of the reward matrix P.

D.1 Main Analysis

Blocked LATTICE is run in phases consisting of exploit component and explore component indexed
by ¢ =1,2,.... Note that the exploit component of a phase is followed by the explore component.
However, for the first phase, the exploit component has a length of zero rounds. Importantly note
that any phase (say £) for distinct nice subsets of users M M(7) will be run asynchronously as
reward observations corresponding to one subset is not used to determine the policy for any other
subset of users. At the beginning of the explore component of each phase ¢, we have the following
set of desirable properties:

(A) We will run the explore component of phase ¢ asynchronously and separately for a list of

disjoint nice subsets of users M) = {M©&D . M(Ea0)} and respective sets of arms
NO = (NED NG} where ap < C such that U, M &) C [M], MED N
MW3) = () for any i,5 € [as] (i.e. the groups of users are nice subsets of [M] with no

overlap) and NV/(“) C [N] (i.e. the active set of items N'(“%) for users in M%) are a subset
of [N] but the active sets can overlap). The sets {(M ) A0}, remain unchanged
during the explore component of phase ¢. As mentioned before, the round at which the
explore component of the phase ¢ starts is different for each subset of nice users M%),

(B) At any round ¢ € [T] in a particular phase ¢, let us denote by o) Mt o be the set of
items chosen for recommendation (see Step 5 in Alg. @ in exploit components so far (from

£,t)

round ¢t = 1) for users in M @9 In other words, the items in o have already been

M
recommended to all users in M%) up to £t phase. In that case, we also maintain that

0t T/B
Oﬁwzm C {mu(t) t=/1‘
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the best T /B items (golden items) not chosen for recommendation so far in the exploit phases

for users in M%) are contained in the set of surviving items i.e. if Z = [N]\ (9%;2_1), then
it must happen that
; T/B—|0"")
NED S Amu(t) | 2}y MY oralli € [af] 8)

ueM(£:1)

Note that eq. |8|implies that for every user v € M9 there are sufficient golden items

in N9 to be recommended for the remaining rounds. To see this, note that there are

T/B golden items at the beginning and no golden items which are unblocked are eliminated.

Hence the number of remaining rounds at any point must be smaller than the number of

possible allowed recommendations of golden items belonging to the surviving set of items.
(C) Furthermore, for all i € [a,], the set /(") must also satisfy the following:

< ¢ forall u € MED )

P e,y — min Py,
‘ umy (1N (1 jenten

where ¢y is a fixed exponentially decreasing sequence in ¢ (in particular, we choose ¢; =

|[P||,, and e, = C’2~“min <||PHOO, %) for £ > 1 for some constant C’ > 0).

Next, at the beginning of the exploit component of phase ¢ + 1, we will have the following set of
desirable properties:

(a) Atevery round ¢ in the exploit component of phase ¢ + 1, we maintain a list of disjoint nice
subsets of users M+ = {MEFLD - pELas)} (where Ujep,, ) M) C
[M]) and corresponding sets of items NH18) = {NE+LED - AS(E+LEae1)) where
agy1 < Cand Uie[aul]./\/““’t’“ C [N]. Note that in the exploit component, we also use
the round index in the superscript for item subsets as they can change during the exploit
component (unlike the explore component).
(b) We ensure that for any user u € ML the set of items chosen for recommendation in
the exploit component of phase £ + 1 belongs to the set of best T items i.e. {m,(t)}]_;.
Since LATTICE is random, we will say that our algorithm is (e;, £)—good if at the beginning of the
explore component of the ¢t phase the algorithm can maintain a list of users and items satisfying

properties A-C. Let us also define the event 52(2) to be true if properties (A-C) are satisfied at the
beginning of the explore component of phase ¢ by the phased elimination algorithm. We can show that

if our algorithm is (eg, £)—good then the low rank matrix completion step (denoted by the event é’él))
in the explore component of phase £ is successful (i.e. the event Eée) is true) with high probability.

Conditioned on the aforementioned two events 52“), 595[), with probability 1, during all rounds ¢ of

the exploit component in phase £ + 1, properties a — b are satisfied and the event 52(”1) is going to
be true. We are going to prove inductively that our algorithm is (e, £)-good for all phases indexed by
£ for our choice of {e,;}, with high probability.

Base Case: For ¢ = 1 (the first phase), the number of rounds in the exploit component is zero and
we start with the explore component. We initialize M (1) = [N], V(1) = [M] and therefore, we
have

max Py = min Pyl <[P forallu ]

Clearly, [M] is a nice subset of users and finally for every user u € [M], the best T/B items (golden
items) {7ru(15)}tT:/|13 belong to the entire set of items. Thus for £ = 1, conditions A-C are satisfied at

the beginning of the explore component and therefore the event 52(1) is true. Hence, our initialization
makes the algorithm (||P||, 1)-good.

Inductive Argument: Suppose, at the beginning of the phase ¢, we condition on the events

ﬂf.:l 52(j ) that Algorithm is (e;, j)—good for all j < . This means that conditions (A-C) are
satisfied at the beginning of the explore component of all phases up to and including that of / for each
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reward sub-matrix (indexed by ¢ € [ay]) corresponding to the users in MED and items in V¢,
Next, our goal is to run low rank matrix completion in order to estimate each of the sub-matrices
corresponding to {(M D N EDYY o0

Exploration Strategy: Consider a particular nice subset of users M (©%) and corresponding active
items A (69 (s.t. |NV(6D) | > T1/3) at the beginning of the explore component of phase ¢ for M%),
For each user © € M) we are going to sample each item j € N9 with probability p (to be
determined based on the desired error guarantee). Suppose the set of indices sampled in the explore
component of phase ¢ is denoted by Q) C M) x N9 Now, for each user v € M we
recommend all the unblocked items in the set A = {5 € N | (u,5) | 9O} and obtain the
corresponding noisy reward (note that for blocked items in the aforementioned set, we have already
obtained the corresponding noisy rewards).

For simplicity, we intend to complete the explore component at the same round for all users in M (4%,
If, for two users u,v € M“’”, it happens that recommendation of all items in AE}”) is complete
for user u but recommendation of all items in ASJ@ is incomplete for user v, then for the remaining
rounds we recommend to user u arbitrary unblocked items from N (%), Note that this is always
possible since the set A"(:%) has sufficiently many unblocked items allowing recommendations in the
remaining rounds at beginning of explore component of phase ¢. We start with the following lemma
to characterize the round complexity of estimating the sub-matrix P i) arce.s) up to entry-wise
error Ay 1 with high probability using the noisy observations corresponding to the subset of indices
(910F

Lemma 4. Consider a particular subset of nice users M9 and corresponding active items
NED (such that min (M/(TC), |N([’i)‘) > T/3) at the beginning of the explore component
of phase £. Suppose di = max(IMED| |NED|) and dy = min(|MED|, | NED)). Let us fix
Apy1 = Qo+/p3 logdy /v/dz) and condition on the event 82(2). Suppose Assumptions and are

2~3
satisfied. In that case, in explore component of phase ¥, by choosing 1 > p = c(%logjl) (for
241

some constant ¢ > 0) and using
23 log(MV\/ N N
mp — o(wm (157 ) 105T))

2
Al-&-l

rounds under the bloqked constraint, we can compute an estimate PO e RM*N such thar with
probability 1 — O(T~2), we have

< At (10)

‘ oo

p)
HPMu,z),N(u) = P pren

where o2 is the noise variance, i is the incoherence of reward matrix P and [i is the incoherence
Sactor of reward sub-matrix P p e,y areiy.

()
M([.i)’./\/’(z,i
‘ < Agq1. Since M9
o0

is a nice subset of users, the cardinality of !M“’“ ’ must be larger than M/(7C). Recall that 7 is
the ratio of the maximum cluster size and the minimum cluster size; M/C being the average cluster
size implies that the minimum cluster size is bounded from above by M/(7C). From Lemmal1] we

know that by using m, = O(p !./\/'<e"i>| + \/‘N(‘{’“ ’ plog(’./\/l“'ri>| 5*1)> rounds (see Lemma
restricted to users in M (%9 such that with probability at least 1 — (§ + d5 12 (see Remark,
0 o/ 12 log dy

Vpda

where d; = max(|MED | N D)), dy = min(|MED |, |NED]) and [i is the incoherence factor
of the matrix P i) arce.. In order for the right hand side to be less than A, yq, we can set

Proof of Lemma We are going to use Lemmain order to compute an estimate P

the sub-matrix PM(L;,)_’N(@J) satisfying Hf’g\[ﬁ(“)ﬂ,\/—(“) — PM(i,,;,)_’N(zz,l)

, of

‘ o0

p)
HPM(Z,i)_’N(Li) - PM(MLN(M)
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2~3
p= c(%) for some appropriate constant ¢ > 0. Since the event 52(5) is true, we must have
041

that ’M<Z’i>| > M/(7C); hence dy > min <M/(TC), }N(“)| ) Therefore, we must have that

a2 log(M'\/ N) N7
my = O(— max (1, —) log T)))
A7, M
where we substitute 6~ = 1/poly(T) and furthermore, the condition of the Lemma statement

implies that dy 12 O(T~3). Hence, we complete the proof of the lemma.

Remark 5 (Remark 1 in [8]). The error probability can be reduced from O(5 + dy ) to O(6 + d3 ©)
for any constant ¢ > 0 with only constant factor changes in the round complexity m and the estimation

guarantees |P — P)||o. We will use ¢ = 12 in rest of the paper.

O

Note that although ji, the incoherence factor of the sub-matrix P MDA is unknown, from
Lemma we know that z1 is bounded from above by O(u) (recall that C, o, 7 = O(1)).

Exploration Strategy continued: In particular, we choose Ay1 = €;,/176C at the beginning of
the explore component of phase £ for the set of users M (%) with active items A(¢?). One edge
case scenario is when for a particular set of nice users M%), at the beginning of the explore
component of phase /, we have ‘N“’i>| < TY/3. In this case, this set of nice users M9 do not
progress to the next phase and in the explore component, we simply recommend arbitrary items
in N9 to users in M for the remaining rounds. Another interesting edge case scenario is
when dy = min(|/\/l([vi){ , |/\/'<“)} ,) is so small that the requisite error guarantee A1 (eq.
cannot be achieved even by setting p = 1 i.e. we recommend all the items in the active set. Reca
that by our induction assumption, V(%) is sufficiently large so that it is possible to recommend
unblocked items for the number of remaining rounds (say T — ¢, with ¢, being the round at which the
explore component of phase £ starts). In that case, the set of users M (%) do not progress to the
subsequent phase; we simply recommend arbitrary unblocked items in the set A"(“%) to the users in
M9 for the remaining rounds. In both the above edge case scenarios, the explore component of
phase ¢ for users in M ¢ would last for the remaining rounds from where it starts. We can now
show the following lemma:

Lemma 5. Consider a particular subset of nice users M9 and corresponding surviving items
NWD at the beginning of the explore component of phase L. Suppose dy = max(|[M©D|, |NED|)
and dy = min(|MED | |INED|). Now Agyy = €0/176C is such that there does not exist any
p € [0,1] for which RHS in eq.|3|can be A1 for estimation of matrix P restricted to the rows in
MG and columns in NG9 In that case, we must have for all users v € M),

(T —t¢) max (Pwu(l)wu,l) — Puy> = 5(0‘C\/,LL3 log dq max (ﬁ, T\/%))

yeN((.z)

where ty is the round at which the explore component of phase ¢ starts.

Proof. Note that by our induction hypothesis, we must have B |N (“)‘ > T — t, because the set
of surviving items must contain sufficient unblocked items (for recommendation in the remaining
rounds) for every user u € M%), Hence, by setting p = 1 in eq. [3| with a certain number of rounds,
we can obtain an estimate Q of P satisfying

0 o/ 1 log dy
o/ u3 logdy
2

Vda

‘ |QM</v">,N<"«=1) — PM(A.1,>,N(/,7,>

Hence, this implies that our choice of Ay satisfies Ay = O(

Cq/ 3 log dy
oVt
Vda

) implying that ¢, =

). Now, there are two possibilities: 1) either dy = !M“’i) ’ implying that M/(7C)

IN
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. . 1.5
‘M(“)} < |N(’3’Z)|. In that case, we have that ¢, = O(% ”,\'jlilogdl) Now, because of our

induction assumption, we will have

oC5\/u3log dy )
vVMT .

Therefore, for any user u € M©?9, if we recommend arbitrary unblocked items in A for the
remaining rounds then we can bound the following quantity

v (Pur.oicn = Puy) <0 = 0(

oTCY5/udlogd, )
VMt '

2) The second possibility is the following: dy = |N(“)} > B~Y(T — ;). In that case, from our
induction assumption, we have that (B = O(log T))

(T—t0) max (Pur, e —Puy) =O(

oCy/ 3 log d1>

max (Puﬂ.u(l)‘j\/’([,i) — Puy> <€ = O( m

yeN (@)

and therefore

oCy/p3 logdy

(T —t) max (Puﬂu(lw\/(z,i) — Puy) <e(T—ty) = O( T4

yeN @D

= 6(0Cx/u3Tlog dl).

(T — tg))

O

Consider M'© C M(® to be the family of nice subsets of users which do not fall into the edge
case scenarios i.e. 1) there exists 0 < p < 1 for which the theoretical bound in RHS in eq. E|can be
smaller than Ay 2) we have [N/ (49| > T1/3. More precisely M'(¥) corresponds to the set

U\/NB log max(}/\/l(f,i)’ , }_/\/‘(é.,i) ’)
\/min(],/\/l<&i>| [N

{M(Li) € M® with active items N ¢9) | Apyq = Q<

and ‘N(Z’“

> —|—1/3}

Suppose M/(7C) = Q(T'/?). As mentioned before, the event ng() is true if the algorithm has
successfully computed an estimate P() € RM*N such that for all M9 ¢ M/

Hﬁxgwwww o ’ < Agyy forall M9 € M (11)

implying that for each of the distinct nice subsets M%) e M’ after the explore component
of phase /, the algorithm finds a good entry-wise estimate of the sub-matrix P i) N In the

following part of the analysis, we will repeatedly condition on the events 52“) (conditions A-C are
satisfied at the beginning of the explore component of phase ¢) and the event 5?()@ (eq. is true for
all nice subsets M) e M’ in the explore component of phase £). Note that the event 52“) is

true due to the induction hypothesis and conditioned on the event & ([), the event 5?()@ is true with
probability at least 1 — O(T~3C) (after taking a union bound over C clusters).

Fix any MED € M) and condition on the events 52“) , &Y For each user u e MED once the

algorithm has computed the estimate f’;\? (€0 AF(8) in eq. let us denote a set of good items for
the user u by

TO ={jeN") | P,; >P

2P e ot |)W<Z_,i)*2Ae+1} (12)
w ML)

)
£,i

RY ={j e N | Py > f)u%u(l)L/\/'(‘-’vi) —20¢11} (13)
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where t is the round index at the end of the explore component of phase ¢ and |O is the number

M(e i)
of rounds in exploit components of phases that the user u € M (%% has encountered so far. Note from
our algorithm, that users in the same nice subset M (%) have encountered exactly the same number of
rounds in exploit components of phases until the end of phase £. Recall that users in M (%) have been
recommended the same set of items until blocked (unless blocked already for some user in which case
the item in question has already been recommended B times) in the exploit components of phases
until the end of phase / (this set of items chosen for recommendation in the exploit components up

to end of phase ¢ is denoted by o wi(e.n)- If we condition on the event 5§“, then we can show the
following statement to be true (in the following lemma, we remove the superscript ¢ in o' for

simplicity - the round index ¢ corresponds to the end of phase ¢ for users in M (&9):

M(e i)

Lemma 6. Condition on the events 52(6), E§£> being true. Consider a nice subset of users M) €
M'©) and their corresponding set of active items N for which guarantees in eq. holds. Let

O%t)@ 5 be the set of items that have been chosen for recommendation to users in MED iy exploit
components of the first £ phases. Denote Z = [N] \ OM(Z &~ In that case, for every user u € MED,

the items 7, (s) | Z forall s € [TB™* ‘(9 | must belong to the set 70

M(ED)

Proof. Letus fix auser u € M%) with active set of arms /(4. Let us also fix an item a = 7, (t) |
Zfort e [TB! }O

) ]. Recall that 7 | Z is the permutation of the items sorted in descending

order according to their estimated reward in Pg\j (i) pP(Ei) Now there are two possibilities regarding

the position of the arm a in the permutation 7 | Z - 1) m,(¢) | £ = 7, (t1) | Z for some t; < ¢
which implies that in the permutation 7 | Z, the position of the arm a is ;. In that case, the arm

a survives in the set 7" by definition (see eq. 2) Now, suppose that m,(t) | Z = 7, (t1) | Z
for some ¢; < ¢ which implies that in the permutation 7 | Z, the arm « has been shifted to the
right (from 7 | Z). In that case, there must exist another item b = m,(t2) | Z for t5 > t such that
mu(t2) | 2 = 7y(ts) | Z for t3 < t. Now, we will have

]Sq(fb) - f’q(fa) = issfb) - Pub + Pub - Pua + Pua - ﬁq(ﬁz < 2A£+1

where we used the following facts a) conditioned on the event £ “), we have f>$f2 —Pus < Ayyq for
allu e MED s e NED DY P, — P <0 by definition. Hence, this implies that @ € 7'(2).
O

Corollary 1. Condition on the events 52 ), Es ) being true. Consider a nice subset of users M(Z i)
M'®D and their corresponding set of active items N'“9 for which guarantees in eq. holds
Suppose ty is the ﬁnal round of the explore component of phase £ for users in M&9 _ In that case,

for user u, the set 7; contains sufficient items that are unblocked and can be recommended for the
remaining T — t; rounds.

Proof. From Lemma. we showed that T comprises the set of items m,(s) | Z forall s €
[TB—! ‘(’) | where Z = [N] \ oV

0¥,
Z} sy M

number of allowed recommendations of items in 71([) isatleast TB™! — B ‘0%1)(“)

Now, suppose the k" item in the set H,, = {m, (') |

ML) M(é DR

has been recommended to user u b;, < B times in previous phases. In that case, the

- Zkem bk

()
M (L,1) Zkeﬂu bk (B‘OM(FU
rounds have already been used up when the golden items were identified and recommended). |

which is more than the remaining rounds that is at most TB~! — ‘(9

Consider a nice subset of users M%) € M’® and its corresponding active set of items N (¢%) for
which eq. ﬂ;flholds true. At the end of the explore component of phase ¢, based on the estimate

Pga([ i r(e» WE construct a graph G(“) whose nodes are given by the users in M9 Now, we
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draw an edge between two users u, v € M & if ’151(2 - 135;@
ze N,
Lemma 7. Condition on the events 52(4), Eé‘ﬂ') being true. Consider a nice subset of users MED ¢

M'© and their corresponding set of active items N (44 for which guarantees in eq. holds.
Consider the graph GV formed by the users in M9 such that an edge exists between two users

u,v € MWGD jf ’151(3 Pl < 2,1 for all considered items x € N4, Nodes in G

corresponding to users in the same cluster form a clique. Also, users in each connected component of
the graph G\ form a nice subset of users.

< 2A41 for all considered items

Proof. For any two users u,v € M%) belonging to the same cluster, consider an arm x € N (69,
We must have

f’fﬁ) - f)x(;i) = f’% —Puz + Puz = Poz + Py — f’f)ﬂ) < 28441

Now, consider two users u, v € M%) that belongs to different clusters P, Q respectively. Note that
since the event £@ is true, M is a union of clusters comprising P, Q. Furthermore, we have
already established that nodes in G(“%) (users in M(“?) restricted to the same cluster form a clique.

There every connected component of the graph G(“%) can be represented as a union of a subset of
clusters.

O

Lemma 8. Condition on the events 52 ,E being true. Consider a nice subset ofusers MED

M'D and their corresponding set ofaclwe items N for which guaranlees in eq. holds In
that case, for any subset Y C N9 and any s € [|V|], for every user u € MED, we must have

Pz, 1)y — Puru(s)y — 68041 < Por, (1)1y = Puma(9)y < Pz )y — Puso(s)y + 60041

Proof. Since, we condition on the event Eée), we must have computed an estimate f’(l), an estimate
of P restricted to users in M (%9 and items in /(¢ such that

B )
HPM“’”J\/’“J) — PM(z,n’N(z,z) < Angl.
7 oo

We can decompose the term being studied in the following manner:
p ) _p®
Purru(l)‘y Purru( $)|Y

(0) () B (0)
=P oy~ Pl TP wpy ~ Pl T PR — P en

Let us bound the quantity P( 2 ()Y Pfﬁz ()" In order to analyze this quantity, we will consider

a few cases. In the first case, suppose that m,(s) | V = 7, (¢1) | Y for t; > s. In that case, we

will have that P( ) ()Y Pv(ﬁ:u(s)ly > 0. In the second case, suppose 7, (s) | V = T (t2) | Y for
to < sand ﬂ'“(td) | Y =7,(s) | Y forts < s. In that case, we have
p ) p®
Py = Pur,o)y

_p® p®

= Pu‘n’ (s)|y —Puz. )y + Puzo(9))y = Puru(s)y + Pur,(s)y — urru( Y

5

Pi(ﬁiu(s)\y = Pz, )1y + Puru(t3)1y = Pumu(9)y + Pury(s)1y — an)ru(s)\y > =284

where we used the fact P, (¢5)(y — Punr,(s)|y > 0. In the final case, we assume that m,(s) | J =
Tu(t2) | Y for s > to and my,(t3) | Y = 7u(s) | Y for t3 > s. This means that both the items
mu(s) | Y, mu(ts) | Y have been shifted to the left in the permutation 7, | ). Hence,

p p

Pu%u(s)| - Puﬂ'u,(sﬂy

5(0)
Pz sy ~ Puruy + Puzru)y = Pur(s)1y

153 —
T Pur, )y = Pur, o))y = 28041 + Puz, ()1 = Puru(9)ly = 28041 + Pur, (t5))y — Pur, ()3
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Hence there must exist an element 7, (¢4) | J such that ¢4 < s and 7, (t5) | Y = my(ts) | Y for
ts > s. In that case, we must have

Pur,(t3))y — Pura(s))y = Pury(t2))y — Pura(ta)|y
_ B &) B ) B ) 5 (£)
- PUTM ()Y — Puﬂ-u(tg)\y + Purru(tg)\y - Purru(t4)\y + Pu‘iru(t4)D/ - P“"’"u(t4)‘y

50 5O _ 50 50
Z 2281+ Por gy ~ Pury = 72801 T Pz (1 T Puz gy 2 72801

14

Therefore, in this case, we get that 135? ()~ 13( ;u(s) > —4A,41. Again, we will have that

p®) _pW® p® 0
Py ~Puz. o = Pur.wpy ~ Pury
0 O) O) p®
TPy~ Purop T Pur.y ~ Pur. iy = —28¢641
By combining the above arguments, we have that
pw _pw > pW _pw _6A
umy (1)|Y umy ()Y = T um, (1)|Y Uty (s)|Y £+1-
By a similar set of arguments involving triangle inequalities, we will also have
p© _p® p®) p®)
Puﬂ'u(l)D} Puﬂ'u(s)D} S Puﬂu(l)\y Pu%u(s)\y + 6A€+1'
This completes the proof of the lemma. (|

We now show the following lemma characterizing the union of good items for a connected component
of the graph G(4). Recall that T — ‘(’)M([ B

up in exploit component so far up to the /" phase.

counts the number of rounds excluding the ones used

Lemma 9. Condition on the events 52 2 5( ) being true. Consider a nice subset of users ./\/l(‘] i

M'®) and their corresponding set of active items N9 for which guarantees in eq. holds.
Consider a subset of users G € MY forming a connected component. Fix any set ) = UuEg 7;7“) \
J for some J such that for every user u € G, we have 7, (s') | N = T, (s) | Y for s =

TB~! — ‘O(e) and some common index s. In that case, we must have

M (L)

Iileagx (zngl/ae)§1 Pvz — va) S Iilgé( (Pu%u(l)\y — Pu%u(sl)lj\/’([,i)) + 24CA£+1

Proof. Letus fix auser v € G. We have max, ,cy ISW - ISW = f’v%ﬂ(l)\y — mingey INDvy. Now,

there are two possibilities for any y € V: first, suppose that y € 7;(@. In that case, we have

Poz, )y = Puy = Poz, )1y = Poz )1y + Por, 01y = Pz (570 T Pz sny7© — Poy
Recall that the set 7],“) was constructed as

TO={j e N | Py > Pz oy e — 20041} where s’ = TB™! ‘o (14)

M(ED)

Since y € ’T , we can bound 131]% ( Pl,y < 2Ay41. Also, from the construction of 7;(6)’

I T
{7, (r) | N9} is present in the set 7.9, Also, since 7" is just a subset of N9 the positions
of the items {7, (r) | N }5_, do not change in the permutation corresponding to the items in
T sorted by estimated reward for v in decreasing order i.e. 7, (r) | N9 =7, (r) | T for any

r € [s]. Hence Pvm(s)\y P o ()| T = 0. Hence, by combining the above, we have

¢

Pz, )y — Poy < Puz, )y — Puz, o)y + 28041

Next, consider the case when y & 7y, ( ) . Hence, there must exist an user w such that y € 7;(2) \ 7;(2)
and u is connected to v via a path of length L < 2C — 1 (since there are C clusters and users in the
same cluster form a clique as proved in Lemma . In that case, we have the following decomposition:

Pz, )y — Puy = Pz, Wy — Pv7ru(1)D} + Pvnuu)\y Pvﬂ'u(s)D} + Pmu(sw Pz, o)y
+ Pu%u,(sﬂy - P Ful(s /)‘7-(1) + P Ful(s ’)\7_152) Puy + Puy P'Uy
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Now, let us consider the terms pairwise. Due to our construction of the graph G(9, for two users

u, v connected via a path of length L, we must have ’Pm P)

() 0] (0) O 56)
P2y~ Py =Py~ Paoy + Pud o
B ) (0) B )
Pz oy TPy — Poruayy < 4LAen
whereweusedthatme Wy f’fﬁu(l)ly < 0. Next, we have f’U; (1)\y—f)v%u(s)\y < ls,l%u Hy—

PU‘rru( Ny + 4|-Az+1 Furthermore, again we have 7ru( ) | NED) =7 (r) \ 7; 9 for any r € [s]
UTy, (s')|'7'(z) =0. Flnally’ P Fuls ')|7'u(z) - Puy +Puy - Pyy < 4LA@+1
Puy < 2A;1). Hence by combining, we have that

and therefore Pu7T ()Y — P _

(since Pu% (HITO ~

Pz, 1)1y — Poy < Puz,())y — Puzy o)y + 120441
Hence, we complete the proof of the lemma (by substituting L < 2C). O

Lemma 10. Condition on the events 82(2)7 53()5) being true. Consider a nice subset of users M ¢
M'®D and their corresponding set of active items N'“9 for which guarantees in eq. holds.

). In

Consider two users u,v € M4 having an edge i.e. ‘f’SQ —
that case, for any subset Y C N9 and any s € [|Y|], for every user u € MED, we must have

Pﬁ'v(l)ly - Pv%u(s)ly —12Ap41 < Pu?ru(l)|y - Pu?ru(s)|y < Pv%ﬂu)\y — Pm}v(s)‘y + 12A,41

Proof. We can decompose the term being studied in the following manner:

5 (£) ()

Py~ Porow

_ p® 0] () 0] () 1)
=Pz oy Py TP oy ~ Pur o T Poruey — Porus)y:

Let us bound the quantity PQ L)Y PQ ()Y In order to analyze this quantity, we will consider
a few cases. In the first case, suppose that 7, (s) | Y = 7, (t1) | Y for t; > s. In that case, we

will have that P © o (5))Y f’fﬁz (s)]y = 0. In the second case, suppose Tu(s) | Y =my(t2) | Y for
to < sand 7ru(t3) | Y =my(s) | Y forts < s. In that case, we have
p®) p®)

Pty ~ Poruww

_p® _p® p®) 310) 310) _p®

=P o " Purew FPron T Purmew T Py T Priey 2 718

p® p®) p® p®

where we used the fact Pmr ()Y Pum(s)\y PM“ (ts)|y ~ Pu?ru(sﬂy > 0. In the final case, we

assume that 7, (s) | YV = m(t2) | Y for s > to and 7y, (t3) | ¥ = Ty (s) | Y for t3 > s. This means
that both the items 7, (s) | V), T, (¢3) | Y have been shifted to the left in the permutation 7, | V.
Hence,
p®) B
Pv?r,,(s)\y - Pv%u,(s) y

_ 50 5 5 5
=Pz oy~ Pur o)y + Pur,(9))y = Pur,(s)y

N ~ 0 N N
TPz, )y — Pz, o)y = —48041 + Puz,(9))y = Puz, (o)y
= —4Ap11 + Pz, )y — Puza(s))y-

Hence there must exist an element 7, (¢4) | ) such that t4 < s and 7, (¢t5) | ¥ = Ty (te) | Y for
ts > s. In that case, we must have

Pz, )y = Pusn(s)|y 2 Pusn(ts)ly — Pusa(ta)y

_ O] ()
- P - va(m)\y + Pum,(t4)|y PU7~TuU4)|y

_ B ) 5109
—4Ap1 + P2 L)Y va(t = > =404

)
umy (t3)|Y Pvﬂu(t;)\y + Pvﬂ'“(fg)

500 500
2 4B + P2 oy ~ Por oy =
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Therefore, in this case, we get that 135)%(5) - INDE)l;Zu () > —8Ay11. Hence we get
p® 10 0] 0
Pu%v(lﬂy Pv%u(s)\y U7|'v(1)|y Pvﬁ”(s)\y
B 50 =~ B
TP ey T Pum e 2 P 7 (1)\)} — Pz oy — 8Ar1.

Also, we will have that

=) 500 50 ©
Py~ Puroy =Py ~Pu.op

500 500 % 0
+P oy~ Pk o + Py — oy = —4Aek.

By combining the above arguments, we have that

B

uTty (1)[Y i:v)([) z P(~) P(~) - 4A[+1 > f)’f)[%)v(l)‘y P(~) 12Ag+1.

uTy (s)|Y = 7 o7 (1)|Y vTu ()Y vy (8)|Y

By a similar set of arguments involving triangle inequalities, we will also have

p¥ p® 50 0
PU%u(l)ly - P7J«7T )Y = P 7, ()Y P To(s)|V + 12A£+1
This completes the proof of the lemma. 0

Now, for any fixed subset ) C NED et us define the set Rgf) | Y for user u below:

RO |V =1{j €V |Pu; > Puz, )y — 28¢41}
Hence, Rl(f) | Y corresponds to the set of items for user u that is close to the item with the highest
estimated reward for user u restricted to the set ) at the end of the explore component of phase £.

Lemma 11. Condition on the events 82(2) , 5?()5) being true. Consider a nice subset of users M“9) ¢
M'® and their corresponding set of active items N (&) for which guarantees in eq. |l I|holds. Fix any
subset Y C N9, Inthat case, for every user u € MY, the item with the highest reward w, (1) | Y

in the set ) must belong to the set Rgf) | Y. Moreover, max o)y, |Pus — Pus| <4001,

Proof. Letus fix auser u € MED with active set of arms N (69, Now, we will have

) p® _p®
P,y — Pwuu)\y = Pu%uu)\y

O]
Pz, 0y + Puz, )y = Pur, )y + Pur, 1))y = Por, 1)y < 28641

which implies that 7, (1) | Y € R(Z) | V. Here we used the fact that fDL{%,,uﬂy —Puz, )y < Aet1s

u‘y P( ) < A[+1 and Pu?‘ru(l)ly_P

(DY < 1]y < 0. Next, notice that for any s, 5" € Rq(f) | Y

Pus - Pus’ = Pus - ]"5'<u.£3) + f’gs) - 137(1.?1 + 131%)1 - ﬁffs)’ + ]',5'(u,£s)' - Pus’ S 4A‘€+1'

O

Lemma 12. Condition on the events 52(6), 5(2) being true. Consider a nice subset of users M) ¢

M'® and their corresFondmg set of active items N9 for which guarantees in eq. holds.
Fix any subset Y C N Consider two users u,v € M having an edge in the graph G40,

Conditioned on the events 52(2 ,53(,@, we must have
max |Puz — Puyl < 16Ap41 and max |Poz — Py < 164,41
2eRV|VyeRP Y 2eRY|V,yeRP |y
Proof. From the construction of G, we know that users u,v € M®D) have an edge
if )13(@ —INE(JQ’ < 2Ay41 (and therefore |P,, —P,.| < ‘f’gﬁ — Pyl + ’Pm —137()[1) +
|B& - P

< 4Apyq) forall x € N (¢4 For simplicity of notation, let us denote R, to
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be the set Rq(f) | V. Suppose Pur, 1))y = aand P (1) = b. Consider any pair of items
x € Ry, y € R, respectively. Therefore, for x € R,, this must mean that P, > a — 4A,41 (note
that 7,(1) | ¥ € Ry). Fory € R,, we must similarly have P,,, > b — 4A,y;. Since u, v are
connected by an edge, we must have P,, > a — 82, and P,,, > b — 8A, ;. Now, we have
Pyx, 1))y = Pys implying that b > a — 8Ayy1; hence

Puz - Puy < Puﬂu(l)\Ru - Puy <a-— (b - 8AZ+1) < 16AZ+1~

A similar analysis for v shows that P,,,, =P, < 16A,, ;. This completes the proof of the lemma. [

Lemma 13. Condition on the events 52([), Séo being true. Consider a nice subset of users M%) ¢

M'© and their corresponding set of active items N(&D) for which guarantees in eq. |11\ holds. Fix

any subset Y C NG9, Consider two users u,v € MY having a path of length Lin the graph
G0, Conditioned on the events 52(5), 5§“ , we must have

max |Pur - Puy| S 8(L + 1)A[+1

ceRY |Yyer(|Y

and [Py — Pyy| <8(L+1)Apq

max
2eR|Y.yerP |y

(i

Proof. Recall from the construction of G%) that conditioned on Eée) users u, v € M9 have an

edge if ’ﬁg@ - f’(vQ < 2Ay41 (and therefore [Py, — Pyy| < 4A4;) forall z € NED, Again,

for simplicity of notation, let us denote R,, to be the set Rq(f) | . Suppose P 1))y = a and
Pyr, 1))y = b. Consider any pair of items x € R,y € R, respectively. Therefore, for x € R,
this must mean that P, > a — 4A,4;. For y € R,,, we must similarly have P, > b — 4A,;.
Since u, v are connected by an path of length L (say ai,as,...,a(_1)), we must have P,,, >
a—8Apt1, Py > a— 12Ap4 and finally Py, > a — 4(L 4+ 1)Ay41. By a similar analysis
Pyy > b—4(L+1)Ag4 ;1. Now, we have Py 1)y > Py, implying that b > a — 4(L + 1)Agy1;
hence

Puz - Puy < Puﬂ'u(l)\’Ru - Puy <a-— (b - 4(L + I)AZ+1) < 8(L + I)AZ+1~

Again, a similar analysis for v shows that P,,, — P, < 8(L + 1)A/;. This completes the proof of
the lemma. O

Corollary 2. Condition on the events Sy), Eée) being true. Consider a nice subset of users M%) e

M'© and their corresponding set of active items N (_“) for which guarantees in eq. |l I|holds. Fix any

subset Y C N9 Consider two users u,v € MY having a path in the graph G"9). Conditioned
) o0

on the events £, ,E3 ", we must have

[P — Puy| < 16CA. 4y and |Pos — Poy| < 16CA1 4

max max
2R |V,yeRP |V 2R |V,yeRP |V
Proof- The proof follows from the fact that any two users u, v € M connected via a path must

have a shortest path of length at most 2C — 1 conditioned on the events &5, Eéé). This is because,
from Lemma we know that users in the same cluster form a clique and since there are at most C
clusters, the shortest path must be of length at most 2C — 1. O

Hence, for a particular set of users M%) € M’ consider the jt connected component of G (¢
comprising of users MEE3) If we consider the union of items S = Une M(i.,i,j)RSf) | Y for any
subset Y | N (£9) | then from Corollary we must have that for any user u € M&57)

max [Py, — Puy| < 16CA, . (15)
z,yeS

This follows from the fact that every element s € S must exist in R | Y for some v € M9,

moreover, v is connected to v and therefore the shortest path joining them must be of length at most
2C — 1. Finally we use Corollaryto conclude equation
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Lemma 14. Condition on the events 82(2)7 Eée) being true. Consider a nice subset of users M%) ¢
M'D and their corresponding set of active items N 4 for which guarantees in eq. holds.
Consider the jth connected component of the graph g9 comprising of users MGD) | Lot NTTiT) =
UueMu.l,Jﬂ;(e) denote the union of good items for users in MBI n that case,

1. Foreveryuseru € M), the items m,(s) | [N]\Oﬁ\e/f(iyz)fors € [TBflf)OEQ(LU

belong to the set N'(“49) j.e. the golden items that have not been chosen for recommendation
to users in M &3 in exploit components of previous phases must belong to the surviving
set of items N (647),

2. Forany subset Y C N9 and any s < | V|, we must have the following for any A > 0:

| must

Pz, )y ~ Pur,(oly > Afor some u € MEH)
then Py 1)y — Por,(s)|y
> Pz, 1))y — Pur, o))y — 48041 > A— (2C— 1)4Ay forallv € MEH),

Proof. The proof of the first part follows directly from Lemmawhere we showed that for a

10 for s € [T|371 — ‘O(Z)

particular user u € M) the items P M)
M(€,7)

17, ()| [N)\O ’] must belong to

the set 7:*) (and the fact that "% D 7.9,
We move on to the proof of the second part of the lemma. Recall that any two users u, v € M
have an edge in the graph G4 if ‘1553 - 13%2 <27y forall z € N9, In that case, we have

£,49)

Pz, )y = Pur, )1y 2 Por, )iy — Porus)y
2 P,y — Pur,(o)y — 4801 2 A= 480

We are going to prove the Lemma statement by induction on length of the shortest path joining the
users u, v. The base case (when the path length is 1 i.e. u, v are joined by an edge) is proved above.
Suppose the statement is true when length of the shortest path is L — 1. In that case, we have the
following set of inequalities (suppose w is the neighbor of v and the length of the shortest path joining
u,wisL —1)

Pz, )y = Pur,)y 2 Por, ()Y — Poru(s)y
> Puz, )y — Pumy(s))y — 4LAr1 2 A —4LA .

The lemma statement follows from the fact that the length of the shortest path between users u, v in
the same connected component is at most 2C — 1. This completes the proof of the lemma. O

Partition of M (9 in phase ¢ + 1 into nice subsets of users and their corresponding active
subsets of items: Consider a nice set of users M (¢-9) at the end of the explore component of phase
¢ i.e. the start of the subsequent phase £ + 1 for the users in M%) . At this point, conditioned on
events 52“), é‘él), our goal is to further partition the users in M (%) into more nuanced nice subsets.
Suppose the number of rounds is at least T'/3/B = O(T/3) implying that the active set of items
N is of size at least Q(Tl/ 3) (induction assumption property B). Suppose, we index the connected
components of the graph G(-%) formed by the users in M%) e M’(), Now, for each index 7, the
set of users corresponding to the j* connected component of the graph {G(©9)} forms the jt" nice
subset of users (Lemmastemming from users in M%) € M) - let us denote this set of users by
MUEHL2) for some index s > 0. For this set of users M(+12)at the start of the exploit component
of phase £ + 1 (round t), we define the active set of items A/ (“+1:%:2) o be Uwvercerns 77,@. Hence
{(MUEFL2) N EFLL2)Y forms the family of nice sets of users (that progress to the (£ 4 1)t phase)
and their corresponding active set of items at the beginning (exploit component) of phase ¢ + 1 for
users stemming from M’(¥). Next, we discuss our recommendation strategy for M‘+1:2) (a nice
subset of users) in the exploit component of phase ¢ + 1.
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Strategy in exploit component of phase ¢ + 1: Note that in the exploit component of phase ¢ + 1
for users in M (£57) = MEF1L2) (new notation indicating that M (457 = ME+1:2) i5 a nice subset
of users at phase ¢ + 1) for some indices 4, j and z, we follow a recursive approach to identify

and recommend items in {7, (¢) }J5, " for all users u € M(+1:2)_ At the beginning of the exploit
(+1,8)

M4t to be the set of items

component of phase ¢ + 1 (say round ¢), we will also initialize O
(953([” (i.e. the golden items that have been chosen for recommendation in the exploit components

of previous phases (1 — £) to users in M%) and recommended sufficiently enough number of times
to be blocked). At start of the exploit component of phase ¢ 4 1 (round t), recall that the active set of

items is given by N (+1:42) = Uuemersn Tu(l). We reiterate here that ¢ corresponds to the index
of the starting round in the exploit component of phase ¢ + 1 for users in the nice subset M+1:2),

Let us denote s = TB~! — ‘Oﬁt;}ﬁ,@

and ) = NU+L62)_ First of all, note that from Lemma

for all users u € M+1:2) the items 7, (r) | [N] \ O;ﬂt};?@ for r € [s] must belong to the set ) i.e.

the best s items among those that are not in the set Oﬁ\atflfl)@ must survive in ) (Lemma . Now,
we look at two possibilities:

1. (Possibility A): For all users u € M(“+1:%) we have thatﬁu;“(l)‘y—ﬁu%u(s)ly < 64CA11
In that case, we stop the exploit component of phase £ + 1 and move on to the explore
component of phase £ + 1 for users in M“+1%) and active items ). Conditioned on
events 52(2) , Sée), in Lemma we show that the above condition implies for every user
u € M2 we must have

max < 88CA/41.
z,yeY e+

Furthermore, for Z = |[N] \ O%I}LYZ), it must happen that Y 2 {m,(s) |
T/B—|otth
2}, ‘ MELIT for every user u € MUHL2) In other words, for each user u €

MH1:2) the set ) must contain all the top TB~* golden items ( {m, (r)}TB, ") that were
not recommended in the exploit components so far.

2. (Possibility B): For some user u € MUEFL2) e have that f)u%u(lﬂy —Puz, o)y =

64CAy41. In that case, from Lemma , we know that for every user v € MUEFLD) e
must have Py (1) — Por, (s)jy = 56CA¢41 . In that case, if we consider the set of items

S = uueM(M”REp | , then from Lemma (or see eq. , we must have that for
every user u € MUH12),

max [Py, — Py, <16CA.4q (16)
z,yeS h

For every user u € M(+1:2) recall that in Lemma we showed that 7, (1) | Y € R |
Y and in Lemma we showed that 7, (1) | Y = m,(1) | [N\ ‘(’)(Hl’t)

M(E+1,2)
m(1) | Y = m(1) | [N\ |0l

]. Hence,

] belongs to the set S for every user u € MEH12),

Hence we must have that the items S is a subset of {m, (1) | [N] \ Oﬁflﬁﬁz) 5_,. Suppose

we index the items in S. For each of the subsequent B |S| rounds (indexed by b € [BS]), for
every user u € M“+12) we go to the [(b/B)]™ item in S and recommend it to user u if
unblocked. On the other hand, if the [(b/B)]* item in S is blocked (or becomes blocked)
for the user . € M*+12) then we simply recommend any unblocked item in N (¢+1::2)
This is always possible because we will prove via induction (see Lemmaand in particular
eq.|23) that at every round in the exploit component of phase £+ 1, the number of unblocked
items for any user u € M¢+12) in the set N“T1.52) (where ¢ is the previous decision
round for M(+1:2) on whether possibility A or B is true) is always larger than the number

M(E+1,2)
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of remaining rounds. We make the following updates:

F14|S L1t
Oyl o, us (17)
N(Z+1,t+|$\,z) s N(Z-Fl,t,z) \ O.E\Z/l-'(—}-;—tltl)s‘) (18)
tt+|Sland Y « NEFLES) 19)
(E+1,)

i.e we update the set O/, ., by taking union with the set of |S| identified items in
{m,(t)}]_, forall users u € MUF12) After these |S| rounds, for the set of users M ¢+1:2),
the set of active items A (“*1:£:2) is pruned by removing the items in S and the time index is
increased from ¢ to ¢ + |S|.

At this point, we repeat the same process again for users in M“*1:2) with the pruned
set of active items N t14%) ie. we check for possibility A or possibility B. If we
encounter possibility B, then we again find the set of items S = U, M<e+1,z>Rq(f) | ¥
and recommended it to all users in M in |S| B steps as outlined above. We do this step
recursively until we encounter Step A for the users in M (*1:2) and at that point we exit the
exploit component of phase ¢ + 1 and enter the explore component of phase ¢ + 1.

As before, at the beginning of the explore component of phase ¢ + 1 for the nice subset of users
ME+L2) et us denote the set of active items by A“*1:2) and the set of items considered for

recommendation in the exploit phases including the (¢ 4 1)* one by (’)%I}l] .y (i.e. we remove the ¢

in the superscript for simplicity). Therefore, at the end of the explore component of phase ¢ 4 1 for
the nice subset of users M¢+1:2)_the set of active items N (“+1:2) satisfy the following:

Lemma 15. Consider a nice subset of users MH12) and their corresponding set of active items
NUHL2) gt the end of the exploit stage of phase € + 1 i.e. for all users u € MY12) we have

(9%;:21&) . Suppose MUH1:2)
is comprised of the users in a connected comﬁenz of the graph G&9 which in turn is formed by the

users in MY for which guarantees in eq.
being true. In that case, we must have that

1. for all users u € ME+1:2),

Pu%u(l)‘N(£+l,z) - Pu%u(s)‘/\[(£+l,2) < 64CA4q for s = TB~! —

holds true i.e. we condition on the events 52(5), 8§’Z)

max  |Pyy — Pyl <88CA,

z,yEN (+1,2)
i.e. the best and worst items in the set N2 for any user u € M2 has close
rewards. o1
2. Denote Z = [N] \ (95\‘/:&2 1, to be set of items not chosen for recommendation to users in

MUEAL2) iy the exploit component of phases until (and including) phase £+ 1. Then it must
happen that

Ot L C {mu()1E (20)
TB—1_|0(2+1)
NELD S ()| 2}, Mol @1
uEM(ZJrl,z)

Proof. Suppose at the end of the explore component of phase ¢, M‘+1:2) € M©ED We will prove
a more general statement. Consider the rounds ¢4, t2, ... at which we check for possibility A or
possibility B (this includes the starting and ending rounds of the exploit component of phase £+ 1). At

any such round ¢,, for all users v € M“+2)_ we must have that 7, (TB~* — ‘(’)j&fz)i) ASRES
NEFLEr2) and

max Pu: — Pyl <  max <l~3 ~ -P, - , ) 24CA
B P uy| S Uity (1)| N (e Lotr.2) Wy ()| N (L) | T+ 041

(22)
NELED 5] {my(t) | 2¥i—y where Z = [N]\ OS50 (23)
wEM(L+1,2)
e+1t, -1
oW C ()2, (24)
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fors=T-— ‘(9%:@1 ffj) ‘ We will prove the statement above via induction on the recursions performed

in the exploit component of the phase ¢ 4+ 1. For the base case, we consider the round ¢; which
corresponds to the beginning of the exploit component of phase ¢ + 1. At this round, recall that

NEFLEL2) — UueM(Hl,z)Tu(z). Of course, with s = T — ‘(95\2(“)

we must have {7, (r) | N©@)}s_, e T (Lemma and since N'“*12) is a union of the sets
T Fulr) | NED = 7o (r) | N2 for all # € [s]. Hence by invoking Lemma@(in the
statement of Lemma(9| we have J = ¢ie. Y = N+12) and 7, (s) | NED = 7, (s) | NEHL2)
fors=T — ‘O%{f?,{) ), we obtain the statement of the Lemma for round ¢;.

, for every user u € MUEH12),

Suppose the induction statement is true for round ¢, and the second possibility i.e. possibility B
became true. In that case, we do not exit the recursion and our goal is to show that the lemma
statement is true at the next decision round ¢,1. The induction hypothesis implies that for every

user v € MU+H2) | we have that 7, (TB~! — ’(95\2(“)
(0)

M) )| NED = Tu(s) | NEFLL2) for s = TB™! —

) survives in the set of items N (¢+1:ta:2)

and furthermore, we have 7, (TB~! — ‘O

‘O%I,} fffz) (note that s is common for all users in M (“*1:2)). The induction hypothesis also implies
that
z s _ l+1,t, {+1,t,
N(Z-H’th ) 2 U {WU(t/) | Z}t’zl where Z = [N] \ 05\4-‘(_£+t1,2) ands =T — )OS\/LJLE)
uEME+L:2)
(25)
0+1,t, -1
Ofeithy € {mu(®}E; (26)

Again, at the decision round ¢, since the possibility B was true, for one of the users v € ME+1:2),

(L+1,tat1)
OM(Z+1.2)

we must have for s = T — ’

il

Pu%u(l)\,/\f("~+1vta=z> — Pu%u(s)‘/\[(@rl,tmz) > 64CA4+1

implying that for every user v € M¢+1:2) we have

PU%U(I)lN(£+1,tu,Z) — Pv;v(s)‘/\/(wrl,fa,z) 2 56CA4+1.
The above equation further implies that (Lemma, for every user v € MU+12) we will have

Pvm,(1)|/\/’(£+1,ta,z> - Pvﬂ.w(s)‘/\[(brl‘ca.z) 2 50CA@+1.

Hence, as mentioned before, if we consider the set of items S = U, M(z“,z)Rg) | N (eJrl’t“’z),
then from Lemma(or see eq. , we must have that for every user u € MEF12) 71 (1) |
N(EJrl,ta,z) € Sand

m€a§( }Puﬂ.u(l)‘j\[(i+1,ta,z) - Puy| S 16CA5+1. (27)
Yy

Hence, if we remove the set S to update A/ 1te:2) je, NUHtar1:2) o NA(E+H1a:2) \ S for every
user u € MH12) | we must have

) | ./A\/’(H—l,t‘1 \Z)

M)

Fu(TB! — ‘OW i)

) | NED =7, (TB™! — ‘O(EH,ta)

— 7. (TB™! - (O““*ta“)

M(£+1,2) ) | N(£+1’ta+1"z)'

This is because for each user u, only elements which have larger rewards than %“(TB_1 —

‘(9%:&1 f{fz) ) | N (¢41,ta,2) are removed which makes the aforementioned item survive in
NEFLtat1:2) and also moves its position up (recall that Oﬁfﬁ}ffj) — O%I,} fl‘fz)) U S) in the

list of surviving items sorted in decreasing order by expected reward. Hence, we can apply Lemma
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Eto conclude the first part of the induction proof. In order to show the final statement, with

s=TB"!— ’0(£+1,tr)

(ei1z |» We can simply substitute that

EAI/I[Igi(l ) (Pu;“(l)‘/\/(HLtr,z) - Pu%u(s)|.,\/(e+1,t,‘.z)) S 64CA4+1
v (+1,2

when possibility A became true at a decision round ¢,- and we exit the exploit component to enter the
explore component of phase ¢ + 1 for users in M (¢+1:2),

Moreover, we will also have that

S C {myu(r) | N (EFLta,z) $_, where s = B! — ‘(’)jatelffz) (28)
— S C{m(r) | Z};_, where Z = [N\ O )') and s =T — (Oﬁ,};ﬁ‘jz) (29)
— Sc{m®}E’ (30)
= N o ) () | 218 31

uEMEH1,2)

where Z = [N] \ O%I/l J’j‘fj)l) and s = ‘O%ﬁ J’j‘fj)l) (32)

This first implication is due to our induction hypothesis (see eq@ which implies that the best

s items in the smaller set N’ ¢t1te2) s same as the best s = TB™1 — ]O(ﬁ(};i‘ﬁ) items in the
larger set [N] \ (9%:&1 ;ﬁ‘fz)) . Hence, it is evident that the set S must also be a subset of the best TB~!

items (golden items) for user u namely {m,(t)},c[rg-1). Since the above facts are true for all users

u € MUt we can also conclude that the new pruned set of items A/ (¢t1ta+1:2) at the next

(L+1,ta+1)
OM(HLZ)

completes the second part of the induction proof. O

decision round t,; is a superset of the best TB~! — ‘ items for every user u. This

Lemma 16. Conditioned on the events 52([), 5:“), with choice of Agp+1 = €p11/88C, conditions A-C
will be satisfied at the beginning of the explore component of phase { for the different nice subsets
{MUEFL2 and their corresponding set of active arms {N'“+12)}_ implying that the event Eé“l)
will be true.

Proof. 1. Proof of condition A: Due to our induction hypothesis, condition A is true for the
explore component of phase /. Hence, the explore component of phase ¢ is implemented
separately and asynchronously for each disjoint nice subset of users M9 ¢ M/ C M©)
(recall that M’(®) corresponds to the nice subsets of users which do not fall into the edge case
scenarios). Let us fix one such nice subset of users M9 e M) After the successful
low rank matrix completion step (event é’él) is true), we find the connected components of a
graph G(9) which in turn correspond to nice subsets of users as well (see Lemma‘ Since
the above facts are true for all nice subsets of users in M’ (5), the nice subsets of users that
progress to the (¢ 4+ 1)t phase are disjoint. Since these set of users are not modified during
the exploit component of phase ¢ + 1, condition A is true at the beginning of the explore
component of phase ¢ + 1.

2. Proof of conditions B and C: Again, let us fix a subset of nice users M¢*12) that has
progressed to phase £ 4+ 1 and was in turn a part of the nice subset of users M%) in phase
£. In other words, the set of users M (“+1:2) corresponds to a connected component of the
graph G(“9. From Lemma we can conclude that conditions B and C are true at the
beginning of the explore component of phase £ + 1 for users in M¢+1:2) with choice of
Agi1 = €r+1/88C where ¢,11 was pre-determined. Therefore, the conditions B and C hold
for all nice subsets of users {./\/l(“l’Z) }. that have progressed to phase ¢ + 1.

Hence, conditioned on the events 52(@, & (Z), with choice of Ay = €p41/88C, the algorithm will be
(e¢+1,¢ + 1)—good and the event 82(”1) will be true. O
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D.2 Analyzing the regret guarantee

Lemma 17. Consider a fixed decreasing sequence {eg}¢>1 where e, = ||P|| and ¢ =
C'27% min (HPH007 %) for £ > 1 for some constant C' > 0. Let us denote the event

E=0, 52(2) Ne 5?(’2) to imply that our algorithm is (ey,£)—good at all phases indexed by { and
the explore components of all phases are successful with the length of the explore component of phase

{ being
23 log(M\/ N N
my = O(%(V) max (1, —T> logT))>.
A7, M
The above statement implies that for any nice subset of users MG that has progressed to the
phase with active items N at the beginning of the explore components, with my rounds, we can

compute an estimate P pc.iy prce.iy Of P pqeiy arceiy satisfying

B )
HPM((Z,z)J\/’(Li) = P e preen < Apt.
7 oo

In that case, the event £ is true with probability at least 1 — CT 2,

Proof. Notice that
Pr(e°) =1 - Pr(| J&7° &)
‘ ¢

> 1— (Pr(ef"") + Pr(&fV | £Y))
— Z (Pr(Sy)" | ﬂ @ R el 1+ pr(elde | el ﬂ (&) 053(‘3))))

£>1 <L <L
> 1 — (Pr(€57) + Pr(efVe | €87))

= (Pr(El e ) pr(E  £00)) =1 - T
£>1

where we used the following facts 1) Pr(£{"7°) = 0 and Pr(£{"° | £V, &) = 0 for all ¢

(Lemma 2) Pr(é'y)C | 52(£>) < CT~2 implied from Lemmal4|with additional union bounds over
the number of phases (at most the number of rounds T) and the number of disjoint nice subsets of
users that have progressed in each phase (at most the number of clusters C). An important fact to
keep in mind is that the above analysis is possible since the observations used to compute estimates
are never repeated in Alg. and we are able to avoid complex dependencies. O

Now, we are ready to prove our main regret bound. Suppose we condition on the event £ as defined
in Lemma Conditioned on the event &, let us denote by p,, to be some sequence of items
recommended to the user v € [M] by our algorithm. The probability of this sequence of items being
recommended is Pr(Nyepmyou | €).

D.2.1 Swapping argument

Let us fix a particular user u € [M] and a sequence of recommended items p,, such that p,,(¢) € [N]
is the item recommended to user u at round ¢. For sake of analysis, we will construct a permutation
Oy : [T] = {pu(t)}ier) of the items {p,(t)}+c[) With sequential modifications (6,, is initialized
with p,,). For any phase indexed by ¢, consider the exploit and explore components for a nice subset
of users M (%) The sequence of items recommended to user u during the explore component remain
unchanged i.e. for any phase ¢, 0,,(t) = p,(t) for all rounds ¢ € [¢] such that ¢ corresponds to the
explore component of phase £ for the user u.

Now, for the exploit component in phase /, recall that (953( oo\ O%;j )i> is the set of items chosen
for recommendation particularly in the exploit component of phase ¢ (we remove the super-script ¢
since we refer to the end of the exploit components in phase £ and phase ¢ — 1 respectively). Suppose

at round ¢ in the explore component of phase /, the bt" item in the set 053( v\ O%l_([lyz) was chosen
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to be recommended to all users in M &% but was found to be blocked for user u € M &) pefore
it could be recommended B times. Let us also denote NEtai) 16 be set of active items for users in
M@ at round ¢ (i.e. t, was the previous decision round where it was decided whether possibility

A or possibility B was true). Since the bt" item in the set o' M) \ o1 v 1) was blocked for user w,

instead we recommend any unblocked item for user  from the current set of active items A/ (49,
This is always possible; we showed in Lemma(see eq. that the active set of items always
contain sufficient unblocked items for possible recommendations for remaining rounds for any user in
the corresponding nice subset of users during the exploit component. Now there are two possibilities:

1. (b item in the set O%i(m) \(’)%;(p) was recommended in round t' in the explore component

of previous phase £') We consider the active set of items N@-h) (such that u € MEM in
phase ') where ¢/ < [ is the phase index (and ¢’ is the round index) when the bt item in

Z)(Z o\ o' ([11) (say a) was recommended to the user u during the explore component
Let us denote the item that we have recommended as replacement to user u at round ¢ by a’.
Note that since a’ € N (“«%) it must happen that a’ € N1 since N (&t C A/(E0)
In that case, we have

pu(t) =a’ and Pu(t/) =a
We swap the above items so that in the modified sequence, we have
0.(t) =aand 0,(t') = d

The goal of the swapping operation at round ¢ in the exploit component is to modify the
sequence of items such that 1) the item a chosen for recommendation at round ¢ is assigned
to round ¢ in the exploit component 2) the item a actually recommended in round ¢’ < ¢ and
phase ¢ < ¢ is replaced by another item @’ (actually recommended at round ¢ > ¢’ in phase
¢ > (') such that both a,a’ belongs to the same set of active items N (v € MR
for some h). We will also say that the item a chosen for recommendation is replaced by a
swapping operation of length 1. This is because the chosen element for recommendation a
was recommended in the explore component of a previous phase. A more precise definition
of the length of a swapping opemtion is provided below.

2. (b item in the set (9%1)(“) \O([ (0.1 was recommended in the exploit component of previous
phase): This is the more difficult case. As before, let us denote the bt item in the set

(9(4)(1, 2\ O /\[/((1’12) by a. Of course, the item a could not have been chosen for recom-

mendatlon in the explott component of a previous phase (i.e. a cannot belong in the set
M(‘" »\ OM(,, ,, forany £/ < £ with u € M9) in phase ¢'.) In that case, the item a

was recommended in the exploit component of phase ¢ as part of a swapping operation.
With this intuition in mind, let us define length of a swapping operation precisely:

Definition 3 (Length of swapping operation). For a user u, suppose a; € O ) (D) \(9([ U ,)
is an item chosen for recommendation in the exploit component of phase { but found to
blocked. In that case, we will say that a is replaced by a swapping operation of length L + 1
if there exists L + 1 items a1, aq,...,a ,a 41, L+ 1 phasespy > ps > -+ > pL > pLy1
and respective rounds ti,ta, ..., t ,tL11 such that 1) a; is chosen for recommendation
in exploit component of phase py at round t; 2) for each 2 < i < L, a;—1 has been
recommended in the exploit component of phase p; at round t; when the intended item
chosen for recommendation was a; 3) a. has been recommended in the explore component
of phase py 41 at round t| 11 3) a1 is the item recommended to user v in place of a; in
phase p; at round t,.

As before, a1 belongs to current set of active items N (6.ta)) at round ¢ for users in
MED) (recall that ¢, is the decision round just prior to ¢1). In the above definition, note that
L must be finite since there are a finite number of components and the first phase only has
an explore component (recall that exploit component in the first phase has zero rounds).

For a user u € M%) suppose a; € o) () \ O%W + is an item chosen for recommen-
dation in the exploit component of phase é but found to be blocked. Moreover suppose a;
must be replaced by a swapping operation of length L (see Deﬁmtlonl 13| for notations). In
that case, we make the following modifications to the permutation 6,

Ou(t;) =a;foralll <i<L+41
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Lemma 18. Condition on the event £. Consider the modified sequence of distinct items {6y, (t) }4e[1]
for a certain fixed user u. For any phase { to which the user u has progressed as part of the nice
subset M1 consider the exploit component starting from round index tepioit start,¢ 10 texploit,end, ¢-
In that case, the set of elements {0,,(t) | t € [Lexploit,start,¢; texploit,end,¢] } S equivalent to the set of

elements (9%2( 00) \Off;(iz) repeated B times i.e. the golden items chosen for recommendation in the
exploit component of phase € to users in M), Similarly, consider the explore component starting
Sfrom round index texplore,start,é to texplore,end,L/~ In that case, for any t € [texplore,star‘c,év texplore,end,é]r it
must happen that 0,,(t) € N (&9 e, the set of active items for MG during the explore component
of phase (.

Proof. We start with the following claim.

Claim 1. For a user v € M9, suppose a; € (953(2_” \ O;f;j_,)i) is an item chosen for recommen-
dation in the exploit component of phase { at round t1 but found to be blocked for user u. Moreover
suppose ay has been replaced by a swapping operation of length L + 1 (see DeﬁnitionElfor notations).
In that case, we already have 0,,(t;) = a; for all 2 < i < L. We only need to modify the sequence
by making the following two changes: 1) 0,,(t1) = ay 2) 0, (tL+1) = aL+1. Note that in the true
sequence, ay 41 has been recommended in the round t1 replacing the intended item a;.

Proof. We will prove the claim via induction. Notation-wise, suppose for any ¢/ < ¢, the user u
belongs to the set M) and the set of active items at round ¢, for users in M is denote by N
(for simplicity, we remove the superscripts). The base case for L = 0 is true by construction - here
the item a; is recommended in the explore component of phase py at round to. We find an unblocked
item as in the set ' C N/ (&9 (note that items are never added to the active set across phases and
only pruned), recommend it at round ¢; according to our algorithm. For analysis, we modify

Ou(tl) = a and au(tg) = as

Now, suppose our claim is true for some L = [. Now, for L = [ + 1, note that a; was recommended
in the exploit component of phase ps at round ¢; this implies that a; must have been used to replace
another item a, via a swapping operation of length /. By our induction hypothesis, we must have
0. (t;) = a; forall 2 < ¢ < L (as a matter of fact, we will have 6,,(¢|+1) = a;). Therefore, only
the pair of modifications 6,,(t;) = a; and 6,,(¢.+1) = a1 suffice to bring the desired changes in
0. O

We can also conclude from Claim|1|that 1) at any round ¢ in the exploit component of some phase for
user u, if the chosen item to be recommended is found to be blocked, then that chosen item is brought
to the ¢*" position in the sequence #,, 2) Once the chosen item is brought to its correct position in 6,,,
it will not be modified/moved in any future round. 3) All chosen items for recommendation to user u
corresponding to exploit components are moved to their correct position (i.e. the intended round for
their recommendation) in the sequence 6,,. Next we make the following claim:

Claim 2. Consider the setting in Claim It must happen that all the items a1, az, ..., aLy1 must
belong to the set NP+1%) _ the set of active items in the phase pLi1 for users in the nice subset
M@ 1o which u belongs and a was recommended in its explore component.

Proof. Again, note that items are never added to the active set across phases and only pruned. If
an item a; is replaced by a1 via a swapping operation of length L + 1, it implies that a; was
used to replace item ag (via a swapping operation of length L), as was used to replace a3 (via a
swapping operation of length L — 1) and so on. The final golden item for user « in this sequence a
was recommended in phase p| 41 in the explore component and belonged to the set of active items
N@PLeri) Hence, this implies that all the subsequent surviving items ai, as, as, . .., aL—1, G +1 Must
have belonged to the set of active items A/(Pt+1.4) ag well. O

From Claim|2| we can conclude that for any round ¢ in the explore component of some phase ¢ for
user u, if p,(¢) is replaced in the sequence 6,, at round ¢, then p,,(t), 6,,(t) belong to the same set of
active items A/(“*) . With both these arguments, we complete the proof of the lemma. O
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D.2.2 Final Regret analysis

Let us condition on the event £. Consider any user u € [M] - recall that {p,(t) };c[r] is the random
variable denoting the sequence of T items recommended to the user u, p,(t) is a realization of
{pu(t) }1e[r) conditioned on the event £. Furthermore, 6,, is the modified sequence - a permutation
of the T items {p, (t)} recommended for user w. For simplicity of notation, we will assume that
u € M©® for every phase £. Hence the active set of items during the explore component of phase
¢ for the nice subset of users M@ is denoted by N9 Also, in line with our previous usage
of notations, let us denote O([)(i o\ o\l v ,) to be the set of items chosen for recommendation
particularly in the exploit component of phase £. Moreover, O denotes the entire set of items chosen
for recommendation in all the exploit components to user u. In other words, if ¢, is the final phase to

which user u has progressed then O,, = (9%1(1, - We denote the regret for the user u by

Reg,(T) | € &= [( Z Pur, () — upu<t)> |5]

where the expectation is over the randomness in the algorithm and the noise in the observations.
Note that with this notation, we have Reg(T) | £ = M1 EuE[M] Reg, (T) | £. We now have the

following set of inequalities for regret of user u:

w182 2[( 5 P Pur) 16] B[ P~ Ponio) 14

te(T)
= > Pr(pu(®) = pu) | )( X Purnut) — Puov))
pu(t) te([T]
= Z Pr(pu(t) = pu(t) | €) ( Z Puﬂ'u ug (t)>
pu(t)

Let us denote the set of rounds in the exploit component of ¢t phase by exploit(¥, MEDY and the
explore component of /" phase by explore(¢, M z)). Therefore we can further decompose the
regret for user u as follows:

Reg, (T) | €= Pr(pu(t) = pult ( > > (Pmm - Puau@))

pul(t) L€ [Ly] teexploit(£,M£:1))

Y 3 (Pmu) “Puw))

L€[l,] teexplore(£,M(£:1))

Next, our arguments are conditioned on the event £ and any sequence pu(t) having a non-zero
probability of appearmg conditioned on event £. Recall in Lemma we proved by induction
that O,, C {m,(t)}]_,. Moreover, in Lemma|18| we proved that items chosen for recommendation
in the exploit components for user « are in their correct positions (i.e. the round when they were
intended to be recommended but might have been found to be blocked) in the sequence 6,,. Consider
a permutation of the best T items for user u o, : [T] — {m,(¢)}{_; such that

ou(t) = 0,(t) for all t € Ugexploit(£, M(49))

{Uu(t)}tEUgeprore(Z,M(“Vi)) = {ﬂ-u(tl)}t’E[T] \ Ou
where in a round in any exploit component, the permutation ¢ maps the item chosen for recom-
mendation (which we know to be among the best T items) for user u to that round. For any round
belonging to the explore component, the permutation ¢ arbitrarily maps the remaining items among
the best T items (namely the set {7y, (') }¢/er) \ Ou). Notice that 37, ¢ (1) Pur, () = Dserr) Puo. -
Therefore, we can further decompose the regret as

Reg,(T) [ €= Pr(pu(t) = pult < > > (Puouu) - Pu%(t))

pu(t) LE[Ly,] teexploit(£,M(£:1))

+ Z Z (Puau(t) - Puéu@)))

Le[ly] teexplore(£,M(£:9))

=D Pr(pu(t) = pu(t ( > > (P""u‘” - Pugu“)))

pult) L€[L,] teexplore(£, M (L))
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For the explore component in the phase indexed by ¢, we have proved in Lemmathat the active set
of items A/ is a superset of {m, (')}t \ Ou. Therefore, we can bound (using Lemmal4|and
condition C stated at beginning of sec. for any £ # ¢,, (¢,, denotes index of the final phase that
user u was part of)

o212 log(M\/ N NT
> (Puo~Pun) < e = O EE (1,57 108T)) ) e
teexplore(£,M(£:1)) 241

where 71 is the incoherence factor of the sub-matrix P cc.:) N - Next, using the facts that Ay =
€0+1/88C, 2¢p = €441, C, 7 = O(1), we get that (after hiding log factors for simplicity)

~ 70213 _,+2,3
teexplmz([;MuM) (Pudu(t) — Pufl(t)) = O(% max (1, %)) = O<U€j max (1, %))

In the above statement, from Lemmas and we also used the fact that i = O(y) and the condition
number of the sub-matrix P i) prce.sy i O (1). Finally, for the explore component of the final
phase ¢,,, from Lemma we will also have (in the final phase, one of the edge case scenarios might

appear)
A 2,3
R (Pusuy — Pug,y) = O (/2 max (VT, \/% ))+0 (06: o (1 % )

Hence, we can put together everything to conclude that

Z Z (Pwu (O Pu(?u(t))

C€[€y,] teexplore(£,M(6:0))

=50 s (1) 4 o (7. )

€¢
2,LL3 N . T2
< Z me® + Z O( ma}((l,m))_|_O<UM3/2maX(\FI—7 M))
Liep <P Lieg>D
- 2,3 N . T2
<T®+J- O(U(g max (l7 M)) + O(UMS/Z max <\ﬁ, W))
where J is the number of phases with ¢, > ®. By choosing ® = "ZT"B max (1, %) we can bound

~ . N
3/2
> Y (Punw Puy) = 0o’ Tmax (1. 17))
Le[ly] teexplore(£,M(£:1))
where we used the fact that N >> T and therefore the last term in the previous equation is a lower order
term compared to the first two ones. Next, recall that we choose ¢, = C’2~¢ min (HPHOO, %)
(so that the condition on ¢ > 0 in Lemmais automatically satisfied for all ¢) for some constant
C’" > 0, the maximum number of phases ¢ for which ¢, > ® can be bounded from above by

J= O(log (% min (HPHOO, %))) Therefore, we can hide J inside O and obtain

3 > (Puau(t) - Puéu(t)) = 5(“ wl? \/W)

Le[,] teexplore(£, M (£:1))
Therefore, we must have that

~ ) N ~ . N
_ 3/2 N _ 3/2 N
Reg, (T) | € O(U[L T max <1, M)) = Reg(T) | & O(U}L T max (1, M))
Finally, we use the fact that
Reg(T) < Reg(T) | £ + Pr(£°)(Reg(T) | £9).
From Lemmal17} we know that Pr(£¢) < CT~2, Reg(T) | £ < T||P||, therefore,

Reg(T) < Reg(T) | € + Pr(£°)(Reg(T) | €°) = O (ops®/2/Tmax (1, %) + TP

which completes the proof of our main result.
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E Proof of Lower Bound (Theorem [2)

Consider our problem setting with M users, N items and T rounds, blocking constraint B, noise
variance proxy o2 = 1 and all expected rewards in [0, 1]. Here we consider C = 1 i.e. all users
belong to the same cluster. Let us denote a particular policy chosen by the recommendation system
as 7 that belongs to the class of polices II. Moreover, let us also denote by £ the set of possible
environments corresponding to the expected reward matrices that has all rows to be same (satisfies
cluster structure for C = 1). In that case, the minimax regret is given by

mf sup Reg(T; &)
Myee

E.1 Lower Bound via reduction

We can ease the problem by assuming that at each round t = 1,2,..., T, the users come in a
sequential fashion - the j*" user is recommended an item based on all previous history of observations
including the feedback obtained from recommending items from users 1,2,...,5 — 1 at round ¢.
Furthermore, we also assume that the N items can be partitioned into NB/T known groups where
each group has identical items - hence we have a simple multi-armed bandit problem (MAB) with
NB/T arms and MT rounds with a single user. A lower bound on this simplified MAB problem will
imply a lower bound on our setting i.e by appropriately normalizing, we have

1 NB NB
> — — —
1an21§£> Reg(T;€) M 71r€1f sup Regmag(MT; &) = (M“ MT> Q(\/ M )

where we simply used the standard regret lower bound in multi-armed bandits with K arms and T
rounds which is Q(vKT) [19].

E.2 Lower Bound via application of Fano’s inequality

As before, we can ease the original problem by assuming that at each round t = 1,2, ..., T, the users
come in a sequential fashion - the ;5" user is recommended an item based on all previous history of
observations including the feedback obtained from recommending items from users 1,2,...,5 — 1 at
round ¢. Clearly, a lower bound on the simplified problem will imply a lower bound on our setting i.e
by appropriately normalizing, we have

mf sup Reg(T; &) > e inf sup Regmag (MT; E).
€ll yee M rell

Furthermore, ignoring the normalizing factor by M, for C = 1, the simplified problem is equivalent
to a standard Multi-armed bandit (MAB) problem with a single agent with MT rounds and an
additional hard constraint that each item can be pulled at most MB times. We will construct (Té\',l)
environments in the following way: let 7 = {S C [N] | |S| = TB™!} be the set of all subsets of
[N] of size TB~!. Now for each subset S € T, we construct an environment by assuming that the
agent on pulling any arm in the set S observes a random reward distributed according to N (A, 1)
and on pulling any arm outside the set S observes a random reward distributed according to A/(0, 1).
This corresponds to the the reward matrix P (in our original problem) having an entry A in the
TB~! columns indexed in S and 0 in the remaining columns. Let Es, Ps, £s denote the expectation,
probability measure and the environment if S € 7T is the set of chosen columns for constructing the
environment.

Next we assume that the set S is chosen uniformly at random from 7. Hence we must have
inf sup Regyag(MT;E) > inf EsrReguag(T;Es)
mell ycg mell

Fix any policy 7w € II. Condition on the set S being selected from 7. Let R(S) be the number of
times arms indexed in the set S are pulled in the MT rounds. In that case we must have
3MT MTA

Reguag (T €s) > Ps(R(S) < — =)= —

Now, consider the estimation problem of which set S was selected from 7. Let X be an estimator
that takes as input the observations in the MT rounds and returns a set S in the following way: it
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finds S as the set of T arms that have been pulled the most number of tlmes jointly and returns S
if R(S ) > 3MT /4 and the null set () otherwise. We consider the estimator X to make an error if it
returns a set S such that SNS < T /4B. If the estimator X makes an error, note that R(S ) > 3MT/4

implies that R(S \ &) > MT/2 (since each arm can be pulled at most M times) - hence, it implies
that R(S) < MT /2. Therefore, if we denote Error as the error event, then we must have

3MT MTA MTA
Regmag(T;Es) > Ps(R(S) < T)T > Ps(Error)

MTA

MTA
= inf sup Regpag(MT; E) > P(Error)

= Es.7Ps(Error)
mell

Therefore, our goal is to bound the quantity Es.7Ps(Error). At this point we have reduced our
problem to a multiple hypothesis testing problem. Therefore, in order to lower bound the probability
of the event Error, we use Fano’s inequality for approximate recovery:

Lemma (Fano’s inequality with approximate recovery [28]). For any random variables V, V on
alphabets V, Y, consider an error when (v, 17) > t for some t > 0 and distance function d :
Y x \7 — R. In that case, if we denote the error event by Error, we must have

I(V;V) + log2
P(Error) > 1 — LV/iV) +1og2

where Guax = max;, 3 ZUEV [d(v,0) < t] and I(V; ‘7) is the mutual information between the

random variables V and V.

In the special case when the random variable V' is uniform, then we can upper bound the mutual
information by I(V; V) < max, ey KL(P, Vv P VIV ;) < max, 5ey KL(P,|| Py ) where the

second inequality follows from Data-processing inequality (P, = P(- | v) corresponds to the
probability of the observations given V' = v).

Next, we apply it to our setting to prove an estimation error lower bound for our designed estimator X.
In our setting, Gp,ax corresponds to the maximum possible number of sets in 7 that have intersection
of size more than T /4B with some fixed set S € T. Clearly we have
T
N—T\/T N-T T 2Ne\ T-T/4B T/4B
Gy < <T < T(—) (4 ) .
< 2 (T—t)(t) = <T—T/4B) <T/4>— T ¢
t=T/4B+1
Furthermore, in our setting, we also have that
KL(Ps||Ps:
Smax (Ps||Ps’)

< Y EsR({i}) max(KLW(0,1)[INV(A, 1)), KLV (A, D]|A(0,1))) < 2MBTA?
i€SUS’
- this follows from the fact that the distributions Ps, Ps/ are most separated in KL-Divergence if
S NS’ = () and by using the fact that each arm can be pulled at most MB times. Therefore, we must
have (provided N = ¢T for some large enough constant ¢ > 0, and T is large enough) for some
constant ¢’ > 0

1(S;8) + log2 2MBTA? + log 2
P(Error) > 1 — (’)% >1- (N/JTF)TOg
log Gmax IOg ( T—T/4B T/4B)
)
-1 2MB2TA? + Blog?2 2MBA?
- dTlog(N/T) =7 log(N/T)’
Therefore, substituting A = ¢ y/1oe(N/T) ‘;g/;(»w, we have that for some constant ¢’/ > 0

1nf sup Regpag(MT; &) > ¢"TB™/Mlog(N/T)

and therefore

1 T+/log(N/T)
> = — .
inf sup Reg(T;¢&) Wi inf bup Regmag(MT; &) = Q( BN )

m€ell ycge mell
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Algorithm 7 BBUIC (Blocked Latent Bandits with User and Item Clusters)

Require: Phase index ¢, List of disjoint nice subsets of users M(®), list of corresponding subsets
of active items N, clusters C, rounds T, noise o2 > 0, round index ¢, exploit rounds texpioit,
estimate P of P, incoherence 1, entry-wise error guarantee ey of P restricted to all users in M)
and all items in /', count matrix K € NM*N,

1: for ith nice subset of users M%) e M© with active items A9 (5™ set in list A)) do
: Sett =tg. Setepyq = 615/2, Ay = 61{/88C and A1{+1 = €g+1/88C.
3:  Run exploit component for users in M with active items N9, Obtain
updated active set of items, round index and exploit rounds N (&) ¢ Lexploit ¢
Eproit_Item_CIuster(./\/l(“),N“’“ » T, Lexploit ﬁM(l.i)yN(l,i) X Ag).

4: Setd; = max(|IMED | |INED|), dy = min(|MED| |NED]) and p = c(M) for

Aer] da
some appropriate fixed constant ¢ > 0.
5. if [N > T3 and p < 1 then

6: Run explore component for users in M with active items A %", Obtain updated
estimate and round index P,t < Explore_ltem_Cluster(M &) A4 ¢ p) such that
HPM“-’”,N(‘*“ — PM(!,i)J\[(Z.i) ‘ < Agy1 whep.

oo
7 For every user u € M9, compute 7. = {5 € NED | P (T—toer) — Puj < 2811}

Construct graph G(“%) whose nodes are users in M ¢ and an edge exists between two
users u, v € M if ‘ﬁﬁf; Pl < 2A 1 for all arms 2 € N(69),

9 Intitialize lists M{") = [ and NV = .
10: For each connected component M “59) (U; M1 = MED), compute N37) =
‘
UueMu,z‘.jﬂL( ), B
11: For each connected component M (*47), construct graph gft‘;;’] ) whose nodes are items

in A'(“%) and an edge exists between two items u, v € N6 if ‘f’é@ —PYl< 16CAp 1

for all users 2 € M(&59), Update N'¢49) to be the set of items N (649) = {z € N |
 is connected with some node inA/(6:49)},

12: Invoke B-LATTICE(L + 1, M!“TD N C T.02 t, tapion, P, ers1, K, G007,

13:  else

14: For each user u € M9, recommend T — ¢ unblocked items in A/“?) until end of rounds.
15:  end if

16: end for

F Blocked Bandits having User and Item Clusters with blocking constraint
B=1

Recall that in this setting, the N items can be grouped into C’ disjoint clusters DV, D) | D()
that are unknown. The expected reward for user « (belonging to cluster a € [C]) on being recom-

mended item j (belonging to cluster b € [C']) is P;; = Qqp where Q € R*C is the small core
reward matrix (unknown). In this setting, we provide our theoretical guarantees with B = 1 i.e. any
item can be recommended to a user only once under the blocking constraint.

Recall that the main reason our theoretical analysis required B = ©(log T) for Thm. setting is that
if the observations that were used to compute estimates of some reward sub-matrix in a certain phase
with certain guarantees that hold with some probability, then conditioning on such estimates with
the said guarantees make the aforementioned observations dependent in analysis of future phases.
In the BBIC setting, we show that in each phase, the possibility of the nice subsets of users and
their corresponding active items is actually bounded and small. On the other hand, the possibilities
were exponentially large in the number of items in the GBB setting. Therefore, we can use a for all
argument here implying that for a set of already used observations, we can show that for all possible
nice subsets of users and their active items, they can be used again to compute acceptable estimates.
Such an analysis allows us to provide theoretical guarantees even with B = 1 for the BBIC setting.
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Algorithm 8 Exploit_Item_Cluster(Exploit Component of a phase)

Require: Phase index /, nice subset of users M, active items N, round index ¢, estimate P of P and
error guarantee A, such that ‘ ‘13 MN — P, N‘ ‘ < 88CA, with high probability, similarity
graph Girem over the set of items /. > N

1: while there exists u € M@ such that Pz, )V — Pusy, (T—tepor) N 2 64CA,} do

2:  Compute R, = {j € N'| l?’uj > f’u;u(l)w — 2Ay41} for every user u € M. Compute
S = UuEMRu-

3 Update S < {v € Gitem | v is connected with some node in S}.

4:  forroundst=tg+ 1,t0+2,...,t0 +|S|B do

5: for each user u € M do

6: Denote by x the (¢ — to)th item in S. If K,,;, == 0 (x is unblocked), then recommend x
to user v and update K,,,, + 1. If K,,, == 1 (z is blocked), recommend any unblocked
item y in NV (i.e K, = 0) for the user w and update K,,,, < 1

7: end for

8: end for

9:  Update N + N\ S. Update ty + to + |S|.
10: end while
11: Return NV, tg.

Algorithm 9 Explore_Item_Cluster(Explore Component of a phase)

Require: Phase index £, nice subset of users M, active items A/, round index ¢, sampling probability
p.

1: For each tuple of indices (4, j) € M x N, independently set §,; = 1 with probability p and
d0;; = 0 with probability 1 — p.

2: Denote Q = {(¢,5) € M x N | §;; = 1} and m = max;enm | |[j € N | (4,5) € Q] to be the
maximum number of index tuples in a particular row. Initialize observations corresponding to
indices in {2 to be A = ¢.

3: forroundst =to+ 1,0 +2,...,tg + m do

4:  for each user u € M do

5: Find an item z in {j € N | (u,j) € Q,d,; = 1}. If K, == 0 (z is unblocked), set
pu(t) = z and recommend z to user u. Observe jozu(t) and update 4 = AU {Rg;u(t) 1,
K, «+ 1.

6: If K., == 1 (2 is blocked), recommend any unblocked item p,,(t) in N s.t. (u, py(t)) & Q.
Update K, 1) < 1. Set A = AU {Rffpi(t,)} where ¢’ < t is the round when p,, (') = z
was recommended to user u.

7:  end for

8: end for ~ _

9: Compute the estimate P = Estimate(M, N, 0%, C,Q, A) and return P, to + m.

Therefore in Algorithmfor the BBIC setting, we only have a single counter matrix K € {0, 1}M*N
which is binary. The matrix K is initialized to be a zero matrix. Whenever an item j is recommended
to user ¢, we set K;; = 1. If, in a future phase, we need to recommend item j to user ¢ again, due to
the blocking constraint, we simply reuse the observation (see Step 6 in Alg. EI)

F.1 Algorithm and Discussion

We start with a definition for nice subsets of items analogous to the nice subset of users (see Definition
Definition 4. A subset of items S C [N] will be called “nice" if S = J;c 4 DY) for some A C [C'].
In other words, S can be represented as the union of some subset of clusters of items.

As in the analysis of GBB setting, we will have the desirable properties A-C that should be satisfied
with high probability at the beginning of the explore component of phase ¢. Recall that we defined

the event 82(2) to be true if properties (A-C) are satisfied at the beginning of the explore component
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of phase /¢ by the phased elimination algorithm. Here, we stipulate a further property D that the
corresponding surviving set of items for each nice subset of users M%) e M© is also a nice subset
of items.

Furthermore, we defined the event 83@ when eq. is true for all nice subsets M%) € M’(®) in the
explore component of phase £. Algorithmis a similar recursive algorithm as Algorithmmand the
only modification is the addition of Step 11. As in Alg.|1| we instantiate Alg. with phase index

1, list of nice subsets of users having a single element comprising all users i.e. M) = [[M]] and
corresponding list of active items A1) = [[N]], clusters C, rounds T, blocking constraint B, noise o2,
round index 1, exploit rounds 0, estimate P to be OM*N_incoherence pand e; = O <HPHOO, gg—,’\z)

Here, we will have a single count matrix K which is binary and is initialized to be an all zero matrix.
We are going to show recursively that conditioned on 52(6), 53(}@, properties A-D will be satisfied at
the beginning of phase ¢ + 1.

Base Case: For ¢ = 1 (the first phase), the number of rounds in the exploit component is zero and we
start with the explore component. We initialize M (11 = [N], N('1) = [M] and therefore, we have

max Py; — min Py

JENED jeN(ED
Clearly, [M] is a nice subset of users, [N] is a nice subset of items and finally for every user u € [M],
the best T/B items (golden items) {m,,(t)}tT:/lB belong to the entire set of items. Thus for £ = 1,

conditions A-D are satisfied at the beginning of the explore component and therefore the event & ()
is true. Furthermore, from Lemma eq. is true for the first phase with probability 1 — o(T~!2)

< ||P||, forall u € [M].

implying that the event 5321) is true with high probability.

Inductive Argument: Suppose, at the beginning of the phase ¢/, we condition on the events
ﬂf=1 Ez(j) ﬂ§=1 52(3‘) that Algorithm is (¢;, j)—good for all j < ¢. This means that conditions
(A-D) are satisfied at the beginning of the explore component of all phases up to and including that of
¢ for each reward sub-matrix (indexed by i € [ay]) corresponding to the users in ME) and items
in N5, Furthermore, we also condition on the event eq. is true for all nice subsets of users
MED e M® and their corresponding set of items A9 - implying that the event é'éé) is true.
Recall that for a user v, the set 7;“) was constructed as

7:)(l) = {j S N(Z'ﬂ ‘ ﬁvj > f’v%v(s’)\j\/“ﬂ) - 2A£+1} where s’ = TB_1 - ‘05\2(4@

(33)

which implies that every item in 77,(2) is close to one of the golden items in N'“¥). At the end of
Step 10 in Alg.|7| we can still show that Lemma@holds for each set of users M (#%7) as they form

a connected component. Notice that in Step 11 in Lemma|9] for each set of users M (57 we
0,i,)
G( Rgv)

construct a graph G’/ whose nodes correspond to the items in N/ (&%) and an edge exists between

two items u, v € N(&D if )f’%} — f’gﬁ? < 16CAy41 for all users x € M), Analogous to the
proof of Lemma we can conclude here as well that items in the same item cluster form a clique.
Therefore, any connected component in the graph Gi(fe’:;j ) must correspond to a nice subset of items
since condition D is true and /(%) is already a nice subset of items. Hence the set of modified items
N©59) constructed at the end of Step 11 in Alg.|7|is a nice subset of items. Furthermore, we can
also prove the corresponding version of Lemmal9)

Lemma 19. Condition on the events 52(8), 5?(,[) being true. Consider a nice subset of users M&#3)
and their corresponding set of active items N'&»9) for which guarantees in eq.|11|holds. Fix any set
Y = NGB\ T for some J such that for every user u € G, we have 7, (s') | N\ = 7, (s) | ¥

fors' =TB™ ! — ‘053(“)

and some common index s. In that case, we must have

D D D D /
mage (g Por —Pus) < mae (Pum oy = Pusoopvien ) +24(C + )

Proof. Note that with the analysis of Lemma@ the conclusion was true for the constructed A (67
at the end of Step 10 in Alg.|7| However, in the modified set of items A (“%7), we are only adding
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items in /(%) that either belong to the same cluster (in which case there is no added gap) or if we are
adding items belonging to a different cluster, then the added gap on the RHS can be at most C' Ay ;.
The above statement follows from a similar argument as in Lemma@ where we showed that gap in
expected reward between two users in M (4%9) (or rather two users connected by a path in G)) for
the same item is at most O(CAyy1). O

Hence, we have shown that each subset of users M &9 is a nice subset of users and furthermore,
the corresponding subset of items constructed at the end of Step 11 is nice subset of items. Next, we
move on to the exploit component of phase ¢ + 1 where we use a similar trick (See Step 3 in Alg.
to ensure that at the end, we are left with a nice subset of items. As before, we can show that the
constructed set of items S is itself a nice subset of items. We can again prove the following modified
version of CorollaryEl

Corollary 3. Condition on the events 52(1{), Eée) being true. Consider a nice subset of users M®:9) e

M'© and their corresponding set of active items N (_“) for which guarantees in eq. |l I|holds. Fix any

subset Y C N9 Consider two users u,v € MY having a path in the graph G\"). Conditioned
) o0

on the events £, ,E3 ", we must have

max [Py, — Pyy| <16(C+ C')Apy and max Py, — P,,| <16(C+ C')Apq
z,YES z,yeS

where S = {z € N4 | 2 is connected with RE U RSJZ)}.

Proof. The proof again follows from the fact that adding items belonging to a different cluster but

connected via a path to the original items in Rﬁf) U Rg) can only add a term of at most 16C' Ay in
the RHS.

Therefore, at the beginning of the explore component of phase ¢ + 1 for a particular nice subset of
users M (¢+1:2)the corresponding set of items A ¢T1:2) must be a nice subset of items as well. Most
importantly, what this implies is that for the low rank matrix completion step in the explore component
of phase £ + 1, we can re-use observations from previous phases and provide theoretical guarantees
as well. This is because, in eq. [L0|in Lemma@ we can take a union bound over all possible nice
subsets of users and all possible nice subsets of items. Since the number of clusters C,C' = O(1),
the total possibilities is O(1) as well (although exponential in the number of clusters). Hence, the
complex dependencies of the previously made observations used to compute prior estimates resulted
by the conditioning on surviving items and users is no longer a problem - we have simply made a for
all argument. The rest of the analysis follows as in the GBB setting and we can arrive at a similar
result as in Theorembut with B = 1 when the set of items can be clustered into C' = O(1) disjoint
clusters.
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