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Abstract

We consider a one-sided matching problem where there are m items and n agents
who are partitioned into disjoint classes. Each class must receive fair treatment in a
desired matching. This model, recently proposed by Benabbou et al. [7] and Hosseini
et al. [16], captures a wide range of real-life scenarios, such as the allocation of public
housing and the allocation of medical resources across different ethnic groups and
different age groups, respectively. The main interest has been to achieve class envy-
free matchings, in which each class receives a total utility at least as large as the
maximum value of a matching they would achieve from the items matched to another
class. However, class envy-freeness is unattainable for worst case utilities without
allowing some items to remain unused. To analyze the existence of a class envy-
free matching in practice, we consider a distributional model, in which the agents’
utilities for the items are drawn from a probability distribution. Our main result
is the asymptotic existence of class envy-free and non-wasteful matchings when the
number of agents approaches infinity. To this end, we propose a round-robin style
algorithm and prove that it produces a desirable matching with high probability.

1 Introduction

One-sided matching is a fundamental problem both theoretically and practically. For in-
stance, in the allocation of tasks to workers, or social housing to residents, ensuring fairness
is of paramount importance. Consider the allocation of scarce medical resources to differ-
ent regions in a country. To gain public acceptance, the social planner must ensure a fair
distribution of the resources across various regional groups.

Recently, Benabbou et al. [7] and Hosseini et al. [16] proposed a model that captures
such scenarios. They adapted fairness notions from fair division literature into the one-sided
matching problem. In this model, there are m items and n agents forming k disjoint classes.
Each class evaluates a matching through assignment valuations, representing the value of a
class for the items allocated to another class. The optimum value of a matching between the
members of the class and the items determines this value. A central concept of fairness is
class envy-freeness, which requires that no class prefer being allocated to the items assigned
to another class.

It is possible to achieve envy-freeness among classes if all items can be discarded, although
such a matching would not be desirable at all. Unfortunately, a class envy-free matching
is not guaranteed to exist without wasting any items. For example, consider a case with
one item and two classes, each consisting of one agent who likes the single item. In any
nonempty matching, one class receives nothing whereas the other class receives one item.
This strong conflict between fairness and efficiency, however, does not necessarily imply that
achieving a non-wasteful! class envy-free matching is impossible in practice. Experimental
studies [7, 8] have demonstrated that an approximate notion of class envy-freeness can often
be achieved with minimal wastage.?

1We provide a formal definition of non-wastefulness in Section 2.
2See Appendix C of Benabbou et al. [8] for experiments using real-life instances and Section 5 of Benabbou
et al. [7] for experiments using random instances.



In the context of fair division, related studies have analyzed situations in which the
agents’ utilities for each item are drawn from a random distribution [12]. Although the
non-existence of an envy-free allocation also holds in this setting, the distributional model
allows us to analyze practical cases and ignore pathological inputs. Interestingly, a very
simple algorithm is likely to output a complete envy-free allocation for agents with additive
valuations. For instance, Manurangsi and Suksompong [29] demonstrated that the round-
robin algorithm, which lets each agent choose the favorite item in the order, computes an
envy-free allocation with high probability when agents have additive valuations.

Our contributions In this paper, we propose a distributional model in which each agent
has utilities drawn from a continuous probability distribution. Our main result is the asymp-
totic existence of class envy-free and non-wasteful matchings, subject to mild assumptions
on the number and the sizes of classes. To prove this, we adopt the round-robin algorithm
from fair division into our setting. Specifically, in each round, each class selects an item with
highest marginal utility among the remaining items to create a maximum weight matching
with one more edge. We demonstrate that this algorithm produces an envy-free non-wasteful
matching when the number of agents goes to infinity.

Although our algorithm behaves in a very similar manner to the round-robin algorithm
for the fair division problem with additive valuations, the non-additivity of classes’ valu-
ations presents significant differences in our analysis compared with that for the additive
setting [29] and poses technical challenges. To be more concrete, for additive valuations,
the envy between any pair of agents based on the output of the round-robin algorithm can
be decomposed into per-round envies, which represent the differences between the values
of each agent ¢ for the item they received and that by another agent in each round. How-
ever, obtaining such a decomposition is challenging for assignment valuations, owing to the
combinatorial structure of the matchings.

To address these challenges, our proof crucially utilizes the techniques from the random
assignment theory [2, 9, 14, 37, 40]. The random assignment theory employs a bipartite
graph with random edge weights, primarily focusing on analyzing the expected value of
a minimum weight perfect matching, essentially equivalent to a maximum weight perfect
matching. In Section 3.1, rather than examining an individual pair of items allocated to two
classes p and ¢ in each round, we present the investigation of the marginal utility that each
class p enjoys in each round. This approach allows us to analyze the expected value of the
items allocated to class p. In addition, we evaluate the expected value of the items allocated
to another class ¢ from the viewpoint of p using a randomly selected bundle of the class
p’s size. In Section 3.2 discusses the concentration of probability around these expected
values. Finally, in Section 3.3, we combine these results to establish our main theorem. See
Appendix A for a more extensive discussion about the further related work.

2 Model

In this paper, we use [k] to denote the set {1,2,...,k}. Let I = [m] be the set of items
and N = [n] be the set of agents. We call a subset of I a bundle. The set of agents N
is partitioned into k classes, N1, Na, ..., N, where N, denotes the set of agents with class
p and n, = |N,| denotes the number of agents in the class p. We arrange k classes so
that ny < ng < --- < ng. We refer to N, as class p. Each agent i € N possesses utility
u; () € [0,1] for every item j € I, where we assume that u;(j) is drawn from distribution D
on [0,1], with some assumptions of the distribution presented in Section 2.1.

Consider a bipartite graph G = (N U1, E), where {i,j} € E if and only if u;(j) > 0 for
every pair of : € N and j € I. A matching M of G is a set of edges such that each vertex



appears in at most one edge of M. Given a matching M, we denote by MP the submatching
of M, the edges of which have endpoints in N,. For § C N, let M(S) be the set of items
assigned to S by matching M. We write (M (Ny), M(N3), ..., M(Ny)) as the allocation to
k classes induced by matching M, where M(N,) is a bundle allocated to class p € [k]. Let
M(N) C I denote the set of items allocated to some agent and Iy = I \ M(N) denote the
set of unallocated items.

We assume that each class evaluates a bundle allocated to another class with an assign-
ment valuation [7]. Its definition is as follows:

Definition 1 (Assignment valuation). The assignment valuation v,(I') for class p to a
bundle I’ C T is the maximum total weight of matching of items in I’ to the agents in N,,.
Namely, v, (I") = maxare m(n,,1) 2o jyem WilJ), where M(Np, I') denotes the whole set of
matchings between N, and I’ in G.

It is worth noting that the value v,(I") for bundle I’ C I is at most the size n, of each
class p € [k], since each utility u;(j) is at most 1 for all i € N and j € I. Each value
vp(I") can be computed in polynomial time since, given a bipartite graph and edge weights,
a maximum weight matching can be computed in polynomial time [26].

Next, we define the notion of class envy-freeness, which demands the total utility each
class achieves to be higher or equal to the class p’s assignment valuation for the items
allocated to every other class q.

Definition 2 (Class envy-freeness). Let M be a matching in the bipartite graph G =
(NUI, E). We say that class p envies class ¢ if 3, iy epm wi(J) < vp(M(N,)). A matching
M is class envy-free if no class envies another class, i.e., 3 r; e wif) = vp(M(Ng)) for
every pair p, ¢ € [k] of distinct classes.

If we allow each class to optimally shuffle items within the members of the class, then
the class would choose a maximum weight matching between the members of the class and
their bundle. In the round-robin algorithm which we will consider in Section 3, we allow
shuffling and therefore the class envy-freeness requirement is equivalent to the definition
above where we replace the left-hand side } ¢, iy cppp wi(f) With vp(M(Np)).

We define below non-wastefulness, which requires that there is no waste of an item j such

that (a) j is an unallocated item that can increase the total utility of some class p or (b) j can
be reallocated from class ¢ to class p to increase the total utility of class p without hurting
class ¢q. For a bundle I' C I, class p € [k], and an item j € I, we define the marginal utility
Ay(I'3) as Ap(I'; ) = vp(I' U{}) — vp(I') i j € I\ I' and Ay(I's j) = vp(I') = vp(I'\ {3})
ifjel.
Definition 3 (Non-wastefulness). An item j € I is said to be wasted for a matching M if
either (a) j ¢ M(N) such that A,(M(N,);7) > 0 for some class p, or (b) there exists class
g such that j € M(N,) and A,(M(N,);j) = 0 but A,(M(N,);7) > 0 for some class p. A
matching is non-wasteful if no item is wasted.

The above definition of non-wastefulness is the same as the definition of non-wastefulness
by Benabbou et al. [7] and stronger than that by Hosseini et al. [16], who define a non-
wasteful matching to be a maximal matching.

As is observed in Hosseini et al. [16], unfortunately, a class envy-free matching that is non-
wasteful may not exist. Note that the asymptotic existence of a “complete” class envy-free
matching where each agent is matched to exactly one item readily follows from the result in
the house allocation problem [15, 29], though such a matching may be wasteful. We discuss
details in Appendix B.1. In Section 3, we demonstrate that under mild conditions, we can
in fact obtain the asymptotic existence of a matching that satisfies both class envy-freeness
and non-wastefulness.



2.1 Distributions

For each agent ¢ € N and item j € I, we assume that the utility w;(j) is independently
drawn from a given distribution D supported on [0, 1]. We assume that all the agents have
the same distribution. We denote the density function of D by fp and the cumulative
distribution function of D by Fp. A distribution is said to be non-atomic if it does not
put positive probability on any single point. Throughout this paper, we assume that a
distribution D is non-atomic. We define that a distribution D with density function fp is
(o, B)-PDF-bounded for constants 0 < a < 8, if o < fp(x) < S for all z € [0,1]. We say that
D is PDF-bounded if it is («, 8)-PDF-bounded for some o, 8 > 0. If « = 8 = 1, then D is
the uniform distribution over [0, 1] since fp(x) =1 for all z € [0, 1]. The PDF-boundedness
assumption was originally introduced by Manurangsi and Suksompong [29] in the context
of fair division as a natural class of distributions, such as a truncated normal distribution
is PDF-bounded. Bai and Golz [5] also assumed this condition to prove the asymptotic
existence of an envy-free allocation in the asymmetric model. We denote by Unif(0, 1) (resp.,
Exp(\) and Bin(n,p)) the uniform distribution on [0,1] (resp., the exponential distribution
with rate A on [0,00) and the binomial distribution with parameter n and p). We say that
an event occurs almost surely if the event occurs with probability 1. We here introduce the
Talagrand’s inequality, which will be used in the proof of Theorem 1.3

Lemma 1 (Talagrand’s inequality). Let F be a family of d-tuples of non-negative real num-
bers w = (w1, ws, ...,wq) and X1, Xa, ..., Xq be an independent sequence of random variables

on [0,1]. In addition, let Z = minwe}-Z?:l wiX;, 0 = maxyer |w|2 and € > 0 be a
constant, then we obtain

Pr[|Z - E[Z]| > €] < 4exp (—45022) :

3 Asymptotic Existence of Non-wasteful Class Envy-
free Matchings

In this section, we show the asymptotic existence of class envy-free and non-wasteful match-
ings between agents and items. We say that an event happens with high probability if the
event’s probability converges to 1 as n — oo. Our main result is as follows:

Theorem 1. Suppose that the distribution D is (a, §)-PDF-bounded and that the following
conditions hold:

(a) the number k of classes is a constant satisfying k > %,
(b) the number m of items is sufficiently large such that k - max,epy(n, +1) <m,

(c) the sizes of the classes are almost proportional to the total population; more precisely,
there exists a constant ¢ > 0 such that n < ¢ (min,n,)>/? - (log min, n,) %2,

Then, the round-robin algorithm, presented as Algorithm 1, produces a class envy-free and
non-wasteful matching exists with high probability.

3The original Talagrand’s inequality [37] is proven as the stochastic concentration around the median of
Z, where the median v of a random variable X distributed according to a density function f is a real number
satisfying f(_oo V] f(x)dz > 1/2 and f[u o) f(z)dz > 1/2. Nevertheless, it is known that the concentration

inequality around the median with Gaussian upper bound implies that for the mean and vice versa. See [11]
or Exercise 2.14 in [38] for details.



Note that the condition k > % in (a) is very mild for some distributions, e.g. for
uniform distributions, it is equivalent to k£ > 1 since « = 8 = 1. A perhaps more intuitive
but stronger condition of (c) is the case where the total number of agents is within a constant
factor of the size of every class, i.e., n = C - min,n, where C' > 1 is a constant. This is
relevant in scenarios when the sizes of the classes under consideration are proportional to
the total population size, e.g. classes may correspond to gender groups, ethnic groups, and
groups of people with the same political interest.

Here, we refer to each iteration of the while loop (Lines 2-12) in Algorithm 1 as a round.
As explained in Section 1, in each round r, each class selects its most preferred item j?,
which has the highest marginal utility to the current bundle M (N,) (Line 5) and updates
its matching to create a new maximum weight matching M? with one more edge (Line 6).
In our model, the edge weights are drawn from a non-atomic distribution independently. So,
no pair of distinct matchings with size r have the same total weight almost surely.* Hence,
the item j? as well as the maximum weight matching M? for each class p can be uniquely
determined in every round 7.

In the sequel, let M be the matching produced by Algorithm 1 and M,. be the matching
at the end of round r in the algorithm. We denote the set of remaining items just before
class p selects an item in round r by I? = I\ (M, (N1 U--- U Np_1) UM, _1 (N, U--- U Ny)).
Let mP = |IP|.

Algorithm 1 Round-robin algorithm for classes with assignment valuations
Input: (N = Np U--+UDNg, I, {ui(j)}ie]v,jej)
Output: M
1: Set M < 0, Iy + I and r + 1.
2: while there is a remaining item for which some class p has positive marginal utility,
ie., In# 0 and 35 € Iy Ip € [k] Ap(M(N,);j) >0 do
forp=1,2,....k do
if there is j € Iy such that A,(M(N,);4) > 0 then
7« argmax Ay (M(Ny); 7).
MP <+ the maximum weight matching between N, and M (N,) U {j*}.
M « (M \ MP)U MP.
Io + Io\ {4}
end if
10: end for
11:  r+r+1.
12: end while
13: return M.

© % N>k

As mentioned before, we allow each class to optimally shuffle items within the members
of the class in each round and so the class selects a maximum weight matching between the
members of the class and the items allocated to them. Thus, the total utility 3 ¢; 1 ¢ pre ui(J)
that class p receives under Algorithm 1 is v, (M (Np)).

To begin with, we show that the output of Algorithm 1 is non-wasteful.

Lemma 2. The resulting matching M of Algorithm 1 is non-wasteful.

Proof. Tt is immediate that the resulting matching satisfies the condition (a) in Definition 3
by construction of the algorithm. To show that M satisfies the condition (b) in Definition 3,
we prove a stronger statement that no class is allocated to an item whose removal does
not change their total utility. We use the fact that for assignment valuations, the greedy

4This is from a similar proof of the isolation lemma [31]. See Appendix D for details.



algorithm that sequentially adds an item with the highest marginal utility and constructs a
size-r subset is guaranteed to compute an optimal set of items that maximizes the valuation
across all size-r subsets (See Theorem 17.2 in [33]). This implies that for each round r and
each class p,

MP

T

(Np) € argmax{uv,(I') | [I'| =r A I' C M7 (Np) UIT}. (1)

Suppose towards a contradiction that there exists class p and item j € M(NV,) such that
A,(M(Np);5) = 0. Thus, v,(M(Ny) \ {5}) = vp(M(N,)). Since each item j¥ added to the
bundle of class p has a positive contribution, we have

vp(M(Np)) > vp(Mr-—1(Np)),

where r* denotes the last round when class p obtains some item. However, this implies
vp(M(Np) \ {7}) > vp(M+_1(Np)), which contradicts (1) as M(N,) \ {j} has the same
cardinality as M,-_1(V,) and yields a higher value for class p. O

It thus suffices to prove that a matching produced by Algorithm 1 is class envy-free with
high probability. Throughout this section, we fix any two classes p and q.

In Section 3.1, we show Lemma 3 which presents a lower bound on the expected difference
value between v, (M (N,)) and v, (M (N,)). Lemma 3 is proved from Claims 1 and 2. To this
end, we use techniques from the random assignment theory, which analyzes the expected
value of a maximum weight perfect matching given random edge weights. We evaluate the
expected total weight of a maximum weight perfect matching by using a technique developed
in [13, 14, 40]. Specifically, we add a special vertex whose incident edges are weighted by an
exponential distribution. By adding a special vertex, we can estimate the difference between
the expected values each class achieves in two consecutive rounds.

In Section 3.2, to achieve a probabilistic concentration around the expected value of the
maximum weight matching for class p, we demonstrate that both the weights of the edges
in the matching MP and the weights of the edges in the maximum weight matching between
N, and M(N,) are sufficiently heavy. This is formalized in Lemma 4 and follows from the
fact that a bipartite graph with only heavy edges satisfies the property of the expanding
bipartite graph.

In Section 3.3, we combine Lemmas 3 and 4, we prove that the probability that class p
itself envies another class ¢ is bounded from above by using Talagrand’s inequality. Finally,
we show that the probability that at least one class has envy converges to 0 as the number
of agents n approaches infinity, thereby establishing the asymptotic existence of a class
envy-free and non-wasteful matching.

It is worth noting that the deterministic behavior of the round-robin algorithm exhibits
some important differences between the additive and our settings. For additive valuations,
if an agent ¢ is ahead of another agent i’ in the round-robin order, 7 does not envy ¢’ in the
resulting outcome. However, a similar property does not hold in our setting with assignment
valuations, since the greedy strategy does not necessarily produce an optimal matching. Due
to this, unlike the additive setting, our round-robin algorithm may not produce a matching
that satisfies EF1, an approximate notion of envy-freeness [10]. See Appendix C for details.

Notations and definitions Here we introduce additional notations and definitions. An
alternating path P (respectively, a cycle C) of a matching M’ in a bipartite graph H is
a path (respectively, a cycle) in H where for every pair of consecutive edges on P, one of
them is in M’ and another one is not in M’. An augmenting path P of a matching M’ in a
bipartite graph H is an alternating path where no edge from M’ is incident to the first or
the last vertex of P. We say that a vertex is saturated by a matching if it is an endpoint of



one of the edges in the matching. We call a matching saturated if all the vertices on one side
are saturated. For a bipartite graph H and each vertex 4 that appears in a matching M’ of
H (namely {i,j} € M’ for some j), we denote by M’ (i) the vertex matched to ¢ under M.

3.1 Difference between two expected values

To establish the asymptotic existence of a class envy-free and non-wasteful matching, it
is necessary to understand how likely each class may envy another class in expectation.
Lemma 3 provides a lower bound on the expected envy under matching M, expressed as
the ratio between the class sizes. In this section, we present the proof of Lemma 3.

Lemma 3. Suppose that D is («, )-PDF-bounded and k - max,ex)(ny + 1) < m. Then we
have

Bl (M) ~ Bl (M (V)] > my = i) + (5 = o) 2meete) o),

Let us explain Lemma 3. Here, from the condition (a) in Theorem 1: k > %, we obtain

a/B —1/ak > 0. Therefore, when n, > n,, Lemma 3 implies that there exists a positive
constant ¢ > 0 such that E[v,(M (N,))] —E[v,(M(N,))] > c—o(1). Note that when n, > ng,
then we obtain an even stronger lower bound ¢ > 1 since n, — min(n,,n,) > 1. On the
other hand, when n, < ng, according to Lemma 3, we have E[v,(M (N,))] —E[v,(M(Ny))] >
(/B —1/ak)n,/ng — o(1) where the lower bound depends on n, and n,.

To prove Lemma 3, we analyze the expected values of v,(M(N,)) and v, (M (Ny)) sep-
arately. Let us note here the difficulty in calculating the exact expectations of v,(M(N,))
or v,(M(Ny)) exactly. The exact calculations of the expected minimum total weight of
matchings have been studied in the random assignment theory. Typically, these models
assume that the weight of each edge is drawn from the exponential distribution. Assuming
the exponential distribution, we can compute the expected minimum total weight exactly,
as the distribution is memoryless, that is, the past process does not influence the future
behavior. However, in this study, we assume the PDF-bounded distributions that do not
have the memorylessness property. Nevertheless, we can show that, just like the fact shown
by Aldous [2] that the uniform and the exponential distributions asymptotically behave in
the same way, the PDF-bounded distributions also asymptotically exhibit these same be-
haviors. Therefore, we can learn about the asymptotic behavior of the difference between
the expected values of v,(M(N,)) and v,(M(N,)) and derive the inequality in Lemma 3.

Lower bound on v,(M(N,)):  Our goal here is to show the lower bound on the expected
value of v,(M(Np)), as described in Claim 1.

Claim 1. Under the same conditions as in Lemma 3, we have

Il 1
Elvp(M(Np))] 2 1p — — > - > P
r=1 /=1 T

The formal proof of Claim 1 is deferred to Appendix E.1. Here we outline a
brief sketch of the proof. Recall that, in each round r, class p selects an item j? =
argmax; ¢ v, (Mr—1(N,) U {j}) and updates their matching from M? ;| to MP, which is
the maximum weight matching between N, and M,_1(N,) U {j?}. Moreover, since all
edge weights are positive almost surely and we assume m > n, the size of the match-
ing M? is n,, and the size of the bundle M(N,) is also n,. By linearity of expectation,
we can decompose E[v,(M(N,))] into the expected difference piled in each round, i.e.,
Elvp(My(Np))] — Efvp(My—1(Np))]-



To analyze the expected difference between v, (M, (N,)) and v,(M,_1(Np)), we analyze
an augmenting path that has been used to update matchings. Our approach is inspired by
an idea of Wastlund [40]. Specifically, we add a special vertex 7 to I and edges from j to
all n,, vertices in N,. We assume that these edge weights are drawn independently from
the distribution over (—oo, 1] whose density function is given by f(x) = Ae™*(1=%). This
probability distribution is the reversed exponential distribution, which is a reflection of the
exponential distribution over the line z = 1/2. Also, we add edges from J to vertices in
N\ N, whose weights are —0co. As A — 0, the maximum weight matching in this bipartite
graph converges to the maximum weight matching in the original bipartite graph since
f(z) = Xe M=% 5 50 as A — 0 and any edges connected to j does not participate in the
maximum weight matching. Let M denote the matching which is produced by the round-
robin algorithm when the input items are I U {j}. Let M, denote the matching, computed
by the algorithm, at the time of the end of the round r for the modified instance. Also, for
the modified instance, let ff denote the remaining items just before class p selects a new
item in round r and let j'f denote an item selected by class p in round 7.

For the proof of Claim 1, we consider the probability that the added item j is selected
by class p until round r ends. We consider the following two steps.

In the first step, we show that, under the same conditions as in Lemma 3, the expected
difference is equivalent to one minus the probability that class p has selected item ; until
round 7 ends, namely, j belongs to the bundle MT(NP). This is formalized as follows:

Eluy (M, (Np)] — Elup(M, 1(N,))] = 1 — - lim Pr(j € N1 (N)]. (2)

The proof of the equation (1) above is similar to the proof given by Wéstlund [40].
In the second step, we show the upper bound on the probability that j is selected by
class p until round r ends. That is, for » = 1,2, ..., np,

1 . R "1 1
. - . < e ——
)l\lg}) /\Pr[j S MT(NP)] < T?_l o mf, 1

(3)

We have m?, +1 = \ff,| To prove the inequality (2), we consider an augmenting path of
the matching M, _; on the modified bipartite graph between NV, and Mr_l(Np) U fﬁ. More
precisely, we condition j ¢ M,_1(N,) and consider an augmenting path of the matching
M,_i: P= (g eoey ia,jf) as Figure 1. By considering the conditioned distribution and the
nesting lemma by Buck et al. [9], we obtain a bound on the probability that j is the item
selected by class p in round r (that is, j? = j).

Finally, combining (1) and (2), we obtain an inequality about the increment of the
expected valuation. Summing the inequalities from r» =1 to r = n,,, we establish Claim 1.

Upper bound on v,(M(Ny)): Next, we examine the upper bound on the expected
value v, (M (Ny)) of class p for ¢’s bundle under matching M. Note that unlike the additive
setting, class p may envy class ¢ even when class p selects an item before ¢ in every round;
see an example in Appendix C.1.

A natural way to obtain the upper bound is to estimate the expected value E[v, (M (N,))]
directly. However, it is difficult to do this since the bundle M (N,) is determined after the
round-robin algorithm terminates and the edge weights on the bipartite graph between
N, and M(N,) are conditioned. Instead, we analyze v,(I,) where I, is a bundle of size
ng, which is selected uniformly at random from I; recall that all edges weights between
N, and I,, are drawn independently from the distribution D. In Appendix E.2, we prove
Elv,(M(Ny))] < E[v,(1,,)], which yields Claim 2 below.
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Figure 1: A new edge which is selected by an augmenting path.

Claim 2. Under the same conditions in Lemma 3, we have

min(np,ng)

. « 1 1

Blep(M(N)] < min(p,na) = 3 51 =o0) 5 3 iy
The formal proof of Claim 2 is given in Appendix E.2. The upper bound on E[v,(I,)] is
calculated in a similar manner to the technique which we used to show the lower bound on

E[v,(M(Np))]. Finally, from Claims 1 and 2, we can prove Lemma 3 shown in Appendix E.3.

3.2 No light edges in maximum weight matchings

To prove Theorem 1, we need not only to investigate the expected envies among classes but
also to show that the variance around the expected values of v,(N,) and v,(N,) is small.
As defined in Section 3.1, we define I, to be a bundle of size n,, which is selected uniformly
at random from I. Our goal in this section is to prove Lemma 4 described below. In (a)
of Lemma 4, we claim that the weights of edges in the matching MP? are sufficiently heavy,
which will be used in Section 3.3 to obtain a stochastic concentration for v,(M(Np)). In
(b) and (c) of Lemma 4, we provide lower bounds on the weights of edges in the maximum
weight matchings between N, and M (NNy), and between N, and I,,.

Lemma 4 (No light edge lemma). Suppose that distributions are (o, §)-PDF-bounded. With
high probability, we have the followings:

(a) No edge of weight at most 1 — cp(logn$)2
a constant.

appears in the matching MP. Here cp, > 0 is

. 2
(b) No edge of weight at most l—cq% appears in a mazimum weight matching

in the bipartite subgraph of G induced by N, and M(Ny) with edge weights u;(j) for
i€ Np and j € M(N,). Here cq > 0 are sufficiently large constant.



1 i 2 . . . .
Qogmin(nyng))” nneqrs in a mazimum weight matching
min(np,ng)

in the complete bipartite graph between N, and I,, with edge weights drawn from D
independently. Here ¢, > 0 is a constant.

(¢) No edge of weight at most 1—c¢,

To show Lemma 4, we employ an approach inspired by a technique for expanding bi-
partite graphs in the random assignment theory [13, 14, 37]. Especially, the process to
obtain a stochastic concentration resembles the argument by Frieze and Johansson [14] and
Talagrand [37]. Specifically, we consider a bipartite graph restricted to the “heavy” edges
and analyze the edge weights of a maximum weight matching in the original bipartite graph
by considering an alternating cycle of a maximum weight matching in the bipartite graph
restricted to the heavy edges and bounding its length. Now, we define the notions of a
0-expanding bipartite graph and a heavy 0-expanding bipartite graph. The definition of an
expanding bipartite graph is similar to the definition given by Talagrand [37].

Let us explain some additional notations which we use in this section. Consider a
bipartite graph H = (L U R, Ep) with left vertices L and right vertices R. For a bipartite
graph H and S C L, we denote the neighborhood of S in H by T'g(S) C R, i.e., T'y(S) =
{j e R|{i,j} € Ey for some i € S}.

Definition 4 (f-expanding bipartite graph). Consider a bipartite graph H = (LU R, Ep)
with left vertices L and right vertices R. Suppose that |L| > |R|. A bipartite graph H is
0-expanding for a constant 6 > 1 if

e for every S C L such that |S] < |2£|, T (S)| > min (9\S|, @),

o for every S C L such that 8 < |S|, |R| = |Tu(S)] < 3(|IR| - |S]).

It is known that a f-expanding bipartite graph admits an alternating cycle of bounded
length [37] in the balanced case (|L| = |R|). Note that we define expanding bipartite graph
even in the unbalanced case (|L| > |R|). This is described in Lemma 5 whose proof is
presented in Appendix F.1. Here, we denote by O, big O notation with respect to the
parameter a.

Lemma 5. Consider the complete bipartite graph H* with left vertices L and right vertices
R with |L| > |R| = a and its saturated matching M'. Suppose that H = (L U R, Eyy) is
a 0-expanding subgraph of H* for some constant @ > 1. Then, for any vertex i € L that
participates in M', there exists an alternating cycle C of length £ = O,(loga) in H* such
that C includes i, uses an edge in H when it goes from a left vertex to a right verter, and
uses an edge in M’ when it goes from a right vertex to a left vertex.

Next, we turn our attention to the edge weights in a bipartite graph. We denote the
weight of edge {4, 7} by w(i,7) here. Consider a bipartite graph H* with left vertices L and
right vertices R with |L| > |R| = a and with edge weights w where w(i, j) € (0, 1] for every
edge {i,7}. We say that H* is heavy 6-expanding if the bipartite subgraph H = (LUR, Ey)
where {i,j} € Fy if and only if w(i,j) = 1 — O,(a"!loga) is f-expanding.

Then, from Lemma 5, we can obtain a bound on the weights of edges in a maximum
weight matching of a heavy #-expanding bipartite graph as the following lemma:

Lemma 6. Let H* be a heavy 0-expanding complete bipartite graph with left vertices L
and right vertices R with |L| > |R| = a and with edge weights w where w(i,j) € (0,1] for
every edge {i,j}. Then, the weights of all edges in a maximum weight matching in H* are

1 -0, (tee)

From Lemma 6, to prove Lemma 4, it suffices to show that the bipartite graphs between
N, and M(N,), between N, and M(N,), and between N, and I, are heavy 2-expanding
with high probability. We provide the full proof of Lemma 4 in Appendix F.3.
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3.3 Proof of Theorem 1

In this section, we show Theorem 1. We bound from above the probability that class p envies
class q. From the results in Section 3.2, we can show the the stochastic concentration for
the value of maximum weight matchings around its expectation from Talagrand’s inequality.
This technique is similar to the one in Frieze and Johansson [14].

First, we consider the stochastic concentration for the value of the maximum weight
matching MP. On the complete bipartite graph between agents in N, and items in
M(N,), there are n,! perfect matchings. Given w € {071}"27 we denote by M, the set
of edges between N, and M (N,) where {i,j} € M, if and only if w; ; = 1. We define
F = {w € {0, 1}”2 | M, is a perfect matching between N, and M(N,)}. Let a random
variable X; ; = 1 — w;(j) and thus we have

(MM = | max ))(gejMuim - %}M ui(j) = oy %}M X
7,] 2,7 w 2% w

(Recall that M(N,, M(N,)) corresponds to the set of perfect matchings between N, and
M(N,).) Let € > 0 be a constant. Then, we obtain

Pr [[u,(M(Np)) — Elv,(M(Np))]| = e] = Pr[|X¥ — E[X]| > €], (4)

where X' = minger > y; jyenr, Xij- By (a) in Lemma 4, if {i,j} € MP =
ArgMaX e M (N, M(N,)) 2{i,jrem Wi(J), then u;(j) =1 —¢; - (log np)?/n, with high proba-
bility. So, with high probability, we have X; ; =1 —u;(j) < ¢, M

Let Y, ; = X; ;- W Then we get Y; ; < 1 with high probablhty Let F' be the
set of vectors obtained by multiplying the vectors in F with cp(lognin”). Then, we get

) ) log n.,)?2
min E X, j = min E pr Y; ; = min E Y;
weF ’ weF Np w e]—"
(i,5) €M, (,5) €M, (1,5)EM 0

where M, is a matching whose edges are given by {7,j} with wj; > 0. So, we can
2

set 02 in the Talagrand’s inequality as 02 = maxycr |||} = maxyer S0 w2 =
1 22 log np)* , . .
max,er My (cp%) = ci%. Note that Y;; (i € Np,j € M(N,)) are not in-

dependent but conditional independent with conditioning M (N,), since the distributions
of the weights of edges between N and M are all independent. Thus, from Lemma 1, we
achieve

2
Pr(y —E[] > ¢ | M(N,)] < 4dexp (_462(5107;1;1)4> |
ig P

where Y = min,,/cx Z{i.j}eM ,Y; ;. By taking the expected values of the left-hand and
right-hand sides in terms of the set M (N,) of items matched to class p, we obtain

Pr(ly —E[V]| > ¢] = Exy,) [Pr IV —EV]| > ¢ | M(V,)]] < dexp <_4(lgn))

and, from (4), we have the following inequality:

Pr (M (V) ~ Blap (M (V)] > o < dexp (— et ). )

11



Second, we consider the stochastic concentration for the value of the maximum weight
matching between N, and M(N,). Given w, € {0,1}"» "1, we denote by M,,, the set of
edges between N, and M (N,) where {7,j} € M,, if and only if w, takes value 1 at {7,7}.
Similar to F, we define F, to be the set of vectors wy € {0,1}"»™ where M,,, is a saturated
matching between N,, and M (N,). Then, similarly to the discussion on v,(M(N,)), we have

Pr [Ju,(M(Ny)) = E[vp(M(Ng))]| = e] = Pr[|X, — E[X,]| > ],
where X, = min,, cr, Z{i,j}eMw X ;. Here, ¢ is a constant. From (b) in Lemma 4, for
an edge {, j} which appears in the maximum weight matching between N, and M (N,), we
. 2
have u;(j) > 1 — ¢, (oSmptena)
we obtain the following inequality:

with high probability. By the same argument as above,

2

Pr ap(M(Vy) ~ Elop(MN]| > ] < dexp (—pm 2metel ) - g

Finally, we bound the probability that class p envies class ¢q. Let D,, =

np — min(ny, ng) + <% - ﬁ) %:nq) — o(1). Then, from Lemma 3, Efv,(M(N,))] —
Elv,(M(Ny))] > D, 4. Also, if class p envies class ¢, then v,(M(N,)) < Efv,(M(Np))] —

1D, 4, or v,(M(Ny)) > Elv,(M(N,))] + 2D, 4. Hence, from (5) and (6), we obtain
Pr [v,(M(Ny)) < vp(M(Ng))]
1

< Pr 0, (M(N,)) < Bl (N)] = 5Dy | + Pr |1, (0(N) > Bluy (M) + 5Dy

D2 n D2 min(ny,n,)
< 4 _ p,q P 4 _ p,q p>""q
= 2o ( 16¢,(log np)4> +Sexp < 16¢4(log min(ny, ng))* )’

Here, we summarize the constant part using constants c; and c;. In the case of n, < ng,
from D, 4, = (a/B — 1/ak)n,/ng — o(1), we have

Pr[Cl s class q] < dexp [~ — "2 toxp =T
r [Class p envies class ¢] < 4exp CPW + 4exp cqm .
From the condition (c) in Theorem 1, the following statement (c’) holds:
(¢) max(ny,ng) =ng <c- 7’Lg/2(lognp)_5/2

for some constant ¢ > 0. See Appendix G.1 for the details. Then we have

) min(c),, ¢ )
Pr [Class p envies class g| < 8exp ( —————— logn,
c

and the probability that class p envies class g converges to 0 as n, — oo. In the case of
ny > ng, from Dy, o =1 —o(1), we have

Pr [Class p envies class q] < 4exp (_C;ﬂ()glvzjwi> +4dexp <_c;(lorg;q)4> ,
which approaches 0 as n, — oo and n, — co. From the condition (c¢) in Theorem 1, the
following statement (d) holds (See Appendix G.1 for the details):
(d) np — 0o and ng — 00 as N — 0.

Therefore, we obtain that the probability that class p envies class g approaches 0 as
n — oo for all p,q € [k]. Moreover, since k is just a constant, we can show that the
probability that the matching M is not class envy-free approaches 0 as n — oo using the
union bound over ,Cy pairs of classes. This completes the proof of Theorem 1.
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A Further Related Work

Fair division Our work is closely related to the growing literature on asymptotic fair
division [3, 5, 6, 12, 19, 27, 28, 29, 36]. Dickerson et al. [12] initiated the study of asymp-
totic fair division. They showed that a welfare maximizing algorithm produces an envy-free
allocation with high probability when the number of agents n and the number of items m
satisfy m = Q(nlogn). They assumed that valuations are additive and drawn from a dis-
tribution with positive variances. Following their work, Manurangsi and Suksompong [28]
proved that, with high probability, an envy-free allocation exists among agents with addi-
tive valuations, assuming that utilities are drawn from a polynomial-bounded distribution
when m is divisible by n. However, they also showed that there is no envy-free allocation
with high probability when m = O(nlogn/loglogn) under a polynomial-bounded distri-
bution. Moreover, Manurangsi and Suksompong [29] showed that under the assumption
that distributions are PDF-bounded, an envy-free allocation exists with high probability
when agents have additive valuations and m = Q(nlogn/loglogn). Here, a PDF-bounded
distribution is polynomial-bounded, and a polynomial-bounded distribution with a positive
variance. Several papers have studied the asymptotic existence of allocations that satisfy
other fairness notions, such as proportionality [36] or a maximin share guarantee [3, 19].

Manurangsi and Suksompong [27] studied the asymptotic existence of an allocation that
satisfies a group fairness criterion. The main difference between their setting and ours is that
in their model, the agents within each group share the items allocated to that group, i.e.,
the utility of an agent is determined by the sum of the total utilities of the items allocated
to their group. A group fairness notion requires that each agent within a group finds the
bundle allocated to their group at least as valuable as a bundle allocated to every other
group.

In the one-to-one house assignment problem, Gan et al. [15] studied the asymptotic
existence of an envy-free assignment. They demonstrated that an envy-free assignment
exists with high probability when the agents’ preferences are drawn uniformly at random and
m = Q(nlogn). Furthermore, Manurangsi and Suksompong [29] showed that, if m/n > e+4e¢
where e is Napier’s constant and € > 0 is any constant, an envy-free assignment can be found
with high probability. Conversely, if m/n < e — ¢, there is no envy-free assignment with
high probability. In the house assignment problem, the cardinal model is equivalent to the
ordinal setting because agents must compare only individual items. However, in our setting,
classes must compare bundles of items.

Our problem can be formulated as a fair division problem with assignment valuations,
which may violate the additive assumption prevalent in literature. Specifically, each class
is represented by a “meta” agent, and the meta agent’s valuation for each set of items is
determined by the maximum total weight of an optimal matching between the class mem-
bers and the items in a given bipartite graph. An assignment valuation is also known as
an OXS valuation which is an important subclass of gross substitutes valuations [22, 23]
and submodular valuations. A binary assignment valuation, the underlying bipartite graph
of which has binary edge weights, is a matroid rank function of a transversal matroid. An
assignment valuation is a generalization of additive valuations. That is, given an arbitrary
additive valuation v for m items, an equivalent assignment valuation can be created by rep-
resenting each agent ¢ with a class ¢ with m copies of agents, with every copy having the same
edge weight v;(j) towards each item j. However, the same construction cannot be used to
represent the distributional model for additive valuations using assignment valuations. It is
known that when agents have binary assignment valuations and more generally submodular
valuations with dichotomous marginals, an allocation satisfying the approximate fairness
notion of envy-freeness, known as EF1, and non-wastefulness exists and can be computed
in polynomial time [4, 7, 8]. In fact, EF1 is compatible with a stronger efficiency notion of
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utilitarian-optimality in the binary assignment setting. However, it remains an open ques-
tion whether the same compatibility between EF1 and non-wastefulness holds for general
assignment valuations. For further discussion, see Section 5 of Benabbou et al. [8]. There
are several group fairness notion other than assignment valuation [20, 27, 30, 34]. Almost
all of these study the case in which each group has an additive valuation.

Compared with previous studies on asymptotic fair division that assume additive val-
uations, our setting is inherently non-additive, rendering previous results and techniques
inapplicable.

Random assignment We briefly review the literature on the theory of random assign-
ments [1, 2, 13, 14, 24, 32, 39, 41, 42]. The theory of random assignments deals with a
bipartite graph with random edge weights, and the main focus has been on the analyzing
the expected minimum total weight of a matching. More specifically, let C,, ,, » be the min-
imum total weight of the matching with r edges in a bipartite graph with n and m vertices
on each side when edge weights are independently assigned from the exponential distribu-
tion with rate 1. Here, we assume that n < m. When n = m = r, Walkup [39] showed
that the expected value is bounded above when n goes to infinity. Following numerous pa-
pers on experimental results and improved bounds (see the introduction in [41] for details),
Karp [18] improved the upper bound and showed that the expected value is smaller than 2
for any n. Aldous [1, 2] showed that E[C), ] converges to %2 as n goes to infinity. For a
more general combination of n,m, and r, Linusson and Wastlund [24] and Nair et al. [32]
obtained a concrete formula for the expected minimum total weight of a matching given by
ElChmy]l =301+ ;;E ﬁ Wastlund [41] provided a concise and elegant proof for this
result, by analyzing the expected difference between the minimum weight of matching with
r edges and that with  — 1 edges and showing that E[Cy, y r] —E[Cp mr—1] = % Zg;é %_J
Frieze and Johansson [14] and Frieze [13] explored a similar approach for random bipartite
graphs and non-bipartite graphs, and Wéstlund [42] and Larsson [21] extended the result
in [41] to more general distributions in some pseudo-dimension.

Throughout the paper, we show that the techniques from the random assignment theory

can be usefully exported to our problem.

B Omitted Proofs from Section 2

B.1 Asymptotic existence of complete class envy-free matchings

In Section 2, we have mentioned that one can establish the asymptotic existence of a “com-
plete” class envy-free matching, by using the result from the house allocation problem [29].
Here, a matching is defined to be complete if each agent is matched to exactly one item.
The formal statement is as follows:

Proposition 1. Suppose that each agent’s utility is given by a distribution D. Let € > 0
be any constant. If m > (e+¢)- >, PRLY then there exists a complete class envy-free
matching with high probability.

pE|

Proof. We say that a matching M is envy-free if no agent envies the others, i.e., u;(j) >
u;(j') for every pair of agents i,7" € N where j (resp. j') is an item matched to ¢ (resp.
i') under M. The proof of Theorem 6.1 in [29] shows that, when m > (e 4+ ¢) -n =
(e +€) - X pepr Mp» Algorithm 5 in [29] computes a complete envy-free matching M with
high probability. Observe that since M is envy-free, we have that for every pair p,q € [k]
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of classes and every matching M' € M(N,, M (Ny)),

wMN) = > wl(i) > Y wlj)

{i,jreMmr {i.jreM’

Thus, v,(M(Np)) > v,(M(N,)) for every pair p,q € [k] of classes. This means that there
exists a complete class envy-free matching with high probability. O

We note that Algorithm 5 in [29] may produce a wasteful matching that violates (a).
Further, another algorithm (Algorithm 1 in [15]), which computes a complete envy-free
matching with high probability in the context of the house allocation problem, may not
satisfy the condition (a) in the non-wastefulness definition. We provide such an example
below.

Consider four agents, two classes and five items in Table 1 below. Item j; is the
most preferred by agents i; and i3. So, both algorithms remove item j; to get an
envy-free matching. Then these algorithms find a complete envy-free matching M =
{(i1,42), (42, J5), (43, a), (44, j3)}. Here item j; is wasted under this matching and there-
fore this matching does not satisfy (a).

Table 1: An example showing that both Algorithm 1 in [15] and Algorithm 5 in [29] return
a class envy-free and wasteful matching.

J1 J2 J3 a4 Js

Ny i1 | 5 4 3 2 1
|1 2 3 4 5

N lis [ 5 2 3 4 1
g | 1 4 5 2 3

On the hand, in the same example as in Table 1, our round-robin algorithm (Algorithm 1
in Section 3) produces a class envy-free matching that is non-wasteful. In the first round in
the algorithm, agent i; € N7 is matched to item j; and agent i4 € N5 is matched to item
j3. In the second round, agent is € N7 is matched to item js and agent i3 € Ny is matched
to item j4. Finally we get the matching M = {{i1,j1}, {i2, J5}, {i3,Ja}, {44,743} } Class 1’s
utility is 300 e wi(J) = ui, (J1) + uiy (j5) = 10 and class 27s utility is >0y, oy cppe wi(j) =
Uiy (J4) + i, (j3) = 9. This matching is class envy-free and non-wasteful.

C The Round-robin Algorithm for Deterministic Utili-
ties

There are some interesting differences between the round-robin algorithm for the fair division
problem with additive valuations and the round-robin algorithm for our problem. First, for
the additive setting, an agent who chooses an item earlier does not envy another agent who
picks up an item later. However, in our setting, the former class may envy the latter class
under Algorithm 1. We show this through an example in Appendix C.1. Moreover, for
deterministic utilities, the round-robin algorithm may not produce a class EF1 matching.
We describe details in Appendix C.2 by using an example in Hosseini et al. [16] with binary
utilities and another example with non-binary utilities.
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C.1 An example where earlier agents envy later agents under Al-
gorithm 1.

Consider an example in Table 2. Consider four agents i1, 19, i3,14, two classes Ny = {i,ia}
and Ny = {i3,i4}, and four items ji, jo,j3,js. Each agent has the utilities as described
in Table 2. We assume that class 1 selects an item before class 2. In the first round of
Algorithm 1, class 1 chooses item j; and class 2 chooses item j3. The matching at the end
of the first round is My = {{i1,71}, {i3,75}}. In the second round, class 1 selects item jo
and class 2 selects item j,. Thus, the final output of Algorithm 1 is the matching M =
{{i#1, 71}, {i2, g2}, {is, js}, {44, ja}}. Observe that class 1 envies class 2 under M. Indeed, we
have Ul(M(Nl)) = Uil(j1) + ’Lbiz(jg) =44+1= 5, while Ul(M(NQ)) = uil(j4) + UZZ(jg) =
34+3=6>5=uv(M(Ny)).

Table 2: An example which illustrates the former class may envy the latter class.
J1_J2  J3  Ja

Ny | 41 4 01 01 3

10 | 0.1 1 3 0.1

Ny |lizg| 4 01 4 0.1

4 101 3 0.1 1

C.2 An example where Algorithm 1 may not produce a CEF1 and
non-wasteful matching.

In this section, we consider an approximate fairness notion, class envy-freeness up to one
item [16]. A matching M is class envy-free up to one item (CEF1) if, for every pair of
classes p,q € [k], we have } ; .1 ui(J) = vp(M(Ng)), or there exists an item j € M(Ng)
such that 3, ey (i) = 0, (M(N,) \ {5}).

We show that Algorithm 1 may not produce a CEF1 matching, by using Example 1 of
Hosseini et al. [16] who showed that no online deterministic algorithm computes a CEF1
and non-wasteful matching.

Consider an instance as described in Table 3. In the first round of Algorithm 1, class
1 selects jo and matches it to i € N;. Class 2 selects j; and matches it to i4 € No. In
the second round, class 1 chooses j3 and assigns it to i3. At this point, no item can be
allocated to class 2 because the last remaining item j4 has zero marginal contribution to
the class 2’s current bundle. In the third round, class 1 selects j4. The resulting matching
is M = {{i1,7a}, {i2, J2}, {i3, 3}, {44, 41} }, which violates CEF1 since class 2 envies class 1
by more than one item.

Table 3: An example where the round-robin algorithm may not produce a CEF1 and non-
wasteful matching for deterministic and binary utilities.

i J2 Js Ja

Ny i1 | 1 0 O 1
o | O 1 0 0

i3 | 0 0 1 0

No |ig | 1 0 O 1
i5 | O 1 0 0

ig | O 0 1 0
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In the example in Table 3, the proof tactically uses the property that some agents have
zero utilities, which prevents some class to receive a new item under Algorithm 1. We can
show, even if all the utilities are positive, the round-robin algorithm may not produce a
CEF1 matching.

To this end, consider an instance described in Table 4. There are three rounds. In
the first round of the algorithm, class 1 selects an item j; and matches it to agent i
and class 2 selects item jo which is matched to agent i4. In the second round, class 1
selects an item j, and matches it to agent i5 and class 2 selects item j3 which is matched
to agent ¢5. In the third round, class 1 selects an item j5; and matches it to agent i
and class 2 selects item jg which is matched to agent i¢. Thus, we obtain a matching
M = {{il,jl}, {ig,j4}, {i3,j5}, {i4,j2}, {i5,j3}, {iﬁ,j(j}}. Note that in this example, the
ordering of items to be picked is uniquely determined, i.e., there is no tie when each class
selects an item. Observe that class 2 gets the value vy (M (N3)) = v2({j2,73,746}) = 5.1 and
envies class 1 as vo(M(N1)) = vo({J1, ja, j5}) = 13.1. Moreover, we have vo (M (N1)\{j1}) =
6 > vo(M(N3)) and hence the matching M does not satisfy CEF1.

Table 4: An example where the round-robin algorithm may not produce a CEF1 and non-
wasteful matching for deterministic utilities.

JiJ2 Js  Ja Js  Je

Ny |i; |10 01 01 01 01 0.1

1o | 0.1 4 0.1 4 0.1 0.1

i3 101 01 3 01 1 01

Ny |ig |10 4 01 01 3 0.1

i5 | 0.1 0.1 1 3 0.1 0.1

¢ |1 0.1 01 0.1 0.1 0.1 0.1

Note that if we do not impose non-wastefulness, one can always construct a CEE1 match-
ing, using the envy-graph algorithm by Lipton et al. [25]. As we explained in Section A,
our problem can be considered as a fair division problem with “meta” agents having assign-
ment valuations. Since the envy-cycle algorithm is guaranteed to produce a complete and
EF1 allocation for monotone valuations, one can apply the algorithm to this fair division
instance, create an EF1 allocation (Aj, As, ..., Ag) of the items, and construct a matching
by taking a union of maximum matchings between N, and A, in G for p € [k]. However,
the resulting matching may not satisfy non-wastefulness as pointed out in [7].

D Uniqueness of a Maximum Weight Matching

In Section 3, we mentioned that, in each round r, the maximum weight matching of size r in
the bipartite graph between N, and M?_,(N,) U IP is unique for all class p. Here, we show
it for completeness from a similar proof of the isolation lemma as that given by Spencer [35].
See also Lemma 11.5 in [17].

For proof, we consider a general bipartite graph. Let H = (L U R, F) be a bipartite
graph of the set of vertices L U R and the set of edges E. Here, we assume |L| > |R|. The
weights of edges are drawn independently from a non-atomic distribution over [0, 1]. For
an edge e € F, we denote the weight of edge e by w(e) € [0,1]. Here, let M be the set of
weighted matchings which cover R in H. For an edge e in F, we define s(e) by

— M/ _ M/
s(e) M'enAlxta}icgzM'w( ) M'erf\l/(a}?eM'w( \eb),
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where w(M’) denotes the weight of the matching M’, i.e., w(M') =3 ., w(e). This value
of s(e) does not depend on that of w(e). So, since the distribution, which generates w(e),
is non-atomic, we have

and
Pr{w(e) = s(e) for some e in E] < Z Pr{w(e) = s(e)] = 0.
ecE
Let M7 and M} be two maximum weight matchings which cover R in H. Consider an
edge e € M} \ M{. Now, we have

M) = M
w(My) M/er/r\l/lang/w( )
and
w(M) i) = | max_ w(M'\ {e}).

So, if w(M]) = w(M}), then w(e) = s(e). Let the event that there exist two maximum
weight matchings which cover R in H be €. Thus, we get

Pr[€] < Pr[w(e) = s(e) for some e in E] = 0.

Therefore, we show that the maximum weight matching which cover R in H is unique almost
surely.

Similarly, we show, for all class p and for any round r, the maximum weight matching of
size r in the bipartite graph between N, and M?_, (N,) U I? is unique almost surely. Then,
item jP also uniquely determined almost surely.

E Omitted Proofs from Section 3.1

E.1 Proof of Claim 1

Claim 1. Under the same conditions as in Lemma 3, we have

Ienl - 1
Elvp(M(Np))] 2 np = — >, - > v
r=1" =17

Proof of Claim 1. We consider the following two steps. In the first step, we show the equa-
tion (1) in Section 3.1, which is written again below:

Eluy (M, (N))] ~ Elop (M1 (N))] = 1~ lim ~Prlj € W, (N,)] 1)

This describes that the expected difference can be written by the probability that the bundle
M,(N,) includes j. To show the equation (1), we consider the maximum weight matching
version of Lemma 1.3 in Wéstlund [41].

We denote the set of agents who join in the matching M, by {i1,%2,...,%r} € Np. Now we
fix an agent ¢ € N, which is chosen uniformly at random from {1, is, ..., 4, }. We condition
that j does not participate in M,_;. Then, we consider the probability that added item j
is chosen by class p in round r. Note that the probability that any other class selects item

J 1s very small, so we can ignore it. A R R
Let us write v, (M, (N,)) by X and v, (M, (N,)) with conditioning {i,;} € M, by Y;. We
have, as A — 0, X converges to v,(M,(N,)) and E[Y;] converges to E[v,(M,(N,))]. Now
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we proceed to show the equation (1). If the edges {4, 7} participate in the maximum weight
matching with r edges M, then we have u; (g ) +Y; > X. This is because Y; is the weight of
the maximum weight matching with » —1 edges and u; (7)+Y; is the weight of the maximum
weight matching with r edges, then u;(j) + Y; is larger than X. From this discussion, we
get A .
Pr((i,7) € M,] < Prfu;(3) + Y > X].

Conversely, if u;(j) > X — Y; and no other edge from j other than i has weight larger than
X —Y;, then the edge (4, j) must participate in the maximum weight matching M,. Let €
denote an event that more than two edges adjacent to j has edge weight more than X — Y.

So, we have
Pr[{u;(j) > X = Y;} NE| < Pr[(i,)) € M,].

Recall that we assumed that edge weights of {3, ]} are drawn independently from the distri-
bution over (—oo, 1] whose density function is f(z) = Ae 1= for all i € N,,. From this,
the probability that the event £ happens is smaller as A is smaller as follows:

Pri€] < n2Ex.y,[(1 — e I=XH0)2) = o(3).
So, the probability that £ happens is O(A?). From this, we get an equation:
Prlu;(j) > X — Y] = Pr[(i, ) € M,] + o()). (7)

Next we calculate the probability Prlu;(j) + Y; > X] by the expectations of X and Y;. We
denote the distribution function whose density function is f(z) = e *(1=%) by Fp, -
Here we have Fp, . _(z)=e *172). With conditioning X and Y;, we get

Prlu;(j) + Y > X] = Exy, [1 = Fp, (X - Yi)]

= ]EX Y: |:]. — eiA(17X+Yi):| .

From this, we have

d
aPr[ul( ) +Y:> X] =Exy,[(1— X +Y;)e M-X+HY)], (8)
Moreover, since it holds that limy_oE[X] = E[v,(M,_1(N,))] and limy_cE[Y;] =

E [vp(My—1(Np))], we consider the limit of the right hand side of the equation above as

lim Ex,y,[(1 =X + Yi)e M) = 1 — E [up(My—1(Np))] + E [0p (M1 (Np))] . (9)
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Finally, from (7), (8) and (9), we get the equation (1) as follows:

1 1 N -
1—=1lim —Pr[j € M, (N,
r )E)% by r[j € M,( p)]

1. 1 L
=1 lim 5 S Pr () € o

—i*
7,77,1

-
?

- %;ii%l 3 (Prlus(G) + i > X] — ()

=17
1 3 li 1P[ () + Y > X]
=1— - 11m —Eriu; i
T A A50 A Wil
’L:’Ll

= 13 Bl (M (V)] ~ E (M, ()

FRES
7,71/1

= E [vp(M:-(Np))] — E [vp(Mr—1(Np))] -

This completes the first step.
In the second step, we show the inequality (2) in Section 3.1. We rewrite the inequality,
that is, for r = 1,2, ..., np,

T

Jim %Pr[jeMr(Np)]< 11 )

A0 —am +1
From here, we prove this inequality. Our proof strategy to get this inequality is similar
to the proof of Wistlund [40] but not same since we are now considering (a, 8)-PDF-
bounded distributions. We first consider the probability that the added item 3 participates
in the matching M, with conditioning ; does not participate in the matching M,_;. This
probability can be written by Pr[j € M,.(N,) | j ¢ M,_1(N,)] and is equal to Pr[3? = j].
Note that any other class ¢ does not select the item j since u; (3) = —oo for all € N, and all
q € [K]\{p}. In round r, class p selects an item from I?, whose size is [I?| = [I?|+1 = mP+1.

Assume that j does not participate in the matching M,_; and (i1, ..., ir—1) are agents in
N, that participate in ]\Zfr_l. In round 7, class p selects an item through making the maxi-
mum weight matching with 7 edges between N, and M,_;(N,) U IP. Note that (i1, ...,i,_1)
are also included in M, since the uniqueness of the maximum weight matching. This fact is
called the nesting lemma which is proved in Lemma 3 in Buck et al. [9]. Then, class p finds
some augmenting path. Here, for the augmenting path for the matching M, _1, we write the
new vertex in left side as i, and the new vertex in right side is jf by its definition. Let i,
be the vertex in {i1,...,i,—1} that is connected to j in the augmenting path. Then we can
write the augmenting path by P = (i,, ..., 44, j?). See Figure 1 in Section 3.1.

Now, we consider the probability that }‘f just equals to ;. We consider conditioning
on (i) iq, (ii) the weights of all edges other than the edges {i,j} (j € I?) and (iii) ¢, =
max{u;, (j) | j € I?}. From Lemmas 2 and 5 in Buck et al. [9], with these conditions, M”_,
is fixed and so is the path (i, ...,7,). Then, the event that j’f just equals to j is equivalent
to the event that i, chooses j among [P, which also means that u;, (j) is a maximizer of
{ui, (j) | j € I*}. Here u;,(j) (j € IP) are given from some conditioned distributions.
Note that other class does not affect this probability since they are independent. Then,
we consider the probability of u,, (7) = max{u,, (j) | j € I’}. Here, for each j € 1P\ {j},
u;, () is drawn from the conditioned D independently and u;, () is drawn from the reversed
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exponential distribution. Note that, when u;, () < 0, the probability that j are selected in
round r is zero. Finally, we have

Pr[j € NIZ(N,) | j ¢ M- (Ny) and max{u;, (j) | j € IF} =t

= Pr [u, () = max{ug, () | j € 7} | max{ui, (j) | j € 17} = t,]
Pr [u;, (7) = masc{us, () | j € 2} A masc{us, () | j € I} = t,]

- Pr [max{uia () | j eIt} = t,}

B Jo7 Aem A=) [ gy Priw, () < 2] dx

I ;
Jo Ae A0 T e gy g5y Prui, (7) < 0]
B ng e~ A=) By ()™ A

)
fot”' e~ A=) By ()™ A
)

From this, we can get
Pr [j € ME(N,) | max{u;, () | j € I} = 1,

= 1= Pr[j ¢ ME(N,) | max{ui, (j) | j € 17} = 1,

= 1= T Pr|j¢ ME(N,) | ¢ MLy () and max{u;, (j) | j € 17} = b,

r’'=1
T
= 1= [ (1=Pr[j e NN, | ¢ 2, (N,) and max{u, () 5 € 12} =t
r'=1
r t. §n) mp./
=1- H 1 _)‘e/\(l_t’”)/ e~ M=) (D(x)) " Az
r'=1 0 FD(tr’)
s t,. P ({,U) mf/
= )\eA(l—tT/)/ e—)\(l—a:)( D ) dz + o(\).
r/z::l 0 FD(t’I'/) ( )

Moreover, from uniform convergence, we can get

1 A ~ .
M — ; 4 (5 ; Py —
lim Pr [j € MZ(N,) | max{u,(j) |5 € 12} =,
r tor F (J:) mf/
1 A(1—t,r) —A(1-x) D
fim 3 e / e (Fp(tr,)) da

-3 () e

r'=1

Let y = 1«5; D(gf/)) Here dy = 15;3 7'3(559:)) dz, where FJ, denotes the Fp’s derivative. Since D

is (a, 8)-PDF-bounded, we have Fp(x) = fp(x) > «. Also we have Fp(z) < 1 for all
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0 <z < 1. Then we can get

b, mP 1
[ Fp(x) ) / » Fp(ty)
dx = ymr’ . dy
/0 (FD(tw) 0 Fp(x)

1/t
i/ y 7«/d.y
@ Jo

1 1

a mb+1

IN

Therefore, we can remove the conditioning about ¢, and then

1
mb, +1

Q=

.1 Ao .
fig, Prlj € 212N < 3

This completes the second step.
Finally, from the first step and the second step, we can show Claim 1 as follows:

Elvp(M(N,))] = > (Elvp (M, (Np))] = Efvp (M1 (Ny))])
=ny— ; % lim %Pr[ﬁ' € M,.(N,)]
Pl 1l 1
an—;;r’ lamp +1

E.2 Proof of Claim 2
Claim 2. Under the same conditions in Lemma 3, we have

min(np,ng)

o 1 1
Elvop(M(Ng))] < min(nyp,nq) — ; 3 (1—o(1)) - ;1 e 1
Proof of Claim 2. As defined in Section 3.2, we define I,, to be a bundle whose size is nq
which is selected uniformly at random from I. Here we analyze v,(I,,) instead of the expected
value of v,(M(N,)). All edges weights between N, and I, are drawn independently from
the distribution D. On the other hand, since items in M (N,) are the ones which were not
selected by class p, all edges weights between N,, and M (N,) are drawn independently from
the distribution D conditioned from above. So, we have E[v,(M (Ny))] < E[v,(1,)] for all
class p.

Here the size of the maximum weight matching between N,, and I, is min(n,, n,). For
r=1,2,...,min(n,, ny), let I, , be the set of items which participate in the maximum weight
matching with size r on the bipartite graph between N, and I,,. Let M*(N,, I,) denote the
maximum weight matching with r edges on the complete bipartite graph between NV, and
I, with edges randomly weighted from the distribution D.

Consider adding a new item jq to I,, and edges from ;9 to all agents in N, with randomly
weights from the distribution whose density function is f(z) = Ae (=% (z € (—o0,1]).
This is same process as the proof of Claim 1. Let Mﬁ‘(Np, I,,) denote the maximum weight
matching with r edges on the complete bipartite graph between NV, and I,, U {j'q}.
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From the same discussion as the proof of (1), we have

1 . 1 ~ ~
Elvp(Lur)] = Elvp(Lur—1)] =1 - - ;lgb XPr[Jq € M (Np, I,)].- (10)

Now we consider the augmenting path algorithm to find a unique maximum weight
matching. In each round r = 1,2,...,min(n,,n,), class p finds an augmenting path and
updates a matching between N, and I,, by selecting a new item from the remaining items.
In round r, let denote the remaining items by fu,r. Here |fur| =ngy—r+1. Also, we denote
by ¢ an item which is selected by class p in round 7 when we consider I,, U {37} instead of
L.

Then, as like we did in the proof of Claim 1, we consider the augmenting path by
P = (if,...,il, j1). We condition on (i) 4f, (ii) the weights of all edges other than the edges
{i4,7} (j € Iu,) and (iii) t¢ = max{u(j) | j € Lu,r}. Then, we have

Pr [j7 € N (Ny, 1) | max{uig (7) | j € s} = 1]

T 4 ng—r’
44 N\ (1— Fp(z) K
= e M tr)/ e A1) ( D ) dz + o(\).
2 g Fp(t2) W

From this,

Pr [j7 € NH(Np, )| = Egg [Pr [j7 € NNy, L) | mac{ugg () | € = t2]]

T te, anr/
S A / " —A(-a) < FD(Z;") ) d
0 FD(tr’)

r'=1

== Et? + O()\).

So, we get

1 1 R . —1 r tZ’ FD(QT) nq—rl
25 q u S R E
J lim SPr (1 € 2 (N, L] =By | T/_l/o (Po(tf/) o

—1 r 1 Fp(tq/) ,
— E q - i Ng—T d
tr r 7; F/D(l') Y Yy

0

1 < Fp(t?, 1
S p(ty) :
= B ng—1r'+1
(0@ 1< 4,
>FEa |[= - — r
& _6 TWZ:lnq—r’Jrl
_g 1 - ]Etg[tr’]
B r~ 1nq77"’+1

Here we use Fp(z) = [ fp(z)dz > [ adz > ax and 1/Fp(x) > 1/8 for all 0 <z < 1.
From (c¢) in Lemma 4 described in Section 3.2 and shown in Appendix F.3, no edge of
(log min(np,nq))2
min(np,ng)
high probability. From this and Lemma 8 in Frieze [13], we can show that no edge of weight
(log min(ny,nq))?
min(np,ng)

weight at most 1 — ¢, appears in the maximum weight perfect matching with

at most 1 — ¢, appears in the maximum weight matching with r edges for
all » = 1,2, ..., min(n,, n,) with high probability. In each round r + 1, the edge {ig,j,‘?} is

employed in the maximum weight matching with » + 1 edges between N, and I, U {j’q}.
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If j9 # j, we can say that the edge {id, 77} is employed in the maximum weight matching

with r 4 1 edges between N, and I,. Therefore, we have, with high probability, for all
r=1,2,...,min(np, ng), there exists a constant ¢, > 0 such that

(log min(n,, nq))Q.

t1>1-—
" o min(n,, 14)

From Markov’s inequality, we have, for all r = 1,2, ..., min(n,, n,),

th. [tg/} > (1 — ¢y (IOgITlin(np7nq))2> - Pr |:tg/ >1— Cu (10g H'lin(np, ’I’Lq))2
' min(n,, ng) min(ny, ng)

. (1 . (1ogmin(np,nq)>2) (1= o(1)

min(n,, nq)

=1-o0(1).
Here, we use the condition (c). That is, since there exists a constant C' > 0 such that
n?/3 < C - miny (ny) < C - min(ny,n,) if we ignore the logarithm factor in the condition

(c), 1— cu% =1—0(1). Then, we have

r

(=01 3 o

r'=1

—_

1 1 . .
: -q u >
- ;m%) j\Pr e MY (Ny, I,)

e e
<

From this and (10), we get
Elvop(M(Ng))] < E[vy(1u)]

min(np,ng)

= Z E[vp(Zu,r) = vp(Lur—1)]
r=1
min(ny,ng) 1 R R
= min(ny,, ng) — Z - ;126 XPI‘ {jq € Mﬂ(Np,Iu)}
r=1

min(”p’”q) T

. 1 1

< min(ny,nq) — Z (1—-o0(1)) - Z S
r=1 14

r'=

= e

E.3 Proof of Lemma 3

Lemma 3. Suppose that D is («, 8)-PDF-bounded and k - max,ex)(ny +1) < m. Then we

have
Blop (M ()] ~ Elap(M ()] > my — i)+ (§ = 2 ) =202 o)

Proof of Lemma 3. First, we consider the lower bound on the number of remaining items
when class p selects a new item in round r; m2. We have m? = [IP| > m—(r—1)-k—(p—1)
since the number of items already taken when class p chooses an item in round r is at most
(r—1)-k+ (p—1). From the assumption k - (n, + 1) < m for all class p, we get

mb,+1>m— (' —1)-k—(p—1)+1
>k-(ng+1)—(r'—=1)-k—p+2
> (ng—r' + 1)k.
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Then, from inequalities in Claims 1 and 2, we have,

Efvp(M(Np))] — Elv, (M (Ng))]

1 np 1 r 1 min(np,ng) o 1 r 1
R — - - — mi — (1 —=0(1)) = e —
ny a;r;mplﬂ min(n, ng) + ; 5 o<>>r21n 1

min(np,ng)
an*min(npvnq)ﬁLg Z meiz Zm w1 oW

mln(npvnq)

> ny, — min(ny, ng) + 5 Z Zn —r+1 kz Zn —r’+1 —o(1).

r’ r'=1

In the case of n, < ng, we have

Bl (V)] - Bl (M) = (§ - 22 ) 3150 L - ot)

ak =rs 1nq77ﬂ’+1
a 1T\ Al 1
z( )Z L o)
ﬁ ak T=1r7/1nq
o 1\ n,
=|=--= —o(1
(5-a8) 22 o0

In the case of n, > n,, we have

Elop(M(Np))] - Elv (M( ))}

The extra parts are summarized in o(1).
Finally, we can get

Blo (M ()] ~ Elap (M (N)] > my — i)+ (§ = 2 ) =202 o)

F Omitted Proofs from Section 3.2
F.1 Proof of Lemma 5

Lemma 5. Consider the complete bipartite graph H* with left vertices L and right vertices
R with |L| > |R| = a and its saturated matching M'. Suppose that H = (L U R, Eyy) is
a 0-expanding subgraph of H* for some constant 8 > 1. Then, for any vertex i € L that
participates in M', there exists an alternating cycle C of length ¢ = O,(loga) in H* such
that C includes i, uses an edge in H when it goes from a left vertex to a right vertex, and
uses an edge in M' when it goes from a right vertex to a left vertex.
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Proof of Lemma 5. Fix i € L. We define a sequence of sets (S)¢>o as follows. First, we set
So = {i}. Recall that I'y(Sp) C R is the neighborhood of Sy in H. Let S; be the set of
vertices in L which are matched to some vertex in I'gy(Sp) under matching M’. Here, we
have |S1| = [Ty (So)| since M’ is a saturated matching in H* and |L| > |R|, implying that
all vertices in R appear in matching M’. Similarly, for ¢t > 2, we let S; C L be the set of
vertices which are matched to some vertex in 'y (S;—1) € R under matching M'. By the
same argument, we have |S;| = [Ty (S:—1)| for every t > 2.

It is not difficult to see that S; \ S;—1 is the set of vertices in L such that there exists
an alternating cycle C of length 2t from 4 that uses an edge in H when C' goes from left to
right and uses an edge in M’ when C goes from right to left.

From the first inequality in the definition of a f-expanding bipartite graph (Definition
4), for every t > 0, if |S| < 5, then 0|S;| < [Ty (S;)| = |Si41|. This means that the size of
Sy increases by a factor of 6 until it exceeds §. Thus, for ¢ > 1 with [Si—1| < 5, we have

011 = 01| < - < 0S| < [D(Si_1)| = [Si].
Let ¢1 be the first time when the size of S; becomes strictly larger than &. Observe that

2
) log(a/2) | 4 _
b < [1Ee2] 42 since 7R > S and 0> 1,

Now consider ¢ > ¢; with |S;| > §. Recall that from the second inequality of Definition

4, if [S¢] > &, then a — [Ty (Sy)| < 3(a — [S¢|). Thus, for t > ¢1 with |S¢| > &,

a—[Si1| = a—[Ca(S)| < Z(a—|S:)),

T =

where the first equality holds since |Sir1] = |T'g(St)|. This means that the difference

between the number of right vertices and |S;| decreases by a factor of § as long as |[S;| > 2.

Observe further that |S;1| > § if |S;| > § since by the above inequality and by 6 > 1, we

get

1 1 a a

~1Sml <5 @15 <5 (a-5) <35

a |t+1|_9(a |5¢]) A 5

which implies |S;11] > §. Now, let ty = |—log $/log 9] + 1. Applying the second inequality
of Definition 4 repeatedly for t = t1,t1 +1,...,t1 +t2 — 1, we get

.aflog%/logﬂ'g _ 1 < 1.

1 1
_ < (a— <z
a—[St1t,| < 7=(a =[S, ]) < 7 5=

otz
This means that |S¢, ++,| = a and Sy, 1+, includes all the vertices in L which participate in
matching M’. Thus, i € S, 1+,. Therefore, we find a desired alternating cycle of length
gitl +t2:0a(10ga). O

F.2 Proof of Lemma 6

Lemma 6. Let H* be a heavy 0-expanding complete bipartite graph with left vertices L
and right vertices R with |L| > |R| = a and with edge weights w where w(i, j) € (0,1] for
every edge {i,j}. Then, the weights of all edges in a maximum weight matching in H* are

1-0, (lel),

Proof of Lemma 6. Let M™* be a maximum weight matching in the bipartite graph H*.
Since H* is a complete bipartite graph and |L| > |R|, all vertices in R are incident to
some edge in M*. Let H = (LU R, Exy) be a f-expanding bipartite subgraph such that
{i,j} € Eg & w(i,j) > 1 — za~'loga, where z > 0 is a constant. Consider any i € L
that participates in M*, i.e., ¢ is incident to some edge in M*. From Lemma 5, there exists
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an alternating cycle C' of M* such that C' = (iy = i, M*(i2), 42, ..., M*(ig),i¢, M*(i1),11),
¢ =04(loga), and {iy, M*(it41)} € Eg for every t =1,2,...,¢.

Now, we construct a new matching M’ from M* by replacing the edges in C' N M* with
those in C' N H, namely,

M= (M {{in, M7 (in)}, - e, M7 (i) 1) U {{in, M7 (i)}, - {ie, M7 (i)}

Then, since M* is a maximum weight matching in the bipartite graph H, the sum of the
edge weights in M* is at least that in M’. Also since M'(i") = M*(i’) for every i’ ¢ {i1,...,%s}
that participates in the matching M’, we have Zle w(ie, M*(iy)) > Zf:l w(iz, M'(iy)).
Recall w(i,j) <1 for all ¢ and j, which implies that 2522 w(is, M*(i)) < £ —1. Thus,

M~

w(i, M*(i)) > S w(iy, M* (i) — € + 1

~
Il
-

W(it,M/(’l:t)) —/ +1

M~

~~
Il

1
1
€~(1—z- Og“>_z+1

a

Y

_E.Z.loga.
a

|
—

Since £ = O, (loga), we get w(i, M*(i)) =1 — O, (@) O

F.3 Proof of Lemma 4

We first introduce the Chernoff bound, which can be used to bound the tails of the distri-
bution for sums of independent random variables.

Lemma 7 (Chernoff bound). Given independent random variables X1, Xa, ..., X4 on [0,1].
Let X = Z?Zl X,;. Then, for all € > 0, we have the followings:

() Pr[X > (1 + ©)E[X]] < exp <_2€2“*;[X]2> 7
(@) Prfx < (1 - B[] < oxp (-2 ).

Lemma 4 (No light edge lemma). Suppose that distributions are (a, §)-PDF-bounded. With
high probability, we have the followings:

(a) No edge of weight at most 1 — ¢, appears in the matching MP. Here ¢, > 0 is

a constant.

(log np)2
Np

s 2
(b) No edge of weight at most 1—cq% appears in a mazimum weight matching

in the bipartite subgraph of G induced by N, and M(N,) with edge weights u;(j) for
i€ Ny and j € M(N,). Here cq > 0 are sufficiently large constant.
. 2
(¢) No edge of weight at most l—cu%
in the complete bipartite graph between N, and I,, with edge weights drawn from D
independently. Here c,, > 0 is a constant.

appears in a maximum weight matching
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Proof of Lemma 4. First we show the third part (¢) in Lemma 4 for reasons of simplicity
of proof. Recall that the bundle I, denotes a bundle whose size is n, which is uniformly
at random selected from I. Consider the randomly weighted complete bipartite graph H,,
composed of N, and I,,. The weight of edge {i,j} (i € N,, j € I,,) can be considered as it
is drawn independently from D since I, is selected uniformly at random. If we can show
that H, is heavy 2-expanding bipartite graph, we can say that there is no light edge in
the maximum weight matching on H, from Lemma 6. In the proof, we consider two case
np > ng and n, < ng.

First, we consider the case n, > ng4. Set c; is the sufficiently large constant. For all ¢ € IV,
and all j € I,,, we have Pr [ui (J)y=21-¢ 10‘2%} > a1 28 gince D is (v, B)-PDF-bounded.

Consider S C N, with 1 < [S]. Let Iy, (S) ={j € L. | ui(j) > 1 — 1 loqu”q for some i € S}
: S|
and p=Pr[j € 'y, (9)] for j € I,. Then we have 1—p < (1 — aclloi% . Note that this

definition of I'g, () is slightly different from that in Section 3.2. Here we only consider the
edges in the subgraph in the definition of I'y, (S). Also, from the independence, Iz, (S)]
is distributed as the binomial distribution Bin(ng, p).

Now our goal is to show that the complete bipartite graph H, is heavy 2-expanding
bipartite graph with high probability. So, we show that T'(.S) defined above satisfies the two
conditions in Definition 4 with high probability. For the proofs, we use Chernoff bound.

In the case of |S] < 5—"2— we have

2accy logng?

E [T, (S = ngp

logn 151
> ng 1—(1—0461 q)
Ng
1
> ng (1 — exp (—aq 98T S|)>
Ngq

(1—e) acl|5|& log ng
Nq

Y

Y

%lognq|5|.

Here we use two inequalities: (1—t)* < e ™ forx>1land0<t<land, 1—e % > (1—6_1)37
for 0 < x < 1. Here, since |S| < 5—2— we have aclloi%W\ < % < 1. Then, by Chernoff

2acy logng?
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bound, we obtain

Pr (35 : [T, (S)] < 2/S] < Pr [HS: T, (S)] < iE[rmsm}

1
< X ([g)-Prlners Era s
SCNISI< gt
E[|lyg, (S
< 3 Al exp <_ I hg( )|]>
SQNPZ|S‘§2cp71L;gnq
g
2acq logng ac log n
s 15 q
< . _ 201206 e
<X om exp( & )
_ acy
< Z nyng 16 *
s=1
e Togg y oo
< Z (lognyg) -3 ng2 16).

We use the condition (¢'): n, < nq *(log ng)~%/2. Since the constant ¢; > 0 is sufficiently

large, g — 96 < 0. Then, as n, — oo, the probability that there exists S C N, such that
Ty, (S)| < 2]S| approaches 0. From the condition (d), nq — 00 as n — 0o. So, we prove
that [T, (S)] > 2|S| for all S C N, such that |S| < with high probability.

In the case of 7——4— < |S| < %2, we have

20401 log Ng

10acy 10g ng

Pr[3SC N, : |y, (S)] < 2ISH

< ) Pr[3SCN,:[S|=s[ln,(S) <25 —1]

— g
s=
10acq log ng

-9
2

Pr(3SCN,TCIL,:|S=s]T|=2s—1,|Ty,(5) CT)

|
B\

5= 2acy logng
ng
2

> > I Pri{ij}¢E]

3SCN,,TCI, i€N,.jel,
|S|=s,|T|=2s—1

T ny ng 10g ng s(ng—2s+1)
2 (1)) (o
s 2s —1 ng

2ac1 lug ng

”q - 1 s(ng—2s+1)
§ s s—
'rlp . nq . (2>

_ ng
20((,1 2acy log ng

IN

S=g———
2accy logng

IN

IN

ng

2 s(ng—2s+1)
Tg_1 _ 1 a
IR e (3)

= 2acy log ng

IA
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Here, we use the condition (c'): n, < ny/*(logny)~/2. From simple calculation, we conclude
the probability that there exists S C N, such that |I'(S)| < 2|S| approaches 0 as ny — oo
from the inequality above.

[S| 32
In the case of %t < [S|, we have 1 — p < <1fa01%> < (170[01%&) P <
q q

n =

e
exp (—%) =ng 2 . Moreover, we have (lygp‘) < (n"‘/)z) < (2e)™/2. Let t = n, — |S]|
‘P

and so

1 [ n
e [355n, — 0, (9) > 3 (= 10| < 30 () () -0 = gy
_oc1 ”q*”p+%
<y (20)"/2 - (202 (ng ) .

So, as ng — 00, the probability that there exists S C N, such that ng—|T'(S)| > & (ng — |S)|)
approaches 0. Finally, in the case of n, > n,, we can show the complete bipartite graph
between N, and [, with edge weights drawn from D independently is heavy 2-expanding.
Moreover, from Lemma 6, we conclude that, with high probability, no edge of weight at most
1 — Oy, ((log ng)?/ng) appears in the maximum weight matching on the complete bipartite
graph between N, and I,,.

Next, we consider the case of n, < n,. In this case, we also consider the complete
bipartite graph H, between I, and N,. We see I, to be the left-hand vertex set and
N, to be the right-hand vertex set. Consider S C I, and 'y, (S) := {i € N, | u;(j) >

1—c¢ log:” for some j € S}. Since D is («, 3)-PDF-bounded, we also have

n

logn, > ae, logn,, -

Tp Tp

Pr |u;(j) >1—¢

From the same discussion as in the case of n, > n,, we can show that the complete bipartite
graph between N, and I, with edge weights drawn from D independently is also heavy 2-
expanding in the the case of n, < ny. Furthermore, we can show that, with high probability,
all weights of edges in the maximum weight matching on the complete bipartite graph are
1- Onp((IOg ”p)Q/np)~

Thus, with high probability, there exists a constant ¢, > 0 such that no edge of weight
log min(ny,nq)?

min(np,ng)

Next, we show the first part (a) in Lemma 4. We consider the weight of the edges in
MP. By the algorithm, M? is the maximum weight matching on the complete bipartite
graph between N, and M(N,). Here |N,| = |[M(N,)| = n,. Let co > 0 a sufficiently large
constant. By the construction of the matching MP? in which class p selects only their favorite
items, and D is («, §)-PDF-bounded, we have, for all p and for all 1 € N,

at most 1 — ¢, appears in the maximum weight matching between N, and I,,.

1
Pr|u;(j) >1- 02%

Tp

logn logn
g p Za@Q.
Tp Tp

je M(Npﬂ > Pr [um) > 1o

From this, with conditioning j € M(N,), we can use the same technique as that we used in
the proof of the third part (¢) in Lemma 4. Then we can show that the complete bipartite
graph between NN, and M (NN,) is heavy 2-expanding. From Lemma 6, with high probability,
there exists a constant ¢, > 0 such that no edges of weights at most 1 — cplofl% in MP.

Finally, we show the second part (b) in Lemma 4 The weight of the edge {4, j} is u;(j).
Since the size of N, and the size of M(N,) are different, we need to consider two cases:
n, < ng and n, > ng as like we did in the proof of the third part (c).
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We first consider the case n, < n,. In this case, class p selects items before class ¢ does.
Let c3 be a large constant such that c3 > 2 - ¢, > 0. Like we did in the case of N, and M,
we consider bounding from below the probability that, for i € N, and j € M(Ny), u;(j) is
larger than 1 — c3 - log n,/n, with conditioning j € M(N,). However we have several careful
points.

Recall that j¢ € M(N,) is an item which is chosen by class g at round r in the algorithm.
Since jJ was not selected by class p at same round r, the utility of j{ for all i € NV, is bounded
as u;(j?) < t,. Then we have, for all i € N,,

r

1 2
Pr {ui(j,?) >1- C3M
Tp

Jt € M(Nqﬂ
(1
> Pr {ui(jg)zl—@, ogny)” /\ jle M(N, ]

2
> Pr {uz—(jﬁ) >1- %M N w() < tr] :

Np

where uz(jr) is generated from D. From the first part (a) in Lemma 4, we have ¢, >

1- CPM Then, for all ¢ € N, and for r = 1,2, ...,n,, we have

| (1ogn,)? |
Pr {um > 1- BN A g <,

1 2 1 2
> Pr |:Uz(jg) >1- CgM /\ uz(]g) <1-— cp(ognp)]

Np Np
1 2 1 2
= Pr |:1 _ CSM < Uz(]g) <1-— cp(Ognp):|
Tp Tp
1 2
> afcs — CP)M
p
2
> ac, 1%8™)"
Np

We use here the density function fp(z) of D is lower bounded by « - x. Therefore, we get

(log n,)?
n,

1 2
Pr [ui(jg) >1-— CSM

Np

ji e M(Nq>] > ac,

Moreover, for r = n, + 1, ..., ng, similarly we have
2
(lognyp)
33—
np

1
zpr{“z(mﬂ—c (log n,)" N it e M(N, }

Pr|u;(jI) >1—

T

jteM (Nq>]

(10gn )? ,
> Pr|u(jl) > 1— Tf) /\ ui(jl) <tn,
2
> ac, (lognp)
Np

From these, we can use same technique to that in the proof of the third part (c¢) in Lemma 4
and then we can show that, in the case of n, < ng4, the complete bipartite graph between
N, and M(N,) is heavy 2-expanding bipartite graph with high probability. Therefore,
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with high probability, there exists a constant ¢, > 0 such that no edge of weight at most
1 — ¢4((logny)?/n,) appears in the maximum weight matching on the complete bipartite
graph between N, and M (Ny).

Second, we consider the case of n, > n,. In this case class ¢ chooses items before class
p does. Here we consider the fact that item j¢ € M(N,) with r > 1 is not selected by class
p in round r — 1. Then the weight of edge {7, j¢} for i € N, are conditioned as the weight
is less than ¢,_;. From the discussion which is similar which we consider the bound on ¢

(log n,,)

in the proof of Claim 2, we get t,_1 > 1 — . Let c3 be a large constant such that

c3 > 2-cp. Then, for all i € N, and for each r= 2 3,.
(log ng)?

Pr|u;(j1)>1—cs3
Nq

ji eM(Nq>]
[ (1

> Pr |u,(j¢) > 1 - e Og”" N\ 8 € M(N, }
- 1 9

>Pr |u;(ji) > 1 *ng /\ w;i () < tr—l]

Nq

>Pr- () >1—cy (logny)* A ui(jg)<1_cp(lognp)2}

Nq Np
r 2 2
S Pr |1 e 1087)° SXSl_Cpﬂognﬁ]
L Nq Np
1 2 1 2
Za(cg(()gnnq) _Cp(Ogn”p) )
q P
2
> ac, 108"Ma)"

Nq

Moreover, for r =1,

and, for r = ng +1,...,np,

[ () 2 1= B e ary)
[uz )>1—cs log”" A ¢ e M(N, }
)

1 2
ui(54) > 1 — M /\ ui(59) < tnq}

Nq

> acy 1087 (lognq) .

From these, similarly we can show that the complete bipartite graph between N, and M (Ny)
is heavy 2-expanding bipartite graph with high probability in the case of n, > n,. Hence, in

35



this case, with high probability, there exists a constant ¢, > 0 such that no edge of weight
at most 1 — ¢,((logny)?/n,) appears in the maximum weight matching on the complete
bipartite graph between N, and M (Ny).

Finally, with high probability, there exists a constant ¢, > 0 such that no edge of weight

log min(n,,nq)?

at most 1 — ¢, min(ng,,mng)

M(N,).

appears in the maximum weight matching between N, and

O

G Omitted Proofs from Section 3.3
G.1 Proofs of (¢) and (d)

In the proof of Theorem 1 in Section 3.3, we have used the following facts (¢’) there ex-
ists a constant ¢’ > 0 such that, for all p,q € [k], max(n,,n,) < ¢ - min(n,,n,)%? -
(log min(n,,n,)) %2, and (d) n, — oo as n — oo for all p € [k].

Here, we prove these facts by assuming the condition (c¢) in Theorem 1, namely, there
exists a constant ¢ > 0 such that n < ¢ miny(n,)%/? - (log min,(n,))~>/2.

e We first prove (¢’). From the condition (c), for all p, ¢ € [k], we have max(np,ng) <n <
¢+ (miny ny )32 - (log min, n, ) ~%/2. Also, for all p, q € [k], we have ¢ (min, n,)3/2 -
(log min, n,)~%/2 < c-min(n,, ny)*/?- (log min(n,, n,))~>/? since the function f(z) =
23/2(log £)~>/? is monotonically increasing for sufficiently large . Thus, combining
these, we get, for all p, ¢ € [k], max(n,,n,) < ¢-min(n,,n,)%? - (log min(n,, n,))~>/2.

e Second, we show (d). Observe that n < ¢ - (min,n,)%/? - (logmin, n,) /2 and that
the function f(z) = x3/%(logz)~%/? has a unique inflection point z* = e%/3 where
f(z) is monotonically decreasing for < z* and monotonically increasing for z > x*.
If n approaches infinity, there are two cases: miny,n, goes to infinity, or goes to 0;
however, the latter case is impossible since min,, n,, is at least one. Thus, min, n, — oo
as n — oo. Hence, for all p € [k], n, — 0o as n — oo.
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