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Motivated by our collaboration with a major refugee resettlement agency in the U.S., we study a dynamic
matching problem where each new arrival (a refugee case) must be matched immediately and irrevocably to
one of the static resources (a location with a fixed annual quota). In addition to consuming the static resource,
each case requires post-allocation service from a server, such as a translator. Given the time-consuming
nature of service, a server may not be available at a given time, thus we refer to it as a dynamic resource.
Upon matching, the case will wait to avail service in a first-come-first-serve manner. Bursty matching to a
location may result in undesirable congestion at its corresponding server. Consequently, the central planner
(the agency) faces a dynamic matching problem with an objective that combines the matching reward
(captured by pair-specific employment outcomes) with the cost for congestion for dynamic resources and
over-allocation for the static ones. Motivated by the observed fluctuations in the composition of refugee pools
across the years, we design algorithms that do not rely on distributional knowledge constructed based on past
years’ data. To that end, we develop learning-based algorithms that are asymptotically optimal in certain
regimes, easy to interpret, and computationally fast. Our design is based on learning the dual variables of
the underlying optimization problem; however, the main challenge lies in the time-varying nature of the
dual variables associated with dynamic resources. To overcome this challenge, our theoretical development
brings together techniques from Lyapunov analysis, adversarial online learning, and stochastic optimization.
On the application side, when tested on real data from our partner agency and incorporating practical
considerations, our method outperforms existing ones making it a viable candidate for replacing the current

practice upon experimentation.
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1. Introduction

According to the United Nations High Commissioner for Refugees (UNHCR), the forcibly displaced
population worldwide exceeded 123 million by the end of 2024. This number includes approximately
8 million asylum seekers and more than 37 million refugees (UNHCR 2024). The process of providing
assistance to these individuals often involves making high-stakes decisions in the face of complex
operational intricacies. Data-driven and algorithmic approaches that capture the unique features of
these processes, yet yield easy-to-implement solutions, can significantly enhance these operations and
improve the well-being of these vulnerable communities. In this paper, we demonstrate this potential
within the context of refugee resettlement in the United States.

This work is motivated by our collaboration with a major refugee resettlement agency in the U.S.
Refugee resettlement, recognized as a durable solution to the global refugee crisis, is a process largely
overseen by the UNHCR. In this process, refugees are relocated to participating host countries and
granted long-term or permanent residence. The U.S. resettles tens of thousands of refugees each
year—the largest number among all host countries (UNHCR 2023)—through ten national non-profit
resettlement agencies, one of which is our partner. In what follows, we first provide background on the
resettlement process, highlighting key features that motivate our modeling framework and research

questions. We then provide an overview of our contributions, followed by a discussion of related work.

1.1. Background on Refugee Resettlement

In the following, we briefly describe the refugee resettlement process in the U.S., which is relevant to our
partner agency. We note that while exact details vary by country, refugee resettlement and/or asylum
procedures of many host countries (e.g., Switzerland, Netherlands, Sweden, etc.) share important
commonalities with the process described below.

After the UNHCR allocates a refugee case' to the U.S. for resettlement, the case is vetted with
the help of the federal government? to ensure that the refugee case is eligible for resettlement in the
U.S. and meets all security and legal criteria before admission and proceeding with the resettlement
process. Upon admission to the U.S., the case is handed to one of the national resettlement agencies.
The corresponding agency then assigns the case to a local service provider (often referred to as an
affiliate) within its network. These affiliates typically provide job search and vocational services, as
well as assistance in obtaining financial literacy and access to community resources.

Hereafter, for consistency, we refer to this assignment as a matching. Importantly, there is strong
evidence that the initial matching significantly impacts finding employment within 90 days after

LA case typically includes multiple individuals, i.e., members of a family. For simplicity of mathematical exposition,
we mostly consider cases with “size one.” We incorporate this and other practical considerations later in the paper.

2In particular, three federal agencies: (i) the Department of Homeland Security’s office of U.S. Citizenship and Immi-
gration Services (USCIS), (ii) the U.S. Department of State’s Bureau of Population, Refugees and Migration, and (iii)
the U.S. Department of Health and Human Services.
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resettlement (Bansak et al. 2018), which is the key integration metric tracked and reported to Congress

in the U.S. Additionally, recent work has shown that employment outcomes for any case-affiliate pair

can be reasonably predicted using machine learning (ML) models (Bansak et al. 2018, 2024). Equipped
with these ML models, a resettlement agency can use the predictions to inform matching decisions.

In using ML predictions to find better matches between refugees and affiliates, the resettlement
agency faces several operational considerations:

(i) If a refugee has U.S. ties (such as family or close friends) in a particular locality, the agency is

required to match the case to the affiliate associated with that locality (Bruno 2017).

(ii) Each affiliate has a target annual quota for the number of refugees it receives in the matching,
which is approved by the U.S. Department of State with input from the resettlement agencies.
These annual quotas serve as soft upper-bounds on the number of refugees to be resettled in a
given year. In light of this, the relevant decision-making horizon for the agency is one year.

(ili) When new cases (physically) arrive at matched affiliates, they must receive short-term onboard-
ing services. For example, Global Refuge, a leading U.S. resettlement agency, notes that “case
managers help new arrivals navigate everything from enrolling in English classes and schools to
securing jobs and learning how to use public transportation.” (Global Refuge 2024) These services
require a nontrivial time investment, and each affiliate has a limited number of case managers.
Furthermore, resettlement agencies are expected to provide these services in specific time frames
after a case’s arrival, and they must report on whether these standards were met. As a result,
bursty placement of refugees at a single affiliate can overburden case workers and make it chal-
lenging to complete the required onboarding services as required.?

(iv) Finally, cases are admitted to the U.S. and handed to agencies over time. As such, the agency
must make matching decisions upon arrival and without foreknowledge of future arrivals.

The lack of information about future arrivals presents a major challenge in optimizing matching
decisions. One approach to addressing this challenge is to assume that the current year’s arrival pool
resembles that of previous years, and use that as “distributional knowledge” to simulate future arrivals.
As we discuss later, several recent papers adopt such an approach; see, for example, the work of
Bansak and Paulson (2024) and Ahani et al. (2023). Although natural, this approach falters if the
pool’s composition changes across years—a phenomenon observed in reality.

To illustrate this, in Figure 1 we focus on five selected affiliates of our partner agency. For each
affiliate, we plot the (normalized) number of cases with U.S. ties to this affiliate over the years 2014-

2016. We observe a substantial fluctuation in the number of such cases over these years; for example,

3 Our first-hand communication with the partner agency indicates that avoiding such congestion is a first-order concern:
placement officers, though unsystematically, often have an eye toward balancing workloads across affiliates. Beyond our
partner, congestion has been a significant operational challenge in other resettlement programs as well. For instance,
in Switzerland, localities have at times suspended new placements due to temporary overloads in reception infrastruc-
ture (Swiss Federal Parliament 2024).
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Figure 1 The number of refugees with U.S. ties at five affiliates normalized by the total number of arrivals.

the portion of cases tied to affiliate 16 increased by 55% in 2015 compared to 2014. This fluctuation
can significantly impact matching decisions. As a toy example, consider this affiliate 16 and suppose
that we are making decisions in 2015. If we use data from 2014 to simulate the number of cases with
U.S. ties to this affiliate, we substantially underestimate this number. Given that these cases can only
be matched to affiliate 16, we may reach the affiliate’s quota well before the end of the year.*

The above background and observations motivate our main research question:

How can we design a dynamic matching algorithm that optimizes employment outcomes without

relying on past years’ data, while respecting affiliates’ quotas and managing congestion for services?

1.2. Our Contributions

Motivated by the above question, we introduce a framework for dynamic matching with post-allocation
service, and develop two learning-based algorithms that do not rely on prior distributional knowl-
edge, such as historical data. Under the assumption that the arrival sequence throughout the year
is independent and identically distributed (i.i.d.) from an unknown distribution, we show that both
algorithms achieve asymptotic optimality in certain regimes. In addition, using data from our partner
agency, we conduct a case study demonstrating that our method outperforms existing approaches used

by our partner agency or proposed in the literature for similar dynamic refugee matching problems.

A Model for Dynamic Matching with Post-allocation Service (Section 2): Following our
motivating application, we use the terminology of refugee resettlement to introduce our model. We
consider a discrete-time, finite-horizon model (e.g., one year) where exactly one refugee case arrives in

each period.” Each case is either “tied” to a specific target affiliate® (reflecting the U.S. ties described

4In Section EC.11.1, we further elaborate on the distinction between within-year and across-year variation and highlight
how this distinction motivates our distribution-free approach to algorithm design for this application.

® In some contexts, an agency may encounter batches of arrivals. In Section EC.14, we discuss modifications to our
framework and algorithm to handle batched arrivals, and numerically explore their impact in our case study.

5 Since the resettlement agency is mandated to settle refugees with U.S. ties at the most prozimate affiliate to their-
ties (Bansak et al. 2018), we assume that each tied case has exactly one target affiliate.
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in Section 1.1) or “free,” meaning it can be matched to any affiliate. Upon arrival, the agency also
observes the rewards of matching the case to each affiliate, representing the employment probabilities
predicted by the ML models. Given these observed rewards and knowing whether the case is free or
tied, a dynamic matching algorithm must irrevocably match the arriving case to an affiliate (or leave
it unmatched),” while considering the resource limitations of the affiliates, which we describe next.

We model each affiliate as a static resource with fixed capacity, representing its annual quota. Each
case uses one unit of the static resource.® The most novel aspect of our model is the introduction of
post-allocation service, capturing the need for service after matching, as observed in applications such
as refugee resettlement. To model this, we endow each affiliate with a server, also referred to as a
dynamic resource, whose availability follows an i.i.d. Bernoulli process with a given service rate.” Upon
becoming available, the server serves a matched case (if any) on a first-come-first-served (FCFS) basis.
We measure server congestion via its backlogs throughout the horizon, representing the number of
matched cases awaiting service at the affiliate in each period. The described service process resembles
a classical queueing system, with one crucial distinction: the arrival rate is endogenously determined
by matching decisions. Despite this distinction, a congested system is still undesirable.

Given the above resource limitations, the agency pursues multiple objectives: maximizing the total
matching reward while avoiding excessive congestion for dynamic resources and over-allocation for
static resources (i.e., exceeding an affiliate’s annual quota).'® To capture these objectives simultane-
ously, we define an objective function consisting of the total reward penalized by time-averaged backlog
(dynamic resource) and total over-allocation (static resource); see (Objective). Motivated by signifi-
cant year-to-year fluctuations in the refugee arrival pool (Figure 1), we study this dynamic matching
problem with no knowledge of the underlying arrival distribution, though we assume that the arrival
sequence is i.i.d. from an unknown distribution—and thus potentially learnable over the horizon.

To evaluate the performance of any dynamic matching algorithm, we compare it to a properly
defined benchmark (see Definition 2) and introduce the notion of regret relative to such a benchmark.
Within this framework, in Sections 3 and 4, we design two algorithms with sub-linear regrets in the
horizon length—which are asymptotically optimal or near-optimal in almost all regimes (as established
in Section EC.7). Importantly, our regret bounds hold when the congestion penalty parameter is
“small enough,” meaning that it grows sub-linearly with the horizon. We complement these positive
results with an impossibility result (Proposition 2), showing that focusing on this regime is indeed a

fundamental requirement: no algorithm can achieve sub-linear regret outside of this regime.

"In practice, all cases are matched. In our theoretical model, however, free cases may go unmatched, while we match
all tied cases to their target affiliates. In our case study, aligned with practice, we require all cases to be matched.

8 Our model can incorporate multiple-unit consumption (e.g., when a case is a family of multiple individuals, as alluded
to earlier) and multiple types of static resources (e.g., school enrollment slots or temporary housing); see Section 2.1.

9 As we discuss in Section 2, this model is equivalent to having geometric service times with the same service rate.

1% Due to the presence of tied cases, some over-allocation may be unavoidable (see Section 2).
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Before providing an overview of our algorithms, we note that, in the absence of dynamic resources,
the above problem reduces to online resource allocation with static resources—a topic extensively
explored in the literature (see Section 1.3 for further discussion). However, introducing congestion
for dynamic resources changes the nature of the problem (see Proposition 1 and related discussions).
Consequently, designing and analyzing algorithms requires new ideas and techniques. In the following,

we highlight some of these main challenges and new ideas needed to address them.

Design and Analysis of Algorithms (Sections 3 & 4): The first step in designing our algo-
rithm is to consider the omniscient offline benchmark for the problem—that is, the matching that
maximizes our objective function, knowing the entire sample path of arrivals and server availabilities
in advance. In Definition 2, we formulate this optimization problem as a simple convex program. In
particular, the program includes time-dependent constraints, one for each affiliate at each time period,
to track the backlog dynamics (see equation (1)), as well as a simple capacity constraint for each
static resource. Consequently, the corresponding dual program has the time-varying dual variables for
dynamic resources, in contrast to the time-invariant dual variables for static ones (see Proposition 1).
Had we known the “optimal” values of these dual variables, we could use them and directly design a
score-based optimal algorithm for the primal problem that simply matches each arriving case to the
affiliate with the maximum dual-adjusted reward. In the absence of this knowledge, we aim to learn
these dual variables while making matching decisions online.

The dynamic nature of backlogs, which leads to time-varying dual variables, presents fundamental
challenges in designing and analyzing learning-based algorithms, and marks a major departure from the
literature on online resource allocation (see Section 1.3 for further discussions). In our first algorithm
(Algorithm 1), we address these challenges by introducing a surrogate dual problem (Definition 4),
which imposes a time-invariance constraint on dual variables associated with dynamic resources. This
algorithm maintains estimates of the solution to the surrogate dual problem and makes matching
decisions based on the dual-adjusted scores. The key ingredient is then to properly update these dual
variables to learn the optimal solution. For dual variables associated with static resources, we rely
on classical techniques from online adversarial learning; however, for those associated with dynamic
resources, we exploit a crucial structural property linking a specific learning rule to backlog dynamics.
The resulting adjustment has an interpretable form: we penalize each affiliate’s reward by a scaled
version of its current backlog (see equation (8) and related discussions).

As our first technical contribution, we prove that this algorithm achieves a sub-linear regret in all
regimes of interest (see Theorem 1 and Corollary 1). To establish this result, we combine techniques
from adversarial online learning and the drift-plus-penalty method (Tassiulas and Ephremides 1990,
Neely 2006, Neely et al. 2008, Neely 2022), defining an appropriate potential function and pseudo-

rewards to analyze regret (see Section 3.3). This novel integration of the two frameworks, which to
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the best of our knowledge is the first of its kind, enables us to obtain a simultaneous guarantee on
the algorithm’s total matching reward (Lemma 1) and the average backlog in expectation (Lemma 2).
We complement our results by establishing matching regret lower bounds for any online algorithm,
demonstrating the asymptotic optimality of the regret upper bounds achieved by our algorithm in
nearly all parameter regimes (see Section EC.7 for technical details).

We call our first algorithm “congestion-aware dual learning” (CA-DL) because it requires exact infor-
mation on the current backlog. Although this requirement is not a practical concern for our partner
agency (see Section 5), such information may not be readily available in other contexts. For exam-
ple, some agencies may only have access to unreliable or delayed backlog information, rendering it
unsuitable for matching decisions. Motivated by this limitation, we develop a second algorithm called
“congestion-oblivious dual-learning” (CO-DL), which learns the dual variables without relying on knowl-
edge of the current backlogs. This algorithm is based on a surrogate primal problem (Definition 5),
which disregards the congestion penalty in its objective. We design a dual-adjusted score-based algo-
rithm (Algorithm 2) for this problem, similar to CA-DL, but with subtle differences in the learning
process, including the use of a time-varying learning rate, to control the drift of the backlog.

Somewhat surprisingly, we show that even though CO-DL does use backlog information, it still
achieves a sub-linear regret under most regimes, subject to mild regularity assumptions (Theorem 2).
The main technical challenge is analyzing CO-DL’s backlog (Lemma 6), which in turn requires studying
the “endogenous” arrival rates induced by this algorithm. We overcome this challenge by utilizing a
high-probability last-iterate convergence property of the dual variables constructed by CO-DL (Propo-
sition 3). Specifically, the dual learner employed by CO-DL is a particular variant of online stochastic
mirror descent (OSMD) with an appropriately chosen time-varying learning rate. Although our proof
involves several intricate steps, it crucially exploits the time-varying learning rate, and adapts a recent
result on high-probability last-iterate convergence of the stochastic gradient descent from Harvey et al.
(2019) to our OSMD variant (see Section 4.2.1 for technical details). While both CA-DL and CO-DL
achieve sub-linear regret in many regimes, we also show that under certain conditions (specifically,
slow service rates and certain ranges of penalty parameters), CO-DL cannot achieve a sub-linear regret
(Theorem 3) unlike CA-DL, implying the inherent advantage of explicitly accounting for the backlog.

Finally, we note that our algorithms are computationally fast, and their score-based structure makes
them easy to communicate to practitioners (including the managers of our partner agency). Addition-
ally, as we discuss next, our learning-based method outperforms existing approaches (relying on past

years data) in the context of our collaboration, when tested on actual data from our partner agency.

Case Study on Refugee Resettlement Data (Section 5): To demonstrate the practical effec-
tiveness of our learning-based approach, we conduct a case study using data from our partner agency.

In Section 5.1, we detail the construction of primitives and explain how to adapt our learning-based
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approach to this specific context to comply with practical considerations of our partner agency. In Sec-
tion 5.2, we show that, had the agency used our proposed algorithm on the actual sequence of arrivals,
it would have led to substantial improvements in terms of predicted employment outcomes and average
backlog. We further compare our proposal with another recent proposal based on Bansak and Paulson
(2024), which relies on data from past year to predict future arrivals. Compared to this alternative
proposal, we show that ours improves the objective function (combining total employment, backlog,
and over-allocation) across a broad range of penalty parameters without negatively impacting any of
the three outcomes (see Table 1 and Figure EC.5). These promising numerical results, together with
the practical advantages of our method discussed earlier, position our method as a strong contender
for experimentation to replace the current system.

Beyond refugee resettlement, post-allocation service may arise in assignment problems in other
contexts, such as foster care and healthcare, where individuals not only consume long-term resources
with fixed capacities (e.g., beds), but also require time-consuming on-boarding services (e.g., initial
screenings). In these contexts, undesirable backlog may emerge due to shortages of dynamic resources—
see Section 6 for a broader discussion on potential applications of our model. Our framework offers
managers flexibility to balance allocation rewards and resource costs (both static and dynamic) to
varying degrees. Moreover, the computational efficiency of our algorithms allows policymakers to

understand the trade-offs between these objectives by experimenting with different penalty parameters.

1.3. Related Literature

Our work relates and contributes to the literature on refugee matching, online resource allocation, and
queueing system control. Below, we highlight the most closely related work, referring the readers to
Section EC.2 for a detailed literature review.

In refugee matching, the most relevant comparison is with Bansak and Paulson (2024), who also
consider an objective that penalizes congestion but do not consider tied cases—and thus over-allocation
is not included in their objective. We adapt their proposed sampling-based algorithm (relying on data
from the past year) to handle tied cases in our case study (Section 5), and show that our prior-free
algorithms substantially outperform their approach, thanks to its robustness. Unlike previous work
including Bansak and Paulson (2024), we also show theoretical performance guarantees of our method.

Methodologically, our study is closely related to Agrawal and Devanur (2014) and Balseiro et al.
(2023), who examine online resource allocation with objectives depending only on total allocation. In
this special case, the dual problem only has time-invariant variables, which can be learned fast over
time to ensure vanishing regret. However, this is not the case in our setting with the average backlog
in the objective function, as we have time-varying dual variables associated with backlog dynamics
that cannot be learned fast using similar methods. This critical difference necessitates new analyti-

cal techniques beyond these papers (and similar papers in the queuing literature). Specifically, our
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analysis of CA-DL integrates drift-plus-penalty methods and adversarial online learning (Section 3.3,
Section EC.5), which is the first of its kinds to the best of our knowledge. For analyzing CO-DL, we
exploit high-probability last-iterate convergence of stochastic mirror descent (Proposition 3), an aspect

less explored in prior literature on online resource allocation.

2. Model and Preliminaries

We start by formally introducing our model for dynamic refugee matching with unknown i.i.d. arrivals
and post-allocation service. Specifically, we describe two types of resource limitations in this setting,
which we refer to as static and dynamic resource limitations. We then present our objective function
combining employment outcomes, over-allocation, and congestion. Next, we define an offline bench-
mark based on this objective, along with the notion of regret used for performance evaluation. A

summary of the main notation and key modeling assumptions is provided in Section EC.1.

Notation: We use [m] to denote {1,2,...,m} for any m € N. We use bold cases to denote vectors.
The non-negative orthant in the m-dimensional Euclidean space is denoted by R7' , with e; € R
denoting the standard basis vector at coordinate i. We use A, :={z € R} : >, z; < 1} to denote
the m-dimensional standard simplex. The positive part of # € R is denoted by (), and an indicator
function is denoted by 1[-]. Finally, we adopt the standard asymptotic notation. For functions f, g :
R — R, we write f(z) = O (g(x)) (resp. f =Q(g(z))) if | f(x)] is upper-bounded (resp. lower-bounded)
by a positive constant multiple of |g(z)| for all sufficiently large values of x. If f(x)= O (g(z)) and

f(x)=Q(g(x)), we write it as f(z) = © (g(x)). Similarly, we write f(x) =0 (g(z)) if ﬁf; — 0 as z — o0.

Finally, throughout, a “constant” refers to any scalar independent of T'.

Problem Setup: The problem consists of m affiliates and an arrival sequence of T refugee cases,
where case t arrives at the beginning of period ¢t. Upon arrival of case ¢, the agency observes its
type denoted by A, := (wy, i ), which we assume is an i.i.d. random variable drawn from an unknown
distribution F. The first component of the type is a vector w; = (wy ;)iem], Where wy ; is a case-affiliate
pairwise reward from matching case t to affiliate 7. This reward w;; can be equivalently thought of as
the predicted employment outcome if case t is matched to affiliate ¢. Without loss of generality, we
assume wy; € [0,1]. The second component of the type is a target affiliate denoted by if, which is a
predetermined affiliate to which the case must be matched. If i} € [m], arrival t is a tied case targeted
to affiliate i]. In contrast, we use i} =0 to denote a free case, which does not have any target affiliate.

Upon observing A, the agency makes an irrevocable matching decision denoted by z; = (2;;)ic[m]-
To succinctly represent the feasibility set for both tied and free cases, for a given target affiliate ', we
define a type-feasibility set Z(it) as Z(i') = A,, if it =0 and Z (i) = {e;+} otherwise. Some comments
are in order. First, while the type-feasibility set allows for fractional allocations, our algorithms always
make integral decisions. Second, although inaction is not permitted for tied cases, we allow it for free

cases for technical reasons. (In our case study in Section 5, consistent with practice, we do not allow
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inaction and ensure that every refugee is matched to an actual affiliate.) For ease of exposition, we

interpret inaction as matching the case to a dummy affiliate with zero reward and unlimited resources.

Resource Limitations: Each affiliate is endowed with two types of resources: static and dynamic.
In the following, we elaborate on each type of resources separately, and formally explain their associated

constraints and their corresponding penalty terms in the objective function of the agency.

(i) Static Resource (Capacity): Each affiliate i is endowed with capacity c¢;, referred to as a static
resource, which represents its annual quota. Matching a case to an affiliate consumes one unit of its
static resource. We further define p; = ¢; /T, referred to as the capacity ratio. We use £ = Mile[m) p; tO
denote the minimum capacity ratio and impose two mild assumptions on these ratios: (i) >i—, p; < 1
and (ii) there exists a constant d > 0 such that p; — P[il =i] > d for all i € [m], meaning that, in
expectation, each affiliate has capacity ©(T) for free cases.”

The agency aims to respect the endowed capacities as much as possible. Without tied cases, we can
use a standard packing constraint to ensure 3", 2, ; < ¢; for all i € [m]. However, due to uncertainty in
the number of tied cases, such a constraint is overly stringent, as tied cases can cause over-allocation.
To address this, we introduce two constraints in our model. First, we introduce a (weaker) hard
constraint to capture that, at any time period, over-allocation can occur only due to the matching of

tied cases. Formally, for any ¢t € [T'] and ¢ € [m], any feasible matching decision must satisfy:

t t

SO =002 < (= Yo 1fif =ilzrs) Vi€ ] (Capacity Feasibility-)
+

=1 r=1
Because 0 € Z(0) by our earlier assumption, this constraint can always be satisfied for any arrival
sequence. Moreover, it reduces to the aforementioned standard packing constraint for affiliates that
do not face tied cases. Second, we introduce a soft constraint through a penalty o > 0 per unit
of over-allocation. Formally, for each affiliate ¢, the agency incurs an over-allocation cost given by
a(Z;T:l 2 — ci> . Here, « is a penalty parameter whose magnitude represents the agency’s tolerance
or physical cost O—; exceeding capacity.'®

Throughout the paper, we often use the (total) net matching reward to refer to the total reward
minus the over-allocation cost, that is, 1, S, wyize; —a S, (Zthl 2 — ci> . It is important to
highlight that, with knowledge of the entire arrival sequence in advance, we Woulcfr never over-allocate
unless the total number of tied cases for an affiliate exceeds its capacity.

1 This assumption is merely for ease of exposition and without loss of generality, and all of our main results extend
to problem instances with arbitrary capacities.

12 Note that this implies that p is also a constant. In practice, capacities are determined by first creating a propor-
tionality index across affiliates and hence scale with 1" by construction.

13 For instance, the State Department provides per-capita funding to resettlement agencies in proportion to the
approved capacity (U.S. State Department 2023). Hence, the over-allocation penalty parameter « directly captures the
burden of securing additional funding per refugee case beyond the agency’s initial budget.
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(i) Dynamic Resource (Server): Each case further requires post-allocation service. To model this
service process, we endow each affiliate with a server. Upon matching, the case will wait to receive
the service. Each server is a dynamic resource, as its availability changes stochastically over time. In
particular, we assume that the service availability of affiliate i follows an i.i.d. Bernoulli process with
success probability r; € (0,1), denoted by s, ; ~ Ber(r;). We also refer to r; as the service rate. At the
end of period t, if the server is available (s;; = 1), it processes one waiting case (if any) in a FCFS
manner. This outlined process is equivalent to a (more conventional) service model with random service
times, where each service duration at affiliate ¢ is independently drawn from a geometric distribution
with mean 1/7;. During each period, if the server is available, it initiates service for a new case and
remains unavailable until that service is completed. If the server becomes available but no case is
waiting, we assume it begins serving an “outside" task (e.g., external cases or other operational task
within the agency) with the same service time distribution. Consequently, the generated service token
does not carry over to the next time period when a new case arrives.'*

As motivated in the introduction, server congestion is undesirable. To formalize this notion, we
define the backlog, denoted by by = (b;;)ic(m), Where b ; represents the number of cases waiting for

service at affiliate ¢ at the end of period t. Formally, the backlog process evolves recursively as:
Vit € [T] : bt,i = (bt—l,i + 2 — st,i)—i— (1)

with initial backlog set to zero (by = 0). The backlog grows large when an affiliate becomes “congested”
due to bursty matching patterns. Therefore, we use the time-average backlog, that is S S by,
as our overall measure of congestion. We further assume that the agency incurs a cost v > 0 for each
unit of the (time-)average backlog. Hence, at the end of the horizon, the agency pays a total congestion
cost given by %Zthl > bes. Similar to the over-allocation penalty parameter «, the congestion
penalty parameter « represents the agency’s tolerance for congestion.

We assume that the service rate satisfies r; > p; + € for all i € [m], where € > 0 is referred to as the
service slack.’® Assuming r; > p; is well-motivated both technically and practically. From a technical
perspective, this assumption comes from the following “stability sanity check”: suppose that we match
all cases to affiliates without over-allocation. Then, the total number of “arrivals” into affiliate 7 is
piT. To have no backlog at the end of the horizon in expectation, we must have at least p;,T" periods
when the server is available, requiring r; > p;. From a practical perspective, each affiliate’s quota is
M For instance, case workers at our partner agency may engage in administrative tasks or assist other teams when not
actively managing refugee cases. In other contexts, however, service staff may remain idle once they become available
but find no waiting cases, allowing them to serve the next arrival immediately. This alternative service model is indeed
more relaxed compared to our base model, allowing more cases to be served in every sample path. In Section EC.15,
we describe how our model and analysis can be modified to obtain similar results in such a setting. In particular, see

Section EC.15.1 for this new model. We then show that our algorithms obtain ezactly the same performance guarantees
(Section EC.15.3), and this setting, in some sense, does not make the problem any easier (Section EC.15.2).

15 Since r; < 1, we implicitly focus on service slack values e <1 — p; for all i € [m)].
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partly determined based on its service resource availability, making the quota roughly proportional to
the available service resources (Bansak and Paulson 2024). In evaluating our proposed algorithms, we

distinguish two parameter regimes for the service slack ¢, formally defined as follows.

DEFINITION 1 (Stable vs. Near-Critical Regimes). Given the service slack e > 0, we categorize
the problem into the “stable” regime if € =Q(1), and the “near-critical” regime if e = O(1/v/T).

Definition 1 is inspired by queueing theory, which distinguishes between regimes where the service
“slack” (i.e., the difference between service and arrival rates) remains constant (stable regime) and
those where it vanishes (heavy-traffic regime). These two regimes often exhibit distinct behaviors. We
adopt a parallel distinction in Definition 1. As we show in Sections 3 and 4, our separate analyses

under these regimes reveal similarly distinct behaviors.

Information Setting: Before formalizing the agency’s objective, we describe the information avail-
able for decision-making. When matching case t to an affiliate, the exact realization of server avail-
ability s;; is not known, reflecting uncertainty in service times. Regarding backlog information, we
distinguish between two settings. In the congestion-aware setting (Section 3), the agency observes the
current backlog b;_; at the time of decision making. By contrast, in the congestion-oblivious setting

(Section 4), the agency does not have any backlog information.

Objective: We now formally define the agency’s matching process and its objective. The agency
employs a dynamic matching algorithm 7, which upon the arrival of case ¢, makes an immediate and
irrevocable matching decision z]. To maintain consistency with the literature, we hereafter refer to
such a dynamic matching algorithm 7 as an online algorithm. Formally, an online algorithm = is a
mapping from an observable history H,_; and current arrival type A, to a matching decision z]. In

light of the above two information settings, the observable history is given by H;_; := {A,,s,,z7 }\_}

T Arfr=1

(resp. {A,,z"}'_}) in the congestion-aware (resp. congestion-oblivious) setting. For a given penalty

parameters o and 7, the agency’s objective is given by:'¢

m

T m T m T
ALG™ (ar,7) := ZZwmzt’ii _O‘Z (Z 27, —ci> — %ZZbL (Objective)
=1 \t=1 =1 t=1

=1 t=1 + =
where {b7}L_, are the backlog vectors induced by the matching decisions {z7 }1_, through the backlog
dynamics in (1). We refer to {z] }]_, as a matching profile. As we highlighted earlier, a feasible matching

profile in our model must satisfy (i) zJ € Z(ZI) and (ii) constraints Capacity Feasibility-¢, for all ¢ € [T7.

Performance Metric: We compare the performance of any online algorithm against an optimal
offltine benchmark. This benchmark, formally defined below, solves the same optimization problem as
online algorithms, but with full foreknowledge of the sequence of arrivals and service availabilities.

16 We highlight that managing congestion and respecting the annual quota are two completely distinct and incompa-

rable goals. The former is captured by the final term in (Objective), while the latter is captured by the hard constraints
Capacity Feasibility-¢ for all ¢ € [T] and the second term in (Objective), which functions as a soft constraint.
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DEFINITION 2 (Optimal Offline Benchmark). Given knowledge of the sample-path {A,, s},

of arrival and service availability sequences, the optimal offline benchmark solves this convex program:*”

m T m T m
OPT(a,7) := max ZZwtyiztyi — az (Z 244 — ci> —% ZZ()M
. ;

Zzez(ii) i=1 t=1 i=1

t=1 =1 t=1
by >0
T T
s.t. Z 1[i] = 0]z, < (ci - Z 1[i} = z]ztl) Vie[m]  (Capacity Feasibility-T)
+
t=1 t=1
bei >bi1i+ 2 — St vVt e [T),i€ [m] (Backlog Inequality)

where we define by; =0 for all i € [m] by convention.

Some comments are in order. First, note that we impose the capacity constraint only at t =T
when defining the offline benchmark. Hence, the above convex program is a relaxation of our original
problem, that is, for any given sample path, ALG™ (a,y) < OPT(a,7). Second, it is straightforward
to see that in any optimal solution, at least one of these constraints is binding: b,; > 0 or b,; >
bi—1.+ zi — ¢4 Therefore, the optimal solution for b, ; must satisfy the backlog dynamics in (1).

We evaluate an algorithm based on its worst-case performance across all instances, where each
instance Z comprises (i) the set of affiliates [m], (ii) the capacity ratios p, and (iii) the (unknown) arrival
type distribution F. With the above benchmark, we define regret as the worst-case difference between

the expected objective value achieved by the algorithm and that of the optimal offline benchmark.

DEFINITION 3 (Worst-case Regret). The regret of an online algorithm 7 is given by
Regretr. :=sup E[OPT(a,v) — ALG™ («,7)]. (2)
T

where the expectation is over the arrival distribution F, the Bernoulli service process with a service

rate vector r, and (potential) randomness of the algorithm itself.'®

Given our benchmark and notion of regret, our goal is to design algorithms that are asymptotically

optimal, meaning that their regret grows sub-linearly with 7', ideally at a (near) optimal rate.'

2.1. Modeling Assumptions and Generalizations with Practical Considerations

Our baseline model imposes the following assumption: (i) each affiliate is endowed with a single type
of static resource, and (ii) each case consumes exactly one unit of that resource. These assumptions
align with current practice. For example, the annual quota is the only static resource explicitly and

currently tracked by our partner agency. Moreover, certain assignment procedures—such as an ongoing

17 By introducing auxiliary variables, this convex program can equivalently be formulated as a linear program.
18 For brevity, we omit the dependence of expectation on the arrival and service distributions.

19 Another common performance measure in the online algorithms literature is the competitive ratio—the worst-case
ratio of an algorithm’s objective to that of an omniscient optimal benchmark. Under our framework, sublinear regret
implies a competitive ratio of 1 —o(1) as long as the expected value of the offline benchmark (Definition 2) linearly
grows in T'.
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pilot for algorithm-assisted resettlement in Switzerland (Bansak and Paulson 2024)—track capacities
at the case level, for which our baseline model remains directly applicable.

Although these assumptions were adopted for simplicity of exposition, our framework can easily be
extended to relax them. In Section EC.12, we show how our framework can accommodate multiple
knapsack constraints, allowing each affiliate to manage several types of static resources (e.g., school
enrollment slots in addition to annual quota). Moreover, we show extensions where each case consumes
a varying amount of each resource. This generalization is particularly relevant to the U.S. refugee
resettlement context, where cases often consist of multiple family members, and may consume multiple
units of an affiliates annual quota. We also numerically explore this aspect of varying family sizes—

alongside other practical considerations relevant to our collaboration—in our case study in Section 5.3.

3. Algorithm Design for Congestion-Aware Setting

In this section, we propose our first learning-based algorithm for the congestion-aware setting. In
Section 3.1, we first study the dual program of the optimal offline (Definition 2) and introduce our
learning-based approach. Next, in Section 3.2, we formally present the congestion-aware dual-learning
algorithm (CA-DL) and show its (asymptotically optimal) sub-linear regret guarantees in both stable
and near-critical regimes, provided the congestion penalty parameter satisfies v = o(7"). We also show
an impossibility result (Proposition 2), establishing that the condition v = o(T") is indeed unavoidable

to achieve sub-linear regret. Finally, in Section 3.3, we provide an overview of our proof technique.

3.1. Motivation: Surrogate Dual Problem

Our first step is to study the optimal offline benchmark through duality. Observe that, due to our
assumption p; — P[il =] = Q(1), the total number of tied cases during T' periods at each affiliate does
not exceed the capacity with high probability for sufficiently large 7".2° Furthermore, under this event,
the capacity constraint of the offline benchmark, i.e., (Capacity Feasibility-7") in Definition 2, reduces to
the standard packing constraint Zthl 24 < ¢;,Vi € [m]. The following proposition, which we prove in

Section EC.3, characterizes the dual program of the optimal offline under this high probability event.

PROPOSITION 1 (Dual of Optimal Offline). For any given sample path {A;,s;}1_,, consider the

following dual program.:

T

Dual(a,7v) := min Z{ max (wt—O—)\—Bt)-zt—l—p-H—l—p-)\—l—St-,Bt}

O P20 17 Sapez(if)
st. 0, <a Yie[m] (3)
bri=brnaS 5 WD -1iclml,  pri<zy Vi ()
Then we have the following strong duality: OPT (a,y)1[Gr] = Dual(a, v)1[Gr] where Gt is the event

that sample path (A, s;)l_, satisfies ZL ﬂ[iI =1 <¢,Vi€m].

20 Specifically, by the Azuma-Hoeffding inequality and union bound over all affiliates, this event occurs with probability
1—O(mexp(—T)). Note that our assumption p=©O(1) implies m = ©(1) and hence we suppress dependences on m.
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In Proposition 1, the dual variables (8, A) are associated with static resources, corresponding respec-
tively to the over-allocation penalty in the objective (via Fenchel duality) and the hard constraint
(Capacity Feasibility-T) (after Lagrangifying this constraint). The vector sequence {3;}]_, consists of
dual variables associated with dynamic resources, each corresponding to constraint (Backlog Inequality)
in Definition 2 (after Lagrangifying these constraints). Notably, the sequence (3, is time-dependent, in
contrast to (6, ), which arises from constraints (4) that are coupling consecutive 8; and B;;.%!

Proposition 1 implies a simple method for optimal matching decisions given the optimal dual vari-
ables (0%, A*,{B;}1_,): at time ¢, choose the decision z; € Z(i}) that maximizes the dual-adjusted score
(wW; — 0" — X* — 37) - z;. Motivated by this observation, we adopt a learning-based approach, iteratively
updating the dual variables and choosing the matching decisions that maximize the dual-adjusted
score based on the learned values. Due to the time invariance of (8*, A*) and the stationarity of arrivals
and service availabilities, we can efficiently learn the static dual variables, similar to Agrawal and
Devanur (2014), using a first-order method that updates via the (stochastic) gradient of the dual
function upon each arrival. However, directly learning the time-varying sequence {8;}7_, subject to
the inter-temporal constraints (4) appears challenging, if not infeasible. To overcome this challenge,

we introduce the following surrogate dual problem.

DEFINITION 4 (Surrogate Dual Problem). For any given sample path {A; s}, define the
per-period surrogate dual function for period t as
(0, X\, B) = max, {(wt—H—)\—,B)-Zt}+p-0+p-)\—|—st~ﬁ. (5)
ztEZ(it)
The surrogate dual problem is then defined by

T
Dual®(a):= min > g(0,X,8) st 6;<a Vie[m] (6)

0.X,8>0

Compared to the original dual program, the surrogate dual problem addresses the time-varying nature
of {B;}L_, by considering a restricted program in which these dual variables remain identical across
periods. As we show later, this restriction leads to an important advantage in controlling the con-
gestion. Specifically, it enables us to uncover a crucial structural connection between the backlog
dynamics of each affiliate and the trajectory of an online projected subgradient descent used to learn

the time-invariant dual solution 8* of this surrogate problem.

3.2. Algorithm and Analysis
We formally present our first algorithm, called CA-DL, in Algorithm 1. At a high level, CA-DL

maintains dual variables for the surrogate dual problem, upon which it bases its primal decision.

2! Tndeed, by complementary slackness, we can show that the optimal dual variables satisfy Bt — Biy1,; > 0 if the
backlog of the optimal offline at period ¢ and affiliate i is nonzero.
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Algorithm 1 Congestion-Aware Dual-Learning (CA-DL) Algorithm

1: Input: T, p, n, and ¢

2: Initialize 6, ; < exp(—1), A1 ; <—exp(—1), co; < p;T, and by ; + 0 for all i € [m]
3: for each arrival {A;}7 | do

4: if i} € [m] then set z, = el

5. else if min;em)c—1,; >0 then set z, € argmax, ., (W, — 6, — Ay —(by_1) -z
6: elsesetz, =0

7. Update for all i € [m]: ¢, < i1 — 204, bei ¢ (be—1i+ 205 — Sei)+

8:  Update dual variables for all i € [m]:

. . 142«
0111 min{b, ;exp(n(zei — pi)),a}, A1 < min {)‘t,i exp(n(ze: — pi)), p} (7)

// The dual variable for the dynamic resource is implicitly updated as

Biv1i = (Bri + (2, — 5¢,6))+ with [o; =0, s0 i1, =Cbys.

9: end for

Specifically, the algorithm uses primal decisions to obtain gradient information for updating dual
variables via online learning. It explicitly updates dual variables (8, A) associated with static resources
using online mirror descent, and implicitly updates dual variables B for dynamic resources (in the
surrogate dual problem) through backlog dynamics. Consequently, the scaled backlog effectively serves
as the “correct” dual variable for the dynamic resource. We also note that the algorithm is initialized
with certain dual values, and also and learning rates 1 > 0 for static resources and ¢ > 0 for dynamic

resources. For each arrival ¢, the algorithm proceeds in two phases.

Primal Phase (line 4-6): The algorithm selects the decision that maximizes the dual-adjusted
score based on the current dual variables (6;, A;,(b;_1), subject to the capacity constraint and z; €
Z (zI) Specifically, the algorithm matches the arriving free case to the affiliate ¢ with the highest dual-
adjusted score wy; — 60;,; — \;; — Cb,—1,; (with arbitrary selection among all affiliates that achieve the
maximum), provided that (i) the chosen affiliate’s adjusted score is non-negative and (ii) every affiliate
has remaining capacity.?? Otherwise, the case is matched to the dummy affiliate. By construction, our

algorithm satisfies (Capacity Feasibility-t) for all ¢ € [T7].

Dual Phase (line 8): Based on the primal decision z;, we update the dual variables using online
learning. Focusing first on the update rule (7), note that p — z, is a subgradient of the per-period
surrogate dual function g; (see equation (5) in Definition 4) with respect to €, evaluated at the current
assignment of dual variables (8;, A,(b;_1). We use this gradient to perform the multiplicative weight

update (Freund et al. 1997), which is a special case of online mirror descent. The same principle applies

22 This second condition is mostly needed for a technical reason in our theoretical analysis. See Remark 2.
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to the update rule for A.?®> The upper bound on @ comes from the domain of 8 in the surrogate dual
problem (6). The upper bound on X is imposed for technical reasons.?*

In addition to explicitly tracking the dual variables (8, A) for the static resource, our algorithm also
implicitly tracks the dual variable 8 (in the surrogate dual problem) for dynamic resources via the
backlog dynamics. To see this, suppose we update the sequence {3, }_,, initialized with 8; = 0, using a
slightly different (and simpler) update rule—specifically, vanilla projected gradient descent (Zinkevich
2003) with the non-negative orthant 3; > 0 as the constraint set.?> Note that s, — z, is a subgradient

of g; with respect to 8. Given a learning rate (, we obtain:

Briri = (Bei +C (205 — 564))+- (8)

We observe that, up to a scalar factor ¢, the update rule (8) is equivalent to the backlog dynamics
(1). By induction over period ¢, we can show that §,; = (b;_1, for all t € [T] and ¢ € [m]. In other
words, the scaled backlog acts as the dual variable for dynamic resources. Intuitively, CO-DL manages
congestion by “penalizing” a scaled version of the current backlog.?¢

We now formally analyze the regret of CA-DL, first focusing on the stable regime (i.e., e =€(1)).

TueoREM 1 (Regret of CA-DL under Stable Regime). Let n = O(1/VT) and ( = O(1/VT).
The regret (Definition 3) of CA-DL is O(\/T + 1) for any service slack parameter e > 0. In particular,
under the stable regime (Definition 1), the regret of CA-DL is (’)(\/T—i—fy) .

We sketch the proof of Theorem 1 in Section 3.3. For the near-critical regime (i.e., e = O(1/v/T)),
we complement Theorem 1 with the following corollary, proved in Section EC.6.6. This corollary

establishes that CA-DL also achieves sub-linear regret in this regime (with a different choice of ().

CoRrOLLARY 1 (Regret of CA-DL under Near-Critical Regime). Let = O(1/V/T) and ¢ =
O(\//T). Under the near-critical regime (Definition 1), the regret (Definition 3) of CA-DL is O(\/~T).

Theorem 1 and Corollary 1 imply that CA-DL’s regret is sub-linear in 7' (in both stable and near-
critical regimes) unless v = Q(7T). A natural question, therefore, is whether sub-linear regret is achiev-
able when v = Q(T'). We rule out this possibility with the following lower bound result, concluding that

CA-DL attains sub-linear regret for all feasible values of  for which such a small regret is achievable.

PrOPOSITION 2 (Lower Bound on Achievable Regret). For v = Q(T) and any given € > 0
such that the resulting service rates satisfy r; € [p; +¢€, 1) for all i € [m], there exists an instance for

which the regret (Definition 3) of any online algorithm (even in the congestion-aware setting) is Q(T).

23 Specifically, the multiplicative dual update in equation (7) is a special case of mirror descent with the mirror map
h(x) being the negative entropy function (i.e., h(x) =) xilog(zi)). See Bubeck (2011) for details.

24 Since negative entropy is strongly convex only within a bounded domain, we impose an upper bound on .
25 This update rule is a special case of mirror descent when the mirror map h(x) is the squared Euclidean norm.

26 Qur algorithm design also has an intimate connection to Lyapunov optimization, particularly the drift-plus-penalty
method (Neely 2022). We elaborate on this connection in Section EC.5.
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We provide a formal proof of Proposition 2 in Section EC.4. To sketch the proof, we construct an
instance with a single affiliate with capacity ratio p = 0.5 and service rate r = p+¢, where € € [0, 1 — p).
Each arriving case ¢ has type A, = (1,0)—that is, each arrival is a free case with a reward of one.
Since there is only one actual affiliate, the decision reduces to whether or not to match each case to
this affiliate. In this instance, the offline optimal benchmark can leverage its foreknowledge of service
availability to avoid backlogs, matching cases to the affiliate only when the server is available. In the
full proof, we show that this offline strategy yields an expected total reward of at least 0.5 — ©(v/T)
with zero average backlog (note that the maximum expected total reward is 0.57"). In contrast, because
online algorithms do not have information about current service availability, they inevitably incur
backlog without achieving greater reward. Based on this intuition, we show that any online algorithm
attaining ©(7") reward must incur congestion cost of O(), leading to the desired result.

We dedicate the next subsection to outlining the proof of Theorem 1. The proof of Corollary 1 follows
similar ideas. The main challenge in establishing the regret guarantee arises from the objective function
defined in (Objective), which consists of two fundamentally different components: the net matching
reward and the time-average backlog. The key innovation of our analysis is to (i) define pseudo-rewards
that implicitly incorporate both components and (ii) combine techniques from the celebrated drift-
plus-penalty method (Neely 2022) and adversarial online learning to bound these pseudo-rewards in
terms of the optimal offline solution (Definition 2), and thus establish low regret. Roughly speaking,
the two terms appearing in our regret bound correspond respectively to separate bounds we establish
for the net matching reward and congestion cost (see Lemmas 1 and 2 in Section 3.3).

REMARK 1 (Matching Lower Bounds). While our regret definition uses OPT(a,7y) as the
benchmark, the proof of Theorem 1 establishes a stronger result: the regret bound holds even when
compared to OPT(a,0), which does not incur the congestion penalty and solely maximizes the net
matching reward. In Section EC.7, we provide matching lower bounds for this stronger benchmark—
corresponding to the upper bounds in Theorem 1 (the stable regime) and Corollary 1 (the near-critical
regime when e = 0)—that (almost) establish the asymptotic optimality of our upper-bounds. We also
provide a near-matching lower bound for the weaker benchmark OPT(c, ) in the stable regime.

REMARK 2 (Stopping Time). For technical reasons, we assume that Algorithm 1 matches free
cases to a dummy affiliate once any affiliate’s capacity is depleted. In Section EC.6.5.1, we prove that
this “stopping time” occurs near the end of the process. Furthermore, we show that Theorem 1 remains

unchanged even if the dummy affiliate is removed before this stopping time (see Section EC.6.5.2).

3.3. Proof Sketch of Theorem 1

We first introduce some notation. Hereafter, a sample path refers to a sequence of arrivals and service
availabilities over the horizon, i.e., {A;,s;}7_;. We use {z;}_, and {z;}, to denote the matching
profile of CA-DL and the optimal offline benchmark (Definition 2), respectively. Let NMR(; ) denote

the net matching reward of a feasible matching profile given the over-allocation penalty parameter a:
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T m m T
NMR( {Zt}t o Z Zwt,ift,i — Oéz <Z 21— c1;> . (9)
i=1 .

Because the congestion cost is non-negative, NMR({z; }7_,; ) > OPT(a,~) for every sample path and

every penalty parameter pair («,~y). Hence, for any arrival distribution F, we have this decomposition:

E[OPT(a,7) ~ ALG**(a,7)] < EINMR({7}{_ ;)] ~ EINMR({z} _y;0)] 47 E[ antn}

(A)=Loss of net matching reward (B)=Average backlog

In light of this decomposition, it suffices to separately upper bound terms (A) and (B). The following

two key lemmas establish the desired upper bounds for each term.

LEMMA 1 (Bounding Loss of Net Matching Reward). For any arrival distribution F and € >

0, we have

E[NMR({z;}{_;;a)] — EINMR({z:}{_; )] < O(VT). (11)

LEMMA 2 (Bounding Average Backlog). For any arrival distribution F and € >0, we have

E[~ inotn} o(2) (12)

Combined with the decomposition (10), the two lemmas imply Theorem 1. The remainder of this
section is devoted to sketching the proofs of Lemmas 1 and 2. The analysis consists of three steps: In
Step 1, we define a pseudo-reward—a stochastic process designed to facilitate the comparison between
the objective values of CA-DL and the optimal offline benchmark. This pseudo-reward accounts not
only for the immediate reward of a match, but also for the opportunity costs of using a unit of capacity
at each affiliate, the immediate marginal cost of over-allocation, and the marginal effect of a new match
on congestion at the affiliates. In Step 2, we establish lower and upper bounds on the pseudo-rewards
that crucially use the design of CA-DL. Finally, Step 3, we combine these bounds to complete the proof.

Step 1: Defining a Pseudo-reward. Consider the following potential function, which is a com-
monly used Lyapunov function in the literature to show stability in dynamical systems (e.g., switched

queuing networks; see Stolyar (2004), Eryilmaz and Srikant (2007), Neely et al. (2008)), and its drift.

1
¥ (by) ¢:§||bt||§> Dy :=9(b;) — ¢p(by—1). (13)
One simple yet powerful property of this potential function ¢ is the following lemma.

LeMMA 3 (Drift Lemma). For all sample paths,

bt—l . (Zt — St) SDt S bt—l . (Zt — St) + O(].)
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We prove Lemma 3 in Section EC.6.1. Lemma 3 states that the drift of the potential function ¢ can
be upper and lower bounded by a linear function of the current backlog. With this background, we

are ready to define the pseudo-reward at time ¢, denoted by K, as follows:
Kio=wi-z,40,-(p—2z)+ N (p—2) — (Dy (14)
To better understand our design of pseudo-rewards, we observe that Lemma 3 implies
Ki=(w;—0, =X, —(b;_1) - 2,+6,-p+ X -p+Cbi_1-s,—O(() (15)

for every sample path. The first term (w; — 6, — A; — (b;_;) - z; is the adjusted score that CA-DL
maximizes (in the primal phase), allowing us to use the optimality criterion of CA-DL to lower bound
the sum of pseudo-rewards. Moreover, setting 8; = (b;_; and ignoring the additive error O((), the
pseudo-reward is ezactly g;(0;, ¢, B:), the per-period surrogate dual function evaluated at the current
estimate of dual variables (see equation (5) in Definition 4). This connection enables us to use online
learning (in the dual phase) to upper bound the sum of pseudo-rewards. By carefully comparing these
lower and upper bounds, we establish the desired upper bounds on both the loss in net matching
reward (Lemma 1) and the average backlog (Lemma 2). We elaborate on these steps next.

Step 2: Lower and Upper Bounding the Pseudo-rewards. We provide a lower bound on
the expected cumulative pseudo-reward up to the last time that no hard resource constraint, i.e.,

(Capacity Feasibility-t) for t € [T, is binding for CA-DL. Formally, we define the stopping time as follows:
t
TA::min{th:ZzT’izci for some 7 € [m]} (16)
T=1
For all 1 <t <Tj, the primal phase of CA-DL (lines 4-6) can be succinctly written as
z; € argmax(w; — 0, — A\, — (by_1) - z. (17)
2€Z(i])
The following lemma provides a lower bound on the total expected pseudo-reward up to the stopping

time, expressed (in part) in terms of (i) the expected net matching reward of any matching profile

subject to the same constraint as the offline benchmark (Definition 2) and (ii) the backlog of CA-DL.

LEMMA 4 (Lower Bound on Pseudo-Rewards). For any feasible matching profile {z,}1_, that
satisfies 2, € Z(ZI) for all t € [T] and (Capacity Feasibility-1"), we have

Ta Tph—1

E[ > K] 2 BINMR({z}[1;0)] + CE[ 3 [Ibulla] = (T~ Ta) = OCT) (18)

t=1
We prove Lemma 4 in Section EC.6.2. The proof crucially relies on the optimality criterion (17)
of CA-DL. Specifically, we compare the decision of CA-DL at time ¢ to that of a static control (see
Claim EC.5 in Section EC.6.2), whose expected value serves as an upper bound on the per-period net
matching reward of any matching profile subject to the same constraint as the offline benchmark.

The following lemma upper bounds the pseudo-rewards via the net matching reward of CA-DL.
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LEMMA 5 (Upper Bound on Pseudo-Rewards). For every sample path, we have

S K, < NMR({z 7y 0) — (T~ ) — Ci(ba,) + O(T) (19)

t=1

The proof of Lemma 5 is presented in Section EC.6.3. Similar to Agrawal and Devanur (2014) and
Balseiro et al. (2023), our proof leverages the adversarial online learning regret guarantee of the online
mirror descent algorithm used to update the dual variables for static resources (see update rules (7)
and related discussion). Importantly, this regret guarantee holds for every sample path and is oblivious
to the primal decisions made by CA-DL, allowing us to directly apply this guarantee in our analysis.

Step 3: Putting Everything Together. Combining Lemma 4 and Lemma 5 and taking expec-
tations, we arrive at the following crucial inequality: For any matching profile {Z,}7_, that satisfies

2, € Z(i}) for all t € [T] and constraint (Capacity Feasibility-T"),

EINMR({7}7130)] — EINMIR({z0}7_y; )] + CE| 3 [bell] + CBfi(br, )] < OWT+CT)  (20)
(A): Lemma 1 (B'): Lemma 2

The remaining steps of the proof are (i) establishing upper bounds on terms (A) and (B") by choosing
an appropriate feasible matching profile {2}, leading to Lemmas 1 and 2, respectively, and (ii)

controlling the backlog accrued after the stopping time. We elaborate these steps in Section EC.6.4.

4. Algorithm Design for Congestion-Oblivious Setting

As evident from Algorithm 1, CA-DL requires access to up-to-date backlog information. While this is
not a practical concern for our partner agency (see Section 5), such information might not be available
in other contexts. Motivated by this, we consider the congestion-oblivious setting and propose a dual-
learning algorithm (CO-DL) that does not rely on backlog information. In Section 4.1, we motivate our
technical approach. In Section 4.2, we formally introduce CO-DL and establish its sub-linear regret in
the stable regime under mild conditions. We further show that in certain regimes where CA-DL still

achieves sub-linear regret, CO-DL does not—highlighting the inherent benefit of accounting for backlog.

4.1. Motivation: Surrogate Primal Problem

To motivate our approach, consider a fluid approximation of the offline optimum, where we replace
random arrivals and service availabilities with their expectations—or equivalently, relax the capacity
and backlog constraints to hold in expectation, replace rewards with their expected values, and assume
that a r; fraction of matched cases is deterministically processed at each affiliate 7 in every period.
Under this approximation, the stationary (fractional) solution z;; = pi is feasible and yields zero
backlog. This observation motivates our investigation of a sample-path-based surrogate primal program
that disregards the backlog penalty. Our goal is to design an algorithm that competes with this

benchmark in net reward while maintaining bounded average backlog.
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DEFINITION 5 (Surrogate Primal Problem). The surrgoate primal problem is defined by

Primal®(a) := max ZZwmztz OZZ(Zth z)

Ztez)tlzl i=1

T
s.t. Z 1[i} = 0]z, < (ci - 1[i} = i]zt7i)+ Vi e [m]
t=1 t=1

Similar to the surrogate dual problem (Definition 4), the surrogate primal also addresses the time-
varying nature of optimal dual variables for dynamic resources in the dual of the optimal offline (see
Proposition 1). This time, it does so by disregarding the backlog penalty in the objective function.
Consequently, a learning-based algorithm for the surrogate primal ignores dual variables associated
with dynamic resources and focuses solely on maintaining the dual variables for static resources.
This simple idea—ignoring backlogs and relying on surrogate primal problems—faces important
technical obstacles. Prior literature (e.g., Agrawal and Devanur (2014)) has explored online-learning-
based approaches for solving problems similar to our surrogate primal. However, despite the fluid
approximation having no backlog, it is unclear whether a learning-based algorithm can effectively con-
trol backlog under random arrivals and service availability. Controlling backlog requires the algorithm-
induced arrival rates (a function of matching decisions of the algorithm) to have sufficiently strong
convergence to the stationary solution p. In particular, the convergence must be (i) fast enough, (ii)
almost uniform over time, and (iii) hold with high probability (we will formalize these requirements
later). Achieving such strong convergence is not immediately obvious, but we show that it is possible

using a proper time-dependent learning rate, as discussed next.

4.2. Algorithm and Analysis

We now introduce CO-DL, our congestion-oblivious dual-learning algorithm, formally described in Sec-
tion EC.8.1 (Algorithm 2). The algorithm’s structure closely follows that of CA-DL. For brevity, we
only highlight the main differences compared to CA-DL in the following.

Primal Phase: CO-DL matches the arriving case t to the affiliate ¢; that maximizes the new adjusted

score, that is, z; € argmax,cn (w; — 0, — A\;) - z;, which no longer depends on backlog.

Dual Phase: Similar to CA-DL, updates the dual variables for static resources using the multiplica-
tive weight method (Freund et al. 1997). The key difference is that CO-DL uses a time-varying step
size {n;}X_, to achieve the strong convergence requirements discussed earlier (and further detailed in

Section 4.2.1). Specifically, the update rules (7) from Algorithm 1 are now replaced by:

Lkl

O¢1,0 = min{0; ;exp(n,(ze — pi)), @}, Aig1,; =min {Am exp(m(zm —pi)), (21)

where 1, = k/+/t is the time-varying learning rate with an input parameter & > 0.

We now present our main result for CO-DL in Theorems 2. This result relies on the following regularity

assumption on the reward distribution, whose implications are discussed later in our analysis.
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AssumPTION 1 (Lipschitz Continuous Reward Distribution). The PDF of the reward vector

is L-Lipschitz continuous with respect to £1-norm for some constant L > 0.

THEOREM 2 (Regret of CO-DL Under Stable Regime). Let n, = k/\/t with a constant k > 0.
Under Assumption 1 and stable regime (Definition 1), the regret of CO-DL is O(V/T + 7).

Theorem 2 shows that, under the stable regime, CO-DL matches the performance of CA-DL, achieving
the same order of regret despite being oblivious to backlog information. However, the following theorem

establishes that CO-DL cannot achieve the same regret performance as CA-DL in the near-critical regime.

THEOREM 3 (Lower bound on Regret of CO-DL under Near-critical Regime). There

exists a constant ¢ >0 and an instance such that for any given e < %, the regret of CO-DL is Q(yV/T).

We prove Theorem 3 by constructing a simple single-affiliate instance similar to Example 1 (will be
discussed shortly). The detailed proof, along with numerical illustrations, is presented in Section EC.9.

REMARK 3 (Benefit of Backlog Information). Together with Corollary 1 (see Section 3.3),
which states that CA-DL achieves a regret of O(y/7T) in the near-critical regime, Theorem 3 implies
that CA-DL outperforms CO-DL in terms of regret by at least a factor of /7. In particular, CO-DL fails
to provide a sub-linear regret if v =0 (7°) with § € [1/2,1). Intuitively, this difference arises because
CA-DL can adapt its matching decisions by explicitly penalizing the adjusted scores via (scaled version
of) backlogs, underscoring the inherent advantage of explicitly accounting for congestion.

We now turn our focus to the proof of Theorem 2. The key step is to establish that CO-DL achieves
a constant average backlog in expectation under the stable regime, even though completely ignores
backlog information. As the main building block, we show that a sufficient condition for this result is
for the dual variables to converge to their optimal values in the last iteration (i.e., in every iteration)
with high probability, which we formalize and verify for CO-DL in Section 4.2.1. The following example

helps in building an intuition about why this strong convergence guarantee is indeed useful.

ExaMPLE 1. Consider an instance with T'= 5000, a single affiliate, and no tied cases. For notational
convenience, we omit the subscript ¢ = 1. The rewards are uniformly distributed on (0, 1), the capacity
ratio is p = 0.5, and the service slack is e = 0.1. For this instance, C0-DLs matching decision reduces to
2, = 1[w, > ¢,], where ¢, = 6, + ),. The optimal dual variable quS of the surrogate primal is the median
of (w1, ..,wr), 2" which is “highly concentrated” around 0.5 (the median of reward distribution). With

10, 000 sample paths, the 5% quantile of <§ is 0.5 +0.01. Thus, we let <13: 0.5 for ease of exposition.

With post-allocation service and stochastic service time, we can interpret the above example as a
simple queueing system where the arrival rate at each period is time-varying and determined endoge-
nously by CO-DL’s matching decisions. Specifically, the conditional arrival rate is given by E[z;|H; 1] =
*7 For this arrival sequence, the dual of the surrogate primal problem is mings>o D(¢) := Zthl{(wt —¢)+ +0.50}. Its

derivative (when differentiable) is — Zthl 1w > ¢]+0.5T", which is negative (positive) if ¢ is below (above) the sample
median. Hence, the sample median of (w1, ..,wr) minimizes this dual function.
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Figure 2 Numerical illustrations for Example 1 with 1, =1/+/%, T = 5000, and 10,000 sample paths. Panel (a)
shows histograms of ¢, for three values of ¢. Panel (b) displays sample paths of the endogenous arrival rates

1 — ¢+, with 5% and 95% quantiles (blue dashed lines). Panel (c) depicts the expected backlog for each t.

E[1[w; > ¢4]|Hi—1] =1 — ¢¢. Suppose for a moment we choose decisions according to 2; = 1[w; > 0.5].
It is straightforward to show that the resulting average backlog remains constant (in expectation), as
its backlog process b, behaves like a non-negative random walk with negative drift at each period ¢.2%

Returning to CO-DL, although ¢, is not exactly equal to 0.5, we have designed its learning process
(particularly the time-varying learning rates) so that ¢; highly concentrates around 0.5 for sufficiently
large ¢, and gets even more concentrated as time progresses. To illustrate this convergence, Figure 2-(a)
shows the distribution of ¢, at three different periods ¢t € {T%/2,T2/3 0.5T}. The strong concentration
around 0.5 implies that the induced arrival rate E[z;|H; 1] =1 — ¢; consistently stays close to 0.5,
which is well below the service rate r = 0.6, with high probability (as illustrated in Figure 2-(b)). This
ensures, with high probability, a negative drift in backlog process at almost every period, which is
sufficient to show a constant expected average backlog (as confirmed in Figure 2-(c)).

Building on these intuitions, in Section 4.2.1, we first formalize a high probability last-iterate con-
vergence property for the dual variables constructed by CO-DL. Then, in Section 4.2.2, we show that
this property ensures a negative drift in backlog for CO-DL with high probability at nearly every period.
This enables us to finish the proof Theorem 2 by showing the constant average backlog of CO-DL.

4.2.1. High Probability Last-iterate Convergence of Dual Variables

To establish our desired convergence of the dual variables in CO-DL, we first define a static dual problem.
DEFINITION 6 (Static Dual Problem & Dual-based Decision). The static dual problem and
its optimal solution v* are defined as follows.

D(v) ::E{ max (W—O—)\)-z+p-9+p-/\], D(v*) :=min D(v)

z€Z(if) vey

28 More precisely, using the drift lemma (Lemma 3), we have, for any t, that E[t)(b;) — ¥ (be—1)|Hi—1] < bi1E[2: —
s¢|Hi—1] + O(1) < —0.1by—1 + O(1). Summing this inequality over all periods t € [T] and taking the expectations, we
deduce that the average backlog is O(1) in expectation.
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where v := (0, X), V:=[0,a]™ x [0, %]m, and the expectation is taken over the stochastic arrival
A = (w,i") ~ F. Further, for a given dual variable v € V and arrival type A € A, we define its
corresponding (primal) decision as
z(v,A) :=argmax{(w—0 — \) - z}.
z€ Z(if)
The following proposition (formally proven in detail in Section EC.8.3) establishes the desired high

probability last-iterate convergence of dual variables v; constructed by CO-DL to v* € argmin,,.,, D(v).

ProprosITION 3 (High-probability Last Iterate Convergence of Dual Variables). Let T4

be the stopping time of CO-DL.*° For any fizred t <T4 and 6 € (0,1), we have
P|D(w,) - Dv*) < o(bgw\jig(l/&)} >1-4.

We sketch the proof of Proposition 3, which relies on the connection between the dual update rule
of CO-DL in (21) and the online stochastic mirror descent (OSMD) (Nemirovski et al. 2009) for solving
the static dual problem (Definition 6). Specifically, the gradient of the static dual function D(-) is
VD)= (Ealp—2z(v,A)],Ealp—z(v,A)]). Therefore, up to t < T4, the dual update in (21) is a mir-
ror descent update, with negative entropy as the mirror map h(v) =37, 6;log(0;) + >, A\;log(\;):

Vi = ar§€n;in g, v+ 7;ch(V, V), (22)
where V},(+,+) is the Bregman distance with respect to h (Bubeck 2015). Here, the stochastic gradient
is g, = (p—2z(vi, Ay), p—2z(vy,A,)), which is an unbiased estimator for the true gradient VD(v,) for
all t <T,. This is because E[g,|H;—1] = VD(v,) for all t <T4, as (i) each arrival A; is an i.i.d. sample
from the distribution F and (ii) v; is H;_;-measurable. Given this connection, the key step in our
proof is establishing the last-iterate high probability convergence for our variant of OSMD. For this,
we closely follow the approach of Harvey et al. (2019), who proved an analogous result for stochastic
gradient descent—a special case of OSMD—and adapt their proof to our variant of OSMD.

REMARK 4 (Fixed versus Time-varying Learning Rates). So far, we have established the
convergence of v, at any t (up to the stopping time), using the time-varying learning rate 7, = ©(1/v/).
In Section 4.2.2, we leverage this uniform-in-time convergence to prove a constant average backlog
for CO-DL via drift analysis. At a high level, this drift analysis involves comparing the endogenous
arrival rate—determined by v;—to the service rate p; + € at each period ¢, thus requiring consistent
concentration of v; throughout (nearly) the entire horizon. Such uniform per-period drift control is
standard in queueing theory, where stability typically follows from uniform-in-time drift bounds. By
contrast, using a fixed learning rate (e.g., n = 0(1/y/T)) only guarantees convergence at the final time

T, which is insufficient for our analysis. Hence, the time-varying step size is crucial for our results.

29 The stopping T4 for CO-DL is identically defined as the one for CA-DL given in equation (16).
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4.2.2. Proof Sketch of Theorem 2
With all the ingredients discussed in Section 4.2.1, we are now ready to sketch the proof of Theorem 2.
As highlighted earlier, the main part is the following lemma, which establishes an upper bound on the

expected average backlog in the stable regime via drift analysis (formally proven in Section EC.8.4).

LEMMA 6 (Bounding Average Backlog of CO-DL Under Stable Regime). Under Assump-
tion 1 and stable regime (Definition 1), for any arrival distribution F and service slack e >0, we have
E[52lbd] <0(5).

With the above lemma, the remaining step is to bound the loss of the net matching reward
(Lemma EC.42; Section EC.8.4.1), similar to Lemma 1 for CA-DL. We defer proof details of Theorem 2
to Section EC.8.4, and dedicate the remainder of this section to outlining the proof of Lemma 6.

The crux of the proof is establishing an O(1/€) bound on the average backlog up to the stopping
time. As alluded to earlier, it suffices to show that the backlog has a negative drift with high probability
in (almost) every period before the stopping time. To that end, define the following “good event” Br:

Br:={Ealz(v, A)] - (pi ) < _g for all VT <t <Ty and i € [m]} . (23)

First, let us unpack why the occurrence of the good event Br is sufficient to establish a constant
average backlog. Recall that the endogenous arrival rate at period ¢t < T4 is given by E[z,|H, 1] =
Ea[z(vs, A)], while the service rate for each affiliate ¢ is given by p; + €. Therefore, Ea [Z; (v, A)] —
(pi +€) roughly serves as the drift of the backlog process for each affiliate 7, which is always negative
under the good event. In the proof of Lemma EC.44 (a required technical lemma, Section EC.8.4.3),
we use a Lyapunov argument with the quadratic potential function ¢ (equation (13)) to formally show
that such negative drift leads to an O(1/¢€) bound on the average backlog up to the stopping time.

The remainder of the proof of Lemma 6 involves establishing that the good event occurs with
high probability, as formalized in Lemma EC.43. The proof is fairly intricate and here we only pro-
vide a high-level overview. Our proof crucially relies on Assumption 1 and the convergence result of
Proposition 3. Under Assumption 1, we can translate the high probability convergence of D(v,) to
D(v*) (Proposition 3) into convergence of Ea[z(v;, A)] to Ex[z(v*, A)]. Furthermore, as shown in Sec-
tion EC.8.2, the optimal solution v* of the static dual problem (Definition 6) satisfies Ea[z(v*, A)] < p
(with equality whenever 67 > 0). Hence, the endogenous arrival rates E4 [z(v;, A)] concentrate around
a value at most p for (almost) every period t < T4, ensuring the good event occurs with high proba-

bility.

5. Case Study on Refugee Resettlement Data

In this section, we numerically evaluate our learning-based approach using data from our partner
agency. We first describe the construction of primitives and minor algorithmic adaptations made to
meet practical requirements. We then present numerical results showing that our algorithm outper-

forms both the current practice and other algorithms proposed in the refugee matching literature.
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5.1. Data and Benchmarks

Data and Primitives. We use data on working-age refugees (18 to 64 years old) resettled by our
partner agency during 2014-2016. In 2015, our partner resettled 7" = 3819 cases across m = 45 affiliates.
We set the affiliate capacities to the actual number of cases resettled in each affiliate (institutional
restrictions prevent us from accessing exact knowledge of initial capacities used by our partner). We
use the actual sequence of refugee arrivals to construct a sequence of type arrivals A; = (Wt7i;r). For
the reward vector w;, we follow the methodology of Bansak et al. (2018), using a supervised machine
learning model to predict employment probabilities for each case—affiliate pair based on demographic
characteristics. Specifically, our partner has trained a gradient boosting model on historical data from
prior years, to estimate these probabilities for 2015 arrivals.?* Our data also includes indicators for
cases with U.S. ties, which must be matched to predetermined affiliates. For these tied cases, we set the
target affiliate to be the one where the case was actually placed. The remaining cases are considered
free and can be matched to any affiliate. To measure backlog, following the approach of Bansak and
Paulson (2024), we adopt a deterministic service flow with service rates equal to p. This particular
backlog measure is a metric currently used by our partner agency to assess congestion. We apply the
same procedure to construct primitives for 2016 (7" =4980). For both 2015 and 2016, roughly 70% of

arrivals were tied cases. Data from 2014 is reserved for parameter tuning, as will be discussed shortly.

Algorithms under Evaluation. We compare the performance of the following policies:

(i) Robust Online Learning-based Algorithm (RO-Learning). This policy is an adaptation of our
CA-DL (Algorithm 1), modified to remove the dummy affiliate entirely. Specifically, each arriving free
case is matched to an actual affiliate ¢ with the highest adjusted score (possibly negative) among those
with remaining capacity, and dual variables are updated according to line (7) of Algorithm 1. Under
our primitives, since Y ;- p; =1, there is always at least one affiliate with remaining capacity at each
period t € [T]. This adaptation mirrors real-world heuristics, as each case must be matched to an actual
affiliate (see also Remark 2 on incorporating this adaptation into our theoretical analysis). CA-DL relies
on two learning rates, n and (. We tune them in a data-driven manner to achieve reasonable ranges of
over-allocation and average backlog, using 2014 data. Further details are provided in Section EC.11.2.

(ii) Congestion-Oblivious Learning-based Algorithm (CO-DL). This policy is a minor modification of
CO-DL (Sections 4 and EC.11.2, Algorithm 2), similarly ensuring that cases are matched only to actual
affiliates. The step size 7, in line (21) is tuned using the same data-driven approach for RO-Learning.

(iii) Sampling-based Algorithm (Sampling). As motivated in Section 1, the existing proposals in the
refugee matching literature are based on a sampling approach, which simulates future arrivals using
past years’ data. We use (an adaptation of) the algorithm from Bansak and Paulson (2024) as our
30 We emphasize that historical data from prior years is used solely to estimate employment probabilities, not to

predict future arrival patterns. As previously discussed (e.g., Figure 1) and further illustrated later (e.g., Figure EC.2a),
predicting future arrivals is considerably more challenging since the composition of arrivals varies from year to year.
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Table 1 Results for year 2015 (2016, resp.) for penalty parameters o = 3 and v = 5. The total number of cases
is T = 3819 (4980, resp.) for year 2015 (2016, resp.). For Sampling, we take an average over five simulations.

Employment Rate (%) Total Over-allocation Average Backlog

Actual 37.3 (37.7) 0 (0) 226.6 (323.5)
Sampling 45.0 (46.3) 107.6 (99.8) 180.1 (225.2)
RO-Learning 44.6 (46.0) 71 (81) 151 (199)

CO-DL 44.4 (46.3) 123 (84) 202.5 (251.0)

main benchmark based on this approach. Their original algorithm is developed for the case with no
tied cases. See Sections 1.3 and EC.11.3, detailing how we modify this algorithm to handle tied cases.

Sampling was also designed to maximize the same objective (Objective) as ours, with the current
congestion level as a penalty term scaled with . However, a crucial difference is that Sampling relies
on sample trajectories of future arrivals: to match case ¢, Sampling solves an offline problem for periods
t and onward by sampling future arrivals from a given sampling pool. Following Bansak and Paulson
(2024), we use arrivals from the previous year as this sampling pool. For example, when tested on the
2015 data, Sampling uses 2014 arrivals to simulate future cases. Thus, the performance of Sampling
intuitively depends on how representative the sampling pool is for the current arrival sequence.

(iv) Actual Placements (Actual). Under current practice, case officers at our partner agency man-
ually determine initial case placements. As highlighted in Section 1, the agency provides essential
services (such as case management) to refugees after placement. Beyond respecting annual quotas, pre-
venting congestion in these services is a critical consideration for the agency. Hence, current placements
have been primarily driven by workload balancing and capacity constraints, without systematically
accounting for employment outcomes (Bansak and Paulson 2024). We use actual case officer decisions

as a benchmark to assess how our learning-based approach can improve the agency’s current practice.

5.2. Simulation Results

Main Result: Table 1 reports results for penalty parameters o =3 and v = 5. The first column shows
the employment rate, measured as the percentage of total employment outcomes (including tied cases)
relative to total arrivals 7. The second and third columns show the total over-allocation (summed
across all affiliates) and the average backlog, respectively. Since affiliate capacities were set based
on actual placements, Actual incurs no over-allocation by construction. Nevertheless, RO-Learning
significantly improves upon Actual in both employment rates and the average backlog—for example,
by roughly 20% and 33%, respectively, in 2015. We also highlight that the employment rate in Table 1
includes both tied and free cases. If we exclude tied cases (for which all algorithms make the same
decision), RO-Learning improves employment rate of free cases by roughly 50% compared to Actual.?!
31 That said, we remark that Actual may have been influenced by certain unobserved constraints not accounted for
in this case study (e.g., unobserved incompatibility between certain free cases and affiliates). Therefore, the improve-

ment over Actual should not be interpreted at face value but rather as an indication of the potential benefits that
RO-Learning could offer when implemented in real-world scenarios.
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Figure 3  Numerical results for year 2016 with o € {1,3} and v € {0,...,10}.

Moving beyond the comparison to actual placements, we now evaluate RO-Learning against the
more sophisticated Sampling benchmark. For & =3 and v =5, R0-Learning improves the combined
objective (employment, backlog, and over-allocation; see (Objective)) by roughly 48% for 2015 (20%
for 2016). To understand this improvement further, we compare each of the three outcomes sep-
arately in Table 1. RO-Learning significantly reduces both over-allocation and average backlog in
both years, with minimal impact (less than 1%) on employment outcomes. For instance, in 2015,
RO-Learning achieves roughly 34% lower total over-allocation and 16% lower average backlog com-
pared to Sampling. Lastly, although CO-DL does not use backlog information, it still substantially
improves employment outcomes (by 19.0%22.8%) and average backlog (by 10.6%22.4%) relative to
Actual. However, it underperforms RO-Learning, incurring higher over-allocation and average back-
log.?* Thus, our primary recommendation to the partner agency is RO-Learning (an adaptation of
CA-DL).

To further understand how penalty parameters impact the three outcomes under different algo-
rithms, we simulate over a range of values a € {1,2,..,5} and v € {0,1,...,10}. In Figure 3, we present
trajectories of the three outcomes for 2016 with & =1 and 3 while varying ~y, deferring a more compre-
hensive analysis to Section EC.11.5. Each subfigure includes three panels, each comparing two of the
three key outcomes. Results are shown for all of the benchmarks introduced in Section 5.1. We also
include Opt Emp, which corresponds to the surrogate primal problem in Definition 5 and represents
the sample-path-based maximum employment outcome attainable by any (offline or online) algorithm.
Note that, by construction of our arrival sequence, Opt Emp incurs no over-allocation.

32 Tn Section EC.11.4, we further show that RO-Learning consistently outperforms CO-DL over a wide range of penalty
parameters, although this performance gap narrows as the congestion penalty parameter v decreases.
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Focusing on the right panels, we first observe that the employment outcomes for both R0-Learning
and Sampling are close to Opt Emp, indicating that the accounting for backlogs does not necessarily
compromise employment outcomes significantly. However, increasing the backlog penalty parameter
~ slightly reduces the employment rate. Additionally, compared to Actual, both RO-Learning and
Sampling achieve substantially higher employment rates while maintaining lower average backlogs.

Comparing RO-Learning and Sampling, we observe that the trajectory of the outcome metrics
for RO-Learning generally dominates that of Sampling. For example, given a specific employment
outcome, RO-Learning consistently achieves a lower over-allocation and average backlog. Similar
trends are evident in the tradeoff between over-allocation and backlog. Furthermore, over-allocation
for RO-Learning tends to decrease as « increases. Taken together, these improvements lead to a con-
sistently better overall objective value (Objective) for RO-Learning over Sampling, with a median

improvement of 37% in 2015 and 17% in 2016, across parameters o € {1,2,...,5} and v € {0,1,...,10}.

Performance Improvement through Robustness: To understand the primary source of perfor-
mance gains, we highlight the robustness inherent in our learning-based approach. Sampling heavily
relies on a sampling pool of arrivals from the previous year, making it vulnerable to discrepancies
between this pool and actual current-year arrivals (as evidenced in Figure 1 in Section 1.1). In contrast,

RO-Learning avoids this pitfall by adaptively learning arrival patterns directly from current-year data.

Practical Benefits of RO-Learning: We highlight additional practical advantages of adversarial
online learning employed by RO-Learning. First, the algorithm is inherently balanced due to its self-
correcting nature. Specifically, beyond explicitly penalizing backlog, the dual-variable update rule
(line (7) in Algorithm 1) naturally prevents bursty matchings to each affiliate, as dual variables
corresponding to an affiliate automatically increase when a case is matched to that affiliate, and
decrease otherwise. This self-correction tends to align the algorithm’s endogenous arrival rate closely
with p. In contrast, Sampling would maintain this property only if the sampling pool accurately
represents the true underlying distribution, which is not the case in our data. Indeed, as shown in
the right panels of Figure EC.5, RO-Learning maintains a relatively low backlog even when ~ =0,
comparable to Sampling at higher values of «v. Second, RO-Learning is significantly advantageous over
Sampling in terms of computational efficiency; Thanks to online learning, unlike Sampling, it does
not need to solve any (heavy) auxiliary optimization problem in each period—which can be valuable
since, in practice, policymakers may need to run multiple simulations for parameter tuning or back-
testing on various datasets. Lastly, the simplicity and interpretability of RO-Learning’s score-based

rule makes it easy to communicate with the practitioners at our partner agency.

5.3. Additional Numerical Results with Practical Considerations
In this subsection, to enhance the practical relevance of our proposed algorithm, we extend our case

study to incorporate additional practical considerations relevant to our partner agency.
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Table 2 Over-allocation outcomes for affiliates exceeding 110% of their capacity for year 2015 (2016, resp.). We

use the same penalty parameters in Table 1 and take an average over five simulations for Sampling.

Method # Flagged Affiliates Max Over-allocation Total Over-allocation
with >10% Over-allocation above 110% Capacity above 110% Capacity

Sampling 2 (3) 15.2 (5.4) 19.8 (11.7)

RO-Learning 2 (5) 10.8 (4.10) 12.6 (9.3)

(i) Beyond Aggregate Over-allocation. While resettlement agencies aim to adhere to the annual
quotas, they are not enforced as hard constraints: affiliates are typically allowed to exceed their stated
capacity by up to 10% without additional approval (Ahani et al. 2021). However, any resettlement
exceeding 110% of an affiliate’s capacity requires formal approval by the State Department (U.S.
Department of State 2011), incurring extra administrative costs for the agency.*® For this reason, it
is important to examine not only total over-allocation (aggregated across all affiliates, as discussed
in Section 2), but also how it is distributed—particularly whether, and to what extent, specific affil-
iates are “flagged” for exceeding the 10% threshold. Table 2 reports the over-allocation for affiliates
exceeding 110% of their capacity, using the same penalty parameters as in Table 1. We focus on
comparing RO-Learning (our main proposal) with Sampling. The first column lists the number of
flagged affiliates. While RO-Learning flags more affiliates than Sampling in 2016 (5 vs. 3), the largest
over-allocation above threshold among these flagged affiliates is smaller. Furthermore, summing all
placements above threshold—each requiring formal reporting—R0-Learning yields a lower total. Thus,
RO-Learning not only incurs less total over-allocation (as previously shown in Table 1), but also
reduces the administrative burden associated with exceeding the 10% threshold.

(ii) Varying Case Size. In the U.S., annual quotas are tracked at the individual level, meaning
that each refugee case may consume multiple units of capacity depending on family size. Here, we
extend our simulations to incorporate varying case sizes. As noted in Section 2.1, our algorithmic
framework can accommodate this variation via multiple knapsack constraints (Section EC.12). We
build on this generalized model and algorithms in Section EC.12. Specifically, our data includes the
number of family members per case. Based on this, we augment each case t with a family size n,. We
retain the same case-level employment probability vector w, as described in Section 5.1.3* Affiliate
capacity ¢; is set to the actual number of individuals placed at affiliate ¢, with each case consuming n;
units. Table 3 reports the results under the same penalty parameters as in Table 1. RO-Learning
continues to substantially improve employment outcomes and reduce average backlog compared to the
33 That said, over-allocation within the 10% threshold is still costly, as the annual quota is directly linked to the

per-capita funding provided by the government (See Footnote 13). Thus, exceeding quotas—even within the permitted
range—still places a burden on affiliate resources.

34 Qur partner agency’s in-house machine learning model predicts employment probabilities for each individual family
member of each refugee case ¢ at affiliate i. Following the approach of Bansak et al. (2018), we calculate the case-level
employment probability w;,; as the probability that at least one family member secures employment at affiliate i,
assuming independence across family members employment outcomes.
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Table 3 Results with varying case size for 2015 (2016, resp.) under the same penalty parameter in Table 1.

Employment Rate (%) Total Over- allocation Average Backlog

Actual 37.3 (37.9) 0 (0) 641.2 (996.8)
Sampling 45.7 (47.5) 308.4 (366.2) 526.9 (792.6)
RO-Learning 44.3 (45.2) 239 (194) 414.3 (615.5)
CO-DL 45.5 (45.2) 284 (314) 542.9 (852.7)

current practice (Actual). Relative to Sampling, it reduces over-allocation by 22-47% and backlog
by over 20%, with only a small loss in employment (within 5%). Overall, these findings show that our
proposed algorithms remain effective even when accounting for varying case sizes.

(iii) Mid-Year Disruptions and Capacity Revisions. While our main numerical study uses
data from 20142016, recent years have seen significant disruptions in U.S. refugee resettlement policy.
Typically, the federal government sets an admissions ceiling at the start of each fiscal year, based on
which the agencies plan their total number of arrivals T" and annual quotas. However, this ceiling—and
accordingly T" and capacities—can change mid-year due to policy shifts. Recently, such disruptions have
also been accompanied by major shifts in the composition of arrivals. For example, in 2017, an executive
order reduced the admissions ceiling and banned free-case admissions from several countries (Howe
2017, Asian Americans Advancing Justice 2019). To assess robustness under such disruptions, in
Section EC.13, we provide simulation results based on a synthetic dataset that mimics the 2017 mid-

year disruption. Our results indicate that our proposal continues to outperform other benchmarks.

6. Conclusion and Future Directions

Motivated by our collaboration with a major U.S. refugee resettlement agency, we introduced a new
dynamic matching problem capturing key practical considerations: resettling refugees consumes static
resources (e.g., annual quotas) and requires dynamic, post-matching services (e.g., translation). The
agency must therefore balance matching rewards against congestion costs of dynamic resources, while
respecting constraints on static resources. Drawing insights from our partner’s data, we developed
prior-free, learning-based algorithms that do not rely on historical arrival data and provide provable
performance guarantees. As demonstrated in Section 5, our robust approach significantly improves
outcomes and offers several additional practical advantages.

From a theoretical perspective, while our framework shares features with models studied in online
(static) resource allocation and matching queues, it differs fundamentally from both. As a result,
designing and analyzing low-regret online algorithms required developing novel technical ideas, poten-
tially of independent interest in other problems. Leveraging these new techniques, we established
sub-linear regret guarantees against a strong benchmark whenever possible (i.e., when v = o(T)).
Exploring weaker benchmarks is an interesting theoretical direction for future research.

Beyond Refugee Resettlement. Our framework can be applied to general dynamic resource

allocation problems sharing two structural features: (i) allocation of long-term resources with fixed
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capacities; and (ii) the need for short-term, local onboarding services as an essential component of such
allocation. For example, in hospital admission control, incoming patients must be assigned to one of
the specialized units (e.g., cardiac medicine or general surgery)—each with a fixed number of beds that
serve as long-term resources—or be rejected. Each admitted patient then requires local onboarding
services, such as initial testing upon arrival to the unit. In these contexts, undesirable backlog may
arise due to a shortage of dynamic resources. (In the context of emergency departments, see Shi et al.
(2016), which discusses post-bed-allocation delay caused by factors such as nurse shortages.)

A similar structure arises in adult foster care: when individuals in need of long-term care are
discharged from hospitals, discharge coordinators must assign them to adult foster care facilities,
each with a limited intake capacity (Bartle et al. 2025). Each assignment initiates local onboarding
processes, such as an initial assessment at the assigned facility. Our framework can help managers
balance the reward from consuming static resources against the congestion of dynamic resources.
Furthermore, in the aforementioned applications, historical data from prior planning horizons may be
unreliable. For example, patient flows in hospitals can fluctuate due to seasonal illnesses or emergent
events. Our prior-free approach offers robust and computationally efficient decision support by not

relying on solving auxiliary optimization problems.
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EC.1.

Summary of Notation and Assumptions
Table EC.1 Summary of Main Notation

Symbol Description
T Total number of arrivals.
m Number of affiliates.
A, m-dimensional standard simplex ({z € R : 32", z; <1}).
zy :=max{z,0} Positive part of scalar z € R.
te[T] Index for arrival period (one arrival per period).
i€ [m] Index for affiliates.
w, €[0,1]™ Reward vector for arrival ¢, where w,; indicates employment out-

if € [mu{0}
A= (Wt,iz]st)
Zy eR™
Z(if)

{z1,...,27}

C;
pi=ci)T
p =min; p;
Ti

s¢.q ~ Ber(r;)

be,q
€
«

7
OPT(a,7)
ALG™(a,7)
RegretT.

0 eRY
AeRY
B e RY

n (resp. ¢)

come (estimated probability of employment) at affiliate 1.

Target affiliate for arrival ¢: i =0 indicates a free case; if =i € [m]
indicates a tied case for affiliate 1.

Type of arrival .

Matching decision for arrival ¢; z; ; indicates matching to affiliate i.
Type feasibility set for arrival ¢: equals the simplex A,, if i} =0

(free case), and the singleton set {e i} if il € [m)] (tied case).
t

Matching profile over the horizon. A profile is feasible if each z; €
Z(i}) and (Capacity Feasibility-t) holds for all ¢ € [T].

Total capacity (annual quota) of affiliate .

Normalized capacity ratio of affiliate .

Minimum capacity ratio across affiliates.

Service rate of affiliate .

Service availability indicator for affiliate ¢ at time ¢, modeled as an
i.i.d. Bernoulli random variable with success probability r;.
Backlog at affiliate i at time t.

Service slack parameter: r; > p; + € (Definition 1).

Penalty parameter for over-allocation.

Penalty parameter for average backlog (congestion).

Offline benchmark (Definition 2).

Objective achieved by algorithm 7 (equation (Objective)).

Regret of algorithm 7 (Definition 3).

Dual variables corresponding to over-allocation cost of static
resources (Proposition 1).

Dual variables corresponding to the capacity constraint for static
resources in the offline benchmark (Proposition 1).

Time-varying dual variables associated with backlog dynamics at
time ¢ (Proposition 1).

Learning rates for dual variables for static (resp. dynamic
resources) (Algorithm 1).

Lyapunov function for backlog: 1 (b,) = $||b||3 (see Section 3.3).
Objective value of the static dual problem given dual variable for
static resources v = (6, ) (Definition 6).

Optimal dual variables for static resources solving the static dual
problem (Definition 6).

argmax,c z;+)(w — @ — A) - z—primal decision in the static dual
problem (Definition 6) given dual variable v for static resources
and arrival type A = (w,if).
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Table EC.2

Summary of Key Assumptions

Label

Description

Justification / Interpretation

Al

A2

A3

Unknown i.i.d. Arrivals:
Each arrival A, = (w,il) is
drawn i.i.d. from an unknown

distribution.

Service Slack: There exists
€ > 0 such that r; > p; + € for
all i € [m].

Bernoulli Service Avail-
ability: Server availability s, ;
follows an i.i.d. Bernoulli pro-
cess with success probability

Stationarity enables learning of arrival patterns (see
Section EC.11.1 for empirical support). The unknown
distribution is motivated by year-to-year variation in
arrival composition (see Figures 1).

Non-negativity of € is required for backlog stability.
Parameter e distinguishes stable (e = Q(1)) vs. near-
critical (e = O(1/+/T)) regimes (Definition 1).

This assumption is analogous to assuming that service
times follow a geometric distribution with mean 1/r;.
A practical motivation in the context of our application
is provided in Footnote 14. An extension allowing for

. server idleness is discussed in Section EC.15.

Buffer for Free Cases: For
each i € [m], we assume p; —
P[if =4] > d for some constant
d>0.

Reward Regularity: The
distribution of reward vectors
w; has a Lipschitz-continuous
density (Assumption 1).

A4 Ensures each affiliate has capacity for free cases with

high probability (used in Proposition 1).

A5 Technical assumption required to connect the conver-
gence of dual variables to that of endogenous arrival

rates for CO-DL (see Theorem 2 and Section 4.2.2).

EC.2. Further Related Work
In this section, we provide a more extensive review of related literature to our work.

Matching Policies for Refugee Resettlement: There has been growing academic interest in
designing matching policies for refugee resettlement, leading to the two main approaches. The first
approach is to consider a centralized outcome-based system, focusing on integration outcomes such as
employment within 90 days, and design matching algorithms that target such objectives. Central to
the outcome-based approach is the development of ML models that predict employment outcomes for a
pair of case and affiliate (Bansak et al. 2018, 2024). Equipped with such models, several recent papers,
including ours, aim to optimize matching decisions to improve employment, taking into account some
of the operational considerations discussed in or fairness criteria Section 1.1 (Go6lz and Procaccia 2019,
Ahani et al. 2021, 2023, Bansak and Paulson 2024, Freund et al. 2024). The second approach focuses
on designing a centralized preference-based matching system that respects the preferences of refugees
and/or affiliates (see the work of Nguyen et al. (2021) and Delacrétaz et al. (2023) and references
therein). While this approach has promise, most of the current programs, including the U.S. system,
lack systematic data on preferences. Instead, they operate as a centralized outcome-based system.

Among the existing works, the most relevant work to ours is Bansak and Paulson (2024) and we
highlight key differences from this work in Section 1.3. Beyond this comparison, our paper departs from

prior work in several important ways: (i) While these works focused on designing effective heuristics,
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we take a theoretical approach and propose algorithms with provable guarantees; (ii) Our work focuses
on operational and algorithmic intricacies due to post-allocation service and dynamics of backlogs,
which have not been studied before; (iii) The existing work designed algorithms that crucially rely
on a pool of past years’ data to either estimate the arrival distribution or simulate future arrivals.
However, as elaborated in Section 1.1, such an approach can be non-robust to discrepancies between
the data from past years and the arrivals from the current year. In contrast, our algorithms are robust
to such discrepancies, as they do not rely on data from previous years; and (iv) As a result of such
robustness, and in addition to enjoying theoretical guarantees, our method outperforms its counterpart
in practical situations, as we discuss next.

Online Resource Allocation: Online resource allocation problems have been extensively studied
in operations and computer science. Given the broad scope of the literature, we only highlight the
stream most closely related to our setting. For an overview of other streams of work in the literature,
we refer the readers to Mehta et al. (2007) and Huang et al. (2024) for an informative survey.

As mentioned in Section 1.2, without dynamic resources, our setting reduces to the online resource
allocation problem with an unknown i.i.d. arrival model. Several papers designed and analyzed algo-
rithms for such settings. The primary intuition guiding the design is that, under the stochastic input
model, we can learn the arrival pattern by observing a small portion of the arrival data. Building on
this intuition, earlier studies have explored primal methods (Kesselheim et al. 2018) that periodically
solve a linear program using the observed data, or dual-based methods that seek to efficiently learn
the dual variables of the associated offline problem and avoid the computational costs associated with
resolving. These methods work by one-time dual learning (Devanur and Hayes 2009, Feldman et al.
2010, Molinaro and Ravi 2014) (which is similar in nature to the “predict-then-optimize” approach,
e.g., Elmachtoub and Grigas (2022)), multiple-time dual learning (Agrawal et al. 2014, Li and Ye
2022), or using adversarial online learning throughout the horizon (Devanur et al. 2011, Agrawal and
Devanur 2014, Wang et al. 2014, Gupta and Molinaro 2016, Badanidiyuru et al. 2018, Dughmi et al.
2021, Balseiro et al. 2023). All of these methods have also found further applications in various oper-
ational scenarios (Chen et al. 2017, Zhalechian et al. 2022). As highlighted in Section 1.3, our paper
departs from this literature due to the time-varying nature of the dual problems introduced by the
dynamic resources.

Another marginally related line of work is the literature on minimizing regret for Bayesian online
resource allocation (see, for example, the work of Arlotto and Gurvich (2019) and Vera and Banerjee
(2019)). Our work diverges from this line of work as the arrival distribution is assumed to be known
in these models, and the main focus of the algorithms is to control the error propagation of decisions
due to stochastic arrivals instead of learning the arrival. Our dynamic resources are also similar to
the reusable resources studied in recent literature (see, for example, Gong et al. (2022), Feng et al.

(2024), Delong et al. (2024), Goyal et al. (2025), Feng et al. (2021) and references therein). However,
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the models in this stream of work do not allow one to wait for such resources. As such, there is no
notion of congestion or desire for a smooth matching.

Dynamic Matching and Control of Queueing Systems: In queuing literature, a stream of
work studies matching queues; in these systems, agents arrive over time and wait to be matched
according to a deterministic compatibility structure (Aouad and Saritag 2020, Aveklouris et al. 2021,
Afeche et al. 2022, Gupta 2022, Hu and Zhou 2022, Kerimov et al. 2023, Wei et al. 2023) or a random
one (Ashlagi et al. 2013, Anderson et al. 2017, Ashlagi et al. 2019). While most of these papers focus
on maximizing total (match-dependent) rewards, the work of Aveklouris et al. (2021) considers an
objective similar to ours that penalizes the matching reward by the cost of waiting. However, the crucial
distinction of our paper from the aforementioned works is the reverse order of matching and waiting.
As discussed in Section 1.2, our model can be viewed as a queuing system with an endogenous arrival
rate controlled by the matching process. Once again, this subtle difference presents technical challenges
in, for example, controlling the size of the backlog while performing learning and optimization.

From a methodological standpoint, the design and analysis of our first algorithm (Algorithm 1)
partly rely on the celebrated drift-plus-penalty method (Tassiulas and Ephremides 1990, Lyapunov
1992, Neely 2006, Neely et al. 2008, Neely 2022) for stochastic network optimization and stability. Our
work complements this approach by combining the drift-plus-penalty method with adversarial online
learning. Furthermore, our first algorithm implicitly utilizes the scaled backlog as a dual variable,
establishing a crucial structural connection to the projected subgradient method (Zinkevich 2003). A
similar connection was observed in Ashlagi et al. (2022) and Kanoria and Qian (2023), albeit in a
context different from the setup of our paper. We also note that, in a different context, Wei et al.

(2023) also integrates the drift-plus-penalty method with the resolving techniques.

EC.3. Proof of Proposition 1
Fix a sample path {A,,s;}]_, under the event Gr. Given the matching profile {z,}/_,, let us denote
its objective value as

m m T T
f({Zt}thl) = Z W2t — & Z <Z Rt Ci) - % Z Z be.i
t=1 i=1 i=1 \t=1 4 i
where b, ; = (b + 21 — St.i)4 with by; =0 for all ¢ € [T] and ¢ € [m].*> For brevity, we also define a
primal and dual feasible set as:
P={{a}ils | 2 € 20]), v [T}
Di={(0A{B}) 20| b:<aViem], fi— B < VEe[[—1] i€ [m]

35 Note that this is equivalent to our original objective in Definition 2 by taking the maximum of (Objective) over the
decision variables {b;}i—; for any given {z;};—; subject to bs; >0 and by; > bs—1,; +2:,; — s¢,; for all t € [T] and i € [m)].
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Consider the following Lagrangian function.

L<{Zt}?:1707A7{/8t}?:1) Zwt Zt"‘ze p—12) Z pP—2Z +Z,3t St — Z)

cs(0) cs(A) cs{B D)

Here, each CS(-) term can be seen as a complementary slackness term corresponding to each dual

variable. We will show that, under event G,

Dual(aafy): min max ({Zt}t 179aA7 {ﬁt 31:1)
(97)‘7{ﬂt} )ED ({zt} 1)€P

= max min ({zt}t I,O,A,{,Bt}thl) (EC.1)
({ze} )P (0B )eD
=O0PT(a,7). (EC.2)

The first line follows from the definition of the dual function Dual(c,~) in the main statement. The
second line is the consequence of Sion’s min-max theorem (Sion 1958).%¢ To show the last equality, we
show that

—00 if "z, >c¢

f({zt}thl) otherwise. (EC.3)

(e,ggeb ({Zt}t 1,60, A{B: tT:1> = {

Note that line (EC.2) directly follows from line (EC.3) because the capacity constraint of the offline
benchmark (Definition 2) is equivalent to 3,_, z,; < ¢; for all 4 € [m] under the event G. Hence, it
suffices to show line (EC.3). Recall that ¢ =Tp by definition of p. If 3./, z, > ¢, then the optimal
solution A* > 0 of the inner minimization problem in line (EC.1) can grow arbitrarily large, hence
making CS(A) unbounded below. Otherwise, it is straightforward to see CS(A*) =0 at the optimal A*
of the inner minimization problem in line (EC.1). We now investigate the minimum value of CS(0) and

CS({B:}L_,) over the dual feasible set D. We first focus on the former. Note that the inner minimization

problem in line (EC.1) is separable over 8 and {8;}._,. Hence, we have:

m T
min CS(0) =— max 9 2, —C | =—a Zei — Ci
ocf0,a]m (8) 0c[0,0]m & (Z K > ; (; b )+
The the last inequality follows from the fact that a(z)y = maxge,o 02 for any x € R. In the similar

way,

min  CS({B:}7,) st. @,i—ﬁtﬂ,ig%\ﬁe [T —1] and i € [m], Br,; < % Vi € [m]

{B}YL_,>0

—[ max ZZBMZH Seq) St Bri— ﬂtﬂl_ Vte[ —1] and i € [m], ,BT1<—VZG[ ]1

{.Bt}T >0t 14i=1 _T

= [ min Z Z bt,z s.t. bt,i Z bt—l,i -+ Zti — St,i Vit e [T],Z € [m]

T o} >0, =
- %ZZ bt 1z+ztz Stz)

36 More specifically, the Lagrangian is a linear function of the primal and dual variables. The primal feasible set P
is convex and compact and the dual feasible set is also convex. Hence, we can switch the minimum and maximum
operator by applying Sion’s min-max theorem.
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In the third line, we used the strong duality of the linear program. Note that, at the optimal solution
of the third line, either of b;; >0 or b;; > b;_1,; + 2; — 5, must bind. Hence, the last line follows.

Combining, we have proved line (EC.3). This completes the proof.

EC.4. Proof of Proposition 2

We consider an instance with m = 1. For brevity, we omit the subscript for i. There are T arrivals
with deterministic reward w, =1 for all ¢ € [T]. There are no tied cases and the capacity is ¢=0.57".
The service rate is r = 0.5 + € where € € [0,0.5). Note that « does not play any role here. Hence, we
denote the expected objective value of offline benchmark (Definition 2) by OPT(7). In the following,
we first obtain a lower bound on OPT(y) and then an upper bound on the objective value of any
online algorithm.

Step 1: Lower-bounding Objective Value of Optimal Offline.

We first analyze the objective value of the offline.

Cramm EC.1. For any € >0,
E[OPT(y)] > 0.5T — O(VT)

Proof of Claim EC.1. Consider the following feasible solution of the offline program: set z; = 1[s; = 1]
while satisfying the capacity constraint (i,e, Zthl 2 <0.57). Let S5 be a binomial random variable
with T trials and success probability 0.5+ e. The proposed feasible solution never incurs the backlog,
while obtaining min(S%,0.57") reward. Hence, we have OPT(y) > min(S5., 0.57") for every sample path

of arrivals and services. Taking the expectation of the preceding inequality, we have
E[OPT(v)] > E[min(S%,0.57)] > E[min(S,0.5T)]

where the last inequality is because S5 stochastically dominates S% for all € >0 in the first order.*”
We now lower-bound the right-hand side of the above inequality by 0.57 — ©(v/T). Let us define
0. 52— 05T Then we have
T/ Var[S9]
E[min(5%,0.57)] = 0.57 — E[(0.5T — S%);] = 0.5T — 1/ Var[SY]E[(—Z%).] = 0.5T — O(V/T).

where the last equality is because E[(—Z%),] has a constant mean for large T by the central limit
theorem. This completes the proof of Claim EC.1. O
Step 2: Upper-bounding Objective Value of Any Online Algorithm.

We now turn our attention to upper-bounding the objective value of any online algorithm, denoted
by ALG. Fix an online algorithm and let z; denote the decision at time ¢. Without loss, we assume
that E[>;_, z;] > T because otherwise, we have E[OPT(7)] — E[ALG] > 0.25T — ©(v/T) = Q(T) from
Claim EC.1.

37 Random variable X stochastically dominates (in the first-order) if any only if E[u(X)] > E[u(Y)] for all non-decreasing
function w. Furthermore, let X and Y be binomial random variables with the respective success probability px and
py and the common number of trials T. If px > py, X stochastically dominates Y in the first order (Shaked and
Shanthikumar 2007).
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Cram EC.2. The expected value of any online algorithm for which E[Zthl A % satisfies:
E[ALG] < 0.57 — 0.257(0.5 —¢)

Proof of Claim EC.2. We first lower-bound the total cumulative backlog by

T
E lz by
t=1

izt] (0.5—¢). (EC.4)

>E

t=1

To see this, we first observe that

bt 2 ]l[St = O]Zt

for every sample path. More specifically, if s, =0, then we have at least z; amount of backlog at the
end of period t. Otherwise, the bound is trivial. Taking the expectation of the preceding inequality
conditional on history H;_1, we have
E[b|H: 1] > E[1[s; = 0]z¢| Hs1]

=E[1]s; = 0]|Hs—1] Elz¢| Hs—1]

= (0.5 —¢€) Elz|H—1]
For the second line, we used the following fact: since any online algorithm does not know the realization
of s; at the time of making the decision z;, the random variables z; and s, are conditionally independent

given H;_;. The last line follows because s; is an i.i.d. Bernoulli random variable with mean 0.5 + .

Taking outer expectation of the preceding inequality, we obtain that
E[b:] > (0.5 — €) E[2]
Summing up for all ¢ € [T'] gives the inequality (EC.4). Hence, we conclude that

<0.57 —0.257(0.5 —¢).

t=1

E[ALG] =E [ET: zt] - JE [ET: by

<E [izt] — %(0.5 —€e)E [ET: 2

In the last inequality, we used that 0.25T7 <E[>"/_, z] and the fact that capacity is 0.57". O
Step 3: Putting Everything Together.
From Claim EC.1 and Claim EC.2, we conclude that

E[OPT] — E[ALG] > 0.257(0.5 — ¢) — O(V/T).

for any online algorithm such that E[3,_, z,] > 0.25T. Hence, whenever v = Q(T'), the regret must be
at least Q(T"). This completes the proof of Proposition 2.
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EC.5. Alternative Interpretation of CA-DL (Algorithm 1)
In this appendix, we describe how our design idea of Algorithm 1 is connected to the theory of
Lyapunov optimization, in particular drift-plus-penalty method (Neely 2022). To understand the con-
nection of our algorithm to this method, it is helpful to think of two different policies designed for each
of the following extremes. First, suppose we just want to control the average backlog without consid-
ering the net matching reward. The idea of Lyapunov optimization is that one can design a policy that
can upper-bound an objective function by (i) defining a Lyapunov potential function (that is closely
related to the original objective function) (ii) choosing a control that minimizes an upper bound of the
expected drift (conditional on the history) of the potential function — often called Lyapunov drift. In
our context, the potential function is the sum of squared backlogs, i.e., ¢¥(by) = 1||b¢||3 (as commonly
used). Due to our drift lemma (Lemma 3), we know that ¢(b;) — ¢)(b;—1) <b;_1 - (z; —s;) + O(1).
Because the service rate of each affiliate 7 is p; + ¢, the Lyapunov drift of ¢(-) is then upper bounded
by

El(b:) —(byoy)[Heoa] beoy - (E[ze[Hea] — p— 1) + O(1). (EC.5)

where 1 is a vector of ones. Hence, a policy that minimizes the upper bound of the Lyapunov drift
is simply assigning a case ¢ to an affiliate ¢ with the minimum current backlog b,_; ;. Note that this
policy is equivalent to using an adjusted score —b,_;,; and matching a case to the affiliate with the
maximum adjusted score. In fact, if we replace line 5 of Algorithm 1 with such a policy, one can show
that the expected average backlog of such policy is O(1/e).

Now consider the other extreme where the goal is to maximize the net matching reward (without
considering the average backlog). The literature of online resource allocation (see Section 1.3 for a
review), and in particular the scoring techniques therein, suggests that there exists a time-invariant
dual variable 6* (for the over-allocation cost) and A* (for the capacity constraint) where we can
obtain the optimal net matching reward by assigning case t to affiliate ¢ with the mazimum adjusted
score (w;; — 0F — A7). Furthermore, under the i.i.d. arrival model, one can learn the dual variables
by employing adversarial online learning. Importantly, the expected loss (regret) stemming from such
learning is O(v/T) (Agrawal and Devanur 2014, Balseiro et al. 2023).

A natural way of interpolating both extremes is to employ a scoring policy with the adjusted score
w; — 0% — X* — (b;_; where ( is a parameter that encodes the “weight” on the objective of minimizing
the average backlog compared to the other. A keen reader would note that this is reminiscent of the
drift-plus-penalty method, a general technical framework designed to minimize the cumulative penalty
function (in our context, a negative of the total net matching reward) of a queueing network while
stabilizing the queues (see Neely (2022) and references therein for a more detailed review). The method,
though developed in different contexts, similarly chooses a control action that greedily minimizes a

linear combination of the penalty function and the Lyapunov drift of the queues.
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The main novelty of our algorithm is that, because we do not know (6*,A*) a priori, we employ
adversarial online learning techniques to adaptively learn (update) them. In this sense, our algorithm
can be viewed as a novel combination of the drift-plus-penalty method with the adversarial online
learning method. We remark that, while the proof involves many intricacies, the regret bound in
Theorem 1 takes a natural combination of O(1/€) on the average backlog and O(v/T) on the loss of
the net matching reward — which is consistent with each of the two aforementioned extreme objective

functions.

EC.6. Missing Proofs of Section 3
Before going forward, we first present some technical preliminaries that we will frequently use. The

following claim is the standard result of online mirror descent.

Cramv EC.3 (Online Mirror Descent (Bubeck 2015)). Let {f; : D — R} be a sequence of
convex functions and v, be a sequence of iterates such that

Vh(Di1) = Vh(v,) — 8,
(EC.6)

Vi =argmin Vi, (X, Dyyq)
x€D

where (1) D is a bounded convex set, (2) E[g,|Hi—1] =V fi(vi), and (3) h is a o-strongly convex

function with respect to ||-|| norm on set D,. For any v € D and positive integers (k,s), we have

i“t('/t)—ft(v))sg”'gg;”?‘%vh(u,ww > (1 o

t=Fk t=k i1 N M1

) Vi(v, 1) +z_s: fie- (i—v) (EC.7)

where G, :=E[g,|H,_1] — &, (i.e., noise of the gradient) and V}(x,y) = h(x) —h(y) — Vh(y)- (x—y)

is the Bregman divergence with respect to h.

The stated theorem is slightly different from the one from Bubeck (2015) because we allow for the
step size to be time-varying in Section 4. For the sake of completeness, we reproduce the proof of
Claim EC.3 in Appendix EC.7.3.

The following claim shows that we can always “linearize” the total over-allocation cost, which will

be crucial throughout the proof.

Cramv EC.4 (Dual Representation of Over-allocation Cost). There exists 8* € [0,a|™ for
which

m T T
az <Z Zei— ci> = Z 0" (z,—p) (EC.8)
i=1 t=1 + t=1
Proof of Claim EC.4. The proof simply follows from «a - () = maxgc,q) 0. O

EC.6.1. Proof of Lemma 3
We prove both the lower and upper bound on the drift separately.
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Lower-bound on drift: To show the lower-bound on the drift ¢;(b;;) — ¢;(b—1:), note that the
potential function v(z) = 1||x||2 =3, ¢;(x), where each ¢;(z) = L2? is convex. Now, either b,_;; =0
and in that case ¢;(by;) — @i (bi—1,;) > 0=">b_1,(2; —5t,i), or by_1; # 0 and therefore b, ; = b1 ; + 24, —

s¢4.°% In this case, as ¢;(x) is convex, we have:
Gibri) = @ibi—1.i) = 3(br—1,4)(bri —bi14) = br1i(20s — 504) -
Putting two cases together and summing over all i, we conclude that
Y(by) —(b;1) > by - (2 — )

Upper-bound on drift: To show the upper-bound on the drift ¢;(b;;) — ¢;(b;—1.;), we first note that
bei = (De—1i + 204 — St.i)+ < |be—1,i + 21 — 54| Hence, we always have b7, < (b1 + 20 — 5¢4)°.

Rearranging this inequality, we have

B, (s s)?
= Tt by (2 — Se AT TR
5 < be1i(2e — Sei) + 5
Summing the inequality over i € [m|, we have
|z — sl
Y(by) —Y(bi_1) <by_1- (2 —s¢) + 5

We highlight that while we proved the above inequality from first principles, we could derive it directly
using the fact that 1||z||3 is a 1-Lipschitz smooth function. Finally, the squared norm ||z, — s,[|3 is

trivially upper-bounded by 1+ m = O(1). This completes the proof.

EC.6.2. Proof of Lemma 4
Let B; = (b;_1 (see equation (8) in Section 3.2 and related discussions), which is the implicit dual

variables for dynamic resources. We recall from line (15) that
Kt ::Wt‘zt+0t' (p—Zt)+At' (p—Zt) _CDt

(EC.9)
>(We—0; =X =) 2+0,-p+ A -p+Bi-s. —O)

where the last inequality follows from Lemma 3. Furthermore, we note that for all ¢t <74, we recall
from equation (17) that
z; €argmax(wy; — 0, — A\, — ;) -z (EC.10)

z€Z(if)
In the similar spirit of Talluri and Van Ryzin (1998), the following claim shows that there always
exists a static control whose value (roughly) upper-bounds the net matching reward of the offline

benchmark (Definition 2) (part (c¢)) with a marginal matching rate at most p in expectation (part

(b))-

38 The equation is always valid as long as z;; € {0,1}, which is true for Algorithm 1.



Bansak et al.: Dynamic Matching with Post-allocation Service ecll

Cramm EC.5 (Static Control). Consider the following static control problem:

= . .t <
P% Z(Ar?eagc(iT)]E[w z(A)] st E[z(A)]<p (BC.11)

VAeA

where the expectation is with respect to A = (w,i') ~ F. Let z: A— A,, be the optimal static control
that solves the above program. Then we have

(a) z(A) € Z(i) for any A = (w,il)

OEERNSp

(¢c) Pz =Ealw-z(A)] > =L 0 O(1/T?) for and any matching profile {2}, that

T
satisfies
T T
2. Z(if) Vte[T], > 1[if =0]z, < <ci > 1if = i]ztﬂ) Vi € [m). (EC.12)
t=1 t=1 +

Note that, due to our assumption that p; > P[if =], the program is always feasible and therefore P%
is well-defined. We defer the proof of Claim EC.5 to the end of this section, but first we complete the
proof of Lemma 4 building on this claim. Based on the static control z(-) defined in Claim EC.5, we

define an alternative matching decision as
z, = z(Ay). (EC.13)
By line (EC.9) and the optimality criterion (EC.10), for ¢t < T, we have
Ki>(wWi—60,— XN —B) 2.+6,-p+Xi-p+ B -s: —O(C)

for every sample path. Taking the expectation conditional on history H, ; = {A,,s,}'_}, we obtain

the following: for any matching profile {2, }7_, that satisfies (EC.12),

E[Kt’Ht—l] Z E[(Wt - et - At - Bt) : Zt + Ot : p+ At : p+ IBt ©8¢ — O(C)|Ht—1]

=E[w, -2, +0,- (p—2:) + X - (p—2¢) + Br- (5 — 2¢) — O(C) | Hi1]
=E[w, 2|H; 1]+ 0. - E[(p—2:)|[Hea] + A - E[(p — 20) [ Hi 1 |+

Bi - El(s: —2:)[Hi—1] — O(C)

E[NMR({;t}tTﬁ a) —(’)(%) + Ce|bya]l1 — O(C) (EC.15)

(EC.14)

Line (EC.14) is because (6:, A, B;) are H,_;-measurable (that is, knowing the exact realizations of
H;_1 determines the value of the dual variables). In line (EC.15), we used the property of the static
control z(-) stated in Claim EC.5. To be precise, we first explain how we relate E[w; - z;|H, 1] of
line (EC.14) to %M in line (EC.15). Note that the static control z(-) only depends on

the arrival distribution and the current arrival type. Hence, combined with the i.i.d. nature of the
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arrival process, we have E[w, - z;|H;_ 1] = E[w; - ;| = P%. Furthermore, from Claim EC.5-(c), we have
E[w; - z,] > %M—O(l/Tz). From the same line of reasoning, we can apply Claim EC.5-(b)
to show that E[(p —z;)|H,—1] > 0. Lastly, Claim EC.5-(b) again implies E[(s; — 2;)|H;—1] > €1 where
1 is the vector of ones. Combining these lower-bounds with 8; > 0, A; > 0 and 3; = (b;_; > 0, we
obtain the final line (EC.15).

We now sum line (EC.15) for ¢ € [T4] to deduce that, for any feasible matching {2, }7_, and filtration
{Ht}thli

Ta—1

ICITIE TAE[NMRgzt}tzl;a)] 70(%) +e 3 Ibdl = O(Ta0)
— EINMR({z}1:0)] — — A EINMR({2 )11 0)]-0(32) + e 3 [Ibulh —O(Ta0)
> EINVR({2}L150)] = (T = Ta) +Ce 3 ol — O(TC).

In the last line, we used the fact that (i) NMR({2;}_,;a) <T (because the per-period reward is at
most one) and (ii) T4 < T for every sample path. (note that O(T4/T?) = O(1/T), which is absorbed
by O(T¢)). We finally take the outer expectation of the preceding inequality over the entire history

to obtain
E [iE[Ktl%—ﬂ > E[NMR({2}{_;;@)] = E[(T — Ta)] + CeE [ i Hthll —-0(T¢).  (EC.16)

It only remains to prove that the left-hand side is equivalent to

E lg‘:E[Kt\HH]] =E Ei Kt]. (EC.17)

t=1
To prove this, define a stochastic process Y; = K; — E[K;|H;_1] and X, = 23:1 Y; with X, :=0. We
observe that Y; is H,-measurable and E[Y;|#H,_1] =0. Hence, {Y;} is a Martingale difference sequence
with respect to filtration {H,}. Furthermore, we note that T4 is a bounded stopping time with respect
to the filtration {#,}. Hence, the optional stopping theorem implies that E[Xr,] = X, = 0, which
implies line (EC.17). This completes the proof of Lemma 4.
Proof of Claim EC.5. For ease of reference, we rewrite the definition of the static control defined

in the claim.

PL:= max E[w-z(A)] st E[z(A)]<
L max Blwea(A)] st El(A) <p S
VAcA

where the expectation is with respect to A = (w, i) ~ F. This optimization problem can be viewed
as the stochastic program where the decision is to choose a function (control) z: A — A,, subject to
z(A) € Z(i'). That is, for each arrival type A = (w,il), we choose the matching rate z(A) € A,, if

i =0 (free case) or we set it as z(A) = e;; otherwise. The objective is to maximize the functional
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E[w - z(A)], which is the expected per-period matching reward given the control z(-), subject to the
(ex-ante) capacity constraint on the matching rate. Define z(+) as the optimal mapping that solves the
problem in (EC.18). In the following, we show that z(-) satisfies the condition (a)-(c) stated in Claim
EC.5.

Proof of Claim EC.5 (a) and (b). This trivially follows from the feasibility condition of z(-) in
line (EC.18).

Proof of Claim EC.5 (c). Let {Z;}{_, be an arbitrary (potentially random) sequence that satisfies

T
7, € Z(if) Vtell Z 1[if = 0]z, < <ci - Z 1[if = i]ztﬂ) Vi € [m]. (EC.19)
t=1 +

It suffices to prove

P > E{NMR({?}?_l; O‘)} ~0(1/T?).

To prove this, we now consider the dual problem of P%, defined as:

D% :=minD(¢). (EC.20)

¢>0

Dz<¢>:=E[ max (w—@)-2(A)+p- |,

z(A)eZ(it)

By the compactness and convexity of Z(i') for all i € {0} U [m], a straightforward application of
Sion’s minmax theorem (Sion 1958) implies that D% = P%. Furthermore, as we show in Claim EC.31
(see Section EC.8.2), we can restrict the domain to |||l <1 without loss of optimality. In summary,

we have

Pz=D:z= gl;g Dz(¢)= _min Dz(¢) (EC.21)

$20,[|¢llcc<1
Let Ny, :=>"/_, 1[if =] denote the total number of tied cases at affiliate i over the horizon. Define
event G as

={Nr; <c¢;, Vi€ [m]}. (EC.22)

Note that, due to our assumption that p —P[if =i] = Q(1), a straightforward application of Hoeffd-
ing’s inequality and union bound implies that P[Gr] > 1 — O(exp(—T)) > 1 — O(1/T?). Given these
s T .
ingredients, we show that Pg > E[W] —O(1/T?) in the following.

ENMR({2:}i_;; )]

T

T T
<E| max Zwt Zt—OéZ(ZZm—Ci) s.t. Z]l[i;r:()]z“_< Z]lzt—zz“> ,Vi € [m)]
i=1 \t=1 n =1 t=1

ZtGZ(iI), t=1

te(T) *
(EC.23)
m T
]EH max Zwt Z; — aZ(Zz“ 1>
ztEZ(z ), t=1 n
< telr] (EC.24)

+O(1)T)

s.t. ZT:IL[Z'I = 0]z, < (ai —ZT:IL[Z'I —i]zm) Vi€ [m]} -1[G7]
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T
= [( max > wiezy st Zzt,igci,ViE[mO-]l[GT] +0(1/T) (EC.25)
ztGZ(z AE[T] =1 t=1
T
<E ( max Zwt Z; — -(Zzt—c>> ‘1[Gr]| +O1)T) V¢ >0, |[¢]le <1 (EC.26)
2 €2(i]) te[T] =1 t=1
:ZEl max (wt—¢)-zt+¢-p’GT] P[Gr]+O(1/T) V>0, |[¢]le <1 (EC.27)
=1 2t €Z(1
T
<2 {D=(9) + O(/T)} +O(/T) Y20, |9 <1 (EC.28)
_1D 2(¢)+O(1/T) V=0, [[¢llw<1 (EC.29)
<TD% +O(1/T) (EC.30)

We elaborate on each line in the following. Line (EC.23) follows from maximizing the net matching
reward subject to line (EC.19). In line (EC.24), we bounded the expected total net matching reward
under the event G5 by using that that P[Gr] > 1 — O(1/7?) and the total net matching reward is
O(T). Line (EC.25) is because the capacity constraint in line (EC.24) reduces to Y, z.; < ¢; under
event Gr. Lines (EC.26) follows from weak-duality.

To understand line (EC.28), let ﬁz(¢; A,;) :=max (W — @) -2z, + ¢ p. For any ¢ such that

2 €Z(i])
||| <1, arrival A, = (Wt,lt) and z, € Z(zt)

(Wi = @) - 2¢ + & - pl < [|Willocl[zel[1 + [|@llso 211 + [|@llc [l £l < 3. (EC.31)

The first inequality is due to Cauchy-Schwartz inequality, and the last inequality is because of our
assumption that the reward is at most one and Y .-, p; <1 (which was without loss of generality).
Hence, we must have |Dz(¢; A,)| <3 for any arrival A, and ||¢||.. < 1. We now use this fact to derive
(EC.28) as follows:

Dz(¢) =E[Dz(¢; Ay)] (EC.32)
=E[Dz(¢; A))|Gr]P[Gr] + E[Dz(¢; A)|GFIP[GF] (EC.33)
> E[Dz(¢; A)|Gr]P[Gr] — O(1/T?). (EC.34)

The first line is by definition of Dz(-) (see line (EC.20)) and the arrival is i.i.d. The second line is
just re-writing the expectation. The last line is because |Dz(¢; A,)| < 3= (1) for all arrival A, and
|Plloo <1, along with P[G45] < O(1/T?). Hence, from line (EC.34), we directly deduce line (EC.28).
Finally, line (EC.30) follows from taking minimum over ¢ of the inequality (EC.29), along with line
(EC.21). The proof is complete because D% = P% by line (EC.21). O
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EC.6.3. Proof of Lemma 5

By the definition of the pseudo-rewards, we have the following;:

Ty Ty
DK=Y AWz 40 (p—2z) + N (p—2) —(Di}
t=1 t=1

Ty Ty T4
=Y wiz+Y 0 (p—2z)+ Y A (p—2)—((br,) (EC.35)
t=1 t=1 t=1
Ta m T Ta T
=D Wiz —a), <Zzt’i _Ci> +> 0 (p—z) =) 0" (p—2z)+
t=1 i=1 \t=1 +  t=1 t=1
- (EC.36)
> A (p—2)—(¥(br,)
t=1
T m [T T T
< Zwt‘zt —az (sz —ci> +Zl9t (p—12) —ZO* (p—z)+
t=1 i=1 \t=1 +  t=1 t=1
NMR({z:}1 ;) Ry (EC 37)
Ty '
D A (p—z) +2a(T = Ta) = (¥ (br,)
t=1

R
Line (EC.35) is because of the telescoping sum of D, and by = 0. In line (EC.36), we added and
subtracted the over-allocation cost and used Claim EC.4. In line (EC.37), we used the Cauchy-Schwartz
inequality to bound Y314, 0, - (p —2z,) <>, 0, - (p — z,) + 2a(T — T4) by using that (i) 8 € [0,a]™,
(ii) |lp —z:|l1 < ||pllx + ||z¢]|1 <2 (by definition of z, and our assumption that ||p||; <1).
In the following claims, we show that Ry < O(v/T) and Ry < O(VT) — (1 +2a)(T — T,). Plugging
the bound of Ry and Ry into inequality (EC.37) completes the proof of Lemma 5.

Cramm EC.6. Ry < O(VT) for every sample path.

Proof of Claim EC.6. We first describe how we can view {6;}_, as a sequence of the online
mirror descent iterates for properly defined primitives stated in Claim EC.3. Let f,(0):=0-(p —z,),
D:=1[0,a]™, & :=p—2z, and h(0) =", 0;1log(0;). Note that the gradient has no noise (i.e., G; = 0).
With these primitives, it is straightforward to see that the update rule (EC.6) is reduced to that
of line (7) (for dual variables @) in Algorithm 1. Furthermore, ||g[/1 < ||z:]|x + [|pl1 <2 and A(-) is
(1/a)-strongly convex with respect to ||| in D. Hence, we invoke Claim EC.3 with the fixed step

size ny =1n:
T

Ry =S2(/:(8) = £,(67)) < 20nT + ;Vh(e*, 6,) (EC.38)

t=1

The bregman distance D(60*,0,) is bounded because 8* and 6, are all in D by definition. Hence, with
n=0(1/V/T), the right-hand side of (EC.38) is O(V/T). O

CramM EC.7. Ry <OWT)— (1+2a)(T —Ta) for every sample path.



ecl6 Bansak et al.: Dynamic Matching with Post-allocation Service

Proof of Claim EC.7. Let us first denote the upper-bound of \ as \ := %. Similar to the proof of
Claim EC.6, we define f;(A):=X-(p—2), D:=[0,\]"", & = p — 2, and 7h()\) =y Ailog(N). Tt
is straightforward to see that the update rule (EC.6) is reduced to that of line (7) (for dual variable
A) in Algorithm 1. Furthermore, ||g||; <2 and A(-) is 1/A-strongly convex with respect to ||-||os in D.
Hence, we invoke Claim EC.3 with the fixed step size 1, = 1 to obtain that, for any A* € [0, \]™

Ta
Ry <2MT + — Vh(A* A+ A (p—zy)
t=1

* &

Since both A* and A; are bounded, the term 4 is O(v/T) with n=0(1/v/T). We now show that, by
properly choosing A*, the term < is upper bounded by (14 2«a)(7T4s —T'). We consider two cases. First,
if Ty =T, then we take A* =0 and the bound is trivial. Otherwise, Ty < T and there exists 7 such
that 374, 2z, > p;T (see line (16) in Section 3.3). Take that coordinate i and let A* = “;—f“ei. Note

that A* € [0, \]”™ by definition of X\. The term <) is then given by

1+ 20 &
&= Z(Pz - zt,i)
L ——

1+2a((TA_ T)py)

= (1+2a)(TA —T)

The second line is by the definition of the coordinate ¢ we have chosen. The last line simply follows

142« 1+2c :
T=tey, .y =5 €}, the term < is

from p < p;. Hence, taking the worst case over A* € {0, Hp‘f”‘el,

always at most (1+2a)(T4 —T'). This completes the proof. O

EC.6.4. Missing Details for Step 3: Finishing the Proof of Lemmas 1 and 2

With inequality (20) in place to prove Lemma 1, we set z; =z} for all ¢ € [T] (i.e., the optimal offline
allocation in Definition 2) and observe that (B") >0 because the backlog is non-negative. The proof
is complete by plugging ¢ = ©(1/v/T) as stated in Theorem 1.

To prove Lemma 2, we set {Z;}7_, to be the matching profile that maximizes the net matching
reward subject to 2, € Z(i}) for all t € [T] and (Capacity Feasibility-7"). By definition of such {2, }7_,,
term (A) is nonnegative and hence, term (B') is upper bounded by O(v/T + ¢T'). Hence, the average
backlog up to the stopping time is O(1/¢). The remaining step is to show that the average backlog
after the stopping time is not dominant. Observe that (i) by construction of CA-DL, only tied cases
can arrive after T4 and (ii) the arrival rate of the tied case is strictly smaller than p. Therefore, the
backlog process is a random walk with a negative drift. In the following, we combine these observations
with a drift analysis of the potential function ¢ (-) to show that the average backlog accrued after the
stopping time is O(1).
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We begin by decomposing the average backlog for the entire horizon as

Tph—1

1. [& 1
—E ||bt||1]=E[ [be |2

The first (second, resp.) term is the contribution of the backlog until (after, resp.) the stopping time.
We first bound the first term. Recall from the inequality (20) that

1
=K
+T

> ||bt||1} (EC.39)

t=Ty

Ta—1

(el [ > bl

Noting that (+) is always non-negative, we straightforwardly obtain

+(E[(br,)] < OVT +CT). (EC.40)

;Elé by s go(i(uc%)) go(%). (EC.41)

where the last inequality is because we set ¢ =©(1/+/T) in the stable regime.

We now turn our attention to bounding the contribution of the backlog after ¢ > T4. Toward this

goal, we first obtain a bound of the backlog at the stopping time.
Cramm EC.8. E[||br,||7] <O(T)

Proof of Claim EC.8. The proof is the direct consequence of line (EC.40). To be precise, because
the backlog is non-negative, the line (EC.40) implies that
VT )

E[¢(br,)] <O <T+ < )= o(T)

where the last inequality follows since ¢ = ©(1/v/T). We finally recall the definition of ¢ (br,) =
2||br, ||3. By Cauchy-Schwarz inequality, we have |br, ||} < m|/br, |3 (for every sample path). Hence,
O(T) bound on E[¢)(bz,)] is equivalent of showing the same order of bound on E[||br,[|5].*? This
completes the proof. O

Building on this claim and the fact that only the tied cases can arrive at each affiliate after t > T4,
we now prove that the average backlog after the stopping time is O(1), which completes the proof of

Lemma 2.
Cram EC.9. 1E [th:TAHth <0(1)

Proof of Claim EC.9. For each affiliate ¢ and ¢ > T4 + 1, we have

E[bii - bf—1,i|7‘[t71] <bio1i(Elzes — 50| Hem1 ) +O(1) (EC.42)
=by_1,;(Plif =1] — p; —€) + O(1) (EC.43)
< —(d+e)b_1,; +O(1) (EC.44)

39 Because of our assumption that the capacity grows linearly with 7', the number of affiliates must be o(1).
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The first line follows from (one-dimensional version of) Lemma 3. For the second line, we used the fact
that only tied cases can arrive at each affiliate after the stopping time, along with the i.i.d. nature of
the arrival and service process. For the last line, we used our assumption that there exists constant
d > 0 such that p; —P[if =] > d. Summing up the previous inequalities over Ty +1 <t < T (and using
the similar Martingale argument used to justify line (EC.17)), we deduce that

T—1
BB, — b, ] < —(d+ B[ 3 bs| + O(EIT = T4)). (EC.45)
t=T,x
Combined with Claim EC.8, the above inequality directly implies that E[th;TlA bm-] < O(T) and
E[br;] < O(VT). Summing these two bounds across all i € [m], we conclude that

%IE S bl | < 001). (EC.46)

t=Tx

This completes the proof. O

EC.6.5. Some Remarks on Algorithm 1
EC.6.5.1. Bound on the Expected Stopping Time

For technical reasons, our analysis relied on taking inaction for free cases after the first time an affiliate
reaches its capacity (i.e. the stopping time T4 defined in line (16)). In the following, under a mild
assumption, we show that the stopping time is near the end of the horizon in expectation. To introduce
this assumption, we recall the static control introduced in Claim EC.5.

PL:= max E[w-z(A)] st E[z(A)]<p (EC.47)

z(A)cZ (i)
VAEA

We make a mild assumption that the value of the static control is a strictly positive constant as well

as the penalty cost parameter « (for over-allocation)

AssumpTiON EC.10.
(a) The penalty cost parameter for over-allocation is > 1 (that is, greater than the maximum reward

of each case).

(b) The arrival distribution F is such that Py =Q(1).%

The following proposition shows that, under the above assumption, the stopping time is very near

the end of the horizon in expectation.

ProposITION EC.11. Under the stable regime (Definition 1) and Assumption EC.10, we have
E[T4]>T —OKT).

40 A sufficient condition for this assumption is, for example, that the reward distribution satisfies E[w - p] = Q(1).



Bansak et al.: Dynamic Matching with Post-allocation Service ecl9

Proof of Proposition EC.11. The proof follows similar steps of that for Lemma 4. First, we establish

a lower bound on the expected pseudo-reward as follows.
Lemva EC.12. B[ S K| > PyT —E[T - Ty] - O(CT).

Proof of Lemma EC.12. The proof only requires a minor modification of the steps taken in Sec-

tion EC.6.2. Specifically, we have

E[KtrHtfl] > E[Wt : 2t|Ht71] +0, E[(P - it)|Ht71} + A E[(P - it)|/Ht—1} + By 'E[(St - it)’Ht—l] - O(Q
=Pz - 0(()

where the first line follows from line (EC.14) and the second line is because of Claim EC.5. Summing
the inequality over t € [T4] and taking expectation, we obtain:

E [% K| > PLE[T4] = O(CT) = PLT — PLE[T — Ty] — O(CT) > PLT — [T — T4] - O(CT) (EC.48)

t=1
where the last equality is because the per-period reward is at most one. This completes the proof. [

We now establish an upper bound on the expected pseudo-rewards in terms of E[T].

Lemva EC.13. B[ 74 K| <E[T4)P; — [T - Tu] + O(VT)
Proof of Lemma EC.13. The proof is a modification of the steps taken in Section EC.6.3. Recall
the dual program of the static control problem defined in Claim EC.5:

Dz(qb):—E[ max (w—¢)-z(A)+p-o|, D*Z::glzir(}Dz(qS).

z(A)eZ(it)

By the compactness and convexity of Z(if) for all it € {0} U[m], a straightforward application of
Sion’s minmax theorem (Sion 1958) implies that D7 = PZ%.
Equipped with the definition of D%, we now obtain the following:

Ta

Ty
ZKt:Z{Wt'Zt+9t'(P—Zt)+)\t‘(P—Zt)—CDt}

t=1

ZZWt‘Zt‘i‘th‘(P—Zt)+zl\t'(P—Zt)—gw(bTA)

T Ta Ta
SZWt-Zt—FZ@t-(p—Zt)—FZ)\t-(p—Zt) (EC49)
t=1 t=1 t=1
Ry Ry

The second line is due to the telescoping sum of D;, along with by = 0. The last line follows from
the non-negativity of the backlog. We now bound Ry and R, as follows. For the former, define ¢* >0
such that Dz(¢*) = D%. In Claim EC.31-(a) (see Section EC.8.2), we establish that ||¢*||. <1 and
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therefore ||¢*||oc < (by Assumption EC.10). Hence, by mirroring the arguments in Claim EC.6, we
invoke Claim EC.3 to obtain

R9<Zq§ p—12)+ONT). (EC.50)

We now bound R,. Let A = %. By mirroring the arguments for the proof of Claim EC.7, we
invoke Claim EC.3 to obtain that,}or any A* € [0, ], Ry < OVT) + 374, X* - (p—2z;). We now show
that, by properly choosing A*, the second term ZthAl A* - (p—2,;) is upper bounded by (Ty —T). We
consider two cases. First, if T4 =T, then we take A* =0 and the bound is trivial. Otherwise, Ty <T
and there exists i such that 274, z,; > p; T (see line (16) in Section 3.3). Take that coordinate i and
let A* = piiei. Note that A* € [0, \]™ by definition of X. Hence, the term <) is then given by

1

18 1
—((Ta=T)p;)=Ta—T.

Z(Pi — Z) = - Z:(,OZ —z4) < >

Pi= Pi=1
The first inequality is by the definition of the coordinate i we have chosen. Taking the worst case over
A efo,L
have deduced that

o€l o Le,y, ..., iem} of the above inequality, the term <> is always at most Ty —T. Hence, we

Ry <OWT)+Ty—T (EC.51)

Plugging the bounds (EC.50) and (EC.51) into line (EC.49) and taking expectation, we have

E[TZAKJ < [TZA(Wt—¢*)'Zt+P‘¢*] _E[T_TAH‘O(\/T)

< [ max (Wt—¢*)'zt+p'¢*} —E[T—TA]‘FO(\/T)

t=12t€EZ(i T)

—=E[T4]D% —E[T — T4] + O(T)

In the last line, we used Wald’s equation and the i.i.d. nature of the arrival process. The proof is
complete by noting that D% = P%. a
To complete the proof of Proposition EC.11, we combine Lemmas EC.12 and EC.13 to obtain

PLE[T —Tu] <O(VT +(T) <O(WT) (EC.52)
where the last inequality is because ¢ = O(1/+/T) under the stable regime. The proof is complete by
dividing both sides of the inequality by P%, which is justified by Assumption EC.10. O

EC.6.5.2. Removing Dummy Affiliate
In the main body of our paper, we have allowed inaction for free cases throughout the entire horizon.

In this appendix, we partially relax this assumption. Specifically, we consider a variant of Algorithm 1
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which cannot take inaction for free cases before the first time an affiliate reaches its capacity. Formally,

for a given target affiliate i', define a type-feasibility set (without any inaction) as

o ot _
x(i) = {zeR, :Y" z=1} if i O (BC.53)
{e;+} otherwise.
For t <T4 (see line (16) for its definition), we now modify 5 of Algorithm 1 as
z; € argmax(w; — 0, — A\, — (b,_1) - z. (EC.54)

ZEX(i])
The rest of the algorithm remains unchanged (including line 6 that leaves free cases unmatched
once any of the affiliates exhaust its capacity). We call this algorithm CA-DL. In the following, we show

that CA-DL has the same theoretical guarantee as CA-DL under the stable regime and an additional

assumption that ;" p; =1.

COROLLARY EC.14. Let n=0(1/VT) and ¢ =O(1//T). Under the stable regime (Definition 1)
and Y., pi =1, the regret (Definition 3) of CA-DL is O(V/T + 7).

Proof of Corollary EC.14. The proof mirrors that of Theorem 1 except for a minor change of
Claim EC.5 (See Section EC.6.2). Specifically, we need to modify the claim by defining a static control
problem without any inaction, and prove that the value of the optimal static control is an upper bound

on the net matching value of the offline benchmark (Definition 2).

Cramm EC.15 (Static Control: Modification of Claim EC.5). Consider the following static

control problem:

P.:= max E[w-z(A)] st E[z(A)]<
v ax [w-z(A)] [z(A)] < p (EC.55)
VACA

where the expectation is with respect to A = (w,i') ~ F. Let z: A — A,, be the optimal static control
that solves the above program. Then we have

(a) Zz(A) € X(i") for any A = (w,il)

(b) Ealz(A)] <p

T

for and any matching profile {2;}_, that satisfies

7, € Z(i}) VtelT], Zﬂ[z‘j:@]zmg<ci—in[¢1=¢]zt,i> Vi € [m).

t=1 +
Proof of Claim EC.15. Parts (a) and (b) are trivial. The only minor modification of the proof is
for part (c). We first recall the definition of P% from line (EC.18) (which allowed for inaction only for
free cases). Because of our assumption that Y /", p; = 1, the optimal static control P% matches every
case to the actual affiliates, and hence we have P% = P%,. The rest of the proof follows the identical

steps taken in the proof of Claim EC.5-(c). O
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Using this claim, one can follow the steps from line (EC.13) onward to prove the desired result.
Specifically, we replace z,; in line (EC.13) with z, :=z(A,). and follow the same steps from from line
(EC.13) onward. For brevity, this part of the proof is omitted. O

Finally, we also show that, the stopping time of CA-DL is near the end of the horizon in expectation.

COROLLARY EC.16. Under Assumption EC.10 and Y ", p; =1, the stopping time Ta (see line
(16) for definition) of CA-DL satisfies B[T4] > T — O(V/T) under the stable regime (Definition 1).

Proof of Corollary EC.16. The proof again follows the identical steps taken for the proof of Propo-
sition EC.11. We only point out a minor change in the proof of Lemma EC.13. We define a static dual
problem with type-feasibility set X as

Dx(¢):=E| max (w—¢)-z(A)+p-¢|, D% ::glziI&DX(qb). (EC.56)

z(A)eXx(if)

By strong duality, we have P% = D%. To completely extend the proof of Lemma EC.13 to CA-DL,
we need to show that there exists ¢* € argming, o Dx such that [|¢*||c <« (and the rest of the proof
follows the identical steps from line (EC.49) and onwards). We claim that such ¢* indeed exists. To
see this, we first recall the static dual problem under the type-feasibility set Z(-) from line (EC.20):

Dz(¢):=E Z(An)ﬂeag(m(w—¢)'Z(A)+p-¢ , Dz:=minDz(¢).

Let ¢* € argming.oDz. As we prove in Claim EC.31-(a) (see Section EC.8.2), we have [[¢*|| <«

under Assumption EC.10. We now observe that
* (a) * * (b) * *
Da(¢") < Dz(¢") =P3 2Py =D (EC.57)

Inequality (a) is because X(-) C Z(-). In equation (b), we used our assumption that > ", p; =1
(see the proof of claim EC.15). Because Dy (¢*) > D% by definition, the above inequality implies that
Dx(¢*) =D%, or ¢* € argming., Dy equivalently. This proves the desired claim. O

EC.6.6. Proof of Corollary 1
Our first step is to show that whenever the backlog is above 1/(, we have a constant negative drift on

the expected backlog.
CrAM EC.17. Let t <Ty. Whenever by_1; > 1/¢, we have Blb,; — by_y s|Hi—1] < —(p; — Plif =1])

Proof of Claim EC.17. From Proposition 2, we assume that v = o(T") without loss. Because 1/{ =
/T ]~ is super-constant under this assumption, we also have 1/¢ > 1 without loss. Then, b, ; —b; 1 ;=
2 — St whenever b,_q,; > 1/(. Furthermore, we can write z,,; = ]l[zz =] whenever b,_,,; > 1/(. To
see this, whenever i} = 0 (a free case) and b,_1; > 1/(, we observe that w;; —6;;, — \y; — (b1, <

0. Combining this with the fact that the adjusted score of the dummy affiliate is always zero (by



Bansak et al.: Dynamic Matching with Post-allocation Service ec23

definition), we have z; ; =0 whenever b,_; ; > 1/¢. On the other hand, if the arrival ¢ is a tied case to

location j # i, we again have z; ; = 0. Combining, we have
Elbys —be—1,i|Hi—1] = Elze — 50| Hi1] = P[ZI =il —pi—e

The proof is complete because € > 0. U
We now prove the following lemma, which establishes O(% + 1) bound on the average backlog (in

expectation) for any e > 0.

LEMmA EC.18 (Upper Bound on Backlog for Algorithm 1). For any given ¢ > 0, the
expected average backlog of Algorithm 1 is

;E[é\bt\h] §O(é+1).

Proof of Lemma EC.18. We apply the following result extracted from Wei et al. (2023) and
Gupta (2022).

Cramm EC.19 (Lemma 5 of Wei et al. (2023)). Let ¥(t) be an {H,}-adapted stochastic pro-
cess satisfying:

e Bounded variation: |V(t+1)—¥(t)| < K

e Negative drift: E[V(t+1) — U(t)|H,] < —d whenever V(t) > D

e V0)<K+D

Then, we have
D K—d
E[W(t)] < K (1 + [Kq) LK (Qd) |
To apply Claim EC.19 to our setting, let W(¢) :=b;,; let d; = p; —P[if =i]. We recall that d; >0 is a
positive constant by our assumption (see Section 2). Furthermore, we have by ; =0 and |b;; —b,—1;| < 1.
From Claim EC.17, we have E[b, ; — b,y ;| H;] < —d; whenever b;_;,; > 1/¢. Applying Claim EC.19
with, K =1, and D =1/¢, we have

1 1—d;, 1 1+3d;
E[b ;| <1+[= <=

Hence, we have E[||b||;] <O (% + 1) for all ¢ <T4. Finally, the average backlog is bounded by

(EC.58)

1 T 1 Ta 1 T
7 S| = 7E S| 4 72| 3 bl
=1 =1 t=Ta+1
1
§0<+1>
¢

The last inequality is because we have E[||b|[;] <O (% + 1) for all ¢ <Ty from inequality (EC.58),
along with Claim EC.9 (See Appendix EC.6.4). This completes the proof of Lemma EC.18. O
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Proof of Corollary 1. We now complete the proof of Corollary 1. For ease of reference, we recall
the inequality (20) (see Section 3.3) in the following: for any matching profile {2;}  that satisfies
2, € Z(i}) for all t € [T] and (Capacity Feasibility-T") (see Definition 2),

Tp—1

> bl

t=1

EINMR({;}/_,; )] — EINMR({z;}{_,; )] +-(€E +CE[¢(br,)] < OWT +(T)

(A)
Note that the above inequality holds for any € > 0, including the near-critical regime. This implies that

the term (A) is still O(v/T +¢T). Let {z:}~_, denote the the optimal offline solution (Definition 2).

By utilizing the same decomposition as line (10), we bound the regret by

E[OPT(a, )] - E[ALG(a,7)] < E[NMR({z; };_,; )] — E[NMR({z },_; )] + %E [Z!bt I 1]

(A) Lemma EC.18
<O(T+VT)+0 (Z—l—’y)
< O(VAT)

where the last line follows from ¢ = @(\/g ) under the near-critical regime.

EC.7. Matching Lower Bounds
We begin by clarifying an important aspect of our upper bound in Theorem 1. While our formal
definition of regret compares the online algorithms objective to that of the benchmark OPT (), the
proof in Section 3.3 in fact establishes a stronger result: our regret bound holds even when bench-
marked against OPT(«,0). This is because we explicitly separate the analysis of net matching reward
(Lemma 1) and backlog penalty (Lemma 2). In particular, the the net matching reward of CA-DL is
lower-bounded relative to any feasible offline solutionincluding OPT(a,0), which incurs no backlog
cost (Lemma 4). As a result, the bound O(v/T ++/¢) holds against the stronger benchmark OPT (a, 0).

In this section, we show that the our regret upper-bound is asymptotically optimal with respect to
OPT(«,0) by establishing a tight lower bound for any online algorithm’s regret. In Section EC.7.1, we
show that the regret bound of Algorithm 1 in the stable regime (Theorem 1) is asymptotically optimal
with respect to both benchmarks OPT(a, 0) and OPT(«, 7). In Section EC.7.2, we show that the regret
bound of Algorithm 1 in the near-critical regime where ¢ = O(1/+/T) (Corollary 1) is asymptotically
optimal with respect to OPT(«,0) in the spacial case of e =0.

Throughout, we let Z denote an instance of our problem (see the paragraph preceding Section 2),
and use ALGz(«,7) to denote the objective achieved by any online algorithm under instance Z, and

OPTz(a,7) the corresponding offline optimum (Definition 2).
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EC.7.1. Lower Bounds for Stable Regime
We first provide a lower bound for regret of any online algorithm against OPT(«,0), showing our
upper-bound in Theorem 1 is asymptotically optimal in the stable regime. Specifically, the following

result demonstrates that both the /T and /€ terms are necessary to capture the worst-case regret

against OPT (v, 0).

ProprosiTiON EC.20 (Lower Bound on Regret against OPT(«,0)). In the stable
regime (Definition 1), there exist instances for which the regret of any online algorithm with respect

to OPT(«,0) is (\/T—l— g)

Proof of Proposition EC.20. In the following, we construct two instances, Z; and Z,, and show
that for instance Z; (resp. Z), any online algorithm incurs regret of at least Q(7y/e) (resp. Q(VT)).
We then establish the claimed lower bound by taking the worst case over the two instances.

(ii) Instance ;. We consider an instance with one actual affiliate (m = 1). The capacity is given by
c¢=0.5T (i.e., p=0.5), and the service rate is 7 = 0.5 + ¢ for positive constant € € (0,0.5). At each time
t, an arrival is a tied (resp. free) case with probability 0.5 — ¢ (resp. 0.5+ ¢). The reward of all arrivals
is one. Note that we have OPTz, (c,0) = 0.57". This is because the offline algorithm accepts all tied
cases (as required) and fills the remaining capacity using free caseswithout incurring any congestion
penalty.*!

We now upper bound the objective of any online algorithm. First, observe that any online algorithm
must accept all tied cases, which arrive at rate 0.5 — €. Since the service rate is 0.5 + ¢, this creates
a discrete-time single-server queue with arrival probability A = 0.5 — ¢ and service probability u =
0.5+ €. The resulting backlog process induced by tied cases evolves as a reflected random walk on the
non-negative integers. This Markov chain is ergodic (i.e., irreducible and aperiodic) and admits a well-
defined stationary distribution. In steady state, one can show that the expected backlog is ©(1/¢). By
the ergodicity of the chain, the time-average backlog converges to this stationary expectation (Gross
et al. 2011), implying that the expected backlog over a finite horizon T is ©(1/¢) 4 o(1). Because
accepting free cases can only increase the backlog, it follows that the expected average backlog of
any online algorithm is at least ©(1/¢). Combining this with the upper bound on achievable reward

(0.5T"), we conclude E[ALGz, («,7)] < 0.57 — © (), which implies
E[OPTz, (a,0) — ALGz, (c,7)] > Q(7/e). (EC.59)

11) Instance ZLs. 1s instance is adapted from kFreund an anerjee , with a single afhliate
7)1 Z,. This i is ad d f F d and B j 2019 ith a single affili
(m =1) and all arrivals being free cases (if = 0 for all t € [T]). The total capacity is set to ¢ =0.5T".

41 Because € = Q(1) in the stable regime and the arrival rate of tied cases is p — € in this instance, there is no over-
allocation cost with high probability.
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At each time ¢, an arrival type is given by A; = (w;,0) with the reward w, € {1/3,2/3,1} being drawn
independently with probabilities:

Priw, = 1] = Prfw, = 2/3] = ——, Prfw, = 1/3] = % (EC.60)

1
VT VT’

Freund and Banerjee (2019) analyzes a setting without congestion cost and show that, in this

N

instance, no online algorithm can achieve reward within O(v/T) of OPTz,(a,0). That is, when the

objective consists solely of cumulative reward (i.e., v =0), we have the following:

LemmA EC.21 (Proposition 4 of Freund and Banerjee (2019)). In instance I,, no online
algorithm can achieve O(\/T) regret relative to OPTz,(,0).*? In particular, for any online algorithm,

E[OPT,(a,0) — ALGg, (a,0)] > Q(VT). (EC.61)

Since ALGz, (o, 7) < ALGg,(a,0) for any v > 0 (because congestion cost only reduces the objective),
it follows that the same lower bound holds when the algorithms objective includes a congestion penalty.
That is,

E[OPTy,(a,0) — ALGy, (a, )] > Q(VT). (EC.62)

Thus, combining (EC.59) and (EC.62), the worst-case regret of any online algorithm against
OPT(«,0) iSQ(maX{ﬁ,g}):Q(ﬁ—kg). O
We now turn to our original benchmark OPT(«,~) (that penalizes the objective by the congestion
cost). The following result provides a lower bound that matches the regret upper bound with respect

to OPT(a,) in the stable regime (e =2(1))(Theorem 1).

ProrosiTION EC.22 (Lower Bound on Regret against OPT(«,7)). In the stable

regime (Definition 1), there exist instances for which the regret (Definition 3) of any online algorithm

with respect to OPT(a,y) is 2 (\/T—i—y).

Proof of Proposition EC.22. We construct two instances, Z, and Z3, and show that for instance
7, (resp. Z3), any online algorithm incurs regret against OPT (v, ) of at least (\/T — fy) (resp. Q(7)).
Combining these two bounds yields the desired lower bound on the regret.

(i) Instance I,. We revisit instance Z, from the proof of Proposition EC.20. We begin by upper-
bounding the gap between OPTz,(a,y) and OPTz,(a, 0). Consider the optimal solution to OPTz,(«, 0),
which maximizes total reward without penalizing backlog. With a slight abuse of notation, we use
OPTz,(a,0) denote the total reward earned by this solution. We note that the optimal solution
to OPTz,(a,0) is feasible for OPTz,(a,7). We now lower bound the expected time-average backlog
incurred by the solution to OPTz,(a,0). Let T, :=sup{t € [T]:>t_, 1[w, = 1] < 0.5T} be the first

42 Although this instance does not involve tied arrivalsand hence a plays no meaningful rolewe retain the notation
OPT(a,7y) for consistency.
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time at which 0.57 reward-1 arrivals have occurred. By construction, 7, > 0.57 on every sample path.
The solution to OPT(«,0) maximizes total reward by accepting reward-1 arrivals whenever it can,
and thus it accepts all reward-1 arrivals that occur before time T,. Furthermore, for large enough
T >Q(1/€?), the arrival rate of reward-1 case is at least 0.5 — e. Consequently, during time [1,7,], the
backlog process {b;} induced by this solution evolves as a reflected birthdeath process with arrival
rate at least 0.5 — e and service rate 0.5+ e. Following the similar argument of the analysis of instance

7., the expected time-average backlog up to T, satisfies

E [; ibt > 0(1/e).

0 t=1

Since T, € [0.5T,T] for all sample paths, we have

>6(1/e),

0 =1 0 t=1

i o5 (s

which gives a valid lower bound on the expected time-average backlog incurred by OPTz, (v, 0) over
the entire horizon. It follows that, when evaluated under the objective with congestion penalty ~, we

have:

E[OPTx, (o, 7)] > E[OPTs, (0, 0)] — © ('y) | (EC.63)

€

Combining the lower bound in (EC.62) with the inequality (EC.63), we obtain:

E[OPTz,(a,v) — ALGz, (ar,v)] = E[OPT1, (e, 0) — ALGZ, (v, 7)] — E[OPTz,(a,0) — OP T, (v, )]
>0 <\/T - 7) . (EC.64)

£

(i) Instance Zs. We revisit the instance considered in Proposition 2, where there is a single affiliate
(m = 1) with capacity ¢ = 0.57, and all arrivals are free cases with deterministic reward of one.
Following an identical argument to that in Proposition 2, one can show that, under the stable regime,

any online algorithm must satisfy:
E[OPTz, (e, 7) = ALGz, (o, 7)] = (7). (EC.65)

Taking the maximum of the lower bounds in (EC.64) and (EC.65) and assuming e = Q(1), the
worst-case regret of any online algorithm against OPT(«v, ) is at least (max {\/T —7, 7}) Consider
two cases. If v = o(v/T), then the bound reduces to Q(v/T). Otherwise, if v = Q(v/T), it becomes
(7). Thus, in combining cases, the regret against OPT(«,7) is (max{\/ffy}) = Q(V/T +7). This
completes the proof. O



ec28 Bansak et al.: Dynamic Matching with Post-allocation Service

EC.7.2. Lower Bounds for Near-Critical Regime

In the near-critical regime where ¢ = O(1/+/T), the regret upper bound of Algorithm 1 is given by
O(v/AT) (see Corollary 1), even when compared against the stronger benchmark OPT(«,0). In the
following proposition, we show that this regret bound is tight with respect to OPT(«,0) in the special

case where e = 0.

ProrosiTiON EC.23. For ¢ =0, there exists an instance for which the regret of any online algo-
rithm with respect to OPT(a,0) is Q(/T).

The rest of this section is devoted to proving Proposition EC.23. For the near-critical regime, estab-
lishing the lower bound even in this special case of ¢ =0 turns out to be technically challenging due
to the difficulty of characterizing a (non-stationary) finite-horizon optimal online algorithm. Conse-
quently, our proof introduces several novel techniques: (i) characterizing the optimal policy of an
auxiliary infinite-horizon Markov decision process tailored to our instance, and (ii) establishing the
convergence rate of the finite-horizon optimal policy to its infinite-horizon counterpart.

Proof of Proposition EC.23. We analyze the following instance Z,.

Instance 4. We consider a single-affiliate setting where all arrivals are free cases, and the reward
wy €{0,1} of each arrival is independently drawn from a Bernoulli distribution with Pr(w, =1) =0.5.
We often write Bernoulli(0.5) to denote this distribution. We set the total capacity to ¢ =0.57. The
service rate is exactly r = 0.5 (thus e =0). Because there are no tied cases, the parameter « plays no
role in the current instance. Hence, we simplify notation by writing OPT(0) to denote OPT(«, 0)i.e.,
the offline benchmark that maximizes total reward subject to capacity, with no congestion penalty.

In this instance, note that OPT(0) accepts all of reward-1 arrivals (and reject the others) to fill the
capacity. Thus, the value of OPT(0) on instance Z, is:

E[OPTz,(0)]=E [min <0.5T, XT: 1w, = 1])1 =0.5T —0(VT). (EC.66)

To analyze the regret of any online algorithm, we examine the optimal online policy DP7(7y), which
maximizes (Objective)the cumulative reward minus the congestion costover a horizon of 1" periods,
given a congestion penalty . This policy can be formulated as a finite-horizon Markov Decision
Process (MDP), which we define formally in Section EC.7.2.1. The following lemma provides an upper
bound on the expected value of DP7 (7).

LEmMA EC.24. E[DP(v)] <0.5T7 —©(/11),

Combined with Equation (EC.66), Lemma EC.24 directly implies Proposition EC.23. The proof of
Lemma EC.24 is fairly intricate; here, we provide a heuristic argument and defer the full proof to the
next subsection. Suppose, for the sake of developing intuition, that DPr(+) can be well approximated

by the following stationary threshold policy: accept a reward-1 arrival if and only if the current backlog
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bi_1 < K — 1, for some fixed threshold K > 0, which we will optimize later. Under this policy, the
backlog evolves similar to an M/M/1/K queue with both arrival and service rates equal to 0.5. The
stationary distribution of backlog of such M/M/1/K queue is uniform over {0,..., K}, leading to
a rejection probability of ©(1/K) and an average backlog of ©(K). The expected objective of this
threshold policy can then be roughly given by:

05T (1—@ (;{)) . O(K).

where the first (resp. second) term is the matching rewards (resp. congestion cost). Optimizing over
K yields the choice K* = ©(/T /7). With this choice of K*, the resulting value of the optimum online
is E[DPr(v)] =~ 0.5T — O(y/9T), as in Lemma EC.24.

In Section EC.7.2.1, we formalize the above intuition by showing that (i) the horizon-optimal online
policy DP () can indeed be well approximated by a threshold-form stationary policy with an additive
gap of O(V/T), and (ii) the value of such a stationary policy is 0.5T — ©(v/7T).

EC.7.2.1. Proof of Lemma EC.24

For the proof, we first formally define the optimal online policy DP+(7y), which provides a valid upper
bound on the objective value (Objective) for any online algorithm. Analyzing the value of DPr(7)
directly is challenging, as the finite-horizon optimal policy is generally non-stationary. To overcome
this, we define an auxiliary infinite-horizon problem closely related to DPr (7). We then characterize
the optimal stationary policy and its value for the infinite-horizon problem, and connect this value
back to that of DPr (7). We elaborate each step in the following.

Finite-Horizon Optimal Online Algorithm. We define DP7(v) as a dynamic program that
maximizes the total objective over T' periods (reward minus congestion cost), ignoring the capacity
constraint. Note that the objective value of DP7(7) is a valid upper bound on the objective value of
any feasible online algorithm (which must respect the capacity constraint). At each time ¢, the state

of DPr(7) is the current backlog b;_;. We denote the horizon-optimal policy by
ﬁ_T = (77177T27 v 77TT)7

where ,(b) € {0, 1} represents the decision to match an arrival at time ¢ when the backlog is b.

At each time ¢, let w; ~ Bernoulli(0.5) denote the reward of the arriving case. Technically, the
matching decision depends on both the backlog and the realized reward w;. However, it is without
loss of optimality to reject any arrival with w; = 0, since matching it incurs congestion cost without

increasing the matching reward. To simplify notation, we thus adopt the convention that

mi(bi—1) :=0 whenever w; =0.
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That is, we implicitly restrict attention to reward-1 arrivals, and interpret m,(b;_1) as the decision to
match such an arrival when the backlog is b;_;. Under this convention, we define the per-period payoff

function as follows:

(i (b)), bir) == o (by_r) — %bH. (EC.67)

The total expected value of the finite-horizon dynamic program when starting from backlog by =0
is:

E[DPr(y)]:=E Z (e (be—1),br-1)

t=1

bo = 0] : (EC.68)

where the expectation is taken over the sequence of arrivals {w; }/_, and backlog states (b;)]_, induced
by the policy 77.

Auxiliary Infinite-Horizon MDP. We now define a parallel infinite-horizon average-reward MDP
as an auxiliary problem. This MDP ignores capacity constraints and uses the same per-period con-
gestion penalty /T as in the finite-horizon problem. Importantly, both v and T are fixed in this
formulation; we consider running the MDP for a growing horizon H — oo while keeping /T constant.
This will allow us to analyze the long-run behavior of stationary policies under the same trade-off
between matching reward and congestion penalty as in the original finite-horizon setting.

Let 7*: N — {0,1} denote a stationary policy that maps the current backlog b to a matching
decision. As before, we assume without loss of generality that the policy only acts on arrivals with
w, = 1, and we suppress the dependence on w; in notation. Using the payoff function from (EC.67),
we define an infinite-horizon optimal stationary policy as

T Eargmathsup E[Z (. btl)]v

H—o0 —

and its long-run average payoff is denoted by:

I}gnoo —E [Z (b4 btl)] )

where the expectation is taken over the stationary distribution of the backlog b;_; induced by 7* and
the i.i.d. arrival rewards w; ~ Bernoulli(0.5).

We now state two auxiliary results from infinite-horizon average-reward MDP theory (Puterman
1994) that are instrumental in our analysis.

First, we invoke an optimality condition for infinite-horizon problems, which characterizes the opti-
mal stationary policy via its long-run average payoff and associated bias function. This result will
help bridge the finite-horizon optimal value DPz(7y) with the performance of a stationary policy in

the associated infinite-horizon problem.
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DEerFINITION EC.25 (Equation (8.2.3) in Puterman (1994), Bias function). Let ©* be the
infinite-horizon optimal stationary policy with long-run average payoff p*. The bias function h: N— R
is defined by:

ZE[ “(ber)bir) = p*| b =b]

where r(-,-) is the per-period payoff function defined in (EC.67). The expectation is taken over the

backlog trajectory induced by 7*, starting from backlog b, and an i.i.d. arrival sequence {w,}2,.

LEmMA EC.26 (Equation (8.4.2) in Puterman (1994), Bias-gain optimality condition).
Let ™ be the optimal stationary policy for the infinite-horizon problem with long-run payoff p* and
bias function h(-). Then 7 satisfies the following optimality condition:

p +h(b) = max {r(z,0) + E[h(t')]},

z€{0,1}

for all non-negative integers b. Here, i/ = (b+ 7n*(b) — s), denotes the next backlog starting from b,
where s ~ Bernoulli(0.5) represents the random service. The expectation E[h(D')] is taken with respect
to the random arrival w ~ Bernoulli(0.5) and service s ~ Bernoulli(0.5), and the resulting next state

b= (b+7*(b) — ). (induced by applying policy m at state b when w=1).

Furthermore, the following lemma shows that optimal infinite-horizon policy admits a simple thresh-

old structure.

LEmMA EC.27 (Yechiali (1971)). The infinite-horizon optimal policy 7 is of threshold type:
there exists threshold K* such that 7*(b) =1 if and only if b < K*.

Proof of Lemma EC.24. We are now ready to prove Lemma EC.24 in four steps. The proof of
all auxiliary claims is deferred to the end of this section.

Step 1: Upper bound via bias decomposition.

We begin by upper bounding the finite-horizon value DP+ () using the bias function h(-) and long-
run average payoff p* from the infinite-horizon MDP. Recall 1 = (my,...,77) be the finite-horizon
optimal policy. Let bo = 0 be the initial backlog. Let lA)l, e ,ET denote the resulting backlog process

under 7p.

Cram EC.28. For all T and v, we have:
E[DPr(7)] < Tp" + h(0) — E[h(br)]. (EC.69)

The proof follows by applying the biasgain optimality condition (Lemma EC.26) recursively along
the backlog trajectory induced by the finite-horizon optimal policy 7.
Step 2: Asymptotic expression for p*. We now analyze the long-run average payoff of the

infinite-horizon MDP under the threshold policy 7*.
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Cram EC.29. The long-run average payoff under the infinite-horizon optimal policy satisfies:

“ 05— x
p*=0.5 @( T>’

and the optimal stationary policy uses threshold K* =© ( T/’y).

To prove Claim EC.29; we crucially rely on the threshold structure of the infinite-horizon optimal
policy (Lemma EC.27) and optimize the backlog threshold K by analyzing the stationary distribution
induced by the corresponding threshold policy.

Step 3: Bounding the Bias Magnitude. We now upper bound the bias term h(0) — E[h(by)]
appearing in (EC.69).

Cram EC.30. For any fized v and T, the bias gap satisfies:
[E[h(0) — h(br))| <O (VT).

The proof of Claim EC.30 involves several technical steps. In particular, we leverage the fact that
the backlog process induced by the infinite-horizon optimal policy (characterized in Claim EC.29)
mixes “fast” to bound the bias term E[h(br)] in terms of E[by], and analyze the worst-case expected
backlog using a result on the running maximum of a random walk (Comtet and Majumdar 2005).

Step 4: Putting everything together. From Claim EC.28, E[DP1(7)] < T p* 4+ h(0) —E[k(br41)].
Claim EC.29 gives p* = 0.5 — ©(y/7/T), and Claim EC.30 shows |h(0) — E[h(br4)]| < O(V/T). Sub-
stituting,

E[DPr(y)]<T <0.5 - 9(\/7/T)) +OWT)=0.5T - O(y/T).
Thus E[DPr(v)] <0.5T — ©(y/7T), as desired. O

Proof of Claim EC.28. By the bias-gain optimality condition (Lemma EC.26), we have, for all
t=1,....T,

~ ~ A~

r(me(bi—1),bi—1) < p* + h(bi—1) — E[R(D,)].

Summing both sides over t =1 to T, we obtain:
S r(m(bim1), bim1) < Tp* + h(bo) — E[h(br)].
t=1
Taking expectations and using by = 0, we conclude:
T A A A
E [Z r(me(bi—1), bt_l)} <Tp*+E[h(0) — h(br)],
t=1
Because the left-hand side is equal to E[DP+ ()] by equation (EC.68), this completes the proof. [
Proof of Claim EC.29. We identify the threshold K* used by the optimal stationary policy 7*,

and compute the corresponding average payoff p*. From Lemma EC.27, policy 7* accepts an arrival
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if and only if the backlog b < K, for some threshold K € N. Under such a policy, the backlog process
forms a lazy random walk on {0,1,..., K}.** Let b* denote the stationary backlog under this policy.
The stationary distribution (and resulting expected value) of this random walk is given by (Levin and
Peres 2017):

P(b" = K) = © ([1() R =e(K).

The resulting long-run average payoff is:

P =05-P(b* < K)— % E[b]
—_—

congestion penalty

Since P(b* < K)=1-P(b*=K)=1-0(1/K), we have:

p*:o.5—@(;)—9(;.f(>.

Optimizing over K, we conclude that the optimal the optimal threshold K* must be given by
K*=0 (\/?) . Substituting this into the expression for p*, we get:

s =05-o(,2).

as claimed. O

match reward

Proof of Claim EC.30. By triangular inequality and Jensen’s inequality, we have
[E[R(0) — A(br)]| < E[|A(0)] +E[|A(br)]]. (EC.70)
In the following, we focus on showing that
E[|h(br)]] < O(VT). (EC.71)

The argument for E[|h(0)|] follows the identical steps and is omitted for brevity.

To prove inequality (EC.72), we first note that, as shown in Claim EC.29, the Markov chain {b}}
induced by the stationary policy 7* is a lazy reflected random walk on the path {0,1,..., K*}. This
chain is irreducible and aperiodic, and hence admits a unique stationary distribution p. By Theorem 4.9
of Levin and Peres (2017), the chain satisfies geometric convergence: there exists a rate parameter

a € (0,1) such that for any initial state b and any ¢ > 0, the total variation distance satisfies
1PH(b, ) = p()llpy < O('), (EC.72)

43 Under the threshold policy 7*, the backlog process evolves as by = (be—1 + 7" (bt—1) - we — S¢)+, where wy,s¢ ~
Bernoulli(0.5) are independent reward-1 arrival and service indicators. For internal states 1 < b < K, the transition
probabilities satisfy:

Pb—b+1)=0.25, P(b—b—1)=0.25, P(b—b)=0.5.

At the boundaries: P(0— 0) =0.75,P(0 — 1) =0.25, and P(K — K) =0.5, P(K — K — 1) = 0.5. This defines a lazy,
reflected random walk on {0,1,...,K}.
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where P*(b,-) denotes the distribution of b; conditional on b5 =b, and || - ||y denotes total variation
distance.** Furthermore, it is known that the convergence rate « is determined by the spectral gap &
of the chain, with a =1 — & (see, for example, chapter 12 of Levin and Peres (2017)). Since {b;} is
a lazy random walk on a path of length K™, it follows from Exercise 13.2 in Levin and Peres (2017)
that k =O((K*)™?), and hence a=1—O((K*)72).

Building on the above result, we now establish an upper bound on ]h(BT)\ Recall from Defini-

tion EC.25 that the bias function is given by

o0

h(br):= Y (Blr(x™(bi_1),biy) | b = br] = p").

t=1
Define 7(k) := 7*(k) — 7 - k, so that

max(K* bp)

E[r(x*(b}_1),bi_1) | b = br] = Z #(k) - P (br, k), (EC.73)
K* max(K* ,bp)
R S LI S ) (BC.74)

To see why equation (EC.73) holds, we recall that the infinite-horizon optimal policy 7* accepts a
reward-1 arrival if and only if the backlog is strictly less than K*. Thus, if the initial state is br> K *
the backlog under 7* can only decrease and will eventually enter and remain in {0,..., K*}. Hence,
the payoff at time ¢ only depend on the values k < max (K™, ET)

From equations (EC.73) and (EC.74), we have:

max(K* bp)

Bl i) b ) [l =bel =7 < 32 (0] [P k) = () (EC.75)

k=0

g( max |f<k>|)-2-||Pt1<b,‘>—u||Tv. (EC.76)

0<k<max(K*,by)

Note that |7(k)| <14 2Zk= O (Zk). Combining this with (EC.72) and (EC.76), we obtain:

Blr (e (6 | by =b) = 7| < O (- max(br. ) a1

and thus

* - Y 7 * 1
\h(by)| <O ( -max(bp, K*) ;of 1) <T -max(bp, K*) - 1_@) (EC.77)

Recall that o« =1 — O((K*)™?). Furthermore, from Claim EC.29, we have K* = /T /7. Plugging
this into the above bound yields:

|h(br)| < O(max(br, K*)) < O(by + K*). (EC.78)

44 For probability measures v, 4 on a state space €2, the total variation distance is defined as:

v =l = 5 3 ol -

rEQ



Bansak et al.: Dynamic Matching with Post-allocation Service ec3b

Taking expectation over ET, we conclude:
E[[h(br)[] < O (Elbr] + K*). (EC.79)

We now show that E[by] < O(VT). Plugging this into (EC.79) and using the fact that K* =
O(/T/v) < O(T) (from Claim EC.29), we conclude:

E(|n(br)]] < O(VT),

as desired.
To prove Elby] < O(VT), Consider a (trivial) stationary policy that accepts every arrival with
reward 1 (and reject the others). Let b, denote the backlog under this policy. Then, for any sample

path,

by < br.
Thus, it suffices to bound E[by]. Note that b, evolves as a lazy reflected random walk:
i)t = max(l;t,l —+ 5ta 0),

where §; € {—1,0,1} is an i.i.d. random variable with:

Let S, =Y. _, 0, be the associated (unreflected) lazy random walk. By induction, one can show that:
Et = Imax ST — St7
1<7<t
for any sample path. Since E[d;] =0, it follows that:
E[b,] =E [max ST} ,
1<r<t

i.e., the expected running maximum of a symmetric lazy random walk. This is known to be ©(v/1);

see, for example, Comtet and Majumdar (2005). Therefore:
Elbr] < Elbr] = O(VT),

as claimed. This completes the proof. O



ec36 Bansak et al.: Dynamic Matching with Post-allocation Service

EC.7.3. Proof of Claim EC.3
For any given v € D and g, = V f,(v,),

fiwe) = fi(v) <gi- (Vi —v)

~ () (a8 04

= —(Vh) = Th(F) - (v =)+ (&~ ) - (=) (EC.80)
;(Vh(u 02) + ViV, 1) — Va0, Bosn)) + (&0 — 82) - (v — v) (EC.81)
< ) Va0 B1) = Va0 s1) = VWi, 1)) + (81— 80 - (=)

(EC.82)

A

1 1 - .
= n—(Vh(u, v) = Vi(v,vp)) + 77* (Va(we, Deg1) = Vi(Wes1, Degr)) H(8e — &) - (e — V)
t t
()

(EC.83)
The first line is because of the definition of the subgradient. Line (EC.80) is from the update rule
(EC.6). Line (EC.81) is from the three-point equality property of V}, (Lemma 5.2 of Bubeck (2011)).
Line (EC.82) is due to Generalized Pythagorean Theorem (Lemma 5.3 of Bubeck (2011)). We now

bound the term (%) as

(%) =h(ve) = h(vis1) = VR(Deia) - (0 — Vi) (EC.84)
~ g
< (V) = VA(D41)) - (= Viga) — §||Vt 2 (EC.85)
A g
=8, (W — V) — §Hl/t - Vt+1||2 (EC.86)
A o
< el el l[ve — v || —§||Vt—'/t+1\|2 (EC.87)
21146 |12
e 11812
S = EC.88
=", ( )

Line (EC.84) is by the definition of V},. Line (EC.85) is because h(+) is o-strongly convex with respect to
||I-||. Line (EC.86) is again due to the update rule (EC.6). In the final two lines, we used the generalized
Cauchy-Schartz inequality and the fact that az — bz? < i—i for any a >0,b>0 and z € R.

Plugging the bound of (x) in (EC.88) into (EC.83), we have
12

Fi) — 1:0) < L (Vawan) = Vi, wng)) + B

m 5y T8 &) (1-v) (EC.89)

We sum up the preceding inequality for £ <t <s to obtain

S (ilwr) - Z Vi, 1) — Vv, v1a1)) +z”’f”gf” Y (e 8)- (- v)

=k o, o >
s 1 1
= ( - )Vh(l/ V) +— Vh(u vy,) — fvh(,/ Veir) 0|82 N
t—pr1 N =1 M "y ;k o

S

Z(gt — &) (v—v)

t=k
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® 1 1 1
<Y (2L N+ i)+ Z”ﬁ‘gt” Z vi—v)
ter1 N T Mk

where the last inequality follows from the non-negativity of V/,. ThlS completes the proof.

EC.8. Missing Details and Proofs of Section 4
EC.8.1. Formal description of CO-DL

We provide the formal description of the congestion-oblivious algorithm in Algorithm 2.

Algorithm 2 Congestion-Oblivious Dual-Learning (C0-DL) Algorithm

1: Input: T, p, constant k> 0, and 7, < % for all ¢.
2: Initialize 6, ; <—exp(—1), A\1; <—exp(—1), and ¢q,; < p;T for all i € [m)].
3: for each arrival {A;}7 , do

4:  if if € [m] then

5: Set z; = eii
6: else
7: if min;epm) ci—1,; >0 then
8: Set z; € argmax,cn, no.1ym (Wi — 0 — Ar) -2
9: else
10: Setz, =0
11: end if
12:  end if

13:  Update the remaining capacity: ¢, ; <= ¢,_1,; — z; Vi € [m]
14:  Update the dual variables for all i € [m]:
011, < min{f, ; exp(ni(zi — pi)), o} (EC.90)

. 142«
Ai41,i ¢ min {)‘t,i exp(ne(ze: — pi))s ; } (EC.91)

15: end for

EC.8.2. Preliminaries: Properties of the Static Dual Problem
The purpose of this section is to study the static dual problem defined in Section 4.2.1. We prove
some properties of the static dual problem which will be useful throughout the proof of Theorem 2
(Section EC.8.4).

Recall that we use v = (0,X) € R¥" to collectively denote the two dual variables. For ease of
reference, we recall that the static dual problem (Definition 6 in Section 4.2.1) was defined as

Dv)=E| max (W—0—-X)-z+p-0-+p-X
w) zezm)( ) p p (EC.92)

D(v*):=min D(v)

vey
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where we recall that V := [0, a]|™ x [0, %] We further defined the dual-based primal decision z(v, A)

and matching rate p(v) as

zZ(v,A) :=argmax(w—60 — ) -z
z€ Z(if)

p(v):=Ea[z(v,A)).
Note that, under Assumption 1, the dual-based primal decision is unique almost surely for each pair
of arrival type and dual variable, and hence the dual-based matching rate is well-defined.
In the following, we show some useful properties of the optimal solution v* for the static dual

problem.

Cramv EC.31 (Properties of Optimal Solution for Static Dual Problem). The  optimal
static dual variable v* defined in (EC.92) satisfies the following properties:
(a) 6%+ N[loe <117
(b) Under Assumption 1, p;(v*) < p; with for all i € [m| with equality if 67 > 0.
(c) Under Assumption 1, D(v*) =Ea[w-z(v*, A)]

Proof of Claim EC.31. We first prove part (a). Suppose for a contradiction that 6 + A\ > 1 for
some ¢ € [m]. To derive contradiction, we will construct an alternative solution & that can strictly
decrease the dual objective function. Note that we can write D(v) as

D(v)=> E[(w;—6; —X;)- 1[i' = j]| + E |max(w; — 6; — A;)1 - 1[il = 0]] +Y pi(0;+)).

J€[m]

j=1 J=1

We now define 8 := 8* — de; and A := X\* — de; with infinitesimally small § > 0. We first observe that

max(w; — 0; — \;)4 = max(w; — 07 — A+ (EC.93)

jetm j€lm]
for every sample path. To see this, recall that w; <1 (by our assumption in Section 2). Because
0+ \* > 1, we have w; — 0 — \* < 0 and therefore w; — 6; — \; < 0 by choosing sufficiently small § > 0.
Furthermore, (w; — 07 — A% = (w; — 0, — ;) for all j #i by definition of 8 and X. Combining the
two facts leads to line (EC.93). Consequently, we have:

D() — D(v*) =20E[1[i' =i]] + E [{ max(w; — 0; — \;)+ — max(w; — 07 — /\;)+}]1[1’T = 0]] —20p;

Jj€[m] Jj€[m]

= 25(PW =] — pi)
<0.

The second line follows from (EC.93). The last line is due to our assumption P[if =i] < p; for all

i € [m] (see Section 2). Hence, we have proved Claim EC.31-(a).

45 Tt is worth pointing out that we can re-parameterize this dual problem by defining ¢ = @ + A. However, for our
theoretical analysis, it is helpful to define @ and X separately as they play different roles. In simple terms, @ and A of
our algorithms control the over-allocation cost and the stopping time T4 (see eq. (16) for the definition), respectively
see, for example, Claim EC.6 and EC.7 in Section EC.6.3.
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We now prove parts (b) and (c). Let A = %. By the Karush-Kuhn-Tucker condition for v*, there
exists u;, > 0 and @; > 0 such that

aD(v)

| T +; =0 (EC.94)
w A =0 (EC.95)
(A — \) =0. (EC.96)

Because A > 1 (due to p; < 1 for alli € [m]) and A* < 1 by part (a), we must have @; = 0. Furthermore,
Assumption 1 implies that each z(v, A) is unique almost surely. Therefore, by Theorem 7.44 of (Shapiro
et al. 2021), the function D(-) is differentiable and the partial derivative with respect to A; is
dD(v)
O\

=p; —E[Zi(v", A)]. (EC.97)

v=v*

Plugging this into the preceding Karush-Khun-Tucker conditions (along with @; = 0), we have:

pi—E[5(v", A)] 20 (EC.98)
(pi —E[5(v", A))X; = 0. (EC.99)

Part (b) is a direct consequence of line (EC.98). For part (c), one can follow the identical steps as
before to show the complementary slackness (p; — Z;(v*, A)])0F =0 for all i € [m]. Combining this with
line (EC.99), the dual objective at optimal dual v* must be D(v*) =E[w - z(r*, A)]. This completes
the proof of part (c). O

EC.8.3. Proof of Proposition 3
General Setup. We begin by describing a general setup of online stochastic mirror descent (OSMD).
Let D:V — R be a convex function and (with a slight abuse of notation) v; be a sequence of iterates
such that

Vi(ys) =Vh(vy 1) —m-1851

v, =argmin Vj, (v,y,)
vey

where
(i) (Bounded domain): V is a bounded convex set

(ii) (Strongly convex mirror map): h(:):V — R is a o-strongly convex on domain V with respect to
.

(iii) (Unbiased and bounded Gradient): E[g,|H:—1] = VD(r,) and ||§;||cc < G almost surely for a
constant G.

(iv) (Bounded Noise): The noise 0, := E[g,|H;_1] — &, satisfies ||a||; < U almost surely for some
constant U.

(v) me= % for some constant & > 0.
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The following is the main result we will establish.

THEOREM 32 (Extending Theorem 3.2 of Harvey et al. (2019) to OSMD). Define v*
such that

v* :=argmin D(v).
vey

Under the conditions ((1))-((v)) and for any given s, we have

1 log(1/6

P D(us)—D(V*)go(‘)g(‘”Og(/))] >1-4. (EC.100)
NG

Connection to Proposition 3. To see the connection of the theorem to Proposition 3, recall that

we aimed to study the last-iterate convergence of the dual variables {Vt}tT:“1 of Algorithm 2. For ease

of reference, we recall that the domain of the dual variables was given by V := [0,a]™ x [0, \]” where

A= %. The static dual function (Definition 6 in Section 4.2.1) was defined as:

z€Z(iT)

D(v) :—Elmax (W=0—-X)-z+p-0+p-A

D(v*)= 12[1613 D(v).

The dual variables {ut}tT:“1 is the sequence of OMSD (with the negative entropy mirror map), as we

discussed in Section 4. Furthermore, the primitives (U, G, o) for our variant of OSMD is constant. In

1
2m max(\,a)

particular, it is straightforward to see G=1, U =2, and ¢ = Hence, applying Theorem 2,

we directly obtain Proposition 3.

EC.8.3.1. Proof of Theorem 32
The proof closely follows the seminal work of Harvey et al. (2019), which establishes the same result
for stochastic gradient descent, a special case of stochastic mirror descent with a mirror map denoted
as h(v) = ||v]|3. Given our primary use of the multiplicative update rule, an online mirror descent
employing the negative entropy mirror map, we need to extend the result to the general mirror
descent setting. Although extending the proof of Harvey et al. (2019) to non-Euclidean geometry is
straightforward, the exact result we require is, to the best of our knowledge, not available in the
literature. Therefore, for the sake of completeness, we will revisit the main steps of Harvey et al.
(2019) and highlight necessary modifications to prove the result for our setting. To avoid unnecessary
repetitions, we clearly label any result that can be directly derived from Harvey et al. (2019) and
kindly refer readers to the original paper.

Without loss of generality, we assume that the primitives (U, G, o) are the values corresponding to
our variants of OSMD, as given in the last paragraph of Section EC.8.3. We begin with the standard

result on the average convergence guarantee, which follows from Claim EC.3.

LeEmMA EC.33 (Average convergence). For any v €V, k, and s, we have

s 77 G2

S (D) - D) < 37
t=k

+7;€Vh(1/,l/k)+§:ﬁt'(l/t—u)+ ES: (1_ 1 )Vh(’/a’/t)

t=k t=k-+1 ue Tt—1
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The following lemma associates the last-iterate convergence with the average convergence as follows.

LEmMA EC.34 (Lemma 8.1 of Harvey et al. (2019)). For any s > 1,

D)= D0 < 5 3 1D0) = D) +0 () 1 3w

B 5/2+1t:s/2 \/g t=s/2
—_——
L) L)
where
‘ 1
Wy = . - Vv, — V). EC.101
=L GG (BeA0D

The proof mirrors that of Lemma 8.1 in Harvey et al. (2019) and we omit the proofs for brevity.
Lemma EC.34 implies that the last iterate optimality gap is related to that of the suffix average (#)
and the weighted sum of the noise of the gradients (é). Hence, it suffices to obtain the high-probability
bound for each term. We first begin with the term .

Bounding &.

LEmMA EC.35 (Lemma 8.2 of Harvey et al. (2019)). With probability at least 1 — 6,

! y * log(1/0)
a1 2 [P~ DI <0 (f)

The proof again mirrors Lemma 8.2 of Harvey et al. (2019) and we kindly refer the readers to the

original paper. The idea is to observe that @, - (v, — v*) is a Martingale-difference sequence with respect
to the filtration {#H;} because E[(;|H;_1] =0 and v; is H;_;-measurable. Due to the assumption of
boundedness of all the primitives (domain, noise, and the norm of gradients), the magnitude of the
difference sequence is bounded by a constant. Hence, a direct application of Azuma’s inequality leads
to the lemma.
Bounding &.

The main technical lemma will be:

LEmMmA EC.36.

Z/w <0 (LBlosts9)

with probability at least 1 — 6.

Combining the previous two lemmas directly implies Theorem 32. The proof of Lemma EC.36 is fairly
intricate. We outline the proof in the following. Similar to the previous lemma, we note that w; - 0,
is a Marintagle difference sequence with respect to {#,}. Hence, the standard Azuma-type inequality
would require a bound of >°;__ /2Hwt||2 to obtain a high-probability bound of &. However, we will see
that the bound of 377__ »[lw,||* itself is related to a linear combination of the Martingale difference
sequence wy - ;. This non-standard nature requires a more sophisticated concentration inequality than
the plain Azuma’s inequality. For this purpose, we extract the following concentration result from

Harvey et al. (2019).
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THEOREM 37 (Corollary C.5 of Harvey et al. (2019)). Let d, := a; - b, where a, is H; mea-
surable and by is H,_; measurable. Suppose Ela,|H;_1] =0, ||a;||2 <1 almost surely, and there exists
positive values {&;};_, and R>0 such that

(a) maxery &, < O(VR)
(b) S Ibell? < 2521 dudy + Ry/Tog(1/6) with probability at least 1 — 6.
Then Y, d; < O(V/Rlog(1/6)) with probability at least 1 — 9.

To see the connection of Theorem 37 to our task of bounding &, let a, = %ﬁt and b, = w,, which
are H, and H,_; measurable, respectively. Note that E[a,|H,_;] =0 and |la;||2 < ||a;]l; <1 because of
U =2 in our variant of OSMD. Hence, if we can obtain a bound in the form of Theorem 37-(a) and
(b), the proof is complete. Naturally, by the definition of w; in line (EC.101), this requires studying

|lve — v;||3 for arbitrary pair (j,¢). The following claim makes this point explicit.

Cramv EC.38 (Claim E.3 of Harvey et al. (2019)). For any t <s,

1 t—1
w3 < ——— D ajllve—yll3
s—t+1 Py

I 1
where o := el
The proof is again mainly algebraic and can be found in Claim E.3 of Harvey et al. (2019). In light
of Theorem 37 and Claim EC.38, we obtain the bound on ||v; — v;||3 for arbitrary pair (j,¢) in the

following.

LEmMA EC.39 (Extension of Lemma 7.3 of Harvey et al. (2019) to Mirror Descent).
For any a < b, we have

o b—1 G2772 b—1 b—1
5”’/11 - Vb”% < Z -+ ZWi(D<Va) — D(v;)) + meli (Vi —v,)

: o :
i=a i=a

This is the key lemma we extend from Harvey et al. (2019) where the same result was established
only for the stochastic gradient descent. The original result of Harvey et al. (2019) relies on the fact
that the update rule is performed in the Euclidean space.?® However, the original the proof cannot be
directly applied to a general online mirror descent setting because, for general mirror descent, the dual
update is performed through the Bregman distance rather than the Euclidean distance. Fortunately,
the Bregman distance shares similar structural properties with the Euclidean distance. Hence, we can
establish a recursive relationship between V;,(v,,vy) and Vj,(v,, 1) and use the strong convexity of
h(-) to translate the result to that of the Euclidean distance. We prove the lemma in the following.
Proof of Lemma EC.39. Throughout the proof, we will use ||-|| to denote £;-norm as a primal

norm. We also use the following standard result.

46 That is, the form of vy y1 = Iy (v —mt8&:) where IIy(+) the Euclidean projection onto set V.
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Fact 1 (Three point equality: Lemma 5.2 of Bubeck (2011)). For any a, b, and c,
Vi(a,c) =Vi(a,b) + Vi(b,c) + (Vh(b) — Vh(c)) - (a —b)
FacT 2 (Bregman Projection: Lemma 5.3 of Bubeck (2011)). For a convex set C, let

x* =argmin V},(x,Xo).
xeC

For any y € C, we have
Vi(y,%x0) = Vil(y,x") + Vi (x", x0)
Fact 3 (Lemma 5.1 of Bubeck (2011)). Let h*(y) =supyep{Xx-y —h(x)} be convex conjugate
of a convez function h. Then V(h*) = (V(h))~*. That is, V(h*) is inverse of V(h).

FacTt 4 (Theorem 5.26 of Beck (2017)). The following is equivalent:
L. h is strongly-convez in |-|| with modulus o. That is, h(x) > h(y)+ Vh(y) - (y —x) + &|x —y|?
2. h* (convex conjugate of h) is smooth in ||-||. with modulus 1/o. That is, |[Vh*(x) — Vh*(y)|| <

L\x —yl|. where ||-||. is the dual norm of |-|.
Recall that we can write the update rule of the dual variable as

Vh(yy) = Vh(vy-1) = mp-18p-1 (EC.102)

v, =argmin Vj,(v,y,)
vey

We first establish the following recursion:
Vi(Wa, ) < Vi(Va,ys)
S ViWar Vp-1) + Vi (W1, ¥5) + (VR(Vs-1) = VA(yy)) - (Ve — V1) (EC.103)
<VaWar 1) + VaW-1,¥5) + Mo-18p-1" (Vo — V1)

The first line follows from Fact 2. In the second line, we used Fact 1. The last line follows from Line

(EC.102). We now bound the second term in the following.

Vi1, ¥0) < VW1, ¥0) + Vi (Yo, 1)

= (Vh(vy-1) = VI(y)) - (Vo-1 —ys) (EC.104)
=Mp—18p-1 " (Vo1 — Y1) (EC.105)
<1 Gllve—1 =yl (EC.106)
=1 G||VR*(Vh(vp_1)) — VE* (Vh(ys))|] (EC.107)
< ”b;GHVh(ub,l) —Vhy)l. (EC.108)
< Ma6” (EC.109)

2
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The first line is due to the non-negativity of Bregman distance. Line (EC.104) follows from Fact
1.*" Line (EC.105) comes from the update rule (EC.102). In line (EC.106), we used Cauchy Schwartz
and the bounded gradient assumption (||g,_1]|« < G). For lines (EC.107) and (EC.108), we applied
Facts 3 and 4, respectively. The final line is again due to the update rule (EC.102) and the bounded

gradient assumption. Hence, from the last line of (EC.103), We have

. G?
Vi(ve,vp) < Vi (e, vp—1) + -

+77b—1gb—1 '(Va_yb—l) (ECllO)

By induction, we obtain

VaaVb <Z
2G2 b—1
Z +angz V, —V; +an u; V _Va)

b—1

2772G2 Z:m(D(u +Zm ;- (v, —v,)

The last line is because g; is subgradient of D at v =wv;. The proof is complete by noting that (i)

2,2 b1
;G .
+ ngi (Vo — Vi)

Vi(Va, ) > ||V, — 1|7 by strong convexity of h with modulus o (recall that the primal norm is £,
norm) with respect to ||-|[; and (ii) ||-]|3 > [|-||3. O
Now that we have successfully extended the above lemma to the general mirror descent setting, we

can apply Theorem 37 in the following form.

LEMMA EC.40 (Claims E.4-E.6 of Harvey et al. (2019)). Let d, = 31, -w,. There exists R =
O(log®(s)/s) and positive values G, >0 such that
1. maXs/o<t<s &t < O(\/E)

2. i pllwdl3 < 30021 5 dudy + Ry/log(1/8) with probability at least 1 — .

The proof is mainly algebraic and can be found in Lemmas E.4-E.6 of Harvey et al. (2019). Here we only
give a sketch of the proof. From Claim EC.38 and Lemma EC.39, we have 27, [lw:[[3 < Ay + Ay +As

where
2G? &
Al:: 0—2 Z S—t+1 zs;zajzzj:nz
2 S
A2::Ez s_t11 Z 2_:77% ( l))
s/2 J= 3/2 =Jj

2 S
Agi=2 :Z s—t+1j§2%;mul

With some delicate algebras, we can show that A; < O(@) (see Claim E.4 of Harvey et al.

(2019)) and Ay < O(log )\/W) with proabability 1 —d (see Claim E.5 of Harvey et al. (2019)).

*"That is, 0= Va(¥s-1,6-1) = Va(@b—1,¥b) + Va(ye,v6-1) + (Vh(ys) = VA(Ve-1)) - (Vb—1 — yb)
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Interestingly, to prove the bound for Ay, we use the result in Lemma EC.35 again. Finally, note that
A3 is essentially the scaled version of term & in Lemma EC.34, which we were aiming to bound.
In fact, one can follow the same algebras taken in Claim E.6 of Harvey et al. (2019) to show Az <
%Zf;slﬂ (- w) where a; = 2n; 327, |~ is the extra scaling factor. Note that a; < O(%) for
all § <i <s. Combining the bounds for A;, Ay, and Az will give the desired result.

Finally, the direct application of Theorem 37 and Lemma EC.40 leads to Lemma EC.36. This

completes the proof of Theorem 32.

EC.8.4. Proof of Theorem 2
We first begin by formally defining the endogenous matching rate of CO-DL given the dual variable:

DEFINITION EC.41 (Dual-based Matching Rate). For a given v = (0,\), the dual-based

matching rate is defined as

p(v) :=Eaz(v, A)]
where we recall from Definition 6 that Z(v, A) := argmax,c z ;1 {(W—0 — X) - z}.

Note that, under Assumption 1, the primal-based decision z(v, A) is uniquely determined for each
v and A almost surely, and hence the dual-based matching rate is well defined.

Given all the mentioned ingredients, we now outline the main steps to prove Theorem 2. Similar
to Section 3.3, we prove Theorem 2 based on the the same regret decomposition as in line (10) and
obtain bounds on (A), the loss regarding the expected net matching reward, and (B), the expected
average backlog. The following lemma first establishes the bound on (A).

LEMMA EC.42 (Bounding Loss of Net Matching Reward of CO-DL). For any arrival distri-
bution F and service slack ¢ >0, CO-DL satisfies

E[NMR({z; }{_,;a)] — EINMR({z}_ ;)] < O(VT)

where we recall that NMR(+; ) is the total net matching reward and {z;}I_, is the optimal offline

solution (Definition 2).

The proof mirrors that of Lemma 1 and we present the proof in Appendix EC.8.4.1.
In Section 4.2.2, we stated Lemma 6 that bounds (B), the expected average backlog. For ease of

reference, we restate the lemma in the following.

LEMMA 6 (Bounding Average Backlog of CO-DL Under Stable Regime). Under Assump-

tion 1 and stable regime (Definition 1), for any arrival distribution F and service slack € >0, we have

B[S lbd] <0(2).
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The proof consists of three steps. In the first step, we establish that the good event By (see (23)
in Section 4.2.2 for its definition) occurs with sufficiently high probability using Proposition 3 and
Assumption 1. In the second step, we use the definition of the good event to show an O(1/¢) bound
on the average backlog in expectation up to the stopping time. In the last step, we prove that the
average build-up after the stopping time is O(1). We elaborate each step in the following.

Step 1: Establishing a High-probability Bound of the Good Event.

The following lemma shows that the good event occurs with a high probability.*®
LEMMA EC.43 (High-probability Bound of Good Event). Pr[Br] >1—O(1/T?).

The proof of this lemma is presented in Section EC.8.4.2. For the proof, we translate the high-

probability convergence in terms of the dual objective (established in Proposition 3) to that of the

matching rate for each ¢ € {\/T,T4} using Assumption 1. We then take the union bound of the

preceding high probability bound across t € {\/T ,Ta} to prove the desired result.

Step 2: Using the Good Event to Bound the Average Backlog up to the Stopping time.
To utilize the good event for our task of bounding the average backlog, we start with the following

decomposition of the expected cumulative backlog.

T VT Ta T T
E[S Il | =E[S 10l 2B +E[ S (b 1[Br]] +E[ S [bulliL[Br]] +E[ S IIbe] 155 ]
t=1 t=1 t=v/T+1 t=T4+1 t=1
(B-1) (B-2)

(Decomposition)
The first three terms are the cumulative backlog under the good event. The last term is the one under
the complement of the good event. We first note that the first and the last terms can bounded by
O(T) and O(1), respectively, because (i) ||bs|; < O(t) for every sample path and (ii) P[Bs] < O(1/T?)
from Lemma EC.43. Hence, the remaining task is to obtain an upper bound of the terms (B-1) and

(B-2). In the following, we bound (B-1) by O(T/e).
LeMMA EC.44 (Bounding (B-1)). The term (B-1) in line (Decomposition) is O(T'/e).

The proof of Lemma EC.44 can be found in Appendix EC.8.4.3. For the proof, we combine our drift
lemma (Lemma 3) with the definition of the good event.
Step 3: Bounding the Average backlog after the Stopping Time.

The last step is to establish that the term (B-2) in (Decomposition), the cumulative backlog after
the stopping time, is O(T"). We prove this result in the following lemma:

LEmMA EC.45 (Bounding (B-2)). The term (B-2) in line (Decomposition) is O(T).

48 More precisely, there exists a constant K, which only depends on (i) the service slack parameter € > 0, (ii) the
Lipschitz constant L > 0 in Assumption 1, and (iii) the input of the algorithm other than T (i.e., p and k > 0), such
that P[Br] >1— 5 forall T> K.
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The proof of this lemma follows the identical steps taken in Section EC.6.4. The only modification in

the proof is establishing an upper bound on E[||br, ]3], which we prove through the following claim.
Cramm EC.46. For cO-DL(Algorithm 2), E[||br,||7] < O(T)

We prove Claim EC.46 in Appendix EC.8.4.4. The remainder of the proofs proceed identically to

those in Section EC.6.4, and we omit them for conciseness.

EC.8.4.1. Proof of Lemma EC.42
The proof mirrors the same step of Lemma 1. Here, we only give an outline of the steps and highlight

a main difference compared to the proof of Lemma 1. Define the pseudo-reward {K,} as:
Kii=wi 2,40, (p—2)+ A - (p—12) (EC.111)

We also define the stopping time T4 as line in (16) for CA-DL (see Section 3.3). The following lemma

lower bounds the expected pseudo-rewards up to the stopping time.

Cramm EC.47 (Lower bound on Pseudo-rewards for CO-DL). For any matching profile
{2,}L_, that satisfies 2, € Z(i}) for all t € [T] and (Capacity Feasibility-T)) (see Definition 2), we have

E [%Kt

t=1

> EINMR({2}]_,: )] — (T = T).

The proof of this claim follows the identical steps taken in the proof of Lemma 4. We omit the proof
for brevity.
The next lemma upper bounds the cumulative pseudo-rewards via the total net matching reward

of CO-DL.

Cramm EC.48 (Upper bound on Pseudo-rewards for CO-DL). For every sample  path

{Ay,s:}_,, we have

S K, < NMR({z,}"y:0) — (T~ ) + O(VT)

t=1

Proof of Claim EC.48. The proof follows the similar steps as that of Lemma 5 except for a minor
detail arising from the time-varying learning rates. To avoid repetitions, we only highlight the dif-
ference. By applying the similar line of algebras in lines (EC.35)-(EC.37) to the new pseudo-reward
(EC.111), we can deduce that

Ta Ta m T T T
ZK:& < Zwt'zt —Oéz (Zzt,i _Ci) +Zet : (P_Zt) —20* : (P_Zt)+
t=1 t=1 i=1 \t=1 + t=1 t=1

NMR({zt}?zlqa) Ry

i (EC.112)
Z)\t (p—z) F2a(T —T}y).

Ry
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for some 6* € [0, @]™. Similar to Claim EC.6, one can invoke the adversarial online learning guarantee

of the online mirror descent (Claim EC.3) to show that

I 1 T 1 1
Ry<2ay m,+ n—vh(o*,ol) +Y ( -
t=1 1

V,(6%,0 EC.113
> (5, ml) ACD (EC.113)

where we recall that (i) n, = % with the input constant k> 0 (ii) h(-) is the negative entropy function,
and (iii) V4 (+,-) is the Bregman distance with respect to h. Because 8, € [0,a]|™ for all ¢t € [T], we
can bound maxcr V4 (0%, 6,) < V for some constant V. Utilizing the non-negativity of the Bregman
divergence and the fact that 7, is non-increasing in ¢, we can further bound the right-hand side of the

inequality (EC.113) as

a 1%
Ro <20y m+—.

t=1 N

The right hand side of the above inequality is O(v/T) because Y, _, % < 2VT and 1/npy = O(VT).
Similarly, One can follow the same algebras and the steps taken in Claim EC.7 (Section EC.6.3) to
show that Ry < O(VT) + (1 +2a)(T4 — T). Plugging these bound on Ry and R, into line (EC.112)
completes the proof. O

Finally, we note that Lemma EC.42 is a direct consequence of the above two claims, by setting
2, = z; where z; is the optimal offline solution (Definition 2) for arrival ¢ for each sample path. This

completes the proof of Lemma EC.42.

EC.8.4.2. Proof of Lemma EC.43
Our first step is to establish that the dual-based matching rate is L-Lipschitz continuous using Ass-

mumption 1, which we prove in the following claim.

CramM EC.49 (Lipschitz Continuity of Dual-based Matching Rate). Under Assumption 1,

we have ||p(v) — p(V)||lw < Lllv —V'||; for allv,v' €V.

Proof of Claim EC.49. Let & := v’ — v. We will show that, for all i € [m],
|13 (V) = pa (V)| < Ll — ']
First, observe that

i(v) =Pl = 0] x P[(wi — )1 > (w; = v)+, ¥j #ifi = 0] +P[i* =] (EC.114)
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Let f(-) denote the PDF of the reward distribution conditional that i = 0. we then have:

P(w; = vi); > (w; =), Vi #i]i=0]

= [ f(w)dw

(wi—vi) 4 2 (wi—vi) 4, Vi#i

= [ f(w)dw

(wi—vi+&:) 4 2 (wj—vi+&5) 4, Vi

= /( F(w — €)dw’

wfifug)JrZ(w;fV;)Jr, Vj#i

< [ f(W)dw' + L&l [ aw’
(w—v) 42 (wi—vi) 4, Vi (wi—v)42(w)—vi)y, Vi
< [ f(W)dw' + L€l

(wgfug)+2(w;7V;)+, Vj#i
=P (w; = v})+ > (w; = V), Wi #i]i=0] + L]g]l

The fourth line follows from the variable transformation w’ = w + €. In the fifth line, we used Assump-
tion 1 that the PDF f is L-Lipschitz with respect to ¢; norm. The sixth line follows because the
support of the reward vector is [0, 1]™ by our assumption. The rest of the lines are mainly algebraic.

Plugging the preceding bound into line (EC.114), we obtain
pa(w) <P = 0] x (B[(wi =) > (w; = ¥))s, ¥ #ifi=0] + LIl ) +Plit =1,
= pi(v") + P[i" = 0]L|€]s
< pi(v') + L€
By switching the role of v and v/, one can also show that p;(v’) — u;(v) < L||&]|:. Hence, we have
|p:(v) — (V)| < Lljv — v'||; for all i € [m]. This completes the proof. O

Building on the preceding claim, we now translate the last iterate convergence in Proposition 3 to

that of the matching rate. Precisely, we prove the following.

CrLam EC.50. For any v €V, we have

mas{j1(v) — .} < \2L(D() ~ D(w)).

i€[m
Proof of Claim EC.50. We first observe that Claim EC.49 implies L-smoothness of D(-). That is,
for any vy,v, €V, we have

IVD(w)) — VD (W)l < Ll — 1. (EC.115)

To see this, we first recall that Assumption 1 implies that each z(r,A) is unique almost surely.
Therefore, by Theorem 7.44 of (Shapiro et al. 2021), the function D(+) is differentiable and the partial

derivative of D() is

S EC.116
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which directly implies line (EC.115).
From Theorem 5.8-(iii) of Beck (2017), the L-smoothness in line (EC.115) is equivalent to

1
D) = D(v2) 2VD(ve) - (11 —v2) + EHVD(W) — VD)%
for all vy,v, € V. In particular, letting v* € argmin,,.,, D(v),
1 1
D)= D) 2 VD) (v —v")+ 57 VD) = VD)% =2 57 [ VD) = VD)%

for all v € V. Here the last line follows from the first-order condition of v* that minimizes D(-) over
domain V (see, for example, Lemma 5.4 of Bubeck (2011)). Hence, from equation (EC.116), we deduce
that, for all ¢ € [m],

() < (V") 4/ 2L(D V).

The proof is complete by noting that p,;(v*) < p; for all i € [m] from Claim EC.31-(b). O
We now use the above claim to obtain the high-probability bound of good event By. For ease of

reference, we recall the (equivalent) definition of good event Br from line (23):
Br = {m[aﬁ{,ui(ut) pi} < < € for all VT <t< TA}
e(m

Cramm EC.51. There ezists a constant K, which only depends on (i) the input of the algorithm
(other than T) (i) L >0 in Assumption 1, and (iii) e = Q(1), such that for oll T > K, we have
PBr|>1- 75

Proof of Claim EC.51. By Proposition 3, there exists constant x > 0 such that, for any given ¢t <T'y
and o, € (0,1),

P [D(Vt) _ D) < ,ibg(ﬂl;gi(lm

where the constant x only depends on the input of Algorithm 2 (other than 7'). We now set 6, =
for all t > /T and use Claim EC.50 to obtain

|z1-5.

L
T3

P i —piy < >1-—
[gg%{u (1) —pi} < 1

6Lk 1og(t)log(T) 1
T3

for all t > /T. Note that f(t) = 13;/(;) is decreasing in ¢ > e2. Hence, for any t > /T > e, we have

V/6Lr1og(t)log(T) < V3Lklog(T)
/4 = T1/8

The right-hand side converges to zero as T'— oo, meaning that there exists f(k, L,€) for which the
right-hand side is at most ¢/2 for all T'> f(k, L, €) (under the stable regime, we have f(k, L,e) = Q(1)).
Hence, defining K :=max{e*, f(x, L,€)}, we conclude that for all 7> K and t > /T,

€ 1
P ?Elax{,ul(ut) pit <= 5 > 1_ﬁ (EC.117)
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Finally, we use the above bound to lower-bound the good event By. For any given T4, we have:

PBr]=1-P [max{ui(ut) —pi} > % for some t € [VT, T4]

i€[m]
Ta c
>1- Y Bmax{u(n) -} > 5
t=vT
1
>1— T2

In the second line, we used the union bound. The third line follows from inequality (EC.117) and the
fact that Ty <T for every sample path.*® This completes the proof.

O
EC.8.4.3. Proof of Lemma EC.44
Recall from Lemma 3 that ¢ (b;) —¥(b;_1) <b;_; - (z; —s;) + O(1). Hence, for any history H;_1,
E[p(be) = v (by-1)|He-1] <byy - (E[ze|[Hi-1] — p—€) + O(1) (EC.118)

where we used the fact that (i) b;_; is H;_;-measurable and (ii) the s; is i.i.d random variables with
mean p — €. Recall that, up to t < T4, the primal decision is z; = z(A,, ;). Because the dual variables

v, is H,_i-measurable, we further have
Elze[Hi-1] = pu(en).
Hence, one can re-write line (EC.118) as
Elp(by) —(by_1)[Hio1] <byy - (u(vy) —p—€) + O(1)
for any history H;_;. We now consider two cases. Under the good event Br, we have
by ()~ p—€) < =5 [beea

by the non-negativity of the backlog and by definition of the good event Br. Otherwise, we have
b, 1 (u(vy) — p—e€) <|b;_1|l; by Cauchy-Schwartz inequality because p;(v;) € [0,1] and r; € (0, 1]

for all ¢ € [T'] and 7. Combining these two cases, we have
B[ (bo) — ¥(be—s) H-i] < 1Bx] (5 besls) + 1B b + O

Summing the preceding inequality over v/T <t < T, and taking the outer expectation, we obtain

E | Y Elé(b) —w(bn)Hial| <—3E| D Ilbilli-1(Bd] | +
t=VT t=vT-1

(EC.119)

E[ S bl - 1185 | + OE[T, — VT

t=vT-1

49 Note that our high-probability results hold for any value of T.
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Now define X, :=(b;) — ¢(b,_1) and Y; = X; — E[X,|H,_,] with Y5 = 0. It is straightforward to
see that {Y;}]_, is a martingale difference sequence with respect to {#H;}_,. Since T4 is a bounded

stopping time with respect to {#,}, the optional stopping theorem implies

E[Z E[u(be) — t(be1)[Hes] | = iwwt)—wbt1>]]=E[w<bm>—¢<bﬁl>].
t=vT t=VT

Combining this with (EC.119), we have

E| S bl 1Bl <E(byr ) ~v(br )] +E| S bl 1[B5)| + OE(T—VT]).
e v (EC.120)

Each term on the right-hand side is O(T'). To see this, by taking the worst case growth of the
backlog, we have b, < O(t) and therefore ¢)(b 7_,) < O(T). The second term is again O(T) because
Pr(B5] < O(1/T) from Lemma EC.43 (along with the worst case growth of the build-up). Finally, the
last term in line (EC.120) is O(T') since T4 < T for every sample path. The proof is complete by diving
both sides of line (EC.120) by (e/2).

EC.8.4.4. Proof of Claim EC.46
We will use the inequality (EC.120) in Appendix EC.8.4.3. For ease of reference, we restate it in the

following;:
c Tp—1 Ta—1
E Y Ibelli- 1[Br]| <E[p(byg ) = ¢(br)]+E | D |befls- 1[B5]| + O(E[T4 - VT]).
t=vT—1 t=vT—1

Note that the left-hand side is non-negative. Hence, moving E[¢(br,)] to the left-hand side, we

have
Ty—1

> llbelly- 1(B7]

t=vT—-1
In the proof of Lemma EC.44, we have already shown that each term in the right-hand side is O(T")

E[¢(br,)] <E[(by7 )] +E +O(E[T4 = VT)).

(see the paragraph following inequality (EC.120)). The proof is complete by recalling the definition of
Y(br,) = 3|br, |3 and [[by, ||7 < m|br,[|3 by Cauchy-Schwartz inequality.

EC.9. Missing Details and Proof of Theorem 3
EC.9.1. Numerical Illustration of Theorem 3

In this section, we provide numerical illustration for the lower bound of regret in Theorem 3 by
simulating our two algorithms. We consider the same one-affiliate instance as in Example 1. For each
T € {500, 1000, ..., 5000}, we use v =+/T and € € {0.1, L;, %51, where the first value of € belongs to
the stable regime and the other two to the near-critical regime. By using the notation of Diff" :=

E[OPT(v)] —E[ALG™ ()] for an algorithm 7 (note that o does not play any role in this instance because
there are no tied cases), we display Diff® ™ /Diff**™" in Figure EC.1a (as a function of T'). Consistent
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(a) Diff® ™" /Diff*** (b) E[z,] for T'=5000 and € =0.5/v/T

Figure EC.1 Numerical lllustrations for Theorem 3 with 1000 sample paths and v = v/T. We use notation
Diff* :=E[OPT(v)] — E[ALG™ (y)]. The learning rate of CA-DL is n = %, with ¢ = % <= \/g, resp.) under the

stable regime (the near-critical regime, resp.). The learning rate of CO-DL is 1 = under both regimes.

Vi
with Theorem 3 and Corollary 1, we note that the ratios (two red curves) diverge in the order of
V=T /4 under the near-critical regimes. In contrast, the ratio under the stable regime (blue curve)
remains constant, which is also consistent with Theorems 1 and 2. However, we observe that CA-DL
still achieves a lower regret than CO-DL by a constant factor (roughly 70%).

The main reason behind the performance difference lies in the endogenous arrival rates that each
algorithm’s decision induces. More specifically, Figure EC.1b illustrates the empirical average of z;
(solid line) for T'= 5000 and € = 0.5/+/T, which serves as a proxy for the (expected) endogenous arrival
rates. The arrival rate of CO-DL quickly converges to p = 0.5, as evident from the cumulative time-
average (dashed red line). In contrast, CA-DL induces an arrival rate strictly less than p=0.5 (dashed
blue line). Under the stable regime, maintaining an induced arrival rate of p ensures a constant average
backlog. However, in the near-critical regime, we can show that the approach of CO-DL results in a
time-average backlog of Q(7/2) for this specific instance (see Lemma EC.54). To gain some intuition,
consider momentarily that the algorithm “exactly” induces the matching rate of p at every period.
Because e = O(1/ VT ), a simple anti-concentration result implies that, with constant probability, there
remains (v/t) backlog at each period t. By contrast, by penalizing the current backlog level, CA-DL

achieves a better order of the backlog (and thus, a better order of regret).

EC.9.2. Proof of Theorem 3
Proof Sketch of Theorem 3: For the proof, we revisit the instance considered in Example 1 (we
again omit the subscript of ¢ =1 for brevity). That is, we have m =1 and p =0.5. The reward w; is
an i.i.d sample from the uniform distribution on interval (0,1) and there is no tied case.

The proof consists of two steps. First, we establish that the value of Algorithm 2 (i.e. CO-DL) on this
instance is at most 27— ©(yv/T). To prove this, we show that (i) the expected reward of CO-DL is at
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most 37 and (ii) the average backlog of CO-DL is Q(VT) in expectation. In the second step, we show
that the expected value of the optimal offline (Definition 2) is at least 27°— ©(y/4T + ). Combining
(and omitting the lower-order terms), we complete the proof of Theorem 3. In the following, we outline
each step of the proof. (Throughout the proof, we use z; and b, to denote the matching decision and
backlog of CO-DL at time ¢, respectively.)

Step 1: Upper Bound the Value of CO-DL.

The following lemma establishes an upper bound on the expected total reward of CO-DL.
LEmMA EC.52. E[Zle wtzt} <37

Proof of Lemma EC.52. The proof is a direct consequence of Claim EC.31-(c) (Appendix EC.8.2).
The optimal solution for the static dual problem (Definition 6) is such that 8* + A* = 0.5 at which a
per-period expected reward is Efw,1[w, > 0.5]] = 2. Hence, the result follows. O

Next, we lower-bound the average backlog of CO-DL by Q(+v/T) in expectation. The following lemma
establishes a high probability bound on the total number of matched cases, which we prove in Appendix

EC.9.2.1.

LEmMMA EC.53. There exists a constant k>0 such that, for any fived t <0.5T and ¢ € (0,1),

P [Xt: 2, > 0.5t — ky/tlog(1/9)

=1

>1-0-0(1/t).

We now use Lemma EC.53 to obtain a lower bound on the expected backlog.

LEMMA EC.54. There ezists constants a >0 and t(a), such that, whenever T > 2t(a) and e < yWodd

we have:
av/t®(—3v/2a)
16

or all t(a) <t < 5. Here ®(-) is the cumulative distribution function of the standard normal random
lt(a) <t<Z. Here ®(-) is th lative distributi ti the standard [ rand

E[b;] >

variable. The exact form of the constant t(a), as a function of the constant a >0, is given in the proof.

The proof of this lemma is presented in Appendix EC.9.2.2. For the proof, we use the following simple
anti-concentration result. Let S; be the total number of periods that the server is available up to time
t. Under the near-critical regime, there is a constant probability that S, < 0.5t — ©(y/t). Combining
this with the lower bound on the total number of matched cases established in Lemma EC.53, we
can show that at least ©(v/#) cases remain in the backlog in expectation for each period t(a) <t < Z.
Finally, we note that summing the inequality Lemma EC.54 for all t(a) <t < Z implies the Q(VT)
average backlog of Algorithm 2 in expectation.

Step 2: Lower-bounding the Value of the Optimal Offline. The following lemma lower-bound

the value of the offline.

LEMMA EC.55. E[OPT(y)] > 3T —O(/7T +7)
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The proof of this lemma can be found in Appendix EC.9.2.3. For the proof, we study the expected
objective value of the following feasible solution for each sample path: let § := \/y/T and define
z; =T1w; > 0.5+ 8] up to t <T4 and z; =0 for all ¢ > T4, where the stopping time T4 is defined as
Th=min{t <T:3!_, 2 >0.5T}. We then show that (i) the total expected reward of this feasible
solution is at least 27" — ©(y/7T +~) and (ii) the expected time-average backlog is O(y/T /v +1).

EC.9.2.1. Proof of Lemma EC.53
For the proof, we first establish the following high probability bound.

ProrosiTioN EC.56. Suppose the arrival distribution is such that there are no tied cases. Then
there exists a constant M > 0 such that, for any fized 6 € (0,1) and t < T4, the matching profile {z,}._,
of CO-DL satisfies that, with probability at least 1 — 9,

m t
0<> v, (Z Zr s —tpi> + M /tlog(1/0) (EC.121)
=1 =1

where v} = (v,;)7, is a random variable defined by

T

V) EargminZ{ max (w;, —v)-z+p-v}. (EC.122)
I/GRT —1 ZEZ(“)

The proof is fairly intricate, and we defer it to the end of this section. But first, we complete the proof
of Lemma EC.53 using Proposition EC.56. Recall that the instance considered in Example 1 consists
of one actual affiliate. Hence, we apply Proposition EC.56 to this instance and deduce that, for any

+<0.5T,

i
0<y; (Z 2 — 0.5t> + M y/tlog(1/6) (EC.123)

r=1
with probability at least 1 — ¢ and some constant M > 0. Furthermore, because the reward follows
the uniform distribution on (0,1), the random variable v; is the sample median of ¢ i.i.d. samples
from the uniform distribution on (0,1) (see Footnote 27). From Casella and Berger (2021) Example
5.4.5., the expectation and variance of v} is given by E[v/] =1/2 and V[v;] = ©(1/t), respectively.
Hence, a straightforward application of ChebyShev’s inequality implies that Plv; > 1] > 1 — O(1/t).
Combining this with line (EC.123) with the union bound, we conclude that, with probability at least
1—0—0(1/t), we have

0< (i 2 — 0.5t> +4M/tlog(1/6), (EC.124)

T=1
which leads to the desired result of Lemma EC.53 by taking x =4M.

Finally, we conclude this section with the proof of Proposition EC.56.

%0 Note that this is § = 0(1) because we focus on v = o(T) in light of Proposition 2
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Proof of Proposition EC.56. First, we provide some preliminaries that will be useful throughout
the proof. With a slight abuse of notations, we define the following static problem.

D(v):=E| max (Ww—v)-z+p-v
z€Z(3T)

D(v*) = min D(v). (EC.125)
VERT
Given v € R, we similarly define the dual-based primal decision with respect to arrival type A as

follows.

zZ(v,A) == argmax(w —v) - z
zc Z(it)

p(v) == Elz(v, A)).
By following a similar step to the proof of claim EC.31 (Appendix EC.8.2), we can show the following
properties of the above static problem. The proof mirrors that of Claim EC.31 and we omit it for

brevity.

Cramm EC.57. For D(-) and v* defined in line (EC.125), the following property holds:
(@) [0 <1,
(b) wi(v*) <p; for all i € [m] with equality if v} > 0.
(c) D(v*)=E[w-z(v", A)]

We will also use the following result on the sample average approximation of the stochastic optimization

problem.
LeEmMA EC.58 (Proposition 1 of Guigues et al. (2017)). Let X be a nonempty bounded con-

ver set. Consider the following stochastic optimization problem:

fr= L%IE Ea~r[f(x,A)]

where A is a random wvector from probability distribution F on support A. Given i.i.d samples

Ay, .. A, ~F, consider the following sample-average approzimation of f*:
. 1<
fi= min - ; f(x,A,).

Assume that there exists positive constant My such that |f(x,A) —Ea~z[f(x,A)]| < M; forallx e X
and A € A. Then, for any given 6 € (0,1),

los(1/)| |,
t |

P{ftﬁf*+2M1
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Main Proof. Fix an arbitrary time ¢t < T, and a sample path of arrivals (A, ..., A;).”" Recall that
we use z, to denote the decision of CO-DL for arrival A, for 7 € [T]. Because CO-DL is unconstrained

until ¢t <Ty, for any arbitrary time 7 <t, we can write it as:

z, =argmax(w, — 0, — ;) - z. (EC.126)
zeZ(il)

We will compare z, against an alternative decision vector z! defined as follows:

*

z) :=argmax(w, —v")-z=z(V", A,) (EC.127)
zez(il)

where v* is the minimizer of the static problem (EC.125). Note that z* is i.i.d. random variables
because v* only depends on the arrival distribution. By the optimality criterion of the modified

algorithm (EC.126), we have

t

Z(WT—BT—)\T)-ZT+p Zt: A)-zi+p- (0, + ). (EC.128)

T=1

From Claim EC.4 (Appendix EC.6), there exists 6* € [0, «]™ for which

t

;19 zZ, —p —aZ(sz— i)

+
Hence, a straightforward manipulation of line (EC.128) leads to

t

m t t t t
) <sz—tpi> <S> weeze =Y woezi+ Y 60.-(zi—p)+ Y A (zi—p)+
1=1 =1 + =1

= = =1

® ® (EC.129)

ZBT-(p—zT)—Z:O*-(p—ZT)—l-Z_:)\T'(P

T=1

©
We prove the main result through four claims. In the first three claims (Claim EC.59-EC.61), we
obtain the high-probability bound of each term (A) — (C), respectively.

Cramv EC.59 (Bound (A)). There exists constant Ma such that, for any given ¢ € (0,1),

(A)< zm: Vi (Z Bri— tﬂi) + Mgy /tlog(1/0)

with probability at least 1 — & where v} is defined in line (EC.122).

Proof of Claim EC.59. Consider the following linear program defined on the arrival sequence

(A17 --~7At):

t t
OPT,(tp) :== max ZWT'ZT s.t. ZzTgtp V)] (EC.130)

2re2(il) 721

5! Recall that we consider an arrival distribution with no tied cases. Further, the service sequence never affects the
decision of CO-DL (as it is oblivious to the service sequence).
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We use subscript ¢ in the optimal objective value to emphasize that the optimization problem is defined
on the arrival up to time ¢. In the similar spirit, the optimal value of the above offline depends on the
right-hand side of the capacity constraint, which we also emphasized as the argument of OPT,(+). The
dual variable corresponding to the constraint (EC.130) (at the right hand side value ¢p) is denoted
by v; > 0. The above program has a feasible solution for every sample path because we consider the
arrival distribution without tied cases.

Note that, by definition, {z,}._, is a feasible solution for OPTt(ZT | Z ) Hence, we have

T=1

—OPT, (tp—I—Zz —tp> (EC.131)

where in the last line we used the fact that (i) OPT,(-) is concave and increasing in each coordinate of
its argument (see, for example, Section 5.6.2 of Boyd et al. (2004)) and (ii) v} is a gradient of OPT,(+)
evaluated at the right-hand side value of tp in line (EC.130).

We now turn our attention to lower-bounding Y>!_, w, - z*. Here, we will crucially rely on the
properties of the static problem in Claim EC.57. By definition of z* and i.i.d nature of the arrival
sequence, each w, - z* is i.i.d random variables with |w, -z¥| <1. Furthermore, from Claim EC.57-(c),
the identical mean is E[w, -z*] = D(v*) for all 7 € [t]. Hence, the Azuma-Hoeffding inequality implies
that, with probability at least 1 — 4,

: t
z:lwf -z >tD(v") — §log(l/5).

Combining the above bound with line (EC.131), we have

(A) <OPT,(tp) —tD(v +Zu“<2z”— ¢>+ %log(l/d). (EC.132)

*
To complete the proof of the claim, we obtain the high-probability bound on & by invoking
Lemma EC.58. First, let us first define
D(v;A):= max (w—v)-z+p-v.
zc Z(iT)
Given this notation, we first note that D(v*) defined in line (EC.125) can be written as
D(v*)= min E[D(v;A)]
velo,1]m

where we used Claim EC.57-(a) to restrict the domain to [0,1]™ without loss of optimality. On the

other hand, we have:
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- t t
M = Tnin EZ D(Vt§ AT) = min %Z D(Vt; Aq—) (EC'133)
-1 T=1

VtGRT t f— vi€[0,1]™m
The first equality follows from writing the dual of OPT,(¢p). For the second equality, we again used
the fact that the optimal value v} is always in [0,1]™ without loss of optimality. °2

Hence, because the arrivals are i.i.d samples, we observe that is the sample average

OPT4(tp)
t
approximation for D(v*) with ¢ i.i.d samples (A, ..., A;). Finally, it is straightforward to show that
|D(v;A)| <3 for all v €[0,1]™, and A € A. Hence, |D(v;A) —E[D(v;A)]| <6 for all v €[0,1]™ and

A € A. Invoking Lemma EC.58 with M; =6, we obtain

<D(v*)+12 bg(tl/é) >1-0.

. [owgap)

This equivalently implies that, with probability at least 1 — 0, the term & in line (EC.132) is at most
124/tlog(1/0). Plugging this bound in line (EC.132) and taking the union bound, with probability at

(A) < f: 2 (Z_: Zri— tﬂz‘) + Man/tlog(1/9)

where M =12+ \/% The proof is complete by replacing § with 6/2. U
The following lemma shows the high-probability bound of term (B) in line (EC.129).

least 1 — 26, we have

Cramv EC.60 (Bound (B)). There exists constant Mg such that, for any given ¢ € (0,1), we have

P[(B) < Mp/tlog(1/8)] > 1— 6.

Proof of Claim EC.60. Let X:=0,-(zX—p)+ ;- (25 —p) and Y, :=>_; X,, with X,:=0 and
Y, :=0. Note that Y, is H,.-measurable. We first note that Y, is supermartingale with respect to H.

because:
E[XTH-[T—J - 07’ ' (]E{ZHHT—I] - p) + A'r : (E[Z:‘Hr—l] - p)
=0, (Elz;] - p) + A - (E[z7] — p)
<0.

The first line is because 0, and A, is H,_;-measurable. The second line is because each z is i.i.d
random variable. The final line is because the identical mean is E[z*] < p from Claim EC.57-(b).

Furthermore, the Cauchy-Schwartz inequality gives | X, | < 2(a + 5\) almost surely where \ := %

52 Consider the minimization problem miﬂuteRT Zizl D(v; Ar). Let vi be the optimal solution of this problem.
Suppose for a contradiction that there exists ¢ such that v;; > 1. Such location i is not assigned any free case since
the reward is at most one. Hence, one can always consider an alternative solution that reduces v;; infinitesimally and
strictly decreases the objective value.
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because the dual variables (6, ) are restricted to V = [0,a]™ x [0, A]™. Hence, we use Azuma-Hoeffding

inequality for super martingale to obtain

P[Y, < \/2t(a+A)log(1/8)] > 14

for any given 6 € (0,1). This completes the proof. O

The following lemma obtains a deterministic bound on term (C) of line (EC.129).

CraiM EC.61 (Bound (C)). There exists a constant Mc for which (C) < Mcv/t for every sample
path.

Proof of Claim EC.61. The proof directly follows from the adversarial regret guarantee of the online

mirror descent (Claim EC.3). In particular, let

Ro(t) ::ZBT ’ (p_ZT) _Zo* (p—Z-,—)
Ry\(t) := Z)\T (p—12,)

One can follow the same line of proofs as Claim EC.48 (Appendix EC.8.4.1) to show that

t
_ V.
Ra(t) <22 e + =

T=1 t

where \ = %, h(-) is the negative entroypy function, V, = max,cp Vi (0%,0,), and Vy =
max,ep Vi (0, );) Because the dual variables are all restricted to the bounded domain V = [0, a]™ x
[0,5\]’“7 both V, and V, are bounded by some constant V. Furthermore, recall that the step size of
Algorithm 2 is given by n, = \% for input constant k > 0. Hence, both terms above are upper bounded
by Mcv/t where a positive constant M¢ only depends on the input of CO-DL (other than T'). This
completes the proof. O

To complete the proof of Proposition EC.56, we plug the high-probability bounds in the previous

claims into line (EC.129) to obtain that, with probability at least 1 — 9,

t

m t m
DIPIENEE vl
+ i=1 T

i=1 \7=1

Zri —tpi> + My /tlog(1/9) (EC.134)
1

where the constant M > 0 only depends on (Ma, Mg, Mc) specified in Claims EC.59-EC.61. The proof

is complete by non-negativity of the left-hand side. O
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EC.9.2.2. Proof of Lemma EC.54
Recall that we are analyzing an instance with m = 1. Hence, for brevity, we omit the subscript for

i=1.Let S,=>"_ s, and Z,=>."_, z,. We first obtain a simple bound on the backlog.
Cramm EC.62. b, > (Z; — Sy)y for allt>1 for every sample path.

Proof of Claim EC.62. The proof is by induction on ¢. The base case for t =1 is trivial because

by = 0. Now suppose that the claim is true for ¢ > 1. Then we have

b1 = (b + ze41 — Se1)+ > (2 — Si+ ze1 — Se41)+ = (Zys1 — Se1) +

where the first inequality follows from the induction hypothesis. This completes the proof. O
Fix a positive constant a > 0, which we will specify later. For given constant a > 0 and ¢, define an
event
Zor={Z > 0.5t —a/t}
Suy=1{05t —avi—S, > Z\/i}
ga,t = Za,t N Sa,t
First, from Claim EC.62, we note that

Elbe] > E[(Z — Si)1] > PlEa JBI(Z: — Si)+|Ea]) = Pl€a] % “f

where the last inequality follows from the definition of &, ;. Hence, it suffices to lower-bound P[&, ;] by
q’(%ﬁ“) for some constant a > 0. First, note that the decision of CO-DL does not depend on the service
(and therefore backlog) process. Hence, the event Z,, and S,; must be independent for Algorithm 2,
implying that P[E, ;] = P[Z, ]P[Sa.].

Thus, it suffices to separately lower-bound the probability of Z,; and S, ;. We first obtain a lower
bound on the former. From Lemma EC.53, there exists constant x > 0 such that, for any given a > 0
and t <0.57, we have

2

P[Z,,]>1— exp (—Z) —0(1/t). (EC.135)

2

For a sufficiently large constant a > 0 and another constant g(a), the right-hand side is at least

DO [

for all t > g(a). For such constant a > 0, we now turn our attention to lower-bounding P[S, ;] as a
function of the constant a > 0. By Berry-Esseen Theorem (see, for example, Theorem 3.4.17 of Durrett

(2019)), there exists a constant d > 0 such that for all ¢ > 1,

B[S, <E[S)] —3vZay/Var[S1]] > ®(~3va) - \C/lz

where E[S;] = (0.5 + €)t, Var[S;] = (0.25 — €?)t, and ®(+) is the cumulative distribution function of the

standard normal random variable. Moving the terms, the preceding inequality is equivalent to

P [0.575 —aVt — S, > 3v2a x \/Var[S,] — av/t — et} > ®(—3v2a) — \C}Z
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Let us define a constant t(a) as

4d? a?

@2(—3\@@)’2’9(“)}

(a) to prove the following:

t(a) := max { (EC.136)

3v2a x \/Var[S,] — av't — et = 3v/2a,/(0.25 — €2)t — a\/t — et

z3ﬁa\/<025—16T>t— \[_ﬁ

at
4T

a
> 2Vt
_4\/

In the second line, we used the assumption e <
t(a) > <. The last line follows from T > t. Furthermore for all t > t(a ) m, it is stralghtfor—

ward to check that ®(—3v/2a) — d > 2(=3v2e) 3*[“) . Hence, for any t(a) <t < 1T, we conclude that

PlSai =P 0'5t_a\/¥_5t23\/{5] ZP{O.&?—@\/{?—&Z{%\@@X \/\m—aﬂ—et] Zq)(_?;\/éa)

Combining, we conclude that, there exists a constant @ > 0 and t(a) such that, for all ¢ € [t(a),T/2],

2(—3v2a)

P[ga,t] - P[Za t]P[Sa t] Z 4

whenever T' > 2t(a)

EC.9.2.3. Proof of Lemma EC.55
Let & := /7/T. Consider the following feasible solution: 2} = 1[w, > 0.5+ 6] up to t < T and z; =0 for
all t > T, where the stopping time T, is defined as T,y = min{t < T:Y.*_, z; > 0.5T'}. We analyze the
the expected objective value of this feasible solution, which will be the lower bound on the expected
value of the optimal offline solution.

We first analyze the reward of this policy. Because (i) T4 is a bounded stopping time with respect
to {H,} and (ii) each w,z, is independent with identical mean for ¢t < T4, Wald’s equation implies that

E[iwtz;‘] — E[T]E[w 2] = B[T4] / " wdw = E[T,) (g _ %5 _ %52). (EC.137)

where in the second equality we used the fact that reward follows the uniform distribution on interval
(0,1). To further lower-bound E[T4], we establish a concentration inequality of T'— T'4. By Hoeffding’s

inequality, we have, for any t < Ty,

P{iz: <(0.5=0)t+ glog(l/m)} >1—x
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for all = € (0,1). By plugging t(z) =T — =1/ % log(1/x), we deduce that P[> 1) 2y 05T > 1~
for any x € (0,1). Equivalently, for any = € (0,1), we have
1 /T
PiTy>T — —4]=log(1l >1—ux. EC.1
[A o\ o og( /x)}i T (EC.138)

From this inequality, we now observe that

T2 T2
E[(T - Tx)?] = / P((T —T,)? > yldy = / e~ Fdy < O(T). (EC.139)
0 0
Here, the third equality follows from inequality (EC.138). By Jensen’s inequality, we conclude from
inequality (EC.139) that E[(T —T4)] < O(V/T), or equivalently, E[T4] > T — O(v/T).
Plugging this bound into line (EC.137) (with § = \/v/T), we obtain®®

[Zwtzt] (1= OWT) (5 - 36— 30%) = 5T~ O(VAT+7).

We now turn our attention to bounding the average backlog of the proposed feasible solution. Let

{b; }]_, be the induced backlog. From our drift lemma (Lemma 3), for all ¢ < T4, we have:
6~ i) e .
E| ‘Ht || <05 (Bl [Hu o] = 0.5) + O(1) < =dbj_, + 0(1) (EC.140)

where in the last inequality we used E[z;|H,_1] = E[z;] = P[w; > 0.5+ 6] = 0.5 — ¢ because the reward
follows the uniform distribution on interval (0,1). Summing up line (EC.140) for ¢ <T, and taking

the outer expectation, we obtain that

Ta—1

B[ 3 8] <~ 3Bl ) +O(T) (BC.141)
Hence, we have

B[, b7 IS 0]+ [ g, ]

T T
E[X /27 0]+ E[(T — Ta+ )by, ]
N T
[ZT“‘ 07+ VE[T — Ta +1)%, /E[(b3, 1)?]
T
1

In the second line, we used the fact that b, < by, for allt > Ty (the backlog cannot increase after t > T4

by definition of the feasible solution z;). In the third line, we used the Cauchy-Schwartz inequality.

In the last line, we used (i) E[Y/4, " bf] < O(T'/6) from line (EC.141), (ii) E[(b7,)*] £O(T) from line

(EC.141), and (iii) E[(T —T4)?*] < O(T) from the high-probability bound (EC.138). Combining with
= VAIT. we have ZE[S-L, b] = O(yAT +7).

%3 Because v = o(T), for sufficiently large T, we have 2 — 50 — 552 >0.



ec64 Bansak et al.: Dynamic Matching with Post-allocation Service

Combining, we conclude that the objective value of the feasible solution {z;}_, is

Ta T
3
E[> we] - %E[Z b2 ST - O(/AT+7). (EC.142)
t=1 t=1
This completes the proof.

EC.10. Additional Details on Data

The U.S. refugee registry data were provided to us under a collaboration research agreement with
Global Refuge. This agreement requires that we do not transfer or disclose the data. Researchers
interested in the data can contact Global Refuge at 700 Light Street, Baltimore, Maryland 21230,
info@globalrefuge.org.

Data Preprocessing and Employment Prediction.

We use data on working-age refugees (18 to 64 years old) resettled by our partner agency during
2014-2016. This includes T = 4445 cases in 2014, T = 3819 cases in 2015, and T = 4980 cases in
2016. These data contain details on the refugees’ characteristics (such as age, gender, origin, etc.),
their matched affiliates, and their employment outcome, which is whether a refugee was employed
90 days after arrival at their assigned affiliate. Refugees’ employment 90 days after arrival is the
primary outcome metric that is tracked by the U.S. government and that U.S. resettlement agencies
are required to report. The data also include indicators for cases with U.S. ties, which must be matched
to predetermined affiliates. Data from 2014 is reserved for only model training and parameter tuning
(as described below), while data from 2015 and 2016 is used for testing our methods and producing
our results. For both 2015 and 2016, roughly 70% of cases had U.S. ties. In 2015 refugees were resettled
across m = 45 affiliates, while in 2016 refugees were resettled across m = 49 affiliates.

To generate reward vectors for each case wy, we follow the methodology of Bansak et al. (2018), using
supervised machine learning to generate rewards for each case—affiliate pair based on demographic
and other background characteristics. Specifically, we employ stochastic gradient boosted trees with
binomial deviance loss, which we implement in R using the gbm package, to generate an individual
model for each affiliate using the data on refugees matched to that affiliate. We employ 5-fold cross-
validation to determine the optimal values for tuning parameters, specifically the number of boosting
iterations (trees) and the interaction depth of the trees. Parameters were tuned independently for each
affiliate-specific model, with cross-validation over tree depths of 3-5 and a sufficiently large number
of iterations/trees to minimize loss. Preliminary assessments on the bag fraction, learning/shrinkage
rate, and minimum number of observations per node demonstrated relatively little to no impact on
model performance within conventional value ranges, and so these parameters were held fixed at 0.5,
0.1, and 5, respectively.

Using these trained models, we then generate employment predictions for every refugee—affiliate pair

(i.e. for each individual family member of each refugee case t at affiliate 7) in 2015 and 2016. Following
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the approach of Bansak et al. (2018), we then calculate the case-level employment reward w; ; as the
probability that at least one family member secures employment at affiliate ¢, assuming independence
across family members’ employment outcomes. These case-affiliate rewards w,; in 2015 and 2016
serve as the final data we use in testing our matching algorithms and producing our case study

results.

Summary Statistics.

Here, we present a variety of summary statistics that describe the distributions of the rewards wy, ;
both across cases and across affiliates. For clarity, let W, denote the matrix containing the rewards
wy,; for a particular year. Hence, the rows of W, correspond to cases and the columns correspond
to affiliates. The reward vector w; denotes the cases/rows, and let w,; denote the affiliates/columns.
In this section, we present calculations for various summary statistics separately for 2015 and 2016.

The summary statistics are defined below, with Table EC.3 subsequently presenting the results.

Case-wise Summary Statistics (i.e. functions of wy,):

o Case-wise Average of the Max. This quantity first takes the maximum reward value in the
reward vector of each case, and then takes the average over all cases: %Zthl maz(w;). In other
words, for each row of W, the maximum is taken, and then the average is calculated over all
of those maximum values.

o Case-wise SD of the Max. This quantity is similar to the previous quantity, though it calculates
the standard deviation (rather than the average) over all of the case-wise maximum values.

o Case-wise Average of the Min. This quantity first takes the minimum reward value in the
reward vector of each case, and then takes the average over all cases: %ZL min(w;). In other
words, for each row of W, the minimum is taken, and then the average is calculated over all
of those minimum values.

o Case-wise SD of the Min. This quantity is similar to the previous quantity, though it calculates
the standard deviation (rather than the average) over all of the case-wise minimum values.

o Case-wise Average of the SD. This quantity first takes the standard deviation of the reward
value in the reward vector of each case, and then takes the average over all cases: %ZL sd(wy).
In other words, for each row of W, the standard deviation is calculated, and then the average
is calculated over all of those standard deviation values.

o Case-wise SD of the SD. This quantity is similar to the previous quantity, though it calculates
the standard deviation (rather than the average) over all of the case-wise standard deviation
values.

« Case-wise Average of the Range. This quantity first takes the range of the reward values in the

reward vector of each case, and then takes the average over all cases: & 3>/, [maz(w;) — min(w)].
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In other words, for each row of W, the range is calculated, and then the average is calculated
over all of those range values.

¢ Case-wise SD of the Range. This quantity is similar to the previous quantity, though it
calculates the standard deviation (rather than the average) over all of the case-wise range values.

o Case-wise Average of the Pairwise Correlations. This quantity first calculates the corre-
lation between the reward vectors for all (g) pairs of cases, and then takes the average over all
cases: @ ! [EtT,:t i p(wt,wt/)} where p(w;, wy ) is the Pearson correlation between w, and
wy. In other words, for each pair of rows in W, the correlation is calculated, and then the
average is calculated over all of those correlation values.

o Case-wise SD of the Pairwise Correlations. This quantity is similar to the previous
quantity, though it calculates the standard deviation (rather than the average) over all of the

correlation values between pairs of cases.

Affiliate-wise Summary Statistics (i.e. functions of w,;):

o Affiliate-wise Average of the Max. This quantity first takes the maximum reward value in the
reward vector of each affiliate, and then takes the average over all affiliates: =Y max(w.;). In
other words, for each column of W, the maximum is taken, and then the average is calculated
over all of those maximum values.

o Affiliate-wise SD of the Max. This quantity is similar to the previous quantity, though it
calculates the standard deviation (rather than the average) over all of the affiliate-wise maximum
values.

o Affiliate-wise Average of the Min. This quantity first takes the minimum reward value in the
reward vector of each affiliate, and then takes the average over all affiliates: L ™" min(w,;). In
other words, for each column of W, the minimum is taken, and then the average is calculated
over all of those minimum values.

o Affiliate-wise SD of the Min. This quantity is similar to the previous quantity, though it
calculates the standard deviation (rather than the average) over all of the affiliate-wise minimum
values.

o Affiliate-wise Average of the SD. This quantity first takes the standard deviation of the
reward value in the reward vector of each affiliate, and then takes the average over all affiliates:
L5 sd(w.;). In other words, for each column of W,,, the standard deviation is calculated,
and then the average is calculated over all of those standard deviation values.

o Affiliate-wise SD of the SD. This quantity is similar to the previous quantity, though it
calculates the standard deviation (rather than the average) over all of the affiliate-wise standard

deviation values.
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o Affiliate-wise Average of the Range. This quantity first takes the range of the reward
values in the reward vector of each affiliate, and then takes the average over all affiliates:
L5 [max(w.;) —min(w,;)]. In other words, for each column of W, the range is calculated,
and then the average is calculated over all of those range values.

o Affiliate-wise SD of the Range. This quantity is similar to the previous quantity, though it
calculates the standard deviation (rather than the average) over all of the affiliate-wise range
values.

o Affiliate-wise Average of the Pairwise Correlations. This quantity first calculates the
correlation between the reward vectors for all (’;) pairs of affiliates, and then takes the average
over all affiliates: @ S [t p(Wei, War)] where p(W.;,W..s) is the Pearson correlation
between w,; and w,;. In other words, for each pair of columns in W, the correlation is
calculated, and then the average is calculated over all of those correlation values.

o Affiliate-wise SD of the Pairwise Correlations. This quantity is similar to the previous
quantity, though it calculates the standard deviation (rather than the average) over all of the

correlation values between pairs of affiliates.

EC.11. Supplementary Results for Case Study (Section 5)
EC.11.1. Further Discussion on Learning Within-year Arrival Patterns

In Section 1, we motivated the design of distribution-free algorithms through Figure 1, which shows
the significant year-to-year variations of the refugee pool composition. In light of the annual quota,
we reiterate that the decision-making horizon of refugee matching is one year. We take 2015 as a
running example. At the beginning of 2015, a new process begins for dynamic matching decisions. One
approach (taken in prior work see Sections 1.1 and 1.3) is to assume that 2015 resembles earlier years,
such as 2014, and use them as distributional knowledge. However, Figure 1 highlights the significant
differences across the years, motivating design of algorithms without distributional knowledge, i.e.,
past years data. To this end, our learning-based algorithms are designed to learn the arrival pattern
within the year through the dual variables (6*,A*) in Proposition 3.1. Note that (8%, A\*) are defined
for the one-year problem. For example, for year 2015, we have (05,5, A5q;5). Since we do not rely on
the data of 2014 to learn (03,5, X5q;5), the difference between 2014’s and 2015’s pool composition is
irrelevant to learning (63,5, Aso15)-

That said, learning the dual variables for the one-year problem requires stationarity in arrivals
within that year. For example, if the arrival patterns in the first half of 2015 significantly differ from
those in the second half, we cannot learn (65,5, A\5y,5) effectively. In this section, we provide numerical
evidence against such drastic changes. In particular, we show that the variation in arrival patterns
within the year is smaller compared to the variation across years.

In the following, similar to Figure 1, we focus on the normalized number of tied cases. Specifically,

we fix a year y € {2014, 2015,2016} and use N/; to denote the number of tied cases up to period ¢ (i.e.,
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Table EC.3 Reward Data Summary Statistics

Summary Statistic Year Case-wise Affiliate-wise
Average of the Max 2015 0.881 0.948
SD of the Max 2015 0.141 0.076
Average of the Min 2015 0.030 0.017
SD of the Min 2015 0.023 0.020
Average of the SD 2015 0.225 0.213
SD of the SD 2015 0.049 0.051
Average of the Range 2015 0.852 0.931
SD of the Range 2015 0.134 0.079
Average of the Pairwise Correlations 2015 0.508 0.435
SD of the Pairwise Correlations 2015 0.153 0.164
Average of the Max 2016 0.909 0.957
SD of the Max 2016 0.118 0.077
Average of the Min 2016 0.031 0.020
SD of the Min 2016 0.024 0.019
Average of the SD 2016 0.238 0.214
SD of the SD 2016 0.045 0.051
Average of the Range 2016 0.878 0.938
SD of the Range 2016 0.111 0.079
Average of the Pairwise Correlations 2016 0.558 0.450
SD of the Pairwise Correlations 2016 0.141 0.160

the ¢-th arrival in the actual arrival sequence) at affiliate . Letting 7% denote the total number of
arrivals in year y, the normalized number of tied cases in year y at affiliate 4 is then given by N7, ;/TY.
These normalized values were presented in Figure 1. For each of comparison, we present them again
in Figure EC.2a. On the same figure, we also present the coefficient of variation of N7.,/TY across
years y € {2014,2015,2016} (referred to as the across-years C'V hereafter), as a measure of across-year
variation of the number of tied cases.

To further investigate the within-year variations, we repeat the same process but this time within a

year. Specifically, we divide a year into 4 quarters and compute the “quarterly” cumulative normalized
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number of tied cases. Formally, we define m{ ; (¢ € [4]) as

y

my ;= m, q € [4] (EC.143)
and report {m} ,;}qcq) for each affiliate 4. If the arrival within year y is stationary, the variation of
{m{ i}qera (across q) should be small. Motivated by this observation, we calculate and present the
coefficient of variation for {m} ;},cp) for each year y, referring to this as the within-year C'V (of year
y). Figure EC.2b presents {m, ;}4c(4 for each affiliate i and year y considered in Figure EC.2a along
with the corresponding within-year CV.

By comparing Figures EC.2a and EC.2b, we observe that within-year variation is generally smaller
than across-years variation. For example, when visually inspecting affiliate 44, we notice that the
normalized number of tied cases varies significantly across the years 2014-2016, yet the tied cases
arrived in a relatively stationary manner within each year. This observation is further supported by
the significantly larger across-years CV compared to the within-year CV. We also note that some
affiliates do not exhibit ideal stationarity in certain years (e.g., affiliate 34 in 2016). However, even for
these cases, the within-year CV is generally smaller than the across-years CV. This suggests that our
partner agency could benefit from algorithms that learn the arrival pattern within the year, rather than
relying on past years’ data. As explained in detail in Section 5, indeed our distribution-free algorithm
(that only relies on the current year’s data to make decisions) outperforms the algorithms that rely

on past years’ data.

EC.11.2. Implementation Details of RO-Learning and CO-DL

In the following, we present more details on the implementation of RO-Learning for our case study.
Specifically, Recall that Algorithm 1 (which RO-Learning is based on) requires the parameters n and
¢ (i.e., the step-sizes for (8, ) and 3, respectively). We set these step sizes as a function of the penalty
parameters as follows:

_ sylog(a+1)

T
¢=21

3

Intuitively, this makes the algorithm more conservative in terms of the cost metrics as the penalty
parameters « and +y increase.

We adopt a data-driven approach of tuning the parameters (s,,s¢), to select values that lead to
acceptable outcomes for both over-allocation and average backlog. Specifically, we run the algorithm
on the dataset of year 2014, obtaining the over-allocation and average backlog for each 1 <s, <5 and
0.1 <s¢ <1. The resulting acceptable region for (s,,s.) is defined by values that satisfy two criteria:
(i) achieving an over-allocation at most 1.2x (the minimum value across all parameter settings) and

(ii) maintaining an average backlog at most 1.1x (the value achieved by the actual placement in
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(b) Within-year variation of the normalized number of tied cases
Figure EC.2

Across-years versus within-year variation of the normalized number of tied cases
the year 2014). Figure EC.3 illustrates the acceptable region for some penalty parameters, with the
ratio of employment outcome compared to the optimal level of surrogate primal (Definition 5). Upon

visual examination, we identify that values within the ranges 4 <, <5 and 0.1 < s, <1 generally fall
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Figure EC.3 Acceptable region of (s,,s¢) based on data of year 2014

within the acceptable region across a broad range of the penalty parameters. Consequently, we opt for
s, =4.5 and s¢ = 0.5, roughly representing a central point within the established acceptable region.
This selection aims to manage cost metrics without compromising employment outcomes too severely.
The choice is further motivated to ensure the robustness of our case study results with respect to
variations in step sizes.
We applied the same data-driven procedure to tune the step size 7, for implementing CO-DL. Specif-
klog(a+1)

ically, we set the time-varying step size as 1, = — and selected k € [1,10] based on the 2014

data, using the same acceptability criteria described above. The resulting choice was k =4.

EC.11.3. Implementation Details of Sampling
In the following section, we present the details of Sampling for the sake of completeness. The original
version of Sampling (Bansak and Paulson 2024) was designed for a setting without tied cases. Here,
we formally describe the extension of the original version to accommodate scenarios with tied cases.
As we discussed in Section 5, Sampling requires a sample trajectory of future arrivals. The future
arrivals are drawn from a sampling pool, denoted by P, with replacement. Following Bansak and
Paulson (2024), we use the previous year’s arrival data as the sampling pool. At each time ¢, let
c;; denote the remaining capacity for each affiliate . Upon arrival of case ¢ and observing (Wt,iI ),
Sampling first samples a future arrival (w,,0)7_, ., from its sampling pool P. In our simulation, this
means that we sample future arrivals of time ¢ 4+ 1 and onward from the previous year’s arrival data.

Given this sampled trajectory of future arrivals, Sampling solves the following optimization problem
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to obtain the matching decision: °*

T T
max Wt “Z + E Wi Zy — Q0 E E Zti — Cty
o +

{zr}1_, r=t+1 i=1 \r=t
T T
st Y 1[if =0]z,; < <cm =y it = i])
T=t T=t +
where
bi—1,i — pi
W =Wy — % [“ﬂ 1[b,_1; > 0]. (EC.144)
Pi

That is, Sampling solves an offline problem that maximizes the net matching reward given the current
remaining capacity with a tweak: to further control the congestion, as in equation (EC.144), it penalizes
the (observed) employment probability at affiliate i for the current case t by the waiting time the case
will experience upon placement computed based on the first-come-first-served manner (see Lemma 1
of Bansak and Paulson (2024) for discussion on such penalty function), with the penalty increasing
with 7 (the penalty parameter for congestion). The Sampling algorithm repeats this process for K
simulated trajectories of future arrivals and assigns case ¢ to the location where it was matched most

often. In our case study, we set K =5 for these simulations.

EC.11.4. Comparison of CO-DL and RO-Learning Across Penalty Parameters

To further investigate the impact of penalty parameters on the performance of CO-DL, we report the
relative difference in objective value (as defined in Equation (Objective)) between RO-Learning and
CO-DL across a broad range of penalty parameters. The heatmaps in Figure EC.4 report the rela-
tive improvement of RO-Learning in terms of the objective compared to CO-DL. We observe that
RO-Learning consistently achieves a higher objective value than CO-DL for all parameter values con-
sidered. This improvement naturally stems from RO-Learning using backlog information and thus
being able to better mitigate congestion. However, the performance gap narrows when the congestion
penalty parameter v is small; for instance, in year 2016, the relative improvement is less than 5%

across all values of a when y=1.

EC.11.5. Tradeoff Curves Across a Range of Penalty Parameters

Figure EC.5 presents additional numerical results for years 2015 and 2016, covering all combinations
of penalty parameters o € {1,2,...,5} and v € {0,...,10}. Each figure includes two panels per value of
a: employment rate versus over-allocation (left) and employment rate versus average backlog (right).
Results are shown for RO-Learning, Sampling, and Actual, with Opt Emp included as an additional
benchmark. Overall, we observe similar qualitative patterns to those shown in Figure 3, including the

dominance of RO-Learning over Sampling across a wide range of penalty parameters.

% We also note that, when a > 1 (i.e., when the over-allocation penalty parameter is greater than the maximum
employment outcome of each case), Sampling does not over-allocate free cases with respect to the current capacity due
to the nature of the offline program it solves. Hence, as observed in Figure EC.5 in Section 5, the outcome of Sampling
does not change with respect to the values of a.
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Figure EC.4 Relative objective improvement of RO-Learning over CO-DL across a grid of penalty parameters
(a,7y). Each cell reports the relative improvement in the objective (Equation (Objective)) for the corresponding pair

of penalty parameters. Results are shown separately for years 2015 and 2016.

EC.12. Generalized Model with Multiple Knapsack Constraints

In our main model, for simplicity of exposition, we assumed that (i) each affiliate has one type of
static resource (i.e., annual quota) and (ii) each case consumes one unit of the static resource at the
matched affiliate. While these assumptions are largely aligned with the practice of our partner agency,
in other contexts, a case may consume more than one type of resource. For example, for a family with
children, there may be a constraint in terms of the number of children that can be enrolled at the local
school (a static resource). Additionally, a case may have more than one child, thus consuming multiple
units. Furthermore, enrolling children may require different forms of assistance, implying that it also
requires a separate post-allocation service. In this section, we describe how our model, algorithms, and

their performance guarantee seamlessly generalize in these settings.

EC.12.1. Generalized Model

(i) Static Resource (Capacity): In this generalized model,” each affiliate i € [m] can have [ types of
static resources, referred to as the (static) resource-type (i,j) for j € [l]. Each case t is characterized
by its type A, = (Wt,ii,nt), where n; = (ny;;)icm)jep € RT' is the number of units consumed by
case t for resource-type (7,j) when matched to affiliate i. We assume that (1 ;)icm] jeq is bounded
by a constant denoted n. Upon arrival of case ¢, the agency chooses a matching decision z, € Z (ZD
where Z(i') = A,, if it =0 and Z(i") = {e;+ } otherwise.”® Similar to our base model, we assume that

A, is generated from an unknown i.i.d. distribution F.

%5 We note that a similar model with multiple knapsack constraints was studied in Ahani et al. (2021) and Delacrétaz
et al. (2023). However, these papers studies the static (rather than dynamic) matching problem and does not model
the dynamic resource.

56 While the type-feasibility set allows for fractional allocation, our algorithms will always make an integral decision.
For example, when a refugee case is a family of multiple members, the case will be matched to the same affiliate.
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Figure EC.5 Numerical results with o € {1, 2,..,5} and v € {0,1,...,10}. In each panel, we display the

trajectory of the outcome metrics of fixed a (label of the penal) and varying . The left (the right, resp.) set of
panels shows the over-allocation (the average backlog, resp.) versus the employment rate. Opt Emp on the right

panels is the outcome of the surrogate primal problem (Definition 5).

Each affiliate i is endowed with a fixed capacity ¢;; for the static resource-type (4,7). We use
pi.j = ¢i;/T to denote the capacity ratio of the static resource-type (i, j). Similar to our main model
in Section 2, we use p := miNc(m] e pi,; to denote the minimum capacity ratio and impose mild
assumptions on these ratios: (i) 37, p;; <1 for all j € [I] and (ii) p;; — E[n,,;1[i] = i]] = ©(1) for all
i € [m] and j € [I], which means that, in expectation, we have ©(T) capacity for free cases for each
static resource-type (,7). Similar to our main base model, we impose the hard constraint that, for

each static resource-type (i,7), no over-allocation can be made from free cases. Formally,

t t
> il =0ln, 2 < <cw- =y 1l = z‘]nm,ﬂ) , Vie[m],je(l,te[T).
T=1 +
(i) Dynamic Resource (Server): To incorporate the post-allocation service, we endow each static
resource-type (i,7) with a dedicated server, referred to as the dynamic resource-type (i,7). Each

server’s availability s, ; ; for period ¢ follows i.i.d Bernoulli process with service rate r; ;. Similar to
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our base model, we impose a stability condition that r; ; = p; ; + € where € > 0 is a service slack. After
case t is matched to affiliate ¢, it will add n;;; unit of workload to the corresponding server. Hence,

the backlog for the dynamic resource-type (i,7) at time ¢ will be given by
bt,i,j = (bt—l,i,j + Nt j2ti — St,i,j)-{-- (EC145)

(iii) Benchmark and Regret: Analogous to (Objective), for given penalty parameters a and -, the

objective of online algorithm 7 is given by

m T T m 1
ALG™ (a Zzwt,lzm =2 (Znt,i,jz;; ,j) %ZZZ@” (EC.146)
+

t=1 i=1 i=1j=1 t=1 i=1 j=1

where {z7 }{_, is the matching profile of online algorithm 7 and {7, ;}/_, is the corresponding backlog
induced by the backlog dynamics (EC.145).
The optimal offline benchmark (generalization of Definition 2) is given by

OPT(a,7) := max, ZZw“zm— ZZ(Z”MJ'ZH_ l) %z::

m

E btz,]
1g=1

ztEZ(Z ) t=1 i=1 i=1 j=1 i=
bt>0
T T
s.t. Z H[ZI = O]nt’i)jzm < (Ci,j - Z ]l[’LI = i]nt,m) s Vi € [m],] S [l]
t=1 t=1 +
biij > bi—14j+ N2 — Stij Vte [T],i€[m],jelll

where we define by ; ; =0 for all 7 € [m] and j € [[] by convention.

Given this benchmark, we define the same notion of the regret as Definition 3. That is, we evaluate
an algorithm by its worst-case performance over all instances, where each instance Z consists of (i)
the set of recourse types (i,7) € [m] x [l], (ii) capacity ratios (p; ;). j)emixp, and (iii) the (unknown)

arrival type distribution F. The regret of an online algorithm = is then given by
Regret] :=sup E[OPT(a,~)—ALG" (c,7)]. (EC.147)
I

where the expectation is over the arrival distribution J, the Bernoulli service process with a service

rate vector r, and (potential) randomness of the algorithm itself.

EC.12.2. Algorithms and Analysis

Having described the set up of the generalized model, in this section, we explain how we modify our
algorithms and their analysis for this generalized model. To avoid repetition, we mainly focus on our
first algorithm (Algorithm 1) and provide the details.

Congestion-Aware Dual Learning Algorithm (CA-DL"): To understand how to modify CA-DL
(Algorithm 1) for the generalized model, we write the dual of the optimal offline benchmark. Define
Gr be the event where sample path (A,,s,)7, satisfies Y, 1[i} = i]n..; < ¢ ; for all (i,5) € [m] x [1].

Because we assumed that 7 = O(1) and min;epn jep pi; — Plrei;1[if =il = ©(1), Azuma-Hoeffding
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inequality (and the union bound) implies that Gz occurs with probability 1 — O(e™") (we again
suppress the dependence on ml because they are constant by our assumption). Hence, in the same vein

of Proposition 1, we can characterize the dual program of the optimal offline benchmark as follows:

ProrosiTiON EC.63. Define a per-period dual function D, for case t as:

m l l
Dy(0,X,8) := max Z { (wt,i — Znt,i,j(ei,j + A+ 5t”)) 2+ Z(pi,jei,j +pijNi;+ St,i,jﬂt,i,j)}

2 €2(i]) i1 j=1 j=1

Further, for any given sample path (Ay,s;)l_,, Consider the following dual program:

T
Dual(a, ) := 97)1‘1715?20 2 D:(6, X, ;) (EC.148)
st 0;; <a, Vie[m],jell (EC.149)
Buri — Birii g% Vte [T —1],iem],jell] (EC.150)
Brij < % Vi e m],j€l] (EC.151)

Then, we have the following strong duality: OPT(c,v)1[Gr] = Dual(c,y)1[Gr| where Gr is the
event that sample path (Ay,s,)T_, satisfies Y1, 1[if =i|n, ; < cij,Vi € [m],j € [l].

The proof of Proposition EC.63 follows the same steps as Proposition 1 and is therefore omitted.
As in Proposition 1, the matrix @ € R™*! in Proposition EC.63 represents the dual variables for over-
allocation costs, where 6, ; corresponds to the resource-type (4, 7). The interpretation of other dual
variables can be similarly understood in parallel with Proposition 1. From Proposition EC.63, we
again observe that the optimal offline benchmark matches case t to the affiliate that maximizes the
adjusted score. However, the main difference from Proposition 1 is that adjustment for each affiliate
i is Zé-:l Nt (0i 5+ Nij+ Bri;). In words, when matched with affiliate i, the case consumes multiple
units of multiple resource types, and therefore the opportunity cost of matching case ¢ to that affiliate
should reflect that.

Given Proposition EC.63, we can now follow the same steps outlined in Section 3 to adapt Algo-
rithm 1 for the generalized model. Specifically, we consider the surrogate dual problem (analogous
to Definition 4) and then apply the same online learning update rules to each dual variable in the
surrogate dual problem. We call this modified algorithm CA-DL". For brevity, we focus on describing
the key differences between CA-DL" and Algorithm 1 below:

Primal Phase: CA-DL" matches case t to affiliate 7 with the maximum dual-adjusted score w;; —
22:1 Nt (Ori i+ Aeij +mbi—1,;) (breaking ties arbitrarily), as long as (i) the adjusted score is
non-negative and (ii) every affiliate ¢ has remaining capacity for the static resource-type (i, 7).
Otherwise, the case is matched to the dummy affiliate. Here the scaled build-up ¢b,_;;; again

implicitly plays a role of the dual variable for the dynamic resource-type (i, 7).
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Dual Phase: The dual update rule (equation (7) in Algorithm 1) is replaced with

Op1,i = min{ 0y ; j exp(n(ne;2e: — pij)), o}
1+ 2a} (EC.152)
5 .

)\t+1,i,j = min {)\t,i,j eXp(ﬁ(nt,i,th,i - Pz‘,));

Analogous to equation (8), the dual variables for the dynamic resource are implicitly updated as
Bisrig = Brij+C(uigzei — Seaz)), With By, ;= 0. Similar to our base model, we can show that
Bi+1,i,; = Cby; j using an induction argument.

With these modifications, the regret guarantees of CA-DL (Theorem 1 and Corollary 1) extend to

CA-DL". We summarize these analogous results in the following corollary.

CoOROLLARY EC.64 (Regret of CA-DL"). Let n=0(1/V/T) and ¢ = O(1/V/T). Under the stable
regime (Definition 1), the regret of CA-DLY is O(v/T + 1). Furthermore, under the near-critical regime
(Definition 1), the regret of CA=-DL" is O(\/~4T) by setting n=0(1/v/T) and ¢ =O(\/v/T).

We remark that even though the regret bounds given in Corollary EC.64 have the same order as
the ones given in Theorem 1 and Corollary 1, they are not the same because the new parameters n
(the maximum number of units consumed for each static resource type by a case) and [ (the number
of resource types) impact the bounds. However, under the natural assumption that these parameters
are constant (i.e., do not increase with 7°), they do not change the order of the regret.

The proof of Corollary EC.64 follows nearly identical steps to those outlined in Section 3.3. The
only change in the proof is in the definition of the pseudo-rewards due to the modification in the
dual update rules. Specifically, for the backlog vector by = (bt ; ;)ic(m) jeny, We consider the quadratic

potential function and its drift:

1 m 1
L/}(bt) = 5226?717‘], Dt :w(bt) —flp(btfl) (EC153)
i=1 j=1
For the proof of Corollary EC.64, we replace the pseudo-rewards K; in equation (14) with the
following:
m 1 m
Ky =w; -z;+ Z Z O (pij—nuijzei) + Z Z Atij (i = N j2ei) — CDy. (EC.154)

i=1 j=1 i=1 j=1
With the above definition of the pseudo-rewards, one can repeat the proofs of Lemma 4 and Lemma 5
to establish the lower and upper bound of the expected sum of the pseudo-rewards, leading to an
analogous inequality to (20) (see Section 3.3). The details are omitted for brevity.
Congestion-Oblivious Dual Learning Algorithm: One can apply the similar ideas in Sec-
tion 4.2 to modify CO-DL (Algorithm 2) for the generalized model. The modified algorithm, which we
call CO-DL", is again identical to the CA-DL" except that (i) CO-DL" only maintains the dual variables

6, ; and A ; ; for each static resource-type (4, 7) and (ii) the fixed step size n for the dual update rules
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in equation (EC.152) is replaced with the time-varying step size 1, = ©(1/+/t) for each period t. The
regret guarantee of Theorem 2 extends to CO-DL". That is, the regret of CO-DL" is O(V/T + 2) under
the stable regime. The proof again follows the identical steps as the proof of Theorem 2 and hence is

omitted for brevity.

EC.13. Numerical Results with Mid-year Disruption and Capacity
Revisions

Our main case study in Section 5 was based on data from 2014-2016. However, in the middle of fiscal
year 2017, a change in federal administration led to significant shifts in refugee resettlement policy,
including a sharp reduction and changes to the composition of arriving cases. These changes introduced
substantial disruptions in the refugee arrival process. In this section, we examine the applicability of
our proposed algorithms in the presence of such policy disruptions. To do so, we first provide brief
background on the major changes to the U.S. refugee policy that took place in 2017. We then describe
how we construct synthetic data that reflects those changes and simulate refugee arrivals under this
disruption. Finally, we evaluate the performance of our algorithms on this synthetic data and show
that they continue to yield meaningful improvements relative to the benchmarks.

Background. In fiscal year 2017, a change in federal administration brought about significant
disruptions to the U.S. refugee admissions system. The presidential ceiling on refugee admissions was
significantly reduced, and this reduction was accompanied by a sharp decline in the number of free
cases. For example, Executive Order 13769 restricted the admission of refugees from certain countries,
with exceptions primarily granted to those with existing U.S. ties (Howe 2017, Asian Americans
Advancing Justice 2019). As a result, both the total number and composition of refugee arrivals
changed substantially during 2017.

When such policy changes occur, resettlement agencies typically revise capacity for each affiliate
based on the newly announced ceiling. While this revision process involves informal negotiation with
the U.S. State Department, capacity adjustments are generally made in proportion to the original
annual quota across affiliates.

Synthetic Data of Disruption. Motivated by the above background, we construct a synthetic
dataset that mimics the policy disruption that occurred in year 2017. To do so, we apply a synthetic
shock to the 2016 arrival sequence. Let T denote the total number of cases in the original dataset. We
preserve the overall setup of our base case study (with unit-size case; Sections 5.1 and 5.2). We use
the actual number of cases resettled at each affiliate as its initial capacity ¢;, and set the normalized
capacity p; = ¢;/T for each affiliate 7. To simulate the disruption, we select a disruption time ¢, and
randomly remove 50% of the free cases (those that were to arrive after t,), while preserving the original
arrival order among the remaining cases. This models both the drop in overall arrivals and the shift

in composition similar to the 2017 policy changes. Let T denote the total number of arrivals after the
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disruption (including those before t4). We assume that the algorithm is informed of 7" at the time of
disruption. This reflects institutional practice, where a revised ceiling is publicly announced and used
to revise capacities. Affiliate capacities are then proportionally updated to ¢; = piT, in line with our
partner agencys typical approach to revising capacity proportionally to the initial ones.

Algorithm Evaluation and Numerical Results. We focus on comparing the performance of
Sampling and RO-Learning.”” Both algorithms are run exactly as in the base case study (Section 5.1),
with one exception: upon the disruption at time t¢,, we replace the original capacity ¢; with the revised
capacity ¢;. (For RO-Learning, the learning rates are left unchanged.) We set ¢, =T'/3 (resp. t4 =21/3)
to model early (resp. late) disruption.

Table EC.4 presents the numerical results. Comparing RO-Learning with Sampling, we note that
RO-Learning achieves employment outcomes comparable to Sampling, while further reducing both
over-allocation and average backlog. The main source of this performance improvement lies in the
robust learning process of RO-Learning (as highlighted in Section 5.2): after the disruption at ¢4,
although the dual variables initially reflect pre-disruption arrivals, the underlying adversarial learning
algorithm exhibits a powerful self-correcting property that quickly adapts to changes in the arrival
pattern.”® This fast adaptation is what enables RO-Learning to maintain strong performance even

under sudden structural shifts.

Table EC.4 Numerical performance under synthetic disruption (early vs. late reduction in free cases, 2016). We
use the same penalty cost parameter « =3 and v =5 as in Table 1. Early (late, resp.) disruption randomly reduces
the remaining number of free cases by half at t; =T/3 (resp, ty = 27/3). Each cell shows the result under early
disruption with the late disruption result in parentheses. The results are averaged over 10 simulation runs (each

involving both the random disruption and the internal randomness of Sampling).

Employment Rate (%) Total Over- allocation Average Backlog

Sampling 43.7 (45.5) 191.1 (149.4) 149.9 (179.3)
RO-Learning 43.7 (45.3) 190.2 (129.8) 140.4 (160.2)

EC.14. Incorporating Batched Arrivals
In our main model, we have assumed that refugee cases arrive one by one (which is true for Switzerland
or the Netherlands). However, in some countries (such as the U.S.), the resettlement agency can

encounter a periodic batch of refugee arrivals (e.g., weekly), for which matching decisions can be made

57 Because our simulation is based on synthetic data set, we do not know an actual placement that would have been
made by our partner.

58 In fact, we implemented an alternate version of the algorithm that explicitly “restarts” at the time of disruption by
resetting the dual variables to their default initial values (i.e., e'), and found that its performance rarely differs from
the original version. From a theoretical standpoint, the initial dual variables affects regret guarantees only through a
constant multiplicative factor and thus not impact the asymptotic order of regret (Hazan et al. 2016).
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simultaneously. In this section, we discuss how our main algorithm can be modified to incorporate
batched arrivals and explore the impact of such modifications.

Before going forward, we highlight that our main algorithms (in particular RO-Learning in Section 5)
can still be implemented in practice for batched arrivals by simply ignoring batching and matching
the cases within the batch one-by-one. We do not expect the loss from making decisions one by one to
be substantial, partly because, in practice, batch sizes are relatively small. Specifically, even though
our partner manages a weekly batch, the placement officer typically splits it into 20-30 cases. This is
because finalizing a matching decision often requires communication with the corresponding affiliate,
making it overwhelming for the officer to handle a larger number of cases at once.

That said, batched matching with even moderate batch sizes may offer an opportunity for per-
formance improvement. To explore this opportunity, we propose a modification of RO-Learning—an
adaptation of CA-DL for our partner agency (see Section 5)—to incorporate batching. Before proceed-
ing, we remark that developing a primal-dual algorithm with adversarial online learning for batched

arrivals is not straightforward and has not been studied in the literature (to the best of our knowledge).

EC.14.1. Model

We first begin by describing our model under batching. In describing the model and algorithm, we
specifically restrict our attention to the same setup as in the numerical case study (Section 5). In
particular, we consider a deterministic service flow with service rate p (which is currently used by our
partner to measure congestion).

We consider a discrete-time model with T periods. There is a sequence of T’ cases, which arrive
in K batches. For each batch k € [K], there are By cases. We index each arrival in batch k by
Tr={tr,tr +1,...,tp + By — 1}, where ¢t; =1 and ¢, = Zf;ll B, for k> 2. At the beginning of period
t, batch k arrives, and we observe their types {A,},c7,. The agency can make matching decisions
{2z }1e7, for cases within batch k& simultaneously. However, for simplicity, we assume that cases arrive
at their matched affiliate sequentially and in the order of their indices; that is, case t € T, arrives at
period t. This assumption is aligned with practice as it is unlikely that several cases can simultaneously

arrive at the affiliates. Hence, the backlog dynamic ¢ remains the same and is given by
bei=(bi—1i+ 20— pi)+ (EC.155)

for each t € [T] and i € [m]. The objective is again given by equation (Objective).

EC.14.2. 'Warm-up: RO-Learning-B

We begin with a natural yet naive modification of RO-Learning. Recall that RO-Learning finds the
matching decision for case ¢t by maximizing its adjusted score, subject to the capacity constraint. The
adjusted score was defined by the reward subtracted by (i) the current estimate of dual variables for the

static resource and (ii) the scaled level of the current backlog. Hence, a natural modification, which we
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call RO-Learning-B (with B standing for batching), is as follows: find the matching decisions for batch
k by maximizing the sum of the adjusted scores within the batch (subject to the capacity constraint),
given the current estimate of dual variables. Formally, let ¢, = (¢x;)ic[m) denote the current capacity
at time ¢, (i.e., upon the arrival of batch k). We further use @ and A to denote the current estimate
of dual variables for the static resource (for brevity, we omit the time index for the dual variables).
Then RO-Learning-B implements the following primal and dual phases:

Primal Phase: Find the matching decisions {z;};c7; for batch k by solving:>’

{z: }1eT, = argmax Z (W — 0 —X—=C(Lljt=tx]bi_1) 244 (EC.156)
2 €X (i), teT,
VEET],
st > i =0z < (ens— D 1l =a) Vi€ m] (EC.157)
teTy teTy +

where where X (i) = A,, if it =0 and X (i") = {e;+ } otherwise (recall that RO-Learning matches
every case to an actual affiliate—see Section 5).

Dual Phase: Based on the primal matching decision, we obtain the “batched” gradient, which is
simply the summation of the gradient information z; — p over all arrival ¢t € T,. We then perform
the multiplicative update (similar to Algorithm 1) using this batched gradient:

0, < min {Qi exp (7} Z (24 — pi)),a}

teTy,

A; ¢ min {)\i exp (77 Z (21— pi)),

teTs, P

(EC.158)

1—|—2a}

We evaluate RO-Learning-B in Table EC.5. For the numerical evaluation, we preserve the overall
setup of our base case study (with unit-size case; Section 5), but we use By, = 30 (similar to the current
practice) and the same penalty parameters. The step sizes are tuned based on the 2014 data, following
the procedure described in Section EC.11.2. Notably, the heuristic performs worse than our original
algorithm (which ignores batching) in terms of the objective (equation (Objective)), primarily due to
an increased average backlog.

In fact, despite its intuitive appeal, the above heuristic has two potential issues. First, the primal
and dual variables are not updated sufficiently. To understand how this can lead to underperformance,
consider the extreme case of having only one batch. In this case, the current backlog by is simply zero,
and the initial dual variables (0, A) are arbitrarily set. As a result, not only can the primal decisions
from the primal phase be highly inefficient, but the updated dual variables from the dual phase are also
never used to update these inefficient primal decisions. This suggests the need for multiple iterations
of the primal-dual phase within each batch, as typically done in the batch gradient descent (Ruder
2016). Second, the objective function of (EC.156) does not account for the backlog dynamics within
each batch. In summary, these two issues suggest that iterating the primal-dual phases multiple times

per batch, as well as incorporating the backlog dynamics within each batch, may improve performance.

9Tt is straightforward to see that the original capacity constraint (i.e., (Capacity Feasibility-t) for all ¢ € T%) is satisfied
if and only if the constraint (EC.157) is satisfied.
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EC.14.2.1. Main Heuristic: RO-Learning-B-Iterate
Motivated by the above observations, we propose a more sophisticated modification of RO-Learning,
called RO-Learning-B-Iterate. The formal description of the algorithm is presented in Algorithm 3.
For brevity, we only describe the main changes from RO-learning-B. The most significant change from
RO-Learning-B lies in how we obtain the primal decisions through the “inner” primal-dual iterations.
Specifically, we account for the backlog induced within the current batch and iterate the inner primal-
dual phases L > 1 times. These inner iterations within the batch aim to obtain higher-quality primal
matching decisions. Each inner iteration consists of the following primal and dual phases.

Inner Primal Phase (line 6-8): The objective function for finding the “best” matching {zE”}teTk
(for the [-th iteration of batch k) is now the sum of the adjusted scores, penalized by the cost of
over-allocation and average backlog within the batch (see line 7). In other words, we leverage the
knowledge of the arrivals within the current batch (along with the deterministic service flow) to
incorporate the average backlog induced by their matching decisions. Here, due to the backlog
terms, the solution from the offline program in line 7 can be fractional. Therefore, in line 8, we
take the maximum coordinate of the solutions across the affiliates to make them integral.

Inner Dual Phase (line 9): We perform the dual updates using the batched gradient. Here, we
divide the original step size 1 by the number of iterations L to account for the multiple updates
within each batch.

Finally, we set the actual matching decisions for batch k to be {zt(L)}teTk, the final iterate of the
primal phase after L iterations (line 11). The remaining steps are identical to RO-Learning-B—we
use these final primal decisions for matching and then update the dual variables as described in
equation (EC.161).

The numerical performance of RO-Learning-B-Iterate is presented in Table EC.5. We use L =10
and the step sizes are tuned based on the 2014 data (following the approach in Section EC.11.2).
We note that RO-Learning-B-Iterate performs slightly better than RO-Learning in terms of the
objective value (by 4% for both years 2015 and 2016). This mild improvement is driven by a reduction
in the average backlog (by 4-6%) and the over-allocation, with a small decrease in the employment
rate (less than 2%). This numerical result suggests that leveraging batched arrivals in the setting
of our case study may yield a small performance gain. However, we emphasize that the algorithm
required to achieve such a gain is significantly more complex and less interpretable. This level of
complexity appears necessary for performance improvement: as discussed in Section EC.14.2, our more
straightforward yet naive modification of RO-Learning (RO-Learning-B) indeed hurts performance.

Given this, it is unclear whether the additional complexities are justified by such a small gain.
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Algorithm 3 RO-Learning-B-Iterate

1: Input: T, p, n, {, L. // L is the number of iterations for inner primal-dual phase

2: Initialize 0; = exp(—1), \; = exp(—1), co; = p;T, by, =0 for all i € [m], and ¢; = 1.

// For brevity, we omit time index for the dual variables for static resources

3: for Each batch k € [K] do
4:  Set the arrival index for batch k as Ty = {ty,tx +1,...,tx + Br — 1}
5. for Each iteration [ € [L] do

6: Inner Primal Phase: Set the dual-adjusted score as
7 Solve the following program:
() T _ g
{zgl),by)}tefrk = argmax Z W, zglz — o Z ( Z zt(ll) — Ck,i) 5 Z Z bg
2V ex(il) vieT, teTy, iclm] teTy + k teTy, ie[m)
b >0,vteT;
st >0 Ui =02 < (= D0 1l =1]) Vi € [m]
teTy teTy +
bilf > billl,i + Zglz) = Pi, Yt € Ty, i € [m)]

where X (i) = A,, if it =0 and X (i") = {e;1 } otherwise. // Every case is matched to an

actual affiliate consistent with the case study (Section 5)

8: Set the inner primal decisions zt(lz) = 1[i = argmax;¢,, Zt(lj)] Vt e Ti,i € [m]
9: Inner Dual Phase: update the dual variables as
_ in o, n 0 _,
6; < min {91 exp (L Z (21 pl)>,0z}
teTy
)\z < min {)\z €xXp <L teZTk(Zt,i pz)): B }

10:  end for
11:  Set the primal decisions: z;; = zt(ﬁ), Vt € Tg,i € [m] // Use the primal de
last iterate to make the actual matching decision.

12:  Update the dual variables

0; + min {Qi exp (17 Z (2 — pi)>,oz}

teTy
A; < min {)\i exp (77 Z (Zt,i — Pz‘))7 1+ 20(}
teTy L

13:  Update the backlog: b, ; = (by—1:+ z1i —pi)+ VEE€ Ty, 1 € [m]
14:  Update the remaining capacity: ¢y ; <= cx—1; — ey, 210 Vi € [m]

15: end for

(EC.160)

cision of the

(EC.161)
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Table EC.5  Numerical Performance for year 2015 (2016, resp.) of RO-Learning, with and without batched
matching. We use penalty parameters a = 3 and v =5 (as used for Table 1 in Section 5) to evaluate the objective
defined in equation (Objective). We use the batch size of 30 cases per batch. The total number of cases is

T = 3819 (4980, resp.) for year 2015 (2016, resp.).

Employment Total Average Objective
Rate (%)  Over- allocation Backlog (in eq. (Objective))
- RO-Learning 44.6 (46) 71 (81) 151 (199) 737 (1054.3)
RO-Learning-B 44.2 (45.8) 71 (79) 155.6 (219.6)  698.4 (944.0)
RO-Learning-B-Iterate  44.0 (45.3) 67 (71) 142.1 (189.5) 768.5 (1097.3)

EC.15. An Alternative Service Model with Server Idleness
In our main model, we have assumed that the service availability sequence {s;}_, consists of i.i.d.
Bernoulli random variables with mean r; = p+ €. In particular, this assumption implies that the server
does not necessarily remain idle if it becomes available when no case is waiting. This modeling choice
is relevant in settings where servers may initiate other tasks when the system is empty. For example,
case workers in our partner may assist other teams when there is no case to serve.

In other contexts, however, a server may remain idle when the queue is empty, allowing them to
serve the next arriving case without delay. In this section, we describe an alternative service model
that explicitly allows for such idleness, and we extend the impossibility result of Proposition 2. Sec-
tion EC.15.1 formally defines the idle-server model. At first glance, one might hope that this idleness
would help an online algorithm better manage its backlogsperhaps weakening the impossibility result
stated in Proposition 2. However, in Section EC.15.2, we show that even under this more favorable
regime, no online algorithm making integral decisions can achieve sublinear regret when the conges-
tion penalty parameter v is (7). Finally, in Section EC.15.3, we show that the regret upper bounds
for CA-DL (Theorem 1 and Section EC.6.6) and CO-DL extend to the alternative model with server
idleness. Thus, CA-DL continues to achieve sublinear regret in all regimes where it is possible (i.e.,

when v =0(T")) under the alterative service model.

EC.15.1. Model

Model. We now formally describe an extension of our base model that incorporates server idleness.
As in the base model, a server at each affiliate ¢ becomes newly available with probability r; = p; + ¢,
modeled by an i.i.d. Bernoulli random variable s;; ~ Ber(r;). We refer to this as a fresh service
availability. If a server becomes newly available when there is no case to serve, it enters the idle state
and remains idle until a new case arrives. To capture extra availability from idleness, we introduce
a binary idleness state variable ¢, ; € {0,1}, where ¢, ; =1 if the server has remained idle and thus is
immediately available for service for case t. We emphasize that s;; and ¢; ; refer to different modes of

availability for the same servernot to separate servers.
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We now formalize the service dynamics. Each period ¢ begins with the arrival of a case ¢t with type
A, = (wy,i}). The algorithm immediately selects a matching decision z, € Z™(i]) for case t. We define

a pre-processed backlog g ;, which is updated as
Qi =bi1i+ 214

Next, for each affiliate 7, we draw a fresh service availability s, ; ~ Bernoulli(p; + €), indicating whether
the server at affiliate i becomes newly available during period ¢t. A server is able to serve a case at
period ¢ if it has become newly available (i.e., s,; = 1) or has already been idle (i.e., £;; =1). When
both conditions s;; =1 and ¢, ; = 1 hold, the case is served using the servers idle status, and the fresh
service opportunity s;; does not carry over. This naturally reflects that an idle server immediately

becomes busy once it serves an arriving case.®® Formally, we define the effective availability as:
Ui =Ly + (1 =0 ;) s, (EC.162)
and update the backlog (after processing case t) as:
bei = (qri — e i)+ = (be—1,i + 200 — Upi) 4 (EC.163)

We now describe how the servers idleness state is updated. A server enters or remains idle at period
t+ 1 if and only if (i) it is not used to serve a case at time ¢ and (ii) is available in some formeither
because it was already idle, or because it has just become newly available and found no case awaiting
service. On the other hand, a server’s idle status will reset to zero whenever it serves a case. Concretely,
we have:

o If the server was idle (¢;; =1) and there is no case to serve (¢;; =0), it remains idle ({;;1;=1).

e If no case was waiting (¢;; = 0) and the server became newly available (s;; = 1), it enters the idle

state (€441, =1).

e If an idle server serves an arriving case (¢;; =1, ¢;; > 1), it becomes unavailable and the idle

status resets to zero (lt+17i = O).

Combining the above, we can succinctly write the idleness dynamics as:
liyr,=1[¢g;=0and ({,;=1or s, =1)]. (EC.164)

Decision, Benchmark, and Regret. An online algorithm 7 makes an immediate and irrevocable
matching decision z] € Z(iz) for each arriving case t. This decision may depend on the history H; | =
{A.,s,,z"}'_} and the current arrival type A,, but not on the current realization of fresh service
0 One could equivalently define the model by drawing s:; only when ¢ ; = 0. However, for simplicity of exposition-
particularly to define the offline benchmark in Definition EC.65 in a consistent waywe draw s;; at every time step,

regardless of the servers idle status. Alternatively, one can interpret s;; as an indicator that the server would have
become newly available at time ¢ had it not already been idle.
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availability s;. We further allow the algorithm to observe the server’s idle status £; when making its
decision, which is well defined since £; is determined by prior state variables ¢, ; and H;_; through
(EC.164). The objective value of algorithm 7 on a given sample path of arrivals and services, with
penalty parameters (a,7), is denoted by ALG" (a,y) as in (Objective).

Similar to Definition 2, we define the offline benchmark as an algorithm that observes the full arrival
sequence {A;}7_, and the fresh service availability sequence {s;}_,. A key difference from the base
model in Section 2, however, is that the backlog dynamics now depend on the idle status of servers,
which is endogenously determined by the offline’s own matching decisions. To capture this dependency,

we augment the offline optimization program to include idle-state dynamics, as formally defined below.

DEerFINITION EC.65 (Offline Benchmark with Server Idleness). Given the full sample path
{A,s:}1, of arrivals and fresh service availabilities, the offline benchmark solves the following opti-

mization problem.:

m T T m
OPT(a,7) := max Zwt zt—az<2zm— i) —%Zth
n t=1 i1

2 €2(i)) =1
b, >0
T T
s.t. Z 1[if = 0]z, < < Z [if =]z 1> Vi € [m] (Capacity Feasibility)
t=1 +
bt i b1tz —u, Ye[T], i€ [m] (Backlog Dynamics)
Ui =Vl + (1 —0p) - Ses (Effective Availability)

lip1i=1g:=0and ({;,; =1 ors,;=1)] Vt<T,i€[m] (ldle-State Update)

with initial conditions by; =0 and {1, =0 for all i € [m)].

With the above definition of the offline benchmark, we define a regret of an online algorithm 7 the

same way as in Definition 3.

EC.15.2. Impossibility Result under Alternative Service Model

We now extend the impossibility result in Proposition 2 to the model with server idleness.

ProprosiTION EC.66 (Lower Bound on Achievable Regret with Server Idleness). For
v = QT) and any service slack parameter € > 0 such that the resulting service rates satisfy
ri € [pi + €, 1) for all i € [m], there exists an instance for which the regret of any online algorithm

making integral decisions is Q(T) under the model with server idleness.%!

61 While our original impossibility result (Proposition 1) does not rely on the integrality assumption, we assume integral
decisions (z: € {0,1}) for technical clarity in Proposition 2. This ensures that the backlog evolves in discrete units,
which simplifies our analysisparticularly in deriving certain inequalities such as (EC.172) and (EC.173). With more
refined analysis, we conjecture that a similar result would hold even without the integrality assumption.
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To prove Proposition EC.66, we consider the same instance used in the proof of Proposition 2 (which
we re-iterate below for completeness). Under the alternative service model, the server remains idle when
it becomes available and finds no case to serve. This appears to offer an online algorithm additional
flexibility, especially when it can also observe the idle status. However, the potential benefit of idleness
is fundamentally constrained by a key tradeoft: idle periods can only arise when the algorithm chooses
not to match a case (to an actual affiliate). Yet, to avoid linear regret, the algorithm must match almost
as many cases as the benchmark. These two objectivespreserving idle periods and collecting enough
rewardare directly in conflict. Building on this intuition, we show that if the algorithm matches enough
cases to avoid linear regret, then idle periods become too scarce to meaningfully reduce congestion, and
the algorithm must once again incur a constant average backlog in the similar vein of Proposition 2.

Proof of Proposition EC.66. We consider an instance with m = 1. For brevity, we omit the
subscript for 7. There are T' arrivals with deterministic reward w, =1 for all ¢ € [T]. There are no
tied cases and the capacity is ¢ =0.5T". The service rate is 7 = 0.5+ € where € € [0,0.5). Note that we
require € < 0.5 to exclude a trivial regime where service rate is 1. Thus, we assume that 0.5 —€ is a
constant (independent of 7') bounded away from zero. We further recall that o does not play any role
here. Hence, we denote the objective value of offline benchmark (Definition EC.65) and algorithm by
OPT(y) and ALG(7), respectively.

Similar to Claim-EC.1, we first lower-bound the value of the offline benchmark.

Cram EC.67. For any € € [0,0.5), the value of offline benchmark under the idle-server model
(Definition EC.65) satisfies
E[OPT(5)] > 0.5 — O(VT).

Proof of Claim EC.67 The proof mirrors Claim EC.1, with a minor adjustment. Consider the
following solution: match a case at time t to the actual affiliate (z; = 1) if and only if s, = 1, until
reaching the capacity limit ), 2, <0.57". This is feasible by construction. Note that from equation
(EC.162), a server is always available when s; = 1: either via fresh availability or by having remained
idle from an earlier period. Thus, this feasible solution does not incur any backlog. The rest of the
proof follows the same line of argument in Claim-EC.1 and is thus omitted. O

Fix any online algorithm with integral decisions, and let z; € {0,1} denote its matching decision at
time t. Since z; is binary, the backlog evolves in integer increments and remains a non-negative integer.
By Claim-EC.67, the offline benchmark collects approximately 0.57 in reward with zero backlog.
Hence, to achieve sublinear regret, the algorithm must accept at least 0.57 — o(T") cases in expectation.

Thus, without loss of generality, we assume:

0.57 — o(T) <E <0.5T, (EC.165)

Zﬂ[ztzl]

where the last inequality is simply just due to the capacity constraint.
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We now show that under (EC.165), any such online algorithm must incur a constant average backlog:
1.z
TZE[bt] >Q(1). (EC.166)

t=1

Combining (EC.165), (EC.166), and Claim-EC.67, we obtain:
OPT(y) — ALG(y) > Q(y — VT). (EC.167)

Thus, whenever v = Q(T), the regret of any online algorithm is Q(7).
We now prove (EC.166) by contradiction. Assume instead that the expected total backlog is sub-

linear:
T

> Eb] <o(T). (EC.168)

t=1

Assuming both (EC.165) and (EC.168), we derive a contradiction in four steps. First, we show
that most accepted cases must occur when the backlog is empty (Claim EC.68). Second, building on
Step 1, we establish a lower bound on the number of matches that must be served via idle servers
(Claim EC.69). Third, we derive an upper bound on the total number of such matches (Claim EC.70).
Finally, we show that these lower and upper bounds are incompatible unless € > 0.5, which contradicts
our assumption that € < 0.5 (ensuring the service rate remains strictly below one). This contradiction
implies that any online algorithm satisfying (EC.165) must incur a total backlog of (7). We elaborate
on each step below. The proofs of all auxiliary claims are deferred to the end of this section.

Step 1. The following claim shows that the majority of matches must occur when the backlog is

empty in order to satisfy both assumptions (EC.165) and (EC.168).

Cramm EC.68. Under assumptions (EC.165) and (EC.168), we have:
T
> E[1b-1=0, 2 =1]] > 0.5T — o(T). (EC.169)
=1

The proof builds on a simple algebraic property of the backlog and the integrality of decisions.
Step 2. We build on Step 1 to lower bound the number of idle periods that an online algorithm
must utilize. Specifically, the following claim shows that most matched cases must be served by an

idle server.

Cramm EC.69. Under assumptions (EC.165) and (EC.168), we have:
T
S E[Lb1=0,2=1,0{=1]]>0.5T —o(T). (EC.170)
=1

The proof uses the fact that matches made without idle servers create a backlog unless fresh avail-
ability occurs (i.e., s, = 1). Because an online algorithm does not observe the realization of s;, such
matches lead to backlog with constant probability. We use this to argue that if a linear number of

matches occur without idle servers, the total backlog would grow linearly in 7T'contradicting assump-

tion (EC.168).
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Step 3. We now establish an upper bound on the number of idle periods that an online algorithm

can utilize. The following claim shows that idle periods are ‘too scarce’ to serve many matches.

Cram EC.70. Under assumptions (EC.165) and (EC.168), for any € € [0,0.5), we have:

ZT:E [1[by =0, 2 =1, 6 =1] < (0.5+¢)-0.5T + o(T). (EC.171)

t=1

The proof uses a simple charging argument: each idle period must be preceded by a time when the
algorithm chose not to match a case, despite having no backlog. By Step 1, any algorithm satisfying
assumptions (EC.165) and (EC.168) must match most cases during such zero-backlog periodsleaving
few opportunities for servers to remain idle. We use this intuition to upper bound the total number
of idle periods that an online algorithm can utilize.

Step 4. Putting everything together. We now combine the previous claims to prove (EC.166). Com-
bining Claims EC.69 and EC.70, we obtain:

0.57 —o(T) <0.5(0.54€)T + o(T).
By dividing by T" and letting T'— oo, we have:
0.5<0.5(0.5+¢),

which implies € > 0.5. However, this contradicts our requirement that € < 0.5. It follows that our initial
assumption (EC.168) must be false. Hence, every algorithm that accepts at least 0.57 — o(T) cases
must incur Q(7) total backlog, which proves (EC.166). This completes the proof. O

Proof of Claim EC.68. Observe that for any sample path, we have:
bt = (bt—l + 2 — Ut)_;,_ 2 (2 — Ut) . I].[bt_l Z 1, Zt = 1] Z I].[bt_l 2 1, Zr = 1], (ECl72)

where final inequality uses that u; =1, + (1 —1;) - s; < 1.

Taking expectations and summing over time ¢t € [T

E [ibt > XT:IL[bt_l >1, 2= 1]]
=E [XT: Lz =1]=) 1[b1=0, 2z = 1]]

>0.5T —o(T) — ZE [1[b;—1 =0, 2, =1]],

t=1
where the last inequality uses assumption (EC.165). Now combining this with the assumption

(EC.168), we conclude:
T

> E[1bi-1=0, 2 =1]] > 0.5T — o(T).

t=1
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O
Proof of Claim EC.69. We begin by decomposing the indicator:

T T T
S E[be1=0,2=106=1]=> E[lb1=0,2z=1]-Y E[1[b1=0,z=16=0].
t=1 t=1 t=1

By Claim EC.68, the first term is at least 0.57 — o(T"). Therefore, it suffices to show that:

XT:IE[]l[bt,l =0,2z,=1,0,=0]] <o(T).

t=1
To prove this, note that if b;_; =0, z; = 1, and ¢; =0, then the case is served only if s; = 1. Otherwise,

it contributes to the backlog. Thus, for every sample path, we have:
thJI[bt_lzo, Zt:1,£t:0]-(1—8t). (EC173)
Taking expectations:

Efb] > E[1[b—1 =0, z =1, £, =0]- (1 —5,)]
=E[1[bi—1 =0, 2z, =1, £, =0]-E[1 — s, | H,_1]]
— (05— -E[Llbi1 =0, z =1, &, =0]].

In the first inequality, we applied the tower property of expectation: conditioned on the algorithm’s
history H;_1, the indicator 1[b;_ =0, z, = 1, £, = 0] is deterministic and the random variable s, is
independent of H,_; and follows the Bernoulli distribution with success probability 0.5 + €.

Summing over all ¢ € [T] gives:

ET:IE[bt] >(05—¢€)> E[1[b1=0,2=1,6=0].

t=1
Using (EC.168) and because 0.5 — € is a strictly positive constant, it follows that:

T

S E[Lb—1=0,z=1,£6=0]]<oT).

t=1
This completes the proof. O
Proof of Claim EC.70. Define the indicator:

newly_idle, :=1[¢, =0, (;, =0, s, =1],

which captures the event that the server transitions from non-idle to idle at period ¢.

By construction, every match served by an idle server (i.e., when b, _; =0, z; =1, and ¢, = 1) must
be preceded by a time when the server entered the idle state. Thus, we can charge each such match
to a previous newly_idle, event, yielding:

T

T
S E[1b-1=0,2%=1,0=1)] <> Elneuly_idle,].
t=1

t=1
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Next, observe that a server can become newly idle at time ¢ only if ¢, = 0 — or equivalently b;_; =0

and z; =0 — and s, = 1. Therefore:
newly_idle, <1[b;_1 =0, 2, =0, s, = 1],

and so:

E[newly_idle,] <E[1[b;—1 =0, z,=0]] - (0.5 +¢),

where we used the tower rule and independence of s; from the algorithms history H;_;.
Now summing over ¢, we obtain:

T

T
ZE[newly idle,] < (0.5+¢) ZE [b;—1 =0, 2z, =0]]
t=1

=(0.5+¢€)- < I[be—1 =0 }—iE[ﬂ[bhl:Ov Zt:l”)
<(0.5+¢€)- (T —0.5T+0o(T)) N
=0.5(0.54€)T + o(T),

where the last inequality follows from Claim EC.68 (and by a trivial bound E[1[b;—; = 0]] < 1). This
completes the proof. O

EC.15.3. Regret Upper bounds under Alternative Service Model

We now explain how our regret upper bounds for CA-DL (Theorem 1, Corollary 1) and CO-DL (Theo-
rem 2) seamlessly extend to the alternative service model with server idleness. Both of our proposed
algorithms naturally adapt to the alternative model. Specifically, CA-DL is identical to Algorithm 1
except that it now uses the backlog updated via equation (EC.163)that is, based on the effective avail-
ability u;; defined in equation (EC.162), which accounts for server idleness. The following corollary

shows that CA-DL achieves the same regret upper bounds under this alternative model.

CoroLLARY EC.71 (Regret of CA-DL under Server Idleness). Let n = O(1/VT) and ( =
O(1/V/T). Under the stable regime (Definition 1), the regret of CA-DL under the service model with

server idleness is O(VT + 1). Furthermore, under the near-critical regime (Definition 1), the regret
of CA-DL is O(+/7T) by setting n=0(1/VT) and { =O(y/~/T).

Proof of Corollary EC.71. The proof mirrors that of Theorem 1 (stable regime) and Corollary 1
(near-critical regime); we only highlight a minor change. The only difference lies in inequality (EC.14)
for the proof of Lemma 4 (Section EC.6.2). Under the new backlog update rule (EC.163), we can
establish an analogous drift inequality to Lemma 3, that is, D; <b;_; - (z; — u;) + O(1), where D,
is the drift of the quadratic Lyapunov function ¢ (see equation (13)). This change requires replacing
s; in line (EC.14) with u,, and verifying Elu,,; | Hi—1] > p; + € for all ¢ € [m]. Since u;; = s;,; +
i (1 —5844) > si; for all sample paths (see equation (EC.162)), we have Elu,; | Hi—1] > E[se; | Hi—1] >
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p; + €. That is, allowing server idleness can only increase the service rate. The rest of the argument
is unchanged. Specifically, inequality (20) still holds under the alternative service model, thereby
extending Theorem 1 and Corollary 1. O

For CO-DL, since it does not use backlog information, the algorithm remains unchanged. The regret
guarantee of Theorem 2 extends to the alternative service model. The proof again follows analogous

arguments to those used in the proof of Corollary EC.71 and is omitted for brevity.
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