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ABSTRACT

One well-regarded fairness notion in dividing indivisible chores is
envy-freeness up to one item (EF1), which requires that pairwise
envy can be eliminated by the removal of a single item. While an EF1
and Pareto optimal (PO) allocation of goods can always be found
via well-known algorithms, even the existence of such solutions
for chores remains open, to date. We take an epistemic approach
to identify such allocations utilizing information asymmetry by
introducing dubious chores — items that inflict no cost on receiving
agents but are perceived to be costly by others. On a technical level,
dubious chores provide a more fine-grained approximation of envy-
freeness than EF1. We show that finding allocations with minimal
number of dubious chores is computationally hard. Nonetheless,
we prove the existence of envy-free and fractional PO allocations
for n agents with only 2n — 2 dubious chores and strengthen it to
n — 1 dubious chores in four special classes of valuations.
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1 INTRODUCTION

Fair allocation of resources is a fundamental role of any economy
with considerable applications in healthcare, charitable donations,
waste management, and task allocation [2, 8, 11, 12, 20, 27-29].
In recent years, significant research has investigated axioms and
algorithmic techniques for allocating chores [5, 10, 14, 16, 23]. One
canonical notion, envy-freeness up to one item (EF1), asserts that
pairwise envy between agents can be eliminated by counterfactually
removing a single item [11, 25]. An EF1 allocation of goods always
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exists and can be computed efficiently with economic efficiency
notions such as Pareto optimality (PO) [7, 13]. In contrast, for chores,
even the existence of such allocations remains open to date, leading
to several works on restricted domains [3, 15, 19, 24].

1.1 Our Contributions

We take a different, epistemic, approach that utilizes information
asymmetry to differentiate the allocation of chores that agents
are informed about from the allocation they actually receive. The
difference is an over-representation about which tasks agents com-
plete, above-and-beyond those they are actually assigned. Our con-
tribution is a novel fairness notion, DEF-k which uses dubious
chores, items that are perceived as costly but inflict no actual cost
on the receiving agent. Conceptually, dubious chores provide a
natural approach when no envy-free solution exists. This is a par-
ticularly convenient solution in settings where agents do not have
direct means of communication and cannot verify the exact costs
incurred by each agent, such as with distributed computing of high-
complexity problems or decentralized training of large language
models. Technically, DEF-k provides a more fine-grained approxi-
mation of envy-freeness than EF1. This enables progress towards
addressing open problems in fair allocation of indivisible chores,
such as the existence and computation of EF1 and PO. Hence, the
significance in DEF-k is in identifying allocations with minimal k. !

1.2 Preliminaries

An instance I = (N, M, V) is defined by a set of n agents N, a set
of m chores M, and additive valuations V = (v;);c v that specify
the disutility v;(S) that each agent has for a subset of chores S € M.
Additionally, we consider four special cases of restricted valuations:
(1) binary where every agent values each item at 0 or —1, (2) identical
where every agent has the same value per chore, (3) bivalued where
every agent values each item at either x or y, where x < y < 0,
(4) two-types of chores where chores fall into two types and every
agent values chores of the same type identically.

An allocation A = (A;j)je N s an n-partition of the chores M
among the agents. An allocation satisfies envy-freeness up to one
chore (EF1) if Vi,h € N, 3c € A; : v;(Ai\{c}) = vi(Ap). An allo-
cation is fractionally Pareto optimal (fPO) if there is no complete
fractional allocation (where chores may be partially allocated) that
makes all agents weakly better-off and no agent worse-off.

"More details can be found in the full version of the paper [22].
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Definition 1. A dubious chore ¢’ allocated to agenti € N is a
copy of the chore ¢ € M such that v,({c’}) = vy ({c}) Yh # i and
0;({c’}) = 0. An allocation A is envy-free up to k dubious chores
(DEF-k) if there exists k dubious chores that, upon being additionally
allocated, the augmented allocation is envy-free.

Finally, a price vector p : M — R is a payment that each agent
receives for doing a chore. Given allocation A, the pair (4, p) isa
Fisher market equilibrium (FME) if A; C argmin_ p( |0i({c})]/p(c),
Vi € N.It is known that any such A is fPO [26]. A Fisher market
equilibrium (4, p) is price envy-free up to one item (pEF1)if Vi, j € N,
either A; =0 or 3c € A; : p(Ai\{c}) < p(4)).

2 FAIRNESS WITH DUBIOUS CHORES

We begin by analyzing fairness with dubious chores without any ef-
ficiency requirement. We start with the decision problem of finding
the optimal k for which a DEF-k allocation exists.

Theorem 1. Given an instance I = (N, M, V), for every fixed
constant k € Zx, deciding if the instance admits a DEF-k allocation
A is NP-complete, even when valuations are identical or binary.

Theorem 1 is proved using a reduction from Partition for iden-
tical valuations and Set Splitting for binary valuations [17]. This
implies that minimizing k for DEF-k existence is NP-hard as well.
Moreover, since hardness holds for k = 0, this problem has no
polynomial-time constant approximation scheme unless P = NP.

Corollary 1. Given instance I = (N, M, V), unless P=NP, there is
no polynomial-time algorithm that gives a constant approximation
for the problem of finding a DEF-k allocation with minimal k.

Theorem 1 holds when k is a fixed constant. If we do not fix k,
even the verification problem of whether a given allocation could
be augmented with k dubious chores to become envy-free is com-
putationally intractable.

Theorem 2. Given an instance I = (N, M, V) with binary val-
uations and an allocation A, deciding if allocation A is DEF-k is
NP-complete.

This is proved via a reduction form Restricted Exact Cover
by 3-Sets (RX3C) [21].In lieu of this computational hardness, we
establish upper-bounds on k for DEF-k existence. While EF1 alloca-
tions can be computed in polynomial time [3, 9], such allocations
may require many dubious chores to become envy-free.

Proposition 1. Given an instance I = (N, M, V), every EF1 allo-
cation A is also DEF-n(n — 1).

This follows since for each pairwise envy relation, the envied
agent can dubiously receive the “worst” chore of the envious agent
to remove the envy. This bound can be improved as follows.

Theorem 3. Given an instance I = (N, M,V), Round Robin
returns a DEF-(n — 1) allocation.

The improvement arises since each agent chooses the best of the
remaining chores for each round. Hence, in each round, there is a
single agreed-upon “worst” chore, the latest chore allocated, that
could eliminate all envy-relations when dubiously allocated. We
note that not every EF1 allocation is DEF-(n — 1), nor is any DEF-
(n — 1) allocation EF1. Furthermore, the existence of any DEF-k
allocation is tight at k = n — 1; that is, DEF-(n — 2) may not exist.
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3 FAIRNESS AND EFFICIENCY

We proceed to demonstrate the existence and computation of DEF-k
allocations with fractional Pareto optimality.

Theorem 4. Given an instance I = (N, M, V), there always exists
a DEF-(2n — 2) and PO allocation.

Our approach is based on Barman and Krishnamurthy [6]’s
demonstration that a FME always exists. Let i* denote the agent
with the highest priced bundle p(A;+) and ¢ denote the chore with
the highest price p(c); we prove that giving each agent besides i*
two dubious copies of ¢ yields envy-freeness. We note the same
algorithm was utilized by Akrami et al. [1] to attain an EF1 and
fPO allocation by introducing at most n — 1 actual copies of chores.
Next, we focus on four restricted domains of preferences.

Theorem 5. Forany instance I = (N, M, V) with binary, identical,
or bivalued valuations, or two-types of chores, there exists a DEF-
(n —1) + fPO allocation that can be computed in polynomial time.

A DEF-(n — 1) + fPO allocation may be attained for each case,
intuitively, as follows. For binary valuations, all the 0-valued chores
may be allocated, followed by the —1-valued chores as evenly-
distributed as possible. Identical valuations are by-definition fPO;
allocated them with Round Robin attains DEF-(n —1). For bivalued
valuations, we prove that a pEF1 FME (A4, p) is DEF-(n—1); Ebadian
et al. [15] and Garg et al. [18]’s algorithms find A in polynomial
time. For two-types of chores, Aziz et al. [4] find an allocation A
with certain properties in polynomial time; we identify a price
vector p such that (4, p) is a pEF1 FME.

4 DISCUSSION

We have proposed a novel epistemic framework for fair allocations
of chores. While our approach may appear similar to EF1 and dupli-
cating chores, there are significant differences with these models.
First, agents in our approach measure whether an allocation is
fair based on their information, which is subjective and may differ
across agents. This contrasts EF1, which requires agents to coun-
terfactually reason about other agents’ bundles. Moreover, DEF-k
offers a more fine-grained approximation of EF than EF1. Whereas
the latter recognizes any allocation close to an EF1 allocation, DEF-k
precisely identifies a trade-off between fairness and transparency.
That is, a DEF-0 allocation is necessarily EF, while at most k units
of transparency must be compromised to make a DEF-k allocation
envy-free for k > 0.

Second, our approach contrasts recent work by Akrami et al.
[1] who introduced real copies of chores (i.e., “surplus”) into the
original fair division instance. This differs from our approach on
a conceptual level because (i) duplicates introduce real additional
cost on the receiving agents, reducing overall welfare, and (ii) more
duplicates than dubious chores may be needed to eliminate envy.

ACKNOWLEDGMENTS

HH acknowledges support from NSFIIS grants #2144413 and #2107173.
LX acknowledges NSF #2007994 and #2106983, and a Google Re-
search Award for support. TW was supported by the French gov-
ernment under management of Agence Nationale de la Recherche
as part of the "Investissements d’avenir” program, reference ANR-
19-P3IA-0001 (PRAIRIE 3IA Institute).



Extended Abstract AAMAS 2024, May 6-10, 2024, Auckland, New Zealand

REFERENCES efficient division of chores. arXiv preprint arXiv:2008.00285 (2020).
[1] Hannaneh Akrami, Bhaskar Ray Chaudhury, Jugal Garg, Kurt Mehlhorn, and [15] Soroush Ebe'ldian, Dominik Peters, and Nisarg Shah. 2022. How to Fairly Allocate
Ruta Mehta. 2023. Fair and efficient allocation of indivisible chores with surplus. Easy and Difficult Cl?ores.‘ In P roceed}ngs Of AAMAS. . )
In Proceedings of IJCAL [16] RupertAFreeman, Sl}]gy Sikdar, Rohit Valshz and Lirong Xia. 2020. Equitable
[2] Martin Aleksandrov, Haris Aziz, Serge Gaspers, and Toby Walsh. 2015. Online Allocations of Indivisible Chores. In Proceedings of AAMAS.

(17

Michael Garey and David Johnson. 1979. Computers and Intractability. W. H.
Freeman and Company.
[18] Jugal Garg, Aniket Murhekar, and John Qin. 2022. Fair and efficient allocations

Fair Division: Analysing a Food Bank Problem. In Proceedings of IJCAL
[3] Haris Aziz, Ioannis Caragiannis, Ayumi Igarashi, and Toby Walsh. 2022. Fair
allocation of indivisible goods and chores. Autonomous Agents and Multi-Agent

Systems (2022). of chores under bivalued preferences. In Proceedings of AAAL
[4] Haris Aziz, Jeremy Lindsay, Angus Ritossa, and Mashbat Suzuki. 2023. Fair [19] Jugal Garg, Aniket Murhekar, and John Qin. 2023. New Algorithms for the Fair
Allocation of Two Types of Chores. In Proceedings of AAMAS. and Efficient Allocation of Indivisible Chores. In Proceedings of IJCAL
(5] Haris Aziz, Gerhard Rauchecker, Guido Schryen, and Toby Walsh. 2017. Algo- [20] Jonathan Goldman and Ariel D Procaccia. 2015. Spliddit: Unleashing fair division
rithms for Max-Min Share Fair Allocation of Indivisible Chores. In Proceedings of algorithms. ACM SIGecom Exchanges (2015)', L. . .
AAAL [21] Teofilo F Gonzalez. 1985. Clustering to minimize the maximum intercluster
[6] Siddharth Barman and Sanath Kumar Krishnamurthy. 2019. On the proximity of d1sta§nceA T}_le.oretlcal computer science (1985). . . .
markets with integral equilibria. In Proceedings of AAAL [22] Hadi Hosseini, Joshua Kavner, Tomasz Was, and Lirong Xia. 2023. Distribution
[7] Siddharth Barman, Sanath Kumar Krishnamurthy, and Rohit Vaish. 2018. Finding of Chores with Information Asymmetry. arXiv preprint arXiv:2305.02986 (2023).
fair and efficient allocations. In Proceedings of EC. [23] Hadi Hosseini, Andrew Searns, and Erel Segal-Halevi. 2022. Ordinal Maximin
[8] Nawal Benabbou, Mithun Chakraborty, Xuan-Vinh Ho, Jakub Sliwinski, and Yair SharAe App roximation flor Chores.‘ In P roceeding§ of AAMAS' . o
Zick. 2020. The price of quota-based diversity in assignment problems. ACM [24] Hadi Hosseini, Sujoy Sikdar, Rohit Vaish, and Lirong Xia. 2023. Fairly Dividing
Transactions on Economics and Computation (TEAC) (2020). Mixtures of Goods and Chores under Lexicographic Preferences. In Proceedings
[9] Umang Bhaskar, AR Sricharan, and Rohit Vaish. 2021. On Approximate Envy- Of AAMAS’, . . .
Freeness for Indivisible Chores and Mixed Resources. In Proceedings of AAPROX. (25] Richard ] Lipton, Evangelos Markakis, Elchanan Mossel, and Amin SaberL 2004.
[10] Anna Bogomolnaia, Hervé Moulin, Fedor Sandomirskiy, and Elena Yanovskaia. On Approximately Fa{r Allocatl(}ns of Indivisible Goods. In Proceed}ngs of EC. )
2019. Dividing bads under additive utilities. Social Choice and Welfare (2019). [26] Andreu Mas—Colell,' Mld?ael Whinston, and Jerry R. Green. 1995. Microeconomic
[11] Eric Budish. 2011. The combinatorial assignment problem: Approximate compet- Theory. Oxford University Press.

itive equilibrium from equal incomes. Journal of Political Economy (2011). (27] David C Pgrkes, Ariel D Procaccia, fmd Nisarg Shah 2015. Beyond dominant
[12] Eric Budish, Gérard P Cachon, Judd B Kessler, and Abraham Othman. 2017. Course resource fairness: Extensions, limitations, and indivisibilities. ACM Transactions
match: A large-scale implementation of approximate competitive equilibrium on Economics and Computation (TEAC) (2015). ) )
from equal incomes for combinatorial allocation. Operations Research (2017). (28] Parag A Pathak, Tgyfun Som'nez, M Utku Un'v?r, and M Bumin Yenr'nez. 2021. Falr
Ioannis Caragiannis, Nick Gravin, and Xin Huang. 2019. Envy-freeness up to any allocation of vaccines, ventilators and antiviral treatments: leaving no ethical
item with high Nash welfare: The virtue of donating items. In Proceedings of EC. value behind in health‘ care rationing. In P roceedings of EC.
[14] Bhaskar Ray Chaudhury, Jugal Garg, Peter McGlaughlin, and Ruta Mehta. 2020. [29] Mao Tan, Zhuocen Dai, Yuling Ren, Toby Walsh, and Martin Aleksandrov. 2021.

Dividing bads is harder than dividing goods: On the complexity of fair and Minimal-envy conference paper assignment: formulation and a fast iterative algo-
rithm. In 2021 5th Asian Conference on Artificial Intelligence Technology (ACAIT).

[13

2308



	Abstract
	1 Introduction
	1.1 Our Contributions
	1.2 Preliminaries

	2 Fairness with Dubious Chores
	3 Fairness and Efficiency
	4 Discussion
	Acknowledgments
	References



