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Summary

General context

ITEM ALLOCATION is a fundamental problem of combinatorial optimization. Its task consists in
distributing a set of items among a set of players, each equipped with a valuation function over
subsets of items, with the goal of optimizing a specific objective function. The most classical
objective functions are max-sum, i.e. maximizing the average satisfaction across all players,
and maz-min, maximizing the satisfaction of the least satisfied player. This work focusses on
the latter objective function, which is less studied. Applications of max-min allocation range
from assigning classrooms to charter schools [I6] over sensor placement and scheduling [I5] to
allocating resources to GPUs for deep learning training [g].

Naturally, if players are allowed to have arbitrary valuation functions, no useful algorithmic
guarantees can be provided. As a result, research focusses on restricted classes of valuation
functions that are both expressive and computationally tractable. For example, a common as-
sumption is that each player has an additive valuation function; that is, each item is associated
to a certain weight, and the satisfaction of the player is the sum of the weights of the received
items. Another important and more general class of valuation functions are submodular func-
tions; besides their useful algorithmic properties, they naturally model the law of diminishing
returns in economics. This makes them especially interesting in the context of allocation.

In this work, we will mostly restrict our attention to the case where all players share the
same valuation function. Assuming that the valuation function is submodular, prior to this
internship, the state of the art was a 63;81 ~ 0.21-approximation [I5].

The report also explores the integrality gap of the so-called configuration linear program, an
important linear programming (LP) relaxation for max-min allocation. The study of integrality
gaps of natural LP relaxations is motivated by the fact that they often lead to new and better
approximation algorithms, especially in the context of the configuration LP [5]. Previous work
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had established that for identical additive valuations, this gap is between {555 and 2 [17].

Research problem

Specific questions studied included: Can we improve the approximation algorithm of [15], using
combinatorial methods or mathematical programming approaches via the configuration LP?



Can we improve the bounds on the integrality gap of the configuration LP, or establish new
results for related problems in max-min allocation, by applying similar techniques?

Max-min allocation is a problem which arises very naturally from economic motivations
and has many real-world applications. The problem has its root at machine scheduling and is
therefore an old problem in combinatorial optimization. However, its approximability remains
extremely poorly understood, compared to other classical problems. This made me particularly
intrigued by the specific problem.

Contribution
Our contributions can be categorized as follows:

e In Section[2] we improve the state of the art for submodular max-min allocation with iden-
tical valuations, by showing that a certain greedy algorithm gives a % = 0.4-approximation
for submodular max-min allocation. This is the most important result of the internship.
For the special case of weighted matroid rank functions, we provide a %—approximation.

e In Section |3] we use a new technique to prove upper bounds for the integrality gap of the
configuration LP, based on dual fitting. With this method, we show that the integrality
gap is upper bounded by 1.5, establishing that this LP is strictly stronger than the other
classical LP relaxations previously studied. Additionally, we improve the lower bound
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on the integrality gap to =5 and prove bounds for more general settings like submodular

functions, or players with different capacities (also called parallel machines).

e During the internship, we also obtained several results in the setting of so-called constrained
agents, which combines the max-sum and max-min objectives by partitioning the players
into two groups. Since this topic is less related to the rest of the report, we only briefly
summarize these results in Section 4] and discuss them in more detail in the appendix.

Arguments supporting its validity

We provide proofs for all of our claims. Due to space constraints, we only keep the technically
most interesting proofs in the main part, and defer the other proofs to the appendix.

Summary and future work

We contributed to a better understanding of approximation algorithms for max-min allocation
with identical additive or submodular valuation functions. However, several natural questions
remain open. First, the proposed 0.4-approximation is still far from the best-known complexity-
theoretical hardness bound of 1 — % ~ 0.63. Closing this gap remains the most pressing open
problem. We believe that a local search algorithm based on the same maz-sum to maz-min
paradigm as our greedy algorithm might lead to a better ratio.

Another promising direction is to further explore the configuration LP. It would be valuable
to determine the exact value of its integrality gap in the case of identical additive valuations.
Our work suggests that the true gap might be much closer to the lower bound than to the current
upper bound (see proposition . It would also be interesting to extend some of the developped
proof techniques to more general settings, such as submodular functions and parallel machines.
This could lead to new state-of-the-art approximation algorithms for several important problems.



0.1 Approximability landscape

After this brief summary, we give a slightly more profound study of related work and explain
how our results fit into the global complexity picture. Table[I] gives an overview over lower and
upper bounds for the approximability of max-min allocation, as well as for the integrality gap
of the configuration LP, under different variants of the problem.

. Integrality Gap Integrality Gap
Class Algorithms Hardness Upper Bound Lower Bound
Additive PTAS [22] NP-hard 3/2 (Theorem|3) [ 73/72 (Theorem [4)
Parallel PTAS [3] NP-hard 2 (Proposition [4) 73/72
Restricted
Assignment 1/2-approx (Theorem [2 NP-hard 2 73/72
Submodular | 2/5-approx (Theorem (1) | 1 —1/e+ ¢ [14] ? 4/3 (Proposition [6)
Restricted
Assignment (1/4) — e-approx [10] 1/2 4 ¢ [6] 3.534 [13] 2

Table 1: Approximability and integrality gap of the configuration LP for different variants of
max-min allocation.

Additive valuations. Additivity is one of the most simple assumptions on the valuation
functions of the players. In the general version where each player might have a different additive
valuation function, the best-known algorithm by [7] achieves an approximation factor of O(n!*¢).
Notably, computational complexity only rules out a factor better than 2, as shown in [6].

A well-studied special case is the so-called restricted assignment case, where the valuation
of a player for an item j is either f(j) or 0. To tackle this problem, Bansal and Sviridenko [5]
introduced the configuration LP, and subsequent work [Bl 2| [T9], 1] led to the current best approx-
imation factor of i — ¢ for the problem [I0]. Recently, the integrality gap of the configuration
LP was shown to be even smaller [13].

In the simpler setting where each player has the same additive valuation function, Woeginger
designed a polynomial-time approximation scheme (PTAS) [22]. The PTAS was later generalized
to the case of so-called parallel machines [3], where each ‘machine’ can have a different speed, or,
from an allocation point of view, each player can be satisfied with a different amount of value.

Submodular valuations. Submodular valuations have also been studied. The first approx-
imation algorithm for the general case was given in [I2], and even though improvements have
been made [I1], the best approximation factor is still polynomial in the input. Notably, no
better hardness than 2 is known [6]. In the special case where the number of players is con-
stant, an optimal 1 — 1/e-approximation has been found [9]. For max-sum, Vondrak gave a
1 — 1/e-approximation [2I], which is optimal under P # NP [I4], but even unconditionally
using information-theoretical lower bounds [I8]. In the restricted assignment case, [4] managed
to generalize the techniques from Bansal and Sviridenko to obtain a O(loglog n)-approximation.

When all players have the same valuation function, [I5] gave the first constant-factor approx-
imation algorithm, which uses an algorithm for max-sum as a subroutine. Plugging in Vondrak’s

optimal algorithm, their method achieves a < L ~ (0.21-approximation.

Focus of this work and results. Our goal in this work is to better understand the ap-
proximability of the above-mentioned problems in the case where all players have equal, or



closely related, valuation functions. This restriction has real-world motivations [15] but is also
interesting since various hardness results already hold in this simple case [14] [18].

As already mentioned in the summary, we significantly improve on the result of [15] by giving
a %—approximation for the problem of max-min allocation with equal submodular valuations.
Our algorithm is essentially greedy and rather easy to describe, but the analysis is quite involved.

Furthermore, we study the integrality gap of the configuration LP with equal preferences.
The other standard LP relaxation, called assignment LP, has an integrality gap of two, and no
better integrality gap was known for the configuration LP in this setting. We prove that the
configuration LP is strictly more powerful than the assignment LP, even in the case of equal
valuations, by showing that the integrality gap of the configuration LP is at most 1.5. We also
give other lower and upper bounds to the integrality gap in various settings, as seen in table

0.2 General structure of the report

In Section [T} we give basic definitions and formally introduce the computational problem. In
Section 2] we discuss greedy algorithms for SUBMODULAR MAX-MIN ALLOCATION, showing the
aforementioned %—approximation (theorem . We also prove theorem about weighted matroid
rank functions. In Section |3] we study the configuration LP and prove upper and lower bounds
on its integrality gap, for example theorems [3] and [ and proposition[f] Finally, in Section [d] we
present our results in the constrained agent setting, in particular theorems [5] and [0}

We assume that the reader is familiar with basic notions in approximation algorithms and
optimization, such as (dual) linear program, integrality gap and separation oracle. However, we

give a reminder for the most basic notions in

1 Preliminaries

Consider a set J (with n := |J|) of items and a valuation function f : 27 — Q that assigns a
value to each subset of J. We simplify notation by writing f(j) instead of f({j}), for j € J.
We focus on two cases: First, when f is additive, that is, f(SUT) = f(S)+f(T)—f(SNT). In
this case, we can write f(S) = > g f(s), for any S C J. Our second case concerns submodular
functions. A function f : 27 — Q is called submodular, if for every two subsets S and T,

fSUT) < F(S)+ f(T) = F(SNT).

Closely related to submodular functions is the notion of marginal contribution. We define
the marginal contribution on f of an item j with respect to a subset S as Af(j | S) :=
fFSU{s}) — f(S). We extend this definition to sets (ie. Ay(S | T) = f(SUT) — f(T)).
In fact, a useful characterization of submodularity is that for all subsets S C T of J and j € J,

Ap(318) 2 As(G1T).

A function is monotone if for all S C T, we have f(S) < f(T). We assume f((})) = 0, and thus
a monotone function is also non-negative. We also consider a set P (with m := |P|) of players.
Each player p has a valuation function f, describing his satisfaction with a certain set of items.

More formally, a partial allocation of J is a partition A = (41, ..., A;n) of a subset of J.
Slightly abusing notation, we write j € A for j € J,cp Ai. If every item is allocated, we speak
of an allocation. We refer to the disjoint sets of a (partial) allocation as configurations. We



define foum(A4) =3 cp fo(Ap), fmin(A) = minyep fp(4p) and fimax(A) = maxpep f(Ap). We
will refer to players p with f,(A4,) = fmin(A) as min players (and the same for maz players).

1.1 Submodular Max-Min Allocation

With these definitions, we are ready to define the main computational problem of interest.

SUBMODULAR MAX-MIN ALLOCATION

Input: A set of items J, a set of players P = {1,...,m}, and a monotone submodular
function f: 27 — Q.

Output: An allocation A that maximizes fiin(A4)

Notice that each player has the same valuation function f. We assume that we are given
access to a so-called value oracle, which, given any S C J, returns f(.5). E| To see NP-hardness,
consider the classical NP-hard PARTITION problem: We are given a multiset of integers and ask
to partition it into two parts of equal value. This clearly corresponds to the special case of our
problem where there are only two players and their valuation function is additive.

Approximation Hardness. Apart from the general NP-hardness, it was shown that the
max-sum version of the problem is NP-hard to approximate within any factor better than
1-— é [14]. In the reduction, each player shares the same valuation function, and moreover gets
the same value. Their hardness result therefore immediately translates to our setting:

Corollary 1 ([I4]). Unless P = NP, SUBMODULAR MAX-MIN ALLOCATION cannot be ap-

prozimated to factor 1 — % ~+ ¢ for any e > 0.

1.2 Facts about Submodular Functions

In this subsection, we state some useful (generally already well-known) facts about submodular
functions. Let f : 27 — Q be submodular and monotone.

Observation 1. The restriction of [ to any subset J' C J is submodular and monotone.

Lemma 1. Consider a new item z. For any t € Q, define the function f, : 271 — @ by
fr(SU{z}) = f(S)+t and fi(S) = f(S) for all S & z. Then, f; is submodular and monotone.

Proof. Monotonicity being clear, we only prove submodularity.

fit(S) + fi(T)

f(S) + f(T) + (]IZES + ]lzeT) -t
FSUT)+ f(SNT) + (Lies + Leer) - ¢
FSUT)+ f(SNT)+ (1.esur + Loesnr) -
[(SUT)+ fi(SNT)

>

O

1'We note that in the literature (especially in work motivated by economic problems), a stronger type of oracle
exists, namely the demand oracle: It is assumed that each item j carries a price p;, and the oracle returns the
set S which maximizes f(S5) — >_,cg ;-




Figure 1: The player with the yellow base item will prefer the red item over any blue item, and
thus the red item, which is very beneficial for the second player with the green base item, will
not be available anymore.

Observation 2. Af(S |T)— f(S) = f(SUT)— f(T)— f(S)=AT|S)— f(T).

Observation 3. Let S = {jy, ..., jx}. Then, Ap(S|T) =S¥ As(i | TU {1, jio1})-
A direct corollary by using submodularity is:

Observation 4. Af(S[T) <3, s Ap(j | T).

Observation 5. f(SUT) = f(S)+ f(SUT) — f(S) = f(S)+As(T|S).

2 Greedy approaches

In this section, we investigate greedy algorithms to solve SUBMODULAR MAX-MIN ALLOCATION.

2.1 The Natural Greedy Algorithm

Certainly, the most natural greedy algorithm to consider always picks the current min player and
assigns to them the item with the highest marginal contribution. We call this simple algorithm
the natural greedy algorithm. Unfortunately, even though it appears to be very promising, this
algorithm can produce arbitrarily bad solutions. We give here a high-level intuition, and defer

the full counter-example and the proof to

Proposition 1. The natural greedy algorithm has no performance guarantee better than 1/m.

Intuition. In our counterexample, each item covers a certain area on the plane, and the value
of a set of items is the amount of area covered by the union of all items. Consider the example
in figure [I} where one player already got the yellow item, and the other player already got the
green item. Clearly, to increase its area, the yellow player should choose the blue items, while
the green player should choose the red item. But, assuming the yellow player is the current
min player, they will choose the single item which maximizes the current marginal contribution,
that is the red item. The fundamental problem is that the items which are “good” for a certain
player might have extremely small marginal contribution in comparison to other items. In other
words, the good items are many, but every single one of them is bad.



2.2 Truncated Max-Sum Greedy

The above counterexample shows that a greedy algorithm that only considers the min player is
too restrictive. We should rather allow the greedy algorithm to allocate items to non-min players.
We therefore investigate the worst-case performance of the following greedy algorithm: Fix a
threshold @ < 1. We assume that the algorithm knows the optimal value OPT, by performing
a binary search. First allocate one of the m biggest items to each player. Then greedy allocates
according to the following rule: Always choose the pair of available item j and player p that
maximizes the marginal contribution As(j | Ap), under the constraint that f(A4,) < a - OPT,
i.e. we only consider players that have not reached an a-fraction of their desired value.

Then, the goal is to show that each player will eventually surpass this threshold, which proves
an a-approximation. The pseudocode is shown in algorithm

Algorithm 1: The truncated max-sum greedy

Data: items J, players P, submodular function f: 27 — Q

Result: an allocation A

Remove the m items j with largest f(j) from J, and give one of them to each player;
while J # 0 and there exists p € P with f(A,) < a- OPT do

(J*,p%) + argmax;c spepif(a,)<a-0pT Af(J | Ap);

J—J={j"}
Ap  Ap- U{7"
end

return (A;,..., 4,,)

Observation 6. If the greedy gives an a-approrimation on instances where for all items j € J,
f(j4) < a- OPT, then it also gives an a-approzimation for the general case.

Proof. Let OPT denote the optimal value in the general instance. Assume that there are
k big items j with f(j) > a - OPT. In an optimal allocation, clearly these items can be
given to at most k players. Thus, there exists an instance on m — k players and a subset
J C{jeJ| f(j) <a-OPT} of items that achieve at least OPT.

If greedy is performed on the instance with m — k players and without the big items, then
it will obtain a solution of value at least o - OPT (since the optimal solution on this reduced
instance has value OPT, as argued above). Adding k players, each containing one big item,
gives a solution of value at least a- OPT to the general instance. O

As a warm-up, we will first show that we obtain a i-approximation when setting o =

3 >

Afterwards, we will show that we can actually obtain a £-approximation with o = .

Consider a greedy allocation A and an optimal allocation A*. Let ¢ be the min player in A,
ie. f(Aq) = fmin(A). Throughout the proof, we will use the following notation: The ¢-th item
which got allocated to player p by the greedy algorithm is denoted by a;.

We first show the following simple but crucial lemma.

1
3

Lemma 2. Assume f(Aq) < a- OPT. For all players p € P,

> A Ay < £(4)

JEAp



Proof. Let A®) denote the partial allocation of the algorithm after afo has been allocated.

[Ap| [Ap| [Ap|
STALGIA) =D Ap(ah [ Ag) <D Ap(al | AD) <D Ag(al | AD) = f(Ap)
J€Ap i=1 i=1 i=1

The first inequality follows from the submodularity of f, since At(;) C A,. For the second
inequality, notice that the algorithm always chooses to allocate an item to the player p with
maximal marginal contribution, as long as f(4,) < « - OPT. O

We will also need an upper bound on f(A4,). The following lemma will give us an upper
bound sufficient for the %—approximation, but we will need a more refined upper bound for the
%—approximation.

Lemma 3. For all playersp € P, f(A,) <2-a- OPT.

Proof. Clearly, p can only be allocated one item j that surpasses « - OPT. This item can have
size at most « - OPT, by observation [6} Let A’ be the partial allocation before giving j to p. It
holds that

F(Ay) = f(A)) + Ap(j | A)) < a-OPT + f(j) < a-OPT +a-OPT < 2-a- OPT

O
We can now prove the approximation ratio of % by the following lemma.
Lemma 4. f,n(A%) < f(Ay) + i Zpep f(A).
Proof.
Fnin(A) = i F(47) (1
< géilrjl f(A U A) (2)
< min f(Aq) + D A5 4) (3)
P jEAs
= F(Aq) +min 3" As( | A,) (4)
JEA
1
SFA)+ =30 A 1A (5)
pEP jEA?

(LR DD SPVIEIVS (7)

pEP—{q}j€Ap

<HA) - S (4 (8)
peP—{q}

<A+ 3 F(Ay) )
peP



(2) uses monotonicity of f, (3) comes from observation (5) uses the pigeonhole principle,
(6) captures the fact that A and A* allocate the same set of elements. (7) is true because
Af(j | Ag) =0 for all j € Ay, (8) uses lemma 2] and (9) holds since f(A4,) > 0. O

This indeed implies the approximation ratio for o = %: We can substitute % Epe pf(Ap) <
2-a-OPT by lemma Taking 2-«-OPT = %-OPT on the other side, we obtain %OPT < f(Ay).

2.3 Ratio of 2/5

We will now prove that if o = %, then fiin(A) > %OPT. To this end, suppose for contradiction
that there exists a counterexample to this claim. We will assume that this instance (P, J, f) is
minimal with respect to |P| and that f is scaled in such a way that fuin(A*) = OPT =5. We
also fix a min player ¢ with f(A4,) =2 — ¢ for some ¢ > 0.

Let us define avg := L > pep f(Ap). From lemma {4f we obtain 5 = fimin(A*) <2 — € + avg,
or, rewritten, avg > 3 4+ &. Our goal is to show that avg < 3, arriving at a contradiction.

Let 8 := maxpep maxﬁg‘ Ag(al | {ap,...,al"'}) be the largest marginal contribution of an
item during the greedy algorithm which is not the first item of a player. If 3 < 1, then no player
can obtain more than value 3, so we can assume 3 > 1. Also, 8 < 2 holds by observation [f]

Lemma 5. For each set of k > 1 players p1,...,pr € P — {q}, there is no set of k players
T1,...,Tk € P such that Ui;l Ay, C Ule A

Proof. Removing k players from the instance as well as all items from Ule Ap, leads to a smaller
counter-example: The greedy algorithm still behaves identically on all other players, including
q, so there is a valid greedy allocation A’ on the instance with fiin(A’) = 2 —e. On the other
side, since all removed items only belonged to k players in the optimal solution, removing these
k players gives a solution A** with fuin (A**) > 5. O

The above lemma allows us to prove the following:
Lemma 6. There is a permutation ¢ : P — P such that A, N A;‘ﬁ(p) £ 0 for allp € P.

Proof. Consider the bipartite graph G = (P U P’, E) with the set of players P on the left side
and a copy P’ of the set of players on the right side, and edges (p,p’) if 4, N A}, # (. Consider
an arbitrary non-empty subset Q@ C P — {¢}. By lemma[5] N(Q) > |Q|+ 1. For the set {g}, we
have N({g}) > 1 since A, # () and the item in ¢ must be allocated somewhere in the optimal
solution. For the set 0, clearly |[N(@)] > 0 = |(}]. For any other set {¢} C @ C P, we know
that N(Q) > N(Q — {q}) > |Q — {¢}| + 1 = |Q|. Alltogether, we obtain that for any subset
Q C P, N(Q) > |Q|. We can hence apply Hall’s Marriage Theorem to conclude that G contains
a perfect matching. This matching clearly defines exactly the desired permutation ¢. O

To simplify notation, we will consider an optimal solution such that ¢ is the identity, by just
permuting the allocations of the players in the optimal solution. We now consider the reallocation
digraph G = (P, E): Each pair of players (p,r) € P? is associated to a set A,_,, = A, N A*
which corresponds to the items that were reallocated from p to r, in order to go from A to A*.
An arc (p,r) exists if p # r and A,_,, # 0.

We subdivide the players of our instance into three categories P = BUM U S. The set B of
big players consists of all players b such that f(Ap) > 3. The set M of medium players consists
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Figure 2: Visualization of lemma

of all players p such that 4 — 8 < f(4,) < 3. Finally, the set S of small players consists of all
players p with f(A4,) <4 - 8.
Notice that ¢ € S. This partition is mainly motivated by the following observation:

Observation 7. For any p € BUM, it holds that |A,| = 2.

Proof. Any player p € BUM cannot be allocated just one item j since f(j) <2 <4—3 < f(A4p).
But p can also not be allocated more than two items, because in order for greedy to allocate a
third item, we need f({a,,a2}) < 2, and the first item a, must have value f(a,) > 5. But since
marginal contributions are decreasing, this implies that the last item a’; can contribute at most
Af(aZ | {ap}) <2— B, and so we have f({a},a2,...,ab}) <2+2—3=4— < f(A4p).

O

For each p € BUM, denote by z,, the unique item in A,_,, and denote by y, the other item
of Ay,. Lemma |§| guarantees the existance of the first item and observation |Z| guarantees that
there is exactly one other item. Lemma [ guarantees that the other item is not in A, .

Lemma 7. For any two big or medium players b€ BUM and ¢ € BUM, (b,c) ¢ E.

Proof. Suppose for contradiction that A,_,. # (), where y, € Ay_... Let p € P be the player
such that y. € Aj;. We remove player c as well as items {z.,y, ¥} and add an item z which
contributes an additive factor of ¢ := max(Ay(ye | {zc}), Ay(ye | A5 — {yc})) to every set. By
observation [I] and lemma [1} this function is submodular and monotone. The greedy algorithm
on the new instance may allocate all items that give marginal contribution larger than ¢ in
the original run as before, because the new instance does not give rise to any new marginal
contributions of value > ¢. As soon as all remaining items give marginal contribution < ¢, it
may choose to allocate item z to player b (since z contributes the same to each player).

Notice that the only player with a potentially different value than in the old run, namely
player b, has already received at least value 2 = - OPT: f({zp,2}) > B+ Af(ye | {zc}) >
B+(2— ) = 2. Therefore, b is ignored by the algorithm. It follows that for the greedy algorithm,
the remaining instance is identical to before, so greedy might allocate in the same way. Thus,
we again obtain fumin(A7) = 2 — ¢, for the new allocation A’.

On the other hand, we can modify our old optimal allocation, by just replacing item y. by
item z. Call the new optimal allocation A**. We have

FAGY) = fAY —{2}) +t = f(A, —{ych) +t = f(Ay — {ye}) + Aplye | Ay — {ye}) = F(4]) =

We obtained a counterexample with less players, a contradiction. O

10



Thus, in fact, G[B U M] is an independent set. We now argue that B cannot be too large.
The recurrent argument in the following lemmata will be that the players cannot ‘spill’ too much
value which is valuable for player ¢, because in that case, the item would have been given to
player g. For a player p, let us define V), := U(T P)EE A,_p the set of items reallocated to p and
Wy = U(p,r)eE Ap—r the set of items reallocated from p.

Lemma 8. For any player p, Zyewp Ar(y | Ag) < 2.
Proof. Let af be the last item of A,. By lemma@ there exists an item a}, € A,_,,. Thus,
Ar(Wp | Ag) < Ap(Ap — {a;} | Ag)
<3 Apa) | A,)

J7#i
< Ap(af | {ap, a4+ > Apa) | {a),...;a) ')
J#4,i#k
< Af(a]; | {a;,...,a;_l}) + Z Af(ag, | {a;,...,ai_l})
i#igth
< Af(a; | {a;, ...7a§,—1}) + Z Af(af) | {all,, ...,ai_l})
J#i.J#k

:f(Ap_{a];}) <2

The second inequality is by observation [d] The third inequality is because the items were
allocated to p and not q. The next inequality is by definition of submodular functions, then

we use that a; was chosen before a’} and finally, the last inequality holds because otherwise a’;

would not have been allocated to p, since o - OPT = 2. O
Lemma 9. For any p € P, Zjevp Ap(j |4 >3+ Ejew,, Ar(i | Ag) — F(A4,).
Proof.

DA 1A) =D Ar(i | Ag) + ) A 1A) = DD Ar(G1A)  (10)

JEV, JEA} JEW, JEA,
> A Ag) + 0 A Ag) — f(4) (11)
JEA; JEW,
> Ap(AL] Ay) + 37 AL Ay) — f(4y) (12)
JEW)
> f(AZ) — f(Ay) + 37 AL Ay) — f(4y) (13)
JEW)
=3 + Z A5 [ Ag) — f(Ap) (14)
JEW)

where (10) comes from the facts V), = A% — (A, —W,,), A, =W, € A5, and W), € A,. (11) comes
from lemma |2} (12) is observation {4} (13) follows from f(Ay) — f(A4,) < f(Ay, U Ay) — f(Ay) =
Ap(Ay | Ay) and (14) is because f(A;) > 5 and f(A,) < 2. O

11



Lemma 10. |B| < |S].

Proof. Consider the reallocation graph from before, and associate with each player p the quantity
g(p) = Zjewp Af(j | Aq) - Zjevp Af(j | Aq)' Notice that ZpGP g(p) = 0, since UpeP W, =

UpEP V
By lemma@ for each player p € SU M, we have g(p) < 0. Now consider a big player b € B,

and let p be the player that receives y. Since p must be a small player by lemma [7] we have
f(A4p) <4 -3, and by lemma@, we get g(p) < 1— . If we can show g(b) < 8 — 1, then this
implies g(p) + g(b) < 0. Recall that W, = {y,}. We distinguish two cases.

o If As(yp | Ag) > B, then y, was the first item that the greedy algorithm gave to b, and thus
the second item z; has value < 8. We obtain f((A, — W)U A,) < f(zp) + f(4Ay) < B+2,
and since f(Aj}) > 5, we must have

S TARG A = Af(Vi | Ag) = Ap(Vi | (Ap=W3)UA,) = f(A})—F((Ap—Wp)UA,) > 3—B.
JEVD
Therefore, g(b) = Af(:‘/b | Aq) - Zjevp Af(j ‘ Aq) <2- (3 - 5) =4-1

o If Ap(yy | Ag) < B, then f((Ap—Wy)UA,) < flap)+ f(Ag) <242, and since f(Af) > 5

we must have
DA A = Ap(Vi | Ag) > 1
JEVD

Therefore, g(b) = A¢(ys | Aq) — ZjeVb Ap(j|Ag) <8 -1
In both cases, we obtain g(b) + g(p) < 0.

Now consider a player s € S that receives an item from (at least) two big players b,c. We
have f((Ay—Wy)UA,) < f(Ap—Ws)+ f(4,) < 4, but since f(A4;) > 5, we must have f b) > 1.
The same holds for player ¢. By lemma [8] we also know g(s) < 2 — Af(yb | Ay) — Ar(ye | Ag).

Therefore g(b) + g(c) + g(s) < Ap(yp | Ag) =14+ Ap(ye | Ag) — 1+ g(s) <O0.

Now, let Sy be the set of small players that do not receive any item from big players, let S;
be the set of small players that receive one item from one big player and let S>9 be the set of
small players that receive items from multiple big players. Clearly, we can decompose the set of
players as

P=MUSU [ {pbi}u |J pbi(),ba(p), .. br(p)}

pESL PES>2
where b;(p) denotes the i-th big player that gives an item to p, in an arbitrary order. We have

0=2 g) = 9@)+ D gls)+ Y g(s) +g(ba(s)) + D g(s) +g(ba(s)) + ..+ g(br(s))

peEP peEM s€So s€S1 s€S>2

We showed that all terms are < 0, and that the terms of the last sum are < 0. Hence we obtain
S>9 = (. However, each big player has an outgoing edge, and by lemma |7} the edge goes to a
small player. As S>o = 0, no two big players point to the same small player. By pigeonhole
principle, |B| < |S]. O
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We can conclude as follows:

wve= 3" [(4,)

peP

< (B 2+ ) +15]- (4~ B) + M| -3)
L 1B+ s B+ 3]

< (BB o1y ¢ BB (4 gy 4 jaay - 5)
1 6(|B S

_ LEBLEIS) |y

=3

where the last inequality is because 2+ 8 > 4 — 3, and |B| < |S| by lemma This contradicts
avg > 3, as stated in the beginning. We obtain:

Theorem 1. Truncated Maz-Sum Greedy with o = % gives a %—approa:imation.

We discuss the (close-to-) tightness of this analysis in [Appendix A.2} In particular, we show

that no value of a can lead to an approximation factor better than 5z < 0.41.

Local search ideas. The main paradigm for constructing our greedy algorithm was to trans-
form a max-sum greedy rule into a maz-min algorithm by a certain truncation of the player
value. A similar idea might be applicable for local search procedures. Contrary to greedy,
certain bad instances where one player has many copies of an item, but all other players do
not have any copy, cease to be possible in the local search case. Therefore, this is a promising
direction for improving the ratio of %

2.4 Matroid-constrained max-min allocation

We now look at a special case of submodular max-min allocation, related to matroids. Definitions
and related concepts as well as the proofs of this section can be found in

In this setting, there is only one additive valuation function, but we are given a matroid
M = (J,Z), and we must have A, € Z for all p € P, i.e. each player can only get an independent
set of M. The satisfaction of a player p then equals the weighted rank function of the matroid
applied to A,, which is submodular. This shows that we are indeed dealing with a special case
of submodular functions.

The main technical ingredient is an application of the famous basis exchange property:

Proposition 2 (Weighted basis exchange property). Consider a matroid M = (J,Z) and a
weight function w: J — Q. Let B be a non-mazimum-weight basis of M. There exist elements
by € B and by € B such that B’ := (B — {b2}) U{b1} is a basis and w(B') > w(B).

This property allows us to design a simple balancing local search procedure:
Theorem 2. There is a %—approximation for maz-min allocation subject to a matroid constraint.

This improves the %—approximation for general submodular functions, as shown before.
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Assignment LP (A) Configuration LP (P)
Zl’ij=1 Vi=1,..,n Z Tpo >1 Vp e P
i=1 cec(T,p)
ST Gz >T  Vi=1,..m DD wpe<l VieJ
j=1 C3jpeP
ziy; > 0 Vi, j zpc >0 VpeP,CeC(T,p)

Figure 3: The assignment LP and the configuration LP.

Dual LP (DO0)

max Z Zp — Z Yj s.t.

Dual LP (D1)

Zzp>2yj

Dual LP (D2)

Zyj<m

pEP jeJ pEP jeJ jeJ
Yyizz o W.C > oyiz 2 vp,C Yoyiz1  vC
jec jec jec
yj,ZpZO V],p yg,ZpZO vj?]) ZIJZO V]

Figure 4: The duals to the configuration LP.

3 Integrality gaps for the configuration LP

In this section, we investigate whether LP rounding approaches, which have proven succesful
for similar variants of max-min allocation [5], can be employed in our settings. To this end,
we study the integrality gap of the configuration LP in the case of identical additive valuation
functions. Before defining this LP, let us consider a simpler LP formulation, which we call the
assignment LP. We want to find the largest 7" such that the program depicted in figure [3on the
left, where f/(j) = min(f;(j),T), has a feasible solution. Let us call this LP (A). It is a folklore
result that (A) has an integrality gap of 2 when all players have equal valuations.

In the restricted assignment case, (A) has a bad integrality gap [5]. This was the initial
motivation to study a stronger LP, namely the aforementioned configuration LP. Let C(T,p)
contain the configurations C such that f,(C) > T. We have a variable for each pair of player
and configuration. The LP is shown in figure [3| on the right. The largest T such that this LP
has a feasible solution is an upper bound to the optimal solution. We will refer to this system
as (P).

It is well-known that the intergrality gap of (P) in the general case is Q(y/m) [5], while in the
restricted assignment case it was recently shown to be smaller than 3.534 [13]. When valuation
functions are submodular, the gap in the restricted assignment case is O(loglogn) [4].

(P) has exponentially many variables in general. However, consider its dual, which we
call (D0), assuming that the primal minimizes the 0-vector. This LP has polynomially many
variables and possibly exponentially many constraints, and is depicted in figure [4 on the left.

The separation problem for this LP is the classical KNAPSACK problem. Since KNAPSACK
admits a (F)PTAS [20], we can solve the LP up to any accuracy using the Ellipsoid method.
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3.1 Dual Fitting for the configuration LP

Notice that in (D0), a trivial solution always exists by setting all variables to 0. But if we had
a solution with objective value larger than 0, then we could obtain an arbitrary high objective
value by scaling all variables. By LP duality, we get that if (D0) is unbounded, then (P) with
the same threshold T is infeasible. Additionally, we can directly express the requirement that
the objective function must be greater than 0 as a constraint. We call the resulting LP (D1),
and it is shown in the middle of figure [4]

This is the LP which we will consider when players have different valuations. In the case of
equal valuations, we can without loss of generality set all player variables to 1, and obtain (D2),
as seen on the right of figure [4] This LP searches a fractional hitting set of size smaller than m
that hits all configurations larger than our threshold value. In (D1) and (D2), we call the first
set of constraints value constraints and the second set of constraints configuration constraints.

If (D2) or (D1) has a feasible solution, then (D0) is unbounded, and by weak duality, (P) is
infeasible. We thus have the following dual fitting framework:

Proposition 3. Consider a class T' of max-min allocation instances, and denote by OPT(T)
the optimal integral value of instance Z. If for all T € T, (D2) or (D1) is feasible for T and
threshold value oo - OPT(Z), then the integrality gap of the configuration LP on I' is at most a.

Let us strengthen the notion of optimality a bit. For this section, an allocation A is optimal
if fimin(A) is maximized and among all allocations with maximal fui, (A), the number of players
achieving exactly fmin(A) is minimized. The following easy lemma will be very helpful:

Lemma 11. Consider an instance with identical additive valuations. Assume there is a set of
k disjoint configurations C1, ..., Cy of value > T strictly contained in the allocation of k players,
A, U UAy,, withT > fuin(A). Then, A is not optimal.

Proof. Let j* € Ule Ag, — Uf,zl Cir. Reallocate j* to the min player, and for all i/, allocate
Cy to player ¢;;. The resulting allocation has higher value or contains one min player less. O

When invoking this lemma, we will often just specify j* and C4, ..., C.

Throughout this section, we will use the notation j, := argmax;c 4, f(j) to refer to the item
with the largest weight in A,. We will refer as jz’, to the second largest item, jz’)’ to the third
largest, and so on. We now have all necessary tools to prove upper bounds on the integrality
gap of the configuration LP. We start by a rather simple and general result.

Lemma 12. For an optimal integral allocation A, let T be the largest value obtained by a player
p with |Ap| > 1. The configuration LP on I is infeasible for any value larger than T

Proof. We can assume n > m, otherwise we can set the smallest item j to y; = 1 — ¢ and all
other items j’ to y;» = 1, and (D2) is feasible for any value larger than OPT.

For an item j € A,, define y; := f{g))' Notice that ZjeJ y; = m, so this is not yet a feasible
P

solution to (D2). Consider an arbitrary configuration C' with value larger than T'. If C' contains

an item j which is allocated in a singleton configuration A, = {j}, then y; > f{g)) =1 and so
P

the constraint corresponding to C is satisfied.
Otherwise, we have } . cy; > ZjEC# > Zjec% = 1. Thus, no configuration
constraints of a variable of a non-singleton item j are tight. Such j must exist since n > m.
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We can hence lower y; by a sufficiently small value ¢ > 0, ensuring that still all configuration
constraints are satisfied and furthermore, > jesYi = m— ¢ < m. We conclude that (D2) is
feasible, and thus for any € > 0, the configuration LP is infeasible for value T + €. O

This already gives an upper bound of 2 to the integrality gap with identical additive valua-
tions, since any allocation A where T' > 2 fiin(A) can be improved by a simple reallocation to
the min player. We now extend this result to parallel machines, which we define below.

Parallel machines. We are given a single additive valuation function f, but additionally,
each player p has a speed s,. The valuation of player p for a set A, is then f%’». Notice that
if s, =1 for all p € P, we recover the identical valuations setting.

The biggest challenge in generalizing the above result to the parallel machines setting is that
items which satisfy a player alone (i.e. j € A, with |A,| = 1) are not necessarily large anymore.
Therefore, a plain assignment of item sizes to the y-variables of (D1) and of player speeds to
the z-variables of (D1) fails. However, by carefully shrinking down the variable values of items

given to players with larger speeds, we still prove the desired result in

Proposition 4. For an instance I in the parallel machines setting, the configuration LP on T
is infeasible for any value larger than 2 - OPT.

Another result about parallel machines, which we prove in is the following:

Proposition 5. Consider an instance with two players p,q in the parallel machines setting.
The integrality gap of the configuration LP is 1.

Submodular valuations. Finding a constant upper bound to the integrality gap of the con-
figuration LP with identical submodular valuations remains open. However, in
we prove the following lower bound and also discuss potential approaches to prove upper bounds.

Proposition 6 (Lower bound on the integrality gap). The integrality gap of the configuration
LP with identical submodular valuations is at best 4/3, even when n =6 and m = 3.

In the following, we present the technically most involved proof using our dual fitting method.

3.2 Equal additive valuations
The main theorem of this section states:

Theorem 3. The integrality gap of the configuration LP with equal valuations is at most %

The full proof is given in We give a short synopsis in the following.

We assume by normalization fuin(A) = 2 for the optimal integral allocation A. Our goal is
to give a satisfying assignment to (D2). The idea is to assign y-weights to the items such that
> jeA, Yi = 1 for all p € P. We then argue how we can lower a variable by a sufficiently small
amount, to indeed satisfy jes Y <m. For players who receive at least 4 items in A, we want
to give a special value to the heaviest item, and distribute the remaining value among all other
items proportionally. Therefore, these other items should not be too heavy, which is the essence
of the following lemma. Recall that j, is the largest item of player p.
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Lemma 13. If |A,| > 4, then f(A, — {jp}) < 1.

Now we describe the assignment of y-variables. Let ¢ be the player that maximizes j; over
all ¢ with |A¢| = 3 under the condition j, < 1 (if such a player exists). We define a threshold
T := % — j¢. Consider a player p. If |A,| =1, set y; = 1 for the unique j € A,. Now suppose
|Ap| =2. If j, <Torj, >T,set y;, = % and y;; = 3. Otherwise, set y; = £ for both j € A,.

Now consider |A,| = 3. If j, > T, set y;, = 2/3, and set the other two items proportionally,
ie. y; = m IfT >4, >1,set y;, =1/2, and y; = m If j, < 1, set, for all
three j € Ay, y; = 1/3. Finally, when |A,| > 4, if j, > T set y;, = 2/3, else set y;, = 1/2. Set
the rest of the items proportionally, as above.

With this assignment of y-variables, the main remaining work to prove the theorem is to show
that the configuration constraints are satisfied, which comes down to many case distinctions:

Lemma 14. Let C be a configuration with f(C) > 3. Then, Zjec y; > 1.

3.3 A Lower bound to the integrality gap and Petersen instances

For the min-max version of item allocation, a classical scheduling problem, it was shown in [I7]
that the integrality gap is at least 1 + TIQ?). Their example is based on a construction using the
Petersen graph, which we denote by II.

Definition 1 (Petersen instance with respect to a vertex labelling). Let x € Z° be a vertex
labelling of I1. The Petersen instance with respect to x has three players and one item j. for
each e € E(II). The weight of an item jry vy 18 Ty + Ty.

IT contains exactly 6 perfect matchings, and any vertex is covered by exactly two of them.
Therefore, taking each of the six perfect matching configurations to an extent of % satisfies (P)
with value ZvEV(H) x,. However, since II does not contain three disjoint perfect matchings (in
particular, IT is not I-factorizable), it is impossible to obtain a balanced integral allocation, for
certain choices of x. The authors prove this for the labelling z = (2, ...,2%).

The same example shows a 1 + W122 lower bound for the max-min version. However, a
smaller = could lead to a better bound for the integrality gap. Indeed, we experimentally found
a better labelling of the vertices, depicted in figure 5} The vertex labels sum to 73, and one can
computationally check that no integral allocation gives value 73 to each of the three players. So,
the best integral allocation achieves at most 72, but the fractional allocation described above
gives value 73. We obtain:

Theorem 4. The integrality gap of the configuration LP with identical additive valuations is at
least 1 4+ % This holds already with only 5 different item sizes.

This result also holds for the min-max allocation setting and therefore improves the lower
bound on the integrality gap of [I7] from 1 + ﬁ to 1+ %

For a fixed € > 0, let us define a worst-case instance as an instance which achives the worst
possible integrality gap up to an additive . We use ¢ for purely technical reasons, since a worst-
case instance might not be defined for ¢ = 0. In the following, we want to show that under
certain assumptions, the Petersen instance is a worst-case instance. This might be an indication
that the true integrality gap might be closer to the bound of theorem [4] than to the bound of
theorem [3] since the Petersen instances seem to capture the "essence” of the integrality gap, at

least under some assumptions. All proofs can be found in

17



Figure 5: The Petersen graph II with an
improved vertex labelling.

O
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Figure 6: The hypergraph H.

Proposition 7. Consider an instance with m < 3 and restrict the support of the configuration
LP to configurations of equal value, and to size at most 6. Then, there exists a Petersen instance
which is a worst-case instance.

Notice that if m < 3, then proposition [ implies that the integrality gap is 1.

For the proof, consider an instance Z where the optimal solution to (P) has value T, and
for the optimal integral solution, OPT(Z) < T. Let G = (V,E) be a graph where V are
the configurations in the support of the optimal solution to (P), and two configurations are
connected if they share an item.

Lemma 15. G = K.

Lemma 16. There exists a worst-case instance with exactly 15 items.

Let us consider a hypergraph H where each item is a vertex and each configuration is a
hyperedge. We have |V(H)| = 15 and |E(H)| = 6. Since we know by lemma [16] that each
configuration intersects every other configuration in exactly one item, H is uniquely defined,
and depicted in figure [} When considering worst-case instances, we can restrict ourselves to
configurations corresponding to E(H). Our only degree of freedom is to choose the weights of
the items, in such a way that all configurations sum to the same value. Let Z be the vector
space of all such weight assignments to V(H). By the above arguments, the instances from Z
must contain a worst-case instance.

Let X be the 10-dimensional vector space of all weight assignments of V(IT), the vertices of
the Petersen graph. Let Y be the vector space of all weight assignments of the 15 edges of II
which correspond to a Petersen instance.

Lemma 17. There is a bijection between X and Y .
This immediately implies that Y is also a 10-dimensional vector space.

Lemma 18. Y C 7.

Lemma 19. dim(Z) = 10.
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This essentially follows from the fact that we can describe Z as the solution space of a system
of linear equations with 15 variables and 5 linearly independent constraints.

But now we know dim(Y) = dim(Z), and Y C Z. This implies Y = Z. Since the instances
from Z contain a worst-case instance, so do the instances from Y. This concludes the proof.

4 Constrained agents

We now divide the set of players into two categories: The set of threshold players P; and the
set of sum players Psym. Our goal is to find an allocation that gives to each threshold player at
least their capacity and maximizes the average value that a sum player receives.

However, as we will show in observation (8] there is no hope for finding an approximation
algorithm of any factor for the problem: The constraint of satisfying the threshold players
is already too strong, independently of the maximization of the sum players. Therefore, we
will resort to so-called bi-criteria approzimation algorithms. The idea is to find an allocation
such that each min player receives at least an a-fraction of her capacity, and the average value
allocated to the sum players is at least 8 of the optimal allocation respecting the constraints of
the threshold players. More formally, we define the following promise problem:

CONSTRAINED ITEM ALLOCATION

Input: a set of items J, a set of players P = P; U Pyum, capacities C; for each i € Py, a
valuation function f and an integer k

Promise: There is an A* with f(A}) > C; for alli € P, and ), cp  f(A]) > k.

Output: An (a, 8)-approximation to A*, i.e., an allocation A such that f(A4;) > a-C; for
alli€ Prand 3 . p  f(A) > 8-k

Observation 8. Unless P = NP, there is no (1, 8)-approzimation algorithm for CONSTRAINED
ITEM ALLOCATION, for any B > 0, even for 2 players, additive valuations and equal capacities.

Proof. In fact, just finding a feasible solution of the described special case without any sum
player is exactly the PARTITION problem, which is NP-hard. O

4.1 Parallel and additive

We will first consider the case where the valuation functions are additive, but the capacities
of the threshold players are potentially different. Observe that in this case, we can merge all
sum players to one threshold player with capacity k. Our problem now reduces to finding an
assignment of items that achieves an as good as possible ratio to the given capacities.

The first greedy algorithm that comes to mind is the one that orders the items by non-
increasing size, and then assigns each item in order to the player who is missing the most
(absolute) value. We refer to this algorithm as absolute greedy. We first show why this algorithm
has no useful performance guarantee, which motivates another simple greedy algorithm, which
we call relative greedy: Items are assigned to the player such that after the allocation, the relative
coverage of the capacity of the player is minimized. A pseudocode can be seen in algorithm

Proposition 8. The absolute greedy has no performance guarantee, even in the case of only
two different capacities, one of them appearing only once.
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Algorithm 2: The relative greedy

Data: items J with weight function w : J — @, players P, capacities ¢: P — Q
Result: an allocation A
for ji,...,jn € J ordered by non-increasing f(j;) do
q < argminyep 7‘41’?;“");
Aq — Aq U {]1}7
end
return (Ay, ..., An)

On the other hand, relative greedy overcomes this bad example:

Theorem 5. Relative greedy gives a %-approwimation.

4.2 Equal constraints

In the case where all threshold players have the same capacity C, we can be more ambitious and
look for a (a,1)-approximation. Letting W denote the total weight of all items, our problem
reduces to finding a set of items of weight at most W — £ such that all threshold players receive
at least C'. A natural candidate for such an approximation is the well-known longest processing
time (LPT) greedy algorithm. In our case, we will only use the largest items summing to at
most W — k, and we will possibly ignore very large (of size > (') items, since they should be
allocated to the sum players. The guessing operation only adds a linear factor to the running

Algorithm 3: The capped LPT greedy
Data: items J, additive function f: J — Q, threshold players P;, sum player s, min
capacity C, sum threshold k
Result: an allocation A
B {jed|f(j)>C)
Guess ¢ € {0, ..., |B|};
Allocate the ¢ smallest items (call this set L) of B to ¢ threshold players;
J <+ J—-B;
A, +— B—L;
while J £0ATj e J: f(§) < f(4s) + f(J) — k do
J < argmaxe s ()< f(an)+ () -k £ (5);
g < argmingyep, f(A4,);
Ay~ A U{jh
end
return (Ay, ..., An)

time. We call this algorithm capped LPT greedy, and prove the following in

Theorem 6. Capped LPT Greedy gives a (%, 1)-approzimation.

Conclusion. Due to space constraints, the reader is referred to the end of page 2.
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Appendix A Submodular max-min allocation

Appendix A.1 Bad example for the Natural Greedy Algorithm

Each of our items cover a certain amount of ground area of the plane. Consider n base items
By, ...,B, and a fixed ¢ < 1. For any set S of items, we set its value to be f(S) = |, cg 5/,
that is the amount of area it covers. For every ¢ € Q and every set B, fix an arbitrary partition
of B into sets of size ¢, as well as an ordering over the elements of that partition. Denote by
BP9 g set containing the p-th part of the partition of B into sets of size ¢, as well as a unique
part of size § (this part does not appear in any other set).

Now, we will describe m item groups Gf1, ..., G, which will correspond to a possible greedy
allocation. For this, we first define some quantities for each 4, namely &; (the gain part), s;, r;
(the repeat part) and t;. Intuitively, €; corresponds to the marginal contribution of an item of
G; added to player i, s; is the size of B;, r; describes how much of an item in G; was already
covered by player 4, and t; is the number of items in G;.

Let €; := ¢/2m, 51 := 1, r; := %, and t; := 2m. Now, for each i € {2,....m}, we set

2
€i—1 m Ei—

8; = 8i_1+ (tic1 — 1) €41, 1 = 54, t = mand g = til. By the inductive definition of
si, we have:

Observation 9. The sequence 1, ..., Sy 1S increasing.

For each 7, we put the following items into G;: A base item Bl-l’l’o7 as well as m copies of
BJ?"% for each j € {1,...,7;}, which we call fractional items. Notice that these fractional items
cover m times a fraction of size 1 of the corresponding base item.

The greedy algorithm clearly will start by allocating one base item to each player, and
without loss of generality, for the rest of the proof, we will assume that Bi1 10 has been allocated
to player ¢. We start with some simple lemmata.

Lemma 20. For each fractional item j € G — {B}""°}, f(j) < &i_1.
Proof. The size of an item is equal to its repeat part (r;) and its gain part (¢;). Thus,

T

) €i_
f(j):ri+5i:Ti+Tll<27"i:€i—l

since Z=1 < EL <1 O
Lemma 21. f(G;) =1+¢ forallj € P.

Proof. By induction over j. For player 1, f(G1) = s1 +t1-€1 = 14+2m - 55 = 1 4¢. If it holds
for j — 1, then we have

f(G)=sj+tj-ej=si+te1=sa+(t1—1) g1 +e
=sj_1ttj_1-€51= f(Gj_l) =1+¢

O

Lemma 22. Fiz a player i. Consider a partial allocation A = (Aq, ..., Ay) with the following
properties:

o Forallj<i, Aj =G,
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2 7 2 |7 2 |7 2 |7 2 |7 2
3—e 4 1=T7e | 4 1=Te | 4 1=Te |4 1=T¢
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3—¢
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3—e¢
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3—¢
24+ € 5
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3—e 1+3e 1+4+3¢
2 2 2

Figure 7: A possible greedy allocation of our instance.

° Ai C Gl
o Forallj>i, Aj = {B}’l’o}

Then, f(A;) = fmin(A).

Proof. By lemma |21} f(A;) = 1+ ¢ for all j < i. Since each fractional item of G; gives
gain ¢;, we have f(A;) < s;+ (t; — 1) -e; < 85 +€i-1 = Si—1 + (tic1 — 1) - i1 +&i-1 =
Si—1+ti—1 - i1 = f(A;—1) = 1 + . On the other hand, for any j > 4, by observation @
f(A) =8;> si41=38; + (t —1)-&; > f(4;). Therefore, A; is minimal among Ay, ..., A,,. O

With the above lemmata, it is clear that the following is a valid run of Greedy: First assign
BZ.1 10 6 each player 7. Now by lemma player 1 has minimum value. By submodularity of
f and lemma @ any fractional item from G; for some j > 1 must contribute less to A; than
any fractional item from G;. This together with lemma [22] implies that Greedy can choose to
allocate all fractional items of GG; to player 1. One more time by lemma the next lowest
player is 2, and we can allocate all items of G5 to player 2 etc., until all items of G; are allocated
to player 4 for all ¢ € {1,...,m}. We obtain the allocation A = (G, ...,Gy,). By lemma each
player obtains value 1 + €.

However, another allocation would be to allocate to each player its base item and for all
fractional items, each distinct item once. Notice that each fractional item appears n times, so
this is a valid allocation. More formally, we consider A* = (A7, ..., A%,) with

Ay ={BIYU{B | j e [m), L € [r))}

Since in each group G;, the fractional items cover a B;-fraction of size 1, in total at least size
m is covered for each player. Hence, we obtain a gap of %, for any € > 0.

Appendix A.2 Tight example for the truncated max-sum greedy

In the following, we describe an instance Which shows that the truncated max-sum greedy cannot
lead to an approximation factor better than - 105 = 0.4095. Suppose the threshold a-OPT is 2+¢
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for a tiny € > 0. Player q is allocated an item of size 2 + ¢ and there are m copies of sufficiently
small fractions of that item. The idea is that these fractional items will also be allocated to g by
the greedy algorithm, because they are handled last, but they are sufficient to give an additive
value of 2 + ¢ to each player in an optimal allocation. Consider a partial instance that gives rise
to the following greedy allocation (also depicted in figure E[):

e two players get {352,2 x 1432},

e four players get {2 + ¢, 356}-

e one player gets {35%,4 x 2. 572},
e one player gets {255, 5 x % ey

In the optimal allocation, we can assume that each player has an additional item of size 2 + ¢,
coming from player ¢ (who is not part of the partial instance). We can have the following
configurations:

e four players get {2+ ¢,2 x 355}

e four players get {2 x 2 + ¢, 1235, % . 1378 1oTey.

2

3
7

The configurations in the optimal allocation sum to 5. We used 8 additional items of size 2 + ¢
from the min player, but we used one item of size % . 1_278 less. Therefore, we can repeat this
partial instance sufficiently often. The greedy allocate will still behave in the same way, and
eventually, we will have enough free items of size % . 1_275 such that player ¢ achieves value 5 in
the optimal allocation.

For the greedy allocation to be valid, we need that all items except the last sum to at most
2 + €. This is easy to see for the first two configurations. For the last two configurations, we

must have

3—5+4 3 1-7¢ 3—<€+3 4 1—75<2+
- —_ . p— . — . g
2 7 2 2 7 -
which is satisfied for ¢ = i Therefore, we found an instance where greedy only achieves
e — 43~ 0.4095
5 105 : :
We gave an example when o > %. When a < %, then it is easy to construct an instance

where only a 14035—fraction of the optimal solution is achieved, since the greedy algorithm does

not guarantee anything when all players have value larger than « - OPT.

Appendix A.3 Matroid-constrained max-min allocation
We give the definition of a matroid and two useful equivalent characterizations.
Definition 2 (Matroid). A matroid is a pair M = (J,Z C 27) with

(I1) 0 eZ

(12) if A€ T, then A’ €T forall A’ C A

(13) if A,B € T and |A| > |B|, then 3z € A — B with BU{z} € T.

We denote by M[J'] the matroid M restricted to the subset J' C J. The rank function of a
matroid maps a subset S of elements to the cardinality of the largest independent set contained
in S. A base of a matroid is a maximal independent set.
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Equivalent characterizations. Let B3 be the set of maximal independent sets of a matroid.
The basis exchange property states that for any two distinct A, B € B and a € A — B, there
exists a b € B — A such that (A — {a}) U {b} € B. Together with the requirement B # (), this is
an alternative characterization of matroids.

Another characterization is the following: Let Z be a family of sets on the ground set J,
closed under taking subsets, where each ground element is associated to a weight. Consider the
algorithm which greedily chooses the maximum-weight element still available in J, as long as
the constructed set is still in the set system. It holds that (J,Z) is a matroid if and only if this
greedy algorithm produces a maximum-weight independent set under any weight assignment.

Proposition 2 (Weighted basis exchange property). Consider a matroid M = (J,Z) and a
weight function w: J — Q. Let B be a non-mazimum-weight basis of M. There exist elements

b1 € B and by € B such that B' := (B — {ba}) U {b1} is a basis and w(B') > w(B).

Proof. Consider the classical greedy algorithm, which chooses the maximum-weight element
which keeps the current set independent, and specify a tiebreak rule in case where two elements
have the same weight as follows: Items in B are prioritized. Now let B* be the maximum-weight
basis produced by this greedy algorithm. We have B # B* (otherwise B is maximum-weight).
By the basis exchange property, there exists x € B— B* and y € B* — B such that B—{z}U{y}
is a basis in M.

Consider the moment where the greedy algorithm chooses y. Since z ¢ B*, item z is still
available. As y is chosen, we have w(y) > w(z). Furthermore, since x € B but y ¢ B, if
w(z) = w(y), then the greedy algorithm would have chosen xz. Thus, w(y) > w(z). We can
conclude w((Bs — {z}) U{y}) > w(B2). O

Theorem 2. There is a %—approwimation for maz-min allocation subject to a matroid constraint.

Proof. Let A be an optimal solution with fi,in(4) = 1, and assume that for all j € J, we
have f(j) < 1. We first show that finax(A4) < 2, and afterwards we derive a simple balancing
procedure which achieves a %—approximation.

Suppose that there is a player p with f(A,) > 2- f(4,) = 1. Since A is optimal, it must
hold that A, U {j} € Z for all j € A,. Otherwise, we could reallocate j from p to g.

Now, let us restrict M to J' := A, U A,. Call this restriction M’ = (J',Z’). If there was
some j € J' — Ay such that A; U {j} € Z’, then we can reallocate j from p to ¢ and achieve a
better solution. Therefore, such an element does not exist, and by definition, A, is a basis of
M'’. We know that A, is independent in M; therefore, we also have A, € Z’. So, there exists a
basis in M’ with weight at least f(A,) > f(Aq). This implies that A, is a non-maximum-weight
basis in M’. By proposition [2} there exists x € A, and y € J' — A, = A, such that f(y) > f(x)
and S := (A — {z}) U{y} € 7', and thus also S € Z. We get that f(S) > f(A4,). Additionally,
we have f(4,) —{y} >2- f(4,) — f(4,) = f(A,). We can hence reallocate y from p to ¢, and
obtain a better allocation, a contradiction.

Now consider the following algorithm: Guess the optimum, and assume by scaling that
it has value 2. Start from an arbitrary allocation A. If fuin(A) > 1, we are done, since
fmin(A") < foum(A*)/m <2 < 2 frin(A). Otherwise, there must be a player p with f(4,) > 2
(since the average value of a player must be at least 2). If A, is not a basis of M[A4, U 4,],
there exists j € A, such that A, U {j} € Z. In this case, reallocate j from p to ¢g. Otherwise,
iteratively perform swaps of two items x,y between p and ¢ as described above, until f(A4,) < 2

or f(A4q) > 1.
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Repeat this procedure until fuin(A) > 1. This must eventually happen, since the average
value of the players is 2. In every iteration, at least one player permanently obtains value
between 1 and 2, and thus there can be at most O(m) iterations.

O

Appendix B Configuration LP

Appendix B.1 The configuration LP on parallel machines

Proposition 4. For an instance Z in the parallel machines setting, the configuration LP on T
is infeasible for any value larger than 2 - OPT.
f(Ap)

Proof. Among all optimal allocations, fix an allocation A that minimizes 54 := max,cp 5
By normalization, we can assume f(A,)/s, = 1 for the min player g. Let P* be the set of players
such that |A,| =1 and f(Ap)/sp > 2. Items allocated to a player in P* are called special, while
all other items are called normal. We describe an algorithm that assigns y-values to the items.
Order the players by nondecreasing speed. Set an initial scaling factor n = 1. Every time the
scaling factor is changed, we will say that a new phase begins, and we will denote the n-value of
the t-th phase by ). Additionally, let us say that an item j is big if f(j) > f(j) for all items
j' from previous phases. The other items are called small. In the first phase, all items are big.

For the next player p, set z, = s, -n. If p € P*, set y; = %, for the unique j € A, and update

Zp

N 2- iR If p & P*, partition the items as follows. Let A; be all big items of A, (except for

one item, in case all items are big). The rest set A7 := A, — A}, consists of either one big item of
size < s, or small items of size < s;, where t is any player of the previous phase. This is because
otherwise, we could swap j; and A;,’ and obtain an optimal allocation with smaller (§4-value.
We have f(A]) < s, otherwise we can reallocate A} to A, (and symmetrically, f(A}) < sp).

We set yj:%wp for all j € Ay for x € {",” }.

For the value constraint, notice that

Dui= D D ut D U= D Zj%wfrz%:zzp.

jed pEP—P* jeA, pEP* jEA, peEP—P* jeA, peP* peP

Therefore, if no configuration constraint is tight, we can lower an arbitrary variable to make the
value constraint feasible. We now turn to the configuration constraints:

Consider a player p from phase ¢ and a configuration C with f(C)/s, > 2. We want to show
EjeC y; > zp. If C' contains a big item j € A, from a later phase ¢, then

. 4 . . Sp 2
yi = LD/ FAL) 50" /2= F(G)/F(AL) - 50/ F(Gr) - 2 > )
and so j alone satisfies this configuration. The same holds for big items from A!. We can
therefore focus on configurations without big items from later phases.
Now consider the small items of later phases, Csman. Let u be the last player of the current
phase. We have

. f(.]) o Sr f(Csmall) * 2yt Sr _ f(Csmall) . f(Csmall) .
WISy G T s S w70

J€Csman reP jEANCsman
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Now consider special items of previous phases, C*. We get

IR n“) _ICY)m  fC)
2ou= 2 =) 25, O 7

jec* jecx jec*

For C’, the normal items of the same phase ¢ or a previous phase, we have

Doy f0) : Zf g0 = 1) o Sz SO

jec’ jec’ jec’ 2 2. Sp f(C)

In total, 3 ;0 y; > f(c*)Jrf(ﬁg';f(CS"‘a”) - zp = 7, and thus, (D1) is feasible. O

Proposition 5. Consider an instance with two players p,q in the parallel machines setting.
The integrality gap of the configuration LP is 1.

Proof. For each j € J, set y; = f(j). Let ¢ be the player such that f(Aq)/sq < f(Ap)/sp-
We want to show that the (D1) is feasible for f(Asiqua, for any € > 0. Set z, = f(A4) + € and
zp = f(Ap).

There cannot be any configuration C with M < f(C)/sp < f(Ap)/sp. Otherwise,
giving C' to player p and J — C to player ¢ leads to a better allocation.

Consider any configuration C' which is valid for ¢, that is f(C) > f(A,) + . We have
>jecYi = [(C) > f(Aq) + ¢, and the corresponding constraint is satisfied.

Now, consider any configuration C' which is valid for p, that is f(C)/s, > %. As argued

before, we must have f(C) > f(4,). Thus, 3 ;ccy; = f(C) > f(Ap), and the constraint is
satisfied.

The value constraint is satisfied since z, + 24 — > ;c ;45 = f(4p) + f(Ag) + e — f(J)
f(J)+e—f(J)>0.

o

Appendix B.2 Submodular valuation functions

Proposition 6 (Lower bound on the integrality gap). The integrality gap of the configuration
LP with identical submodular valuations is at best 4/3, even when n =6 and m = 3.

Proof. Consider items j1, jo, js, k1, ko2, k3 and a submodular function defined as f(j,) = f(k.) =
2 for all a, f({ja,Jv}) = f({ka,kp}) = 4 for all a £ b, f({ja,ks}) = 3 and f(S) = 4 for all S
such that |S| > 3. Our instance has 3 players. For all j € J, we have Ay(j | S) = 2 when
IS| =0, Af(j|S)e[1,2] when |S| =1, A¢(j | S) € [0,1] when |S| =2 and Af(j | S) = 0 when
|S] > 2, which implies submodularity of f (monotonicity is clear).

The configuration LP is feasible for this instance with threshold value 4: We set x, ¢;. .1 =
Tp (kakyy = 1/6 for all p and a # b. Each player gets one unit of configuration (because there
are six configurations in the support) and each item appears only in two configurations of the
support, and thus in at most one unit of configuration.

Now, assume that there is an integral solution of value at least 4. Since there are six items
and three players, and a singleton item only gets value 2, each player must be allocated exactly
2 items. But in any allocation of configurations of two items to three players, one player must
obtain items of the form {j,, ks }, which only gives value 3. O
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Remark 1 (Hypergraph matching techniques). In the restricted assignment case, the technique
which has proven most successful consists in reducing the problem to a certain version of finding
relaxed matchings in hypergraphs. The vertices represent items and the hyperedges represent
configurations. Even though this technique can in principle be applied to our setting, this does
not seem to be particularly promising: The restriction to certain hyperedges (i.e. configurations)
18 mecessary in the restricted assignment case, but in the identical-valuations case, such a graph
structure is far too general.

We conjecture the following:

Conjecture 1. The integrality gap of the configuration LP with equal submodular valuations is
O(1).

Let A be an optimal allocation. For a player p, let 114, denote the set of all permutations
of items in A,.
In particular, we believe that a promising assignment of y-variables is, for each j € A,,

b= s o Al s i< 6y

wella,p

This corresponds to the expected marginal contribution when adding an item j € A, in a
random order.

Appendix B.3 Additive valuation functions

Suppose that there exists an optimal allocation A with finin(A) = 2, and an € > 0 such that
the configuration LP is feasible for threshold 3+ . Let ¢ be a min player, i.e. f(A,) =2. If no
player with at least two items achieves value more than 3, then lemma [12] already allows us to
arrive at a contradiction. Therefore, we can assume that there exists a player r with f(4,) > 3
and |A,| > 2. In fact, since we must have f(A4, — {j}) < 2 for any j € A, (otherwise reallocate
J to the min player), it is easy to see that |A,| = 2. Let A, = {z,y} with 2 > y be the two
items allocated to player r.
We start with a useful lemma:

Lemma 13. If |A,| > 4, then f(Ap, — {jp}) < 1.

Proof. First let us assume j, < 0.5. Let S be a minimal set with f(S) > (2 — z). We know
f(S) < max(jp,2(2 —x)). But then, f(A, —S) > max(2— f(jp),2—2(2—=x)) > 1. This implies
|Ap, — S| > 3. We can find a strict subset S’ C A, — S containing value at least value

2 _4x—4 4y — 4

g-f(Ap—S)z (2-(2(2—-12))) = s~ 1 =x—1=2—-383-2)>2—y
But then we can invoke lemma 1] with Cy = SU{z}, Co = §'U{y} and j* € A, — S — 5. So
we can assume j, > 0.5.

Now assume for contradiction f(A, — {jp,}) > 1.

W Do

e Case 1: There exists an item j € A, with j < 2—x. Let S := A, — {j,,j}. By assumption
we have f(S) > 1—f(j) > x—1>2—y. Apply lemmal[ll]with C; = {j,, z}, C> = SU{y}
and j* = j.
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o Case 2: All items have size > 2 —x. Let j—,j7~ be the two smallest items in A,.
Invoke lemma with C1 = {z,j7}, Co = A, — {j~,7 "} and j* = j7—. We have

FUyyuA, —j= =) > 1+ L4220 > 9 and also f({z,j~}) > f(z) +2— f(z) = 2.
O

Lemma 23. If there exists a player t with |A;| = 3 and y; < 1, then for all p with Ay, = {jp, j, }
with j, > 3 & _ 4, we have Jp < é.

Proof. Otherwise, we can invoke lemma [11] u with Cy = {j}, jt}, C2 = {Jjp, ji}, both summing to
more than 2, and j* = j;. O

Lemma 14. Let C be a configuration with f(C) > 3. Then, Zjec y; > 1.

Proof. We call items set to 1 singleton, items set to 2/3 big, items set to 1/2 medium and items
set to 1/3 small. All other items are called normal items. Using lemma and the above
definitions, one can verify that for all normal items j, we have y; > f(j)/2.

Consider an arbitrary configuration C with value larger than 3. We want to show > jecYi =

1. If C contains a singleton item, a big and a medium/small item, two medium items, or three
small items, we are done. Now we consider all remaining cases:

e C contains only normal items. In this case, > ;.o y; > %Zjec fly) >3/2> 1.

e (C contains one big or medium item j and normal items. We have f(C' — {j}) >3—-2=1,
sowe get > oy >y + f(C—{m})/2 > i+1i=1

e C contains one small item s and normal items. We have f(s) < 4/3, by lemma and
therefore f(C — {s}) >3 —4/3=5/3. Thus, 3°; . cy; > ys + f(C — {s})/2 > t+e>1

C contains two small items s, s and normal items. If f({s,s'}) < 7/3, then we are done,
since the rest 2/3 contributes at least 1/3 value, and s, s’ contribute % value.

Suppose for contradiction that s, s’ are allocated to p,p’ with |4,| = |A,| = 2. Notice
that p # p’ since there can only be one small item per such player. {s, s’} have value more
than 2, as argued above; {jp,j:} have value more than two, by definition; and {j,,j;},
have value more than two: j, + j; > 8/3 — s + (2 — j¢)/2 = 11/3 — 35:/2 > 2. We can
apply lemmawith Ci1={s,s'}, Co = {jp, ji}, Cs = {jp, ji} and j* = j;.

Thus, C' can contain at most one small item from a 2-item-player. This item can have
weight at most 4/3 by lemma [23] The other small item can have weight at most 1 by
definition. Therefore, f(C — {s, s’}) >3—-1-3 =2 Weget

Zyj:ys+ys’+f(c_{878/})/2>1/3+1/3+1/3:1
jec

e C contains one medium item m and one small item s. Let S = A, — {m}, where m €
A,. We must have f(S) > 1. If m > 4/3, then invoke lemma [11| with C; = {m, j;},
Cy ={y}US, C3 ={x,j;} and j* = j;'. This is possible since m + j; > 4/3 +2/3 = 2,

({y} US)>141=2,and z +j; > 3/2+1/2 = 2. Otherwise, we have f(C — {m, s}) >
3—3—3=1/3, andwehave > ..o ¥j = Ym+ys+ [(C—{m,s})/2>1/2+1/3+1/6 =1,
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So, all configuration constraints of the dual LP are satisfied. To make the value constraint
feasible, we must lower an arbitrary variable by some € > 0.

e If a normal item exists, we can lower the variable of this item, since normal items are not
involved in any tight constraints.

e If no normal item exists, then we consider the min player ¢q. If A, = {j} for a singleton
item j, we can clearly lower y;. Otherwise, ¢ has either a big item of value at most 4/3,
or a small item of value at most 2/3.

— Suppose ¢ has a big item b with f(b) < %. The only case where b can be involved in
a tight constraint is in a configuration with one small item s. But since f(s) < % by
lemma such a configuration can have value at most yp + ys < % + % < 3, and is
thus not considered.

— Suppose ¢ has a small item s with f(s) < % The only case where s can be involved in a
tight constraint is in a configuration with one big item b (but then ys+y, < %—1—2 <3)
or with two other small items s’, s (but then y, + yy + yo» < 2 + % +1<3).

We conclude that (D2) is feasible, and thus by proposition [3] the integrality gap is shown.

Appendix B.4 Petersen instances

Lemma 15. G = Kg.

Proof. We first claim that G must be a clique. Indeed, if there were C' # C’ with {C,C'} € E,
by our assumption on the size of the configurations in (P), we know f(J — C — C") > T. Thus,
there are three disjoint configurations C, C’, J—C —C’ which all sum to at least T', contradicting
the value of OPT(Z).

Since G is a clique, any two configurations can sum to at most one unit of configuration,
so the total configuration can sum to at most |V|/2. We get |V| > 6, and by assumption
V| =6. O

Lemma 16. There exists a worst-case instance with exactly 15 items.

Proof. Suppose that there exists an item that appears in three configurations. These three con-
figurations can sum up to at most 1 by the LP constraints. Since the other three configurations
also share items pairwise, they can only sum to at most 1.5. In total, in that case we can have
at most 2.5 units of configuration, which is not sufficient for three players. Therefore, each item
appears in exactly two configurations, which implies that each item corresponds to one edge of
G. This also implies that our instance has at least 15 items.

If our worst-case instance had more than 15 items, there must exist a pair of configurations
C,C’ such that at least two items j,j’ appear only in these two configurations. Consider the
modified instance where we remove j,j’ and add an item j” with f(j”) = f(j) + f(4'). The
optimal integral solution can clearly only become worse. On the other hand, replacing {j,j'}
by {j”} in both C and C’ gives a solution to the configuration LP of the same value. O

Lemma 17. There is a bijection between X and Y.
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Proof. Let f: X — Y be defined as f(2){y,v} := Tu + T, The proof of injectivity essentially
follows from the fact that every vertex of the Petersen graph is involved in an odd cycle: Suppose
for contradiction that there are vectors x # 2’ such that f(z) = f(2’). Consider a vertex vy
such that z,, = z;, + ¢ for some £ > 0, and any incident edge e = {v1,v2}. There must be
a cycle (v1,v2,vs,v4,v5,v1). Since f(x)e = f(2')e, we must have z,, = 2, — e. Iterating the
same argument, we must have z,, = 2 +¢, ,, = 2, — ¢, and x,, = z;,_ +¢. But then, for
e’ = {vs,v1}, we must have f(z)e = f(2')e + 2¢, and thus f(z) # f(z'). O

Lemma 18. Y C Z.

Proof. Let ® be the hypergraph with the edges of II as vertices and perfect matchings of IT as
hyperedges. It is a well-known property of IT that each perfect matching intersects each other
perfect matching in exactly one edge. But this implies ® = H.

Now let y € Y, and let z € X be the corresponding assignment of V' (II) such that y, .} =
Ty + Xp. Assign to each vertex value z, of H the corresponding edge weight from y. Since
any e € E(®) corresponds to a perfect matching of II, we get > _ 2z, = ZUGV(H) x, for each
e € E(H), and therefore all configurations sum to the same value. O

Lemma 19. dim(Z) = 10.

Proof. Z is the solution set for the following system of linear equations:

Swe= Yy VI<i<s

veC; veCit1

This system has five independent linear constraints and 15 variables. Suppose for contra-
diction that they are not linearly independent. Let ¢ be an index such that the i-th constraint
is linearly dependent on the other constraints. If ¢ = 5, we can set all vertices of C5 to 1, and
all other vertices to 0: This implies that Cy = ... = Cy = 1, but C5 = 5, and therefore all
constraints but ¢ are satisfied, a contradiction.

Now, suppose @ < 4. For all j < 4, and vertices v such that v € Cj, set y, = 0. For all
other vertices v, set y, = 1. By definition, Evecj,l Yo =0 = Zuecj 1y, for all j < 4. Also, for
all j > 7+ 1, we have Evecj,l Yp=6—1—1= EveCJ yy- Therefore, all other constraints are
fulfilled. However, 0 # 6 — i — 1, and therefore the i-th constraint is violated, a contradiction.

We can conclude that the vector space of the solution set of the linear equation system has
dimension |V (H)| —5 = 10. O

Appendix C Constrained Agents

Appendix C.1 Relative greedy

Before turning to greedy algorithms, we remark that results in the literature already imply a
(1—e,1—¢)-approximation algorithm for the problem: If we regard the sum player as just another
threshold player, our problem reduces to simple max-min allocation on parallel machines, which
admits a PTAS [3]. However, a simpler greedy algorithm is still of interest.

We first analyze the absolute greedy. In the following, the restriction in the following proof
of unboundedness is interesting, since it implies that absolute greedy is not applicable even in
the case of equal capacities:
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Proposition 8. The absolute greedy has no performance guarantee, even in the case of only
two different capacities, one of them appearing only once.

Consider three players p1, p2, ps with capacity C' = 2 and one player py with capacity Cy = €.
We could for example choose £ = %. We have the following items: Three items of size 1, two
items of size 1 — ¢, one item of size %, one item of size % — €, one item of size 2¢ and two items
of size €. In this order, the absolute greedy could distribute the items as follows: p1, p2 and p3
first all get an item of size 1. Then, ps and p3 get an item of size 1 —e. Then, p; gets the items
of size % and % — €. Now, each player misses a value of €, so p; might get the item of size 2¢,
po and ps might get the items of size €, and p, remains without an element.

On the other side, one can check that the allocation (4; = {1—¢,1—¢,2e}, Ay = {1,1}, A3 =
{1, %,% —¢,e},Aq = {e}) gives to each player exactly their capacity. Now, we consider the
relative greedy.

Theorem 5. Relative greedy gives a %—approximatzbn.

Proof. Consider a greedy allocation A. Let ¢ be the player that minimizes A4,/C, =: a. Assume
for contradiction that o < % We distinguish two cases.

First, assume there is no player r with |A,.| =1 and f(A,) > C,. In that case, we can show
that f(Ap,) < C, for all players p: For a fixed p, consider the first item j allocated to p. If no
item is allocated to p, trivially f(Ap) = f(0) < Cp. If f(j) > a - Cp, then relative greedy will
never assign another item to p, and since by assumption f(j) < C,, we conclude f(4,) < C,.

Otherwise, consider the last item z that finishes before « - Cp. Denote by A’ the partial
allocation just before z was allocated. Clearly, f(A;) < a-C). Also, player p can only get one
more item y allocated. By the non-increasing order of our elements, we have f(y) < a-C,. We
conclude that f(A,) = f(A}) + f(y) < 2a-Cp < Cp. The total weight of all items is at most

W<a Cot >, Cp=Y Cp-a-Co=W-a-C;<W
peP—{q} peEP

resulting in a contradiction.

Now, consider the last time in the relative greedy algorithm where a player p who receives a
single item j with f(j) > C,. All items that were allocated up to now are larger than C,, and
can be allocated only to players with larger capacity in any optimal allocation. Thus, the sum
of all items allocated until now cannot exceed the sum of the capacities of all players with larger
capacity, that is, > 4 f(y) < >2,cp Cj. Also, for all players r with C, > Cp, it must hold
that %ﬁﬂj) > %i) > % > f%"), by the rule of the relative greedy algorithm. Therefore no
item will be allocated to A/ anymore, i.e. A, = A,.. Alltogether, the total weight of all items is

w< Y fAa+ Y A

reP:C.>C), reP:C.<C,

< D> Cta G+ Y G

reP:C.>C, reP—{q}:C.<C,

<Y Cr—aCi< > C =W

reP reP

where in the second inequality, for all players r» with C, < C,,, we can apply the above result
that f(A,) < C,. This leads again to a contradiction, finishing the proof. O
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Appendix C.1.1 Tightness

Consider a fixed € > 0 and items of weight 1 —¢,1—2¢, ..., % +e¢e,aswell as N := é many items

of size 3, and N many players, player i having capacity C; = 1.5 — (i + 1)e, for all i € [N].
The greedy algorithm might first allocate one item of weight 1 — ke to player k for each k.

Let A’ be the partial allocation at this point. The remaining items are N — 1 items of size %

Notice that for any i < N, f(Agj0'5 = 1.5125(;?1)5 > 1.51;56\[1151)5 = f(AgJ)V+O'5. Therefore, the

N — 1 items will be allocated to all players except N. It follows that f(Ay) =1— Ne = %, and
thus player N achieves only a ﬁ—fraction of her capcacity. Also notice that all other players
i€{l,..,N —1} achieve f(4;) =1—ie+ 3 =15—ic=C; +e.

On the other hand, consider the allocation A* which is obtained from A by giving the first
item that player i obtained to player ¢ — 1, for all ¢ € {2,..., N}, and giving the first item of
player 1 to player N. For any player i € {1,..., N — 1}, we have f(A}) = f(A;))+(1—(i+1)e) —
(1 —1ie) = f(A;) —e = C;. Player N gives away her only item and gets the biggest item, thus
f(AY) =1—¢e = Cn. We conclude that each player gets exactly her capacity. For e going to 0,
relative greedy produces a solution which is only half-optimal, and therefore the above theorem
is tight.

Appendix C.2 Capped LPT Greedy
Theorem 6. Capped LPT Greedy gives a (%, 1)-approxzimation.

Let £opt be the number of items in B allocated to threshold players in an arbitrary optimal
allocation. We show the following simple lemma:

Lemma 24. There exists an optimal allocation that allocates the £,,; smallest items of B to
threshold players (and no other items from B).

Proof. Each threshold player that receives an item from B is satisfied. Therefore, replacing an
item j from B by a smaller y item from B does not impact the fact that the corresponding
threshold player achieves value at least C. On the other side, the value of s cannot decrease,
since if y was allocated to s, now we can allocate j to s, which has larger value. O

We can now proceed with the proof of the main theorem.

Proof. Let A be an allocation by our greedy algorithm with the guess ¢ = . It is clear that
the algorithm will never allocate an item if the items remaining for s sum to less than k, and
by that f(As) > k. So it remains to show that for any player p € P,, we have f(A4,) > %

We can disregard the ¢ threshold players that got an item from L, since their allocations are
in bijection with the allocation to ¢ players in an optimal solution, by lemma[24] After deleting
these players from our instance, we will now assume that no item j with f(j) > C got allocated
to a threshold player in our algorithm.

We distinguish two cases. First, assume that in the greedy allocation A, there is a player
q € P, with f(A,) > C. A, cannot consist of a single item, since all items j with f(j) > C were
allocated to player s. Let z be the last item allocated to ¢. In order for z to be allocated to ¢,
all other players must have value at least f(A, — {z}). But by the order of the algorithm, we

have f(A, — {z}) > @ > <.
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In the second case, we have f(A,) < C for all players p € P,. Consider the player ¢ who gets
allocated the minimum value f(A,) = C — ¢ for some t < C. By the optimality of lopy = ¢, we
must have f(J — B) > C - |P;| (because an optimal solution must cover each threshold player
by at least C'). Denote by Janal the set J at the end of the algorithm. If Jg,. = 0, then

C-|P| < f(J=B)=f(A))+ Y f(Ap) < f(Ag) +C - |P, —{q}|

PEP;

which implies f(Aq) > C, so the solution of the algorithm is optimal. We can hence assume
Jinal # 0, and take an arbitrary element j € Jgna. As the while condition was false at the end
of the algorithm,

f(]) > f(AS) + f(Jﬁnal) —k

=W =Y f(Ap)—k
pEP;
=W —(f(A)+ > f(A4)—k
peP—{q}

SW—(C—t)—|P|-C—k
>|P|-C+k+t—|P|-C—k
=t

But since the algorithm allocates items in order of non-increasing size, all items y that have
been allocated to ¢ must also satistfy f(y) > ¢. So, f(A,) > t. Together with our assumption
f(Aq) = C —t, we conclude f(4,) > .

O

Tightness We will present two kinds of worst-case instances. One where greedy manages to
choose a subset of items of size exactly W — k, and one where greedy manages to allocate the
chosen subset of items optimally. In both cases, we will show that greedy still does not have a

performance better than %

Example 1. Fiz an e > 0. Consider m = 12% players, 2m — 1 items of size 1 +¢, and m items
of sizel —e. Let W — k = 2m. The greedy algorithm will allocate one item of size 1 + ¢ to each
player, and another item of size 1 + ¢ to each player except for one. After that, we will have
allocated items of weight (2m — 1)(1 + €) = = = 2m, so our greedy algorithm will terminate
with one player getting value 1 + €.

However, giving to each player one item of size 1 + € and one item of size 1 — € is also a
valid allocation and gives minimum value 2.

Example 2. Consider two threshold players, one item of size 2, one item of size 1 + ¢, and 4
items of size 1, with W — k = 4. Greedy will select the item of size 2 and the item of size 1 + ¢,
and give one item to each player, achieving fmin(A) = 1+ . This allocation is optimal with
respect to the chosen subset of items.

On the other hand, one can allocate the four items of size 1 equally to the two players,
achieving fmin(A*) = 2.
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Appendix D Basic notions in optimization and approxi-
mation algorithms

We give a small overview over notions in optimization and approximation algorithms needed for
understanding this report. This is not a sufficient introduction to the fields in general, and only
gives enough definitions to make the report self-sufficient.

Definition 3 (Linear Program). A linear program consists of variables x;, linear constraints
of the form ). ai; - x; > bj, and a linear objective function max /min ), c;x;.

We can consider the matrix A of constraints, where each row is one constraint and each
column is a variable, and obtain the form max /mincx s.t. Ax > b.

The optimal assignment to the variables that satisfies all constraints can be found in poly-
nomial time, for example using the Ellipsoid method.

Definition 4 (Separation oracle). A separation oracle is an algorithm that in time polynomial
in the number of LP variables, given an assignment of variables, affirms that all constraints are
satisfied if this is the case, and outputs a violated constraint otherwise.

If an LP has a separation oracle, then the Ellipsoid algorithm can solve the LP in polynomial
time, independently of the number of constraints. For instance, we could have exponentially
many constraints (or even an infinite number).

Definition 5 (Dual LP). Consider a linear program max cx s.t. Ax < b, where A is the matriz
of constraints. Then, the program minb’y s.t. ATy > c is called the dual of the LP.

Weak LP Duality states that the optimal dual value is an upper bound to the optimal primal
value. Strong LP Duality states that if both LPs are bounded and have a solution, then their
optimal values coincide.

Definition 6 (LP relaxation). Many combinatorial optimization problems can be formulated as
integer linear programs, where we are able to restrict variables to integer values, like x; € {0, 1}.
When relaxing the constraint x; € {0,1} to 0 < x; < 1, the resulting LP is called a relaxation.

Therefore, given an integral maximization problem, the dual LP of its LP relaxation is a
natural upper bound to the optimal solution.

Definition 7 (Approximation algorithm). For an optimization problem (assume without loss of
generality that it is a maximization problem), let OPT(Z) denote the optimal value to instance
Z. An algorithm that runs in polynomial time and for each instance I, produces a solution of
value at least oo - OPT(Z), for some « € [0, 1], is an a-approximation.

Definition 8 (PTAS). A polynomial-time approximation scheme (PTAS) is a collection of
polynomial-time algorithms Ac for every e > 0, such that A. is a (1 £ ¢)-approzimation. Notice
that the running time of Ac can depend arbitrarily on €. If the running time is polynomial in €,
we speak of a fully polynomial-time approximation scheme (FPTAS).

Definition 9 (Integrality gap). Consider an LP relazation to a mazimization integer program.
For an instance Z, let OPT(T) be the optimal integral solution and T(I) be the optimal solution
to the LP relaxation. The integrality gap of this LP relazation is defined as sup7 T(Z)/OPT(Z).
For minimization problems, the integrality gap is defined analogously, but we invert the sum such
that the gap is always > 1.
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