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\Only through experimentation can we know anything."
Leonardo di Vinci, Source: .

1. Introduction

The problem we investigate is the construction of a gas pipeline that isto
be shared initially by any number of incumbent �rms. The current met hod
of allocation is based on a adversarial regulatory process in which the price
of access to any user is derived from historical costs. Our goal is to use ex-
perimental test bedding to explore more 
exible solutions to the problem of
access that is responsive to changing economic and technological conditions.

The experimental design will be partitioned into several stages corre-
sponding roughly to the sequential horizon for construction, production, and
resource change. We will allow for �rms, both incumbents and new entrants
to adjust their use of the pipeline to alterations in the mix of depletion,
new exploration and discovery over the economic life of the pipeline and its
supporting facilities.

Stage one of the design determines construction pipeline capacity,�nanc-
ing and the percent of capacity to be owned by each co-tenant. The construc-
tion decision consists of both the size and the path of the proposedpipeline.
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Total capacity, �nancing and their allocation among the co-tenant s are in-
terdependent and need to be determined simultaneously based on individual
�rm willingness to pay. There are a number of possible institutions for this
determination, such as serial cost sharing and proportional costs sharing,
each having various means of implementation.

Stage two concerns exploration for new gas and the exchange of capacity
rights at auction, if needed, between those with depleting reserves and those
who �nd new gas.

Stage three determines whether there is a need to expand pipeline operat-
ing (pumping) capacity, and who pays for and is awarded the new capacity
shares.

We make no separate provision for the construction of gas processing facil-
ity capacity for conditioning the gas for shipment. To reduce the complexity
of the initial series of experiments and allow learning to proceed in step-by-
step fashion, we will subsume processing into pipeline operating capacity by
implicitly assuming that processing throughput capacity is proportional to
pipeline throughput pumping capacity, and that pumping capacity shares
are the same as processing shares. But the principles articulated below can
be extended naturally to a design in which there is a separate determina-
tion of the sharing of rights in facilities and the exchange of those rights as
needed. A full such treatment would require investigation by a teamthat
includes technical and managerial industry practitioners. This study is best
described as a proof-of-concept, pre-implementation investigation. An ex-
ample of the latter can be found in Rassenti, Smith and Bul�n, 1982 on
markets for airport access rights; examples of actual implementations in-
clude emissions trading (CA SOx and NOx reference; VA auction of NOX;
Sears logistics auctions; for a description of electric power design implemen-
tations see Rassenti, Smith and Wilson, CATO Journal) (Mark: I wanted
here to distinguish "academic" or proof of concept type studies from real
live implementations; it could be moved to the Lit Rev. section or simply
noted here that we understand the di�erence!).

The experiments we report here will describe the �rst phase of a study of
the use of alternative auction procedures for awarding capacity rights to a
pipeline joint venture in accordance with individual bidders' willingness to
pay which int the aggregate determines the initial �xed investment cost. In
this �rst stage, we compare and contrast the performance of a traditional
sealed bid auction with acombinatorial clock auction in which an ascending
price clock quotes the bid price on each round and bidders simply indicate
when they are no longer active as the clock ticks up. The auction results
determine capacity on each leg of a pipeline that allows for a telescoped size
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on di�erent legs.
Later phases of the research will deal with auctions to (1) transfer capacity

among incumbent holders of initial rights or to new entrants willing to p ay
for it; (2) for capacity expansion; and (3) for complementary exploration
of lease rights to new gas. The latter auctions permit rights to explore and
rights of pipeline access to be transferred in package combinationsdepending
on the bids tendered.

Combinatorial auctions have been successfully applied in industry toauc-
tion logistic services, and emission permits. Recently the methods have been
extended to use clocks to greatly simplify combinatorial bidding. Although
the advantages of using combinatorial clock procedures to actionitems that
re
ect complex properties of substitution and complementarities in use value
have been examined, we will intentionally begin with other more traditional
auction formats for the gas pipeline problem and make stepwise compar-
isons as we proceed. Hence, we do not expect readers to take forgranted
any claimed bene�ts of combinatorial auction methods in this application.

2. Background

Oil and gas resource development commonly follows a time-line of explo-
ration, discovery and pipeline and process facilities construction, followed
by delivery to markets over the economic lifetime of resource availability.

The inherent geological, technological and market uncertainty over long
time horizons is further complicated by the sequential supply chain form of
that development and its potential for creating bottlenecks.

Moreover, the interests, fortunes and composition of the pipelineusers are
subject to constant change. The result is ba�ing complexity and fr ustration
for government regulators charged with the responsibility to maintain open
accessfor other than incumbent players without interfering with incentive s
for e�cient economic development.

The rich technological and economic issues are illustrated by the Prud-
hoe Bay �eld in Arctic Alaska. Discovered in 1969, Prudhoe is the largest
reservoir in North America, and, through enhanced recovery technologies, is
expected to yield over 13 billion barrels of oil; this is some 35 percent more
than initially estimated based on the original hypothesized technology so
much has that technology been improved. Prudhoe currently produces 20
percent of all U S oil output but its output has been declining since 1988
after yielding more than 1.5 million barrels per day for a decade.

The Alyeska Pipeline (Operator of TAPS-Trans Alaska Pipeline System),
planned in 1969, approved in 1973, and completed in 1977, accommodates
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the transportation of crude oil to remote markets. The jointly pr oduced gas
has no market, and is mostly recycled to maintain lift head in the reservoir
as articulated below. The accumulating gas reserves in the oil reservoirs, and
the many gas discovery wells, capped until and if the gas can be shipped to
market, has led to a proposed gas pipeline. We describe below (1) theoil and
the gas recovery and transportation technologies, (2) the proposed market
models for transferring shares in the joint ownership, (3) operation of the
various technological modules in the supply chains and (4) the proposed
research and its time-line of execution.

2.1. Engineering Economics of Oil and Gas, Dynamics of Oil
Supply Chain Development

The Prudhoe discovery launched an ongoing dynamic economic response
that resulted in the construction of a supply chain connecting North Slope
exploration activity, well heads, processing facilities, and the pipeline trans-
portation of crude oil to the tanker port of Valdez 800 miles to the south.

By 2001 the original Prudhoe strike had been joined by 17 smaller new
�elds beginning in 1969 with the discovery of Kuparuk, the second largest
�eld in North America. A map showing these �elds and associated processing
and transportation system is shown in Figure 1.

The Prudhoe reservoir consists of an oil and gas-saturated mixture, a free
gas cap on top of the oil structure and water below the gas-oil mixture.
The recovered mixture of oil, gas and water is gathered from multiplewell
heads at drill sites, and processed through facilities that separate the gas,
water and oil. The oil is cooled to enter the �rst pipeline pump station f or
shipment to Valdez. The water, along with additional processed seawater to
replace the oil, is re-injected as 
ood-water back into the reservoir to help
maintain the lift pressure that sweeps oil from the pores of the reservoir
rock. Some natural gas liquids are extracted by refrigeration from the gas,
and shipped on the pipeline with the crude oil. Some gas and liquids are
re-injected to mix with the reservoir oil to enhance recovery, whilesome gas
is routed to a Central Gas Facility compressed and re-injected intothe gas
cap to maintain pressure.

Figure 2 provides a generic engineering 
ow model of the processingfa-
cilities used to separate the oil, gas and water mixture entering fromthe
wellheads. The oil, gas and water mixture comes in from the well headson
the lower left of Figure 2. Gas, miscible with oil, is recycled into the reservoir
through injection wells. Natural gas liquids are transported to the pipeline
(TAPS) along with the oil. Dry gas is compressed and injected into the
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Fig 2: Engineering 
ow model of the processing facilities. Reproduced from
North Slope report, Figure:2.

reservoir gas cap. The second and third separation steps removethe water
which is injected back into the �eld.

As older �elds mature and new �elds are discovered it alters the facility
and pipeline needs of new and incumbent users. For mature �elds therecov-
ered oil content declines relative to recovered water and gas. Thisalters the
facility and pipeline capacity and operating needs of the original owners to
the extent that they are inactive or unsuccessful in new exploration. As new
�elds are discovered and developed, with owners who may be distinctfrom
the original incumbents, there is a demand for entry access to capacity and
operations.

In petroleum reservoirs, processing needs are for oil, gas and water, any
one of which may be capacity constrained in a given process facility, and
for pipeline access. Some �elds like Kuparuk are too far from Prudhoe to
share processing facilities, operate their own separation facilities,re-inject
gas and water, and must pipe the oil across to the TAPS pump station for
transport south. Satellite �elds located above or below the Prudhoe or Ku-
paruk formations share their respective processing facilities. Figure1 shows
these �elds, some overlapping, some disjoint on the North Slope surface.

In gas reservoirs, gas, water and carbon dioxide must be separated; any
component may be capacity constrained in a given process facility; similarly
for pipeline access. Thus, over time, access needs, in the form of capacity
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rights to the pipeline, to feeder lines, to oil, water, carbon dioxide, and gas
processing capacity, will change. It changes because of a changing mix in
exploration e�ort and success, changes in the maturity state of old versus
new �elds, and changes in technology.

If new wells are brought in, older less productive wells must be either
\backed out", or the constraints on separating capacity increased. Without
a gas pipeline the market for gas is severely limited, and, beyond localenergy
needs, its value on the North Slope is determined primarily by the increased
recovery of the future oil that is derived from the recycled gas.

2.2. The Institutional Structure

It is not necessary here to delve deeply into the common carrier pipeline
regulation structure, as our objective is to study various modi�cations in
the joint venture agreements that might be undertaken by the government
as an alternative to the attempt to use adversarial cost-based regulation to
maintain open access.

The idea to be developed here is for the state to adopt a new role:To
de�ne, and enforce pre-speci�ed sharing rights rules that would allow markets
to govern the actions of each joint venture co-tenant in the supply chain, and
assist in scheduling auctions as needed for transferring ownership, leased
or rented capacity rights among the co-tenants and new entrants in each
venture and across ventures.Access prices emerge from these auctions, not
from regulation based on historical cost.

Regulators legitimately desire to achieveopen access, under \fair" rules
and want to avoid having some entity ensconced in a dominant bargain-
ing position. These objectives are highly desirable, but it is problematic to
achieve them through any historical-cost based price regulation, which, has
o�ered hopes that have been hard to realize in a manner that is satisfactory
to all parties.

2.2.1. Pitfalls of cost-based regulation

All cost-based regulation is 
awed because it attempts to derive access prices
from historical costs in economic environments that are dynamic. At each
point in time, e�cient facility utilization and investment must always re
 ect
current and expected future revenue and costs, and therefore historical cost
is irrelevant. The theory of economic regulation derives from staticanalysis
and has no serious applicability to the oil and gas industry which experi-
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ences highly volatile world prices determined by changing world suppliesand
demand.

Hence, if oil prices fall relative to the expectations that led to the con-
struction of existing facilities, those incumbent facilities su�er capit al losses.
Under such an eventuality, there is no assurance, only hope, thattheir his-
torical cost will be recovered, and such cost is irrelevant to determining
the price of capacity access. Independents will shun entry, unless they can
obtain capacity access at prices that re
ect the reduced value ofthe oil,
while incumbents will hope to use the regulatory cost-based rules torecover
their historical cost and avoid the capital loss. But in such a scenario, the
willingness-to-pay demand for access is below its historical cost, and there
are no economic terms that will enable rights to be transferred at historical
cost.

In contrast, if oil prices rise, historical cost is irrelevant to the prices of
capacity access because those prices must re
ect the capital appreciation
earned by incumbents on their risky up-front investment. The shoe is now
on the other foot. Independents will be eager to enter, expecting the regula-
tory apparatus to deliver them access at historical cost. Incumbents having
seen there investments turn into a positive return cannot be expected to be
enthusiastic supporters of proposals to share those capital gains with new-
comers in the form of access at historical cost. For them it is headsI lose
my investment, and have no one to share the losses with; tails I win but
must share the gain with late-comers. In that situation everyone aspires to
be a late-comer and take advantage of after-the-fact knowledge of whether
the investment will be a winner or a loser.

In either of these scenarios we have an economic stando�, and thereg-
ulatory compact is incompatible with the disjoint interests of the par ties.
Whatever happens to the price of oil; whatever happens in new exploration;
whatever happens to improve the technology of discovery, product recovery,
and processing, the relevant price of access to resources must be based on
the willingness to buy and willingness to sell by entities whose options and
opportunities are known only to those entities, albeit with great uncertainty.

2.2.2. Features of Private Joint Venture Contracts

Joint venture facility sharing has common elements across many industries.
The facilities might be power lines, power plants, oil and gas reservoirs,
pipelines, newspaper printing facilities, and so on, now or in the past.Typ-
ically there are two agreement documents:
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Joint venture facility sharing is typically based on two agreement docu-
ments: Ownership{each of the co-tenants commonly share capacity in the
same proportion that they share the capital investment by each.If you pay
for half the capital costs then you have rights to half the capacity.

Operation{by agreement the co-tenants share �xed and variableoperat-
ing cost depending on capacity used. Often costs are shared in proportion
to output, but this is not e�cient if output proportions are unequa l and
variable unit costs are not constant. This is the serial cost sharing prob-
lem, addressed in the economic literature for single output facilities, likea
pipeline, but unsuitable, without further research, for application to multiple
interdependent output facilities like separation plants for oil, gas and water
(see Moulin and Shenker [1992]; Moulin [1994]; Moulin [1996]; Friedman and
Moulin [1999]; Friedman [2002]; and Kolpin [1996]).

Three standard rules or practices that have emerged in these private con-
tracting arrangements are the following:

1. If any co-tenant wishes to sell some part of his capacity rights,his
co-tenant partners must be o�ered the right of �rst refusal.

2. If any co-tenant wants to expand capacity it must be part of the joint
venture, or he must obtain a release from the other co-tenants.

3. The operating manager is commonly, though not always, the largest
capacity rights holder.

These rules operate to limit contestability, block access, and reduce the
ability of facility use and expansion to be disciplined by opportunity cost,
and therefore are unsuitable for creating an institution that would serve a
competitive, self-regulating function.

2.2.3. Competitive Property Right Rules for Joint Ventures

How can the state modify these rules, as a condition for development and
in return forego cost-based regulation, which imposes regulatoryadversarial
costs on all parties? Here are the property rights rules that we propose to
study.

1. Each co-tenant is free to sell, lease or rent his capacity share toany
co-tenant unconstrained by a right of �rst refusal, or to any ext ernal
party, subject perhaps to antitrust restrictions on number of co-tenants
and relative share sizes,i.e., the arrangement will be subject to an-
titrust rules just as is any other industry. (Note that governmen t cost-
based regulation typically exempts regulated �rms from antitrust) .
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Such transfers of rights would be a�ected at periodic auctions con-
ducted by the state. Of course incumbent co-tenants would be free to
bid in competition with outsiders, but would have to meet the terms
of an open market.

2. Any co-tenant or group of co-tenants are free to expand capacity, pay
for it, and acquire rights to the new capacity. If no co-tenant or con-
sortium of co-tenants wishes to expand capacity, they cannot block an
outsider from paying for capacity expansion and acquiring rights to
the new capacity.

Perhaps operations and its management should be required to be a sepa-
rate entity shared by the co-tenants in the venture. But our studies do not
include examination of this question.

2.3. Pipeline Flow and Capacity Engineering Economics

The following equations come from Smith [1962] which is a summary of
Chenery [1949]. To determine capacityQ, we construct the equation for the

ow of gas in a pipeline :

lnY = a + (8 =3)lnD + ln(p2
1 � b)

where:

� Y = gas 
ow in the pipe ( e.g.cubic feet per minute),
� D = diameter of the pipe,
� p1 = inlet driving gas pressure from the source,
� b = square of delivery outlet pressure (p2) which we take as a given

constant (or it could be the delivery pressure to the next pump station
in a long pipeline).

Inlet pressure cannot exceed the rupture limit of the pipe; i.e., p1 <
2ST=D = packing capacity of line; T = pipe thickness; S = maximum
working stress of the pipe material. It follows that throughput capacity Q
(i.e., max Y) is given by :

ln Q = a + (8 =3) ln D + ln((2ST=D)2 � b)

Now consider the initial pumping capacity decision, P, and how Q and
P are related. Let Y0 = initial designed gas 
ow in pipe, given ( T; D); then
you need installed initial pumping capacity, P < 2ST=D given by :

lnY0 = a + (8 =3)lnD + ln(P2 � b)
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Initial total construction cost will be some variation on an equation of the
form

T C = K + C(D; S; T );

for a line of given length. All the above ignores pump spacing and lots of
other details in a real application.

We can write total capacity cost as K + C(Q), so that when we write
C(Q) it's actually de�ned parametrically as C(D; S; T ) where each point
(D; S; T ) maps into corresponding values ofQ and of C.

Contingent on (D; S; T ), then Y0 is determined by P in equation 2.3.
Equations 2.3 and 2.3 tell you how the determination ofP depends onQ.

The idea now is to get the various modules laid out for an initial exper-
imental design. Our experimental design will specify a few point capacities
such asQ1 and Q2, and their corresponding costsC1 and C2. Our main
interest will be to study bidding behavior and the bidding mechanisms for
joint sharing of Q.

2.3.1. Individual Firm optimization

Let

� Q = capacity,
� K = avoidable �xed capital cost of Q.

The total cost of capacity (tc) is:

tc = K + C(Q); if Q > 0; (2.1)

= 0 ; if Q = 0 : (2.2)

where C(0) = 0, C0(Q) > 0 and C00(Q) < 0, for Q > 0.
This implies that K is an excludable public cost for the members of the

Joint Venture.
Let i denote an active (pro�table) members of the joint venture, i =

1; 2; 3; : : : N .
Each i choosesQi to Maximize:

zi (qi ) = Vi (qi ) � si (qi ; q) + t i (qi ; q);

where:

� zi (qi ) is the net pro�t of �rm i ,
� qi is the share of capacity that is allocated to �rm i ,
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� Vi (qi ) is the net pro�t (value) to �rm i of producing qi ,
� si (qi ; q) is the share of the total capital cost paid by �rm i ,
� t i (qi ; q) is the tax or subsidy paid by or to �rm i for investing ki ,
� Q =

P
i qi ,

� qi = operating capacity( i ) + reserve capacity(i ),
� ki = share of K paid by i ,
� K =

P
i ki .

Set si (qi ) = qi
q ( K + C(Q) ); that is, the proportional sharing rule. Since,

d( u
v )

dx
=

v du
dx � u dv

dx

v2 (2.3)

d( qi
q )

dqi
=

q � 1 � qi � 1
q2 (2.4)

Then

dsi =
qi

q2 � k +
qi

q2 � c(q) +
qi

q
� c0(q) (2.5)

dsi > 0 (2.6)

are the equations for individual �rm optimization.

2.4. Surplus Optimization

To design the set of rules we want to implement it is important to understand
the design goal (in this case surplus optimization). The understanding of the
problem helps in determining a useful set of rules (see Olson [2007a]).We
assume that maximization of social surplus is the design goal. The general
measure of social surplus for a speci�c pipelinej is:

W (q; j ) =
X

i

(Vi (qi ; j ) � Pi (q; j ))

where:

� qi is the share (quantity) of capacity that is allocated to �rm i ,
� q = ( q1; q2; � ), vector of allocated capacity,
� Vi (qi ; j ) is the value to �rm i of capacity qi on pipeline j ,
� Pi (qi ; q; j ) is the price �rm i pays for capacity qi on pipeline j .

Speci�cally, in our experiments, the optimal surplus is the capacity allo-
cation q� and the the pipeline choicej � that maximizes:
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X

ij

� j (Vi (qi ; j ) � Pi (qi ; q; j )

such that:
X

j

� j � 1;

X

i

qi � Cj � j ; 8j;

X

i

Pi (q; j ) � Tj � j ; 8j;

� j 2 0; 1; 8j:

where:

� � j = 1 if pipeline j is allocated,
� Cj is the capacity of pipeline j ,
� Tj is the Total cost of constructing pipeline j .

NOTE: Vernon, do we want to include the following? OK with
me if you come up with any results to report

The initial question this poses is whether there exists a mechanism orset
of institutional rules that can implement the maximal surplus allocatio n. In
general, the answer is noNOTE: show proof .

We next consider the equilibrium outcomes of our proposed set of rules.
NOTE: show Nash Eq of proportional mechanism.

3. Literature Review

For previous experimental studies on the e�ect of CJVs on price competition
in a pipeline network see Smith et al. [1994], which showed that using a com-
puter assisted network auction, cotenancy increased e�ciency and reduced
pipeline monopoly concerns.

Some theoretical papers on cost sharing that consider the general problem
of the commons and evaluate the trade-o�s between strategyproofness, e�-
ciency and fairness. Maniquet and Sprumont [1999] look at the caseof con-
stant returns technology. Friedman [2002] and Moulin and Shenker(1999??)
look at the case of a negative production externalities. Serizawa [1999] and
Zhou [1991] look at the provision of a public good. Moulin [1994], Deb and
Razzolini [1999], Ohseto [2001] and Olszewski [1999] look at excludable pub-
lic goods.
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To date there are six experimental studies of cost sharing mechanisms.
Chen [2003] studies the serial and average cost pricing mechanismsunder
complete information as well as limited information when there are two
types of agents (two subjects are grouped per session). She found that the
performance of the two mechanisms are statistically indistinguishable under
complete information. Under limited information, however, the serial mech-
anism performs robustly better than the average cost pricing mechanism in
terms of frequency of equilibrium play and system e�ciency. She studies
the serial and the average cost sharing rules under complete and limited
information. She found that the two mechanisms are statistically indistin-
guishable under complete information. However, under limited information
the serial rule performs better than the average cost pricing rulein terms
both of equilibrium play and system e�ciency. Her testing of the serial cost
sharing rule involves only two subjects at the time, and it is framed asa
learning process. The testing of the rule when more than two subjects are
involved raises challenging experimental design questions.

Chen and Khoroshilov [2003] study the learning dynamics in these cost
sharing games and other games under limited information. Chen [2003] and
Chen and Khoroshilov [2003] investigate serial cost sharing and average cost
pricing in complete information private good environments, and in environ-
ments with very limited information where subjects observe their own action
and payo�, but not the game form or the other subjects' choicesor payo�s.
They focus on the learning dynamics under these mechanisms.

Dorsey et al. [2002] investigate the performance of the serial mechanism
with each human subject against three computerized players, where each hu-
man player knows his own cost share and payo� structure but has no infor-
mation about the opponents' payo� structures. Their informatio n condition
is in between the complete information and limited information setting in
Chen [2003]. While in Chen's experiment, the subjects maintain their pref-
erence parameter throughout the entire experiment, in Dorsey et al. [2002]'s
experiment, the subjects' preference parameters change in each period. This
implies that in each period the allocation mechanism must converge to a
di�erent Nash equilibrium allocation. They implement the serial mecha-
nism both as a sequential game and as a simultaneous normal form game.
They found that the serial mechanism leads to almost e�cient allocations,
and even though more easy to understand and implement, the simultane-
ous move treatment does not lead to a better overall performance. Chen
[2003] uses a payo� table to explain both mechanisms, which is feasiblefor
the serial mechanism with only two types of players. When the number of
types increase, the serial mechanism becomes more challenging to imple-
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ment in the laboratory, because the dimension of payo� tables increases
with each additional type. With more than two types one needs to �nd al-
ternative ways to implement the mechanism. Dorsey et al. [2002] hasfour
di�erent types, but only one of them is a human player, thus the strategic
interaction between di�erent types are simpli�ed. Each of the two studies
highlights di�erent aspects of the cost sharing mechanisms. Dorsey et al.
[2002] useU i = � i qi � x i where � i = marginal willingness to pay for the
shared good;qi = the chosen quantity; and x i = cost share. The cost func-
tion C(q) = 1 =2q2; where q =

P
i qi , the total quantity requested. Two sets

of � , � i 2 [0; 70] and � i 2 [32; 100]. The choice ofqi > 0.
All three of the above experimental studies of SCS examine serial cost

sharing only for private good environments.
Gailmard and Palfrey [2003] report experiments for the provision ofex-

cludable threshold public goods and compare the serial cost sharingmech-
anism with voluntary cost sharing with proportional rebates and wit h no
rebates. They found that voluntary cost sharing with rebates outperforms
serial on welfare grounds, which in turn outperforms voluntary cost sharing
with no rebates. One possible reason for the di�erence between Gailmard
and Palfrey [2003]'s results and the two previous studies might be that Gail-
mard and Palfrey [2003] use an excludable threshold public goods, while
Chen [2003] and Dorsey et al. [2002] use multiple levels of private goods.
Gailmard and Palfrey [2003] compares the serial rule with voluntary cost
sharing mechanisms with proportionate rebate and with no rebates. They
consider the case of an excludable binary public good, while the otherstudies
allow for multiple levels of provision of a private good.

Rapoport et al. [2001] report an experimental study of a large-scale queue-
ing game with the FIFO queue discipline (i.e., average cost sharing mech-
anism). Their results show strong support for mixed strategy equilibrium
play on the aggregate level but not on the individual level.

Chen and Razzolini [2003] is an extension of Chen [2003] and Dorsey
et al. [2002]. They design an experiment to evaluate the serial and the aver-
age cost pricing mechanism in a baseline complete information environment,
and a more challenging environment with limited information. In their en -
vironment, there are twelve players of four di�erent types. The four players
are rotated over the twelve subjects and each session/period contains three
groups of four. Thus, the environment is more complex than the two earlier
studies. The goal of Chen and Razzolini [2003] was to assess the performance
of the two mechanisms in di�erent settings, to study how human subjects
learn in these di�erent settings, and whether and how the learning dynamics
leads to convergence to stage game Nash equilibrium. Chen and Razzolini
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[2003] compares the two rules with twelve players of four di�erent types un-
der various information settings. The objective is to assess the performance
of the two mechanisms and to study how human subjects learn and converge
to the Nash equilibrium outcome under di�erent settings.

We know of only two applied (non-experimental) studies of cost sharing
mechanisms; see Ferejohn et al. [1979] and Ferejohn et al. [1982] for a speci�c
application to the sharing of programming costs across network a�liates.
Also, see Aadland and Kolpin [1998] and Kolpin and Aadland [2001] for an
application to irrigation.

4. Experimental Design

The experiments are designed to study the feasibility of using auctions to
determine the capacity size and ownership shares in a pipeline that would
be jointly constructed, owned and operated by any number,N , of heteroge-
neous co-tenant investors willing to pay up front the construction cost and
thereby acquire capacity rights to the line in proportion to their inve stment.
In subsequent experiments those not part of the original construction cost
would be free to acquire rights from existing holders in subsequent auctions
that would allow for the exchange of rights among incumbent and potential
new users in response to their changing needs for transport services.

4.1. Experiment Stages and Plans

4.1.1. Stage One

We begin with the stage one, using the learning from those experiments to
�ne tune and improve the auction rules based on the observed behavior and
e�ciency of the allocations. These experiments will explore the determina-
tion of initial capacity size, individual shares, and �nancing. We will us e
two sets of experimental environments: a single path pipeline and a three
leg network.

The Stage two environments will be articulated in greater detail, and
move into learning from the results how to �ne tune the market for options
on exploration and shipping capacity, and so on for Stage three.

4.1.2. Stage Two

Auctioning options on pipeline capacity and exploration lease rights simul-
taneously for optimal total and individual combination value.
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With capacity determined by Stage one a subsequent auction market will
occur for lease exploration rights and for changes, as needed, in the own-
ership of capacity rights. The value associated with new gas exploration
contingent on success is for delivered gas; delivered gas requires capacity
rights. Therefore exploration leases will be auctioned simultaneously along
with options on capacity rights.

In order to facilitate the packaging of lease rights with options on capacity
rights to deliver gas, bidders will be free to bid as desired for combinations
of leases and capacity options, and/or separately on each, depending on
their diverse individual circumstances. The options for capacity rights are
exercisable conditional on lease holder discovery success. Those with excess
capacity rights and/or depleting reserves will be the lowest value bidders,
and will be the expected sellers of capacity options at auction; those without
excess capacity rights and high values will be the expected buyers;transfer
prices and the reallocation of capacity rights|who sells and who buys|are
determined by the auction outcome.

After the pattern of exploration success and failure has been realized a
new round of trading will determine the �nal reallocation of capacity rights
needed to move the new gas to market. This market allows existing holders
of options on capacity and/or the capacity, who are less successful in �nding
gas, to recover some investment by selling to those who are more successful.

4.1.3. Stage Three

Auctioning rights to new (pumping) capacity on a pipeline built with rese rve
expansion capacity

Depending on the prices and outcomes in the stage two auctions andthe
extent of new gas discovery, operating capacity may be inadequate; this will
trigger an auction for converting reserve pipeline capacity into increased
pumping capacity. The accepted bids for such expansion will determine who
pays for and who receives a corresponding percentage of the increase in
operating capacity. Only those who hold reserve capacity can acquire rights
to new pumping capacity. However, by allowing combination bids for reserves
and operating capacity, a new entrant can bid to obtain the reserve from
willing sellers that is needed to qualify him for rights to operating capacity.

Depending on the prices and outcomes in the stage two auctions andthe
extent of new gas discovery, operating capacity may be inadequate; this will
trigger an auction for converting reserve pipeline capacity into increased
pumping capacity. The accepted bids for such expansion will determine who
pays for and who receives a corresponding percentage of the increase in
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operating capacity. Only those who hold reserve capacity can acquire rights
to new pumping capacity. However, by allowing combination bids for reserves
and operating capacity, a new entrant can bid to obtain the reserve from
willing sellers that is needed to qualify him for rights to operating capacity.

5. Approximations for Experiment

5.1. Single Segment Pipeline

Consider the choice between two alternative pipeline capacities with no re-
serve capacity;i.e., the initial line capacity is fully implemented with match-
ing pumping capacity (reserves will be considered in the stage II andstage
III experiments):

1. Pipeline 1, the smaller pipeline, to be operated at capacityY1 = Q1

with (zero reserve, or expansion capacity), total investment cost is K 1,
and per unit (average) investment cost isIC 1.

2. Pipeline 2, the larger pipeline, with a larger capacityY2 = Q2 > Q 1,
with zero reserve. Total investment cost is K 2 > K 1, and per unit
(average) investment cost isIC 2 < IC 1 (assumes economies of scale).

3. De�ne Q = total pipeline throughput capacity of gas in MMcf/d.

E�ciency is greatest for the Q that maximizes:
Z

V(Q1)dQ1 � K 1;
Z

V(Q2)dQ2 � K 2

We describe a possible bidding choice mechanism between the two discrete
alternatives pipeline 1 and pipeline 2.

Each bidder i submits bid (bi ; qi ) = (dollars per unit capacity, number of
capacity units); qi includes i 's proportionate share of Q; i.e. if

P
i qi = Q1

is the auction outcome, then si = qi is allocated for eachi whose bid is
accepted; if

P
i qi > Q 2 is the auction outcome and

P
i qi = 0 :8Q2, then

si = 0 :8qi is allocated for each accepted bidi .
Bids are arrayed from highest to lowest (lexical graphically) on pricefor

each capacity bid to determine total capacity as expressed by thebids.
Higher bids have priority over lower bids for acceptance.

If the total sum of bids (
P

i qi bi ; for bi > IC 1) exceedsK 1 but not K 2,
the outcome isQ1; if the sum exceedsK 2, the outcome isQ2.

If outcome Q1 is chosen then all bidsbi > IC 1 are accepted; all bids below
IC 1 are rejected; ties are broken atIC 1 by sequential random selection,
with only the last tied bid winner having his quantity request rationed. If
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outcome Q2 is chosen then all bidsbi > IC 2 are accepted; all bids below
IC 2 are rejected; ties are broken atIC 2 by sequential random selection, with
only the last tied bid winner having his quantity request rationed.

Each accepted bid pays the samefair price|a price per unit capacity
equal to IC 1 or (IC 2): this is a well established behavioral rule normally
intended to provide incentives for all bidders to enter their best bid, dis-
couraging gaming and strategizing on the part of all.

As appealing as this rule set appears, there is one fatal 
aw in this ap-
plication; that is, there is no disciplining action on the individual bids bi .
There is no disincentive for bidders to enter a bid as large as possible,since
there is no possibility that the bidder will have to pay the bid. The bidde r
always paysIC 1 or (IC 2).

5.2. Telescoped Y network; three legs, for example, A (North
Slope), B (Anchorage, etc. ) C (Alberta/Chicago)

We consider two discrete capacity options on each leg of the Y pipeline(see
Figure 4); with no reserves, as for the single pipeline above. All rights seekers
must bid on leg A with subsets of these bidders also bidding on B and/or
C, if they want through transmission rights to their respective markets.

This would be a three node connected line version of the bidding example
above with bidders bidding on di�erent combinations of capacity on the
various legs. Thus a bidder wanting to get North Slope gas to Anchorage
bids for equal amounts of capacity on legs A and C, and no capacity on B.
Another bids on all three wanting gas in both Anchorage and Chicago, etc. .
The discrete alternatives might assume thatQA � QB and QA � QC with,
for example two sizes o�ered on each leg, say (42 inches and 36 inches), (36
inches and 30 inches), or (30 inches and 24 inches).

Unit Capacity costs are now :

1. ICA 1 > ICA 2; QA1 < QA 2,
2. ICB 1 > ICB 2; QB1 < QB 2,
3. ICC 1 > ICC 2; QC1 < QC 2.

Bids: Let I be the set of bidders for links A and C: eachi 2 I bids (dollars
o�ered; capacity request for leg A, capacity request for leg C) = (B i ; ai ; ci );
i.e., B i is the dollar bid for capacity ai on leg A and for capacity ci on leg
C.

Let J be the set of bidders for links A and B: eachj 2 J bids (dollars
o�ered; cap A, cap B) = ( B j ; aj ; bj ).
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Let H be the set of bidders for links A, B and C: eachh 2 H bids (dollars
o�ered; cap A, cap B. cap C) = ( Bh ; ah ; bh ; ch)

i 's share of capacity on A isai (QA1=
P

i ai ) if bid i accepted, similarly for
j and h.

In the sealed bid auction optimization, algorithms will be applied to the
set of all bids for choosing the pipeline telescope con�guration thatmaxi-
mizes the total value of the project. Note that in the single pipeline example
above the algorithm chooses the area under the submitted bid schedule that
is greatest (subject to the feasibility constraint that cost be covered).

6. Experimental Environments

There are two aspects of the experimental environment, the con�guration of
the pipeline options and the valuations the �rms have for pipeline capacity.

The pipeline has two possible capacity sizes: Small and Large. The small
pipeline has 20 units capacity and e$800 total construction cost (average cost
per unit capacity = e$40). The large capacity pipeline has 40 units capacity
and e$ 1200 total construction cost (average cost per unit capacity = e$30).
e$ is the experimental currency (unit of exchange). Each subject is assigned
a conversion rate from e$ to US dollars. This facilitates the selectionof
conversion rates that approximately equalize the subjects' payments under
the optimal allocation.

Pipeline Con�gurations:

� Single pipeline segment. This is essentially a baseline training and
orientation exercise for both the experimenters and the subjects.

� Three leg network. Three pipeline segments A, B, and C with two
possible paths AB or AC. This is a more realistic representation of one
of the proposed Alaska pipeline routes using a combinatorial auction
to determine the size and assignment of individual shares to each leg
depending on their service needs.

. - Market AOil Field

Fig 3: Pipeline Con�gurations SP.

Demand Con�gurations:
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Fig 4: Pipeline Con�gurations YP.

The experimental environment consists of six subjects each playing the
role of a �rm requesting pipeline capacity rights. There is one large size
�rm, two medium size �rms, and three small size �rms (all have two st ep
demands). Size is de�ned by the �rms demand for capacity rights.

� SP1: Single pipeline segment, the large capacity pipeline gives maxi-
mum surplus/welfare, each �rm has the same valuation for the large
and small pipeline. At the optimal allocation all �rms receive value,
see Figure 5.

� SP2: Similar to SP1 except at the optimal allocation the small �rms
(4, 5, 6) receive value with a 50 percent probability, see Figure 6.

� YP: Path AC supplies largest surplus. The large and medium size �rms
prefer Path AC , the small �rms prefer path AB. Values for AC = (65 0,
550, 107=(0.66*160 + 0.34*0) ), values for AB = (485, 225, 200) see
Figures 7 and 8 .

7. Institutions/Rules Tested

We use an iterative approach. An initial institution is chosen and the results
from one to a few sessions are examined. We use our learning from the
experimental results to inform changes that will �ne tune and improve the
auction rules for the next set of experimental sessions.

We tested three mechanisms (institutions): Proportional (�xed p rice, �rms
supply requests for capacity). Clock (price and capacity determined by
clock). Hybrid (Clock pricing with proportional allocation of capacity ). For
the Y con�guration, bidding could be the pipeline paths AB and AC, or
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Fig 5: Pipeline con�guration SP, Set SP1 Valuations
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Fig 6: Pipeline con�guration SP, Set SP2 Valuations
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Fig 7: Pipeline con�guration YP, Path AB Valuations
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Fig 8: Pipeline con�guration YP, Path AC Valuations
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bidding could be on the pipeline segments A, B, and C.

7.1. Proportional Mechanism

The Proportional mechanism is a multi-round sealed bid auction. In the Pro-
portional mechanism each participant is awarded a share of capacity equal
to his share of the total bid amount if and only if his bid is accepted. Each
period (or auction) consists of three rounds, subjects submit single capacity
requestqi for either the small or large pipeline. A bid for the small pipeline
can be allocated to either the large or small pipeline. A bid for the large
pipeline can only be allocated to the large pipeline. The allocation price for
the large pipeline is e$30 per unit of capacity allocated. The allocation price
(unit construction cost) for the small pipeline is e$40 per unit of capacity
allocated. The large pipeline is built if

P
i qi � 40, the small pipeline is built

if
P

i (small ) qi � 20. If both constraints are met then the large pipeline is
allocated (built).

If the large pipeline is chosen to be built andsL =
P

i qi > 40, then each
bidder i is awardedsi = qi =sL , a proportional share of the pipeline capacity,
and each bidderi pays si � 30. If the small pipeline is chosen to be built and
sS =

P
i qi > 20, then each bidderi is awarded si = qi =sS, a proportional

share of the pipeline capacity, and each bidderi pays si � 40.

7.2. Variations on Proportional Mechanism

We tested three possible update rules: in each round after the �rst, bids on
the capacity quantity can only decrease, bids on the capacity quantity can
only increase, and no constraint on change of the capacity quantity.

7.3. Clock

Brief description of clock here (or is that above?).
There are a number of design questions that need to be answered when

implementing a \clock" auction. One important question is \what is the
rule for stopping the clock on a speci�c item, and what are the conditions,
if any, for restarting the clock on an item?" Another is \what inform ation is
supplied to the bidders after a click of the clock?" Do we allow a situation
where the sum of bids is greater than the cost, but there are individual
bids that are below the average (or incremental) cost, a situation shown
in Figure 9. Do we always attempt to maximize revealed surplus, or is the
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larger pipeline always preferred to a smaller pipeline if cost is covered,as
shown in Figure 10.

Note: Clock bidding 1 goes Here

Fig 9: Situation where sum of bids is greater than the cost, but there are
individual bids that are below the average (or incremental) cost.

Note: Clock bidding 2 goes Here

Fig 10: Situation maximum surplus is attained with the small pipeline but
cost are covered with the large pipeline.

One of our clock auction variations is as follows. For the clock mechanism
a price is initially set for each of the segments or paths. A single price for the
A con�guration, and two or three prices for the Y con�guration. Subjects
submit a quantity ( q) for each o�ered segment or \Opt Out". If the subject
\Opt's Out" their last bid is retained for the allocation and they are no t
allowed to change or resubmit their bid. After all subjects have either \Opt'd
Out" or submitted a bid the auction either ends or the price of the o� ered
segments is increased. The price for a segment is increased only if demand
for the segment changes.

The auction ends when all the subjects \Opt Out", or when there is no
change in the capacity demanded. The clock stops on individual segment
when demand greater than capacity for the large pipeline. The �nalalloca-
tion is based on subjects \Opt Out" bid and determined by pipeline that
maximizes surplus. The allocated price is the lowest accepted price; which
could be below where clock stopped. If the Hybrid Rule is used Capacity
is determined by proportional allocation. Excess Demand Rule: there is no
change in the capacity demanded. The clock stops on individual segment
when demand greater than capacity for the large pipeline. Design A starts
with a price less than e$30. Design Y starts with prices less than e$15.

8. The Experiments

In this section, we report on the the process and results of the stage one
experiments. Since this is an investigative study we proceeded sequentially
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using an exploratory approach. That is, we chose a set of rules (an institu-
tion) and tested those rules in the laboratory environment. After observing
the results and subject behavior weadapt the rules and perform a new set
experimental sessions. We continue this process, and ask whether or not the
modi�cation leads to an improved institution.

This approach di�ers from the more standard con�rmatory presentation.
In the con�rmatory experimental approach, the experimenter chooses a �xed
set of institutions to study. The experimenter then tests each institution in
the experimental environment. Nothing is supposed to change between ses-
sions, including instructions, protocols, software and seating arrangements.

The exploratory approach is most often the way in which an experimental
investigation proceeds. Regrettably, even when the approach is obviously
exploratory in hindsight the presentation is frequently con�rmato ry. This is
unfortunate for the reader who is left without a complete understanding of
the process or the validation of the institutions that are presented. At each
stage the presentation does not make clear what the information state of the
investigators was, what was learned from the experiment and why the next
step was motivated by the results. For more on the statistical implications
of these two approaches or presentations see Olson [2007b].

All results are reproducible, that is, all results are available through the
\programmatic construction of plots and tables (in contrast with m ost of
the current methods that are equivalent to cut-and-paste methodologies and
have the associated problems", quote from Gentleman and Lang [2007]. All
data manipulations, results, tables, and �gures are maintained in a \script".
Any data corrections, manipulations or calculations are documented, so that
any reader can \reproduce" and \validate" the presentation in th e paper.
We are loosely following the concept ofreproducible researchas described
by Buckheit and Donoho [1995] and Gentleman and Lang [2007]. More de-
tails and the application to experimental economics are described in Olson
[2007b]. The script will be made available on a website at a later date.

The ordinary presentation of data is a form of advertisement, there is a
leap of faith required by the reader; the reader must believe that all manip-
ulations and calculations were done appropriately and without error. The
ability for the reader to easily reproduce presented results also allows for
pier-review error checking, and allows the reader to view details omitted
from the published presentation.

To make comparisons between mechanisms (institutions) we use twomea-
sures of e�ciency. Allocative E�ciency e1 is de�ned as:

e1(x; q) =
P

i (Vi (qi ) � x i )
V �
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and Surplus E�ciency e2 is de�ned as

e2(x; q) =
P

i ((Vi (qi ) � Ci ) � x i )
W � ;

where

x i = 1 if i is allocated capacity,

qi = Amount of capacity allocated to i;

x = x1; x2; : : :;

q = q1; q2; : : :;

Vi = Value of allocation to i;

Ci = Cost of allocation to i;

V � = Optimal summation of allocated values,

W � = Optimal summation of allocated pro�t.

Surplus E�ciency e2 provides a more sensitive measure, since it eliminates
the scaling problems due to the large cost baseline of e$1200.

8.1. Observations and What We Learned

The purpose of the results section is to impart what we have learnedrather
than to make a declarative statement.

After a few sessions of software testing all sessions are reported below.
We make no ex-post exclusion as is common, software and other failures
are reported. All pilot testing of software and procedures, and the �rst set
of experimental results used student subjects, undergraduate and graduate
students at GMU. The experimental sessions are presented in theorder in
which they where run.

8.1.1. Random Allocations

In order to provide a reference point for the e�ciency numbers, we computed
the e�ciencies of random allocations for each environment. The random
e�ciency was computed assuming that a large pipeline was constructed and
40 units of capacity was randomly allocated among the six participants. The
mean e�ciencies are presented in Table 1 and a histogram of e�ciencies for
environment SP1 is in the Appendix Figure 35;

We �rst report our results by sessions grouped according to environment
and institutional rules, presented in the order in which the sessionswere run.
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Table 1
Mean e�ciencies for 5000 random allocations for each enviro nment. The values in the

column YPAB are e�ciencies when the AB pipeline is allocated in Environment YP; and
The values for in the column YPAC are e�ciencies when the AC pi peline is allocated in

Environment YP.

Environment SP1 YPAB YPAC SP2

E�ciency 1 0.84 0.68 0.80 0.80
E�ciency 1 0.40 0.25 0.53 0.37

Table 2
Session Set 1, proportional sealed bid design SP1, with no restrictions on bidding

protocol.

Sessions 1 2 3 4

E�ciency 1 0.96 0.94 0.96 0.93
E�ciency 2 0.84 0.80 0.84 0.76
Number no Allocations 2 0 0 0
Number 100% Allocations 0 0 0 0

In the individual session tables below, e�ciencies for a session are averaged
over non-zero (or non-allocation) outcomes. The number of periods with
no allocations are provided in the third row of the table. Summary tables,
where the calculated mean e�ciencies include periods where there was no
allocation (e�ciencies were zero), are presented at the end of thesection.

8.1.2. Initial Experimental Sessions

Our �rst set of experimental sessions used environment SP1 and the pro-
portional mechanism; subjects were allocated capacity proportional to their
bids with no restrictions on the update rule (bidding protocol). Ther e were
four sessions, e�ciencies are in Table 2. E�ciencies are higher than the
random allocation e�ciencies. Environment SP1 was an easy allocationen-
vironment, in that, there was no excess demand for capacity for the large
pipeline. If each subject had revealed their demand for capacity, they each
would have obtained their maximum possible pro�t.

Figure 11 Compares the histogram of e�ciencies for the random allocation
and the observed e�ciencies.

8.1.3. Adding Complexity to the Design

The next set of experiments where for design YP, proportional auction with
no improvement restrictions, the results are displayed in Table 3. Wewanted

imsart-generic ver. 2007/04/13 file: gas.tex date: August 26, 2007



Smith et al./Pipeline Experiments 32

Efficiency Measure 1

F
re

qu
en

cy
P

er
ce

nt

0 0.2 0.4 0.6 0.8 1
0

5

10

15

Random Efficiencies

Observed Efficiencies

Compared Observed Efficiencies with Random
Session Set 1, Environment A1

Fig 11: Compares the histogram of e�ciencies for the random allocation and
the observed e�ciencies.

Table 3
Session Set 2, design YP: proportional auction with no impro vement restrictions.

Sessions 5 6 7

E�ciency 1 0.58 0.66 0.74
E�ciency 2 0.05 0.19 0.39
Number no Allocations 1 0 0
Number 100% Allocations 0 0 0
Number of negative e� 2 5 3 0
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Fig 12: E�ciency by Period for Session 6, YP design, proportional
mechanism . There were no update restrictions implemented in this session.
Notice that 9 out of the 10 periods resulted in the allocation of the surplus
inferior AB pipeline.

to see if the additional complexity had an e�ect on the observed outcomes.
The e�ciencies in these sessions where low compared to the random allo-
cation (80 percent). Adding the additional complexity signi�cantly r educed
the observed e�ciencies, the surplus inferior pipeline was often chosen, see
Figure 12.

To understand why e�ciencies and pro�ts were lower than optimal in
session sets SP1 and YP, we looked at the individual bidding behavior.We
found that subjects tended to over-bid in many of the periods. That is, if
their pro�table capacity requirement was 10 units, they would request 13
units or higher. This often seemed to be initiated by a non-allocation inan
early round, so a subject would request more to try and get a pipeline built.
However, many of the subjects reacted in the same fashion, whichmeant that
capacity was over requested so the individual request were proportionally
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Fig 13: Over-bidding in Proportional, By Session : The vertical axis
shows the sum of the individual capacity requests; if the sum was greater
than 100, it was displayed at 100. The horizontal axis shows the rounds for
each nonpractice period, so there are 30 (10 periods� 3 rounds. The cells
display the overbidding for each proportional mechanism session.

cut back. Subjects would then request more in subsequent rounds, so that
they would not be cut back to a lower level of capacity than they required,
see Figures 13 and 14.

Figures 13 and 14 show the sum of all the capacity requests (q bids) for
each bidding round for all of the nonpractice periods. If each subject had
optimally revealed there capacity requirement, the sum of bids should have
been 40 in each round and period. The graphs show that that the sum of
bids was frequently much greater than 40, often 100 or more.

Figure 15 shows how overbidding a�ects the allocation in the proportional
mechanism. The top horizontal line are the bids of all six bidders a price of
35, the capacity requests sum to 85, which is over two times the capacity
of the large pipeline. Each capacity bid is reduced by ratio (40/85), so each
bidder receives just less than half of their request. If an individualsallocation
was less than he required he has an incentive to increase his capacitybid,
but this also applies to all the bidders so there is an upward creep in capacity
bids.

Figure 16 Compares the histogram of e�ciencies for the random allocation
and the observed e�ciencies.

Figure 17 Compares the e�ciencies for the random allocation of environ-
ment SP1 with the observerd e�ciencies for session set 1 and session set
2.

Using the proportional mechanism adding the complexity of the YP design
reduced e�ciencies, it became harder for the subjects to coordinate on a
pipeline path (in the SP1 design, since there is only a single pipeline there
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Fig 14: Over-bidding in Proportional, By Design Treatment : The
vertical axis shows the sum of the individual capacity requests; if the sum
was greater than 100, it was displayed at 100. The horizontal axis shows the
rounds for each nonpractice period, so there are 30 (10 periods� 3 rounds.
The cells display the overbidding for proportional mechanism grouped by
environment and update rule.
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Fig 15: Shows the e�ect of overbidding on the allocation in the proportional
auction.
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Fig 16: Compares the histogram of e�ciencies for the random allocation and
the observed e�ciencies.
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Fig 17: Compares the e�ciencies for the random allocation of environment
SP1 with the observerd e�ciencies for session set 1 and session set2.
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Table 4
Session Set 3, design YP: proportional auction with Q decreasing improvement

restriction for sessions 9 and 10, and Q increasing improvement restriction for session 8.

Sessions 8 9 10

E�ciency 1 0.78 0.77 0.76
E�ciency 2 0.47 0.46 0.44
Number no Allocations 0 1 3
Number 100% Allocations 0 0 0
Number of negative e� 2 1 0 0
Number of misallocations 4 TODO TODO
update rule UP DOWN DOWN

is no coordination problem). A successful allocation mechanism mustallow
the subjects to coordinate, perhaps by allowing contingent or simultaneous
bidding for pipeline paths.

8.1.4. Imposing improvement restrictions

Session sets 1 and 2 did not employ an update rule. In an attempt to im-
prove the outcomes we imposed improvement rules. Improvement rules are
routinely used in auctions, The standard English auction is a prime example,
see McCabe et al. [1990], McCabe et al. [1991], McCabe et al. [1992].

We then imposed the both a downward and upward update rule in subse-
quent sessions of the proportional mechanism. Update rules usually impose
the restriction that a new bid must be greater than the last accepted bid.
Since the proportional mechanism we are using accepts capacity bids and
not price bids; it was not immediately clear whether the update restric-
tion should be increasing or decreasing. We are not aware of any evidence
(annectdotal, �eld, historical, or experimental) or theory to supp ort either
restriction. So we did what every good experimentalist should do andtested
both rules.

We observed that in environment YP the update rules imposed in session
set 3 improved performance above the results in session set 2 (alsoYP
environment), the results are displayed in Table 4. E�ciencies improved, but
were not much better than the random e�ciencies. In both sets signi�cant
overbidding was observed, see Figures 13 and 14. There was still a number
of misallocations, building the AB pipeline instead of the surplus superior
AC pipeline. Figure 18 displays the e�ciency measure 1 for session 8, which
imposed the increasing improvement rule, there were four misalloctions to
the AB pipeline.
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Fig 18: E�ciency by Period for Session 8, YP design, proportional
mechanism . This session implemented the increasing restriction. Notice
that 4 out of the 10 periods resulted in the allocation of the surplus inferior
AB pipeline.
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Fig 19: Compares the histogram of e�ciencies for the random allocation and
the observed e�ciencies.
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Fig 20: Compares the e�ciencies for the random allocation of environment
YP with the observerd e�ciencies for session set 2 and session set 3.

Figure 19 Compares the histogram of e�ciencies for the random allocation
and the observed e�ciencies.

Figure 20 Compares the e�ciencies for the random allocation of envi-
ronment YP with the observerd e�ciencies for session set 2 and session set
3.

8.1.5. Imposing Restrictions, Reducing Complexity

Since the increasing rule initially appeared to b slightly better than the
decreasing rule (by on one and two percent), we imposed the increasing re-
striction in the SP1 environment. We wanted to see if it also helped in a
simplier environment. The observered e�ciencies were not much di�erent
than those in session set one. We only ran one session in the SP1 environ-
ment. It was felt that resources were best spent investigating the restriction
rules in environment YP, where the bigger improvement was observed.
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Table 5
Session Set 4, design SP1: proportional auction with Q increasing improvement

restriction.

Session 11

E�ciency 1 0.96
E�ciency 2 0.84
Number no Allocations 0
Number 100% Allocations 0
Number of negative e� 2 0
update rule UP
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Fig 21: Compares the histogram of e�ciencies for the random allocation and
the observed e�ciencies.
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Fig 22: Compares the e�ciencies for the random allocation of environment
YP with the observerd e�ciencies for session set 3 and session set 4.

Figure 21 Compares the histogram of e�ciencies for the random allocation
and the observed e�ciencies.

Figure 22 Compares the e�ciencies for the random allocation of envi-
ronment YP with the observerd e�ciencies for session set 3 and session set
4.

8.1.6. Improving Instructions in a Complex Environment

Session set �ve, repeated the YP environment with restriction rules. In ad-
dition we made improvements and the addition of more examples in the
instructions. The results show some improvement, perhaps due tothe im-
proved instructions. The role of the improvement becomes more ambiguous.
The improvement of instructions and examples did however improve the
performance of the proportional auction in the more complex environment
YP.
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Table 6
Session Set 5, design YP: proportional auction with Q improv ement restrictions.

Sessions 12 13 14

E�ciency 1 0.75 0.86 0.84
E�ciency 2 0.41 0.67 0.63
Number no Allocations 0 2 0
Number 100% Allocations 0 0 0
Number of negative e� 2 0 0 0
improvement rule UP DOWN UP

Table 7
Session Set 6, design YABC: hybrid clock auction, clock prices on each segment A, B, C,

stop with no change in demand.

Sessions 15 16 17 18

E�ciency 1 0.51 0.66 0.68 0.72
E�ciency 2 0.11 0.25 0.29 0.33
Number no Allocations 0 0 2 0
Number 100% Allocations 0 0 0 0
Number of negative e� 2 1 1 0 0
Number of misallocations
Update rule NONE NONE NONE NONE

If the proportional mechanism were to become the preferred mechamism,
more sessions (larger sample size) would be needed to distinquish between
the increasing and decreasing rules. However, due to resource constraints, it
was necessary to begin investigation of alternative mechanisms.

Figure 23 Compares the histogram of e�ciencies for the random allocation
and the observed e�ciencies.

Figure 24 Compares the e�ciencies for the random allocation of environ-
ment SP1 with the observerd e�ciencies for session set 4 and session set
5.

8.1.7. Trying a new Mechanism

Session set 6 was the �rst implementation of a clock auction. We imple-
mented it in environment YP. In this version a clock was used for each
segment (A, B, and C) so there was a price for each segment and subjects
where required to enter a capacity demand (request) for each segment sepa-
rately. If no capacity demand was entered for a segment withing a speci�ed
period of time (four minutes), the subjects last capacity demand was used.
The proportional rule was used if the clock stopped and there was excess
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Fig 23: Compares the histogram of e�ciencies for the random allocation and
the observed e�ciencies.
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Fig 24: Compares the e�ciencies for the random allocation of environment
SP1 with the observerd e�ciencies for session set 4 and session set5.
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Table 8
Session Set 7, design SP1: Clock Auction, Stop if no change indemand or if subjects

Opt Out.

Sessions 19 20 21

E�ciency 1 0.94 0.99 0.96
E�ciency 2 0.77 0.96 0.85
Number no Allocations 4 1 3
Number 100% Allocations 0 0 0
Number of negative e� 2 1 5 0

demand.
We used the following stopping rule: if there is a change in total demand

for a segment, do not increase the price for; if there is a change in total
demand for seqment, increase the price by one increment. The auction stops
(all clocks stop) when there is no change in demand for any of the seqments.
Subjects were allowed to change their demand either up or down; there were
no update restrictions placed on a subjects capacity request.

Performance was similar to the proportional rule with no update restric-
tions and capacity bidding on AB and AC segments. There could be many
reasons for the poor performance, some of the most obvious are: the pro-
portional allocation, bidding on separate segments (A, B, and C) instead
of bidding on pipelines (AB, AC), lack of update restriction, stopping rule,
poor instructions, or bad software interface. In the next sessions we make
changes to the clock auction to try and improve the perfomance.

Figure 25 Compares the histogram of e�ciencies for the random allocation
and the observed e�ciencies.

Figure 26 Compares the e�ciencies for the random allocation of envi-
ronment YP with the observerd e�ciencies for session set 5 and session set
6.

8.1.8. Improving the rules of the Clock Auction.

In session set 7, we changed an number of aspects of the experimental ses-
sions. Making a number of changes simultaneously, allows us to conserve
resources, and while it does not allow us to pinpoint speci�c elements of the
implementation, it does allow us to exclude and reduce the set of possible
e�ective elements. This approach does have statistical validity, see Olson
[2007b] a discussion and some examples.

Using environment SP1, allowed us to focus on the rules in a environ-
ment that was less complex for the subjects, reducing the possibility of poor
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Fig 25: Compares the histogram of e�ciencies for the random allocation and
the observed e�ciencies.
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Fig 26: Compares the e�ciencies for the random allocation of environment
YP with the observerd e�ciencies for session set 5 and session set 6.
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Table 9
Session Set 8, design SP1: Clock Auction, New clock stop design (stop if no excess

Quantity demand) and instructions. Software and instructi ons have errors.

Session 22 23

E�ciency 1 0.97 0.94
E�ciency 2 0.89 0.79
Number no Allocations 5 5
Number complete periods 6 10

instructions, poor software ihterface, and subject \confusion". I use \confu-
sion" in quotes, since the term is often an euphimism for subject stupidity
| if you want to believe that, or use it as an excuse. However, it is ultimately
the responsibility of the experimentalist to ensure that the the subjects are not
\confused". If subjects are \confused" it is likely due to poor instructions, a
poorly designed computer interface (if computers are being used), or poorly
designed experimental protocals. This is one reason in an investigative proto-
cal we work on improving the instructions, interface, and protocals between
sessions. But to be useful it is important that these changes are documented
and presented with the design changes.

We also implented a new stopping rule, the \Opt Out" rule that was
discussed above.

The results of session set 7 showed a dramatic improvement compared to
the results of session set 6 (YABC environment) for those periodswhere an
allocation was made. There were a number of periods where no allocation
was made and the e�ciency 2 measure was negative (this mostly indicates
that subjects paid more than their value, earning negative pro�ts for that
period).

Figure 27 Compares the histogram of e�ciencies for the random allocation
and the observed e�ciencies.

Figure 28 Compares the e�ciencies for the random allocation of envi-
ronment YP with the observerd e�ciencies for session set 6 and session set
7.

8.1.9. A failed attempt at more Clock improvements.

The next set of sessions, set 8, shown in Table 9, used a more traditional clock
mechanism for environment SP1 (see McCabeet al., Porter et al.). The
clock was stopped when there was no excess demand, total demand was less
than the capacity of the small pipeline, or all of the subjects \Opted out".
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Fig 27: Compares the histogram of e�ciencies for the random allocation and
the observed e�ciencies.
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Fig 28: Compares the e�ciencies for the random allocation of environment
YP with the observerd e�ciencies for session set 6 and session set 7.
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Fig 29: Compares the histogram of e�ciencies for the random allocation and
the observed e�ciencies.

We also improved the instructions; changing the instructions was necessary
due to the change in rules.

Also, an improved display was implemented, that provided subjects with
information on whether the allocation based on the current set of bids would
cover the cost of a pipeline (and which pipeline small or large).

Unfortunately, errors in the software prevented some periods from con-
cluding or making an allocation. However, there was a signi�cant improve-
ment in e�ciencies for those periods that did �nish without error (97 and
94 percent). This encouraged us to correct our errors and run some more
sessions with the same rule set.

Figure 29 Compares the histogram of e�ciencies for the random allocation
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Fig 30: Compares the e�ciencies for the random allocation of environment
SP1 with the observerd e�ciencies for session set 7 and session set8.

and the observed e�ciencies.
Figure 30 Compares the e�ciencies for the random allocation of environ-

ment SP1 with the observerd e�ciencies for session set 7 and session set
8.

8.1.10. Successful implementaion of improved Clock Rules.

The �nal design of this group of experiments was the improved clock, imple-
mented in a more di�cult environment, see Table 10. The rule set included
the improved information, and the excess demand and \Opt Out" stopping
rules, attempted in set 8.

The e�ciency results and the lack of none allocations(??) are the best
yet. Most impressively, in the three sessions there were 14 allocations with
100 percente�ciency, which no other ruleset was able to achieve.
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Table 10
Session Set SP2, design SP2: Clock Auction, New set of valuations, and clock stopping

rules.

Session 22 23

E�ciency 1 0.97 0.99 0.98
E�ciency 2 0.90 0.97 0.95
Number no Allocations 0 0 0
Number 100% Allocations 1 8 5
Number of negative e� 2 0 0 0
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Fig 31: Compares the histogram of e�ciencies for the random allocation and
the observed e�ciencies.
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Fig 32: Compares the e�ciencies for the random allocation of environment
SP1 with the observerd e�ciencies for session set 8 and session set9.

Figure 31 Compares the histogram of e�ciencies for the random allocation
and the observed e�ciencies.

Figure 32 Compares the e�ciencies for the random allocation of environ-
ment SP1 with the observerd e�ciencies for session set 8 and session set
9.

At this point, we do not know if the results will be observed in the YP
or SP1 environment. Nor, can we state with certainty that results are due
solely to the change in environment. More sessions are needed to test these
possibilities. We ran out of resources.

8.1.11. Summary of E�ciencies

All the e�ciency results are provided in tables 11 and 12. The e�cienc ies
reported below include all periods, that is, those periods where there was
no allocation.
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Table 11
E�ciencies, average over all periods, allocative measure 1 .

Design Additional Proportional Clock Hybrid-
Rules Clock ABC

SP1 None 0.90
SP1 Down Only
SP1 Up Only 0.96

Y1 None 0.64
Y1 Down Only 0.67 (?)
Y1 Up Only 0.76 (?)

YABC None 0.61

SP1 1 0.71
SP1 Errors 0.32

SP2 Improved 1 0.98

Table 12
E�ciencies, average over all periods, surplus measure 2.

Design Additional Proportional Clock Hybrid-
Rules Clock ABC

SP1 None 0.77
SP1 Down Only
SP1 Up Only 0.80

Y1 None 0.21
Y1 Down Only 0.40 (?)
Y1 Up Only 0.52 (?)

YABC None 0.23

SP1 1 0.64
SP1 Errors 0.27

SP2 Improved 1 0.94
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Fig 33: E�ciencies 1
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Fig 34: E�ciencies 2
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Graphical display of e�ciences are presented in Figures 33 and 33.

8.2. Summary of Observations

The Proportional mechanism tended to encourage over-bidding for capac-
ity, and often misallocated or did not supply a pipeline. An update rule
improves performance, constraining new bids to be higher than thelast bid
slightly improves e�ciency. Figures 13 and 14. Increasing the complexity of
the environment signi�cantly reduced the performance of the proportional
auction.

In the more complex environment Y1, creating an improved set of in-
structions and examples improved performance. This shows that care must
be taken in presenting the experiment to the subjects, especially inmore
complex environments.

For the clock auction, the Excess demand rule with surplus maximization
gives best results. The Hybrid clock rule does not perform as well asdemand
clock. Ability to opt out improves performance. It appears that bid ding on
paths (AB, AC, design Y1) may be better than bidding on segments (A,
B, C; design YABC) auction, but there were too few sessions to make a
conclusive determination. Use of the low accepted bid for price, improved
results, but poses its own set of problems (mostly not being able to cover
costs).
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Fig 35: Histogram of e�ciencies for random allocation of capacities in envi-
ronment SP1

Appendix A: E�ciencies of randomly allocated capacity

Figure 35 shows a histogram of the e�ciency of randomly allocated capacity.
Only allocations where the the pipeline was allocated are included. If non-
allocations are included then the histogram has a larger spike at zeroand
smaller frequencies at the allocated e�ciencies.

Figure 36 shows a histogram of the e�ciency of randomly allocated ca-
pacity. Only allocations where the the pipeline was allocated are included.
If non-allocations are included then the histogram has a larger spikeat zero
and smaller frequencies at the allocated e�ciencies.
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Fig 36: Histogram of e�ciencies for random allocation of capacities in envi-
ronment SP1.
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Fig 37: Histogram of e�ciencies for random allocation of capacities in envi-
ronment Y1 with allocations on AB.
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Fig 38: Histogram of e�ciencies for random allocation of capacities in envi-
ronment Y1 with allocations on AC.
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Fig 39: Histogram of e�ciencies for random allocation of capacities in envi-
ronment SP2

imsart-generic ver. 2007/04/13 file: gas.tex date: August 26, 2007



Smith et al./Pipeline Experiments 67

Acknowledgments

imsart-generic ver. 2007/04/13 file: gas.tex date: August 26, 2007



Smith et al./Pipeline Experiments 68

References

D. Aadland and V. Kolpin. Shared irrigation costs : An empirical and ax-
iomatic analysis. Mathematical Social Sciences, 849:203{218, 1998.

J. Buckheit and D. L. Donoho. Wavelab and reproducible research. In
A. Antoniadis, editor, Wavelets and Statistics. Springer Verlag, New York,
1995.

Y. Chen. An experimental study of the serial and average cost pricing
mechanisms.Journal of Public Economics, 87(9):2305{2335, 2003.

Y. Chen and Y. Khoroshilov. Learning under limited information. Games
and Economic Behavior, 44:1{25, 2003.

Y. Chen and L. Razzolini. Congestion and cost allocation mechanisms
for distributed networks : An experimental study. Working Paper, 2003.
School of Information, University of Michigan.

H. Chenery. Engineering production functions. Quarterly Journal of Eco-
nomics, pages 507{515, 1949. February.

R. Deb and L. Razzolini. Auction-like mechanisms for pricing excludable
public goods. Journal of Economic Theory, 88:340{368, 1999.

R. Dorsey, L. Razzolini, and M. Reksulak. An experimental evaluation of
the serial cost sharing rule. Working Paper 38677, 2002. University of
Mississippi, School of Business. NOTE check.

J. Ferejohn, R. Forsythe, and R. Noll. An experimental analysis ofdecision
making procedures for discrete public goods : A case study of a problem
in institutional design. In V. Smith, editor, Research in Experimental
Economics, volume 1. JAI Press, Greenwich, CT, 1979.

J. Ferejohn, R. Forsythe, R. Noll, and T. R. Palfrey. An experimental exam-
ination of auction mechanisms for discrete public goods. In D. R. Kinder
and T. R. Palfrey, editors, Experimental Foundations of Political Science,
pages 221{244. University of Michigan Press, 1993, Ann Arbor, 1982.

E. J. Friedman. Strategic properties of heterogeneous serial cost sharing.
Mathematical Social Sciences, 2002.

E. J. Friedman and H. Moulin. Three additive methods to share joint costs
or surplus. Journal of Economic Theory, 87:275{312, 1999.

S. Gailmard and T. R. Palfrey. An experimental comparison of collective
choice procedures for excludable public goods.Working Paper, 2003.
Pasadena, CA, California Institute of Technology.

R. Gentleman and D. T. Lang. Statistical analyses and reproduciblere-
search. Journal of Computational and Graphical Statistics, 16(1):1{23,
2007. March.

V. Kolpin. Multi-product serial cost sharing: an incompatibility with th e

imsart-generic ver. 2007/04/13 file: gas.tex date: August 26, 2007



Smith et al./Pipeline Experiments 69

additivity axiom. Journal of Economic Theory, 69:227{233, 1996.
V. Kolpin and D. Aadland. Environmental determinants of cost sharing :

an application to irrigation. working paper, 2001. Eugene, University of
Oregon.

F. Maniquet and Y. Sprumont. E�cient strategy-proof allocation f unctions
in linear production economies.Economic Theory, 1999.

K. A. McCabe, S. J. Rassenti, and V. L. Smith. Auction institutional design:
Theory and behavior of simultaneous multiple unit generalizations of the
dutch and english auctions.American Economic Review, 1990. December.

K. A. McCabe, S. J. Rassenti, and V. L. Smith. Testing vickrey's and other
simultaneous multiple unit versions of the english auction. InResearch in
Experimental Economics, volume 4. 1991. ed R. M. Isaac.

K. A. McCabe, S. J. Rassenti, and V. L. Smith. Designing call auction
institutions: Is double dutch the best. Economic Journal, 102:9{23, 1992.
January.

H. Moulin. Serial cost sharing of excludable public goods.Review of Eco-
nomic Studies, 61:305{325, 1994.

H. Moulin. Cost sharing under increasing returns : A comparison of simple
mechanisms.Games And Economic Behavior, 13:225{251, 1996.

H. Moulin and S. Shenker. Serial cost sharing.Econometrica, 60:1000{1037,
1992.

S. Ohseto. Serial cost sharing with simple games.mimeo, 2001. Tokyo
Metropolitan University.

M. A. Olson. Theoretical Underpinnings of Combinatorial Clock Auctions.
Forthcoming, ICES, 2007a.

M. A. Olson. Data Design and Analysis in Experimental Econmics. Forth-
coming, ICES, 2007b.

W. Olszewski. Serial mechanisms for provision of excludable public goods.
mimeo, 1999. Princeton University.

A. Rapoport, W. S. Stein, and Others. Strategic play in single-server queues
with endogenously determined arrival times. mimeo, 2001. Tucson, AZ,
University of Arizona.

S. Serizawa. Strategy-proof and symmetric social choice functions for public
good economies.Econometrica, 1999.

V. L. Smith. Investment and Production. Harvard University Press, Cam-
bridge, Mass, 1962. , 32-37.

V. L. Smith, S. J.Rassenti, and S. S. Reynolds. Cotenancy and competi-
tion in an experimental auction market for natural gas pipeline networks.
Economic Theory, 4:41{65, 1994.

L. Zhou. Impossibility of strategy-proof mechanisms in economies with pure

imsart-generic ver. 2007/04/13 file: gas.tex date: August 26, 2007



Smith et al./Pipeline Experiments 70

public goods. Review of Economic Studies, 1991.

imsart-generic ver. 2007/04/13 file: gas.tex date: August 26, 2007


