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Abstract

Two keyword auction mechanisms, the Generalized Second-Price auction (GSP) and
the Vickrey-Clarke-Groves mechanism (VCG), were compared theoretically and experi-
mentally. The former is widely used in practice, while the latter is not used in practice,
but has a dominant strategy equilibrium where all the participants bid their true values. In
the theoretical investigation, by applying the “locally envy-free Nash equilibrium” to the
VCG, we found that the allocations are efficient and that upper and lower bounds of the
auctioneer’s revenue among all the locally envy-free Nash equilibria coincide in the two
mechanisms. This theoretical result was supported in a laboratory experiment, in which
the revenues and efficiencies were similar in both mechanisms. In addition, Nash equilib-
rium and locally envy-free Nash equilibrium bid profiles were more frequently observed in
the VCG than in the GSP.
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1 Introduction

In keyword auctions, positions for Internet advertisements are sold.! These auctions are conducted
by search engines such as Google, Yahoo!, and MSN and have contributed to the large commercial
success of the Internet industry. The advertisement revenue from these keyword auctions has increased
considerably over the last few years. For example, Google’s revenue from these auctions increased more
than 2.5-fold from $6 billion in 2005 to $16.4 billion in 2007. Since 2003, the revenue generated from
keyword auctions has accounted for approximately 47% of the total Internet advertisement revenue in
the USA, which increased from $7.2 billion in 2003 to $22.7 billion in 2009.> Similarly in Japan, the
revenue from these auctions increased from 59 billion Yen (about $500 million) in 2005 to 171 billion
Yen (about $1.8 billion) in 2009.3

The process behind keyword auctions is as follows. Advertisements are displayed along with the
search results of a query submitted to a search engine, and clicking on the advertisement leads the users
to the advertiser’s webpage. The users obtain information on the goods or services offered on the web-
page and can choose to purchase them, generating revenue for the advertiser. Thus, the total revenue
achieved by an advertiser is determined by the number of clicks on the advertisement. The number
of clicks depends on the position of the advertisement, termed as ad-spot. Advertisements in higher
ad-spots tend to be clicked more frequently. Therefore, aside from the payments to the search engine,
the total profit for advertisers will be higher if they obtain higher ad-spots. Ad-spot allocations and
payments to the search engines are determined by keyword auctions. Each keyword is sold through a
separate auction, so advertisers can place bids for a keyword or several keywords that when searched
for, would trigger the display of their advertisements. Since there are numerous possible keywords,
hundreds of millions of keyword auctions are conducted every day. The properties of auction mecha-
nisms for keyword auctions have begun to attract the attention of economists, computer scientists, and
advertisers. In this study, we compare two auction mechanisms for keyword auctions theoretically and
experimentally.

Keyword auctions are conducted mostly through Generalized Second-Price auction (GSP). Their
use has contributed to the outstanding success of the search engines mentioned above, and they are
attracting the most attention among keyword auction mechanisms. The GSP mechanism is simple.
First, the ad-spots are allocated in the descending order of the advertisers’ bids, i.e., the top position
is allocated to the bidder with the highest bid, the second position is allocated to the bidder with the
second highest bid, and so on.* Advertisers pay an amount equal to the next highest bid every time
a search engine user clicks the bidder’s advertisement. When there is only one ad-spot, the GSP is
equivalent to the second-price auction; therefore, the GSP is a generalization of the second-price auction
to the environment of keyword auctions where there are multiple ad-spots. The GSP has evolved from

'Keyword auctions are also referred to as the sponsored search auction, position auction, and ad auction. Also in the
literature, the advertisements displayed are sometimes called sponsored links or ad-words.

>These data are from annual reports by the Interactive Advertising Bureau (http://www.iab.net/insights_
research/947883/adrevenuereport, last searched on October 2010.) To be more precise, these percentages correspond
to a category called “Search,” which consists of revenues not only from keyword auctions, but also from other forms of Inter-
net advertisements that allow for the specification of keywords to have advertisements displayed. The percentage of revenues
solely from keyword auctions could not be computed from these reports.

3These data are from annual reports by Dentsu, a leading advertisement company in Japan (http://www.dentsu.co.
jp/marketing/koukokudata.html, last searched on October 2010; the pages are in Japanese.) A similar argument as that
in Footnote 2 applies.

“Presently, both Yahoo! and Google adopt a modification of the GSP, in which ad-spots are allocated in the decreasing
order of the ranking scores that are determined for each advertiser i as the product of i’s bid and the estimated quality score
of i (see Aggarwal et al., 2006A, 2006B for detail.) The GSP we investigated in this study, like the one researched by many
other studies, is equivalent to the case where the quality scores of all advertisers are equal to 1. This excludes one variable
and simplifies the experiment setting, which allows for a more controlled comparison of the mechanisms.



the generalized first-price auction, where advertisers pay the bid that they submit, and has remained
the dominant mechanism for keyword auctions ever since (see Edelman et al. (2007) for a detailed
explanation of the transition of the auction mechanism actually used by search engines).

An alternative auction mechanism for keyword auctions is the Vickrey-Clarke-Groves mechanism
(VCG). The VCG has a nice theoretical property that bidding one’s own true value is the dominant
strategy; however, it is not used in practice. When there is only one ad-spot, the VCG is equivalent to
the second-price auction; thus, it is equivalent to the GSP. However, while truth-telling is always the
dominant strategy in the VCG, the GSP does not have a dominant strategy equilibrium, and submitting
one’s true value may not even be a Nash equilibrium when multiple objects are for sale. Edelman and
Ostrovsky (2007) reported that bids in the GSP are unstable because of bidders’ strategic behaviors. In
contrast, the bids and revenues of the VCG might be more stable. Therefore, the VCG is an alternative
auction system that may reduce the problem of bidders’ strategic behaviors and improve the auctioneer’s
revenue.

Theoretical results from the existing literature indicate several similarities and difference between
the two mechanisms; efficiency would be achieved by both mechanisms, while revenues for the auction-
eer would be higher with the GSP (Edelman et al., 2007 and Varian, 2007). Each study showed that the
revenues for the auctioneer of the GSP in newly defined locally envy-free Nash equilibria (LEFNE)—
Nash equilibria where no bidder is better off by exchanging his or her position with that of the bidder
immediately above—are greater than or equal to the revenue in the dominant strategy equilibrium of
the VCG. Therefore, under the assumption that the LEFNE and the dominant strategy equilibrium are
achieved in the GSP and the VCG, respectively, the GSP is equally or more profitable for the auctioneer
than the VCG. They also showed that at any LEFNE of the GSP, the allocations of the ad-spots are
efficient. Because the allocation in the dominant strategy equilibrium of the VCG is efficient, the two
auction systems achieve the same performance in this respect.

In this study, we first re-examine the theoretical properties of the two mechanisms explored in
the existing literature. So far, the dominant strategy equilibrium has been used to analyze the VCG.
However, a number of experiments on the VCG report that the dominant strategy is rarely chosen
by subjects. For example, Kagel et al. (1987), Kagel and Levin (1993), and Harstad (2000) report
experiments on the second-price auction where subjects did not bid their true values. Therefore the
dominant strategy equilibrium is not necessarily a valid concept for predicting the performance of the
mechanisms. In addition, because the dominant strategy equilibrium is unique and there are multiple
LEFNE, it is difficult to compare performance based on these equilibrium concepts where one has a
range and the other is unique. Therefore, it is necessary to re-examine the theoretical performance of
the two mechanisms by using the same equilibrium concept. We applied the LEFNE to the VCG and
obtained the following results. First, in any LEFNE of the VCG, the ad-spot allocations are efficient.
Second, in the VCG, the dominant strategy equilibrium is a LEFNE and generates minimal revenue
among all the LEFNE. Third, the maximum revenue among all LEFNE of the VCG is equal to that
of the GSP. The second and third results, together with the aforementioned results by Edelman et al.
and Varian, imply that not only the lower bound of the revenues coincides in the GSP and the VCG,
but also the upper bound of the revenues coincides in the two mechanisms. Therefore, by theoretically
comparing the two auction mechanisms, we find that the VCG and the GSP are similar in both efficiency
and profitability and that we cannot judge either mechanism’s superiority in these respects.

Although these results suggest no difference in the performance of the two mechanisms, there is
no guarantee that if actually implemented, the results of these auction mechanisms will be the same,
because the assumptions behind the theory may not model an actual agent’s behavior. Therefore, we
conducted a laboratory experiment to compare the performance of the two mechanisms. Many simu-
lations and empirical analyses have been conducted for keyword auctions, especially on the GSP (e.g.,



Cary et al., 2007; Edelman and Ostrovsky, 2007; Varian, 2007, 2009). Analyses based on experiments
have two advantages. First, it is possible to analyze a mechanism that does not yet exist in practice. Sec-
ond, we can specify the values of the advertisers. The second advantage allows us to directly analyze
the frequency of equilibrium and to calculate surplus. Because of these advantages, many experiments
have been conducted in various environments and on several mechanisms (see Kagel, 1995; Kagel and
Levin, 2008 for surveys on experiments on auctions), but no experiments have yet examined keyword
auctions. This is the first experimental investigation to compare the GSP and the VCG.?

The keyword auctions are generally continuous and dynamic in practice, so the advertisers can
change their bids any time. In the theoretical part of the analysis, the game is modeled as a one-shot
game. As discussed in Edelman and Schwarz (2010), a well-modeled static game captures important
points of the dynamic game while keeping the analysis tractable, and there is a long history in modeling
the dynamic game of incomplete information as a one-shot game of complete information (e.g., Cournot
model and Bertrand model). The theoretical analysis followed these approaches. In the experiment,
however, we were more interested in comparing the two mechanisms in a dynamic game of incomplete
information, which is closer to a keyword auction in practice. The game played in the experiment is
thus the dynamic game of incomplete information. With this design we will not be able to reject the
theory even if the experimental results reject them. However, if the experimental results are in line with
the theoretical results based on the model of the one-shot game, they will provide support for the theory.

Experimental observations were as follows. First, although the relative frequencies of the equilib-
rium bids were low in both mechanisms, the number of Nash equilibria and the LEFNE were higher
in the VCG than in the GSP. Next, we observed similar levels of efficiencies and the auctioneer’s rev-
enues in the two mechanisms. Furthermore, in both the VCG and the GSP, the revenues were close
to the lower bound. In sum, our experimental results on revenue and efficiency were in line with the
theoretical prediction based on the LEFNE.

This paper is organized as follows. In Section 2, we review the definitions and properties of the GSP
and the VCG, and provide a theoretical analysis. The experimental procedures are outlined in Section
3, and the results of the experiment are reported in Section 4. We conclude by summarizing the results
in Section 5.

2 Model

2.1 The GSP and the VCG

A keyword auction has the following components. There are N advertisers (bidders) participating in a
keyword auction. Each advertiser i has a value or expected revenue v; for a click of the ad. We assume
that vi > v, > ... > vy. There are K ad-spots with click-through rates (CTRs) a; > a > ... > ag > 0,
where «; is the estimated probability of being clicked or the estimated number of clicks per given
period, for an advertiser in the k-th ad-spot. We also set @y = O for all ¥ > K and assume N = K.
Each advertiser submits a bid to the auction. The bid submitted by i is denoted by b;. We denote the
bid profile of N advertisers by b = (by,...,by). An auction mechanism determines how ad-spots are
assigned to advertisers and the cost of advertisers for each click, depending on their bid profile.
Literature in this field pays a great deal of attention to two types of mechanisms—the GSP and the
VCQG. In the GSP, ad-spots are allocated to advertisers in the descending order of their bids b1, by, ..., by.
Let d(k) denote the name of the bidder who submits the k-th highest bid among by, b», ..., by. Thus, bid-
der d(k) acquires ad-spot k. The advertiser obtaining ad-spot k pays the bid of the advertiser obtaining

5Ostrovsky and Schwarz (2009) conducted a large field experiment, manipulating the reserve price in Yahoo!’s keyword
auctions.



one lower ad-spot for each click. Thus, for each ad-spot k, advertiser d(k) pays ba-+1) for a click of its
ad and the payment ka(b) of the bidder in ad-spot k is axbgu+1). Note that in our setting, d(K + 1) is
not well defined, and thus, we set byx+1) = 0 for the completeness of the payments of advertisers. The
payoff of the advertiser obtaining ad-spot k is axvau) — ka(b) = ax(Vak) — bdk+1))-

When there is only one ad-spot, the GSP becomes the usual second-price auction for a single object
because the winner of the ad-spot pays the second largest bid for a click. The second-price auction
is known as a truthful mechanism; bidding the true value of a sale item is the dominant strategy for
each bidder. However, when there are multiple ad-spots, the GSP is not truthful and has multiple Nash
equilibria. Thus, advertisers participating in the GSP face some difficulties when determining their bids.
In contrast, the VCG is known to be a truthful mechanism.

In the VCG for keyword auctions, the ad-spots are assigned to the advertisers in the same manner
as in the GSP. For each ad-spot k, advertiser i = d(k) pays the negative externality that i imposes on
other advertisers. The payment of advertiser i who acquires ad-spot k is

k=1 K k-1 K
p(b) = Zahbd(h)+ Z ah—lbd(h)] - [Z apbay + Z apba | » (1
h=1 h=1

h=k+1 h=k+1

where, assuming that each advertiser submits their true value for a click, the expression in the first

square bracket is the sum of the revenue of advertisers other than i when i leaves the auction, and the

expression in the second square bracket is the sum of their revenues when i participates in the auction.
By simple calculation, Eq. (1) is reduced to

K K-1
pl(b) = Z (@n-1 — an)bap) = Z(Oth = ap1)bags1)-
h=k+1 =k

From this, we obtain a convenient recursive formula for the payment of advertisers: pl‘g(b) =0, and for
eachk =1,2,...,K -1, p/(b) = (ax — @xs1)bag+1) + p), (D).

2.2 A locally envy-free Nash equilibrium (LEFNE)

In the VCG, truth-telling is the dominant strategy for each advertiser. In contrast, the GSP is not a
truth-telling mechanism and has multiple Nash equilibria. Therefore, most of the papers on keyword
auctions focus on a refined concept, called a LEFNE.

The bid profile b is a LEFNE if the following two conditions hold: for each k = 2, ..., K,

avaw — pL(b) = ar-1vaw — pY(b), ()

and, foreachk=1,..,K -1,

vy — PY(b) > aksvag — Py (). (3)

These conditions require that in their current state, no bidder is better off by exchanging their position
with that of the bidder immediately above (Inequality (2)) and immediately below (Inequality (3)). For
i with i = d(k), if Inequalities (2) and (3) hold for this k, we say that b; is LEF at the bid profile b.

If we replace kas in Inequalities (2) and (3) with sz, we obtain the definition of the LEFNE for
the VCG.

In the literature, a LEFNE is introduced with slightly different definitions. Edelman et al. (2007)
called a bid profile a locally envy-free equilibrium if it is a Nash equilibrium of a one-shot GSP auction



and satisfies Inequality (2). Varian (2007) introduced an equilibrium concept that requires that in the
current bid profile, no bidder should be better off by exchanging their position with that of any other bid-
der.® Interestingly, it is now known that a LEFNE defined by (2) and (3) is equivalent to the equilibrium
concepts introduced in Edelman et al. (2007) and Varian (2007).

2.3 Theoretical results

The following proposition lists some of the theoretical properties of the GSP mechanism that were
explored by Edelman et al. (2007) and Varian (2007).

Proposition 1 (Edelman et al., 2007 and Varian, 2007). The following statements about the GSP auction
hold true.

(i) The auctioneer’s revenue (the sum of the payments of all advertisers) in the GSP in any LEFNE is
greater than or equal to the auctioneer’s revenue in the VCG in the dominant strategy equilibrium.

(ii) In any LEFNE of the GSP, the allocation of the ad-spots is efficient.

(iii) The maximum revenue among LEFNE is achieved in the following LEFNE bid profile b° :

K
- 1 - - -
ka = — Z Vi—1(ap—1 — ayp) foreach k =2,3,...,N and any b? with blG > bg.
o7
h=k

(iv) The minimum revenue among LEFNE is achieved in the following LEFNE bid profile QG:

K
1
QkG = Cl/_k Z vp(ap—1 — ay) foreach k =2,3,...,N and any Q? with 12? > Izg
h=k

The first statement of this proposition is one of the theoretical answers to the question of why the
GSP is used in practice but the VCG is not. However, there is neither theoretical support nor empirical
evidence that the LEFNE is achieved in the actual auction.” This means that the revenue gained by the
auctioneer in the GSP may not be greater than that gained in the VCG if we test their performances in
a laboratory experiment. The second statement of this proposition means that a LEFNE is sufficient to
guarantee the efficient allocation of the ad-spots. In the context of a keyword auction, a bid profile is
efficient if it is in assortative order (b1 > by > ... > by). The third and fourth statements show that the
bid profiles that achieve the maximum and minimum revenues of the GSP are easily calculated. From
these two, the maximum revenue R;; and the minimum revenue R,,, of the GSP are obtained as follows:

K-1
Ry = ) kvi(ag — age), 4)
=1
and
K-1
Ry = ) kvii(ar — ager). )
=1

®Varian (2007) called this concept a symmetric Nash equilibrium.

"There are several evidences of the validity of the LEFNE in the computer science literatures. Cary et al. (2007) examine
the greedy bidding strategy called balanced bidding in the repeatedly played GSP auction, and show that if in each period,
only one bidder changes their bid according to the balanced bidding strategy, the bidders’ behavior converges to the LEFNE.
However, the validity of balanced bidding strategy has not yet been examined in practice.



In the existing literature on the VCG, the only concept that has been considered is the dominant
strategy equilibrium, unlike that on the GSP, where many equilibrium concepts have been considered.
However, when comparing the two mechanisms, it is worthwhile to use the same equilibrium concept.
In the following, we list the results obtained from considering the LEFNE of the VCG.

Proposition 2. The following statements on the VCG hold true.
(i) The truth-telling equilibrium, i.e., the dominant strategy equilibrium, in the VCG is a LEFNE.

(ii) If bid profile b is a LEFNE in the VCG, every advertiser (except for the one submitting the highest
bid) overbids or submits their true value.

(iii) In the truth-telling equilibrium of the VCG, the allocation of the ad-spots is efficient, as is the
allocation of the ad-spots in all LEFNE.

(iv) The maximum revenue among LEFNE in the VCG is the same as that in the GSP.

(v) The maximum revenue among LEFNE of the VCG is achieved in the following LEFNE bid profile
bY:

b,‘c/ = Vg1 foreachk =2,3,...,N and any l_)Y with EY > l_?g.

(vi) The minimum revenue among LEFNE of the VCG is achieved in the following LEFNE bid profile
bY:
l_),Y = foreachk =2,3,...,N and any QY with QY > l_og

Proof. (i) Let b be a truth-telling bid profile. Take any k > 1. Then,

vy — py (b) - (a’k—lvd(k) - P;Y_l(b)) = (-1 — @) (bag) — V) (6)

Because by = va), the above equation must be zero. This means that b is a LEFNE.
(ii) Suppose b is a LEFNE. Then, (6) must be non-negative. This implies that for any k > 1, bai) > va).
(i11) It can be shown that the allocation is efficient for all LEFNE. Let b be a LEFNE. Assume that there
exist i and j such that v; > v; and b; < b;. From (ii) of this proposition, player i must make an overbid.
Thus, v; < v; < b; < b;. In such a case, j’s utility is improved by j switching their bid to b;. =y, from
b;. This contradicts that b is a Nash equilibrium.
(iv) We know that the maximum revenue of the GSP is Rj; defined in (4). We consider the maximum
LEFNE revenue of the VCG. It can be easily verified that the maximum revenue in the LEFNE is
attained by the bid profile b such that

br = vi-1

for each k > 1 and b; = 2v;. In this case, the revenue is

K K K K K K-1
ZP;‘C/(I?) = Z Z (ap-1 — ap)by = Z Z (@p-1 — ap)vp-1 = Z kvi(ax — ax+1) = Ry.
k=1

k=1 k=1 h=k+1 k=1 h=k+1
(v) and (vi) These are easily obtained from (i), (ii), and (iv) of this proposition. m

From (ii) of Proposition 1 and (iii) of Proposition 2, both the GSP and the VCG mechanisms assure
the efficient allocation of ad-spots under the assumption that a LEFNE bid profile is achieved. From
(1) and (ii) of Proposition 2, it can be easily understood that the dominant strategy equilibrium in the
VCG is the LEFNE with the least amount of revenue among all the LEFNE in the VCG. This questions
the validity of Edelman et al. (2007) regarding the revenue comparison between the VCG and the GSP,



because the dominant strategy equilibrium in the VCG is the LEFNE with the minimum revenue. Thus,
if we adopt the LEFNE as the expected behavior of the bidders, we must compare both the minimum
and maximum revenues between the GSP and the VCG. The fourth statement of Proposition 2 addresses
this question by stating that both the maximum and minimum revenues of the two auction mechanisms
are the same. Thus, when we use the LEFNE as the equilibrium concept in both mechanisms, it is
unclear whether the GSP is more profitable than the VCG.

3 Experimental design

This section describes the experiment designed to compare two keyword auction mechanisms: the
GSP and the VCG. The experiment consists of two treatments corresponding to each mechanism. The
between-subject design was used, so that each subject participated in one treatment. Because the only
difference between the two mechanisms is the payment rule, we controlled other factors in our exper-
iment to eliminate other differences between the treatments.® Treatments and parameters are summa-
rized in Table 1.

Treatments VCG and GSP
Number of subjects per treatment 45
Number of groups per treatment 9
N 5
K 5
Values (vq,...,vs) (180, 160, 120, 100, 90)
CTRs (ay,. .., as) (100, 80, 50,40, 20)

Table 1: Summary of the treatments and parameters of the experiment

The game played in the experiment is not the same as the game described in the previous section. In
the previous section, the keyword auction is modeled as a one-shot game of complete information, but
the keyword auction in practice is more like a dynamic game of incomplete information. As discussed
in Edelman and Schwarz (2010), a well-modeled static game captures important points of the dynamic
game while keeping the analysis tractable, and there is a long history in modeling the dynamic game
of incomplete information as a one-shot game of complete information, such as the Bertrand model
of oligopolistic competition. The theoretical analysis in the previous section followed these previous
approaches. In the experiment, however, we were more interested in comparing the two mechanisms in
a dynamic game of incomplete information, which is closer to a keyword auction in practice, rather than
comparing the two under a one-shot game of complete information. The game played in the experiment
is thus a dynamic game of incomplete information. If the theoretical results based on the one-shot
game model hold in this experiment, then the results provide strong support for the theory and these
approaches, although this design will not reject the theory even if the experimental results are not in line
with them. In addition, knowing the rules of the game may be different from knowing how to play the
game well. This experimental design provides more opportunities for the subjects to learn how to play
the game in the course of the repeated play compared to the one-shot game of complete information.
As the results in the next section show, the experimental results on revenues and efficiencies are in
accordance with the theoretical results.

8Therefore, subjects were uninformed that bidding one’s own value is the dominant strategy in the VCG. Although it is
also interesting to see their behavior when they are informed about this feature of the VCG, this must be done in a different
experiment.



The game played in the experiment is as follows. There are 5 players (N = 5) and 5 positions
(K = 5). Subjects play the previously explained one-shot game of a keyword auction with one of the
two mechanisms determined by the treatment for 100 rounds. Each round has the following steps:
subjects simultaneously submit their bid to the auctioneer; the ad-spots are allocated in the descending
order of the bids b, and ad-spots are allocated randomly in the case of ties; depending on the treatments,
payment pi(b) of a subject in ad-spot k is determined as pl‘c/(b) or ka(b); and the profit of each i who
obtain ad-spot & is given by the equation u;(b) = ayv;—pi(b). The subjects are paid for the sum of payoffs
earned in all 100 rounds. The matching of the group is fixed across rounds. The CTRs (a1, ..., as) are
commonly known to the subjects and are fixed for 100 rounds at (100, 80, 50, 40, 20). The value of each
subject is first determined from the interval of 50 to 250, and is fixed during the 100 rounds. They
find out about their own value, but not about the value of others. The subjects are instructed about all
of these settings. This game is essentially the same as the model of the dynamic game of incomplete
information in Edelman and Schwarz (2010).

To add control to the comparison across treatments, we had only one value set, (180, 160, 120, 100,
90).° This is one limitation of this experiment. The number of groups is too limited for a comprehen-
sive analysis with different values per group; therefore, we restricted the value set to one and conducted
thorough analyses with this value set.' We chose values with two properties. First property is that v,
and vs are not too close to the bounds of 50 and 250, respectively, in order to prevent the subjects from
correctly inferring the rank of their value from the start. The more important property is that in both
treatments, the LEFNE that yield the maximum and minimum revenue for the auctioneer are natural
numbers. Thus 5%, 5Y, b°, and b" are all natural numbers. There are some existing theoretical and simu-
lation studies that emphasize several distinct properties of b°. So we wanted these boundary bid profiles
to be attainable in the experiment where the bids are restricted to whole numbers between 0 and 10000.
With these experimental parameters, the boundary bids were as follows: QV is (161, 160, 120, 100, 90),
b° = (97,96, 80,56,45), b” = (181, 180, 160, 120, 100), and b° = (117, 116, 100, 64, 50).'1

3.1 Procedures

The details of the experimental procedures are as follows. First, after all subjects were seated at comput-
ers separated by partitions, they read slides with instructions at their own pace. Then, they answered the
control questions. These answers were checked by the staffs, and the subjects continued with the ques-
tions until they correctly answered all of them. After every subject had answered correctly, the answers
were reviewed by the experimenter to assure the public knowledge of the instructions.!? Five practice
rounds were run to familiarize the subjects with the computer program. Then, the subjects played 100
rounds of the keyword auction. Upon completion, they answered a short questionnaire while the pay-
ments were prepared. Both the experiment and the questionnaire were programmed and conducted with

This feature of the experimental design, that there was only one value set, is not mentioned in the instructions to the
subjects.

10Since the game in the experiment is a dynamic game of incomplete information with fixed value, the number of possible
value sets for analyses equals the number of groups. For a keyword auction, we wanted to have a sufficient number of players
N and positions K, and decided to have N = K = 5. The objective came at the cost of reducing of the number of groups in
each treatment, but this is one salient point of the experimental design.

"The bid of the subject with the highest value, b;, can be anything greater than b,. Here, it is set to by = b + 1.

12By using slide instructions and allowing the subjects to read it at their own pace, we believe that they better understood the
auction rules. Since the auction rules were difficult, the use of slides was necessary to insure their understanding, even at some
cost of public knowledge of the instructions. We compensated for this lack of public knowledge by explaining the answers
to the quiz aloud. We checked whether the subjects understood the auction rules by asking the subjects to rate the difficulty
of understanding the instruction in the post-experiment questionnaire. We used a five-point scale from “Very Difficult (= 1)”
to “Very Easy (= 5).” The questionnair results showed that the mode was “Very Easy” and the average score was 4.14. The
instruction slides, as well as other materials, are available as supplementary materials at the journal’s website.



the software z-Tree (Fischbacher, 2007). To control for the experimenter effect, all sessions were run
by the same experimenter.

The practice rounds are designed to control for the subjects’ learning. First, every subject had the
same value of 150. To prevent them from learning about the others’ behavior, each subject played with
four computer-programmed players who bid randomly from the interval [0, 300]. Finally, to prevent
different learning, random bids of the program were decided before-hand, so every subject faced the
same random bids. The subjects knew they were playing a computer program during the practice
rounds and with human subjects during the real 100 rounds.

Round

2 Remaining time [sec] 12

Your Value is 180 points.

Ad-position Num. of Clicks Bid Payment

Your Bid: 283
No. 1 100 283 26100

Ad-position you earned: 1

No. 2 a0 261 12320 Your Revenue: 18000

No. 3 50 154 4850 Your Payment: 26100

No. 4 40 a7 3560

No.§ 20 89 0 Points Earned: -6100

Figure 1: Example of the decision-making screen

Let us describe the details of the subjects’ decision-making procedure in each round. Before the first
round of the auction, the subjects were informed about their value which remained constant throughout
the 100 rounds. When the value was disclosed, the subjects had three minutes before the start of
the first round. We did not suggest how to use these three minutes, although we intended it to be a
thinking time for the subjects. In each round, the subjects were provided with the feedback information
from the previous round and simultaneously submitted their bids. Figure 1 shows an example of the
screen. To change their bids from the previous round, subjects had to submit their bid within 15 seconds.
Otherwise, the same bid as in previous rounds was automatically submitted.!® The feedback information
was as follows: all the bids made by group members and their payment (in the descending order of bids),
his or her own bid, the earned position, gain from the advertisement (ayv;), payment, and payoff. In
addition, because they had no time to take notes of the results, a graph of the history of bid profiles
was provided. Each bid was plotted in black, and only their own bids were connected with a red line

13To ensure that our time limit was not too short, we asked the subjects to rate the time limit on a seven-point scale, and the
number of times they were unable to submit a bid although they intended to. The number of subjects who answered that 15
seconds was too short (= 1 on the scale) was 2 (out of 90), the mode was neither long or short (= 4), and the mean was 3.58.
The number of subjects who often (= 7 on the scale) intended to but were unable to submit a bid was 2 (out of 90). The mode
of the frequency of bids not submitted was “a few” (= 5), and the average was 3.40. These results suggest that the time limit
was not too short for the subjects.

10



across rounds. No information was lost by not connecting the others’ bids, because the subjects did not
know who acquired each position, but knew only which position was acquired with which size bid. The
vertical axis of the graph has a range of 0 to 350. The range of the axis was decided by analogy to the
range of value: 50 to 250.

This experiment was conducted in December, 2009 at Waseda University on 90 undergraduate stu-
dents whom we recruited through university’s web page with an ad for a part-time job. Each treatment
had three sessions with 15 participants per session. Each session lasted for about two hours. At the
end of the session, the subjects were paid in cash. The currency in the experiment was referred to as
“points.” The subjects’ earnings were the sum of points earned in all 100 rounds exchanged at the rate
of 400 points = 1 Yen. Subjects were also paid a participation fee of 1300 Yen. The average of the
payments was 2282 Yen, which was about $25 at the time of the experiment.

4 Experimental results

The primary purpose of this experiment is to compare two major criteria of auction mechanisms: the
auctioneer’s revenues and the efficiencies of allocations. If the outcomes in both mechanisms are
LEFNE, the maximum and minimum of the auctioneer’s revenues are the same, and the allocations
of ad-spots are efficient in both mechanisms.

The LEFNE is used as the theoretical benchmark, and the data is analyzed from this perspective.
The rationale behind the use of the LEFNE (of the one-shot game of complete information) as the
theoretical benchmark for the dynamic game of incomplete information is as follows: this concept
has already been well analyzed and some properties are known; and for a bid to be LEF, it does not
require the information about other’s value (see Inequalities (2) and (3) in Section 2.2). One underlying
consideration in analyzing the dynamic game of incomplete information as a one-shot game of complete
information is that when a game is repeated for some time, participants will learn many characteristics
of the other players. To take this into account, most of the statistical tests conducted in this study were
based on the observations in the last 50 of the 100 rounds.

Another possible benchmark is to compare the results to the case where all the bids are made ran-
domly. To see this, we computed the relative frequency of efficient outcomes and equilibrium outcomes
with bids restricted to whole numbers in the range of 0 to 350.'* If all the subjects choose their bids
randomly from integers in the range of 0 to 350 with the same probability, the observed relative fre-
quency in the experiment would be close to the computed relative frequencies. Because there are five
players, the total number of outcomes in the computation is 351°. The results of this computation are
compared with the experimental results.

We first compare the revenues and efficiencies of the two mechanisms, and then examine the bid
profiles to compare the frequency of the equilibrium outcomes.

4.1 Revenue

The auctioneer’s revenue is the sum of payments by advertisers. Because the auctioneer decides which
mechanism to use, a mechanism that yields higher revenues will be more attractive. The revenue will
be higher in the GSP if the distributions of bids are the same in the two mechanisms; however, if the bid
profiles are LEFNE, the range of revenues in the VCG and the GSP will coincide. In this experiment,
the observed revenues were indifferent in the VCG and the GSP.

'4The range of 0 to 350 was chosen arbitrarily. It is the same as the range shown in the graph of the decision-making screen
(see Figure 1).
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Figure 2: Comparison of the average revenues of the auctioneer across periods

First, we looked at the change in the revenues across periods. Figure 2 plots the average revenues
over 100 periods by pooling data for each treatment. The two horizontal dotted lines are Ry, and R,,.
With the parameters used in the experiment, the lower bound R,, is 20600 and the upper bound Ry, is
24800. From this graph, it is possible to see that after about round 50, the average revenue becomes
relatively stable in both treatments. In the later rounds, the average revenues tend to lie in between
the bounds of [R,,,Ry]. Also, the revenue tends to be closer to the lower bound R,, than the upper
bound Ry,. This is a noteworthy point, because the lower bound of the auctioneer’s revenue has several
distinguishing theoretical properties. The most notable one is that in the VCG, the lower bound revenue
is obtained in the dominant strategy equilibrium. More properties of the lower bound are investigated
in Cary et al. (2007), Bu et al. (2008), and Edelman and Schwarz (2010).

Summary statistics per group are listed in Table 2. The first two columns correspond to the within-
group average and standard deviation of the auctioneer’s revenues in the first half and the last half.
In this experiment, there are nine independent groups per treatment. The top half corresponds to the
groups in the VCG treatment, and the bottom half corresponds to the groups in the GSP treatment.

First, for each treatment, we looked at the auctioneer’s revenue stability, measured by the standard
deviation of the revenue across periods. To analyze whether the revenue became more stable with
repetition, we compared the standard deviation of the auctioneer’s revenue in the first half and the last
half. In both treatments, all the groups’ standard deviation of the revenues was greater in the first half
than in the last half. Using the paired-sample sign test, we tested the null hypothesis that the median of
the difference in the standard deviations equals zero. The null hypothesis was rejected at the 5% level
(p-value = 0.004). To compare the stability across treatments, we used the Wilcoxon rank sum test to
compare the distribution of the groups’ standard deviation of revenues in the last half. The standard
deviation was lower in the VCG than in the GSP. The difference in the distribution was statistically
significant (p-value = 0.019).

Next, although the revenue in the VCG seems to be larger than in the GSP, the difference between
the auctioneer’s revenues in the two treatments is not statistically significant in the last half. By using
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the Wilcoxon rank sum test to compare the distribution of the groups’ average revenue in the last half
across treatments, the p-value was found to be 0.062.13

Finally, we analyzed whether the median of the average auctioneer’s revenue per group was in the
bounds of LEFNE. The 95% confidence interval of the median obtained from the acceptance region of
the sign test (Gibbons and Chakraborti, 2010) is [18736.8, 22059.6] for the GSP and [20278.2, 22621.2]
for the VCG. Although the lower bound of the confidence interval is lower than the minimum revenue
of the LEFNE, using the sign test, we could not reject the null hypothesis that the median is equal to
the minimum revenue. In sum, the experimental results for the auctioneer’s revenue agree with the
theoretical benchmark.

Observation 1. The auctioneer’s revenue was more stable in the VCG than in the GSP. The difference
in the auctioneer’s revenue between the two treatments was not statistically significant. Also, in both
treatments, the median of the average auctioneer’s revenue lies close to the bounds of [R,,, Ry/]. The
revenue was closer to the lower bound than the upper bound in both treatments.

5The result is significant at the 10% level. However, since we have only one value set, we wanted to be extremely careful
when rejecting the null hypothesis. Therefore, we state that the revenue in the VCG is not statistically different from that in
the GSP.
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4.2 Efficiency

If bid profiles are LEFNE in both mechanisms, the allocations are efficient. However, as we will see
in the next subsection, the bid profiles observed in the experiment were rarely LEFNE. This does not
imply that most allocations were inefficient, because being a LEFNE is only a sufficient condition for
a bid profile to be efficient. Therefore, it is meaningful to compare the efficiencies of allocations in
the two mechanisms. In keyword auctions, the allocations are efficient if the ad-spots are assortative,
i.e., an advertiser with the k-th highest value obtains the k-th position. Our main analysis uses surplus
as the measure of efficiency, which is the ratio of the total surplus of the allocation to the maximum
possible surplus, normalized by the minimum possible surplus. In addition to the surplus, the Kendall-7
correlation is used in the analysis to measure efficiency. This is to take into account the fact that, for
efficiency, the important factor is not the absolute size of the bid but the ranking of bids with respect to
the value. Using both measures, no significant difference between the efficiencies of the GSP and the
VCG was found.

First, let us compare the frequency of efficient allocations to the benchmark of random bidding.'6
According to the computation, the relative frequency of efficient allocations is 0.00857 (= 456746106967/ 3519).
The relative frequency of efficient allocations observed in the experiment was 0.09 in the GSP and 0.112
in the VCG, which is much higher than the benchmark. To compare in greater detail, for each treatment,
we calculated the relative frequency of efficient allocations per group. Using the sign test, we tested
the null hypothesis that the median of the relative frequency of the efficient allocation per group equals
0.00857. The null hypothesis was rejected at the 5% level in both treatments with a p-value of 0.004.

Average surplus

0.2 -
—— VCG
0.0 —=— GSP
I I I I I T
0 20 40 60 80 100

Periods
Figure 3: Comparison of the average surplus across periods

16In the computation, we broke the ties so as to maximize the number of efficient allocations. Thus, if the bids are b; >
b, > --- > bs, we counted it as being efficient. Another possibility is to count it as inefficient when some equality holds in the
equation, which would give the minimum number of efficient allocations. The important point is that although we counted the
maximum possible number of efficient allocations, the outcomes of the experiment were much better in terms of the relative
frequency of efficient outcomes.
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Figure 3 plots the average surplus for each period. We measured the surplus by
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which is the ratio of the total surplus to the maximum possible surplus—obtained when the allocation of
ad-spots is assortative—normalized by the minimum possible surplus—obtained when the allocation of
ad-spots is reversed, i.e., b5 > --- > by. This definition of the surplus is along the same lines as that
of Kagel and Levin (2001), which is the ratio of the total surplus of allocations to the highest possible
surplus. We have normalized that ratio by the minimum possible surplus. Figure 3 reveals that in the
GSP and the VCQG, the relative efficiencies improved with repetition. The average surplus of the first
half and the last half is listed in the third and fourth columns, respectively, of Table 2 (with the standard
deviations in parentheses). For both treatments and for all the groups, the average surplus of the first
half was lower than that of the last half. Using the sign test for paired samples, the null hypothesis
that the median of the within-group difference in the average surplus of the first half and the last half
equals zero was rejected with a p-value of 0.004 for both treatments. Also, according to the figure, there
was no difference in the efficiency of the two mechanisms. Treating each group’s average as a sample
and using the Wilcoxon rank sum test, we tested the null hypothesis that the two treatments have the
same distribution of surplus. The p-value was 0.258. We conducted the same test using the Kendall-t
correlation, obtaining an insignificant result with a p-value of 0.508.

Observation 2. The frequency of efficient allocations observed in the experiment was much higher than
the benchmark of random bidding. There was no difference in the efficiency of the GSP and the VCG.
In both treatments, the average surplus increased with repetition.

4.3 Equilibrium

One benefit of using experimental methods is that we can specify the value. This allows for a direct test
of whether a bid profile is in equilibrium. In the benchmark of random bidding, the relative frequency
of Nash equilibrium bid profiles is 77.316 x10~> (= 4119147603/351°) in the VCG and 2.501 x 107>
(= 133265484/351%) in the GSP.!” The relative frequency of the LEFNE bid profiles is 675.707 x 1078
(= 35999271/351°) in the VCG and 7.579 x 1078 (= 403760/351°) in the GSP. These results illustrate
two features of the auctions. First, if all bids are determined randomly, the probability of observing
bid profiles that are either Nash equilibria or LEFNE is extremely low. Second, there are more Nash
equilibrium and LEFNE bid profiles in the VCG than in the GSP. Nash equilibrium bid profiles are 30
times more likely and LEFNE bid profiles are 90 times more likely in the VCG than in the GSP. In
this experiment, there were very few Nash equilibrium bid profiles, and LEFNE bid profiles were rarely
observed. Equilibrium bid profiles were more frequent in the VCG than in the GSP.

The top two graphs in Figure 4 illustrate the number of bid profiles that were a Nash equilibrium
and a LEFNE in each period. The number of bid profiles in each period was nine, so half of the bid
profiles were not even a Nash equilibrium. There were no LEFNE bid profiles in the GSP; there were
11 LEFNE bid profiles in the VCG. As apparent from the figure, equilibrium bid profiles were more
frequent in the VCG. We calculated the occurrence of Nash equilibrium and LEFNE outcomes per
group in the first and the last 50 rounds for each treatment (listed in the fifth through eighth columns of
Table 2). Using the Wilcoxon rank sum test, the tested null hypothesis was that there is no difference

17 As with the calculation of efficiency, we counted the allocations in such a manner that the number of equilibrium outcomes
is maximized (see Footnote 16). The relative frequency of the experiment is much higher than the relative frequency of the
computation, although we counted the equilibrium in this manner. We also computed the ratios for the case where the number
of equilibrium outcomes would be minimum. The ratios of equilibrium outcomes in the VCG to the GSP did not differ greatly.
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Figure 4: Comparison of the occurrence of equilibrium bid profiles

between the two treatments in the distributions of the number of equilibrium outcomes in the last 50
rounds. The p-values were 0.005 for LEFNE and 0.021 for Nash equilibrium outcomes.

The bottom two graphs in Figure 4 compare across treatments the average number of subjects in a
group whose bid is the best response to the others’ bids (right) and whose bid is LEF (left). Clearly, if
the graph reaches 5, all the groups’ outcomes would be a Nash equilibrium or a LEFNE. As the figures
depict, both graphs tend to increase over periods for both treatments. Also, the graph is higher for the
VCQG than for the GSP. To see the results in further detail, the per-group averages of the first half and
the last half are listed in the ninth to eleventh columns in Table 2. Comparing the top and bottom half
rows in column 10, we can reject the null hypothesis that the distribution is the same in the GSP and
the VCG at the 5% level (Wilcoxon rank sum test, p-value = 0.005). We compared the last column
similarly, and the null hypothesis was rejected (Wilcoxon rank sum test, p-value = 0.002).

Observation 3. The observed number of equilibrium outcomes was higher in the VCG than in the GSP.
Also, the per-group averages of the number of best responding subjects and the number of LEF bids
were higher in the VCG than in the GSP.

Let us end this subsection with a discussion on the possible reasons for there being more equilibrium
outcomes in the VCG than in the GSP. First, it is clear from the computation results that the number
of Nash equilibria and LEFNE is larger in the VCG than in the GSP. Although this was the result of
computations for a specific environment, the difference in the number of equilibria is noteworthy. The
VCG has more equilibria than the GSP, and this difference could have accounted for the experimental
observation. Another possibility is the difference in the existence of truth-telling equilibrium. Mizukami
et al. (2009) argued that if it is an equilibrium for all to state truthfully in a mechanism with multiple
equilibria, this truth-telling equilibrium may become the focal point among all the equilibria. They
showed that this was indeed the case by comparing two simple mechanisms with and without a truth-
telling equilibrium in an experiment, and observing that the Nash equilibrium was observed much more
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frequently in the mechanism with the truth-telling equilibrium. In keyword auctions, it is a LEFNE
for all to bid their value in the VCG, whereas such a bid profile is not always a Nash equilibrium in
the GSP. If the truth-telling equilibrium were a focal point, the revenue would be lower in the VCG
than in the GSP. Also, because the GSP lacks an equilibrium that is a focal point, it may have been
more difficult for the subjects to coordinate on the equilibrium, lowering the number of equilibrium
bid profiles in the GSP compared to that in the VCG. Finally, given others’ bids, it is easier to find
best response in the VCG than in the GSP in the following sense: the payoff maximizing position will
be unique in most cases in the VCG but not in the GSP. In the VCG, player i’s best response given
the others’ bids b_; is to bid in the interval of'® [max{b; : j # i,b; < vi},min{b; : j # i,b; > v;}].
Therefore, as long as the endpoints of the interval are not equal to the value, the payoff maximizing
positions will be unique. In the GSP, however, the best response may not always form a single interval,
but may consist of several different intervals. For example, consider the case where the others’ bids are
b_; = (100,78, 60,55) and v; = 100. The payoffs from obtaining position 1 to 5 by bidding accordingly
will be 0, 1760, 2000, 1800, and 2000. The payoff maximizing positions of player i are positions 3 and
5, and the corresponding range of best response bids consist of two intervals [0, 55] and [60, 78]. Of
course, the ease of best responding to the bid of others does not imply the ease of being in equilibrium,
but these properties may cause the difference in the equilibrium outcome in the two mechanisms.

4.4 Bidding behavior

Unlike other sections where the performance of the mechanisms was compared, this section investigates
the bidding behaviors of the subjects. First, we examine the distribution of bids in each treatment with
respect to b and b. The bids in both mechanisms tend to converge to a range [b, b]. Like the observations
in the sealed-bid second-price auction experiments, there is a tendency for the subjects to overbid in the
VCG, although this tendency is weak and the median is close to the value. Also, we look at the subjects’
responses to the past bids of others. Although the Nash equilibrium bid profiles were rarely observed in
the experiment, given the bids of others in the previous period, the subjects’ bids were weakly improving
their payofts in most cases in both mechanisms.

Table 3 lists the summary statistics of the bidding behavior that we will use throughout this section.
The statistics are calculated conditional on treatments and values. The first three rows list the bids’
average, median, and standard deviation of the last half. From the average and median, it is clear that
the bids are higher in the VCG than in the GSP. There is no general tendency in the standard deviations
of the two mechanisms.

Another interesting question is whether the subjects’ most experienced position coincides with the
rank of their value. The number of subjects whose most experienced position equals the ranking of their
value is listed in the fourth row of Table 3. It was almost the same in the GSP and the VCG.

Figure 5 shows 10 graphs that depict, conditional on treatments and values, the median bids and
95% confidence interval calculated from the acceptance region of the sign test. The thick dark blue line
shows the median, and the light blue regions show the 95% confidence interval. The dotted horizontal
lines are b and b. The top row shows graphs for the VCG and the bottom row shows graphs for the GSP.
Each column corresponds to the values vy, ..., vs.

From the graphs for the VCG treatment, one can see that the subjects with lower values tend to
overbid, and subjects with higher values tend to underbid. This finding of overbidding was similar to
that of the sealed-bid second-price auction experiments with a single unit of good (Kagel et al., 1987;
Kagel and Levin, 1993; Harstad, 2000; Cooper and Fang, 2008) and multiple units of good (Kagel and

131f the lower bound is empty, it should be set to zero. If the upper bound is empty, it can be arbitrarily set to any number
greater than or equal to the value.
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VCG GSP
180 160 120 100 90 All 180 160 120 100 90 All

Bids (with corrections for outliers)*

Average (last half) 16231 15046 128.04 109.62 105.11 131.11 11229 101.80 71.77 55.47 50.57 78.26

Median (last half) 159.00 150.50 124.00 105.00 100.00 121.00 101.00 100.00 75.00 55.00 55.00 78.00

Standard deviation (last half) 52.09 2936 1844 1465 1947 3746 3292 2483 2779 19.11 2726 36.39
Number of subjects whose most experienced

position equals to the ranking of value 6 3 8 3 6 26 6 3 5 5 5 24
Average number of myopic improving bids

per subject (out of 99 bids) 8433  80.33 82.00 8578 86.89  83.87 89.33 87.44 88.89 84.11 8322 86.60
Average number of myopic best responding

bids per subject (out of 99 bids) 58.00 5244 4789 5456 50.00 52.58 6333  57.00 49.11 64.67 49.56 56.73
Average number of best response to the

average of the past bids (out of 99 bids) 50.78 50.56 5844 64.89 5833  56.60 4500 50.78 2278 54.67 33.89 41.42

* In the experiment, only a few extreme overbiddings were observed. We exclude them merely for the statistics in these three rows, because
the descriptive statistics better describe the overall tendency without them. For each value, we excluded the bids that were three standard
.,vs were 2, 6,7, 6, 1 for the VCG and

deviations away from the mean. The number of observation excluded from the analysis for values vy, ..

2,12, 3, 3, 0 for the GSP, respectively.

Table 3: Summary statistics of the bidding behavior per treatment and value
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Figure 5: Median bid and 95% confidence intervals in each period for each treatment and each value
(The top row shows graphs for the VCG and bottom row shows graphs for the GSP. Dotted horizontal

lines are b and b.)
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Levin, 2001.)!° However, the degree of overbidding is not large, as the bids tend to lie in between
their own value and the value immediately above, which corresponds to b and 5", respectively. This
tendency that the bids are in the bounds of LEFNE is also observed in the GSP. In most graphs of both
treatments, the bids tend to converge to a range within b and b. Thus, although the bid profiles are not
in equilibrium, subjects’ bids tend to converge toward a bid profile that is in the range of bids that give
the upper and lower bounds to the auctioneer’s revenue among the LEFNE bid profiles.

Treatment: VCG, Group: 5

350 4

300+

250 4

200+

Bids

150

100

0 20 40 60 80 100
Periods

Figure 6: Example of bid transition in group (Treatment = VCG; Group = 5)

The exception to the above tendency is the bids made by subjects with lowest value. To investigate
this behavior, we looked into the bid transition of each group. Figure 6 shows an example of bid transi-
tion in the VCG. In this group, bids of subjects with the lowest and second lowest value drift in parallel
with each other, and the other three drift in parallel with each other. This tendency that some bids drift
along is apparent in most of the groups, and it is most common for bids of subjects with values vs and
v4. The graphs of all groups are available as supplementary material. One possible interpretation of
this bidding behavior is that some proportion of the population has a spiteful preference. By spiteful
preference, we mean people having preference over not only their own revenue but also others’” pay-
ments: for the same revenue, such people prefer to raise the payments of others. In keyword auctions,
this simply means that people prefer to raise their bid as long as they obtain the same position. In the
post-experiment questionnaire, we asked whether they increased their bid in order to increase the pay-
ments of people in higher positions. The answer was chosen from strongly disagree (=1) to strongly
agree (=7) in a seven-point scale. The average answer was 4.76 in the VCG and 4.20 in the GSP, and
“agree” was the mode for both treatments. If the subjects with the lowest value have this preference in
the VCG, then we can expect the bids of subjects with v4 and vs to drift in parallel with each other.2’

19Chen and Takeuchi (2010) found that there is no tendency to overbid in the multi-object package auction using the VCG
mechanism.

20For example, consider the bid of subject i with the lowest value vs in the VCG. Without this preference considered, subject
i would be indifferent to bidding any number between 0 and b,u4). With this preference, i would prefer to bid by4) — €. Now,
if subject j with the next lowest value v, is faced with subject i with this preference, j would not prefer to raise the bid to
bai) — €, even if he or she had the spiteful preference. If j do have a spiteful preference, he or she could expect bidder i to raise
their bid even more, lowering j’s revenue in the following period. In another question in the post-experiment questionnaire,
we asked whether they decreased their bid in order to prevent the subject in the lower position from raising their bid. The
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Finally, we analyzed how the subjects were adjusting their bids to the past bids of others. First,
we checked whether subjects’ bids improved their payoffs, with respect to the others’ bids from the
previous period. If the subjects were making their decisions thoughtfully, it is reasonable to believe
that the subjects based their decisions on the past bids of others. This analysis is in the same spirit
as Cary et al. (2007), where they analyzed, both theoretically and using simulations, the convergence
of bidding behavior in repeated auctions where the bidders were assumed to predict that others would
behave in the next period as they did in the current period. To check the tendency of subjects’ bids, we
introduced two new concepts, myopic improvement and myopic best response. Let b;; be the bid made
by subject i in period ¢ and b_;, be the bids of subjects other than i in period . We say that subject
i’s bid in period ¢ + 1 is a myopic improvement if u;(b; 1, b-i;) — ui(bis, b_i;) = 0, and myopic best
response if b1 € argmax;, u,-(bl’.,t, b_l-,,).21 One might think that individuals would consider more
deeply into the past than just one previous period. For example, an individual may best respond to the
average of all the previous bids by others. Therefore, we calculated the number of bids b; ;.| such that
bity1 € argmax, ui(b;[, lAa_i,t) where lAa_i,t is a vector of average bids by others in all previous periods
ranked in the order of bids. Elements of the vector are the average of the highest bids, second highest
bids, third highest bids, and lowest bids of others in each period.

The average frequency of myopic improvement bids per subject was 83.87 in the VCG and 86.6 in
the GSP (Table 3). The average per subject frequency of myopic best response bids was 52.58 in the
VCG and 56.73 in the GSP. Using the Wilcoxon rank sum test, the null hypothesis that the distribution
of the per subject frequency of myopic best response bids is the same was almost rejected at the 5% level
with the p-value of 0.051. This result is surprising since, as argued in the previous section, choosing
the best response may be more difficult in the GSP because the bid range that is the best response to the
others’ bids may consist of more than one interval. Finally, contrary to the myopic best response, the
per subject frequency of the best response bids to the average of all the past bids of others is higher in
the VCG. The average was 56.60 in the VCG and 41.42 in the GSP. This difference was also statistically
significant. Using the Wilcoxon rank sum test, the null hypothesis was rejected at the 5% level with the
p-value of 0.002.

Observation 4. The median of the bids tends to lie in the bounds of b and b. There was some overbid-
ding in the VCG among subjects with lower bids, but this tendency was weak. The number of myopic
improvement bids was high in both mechanisms. The subjects in the GSP tend to best respond myopi-
cally compared to the VCG, whereas subjects in the VCG tend to best respond to the average of all the
past bids.

5 Conclusion

This paper compared two mechanisms for keyword auctions: the GSP and the VCG. The GSP is being
used in real keyword auctions, whereas the VCG, where truth-telling is the dominant strategy, is not.
This paper makes two contributions to the existing keyword auction literature. First, theoretically,
the properties of the LEFNE in the VCG were investigated. We proved that the ad-spot allocations are
efficient in any LEFNE in the VCG, and that the range of the revenue obtained by the auctioneer in the

mean was 4.36 in the VCG and 4.31 in the GSP with the mode “agree” in both treatments. We can expect the bid of i and j
to drift at some bid. A reasonable candidate for this bid is E;’ = l_?X , the threshold bid where j will prefer to obtain position 5
instead of 4 for any b, higher than this number. If the probability of a subject being spiteful is above 0.5, we can expect the
median of bs to drift at or just below bY, but the median of b, to drift at or just above IgX .

2/In line with Cary et al. (2007), if the subjects are following the “greedy bidding strategy,” their bids will always be
the myopic best response. In their analysis, they also specify a particular bidding behavior called “balanced bidding.” They
theoretically show that when there are more than three ad-slots and all players change their bids simultaneously, even if the
bids are 100% myopic best response, the bids may not converge to equilibrium. See also Footnote 7.
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LEFNE in the GSP coincides with that in the VCG. Thus, not only do the lower bounds of the revenues
coincide in the GSP and the VCG as shown in Edelman et al. (2007), but the upper bounds of the
revenues also coincide in the two mechanisms.

Second, this paper analyzed the results of the first laboratory experiment conducted to compare the
VCG and the GSP. The main observations of the experiment are summarized as follows:

o The differences between the revenues of the two mechanisms were insignificant. In both mech-
anisms, the average revenues were approaching the lower bound of revenues among the LEFNE
bid profiles.

o Efficiencies of the allocations improved with repetition in both mechanisms, and differences be-
tween the efficiencies of the allocation were indifferent in the two mechanisms.

o The observed number of equilibrium bid profiles was higher in the VCG than in the GSP.

e The subjects’ bids were in the bounds of the LEFNE. Also, subjects’ bidding behaviors showed
some learning as their bids weakly improved their payoff with respect to others’ bids in the
previous period.

Theoretical results proven in Section 2 suggest that when the LEFNE is used as an equilibrium
concept for analysis, the revenue and efficiency are expected to be similar in the GSP and the VCG. The
results of the experiment are in line with the theoretical prediction. Although the bid profiles observed
in the experiment were rarely LEFNE, the auctioneer’s revenues were in the bounds of LEFNE and
the efficiencies were high in both mechanisms. Therefore, when only the revenue and efficiency are
under consideration, both mechanisms yield similar results. However, when the easiness to achieve
equilibrium is considered, the VCG has some advantage over the GSP. First, there is a dominant strategy
in the VCG. Second, given others’ bids, the range of best response bids will be a unique interval in
the VCG but might consists of many intervals in the GSP. Also, the number of possible equilibrium
outcomes is larger in the VCG than in the GSP. Finally, in the experiment, the number of occurrences
of the Nash equilibrium and LEFNE was higher in the VCG than in the GSP.
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