
Group Decis Negot (2016) 25:31–63
DOI 10.1007/s10726-015-9431-0

(Un)expected Bidder Behavior in Spectrum Auctions:
About Inconsistent Bidding and Its Impact
on Efficiency in the Combinatorial Clock Auction

Christian Kroemer · Martin Bichler ·
Andor Goetzendorff

Published online: 24 February 2015
© Springer Science+Business Media Dordrecht 2015

Abstract The combinatorial clock auction is a two-stage auction format, which has
been used to sell spectrum licenses worldwide in the recent years. It draws on a number
of elegant ideas inspired by economic theory.A revealed preference activity rule should
provide incentives to bid straightforward, i.e., consistent with the bidders’ valuations
on a payoff-maximizing package, in each round of the clock phase. A second-price
rule should set incentives to bid truthfully in both phases. If bidders respond to these
incentives and bid straightforward in the clock phase and truthful in the second sealed-
bid stage, then the auction is fully efficient. Unfortunately, bidders might neither bid
straightforward in the clock phase nor truthful on all packages in the second sealed-bid
stage due to strategic reasons or practical limitations. We introduce metrics based on
Afriat’s Efficiency Index to analyze straightforward bidding and report on empirical
data from the lab and from the field in the British 4G auction in 2013 and the Canadian
700MHzauction in2014,where thebidsweremadepublic. Thedata provides evidence
that bidders deviate significantly from straightforward bidding in the clock phase,
which can restrict the bids they can submit in the supplementary phase. We show that
such restrictions can have a significant negative impact on efficiency and revenue.
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1 Introduction

The design of auction protocols and systems has received considerable academic
attention in the recent years and found application in industrial procurement, logistics,
and in public tenders (Airiau and Sen 2003; Bellantuono et al. 2013). Spectrum auction
design is one of the most challenging and visible applications. It is often seen as a
pivotal example for the design of multi-object markets and successful auction designs
are likely role-models for other markets in areas such as procurement and logistics.

Efficiency, revenue, and strategic simplicity for bidders are typical design goals that
a regulator has in mind. In theory, the Vickrey–Clarke–Groves (VCG) auction is the
only strategy-proof and efficient auction but for practical reasons, it has rarely been
used so far (Rothkopf 2007). Several other auction formats have been designed and
used for selling spectrum. The most prominent example is the Simultaneous Multi-
Round Auction (SMRA) which has been used since the mid-90s to sell spectrum
licenses world-wide. The more recent Combinatorial Clock Auction (CCA) is a two-
phase auction format with an initial ascending clock auction and a sealed-bid supple-
mentary bid phase afterward. It has lately been used to sell spectrum in countries such
as Australia, Austria, Canada, Denmark, Ireland, the Netherlands, Slovenia, and the
UK.

The CCA draws on a number of elegant ideas inspired by economic theory. A
revealed preference activity rule should provide incentives for bidders to bid straight-
forward or consistent, i.e., to bid truthfully on one of the payoff-maximizing packages
in each round of the clock phase. If bidders fail to maximize utility and bid on a pack-
age with a less than optimal payoff, we will also refer to this as inconsistent bidding
behavior, i.e., bids which are not consistent with the assumption of utility maximiza-
tion. A second-price rule should set incentives to bid all valuations truthfully in the
second sealed-bid phase. It can be shown that if bidders respond to these incentives in
both phases of the CCA, then the outcome is efficient and in the core (Ausubel et al.
2006). However, bidders might not have incentives to bid truthful in both phases, and
this can lead to inefficiencies.

1.1 Reasons for Inefficiency in the CCA

The CCA is used in high-stakes auctions and much recent research tries to better
understand when it is efficient in theory and in the lab. For the former, Goeree and
Lien (2013) highlight possibilities for profitable manipulation and deviations from
truthful bidding in core-selecting auctions in a market with several local and one
global bidder. They show that the Bayesian Nash equilibrium outcome in this market
can be further from the core than that of the VCG auction in a sealed-bid auction, and
that in their model truthful bidding is never an equilibrium in a core-selecting auction.
Sano (2012) analyzes the same market situation and shows that in ascending auctions
a core-selecting payment rule can lead to an inefficient perfect Bayesian equilibrium
where local bidders drop out at the start. Janssen and Karamychev (2013) and later
Levin and Skrzypacz (2014) provide a complete information analysis of the CCA rules
considering the activity rules of the CCA and show that there are multiple equilibria
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(Un)expected Bidder Behavior in Spectrum Auctions 33

with no guarantee for efficiency. The equilibria depend on assumptions about bidders’
incentives to drive up prices of competitors, which is risk-free in the CCA as was
shown in Bichler et al. (2013a) (see Sect. 2.4).

Lab experiments yielded low revenue and low efficiency for the CCA in a market
with a larger number of licenses (Bichler et al. 2013a). Interestingly, also the CCA
conducted in the UK in 2013 achieved a revenue below the expectations, leading to
an investigation by the UK National Audit Office (Arthur 2013), whereas some other
CCAs such as the one in Austria in 2013 achieved high revenue. It turns out that one
reason for low efficiency and revenue in the experiments was that bidders submitted
only a small subset of the thousands ormillions of packages they could bid on. This can
have strategic but also very practical reasons. In larger combinatorial auctions such
as the Canadian 700MHz auction in 2013 with 98 licenses, national bidders could
potentially bid up to 1814 packages. It will only be possible to submit bids on a small
subset of all possible packages for any bidder. All other packages are treated by the
winner determination in theCCAas if bidders had no valuation for these combinations,
which is unlikely.

In contrast, the SMRA uses an “OR” bidding language, where bidders can have
multiple winning bids. During the winner determination, bids on different items pro-
vide an estimate for the value that a bidder has for every possible combination of bids
on individual items. Also in the British auction in 2013 only a low number of package
bids was submitted. Problems due to the exponential growth in the number of packages
can sometimes be addressed by a compact bid language, as was discussed in Bichler
et al. (2014). The recently released rules for the upcoming CCA in Canada in 2015
try to address this problem by allowing for restricted OR bids in the supplementary
stage. Of course, the bid language does not solve the strategic reasons for bidders to
bid on many or only a few packages in the supplementary stage. We will discuss some
of these reasons in Sect. 2.4.

1.2 Contribution of this Paper

In this paper, we show that apart from missing bids in the supplementary phase, also
inconsistent bidding in the clock phase can be a source of inefficiency. We show that
bidders in the lab and in the field (Canada and UK) do not bid straightforward in
the clock phase. There are actually several reasons for inconsistent bidding behavior.
For example, bidders might have budget constraints (Shapiro et al. 2013) or values
might be interdependent, which can lead to inconsistent bidding as bidders revise
their valuations when they learn about other bidders’ valuations during the auction.
Even if bidders have independent and private values without budget constraints, there
can be incentives to reduce or inflate demand in the clock phase in order to drive up
payments of competitors (Bichler et al. 2013a; Janssen and Karamychev 2013; Levin
and Skrzypacz 2014).

However, the revealed preference activity rule prohibits bidders from bidding truth-
fully up to their valuation in the supplementary phase, if they do not bid straightforward
in the clock phase, and this can lead auctioneers to select an inefficient allocation. We
provide evidence from the lab and from the field showing that the resulting inefficien-
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cies can be significant, while being much less obvious at the same time. Measuring
this inefficiency due to restrictions on the supplementary bid prices is straightforward
in the lab, where the values of bidders are available. But also the analysis of the field
data from the British LTE auction in 2013 and from the Canadian 700 MHz auction in
2014 suggests that inconsistent bidding was an issue. We introduce metrics based on
Afriat’s Efficiency Index, which allow measuring the level of inconsistency. Numeri-
cal simulations based on data from the lab and from the UK indicate that the impact
of inconsistent bidding on efficiency can be substantial. In the lab we found an overall
efficiency loss of around 5%, which can be attributed to inconsistent bidding in the
clock phase. In the data from the field, where we don’t know the bidders’ true valua-
tions, we also found a surprising large number of supplementary stage bids at the bid
price limit imposed by the clock phase. This can be seen as an indication that these
bids were also below the true valuation, although one can assume that bidders in these
these countries tried to bid up to their true valuation.

A strong activity rule, which forces bidders to be consistent across auction rounds,
appears to be an intuitive solution to fix the problems discussed in this paper. However,
in the conclusions we will outline issues which arise when a regulator tries to force
bidders to bid straightforward.

1.3 Outline

The remainder of this paper is structured as follows: After briefly introducing the rules
of the CCA in Sect. 2, we will discuss Afriat’s Efficiency Index to analyze whether
bidders in the CCA are bidding straightforward in Sect. 3. We will use this metric to
analyze bidders in the lab in Sect. 4 and bidders from the British and the Canadian
auction in Sect. 5. Finally, we will use computer simulations to analyze the impact of
these deviations on the auction’s final outcome in Sect. 6. Section 7 discusses stronger
activity rules to force consistent bidding in the clock phase and potential problems
arising from such rules.

2 The Combinatorial Clock Auction

Used for the first time in 1994, the SMRAhas been the de facto standard auction format
for spectrum sales for almost 20 years (Milgrom 2000). A number of well-known
strategic problems have led to substantial research on alternative auction formats. In
particular, the exposure problem turned out to be central. Bidders are often interested
in specific combinations or packages of licenses. Their value for these packages can
be much higher than the sum of the individual license values in this package. As the
SMRA allows only bidding on single items, a bidder risks winning only part of his
package, having to pay more than what the subpackage is worth to him. Combinatorial
auctions address this problem by allowing bidders to submit bids on packages rather
than on single items. In 2008 the British regulator Ofcom decided on the two-stage
Combinatorial Clock Auction (CCA) (Ausubel et al. 2006), a format which has been
used in many countries world-wide in the last 5 years.
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(Un)expected Bidder Behavior in Spectrum Auctions 35

First, we briefly describe the overall auction process that was the same in the recent
auctions. Then we discuss the activity rules, and draw on the latest version used in
Canada in 2014.1

2.1 The CCA Auction Process

In the clock phase, the auctioneer announces ask prices for all licenses at the beginning
of each round. In every round bidders communicate their demand for each item at the
current prices. At the end of a round, the auctioneer determines a set of over-demanded
licenses for which the bidders’ demand exceeds the supply. The price for all over-
demanded lots is increased by a bid increment for the next round. This clock phase
continues until there are no over-demanded lots left.

The supplementary stage is designed to eliminate incentives for demand reduction
and other inefficiencies in the combinatorial clock auction due to the limited number of
bids that bidders can submit in the first phase. In this sealed-bid stage bidders are able
to increase bids from the clock phase or submit bids on bundles they have not bid on so
far. Bidders can submit as many bids as they want, but the bid price is restricted subject
to the CCA activity rule (see next subsection). Finally, all bids from both phases of the
auction are considered in the winner determination and the computation of payments
for the winners. The winner determination is an N P-hard combinatorial optimization
problem (Lehmann et al. 2006). For the computation of payments, a Vickrey-nearest
bidder-optimal core-pricing rule is used (Day and Cramton 2012).

With certain assumptions on the bidders’ valuations it is possible to determine the
efficient allocation and the VCG payments, even if bidders do not bid up to their true
valuation in the supplementary stage. For example, if bidders have independent and
decreasing marginal valuations for homogeneous items and all bidders bid straight-
forward then it is possible to determine Vickrey payments even bidders would not
increase their bids after the clock phase. Under these assumptions bidders have strong
incentives to bid truthful as the clock auction is ex post incentive compatible. How-
ever, combinatorial auctions are typically used when bidders have complementary
valuations and this is when the clock auction loses its favorable properties. Without
substitutes valuations an efficient outcome can not be guaranteed in a clock auction, not
even with fully straightforward bidding by all participants. Actually, simple examples
show that the clock phase can have very low efficiency, if all bidders bid straightfor-
ward (see Sect. 7). Actually, even if valuations were gross substitutes no ascending
auction can always impute Vickrey prices (Gul and Stacchetti 1999), i.e., payments
for which bidders have no incentives to shade their true valuations.2

1 The auction rules of the Canadian 700 MHz auction in 2014 can be found at http://www.ic.
gc.ca/eic/site/smt-gst.nsf/eng/sf10583.html. The auction rules of the British auction in 2013 can be
found at http://stakeholders.ofcom.org.uk/spectrum/spectrum-awards/awards-archive/completed-awards/
800mhz-2.6ghz/.
2 Ausubel (2006) showed that there is an ascending auction with multiple price trajectories and item-level
prices, which is efficient and yields the VCG allocation and payments. The auction runs one ascending
auction with all bidders, and one with each bidder excluded in turn. However, this auction format is quite
different from the clock auctions used in the field so far.
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Apart from the observation that bidders in spectrum auctions often have comple-
mentary valuations, a number of other reasons can cause differences between the true
VCG payments and the payments computed in the CCA. For example, in larger auc-
tions with many licenses bidders might be unable to submit supplementary bids on all
possible packages. However, such missing bids can have an impact on the payments
of others. There are also differences to the VCG payments, if bidders bid higher or
lower than their valuation for strategic reasons, and there can be multiple non-truthful
equilibria in this auction (Levin and Skrzypacz 2014).

2.2 Activity Rules in the CCA

The CCA combines two auctions in the clock and in the supplementary phase. This
requires additional rules setting incentives to bid truthfully in both phases. Without
activity rules, bidders might not bid actively in the clock phase, but wait for the other
bidders to reveal their preferences, and only bid in the supplementary phase.Originally,
the clock phase of the CCA employed a simplemonotonicity rule which does not allow
to increase the size of the package in later rounds as prices increase. It has been shown
that with substitutes preferences straightforward bidding is impossible with such an
activity rule (Bichler et al. 2011, 2013a). Later versions use a hybrid activity rule using
a monotonicity rule and a revealed preference rule (Ausubel et al. 2006). Revealed
preference rules allow bidders to bid straightforward in the clock phase. If they do,
then bidders are able to bid on all possible packages up to their true valuation in the
supplementary stage (Bichler et al. 2013a). In the following we describe the latest
version of the activity rules as they have been used in the Canadian 700 MHz auction
in 2014. These rules have also been used in our simulations in Sect. 6.

First, an eligibility points rule is used in the clock phase to enforce activity in
the primary bid rounds. The number of bidder’s eligibility points is non-increasing
between rounds, such that bidders cannot bid on more licenses when the prices rise.
A bidder may place a bid on any package that is within its current eligibility. Second,
in any round, the bidder is also permitted to bid on a package that exceeds its current
eligibility provided that the package satisfies revealed preference with respect to each
prior eligibility-reducing round. Bidding on a larger package does not increase the
bidder’s eligibility in subsequent rounds.

The revealed preference rule works as follows: A package in clock round t satisfies
revealed preference with respect to an earlier clock round s for a given bidder if the
bidder’s package xt has become relatively less expensive than the package bid on in
clock round s, xs , as clock prices have progressed from the clock prices in clock round
s to the clock prices in clock round t . xs and xt are vectors where each component
describes the number of licenses demanded in the respective category, i.e., region or
spectrum band. The revealed preference constraint is:

m∑

i=1

(xt,i × (pt,i − ps,i )) ≤
m∑

i=1

(xs,i × (pt,i − ps,i ))
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where:

– i indexes the licenses;
– m is the number of licenses;
– xt,i is the quantity of the i th license bid in clock round t ;
– xs,i is the quantity of the i th license bid in clock round s;
– pt,i is the clock price of the i th license bid in clock round t ; and
– ps,i is the clock price of the i th license bid in clock round s.

A bidder’s package, xt , of clock round t is consistent with revealed preference in
the clock rounds if it satisfies the revealed preference constraint with respect to all
eligibility-reducing rounds prior to clock round t for the given bidder.

2.3 Activity Rules in the Supplementary Phase

Under the activity rule for the supplementary round, there is no limit on the supple-
mentary bid amount for the final clock package. All supplementary bids on packages
other than the final clock package must satisfy revealed preference with respect to
the final clock round regardless of whether the supplementary bid package is smaller
or larger, in terms of eligibility points, than the bidder’s eligibility in the final clock
round. This is referred to as the final cap rule.

In addition, supplementary bids for packages that exceed the bidder’s eligibility in
the final clock round must satisfy revealed preference with respect to the last clock
round in which the bidder was eligible to bid on the package and every subsequent
clock round in which the bidder reduced eligibility. This is also called the relative cap
rule.

Let x denote the package on which the bidder wishes to place a supplementary bid.
Let xs denote the package on which the bidder bid in clock round s and let bs denote
the bidder’s highest monetary amount bid in the auction on package xs , whether the
highest amount was placed in a clock round or the supplementary round.

A supplementary bid b on package x satisfies revealed preference with respect to
a clock round s, if b is less than or equal to the highest monetary amount bid on
the package bid in clock round s, that is, bs plus the price difference in the respective
packages, x and xs , using the clock prices of clock round s. Algebraically, the revealed
preference limit is the condition that:

b ≤ bs +
m∑

i=1

(ps,i × (xi − xs,i ))

where:

– xi is the quantity of the i th license in package x ;
– b is the maximum monetary amount of the supplementary bid on package x ; and
– bs is the highest monetary amount bid on package x either in a clock round or in
the supplementary round.

In addition, for supplementary bid package x , let t (x) denote the last clock round
in which the bidder’s eligibility was at least the number of eligibility points associated
with package x .
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A given bidder’s collection of supplementary bids is consistent with the revealed
preference limit if the supplementary bid for package x , with a monetary amount b
for the given bidder satisfies the following condition: for any package x , the monetary
amount b must satisfy the revealed preference constraint, as specified above with
respect to the final clock round and with respect to every eligibility-reducing round
equal to t (x) or later.

Note that, in the application of the formula above, the package xs may itself be
subject to a revealed preference constraint with respect to another package. Thus, the
rule may have the effect of creating a chain of constraints on the monetary amount of
a supplementary bid for a package x relative to the monetary amounts of other clock
bids or supplementary bids.

2.4 Incentives for Strategic Manipulation and the CCA’s Prisoner’s Dilemma

These activity rules have strategic implications, which have been analyzed in a number
of papers. Possibilities for spiteful bidding have been shown in Bichler et al. (2011)
and later in Bichler et al. (2013a), who show that standing bidders after the clock phase
can determine bid prices in the supplementary round (aka. safe supplementary bids)
such that their standing bid from the clock phase becomes winning with certainty.
Consequently, the allocation cannot change anymore after the clock phase providing
little incentives for bidding truthful in the second phase assuming independent and
private values.

However, in reality bidders might often care about the prices others have to pay and
consequently their payoff, i.e., bidders might be spiteful. Since the allocation cannot
change anymore, the CCA provides possibilities for supplementary bids which drive
up the competitors’ payments, but at no risk of losing the standing bid from the clock
phase (Bichler et al. 2013a).Also, they cannot paymore for this bid thanwhat they have
bid. In recent spectrum auction implementations, the regulator decided not to reveal
excess supply in the last round, in order to make spiteful bidding risky. It depends on
the market specifics, if this risk is high enough to eliminate spiteful bidding.

Another issue in both the VCG auction and the CCA is that they violate the law of
one price. This means, two bidders might win identical allocations at different prices.
We introduce a brief example following Bichler et al. (2013a) to illustrate this point:
Suppose there are two bidders and two homogeneous units of one item. Bidder 1 and
bidder 2 both have preferences for only one unit and a standing bid of $5 on one unit
after the clock phase. If both bidders only bid on one unit, they both pay zero. Now,
according to the CCA activity rules, the allocation cannot change any more. Suppose,
bidder 2 also bids $9 for two units in the CCA, although he does not have such a
valuation for two units. As a consequence, bidder 2 would still pay zero, while bidder
1 would pay $4. However, outcomes where bidders get the same allocation at very
different prices are typically perceived as problematic (see Sect. 5.3), no matter if they
are due to spiteful bids or truthful bidding.

Violations of the law of one price and possibilities for riskless spiteful bidding
introduce a situation much like in a prisoner’s dilemma: If a bidder does not want to
pay more for his allocation relative to competitors, he can bid high on losing package
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bids to drive up payments of competitors after the clock phase. If all bidders follow
this strategy, then the payments will be at their bid prices. Often there is excess supply
after the clock phase, and the standing clock bids need to be increased by the price
of the unsold licenses in the final clock round to win with certainty (Bichler et al.
2013a). This, of course, can also drive up their own payments to the level of this safe
supplementary bid.

Janssen and Karamychev (2013) shows in a complete information analysis that
bidders with an incentive to raise rivals’ costs can submit large final round bids and
aggressive bids in the clock phase. Levin and Skrzypacz (2014) recently provided an
elegant complete informationmodel characterizing the ex post equilibria and resulting
inefficiencies that can arise in theCCA. First, they show that theCCAcan havemany ex
post equilibria if bidders have independent private values. If several bidders try to raise
each others payments spitefully, then they show that there are again multiple equilibria
featuring demand reduction in the clock phase with no guarantee of efficiency. Knapek
andWambach (2012) discuss strategic complexities partly related to an earlier version
of the CCA activity rule.

3 Revealed Preference Theory and Straightforward Bidding in Auctions

As outlined earlier, straightforward bidding is a central assumption for the two-stage
CCA to be efficient (Ausubel et al. 2006). Note that the revealed preference activity
rules in the CCA are such that bidders can be limited in the amount they bid in the
supplementary round if they do not bid straightforward in the clock phase (Bichler
et al. 2011, 2013a). This can also lead to inefficiency, as we will show. Ausubel
and Baranov (2014) draw on the theory of revealed preference as a rationale for the
activity rules used in the latest version of the CCA in the Canadian 700 MHz auction
and for future versions. They show that the current version is based on the Weak
Axiom of Revealed Preference (WARP), while future versions should be based on
the General Axiom of Revealed Preference (GARP) and eliminate eligibility-point-
based activity rules. In what follows, we will revisit important concepts of revealed
preference theory and then discuss how they relate to straightforward bidding in an
auction. We will also introduce a version of Afriat’s Efficiency Index, which allows
us to measure straightforward bidding in empirical bid data.

The concept of revealed preferences was originally introduced by Samuelson in
order to describe rational behavior of an observed individual without knowing the
underlying utility function. He described the simple observation that “if an individual
selects batch one over batch two, he does not at the same time select two over one”
(Samuelson 1938). The term “select over” relates to a concept which is nowadays
known as “revealed preferred to” and can be defined as follows:

Definition 1 Given some vectors of prices and chosen bundles (pt , xt ) for t =
1, . . . , T , xt is directly revealed preferred to a bundle x (xt RDx) if pt xt ≥ pt x .
Furthermore, xt is strictly directly revealed preferred to x (xt PDx) if pt xt > pt x . The
relations R and P are the transitive closures of RD and PD , respectively.
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Intuitively, a selected bundle x1 is directly revealed preferred to bundle x2 if given
x1 and x2, both at price p, x1 is chosen. This definition implies some sort of budget (or
income) for each observation. Consider a world with only two bundles x1 and x2, x1
being themore expensive one. If an individual chooses to consume x1 nevertheless, we
know that she prefers it over x2 such that x1RDx2. This implies that as a rational utility
maximizer, she will never strictly prefer x2 when x1 is affordable at the same time.
More formally, this is known as theWeak Axiom of Revealed Preference (WARP).3 If
she chooses x2, though, we do not know if that decision is due to an actual preference
or a budget constraint below the price of x1. Hence, there is also no way to predict
which choice will be made in another observation where she might have a higher
income or face different prices as we have learned nothing about the relation RD .

In a setting with more than two bundles, WARP is not enough to determine if a con-
sumer is a rational utility maximizer. A set of choices {x1RDx2, x2RDx3, x3RDx1} is
not violating WARP but is possibly irrational. In order to detect this inconsistency, we
need to consider the transitive closure R which also includes x1Rx3, possibly contra-
dicting x3RDx1. Therefore, in a world with more than two bundles the consumption
data of a rational utility maximizer needs to satisfy the Strong Axiom of Revealed
Preference (SARP)4 or, if indifference between distinct bundles is valid, the Gener-
alized Axiom of Revealed Preference (GARP).5 Varian (2006) provides an extensive
discussion of WARP, SARP, and GARP.

Applying these axioms to the clock phase of the CCA is straightforward: In each
clock round (observation), there is a single known price vector for which each bidder
submits a single demand vector. Hence, we can easily build the revealed preference
relation RD and its transitive closure R for every bidder. For the supplementary round
S, we know the bid prices pSx even without an explicit price vector pS , as bidders bid
on bundles instead of single items. As only at most one of the bidder’s bids will win,
for any pair of supplementary bids {x S1 , x S2 }, the bidder reveals her preference for the
higher bid. This allows us to infer x S1 RDxS2 if the bid on x S1 is higher or equal to the
bid x S2 , or vice versa. A bid in the clock phase x and a supplementary bid x S will be
treated as the same observation if both bids have identical demand vectors.

Example 1 Table 1 provides a simple example of CCA bidding data for an auction
with 3 clock rounds and a supplementary phase. In each round of the clock phase, the
considered bidder reveals her preference of the chosen bundle over all other affordable
bundles. In the supplementary phase, bundles with higher bids are preferred over those
with lower bids. The givendata is consistentwith a set of valuations such as (85, 75, 55)
for the three bundles. However, it is not consistent with the assumed actual valuations
(100, 100, 100) thatwould require to always choose the cheapest of the three packages.
When using the actual valuations to infer revealed preferences as well,6 the resulting
relation violates GARP in this case, but it cannot be detected without knowing the true
valuations.

3 If xt RDxs then it must not be the case that xs PDxt for WARP to be satisfied.
4 If xt Rxs then it must not be the case that xs Rxt for SARP to be satisfied.
5 If xt Rxs then it must not be the case that xs Pxt for GARP to be satisfied.
6 xi RDx j for any pair (i, j) as all valuations are equal.
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Table 1 An example applying the revealed preference theory to a CCA

Round t Prices pt Bundle prices pt x Revealed preference

A B x1 = (2, 2) x2 = (2, 1) x3 = (1, 1)

1 10 10 40* 30 20 x1PDx2, x1PDx3
2 20 20 80 60* 40 x2PDx3
3 30 20 100 80 50*

S 85 55 x1PDx3
Valuations 100 100 100

Bundles xt , which are selected by the bidder, are marked with *

Table 2 Example for non-straightforward bidding behavior with GARP

Round t Prices pt Bundle prices pt x Revealed preference

A B x1 = (1, 0) x2 = (0, 1)

1 10 50 10* (50)

2 30 80 30 80* p2x2 > p2x1 ⇒ x2PDx1

Afriat’s Theorem says that a finite set of data is consistent with utility maximization
(i.e., straightforward bidding) if and only if it satisfies GARP (Afriat 1967). However,
GARP allows for changes in income or budget across different observations (see
Table 2) as traditional revealed preference theory is based on the assumption of an
idealized individualwho “confrontedwith a given set of prices andwith a given income
[...] will always choose the same set of goods” (Samuelson 1938).

The auction literature typically assumes that bidders have quasi-linear utility func-
tions such that they maximize their payoff given the prices. Quasi-linear utility func-
tions imply that there are no binding budget constraints or “infinite income.” Ausubel
and Baranov (2014) argue that a GARP-based activity rule would require GARP and
quasi-linearity.Also, the efficiency results for theCCA inAusubel andMilgrom (2002)
and Ausubel et al. (2006) only hold if bidders are quasi-linear and they bid straightfor-
ward. Unfortunately, Table 2 shows that the traditional definition of GARP allows for
changes in income and therefore allows substantial deviations from straightforward
bidding if we assume quasi-linear utility functions.

Example 2 The example in Table 2 is no violation of GARP. It can be explained by
an increase in income from t = 1 to t = 2.

Therefore, we aim for a stronger definition of revealed preference with non-binding
budgets, as they are assumed in theory. With this assumption, the different bids in an
auction also reveal how much one bundle is preferred to another one:

Definition 2 Given some vectors of prices and chosen bundles (pt , xt ) for t =
1, . . . , T and a constant income, we say xt is revealed preferred to a bundle x by
amount c (written xt Rcx) if pt xt ≥ pt x + c.
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Intuitively, xt Rcx can be interpreted as “xt is chosen over x if it costs no more than
the price of x plus c”. We will refer to this definition of revealed preference as GARP
with quasi-linear utility (GARPQU). Note that c will be negative in all cases where
x is more expensive than xt , which would be ignored in the traditional definition of
revealed preferences (see Definition 1). The result of applying this definition to a set
of bid data will be a family of relations Rc instead of a single revealed preference
relation R. Rc has several properties:

– x1Rcx2 implies x1Rx2 if c ≥ 0 (definition)
– x1Rcx2 implies x1Px2 if c > 0 (definition)
– x Rcx for all c ≤ 0 (reflexivity)
– x1Rc1x2 and x2Rc2x3 imply x1Rc1+c2x3 (transitivity)
– x1Rc1x2 implies x1Rc2x2 if c1 > c2 (derived from transitivity and reflexivity of

Rc1−c2 )

These properties are sufficient to derive a contradiction x Rcx with c > 0 (“u(x) >
u(x)”) for any non-straightforward bidding behavior that can be detected without
knowing the actual utility function u. For example, it is easy to see that the choices in
Table 2 do not describe straightforward bidding because they are not consistent under
the above properties of Rc: (x1R−40x2 ∧ x2R50x1 ⇒ x1R10x1).

The clock stage and the supplementary stage lead to different questions to the
bidders. In the clock stage a straightforward bidder is asked to indicate which bundle
has the highest payoff given some vector of prices. In contrast, a bidder should submit
his true valuations for all packages. Therefore, a bidder who submits bids on the
packages of the last round at the clock prices in the last round does not necessarily
satisfy GARPQU.

Example 3 Let’s assume there are two lots A and B. At a price of ($100, $50) for both
lots, a bidder demands a quantity vector of (0, 3). In the next round prices increase to
($100, $100), and the bidder demands (1, 2). Let v(·) be the value of a package. In the
first round, the bidder revealed that v(0, 3) + $50 ≥ v(1, 2). In the second round, he
reveals that v(1, 2) ≥ v(0, 3). The auction stops and the bidder submits exactly the
same prices for the packages as supplementary bids:

〈
(0, 3), $150

〉
and

〈
(1, 2), $300

〉
.

The differences in supplementary bids are interpreted as differences in the valuations,
such that v(1, 2) − 150 ≥ v(0, 3). Together with the revealed preferences from the
clock phase, this leads to a violation of GARPQU v(0, 3)+$50 ≥ v(1, 2) ≥ v(0, 3)+
$150. If the bidder revealed his valuations truthfully in the supplementary stage, he
would not submit the very same bid as in the clock phase. With a bid of 〈(0, 3), $270〉
GARPQU will not be violated.

Note that the result of such an analysis of a series of bids is always binary: either a
set of data satisfies GARPQU or it does not. In revealed preference theory, measures
such as Afriat’s Efficiency Index (AI) were developed to describe how well a set
of consumer choices conforms to utility maximization. The AI is a goodness of fit
metric that spans the range [0; 1] with 1 indicating perfect compliance with a tested
axiom (Afriat 1973). It requires a variable e in all revealed preference inequations (see
Definitions 1, 2):
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– xt RDx : pt xt ≥ pt x becomes e · (pt xt ) ≥ pt x
– xt PDx : pt xt > pt x becomes e · (pt xt ) > pt x
– xt Rcx : pt xt ≥ pt x + c becomes e · (pt xt ) ≥ pt x + c

Applying the axioms with e < 1 leads to a relaxed version that is easier to satisfy.
For instance, assume e = 0.9: If bundle xt was chosen for a price of $100 the pair
(xt , x) will only be included in RD if pt x ≤$90. The AI is equal to the maximum
value of e which satisfies the tested axiom.We will use a graph-based algorithm based
on Smeulders et al. (2012) for computing the AI. There are related metrics such as
the Varian Index (VI) which follows the same principle as the AI but uses a vector
instead of a single constant value e (Varian 1990). Unfortunately, the computation of
VI is NP-hard (Smeulders et al. 2012).

4 Evidence from the Lab

In a lab experiment we cannot only observe the bids, but also know the induced
valuations of bidders. In what follows, we will analyze straightforward bidding in the
lab and draw on the data from experiments conducted by Bichler et al. (2013a). We
will focus on 16 auctions with 4 bidders in a multi-band value model with 24 blocks
in 4 different bands. This means, bidders could submit up to 2400 package bids. This
experimental setup is comparable to multi-band auctions with national licenses as they
were conducted in Austria, Ireland, the UK, and Switzerland, although the number of
bands differed from country to country.

4.1 Missing Bids

The auctions in the lab suffered from the missing bids problem with only 8.3 supple-
mentary bids per bidder on average.Bichler et al. (2013a) argue that this has contributed
to the low efficiency of only 89.3% observed in the CCA, which was substantially
lower than that of the auctions with SMRA, which achieved an average efficiency
of 98.5%. In comparison with the standing clock bids, the allocation changed after
the supplementary phase in 14 auctions by 34.9% of all licenses on average. Signif-
icant changes in the allocation could also be observed in the British auction after the
supplementary stage.

4.2 Inconsistent Bidding

Figure 1 shows the AI based on GARPQU for all 64 bidders participating in a CCA
in the lab experiments. The left-hand box plot describes bids from the clock phase
only, the middle box plot the bids submitted in both phases, and the right box plot
the clock bids and all true valuations for all packages of a bidder. A median AI of
1.000 for clock bids shows that there is no evidence for significant deviations from
straightforward bidding in the bids during the clock rounds. When including data
from the supplementary round, however, the median AI drops to 0.938, indicating
inconsistencies between the two phases. The AI with truthful supplementary bids for

123



44 C. Kroemer et al.

Clock Rounds                  Full CCA                  All Valuations

0.
0 

   
  0

.2
   

   
0.

4 
   

  0
.6

   
  0

.8
   

   
1.

0

Scope of Analysis

A
fr

ia
t E

ffi
ci

en
cy

 In
de

x

Fig. 1 Boxplot for AI of 16 · 4 bidders from Lab auctions

0 1000 2000 3000 4000 5000 6000

0
10

00
30

00
50

00

Activity Rule Bid Price Limit

A
ct

ua
l B

id
 P

ric
e

0 1000 2000 3000 4000 5000 6000

0
10

00
30

00
50

00

Activity Rule Bid Price Limit

P
riv

at
e 

V
al

ua
tio

n

Fig. 2 Scatterplots for supplementary bids of 4 bidders in 16 auctions in the lab (left) in comparison to
their induced private valuations (right)

all possible bundles, which is described in the third boxplot (All valuations) drops to
0.816 and suggests that bidders did indeed not bid straightforward with respect to their
true valuations in the clock phase.

Deviations from straightforward bidding such as those indicated by boxplot 3 can
limit the possible bid amount in the supplementary phase substantially. For the lab
data we can see how high bidders have bid in the supplementary phase relative to their
bid price limit.

The left scatter plot in Fig. 2 shows that bidders often bid close to the bid price
limit (Pearson correlation coefficient of 0.9448). The right scatter plot illustrates the
private valuations with respect to the bid price limit imposed by the activity rule and
their behavior in the clock phase. For 57.2% of all submitted supplementary bids, the
bid price limit was lower than their valuation for the corresponding bundle and hence
it did not allow bidders to bid their valuation truthfully in the supplementary phase.

Figure 2 deserves further explanation. As described in Sect. 2, if bidders had inde-
pendent and decreasingmarginal valuations, then theywould not need to bid up to their
true valuation in the second phase and even if bidders did not bid at all after the clock
phase, the auctioneer could compute the correct Vickrey payments. The valuations of
bidders in the lab were complements and there was often excess supply after the clock
phase. Given the uncertainty that bidders faced in the lab, their most likely strategywas
to bid truthful on their supplementary packages if possible. Bidders in the lab knew in
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which order they had to submit supplementary bids such that they could maximize the
bids for supplementary packages. However, there were significant differences between
the final payments of bidders in the clock stage and the payments one would get if
bidders submitted all their valuations truthfully in a sealed-bid auction. In Sect. 6 we
analyze the impact that inconsistent bidding has on the efficiency of these auctions.

4.3 Clock Prices

It would be helpful for bidders, if there was some connection between the final clock
prices and the core payments, because this could give bidders a useful hint on how high
they need to bid in the second phase. However, the final prices from the clock phase
can differ substantially from the payments. We compared the core payments of all
winning bids with the corresponding linear bundle prices in the final clock round and
found that the average payment was only 59.1% of the last clock price. The standard
deviation of this ratio in the lab was 22.6%. For the British LTE auction in 2013 this
average payment was at 56.5% of the final clock prices. Also in simulations with
straightforward bidders who bid truthful in the supplementary round the clock prices
do not necessarily provide an indication for payments or winning supplementary bids.

5 Evidence from the Field

The British regulator Ofcomwas the first to publish the bid data on a CCA in 2008 and
2013 (Ofcom2013a).Wewill primarily focus on the 2013multi-band spectrumauction
as it is closest to auctions in other countries and similar to the environment analyzed in
the lab (Bichler et al. 2013a). Then we will discuss the Canadian 700 MHz auction in
2014, where bid data was revealed as well, before we summarize public information
about CCA applications in some other countries. Although, all these auctions used a
CCA there are important differences in the caps used, in the licenses and the band
plan, and in details of the auction rules, which requires caution in the comparison of
the results. Of course, we cannot know the true valuations of bidders in these auctions,
however, we highlight some patterns which are similar to what we found in the lab
data. In particular, bidders only bid on a small subset of all possible packages and there
was a very high number of supplementary package bids at the bid price limit and not
below, which can be seen as an indication of bidders over-constraining themselves in
the supplementary phase due to inconsistent clock bids.

5.1 The British LTE Auction in 2013

In the British auction in 2013, 28 licenses in the 800 MHz and 2.6 GHz bands
were sold, and the bid data was released to the public. There were 4 A1 blocks
of paired spectrum in 800MHz and another A2 block with a coverage obligation.
In addition, there were 14 blocks of paired spectrum in the 2.6 GHz band, and
another 9 blocks of unpaired spectrum in the 2.6 GHz band. The unpaired spec-
trum was considered less valuable than paired spectrum bands. There were seven
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bidders, Vodafone, Telefonica, Everything Everywhere, Hutchinson, Niche, HKT,
and MLL. A spectrum cap was put on the 800MHz band for Vodafone and Tele-
fonica, who are considered large bidders. The detailed rules can be found at (Ofcom
2013b).

The bid data reveals the main interests of these seven bidders. Vodafone and Tele-
fonica bid on 800 MHz and both 2.6 GHz bands. They consistently bid on two 2 × 5
MHz blocks in 800 MHz spectrum throughout the clock phase and both won two
blocks. Everything Everywhere and Hutchinson also bid on the valuable 800 MHz
spectrum, but ceased to bid on 800 MHz in the clock phase. Niche, MLL, and HKT
can be considered smaller players. MLL and HKT only bid on the unpaired spec-
trum in 2.6 GHz and they did not win anything. Niche bid on both 2.6 GHz bands
and also won blocks in both bands. More details on the auction can be found in
“Appendix”, where we describe the valuations of bidders for our numerical experi-
ments.

5.1.1 Missing Bids

Let us now provide some statistics to shed light on the missing bids problem in the
British auction, which might be one of the reasons for the low revenue encountered
(Arthur 2013; Smith 2013), before we discuss straightforward bidding. With all the
caps considered, larger bidders such as Vodafone and Telefonica could bid on 750
packages in this auction. However, after 52 clock rounds in which the seven bidders
selected 7.7 distinct bundles on average, they submitted only 39.6 supplementary bids
per bidder on average (277 bids in total). Bidders always submitted higher bids on the
packages submitted in the clock phase, but bid on average on 31.9 new bundles only in
the supplementary phase. Telefonica submitted no more than 11 supplementary bids,
whileVodafone submitted94of 750 supplementarybidsmostly covering combinations
of licenses with 20MHz in low frequency bands. Everything Everywhere submitted
84 supplementary bids, and Hutchinson only 17 bids.

Note that thewinner determination treats amissing bid as if the valuation of a bidder
for this package was zero in a CCA. It is questionable if bidders had no value for all
the other packages or a value below the reservation prices. In this case, the missing
bids problem appears to have been an issue.

The total revenue from the bidder-optimal core prices of £2.23bn is equivalent to the
Vickrey payments in this auction,which is also due to the lownumber of supplementary
bids which led to a lower number of core constraints when computing the bidder-
optimal core payments (Day and Cramton 2012). Consequently, the discounts were
very high. The sum of the bids in the revenue maximizing allocation amounts to
£5.25bn.

It is interesting to note that with only the bids from the clock phase and without the
supplementary phase the auction had a revenue of £1.92bn, which is only 13.9% less
than the final result including the bids of the supplementary phase. The supplementary
phase did change the allocation considerably, however, which might have come as a
surprise to somebidders. 19.3%of allwinning licenses from the clock phase (weighted
by their eligibility points) were re-allocated after the supplementary round.
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Table 3 Afriat’s Index (AI)
based on bids of the clock phase
and based on all bids including
the supplementary stage in the
British LTE auction

Bidder AI in clock phase AI of all bids # of suppl. bids

EE 0.811 0.811 48

H3G 0.988 0.845 17

HKT 1 0.626 9

MLL 1 0.619 9

Niche 0.995 0.814 89

Telefonica 1 0.467 11

Vodafone 0.946 0.946 94

5.1.2 Inconsistent Bidding

Next, we analyze straightforward bidding in the British auction using Afriat’s index as
we have discussed it in Sect. 3. Table 3 shows theAI per bidder for the clock phase only
and for all bids including the supplementary phase. Although the median AI is high
(0.995) for bids in the clock phase only, it decreases to 0.811 when we also consider
supplementary bids. Note that this value is lower than what we have found in the lab
auctions even though it is an upper bound for the “true AI”. If the true valuations of
each bidder are taken into account the AI can be considerably lower as we have seen
in Sect. 4 and in the example in Table 1.

The reason for low auctioneer revenue after the supplementary phase might, how-
ever, also have been due to limits on the bid prices imposed by the activity rule. Figure 3
compares the supplementary bid prices and the corresponding bid price limit imposed
by the activity rule and shows that the bids of many bidders are very close to this limit.
The bid data is highly correlated with the bid price limit imposed by the activity rule
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(Pearson correlation coefficient of 0.9824) and yields a median ratio of the bid price to
the bid price limit of 92.3% (mean: 80.5%). Interestingly, this ratio was particularly
high for the big bidders Vodafone and Telefonica with a median of 98.1 and 96.5%
respectively. For supplementary bids of the remaining five bidders, the median ratio
was only 83.0%, which might be due to the fact that these were financially weaker
bidders. In this auction spiteful bidding (bidders submitting high losing package bids
to drive up payments of competitors) did not seem to be an issue such that the more
likely explanation is that bidders could not bid up to their valuations.

5.2 The Canadian 700 MHz Auction in 2014

The Canadian 700 MHz auction in 2014 comprised 5 paired spectrum licenses (A, B,
C, C1, and C2), and two unpaired licenses (D, E) in 14 service areas. B and C as well
as C1 and C2 were treated as generic licenses. Although the licenses are all in the
700 MHz band, they are technically not similar enough to sell all of them as generic
licenses of one type.

The total revenue of $5.27bn from the bidder-optimal core prices was 32.4% less
than $7.14bn, the sum of provisionally winning bids after the final clock round. The
sum of the bids in the revenue maximizing allocation was $9.13bn. Again, the clock
prices provided little guidance for what might constitute a winning bid in the supple-
mentary phase.

The auction was dominated by three national carriers Bell, Rogers, and Telus.
Rogers was the strongest bidder and contributed 62.45% to the overall revenue, while
Telus paid 21.69% and Bell 10.73%. Rogers did not bid on C1/C2 and aimed for
licenses in A, and B/C throughout the auction, while Bell and Telus also bid on C1/C2
in certain service areas. The smaller bidders mainly bid on remaining C1/C2 blocks.
Bell and Telus had to coordinate and find an allocation such that they both got sufficient
coverage in the lower 700MHz band (A, B and C blocks), which explains much of the
bid data. There was a disparity in howmuch bidders had to pay for different packages,
which can be explained by different valuations that bidders placed on packages and the
payment rule. Still, due to the high competition and revenue the auction is considered
successful.

5.2.1 Missing Bids

Overall, the high competition among the three national telecoms Bell, Rogers, and
Telus and the clever spectrum caps for them explains much of the result. All eight
bidders were restricted to at most 2 paired frequency blocks in each service area.
Large national wireless service providers such as Rogers, Bell, and Telus were further
limited in that they could only bid on one paired license in each service area among
licensesB, C, C1 andC2. This cap on largewireless service providers did not, however,
include block A. Still, the national bidders could bid on 2 × 3 × 3 = 18 packages
per region including the empty package, which leads to 1814 ≈ 3.75× 1017 packages
in all regions. Rogers submitted 12 supplementary bids, Bell 543 and Telus 547 bids,
which suggests that there was a missing bids problem as it is questionable if all other
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Table 4 Afriat’s Index (AI)
based on bids from the clock
phase and based on all bids
including the supplementary
stage in the Canadian 700 MHz
auction

Bidder AI in clock phase AI of all bids # of suppl. bids

Bell 0.871 0.159 544

Bragg 0.722 0.151 14

Feenix 0.873 0.730 16

MTS 0.893 0.450 32

Novus 0.949 0.379 4

Rogers 0.977 0.454 13

SaskTel 0.499 0.384 12

TbayTel 0.857 0.716 2

Telus 0.930 0.235 548

Videotron 0.728 0.493 24

packages had no valuation for the bidders. Note that only one license remained unsold
after the auction. Rogers bid consistently on the A licenses and one license in B/C,
such that the coordination problem was largely solved by Bell and Telus, who split
the regional service areas on B/C and C1/C2.

5.2.2 Inconsistent Bidding

It is interesting to understand straightforward bidding in the Canadian 700 MHz auc-
tion as well. Although the regulator disclosed all the bid data, the clock prices were not
made public. We used a linear program which helped us reconstruct clock prices from
the bid data. There are some assumptions in this linear program and we cannot com-
pute the price trajectories and the resulting AI with certainty, such that the numbers in
Table 4 are only estimates. However, the order of magnitude in the AI was similar for
different price trajectories thatwe could derive. The numbers suggest that bidders devi-
ated substantially from straightforward bidding. One explanation is that bidders such
asBell andTelus actively tried to coordinate and agree on non-overlapping packages of
licenses. It is also interesting to note that some small local bidders bid on competitive
service areas in A and B/C outside the service area in which they operate. One conjec-
ture is that this was done in an attempt to park eligibility rights and keep clock prices
low in their own service area. As the regulator did not disclose the excess supply after
the clock phase and due to the uncertainty in this large scenario, it is not unreasonable
to believe that bidders tried to bid up to their true valuation in the supplementary stage.
Actually, in Canada the supplementary bid on the final clock packagewas substantially
higher than the final clock round bid for many bidders. Figure 4 shows that, again,
a very large proportion of the other supplementary bids are exactly at their bid price
limit indicating that they might have been truncated due to restrictions imposed by the
activity rule. The low AIs for the different bidders provide further evidence.

5.3 Observations from Other Countries

Apart from Canada and the UK, bids were not made public in other countries. As
mentioned earlier, the UK also released data for two earlier CCAs in 2008, the L-band
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Fig. 4 Scatterplot for supplementary bids (Canada)

auction with 17 licenses, and the 10–40 GHz auction with 27 licenses. In the L-band
auction bidders submitted between 0 and 15 bids in the supplementary phase also
indicating missing bids from at least some of the bidders. In this auction with much
less valuable spectrum than in 2013, one bidder won all 17 lots with a bid of £20m.
The bidder only had to pay £8.334m, which was the revenue of the best coalition
of bidders without the winner (Cramton 2008). In the 10–40GHz auction all but one
bidder made their highest supplementary bid either on the final clock package, or on
a subset thereof (Jewitt and Li 2008).

The Swiss auction in 2012 was remarkable, because one bidder payed almost 482
million Swiss Francs, while another one payed around 360 million Swiss Francs for
almost the same allocation. This can happen in a Vickrey auction as well as in a CCA
when one bidder contributes more to the overall revenue with his bids than another
bidder (see Sect. 2.4).

The Austrian Auction in 2013 on the 800, 900, and 1800MHz bands is another
interesting case. Bidders could potentially submit up to 12,810 package bids. The
regulator reported that the three bidders actually submitted 4000 supplementary bids
in total. The regulator also disclosed that most of these bids were submitted on very
large packages (RTR 2013). This large number of supplementary bids can be seen
as one reason for the high prices paid in Austria. The attempt to drive up prices of
other bidders and avoid having to pay more for an allocation than ones competitors,
as it happened in Switzerland, can serve as one explanation for this bidding behavior.
However, it leads to the Prisoner’s dilemma discussed in Sect. 2.4.

6 Estimating the Impact of Missing Bids and Inconsistent Bidding

We performed computer simulations of the CCA for the lab value model as well
as for the British 4G auction. For the latter, we estimated valuations for the seven
bidders from the bid data with base valuations, intra-band and inter-band synergies.
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The estimated valuations are described in “Appendix”.Wedid not perform this analysis
for the large Canadian auction with 98 licenses, because this would require manymore
assumptions due to the regional structure and the many licenses involved. Data from
16 auctions in the lab and 10 sets of synthetic valuations for the British scenario were
used. All significance tests reported in this section are using a Wilcoxon signed-rank
sum test.

Efficiency and revenue of an auction are typically used as primarymetrics. Through-
out the rest of this paper, we will use the terms allocative efficiency:

E = actual surplus

optimal surplus
× 100%

and auctioneer’s revenue share:

R = auctioneer’s revenue

optimal surplus
× 100%

The revenue share shows how the resulting total surplus is distributed between
the auctioneer and the bidders. Optimal surplus describes the resulting revenue
of the winner-determination problem if all valuations of all bidders were avail-
able, while actual surplus considers the true valuations for those packages of bid-
ders selected by the auction. In contrast, auctioneer’s revenue describes the cumu-
lative payments of the bids selected by the auction, not their underlying valua-
tions.

In the following subsections we analyze the impact of missing bids and incon-
sistent bidding in the clock phase. The main results are summarized in Table 5. A
baseline for this analysis are the simulations with truthful bidders, i.e., bidders who
bid straightforward in each clock round and submit truthful supplementary bids on
all bundles. As expected, all simulations where bidders submitted all package bids
truthfully were 100% efficient in contrast to the efficiency of 89.3% we measured in
the lab.

6.1 Impact of Missing Bids in the Supplementary Phase

We first evaluate the impact of the missing bids problem. In this set of simulations,
the simulated bidders bid straightforward in the clock phase (see Fig. 5 and the first
two column-pairs in Table 5), such that they could bid up to their valuation in the
supplementary phase. As human bidders only submit a small subset of possible sup-
plementary bids, there are just a few core constraints leading to lower prices and hence
lower auctioneer revenue. In order to better understand the impact of this effect, we
restricted our bidders in the number N of additional packages they can bid on in the
second phase.

More precisely, bidders always started the supplementary phase with truthful bids
on all clock bundles in reverse order of submission which allows them to maximize
the amount they can bid on other packages without violating the activity rule. Then
they submitted additional truthful bids on bundles chosen after a heuristic which we
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Fig. 5 Mean efficiency and revenue for the British and the lab value models with the CCA. a Efficiency
(lab). b Efficiency (UK). c Revenue (lab). d Revenue (UK)

observed in the British auction. First, bidders do not demand more units of a certain
band than they did in the clock phase, and second, the bidders Telefonica andVodafone
do not submit any bidswithout twoAblocks. Out of this pre-selection, bidders selected
up to N of their 2N strongest bids. We define the strength of a bid as the valuation
divided by the bundle size in terms of the corresponding eligibility points. We have
also tested different bundle selection heuristics, but the differences in efficiency were
minor. The artificial bidders were bidding truthful as far as they could, such that only
limitations in the number of bids submitted matter.

For the simulations with the lab value model, there is a significant difference in
revenue between no supplementary bids at all (first line in Table 5) and the submission
of one new bid. This is due to the fact that in the treatment without additional supple-
mentary bids, we just evaluated the bids submitted in the clock phase. In the treatment
with one additional bid, clock bids were updated to their true valuation. The number of
bids affects auctioneer revenues in both value models. Even for 50 additional bids, the
revenue share is still significantly lower than with supplementary bids on all bundles
(p value = .0000), which is due to missing bids.

With 50 additional bids, the efficiencywas beyond 99% in both valuemodels.While
we found an average efficiency of 89.3% for theCCA in the labwith 8.3 supplementary
bids on average, simulated auctions with no bids in the second phase at all yielded an
efficiency of 95.3%, which is significantly higher than in the lab (p value = .0052).
A substantial part of this difference can be attributed to inconsistent bidding in the
clock phase which we will discuss next.
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Table 5 Mean efficiency and revenue for the British and the lab value models with the CCA and bidders
bidding truthful on a subset of the packages in the supplementary round up to their true valuation or a
restricting bid price limit, resp

Supplementary bids
in simulations

British VM Lab VM Lab VM

(Straightforward) (Straightforward) (Actual clock bids)

Efficiency
(%)

Revenue
(%)

Efficiency
(%)

Revenue
(%)

Efficiency
(%)

Revenue
(%)

None 94.7 28.1 95.3 40.5 86.3 37.2

1 94.8 29.3 95.7 63.8 89.2 54.0

2 94.8 29.5 96.0 64.5 90.4 54.5

3 95.2 30.2 96.2 64.3 91.7 54.0

5 95.5 31.2 96.4 64.7 92.8 53.3

10 96.1 33.3 97.5 64.8 92.5 54.4

20 96.9 36.5 98.1 65.5 93.7 56.1

50 99.2 42.8 99.1 68.5 95.1 60.0

100 100 61.3 99.6 71.8 94.3 63.4

200 100 61.4 99.8 73.6 94.5 65.6

500 100 61.4 99.8 75.0 94.3 66.6

all 100 62.9 100 75.7 95.0 71.4

Human subjects 89.3 41.0

39.6 suppl. bids/bidder 8.3 suppl. bids/bidder

Estimated values Induced values

6.2 The Impact of Inconsistent Bidding in the Clock Phase

As we have discussed in Sect. 4, bidders in the lab and in the field did not bid straight-
forward in the clock phase and were therefore limited by the activity rule in the
supplementary phase. Now, we want to understand how much efficiency loss can be
attributed to these limitations in the simulations. In the British value model we only
have the bid data of a single instance, which is why we only report on the lab value
model.

For all 16 instances we replicated the bids of human bidders in the clock phase.
In the supplementary phase the agents tried to bid their true valuations on additional
bundles like in the previous subsection. If this was impossible due to the revealed
preference activity rule, they chose the highest possible bid price instead.

The third column-pair of Table 5 and Fig. 6 summarizes the results. Even for
supplementary bids on all possible bundles, the efficiency was only 95.0% on average.
This is not significantly different (p value > .95) to the mean efficiency of 95.3% that
we measured with straightforward bidders but without any supplementary bids. These
findings provide evidence that non-straightforward bidding in the first phase reduces
efficiency of the final outcome. The auctioneer revenue share was significantly lower
as well. For some simulations the average differences in revenue share were more than
10%, which was only due to inconsistent bidding in the clock phase.
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Fig. 6 Efficiency and revenue for lab instances with different numbers of (as possible) truthful supplemen-
tary bids after actual clock round bids. a Efficiency. b Revenue

7 Can Strong Activity Rules Serve as a Remedy?

Our analysis of bids in a CCA in the lab and in the recent British and Canadian
spectrum auctions indicates that bidders do not bid straightforward in the clock phase
of the CCA. This inconsistent bidding with respect to their true valuations can lead to
inefficiencies, because the deviations from straightforward bidding in the clock phase
restricts bidders from bidding up to their true valuations in the supplementary phase.
The difference in efficiency and revenue in simulations with bidders bidding on their
bid price limit induced by the activity rule and bidders bidding truthful is substantial,
even if we assume the same number of supplementary bids being submitted by the
bidders. If bidders do not bid up to their true valuations in the supplementary stage,
this can have an impact on payments and the allocation of bidders as simulations show.
Both, the missing bids problem and restrictions due to inconsistent bidding can lead
to payments in the CCA, which are quite different from the VCG or core payments if
bidders submitted their valuations truthfully.

Efficiency, simplicity, transparency, and robustness against manipulation are often
considered design goals for spectrum auctions. No auction format is perfect and there
are always trade-offs that an auctioneer needs to make. For example, a Vickrey auction
exhibits dominant strategies, but the payments of bidders are not anonymous and it can
happen that two bidders with similar allocations pay vastly different prices, which can
cause envy. In a similar way, non-core outcomes can be considered unfair, however,
core-selecting auctions cannot have dominant strategies for general valuations. For
regulators it is important to understand the properties of different auction formats and
make an informed choice. Giving up anonymous prices and the transparency of a
simple ascending auction format should only be done if the resulting auction achieves
higher efficiency and has stronger incentives for bidders to bid truthful.

The CCA has developed over the recent years and a number of suggestions have
been picked up to improve the design. For example, new versions of the CCA will
allow for a restricted set of OR bids to address the missing bids issue in large auctions.
There have also been suggestions to address problems such as dead ends arising from
the current activity rule (Ausubel and Baranov 2014) via stronger activity rules in the
clock phase, which enforce straightforward bidding. While the current activity rules
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can be derived from the Weak Axiom of Revealed Preference (WARP), future activity
rules should be based on the General Axiom of Revealed Preference (GARP), which
checks for consistency throughout the entire bidding history of a bidder. Such strong
activity rules would also avoid problems due to inconsistent bids in the clock phase.
However, there are a number issues that need to be considered.

– First, straightforward bidding with a larger number of licenses is challenging for
humanbidders and probably requires automated bidding agents or decision support
for larger auctions with dozens or hundreds of licenses, let alone that there are
reasons for bidders not to bid straightforward, such as budget constraintsmentioned
in the introduction or interdependencies in the valuations of bidders. One might be
able to address budget constraints during the auction such that automated agents
could be a remedy. However, they would effectively turn the clock phase into
a sealed-bid auction, which is then followed by another supplementary sealed-
bid stage in the current CCA design. The advantages of such a two-stage design
compared to ascending auctions deserve some discussion.

– Second, Bichler et al. (2013b) show that the efficiency of a clock auction with
certain types of bidder valuations and straightforward bidding can be close to
zero.7 Not only that the standing bids after the final clock round do not provide an
indication for the efficient allocation, also the clock prices do not provide helpful
information about the final payments, as can be seen in data from the field and the
lab. At least, it is not obvious how bidders should use these price signals from the
clock phase.

Both points raise the question, which added value the clock phase provides. One
argument in favor of an ascendingor dynamicmulti-object auction is that bidders donot
need to provide all their valuations on exponentially many packages in one step. Levin
and Skrzypacz (2014) write that ”economists think of dynamic auctions as having an
advantage in this regard because bidders can discover gradually how their demands
fit together.” Although the single-stage combinatorial clock auction was shown to
be highly efficient in lab experiments apparently helping bidders to find efficiency-
relevant bundles, bidders in the lab did not bid straightforward (Scheffel et al. 2012).
Overall, using GARP with a traditional clock auction exhibits some challenges.

Many regulators have adopted an ascending auction over sealed-bid alternatives for
efficiency reasons. Evan Kwerel, senior economist at the FCC, explained the decision
of the US Federal Communications Commission (FCC) to adopt an ascending auc-
tion format for selling spectrum licenses by saying: “In the end, the FCC chose an
ascending bid mechanism, largely because we believed that providing bidders with
more information would likely increase efficiency and, as shown by PaulMilgrom and
Robert J. Weber, mitigate the winner’s curse” (Milgrom 2004). The argument draws

7 Let’s introduce a simple example to better illustrate how straightforward bidding can lead to inefficiency
in the clock auction: Consider a market with two items {A, B} and three bidders. Bidder 1 has a value of
$10 for A, bidder 2 has a value of $4 for B and $10 for {A, B}, and bidder 3 only has a value of $10 for
the package {A, B}. If all bidders bid straightforward starting with prices of zero and unit increments, then
bidder 2 will never reveal his valuation for A, leading to 71% efficiency. Bidders 2 and 3 would actually
drop out at a price of $5 for both items in the clock stage, which is when bidder 1 still bids on item A. It is
easy to extend the example and achieve very low revenue.
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on the linkage principle, which implies that ascending auctions generally lead to
higher expected prices than sealed-bid auctions with interdependent bidder valuations
(Milgrom and Weber 1982). In contrast to bidders with independent values, bidders
with interdependent values might not always bid consistent as their valuations can
change and GARP can be too strong to allow for these changes.

Transparency is also an important argument for ascending auctions as a bidding
team needs to set expectations throughout the auction and inform stakeholders. Bid-
ders in SMRA see the final allocation and prices develop throughout the auction, which
typically takes several weeks. However, this type of transparency is much reduced in
the CCA. How much bidders finally have to pay depends on the bids submitted in the
supplementary stage and is a result of a quadratic optimization problemwhich is almost
impossible to predict given themanypossible packages bidders canbidon and themiss-
ing bids problem. If they are unable to submit a safe supplementary bid, then the allo-
cation can change substantially after the clock phase, as it has happened in the British
LTE auction. This makes the outcome of the CCA hard to predict during the auction.

One advantage that an ascending auction still has over a sealed-bid auction is the
fact that winners do not need to reveal their valuation for the winning package to
the regulator. Regulators need to decide whether this feature outweighs the added
complexity stemming from a two-stage CCA. Ascending combinatorial auctions can
certainly be of help for bidders in coordinating with other bidders and finding a fea-
sible allocation among the many possible ones. However, if an activity rule enforces
straightforward bidding, the possibilities for such coordination will be much reduced.

Designing efficient multi-item auctions is difficult when a regulator needs to con-
sider conflicting design goals such as incentive-compatibility, simplicity, efficiency,
and the law-of-one-price. The bid language, the payment rule, and the decision to use a
sealed-bid or an ascending format are design choices, which all have significant impact
on efficiency and revenue of an auction. A simple bid language can have a substan-
tial positive impact on the efficiency of an auction as was shown in lab experiments
(Bichler et al. 2014), and it is not unreasonable to assume similar effects in the field.
The pros and cons of different activity rules considering realistic assumptions about
bidder preferences in a spectrum auction are still a fruitful area for future research.

Appendix: Details on the Value Model and the Simulations based on the British
4G Auction

The value model used in our simulations in Sect. 6 is based on the British 4G auction
in 2013 in which the 800MHz as well as the 2.6GHz band were sold (Ofcom 2013b).
Wewill provide a brief description of the British auction and howwe derived the value
model for each bidder in our simulations, mirroring the main characteristics of this
market. The valuations can be made available upon request.

Licenses Up for Sale

Table 6 illustrates the lots used in the auction. We simplified this band plan to allow
for an easier analysis. The 800MHz spectrum was split into two generic lots A(i) and
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Table 6 Overview of auctioned lots in the UK 4G auction (Ofcom (2012))

Lot Amount Description EPs Start price

A(i) 4 2 × 5MHz paired spectrum in the 800MHz band 2250 $225mn

A(ii) 1 2 × 10MHz paired spectrum in the 800MHz band with
coverage obligation

4500 £250mn

C 10/12/14 2 × 5MHz paired spectrum in the 2.6GHz band 150 £15mn

D(i) ≤10 2 × 10MHz paired spectrum in the 2.6GHz band
(shared low power)

30 £3mn

D(ii) ≤10 2 × 20MHz paired spectrum in the 2.6GHz band
(shared low power)

60 £6mn

E 9 5MHz unpaired spectrum in the 2.6GHz band 1 £0.1mn

Table 7 Overview of auctioned lots for the simplified UK 4G auction scenario

Lot Amount Description EPs Start price

A 6 2 × 5MHz paired spectrum in the 800MHz band 2250 £225mn

B 14 2 × 5MHz paired spectrum in the 2.6GHz band 150 £15mn

C 9 5MHz unpaired spectrum in the 2.6GHz band 1 £0.1mn

A(ii) where A(ii) has twice as much bandwidth and eligibility points. Furthermore,
the winner of A(ii) is obliged to use his spectrum to build a nationwide network. For
simplicity, we neglected these legal details in our experiments and combined A(i) and
A(ii) into one generic lot A with 6 licenses and the specifications of A(i).

The paired 2.6GHz spectrumwas split into three generic lots C, D(i), and D(ii) with
amounts dependent on the bids submitted in the auction. D(i) and D(ii) are shared low
power lots of different bandwidth whose winners will jointly use the same frequencies.
The British auction rules allowed three different outcomes: First, up to 10 units of D(ii)
are sold along with 10 units of C; second, up to 10 units of D(i) are sold along with
12 units of C, or third, the entire paired 2.6GHz spectrum is sold in 14 units of C.
Whichever allocation maximizes revenues wins. Based on the fact that 14 units of C
were sold in the British auction and almost no bids containing shared low power lots
were submitted, we discarded D(i) and D(ii) in our numerical experiments, as they did
not seem to be important for this market.

For the unpaired 2.6GHz spectrum (band E), only one lot with 9 units was used.
However, the number of licenses that can actually be used is lower and dependent on
the number of winners since one reserved block per winning package is required as a
protection ratio between any two different users. In our simulations, we ignored this
limitation and assumed 9 fully useable blocks as C is the least important band in the
auction. The resulting list of bands used in our simulations can be found in Table 7.

In addition, a number of spectrum caps were imposed, some of which were also
based on existing spectrum holdings in the British auction. For simplicity, we only
used one simple spectrum cap that limits the amount of 800MHz spectrum assigned
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Table 8 Final allocation of the British 4G Auction in the simplified band plan

A B C
(800MHz paired) (2.6GHz paired) (2.6GHz unpaired)

Vodafone 2 4 5 Primary bidder

Telefonica 2 – –

Everything everywhere 1 7 – Secondary bidder

Hutchison 3G 1 – –

Niche spectrum ventures – 3 4 2.6GHz bidder

MLL telecom – – – Small bidder

HKT company – – –

to a single bidder to no more than 4 blocks or 2×20MHz which is common in similar
auctions.8

Bidders in the British 4G Auction

Seven bidders participated in the auction and five of them won at least one license.
As expected, the most valuable target—a pair of A blocks for building a nationwide
network with maximum reach—was won by the two big incumbents Vodafone and
Telefonica. Table 8 shows the results of the British auction using the simplified lots
introduced in the previous section.

Since all auction data has been made publicly available, the segmentation of partic-
ipants into four generic bidder types is based not only on the results, but also on actual
bidding behavior throughout the auction. As illustrated in Fig. 7, there are four bidders
who competed in all three bands: the primary bidders Vodafone and Telefonica as well
as the secondary bidders Everything Everywhere and Hutchison 3G. The reason for
separating them into two groups is the obvious strength of the primary bidders with
regard to lot A. For these lots, the primary bidders’ bids were much higher than the
final clock prices in the supplementary round, compared to both secondary bidders.9

The 2.6GHz Bidder Niche Spectrum Ventures was focused on the 2.6GHz lots only
while the small bidders MLL Telecom and HKT Company only competed for the
licenses in the C band.

A Value Model for the Simulations

Based on the public bid data, we derived a value model, i.e., valuations for each
bidder, which allowed us to run simulations and estimate the impact of different

8 E.g. German 800MHz/1.8GHz/2.0GHz/2.6GHz auction in 2010 (Bundesnetzagentur 2010), Danish
800MHz auction in 2008 (Danish Business Authority 2012).
9 Since EE is the largest mobile service provider in the UK (Ofcom 2011), it might be surprising to describe
them as secondary bidders. However, the classification was solely made based on the bids in this particular
auction.
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Fig. 7 Visualization of bidding behavior throughout the clock rounds of the British 4G auction with
a simplified band plan (A = red, B = apricot , C = blue). a Vodafone. b Telefonica. c Everything
everywhere. d Hutchison 3G. e Niche spectrum ventures. fMLL Telecom. g HKT company. (Color figure
online)

bidding strategies in Sect. 6. First, we defined individual base valuations for each
bidder indicating how much he is willing to pay for a single license in a band. Second,
intra-band synergies were defined for any package with more than one license within
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Table 9 Mean base valuations for the national licenses scenario

A B C
(800MHz paired) (2.6GHz paired) (2.6GHz unpaired)

Primary bidder £300mn £70mn £15mn

Secondary bidder £200mn £70mn £15mn

2.6GHz bidder – £70mn £15mn

Small bidder – – £8mn

the same band up to a certain limit (e.g., 2 blocks of A, 4 blocks of B or C). More
licenses of the same band exhibit decreasing marginal value beyond these limits. For
the expensive A blocks we even assumed that no bidder is interested in winning more
than two licenses. Third, inter-band synergies were defined increasing the value of
a bundle comprising licenses from bands A and B. The mean base valuations were
defined based on the final clock prices and the supplementary bids and can be found in
Table 9. The primary bidders had a much higher valuation in the A band compared to
other bidders, while we assumed similar valuations for the B andC bands. Even though
the true valuations of bidders are unknown, this allowed for a reasonable sensitivity
analysis in Sect. 6.

Based on the mean base valuations v in Table 9 the valuations for each simulation
were determined based on two parameters, the relative strength of a bidder si and a
random influence ri . Both values are drawn from a uniform distribution in the interval
[v×0.75, v×1.25] and multiplied with the mean base valuations v for each band. For
example, consider a primary bidder with relative strength 0.8 and random influence for
blocks A and B of 1.1 and 1.0, resp. His valuations are vi (A) = 0.8 · 1.1 · £300mn =
£264mn and vi (B) = 0.8 ·1.0 ·£70mn = £56mn. Then we determined the valuation
vi (nX) for different bundles with n licenses within a band X .

vi (nA) =
(
min {2, n} + min

{
1

2
,
n − 1

n

}
· syni (A) + max {0, ln(n − 1)}

)
· vi (A)

(1)

vi (nB) =
(
min {4, n} + min

{
3

4
,
n − 1

n

}
· syni (B) + max {0, ln(n − 3)}

)
· vi (B)

(2)

vi (nC) =
(
min {4, n} + min

{
3

4
,
n − 1

n

}
· syni (C) + max {0, ln(n − 3)}

)
· vi (C)

(3)

The first and second summand correspond to the linear increase in value when
adding more blocks and the synergies on top of that. Both only increase in value until
a threshold is reached. The third summand is only relevant when additional blocks are
added, but with decreasing marginal value. The final valuation for a bundle within a
band is computed as the sum of the licenses within a band multiplied by (1 + syni ).
All intra-band synergies syni (A) are drawn from a uniform distribution [1.75; 2.25].
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Fig. 8 Plot of intra-band
valuations
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Only the synergies for the primary bidders in the A band were higher and drawn from
a uniform distribution in the interval [3.75; 4.25] assuming that two blocks in A was
their primary target. Figure 8 illustrates the resulting valuation function which is only
valid for A for up to 2 blocks.

Finally, a uniformly distributed parameter is drawn for each bidder to determine his
inter-band synergies for bands A and B. Synergies across these bands can be assumed
to be much lower than intra-band synergies, and we use a uniform distribution in the
interval [0.0; 0.2]. The valuation for a bundle containing licenses from bands A and
B is now computed as the sum of the valuations for inter-band bundles multiplied
with (1 + syni ). For example, a bidder’s valuation for a bundle ABBC comprised
of one block of A, two blocks of B, and one license in band C is vi (ABBC) =
(vi (A) + vi (2B) + vi (C)) · (1 + syni ). Based on the random variables above, we
generated 10 different instances of the value model.

The correlation between the supplementary bids in the British 4G auction and the
valuations generated with the above model is 0.957, indicating that the generated
valuations are a reasonable basis for our simulation study.
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