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Abstract

Auctions are a fundamental mechanism to automating negotiations in electronic commerce. We investigate multi-attribute
auctions, an economic mechanism, which automates negotiation on multiple attributes of a deal. In this approach, we
combine decision analysis techniques and single-sided auction mechanisms in order to procure goods and services. The
paper describes an experimental analysis of multi-attribute auctions. First, we will provide an overview of the preliminary
game-theoretical and simulation results. Then we will introduce a Web-based implementation of the mechanism and describe
the design and the results of an experiment analyzing the economic behavior of multi-attribute auction formats. In the
experiment, the utility scores achieved in multi-attribute auctions were significantly higher than those of single-attribute
auctions. The efficiency was similar in single-attribute and multi-attribute auctions, and we did not find evidence for revenue
equivalence between the multi-attribute auction formats. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Auctions account for an enormous volume of
transactions on the Internet and are a fundamental
mechanism to automating price negotiations in elec-
tronic commerce. However, in many situations, it is
crucial to have negotiations on multiple attributes of
a deal such as quality, delivery time or terms of
payment. In this paper, we focus on multi-attribute
auctions, a class of market mechanisms, which en-
ables automated negotiation on multiple attributes of
a deal. This feature is especially useful in procure-
ment auctions where buyers negotiate with multiple

w xsuppliers over heterogeneous goods. In Ref. 5 , we
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proposed a mechanism and described an implementa-
tion system for multi-attribute auctions.

So far there is little knowledge about the eco-
nomic behavior of multi-attribute auctions and only a
small number of game-theoretical articles have been
published in this field. In order to deploy multi-at-
tribute auctions in a real-world setting, one has to
answer a range of questions about optimal bidding
strategies and equilibrium values achieved in these
new auction formats. Game-theoretical analysis and
computational analysis are one way of finding an-
swers to these questions. Laboratory experimentation
is an important methodology not only to test the
outcomes of analytical analyses but also to learn
more about the applicability and the deployment of a
new institution in a real-world setting. This is partic-
ularly interesting in the case of multi-attribute auc-
tions where the actual implementation is of consider-
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able importance to the outcome of the mechanism.
This paper describes an experimental analysis of
multi-attribute auctions. First, we will give an
overview of preliminary game-theoretical and simu-
lation results. We will then introduce a Web-based
implementation system of the institution and de-
scribe the design and the results of an experiment
analyzing the economic behavior of multi-attribute
auction formats in the context of OTC trading with
financial derivatives.

1.1. Experimental economics

Laboratory experiments have become an impor-
tant source of data for economists. For economic
mechanism design, it is useful to study new institu-
tions in the laboratory before introducing them in the
field. Laboratory experimentation can facilitate the
interplay between the evolution and modification of
proposed new exchange institutions. Experimenters
can repeat testing to understand and improve the
features of new market mechanisms.

Although the results of laboratory experiments are
interesting, there is still a question of whether the
findings of experimental tests can be generalized.
Experimental sciences use AinductionB as a basic
principle and assume that regularities observed will
persist as long as the relevant underlying conditions
remain substantially unchanged. What makes experi-
ments so different from other methods micro-
economists use is the presence of human subjects.

w xSmith 35 refers to this question as the Aparallelism
preceptB: APropositions about the behavior of indi-
viduals and the performance of institutions that have
been tested in laboratory micro-economies apply also
to non-laboratory micro-economies where similar ce-
teris paribus conditions hold.B Meanwhile, experi-
ments are commonplace in game theory, finance,
electronic commerce and many other fields.

When analyzing institutions such as auctions or
one-on-one bargaining, the experimental literature is

Ž w x .particularly large see also Ref. 16 , p. 8 ff . Many
experimental observations of the outcomes of vari-
ous types of auctions examine game-theoretical hy-
pothesis such as the revenue equivalence theorem
Ž w x .see Ref. 17 for a survey of auction experiments .

w xOthers, like McCabe et al. 27 compare the proper-

ties of several new market institutions whose theoret-
ical properties are as yet poorly understood.

Laboratory results are joint outcomes of the char-
acteristics of individual subjects, the laboratory insti-
tution and the environment. Some institutions, such
as the double auction, powerfully influence individ-
ual behavior so that the final outcomes are relatively
insensitive to the characteristics and behavior of

Ž w x .individuals see Ref. 16 , p. 57 . We believe that the
final outcomes of multi-attribute auctions are much
more sensitive to the subject’s personal character-

Žistics and the environment e.g., user interface design
.issues, decision support for bidders, etc. . We there-

fore believe that the results of experimental studies
will provide valuable results for the design of effi-
cient and stable multi-attribute auction markets.

1.2. Statement of issues and oÕerÕiew of the paper

Multi-attribute auctions pose several practical and
theoretical problems. On the practical side, we want
to learn about the product and the market character-
istics that make multi-attribute auctions an applicable
market mechanism. In contrast to sales auctions, the
bids submitted in tenders often comprise heteroge-
neous goods or services and the bid taker has the
burden to select the AbestB bid. When a bid taker
procures a standardized item or she can define all the
features of the product at the outset, conventional
single-attribute auctions are a powerful way to au-
tomating the negotiation, because price is essentially
the only negotiable attribute. The negotiation situa-
tions we investigate in our experiments describe
heterogeneous monopsonies with a single buyer and
multiple sellers where the traded goods have several
negotiable attributes and the buyer has certain prefer-
ences about these attributes. For the implementation
process, we had to solve several conceptual issues
such as Ahow can we elicit a buyer’s utility func-
tionB or Ahow can we implement an incentive com-
patible multi-attribute auction?B. These issues will be
addressed in Section 3.2.

As well as the practical aspects, there are numer-
ous unsolved theoretical questions associated with
multi-attribute auctions. In this paper, we will de-
scribe an economic experiment and attempt to an-
swer some of these questions. First, we want to learn
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more about the equilibrium values achieved in
multi-attribute auctions and compare the outcomes to
conventional single-attribute auctions. From the data
we have gathered, we have learned that even with
two negotiable attributes, on average, multi-attribute

Ž .auctions delivered higher utility on average 4.27%
for the buyer than single-attribute auctions in all of
the three auction schemes tested. We also measured
the efficiency and found that in 74.47% of the
multi-attribute auctions the bidder with the highest
valuation won. This is slightly lower than the effi-

Ž .ciency measured in single-attribute auctions 79.17%
which is also a consequence of the increased com-
plexity of bidding in a multi-attribute auction. In our
experiment, we have not found any evidence for the
revenue equivalence theorem and could not show
any strategic equivalence of English and second-score
auctions.

In Section 2, we will begin with a survey of the
relevant literature on auctions and the economic
experiments conducted so far. The section will con-
clude with a description of multi-attribute auctions
and a set of questions we want to answer. Section 3
will describe the laboratory procedures, namely the
experimental design, the subject pool, the reward
mechanism and the software we have used. In con-
trast to existing literature in this field, we have not
deployed the mechanism for governmental or corpo-
rate procurement but for the trading with financial
derivatives. Thus, the section will also give an
overview of trading carried out with over-the-counter
Ž .OTC derivatives which has been used as a scenario
and will describe details of the software we have
used for our experiments. Section 4 will analyze the
results of the experimental sessions we have con-
ducted and finally Section 5 will conclude with a
summary of the findings and an outlook on our
future research.

2. Relevant theory

In the following sections, a short introduction to
auction theory will be given as well as an overview
of the huge amount of economic experiments con-
ducted in this field including a summary of multi-at-
tribute auction theory. This should give the reader a

general understanding of the relevant questions in
auction design. We will conclude with a description
of the analyzed mechanisms and a set of questions
we have addressed in this context.

2.1. Basics of auction theory

Auction theory is a complex economic subject
and can only be briefly discussed here. We shall
focus on conventional single-sided auctions. A de-
tailed characterization of double auctions or multi-
unit auction theory is omitted. For a more rigorous

w xdiscussion, see the seminal paper by Vickrey 37 ,
w xintroductions and overviews by Milgrom 30 ,

w xMcAfee and McMillan 26 , a more theoretical treat-
w xment by Wolfstetter 40 and a strategic analysis with

w xa game-theoretical perspective by Wilson 38 .
Auctions have been defined as Aa market institu-

tion with an explicit set of rules determining re-
source allocation and prices on the basis of bids from

w xthe market participantsB 26 . There is a solid theo-
retical foundation for single-sided auctions. In a
single-sided auction, a bid taker offers an object to
two or more potential bidders who send bids indicat-

w xing willingness to pay for the object 30 . Oral or
open-cry auctions reveal price quotes and require
public and adjustable bids. After a certain time elapse
the auction clears, meaning it matches buyers and
sellers and determines the price. In the case of an
English auction, the winner is the remaining partici-
pant bidding the highest price. In a Dutch auction,
the price at which an item is offered for sale starts
from a high level and declines steadily until one of
the buyers stops the clock and buys the item at that
price. Sealed-bid auctions do not reveal price quotes
and require private, committed bids. The highest
bidder acquires the object and pays the seller her
own bid price in a first-price sealed-bid auction and
pays the second highest bid price in a second-price
or Vickrey auction. There have also been several
authors who have investigated these single-sided
auctions in the context of procurement and sourcing.
We will analyze procurement auctions in more detail
in Section 2.3.

The most thoroughly researched auction model is
( )the symmetric independent priÕate Õalues SIPV
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model. In this model, all bidders are symmetricrin-
distinguishable and all bidders have a private valua-
tion for the item which is independent and identi-
cally distributed. The bidders are risk neutral and so
is the seller. Under these assumptions, the bidders’
behavior can be modeled as a non-cooperative game
under incomplete information. In keeping with stan-
dard terminology, we define the seller’s reservation
price as the lowest acceptable sale price for the item.

Ž .The buyer’s reservation price or Õaluation is the
maximum price she is willing to pay for the item. It
is interesting to see whether the auctions achieve the
same equilibrium price or if we can rank the differ-
ent auction formats in any order. The surprising
outcome of the SIPV model is that with risk neutral
bidders, all four auction formats are payoff equiva-
lent. This is also known as the reÕenue equiÕalence
theorem.

There are several cases that violate the prerequi-
sites of revenue equivalence and thus fail to be
payoff equivalent. For example, if one assumes risk
aversion of bidders, first-price and Dutch auctions
generate greater expected revenue than English or

Ž w x .Vickrey auction see Ref. 26 , p. 719 . Risk aversion
does not affect the equilibrium strategy under the
English auction. Revenue equivalence also breaks
down if one removes the independence assumption
or the symmetry assumption of the SIPV model. In
all these cases, the outcome of the English auction is

Ž w xrelatively stable see Ref. 40 , p. 372 ff for a
.detailed analysis of the SIPV model .

Another approach to analyzing auctions is the
common Õalue model. It states that the customer’s

Ž .valuation of the item depends additionally on at
least one common objective variable, such as resale
value or amount of oil in the tract in the case of oil
lease auctions. The common variable introduces sta-
tistical dependence to bidders’ valuations of the ob-
ject which, in turn, allows a bidder to infer informa-
tion from other bidders’ bids. Many auctions involve
some common value element where the value of the
item is not known or unsure during the auction. A
frequently observed phenomenon in these auctions is
the so-called winner’s curse where the winner bids
more than the good’s true value and suffers a loss.
The main lesson learned from the common value
model is that bidders should shade their bids, as the
auction always selects the bidder who has received

the most optimistic estimate of the item’s value as
the winner.

Over the past number of years, much research has
been done to extend the framework of auctions, such
as combinatorial auctions or multi-stage auctions.
For example, combinatorial auctions are an approach
to achieving efficient allocations in the cases where
bidders place bids on combinations of goods. These
bids allow us to express dependencies and comple-

w xmentarities between goods 31,32 . Multi-stage auc-
tions describe an auction process that is divided into

w xseveral stages 13 .

2.2. Experimental results

Experimental economists conducted a consider-
able number of auction experiments testing the re-
sults of auction theory described in the previous

w xsection. Kagel and Roth 19 give a good overview
of these experiments. A large part of the conducted
experiments concentrates on the revenue equivalence
theorem. Some test the strategic equivalence of
first-price and Dutch auctions and of second-price
and English auctions, a precondition for revenue
equivalence. In many auction experiments, subjects
do not behave in strategically equivalent ways in
first-price and Dutch auctions or in English and
second-price auctions. Some experiments report
higher prices in first-price compared to Dutch auc-
tions, with these higher prices holding across auc-
tions with different numbers of bidders. Kagel et al.
w x18 also report failures of strategic equivalence in
second-price and English auctions. Bidding above
the dominant strategy in second-price auctions is
relatively widespread whereas in English auctions
market prices rapidly converge to the dominant strat-
egy price.

Efficiency in private value auctions can be mea-
sured in terms of the percentage of auctions where
the high value holder wins the item. First-price and
Dutch auctions varied systematically with respect to
efficiency, ranging from 88% of the first-price
sealed-bid auctions to 80% of the Dutch auctions

w xbeing efficient 9 . The frequency of efficient out-
comes in second-price auctions was shown to be
quite comparable to first-price auctions. Theory also
predicts that if bidders have constant or decreasing
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absolute risk aversion and there is uncertainty about
the number of bidders this uncertainty raises revenue
on average, compared to revealing information about
the number of bidders. Behavior changed in most
experiments in the way theory predicts. Moreover,
experiments showed that an increased number of
bidders almost always results in higher bidding in
first-price auctions.

2.3. Multi-attribute auctions

In this section, we introduce multi-attribute auc-
tions, a special case of procurement auctions. Several
authors investigated tenders and procurement auc-

Ž x.tions see Ref. 11,37 . These auctions are mostly
deployed in monopsony situations such as govern-
mental or corporate procurement where a bid taker
auctions off goods or services she wants to buy.

w xLaffont and Tirole 25 describe many of the issues
involved in procurement negotiations ranging from
the costs of setting up a tender to evaluating the bids
in such a process. They also mention the need that
auction theory must be generalized to Amultidimen-
sional biddingB. In procurement auctions, bidders
often provide very different kinds of goods and
services in their bids. A good example is the pro-

w xcurement of large food retailers 5 . The suppliers in
the market consist of large companies as well as a
large number of small- and medium-sized enterprises
such as bakeries and breweries. The buyers are a
small number of large food retailers who aggregate
the demand and distribute it to the end consumer.
Purchasing managers have their own preferences for
product quality, price, terms of payment and delivery
and they are looking for the offer that best satisfies
these preferences. The overall utility of a deal for the
buyer not only contains the price of the item but a
combination of the different attributes.

Conventional procurement auctions only automate
negotiation on the price. It would be comfortable to
have a mechanism that takes multiple attributes of a
deal into account when allocating it to a bidder. In
other words, the mechanism should automate multi-
lateral negotiations on multiple attributes of a deal
Žsome authors call this also a multidimensional auc-
tion, however, this term is also used in other con-

.texts . Only very little theoretical work has been

Ž w xdone in this field up to now Koppius 23 gives an
.overview of the existing approaches . Cripps and

w xIreland 10 introduced a model where bid takers set
threshold levels for quality and price and analyze
three evaluation schemes. First, they assume a
scheme where price bids are only accepted after
quality plans have been submitted and approved. In a
second scheme, they consider a price auction first
and then quality plans are submitted in the order of
the level of price bids. The first plan to qualify on
quality is then accepted. Finally, they investigate
joint submission of a price and a quality plan where
the allocation is made to the highest priced plan
satisfying the quality threshold. The quality test is
conducted by the buyer under the assumption that
objectively better projects have a greater probability
of being accepted. The schemes essentially produce
the same results. The paper, however, leaves open a
complete characterization of optimal mechanisms.

A thorough analysis of the design of multi-attri-
w xbute auctions has been provided by Che 7 . Che

studied design competition in government procure-
ment by a model of two-dimensional auctions where
firms bid on price and quality. He focuses on an
optimal mechanism in cases where bids are evalu-
ated by a scoring rule designed by the procurer. Each
bid contains a quality, q, and a price, p, and quantity
in this model is normalized to one. The buyer in this
model derives a utility from a contract comprising q
and p:

U q , p sV q yp , 1Ž . Ž . Ž .

where V is the individual utility function of quality.
On the other hand, a winning firm earns profits from

Ž .a contract q, p :

p q , p spyc q ,u 2Ž . Ž . Ž .i i

In the cost function c the unit cost is expressed as u

which is private information. u is assumed to be
independently and identically distributed. Losing
firms earn zero profits and trade always takes place,
even with a very high u . Che investigates what an
optimal auction in this case should look like. In
Che’s model, an optimal multi-attribute auction se-
lects the firm with the lowest u . The winning firm is

Ž .induced to choose quality q which maximizes V q
considering the costs.
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Che considers three auction rules: In a so-called
Afirst-scoreB auction — a simple generalization of
the first-price auction, each firm submits a sealed bid
and, upon winning, produces the offered quality at
the offered price. In other auction rules, labeled
Asecond-scoreB and Asecond-preferred-offerB auc-
tions, the winner is required to match the highest
rejected score in the contract. The second-score auc-
tion differs from the second-preferred-offer auction
in that the latter requires the winner to match the
exact quality–price combination of the highest re-
jected bid while the former has no such constraint. A
contract is awarded to the firm whose bid achieves

Ž .the highest score in a scoring rule SsS q, p .
In the model, it can be shown that the equilibrium

in the first-score auction is reduced to the equilib-
rium in the first-price auction if the quality is fixed.
The Vickrey auction intuition also applies to the
second-score auction: If a firm with type u bids a
higher score than the one based on u , it would risk
winning at negative profits without increasing its
profit conditional on winning. If the firm bids a
lower score, it would forgo some opportunity of
winning at positive profits. Similarly, one can show
that in a second-preferred-offer auction, each firm
will bid a score that will earn the firm zero profit.
However, in the second-preferred-offer auction, a
winning firm has no control over the quality in the
final contract.

w xAnother important question analyzed by Che 7
tries to discover the optimal scoring rule for the
buyer. He showed that if the scoring function under-
rewards quality compared to her utility function,
first- and second-score auctions implement an opti-
mal mechanism. This is true, because the true utility
function fails to internalize the informational costs
associated with increasing quality. Che also shows
that if the buyer’s scoring function reflects the buyer’s
preference ordering, i.e., equals her utility function,
all three auction schemes yield the same expected
utility to the buyer — a two-dimensional extension
of the reÕenue equiÕalence theorem.

The costs in Che’s model are assumed to be
independent across firms. In the context of procure-
ment auctions, one might expect the costs of several

w xbidders not to be independent. Branco 6 derives an
optimal auction mechanism for the case when the
bidding firms’ costs are correlated, but the initial

information of firms is independent. This is some-
how equivalent to the common value approach in
classic auction theory. He shows that when the qual-
ity of the item is an issue, the existence of correla-
tions among the costs has significant effects on the
design of optimal multi-attribute auctions. Under
these conditions, the multi-attribute auctions ana-
lyzed by Che are not optimal. Branco then discusses
the implementation of the optimal outcome through
multi-attribute mechanisms. In his model, the opti-
mal quality is a function of the firm’s efficiency,
which depends on parameters not known to the firm
at the time of the auction. This is true, because in the
correlated-costs model, the optimal quality to be
provided is a function of all the bidders’ parameters.
Therefore, unlike in Che’s independent-cost model,
optimal quality cannot be achieved just through the
bidding process. As a result, the procurer has to use
a two-stage mechanism: a first-score or second-score
auction, followed by a stage of bargaining over
quality between the procurer and the winner of the
first stage. Branco shows that the two-stage first-score
auction and the two-stage second-score auction im-
plement the optimal mechanism.

2.4. Simulation of multi-attribute auctions

The difficulty of multi-attribute auctions is the
variety of different scoring functions and parameter
settings one can deploy. This is a reason why the
basic assumptions of game-theoretical models are
kept relatively simple. The models describe two-di-

Ž .mensional negotiations price and quality and also
the bidders’ behavior is modeled in a rather simple
way. Nevertheless, the analytic complexity of these
models poses tight constraints for the modeler. Com-
puter simulations allow exploring the outcomes of

w xmore complex behavior. Bichler and Klimesch 4
developed a general simulation model of multi-at-
tribute auctions. In this model, they assume a generic
good, which can be described by its price and a
certain number of qualitative attributes. The basic
question they try to tackle is whether multi-attribute
auctions achieve higher utility than conventional sin-
gle-attribute auctions. In the buyers’ scoring func-
tion, they use weights in order to express the impor-
tance a buyer puts on the various attributes. Bichler
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and Klimesch use different weights and a different
number of attributes in their simulation.

They show that in cases where all attributes are of
Žequal importance the weights are uniformly dis-

.tributed , negotiating on many attributes achieves a
Žhigher utility than negotiating only on price and

.fixing all other attribute values in advance . That is,
if the scoring function correctly mirrors the buyer’s
utility function, she can expect to be better off at the
end. If the buyer’s scoring function puts a very high

Ž .emphasis i.e., weight on the price and only very
little weight on all other attributes, multi-attribute
and single-attribute auctions tend to achieve a very
similar outcome. The simulation is sensitive to
changes in the basic assumptions such as the initial
distributions of attribute values or the cost parame-
ters. However, in all settings there is a positive
correlation between the achieved utility scores and
the number of negotiable attributes in the auction.

Multi-attribute auctions are more difficult to ana-
lyze analytically than conventional auctions. On the
one hand, the user’s behavior is less determined
than, for example, in a Vickrey auction. On the other
hand, the multitude of attributes and parameter set-

Ž .tings e.g., weights makes it hard to define a com-
prehensive analytical model. In such an environment,
economic experiments are more important not only
in terms of testing the theory but in terms of devel-
opment testing, i.e., improvement of the proposed
mechanisms and negotiation protocols. In the follow-
ing section, a detailed description of the mechanisms
which were analyzed in the experiments will be
given.

2.5. Description of the analyzed mechanisms

We have taken a heuristic approach and have
proposed a set of multi-attribute auction mecha-
nisms. In contrast to previous game-theoretical anal-
yses, we do not only analyze first-score and second-
score sealed-bid auctions, but also multi-attribute

Žopen-cry auctions e.g., a generalization of the En-
.glish auction . All three auction schemes follow the

same principle. The buyer first has to define her
preferences for a certain product in the form of a

Ž w xscoring function negotiation literature 15 also rec-
ommends defining preferences and valuation before

.every negotiation . The buyer has to reveal this
scoring function to suppliers whereas the suppliers
do not have to disclose their private values. Then the
mechanism designates the contract to the supplier
who maximizes the buyer’s preferences, i.e., who
provides the highest overall score for the buyer.

A basic question in this context is how a buyer
determines the scoring function. This is relatively
easy in the case of two attributes, but it gets much
more complicated if a buyer has to determine the
trade-off between three or more attributes. We as-
sume that the scoring is based on the buyer’s utility
function. Micro-economists were the first to analyze
consumers’ preferences and utilities. Later re-
searchers in the field of operations research and
business administration attempted to utilize utility
theory in order to actively make decisions, We there-
fore use the concepts of classic utility theory and
decision analysis in order to determine the buyer’s
utility function.

A basic question is whether preferences can be
mapped into coherent utility functions. In particular,
the problems of AexpectedB utility theory have a

w xlong and controversial history 29 . A crucial step
w xwas undertaken in a fundamental paper of Wold 39 .

He has shown that if preferences are complete, re-
flexive, transitive, continuous, and weakly mono-
tonic, there then exists a continuous utility function
U: Rk

™R which represents those preferences. Fur-q
w xther progress has been made by Debreu 12 , who

also emphasizes the distinction between preference
and utility. Decision analysis can be seen as an
approach to making utility theory operational in ac-
tively making decisions in a multi-criteria environ-
ment. The research carried out in decision analysis
has led to a considerable amount of literature on
understanding and improving decision making of
individuals, groups and organizations. It is generally
considered a branch of the engineering discipline of
operations research but also has links to economics,
mathematics and psychology.

In this context, we concentrate on multi-objective
decisions under certainty which is widely used in
business and government decision-making. Here, the
basic assumptions about preferences and utility are
relaxed and therefore less controversial. Multi-objec-
tive decision analysis in general prescribes theories
for quantitatively analyzing decisions involving mul-
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tiple, interdependent objectives. The essence of
multi-objective decision analysis is to break deci-
sions down into small pieces that a user can deal
with individually and then recombine logically. For
the evaluation of offers, the price of a product will
be important, but so could its delivery time, quality,
and payment conditions. It is important to determine
the relationship and trade-off between them. Deci-
sion analysis techniques such as the Multi-attribute

Ž . w xUtility Theory MAUT 8,20 , the Analytic Hierar-
Ž . w x w xchy Process AHP 33 and conjoint analysis 1 are

used in a broad range of software packages for
decision-makers. They can also be used to determine

Ž w x.the utility function of a buyer see also Refs. 2,21 .
These ordinal utility functions are only required to
rank-order certain outcomes in a way that is consis-
tent with the decision-maker’s preferences for those
outcomes. The model used in MAUT, AHP and
conjoint analysis is basically an additive utility func-
tion where some kind of subjective judgment forms
the basis of the weights, and yet the interpretation of
the weights is not always clear. Therefore, extreme
care must be exercised in making the judgments on
which the additive utility function is based.

A precondition for the deployment of an additive
utility function under certainty is the existence of
mutual preferential independence between the at-
tributes. An attribute x i is said to be preferentially
independent of x j if preferences for specific out-
comes of x i do not depend on the level of attribute
x j. It is fair to say that preferential independence
holds for many situations and in the following we
will concentrate on cases with preferential indepen-

w xdence. Keeney and Raiffa 20 provide a more de-
tailed discussion of multi-attribute utility modeling.

Based on these preconditions, we can provide a
more formal description of the mechanisms we ana-
lyze. A bid received by the auctioneer can be de-
scribed as a vector Q of n relevant attributes in-
dexed by i. We have a set B of bids and index the m

Ž 1 Y .bids by j. A vector x s x . . . x can be specifiedj j j

where x i is the level of attribute i in bid b . In thej j
Ž .case of an additive scoring function S x , the buyerj

evaluates each relevant attribute x i through a scoringj
Ž i.function S x . Suppose that the additive scoringi j

function corresponds to the buyer’s true utility func-
Ž .tion U x . Then the individual scoring function, S:j

Q™R, translates the value of an attribute into Autil-

Ž .ity unitsB. The overall utility S x for a bid b isj j

then given by the sum of all individual scorings of
the attributes. For a bid b that has values x1 . . . x nY

j j j

and weights w . . . w on the n relevant attributes,1 n

the overall utility for a bid is then given by:

n
iS x s w S x 3Ž . Ž .Ž .Ýj i i j

is1

A reasonable objective in allocating the deal to
the suppliers is to allocate them in a way that
maximizes the utility for the buyer, i.e., to the sup-
plier providing the bid with the highest overall utility

Ž . Žscore for the buyer. The function max S x withj
.1F jFm gives us the utility score of the winning

bid and can be determined through various auction
schemes. In a first-score sealed-bid auction, the
winner gets a contract awarded containing the at-
tributes x of the winning bid. Alternatives with thej

same overall utility are indifferent. In these cases,
the first bid is the winning bid. The multi-attribute

Ž .English auction also first-score open-cry auction
works in the same way, however, all bids are made
available to the participants during an auction period.
In a second-score sealed-bid auction, we take the
overall utility achieved by the second highest bid
S and transform the gap to the highest overallmaxy1

Ž .utility S yS into implied volatility. Con-max max y1

sequently, the winning bidder can charge a higher
option price. This is similar to the procedure de-

w xscribed as second-score auction by Che 7 . In the
first-score and second-score sealed-bid schemes, the
auction closes after a certain pre-announced dead-
line. In a multi-attribute English auction, bids are
made public and the auction closes after a certain
time elapse in which nobody submits a bid. For
several practical reasons, we have not implemented a
multi-attribute generalization of the Dutch auction.

2.6. Research questions

We implemented the three multi-attribute auction
schemes as a service of an electronic brokerage
system on the Internet. Section 3.2 describes several
details of this implementation such as the elicitation
of the users’ preferences or the calculation of the
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winner. We used the electronic brokerage system to
get empirical results to a number of questions:

Ø Are the equilibrium Õalues achieÕed in a
multi-attribute auction higher compared to single-at-
tribute auctions with respect to the underlying scor-
ing function of the bid taker?

A basic question of auction design is which auc-
tion format maximizes the bid takers profit. In a
multi-attribute auction, the bidder has several possi-
bilities to improve the value of a bid for the bid
taker, sometimes even without increasing her costs
and thereby creating joint gains for all parties. In
corporate procurement, for example, a bidder might
have more possibilities for bringing in her own
strength in terms of quality, delivery time or pay-
ment conditions.

Ø Are multi-attribute and single-attribute auc-
tions efficient?

Pareto efficiency can be measured in terms of the
percentage of auctions where the high value holder
wins the item. We want to learn about the efficiency
of multi-attribute auctions compared to single-attri-
bute auctions.

Ø Are all multi-attribute auction formats payoff
equiÕalent?

Experimental tests of single-attribute auctions
could not prove the revenue equivalence theorem or
strategic equivalence of the English and Vickrey
auction. We will investigate the revenue equivalence
of multi-attribute English, first score, and second-
score auctions.

Besides these basic questions, there are several
other issues which we did not tackle in our first set
of experiments. For example, we did not test the
impact of bidder experience on the outcome of
multi-attribute auctions. We feel that due to the
inherent complexity of bidding on multiple at-
tributes, there is a correlation between bidder experi-
ence and outcome, however, we also think that deci-
sion support on the bidders’ side can help a bidder in
finding her AbestB bid. Other questions would be
how the number of bidders influence the equilibrium
values achieved in various multi-attribute auction
schemes and how different types of information rev-
elation can influence the outcome. Bidders in a
multi-attribute English auction can be informed about
the overall utility of a rival’s bid or they can be
informed about the detailed attribute combination a

rival has bid. We leave these questions open for
future experiments.

3. Laboratory procedures

In this section, we will describe a set of experi-
ments which we have conducted to find answers to
our questions. We also wanted to learn about the
applicability of the mechanisms in Areal-world situa-
tionsB. Bidding on multiple attributes can be quite
complex and we have been interested in the partici-
pants’ ability to bid reasonably on multiple attributes
and their trust in the mechanism. The experiments
we have conducted were based on a real-world sce-
nario. On the one hand, this should demonstrate the
applicability of the mechanism in this domain. On
the other hand, it is necessary for the bidder to know
about dependencies among the different attributes
and the context of a negotiation in order to provide
reasonable bids.

3.1. Basic enÕironment and scenario

The literature on multi-attribute auctions mostly
investigates procurement scenarios in a governmen-
tal or corporate environment. We have been using
the trading with non-standardized financial products
as a scenario for our experiment, in particular, we
have focused on OTC financial derivatives. In the
OTC market for options there are several well-known

Ž .attributes premium, strike price, duration, etc. which
are negotiated. As participants have different market
expectations and different risk attitudes, they value
combinations of attribute values differently. In the
following we will give a short introduction to OTC
derivatives trading. This should provide the neces-

Žsary background and depict the scenario see also
w x.Ref. 28 .

Ž . Ž .An option is the right to buy call or sell put an
underlying instrument at a fixed point in time at a
strike price. It is bought by paying the option pre-
miumrprice upon conclusion of the contract and
restricts the risk of the buyer to this premium. For
example, the holder of a call purchases from the

Ž .seller writer of the call the right to demand delivery
of the underlying contract at the agreed price any
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Ž . Žtime upon American style or exactly at European
.style expiration of the option contract. The strate-

gies of market participants as well as their valuations
depend on the investor’s market expectations, the
investor’s objective and risk tolerance and the cho-
sen market. Whereas standardized options are traded
on an exchange, OTC options are traded off-floor.
Today, there are standardized options and futures for
shares, stock indices, bonds, currencies, wheat and
tulip bulbs, to name just a few. In general, option
contracts are based on a number of preset terms and
criteria:

Ž .Ø Type of option call or put
Ž .Ø Style American or European

Ø Underlying instrument and price
Ø Contract size or number of underlying instru-

ments
Ø Maturity
Ø Strike price

All these criteria influence the option premium no
matter whether the options are traded on an ex-
change or over-the-counter. For example, every
change in the price of the underlying is reflected by
a change in the option premium. The measure re-
flecting the size and frequency of fluctuations in the
price of the underlying item over a specific period of
time is called volatility. If the market anticipates
great volatility of the underlying item, the option
premium will be high. In order to set a certain option
premium in the context of its strike price and other
parameters, traders often use the so-called implied
Õolatility, which indicates the volatility implied by a
certain market price. Thus, the value of a certain
price can be measured independent of the strike
price. The lower the implied volatility, the better it is
for the buyer of the call. For many traders it has
become common practice to quote an option’s mar-

w xket price in terms of implied volatility 24 .
On an exchange, all of these attributes are speci-

fied in advance and the only negotiable attribute is
the price. This makes trading much easier, however,
it reduces the number of derivatives traded to a small
set of possible products. As a result, over the past
few years, the volume of OTC contracts has been
growing enormously. Trading OTC options is not
bound to an organizational structure in that supply

and demand are concentrated on a centralized trading
floor. Potential buyers of OTC options bargain with
a number of investment brokers or banks on at-
tributes such as the strike price, the style, the matu-
rity and the premium of an option. Terms and condi-
tions are usually not determined by auction, but by
way of bargaining. Financial engineers created a
whole bunch of different financial OTC products
tailored for specific purposes, ranging from plain
vanilla options where all important attributes are
negotiated during the bargaining process, to exotic

Žderivatives with certain predefined properties see
w xRef. 22 for different types of options and details of

.option pricing . The volume of OTC transactions has
increased enormously over the past decade. In partic-
ular, institutional investors have a requirement for
special derivative products.

Traditional OTC transactions, however, have sev-
eral disadvantages. Bilateral negotiations with banks
or investment brokers are conducted over the phone,
leading to high transaction costs for a deal. In con-
trast to electronic exchanges, investors lose their
anonymity and also have to bear the contracting risk.
New approaches are trying to establish efficient,
electronic trading systems for OTC derivatives. For
example, in 1993 U.S. options exchanges began with
the development of Flexible EXchangew Options
Ž .FLEX Options , an electronic trading system for the

Žtrading of index options. Equity FLEX Options E-
.FLEX Options has broadened the concept to encom-

pass listed equity options. Equity FLEXible Ex-
change Options provide the opportunity to customize
key contract terms, including the expiration date,
exercise style and strike price of an equity option.
Then prices are determined anonymously, using sin-
gle-sided auction mechanisms. Thus, options and
futures can be designed to fit an investor’s own
investment strategies and goals. Both systems have
been designed to extend investor access to cus-
tomized derivative products. They are used on the

Ž .NASDAQ, the American Stock Exchange AMEX ,
Ž .the Chicago Board Options Exchange CBOE and

Ž .the Pacific Stock Exchange PSE . While systems
like this combine many advantages of OTC trading
and electronic exchanges, the deployed auction
mechanisms only automate negotiations on the price.
In contrast, participants on an OTC market have the
possibility to also bargain on several attributes of a
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contract such as strike price, style, contract maturity
or contract size. This gives a participant many more
degrees of freedom during the negotiation and has
the potential to achieve a better deal for both parties.

In our experiments, a buyer has tried to buy a call
on a certain index or share traded on the Vienna
Stock Exchange and bidders provided bids in a
number of different auction schemes. Every session
comprised six different trials where we deployed
three single-attribute and three multi-attribute auc-

Ž .tions FPSB, English, Vickrey . During an auction
period, the buyer specifies her preferences in the
form of a scoring function. Bidders provide bids
containing values for strike price and implied volatil-
ity. The winner is then computed based on these bids
and the rules of the deployed auction scheme. In the
single-attribute trials, bidders bid only the implied
volatility as a substitute for the option premium. In
multi-attribute trials, the buyer additionally provides
a list of strike prices the bidder could choose from
and bidders can consequently provide bids on both
attributes. We have chosen implied volatility instead
of the option premium, as strike price and implied
volatility are mutually independent preferences — a

Žprerequisite for an additive utility function see Sec-
.tion 2.5 . In some attributes, we also tested bidding

on three attributes, namely strike price, implied
volatility and style. Section 3.2 describes details of
the institution we deployed and of the software tools
we have used to conduct the experiments.

3.2. Institution

For our experiment, we implemented an elec-
tronic brokerage service on the Internet. The elec-
tronic broker provides several single- and multi-at-
tribute auction mechanisms as well as a buyer client
and a bidder client in the form of a Java applet.

3.2.1. The electronic broker
The server-side application logic, i.e., registration

of participants, forwarding of requests for bids, de-
termination of winners, etc., is implemented in Perl
and PLrSQL on top of an Oracle8 database. Mes-
sages between the buyer client and server such as
bids and requests for bids are exchanged in a prede-
fined XML format using HTTP. There are numerous
ways to implementing clientrserver applications of

this type, based on middleware such as OMGr
Ž w x .CORBA or Java RMI see Ref. 34 for an overview .

w xFan et al. 14 give a good example of an Internet
marketplace based on distributed object infrastruc-
tures. We have chosen this approach because of its
simplicity and flexibility and the fact that we can
build on the ubiquitous Web infrastructure. The
client-side runs in most Web browsers, the server-side
implementation does not require additional infras-
tructure such as an Object Request Broker, and can
be implemented using a variety of programming
languages. Therefore, it is possible to conduct the
experiments in different computer labs without the
installation of additional client-side software. All the
transaction data is stored in the relational database
and can be evaluated using standard spreadsheet and
statistics packages. To our knowledge, this is the
first implementation of multi-attribute auctions on

Ž w xthe Internet see Ref. 3 for a detailed description of
.the implementation . In addition to the bidder client

in our implementation, we provided bidders with a
decision aid in the form of an MS Excel spreadsheet
helping them to determine values for strike price and
implied volatility based on their market expectations
and risk attitude. The electronic brokerage service
provides a very general framework and can easily be
customized for different types of products.

3.2.2. The buyer client
During an auction period, a buyer specifies her

utility function using the Java applet which can be
Ž .downloaded over the Web see Fig. 2 . Eliciting the

buyers’ preferences is one of the key problems that
need to be addressed by the graphical user interface
of the applet. The need to get AtrueB data in an
appropriate form from the user poses both psycho-
logical and theoretical problems in creating a suit-
able interface. In particular, the buyer may not have
thought about what her fundamental preferences are
in sufficient detail and must therefore be prompted
with a suitable set of questions. We then need to map
the buyer’s preferences, as input by the applet, into
coherent utility functions. In our current implementa-
tion, we use MAUT and deploy an additive utility
function. An additive utility function is both easy to
implement and intuitive to the user. The additivity
assumption implies that attributes are preferentially
independent and there are no interaction effects. It



( )M. BichlerrDecision Support Systems 29 2000 249–268260

depends largely on the type of item traded whether
this requirement is satisfied. In our case, we assume
preferential independence of the strike price as well
as implied volatility and style of an OTC derivative.

The additive utility function is composed of two
different kinds of elements, scores on individual

Žattribute scales also called Aindividual utility func-
.tionsB and weights for these attributes. For the

evaluation of bids, the implied volatility is important,
but so is its strike price. It is important to determine
the relationship and trade-off between them. The
assessment of the individual utility functions and
weights is a core issue, when using MAUT. The
buyer evaluates each relevant attribute value of a bid

i Ž i.x through an individual utility function S x andj i j

indicates its relative importance value by a weight wi
Ž .see Section 2.5 . All the weights are positive and
add up to 1. A reasonable way to determine the
weights for the various attributes is to determine the
marginal rate of substitution between one particular
attribute and any other attribute. Several other meth-

w xods are described in Ref. 8 .
Individual utility functions provide a means to

measuring the accomplishment of the fundamental
objectives. Some scoring functions are easily de-
fined. If minimizing implied volatility is an objec-
tive, then we can, for example, define a linear func-
tion of the implied volatility that assigns values
between 1 and 0, with some highest acceptable value
for the implied volatility providing zero utility and
zero implied volatility providing a utility of 1. We
call this type of proportional scores a Acontinuous

Ž i.attributeB. The individual utility S x of a continu-j

ous attribute can then be computed by:

x i yworst valuejiS x s 4Ž .Ž .j best valueyworst value

Another way to assess utilities, particularly appro-
priate for attributes that are not naturally quantita-
tive, is to assess them on the basis of some ratio
comparison. We call this type of attribute Adiscrete
attributeB. Suppose that the buyer in our scenario
provides four different strike prices to choose from
Ž .1300, 1320, 1340, 1360 for the bidder. Clearly, this
is not something that is readily measurable on a
meaningful proportional scale. Using a ratio scale,
the buyer might conclude that 1320 is twice as good

as a strike price of 1360 and so on. In the applet the
buyer assigns some number of points between 0 and
100 to each possible alternative. In this way, for
example, the buyer might assign 94 points to 1300,
86 points to 1320, 70 points to 1340 and 44 points to

Ž .a strike price of 1360 Fig. 1 .
Now, we scale these assessments so that they

range from 0 for the worst alternative to 1 for the
best alternative. This can be achieved by solving two
equations simultaneously to compute the constants a
and b:

0saqb 44Ž .
1saqb 94Ž .

This results in utilities of 1 for 1300, 0.84 for
1320, 0.52 for 1340 and 0 for 1360. Using these two
types of individual utility functions, the overall util-
ity for a bid is given by the sum of all weighted
utilities of the attribute values. For a bid that has
values x1 . . . x n on the n attributes, the overallj j

Ž .utility for a bid is again given by Eq. 3 . The bid
with the highest overall score is the most desirable
under this rule. Similar procedures are used for
procurement decisions or to choose between differ-

w xent products in electronic catalogs 36 .
Fig. 2 shows a screenshot of the Java applet we

use in our implementation on the buyer side. The
user interface consists of several areas. In the upper
left area, the buyer supplies a unique identifier,
which she gets upon registration through a WWW
form. In the text field above, the buyer can specify a
parameter file for a certain product traded on the
marketplace. Thus, it is very easy to adapt the applet
to any other kind of product by simply changing the

Fig. 1. Attribute scales.
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Fig. 2. Buyer client.

parameter file. In this case, we trade calls on the
Ž .Austrian Trading Index ATX . Below we find a list

of relevant attributes for the auction. The negotiable
attributes in this case are the strike price and the
implied volatility. ADurationB, i.e., maturity and
AStyleB are fixed in advance. In the lower left panel,
users can define the individual utility functions for
the negotiable attributes, which can be either contin-
uous or discrete functions as described above. The

Žutility function of the strike price as shown in the
.screenshot is determined in a discrete form. From

the input of the buyer, the applet compiles a Request
Ž .for Bids RFB in XML format and sends the RFB

via HTTP to the electronic brokerage service. The
RFB contains the bidder ID, the product description
and the parameters of the additive utility function.
The brokerage service parses the RFB, retains all the
relevant data in the database and informs potential
bidders via e-mail.

After the auction has begun, the buyer can query
a list of bids submitted on the right-hand side of the

Ž .applet, ranked by overall utility third column . By

clicking on a certain bid, the buyer can see the
details of every bid in the form of green numbers on
the left-hand side of the applet.

3.2.3. The bidder client
Bidders download the RFB from the URL they

Žhave received via e-mail to their bidder client see
.Fig. 3 . This Java applet allows parameters for all

negotiable attributes to be entered and to upload an
XML-formatted bid via HTTP to the brokerage ser-
vice. Bidders also have to register via a Web form,
in order to get a bidder ID. The applet shows impor-
tant parameters contained in the RFB and allows
values for the negotiable attributes to be entered. In

Ž .the case of a discrete attribute e.g., the strike price ,
the bidder can select a value from a drop down
listbox. The numbers in brackets give information
about the utility of each value. In the case of contin-
uous attributes, the bidder can enter a number in a
text field. The numbers must be within a certain
range depicted right beside the text field. Aq –B
means that the individual utility function is down-
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Fig. 3. Bidder client.

ward sloping or in other words, the lower the implied
volatility is in a bid, the more utility points are
achieved. The ACalculate UtilB button on the lower
left corner of the applet can be used by the bidder to
compute the utilities achieved with different attribute

Žvalues. In the case of an open-cry auction e.g., an
.English auction , the brokerage service reveals infor-

mation about the bids submitted so far on the right-
hand side of the applet.

Bidders in the experiment calculate the implied
volatility for a certain strike price depending on the
minimum profit they want to make given a certain
market expectation. The calculation of implied
volatility is not trivial and thus we provided the
bidders with a decision aid in the form of an Excel
spreadsheet. Thus, the bidders only have to enter
values for their market expectation and the profit
they want to make and the spreadsheet calculates
implied volatility values for the various strike prices

w xaccording to the Newton–Raphson method 24 . This
auxiliary tool reduced the complexity of bidding for
the subjects and also less experienced subjects could
provide reasonable bids after one or two dry runs.

So far, we have implemented three types of auc-
tions, namely English, Vickrey and first-price sealed-

bid auction, each of which computes the winning bid
in a different way. In a first-price sealed-bid auction,
the winning bid is the one providing the highest
overall utility. A Vickrey auction computes the win-
ning bid in the same way, however, the winner can
charge a higher price for the call. Here, we transform
the gap between the utility points of the highest bid
and the second highest bid into implied volatility,
meaning the amount of money by which the winner
can increase the premium for her call. This should
lead to incentive compatibility, similar to a conven-
tional Vickrey auction. In both types of mechanisms,
the auction closes after a certain pre-announced
deadline. Finally, in an English auction, bids are
made public and the auction closes after a certain
elapse time, in which nobody submits a bid.

3.3. Experimental design, subject pool and reward
mechanism

In this section, we describe the experimental de-
sign as well as the subject pool and the reward
mechanism we used in our experiment. For this
purpose, we would like to introduce some basic
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terminology. An experiment is a set of observations
gathered in a controlled environment. A trial is an
indivisible unit of observation in an experiment, e.g.,
a single auction or a single round of market trading.
Finally, a session is a group of trials conducted on
the same day, usually with the same set of subjects.

In May and in October 1999, we conducted 16
sessions with MBA students at the Vienna Univer-
sity of Economics and Business Administration. The
subjects were students of an introductory IS class.
All subjects had a basic knowledge of economics
and financial derivatives. In every session, a group
of subjects conducted six different trials, namely a
first-score sealed-bid auction, a second-score sealed-
bid, and an English auction, all of them in their
single-attribute and their multi-attribute form. Con-
ducting single-attribute and multi-attribute trials al-
lowed us to compare the outcomes of both types of
auction formats. A basic question in this context is
how many subjects should participate in a single
session. Some experimental economists suggest that
the number of subjects should be identical to the
number observed in real-world settings. According to

w xFriedman and Sunder 16 , two or three subjects in
identical situations are sufficient to attain competi-
tive results in a laboratory experiment. In our experi-
ment, we had four subjects bidding in every trial.

An experimental design specifies how variables
are controlled within and across a block of trials. We
focused in particular on the equilibrium values
achieved under the different auction types. Besides
the auction mechanism used in a certain trial, the
equilibrium values can be influenced by several vari-
ables such as the number of participants in the
auction, bidder experience, risk attitudes as well as
other individual or group idiosyncrasies. Ideally, all
these variables are controlled either directly or indi-
rectly through appropriate randomization procedures
that ensure independence from the focus variables.
By keeping the number of subjects constant across
all trials, we controlled the influence of the number
of bidders on the outcome. As we had different
subjects in all trials, we tried to randomize individual
and group idiosyncrasies such as the individual risk
attitudes or learning curves.

Before the experiment, we introduced the scenario
in a 40-min lecture for all subjects. Subjects were
provided with examples of valuations and bids along

with profit calculations to illustrate how the auction
Ž .works. Before each session approximately 1 1r2 h ,

we conducted two dry runs in order to familiarize the
subjects with multi-attribute bidding and the bidder
applet. This was perceived to be sufficient by the
participants. In all trials of a session we used the
same scenario. Before a session began, we repeated
the scenario and asked all participants to provide us
with a list of Õaluations, i.e., a minimum implicit
volatility value for each strike price. These valua-
tions were used afterwards to analyze the efficiency
and strategic equivalence of the different auction
schemes. In all sessions, we kept each subject’s
valuations and rewards as private information not
available to other subjects.

In order to give the MBA students an incentive to
bid reasonably during all auction periods, we had to
introduce a reward mechanism. Induced-value theory
gives guidelines for establishing control of a subject’s
preferences in a laboratory economy through appro-

Ž w x .priate reward mechanisms see Ref. 16 , p. 12 ff . A
reward mechanism should be dominant, in that it is
the only significant motivation for each subject and
is the determinant of her actions. The extent of
similarities between laboratory and field environ-
ments that permits generalizing laboratory findings
to field environments is also important. In our trials,
we wanted the subjects to bid reasonably given their
risk attitude and market expectations. After maturity

Ž .of the option expired after a month , we took the
market prices of the Vienna Stock Exchange and
computed the profits and losses for all winners of an
auction. To participate in a session, every subject
gained a certain amount of credit points in the final
exam. We ranked the subjects by their profits and
gave them additional credit points depending on their
profit. If a subject made a loss she also lost part or
all of the credit points for the final exam.

4. Data and results

As mentioned in Section 2.3, the experiments
were centered around three different topics: Are the
equilibrium values achieved in a multi-attribute auc-
tion higher compared to single-attribute auctions?
Are all multi-attribute auction formats payoff equiva-
lent? And finally, are multi-attribute and single-at-
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tribute auctions efficient? These questions will be
addressed in the following subsections.

4.1. Comparison of multi-attribute and single-attri-
bute auction formats

A crucial question is whether multi-attribute auc-
tions achieve higher utility scores than single-attri-
bute auctions with respect to the underlying utility
function of the bid taker. We assumed that the
scoring function in multi-attribute auctions correctly
mirrors the buyer’s utility function and used this
function to calculate a utility score for the winning
bid in single-attribute auctions and in multi-attribute
auctions. This allowed us to compare the three auc-
tion schemes in their single-attribute and multi-at-
tribute format. Over time, the ATX changed and
different subjects faced slightly different conditions
in their session. We therefore computed the utility
score of the winning bid as a percentage of the
highest valuation given by the participants at the
beginning of each session. This allowed us to com-
pare different trials. As we compare the payoff of
different auction formats, we have used the utility
scores of the second best bid in the case of a
second-score auction.

In our experiment, the utility scores achieved in
multi-attribute auctions were significantly above
those of single-attribute auctions for groups of size
ns4. Using a t-test with a significance level of
as0.05, we had to reject the null hypothesis of
revenue equivalence between single-attribute and
multi-attribute auction formats, but we had to accept
the hypothesis that multi-attribute auctions achieve
higher utility scores than single-attribute auctions.
Multi-attribute auctions in our experiment achieved,
on average, 4.27% higher utility than single-attribute
formats. In 72.92% of all trials, the overall utility
achieved in multi-attribute auctions was higher than
in single-attribute auctions. In more detail, the utility
achieved in multi-attribute first-score auctions was
on average 3.18% higher than in single-attribute
first-price sealed-bid auctions, the utility achieved in
multi-attribute second-score auctions was 4.25%
higher than its single-attribute counterpart and fi-
nally, the utility achieved in multi-attribute English
auctions was 5.39% higher than in the single-attri-

Ž .bute English auction Fig. 4 .

Fig. 4. Difference between multi-attribute and single-attribute
auctions.

One explanation for this result is that in a multi-
attribute auction, a bidder has more possibilities for
improving the value of a bid for the bid taker,
sometimes even without increasing her own costs.
We conducted most trials with two negotiable at-
tributes, but also some test trials with three nego-
tiable attributes. Here, the difference in achieved
overall utility was even higher. However, what we
have learned is that in the case of a higher number of
negotiable attributes, there is a need for bidders to
have more sophisticated decision support. It is sim-
ply not that easy anymore to find the combination of
attributes that achieves the highest utility for the
buyer, i.e., the best bid. In most cases, subjects used
all negotiable attributes to improve their bid.

Besides, we had a control group with which we
conducted six sessions within the period of 3 weeks.
The results of this group were similar to the ones
described above and we could not find evidence of
the impact of bidder experience in the two-dimen-
sional scenario we used. However, the impact of
bidder experience on multi-attribute auctions has to
be investigated more thoroughly.

4.2. ReÕenue equiÕalence of multi-attribute auction
formats

Ž .Using a t-test as0.05 , we also had to reject
the null hypothesis of revenue equivalence between
various pairs of multi-attribute auction formats. The
utility scores achieved in multi-attribute first-score
auctions were significantly higher than the ones in
multi-attribute English or second-score auctions. Here
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Fig. 5. Average equilibrium values below the dominant strategy
price.

we have also used the utility scores of the second
best bid in the case of a second-score auction, i.e.,
the payoff for the bid taker. In all trials, the utility
scores achieved in multi-attribute first-score auctions
were, on average, 1.52% higher than those achieved
in multi-attribute English auctions and 5.83% higher
than those achieved in second-score auctions. Fig. 5
shows that bidders in our experiment used similar
strategies in single-attribute as well as multi-attribute
auctions, as both histograms follow the same pattern.
In the single-attribute trials, the equilibrium values
also achieved in first-price sealed-bid auctions were,
on average, 3.72% higher than those achieved in
English auctions and 6.9% higher than those achieved
in second-price sealed-bid auctions.

Bidders in our experiment defined their market
expectation and risk premium independently of each
other and calculated their bids based on these valua-
tions. Therefore, in the sealed-bid auctions, we have
many features of a private value model. Of course,
our scenario also had a common value element.
Because English auctions reveal a lot of information
about the other bidders’ valuations, we conducted the
English trials at the end of each session. In fact,
several bidders revised their initial market expecta-
tions in these trials and bid above their initial valua-
tion. On the other hand, the subjects’ market expec-
tations in our experiments differed substantially. One
reason for this is that during the first set of experi-
ments, the ATX dropped by nearly 100 points. Con-
sequently, the winning bidders in our English auc-
tions did not often have to bid up to their valuation.
The higher bidding in first-score auctions is consis-

tent with the assumption of risk aversion in the IPV
model. For a bidder, the increment in wealth associ-
ated with winning the auction at a reduced bid
weighs less than the possible loss of not winning due
to such a bid. The results of the second-score auc-
tions depicted in Fig. 5 are the ones of the second
best bid and are therefore lower than the other
auctions.

4.3. Strategic equiÕalence between second-score and
English auctions

A basic assumption of the IPV model is the
strategic equivalence of the English and the second-
score auction. In both cases, the dominant strategy is
to bid up to one’s true valuation. In the experiment,
the utility scores of the highest bid in multi-attribute
second-score auctions were, on average, 0.4% below
the dominant strategy score. In multi-attribute En-
glish auctions, they were on average 5.36% below
the highest valuation. The single-attribute trials were
quite similar. In single-attribute second-price auc-
tions, bids were 2.57% below the dominant strategy
price, in single-attribute English auctions they were

Ž .10.75% below. Using a t-test as0.05 , we had to
reject the null hypothesis of strategic equivalence
between English and second-score auction in both

Žthe single-attribute and the multi-attribute case Fig.
.6 .

Bidders in our experiment had a good understand-
ing of bidding strategies in both English and
second-score auctions. This is a reason why the best
bid in a second-score auction is close to the domi-
nant strategy score. The lower scores in English

Fig. 6. Comparison of the winning bids in English and second-
score auctions.
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Fig. 7. Efficiency of different auction formats.

auctions can again be attributed to the fact that
bidders’ market expectations and risk attitudes were
quite heterogeneous and the bidders with the highest
valuation did not have to bid up to their valuation in
order to win the auction. Another explanation for the
behavioral breakdown of the strategic equivalence of
English and second-score auctions is the preference
reversal phenomenon, where theoretically equivalent
ways of eliciting individual preferences do not pro-
duce the same preference ordering.

4.4. Efficiency of multi-attribute auctions

In single-attribute private value auctions, effi-
ciency is measured in terms of the percentage of
auctions where the high value holder wins the item.
Efficiency has to be computed slightly different in
the case of multi-attribute auctions. Here, the high
value holder is the one where one of her valuations
Ž .containing strike price and volatility provides the
highest overall utility score for the buyer. Subjects
had to report these valuations before each session to
the experimenters, based on their market expecta-
tions. In all trials, 79.17% of the single-attribute
auctions and 74.47% of the multi-attribute auctions

Ž .were efficient. Using a Chi-square test as0.05 ,
you would not find a difference between the effi-
ciency of single-attribute and two-attribute auctions
Ž .Fig. 7 .

A possible explanation for the high efficiency in
all auction schemes is that the market expectations in

Žmost sessions varied substantially. Kagel et al. see

w x .Ref. 19 , p. 573 reports that the larger the differ-
ence between the highest valuation and the lowest
valuation and the smaller the number of bidders, the
higher the average efficiency levels reported. The
slightly lower efficiency achieved in multi-attribute
auctions is a possible consequence of the difficulty
for the bidder to determine the AbestB bid, meaning
the combination of values providing the highest util-
ity for the buyer. It can happen that bidders bid
below their true valuation per accident. The low
efficiency in multi-attribute English auctions is due
to the fact that several bidders revised their initial
valuations during the course of an English auction.
As we already mentioned, in the case of more than
two negotiable variables, it is crucial to provide
bidders with a decision support tool helping them to
determine the AbestB bid easily. This can help to
maintain high efficiency in multi-attribute auctions.

5. Conclusion and discussion

We believe that multi-attribute auctions are an
interesting extension to the set of market mecha-
nisms already in use. The experiments we conducted
were an important first step and helped us learn
about the many issues one has to consider when
implementing a multi-attribute auction. A basic ques-
tion of auction design theory is which auction format
maximizes the bid-takers profit. We were able to
show that in the experiment, the overall utility
achieved in multi-attribute auction formats was sig-
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nificantly higher than in single attribute auctions. We
also found that financial derivatives are a suitable
application domain for multi-attribute auction
schemes. These are promising results and we think
that multi-attribute auction mechanisms have the po-
tential to also automate negotiations in many other
real-world exchanges, e.g., in tourism market places,
corporate and governmental procurement.

It is important to consider a few issues when
applying multi-attribute auctions. Bidding is more
complex in multi-attribute auctions, as it is not obvi-
ous for the bidder right from the start which combi-
nation of attributes provides the highest overall util-
ity for the bid-taker. Appropriate decision support
tools for the bidder play a crucial role in the case of
three or more negotiable attributes. If multi-attribute
auctions are deployed in another application domain,
it is also important that preferential independence of
the negotiable attributes is given. If this is not the
case, the auctioneer has to use a more complex
utility function covering the interdependencies be-
tween the attributes.

Besides, buyers also have to get used to the new
tool and have to learn about the consequences of
different parameter settings in their utility function.
We think that in a professional environment such as
corporate procurement buyers will adapt quickly to
the new tool. Less experienced buyers, however, do
not know market conditions that well and face the
danger of the parameters in their utility function not
corresponding to their preferences. For these cases,
we developed an additional feature in our electronic
brokerage service allowing buyers to adapt certain
parameters during the course of an English auction.
For example, if a buyer recognizes that all bids
achieve very high scores on a certain attribute, she
can decrease the importance of this attribute. Bidders
are informed of a change in the buyer’s utility
function via e-mail and can adapt to these changes.
This enables a more dynamic bidding procedure.
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