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—— Abstract

We study the max-min fair allocation problem in which a set of m indivisible items are to be

distributed among n agents such that the minimum utility among all agents is maximized. In
the restricted setting, the utility of each item j on agent i is either 0 or some non-negative weight
wj. For this setting, Asadpour et al. [2] showed that a certain configuration-LP can be used to
estimate the optimal value within a factor of 444, for any § > 0, which was recently extended by
Annamalai et al. [1] to give a polynomial-time 13-approximation algorithm for the problem. For
hardness results, Bezdkova and Dani [5] showed that it is NP-hard to approximate the problem
within any ratio smaller than 2.

In this paper we consider the (1, ¢)-restricted max-min fair allocation problem, in which for
some parameter € € (0, 1), each item j is either heavy (w; = 1) or light (w; = €). We show that
the (1, €)-restricted case is also NP-hard to approximate within any ratio smaller than 2. Hence,
this simple special case is still algorithmically interesting.

Using the configuration-LP, we are able to estimate the optimal value of the problem within
a factor of 3 + 4, for any 6 > 0. Extending this idea, we also obtain a quasi-polynomial time
(3 + 4e)-approximation algorithm and a polynomial time 9-approximation algorithm. Moreover,
we show that as € tends to 0, the approximation ratio of our polynomial-time algorithm approaches
34+ 2v2 ~ 5.83.
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1 Introduction

We consider the Max-Min Fair Allocation problem. A problem instance is defined by (A, B, w),
where A is a set of n agents, B is a set of m items and the utility of each item j € B perceived
by agent i € A has weight w;;. An allocation of items to agents is o : B — A such that
o(j) =i iff item j is assigned to agent 4. The max-min fair allocation problem aims at finding
an allocation such that the minimum total weight received by an agent min;e4 > jeo—1(i) Wij
is maximized. The problem is also known as the Santa Claus Problem [4]. In the restricted
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version of the problem, it is assumed that each item j has a fixed weight w; such that for
each i € A and j € B, w;; € {0,w,}, i.e., if an agent has non-zero utility for an item j,
the utility is w;. We focus on this paper the restricted version of the problem (restricted
allocation problem) and refer to the problem with general weights the unrestricted allocation
problem. For the restricted allocation problem, let B; = {j € B : w;; > 0} be the set of
items agent ¢ is interested in. For a collection of items S C B, let w(S) = ;g w;-

The problem can be naturally formulated as an integer program, with variable x;; for
each i € A and j € B indicating whether item j is assigned to agent ¢. Its linear program
relaxation Assignment-LP (ALP) is shown as below.

max T
s.t. ZjeBi zijw; > T, Vie A
Dlieawy <1, VjEB
xij > 0, Vie A,j€B.

Let OPT be the maximum value of the restricted allocation problem such that in the
optimal allocation, every agent is assigned a set of items with total weight at least OPT.
Bezdkova and Dani [5] showed that any feasible solution x and T for the ALP can be rounded
into an allocation such that every agent ¢ receives at least T — max;ep, w; total value, which
implies OPT > T — max;cp w;, where T™ is the optimal value of the ALP. However, the
above result does not yield any guarantee on the integrality gap. Actually, it can be easily
shown that the integrality gap of ALP is unbounded since it is possible to have a feasible
solution with 7" > 0 while OPT = 0 (e.g., when |B| < |A]). It was shown in [5] that it is
NP-hard to approximate the problem within any ratio smaller than 2 by a reduction from
3-dimensional matching.

To overcome the limitation of ALP, a stronger linear program called Configuration-LP
(CLP) was proposed by Bansal and Sviridenko [4], in which an O(log’lgo Z_n)—approximation
algorithm was obtained for the restricted allocation problem. For any T > 0, we call an
allocation a T-allocation if it assigns to every agent a set of items with total weight at least T'.

» Definition 1 (Bundles with Sufficient Utility). For all ¢ € A, the collection of bundles with
utility at least T for agent i is C(¢,T) := {S C B; : w(S) > T}.

The CLP is a feasibility LP associated with T indicating whether it is possible to
(fractionally) assign to each agent one unit of bundle with sufficient utility. The LP (CLP(T))
and its dual are shown as follows.

Primal min 0 Dual max Z v — Z zj
s.t. Z zis>1, VieA i€A jeB
SeC(i,T) st oy < Z zj, Yie A SeC(i,T)
> wms<l, VjeB jes ‘
i,S:jeSEC(i,T) ¥y >0, VieA
z;56 >0, Vi€ ASe€C(T). zj 20, VjeB.

Although CLP(T) has an exponential number of variables, it is claimed in [4] that the
separation problem for the dual LP is the minimum knapsack problem: given a candidate
dual solution (y, z), a violated constraint can be identified by finding an agent ¢ and a
configuration S € C(i,T) such that y; > > . ¢2;. Hence, we can solve CLP(T) to any
desired precision. Note that any feasible solution x of CLP(T') induces a feasible solution &
for the ALP by setting &i; = > g.;csec(,r) is < 1 foralli € Aand j € B.
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» Definition 2 (Integrality Gap). Let T* be the maximum value such that CLP(T™) is feasible.
The ratio OT—P*T is known as the integrality gap.

Note that any upper bound c for the integrality gap implies that we can estimate the
optimal value of the problem within a factor of ¢ + ¢, for any § > 0. It is shown in [4] that
the integrality gap of CLP for the unrestricted allocation problem is bounded by O(y/n).
By repeatedly using the Lovasz Local Lemma, Uriel Feige [8] proved that the integrality
gap of CLP for the restricted allocation problem is bounded by a constant. The result was
later turned into a constructive proof by Haeupler [11], who obtained the first constant
approximation algorithm for the restricted allocation problem, although the constant is
unspecified. The integrality gap of CLP was later shown in [2] to be no larger than 4
by a local search technique developed from Haxell [12] for finding perfect matchings in
bipartite hypergraphs. However, the algorithm is not guaranteed to terminate in polynomial
time. It is later shown by Polacek and Svensson [15] that a simple modification of the local
search algorithm can improve the running time from 29 to n?(°8") which implies a
quasi-polynomial (4 + J)-approximation algorithm, for any § > 0. Very recently, Annamalai
et al. [1] further extended the local search technique developed in [2, 15] for the restricted
allocation problem and obtained a polynomial-time 13-approximation algorithm for the
problem.

1.1 The (1, ¢)-Restricted Allocation Problem

We consider in this paper the (1, €)-restricted allocation problem, in which for some € € (0,1),
each item j € B is either heavy (w; = 1) or light (w; = €). As the simplest case of the
allocation problem, the problem is not well understood. The current best approximation
results for the problem are for the restricted allocation problem. Indeed, we believe that a
better understanding of the (1, ¢)-restricted setting will shed light on improving the restricted
(and even the unrestricted) allocation problem.

The (1, €)-restricted setting has been studied under different names. Golovin [10] studied
the “Big Goods/Small Goods” max-min allocation problem, which is exactly the same as
the problem we consider in this paper, in which a small item has weight either 0 or 1 for
each agent; a big item has weight either 0 or x > 1 for each agent. They gave an O(y/n)-
approximation algorithm for this problem and proved that it is NP-hard to approximate the
“Big Goods/Small Goods” max-min allocation problem within any ratio smaller than 2 by
giving a hard instance with z = 2. We show in this paper that the inapproximability result
holds for any fixed x > 2 by generalizing the hardness instance shown in [5]. Later Khot
and Ponnuswami [13] generalized the “Big Goods/Small Goods” setting and considered the
(0,1, U)-max-min allocation problem with sub-additive utility function in which the weight

of an item to an agent is either 0, 1 or U for some U > 1 and obtained an Z-approximation

algorithm with m®MWnO(@) running time, for any a < 5. Note that in their setting an

item can have weight 1 for an agent and U for another. In the seminal paper, Bansal and

Sviridenko [4] obtained an O(log’i gn)—approximation algorithm for the restricted allocation

problem by first reducing the problem to the (1, ¢)-restricted case for an arbitrarily small

€ > 0 while losing a constant factor on the approximation ratio, and then proving an
( log)ﬁ) gn)—approximation algorithm for the (1, €)-restricted case.

The max-min fair allocation problem is closely related to the problem of scheduling

jobs on unrelated machines to minimize makespan, which we call the min-max allocation
problem. The problem has the same input as the max-min fair allocation problem but aims
at finding an allocation that minimizes maxijea )_;c,—1(;) Wij- Lenstra et al. [14] showed a
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2-approximation algorithm for the min-max allocation problem by rounding the ALP for
the problem. Applying the techniques developed for the max-min fair allocation problem,
Svensson [16] gave a 2 + ¢ upper bound for the CLP’s integrality gap of the (1, €)-restricted
min-max allocation problem and then extended it to a 1.9412 upper bound for the general case.
However, their algorithm is not known to converge in polynomial time. Recently Chakrabarty
et al. [7] obtained the first (2 — §)-approximation algorithm for the (1, €)-restricted min-max
allocation problem, for some constant § > 0. They considered the case when € is close to 0
since it is easy to obtain a (2 — €)-approximation algorithm for the (1, €)-restricted min-max
allocation problem.

Since the (1, €)-restriction is considered in the community to be interesting for the min-max
setting, in this paper we consider this restriction for the max-min setting.

1.2 Summary of Our Results

We first show that we can slightly improve the hardness result of Golovin [10] for the (1, €)-

restricted allocation problem. Note that in the unweighted case (e = 1), the problem can be

solved in polynomial time by combining the max-flow computation between A and B, with a

binary search on the optimal value. The above algorithm for the unweighted case actually
1

provides a trivial z-approximation algorithm for the (1,¢)-restricted allocation problem.

Hence, we have a polynomial-time algorithm with ratio % < 2 for the problem when e > 0.5.

» Theorem 3 (Inapproximability). For any € < 0.5, it is NP-hard to approzimate the (1,€)-
restricted allocation problem within any ratio smaller than 2.

The proof is included in our full version. Our reduction shows that it is NP-hard to
estimate the optimal value of the problem within any ratio smaller than 2. The above
hardness result implies that the integrality gap of CLP(T") is at least 2 unless P = NP.
However, we can remove the P # NP assumption by giving a hard instance explicitly (in the
full version).

For the restricted allocation problem, the best hardness result on the approximation ratio
is 2 while the best upper bound for the integrality gap of CLP(T') is 4. It is not known which
bound (or none) is tight. As a step towards closing this gap, we analyze the integrality gap
of CLP(T) for the (1,¢)-restricted case and show that the upper bound of 4 is not tight in
this case (Section 2). Our upper bound implies that in polynomial time we can estimate
OPT for the (1, ¢)-restricted allocation problem within a factor of 3 + 4, for any § > 0.

» Theorem 4 (Integrality Gap). The integrality gap of the configuration-LP of the (1,€)-
restricted allocation problem is at most 3.

We also observe that by picking the “closest addable edge”, the running time of the local
search algorithm can be improved to quasi-polynomial (Section 3). The idea was first used
by Polacek and Svensson [15] to obtain the (4 4 §)-approximation algorithm for the restricted
allocation problem. However, instead of constructing feasible dual solutions for CLP(T'), our
analysis is based on the assumption of T'< OPT and is a direct extension of our proof on
the integrality gap of CLP(T).

» Theorem 5 (Quasi-Polynomial-Time Approximation). There exists a (3 + 4€)-approximation
algorithm for the (1, €)-restricted allocation problem that runs in nO(zlogn) fime.

We further extend the quasi-polynomial approximation algorithm by combining the lazy
update idea of [1] to obtain a polynomial approximation algorithm (Section 4).
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» Theorem 6 (Polynomial-Time Approximation). For any e € (0,1), there exists a polynomial-
time 9-approximation algorithm for the (1,€)-restricted allocation problem. Moreover, the
approzimation ratio approaches 3 + 2v/2 ~ 5.83 as € tends to 0.

Interestingly, while our quasi-polynomial- and polynomial-time algorithms are extended
from the integrality gap analysis by combining ideas on improving the running time of
local search, unlike existing techniques, our algorithms and analysis do not directly use the
feasibility of CLP(T"). To lead to contradictions, existing results [15, 1] tried to construct
feasible dual solutions for CLP(T") with positive objective values (which implies the infeasibility
of CLP(T)). In contrast, our analysis shows that as long as T' < OPT, our algorithms
terminate with the claimed approximation ratios, which simplifies the analysis and is an
advantage in some cases when CLP(7T") cannot be applied, e.g., when the utility function is
sub-additive [13].

1.3 Other Related Work

Unrestricted Allocation Problem. Based on Bansal and Sviridenko’s proof [4] of O(y/n)-
integrality gap for the unrestricted allocation problem, Asadpour and Saberi [3] achieved an
O(y/n)-approximation algorithm. The current best approximation result for the problem is
an O(n®)-approximation algorithm that runs in time n°(), for any § = Q(lolgol%% obtained
by Chakrabarty et al. [6].

Other Utility Functions. The max-min fair allocation problem with different utility func-
tions has also been considered. Golovin [10] gave an (m — n + 1)-approximation algorithm for
the problem when the utility functions of agents are submodular. We note that their result
can also be extended to sub-additive utility functions. Khot and Ponnuswami [13] also con-
sidered the problem with sub-additive utility functions and obtained a (2n — 1)-approximation
algorithm. Later Goemans and Harvey [9] obtained an O(n%"’é)—approximation for submod-
ular max-min allocation problem in n®(5) time using the O(n?)-approximation algorithm by
Chakrabarty et al. [6] as a black box.

2 Integrality Gap for Configuration LP

We show in this section that for the (1, ¢)-restricted allocation problem, the integrality gap
of the CLP is at most 3. Fix T" > 0 be such that CLP(T) is feasible.

We show that whenever CLP(T) is feasible, there exists a Z-allocation (hence OPT > L),
which implies an integrality gap of at most 3. Given any solution z for CLP(T") and the
induced ALP solution &, for all Z;; = 0, we can remove j from B, (pretending that ¢ is not
interested in j). This operation will preserve the feasibility of « while (possibly) decreasing
OPT, which could only enlarge the integrality gap. From now on we assume that a positive
fraction of every item in B; is assigned to agent 7.

Assumption on T:  To achieve a %-allocaution7 we can assume that T < %; otherwise, we can
getaT—12> % allocation by rounding the ALP solution & [5]. We can further assume 7' > 1
since otherwise we can set all weights w; > T to T (which does not change CLP(T’)) and
scale all weights so that the maximum weight is 1. From now on, we assume that T € [1, %)
and CLP(T) is feasible.

Let k = [%] Note that every bundle consisting solely of light items must contain at
least k items to have sufficient utility. For all i € A, let B} = {j € B; : w; = 1} be the set
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of heavy items and Bf = {j € B; : w; = €} be the set of light items. Our algorithm fixes
an integer r = (%1 and tries to assign items such that each agent ¢ receives either a heavy
item j € B} or r light items in Bf. Suppose we are able to find such an allocation, then the

integrality gap is % <3.

2.1 Getting a “Minimal” Solution

Let z* be a solution for CLP(T"). We create another solution = (which might not be feasible)
as follows. Initialize z; 5 =0 for alli € A and S C B;. For all ] g > 0, where S € C(@i,T),
1. if 8" =S5n B} #0, then set z; g = 7 g;

2. otherwise, S contains only light items and set z; g = zi g

Note that for each i € A we have the following properties on x:
1. (heavy/light configurations) if z; ¢ > 0, then (S C B} A|S]| > 1) or (S C Bf A |S| > k).
(covering constraint for agent) > gcp, Ti,s = X gecir) Tis = 1-
3. (packing constraint for item) for all j € B: Zi,S:jeS x5 < Zz’,S:jESEC(i,T) rig <1

g

Now we construct a hypergraph H(A U B, E) as follows: for all z; g > 0,
1. if S C B}, then for each j € S, add {i,j} to E (we call such an edge heavy);
2. otherwise for each S’ C S and |S’| =, add {i} US" to E (we call such an edge light).

A matching M C F is a collection of disjoint edges. Note that any perfect matching of
H that matches all nodes in A provides an allocation that assigns each i € A either a heavy
item or r light items. For all F/ C E, let A(F) = AN (U.cpe) and B(F) = BN (Uyepe)-

2.2 Finding a Perfect Matching

Recall that the existence of a perfect matching in H(AU B, E) such that every agent in A is
matched implies that the integrality gap of CLP(T) is at most 3.

» Theorem 7. The above hypergraph H(A U B, E) has a perfect matching.

Proof. Given a partial matching M C E, we show how to extend its cardinality by one
if [M] <|A|—1. Let iy € A\A(M) be an agent not matched by M. For the initial step,
suppose X contains an arbitrary edge e; with A(e;) = {ip} and Y7 = blocking(e1) = {f €
M : BnNeyN f# 0} be the blocking edges of e;. If blocking(e;) = (), then we can add edge
e1 to the matching. Assume blocking(e) # 0.

For the recursive step, suppose we already have edges X; (where t = | X;|) and Y;, which
together form an alternating tree rooted at ig. We consider adding the (¢ + 1)-st edge to X
as follows. An edge e € E is addable if (1) A(e) € A(X; UY}); (2) B(e) N B(X; UY;) = 0.
If such an edge ey exists and blocking(es11) # 0, let X3y = Xy U{erp1} and Yy =
Y; U blocking(e¢+1). If blocking(e;y1) = (), then we contract X; by swapping out blocking
edges (the details of contraction will be discussed later). The contraction operation guarantees
that every addable edge has at least one blocking edge.

» Claim 8 (Always Addable). There is always an addable edge e; 1.

Proof. Let P = A(X; UY;) be the agents in the tree. Note that |P| = |Y;| 4+ 1 since each
agent ¢ # ig in P has an unique blocking edge that introduces i.

Let X} (Y;}) be the heavy edges and X{ (Y€) be the light edges of X; (V3).

We have | X}| = |Y;!] since heavy edges can only be blocked by heavy edges. We have
| X 5| < |Y¢| since each addable edge has at least one blocking edge.
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Let 2p = > ,cp 2 gcpt Ti,s be the total units of heavy bundles assigned to P by z,
which is a lower bound for the total number of heavy items Bh = U;cp B} agents in P are
interested in since

x}):Z Z 4,8 SZ Z Zl’z’,s: Z Z x5 < |Bp|.

i€P SCB! i€EP SCB} jES jEBL i,5:j€SCB!

Let 25 =) .cp ngB; x;,¢ be the total units of light bundles assigned to P by z. By
construction of x, we have

Z Z ”«“i,szz Z %54‘2 Z Tis =Tp+ap > |P|

i€P SCB; icP SgBil i€P SCB;

Since |Y;!| heavy items are already introduced in the tree, if 21, > |Y;!|, then there must
exist an addable heavy edge for some i € P. If 2}, < |V}, then we have 2% > |P| — 2L >
Y| + 1 > | X5| + 1. Note that every light addable edge has at most r — 1 unblocked items,
the total number of light items in the tree is

B (X UYy)| < (r = DIXF| + Y] < (2r = 1)(ap — 1) < (2r — 1)2%. (1)

For each i € P and S C Bg, if x; s > 0, then by construction we have |S| > k > 3r — 2.
If ¢ has no more addable light edges (has at most » — 1 unintroduced light items in H),
then at least Y g5 (|S| — (r—1))zis > (2r — 1) Y gc g 4,5 units of configurations of light
items appear in the tree. If there is no more addable Iig7ht edges for all i € P, then we have

B (X, UY) > Y S mig=@r—1)> Y wig=(2r - Daj,

JEBE(X,UY;) 4,5:j€SCBS i€P SCB¢

which is a contradiction to (1). <

Contraction: If blocking(e;11) = 0, then we remove the blocking edge f that introduces
A(et41) from the matching and include e; 41 into the matching. Both e;y; and f are removed
from the tree. We also remove all edges added after f since they can possibly be introduced
by A(f). We call this operation a contraction on e; 1. Note that this operation reduces
the size of blocking(e’) by one, for the edge e’ that is blocked by f. If blocking(e’) = 0 after
that, then we further contract e’ recursively. After all contractions, suppose the remaining
addable edges in the tree are e, es, ..., ey (ordered by the time they are added to the tree),
we set t =/, Xy and Yy be the addable and blocking edges, respectively.

Signature: At any moment before including an addable edge (suppose there are ¢ addable
edges in the tree), let s; = |blocking(e;)| for all ¢ € [t]. Let s = (s1,52,...,5t,00) be the
signature of the tree. Then, we have the following.

1. The lexicographical value of s reduces after each iteration. If there is no contraction in
the iteration, then in the signature, the (¢ 4+ 1)-st coordinate decreases from oo to s;41,
while s; remains the same for all i < ¢. Otherwise, let e; be the edge whose number of
blocking edges is reduced by one but remains positive in the contraction phase. Then, we
have s; is reduced by one while s; remains the same for all j < ¢.

2. There are at most 2" different signatures since Zie[t] si <nandt<n.

Since an addable edge can be found in polynomial time and the contraction operation stops

in polynomial time, a perfect matching can be found in n - 2" - poly(n) time. <
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3  Quasi-Polynomial-Time Approximation Algorithm

We show in this section that a simple modification on the algorithm for finding a perfect
matching in Section 2 can dramatically improve the running time from 20" to nOUogn),
Assume that T' < OPT. Note that in this case we can still assume T € [1, %)

Note that combining the polynomial time %—approximation algorithm, the approximation
ratio we obtain in quasi-polynomial time is min{%, 3+ 4e} <4 forall € € (0,1). Moreover,
when € — 0 (in which case the problem is still (2 — ¢)-inapproximable), our approximation
ratio approaches the integrality gap upper bound 3.

Proof of Theorem 5. Let T be a guess of OPT and k = [L]. Since the statement trivially
holds for € > i (% < 3+4¢). We assume that € < i (hence k > 5). We show that if T < OPT,
then we can find in quasi-polynomial time a ﬁ—alloca‘cion; if no such allocation is found
after the time limit, then 7" should be decreased as in binary search. Let r = [ﬁ} It
suffices to show that a feasible allocation that assigns to each agent i either a heavy item in
B} or r light items in Bf can be found in nOUegn) time, for any e < i. We define a heavy
edge {i,j} for each j € B} and a light edge {i} U S for each S C Bf and |S| =r.

As in the proof of Theorem 7, we wish to find a perfect matching for all agents in A.
Suppose in some partial matching, there is an unmatched agent iy and we construct an
alternating tree rooted at ig. For each addable edge e, we denote by d(e) the number of light
edges (including e) in the path from i( to e in an alternating tree rooted at ig. Note that
a path is a sequence of edges alternating between addable edges and blocking edges. The
algorithm we use in this section is the same as previous, except that when there are addable
edges, we always pick the one e such that the distance d(e) is minimized. We show that
in this case there is always an addable edge within distance O(% logn).

Let X; and Y; be the set of addable edges and blocking edges at distance ¢ from iy,
respectively. Note that Y; = ) for all odd 4 since light blocking edge must be introduced due
to light addable edge. Moreover, since on the path from iy to every addable edge e € X;,
the light edge (if any) closest to e must be a blocking edge (of even distance), we know that
Xoad contains only light edges and Xeyen contains only heavy edges. Let V' and Y;¢ be the
set of heavy edges and light edges in Y;, respectively.

Let L = [log, | < n]. It suffices to prove Claim 9 below since it implies that

€ € € € €
Yiop ol > (1+ E)|Y§2L| > (1+ E)L|Y2| >mn,

which is a contradiction and implies that there is always an addable edge within distance
2L + 1. Note the the last inequality also comes from Claim 9 since otherwise |Y5| = 0 and
Y| =0 < {5]Y5| would be a contradiction.

» Claim 9. For alll € [L], when there is no more addable edge within distance 21 + 1, we
have Yy 5| > {51V

Proof. Let P = A(X<o U Y<q) = A(Y<21) U {ip}. Since there is no more addable edges
within distance 2] + 1, we know that every agent ¢ € P does not admit any addable edges.
Hence for each i € P, all heavy items in B} are already included in B*(X1,,) and at most
7 — 1 light items in Bf are not included in B(X<y,; UYSy ). -

Since T < OPT, we know that at least |P| — |BY(X1,,)| = |Y<,| + 1 agents in P are
assigned only light items. Hence, out of at least k light items assignea to each of those agents,

at least k —r + 1 items must be included in B(X<,, UYS,, ,), which means

[BY(XZo111 U Yo 10)[ = (k= + 1)([Yq| + 1)
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Assume [V | < 15V Ey [, we have [YEy, o] < (14 15)|VEy|. Since every addable edge
contains at most r — 1 unblocked items (items not used by M), we have the following upper
bound for the number of light items in the tree:

€ € € € € € €
|B(X o1 U Yo 40)| < (r = D)X o +7[Yo040] < (1+ —)(2r = D[YEy].

- 10
Fore<: Te[l,2),k=[L]andr= fﬁ}, we have k > 3[4] — 2 > 3r — 2. Suppose
k = 3r — 2, then we have
k 3k 4ek
k=3 —2< —+1=k- -1
(3+46—| _3+4e+ (3+4e )
which is a contradiction since ?ﬁ:ie > 1. Hence we have k > 3r — 1, which implies k —7+1 >

(3r—1)—(r—1)=2r > (1+ §5)(2r — 1) since r < 2. Hence we have a contradiction. <

At any moment before adding an addable edge, suppose we have constructed X<, and
Y<2. By the above argument we have 2/ < 2L = O(+logn). Let a; = —|X;|. Let [V;!| = b,
and |Y;f| = b;—; for all even i. Let s = (ag, by, a1,b1, ..., ag;, by, 00) be the signature of the
alternating tree. We show that s is lexicographically decreasing accross all iterations.

No contraction: Suppose we added an addable edge e with blocking(e) # 0, then e will be
included in X<g; or a newly constructed Xy, 41, in both cases the lexicographic value of s
decreases since the last modified coordinate decreases.

Contraction: Suppose the newly added edge has no blocking edge, then in the contraction,
let f € Y, which must be light, be the last blocking edge that is removed. Since by;_;
decreases while a; (for all j < 2i—1) and b; (for all j < 2i—2) do not change, the lexicographic
value of s decreases.

Since L = O(% logn), there are n different signatures. Since an addable edge can
be found in polynomial time and the contraction operation stops in polynomial time, the

O(Llogn)
running time of the algorithm is n - poly(n) - nO(zlogn) — pO(z logn) <

4 Polynomial-Time Approximation Algorithm

We give a polynomial-time approximation algorithm in this section. Based on the previous
analysis, to improve the running time from n{ogn) o)
number of iterations (signatures) by poly(n). On a high level, our algorithm is similar to
that of Annamalai et al. [1]: we apply the idea of lazy update and greedy player such that
after each iteration, either a new layer is constructed or the size of the highest layer changed
is reduced by a constant factor. However, instead of constructing feasible dual solutions, we

ton , we need to bound the total

extend the charging argument used in the previous sections on counting the number of light
items in the tree to prove the exponential growth property of the alternating tree.

In binary search, let T be a guess of OPT. As explained earlier, we can assume T € [1, %)

Let k = (%] Our algorithm aims at assigning to each agent either a heavy item or r light

items, for some fixed r < % when T < OPT. Such an allocation gives a %—approximation. Let

p € (r,k) be an integer parameter. Let 0 < u < 1 be a very small constant, e.g., u = 10710,

As before, for each i € A, we call {i,j} a heavy edge for j € B}, and {i} U S a light edge
if S C Bf. However, in this section, we use two types of light edges: either |S| = p (addable
edges) or |S| = r (blocking edges). Let M be a maximum matching between A and B!. We
can regard M as a partial allocation that assigns maximum number of heavy items. Let ig
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be an unmatched node in M. We can further assume that every heavy item is interesting to
at least 2 agents since otherwise we can assign it to the only agent and remove the item and
the agent from the problem instance. We use “ + ” and “ — ” to denote the inclusion and
exclusion of singletons in a set, respectively.

4.1 Flow Network

Let G(AU B, Ey/) be a directed graph uniquely defined by M as follows. For all i € A
and j € B}, if {i,j} € M then (j,i) € Ey;, otherwise (i,5) € Ey. We can interpret the
digraph as the residual graph of the “interest” network (a digraph with directed edges from
each i to j € B}) with current flow M. The digraph G has the following properties

every i € A has in-degree < 1, every j € B! has out-degree < 1 and in-degree > 1.

all heavy items reachable from i € A with in-degree 0 must have out-degree 1 (otherwise

we can augment the size of M by one).

Given two sets of light edges Y and X (A(Y) and A(X) do not have to be disjoint), let
f(Y, X) denote the maximum number of node-disjoint paths in G(AU B*, Ej;) from A(Y) to
A(X). Let F(Y, X) be those paths. We will later see that each such path alternates between
heavy edges and their blocking edges. Unlike the quasi-polynomial-time algorithm, in our
polynomial-time algorithm, the heavy edges do not appear in the alternating tree. Instead,
they are used in the flow network G(AU B, Ej;) to play a role of connecting existing addable
light edges and blocking light edges.

4.2 Building Phase

» Definition 10 (Layers). For all ¢ > 1, a layer L; is a tuple (X;,Y;), where X; is a set of
addable edges and Y; is a set of blocking edges that block edges in X;.

Initialize { = 0, Lo = (0, {(40,0)}). We call an addable edge e = {i} U P unblocked if it
contains at least r unblocked light items: |P\(U. epiocking(e) B(€')) = 7. Initialize the set
of unblocked addable edges be I = (). Throughout the whole algorithm, we maintain a set
I of unblocked addable edges and layers L;(X;,Y;) for all ¢ <[, where X; contains blocked
addable edges. Initialize X;11 = Y;11 = (). We build a new layer as follows.

» Definition 11 (Addable). Given layers X<;11 and Y<;, an edge e = {i} U P is addable if
‘P‘ =pand P C Bf\Be(XSH_l U YSl) such that f(Y§l7X§l+1 ul+ 6) > f(YSl, X§l+1 U I)

Note that such an edge is connected to a blocking edge in Y<; by a path in G(AU B!, Eyy)
that is disjoint from other paths connecting existing blocking edges and addable edges.

Given an addable edge: if it is unblocked, then include it in I; otherwise include it in X;4.
When there is no more addable edges, let Y;11 = blocking(X;41) = UeeX“rl blocking(e), set
Il =141 and try to contract L;. Note that a blocking edge can block multiple addable edges.

4.3 Collapse Phase

Let W = F(Y<;, I) be constructed as follows. Initialize W = () = F(Y<o, I). Recursively
fori =1,2,...,1, let W = F(Y<;,I) be augmented from W = F(Y<;_1,I). In the final
W, let W; C W be the paths from A(Y;) to A(I) and let I; C I be those reached by W;.
By the above construction, if f € Y<; have no out-flow in F'(Y<;,I), then it will not have
out-flow in F(Y<;,I), for any j > i. Hence we have for all ¢+ = 1,2,...,1, |W;| = |I;| and
(W<l = |I<i| = f(Y<i, I) = f(Y<i,I<;). Note that every path in W; starts with an agent
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u € A(Y;) that is assigned a light edge by M and ends at a agent v € A(I;) with an unblocked
addable edge, which provides a possibility of swapping out a blocking edge in the tree with
an unblocked addable edge (by reassigning all heavy items in the path).

» Definition 12 (Collapsible). We call layer L; collapsible if |I;| > u|Y;].

Intuitively, |I;| > p|Y;| implies that we can swap out a p fraction of blocking edges in Y;
(which is called a collapse). Let L; be the earliest collapsible layer, we collapse it as follows.

Step-(1). For each path P(u,v) in Wy from e; :={u} UR € Y; to ex :={v} UP € I

1. M =M — e + ¢, swap out blocking edge e; with ¢’ := {v} U P’, where |P’| = r and
P’ - P\ Ueeblocking(eQ) Be(e)’

2. reverse all heavy edges in P(u,v): M = MU{{i,j}: (i,5) € P(u,v)N(Ax B)P\{{¢,7'}:
(j',7") € P(u,v) N (B x A)}.

Note that after the above operations, only Y; and M are changed: the size |Y;| is reduced
by a factor of at least p and the number of heavy edges in M is not changed.

Step—(2). Set I = Igt_1. Note that |W§t_1| = f(Ygt—la I) = f(Ygt—hISt—l) still holds.

Step-(3). Set ! =t and repeat the collapse if possible. Remove all unblocked edges in X;
(since |Y;| decreases). For each removed unblocked edge e, include it in I if f(Y<;—1, X<, U
It+e)> f(Yro1, X< UI).

4.4 Invariants and Properties

» Fact 13 (Key Invariant). Since the construction of Ly (until Ly_1 is collapsed),
f(Y<i—1, X<t UI) does not decrease and is always no less than | X<|.

Proof. We prove by induction on ¢t > 1. Consider the base case when t = 1. The state-
ment trivially holds when L; is just constructed and when |X; U I| increases. Suppose in
some iteration |X; U I| decreases, then it must be because Y; is collapsed, in which case
f(Y<i—1, X<t UI) does not change due to the update rule of step-(3).

Now assume the statement is true for ¢t and consider ¢ + 1.

When L,y is built we have f(Y<i, X<py1 UI) > f(Y<to1, X<t UT U Xypq) =
F(Y<io1, X<t UT) 4+ | Xi41] > |X<t41]- Since |X;| does not increase afterwards for all
1 <t+ 1, applying the same argument to L;y1 as above yields the fact. |

» Lemma 14 (Exponential Growth). Let r = max{[£], f?i;%]}, if T < OPT, then for all

i € [I] we have |Y;| > p?|Y<;—1|, which implies | = O(ﬁlog n).

Proof Sketch. suppose |Y;| < p?|Y<;_1|, then by Fact 13 we can show that |X<;| <
f(Y<tm1, X<t UT) < (557 + 200)[Y<i—1] (when p is sufficiently small). Hence at the
moment when there is no more addable edge that can be included into X<, we can show
that the total number of items agents reachable from A(Y<;_1) are interested in are not

enough to achieve T' < OPT. Please refer to our full version for the complete proof. <

Proof of Theorem 6. For any T and k = (%], the algorithm tries to compute an re-
allocation, for integer r as large as possible, by enumerating all possible values of p between r
and k. For any fixed r and p, we try to augment the partial matching M that matches each
agent with either a heavy item or r light items. Hence it suffices to show that the algorithm
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terminates in polynomial time for augmenting the size of M by one. Since each iteration can
be done in polynomial time, it suffices to bound the number of iterations by poly(n). The
approximation ratio will be the maximum of %, over all T' < OPT.

By Lemma 14 and the definition of collapsible, we know that after each iteration, either
(if no collapse) a new layer with |Y;1| > p?|Y<| is constructed, or some |Y;| is reduced
to at most (1 — p)|Y:| while Y; are unchanged, for all ¢ < ¢t. Let s, = Llogﬁ D;‘J and
s = (s1,82,--.,81,00) be the signature, then we have: (1) it is lexicographically decreasing

across all iterations: if there is no collapse, then some layer is newly constructed and hence
s decreases; otherwise let L; be the last layer that is collapsed and |Y;| be the size of Y;
before it is collapse: we know that at the end of the iteration s; is not changed for all

i <t while s; < [log_1_ %J = [log_+_ B;IJ — 1 is decreased by at least one, which
= =

also means s decreases; (2) its coordinates are not decreasing: for all ¢ € [[ — 1] we have
Siy1 = Uog% ‘;;;g‘J > Uog% D;%,{‘” > s;. Since we have | = O(logn) and s; = O(logn)
— —

for all i € [I], the total number of iterations (signatures) is at most 2°01°8™) = poly(n).

Approximation ratio: When £ < 9, then a trivial 9-approximation can be achieved by a
e-allocation (maximum matching). By the proof of Lemma 14, the approximation ratio f is
always at most 9 and tends to 3 + 2v/2 ~ 5.83 as ¢ — 0. <
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