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Abstract

In automated negotiation systems consisting of self-interested agents, contracts have traditionally
been binding. Leveled commitment contracts—i.e., contracts where each party can decommit by
paying a predetermined penalty—were recently shown to improve expected socia welfare even if
agents decommit strategically in Nash equilibrium. Such contracts differ based on whether agents
have to declare their decommitting decisions sequentially or simultaneously, and whether or not
agents have to pay the penalties if both decommit. For a given contract, these mechanisms lead to
different decommitting thresholds, probabilities, and expected social welfare. However, this paper
shows that each of these mechanisms leads to the same social welfare when the contract price and
penalties are optimized for each mechanism separately. Our derivations allow agents to construct
optimal leveled commitment contracts. We show that such integrative bargaining does not hinder
distributive bargaining: the surplus can be divided arbitrarily (as long as each agent benefits), e.g.,
equally, without compromising optimality. Nonuniqueness questions are answered. We also show
that surplus eguivalence ceases to hold if agents are not risk neutral.
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1. Introduction

In automated negotiation systems consisting of self-interested agents, contracts have
traditionally been binding [5,15,17]. Once an agent agrees to a contract, she has to follow
through with it no matter how future events unravel. Although a contract may be profitable
to an agent when viewed ex ante, it need not be profitable when viewed after some future
events have occurred. Similarly, a contract may have too low expected payoff ex ante, but
in some realizations of the future events it may be desirable. Normal full commitment
contracts are unable to take advantage of the possibilities that such future events provide.

On the other hand, many multiagent systems consisting of cooperative agents incorpo-
rate some form of decommitment in order to allow agentsto accommodate new events. For
example, inthe original Contract Net Protocol [24], the agent that contracts out atask could
send a termination message to cancel the contract even when the contractee had partially
fulfilled it. This was possible because the agents were not self-interested: the contractee
did not mind losing part of its effort without a monetary compensation. Similarly, the role
of decommitment among cooperative agents has been studied in meeting scheduling using
a contracting approach [23].

Contingency contracts have been suggested for utilizing the potential provided by future
events among self-interested agents [14]. The contract obligations are made contingent on
future events. In some games this increases the expected payoff to both parties compared
to any full commitment contract. However, contingency contracts are often impractical,
especialy as a negotiation instrument among software agents, for several reasons. The
space of combinations of future events can be large and it is rare that both agents are
cognizant of al possible future worlds ex ante and have evaluated their utility in each
future world. Even if the rea-world parties are cognizant of all possible future worlds,
building this information into a software agent can be an error-prone and prohibitively
tedious undertaking. Also, to maximize the economic efficiency that a contingency contract
can provide, the agents may need to condition the contract on every possible combination
of future events, which leadsto acombinatorial explosionin the contingency table. Finally,
when events are not mutually observable, ex post, the observing agent could lie about what
transpired. Therefore, contingency contracts generally rely on some nonmanipul able event
verification mechanism.

As a response to these practical difficulties associated with contingency contracts,
leveled commitment contracts were recently introduced as another method for capitalizing
on future events [19]. From an Al search perspective, they can be viewed as a backtracking
instrument that works even among self-interested agents.? Instead of conditioning the
contract on future events, a mechanism is built into the contract that allows unilateral
decommitting. Thisis achieved by specifying the level of commitment by decommitment
penalties, one for each agent. If an agent wants to decommit—that is, wants to be
freed from the obligations of the contract—the agent can do so simply by paying the
decommitment penalty to the other party. The method requires no explicit conditioning

1 More conventional backtracking technigues may not be applicable in this setting because a backtrack would
only occur if every one of the self-interested agents would gain from it. An agent would not agree to give up gains
that it has already obtained through negotiation.
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of the contract on future events. each agent can do her own conditioning dynamically. No
event verification method against lying is required either.

Principles for assessing decommitment penalties have been studied in the economic
analysis of law [3,13], but the purpose has usually been to assess a penalty on the agent
that has breached the contract after the breach has occurred. Similarly, penalty clauses
for partial failure—such as not meeting a deadline—are commonly used in contracts,
but the purpose is usually to motivate the agents to follow the contract. Instead, in
leveled commitment contracts, explicitly allowing decommitting from the contract for a
predetermined price is used as an active method for utilizing the potential provided by
an uncertain future.? By design, breach will occur at times, and this increases the social
welfare among the contract parties on an expected value basis.

Another key difference between classic work on the economics of law and this paper
is that we do not assume that agents breach sincerely, but rather we take into account the
fact that rational agents will breach strategically. Specifically, arational agent is reluctant
to decommit because there is a chance that the other party will decommit, in which case
the former agent gets freed from the contract, does not have to pay a penalty, and collectsa
penalty from the breacher. This also distinguishes our research from work on constructing
contracts by combining different option contracts.

Sandholm and Lesser recently showed that despite such strategic decommitting, the
leveled commitment feature increases each contract party’s expected payoff, and enables
contractsin settingswhere no full commitment contract is beneficial to al parties[20]. The
intuitive reason for thisisthat in many of the cases where the leveled commitment contract
turns out undesirable ex post, it will be undone. This paper studies the same setting and the
same contract types as they did, but derives new results.

The rest of the paper is organized as follows. Section 2 introduces the contracting
setting. In Section 3 we review the different leveled commitment contracting mechanisms
(protocols), and how rational agents would decommit in them. This gives rise to the
natural question: which mechanism leads to the best results for the agents? In Section 4
we derive the somewhat surprising result that although the optimal contract parameters
(price and decommitment penalties) differ among the mechanisms, if the parameters
are optimized for each mechanism separately, the mechanisms lead to the same social
welfare. Section 5 presents positive results regarding the interplay between integrative and
distributive bargaining in leveled commitment contracting, and shows how to construct a
fair optimal contract. Section 6 discusses nonuniqueness of the optimal contract. Section 7
shows that surplus equivalence ceases to hold if agents are not risk neutral. Finaly,
Section 8 concludes.

2. Our contracting setting

Consider a contracting setting with two risk neutral agents who attempt to maximize
their own expected payoff: the contractor who pays to get atask done, and the contractee

2 Decommitti ng has been studied in other settings, e.g., where there is a constant inflow of agents, and they
have atime cost for searching partners of two types: good or bad [4].
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who gets paid for handling the task. Handling a task can mean taking on any types of
constraints. The method is not specific to classical task alocation. The framework can
be interpreted as modeling other types of settings than task allocation also, for example
general allocation of rights and obligations where the agents' costs and gains of the rights
and obligations may change. In what follows, we word the results in the context of task
allocation.

The contractor tries to minimize the contract price p that he has to pay the contractee.
The contractee tries to maximize the payoff o that she receives from the contractor. We
study a setting where the future of the agents involves uncertainty. We model this as the
agents potentially receiving outside offers (which are full-commitment contracts®).* The
contractor’s best (lowest) outside offer v is only probabilistically known ex ante by both
agents, and is characterized by a probability density function f (v). The contractee’s best
(highest) outside offer w is also only probabilistically known ex ante, and is characterized
by a probability density function g(w).>-® The variables v and w are assumed statistically
independent, and f (v) and g(w) are common knowledge.

The contractor’s options are either to make a contract with the contractee or to wait
for v. Similarly, the contractee’s options are either to make a contract with the contractor
or to wait for w. The two agents could make a full commitment contract at some
price. Alternatively, they can make a leveled commitment contract which is specified
by the contract price, p, the contractor’s decommitment penalty, a, and the contractee’s
decommitment penalty, b.

In this paper, we focus on a setting where each agent has exactly one chance to
decommit. The contractor has to decide on decommitting when he knows his outside offer
v but does not know the contractee’soutside offer w. Similarly, the contractee hasto decide
on decommitting when she knows her outside offer w but does not know the contractor’s.
This seemsredistic from a practical automated contracting perspective.’

Aswe will show, the contractor will decommit whenever his outside offer is lower than
athreshold, v*, which we call the contractor’s decommitting threshold. We denote by p,
the probability that the contractor will decommit, i.e., the chance that his outside offer is

3 Equivalently, the outside offers could be leveled commitment contracts, in which case the agent would use
the expected payoff from such acontract asits “value”’ of the outside offer.

4 The framework can also be interpreted to model situations where the agents’ cost structures for handling
tasks and for getting tasks handled change, for example, due to resources going off-line or becoming back on-
line.

5 If the contractor does not receive an outside offer, v corresponds to its best (lowest) outstanding outside offer.
One can aso interpret —v as the contractor’s fallback payoff, that is, payoff that it receives if no contract is made.
Analogously, if the contractee does not receive an outside offer, w corresponds to its best (highest) outstanding
outside offer or its fallback payoff.

6 Games where at least one agent’s future is certain, are a subset of these games. In such games al of the
probability mass of f(v) and/or g(w) ison one point.

7 The agents could be forced to make their decommitting decisions at a particular time, or equivalently they
could be alowed to make the decisions during an interval (the model would still hold at least as long as the
agents' outside options/valuations do not change during the interval). The model could also be used in a setting
where the agents do not know their outside offers exactly at the time they have to decide on decommitting. In that
case, to evaluate the desirability of decommitting, each agent would use as its best outside offer the expectation
of its best outside offer based on the probability distribution it has about its best outside offer at that time.
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Table 1
Main symbols used in the paper

0 Contract price.

a Contractor’s decommitment penalty.

b Contractee’'s decommitment penalty.

v Contractor’s best (lowest) outside offer.
w Contractee’s best (highest) outside offer.

f) Ex ante probability density function over v.
g(w) Ex ante probability density function over w.
v* Contractor’s decommitting threshold.

w* Contractee’s decommitting threshold.

Pa Probability that the contractor decommits.
Pb Probability that the contractee decommits.
Ty Contractor’s expected payoff.

T} Contractee’s expected payoff.

H®@*, w*) Surplus generated by making a contract.

less than v*. Similarly, the contractee will decommit whenever her outside offer is greater
then athreshold, w*, which we call the contractee’s decommitting threshold. We denote by
p» the probability that the contractee will decommiit, i.e., the chance that her outside offer
is greater than w*. All of these variables (v*, p,, w*, pp) are endogenous to the model.
That is, their values are not assumed, but rather the values are determined by the model.
Table 1 summarizes the main symbolsthat are used in the paper.

3. Leveled commitment contracting mechanisms

A key concern with leveled commitment contractsis that a rational agent is reluctant
to decommit because there is a chance that the other party will decommit, in which case
the former agent gets freed from the contract, does not have to pay a penalty, and collects
a penalty from the breacher. Despite such strategic decommitting, the leveled commitment
feature increases each contract party’s expected payoff, and enables contracts in settings
where no full commitment contract is beneficial to all parties [20]. We derive the Nash
equilibrium [10] where each agent’s decommitting strategy is a best response to the other
agent’sdecommitting strategy. The results of the paper take into account the fact that agents
decommit strategically in thisway. The equilibrium depends on the interaction mechanism.
We study six natural leveled commitment contracting mechanisms, which cover the space
of sensible mechanisms that we conceived. The mechanisms differ based on the order in
which the agents have to reveal their decisions (decommit/not), and based on whether or
not the agents have to pay the penaltiesto each other if both decommit:

(1) Contractee hasto reved its decision first, both pay if both decommit (SEQD).

(2) Contractee has to reveal its decision first, neither pays if both decommit. If the
contractee decommits, the contractor can only lose by decommitting (assuming the
contractor’s penalty is positive). Therefore, the situation where both decommit never
occurs. Thus this mechanism is analogous to SEQD, and will not be discussed further.
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(38) Contractor has to reved its decision first, both pay if both decommit. This case is
mathematically analogousto SEQD, and will not be discussed further.

(4) Contractor has to reveal its decision first, neither pays if both decommit. If the
contractor decommits, the contractee can only lose by decommitting (assuming the
contractee’'s penalty is positive). Therefore, the situation where both decommit never
occurs. Thusthis mechanism is analogous to the one above, and will not be discussed
further.

(5) The agentsrevea their decisions simultaneoudly (not necessarily at the same time, as
long as the second one to reveal does not learn what the first agent decided before the
second agent has to decide), both pay if both decommit (SIMUDBP).

(6) The agentsreveal their decisions simultaneously (not necessarily at the same time, as
long as the second one to reveal does not learn what the first agent decided before the
second agent hasto decide), neither paysif both decommit (SIMUDNP).

Put together, in therest of the paper we can focus on three mechanisms (SEQD, SIMUDBRP,
SIMUDNP), and the results will apply to all six.

3.1. Sequential decommitting, contractee first (SEQD)

In asequential decommitting (SEQD) game, one agent has to declare her decommitting
decision before the other. We focus on the case where the contractee has to decommit first.
In the subgame where the contractee has not decommitted, the contractor’s best moveisto
decommit if —v —a > —p, i.e,, the contractor decommitsif his outside offer, v, isbelow a
threshold ngQD = p — a. S0, the probability that he decommitsis

U;EQD
Pa = / f()dv.
—00

The contractee gets w — b if she decommits, w + a if she does not but the contractor
does, and p if neither decommits. Thus the contractee decommits if w — b > p,(w +
a) + (1 — pg)p. A contract where p, = 1 cannot be strictly individually rational to both
agents since breach will occur for sure. On the other hand, when p, < 1 the inequality
above shows that the contractee decommits if her outside offer exceeds a threshold
ngQD =p+ b +apy)/(A— pg). S0, the probability that she decommitsis

00
Pb= / g(w) dw.
WSEQD
Therest of the paper uses the following six shorthand notations:

o0 o0

E(v)z/vf(v)dv, E(w)z/wg(w)dw,

—0oQ —0oQ
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*

E(,v") = /vf(v)dv, E(v*,v)z/vf(v)dv,
E(w,w*) = / wg(w) dw, Ew*, w) E/wg(w) dw.

We are now ready to study the value generated by a contract. The contractor’s expected
payoff under the contract is

nazpb|: /(—v+b)f(v)dv:|

U;EQD 00
+a- ph{ [ co-arwas [ corw dv]

- V3eQD

=pp[b— E@)]+ 1= pp)[—E, v&qp) — apa — p(1 = pa)]

= —[pa(1 = pp)a = ppb+ (1= pa)(L = pp)p] — EW) + (1 — pp) E(végqp v)

=—E(v) — ¢seqp(p, a, b) + (1 — pp) E(vgeqp, v)s

where
¢seqQp(p, a, b) = pa(1— pp)a — ppb + (1= pa)(1— ps)p.
The contractee's expected payoff under the contract is

00 WEEQD
T = / g(w)(w — b) dw + / gw)[pa(w+a) + (1= pa)p)] dw
WSEQD -

=—ppb + (1= pp)[paa + (L = pa)p] + E(Weqp, w) + pa E(w, weop)
=[pa(X— pp)a — ppb + (L= pa) (L= pp)p] + E(w) — (1 — pa) E(w, wieqp)
= E(w) + ¢seqp(p, a,b) — (1 — pa) E(w, weqp)-
The expected socia welfare under the contract is
T=ma+7p=EW)—E®W) + (1 pp)E(iqp, v) — (1 = pa) E(w, wqp)
= qfallback | H(ngQD, ngQD)v

where rfalback — £ ) — E(v) is the expected social welfare that would prevail without
the contract (i.e., expected welfare from the outside offers), and the surplus created by the
contractis H (ngQD, ngQD) where

o0 o0

y y
H(x,y):/g(w)dw/vf(v)dv—/f(v)dv/wg(w)dw.

—0oQ X —0oQ
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This notion of surplus is a key concept, and will be used throughout the rest of the
paper.

3.2. Smultaneous decommitting, both pay if both decommit (SMUDBP)

In our simultaneous decommitting games, agents have to revea their decommitment
decisions simultaneously. We first discuss the SIMUDBP variant where both have to pay
the pendlties if both decommit. The contractor decommits if pp - (—v +b —a) + (1 —
pp)(—v—a) > pp- (—v+b)+ (1— pp)(—p). A contract where p;, = 1 cannot be strictly
individually rational to both agents since breach will occur for sure. On the other hand,
when p;, < 1 theinequality above shows that the contractor decommitsif his outside offer
islessthan athreshold v\ upep = £ — a/(1— p»). So, the probability that he decommits
is

x
VSIMUDBP

Pa= / f(v) dv.
—0oQ
The contractee decommitsif (1— p,)(w —b) + pa(w —b+a) > (1— pa) p+ pa(w+a).
A contract where p, = 1 cannot be strictly individually rational to both agents since breach
will occur for sure. On the other hand, when p, < 1 the inequality above shows that the
contractee decommitsif her outside offer exceedsathreshold wg,pgp = 0 +5/(1 — pa).
So,

o0
Pb= / g(w) dw.
W& mupEP

The contractor’s expected payoff under the contract is

VSMUDBP 00
ﬂaZPb[ / (—v+b—a)f(v)dv+ / (—v+b)f(v)dv]
o0 VSIMUDBP
VSiMuDBP 00
+(1_Pb)|: / (—v—a)fv)dv+ / (=p) f(v) dv}
—® USIMUDBP

=Pb [_E(Uv ngUDBp) + b —a)ps — E(UEIMUDBP’ v)+b(1— Pa)]
+1- Ph)[—E(lh U;IMUDBP) —ap, —p(1— Pa)]
= —[paa — ppb + p(1 = p)(L = pp)] = E@) + (1 = pp) E(v§mupep: v)
=—E(v) — ¢smupspr(p, a, b) + (1 — pp) E(vgmupep: V)
where

¢simubBpP(p, a, b) = paa — ppb + p(1— pa) (1 — pp).
Similarly, the contractee’s expected payoff under the contract is
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00 WSMUDBP
TTh = Pa / gw)(w—b+a)dw+ / (w+a)g(w) dw:|
WSMUDBP -
00 WEMUDBP
+(1_[7a)|: / g(w)(w —b) dw + / pg(w) dw}
WSMUDBP o

= pa| E(w§mupee: w) + E(w, w§ymupee) + Pola —b) + (1 — pp)a]

+ (1= po)[E(w§mupse ) — pob + p(1— pp)]
=[paa = ppb + p(L = pa)(X = pp) | + E(w) — (1 = pa) E(w, w§mupep)
= E(w) + ¢smupsp(p, a,b) — (1 — pu) E(w, ngMUDBP)-

The expected socia welfare under the contract is

T =1, + 7p

=Ew) — E(@) + (1 — pp) E§mupsp: V) — (1 — pa) E(w, wEyupsp)
fallback
=A%+ H (v§mupsp WSMUDBP):

where 710k and F (x, y) are defined asin Section 3.1.
3.3. Smultaneous decommitting, neither pays if both decommit (SSMUDNP)

In a simultaneous decommitting game where neither agent has to pay the penalty if
both decommit (SIMUDNP), the contractor decommitsif py, - (—v) + (1 — pp)(—v —a) >
py - (—v+b)+ (1 — pp)(—p). A contract where p, = 1 cannot be strictly individually
rational to both agents since breach will occur for sure. On the other hand, when p; < 1,
the inequality above shows that the contractor decommitsif his outside offer islessthan a
threshold v \yupnp =2 — @ — bpp/ (1 — pp). SO,

VS MUDNP
Pa = / f(v)dv.
—00

The contractee decommits if (1 — pg)(w — b) + paw > (1 — pa)p + pa(w + a).
A contract where p, = 1 cannot be strictly individually rational to both agents since
breach will occur for sure. On the other hand, when p, < 1, the inequality above shows
that the contractee decommits if her outside offer exceeds a threshold wgupne =
p+b+apa/(1— pg). S0,

o0
Pb= / g(w) dw.
WEMUDNP

The contractor’s expected payoff under the contract is
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U MUDNP )
nazpb[ | corwas [ (—v+b)f(v)dw}

— %
© USIMUDNP

U*
SIMUDNP 00

+(1—ph>[ / (—v—a) f) dv+ / (—p)f(v)dv}

— 5
*© USIMUDNP

= po[—E @, vgmupne) + (L = pa) — E(W§mupnes V)]
+ (1= pp)[—E @, v§mupnp) — @Pa — (1 — pa)]
=—[pa(X = pp)a — 1= pa) ppb + p(1 = pa) (L = pp)]
— E(v) + (1 — pp) E(mupne: V)
=—E () — ¢smupnp(p, a, b) + (1 — pp) E(v§mupne: V)-

where

¢siMUbNP(p, a, b) = pa(L— pp)a — (1 — pa) ppb + p(L — pa) (L — pp).

Similarly, the contractee’s expected payoff under the contract is

00 WEMUDNP
Tp =pa[ / g(w)w dw + / (w +a)g(w) dw]
WEMUDNP —®
00 WSMUDNP
+(1—pa)[ / g(w)(w — b)dw + / pg(w) dw]
WSMUDNP o

= pa[ E(&nmupnes W) + Ew, wvypne) + (1 — pp)a]
+ (1= po)[E(w§mupnes w) — pob + p(1— pp)]
=[Pa(@~ pp)a— 1~ pa) ppb + p(1 = pa)(1 = py)]
+ E(w) — (1 - pa) E(w, wgmupnp)
= E(w) + ¢siMubnpP(p, a, b) — (1 — pa) E(w, wmupne)-

The expected socia welfare under the contract is

T =1, + 7p

=Ew) —-EWw)+@A- pb)E(ngUDNp, v) — (11— pa)E(w, ngMUDNP)

__fallback ¥ X
=7 + H (Vgmupne: WSIMUDNP)

where 710k and F (x, y) are defined asin Section 3.1.
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3.4. Individual rationality (IR) constraints

The contractor’s individual rationality (IR) constraint states that he will participate in
the contract if and only if that gives him higher (or equal) expected payoff than waiting for
the outside offer:

7w, = —E).
For each of the mechanisms (SEQD, SIMUDBP, SIMUDNP), it follows from the formula
for , that

e > —EW) & ¢(p,a,b) <(1— pp) EW*,v).
For example, for the SEQD mechanism, this means

¢seqp(p, a,b) < (1 — pp) E(veqp v)-
Similarly, the contractee’s IR constraint is
Ty = E(w).

For each of the mechanisms (SEQD, SIMUDBP, SIMUDNP), it follows from the formula
for mp, that

7> E(w) & (1— p)Ew, w™) <é(p,a,b).
For example, for the SEQD mechanism, this means

3.5. (Non)uniqueness of the decommitting equilibrium

Given the distributions of outside offers f and g, and a contract (p, a, b), in the
sequential decommitting games the Nash equilibrium pair of decommitting thresholds
(v*, w*) is unique. This is because the formulas from Section 3.1 give a closed form
solution for v* and then for w*. Specifically, ngQD = p — a. It follows that p, =

"SEQD £ (y) dv iis determined. From this it follows that wieap = £ + (b +apa)/ (L= pa)
is determined.

On the other hand, as shown by Sandholm, Sikka and Norden [21], given the
distributions of outside offers f and g, and a contract (p,a, b), the simultaneous
decommitting games can sometimes have multiple Nash equilibrium pairs of decommitting
thresholds (v*, w*). Whether or not such multiplicity occurs depends on the distributions
of outside offers f and g and the contract parameters p, a, and b. The potential multiplicity
of equilibriain the SIMUDBP game can be understood from the following group of four

equations from Section 3.2 that defines the Nash equilibriafor the SIMUDBP game:

a

* *
UsmupBp = P — ) WeMupep = Pt

1-p» 1-pa
v§mupeP 00
Pa= / f(v) dv, Db = / g(w) dw.
—0o0

*
WgMUDBP
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This group can have multiple solutions (v§yupep: WSMUDBP -

Similarly, the potential multiplicity of equilibria in the SIMUDNP game can be
understood from the following group of four equations from Section 3.3 that defines the
Nash equilibriafor the SIMUDNP game:

bpp AaPa
U§|MUDNP=P—"—1_pbv ngMUDNP=p+b+1_p ;
a
VSMUDNP 00
Pa= / f(v) dv, Pb= / g(w) dw.

— %
© WSIMUDNP

This group can have multiple solutions (v \upne: WSMUDNP) -
If aunique equilibrium is desired, the sequential mechanism can be used to guarantee
uniqueness.

4. Surplusequivalence

Now, which of the leveled commitment contracting mechanisms would be best for the
agents? In this section we prove the main result of the paper, i.e., that if the contract
price and the decommitting penalties are optimized for each game (SEQD, SIMUDBP,
or SIMUDNP) separately, each of the games leads to the same social welfare (in the
game's socia welfare maximizing equilibria). In other words, each of the games leads
to the same surplus over what the agents would get without a contract (by taking their
outside offerg/fallbacks). Thisis surprising since the optimal contractsdiffer for the games.
Also, for a given contract, the decommitting thresholds, decommitting probabilities, and
expected socia welfare generally differ across the games.

We start by proving that if aleveled commitment contract can generate positive surplus,
H (i.e, it can lead to higher expected social welfare than making no contract and waiting
for the outside offers), then an unconstrained optimum exists.

Lemma 1. Let f and g be probability distributions on (—oco, co) with finite expectations.
Let

y 00 00 y
H(x,y):/g(w)dw/vf(v)dv—/f(v)dv/wg(w)dw. @)

If max, y H(x,y) > 0, then there exists a global maximum (a*, b*) of H that satisfies
o Jwedw L upwydy
J2o g(wydw Jor F)dv
Specifically, H (a*, b*) = max, , H(x, y) = (b* —a*)(1— px)(1— p,) where

#

o0

Dx = / f(v)dv, pyZ/g(w)dw.

h*
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The proof of Lemma 1 istechnical, and is presented in Appendix A.
Now we are ready to prove the main result:

Theorem 1. Let f and g have finite expectations. If an expected social welfare maximizing
IR leveled commitment contract is chosen for each of the mechanisms (SEQD, SSMUDBP,
and SMUDNP) separately (and an expected social welfare maximizing equilibrium is
played in the SMUDBP and SSIMUDNP games), each mechanism yields the same socia
welfare, i.e., the same sum of payoffs to the agents.® The mechanisms have at least one
expected social welfare maximizing equilibrium pair (v*, w*) of decommitting thresholds
(and the associated decommitting probabilities) in common. The optimal contracts can
differ across the mechanisms, but each mechanism has an optimal contract where the
decommitment penalties are nonnegative.

Proof. Asshown earlier in the paper, for each mechanism,
o= ABEK L pr e ey
T =—E@W) —¢(p,a,b)+ (1 - pp) EQ*,v),
mp = E(w) +¢(p,a,b) — (L — pa) E(w, w™).
Therefore, the IR constraints reduce to
(1= pa) E(w, w*) <$(p,a,b) < (1— pp) E(v*, v).

If max, , H(x,y) <0, then w = zfalback 1 (p* w*) < 7falback j e there exists no
contract that is (strictly) IR for both agents. In other words, the agents will wait for the
outside offers. Thus all three mechanisms have the same payoffs.

If max,, , H(x, y) > 0, then by Lemma 1, there exists afinite, global optimum (a*, b*)
that satisfies (). For the three mechanisms, v*, w*, and ¢(p,a,b) are determined
differently based on p,a, b, f, and g. If we can prove that for each game there exist
0, a, and b such that the threshold values v*, and w* determined by them are identical
to a* and b*, then the social welfare is =%k 1 f(q* b*), i.e., a maximal value of
mfalback 4+ H(x y). We also have to guarantee that this configuration satisfies the IR
congtraints. These facts would mean that all three mechanisms lead to the same social
welfare. We also show that at an optimum, a > 0and b > 0.

For shorthand, let A(z) = zb* + (1 —z)a* for 0 < z < 1. Now, a* < A(z) < b*, and A(2)
increases monotonically. The IR constraints can be simplified to

(1= p)(1 = py)a* < ¢(p,a,b) < (1— pe)(1— py)b*. (8)
Fromtheformulafor H (a*, b*) in Lemmal and thefact that H (a*, b*) > Oweget p, <1
and p, <1

Case 1. SEQD: Here a* = U;EQD =p—a,S0a=p—a*. Because b* = ngQD =
p+ b+ pra)/(1—px), b= pra* + (1 — px)b* — p =A(1— px) — p. Subgtituting the
expressionsfor a and b into the expression for ¢seqp (o, @, b) gives

8 Note that this equivalence holds not only on an expected value basis, but also ex post when the agents
have found out their outside offers, have made their decommitting decisions, and have paid the associated
decommitting pendlties.
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¢seqp(p, a,b) = px(1— py)a — pyb + (1= px)(1— py)p
= px(L— py)lp —a*1 = py[pxa™ + (L= p)b* — p]
+ @A = p)A—py)p
=p — pxa” — (1= px)pyb™.
So the IR constraints (8) become

(1= px)A = py)a* < p — pra* — (L= po)pyb* < (1= py)(L— py)b*
& (L= po)pyb™ + (L= py + pxpy)a® < p < (L= pu)b™ + pra”
< A= p)py) <p <AL - py).
Because A isincreasing and p, < 1, there exists a p that satisfies the IR constraints. For
such pvalues,a=p—a*>0andb=A(1— p,) —p >0.

Case 2. SMUDBP: Here a* = v§yupgp = # — a/(1 = py), S0 a = (1 — py)(p — a™).
Also, b* = w§pupep = P + b/(1—px), 0 b = (1 — py)(b* — p). Subdtituting the
expressionsfor a and b into the expression for ¢ggimupep(p, a, b) gives

$#simubBr(p, a, b) = pxa — pyb+ (1 — p)(1— py)p
=p:[A=py)(p—a®] = py[A— p)®* — p)]
+ Q= p)@A—pylp
=1~ pxpy)p — px(L— py)a* — py(L — p)b™.
So the IR constraints (8) become

(1— px)(A = py)a* < psimupsp(p, a, b) < (1 — p)(1— py)b*
< (1-po)(A- Py)d* <@d- PxDPy)P — Px a- py)a* - py(l — p)b*
< (A= p)A = py)b*
Py(l_Px)b* 1_py a*<p< (1— px) b*+Px(1_Py)
1—Pxpy 1_Pxpy 1_Pxpy 1_Pxpy

A(l’y(l_px)) <p gk( (1— px) >
1—pupy 1-pipy

Because 1 isincreasing and

a*

py(l_px) < (1— px) <1
1-ppy 1= pxpy
thereexists a p that satisfiesthe IR constraints. For such p values,a = (1— p,)(p —a™) >
0,andb = (1 — py)(b* — p) > 0 because a™ < A(z) < b*.
Case 3. SMUDNP: Recall that

0<

pyb pxa
1- Py ' 1-px .
Since p, < 1and p, < 1, these formulas can be converted into linear equations:

(L—pya+pyb = 1—py)(p—a*), pa+Qd—p)b = 1—p)bd*—p).

* * * * _
a” =vVgMmupnp =P — @ b* =wgmupne =P + b+
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There are two subcases based on the value of p; + p,.
Inthe subcasewhere p, + p, = 1, thelinear equation group has no solution or infinitely

many solutions depending on p. For asolution to exist, p must satisfy

A-pp—a")=A—p)®*—p), ie, p=pa*+pb*=i(py)
and a and b must satisfy

pxa+ Pyb = Pxpy(b* —a").
If so, we can compute b as b = p, (b* — a*) — (px/py)a. Substituting the formulas for p
and b into ¢simubnp(p, a, b) gives

$sMUbNP(p, a, b) = px(1— py)a — (1 — px)pyb + (1 = px) (1 — py)p

=pxa+ Pxpya*~

The IR constraints (8) become

(1= p)(X = py)a* < pxa+ pxpya”™ < (1= py)(1— py)b*
& 0<a<py(b*—a").
Given this restriction on «, and the above relationship between a and b, we get

0< b < px(b* —a*). So, asolution of the desired type exists for this subcase.
In the subcase where p, + p, # 1, we can solve a and b directly as afunction of p:

1— py 1-ps
= = [ @=pyat—pb = —— T o —ap)],
a 1_px_py[p (1— py)a* — pyb*] 1_px_py[p (py)]

1-p, * — Py
=P [+ A= pob—p] =
1—px—py[ ! ! ] 1—py— py

Substituting these into ¢ggimupnp(e, a, b) gives

b [A(l_Px) _:0]-

¢siMubNP(p, a,b) = px (L= py)a— (L= p)pyb+ (1 — px)(A— py)p
_Q=pI)A=p)p - pxa* — pyb*)
1-py— Py .

Then, the IR constraints (8) become
ar < P a*px —b*py < b,
1-px—py
In the subsubcase where p, + p, < 1, thisis equivaent to p,b* + (1 — py)a* < p <
(1 — px)b* + pra*,i.e, A(py) < p < A(1— px), SO asolution of the desired type exists.
Furthermore,
1-pc—py 1-px—py
In the subsubcase where p, + p, > 1, the IR constraints become (1 — p)b* + pra* <
p < pyb*+ (1 —pya*, ie, (11— py) <p < A(py), S0 again asolution of the desired
type exists. Furthermore,
1- Alpy) —
a:( px)(A(py) — p) >0, b
Px+Py—1 Px+p)*_1

a [0 —A(py] =0, b (21— po) —p] >0.

_ A - py)(p—A(1— px) -0 -
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4.1. Existence of optimal IR contracts

It follows from the proof of Theorem 1 that if some leveled commitment contract
generates positive surplus to the agents in the aggregate, then there exists an optimal
leveled commitment contract that generates positive surplusto each agent, i.e., the contract
is agreeable in the sense of individual rationality. More strongly:

Proposition 1. Let f and g havefinite expectations. For SEQD, SMUDBP, and SMUDNP,
max, y H(x,y) > 0 iff there exists an expected social welfare maximizing contract
(p, a, b) that isindividually rational (IR) for both agents.

Proof. Immediate from the proof of Theorem1. O

Based on this result, throughout the rest of the paper we assume max, , H(x, y) > 0.
Recall that we denote an optimal (x, y) by (a*, b*).

5. Integrativevs. distributive bargaining

Proposition 1 showed that among optimal contracts there exist ones that are beneficial
for both parties. However, the question of how to divide the surplus between the
agents remains, that is, how to choose among the expected social welfare maximizing,
individually rational contracts. Each agent’s expected surplusis her expected payoff under
the contract minus the expected fallback payoff: e, =, — 7Pk = 7, 4 E(v) and
ep = mp — wfAIPK — 7y E(w). It is conceivable that in leveled commitment contracts
thereis atradeoff between integrative bargaining (maximizing the expected social welfare)
and distributive bargaining (splitting the surplus between the agents). It could be that some
splits cannot be supported by an optimal contract. However, we show that this problem
cannot occur. It turnsout that any individualy rational split can be supported by an optimal
contract:

Proposition 2. Let f and g have finite expectations. For each one of the games (SEQD,
SIMUDBP, and SMUDNP), for any given g € [0, 1] there exists an expected social welfare
maximizing contract wheree, = BH (a*, b*), and ¢, = (1 — B) H (a*, b™).

Proof. Followsfrom the proof of Theorem 1. The split of surplus, fixed by the value of 8,
is controlled by choosing p in the contract. The decommitting penalties, a and b, are then
chosen based on p using the formulas in the proof of Theorem 1 to maximize expected
social welfare. 0O

Since the agents would only agree to individually rational splits anyway, Proposition 2
means that for all practical purposes, integrative and distributive bargaining do not hinder
each other in leveled commitment contracts. Of course, the contract has to be chosen
carefully. First p should be chosen (in the IR range) which determines the distributive part.
Then the penalties, a and b, are cal culated based on p in order to maximize expected social
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welfare. Choosing the penalties first does not allow the same separation of integrative and
distributive bargaining because once a and b are fixed, the choice of p is limited if one
wants to construct an expected social welfare maximizing contract.

The fact that distributive bargaining does not hinder integrative bargaining in leveled
commitment contracts makes the leveled commitment mechanism a modular component
technology for automated negotiation. The leveled commitment feature can be used to
increase expected social welfare when there is uncertainty about the future. The fact
that in leveled commitment contracts, distributive bargaining does not hinder integrative
bargaining means that the leveled commitment contract technique can be directly used
in conjunction with any standard distributive bargaining method. These methods include
noncooperative bargaining mechanisms (such as alternating offers bargaining with time
discounting [6,16], aternating offers bargaining with a constant cost per bargaining
round [16], and unrestricted bargaining under deadlines [22]), as well as axiomatic
bargaining solutions[7,9,11,12]. See[8] for an overview of the bargaining literature.

5.1. Fair optimal contracts

Proposition 2 implies that there is no tradeoff between expected socia welfare
maximization and fairness (aka. symmetry, equality) in leveled commitment contracts
since both of these desiderata can be satisfied simultaneously. There exists an expected
social welfare maximizing contract where the surplusis split equally between the agents
(ea = ep).

Distributive bargaining is a large research field of its own, and a literature review is
beyond the scope of this short paper. However, significant support has been given for
solutions that maximize the product of the surpluses[9,12,15]. It turns out that in leveled
commitment contracts, such product maximization is equivalent to choosing an expected
social welfare maximizing contract that splits surplus equally:

Proposition 3. Let f and g have finite expectations. For each one of the games (SEQD,
SIMUDBP, and SSIMUDNP), e, e, is maximized iff the contract maximizes expected social
welfare and e, = ¢;. Such a contract always exists.

Proof. By Proposition 2 we know that there existsacontract (p, a, b) that satisfiese, = ep,
and maximizes expected social welfare. Next we calculate an upper bound on the product
of surpluses:

_ eqa+ep 2_ n_n.fallback 2
€alh X 2 = 2

_ (H(v*(p,a,b>, w*(p.a. b)>>2 _ (maxx,y H(x, y))z_

2 2

We proceed to show that this upper bound is reached—implying that the product is
maximized—when surplus is equally split and expected social welfare maximized. The
first inequality holds with equality iff e, = ¢, i.e., surplus is equaly split. The second
inequality holdswith equality at the optimum, and thereonly. O
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We now give the closed form formulas for determining such a contract that maximizes
expected social welfare, maximizes e, ep, and splits the surplus equally. Now,

eq = ep
& —¢(p,a,b)+ (1= p)(L—py)b* =¢(p,a,b) — (1= px)(L— py)a*
& ¢(p,a,b)=(1— p)(L—py)@* +b")/2.

We use the formulas from the proof of Theorem 1.
Case 1. SEQD:

¢seQp(p, a,b) = p — pxa® — (1= px)pyb™.
Combining this with the formulafor ¢ (p, a, b), we get
p=pxa*+ L= p)pyb* + (L= pr)(L— py)(b* +a*)/2
1+pe—py+pepy o, A=p)A+py) (1—-po)(1+ py)
2 2 2
The optimal penalties are then determined by p:

A-p)A+ py)
2

> —2(0) = 1- px)2(1+ py)
(1_px)2(1+17y)>(b* o

a:p—a*zk( b* —a”),

b=)\(1—Px)—,0=<1—Px—

(L= pod—py)
o 2
Case 2. SMUDBP:

(b* —a™).

#simupBp(p, @, b) = (1 = pxpy)p — px(1 = py)a* — (L= px)pyb™.
Combining this with the formulafor ¢ (p, a, b), we get

! (A~ py 1-po@d ,
(1—pxpy)p:( +P)2( p))a*+( p)2( +py)

1- px)(1+p)*)>
& p=a| ———— ).
g ( 2(1- pxpy)
The optimal penalties are then determined by p:
(1—-po)(1+ py)
2(1—- le?y)

b*

a=1-py)(p—a’)=1-py) (b* —a*)

(A= poQ-pd)
B 2(1- le?y)

b=1A—-p)b*—p)=1A—px)

(b* —a"),

A+p)A=py) . .
—Vb _

20—papyy 0T
_A=pHdA-py)

b* —a™).
2(1—le?y) ( )
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Case 3. SMUDNP: There are two subcases based on p, + p,.
If py + py =1, then p = A(p,). By using the formula for ¢(p, a, b) together with
#sIMUDNP(p, a, b) = pxa + px pya™, we get

a=20 —a),  b=Tre—a).
(1= p)A = py)(p — pxa* — pyb*)

¢simubNp(p, a, b) =

1-pc—py
b* +a*
:(1_px)(1_py) 2
We solve for p from the equality aboveto get
1-p,—py
p = pxa*+ pyb* + 717; 2 b +a%)
1+ px—py % 1-pc+py 1_Px+Py
= V Ypr = — =),
> ‘T3 2

The optimal penalties are then determined by p:

1-—px — Px 1_Px_Py

Cl:m[ﬂ—)»(Pyv)]z —— > (b* —a”)
= 1_Tpx(b* —a"),
= 1_—2”(;;* —a”).

The two subcases can be combined independent of p, + py:
_ 1_Px+Py _1_Px * * _1_Py * *
p_x<f , a=— (b* —a®), b_T(b —a®).

Finally, it is worth noting that if the surplusis divided equally, and the conditions of
Theorem 1 are met, then each of the decommitting mechanisms gives each agent the same
payoff.

6. Nonuniqueness of the social welfare maximizing equilibrium and the optimal
contract

In Section 3.5 we discussed the fact that for a given contract, the equilibrium is unique
in the sequential mechanisms, but there can be multiple equilibria in the simultaneous
mechanisms.

In this section we study uniqueness issues when we allow the contract itself to vary.
Themain findings are:
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e The socia welfare maximizing equilibrium is not always unique. This holds for each
of the decommitting mechanisms (SEQD, SIMUDBP, and SIMUDNP).

e For any one of the decommitting mechanisms in turn, any given equilibrium is
supported by a continuum of contracts—specifically, those contracts that are on aline
in the 3-dimensional space (p, a, b).

We will now discuss these issuesin more detail .

Thesurplus, H (x, y), can have multiple global maxima (eventruly distinct onesthat are
not in the same neighborhood, as the following example shows). In particular, the social
welfare maximizing decommitment threshold pair (a*, b*) determined in Lemma 1 is not
always unique. The following example shows a case with 3 local maxima of which 2 are
global maxima. Let the distributions of the outside offers be

_J1/10 ifo<v <10,
f= { 0 otherwise,

117/3520 if 0 < w < 320/47,
g(w) = { 8/33 if 320/47 < w < 10,
0 otherwise.

We use Lemma 1 to find al local maxima. Because f(v) > 0 and g(w) > Oforal v,w e
[0, 10], each local maximum (x, y) must satisfy the pair of equations (). Substituting our
particular f into the second eguation of the pair gives y = (10 4 x)/2. After substituting
our particular g into the first equation of the pair, we treat the cases y < 320/47 and
y = 320/47 separately. The former case gives aline, and the latter case gives a quadratic
curve. For each case, the pair of equationsis solved to find (x, y). The former case leads
to one solution, namely (10/3, 20/3). The latter case leads to two solutions: (4, 7), and
(5, 15/2). The corresponding surplus values are H(10/3, 20/3) = H (5, 15/2) = 65/132,
and H(4,7) = 27/55. Since 27/55 < 65/132, both (10/3, 20/3) and (5, 15/2) are global
maxima, while (4, 7) isonly alocal maximum.

Now, it is easy to work backwards from any maximum (x, y), beit local or global, and
determine the contracts that support it. For example, consider the sequential decommitting
(SEQD) mechanism. The probability that the contractor decommits is now a constant
Pa = f_xoo f(v)dv. Then, the contracts that support the specific equilibrium (x, y) are
again (asin Section 3.1) defined by the equations

xX=p—a,
b+a
y=p+7 Pa.
— Pa

which are now linear equations. So, these two linear equationsin three variables (p, a, b)
define the SEQD contracts that support the equilibrium (x, y). Since there are only
two eguations and three variables, there is a continuum of contracts that support the
equilibrium. These contracts are on alinein the 3-dimensional space (p, a, b).

It is easy to work backwards from any maximum (x,y), be it local or globa,
and determine the contracts that support it even for the simultaneous decommitting
mechanisms. The decommitting probabilities, p, = [*_ f(v)dv and p, = f;’o g(w)w,
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arenow constantssince x and y are constants. For the SIMUDBP mechanism, the contracts
that support the equilibrium (x, y) are defined (asin Section 3.2) by the two equations

xX=p—
i’ 1-pp

y=p+ ;
1-pa

which are now linear equations. Similarly, for the SIMUDNP mechanism, the contracts
that support the equilibrium (x, y) are defined (asin Section 3.3) by the two equations

Y= p—a— bpy
1-pp’
a

y=p+bt+ Lo
1_pa

which are now linear equations.

So, the two linear equationsin three variables (p, a, b) define the contracts that support
the equilibrium (x, y). Since there are only two equations and three variables, there is a
continuum of contracts that support the equilibrium. These contracts are on aline in the
3-dimensional space (p, a, b).

To summarize, in this section we studied unigueness questions when the contract
itself is allowed to vary. There can be multiple welfare maximizing equilibria (as well
as other equilibria which are only local maxima of the surplus function). For each of
the mechanisms in turn, the contracts that support any given equilibrium form a line in
the 3-dimensional space (p, a, b). Again, one can interpret the contract price, p, as the
parameter (whichisto be used for distributive bargaining), which determines the val ues of
the decommitting penalties « and b that support the desired equilibrium.®

Nonuniqueness of the optimal threshold pair—and the associated nonunigqueness of
the optimal contract line in the space (p, a, b)—does not prevent the use of leveled
commitment contracts. To maximize expected social welfare, any one of the optimal
contract lines can be used. Finaly, choosing a specific point from that line corresponds
to distributive bargaining, and we showed earlier in the paper that this does not hinder the
integrative bargaining.

7. Agentswith risk attitudes

So far we discussed agents that attempt to maximize expected payoff, i.e., they are
risk neutral. For a utility maximizing agent, i, to be risk neutral, the utility function,
u; »r; — N, would be linearly increasing. Risk attitudes are captured in the usual way by
making u; nonlinear. We now show that the surplus equivalence of leveled commitment
contracts does not generally hold for agents that are not risk neutral, and in different

9 Theindividual rati onality constraints can beincorporated directly into thisview. Under the interpretation that
p isthe parameter, the contractor’s IR constraint gives an upper bound on p and the contractee’s IR constraint
gives alower bound on p.
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settings, different leveled commitment mechanisms are best in terms of expected social
welfare (that is, sum of expected utilities).1°
Consider the following distributions of outside offers:

1/100 if v € [0, 100],
0 otherwise,

f(v)Z{

_ [1/110 if w €[0, 110],
g(w) = [0 otherwise.

Now, for risk seeking agents with utility functions of the form wucontractor(x) =
Ucontractee(x) = x3, the maximal expected social welfares are: MaXseqp w & 284192,
maxgmupep T A 322522, maxgmupne® ~ 334194. So, the simultaneous mechanism
where neither pays if both decommit is the best, the simultaneous mechanism where both
pay if both decommit is the second, and the sequential mechanism is the worst.

Ontheother hand, for risk averse agentswith utility functionsof theform ucontractor (x) =
Ucontractee(¥) = x/3, the maximal expected social welfares are: maxseqp 7~ 0.914,
maxgmupep T ~ 0.925, maxgmupne T ~ 0.905. So, the simultaneous mechanism where
both pay if both decommit is better than the one where neither paysif both decommit, and
the sequential mechanism is between the two simultaneous mechanisms.

8. Conclusions

In automated negotiation systems consisting of self-interested agents, contracts have
traditionally been binding. Such contracts do not allow the contract parties to capitalize
on uncertain future events. Contingency contracts can be used to avoid this problem, but
as we discussed, they suffer from severa practical problems—especially when applied to
automated negotiation.

Recently, leveled commitment contracts were introduced as a more practical aternative
for addressing this problem [19]. In a leveled commitment contract, the agents can
backtrack out of the contract unilaterally by paying a predetermined, agent-specific penalty.
I'n such mechanisms, arational agent isreluctant to decommit becausethereis achancethat
the other party will decommit, in which case the former agent gets freed from the contract,
does not have to pay a penalty, and collects a penalty from the breacher. It was recently
shown that despite such strategic decommitting (in Nash equilibrium of the decommitting
game), the leveled commitment feature increases each contract party’s expected payoff,
and enables contracts in settings where no full commitment contract is beneficial to all
parties[20].

In this paper we studied six different leveled commitment contracting mechanisms that
differ based on whether agents have to declare their decommitting decisions sequentially
or simultaneously, and whether or not agents have to pay the penaltiesif both decommit. In

10 There exist particular distributions of outside offers (f and g) and particular utility functions that go along
with these distributions, such that the surplus happens to be the same for the different leveled commitment
mechanisms.
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general, given thedistributions of outside offersand the contract parameters(contract price,
the contractor’s breach penalty, and the contractee’s breach penalty), these mechanisms
lead to different decommitting thresholds and probabilities for the contract parties, and
different levels of expected social welfare.

Leveled commitment contracts are often more practical than contingency contracts.
However, they cannot always achieve the same social welfare because the agents decommit
strategically: some contracts are inefficiently kept. Our intuitions suggested that sequential
decommitting mechanisms would lead to higher social welfare than simultaneous ones
since the last agent decommits truthfully. We also thought that mechanisms where neither
agent pays a penalty if both decommit would promote decommitting and increase welfare.

However, we showed that, somewhat surprisingly, all six leveled commitment contract
mechanisms lead to the same social welfare when the contract price and decommitting
penalties are optimized for each mechanism separately.

We showed that in leveled commitment contracts, integrative bargaining does not
hinder distributive bargaining—as long as the interaction between the two is handled
appropriately. Specifically, the surplus from leveled commitment can be divided arbitrarily
(aslong as each agent benefits), e.g. equally, without compromising optimality, aslong as
the decommitting penalties are tailored to the contract price so as to maximize expected
social welfare. One practical way to do this is to conduct distributive bargaining over the
contract price, and to then optimize the decommitting penalties to that price. The fact
that in leveled commitment contracts, integrative bargaining does not hinder distributive
bargaining, means that leveled commitment can be used as a modular technology in
automated negotiationto increase expected social welfareamong the contract parties, while
using any standard noncooperativedistributive bargai ning mechanism as the technol ogy for
dividing the surplus.

In cooperative bargaining theory, the product maximizing solution has a central role[9,
12,15]. We showed that in each of the leveled commitment contracting mechanisms this
solution exists, and it is exactly the solution that divides the expected surplus equally.

We aso studied uniqueness questions. Given distributions of outside offers and a
contract, the equilibrium is unique in the sequential mechanisms, but not always in
the simultaneous mechanisms. When we allow the contract to vary, the socia welfare
maximizing equilibrium is not always unique. This holds for each of the decommitting
mechanisms—even the sequentia ones. For any one of the decommitting mechanismsin
turn, any given equilibrium is supported by a continuum of contracts—specifically, those
contracts that are on aline in the 3-dimensional space spanned by the contract price, the
contractor’s breach penalty, and the contractee’'s breach penalty.

Finally, we showed that the surplus equivalence ceases to hold if agents are not risk
neutral. The ranking of the mechanisms (in terms of expected social welfare) depends on
the utility functions of the contract parties.

Our derivations allow agents to construct optimal leveled commitment contracts, and
to divide the gains arbitrarily (as long as each agent benefits), for example equally. Using
this theory we developed fast algorithms for contract optimization [21], and provide a
free contract optimization service on the web as part of eMediator, our next generation
electronic commerce server prototype (http://www.cs.cmu.edu/~amem/eM ediator/) [18].



262 T. Sandholm, Y. Zhou / Artificial Intelligence 142 (2002) 239-264

Several important avenues for future research remain. Sequences of multiple leveled
commitment contracts among multiple parties lead to interesting behavior where one
decommit can trigger another, etc. That is beyond the scope of the model in this paper,
but we have experimentally studied such cascade effects and different mechanisms and
parameterizations of mechanismsamong strategic agents[2] and myopic agents[1]. Future
research involves analytical work in extending the theory of this paper to the setting of
multiple sequential contracts. Even the analysis of a single contract where the penalties
and/or distributions of outside offers change over time promisesto beinteresting.

Appendix A. Proof of Lemma 1

Proof. Because f and g have finite expectations, we can extend the domain of H (x, y)
to [—o0, 00] x [—00, 00], i.e., we treat infinities as numbers. Choose an arbitrary global
maximum (xo, yo). Because max, , H(x,y) > 0, H(xo, yo) > 0. Using this and (1), we
get

Yo

/g(w)dw>0, /f(v)dv>0,
X0

—o0
i.e., there is nonzero probability for each agent to keep the contract. Let
f;voo wg(w) dw fxoo vf (v) dv

Pogwdw = 0w
The partial derivativesof H with respectto x and y are

p(y) =

Yo

H,y (x, y0) = £(0) - (p(yo) — x) - / ¢(w) dw,

Hy(xo0,y) =g(y) - (q(x0) — ) - / f(v)dv.
xo0

If p(yo) = xo0 and q(xo) = yo, then (xo, yo) satisfies (1), i.e, it is the desired point
(a*, b*), so we are done. Otherwise, we continueasfollows. Fix yg. Then H (x, yg) getsits
maximal value at x = p(yg) because H, (x, yo) = 0 when x < p(yo), and Hy(x, yo) <O
when x > p(yo). Lét x1 = p(yo). S0, H(x1, yo) = H (x0, y0). Thus H(x1, yo) is also a
global maximum.

If g(x1) = yo, then (x1, yo) satisfies (1), so we are done. Otherwise we continue as
follows. Fix x1. Then H (x1, y) getsitsmaximal valueat y = g (x1) because Hy(x1,y) >0
when y < g(x1), and Hy(x1,y) <O0wheny > g(x1). Let y1 = ¢q(x1). So, H(x1, y1) >
H (x1, yo). Thus H (x1, y1) isalso aglobal maximum.

Keep alternating the above two paragraphs by aways replacing x,—1 by x,,, and y,_1
by v, until (x,, y,) satisfies (£). If this does not occur in afinite number of steps, it gives
a sequence {(x,, y»)} of global maximafor function H. We now prove that this sequence
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convergesto apoint (x*, y*) that satisfies ($). The functions p(y) and ¢ (x) areincreasing
because

_dp») _ 80 Loy mwgwydw o

()
Py dy (ffoog(w)dw)2

and
Cdg) @) [ —x) fv)du 0

& (2 Frdv)’®
Therefore, p o g is also increasing. Note that x,, 11 = p o g o x,. If x1 > x0, then xo <
x1<x2 < < xp < ---and {x,} isincreasing. If x1 < xo, {x,} is decreasing. Similarly,
Yn+1 =g o p oy, and {y,} is monotonic. Because {x,} and {y,} are monotonic, we can

definex* = lim, x, and y* = lim,, y,. Because the set of global maximaisclosed, (x*, y*)
isaglobal maximum. Finally,

q'(x)

x*=limx, 1 =limpogox,=limpoy,=pH),
and

y*=limy,1=limgo poy,=1limqgox,i1=q(x"),
so (x*, y*) satisfies (1).

What remains to be shown is the exact form of H(a*, b*). If (a*, b*) is a global
maximum, then H (a*, b*) > 0, so from (1) we get ffoog(w) dw > 0,and [T f(v)dv >
0. Using thisand thefact that f and g havefinite expectations, we know that «* and b* are
finite:

—0o<a*=pbh*)<oo and —oo0<b*=gq(a*) < oo,
SO
b* [’ 00 b*
H(a*, b*) = / g(w) dw/vf(v) dv—/f(v)dv / wg(w) dw
b* 00 00 b*
= / g(w)dw-b*/f(v)dv—/f(v)dv'a* / g(w) dv
=" —a")(1— p)(1—py). O
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