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Abstract discusses how to reach such states by means of distributed

negotiation. We prove a general convergence theorem for su-
permodular valuations, and show that very simple deals over
one resource at a time suffice to guarantee convergence in the
modular case. Next, to be able to study how envy evolves
over the course of a negotiation process, we introduce differ-
ent metrics for the degree of envy in Section 5. We have used
these metrics in a number of experiments aimed at analysing
how envy evolves in modular domains. The results of these
experiments are reported in Section 6. Section 7 concludes.

Mechanisms for dividing a set of goods amongst a
number of autonomous agents need to balance ef-
ficiency and fairness requirements. A common in-
terpretation of fairness is envy-freeness, while ef-
ficiency is usually understood as yielding maximal
overall utility. We show how to set up a distributed
negotiation framework that will allow a group of
agents to reach an allocation of goods that is both
efficient and envy-free.

2 Distributed Negotiation Settings

1 Introduction In this section, we briefly review the distributed negotiation
There are often two opposing requirements that we appljramework we adopt in this papEEndrisset al., 2004.
when judging the quality of an allocation of goods to a num- . L
ber of autonomous agentsfficiencyand faimess[Moulin, 2.1 Basic Definitions
1984. While the quest for economically efficient outcomesLet A = {1..n} be a finite set ogentsand letR be a finite
is well aligned with the highly successful approach of mod-set of indivisibleresourcegwhich we also refer to agoods.
elling agents as rational players in the game-theoretical sensAn allocationis a partitioning of the items iR amongst the
fairness is much more elusive and has generally achieved fagents inA (i.e. each good must be owned by exactly one
less attention in the Al community (but recent exceptions in-agent). As an example, allocatigh defined viaA (i) = {r1 }
clude, for instance, the work of Bouveret and Ld2§04, andA(j) = {rs, rs}, would allocate-; to agent;, andr, and
Endrisset al. [2004, and Liptonet al. [2004). rs to agentj. The interests of individual agentsc A are
In this paper, we interpret fairness asvy-freeness An modelled usingsaluation functions; : 2% — R, mapping
allocation of goods is envy-free if no agent would prefer tobundles of goods to real numbers. Throughout this paper,
receive the bundle assigned to one of its peers rather thame shall make the assumption that all valuatiopsire nor-
its own [Brams and Taylor, 1996 Efficiency is interpreted malisedin the sense that;({ }) = 0. Technically, this is not
as maximising utilitariarsocial welfare i.e. as maximising  a significant restriction, but it greatly eases presentation. We
the sum of the utilities of the individual agenkdoulin,  sometimes use;(A4) as a shorthand fow;(A(i)), the value
1989. We are interested in identifying those efficient al- agent; assigns to the bundle received in allocatibn
locations of goods to agents that are also envy-free. More Agents negotiate sequences of deals to improve their own
specifically, we are interested in reaching such allocations byvelfare. Adealé = (A, A’) is a pair of allocations (with
means of alistributed negotiatioprocesgSandholm, 1998; A # A'), specifying the situation before and afterwards. Ob-
Endrisset al, 2006; Dunneet al, 2009. That is, rather than serve that a single deal may involve the reassignment of any
developing a “centralised” algorithm to compute such an allonumber of goods amongst any number of agentsl-deal
cation, we want agents to be able to reach the desired stateis a deal involving only a single resource (and hence only
an interactive manner by means of a sequence of deals théyo agents). The set of agents involved in the des de-
negotiate locally, driven by their own interests and withoutnoted asA4®. Deals may be accompanied by monetary side
regard for the global optimisation problem. payments to allow agents to compensate others for otherwise
The paper is organised as follows. In Section 2 we reviewdisadvantageous deals. This is modelled using so-cpiged
the distributed negotiation framework adopted. Section 3 forment functiongPFs): p : A — R, which are required to
mally defines the concept of envy-freeness and gives a progafatisfy ), , p(i) = 0. A positive valuep(i) indicates that
for the existence of efficient envy-free states in the presencagenti paysmoney, while a negative value means that the
of money, for the case of supermodular valuations. Section dgentreceiveamoney. We associate each allocatiéithat is



reached in a sequence of deals with a function. 4 — R agents. Estivieet al. [20064 introduce several concrete pay-
mapping agents to the sum of payments they have made sonent functions that agents may choose to adopt. The two sim-
far,i.e.we also have ;. , 7(i) = 0. A stateof the system plest ones are thiecally uniform payment functio(LUPF)

is a pair(A, 7) of an allocationA and apayment balance. and theglobally uniform payment functiofGUPF).

Each ageni ¢ A is also equipped with atility function Choosing a PF amounts to choosing how to distribute the
u; : 2% x R — R mapping pairs of bundles and previous social surplussw(A’) — sw(A) generated by a deal =
payments to real numbers. These are fully determined by thed, A’). It is known that the social surplus is positive df
valuation functionsz; (R, z) = v;(R) — . That s, utilities  is IR [Endrisset al, 2004. The LUPF divides this amount
arequasi-linear: they are linear in the monetary component, equally amongst thearticipating agentsA4°; the GUPF di-
but the valuation over bundles of goods may be any set funcvides it equally amongstll agentsA:
tion. For exampley; (A(), 7(i)) is the utility of agenti in  LUPF: p(i) = [v;(4")— u(A)] — [sw(A")—sw(A)]/|4%)
state(A, ), while u;(A(j), 7 (7)) is the utility thati would if i € A% and0 otherwise
experience if it were to swap places with{in terms of both CoN , ,
the bundle owned, and the sum of payments made so far). GUPF: p(i) = [vi(A") = u(A)] — [sw(A")—sw(A)]/n

3 Envy-freeness

An important aspect of fairness is the absencersfy[Brams

and Taylor, 1995 In this section, we give two definitions of
envy-freeness: the first applies to allocations of goods alone,
Definition 1 (IR deals) Adeals = (A, A’) is called individ-  while the second also takes previous payments into account.
ually rational iff there exists a payment functiprsuch that ~ While the first may be in conflict with efficiency require-
v;i(A") —vi(A) > p(i) for all agentsi € A, except possibly ments, for the second definition there always exists a nego-
p(i) = 0 for agents; with A(7) = A’(4). tiation state that is both efficient and envy-free.

While negotiation is driven by the individual preferences of 5 4 Envy-free Allocations of Goods

agents, we are interested in reaching states that are attractive L
from a “social” point of view. A common metric for effi- In the context of our negotiation framework, the concept of

ciency is (utilitarian)social welfarg Moulin, 1984: envy-freeness can be formally defined as follows:

Definition 2 (Social welfare) The social welfare of an allo- Definition 3 (Envy-freeness)_An allocation A 1S called
Definition d(efined aSw(A)): SR envy-free iffy; (A(7)) > v;(A(j)) for all agentsi, j € A.
Observe that, were we not to require tladltgoods be allo-
cated, it would be easy to find an envy-free allocation: sim-
ly allocate the empty bundle to each agent. On the other
and, it is well-known that if we either require all goods to be
allocated (so-calledompleteallocations), or if we restrict in-

2.2 Individual Rationality and Efficiency

Agents are assumed to only negotiatdividually rational
(IR) deals,i.e. deals that benefit everyone involved:

We also speak of the social welfare ofstate (4, 7). As
the sum of allr(4) is always0, the two notions coincida,e.
it does not matter whether we define social welfare in termﬁ
of valuations or in terms of utilities. A state/allocation with

maximal social welfare is calleefficient A central result in : ;

i SO X terest to allocations that are Pareto optimal, then an envy-free
distributed negotiation is due to Sandhdb994: allocation may not always exist (just think of the case of two
Theorem 1 (Convergence)Any sequence of IR deals will agents and a single good). Bouveret and LEa@9F have in-

eventually result in an efficient allocation of goods. vestigated the computational complexity of checking whether
en negotiation problem admits an allocation that is envy-

. a giv
This result guarantees that agents can agree on any seque@pge. One of the simpler results states that checking whether

of deals meeting the IR condition without getting stuck in ayere exists a complete and envy-free allocation is NP-hard,

local optimum; and there can be no infinite sequence of IReven if there are only two agents and these agents use the

deals. On the downside, this result presupposes that agenime gichotomous and monotonic valuation function.
are able to negotiate complex multilateral deals between any

number of agents and involving any humber of goods. 3.2 Envy-freeness in the Presence of Money

A valuation functionv is modular iff v(R; U R,) Definition 3 is the standard definition of envy-freeness, which
v(R1) +o(Rs) N v(R1N Ry) for all bundlesk,, Ry C R. In applies to domains without transferable util)i(cy; that is, it does
modular domains, we can get a much stronger convergenq%t (yet) take the monetary component of our negotiation
result[Endrisset al, 2004: framework into account. Next, we define envy-freeness with
Theorem 2 (Simple convergence)f all valuation functions ~ respect to full negotiation states:

are modular, then any sequence of IR 1-deals will eventuallyefinition 4 (EF states) A state(4, ) is called envy-free iff
result in an efficient allocation of goods. ui(A(i), ©(i)) > u;(A(5), 7(j)) for all agentsi, j € A.

2.3 Payment Functions A state that is both efficient and envy-free is calledEdEF

. - state This corresponds to Pareto optimal and envy-free allo-
Requiring deals to be IR puts restrictions on what deals ar@ ions without money.

possible at all and it limits the range of possible payments
but it does not determine the precise side payments to be *A valuationv is dichotomous iffy(R) = 0 orv(R) = 1 for any
made. This is a matter to be negotiated by the participating? C R; v is monotonic iffv(R1) < v(R2) wheneverR; C Rs.




How does the move to a definition that explicitly accountsSuppose agent 1 holdsin the initial allocationA,. There
for payments affect the existence of envy-free states? In facts only a single possible deal, which amounts to passitg
in the presence of money, states that are both efficient anagent 2, and which will result in the efficient allocatiai.
envy-free are known to always exiAlkan et al, 1991. How should payments be arranged? To ensure that the deal
While the proof given by Alkaret al. is rather involved, in is IR for both agents, agent 2 should pay agent 1 any amount
the case ofupermodulanvaluations we can give a very sim- in the open interval4, 7). On the other hand, to ensure that
ple existence argument. A valuatienis supermodular iff the final state is envy-free, agent 2 should pay any amount in
v(R1 U R2) > v(R1) +v(R2) — v(R1 N Ry) forallbundles  the closed interval, 3.5]. The two intervals do not overlap.
Ry, Ry C R. We show a proof here, as this will be helpful in This means that, while we will be able to reach negotiation
following some of the material later on (cf. Section 4.2). outcomes that are EEF, it is simply not possible in all cases to

Theorem 3 (Existence of EEF states)f all valuations are  d0 S0 by means of a process that s fully IR. .
supermodular, then an EEF state always exists. _For the procedure proposed in the sequel, we are going to

) , ) . circumvent this problem by introducing a one-off initial pay-
Proof. There clearly always exists an allocation that is effi- yyant that may not be IR for all the agents involved:

cient: someallocation must yield a maximal sum of individ-
ual valuations. Letd* be such an efficient allocation. We (i) = wi(Ao) —sw(Ag)/n

show that a payment balaneé& can be arranged such that . ' .
Mg S ) That is, each agent has to first pay an amount equivalent to
the statg A", 7*) is EEF. Definer” (i) for each agent their valuation of the initial allocatiom, and will then re-

(1) = vi(A") —sw(4A")/n ceive an equal share of the social welfare as a kick-back. We
First, note thatr* is a valid payment balance: the (i) do refer to this as making almmal equitability payment Note
indeéd sum up to 0. Now lét;j € .4 be any two agents in that this payment doe®t achieve envy-freeness (and it does
the system. We shoW thatloesnot envy j in state(A*, 7). not affect efficiency at all). All it does is to “level the playing
As A* is efficient, giving bothA* (i) and A* (5) to i wifl not _fleld”. In the special case Wher_e_r_uone of the agents has an
increase social V\;elfare any further: interest in the goods they hold initially( Ay) = 0 for all

L L ' » . i € A), the initial payments reduce to 0.
vi(A™(@) + v (A7(7)) = vi(A™()) U AT()))

As v; is assumed to be supermodular, this entails: 4.2 Convergence in Supermodular Domains

) ) ) ) We are now going to prove a central result on the reachability
vi(AT(0) + (A7) = wi(AT(0) +vi(AT(7)) of EEF states by means of distributed negotiation. The result
Adding sw(A*)/n to both sides of this inequation, together applies to supermodular domains and assumes that initial eq-
with some simple rearrangements, yield$éA* (i), 7*(i)) >  uitability payments have been made. It states that, if agents
u;(A*(§), 7 (4)), i.e. agenti does indeed not envy agepnt  only implement deals that are individually rational (IR) and
Hence,(A*, 7*) is not only efficient, but also envy-free.O they use the globally uniform payment function (GUPF) each
time to determine the exact payments, then negotiation will
This is an encouraging result: for the definitions adopted ireventually terminate.€.no more such deals will be possible)
this paper, efficiency and fairnease compatible. However, and the final state reached will be both efficient and envy-free
the mereexistenceof an EEF state alone is not sufficient (EEF). Importantly, this will be the case whichever deals (that
in the context of negotiation amongst autonomous agentgire meeting these conditions) the agents choose to implement,
Why should rational decision-makers accept the allocatiori.€. we can never get stuck in a local optimum. In short:

and payments prescribed by the proof of Theorem 37 Anéeorem 4 (Convergence with GUPF)If all valuations are

even if they do, how can we compute them in practice? JUSt,permodular and if initial equitability payments have been
finding an efficient allocation is already known to be NP-hard,54e  then any sequence of IR deals using the GUPF will
[Rothkopfet al., 1999. Finally, as argued in the introduction, eventﬁally result in an EEE state.

we are interested in distributed procedure, where agents

identify the optimal state in an interactive manner. Proof. We first show that the following invariant will be true
for every statd A, ) and every agent provided that agents

4 Reaching Efficient Envy-free States only negotiate IR deals using the GUPF;

In this section, we discuss to what extent EEF states can be (1) = vi(A)—sw(A)/n Q)

reached by means of negotiation in a distributed manner. Our proof proceeds by induction over the number of deals

4.1 Envy-freeness and Individual Rationality negotiated. As we assume that initial equitability payments

. : been made, claim (1) will certainly be true for the initial
In the previous section, we have seen that envy-freeness aﬁnge ' ~ ;
efficiency are compatible in our framework. However, this state(Ag, mo). Now letd = (4, A’) and assume (1) holds for

does not necessarily mean that also envy-freeness and ind?l-antdbthle ass/ouated_ ptaﬁm‘?tnhtq,bglamggve ?Etam the p‘f"yt'
vidual rationality will be compatible. And indeed, the follow- Mt balance assoclated witht by adding the appropriate

ing example (involving two agents and just a single resource?UPF payments ta:
shows that this is not the case: (i) = w(i)+ [vi(A)—vi(A)] — [sw(A")—sw(A)]/n
v({r}) =4 v.({r}) =7 = v(A) —swA)/n v



This proves our claim (1). Now, Theorem 1 shows that ne5 Degrees of Envy

gotiation via IR deals (whichever PF is used) must eventuallyrpe convergence theorems of the previous section show that
terminate and tha.t the final allocation will bg efficient. Let envy-freeness can be a guaranteed outcome of our negotia-
A be that allocation, and let” be the associated payment tjon"process, under specific assumptions. But this is of course
balance. Equation (1) also applies(td”,7*). But as we 5 from being the final word on this topic. The PF involved
have already seen in the proof of Theorem 3, the efficiencyn proving Theorem 4 introduces a non-local element, in the
of A* together with equation (1) applied tel*, 7*) implies  gense that it redistributes the social surplus over the whole
that(A*, =) must be an EEF state. U society. How would a local PF, like the LUPF, behave in
comparison? Also, agents need to start negotiation with a
Theorem 4 may seem surprising. As pointed out elsewhergon-|IR payment. But how does this affect the results in prac-
[Endrisset al, 2004, it is not possible to define a “local” tice? Lastly, the convergence theorems do not say how envy
criterion for the acceptability of deals (which can be checkedsyolves over the course of negotiation. Because negotiation
taking only the utilities of the agents involved into account) can become very long in practice, it is likely that the process
that would guarantee that a sequence of such deals alwaygll have to be be stopped before completion. In that event, it
converges to an envy-free state. We circumvent this problenyould be valuable to be able to guarantee some monotonicity
here by using the GUPF, which adds a (very limited) non-properties—but with respect to what parameter?
local element. Only the agents involved in a deal can ever be To address such questions, not only the mere classification
asked to give away money, and all payments can be computesf a society as being envy-free or not is needed. It is important

taking only the utilities of those involved into account. to in\/estigate to Whaﬂegree/ve may be able to approximate
_ _ the ideal of envy-freeness. In the remainder of this section,
4.3 Convergence in Modular Domains we discuss several options for defining such a metric. We

In modular domains, we can even guarantee convergence Fgropose to analyse the degree of envy of a society as a three-
an EEF state by means of 1-deals (over one item at a time): vel aggregation process, starting with envy between agents,

over envy of a single agent, to eventually provide a definition
Theorem 5 (Simple convergence with GUPF)f all valua-  OF the degree of envy of a society.

tion functions are modular and if initial equitability payments 5 1 Enyy between Agents

have been made, then any sequence of IR 1-deals using t

i i ? -
GUPF will eventually result in an EEF state. p'%w much does agentenvy ageny in state(A, r)? Gen

erally speaking, when assessing the degree of envy between
Proof. This works as for Theorem 4, except that we rely onfWo agents, we can either focus on agents that we indeed envy
Theorem 2 for convergence by means of 1-deals (in place dfositive envyeP??), or consider both agents that appear to be
Theorem 1). Note that Theorem 3 still applies, because anetter off, of course, but also agents we believe to be in a sit-
modular valuation is also supermodular. O uation worse than ours (total envy).

i) = wi(A(G),7(5)) — ui(A), 7 (7))
4.4 Related Work e (i,j) = max{e'(i,}),0}

There has been some work on procedures for finding EERVhile the latter optiond”°) seems to fit best with our intu-
states in the social choice literatufélkan et al, 1991; itions about envy, the formee/?’) may be justifiable if we
Klijn, 2000; Haakeet al, 2004, albeit with little or no at- Want agents to be able to compensate for envy.

Fentior} to computatiopal issues. The work of I-!aazkeal. 5.2 Degree of Envy of a Single Agent

is particularly interesting. They propose two variants of the . i . . . .
same procedure, the first of which assumes that an efficierfoW €nvious is a smgle ag_enin _state(A, m)? This notion .
allocation is giverto begin with The actual procedure deter- cOnsiders the agent in relation with many other agents. Afirst
mines compensatory payments to envious agents such that %ﬂt.'on would be to count theumber of agentthats envies.
EEF state will eventually be reached. While their solution is | IS arguably only makes sense whefi is used to assess
very elegant and intuitively appealing, it fails to address the"® €nvy between two agents.

main issue as far as tlmputationabspect of the problem O-Lpos () — { 1 oifdj5: ?pos(i,j) #0

is concerned: by taking the efficient allocation as given, the 0 otherwise

problem is being limited to finding an appropriate paymentyjore fine-grained, quantitative measures would also account
balance. Certainly for supermodular domains, our proof offor how envious an agent is. At least two obvious options
Theorem 3 shows that this mota combinatorial problem. o doing this come to mind. Firstly, we could measure how
The second procedure put forward by Haakal [200d  much our agent envies the agent it envles mos(e™e:°p).
interleaves reallocations for increasing efficiency with pay-Or we could compute theumof envies it experiences with
ments for eliminating envy. However, here the authors alsgespect to all the agents in the systeri{*:°?).
do not address a combinatorial problem, because they as- ¢maTop (1)
sume “exogenously given bundles”. That is, negotiation re- ) o
lates only t% who g)(/atgs which bundle, but the cor%position of €)= 22;e(i, ) whereop € {pos, tot}
the bundles themselves cannot be altered. This is equivaleMote that these two options can be of interest whatever the op-
to allocatingn objects ton agents—not an NP-hard problem. erator chosen to compute the degree of envy between agents.

= max; e’?(i, j) whereop € {pos, tot}



5.3 Degree of Envy of a Society For all the experiments reported, the number of agents is

Given the degrees of envy of each individual agent in a sys?* = 20- The numbetR| of resources in the system varies
tem for a given negotiation state, we can now define suitPe€tween 50 and 500, depending on the experiment. For each
able aggregation operators to yield the degree of envy for th@9ent, we randomly choose 50 distinguished resources. To all
agent society as a whole. As for the aggregation of individuaihe other resources, the_ agent in question assigns valuation 0.
preferences to obtain a social preference ordefgulin, FO( each of the dlsjcanU|sheq resources, we randomly draw a
1984, there are a multitude of different options available for Weight from the uniform distribution over the sgt..100} to
doing this. Here we just mention two options that alopealdetermlne the (modular) valuation function of that agent.
particularly appropriate in our context: theaz- and sum- .
operators. Using thenax operator must be interpreted as 6.2 Envy over Time

focusing on the most envious agent of the society (whateveFhe first set of experiments is aimed at clarifying how envy
operator was chosen to measure that), whilesthe (or av-  evolves over the course of negotiation. Before turning to the
erage) provides a more global picture of the situation. Liptorexperiments, we observe the following fact: If an agent with
et al. [2004, for instance, use™a*maz;pos tq describe the a modular valuation function makes an IR bilateral deal, this
degree of envy of a society. This is the maximum envy expewill reduce its envy towards its trading partner. This means
rienced by any agent, where each agent measures their entiat the envybetweerthe two agents cutting a deal will al-

as the difference to the opponent they envy the most. ways reduce. However, non-concerned agents may become
more envious than before, because one of those two agents

5.4 Discussion may have improved its lot according to their own valuation.

The different measures of envy introduced here are by no

means exhaustive. Other options for aggregating degree ™ T T T LUPE, mheduier, wihow il paymims

of envy could be used, e.g. based on teemin-ordering 1o000 [\

[Moulin, 1984. However, by just combining the options W

listed here, we obtain several candidate measures of env [ '\

Some of them are of course much more natural than oth = e}

ers, as our discussion already suggested. While this questic ; |
would certainly necessitate a deeper discussion, we only prcz ™| Y
vide here some basic justification that supports the choice ¢ £ o | W
the measure we decided to use in this paper. Note first that & o

. . 6000 M )
basic requirement of these measures would be that the degr Vo
of envy should be< 0 iff that allocation is envy-free. This al- 4000 by
ready rules out any measure base@'6h As for the rest, itis - Ny j"\ -
mostly a matter of what aspect you want to study as a priority )
In what follows, we use two measures: the number of envi- . s e pres p p P it
ous agentsef“0~1:p2%) pecause it gives a good snapshot step of the negotiation
of the St o o1y il e socely; and he sum o Figure 1: Evoluon of envy over i (150 goods)

overall magnitude of envy, which the previous one misses.

This makes it difficult to predict how overall envy will be
. . affected by a deal. A typical example is given in Figure 1.
6 Analysis of Modular Domains The figure shows the sum of positive envies after each deal,
In this section, we report on a first experimental analysis ofor one particular negotiation process. The payment function
how close we can get to the ideal of an EEF state, if we dased is the LUPF (without any initial payments). As we can
not make the initial equitability payment required by our con-see, after about 320 deals negotiation terminates and we have
vergence theorems; that is, if we use a framework that is fullyeached an allocation that is almost envy-free. Figure 1 shows
IR. We restrict ourselves to the case of modular domains. that the degree of envy does not diminish strictly monotoni-
cally. On the other hand, the graph suggests (and more exten-
6.1 Experimental Setup sive experiments, not shown here, clearly demonstrate), that
The experiments discussed in this section have been carri@vy does diminish monotonicaltyh average Further exper-
out using a simple simulation platform. After creating a num-iments show that the GUPF (also without initial payments)
ber of virtual agents and resources, we randomly distribut@erforms slightly better than the LUPF (faster convergence
the resources amongst the agents and randomly generate vaid lower overall envy in the end).
uation functions for them. Negotiation is simulated by going
for each (randomly chosen) agent through all the goods cu@-3  Impact of Number of Resources
rently held by that agent and trying to find a potential partneiWhile for the example shown in Figure 1 we do not reach an
with whom an IR 1-deal over that good can be agreed uporEEF state, it seems nevertheless remarkable that we get rather
This process is repeated until no more IR 1-deals are posstlose. It turns out thalhow close we can get depends very
ble. As we restrict ourselves to modular valuations, the finaktrongly on the number of goods in the system. This issue is
allocation is known to always be efficient (cf. Theorem 2). analysed in more detail in our second set of experiments. An



example is given in Figure 2. It shows the number of enviousnd of the negotiation when the number of goods is large.
agents in the final state of negotiation, as a function of the There are many potential extensions of this work. Perhaps
number of goods in the system (average of 100 runs eachjhe most obvious concerns the experimental study of non-
For this experiment, the standard deviation ranges from (almodular domains. Theorem 4 still holds in supermodular do-
most)0 to 4.2, depending on the number of resources. mains, and it would be interesting to see how negotiation pro-
ceeds in these domains, when the efficient allocation may not
be reached in practice. Another tempting avenue of research

18 T T T T
W GEF: i wiia i o | is the design ofocal PFs specially customised to help ap-
AN proach envy-freeness as much as possible. While it is known
“r \ 1 that no such perfect PF can exist, more systematic experi-
PR \\ ] ments could shed a light on what makes a PF well-behaved.
) A\ At last, this work makes the assumption that each agent has
g r \ T full knowledge of the bundles held by the others; this can be
Pl O\ ] unrealistic in many applications. There are different ways to
H L\ alleviate this, for instance by assuming that agents have a par-
e 1 tial (pre-defined or dynamic) perception of the society.
4 % -
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