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Abstract File-sharing systems and content delivery services in peer-to-peer networks offer new opportunities for
trading digital goods such as software, audio/video content, and information, which are delivered directly via the
network. Unfortunately, these systems involve problems caused by the self-interested nature of agents, an example
being the so-called free-riding. To keep the quality of services at a sufficient level, we have to find an efficient allocation
of goods and induce each agent’s effort. However, solving this problem is difficult because the system designer cannot
observe each agent’s effort level as well as the agent’s cost of providing the services. To solve this problem, we propose
a new mechanism that auctions contracts. More specifically, the mechanism first finds an efficient allocation of the
goods and then calculates a contract based on the result of the auction. We theoretically analyze the mechanism and
demonstrate that the mechanism guarantees that each agent reveals its true information in a single good case.
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1 Introduction

The Internet offers new opportunities for trading
digital goods such as software, audio/video con-
tent, and information, which are delivered directly
via the network. An example is file-sharing services
in peer-to-peer networks [1]. These services allow
individuals to share files residing on their own PC,
which provides an efficient use of digital goods.

To achieve efficient operation of such a system,
it is necessary to give individuals an appropriate
economic incentive to produce goods and provide
them to others, since their participation is volun-
tary. This research aims to develop an appropriate
incentive mechanism by using agent technologies
and game theory.

A designer of file-sharing systems needs to al-

locate digital goods among participant agents in .

a way that minimizes the total operation cost.
Here, we assume that different agents incur differ-
ent costs for storing goods and providing them to
others. Consequently, there exists the problem of
the designer not being able to learn the true value
of each agent’s cost, namely, the problem of asym-
metric information. One promising way to deal
with asymmetric information and attain an effi-
cient allocation of goods is an auction. Recently,
auction mechanisms have been actively studied in
the fields of Al and agent technologies [2, 3, 4].

However, in file-sharing systems, it is not suffi-
cient to only allocate the goods. To keep the qual-
ity of services at an appropriate level, the designer
has to induce each agent to behave appropriately.
For example, if the load of service provision be-
comes large, the corresponding agent has to as-
sign additional CPU resources to the task of file-
sharing services, although no agent is motivated
to provide additional resources without compen-
sation. To solve this problem, the designer needs
to give agents an incentive, e.g., by paying some
compensation money. However, it is not easy to
determine the appropriate amount of compensa-
tion money because the designer cannot directly
observe the amount of CPU resources each agent
assigns to the file-sharing task.

One solution to this problem is to give a re-
ward according to the result of service provision,
namely, to give a higher reward if service provision
succeeds. The problem that needs to be solved
is to minimize the payments while still guarantee-
ing each agent’s voluntary participation, and this
problem has been discussed in contract theory [5].

From the above discussion, we have developed

a way to keep the quality of services at an appropri-
ate level that keeps the operation cost lower when
a designer cannot directly observe the behavior of
participant agents as well as their information {(the
cost incurred for providing services). This is a
quite difficult problem because we have to solve
two problems simultaneousty: (1) how to allocate
the goods among agents, and (2) what kind of con-
tract to make for inducing each agent’s appropriate
behavior.

Especially in the allocation problem of multi-
ple goods, it is difficult to devise a contract that
maximizes the designer’s profit. Therefore, we pro-
pose an approximation method in which contracts
are auctioned. More specifically, we first calculate
an allocation of the goods so that social surplus
is maximized in terms of the storing cost and then
calculate a contract so that the designer’s profit be-
comes sufficiently large. There is related research
by Laffont and Tirole, although their problem set-
ting is different from ours [6]. In addition, we ana-
lyze the property of the proposed mechanism based
on game theory.

Previously, many multiagent researchers have
discussed a contract net protocol for solving task
allocation problems [7]. While these research ef-
forts have not given attention to how to motivate
each agent to carry out its contract, this paper does
so by dealing with the implementation problem as
well as the allocation problem. This is the original
achievement of this paper.

In Section 2, we describe the formal model, and
in Section 3, we deal with symmetric information
between a designer and participant agents. In Sec-
tions 4 and 5, we deal with asymmetric informa-
tion. More specifically, Section 4 describes per-
formance with a single good, while Section 5 de-
scribes performance with multiple goods. Finally,
Section 6 gives our concluding remarks.

2 Model

This section gives a formal model to enable rig-
orous discussions. In the trading place, there is a
contractee agent and multiple contractor agents. !
The contractee agent has multiple goods (tasks) to
be allocated.

Assumption 1 For contractor agent i, it costs
Bi(k;) to provide services related to the allocated

! In game theory, the former is called a principal, while
the latter are called agents.



goods k;. This cost is measured by the utility unit
introduced below.

This is the cost for agent i to provide services re-
lated to the allocated goods by using its excess
resources. The amount of the cost depends on con-
tractor agent i’s ability. Therefore, we call this the
agent’s technology. The smaller the cost is, the
higher the technology level is. If there is no fear of
causing any confusion, we designate the cost 5;(k;)
by fi.

In addition, contractor agent ¢ can re-assign its
resources used for another task to service provision
for k;. For example, assigning more CPU resources
enables a quick response to a service request, al-
though agent ¢ suffers a loss by suspending the
other task.

Assumption 2 The amount of the additional as-
signment of resources by contractor agent i is called
the agent’s effort, which is denoted by e;. e; is
chosen from the interval [e,€]. We assume that
agent i’s loss caused by its effort e; is equal to e;.

Assumption 3 The result of service provision
takes one of two states: success or failure.

Assumption 4 The result of service provision by
contractor agent i is determined probabilistically
based on agent i’s technology and effort.  Let
p(Bi, i) denote the probability for success in pro-
viding services when agent i’s technology is equal
to B; and its effort is equal to e;.

Assumption 5 The probability for success in pro-
viding services by contractor agent i, p(F;,e;), s
an increasing concave function of agent i’s effort e;
and a decreasing concave function of agent i’s tech-
nology 3. Additionally, if 8 < 82, p'(Be;) <
i (ﬁQJ ei)'

Here, p/(B;,e;) denotes the first-order partial
derivative with respect to e;. The assumption that
it gt < 2, p(Be) < P(B? e;) means that if
agent i has a high technology level, it becomes dif-
ficult to increase the probability of success in pro-
viding services.

Assumption 6 The contractee agent cannot ob-
serve contractor agents’ technologies and efforts.

Assumption 7 The contractee agent knows the
probability function of success in providing ser-
viCes.

This means that the contractee agent cannot
learn the individual information of each contrac-
tor agent, but can learn statistical information of
a group of contractor agents.

Assumption 8 The contractee agent pays a re-
ward wl! to contractor agent i if the agent’s ser-
vice provision succeeds and pays a reward wiL if its
service provision fails.

Let u(w;) denote contractor agent i’s utility of
obtaining a reward w;. Contractee agent i’s ex-
pected utility, Us(e;), is defined as follows.

Definition 1
Ui(e:) = p(Bs, e)u(wi )+ (1=p(Bi, &) )u(w]) ~B;—e;

Assumption 9 To simplify discussion, we as-
sume that the utility function u is identical for all
contractor agents, and set uw(0) = 0 as a datum
point. In addition, u is monotonically increasing
and concave. This means that the contractor agent
is risk-averse.

Definition 2 The objective. function of the con-
tractee agent is represented as follows.

maXZ "(1 - p(ﬂia 68))(]
— p(Bi, e)wfl — (1 — p(Bi, e0))wy

where n represents the number of contractor
agents.

In this expression, the first term represents the de-
crease of the contractee agent’s profit caused by
the failure of service provision, and the second
and third terms represent the payment to contrac-
tor agents. If agent 7 is not allocated any goods,
wiH = 'wiL = 0. Therefore, the contractee agent is

risk-neutral.

3 Symmetric information: a sin-
gle good

This paper mainly focuses on the case of asymmet-
ric information, namely, where a contractee agent
cannot directly observe the contractor agents’ tech-
nologies and efforts. However, as a reference point,
this section deals with the case of symmetric infor-
mation and investigates what kind of contract is
entered into. We assume that the number of goods
is one.



Our objective is to obtain a contract that max-
imizes the contractee agent’s profit. In the case of
symmetric information, it is known that paying a
fixed reward, wf = w!, is sufficient for solving the
problem [5]. We designate this value as w;. To
guarantee that contractor agent 4 voluntary signs
a contract, it is necessary that this agent’s utility
does not decrease by entering into a contract. This
is called the participation constraint and is repre-

sented as follows.

w(w;) — B — e >0 (1

Under this condition, we find e; and w; so that the
contractee agent’s objective function is maximized.
The contractee agent’s objective function can be
written as follows.

max(—(1 — p(Bi, ee))q — wi) 2)

Expression (2) means that if the effort level of e;
becomes larger, the probability of success in pro-
-viding services, p(8;, €;), becomes larger, and thus
the profit reduction, (1 —p(5;, €¢))q, caused by the
failure of service provision becomes smaller. On
the other hand, expression (1) means that if e; be-
comes larger, the contractee agent has to pay a
larger reward w;. Therefore, there exists an ap-
propriate effort level of e;.

From expression (1), it is obvious that we can -

reduce the reward w; by choosing the smallest cost
;. Therefore, it is best for the contractee agent to
make a contract with a contractor agent with the
smallest 5;. In the contract, the contractee agent
pays w; to the contractor agent i if agent ¢ attains
the effort level of e;, otherwise, it pays nothing.

Such a contract is feasible because the con-
tractee agent can observe the contractor agent’s
effort level. When the contractee agent cannot ob-
serve the contractor agent’s effort level, if the con-
tractee agent pays a fixed amount of reward, the
contractor agent only attains the least level of ef-
fort.

To solve this problem, we pay different rewards
corresponding to the result of service provision. A
problem to be solved is what kind of contract in-
creases the contractee agent’s profit. This is dis-
cussed in the next section.

4 Mechanism for determining an
allocation/contract: a single
good case

In this section, we propose a new mechanism that
determines the allocation of the goods and con-
tracts (the amounts of reward). For easy under-
standing, this section deals with a single good, and
the next section extends it to multiple goods.

As mentioned above, it is difficult to obtain
a contract that maximizes the contractee agent’s
profit, especially in the case of multiple goods.
Therefore, as an approximation method, we de-
velop an allocation/contract method that first ob-
tains an allocation that maximizes social surplus in
terms of the contractor agents’ cost and then cal-
culates contracts based on the obtained allocation
in the first step. )

4.1 Mechanism for determining an allo-
cation/contract

The procedure of our developed mechanism is as
follows.

1. Each contractor agent reports its cost of pro-
viding services for the good (which may or not
be true) to the contractee agent. Each cost is
measured by a unit of utility. Any reported
values of other agents remain undisclosed to
the contractor agent.

2. The contractee agent finds the contractor
agent ¢ who reported the minimum cost.

3. The contractee agent calculates a contract
(wf, wF) and offers it to agent i.

4. Contractor agent i decides whether to accept

the contract (wf, wk).

5. If contractor agent ¢ rejects the contract
(wf,wF), the good is not allocated to any
agent.

The calculation method of the contract (w/, wl)

in step 3 is described in the next section.

4.2 Behavior of a contractor agent

In this subsection, we examine what kind of con-
tract should be offered to a contractor agent to
induce it to select an effort level of e. To induce



agent i to select an effort level of e, the following
incentive compatibility constraint must hold.

p(Bi, e)u(w) + (1 — p(B:, €))u(w)) — B; — e
> p(Bi e)u(w!) + (1= p(Bi,e:))u(w])
— B —e; (wheree; # ¢)

This constraint means that the utility obtained by
selecting an effort level of e must be larger than or
equal to that obtained by selecting another effort
level.

Concerning the incentive compatibility con-
straint, contract theory tells us that if both the
monotone likelihood ratio condition (MLRC) and
the convexity of distribution function condition
(CDFC) hold, we can apply the- first-order ap-
proach [5]. MLRC means that the larger the
probability of success in providing services is, the
larger the likelihood that a higher effort level is se-
lected. CDFC intuitively means that the contrac-
tor agent’s marginal profit for an additional effort
probabilistically decreases.

Because this paper assumes that the number
of possible results of service provision is two and
the probability p(8;,e;) is an increasing concave
function of e;, we can conclude that the two con-
ditions of MLRC and CDFC hold. Therefore, we
can apply the first-order approach. The first-order
approach means that the first-order partial deriva-
tive of contractor agent i’s utility with respect to
e; is equal to 0. That is, the following expression
must hold.

P (B ei) (us(wi’) — ws(wi)) = 1 3)

Next, we examine the participation constraint.
As mentioned above, the participation constraint
means that no contractor agent suffers any loss by
signing a contract. If the participation constraint
does not hold, contractor agents do not sign a con-
tract. Here, we assume that if a contractor agent
does not have any goods, its utility is equal to
0. Therefore, the participation constraint is rep-
resented as follows.

p(Bis eiyu(w{) + (1 = p(Bi, e))u(w)) — Bi —e; = 0

(4)

From the two conditions (3) and (4), the
amounts of rewards are calculated as follows.

ww?) = 3 ) M
( 7 ) ﬁz +e; -+ p'(ﬁi’ ei)
Ly g 4o . PBie)
uw(w;) = Bite ST

4.3 Behavior of a contractee agent

In section 4.2, we obtain a contract (wf,w?) that
induces contractor agent i to select an effort level
of e;. Based on this result, we examine what ef-
fort level needs to be set in order to maximize the
contractee agent’s profit.

The objective function of the contractee agent
is given as follows.

max(—(1 = p(f, ¢i))q
- p(/BZ e’t)wiH - (1 - p(ﬁ’w el))wlL)

Therefore, the best contract for the contractee
agent is obtained by calculating the e; that maxi-
mizes the above objective function and substitut-
ing the obtained e; into the expressions of wf{ and
wk. Here, let e denote the e; that maximizes this
objective function. €} is used in the next section.

4.4 Properties of the mechanism

In the discussion in sections 4.2 and 4.3, we as-
sume that we use the declared value of g; for cal-
culating the amounts of rewards. However, con-
tractor agent i may report a false value of 3;. As
shown in proposition 2, contractor agent i can ob-
tain additional profit by overstating the value of ;.
If contractor agents declare false values and there
is no equilibrium, we cannot predict what alloca-
tion is realized and how much profit the contractee
agent can obtain. Therefore, to induce a contrac-
tor agent’s truth declaration, we use the second
highest declared value of §; (j # i) instead of the
highest declared value of 3;. We designate the sec-
ond highest declared value of §; as §;.

We insert the following procedure into the
mechanism proposed in section 4.1.

2.5 Set the value of §; to §;.

In this case, contractor agent i selects an effort

level of e; that satisfies the following expression.

N
p (61761)1),( Le?) 1 (5)

Therefore, it is no longer guaranteed that contrac-
tor agent 7 selects e;. However, the following con-
dition holds.

Proposition 1 e; < ef holds.

Proof From the assumption on the probability
of success in providing services p(f;,e;), namely,
(B, e;) is an increasing concave function of ¢; and



if 31 < 382, then p/'(5',¢;) < p'(3%, ¢;), it is obvious
that the proposition holds. O
In this case, the participation constraint holds.

Proposition 2 Even if we calculate a contract by
using 37 as the value of B;, the participation con-
straint of contractor agent i still holds.

Proof Let egl) denote the value of e; that satis-
fies expression (5). Here, Ui(el(-l)) > Uj(ef) holds.
If contractor agent i selects an effort level of e,
expected utility, U;(e}), is calculated as follows.

P(Bis eyl + (1 = p(Bi, ) uwl) - 6 — cf
1 p( :76?))

= pBie) (B +e + P (Briel)

oG e 4 e PO
+(1 p(/Blv 1))(51 +el p/(,@:~6:))
—Bi—¢€
1

ﬁf*ﬁi**z‘),‘(—;—*(if)(ﬂi,ef) - p(Bf,€))

i 0 €
Because §; < G holds, p(6;,€}) > p(8f, €f) holds.
Therefore, we obtain that Uj(ef) > 0, and thus
the participation constraint of contractor agent 1

is satisfied. O

Proposition 3 A contractee agent reports its true
value of B;.

Proof First, we examine the case where contrac-
tor agent ¢ wins the auction if it declares a true
value. Contractor agent 7 cannot manipulate 3
because 3 is a value reported by another agent.
Therefore, even if agent ¢ overstates the value of 3;,
as long as it is the winner of the auction, 5} does
not change. Therefore, expected utility of agent 7
does not change. If agent ¢ understates the value of
Bi, it cannot obtain any additional utility because
B¢ does not change.

Next, we examine the case where contractor
agent ¢ loses the auction if it declares a true value.
If the contractor agent understates the value of f3;
and becomes the winner of the auction, 8; > 37
holds. From the same discussion in the proof of
proposition 1, we can obtain e; > e} in this case.

Let 61(_1) denote the value of e; that satisfies ex-
pression (5). Contractor agent i’s expected utility
U; takes the maximum value at an effort level of
egl). U,—(e(-l)) is calculated as follows.

7

p(Biy e yulw!!) + (1 = p(8;, eM))u(wh)
— G — eV

= B —Bi+e—e

U
+p/(/8i*7€;<)(p(ﬁ31;31 ) p( 'z:ez))

From the assumption on the probability p(3;, €;),
the following inequalities hold.

« (1) * %
" re: — re . x
P,y < IR L Z PO e
e — el

(6)
By transforming this expression, the following in-
equality is obtained.

oMy _p(gr. ex

651)—6; > p( 17ezl )* Zj(( i €
p( z’7ei)

1 * *

N P(ﬁmeg ))7p(i>ei)
P8 €)

By substituting this inequality for the expression
of the expected utility U;(e;), we can obtain the
following inequality.

Uel”) < 87— it ef -V
+el(~l)—ef
= 58
< 0

Therefore, the expected utility of U; (egl)) becomes
negative, namely, contractor agent ¢ cannot obtain
positive utility by understating its value of 3;. O

5 Mechanism for determining an
allocation/contract: multiple
goods case

5.1 Mechanism for determining an allo-
cation/contract

Here, we show a mechanism for the multiple goods
case, outlined in the following procedure.

1. Each contractor agent reports its cost of pro-
viding services for bundles of goods (which
may or may not be true) to the contractee
agent. Each cost is measured by a unit of
utility. Any declared values of other agents
remain undisclosed to the contractor agent.

2. The contractee agent calculates the allocation
k* that minimizes the sum of the reported
costs subject to the resource constraint.



3. The contractee agent also calculates the al-
location k¥, that minimizes the sum of costs
other than that of agent ¢ subject to the con-
straint that any goods are not allocated to
agent ¢.

4. The contractee agent offers a contract to con-
tractor agent ¢ such that agent ¢ provides ser-
vices for the bundle of goods, &k, and receives
wf] if the service provision succeeds, otherwise

agent i receives w’.

5. Contractor agent i determines whether to ac-
H , L

cept the contract (w]*, w;").

6. If contractor agent i rejects the contract
(wl,w}), the bundle of k} is not allocated
to any agent.

In step 4, the contract (wf,wF) is calculated

in a similar way as in section 4.1. The value of
B (kY) is set as follows.

Br(kD) = Bk = D By(k")
J# J#i
This expression is the same as in the payment cal-
culation in the generalized Vickrey auction (GVA)
(8].
The contractee agent choose e; so that the fol-
lowing function is maximized.

—(1—p(Bi,e))q
—p(Bi, e)wi’ — (1= p(Bi, e5))wf

5.2 Properties of the mechanism

In section 4.4, we proved that a contractee agent
reports its true value of §;. In this section, we
examine whether the same proposition holds in the
multiple goods case.

Proposition 4 Contractor agent i cannot obtain
an additional utility by overstating its value of 3; if
the other contractor agent report their true values

of B;-

Proof (sketch) If contractor agent i overstates its
value of §; and obtains different bundles of goods
from that obtained by reporting its true value, the
value of 3} becomes larger than its true value of 3;.
Therefore, from the same discussion in the proof of
Proposition 3, we can prove that contractor agent ¢
cannot obtain an additional utility by overstating
its value of §;. 0

Unlike a single good case, in the multiple goods
case, there is a possibility that contractor agent i
can obtain an additional profit by reducing de-
mand, namely, understating its value of 3; and
obtaining different bundles of goods from that ob-
tained by reporting its true value. However, we
can prove the following proposition.

Proposition 5 The following inequality is the
sufficient condition that contractor agent i reports
its true value of ;.

(p(BF(KZ*), €2) — p(BT (k7). €2))
1
(B} el)

1
P (8%, e?)

<

(B} (K7), €)= p(BI(K7), ef))
(M)

where suffix 1 corresponds to the case where con-
tractor agent i reports its true value.of B;, while
suffiz 2 corresponds to the demand reduction case,
namely, where contractor agent i understates its
value of B;. k}* represents the allocated goods to
agent i in the former case, while k2* represents the
allocated goods in the latter case.

Proof (sketch)
In the proof of Proposition 2, we demonstrated
the following inequality holds.

1

ey PO e =P, e)) < Ui(el”)
T 7 (8)

As the similar discussion as the proof of Propo-
sition 3, the following inequality hold.

B =B+

p( i*:e;) —p(ﬂfaez(l))

« (1)
€ — ¢

P(5e) < <p'(Br,e)

By using the first part of the above inequalities, we
can obtain the following inequality.

Ui(e) < ﬂ?~ﬁi+m(p(ﬂi, eM)—p(87 eEj)))
9

From expressions (8) and (9), if the following
inequality holds, it guarantees that the utility ob-
tained by reporting the true value of f; is larger
than that obtained by understating its value of 3;.

1
2 8+ W(?(@Q:e?) —p(B,€}))

< BT S ey e — a0 e)
T



Because the mechanism selects the allocation
that maximizes social surplus, 32 — 82 < g* — 8}
holds. Therefore, we obtain the sufficient condi-
tion (7). i

The sufficient condition (7) means that if con-
tractor agents are more competitive with one an-
other for providing services for a small bundle of
goods than for providing services for a large bun-
dle of goods, this condition is likely to be satisfied,
namely, contractor agents report their true value
of ;. A further analysis of our mechanism in the
multiple goods case is one of our future works.

6 Concluding remarks

This paper developed a new mechanism to deter-
mine the allocation of goods and calculate a con-
tract to solve the incentive problem in file-sharing
systems or content delivery services in peer-to-peer
networks. Although these services offer new oppor-
tunities for trading digital goods such as software,
audio/video content, and information, some prob-
lems caused by the self-interested nature of agents
have been reported, and these problems decrease
the advantages of such systems. Furthermore, solv-
ing these problems is difficult because the system
designer cannot observe each agent’s effort level as
well as its cost of providing the services.

To solve the problem, we proposed a new mech-
anism that auctions contracts. More specifically,
the mechanism first finds an efficient allocation of
the goods and then calculates a contract based on
the result of the auction. By analyzing the mech-
anism through game theory, we showed that the
mechanism guarantees that each agent reveals its
true information.

In this paper, we assume that the contractee
agent cannot observe a contractor agent’s technol-
ogy level and effort level but can observe the result
of service provision. The result of service provision
is obtained from users’ reports. Because there may
be observation error, the contractee agent may fail
to pay an appropriate reward to contractor agents,
which discourages contractor agents from signing
the contract. An examination of this problem is
one of our future works.
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