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Abstract

We study dynamic matching in exchange markets with easy- and hard-to-match agents. A
greedy policy, which attempts to match agents upon arrival, ignores the positive externality that
waiting agents provide by facilitating future matchings. We prove that the trade-off between
a “thicker” market and faster matching vanishes in large markets; the greedy policy leads to
shorter waiting times and more agents matched than any other policy. We empirically confirm
these findings in data from the National Kidney Registry. Greedy matching achieves as many
transplants as commonly-used policies (1.8% more than monthly batching), and shorter waiting
times (16 days faster than monthly batching).
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1 Introduction

We study how to optimally match agents in a dynamic random exchange market. Faster matching
of agents reduces waiting times, but at the same time makes the market thinner, leaving more
agents without a compatible partner. This trade-off naturally arises for kidney exchange platforms
that seek to form exchanges between patient-donor pairs, whose patient can not receive the donor’s
organ.! Waiting to match may increase the number of patients receiving a kidney, but this comes
at a cost: receiving a transplant earlier not only improves the quality of life for the patient but
also leads to substantial savings in dialysis costs for society.? In the last decade kidney exchange
platforms in the United States gradually moved from matching roughly every month to matching
daily.®> Practitioners are concerned that this behavior, some of which is driven by competition
between kidney exchanges, is harmful, especially for the most highly sensitized patients. In contrast,
kidney exchange programs in Canada, Australia, and the Netherlands match periodically every 3
or 4 months (Ferrari et al., 2014).

This paper analyzes the trade-off between agents’ waiting times and the percentage of matched
agents in dynamic markets. We find that, maybe surprisingly, matching greedily minimizes the
waiting time and simultaneously maximizes the chances to find a compatible partner for all agents
in sufficiently large markets. We further quantify the inefficiency associated with other commonly
used policies like monthly matching using data from the National Kidney Registry (NKR).

To analyze this question we propose a stochastic compatibility model with easy-to-match and
hard-to-match agents. Easy-to-match agents can match with each other with probability ¢ > 0 and
with hard-to-match-agents with probability p > 0, whereas hard-to-match agents can match only
with easy-to-match agents with probability p > 0. The main focus of our analysis is on the case
where the majority of agents are hard-to-match, which is in line with kidney exchange pools. This
compatibility model captures two empirical regularities of the patient-donor data from the NKR.
First, as the market grows large, the fraction of patient-donor pairs that are matched in a maximal
matching does not approach 1, which is a consequence of the imbalance between different pairs’
blood types in kidney exchange (Saidman et al., 2006; Roth et al., 2007). Second, as the market
grows large, the fraction of agents that cannot be matched in any matching goes to zero.* Our
parsimonious two-type model captures the above regularities and no single-type model can account
for both of them (Propositions 1 and 2).

We study a dynamic model based on the two-type compatibility structure in which easy- and

'For some early work on kidney exchange in static pools and the importance of creating a thick marketplace, see
Roth et al. (2007, 2004).

2The savings from a transplant over dialysis is estimated by over $270,000 per year over the first five years (Held
et al., 2016).

3The National Kidney Registry (NKR) and the Alliance for Paired Donation (APD) search for matches on a daily
basis, whereas the United Network for Organ Sharing (UNOS) searches for matches twice per week.

A patient-donor pair cannot be matched in any matching if it cannot form a (two-way) exchange with any other
patient-donor pair due to biological compatibility.



hard-to-match agents arrive to the market according to independent Poisson processes with rates
mpg and mp. Agents depart exogenously at rate d. The market-maker observes the realized
compatibilities and decides when to match compatible agents. We evaluate a policy based on two
measures: match rate and waiting time. The match rate is the probability with which an agent is
matched. The waiting time is the average difference between the time an agent arrives and the time
she leaves, matched or unmatched. Our two-type model captures the potential trade-off between
match rates and waiting times that concerns practitioners in an intuitive way: matching quickly
could lead to easy-to-match agents being paired with each other thereby making it more difficult
for hard-to-match agents to find a partner and thus potentially decreasing the overall match rate.

We start by analyzing the greedy policy, which matches every agent upon its arrival if possible.
We derive the distribution of the number of hard- and easy-to-match agents waiting in the market
in steady state. As the market grows large, many hard-to-match agents will wait in the market
for a compatible partner at any point in time. Consequently, almost every easy-to-match agent is
matched with a hard-to-match agent immediately upon arrival and the probability that an easy-to-
match agent leaves the market unmatched converges to zero (Proposition 3). As their match rate is
close to one and their waiting time is close to zero, the greedy policy is asymptotically optimal for
easy-to-match agents in large markets. As hard-to-match agents are incompatible with each other
and almost every easy-to-match agent is matched with a hard-to-match agent, the greedy policy
also maximizes the match rate of hard-to-match agents. Perhaps less intuitively, the greedy policy
minimizes the waiting time of hard-to-match agents compared to any other policy when the market
grows large (Proposition 4). This holds since the greedy policy matches weakly more hard-to-match
agents than any other policy. Little’s law implies that the average number of hard-to-match agents
waiting in the market is proportional to their waiting time and thus that the greedy policy will
perform weakly better than any other policy in a sufficiently large market.

The main challenge in the proof is analyzing the steady state distribution of a two-dimensional
Markov chain which keeps track of the number of easy- and hard-to-match agents waiting in the
market. Using the Lyapunov function method, we show that the stationary distribution is concen-
trated around the solution of a fixed-point equation that describes the average numbers of easy-
and hard-to-match agents waiting in the pool. These concentration bounds allow us to compute
the agents’ match rate and waiting time.

Next, we quantify the inefficiency associated with batching policies, which are commonly used.
A batching policy periodically (e.g., monthly) matches as many agents as possible. We derive the
waiting time and match rate under batching policies in large markets. Batching less frequently
decreases the match rate and increases the waiting time. Therefore, in a large market, greedy
matching dominates any batching policy with a fixed batch length, as it leads to strictly shorter
waiting times and strictly higher match rates. We also compare batching and greedy matching in
finite markets, where batching may outperform greedy matching. We find that for parameters in

line with our kidney exchange application batching policies need to match more frequently than



daily to not be outperformed by greedy matching.

We also analyze the patient policy introduced by Akbarpour et al. (2020). This policy assumes
that agents’ exogenous departure times are observable. It matches an agent at her departure time
if possible, and otherwise the agent leaves the market unmatched. We show that the patient policy
leads to the same match rate as the greedy policy when the market becomes large. In both policies
almost all easy-to-match agents are matched almost upon arrival in a large market. Moreover,
hard-to-match agents wait longer (in first order stochastic dominance) under the patient policy
compared to the greedy policy. Quantitatively, the waiting time of hard-to-match agents under
the greedy policy equals the waiting time under the patient policy multiplied by ( — %5) where
mpg, myg are the arrival rates of easy- and hard-to-match agents. For example, when a third of
agents are easy-to-match (2mpg = my), hard-to-match agents will wait twice as long under the
patient policy.

Finally, we test whether the large-market predictions of our model hold in data from the NKR.
This data differs from our assumptions along two dimensions: first, because of blood and tissue
types it does not match our stylized two-type compatibility structure. Second, it is unclear that
the market is sufficiently large for our results to apply, because only a finite number of agents arrive
every year (around 360/year). Nevertheless, the data confirms the predictions of our model (Section
5): As the market becomes large, the waiting times of patient-donor pairs who are “easier” to match
approach 0, but the waiting times of “harder” to match pairs do not. Moreover, batching policies
result in no improvement to the match rate and lead to longer waiting times relative to greedy
matching (c.f. Table 1). Finally, waiting times under the greedy policy are significantly lower than
under the patient policy. At the same time, we do not find significant differences between the match
rates under greedy and patient policies (Table 1 and Figure 9).

As mentioned earlier, practitioners expressed concerns that kidney exchange platforms in the
US are adopting greedy algorithms, arguably due to competition.? That is, matching greedily can
potentially squeeze the liquidity generated by easy-to-match pairs in an inefficient manner. Our

theory combined with simulations suggest that matching greedily is not a real source of inefficiency.

1.1 Related literature

Closely related literature studies dynamic matching on networks when agents’ preferences are based
on compatibilities, motivated by kidney exchanges. This literature, initiated by Unver (2010), can
be organized into two perspectives. The first perspective seeks to minimize waiting times in models
where agent do not depart exogenously (Unver, 2010; Anderson et al., 2017; Ashlagi et al., 2016).

The key finding in this literature is that greedy matching minimizes the average waiting time.

5See Ashlagi et al. (2018) who write: “..competition among KPD programs to produce transplants may have
incentivized programs to perform match-runs at high frequency, which raises a major concern that such frequent
matching may lead to fewer transplants.” Gentry and Segev (2015) raise similar concerns motivated by match failures:
“...registries forced by competition to perform match runs very frequently cannot take advantage of mathematical
optimization, and likely fewer transplants are accomplished nationwide as a result.”



The second perspective is concerned with how many agents are matched. Akbarpour et al. (2020)
consider a model with exogenous departures, in which each agent is compatible with any other
agent with a fixed probability. They find that the patient policy leads to an exponentially smaller
loss rate (i.e., fraction of unmatched agents) compared to the greedy policy.5

Each of these perspectives studies one of two objectives: minimizing the time until an agent
is matched, or minimizing the number of agents that leave the market unmatched. The two
perspectives lead to different conclusions about the optimality of the greedy policy and suggest
a trade-off between matching agents quickly and matching as many agents as possible. This paper
contributes by studying this trade-off and showing that it vanishes in large kidney-exchange markets
with asymmetric agents. Technically, our paper is the first to analyze a model with both exogenous
departures and heterogeneous agents. We further contribute by analyzing the distribution of waiting
times rather than just averages and by providing an analysis of finite markets.

The effectiveness of thickening the market by waiting to increase the number of matches has also
been studied in markets other than kidney exchanges. Liu et al. (2018) compare the match rates of
greedy and patient policies in ride-sharing markets for matching drivers with passengers and find
that the waiting increases market thickness and average match quality but decreases the number of
matches. Finally, recent and indirectly related papers study dynamic matching when agents have
preferences beyond compatibility and find that greedy policies are sometimes inefficient since some
waiting can improve the quality of matches (Baccara et al., 2019; Doval, 2014; Mertikopoulos et
al., 2019; Ashlagi et al., 2019; Blanchet et al., 2020).

2 The Compatibility Graph

A kidney exchange pool can be represented by a compatibility graph G. FEach node in the graph
represents an agent (a patient-donor pair), and a link between two nodes exists if and only if the
two corresponding agents are compatible with each other (so a bilateral exchange between the nodes
is feasible). We restrict attention to bilateral exchanges.

A matching p is a set of non-overlapping compatible pairs of agents. Denote by M (G) the set
of matchings in G.” For every compatibility graph G let |G| denote the number of agents in the
graph, and for every matching u let |u| denote the number of agents in that matching.

Define the (normalized) size of the mazximum matching (SMM) in a graph G to be the fraction
of matched agents in a maximum matching:

SMM = max M

neM(G) |G|

5The differences with Akbarpour et al. (2020) are discussed in detail in Section 6.
"The paper restricts attention to matching only pairs of agents and not through chains. For the effect of matching
through chains see, e.g., Ashlagi et al. (2011) and Anderson et al. (2017).



Define the fraction of agents without a partner (FWP) to be the fraction of agents that are not

matched in any matching (thus have no compatible agent):

[{i € G: (i.g) ¢ M(G) for all j}|

FWP =
|Gl

Figure 1 depicts the expected SMM and FWP for a subset of a given size drawn uniformly at
random from the patient-donor population acquired from the National Kidney Registry (NKR),
the Alliance for Paired Donation (APD), and the United Network for Organ Sharing (UNOS) and
Methodist at San Antonio. This data includes 4992 patient-donor pairs.® The data allows to verify
whether each patient and donor are virtually compatible, and therefore whether two pairs can
match. Two features stand out: first, even as the market grows large, the size of the maximum
matching stays bounded away from 1, i.e., SMM < 1. This is a natural consequence of the different
blood types (Roth et al., 2007). Second, when the market grows large, the fraction of pairs that
have no compatible pairs decreases. Roughly 5.5% of pairs are incompatible with any other pair
in this data (FWP).” Since compatibility depends only on the characteristics of the patients and
donors, it is independent of pool size, and thus in a sufficiently large pool one would expect that
the FWP would further decrease to zero.
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Figure 1: Average percentage of pairs without a compatible partner (dashed) and the percentage matched in a
maximum matching (solid). The average for every fixed pool size on the horizontal axis is computed by random
sampling from the combined data set from NKR, APD, UNOS and Methodist at San Antonio.

Fact 1. As the kidney exchange patient-donor pool grows large, the compatibility graph (Figure 1)
is such that the size of the mazximal matching (SMM) stays bounded away from 1 and the fraction

8FEach data set includes pairs from a different period of time, but no earlier than 2007. The data from NKR, APD
and Methodist was obtained directly and is not publicly available. The data from UNOS can be obtained directly
from the Organ Procurement and Transplantation Network (OPTN), a contractor for the US Department of Health
and Human Services.

9Tn practice some patients can receive a kidney from blood-type incompatible donors due to advanced technology.
For the sake of simplicity we ignore this in our simulations, but it is worth noting that the FWP drops to less than
3% when this form of compatibility is allowed.



of patient-donor pairs without a compatible partner (FWP) becomes small.

The change in both the SMM and FWP measures captures the benefit of a larger market. Since
a matching policy in a dynamic environment trades off the benefits of a larger market with the
waiting costs incurred by the agents, having a model that accurately represents the SMM and the

FWP is important to correctly describe the costs and benefits of waiting to match.

2.1 A Two-Type Compatibility Model

To capture the features of kidney exchange identified in Fact 1 we adopt a stylized and tractable
model with random compatibilities. There are two types of agents, easy-to-match or hard-to-match,
denoted by E and H, respectively. There are more hard-to-match than easy-to-match agents. Any
pair of hard-to-match and easy-to-match agents are compatible independently with probability
p > 0, any pair of easy-to-match agents are compatible independently with probability ¢ > 0, and

no pair of hard-to-match agents are compatible with each other (Figure 2).

q

p
[Easy to Match}—{Hard to Match}

Figure 2: The random compatibility model.

Proposition 1 shows that this simple model is indeed able to capture the features of real kidney

exchanges identified in Fact 1.

Proposition 1. Consider a compatibility graph with m easy-to-match agents and (1 + \)m hard-
to-match agents where A > 0. Compatibilities between pairs of agents are generated as described in
Section 2.1. Then, as m grows large SMM = 2%\ and FWP = 0 hold with high probability.°

That the size of the maximal matching cannot exceed 2%\ is intuitive: since H agents cannot
match with each other and there are more H agents than E agents, some H agents must remain
unmatched when the pool is large. An upper bound on the fraction of agents that can be matched
equals twice the fraction of E agents 2%\ Furthermore, note that this fraction is achieved whenever
there exists a matching in which all E agents are matched with H agents. It follows from a standard
result in random graph theory that the probability that such a “perfect matching” exists approaches
1 as the pool grows large. Furthermore, as the pool grows large any H agent will be compatible with
some E agent, since compatibilities between agents are drawn independently. Thus, the fraction
of agents without a partner converges to 0. The parameter A of the model measures the degree

of imbalance between hard- and easy-to-match agents. So A = 0 corresponds to a balanced pool.

10We say a sequence of events E1, Es, ... hold with high probability when limy_, o P [Ex] = 1.



Figure 1 suggests that the size of the maximal matching in the data converges to roughly 60% when
the pool becomes large, implying that A = 1.33 in the context of our model.

Proposition 1 establishes that our two-type model can match the empirical behavior of the SMM
and FWP measures observed in Fact 1. Proposition 2 establishes that no model with a single type
can replicate the empirical features of real kidney exchanges that the size of the maximal matching
is less than one while the fraction of agents without a partner goes to zero, even when allowing the

probability of compatibility between two agents to depend on the market size in arbitrary ways.

Proposition 2. Consider a model with m homogeneous agents, in which every pair of agents are
compatible independently with probability p(m) > 0 that may depend on the market size. The

following two conditions cannot be satisfied simultaneously:

li_1>n E[SMM] < 1,and (1)
lim E[FWP]=0. 2)

The proof is constructive. It begins with assuming that every agent has a compatible partner
when the pool grows large, i.e., (2) is satisfied. It then introduces an algorithm which constructs a
matching that includes all agents with high probability as the pool grows large. This implies that
(1) and (2) cannot hold together in any random graph model with homogeneous agents.

Economically, this observation implies that heterogeneity of agents plays a major role in kid-
ney exchanges.!! Our two-type model is arguably the simplest random compatibility model that
captures these features of the compatibility graph. It may be useful to illustrate the connection
with kidney exchanges while restricting attention to blood-type compatibilities. One may think of
A-O and O-A patient-donor pairs as easy- and hard-to-match, respectively. More generally patient-
donor pairs with blood types X-O for X0, AB-A, and AB-B are blood-type compatible with a
pair of the same category and can be considered as easy-to-match, whereas those with blood types
0O-X for X#£0, A-AB, and B-AB are not, and hence can be considered as hard-to-match. Typical
exchange pools have fewer easy-to-match than hard-to-match pairs simply because a patient who
is compatible with her intended donor will be transplanted directly. For example, an A patient and
her intended O donor may be compatible and would not join the exchange (they only need to join

if they are tissue-type incompatible).

3 Dynamic Matching

We embed the static compatibility model from Section 2.1 in a dynamic model that allows to study
matching policies in a dynamic setting. We consider an infinite-horizon dynamic model, in which

agents can match bilaterally. Easy-to-match agents arrive to the market according to a Poisson

"This is consistent with Roth et al. (2007) and Agarwal et al. (2019), who demonstrate that the types of patients
and donors play a crucial role for efficiency.



process with rate m, and hard-to-match agents arrive to the market according to an independent
Poisson process with rate (1 + A)m. We assume that the majority of agents are hard-to-match,
that is A > 0, unless explicitly stated otherwise. We sometimes refer to m as the market size.

An agent that arrives to the market at time ¢ becomes critical after Z units of time in the
market, where Z is distributed exponentially with mean d, independently between agents. We refer
to 1/d as the criticality rate. The latest an agent can match is the time she becomes critical, ¢t + Z;
immediately after this time the agent leaves the market unmatched. The planner observes when
an agent gets critical and can attempt to match the agent immediately at that time before she

departs.'?

Matching policies. Denote by G; the compatibility graph induced by the agents that are present
at time t. A dynamic matching policy selects at any time ¢ a matching p; € M(Gy), which may be
empty. Whenever a non-empty matching is selected, all matched agents leave the market.

Several kidney exchange platforms in the U.S. attempt to match pairs as soon as they arrive to

the market (Ashlagi et al., 2018). A tractable approximation of this behavior is a greedy policy.

Definition 1 (Greedy). In the greedy policy an agent is matched upon arrival with a compatible
agent if such an agent exists. If she is compatible with more than one agent, H agents are prioritized

over E agents and otherwise ties are broken randomly.

Some platforms identify matches only periodically, allowing the pool to thicken and possibly
offer more matching opportunities. For example, UNOS matches twice a week, whereas national
platforms in the United Kingdom and the Netherlands identify matches every three months (Biro
et al., 2017). This behavior is approximated with the following batching policy.

Definition 2 (Batching). A batching policy ezecutes a maximal match every T units of time. If
there are multiple maximal matches, select randomly one that mazimizes the number of matched H

agents. The parameter T is called the batch length.'3

We also consider the patient policy, proposed by Akbarpour et al. (2020), which attempts to
match an agent only once she becomes critical. In the context of kidney exchange this means that
two patient-donor pairs in the pool are matched only if the condition of one of these pairs is such

that it cannot match at a later point in time.

Definition 3 (Patient). In the patient policy an agent that becomes critical is matched with a com-
patible agent if one exists. If she is compatible with more than one agent, H agents are prioritized

over E agents, and otherwise ties are broken randomly.

12 As we will show that the asymptotically optimal policy does not condition on this information, thus allowing
for this larger set of policies strengthens our results.

3We note that every agent leaves the market either because of being matched to another agent or because of
getting critical. Thus, in the batching policy, (only) the agents who are in an executed matching are removed from
the market at the time the matching is executed.



The patient policy can be viewed as a theoretical benchmark, as predicting the time at which
the patient will become too sick to transplant is generally not feasible. Observe that the greedy and
patient policies match at most two agents at any given time because no two agents ever arrive or
become critical at the same time. The batching policy, however, can match multiple agents when

it executes a matching.

Measures for performance. Denote by 0; € {E, H} agent i’s type, by «; > 0 her arrival time,
by ¢; > 0 how long she is present in the market, and indicate by p; € {0, 1} whether she is matched.
To study the performance of a matching policy we focus on two measures. One is the match rate
go(m) € [0,1] of each type © € {E, H}, which is the fraction of agents of type © that get matched.

Formally, we define the match rates for each arrival rate m by

go(m) = lim E

t—o00

{i: i =1and a; <t and §; = O}|
{i: a; <t and 0; = O}

The other is the ezpected waiting time (or simply waiting time) we(m) of agents of type ©, whether

eventually matched or not. Formally, we define the waiting time for each arrival rate m by

Zi: a;<t and 6;,=© Pi
Hi:a; <tand 6; =0}

wo(m) = i B

One reason for studying match rate and waiting time is that they together determine the payoff

of a risk-neutral expected-utility-maximizer (EU) who assigns a fixed value to being matched and
incurs a constant cost while waiting in the market.

We are interested in optimal policies for large pools and denote by go = lim;,— 00 go(m) and

we = limy, 00 we (m) the match rate and waiting time when the market becomes (infinitely) large,

i.e., when the arrival rate m goes to infinity.'* We consider the following notion of optimality:

Definition 4 (Asymptotic optimality). A policy is asymptotically optimal if for every e > 0 there
exists me such that, when m > me, no type of agent can improve its match rate qo(m) or expected

waiting time we(m) by more than € when changing to any other policy.

This optimality notion is demanding, since it requires the policy to be optimal for every type of
agent simultaneously. It is unclear whether an asymptotically optimal policy exists, since a policy

that is optimal for H agents might be suboptimal for £ agents.

3.1 Results

In this section we present a characterization of the match rates and waiting times associated with

the greedy, batching and patient matching policies and discuss its implications.

M Throughout, we restrict attention to policies where these limits are well defined. This assumption could be
relaxed by considering the lim inf and lim sup in the definitions.
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Figure 3: Illustration of Proposition 3 when A = 1.33 and d equals 360 days. The blue points
represent the predictions of our model for large markets, which are derived in Proposition 3.

Theorem 1. The greedy policy is asymptotically optimal, whereas the batching policy (for any fixed
batch length) and the patient policy are not asymptotically optimal.

We further compute the match rates and expected waiting times under these policies.
Proposition 3. As the arrival rate m grows large:

(i) The match rates of hard- and easy-to-match pairs under the greedy policy are (¢%,q%) =
(1%\, 1), respectively, and their expected waiting times are (wfl,wG) = (ﬁ—d)\, ).

1—e~T/d 1" T/d )

(ii) A batching policy with batch length T achieves match rates of (¢5,¢B) = ((1+)\)T/d’ T7d
Furthermore, the expected waiting time for each type © is wg =d(1 —qo). Also, qg < qg,
whereas qg approaches qg as T approaches 0. In addition, wg > wg, whereas wg approaches

wg as T approaches 0.

(iii) The match rates of hard- and easy-to-match pairs under the patient policy approach (¢, ¢5) =

(1_%\, 1), respectively, and their expected waiting times approach d and 0, respectively.

Figure 3 illustrates the match rates and waiting times of H and E agents under the different
policies as found in Proposition 3. In the figure, the values for A,d are chosen to match the
imbalance and criticality rate in the NKR data (A = 1.33,d = 360). As Figure 3 illustrates,
each batching policy leads agents to wait longer and get matched with a smaller probability than
under the greedy policy. For example, in comparison to greedy, under a monthly batching policy
hard-to-match agents wait on average 6 days longer and easy-to-match agents 15 days longer.
Hard- and easy-to-match agents get matched with 1.7% and 4% lower probability. Similarly, the
patient policy matches equally many agents as the greedy policy, but leads to a substantially longer

expected waiting time for hard-to-match agents (155 more days).

10



Remark 1. It is important to note that Theorem 1 and Proposition 3 do not imply that batching
policies are suboptimal for a fixed market size. For a fized market size, a batching policy which
matches very frequently will achieve (almost) the same outcome as the greedy policy and thus will

15

also be close to optimal in large markets.”> We investigate this in detail in Section 4 and show how

frequent batching policies must match to be close to optimal.

We now provide rough intuition for the differences between greedy, batching and patient match-
ing policies. In Section 3.2 we sketch the argument for the various parts of the results. Section 4

provides a more extensive comparison of these three policies, including a non-asymptotic analysis.

Intuition for the Optimality of Greedy. As there are more hard- than easy-to-match agents,
hard-to-match agents will accumulate and a large number of them will be waiting to be matched
at any time under any policy.'® This implies that under greedy matching, easy-to-match agents
will have upon arrival, with high probability, a compatible hard-to-match agent and are there-
fore matched immediately. So every easy-to-match agent is matched with a hard-to-match agent,
implying that greedy matching asymptotically achieves the optimal match rate. Intuitively, the
market for hard-to-match agents already thickens under the greedy policy and further thickening
the market is not beneficial for increasing the match rate.

Under the batching policy each agent waits at least from the time of her arrival until the next
time a matching is identified. Thus each agent waits on average at least half the length of the
batching interval. Furthermore, each agent becomes critical during that time with strictly positive
probability. Thus, easy-to-match agents are worse off under the batching policy than under the
greedy policy where they get matched immediately with probability 1. As some easy-to-match
agents leave the market unmatched, hard-to-match agents are matched with a smaller probability.
Consequently there are, on average, more hard-to-match agents waiting in the market. Little’s
law, which states that the arrival rate multiplied by the average waiting time equals the average
number of waiting agents (Little and Graves, 2008), implies that hard-to-match agents also wait
longer under any batching policy than under a greedy matching policy. As both types are worse
off, batching policies are not asymptotically optimal.

Under the patient policy, so many hard-to-match agents accumulate that an easy-to-match agent
will, with high probability, match with a critical hard-to-match agent almost immediately upon
arrival. This implies that the policy asymptotically achieves the optimal match rate. As hard-to-
match agents get matched only when they become critical, the distribution and expectation of their
waiting time is the same as if they do not match at all. Hence, hard-to-match agents get matched

faster under a greedy policy, implying that the patient policy is not asymptotically optimal.

15We formally establish this in Proposition 6.

160n the other hand, if there are more easy- than hard-to-match agents, then under the greedy policy only a small
number of hard-to-match agents would be in the pool at any time; because otherwise, arriving easy-to-match agents
will often be matched to hard-to-match agents, which will reduce the number of hard-to-match agents in the pool
over time.

11



Intuitively, when the departure rate is small, increasing the market size and making the market
thicker by waiting are loosely speaking substitutes in the sense that they increase the match rate.
This is an intuition for why the greedy policy becomes optimal when the market grows large and
the benefit of thickening the market vanishes. We note that thickening the market through waiting
and increasing the market size exogenously lead to quite different compositions of waiting agents. If
the arrival rate increases, under a greedy policy, only hard-to-match agents will accumulate (as in a
large market easy-to-match agents will match immediately). In contrast, if the market is thickened

by waiting in a batching policy, both hard- and easy-to-match agents accumulate.

3.2 Discussion of Results

In this section we provide a proof sketch for the various parts of Theorem 1 and Proposition 3 as
well as additional results on the waiting time distributions. We first establish an upper bound on

the performance of any policy.

Proposition 4 (Upper bound on the performance of any policy). For any market size m, and
under any policy, the match rate of hard-to-match agents is at most 1—&%\ and their expected waiting

. . Ad
time is at least Tix-

The result on the match rate follows from the fact that H agents cannot match with other
H agents. The arrival rate of E agents is only m per unit of time, compared to (1 + X\)m for H
agents. Thus, the strong law of large numbers implies that a fraction of H% of the H agents remain
unmatched in the long-run. The result on waiting times is less immediate. We prove it by first
deriving a policy-specific lower bound on the match rate; this lower bound holds with equality in
policies where every agent who gets critical leaves the market unmatched.!'” Combining this lower
bound on the match rate with the previously derived upper bound gives us a lower bound on the
average number of H agents present in the market, which, through an application of Little’s law,

yields a lower bound on their waiting time.

3.2.1 Greedy Policy

Next we analyze the performance of the greedy policy as the market grows large. The following

proposition includes the results in the first part of Proposition 3.

Proposition 5 (Performance of the greedy policy). Consider the greedy policy as the market grows

large, i.e., m — oo. The match rate of H agents converges to 14%\ and their waiting time converges

to an exponential distribution with mean ﬁ—d)\. The match rate of E agents converges to 1 and their

waiting time converges to 0.

7"Thus, the lower bound holds with equality in the greedy and batching policies, but not in the patient policy.
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We first provide intuition for the waiting time distribution. Consider greedy matching in a
deterministic setting where every E agent is compatible with every H agent, agents arrive deter-
ministically, and get critical after precisely d units of time. In this setting E agents will be matched
upon arrival with H agents. This means that there will be no F agents waiting in the market, and
their waiting time equals zero. Denote by x the steady state number of H agents present in the
market. Per unit of time, the number of H agents arriving to the market equals (1 + A)m, and m
of them are matched with E agents. Furthermore, 7 of the waiting agents are expected to depart
unmatched per unit of time. At the steady state the number of unmatched departing agents equals

the number of unmatched arriving agents. Thus, x solves the balance equation

=Am = z=Amd. (3)

ISHRS

Therefore, if the matching partner for an F agent is chosen at random, each H agent is matched
at rate o = ﬁ. The time at which a never-departing H agent would be matched is therefore
exponentially distributed with rate ﬁ. The time until an H agent becomes critical is exponentially
distributed with rate 1/d. Since the minimum of two exponentially distributed random variables
is again exponentially distributed with rate equal to the sum of the rates, the waiting time of an
H agent is exponentially distributed with the rate %, and thus with mean 1/\4de

The formal proof of Proposition 5 is more complex as it needs to deal with the randomness
in compatibilities, arrivals, and criticality times. Our analysis is based on the Lyapunov function
method.™® In our case, a Markov chain tracks the number of easy- and hard-to-match agents in the
pool, and the Lyapunov function argument translates into a concentration bound for the number
of easy- and hard-to-match agents in the pool. The number of H agents in the pool at any time is,
with high probability, not more than an additive factor of /mlogm away from the solution of the
balance equation (3). As this distance grows slow relative to the market size, the Markov chain is

well-approximated by the dynamics of the deterministic setting described earlier.

3.2.2 Batching Policy

We next sketch the analysis for the match rates and waiting times under the batching policy, as
given in the second part of Proposition 3. We start by providing lower and upper bounds on the
match rate of F agents. A simple upper bound on the match rate can be derived based on the fact
that an arriving agent should wait until the next matching period and may not get matched if she

l—e-T/? oS the probability that an agent does not

becomes critical before that. We compute yr 4 = T

18Variations of this method are widely used to identify stable points of ordinary differential equations and to
analyze steady states of stochastic systems (see for example Khalil, 2009; Brémaud, 2013). The idea is defining a
function on the state space of a Markov chain such that the expected change of the function is negative outside of a
“small box” and possibly positive inside that box. The fact that the expected change of the function equals zero at
the steady state distribution implies a bound on the time the process can spend outside the box. This idea can be
used to provide bounds on the expectation of a given function f defined over a Markov chain (Anderson et al., 2017).
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become critical before the first matching period after her arrival. This is clearly an upper bound
on the match rate of £ agents. Then, from the fact that H agents are compatible only with F
agents, we imply that the match rate of H agents is at most ﬁ—f\

Providing a lower bound on the match rate of E agents is more involved. The key idea is
showing that, every time when a matching is executed, the number of H agents matched is at least
the number of F agents who are present in the pool at that time and arrived after the previous
matching execution. The proof for this fact is based on a probabilistic analysis argument and uses
augmenting path techniques from Berge’s lemma in matching theory!®. By this fact, almost every
FE agent who participates in at least one execution of the matching is matched to an H agent. This
translates into an asymptotic lower bound of 77 4 on the match rate of £/ agents, and an asymptotic
lower bound of ﬁ—’j on the match rate of H agents. Finally, the claim about the match rates follows
immediately from the fact that the upper and the lower bound coincide.

To compute expected waiting times, we first note that ¥/d = m(1 — gg(m)), where y is the
time-average number of E agents in the pool and 1 — gg(m) is the probability of an E agent not
getting matched. This holds because, under the batching policy, the number of E agents that get
critical equals the number of E agents that do not get matched. We then note that the probability
1 — geg(m) converges to 1 — yr 4 as m approaches infinity, since the match rate of E agents is 7 4.
Thus, d(1 — v7,4) = Z. The right-hand side is the expected waiting time of £ agents, by Little’s
law. Hence, the expected waiting time of E agents equals d(1 — y74). A similar argument proves

the claim for the waiting time of H agents.

Batching with vanishingly batch length. We next strengthen our previous analysis and show
that a batching policy is asymptotically optimal if and only if the batch length vanishes with the

market size.

Proposition 6. A market size dependent batching policy with batch length T, is asymptotically

optimal if and only if the batch length goes to zero as the market becomes large lim,, oo 1), = 0.

The intuition for the only if direction is that if T,,, > § > 0 for every m, then the probability
that a newly arrived agent becomes critical before a matching is executed is positive and does not
vanish as the market grows large. Thus, the match rate of E agents would be below their match
rate under the greedy policy. To prove the if direction, one cannot just take the limit 7" — 0 of
the expressions for match rate and waiting time obtained in Proposition 3, since the limits with
respect to time and market size are not interchangeable. In particular, as T}, approaches 0, the
Poisson concentration bounds on the number of arrivals in each period that we use to establish
Proposition 3 become arbitrarily weak. Instead, we show that there is always a large number of H
agents waiting in the pool, and an arriving £ agent would be matched to one of these agents with

high probability.

198ee, e.g., West (2000) for more on Berge’s lemma and augmenting paths.
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3.2.3 Patient Policy

We next quantify the performance of the patient policy. The following proposition includes the

third part of Proposition 3.

Proposition 7 (Performance of the patient policy). Consider the patient policy when the pool
grows large, i.e., m — oco. The match rate of H agents converges to 1%\ and their waiting time
converges to an exponential distribution with mean d. The match rate of E agents converges to 1

and their waiting time converges to 0.

To get some intuition for this result consider again the hypothetical case in which every H
agent is compatible to every E agent, and agents arrive and get critical deterministically. In
steady state there are almost no F agents in the market and the number of H agents in the
market is approximately (1 + \)md. To see why, suppose this is indeed the state of the market
at the beginning of time. H agents get critical and attempt to match with £ agents at a rate of
W = (14 X) m. Since this rate is much larger than the arrival rate of E agents m, then E
agents are matched almost immediately at the steady state. Thus, their number remains close to
zero at any time. Consequently, almost no E agent becomes critical, and almost all matches are
initiated due to an H agent becoming critical. Since H agents arrive at rate (1 + A\)m and get
critical at rate 1/d, their number in the pool remains close to (1 + A\)md, and the steady state is
maintained. As H agents are the ones that initiate matches, their average waiting time equals the

average time until they become critical, d.

4 Comparison of Batching and Greedy Policies in Finite Markets

Our results imply that, in a large market, greedy will outperform batching if the length of the
batching interval does not go to zero (Theorem 1 and Proposition 6). It is natural to ask how
frequent batching policies must execute matches to (potentially) outperform the greedy policy in
a finite market. We address this question in two ways. First, we derive an upper bound on the
batch length such that any batching policy with a larger batch length matches fewer agents and
has a higher waiting time than the greedy policy. Second, we run simulations based on the model
and real data that indicate that at realistic market sizes and parameters in the context of kidney

exchanges, greedy matching dominates batching policies that match less frequently than daily.

4.1 An Analytical Bound on the Performance of Batching in Finite Markets

The next result combines non-asymptotic upper bounds on the performance of batching policies
with lower bounds on the performance of the greedy policy to establish a bound on the batch length
such that less frequent batching will be dominated by the greedy policy in a finite market.
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Figure 4: The batch length above which greedy dominates batching for various arrival rates per
day, A = 1.33,p = 0.037 and average criticality time d = 360 days. The bound T* is independent
of g € [0,1], and is decreasing in p.

Proposition 8. Let m > 0 be an arbitrary fixed arrival rate. Define z* to be the steady-state
probability that an easy-to-match agent, upon her arrival, is matched to a hard-to-match agent
under the greedy policy. Then, for every agent type (easy- and hard-to-match), the match rate and
waiting time of that type under the batching policy are respectively smaller and larger than under
the greedy policy if the batch length T satisfies T > T*, where

z*

2w~ +1
<z*/d ) (4)

T =

and W (-) is the Lambert W function.?°

The above proposition involves the exact value for the steady state probability of an easy-to-
match agent being matched to a hard-to-match agent upon her arrival. In Online Appendix ii we
compute a lower bound on this probability using the Lyapunov function method and combine it
with the above result to get an upper bound for 7%, namely T*. Therefore, a batching policy that
makes matches less frequently than T* is dominated by the greedy policy for the fized arrival rate
m. Figure 4 visualizes this bound. Recall that A = 1.33 is consistent with the NKR data (see
Section 2.1). Using the same data, we can calibrate the compatibility probabilities between the
types by defining easy-to-match agents as those who are part of every maximal matching, which
leads to empirical compatibilities of p ~ 0.037,¢ ~ 0.087.2! For these parameters matching less

frequently than daily leads to a lower match rate than greedy for any arrival rate of m > 0.7 per

20%We recall that the Lambert W function is the inverse of the function F(w) = we®.

2Tt is important to note that the patient-donor pairs identified as hard-to-match are not necessarily blood-type
incompatible. Typically, patients of blood-type compatible pairs are much more sensitized, which means they have a
lower chance to match with a random blood-type compatible donor. As there are few donors who can match highly
sensitized patients, highly sensitized blood-type compatible pairs are typically not part of every maximal matching
and our calibration thus identifies them as hard-to-match. The simulation results that use these calibrations are also
confirmed by simulations that directly use real compatibility data.
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day (roughly twice the size of the NKR). We note that Proposition 8 provides a sufficient but not

necessary condition. The next section uses simulations to explore smaller arrival rates.

4.2 Numerical Simulations

We run simulations based on our two-type model to compare greedy and batching for various batch
lengths and different parameters. The first set of simulations varies the total arrival rate per day
m = m+ (14 A)m, the imbalance A and compatibility structure (p, ¢). In line with our calibration
to the NKR data, the base case values are set to A = 1.33 and (p,q) = (0.037,0.087). The total
arrival rate (sum of arrival rates of both types) of agents is set to m = 0.25, i.e., an agent every 4
days (and thus lower than the arrival rate at the NKR). Agents become critical on average after
360 days. This exercises suggests that even in moderately-sized markets batching needs to be very
frequent for the batching policy not to be outperformed by the greedy policy. The results are
reported in Figure 5. In each of these simulations a batching policy which matches less frequently
than once a day will result in a lower match rate than greedy while matching more frequently than
daily will be indistinguishable from greedy matching.??

Similar results hold for a wide range of parameters in the two-type model that are consistent
with kidney exchange. A natural question is whether it is the case for all parameterizations of the
model that greedy matching dominates batching in the two-type model. This turns out not to be

true and we next provide a counter example.

An example where batching is beneficial. We identify a non-asymptotic setting where batch-
ing leads to a higher match rate than greedy. Consider the scenario in which all easy-to-match
agents are compatible ¢ = 1 and hard- and easy-to-match agents are rarely compatible p = 0.02.23
The total arrival rate equals m = 2 agents per day and agents become critical after d = 360
days. Intuitively, as in this market many easy-to-match agents have no hard-to-match partner,
the greedy policy frequently matches easy-to-match agents to themselves; this results in more un-
matched hard-to-match agents compared to the batching policy which matches fewer easy-to-match
agents to themselves. As shown in Figure 6, when the market is balanced (A = 0) a batching policy
with a batch length of two days leads to matching about 2.6% more agents than greedy. The
parameters in this example are carefully chosen and the benefit from batching vanishes when either

the market size grows large—as predicted by Theorem 1—or as the market imbalance grows large.

The effect of imbalance. To see why imbalance has an effect on the optimality of the greedy

policy, note that the number of H agents in the pool under greedy is less than Amd — kvmd

2ZPigure 5d also plots results for values of (p,q) = (0.3,0.15) that are chosen to match the empirical frequency
with which blood-type compatible and incompatible pairs can match.

Z8These parameters are not in line with kidney exchange data as blood-type compatible patient-donor pairs are
selected to have highly sensitized patients and therefore typically have a low chance to be compatible to each other.
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Figure 5: Comparision of the greedy (dashed line) and the batching (solid line) policies in terms
of the fraction of matched agents and waiting times. Batch lengths are in days. Comparisons are
plotted for different total arrival rates m (Figures 5a and 5b), different imbalance values A\ (5c¢),
and different compatibilities (5d).
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Figure 6: The difference between the match rates of batching and greedy policies for extreme match
probabilities p = 0.02, g = 1 and various market imbalances.
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with probability at most O(e~*).2* When the number of H agents is at least Amd — kv/md, the
probability that an arriving E agent is not matched to an H agent is at most (1 — p)/\md*km.
A union bound then implies that the probability that an arriving F agent is not matched to an
H agent is at most of the order of e % + e~POmd—kvmd) o every k > 0. Setting k = A\v/md/2

implies that this probability is of the order of e~*Vmd/2

, which approaches zero exponentially fast
in Avmd. So, the inefficiency that results from E agents being matched to each other in the greedy

policy vanishes if the market is either large (m is large) or imbalanced (X is large).

5 Empirical Findings

While the greedy policy is optimal in a sufficiently large or imbalanced market, it is ultimately
an empirical question whether our results hold in practice. We next complement our theoretical
predictions with simulations using kidney exchange data. These simulations indicate that the
greedy policy dominates batching in terms of match rate and waiting time, and has a much better
waiting time compared to patient and a slightly worse match rate.?®

The simulations presented here use data from the NKR. The NKR data includes 1881 de-
identified patient-donor pairs between July 2007 to December 2014.26 We use patients’ and donors’
blood types, antigens and antibodies to verify (virtual) compatibility between each donor and each
patient. On average, approximately one patient-donor pair arrives per day to the NKR, and the
average criticality time of a pair is estimated to be 360 days.?” Arrivals of pairs are generated
according to a Poisson process with a fixed arrival rate. We vary the arrival rate capturing market
sizes from one-tenth to four times the size of the NKR. Pairs become critical according to an
independent exponentially distributed random variable with mean equal to 360 (days), based on
the empirical estimate. We simulate greedy, patient, and batching policies until 10 million pairs
arrive to the market and report match rate and waiting time by taking averages over all or over a
predefined subset of pairs of a certain type.

Table 1 reports the fraction of matched pairs and average waiting time. For the batching policy,
we report results for weekly, monthly, and bimonthly batching (7' = 7,30, 60 days). The patient
policy always results in the highest match rate, and the greedy and weekly batching result in a
slightly lower match rate (and larger batch lengths result in a lower match rate). Moreover, the
average waiting time under greedy matching is the smallest among all policies. Next we compare
the greedy policy and batching policies with a finer range of batch lengths. The results are plotted

in Figure 7 for three different total arrival rates (m). In all cases the greedy policy outperformed

24This follows from our concentration bounds; see Theorem 4 in the appendix.

ZNote here that the patient policy constitutes a theoretical benchmark as it is often impossible to observe criti-
cality. The greedy and batching policies do not use any criticality information.

260ur focus is on bilateral matching and we therefore omit altruistic donors from the data.

2THagzard rates vary only slightly across pair types, such that for the sake of simplicity we aggregate all pairs and
use a simple hazard rate model from Agarwal et al. (2019) to estimate criticality rate.
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match rate waiting time in days

arrivals
per day Greedy Patient Batching Greedy Patient Batching
7 days 30 days 60 days 7 days 30 days 60 days

0.01 10.7% 11.9% 10.4%  9.9% 9.3% 322 355 322 324 326
0.05 22.4% 23.4% 22.2%  21.2% 20.2% 279 324 280 283 288
0.25 34.3% 35.4% 33.8% 32.6% 31.2% 237 298 238 243 248

0.5 38.5% 39.5% 38.0% 36.8% 35.2% 222 290 223 228 233

1 42.0% 43% 41.6%  40.2% 38.6% 209 283 210 215 221

2 45% 45.8% 44.5%  43.1% 41.5% 198 278 200 205 211

4 47.2% 48% 46.8%  45.4% 43.6% 190 274 192 196 207

Table 1: Fraction of pairs matched and average waiting times in days over all pairs in simulations using NKR data.

the batching policy in match rate and waiting time.
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Figure 7: Match rate (left) and average waiting times (right) under greedy (dashed line) and batching (solid line)
policies. Batch length given in days. m is the total arrival rate per day.

In the next simulations we address the concern that some types might be harmed by the greedy
policy. To do so we compute average waiting times and match rates separately for two types of
pairs, under-demanded and over-demanded. These can be thought of as hard- and easy-to-match,
respectively. Under-demanded patient-donor pairs are blood type incompatible with each other
(these include blood types patient-donor pairs O-X for X#£0O, A-AB, and B-AB).2® Over-demanded
pairs are blood type compatible with each other (but not tissue-type compatible) and include pairs
X-O for X0, AB-A, and AB-B.? Figure 8 reports the results. The waiting times (solid lines) of
over-demanded pairs steadily decrease as the market becomes thicker, whereas the average waiting
times of under-demanded pairs change only slightly. This finding is in line with the predictions from
Proposition 3. Despite the heterogeneity in the data, the theoretical predictions (of the stylized

two-type model) are aligned with the experiments when we categorize pairs as either over-demanded

28 An X-Y patient-donor pair contains a patient with bloodtype X and a donor with bloodtype Y.
22Observe that A-O pairs (which are over-demanded) can match potentially match with each other and with O-A
pairs (under-demanded) but O-A pairs cannot match with each other.
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Figure 8: Average waiting times (WT) and match rate (MR) in days under greedy (G) and patient (P) policies.
The left and right axes are WT and MR. The label (*) excludes pairs who have no match in the data.

or under-demanded. These patterns hold even though patients belonging to over-demanded pairs
are, on average, more sensitized than those in under-demanded pairs.?* We also report the statistics
for the set of pairs that have at least one match in the historical data (dotted lines labeled with *).

In the last simulation we run greedy and patient policies under the base case scenario (with an
arrival rate of 1 pair per day). For each pair, we compute the average waiting time over the copies
of this pair sampled in the simulation as well as the fraction of the copies that are matched (i.e.,
the empirical probability of getting matched). For each of the 1881 pairs in the NKR data set,
this simulation gives an average waiting time and an empirical probability of being matched under
both the greedy and patient policies. Figure 9a shows that for each pair, the average waiting time
is shorter under the greedy policy than under the patient policy; all of the dots are above the 45°
line. This observation suggests that the waiting time distribution under the greedy policy first-order
stochastically dominates the waiting time distribution under the patient policy.?! Figure 9b reports
the match rates under the greedy and patient policies. Observe that for most pairs the empirical
probabilities of matching under the greedy and patient policies are “close” to the 45 degree line
suggesting that the probability of being matched is roughly the same for every pair. Interestingly,
Figure 9b suggests that under the greedy policy, easy-to-match pairs are slightly worse off because
they are matched with slightly lower probability, whereas hard-to-match pairs are better off.

6 A Detailed Discussion of our Modeling Assumptions

From a modeling perspective there are three major differences between our paper and the closely

related literature on dynamic matching (U'nver, 2010; Ashlagi et al., 2013; Anderson et al., 2017,

3%More than 40% of patients in over-demanded pairs have less than a 5% chance of being tissue-type compatible
with a random donor. Furthermore, about 10% of over-demanded pairs have no match within this data set, which is
why the average waiting times do not drop all the way to zero.

31 A detailed analysis of the simulation results confirms that this is indeed the case. We omit the details.
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Figure 9: Averages of waiting times (left) and chance of matching (right) taken over copies for each pair in the
data. The axes correspond to the greedy and patient policies.

Akbarpour et al., 2020, 2019; Nikzad et al., 2019):
(i) Compatibilities in our model depend on the agents’ types (blood types) and a random com-
ponent (sensitization of the patient).3?
(ii) We focus on markets where the compatibility probabilities do not vanish with the market size.
(iii) The objective of expected waiting time and probability of being matched differs from the

objectives considered in some of the literature.

The Two-Type Compatibility Model. One may interpret our two-type model as a stylized
way of capturing both blood types and randomness due to tissue-type incompatibilities. Intuitively,
hard-to-match agents in our model correspond to pairs who cannot match with each other due to
blood type incompatibility (for instance O-A blood type patient-donor pairs).* Due to the presence
of such agents in kidney exchanges, not all agents can be matched even when the market grows large.
As we have argued in Section 2.1, no single type model can reproduce this feature of real kidney
exchanges while at the same time providing each pair at least one potential match. Furthermore,
one motivation for our paper is the concern, sometimes raised by practitioners, that greedy matching
might harm hard-to-match agents. This concern can by definition not be addressed in a single-type
model where all agents are equally difficult to match.

As a robustness exercise we also ran simulations for our model when there is only a single type,

i.e., A = —1. We report the result in Section vi in the online appendix. These simulations indicate

32 Anderson et al. (2017); Akbarpour et al. (2020) are examples of papers that consider a single type model. A
notable exception is Unver (2010) who analyzes matching policies in a deterministic compatibility model with multiple
compatibility types, but without agent criticality times or random compatibility.

33Gimilar type of asymmetries across agents also appear in Nikzad et al. (2019). They are concerned with a proposal
for global kidney exchange, which incorporates international pairs to domestic kidney exchange pools. Their model
takes a reduced form approach where there is a continuum of international pairs who do not get matched to each
other and a continuum of domestic pairs who can get matched to each other and to the international pairs. The
compatibilities (between measures of pairs) are determined by a “matching function”. They do a steady-state analysis
to answer whether the savings from dialysis can cover the surgery costs of international pairs.
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that the greedy policy remains optimal in large markets even with a single type.

Non-Vanishing Compatibility. Previous literature (Ashlagi et al., 2013; Anderson et al., 2017;
Akbarpour et al., 2020, 2019; Nikzad et al., 2019) considered models with vanishing compatibility
probabilities, i.e., when the arrival rate of agents equals m, the probability of compatibility of some
pairs of agents equals .. In contrast, the probability of two patient-donor pairs being compatible in
our model is independent of the market size. Assuming that the compatibility probability depends
on the market size is intended to capture small and sparse kidney exchanges. In contrast, assuming
that this probability is unaffected by the market size is natural when considering large kidney
exchanges. Whether a given market is approximated by either compatibility model depends on
the specific context, and is ultimately an empirical question. As we explained in Section 2.1, the
combination of having two types and non-vanishing compatibilities allows us to capture crucial
features of the compatibility graph in kidney exchanges.

We provide simulations for our model with vanishing compatibility probabilities in the online
1
7
greedy is optimal in a large market while the patient and batching policies with a fixed batch length

appendix. These simulations indicate if the compatibility probability approaches zero at rate

are not (Section vi in the online appendix). The simulations also show that this is not necessarily
true if the compatibility probability vanishes at rate % In this case, there is a trade-off and the

greedy policy leads to a lower waiting time while the patient policy matches more agents.

Different Objectives. Another difference with some of the literature is the objective we consider.
Akbarpour et al. (2020) consider the loss rate, denoted by L, € [0, 1] for a policy 7, which is the
probability that an agent is not matched under the policy 7. To compare two policies 7, 7', they
consider the ratio of loss rates Ly /L. We focus on the probability of being matched in a policy and
expected waiting time. One reason for studying match rate and waiting time is that they together
determine the payoff of a risk-neutral expected-utility-maximizer (EU) who assigns a fixed value to
being matched and incurs a constant cost while waiting in the market, whereas the ratio between
the loss rates is not related to EU preferences. For example, we can have two policies 7,7’ which
both match almost everyone (and thus achieve a loss rate close to zero) such that the ratio of loss
rates L, /L, is arbitrarily large yet policy 7 matches agents much faster than 7/. In the limit every
risk-neutral EU maximizer prefers m over 7’ even though the policy 7’ is arbitrarily much better
according to the ratio of loss rate.?* In our model, the loss rates will converge to the same non-zero

limit in a large market for the greedy and patient policy (as we established in Proposition 1). Thus,

34Consider an EU agent, with utility u, = vp — ¢t under policy m, whose value for being matched is v > 0 and
her waiting cost per unit of time is ¢ > 0. Consider two policies 7, 7', with match rates p,p’ and waiting times ¢,t'.
Suppose p=1—10"% p' =1—-10"2% and t = ¢/, where k is a sufficiently large positive number. Then, L /L. = 10,
whereas ur — U = (107’c - 1072’“)1) approaches 0 as k grows large. Furthermore, when t' — ¢ > m, it
holds that u,s < ur. Hence, even though the there is large gap between the loss ratios of the policies (in favor of 7'),
the agent’s expected utility would be larger under 7.
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the greedy and patient policies are not ordered according to the ratio of loss rates, but any decision
maker who considers a combination of the loss rates and the waiting time would prefer the greedy
over the patient policy in a sufficiently large market. In the kidney exchange context both policies
lead to almost the same probability of receiving a match, whereas pairs match much faster under

the greedy policy than under the patient policy (see our experiments in Section 5).

7 Conclusion

This paper studies matching policies in a random dynamic market in which some agents are easier
to match than others. We show theoretically as well as empirically that the greedy matching policy
is arbitrarily close to optimal for all agents in sufficiently large markets. This finding has direct
practical implications for kidney exchanges that may not employ greedy matching policies out of
concern that greedy matching may harm those patients for whom it is hardest to find a compatible
partner (Ferrari et al., 2014). Our simulations further suggest that matching frequently does not
reduce the number of transplants even for realistic market sizes.3?

This paper has some limitations in the context of kidney exchange. We only considered pairwise
matchings and ignored frictions that occur in practice. Simulations in Ashlagi et al. (2018) account
for such frictions, 3-way cycles, and chains.?¢ They find that the greedy policy is optimal among a
class of batching policies. We conjecture that this holds also true within our model, and that the
benefit of matching in chains or longer cycles vanishes in a sufficiently large markets. It remains
an interesting question to study these questions theoretically in small markets.

Throughout, we abstracted away from match qualities and assumed that agents are indifferent
to whom they match with. When preferences over match partners play an important role, the
greedy policy might not be optimal. For example, if matching easy-to-match agents with each
other creates a much larger value than matching an easy-to-match agent to a hard-to-match one,
the greedy policy can be suboptimal since almost all easy-to-match agents will match with hard-
to-match agents in a large market (for studies with match qualities see Baccara et al., 2019; Li et
al., 2019; Mertikopoulos et al., 2019; Blanchet et al., 2020; Aquilina et al., 2020).

We also abstracted away from the incentives agents might have to misreport their private
information, such as arrival time, type, and realized compatibilities. One may ask what policy
would be optimal if any of these would be the agent’s private information. Under greedy the agent
would have no incentive to delay reporting her arrival or claiming to be incompatible with agents

whom she is compatible with; doing so would lead her to be matched later and less often. However,

35Independent of the policy, increasing the market size by merging pools can improve the match rate and waiting
times of agents. So, competition between different kidney exchanges can harm the number of transplants but not
because of frequent matching.

36For many exchanges chains are not a practical concern as numerous programs have very low enrollment of
altruistic donors that initiate chains and, in some countries like France, Poland, and Portugal, chains are not even
feasible since altruistic donation is illegal (Biro et al., 2017).
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easy-to-match agents, after some histories, may prefer to misreport their type since our greedy
policy break ties in favor of hard-to-match agents. To satisfy incentive compatibility one would
need to break ties uniformly, which does not affect the asymptotic optimality of the greedy policy.

Notably, this conclusion holds since agents are indifferent between who they match with.37

Appendix

A Proofs for Propositions 1 and 2

Proof of Proposition 1. Note that, as there are more E agents than H agents and H agents cannot
match to themselves, 2%\ is an upper bound on the fraction of agents which can be matched for
any m. Note, that the size of the maximal matching (SMM) equals 2+L/\ if the bipartite graph with
m easy-to-match agents and m hard-to-match agents on the other side admits a perfect matching.
The probability that such a perfect matching exists converges to one as m — oo (see for example
Theorem 5.1 page 77 in Frieze and Karonski (2015)). This proves the claim about SSM.

The probability that a hard-to-match agent has no partner is given by (1 — p)™. Because
the compatibilities between hard-to-match and easy-to-match agents are drawn independently, the
probability that all hard-to-match agents have at least one partner is given by (1 — (1 —p)™)"(1+Y),
This probability converges to one as m — oo. The same argument shows that the probability that

all easy-to-match agents have at least one partner approaches one as m approaches infinity. O

Proof of Proposition 2. The proof is by contradiction; suppose such p(m) exists. The chance that
an agent has no other compatible agents is (1 — p(m))™. If p(m) = O(1/m), then for sufficiently

large m we have
(L= pm))™ > &2 = =0,

since 1 —a > 2 for a € (0, %) Thus, (2) cannot be satisfied. Therefore, suppose that p(m) =
%, where lim,;, o, w(m) = co. Next, we use this property to show that (1) cannot be satisfied.

The proof is constructive. We propose a simple algorithm that chooses a matching p with size
|| such that lim,, e % = 1. Our algorithm is a greedy algorithm, defined as follows. It orders
agents of the graph from 1 to m and visits the agents one by one. When visiting agent 4, if there
are no agents left that are compatible with agent i, then the algorithm passes agent ¢ and moves
to agent i 4+ 1. Otherwise, the algorithm chooses one of the neighbors of agent ¢ arbitrarily, namely
agent 7, and adds the pair (7, j) to the matching. The algorithm then visits the next available agent
in the ordering. This process continues until the algorithm visits all agents.

We claim that the algorithm produces a matching p which satisfies limy, I—#J = 1. Let ¢(m)

be a function that grows faster than % but slower than m. Then, during the algorithm, so long

3TBaccara et al. (2019) study incentive compatible matching policies in a setting with match qualities.
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as there are ¢(m) unnvisited agents, the chance that a visited agent has no compatible agents is

(1 — w(m)/m)*m < e~ = (1),

Hence, so long as there are ¢(m) agents left in the graph, the agent visited by the algorithm
will be matched with a probability at least 1 — g(m) where lim,, oo g(m) = 0. By linearity of
expectation, the expected number of unmatched agents by the end of the algorithm is then at most
d(m) + (m — ¢(m)) - g(m). Noting that lim,, o Mm)ﬂm;f(m))'q(m) = 0 completes the proof. [

B Preliminaries

Let mg denote the arrival rate of agents of type © € {E, H}. We use the terms F pool and H pool
to denote the pools containing only F agents and only H agents, respectively. The criticality clock
of an agent refers to the exponential random variable that determines the exogenous time that an
agent becomes critical. Immediately after the criticality clock of an agent present in the pool ticks,
she departs the pool. (Throughout the draft, the term departure is used to refer to the event of an
agent leaving the pool, either matched or unmatched.)

We next describe how the greedy and patient policies break ties between feasible matches.
Consider an agent, say a, who arrives to the market under the greedy policy or gets critical under
the patient policy. At the time of this event, both policies attempt to match a as follows. First a
strict order over all H agents in the market is selected uniformly at random, and a is matched with
the first compatible H agent according to the selected order. If such an H agent does not exist,
then a strict order over all E' agents in the pool is selected uniformly at random, and a is matched

with the first compatible E agent in that order if such an agent exists.

B.1 Asymptotic Notions

We say a statement S(i) holds for sufficiently large i if there exists ip such that S(i) holds for all
i > 1p. Let E(i) be an event parameterized by a positive integer i. We say that E(i) occurs with
high probability as i grows large if lim; .o P [E(i)] = 1. We often let the parameter i be m, the
arrival rate of easy-to-match agents. When this is clearly known from the context, we simply say
that E(m) occurs with high probability or, briefly, E(m) occurs whp.

Furthermore, we say that E(i) occurs with very high probability as i grows large if there exists
«a > 1 such that lim;_, % = 0. We often let the parameter 7 be m, the arrival rate of easy-
to-match agents. When this is clearly known from the context, we simply say that E(m) occurs
with very high probability or, briefly, E(m) occurs wvhp.

For any two functions f,g : Ry — Ry we adopt the notation f = o(g) when for every positive
constant € there exists a constant i, such that f(i) < eg(i) holds for all i > i.. We define f = O(g)
if there exist positive constants ig, A such that f(i) < g(i)A holds for all ¢ > .
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B.2 Markov Chains

We denote the state space of a Markov chain X by V(X).

Proposition 9 (Anderson et al., 2017, Proposition EC.4). Let X = (Xo, X1, X2, X3,...) be a dis-
crete time positive recurrent Markov chain with a countable state space and steady state distribution
n. Also, let B, [-] denote the expectation operator conditional on Xy = x. Suppose that there exist
real numbers ., >0 and v > 0, a set B C S, and functions U : V(X) — Ry and f: V(X) = Ry
such that for x € V(X)\B,

B [U(X1) = U(Xo)] < =7/ (=), (5)
and for x € B,
flz) <o (6)
E, [U(X1) - U(Xo)] <B. (7)
Then
B
Exp [f(X)] <a+ ; (8)

The stochastic processes associated with our matching policies are continuous-time processes.
The above proposition, however, is applicable to discrete-time processes. To close this gap, we use

the notion of embedded Markov chain.

Embedded Markov Chain

Let X be a continuous-time Markov chain with a countable state space. For any two states of X,
namely i, 7, let n; ; denote the transition rate from state i to state j. Let N be the transition rate
matriz for X, i.e., N; j = n;; for © # j, and the entries on the diagonal of NV are set so that each

row in N sums to 0.

Definition 5. The embedded Markov chain of X, denoted by 2?, is a discrete-time Markov chain
with the same state space as X. The transition probability from state i to state j in X is denoted

by n;; and is defined by

Fact 2 (Harchol-Balter (2013)). Let X be an ergodic continuous-time Markov chain with a unique

stationary distribution p and transition rate matric N. Then, the embedded Markov chain of X,
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namely X has a unique steady-state distribution, namely p. Furthermore, for every state i € V(X),

p(i) /Nii
Zjev(/\/) ﬁ(j)/Nj,j ‘

p(i) =

B.3 Inequalities

Fact 3 (Canonne, 2019). For a Poisson random variable X with mean p, it holds that
22
Pl X — u| > 2] <2e ntz. 9)
Chernoff bounds are concentration inequalities that bound the deviations of a weighted sum of
Bernouli random variables from its mean. Below we present their multiplicative form.

Fact 4 (Chernoff bound Brmaud 2017). Let Xi,..., X, be a sequence of n independent random
binary variables such that X; = 1 with probability p; and X; = 0 with probability 1 — p;. Let
ai,...,on be arbitrary real numbers in the unit interval. Also, let S =Y ;" ;E[X;]. Then for

any € with 0 < e <1 we have:

PrY0, i X > (1+€)8] < e <53,
Pr(Y", i X; < (1—€)S] < e <5/2,

Fact 5. For reals A, B, at every x # —B, the function g(z) = 24 s increasing in x iff A < B.

z+B
Proof. We observe that ¢'(x) = (g_F;QSQ. Hence, when x # —B, ¢’(x) > 0 holds iff A < B. O
Fact 6. For every real A, B, at every x # —B/2, the function g(x) = ;;_AB is increasing in T.
Proof. Observing that ¢'(x) = (]23’1%3)2 proves the claim. O

C Proof of Proposition 4

We fix A > 0 throughout the proof.

Definition 6. For a policy T and every agent type © € {E, H}, let g5 (m) and wi(m) respectively
denote the match rate and the expected waiting time of agents of type © under the policy T when

the arrival rates of E and H agents are respectively m and m(1+ \).

wg(m)

Lemma 1. For every agent type © € {E,H}, g5(m) > 1 —

Proof. Let Ei[-], P[-] denote the expectation and probability operator conditional on all information
the planner has at time ¢. Consider an agent ¢ with an arbitrary type © € {E, H}. Recall that ¢; is

the random variable denoting the difference between the time an agent ¢ arrives to the market and
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the time that she departs (whether matched or not). Let x; be the difference between the time an
agent ¢ arrives to the market and the time she becomes critical. By definition &, is exponentially
distributed with mean d. Since the policy does not observe the value of k; before the agent becomes
critical, then

Po,lpi <t|ki=1t] =Pylpi <t]ri >1].

This implies that the probability that the agent departs strictly before she becomes critical is given
by

e 1 _1, e 1 _1,
Po,lpi < Ki] = Po,[pi < Ki | m:t]ge d"dt = Po,lpi <t | ki Zt]ge adt
0 0
oo

& 1 1
:/ (1—Pai[goi>t]m>t])de_flitdt:1—/ Palipr > | s > o, li > t] i
0 0

& 1 1
=1- Py, lo; > t]=dt =1 — =E|p;] .
| Paleizag Efpi]

As the agent always departs the market matched whenever she departs before becoming critical,
then a lower bound on the probability that this agent is matched is given by 1 — éEai [pil, i.e.,
1- éEai [pi] < Eq,[pi]. Taking the average over agents of type © and using the law of iterated
expectations yields that

1— wé(m) —1— 1 lim E Zz ;<t and 0;=0 Pi — lim E Zz a;<t and 0;=0© 1—- égpl
d dt—oo |[{i:a; <tand 0; =0} | toco | |{i:; <tandb; =0}
— lim E Z’L azft and 0;,=0 1 - éEaz [SO'L] S lim E Zz aiSt‘ and 0;=0 Eai [/"LZ]
t—00 {i: a; <t and 0, = O} t—00 {i: a; <t}
S ey

Proof of Proposition 4. Consider a policy 7, and let A; and B; respectively denote the number
of hard-to-match and easy-to-match agents that arrive prior to time ¢ under the policy 7. Since
hard-to-match agents can be matched only to easy-to-match agents, the match rate of hard-to-
match agents is at most lim;_, o %, by the Ergodic theorem. By the strong law of large numbers,

lim; o0 ﬁix = 1%\ This proves that ¢f;(m) < IJ%\ and establishes the claim about the match rate.

To prove the result for waiting time, we use Lemma 1 to write ¢, (m) > 1— %(m). On the other

, HLA >1- w;fcgm), which means that w}; (m) > 1‘:%\. O

hand, we showed that HLA > q7;(m). Hence

D Greedy Matching: Concentration Bound

Here we analyze the stochastic process corresponding to the greedy policy and develop a con-

centration bound on the number of hard-to-match agents present in the pool. Because one can
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renormalize the time scale and the arrival rates linearly with a factor of 1/d, we suppose that d = 1
throughout this section. This is without generality, as speeding up or slowing down time does not
change the steady state distribution of the number of hard- or easy-to-match agents in the pool.
We further assume that m > 1 throughout this section, i.e., at least one agent arrives per year.
The main technical results established by this analysis are a lower and an upper concentration
bound for the number of hard-to-match agents in the greedy policy, developed respectively in
Sections D.2 and D.3. Using these concentration bounds we will be able to prove the results on the

match rate and waiting time under the greedy policy, which appear in Section E.

D.1 Modeling the Dynamics

We use a two-dimensional continuous-time Markov chain, which we denote by M, to model the
dynamics of the market. First we set up some notation before proceeding to the description. For a
Markov chain M, we recall that V(M) denotes the state space of M. We represent each state by
a pair (x,y) where x,y respectively denote the number of H agents and the number of E agents.
In other words, we have

V(M) ={(z,y) : 2,y € Zand z,y > 0}.

By definition, the Markov chain is at state (z,y) if there are x hard-to-match and y easy-to-

match agents in the pool.
Lemma 2. M has a unique stationary distribution.

The above lemma is proved in the online appendix, Section i. The proof uses standard arguments

that bound the expected return time to a fixed state.

Definition 7. Let 7 denote the stationary distribution of M, with m,, denoting the probability

that 7 assigns to a state (x,y), and let m, = Z;io Tzy be the associated marginal distribution of x.

D.2 A Large Market Lower Concentration Bound for Greedy Matching

In this section we provide the core technical result for the analysis of greedy matching: Theorem 3.
This theorem provides a concentration bound for the stochastic process associated with the greedy
policy. We state and prove Theorem 3 in Section D.2.4, after the following preliminary analysis.
We first define and analyze a new stochastic process called simplified greedy which differs from
greedy in that F agents are not matched with each other. We prove that the number of H agents
present in the market in the new process is lower (in first-order stochastic dominance) than the

number of H agents present under the greedy policy, and use this to prove the concentration bound.

D.2.1 The Simplified Greedy Process and its Associated Markov Chain

Definition 8. The simplified greedy process is the same as the greedy process with the difference

that, in the simplified greedy process, E agents are considered to be incompatible (and therefore are
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y+m(l+ )\)]\_fy

Figure 10: An illustration of the transitions from node (z,y) to its neighbors.

never matched to each other).

We denote by N the two-dimensional, continuous time Markov chain counting the number of H
and F agents present at every point in time under the simplified greedy policy. As before we denote
by x the number of H agents and by y the number of F agents. We next describe the transition

rates of M. A transition can only happen from a state (x,y) to its (at most) four neighbors,
{@y) ez |z —2|+ly—y|=1}

See Figure 10 for a visual depiction of the neighbors and transition rates. To simplify the definition
of transition rates from a node to its neighbors, we define the following notations: Let N, = (1—p)*
and N, = 1 — N,. (Thus, N, is the probability that an E agent is incompatible with x H agents.)
For each state (x,y), we denote the transition rates from this state to its neighbor on the top, right,

bottom, and left by sy, 72y, dz y, lz,y, respectively. These rates are defined as follows:

e u,, = mN, is the transition rate from the node (z,y) to node (z,y + 1). This holds because
E agents arrive with rate m; after the arrival of an E agent, the number of F agents increases

by one if the arriving F agent is not compatible to any H agent present in the pool.

e 1y, = m(1l+ AN, is the transition rate from the node (z,y) to node (z + 1,y). This holds
because H agents arrive with rate (1 + A)m; after the arrival of an H agent, the number of

H agents increases by one if the arriving H agent is incompatible to all £ agents in the pool.

e dyy = y+m(l+ AN, is the transition rate from the node (x,y) to node (z,y —1). This

holds because the number of E agents goes down by one when (i) a new H agent arrives who
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is compatible to an E agent; this happens with rate m(1 + X\)N,; (ii) an existing £ agent

becomes critical and departs the pool; this happens with rate y.

e l,, = x +mN, is the transition rate from the node (z,y) to node (x — 1,y). This holds
because the number of H agents goes down by one when (i) a new E agent arrives who is
compatible to an H agent; this happens with rate mN,; (ii) an existing H agent becomes

critical and departs the pool; this happens with rate x.
Lemma 3. N has a unique stationary distribution.
Proof. The proof is identical to the proof of Lemma 2, but for the letter M replaced with N'. [J

Definition 9. Let p denote the stationary distribution of N', with p,, denoting the probability that
p assigns to the state (z,y). Also, let py =302 pay-

Next we show that, at the steady state, fewer hard-to-match agents wait in the simplified greedy

process A than in the original greedy process M in the sense of first-order stochastic dominance.
Lemma 4. For every x >0, >.7 o7 <Y i pi-

The proof of the lemma is technical and is deferred to the online appendix, Section i. The proof
idea is defining a coupling of M and N such that, in the coupled process, there are more H agents

in the pool under M than under N at any time, and fewer E agents.

Definition 10. Let N denote the embedded Markov chain corresponding to N'. Also, let p denote

its unique stationary distribution.

In the above definition, we recall that p exists and is unique by Fact 2.

D.2.2 Applying Proposition 9 to N

We develop a concentration bound for p using Proposition 9. This bound is parameterized by a
number k£ > 0. We let £ > 0 be an arbitrary real number in the following analysis.
Let z* = Am. Define By = {(z,y) € Z% : |x — z*| + |y| < ky/m}. Let the functions f,U be:

yt|z—a*|

f(xvy) = l(x,y)gBk? U(I',y) =e vVm

where 1, y¢p, is the indicator function that equals 1 if (z,y) ¢ By. We will apply Proposition 9
to N. To this end, we need the following definitions.

Definition 11. Conditional on the Markov chain N being at a state (x,y), let the random variable

(z1,y1) denote the next state that the Markov chain moves to. Define
A(x7 y) =E [U(ajlv yl)] - U(.Z‘, y)
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Definition 12. For every z > 0, define

H(z) = —evm

(s )

Lemma 5. For every x > z* andy >0, A(z,y) < H(y + = — z*).

Proof. To shorten notation, let n = (1 +A)m, 8 = m+n+2x+ vy, and z = y + = — x*. Note
that z = y + |z — 2*|. Using this notation, we can write U(z,y) = ev™. Recall that we defined
Ny = (1 —p)®* and N, =1 — N, for every real a > 0. Then,

=1 (mNg + nN, 21 N, N, :
A(z,y) = eV <m x;" y>+em (:”m x;“” y)—em (10)
:ef?? . lmme+nNy+€,Tlm x+me+y+nNy _q
0 0
z 1 1\ mN, +nN, 1 1 z +mN, +y+nN,

<evm [(1+—=+— )| ———E4+([1-—+— Y)—-1) (11
< () M (- v ) ( 0 )-1) o
_ 1 2me+2nNy—m—n—x—y+l (12)

vm 0 m
_ . 1 2mNz +2nN, —6 1 (13)

vm 0 m

To see why (10) holds, observe that mN“” and ~ y are the transition probabilities of N from the
state (z,y) to the states (z, y—l—l) and (:E—I—l Y), respectively When either of these transitions occur,
the value of U changes from evm to e\f Also, x‘”e”N z and Y- GNy are the transition probabilities
of N from the state (x,y) to the states (x — 1,y) and (z,y — 1), respectively. Note that these
transition probabilities are 0 if x — 1 or y — 1 are negative. When either of these transitions occur,
the value of U changes from evm to e%. Inequality (11) holds because e® < 1 + a + o2 holds for

every a € [—1,1]. Equations (12) and (13) hold by rearrangement of terms.

Claim 1. Let a,b,c be positive reals such that a < b. The function g(s) = (1 —p)*=* 4+ ¢(1 — p)*~*

is convex over [a,b].

Proof. Observe that

g'(s) = (1=p)*log*(1 = p) (c(1 = p)**+ (1= p)") 20,
which means that g is convex when p € (0,1). Also, when p =1, g(s) =0 for every s € [a,b]. [

Claim 2.

z 1 2m(Nypee+14+X) =60 1
vm — | <H
‘ (m 0 tm) S HE)

m
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Proof. Recall that § = m + n + x + y, which means that 6§ = 2m(1 + \) + z. Hence, to prove the

claim, which says that

vm 2m(l1+X) + 2z m

o (L2 Namee + 14 0) =0 1) _ (1 2mL NN, -2 1)
vm 0 m

it suffices to prove that
2m (Nym4z + 1+ X)) — 0 <2m(1 + AN, — z,
or equivalently, 2m Ny, 4, — 2z < 2m(1+ \)N, — z. The latter inequality holds as Ny,4, < N,. O

Claim 3.

= (1 2m Ny + (A +A)N,) -0 1 B

Proof. Recall that = 2m(1 + X) + z. Hence, to prove that

vm 2m(1+ X))+ z m

evm +— ) <evm

vm 0 m

it suffices to prove that

z < 1 2m(Nym + (1 +A)N,) -0 1> z < 1 2m(1+ AN, —z 1)7

2m (Nym + (L +A)N;) — 0 <2m(1 4+ AN, — z,

or equivalently, 2mNy,, —6 < —z. The latter inequality holds as § —z = 2m(14+\) and Ny,, < 1. O

Recall that z = y +x — 2* = y + x — Am. We next complete the proof of the Lemma 5 by
showing that

z 1 2mN; +2nN, — 60 1
A <evm i Y — | < H(2).
() < o (2RI =0 L L) < gy

The first inequality holds by (13). To prove the second inequality, we observe that

: (1 2mN,+2nN, —60 1
evm + —
vm 0 m
§e\/% 1 2mmax{N,\m+z—I—(l—l—)\)Ng,NAm—i—(l—i—)\)Nz}—Q+i (14)
vm 0 m
2 1 2m (Nymaz+14+A) -6 1 2 1 2m(Nym +(1+A)N,)—0 1
< vm —],evm m
—m‘”‘{e (ﬁ 6 ) \Um 6 o
(15)
< H(z)

where (14) holds due to the convexity property established by Claim 1, (15) holds by rearrangement

of terms, and the last inequality holds because each of the expressions in the max are at most H(d),
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by Claim 2 and Claim 3. O
Lemma 6. For every x < z* and y > 0, A(z,y) < H(y + z* — z).

Proof. Let z=y+a* —x,n=(1+ A)m, and § = m + n + = + y. The proof considers two cases:

either x < x* or x = x*. First, we suppose that x < z*. Then,

Az,y) = ef/%1 (m;—x) —i—ei/_ﬁl (y—gn) —evm (16)
_l’_

")
z 1 1\m+=x 1 1 n+y
< evm 4= - 4= -
< (11t n) " (- m ) (D) -1) W)
z 1l m+z—n—-y 1 z 1 —z 1
— ovm — | =evm [ —— — — 1
‘ (ﬁ 0 +m> ‘ m 6 +m) (18)
z 1 —z+2nN, 1
< evm — | =H(z). 1
<o (=T ) ) (19

To see why (16) holds, observe that % and % are the transition probabilities of N from the

state (z,y) to the states (x —1,y) and (z,y+ 1), respectively; these transition probabihtles sum up

z+1
to mT” When either of these transitions occur, the value of U changes from eV to evm. Also,

nNy and y+niNy
0 0

and (z,y — 1), respectively; these transition probabilities sum up to y+" (Note that the transition

are the transition probabilities of A from the state (x,) to the states (z + 1,7)

probabilities are 0 if - 1 or Y — 1 are negative.) When either of these transitions occur, the value
of U changes from eV to e W Inequality (17) holds because e* < 1+ a + o2 holds for every real
number in [—1, 1], and (19) holds because N, > 0.

To complete the proof, it remains to prove the claim for the case of z = :c* In this case, when
a transition from (z,y) to (z,y + 1) occurs, the value of U changes from eV to eV (whereas in
the above case, the value of U changes to e 7= when this transition occurs). Accounting for this

difference slightly changes the above calculations, but leads to the same conclusion:

e (TEEEIY | (0

z 1 1\ m+x+nN\, 1 1 y+nN

(14— )T (2 2 ) (YY)

(g e 0 (5 )
1m+x+nNy—y—n]\7y+l

vm 0 m

1 —z4+2nN, 1
V=g
(7= ) = He)

where the penultimate equality follows from x = * =n — m and y = z. O

IN

n

I
3

i3

[
3
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Lemma 7. For every x,y > 0 A(z,y) < H(y + |z — Am|).

Proof. By Lemma 5, if z > z*, then A(x,y) < H(y + z — z*). By Lemma 6, if z < z*, then
A(z,y) < H(y + * — ). The claim follows immediately from the two latter bounds and the fact
that z* = Am. O]

Lemma 8. For every k > 0 satisfying sup,>y, m H(z) < 0 it holds that

sup  H(z)
Z N < 70§z§k\/m
Pay = sup H(z)
(xvy)QBk ZZ]C\/H

Proof. Applying Proposition 9 on N directly implies that

Y hey<a+ f (20)

(xvy) gBk

holds if there exist «, 5 > 0 and v > 0 such that

V(.%',y) ¢ Bk7A(.%',y) < —’Yf(xay)v
V(.T,y) € Bka f(x,y) < aq,
V(.’E,y) € Bk,A(l‘,y) < ﬁ

Since f(x,y) = 1(y)¢p, by definition, then we can set o = 0. Recall that
By = {(z,) € 22 : [z — 2| + |y] < kv/m}.
Hence, Lemma 7 implies that

sup A(z,y) < sup H(z).
(z,y)€B 0<2<k/m

Therefore, we can set

B= sup H(z). (21)
0<z<k/m

1
We note that S > 0 holds since H(0) =ev™ —1 > 0.

Finally, we observe that by Lemma 7,

sup  A(z,y) < sup H(z).
(Ivy)gBk sz\/ﬁ
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Therefore, we can set

v=— sup H(z). (22)
2>ky/m

Since sup, >y, m H(2) < 0 holds by assumption, then v > 0.

We have set o = 0, and have set 3, by (21) and (22), respectively. This choice of parameters,
together with (20), directly proves the claim. O
D.2.3 A Concentration Bound for p

Corollary 1 (of Lemma 8). For every k > 0 satisfying sup,y, s {H(2)} < 0 it holds that

sup  H(z)
Z o 0szskyim 2L+ A+ k/y/m)
Pzy = sup H(z) 24+ '
(z,y)¢Bx z>ky'm

Proof. For a subset S € Z2, let p[S] denote > (wy)es Pay- Similarly, let p[S] denote }°, cg Pay-
We denote Z2\S by S.
If p[ Bx] < p[ Bg], then the claim holds by the upper bound on p[ By | provided by Lemma 8.

So, suppose that this is not the case; i.e.,

pIB] < p[Bg]- (23)

Define w, , = il L . We note that w,, > wy,, holds for every (z,y) € Z%r. Also, define

24N +az+y
W = Wy o/ /e Ve note that w < wy y, for every (z,y) € B.

By Fact 2 regarding the steady-state distribution of Embedded Markov chains, it holds that

p[B7k] < ﬁ[E] ~ Wo,o
pBr] ~ plBr]  w

This implies that

The above inequality, together with (23), implies that

LB < B 2ot = gl 2
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The above bound, together with Lemma 8, implies that

sup H(z)
— 0<2<ky/m 20+ X+ k/v/m)
p[B] < — : : O
sup H(z) 24 A
z2>ky/m
Theorem 2. For every k > 0 define
Q) = ¢ 1 kym—=2m(1+ NNy m 1
N\ Um 2m Nt kym m )’
R(k)= sup H(2),
0<2<ky/m
B(k) = R(k) 2(1+A+ k/\/m)
Q(k) 24+ A '
Then, 3, e, Py < ®(k) holds if Q(k) > 0
Proof. First we prove the following claim.
Claim 4. sup,>; m H(2) < —Q(k).
Proof. Observe that for every z > ky/m,
z 1 z=2m(1+ AN, 1
H = —evm - —
(2) ¢ < vm 2m(1+/\)+z m)
. om(1+ AN, | 1
- 2m1+)\)—|—z 2m(l1+ \) + = m
< —ev 1 kyv/m 2m(1+ AN\ 1 (24)
vm 2m1+)\)+k\ﬁ 2m(1+ ) + 2 m
. 2m(1 + NNy,
vm 2m1+)\)—|-k‘\/> 2m(1 + X) + kym m

1 ky/m 2m (1 + NNy, /m 1
vm <2m(1 TN +hvm 2m(l+ )+ km> - m) (26)
—Q(k).

| /\
O
N

where (24) holds by Fact 5, (25) holds by the fact that z > ky/m, and (26) holds since Q(k) > 0. O

By the above claim, sup, >y sm H(z) < 0. Thus, Corollary 1 applies, which implies that

sup H(z)
Z < _szskvim ‘2(1+)\+k/\/%) < R(k) '2(1+)\+k/\/ﬁ)
Pzy = sup H(z) 24+ ~ Q(k) 24+ ’
(xvy)gBk sz\/%
where the last inequality holds by Claim 4. This completes the proof. ]
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D.2.4 A Concentration Bound for 7
Lemma 9. For every a > 0 and z < 2a(1 + \)\/m, it holds that H(z) < e2*(0+Y) <Lm + %)

Proof. Observe that

H(z) = eV ( L 2m(l £ AN, - 2 +1> <evm <1+1> < e2ell+d) <1+1>, (27)

vm 2m(l+ X))+ z m vm o m) ~ vmoom
where the last inequality holds because z < 2a(1 + \)y/m. O
Lemma 10. For every a > 3, m > max{36,p 2}, and z > 2a(1 + \)y/m, H(z) < ﬁ - %e\/%.
Proof. Observe that
s /1 2m(1+MNN. -z 1 s (1 2m(l+Ne P —z 1
H(z) = evm ~ ) <evm - 928
(2) =e (m om(L+ A) + 2 +m)_€ (m om(l+ Ntz | m (28)
1 2m(1+ /\)eﬁ_pz 1 zevm 1 =
< — + —evm
—vm 2m(l4+ )+ 2 vm2m(l+A)+z  m
1 z 1 z 1
< ——tevm (- - 29
Sm e < \/ﬁ2m(1+/\)+z+m> (29)
1 z 1 2a(1 4+ A 1
< —4evm (- oL+ A)vim +— (30)
D vVm?2m(1 4+ X) 4+ 2a(l+N)y/m = m
< 1 n = 1 n 1 < 1 1 s (31)
[R— e m _——— — —_— 76 m
—Vvm m/a+vm  m) ~ ym m

where (28) holds because 1 — a < e™® for every real «, (29) holds because ﬁ — pz < 0 (which
holds since m > p~2), (30) holds by Fact 5, and (31) holds because o > 3 and m > 36. O

Corollary 2. For every m > max{36,p 2} and every z > 0, it holds that H(z) < 51+ (ﬁ + %)

Proof. Let o« = 3. Lemma 9 proves the claim for when z < 2a(1 + A\)y/m. On the other hand,
when z > 2a(1 + A)y/m, then Lemma 10 implies that

1 1 = 1
HzZ < — — — < —. ]
()= o= - e Jm

Theorem 3 (Large market lower concentration bound). There exist positive constants mg, ko, co

3

such that for every m > mqg and k > ko,
Am—ky/m
Z Ty < comke*k.

=0

Proof. Let mg = max{36,p~2} and ky = max{6(1 + \),logm}. By Lemma 10, for every m > mq
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and z > koy/m, it holds that H(z) < —= — eV Hence, for every k > kg and m > my,

m

3=

1 1 1
H(k <—-——f<——-1<0.
(bvim) < = = et <

Consequently, Corollary 1 implies that for every m > mg and k > kg,

sup H(z)

0<z<ky/m 204+ A+ k/y/m)
> pey < - : . (32)
sup H(z) 24+ A
(m,y)%Bk ZZIC\/R

By Corollary 2, for every m > mg and z > 0, H(z) < ¢844 holds, which implies that

sup  H(z) < S0V, (33)
0<2<kym

On the other hand, Lemma 10 implies that for every m > mg, k > ko, and z > ky/m, it holds
that H(z) < — LeVvm | which implies that

vym m

1 1
H - —e" < ——¢ 34
sup_H(z) m" = Tom (34)

z>ky/m

IN

Bl

where the last inequality holds because lm < ﬁek holds when m > mg. We next observe that
(32), (33), and (34) together imply that

B

6(1+))
Z Poy < e . 2(1 + ;\ + l;/\/ﬁ) < 266(1+>\)m€—k’4k — 866(1+>\)km€_k
where the last inequality holds because 2(1*4\%/;/\/”7) < 4k for every k > kg.
The above bound, together with Lemma 4, implies that
Am—ky/m Am—ky/m
S s Y peS X ey s et
Setting ¢p = 8¢5+ concludes the proof. O

We next provide an upper concentration bound for the greedy policy.

D.3 An Upper Concentration Bound for the Greedy Policy

In this section we complement Theorem 3 by providing an upper concentration bound for the greedy

process. The main idea is defining a simpler process that is coupled with M, namely M,. This
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process is defined such that the number of unmatched H agents in M is stochastically dominated

by the number of unmatched H agents in M,,.

D.3.1 Definition of M,

Consider a Markov process which is the same as M but with the following differences:
1. Matches are made only between H agents and E agents.
2. Matches are made greedily only upon the arrival of E agents.

3. F agents do not stay in the market: If upon the arrival of an F agent she is not matched to

an H agent, then the F agent departs the market immediately.

The number of H agents in this random process is a one-dimensional Markov chain M. The
state space of M, is V(My) ={0,1,2,...}. The Markov chain is at state  when the number of H
agents present in the pool is . The transition rate from a state = to state z + 1 is 7, = m(1 + \),
since H agents arrive at a rate of m(1+ A). The transition rate from a state x to state z — 1 (when
it exists) is [, = m(1 — N,) + . The first summand corresponds to the event that an arriving F
agent is compatible to an H agent, and the second corresponds to the departures of H agents.

Since M, is irreducible and positive recurrent, it has a unique stationary distribution (Norris
(1997), Theorem 3.5.3), which we denote by 7*. Let 7} be the probability that 7 assigns to state i.

Lemma 11. The steady state distribution of the number of H agents in My stochastically dominates

the steady-state distribution of the number of H agents in M.

The proof of the lemma is technical and is deferred to the online appendix, Section i. The proof
idea is defining a coupling of M and M, such that, in the coupled process, there are fewer H agents

in the pool under M than under M, at any time, and more E agents.

Lemma 12. Suppose that m > 4(14+)\)? and p\ > h;—nT Then, for every positive integer k we have
_ k.
ﬂ—g\erk <e \/H+(3+2>‘)_

Proof. For notational simplicity, we denote 7" by n throughout this proof. We start by writing the

balance equations, according to which, for every positive integer i, n’_“l = l,”'l.
i— i—

Let * = Am, and suppose i > z*. Then,

n 1+ Am 1+ A
Ni—1 z'—i—m(l—N,;) i/m—&—l—Ni'
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When i > z* + 2(1 4+ A\)y/m +me P2 and m > 4(1 + \)?, we can write

mo 1+ 1+ _ 1+
i1 i/m4+1—N; — 14X+ (i—a*)/m—ePm = 14+ A+2(1+\)//m
1

1
< <l
S1v2/ym = Vm

where (35) uses the fact that N; < e~ and that i > 2(1 4+ \)y/m +me P and (36) uses the fact
that h%a < 1— /2 for every positive a < 1.

(35)

(36)

k=1 Mz*4j41

i=0 Tnpers Then, for every integer k& >

For every positive integer k we have 77””17*7*’“ =]
2(1 4+ \)y/m + me P2 we can use (36) to write

_ k—2(14A)Vm—me PAT k.
<e v < e v TR (37)

Nz*+k

No*+-k <

o *

where the last inequality holds because pAm > lnTm
On the other hand, for every non-negative integer k < 2(1 + \)y/m + me P, we have

_ k=2(142) m—me T PAT — k(3422
Neyk <1 <e v < e vm e, (38)

where the last inequality holds because pAm > lnTm Finally, (37) and (38) conclude the proof. []

: 2 1
Theorem 4 (Large market upper concentration bound). Suppose that m > 4(1+X)* and pA > 5.
Also, let w denote the steady state distribution of M. Then, for every positive integer k we have

o0

mo 340
3 Tamsy < e AT
J=k

Jm—1

_ 7
Proof. By Lemma 12, for every positive integer j we have 7} 4 Se vm TGN 0On the other
hand, by Lemma 11, the steady-state distribution of the number of H agents in M, stochastically

dominates the steady-state distribution of the number of H agents in M. Therefore,

k

——=+(3+2)) _ 3421 " 3422 "
D Tt <D My S )€ VT e s T
=k =k =k l—e vm Vm o m
where the last inequality holds because e* < 1+ z + 22 for every real number in [—1,1]. O

E Match Rate and Waiting Time under the Greedy Policy

E.1 Match Rates under the Greedy Policy

Claim 5. ¢&(m) > 1—0(1/m).
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Proof. Fix an E agent, namely a, who has just arrived to the market. Let z,, y, respectively denote
the size of the H pool and the E pool just before a arrives. By the PASTA property of the Poisson
process,*® the probability distribution of (z4,%,) is the same as the steady-state distribution .

Therefore, Theorem 3 implies that for sufficiently large m,
P, [a:a <m— 3logmm < e 38m3eomlogm < m™t.
This implies that, upon her arrival, agent a has a compatible H agent with probability at least
(1—m™Y (1 . p)Am*31°ng) —1-0(m™). (39)

This probability is a lower bound for ¢%(m). O
Claim 6. ¢%(m) € (14—% — O(m~1/3), 14%\ + O(m*1/3) .

Proof. Fix m > 0. Suppose that the market starts at time 0 when there are no agents in the
market. For any t > 0, let mg(t), mp(t) respectively denote the number of E agents and H agents
that arrive from time 0 to time ¢. Also, let ¢ () denote the number of H agents that are matched
from time 0 to time ¢.

By the Ergodic theorem, lim;_,o Y5 (t)/mp(t) = qfl(m) Hence, it suffices to prove the claim
for the left-hand side of the equality. Since E agents arrive according to a Poisson process with
rate m, then, for any t > 1, the event mg(t) € [mt — (mt)%/3, mt 4+ (mt)?/?] holds with very high
probability. This holds by the concentration bound of Fact 3 for the Poisson distribution. Similarly,

since H agents arrive according to a Poisson process with rate (1 4+ \)m, for any ¢ > 1, the event
my(t) € [(14+ Nmt — (1 + Nmt)?3, (1 + Nmt + m?/3]

holds with very high probability due to Fact 3. This implies that, for any ¢ > 1,

mp(t) mt + (mt)?/3

Yu(t) <
mp(t) ~ (1+X)mt — ((14+ \)mt)2/3

mp(t) (40)

<

holds with very high probability.
(0]
mH(t)

is matched to an H agent with probability at least 1 — O(m™!). Therefore,

Next, we provide a lower bound for . Recall from (39) that, upon her arrival, any E agent

V()

mp(t)

mp(t)(1—O0m™")  _ (mt—(mt)**)(1—O(m™"))

(L+ Nt + (1+ Nmt)22 = (14 Nmt + (1 + A)mt)>/3 (41)

>

38PASTA, or Poisson Arrivals See Time Averages, is a well-known property in the queuing literature; e.g., see
Harchol-Balter (2013).
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Now observe that, for any ¢ > 1, (40) and (41) together imply that

Y (t) 1 _ 1 _
mp(t) © (1 A O(m™%), Tra Ofm 1/3)>

holds with very high probability. Since, by the Ergodic theorem, limy_,o g (t)/mp(t) exists and

converges to ¢%(m) almost surely in any sample path, then we have

1

1
G _ -1/3y _ =
i (m) € ( O(m™%),

L ~1/3
T +O(m )) . O

Lemma 13. Under the greedy policy, the match rate of hard-to-match agents q%(m) is 1%\ —o(1)
and the match rate of easy-to-match agents q%(m) is 1 — o(1).

Proof. The lemma follows immediately from Claim 5 and Claim 6. O

E.2 Distribution of Waiting Time under Greedy Matching

We show that as m approaches infinity, the waiting time for easy-to-match agents converges in
distribution to the degenerate distribution at 0, and the waiting time for hard-to-match agents

converges to the exponential distribution with rate 1/d + 1/A.

Lemma 14. Under the greedy policy, as m approaches infinity, the waiting time of an easy-to-match

agent converges in distribution to the degenerate distribution at 0.

Proof. Fix an F agent, e, and let w. denote the waiting time for e. For any fixed constant ¢ > 0,
we will show that limy,, ;oo P[t > we] = 1. This will prove the claim. Recall from (39) that
upon her arrival, agent e is matched to an H agent with probability 1 — O(m~!). Therefore,
P[we = 0] = 1 — O(m™!), which implies that, lim,;, o, P[t > w,] = 1 holds for any ¢ > 0. O

Lemma 15. As m approaches infinity, the waiting time of hard-to-match agents converges in

distribution to the exponential distribution with rate é + %

We sketch the proof below. The formal proof is technical and is presented in the online appendix,

Section i. We will use Exp(x) to denote the exponential distribution with rate .

Proof sketch. We define a new process, namely P, in which there are no easy-to-match agents.
Instead, attach an exponential clock to each hard-to-match agent which ticks at rate 1/A. We call
this clock the match clock of the agent. We consider an agent to be matched if the match clock
ticks before the agent becomes critical. Without providing a formal proof in this proof sketch, we
suppose that H agents in the new process P have approximately the same waiting time as in the
original process (the greedy policy). Given this assumption, we compute the distribution for the

waiting time of a hard-to-match agent A in P.
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Consider the agent h and suppose she has entered the pool at time ¢y. Note that h is matched
if and only if it is matched before her criticality clock ticks. Let t1,t2 be random variables such
that t1 ~ Exp(1/)),t2 ~ Exp(1/d). These random variables are interpreted as follows. The agent
becomes critical at time tg + to if she is not matched by then, i.e., if the match clock attached to
her has not ticked by then. The agent’s match clock ticks at time ¢+ ¢1. So, the agent is matched
if and only if ¢; < to. Alternatively, we can say the agent is matched if and only if ¢; = ¢y where
tmin = min{ty,t2}. Since tyiy is distributed according to Exp(1/d + 1/)\), and since tpyin equals the

waiting time of the agent, the claim is proved. O

E.3 Proof of Proposition 5

Proof of Proposition 5. The claim about the match rate was proved in Lemma 13, where we showed
that under the greedy policy, the match rate of hard-to-match agents qg(m) is HLA - O(m)
and the match rate of easy-to-match agents ¢%(m) is 1 — o(1). The claim about waiting times was

proved in Lemma 14 and Lemma 15, for easy- and hard-to-match agents, respectively. O

F Analysis of the Batching Policy

F.1 Preliminary Graph Theory Results

For every graph G, we let V(G) denote the set of its nodes and E(G) denote the set of its edges.
An independent set in a graph G is a subset of nodes S C V(G) such that no two nodes in S are
adjacent (i.e., are connected by an edge) in G.

We denote a bipartite graph by G(X,Y) where X,Y denote the set of nodes on each side of G.
(That is, V(G) = X UY, and both X,Y are independents sets in G.) A matching is a set of edges
such that no two of the edges have a common node. The size of a matching is the number of the

edges that it contains. A perfect matching in G(X,Y) is a matching with size min{|X]|, |Y'|}.

Lemma 16. Let G(X,Y) be a randomly drawn bipartite graph with non-random X,Y being its
partitions where | X | = |Y| = n. Suppose that the probability that a node u € X is connected a node
v €Y equals p € (0,1) independently across all pairs (u,v). Then, the graph contains a perfect
matching with probability at least 1 — n22"p”2/4.

Proof. By the Konig-Egervary Theorem, there exists a perfect matching in G if and only if the size
of the maximum independent set is at most n (West, 2000).

For X’ C X and Y’ C Y, let E(X',Y’) denote the event in which no node in X’ is adjacent to
a node in Y. We note that if E(X’,Y”’) happens then X’ UY” is an independent set. Also, let the
set & be the set of all pairs (X', Y”’) such that X' C X, Y’ C Y, and |X'|+|Y’| = n+ 1. Therefore,
Uixrynesr E(X',Y?) is the event that there exists an independent set of size larger than n (which

also means that no perfect matching exists). By a union bound, the probability that a perfect
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matching does not exist in G is then at most

Pl |J EX.Y)|< Y PEX.Y). (42)
(X',Y")ee! (X'.Y"ee!
Consider (X', Y”) with |X'| + |Y'| =n + 1, and let i = | X’|. The probability that E(X’,Y”) holds
then equals p*(»~“+1) Therefore,

5 =S () e =R ()2 e

(X',Y")eE! i=1 i=1

n
< 222n(1 o p)i(n—i—l-l) < n22n(1 _p)n2/4,
=1

where the penultimate inequality follows from the fact that the product of the binomial coefficients

(?) (:1) is bounded by 22", as each of the multiplicands is bounded by 2". O

Corollary 3 (Corollary of Lemma 16). Let G(X,Y) be a random bipartite graph with X,Y being
its partitions where |Y| = n and |X| < |Y|. A node uw € X is adjacent to a node v € Y with

probability p, independently across all pairs (u,v). Then, G contains a matching of size | X| with

probability at least 1 — n22”p”2/4.

Proof. Construct a graph H from G by adding n — | X | dummy nodes to X. Let each dummy node
2’ and each node y € Y be adjacent independently with probability p.

Let p denote the probability that H contains a matching of size n, and ¢ denote the probability
that G contains a matching of size |X|. As any matching of size n = |Y| in H must cover every
node in X, then q > p. By Lemma 16, p > 1 — n22"p”2/4. This concludes the proof. ]

Definition 13. In a bipartite graph G(X,Y), a subset S C X UY is called an (z,y)-independent
set if S is an independent set in G such that |[SNX| =z and |[SNY| =y.

Lemma 17. Let o, 3,7 > 0 be arbitrary constants such that o, € (0,1). Let G(X,Y) be a
bipartite graph such that |Y| = v|X| and, furthermore, for every pair of nodes w € X and v € Y,
u 1s adjacent to v independently with probability p > 0. Then, with high probability as | X| grows
large, G contains no (a|X|, 5|Y])-independent set.

Proof. Consider arbitrary subsets X’ C X and Y’ C Y such that |X'| = o|X]| and |[Y']| = B|Y].
The probability that X’ UY” is an independent set is (1 — p)o‘ﬁ IXI'¥l Hence, the probability that
there exists at least one (|X’|,|Y”|)-independent set in G is bounded by

XN\ (Y wBIX]. apr|XP2
<’\X/\‘> (!Y’D (1 — p)oBIXHYT < 9 XI1+9) (1 _ eyl X[

The right-hand side of the above inequality approaches 0 as | X| approaches infinity. ]
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F.2 Preliminary Definitions and Lemmas

In the analysis, we suppose that time is indexed by non-negative real numbers. The batching policy
makes matches at times i1 for every positive integer ¢; these times are called matching times. For
every i > 0 the interval (7, (i + 1)T] is called period i.

The batching policy executes a matching at the end of every period i: at time (i + 1)7', it finds
the largest matching in the pool. If there are several such matchings, it selects the matching among
them which has the maximum number of H agents. The policy then executes the selected matching
and removes the agents involved in that matching from the pool.

For any matching time ¢, x; and y; respectively denote the number of H agents and the number
of F agents in the pool after the execution of the matching at time ¢. If ¢ is not a matching time,
let x; and y; denote the number of H and E agents in the pool at time ¢, respectively.

We note that the sequence ((zir,yir))i>0 is a discrete time Markov chain with a state space
Z?i-' Since this Markov chain is Ergodic, it has a steady-state distribution. Since we are performing
a steady-state analysis, we suppose that (zg,yo) is drawn from the steady state distribution. This

assumption is without loss of generality by the Ergodic theorem for Markov chains.

Lemma 18. The match rate of agents of type © equals 1 —wg(m)/d if T is either the batching or
greedy policy.

The proof of Lemma 18 is identical to the proof of Lemma 1 adjusting for the fact that instead
of an upper bound on the match rate we know its exact value; i.e., the probability that the agent
is matched is given by 1 — JEq,[p;] = Eq, [1).

Lemma 19. Consider a time interval (a,b) and let ¢ = b— a. Conditional on an agent arriving in

the interval (a,b), the criticality time of the agent is larger than b with probability veq = 1—ce/—d0/d

Proof. By the properties of the Poisson process, the distribution of the arrival time of an agent
conditional on the agent arriving in an interval [a, b] equals the uniform distribution over the interval

[a,b]. Hence, the chance that the criticality time of the agent is larger than b equals

c _ ,—c/d
/ 1 —(e-s)jag, — A1) 0
0 C C

F.3 Analysis of Match Rate
We first provide an upper bound for match rate, and then a matching lower bound for it.
Lemma 20. Under a batching policy with batch length T, qg(m) <14 and qfl(m) < ﬁ—";.

Proof. Let i > 0 be an arbitrary integer. Conditional on an FE agent arriving at a time in the
interval (¢, (¢ + 1)T], the agent is present in the pool at time (i 4+ 1)T" with probability 74 by

Lemma 19. Therefore, the match rate of E agents is at most vz 4.
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To prove the claim for H agents, observe that H agents can be matched only to F agents.
Under the batching policy, only a fraction vz 4 of the E/ agents would not become critical before
VT,d

the first matching time after their arrival. Hence, the match rate of H agents is at most 15. [

To provide lower bounds on match rate, we need the following definitions and lemmas.

Definition 14. For an integer i > 0, an agent present in the pool at time (i + 1)T is called a new

agent if she has arrived later than time iT .

Definition 15. In a graph G whose nodes correspond to E and H agents, an edge (u,v) is a

cross-edge if u,v are agents of different types.

Lemma 21. Let e; denote the number of new E agents who are present in the pool at time (i+1)T.

Then, the matching executed at the matching time (i + 1)T involves at least e; cross-edges, whp.

Proof. We first construct a bipartite graph G(X,Y’), where X and Y respectively denote the set of
H agents in the pool at time (i + 1)7 before the matching is executed, and the set of new E agents
in the pool at time (i + 1)T before the matching is executed.

Claim 7. Whp, it holds that |Y| < (1 4+ X/2)ypamT < | X|.

Proof. By Lemma 19, conditional on an agent arriving to the pool after time ¢7", that agent remains
in the pool until time (i 4+ 1)T" with probability vz 4, independently. (The independence is due to
the independence of the criticality times.) Therefore, the the random variable |Y| is a Poisson
random variables with mean 7 4mT. This holds because E agents arrive with rate m but are
present in the pool in the next batching time after their arrival only with probability vz 4. This
fact, together with the concentration bound of Fact 3 for the Poisson distribution, implies that
Y| < (1+ A/2)yr,gmT holds whp.

Let X' denote the set of new H agents in the pool at time (i + 1)T before the matching is
executed. By Lemma 19, | X'| is a Poisson random variables with mean yp 4(1 4 A)mT'. (This holds
by the same argument for the case of E agents, with the difference that the arrival rate of H agents
is (1+A)m.) This fact, together with the concentration bound of Fact 3 for the Poisson distribution,
implies that |X'| > (1 4+ A/2)yp,4mT holds whp. Since X' C X, therefore, | X| > (1 4+ \/2)yp,qmT
holds whp. The proof is complete. O

Recall that e; = |Y|. By Claim 7 and Corollary 3, whp there exists a matching of size |Y| in

G. Given this fact, the next claim concludes the proof.

Claim 8. If there exists a matching of size |Y| in G, then the matching executed at time (i + 1)T

involves at least |Y'| cross-edges.

Proof. Let M denote a matching of size |Y| in G. Let M’ denote the maximum matching chosen
by the batching policy to be executed at time (i + 1)7. We construct a graph, G, where V(G') is
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the set of all of the agents present in the pool at time (i + 1)T, before the matching is executed,
and E(G') = E(M) U E(M’). Thus, G’ must be a union of paths and cycles (West, 2000). Let
C, P,, P, respectively denote the set of cycles, the set of paths of even length, and the set of paths
of odd length in G'.
For a subgraph F of G’, let D(F) denote the set of cross-edges of F. For two subgraphs Fi, F
of G', let F1AF, denote the subgraph of G’ with the set of edges E(Fy)U E(Fy) — (E(Fy) N E(Fy)).
First, we show that for every cycle or path of even length Z € C U P,,

|D(Z)n E(M)| < |D(Z)n E(M')]. (43)

Suppose not. Then, observe that M’AZ would be a matching with the same size as M’ but a larger
number of cross-edges. This contradicts the definition of M’. Hence (43) must hold.
Next, we show that for every path of odd length Z € P,,

|D(Z)n E(M)| < |D(Z) 0 E(M')]. (44)

To see why, first note that the first and last edges in Z must belong to M’. Otherwise M'AZ
would be a matching with a larger size than M’, which would be a contradiction. Now, consider
a cross-edge (e, h) belonging to both Z and M, where e, h are respectively E and H agents. Since
the first and last edges in Z must belong to M’, then there must exist a cross-edge (¢, h) belonging
to M'. This means that for every cross-edge (e, h) belonging to both Z and M, there exists a
cross-edge (€, h) belonging to both Z and M’. Therefore, (44) holds.

Finally, (43) and (44) together imply that the number of cross-edges in M’ is at least as large

as the number of cross-edges in M, which equals |Y|. O
This completes the proof of Lemma 21. O
Lemma 22. For a batching policy with batch length T, ¢B(m) > y7.q—0(1) and ¢5(m) > %—0(1).

Proof. Recall that e; denotes the number of E agents who arrived after time 71" and are present in
the pool at time (i+1)T before the execution of the matching. By Lemma 19, for every integer i > 0
we have that E [e;] = v ¢mT. By Lemma 21, the matching executed at the matching time (i 4 1)T
involves at least e; cross-edges whp. Therefore, the expected number of E agents matched in every
executed matching is at least vz gmT (1—o0(1)), which is also a lower bound on the expected number
of matched H agents. The following bounds thus hold for the match rates of F and H agents:

Bm) 2 —rramT (1~ o(1)) = 7.l — o(1),

ahim) > a1 = o(1) = Tl —o(D). 0
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Proposition 10. For a fixed batching policy with batch length T, the match rates of E agents and

_ 1.4

= 17 respectively.

H agents as m grows large are qg =14 and qg

Proof. For every agent type, Lemma 20 provided an upper bound for the match rate of agents of

that type, and Lemma 22, provided a matching lower bound. The upper and lower bounds are 7 4

for F agents, and ﬁ—’i for H agents. This concludes the proof. O
Recall that vyrg4 = 1‘;;;“. The above proposition directly proves the claim of part ii of

Proposition 3 about the match rates under the batching policy.

F.4 Analysis of Waiting Time
Lemma 23. For every agent type © € {E, H}, w8 (m) = d(1 — ¢5§(m)).

B
Proof. The proof follows directly from Lemma 18. By that lemma, qg (m)=1- w@T(m). Rearranging
the equality implies that w5 (m) = d(1 — ¢§(m)). O

G Proofs for Proposition 3 and Theorem 1

Proof of Proposition 3. We analyzed the match rate and waiting time under the greedy and batch-
ing policies respectively in Sections E and F. In particular, the claims about the match rate and
waiting time under greedy policy (i.e., part (i) of the proposition) were proved in Sections E.1 and
E.2, respectively. The claims about the match rate and waiting time under the batching policy
(i.e., part (ii) of the proposition) were proved in Sections F.3 and F.4, respectively. The analysis of
the patient policy is deferred to the online appendix, Section v. The claims about the match rate

and waiting time under the patient policy (i.e., part (iii) of the proposition) are proved there. [J

Proof of Theorem 1. In Proposition 4 we showed that, under any policy, the match rate of hard-to-
match agents is at most 1%\ and their expected waiting time is at least 1):de' On the other hand,
in part (i) of Proposition 3 we showed that as m approaches infinity, the match rates of hard- and
easy-to-match agents under the greedy policy approach (qIG{, qg) = ( 1%\, 1), respectively, and their
expected waiting times approach (w$,w$) = (ﬁ_—d)\, ). This proves the first part of the theorem
about the optimality of the greedy policy. It remains to show that the batching and patient policies
are not asymptotically optimal.

Claim 9. For every T > 0, 1‘;;;“ < 1.

Proof. For all z > 0, 1 —z < e”*. Setting z = T'/d and rearranging the terms proves the claim. []

Recall that by part (ii) of Proposition 3, as m grows large a batching policy with batch length

T > 0 achieves match rates of (¢5,¢5) = ((lljf/\_);/;;, 1‘;};“), for hard- and easy-to-match agents,
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respectively. This fact, together with Claim 9, implies that qg < 1%\ = qg and qg <1l= qg. This
proves the claim about the sub-optimality of the batching policy.

To show that the patient policy is is not asymptotically optimal, we recall part (iii) of Proposi-
tion 3, which shows that the expected waiting time of hard-to-match pairs under the patient policy

approaches wfl = d as m grows large. On the other hand, under the greedy policy, the expected

waiting time of hard-to-match agents approaches wIG{ = 1%13\ as m grows large, which is strictly
smaller than wg. Therefore, the patient policy is not optimal. O
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Online Appendix

i Remaining Proofs from the Analysis of the Greedy Policy

i.1 Proof of Lemma 2

By the ergodic theorem (Norris (1997), Theorem 3.5.3), M has a unique steady-state distribution
if and only if it is irreducible and has at least one positive recurrent state. Irreducibility holds
because there is only one communication class; i.e., it is possible to reach from any state to every
other state.

To prove that M has at least one positive recurrent state, we need to show that there exists
a state (zg,y0) with a finite expected return time. (The expected return time of a state is the
expected time that it takes for the Markov chain to return to that state conditional on starting
from that state.) We will prove that the state (xg,y0) = (0,0) has a finite expected return time.

To this end, consider an auxiliary stochastic process which is the same process as the greedy
process with the difference that it makes no matches. So, the sequence of the agents’ arrivals and
their criticality times are the same in the auxiliary process and the greedy process, but agents are
never matched in the auxiliary process.

We first observe that the expected return time of the state (0, 0) is larger in the auxiliary process
than in the greedy process (because making matches only increases the chance of visiting the state
(0,0)). In every sample path (i.e., a sequence of arrival times of agents and their criticality times),
the auxiliary process returns to the state (0,0) no sooner than the greedy process. Hence, to prove
the claim, we show that the expected return time of the state (0, 0) is finite in the auxiliary process.

To show this, let M’ denote the Markov chain corresponding to the auxiliary process. Hence,
every state in M’ is a pair of non-negative integers (z,y). We note that M’ consists of two Markov
processes that are run independently: one corresponding to the number of H agents (z) and the
other one corresponding to the number of E agents (y). We use M, and Mg to denote the Markov
processes that keep track of the number of H agents and E agents in M’, respectively.

Theorem 7 of Akbarpour et al. (2020) shows that M’; and M/, are positive recurrent. Hence,
the expected return time of the state 0 is finite in both M’H and ./\/l’E Let Ry and Rg denote the
expected return times of the state 0 in M/, and Mg, respectively. By the independence of M’y
and M/, the expected return time of the state (0,0) in M’ equals R Ry, which is finite. This

proves the claim.

1.2 Proof of Lemma 4

The proof works by coupling the Markov processes M and N, i.e., constructing a probability space
in which the outcomes of these two process are pathwise related to each other.

To define the coupling, we need a few definitions. An event is a tuple e = (a, t, () such that a is



an agent, t € Ry is the time of the event, and ¢ € {A, C} specifies whether the event corresponds
to the arrival (¢ = A) or the criticality (( = C) of agent a. Let ¢ = (eq, €2, ...) denote a sequence of
events defined as follows. For every agent that arrives to the market in the process M, ¢ contains
two events corresponding to the arrival time and the criticality time of a (regardless of whether
agent a is matched). Hence, for every tuple (a,t,A) in the sequence ¢, there exists a tuple (a,t’, C)
in ¢ such that ¢ > t. We emphasize that the sequence ¢ merely determines the arrival times and
criticality times of the agents (and is not concerned with the matches made between the agents).

We suppose that the events in ¢ are ordered according to their times: For every positive integer
i, let t; denote the time that event e; occurs. We suppose that ¢ < to < .... For notational
convenience, we define tg = 0. In the coupling, the arrival times and criticality times of the agents
in both processes M and N are defined by the sequence e.

Let X; and Y; respectively denote the sets of agents in the H pool and in the E pool at time ¢
in the process M. Similarly, let X] and Y] respectively denote the sets of agents in the H pool and
in the F pool at time at time ¢ in the process A/. In the coupling, both M and N start at time
zero with an empty pool (that is, Xo = Yy = X} = Y] = @). We will define the coupling such that
X/ C X; and Y; C Y/ would hold in every sample path of the coupling and for every time ¢ > 0.

Definition of the coupling. Recall that the arrival times and criticality times of the agents in
both processes M and N are determined by the same sequences of events, ¢, as described above.
To define the coupling, we specify how, in the coupled process, M and A evolve as time moves

forward. Consider the moment when the coupled process reaches time ¢; corresponding to an event
€; = (CL, ti? C)

e If ¢ is an H agent and ( = A:

— In the process M:
(A1) If there exists an agent in the E pool that is compatible to a, then match a to such
an agent, namely e; let X3, = Xy, | and Yy, =Y;, | — {e}.
(A2) Otherwise, a is added to the H pool; i.e., let Xy, = X;, , U{a}and V;, =Y;, ,.
— In the process N:
(B1) If in the process M agent a is matched to an agent e in the E pool—through item A1l

above—then match a to e in A as well (this is possible because Y;,_, € Y; | holds
by construction); in that case, let X{ = X;  — {e}.
(B2) Otherwise, if there exists an agent in the E pool that is compatible to a, then match
cand Y/ =Y/ —{e'}. If there is no
such agent ¢/, then add a to the H pool, i.e., let X; = X  U{a}and Y}, =Y;,_,.

a to such an agent, namely ¢’; let X; = X|.

e If ¢ is an F agent and ( = A:



— In the process N:

(C1) If there exists an agent in the H pool that is compatible to a, then match a to such
an agent, namely h; let Xj = X{ = —{h}and Y} =Y/ .
(C2) Otherwise, a is added to the E pool; i.e., let Y/ =Y/  U{a} and X| = X} .
— In the process M:

(D1) If in the process N agent a is matched to an agent h in the H pool-—through item C1
above—then match a to h in M as well (this is possible because Xj, | € Xy, , holds
by construction); in that case, let X;, = X, , — {h}.

(D2) Otherwise, if there exists an agent in the H pool that is compatible to a, then match
a to such an agent, namely b5 let X3, = Xy, | — {h'} and Yy, = Y3, .

(D3) Otherwise (if neither D1 nor D2 hold), if there exists an agent in the E pool that
is compatible to a, then match a to such an agent, namely €’; let X;, = Xy, | and
Y:, = Y:,_, — {€’'}. If there exists no such agent, then a is added to the F pool; i.e.,
let Xy, =Xy, ,and Y, =Y, |, U{a}.

e If ¢ is an H agent and ¢ = C: Remove a from the H pool in both M and N (if she has
not been already removed). That is, let Xy, = Xy, | — {a} and X}, = X{ = — {a}.

e If ¢ is an E agent and ¢ = C: Remove a from the E pool in both M and N (if she has
not been already removed). That is, let Y;, = Y;,_, — {a} and Y/ =Y/  —{a}.

We next show that the promised inclusion properties X{ C X;, and Y;, C Y}, hold for every
integer ¢ > 0. Recall that we defined ¢ty = 0. The proof is by induction. The induction step is for
the case of i = 0, and holds because Xy, = X; =Y}, =Y, = @. For the induction hypothesis we
assume that X;  C X3, and Yy, , €Y/  hold for i >0, and for the induction step we will show
that X{ C Xy, and Y;, C Y} hold. To do this, consider the four cases that event e; can have:

1. e; is the arrival of an H agent: By the design of the coupling, if the arriving H agent
is added to the pool in A, then it is also added to the pool in M. This, together with
X{. , € Xy,_,, implies that X/ C X;,. On the other hand, if the arriving H agent is matched
to an E agent in A/, then the H agent is matched to the same E agent in M if that E agent
belongs to Y3, _,. This, together with Y3, _, €Y}, , implies that Y3, C Y.

2. e; is the arrival of an E agent: By the design of the coupling, if the arriving E agent
is added to the pool in M, then it is also added to the pool in N. This, together with
Y:,_, €Y/ ., implies that ¥;, C Y/. On the other hand, if the arriving E agent is matched
to an H agent in M, then the E agent is matched to the same H agent in NV if that H agent
belongs to Xj, . This, together with X;  C X;,_, implies that X/ C Xj,.

i—17



3. e; corresponds to the criticality of an H agent: In this case, X;, = X;, , — {e} and
X;. = X{_, —{e}. This, together with X, C X;,_,, implies that Xj. C X;,. It also holds
that Y3, =Y;,_, and Y/ =Y/ . This, together with Y3, , C Y/ , implies that Y;, CY/.

i—1

4. e; corresponds to the criticality of an F agent: In this case, YV}, = Y;,_, — {e} and
Y} =Y/ | —{e}. This, together with Y;,_, C Y/ , implies that Y;, C Y/. It also holds that
Xi, = Xy,_, and X{ = X;. . This, together with X;, | C X}, implies that X;, C Xj. .

Thus, the we have completed the induction step in all of the four cases. This proves the promised
inclusion property that Xi{ C X;, and Y;, C Y} hold for all integers i > 0.

Next we note that for every ¢ € [t;_1,1;), it holds that X; = Xy, , and X{ = X, as no agent
arrives to or departs from the market in the time interval (¢;_1,t;). Therefore, for every time ¢ > 0,
X/ C X; holds in every sample path of the coupling. This implies that the number of H agents in
M first-order stochastically dominates the number of H agents in N at the steady state.

1.3 Proof of Lemma 11

The proof works by coupling the Markov processes M and M,,.. To define the coupling, we need a
few definitions.

An event is a tuple e = (a, t, () such that a is an agent, ¢ is a positive real number corresponding
to the time of the event, and { € {A,C} specifies whether the event corresponds to the arrival
(¢ = A) or the criticality (¢ = C) of the agent a. Let ¢ = (ej,e2,...) denote a sequence of events
defined as follows. For every agent that arrives to the market in the process M, ¢ contains two
events corresponding to the arrival time and the criticality time of a (regardless of whether agent
a is matched or not). Hence, for every tuple (a,t,A) in the sequence e, there exists also a tuple
(a,t’,C) in ¢ such that ' > ¢t. We emphasize that the sequence ¢ merely determines the arrival
times and criticality times of the agents (and is not concerned with the matches made between the
agents). We suppose that the events in ¢ are ordered according to their times. For every integer
i > 0, let t; denote the time of event e;. Thus, t; < to < .... For notational convenience, let ty = 0.

In the coupling, the arrival times and criticality times of the agents in both processes M and
M, are defined by the sequence ¢. (We note that M, ignores the events in ¢ that correspond to
the criticality times of E agents, as E agents do not stay in the pool in M,,.)

Let X; and Y; respectively denote the sets of agents in the H pool and in the F pool at time
t in the process M. Also, let X, denote the set of agents in the H pool at time ¢ in the process
M,. (We do not define a variable Y/, since the E pool is always empty in the process M,, where
E agents depart the pool immediately after arrival whether they find a compatible match or not.)

In the coupling, both M and M, start at time 0 with an empty pool (that is, X; = Y; = X| =
). We will define the coupling such that X; C X] would hold in every sample path of the coupling

and for every time t > 0.



Definition of the coupling. Recall that the arrival times and criticality times of the agents in
both processes M and M, are determined by the same sequences of events, ¢, as described above.
To define the coupling, we specify how, in the coupled process, M and M, evolve as time moves

forward. Consider the moment when the coupled process reaches time ¢; corresponding to an event
€; = ((17 ti7 C)

e If ¢ is an H agent and ( = A:

— In the process M, if there exists an agent in the E pool that is compatible to a, then
match a to such an agent, namely a'; let X3, = X, | and Y}, =Y;, | — {d'}. Otherwise,
a is added to the H pool; i.e., let Xy, = X;, , U{a}and ¥}, =Y;, ;.

— In the process My, let X; = Xj.  U{a}.
e If ¢ is an F agent and ( = A:

— In the process M, if there exists no agent in the the H pool or in the E pool that
is compatible to a, then a is added to the E pool; in that case, let X;, = X;, |, and
Y; =Y:, , U{a}. Otherwise:

(i) If there exists an agent in the H pool that is compatible to a, then match a to such
an agent, namely h; let Xy, = Xy, | —{h}and Vs, =Y;, ,.
(ii) If there is no agent in the H pool that is compatible to a, then there must be an

agent in the F pool that is compatible to a. Match a to such an agent, namely e;
let Xy, =Xy, ,andY; =Y;, | — {e}.

— In the process My, if there exists no agent in the H pool that is compatible to a, then
a departs the market immediately after arrival; in that case, X ’l_ = X{i_ .- Otherwise,

there exists an agent in the H pool that is compatible to a. Then,

(’) if in the process M agent a is matched to an agent h in the H pool—through item (i)
above—then match a to h in M, as well (this is possible because X, , C X;.  holds
by construction); in that case, let X = X;  — {h};

(ii’) otherwise, there must be an agent in the H pool that is compatible to a. Match a

to such an H agent, namely €. Let X}, = X —{€'}.

e If o is an H agent and ¢ = C: Remove a from the H pool in both M and M, (if she has
not been already removed). That is, let Xy, = X3, | —{a}, X, = X, —{a},and ¥}, =Y;,_,.

e If a is an E agent and ¢ = C: Remove a from the E pool in M (if she has not been already
removed). That is, let Y, =V;, | — {a}. Also, let Xy, = X3, | and X; = X[ .

1—1

The promised inclusion property X, C X{i holds by an inductive argument. The induction
basis is 4 = 0, which holds by definition, since X;, = X{ = @. The induction step shows that if



Xi; € X|, holds, then Xy, C Xj | holds as well. This step is similar to the proof of the inclusion
property for the coupling in Lemma 4.

Finally, we note that for every ¢t € [t;_1,t;), it holds that X; = X;, | and X| = X,
agent arrives to or departs from the market in the time interval (¢;_1,¢;). Hence, in every sample
path of the coupling and for every time ¢ > 0, it holds that X; C X,. This implies that the number
of H agents in M, stochastically dominates the number of H agents in M.

i _,» @s 1o

1.4 Proof of Lemma 15

First, we need to define an additional notion for this proof. Recall the process of matching agents
under the greedy policy. According to this process, when an agent a arrives to the market, the
policy chooses a strict order over all H agents in the market; this order is chosen uniformly at
random. Then, a is matched with the first compatible H agent according to the selected order.?? If
such an H agent does not exist, then then a strict order over all E agents in the market is selected
uniformly at random, and a is matched with the first compatible E agent in that order if such an
agent exists. When a finds a compatible (E or H) agent in this process, we say that a makes an
offer to the compatible agent. In the greedy policy, an agent who receives an offer always accepts
the offer, and hence, the match is always carried over. Throughout this proof, we assume that all
offers are accepted unless we explicitly state otherwise.

We start the proof by showing that the waiting time of an H agent converges in distribution
to Exp(1/d 4+ 1/X). To this end, fix an H agent, h, upon her arrival at time to. Let Q denote the
stochastic process under the greedy policy starting from tg and ending when h leaves the market.
We couple another process with Q, namely Q’. We define this coupling below. Loosely speaking,
Q' is the same as the greedy matching process with the exception that the arrival of h is “ignored”

in the sense that h does not interfere with the evolution of Q’. Formally, the coupling is as follows.

e Q' runs from time ¢y to ty + logm. Furthermore, we set the criticality clock of h to tick at

time to + logm in Q’.

e If h finds a compatible match upon her arrival (at time ¢p) in Q, then we stop both Q, Q'.
Otherwise, we let Q evolve according to the greedy process. The process Q' has a sample

path identical to Q until one of the following disjoint events happens:

Event (i) In Q, h receives an offer—and hence, is matched—before time ¢y + logm. In this case,
we stop Q. In @', h rejects the received offer as well as all offers she may receive in
the future. Any E agent whose offer gets rejected by h will make an offer to the next
compatible agent on her (random) list. Q' will continue evolving according to the greedy
process with the exception that agent h is essentially ignored (and does not affect the

evolution of the process).

39We note that if a is an H agent herself, then there will be no such compatible H agent, by definition.



Event (ii) The criticality clock of h ticks in Q before time ¢y + logm and h departs without being
matched. In this case, we stop Q but continue to run Q’. Q’ continues to evolve according
to the greedy process with the exception that h will ignore all offers she may receive in

the future (i.e., h is essentially ignored and does not affect the evolution of Q’).

For notational simplicity, let tg = 0 without loss of generality. Let Ep(t) denote the event in
which h departs in Q before time ¢ (either matched or unmatched). Also, let Ej}(t) denote the

event in which h receives at least one offer in Q' before time t. For any constant ¢ > 0,
P [Eh(t)} —et/d.p [E;L(t)} (45)

holds for sufficiently large m such that logm > t. The factor e—*/4

on the right-hand side accounts
for the fact that h becomes critical in @’ only at time logm, but she becomes critical in ) with

rate 1/d. Therefore, if we show that lim,, o P [E;l(t)} — e YA, then (45) implies that

: ] —t(1/d+1/N)
s P [ER®)] = 0/,

which proves the claim on the distribution of waiting time. Hence, it remains to prove the following.

Claim 10. For any constant t > 0,
: 7 — —t/A
n}l_r)réOIP’ [Eh(t)} e .

Proof. First, we observe that the process Q' can be run from time {5 = 0 to logm as follows:
sample a state (z,y) ~ 7. Then, let the stochastic process corresponding to the greedy policy start
from the state (z,y) and run for logm units of time. We also consider the extra “dummy” agent h
who is in the H pool but, as discussed earlier, rejects every offer made to her. We will show that

t/X as m

the probability that h receives no offers in the period [0,¢], i.e., P [E;l(t)}, approaches e~
approaches infinity.
Let F; be a filtration that contains the information about the number of E agents arriving until

time ¢t in @', denoted by n;, the arrival times of these agents, denoted by by aq,...,a,,, and the

number of H agents in the pool at times ay,...,ay,, denoted by z1,...,x,,. Then, observe that
/ Nt 1
P [Eh(m]:t] > IG5 (1= 2 ) (46)
1—(1—p)*
PE0|FR] <, <1 - <$p>> : (47)

To show that (46) holds one can consider two events: (i) either the E agent arriving at time a; is

compatible with at least one existing H agent or (ii) she is not compatible with any existing H



agent. In case (ii) h will be matched with the agent arriving at time a; with probably 0. In case
(i) A will be matched with the arriving agent with probability x%,, as there are x; waiting hard-to-
match agents and each of them is matched with the same probability. Thus, an lower bound on
the probability that h is not matched with the F agent arriving at time a; is given by 1 — I% This
implies the lower bound we state in (46) on the probability that h is not matched before time t.
Also, (47) holds because the chance that the F agent arriving at time a; is compatible with at least
one of the H agents is 1 — (1 — p)®i, and conditional on this event, the chance that the E agent
makes an offer to agent h is at least #

Define x = min{z1,...,x,,}. In the rest of the proof, we will use probabilistic bounds to show
that in almost all sample paths of Q’, z is close to Am and n; is close to tm. This will let us simplify
(46) and (47) and prove the claim.

Define event G as
G: dm—+v/mlog?m < z < dm + /mlog® m.

Next, we will show that G happens with high probability. To this end, let the event G be the

complement of the event G. We will show that
P[G] < e~ og®m), (48)

First, we observe that n; is a Poisson random variable with mean mt. Thus, by the concentration

bound of Fact 3 for the Poisson distribution, for any constant ¢t > 0 we have
P (ng & [mt — (mt)?/3, mt + (mt)?/3]| = e=m), (49)

Next, consider an agent who arrives at time a;, for a positive integer i < n;. Let x;,y; denote the
sizes of the H and E pools, respectively. By the PASTA property, the (unconditional) distribution
of (x;,y;) is identical to the steady-state distribution 7. Therefore, by Theorem 3 and Theorem 4,

P [z & (Am — vmlog? m, dm + /mlog? m)] = o~ log?m) (50)

Let X; denote the event z; & (Am — /mlog®m, Am + /mlog®m). A union bound over the
events {X;}i=1.. n, implies that

P[G] <P[UL,Xi]. (51)
The fact that ¢ > 0 is a constant independent of m, together with (49), (50) and (51), implies that

P [é] < 6*9(\/%) 4 e*Q(log2 m) (mt + (mt)2/3),



The above bound means that P [G ] < e=log® m) Hence, (48) holds.

To summarize, so far we have shown that, with high probability, n; is close to mt and z is
close to Am; this was done by establishing (48) and (49). We will use these concentration bounds
together with (46) and (47) to conclude the proof.

First, we recall (46):

— 1
P\BL0|F] 2 0 (- ).
We now use (49) to bound n; from above, and then (48) to bound = min{x1, ..., z,, } from below.
This, together with the above inequality, implies that
_ _ 1 2/3
PlE ()] < e O(log? m) +e O(vm) +1—(1— mit—+(mt)
[EA(1)] < ( Am — /mlog?m
1 ) mit—+(mt)2/3
< e Oog®m) 4 ~O(/m) 4 q _ (exp (— . >>
= 2 ]
Am —+/mlogm 1— Voo

(52)

mt + (mt)?/3

= 670(10€2 m) + 6*0(\/%) +1— exp

where (52) uses the fact that 1 — z > eT== holds for all z € (0,1). The above inequality implies
that lim,, o P[E} ()] < 1 — e 3m =1 — e, which implies that

Tim P[E(B)] > e . (53)

To complete the proof of the lemma, it remains to show that lim,, o P [E;l(t)} < e~ . To this
end, we first recall (47):

1-(1—p)*
T

P B0 7] <1, (1 - ).
The above bound, together with the concentration bound (48) for min{z,...,zy,} and the

concentration bound (49) for n;, implies that

— /3
o Vmeylog2m | ] (D)
P[E,(t)] > e Oog"m) 4 o=OWm) 1 | _ |exp 1-(1-p)
h

Am + /mlog*m
(1 —(1- p)/\m—i-\/ﬁlog2 m) (mt _ (mt)2/3)
Am + /mlog*m

= 6_0(10g2 m) + e_O(N/TTL) +1— exp




The above inequality implies that lim,, . P [E} ()] > 1 — e 3m = 1— e %, which implies that

limy, 00 P [E;L(t)} < e~ x. This inequality together with (53) conclude the proof of the claim. [

ii Non-asymptotic Comparison of the Greedy and Batching Poli-

cies

In this section, we compare the batching and greedy policies in small markets. To this end, we
consider a market with a fixed arrival rate m, and a batching policy with batch length 7" in this
market. We then quantify an upper bound T* such that the match rate under the batching policy
is strictly smaller than under the greedy policy in this market if 7 > T*. We note that, as T* is
only an upper bound, T' < T* would not necessarily imply that the match rate is higher under the
batching policy than under the greedy policy.

Recall from Definition 7 the definition of the Markov chain M (associated with the greedy
policy) and its unique steady state distribution ; also, recall that 7, denotes Z;’;O Tz, fOr every
integer x > 0. Define IT, = Y7 7.

Proof of Proposition 8. We first prove the claim of the proposition for match rate. Observe that,

under the greedy polipc/zl/, the match rates of F and H agents are respectively at least z* and 11—*/\
l—e—

Let B(T) = T Recall that, by Lemma 20, this is an upper bound on the match rate of

E agents under the batching policy.

Claim 11. The function B(T) is strictly decreasing.

Proof. We observe that

OB(T) e (d(1— %) +7) § e (d1—1-T/d)+T) .
or T2 T2 -
where the inequality follows from the fact that e > 1 + « for every a > 0. O
T/d

For every z, solving the equation 17;7;(1 = z for T gives

zZ*W (— 671/2*) +1

2%

z*/d

The above equation, together with the fact that B(-) is strictly decreasing (as shown by Claim 11),
implies that the match rate of F agents under the batching policy is smaller than z* if the batch
length is larger than T™. Recall that z* is a lower-bound on the match rate of F agents under the
greedy policy. Thus, the match rate of E agents under the batching policy is smaller than their
match rate under the greedy policy if the batch length is larger than 7.

10



To prove the claim for the match rate of H agents, we note that their match rate under the
greedy policy is at least 1%\ Also, their match rate under the batching policy is at most %, by
Lemma 20. The two latter bounds are the same as their counterpart bounds for F agents divided
by 1+ A. Hence, the proof for H agents follows directly from the above proof for E agents.

It remains to prove the claim for waiting times. Lemma 18 shows that w§(m) = d(1 — ¢§(m))
and wS(m) = d(1 — g5 (m)). Thus, if the batch length in the batching policy is larger than T*,

then w§(m) < wg(m). O

Proposition 11. Suppose there exist integers ji, jo > 0 and positive reals ﬁjl,ﬁjQ such that j1 > ja,
II;, <II;, and I1;, <TI;,. Define

28 = (1-1) (1= (1 —=p)"") + (I, —I,) (1= (1 —p)™)

Then, for every agent type (E or H), the match rate and waiting time of that type under the
batching policy are respectively smaller and larger than under the greedy policy if T > T*, where

W () 1
z*/d

T+ =

and W (-) is the Lambert W function.

Proof. We first prove the following claims.

Claim 12. Recall from Proposition 8 that z* is the probability that an E agent, upon her arrival,
is matched to an H agent under the greedy policy. Then, z* > z*.

Proof. For every integer j; > 0,

]P)(x,y)r\ﬂr [.’L‘ > jl] =1- Hjl >1- Hjl‘

Therefore, upon the arrival of an easy-to-match agent, there are at least j; hard-to-match agents
in the pool with probability at least 1 — II;,. Hence, the easy-to-match agent, upon her arrival, is
compatible to at least one hard-to-match agent with probability at least (1—IIj; )(1—(1—p)?*). This
also holds when j; is replaced with jo. The two latter facts, together with j; > jo and ﬁjl > ﬁj2
imply that an easy-to-match agent, upon her arrival, is compatible to at least one hard-to-match

agent with probability at least
(1 _ﬁh) (1 - (1 _p)jl) + (ﬁjl _ﬁjé) (1 - (1 _p)jg) :

This proves the claim. O

z

W (— 6_1/2) 1
Claim 13. The function h(z) = — g is decreasing at z for every z € [0, 1].

11



Proof. To prove the claim it suffices to show that the function W (ﬁ) + % is decreasing in z,

_e;l/z is decreasing in z. Define ¢(z) = _e;l/z. We
note that ¢(z) € [e71,0) for z € (0,1], and that W is well-defined and increasing over the interval
[e=1,0] (Corless et al., 1996). The fact that ¢'(z) = % < 0 for z € (0,1] thus implies that

W (¢(z)) is decreasing in z for z € (0, 1]. O

and to prove this it suffices to show that W (

O]

By Proposition 11, the greedy policy has a larger match rate and lower waiting time than the
batching policy if T > T*. We emphasize that this condition is not necessary, i.e., the greedy policy
may have a better performance that the batching policy even when T' < T* (and in fact this is
what we observe in the simulations of Figure 5).

We next demonstrate how small T* can be in practically relevant instances. To this end, we
suppose that A = 1.33, p = 0.037, m € [250,450], and d = 1. For better exposition, we call each
unit of time a year, and assume that a year is divided to 365 days. (See the calibration to the NKR
data in Section 4.1.) Changing the unit of time to year allows us to assume d = 1, which simplifies
notation.

In Online Appendix ii.1, we compute T* for the above parametrization of our model using
Proposition 11. The result is plotted in Figure 11. This is the same figure as Figure 4 except that
the horizontal axis has a different scale: as noted earlier, here we have assumed that the unit of
time is year rather than day. The step by step derivation of this plot is described in Section ii.1.
We observe that, at m = 250, if the batching policy makes matches less frequently than every day,
then it would have a lower match rate than the greedy policy. As mentioned earlier, our theoretical
bound does not imply the other direction—it does not imply that making matches faster than every

T* units of time in the batching policy leads to a higher match rate than the greedy policy.

T in days
1.0

0.8
0.6
0.4

0.2

250 300 350 400 450m

Figure 11: The vertical and horizontal axes respectively corresponds to m (arrival rate per year)
and T* (period length in days).
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ii.1 The Step by Step Derivation of Figure 4

We will use Proposition 11 to derive a closed-form expression for T* for the specified range of
parameters, namely A = 1.33, p = 0.037, m € [250,450], and d = 1. To apply Proposition 11, we
need to specify integers ji,jo > 0 and positive reals ﬁjl,ﬁjz such that j; > j2 and

IA
=

J1> (54)
J2- (55)

Hjl
I1;,

IN
=

To this end, let k1 = 1.651logm and ko = 2.46log m. Define j; = Am —k1/m and jo = Am — koy/m.
Also, let R = 0.46, and define

— R 201+ A+ki/ym)

i = 50 2+ A ! (56)
= _ R 2014 A +ky/\/m)
s = Q(k2) 24\ ’ (57)

where we recall the definition of the function @ from Theorem 2:

Vmo2m(1+A) + ky/m m

Q(k):ek< 1 kym —2m(1+ ANy 1>.

We will show that this choice of parameters ji, jo and II;,IL;, satisfies the conditions (54) and
(55). This would imply that Proposition 11 applies, which then gives

g*W (_ e—l/z*) +1

2%

z*/d ’

T =

where
2= (1-1) (11 -p)") + (I, 1) (1 - (1 -p)™).
Figure 4 plots the above expression for T*.

To complete the analysis, it remains to show that the choice of parameters j1, jo and ﬁjuﬁjz
satisfies the conditions (54) and (55). This is done next.

ii.1.1 Conditions (54) and (55) are satisfied

Recall from Definition 7 that the Markov chain M models the stochastic process governing the
greedy policy, and 7 denotes its steady state distribution. Also, recall from Section D.2.1 the
simplified greedy process, its associated Markov chain A, and its steady state distribution p. We
will show that (54) and (55) hold using the following corollary of Theorem 2.

13



Corollary 4 (Corollary of Theorem 2). For every k > 0 define

vm 2m(1 + X) + kym m
R(k)= sup H(z),

Q@p:&( 1k¢m—2ma+xx1—mhﬁ{_1>

0<z<ky/m
_R(k) 21+ X +k/ym)
@@”—Q@y 24+ X '

Then, Mypm—r < ®(k) holds if Q(k) > 0.
Proof. If & <z — ky/m, then (z,y) & By holds for every y > 0. Therefore,

H)\m—k\/ﬁ = P(m,y)ww [l’ <z- k\/ m| < IPJ(:Jc,y)Np [(a:, y) g Bk] < (I)(k)v

where the first inequality holds by Lemma 4 and the second inequality holds by Theorem 2. This

concludes the proof. O

Fact 7. For every m € [250,450], Q(k1), Q(k2) > 0.
Proof. We demonstrate this by plotting Q(k1), Q(k2) for m € [250,450].

Q(k2)
0.00022¢
0.00020¢
0.00018¢
0.00016 ¢
0.00014 ¢
0.00012¢
0.00010¢

m

300 350 400 450" 300 350 400 450

Figure 12: Recall that we set k1 = 1.65logm and ko = 2.46logm. We plot Q(k1), Q(k2) using the
expression given for the function @) in Corollary 4, while varying m.

Fact 8. For every m € [250,450], R(k1), R(k2) < 0.46.

Proof. We first recall that, by Definition 12,

B = (1 z=2m(1+AN)(1-p* 1
H(z) = —evm <\/ﬁ 2m(l + ) + 2 m>'

To prove the claim, it suffices to show that, for every m € [250,450] and z € [0, kay/m], H(z) <
0.46. We demonstrate this by plotting H(z) for m € [250,450] and z € [0, k2v/450]. Figure 13
demonstrates that H(z) < 0.46 holds for m € [250,450] and z € [0, k21/450].

14



300

Figure 13: The range of the vertical axis is [—0.3,0.46]. The plot is clipped at the gray area, as
the value of the function R in the gray area falls below —0.3.

O
Let R = 0.46. Corollary 4, together with Fact 7 and Fact 8, implies that
R 21+ X+ ki/v/m)
II < : 58
Im—ki/m = Q(kl) 2+)\ ) ( )
R 2(1+ X+ ko/y/m)
II < : . 59
Im—ko/m = Q(kg) 24\ ( )

Recall that, by definition, j1 = Am — k1/m, jo = Am — koy/m, and

. — R 204X +ki/ym) 0 - R 2004 A+ ky/vm)
T Qky) 2+ A ’ 27 Q(ks) 24+ A ‘

Hence, (58) and (59) are the same as (54) and (55), respectively. Therefore, (54) and (55) hold.

iii Proof of Proposition 6

The proof for the ‘only if’ part is relatively straightforward. Suppose lim,, o0 Ty 7 0. Then, there
exists 6 > 0 and an increasing sequence of positive integers m, ma, ... such that 7,, > ¢ for every

i > 0. By Lemma 19, conditional on an agent arriving in an interval of length T;, namely (s, s+71;),

the agent does not become critical before time s+ T; with probability 1_:?:/2/‘1. Thus, since T; > 9,

the match rate of every agent type under the batching policy is at most 1‘(?;;“ when the market

size is m;. On the other hand, the match rate of ' agents under the greedy policy converges to
1 as the market grows large (Proposition 3). Therefore, the batching policy is not asymptotically
optimal.

To prove the ‘if” part of Proposition 6, we first prove the following theorems.
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Theorem 5. There exists a constant ¢y > 0 (independent of m) such that, at any time t > 0, the

number of H agents in the pool is at least cxm, whp.

Theorem 6. Iflim,, o, T;, = 0, then the match rate of E agents and the match rate of H agents

respectively approach 1 and 1%\ as m approaches infinity.

Theorem 7. If lim,, ,o T;n = 0, then the expected waiting time of E agents and the expected

Ad

Ty asm approaches infinity.

waiting time of H agents respectively approach 0 and

iii.1 Preliminary Definitions and Lemmas

In the analysis, we suppose that time is indexed by non-negative real numbers. Consider a market
of size m. A batching policy makes matches at times iT},, for every positive integer i; these times
are called matching times. For every i > 0 the interval (iT,,, (i + 1)T},] is called period i.

The batching policy ezecutes a matching at the end of every period i: at time (i + 1)T},, it
finds the largest matching in the pool. If there are several such matchings, it selects the matching
among them which has the maximum number of H agents. The policy then executes the selected
matching (by performing the corresponding transplants) and removes the agents involved in that
matching from the pool.

For any matching time ¢, A; and B; respectively denote the number of F and H agents in the
pool after the execution of the matching at time ¢. For any time ¢ that is not a matching time, we
let A; and B; denote the number of E and H agents in the pool at time ¢, respectively.

We note that the sequence ((Air,,, Bit,,))i>0 is a discrete time Markov chain with a state space
Zy X Z4. Since this Markov chain is Ergodic, it has a steady-state distribution, which we denote
by p. Since we are performing a steady-state analysis, we suppose that (Ag, By) is drawn from p.

This assumption is without loss of generality by the Ergodic theorem for Markov chains.

iii.2 Proof of Theorem 5

Throughout the proof of this theorem, we scale (speed up) time with a factor of d, and suppose
that the criticality rate d is normalized to 1. This is without loss of generality because scaling time
only affects the speed, and not the distribution of the number of agents in the pool. At the same
time, as d is a constant independent of m, the condition lim,, . T}, = 0 would still hold after

scaling time with a factor of d.
Lemma 24. Let § > 0 be a constant and t > 0 be an arbitrary time. Then, whp, Ay < (14 §)m.

Proof. Let B denote the stochastic process governing the batching policy. Consider a stochastic
process B’ which is the same as B with the difference that B’ never executes a matching. Thus,
B’ has the same sequence of agents’ arrivals as B, and every agent in B’ has the same criticality

time as in B. However, agents are not matched to each other in B'. Let A} denote the number of
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E agents at time ¢ in process B’. As A} is a pathwise upper bound on A, to prove the lemma, it
suffices to show that A} < (1 + §)m holds whp.

The number of E agents in B’ is a continuous-time Markov chain M’. Since M’ is Ergodic,
it has a steady-state distribution, which we denote by p’. Also, let p; denote the steady-state
probability assigned by p’ to the state at which the number of E agents is . The Markov chain
M’ may transit from each state i to a neighboring state i — 1 (in case i > 1) or i + 1. Let I; and 7;
respectively denote the transition rate from state ¢ to states ¢ — 1 and ¢ + 1. Observe that r; = m
holds for all 4 > 0, because the arrival rate of E agents is m. Also, I; = i holds for all i > 0 because
d = 1. The balance equations for p’ then imply that

/
Pig1 T m

pi iy i+ 1
By the above equation, for i > m + 2/m we have

/
: m 1 _ 1
Pit1 <le <o vm

2
-1 :
P T m+2ym vm+2 vm —

where the second inequality holds for m > 4. Thus, for every integer j > 0 and i = m + 2y/m + 7,

/ .
. P
i< L < eV,

Pm

By the above bound, for every integer ¢ > 0 we have

>° ' > _ J;m B (eil/ﬁ)i
D Py < Ze = e
Jj=i

j=i

For i = logm+/m, the right-hand side of the above equation goes to 0 as m goes to infinity.
Therefore, Py [A; > m + (2 + logm)+/m| goes 0 as m goes to infinity. This proves the claim. [

Lemma 25. Let € > 0 be a constant. Also, let t = iT}, and t' = jT,, be such that 0 < i < j and
t' —t =¢e. Then, if Ay < 2e(1+ X\)m, whp it holds that Ay < me(4+ 2)\).

Proof. The number of E agents who arrive to the pool in the period [t,t'] obeys the Poisson
distribution with mean em. This fact, together with the concentration bound of Fact 3 for the
Poisson distribution, implies that the number of E agents who arrive to the pool in the period [¢, ]

is at most 2em, whp. Therefore, A} < A; + 2em holds whp. This concludes the proof. O
Lemma 26. Let € € ( ,%) be a constant. Also, let t = iT,, and t' = jT,, be such that 0 <i < j
and t' —t = €. Then, if Ay > 2e(1 4+ N)m, whp it holds that Ay < Ay — edm/2.

Proof. For notational simplicity, let @ = e\/2. Let X denote the set of all H agents who arrive at

a point in [t,t'] and whose criticality time is larger than ¢'. Let Y; denote the set of all E agents
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who arrive at a point in [t,¢'] and whose criticality time is larger than ¢'. Also, let Y5 denote the
set of all F agents who are present in the pool after the execution of the matching at time ¢ whose
criticality time is larger than ¢’. Let Y = Y] U Y5.

Claim 14. For every constant k € (0, €|, it holds whp that
(e A+ (1—em)(1—kr)<|Y|< A+ €e(l+r)m

and
I-e )1 =-r){I+Am | X[ < (1 —e )1+ r)(1+N)m.

Proof. The number of E agents that arrive in the interval [¢,t'] and have a criticality time larger
than ¢’ is distributed according to the Poisson distribution with mean (1 — e~¢)m, by Lemma 19.
Therefore, E[|Y1]] = (1 — e “)m. This, together with the concentration bound of Fact 3 for
the Poisson distribution, implies that |Yi| > (1 — k)(1 — e™“)m holds whp. On the other hand,
E[|Y2|] = e €A;, which holds because every agent that is in the pool after the execution of the
matching at time ¢ has a criticality time larger than ¢’ with probability e €. Because the criticality
clocks are independent, the Chernoff concentration bound (Fact 4) applies, and implies that |Ya| >
(1—-k)e “A; holds whp. The lower concentration bounds that we developed on |Y7],|Y2| imply that
Y| > (1 —k&)(m(l —e€) + e “A;) holds whp, which is the claimed lower bound for |Y|. To prove
the upper bound on |Y|, we first observe that

V] < A+ (L4 R)(1— e m,

which holds by the same argument as above (but with the lower concentration bounds replaced
with upper concentration bounds, i.e., the factor 1 — x replaced with 1+ k). The latter inequality,
together with the fact that 1 + z < e* for z € R, implies that |Y| < A; + (1 + k)em holds whp.

To prove the bounds on |X]|, first we observe that E[|X|] = (1 — e €)(1 4+ A\)m, by Lemma 19.
Since | X| has a Poisson distribution (by the independence of the criticality clocks of the agents), the
concentration bound of Fact 3 for the Poisson distribution applies again, and immediately implies
the claimed bounds for | X|. O

Claim 15. |Y| > |X| holds whp.

Proof. By Claim 14, for every constant s € (0, €], it holds whp that

X[ < (1= )1 +r)(I+A)m < e(l+r)(1+A)m.
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Claim 14 also implies that, whp,

Y= (e Ar+ (1 — e )m)(1 = &)
> (1—€Ai+ (e—*)m) (1 — k)
> (1 —€)(2e(L+N)m) + (e — e)m) (1 — k)
> (2¢(1+ N)m — 3e*(1 + A)m) (1 — k)
> Ze(l+ (1 = r),

where the second inequality holds because 1 — e < e7¢ < 1 — € + €2, the third inequality uses the
fact that A; > 2¢(1 + X\)m, and last inequality holds because € < S/YS 5 < 6

Thus far, we have shown that |X| < e(1+x)(1+A)m and |[Y| > 3¢(1+A)m(1— ) hold whp. To
complete the proof of the claim, it suffices to show that the right-hand side of the former inequality

is smaller than the right-hand side of the latter inequality, i.e., it suffices to show that
3
e1+r)(1+M)m< 56(1 + A)m(1l — k).

The above inequality holds if and only if H‘—” < % Recall that k € (0,€); since € < % < %,

therefore H” < 1.4. This completes the proof O

Define the bipartite graph G(X,Y’) by connecting a node in X and a node in Y iff the agents
corresponding to the nodes are compatible.

By Claim 15, |Y| > |X]| holds whp. If Ay > |Y| — |X| + am, then at most |X| — am hard-
to-match agents are matched to easy-to-match agents when the matching is executed at time t';
this implies that By > |X| — (| X| — am) = am. Therefore, if Ay > |Y| — |X| + am, then there
exists an (am,|Y| — |X| + am)-independent set in G(X,Y). Such an independent set, however,
does not exist whp, by Lemma 17 and Claim 14. Hence, whp, Ay > |Y| — | X|+ am does not hold.
Therefore, for any positive constant x < 1, it holds whp that

<Ai+e(l+r)m—((1—e )1 —kr)(1+A)m) Jrem% (60)
§At+€m(1+ﬁ—(1—6)(1—/{)(1+>\)+g) (61)
< Ap —em)/2, (62)

where (60) holds by Claim 14, (61) holds because e=¢ < 1 — ¢ + €2 for every € € (0,1), and (62)
holds by algebraic manipulation and the fact that k < e < 1. The promised claim is proved. ]

Lemma 27. Let § > 0 be a constant such that 6 < ?Er;i‘), and t > 0. Then, whp, Ay < dm.
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Proof. Let € = 4%)\ and Kk = [1%/‘;1 Also, define t; = €, for i = 0,...,k. We recall that

A, < (14 60)m holds whp, by Lemma 24. Also, Lemmas 25 and 26 apply because € < 3)J‘r/23 - These

lemmas together imply that A;, < me(4 + 2\) holds whp, since (1 4+ §)m < keAm/2. The bound

Ay, < me(4+ 2)\), together with e = implies that A;, < dm, which completes the proof. [

_d
4+2x°

Lemma 28. Lete € (0, 31%] be a constant and t > 0 be an arbitrary time. Then, whp, By > e m/2.

Proof. Since (Ag, By) ~ p by definition, then it suffices the prove the claim for the case of ¢t = e.
Let X denote the set of all H agents who are present in the pool at some point in the interval [0, ¢]

and whose criticality time is larger than ¢. By Claim 14, it holds whp that
IX| > (1—e )1 —¢€)(l+N)m. (63)

Also, let Y denote the set of all F agents who are present in the pool at some point in the interval
[0,t]. Let § = €2/2 and x = €/2. It holds whp that

Y| < om+e(l+k)m (64)
=em(l+k+¢/2) =em(l+e), (65)

where the first summand on the right-hand side of (64) corresponds to the E agents who are in
the pool at time 0 and is due to Lemma 27, and the second summand corresponds to the F agents
who arrive at some point in the interval (0,¢] and is due to Claim 14.

We now can write

By > [X] =Y
> (1= )L =e)(1+A)m) —e(1+€e)m (66)
>em((1—€)(1—€)(1+A)—1—¢) (67)
=em((1+€ —2)(1+N)—1—¢)
m(X — 3e — 2eN)
> em)\/2, (68)

where (66) holds by (63) and (65), (67) holds because e < 1 — e+ €2 for every € € (0,1), and (68)

A3 ]

holds because € < 39o%-

iii.3 Proof of Theorem 6

Definition 16. For an integer i > 0, an agent present in the pool at time (i+ 1)T,, is called a new

agent if she has arrived later than time Ty, .
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For the next lemma, we recall that in a graph G whose nodes correspond to E and H agents,

an edge (u,v) is a cross-edge if u, v are agents of different types.

Lemma 29. Let e; denote the number of new E agents who are present in the pool at time (i+1)T,,.

Then, the matching executed at the matching time (i + 1)T,,, involves at least e; cross-edges whp.

Proof. We first construct a bipartite graph G(X,Y’), where Y is the set of new E agents who are
present in the pool at time (i + 1)7T), and X is the set of all H agents present in the pool at time
(i + 1)1y, before the matching is executed.

Claim 16. Let cy be the constant given by Theorem 5. Then, whp, it holds that |Y| < cxm < | X]|.

Proof. The second inequality holds by Theorem 5. To prove that |Y| < cym holds whp, we note
that |Y] is distributed according to a Poisson distribution with mean 7, = md(1 — e~ Tm/®), by
Lemma 19. Observe that

D = md(1 — e~ T/ < md(1 — (1 — T /d)) = mT,.

Hence, nm, < mey/2 holds for sufficiently large m. The concentration bound of Fact 3 for the
Poisson distribution then directly implies that |Y'| < mc) holds whp. O

The next claim concludes the proof.

Claim 17. For any integer i > 0, the matching that is executed at time (i + 1)T,, involves at least

|Y'| cross-edges, whp.

Proof. By Theorem 5, |X| > cym holds whp. Also, by Claim 16, |Y| < |X| holds whp. Thus, by
Corollary 3, there exists a matching of size |Y| in G whp. Therefore, by Claim 8, the matching

that is executed at time (i 4+ 1)7,, involves at least |Y'| cross-edges, whp. O
O

. —e—Tm/
By Lemma 19, for every integer ¢ > 0 we have that E [e;] = med(l‘}ide). Therefore, by

Lemma 29, the match rate under the batching policy is at least

_ —Tm/d _ o —Twm/d
T, d(l—e ) 1 _ d(l—e )7
T mIy, T

——Tm/d ) ]
d(leTim) = 1, implies that the

match rate of F agents approaches 1 as m approaches infinity. By the same argument, Lemma 29

when the market size is m. This fact, together with limp, o

also implies that the match rate of H agents approaches HLA as m approaches infinity.
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1ii.4 Proof of Theorem 7

Lemma 23 shows that, for type © € {E, H}, w§(m) = d(1—¢5(m)). On the other hand, Theorem 6

shows that lim,,_o quj (m) =1 and lim, qfl(m) = 1%\ hold when lim,,_s 17, = 0. Therefore,

lim wE(m)=d(1-1)=0,

m—0o0
1 A
. B o . .
pm wi(m) =d(l - ——) = =~

hold when lim,,, o Ty, = 0. The proof is complete.

iv  Analysis of the Patient Policy

In this section, we analyze the stochastic process corresponding to the patient policy and develop
a concentration bound on the number of easy-to-match agents present in the pool at the steady
state. Because one can renormalize the time scale and the arrival rates linearly with a factor of
1/d, we suppose that d = 1 throughout this section. This is without generality, as speeding up or
slowing down time does not change the steady state distribution of the number of easy-to-match
(or hard-to-match) agents in the pool.

After some preliminary definitions, we present the core technical result in the analysis of the
patient policy, Theorem 8, and prove it in Section iv.2. After that, we prove our results about the

match rate and the distribution of waiting time under the patient policy in Section v.

iv.l Definitions

For the analysis of the patient policy, we use a two-dimensional continuous-time Markov chain, M,
to model the dynamics. Let V(M) denote the state space of M. We represent each state by a pair

(z,y) where z,y respectively denote the number of H agents and F agents. In other words,
V(M) = {(Jl,y) P r,y € Z-‘r}

We note that M is irreducible because there is only one communication class; i.e., it is possible
to reach from any state to every other state. Also, M is positive recurrent by a proof identical to
Lemma 2 (which shows that even if the policy makes no matches, the underlying stochastic process
is positive recurrent; hence, so is M). Therefore, M has a unique steady-state distribution, by the
Ergodic theorem (Norris (1997), Theorem 3.5.3).

Definition 17. Let m denote the stationary distribution of M, with 7, denoting the probability
that 7 assigns to the state (x,y). Also, let m, = E;OZO Tay-
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iv.2 The Analysis

The following theorem is the key to the analysis:
Theorem 8. E, ) [y] = O(v/m).

Proof. First, we define another Markov process, namely M/, which has the same state space as
M. The arrival processes and the criticality times for agents in M’ are identical to M. The only
difference between M and M’ is that, in M’, no two E agents are considered to be compatible.
We note that M’ is irreducible because it has a single communication class. Also, M’ is positive
recurrent by a proof identical to Lemma 2 (which shows that even if the policy makes no matches,
the underlying stochastic process is positive recurrent; hence, so is M’). This implies that M’ has
a unique steady-state distribution due to the Ergodic theorem (Norris (1997), Theorem 3.5.3). Let
7' denote the steady state distribution of M’.

At any time, the size of the H pool in M is at least as large as the size of the H pool in M’ in
any sample path. (This follows from a similar argument we made earlier in Lemma 4.) Therefore,
the steady state size of the H pool in M is at least as large as the steady state size of the H pool

in M’. Hence, the prove the claim, it suffices to show that

E(az,y)f\wr’ [y] = O(\/%) (69)

Let M’ denote the embedded Markov chain of M’. To prove (69), we apply Proposition 9 on
M’ as follows. Let 7" denote the steady-state distribution of M. We will first show that

E(:p,y)rwr” [y] = O(\/E) (70)
To this end, let * = (1 + A\)m. To apply Proposition 9 on //\/l\’, we first define the functions
F,U V(M) = Ry to be

o) ==

Uz, y) =(x —z")2 + 4%

Let 6 = 1&31({114?}) Also, let § = max{1,log;_, 1%\} and k = 07. Define

—

B ={(x,y) € V(M) : [ — 2"|,y < kyv/m}.

Definition 18. Conditional on the Markov chain M’ being at a state (z,vy), let the random variable

(z1,y1) denote the next state that the Markov chain moves to. Define

A(z,y) = E[U(21,91)] — U(=,y).
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We bound A(x,y) in a series of claims that follow next.

Claim 18. The following holds for sufficiently large m: if (z,y) &€ B and = > x*, then

Az, y) A
Sl 2R 1 SN .
2 < s @Y
Proof. All of the bounds that we write throughout this proof hold for sufficiently large m; i.e., there
exists a constant mg such that the bounds hold for all m > my.

Let z = 2 — 2. We observe that

Alz,y) = Qy+1)- (2+A)7:L+m+y_(2y_1)' (2+i)tnxivi+y
_@ao1y. 2t Ne o gy mIENY (71)

2+Am+z+y 2+Am+z+y

The above equality holds because the transition probability of M’ from the state (z,9)

e to the state (z,y + 1) is ( where the value of U increases by 2y + 1),

iy
24+\)m+z+y

to the state (v + 1,y) is 0 m(1+2)

Brymiety (where the value of U increases by 2z + 1),

to the state (z,y — 1) is (

% (where the value of U decreases by 2y — 1),

me—Q—mNy
2+N)m+z+y

to the state (x—1,y—1) is (where the value of U decreases by (2y—1)+(2z—1)),

. N,
e to the state (z — 1,y) is (2+>\:§Ty+w+y (

where the value of U decreases by 2z — 1).

We note that the transition probabilities are 0 if x — 1 or y — 1 are negative. Multiplying the
amount of change in U by the corresponding transition probability for each transition, summing
up the resulting expressions, and factoring the terms 2y — 1,2y + 1,2z — 1,22z + 1 in the summation
gives (71).

The proof considers two cases. Either y < z or y > z.

Case 1. y < z: In this case, we must have x > (14 X\)m+k+/m. Because otherwise z < ky/m < y
holds, which would be a contradiction.

To simplify the inequality (71), we next observe that, for y > 7,

y+azNy, —m zNy, —m

< -y <
2+ Am+x+y 2+Am+z+y

I

-y
(
where the latter inequality holds because y > log;_, 1%\ On the other hand, for y <y,

y+:z:Ny—m -m m

< — <
2t mtzty - JC@tNmtzty 2+ Nmtaty

-y <uy.
(
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By the above two inequalities, for every y > 0 and = > (1 + A\)m it holds that

y—l—xNy—m

Vo mtary =Y (72)
We now use (71) to write
M_Qz_y. y+zNy, —m _zix+ny—m(1+)\) (73)
2 24+Am+z+y 2+Am+z+y

sy-z (2$+_/\§71n++>\;? A w (74)
Sg_z'@+2§¥ﬁ2mmz (75)

55_”3u+§hmz (76)

< gj—2z\/y~m (77)

< <-L fa), (78)

where (74) holds by (72) and the fact that y < z, (75) holds by Fact 6, (76) holds for sufficiently
large m, (77) holds because k > 6(1 + \)g, the penultimate inequality holds because z > /m, and
and the last inequality holds because y < z.

Case 2. y > z: From y > z and (z,y) ¢ B it implies that y > ky/m. We use (71) to write
A(m,y)_2__ ‘ y+zNy, —m _Z'x—ky]vx—m(l—k)\)
2 Y 2+Am+z+y 2+Am+z+y
y+xNy—m
< _q. 79
=V e mtaty (79)
y+ N, —m
B2 m+z+y
z—l—:pNy—m

< _q- 80
="V B2 ym+2e (80)

:—y.

Am
< " 81
="V 30+ ym (81)
A

< *mf(xay) (82)

where (79) holds because > (1 + A)m, (80) holds for sufficiently large m by Fact 5, (81) holds
because zN, > (1 + \)m — /m for sufficiently large m, and the last inequality holds since y > z.
Finally, g > 1, (78), and (82) together conclude the proof. O
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Fact 9. Let z = x* — x. Then, when x < x*,

Alz,y) -2 m — (zNy + y) z'x—i—ny—(l—l—)\)m
2 Y 2+Am+z+y 2+AMm+z+y

(83)

Proof. We derive the following equality from the transition rates of //\/l\’, in a way similar to (71).

m Y+ a:Ny
Alz,y)=2y+1)- —(2y—1)-
@ =@ G mrery @Y Brymrety
T+ yN, m(1+\)
+(22+1)- —(2z—-1)- .
( ) 2+Am+z+y ( ) 2+Am+z+y
Rearranging the terms in the above equation gives the bound claimed. O

Claim 19. The following holds for sufficiently large m: if x < x* — ky/m and x +y < z*, then

A B -
(:B’:2y)2< mln{g 141_/\} f(z,y).

Proof. Let z = z* —x. We observe that x 4+ y < x* implies that y < z. We consider 2 cases for the
proof: y > g or y < 4.
Case 1: y > 3. Recall that z > y. Hence, by (83),

Aay) 5, m-@Nyty | otyNe = (1+Nm
2 Y 2r mtzty Q+Nm+z+y
m — (xNy +y) Z.x+ny—(1+)\)m
2+ Nm+z+y 2+Am+z+y
_. —Am + x N,
T 24+ Nmtzty
<z- “krirym
- (3+2\)m
A
—kiix —kA 1

= Branm ey Y STy S,

where the first inequality holds by (83), the second inequality holds because z > y, the third
inequality holds because N, < (1 —p)¥ = 1%\, and the last inequality holds because k > 6(1 + \).
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Case 2: y < g. Using (83) we can write

A(az,y)_2< _ m — (xNy +y) z'a:—ky]\_fx—(l—i—)\)m
2 —7 24 Nm+z+y 24+Am+z+y
g —k
= +=2 y = kv/m
2+ A C+Am+zty
1 (k—1)/m
— = 84
=Y 3(1+ A)m (84)
21 oY =z
- E 85
=N T 3 Um (85)
1 2 z z z
J J i< 86
Yorx Ysym Yym = T Vm (86)
S_%f(xay)7

where (84) holds since § < /m for sufficiently large m, (85) holds because k > 6(1 + \)g, the

inequality in (86) holds because z > ky/m > \/m, and the last inequality holds because y < z.

Finally, we observe that the upper bounds that Case 1 and Case 2 provide on w — 2 together

imply that w—2 < —min{%,l_%\}-f(x,y). O

Claim 20. The following holds for sufficiently large m: if v < x* — k\/m and x + y > x* then

A(z,y)
T2 P Tanagy )

Proof. Let z = x* — . Observe that x 4+vy > x* implies that y > z > ky/m. We consider two cases:
either y < 4(1 4+ \)m or not.

Case 1: y < 4(1 4+ A\)m. The inequality y > z, together with (83), implies that

Az, y) m — (zNy, +y) r+y—(1+Nm
2 _2§y(2+Mmix+y Y et mraty
<. —Am + xN,
=V e mtaty
—2\m/3
Sy'(24—/\)m—i-3!:—|—y (87
Am/3 Yy
S_@+Amﬂﬂﬂy'y+d¢ﬁ'ﬂ%m (88)
L Am/3 . 1 )
T Q@+ mtaty 1+z/yym) Y
A
< —m f(z,y) (89)

holds for sufficiently large m, where (87) holds because N, < Am/3 for sufficiently large m, (88)
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holds because f(z,y) <y + —=, and (89) holds since (2+ N)m +z +y < 7(1 +A)m and z/y < 1.
Case 2: y > 4(1 + \)m. By (83),

A(x,y)_2<y' m — (zNy +y) z.x—l—y—m(1+)\)
2 7 24+ AMmtax+ty 2+Am+z+y
<y TNy —m+y
2+Am+z+y
TN, —m+4m(1 + )
< —y- Y 90
=Y (2+)\)m—|—x+4m(1+)\)+z (90)
(B3+4N)m
—y. oD 91
STV T oym T ° (91)
3 3 3
< —y=— << -
Sy FrS S o0 flay), (92)

where (90) holds by y > 4m(1+ ) and Fact 5, (91) holds since x < (14 A\)m, and (92) holds since

y > 2. Finally, (89) and (92), together with 2 > m, conclude the proof. O

Claim 21. When (z,y) € B and * — ky/m < x < z*, then

A(z,y)

<-—- . .

< %G+A)f@w)

Proof. Let z = x — x*. Observe that z < y holds because z < ky/m < y. We consider two cases:
either y < 4(1 + A)m or not.

Case 1: y < 4(1 + A\)m. By the inequalities (83) and y > z,

Az, y) m — (zNy, +y) r+y—(1+Am
2 _QSy'(Q—I—)\)m—yHU+y y'(2+)\)m—|—x—|—y
<. —Am + xN,
=V e mtaty
Am/2
ST e ymt ety (93)
Am/2 Y
S_@+Awﬁﬂwy'y+d¢m'ﬂ%w (94)
o Am/2 1 £
S TR mtrty 14zym @Y
AL ey (95)

< - .
=141+ N 2

holds for sufficiently large m, where (93) holds because N, < Am/2 for sufficiently large m, (94)
holds since f(z,y) >y + ﬁ, and (95) holds since z/y < 1.
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Case 2: y > 4(1 + A\)m. Inequalities x +y > 4(1 + A\)m and (83) imply that

Az, m — (zN, +
(2y)_2<y.(2+/\§mix—yk)y
m — (xNy + 4(1 + \)m)
<
=V e m+a+40+ym (96)
o (3+3Vm
=Y (746 )m
3 3 3
s < gy 2.
Yo+ 2 S~y S —o0 f@y) (97)

holds for sufficiently large m, where (96) holds by Fact 5, and (97) holds because y > 4z.

: A .
Finally, (95) and (97), together with = 55 > 28(1+)\) , imply that ( w_9< - (H/\)f(x,y). This

completes the proof of the claim. O

Claim 22. The following holds for sufficiently large m: if (x,y) & B, then

Az, y) min{1, \}
5 —2< m f(z,y).

Proof. Each of the Claims 18, 19, 20, and 21 provides an upper bound on % — 2 for when
(z,y) belongs to a particular subset of the states V(//\/l\’) Since these subsets cover V(//\/l\’)\B , then
taking the minimum of the right-hand sides of the upper bounds provided by these claims yields a
valid upper bound for (2,y) 2 when (z,y) € V(.//\/l\’)\B Therefore, when (z,y) & B,

Az, y) NP A A
ALY < y : .
2 = mln{6(1+>\)’2’1+>\’21(1+)\)’28(1+)\) f(@,y)

Since gy > 1, then

min A g 1 A A N min{1, \}
6L+A) 2T+ 211+ N 281+ N ) = 28(1+ )

which concludes the proof.
Claim 23. The following holds for sufficiently large m: For (z,y) € B, A(z,y) < 2(7 + k?) + 2

Proof. We consider three cases: either z > z*, x < x*, or x = x*.
Case 1: = > z*. We recall (72) and (73), which hold when z > x*, and respectively state that

y+ N, — -
(2+)\)m+:c+y =¥
A(;v,y)i <y y+ Ny, —m 7Zx—i—y]\7x—m(l—|—)\)
- T2+ MANm+tzr+y C+Am+z+y
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We next note that, since x > m(1 + \),

‘:):—I—yNz—m(1+/\)

<0.
Q+Am+z+y

This inequality and (72) provide upper bounds for the summands on the right-hand sides of (73).
. . Az, .
Adding up these upper bounds implies that w -2<y.
Case 2: x < x*. First, we observe that, for sufficiently large m,
Y+ xNy -m

. < 98
e mtzry Y (98)

This holds because, if y > 2¢, then $Ny—m > 0 holds for sufficiently large m, and thus the left-hand

side is nonpositive. Otherwise, if y < 2y, the left-hand side is at most ¢ since (2+)\)++w+y < %

We recall that (83) holds when = < z*. The inequality (83), together with (98), implies that

N, — (1
—2§gj+z-$+y (14+XM)m
24+Am+z+y
. kvm . k*m 9
YT e ymtary VT @t amtaty Y

(99)

A(z,y)
2

which means that A(z,y) < 2(7 + k2?) + 2.

Case 3: x = z*. In this case, z = 0. We have

m N, +y
Alz,y) = 2y +1) - —(2y—1)- L
@)=+ ormrery @Y @i omtaty
x4+ yN, m(1+ A)
+(2241) +(2:41)
QD e mrary T ENY G mrety
m—aN, —y _
<2y- Y 2<27+2
S G mtary ST

where the equality holds due to the transition rates of M (which were stated in the proof of
Claim 18), and the last inequality is due to (72), which holds when x > z*.
The upper bounds provided in the three cases above for A(x,y) imply that A(z, y) < 2(7+k2)+2

for every (z,y) € B. O
Let g = r;ér(lﬂi‘)} . Then, when m is sufficiently large, for every (z,y) € B,
4

where the first inequality is by Claim 22, the second inequality holds since f(x,y) > k > 6 for
(z,y) ¢ B, and the equality holds because § = 4/g, by the definition of ¢.
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We next observe that, for all (z,y) € B, f(z,y) < 2§ holds by the definition of f. This
inequality, together with (100) and Claim 23 provide all the components required for applying
Proposition 9 on M. Applying this proposition implies that for sufficiently large m,

2(g + k%) +2
E(ay)mmr [f (2, )] <20 + (?/9)7 (101)

where we recall that 7" denotes the steady state distribution of M. Let 6 denote the right-hand
side of the above inequality. Since 4, g, k, ¢ are constants (independent of m), so is #. Recall that

flz,y) = % Hence, by the above inequality,

E(z,y)wﬂ” HZC - x*H < 9\/7% = O(M)? (102)
E(w,y)NW” [y] < em = O(\/ﬁ) (103)

Claim 24. The following inequalities hold for sufficiently large m:

1
Py yymmr [|7 — 2%| > 0y/mlogm] < Tog (104)
P (o) [y > Ov/mlogm] < o (105)
Proof. The proof follows directly from applying the Markov inequality on (102) and (103). O

Finally, we will conclude the proof of the theorem by showing that (69) holds. This is done in

the following claim:

Claim 25. E¢, ) [y] < O(y/m) holds, where ©' is the steady-state distribution of M'.

Proof. Let V = Zi. We recall that the steady-state distribution of M’ is denoted by «”, and

T 4> T, denote the probabilities assigned to a node (x,y) € V by 7, 7, respectively.

Let wg,y = m for all (z,y) € V, and z* = (1 + A\)m. Recall that 6 denotes the

right-hand side of (101), and let
C={(z,y) € V:y, |z — 2" < 0y/mlogm}.
Also, define € = Z(x,y)gc wg,y. By Claim 24, € < ﬁ holds for sufficiently large m. Define

w = min{w,, : (z,y) € C}.
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. Using this equation we write

1
" o__ /" ) WzyTg oy
Let " =5 (w.y)eV WayTg,y- By Fact 2, we have m;, , =

, Wy y T

Ty

7y
4 o
Z(i,j eC wz,ﬂri,j + Z (i,j)¢Cc Wij Ty

// "
Wy T T,y wfﬁyyﬂx,y

s

< <
Z(i,j eC ww”gfj (1-euw’

where the last inequality follows from the fact that Z(z‘,j)gc 772’ ; = €. By the above bound,

/ W,y I
Z Trxayy S Z (1 _ E)M ’ Trmﬂyy

(z,y)eV (z,y)EV
w w,
(1 —Oeo D Ty = a _02) B gy (4] (106)

(z,y)eV

where the last inequality holds because w,, < w,, for all (z,y) € V. Also, we observe that

woo  mM(2+ ) +m(1+ X) +20y/mlogm
wo m(2+ \)

<2
holds for sufficiently large m, where the inequality holds since 6 is a constant (independent of m).

Plugging the latter bound into (106) implies that

2

E(z,y)ww/ [y] = : 'E(x,y)wﬂ” [y] = O(\/E),

where the last equality holds by the fact that e < ﬁ and (103). O

v Match Rate and Waiting Times under the Patient Policy

Throughout this section, we let M denote the Markov chain associated with the patient policy and
7w denote its steady-state distribution, as defined in Section iv.
v.1 Match Rates under the Patient Policy

Lemma 30. Under the patient policy, the match rate of hard-to-match agents is 1—1%\ — O(m_l/G)
and the match rate of easy-to-match agents is 1 — O(m~1/6),

Proof. Let a denote an easy-to-match agent at the steady state. Also, let M denote the event in
which a is matched to a hard-to-match agent. Hence, P, [M ped ] denotes the steady-state probability

that an easy-to-match agent is matched to a hard-to-match agent. To prove the lemma, it suffices
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to show that
P [MI] =1-0(m™V/5). (107)

To this end, let M denote the event in which a is matched to an easy-to-match agent, and N,

denote the event in which a leaves the pool unmatched. Observe that
Pr [MF| = Pr [MF] + Pr [N (108)

In the rest of the proof, we will provide an upper bound on the right-hand side of the above

equation. Let the random variable T, denote the amount of time that a is in the pool.

Claim 26. P, [T, > m~1/3] < O(m~1/5).

Proof. Let the random variable y denote the number of easy-to-match agents in the pool. Hence,
E, [y] is the expected number of easy-to-match agents in the pool at the steady state. Therefore,
E [T.] = Ex [y]/m holds by the Little’s law. Thus, by Theorem 8, E, [T,] = O(m~'/2). Applying
the Markov inequality then implies that

O(m_1/2)

~1/3
Py |To>m ] < e

= O(m~1/%),
Claim 27. P, [MF] < O(m~/9).

Proof. Let MP denote the event in which a is not matched until she becomes critical, but is matched

then. Since under the patient policy all matches are made upon the criticality times of agents, then
P [MF] < 2P [MP]. (109)

Let z, denote the time that agent a enters the pool and z/, denote the time that agent a becomes

critical. (Hence, z/, — z, has an exponential distribution with mean d.) Then,
P [MP] <P [MaD N(2, — za < m_l/?’)} + P, [Mf N (2} — 2zq > m_1/3)}
<P, [zg — 2, < mfl/?’} + P, [Ta > m*1/3}
<1—e™ 4 O(mY0) (110)

<m~'3/d+0m™10), (111)

where (110) follows from the bound 1+ a < e® for @ € R and from Claim 26. Finally, plugging the
above bound into (109) implies that P, [MF] = O(m~'/6), which concludes the proof. O
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Claim 28. P, [N,] < O(m~/).
Proof. We observe that
P, [No] = Py [N, N (T, < m_l/?’)} + P, [Na N (T, > m—1/3)}
<1-— e~m P P, [Ta > mfl/?’]
< O(m™?/d) + O(m™"/%) = O(m~"/%),
where the last inequality follows from Claim 26. 0

Claim 27 and Claim 28 provide upper bounds for the summands on the right-hand side of
(108). These bounds imply that P, [MC{{] < O(m~'/%). That is, (107) holds and the proof is
complete. n

v.2 Distribution of Waiting Times

Lemma 31. Under the patient policy, as m converges to infinity, the waiting time of an E agent

converges in distribution to the degenerate distribution at 0.

Proof. Consider an E agent, a, and let w, denote the waiting time of a. Hence, E; [w,] denotes
the expected waiting time of an F agent at the steady state. For any fixed constant £ > 0, we will
show that lim,,_.c Pr [wg > t] = 0. This will prove the claim about waiting times.

Let the random variable y denote the number of E agents in the pool. By Little’s law, E, [w,] =
Ex [y] /m, and by Theorem 8, E; [y] = O(y/m). Therefore, by Markov inequality, P [w, > t] <
O(t/+/m), which means that lim,, o P [w, > t] = 0. This proves the claim. O

Lemma 32. Under the patient policy, as m converges to infinity, the waiting time of an H agent

converges in distribution to an exponential random variable with rate 1/d.

Proof. Consider an H agent, namely h, upon her arrival. Suppose that h has arrived at a time zg.
Let E} denote the event in which agent h receives an offer before her criticality clock ticks. Thus,

P [E}] denotes the steady state probability of the event E}, happens.

Claim 29. If lim,,—oo Pr [Er] = 0, then the waiting time of an H agent converges in distribution

to an exponential random variable with rate 1/d.

Proof. Let w denote the waiting time of h and let z denote the time that her criticality clock is set

to tick (which will be set upon the arrival of h). For any ¢ > 0 we have

Prlz—20 <t] <Prw<t]<Prlz—20<t]+Pr[(z—20>t) A E}]
SPW[Z—Zo<t]+Pﬂ-[Eh].
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The above inequality and lim,, o Pr [F}] = 0 imply that

lim Pr[w<t] =Pz —20 <],

m—00

which proves the claim since z — zg is distributed exponentially with mean 1/d, by definition. [

Hence, to complete the proof it suffices to prove the following claim:

Claim 30. lim,, o, P [E] = 0.

Proof. The proof uses the proof of Claim 27. Recall from there that, for an F agent a, we define
the MP to be the event in which a is matched when she becomes critical. Recall that by (111),
P [MP] < O(m=1/%). Since H agents are not compatible, then

(1+XN)m-Pr[Ey) <m-Pr [MP],

a

which just says that the average number of H agents per unit of time who are matched before their
criticality clock ticks is at most equal to the average number of E agents per unit of time who are
matched when they become critical. The above bound and (111) imply that P, [E},] = O(m~1/%),

which proves the claim. ]
O

Proof of Proposition 7. The claim about the match rate was proved in Lemma 30, and the claims
about the waiting times of F and H agents were proved in Lemma 31 and Lemma 32, respectively.
O

vi Comparison to the literature

We first consider our main setup (Section 3) but with a single type, i.e., A = —1, and run simulations
to compare the greedy, batching, and patient policies. In these simulations we vary the arrival rate
per day m, while fixing the criticality rate to é = ﬁ and the probability of compatibility to
g = 0.063 (consistent with the values of d and ¢ in our calibration to the NKR data). The results
are reported in Figure 14. We observe that the match rate under the greedy policy approaches the
optimal match rate as the market grows large. On the other hand, the waiting time is lower under
the greedy policy than under the other policies considered.

We next consider our main setup but allow the compatibility probabilities to vanish with the
market size. Figure 15 compares greedy and patient policies in this case for A € {—1,0,1.33} and
p=gq¢€ {\/%, %} The arrival rate per unit of time is m and the criticality rate is é =140

When the compatibility probability equals \/—lm, we observe that the match rate under the greedy

49This normalization would correspond to the setting of Akbarpour et al. (2020) when A = —1 and ¢ = %
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Figure 14: Comparison of greedy (G-M), patient (P-M), and batching (B) policies for different arrival rates m in
a single-type model. B-z denotes a batching policy that makes matches every = days.

policy converges to the match rate under the patient policy as the market grows large. When
there are more hard-to-match agents than easy-to-match agents (A = 1.33), the match rates are
indistinguishable. On the other hand, the waiting time under the greedy policy is smaller than the
waiting time under the patient policy in all cases.

When the compatibility probability is %, however, there seems to be a non-vanishing gap
between the match rates of greedy and patient policies as well as between their waiting times: the

patient policy has a higher match rate while the greedy policy has a lower waiting time.

vii Computing FWM for larger compatibility graphs

The FWP depicted in Figure 1 is 0.057 when the pool includes 4000 pairs (almost all pairs in the
data set). One reason that the fraction of pairs without a compatible match does not equal zero is
that the data from the four platforms used to generate Figure 1 consists of incompatible pairs that
are selectively submitted by hospitals to these platforms. Indeed Agarwal et al. (2019) document
that hospitals select to submit their “harder-to-match pairs” and patients of submitted pairs are,
on average, much more sensitized than the patients of typical incompatible pairs Agarwal et al.
(2019).

To explore the behavior of the FWP beyond our original pool size, we construct larger artificial
pools from the same dataset by splitting patient-donor pairs and recreating new pairs while main-
taining the blood-type composition of the original pool. Specifically, to generate a single pair, we
(i) sample a patient = from all patients in the pool, and (ii) sample a donor from the pool among
all donors that have the same blood type as the intended donor of .

Figure 16 plots the FWP for different pool sizes. For a pool size of 4000 the FWP is about 0.06
and slightly larger than 0.057. For a pool size of around 15600, the FWP decreases to 0.0258.

36



Fraction matched

Fraction matched

Fraction matched

0,
100% ’_________________.7250_\
90% E
80% 3200 -
[
70% E1s04
________________________ oo
60% £ 100 -
50% © A=-1
A=-1 AN
40% 3 50 M -
30% +——————————————————————————— (e e e e e e e e e
QO O O O O O O O O O O © O O © QO O O O O O O O O O© © O O O
N7 AYT YT WY N Y N7 AN AT YT Y Y AY Y Y Y A AN AN WY
S SRS A S S AR GG LR A A N R 9T 07 AT @ 9 N Y (&
Arrival rate (m) per year Arrival rate (m) per year
-~ =G:1/m = =G:1/sqrt(m) =——P:1/m ——P:1/sqrt(m) - =G:1/m = =G:1/sqrt(m) ——P:1/m ——P:1/sqrt(m)
(a) Match rate (b) Waiting time
300 -
100% - —ar—r—a—ar
o C" - e wm em Em e e e e e e = = - %250 i
so% 2200 N\_
[
————————————————————————— E 150 A
60% - S
£ 100 -
© =
40% 1 A=0 2 50 N A=0
N~ oo
20% +—+——T T T T T T T T T T T T T T T T T T T T T T T T T O +——FTT—""" T T T T
O O O VO O O O O O O O O© O O O Q VO VO O O O O 9 9 O © © O O O
R S R I SR SR e St SRS R I R M S SR R A SR
Arrival rate (m) per year Arrival rate (m) per year
= = G:1/m = =G:1/sqrt(m) =——P:1/m ==P:1/sqrt(m) - =G:1/m = =G:1/sqrt(m) ——P:1/m ——P:1/sqrt(m)
(c) Match rate (d) Waiting time
300 ~
70% - — 250
65% - g 220 1
60% Z 200 A
5% F-=—=——--——=-—--—-——--—-—-—-—-—-—--=--=--- =
50% A -,30150 g
45% £ 100 -
- @ = .
40% A =133 2 50 - A=133
35% o
30% +—+—r—+—" T T T T T T T T T T T T T T T T T T T T T T [ e e e L S e M B e R B N
QO VO O O O O O O O © © © O O » QO 0O 0O O O OV O 9 O O O © O O O
PR P A @ P W R e T R M S SR R A SR o
Arrival rate (m) per year Arrival rate (m) per year
—~ = G:1/m == =G:1l/sqrt(m) ——P:1/m ——P:1/sqrt(m) - =G:1/m = =G:1/sqrt(m) ——P:1/m ——P:1/sqrt(m)
(e) Match rate (f) Waiting time

Figure 15: Comparison of greedy (G-M) and patient (P-M) policies for different arrival rates m in a
model with vanishing compatibility probabilities where p € {%, Tlm}7 qg=p,and X € {-0.5,0,1.33}.
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Figure 16: Average percentage of pairs without a compatible partner in a large artificially generated pool from the
combined data sets of NKR, APD, UNOS and Methodist at San Antonio.
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