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Abstract

The University of Michigan Digital Library is a large-
scale confederation of software agents, providing li-
brary content and services to users and each other
within a distributed network environment. Alloca-
tion of resources and activities to the various agents
is determined through a market-based negotiation
process, where agents tender offers to buy or sell ser-
vices, basic resources, and other information goods
for specified prices. Generalized auction modules
resolve these offers into deals among agents. View-
ing each agent as an information consumer or en-
trepreneur, the digital library as a whole consti-
tutes a virtual economy of information goods and
services.

Topics: Electronic libraries, negotiations

Introduction

The University of Michigan Digital Library (UMDL)
project (Atkins et al. 1996) is a large-scale, mul-
tidisciplinary effort to design and build a flexible,
scalable infrastructure for rendering library services
in a digital networked environment. The aim of
UMDL is to provide users with a wealth of infor-
mation sources and library services, and to provide
developers with a medium for producing and deliver-
ing new services and collections. Because we cannot
anticipate all of the potential services offered within
the digital library, flexibility, openness, and extensi-
bility are paramount criteria in design of the system.
The UMDL addresses these criteria by providing in-
frastructure to coordinate the activities of the indi-
vidual system modules, or agents, that perform the
actual library services in the system.

In this paper, we first describe UMDL’s agent-
based infrastructure, its commerce framework, and
the key role of commerce in the system. Second,
we describe in further detail how the UMDL frame-
work supports a wide range of negotiation mecha-
nisms. Finally, we describe a simple scenario built in

UMDL, illustrating one pattern of negotiation sup-
ported by the system. The scenario is intended to
be representative (albeit not necessarily realistic in
detail) of the sorts of interactions prevalent in a dig-
ital library, and thus serves as a proof-of-concept for
the underlying approach.

UMDL Infrastructure

The UMDL architecture realizes a model of the dig-
ital library intermediate between a completely open
environment (e.g., the world-wide web), and an en-
tirely self-contained system (e.g., proprietary ser-
vices that impose central control over collection ac-
cess). Indeed, we can view UMDL as a digital library
wntranet, not in the physical sense of operating on a
LAN or WAN, but in the organizational sense of pro-
viding a information services network which furthers
an organization’s goals and policies. The openness
of the system allows users to benefit from the wide
variety of services and collections potentially avail-
able, while the controls of the architecture provide
structure to manage choices and connections among
the diverse modules participating in the system.

To work at this intermediate level, the UMDL in-
frastructure mediates interactions among informa-
tion agents. The main responsibility of this infras-
tructure is to facilitate the performance of services
by some agents on behalf of others. This facilita-
tion includes disseminating information about the
availability and demand for services, and arbitrat-
ing connections among the providers and recipients
of services.

Openness alone is not enough to gain participation
by potential providers of information services, espe-
cially when interacting with the library infrastruc-
ture incurs some overhead. External agent develop-
ers (as well as internal library users, for that matter)
will not participate unless they can identify some
benefit not already available from the broader inter-
net environment. Such benefits include the facili-
tation of connections mentioned above, but can also



include more direct compensation, brokered through
the system, acquired in exchange for the services or
resources delivered through the digital library. Thus,
the role of the UMDL infrastructure extends to de-
termining what services are performed and under
what terms, and in some cases monitoring and en-
forcing these terms.

Within the context of such an infrastructure, we
can also address internal digital library objectives,
such as allocating user, library, or network resources
efficiently. For example, one type of library resource
that may need to be internally allocated 1s access
to site-licensed information. While a university site
license may entitle all Michigan students to access
certain information, only a limited number will be
able to do so at one time.

Market-Based Resource Allocation

In a world of unlimited resources, users could avail
themselves of all potentially beneficial services at
their maximal levels of quality. However, in any real
digital library, resources—including raw computa-
tional resources, human attention, access to intel-
lectual property—ultimately have some cost.! In-
deed, in even a moderately scoped digital library,
there is potentially unbounded demand for compu-
tational resources. For example, any amount of pre-
processing of data in the collections—such as in-
dexing, meta-data gathering, or caching—might im-
prove the response of the system to subsequent user
requests. Given only finite resources, however, we
cannot take advantage of all such opportunities. We
also cannot generally try every method for accom-
plishing a given task, but rather must choose among
those available based on resource requirements and
prospects for success. We therefore seek principled
methods for expressing operating tradeoffs and al-
locating computational resources toward their max-
imal expected benefit. Moreover, we require that
these methods be sufficiently flexible to adapt to pat-
terns of usage that evolve during the operation of the
digital library.

In approaching this resource allocation problem,
we treat the alternative information services as com-
peting economic activities. Given a measure of pri-
orities over the end-user services provided, the vari-
ous agents effectively compete to provide the highest
level of service using the minimal computational re-
sources. One central capability of agents is thus to
be able to reach agreements on suitable compensa-

LCosts of some resources reflect the denial of oppor-
tunity to deploy them in alternate activities within the
library. Costs of others reflect those incurred outside the
library system.

tion. The goal is to achieve an efficient overall allo-
cation of resources towards the optimal provision of
services to users.

To organize the processing activities within an
economic framework, we view interactions between
the agents as supplier-producer relationships, where
each agent produces value-added information prod-
ucts from the input products provided by others.
Agents dynamically connect with each other as op-
portunities arise for mutually beneficial exchanges.
The collections, represented by collection interface
agents (CTAs), provide some ultimate “raw materi-
als” in this process. Library end users, represented
by user interface agents (UTAs) are the ultimate con-
sumers of the “finished goods”. Mediator agents
(“middlemen”) bridge the gap by bringing to bear
knowledge, processing, storage, or other computa-
tional resources to improve in some way the expected
value of the information as it passes along the chain
from agent to agent.

The particular set of goods and the mechanisms
by which they are negotiated and exchanged in the
UMDL constitute the system’s market configuration.
In a dynamic and open environment, such as UMDL,
it will be impossible to fix the configuration in ad-
vance. Moreover, finding an appropriate mechanism
for determining exchange terms may vary depend-
ing on the current configuration, the good to be ex-
changed as well as other contextual factors. There-
fore, to provide sufficient flexibility, UMDL must
support dynamic market configurations through a
extensible means of describing goods and wide vari-
ety of negotiation and payment mechanisms.

UMDL Negotiation Mechanisms

A negotiation and exchange facility for information
goods and services must potentially support a wide
variety of market types. For example, if one were
to sell an electronic version of a magazine, it could
potentially be sold in many different ways, such as:

e by subscription, individual issue, or individual ar-
ticle,

e to individuals, libraries, or other defined group,

e prior to paper publication, immediate on publica-
tion, or with delay,

o with or without license to further distribute.

The magazine might also be bundled with related
services such as searching or notification of new ar-
ticles.

Each of these different magazine goods might be
offered under distinct sorts of negotiation procedures.



For example, a single issue of the magazine might
be offered by the supplier for a set price, as at a
typical newsstand. The negotiation in this case de-
generates to a take-it-or-leave-it proposition. On the
other hand, the cost of search services might depend
upon current congestion levels in the digital library
system—when the system is more heavily loaded, a
more timely response would cost more. In this case,
the user may wish to specify a variable willingness
to pay based on the immediacy of response. The
system could then match the buyer’s demand profile
against current congestion profiles to determine an
appropriate level of service.

Similarly, even the same magazine good could be
exchanged via different negotiation mechanisms in
different contexts. For example, a back i1ssue of a
magazine would typically be bought from the pub-
lisher for a set price, whereas one might haggle for
it at a flea market. Thus it is the combination of
the good and the negotiation mechanism which de-
termines any market.

Each of the different good descriptions, negotia-
tion and payment procedures may have advantages
and disadvantages for the various types of informa-
tion goods and services. While analyzing these is-
sues is an important topic for research in digital li-
braries, we do not believe it appropriate for UMDL
to dictate a particular solution. Instead, we pro-
vide generic facilities for defining these properties
and rely on context and policy decisions to deter-
mine when and where they should be used.

The remainder of this section focuses on describ-
ing our generic negotiation specification approach.
We use auction protocols as a framework to describe
various mediated negotiations. However, there is no
reason to believe that this approach would not ex-
tend to other types of negotiation methods as well.

Section presents a very simple, but representa-
tive, scenario—implemented in UMDL—where typ-
ical digital library goods and services are exchanged
using one particular class of market mechanisms.

Market Facilitators

Within a multiagent environment, system agents spe-
cializing in brokering connections among other agents
are often called facilitators (Genesereth & Ketchpel
1994). In the UMDL, market facilitators, or auc-
tions, serve to determine which agents provide ser-
vices to which others, under what terms. UMDL
auctions operate by collecting offers and determin-
ing agreements consistent with those offers. For ex-
ample, one simple kind of auction collects bids and
settles them by finding a single price that clears
the market, while others may perform a complicated

matching procedure.

The negotiation protocol we have defined in the
first UMDL prototype is based on a simple kind of
market facilitator. There is one auction agent for
each good, where a good may denote, for example,
the delivery of digital objects, the provision of trans-
lation services, or other library product. Each auc-
tion accepts bids from agents interested in buying
or selling that good. Bids include a demand sched-
ule specifying the amount (generally, some quantity
or quality measure) the agent is willing to buy or
sell at various prices. The auction’s task is to find a
price such that supply balances demand, that is, the
expressed amount agents are willing to sell in aggre-
gate matches the amount other agents are willing to
buy.

During the bidding process, market facilitators
may also notify bidders of tentative prices, called
price quotes, for use in comparison shopping or coor-
dinating other activities. After a market clears, the
auction may invoke some transaction execution ser-
vices, depending on the nature of the exchange being
mediated. For instance, we are currently planning to
integrate UMDL with the NetBill payment mecha-
nism (Sirbu & Tygar 1995) to exchange monetary
fees for digital objects. As with negotiation mech-
anisms, the ideal payment mechanism may depend
on many context-specific factors (MacKie-Mason &
White 1996), and so it may be advantageous to sup-
port a generic payment interface (Ketchpel et al

1996).

Specifying Auctions

We define auctions in UMDL via a straightforward
auction specification language. This language serves
two purposes. One is to organize the software im-
plementation, so that components realizing partic-
ular auction features can be combined and reused.
The second is that agents can refer to auction de-
scriptions within the UMDL agent communication
protocol to create particular auctions or to inquire
about their characteristics.

In designing this specification language, we have
attempted to exploit regularities common across dif-
ferent auctions. Building on other auction classi-
fication schemes (Engelbrecht-Wiggans, Shubik, &
Stark 1983; Friedman & Rust 1993; Kagel & Roth
1995), we culled a working set of parameters that al-
low us to describe any of the major auction types.?
See Table 1 for a partial set of these parameters and

2This effort was performed in conjunction with
the Michigan Internet AuctionBot project, with as-
sistance from Peter Wurman and Willlam Walsh,
(http://auction.eecs.umich.edu/).



their description. Recall that we do not impose a
single auction mechanism in UMDL, instead sup-
porting a variety of types, including those found in
various survey articles (McAfee & McMillan 1987;
Milgrom 1989; Smith 1989).

The central defining parameter of an auction is its
clearing policy, which specifies the rules for deter-
mining the prices and allocation resulting from a set
of bids. The economic properties of the auction—
optimal bidding strategies, efficiency, welfare distri-
bution—typically depend critically on these rules.
For example, if a single unit of a good is being auc-
tioned and incentive compatibility for buyers (i.e.,
a buyer’s optimal strategy is to bid the true val-
uation of the item) is paramount, then a second-
price (Vickrey) auction is appropriate. If there are
multiple units and price discrimination (i.e., charg-
ing different buyers different prices) is acceptable,
then the generalized Vickrey procedure described by
Varian (Varian 1995) might be a good choice. Un-
der alternate circumstances, yet other rules would
yield the best balance of desiderata. For example,
some key criteria for choosing auction types within
UMDL are fostering market configurations that are
incentive compatible and individually rational. The
incentive compatibility criterion means that the pro-
tocol encourages rational agents to report their true
values in bids. Individual rationality dictates that
outside agents (and inside users) gain some advan-
tage to participating in the system.

In our model, auctions can operate continually,
clearing multiple times before they finally close, if
ever. For example, one might specify that an auc-
tion should have a clearing interval of every three
seconds, while the final clear should not occur un-
til January 1, 2000. To get a better idea of how
this works, consider the common English auction,
where an auctioneer incrementally raises the price
until there are no more takers. Such an auction
would be specified in terms of our parameters as in
Table 2.

Another kind of English auction, commonly seen
on the World-Wide Web,? does not set the price
quote according to this fixed-increment scheme. In-
stead, participants bid asynchronously, and the cur-
rent highest offer is used as the price quote. This
kind of English auction can easily be specified by
changing the price quote policy in Table 2 to first
price, (i.e., price quote equals current highest buyer’s
offer).

It is possible to specify unnamed auctions by fill-
ing in parameters in various ways. Of course, certain

SFor pointers to auction-related web material, see
http://auction.eecs.umich.edu/other-auctions.html.

combinations of parameters would not be valid or
might not make sense (such as having a price quote
interval longer than the final clearing time). Such
validity constraints must be enforced by the UMDL
process that creates auctions from these parametric
descriptions.

Creating and Finding an Auction

UMDL auctions may be created for any of several
reasons. Shortages in basic computational resources
(bandwidth, storage, processing) may cause the UM-
DL system to create auctions in those resources. Or,
new markets may spring up in response to topical
interests, for example, during hurricane season there
may be a special market for weather services that
track hurricanes.

One of the more common events triggering a new
auction is when an information provider joins UMDL
and wants to sell its product. To start the auction,
the provider must first describe its product using
UMDL’s goods description language. The advantage
of using a structured description language for goods
is that agents may participate in multiple, related
auctions covering the goods they are interested in
buying or selling. For example, suppose the infor-
mation provider, Sports-R-Us, is selling a magazine
called Teen Sports. Based on specified features of
this magazine, it might be determined automatically
that there are several available auctions for exchang-
ing this good, such as:

1. Teen Sports auctions Teen Sports magazine only

2. Sports-R-Us Magazines auctions all Sports-R-Us
magazines

3. Teen Magazines auctions all kinds of teen maga-
zines

4. Sports Magazines auctions all kinds of sports mag-
azines

5. Magazines auctions all kinds of magazines

Sports-R-Us might choose any or all of these auc-
tions to participate in. While they would probably
create the Teen Sports and Sports-R-Us Magazines
auctions, the others may be created by arbitrary
agents. In deciding whether to join these auctions,
Sports-R-Us would want to examine how they oper-
ated, by inspecting their specifications.

Suppose Sports-R-Us decides to participate only
in a Teen Sports Auction. Since this auction does
not exist already, they will need to create it by spec-
ifying the desired auction parameters. In this case,
they would probably specify that this auction allows



Parameter

Description

Good Divisibility

Are good units discrete or continuous?

# Buyers

Number of buyers (one or many)

# Sellers

Number of sellers (one or many)

Information Revelation

Amount and types of information
publicly available

Price Quote Policy

Method for calculating the price(s)
reported in price quotes

Price Quote Interval

Interval (frequency) with which
price quotes are posted

Clearing Policy

Method for calculating the resulting
prices and allocations

Clearing Interval

Schedule (frequency) for clearing
the auction

Final Clear

Time auction is terminated

Tie Breaking

Criteria for resolving tied bids

Table 1: Auction specification parameters.

only one seller, themselves. Once they have speci-
fied the auction type, an appropriate market facili-
tator agent, can be instantiated. The new auction
advertises i1ts services with the UMDL Registrar, a
database agent that acts as an initial contact point
for finding other agents in UMDL. *

On the other side of the economy, end users wish-
ing to purchase Teen Sports interact with UMDL
through their UlAs. UTAs may in turn contact spe-
cialized intermediary or broker agents that can help
locate, recommend, or purchase products. However,
in the simplest case, a UIA can locate the appro-
priate auction by querying the Registrar, receiving
back pointers to auctions where that good can be
bought. This process is depicted in Figure 1.

Auction Negotiation

Once an agent has located an appropriate auction,
it can make an offer to buy or sell that good. The
exact form of the offer depends both on the kind
of auction as well as the preferences of the bidder
agent. Table 3 shows an example of two offers to
two different types of auctions (for different kinds of
goods). The English auction is as specified above;
the Walrasian auction is designed for multilateral
exchange of continuous commodities, as described
in Table 4.

An offer needs to specify both the price offered
to buy or sell the good, and any qualifying infor-
mation, such as expiration date. In the case of the

*In practice, an agent may need to contact a separate
Auction Manager rather than the Registrar. However,
the two can be thought of as components of a single
UMDL registry function.

Walrasian auction, the price component is variable,
allowing agents to associate different prices with dif-
ferent quantities or quality levels. The bid schedule
specified in the offer i1s essentially the agent’s de-
mand curve for the good. Offers may also include
requests for notification of various auction events,
such as new price quotes or when a bid expires.

The auction’s clearing policy determines the allo-
cation of goods and terms of exchange as a function
of the offers it has received. For English auctions,
the winner is the highest bidder at the last bid price.
For the Walrasian auction, the clearing price is de-
termined to balance buy and sell quantities, with
each agent exchanging according to their expressed
demand at that clearing price.

UMDL assumes all offers to be binding, subject
to the commitment rules of the auction type. We do
not currently support conditional bids, where bid-
ders make offers contingent on sale or purchase of
other goods. Instead, we deem it the bidders’ re-
sponsibility to manage its interdependent bids by
monitoring price quotes for its active auctions. Thus
when an auction clears, any offers that have not ex-
pired and have not been retracted are considered
valid offers. Pending integration of digital payment
mechanisms, the only remaining task of the auction
1s to notify the two parties. In subsequent develop-
ment, we expect the auction to initiate transactions
using payment schemes agreeable to the parties in-
volved.



Parameter Values Ezplanation

Good Divisibility no good exchanged as a single unit

# Buyers/# Sellers | many/one

Information bids most information about the

Revelation transactions | process is publicly available,
winner including bids, final clearing

price, and winner identity

Price Quote Policy | +delta prices

auctioneer incrementally raises price

Price Quote immediate price quote announced

Interval whenever it changes

Clearing Policy first price clearing price equals highest
buyer’s offer

Clearing Interval inactivity auction clears after idle period

Final Clear inactivity same as above

Tie Breaking arrival time

earliest bid wins

Table 2: English auction specification: Price raised by auctioneer.

1. Advertise

Auction
for GOOD

Registrar
\eg

2. Ask-About: Find Good

3. Reply: Auction Location

Figure 1: Finding an auction.

Scenario

To test and illustrate our negotiation mechanisms,
we developed a simple market configuration reflect-
ing a typical set of exchanges that might be expected
in a digital library. We start with a UIA desiring
to purchase various digital library goods and ser-
vices, depending on its needs, budget, and prices.
At the other end, a CIA wants to sell access to its
collections, and acquire the system resources neces-
sary to provide this service in UMDL. The “system
resources” we consider here are really an amalgam
of network and computational resources, which are
bundled as a single good to simplify the initial sce-
nario.

In the particular scenario we have constructed, de-
picted in Figure 2, two types of mediator agents can
produce services that enhance the value of the CIA’s
product to the UIA. In particular, a Notify agent
provides notification services, sending messages to
the user when designated new material has been
placed in a collection. A Search agent supplies search
facilities over one or more collections. Both agents
require some raw information resources, collection
access and system resources, to produce their value-
added services. As shown in Figure 2, the agents
negotiate exchanges of relevant goods through their

respective auctions, where arrows indicate the flow
of goods.

The two mediator producers compete for demand
of the UTA, and to acquire available resources. The
UIA would likely consider the two services partly
substitutable, as some amount of search can replace
the service of the Notify agent, and vice versa. As
the user’s relative preference for notification com-
pared to search increases, we would expect more of
the system’s resources devoted to the former rather
than the latter.

Configuration

In general, configuring an information economy en-
tails specifying the goods, the agents, and the mar-
ket mechanisms. Since our focus was on market in-
tegration, we restricted the number and complex-
ity of the goods and agents involved. As mentioned
above, we abstracted all computational and network
resources into a single “system resources” good. Sim-
ilarly, we chose to measure other goods in one-di-
mensional quantity units. For example, we assume
a scale for level of notification service, rather than
support separate negotiation for the variety of pa-
rameterizations of the service (e.g., notify twice a
day for three weeks of the event types).



Auction Type

Offer Description

many buyers
many sellers
divistble good

Notify:

English Bid Schedule: buy 1 unit at $5
many buyers Notify: price quotes

one seller Expiration: at next clearing
indivistble good

Walrasian Bid Schedule: buy 5.3 units at $1

Bid Interpolation:

Bid Extrapolation:

Expiration:

buy 1 unit at $5

sell 1.5 units at $10
linear interpolation
between bid-schedule
points

none

price quotes

at next clearing

Table 3: Examples of offer formats for two auction types.

Notify
Service
Auction

Search
Service
Auction

System
Resources
Auction

Access
Auction

Figure 2: A simple UMDL negotiation scenario.

We designed our market configuration for the sce-
nario within the general equilibrium framework em-
ployed in previous work (Mullen & Wellman 1995;
Wellman 1993). In microeconomic theory, general
equiltbrium refers to the situation where multiple
interconnected markets reach an overall price equi-
librium. Clearing a single market in isolation is
called partial equiltbrium. Because a realistic digi-
tal library must simultaneously allocate numerous,
highly interrelated resources, we deem general equi-
librium the more salient analytical concept for this
environment.

Adopting the formal general equilibrium frame-
work, along with the competitive mechanism, re-
sulted in three main advantages. First, we were able
to use tools from economic theory to build the econ-

omy and verify the results. Second, the assump-
tion of competitive behavior simplifies the design of
agents. Competitive agents take prices as given—
ignoring any market power they might possess, and
thereby eliminating the need to reason strategically
about other agents’ bidding behavior. Moreover,
competitive equilibria are guaranteed to be Pareto
optimal. Third, only one kind of market mechanism,
the Walrasian auction, is required.

Of course, the assumptions entailed by the general-
equilibrium framework are also quite restrictive, and
any analytical results that depend on these assump-
tions do not automatically transfer to the general
UMDL context. Note however, that the UMDL ne-
gotiation mechanisms themselves are not inherently
limited to competitive agents, Walrasian auctions,



equilibrium-based transaction, or other simplifying
features of the scenario presented here.

Consumers
its two basic types of agents, consumers and produc-
ers. The consumers in UMDL are the UIAs. Each
UIA in the library is endowed with an allocation of
system resources, which 1t can sell to the system in
order to raise funds to purchase desirable services.®
The consumer decides how much of each available
service—in this case notify or search—to purchase
depending on how much 1t values the service, the
service’s price, and how much 1t can afford. We rep-
resent user preferences by the CES (constant elas-
ticity of substitution) utility function, which has the
following form. The choice variables z4., z,, and
xs, respectively, denote consumption of system re-
sources, notification service, and search service.

U(xsra$na$s) = (Ofsrxsr)p+(anxn)p+(a5x5)p~ (1)

The CES utility function provides analytic conve-
nience and a reasonably straightforward way of ex-
pressing preferences between goods. The coefficients
a; weight the consumer’s preference for good ¢, and
the p parameter controls the degree of substitutabil-
ity among goods. To run the model, we arbitrarily
set p = 1/2 and decided that the user preferred the
search service twice as much as the notify service,
(as = 2ap,). The users also derived a small amount
of utility from keeping system resources for a later
time, so «,- was set to a small value.

The consumer’s demand function, z(p), is derived
by maximizing the above CES utility function sub-
ject to the budget constraint, given prices p. This
problem has a closed-form solution, used by the UTA
in generating offers for the different services desired.
As shown in Table 3, the bid schedule for a UMDL
Walrasian auction is specified as a series of price-
quantity pairs, with linear interpolation to approxi-
mate the complete demand curve. By concentrat-
ing on points near the current price, a UIA can
achieve reasonable approximation of the actual de-
mand curve without having to specify very many
points.

Producers Producers transform input goods into
output goods according to constraints specified by
their technologies. A competitive producer’s goal
i1s to maximize its profits, given its technology and

the current relative prices of their input and output

°In the operational UMDL, we plan to endow the
UIAs with currency directly, and supply basic compu-
tational resources through designated system agents. In
the experimental versions of the system we employ a fake
currency, which we call “BiblioBucks”.

The general-equilibrium framework pos-

goods. In UMDL, we view all CIAs and mediators
as producer agents.

For this scenario, we used three types of produc-
ers. CIAs use system resources to produce access to
their collection. We assume the system is congested,
so that the cost per unit of system resources pro-
vided increases with the load on the system. In other
words, the more system resources are required, the
more the congestion, the higher the unit cost. We
represent this technology by a quadratic-cost pro-
duction function where the production of collection
access, Yqq, for a given consumption of system re-
sources, &g, 18 described.

2gr = 0.01% y2, +0.05 % yeq. (2)

Another type of producer, Notify agents, bundle sys-
tem resources and collection access to produce notifi-
cation service. Buying one unit of system resources,
Zsr, and one unit of collection access, x.,, provides
one unit of notification service, y,.

Yn = min(xsra$ca) (3)

Finally, Search agents also bundle system resources
and collection access, but produce search service rath-
er than notification.

Walrasian Auctions Auctions determine the re-
source allocations and prices for each good. For this
scenario, we only need to use one type of market
mechanism, the Walrasian auction, described in Ta-
ble 4. In particular, we set the price quote interval
to be every two seconds and the final clear time to
be two minutes from the starting time.

Offers, described in Table 3, can be submitted to
the auction at any time up until the final clearing
time. When an agent submits a new offer, that offer
will supersede any previous offer. A price quote will
be generated every two seconds by doing a hypo-
thetical clear of all currently valid bids. This price
quote is reported to each participating agent. Once
an agent receives the new price, it may want to re-
consider its bids for the other goods it is interested
in and send out new offers. For example, if the price
of search service changes, then an outstanding offer
for notify service (based on how much the agent pre-
viously thought it would have to pay for search) will
no longer be accurate.

Ideally, the Walrasian auctions clear until there is
a simultaneous equilibrium across all of them, i.e.,
they reach a general equilibrium. One way of de-
termining when the economy has reached a general
equilibrium across related markets is when no bid-
ding activity occurs in any of the markets. However,



Parameter

Values

Good Divisibility

yes

#Buyers/#Sellers

many /many

Information Revelation

prices

Price Quote Policy

zero excess demand

Price Quote Interval

interval

Clearing Policy

zero excess demand

Final Clear

date & time

Tie Breaking

arrival time

Table 4: Walrasian Auction

this condition can not easily be assessed in decentral-
ized, dynamic environments. Instead, each auction
can be given a time limit before it will execute 1its
final clearing. For our scenario, this time limit could
be set long enough so that general equilibrium would
be reached. Of course, in the general case, there are
no guarantees that a general equilibrium will have
been reached when the auction transacts. Depend-
ing on the nature of the market, this discrepancy
might have negligible impact on the quality of the
resource allocation or else it might require that dif-
ferent kinds of bidding protocols and periodic price-
adjustment mechanisms be used instead.

At the auction’s final clearing, the actual price
is determined, as well as all buy/sell exchanges be-
tween agents. The terms of each transaction, the
price and quantity to be exchanged, is sent to each
of the matched agents.

Results

Within a digital library system, services will con-
stantly be added and removed, reflecting newly avail-
able opportunities as well as changing user interests
and priorities. Our scenario captures the dynamic
flavor of digital library negotiation by running the
market for some time with only one service provider,
adding a second service while the negotiation is in
progress. From the simulation, we see how the mar-
ket adjusts to a new equilibrium reflecting the mod-
ified situation.

Initially, there is only one service—mnotify—avail-
able for the UTA to purchase. With no other choices
available, the UTA will spend most of its endowment
of system resources to acquire notify services. Since
system resources is the numeraire good in this sce-
nario, (i.e., its price is fixed at one), and it acts es-
sentially like money.

As each agent bids at different auctions, prices
converge to the competitive equilibrium prices and
quantities shown in Figure 3. If the auctions were
to clear at this point, the UIA would sell 610 units

of its system resources to purchase 200 units of no-
tify service. In order to produce those 200 units of
notify service, the Notify agent would have bought
200 units of system resources and 200 units of col-
lection access. Finally, in order to produce 200 units
of collection access, the CIA would require 410 units
of system resources, as dictated by its production
technology.

However, before the final clearing time for the
auctions, a Search agent i1s dynamically added to
the economy. Since system resources and collection
access can now be used for search services as well
as notify services, the economy readjusts to a new
Pareto optimal allocation reflecting the new uses for
those resources, as can be seen in Figure 4. Nor-
mally prices, as well as allocations, would change,
but since the two competing services have the same
constant-returns technology in this scenario, prices
remain unchanged.

Notice that it is the end user, or UTA, who drives
how system resources and collection access will be
reapportioned between the service providers. In our
case, we designed the UIA to prefer search services
twice as much as notify services, at a given price.
Figure 4 does indeed verify that, given the same
price for the two services, the UTA bought twice as
much search service as notify service.

In fact, since this economy was designed within a
general equilibrium framework, we were able to use
the underlying economic theory to build the scenario
and verify our results before ever running the sce-
nario in UMDL. Given the producers’ technologies,
we applied standard microeconomic identities to de-
rive utility function parameters and endowments con-
sistent with the desired behavior (Mullen & Wellman
1995). Once the economy was specified, we veri-
fied the expected competitive equilibrium by sim-
ulating the configuration in the WALRAS market-
oriented programmingenvironment (Wellman 1993).
As expected, the UMDL negotiation mechanism re-
produces the result predicted by the theory.
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Figure 3: Finding initial equilibrium prices and allocations

Discussion

The preceding scenario illustrates the basic workings
of negotiation within UMDL, and demonstrates the
role of market-based negotiation in dynamic resource
allocation. Negotiation mechanisms have thus far
been implemented in only a subset of UMDL agents;
we are working on providing generic negotiation fa-
cilities as part of the kernel agent software, and de-
veloping specific negotiation strategies for a broader
range of agent types.

Market-based approaches have recently been in-
vestigated for a variety of problems in distributed
resource allocation (Clearwater 1996). In particu-
lar, researchers at Columbia and IBM have explored
over the past several years a variety of resource-
allocation models applicable to distributed network
resources (Ferguson et al. 1996), and potentially
digital libraries. The SIGMA information retrieval
system (Karakoulas & Ferguson 1995) is expressly
conceived as a computational market, and we ex-
pect that the particular SIGMA information agents
would be relatively at home in UMDL. Our own
prior work studied a computational market model
of network information services (Mullen & Wellman
1995), and served as a prototype for the UMDL in-
formation service economy discussed in this paper.

Several of the emerging large-scale digital library
systems are incorporating payment mechanisms, pri-
marily to support compensation for intellectual prop-
erty usage. Most of these systems start from agree-
ments negotiated out-of-band, or support a model
of seller-specified take-it-or-leave-it pricing. The de-
velopment of more flexible automated negotiation
mechanisms is a relatively neglected problem, one

that we are addressing directly in our work on UMDL.
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