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Abstract

This paper uses a structural econometric model to analyze the investment timing game in offshore
petroleum production that ensues on wildcat tracts in U.S. federal lands off the Gulf of Mexico. When
individual petroleum-producing firms make their exploration and development investment timing de-
cisions, there are two types of externalities that they do not internalize: an information externality
and an extraction externality. The model I develop enables me to estimate the structural parameters
governing each firm’s investment timing decisions and therefore to assess the net effect of these ex-
ternalities. According to my results, the extraction externality appears to dominate the information
externality. Moreover, decreasing the lease term may increase ex ante tract value and hence govern-
ment profits. The econometric methodology presented in this paper can be employed to analyze any
problem of dynamic multi-stage strategic decision making in the presence of externalities.
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1 Introduction

Petroleum production is a multi-stage process involving sequential investment decisions. When a firm
acquires a previously unexplored tract of land, it must first decide whether and when to invest in the rigs needed
to begin exploratory drilling. After exploration has taken place, a firm must subsequently decide whether and
when to invest in the production platforms needed to develop and extract the reserve. Because the profits from
petroleum production depend on market conditions such as the oil price that vary stochastically over time, an
individual firm producing in isolation that hopes to make dynamically optimal decisions would need to account
for the option value to waiting before making either irreversible investment (Dixit & Pindyck, 1994).

The dynamic decision making problem faced by a petroleum-producing firm is even more complicated when
its profits are affected not only by exogenous market conditions, but also by the actions of other firms producing
nearby. When firms own leases to neighboring tracts of land that may be located over a common pool of reserve,
as they do in U.S. federal offshore lands in the Gulf of Mexico (Hendricks & Porter, 1993), there are two types of

2 The first type of externality

externalities that add a strategic dimension to firms’ investment timing decisions.
is an tnformation externality: if firms learn information about their own tracts when other firms drill exploratory
wells or install production platforms on neighboring tracts, then firms may play a noncooperative timing game
that leads them to inefliciently delay production, since the possibility of acquiring information from other firms
may further enhance the option value to waiting (Hendricks & Porter, 1993).3 A second type of externality is
an extraction externality: when firms have competing rights to a common-pool resource, strategic considerations
may lead firms to extract at an inefficiently high rate (Libecap & Smith, 1999; Libecap & Wiggins, 1985). Because
these two externalities have opposing theoretical effects on the rate of production, empirical methods are needed
to determine the net effect.

In this paper I develop and estimate a structural econometric model of dynamic strategic decision making
in the presence of externalities, and apply it to the investment timing game in petroleum production. FEstimates
of the structural parameters of my model enable me to assess the net effect of the information and extraction
externalities and to determine which externality dominates.

There are several advantages to using a structural model. First, a structural model enables the estimation
of all the structural parameters of the underlying dynamic game. As will become clear when I describe my model,

these parameters will include not only those governing the relationship between various state variables and the

2In my broad definition of an externality, I say that an externality is present whenever a non-coordinated decision by individual
firms is not socially optimal.

3If firms are subject to a lease term by the end of which they must begin exploratory drilling, or else relinquish their lease, then
the information externality would result in too little exploration at the beginning of the lease term and duplicative drilling in the
final period of the lease (Hendricks & Porter, 1993; Porter, 1995). In contrast, the optimal coordinated plan would entail a sequential
search in which one tract would be drilled in the first period and, if productive, a neighboring tract is drilled in the next (Porter,
1995).
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profits of firms, but also parameters governing the distribution of tract-specific private information. Second, by
modelling the dynamic programming problem of the firms, a structural model enables one to estimate each firm’s
value function, and as a consequence, the ex ante expected tract values. Since firms’ bids in the auctions of
U.S. federal offshore lands in the Gulf of Mexico — and hence government revenue — are a function of the ex ante
expected value of the tracts, an estimate of how ex ante expected values relate to the state variables in the model
gives a measure of how one might expect government revenue to change if these state variables were changed.
The third advantage to using a structural model is that, in principle, it enables the evaluation of the effects of
changes in policy or in the environment.® Finally, the parameters provide a foundation for estimating the net
efficiency effect resulting from the two countervailing externalities.

I use my structural econometric model to answer the following questions, among others. First, do firms care
about what their neighbors do? In other words, how important are the information and extraction externalities
described above, and which externality dominates? Second, can the federal government increase ex ante tract
value by changing the lease term or by changing the tract size?®

According to my results, the extraction externality appears to dominate the information externality. More-
over, decreasing the lease term may increase ex ante tract value and hence government profits.

The balance of the paper proceeds as follows. Section 2 describes the paper’s contributions to the existing
literature. I present my model of the investment timing game in offshore petroleum production in Section 3 and
my structural econometric estimation strategy in Section 4. In Section 5, I describe my data. I present the
results from preliminary reduced-form analyses in Section 6 and the results from my structural model in Section

7.

2 Contributions to Existing Literature

My research will make several contributions to the existing literature. The first strand of literature upon
which my work innovates is that on the information externality that arises in the federal offshore leasing pro-
gram, particularly those studies by Kenneth Hendricks, Robert Porter and their coauthors (see e.g., Hendricks
& Kovenock, 1989; Hendricks & Porter, 1993). My research extends their work in several ways. First, while
previous studies used stylized theoretical models or reduced-form empirical tests to analyze the information exter-

nality, my work estimates the structural parameters of the discrete choice dynamic game. With these structural

4 As will be described in this paper, strong assumptions need to be made in my model in order for these policy evaluations to be
valid. In particular, I need to assume that the equilibrium does not change when the policy environment changes. The development
of a structural model that enables policy evaluations to be made without these strong assumptions will be the subject of future work.

®In addition to changing the lease term and/or tract size, other possible modifications to the current federal offshore lease auction
mechanism might include encouraging unitization of exploration programs, perhaps by limiting the amount of nonunitized acreage
that a firm can possess; requiring firms to make their seismic reports publicly available (Hendricks & Kovenock, 1989); changing the
quantity or location of the tracts offered in each lease sale; using multi-unit auctions; or making the contractual environment more
conducive to coordination.
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parameters, one can not only estimate the ex ante value of each of the tracts, but also analyze the effects of
alternate policies.

A second way in which my work contributes to the existing literature on the information externality in the
federal leasing program is that it combines the externality problem with real options theory. Oil production is
a multi-stage process involving sequential investment decisions. Since the decision to explore a reserve entails
an irreversible investment, the value of an unexplored reserve is the value of the option to invest in exploration.
Similarly, the value of an explored but undeveloped reserve is the value of the option to invest in development.
There is thus an option value to waiting before making either investment because the value of a developed reserve
can change, either because exogenous conditions such as the oil price might change, or because there is a chance
that neighboring firms might explore or develop first. Moreover, because these two types of investment are made
sequentially, they act as compound options: completing one stage gives the firm an option to complete the next
(Dixit & Pindyck, 1994).

The third innovation I make to the existing literature on the information externality in the federal leasing
program is that while the existing literature focuses exclusively on spillovers that arise during exploratory drilling,
my model allows for information spillovers that arise during both exploration and development, as well as for
common pool extraction spillovers that arise during extraction. If firms do indeed learn about the value of their
own tracts from the actions of their neighbors, then one would expect firms to update their own beliefs not only
if their neighbors begin exploratory drilling, but also if, after having already begun exploring, the neighbors then
decide to install a production platform. That a neighbor has decided to begin extracting after it explored should
be at least as informative as the initiation of exploration in the first place. Furthermore, extraction externalities
are another form of spillover that is not accounted for by previous studies of the investment timing game, and,
unlike the information externality, is one that may actually induce firms to expedite rather than delay their
production process.

In addition to the literature on the information externality, a second branch of literature upon which my
work innovates is that on econometric models of discrete dynamic games. In particular, my work builds upon the
methods developed by Pakes, Ostrovsky and Berry (2004) for estimating parameters of discrete dynamic games
such as those involving firm entry and exit. This paper extends the work of Pakes et al. (2004) in several ways.
First, unlike their paper, which uses simulation data, my paper estimates a discrete dynamic game using actual
data. Second, while the entry and exit decisions they examine are two independent investments, the exploration
and development decisions I examine are sequential investments: the decision to invest in development can only be
made after exploration has already taken place. Thus, unlike the one-stage entry and exit games, the investment

timing game is a two-stage game. The sequential nature of the investments is an added complexity that I address

6The validity of policy evaluation is subject to the caveats outlines in a previous footnote.
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in my econometric model.

A third innovation I make to the literature on discrete dynamic games is that, unlike Pakes et al., I do not
assume that the profit function is a known function of the underlying state variables, but instead estimate its
parameters from data. While Pakes et al. are able to appeal to economic theory to posit an exact form for profits
as a function of state variables such as the number of firms in the industry, I cannot. No economic theory predicts
the exact relationship between profits and such state variables as whether or not a firm’s neighbors explore or
develop. Indeed, since the relationship between profits and the actions of one’s neighbor is among the very
questions I hope to answer, I choose to estimate this relationship from the data rather than impose it a priori.
However, the task of estimating these additional parameters poses an additional econometric challenge, not only
because they require the development and use of additional moment conditions, but also because profits are only
observed for tracts that are developed.”

In addition to the literatures on the information externality and on discrete dynamic games, the third strand
of literature upon which my work innovates is that on oil production. My work makes several contributions
to this literature. First, unlike previous work on the federal offshore lease auctions, my study will include not
just revenue maximization, but also expeditious exploration, environmental protection, and strategic concerns in
the government’s objective function. Although the trade-offs between revenue and other objectives have been
examined in timber and spectrum auctions, very little work has been done evaluating these trade-offs for oil
auctions (Robert Porter, personal communication, March 12, 2002). Second, while the financial theory of option
valuation is fairly well developed, structural models applying the theory to the oil production process still remain
to be estimated. Paddock, Siegel and Smith (1998) compare the option valuation estimate of the market value
of selected offshore petroleum tracts with estimates from other valuation methods and with the winning bids,
but neither compare the predicted investment timing policy with those that were actually followed nor account
for the information externality. Hurn and Wright (1994) test reduced-form implications of the theory, but do
not estimate a structural model. Third, previous work on socially optimal natural resource extraction has been
primarily theoretical (Robert Porter, personal communication, March 12, 2002); in contrast, my work will also

involve a structural estimation.

3 A Model of the Investment Timing Game

In my model, each "market” k consists of an isolated neighborhood of adjacent tracts i that were each leased

to a petroleum-producing firm on the same date. For each market k, the state of the market ¢ years after the

I hope eventually to further extend the Pakes et al. framework by using both continuous and discrete variables. In contrast, the
state variables in the framework developed by Pakes et al. must be discrete.
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leases began is given by a vector {2, of finite-valued state variables that are observed by all the firms in market
k and as well as by the econometrician.

Fach firm’s time-¢ investment timing decision depends in part on the state of the market €z, which can
be decomposed into endogenous state variables and exogenous state variables. There are two endogenous state
variables upon which investment timing decisions depend: the total number of tracts in market k£ that have
been explored before time ¢, and the total number of tracts in market k that have been developed before time
t. These endogenous state variables capture the strategic component of the firms’ investment timing decisions.
The exogenous state variables Xj; upon which investment timing decisions depend include the exploration cost
¢ and the development cost ¢? and are assumed to evolve as a first-order Markov process: Xk,t+1iz;dF x (4| Xk t)-

In addition to the publicly observable state variables i, each firm’s time-t investment timing decision also
depends on two types of shocks that are private information to the firm and unobserved by either other firms or

by the econometrician.?

The first source of private information is a pre-exploration shock p,;, to an unexplored
tract ¢ at time ¢. This pre-exploration shock p,,, which is only observed by the firm owning tract ¢, represents
the outcome of the post-sale, pre-exploration seismic study conducted on tract 7 at time ¢ — 1, and affects the
exploration investment decision made on tract i at time ¢.° 1 assume that uitiideacponential(oﬂ).

The second source of private information is a post-exploration shock ¢;; to an explored but undeveloped tract
i at time ¢t. This post-exploration shock ¢;;, which is only observed by the firm owning tract ¢, represents the
outcome of the exploratory drilling conducted on tract i at time ¢t — 1, and affects the development investment
decision made on tract ¢ at time ¢t. I assume that atiidexponentz’al(as). In addition, I assume that the pre-
exploration shocks y;; and the post-exploration shocks &;; are independent of each other.'”

While each firm’s time-t investment decision depends on both the publicly available endogenous and exoge-
nous state variables Qj; as well as the firm’s own private information p,;, or €;, its perception of its neighbor’s
time-t investment decisions depend only on the publicly observable state variables Q;. This is because, owing
to the assumptions above on the observable state variables and on the unobservable shocks, firms can take expec-

tations over their neighbors’ private information. While each firm plays a pure strategy, from the point of view

of their neighbors, they appear to play mixed strategies.!!

81 currently do not have firm fixed effects or correlations between tracts owned by the same firm, but should think about how I
might incorporate them.

9Firms conduct and analyze seismic studies in order to help them decide whether or not to begin exploratory drilling (John Shaw,
personal communication, April 18, 2003; Bob Dye, personal communication, January 21, 2004; Jon Jeppesen, personal communication,
January 21, 2004; Mark Bauer, personal communication, January 21, 2004; Billy Ebarb, personal communication, January 22, 2004).

10The assumptions that both types of shocks are i.i.d. and independent of each other, while restrictive, is needed in order for the
estimation technique used in this paper to work. If either type of shock were serially correlated (or if, at the extreme, there were
tract fixed effects), then firms would base their decisions not only on the current values of the state variables and of their shocks, but
also on past values of the state variables and shocks as well. In future work I hope to develop econometric techniques that allow
these assumptions to be relaxed.

' Thus, as with Harsanyi’s (1973) purification theorem, a mixed distribution over actions is the result of unobserved payoff pertur-
bations that sometimes lead firms to have a strict preference for one action, and sometimes a strict preference for another.
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The sequential investment problem is solved backwards (Dixit & Pindyck, 1994). The second-stage problem
is to determine the optimal timing for investing in the development of a tract that has already been explored.
The first-stage problem is to determine the optimal policy for investment in exploration. I will now examine
each stage in turn.

In the second, or development, stage of oil production, a firm with an explored but undeveloped tract ¢ must
decide if and when to invest in a production platform. The value V¢ of an explored but undeveloped tract ¢ in

market k and time t is given by:

V(Qpts €it; 0) = max{m(Qu, €13 0), BV (s 0) 1, (1)

where 0 = (0,,0.,7)" denotes the vector of parameters to be estimated, 7¢(Q,e:4;0) is the profit that a firm
will get after developing tract ¢ at time ¢, and where V¢ (Q,; 6) is the continuation value to waiting instead of
developing at time t.

I will assume that the profit 7¢(-) that a firm will get after developing tract i at time ¢ can be separated into

a deterministic component and a stochastic component as follows:

T ( Qe €i25.0) = oy + €40 (2)

where the deterministic component of profit is linear the state variables, which include the oil price and the
development cost ¢¢.

Let g%(Q¢) denote the probability of developing an explored but undeveloped tract i at time ¢ conditional
on the publicly available information ; on time ¢, but not on the private information ;. The development
probability g¢(Q4:) function represents a firm’s perceptions of the probability that a neighbor owning an explored
but undeveloped tract will decide to develop its tract in period ¢, given that the state of their market at time
t is Q.  Moreover, a firm’s expectation of its own probability of development in the next period is simply
the expected value of the next period’s development probability, conditional on this period’s state variables:
ElgH(Q,141) Qe ]

From the exponential distribution for ¢;; and the functional form assumption 2 for profits, the continuation

value V¢¢(-) to waiting instead of developing reduces to:

Ve ( Qs 0) = BBV (Qpr130) + 9% (e t41) - 0c| Qe (3)

and the development probability g¢(-) reduces to the following function of the continuation value, the state
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variables and the parameters:

(4)

ce . e
() —exp (-2 ),

0’8
In the first, or exploration, stage of oil production, a firm with an unexplored tract ¢ must decide if and when

to invest in exploratory drilling. The value V™ of an unexplored tract ¢ in market k and time ¢ is given by:

V™ (et pig; 0) = max{m (e, i3 0), BV " (w3 0) }. ()

where ¢ (Qp, ;43 0) is the payoff to exploring tract ¢ at time ¢, and where V" (Qy;0) is the continuation value
to waiting instead of exploring at time t.
I assume that the payoff 7¢(-) to exploring tract ¢ at time ¢ can also be separated into a deterministic

component and a stochastic component as follows:

Tty i 0) = Ee [VE(Quet, €63 0)| Q] — ¢ + pay (6)

where, owing to the sequential nature of the investments, the deterministic component of the payoff to exploring
is equal to the expected value of an explored but undeveloped tract net the cost of exploration.

Let ¢°(Q:) denote the probability of exploring an unexplored tract ¢ at time ¢ conditional on the publicly
available information §2x; on time ¢, but not on the private information p,;,. As with the development probability,
the current value of the exploration probability represents a firm’s perceptions of the probability that a neighbor
owning an unexplored tract will decide to explore its tract in period ¢, given that the state of their market at
time ¢ is y¢; its expected value at time t 4+ 1 represents a firm’s expectation of its own probability of exploration
in the next period.

From the exponential distribution for u;; and the functional form assumption 6 for profits, the continuation

value V" (-) to waiting instead of exploring reduces to:

Vr( Qe 0) = E[BV" (e t4150) + 9 (e t41) - 00| Q] (7)

and the exploration policy function ¢¢(-) reduces to the following function of the continuation values, state

variables and parameters:

g () =exp (ﬂvcn(%ﬂ) = (OV (i 8) + 9" () - 0e) + Ce> .

Ou

Further details about my model are given in Appendix A.
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4 Structural Econometric Estimation Technique

My econometric estimation technique employs a two-step estimation procedure for each of the two investment
stages in petroleum production. This model builds upon recently developed methods for estimating parameters
of one-stage discrete dynamic games such as those involving firm entry and exit (Pakes et al., 2004) by allowing
the decision making game to involve multiple stages rather than only one.

In the first step, estimates of the continuation values V°¢(Q;0) and V" (Qyy; 6) are derived by solving
sequentially for fixed points in equations (3) and (7), respectively. To do so, historical empirical frequencies are
used to estimate the elements of the Markov transition matrix governing the evolution of the finite-valued state
variables.

After obtaining estimates of the continuation values in the first step of my econometric estimation technique,
I estimate the parameters 6 in the second step using generalized method of moments. The moments I construct
involve matching the probabilities of exploration and development predicted by my model, as given by substituting
the estimates for the continuation values into equations (8) and (4), with the respective empirical probabilities in
my data. Similarly, I construct moments that match the profits for tracts that develop predicted by my model
with the actual profits observed in the data.

Further details about my econometric estimation technique are given in Appendix B.

5 Data

Since 1954, the U.S. government has leased tracts from its federal lands in the Gulf of Mexico to firms
interested in offshore petroleum production by means of a succession of lease sales. In a typical lease sale, there
are over a hundred tracts which are sold simultaneously in separate first-price, sealed-bid auctions. The size
of a tract is often less than the acreage required to ensure exclusive ownership of any deposits which may be
present (Hendricks & Kovenock, 1989), and tracts within the same area may be located over a common pool
(Hendricks & Porter, 1993). When a tract is won, a firm must begin exploration before the end of the lease term,
or else relinquish its lease. A lease term is usually five years long. Wildcat tracts are located in regions where
no exploratory drilling has occurred previously. While seismic studies are permitted prior to the sale of a wildcat
tract, on-site drilling is not (Porter, 1995).

Although the government captures a reasonable share of the rents in wildcat auctions (Porter, 1995), the
federal leasing program may induce inefficient investment timing policies owing to information externalities and

extraction externalities. =~ While information externalities may induce firms to inefficiently delay production,
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extraction externalities may induce firms to produce too quickly.'?> Are the investment timing policies inefficient
on net? Because these two externalities have opposing theoretical effects on the rate of production, empirical
methods are needed to determine the net effect.

I use a data set on federal lease sales in the Gulf of Mexico between 1954 and 1990 compiled by Ken Hendricks
and Rob Porter using U.S. Department of Interior data. For each tract receiving at least one bid, the data set
includes information on the date of sale; location and acreage; the identity of bidders and their bids; whether the
government accepted the high bid; the number and date of wells that were drilled; and monthly production of oil,
condensate, natural gas, and other hydrocarbons (Porter, 1995). Their data set also include predicted ex post
revenues and costs (in 1982 U.S. dollars) calculated from the drilling and production data and from the annual
survey of drilling costs conducted by the American Petroleum Institute (Hendricks, Porter & Boudreau, 1987).

Fifty-nine lease sales took place offshore of Louisiana and Texas between 1954 and 1990; of these, 48 included
wildcat tracts. There are 9537 tracts in the entire data set, 2510 of which are wildcat tracts offered for sale
between 1954 and 1979, and another 5920 of which are wildcat or proven tracts offered for sale between 1980 to
1990, for a total of 8340 wildcat tracts. For the remainder of my data summary, I will focus on these wildcat
tracts only. Of these wildcat tracts, 2255 and 5644 of the tracts were sold for sale dates from 1954 to 1979 and
from 1980 to 1990, respectively, for a total of 7899 wildcat tracts sold; the high bids on the remaining tracts were
rejected by the government. All the tracts were offshore; 3599 were in Louisiana state waters, 2042 were in Texas
state waters, 2412 were in federal waters off the coast of Louisiana, and 361 were in federal waters off the coast
of Texas. On average, a wildcat tract covers 5099 acres.

In Figure 1, I plot the location of each of the wildcat tracts. I use the latitude-longitude coordinates provided
by Hendricks and Porter. The longitude and latitude are compiled from the well-bore tape as the average of the
longitude (or latitude) over all wells recorded in the block for the entire coverage period of the tape. The tape
includes spud dates from January 13, 1947 to July 6, 1991. This is intended to give a "representative location”
of the tract. The location for blocks not on the well-bore tape is approximated by map inspection.

T use data on annual drilling costs from the American Petroleum Institute’s Joint Association Survey of the
U.S. Oil & Gas Producing Industry for the 1969-1975 data and its Joint Association Survey on drilling costs

for the 1976-1990 data.'®> The cost is average cost per well over all wells(oil wells, gas wells, dry holes), in

12In addition to information externalities and extraction externalities, a third reason why the federal leasing program is socially
inefficient is that it does not account for the environmental costs of the oil production process. Such costs might include the ecosystem
damage caused by exploratory drilling or the pollutants emitted during reserve development. To the extent that they affect social
welfare, these environmental costs affect the socially optimal policy for exploration, development and extraction.

A fourth reason why the oil production rates induced by the federal leasing program may be inefficient is that they do not
account for the need for a domestic strategic oil reserve. Such a need may dictate that the socially optimal policy involve less delay
than would occur otherwise, or it may tie the production rate to current political factors. In this paper I focus exclusively on the
information and extraction externalities; environmental and strategic concerns will be the subject of future work.

3 The 1982 issue Joint Association Survey on drilling costs of the was out of print.
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nominal dollars, for Total Offshore.'*

I convert the nominal costs to real costs in 1982-1984 U.S. dollars using
the consumer price index (CPI). I discretize the real drilling cost into three bins: low (0 million - 2 million
1982-1984 U.S. dollars), medium (2 million - 3 million 1982-1984 U.S. dollars), high (over 3 million 1982-1984
U.S. dollars). Figure 2 plots the real drilling cost data, along with the bins.!?

For the real oil price, I use the U.S. average crude oil domestic first purchase price from the EIA Annual
Energy Review; the oil price is in 1996 U.S. dollars. I discretize the real oil price into three bins: low (0-13 1986
dollars), medium (13-25 1986 dollars), and high (over 25 1986 dollars). Figure 3 plots the real oil price, along

with the bins.!6

6 Preliminary reduced-form analysis

The offshore region off the coasts of Louisiana and Texas is divided into 51 separate geographical areas
(Hendricks & Porter, 1996); the wildcat tracts in this data set span 37 areas. For my preliminary analysis, I will
assume, as did Hendricks and Porter (1996), that all tracts in a given area are potential neighbors. I define an
area-cohort as a set of leases sold at the same time and located in the same area. There are 530 area-cohorts
containing wildcat tracts. On average, there are 15.9 wildcat tracts per area-cohort; the number of wildcat tracts
per area-cohort ranges from 1 to 150. One firm can have the highest percentage share of between 1 and 110
wildcat tracts per area-cohort, with an average of 3.7 wildcat tracts.

According to crude reduced-form regression results (not shown), the number of tracts in an area-cohort owned
by a firm has a significant effect on gross profits, net profits and unit net profits, but has no significant effect on
unit gross profits, average gross profits, average net profits, area-cohort-level unit gross profits, or area-cohort-
level unit net profits. That is, the number of tracts in an area-cohort owned by a firm affects the profitability of
each individual tract it owns in the area cohort, but does not affect the aggregate profitability of all the tracts it
owns in the area-cohort. Thus, the data provides some weak evidence for a possible cross-tract externality within
area cohorts. A structural model of the dynamic investment timing game would better assess the extent of the

externalities.

17 also have data for Offshore Louisiana (LA) and offshore Texas (TX).
15 There are 3 bins: 0=low, 1=medium, 2=high.
16 There are 3 bins: O0=low, 1=medium, 2=high.
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7 Structural Econometric Estimation

For my structural estimation, I focus on exclusive 2-tract markets whose sale dates occurred before 1980.
More specifically, in order for a tract to be included in my data set, it must be a wildcat tract for which location
data is available, for which the first exploration did not occur before the sale date, and for which production did
not occur before exploration. In order for two tracts to qualify as a market, the two tracts must be within 6
miles north and south of each other or 6 miles east and west of each other,!” both the sale dates and the lease
terms are the same for both tracts, and no other wildcat tracts from the same sale date are within 6 miles of
either tract. There are 175 such markets in my data set, which range in duration from 5 years to 22 years, with
an average length of 7.01 years (s.d.=3.61). Figure 4 maps out the tracts used.

I restrict the size of the market N to two tracts for two reasons. First, since the number of combinations
of state variables is quadratic in IV,'® limiting the market size to two minimizes the state space. Second, when
there are only two tracts in the market, each tract is equidistant to all its neighbors. Since the federal tracts in
the Gulf of Mexico form a grid, the next sensible size of a market is four. With four tracts, however, diagonal
tracts are not as close together as tracts that share a side are; as a consequence, the distance between each pair of
neighbors in the market is not the same. It is plausible that firms may weight the behavior of their neighbors by
their distance; when neighbors are no longer symmetric, my econometric model becomes a lot more complicated.

Fach discrete period ¢t will be a year. The time of exploration will be the year of the tract’s first spud date.
The time of development will the the year of the tract’s first production date. I assume that development and
production are one decision. It is possible that development begins in the same year as exploration does. I
choose my state variables based on considerations of state space, policy analysis and data availability. For my
preliminary empirical analysis, the exogenous state variables chosen were the number of years left until the least
term expires, a dummy for whether the tracts belong to the same firm, the discretized real drilling cost, and the
discretized real oil price.'?

Table 1 presents summary statistics of the state variables.

17T choose 6 miles because the maximum tract size is 5760 acres, or 3 miles by 3 miles (Marshall Rose, personal communication,
17 April 2003; Larry Slaski, personal communication, 25 April 2003). I convert latitude and longitude to miles using the following
following factors from the Lousiana Sea Grant web site (http://lamer.lsu.edu/classroom/deadzone/changedistance.htm): 1 minute
longitude in Louisiana offshore = 60.5 miles; 1 minute latitude = 69.1 miles.

18 This is because the supports for the two endogenous variables — the total number of tracts in a market that have been explored
(tot _egt) and the total number of tracts in a market that have been developed (tot dg) — both increase in the number of firms in
the market, and the number of possible combinations of state variables is the product of the supports of each of the state variables.

19Because I only have drilling cost data, I use as my exploration cost:

¢ = 1000000 * (c® _bins + 1) + 500000,

where c® bing is the discretized real drilling cost, and I use as my development cost the binned drilling cost:

cy =cj.
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Table 1. Summary Statistics

Variable obs mean s.d. min max
# tracts in market that have been explored 1402 1.01 0.85 0 2
# tracts in market that have been developed 1402 0.21  0.51 0 2
# years left until lease expires 1402 1.87 1.83 0 5
dummy for the same firm owning both tracts 1402 0.49  0.50 0 1
discretized real drilling cost 1402  0.34 0.67 0 2
discretized real oil price 1402 0.32 0.56 0 2

Table 2 presents, for the tracts the are eventually developed, summary statistics of the values of the state
variables at the time of development, as well as the profits and gross revenues from development. Among the

350 tracts I considered in my estimation, 130 were eventually developed.

Table 2. Summary statistics for tracts that were developed

Variable obs mean s.d. min max
# tracts in market that have been explored 130 1.65  0.57 0 2
# tracts in market that have been developed 130 0.18 0.39 0 1
# years left until lease expires 130 0.98 1.39 0 5
dummy for the same firm owning both tracts 130 0.46  0.50 0 1
discretized real drilling cost 130 0.61  0.86 0 2
discretized real oil price 130  0.48 0.66 0 2

revenue (million 1982 §$) 130 52,56 70.34 0.02  405.00

gross profits (million 1982 §) 130 -8.04 941 -38.10 18.80

The preliminary results from my structural estimation are shown in Table 3.2°  Standard errors were
estimated by bootstrapping 100 simulated panels of 175 markets each, as the original data set contained 175

markets. In the bootstrap simulations, whenever a market is drawn, all its time observations are used.

20These estimates were derived from using the ”G” estimators of both continuation values; I am in the process of obtaining results
for the other estimators as well.
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Table 3. Results from econometric model

Parameter Estimate Standard Error
o 19.13 1.79E-14
oe 1.42 3.79E-15

coefficients in profit function on:

# tracts in market that have been explored -10.08 1.79E-14
# tracts in market that have been developed -0.77 4.46E-15
# years left until lease expires -3.93 5.36E-15
dummy for the same firm owning both tracts -2.36 2.23E-15
discretized real drilling cost -3.48 1.79E-15
discretized real oil price -2.91 6.69E-15
constant -5.43 8.93E-16

The first feature of my results to note is that all the standard errors are quite small, and thus all my parameters
are precisely estimated. The negative coefficient on the total number of tracts in the market that have been
explored is evidence against a positive exploration information externality, as it suggests that it is better for a firm
to explore before its neighbor does, rather than wait to learn from the outcome of its neighbor’s exploration. The
negative coeflicient on the total number of tracts in the market that have been developed is evidence against a
positive development information externality, but evidence for a negative extraction externality, as it suggests that
the benefits from extracting before a neighbor in order to enhance a firm’s own production outweigh the benefits
from delaying production in order to learn from a neighbor’s development decision. The negative coefficient on
the number of years left in the lease term suggests that if one shortens the lease term, which limits the number of
years a firm can delay exploring, one would increase the profits from developing, increase the ex ante tract value,
increase the bids in the auctions, and, as a consequence, increase the government revenue from the auction. The
negative coefficient on whether or not the two tracts in the market are owned by the same firm suggests that it
would be undesirable for both tracts to be owned by the same firm, and perhaps therefore undesirable to increase
the tract size. A higher drilling cost decreases profits, as is expected. Perhaps unexpectedly, a higher oil price
decreases profits as well.

For preliminary robustness checks that use additional moments (with an optimal weight matrix), that cal-
culate the standard errors analytically, and that vary the first stage estimators of the continuations values, see

Table 4.



C.-Y.C. Lin 14

My results therefore suggest that the extraction externality appears to dominate the information externality.

Moreover, decreasing the lease term may increase ex ante tract value and hence government profits. The

econometric methodology presented in this paper can be employed to analyze any problem of dynamic strategic

decision-making in the presence of externalities.
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8 Appendix A: Solving the model

In this Appendix, I provide the details for solving my model of the investment timing game.

8.1 Stage 2: Development

Equation (3) for the continuation value V¢ to waiting instead of developing is derived as follows. Substituting
in the functional form 2 for profits, the expected truncated profits from development conditional on development

can be written as:

E [ (Qpt, €16 0) 7 (Quet, €46 0) > BV Q3 0)]
= E[n§(Q;0) + ia|md(Qe; 0) + i > BV Q3 0)]
= Wg(Qk,t; 9) +FE [Ei,t|5z‘,t > 5VCE(Qk,t; 9) - Wg(Qk,t; 9)]

= BVE(Qu;0) + o, (9)

where the final step comes from the exponential distribution for ¢;;. Using equation 9 for the expected truncated

profits conditional on development, the continuation value can thus be written as:

Ve (Qpe; 0)
_ 9 (Uetr1) - B (7 (Qer1s €ior1; O e11, €0.61150) > BV (D415 0)] s
+ (1= g4 Qni41)) - BV(Qye4150)
= B g% Qt41) - BV (t1150) + 02) + (1= 9% (Qt41)) - BV (Qptv15 0)[ Qe

= BBV (Qt4130) + Y (1) - 0 Qnel,

which yields equation (3) as desired.
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Equation (4) for the development probability g?(Q;) is derived as follows. The probability g%(Qx;) of

developing tract ¢ at time ¢ given that development of tract ¢ has not occurred previously is given by:

9" () =Pr (’/Td(thint; 0) > BV ( Qe 9)) :

Substituting in the functional form assumption 2 for profits, we get:

9% () = Pr (Wg(th§9) + &5t > BV Qe 0))

= Pr(ey > BV(Qu; 0) — 73(Qts 0)) -

Substituting in the exponential distributional assumption for €;;, we get:

0 () = exp <ﬁvce(th; 0) — wd (s 9)) 7

Oe

which yields equation (4) as desired.

8.2 Stage 1: Exploration

Equation (7) for the continuation value V" to waiting instead of exploring is derived as follows. Substituting
in
Ee [VE(Que, 2483 0)|Qe] = BV (et 0) + g% (Qne) - 02 (10)

into the equation for the continuation value V°"(-) to waiting instead of exploring, we get:

Ve (Qpe; 0)
9 (U p1) - B [T (k15 i, 05003 017 (b 15 15,0443 0) > BV (U 4150)]
+ (1= g°(Qet11)) - BV (413 6)

= F |th

5 9 (e e1) - (5 ( Q3 0) + E [l itzy > BV (Qp,p4156) — 76(Qwet; 0)]) Q
= kt
+ (1= g%(,t41)) - BV (413 0)

= Eg°(tr1) - BV (e p4130) +0p) + (1= g°(Qe11)) - BV (U115 0) [ Qe

= BBV (Q,t1150) + 9° (U t11) - 00| Qe] 5
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which yields equation (7) as desired.
Equation (8) for the exploration probability g¢(€;) is derived as follows. The exploration policy function
9°(Q7), which is the probability of exploring tract ¢ at time ¢ given that exploration of tract ¢ has not occurred

previously, is given by:

9 (t) = Pr(m(Qne, p3050) > BV (Qt; 0)) - (11)

Substituting in the functional form assumption 6 for 7§(Qu;6), we get:

g° ()
= Pr(E: [VE(Qut,cit;0)|Qke] — ¢ + ;. > BV (Qut; 6))

= Pr(uy; > BV (Qe;0) — Ee [V(Qut, €it; 0)| Q] + )
_ ( BV (et 0) — Ec [VO( Qe €315 0)| Q] + Ce)
= exp|—

Oy

( BV ( Q3 0) — (BV (s 0) + g4 () - 02) + ce>
exp | — )

Oy

which yields equation (8) as desired.
The ex ante expected value of unexplored tract at time ¢ = 0, where expectations are taken over p, is given

by:

Eu[V™(Qro, 1 0)|Q0] = BV (o3 0) + 9° (o) - 0 (12)

9 Appendix B: Details About Econometric Estimation

Suppose that there are a maximum of N firms in each market. Then the total number of tracts that
have been explored tot_ey: € {0,1,...., N} and the total number of tracts that have been developed tot dy: €
{0,1,...., N}. Suppose that each of the J discrete exogenous state variable X; takes on num; discrete values.
Then, there are n_tuples = (N +1)- (N + 1) X; - X5 - ... - X; possible combinations of the state variables
Qi = (tot_eps,tot_dit, Xpt).

My econometric estimation technique employs a two-step estimation procedure for each of the two investment
stages in oil production. In the first step, continuation values are estimated, in some cases as functions of the

parameters. In the second step, the parameters are estimated via generalized method of moments (GMM).



C.-Y.C. Lin 18
9.1 Step 1: Estimating the continuation values

9.1.1 The continuation value V°® to waiting instead of developing

—
e Let V be an n_tuples x 1 vector, each component of which is V¢(-) evaluated at a different tuple of state

variables.

o Let (g% x Elx?|r? > V°]) be an n_tuples x 1 vector, where the component corresponding to the tuple

Oy of state variables is:

gd(th) K [Wd(thaﬁité 9)|7Td(Qk:t75it§ 0) > BV (Qut; 9)] .

B
e Let ((1—g%) x V) be an n_tuples x 1 vector, where the component corresponding to the tuple Qp; of
state variables is:

(1= 9" () - BV (s 0).

B S ——
e Let (gd X ag)be an n_tuples x 1 vector, where the component corresponding to the tuple Q; of state
variables is:

gd(th) cO¢.

c,e_d
o Let <exp <_M> . 05>be an n_ tuples x 1 vector, where the component corresponding to the tuple

O¢

Qy; of state variables is:

exp (_ﬂVce(Qk,tH; 0) — 76 (k415 9)) o

O¢

e Let M€ be an n_ tuples x n_ tuples transition matrix where the element in the i*"* row and j** column is

the probability that the state tuple next period will be the j** tuple, given that the state tuple this period

is the i*" tuple.

There are three possible estimators of the continuation value for the development stage, each derived from a

different equation for the continuation value V<€,

No functional form assumptions in V¢ equation (N) This estimator is derived from the following general

form of the V¢ equation, before any functional from assumptions are made.
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VCE(th; 9)
gd(QmH) -E [Wd(Qk,t+175i,t+1§ 9)|7Td(9k:,t+175i,t+1§ 9) > 5Vce(9k,t+1§ 9)]
= F |t | - (13)
+ (1= g (e p41)) - BV Q1415 0)

Using the notation from above, the continuation value can be rewritten in vector form as:

VE = a1 (= Bt > ) + 50— o) < V) "

I use empirical historical frequencies to estimate M€ and g¢. Moreover, because I only observe profits when firms
develop (i.e., when 7¢ > BV°¢), the empirical average of observed profits conditional on state variables can be
used to estimate E[7?|7? > 3V°]. Plugging these estimates into equation (14), I can then solve for a fixed point

to get our nonparametric (N) estimate \716,\6 of the continuation value.

Parametric estimate of expected truncated profits leading to inversion (I) The second estimator
uses the equation for the continuation value derived after solving for the expected truncated development profits
E [Wd(Qk,tH,si,tH;9)|7rd(Qk,t+1,5i,t+1;9) > ﬁV“e(Qmﬂ;H)] using functional form assumptions on profits and

distributional assumptions on &;:
V(13 0) = BBV (1413 0) + 9% (Qer1) - 0] Q- (15)

This equation can be rewritten in vector form as:
VILe == Me ﬂvlce + (g . 0'5) . (16)
Moreover, this equation can be inverted to:

VE = (- BM) Mo (g% - o). (17)

Once again, empirical averages Me¢ and g% can be used to estimate M€ and g¢, respectively, so that my inversion

—
(I) estimate for V¢ becomes:

e =

Vi (e 0) = (1= BM) M (g - ). (18)
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Fixed point for policy function using all functional form assumptions (G) The third estimator uses
the equation for the continuation value derived after solving for both the expected truncated development profits

E w7 (Qp 41, €00415 O ( Qe 1, €4,64150) > BV Qe 44150)] and the policy function g?(-):!

Vee(Q :0) — 7d(Q ;0
Ve (s 6) = B [ﬂvw(ﬂkw; 0) + exp (—ﬁ 130) — 7 )) - oamkt} . (19)
This equation can be rewritten in vector form as:
N ce _ d
@ = M° (ﬁVcC;e + (exp (—ﬁVG GWO(QW)) 'ag>> . (20)

Substituting in the empirical average Me for M €, we can solve for a fixed point Vg}(ﬂktﬂ), where 0, is the
component of the entire parameter vector 6 that consists of parameters of the deterministic component 7d(-) of

profits.

9.1.2 The continuation value V" to waiting instead of exploring

=
e Let V" be an n_tuples x 1 vector, each component of which is V" (-) evaluated at a different tuple of state

variables.

e Let (9¢ X E[n¢|nc > BV"]) be an n_tuples x 1 vector, where the component corresponding to the tuple

Q¢ of state variables is:

9 (Qet) - B[ (et 05 0) |7 (et f13450) > BV (Qiet;; 0)] -

B
e Let ((1—g°) x V) be an n_tuples x 1 vector, where the component corresponding to the tuple Q: of

state variables is:

(1= g°(Qep41)) - BV (e p41:0).

N .
o Let (g° x 0,)be an n_tuples x 1 vector, where the component corresponding to the tuple €2 of state

variables is:

ge(th) . UN'

e Let M" be ann_ tuples” x n_ tuples™ transition matrix where the element in the i*” row and j** column is
the probability that the state tuple next period will be the j** tuple, given that the state tuple this period

is the 3" tuple.

2L A fourth estimator would be to solve for the policy function but not for expected truncated profits.
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There are two possible estimators of the continuation value for the development stage, each derived from a different

equation for the continuation value V°" 22

Parametric estimate of expected truncated profits leading to inversion (I) This estimator uses

the equation for the continuation value derived after solving for the expected truncated exploration profits
E [7€(Qkt, 55 0) |7 (s 43 0) > BV (Qpe; 0)] using functional form assumptions on profits and distributional
assumptions on fi;:

VO ( Q3 0) = E BV (Qe4150) + 99 (Uye41) - 00| Qe (21)

This equation can be rewritten in vector form as:

== — —

VI(,?L — M’IL (ﬁv]{,n JF (ge . O-IL)> . (22)
Moreover, this equation can be inverted to:

VET = (I — BM™) ' M"(¢" - ,). (23)

Once again, empirical averages M"™ and g° can be used to estimate M™ and g¢¢, respectively, so that our inversion

(I) estimate for W becomes:

VE Q3 0) = (I — BM™) " M7 (g¢ - 0,). (24)

Fixed point for policy function (G) This estimator uses the equation for the continuation value derived
after solving for both the expected truncated exploration profits E [7¢(Qp¢, ;1 0)|7 (et 143 0) > BV (Qpee; 6)]

23

and the policy function ¢¢(-) The intuition is similar to that for the development stage, so I won’t repeat it

here.

V(e 0)

cn . _ ce . d . e
B 0V (s 0) + exp (_ﬁV (e 0) — (BV (a3 0) + g4 () as)+c>.%mkt] (25)

Ou

22The nonparametric (N) estimator does not work for estimating V°» because one cannot estimate
E [ (Qpt, tig; 0)|° (ke yg5 0) > BV ™ (et )]
23 Another estimator would be to solve for the policy function but not for expected truncated profits.
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This equation can be rewritten in vector form as:

| BV = (BV + () -0.) + ¢
Vén — M’IL /8V57L + eXp _ . O-U' . (26)
Ou

— —

where we can use any of the above estimates for V¢¢(Qyy;0) and g4(Q). Substituting in the empirical average

M" for M™, we can solve for a fixed point @(th; 0).

9.2 Step 2: Generalized Method of Moments

After obtaining estimates of the continuation values in the first step of my econometric estimation technique,
I estimate the parameters 6 in the second step using generalized method of moments. To do so, I first substitute
my estimates W(th; 0) and W(th; 0) for the continuation values into equations (8) and (4) for the exploration

and development probabilities to get the predicted probabilities:

. ceA . _od .
9% (Qt;0) = exp (6‘/ (s 9()7 o (S 9)> (27)
and
. BV (4 0) — (BV: (13 0) + () - 02 ) + ¢
9¢(Qet;0) =exp | — (28)

Ou

The moments I construct involve matching the probabilities of exploration and development predicted by my
model, as given equations (28) and (27), with the respective empirical probabilities in my data. Similarly, I
construct moments that match the profits for tracts that develop predicted by my model with the actual profits

observed in the data.

For the exactly identified case, my moment function W(z;x¢, 0) is:
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(9¢(Qer) — I5) ,IZ;Otiyetie
(gd(th) — ]Z%) .]ietﬂot,yetfd

E [ (Q, €163 0) |7 (s, €163, 0) > BV (3 0)] — 7f - I,
tot_ers - (9°(e) — 15 - 17 -""°)

tot_dy - (9" () — 14 15 ""-"")

Xpy (B [7 (et €383 0) |7 (Uit €305 0) > BV (Ut 0)] — 78 - 1)

. . . . . . not_yet_e . . . .
where I, is an indicator for whether exploration began on tract i at time ¢; I, ~Y“~° is an indicator variable

for tract i not yet being explored before period ¢; I is an indicator for whether development began on tract i at

time ¢; I not_vet_d ig an indicator variable for tract i being explored but not yet developed before period #; and
where 7¢ is the profits earned on tract i after development.

For the overidentified case, my moment function is:

(ge(th) . Ift) ) I;otﬁyetie

(9" (@) = 1) - Li """

E [7(Que, €163 0) |7 (e, €303 0) > BV (s 0)] — - I
o (97 (@) = 15 - 1371

U () — 1 L")

it (B [ (et €305 0) |7 (Dot €305.0) > BV (U 0)] — wd - 1)

N

and the optimal weighting matrix as specified by Chamberlain (1987) is used.
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FIGURE 1

Wildcat tracts
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FIGURE 2

U.S. offshore costs per well
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Source: from AR 1982 data out of print)
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FIGURE 3

U.S. average crude oil price
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Source: from EIA
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FIGURE 4

Wildcat tracts used (2—tract markets)
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Table4. Preliminary robustness checks from the econometric model

1) 2 ©) (4) 5)
o, 19.13 38.92 3.92 48.97 36.54
(0.00) (15.64) (0.07) (1.80) (2.07)
o, 1.42 7.38 16.28 4.27 10.47
(0.00) (0.00)t (0.03) (0.00)t (0.09)
coefficients in the profit function on:
# tracts in market that have been explored -10.08 -16.53 -11.82 -65.20 -7.62
(0.00) (2107) (0.82) (0.00)t (0.00)t
# tracts in market that have been devel oped -0.77 -125.80 -0.60 -3.88 0.38
(0.00) (3.3E9) (0.01) (0.00)F (0.00)t
# years | eft until |ease expires -3.93 -0.61 -33.55 -192.49 -33.34
(0.00) (673.0) (16.19) (5E26) (53.01)
dummy for the same firm owning both tracts -2.36 -16.86 -4.70 -28.98 -2.78
(0.00) (372.0) (0.82) (0.00)t (3.14)
discretized real drilling cost -3.48 -33.87 -2.63 -20.74 -1.28
(0.00) (5.5E5) (1.01) (0.00)t (3.02)
discretized real oil price -2.91 -26.22 -2.96 -21.50 -1.56
(0.00) (6.0E3) (2.02) (0.00)t (2.73)
constant -5.43 -29.25 -11.62 -62.48 -6.30
(0.00) (3054) (2.31) (0.00)t (2.72)
estimator for:
\VAd G I G G G
Ve G G N I G
# moments 9 21 21 21 21
standard errors bootstrap analytical analytical analytical analytical

Notes: Standard errors are in parentheses. There are 1402 observations spanning 175 markets. T indicates that the estimated variance
was negative.



