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Abstract

1 We examine properties of a model of resource allocation in which several agents ex-
change resources in order to optimise their individual holdings. The schemes discussed re-
late to well-known negotiation protocols proposed in earlier work and we consider a number
of alternative notions of “rationality” covering both quantitative measures, e.g. cooperative
and individual rationality and more qualitative forms, e.g. Pigou-Dalton transfers. While
it is known that imposing particular rationality and structural restrictions on the form of
exchanges may render these unable to realise every reallocation of the resource set, in this
paper we address the issue of the number of restricted rational exchanges that may be
required to implement a particular reallocation when it is possible to do so. We construct
examples showing that this number may be exponential (in the number of resources m),
even when all of the agent utility functions are monotonic. We further show that k agents
may achieve in a single exchange a reallocation requiring exponentially many rational ex-
changes if at most & — 1 agents can participate, this same reallocation being unrealisable
by any sequences of rational exchanges in which at most k£ — 2 agents are involved.

1. Introduction

Mechanisms for negotiating allocation of resources within a group of agents form an im-
portant body of work within the study of multiagent systems. Typical abstract models
derive from game-theoretic perspectives in economics and among the issues that have been
addressed are strategies that agents use to obtain a particular subset of the resources avail-
able, e.g. [14, 18, 21], and protocols by which the process of settling upon some allocation
of resources among the agents involved is agreed, e.g. [5, 6, 7, 15].

The setting we are concerned with is encapsulated in the following definition.

Definition 1 A resource allocation setting is defined by a triple (A, R,U) where
A:{Al,AQ,...,An} N R:{Tl,TQ,...,Tm}

are, respectively, a set of (at least two) agents and a collection of (non-shareable) resources.
A utility function, u, is a mapping from subsets of R to rational values. Fach agent A; € A
has associated with it a particular utility function w;, so that U is (uj, ug,...,u,). An
allocation P of R to A is a partition (Py, Pa, ..., P,) of R. The value u;(P;) is called the
utility of the resources assigned to Aj;.

Two major applications in which the abstract view of Definition 1 has been exploited are
e-commerce and distributed task realisation. In the first R represents some collection of
commodities offered for sale and individual agents seek to acquire a subset of these, the
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“value” an agent attaches to a specific set being described by that agent’s utility function.
In task planning, the “resource” set describes a collection of sub-tasks to be performed in
order to realise some complex task, e.g. the “complex task” may be to transport goods
from a central warehouse to some set of cities. In this example R describes the locations
to which goods must be dispatched and a given allocation defines those places to which an
agent must arrange deliveries. The utility functions in such cases model the cost an agent
associates with carrying out its alloted sub-tasks.

Within the very general context of Definition 1, a number of issues arise stemming from
the observation that it is unlikely that some initial allocation will be seen as satisfactory
either with respect to the views of all agents in the system or with respect to divers global
considerations. Thus, by proposing changes to the initial assignment individual agents
seek to obtain a “better” allocation. This scenario raises two immediate questions: how to
evaluate a given partition and thus have a basis for forming improved or optimal allocations;
and, the issue underlying the main results of this paper, what restrictions should be imposed
on the form that proposed exchanges may take.

We shall subsequently review some of the more widely studied approaches to defining
conditions under which some allocations are seen as “better” than others. For the purposes
of this introduction we simply observe that such criteria may be either gquantitative or
qualitative in nature. As an example of the former we have the approach wherein the
“value” of an allocation P is simply the sum of the values given by the agents’ utility
functions to the subsets of R they have been apportioned within P, i.e. 1" ; u;(P;): this
is the so-called wutilitarian social welfare, which to avoid repetition we will denote by o, (P).
A natural aim for agents within a commodity trading context is to seek an allocation under
which o, is mazimised. One example of a qualitative criterion is “envy freeness’: informally,
an allocation, P, is envy-free if no agent assigns greater utility to the resource set (P;) held
by another agent than it does with respect to the resource set (P;) it has actually been
allocated, i.e. for each distinct pair (i, 5), u;i(P;) > u;(P;).

In very general terms there are two approaches that have been considered in treating
the question of how a finite collection of resources might be distributed among a set of
agents in order to optimise some criterion of interest: “contract-net” based methods, e.g.
[8, 10, 11, 20, 21] deriving from the work of [25]; and “combinatorial auctions”, e.g. [16, 17,
22, 24, 26] amongst others. In this article our concerns focus on the first of these, however,
before discussing it in greater depth we compare the two approaches.

One may view the strategy underlying combinatorial auctions as investing the computa-
tional effort into a “pre-processing” stage following which a given allocation is determined.
Thus a controlling agent (the “auctioneer”) is supplied with a set of bids — pairs (S}, p;)
wherein §; is some subset of the available resources and p; the price agent A; is prepared
to pay in order to acquire S;j. The problem faced by the auctioneer is to decide which bids
to accept in order to maximise the overall profit subject to the constraint that each item
can be obtained by at most one agent. By imposing restrictions on the structure of bids
some efficient algorithmic methods that can identify optimal or near-optimal® allocations
have been discovered, e.g. [26]. In general, however, this optimisation problem is NP—hard,
even if only a good approximate solution is sought, cf. [23]. In addition to these compu-
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tational problems, one further difficulty that can arise in implementations of combinatorial
auction protocols is their potential vulnerability to manipulation by agents. For example,
agents may assume multiple identities in order to submit several bids: so-called “false-
name” bids concerning which the susceptibility of various protocols together with possible
defence mechanisms have been studied in depth, e.g. [19, 28, 29].

What we shall refer to as “contract-net schemes” typically eschew the precomputation
stage and subordination to a controlling arbiter employed in auction mechanisms, seeking
instead to realise a suitable allocation by an agreed sequence of exchanges. The contract-
net (in its most general instantiation) for scenarios of m resources distributed among n
agents, is the complete directed graph with n™ vertices (each of which is associated with
a distinct allocation). In this way a possible exchange (P, @) is represented as an edge
directed from the vertex labelled with P to that labelled @. Viewed thus, identifying a
sequence of exchanges can be interpreted as a search process which, in principle, individual
agents may conduct in an autonomous fashion. We defer a discussion of why a sequence of
exchanges may be needed, noting only that some mechanism for dealing with combinatorial
problems may be used so that the number of “legal” exchanges described in the contract-
net graph is reduced: for any given agent and allocation, P, the number of new allocations
“reachable” in a single exchange from P becomes bounded by some polynomial function of
the number of resources. As a result at any stage each agent has only a relatively small
number of possibilities to consider, so in principle allowing better allocations to be identified
by a sequence of local improvements.

While it is known that contract-net schemes have a number of computationally unde-
sirable aspects some of which we review subsequently, we argue that the capability to move
from an initial allocation to some notionally better one via a sequence of local adjustments
offers significant benefits. In discussing these we stress it is not our intention to promote the
superiority (or otherwise) of contract-net approaches over auction mechanisms, but rather
to indicate that such schemes may provide a more suitable model in some arenas. It is, of
course, equally true that in other environments the algorithmic advantages resulting from
suitable auction mechanisms render these a more appropriate optimisation technique.

We have suggested one potential benefit in our earlier introductory description, namely,
the capability for agents to negotiate independently of a central arbiter. Thus, whether some
allocation of the resources is actually effected depends not on the bid ranking algorithm em-
ployed by an auctioneer but solely on the desires and intentions of the participating agents.
This capability for independent action raises a number of interesting issues. Although we
have outlined auction mechanisms as shifting the computational burden in choosing an al-
location to a pre-processing stage handled by the controlling agent charged with resolving
competing bids, it is, of course, the case that this does not obviate the requirement for
(potentially significant) computational effort on the part of the bidding agents. It is well-
known assuming a “pure” scenario in which each agent can only submit a limited number
of bids — an environment which methods aiming to detect false-name bidding seek to ensure
— that an agent is faced with a highly non-trivial strategic issue: deciding which set(s) of
resources and prices are “most likely” to bring about a desired outcome. Notice that we
are faced with two extremes in such cases: a fully competitive situation where bids are
formulated independently of consultation with other agents; and a fully cooperative one
whereby the agents locally agree a partition of the resources and bid accordingly. In this



latter case, assuming agents behave honestly and enter bids only for the resource subsets
they have agreed, the auctioneer is presented with a fait accompli: accept every bid (or
be prepared to make a sub-optimal profit). In total, by allowing collusion between agents
prior to submitting bids, appropriate contract-net schemes provide a means of undermining
the role of the auctioneer. One can interpret such collusion as a rather extreme form of
“strategic manipulation” in which a coalition of all agents forms to bring about a partition
of resources with which each is satisfied.

This example of how carrying out a sequence of “local negotiations” may be used ex-
ternally to manipulate the outcome of an auction process raises the question of the extent
to which regimes without a controlling auctioneer could be internally manipulated to the
advantage of particular agents. While a detailed analysis of such possibilities is outside the
scope of this article, we mention one very basic way in which a coalition of agents, C could
act collectively in their own interests against the interests of other agents. Thus it may
be that for some subset, S say, of the available resources, were C collectively to acquire S,
two outcomes would result: every agent in C could achieve an allocation that it viewed as
optimal; and no agent outside C would be able to realise a similarly regarded allocation
from those resources remaining, i.e. R\ S. A very preliminary study of such coalitional
issues is presented in [9], where such S are termed critical sets for a coalition. One result of
interest as regards such manipulative processes, is that without even considering the strate-
gic complexities that arise for C in obtaining a critical set the problem of recognising if such
a resource set exists is already of significant complexity: [9] showing it to be Xf-complete
even if C comprises only two members out of a society of four agents. While this is only a
very basic class of manipulative behaviour, the level of complexity involved suggests that
identifying critical sets is unlikely to be a productive investment of computational effort.

The preceding discussion has identified general criteria that may apply in assessing the
worth of a specific allocation and presented an overview of two approaches that have been
studied in terms of optimising quantitative measures. Henceforward we consider contract-
net schemes with particular emphasis on their properties when limits are imposed on the
form that sequences of exchanges can assume in order to bring about better allocations.

Before proceeding with the precise matter of our results, however, we deal with a question
raised earlier: why a sequence of exchanges should be required. Suppose, for example, the
aims are to bring about an allocation, P, that maximises utilitarian social welfare (o)
or to improve that of an initial allocation Pj,;. It is certainly the case that the exchange
(Pinit, Popt) is a single exchange, i.e. described by a single directed edge in the contract-net
graph, and thus, all that any agent has to do is to identify those items in its possession that
are expendable and which agents should be given these, as well as those items it lacks and
the agents from whom these must be acquired. Now, even if we make the assumption that
every agent is aware of the allocation held by any other agent, such “single-shot” solutions
are not feasible approaches.

One difficulty is that just as determining optimal outcomes for combinatorial auctions
faces issues of computational intractability, so too, these arise in the context of identifying
allocations with various properties. Thus deciding if a given allocation could be improved
with respect to o, is NP—complete, as is the problem of deciding if a given lower bound on
o, can be achieved, cf. [8]. We note that these results apply even in the case of scenarios
involving only two agents both of whom employ monotone utility functions, i.e. with the



property that for any two sets, S and T, S C T implies u(S) < u(T). This situation is
unchanged if one moves from quantitative measures such as o, to qualitative indicators. So,
again with two agents and monotone utility functions, [8] establish that it is co-NP—complete
to decide whether an allocation is “Pareto optimal’, i.e. one such that any allocation under
which some agent’s utility improves does so at the expense of another agent’s decreasing.
Similarly, [9] has recently shown that deciding if a resource allocation setting admits an envy-
free distribution is NP—complete in a two agent environment®. In summary, one problem
with single exchange solutions to obtain improved or optimal allocations is that from a given
initial point in the contract-net graph it is computationally hard for the agents to agree
if there are better allocations available at all. There are, however, other reasons why one
might regard single exchange solutions as infeasible. For example, even if a new allocation
Pfinal is agreed, this might differ quite radically from the initial state represented by Pjp;: it
may not be possible to implement (P, Pfina) in a single exchange even if only two agents
are involved since the environment in which the trading process is implemented may not be
suited to handling exchanges with large numbers of resources; similarly the protocol used
for describing contracts may not allow arbitrarily large numbers of resources to be dealt
with.

In total, in order to proceed by way of local improvements some means of managing
the exponentially large search space is needed. To begin, we first formalise the concepts of
exchange and contract path.

Definition 2 Let (A, R,U) be a resource allocation setting. An exchange is a pair (P, Q)
where P = (Py,...,Py) and Q = (Q1,..., Q) are distinct partitions of R. The effect of
implementing the exchange (P, Q) is that the allocation of resources specified by P is replaced
with that specified by Q. Following the notation of [11] for an exchange § = (P, @), we use
A% to indicate the subset of A involved, i.e. Ay € A° if and only if P, # Q.

Let § = (P, Q) be an exchange. A contract path realising ¢ is a sequence of allocations

A — <p(1), p@ . plt-1 p(t)>

in which P = P and P = Q. The length of A, denoted |A| is t — 1, i.e. the number of
exchanges in A.

There are two methods which we can use to reduce the number of exchanges that a single
agent may have to consider in seeking to move from some allocation to another, thereby
avoiding the need to choose from exponentially many alternatives: structural and rationality
constraints. Structural constraints limit the permitted exchanges to those which bound the
number of resources and/or the number of agents involved, but take no consideration of the
view any agent may have as to whether its allocation has improved. In contrast, rationality
constraints restrict exchanges, (P, @) to those in which @ “improves” upon P according
to particular criteria. In this article we consider two classes of structural constraint: O-
contracts, defined and considered in [20], and what we shall refer to as M (k)-contracts.

Definition 3 Let 6 = (P, Q) be an exchange involving a reallocation of R among A.

3. The utility functions in this proof are not monotone, however, we conjecture that imposing such a
restriction will not result in any reduction in complexity.



a. ¢ is a one contract (O-contract) if

01. A° = {i,j}.
02. There is a unique resource r € P;UP; for which Q; = P;U{r} and Q; = P;\{r}
(with r € Pj) or Q; = P; U{r} and @Q; = P; \ {r} (with r € P;)

b. For a value k > 2, the exchange § = (P, Q) is an M (k)-contract if 2 < |A%| < k and
UiGA‘s QZ == Ui€A6 PZ

Thus, O-contracts involve the transfer of ezactly one resource from a particular agent to
another, resulting in the number of exchanges compatible with any given allocation being
exactly (n — 1)m: each of the m resources can be reassigned from its current owner to any
of the other n — 1 agents.

Rationality constraints arise in a number of different ways. For example, from the
standpoint of an individual agent A; a given exchange (P, @) may have three different
outcomes: u;(P;) < u;(Q;), i.e. A; values the allocation @); as superior to P;; w;(P;) =
u;(Q;), i.e. A; is indifferent between P; and @;; and u;(P;) > w;(Q;), i.e. A; is worse
off after the exchange. When global optima such as utilitarian social welfare are to be
maximised, there is the question of what incentive there is for any agent to accept an
exchange (P, Q) under which they are left with a less valuable resource holding. The
standard approach to this latter question is to introduce the notion of a pay-off function,
i.e. in order for A; to accept an exchange under which it suffers a reduction in utility, A;
receives some payment sufficient to compensate for its loss. Of course such compensation
must be made by other agents in the system who in providing it do not wish to pay in excess
of any gain. In defining notions of pay-off the interpretation is that in any transaction each
agent A; makes a payment, m;: if m; < 0 then A; is given —; in return for accepting an
exchange; if m; > 0 then A; contributes m; to the amount to be distributed among those
agents whose pay-off is negative.

This notion of “sensible transfer” is captured by the concept of individual rationality,
and is often defined in terms of an appropriate pay-off vector existing. It is not difficult,
however, to show that such definitions are equivalent to the following.

Definition 4 An exchange (P, @) is individually rational (IR) if and only if 0,(Q) >
ou(P).

We shall consider alternative bases for rationality constraints later: these are primarily of
interest within so-called money free settings (so that compensatory payment for a loss in
utility is not an option).

The central issue of interest in this paper concerns the properties of the contract-net
graph when the allowed exchanges must satisfy both a structural and a rationality con-
straint. Thus, if we consider arbitrary predicates ® on exchanges (P, Q) — where the cases
of interest are ® combining a structural and rationality condition — we have,

Definition 5 For ® a predicate over distinct pairs of allocations, a contract path

(P p@ o pt=D - pl)y



realising (P, Q) is a ®-path if for each 1 < i < t, (PW PO+ 4s g d-exchange, i.e.
@(P(i),P(iH)) holds. We say that ® is complete if any exchange 6 may be realised by a
®-path. We, further, say that ® is complete with respect to W-exchanges (where ¥ is a
predicate over distinct pairs of allocations) if any exchange 6 for which W(J) holds may be
realised by a ®-path.

The main interest in earlier studies of these ideas has been in areas such as identifying
necessary and/or sufficient conditions on exchanges to be complete with respect to particular
criteria, e.g. [20]; and in establishing “convergence” and termination properties, e.g. [10, 11]
consider exchange types, ®, such that every maximal®* ®-path ends in a Pareto optimal
allocation. In [20], Sandholm examines how restrictions e.g. with ®(P, Q) = T if and only
if (P, @) is an O-contract, may affect the existence of contract paths to realise exchanges.
Of particular interest, from the viewpoint of heuristics for exploring the contract-net graph,
are cases where ®(P, Q) = T if and only if the exchange (P, @) is individually rational.
For the case of O-contracts the following are known:

Theorem 1
a. O-contracts are complete.
b. IR O-contracts are not complete with respect to IR exchanges.

Of course one might question why paths combining both structural and rationality con-
straints should be of interest, particularly in view of Theorem 1: since it is possible to
move between any pair of allocations via O-contracts alone why impose further limits? To
illustrate the point that rationality constraints may also be needed, consider the example
now outlined.

Suppose the agents within a particular setting are observing the following protocol:

A reallocation of resources is agreed over a sequence of stages, each of which
involves communication between two agents, 4; and A;. This communication
consists of A; issuing a proposal to A; of the form (buy, r, p), offering to purchase
r from Aj; for a payment of p; or (sell, r, p), offering to transfer r to A; in return
for a payment p. The response from A; is simply accept (following which the
exchange is implemented) or reject.

This, of course, is a very simple negotiation structure, however consider its operation within
a two agent setting in which one agent, A, say, wishes to bring about an allocation Pg, (and
thus can devise a plan — sequence of exchanges — to realise this from an initial allocation
Pjpnit) while the other agent, Ao, does not know Pfy,. In addition, assume that A; is the only
agent that makes proposals and that a final allocation is fixed either when A; is “satisfied”
or as soon as Ay rejects any offer.

While Ay could be better off if Pg, is realised, it may be the case that the only proposals
Ao will accept are those under which it does not lose, i.e. Ay is not prepared to suffer a
short-term loss even if it is suggested that a long-term gain will result. Thus if some

4. “Maximal” in the sense that if (P(1>, R P(t)) is such a path, then for every allocation, @, <I)(P(t)7 Q)
does not hold.



agents are sceptical about the bona fides of others then they will be inclined to accept
only exchanges from which they can perceive an immediate benefit, i.e. those which are
individually rational. There are several reasons why an agent may embrace such attitudes
within the schema outlined: once an exchange has been implemented A, may lose utility
but no further proposals are made by A; so that the loss is “permanent”. We note that
even if we enrich the basic protocol so that A; can describe Pg, to A before any formal
exchange of resources takes place, if the exchange is implemented by an O-contract path
(via the sequence of stages outlined), Ay may still reject offers under which it suffers a
loss, since it is unwilling to rely on the subsequent exchanges that would ameliorate its loss
actually being proposed®. Although the position taken by A in the setting just described
may appear unduly cautious, we would claim that it does reflect “real” behaviour in certain
contexts. Outside the automated allocation and negotiation models in multiagent systems
that we have been reviewing, there are many examples of actions by individuals where
promised long-term gains are insufficient to engender the acceptance of short term loss.
Consider “chain letter” schemes (or their more subtle manifestation as “pyramid selling”
enterprises): such have a natural lifetime bounded by the size of the population in which
they circulate, but may breakdown before this is reached. Faced with a request to “send
$10 to the five names at the head of the list and forward the letter to ten others after adding
your name” despite the possibility of significant gain after a temporary loss of $50, to ignore
such blandishments is not seen as overly sceptical and cautious: there may be reluctance to
accept that one will eventually receive sufficient recompense in return and suspicion that
the name order has been manipulated.

In total for the scenario we have described, if A; wishes to bring about an allocation
P, then faced with the view adopted by A and the limitations imposed by the exchange
protocol, the only “effective plan” that A; could adopt is to find a sequence of rational, i.e.
IR, exchanges to propose to As. In the consideration of algorithmic and complexity issues
presented in [8] one difficulty with such plan formulation is already apparent, that is:

Theorem 2 Fven in the case n = 2 and with monotone utility functions the problem of
deciding if an IR O-contract path exists to realise the IR exchange (P, Q) is NP—hard.

Thus deciding if any rational plan is possible is already computationally hard. In this article
we demonstrate that, even if an appropriate rational plan exists, in extreme cases, there
may be significant problems: the number of exchanges required could be exponential in
the number of resources, so affecting both the time it will take for the schema outlined to
conclude and the space that an agent will have to dedicate to storing it. Thus in his proof
of Theorem 1 (b), Sandholm observes that when an IR O-contract path exists for a given
IR exchange, it may be the case that its length exceeds m, i.e. some agent passes a resource
to another and then accepts the same resource at a later stage. The typical form of the
results that we derive can be summarised as:

For @ a structural constraint (O-contract or M (k)-contract) and ¥ a rational-
ity constraint, e.g. (P, Q) holds if (P, @) is individually rational, there are

5. We note that even if A; attempts to construct an ordering of exchanges under which any “irrational”
exchange reduces the value of its own holding, there is one problem: As may reject subsequent offers
after the “irrational” exchanges so that A; is worse off.



resource allocation settings (A, Rm,,U) in which there is an exchange (P, Q)
satisfying all of the following.

a. (P, Q) is a WU-exchange.

b. (P, ) can be realised by a contract path on which every exchange satisfies
the structural constraint ® and the rationality constraint V.

c. Every such contract path has length at least g(m).

For example, we show that there are instances for which the shortest IR, O-contract path
has length exponential in m.5

In the next section we will be interested in lower bounds on the values of the following
functions: we introduce these in general terms to avoid unneccesary subsequent repetition.

Definition 6 Let (A, R,U) be a resource allocation setting. Additionally let ® and ¥ be two
predicates on exchanges. For an exchange § = (P, Q) the partial function L°P*(§, (A, R, U), ®)
is the length of the shortest ®-contract path realising (P, Q) if such a path exists (and is
undefined if no such path is possible). The partial function L™ ({A, R,U), P, V) is

LM (AR U), ©,T) = max LPY(5, (A, R, U), @)
W-exchanges &

Finally, the partial function p™**(n, m,®, V) is

P (n,m, ®, V) = max L™ (A, R, U, ®, D)

U=(u1,u2,...,un)

where consideration is restricted to those W-exchanges § = (P, Q) for which a realising
d-path exists.

The three measures, L°Pt, L™ and p™* distinguish different aspects regarding the length

of contract-paths. The function L°P' is concerned with ®-paths realising a single exchange
(P, @) in a given resource allocation setting (A, R,U): the property of interest being the
number of exchanges in the shortest, i.e. optimal length, ®-path. We stress that L°P! is
a partial function whose value is undefined in the event that (P, @) cannot be realised by
a ®-path in the setting (A, R,U). The function L™®* is defined in terms of L°P!  again in
the context of a specific resource allocation setting. The behaviour of interest for L™#*,
however, is not simply the length of ®-paths realising a specific (P, @) but the “worst-case”
value of L°P' for exchanges which are W-exchanges. We note the qualification that L™ is
defined only for W-exchanges that are capable of being realised by ®-paths, and thus do
not consider cases for which no appropriate contract path exists. Thus, if it should be the
case that no W-exchange in the setting (A, R,U) can be realised by a ®-path then the value
LM (A, R,U), P, ¥) is undefined, i.e. L™ is also a partial function. We may interpret
any upper bound on L™ in the following terms: if L™**((A, R,U), P, V) < K then any
W-exchange for which a ®-path exists can be realised by a ®-path of length at most K.
Our main interest will centre on p™** which is concerned with the behaviour of L™?* as
a function of n and m and ranges over all n-tuples of utility functions (u : 2% — Q)™. Our

6. [20] gives an upper bound on the length of such paths which is also exponential in m, but does not
explicitly state any lower bound other than that already referred to.



approach to obtaining lower bounds for this function is constructive, i.e. for each (®,¥)
that is considered, we show how the utility functions &/ may be defined in a setting with m
resources so as to yield a lower bound on p™®(n, m, ®, ¥). In contrast to the measures L°P
and L™®* the function p™* is not described in terms of a single fixed resource allocation
setting. It is, however, still a partial function: depending on (n, m,®, ¥) it may be the case
that in every n agent, m resource allocation setting, regardless of which choice of utility
functions is made, there is no W-exchange, (P, @) capable of being realised by ®-path, and
for such cases the value of p™3(n, m, ®, ¥) will be undefined”.

It is noted, at this point, that the definition of p™®* allows arbitrary utility functions
to be employed in constructing “worst-case” instances. While this is reasonable in terms
of general lower bound results, as will be apparent from the given constructions the utility
functions actually employed are highly artificial (and unlikely to feature in “real” application
settings). We shall attempt to address this objection by further considering bounds on the
following variant of p™&*:

e o(n,m, &, V) = max L™ ((Ap, Rm,U), P, ¥)

meIlO .
U=(ui,ug,...,us) : each u; is monotone

Thus, phax  deals with resource allocation settings within which all of the utility functions
must satisfy a monotonicity constraint.

The main results of this article are presented in the next section. We consider two
general classes of contract path: O-contract paths under various rationality conditions; and,
similarly, M (k)-contract paths for arbitrary values of k& > 2. Our results are concerned with
the construction of resource allocation settings (A, R,,,U) for which given some rationality
requirement, e.g. that exchanges be individually rational, there is some exchange (P, Q)
that satisfies the rationality condition, can be realised by an O-contract path (respectively,
M (k)-contract path), but with the number of exchanges required by such paths being
exponential in m. We additionally obtain slightly weaker (but still exponential) lower
bounds for O-contract paths within settings of monotone utility functions, i.e. for the
measure phdX = outlining how similar results may be derived for M (k)-contract paths.

In the resource allocation settings constructed for demonstrating these properties with
M (k)-contract paths, the constructed exchange (P, Q) is realisable with a single M (k + 1)-
contract but unrealisable by any rational M (k — 1)-contract path. Conclusions and some

directions for further work are presented in the final section.

7. In recognising the possibility that p™**(n, m, ®, ¥) could be undefined, we are not claiming that such
behaviour arises with any of the instantations of (®, W) considered subsequently: in fact it will be clear

max

from the constructions that, denoting by pg g (1, m) the function p™**(n.m, ®, ¥) for a fixed instantiation

of (&, ¥), with the restricted exchange types and rationality conditions examined, the function pg 7 (n, m)

is a total function. Whether it is possible to formulate “sensible” choices of (®, ¥) with which pg% (n, m)
is undefined for some values of (n, m) (and, if so, demonstrating examples of such) is, primarily, only
a question of combinatorial interest, whose development is not central to the concerns of the current

article.
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2. Lower Bounds on Path Length
2.1 Overview

The strategy employed in proving our results involves two parts: for a given class of re-
stricted contract paths we proceed as follows in obtaining lower bounds on p™**(n, m, ®, ¥).

a. For the contract-net graph partitioning m resources among n agents, construct a path,
A, = (PW, p? . P®) realising an exchange (P, P®)). For the structural
constraint, ® influencing @ it is then proved that:

al. The contract path A,, is a ®-path, i.e. for each 1 < 7 < t, the exchange
(P, pU+1y gatisfies the structural constraint @’

a2. For any pair of allocations P(*) and P(+9) occurring in Ay, if j > 2 then the
exchange (P, P+9)) is not a ®’-exchange.

Thus (al) ensures that A,, is a suitable contract path, while (a2) will guarantee that
there is exactly one allocation, PU+D that can be reached within A,, from any given
allocation P(Y) in A,, by means of a ®-exchange.

b. Define utility functions U, = (uy, ..., u,) with the following properties

bl. The exchange (PN, P(*)) is a W-exchange.

b2. For the rationality constraint, ®” influencing ®, every exchange <P(i), P(i+1)> is
a ®”-exchange.

b3. For every allocation P(Y) in the contract path A and every allocation @ other
than PO+ the exchange <P(1), Q) is not a P-exchange, i.e. it violates either the
stuctural constraint ® or the rationality constraint ®”.

Thus, (al) and (b2) ensure that (P(), P(V)) has a defined value with respect to the
function L°P! for the W-exchange <P(1), P(t)>, i.e. a ®-path realising the exchange is
possible. The properties given by (a2) and (b3) indicate that (within the constructed
resource allocation setting) the path A,, is the unique ®-path realising <P(1), P(t)).
It follows that ¢ — 1, the length of this path, gives a lower bound on the value of L™#*
and hence a lower bound on p™**(n, m, ®, V).

Before continuing it will be useful to fix some notational details.

We use ‘H,,, to denote the m-dimensional hypercube. Interpreted as a directed graph, H,,
has 2™ vertices each of which is identified with a distinct m-bit label. Using oo = a1 as ... ap,
to denote an arbitrary such label, the edges of H,, are formed by

{ {a,B) : @ and g differ in ezactly one bit position}

We identify m-bit labels a = ajas ... a, with subsets S¢ of R,,, via r; € ¢ if and only if
a; = 1. Similarly, any subset S of R can be described by a binary word, 3(S5), of length m,
ie. B(S) = biba...by, with b; =1 if and only if r; € S. For a label « we use |a| to denote
the number of bits with value 1, so that || is the size of the subset S¢. If a and 3 are m-bit
labels, then a3 is a 2m-bit label, so that if R,, and 7,, are disjoint sets, then af describes

11



the union of the subset S of R,, with the subset S? of 7;,. Finally if & = ajaz...an
is an m-bit label then @ denotes the label formed by changing all 0 values in a to 1 and
vice versa. In this way, if S% is the subset of R,, described by « then @ describes the set
R\ S%. To avoid an excess of superscripts we will, where no ambiguity arises, use o both
to denote the m-bit label and the subset of R,, described by it, e.g. we write o C ( rather
than S« c SP.

For n = 2 the contract-net graph induced by O-contracts can be viewed as the m-
dimensional hypercube H,,: the m-bit label, o associated with a vertex of H,, describing
the allocation (o, @) to (A1, A2). In this way the set of IR O-contracts define a subgraph,
Gm of H,, with any directed path from (P) to 5(Q) in G, corresponding to a possible IR
O-contract path from the allocation (P, R \ P) to the allocation (Q,R \ @).

2.2 O-contract paths

Our first result clarifies one issue in the presentation of [20, Proposition 2.

Theorem 3 Let ®(P, Q) be the predicate which holds whenever (P, Q) is an IR O-contract
and Y(P, Q) that which holds whenever (P, Q) is IR. For m > 7

77
M2 m, &, W) > () 2™ — 2
p ( 7m7 ) ) —_ (256)

Proof. Consider a path C = (a1, s, ..., a;) in H,y,, with the following property®
V1<i<j<t(j>i+2 = (a; and «; differ in at least 2 positions)  (SC)
e.g. if m =4 then

0,{r1}, {r,ms},{r,m,r3},{r, 3}, {re, 3, ra}, {ra, ra}, {r1, 2, 14}

is such a path as it corresponds to the sequence (0000, 1000, 1010, 1110,0110,0111,0101,1101).

Choose C(™) to be a longest such path with this property that could be formed in H,,,
letting A,, = (P, P2 P®) be the sequence of allocations with P = (o, ). We
now define the utility functions u; and wup so that for v C R,

)k it y=a
“1(7)4_“2(7)_{0 if ¢ {a1,az,...,0¢}

With this choice, the contract path A,, describes the unique IR O-contract path realising
the IR exchange (P, P(®): that A,, is an IR O-contract path is immediate, since

ou(PU)Y =i 41> i =0, (PY)

That it is unique follows from the fact that for all 1 < i < ¢t and 1 +2 < j < ¢, the exchange
(P®, PU)Y is not an O-contract (hence there are no “short-cuts” possible), and for each
P() there is exactly one IR O-contract that can follow it, i.e. P(+1 9

8. This defines the so-called “snake-in-the-box” codes introduced in [12].
9. In our example with m = 4, the sequence (0000, 1000,1001,1101), although defining an O-contract path
gives rise to an exchange which is not IR, namely that corresponding to (1000,1001).
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From the preceding argument it follows that any lower bound on the length of C(™), i.e.
a sequence satisfying the condition (SC), is a lower bound on p™**(2, m, ®, ¥). These paths
in H,, were originally studied by Kautz [12] in the context of coding theory and the lower
bound on their length of (77/256)2™ — 2 established by Abbott and Katchalski [1]. o

There are a number of alternative formulations of “rationality” which can also be considered.
For example

Definition 7 Let 6 = (P, Q) be an exchange.

a. ¢ is cooperatively rational if for every agent, A;, u;(Q;) > w;(P;) and there is at least
one agent, Aj, for whom u;(Q;) > u;(Pj).

b. § is equitable if min,c 45 u;(Q;) > min,c 45 ui(P;).

c. 0 is a Pigou-Dalton exchange if A° = {i,5}, wi(P;) + u;(P;) = wi(Q;) + uj(Q;) and
lui( Qi) — ui(Qy)| < |wi(Pi) — uj(Pj)| (where |...| is absolute value).

There are a number of views we can take concerning the rationality conditions given in Def-
inition 7. One shared feature is that, unlike the concept of individual rationality for which
some provision to compensate agents who suffer a loss in utility is needed, i.e. individual ra-
tionality presumes a “money-based” system, the forms defined in Definition 7 allow concepts
of “rationality” to be given in “money-free” enviroments. Thus, in a cooperatively rational
exchange, no agent involved suffers a loss in utility and at least one is better off. It may be
noted that given the characterisation of Definition 4 it is immediate that any cooperatively
rational exchange is perforce also individually rational; the converse, however, clearly does
not hold in general. In some settings, an equitable exchange may be neither cooperatively
nor individually rational. One may interpret such exchanges as one method of reducing
inequality between the values agents place on their allocations: for those involved in an
equitable exchange, it is ensured that the agent who places least value on their current allo-
cation will obtain a resource set which is valued more highly. It may, of course, be the case
that some agents suffer a loss of utility: the condition for an exchange to be equitable limits
how great such a loss could be. Finally the concept of Pigou-Dalton exchange originates
from and has been studied in depth within the theory of exchange economies. This is one
of many approaches that have been proposed, again in order to describe exchanges which
reduce inequality between members of an agent society. In terms of the definition given,
such exchanges encapsulate the so-called Pigou-Dalton principle in economic theory: that
any transfer of income from a wealthy individual to a poorer one should reduce the dispar-
ity between them. We note that, in principle, we could define related rationality concepts
based on several extensions of this principle that have been suggested, e.g. [3, 4, 13].

Using the same O-contract path constructed in Theorem 3, we need only vary the
definitions of the utility functions employed in order to obtain,

Corollary 1 For each of the cases below,

a. ®(0) holds if and only if § is a cooperatively rational O-contract.
W (8) holds if and only if & is cooperatively rational.

(
b. ®(9) holds if and only if 0 is an equitable O-contract.
U(§) holds if and only if § is equitable.
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c. ®(9) holds if and only if 0 is a Pigou-Dalton O-contract.
U(§) holds if and only if § Pigou-Dalton exchange.

77
max (9 dT) > [ — 2™ — 2
1Y ( , M, P, ) sl (256)

Proof. We employ exactly the same sequence of allocations, A,, described in the proof of
Theorem 3 but modify the utility functions (u;, ug) for each case.

a. Choose (uy, ug) with ug(y) =0 for all v C R and

) ki y=ay
ul(V)_{ 0 if Vg{ala-'wat}

The resulting O-contract path is cooperatively rational: the utility enjoyed by Ao
remains constant while that enjoyed by A; increases by 1 with each exchange. Any
deviation from this contract path (employing an alternative O-contract) will result in
a loss of utility for A;.

b. Choose (uj, uz) with up(y) = w1 (§) and

kR y=oy
“1(’”‘{0 iy o, o)

The O-contract path is equitable: both A; and As increase their respective utility
values by 1 with each exchange. Again, any O-contract deviating from this will result
in both agents losing some utility.

c. Choose (uy, ug) as

ki =0y ) ) 2m—k it F=a
UI(’Y)_{ 0 if ,_Yg{ah“.’at} 3 U?(’Y) _{ om if ﬁg{al,...,at}

To see that the O-contract path consists of Pigou-Dalton exchanges, it suffices to note that
ur (o) + ug(a;) = 2™ for each 1 < ¢ < ¢. In addition, |ua(@iz1) — w1 (aiy1)] =2™ —2i — 2
which is strictly less than |ug (@) — u1(a;)| = 2™ — 24. Finally, any O-contract (P, @) which
deviates from this sequence will not be a Pigou-Dalton exchange since

lup(@2) — ur(Q1)| =2 > [ua(P2) — w(P1)]

which violates one of the conditions required of Pigou-Dalton exchanges. o
The construction for two agent settings, easily extends to larger numbers.
Corollary 2 For each of the choices of (®,V) considered in Theorem 38 and Corollary 1,
and all n > 2,
P (n,m, &, V) > (77) 2m — 2
Y — \ 256
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Proof. Fix allocations in which A; is given o, Ay allocated o, and A; assigned @ for each
3 < j < n. Using identical utility functions (u;,u2) as in each of the previous cases, we
employ for u;: u;(0) =1, u;(S) = 0 whenever S # 0 ((®,¥) as in Theorem 3); u;(S) = 0
for all S (Corollary 1(a)); u;(0) = 2™, u;j(S) = 0 whenever S # () (Corollary 1(b)); and,
finally, u;(S) = 2™ for all S, (Corollary 1(c)). Considering a realisation of the ¥ exchange
(P @), P(t)> the only ®-contract path admissible is the path A,,, defined in the related proofs.
This gives the lower bound stated. o

We note, at this point, some other consequences of Corollary 1 with respect to [11, Theo-
rems 1, 3], which state

Fact 1 We recall that o ®-path, (PY), ..., P®)) is maximal if for each allocation Q, (P(), Q)
1s not a P-exchange.

a. If <P(1), R P(t)> is any mazimal path of cooperatively rational exchanges then P(t)
is Pareto optimal.

b. If <P(1), .. .,P(t)> is any mazimal path of equitable ezchanges then P() mazimises
the value o¢(P) = minj<;<y, u;i(P;), i.e. the so-called egalitarian social welfare.

The sequence of cooperatively rational exchanges in Corollary 1(a) terminates in the Pareto
optimal allocation P(): the allocation for A, always has utility 0 and there is no alloca-
tion to A; whose utility can exceed ¢t. Similarly, the sequence of equitable exchanges in
Corollary 1(b) terminates in the allocation P(*); for which o.(P(Y)) = ¢ the maximum that
can be attained for the instance defined. In both cases, however, the optima are reached
by sequences of exponentially many (in m) exchanges: thus, although Fact 1 guarantees
convergence of particular exchange sequences to optimal states, it may be the case, as
illustrated in Corollary 1(a—b) that the process of convergence takes considerable time.

We conclude our results concerning O-contracts by presenting a lower bound on pi5% .,
i.e. the length of paths when the utility functions are required to be monotone.

In principle one could attempt to construct appropriate monotone utility functions that
would have the desired properties with respect to the path used in Theorem 3. It is, however,
far from clear whether such a construction is possible. We do not attempt to resolve this
question here. Whether an exact translation could be accomplished is, ultimately, a question
of purely combinatorial interest: since our aim is to demonstrate that exponential length
contract paths are needed with monotone utility functions we are not, primarily, concerned
with obtaining an optimal bound.

Theorem 4 With ®(P, Q) and V(P, Q) be defined as in Theorem 3 and m > 14

(%) om/2 _ 3 if m is even
T (27m7(p7\11) Z

menO

(%) om=1)/2 _ 3 it m is odd

Proof. We describe the details only for the case of m being even: the result when m is
odd is obtained by a simple modification which we shall merely provide in outline.
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Let m = 2s with s > 7. For any path
AS - <041,042, ... ,O[t>

in Hs (where «; describes a subset of R by an s-bit label), the path double(Ay) in Has is
defined by

double(Ay) = (ooq, ao@g ..., Qi0G, Q1G] ..., Q0 )

= <51,537---352171,52¢+1,~--»ﬁ2t71>

(The reason for successive indices of 3 increasing by 2 will become clear subsequently)

Of course, double(A) does not describe an O-contract path!®: it is, however, not dif-
ficult to interpolate appropriate allocations, (2;, in order to convert it to such a path.
Consider the subsets, G2; (with 1 < i < t) defined as follows:

_ o1y if oy C o
Bo; = —
Q041 1L QG D QG

If we now consider the path, ext(A;), within Has given by

ert(As) = (51,082,083 .-, Bap—1), P2i—1)
then this satisfies,
a. If A has property (SC) of Theorem 3 in H, then ext(A;) has property (SC) in Has.
b. If j is odd then |3;| = s.
c. If j is even then |G| = s + 1.

From (a) and the bounds proved in [1] we deduce that ext(A;) can be chosen so that with
P denoting the allocation (3;, ;)

d. ext(Ay) describes an O-contract path from P to P41,
e. For each pair (i,4) with j > i + 2, the exchange (P(), PU)) is not an O-contract.

f. If Ay is chosen as in the proof of Theorem 3 then the number of exchanges in ext(Ay)
is as given in the statement of the present theorem.

We therefore fix A; as the path from Theorem 3 so that in order to complete the proof
we need to construct utility functions (uj, ug) that are monotone and with which ext(Ay)
defines the unique IR O-contract path realising the IR exchange (P}, p2t=1)),

The choice for us is relatively simple. Given S C Roy,

0 if S| <s-—2
up(S) = 2t+1 if |S|=s—-1
204+2 if |S]>s

10. In terms of the classification described in [20], it contains only swap exchanges (S-contracts): each
exchange swaps exactly one item in (2,1 with an item in B2;—1 in order to give [2;41.
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In this ¢ is the number of allocations in As. The behaviour of uy is clearly monotone.

The construction for u; is rather more complicated. Its main idea is to make use of
the fact that the size of each set (3; occurring in ext(A;) is very tightly constrained: |g3;|
is either s or s 4+ 1 according to whether ¢ is odd or even. We first demonstrate that each
set of size s + 1 can have at most two strict subsets (of size s) occurring within ext(Aj):
thus, every S of size s + 1 has exactly 2 or 1 or 0 subsets of size s on ezxt(A;). To see this
suppose the contrary. Let 7, B2;—1, f2j—1, and (a5_1 be such that |y| = s + 1 with

Boi—1 Cv 5 B2j—1 Cy 5 Pag—1 C

Noting that f2;_1 = a;a; and that A, has the property (SC) it must be the case that (at
least) two of the s-bit labels from {a, o, ay } differ in at least two positions. Without loss
of generality suppose this is true of «; and aj. As a result we deduce that the sets (o;_1
and (35,1 have at most s —2 elements in common, i.e. |B2;—1 N Ba—1| < s—2: Poi_1 = ;@
and for_1 = apay so in any position at which «; differs from «y, a; differs from @y at
exactly the same position. In total |B2;—1 \ B2x—1| > 2, i.e. there are (at least) two elements
of 2,1 that do not occur in (yx_1; and in the same way |Bog_1 \ f2i—1| > 2, i.e. there are
(at least) two elements (o1 that do not occur in (2;_1. The set vy, however, has only s+ 1
members and so cannot have both 82,1 and (9;_1 as subsets: this would require

Boi—1 N Par—1 U Bai—1 \ Pak—1 U Pag—1 \ fai-1 S

but, as we have just seen,

| B2i—1 N Por—1 U B2i—1 \ Pak—1 U Pag—1\ faic1 | > s+2

One immediate consequence of the argument just given is that for any set v of size s+1 there
are exactly two strict subsets of v occurring on ezt(A;) if and only if v = (2;_1UB2i+1 = Po;
for some value of i with 1 < 4 < . We can now characterise each subset of Rog of size s+ 1
as falling into one of three categories.

Cl. Good sets, given by {y : v = (2}

C2. Digressions, consisting of
{v : Beiz1 Cyand vy # By }

C3. Inaccessible sets, consisting of

{7 : ~ is neither Good nor a Digression}

Good sets are those describing allocations to A; within the path defined by ext(As);
Digressions are the allocations that could be reached using an O-contract from a set of
size s on ext(Ay), i.e. (2i—1, but differ from the set that actually occurs in ext(Ay), i.e. B2;.
Finally, Inaccessible sets are those that do not occur on ext(A;) and cannot be reached via
an O-contract from any set on ext(Ay).
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We now define u; as

2t—1 if y=[21

w(y) = 21 if |v|=s+1 and v is a Digression
wW = 0 if |y <s-—1
0 if |yl =sandy & ext(As)

2t —1 if v is Inaccessible or |y| > s+ 2

It remains only to prove for these choices of (uy, up) that the O-contract path (P(1), ... PZt=1))
defined from ext(A,) is the unique IR O-contract path realising the IR exchange (P(1), p(2t=1))
and that u; is monotone.

To show that (P(M, ..., PZ=1) is TR we need to demonstrate

V1<j<2t—1 w(f))+w(b) < w(Bjr1)+u(Bit1)

We have via the definition of (u, ug)

u1(B2i—1) + ua(P2i—1) 2t +i)+1

uy (Baq) + u2(B2i)

2t + 1) + 2
u1(Baiv1) + u2(Bait1)
2t +i) +3

A 1A

Thus, via Definition 4, it follows that ext(Ay) gives rise to an IR O-contract path.

To see that this path is the unique IR O-contract path implementing (P(l), P(2t_1)),
consider any position PU) = (8;, B;) and allocation @ other than PU+Y) or PU=V. Tt may
be assumed that the exchange (PU), Q) is an O-contract. If j = 2i — 1 then o, (P(?*~D) =
2(t+ i)+ 1 and |3;| = s. Hence |@1] € {s — 1,5+ 1}. In the former case, u1(Q1) = 0 and
uy( Qo) = 2t 4 2 from which 0,(Q) = 2t + 2 and thus (PU), Q) is not IR. In the latter case
u1(@1) = 24 since @ is a Digression and uz(Q2) = 2t + 1 giving 0,(Q) = 2(¢t + i) + 1.
Again (P(j ), Q) fails to be IR since @ fails to give any increase in the value of o,. We are
left with the case j = 2i so that o, (P?") = 2(t + i) + 2 and |B;| = s + 1. Since (PY), Q)
is assumed to be an O-contract this gives |Q1] € {s,s + 2}. For the first possibility @i
could not be a set on ext(As): (2i—1 and [2;4+1 are both subsets of f2; and there can be at
most two such subsets occurring on ext(Ay). It follows, therefore, that ui (@) = 0 giving
0u(Q) = 2t + 2 so that (PY), Q) is not IR. In the second possibility, u;(Q;) = 2t — 1 but
u2(@2) = 0 as | Q2] = s — 2 so the exchange would result in an overall loss. We deduce that
for each PU) the only IR O-contract consistent with it is the exchange (PU), PU+D),

The final stage is to prove that the utility function w; is indeed a monotone function.
Suppose S and T are subsets of Rgs with S C T. We need to show that u;(S) < w (T). We
may assume that |S| = s, that S occurs as some set within ezt(Ay), and that |T'| = s + 1.
If |S| < s or |S] = s but does not occur on ext(A;) we have u;(S) = 0 and the required
inequality holds; if |S| > s 4+ 1 then in order for S C T to be possible we would need
|T| > s+ 2, which would give u;(7T) = 2¢ — 1 and this is the maximum value that any
subset is assigned by u;. We are left with only |S| =s, |T| = s + 1 and S on ext(A;) to
consider. It has already been shown that there are at most two subsets of T" that can occur
on ext(Ag). Consider the different possibilities:
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a. T = [3; so that exactly two subsets of T occur in ext(A;): [2i—1 and [a2;41. Since
u1(P2i) = 2i + 1 and this is at least max{u;(82i—1), u1(52i+1)}, should S be either of
B2i—1 or Po;41 then u1(S) < uy(T) as required.

b. T is a Digression from S = (33,1, so that u(7T) = 2 and u;(S) = 2i — 1 and, again,
ur(S) < wi(T).

We deduce that u; is monotone completing our lower bound proof for pia% | for even values
of m.

We conclude by observing that a similar construction can be used if m = 2s+ 1 is odd:
use the path ezt(A;) described above but modifying it so that one resource (73,) is always
held by A,. Only minor modifications to the utility function definitions are needed. o

Example 1 For s = 3, we can choose Az = (000,001,101,111,110) so that t = 5. This
gives double(As) as
(000111,001110, 101010, 111000, 110001)

with the O-contract path being defined from ext(As) which is
(000111,001111,001110,101110,101010, 111010, 111000, 111001, 110001)

Considering the 15 subsets of size s +1 =4, gives

Good = {001111, 101110, 111010, 111001}
Digression = {010111,100111,101011,110011,110101,011110,11110}
Inaccessible = {011011,011101,101101,110110}

Notice that we choose to view both of the sets in {110011,110101} as a Digression: in
principle we could continue from B9 = 110001 wusing either, however, in order to simplify
the comstruction the path is halted at By.

The monotone utility functions, (u1, ug), employed in proving Theorem 4 are defined so that
the path arising from ext(Ag) is IR: in the event of either agent suffering a loss of utility
the gain made by the other is sufficient to provide a compensatory payment. A natural
question that now arises is whether the bound obtained in Theorem 4 can be shown to
apply when the rationality conditions preclude any monetary payment, e.g. for cases where
the concept of rationality is one of those given in Definition 7. Our next result shows that
if we set the rationality condition to enforce cooperatively rational or equitable exchanges
then the bound of Theorem 4 still holds.

Theorem 5 For each of the cases below and m > 14

) holds if and only if 0 is a cooperatively rational O-contract.
) holds if and only if & is cooperatively rational.
)
)

holds if and only if 0 is an equitable O-contract.
holds if and only if § is equitable.
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(%) om/2 _ 3 if m is even
o, (27m7(I)7\Ij) Z

meHO

() 20»=D72 — 3 if mis odd
Proof. We again illustrate the constructions only for the case of m being even, noting the
modification to deal with odd values of m outlined at the end of the proof of Theorem 4.
The path ext(As) is used for both cases.

For (a), we require (ui, uz) to be defined as monotone functions with which ext(A;) will

be the unique cooperatively rational O-contract path to realise the cooperatively rational
exchange (P, P21y where PU) = (3;,3;). In this case we set (u1, uz) to be,

(4, 1) if v =2
(i+14) i y= Py
W (i,1—1) if |y] =s+ 1 and ~ is a Digression
(0,2t —1) if |v|=s and v & ext(As)
(2t —1,0) if ~ is Inaccessible or |y| > s + 2

Since,
(w1 (Boi-1), wa(Bai-1)) = (3,9)
(w1 (B2:), u2(2:)) = (i+1,i)
(u1(B2i41), u2(B2it1)) = (i+1,i+1)

it is certainly the case that <P(1), P<2t—1)> and all exchanges on the O-contract path defined
by ext(Ag) are cooperatively rational. Furthermore if @ = (v,7) is any allocation other
than PUTY then the exchange <P(j), @) will fail to be a cooperatively rational O-contract.
For suppose the contrary letting (P(j ), Q) without loss of generality be an O-contract, with
Q ¢ {PU~D PU+Dl — we can rule out the former case since we have already shown such
an exchange is not cooperatively rational. If j = 2i —1 so that (ui(8;), u2(B;)) = (4, i) then
|v] € {s —1,s + 1}: the former case leads to a loss in utility for Ay; the latter, (since 7 is a
Digression) a loss in utility for As. Similarly, if j = 2i so that (u1(8;), u2(3;)) = (i + 1,4)
then |y| € {s, s+ 2}: for the first v & ext(A;) leading to a loss of utility for A;; the second
results in a loss of utility for As. It follows that the path defined by ext(As) is the unique
cooperatively rational O-contract path that realises (P(l), P(Qt_l)).

It remains only to show that these choices for (ui, up) define monotone utility functions.

Consider u; and suppose S and T are subsets of Rqs with S € T. If |S] < s — 1,
or S does not occur on ext(Ag) then u(S) = 0. If |T| > s+ 2 or is Inaccessible then
u1(T) = 2t — 1 which is the maximum value attainable by u;. So we may assume that
|S| = s, occurs on ext(Ag), i.e. S = [B2,_1, for some i, and that |T| = s + 1 and is either
a Good set or a Digression. From the definition of uy, ui(S) = i¢: if T € {fai, f2i—2} then
u(T) > i =w(S); if T is a Digression ui(T) =i = u1(S). We deduce that if S C T then
u1(S) < wui(T), i.e. the utility function is monotone.

Now consider uy with S and T subsets of Ros having S < T. If |[T| > s+ 1 or
Ra2s \ T does not occur in ext(Ay) then up(T) = 2t — 1 its maximal value. If | S| < s — 2

20



or Ros \ S is Inaccessible then ug(S) = 0. Thus we may assume that T = (g, 1 giving
up(T) =4 and | S| = s — 1, so that Ras \ S is either a Digression or one of the Good sets
{B2i, Bai—2}. If Ros \ S is a Digression then up(S) = i — 1; if it is the Good set (32;_2 then
w(S) =1i—1 < wp(T);if it is the Good set B2; then up(S) = i = up(7T). It follows that
up is monotone completing the proof of part (a).

For (b) we use,

(20— 1,2i) i 7 =B

(20 4+1,2i) if =Py
N (24,20 —1) if |y]=s+ 1 and v is a Digression

(0,2t = 1) if |y| =s and v & ext(As)

(2t —1,0) if v is Inaccessible or |y| > s+ 2

These choices give ext(Ay) as the unique equitable O-contract path to realise the equitable
exchange (P, PGt=1) since

min{u (B2i—1), u2(B2i—1)} = 2i—1
min{u(52;), u2(B2i)} = 2
min{ui (B2i41), u2(B2iv1)} = 2i+1

each exchange (PU), PU+D) is equitable. If Q = (v,7) is any allocation other than PU+1)
then the exchange (PY), Q) is not an equitable O-contract. Assume that (PY), Q) is an
O-contract, and that Q ¢ {PU~1, PUDL If j = 2i — 1, so that PU) = (Ba;_1, Bai_1)
and min{uy (B2i—1), u2(B2i—1)} = 2i — 1 then |y| € {s — 1,5 + 1}. In the first of these
min{u; (7), u2(¥)} = 0; in the second min{wu (), u2(¥)} = 2i — 1 since v must be a
Digression. This leaves only j = 2i with PY) = (Ba;, B2;) and min{u; (B2;), uz(F2i)} = 2i.
For this, |y| € {s,s + 2}: if |y| = s then min{u;(y), u2(7)} < 2i — 1 (with equality when
v = B2i—1); if |y] = s + 2 then min{u; (), u2(¥)} = 0. In total these establish that ext(Aj)
is the unique equitable O-contract path realising the equitable exchange <P(1), P(Qt*1)>.
That the choices for (uj,u2) describe monotone utility functions can be shown by a
similar argument to that of part (a). o

Discussion

That we can demonstrate similar extremal behaviours for contract path length with ratio-
nality constraints in both money-based (individual rationality) and money-free (cooperative
rationality, equitable) settings irrespective of whether monotonicity properties are assumed,
has some interesting parallels with other contexts in which monotonicity is relevant. In par-
ticular we can observe that in common with the complexity results already noted from [8]
— deciding if an allocation is Pareto optimal, or if an allocation maximises o,, or if an
IR O-contract path exists — requiring utility functions to be monotone does not result in
a setting which is computationally more tractable. In a related, but somewhat different
context, we have further indications that monotonicity may not suffice to ensure reasonable
computational properties. Thus, [27] present a multiagent coalitional model, in which the
feasibility of a particular set of outcomes with respect to a given set of agents is described
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by a propositional logic function.!’ In this context a natural requirement to impose is that
if a set of outcomes is feasible for some coalition C then it is also feasible for any superset
of C: in informal terms, such “coalition monotonic” environments, require coalitions to be
capable of realising any set of goals that could be brought about by any of their subsets. In
[27] the computational complexity of a number of decision questions is studied, e.g. does a
given coalition have any feasible set of outcomes; does every coalition have a feasible set of
outcomes, etc. In the general setting, where no monotonicity requirement is imposed, the
problem complexity ranges from NP—complete and CO-NP—complete to completeness for a
class thought strictly to contain 35 UTIS. It turns out, however, that even when considera-
tion is limited to coalition monotonic cases, such restrictions tend not to affect the problem
complexity: of the ten cases for which both general and coalition monotonic examples are
examined, only two yield a reduction in complexity for the restricted form.

2.3 M (k)-contract paths

We now turn to similar issues with respect to M (k)-contracts, recalling that in one respect
these offer a form of exchange that does not fit into the classification of [20] since M (k)-
contracts permit two agents to exchange resources. In one regard, however, M (k)-contracts
are not as general as the multiagent contracts (M-contracts) of [20] since a preset bound
(k) is specified for the number of agents involved.

Our main result on M (k)-contract paths is the following development of Theorem 3.

Theorem 6 Let (P, Q) be the predicate which holds whenever (P, Q) is an IR M(k)-

contract. For all kK > 3, n > k and m > ( g ), there is a resource allocation setting

(A, R,U) and an IR exchange 6 = (P, Q) for which,

LoV(8, (AR, U), @) = 1 a
LoPY(S, (A, R, UY, B —y) > 22m/kE=D] (b)
LOPY(S5, (A, R, U), p_o) is undefined (c)

Before presenting the proof, we comment about the formulation of the theorem statement
and give an overview of the proof structure.

We first note that the lower bounds (where defined) have been phrased in terms of
the function L°P' as opposed to p™®* used in the various results on O-contract paths in
Section 2.2. It is, of course, the case that the bound claimed for LP*(§, (A, R,U), r_1)
will also be a lower bound on p™**(n, m, ®;_1,¥) when n > k and U(P, Q) holds whenever
the exchange (P, @) is IR. The statement of Theorem 6, however, claims rather more than
this, namely that a specific resource allocation setting (A, R,U) can be defined for each
n > k and each m, together with an IR exchange (P, @) in such a way that: (P, @) can
be achieved by a single M (k)-contract and cannot be realised by an IR M (k — 2)-contract
path. Recalling that L°P' is a partial function, the latter property is equivalent to the claim
made in part (c) for the exchange (P, @) of the theorem statement. Furthermore, this same
exchange although achievable by an IR M (k — 1)-contract path can be so realised only by
one whose length is as given in part (b) of the theorem statement.

11. These are termed “qualitative coalitional games” (QCGs) in [27]: the approach has some features in
common with, but differs from, the concept of “effectivity function” as discussed in [2].
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Regarding the proof itself, there are a number of notational complexities which we have
attempted to ameliorate by making some simplifying assumptions concerning the relation-
ship between m — the size of the resource set R — and k& — the number of agents which

are needed to realise (P, @) in a single IR exchange. In particular, we shall assume that
k
2

used in the proof of Theorem 4 we can deal with cases for which m does not have this

m is an exact multiple of ( ) We observe that by employing a similar device to that

property: if m = s( S ) + ¢ for integer values s > 1 and 1 < g < ( g ), we simply employ
exactly the same construction using m — ¢ resources with the “missing” ¢ resources from
R being allocated to A; and never being reallocated within the M (k — 1)-contract path.
This approach accounts for the rounding operation (|...|) in the exponent term of the lower
bound. We shall also assume that the number of agents in A is exactly k. Within the proof
we use a running example for which k¥ = 4 and m = 18 = 3 x 6 to illustrate specific features.

We first give an outline of its structure.

Given (A, R,U) a resource allocation setting involving k agents and m resources, our
aim is to define an IR M (k — 1)-contract path

A = (P p@  pl)

that realises the IR M (k) exchange (P(), P(Y)). We will use d to index particular allocations
within A, so that 1 < d < t.
In order to simplify the presentation we employ a setting in which the k& agents are

A = {4y, A1,...,Ax_1}. Recalling that m = s( g ), the resource set R,, is formed by

2
0<i<j<k—1,weuseR" to denote one of these subsets with {ri{i’j}, rQ{i’j} ey rs{i’j}}
the s resources that form R1%7},

There are two main ideas underpinning the structure of each M (k — 1)-contract in A.

Firstly, in the initial and subsequent allocations, the resource set RU7} is partitioned
between A; and A; and any reallocation of resources between A; and A; that takes place
within the exchange (P(®), P(4+1) will involve only resources in this set. Thus, for every
allocation P(9) and each pair {i,5}, if b & {4,5} then P,Sd) N R = (. Furthermore,
for § = (P P+D)) should both A; and A; be involved, i.e. {A;, A;} € A%, then this
reallocation of R1%/} between A4; and A; will be an O-contract. That is, either exactly one
Pj(d—‘rl) o

the union of ( k ) pairwise disjoint sets of size s. Given distinct values i and j with

element of R1%7} will be moved from Pi(d) to become a member of the allocation T

exactly one element of R1%7} will be moved from Pj(d) to become a member of the allocation

Pi(dﬂ). In total, every M (k — 1)-contract ¢ in A consists of a simultaneous implementation

of ( k 5 ! ) O-contracts: a single O-contract for each of the distinct pairs {4;, 4;} of agents

from the k — 1 agents in A°.
The second key idea is to exploit one well-known property of the s-dimensional hyper-
cube network: for every s > 2, H, contains a Hamiltonian cycle, i.e. a simple directed cycle
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formed using only the edges of H, and containing all 2° vertices'?. Now, suppose

SO =@ 4@ @ @D O

is a Hamiltonian cycle in the hypercube H and

S = O M @ @D O

the Hamiltonian cycle in which w(?) is obtained by complementing each bit in v(*). As we
have described in the overview of Section 2.1 we can interpret the s-bit label v = v1vy. .. vy
as describing a particular subset of R{%7}, i.e. that subset in which r,ii’j Y oceurs if and only
if vp = 1. Similarly from any subset of R1%} we may define a unique s-bit word. Now

suppose that Pi(d) is the allocation held by A; in the allocation P(@) of A. The exchange

§ = (P pUtD) will affect Pi(d) N R}t in the following way: if i & A% or j & A°
then Pi(dﬂ) N R} = Pi(d) N R} and Pj(dH) N R = Pj(d) N R} Otherwise we
have {i,j} € A% and the (complementary) holdings Pi(d) N R} and Pj(d) N R} define
(complementary) s-bit labels of vertices in Hs: if these correspond to places (y(h), @(h)> in
the Hamiltonian cycle, then in Pi(dﬂ) and P}dﬂ) the s-bit labels defined from Pi(dH)OR{i’j }

and Pj(dﬂ) AR} produce the s-bit labels vt and m(h+1)7 i.e. the vertices that succeed

v and w™ in the Hamiltonian cycles. In total, for each j, A; initially holds either
the subset of R} that maps to v(® or that maps to w(® and, at the conclusion of the
M (k — 1)-path, holds the subset that maps to v>*~1) (or w®*~1). The final detail is that
the progression through the Hamiltonian cycles is conducted over a series of rounds each
round comprising k& M (k — 1)-exchanges.

We have noted that each M (k — 1)-contract, (P9, P(4+1)) that occurs in this path A
E—1
2
utility functions employed is that unless p > k — 1 there will be no individually rational

M (p)-contract path that realises the exchange (P(¥) P(d+1)) ‘ie. the ( k 5 ! ) O-contract

exchanges must occur simultaneously in order for the progression from P(4) to P4+1) to
be IR. Although the required exchange could be realised by a sequence of O-contracts (or,
more generally, any suitable M (k — 2)-contract path), such realisations will not describe
an IR contract path. The construction of utility functions to guarantee such behaviour
provides the principal component in showing that the IR exchange (P(l), P(t)> cannot be
realised with an TR M (k — 2)-contract path: if Q is any allocation for which (P(), Q) is an
M (k — 2)-contract then (P, Q) is not IR.
We now proceed with the proof of Theorem 6.

Proof. (of Theorem 6) Fix A = {Ag, A1,...,Ax_1}. R consists of ( g ) pairwise disjoint

sets of s resources

can be interpreted as a set of ( ) distinct O-contracts. An important property of the

R} = {rl{i’j}, rz{i’j}, A rs{i’j}}

12. This can be shown by an easy inductive argument. For s = 2, the sequence (00,01, 11, 10,00) defines a
Hamiltonian cycle in Hz. Inductively assume that (a1, o,...,ap, 1) (with p = 2°) is such a cycle in
Hs then (Oau, laa, lap, lap—1,...,1laz,0az. .., 0ap, 0cr) defines a Hamiltonian cycle in Hq1.
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For k =4 and s = 3 these yield A = {Ay, 41, A2, A3} and
R0} _— {r{o 1} {0 1} Ao, 1}}

7”
102 _ {r{oz} 02y 7“{02}}
RO = 03} 03) o3y
RO2 — (12 ] T12) L2hy
RO = {19 ] 113 ey

REZ3 = (] {2, 3} {2 3} {2 3}}
We use two ordering structures in defining the M (k — 1)-contract path.
a.

8@ =@ oM @ @D 4O

a Hamiltonian cycle in H,, where without loss of generality, v(9) = 111...

S(w) — M(O)7M(l)7 . 7&(7’)7 . 7&(25_1)’m(0)

the complementary Hamiltonian cycle to this, so that w(® = 000...00.

Thus for £ = 4 and s = 3 we obtain

a. SW = (111,110,010,011,001,000, 100, 101)
b. 8™ = (000,001,101,100,110,111,011,010)

We can now describe the M (k — 1)-contract path.

Initial Allocation: P,
Define the k x k Boolean matrix, B = [b; ;] (with 0 <¢,j7 <k —1) by

I it =
b@j = —\bjﬂ‘ if 4 >3
ﬂbiJ‘_l if 4 <jJ

We then have for each 1 < i <k,

i—1
b = U{RY?: b =T} U U { RO : b, =T}
=0 —

Thus, in our example,

-
i
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Yielding the starting allocation

PV = ROB YRS = (111,000,111) < RO UROL YROS}
rY = RL% = (000,111,000) < RO YR YRILS}
PV = ROZURES = (11,000,111) < RO URLD YRES
P = RrL3 = (000,111,000) <€ R8RS} YR23

The third column in PV indicating the 3-bit labels characterising each of the subsets of

. 7
R147} for the three values that j can assume.

Rounds: The initial allocation is changed over a series of rounds

QL Q%...,Q

each of which involves exactly & distinct M (k — 1)-contracts. We use Q@*? to indicate the
allocation resulting after stage p in round x where 0 < p < k — 1. We note the following:

a. The initial allocation, P will be denoted by Q%+,
b. Q%0 is obtained using a single M (k — 1)-contract from Q*~1* =1 (when z > 1).

c. Q%P is obtained from using a single M (k — 1)-contract Q®P~! (when 0 < p < k —1).

Our final item of notation is that of the cube position of © with respect to j in an allocation
P, denoted x(4,j, P). Letting u be the s-bit string describing P; AR} in some allocation
P, x(i,j, P) is the index of w in the Hamiltonian cycle S(*) (when RU"} C Pi(l)) or the
Hamiltonian cycle S(*) (when R{4} C Pj(l)). When P = Q%P for some allocation in the
sequence under construction we employ the notation x(i,j, z, p), noting that one invariant
of our path will be x (4,7, z,p) = x(J, i, x, p), a property that certainly holds true of Pl —
Q" 1 since x(i,7,0,k — 1) = x(j,i,0,k —1) = 0.

The sequence of allocations in A is built as follows. Since Q¥ is the immediate successor
of the initial allocation Q%*~1, it suffices to describe how Q® is formed from Q%P~! (when
p > 0) and Q*FH0 from Q®F~!. Let Q¥ be the allocation to be formed from Q%P. The
exchange § = (Q™P, Q¥7) will be an M (k — 1) contract in which A° = A\ {4,}. For each
pair {i,5} C A% we have x(i,j, z,p) = x(4, 4, z, p) in the allocation Q*P. In moving to Q-4
exactly one element of R} is reallocated between A; and A; in such a way that in Q¥9,
x(%,7,v,q) = x(i,4, 2, p)+1, since A; and A; are tracing complementary Hamiltonian cycles
with respect to R14} this ensures that x(7,1,9,q9) = x(4,,z,p) + 1, thereby maintaining
the invariant property.

Noting that for each distinct pair (i,7), we either have R} allocated to A; in PW
or R} allocated to Ajin P (1) the description just outlined indicates that the allocation
P(d) = Q=P is completely specified as follows.

The cube position, x(i,j,z, p), satisfies,

0 if z=0andp=%k-1

1 4+ x(i,j,z—1,k—1) if x>1,p=0,and p & {i,j}
x(i,j,z,p) = x(i,j,x —1,k—1) if z>1,p=0,and pe€ {i,j}

1 4+ x(i,j,z,p—1) if 1<p<k-—1,and p¢{i,j}

x(i,7,z,p—1) if 1<p<k-—1,andpe€{i,j}
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For each 4, the subset of R1%} that is held by A; in the allocation Q*? is,

p(X(6:3,2,p))

wX(@:3,7,p))

if R c pW
it RU PP

(where we recall that s-bit labels in the hypercube H; are identified with subsets

of RU1)

The tables below illustrates this process for our example.

It is certainly the case that this process of applying successive rounds of k exchanges could
be continued, however, we wish to do this only so long as it is not possible to go from some
allocation P(%) in the sequence to another P(

Now if Q%P and Q¥? are distinct allocations generated by the process above then the
exchange 0 = (Q*P, QY1) is an M (k — 1)-contract if and only if for some 4;, Q" = Q7.
It follows that if (P(¥), P(4+7)Y is an M (k — 1)-contract for some 7 > 1, then for some i and

all j # i, P AR} = p&) A Rl
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for some r > 2 via an M (k — 1)-contract.

Cube Positions x(i,j,z,p) (k =4, s =3)

Ao Ay A Az
ijoij o ij|ij ij ijlijg g ij|ij ij ij | APCTVPD

dlz p|lo1 02 0310 12 13[20 21 23|30 31 32
1[0 3111 000 111|000 111 000 | 111 000 111|000 111 000 -
2[1 0111 000 111|000 110 001|111 001 110|000 110 001 | {Ay, Ay, As}
301 1[111 001 110|000 110 001|110 001 010 | 001 110 101 | {Ag, Ao, A5}
401 2[110 001 010|001 110 101|110 001 010|101 010 101 | {Ag, A1, As}
501 3[010 101 010|101 010 101|010 101 010 | 101 010 101 | {Ag, A1, Ao}
6|2 0010 101 011|101 011 100|010 100 011|101 011 100 | {Ay, A, A5}
702 1/010 100 001|101 011 100|011 100 001|100 011 110 | {Ag, Az, A5}
82 2|011 100 001|100 011 110|011 100 001 | 110 001 110 | {Ag, A1, As}
92 3|00l 110 001|110 001 110|001 110 001 |110 001 110 | {Ag, A1, A}

Subsets of R1%/} held by 4; in Q% (k=4, s =3)

Ao Ay Az As

PG o ig o diglij ij djlij ij ijlij ij g | APEIPD)

d|z p|01 02 03|10 12 13[20 21 23[30 31 32
1/0 3]0 0 0|0 0 O0]0 0O 0|0 0 O -
2/1 00 0 0]0 1 1,0 1 1]0 1 1/|{A,A4sAs
3/1 10 1 1]0 1 1|1 1 2|1 1 2|{AyAs A3
411 201 1 2|1 1 2|1 1 2|2 2 2/|{AyA4,A43)
511 32 2 212 2 2|2 2 2|2 2 2 |{4yA44,)
6|2 0] 2 2 2|2 3 3|2 3 3|2 3 3 |{A,A4;,A;3
712 112 3 3|2 3 3|3 3 4|3 3 4 |{AA, A3}
812 213 3 43 3 4|3 3 4|4 4 4 |{AyA4, A3
912 3[4 4 4|4 4 4|4 4 4|4 4 4 |{4,A,A)



To determine the minimum value of r > 1 with which Pi(dM) = Pi(d), we observe that

without loss of generality we need consider only the case d = i = 0, i.e. we determine the
minimum number of exchanges before Pél) reappears. First note that in each round, Q% if
x(0,j,z —1,k—1) = p then x(0,j,z,k —1) = p+ k — 2, i.e. each round advances the cube
position k — 2 places: x(0,7,z — 1,k —1) = x(0,7,2,0) and x(0,7,z,7) = x(0,7,z,7 — 1).

We can also observe that PO(I) = g’kfl # Qy’? for any p with 0 < p < k — 1, since
X(Oalvxap) = X(072ax7p) = ... = X(ka - 1,35'7]?)

only in the cases p = 0 and p = k — 1. It follows that our value r > 1 must be of the form
gk where ¢ must be such that ¢(k —2) is an ezact multiple of 2°. From this observation we
see that,

min{ r > 1: Pél) = PSHT) } = min{ ¢k : ¢(k —2) is a multiple of 2°}

Now, if k is odd then ¢ = 2% is the minimal such value, so that r = k2°. If k is even then
it may be uniquely written in the form 22! + 2 where z is odd so giving ¢ as 1 (if I > s) or
2571 (if 1 < ), so that these give r = k and r = 22° + 2571 eg. for k =4 and s = 3, we
get k=1 x 2! +2 so that r = 23 + 2371+1 = 16 and in our example Pél) = Pém
easily verified. In total,

may be

k2% if kis odd
r>< k if k=22"4+2 zisodd, and [ > s
28 if k=22"4+2 zisoddand [ <s

All of which immediately give r > 2° (in the second case k& > 2%, so the inequality holds

trivially), and thus we can continue the chain of M (k — 1) contracts for at least 2° moves.
Recalling that m = s( g ), this gives the length of the M (k — 1)-contract path

A = (P p@  pl)
written in terms of m and k as at least!?
k
Qm/( 2 ) ~-1 = Qkﬁc:nl) -1
It remains to define appropriate utility functions U = (uy, ..., ux_1) in order to ensure that

A is the unique IR M (k — 1)-contract path realising the IR M (k)-exchange (P(1), P()). In
defining U it will be convenient to denote A as the path

0k—1 1,0 HL1 1,k—1 , k=1
A:<Q’ ’Q’?Q”"'?Q 7"‘?sz?"‘7Qr >

and, since 7k > 2°, we may without loss of generality, focus on the first 2° allocations in
this contract path.

Recalling that x(,7, z, p) is the index of the s-bit label u corresponding to @;"” AR}
in the relevant Hamiltonian cycle — i.e. S() if R{#} C Q?’k, Sw) jf Rltd} C Qjo’k_l - we
note the following properties of the sequence of allocations defined by A that hold for each
distinct ¢ and j.

13. We omit the rounding operation |...| in the exponent, which is significant only if m is not an exact

multiple of ( g ), in which event the device described in our overview of the proof is applied.
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P1. Vv z,p X(za.%xap) = X(]7 iaxvp)

P2. If Q¥ is the immediate successor of @*? in A then x(i,7,vy,q) < x(i,7,z,p) + 1
with equality if and only if ¢ & {i,7}.

P3. V4,7 with 0 < 4,5’ <k—1, x(4,5, 2,k —1) = x(¢', 5,2,k — 1).

The first two properties have already been established in our description of A. The third
follows from the observation that within each round %, each cube position is advanced by
exactly k — 2 in progressing from Q%10 to Q%+~

The utility function u; is now given, for S C R,,, by

w(S) = ijﬂ- x(i,7,z,p) if S=Q" " forsome0<z<r, 0<p<k-1
NELT —okm otherwise

We claim that, with these choices,

0,k—1 1,0 1,1 1,k—1 k—1
A:<Q7 7Q7>Q’7"'7Q7 7"'>Q$7p7"'7QT7 >

is the unique IR M (k — 1)-contract path realising the IR, M (k)-exchange (Q%*~1, Qmk~1).
Certainly, A is an IR M (k — 1)-contract path: each exchange 6 = (@™, @¥?) on this path
has |A%] = k — 1 and since for each agent A; in A% = A\ {4,} the utility of QY7 has
increased by exactly k — 2, i.e. each cube position of ¢ with respect to j whenever ¢ & {i,;}
has increased, it follows that o,(QY'?) > 0,(Q*?) and hence (Q*?, Q¥7) is IR.

We now show that A is the unique IR M (k — 1)-contract path continuation of QOF—1
Suppose § = (Q™P, P) is an exchange that deviates from the contract path A (having
followed it through to the allocation @*?). Certainly both of the following must hold of P:
for each i, P; C Uj#R{i’j}; and there is a k-tuple of pairs ((z9, po), - - ., (Tg—1, Px—1)) with
which P; = Q| for if either fail to be the case for some i, then u;(P;) = —2*™ with the
consequent effect that o,(P) < 0 and thence not IR. Now, if @Q¥? is the allocation that
would succeed Q*? in A then P # Q¥%7, and thus for at least one agent, Q""" # Q.
It cannot be the case that Q""" corresponds to an allocation occurring strictly later than
QY7 in A since such allocations could not be realised by an M (k — 1)-contract. In addition,
since P; = Q""" it must be the case that [A°| = k — 1 since exactly k — 1 cube positions in
the holding of A; must change. It follows that there are only two possibilities for (y;, p;):
P; reverts to the allocation immediately preceding @;* or advances to the holding Q.
It now suffices to observe that an exchange in which some agents satisfy the first of these
while the remainder proceed in accordance with the second either does not give rise to a
valid allocation or cannot be realised by an M (k — 1)-contract. On the other hand if P
corresponds to the allocation preceding Q%? then ¢ is not IR. We deduce, therefore, that
the only IR M (k — 1) exchange that is consistent with @*? is that prescribed by Q¥9.

This completes the analysis needed for the proof of part (b) of the theorem. It is clear
that since the system contains only k agents, any exchange (P, @) can be effected with a
single M (k)-contract, thereby establishing part (a). For part (c) — that the IR exchange
(PO, PM)) cannot be realised using an individually rational M (k — 2)-contract path, it
suffices to observe that since the class of IR M (k — 2)-contracts are a subset of the class
of IR M(k — 1)-contracts, were it the case that an IR M (k — 2)-contract path existed to

29



implement (P, P(®)) | this would imply that A was not the unique IR M (k — 1)-contract
path. We have, however, proved that A is unique, and part (c) of the theorem follows. o

We obtain a similar development of Corollary 1 in

Corollary 3 Forallk >3, n>k, m > ( ’; ) and each of the cases below,

a. ®k(0) holds if and only if § is a cooperatively rational M (k)-contract.
U(§) holds if and only if § is cooperatively rational.

b. ®;(9) holds if and only if 6 is § is an equitable M (k)-contract.
U(§) holds if and only if 0 is is equitable.

there is a resource allocation setting (A, R,U) and a V-exchange § = (P, Q) for which

(
Lopt((&)‘, <~A> R, u>a q)k) = 1 (a’)
LV, (A RUY, B _y) > 2l2m/ME-DI 1 (p)
LOPY (5, (A, R U, Pp—2) is undefined (c)
Proof. As with the proof of Corollary 1 in relation to Theorem 3, in each case we employ
the contract path from the proof of Theorem 6, varying the definition of U = (uy, ug, ..., ug)

in order to establish each result. Thus let

A, = (PO PR p0 P
- <Q07k717 Q1707 LR Qmma LR Q27r>

be the M (k — 1)-contract path realising the M (k)-exchange (P(), P(Y)) described in the
proof of Theorem 6, this path having length ¢ > 212m/k(k—=1) _ 1

a. The utility functions U = (ug,...,ux_1) of Theorem 6 ensure that (P, P() is
cooperatively rational and that A,, is a cooperatively rational M (k — 1)-contract
path realising <P(1), P(t)>: the utility held by A; never decreases in value and there is
at least one agent (in fact exactly k — 1) whose utility increases in value. Furthermore
A,, is the unique cooperatively rational M (k — 1)-contract path realising (P(1), P())
since, by the same argument used in Theorem 6, any deviation will result in some
agent suffering a loss of utility.

b. Set the utility functions U = (ug, ..., ux_1) as,

-1 if S # Q" for any Q™ € A,
s if §= Qf7k_1

w(S) = (x—l)k§+k+p if Sonzﬁz,pm;—mndgzo
(z—Dk24+k—i+p+1 if S=Q" p<i—1landi#0.
ak? + 1 if S=Q" " =Q" and i #0.
ok +14p—i if S=Q", p>iandi#0

To see that these choices admit A,, as an equitable M (k — 1)-contract path realising
the equitable exchange (Q%*~1 Q*), we first note that

i (QF" = i (QYF1
oJn {wi (@)} > 1 omin {uwi (@)}
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thus, (Q%*~1, Q*") is indeed equitable. Consider any exchange § = (Q*P, Q¥9)
occurring within A,,. It suffices to show that

min  {u(Q7)} # ug(Qg")

0<i<k-—1

since A, ¢ A%, and for all other agents u;( Q%) > u;(Q;"?). We have two possibilities:

¢ = 0 (in which case p =k —1and y = 2 + 1); ¢ > 0 (in which case p = ¢ — 1).

Consider the first of these: ug( g’kfl) = zk? + k, however,

min{u; (QFF )} = ak? + 1= w1 (QPF )

and hence every exchange (Q®*~1, Q**19) forming part of A,, is equitable.

In the remaining case, uq(Q‘q”’q_l) = 7k? 4+ 1 and

min{u (Q)} < uo(QTh
= (z-Dk+k+qg-1
< ak?— (k*-2k+1)
= zk?— (k—1)?
< zk?+1
= Uq(Q;:’q_l)

and thus the remaining exchanges (Q%? 1, Q*%) within A,, are equitable. By a
similar argument to that employed in Theorem 6 it follows that A,, is the unique
equitable M (k — 1)-contract path realising (Q%*~1, Q*7).

Monotone Utility Functions and M (k)-contract paths

The device used to develop Theorem 3 to obtain the path of Theorem 4 can be applied
to the rather more intricate construction of Theorem 6, thereby allowing exponential lower
bounds on p2* (n, m, Py, V) to be derived. We will merely outline the approach rather than
present a detailed technical exposition. We recall that it became relatively straightforward
to define suitable monotone utility functions once it was ensured that the subset sizes of
interest — i.e. those for allocations arising in the O-contract path — were forced to fall into
a quite restricted range. The main difficulty that arises in applying similar methods to the
path A of Theorem 6 is the following: in the proof of Theorem 4 we consider two agents
so that converting Ay from a setting with s resources in Theorem 3 to ext(Ag) with 2s
resources in Theorem 4 is achieved by combining “complementary” allocations, i.e. a C R
with @ C 7,. We can exploit two facts, however, to develop a path multi(A) for which
monotone utility functions could be defined: the resource set R, in Theorem 6 consists of

( g ) disjoint sets of size s; and any exchange § on the path A involves a reallocation of

R4} between A; and Aj when {7,5} C A%. Thus letting 7, be formed by ( ]; ) disjoint
(4)

(@ (& @ () = (d)

Qo0 X Qi1 Qi ip1 " Xpq

sets, 7117} each of size s. Suppose that P is described by
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with a( ) the s-bit label corresponding to the subset of R{%} that is held by A4; in P(®.
Cons1der the sequence of allocations,

multi(A) = (¢, ¢® .. o)

in a resource allocation setting have k agents and 2m resources — R, U 7, for which Ci(d)
is characterised by

B By - gy B B

In this, 5@  » Indicates the subset of R} U713} described by the 2s-bit label,
(d _ () (d)
Bi i T ij Yig

ie. ag? selects a subset of R1%7} while agflj) a subset of 7147},

It is immediate from this construction that for each allocation C'(%) in multi(A) and each
A;, it is always the case that |C, (d)\ = (k — 1)s. It follows, therefore, that the only subsets
that are relevant to the definition of monotone utility functions with which an analogous
result to Theorem 6 for the path multi(A) are those of size (k — 1)s: if S C R,, U7, has
|S] < (k—1)s, we can fix 4;(S) as a small enough negative value; similarly if |S| > (k—1)s
then w;(S) can be set to a large enough positive value'*

Our description in the preceding paragraphs is merely intended to outline how Theorem 6
is developed to apply to monotone utility functions. Extending this outline to a formal
lower bound proof, is largely a technical exercise employing much of the analysis already
introduced: since nothing signifcantly new is required for such an analysis we shall not give
a detailed presentation of it.

3. Conclusions and Further Work

Our aim in this article has been to develop the earlier studies of Sandholm [20] concerning
the scope and limits of particular “practical” contract forms. While [20] has established
that insisting on individual rationality in addition to the structural restriction prescribed by
O-contracts leads to scenarios which are incomplete (in the sense that there are individually
rational exchanges that cannot be realised by individually rational O-contracts) our focus
has been with respect to exchanges which can be realised by restricted contract paths, with
the intention of determining to what extent the combination of structural and rationality
conditions increases the number of exchanges required. We have shown that, using a number
of natural definitions of rationality, for settings involving m resources, rational O-contract
paths of length ©(2™) are needed, whereas without the rationality restriction on individual
exchanges, at most m O-contracts suffice to realise any exchange. We have also considered
a class of exchanges — M (k)-contracts — that were not examined in [20], establishing for
these cases that, when particular rationality conditions are imposed, M (k — 1)-contract

14. Tt is worth noting that the “interpolation” stage used in Theorem 4 is not needed in forming multi(A):
the exchange (€9, C4+D)Y is an M (k — 1)-contract. We recall that in going from A, of Theorem 3 to
ext(Ay) the intermediate stage — double(A;) — was not an O-contract path.
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paths of length Q(22m/ kz) are needed to realise an exchange that can be achieved by a
single M (k)-contract.

We note that our analyses have primarily been focused on worst-case lower bounds
on path length when appropriate paths exist, and as such there are several questions of
practical interest that merit further discussion. It may be noted that the path structures
and associated utility functions are rather artificial, being directed to attaining a path of a
specific length meeting a given rationality criterion. We have seen, however, in Theorems 4
and 5 as outlined in our discussion concluding Section 2.3 that the issue of exponential
length contract paths continues to arise even when we require the utility functions to satisfy
a monotonicity condition. We can identify two classes of open question that arise from these
results.

Firstly, focusing on IR O-contract paths, it would be of interest to identify “natural”
restrictions on utility functions which would ensure that, if an exchange (P, Q) can be
implemented by an IR O-contract path, then it can be realised by one whose length is
polynomially bounded in m. We can interpret Theorem 4, as indicating that monotonicity
does not guarantee “short” IR contract paths. We note, however, that there are some
restrictions that suffice. To use a rather trivial example, if the number of distinct values
that o, can assume is at most m? for some constant p then no IR, O-contract path can have
length exceeding mP: successive exchanges must strictly increase o, and if this can take at
most K different values then no IR contract path can have length exceeding K. As well
as being of practical interest, classes of utility function with the property being considered
would also be of some interest regarding one complexity issue. The result proved in [8]
establishing that deciding if an IR, O-contract path exists is NP-hard, gives a lower bound on
the computational complexity of this problem. At present, no (non-trivial) upper bound on
this problem’s complexity has been demonstrated. Our results in Theorems 3 and 4 indicate
that if this decision problem is in NP (thus its complexity would be NP—complete rather than
NP-hard) then the required polynomial length existence certificate must be something other
than the path itself. We note that the proof of NP-hardness in [8] constructs an instance
in which o, can take at most O(m) distinct values: thus, from our example of a restriction
ensuring that if such are present then IR O-contract paths are “short”, this result of [8]
indicates that the question of deciding their existence might remain computationally hard.

Considering restrictions on the form of utility functions is one approach that could be
taken regarding finding “tractable” cases. An alternative, would be to gain some insight
into what the “average” path length is likely to be. In attempting to address this question,
however, a number of challenging issues arise. The most immediate of these concerns,
of course, the notion of modeling a distribution on utility function given our definitions
of rationality in terms of the value agents attach to their resource holdings. In principle
an average-case analysis of scenarios involving exactly two agents could be carried out in
purely graph-theoretic terms, i.e. without the complication of considering utility functions
directly. It is unclear, however, whether such a graph-theoretic analysis obviating the need
for consideration of literal utility functions, can be extended beyond settings involving
exactly two agents. Ome difficulty arising with three or more agents is that our utility
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functions are context independent, i.e. given an allocation (X, Y, Z) to three agents, u;(X)
is unchanged should Y U Z be redistributed among A, and A3,

As one final set of issues that may merit further study we raise the following. In our
constructions, the individual exchanges on a contract path must satisfy both a structural
condition (be an O-contract or involve at most k agents), and a rationality constraint.
Focusing on O-contracts we have the following extremes: from [20], at most m O-contracts
suffice to realise any rational exchange; from our results above, Q(2™) rational O-contracts
are needed to realise some rational exchanges. There are a number of mechanisms we
can employ to relax the condition that every single exchange be an O-contract and be
rational. For example, allow a path to contain a some number of exchanges which are not
O-contracts (but must still be IR) or insist that all exchanges are O-contracts but allow
some to be irrational. Thus, in the latter case, if we go to the extent of allowing up to m
irrational O-contracts, then any rational exchange can be realised efficiently. It would be
of some interest to examine issues such as the effect of allowing a constant number, ¢, of
irrational exchanges and questions such as whether there are situations in which ¢ irrational
contracts yield a ‘short’ contract path but ¢—1 force one of exponential length. Of particular
interest, from an application viewpoint, is the following: define a (v(m), O)-path as an O-
contract path containing at most y(m) O-contracts which are not individually rational. We
know that if y(m) = 0 then individually rational (0, O)-paths are not complete with respect
to individually rational exchanges; similarly if v(m) = m then (m, O)-paths are complete
with respect to individually rational exchanges. A question of some interest would be to
establish if there is some v(m) = o(m) for which (vy(m), O)-paths are complete with respect
to individually rational exchanges and with the maximum length of such a contract path
bounded by a polynomial function of m.
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