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Abstract

In this study, we consider multi-class multi-server asymmetric queueing systems
consisting of NV queues on one side and K servers on the other side, where jobs ran-
domly arrive in queues at each time. The service rate of each job-server assignment
is unknown and modeled by a feature-based Multi-nomial Logit (MNL) function.
At each time, a scheduler assigns jobs to servers, and each server stochastically
serves at most one job based on its preferences over the assigned jobs. The primary
goal of the algorithm is to stabilize the queues in the system while learning the
service rates of servers. To achieve this goal, we propose algorithms based on
UCB and Thompson Sampling, which achieve system stability with an average
queue length bound of O(min{N, K} /e) for a large time horizon 7', where € is
a traffic slackness of the system. Furthermore, the algorithms achieve sublinear

regret bounds of (5(min{ﬁ Quax, T 41), where Qax represents the maximum
queue length over agents and times. Lastly, we provide experimental results to
demonstrate the performance of our algorithms.

1 Introduction

Multi-class multi-server queueing systems, which have been extensively studied by [20, |19, 37, 18 4],
are motivated by real-world applications such as ride-hailing platforms, where riders are assigned to
drivers. Other examples are online job markets, where applicants are recommended for employment,
and online labor service markets, where tasks are recommended to freelance workers. In these
systems, there are two sides: queues (agents) on one side and servers (arms) on the other. At each
time step, jobs stochastically arrive in multiple queues and are then assigned to multiple servers by a
matchmaking or scheduler algorithm to stabilize the systems. Importantly, the previous work assumes
that the service rates for each server are known for scheduling jobs.

However, real-world observations reveal that the service rate may not be known beforehand. Therefore,
learning the service rates associated with the stochastic behavior of servers is essential for real-world
applications. Furthermore, the behavior of servers may depend on their (relative) preferences
over assigned jobs. For example, in ride-hailing platforms where there are riders and drivers, the
preferences of drivers over riders (not necessarily based on personal information but rather a rider’s
pick-up location, destination, etc.) may not be known in advance to riders or even the systems,
necessitating the learning of drivers’ preferences through preference feedback over assigned riders.

Learning service rates in an online manner, based on partial feedback from each scheduling, is
highly associated with multi-armed bandit problems [33]. These problems are fundamental sequential
learning tasks where, for queueing systems, a job is assigned to a server and receives feedback on
whether the job is served or not. The utilization of bandit strategies for queueing systems has been
recently studied by Choudhury et al. [12], Stahlbuhk et al. [48], Gaitonde and Tardos [17]]; Freund
et al. [15]], Hsu et al. [22]], Krishnasamy et al. [30,1311[32], Sentenac et al. [46], Yang et al. [52]], Huang
et al. [23], which primary focus is naturally on establishing stability of the systems while learning
service rates.
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Figure 1: Illustration of queueing process with 4 queues/agents (N = 4) and 3 servers/arms (K = 3)

However, there are still gaps between the previous models and the real-world applications. In all
previous work, the inherent service rates for each job-server assignment are determined regardless of
other jobs assigned to the same server (or it is not allowed to assign multiple jobs to the same server).
This differs from real-world scenarios where service rate may depend on (relative) preference over
multiple assigned jobs, as seen in online labor markets or ride-hailing platforms. Additionally, in
Freund et al. [15]], Krishnasamy et al. [31} 32], which is closely related work to our study regarding
multi-class multi-server queueing systems with asymmetric service rates, it was allowed to assign
a job in an empty queue to a server to obtain feedback (null request), which may not be realistic.
Furthermore, all of the previous work considers a simple model without a generalizable structure or
utilizing features for service rates.

Another line of related work is matching bandits, in which there are two sides (agents and arms), and
the behavior of arms is based on their preferences 136} 45,35} 9} 154, 29]. However, their focus is on
static settings, whereas our work considers dynamic job arrivals in queues. Additionally, it is worth
mentioning online matching problems [27} 39, 40, [18} [16, [28]], where the sole focus is on optimizing
matching rather than learning underlying models from bandit feedback. In contrast, our study
concentrates on bandit problems related to learning latent utilities by managing the tradeoff between
exploration and exploitation while establishing the stability of the queueing systems. Importantly,
neither previous work on matching bandits nor online matching problems addresses the stability of
queueing systems, which is our primary focus.

In this work, we propose a novel and practical framework for queueing matching bandits under
preference feedback. In the following, we describe our setting accompanied by an illustration in
Figure[T] (a) Multiple queues (agents) and servers (arms) are involved, with jobs arriving randomly
in queues. Additionally, there are unknown utility values between queues and servers regarding
preferences. (b) Nonempty queue are then assigned to servers based on a scheduling policy. (c)
Subsequently, each server stochastically accepts at most one of the assigned queues based on its
unknown preference and serves one unit of job of the accepted queue. The rejected jobs remain in the
queues. The processes of (a), (b), and (c) are repeated over time.

Summary of Our Contributions

* We propose a novel and practical framework for queueing matching bandits, where N
agents and K arms are involved, and jobs randomly arrive in agents’ queues each round.
Subsequently, a scheduler assigns agents to arms, and the service rates for the assigned
agents depend on the arms’ unknown preferences over them. These service rates are modeled
using a feature-based multinomial logit function. To the best of our knowledge, our paper is
the first to investigate either a feature-based service function or preference feedback using a
multinomial logit function for service rates.

* We propose algorithms based on Upper Confidence Bound (UCB) and Thompson Sampling

(TS), which achieve stability with average queue length bounds of O(w) for a large
time horizon 7', under a traffic slackness of e.



« Furthermore, the algorithms achieve sublinear regret bounds of O(min{v/7TQmax, T°/*}),
where (Qax represents the maximum queue length over agents and times. It is worth
mentioning that regret analysis has not been studied in the closely related queueing bandit
literature such as Sentenac et al. [46], Freund et al. [[15], Yang et al. [S2].

* Finally, we present experimental results demonstrating the stability and regret performance
of our algorithms with comparison to previously suggested methods.

2 Related Work

Bandits for Queues. Learning the unknown service rates for queueing systems in an online manner
under bandit feedback has recently gained widespread attention [12} 47, 31} 148} 22| 321 146 52| 23]].
While Stahlbuhk et al. [47]], Krishnasamy et al. [30], Choudhury et al. [[12] focused on a single queue
with multiple servers, aiming to efficiently assign the queue to the optimal server while learning the
service rates, subsequent study of Krishnasamy et al. [32] expanded this scope to encompass multiple
queues and multiple servers. However, this extension relied on a strong structural assumption that
each agent possesses a unique and distinctly optimal server without sharing the same optimal server.
Consequently, the algorithms employed in such scenarios do not necessarily consider the dynamic
queue lengths when scheduling jobs; instead, they concentrate solely on learning service rates to
achieve optimal matching. As the closest work to our study, another line of work of Sentenac et al.
[46], Freund et al. [[15], Yang et al. [52] has focused more on dynamic queue lengths for multi-queue
and multi-server scenarios without assuming the unique and distinct optimal servers for each agent.
In this context, all of the previous work aimed to achieve queue length stability.

However, to the best of our knowledge, none of the previous works has focused on a structured model
with features for service rates. Furthermore, previous studies either did not allow the assignment
of different types of jobs to a server simultaneously [32] I52], or, if they did, as in Sentenac et al.
[46], Freund et al. [15]), the inherent values of service rates for each job-server assignment remained
constant regardless of the entire assignments. Additionally, the server’s behavior given multiple
assigned jobs was either simple or deterministic, based on the uniform-randomly selected job among
the assigned jobs [46], or the job with the highest bid generated from the algorithm [15], respectively.
However, these approaches may not reflect real-world scenarios, where the service rates depend on
the relative preferences among the assigned jobs. Lastly, in [15}[32], it was allowed to assign a job to
a server from an empty queue for obtaining feedback, which may not be realistic.

In our study, we adopt a structured model incorporating features for unknown asymmetric service
rates. We enable the assignment of multiple agents to the same server, where the server stochastically
selects at most one of the assigned agents based on its undisclosed (relative) preference. Also, the
assignment of an agent is available only when the queue of the agent is not empty. This scenario
mirrors common situations in real-world applications such as ride-hailing platforms and online labor
markets where available multiple riders or tasks can be assigned to a driver or a worker, respectively,
and the driver or worker behaves stochastically depending on its unknown preference.

It is noteworthy that we focus not only on the stability of the systems regarding queue lengths but
also on regret against an oracle, while the closely related works by [46, [15,152]], which considered
multi-class multi-server queueing systems, only addressed stability analysis. Regret analysis has only
been studied under some limited scenarios, such as a single-server [23]], a single-queue [48]], or the
strong assumption that each agent has a unique and well-separated optimal server [32].

Matching Bandits. Next, we investigate two-sided matching bandits, a topic initially explored
by Liu et al. [36] and subsequently studied by Sankararaman et al. [45]], Liu et al. [35], Basu et al.
[9, Zhang et al. [54]], Kong and Li [29]. The primary goal is to minimize regret by attaining an
optimal stable matching by learning agents’ side preferences through stochastic reward feedback
under static settings and deterministic behavior of arms with known preferences. Our study aligns with
the model, wherein agents select arms based on preferences. However, our study sets itself apart from
prior work on matching bandits in several key aspects. Firstly, we consider dynamic environments
with job arrivals for agents. Secondly, we propose that arm behavior is stochastic, with unknown
preferences, necessitating the learning of arms’ preferences. Lastly, our main target is to stabilize the
queue lengths in the systems rather than find stable matching for stable marriage problems.

MNL Bandits. Lastly, we examine MNL bandits which were initially proposed by Agrawal et al.
[6] and followed by Agrawal et al. [[7]], Chen et al. [11], Oh and Iyengar [43]!44]]. In MNL bandits,



the goal is to select assortments of arms to maximize reward, which is based on preferences over the
arms in the selected assortment. In our study, we adopt the MNL model for arms’ choice preferences
in dynamic systems, which, to the best of our knowledge, is the first consideration of bandits for
queueing systems.

3 Problem Statement

There are N agents (queues) and K arms (servers). At each time, a job for each agent n € [N] arrives
randomly following a Bernoulli distribution with an unknown arrival rate A,, € [0, 1 D Then at each
time ¢ € [T'] where T is the time horizon, each agent n € [N] is assigned to an arm k], , € [K] by
a policy 7. For notational simplicity, we use k,, ; for k] , when there is no confusion. Let (%)
be the length of the queue for jobs of agent n € [N] at the beginning of time slot ¢ in the system.
We consider that at most L agents can be assigned to each arm k € [K] at each time and N < KL
to ensure that all agents can be assigned to arms. Then, we define the set of agents (assortment)
assigned to arm k by policy 7 at time ¢ as Sy ; = {n € [N] : k,, = k, Qn,(t) # 0}, considering
only available agents with nonempty queues.

Now we explain the structure of our model. Each agent n has known d-dimensional feature informa-
tion of z,, € R?, and each arm & has latent (unknown) parameter 0 € R? for preference utilities
over agents. We adopt the Multi-nomial Logit (MNL) function commonly studied for preference
feedback [43] 44 16,[7, [11]. Then given assortment .S, ;, arm k serves a job of agent n € S, ; with a
service probability (service rate) determined by the MNL model as

exp(z,) 01,)
I+ Z'rrbESk,t eXp(IrTngk) .

(| Sk,e, Or) =

We note that /4(n|Sk ¢, 01 ) represents the preference of arm k to agent n over the assigned agents Sy, ;.

The service rate of each n depends on the assigned agents rather than static by reflecting real-world

scenarios, which is different from the conventional queueing problems. Following the MNL function,

the arm is allowed not to serve any agents (or allowed to serve null agent ng) with the probability

of pu(no|Sk,i, 0k) = 7 o exp(ﬂ R Under the MNL model for the service rate, at each time,
mESEk,t

each arm accepts at most one agent and serves that agent’s job. The queue lengths for the accepted
agents are each reduced by one, while the queue lengths for the refused agents remain the same.

Objective Function. Here we provide the goal of this problem. For describing the stochastic
process in the systems, at each time ¢, let A, (t) € {0, 1} be a random variable with mean \,,, which
denotes whether a new job arrives in the queue of agent n € [N] (here, 1 denotes arrival). Also,
given that n is assigned to arm ky, ¢, let D), (¢|Sk, ,.:) € {0,1} be a random variable with mean
(n|Skn ..t» Ok, ), which represents whether the assigned agent n, given Sk, , 1, is accepted by arm
ky.: (here 1 denotes acceptance). Then the queue length of the agent n evolves as Q,(t + 1) =
(Qn(t) + Ap(t) — Dy (t[Sk, ..¢))" where 2T denotes max{x,0} for z € R.

As in the previous work of queueing bandits for multiple types of agents and servers [46, 15|52} 23],
which are closely related work to ours, our primary focus is on stabilizing the dynamic systems
regarding queue lengths. For analyzing the stability of the systems, we define the average queue
lengths over horizon time 7" as

> Z E[Qn(®)
te[T] n€[N]

Then the goal of this problem is to design an online matching algorithm to assign the agents to arms
for stabilizing the systems by bounding Q(T"). We define the system stability as follows.

Definition 1. The systems are denoted to be stable when limr_, ., Q(T') < oco.

'Our study can be easily extended to the multi-unit case where random variable A,,(¢) lies in [0, M] for
some M > 0 with mean A\, € [0, M].



The same stability definition was considered in Neely [41} 42]], Freund et al. [15], Yang et al.
[52], Huang et al. [23]. It is noteworthy that according to [42 41| |15]], the system satisfying this
stability condition of Definition E]is denoted to be strongly stable

For the analyses, we first present the regularity conditions.
Assumption 1. ||z,||2 < 1 foralln € [N] and ||0k 2 < 1 for all k € [K].

Assumption 2. There exists & > 0 such that infgcga. g, <1 (1] S, 0)p(nolS, 0) > & foranyn € S
and S C [N].

These regularity conditions are commonly taken into account in the logistic and MNL bandit literature
(13 3,43} [44]). We note that, in the worst-case, 1/x = O(L?).

We define the set of feasible disjoint assortments given any N C  [N] as

MN) ={(S1, ., Sk) : Sk SN, Sk <L Vk € [K], Sk N Si = @Yk # 1, Upepe) Sk = N
Then, we consider the condition of traffic slackness for stability as follows.

Assumption 3. For some traffic slackness 0 < € < 1, there exists { Sy }rcx) € M([N]) such that
An + € < u(n|Sk,0) foralln € S and k € [K].

We note that similar slackness assumptions have been commonly considered in queueing bandits

[1501521123]]. As e decreases, achieving stability in our setting becomes more challenging. A discussion
for a refined version of e can be found in Appendix [A.2]

4 Preliminary Study: An Oracle Algorithm of MaxWeight

For queueing systems, MaxWeight [50] has been proven to have optimal throughput keeping the
queues in networks stable under the known service rates [51, [38] |37, |49]]. Here, we analyze the
oracle policy using MaxWeight under known 6;’s. We define the set of agents having non-empty
queues at time ¢ as Ny = {n € [N]] : Q,(t) # 0}. Then, the oracle policy using MaxWeight in our

setting is defined as { Sy ¢+ }re(x] = Argmax g, y, e M(N;) >kelk] 2ones, @n()u(n|Sk, Ok),
where priority in the assortment scheduling is on queues with either large queue lengths or high
service rates. We provide an analysis of stability of the MaxWeight oracle for known 6}’s as follows.

Proposition 1. Given the prior knowledge of 0y, for all k € K|, the average queue length of
MaxWeight is bounded as Q(T) = O (M), which implies that the algorithm achieves
stability.

Proof. The proof is provided in Appendix[A.3] O

We note that the term of min{ N, K} in the average queue length is a result of the system’s variance.
Additionally, as € decreases, the stability of the system deteriorates due to the reduced traffic slackness.
Further discussion regarding e can be found in Appendix[A.2]

Since the oracle algorithm requires prior knowledge of j’s for the service rate, we cannot use it
directly in our bandit setting. In the following section, we propose algorithms incorporating an
efficient learning procedure to achieve stability in our setting.

5 Algorithms and Analyses

5.1 UCB-based Algorithm

We first propose an algorithm based on the UCB strategy, UCB-QMB (Algorithm [T)). We define the
negative log-likelihood as fi:(0) 1= — >, cs, ,Uno} Yn.t 108 (1| Sk,e, 0) where y s € {0,1} is
observed preference feedback (1 denotes service acceptance, and 0 denotes refusal) and define the
gradient of the likelihood as

9k.4(0) = Vo fra(0) = > (1(nlSkt,0) = ynt)2n. e

nESk,t

2As mentioned in [42} [13], in general, this stability condition is stronger than the mean rate stability of

lim7 00 w = 0 but weaker than the uniform stability of E[}_ . ; @n(t)] < C forallt >0

for some constant C' > 0.



Then, we construct the estimator of ék’t from online updates applying online newton step studied by
(211531 24, (14, 44]] as 6y ; = argmingce grt—1 (k1) "0 + 5110 — 01|, ,, where © = {0 €
R%: (|62 <1} and Vi = Mg+ 5 st > onesk., x,7, . Using the estimator, we define the UCB
index for agent n in assortment Sy, as

_ exp thB
i €8 (n| Sy, Oye) = (ror) UCB (2)
1+ EmES exp(h’m k, t)

where hGE = 270, + Billznlly,-1 with B, = C \/)\ + 4log(1 4 L) for some constant
C71 > 0. We utilize the MaxWeight w1th the UCB indexes by setting A = 1.
Algorithm 1 UCB-Queueing Matching Bandit (UCB-QMB)
Imput: \, x,C; >0
fort=1,...,T do

for k € [ | do

Hk ¢ < argmingcg gi t— 1(9k 1—1) 10+ 10— 0y . 1HV;€ , with (T)
{Sk.t}reix) < argmasx Z Z Qn AV CE (n| Sk, Oy.1) with (@)
{Sk}eeir) EMNY) ke[K] neSy

Offer { Skt }re[x) and observe preference feedback y,, ; € {0, 1} foralln € Sk, k € [K]
5.1.1 Stability Analysis of UCB-QMB
Here we provide an analysis for the stability of UCB-QMB (Algorithm [I)).
Theorem 1. The average queue length of Algorithm is bounded as Q(T) =
@ (min{év"K} dQéV ié{ ’ po}ylog(T)) , which implies that the algorithm achieves stability as

in{N, K
lim Q(T) = O (mm{’}> )
T—o00 €

We note that Algorlthm achieves the same average queue length bound of O( w) with the

oracle of MaxWeight (Proposition[I)) when T is large enough.

Proof sketch. Here we provide a proof sketch and the full version is provided in Appendix [A.4]
We define the set of queues Q(t) = [@,(t) : n € [N]] and a Lyapunov function as V(Q(t)) =
2 one[n] @n(t )2. For simplicity, we use D,, (t) for D5, (| Sk, +) and Dy, (t) for Dy, (t[Sk: ,,+) when

there is no confusion. Then we analyze the Lyapunov drift as follows:

> VUt +1) = V(Q(t)

te[T)
=3 S (@Qult) + Ault) — DL — Qult)?
te[T) ne[N]
2 *
+ Z Z (Qn(t) + An(t) - Dn(t))+ - Z Z (Qn(t) + An(t) - Dn(t))Q' (3)
te[T) ne[N] te[T) ne[N]
For the first two terms in Eq., with Assumptionl we can show that
>N E[(Qn(t) + An(t) — Di(1)° - <=3 Z 2¢E[Q,(t)] + 2min{ N, K} T,
te[T] ne[N] te[T] ne[N]

“

For the last two terms in Eq. . we have

E[Z S (@ult) + Au(t) - Da() = 3 Z (Qu(t) + An(t) = D ()]

te[T] n€[N] te[T) ne[N

<2E[Z Z (n|Sks .4, 0kz ) — ,u(n|Sknmt,Gkn‘t))Qn(t)}+5min{N,K}T, 5)

te[T) ne[N



where the first term of the last inequality is closely related to the regret analysis of the bandit
strategy. In the following, we focus on analyzing the last term in Eq.(5). We define events E} =

{||0Ak,t—9,’;\|vk,t < Byforall k € [K]}and E7 , = {maxpcs, , meHVk]l < Coe/2B; fork = k] ,}

for some constant Cy > 0. We can show that E} holds with high probability so here we only consider
the case when E} holds. Then we have

E[ S 3 ulnlSis a0k, — #0115k, 0006, ))@n(0)

te[T] n€[N]

< > D El(p(nlSky,.0 0k ,) = (0], 000, ) @u (0 (L(ER ) + L((ES )))]- (6)

te[T] n€[N]

Then for the first term of Eq.(6)), from the UCB strategy and Egyt, we can show that
STE[ Y (ulnlSks 0k ,) — 1(0lSk, 000, ))Qu(DL(ER )] < Coe 303 E[Qu(t)

te[T) n€[N] te[T] ne[N]
(7N

Now we provide a bound for the second term of Eq.(6). For some constant C5 > 0, we can show that

> ElwnlSk; 0 0ks,) = (0], 0t O ) Qu (D L((ET 1))

te[T] ne[N]
N2K2 4
<> ) (/CHERn1] 4+ 0 <,{2656T) (8)
te[T] ne[N]

By putting the results of Eqs. (3, @), ). (©). (7, (8) altogether, we can obtain

E[Zv Q(t + 1)) V(Q(t))}

te(T)

< Tmin{N, K}T +2(Cy + (1/C3) = 1)e > > E[Qn(t)] + O(N log(T ))+(’)(

NQKQ,BT)
te[T] n€[N]

K2ed

Finally, with positive constants Cs, C5 > 0 satisfying Cy + (1/C5) < 1, from V(Q(1)) = 0 and
V(Q(T + 1)) > 0, by using telescoping for the above inequality and rearrangement, we can conclude

min{ N, 2 A72 772 polylo:
the proof by 7 3= c(7) L neqn El@n ()] = O( {N.K} | SNCK poblop(T)y, O

K1eb

5.1.2 Regret Analysis of UCB-QVMB

In addition to the stability analysis, we examine the cumulative regret of UCB-QMB (Algorithm [T)).
The regret is defined as the discrepancy between the performance of the oracle policy of MaxWeight
7*, which operates with the knowledge of the true parameters 6}, ’s, and that of our policy 7. Given
the queue lengths at each time ¢, we denote the oracle assignments as

{Skitrex) =  argmax > Qut)u(n] Sk, Ok).

{Sk}rerr) €MD (K] nesy

We show that this oracle policy achieves stability in Proposition For simplicity, we use k;, , for
kﬂ'

7.t Then, the cumulative regret under 7 is defined as

-3 Z E{ 01k, 02 Ox2.,) = (0l 0,0, ))@n ()] ©)
te[T) ne[N

We define Qmax = E[max;e(r)nen] @n(t)]. Then the algorithm achieves the following regret
bound.

Theorem 2. The policy m of Algorithm|l|achieves a regret bound of

R (1) = O min { VAT, (Y K} ) ”%3/4}).

K2e3



We emphasize that our algorithms achieve a sublinear regret bound, even in the worst-case scenario
regarding queue lengths from the minimum in regret. In contrast, [23] achieves a regret bound of

é(max{ VT Qmax, T?/*}) for a stationary setting, where the worst-case bound is not guaranteed to
be sublinear from the maximum in regret.

Proof sketch. Here we provide a proof sketch and the full version is provided in Appendix [A3]
We first provide the proof for regret bound of R™(T) = O(%VKTQuax). We define
event B} = {||ékf — 0ilv,, < B¢ Yk € [K]} which holds with a high probabil-

ity. Therefore, here we only consider the case when E; holds. Then we can show that
2 nen Bl@n (1) (1 (nISk;,mf)k* )= (1St O )] < 2y BIQu () (3 P (0] Sk, 11t) =

w(n|Sk, ot 0k,.,))] < Zke[K]]E[QBt maxpes, , ”I"”Vk,fQ"( )]. From the inequality, with
thl maxpes, , H:Jcn||2 -1 < (4d/k)log(l + (TL/d))), we have
R™(T) = Z BlQn(6)(1(nlSky .0, Okz ) — (1| Sk, 1.t Ok, )]
te[T] ne[N]
d
[ max Qn BT\/KTZ Z max ||xl|| ] <7vKTQmaX).(lO)
te[T],ne[N kot K
te[T] ke[K]
Now we provide the proof for the worst-case regret bound of R™(T) =
. . sy 1/4
O (W) T3/*) in the following. We additionally define event
E?2, = {maxnes,, [2mlly-1 < ¢ for k = ky¢} for some constant C; > 0. Under E},
we have -
T)= > > E[(un|Sk: 1,0k ,) — p(nlSk, .40k, ,))Qn(t)]
te[T] n€[N]
<Y D ElunlSk 000k ,) = 1(0]Sk, 1t Ok, ) Qu (O (L(ER ) + L((ER 1)))]-
te[T] n€[N]
(11)

Then for the first term of Eq.(TT), we have

STE | (unlSks 00 0ks ) — 1Sk, 1,0k, ) Qu (D L(EL )

te[T] n€e[N]
<> E|> 2Bellenlly,;r Qn(t)L <Y > 2B8CE[QL()], (12
te[T] n€[N] te[T] n€[N]

where the last inequality is obtained from Efl,t. By analyzing the selected number of agent n with
(E2 ;). we can show that

D > ElnnlSk; 0 0ks,) = 1(nlSk, 1,050, ))Qu (D L((ET 1))

te[T] n€[N]
NK
tEZT] rLEZN] Kt

By putting the results of Egs. (II), (I2), (13), and Theorem [I by setting ( =
(eNK/min{N, K}Txp2)"/4, for large enough T, we have

NK
RY(T) =0 | ¢Br > Z gy TV los(T)
te[T) ne[N
~ dN K min{N, K
_5 (N( ml;l{g K} ) T3/4>, (14)
Kk2e
which conclude the proof combined with Eq.(T0). O



Algorithm 2 Thompson Sampling-Queueing Matching Bandit (TS-QMB)

Imput: \, M, k,C; >0
fort=1,...,T do
forke[ | do

Oy + < argmingcg gk i— 1(0k 1) 10+ 3 Lo — O, . 1Hvk with (T
Sample {ek,t}ie ) independently from N (O, BiVi 9
{Sk,t}rerr) < argmax Z Z Qn ()il ( n\Sk,{HM}le[M with (T3)

{Sk}rex GM(Nt)ke [K] nESk
| Offer {Sk+}rc(x] and observe preference feedback y,, ; € {0, 1} forall n € S ¢, k € [K]

5.2 Thompson Sampling-based Algorithm

Here, we propose an algorithm based on Thompson Sampling, TS-QMB (Algorlthm@ As i 1n the
previous algorithm, we construct the estimator as 0y, ; = argmingee gr.¢—1(0k—1) 0 + 1116 —

Or.t—1 I, ,- To facilitate exploration, we sample several 0( ) for i € [M] from a Gaussian distribution

of N (ék,t, B2V,') and construct the Thompson Samphng (TS) index for assortment S}, as

eXp(hTLi +)

75 (n|Sk, {6, ieran) =
kelicl ]‘+ZmESkeXp(hmk1‘)

15)

where bl , = max;e(a ng,(ji and 8, = C, \/)\ + 41og(1 + L&) for some constant C; > 0.

Then we utilize the MaxWeight with TS indexes. We set A = 1 and M = [1 — %].

5.2.1 Stability Analysis of TS-QMB
Here we provide stability analysis for TS-QMB (Algorithm [2).

Theorem 3. The average queue length of Algorithm [2] is bounded as Q(T) =
O (min{N,K} + dAN2 K2 pnlylog(T)

K4eb

) , which implies that the algorithm achieves stability as

lim Q(T) = O (HM) .

T—o0 €

Proof. The proof is provided in Appendix O

5.2.2 Regret Analysis of TS-QMB
We provide a regret analysis of TS-QMB (Algorithm 2)) for the regret definition of (9) in the following.

Theorem 4. The policy 7 of Algorithm[2) achieves a regret bound of

_ 3/2 2 : 3\ 1/4
RY(T) = & <min{d RT 0w (d NK min{N, K} ) T3/4}> |
K

K2e3
Proof. The proof is provided in Appendix O

We note that the performance of Algorithm[T|and Algorithm 2)in the analysis results shows similar
trends. However, the TS-based Algorithm[2]incurs a loss with respect to d compared to the UCB-based
Algorithm[I] as commonly seen in previous TS-based algorithms [53] 2} 43]].

Here, we briefly discuss the combinatorial optimization of argmax Sk re (] EMNG) > ke[K] fe(Sk)

for some function f;, : S C [N] — R in our algorithms. The exact optimization can be expensive
due to its NP-hard nature. To address this, we can utilize the technique of a-approximation oracle
with 0 < o < 1, first introduced in Kakade et al. [25]], which is deferred to Appendix
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Figure 2: Experimental results for (left) average queue length and (right) regret

6 Experiments

Here, we provide experimental results to demonstrate the performance of our algorithmsﬂ For the
synthetic experiments, we consider N = 4, K = 2, L. = 2, and d = 2. Each element in z,, and
0}, is uniformly generated from [0, 1] and then normalized, and \,,’s are determined with e = 0.1.
Even though no dedicated benchmark exists for our queueing matching scenario, we compare our
algorithms with previously suggested ones for queueing bandits or matching bandits: Q-UCB [32],
DAM-UCB [135]], and MaxWeight-UCB [52] for multi-queue multi-server bandits with asymmetric
service rates and ETC-GS [34] for matching bandits. In Figure[2} we can observe that our algorithms
(Algorithms [T]and [2)) outperform the previously suggested ones except for the oracle (MaxWeight)
operated under known (latent) service rates. We demonstrate that our algorithms achieve stability,
similar to the oracle in the left figure, which matches the results of our stability analysis (Theorems|T]
and [3). Regarding regret shown in the right figure, the previously suggested algorithms exhibit
superlinear performance due to the increasing @, (), while our algorithms show relatively small
regret (Theorems [2]and ). Additional experiments can be found in Appendix [A.T0}

7 Conclusion

In this paper, we introduce a novel framework for queueing matching bandits with preference
feedback. To achieve stability in this framework, we propose UCB and TS-based algorithms uti-
lizing the MaxWeight strategy. The algorithms achieve system stability with an average queue
length bound of O(min{N, K} /¢). Furthermore, the algorithms achieve sublinear regret bounds of

O(min{ VT Qumax, T/*}). Lastly, we demonstrate our algorithms using synthetic datasets.
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A Appendix

A.1 Limitations & Discussion

We leave several questions open for future research. Firstly, it remains an open problem to establish
lower bounds for queue lengths and regret. However, we believe that constructing a lower bound
would be much more challenging compared to other parametric bandit problems. Additionally,
improving the dependency on « for queue length and regret bounds from the structure of MNL would
be an interesting avenue for future work.

Regarding computation efficiency, we note that updating estimators in our algorithms is computa-
tionally efficient because they are based on online updates with convex optimization for updating
estimators. Concerning combinatorial optimization in our algorithms, we can alleviate computational
costs using a-approximation oracle algorithms, as discussed in Appendix Note that almost
all combinatorial bandit problems, including our proposed matching bandit framework, involve a
combinatorial optimization step which often relies on some type of approximation optimization
oracles. Hence, this is not a particular limitation specific to our study. However, developing an
improved approximation oracle would also be an interesting direction for future research.

A.2 Discussion on Traffic Slackness Parameter ¢

As in the closely related works of [[15] 152, 123]], the traffic slackness remains constant regardless of the
number of agents N and the number of servers K as € = ¢; for some 0 < ¢y < 1. However, this may
not align with intuition, as a large K might be beneficial in terms of traffic slackness, while a large

N could have the opposite effect. To address this, we can consider € = egw. This reflects
that when N > K, due to the lack of servers, increasing K is critical for increasing traffic slackness,
while increasing IV could decrease it. When N < K implying there are enough servers, however, the
value of IV doesn’t impact the traffic slackness because each agent can be assigned to at most one
server at each time, and there are sufficient servers to handle the agents.

If we consider the traffic slackness as € = 60%, the oracle strategy of MaxWeight achieves

o(T) = (’)(%) from Proposition |1 This result shows that as /N increases, causing the traffic

slackness to decrease, the average queue length increases. Meanwhile, the positive influence of K on
traffic slackness is neutralized in the average queue length bound due to system variance.

A.3  Proof of Proposition 1]

Define the set of queues Q(¢t) = [@,(t) : n € [N]] and a Lyapunov function as V(Q(t)) =
2 one(N] Qn(t)?. For simplicity, we use D,,(t) for Dy, (t|Sk, , ) when there is no confusion. We
observe that }°, o v E[An(t)] < > cnjAn < Xy #(nlSk, 0k) < K for some S from
Assumption and 3, .y An < N. This implies -y [An(t)] < min{N, K'}. We also have
2onen] BIDn ()] = X e vy Elu(n|Sk,e, k)] < min{K, N'}. Then we have

EpVQ(t + 1)) = V(Q(1))]

=E | Y (Qu(t) = Au(t) + Du(t) ™ — Qu(1)?
| nE[N]

SE [ Y (Qu(t) = An(t) + Da(1)* — Qu(t)?

nE[N]
SE[2 ) Qut)An(t) =2 Y Qu(t)Dn(t) =2 > An(t) + > A+ ) Da(t)’
L n€(N] n€[N] n€[N] n€[N] n€[N]

SE 2 Z Qn n t)_2 Z Qn(t)Dn(t)+ Z An(t)+ Z Dn(t)

L n€[N] n€([N] n€e[N] né€[N]
<E|2 Z Qn(t)A,(t) — 2 Z Qn(t)D,,(t) + 2min{ N, K’} (16)
| ne[N] n€[N]

14



From Assumption[3] we define the corresponding assortments as { S}, } xcx] € M(N'), which satisfies
An +€ < u(n|S), 0;) foralln € S, and k € [K|. Then we define the set of non-empty queues in S,
attime t as S} , = {n € S : Qu(t) # 0}. From the property of the MNL function, we can observe
that u(n[Sy,, 0r) < pu(n|Sy ;,0k) forall n € S} ,. We also note that {S}, , }re(x) € M(N;). Then

we have
DT A +0Qnt) < >0 Y u(nlSh, 01)Qn(t)

née[N] ke[K]neS|,
< DD unlSi,, 00)Qn(t)
ke[K]neS; ,
<D DT w0l Sk, 01)Qn(8),
kG[K nESkt

where the second inequality is obtained from (n|S},, Qk)Qn( ) < pu(n]Sy, ;5 01)Qn(t) whenn € N,
and otherwise (1| Sy, Ok )Qn () = p(n|Sy 4, 0k)Qn(t) = 0.

This implies

E [Z > Qu(t)Da(t)

kE[K]nESk, ¢

Q(t)

=E E[Z > Qu(t)Da(t)

ke[K]nESk ¢

=E| Y > Qut)u(n|Sk04)

| KE[K] n€Sk ¢

>E Z Z Qn n|Skt’9k)

| kE[K]neS), ,

> ) (A + OEQn (1)) (17

n€([N]
From Eqs.(16)) and (I7), we have
ED(Q(+1) = V(Q®)

SE 2ZQH n _QZQn

| ne[N] ne([N]

+ 2min{N, K}

<E [2 D Qut)An(t) —2 Z Qn(t) ‘Q ” +2min{N, K}

<E (2> AQu(t) —2( +6)Qn(t)] +2min{N, K}

| n€(N]
<-E [26 > Qn(t)] + 2min{N, K},
n€e[N]

which implies from V(Q(T + 1)) > 0 and V(Q(1)) = 0,

> EMQ(t+1) = V(Q(1)] = V(Q(T +1))

te[T]

<= ) E[2¢ Y Qn(t)] +2min{N, K}T.
te[T] n€[N]

Finally, we can conclude that Q(T") = (1/T) 32 (7 E[>_, e[ @n ()] < 2min{N, K} /e.
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A4  Proof of Theorem/T]
We first define the set of queues Q(t) = [@,(t) : n € [N]] and a Lyapunov function as V(Q(t)) =

2 one(N] Qn (t)?. For simplicity, we use Dy, () for Dy, (t|Sk, ,.¢) and D (t) for Dy, (t[Skz ,,+) when
there is no confusion. Then we analyze the Lyapunov drift as follows.
> VQ@E+1)) = V(Q(1)
te[T)
2
= Z Z (@n(t) )*Dn(t))Jr *Qn(t)z
te[T] ne[N
Z Z Qn =+ An ) D:(t))z - Qn(t)2
te[T] ne[N]
te[T) ne N] te(T] ne[N]
We observe that 3, o v E[An(8)] < 32, vy An < 22,6 in #(1] Sk, Ok) < K for some Sy, from

Assumptionand 2 ne[n] M < N. This 1mphes > onerv[An(t)] < min{N, K'}. We also have
> onen EDn(8)] = 32, (n Elw(n|Sk,t, 0x)] < min{K, N'}. For the first two terms in Eq.(I8), by
following the same procedure of Eqs.(T6) and (7)), we can obtain

Yo Y ElQu(t) + Au(t) = D (1)* = Qu(1)*]

te[T] ne[N]
< Z Z 2E[(An — p1(n|Sk 4, 0k))Q@n ()] + 2min{N, K}T
te[T] ne[N
- Z Z 2eE[Qn (t)] + 2min{N, K}T, (19)
te[T] n€[N]

where the last inequality is obtained using Assumption B] For the last two terms in Eq.(I8), we have

> Z (Qn(t) + An(t) - =D D (@) + An() = D (1)

te[T) ne[N] te[T] ne[N]
<D0 Y (D) = Da(1)(2Qn(t) + 24,(t) — Dji(t) — Da(t))
te[T] ne[N]
<230 3 a0 ¥ 3 D+ 33 ool
te[T) ne[N te[T| ne[N te[T] ne[N]
+2Y Z (D5(t) = D (1)) Qn(t)
te[T]) n€[N]
<4y Z Ant)+2) > (D 2 (1))Qn(t) + min{N, K}T
te[T] ne[N te[T] n€[N]
<2y Z (D (t n(0)Qn(t) + 5min{ N, K}T. (20)
te[T) ne[N

Now we provide a bound for Eq.(20). We first provide some lemmas for the concentration of
estimators.

Using the above lemma, we can show the following lemma of the concentration.

Lemma 1 (Lemma 9 in Oh and Iyengar [44]]). Fort > 1 and some constant C'y > 0, with probability
at least 1 — 1/t for all k € [K] we have

10k, — Ol < Br.

Proof. For the completeness, we provide the proof in Appendix [A-8] O
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Define event E} = {||6p; — Oillvi., < B¢ for all k € [K]|} where 3 =
Ch \/)\ + 41og(1 4+ tLK/dX), which holds with high probability as P(E}) > 1 — 1/t* from the

above lemma. We also define E? ; = {maxpcs, , meHVk_l < Co¢/2B; for k = ky, 4} for some

constant Cy > 0. Then, we have

> > EUD;(t) — Da(H)Qn(t)]

te[T] n€[N]
=Y > EE(D;(t) = Du(t)Qn(1)|@Qn ()]
te[T] n€[N]
=E[>" Y ISk, 00 0s,) = #(nlSk, 0,0k, Qn (D]
te[T) ne[N]
<3 E[(u(nlSky 0 Ok; ) — 1Sk, 4800, ) @ (8 L(E} N ES )]
te[T] n€[N]
+ 30> El(u(nlSks 45 0kz,) — (S, 1, Ok, ) Qu(B)(L((EL)) + T((EZ,)))]-
te[T) ne[N]
2n
Now we provide a lemma for bounding the first term in Eq.(ZI).
Lemma 2. Under E}, for any n € [N], we have ﬁ?CB(n\Skn,t,Hkn i) = (1| Sk, .00 0k,,) <

zﬁtnxnnvkjt’t'

Proof. Letuy, ¢ = x, 0. Under E}, forany n € [N]and k € [K] we have mzém fﬁt||mn||vk_t1 <
)0, < mzém + ﬂtHankatl, which implies 0 < hggf — Unpt < 26’5”x"”‘/{.3' Then by the

mean value theorem, there exists u,, j,; = (1- c)hg %? + cuy, 1, for some ¢ € (0, 1) satisfying, for

any n € Si, Sk, C [N],and k € [K],

exp(hY¢E) exp(Un,k,¢)

1+ ZWESk exp(h%C;th) 1+ Zmesk eXp(um»kﬂf)

_v exp(vy)
AT+ Y es, exp(vm)

eXP(ﬂn,k,t)(hg,%f — Up k,t)
T 142 es, exp(ln k)
< hn kit — Un,k,t
< 25t||$n|‘vkjj'

VB (n| Sk, Ok 1) — p(n|Sk, Ok) =

(hn k,t Un,lat)

Un="Un, k,t

Since /(1 + ) is a non-decreasing function for z > —1 and z,) - , < 2 O ot T Biellznlly—
™ ot ket

under E/, we have pu(n|Skx 1,0k ,) < ﬁfCB(n|Sk;« ,0x= ). Then for the first term of Eq.(ZT),

n,t? n,t?
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we have

SR (wn|Sks, 0 0ks,) = 1#(nl Sk, 010k, ) Qu (LB N E )
te[T] né€[N]

<D B @ISk, Ok 0) — 10l Sk, 0,0, ,))Qn (D L(E! N ES )

te[T) | nE[N] i

< Z E Z (ﬁgCB(n‘Skn,tvékn,t,t) - /‘L(n‘Skn,tﬂf?gkn,t))Qn(t):ﬂ'(Etl N E?z,t)

te(T) | nE[N]

<SSE| Y 2Bllanlly s QuOLE NER)

te(T) | nE[N]

< Oye Z Z (22)

te[T] n€[N]

where the second inequality comes from the UCB strategy of the algorithm, the last second inequality
is obtained from Lemma and the last inequality is obtained from E?Lt

Now we provide a bound for the second term of Eq.(21)). We first have

S 3 B[l 00 0,) — #0118k, 00Ok, )@ (DT((EL))

te[T] n€[N]

<D Y E[Qu1(E))]

te[T) ne[N]

< >N (B

te[T] ne[N]

=0 > Y t(1/?) ]| = O(Nlog(T)), (23)

te[T) ne[N]
where the second inequality is obtained from Q,,(t) < t.

Here we utilize some techniques introduced in Freund et al. [13]]. Let 7,, be the set of time steps
t € [T] such that Q, () # Oandleter = 37, cn 2ier, 1((E?,)°) and h = [Cser /€] for some
constant C'3 > 0. Then if ¢ < h, we have Q,,(¢) < t < h. Otherwise, we have

t

Qu®) < Y (/W)(Quls) + (t =) < (1/h) Y Quls) + (1/W)h* = (1/h) Y Qul(s) + h.

s=t—h+1

18



Then, from the above inequality, we have

> E[(1u(n|Sks 001 ,) = (0] Sk 1 Ot )) @ () L((E 1))
te[T) n€[N]
= > > El(unlSks ,4,0ks ) — 1(0|Sk,, , 150k, ) Qu (D T((E2 )]

n€[N|te€T,
< 3 S EQ.MI(EL,))

n€[N]teT,

T

< Y D El((e/Cser) > Qnls) + 2Cser/€)L((E2,))]

ne[N]teT, s=1

6/03 Z ZQn ] +E QCgeT/]
n€[N] s

=> > e/Cg n(t)] + 2C5E[e3] /. (24)

te[T] ne[N]

Now we provide a bound for E[e2]. Define N, (t) = 22;11 1(n € Sks) and Vi
o t—1
5251 2nesy,, Tn® +. Then, we have

n,t,t

er=3 ST A((E2,))

ne[N|teT,

< Z Z l(Hxnnvk—nlt . > Cae/2p;)
ne[N]teTn -

< Y Y Uleallgr | > Coe/26)
ne[N]teTn e

< 3 S A Nk, () = (5/2)(Cac/26)°)
ne[N]|te€T,

< Z Z Nk, (1) < (2/5)(2B¢/C2e)?)
ne[N|teT,

<Y DY < (2/K)(2B7/Ca¢)* and k,, s = k)

n€[N]| ke[K] t€T,
< NK(2/k)(2B1/Coe)?.

From the above we have E[e2] < 64N2K?33 /k?(Ca¢)*. Then from Eq.(24), we have

Y D ElunlSks 00k ,) = 10l Sk, ot O ) Qu () L((E7 1))

te[T] n€[N]

<Y D (¢/CR[Qn(t)] + O(N* K27 /K7€), (25)

te[T] n€[N]
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By putting the results of Egs. (I8), (T9), 20D, 1), @2), 23), (23) altogether, we can obtain
E | > VQ(t+1) - V(Q(t)

te[T]

<7min{N,K}T -2 > Y E[@nt)]+2> > E[ n(tSk; ,.¢) = Dn(t|Sk, ,.4))@n(t)

te[T] ne[N] te[T] n€[N]

<Tmin{N,K}T =2 > > E[Qn(t)] +2C2¢ > > E[Qn(t)

te[T] n€[N] te[T] ne[N]
+O(Nlog(T)) + (2¢/C3) Y > E |+ O(N2K?84 k2%
te[T]) ne[N]
< 7Tmin{N, K}T +2(Cy + (1/C3) = 1)e > Y E[Qn(t)] + O(Nlog(T)) + O(N*K*B}/ke®
te[T] ne[N]

Finally, with positive constants C, Cs > 0 satisfying Co + (1/C3) < 1, from V(Q(1)) = 0 and
V(Q(T + 1)) > 0, by using telescoping for the above inequality, we can conclude the proof by

- P2N2K?
% Z Z E[Q. ()] = O (mln{iV,K} _’_% ,i\i;( polylog(T)) . (26)

te[T) ne[N]

A.5 Proof of Theorem
We first provide the proof for regret bound of R™(T') = 10) (% VK TQmax>.

We define event E; = {[|0x., — 0; llvi.. < Be Vk € [K]} which holds at least probability of 1 — 1/¢2
from Lemmal[ll

Lemma 3. Under E}, for any Sy, C [N], we have
> (@ P (0] Sk, Ohe) — 1(n] S, 61))Qu(t) < 25, X || ||y;-1 Qn (£)-
neSk '

Proof. Letu, ;. = ! 0. Under E}, forany n € [N]and k € [K] we have z 0, ; = Bellwnlly-1 <

10, < a0 + Bellnly,-2. which implies 0 < hi/§% — un ks < 264l|2aly-2. Then by the

mean value theorem, there exists @y, j+ = (1 — )hg(if + cup i+ for some ¢ € (0, 1) satisfying, for
any S C [N],
> (@B (0] Sk, Oxe) — 10| Sk, 1)) Qn (1)
neSk
_ Z exp(hgg?) B exp(Un, k,t) Qn(t)
neSsy, 1+ ZmGSk eXp(hrI{l%B)f) I+ Zmesk eXp(um,k)t) "
exp(vy,)
= vvn (hn un,k:,t)Qn (t)
Py (1 T mes, exp(vm)> RS

_ (43 nes, @) (Lnes, exp(tn,k,0) (R, 57 — Un 1e,t)Qn(t))
(1+ Znesk exp(Un,k,t))?
 (Ees, @P(nka) (Cnes, P (Tn k) (h KT — tn k) Qn(t)
(1+ 2 es, exp(ln,k,t))?
< Z exp Un k t) (hg,%f o un,k,t)Qn(t)

2 TS e, exPliin i)

< m%x(hn ot — Unk,t)Qn(t)

ne

< _
< 2B, }lré%?i ”x"”Vk,f Qn(t)

20
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Under E;, from LemmaE[, we have

S B (1St Ba) = (]S, 0)Qn (1) < 26 max [l 1Qult), @D

nESk,t
and since z/(14-) is a non-decreasing function forz > —land z,, O , < @) 0} ,+B¢]|@nll -
", n,t? k* t
n,t’
under E}, we have

p(nlSks 0 Ok: ) < i B (0l Sk, Ok, 1) (28)

Now we provide an elliptical potential lemma.
Lemma 4. Forany k € [K]|, we have

T

> max |lz,|? 1 < (4d/k)log(1 + (TL/dN)).
P} nESk,¢ k.t

Proof. First, we can show that

det(Vk’t)

=det [ Vi1 + (5/2) Y aaz,)

nESk,t—1

= det(Vk7t_1)det I+ I{/Q Z Vk_tl fajn Vk_tl/fxn)T

n€ESk -1

> det(kat—l) 1+ (k/2) Z ||xn|‘%/k7tl—l

nESk,t—1
t—1
> detM) [T {1+ (/2 Y Nl _/\dH +(5/2) Y Nl s
s=1 n€Sk,s nESk,s *

From the above, using the fact that z < 2log(1 + ) for any z € [0,1] and (,"<v/2)||xn||%7_1 <
k
(k/2)||zn||3/X < 1 from k < 1, we have

5 o (s/2onl s < Y min{ w2y 1)

te[T] * te[T]
<2 Z log | 1+ Z (k/2) ||xn||V 1
te[T] nESk ¢ o
= 2log H 1+ Z (k/2) ||xn||v -
tG[T HGSk t
< 2log (de“‘;’“fm) . (29)

From Lemma 10 in Abbasi-Yadkori et al. [[1] with < 1, we can show that
det(Vk7T+1) < (/\ + (TL/d))d
Then from the above inequality and Eq.(29), we can conclude the proof. O
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Then from Egs.(27), (28), and Lemma[] we can conclude that

= 5 S EQu) (u(nlSks 1. 05;,) — p(n|Si, . 0k,.)]

te[T] n€[N]
=Y > ERn@®)(u(nlSks .t 0k: ) — n(n|Sk, .1, 0k, ) L(E})]
te[T) ne[N]
+> Z (1(n]Sks 5 Okz ) — (0l Sk s 25 O )V L((E7))]
te[T) ne[N
=Y Z [@n () (10l Sks 10k ) = (0| ot Ok NLED]+ D Y tP((E}))]
te[T) ne[N] te[T) n€[N]
<> Z V(7 “B (] Sks, 15 Ok 0) — (0S5 Ok, ) L(ED)] + O(N/T)
te[T] ne[N]
<> Z )71y ©B (] Sk, i 15 Ok ) — (S 15 Ok, ) L(ED)] + O(N/T)
te[T] ne[N]

=Y E[Y D Qu®)(@ P (IS re) — p(nl Sk, 01))1(E] + O(N/T)

te[T ke[K]nESk,+

S (Br Y D max [l Qult) | +ON/T)

te([T] kG[K

<2E max Qn BTZ Z max ||xn||v i + O(N/T)

_tG[T],nG te[T) ke[K]

<2 | _max Qut ﬁT\/KTZ > max el | +O(/T)

te[T],ne[N te[T] kE[K]

~(d —
=0 < KTQmax) s
K
where the last equality comes from Lemma 4]

. . 1/4
Now we provide the worst-case regret bound of R™(T') = O ((W) T3/ 4> in the

following.

We define event E} = {||0n, — Oillvi., < B¢ for all k € [K]} where 3; =
Ch \/)\ + 41og(1 4+ tLK/d\), which holds with high probability as P(E}) > 1 — 1/t* from

Lemmal We also define E72 , = {maxyes, , ||xm||v_1 < ( for k = ky+} for some constant
Cy > 0.

Then we have

=Y Z (1(nlSkz , 20k ) — 1(n| Sk, 1 82 Ok, ) @ (T)]

te[T] n€[N]
<Y Z E[(1(nlSkx .0, 0kz ) — 1(n|Sk, .15 Ok, ) Qu (O L(E} N E2 )]
te[T] ne[N]
+ Z E[(1(n|Sks , 4 0k5,) — 1(0|Sk, 1,5 Ok )@ (D (L((EF)) + L((E7 )))]-
te[T) ne[N

(30)
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Since z/(1 + z) is a non-decreasing function for z > —1 and a:THk; <z Gk; ot Bellznlly -
v k;‘lyt,t

under E}, we have pu(n|Sk: 1,0k ) < i ©B(n| Sy , Qk* ¢). Then for the first term of Eq.(30),
we have ' ‘

SR (wnlSks 0Ok ,) = #(nlSk, 0O, ) Qu (LB N E )
te[T] née[N]

<Y CE DY @ P (ISks, Okn t) — 10l Sk, b0k, ) Qn (D L(EL N ES )

te[T] ne[N]

Z E Z ( UCB(”‘Skn t7ék7L,t)t) - M(n‘skn,mh kn, t))Q’ﬂ( ) (Etl mE?l,t)
te[T) | nE[N]

Z E Z 2ﬁtHxnHvk;lan(t)l(Etl mE’I’QL,t)
< Z Z 28:CE [Qn ()], 31)

te[T) ne[N

where the second inequality comes from the UCB strategy of the algorithm, the last second inequality
is obtained from Lemma and the last inequality is obtained from E?%t

Now we provide a bound for the second term of Eq.(30). From Eq. (23), we have

S 3 E[(unlSk; 0 00;,) = 10l Sk, 000, )@ (OL(EL))]

te[T] n€[N]
=0 > Y t(1/?) ] = O(Nlog(T)). (32)
te[T) ne[N]

Let 7, be the set of time steps ¢ € [T7] such that Q,,(t) # O and leter = 3=, (1 > s, 1((E2,)%)
and h = [1/¢{Br]. Thenif t < h, we have Q,,(t) < ¢ < h. Otherwise, we have

t

Qut) < Y (1/W)(Qnls) + (t =) < (1/h) D Quls) + (1/W)A* = (1/h) Y~ Quls) + h.
s=1 s=1

s=t—h+1

Then, by following the steps in Eq.(24), we have

Y D ElunlSk; 00k ,) = 10l Sk, ot 00 ) Qu () L((E7 1))

te[T] n€[N]

<D D CBrEQu(t)] + 2E[er]/¢Br. (33)

te[T] n€[N]

23



Now we provide a bound for Eler]. Define N, ;(t) = Zi;ll I(n € S.) and ‘7“ _
o t—1
52321 neSy,s ¥nd 1. Then, we have

er= Y Y 1((E;,))

ne[N]teT,

<3 S (laaly 20
nE[N] t€Tn me

<3 Y 1aaly =0
ne[N] teTn e

<3 Y A N, (1) > (5/2)C)
ne[N]teT,

S Z Z nknt <2/’i<)
ne[N]|teT,

<> > N t) < 2/kC? and k,, 4 = k)
n€[N] ke[K]teT,

<2NK/k(2 (34)

Then from Egs.(33), (34), we have

Y D Elu(nlSk; 00k ,) — #(lSk, 1,00, ) Qu () L((E7 )]

te[T] ne[N]

<D0 > BrEQn()] + O(NK/K( Br). (35)

te[T] n€[N]

By putting the results of Egs. (30), (1), (32), (33), and Theorem [I} by setting ¢ =
(eNK/min{N, K}Tkp2)'/4, for large enough T', we can obtain

R™(T) o(cmz > E[Qa() </3 + Nlog(T)
te[T) ne[N
B ¢Br Inln{N,K}T NK
-© ( ‘ e T k’gm>
1/2T3/4 NK min{ N. K13)1/4
_o (ﬁ (VK minN, K +N10gm>
:o<<dNKH2§€gN K} ) T3/4> (36)

A.6 Proof of Theorm

We first define the set of queues Q(¢) = [@,(t) : n € [N]] and a Lyapunov function as V(Q(t)) =
2 onelN] Qn(t)?. For simplicity, we use Dy, (t) for D, (¢|Sk, ). D;(t) for Dy (t| Sk, ¢), and

TS (n|Sk.¢) for S (n|Sk.e, {5,(;1}16[1\4]) when there is no confusion. Then we analyze the Lya-

24



punov drift as follows.

ST EMQ + 1) - Q)
te[T)
PPy E[Qn Anl) = Da0)* ~ Qu (0]
te[T] ne[N
=3 Z E [(Qu(t) + 4a(t) = D5 (1))* = Qu(t)?]
te[T) ne[N]
+ 3 z E[Qn Anlt) - Dn(t»*?—<Qn<t>+An<t>—D:<t>>2}
te[T] ne[N
< 7m1n{N,K}Tf Z Z 2¢E[Qn ()] + 2 Z Z — Dy ()Qn(t)], 37
te[T] ne[N] te[T] ne[N]

where the last inequality can be obtained by following Egs.(19) and (20).

Define event E} = {||fp; — Ocllvi,, < B¢ for all k& € [K]} where f; =
Cy \/)\ + 41og(1 4+ tLK/dX), which holds with high probability as P(E}) > 1 — 1/t from

Lemma We let vz = B¢+/dlog(M Kt) and filtration F;_ be the o-algebra generated by random
variables before time ¢.

Lemma 5 (Lemma 10 in Oh and Iyengar [43]])). For any given F;_1, with probability at least
1 —O(1/t?), foralln € [N] and k € [K], we have

BT5 = 0 Bal < wllnlly o

Lemma 6. With probability at least 1 — O(1/t?), for alln € [N] and k € [K], we have

AT (11Sks) = 1(nlSe.esBue) <zl

Proof. From Lemma |5, with probability at least 1 — O(1/¢%), we have |5, — 10, <
")/tH.TnHVk—l. Let u, s = , 0r;. Then by the mean value theorem, there exists i, x; =
0\t
(1- c)hz’%t + cuy, i+ for some ¢ € (0, 1) satisfying, for any n € Sy ; and k € [K],
N ; exp(hy ) exp(Un k1)
TS n,k,t n,k,t
fi ” (0]Sk.e) = (0| Sk, On.t) = -
t ) 1+ Emesk,t eXp(th]C ) 1+ ZmeSk,t exp(Upm, k,t)
Zmesk + eXp(Um) TS
= ' (hpkt = Un,kt)
14> mes,, P(Um) | lon=tn . ™0
exp(ﬁn,k,t)\hg,éz;,t — Up kot
-1+ Z"LESk,t exp(ﬂn,k,t)
< |h£§c,t - “n,k7t|
< ’YtuinHVk—,g'
O

Then we define E2 = {7 (n|Sk.) — pu(n|Sk.¢, 0x.s) < 7t||xn|\v_1 Vn € [N],Vk € [K]}, which
holds with probability at least 1 — O(1/t?) from Lemmaﬁ We also define B3, = {||xn||v_1 <
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€/Ca(ve + Bt); Vk € [K]} for some constant Cy > 17+/em. Then, for bounding Eq.(37), we have

S 3 EIDL(0) ~ Du()Qu(t)]

te[T) ne[N]
= Z E[E — Da(H)Qn()|Qu(®)]]
te[T) ne[N
=E[) Z (1l Sks o2 Or ) — (0], 1.t Ok, )@ (D))
te[T) n€[N]

<Y Z (1(n]Sks 5 Okz ) = (0| Sk, 15Ok, ) Qu()L(E; N EF N E )]

te[T] ne[N]

+ > Z p(nl Sks .t Okz, ) — 10(0|Sk, 1.5 O, )@ () (L((E)) + L((EF)®) + L((Ep 1))

n,t?

te[T) ne[N
(3%)
We provide a bound for the first term of Eq.(38). We first have
> El(u(nlSks 4, 0kx,) — 1(nlSk,, , 1,0k, ) Qu () L(EL N EF N ES )]
te[T] n€[N]
<>y Z ((n|Sks 45Ok ) — g ° (0| Sk, , 1)
te[T) ne[N
+ 712 (0Sk, ) = 1(0]Sk, Ok, ) Qu (DL(E] N EF N E )]
(39)

hY . .
P (in . ‘}zUCB Then we can show that since /(1 + ) is

43 es, exp( mkot
a non-decreasing function for # > —1 and [ 0y, ; < x 0y, ,+ + Billznlly~1  under E}, with
ol

Recall that MUCB(n|Sk, ék,t) =

Lemmal2] we have

(n|Skn t,ta kn t,t)ilu’(n|5k?n1t7t7 okn,t) < /LECB(nLgkn ty f7 kn tyt)iﬂ(n|skn,t7t’ eknt) < ZBthn”Vk*lt .

From the above inequality, the last two terms in Eq.(39) are bounded as

S E[E ISk, , 1) — w(nlSk, , 1,0k, ) Qu(t)L(E} N EF N ES )]

te[T] n€[N]

<> Z TS (0| Sy 0t) — 1(|Sher 4 Ok 0 t)

te[T) ne[N
+ M(nlskn 2] ekn st ) l’[/(n|5kn,t1t’ eknt))Qn(t)l(Etl n E152 N Ei,t)}

<y Z B (01Sk,.0) = 101k 00 0.0) + 2Bl nlly 1 )@u(t)L(EF 1 EZ (1 ES,)]

te[T]| ne[N

=D D E| > (AP 0ISke) = ISk Or.) + 2Bel|wnlly-2)Qu(OLE N B O E} )

te[T] ke[K] nESk ¢
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< Z E Z (v + 280 [lznlly, -1 @n ()1 (E{ NE;NE,,)
te[T) ke[K] | n€Skz ’
2
< 2| 3 Gy e B0
te[T] ke[K]  [n€Sk, 2(% + Bt)
7t+26t 1
<Y Y E Z Qu(1(E})
te[T] ke[K] | n€Sk, C2 (v +Be)
+2
Y Y ElE| Y C% P QuOIEL Fi | B(ENF) | o
te[T) ke[K] L neSy, 2% t

Now we provide a bound for the first two terms in Eq.(39).

We define sets

— {{al(j)}ie[M]xke[K] : ‘m[a}v}}(] xTH( — Q:Iékﬂg

< ’yt||xn||vk11; Vn € [N],Vk € [K]} and

o = {{9( Vienweis) © D O Fir S (nlSke {01 Yieinn) @n (D)

ke[K] n€Sk,+

> Z Z n|Sk taak Qn( )} ﬂ(:)t.

ke[K]neSy ,

Then we define event E;(f) = {{Gk t}zE[JW kelk] € O%"}. Recall hi% ¢ = maxiequ] nglgzi
Then we have

EE| S [ Y unlSi,. 00Qut) = > A5 (0lSka {00 ieinn)Qu(t) | 1E! N EZ 0 ES )| Fiy
ke[K] \neS; , n€ESk,¢
Z Z n|Skt50k Qn()
ke[K]neSy ,
- inf A7 (n]Sk, {0\ Viepn)@n(t) | L(EF NEZNES )| Fiy
{9 }1€[M 1ielK] E@t {Sk}kg K]EM(N,; k;{] n;k €[M] t t it t
S wnlSi ., 06)Qn(t)
ke[K]neS; ,
- inf ma. IS (n) Sk, {0 e ) Qn () | 1(E N E2 N E3 )| Fie1, Ei(6)
{0 }ze[M 1IE[K] EOt {Sk}re K]GM(/\/} kez[l:(] ngs:,\ { k }GUW] ) t t t | t t
<E|E Z Z ais n|Sk,ta{§l(cZ;)t}ie[M])
kE[K] nESk,+
- inf ST WSSk {0 Yienn) | Qu(OL(EL 0 EF 0 ES )| Fio1, By(0)

{07} ie(a) 1K) €61 k€E[K] nESk..
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=E |E . sup Z Z ( n‘Sktv{ekt}zeM])

_{oz(t)}ie[kl],le[ ]Get ke[K]nESy,¢

—a2’5<n|sk,t,{e,i“}ie[m))c;n(t)ﬂ(Es nE? mE27t>|ft_1,Et<5>H

<E|E sup E E
_{0],(1)}1'6[1\4].[6[ ]€9f ke[K]n€Sk,

=E E ~ sup Z Z

_{91,(1)]%6[1\4].16[ 1€E6: ke[K] nESk .4

(OL(E NEFNES )| Foo1, Ei(0)

Mokt — maX}wTH

hnkt T9kt+aﬁ 9“— ma);]mTQg)

xQu()L(E} NEZ N B3 )| Fy, Et(ﬁ)H

<E | Y Y E[llmally, 0 QuOLE 0 EEOES )| Fir, BiO)]

_kE[K]nESk,t
[ € ~
< 2vE E|—Q.()L(E} NE?NE3 )| F,_1, E(6
> M Z Z _CQ(Vt"'ﬂt)Q () ( N N n,t |ft 1, t( ):|

| kE[K] nESk,+

99K E|l— 0,015 ]—'_,Eg}
<2 _kez[;qne%t _CQ(%_’_&)Q (t)1( t)| 11, E(0)

__ T gy Yog (Qu()| Fis, E(B), EL| x P(E}|ED), Fin)

02<% * Bt) | kE€[K] nE€Sk,¢
2v€ X
:7]}2 ]E n ./—" ,E ]P)E JT-'_ , (41)

where the first inequality is obtained by the event £?, the second inequality is obtained from E, (5),
the third inequality can be easily obtained by followmg some of the proof steps in Lemma 2] the

third last inequality is obtained from the definition of O, and event Et(H) and the last equality comes
from independence between E} and E,(6) given Fy_;.

We provide a lemma below for further analysis.

Lemma 7. Forallt € [T), we have

P Z Z :u n|Skt Qn Z Z n|Skt?0k Qn( )|Ft—1aE151 > 1/4\/5

ke[K]n€Sk, ¢ ke[K]neS)

Proof. Given F;_1, m,—[ 5,(;1 follows Gaussian distribution with mean x,—[ ékﬁt and standard deviation
Bt||zn]ly~1. Then we have
k.t

P (Zrél[ax] xTH( Iﬁk]—}_l,Etl) = ( )t < a0 Vie M H]-"t_l,Etl)
2T
Ok — ) Ok . 1
_ < Vi € [M]|Fi1, E
( ﬂf ‘IWHV* [ H t—1 t

I \/

P(Z <
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where Z; and Z are standard normal random variables. Then we can show that

P Z Z M n‘Skt Qn Z Z n‘Sk tvek Qn( )‘]:t*hEl

ke[K])n€Sk,+ ke[K]neS; ,
P Z Z NTS (1] Sy,1)Qn (1) Z Z (nlSk 45 0k ) Qn (t) | Fi—1, E.
ke[K]neSy , ke[K]neSy ,

v

P (rg[ax] ey 0 > ) 05 n € S, Yk € [K ]]-'tl,Et1>

>1-LKP(Z <1)M

AV

1—-LK( —1/4y/en)M
S 1
= 4y/er’
where the second last inequality is obtained from P(Z < 1) < 1 — 1/4\/er using the anti-
concentration of standard normal distribution, and the last inequality comes from M = [1 —
log KL
log(17g1/4\/a)‘|' O

From Lemmas[5]and[7} for ¢ > ¢, for some constant ¢y > 0, we have

P(E4(0)|Fi-1, E})
=P Z Z M n|5kt Z Z n|Skt,9k and{ekt}ze[M] ke[K] G@t|]:t L E

K] n€Sk ¢ ke[K]neS) |
=P > > EE0ISk)Qut) > Y D> pu(nlS;,, 00)Qn ()| Ficr, B}
kE[K])nESk, ¢ ke[K]neS;y ,

- P({gl(cg}ie[M],ke[K] ¢ 6,|Fi_1,E})
> 1/4y/em — O(1/t%)
> 1/8/em.

For simplicity of the proof, we ignore the time steps before (constant) ¢, which does not affect our
final result. Hence, we have

B S Quit)Fs Bl

k‘G[K] nESk,t

B[ Y Qu)|Fir, B E(0)P(E(0)| Fior, E})

kE[K] TLES;CJ

E[Y" YT Qut)Feor, BN E(0)]1/8Ver. (42)

ke[K])nESk,+

With @T) and @2)), we have
Z Z n|51:,ta9k Z Z Mt n|5kt )Qn(t)1 (EtlﬁEtsz?m”]:t—l]

K]nes; , kE[K]|nESk,¢
2%6 1 1
n(t)|F ,E ), By | P(E; | Fi—
= Ca(ve + Br) kgnezs:“Q i o P
16\/677’}/156 Z Z 1
Qn ()| Fie1, B{IP(E} | Fi-1). (43)
02 'Yt + Bt ke[K] n€Sk,¢
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Then for the first term of Eq.(38), from Egs.(39), @0), @3), for some C3 > 0 we have

Z Z 1(nlSks b5 0k ) — (0| Sk, 150k, ) Q) L(Ef NEF N E, )]

te[T] n€[N]
< 0> E(un|Sks 4y 0k: ) — it (nlSk, , 1)
te[T] ne[N]
~TS 1 2 3
+ 11y 7 ([ Sk, .t) — 1(n| Sk, 4150k, ) Qn(t)L(E; N E; N E; )]
17 emy: + 20¢ )€
< S EE S WVt 200eh E, L BR(EF)]

tE T] kE[K nESk, 1 02 (’Yt + /Bt)
<3 Y GeEEQ.(1)|E] FiiJP(E}Fiy)]

te[T]) ne[N]

= > > CseE[Qu(t)1(E})]

te[T] ne[N]

<Y > CseB[Qn(t) (44)

te[T] n€[N]

where the second last inequality comes from Cy > 174/em.

For the second term of Eq.(38)), we first have

3 ZE[ (n]Sks 0 00s.,) — 1(nlS, ., Ok, )@ (DL((ED))

te[T] n€[N]

<> D E 1((E;)°)]

te[T] ne[N]

<Y > (BN

te[T] ne[N]

—O(Z >t 1/t2> O(Nlog(T)), (45)

te[T] n€[N]

and

> ZE[ (nlSk; 02O, ) = ISk, O )) QD T((EP))

te[T] n€[N]

<Y D El@aMu(E)”)]

te[T) n€[N]

<> P((E”

te[T] n€[N]

o(Z St 1/t2> O(N log(T)). (46)

te[T] ne[N]

Let 7, be the set of time steps ¢ € [T] such that Q,,(t) # O and leter = 3, c(ny X ser, 1((E3 )%

and h = [Cyer /€] for some constant Cy > 0. Then if ¢ < h, we have Q,,(t) < ¢t < h. Otherwise,
we have

t

Qu®) < Y (/W)(Quls) + (t =) < (1/h) Y Quls) + (L/W)h* = (1/h) Y Qul(s) + h.

s=t—h+1
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From the above, we have

> Z p(nSks .0 0kz ) = 16(0]Si, ot Ok, ) @ () L((ER 1))

te[T) ne[N

=> Z E[(u(nl Sk ,.t:0k: ,) = 1(nlSk, 1,100, )@ (D) L((E, ,)°)]

n€[N]teT,

< Y0 Y EQa(I((ER )]

ne[N]t€Tn

< > Y El((¢/Cuer) Z n(8) +2Cser /) 1((Ey ,)°)]

n€[N]te€Ty

(¢/Cy) Z ZQn ] +E [2Cs¢% /€]
<> > 6/04 (t)] 4 2C4E[e2] /€. (47)

te[T] n€[N]

Now we provide a bound for E[eZ]. Define N, x(t) = Zz;ll 1(n € Sip,) and Vi, =
(k/2) 22;11 D onesi . x,z,) . Then, we have

er= ) > L&)

e i
< E[:jt; lonllvs, > €/Cale + Be)
Z]gj (leallg: > e/Cale + By))
< ZHEZ; (1/Nn ko (£) 2 (5/2)(/ ol + 51))?)
< Z XTj Nuko (£) < (2/5)(Cale + B)f€)?)
Z PDIRL < (2/R)(Caly + B1)/0)% and k= )
N ve[r) e

< NK(2/I€)(CQ('YT + Br)/e)*.

From the above we have Ele2.| < N2K?2(4/k?)(Ca(yr + Br)/€)*. Then from Eq.(#7) we have

Y D Elu(nlSks 0 0xs,) = 10l Sk, ot O ) Qu () L((E7 )]

te[T] n€[N]

<3 Y (/COE[QnM)] + ONK2(Br + 1) /5%€%), 48)

te[T] n€[N]
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By putting the results of Eqs. (37), (38), (39). @0), @4), @3), (@6). [@8) altogether, we can obtain

E|Y V@ - V(Q(1))
te[T)
<7Tmin{N,K}T =2 > Y E[Qut)]+2 > > E[(D;(t) — Du(t)Qu(t)]
te[T] ne[N] te[T] ne[N]
<7min{N,K}T—2 Y > E J+2C5¢ Y > E
te[T) ne[N] te[T] ne[N]
+O(Nlog(T)) + (2¢/Ca) Y > E )]+ O(N?K?(Br +yr)*/€°)
te[T] n€[N]
< Tmin{N, K}T +2(Cs + (1/Cq) = 1)e > > E[Qu(t)] + O(N*K*(Br + v1)*/€°).

te[T] n€[N]

Finally, with positive constants C3, Cy > 0 satisfying C5 + (1/C4) < 1, from V(Q(1)) = 0 and
V(Q(T + 1)) > 0, by using telescoping for the above inequality, we can conclude the proof by

1 in{N, K 1 d*N?K?
. Z Z E[Q.(t)] = O (mln{6 K} + R polylog(T)) . (49)

te[T] ne[N]

A.7 Proof of Theorem ]
We first provide the proof for the regret bound of O (%\/ K TQmaX). We define event £} =

{||9Ak7t —0kllv, , < Bi; Vk € [K]} which holds at least probability of 1 —1/¢2 from Lemma We let
v = Byy/dlog(Mt). Then we also define E7 = {|hT% , — @] 14| < Yellwnlly-25Yn € [N],Vk €
[K]}, which holds at least probability of 1 — 1/t? from Lemma

Then we have

=3 " BIQu(t)(u(n|Sks 12 0ks,) — 1(n|Sk, 1,0k, )]

te[T] n€[N]
Z Z E n|Sk;§ t,tv'gk ) ?S(n|5kn,t7t) +ﬁ? (n|5kn t,t ) (n|Sknt t,0 ))]
te[T] ne[N]
<) Z (1(ISkz 00k ) = Af 2 (0|Sk, ) + 115 (0] Sk, , 1) = (0] Sk ot Ok, ) L(EL N EF)]
te[T) ne[N
+ Z ((nlSks s Onz ) — S (]S, ) + TS (0]Sky o) — 1(n]Sk Ok, ) L((ED)®))
te[T) ne[N
+ Z ((nlSks s Oxs ) — TS (0]Sk, ) + BES (0]Sk, ) — (0]Sk ot On, ) L((ED) )],
te[T) ne[N
(50)
Lemma 8. Under EZ, for all k € [K], we have
> (A5 (1Ske) = (0| Sk, O))Qn(t)| < v max |||y, Qn(t)- (51)

TLESk,t

Proof. Let up .t = :czék,t. Under E?, for any k € [K] we have \hg% — Un gt < 7t||xn||ka1.
s Ry ot

Then by the mean value theorem, there exists @, 5 ; = (1 — c)hf?C ;, + cuy ¢ for some ¢ € (0, 1)
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satisfying,

Y (A5 (n]Sk) = n(n|Sk, 1)) Qu(t)

nESk,t

B exp(hlS ) exp(Un,k,t)
N Z (1 + Ymes, Py ) ) o

1 + Zmesk eXp(“?rL,k,t)

nESk ¢ m,k,t
Z V mGSk + eXp(’Um) (h . )Q (t)
- " k, ot
neESy,¢ ’ 1+ Zmesk eXp(vm) Un=TUn k¢ okt " "

(14 S s, exD(iin k) (Snes, XD k) (0TS, — tin ) Qn(t))
1+ % nes, ©XD(@n i)

 (Cese, o)) Ses,, k) (W~ ) Qu(0)

(1 X s, OXD(n i) 2

> OPnkt) s Q)

nESk .4 I+ Zmesk,t exp(um,k,t)

< nrggx |hn kgt Un,k,t|Qn(t) <M nrgf%f(, ”x"”V{,tI Qn(t).

Lemma 9. Under E}, for all k € [K] we have

Y (1lnlS Oxe) = 1(n|Ske, 02))Qut) < 284 e [lnlly, @n ().

nESk,¢

Proof. Since z/(1 + x) is a non-decreasing function for z > —1 and z, 0y, ,, < mzékn,mt +
Btllznlly,~1 under E}, with the definition of g ©P (n|Sj.;), we have
k’IL st

Y (ulnlSka Ore) = 1(n]Ske, 00))Qu(t) < D (8] P (n|Ske) — p(nlSu.z, 6))Qu (D).

nESy ¢ nESk,¢

Then let uy, . ; = 2, 0. Under E}, for any n € [N] and k € [K] we have =) 0}, — ﬂt||xn||vk_1 <
10, < a0, + BtHanVk_l, which implies 0 < hg%? — Up ot < 25t||xn||vk_1. Then by the
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mean value theorem, there exists @y, . = (1 — c)h,[{ %? + cuy, ¢ for some ¢ € (0, 1) satisfying,

7 G (0] Sk Ore) — (0] Ske 1)) Qn (D)

nESk ¢

o Z exp(hr[{%?) _ GXp(’U/n’k’t) Q (t)

= n
neSk 1+ Zmesk,t eXP(hTLr[LC;ﬁ) 1+ Zmesw eXP(Ume,t)

(heG? — tn,k,)Qn(t)

= Z \V4 eXp(Un)
n€Sk ¢ " L+ ZmGSk)t eXp(Um)

(4 s, OPk)) (Cnes, 5P (ETF — 1) Qu()
0+ T s, exPin k)2
(Cnes, k) (Cnes, , 5Pt (GTF = ) Qn ()
(14 s, , xP(in k.t))?
<2 i zexz(umm)- (h/S7 = 5.)Qn (1)
me

s oo EXP(Um k1)

Un=Un k,t

< Hé%x(hn k.t Un,k,t)Qn(t)

<26, max |zl Qu)

Then we first focus on the first term in the above. From Lemmas [§and[9] we have

> Z % (1], 0,8) = 10U Sk 05 Ok, )@ (8 L(EY N EF)]
te[T) ne[N
< Z Z n|Skn st ) /‘I’(n|Skn,t7t79kn t,t )

te[T] n€[N]

+ lu’(n|skn ot ékn t t) - Iu'(n|Skn,tyt7 6kn,t))Qn(t)]]'(Etl N Et2)]

<STES ST S (ISks) — n(nlShe, Ore)

te[T] ke[K]nESk,¢
+ 1(n) Skt O ) — (0| S, 1)) Qn (1) LB} N EF)]
<Y > El(w +28) nax IIxnIIV 1Qu()1(E})]

te[T) ke[K]
= 2= > BB+ 260 max [l s Qu(®)|E} FioPUE] | Fio).
te[T] ke[K] kot '

We define sets

80 = { Y e net

ST TS (0] Sk, {05 Yietan) — (1S, ék,an(t)‘

nESk ¢

<y max ||z, -1Qn(t); VE € [K}}
nGSk,t, k.t

and

o = {{9 Vepnwery: >, Y S (7)Sk.t, {05 Yieiar) Qn (1)

kG[K] nGSk t

> Z Z n|Skt’9k Qn( )} ﬂét

ke[K]neS;y ,
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We define event F; (0 ) = {{Qk t}ze (M), ke[K] € ©9""}. Then by following the proof steps in Eq. @1),
we have

ke[K] neSk ke[K]n€Sk.t
k,t

<Elg|( ¥ 3 utulsi0Qult)

ke[K]n€eSy ,

S S 10 i) Qult) ) LB 0 B Fs, (D)

{9 }lE[IW le[K]EOf k€[K] nE S+

<gle] a3 % (Wi (e

{9 }16 M], zg[K]G@t ke[K]nESy ¢

[ [( ST ulSi e 00)Qnt) = > > i S( nSk,tv{gl(ci,zs}ie[M])Qn(t)) L(E; N Ef)|Fim

- ﬁ?%wk,t,{o,i“},»e[M]))Qn(t)n(E} mE3>|ft_1,Et<5>H

<Ele| w3 Y (A0S ) ben) IS di)

{‘9( )}16 [M], le[K]G@t kE[K]nESk, ¢

T u(nlSias Br) — B (]S, {9,(:)}iewn) Qu(t)1(EL N ED)|Fios, Et@ﬂ

< 2vE k%]]E nrggx ||xn||v 1Qn( 1(E}) |_7—"t 1,Et(9)]]
€

=2y%E | Y E| max ||xn||v1Qn(t)|ft_1,Et(5),Eg} x P(E}|E,(6), Fi_1)
rer] SR "

=2yE kz[;ﬂnz Jmax ||xn||vk)t1Qn(t)|]-"t_1,Et(H),Etl} P(E}|Fi—1)
o L

)

< 32/eny,E [IE [ > max ||mn||V1Qn(t)|]-}_1,Et1] P(E}Fi_1)
neESk,t k.t

kE[K]

(53)

where the last inequality is obtained from @2). Then from Egs.(52) and (53), for some constant
C5 > 0, we have

> E| (u(n|Sks 1,0k ) = Bf 5 (0| Sk, , ) + i ° (n|Sk,, ,.t) — (0| Sk, , 1, Ok, ) L(EL N EF)]
te[T] ne[N]
< Z Z E maX 33\/5% + Qﬁt)Hanv—lQn( )|Et1»-7:t71]P(Et1|}—tfl)]
te[T) ke[K]
<Gy ) E [max Y+ B)llenlly 1 Qn (D)1 (E&)]
te[T) ke[K]

<0 Y Y B max (et Bllnll Qulo)].

te[T) ke[K]
(54
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For the second and third terms of Eq.(50), we have

> ZE[ (nlSk; 02003, ) — (0] 02O ) Qu ()T ((ED))

te[T] n€[N]

< D E[Qu1((E))]

te[T] n€[N]

<Y > (BN

te[T) ne[N]

—O<Z ot 1/t2> O(Nlog(T)), (55)

te[T] n€[N]

and

S 3 E [0Sk 00 06:,) — 101k 00k, ))Qu(DT((ED))

te[T] ne[N]

<D Y E[Qu)((ED)]

te[T] ne[N]
<Y P((ER)F

te[T] ne[N]

=0 > Y t(1/?) ] = O(Nlog(T)). (56)

te[T] n€[N]

Finally from Eqs.(30), (34), (33), and (36)), we can conclude that

RUT)=0(> > E| Inax %+ﬂt)||xn|\v 1Qn(t )]+N10g(T)>

te[T] ke[K]
=0 E[ max max T, + Nlo
7l it @) 2 3 mex lealy)+ Nos(T >)

te[T) ke[K]

= O | wEl_max Qult \/KTZ > oz [l ]+ Nlog(T ))

= < d3/2 v Qmax) b

where the last equality is obtained from Lemmad]

K2e3

~ . 1/4
Here, we provide the proof for the worst-case regret bound of O <(<121va) T3/ 4) .

We define event E} = {||fn; — Ocllvi,, < B¢ for all k € [K]} where 3; =
Cy \/)\ + 41og(1 4+ tLK/dX), which holds with high probability as P(E}) > 1 — 1/t* from
Lemma We also define EZ = {175 (n|Sk.;) — u(n|Sk.¢,0r.1) < Yllznlly-2;n € [N],Vk €
[K]}, which holds with high probability as P(E?) > 1 — O(1/t?), and define Ef; .= {||xn||Vth1 <

G Vk € [K]}.
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Then we have

R™(T)
Z Z EQn n|Sk* taakn,) (n|Skntt7 ))]
te[T] ne[N]
<y Z (1(n|Sks 15Ok ,) — (S, s 05 Ok, ))Qu (D) L(EY N EF N B )]
te[T) ne[N
+ Z (u(n|Sk; b, 00 ) = 11l Sk, 1,2, O, ) Qu () (L((E)°) + L((EF)) + L((E7 )°))]-
te[T| ne[N
(57
We provide a bound for the first term of Eq.(57). We first have
> Elw(nlSk; 0 0ks,) = 10|k, 1,85 00 ) Qu(OL(EL 0 EZ O ES )]
te[T] ne[N]
<> Z p(n| Sk 0, Okz ) — 11 ° (0] Sk, 1)
te[T] ne[N
+ i 2 (0|Sh, 18) = 10|, 4 0Ok, ))Qu(OL(EL NEE NER ).
(58)
By following the steps in Eq.(@0), the last two terms in Eq.(58) are bounded as
D D EE5(lSk, . 0) = 1(nlSk, ot Ok,.))Qu(DL(EL N EF NE} )]
te[T] n€[N]
< Z Z E|E Z (Ve + 28:)CQn ()| B, Firo | BB/ Fior) | - (59)
te[T] ke[K) neESk,t

Now we provide a bound for the first two terms in Eq.(58).

We define sets

{{9 Vil kelK] ¢ Lréﬁ?] 2] 00 — 276y,

< ellealy i o € V] vi € (K]} and

&t — {{9 Vemnkels] © Y, Y At S (n]Sk.t, {05 Yic i) @ (2) > Y > u(nlSi . 0k) Qn()}ﬂét.

ke[K]nE€Sk, ¢ ke[K]nesS]

By following the steps in Eq.(@T) with Eq. (@2), we have

E[(Y D nlSiet) = > D i S0l Sk A0 iepn)Qu (LB} 0 EF N B} )| Fia]]

ke[K]nesy , ke[K]nE€Sk..

=2y (CE Z Z [ ‘]:t 17{61@ t}ze M kelK] € @O;Dt El (Etl|]:t_1)

kE[K] n€Sk,+

< 16v/emy(E Z Z Qn(t)|Fim1, By | P(E{ | Fe—1)-
kE[K]nESk ¢
(60)
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Then for the first term of Eq.(37), from Egs.(58), (59), for some C3 > 0 we have

>N El(unlSks 4.0k ,) = 1(0lSk, , 150k, ) Qu (D L(EL N EZ N ES )]

te[T] n€[N]

< 373 El(u(n|Sks 4. 0ks ) — i S (n]S,, )

te[T] n€[N]

+ 1t ° (0], .0) = 10l Sk, 0Ok, ))Qu(OL(E} N EF N E, )]

< Z Z E [E |: Z 17M7t+2ﬁt)<Qn(t)‘ft—laEtl

te[T] ke[K] nESk ¢

P(E}|Fi-1)

< Z Z (17v/em: + 28, )CE[E[Qn (1) | By , Fioa |P(E} | Fi-1)]

te[T] n€[N]

= 3 3 (17em + 28)CE[Qu () 1(EY)

te[T] n€[N]

< (I7emyr +28r)¢ Y Y E[Qa (1) (61)

te[T] ne[N]

For the second term of Eq.(57)), by following the steps in Eqs.([@3), [@6) we have

S ST B [(unlSks 000 ,) — 101800 05,.))Qu(DL((ED))| = O(N log(T)), (62)

te[T] n€[N]

and

S ST B [(unlSks 000 ) — (]S, 00 05,))Qu(DL((E))| = O(N log(T). (63)

te[T] ne[N]

Let 7, be the set of time steps ¢ € [T'] such that Q,,(t) # O and leter = >°, o1 D e, 1((E} )%
and h = [1/(17\/emyr + 2B7)(]. Then if ¢ < h, we have Q,,(t) < t < h. Otherwise, we have

Q) < D (/A)(Quls) + (t =) < (1/h) Y Quls) + (/M)A = (1/h) Y Qul(s) + h.
Then, by following the steps in Eq.(@7), we have

D D Elu(nlSks 0 0xs,) = 1l Sk, ot 00 ) Qu () L((ER 1))

te[T] n€[N]
< >0 (rvemyr + 280)CE [Qn(8)] + 2E[er]/(17Veryr + 2B7)C. (64)
te[T] n€[N]

38



Now we provide a bound for E[er]. Define N, x(t) = Zi;ll 1(n € Sp,) and Viy =
(k/2) Zi;ll D onesy . xpx,) . Then, we have

er = Z Z]l E?

ne[N]teT,

Z Z ]l(”x"”‘/k_,it,t > ()

ne[N]teT,

> 3 el 2 0)

nE[N] teTn

S 3T L Nk, (1) 2 (5/2)C7)

ne[N]teT,

Z Z ”knr <2/’€<)

ne[N]teT,

Z Z Z t) < 2/k¢* and ky,; = k)

n€[N] ke[K] tETn

<2NK/k(2. (65)

IA

IN

IN

IN

IN

Then from Egs.(64), (63), we have

Y D ElunlSks 00k ,) = 10l Sk, ot O ) Qu () L((E7 1))

te[T] n€[N]

NK

te[T] ne[N]

By putting the results of Egs. 7), (38), B9, @I), (62), (©3), (66), and Theorem [3} by setting

¢ = (eNK/min{N, K}xT(Br + vr)?)"/4, for large enough T, we can obtain

NK
R™(T) = ( (Br + ) Z Z E[Qn(t) "fC?’(ﬁT‘i"YT)+N10g(T))

te[T] ne[N
_ ¢(Br +’yT)m1n{N,K}T NK )
_O< . HC3(ﬁT+’YT)+NIOg(T)
1/23/4( N K min{ N. K 13)1/4
-0 <(/BT +7) Hl(/4€3/4m1n{ K1) N Nlog(T)>

. 1/4
_5 ((d2NKmm{N,K}3) / T3/4>.
K2e3

A.8 Proof of Lemmal[l]
We first define

Jit(0) = By [ fre(0)|Fi—1] and g () = Ey[gr,e(0)|Fi-1],

where F;_1 is the filtration contains outcomes for time s such that s < t—landy = {yn : 7 € Sk}
From Lemma 10 in Oh and Iyengar [44], by taking expectation over y gives

_ o _ ~ ~ K ~ ~
FrtOre) < ot (O) + Gri(Or) T (Or e — 01) — 5(91@ — Ort) " Wit (01 — Or 1),
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where Wy, = > Znx) . Then with fi. ;(0)) < fi.¢(0x.¢) from Lemma 12 in Oh and Iyengar

[44], we have
0 < Frt(Ors) — fri(6r)
~ K ~
kot (Oe) T (Ot — Ox) — §||9k — gk,t”%/vk‘t

~ ~ K ~ ~ ~ ~
kot (Or,0) T (O — Ok) — §||9k = Oralliv, , + G (Oke) — Gea(Ore)) " (Bre — Ok)

R 1 . 1 4
gt O s+ 5180 = B0l — 3 160as1 — Ol .,

Wer + @t One) — 9t On0) T (Ore — Ok)

neSk ¢

IA
Qi
D>

I
Q

<

N |

K ~
~ 0, — 0
5 10k = Or.e
1 4 1 .
2 2 2
S QnIélngt ||anVth1+l + §||9k;t - 0k||vk1t+1 - 5“9]6,15-‘,-1 - 9k||vk’t+1

K ~ ~ ~ o
= 510k = Ore Weo T Gk Okt) — 9kt (Ok.0)) " Ok — Ok)

1, Ko A 1 4
2 2 2 2
<2 g a2+ S Ol + S0 Ol S0 — il

K ~ ~ ~ ~
— 50k~ Ortlfv,, + (G0Okt) = gt (Or,0)) " (Ore — O1)

2

L 2 Kis 2 1.5 2
<2 max el o+ 50k~ Oulidy, = F100e = Ol — 5 00en — Ol .,

+ Gkt Ort) = 9ot Ore)) " Br — O1), (67)

where the third inequality comes from Lemma 11 in Oh and Iyengar [44] and the fourth inequality
comes from Lemma 13 in Oh and Iyengar [44]. We note that, although our estimator lies in ©, we
can still utilize Lemma 11 from Oh and Iyengar [44]] by following the same proof steps.

Hence, from the above, we have
~ ~ K A _ ~ ~ T/ A
10k, e11 =013, ., < 4;??;2 HfEanfkf;H+||9k,t—9k||%/k,,,—§||9k.,t—9kH%A/k,ﬁ?(gk,t(@k,t)—gk,t(9k,t)) (Ok,t—0%).

Then using telescoping by summing the above over ¢, with at least probability 1 — §, we have

t t
A 2 2 K i 2
[vir =00l < A 432 max lonllcs, = 5 30 We = il

t
+2) (ks Ok,s) = grs(Ok.0)) T (Ok.s — O)
s=1

t t
K ~
< 4 2 _k B o
<A+ ;:1;33:: IIxHIIVk,;H 5 ;:1 16k, — Ok, .

t
K ~ 2 201 2
+ 5 100 = Oallf, . + = log((log L) K /9)

s=1
t

2C4
< 2 B el 2
<A+4 5521 nrélgsiﬁ HanVk,lerl + - log((log tL)t" K /9)

< A+ 16(d/rk)log(1 + (tL/dN)) + % log((log tL)t*K/68),  (68)

where the second inequality is obtained from Lemma 14 in Oh and Iyengar [44] and the last one is
obtained from Lemma [

Then with § = 1/t2, we can conclude that

; d
10k,e — Okllvi, < 01\/>\ + —log(1 + tLK/d)).
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A.9 «-approximation Oracle

In this section, we provide a detailed explanation for ai-approxiamtion oracle to reduce the computa-
tion. Instead of obtaining the exact solution, the a-approximation oracle, denoted by O, outputs
{8 brer) satistying 35 ¢ fe(SE) = maxys, y, o eMVi) 2ke(x] @fk(Sk). Such an oracle
can be constructed using a straightforward greedy policy as outlined in prior work [26 [10]. Then
for assortments { S} ; }xe(x) for t € [T'] from Algorithms|I|and[2|using O%, we can obtain the same
queue length bounds and regret bounds for a-regret in Theorems|I} 2] B} and ff]under an a-slackness
assumption, respectively.

We first consider the following traffic slackness assumption with 0 < a < 1 instead of Assumption 3]

Assumption 4. For some traffic slackness 0 < € < 1, for each t € [T, there exists {Sk,i}re[x] €
M(N') which satisfies A, + € < au(n|Sk ¢, 0x) foralln € Sy ¢ and k € [K].

A9.1 «a-approximation Oracle for Algorithm|]

Here we introduce an algorithm (Algorithm [3)) by modifying Algorithm [T|using an a-approximation
oracle. We explain the distinct parts of the algorithm as follows. We define an oracle O%, which
outputs { S}, }re (k) satisfying

nlcep ) YiVCB (n|S2,,
ma, aldn n|S, ,9 Tl S ’9 ).
{Sk}kg[K]GM(Nt Z Z Q ( | ks Tk, t Z Z Q” | k,t kﬂf)

kE[K] n€Sk ke[K]neSE,
(69)

Algorithm 3 «-approximated UCB-Queueing Matching Bandit

Input: A\, x,C; >0
fort=1,...,Tdo
for k € [K} do

Or,e < argmingeg gr.¢(Or—1)" (0 — Oe—1) + 5[0 — ékuﬁ—l”%/k,t

{5k trerx) + O from (69)
Offer {S}, }xe[k) and observe preference feedback y,, ; € {0,1} forall n € Sy, k € [K]

For the stability analysis, we provide the following theorem.

Theorem 5. The time average expected queue length of Algorithm[3|is bounded as

B min{N,K} 1d°N?K?
o) =0 LN potytog(1))
which implies that the algorithm achieves stability as
in{N, K
lim Q(T) = O (mm{}> .
T—o0 €

Proof. Here we provide only the proof parts which are different from Theorem[I] We analyze the
Lyapunov drift as follows.

> VQt+1)) = V(Q(1)

te(T)
=3 > (@ult) + Ault) — Du(®)** — Qu(t)’
te[T] ne[N]
=D Y (Qul) + Au(t) = aD; (1) — Qu(t)?
te[T] ne[N]
+ 303 (@u) + Au(®) = D) = 3T 3T (Qu(t) + Au(t) — aDj (1) (70)
te[T] n€[N] te[T] n€[N]
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For the first two terms in Eq.(70), by following the same procedure of Egs.(I6) and (T7), under
Assumption 4] we can obtain

> > E| An(t) = aD; ()* = Qu(1)?]

te[T] ne[N]
< > 2B[(An — ap(n]Sf 4, 0))@Qn(t)] + 2NT
te[T] ne[N]
<= > 26E[Qn(t)] + 2min{N, K}T, (71)
te[T] ne[N]

For the last two terms in Eq.(ﬂ;g[) by following the steps for Eq.@) we have

3 Z (Qu(t) + An(t) - — 30 S (Qult) + Ault) — aD; ()

te[T) ne[N] te[T] ne[N]

<4 N A +2> D (@Dj(t) = Du(t)Qn(t) + min{N, K}T
te[T] ne[N] te[T] ne[N]

<2 Z Z (D} (t) — Dy (1)) Qn(t) + 5min{ N, K}T. (72)
te[T] n€[N]

We also have

) Z E[(aD}(t) - Da(t)Qn(t)]

te[T) ne[N
< Z Z (apu(n|Sks 0Oz ,) = (nISE, , 4Ok, ) @n(DL(EL N B )]
te[T] ne[N]
+ > > Ellap(nSks 0 0k; ) = n(nlSE, , 42 0r,.))Qu(D(L((E})) + L((E5 ))))-
te[T] ne[N]
(73)
Then for the first term of Eq.(73), we have
STE | (op(n]Sks 0. 0ks ) — n(nlSE, 410k, ) Qn(OL(E NES )
te(T) n€[N]
< Y E| Y (afg TP (nlSk;, Ok 0) — (ISR, 40k, ) Qu(OL(E; N ES )
te(T) | nE€[N]
<Y B APOISE, 0O it) — 1(ISE 40Ok, ))Qu(DL(EL NER )
te[T] | nE[N]
1 2
< Z E Z QBt||In||vk;1t’th(t)]l(Et NES:)
te[T) | n€[N] '
<Cye ) > E . (74)
te[T] n€[N]
The rest of the proofs can be easily obtained from the proof steps in Theorem [I] O

Now, we investigate the regret of Algorithm 3] The c-regret regarding policy 7 is defined as

R 7f Z Z [ ap n|Sk* t’ek’fz,t) - M(n|Skn,tat’Gk‘n,,t))Qn(t)} .

te[T] ne[N]

The algorithm achieves the following regret bound.
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Theorem 6. The policy m of Algorithm[3|achieves a regret bound of

RO (T) = & <mm{ VET O, <dNK min{N,K}3>1/4 T3/4}) |

K2e3

Proof. In this proof, we provide only the parts that are different from the proof of Theorem 2]
We first provide the proof for regret bound of R*™(T") = o (% VK TQmaX>.

‘We can show that

RO™(T Z Z Jap(n|Sks ,t: 0k ) — w(nlSE, , 45 0k,.,))]
te[T] ne[N]
=3 N EQu(t)au(nlSe 0 0k: ) — u(nlSE, , 106, ) L(ED)]
te[T] n€[N]
+ > Y EQu(t)(ap(n|Sk; 1, 0ks ) — p(nlSE, , 120k, ) L((ED)]
te[T] n€[N]
Z Z Jap(n|Sks , b0k ) — p(n]SE,, 400k, )1 Z Z tP(E})°
te[T] ne[N] te[T] ne[N]
<> ERu) iy TP Sk 0 Ok; 1) — 1(nISE, 4Ok, ) L(ED] + O(N/T)
te[T] n€[N]
<D ERuOE P (ISE, 2Ok t) — (IS, 42Ok, ) LE)] + O(N/T)
te[T] ne[N]

<D ELYS D Qu®E TP (nlSRy) — uelnlSR))L(ED] + O(N/T)

te[ T] ke[K])nESk,+

<2E |Br Y Y max [|zn|ly—1Qn(t) | + O(N/T)

te[T) keK] St

<2E max (t)Br Z Z max ||l’n||v : + O(N/T)

te[T],nG[N] te[T] kG[K] Sk

€[T],n€[N]

<2E| max Qu(t ,BT\/KTZ > max \anVl + O(N/T)

L te[T) ke[ K]
= 6 ( \ KTQmax) .
K
By following the similar steps above and the proofs for Theorem[2] we can easily obtain the worst-case
~ . 1/4
regret bound of R*™(T") = O <(W) T3/ 4) , which conclude the proof. O

A9.2 a-approximation Oracle for Algorithm 2|

We can obtain similar results for Algorithm2]as in the case of Algorithm[3] Here we introduce an
algorithm (Algorithm ) by modifying Algorithm [2]using an c-approximation oracle. We explain
the distinct parts of the algorithm as follows. We define an oracle O“, which outputs {S,‘g‘,t}ke[ K]
satisfying

n Sky 1053 }i n (07 S (IS {041} :
By 2 B OB Blcon) € 3 T QUi o

ke[K] nE€Sk ke[K]neSy
(75)
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Algorithm 4 a-approximated Thompson Sampling-Queueing Matching Bandit

Imput: \, M, k,C; >0
fort=1,...,T do
forke[ | do

Or + argmingeg grs(Ori—1)T (0 — Op—1) + 20 — ék,hl”%/k,t
Sample {ek,t}ie[ M) independently from N (QAW, ﬂfV,;tl)

{Sk i rex) « OF from
Offer {S,‘j’t}ke[m and observe preference feedback y,, , € {0,1} foralln € Sk, k € [K]

For the stability analysis, we provide the following theorem.

Theorem 7. The time average expected queue length of AlgorithmH|is bounded as
min{N,K} 1d*N2K?

O < + T H466 p01y10g(T) 9

which implies that the algorithm achieves stability as

i o(r) =0 ().

QT) =

€

T—o0 €

Proof. Here we provide only the proof parts which are different from Theorem [3] We analyze the
Lyapunov drift as follows with Assumption

> EVQ(t+1)) = V(Q(t)]

te[T)
=3 > E[(@Qul) + Au() = Dalt) " — Qu(t)?]
te[T] n€[N]
Z Z ]E Qn ( ) aD:;(t))Q _Qn<t)2]
te[T) ne[N]
30 Y E[@ut) + An(t) = Da®) = (@Qult) + An(t) - aD:;os))?}

te[T] n€[N]

< Tmin{N,K}T - > Z 2eE[Qn(t)] +2 Y Y E[(aD(t) — Du(t))Qn(1)], (76)

te[T] n€[N] te[T] ne[N]
Then, for bounding Eq.(76)), we have

> 3" El(@D}(t) — Du(H)Qn (1))

te[T] ne[N]

<> > Ellau(nlSk; 0 0k;,) = (ST, 40k, ))Qu(L(E} N EF N E )]

te[T] n€[N]

+ Y Z (ep(n|Sk; .0 Oks ) = m(nlSE, , 40k, ))Qu(®)(L(ED)) + L(EF)®) + L((E; ,)%))]-

te[T] ne[N
(77)
We provide a bound for the first term of Eq.(77). We first have

Y D Ellan(nlSk; 4.0k ) — (IS, , 1,0k, ))Qu(OL(E; N EF N EL )]

te[T] n€[N]

<D 2 Ellan(niSk; 0 0k;,) = B °(0ISE, )

te[T) n€[N]
+ Mt (n|Sl(an,t,t) (n|Skn T n,t))Qn(t)]l(Etl N Et2 N E?z,t)]‘

(78)
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Now we provide a bound for the first two terms in Eq.(78).
We define sets

O, = {{01(ci)}ie[M]7kE[K] : ngax 200 =, 1

< ellaally-1: Y € [N],Vk € [K]} and

[(M]
o = {{9(1 Vewnrerr Y D A (lSE 1 {07 Ve Qu(0)
ke[K]n€Sy ,
> Y an nISm,ek)Qm}mét.
ke[K]neS) ,

Then we define event E;(6 ) = {{Gk t}zG[M | ke[K] € 97"}, Recall th + = max,e(u) ng(i)t
Then we have

E{E| > | Y au(nlS;00)Qnt) = > G5 (nlSg {00 i) @n(t) | 1(EL N EE N ES )| Fooy, Ei(0)

ke[K] \neS; , nesy,

<EE([ D > aun|Si,,00)Qn(1)

ke[K]neS;

- nf > Z S (1S 401 Yietn))@u(t) | L(EL N B} 0 EY )| Fir, Eo(6)

{91(1>}¢e[ 1c[K]€EO ke[K] neSg

<E|E Z Z i n|5kf»{0kt}1€[M)

ke[K]neSY ,
— oot T ST ES IS A8 Yiein) | @u(OL(E] N EF N E} )| Fir, Ei()
{00 Yican.1e1x1€01 ek nesg,
- 2%6 1 1 1
alexeeasil DD BRICACIEERAOR 2] iz §

ke[K]neSy,
(79

We provide a lemma below for further analysis.

Lemma 10. Forall t € [T, we have

Pl Y > w0lSi)@u®) > Y Y ap(nlSi, 00)Qu(®)|Fior, Bl | > 1/4Ver

ke[K]nesSy , ke[K]nesSy ,

Proof. Given F;_1, xz 5,(!1 follows Gaussian distribution with mean xz ék,t and standard deviation
Btl|znlly-1. Then we have
k.t

P (max xTH( > 20 0| Fi1, 1) =1-P (x,:&,(c)t <) O;Vie M H]-"t_l,Etl)

i€ [M] ’
Y, — Té
=1-P( 2z, < Ik " In Tkt v o (M]|Fy, B
ﬂtHanka’g



where Z; and Z are standard normal random variables. Then we can show that

P Z Z ~TS n|Skt Qn(t) Z Z QL H‘Sk 1 0k)Qn ()| Fe—1, B

K]nesSy, ke[K]neSy ,

P Y. Y el CMISEQa(t) > Y Y ap(nl St 00)Qn ()| Fior, B

ke[K]neSy, ke[K]neS} ,

>P Z Z a,ut n|Skt Qn Z Z ap n‘Sktvok)Qn( )“Ft LE

ke[K]neS) ke[K]neSy ,
=P Y D ACMISE)Qu® > Y D wnlSk 0)Qu(t) Feor, B
ke[K]neSy , ke[K]neS)

>P (m%x 0y > ) 0;Vn € Si, Yk € [K ]|]-"t_1,Et1)
1€

>1-LKP(Z <1)M
>1—LK(1—1/4y/en)™

1
>
~ 4y/er’
where the second last inequality is obtained from P(Z < 1) < 1 — 1/4\/er using the anti-
concentration of standard normal distribution, and the last inequality comes from M = [1 —

log KL
log(l(igl /4 /em) I. O

The rest of the proof can be easily obtained by following the proof steps in Theorem 3] O

Now, we investigate the regret of Algorithm[d] The a-regret regarding policy  is defined as
RET(T) = 3 3 E [(an(nlSiy 40k ,) = n(nlSk, 0,0k, )Qn(8)]
te[T] ne[N]
The algorithm achieves the following regret bound.
Theorem 8. The policy m of Algorithm[d achieves a regret bound of

RO (T) = & (mm { VET O, (d?NK min{N, K13 ) 1/4 T3/4}> |

K2e3

Proof. Here we provide only the proof parts which are different from Theorem 4]

We first provide the proof for the regret bound of O (%/2 VK TQmaX) . We have

= Z N ap(n|Sk; 150k ) — w(nlSE, ¢ Ok, )]
te[T] ne[N]
<> Z ) ap(n|Sk; 4,0k ) — 1 S(nlSE,, ) + A ° (ISR, 1) — w(n|SE, 4 Or, ) L(EL N E})]
te[T) ne[N
+> Z E[Qn(t)(ap(n|Sk; 4,0k, ) — B S (IS, ) + 1 °(nISE, |, o) — m(nlSE, 4. Ok, ) L((E}))]
te[T) ne[N
+ Y Z E[Qn(t)(ap(n|Sky 4,0k, ) — B 5 (ISR, ) + 1 2 (nISE, o) — m(nlSE,, 4Ok, ) L((ED)))-
te[T] n€[N]
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By following the similar proof steps in Theorem[7} we can obtain

D D E

te[T] n€[N]

)(ap(n| Sk, 150k ) — i ° (n]S

n,t?

n.tt)

+ A (ISR, ) = m(nlSE, 40, ))1(E; N ED)]

<0 3 3B max (et Bl Qu()

te[T) ke[K]

The rest of the proof can be easily obtained from the proof steps in Theorem [ by incorporating

techniques in the proof of Theorem

O

A.10 Additional Experiments

-~ ETC-GS
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o(t)
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Figure 3: Experimental results with N = 4, K = 3, L = 2,d = 2 for (left) average queue length
and (right) regret

A.11 Notation Table

Table 1: Notation Table.

Time horizon

Number of agents (queues)

Number of arms (servers)

Dimension of model parameters and features

Feature vector of agent n

Model parameter vector of arm k

Length of agent n at time ¢

Traffic slackness parameter

Service rate of arm k with 0y, for a job in agent n given assortment
Sk

Null agent

Job arrival rate for agent n

A server that agent n is assigned at time ¢ according to 7 (simply
kn,t)

The number of arrival jobs in agent n at time ¢; Random variable
with mean \,,

The number of departure job in agent n by arm & given Sj; Random
variable with mean pi(n|Sy, k)

Average queue lengths over horizon time T'

Cumulative regret under 7 over T’

Regularity parameter for MNL

Set of non-empty agents at time ¢

Set of feasible disjoint assortments given a set of agents

Set of agents assigned to arm & by policy m

Set of agents assigned to arm k by the oracle 7*

A server that agent n is assigned by 7* at time ¢
Preference feedback, {0, 1}, for assigned agent n at time ¢
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NeurlIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]

Justification: Through the abstract and introduction, we explain our setting with providing
motivation examples and summarize our contributions.

Guidelines:

¢ The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]

Justification: In the limitations section (Section E]), we provide several avenues for
interesting future work. We also discuss the computational efficiency of our algorithms.

Guidelines:

* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

* The authors are encouraged to create a separate "Limitations" section in their paper.

* The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

 The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

 The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

* If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
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judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory Assumptions and Proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [Yes]

Justification: We provide assumptions in Section [3]and proof sketches of some of the main
theorems in the main text, with complete proofs for theorems in the appendix.

Guidelines:
» The answer NA means that the paper does not include theoretical results.

* All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

* All assumptions should be clearly stated or referenced in the statement of any theorems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

¢ Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

* Theorems and Lemmas that the proof relies upon should be properly referenced.
4. Experimental Result Reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes]

Justification: In Section [6] we provide all the information necessary for conducting the
synthetic experiments.

Guidelines:
» The answer NA means that the paper does not include experiments.

* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.

* If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.

* Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

* While NeurIPS does not require releasing code, the conference does require all submis-
sions to provide some reasonable avenue for reproducibility, which may depend on the
nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.
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(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?

Answer: [Yes]
Justification: There is a link to our code in Section[@l
Guidelines:
» The answer NA means that paper does not include experiments requiring code.

* Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.

6. Experimental Setting/Details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes]

Justification: We use synthetic datasets and provide details on how to generate them in
Section

Guidelines:
* The answer NA means that the paper does not include experiments.

» The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.
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* The full details can be provided either with the code, in appendix, or as supplemental
material.

7. Experiment Statistical Significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer: [Yes]

Justification: In our experimental results in Section [6] we include error bars of standard
deviation along with expectation values.

Guidelines:
* The answer NA means that the paper does not include experiments.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).

¢ It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

e It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

* For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

* If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.

8. Experiments Compute Resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer:
Justification: The conducted experiments do not require significant computing power.
Guidelines:

» The answer NA means that the paper does not include experiments.

* The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

9. Code Of Ethics
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11.

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines?

Answer: [Yes]
Justification: We have reviewed the NeurIPS Code of Ethics.
Guidelines:
» The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).

Broader Impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [NA]

Justification: Given that this study primarily focuses on theoretical analysis, we do not
foresee any negative social consequences.

Guidelines:
* The answer NA means that there is no societal impact of the work performed.

* If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.

* The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]
Justification: This paper poses no such risks.
Guidelines:

* The answer NA means that the paper poses no such risks.
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* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

* Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

12. Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [NA]
Justification: This paper does not use existing assets.
Guidelines:
* The answer NA means that the paper does not use existing assets.
* The authors should cite the original paper that produced the code package or dataset.

* The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

* For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

o If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.

* If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.

13. New Assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [NA]
Justification: This paper does not release new assets.
Guidelines:
* The answer NA means that the paper does not release new assets.

* Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.

14. Crowdsourcing and Research with Human Subjects
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15.

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [NA]
Justification: This paper does not involve crowdsourcing nor research with human subjects.
Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

Institutional Review Board (IRB) Approvals or Equivalent for Research with Human
Subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]
Justification: This paper does not involve crowdsourcing nor research with human subjects.
Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.
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