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Abstract

We investigate the contextual slate bandit prob-
lem with generalized linear rewards under lim-
ited adaptivity. At each round, the learner is pre-
sented with N sets of items, where each item
is represented by a d-dimensional feature vec-
tor. The learner then constructs a slate by select-
ing one item per set; the resulting slate yields a
scalar reward sampled from a Generalized Lin-
ear Model (GLM). We propose algorithms un-
der two limited-adaptivity settings: (a) Batched
and (b) Rarely-Switching. For the batched set-
ting, we introduce B—S1lateGLinCB, which par-
titions the time horizon into O(log log T') batches
such that each batch’s policy relies only on data
from previous batches. For the rarely-switching
setting, we propose RS-SlateGLinCB, which
adaptively performs only O(Ndlog T') parameter
updates. Under a diversity assumption on the item
sequences, we prove that B-SlateGLinCB and
RS-SlateGLinCB achieve regret bounds of
O(Nd*/?\/T) and O(Nd+/T), respectively. No-
tably, both bounds are independent of the non-
linearity parameter « that is typically found to
scale the regret of GLM bandit algorithms. Our al-
gorithms are computationally efficient, requiring
only poly (V) time per round despite 2*(N) pos-
sible slates. Simulations show our algorithms out-
perform existing baselines with limited adaptivity
and remain competitive with Slate-GLM-OFU,
a fully adaptive state-of-the-art algorithm. No-
tably, a slightly modified B-SlateGLinCB em-
pirically matches this baseline. Finally, we
demonstrate strong performance in a practical
in-context example selection task for language
models.

"Microsoft Research India, Bengaluru. Correspondence to:
< gauravsinha@microsoft.com>.

Proceedings of the 43" International Conference on Machine
Learning, Seoul, South Korea. PMLR 306, 2026. Copyright 2026
by the author(s).

1. Introduction

The online slate bandit framework models sequential
decision-making where a learner must select a slate of items
in each round. A slate is formed by choosing one item for
each of several slots, with each slot having a distinct and
potentially dynamic pool of candidate items. Following
the selection, the learner observes a single reward for the
entire slate (bandit feedback). The learner aims to design
a selection policy that maximizes cumulative reward, or
equivalently, minimizes cumulative regret over a horizon
of T rounds. This framework is well-suited for many real-
world applications such as landing page optimization, where
page components are selected to maximize conversions (Hill
et al., 2017), and dynamic ad creative optimization, where
advertisements are automatically assembled from various
elements (Chen et al., 2021).

Such broad applications of online slate bandits have led to
extensive research across various settings. When the item
sets for each slot remain constant throughout the horizon and
semi-bandit feedback (individual item level rewards within
a slate) is provided, efficient and low-regret algorithms are
well-known (Kale et al.; Rhuggenaath et al., 2020). Re-
cently, Dimakopoulou et al. (2019) devised an efficient
Thompson Sampling method for the fixed-item-set scenario
that accommodates bandit feedback by attributing the same
slate-level reward to all items within the chosen slate. Subse-
quently, Goyal & Sinha (2025) explored the stochastic con-
textual setting, characterized by item sets varying stochasti-
cally over time, and utilized bandit feedback from a logistic
model. Their proposed algorithm, S1ate-GLM-OFU, effi-
ciently navigates an exponentially large space of candidate
slates through an optimistic selection process for each slot.
It achieves optimal regret, provided a “diversity” assump-
tion holds for the sequence of chosen items, thus achieving
strong theoretical and empirical performance for the contex-
tual logistic slate bandit problem under bandit feedback.

Despite these algorithmic advances, critical challenges re-
main for deploying these methods in practice. Web-scale
applications, such as online advertising and real-time recom-
mendations, require bandit algorithms to operate with lim-
ited adaptivity. Two popular limited adaptivity settings stud-
ied in literature are: (a) Batched - The algorithm must parti-
tion the horizon {1, ..., T} into very few intervals (batches)
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and its policy during a batch should only depend on obser-
vations (slates selected and rewards received) from the pre-
vious batches, and (b) Rarely-Switching - The algorithm
adaptively (and rarely) decides when to update its estimate
of the reward parameters. While both the settings clearly of-
fer practical efficiency by reducing the number of parameter
estimations, the batched setting also enables parallelization,
i.e., rounds within a batch can be executed independently of
each other, significantly improving throughput.

Motivated by these challenges, we tackle the online contex-
tual slate bandit problem in both these settings of limited
adaptivity. Further, we assume that the environment pro-
vides a single reward for the selected slate (bandit feedback),
generated by a Generalized Linear Model (GLM) with un-
known parameters. We summarize our contributions below.

1.1. Our Contributions

First, in Section 3, we present B-SlateGLinCB (Algo-
rithm 1), a batched algorithm for the Contextual Slate Bandit
problem with GLM rewards, that operates over O(loglog T')
batches. We prove that, if the sets of items are chosen
stochastically, then, at the end of 7" rounds, under a popular
diversity assumption (Assumption 2.1), B-SlateGLinCB
incurs @(N d®/%/T) regret, where each item is represented
by a d-dimensional feature vector. In Algorithm 3, Ap-
pendix B, we also show an alternate approach using Distri-
butional Optimal Designs (Ruan et al., 2021), and obtain a
regret guarantee of O(Ndv/T min{v/d, vV N}).

Next, in Section 4, we present RS—-SlateGLinCB (Al-
gorithm 2), a rarely-switching algorithm for the Contex-
tual Slate Bandit problem with GLM rewards, that esti-
mates reward parameters only O(NdlogT) times. We
prove that, at the end of 7" rounds, for adversarially chosen
item sets, under the same diversity assumption as above,
RS-SlateGLinCB incurs O(Ndyv/T) regret, matching
the regret bound of S1late—-GLM-OFU (Algorithm 1, Goyal
& Sinha (2025)) which estimates parameters at all 7" rounds,
i.e., is not constrained by limited adaptivity.

A key feature of both our algorithms is per-round efficiency.
They exhibit poly(/V) per round time complexity by select-
ing the items for the slots independently of each other. By
doing so, they avoid iterating over the 2°2() set of possible
slates, making them practically feasible when NNV is large.

Finally, in Section 5, under diverse experimental settings,
we empirically demonstrate that both our algorithms achieve
sublinear regret, significantly outperform other limited adap-
tivity baselines, and that RS-S1lateGLinCB is quite com-
petitive with S1ate—-GLM-OFU, a fully adaptive algorithm.
We also propose B-S1lateGLinCB+, a batched algorithm
with slight modifications to B—-S1lateGLinCB, and show
that its regret matches that of Slate-GLM-OFU. Using

B-SlateGLinCB+, we implement prompt tuning on lan-
guage models with exemplar selection. We demonstrate
strong performance in binary classification tasks and show
that our performance matches that of Slate-GLM-OFU.

1.2. Related Work

Slate Bandits: Due to their practical relevance in real-world
applications such as recommendation systems and adver-
tising, slate bandits have recently attracted considerable
attention (Chen et al., 2021; Hill et al., 2017). However,
many of these works lack rigorous theoretical foundations,
which have been explored in a separate line of research
(Wang et al., 2017; Kale et al.; Rhuggenaath et al., 2020;
Lagrée et al., 2016; Dimakopoulou et al., 2019; Goyal &
Sinha, 2025). While several of these works (Wang et al.,
2017; Lagrée et al., 2016; Rhuggenaath et al., 2020; Kale
et al.) assume semi-bandit feedback (a reward for for each
item chosen in the slate), more recent efforts such as Di-
makopoulou et al. (2019) and Goyal & Sinha (2025) address
the challenging slate-level bandit feedback scenario. In par-
ticular, Dimakopoulou et al. (2019) use a heuristic-based
method to attribute the bandit feedback to each of the slots,
while Goyal & Sinha (2025) decompose the selection rule
into a slot-level selection rule, allowing their algorithms to
avoid iterating over the exponential sized set of candidate
slates while still obtaining optimal regret guarantees. How-
ever, these algorithms update their parameters at each round,
and hence, are not easily adaptable to limited adaptivity
settings.

Limited Adaptivity: Recently, there has been considerable
interest in the batched and rarely-switching limited adaptiv-
ity settings. In the multi-armed bandit setting, several works
have studied the advantages of batching (Cesa-Bianchi et al.,
2013; Perchet et al., 2015; Gao et al., 2019), Subsequently,
Ruan et al. (2021) proposed batched algorithms for contex-
tual linear bandits, by introducing distributional optimal de-
signs, and using them to guide and determine policy updates.
Building on these ideas, recent work has explored batched al-
gorithms for more complex reward models, including GLMs
(Sawarni et al., 2024) and multinomial logit (MNL) models
(Midigeshi et al., 2025). The rarely-switching setting for
contextual linear bandits was introduced by Abbasi-Yadkori
et al. (2011) and since, has been studied for other reward
models as well (Sawarni et al., 2024; Midigeshi et al., 2025).
However, these algorithms do not easily extend to the slate
bandit setting, where combinatorial action spaces and struc-
tured feedback introduce unique challenges not addressed
in prior batched bandit literature.

2. Notations and Problem Setup

In this section, we define some general notations and de-
scribe the problem setup in complete detail.
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We represent the sets {1,..., N} and {m,..., N} as [N]
and [m, N| respectively. Unless otherwise specified, all
vectors, matrices, and sets are represented using bold lower
case, bold upper case, and calligraphic upper case letters
respectively. A matrix A is said to be positive semi-definite
(p.s.d), denoted A > 0, if all the eigenvalues of A are non-
negative. We define the norm of a vector  with respect to
ap.s.d matrix A as ||z||a = V& T Az. We use P and E to
denote the probability and expectation of a quantity respec-
tively. For any vector = (z1,..., 2k, ...,2,...2}) €
RNzt = (2%,...,2%) € R denotes the i*" block of .
Finally, we use (7)() to suppress polylogarithmic factors.

2.1. Contextual Slate Bandits

Let T' € N denote the total number of rounds of interaction
between a learner and an environment. In the contextual
slate bandit problem, at each round ¢ € [T, the learner
is presented with N sets of items X}, ..., AN < RN,
For each i € [N], the learner selects an item x} € X},
thereby constructing a slate x = (zf,...,z]) € &, =
X! x ... x XN, We say item x! is used in the i*" “slot”
on the slate. The environment then reveals to her a single
scalar r¢(x;). The goal of the learner is to minimize her
cumulative regret R(7'), defined as,

R(T)=E Z{maxrt(w)—rt(mt)} , (D

rEX:

where the expectation is over the randomness in the rewards.

2.2. Generalized Linear Models (GLMs)

We follow the definition of GLMs provided in Definition
2.1, Sawarni et al. (2024). Let » € R be a random variable
and € RV? be a random vector in the Euclidean space.
We say that r(x) is sampled from a GLM, if, the conditional
random variable 7 | « is distributed as per an exponential
distribution, i.e.,

Po« (r | ) = exp (r- (z'6%) —b(z'0%) +c(r)).

Here 8* ¢ RN parametrizes the density function. Further,
following Sawarni et al. (2024), we assume that b is twice-
differentiable, b is assumed to be monotonic, and r € [0, R]
almost surely, for some known R € R.

We define the link function y as p(z 6*) = E[ry | @] =
b(z; 6*). Thus, p is monotonic, and further, following
Filippi et al. (2010), we assume it to be L,,-Lipschitz. A sig-
nificant property of GLMs is the self-concordance property
(Sawarni et al., 2024), i.e, for GLMs supported on [0, R],
li(2)| < Rja(2) V z € R.

2.3. Contextual Slate Bandits with Limited Adaptivity

In the limited adaptivity setting, the learner is constrained
to make M policy updates. Our goal is to solve the contex-
tual bandit problem with GLM rewards parametrized by an
unknown parameter vector 6* in both the prevalent limited
adaptivity settings: batched and rarely-switching. Next, we
formally describe these settings.

Batched Slate GLM Bandits : The learner is required to
partition the horizon [T] into M disjoint batches 71, . .., Tas
apriori, and the policy of selecting slates can only be up-
dated between two consecutive batches. Therefore, during
round t € Ty, the policy can only utilize the set of observa-
tions from previous batches {7;}77" and the present set of
items { X/}, (1, allowing for parallelization within a batch.
It is known that when M = Q(loglogT), ©(loglogT')
batches suffice to obtain optimal regret in " (Cesa-Bianchi
etal., 2013; Gao et al., 2019). Hence, we develop algorithms
that make O(log log T') updates.! Further, we assume that in
each slot i € [IV], the set of items X} V¢t € [T] are sampled
independently from a distribution D? supported on R%. The
goal of the learner is to minimize the expected cumulative
regret defined in (1), where the expectation also incorporates
the randomness in all the item sets {Xf}temﬂve[ N]-

Rarely-Switching Slate GLM Bandits: Here, while the
learner is constrained to estimate 8* only M times, she
can adaptively decide when to make these estimates. We
present an algorithm that makes M = O(logT) policy
updates, matching the lower bound in Ruan et al. (2021) up
to polylog factors. We do not assume any stochasticity in
the item sets, i.e., they can be adversarial. Our goal is to
minimize the expected cumulative regret as defined in (1).

2.4. Non-Linearity Parameter

An important quantity that often arises while dealing with
GLMs is an instance-dependent non-linear parameter &,
defined as

@

1
K = Sup sup v
e o:l6)|<s fu(z0)

where X is the set of all actions (slates, in our case) across
all rounds, and S is an upper bound on ||0*||2. Intuitively,
quantifies the deviation of the reward model from linearity,
and can be exponential in ||6*||o (Faury et al., 2020). As
a result, several works utilizing non-linear reward models
in batched as well as non-batched settings (Faury et al.,
2022; Sawarni et al., 2024; Zhang & Sugiyama, 2023; Midi-
geshi et al., 2025; Goyal & Sinha, 2025; Yu & hwan Oh,
2026) have focused on achieving x-free regret bounds (in
the leading term).

"When M = o(loglog T'), our algorithms easily extend to the
generic schedule presented in Sawarni et al. (2024).
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2.5. Additional Assumptions

Following the works of several other GLM bandit papers,
we assume that the norm of the hidden reward parameter
[[6*]|2 < S, with S being known. Also, following Goyal
& Sinha (2025), for all rounds ¢ € [T and all slots i €
[N], for any 2 € X/, we have ||z]2 < \/iﬁ While these
assumptions are somewhat standard in the bandit literature,
we make an additional “diversity” assumption described

below.
Assumption 2.1 (Diversity Assumption). We assume that
our algorithm ensures that the sequence of items selected
are “diverse” enough, i.e. for all slots i € [IN] and some
p >0,

Elziz; | Fi—1] = pI and E[z}|F;—1]=0,

where 0 and I represent the zero vector and the identity ma-
trix, while the filtration 711 = o(@1,71, ..., Ti—1,7¢—-1)
encodes all the information up till time ¢.

Note that Goyal & Sinha (2025) assume that the eigenvalues
of the expected design matrix grow as 2(x).> We show
that it suffices to assume that the eigenvalues grow as (1),
hence, matching the diversity assumptions made in relevant
linear bandit literature (Das & Sinha, 2024; Chatterji et al.,
2020; Bastani et al., 2021; Kannan et al., 2018; Raghavan
et al., 2018; Papini et al., 2021). Thus, our assumption is
strictly weaker than the one in Goyal & Sinha (2025).

Intuitively, these conditions ensure that the items chosen in
each slot span the entire space in a way that the associated
design matrices have eigenvalues sufficiently bounded away
from zero. Such a diversity assumption has been used in sev-
eral prior works (Goyal & Sinha, 2025; Das & Sinha, 2024;
Papini et al., 2021; Chatterji et al., 2020) to obtain strong
regret bounds. Similar to Goyal & Sinha (2025), we use
this assumption to prove that the eigenvalues of the design
matrices used in our algorithms grow (sufficiently) linearly.
We refer the reader to Section 2.1 of Goyal & Sinha (2025)
for a thorough discussion of the diversity assumption. Also,
in Appendix H, we empirically validate the linear growth of
eigenvalues of the design matrices for our algorithms.

2.6. GLM-MLE Loss

Let z, C RV be the slate selected at round s € [t — 1] and
rs be the corresponding reward. The maximum likelihood
estimator (MLE), ét, based on these observations, is the
maximizer of the function,

t—1 t—1
Zlong(rs | xs) = er x]0—px! ). (3)
s=1 s=1

%i.e, Goyal & Sinha (2025) assume E[wiw{r | Fi1] = prlI
for some p > 0.

We refer the readers to Sections 2 and 3 of Filippi et al.
(2010) for more details. Note that (3) is an unconstrained
optimization problem. If the MLE 8, lies outside the set of
admissible parameters © = {0 : ||0]2 < S}, we project
é; back on to ©, worsening the regret by poly(R, S) (see
Appendix E of Sawarni et al. (2024) for a more detailed
explanation). Henceforth, for the sake of exposition, we
assume 6, € O, V ¢ € [T]. However, all results easily
extend to include the projection described above.

2.7. G-Optimal Design

Let X C R?. The G-Optimal design 7 (X) is a probability
distribution on X defined as
76(X) = arg min max||z||3,_, where V = E [zz'].
rEA(X) TEX
Here, A(X) is the set of all probability distributions over
X. The Keifer-Wolfowitz theorem (Kiefer & Wolfowitz,
1959) states that maxge x [||[3/ (1)) -1 < d- While com-
puting an exact G-optimal design is known to be NP-hard
(Grotschel et al., 2012; Summa et al., 2014), there exist effi-
cient? algorithms to compute approximate optimal designs
(see Chapter 21, Lattimore & Szepesvari (2017)).

3.B-SlateGLinCB

In this section, we present a batched algorithm for
Contextual Slate GLM Bandits, which we refer to as
B-SlateGLinCB (Algorithm 1). First, we provide a de-
tailed explanation of the algorithm, highlighting the non-
trivialities involved in a multi-slot batched algorithm. Next,
in Section 3.2, we provide a regret guarantee for it. Finally,
in Section 3.3, we make some additional remarks.

3.1. Algorithmic Description

B-SlateGLinCB takes as inputs the number of slots IV,
the number of batches M, the length of the horizon 7', an
upper bound S on the {5-norm of the true reward parameter
6*, the probability of failure d, and the instance-dependent
nonlinearity parameter x.* As discussed in Section 2.3,
when the number of batches is Q(loglogT'), we only re-
quire M = ©(loglog T') batches. Hence, without loss of
generality, we develop our algorithm for M = O(loglogT)
batches. First, in Step 3, we define the M + 1 batches

To, - .., Ta. and define the batches to be consecutive dis-
joint subsets of [T'] with lengths given as,
Tl = IVT) , [Tl = (T2 Vme[M]. 4

Warm-up Batch: We begin with a warm-up batch 7y (Steps
4-11). At each round t € Ty, for each slot i € [N], we

3polynomial in |X'| and d.
*An upper bound on « and S suffices (Sawarni et al., 2024).
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Algorithm 1 B-SlateGLinCB

1: Inputs: Number of Slots N, Number of batches M,
Horizon T, Parameter norm bound S, Failure Level 6,
and non-linearity «.
Initialize Oy = Oxg and A = O(NdR?log T/6).
Define batches 7g, 71, . . ., Tas as per (4).
{Warmup Batch}
fort € 75 do
Receive the set of items X for all slots i € [N].
fori € [N] do
Obtain ¢ ~ 7 (X}) (defined in Section (2.7)).
end for
Play the slate x; = (z}, ...
end for
: Compute 8y = argming >, £(x¢,7+,0) as per (3).
: Define Vi = AMa+ >, o7, zizi' forall slotsi € [N].
//Other batches
14: for m € [M] do
15: fort € 7T,, do

, V) and obtain r;.

—_ =
TeYeRankwd

—_ =
W N

16: Receive the set of items X} for all slots i € [N].

17: fori € [N]do

18: for [ € [0,m — 1] do

19: {Perform elimination}

20: X« {2z ¢ X} UCB"*(z) >

Max, ¢ y; LCB**(y)}.

21: end for

22: Obtain zi ~ ¢ (X}) (defined in Section (2.7))
and b = arg maxy e vi [yl (viy-1-

23: end for

24: Play the slate ¢; = (x}, ...,z ) and obtain r;.

25: Construct the slate b, = (b},...,bN).

26:  end for

27: O, = argming ), - £(x¢,7¢, 0) as per (3).

28: H! =X+ @wim{r Vi € [N] where
t€Tm
S is defined in (9).
29: end for

receive the set of items X;. Then, for each slot i € [N],
the algorithm samples an item x from a G-optimal design
(see Section 2.7) computed over X} and plays the resultant
slate ©¢; = (x},...,z)), receiving feedback r;. At the
end of this batch, in Step 12, we compute an estimate 50 of
the reward parameters 8*, by minimizing the GLM-MLE
loss as per (3) over the set {(@,7:)}ter,. Then, in Step
13, for all slots ¢ € [N], we compute the design matrices
Ve =Ma+ Y e, zizi' for all the items chosen in the
it" slot in batch Ty. Here, A\ = O(NdR?log(T/J)). The
estimate 50 and matrices V{/ are utilized in the subsequent
batches to control regret.

Batches m € [M]: In Steps 15-28, we execute the m‘"

batch (m € [M]). For each round t € T,,, we receive the
N sets of items {X/}icv). For each sloti € [N], we prune
X/ (Steps 17-21) based on a criterion we discuss next. For
any sloti € [N], item 2z € X} and a prior batch [ € [0, m —
1], define the scores UCB™!(2) and LCB"!(2) (upper and
lower confidence bounds respectively) as follows:

Tpi , —
UCBi,l(Z) — ZT?\? + 2\/E’7||ZH(V01)*1 =0, (5)
Tpi v _
LCB* (z) = zT‘Z? —2vr9llz[(v)-1 1=0, ©)
z 0[ _Q,YHZH(H;)*I 1750

Here, v = O(SR+/Ndlog(T/d)). In the definitions above
(for [ # 0), the first term (i.e. zTOf) utilizes an estimate

6, = (GAll, e élN ) of the true reward parameters 0*. This
estimate is calculated in Step 27 by minimizing the GLM-
MLE loss as per (3) over the set {(x;, ) }+eT; at the end of
the [t" batch. For [ = 0, the second term in (5) and (6) (i.e.,
+279|| 2| (gr7)-1) utilizes a slot-level scaled design matrix

i /l(thg’o)
H} =\, + Zteﬂ 5

Here, by = (b},...,bY) is a slate (called scaling-slate)
computed at round ¢, with its 7*" item defined as

w;x;T (7)

b, = argmax,e x| 2| (v;y-1- (®)

This scaling-slate b, is used to construct the scaling term
f1(b] 8y) in H}, which is then normalized using

B¢ = exp | min ¢ 25, 6y/ky Z ||bi||(‘/0i)—1 )
i€[N]

We provide more details on the choice of this scaled design
matrices H} in Section 3.1.1. Finally, using the scores
defined in (5) and (6), we eliminate all items z € Xf for
which UCB*!(z) < LCB"!(y) for some previous batch [ €
[0,m — 1] and some y € X;. Then, in Step 22, we construct
a G-optimal design on the remaining items in X/ and sample
an item ! from it. After completing this procedure for all
slots, we play the constructed slate ; = (x},..., ) and
receive reward r; for it. We then compute the scaled design
matrices H}n (Step 28), which will ultimately be used in
eliminations performed during batches [ € [m + 1, M].

3.1.1. SCALED MATRICES H},

As described earlier, the scores UCB*! and LCB*' for slot
i € [N] and batch [ € [M], used during elimination (Step
19-20 in Algorithm 1) utilize a slot-level scaled design ma-
trix H ; defined in (7). Moreover, the slate is also con-
structed by sampling items (Step 22) for each slot separately.
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This ensures that the per-round time complexity grows as
poly (K, N). We now explain why it also helps us obtain a
k-free optimal regret guarantee. First, using Assumption 2.1
along with a recent technique from Goyal & Sinha (2025), in
Lemma A.13 (Appendix A) we show that the block diagonal
matrix diag(H}, ..., H}Y) is multiplicatively equivalent
to the matrix

—/\INd+Z

where {x:}:c7 is the sequence of actions played during
the {*" batch and f; is the normalization term defined in
(9). Then, we show that fIl < H}, where Hf is the
hessian of the GLM-MLE loss (Section 2.6 ) computed on

{(wt, Tt)}teTp ie.,

Hf = )\INd—I-Z

( (b7 8) /m) z,z7,

T pg* T
iz, 0 xx,

It is well known from recent literature (Sawarni et al., 2024,
Faury et al., 2022) that H;, can be used to construct confi-
dence sets for the MLE estimator §l obtained by minimizing
the GLM-MLE loss on {(x, ) }te7;- To be precise, for
any § € (0,1), we can show that

P (16, - 6"l < O(/Ndlog (T/3))] = 1-6. (10)

Since at round ¢t € 7T;, we selected the item :1:}t for slot ¢
by sampling from a G-optimal design constructed on X
(post elimination), we get the optimal design bound (Lemma
A.10, Appendix A) as:

E (b 80) /B,

(i)

HY)

(Hj)~1

Multiplicative equivalence between diag(H}, ...,

(1(b] 80) /5 ’ and

(Hy)—1

and H, then yields that

) fu(b] 80)/B:
1€[N]

equivalent, implying that

Nd
E |||z =0|—|. a1
[ <ﬁz>11 <v|7?>
These bounds in (10) and (11) are key to proving k-
independent optimal (in 7') regret guarantees.

are also multiplicatively
(H{)~!

fu(b] 80) /5

3.2. Regret Guarantee for B-SlateGLinCB
In Theorem 3.1 we present our regret guarantee for
B-SlateGLinCB and provide the proof in Appendix A.

Theorem 3.1. At the end of T rounds, B-SlateGLinCB
(Algorithm 1) incurs a regret R(T) which can be bounded

as

R(T)=0O(RSNd*? |[T- E
{Xi~Di}icin

(e} 9*))

where ¢, = argmaxgcy @ 0* and X = X' x ... x XN,

3.3. Additional Remarks

Remark 3.2. Replacing the G-Optimal design by a Distri-
butional Optimal design (Ruan et al., 2021) results in an
algorithm (Algorithm 3, Appendix B), that incurs regret
R(T') bounded as

R(T)=0O (RSNd\/T- min {d, N}) ,

R1 K2
where
L E (] 6%), L max  ji(x] 6%),
K1 {xi~Di} Y, K2 {xinDi} Y,

and T, = argmaxgcy @ 0* and X = X! x ... x AN,
Thus, an improved dependence on d simultaneously wors-
ens the dependence on N and the reward sensitivity of the
optimal slates. We provide a more detailed explanation
along with the proof in Appendix B.

Remark 3.3 (Novelty of scaling-slate b;). A natural exten-
sion of B-GLinCB (Algorithm 1, Sawarni et al. (2024)) to
our setting is to scale each item ¢ with LL((:Bl)Té\é) How-
ever, this results in terms of the form /u((%)763) /(] 65)
which can grow linearly with k when N > 1. By choosing
the scaling-slate as b;, we show that fi(b, 50)//1(m:§0) =
O(1), helping avoid a potential x-dependency.

4. RS-SlateGLinCB

In this section, we describe a rarely-switching algo-
rithm for Slate GLM Bandits, which we refer to as
RS—-SlateGLinCB (Algorithm 2). RS-SlateGLinCB
employs a switching condition to adaptively determine pol-
icy updates. We first describe the algorithm, and subse-
quently, in Section 4.2, we provide provide certain guaran-
tees for RS—-SlateGLinCB and make some remarks.

4.1. Algorithmic Description

RS-SlateGLinCB takes as inputs the number of slots IV,
the length of the horizon 7', an upper bound S on the /5-
norm of the true reward parameters 6*, the probability of
failure d, and the instance-dependent non-linearity &.

Warm-up Batch: The algorithm begins with a warm-up
batch Ty (Steps 3-7) comprising |v/T'| rounds. At each

> An upper bound on & and S suffices.
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Algorithm 2 RS-S1ateGLinCB

1: Inputs: Number of Slots N, Horizon 7', Parameter
norm bound S, Failure Level 9, non-linearity .

2: Initialize the warm-up batch 7y = |v/T| and V' = AT,
forall i € [N] where A = O (NdR?S™ ! log(T671)) .
//Warmup Batch

3: fort € [To] do

4:  Receive the set of items X} for all slots i € [N].

5. Select i = maxgey; ||| (v,)-1, play the slate
x; = (x},...,x)) and obtain reward r;.

6: Forallie [N], update V¥ « Vi + wtwt—r.

7: end for

8: Update 6y = arg ming Zte[T ]Z(:ct,rt, 0).

9: Sets = |To|, Hs = Mg, H: = X4 Vi € [N].

10: fort € [s+1,7] do
11:  Receive the set of items X} for all slots i € [N].
//Determinant condition

12:  ifdet(H;) > 2 det(Hy) then

13: Compute 8, = argmin, Zt’—s+1 Uz 1y, 0)
and update s < t.
14:  endif

15:  for eachslot i € [N] do

16: X o+« {z e X UCB“(z) >
max LCB"(y)}.
YEAY
17: Select =} = arg max{z" 0! + 2v/28| | (g:)-1 }
zZEX] ¢
18:  end for

19:  Play slate ¢; = (x},..., =) and obtain reward ;.
20:  Update the matrix Hy 1 < Ht+ﬂ( 00) lex]

and Hf,, « H} + ju(x] 6p)e~ Vi € [N].
21: end for

mtwt

round t € Ty, in Steps 4-6, the algorithm observes the [NV
different item-sets X/, and for each slot i € [N], selects
T} = argmax, ¢ yi[|z]|(v,)-1, where V;' is defined via

Vi=Vi, taix) V=M

and A\ = O(NdR?S~11og(T/4)). The algorithm plays
the resulting slate ©; = (x},..., ) and receives the
reward r; corresponding to it. At the end of this warm up
batch, in Step 8§ we compute 50 by minimizing the GLM-
MLE loss as per (3) over the set {(x¢,7¢)}+e7;. Similar
to B-SlateGLinCB, 50 is used to define scaled design
matrices which help us in obtaining «-free regret which we
discuss next.

Rarely-Switching Algorithm: In Steps 9-20, we execute
the rest of the rarely-switching algorithm. For each round
t € [|To] + 1,T] and each slot i € [N], we define a slot
level scaled design matrix

H} =\, + Z e (ﬂ(m?é\o)/e) a:s:csT

We also define a slate level scaled design matrix

H; =My + Z e (/1(3:;50)/6) zx] .

Similar to our discussion in Section 3.1.1, we can show that
H. < H}, where H; is the Hessian of the GLM-MLE loss
(Section 2.6) computed on the pairs {(zs, rs)}i;h’ 11> and
is defined as

t—1
H; =Mpyg+ Zs:\To\Jrl u(w:o*)ajsxj.

After receiving the set of items X for all slots i € [N], in
Step 13, we check for a determinant condition indicating
whether the true parameter 8* needs to be re-estimated.
In particular, we check if the determinant of H; is more
than double the determinant/\ of H,, where s < t is the last
round at which an estimate 6, of 8* was computed. If true,
we compute §t by minimizing the GLM-MLE loss over
all rounds ¢ € [|To| + 1,¢ — 1], and update s = t. Then,
regardless of whether the determinant condition was true, in
Steps 16-17, for each slot i € [N], we eliminate all items
z € X} that satisfy UCB*?(z) < LCB"°(y) for some item

y € XL ‘. Here, UCB® * and LCB** are scores defined in 5)
and (6) respectively. Finally, in Step /7, from the remaining
items in X/, we select ¢ such that,

xl = argmaxzexi{z—reg + 2\/§6Hz|| Hi)—l}
where 8 = O(R+/NdS log T/(S ) and s < t was the last

round at which an estimate 0, (01 HN ) of 8* was
computed. We play the slate x; = (a:}, ...,z and re-
ceive reward ;. We then update H} (i € [N ]) and H;.

4.2. Guarantees and Remarks for RS-SlateGLinCB

In Theorem 4.1 and Lemma 4.2, we present the regret guar-
antee for RS-SlateGLinCB and a bound on the number
of parameter updates made by it respectively. We provide
the proofs in Appendix C.

Theorem 4.1. At the end of T rounds, RS-SlateGLinCB
(Algorithm 2) incurs a regret R(T') which can be bounded
as

R(T)=0O | RVT + RS'?Nd_ | jux],0%)
te[T]

Lemma 4.2. During T rounds, RS—-SlateGLinCB (Al-
gorithm 2) updates its policy at most O(NdlogT) times.

Remark 4.3 (Improvement in number of updates over
Sawarni et al. (2024)). Our warm-up ensures that Algo-
rithm 2 makes O(NdlogT) updates. This matches other
rarely-switching algorithms (Abbasi-Yadkori et al., 2011;
Ruan et al., 2021; Midigeshi et al., 2025), and significantly
improves upon RS—-GLinCB (Algorithm 2, Sawarni et al.
(2024)), which makes O(xN2d? log® T') updates.
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5. Experiments
5.1. Synthetic Experiments

In this section, first, we empirically compare our
algorithms, B-SlateGLinCB (Algorithm 1) and
RS—-SlateGLinCB (Algorithm 2) to other baseline
algorithms that accommodate limited adaptivity.® These
include RS-GLinCB (Algorithm 2, Sawarni et al. (2024)),
RS-MNL (Algorithm 3, Midigeshi et al. (2025)), and a
modified version of SoftBatch (Algorithm 5, Hanna
et al. (2023)). We are not aware of any limited adaptivity
algorithm specifically designed for the slate setting.
Then, we also compare the regret of our algorithm to
Slate-GLM-OFU (Algorithm 1, Goyal & Sinha (2025)),
which is fully adaptive, i.e., parameters are updated at all
rounds. To the best of our knowledge, this is the only con-
textual slate bandit algorithm designed for GLM rewards.
In Appendix E, we detail the implementation details for all
algorithms and showcase additional experiments.

Experimental Design: At each t € [T, for each slot i €
[N], the set of items X C RY, is chosen such that | X}| =
K = 5and d = 5. Each item in X} is sampled from
[—1,1]° and is normalized to have f5-norm 1/v/N where
N varies depending on the experiment setting. We randomly
select * from [—1, 1]V and normalize it to have £5-norm
S. For our algorithms, we set § = 1/N 2 which puts it in
the range [0.004, 0.04] for the values of N used. For the
baselines, we use the default values of &7 provided in the
corresponding implementation. We vary S, N to create two
different experiment settings capturing low and high regimes
of x and the number of slates KV: E1: (S, N) = (2,5),
resulting in KV = 3125 slates with dimension Nd = 25
and k ~ 7.38. E2: (S,N) = (5,10), resulting in K~ =
9765725 slates with dimension Nd = 50 and xk =~ 150. We
run our experiments for T' € {5000 % m : m € [4]} rounds
and average over 25 different seeds for sampling rewards.

5.1.1. RESULTS

Comparison with limited adaptivity algorithms: We see
in Figures 1a and 1b that our algorithms B-SlateGLinCB
and RS—-SlateGLinCB achieve sublinear regret, and sig-
nificantly outperform the limited adaptivity baselines in both
the settings E1 and E2 respectively. These results also pro-
vide strong empirical support for our x-free regret guaran-
tees in Theorems 3.1 and 4.1. We also observe that the regret
of RS-SlateGLinCB is better than B-SlateGLinCB
in both regimes, which can possibly be attributed to bet-
ter constants as well as the v/d gap between the bounds
provided in our theorems.

Comparison with a fully adaptive algorithm: In Fig-

We use a logistic reward model for all our experiments.
"which are of the same order as ours.

ures 2a and 2b we compare the regret of our algorithms
with that of the fully adaptive slate bandit algorithm
Slate—-GLM-OFU. Since Slate-GLM-OFU is not con-
strained by limited adaptivity, its parameters are updated at
all rounds. Hence, we expect its regret to be better than that
of our algorithms. However, we observe that for both set-
tings E1 and E2, the gap between Slate-GLM-OFU and
RS-SlateGLinCB is quite small. In Figures 2a and 2b,
we also include a slight modification of B-SlateGLinCB,
which we refer to as B—SlateGlinCB+, and notice that
its regret is extremely close to that of Slate—-GLM-OFU.
Similar to B-SlateGLinCB, B—SlateGLinCB+ is also
a batched algorithm with only O(loglog T') parameter up-
dates; however, it modifies Step 18 of B-S1lateGLinCB
to perform fewer eliminations, i.e., instead of iterating over
all previous batches | € [0,m — 1], it only checks the
elimination condition in Step 20 for [ = m — 1. While
this clearly reduces the per-round time complexity, empir-
ically, we observe that it also incurs much lower regret. It
would be interesting to study the constraints under which
one can prove strong regret bounds for such heuristics. In
Appendix F, we provide additional insights and experiments
for B-SlateGLinCB+.

5.2. Real World Experiments: Prompt Tuning

Next, we employ B-SlateGLinCB+ to perform prompt
tuning for language models through exemplar selection.

Experimental Design: All experiments are conducted us-
ing RoBERTa-large (Liu et al., 2021) as the base model and
Nomic-Embed-Text-v1.5 (Nussbaum et al., 2024) on a bi-
nary sentiment classification task, namely, the SST-2 dataset
(Socher et al., 2013). The instruction prompt is fixed apriori,
and is designed in the form of a slate, where each of the NV
slots correspond to an exemplar. At each time round, the
algorithm is presented with a query and N (different) pools
consisting of K candidate examples each. The algorithm is
then required to select an exemplar (ifem) from each of the
candidate pools to construct the prompt (slate). We choose
N=6and K =9.

At each time round, we construct the arm-sets as follows:
the feature vector for each candidate example is a concate-
nation of three different components; a joint embedding
between the query presented in the particular time round
and the candidate example, the true label for the candidate
example, and a pair of scores that measure the similarity
between the query and the candidate example. We describe
the experimental setup in complete detail in Appendix G.

Baselines and Results: We choose the following algorithms
to be our baselines: (i) the base language model, without
making use of any exemplars, (ii) the base language model,
where the exemplars are chosen randomly (and hence, there
is no learning) at each round, and (iii) the fully adaptive
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Figure 2. Comparison with the sequentially adaptive slate bandit algorithm S1ate-GLM-OFU

Slate-GLM-OFU, which updates its policy at each round.
In Figure 3, we report the average cumulative accuracy of
our algorithm B-S1lateGLinCB+ against that obtained by
the other baselines over an augmented test set consisting of
4870 queries. We see that B-SlateGLinCB+ achieves
substantially higher accuracy than baselines (i) and (ii).
Also, even though it performs only O(loglogT') updates,
it is incredibly competitive with S1ate-GLM-OFU, show-
casing its utility in practical scenarios.
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Figure 3. Prompt Tuning on SST-2

6. Conclusions

We present a batched algorithm B-SlateGLinCB and a
rarely switching algorithm RS—-SlateGLinCB for slate
GLM bandits with bandit feedback. Under Assumption 2.1,
we prove that B-SlateGLinCB and RS-SlateGLinCB
incur O(Nd*/?\/T) and O(Nd+/T) regret respectively,
while having poly(N) per round time complexity. Empir-
ically, we show that our algorithms outperform all base-
line limited adaptivity algorithms. At the same time,
RS-SlateGLinCB is quite competitive with the fully
adaptive Slate-GLM-OFU (Algorithm 1, (Goyal & Sinha,
2025)) algorithm. We also show that the regret of a
modified algorithm B-SlateGLinCB+ matches that of
Slate—-GLM-OFU. Finally, we implement prompt tun-
ing using B-SlateGLinCB+ on language models with
exemplar selection and demonstrate strong performance
in binary classification tasks. In fact, our performance
matches that of the fully adaptive Slate-GLM-OFU al-
gorithm. Developing batched algorithms with provably opti-
mal regret guarantees and empirical performance matching
Slate-GLM-OFU remains an important future direction.
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Impact Statement

This paper presents work whose goal is to advance the field
of Machine Learning. There are many potential societal
consequences of our work, none which we feel must be
specifically highlighted here.
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Contextual Slate GLM Bandits with Limited Adaptivity

A. Regret Analysis for B-SlateGLinCB

In this section, we state and prove the regret bound for B-SlateGLinCB (Algorithm 1).

A.1. Notations
We first define the following scalar quantities: v = O (SR\/ Nd 1og(T5‘1)) and A = O (NdR?log(T671)).

We now define ' = =’ ® e;, where ® represents the Kronecker product and e; is the i*" standard basis vector. Note that
this definition of &' is the same as the definition of /ift of ? given in Goyal & Sinha (2025). Hence, all the properties shown

in Goyal & Sinha (2025) continue to hold, and hence, for a slate x = (x!,...,x"), we have that

N
= E i'l
i=1

We define the slate-level warm-up design matrix Vj as well as the slot-level design warm-up matrix V; for all i € [N] as
follows:

1. Vo = AMpyg + Z :Et:I);r.
teTo

2. Vi=M,+ 3 zizi .
teTo

Now, recall the definition of the slate b; from Section 3: b; = (b}, ...,bY") where

b = = arg max|| |y -1
zEAX}

For batch m, we define the Hessian of the GLM-MLE loss as

= Mpyg+ Z 0* .’Bt.’B;r.
t€Tm

Since 6* is unknown, we estimate the Hessian using a scaled design matrix H,,, defined as

n=Mya+ Y bl 60)5; wew,
teTm

where (3, is a normalization factor obtained from the self-concordance relation, and is given by:

N
By = exp <min {25,6\/57 > 1Bl vy }) ~

i=1
Finally, for all i € [IN], we define the slot-level scaled matrices H, for batch m as

T
H =X+ > jib] 00); ' zia;
tETm

For any slot i € [N], item z € X} and a prior batch [ € [M], we define the scores UCB"(z) and LCB*'(2) as

2T + 2Rzl vy 1=0,

UCB*!
(=) = { 28+ 2l LA,

12
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Tgi , —
LB (2) — zTe? —2vrTllz[(vy)-r 1=0,
z 0] — 29|zl (gri) L#0.
At round t, for all slots i € [N], the item-set X} is sampled from distribution D?. In batch m, after pruning the arm-set X}
with respect to 8}, for 0 < k < m — 1, we obtain an item-set sampled from the distribution Dj. Thus, pruning with respect

t0 68,01, ...,0¢ _, resultsin a sequence of set of items whose distributions are denoted by D, Dt , ..., D ;.

Finally, define the following quantities:

T(H):=

48L2% + 8L, Np)(N —1)?
(8L, u Vo) ) log (QdNT) and T(V):=

(48 + 8N p)(N — 1)? 2dNT
log .
3p2 0

3p2 1)

Unless otherwise mentioned, without loss of generality, we assume that all constants such as S,T, R, N,d, x and L, are
greater than 1.

A.2. Regret Guarantee for B-SlateGLinCB

Now, we restate the regret guarantee for B-SlateGLinCB, given in Theorem 3.1), and provide a proof for the same.

Theorem A.1. Let R(T) denote the regret of B-SlateGLinCB (Algorithm 1). If

2dN (48 + 8Np)(N — 1)2 >
V 6 3p? -
T Z TO :

) —3p°V/6
= exp | —2W_4 )
2dN 2V2dN (48L2 + 8L, Np)(N — 1)

where W_ represents the decreasing branch of the Lambert W function (see Lemma A.15), then,

N

and

R(T)@(RSNdS/Q\/T~ E u(:cIG*)>7

{XinDIY
h = To* X =2xt N
where T, = arg max ¢y T and X = XX .

Proof. Atroundt € 7T, let x; , be the optimal slate, i.e,

Ty = argmax x' 0.
xrEX,

Then, the expected regret for Algorithm 1, R(7") can be written as
RT)< E oY /] .07) — u(x/ 6%)]

T {xj~Di}N
% =1 I me[M]te€Tm

We choose our batch lengths as follows:
7ol = |[VT] and |Tp| = [T'72 ") m > 1.

We now make a few observations regarding these batch lengths. First, we obtain a total of M = O(loglog T') batches. We
also obtain the following inequalities:

1—2l-m

\Tm| < T1-27" _ \/T-Tf <\/T ‘Tm|2 _ T2-2t"" 7.2t

= = —— <T.
VTl = VT2 2] o (Tl = (T2 (T2

13
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Now, to use Lemma A.10, we require that |7o| > 7(V') and |Ti| > T'(H) for all k € [M]. Using the definitions of T'(V')
and T'(H) from Section A.1 and the chosen batch lengths, we get:

—1)2 4812 + 8L, Np)(N —1)2
VT > (48+8]\;Z)2(N D) log <2déVT> and VT > ( £ gpzp)( ) log <2déVT>.

Now, since L,, > 1, the assumptions
[2dN (48 + 8Np)(N — 1)2
1) 3p?

1) 1
> 2>
T>2> 2dNexp()

ensures that we can use Lemma A.15 to satisfy the conditions for Lemma A.10 giving us
_ 352 _ 9.2
T> Lexp max < —2W_; 3p Vo ,—2W_4 3p Vo
2dN 2v/2dN (48 + 8N p)(N — 1)? 2V2dN (4812 + 8L, Np)(N —1)2

=Ty := 0 exp | —2W. —3,02\[
0= 9N P '\ 2V2dN(48L2% + 8L, Np)(N — 1)

where we use the fact that exp(—z) is decreasing, W_1 (z) is decreasing on (—e~*,0) (Lemma A.15) and L,, > 1.

v
NN

and

Thus, assuming T > Ty, using Lemma A.10 for m > 2, as well as, a trivial regret bound of R for each round ¢t € 7y U 71,
we get that

R(T) < R(ITol + i)+ Y Z E (] ,0%) — u(z/ 6%)|.
me[2,M] €T m}iiy
32063572N2d2\/Tu [Tl ———— |8d?N|T,|>  4L,N|T,|
R(|To| +Tal) JFZ S +38 E (] 6%) 7 + )
m=2 ‘T 1||76 {xi~D? | m—l‘ 14

Substituting the values of |7y, \/%, “,;—mﬁ‘ , and using the facts that |7,,| < T and | To| = |VT'| > VT /2, we get
1 m—1

R(T) < <8w\/ E ﬂ(wIG*)\/ScPN +4L,Np~tloglog T + 2R> VT + 0O (633\/ET1/4) :
{xi~DI} Y,

Substituting v = O (SR« /Nd log(T(S—l)) from Lemma A.2 gives us

R(T)z@(RSNd3/2\/T~{ E ;1(:;::9*)).

Xi~rDiIN
i=1

A.3. Supporting Lemmas for Theorem A.1

Lemma A.2. (Lemma A.2, Sawarni et al. (2024)) Let {x1, . .., x;} C RY be independent arm pulls and {r1, ..., r;} be the
corresponding rewards associated with them. Define the matrix H} as follows:

Hf =M+ (] 0z,
s€(t]

Also, let é\t be the maximum likelihood estimator of 8*. Then, for A = O (dR2 log(To _1)), with high probability,

16" — 0|y <=0 (SR\/dlog(T6—1)> .

14
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Lemma A.3. Let xz = (z',..., ) be some slate. Then, for | To| > T(V'), we have that

N
2T (0" — 60) < 2vky > _[@ ]| (vyy-1-
1=1

Proof. For the sake of this proof, define

Hy =M+ > ] 6")z,z] .
teTo

Then, using the definition of x, we have that ﬂ(m?@*) > kL. Thus,

H} = M + 7! Z xx]
teTo

—— </<;)\I +y mgcf)
teTo
S 7
where the last inequality uses the fact that A > 1 and x > 1. Hence, we can write that
x' (0" — 0) < 10" — o] pr; ||| ;-
< Vi ey
N
S 2\/E7Z HmZH(VOi)—l
i=1

where the second inequality follows from Lemma A.2 and the final inequality follows from Lemma A.14. O

Lemma A4. Lett € T,,. Let &,y € X; be two slates which do not get eliminated. Then

N
‘(m - y)TB()’ < 4y Y18 vy
=1

Proof. Using the triangle inequality, we can write
N
(@ —y)76| <3| - v) 76|,
i=1

Now, since both & and y survive the elimination, their respective components ¢ and y* for all i € [IV] also do not get
eliminated. Thus, for a fixed i, we have

UCB*"(z%) > max LCB*Y(2%) > LCB*"(y").

Using the definitions of UCB*(z) and LCB""(2) (Section A.1), we get

(y' — ") 0h < 2Ryl vi)1 + 2VRY 1yl vy
A symmetric argument gives us

(' —y')" 6 < 2\/E7||$i||(w;')71 + 2\/@”9“\(%)4-

15
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Thus, combining both the inequalities, we get

(@ — ") T8| < 2vm Izl (viy 1 + 2VF Iyl vy
< 4v/ky max||z| vy
zEXY

Substituting this back and using the definition of b} gives us

N
(@~ )7 80| < 4y Y Ib vy
=1

Lemma A.5. Lett € T,,. Also, let H}, and H,, be as defined in Section A.1. Then, we have that
H) - H,.

Also, for any slate x € X, that survives the elimination, if |To| > T(V') and |T,,| > T (H), then, we have that

N
x' (6" —6,,) <2y ZHiEiH(H;'n)*L

Proof. Recall the definition of b; from Section A.1. From the self-concordance property of GLMs, we have
[1(b] B8y) < ji(xT 6%) exp(|b] By — x| 6*]).

We can bound |th§o — " 6*| as follows:
b/ 6o — 7 0*| < |b] O] + |z 6*] < 25.

Also, using Lemma A.3 and Lemma A.4, we have

570y —x 6% <|zT0* —2T 0|+ b7, — x O]
N
< 6y Y10l vgy -
i=1
Thus, combining both the inequalities results in
R N
(b7 60) < ji(x"0*)exp (min {25, 6v/my D10l vy }) :
i=1
Noting that the multiplicative factor on the right side is precisely g; (refer Section A.1), we get that:

= Mpyg + Z 0* mtmtT
tETm

= Mya+ Y (b 00)8 x| = H,y,
t€Tm

This completes the proof for the first part. For the second part, we have

x' (0" —0m) < 0" — Ol ]| g1

N .
< 272 szH(H';'n)*l :
=1

where the final inequality follows from Lemma A.2 and Lemma A.13.

16
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Lemma A.6. Lett € T,,. Let x,y € X; be two slates which do not get eliminated. Then, for all 1 < k < m — 1, we have

N
(@ —9) 0] < 49> max izl ey
i1 zE€X]

Proof. Using the triangle inequality, we can write
N
(@—y)70] <Y | —y)76L].
i=1
Now, since both  and y survive the elimination, for an arbitrary but fixed slot i € [N], their respective components x* and

yi also do not get eliminated. Thus, we have

UCB"*(z') > zné%(x LCB“*(z") > LCB"*(y).

Using the definitions of UCB**(z) and LCB**(2) (Section A.1), we get
(y' —=')"6; < 2’Y||5'3i||(H,g)—1 + 27||yi||(H;)—1-
A symmetric argument gives us
(' —y")"6; < 27||5'9i||(H,1)71 + 27||yi||(H;)71~
Thus, combining both the inequalities gives us
(' —y") 6| < 29112l ey + 299l )
< 4y max||z iy—1.
< erxg’” i)

Summing over all slots ¢ € [N] finishes the proof. O

Lemma A.7. Fort € T,,, where m > 0, define the optimal slate x; , = (:c%y*, ceey :c,{v*) as follows:

Tt = argmax x' 0.
rEX}

If|[To| > T(V) and |Te| > T(H) forall 1 < k < m — 1, then, the optimal slate never gets eliminated.
Proof. First, note that since ; , = argmax, ¢y, €' 0%, it is easy to see that ] , = argmax, o 2T 0*", or, in other
words Zj , = argmax,c y: Z' 6*.
Fix i € [N]. Then, for some arbitrary z € X}, we have that
iy AT ~ iy AT~
= (¢, — 2) (0* _ 00) + (., —2) 6o
. . T~
<2Vl vy + 2Vmllzll vy + (8 — 2) 6o
= UCB"’(z},) — LCB"’(2),
where the second inequality follows from Lemma A.3. Since this is true Vz € X}, we get

UCB*"(z! ,) > max LCB*’(z),
’ zeXx;!

17
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or in other words,

UCB*?(z! ,) — max LCB“’(z) > 0.
i ZEX}

Since this holds for a fixed but arbitrary ¢ € [N], the above inequality holds for all i € [N].

Similarly, for all k € [1,m — 1] and ¢ € [N], we can show that

UCB**(x! ) — max LCB"*(2) > 0.
’ ZEX}

Thus, the components of the optimal slate, and hence, the optimal slate never gets eliminated. O

Lemma A.8. For some slot i € [N] and batch m € [0, M], forall j < m —1, let D;» be defined as in Section A.1. Then, for
any matrix A > 0, we have that

E  max ||acHA< E_ max [z[|a V)€ [m—1].
XinDi, zieX i~Di i EXi

Proof. The proof only relies on the manner in which the sequence of distributions {D; } e[y is constructed. In particular,

the pruning step ensures that the set of items that survive the pruning with respect to 6,, is always a smaller set than the set
of items that survive the pruning with respect to é\j for j < m — 1. Thus, for some slot i € [N], the pruning step gives rise
to the following chain of subsets:

D! C D!

m—1

C...CD.:CD)CD".

Note that this result is a generalization of Claim A.11 from Sawarni et al. (2024) to the slate setting. Hence, the claim
follows. o

Lemma A.9. At round t € Ty, let x, . be the optimal slate, i.e,

Ty = argmax x' 0"
rEX,

Define & := 1/ (bTOO)B x. If|To| > T (V) and |Tg| > T(H) forall 1 < k < m — 1, then, we have

* * 5635\/E’Y al 7
(@] ,0%) — ul(@] 0%)] < 8y /iu(z],0%) (Zmaxnzn% ) ) (Santn(VOq-lﬂ .
i=1

Proof. Using a first-order Taylor series expansion, for some z; € [z, 6*, a:tT , 0], we have that
|l 07) — () 0%)] < (=) |/, 0% — /07

Further, using Lemma A.5 and Lemma A.6, we have

[i(z) o/, 0% — 2] 6%] < Zt)|$:*9* — &) O + flze) ) 0% — @) 0| + fuze)| @) Ot — 2] O

<8VZN 2) maxull ey, )

=1
Define & := 1/ f1 (bTOO)ﬁ x, then, we have
T px T * )251‘/ o
(a8 — @l 8] < 895 [EEPP i e

=\ A(b] o) uexi

18
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Using the self-concordance property of GLMs, we have that

/l(ZtA)
/(b 6o)

Since z; € [z 6*,x/,0*], a trivial bound using [|z|| < 1 and [|@*| < S gives us

< exp (R‘zt - b;ré\oD .

|2 — b By| < 28.
Also, since the optimal slate x; . never gets eliminated (Lemma A.7), using Lemma A.3 and Lemma A.4 gives us

|2t — b B0 < |2/ 0" —a 6o| + [ By — b/ O] + | 67 — 2|
N
<6vRy Y [Ibill vy + 2] 0% — [0
i=1

and again, using Lemma A.3, Lemma A.4, and Lemma A.7, we have

\x;a* — :1:;'—0*’ < |asz*0* — w;':*é\o| + \x?@* — $:§0| + \xz*é\o — w;r§0|

N
<8VEY Y IIbill vyt
1=1

Thus, we get

. N
% < exp (Rmin {25’, 14+/ky ZHbi”(‘/oi)—l }) .
:LL(bt 00) i=1

Similarly, we also have
f(z) < /l(zt:;*e*) exp (R|zt — scI*O*D ,
where the argument of the exponent can be bounded as

N

o — @), 0%] < |2 0" — 2 ,0°| < 8v/iy S Il vy
i=1

and hence,

N

i=1

Using the definition of 3; (Section A.1), we get

2 N
% < exp (Rmin {33, 14/my 165l v }) (@] ,6%).
]

t Y0 i=1

Finally, using Claim A.8 from Sawarni et al. (2024), we get

N
1(zt)* B 5¢3% /Ry : T

— < bl viy-1 +1 x, , 0%).
s & il 41 ) il o)

Substituting this back, we get

T T Z 5635\/E7 S
(@], = (] 07)] < 8y ] 09) ( Do maxZar, o | [ Fg=T Dbl +1)-
i=1 ¢ i=1

19
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Lemma A.10. At roundt € T, let x; , be the optimal slate,

x;, = argmaxz 0*.
reX;

If|Tol > T(V)and |Ti| > T(H) forall 1 < k < m — 1, then, we have

S B |/, 0%) - u(z] 6%)]

tGTm {Xl ;n i=1
32033 *N2d*\ /KL, m 8d2N|T,,[>  AL,N|T,,
S V |7;n 1”% {Xi~Di} ‘Tmfll 14
where T, = argmax ey ' 0% and X = X1 x ... x XN,
Proof. Define & := \/u(b] 8,)5; 'x and E [] as t]E [.]- Then, using Lemma A.9, we wish to bound the following
{ ND;Lvl i=1 m

two terms (excluding constants):

N
o0 (3wl ) (bl
2.E Vi, 0%) (Zmax”z” )

H), =X+ ) &z

t€Tm

Note that we can write

and hence, using Lemma A.11 and Lemma A.12 in tandem, we get

8d?
E max||z||5 i1 < —
XinDi z eXiH ” Vo)t = 70|’

B max|22y, . < o
XiND}'n zEXi (Hi)-1 = |Tm|

Using these bounds as well as the trivial bound of 4 /ﬂ(:]cz L0%) < /Ly, we upper bound the first term as follows:

N N
E \Jil],0%) (Zmaxnzn 1>IZ||bZ|| ><1§n L#-N2<§jl;n€g3§z||%mn_l)l> (;nbznﬁw)l)

)

N
< - N2 E ) E bi||2
> Zz; Di zné%Y)EHZ” - ;XtiNDan tH(VO) 1
N

. N2
<\ |Lu-N ;X;N]%g max |21 )IZ o L
<,|L,-N2.
< Z| Z,TO

_ BN2d/L,

[Tl Tol

20
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Here, the first inequality uses the Cauchy-Schwarz inequality, and the second inequality uses Jensen’s inequality. The third
inequality is a consequence of Lemma A.8 while the second-to-last inequality follows from the bounds we showed above.

Hence, summing over all ¢ € 7,,,, we get that:

SN2d2, /T, | Tl
E SRVZ fi(z ,0%) (Z maXHZH(Hm D ZHb IR7E ) < W'—ﬁﬂ
m—1 0

‘We now upper bound the second term using the Cauchy-Schwarz inequality as:

2
E \/ Al 5,0%) ZmaXHzH Hi )1 < Z (tﬂ;:n/l(wz*e*) (Z Hé{;?f”ZH(Hm ) 1)

teTm tETm

teTm

Now, since the optimal slate never gets eliminated (Lemma A.7), we can write

\/ E u(wZﬁﬂ:\/ B ji(x],6%) = \/ E_ j(«]6)

{xi~Di, ML {X/~Di}L, {Xi~D} L,

m

where x, = arg max ¢ y x " 6*. Hence, this quantity is independent of t. We thus get

2
E \/ (e, 1.0%) ZmaXHZH(Hm o1 < \/{XiNIIEﬁi}gvl p(x] 6%) Z (Z max||z||(Hm ) 1) .

teTm teTm
Term A
Expanding the square in Term A gives us
N
TermA< > B maxl| ey, )1 +2 B ZZmaXHzH ol e )1
€T | im1 " i=1j=17%
];ﬁy uGX
Term Al
Term A2
Upper-bounding Term A1, we get
N N
Term Al = E  max| 2% .. < E  max| 2%y -
> B, malal o <30 B malel
8d2N
<
|Tmfl‘

where the first inequality follows from Lemma A.8, while the second inequality follows from using Lemma A.11 and
Lemma A.12 in tandem as shown above.

We now upper bound Term A2 as follows:

Z||||w
ZZ maXHZ” - 1||u|| e SQE,ZZHS(’E [12]][|a]] ]
o » =1 =1 % t . 7 .
- 13#} UEX = i;i ucx; \/)\m“‘(Hm 1) Amin (Hy, 1)
T L,
<2 E I
@2 NOVT 05007
JFi
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where the first inequality follows from Rayleigh’s quotient, while the second inequality follows from the fact that || 2| <
/L, N~1. The second inequality also uses the linear growth of eigenvalues of the slot-level matrices, shown in Lemma
A.13. Further simplification gives us a bound on Term A2 as

4L, N
_ o2 1
Term A2 = 2tIE E E mauxHz||(11,:~,n71),1|\'11J|\(1L1_17n71)71 < Tl

,M

=1 j=
;ﬁl ueX”

Putting these bounds together, we get a bound on TermA as

N 2
E E m 8A2N|Tp|>  4AL,N|Tp|
z i - < Iz .
o <;ZE%ZH(HMI) 1) a \/ | To—1] P

t€Tm

Using Lemma A.9 and assembling all the bounds, we get that

> E |u(@!.67) ~ n(al 6|

t€7_7‘n
- 320e3592N2d%\ /KL, [T E jzl67) 8d2N | T |? N 4L, N|Tp|
B S VT 1H76 (AinDp, | Trn—1] P

A.4. Results on Optimal Designs
Lemma A.11. (Corollary A.16, Sawarni et al. (2024)) Define A = \I + Z _, x;z; . Then, for \ = O(log(T'd)), we have

NIE E [zz']2X].

A= —
T 8 X~Darma(X)

Lemma A.12. (Lemma 4, Ruan et al. (2021)) Let

_ T
Wa = XIED EWIE(X) [ | X].

Then, we have

E maLxHa:H2 1<d2
X~D zeX

A.5. Showing Multiplicative Equivalence for B-SlateGLinCB

. 2
Lemma A.13. Let H,, and H}, be defined as in Section A.1. Let |T;,| > T(H) := W(N —1)?log (245L).
Then, assuming the diversity assumptions (Section 2) hold, with high probability, we have that

1 7
1diag(H,;,...,Hj,f) <H, = Zdiag(H}n, . HY).

Consequently, for any x = (x*, ..., ), we have that

N
) gy <2 [ |l ey
1=1
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Proof. Define &, := 1/ j1(b] 00)B; 'a; and T := 1/ ju(b] 69)5; ‘@i, Then, note that ||Zi|| < /L, N—T. Also, we can

write

H,, = My, + Z z;®] and H! =\ + Z T
teETm tETm

Also, for the sake of the proof, define U,,, := diag(H},, ..., HY). Then, using Lemma B.1 from Goyal & Sinha (2025),
we have that

U, Y2H,UY? = Ing+ G

m m

where (Gyn)i; = 1{i # j}(H:)~"V2HS (HI)~'/? and HY) = YT EQE%T We now bound the norm of
H vie [N]and j € [i + 1, N]. A straightforward application of Lemma D.2 from Goyal & Sinha (2025) shows that

for fixed ¢ € [N] and j > i with the quantities m; = mg = \/L,N~!,d; =dy =dand § = N(12\7571)’

T 8L2 dN(N —1) 20
> . Pl ] > K < .
P<It>1 é[t]wsxs _\/N2t10g< 5 > SN oD

Taking a union bound over all i € [N] and j € [i + 1, N] gives us the result for all pairs of (%, j) where j > i. In particular,
setting t = |7,,,| gives us the result that for all pairs of (i, j) where j > 4, with high probability

- L2 dN(N —1)
IEG) < ¢ Ty (),

Now, using the diversity conditions, we know that
el
Eleix; | Fia] = pl.
Using the definition of s, we can say that
——— (BT O3~ i T —15-1
Ez;z; | Fio1] = Elu(b, 00)6; "xixy | Fio1] = pr~ 57 1.

Applying Lemma D.1 using the quantities « = x~'3; (< 1),m = /L, N1,y =\, 6 = %, and ¢ = 0.5, for some fixed
i € [N], with probability 1 — 2,

; t
Muin (M + Y@@ | 2 A+ Dove >
se(t]

48I2 +8L,Np  (2dNT
3p2 N2 ) ’

Using the fact that (N — 1)? > N ~2, we also have that, with probability 1 — %,

i T pt
Amin | AT T >A+—=Vt>T(H):
+Y == +5V (H)

48L2 + 8L N/) dN'
- = - (N 1)2 log (2 A(]SV ) ’
s€(t]

3p?

A union bound over all slots gives us this result for all ¢ € [N]. In particular, let | 7,,,| > T'(H). Then, setting t = |7,,|
gives us the result that for all ¢ € [N], with high probability,

)\min (H,Zn) Z >\ + 2

Now, for i € [N — 1], define Z!, € R¥*i? as the following matrix: for j € [i], the j'* d x d block of Z!, is given by
(Hrlr\lf—i)—l/QHT(,{V*i,N*iJrj)(Hrlr\Lf—i+j)—1/2.
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Then, using Lemma B.7 from Goyal & Sinha (2025), we have that,

< HHN i, N— z+j||

ml
TVL . .
\/ mm mlIl(H"JT\{_,LJ’_])

\/ ”Tllg dN(N ))

A+ 0.50|Tm|
3212 log dN(N ”)

N2 2|7— |
Using the fact that | 7,,,| > T'(H), we get that
, 9612 log (M) 3
Z' || < <
12l < %:} N2(48L2 + 8L, Np)(N — 1)2log (2T) = 2N(N — 1)

where the last inequality follows from the fact that /2 < %

Finally, recall the definition of the matrix G, :
(Gm)ij = Wi # jY(H;,) "V H} (HJ,) ™2,

It is easy to see that we can write G, as the following matrix recurrence relation: for ¢ € [1, N — 1], define

1 [ O z}, ; 0 Zi
Gm - |:(Zr1n)T 0 ) Gm (Zz ) Gz .

m 7”

Then, G,,, = G%‘l. Using Lemma B.2 from Goyal & Sinha (2025) gives us:

Amax(Gm) S Z || - Z N — 1 Zv

i€[N—1] ze[N
A @) 2 = S NZL= =3 Y =
= N(N-1) 4
i€[N—1] ze[N—l]

Substituting Gy, = Uy /> H,, U *? — Ing, we get that

fU =<H, zU

This finishes the first part of the proof. For the second part, notice that,
H,' < Adiag((H})™ ..., (HY)™).
Also, note that = = Zivzl (' ® e;) (Section A.1) and hence, an application of the triangle inequality gives us:
||| -1 <2 Z 2" © €illgag((F11,)-1,.... N -1) < 22||mi||(mn)fl-
1€[N] L=
which finishes the proof for the second part.
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Lemma A.14. Let Vj and Vi be defined as in Section A.1. Let |To| > T(V) := “%%M(N 1)%log (QdNT) Then,

assuming the diversity assumptions (Section 2) hold, with high probability, we have that

1 7
1diag(Vy' - Vg¥) 2 Vo = diag(Vy), .., Vi),

Consequently, for any © = (x*, ..., ), we have that

N
lzlly, -+ <2 12l vy

=1

Proof. The proof follows on the same lines as that of Lemma A.13. First, we have that ||| < N~'/2. Also, for the sake
of the proof, define Wy, := diag(V', ..., V{"). Then, using Lemma B.1 from Goyal & Sinha (2025), we have that
VVo_l/QVE)VVO_l/2 =Ina+ Go.

where (Go)s; = 1{i # j}(Vi)~V/2V,(") (Vi) =1/2 and V") = >ier a:tact . A straightforward application of Lemma
D.2 from Goyal & Sinha (2025) shows that for fixed ¢ € [N] and j > ¢ with the quantities m; = mg = N2 4, =dy=d

and § = 22
8t AN(N —1) 25
>1: — < .
Pedt>1: > aia) \/N21g( 5 ) < N1

NN=T)
sEt]

Taking a union bound over all i € [N] and j € [i + 1, N] gives us the result for all pairs of (¢, j) where j > . In particular,
setting 7" = | 7| gives us the result that for all pairs of (¢, j) where j > ¢, with high probability

(i-9) 8|7l AN (N —1)
||Voj||<\/N2 log 5 .

Now, using the diversity conditions, we know that

i
Elzizi | Fia] = pI.
Slmllar to Lemma A.13, an application of Lemma D.1 for a fixed i € [N] us mg the quantities o« = 1, m = N~1/2, v = \,
0= N and ¢ = 0.5, followed by the utilization of the fact that (N — 1)2 > N~2, and finishing with a union bound over all

i € [N] gives us that for all ¢ € [N], with high probability,

y 48 + 8N 2dNT
Amin | M+ izt | > + b > T(V) := #(N —1)%log () :
sSEt] 3p J

In particular, let |79| > T(V'). Then, setting t = |7y gives us the result that for all ¢ € [N], with high probability,

>\min (‘/Oz) > )\+ p|76‘

Now, fori € [N — 1], define Z§ € R%* as the following matrix: for j € [i], the j*" d x d block of Z} is given by
(VNfi)—1/2V(N*i,N7i+j)(VN—i+j)—1/2
0 0 0 :

Then, using Lemma B.7 from Goyal & Sinha (2025) and following a similar approach to that shown in Lemma A.13, we
have that,

96 log (LI(N*U) 3

Zl| < < .
” OH —J%;] N2(48—|—8Np)( )Qlog(2dNT) — QN(N—I)
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Writing Gy as a matrix recurrence relation as in Lemma A.13 and using Lemma B.2 from Goyal & Sinha (2025) gives:

3 3
)\maX(GO) S - and /\min(GO) Z - -
4 4
Substituting Gy = Wo_l/QVOWO_l/2 — Ing, we get that
1 7
Wy I Vh X -W,.
7 Vo= Vo= Wo
This finishes the proof for the first part. The second part of the proof is exactly the same as in Lemma A.13. O

A.6. Other Relevant Lemmas
Lemma A.15. Let X > k'log(kX), where k, k' > 0, k“k’ > ae, and o € (0,1]. Also, assume X > k~lexp(a™1).

Then, we have that
1 1 o
Xz e <a -t (k%/))

where W_1(.) denotes the decreasing branch of the Lambert W function, defined as

W_y:[-1/e,0) — (—o0,—1], W_i(ze®)=2zVaz < -1

Proof. Define the function f(x) = ze®. Note that f'(x) = e*(x + 1), and hence, f’ is non-negative for x > —1. In other
words, f is increasing in the domain [—1, co) and decreasing in the domain (—oo, —1].

Now, let us consider the function f~1(x). f~! isincreasing in the domain [f(—1),lim, . f(z)) = [-e~1, 00); we denote
this branch of f~! as Wjy. The other branch W_; is decreasing in the domain [—e ™!, lim,_, _ f(z)) = (—=e71,0).

Now, rearranging the terms of X > k' log(kX) and dividing both sides by £ gives us,

Ta > exp(—alog(kX))log(kX).
Setting Y = —a'log(kX), we get

!
Now, to apply the function W_; to both sides of the inequality, we require —a(k®k’)~1 € [—e™1,0) and Y exp(Y) €
[—e~1,0), and more particularly, Y < —1.
First, since k, k" > 0, we have that —a(k“k’)~! < 0. Also, since k*k’ > ae, we have that —a(k®k’) = > —e~!. Thus,
we have that —a(k®k’) ™! € [—e1,0).
For the second requirement, note that Y exp(Y) € [—e™!,0) is satisfied for all Y’ < 0. However, since the range of W_j is
(—00, —1], we have that W_; (Y exp(Y)) = Y if and only if Y < —1. The condition X > k~!exp(a~!) ensures Y < —1,
thus, satisfying the second requirement.

Thus, applying W_; to both sides of the inequality, and using the fact that W_ is decreasing gives us:

W_4 (— a ) >Y = —alog(kX).

kek'/ —

*= %eXp (_;W‘l (‘k&/)) '

Rearranging once again results in
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B. B-SlateGLinCB with Distributional Optimal Designs

In this section, we first present an alternate version of B-SlateGLinCB, where we utilize the Distributional Optimal
Design (Ruan et al., 2021) instead of the G-Optimal design. We then present the regret guarantees for this algorithm and a
proof for the same.

Algorithm 3 B-SlateGLinCB with Distributional Optimal Designs

1: Inputs: Number of Slots N, Number of batches M, Horizon 1", Parameter norm bound S, Failure Level ¢, and
non-linearity «.

2: Initialize 6y = Onq and A = O (NdR?log(T'/6)) and define batches 7o, 71, . . ., Tar as per (4).

3: {Warmup Batch}

4: fort € Ty do

5. Receive the set of items X for all slots i € [IV].

6:  Play the slate z; = (x},...,z)), where i ~ mg(X}) (defined in Section (2.7)), and obtain 7.
7: end for

8:

Compute 6 = arg min, >oier Uxe,re,0) asper 3) and Vi = Mg+ >, o7 zizi' forall slots i € [N].
//Other batches

9: for m € [M] do

10 forte 7, do

11: Receive the set of items &} for all slots i € [N].

12: fori e [N]do

13: for k € [0,m — 1] do

14: X}« {z € X} : UCB"*(z) > max, ¢ yi LCB**(y)} {Perform elimination}.

15: end for

16: end for

17: Play the slate x; = (x},...,z}), where ! ~ 7! (X}) and obtain r;. Construct the slate b; = (b},...,b),
where bi = argmax, ¢ vi || 2| vy -1

18:  end for

19:  Divide 7, into two sets 7., 4 and T, g such that 7, 4 N T p = B and Ty 4 U T B = Tone-
20:  Using (3) and (9), compute
A : : 1(b/ 6,
by =i Y lor0) wa Hy~ans Y A0

t€Tm, A t€Tm, A

w;wf Vi € [N].

21:  Compute 7}, , | (Algorithm 3, Ruan et al. (2021)) with the set { X/ };c7,, , forall i € [N].
22: end for

Theorem B.1. Let R(T') denote the regret of Algorithm 3. If

[2dN (48 + 8Np)(N — 1) _
1) 3p2 -

5 -30*V0
T>Th:=—=—c¢e —2W_
=0T gaN P < ' (2@(4&3 +8LNp)(N — 1)2>>

where W_1 denotes the decreasing branch of the Lambert W function (see Lemma A.15), then,

N

and

R(T)=0 <RSNd\/T~min {\/d E a(x]0%), \/N~ max ﬂ(wIG*)}) .

{xinDip, {XinDI}Y,
where T, = argmax ey ' 0% and X = X1 x ... x XN,
Proof. The proof follows on the same lines as the proof for Theorem A.1. However, the use of distributional optimal designs
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prompts a change in the way we bound the regret for batches m > 2 (Lemma B.3). Define the optimal slate x; , as

Ty, = argmax xz' 0*.
rEX,:

The regret for Algorithm 3 can be written as:

RD)=< E. . Yo D |nl@l07) — ux/67)|

me [M] t€Tm
Similar to the proof in Theorem A.1, we choose the batch lengths as
|Tol = |[VT| and [T =[T"%"],m>1.

Also, for T' > T, the conditions of Lemma B.3 are satisfied. Thus, using Lemma B.3 for batches m > 2 as well as a trivial
regret bound of R for each round ¢ € {7y, 71} to obtain

320¢*592N2d?/r L Tom
R(T) < R(|ITo| + [T) + > S Lt |T| |ITI
m—1 0

me[2,M]

2 2
> 87min{\/ E ﬂ(x*Tg*)\/IGd N|Trm| L ALy N|7?n| N T o u(wje*)-dlogdm},
me([2,M] {Xi~Di} Y |Tm71‘ P {Xi~DI}N \/m

Substituting the values of |7,/ %, % from Theorem A.1, and using |7,,| < T and |To| = |[VT| > VT /2, we
m—1 m—

get

R(T) < 320v/2¢*9 S~ 142 N2d? /KL, T"*loglog T + 2RVT+

8y min {\/ E i(x] 6~ \/16d2N+4L Np=1 4N max  p(x]0%) - dlogd} VTloglogT.
{XinDIN | {XinDiI}N |

Substituting the value of v = O (SR\/Nd 1og(T6—1)> from Lemma A.2 gives us

R(T) =0 (RSNd\/fqnin {\/d E a(x] 6%), \/N' max ;l(a:IO*)}) .
{Xi~Di}N | {Xi~Di}N |

O

Remark B.2. From the proof of Theorem B.1 and Lemma B.3 , we see that the dependence in IV, d, and the reward sensitivity
of the optimal slates is a result of bounding the following quantity for each batch:

E x/,0%) max || i .
Z (XinDi Y, \/,u t, <Z 76;3” ”(Hm - 1)

t€Tm

In the proof of Lemma B.3, we bound this quantity using two different methods. The first method involves using ideas similar
to Lemma A.10, i.e, we use the Cauchy-Schwarz inequality to help us control the dependence on N. Using this method
results in a dependence on the expected reward sensitivity of the optimal slates. Furthermore, the resulting dependence on d
is now O(d®/?). This is because, for a Distributional Optimal Design 7, the best bound on the quantity

E max||zl|}-., W= E E =zz'
X~D xeX X~D g (X)

is known to be O(d?), i.e, the best bound we can obtain asymptotically matches the bound obtained using a G-Optimal
design. Ruan et al. (2021) are unable to provide a bound for this quantity (see Theorem 5, Ruan et al. (2021)), and Sawarni
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et al. (2024) naively bound this quantity using the fact that the Distributional Optimal Design samples from a G-Optimal
Design with half probability (see Lemma A.14, Sawarni et al. (2024)).

Now, the second method allows us to leverage the improved optimal design bound provided by Distributional Optimal
Designs, which is
_ T

XIED max||m||W 1=0(dlogd), W = XIED wNIE(X) Tz .
Thus, to use this method, we avoid using the Cauchy-Schwartz inequality, which ensures that we do not have to deal with
the square of the normed terms. This method improves the dependence on d by a factor of v/d. Simultaneously, this method
worsens the dependence on N by a factor of v/N. Also, the regret bound now depends on the maximum reward sensitivity
of the optimal slates as compared to the expected reward sensitivity (this gap can be significant for several distributions, see
Section 2.1, Sawarni et al. (2024)). Thus, in the ideal scenario, optimal dependence on N and the reward sensitivity can be
obtained using our first method, however, obtaining optimal dependence on d requires a tighter bound on the quantity

E max||w||W ., W=E E zz'.
X~Dz XD g (X)

Whether we can obtain a tighter bound on this quantity using Distributional Optimal Designs remains unclear.

B.1. Supporting Lemmas for Theorem B.1
Lemma B.3. At roundt € Ty, let x+ , be the optimal slate, i.e,

x;, = argmaxz 0*.
reX;

If|Tol > T(V)and |Ty| > T(H) forall 1 <k < m — 1, then, we have
320635’72]\]2(12\/%.[/# | Tl

E o |u(®,0) - p(z/ 0% <
tEZTm {Xl ;n i=1 S |Tm71||76‘

16d°N|Tm|?> 4L, N|Tn
87min{\/ E ﬂ(mIO*)\/ 0 [T + —* 7. |,4N max  p(x]0%) - dlogdw-}

{Xi~Di}N | Tm—1] p (rinDyy, T VI Tl

where x, = argmaxgcy ' 0" and X = X1 x ... x XN,

Proof. The proof follows on the lines of Lemma A.10. Define & := 4/ [L(b;é\o)ﬁt_liv and . E []as E [.]. Then,

X} ND”L 1 t,m
i=

using Lemma A.9, we wish to bound the following two terms (excluding constants):

N

L E \Jil]00) (Zmaxnzn - ) (Zw;m-l)
i=1

2.t]I*;ﬁ,/ iz, 6%) (Zmax”z” >

)

Using Lemma A.11 and Lemma B.4 in tandem, we get

8d?
E 2 riyo1 < —
XinDi zné%c}'(iHZ”(Vo) YTl

B 12| 8dlogd
max|| Z||(gi y-1 —_—
XinDi, zEXE (Hn)™ = | T
Also, since the Distributional Optimal Design samples according to a G-Optimal Design with half probability (see Lemma
A.14, Sawarni et al. (2024)), we have

16d>

E max||z i —.
iy B G < 77
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Using the same steps as Lemma A.10 to bound the first term, and substituting the optimal design bounds above results in:
N 2 72
i 12N2d2 /T, T
E \ el ,6%) (Zmaxz” Hi )~ IZHbt”(‘/Oi)l) < = /'LT .
i=1 | Tom—1l[7ol

The second term can be upper-bounded in two different ways. First, using the Cauchy-Schwarz inequality allows us to
bound the second term with respect to the average reward sensitivity of the optimal slates, similar to Lemma A.10, i.e,

N 2
* y TO*
B0 mlel_y <[ B w00 3 B (S el

t€ETm

2 2
- E (a6 16d2N | T N ALy N|Tn|
{Xi~DI}N, | Tim—1] P

teTm

t€ETm

where x, = arg max ¢ y x'0*and X = X! x ... x AN, Here, the second inequality follows from Lemma A.10.

On the other hand, to leverage the advantage of Distributional Optimal design, we can avoid using the Cauchy-Schwartz
inequality, resulting in

Z IE RYAL (z!,0%) Zmax||z||(H1 ) < \/{Xirfpazc}ﬁv a(x] 0%) Z Z IE max||Z||(gi )1

teTm teTmz 1 XDl 2EX
< max _ f(x]0%) Z Z max||Z||(gi -1
{XiNDi}i\f T i 1 lzeXti ( m—l)
[T

< 4N max  p(x]0*%) - dlogd .
{X“VD7 |Tm71|

where the second inequality follows from Lemma A.8 and the final inequality follows from the optimal design bound given

above.

Using Lemma A.9 and assembling all the bounds, we get that

. 320635’}/2]\72612 wL T
S E u@].0) — (] 0%)] < Y (1
t,m | Tm—1l[ 7ol

teTm

16d°N|Tn|?  4L,N
87min{\/ E /L(:I:IB*)\/ 0 7| + — [l ,AN max u(a:TO*) dlogdﬂ}.

{XinDi}N, | Tm—1l P {xinDi}N * Vo1l

O

Lemma B.4. (Theorem 5, Ruan et al. (2021)) Let 7 denote the distributional optimal design that has been learnt using N
i.i.d samples and let
W=E E zz'.
X~D ZNTK‘(X)
Then, we have that

Pr| E max||:c|\w 1 < O(dlogd)| >1—4,
X~D xe

where § = exp(O(d*log? d) — Nd—12 . 2716),
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C. Regret Analysis for RS-SlateGLinCB

In this section, we state and prove the regret bound for RS-SlateGLinCB (Algorithm 2).

C.1. Notations

First, define the following scalars:

A =0 (Ry/NdSToa(ST5 1)),
v =0 (R25%*\/Ndlog(ST6 1)),

B =0 (Ry/NdSlog(ST61)).

Similar to Section A.1, define ' = x' ® e; so that any slate = (z!, ..., ") can be written as

N
xr = g z'.
i=1

Define the set of warm-up rounds as 7y. Then, we can define the warm-up matrix V' and the corresponding slot-level
warm-up matrices V¢ for all i € [N] as

1. V=NMyg+ Z wtw;'—.

teTo
. . .T
2. Vi=M,+ 3 zizi.
teTo
Define the set of indices 7T-o := [|To| + 1, T] to be the set of all time rounds post warm-up. In particular, define the set

Tt == [|To| + 1,t — 1]. For round ¢ € T, define the Hessian of the GLM-MLE loss H} as

Hf =Mya+ Y juwy, 0")zp@y .
keT

Since 6* is unknown, we estimate the Hessian using a scaled design matrix Hy, defined as

H, =)\ yg+ Z [L(azgé\o)e*lmkmkr
keTY

Also, for all i € [N], we define the slot-level scaled matrices H as

i . DN o—1i i |
H; =)\; + Z (] 0g)e Lt xt
keT

For any time round ¢ € 7, define s(t) < t to be the last time round where an estimate §S(t> was computed. Hence, we
have
det H; < 2det Hs(t)-

Equality is obtained if s(¢) = ¢, which happens if det H; > 2 det H(;_1), leading to an update at round .

Finally, similar to Section A.1, for any slot i € [N}, item z € X/ and a prior batch [ € [M], we define the scores UCB*!(2)
and LCB"!(z) as
270+ 22l v =0,

UCB"(2) = 0
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zTﬂé — 2\/E’YHZ||(V01)71 = 0,

LCB"!(z) = I
{ZTezl = 29)1z| gy 1 #0.

Finally, define the following quantities:

4812 + 8L, ,Np)(N — 1)2 2dNT 4 Np)(N —1)2 2dNT
T(=0) := (8L, gpQP)( ) log( ) and T(0):= (48+8 3/;)2( ) log <6> .

Unless otherwise mentioned, without loss of generality, we assume that all constants such as S, T, R, N, d, s and L, are
greater than 1.

C.2. Regret Guarantee for RS—SlateGLinCB

Now, we restate the regret guarantee for RS—-SlateGLinCB, given in Theorem 4.1), and provide a proof for the same.
Theorem C.1. Let R(T) denote the regret of RS-SlateGLinCB (Algorithm 2). If

[2dN (48 + 8Np)(N — 1)? o
5 3p? -

16R6S7T/2N2kd -
Viép B

and

(&

N

and
T>

Ty := max 0 exp | —2W. —3p°V0 éeX —2W. _—\/gp
o 24N P T\ 2v2AN@8I2 +8NL (N —1)2) ) 5P ~1\ 82R6S72N2kd ) | [

where W_1 is the decreasing branch of Lambert W function (see Lemma A.15), then,

R(T)=0O | RVT + RS'?Nd | > ji(x],0%)
teT-o

Proof. Atroundt € [T7, let z; , be the optimal slate, i.e,

Ty, = argmax z' 0*.
rEX;

Then, the regret of Algorithm 2 can be written as

R(T) = w=,0%) - p(@6%).
te[T]

In Lemma C.8, we bound this exact quantity. However, we require that 79| > max{T(0),8v?R%p~'kN}. We set
|To| = |V/T| resulting in the inequality:

48 + 8N p)(N — 1)? 2dNT _
\/TZmax{( 32)2( ) 10g< 5 >,872R2p 1I<.?N}.

[2dN (48 +8Np)(N — 1) _
) 32 -

1) 1 ) 1
> 2> — - > 2> -
TQSexp<2>, and T22dNexp<2),

Since,
16R5S7T/2N2kd -
Vip -

€,

N O

and also
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we can use Lemma A.15 and the definition of v (Section C.1) to get

b) —3p2V5 5 —Vp
T> — —2W_ — -2W_ | —— .
= max { 2dN exp ( ! (2\/2(17]\](48 +8Np)(N —1)2 'S S50 Y\ 32R657/2N2kd

From Lemma C.8, we also have |75 > T(—0). NOW let ¢’ be such that |7_; t/| = |V/T|. Such a t' exists because 7' > 2
and hence, T' > |To| + |75 \ = QL\FJ Let |75 | > T'(—0), then, we have
48L7 + 8L, Np)(N —1)° 2dNT
Jrs | SLEE SWEIT
p?

resulting in the bound (using Lemma A.15)

5 —3p%V/6
T> ——e 2W :
= 24N P ( (2@(4%3 +8NL,p)(N — 1)2)>

Using the fact that both exp(—x) and W_ () are decreasing (in the domain (—e~!,0) Lemma A.15) and L,, > 1, we get
the final bound on T as

T>

0 —3p°V/o 5 —V3p
Ty := —o9W_ o o [ Vo |
v { 24N ( 1 <2\/m (L2 +SNLp)(N—12) ) 57 '\ 32R6572N?rd

Now, assuming 7' > Ty, we can split R(T') as

R(T) = @, 0%) —p(x/0") + Y pl@],07) —pla,67)+) u(@,6%) — ulx/6%)

teTo tE'Tth/ t=t’
T
CORVT+ Y u(a],0%) — (w] 0°)
t=t’

where we use a trivial regret bound of R fort € To U ’Tfotl alongside the fact that | Tp| = |7 <t = [VT].

Now, using Lemma C.8, we have

T T N
S (@], 0%) — ula] 6%) < 4V2e7B S i@, 0%) - e (] B0) S il s+
=1

t=t’ t=t’

T

~ 2
T00) (<L, .
<3| Y atel0n) Y M) (lemﬂwzrl)
=1

t=t’ t=t’

2
5o v || ] 80) > - th [00), j
SEETEE b TECL I s s E T
=1 t=t’

NNgE

t=t' (Hi)-1 z:l t:t/
Term A Term B
Bounding Term A, we get

N — 2

ﬂ(thao) i Lyt

7 < 2Ndl 1 < 2NdlogT.
Z;; e = slos (P oo N ) = Vs
= (H{)~!
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. (T O . ;
Here, we use Lemma C.12 with the vectors &% := 1/ Mmi, resulting in ||| < \/L,e~1-N-L

Bounding Term B, we get

v uwt AR, [EANE

SNy HEO) Al gy <333 , _

= 1]751t =t/ =1 ];1 t=t’ \//\min(HZ))\min(Htj)
J7F K3

where the inequality uses Rayleigh’s quotient. Since, for all t € [/, T, | 75| > |’7:<0t/| > T'(—0), using Lemma C.10, for

alli € [N]

‘ <t
Moo (BEY) > 2 1 70

Substituting this back, we get

NN T T NEE el
)DPIP DL P TP P <222 By s

=1 j=1t=t’ =1 j=1t=t’
J#i J#i
N N 1
ST IS
i=1j=1 s€(|Tol]
J#

Using the sum of the Harmonic series, alongside the fact that Vi € [N], ||z?|| < V' N—1, we get a bound on Term B as

N N T (@ 0)
0
Zzztin t”(HL) 1||wr||(HJ S2NLup~ "ogT.

=1 j=1t=t’
J#i

Combining all the bounds, we get

R(T) < 2RVT + 4v2¢°3 <Z iz, 0 ) (2Nd +2Nl,p~1)logT.

t=t’

Substituting the value of 8 = O (R\/NdS log(ST(S—l)) from Section C.1, we get

R(T)=O | RVT + RS'?Nd_| Y ji(x],0%)
teT o

C.3. Supporting Lemmas for Theorem C.1

Lemma C.2. (Lemma B.3 and B.7, (Sawarni et al., 2024)) Let 50 be the MLE estimate of 0* learned using {1, 7+ }1eTs,
while 0 +) be the MLE estimate of 0* learned using {x, rt}t€T<5(t) Let H} be defined as in Section C.1. Also, define

HS = )\INd + Z /L(CEIH*)IB,;JJ;I—
teTo

Then, we have

16" = Bollrig < and (6" = By, < 5

s(t
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Lemma C.3. Lett € T-o. Also, let |To| > max{T(0),8y?>R2p~ 'k N}, then, we have

‘%&T(g* - é’\0)‘ <

Proof. For the sake of this proof, define

HS = )\INd + Z u(az?@*)azth—
teTo

Then, we have
27 (0"~ 80)| < |2l rrs) 116"~ Boll g

< Velally-:

N
<29V/E Y ||y
=1

N .
||
<S2WE )
; V )\min(Vl)

where the first inequality uses the Cauchy-Schwarz inequality, the second inequality follows from Lemma C.2 and Lemma
A.3, the third inequality follows from Lemma C.11, and the final inequality follows from Rayleigh’s quotient.

Now, from Lemma C.11, we have that

/\min(Vi) > A+ @
Thus, using the fact that ||z*|| < vV N—1, we have
T /p* n kN

27(0" ~0y)| <2

‘ ( 0| < 2N 30807
Finally, using the fact that |7o| > 8y?R%p~ 'k N, we get that

~ 1
270" —0)| < .

O

Lemma C.4. For some round t € T_, let H; and H, be defined as in Section C.1. If |To| > max{T(0),8y*R*p~ 'k N},
then, we have
H, < H;.

Proof. Using the self-concordance property of GLMs, we have that

~

exp (—R ‘fBT(e* - aO)D iz 8o) < (" 0%) < exp (R ‘fBT(e* - GO)D (=" 8).

From Lemma C.3, we get

o~

ez 00) < jux0) < e ju(x " B).
Hence, we can write,

Hf =XMyg+ Y (2] 0)za = Mya+ Y jz!0)e 'z 2] = H,.
SET Y SETY
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Lemma C.5. For some round t € T_q, let s(t) < t be the most recent time round at which the policy was updated. Then,
we have that
2 2
x||%, 1 <2|x||%, 1.
” ”Hs(i) = ” ||Ht 1

Proof. First, from the definition of s(t), we have that s(¢) < ¢. Thus, we have that

75 < ITS| = Hyo = Hy — Hyj = H".

Hence, applying Lemma C.13 with A = H;(tl) and B = H{l, we get that

—1
detHS(t)

2 < 2 e sW
ey~

Using the fact that det H; < 2 det H ;) (Section C.1), we get that

det Ht

——— <2|z|%, ..
detHs(t) - ”wHHt !

2 < 2 .
2l < Nl

Lemma C.6. Lett € T-. Define the optimal slate x; , as

Ty = argmax x' 0"
rEX;

If | To| = T(0), then the optimal slate never gets eliminated.
Proof. First, it is easy to see that all the components of the optimal slate, i.e, :c;* are also optimal w.r.t 0**. In other words,
for all ¢ € [N], we have

x;, = argmax 210"
z€X}

Fix i € [N]. Then, for some arbitrary z € X}, we have that
0< (&,—2) 6
— (@1 -2) (07— 80)+ (@.-2) b
< 2vmlal vo-r + 2Vm 2l v + (@ - 2) 6o
= UCB"’(x},) — LCB"’(2)
where the second inequality follows from Lemma A.3. Since this is true Vz € X}, we get

UCB*" (zf,) > max LCB"’(2)
z€X}

or in other words,

UCB*?(z! ,) — max LCB*’(z) > 0.
’ zeX)

Since this holds for a fixed but arbitrary ¢ € [N], the above inequality holds for all 7 € [N]. Thus, the components of the

optimal slate, and hence, the optimal slate never get eliminated. O

Lemma C.7. Lett € T_. Let ¢,y € X; be two slates which do not get eliminated. If |To| > max{T'(0),8y>R?p~ 1k N},
then, we have

‘(51" - y)Tao‘ < %
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Proof. Using the triangle inequality, we can write

CE

||M2

5[ -4170

Now, since both & and y survive the elimination, their respective components x° and y* for all i € [IV] also do not get
eliminated. Thus, for a fixed ¢ € [N], we have

UCB""(x )>zné%(>§LCB”( z") > LCB"’(y').

Using the definitions of UCB*"(z) and LCB“°(z) (Section C.1), we get

(y' —=z')" 6 < 2\/E7||ﬂl’/‘i||(V0iy1 + 2\/E’Y||yiH(VOi)*1
A symmetric argument gives us
(' —y") 6} < 2\/EW||mi||(%i)—1 + 2\/E’Y||yiH(vg)—1-

Thus, combining both the inequalities, we get

(@ - )| <

[E2
<4 e
< ’Yﬁ; ffel%(}tf )\min(Vi)

where the final inequality follows from Rayleigh’s quotient. Now, from Lemma C.11, we have that

Amin(VH) > A+ 52— |76|
Thus, using the fact that ||z|| < v/N—1, we have
@ =) 8] < o
Finally, using the fact that |7o| > 8v2R2p~ 'k N, we get that
@ -y < 7

Lemma C.8. Lett € T—o. Define the optimal slate x, . as

Tt = argmax x' 0.
reX;

Let |To| > max{T'(0),8v?R?p~ 'k N} and | T=5| > T(—0), then

N
(@] ,0%) — (e 0%) < 4V2B\ (] ,6%) - e~ ia(a] B0) 3 aas)
=1
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Proof. Using a first-order Taylor Series expansion, for some z; € [z, 8%, :ctT L07], we get

(z¢) (a:;:*e* — a:je*)

(20) [ |20, (07 = B))| + | (07 = B))| + (@ — 20) 0,10
) (Bl + Bzl + (@0 =20 8y

< i) [V2Be.s

p(x,,0%) — pu(x) 6%) < fi
i

IN

IN

o+ VIBl@dl s + (@0 — 20) O
N

i)Y [2V3Bl2) ey + 2V2B i ey 1 + (wh e — )Tl

i=1

IN

where the third inequality follows by applying the Cauchy-Schwarz inequality and Lemma C.2 in tandem, the second-to-last
inequality follows from Lemma C.5, and the final inequality follows from Lemma C.10.

Now, since x; is chosen, for some fixed slot ¢ € [N], from Stzep 17 of Algorithm 2, we have

(xi)Tei(t) + Qﬁﬁﬂwiﬂ(m)fl > (wi,*)TOZ'(t) + 2\/§ﬁ”mi,*”(Hf)*1'

Rearranging and summing over all i € [N], we get

N N N
Z(wi,* —x}) 10, <2V2B ZH%;H(ng1 -2v28 Z”wi,*H(H}f)*l'
=1 i=1 =1

Substituting this back, we get

N
(@], 0") — (@] 6%) < 4v/2B4(z0) S Ml arsyr -
i=1
Now, using the self-concordance property of GLMs, we have that

fulz) < ji(z] B) exp (R

A
2 — @y HOD.

We now bound |z; — zr:tT 50 as follows:

T T T T
‘zt —x, 60’ < ‘wt 0" —x, 00‘ + |z 6% — 2z

< |z 6 — w?@o‘ + ‘wja* - :cI*O*’

< ]a,-:o* _ mjo()] + \mjg* ~ m;ao\ + \x;g* _ m;*oo‘ + 'mtTBO — 2,0
5

S —
R

where the second inequality follows from the fact that z; € [z, %, wI*O*] and the final inequality follows from Lemma
C.3, Lemma C.6, and Lemma C.7.

Similarly, we have
2t — wI*9*| < |:c;r0* - mz*0*|

S :chQO — 58;*00

T p* Tp
xz, 0 fmt00‘+

T pg* T
mt,*a - xt,*eO’ +

4
< —.
R

Thus, we get

=) <\ ful] Bo)\ [l ,0%) = \ )il Bu)ila,0%)
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and hence,

N
W/ ,07) — p(z] %) < 4\@655\//2(963,*9*) e V(@] 00) Y l|2 | ey -
i=1

O

Lemma C.9. (Lemma B.17, Sawarni et al. (2024)) The total number of policy switches executed by Algorithm 2 is
O(NdlogT).

Proof. The proof follows on the same lines as Lemma B.17 from Sawarni et al. (2024). However, all the matrices H are
now Nd-dimensional, resulting in a dependence on N. O

C.4. Showing Multiplicative Equivalence for RS-SlateGLinCB

. 2
Lemma C.10. Ler H; and H} be defined as in Section C.1. Define T(—0) := W(N —1)?log (225L). Then,

assuming the diversity assumptions (Section 2) hold, with high probability, for all t such that | T5'| > T(—0), we have that

1 7
Jdiag(H, . LHY) = H, = Jdiag(HL,.. L HN).

Consequently, for any © = (x*,...,x), we have that

N

||5'3||Ht—1 < 2Z||wi||(Hg)—1-
i=1

Proof. Define & := \/ju(x] 8p)e~1a, and i := 1/ ji(a] @p)e~1ai. Then, note that ||&:|| < /L, N-1.
Also, for the sake of the proof, define U, := diag(H}, ..., H}). Thus, we can write
H =Mya+ Y @& and Hj=M+ > @z
seTy seTy
and using Lemma B.1 from Goyal & Sinha (2025), we have that
U PHU;Y? = Ing + Gy

where (G;);; = 1{i # j}(H,f)*l/2Ht(i’j)(Hg)*1/2 and Ht(i”j) = ZteTfot EﬁiﬂT A straightforward application of

Lemma D.2 from Goyal & Sinha (2025) with the quantities m; = mo = \/LMN—l, di =dy =dand § = Wé—l)’

followed by a union bound over all ¢ € [N] and j € [i 4+ 1, N] like in Lemma A.13, gives us, with high probability, for all
pairs of (i, j) where ¢ < j,
id 8L2 dN(N —1)
1H )| < \/N;L |75 log (5)

Now, using the diversity conditions and the definition of «, we have that

—i—i | . D=1 0 -1,—
E[Eiz | Fio1] = E[u(x, Oo)e taial | Fiq] = pr~te 1.

Similar to Lemma A.13, applying Lemma D.1 using the quantities « = k™ 'e™! < 1,m = /L,N-1,y =)\, § =
and ¢ = 0.5, alongside the fact that (N — 1)2 > N =2, and followed by a union bound over all i € [N] gives us with hig
probability,

= 2o

; < 48L2 + 8L, N 2dNT
Amin (H}) > X+ m% Vt such that |75 | > T/(=0) := #—Z’LP(N —1)2log (5> .

3p
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Now, once again, for i € [N — 1], define Z; € R%*? as the following matrix: for j € [i], the j*" d x d block of Z is given
by (HtN—i)q/th(N—i,N—iH) (Htl\ffiJrj)q/z.

Then, using Lemma B.7 from Goyal & Sinha (2025) and following a similar approach to that shown in Lemma A.13, we
have that,

96 log (L“(SV *1>) 5

Zi < < .
12l < jez[:] N2(48L2 + 8L, Np)(N — 1)2log (24'L) = 2N(N - 1)

Writing G; as a matrix recurrence relation as in Lemma A.13 and using Lemma B.2 from Goyal & Sinha (2025) gives:

3 3
)\max(Gt) S - and Amin(Gt) Z -
4 4
Substituting G; = U, /2 H, U,/ — I'ng, we get that
1 7
-U; X H; X -U,.
Ut == gt
This finishes the proof for the first part. The second part is exactly the same as in Lemma A.13. O

Lemma C.11. Let V and V' be defined as in Section C.1. Let |To| > T(0) := 48;521\[" (N —1)%log (24YL). Then,

assuming the diversity assumptions (Section 2) hold, with high probability, we have that

1 7
1diag(vl, LV <V < Zdiag(vl, LV,

Consequently, for any © = (x, ..., ), we have that
N
lllv-1 <2 |1l vy
i=1
Proof. The proof is the same as that of Lemma A.14. O

C.5. Other Relevant Lemmas

Lemma C.12. (Elliptical Potential Lemma, Lemma 10 Abbasi-Yadkori et al. (2011)) Let {ws}se[t] be a sequence of vectors
in RY such that ||z|| < L for all s € [t]. Define

s—1
V=M + Z ar:mfcll

m=1
where A > L?. Then, we have

tL2\? ) L%t
det V; < )\+7 and ZHwSHV;1§2dlog 1+ﬁ .

s€E(t]

Lemma C.13. (Lemma 12, Abbasi-Yadkori et al. (2011)) Let A = B > 0. Then, we have that

. ! Az < det A
UL )
mﬁ% T Bx ~ detB
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D. Demonstrating Linear Growth of Eigenvalues of the Design Matrices
We first recall the diversity assumptions from Section 2:

Define F;—1 = o(x1,71,...®¢+—1,7¢—1). Forall slots ¢ € [IN] and some p > 0, we have that
i Il
Elz} | Fi—1] =0 and E[zjz; | Fi—1] = pl.

Next, we state a generalization of Lemma D.1 from Goyal & Sinha (2025) and give a proof for the same:

Lemma D.1. (Generalization of Lemma D.1, Goyal & Sinha (2025)) Let {fﬂs}se[T] be a stochastic process in R® such that
E[zs | Fs_1] = 0 and B[z x] | Fs_1] = apl, where o € (0, 1]. Let ||xs||2 < m Vs € [T). Also, define the matrix

¢
Q. =~I+ Zwsm;r
s=1

Then, with probability at least 1 — §, we have that
)\min(Qt) Z Y + C,Dt

force (0,1)andt € (% log (MTT) ,T)-

Proof. Define X¢ := E[zsx] | Fs_1] = apl. Also, define the matrix martingale Z; =

[t :csmz —tX¢ and Zy = 0.
Finally, define the martingale difference sequence X, = Z;, — Z;_; forall s > 1.

se

Then, we have that ||S¢|| < m?, and || X,|| = ||z.x! + Sc|| < 2m?2. A calculation similar to Lemma D.1 from Goyal &
Sinha (2025) shows that

SIEIX] X | Foalll = Y IBX. X[ | Fooa]ll < 2m™t.

sS€Et] s€(t]
Thus, an application of Lemma D.2 with the quantities dy = ds = d, R = 2m? , w = m3V/2t,and u = (1 — ¢)pt for some
c € (0,1) results in

P Z zox!] — 10| > (1 —c)pt p < 2dexp <

s€(t]

3(1 — ¢)?p?t?
12m*t + 4(1 — ¢)m?pt

Thus, for all t > Ty := 27 H1U-0m?0 160 (247) e have that with probability at least 1 — 2.,

Z z,x!] — 30| < (1—c)pt.
s€(t]

Now, using the fact that ||A|| = Apnax(A) and Apax(—A) = —Anin(A), we have that
[A—B| =[(-A) = (=B)|l = [Amax(—A) = Amax(—B)| = [Amin(A) — Amin(B)

and thus, we can write that with probability 1 — %,

(1 =¢)pt > tAmin(Ze) — Amin Z wsm;—

sSEt]

Rearranging results in

Amin Z a:sw;r > tAmin(Bc) — (1 — ¢)pt > apt — (1 — ¢)pt > cpt
sSEt]

where the last inequality uses the fact that « € (0, 1]. A union bound over all ¢ € [T, T finishes the proof. O
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Lemma D.2. (Matrix Freedman Inequality) Define a matrix martingale Z, € R4 > with respect to the filtration F, and
the corresponding martingale difference sequence X, = Zs — Zs_1. Assume that the difference sequence is uniformly
bounded a.s., i.e, || X|| < R. Define
Wiows = > E[X.X] | Foil.
s€(t]

Weorr = > E[X] X, | Focal.

sEt]

Then, for all u > 0 and w? > 0, we have that

3u?
>0:||Z]| > m 1% % wW.. < w2l < ]
P{3t > 0: [|Z|| > u and max{||Wyowtll, [Weorell} < w”} < (di + da) exp < 6w? + QRU)
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E. Additional Experiments and Experimental Setup

In this section, we detail the implementation of all our algorithms and baselines. Then, we provide some additional
experiments, building upon the setup in Section 5.

While the implementations of RS-GLinCB and RS—MNL are publicly available, at each time round, they iterate over the set
of slates. Hence, we speed up the implementation using np . einsum. Also, for RS-MNL, we set the number of outcomes
to 1, corresponding to the logistic setting (Midigeshi et al., 2025). We also implement a version of SoftBatch, and
to lift it to the GLM setting, we replace the least squares estimate of the parameter with an MLE estimate. Also, since
q = O(T~ 8T, we set q as the machine epsilon.® For B-S1ateGL1inCB, we double the batch lengths and the number of
batches, i.e, we calculate the batch lengths as

Ton = 27727

where a/ /b represents integer division. Note that the number of batches is still O(log log T') and the regret only scales by a
constant factor. This allows for a better estimate of the parameter in the initial batches, while increasing the number and
speed of updates during the later stages. Finally, for the higher-dimensional experiments (Experiment E2; explained next),
we limit the number of optimization steps for RS-SlateGLinCB to 25, with the hope that limiting the convergence of
policy updates is offset by the higher number of updates.

3500 —e— SoftBatch [Hanna et al., 2019] —e— SoftBatch [Hanna et al., 2019] —e— SoftBatch [Hanna et al., 2019]
30004 —*— RS-MNL [Midigeshi et al., 2025] /‘ 50001 —— B-slateGLInCB (Ours) 30001 —s— RS-MNL [Midigeshi et al., 2025]
—e— RS-GLIinCB [Sawarni et al., 2024] / —e— RS-SlateGLinCB (Ours) —e— RS-GLIinCB [Sawarni et al., 2024]
© 2500{ —e— B-SlateGLInCB (Ours) o 4000 o 29901 —e— B-SiateGLInCB (Ours)
£ —e— RS-SlateGLInCB (Ours) £ £ 50001 —*— RS-SlateGLinCB (Ours)
3 2000 3 3000 3
< < <
1500 8 g 1500
<3 52000 S
¢ 1000 ¢ ¢ 1000
500 1000 500
0 0 0
0 5000 10000 15000 20000 0 5000 10000 15000 20000 0 2000 4000 6000 8000
Time Rounds (T) Time Rounds (T) Time Rounds (T)
(a) Experiment Setting E1 (b) Experiment Setting E2 (c) Experiment Setting E3

Figure 4. Comparison with limited adaptivity algorithms, SoftBatch, RS-MNL, and RS-GLinCB

We now explain the experimental setup. At each ¢ € [T, for each slot i € [N], the set of items X} C R?, is chosen such
that |X}| = K = 5 and d = 5. Each item in X is sampled from [—1, 1]® and is normalized to have ¢5-norm 1/v/N where
N varies depending on the experiment setting. We randomly select 8* from [—1, 1]V and normalize it to have £-norm S.
For our algorithms, we set § = 1/N?2, which puts it in the range [0.004, 0.04] for the values of N used. For the baselines,
we use the default values of § provided in the corresponding implementation, which are of the same order as ours. We now
explain the choice of the experimental settings:

El: Weset S = 2 and N = 5, resulting in KV = 3125 slates with dimension Nd = 25 and x < e° ~ 7.38. We run our
algorithms for 7' € {5000, 10000, 15000, 20000} rounds and display the results in Figure 4a.

E2: Weset S =5 and N = 10, resulting in KN = 9765725 slates with dimension Nd = 50 and x < e° ~ 150. We run
our algorithms for 7' € {5000, 10000, 15000, 20000} rounds. In this experiment, we do not compare to RS-GLinCB
and RS—MNL since these algorithms are not well-suited for large action spaces. We display the results in Figure 4b.

E3: Weset S =5 and N = 5, resulting in KN = 3125 slates with dimension Nd = 25 and x < ¢° = 150. We run our
algorithms for 7" € {2000, 4000, 6000, 8000} rounds and display the results in Figure 4c.

We average all the results over 25 different seeds for sampling rewards and display the results in Figure 4. In all three
settings, we see that our algorithms achieve sublinear regret and outperform the other baselines by a significant margin.
These results also provide strong empirical support for our x-free regret guarantees in Theorem A.1 and Theorem C.1. Also,
we see that the regret of RS-S1ateGL1inCB is better than B—S1lateGLinCB in all the settings, which can possibly be
attributed to better constants, as well as, the Vd gap between the bounds in our theorems.

8For our device, the value of ¢ is set to be 1.1920929 x 10~ 7.

43



Contextual Slate GLM Bandits with Limited Adaptivity

F. B-SlateGLinCB+: Additional Observations and Insights

In this section, we build upon the observations and insights for B-SlateGLinCB+, which was first introduced in Section
5. We first explain some empirical observations, which motivated the design of this algorithm. Then, we highlight the major
differences between B—SlateGLinCB and B-SlateGLinCB+.

w
3
3

1400 | —=— B-SlateGLinCB (Ours) 17501 —— B-SlateGLinCB (Ours) —— B-SlateGLInCB (Ours) —e— B-SlateGLinCB (Ours)
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Figure 5. Comparison with fully sequential slate bandit algorithm Slate-GLM-OFU

In Figure 5, we compare our algorithms B-SlateGLinCB and RS—-SlateGLinCB to the fully sequential
Slate-GLM-OFU (Algorithm 1, Goyal & Sinha (2025)). We retain the same experimental setup as in Appendix E,
and add an experiment described below:

E4: Weset S = 5and N = 15, resulting in KN = 30517578125 slates with dimension Nd = 75 and x < e ~ 150. We
run the algorithms for 7' € {5000, 10000, 15000, 20000} and display the results in Figure 5d.

In Figure 5, we see that the gap between RS-SlateGLinCB and Slate-GLM-OFU is very small, even though we
would expect Slate-GLM-OFU to have much better regret because of its fully sequential nature. However, there
remains a significant gap between the regrets incurred by B-SlateGLinCB and Slate-GLM-OFU. This raises the
question of whether we can develop an algorithm that performs O(loglogT') updates and can compete with the likes
of RS-SlateGLinCB and Slate-GLM-OFU. Based on our empirical observations, we modify B-SlateGLinCB to
obtain B-S1lateGLinCB+, which is also a batched algorithm that performs O (log log T') updates and incurs regret similar
to that of S1late-GLM-OFU. The modifications made are completely based on empirical observations and heuristics, which
we explain in the next paragraph, and leave the theoretical analysis of this algorithm as an interesting future direction.

In B-SlateGLinCB, we notice that the estimate of the parameter 8* improves throughout the course of the algorithm,
that is, ||@* — ém ||l2 strictly decreases as the algorithm progresses. We also observe that often, the optimal items in each slot
get eliminated, especially in the initial rounds of pruning. Thus, we hypothesize that the optimal items get eliminated in the
initial rounds of pruning because the estimates of the parameter are often suboptimal. Clearly, the estimates of 8* learned
during the later batches are better representative of 8*. Hence, the later estimates should carry more weight in deciding the
set of items retained after elimination. This opens the gate to several algorithms with different elimination techniques to
achieve the exploration-exploitation tradeoff, such as weighted majority-like strategies with a higher weight given to the
more recent batches, or eliminating items from the item-set with respect to only the last m’ < m batches.

Thus, in B-SlateGLinCB+, we set m’ = 1, i.e, we eliminate items with respect to only the most recent estimate, and
the scaling slate b, is chosen from this set of remaining items. We do not prune with respect to the warmup estimate 0/9\0
anymore. Further, at each policy update, we allow the algorithm to use all the previous data seen during the course of the
algorithm, unlike B-S1ateGL1inCB, where the algorithm only uses the data from the corresponding batch. This improves
the quality of the estimation of the parameter. We present the empirical performance of B-SlateGLinCB+ in Figure 5,
and see that the algorithm incurs sublinear regret, and closely matches the regrets incurred by RS-SlateGLinCB and
Slate-GLM-OFU. An interesting future direction is to study the constraints under which we can prove strong regret
bounds for such heuristics.
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G. Prompt Tuning Experiments

In this section, we explain the experimental set up of our prompt tuning experiments.

We use RoBERTa-large (Liu et al., 2021) as the base model and Nomic-Embed-Text-v1.5 (Nussbaum et al., 2024) as the
embedding model for all our experiments. At each round ¢, the algorithm is presented with a query ¢; and N (different) sets
consisting of K candidate examples each. Each set of candidate examples corresponds to one exemplar (slof) in the prompt
(slate). At round t, we denote the j* candidate example for slot i as (e;’, [,’ ), where e denotes the example, and [ € {0,1}
denotes the true label for the example.

We now describe the construction of the arm-sets {Xti}l-e[ ~7 at each round ¢t. For a slot ¢, the feature vector for the kth
candidate example (ei*, [i%) is denoted as (4,1, c), where j, [ and c are the three components, as described in Section 5.
We describe them in greater detail here. j denotes the joint embedding of the query g; and the candidate example ei¥, [ is
the example’s label, i.e, | = [i*, and ¢ = (c1, c2) represents a pair of scores that measure the similarity between the query
and the example. Here, c; measures the N-gram similarity between the query and the example sentence. This is done by
calculating the cosine similarity between the bag-of-character-N-gram vectors of the query and the example. c, represents
the similarity score between the query and the example in the embedding space, which is calculated as the cosine similarity
between the embeddings of the two.

We choose [V, the number of exemplars per prompt, to be 6, and K, the number of candidate examples provided to each slot
at each round as 9. The prompt instruction and format are fixed apriori and are given below:

Prompt Template

In this task, you are given sentences from movie reviews. The task is to classify a sentence as “great” if the
sentiment of the sentence is positive or as “terrible” if the sentiment of the sentence is negative. Following are some
examples to help you:

Reviewl:
Sentiment]:
Review?2:
Sentiment2:
Review3:
Sentiment3:
Review4:
Sentiment4:
Review5:
Sentiment5:
Review6:
Sentiment6:

Query:
Sentiment: <mask>

To demonstrate the long-horizon capability of our algorithm, we augment our test set by including an additional 4000
queries sampled from the training set, resulting in a total of 4870 queries. These additional queries are sampled prior to
the construction of the candidate example sets, and hence, we ensure that none of these 4000 queries appear in any of the
candidate example sets provided to the algorithm across the horizon. We also ensure there is no further training and instead
report the cumulative average accuracy over the entire time horizon.

We compare our results to the following baselines: (i) the base model with no exemplars, (ii) the base model, where the
exemplars are chosen randomly at each round, and (iii) S1ate—-GLM-OFU. The random allocation baseline chooses 6
examples from the pool of exemplars with equal probability. We note that all the hyperparameters including embedding
size, N, K, embedding dimensions, as well as, the methodology to select queries, exemplar pools, and the construction of
arm-sets is fixed across all baselines. We plot the cumulative average accuracy of all algorithms and display the results in
Figure 3.
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H. Empirical Verification of Linear Growth of Eigenvalues for B-SlateGLinCB,
RS-SlateGLinCB, and B—SlateGLinCB+

In this section, we empirically validate that the minimum eigenvalue for the design matrices indeed grow (near-) linearly
over the course of the algorithms. We choose the number of slots N = 4, the dimension of items in each slot d = 5, and the
number of items per slot K = 5, resulting in a total of K~ = 625 slates with dimension Nd = 20. At each round ¢ € [T
and each slot i € [N], the item-sets X} are chosen in a manner similar to the one described in Section 5. Similarly, the
optimal parameter 8* is also sampled in a manner similar to the one described in Section 5. We choose the {2 —norm of 6*
to be S = 2. All the algorithms are run for 7" = 10000 for 50 different seeds for sampling rewards.

We display the results for B-S1lateGLinCB in Figure 6, for RS-SlateGLinCB in Figure 7, and for B-SlateGLinCB+
in Figure 8. Throughout, the black dotted lines represent the transition between batches (or in the case of
RS—-SlateGLinCB, the end of the warmup phase). The blue graphs represent the minimum eigenvalues of the de-
sign matrices V¢ during the warmup phases (since the V' matrices are only updated during this phase), while the red graphs
represent the minimum eigenvalues of the Hessian matrices H'® during the corresponding phase of the algorithm. For
RS-SlateGLinCB, in Figure 7, the first row represents a zoomed-in version of the warmup phase (since the slope of
the growth of the blue graph is low), while the second row represents the growth of both V' and H during the course of
the algorithm. From all the graphs, we see that the growth of the minimum eigenvalues appears to be (near)-linear, thus,
validating the conclusion we draw from the Diversity Assumptions (Definition 2.1).
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Figure 8. B-SlateGLinCB+
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