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ABSTRACT

In this paper, we formulate and analyze the problem of
cooperating multiple software agents under uncertainty. We
show that agents cooperate in order to encounter uncertainty
when acting alone by themselves, their benefits would not
be as attractive, and hence cooperate to share the risk. As a
specific example, we consider the model of obtaining the
pieces of information from a priced Electronic Library by
sharing cost. We propose the negotiation mechanism for
sharing cost among agents. With that mechanism, they can
learn and obtain the unbiased and fare cost distribution rule.
We further examine the design of the incentive compatible
cooperative protocol for multiple software agents.

1. Introduction

As the tasks in our society grow in complexity, the
growing interests have been given toward methodologies
that allow for cooperation among various knowledge servers.
To take advantage of the growing number of knowledge
servers, however, the ways must be found to process
knowledge beyond their own specific domains and therefore
must access other knowledge sources..Many information
systems are currently being modeled as a set of cooperating
intelligent agents [1][2]{7][11]. The aim of the incorporation
of software agents into distributed knowledge systems is to
provide the function of efficient retrieval in an open
environment of those systems. The philosophy behind the
agent models is that, agents must, as much as possible.
make knowledge to be available to users, without knowing
by whom or where they will be used. Software agents
distributed within and among knowledge servers share
various and heterogeneous knowledge resources. Software
agents can also support that multiple users at physically
distributed location and they can simultaneously access the
common knowledge resources by sharing various and
heterogeneous knowledge resources. To support safe
cooperation and sharing of complex knowledge resources,
while preserving agents' autonomy, agents should negotiate
with each other on the access rights and deletion policies on
distributed knowledge resources, and when necessary the

rights should be also propagated.

In multi-agent problems, the tasks or functions are
formulated as the interaction of software agents. When agents
deal with one another, they often bring to the encounter
differing goals, and the interaction process takes this conflict
into account. Each agent pursues its own goals through
encountering with other agents; arrangements should be made
so that each individual's goal can be satisfied. Agents also
may promise, threaten, and together find compromises that
will satisfy all agents. The very basic question is then stated
as why and how do agents should cooperate than to act
independently by themselves. There can be many answers
1o this multi-edged question, but generally, it can be deduced
that agents cooperate in order to share the common benefit
or the certain load where it cannot fulfill alone. The agents
benefit from the cooperative behaviors of sharing the cost or
a load where they cannot fulfill alone [8][9].

In this paper, we consider the cooperating problem of
multiple agents under uncertain situations. As a specific
example, we consider the problem of cooperating agents in
the domain of the electronic library model. In this model,
two or more agents cooperate to share the cost of obtaining
pieces of information as the common knowledge from a
priced electronic library [6]. The agents benefit from the
cooperative behavior in maximizing their utility. When acting
alone by themselves, their benefits would not be as attractive,
and hence they cooperates by sharing the cost. In reality,
they usually do not get to see or know what the content of
certain information before they acquire it. Therefore, there
is always a possibility that information might not turn out
to be as useful or worthy as they thought. We say, there is
uncertainty involved here. In such cases, agents may acquire

.knowledge together to share their risk or to lower their possible

cost. Cooperative behavior under uncertain can be made
possible by considering their utilities while acquiring
information. Cooperative behaviors under uncertainty is
promoted here by, firstly satisfying each agent’s individual
rationality by appropriately distributing the worth and cost
that could not be accepted by both or single agent incurred
from acquiring the knowledge be accepted by all; and also
by satisfying the agents’ social rationality. The following
factors like the value (worth) of information possessed by
each agent, the utility through acquiring information should

~147-



1998 International Computer Symposium
Workshop on Adtificial Intelligence
December 17-19, 1998, N.C.K.U., Tainan, Taiwan, R.O.C.

be considered throughout the negotiation. Similarly, conflicts
occur when agents behave in such that the cost be shared
accordingly to each value (worth) possessed. In this case, an
efficient and unbiased sharing rule of the common cost among
the agents that evens out the conflicts should be designed.

2. The problem of knowledge transaction
among software agents

In this section, we formulate the cooperating problem of
agents for the acquisition of knowledge from the electronic
library as described in Fig.1. The agents may attain a certain
worth when acquiring knowledge, however, the agents are
required to pay the cost for every knowledge acquired.
Whereas if they take the cooperative behavior in acquiring
the knowledge, the cost will be shared among agents satisfying
the condition, ¢, + ¢ = C; and_ the agents’ benefits in
acquiring the knowledge will be denoted as:

Xg =Wz —Cp
X, =W, —Cy.
2.1

Fig.2 shows the boundaries of the agent’s acceptance
and rejection of participation in the cooperative behavior.
Agent A’s acceptance and rejection boundary line is
represented by ¢ (w}, and agent B’s acceptance and rejection
boundary line is represented at c,{w). In Fig.2, the cooperative
behavior that are brought about by the worth and shared
cost of @ (w,c,) is not acceptable by both agents. That is
each agent does not attempt to acquire the knowledge. The
cooperative behavior is also not emerged at g(w,,c,), since
they may behave by themselves. On another hand, at b(w,c,),
the cooperative behavior that are brought about by the worth
and shared, where it is not acceptable to agent A, whereas
it is acceptable to agent B. The promotion of cooperation
through cost sharing refers to when two agents of different
level of risk avoidance cooperate to share their worth and
cost with each other. The benefit attainable from cooperative
behavior in acquiring the knowledge should be always greater
than from the status of quo.

Generally, when an agent finds high risk in acquiring the
knowledge, it will tend to cooperate with another agent of
low risk, hence, its risk avoidance is said to be low. Likewise,
when an agent finds low risk in acquiring the knowledge, it
will most likely to avoid or lower any possible risk when
cooperating with other agents, hence, its risk avoidance is
said to be high.

Electronic Library
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Figure 1: An illustration of the electronic library model
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Figure 2: Boundaries of acceptance and rejection

If all agent agrees on splitting the cost evenly, the
cooperative behavior will thus end here and no further
negotiation is required. However, conflicts occur when these
agents behave in such that the cost be shared accordingly to
each value (worth) possessed. In this case, an unbiased
negotiation algorithm is thus required to evaluate the best
distribution rule of the common cost among the agents to
even out the conflicts. The factors of each agent's individual
rationality and the social rationality should be considered
throughout the negotiation. We will also need to attempt to
solve the problem on how an unbiased and fare cost
distribution rule can be derived and further examining the
negotiation algorithm of deriving at this unbiased cost
distribution rule. The following factors such as the worth
and cost in acquiring the knowledge, utility possessed by
each agent and any risk induced in acquiring the knowledge
are corisidered.

3. Formulation of the cooperating problem of
software agents under uncertainty

In this section, we formulate the cooperating problem
under uncertainty in which the utility attainable when
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acquiring the knowledge is indefinite; it varies with the change
of conditions and situations. As a result, the agent not only
considers about its utility derived from the cost and worth
involved during the cooperative behavior, but also the new
utility function deriving from the risk induced under the
uncertainty. Risk is commonly defined as the degree of
probability of exposure to an undesired condition or
situation[4]. Usually, the risk is caused by certain unforeseen
circumstances, and in the electronic library model, this
uncertainty is, for instance the uncertain state of the
communication route; if the lines are busy, the cost of the
knowledge rises with the busyness of the lines. Similarly,
the agent ay, in some cases, not be able to assess the utility
of the knowledge and to the listed cost of it before acquisition.

Towards any risk induced in acquiring the knowledge,
the agent possesses a risk avoidance, the tendency of avoiding
risk, depending on its own worth and cost in acquiring the
knowledge. Generally, when an agent finds high risk in
acquiring the knowledge, it will tend to cooperate with another
agent of low risk, hence, its risk avoidance is said to be low.
Likewise, when an agent finds low risk in acquiring the
knowledge, it will most likely to avoid or lower any possible
risk when cooperating with other agents, hence, its risk
avoidance is said to be high. The attitude of the agent towards
risk (risk avoidance) is denoted as 7, (7, ). This risk avoidance
also represents the characteristic of each agent, and it differs
individually. The utility function of the acquisition of
knowledge with risk avoidance is denoted by the following
expression:

U,(x)=1-exp(-x,/r,)

Uy(x)=1-exp(—x,/r,)
(X4 =W, =Cy, Xg=Wy—Cp)

3.1

Cooperative problems under uncertainty can be formulated
in the following setup problem. Here, the probabilities of
two phenomenons 6, and 0, occurring are denoted as p
and 1-p as shown in Figure 3. In the case of phenomenon
0, , the worth of agent A (agent B)’s worth in acquiring the
knowledge is w,,(w,,), each agent’s sharing cost will be
¢,u(c,5); and in the case of phenomenon @,, he worth of
agent A (agent B)’s worth in acquiring the knowledge is
w,,(w,p), each agent’s sharing cost will be c,,(c,;). As the
phenomenon occurs by probability, each agent’s mean utility
would be:

U, =pU,(x,)+ (1= p)U,(x,,)

—_ (3.2)
Uy = pUg(x5) + (1= p)Up(x,5)

respectively. When two agents cooperate to acquire the
knowledge under uncertainty, their conditions for the social
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rationality is given as the combination of their sharing cost
by maximizing of both’s utilities. That is,

Max(UA + UB) = Max p{U,(x,,) +Uz(x,5)}
+(1 - P){UA(sz)"' Ug(ng)}

or Xia+ XS X

Xoq+ X5 S X,
(xl = Wi +wlB—(C1A+ClB)j 3.3)
Xy = W +Wop —(Cyy +Cip)

can be derived. The solution (x,,,x,,)and (X94,X,5) of
the above maximizing problem is also called the pareto
efficiency. For the exponential utilities of (4.1) the problem
of (4.3) is expressed as:

Max A{1-exp(~(w, —c,)/r)}

+(1- l){l ~exp(—(ws — C+c, )/rB)}
3.4)

st.c,+cp=C i=12

The optimal rule for cost distribution rule will be maximizing

the addition of both’s utility. The sharing cost of agent A is:

Ta

r r
¢y = (—2=)C+(—2—)w, ~( Wy
Tt r,t+r r,+ry
r,r 1-1 r
+—4L2Jog( A (3.5)
r,+rg A n
and similarly for agent B,
r, r T,
¢y = (—2—=)C +(—2—)w, — (—E—)w,
r,t+rg r,tr, r,tr
T, 1-4 r
48 log( A (3.6)
r,+r, A
Furthermore, we can deduce that:
r.r 1-4 r
6 =—-L—log(——+ 3.7)
r,o+r A n

where § is a constant decided by the distribution rule A ,
which is the difference between the agents’ risk avoidance
and is known as the sub-payment. This sub-payment § , is
the take over in cost paid to the passive agent by the active
agent. With this § , agents without their conditions of their
individual rationality satisfied initially are attracted to
cooperate, which makes possible the acquisition of the
knowledge.

However, when the risk avoidance of two cooperative
agents are equal (rA =r,A= 1/2), the
result of the distribution rule is given as:
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_WamwptC o wamw, +C
Ca = 5 » BT ) , (3.8)

respectively. This is equivalent to cases where uncertain
conditions are not being considered, where both’s social
rationality are satisfied.

We will expand our problems to n (multiple) agents.
Similarly, the optimal solution x; = {x,,X,5,...,X;, }, forn
agents to cooperate under the uncertain elements 6.,

k=12,...,m, can be given by:

Max 21.-21’#(%) = zl’kz/liUi(xk;) (3.9)

Therefore, similar to the case of two agents, the distribution
rule is independent of the occurring probability p, and X,

of the phenomenonsB, .Under the condition
A=ALA,.A,), (21,- =1,
i=1
Max Y AU (x,) (3.10)
st Y X=X, 3.11)

can be derived.
|0 U =£
,
{ n
(@ 2 =x
i=1

i=12,....,n 3.12)

Therefore, the distribution rule that satisfies (1) and (2) in
expression (4.12),

X = (X, Xy s X,) (3.13)

also satisfies the conditions of the social rationality. Thus,
the cost distribution that satisfies social rationality is as
follows:

1

n
>

i=]

rC+ W —=rYW,

J#i j#i

¢ =

1 r;
-2 log(—’- (3.14)
Y.

i
i=1

As a whole, the sub-payment among the n agents is transacted
underhand among the agents participating in the negotiation,
in the case of:

r> (3.15)
where the risk avoidance ofj is greater than that of i, agent

pays agent;j the sub-payment and vice versa.
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Figure 3: The Formulation of the cooperative problem
under uncertainty

4. The design of the incentive compatible
cooperative protocol

The problem of incentive is defined as the issue of
declaring private information of each agent without false.
Then the question is how to design the cooperation protocol
that are compatible with incentives of each selfish agents. In
this section, we develop the mutual adjustment process among
agents that compatible with each individual agent and it
may reveal the true cognitive states. The preceding sections
explained ‘mainly about the rationality of the agents in
cooperating with each other, and the cost distribution rules
that governs the cooperative behaviors. In this section, we
will discuss about how negotiation is carried out to satisfy
the rationalities of the agents during cooperative behaviors.
In our proposed protocol, there exists a negotiation manager
within the same community of the participating agents.
Initially, every agent will receive a common coefficient O
from the negotiation manager upon agreement to negotiate
as illustrated in Figure 5. The agent will then compare it
with its own limit utility function U’(x), and modifies its
profits X;, accordingly, to meet the given value of p/ l,-,
while at the negotiation manager for further judgements.
The modifying rules are as follows:

if Ul(x,)< -/-lp— then X; = x, + Ax
i

( where x; =w, —¢,),

if U.~’(X,-)>3{1 then x:=x —Ax. @l

1

As shown in expressions (4.1), the agent modifies by adding
or deducting Ax when the given value of p does not
satisfies its marginal utility function. The modified new X;
is then returned back to the negotiation manager for the
approval before the next round of transaction starts. On the
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other hand, the negotiation manager gathers the Xx; collected
from all the participating agents, and compare the summation
with a preset value. The value of p is modified according
to the outcome of comparison and sent back to the
participating agents, to match the pre set value X closer. The

modifying rule is described as follows:

if Y(x)<X thn p=p+p,

i=1

p=p-B

=3 - c), 42)

x, =x T Ax 00O |x, =x,+Ax,

Agént 1 Agent 2 Agent n

Figure 4: The negotiation the cooperation protocol

This process of exchanging the respective x; and P is
carried out until the specific conditions of the social and
individual rationalities are met. The compromising status
mentioned here refers to the state where both the conditions
of the conditions of each agent’s individual rationality and
the social rationality are being satisfied simultaneously.

A simulation applying the above suggested protocol was
performed to examine the behaviors of the agents during the
negotiation process. Each of the agents possesses each of
worth and risk avoidance towards the acquisition of the
commonly desired knowledge. Figure 6 shows the results
of the simulation. The figure consists of three graphs. Each
graph is a plot of cost versus negotiation counts / times, of
the respective agents. When the simulation is performed,
the agents seek to stop at a compromising point, where their
conditions of both rationality are satisfied. When they
negotiate to distribute relatively high cost (C=950), the agent
with the high avoidance (r,=100) shares lower cost, as shown
in Fig.5(a). However, when they negotiate to distribute
relatively low cost (C=300), the agent with the low risk
avoidance (r=300) shares lower cost, as shown in Fig. 5(b).
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Figure5(a) Resultl: the negotiation process for sharing
the low cost

Cost
200
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Figure5(b) Result2: the negotiation process for sharing
the high cost

5. Conclusions

We discovered that agents cooperate to enhance their
utilities under normal situation, but cooperate to share risk
and at the same time to enhance their utilities under
uncertainty. We also realized that, by an agreement to a
sub-payment among the agents while sharing the risk incurred,
cooperative behaviors can be promoted. However, this sub-
payment is not considered as the result of social benefits,
but rather a behavior that would lead to the satisfaction of
each agent’s individual utility or satisfaction of the conditions
of individual rationality. We attempted to define risk sharing
as the distribution of undesired results, and proposed a
negotiation protocol that solves cooperating problem among
agents under uncertainty. In this protocol, we achieved an
unbiased distribution of cost among the agents through the
existence of a negotiation manager, which governs the
satisfaction of the participating agents’ social rationality.
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