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Abstract

The first part of my dissertation considers the estimation of a panel data
model with error components that are both spatially and time-wise corre-
lated. The dissertation combines widely used model for spatial correlation
(Cliff and Ord (1973, 1981)) with the classical error component panel data
model. I introduce generalizations of the generalized moments (GM) pro-
cedure suggested in Kelejian and Prucha (1999) for estimating the spatial
autoregressive parameter in case of a single cross section. I then use those
estimators to define feasible generalized least squares (GLS) procedures for
the regression parameters. I give formal large sample results concerning the
consistency of the proposed GM procedures, as well as the consistency and
asymptotic normality of the proposed feasible GLS procedures. The new
estimators remain computationally feasible even in large samples.

The second part of my dissertation employs a Cliff-Ord-type model to
empirically estimate the nature and extent of price competition in the US
wholesale gasoline industry. I use data on average weekly wholesale gasoline
price for 289 terminals (distribution facilities) in the US. Data on demand
factors, cost factors and market structure that affect price are also used. I
consider two time periods, a high demand period (August 1999) and a low
demand period (January 2000).

I find a high level of competition in prices between neighboring terminals.
In particular, price in one terminal is significantly and positively correlated to
the price of its neighboring terminal. Moreover, I find this to be much higher
during the low demand period, as compared to the high demand period. In
contrast to previous work, I include for each terminal the characteristics of
the marginal customer by controlling for demand factors in the neighboring
location. I find these demand factors to be important during period of high
demand and insignificant during the low demand period. Furthermore, I have
also considered spatial correlation in unobserved factors that affect price. 1
find it to be high and significant only during the low demand period. Not
correcting for it leads to incorrect inferences regarding exogenous explanatory
variables.
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1 Introduction

There has been a rapid increase in the use of models that account for spatial
interactions in economics. The first part of my dissertation considers the
estimation of a panel data model with error components that are both spa-
tially and time-wise correlated. For the case of a single cross section, a widely
used model for spatial correlation is that of Cliff and Ord (1973, 1981). The
dissertation combines this model with the classical error component panel
data model. I introduce generalizations of the generalized moments (GM)
procedure suggested in Kelejian and Prucha (1999) for estimating the spatial
autoregressive parameter in case of a single cross section. I then use those
estimators to define feasible generalized least squares (GLS) procedures for
the regression parameters. I give formal large sample results concerning the
consistency of the proposed GM procedures, as well as the consistency and
asymptotic normality of the proposed feasible GLS procedures. The new
estimators remain computationally feasible even in large samples.

The second part of my dissertation explores the nature and extent of
price competition in the US wholesale gasoline industry. Competing mod-
els of product differentiation produce contrasting predictions regarding the
nature of price competition among firms. In particular, spatial price com-
petition models predict that a firm interacts locally with neighboring firms.
In contrast, monopolistic competition models predict low level of strategic
interaction among neighbors. In this paper I employ a Cliff-Ord-type model
to empirically estimate the nature and extent of price competition in the
US wholesale gasoline industry, and to test the competing theories of price
competition. I use data on average weekly wholesale gasoline price for 289

terminals (distribution facilities) in the US. Data on demand factors, cost



factors and market structure that affect price are also used. Geographic In-
formation System (GIS) software is used to compute the actual road distance
between terminals. For each terminal I select the nearest neighbor based on
the shortest road distance. I consider two time periods, a high demand period
(August 1999) and a low demand period (January 2000).

I find a high level of competition in prices between neighboring terminals.
In particular, price in one terminal is significantly and positively correlated
to the price of its neighboring terminal. This finding supports the prediction
of spatial price competition models. Moreover, I find the extent of spatial
correlation to be much higher during the low demand period, as compared
to the high demand period. Clearly, given the strategic relevance of gasoline
for the U.S. economy, it is important to understand what factors determine
and influence its price. Among other determining factors such as the price of
crude oil and seasonal supply and demand factors, this paper highlights the
significance of competition among distribution facilities as a major factor.
In contrast to previous work, I include for each terminal the characteristics
of the marginal customer by controlling for demand factors in the neigh-
boring location. The marginal customer plays an important role in spatial
price competition models. I find these demand factors to be important dur-
ing period of high demand and insignificant during the low demand period.
Furthermore, I have also considered spatial correlation in unobserved factors
that affect price. I find it to be high and significant only during the low
demand period. Not correcting for it leads to incorrect inferences regard-
ing exogenous explanatory variables. I have also estimated my model using
a Fuclidean distance measure between neighbors, as was done in previous
work. I find that a Euclidean distance measure as compared to measur-

ing distance in actual road miles underestimates the extent of correlation in



prices between neighboring terminals.

The organization of the dissertation is as follows. Chapter 2 considers
the estimation of a panel data model with error components that are both
spatially and time wise correlated. Chapter 3 explores the nature and extent
of price competition in the US wholesale gasoline industry. Chapter 4 is the
appendix to chapter 2. Chapter 5 is the appendix to chapter 3. Tables and

Figures are at the end of appendix.



2 A Model for Spatially Correlated Panel Data

2.1 Introduction

In recent years there has been a growing interest in spatial issues in empirical
economics.! These spatial issues typically relate to interaction of various
sorts between cross-sectional units. These interactions could reflect economic
competition forces, externalities, shocks which affects various cross-sectional
units, etc. On a somewhat more formal level, in spatial econometrics these
interactions could relate to the models’ dependent variable, to the exogenous
variables, to the disturbance term, or to various combinations of these three.
The most widely used model to estimate spatial interactions are variations
of the models considered by Whittle (1954) and Cliff and Ord (1973, 1981).
Typically, these models are linear and consider either a spatially correlated
disturbance term or a spatial lag in the dependent variable, or both.?

In the following we specify a panel data model. We assume that the
time dimension is small relative to the number of cross-sectional units. Our
specification may be viewed as a generalization of the models considered by
Whittle (1954) and Cliff and Ord (1973, 1981). Furthermore, we generalize
a moments estimator given in Kelejian and Prucha (1999) to our panel data
framework and prove its consistency.

Since Marschaks’ (1939) original suggestion, the use of panel data sets

has become reasonably common in empirical economics.®> This has led to

!Theoretical and empirical issues have been addressed in papers by Case (1991), Conley
(1996), Delong and Summers (1991), Dubin (1988), Kelejian and Robinson (1993), Kelejian
and Prucha (1998, 1999, 2001a,b,c), Moulton (1990), Pinske and Slade (1998, 2002), Quah
(1992),and Topa (1996) among others.

2 Anselin (1988) provides a survey of these types of models, as well as estimation and
testing procedures.

3Recent overviews include book length surveys by Hsiao (1986), Dielman (1989),
Matyas and Sevestre (1996), and Baltagi (1995) among others.



extensive research in the econometrics of panel data. In the literature, tradi-
tional models such as the Seemingly Unrelated Regressions (SUR), originally
suggested by Zellner (1962), and Error-component models, have been used to
estimate the cross-sectional correlations in the disturbance term via the time
dimension. However, there are many panel data sets that have a large cross-
section but a short time dimension.* This feature of panel data sets makes
traditional models “less useful” because of severe difficulties in estimating
cross-sectional correlations via a short time dimension. This limitation of
panel data sets has led to the adoption of spatial models which compensate
for a short time dimension by imposing “reasonable” structural restrictions.

Typically the literature has considered a quasi maximum likelihood es-
timator for models of the Cliff and Ord variety which contain a spatially
correlated disturbance term.> However, the limitations of the resulting esti-
mator have been discussed in a paper by Kelejian and Prucha (1999), who
show that in many cases involving moderate or large sample sizes in a sin-
gle cross-section, the estimators may not be computationally feasible. This
limitation will prevail when we consider more than one time dimension in
addition to cross-sections.

In our framework the disturbances will be assumed to follow a spatially
autoregressive process. Motivated by the error-component literature the in-
novations entering the process will be modelled as a sum of two error com-
ponents, reflecting unit specific effects and some overall innovation. The
implications of this is that the disturbances will be both spatially and time

correlated. The time correlation is due to the unit specific effects. Our pro-

4For example, the National Longitudinal Survey of Labor Market Experience (NLS)
and the Michigan Panel Study of Income Dynamics.

Kelejian and Prucha (1999) use the term (quasi) ML estimator rather than ML esti-
mator to cover cases in which the true specification of the disturbance term is not that
specified by the likelihood function which is typically the normal distribution.
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posed estimator accounts for both the spatial and time correlation of the
disturbance term, and, therefore, it is an important extension of the general
moments estimator introduced in Kelejian and Prucha (1999) where the dis-
turbances were only assumed to be spatially correlated. In deriving the large
sample properties of our estimator we consider the case in which the number
of cross-sectional units increase beyond limit, while the number of time pe-
riods is fixed at a finite level. As discussed before, this feature is consistent
with many panel data sets. Among other things we provide an application to
the generalized least squares (GLS) model. We show the asymptotic equiv-
alence between a feasible GLS estimator, which is formulated based on our
consistent general moments estimator, and the true GLS estimator.

It proves helpful to introduce the following notational conventions: Let
Ay with N > 1 be some matrix; we then denote the (i,j) — th element
of a matrix Ay as a;;n. Correspondingly, we denote the i — th row and
J —th column of Ay as a; n and a; n, respectively. Let D be some vector or
matrix; then we will use the norm ||D|| = [tr(D’D)]*/2. Note that this norm
is submultiplicative, that is, |[DB|| < ||D|| ||B||, where B is a conformably
defined matrix or a vector. In this study we will also define |D| as vector
or matrix of absolute values. We will say that the elements of sequence of

matrices Ay are uniformly bounded in absolute value if
|CLZ'j7 Nl < k < oo

forall 1 <i4,5 < N; N > 1, where constant k£ does not depend on any of the

indices.



2.2 Model Specification

Consider the linear regression model
yit’N:xmeﬁ—l—uit,N, Zzl,,N,tzl,,T (1)

where y;; v is the observation on the dependent variable relating to the :—th

"is a corresponding

cross-sectional unit at time ¢, Xy n = [Zj ..., ] x]
K x 1 vector of observations on exogenous regressors which may contain
the constant term, and w; ny is the corresponding disturbance term. We
conditionalize our model on the realized value of the regressors and so will
view X y as a vector of constants.

Stacking observations over the N cross-sections we have for each time

period the following regression model

yn(t) = Xn(1)5 + un(t), t=1,....,T (2)
where yn(t) = [yien,-- -5 Ynen] > Xn(t) = Xl -5 Xyl and un(t) =
[ult,Na <y uNt,N],-

We now model the disturbance process in each time period t =1,..., T

as the following spatial autoregressive process of order one:
uN(t) = pWNuN(t) + EN(t) (3)

where Wy is an NV x N matrix of known constants often referred to as a
spatial weighting matrix, p is a scalar parameter, which is typically referred
to as a spatial autoregressive parameter, and ey (t) = [811:, Ns---5 ENG, N]' is an
N x 1 vector of innovations in period ¢. For reasons of generality, we permit
the elements of Wy and ey(t) to depend on N, that is, to form triangular
arrays.® In the analysis to follow we maintain, however, that the weighting

matrix Wy does not change over time.

For a discussion on triangular arrays see Prucha (2002). In this analysis we will allow
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As remarked earlier, we consider the case where T is fixed and small;
therefore, our asymptotic results are based on the condition, N — oo. It
should be clear that the small time dimension makes it impossible to consis-
tently estimate the general correlation structure via the SUR model.

Stacking the observations over both the cross-section and the time di-

mensions we have via (2) and (3)

yn = XnfB +un (4)
and

Uun = p(IT ® WN)UN +EN (5)

!

where yy = [yN(l)', el yN(T)/]/, Xy = [Xn), ..o, Xn(D)) uy = [un(1),. ..

!

un(T)], and ey = [en(1)',..., en(T)7].
Finally we assume an error component structure for the innovation vector

en.” In particular

en = (er ® In)py + v, (6)
where er is a T x 1 vector of unit elements, Iy is an identity matrix of
order N, py = [ty ns-- -5 Hy, ~| represents the vector of unit specific error
components, and vy = [vx(1)’,...,o5(T)] where vx(t) = [vitn, - - -, UneN]

contains the error components that vary both over units and time periods.

In scalar notation the specification in (6) is

5it,N:,UJ¢7N+Uit,N, izl,...,N;tzl,...,T

for the elements of the weighting matrix Wy and the innovation vector ey (t) to depend
on the sample size, N. For example, consider w;; x, which is the (4, j) — th element of the
weighting matrix, W whose dimensions are IV x IV, where N is the sample size. Triangular
array implies that if the sample size changes from N to N, then the corresponding (i, j) —th
element of the weighting matrix, W5 will be different from that of Wy, that is, w;; y is
different from w,; 5. Same is true for the innovation vector ~(t). This in turn implies that
the elements of the weighting matrix, W and the innovation vector ¢ should be indexed
by the sample size, N.

"See Balestra and Nerlove (1966), Nerlove (1971), Maddala (1971), Hsiao (1986) and
Baltagi (1995) among others.

10



In what follows we maintain the following assumptions:

Assumption 1 For all 1 <t < T, 1 < i < N, where T is a fixed pos-

itive integer and N > 1, the errors vy n, are identically distributed with

2

mean zero and finite variance o2, where 0 < o2

< by, and where b, is
a known finite constant. In addition for each N > 1 the error terms,
VIL,Ns -, UNLN, - - s VIT\N, - - -, UNT, N @7€ tdentically and independently dis-
tributed. Also for all 1 <i < N and N > 1, the errors p, y, are identically
distributed with mean zero and finite variance ai, where 0 < OZ < by, and
where b, is a known finite constant. In addition for each N > 1 the error

terms fiy n,- - -, fiy v are identically and independently distributed. Further-

more, the two processes (vi,n) and (j1; ) are independent of each other.

Assumption 2 (a) All diagonal elements of Wx are zero. (b) |p| < 1. (¢)

The matrixz Iy — pWy is non-singular for all |p| < 1.
In scalar notation the specification in (3) is
uz‘t,N = pEéV:lwij,Nujt,N + git,Na 7= 1, Ce ,N; t = 1, Ce ,T

where w;; v is the (i,j) — th element of the weighting matrix Wy. The
nonzero weights w;; y are often specified to be those which correspond to
units which are related in a meaningful way. Such units are often said to be
netghbors. As one example, if the cross-sectional units are geographic regions,
one might make w;; v # 0 if the i—th and j—th regions are contiguous, and
w;j,v = 0 otherwise. For reasonable time-periods it is fair to assume that
this relationship does not change- i.e., w;; v is constant through time.

In the above setting, each disturbance term consists of a weighted sum of

disturbances in related regions in each time period and an innovation term

11



that contains two stochastic “error components”; one “error component” is
unit specific and the other varies both over time and units. Clearly Assump-
tion 2(a) is the normalization of the model. Assumption 2(b) is a stability
condition for certain specifications of the weighting matrix, Wy, and As-
sumption 2(c) ensures that the disturbance vector uy is uniquely defined in
terms of the innovation vector cy.

Given the above assumptions it then follows from (6) that Eey = 0 and

the covariance vector matrix of the innovation vector ¢y is given by

E€N€,N = QE,N:Ui(JT@)IN)"‘U%INT

= 02Qon +01Q1N (7)
where
of = TO'Z + 02,
iy = % ® In, (8)
Qonv = Inr—Qin=(Ir — %) ® Iy,

and where Jr is a T' x T matrix of unit elements, and in general, [ is an
identity matrix of order K. Observing that Jp = epe/. where er isa T x 1
vector of unit elements, it is readily seen that ()o xy and )1 x are idempotent,

orthogonal and sum to the identity matrix®. Specifically

8Variations of these results are available in Baltagi (1995, Pg. 10).
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Qi = (ZemZ e =L a1y = (T900% o 1)
= (67;51 ® Iy) = (% ® In) = Qun,
QonQon = (It —Qin)UnT — Q1N) 9)
= Intr —Qin —Qin + QinCiN
= Int — Qi n — Qin+Q1n = Int — Qv = Qo,n,
Qonin = (Unt —QiN)@Qinv=CQ1n — Q1N =0,
Qon +CQ1nv = Iyt
In addition it is readily seen that
tr(Qon) = N(T-1),
tr(Qin) = N. (10)

Note that the elements of Qo v and ()1 x are uniformly bounded by 1.

It will prove useful to note that for any N x N matrix Ay we have’
(Ir ® An)Qon = Qon(Ir® An),
(Ir® AN)Qin = Qun(Ir ® Ap). (11)
From (5) it follows that
uy = [Ir @ (Iy — pWyx) V)en. (12)
Thus Fuyx = 0 and, recalling (7) and (11)
Buyuy = Qun(p) = [Ir @ (In = pWy) Qe vlIr @ (In — pWi) ']

= Qenllr ® (In — pWn) " (In — pWy) ] (13)

9Observing that Qo y = (IT—%,?-)@)IN and Q1 Ny = %,?—@IN we have (It @ An)Qo,N =
(Ir— 280 Ay = ((Ir— )R In)Ir® AN) = Qo,n (Ir® Ay ). Similarly, (Ir®An)Q1,n =
I 9 Ay = (Z @ In)(Ir ® An) = Qin (I @ Ap).

13



We note that in general, the elements of (Iy — pWy) ™! will depend on the
sample size of the cross-sectional units /N. Subsequently, the elements of uy
will depend on N and thus form a triangular array. Also, in general, the
elements of Q, y(p) will depend on N. Furthermore, the elements of uy are
heteroskedastic, and spatially correlated, as well as correlated over time. In
the following sections we explore the estimation strategies for the parameters

of the model considered in (4), (5) and (6).

2.3 Maximum Likelihood Estimation
Recall our model in stacked form, from (4)-(6)
yn = XnB+un,

uny = p(Ir @ Wy)uy + en,

EN = <6T®]N),UN+UN-
Assuming ey «~ N (0,9, ) we have
un -~ N (0,2, n5(p)).

Therefore,
yn o~ N (X5, Qun(p))- (14)
Substituting (7) and (8) into (13) we get
Jr

Quulp) = opl(Ir - ) ® (Iv = pPWx) " Iy — pWy) '] +
P © (I = W) (I = pIW3) (19
= (@3~ T+ 03 5E) ® (I — o)™ (I — pW3) ]

14



and thus'®

det(Qun(p)) = det[(oy(Ir - %) + 1?) @ (Iy = pWn) " Iy = pWy) ')
= [det(o3(Ir — 75) + 030N det(Iy — pWa)] 7 (16)
Given (7)-(9) it is not difficult to show that
QN =0,°Qon + 01 Qi (17)
and, therefore, from (13)
Q) = [r® (In — pWy) Iy — pWa)IQ i
= [(02(Ir 25 + 0750 @ (Iy — pWy) (I — pW)] (18)

Given (16) the likelihood function for the model in (4)-(6) is given by

L= () fdet(2, A ()] exp(—5lu — X5, (o)l — X6)

= (@n) V| det(o3(Ir — T2) + 00|V (19)

[ det(Ty — pWi)|” expl(—5 [y — X812 () — X

Substituting (16) and (18) into (19) and then taking the logs we have the log

likelihood function

(L) — —gln@ﬂ)
N J J
?ln det(o?(Ip — ?T) + a%%) +
Tln|det(In — pWy)| — (20)
Ly = Xn B0y 20 = ) + 072y
QWUN T AN T/ T

(In = pWy)(Iy = pWn)llyn — Xn /).

10Recall that if A is an N x N matrix and B is an M x M matrix then det(A ® B) =
[det(A)]M[det(B)]N. Furthermore, det(A ) = det(A) and det(A~!) = [det(A4)] !
If Aisan N x N matrix and C is an N x N matrix then det(AC) = det(A) det(C).
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As remarked earlier, normality of €y is not one of our maintained assump-
tions, and hence we refer to the maximizers of the above log likelihood as
quasi ML estimators. As is evident from (20), the computation of the quasi
ML estimators involves among other things, the repeated evaluation of the
determinant of the N x N matrix Iy — pWy. To minimize the computational
burden, Ord (1975) suggested that In |[det(Iy — pWy)| in (20) be determined
as In|det(Iy — pWy)| = ¥, In(|1 — p\;|), where )\; denotes the ith eigen-
value of Wy. Given that Wy is a known matrix its eigenvalues have to be
computed only once at the outset of the numerical optimization procedure
employed in finding the quasi ML estimates and not repeatedly at each of
the necessary numerical iterations. However, this still leaves the researcher
with the task of finding the eigenvalues of the N x N matrix Wy. It has been
pointed out by Kelejian and Prucha (1999) that this task is typically “chal-
lenging” particularly if N is very large and Wy is not properly structured.
They considered the case of an “idealized” symmetric weighting matrix, and
a sample of size 400. For such matrices, all eigenvalues are real. They then
employed a subroutine for computing the eigenvalues of the weighting matrix
from the IMSL program library without imposing symmetry. The routine re-
ported eigenvalues with imaginary parts that differed substantially from zero
by more than 0.5 in absolute value. Only when they employed a subroutine
which utilized the symmetric nature of the weighting matrix were they able
to calculate the eigenvalues accurately. In practice, weighting matrices are
typically not symmetric. The implication is that an accurate computation
of the quasi ML estimator may not be feasible in many cases, even for mod-
erate sample sizes, say 400 or larger. Given the computational problems of
the quasi ML estimator, and the small size of the time series which rules

out an SUR or an error-component model, it is clearly important to have
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an alternative estimator of the model parameters which is computationally
feasible for general weighting matrices Wy, large cross-sectional units N, and

a reasonably small but fixed time series T

2.4 GLS Estimation

Recall our model in stacked form, from (4)-(6)

yn = XnfO+un,

uy = p(Ir @ Wy)uy + en,

ey = (er®In)uy + vn.
As discussed earlier the elements of uy will generally depend on the sample
size and hence those of y will depend on N. For reasons of generality we will

permit the elements of Xy to also depend on N. We maintain the following

assumptions for the regressor matrix Xy.

Assumption 3 The elements of X are nonstochastic and uniformly bounded

in absolute value by k,, 0 < k, < co. Also Xy has full column rank. We also

assume
Qe = lim (NT)"' X3 Xy,

Quulp) = Nliféo(NT)_lXﬁv[IT ® (In — pWn) Ir @ (Iy — pWy) 1 X,
Qu00P) = Nh_f&)(NT)*lXﬁv[]T ® (In — pW)1Qon[Ir @ (In — pWi)| X,
@onz@) = ]}EI;O(NT)‘IXMIT ® (In — pWn) NQon[Ir ® (In — pWi) 1 X,
Qoo = J&EI;O(NT)’lva[[T ® (Iy — pW)]Qun[Ir ® (In — pWi )| X,
@leaC(P) = A}EI;O(NTrlXJIV[IT ® (In — pWn) NQunIr @ (In — pWi) 1 X,

where the matrices Qxaj; @xaz (10)7 [0;2@xQox(p)+0-1_2@xQ1x<p)]7 [0-172Q (p)+

JI_QQxQIx(p)] are finite and nonsingular for all |p| < 1.

rQox

17



We can rewrite the disturbance term in (5) as

Ir @ (In — pWy)uy = en,
un = [[T & ([N — pWN)]ilgN-

Premultiplying (4) by [Ir ® (Ix — pWx)| we get
yn(p) = X§(p)B +en,
where

yn(p) = [r @ Uy —pWn)lyn,
Xy(p) = [Ir @Iy — pWn)|Xn.

(22)

Given the form of ey, we have what is often called an “error-component

model”.

The GLS estimator for such model is

Barsy = [XN(0) QX3 (0)] XX (p) Qo nyn (0)]-
Using Q;]lv =0,2Qo + 01 °Q1.n, We can rewrite (23) as

Xi(p)QonXilp) | Xy(p)CQnXi(p) 1,
0% 01
Xy(p)Qonyn(p) | Xi(p)Qunyn(p)
( o2 + o2 )
= (X3 (0) QonXy(p) + 0X5(p) QunXx(p) " *

(XN (0) Qonyn(p) +0XN(p) Quiyn(p)),

5GLS,N =

where

(23)

(24)



Given that Q1 ny = In7 — Qo We can rewrite (24) as

BGLS,N = [(1- 5)XE(P)IQ0,NX;7(P) + 5X]*;7(:0),X]t/(:0)]71 *
(1= 0) X% () Qonyn(p) + X5 () yn(p)]-

Let
H
F,

BQOJV

Bors,n

= [(1-0)Xx(p)QonXi(p) + Xk (p) Xx(p)],

= H'(1-0)X3(p)QonXx(p)],
= [XN(0)'QonXx(p)] X% () Qonyn(p)],
= [Xx(p) X5 XK () yn (p)].

From the above expressions in (26) it is very clear that

I —Fy=1-H"(1-0)X%(0)QonX5(p),

where [ is an identity matrix.

Premultipying (27) by H we get

H(I-F, = H-HF,

= H—(1-90)X3(p)QonXy(p)
= 0X3(p)'X§(p).

The result in (28) implies

Using the above definitions for H, F,,, [ — F,,, and by noting that

I —Fy=H[0X3(p) XN (p)]-

[X3(0) Qo X () Bayn

[X;/(p),XRT(p)]BOLS,N
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{X;/ (P)/QO,N?JTV (,0)] )
(XN (0)yn(p)],

(26)

(27)

(28)

(29)



we can express (25) as

Borsn = H7 (1= 8)(X5(0) QonX3(0))Baon + 6(X3(0) X3(p))Bors,y]
= H_l[(l - 5)XE(P)/QO,NX;/(P)]BQO,N + H_1[5X;/(P),X}§/(P)]BOLS,N
= FwBQO,N + (I — FM)BOLS,N’

We note that BQO, ~ corresponds to the OLS estimator of the transformed

model
Qonyn(p) = QonXn(p)B + Qonen-

Furthermore, Bo sy corresponds to the OLS estimator of the model

yn(p) = Xy(p)B +en.

The typical element of Qo nyx(p) is ¥j; v — Ui n- The estimator, BQO; N 18
based on within group (unit) variation of the data and corresponds to the
within group estimator defined in the literature.!! Clearly if § = 1 so that
ai = 0, the generalized least squares estimator BGLS’ ~ reduces to the OLS
estimator Bo rs.n- Furthermore, if 6 = 1 then . v = o2Inr, in which case
Bo Ls.v is the best linear unbiased estimator (BLUE). If normality is assumed
then Bo Ls.ny would be efficient. However, if § # 1 in which case o7, # 0, then
Bors.y is not BLUE,

Clearly
EBGLS,N = 57
~ X* / X* X* / X*
VC(BGLS,N) _ [ N(p) CiOéN N(p) + N(p) Ci_léN N(p)]fl. (30)
v 1

It is evident that the GLS estimator depends on unknown parameters, in

particular p, 02 and 2. Therefore, such an estimator is not feasible. In order

HSee Greene (2000).
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to compute the feasible GLS estimator of 5 we need consistent estimators
of p, 0% and o3. For the moment assume that consistent estimators of p, o2
and o7 exist. Define the feasible GLS estimator of 3 as identical to BGLS’ N
except that p, 02 and o7 are replaced by any consistent estimators. Given

this, we put forth the following theorem.

Theorem 1 Given that Assumptions 1 to 3 hold:

(a) The true GLS estimator BGLS, N 8 a consistent estimator of 3, and

(N Bagsn — 61 2 N {0.0,3Q,0..(0) + 013 Q,0 ()] )

(b) Let py, 312)7]\,, EiN be consistent estimators of p, o2, o3. Then the true
GLS estimator BG Ls.n and the feasible GLS estimator 3 rGLs.n have the same

asymptotic distribution. More specifically,

(NT)[Barsn — Brarsn] = 0 as N — oo,

(¢) Furthermore,
(NT)'X'{[Ir ® (In — DAW)Qo NI @ (Iv — Py W)} X
where
Qa_]l\f =0, 3Qon + 0L xQ1N,
18 a consistent estimator of

O_;?ngng(p) + O_Ia?V_:lez(p)

In the spatial model we have considered, a rigorous proof of the asymp-
totic distribution of the GLS estimator BG sy requires the use of a central
limit theorem for triangular arrays. We will consider such a theorem in the

appendix.
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Note that Theorem 1 will hold for any consistent estimators of p, o2,
o2. Therefore, these parameters can be viewed as nuisance parameters. In
our next section we provide a simple estimation strategy which produces

consistent estimators of p, o2, 7.

2.5 A Generalized Moment Estimator of the Spatial
Autoregressive Parameter for Panel Data

Recall our model in stacked form, from (4)-(6)

yv = XnB+un,
uy = p(Ir @ Wy)uy + en,

EN = (€T®]N),UJN—|—UN.

As discussed earlier the variance covariance matrix of uy, €2, 5, depends on
p, 02 and o2. Therefore, we need consistent estimators of p, 02 and ¢ to be
able to formulate the feasible GLS estimator.

In the following we define generalized moments (GM) estimators of p,
02 and o}. These GM estimators generalize, in essence, the GM estimators
given in Kelejian and Prucha (1999) for the case of a single cross section.
The estimation procedure involves two steps. In the first step we obtain a
predictor of uy, say uy. In the second step the predictor uy is used in the
GM approach to consistently estimate p, 02 and o?.

For notational convenience, let

uy = (It @ Wy)uy,
uy = (Ir®@Wy)uy, (31)
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and correspondingly, let

Ty = (Ir ® Wy)iy. (32)
Furthermore, let
EN = (IT X WN>6N. (33)

Given Assumptions 1 and 2 we demonstrate in the appendix the following

moments: 2

Eméﬁon,N«?N = 03;

Emgmo,@v = EN"Ur(WyWy),

Emgmwm = 0, (34)
E%gg\le,N&V = 0%7
E%g}VQLNgN = OINHr(WyWy),
E%?INQLNeN = 0.

2
v

scribed in (34). Note that in light of (5), (31) and (33) we have

Our GM estimators of p, 02, and o% are based on the six moments de-

EN —UN — pﬂN and gN = EN — pﬁN (35)

By substituting the expressions for ey and €y in (35) into the six moments

described in (34) we get the following six-equation systems:

FN [107 p270-12n0-%], - IN = 0 (36)
N N——
6x4 4x1 6x1

12See Kapoor, Kelejian and Prucha (2002).
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where

I'n

TN

2|~

2|~

’
2EUNQ0,NEN

T—1 T—1
_l —
2EuNQo,NUN —EunQo,NUN
T—1 T—1
/ —
E(QILNQO,NUN
o — . _
+UNQoNUN)  —BuyQunTy
T—1 T—1
’ —_ —_ —
2EUNQLNUN _EUNQLNUN
:l —_— :l =
ZEUNLQLNUN 'ﬁEUAAQLNUN

E(“;le,NiN

— —
+UNQ1,NTUN)
!
EuynQo,NuN
T-1

_I —
EuynQo, NUN
T-1

/ _
FEupnQo,NUN
T-1

EUINQLNUN

EH;VQLNHN

EU}le,NﬂN ]

_EEINQLNEN

6x1
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[ 284 Qo NT — Bty Qo NT T
2By Qo.NT By QonT /
Ton = i NT701N = I}qu = tr(WyWh) (37)
' N
E("I/NQO,NEN
+unQoNTUN) — By Qo NTN 0
| T—1 T—1 Jd3x3
[ QEU,NQLNEN —EﬂINQLNﬂN N T
1 =’ — . = = !
FlN _ N 2EUNQ1,NUN EﬂNQLNuN tT(WNWN) ) (38)
E(UINQl NiN ! =
~ v —Fu m 0
[ +unQ1NTN) @iy i

Note that the elements of upper three rows and the first three columns of
the matrix, I'y, correspond to the elements of the matrix I'y ;. Furthermore,
the elements of the lower three rows and the first, second and fourth column
correspond to the elements of the matrix I'y . The usefulness of the matrices
I'o ny and I'; y will be evident later.

Now consider the following analogue to (36) in terms of sample moments

based on uy, Uy and %N which are described in (32):

GN [p7 p270-370-%], - gN = 5N(/07 0-370-%)7 (39)
6x4 4x1 6x1 6x1
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where

2|~

2|~

!

o = = =
2u N Qo,NUN —UnQo,NUN
T—1 T—1
:l ~ :, =
2un Qo, NUN —UnQo,NUN
T—1 T—1
~ =
(UNQO,NUN
~, ~
= = ! ~
HUNQoNUN) Ty QonTin
T—1 T—1
! -~ ~! -~
2unQ1 NUN —UnQ1NUN
! ~! ~
2u Q1 NUN —UpnCQ1 NUN
~ =
UnQ1NU ~ =
(U Q1 NTUN ~ =
/ _uNQl,NUN

+ﬁNQ1,NﬁN)

I _
unQo,NUN
T-1

!

Uy Qo NTUN
T-1

~! =
UnQo,NUN
T-1

aINCQLNaN

/

UnQ1NUN

o~ -~
unQ1NUN 6x1

Since G and gy are observable and o =

N

UKVVNVVN)

s

e}

)

0

6x4

[p, p?, 0%, 03] is the parameter

vector to be estimated, we can view the 6x 1 vector &y (p, 02, 0%) as a vector

of residuals.
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We now define our generalized moments estimators of p, 62 and o? as a
two step procedure which is similar to the FGLS procedure in the literature.

In the first step we get the nonlinear least squares estimators, say pyis n

0, nrsn and el s corresponding to (39). More specifically,

2
1

[_a7a]7 qu; € [07 bv]a Q% € [Oabl]}

~2
01 NLS,N

)
(40)

= arg min{fN(p, 0-37 O-%)/gN(/% 0-37 o

)

p

~ ~2
(pNLS,N7 Oy NLS,N»

S

where g > 1.

For the second step we define a weighting matrix ) ~- More specifically,

Oy = O33N 033
033 @§><3,N 66

where

2 20r(ig) 0 '

~4

a\ 9y NLS,N / , , ) ,
O3yay = T-1 21571(%) QtT(W) tr(WNWN(JVVVN+WN))

| 0 tT(W],VWN(II:I[/],V"FWN)) tT(%W) |

[ 2 ot (AW 0 :
@§><3,N = 531 NLS,N QtT(WJIVNWN) Qtr(Wz'vWNNW{vWN) tr(WIIVWN(XI[/I’V+WN))

I 0 tT(W]/VWN(X‘[/]/VJFWN)) tT(%W;VWN) _

Wy is a spatial weighting matrix, and &% 5, s and ol N s,y are consistent
estimators of o} and o}, which are defined in (40).!* Furthermore, let Oy

be the weighting matrix which is similar to On except that o, nLsn and

~4

01 nps.n are replaced by their true parameters oy and of, respectively.

R N 4 . . .
13 Consistency of 0'3 and o, is shown in the appendix.
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In the second step we define our generalized moments estimators of p, o
2 . . . ~ ~2
and o7 as a weighted nonlinear least squares estimators, say pnrs N, 0y NLS N

~92 .
and 07 y¢ - More specifically,

@NLS,Na 83 NLS,Ns 3? NLS,N) = argmin{{y(p, 0-12;a U%),@]_VlfN(p» 0-12;a U%) :

P € [—CL, a], Qz € [0>bv]7 Q? S {Ovbl]} (41)

where a > 1.

Remark 1. If the innovations €, were normally distributed the matrix,
N-10 ~, would correspond to the estimated variance-covariance matrix of
the six moment conditions described in (34). Recall that normality of the
error term is not one of our maintained assumptions. However, our Monte
Carlo results show that even in those cases in which the innovation ¢y is not
normally distributed, using the weighting matrix, 5) ~ instead of an identity
matrix, improves the efficiency of our general moments estimators defined in
(41).14

Remark 2. Note that (41) implies that |py.gn| < @ with a > 1.
Since |p| < 1, if the bound a is sufficiently large, ’ﬁNLS’ N‘ is essentially
the unconstrained nonlinear least squares estimator of p. The existence and
measurability of Dy v o2 NI s, and CERY sy are ensured by, for example
Lemma 2 in Jennrich (1969).

In the following let Py (p) = [Ixn — pWx|™'. We now specify three addi-

tional assumptions:

Assumption 4 (a) The row and column sums of Wy, more specifically
SN Jwi | and B |win|, are uniformly bounded by, say, k., < oo for

alli > 1,5 < N, N > 1. (b) The row and column sums of Py(p), more

“4Monte Carlo results are available in a paper, Kapoor, Kelejian and Prucha (2002).
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specifically S0, |psn(p)| and B, |pijn(p)|, are uniformly bounded by, say,
k, < oo foralli>1, j <N, N>1, |p| <1, where k, may depend on p.

Assumption 5 Let u;; n denote the (i,t)—th element of uy. We then as-
sume that there exists (finite dimensional) random vectors dyn and Ay
such that [Ty — win| < ||din|| | An| where (NT) 'S, SN | (dan||PT0 =
O,(1) for some § >0 and N*/2||Ax| = O,(1).

Assumption 6 The smallest eigen value ofF;LNFO,N, FILNFLN: 'y, where
Lo, I'iv and Ty are defined in (37), (38) and (36) respectively, are bounded
away from zero. This implies that, Amin(F67NF07N) >\ >0, )\min(F'LNFLN) >
A > 0, Amin(TyTv) > A, > 0, where A\, may depend on p, o2 and o2.

Remark 3. (a) In practice, spatial models are often formulated in such
a way that each cross-sectional unit has a limited number of “neighbors”
regardless of the sample size (see, for example, Case 1991 and Kelejian and
Robinson 1995). In such cases the weighting matrix Wy is sparse for large
N, and so Assumption 4(a) would be satisfied. There are many cases in
which the elements of Wy are taken to be non-negative and row normalized
such that ¥ w;; vy = 1. Still in other cases the weighting matrix does not
contain zeros, but its elements are assumed to decline rapidly in certain di-
rections because they are defined in terms of variables such as distance (see
for example, Dubin 1988 and DeLong and Summers 1991). Therefore, under
reasonable conditions, Assumption 4(a) is typically satisfied.
(b) Recall from (15) and the definition of Py(p), that Q. n(p) = [(c2(Ir —
Ir) + 6222) @ Pyn(p)Pn(p)]. Assumption 4(b), together with the specifi-
cation that T is fixed, implies that (NT)"SX{EN |wi; n(p)| is uniformly
bounded!®, where w;; n(p) is the (i,j)—th element of Q, n(p). Therefore,

15This is demonstrated in the appendix.

29



Assumption 4(b) restricts the degree of correlation of the elements of uy.

Remark 4. Assumption 5 should be satisfied for most cases in which
un is based on N'/2-consistent estimators of regression coefficients. We
demonstrate in the appendix that under our maintained assumptions and
the model specification in (4), (5) and (6), the OLS estimator BOLS’N =
(XN Xn) ' Xhyy is NY2-consistent. Given this we can compute the corre-
sponding residuals w; v = Yit, N — x;t7 NBO Ls.n- Furthermore, we show in the
appendix that these residuals satisfy Assumption 5 with di v = x; n and
Ay = Borsy — 6.

Remark 5. Assumption 6 is an identifiability condition.

Our basic result is Theorem 2, whose proof is given in the appendix.

Theorem 2 Let pyys ys o NLS.N Ch nisn be the nonlinear least squares

estimators defined by (41). Suppose Assumptions 1 to 6 and the smallest

and largest eigenvalues of the matrices @1_\,1 satisfy 0 < A\, < /\min(@]_\,l) <

Amax(O'). Suppose furthermore that BOLS’ N and Oy are consistent estima-
~2

tors of B and Oy, respectively. Then, the GM estimators pyrs n, Ty NLSN

0% s defined in (41) are consistent for p, 02, o3, i.e.,

(Prvis: 2 wus: 85 wusw) 2 (0.0%03) as N —
PNLSN>Oy NLS,N: 01 NLS,N py04,01) QS 0.

The assumptions relating to eigenvalues of ©y' together with Assumption
6 ensure identifiably uniqueness of the parameters p, 02, o2. They also ensure

that the elements of ©4' are O(1).

2.6 Conclusion

This paper considers the estimation of a panel data model with error compo-

nents that are both spatially and time-wise correlated. The dissertation com-
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bines the model for spatial correlation ( that of Cliff and Ord (1973, 1981))
with the classical error component panel data model. I introduce generaliza-
tions of the generalized moments (GM) procedure suggested in Kelejian and
Prucha (1999) for estimating the spatial autoregressive parameter in case of
a single cross section. I then use those estimators to define feasible gener-
alized least squares (GLS) procedures for the regression parameters. I give
formal large sample results concerning the consistency of the proposed GM
procedures, as well as the consistency and the asymptotic normality of the
proposed feasible GLS procedures. The new estimators remain computation-

ally feasible even in large samples.
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3 Estimation of Price Competition in a Spa-
tial Model: An Investigation of the US Whole-
sale Gasoline Industry

3.1 Introduction

Significance of gasoline emerges from the fact that transportation costs ac-
counts for 19% of the average annual expenditure of US households and
gasoline price is an important factor that influence these costs. Having ac-
knowledged this, it is important to understand the factors that determine
gasoline prices. Among several factors such as price of crude oil, seasonal
supply and demand and weather conditions, I highlight the role that com-
petition among distribution facilities play in determining price of gasoline.
More specifically, this paper analyzes the nature and extent of price compe-
tition in the US wholesale gasoline industry.

The nature of competition among wholesale gasoline distributors can
be studied using insights from theoretical models of product differentiation.
While product differentiation, within the gasoline industry arises from differ-
ent sources such as brand names, quality (regular, premium etc.), the location
of distribution facilities is also an important dimension of differentiation. In
theoretical literature, classic models of product differentiation include, among
others, the spatial models such as linear city model by Hotelling (1929) and
circular city model by Salop (1979) and the Monopolistic Competition mod-
els such as Chamberlin (1933), representative consumer models by Spence
(1976), and Dixit and Stiglitz (1977). These competing models, however,
produce contrasting predictions regarding the nature of price competition
among firms.

In spatial models of product differentiation, each firm is identified with
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6 In general it can be imagined that the

an “address” in product space.!
firms’ products are located in some N-dimensional characteristic space and
the consumers’ optimum points of consumption are distributed over this char-
acteristic space. The unique feature of these models is that firms compete
only for the local customers.!” Therefore, firms compete locally and there
is high level of strategic interaction between them.!® In contrast, monopo-
listic competition models predict that firms compete with all other firms for
customers. This implies that there is low level of interaction between firms
and strategies of one firm do not affect or have negligible effect on payoffs of
other firms.

In this paper, while analyzing price competition in the US wholesale gaso-
line industry, I empirically distinguish between spatial model and monopo-
listic competition model of product differentiation. This work is most closely
related to Pinske, Slade, and Brett (2002) who propose an "instrumental vari-
ables series estimator" to investigate the nature of price competition among
firms in a differentiated product market.!'® My work, however, makes crucial
innovations along conceptual and methodological grounds. Specifically there
are three main innovations in this paper. Firstly, at a conceptual level, 1
account for the marginal customer who plays a significant role in price deter-
mination in spatial models of product differentiation. And while limited data
availability makes empirical identification of the marginal customer a very
challenging task, the proposed variable has the desirable feature in that it

captures the characteristics of the marginal customer and is also empirically

16Product differentiation between firms selling homogenous products might exist due to
different geographical locations of the firms.

17This result is robust even in the presence of a continuum of firms.

18 A crucial assumption that generates this result is that consumers have a sufficiently
high valuation for the products.

YFor "instrumental variable series estimator" see Pinske, Slade and Brett (2002).

33



simple to compute. Secondly, this work is based on a very comprehensive
dataset comprising of two time periods - a high demand period (August
1999) and a low demand period (January 2000). Thirdly, my innovation is
at a methodological level where I introduce an estimation strategy that allows
for spatial correlation in the explanatory variables and in the unobserved fac-
tors, in addition to spatial correlation in the dependent variable that has been
considered in Pinske, Slade, and Brett (2002). From my results, it becomes
clear that this new strategy has important implications for the estimation of
parameters of the model as well as in making accurate inferences.

The organization of the paper is as follows. In the next section I describe
the US wholesale gasoline industry. Section 3.3 describes the theoretical
model and the empirical specification and section 3.4 provides a brief descrip-
tion of the estimation strategy. Section 3.5 discusses the data and section 3.6
describes the empirical model. Section 3.7 describes the results and section
3.8 provides the robustness test. Conclusion and further extensions are in

Section 3.9.

3.2 US Wholesale Gasoline Industry

In the US, gasoline is either imported (from Saudi Arabia, Venezuela, etc.) or
produced domestically (refineries in Texas, East Coast, etc.).?’ The US pe-
troleum industry is divided into five regions called Petroleum Administration
for Defense Districts (PADDs).?! These are PADD1 (East coast), PADD2
(Midwest), PADD3 (Gulf coast), PADD4 (Rocky Mountain), and PADD5
(West coast). Each of these regions are different in terms of production and

consumption of gasoline, for example, PADD1 has limited refining capacity

20Local production here refers to the processing of crude oil which is either imported or
drilled within the US.
21See Figure 1 at the end of the paper for map of the PADDs.
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and has the highest non-feedstock demand. To meet demand in this region,
output is augmented by imports from the Middle East and shipments from
the Gulf Coast. PADD2s’ regional demand is met by local refineries which is
also supplemented by imports from Canada and Gulf Coast. PADD3 is the
largest supplier of refined products accounting for 47% of the entire supply
in the US. It also accounts for 80% of interregional trade of refined products
among the PADDs. PADD4 has the lowest demand for refined products and
PADDS? is logistically separate from the other regions and all of its production
comes from California.

On a functional basis, the petroleum industry can be divided into two
main sectors: the upstream market that includes exploration and produc-
tion and the downstream market that includes refining, transportation and
marketing. These markets are highly integrated and there are firms that
operate in both the sectors. Large companies known as “majors” are fully
integrated and may own and operate establishments in all of these sectors.??
Smaller non integrated companies are referred to as “independents” generally
specializing in one aspect of the industry.

A very complex and an efficient infrastructure exists to transport gasoline
from regions of supply to regions of demand. Four modes of transportation
are available to suppliers of gasoline. They are pipelines, waterways, trucks
and railroads.?® Suppliers, on their part, select the shipping modes that min-
imizes the costs of transportation. Pipelines are the most cost effective and
safest way of shipping refined products over long distances, in particular from
refineries and coastal areas to distribution and storage facilities or terminals

which are typically located near large cities. From these terminals, then,

22Gee Figure 3 at the end of the paper for the list of “majors”.
23Gee Figure 2 at the end of the paper for map of pipelines for refined products in the
UsS.
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gasoline is trucked by the wholesalers to the retail outlets.?*

Two types of gasoline, “branded” and “unbranded”, are sold and while
branded gasoline bears the name of a major supplier like Exxon, Shell, etc.,
unbranded gasoline does not bear any brand name. A “major” supplier can
sell unbranded gasoline in addition to branded gasoline, however, this cannot
be resold bearing a brand name. An “independent” supplier, on the other
hand can sell only unbranded gasoline.

Distributors purchase gasoline from suppliers at the terminals and resell
it to retail outlets. There can be two types of distributors, “integrated” and

“major” company

“independent”. Integrated distributors are owned by the
and only supply to own brand retail outlets. On the other hand, the in-
dependent distributors buy from any supplier, “major” or “independent”.
If they buy branded gasoline, it can only be resold to retail outlets of the
same brand, however, they can sell unbranded gasoline to any independent
retailers. Market power of a distributor depends on the total number of dis-
tributors in the market as well as on the ability of outside distributors to
enter this market. Entry into the independent distribution market is easier
due to the low costs involved while entry into the integrated market is re-
stricted. This characteristic of the independent distribution sector makes it
very competitive.

Independent distributors play a very important role in price competi-

tion among suppliers at a terminal and across terminals, particularly in case

24The US has the largest network of oil pipelines of any nation. All of Europe, for
instance, has a pipeline network that is only 1/10 the size of the US network. Suppliers
of gasoline select transportation modes on basis of costs and economics favors pipelines.
Trucking is generally limited to short haul movements where alternatives are often not
available; between distribution facilities or terminals and retail outlets. Railroad is very
expensive compared to pipelines and is far from being universally available in US. Water-
borne shipments can be priced competitively with pipelines, their use is, however, limited
by geography.
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of unbranded gasoline. At each terminal they purchase unbranded gasoline
from the supplier with the lowest price. To a large extent this ensures com-
petition among suppliers within the terminal. Furthermore, they also take
advantage of arbitrage opportunities that might exist across terminals, for
example, if the price differential across terminal is larger than the transporta-
tion cost then they will buy from the terminal with the lowest price. Price
competition across terminals, however, is limited due to the transportation
costs involved. Given that unbranded gasoline is a very homogenous product
and competition across terminals is limited, product differentiation within
this industry arises based on the location of the terminal. This feature of
the unbranded gasoline industry makes it interesting and appropriate for my
empirical analysis.?’

From policy perspective, the relevance of this industry was highlighted
by Hastings in the hearing before the Committee on Government Affairs,
US Senate, May 2002. He emphasized that the unbranded gasoline market
is necessary to ensure sufficient unbranded gasoline supply at competitive
prices, which in turn is crucial for the entry and survival of independent re-
tailers including new chains such as Kmart, Walmart, Costco and RaceTrac.
These independent retailers are important because they increase competition
at the retail level. For this reason it is important to understand the nature

and extent of competition within the unbranded gasoline industry.

25Besides this, purchase decision of gasoline depends on dynamic issues like brand loy-
alty, switching costs, long term contracts etc. These issues are difficult to address with
limited data availability. Unbranded gasoline price is not discounted which makes it a true
transaction price: Pinske, Slade and Brett (2002)
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3.3 Theoretical Model

The theoretical model used is the same as in Pinske et. al. (2002). The
advantage of this model is that it nests models of spatial competition and
monopolistic competition. This nesting allows me to assess the nature of
competition.

Suppose there are N firms, where N > 1, which produce a differentiated
product in each time period t. Each firm is indexed by a subscript i, where
1=1,...,N. Let ¢q; be the product firm ¢ produces in time period ¢. Each
product is associated with a unique characteristic y;; and is sold at a nominal
price p;; in each time period t.

There are K buyers, where K > 1. The model allows for the possibility
that buyers can purchase more than one variety of product at a time. A
buyer is indexed by a subscript k£, where £ = 1, ..., K. Each buyer is located
at a point in a geographical space. Depending on their geographical location,
buyers will choose an optimal location for the purchase of the product. Then
buyers will resell this product in competitive markets that are indexed by j,
where 7 = 1,...,J. In each of these markets buyers will face a parametric
nominal price vj;. Typically buyers resell in one of these markets, however,
the model can accommodate for the possibility where buyers can resell in
multiple markets.

Let competitive profit of buyer k in time period ¢ be denoted by 7 (0t, pr, vt),
where vy = (Vit, ..., 05t)', Dt = (Pty - - - DNt)s Y+ = (Yats - - -, Yne)'. This profit
function implies that buyers do not hold inventories. The justification for this
assumption is that there are huge costs of holding inventories in the gasoline

industry. The aggregate profit function for the entire buying industry in each
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time period ¢ is given by

Utuptuyt Zﬂ'kt vtaptvyt (42)

It has been shown that the aggregate profit that is obtained when each firm
maximizes profit separately, taking prices as given, is the same as that which
would be obtained if firms were to jointly maximize profits.?® In brief, there
is no loss of generality in treating the entire buying industry as a single firm.

In order to approximate the profit function of the buying industry, a flexi-
ble functional form is considered. This is a second order approximation of any
arbitrary profit function. Similar to previous work, I simplify the empirical

analysis by using a normalized quadratic functional form.?” Specifically,

J N N
(Vs Des Yr) = Z O‘E'l)ﬂjt + Z 0%('2)5# + Z O%('S)yit
j=1 i=1 i=1
N N J J
DDl By + 33w e

i=1 j=1 i=1 j=1

N N N N
+ Z Z wz(?)yityjt + Z Z wz(?)ﬁityjt (43)

i=1 j=1 i=1 j—l

N J
+ § : wz] pltvjt + E E wzj yztvjt
=1 j=1

=1 j=1

26This has been shown in Koopmans (1957), Mas-Collel et. al. (1995).
2"Berndt, Fuss, Waverman (1977), McFadden (1978). Also see Jorgenson (1983) and
Diewert (1974) for useful surveys on this topic.
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After normalizing by an index of output prices, say V;, we get?8

J N N
(Ve pe, Ye) = Z 0{5‘”%’1& + Z sz(z)pit +V Z 04§3)yit
N N
+5 Vt Z Z wzjtpztp]t + Z Z wmvztvﬁ
=1 j=

i=1 j=1
N N
+Vi© 2 Z Z Wit yztyjt +V Z Z wmpzty]t (44)
i=1 j=1 i=1 1
N J ’ ~
T Z Z z]tpztvjt + V Z Z wz]t YitUst | »
=1 j=1 i=1 j=1

where m, = V7, Vit = Vflﬁjt, and p;; = V; 'pi. Furthermore, vjis' are
normalized output prices in competitive markets and can be treated as con-

stants. This will reduce the expression in (44) to the following

1
(Ve DY) = ane + Z Q2itPit + Z asitYit + = 5 Z Z bl(]tpztp]t

=1 j=1
1 2 1 3
3 Z Z by yietie + 5 Z Z bepietie (45)
i=1 j=1 =1 j=1
where a; = Z}Ll ag.l)vjﬁ—% Z;] . ZJ 1wl(]2t)/Uitth, Aojr = (2)+ﬁ Z;-Izl wg)gvjt,

ase = Vo + 33 1w£f2vﬁ, bj) = Viw 1]2, b5 = Vi), ) = wlj),

1] ijt 1]t7 15t 15t
Moreover, szt bt bjt = b(fg and b\ = bﬂt

— Ygitr Ve ijt

Now we can derive quantity demanded for each product by using the

Hotelling Lemma. Taking the derivative of (45) with respect to p;, for i =

28Gimilar to previous work I also assume that this index is exogenous to the prices of
the selling industry, p;.
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1,..., N, we get

87Tt(vt7 Dt, ?Jt)

QGit = O
N 1 N
= at+ Y bpi+ 3 > b5y, (46)
p =1

where ¢;; is the quantity demanded from seller ¢ at time ¢.

Next we turn to the sellers. As stated earlier, imperfect competition is
assumed in the seller side of the market. Furthermore, it is assumed that
sellers, indexed by subscript i, face a constant marginal cost Cj, in each
time period t. This marginal cost is a linear function of various cost factors,
therefore, C;; = Zthl YheCit.h, Where c;;p is the marginal cost associated
with h cost factor, and h = 1,..., H. In each time period ¢, seller i's profit

function is denoted by
i = (Dit — Ciat)qie — Fi (47)
where F; is the fixed cost.
By substituting for ¢;; from (46) into (47) we get
N | N
i = (pir — Cit) |azie + Y _ b3 pje + 2 > 65| - (48)
j=1 j=1

fori=1,...,N.
In time period ¢ seller ¢ will maximize profits with respect to its own
prices, given the prices of other sellers. Therefore, the first order conditions

(foc) can be solved to yield seller i's best reply function with respect to the
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prices of other sellers in each time period ¢. Solving the foc yields

N N
-1 1
Pie = 7y |Q2i + E bggl‘zpjt + 9 E ,bg’f Yjt — bz(ilt)cit
2b;if j=1 j=1

J#i

= o |t > e + 5 > 0| + 5 S cion. (49)
) j=1 j=1 h—1

it

i#i

Equation (49) is the basis of empirical specification. It is evident from
the above equation that it will not be possible to estimate all the parame-
ters of the model from a single equation or a short panel data. Therefore,
it is necessary to put restrictions on the parameters of the model. In the
empirical analysis of gasoline industry, the constant term can have several
interpretations. It could capture some overall cost factors which affect all
sellers, for example, price of crude oil. In order to model these phenomena I

use a random effects model where,

-1
w@m = ap + [y,

iit
and where a, is some finite constant in time period ¢ and i, is independently
and identically distributed with a zero mean and a finite variance.

Seller ¢'s reaction curve with respect to seller j's price, p;;, has a slope
b{h) . .
of (—Qljgf)). In the literature this has also been referred to as the “short

iit

run market vulnerability”.?* This measures the damage that can be done
to a firm by short-run market action of an opponent. Recall that product
differentiation in this analysis arises from location in geographical space.

Therefore, it is assumed that these ratios will depend on some measure of

29See Shubik (1959).
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distance. In the analysis to follow I assume that
b(l)

_ Vit g
0 i

it

where )\, is the parameter to be estimated and d;; is a dummy variable which
takes a positive value if ¢ and j — th cross-sectional units are neighbors by

some measure of closeness and otherwise it is zero.
o b3 . :
Similarly —ﬁ{f) measures the slope of the reaction curve with respect to seller

iit

Jj's product characteristic, y;;. As before

b @
1] . .
-0 = ntdij ) i F ]
4bz('it)
p3)
_ it — 5t’

4pY

it

where 7, and d; are the parameters to be estimated and dg) is a dummy
variable which takes a positive value if ¢ and j — th cross-sectional units
are neighbors by some measure of closeness and otherwise it is zero. In
the model, variable y;;, for j = 1,..., N, define the product characteristics.
In our analysis of gasoline industry, product of each terminal is uniquely
characterized by the location of the terminal. The buyers will have an optimal
choice of location to purchase the product based on price and location of each
seller. In this analysis the distributors purchase gasoline from suppliers at
terminals and resell it to retail outlets. Therefore, I assume that y;; reflect
factors that affect demand for retail gasoline in the region where terminal j
is located. Furthermore, I assume that d;; = dgjl.).

After imposing these restrictions, the model in (49) reduces to

N N H
Pit = ar + N Z dijpjt + 0eyi + 1y Z dijyje + Z BpeCith + i, 1 =1,..., N,
=1 =1 h=1
J#1 i
(50)
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where 3, = %vht and wu;; is the disturbance term that captures the unex-

plained factors that affect the prices. Next we stack the model and get
pn(t) = Xn(t)B;, + MDypn(t) + un(t), (51)

where py(t) = (pit, ..., pne)'s Xn(t) = [k, yn(t), Dnyn(t), On ()| nx(3+m) 18
the N x (3+ H) matrix of observations on (3 + H) exogenous variables, k is
the vector of constants which is identical for each cross sectional unit, 3, =
lat, 64,1y, By - - Bry) 18 (3+ H) x 1 vector of regression parameters, yn(t) =
(Y1ts - -5 ynt)s COn(t) = [ena1(t), ... enmg()nxm, cnvn(t) = (Ciens---sCNER)
for h=1,...,H, Dy is an N x N weighting matrix whose (i, j) — th element
is d;;, u; is the N x 1 vector of disturbances. Note that the parameters of
the model are time dependent. Therefore, this allows for the possibility of
different parameters in different time periods. However, I assume that the
model specification remains the same for every time period. In other words
the agents play the same game in each time period.

The disturbance term captures the effect of unobserved demand and cost
factors. I allow these to be spatially correlated. However, it is assumed that
the disturbance term has a zero mean, finite variance and finite fourth mo-
ments. Furthermore, I also assume that the disturbance term is independent

of the explanatory variables, Xy(t). More specifically, E(un(t)|Xn(t)) = 0.

3.4 Estimation

The model is a first order autoregressive spatial model which is a variation
of the model considered by Whittle (1954) and Cliff and Ord (1973, 1981).
Recall the model in (51)

pN(t) = XN(t)Bt + )\tDNpN(t) + UN(t) (52)
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I also consider spatial correlation in the disturbance term. More specifically,
UN<t) = ptDNUN(t) + €N(t). (53)

where p, is the spatially autoregressive parameter in the disturbance term and
en(t) is an N x 1 vector of innovations. In order to estimate the parameters
of the model for each cross-section, I use a generalized spatial two-stage
least squares (GS2SLS) procedure suggested in Kelejian and Prucha (1998).
The advantages of using this procedure over the conventional estimation
procedure, maximum likelihood estimator, are (a) computationally feasible
for large samples, (b) the results are not based on the assumption that the
disturbance term is normally distributed. Note that for each time period, ¢,
I estimate the parameters of the model separately. I am assuming that there
is a structural change in parameters in different time periods. It will become
evident later from our results that the vector of coefficients is different for
different time periods.?’

In the following it will prove useful to rewrite the model in (52) and (53)

in a more compact form as

pn(t) = Zn(t)0; +un(t), (54)
un(t) = pDnun(t) +en(t),

where Zn(t) = [Xn(t), Dnpy(t)] and 6, = [B;, \]'. Furthermore, p, is un-
known and is, therefore, estimated.
Kelejian and Prucha (1998) suggest a three step procedure for estima-

tion of unknown parameters in the model in (54).3' In the first step, the

30Tf there was no structural change in the parameters for different time periods then we
could estimate the parameters of the model by using an estimation startegy suggested in
Kapoor, Kelejian and Prucha (2002).

31 For rigorous proof of consistenecy, large sample properties refer to Kelejian and Prucha
(1998, 2001).
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regression model in (52) is estimated by two-stage least squares (2SLS) using
the instruments Hy(t). For instruments they suggest a subset of linearly in-
dependent columns of (Xx(t), DyXn(t), D% Xn(t),...) where the subset at
least contains the linearly independent columns of (Xy(t), Dy Xn(t)). The
resulting 2SLS estimator is as follows:

~ ~

O = [Zn(t) Zn (D) Zn(t) P (1), (55)

where Zy(t) = Py () Zn(t) = (Xn(t), Dxpa(t)), where
DN/pN\(t) = Py, (t)Dypn(t) and Py, (t) = Hy(t)[Hn(t) Hy ()] P Hy ().

Before proceeding with estimation of spatial autoregressive parameter,
p;, 1 take the residuals from the first step of the estimation to test whether
the disturbance term is spatially correlated. I use the Moran [ statistic
suggested in Kelejian and Prucha (2001). In order to test the null hypothesis
of zero spatial correlation in the disturbance, the following Moran I statistic
is constructed: .

In(t) = ,g@fi ((i)) 2 N(0, 1), (56)

where Q3 (t) = un(t) Dyun(t), with uyn(t) = py(t) — ZN(t)gt and o (t)

is a normalizing factor. Kelejian and Prucha (2001) specify the normalizing

factor as

~

G, (1) = G (t)tr(Dy Dy + DxDy) + 65 (8)by (£)bx (1),

where 52, (t) = N~ (t) Uy (t), by(t) = —Hy(t)Py(t)dy(t) with dy(t) =
NN (t)(Dy + Dy)Zy(t) and where
Py(t) = [N Zy () Zn ()] "N Zy (t) Hy () [N~ Hy (t) Hy (8)] .

If the null hypothesis is rejected then I proceed to the second step of the
estimation procedure. In the second step p, and o2, are estimated, where

p, is the spatial autoregressive parameter in the disturbances and o2, is
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the variance of the innovation term ey (t). The second step estimators of p,
and o2, say p, and 5;, are nonlinear least squares estimator defined as

minimizers of

Pr Py
gn(t) = Gy (0) | £} ov(®) =Gy | 7| ] (57)
where ) -
[ 2un(t)vn(t) —on (t)On (t) N .
G(t) = % 2w (t)"on(t) — Wy () wy(t) tr(DyDy) |
(un(t) Wy (t)+ PSRV
O (1) (1)) vy on(t) 0 |
[ On(t)tn(t) ]
()= | v |

L un (1) vn () d3x1
where @\N(t) = DN/UjN(t) and @N(t) = DN@\N(Z%)
In the third step of the procedure a Cochrane-Orcutt type transformation

is applied to the model in (54). More specifically,
Pr«(t) = Zn+ ()0 + en(t), (58)

where pn.(t) = pn(t) —p, Dnpn (1), Zni(t) = Zn(t) —p, DnZn(t) and en(t) =
un(t) — p,Dyun(t). Since p, is unknown we replace it with its estimate p,
defined in (57) and estimate the model in (58) using 2SLS. The resulting
estimator is termed as the feasible GS2SLS and is given by

Oy = [Zne(t) Zua(8) 7 Zna () Biva (1), (59)
where Z\N*(t) = Py, (O)[ZNn(t) — p,DnZn (1)), Pn«(t) = pn(t) — pyDnpn(t).
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3.5 Data

I use data on weekly average unbranded gasoline prices, cost factors (wages,
average net earnings, price of crude oil), demand factors (population, per
capita personal income) as well as data on market structure (spot markets
for gasoline and percentage change in stocks of gasoline). The data used is
for two time periods, a high demand period (third week of August 1999) and
a low demand period (third week of January 2000).

There are 289 wholesale rack locations or terminals in the US which sold
unbranded gasoline for third week of August 1999 and third week of January
2000. I have included only those terminals which are located in the mainland
and have excluded those that did not sell unbranded gasoline in the two time
periods under consideration. There are 238 terminals located in metropolitan
statistical areas (MSAs). For the terminals which are not in MSAs, I identify
the zipcode and locate the county in which these terminals are situated using
Geographic Information System (GIS) software.

Data on terminal prices was obtained from Oil Price Information Ser-
vice (OPIS), a private data collection agency. Price data includes regular
unbranded gasoline prices charged to the distributors at the terminal. The
prices are denoted by PR99 for August 1999 and PRO0 for January 2000.
The prices are in cents/gallon.

Population data for the regions where terminals are located was obtained
from two sources. For terminals located in MSAs the data was obtained from
Census and for the remaining terminals it was obtained from Regional Eco-
nomic Information System (REIS). In the analysis I use the log of population
and denote this by POP99 for August 1999 and PO P00 for January 2000.

Data on per capita personal income and per capita net earnings for re-

gions where terminals are located was also obtained from two sources. For
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terminals located in MSAs data from Bureau of Labor Statistics (BLS) is
used and for the remaining terminals I use data from REIS. Per capita per-
sonal income is denoted by I NC99 for August 1999 and INC00 for January
2000. Per capita net earnings is denoted by £ A99 for August 1999 and £A00
for January 2000. Both income and earnings are in 103 dollars.

Price of crude oil is for the entire US and was obtained from Energy
Information Administration (EIA). This is the same for all terminals and
therefore is treated as a constant. It is denoted by C' RPR99 for August 1999
and C RPRO0 for January 2000. These are in cents/gallon.

In order to capture the effects of market structure I include the spot mar-
kets for gasoline. There are seven spot markets in the US. They are located
in New York, Gulf Coast, Midwest, Chicago, Los Angeles, San Francisco and
Northwest. The data on spot prices was obtained from OPIS and EIA. The
spot price for terminal 7 is the price that prevailed in the spot market closest
to terminal 7. The spot prices are denoted by SPOT99 for August 1999 and
SPOTO00 for January 2000. They are in cents/gallon.

Changes in stocks of gasoline are a measure of imbalances in demand
and supply. The data on stock is available from EIA for each of the PADDs.
Moreover, PADD1 (East coast) is further subdivided into three broad regions
and data on stocks is available for them as well. I compute the percentage
change in stocks as a difference in stock between the third and the second
week divided by the stock in second week times 100. I do this for both August
1999 and January 2000. This variable is denoted by PERST99 for August
1999 and PERSTO00 for January 2000.

In order to capture intra-terminal competition I include the number of
suppliers at each terminal. Data on this was obtained from OPIS. This is
denoted by C099 for August 1999 and CO00 for January 2000.
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In order to capture broad regional differences, I introduce dummy variable
for each PADDs. There are 5 PADDs and I denote the dummy variables
as PADD;, where i = 1,...,5. These dummy variables capture the broad
regional differences in demand and supply that have been discussed before.

Most importantly, I discuss the construction of the weighting matrix,
Dy. The weighting matrix is the measure of closeness between terminals.
Theoretical models in this area have suggested measures of closeness like:
terminals that are nearest to each other, terminal that share a common
market boundary, that share a market boundary with a third competitor etc.
These measures could be endogenously or exogenously determined. In this
analysis I will focus only on the first measure of closeness, that is, terminals
that are nearest to each other, geographically.

I use the GIS software to construct a weighting matrix of nearest neighbor.
I identify each terminal with a zipcode and then use the software to locate
the nearest neighbor for each terminal. There are two ways to identify the
nearest neighbor for each terminal. One way is to use a Euclidean distance
and the second way is to look at actual road distance between terminals. I
find that for some, the nearest terminal is different when I use a Euclidean
distance measure rather than actual road distance. For example, consider
a terminal in Artesia in New Mexico, the nearest terminal by a Euclidean
distance measure is in El Paso, Texas whereas using the actual road distance
the nearest terminal is in Midland, Texas. This has important implications
in the model specification and the consistency of estimates. Misspecified
neighbor for any terminal will make the estimation inconsistent. In this
paper I consider both measures to compute the nearest terminal.

More specifically, the (i, j) —th element of the weighting matrix is denoted

by d;; and is a dummy variable which takes a positive value if terminal j is
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nearest to terminal to ¢ and otherwise it is 0. Weighting matrices are not
symmetric, that is, if terminal j is the nearest to terminal 7 then it need not

be the case that terminal 7 is the nearest to terminal j.

3.6 Empirical Model

The econometric model to be estimated is specified separately for third week

of August 1999 and third week of January 2000. The model is the following:

5
PR(t) = )\(t)DNPR(t> + CYL(t)CRPR(t) + Z Oé@(t)PADDZ‘_l + OZG,(t)CO(t)
1=2

+Oé7’(t)SPOT<t) + Oég,(t)PERST(t) + 0497(,5)EA<t) + (1107(t)POP(t)
+Q117(t)DNPOP(t) + (112’(,5)]]\[0(15) + &137(t)DN[NO(t) (60)

+U(t),

where (t) = 99 for third week of August 1999 and (t) = 00 for third week
of January 2000, Dy is the weighting matrix, hence Dy PR(t), Dy POP(t),
DNINC(t) are the nearest neighbor’s price, population and income, respec-
tively, u() is the disturbance term and Ay, oy 1), for s = 1,...,13, are the
parameters to be estimated. A number of issues must be addressed in order
to develop consistent estimates of the model in (60). Firstly, I need to in-
strument for the nearest neighbor’s price, Dy PR(t) which is an endogenous
variable.?? As instruments for this variable, I use exogenous explanatory vari-
ables for nearest terminal. I also use the exogenous explanatory variables of
terminal nearest to the nearest terminal. I then estimate the model using

two-stage least squares (2SLS) procedure.*® Secondly, I correct for spatial

32T assume that all explanatory variables other than Dy PR(t) are exogenous, that is,
they are independent of the disturbances, u ).

33In choosing instruments for estimation I follow Kelejian and Prucha (1999). In pres-
ence of spatial lag in the dependent variable, the instruments they suggest are linearly
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correlation in the disturbances. More specifically,

u@y = payyDnu) + @), (61)

where, p) is the spatial autoregressive parameter. Using the estimation
strategy described in previous section, I estimate the spatial autoregressive
parameter, p), in (61). Then I use the estimate of Pty Say ﬁ(t), and apply
the Cochrane-Orcutt type transformation on (60) and get

(In = pwyDN)PR(t) = Aiy(In — puyDn)DnPR(t)

5
+ Z i ty(In — pyDN)PADD; 4

=2
+ag, ) (In — Py Dn)CO(t)
+a7,(t)([N —5(t)DN)SPOT<t)
+ag ) (In — ﬁ(t)DN)PERST(t) (62)
+ag, ) (In — puyDn) EA()

+ao,t)(In — puyDn) POP(t)

+aa1,6yDn(In — payDn)POP(t)

+az,)(In — peyDn)INC(2)

+aus ) (In — puyDn)DnINC(t) + innovation term,

independent columns of the own explanatory variables, nearest neighbors explanatory
variables and nearest to nearest neighbor’s explanatory variables. In our model, for each
terminal we have constructed the nearest neighbor. However, this is not symmentric, for
example, consider terminal A whose nearest neighbor is terminal B, then for terminal B
the nearest neighbor could be terminal C and not terminal A. In our analysis terminal A
competes directly for customer with terminal B, while terminal B competes directly for
customers with terminal C. Clearly, the prices set in terminal A will depend on terminal
B, therefore, as instruments for prices of terminal B we could choose exogenous character-
istics of terminal C which have direct effect on the prices at terminal B but not on prices
of terminal A.
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where, Iy is an identity matrix. I again instrument for the nearest neigh-
bor’s price, Dy PR(t) which is an endogenous variable. I then estimate the
transformed model in (62) using two-stage least squares (2SLS) procedure.

One of the main innovations of this paper is to look at the role of marginal
customer in price determination at a terminal. Spatial models of product
differentiation crucially rest on the characteristics of the marginal customer.
In models with homogenous customers, where each customer has the same
demand, pricing decision of a terminal is independent of the level of demand.
This however would change when we look at heterogenous customers. In the
appendix, I formally develop a theoretical model to show how pricing decision
of a terminal depends on the level of demand of the marginal customer. In
particular I show that price of a terminal is negatively related to the level
of demand of the marginal customer. Empirically, the marginal customer
is extremely difficult to identify. In order to address this issue, I introduce
a variable that captures the characteristics of the marginal customer and is
easy to compute. More specifically, I incorporate the per capita income of the
neighboring region. This is a good proxy for the marginal customer under
the assumption that terminals are competing for customers.

Another innovation of this paper is to look at two time periods with dif-
ferent demand intensities. In periods of high demand, one expects regional
variations in demand to be higher. This would in turn imply that customers
in different regions can be treated as being heterogenous in terms of demand.
The spatial competition model that I have developed with heterogenous cus-
tomers is the relevant model for periods of high demand. Whereas in a low
demand period, the regional variation in demand is lower. In this situation,
the appropriate model is the existing spatial competition model with ho-

mogenous customers. In our empirical analysis we nest both these models
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by incorporating the characteristics of the marginal customer in both time
periods. The model predicts that in periods of high demand, price in a given
terminal is positively related to price of neighboring terminal and is nega-
tively related to the level of demand of the marginal customer. Whereas, in
periods of low demand, prices are positively related to prices of the neighbor-

ing terminal and are not related to level of demand of the marginal customer.

3.7 Results

I report the results in four tables, given that the analysis is for two time

periods and two weighting matrices®*

Actual Road Distance Fuclidean Distance
High Demand (August 1999) Table 1 Table 3

Low Demand (January 2000) Table 2 Table 4

Each table contains, first, the estimates from ordinary least squares (OLS)
and 2SLS in columns 1 and 2, respectively. Columns 3 and 4 report the OLS
and 2SLS estimates after correcting for spatial correlation in disturbances.?

Looking at these results, we notice several interesting features. One gen-
eral fact being that extent of spatial correlation in prices between terminals
is significant and positive for both high and low demand periods. This result
confirms the prediction of spatial price competition model. More specifically,
the coefficient on price of the nearest terminal is positive and significant for

both specifications of the weighting matrix as well as both time periods. As

noted earlier this coefficient is the measure of price competition. Comparing

34Tables are at the end of the appendix.
35Wald test rejects the hypothesis that the same coefficient vector applies in the two
time periods.
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the two periods we notice that the extent of competition is much higher in
period of low demand (0.84) as compared to high demand (0.58).%

One must observe some caution in interpreting the above result. Positive
correlation in prices is a strong indicator of price competition, however, it is
plausible to think of situations where prices move together even in the ab-
sence of competition.3” This fear can be put to rest as the presence of price
competition between terminals is confirmed by the finding that prices at a
terminal are inversely affected by income in the neighboring region during
periods of high demand. This result is predicted by my model of spatial prod-
uct differentiation with heterogenous customers (appendix). The intuition
for this result is easy to grasp. During periods of high demand, we observe
greater regional variation in demand. If a terminal competes for customers
in neighboring region then higher income in that region implies greater de-
mand, which then means that the terminal should lower its price to attract
some of the high demand customers from the neighboring region. During low
demand periods, however, it is reasonable to assume low regional variation
in demand therefore customers can be treated as homogenous. Spatial price
competition model with homogenous customers predicts that pricing decision
of a terminal is independent of demand in the neighboring region. These pre-
dictions are driven by the central role played by the marginal customer in
price determination.

In the estimation strategy, I account for the characteristics of the marginal

36This observation is based on comparing column 2 of Table 1 with column 4 of Table 2.
The reason for this comparison being that in the high demand period, there is no spatial
correlation in disturbances and therefore the meaningful estimate is the uncorrected 2SLS,
as against the low demand period, when there is spatial correlation in the disturbances,
therefore we look at the corrected 2SLS.

3TWe could observe positive correlation in prices even when firms collude in their pricing
decision.
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customer by incorporating per capita income in the neighboring region of each
terminal. The estimation results confirm the predictions stated above as we
observe that during the high demand period, the coefficient on neighbor’s
income (DyINC99) is negative and significant (—0.11) and during the low
demand period the coefficient on (DyINC00) is insignificant (—0.02).

Next we compare the two specifications of the weighting matrix. On
comparing results, we notice that using a Euclidean measure of distance
underestimates the extent of correlation in prices between terminals in both
periods. This is as expected because actual road distance captures the true
neighbor for a terminal while a Euclidean measure leads to misspecifications.

My estimation strategy allows for spatial correlation in disturbances.
From the results, it is clear that not correcting for spatial correlation in
disturbances leads to inaccurate inferences. In particular, we compare col-
umn 2 (uncorrected 2SLS) and 4 (corrected 2SLS) of Table 2. which analyses
the data for the low demand period with actual road distance specification
of the weighting matrix. The Moran I statistic which tests for spatial corre-
lation in disturbances, rejects the hypothesis of zero spatial correlation. Not
correcting for this leads to biased estimation of standard errors which in turn

leads to faulty conclusions. The results of Table 2 confirm this.

3.8 Robustness Test

In our analysis the (i, j) —th element of weighting matrix Dy, d;; is a dummy
variable which is positive if the 7 — th terminal is the nearest to the ¢ — th
terminal and zero otherwise. However, one limitation of this weighting matrix
is that it does not account for the actual road distance between nearest
terminals. For example, the nearest terminal to a terminal in Rapid City,

South Dakota is in Sidney, Nebraska which is 240 miles, and for terminal in
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Aberdeen, South Dakota the nearest terminal is 77 miles away in Wolsey,
South Dakota. Irrespective of the distance the weighting matrix in both
cases assigns an equal weight of 1 to the nearest terminal. I overcome this
limitation by constructing different weighting matrices which are dependent
on the distance between the nearest terminals. In particular, I construct five

weighting matrices, Dgf,) where i =1,...,5. Let dl(;) be the (i, j) — th element

of matrix D%), where ¢ = 1,...,5. More specifically:

aV = 1/n, if j is the nearest terminal to 7 and 0 < x < 30,

= 0 otherwise,

d? = 1/n, if j is the nearest terminal to i and 30 < z < 70,

= 0 otherwise,

a3 = 1/n, if j is the nearest terminal to i and 70 < x < 110,

= 0 otherwise,

P = 1/n, if j is the nearest terminal to 7 and 110 < x < 150,

= 0 otherwise,

d® = 1/n, if j is the nearest terminal to 7 and 150 < z,

= (0 otherwise.

where n is the number of terminals which are nearest to terminal 7 and x is

the actual road distance between terminals.
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In order to study the effect of distance on the nature and extent price

competition I construct the following empirical model

5
PR(t) = Y _MNJDYPR(t)+ a1 CRPR(t) + > i) PADD;
=1 =2

+ag,H CO(t) + ar,py SPOT(t) + agu PERST(t)

5
+ag o EA() + a10,0 POP(t) + Y ol ,, DV POP(t)  (63)
i=1

5
+oz127(t)INC(t) + Z aggy(t)D%)]NC(t) + U,
=1

where (t) = 99 for third week of August 1999 and (¢) = 00 for third week of
January 2000.

The results reported in Table 5 in the appendix are striking. The results
indicate that for third week of August 1999, )\gg) ,fori=1,...,5 are almost
identical. I also find similar results for third week of January 2000. In other
words, it appears from the result that the nature and extent of competition
between terminals is not influenced by the actual road distance between
the terminals. This exercise proves the robustness of the result, that is,
accounting or not accounting for the actual road distance between the nearest
terminal has little impact on the nature and extent of competition between
terminals.

We have also provided another test of robustness of our results. In addi-
tion to the variables considered above we have included taxes on wholesale
gasoline charged by each state as one of the explanatory variables. The re-
sults (reported in Tables 6 and 7) indicate that inclusion of this explanatory
variable does not change the main conclusion of the above analysis. In par-
ticular, we find that nature and extent of competition is less during high

demand period as compared to the low demand period, these results are sim-
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ilar to the analysis without taxes. Furthermore, in both periods taxes have
a positive and a significant impact on the prices. Moreover, we still find that
characteristics of the marginal customer plays an important role during the
high demand period when there is a high regional variation in demand and
is insignificant during the low demand period. One possible explanation for
why the results are not sensitive to inclusion of this variable is that in the
analysis we are using transaction prices. These transaction prices are inclu-
sive of the tax rates, hence, tax rates are significant in affecting the prices
but do not affect the results on the nature and extent of price competition

between terminals.

3.9 Conclusion and Further Extensions

In this paper, while analyzing price competition in the US wholesale gasoline
industry, I empirically distinguish between spatial model and monopolistic
competition model of product differentiation. While product differentiation,
within the industry arises from different sources such as brand names, qual-
ity (regular, premium etc.), the location of distribution facilities is also an
important dimension of differentiation. There are three main innovations in
this paper. Firstly, I look at the role of marginal customer in price determi-
nation in spatial models of product differentiation. These models crucially
rest on the characteristics of the marginal customer. In models with homoge-
nous customers, pricing decision of a terminal is independent of the level of
demand. This however changes when one considers heterogenous customers.
I formally develop a theoretical model in the appendix to show that in the
presence of heterogenous customers, pricing decision of a terminal depends
on the level of demand of the marginal customer. In particular I show that

price of a terminal is negatively related to the level of demand of the mar-
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ginal customer. I introduce a variable that captures the characteristics of
the marginal customer and is easy to compute. Secondly, I consider two time
periods with different demand intensities. In a period of high demand, one
observes regional variations in demand to be higher whereas in a low demand
period, the regional variation in demand is lower. The difference in demand
intensities in different time periods has important empirical implications.
In particular during the high demand period the relevant spatial model of
product differentiation is the one in which the customers are heterogenous in
their demand levels. In such a scenario the model in the appendix shows that
prices across terminals are correlated and are negatively related to the level
of demand of the marginal customer. Whereas, in periods of low demand, the
regional variation in demand is lower. Therefore, the relevant spatial model
of product differentiation is the one in which the customers are homogenous
in their demand levels. In such a scenario prices are correlated, but are not
affected by the level of demand of the marginal customer. Thirdly, I use an
estimation strategy that allows for spatial correlation in the explanatory vari-
ables and in the unobserved factors that affect prices, in addition to spatial
correlation in the dependent variable that has been considered in previous
work.

The main results from the estimation confirm all the above predictions of
spatial models of product differentiation. More specifically, I find the extent
of price competition between terminals to be significant and positive for both
high and low demand periods. On comparing the two periods, I observe the
extent of competition to be much higher in period of low demand as compared
to high demand period. Secondly, the results also confirm the predictions of
spatial model of product differentiation with heterogenous customers and

also with homogenous customers. In particular, the results show that during
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the period of high demand (August 1999) when the regional variation is high,
prices are significantly and negatively affected by neighbor’s income (which is
a measure of level of demand of the marginal customer). Whereas during the
period of low demand (January 2000) when the regional variation in demand
is lower, prices are independent of neighbor’s income. Thirdly, the results
reveal a high and significant spatial correlation in the unobserved factors
that affect prices during the low demand period. Not correcting for which
leads to inaccurate inferences. Lastly, I have estimated my model using two
measures of distance between neighboring terminals, actual road distance
and a Euclidean distance. I find that using a Euclidean distance measure as
compared to actual road distance underestimates the extent of competition
between terminals.

This research is relevant from policy perspective. Given the strategic rel-
evance of gasoline for the US economy, it is important to understand what
factors determine and influence its price. This paper highlights the signifi-
cance of competition among distribution facilities as a major factor and also
that the wholesale gasoline markets are geographically segmented and small.
Furthermore, in studying the unbranded gasoline market we have addressed
an important issue which is being considered by policy makers, as was high-
lighted by Hastings in the hearing before the Committee on Government
Affairs, US Senate, May 2002. He emphasized that the unbranded gaso-
line market is necessary to ensure sufficient unbranded gasoline supply at
competitive prices, which in turn is crucial for the entry and survival of inde-
pendent retailers including new chains such as Kmart, Walmart, Costco and
RaceTrac. These independent retailers are important because they increase
competition at the retail level. For this reason it is important to understand

the nature and extent of competition within the unbranded gasoline industry.
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There is an interesting extension to this work which is underway. Through-
out this paper I have assumed each terminal as a single firm. This assumption
puts a restriction on the market structure, as typically at a terminal, more
than one suppliers compete for consumers.*® Furthermore, in many cases a
supplier is present at both the neighboring terminals. In extending this pa-
per I plan to formally incorporate this market structure and develop a model
that can account for both inter as well as intra terminal competition. Avail-
ability of data on suppliers at each terminal has made it feasible to address
these more interesting issues. Using this data I also plan to study the effect
of mergers and acquisitions within the gasoline industry on prices which is

very relevant for policy issues related to antitrust.

380n an average there are six suppliers per terminal.
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4 Appendix to Chapter 2

In this appendix we will make use of the following definitions.?’

Definition 1. A sequence {ay}3_, is at most of order N°, and is written

as ay = O(N?), if there exists a real number M > 0, such that
N7 ay| < M.

Definition 2. A sequence {ax}%_, is of smaller order than N’ and is

written as ay = o(N?), if

lim N7¢ lax| = 0.

N—oo

Definition 3. A sequence of random variables {cy}%_; is at most of
order N in probability, and is written as cy = Op(N?), if for every € > 0

there exists a real number M > 0, such that
P{N7|cy| > M} <e.

Definition 4. A sequence of random variables {cy }%%_; is smaller order

than N° in probability, and is written as cy = 0,(N?), if
plim N %y = 0.

These definitions extend to vectors and matrices if the conditions hold

for every element in the vector or matrix.

39These definitions are from Judge and et.al., Pages 145-148.
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In the following we derive the six moment conditions described in (34). In
light of (6) and the definition of Qg in (8) we note that Qo neny = QonVN-
Specifically,

Qonen = Qon(er ® IN)puy + Qonvn

J
= ((Ir — ?T)GT ® IN) iy + Qo NUN

Jre
TTT) ® In)py + QoNUN (A.1)

B erelrer
= ((er — T ) @ In)py + Qonvn

= ((er —er) ® IN) iy + Qo.nvN

= ((er—

= QO,NUN-

Furthermore, by the definition of Zy in (33) and from (11) we note that

QoNEN = Qon(Ir ® Wy)en
= (Ir ® Wy)QoneN (A.2)
= (Ir @ Wn)Qo,nUN.

Given Assumptions 1 and 2, (A.1), (A.2), and by using (9), (10)and (11) we

have
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N(T —

N(T - 1)

N(T =

5, 0O,NEN

g,NQO,NEN

g, 0O,NEN

e, QO,NUN
E NT-1)7" .
—o%(Qo) ~
N(T —1)
;aﬁN(T —1)
NT —1)
o2,
Eév;\,QovN(lT ® WJ,\/WN)QO,NUN
N(T —1)

U2ﬁtr [QQN([T ® WJIVWN)}
v N _

21, [(IT - %) ® WZ/\,WN} (A.4)
T N(T - 1) ; |
21— Iy
TN(T - 1) T
2N~ r(WyWy).
L l W, )Qo.NUN
———— Uy Qon(Ir @ Wy
E N(T-1) " |
2;” [QO,N(IT ® WN)]
g
"N(T —1) ; , 5
S A
g T
"N(T - 1) ; |
2 1 Lyir(W)
TN(T - 1)

o2 N"1tr(Wy)
0.
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In light of (6) and the definition of @1 in (8) we note that Q yeny =
ler @ In]pn + Q1.nUn. Specifically,

Qinen = Qinler @ Injpy + Qinvn

Jre

= TTT @ In)puy + QinUN
erene

= (% ® In)py + QL (A.6)

= (er ® In)uy + Q1 NUN.

Furthermore, by the definition of Zy in (33) and from (11) we note that

QinEn = Qin(Ir @ Wiy)en
= (Ir @ Wx)Q1nEN
= (I @Wny)[(er ® IN)pn + Q1.nUN] (A.7)
= (er @Wn)puy + (It ® Wx)Q1nUN.

Given Assumptions 1 and 2, (A.6), (A.7), and by using (9), (10), (11) and
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To? 4 03 = of, we have

1 ! ]_ ! 1 i
EN?SNQLNgN = EN/JJN(elTeT@)]N)/ULN+EN’UNQ1,NUN
T 1 J
— Nﬁymmo+ﬁﬁﬁm§9wum (A.8)

_ 2 2 _ 2
= To, +o0,=o07.

]. ! 1 / /
ENENQI,NEN = EN:UN(GITGT @ WyWN)uy +

1 ! /
ENUNQLN(]T ®@ WyWy)Q1,nvn
T / 1 /
= NO'Zt?"(WNWN) + UthT [Ql,N(IT ® WNWN)]
T

! 1 (] ’
= Naitr(WNWN) + G?)NtT' {?T ® WNWN] (A.9)

1 Jr

T / ’
= NaitT(WNWN) + azﬁtr(?)tr(WNWN)

T / ]_ !
= NUitT(WNWN) + U%Ntr(WNWN)
= (To}+ o2)N " "tr(WyWy)

= N"Hr(WyWy).

1 s 1
EN@VQI,N&TN = ENMN(elTeT @ W)y +
1 .

Qin(Ir ® WJIV)QLNUN:|

T / 1 /
= NO'it’I“(WN) + aiﬁtr [QLN(IT 0% WN)}

T / 1 JT !

T o, o1 Jp
= NU#tT<WN) + crvﬁtr(?)tr(WN)

= —oitr(Wy) + o>
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Recall from (15) and the definition of Py (p) = [Iy — pWy] ™!, that

2 Jr
Quu(p) = (02 Ir — ) +o

2 J1

22L) & Pu(p)Pu (o).

Given Assumption 4 we observe that

—1\NTNT 2 —1ywN vN N
i=14j=1 |Wij, > 1 i=1%j=1%=1 |Dik, ik,
(NT) 7 EI 850 lwin ()] < Toi[(NT) ™ B, 3 5y [pie,v (0)] [P ()]
= AINT'SLEY ik () S5 [pien (0)]]
< ofkl < oo, (A.11)

where w;; n(p) is the (i, ) — th element of Q, y(p), and piy v (p) and pjrn(p)
are (i, k) —th and (j, k) —th elements of Py(p), respectively. This proves that
(NT) 'S8 |wij v (p)| is uniformly bounded, thus limiting the degree of
correlation of the elements of uy.

It proves helpful to introduce the following expressions.

Recall from (12), (31), and the definition of Py(p) = [Iy — pWx]™!, that

uy = [Ir ® (In — pWx) en = [I7 @ Pylen,
ﬂN = (IT & WN)UN = (IT X WNPN)EN, (A12)
EN = (IT &® WN)EN = (IT (24 W]%/PN)éN.

Furthermore, from (33), (A.1), (A.2), (A.6), (A.7) we have

en = (Ir®@Wny)en,

Qonen = QonNUN,

QonEn = (Ir ® WN)Qo NN, (A.13)
Qinen = (er @ In)py + QunvN,

QineEn = (er @Wy)un + (Ir @ Wr)Q1 nUN.
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Using the expressions in (A.12), (A.13), (8) and (11) we have

Qonuny = Qon[Ir ® Pylen = [Ir ® Py]Qonen = [I17 @ Py]QonvN
J
= {(IT - ?T) ® PN} UN,
Qontn = Qon(Ir ® WyPy)en = (It ® Wy Py)QoneEN

= (Ir @ WnPn)QonUN

= |:(]T - %) ® WNPN] UN,
QO,NiN = Qon(Ir® W]%/PN)QV =Ir® W]%[PN)QO,NgN
= (Ir @ W3 Py)QonvN
_ {< AR W;VPN] oy, (A14)

Qivuy = Qin[lr ® Pyleny = [Ir ® Py]Q1neN
= ler ® Pxluy + [Ir @ Py]Q1nvN
T
Oinuy = Qin{UIr @ WnPy)eny = (Ir @ WyPy)Q1,nEN
= ler @ WxPy]uy + [Ir ® Wy Py]Q1 nvun
= [er @ Wy Pyl + {% ® WNPN] UN,
Ql,NiN = Qin{Ir® W]%[PN)E‘:N =Ir® W]%]PN)Ql,NgN
= ler @ Wi Pnluy + [Ir @ Wi Px]Q1 von

J
= [er @ WEPy|uy + {?T ® WJQVPN] UN,

J
= ler ® Pyluy + l—T & PN] UN,

Using the expressions in (A.13), (A.14), (8) and (9) we can write the following

moments. These moments will be used later to prove Theorem 2.
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Vin

Cin

Con

Vs v

Csn

Can

\Ij5,N

C5,N

1 1
B — = —_— O
N(T = 1) N QoNuN = Frrr gy UnCLvon

J /
(IT_?T)(X)PNPN?

1 1

mu/]\/QO,NﬂN = mv;vcz,zvvm
J p
J / !
(Ir — ?T) ® PyWxyWy Py,
T B
7N(T _ 1)UN O,NUN = 7N(T — 1)UN 4, NUN,
J / /
(Ir — _T) ® Py(Wy)*Wy Py,

T

]_ — — ]_ /
[T m = — O
N(T = 1) N QoNUN = Fr gy UnCaavon,

J / !
(Ir — 25) @ PA(Wa W3 Py,

1 / — 1 /
muNQO,NUN = mvNcﬁ,NUN,
Jr
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U7 N

Crv

Vg v

CS,N

Vo N

C’12,N

1 ’ T [ 1 ! 2 " A

NUNQI,NUN = NMNOZNNN + NUNCZNUN + N:“NCENUN’
/ J / oy /

PNPN, 07,N:?T®PNPN7 C(7,N:€,T®PNPN7

1 / _ T = 1 / 2 [~
NUNQLNUN = NMNOS,N,UN + NUNC&NUN + N,UNOS,NUNa

/ J / -~ !
PyWxPy, Csn === @ PyWyPy, Csn = €l @ PyWy Py,

T
1 T 1 ]. ’ 2 N
/ ’ J / ’
PyWyWy Py, Con = ?T ® PyWy Wy Py, (A.15b)
e @ PyWy Wi Py,
1 _ T , ~ 1, 92,
NUNQLNUN = NMNCIO,NMN + NUNCIO,NUN + NMNCIO,NUNa
! ! J ! /
Py(Wy)*WyPy, Cron = ?T ® Py(Wy )Wy Py,
e @ Py (Wy)*Wy Py,
]. =/ — T r= ]. ’ 2 rA
NUNQLNUN = N,UNCH,N,UN + NUNC&LNUN + NMNCH,NUN’
/ ! J / /
Py(Wy)*WZ Py, Cin = ?T ® Py (Wy)*W3 Py,
elT & PJ/V(W],V)2W]%7PN7
1 / Q = o T / 5 + 1 / C + 2 / a
NuN 1LNUN = NMN 12,NMN NUN 12,NUN NMN 12,NUN,

/ J / ot /
PNW]%]PN, 0127]\[ = ?T ®PNW]%7PN7 Cl2,N = e,T®PNW]%fPN7

The corresponding quadratic forms are based on predictors of uy, Uy and

Uy, say Uy, uy and Uy respectively, where uy, Uy and Uy are defined in
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(5) and (31), respectively, and where %y and Ty are defined in (32). The
(i) — th element of un(t), Tn(t), Ty (t), Un(t), Tn(t), Tn(t) are gy y, Tin,
U;

it N> Uit N ult N Uu: N, respectively. We define

g, N = Ej-vzlwij,Nujt,N,
ﬁz‘t,N = Zé‘\;lwij,Nﬂjt,N = Z;\lewij,NZfilwﬂ,NUlt,N,
ﬁz't,N = Ej-vzlwij,Nﬂjt,N,
%it,N = SN wi NIy = S wi nS wi T,

where w;; n, wj,n are (i,7) —th and (j,1) — th element of Wy, respectively,
and where ;. n, Uy N, Uj, v are predictors for w; n, wy N, Uje, N, respectively,
which satisfy Assumption 5. The sample quadratic forms will be denoted by
Uy, for h=1,...,12.

Lemma 1 Let Ay and By be two square matrices of dimension kN x kN
whose row and column sums are uniformly bounded in absolute value by a
finite constant, say ka and kg, respectively, and where k is some finite positive
integer and N > 1. Define Cy = AyBy, then the row and column sums of
Cy are uniformly bounded in absolute value kakp.

Furthermore, let En be a matriz of dimension N x N, where N > 1, whose
row and column sums are uniformly bounded in absolute value by a finite
constant, say kg. In addition consider a finite matrix D of dimension k X
[, whose row and column sums are bounded in absolute value by a finite
constant, say kp, where k and | are some finite positive integers. Define
Fy =D ® Ey, then the row and column sums of Fx are uniformly bounded

in absolute value kpkg.

Proof: Consider matrices AN = (aij7kN), BN = (bz‘j,kN)> and ON =

(cijkn) = AnBy, where a;;rn, bijen and c;jpn are (i,7) — th element of
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matrices Ay, By and Cy, respectively. Then

IN

SN (asan] ka,
SN bijen| < ks,

S leian] = SIS |aann] by ]

SN b | 28 laiwn| < kaks.

Similarly

IN

E?ivl |az‘j,kN| ka,
E?ivl \bijrn| < kg,
S leian| = SIS Jaagn| b en]
= SN |awen| S |byn| < kpka.
For second part of the Lemma consider the matrices D = (d;;), Ex = (e;j.n),

and Fy = (fijn) = D ® Ey, where d;;, e;; x and fi; ny are (i, j) — th element

of matrices D, Exn and Fy, respectively. Then

Syl < ko,
Sialdyl < ko,
SV legn| < ke,
Zév:l leijin| < kg

Furthermore, let i = (r —1)N +h, and j = (p—1)N +x, where r = 1,...  k,
h=1,....N,p=1,...;land x =1,...,N. Then

SN fin] = S |dep B0 lenan] < kpke,

SR fiunl = By el B4 lenan| < kpk.
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Lemma 2 Under Assumption 4 the elements of the matriz C, n, for h =

1,...,12, defined above have the following properties:

NT
i1 cn.ig

IN

ke,

S lenil < ke,

for all N > 1 and where T is a fived positive integer, and 1 <1, j < NT for
some 0 < k. < oo, where cp;; is the (i, j) — th element of matriz C, .
Similarly the elements of the matrix 6’h,N, for h =7,...,12, defined above
have the following properties:

Zﬁil [chiil < ks,

SV il < ke

forall N > 1 and 1 < i, j < N for some 0 < kz < oo, where ¢y ;; s the
(i,7) — th element of matrix éh,N.

Similarly the elements of the matriz éh,N, for h =7,...,12, defined above
have the following properties:

2Ly [enis] ke,

Ej\g [Chiil < ke,

IN

for all N > 1 and where T is a fived positive integer, and 1 <1, j < NT for

some 0 < kg < 0o, where ¢y, ;; is the (i,j) — th element of matriz C’\;%N

Furthermore,
(NT) 2S5 (eng + engi)® = o(1),
N8 50 (Chiy + Chgi)® = o(1),
N72Zi]i12§y:71/c\%,ij = o(1),
as N — oo.
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Proof: By Lemma 1 the row and column sums of the matrices Cj, v, 6’;17 N
and (?*h, ~ are uniformly bounded. Next observe that the row and column
sums of the matrices C, x4+ Cy, v, [Chv + Cyn)[Chn + Cy], Chn + 61;,1\7;
[Chn+ 5’,'”\,] [Chn +CN';L’N], (?*h,N@;L,N are uniformly bounded by 2k,, 4k?, 2kz,

4k2 and k2, respectively. The second claim of the lemma now follows because

(NT)22MISN (e + engi)? = (NT)2Tr{[Chn + Cy y][Chn + Ch iy}
4k2

—<£ - 0as N — 0.

NT

IN

Similarly,

N2 SN (@i + Chgi)? = N2Tr{[Chn + Cyp)[Chn + Chnl}

4k2
< £ —0as N — oc.
- N
Furthermore,
s k2
N~ 225\7125\[71 ,2HJ SNCHOGSNHOO.
Lemma 3 Y Letmy = (71N, ..., *nrN)s where w; n is a real valued random

variable such that for all 1 < i < NT, where T is a fived positive integer and
N > 1, the real valued random variables 7; v, are identically distributed with
mean zero, finite variance o2 and »y, = E(7}y) < 0o, where 0 < 02 < by,
and where b, is a known finite constant. In addition for each N > 1 the real
valued random wvariables w1 n,...,mnT,n are identically and independently
distributed.

Define a quadratic form Qn = 7\ AnTN, where Ax is a square matrix of

dimension NT x NT'. Then

EQN = EN —1@4i, N,

var(Qny) = (a—o )Eiviqasz + Uwzi\ing 1<CLZJN + aj, N)Qa

40This Lemma has been proved in Kelejian and Prucha (2001).
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where a;; N s the (i,j) — th element of Ay.
Proof: Observe that

/
QN = T NAN7T N
NTNT
E Z —1Qij, NT; NTj N,
_ yNT 2 NT i1
= Ei:laz‘i,Nﬁi,N + Ez’:lzjzl(aij,N + @i N )T NTjN-
In light of the i.i.d. assumption relating to m; 5 and also, given that E(m; y) =
0, we have
NT 2 NT
EQy = SliaunB(my) + S0 (s + ajin) E(minTN)
_ NT
- 2 1aZ’LN
Next observe that the random variables El_la” N7rz N and EN TZ (aw, N+
ajin)TiNTj N have a zero covariance since E(rm? T N NT, ~N) = 0 unless i =
o . . . 2 2 . - .
r = j, which is ruled out. Furthermore, cov(wLN,ﬁ%N) = 0, unless ¢ = 7,

and cov(m; NN, Ty NTRn) =0, unless i =r and j =k, or i = k and j =,

which is ruled out by the indices of the summation. Therefore,
Uar(QN) ZN 1au N’UCL’/‘(ﬂ' N) + ENTZ (aZj N + a]’L N)2’Ua’l“(7Tl Nﬂ—] N)
Note that

UW(W?,N) = E(W?,N) - (E(W?,N))2 =y — O-;lm

var(mnmin) = var(mn)var(m;n) = ok, when i # j.

)

Therefore,

UCW'(QN) = ( 4 — 0 )ZN lauN + Or ZNTZ (al]N + ajs, N)2'
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Lemma 4 *' Letny = (Mns -+ Inrn)'s wheren, y is a real valued random
variable such that for all 1 < i < NT, where T is a fized positive integer and
N > 1, the real valued random variables n; v, are identically distributed with
mean zero, finite variance 072] and Eni N < 00, where 0 < 072] < by, and where
b, is a known finite constant. In addition for each N > 1 the real valued ran-
dom variables 0y y, ..., Nyr N are tdentically and independently distributed.
Furthermore, let {x = (&, n,---,&nn)'s where & y is a real valued random
variable such that for all 1 < i < N and N > 1, the real valued random
variables &; y, are identically distributed with mean zero, finite variance ag
and Efi N < 00, where 0 < ag < be, and where be is a known finite constant.
In addition for each N > 1 the real valued random variables & y,...,{n N
are identically and independently distributed. In addition ny and &y are in-
dependent of each other.

Define Hy = £y Byny, where By is a matriz of dimension N x NT, also

where T is a fixed positive integer and N > 1. Then

EHy = 0,

where b N s the (i,j) — th element of By.
Proof: Note that

Hy = glNBNnN:Eévzjizz‘]\iﬂ?j,zvgi,zvbijw,
- Zéyzjinj7NZi]\;1€i,Nbij,N

Given our assumptions relating to the independence of 7, and £, and in

light of the i.i.d. assumption relating to 1, y and &; y, we observe that

#1This Lemma has been proved in Kelejian and Prucha (2001).
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cov(nijZfilfi’Nbij,N,nkwEf\ilfi’meN,) = 0 unless j = k. Furthermore, by
noting that En; v = E¢; v = 0, we have
EHy = E?gE(%‘,N)Ei]ilE(gi,N)bij,N =0,
var(Hy) = Evar(n; yE& wbijy)
= S var(n; y)var(S,E; xbij )
= Ejy:TlffZELUgb?j,N

_ 2 2\WNT N 2

Lemma 5 Under Assumptions 1 to 4, the quadratic forms Wy n, for h =

1,...,12, have the following properties:

Eq]h,N = 0(1)7
var(Ypn) = o(1).

Therefore,
Uy — By 50, Uy =0,(1).

Proof: In light of Lemma 3, observe that for h =1,...,6,

1 )
E\Ifh,N = mEUNCthUN
1
— maszg\;’]{Ch’ii,
and
1 ,
var(¥p, ) WUQT(UNCMNUN)
1 ,
- (N(T-1)) (Vo4 — 00) Bk i + 00 S S (Chij + cngi) ],

where ¢, ;; is the (i,7) — th element of Cj, n, U,4 = Fv}, since cov(vyv;,

UpmUsp) =0 unless i =r, k =mand j=s,l=n,ori=s,k=nand j=r,
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[ = m; compare, e.g., Kelejian and Prucha (2001). By Lemma 2, the row
and column sums of €}, x are uniformly bounded in absolute value by some

finite constant, say k.. Hence

1
EU S —) 3\ (AN PR
| h7N| - N(T_l)av z—1|Ch7 |
NT
< — 5%k,
= NT-17
< 0%k, < 20%k, < o0,

(T_l)'uc— v

since T' > 1 but finite, this proves that EV¥;, y = O(1).

Next we observe that

1

var(¥pn) < m[(ﬁm—(fﬁ) i+ 0B S (s + cngi)’]
NT ot
G () S, ) PN — T — —  EY) 3\ £ (S )2
= U= Oy gt T v -y e )
T k2 T2 o
S (191;,4_03)——64- z EﬁgZ;ﬁq(chm—FChm)Q.

(T—12N (T —1)2N?17
Given that 7" > 1 and finite, a sufficient condition for var(¥, y) = o(1) is
that the terms % and 7 S SN (chyij + cnyi)? on the r.hus. be o(1) as
N — oo, which holds in light of Lemma 2. The last two claims follow from
Chebychev’s inequality and, for example, corollary 5.1.1.2 in Fuller(1976,
p.186), respectively.
In light of Lemma 3 and 4 given our assumption that u, and vy are
independent, we observe that for h =7,...,12,
2

NEM;VCh,NUN

T . ~ 1
E¥ny = JEunChnpn + 4

2 AT—1yN 2AT—1yNT
= TOMN Zi:lch,ii—i_o—yN Zizlch,ii,

EU;VCh,NUN +
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and

2 1 1 / 4 A
var(Vyy) = mUQT(MNOh,N#N) + mvar(UNOh,NUN) + mUaT(MNCh,NUN)
= T2N72[(19u,4 - Ui)zizlgi,ii + Uizﬁlzé;l(gh,ij + 5h,ji)2]

AN 2[(Dya — 00) Bk 5 + o)X R (Chij + Cngi)]

1= vi=1

2142 2vIN WWNT -2
+N [4Uuavzi:12jzlch,ij]7

where ¢y,ij, Cn,ij, Cni; arve the (i,7) — th element of Cj , éhw, éh,N, respec-
tively, ¥4 = Epg and 9,4 = Evj, since cov(pp;, pippt,) = 0 unless i =,
and j = s, or ¢ = s, and j = r and cov(vigvji, UVpmUsy,) = 0 unless i =7, k =m
and j =s,l=n,ori=s, k=mnand j =r, [ = m; compare, e.g., Kelejian
and Prucha (2001). By Lemma 2, the row and column sums of éh, Ny Chns
éh, ~ are uniformly bounded in absolute value by some finite constant, ks,
k. and kg, respectively. Hence, in light of our assumption that p and v are

independent we observe,

BV, N < TaiN—lzgil |Chail + o2NTSNT |en il

< TJZk’g—l— To’k, < o0,

given that 7" > 1 and finite, this proves that E¥;, y = O(1).

Next we observe that

var(Vnn) < TAN72[(9,4 — ai)Nk% + aiEfileyzl(Eh,ij + Cnji)?]
+N2[(ya — o) NTE2 + oy S5 (eng + cngi)’]
+N"*[40%0o N K2
k2 ~ -
— [T2(19M,4 — Oﬁ)ﬁc —|— TQO';ILN_2EZ-]\;12§V:1(C}L7U —|— ChJi)Q]

k2
T (Ppa — Ui)ﬁ + T2y (NT) 2SS (enj + cngi)?]

k2
+ [40i03 N‘:]
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Given that 7" > 1 and finite, a sufficient condition for var(¥;, x) = o(1) is that

k2 k2 k2 —2vN vN [~ ~ 32 —2y\NTNT
the terms 3¢, 5, 55, N7285, 500 (Cpij + Chyji)? and (NT) 7250320 (i +

cnji)? be o(1) as N — oo, which holds in light of Lemma 2. The last two
claims follow from Chebychev’s inequality and, for example, corollary 5.1.1.2

in Fuller(1976, p.186), respectively.

Lemma 6 Consider random variables vi y, wit.n , Vit N, and wiyn and as-

sume that
-~ () v ~ w w
Vit v — vien| < Dig NTR |Wit.n — witn| < D NTR

v W v w y N y
where Dy ., Di n, TR and TR, are,respectively, nonnegative random vari-

ables with

(NTythT:lZi]il(D%,N)Q = Op(1)>
(NT)_IELEZ].L(D;N)Q = Op(1)7

and

Suppose furthermore that

(NT)ilzgﬂ:lZi]ilU?t,N = Op(l)a
(NT)_lthzl fLW?t,N = Op(l)-

Then

(NT) 'l SN Ty nGun — (NT)ISE SN vy ywgy 2 0, as N — oo.
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Proof: Observe that

{(NT)—lthzlzi:@M@it,N — (NT)'S, 2N v vwir v

IN

(NT) 'S 8Y Ui, v — v, v |wie,v ]
+(NT) 'S SV @iy — wien| |vien|
HNT) 'S SN [Oun — vien| @iy — wirn

[(NT)T'Siy 555 Df v lwie w17

IN

HNT) S DL DYy [vae v 7%
+[(NT)AZ;[:lZﬁlDZ,ND%,N]T})VT%

(NT)T'S S (D ) 2 INT) T S 2 wf b2
+[(NT) 'S, BY, (D;}:,N)?]l/z [(NT)”ELELUZ,N]1/2T7v
H(NT) ' EL, B (D 6 INT) TS Y (D 3P P

IA

The last inequality follows from the above equation and Hélder’s inequality.
Since 7%, = 0,(1) and 7§, = 0,(1), the claim in the lemma follows by observing

that all other terms are bounded in probability.
Lemma 7 Under Assumptions 1 to 5 we have for h=1,...,12:
(Ivfh’N - qjh,N ﬁ> 0, as N — o0,

where Wy, y is expressed in (A.15a) and (A.15b). \Tlh,N is a sample quadratic
form of Wy, n which is based on predictors of uy, Un and Uy, say Uy, ﬁN
and %N respectively, where uy, Uy and Uy are defined in (5) and (31), re-
spectively, and where Uy and %N are defined in (32). The i — th element of

UN(t), ENU:)? i]\f(t)a 'le(t), %Na:)? iN(t) are uit,N7 Hit,Na i’L't,]\77 ait,N7 %’it,]\ﬁ
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Ui, respectively. We define

TN = So Wi NUjiN,
Ui N = Ej'vzlwij,Nﬂjt,N = Eévzlwij,NE{\ilel,Nult,Na
Upn = SN jwi N,
%it,N = Zé‘vzlwij,Nﬁjt,N = Ej‘vzlwij,NEfilel,Nalt,Na

where wi; N, win are (i,j) —th and (j,1) — th element of Wy, respectively,
and where Uy N, W N, Ujr N are predictors for wi n, Wi N, Ut N, Tespectively,

which satisfy Assumption 5.

Proof: It will prove useful to introduce the following expressions:

en = Qonun,

Py = (Ur@Wn)py = (It @ Wy)Qo,nun,

on = (Ir@Wy)py = (Ir @ Wi)ey = (Ir @ WZ)Qonuw,

Yy = Qinun, (A.16)
Uy = (Ir@Wn)vy = (Ir @ Wy)Q1 nun,

Oy = (Ir@Wn)y = (Ir @ W)y = (Ir @ W) Q1 nun-
In light of (A.16), (11) and (31) we have

I @ Wn)Qonun = Qon(Ir @ Wy)un = Qo nUn,
oy = (Ir@Wy Qonuny = Qon(IT ® Wi)uy = Qo NTN,

( ) ( )
( ) ( )
Uy = (Ir@Wy)Qinuy = Qun(Ir @ Wy)uy = Qunty, (A17)
Iy = (Ir @ WR)Qinun = Qin(Ir @ WR)un = Q1 nTUn.

On =

The i —th element of ¢y (t), Py (1), Py (1), ¥n(t), Vi (t), ¥n(t), respectively,
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in expressions (A.16) and (A.17) are,

Furthermore,

Wi, N

Uit N

Pie, N — Ui, N — %25—1Uis,N7
@it,N = Hit,N - %ZZ—lﬂzs,N7
Pun = UinN — %Zz—lﬁzs,Na
wz‘tyN = %Ezzluis,Nv
Eit,N = %Zz_ﬂis,m
Eit,N = %EZ—ﬁz&N

N
E]‘:lwij,Nujt,Na

N —
Ej:lwij,Nujt,N =

wN

J

N
L Wi N 2= Wy, N U, N

(A.18)

(A.19)

where w;, v is the j —th element of uy(t) and w;; x is the (7, j) — th element

of WN.

Premultiplying the quadratic forms in (A.15a) and (A.15b) by
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rewriting the expressions using (A.16) and (A.17) into scalar notation yields

T

Uin = ﬁ(NT)_I@\/‘PN = ﬁ(NT)_IEtTﬂEfL‘P?t,N,
_ T 1,7 — T 1T N —
Uon = H(NT) PNPN = = (NT) " i B 0u NPit N
T 1, —
Uy = 77— (NT) PPy = 7 WNT)” R2DIARHE
T 1= — T -1vT vwN = —
Uyn = ﬁ(NT) PNPN — T_1 = (NT) Et:12i:1%t,N%t,N7
T = — T —2
Usy = E(NT) 190,N<PN = T _ 1<NT) 1EtT 12N1<Ptha
T 1= T —1yvT N =
YN = H(NT) PNPN = H(NT) Y1221t NPit,N
U7y = TNT) "Wyt = T(NT) 'S Y05 v (A.20)
Vg v = T(NT)_]"WN@N = T(NT)_lzlezg\;l%t,N%t,N,
= — _ —2
‘1/9, N = T(NT) lwlNd}N = T(NT) 12?:1211\41"‘%,1\[7
==/ __ — J—
\1110, N = T(NT)_1¢N¢N = T(NT)_IEthleiﬁ/’it,Nﬂ)it,Na
=/ —= =2
Un,n = T(NT) 'pyty = T(NT)ilzzzlzi]ilqbit,N?
Uy = T(NT) "yiby = T(NT)_lzlezg\ilwit,NEit,Na

where it N» Pit, N %,w, 77Z}zt N> Ezt N EN are the 7 — th element of ¢y (t),
Dn(t), Ba(t), Un(t), dn (), ¢N() respectively
In the following let By, By P wN, @ZJN, wN be predictors of P DN

2n > Uny wN, @/)N, which are based on uy, uN, Uy, where Uy, uN, Uy are
predictors of uy, Uy, Uy, respectively, which are defined above. Following

our convention, the i — th element of D), Balt), Pnl(t), Uy (t), On(t),
¢N( ) will be denoted by & x, %t,N: %t,N: %t,N» Ez‘t,Na Eit,N? respectively.

To prove the lemma we verify that for each of the quadratic forms in
(A.15a) and (A.15b) and reexpressed in scalar notation in (A.20), the as-

sumptions maintained in Lemma 6 w.r.t. the respective variables are satis-
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fied. Since T' > 1 and finite, the terms 7'/(T — 1) and T are finite constants
and can be ignored in our arguments.

We first verify that oy, x, Bir x> Piens Viens Eit, N, and En, ~ satisfy con-
ditions maintained for v;; y and w; y in Lemma 6. Since ¥, y = O,(1) by

Lemma 5, for h = 1,..., 12, therefore, it follows from (A.20) that

(NT)_lzﬁilE?:l@?t,N = Op(l)a
(NT)ilzﬁilZ?:l@?t,N = Op(l),
(NT)ilzi]\ilE?:lE?t,Na - OP(1)7 (A21)
(NT)_12£12$:1¢?t,N = Op(l),
_ —2

(NT) lzi]LEtT:lwit,N = Op(l)a
(NT)'sN ST T o = 0,(1)

i=1~t=1%, N> — p\+)-

We next show that i, n, @i vy Pir.ns it N> Pie,vs Pirv and their predic-
tors 0y s Pitns Viens Viens Pirns Virn satisfy the remaining conditions in
Lemma 6 for v, y and w;, y and their predictors, v, n and w;, y. Analogous

to (A.18) we have

Pun = UgN — %Zz_ﬁis,m

iit,N = iz‘t,N - %Ezzﬁz‘s,m

%it,N = %it,N - %Zz_l%is,N, (A.22)
izz't,N - %Ez—ﬁis,m

iz‘@N = %Ezzlﬁis,m

Eit,N = %Ez_l%is,zv-
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Furthermore, analogous to (A.19), we have

Uy, N = E;y:1wij,Nﬂjt,N, (A.23)

iit,N = Zj‘vzlwij,Nﬁjt,N = Ej‘vzlwij,NZi]ilel,Nalt,N-
Recall that by Assumption 5,
it v — wien| < | din|| | AN (A.24)

where (NT)'ST SN ||din||PT = O,(1) for some § > 0 and N2 | Ay| =
O,(1). Then, by Holder’s inequality with ¢ =2+ 6, 6 > 0, and % - ]—1) =1 we

have
PN — Pan| = |t — Uiry — %Ele(uiw — Uis,N)
< ugn — U n| + %25_1 |Uis N — Uis N
< 281 Juisn — Uis ]
< 2||AN|IE L [Idis |
< 2||An] [Z PP ldss w1 (A.25)
< 2||An|| TYPE Y, (] dis a1

2[|Aw|| TYPINT) Sy 5L [ dis ][]/ (NT) M
2TNY || AN [(NT) 'S B [ dis,v][7H

= DNTN7

where Dy = [(NT) 'S 5N, ||dis v ||7]Y4, and 7y = 2T N4 || Ay||
= 2T N—9/BEHINL/2||Ay||. Given that T > 1 and finite, and by Assump-
tion 5, Dy = Oy(1), and 7 = 0,(1). Therefore, ;, y and @, y satisfy the

properties maintained for v; and U;; in Lemma 6.

87



Next observe that by Assumption 4 we have

p—1
| < KBTS wg ] < KD

(A.26)
Recall the expressions for B, v, Uit v, %it’ ~ and Ty, v given in (A.18), (A.19),
(A.22) and (A.23), and the inequality (A.24). Then by the triangle and
Holder inequalities with ¢ =2+ §, § > 0, and % + % =1, as well as (A.26)

S Jwig NP = ETEN |wij ] [‘%N
w

yields

~ _ T _
Uit N — Uit N — 7251 (Tis, N — Uis,N)

Pit, N — %‘t,N‘

< ﬁz't,N — ﬂit,N’ + %Estl ﬁz's,N — ﬂz’s,N‘

< 2nf, ﬁz's,N —ﬂis,N‘

= 25 2 Jwij n | s N — s ]

< 2| AN EL S Jwijn] [1djs ]|

< 2/|AN|[SL S Jwig PP« (A.27)
[ZL 0 ldjs w1

= 2|| AN [TE, fwi w7 *
[(NT) 'S, B0 [ ldjs ]| ]/ (NT) Y

< 2TNY4||Ap|| b *

[(NT)_TLEL des,NHq]l/q

= DN?NJ

where Dy = [(NT) 'S, SN, [|djs, v||*]Y%and Ty = 2Tk, N4 [|Ay]]
= 2Tk, N~O/RCEHOIN/2 || Ay|| . It now follows immediately from Assumption
5 and given that 7 > 1 and finite, that Dy = O,(1) and Ty = 0,(1).
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Therefore, P, y and iim ~ also satisfy the properties maintained for v;; and

vU; in Lemma 6.

Now recall the expressions for B, x, Tit,n, Py, y and %it, ~ given in (A.18),
(A.19), (A.22) and (A.23), and the inequality (A.24). Then by the triangle
and Holder inequalities with ¢ = 2+ 6, § > 0, and % + % = 1, as well as
(A.26) yields

= — = — 1 =
Pit, N — %t,N’

T =
Uit N — Uit, N — Tzszl(uis,N - uis,N)

< %it,N — iit,N‘ + %Zz_l ‘%is,N — iis,N‘

< 2xf, %is,N_iis,N‘

= 280, 5 Jwi | B [wjin] s,y — ws ]

< 2| ALY fwign| S fwi x|

= 2[|AN|| S Jwin] S S Jwjn] [|dis ] (A.28)

< 2| AN ZN fwyn] (S fwjin ]
[S2,ZN [ldi 1]

< 2[|ANI B, fwigw] [TEX, fwan ]+
(NT)SL SN [[din ] (NT) Ve

< 2TNY9||An|| S Jwijn] K *
(NT) S22 (ldis,w]|)

< 2TNY4|| Ay K2 [(NT) 'L, 5 [|dg]|]

= DN?Na

where Dy = [((NT) 'S, SN | (||| and 7y = 2TKZ N2 [|Ay]|
= 2Tk2 N~/RCHII N2 || Ay||. Again, it follows immediately from Assump-
tion 5 and given that T > 1 and finite, that Dy = O,(1) and Ty = 0,(1).

Therefore, B, y and Py, y also satisfy the properties maintained for v;; and
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vU; in Lemma 6.

Recall the expressions for v, N,;/)it’N, given in (A.18), (A.22), and the
inequality (A.24). Then using the triangle and Holder inequalities with ¢ =
246,60 >0, and%+l—1) = 1, yields

wit,N_qjjit,N‘ - {

< 2 AN i

< AN PP, dunlTe (A29)
< IANITPIST S, ldi 1

= AN TP NT) SIS, [l 15N T)

< NV AN [(VT) ST 2 i 7

*
DNTN7

with Dy = [(NT) 'S 801, [|din[7]19, and 7} = NV [|Ay]]
= N79/REHINY2||Ay||. By Assumption 5, Dy = O,(1), and 7% = 0,(1).
Therefore, v, y and %a ~ satisfy the properties maintained for v;; and v;; in
Lemma 6.

Recall the expressions for ¥, v, i, iit, N and %a ~ given in (A.18),
(A.19), (A.22) and (A.23), and the inequality (A.24). Then by the triangle
and Holder inequalities with ¢ = 2 + 6, 6 > 0, and é + % =1, as well as

(A.26) yields
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= — 1 ~ —
@/)it,N - %t,N‘ = 'TEZ:l(uis,N - Uv;s,N)
lar |z _
S TES—l Uis, N Ujs N‘
1 -
- TZZ:lzévzl |wij N | [tjs N — s N
1
< FlAx] S X0 Jwiin ] [dje ] (A.30)

1
< f ||ANH [23212;\[:1 ’wij,N|p]1/p[EsT:1Z§y:1 des,NHq]l/q
J
(NT) 'L, (s n [T 4(NT) e
NY/a |AN|] K *
(NT) 'S S, [ |djs ]

1
= ANIHTS wi w7177

IN

T =
— DNTN7

where Dy = [(NT) 'S SN, [|djs )Y %,and 7 = ko NV |[Ay]]
=k, N~¥/RCHIINLZ || Ax||. Tt now follows immediately from Assumption 5
that Dy = O,(1) and T = 0,(1). Therefore, 1, 5 and ¥, y also satisfy the

properties maintained for v; and U;; in Lemma 6.

Now recall the expressions for Et, N Uit Vi and %Z-t, ~ given in (A.18),
(A.19), (A.22) and (A.23), and the inequality (A.24). Then by the triangle
and Holder inequalities with ¢ = 2 + 6, 6 > 0, and % + é =1, as well as
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(A.26) yields

wit,N

— Vit N

IN

IN

IN

IN

1 = —
‘ Tzzzl(uis,N - uis,N)
1 = =
?Zil Uis, N — uis,N‘
1

ng—lzly—l |wig N | Siey [wji,n] [tis v — wis, v

—||AN||ET Y g S Jwi] [[dis ]|

= ||AN|| S Jwig N | BB [ n] [ dis vl |

- ||AN||2 " lwig] [EL N o]+
[ZT SN (ldia ] (A.31)
—||AN||2 " fwigd [T )77+
(NT)'ST, 2N (|diw ]| (NT) Ve
SONT)Y | ][ By iy TR,
(NT)'SL, 5 (ldis]|)

NV || Ay B2 *

(NT) 'S8 [ldinll]

- —x
DNTN7

where Dy = [(NT) 'S, SN |||V and 7y = k2 NV || Ay]|

= k2 N-/RERINLZ||Ay||. Again, it follows 1mmed1ately from Assumption

5 that Dy = 0,(1) and Ty = 0,(1). Therefore, zﬂit’ ~ and @/Jit’ y also satisfy

the properties maintained for v;; and v;; in Lemma 6.

Having verified that all variables involved in the quadratic forms in (A.15)

considered in Lemma 7 satisfy the conditions of Lemma 6, then Lemma 7

follows from Lemma 6.
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The proof of Theorem 2 requires a central limit theorem (CLT) for tri-
angular arrays. The CLT follows directly from a corollary to the Lindeberg-
Feller CLT for triangular arrays using the Cramer-Wold device. That corol-
lary is, for example, given in Billingsley (1995, problem 27.6, pg. 368).

Theorem A*. Let {v;n,1 <i < NT,N > 1} be a triangular array of
random variables, where T is a fixed positive finite integer, that are identically
distributed, and for each N > 1 (jointly) independent, with Ev;, y = 0
and Eviy = 0%, 0 < 0 < oo. Let {z;n,1 < i < NT,N > 1}, j =
1,..., K, be a triangular array of real numbers, where T is a fixed positive
finite integer, that are uniformly bounded in absolute value, that is, k, =
SUP N7 SUD; < N7, j < ¢ |2ij, N| < 00. Furthermore, consider {Vy : N > 1} and
{ZN N > 1}, where Vy = (Vi,N)z‘:l ..... Nt and Zy = (Zij,N)z‘:l ..... NT; j=1,...K
denote the corresponding sequences of N7T' x 1 random vectors and NT' x K
real matrices, respectively. Let

lim (NT) 'Z\Zy = Q,

N—oo

be finite and positive definite. Then
(NT)" V22, Vy 2 N(0,02Q).
Proof of Theorem 1. To prove part (a) of the theorem observe that
(NT)Bepsy — Bl = ((NT) 7 ZyQo N Zn] (NT) 2 Z3Q; jews

where BGLS’N is defined in (23) and Zy = [Ir ® (Ix — pWnx)] Xn. Note that
in general the elements of Zy will depend on the sample size. Furthermore,
under our maintained assumptions the elements of 7y are uniformly bounded

in absolute value by (1 + ky )k,

42 A similar theorem has been used in Kelejian and Prucha (1999).
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Recall from (17) that

Qs_ilv = ‘71_2Q1,N + UJQQO,N- (A.32)
Therefore,
Aim (NT)ZyQ_yZy = lim (NT) "o, *ZyQonZy +
012 ZNQ1Nn 2]

= 0,°Q,0,.(P) T 01°Q,,, . (),

where @ Qoz< p) and @ le(p) are defined in Assumption 3, and are finite and
nonsingular.

Recall from (6) that

EN = (€T®IN),UJN—|—UN.

Furthermore, by Assumption 1 the error terms, viin,...,UN1N,-- -, V1TN,
...,unyrN are identically and independently distributed and for each N > 1
jointly independent with mean zero and finite variance o. Similarly the error
terms, /iy y, ...,y y are identically and independently distributed and for
each N > 1 jointly independent with mean zero and finite variance ai. In
addition, the two processes {vi,n} and {j; y} are independent of each other.

Now we express

(NT) V2 Z\ Q- ven = (NT)VPZRQ N (er @ In)puy + (NT) V2 Z'Q; \ow.
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Using the definitions of @1 x and Qo y in (8) we have
Jr

Qonler®@Iy) = ((Ir— ?) ® In)(er ® In)

= (Ir— ?)GT ® Iy

= (BT — BT) & IN = O, (A33)
Qinler®1Iy) = (? ® In)(er ® Iy)

= (%GT ® In)

= (eT & ]N)

Using the results in (A.32) and (A.33) we express
(NT)" 22y Q- (er @ In)uy = (NT) 2 Z\ o1 (er @ In )y

Next by Assumption 3 and (8) observe that

/
lim (NT) 074 Zy(erdh @ Iv)Zy = lim (NT)"'To;*Z), (eT;T ® In)Zn
= lim (NT) YTo " Z\ Q182N
= TO_I 4QIQ x( )
Jim (NT) ' ZN 2y = Jim. (NT) o * ZNQ1nZn +

lim (NT) o, * Z\Qo.nZN
= 01'Q,0..(P) +0,°Q , ().

~xQox

Then by Theorem A
(NT)~ Y2z Qg_N(@T ® In)iy o N{0,0 [T01_4Q le(ﬂ)]h
(NT) 230 yow = N{0,02[07°Q , (0) +0,°Q ()]}

where @ le(p) and @ Qox(p) are defined in Assumption 3. Given o7 =
02 +To?, and by Assumption 1 that the two processes {y; y} and {vyn} are
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independent of each other, it then follows that

(NT)V2Zy Qo yen = (NT)V2Z0Q N (er @ In)uy + (NT) V220 joy
2 (N0, [02(To1'Q, ()]} + (A.34)
N{0,[03(01°Q,, ,(P) + 0,°Q,, L (P)]}]
= NA0,[(To} +00)01'Q,, . (p) +0,7Q
= NA0.[07°Q, 4, () +0,°Q, ()]}

()1}

TQox

By Assumption 3 and (A.32)

lim (NT) ' 2y 32y = lim (NT) [0, *Zy Qo 2 +
01 2 Zy Q1N ZN] (A.35)
= 0,°Q,0,,(0) T 077Q,, (1),
then it follows from (A.34) and (A.35) that*?
L (NT) ' 230\ Zn)H(NT) 2200 e

[ Jim

= [o 2% (0) +017Q,, (P)] " *

(NT)" V2230 ven (A.36)
2 N A{0,[01°Q,, . (0) +

0,°Q 0, '}

Therefore,
(NT)Barsy — Bl 2 N A{0,[07°Q, . () +0.,°Q (P '},

which also implies that /BG Ls.N 18 a consistent estimator of 3.

We prove part (b) of the theorem by showing that

(NT)1/2[5GLS,N - BFGLS,N] 20 as N — oo.

43See Greene Ch. 12 Pg. 501-502, 2000.
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To prove this it suffices to show that**

(NT) ' X {[Ir ® (In — Dy WA QN I ® (Iv — Py Wi)] —
[Ir @ (In — pWJ'V)]Q;]lV[IT @ (In — pWa)}X 20, (A.37)

and

(NT) 2 X0 {[Ir ® (In — Dy Wi W lEr © (Iy — Py Wa)] —
[Ir @ (In — pW)IQ Wl @ (In — pWa)|Jun = 0, (A.38)

-1 _~—2 ~—2 ~—2 ~—2 . .
where Q0 =0 yQ1,n +0, yQon and 07 and 7,7 are consistent estima-

tors of o2 and o2, respectively.

Using the above expressions for Q;]lv and ﬁ;]lv and by (11) we get

U ® (In — pNWN)]Qa Nl ® (In = DyWa)] —
(I @ (In = pW)IQ- x e © (In = pW)]

~

- [IT@ Iy — NWN)(IN_ NWN)]Q_l -

(
(
(
(I ® (In — pWi)(In — pWN)|Q (A.39)
= [Ir® (Iy = PxWh) Uy — W),
[Ir @ (Iy = pWi) Iy — pW)I ) +
Ir @ (In — pWi) (I — pWa)I Ok —
[Ir ® (Iy — pW&)(IN — Py
= [Ir @[~y — p)(Wh + W) + (% — P IWAWN](GL3Qux + 5,2 Qon) +

[ ® (In = pWR) Iy = pWw))[(@1 5 = 07)Quy + (G, 5 — ,°)Qon].

44See Schmidt, pg. 71, 1976.
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Using (A.39) in (A.37) and (A.38) we have

(NT) ' X {[Ir @ (In = DAWR)IQo N e @ (Iy — Py W)

—[Ir @ (In — pWR)U N [Ir @ (Iv — pWn)]}X (A.40)
= —(n = P)(NT) ' X {[Ir @ (Wi + W[5 Q1 n + 7, v Qon]} X +

(Px = PAYNT) X {[Ir @ (W Wa)][67 wQuw + 5,y Qon} X +

(612 — 072 (NT) X {[Ir ® (In — pWi)(In — oW )| Qun kX +

(.75 — o, )YNT) X {[Ir @ (Iy — pWR)(In — pW)]Qon} X,

and

(NT)2X Iz © (Iy = pyWIQ [ ® (In = Dy W) -

[Ir © (In — pW)IQ y I @ (Iny — pW)] bun (A.41)
= —(x = P)(INT) " 2X{[Ir © Wy + W)][G1 Qo + T, xQon]Yun +

(0% = ) (INT)2X {1 ® (W;VWN)][aiNQl,N + U;NQO,N]}UN +
(073 — o) (NT) V2 X {[Ir @ (In = pWi)(In = pW)]| Q1w Yun +
(Fon = 0, )NT) X\ {[Ir @ (Iy — pWi) (v — pW)] Qo Yuw.
Next we note that under our maintained assumptions the elements of Xy,

Wi, Qon and (1 n are uniformly bounded in absolute value by k., ky, 1, 1,

respectively. It then follows from Lemma 1 that the elements of

(NT) ' X {lIr ® (Wi + Wx)]Qun} Xn,

(NT) ' X {[Ir @ (W + W) Qon} X,

(NT) "' Xp{[Ir @ (WAW)lQ1n} X,

(NT) "' X {[Ir © (WyWi)]Qon} X,

(NT) ' X {[Ir @ (In — pWi)(In — pWa)]Q1n} Xy,
(NT) "' X {[Ir @ (Iy — pW) (In — pW)| Qo } X,
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are uniformly bounded in absolute value by 2k2k,,, 2k2k,,, k2k2, k2k2 ) k2(1+
kw)?, k2(1 + k)2, respectively. Condition (A.37) then follows from (A.40),
since Py, 337 N and 3?7 v are consistent estimators of p, 02 and o2, respectively.

Next consider the following expressions in (A.41):

oy = (NT)'2X\{[Ir @ (Wy + Wy)|Qun }uw,

Oon = (NT) 72X\ {[Ir ® (Wi + Wi)]Qon Yux,

Ssn = (NT)'2X{[Ir ® (Wi + Wn)|Qunun, (A.42)
dan = (NT)V2Xp{[Ir @ (Wi + W) Qo Yun,

Osn = (NT) X3 {[Ir ® (In — pWy)(In — pWn)] Q1w Fun,

don = (NT)PXp{[Ir ® (In — pWy)(In — pW )| Qo v Yt

It is evident that Fd, y = 0, for i = 1,...,6. Using (7), (13) and Py(p) =

[In — pWy| ™! the variance-covariance matrix of d; y for i =1,...,6 is
Ed; N0y = (NT) ' Xy ®: X i=1,...,6

where

O = oi{lr @ [(Wy +Wx)Px(p)Pn(p) (Wy + W)} Qux,

O, = oy {Ir ® [(Wy + Wn)Pr(p)Pr(p) (W + W)} Qo

Oy = oi{lr @ [(WyWn)Px(p)Pn(p) (W W)} Q1w

Oy = or{lr @ [(WyWn)Py(p)Py(p) (W W)} Qon,

5 = 0%(% ® Iy) = 01Q1n, (A.43)
B = oA(r— )@ I) = oo

Under our maintained assumptions the row and column sums of Wy, Py(p),

Q1.nv and Qo n are uniformly bounded in absolute value. It then follows
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from Lemma 1 that row and column sums of matrices ®; are also uniformly
bounded by some finite constant, say k; (i = 1,...,6). Since the elements
of Xy are uniformly bounded in absolute value by k,, the elements of the
variance-covariance matrices (NT)~' X ]/V<I>,~X ~ are bounded in absolute value
by k2k; < oco. It then follows from, for example, Corollary 5.1.1.2 in Fuller
(1976) pg. 186, that the elements of §; y fori =1,...,6 in (A.42) are O,(1).
Condition (A.38) is seen to hold from (A.41) because py, 357 n and Ei N are
consistent estimators of p, 02 and o%, respectively.

Part (c) of the theorem follows immediately from (A.32) and Assumption
3 and also the fact that py, Zf\i y and Zf\i n are consistent estimators of p, 2
and o2, respectively.

Next we prove that under Assumptions 1 to 5, the OLS estimator for the
model in (4)

yn = XnB + un,

BOLS’N = [ XN Xy Xhyy is (NT)Y? consistent, where N > 1 and T is a
fixed positive integer. Observe that
(NT)2Bopsy = H) = [(NT) X Xu) (NT) ™2 X uy
= [(NT) ' X XN THNT) Y2 Zen,
where uy is defined in (21) and Zy is defined here as Zy = (Ir ® (Iy —
pWh) 1) Xy. Note that in general the elements of Zy will depend on the

sample size.

Recall from (6) that

en = (er ® In)uy + vy,

Furthermore, by Assumption 1 the error terms, viin,...,UN1N,-- -, V1T,

..., unt,n are identically and independently distributed and for each N > 1
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jointly independent with mean zero and finite variance o2. Similarly the error
terms, /iy y,..., My y are identically and independently distributed and for
each N > 1 jointly independent with mean zero and finite variance O'Z. In
addition, the two processes {vy,n} and {j; y} are independent of each other.

Now we express
(NT) 2 Zyen = (NT) 2 Zyy(er @ In)uy + (NT) "2 Zy oy,

Assumption 3 and (8) implies that

eren

Aim (NT) ™ Zy(erer @ In)Zy - = lim (NT) 7T Zy(—— © In)Zn
= lim (NT)"'TZyQu.nZx
= T@lez(p)7
lim (NT)"'ZyZy = lim (NT)" Xy (Ir @ (In — pWx) " (Iy = pWR) ) Xy
= Qulp)-

Then by Theorem A

(NT)"V2Z(er @ In) iy 2 N{0,02TQ,0..(0)},
(NT)"V*Zyon 2 N{0,0%Q,,(p)}, (A.44)

where Q,¢,,(p) and Q,,(p), defined in Assumption 3, are finite and nonsin-
gular. Next note that

sz(p> = @w@ox(p)_’_@lex(p)a

2 _ 2 2
o = To,+o,.

Thus
(NT) Y2 Zuy 2 N{0,0%(Qugue(p) + Qugra(0)}-
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By Assumption 1 the two processes {j; x} and {vy n} are independent of

each other and therefore,

(NT)"V2ZNey = (NT) Y2Z\(er @ IN)uy + (NT) Y2 Zhuy
2 [N{0,02TQ,,.(0)} + N{0,02(Queu () + Quu (P))}]
= N{O,[(002T + 02)Q,q,4(P) + 03 Qu00:(0)]} (A.45)
= N{0,[07Q.0,.(p) + 02Q.0s.(0)]}-

From Assumption 3 we have

lim (NT) ' XXy = Quu(p), (A.46)

N—oo

where is ). (p) finite and nonsingular. It then follows from (A.45) and (A.46)
that

[ Jim_ (NT) ' X\ Xy H(NT) Y2 Zen
= [Qualp)] H(NT) " Zyen
2 N{0, [Qua ()] (03 Qe (0) + 02 Q0 (0)) [ Qe (0) 7'}

Therefore,

(NT)Y2(Borsn—B8) 2 N{0,[Qua(p)) (03000, (0)+02 Q00 (1)) [Qua(p)) 1},

which implies that 3, Ls.n is (NT)'? consistent.

Proof of Theorem 2. In order to prove this theorem we first need to
show that &> s.n and 7 N s.n> Which are used in the weighting matrix On
in the definition of the GM estimator in (41), are consistent estimates of o2
and o2.

The existence and measurability of py; g v, 7N s.n and o N sy Which

are defined in (40), are ensured by, for example, Lemma 2 in Jennrich (1969).
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The objective function of the nonlinear least squares estimator and its cor-

responding nonstochastic counterpart are given by, respectively,

Rn(0) = [Gnlp.p* ol ot — gn] [Gnlp, p*, 02, 03] — gn),
Rn(0) = [Twlp p% 0203 — ] [Tnlps % a2 ol — .

where 0 = (p, 02, 03)". To prove the consistency of (Dy g v, 0o NLSN: O3 NLSN )
we show that conditions of, for example, Lemma 3.1 in Potscher and Prucha
(1991a) are satisfied for the problem at hand. We first show that 6§ =
(p,02,0%) is identifiably unique. By (36) we have

IN = FN[pv p27 0'12;7 0-?]
Hence Ry (0) = 0 and

Ry(0) — Rn(0)

= [p - P p2 - p2ag12; - U%,Q% - O-%]F;VFN

o= p. 0> —p* 02— 0% 05 — of]
> i MNIN)p = p, 0 — p*. 00 — 03,07 — 0F)
o= p. 0" = p* 0 — 0% 05 — of]
> Mp—pai—o2 ot —alllp—p.ai— o2 ot — ol = A0 — 0|

utilizing Assumption 6. Hence for every € > 0 and any N, we have
inf — — inf
Ry(0) — Rn(0)] >
R S R T
which proves that 6 is identifiably unique. Next, let Fy = [Gy, —gn] and

A0 — 0] = M\e® >0,

Oy = [[n, —yy]; then for p € [—a,a], 02 € [0,b,] and o3 € [0, b]

|Rn(0) — Rn(8)| = [p,g2,_3,gf,1][F}vFN—QI)}V<I>NHQ,Q2,Q3,Q?,1]‘

IN

o = wven]|llp et b1

IN

)F}VFN - <I>}\,<I>NH (14 a* 4 a* + 0% + V7).
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Lemmata 5 and 7 imply that Fy — @y 2, 0 and that the elements of Fy and
@y are O,(1) and O(1), respectively. It then follows that Ry(0) — Rx(0)
converge to zero uniformly over the (extended) parameter space, that is,
sup |Rn(0) — Rn(9)]
pEl—a,a],02€[0,b,],02€[0,b1]

< ||y — o an[ [+ a2+ at 82 48 20

as N — oo. The consistency of (Dyrs a0 nisn O nigy) How follows di-

rectly from Lemma 3.1 in Potscher and Prucha (1991a).

Given that &, yp gy and &; ypgy are consistent estimates of o2 and 0%,
we now show the consistency of Py n, G ~rsn and CH ~isn Which are
defined in (41).

The existence and measurability of Py v, G ~rsn and o NLSN are
ensured by, for example, Lemma 2 in Jennrich (1969). The objective function
of the nonlinear least squares estimator and its corresponding nonstochastic

counterpart are given by, respectively,

RN<Q) _ [GN[Ba BQ,Qi,Q%]I — gN]/(:j&l[GN[£>£27Q37Q%]/ - gN]?
Ru(0) = [Twlp o0 al) — gn] OF' Tl o0, ad) =l
where 0 = (Q, Q%;Q%)I-

We now establish two preliminary results implied by the assumptions.
First we show that A\pin(IyOx Tn) > A, for some A\, > 0. To see this let
A = (aj;) =T yLon and B = (bi;) = I'} yI'1 x. Then in light of (36)

ai; a2 aiz 0 bir b1z 0 b3
Ty = as; Gz agz 0 bar baa 0 bos
a31 Q32 as3 0 0 0 0 0
0O 0 0 O bs1 bzs 0 b33
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Hence in light of using Assumption 6,

x/F;VFNx == {xb X2, 'IS]A['ID X2, $3], + [’IL T2, x4]B{xl7 X2, $4]/

v

/\min(A) [$1, T2, $3] [$1, T2, $3]/ + )\min(BHxla X2, $4] [$1, T2, $4]/

> Nz,

and thus in light of, e.g., Rao (1973, p. 62)

Gy
Amin(Dy D) = inf =2 >\ .

x'x
Next observe that

.I‘,F/NFN.f

IFI @_1F
Auin(CROF'Ty) = inf 2N > A (O inf

= )\min<@]7\[1))\min(FINFN) > )\o > O,

T'x

with Ao = A\, since )\min(@j\,l) >\, > 0 by assumption.
Second we show that ©," = O(1). For notational convenience let Sy =
Oy'. To verify the claim we need to show that |sijn| < k < oo for some

constant k that does not depend on N. Again in light of Rao (1973, p. 62)

Amin(Sn) = infoNx, Amax(SN) = maxxSNx

r Iz z  xlr

Hence it follows from the maintained assumptions concerning the smallest

and largest eigenvalues of Sy = ©3' that

xSy

0< A\ < < Nw < 00.

x'x
Taking = to be a vector that has a one in the ¢ —th and j — th positions and

zeros elsewhere we have
0 < A < (siun+8jn+285n8)/2 < Aw < 00 i # j.
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From this it is readily seen that |s;; | < .. for all i, j which proves the

claim.
~2

. ~ ~2
To prove the consistency of (Pnzsn,0y NLsN:O1 NLsN)s We show that

conditions of, for example, Lemma 3.1 in Potscher and Prucha (1991a) are

satisfied for the problem at hand. We first show that 6 = (p, 02, 02)" is

identifiably unique. By (36) we have

Hence Ry (0) =0 and

Ry(0) — Rn(0)

= [p—p,p*—p*al— ol ol — o} TyOy Ty

p—p.p* = 0" g} — ol at — i)

> Amin(TNON'TN)p— p, 0> — 0P, 0 — 03, 05 — o)
p—p.p* = 0" g — 0%, at — i)

> Nolp—p.a2—ol ot —atllp—p.ad— ol ot — ol =\ [0 - 0|

utilizing Assumption 6. Hence for every € > 0 and any N, we have
inf

>
G0 -0l =

inf

{0:110-0] > ENOESNG)

Ao |10 = 0] = Ao >0

which proves that 6 is identifiably unique. Next, let Fy = [Gn, —gn] and

oy = [FNv _’)/N]a then for p e [—CL, a]7 012) S [O7b1/] and O-% < [Ovbl]

[Ru(0) — R (0)]

I
=
Q

IA
=

VB3 Py = 8307104 || 2.2 1|

? 12;7Q?7 1][Fjl\f@]7\/1FN - (I);V@]i\fl(I)N] {Baﬂ%ggv

< \FJ’V@);&FN - cb}ve—lchH 14 a® +a*+ B2+ ]

2
le

1]‘

Lemmata 5 and 7 imply that Fy — ®y - 0 and that the elements of Fjy and

®y are Oy(1) and O(1), respectively. We also note that by the consistency
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of &2 ~rsn and o ~isn and the definition of Oy in (41), On — Oy B0,
furthermore, the elements of Oy and Oy are O,(1) and O(1), respectively.
It then follows that Ry(0) — Rn(f) converge to zero uniformly over the
(extended) parameter space, that is,

wttst st )

< ||F.65 Fy - @}V@N*@NH I+a2+a*+02+6] 50

. ~ ~2 ~2 .
as N — oo. The consistency of (Dyzsn,0, NLsN, 01 NLs,y) Dow follows di-

rectly from Lemma 3.1 in Potscher and Prucha (1991a).

107



5 Appendix to Chapter 3

5.1 A Linear City Model of Product Differentiation
with Heterogenous Consumers

Consider a city that can be represented as lying on a line segment of length

1, as shown in the figure

There is a continuum of consumers whose total number is /N who are assumed
to be uniformly located along this straight line segment. A consumers loca-
tion is indexed by z € [0, 1], the distance from the left end of the city. At
each end of city is located one supplier of a commodity: Firm 1 is located at
the left end of the city and Firm 2 is located at the right. This commodity
is produced at constant cost of ¢ > 0. The consumers are heterogeneous in
terms of the quantity demanded. Without loss of generality, let us assume
that consumers located between [0, z*] demand d; units of commodity, con-
sumers located between [z*, 2**] demand dy and consumers located between
[2**,1] demand d3 units of commodity and derive gross benefits vy, v and
vs, respectively from its consumption. The total cost of buying from firm j
for a consumer located at distance x from firm j is p; + tx, where p; is the
price charged by firm j and ¢/2 is the cost or disutility per unit of distance
traveled by the consumer in going to and from the firm j’s location. The
presence of travel cost induces product differentiation between firms. As a
simplifying assumption let z* < 1/2 < 2**.

Ignoring the possibility of nonpurchase by consumers, will purchase from
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the location with the minimum delivered price, that is, price charged at the
firm and also the cost of travelling to and from the firm. Given pair of prices,
p1 and p, charged by firm 1 and firm 2, respectively, consumers at locations
[0,2) buy from firm 1. At these locations p; +tz < py + ¢(1 — 2) (purchasing
from firm 1 is better that purchasing from firm 2). Consumers at locations
(z,1] will buy form firm 2. The location of the consumer who is indifferent

between the two firms is the point Z such that
pHtZ=ps+t(1—2),

or
t+p2—p
2t '

Given p; and po, let Z be defined as in (B.1). Then firm 1’s demand given a

(B.1)

Z =

pair of prices (p1,p2), equal di2* + do[Z — 2*], when 2* < Z < 2**, d1Z when
0 <Z< 2% diz* +dy[z™ — 2*] + d3Z when z** < Z < 1. Substituting for 2

from (A1) we have

( 0 p1 > p2 + t
dy (PN p1 € [p2 + 1 — 22", py + 1]
[d2 ( t+p§ —p1 )
t
+(dy — dg)2*]N p1 € [p2 +1 =2tz py + 1 — 2t27]
xl(p1,p2) = if

[ds(Z2222)

+<d2 — dg)z**
+(dy — dp)z*|N p1 € [p2 —t,p2 + 1t — 2tz

[d3 + (dg — dg)Z**
L +(d1 — dg)Z*]N p1 < pg — t

(B.2)
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and by symmetry of the two firms the demand function of firm 2, z5(py, p2)

(0 p2>p1+t
dg(t—’—p%—t_m)N P2 € [pl —t+4+ 2tz p1 + t]
[d2(t+p21*p2)
t
+(ds — da)(1 — 2N p2 € [p1 — 1 +2t2", py — t + 2t2™]
Ta(p1,p2) = if

[dl ( t+p21t—102 )

—|—<d3 — d2)<1 — Z**)]N P2 € [p1 —t,pp—t+ 2t2*]

[dg + (dg — dg)z**
[ +(di — d2)2*|N p2 <pr—t

(B.3)

I assume that (dy, ds, ds, z*, 2**) are such that firm 1 in searching for its
best response to any price choice of firm 2 will restrict itself prices in the
interval [py + t — 2t2**,py + t — 2tz*] and firm 2 in searching for its best
response to any price choice of firm 1 will restrict itself prices in the interval
P2 € [p1 —t+2tz*, py —t + 2tz**]. Thus, firm 1 best response to firm 2 prices,

po solves
L+p2—D1
(—%— )+

s.t.py € [po +1— 22" po + 1 — 212"

rr;?x(pl —¢)(dy (dy — d)2*)N

The necessary and sufficient (Kuhn-Tucker) first order conditions (foc)
for this problem (assuming interior solution) is

(di —d)

2tz = 0. B4
7 Z*=0 (B.4)

t+ps+c—2p1+

Solving the (foc) in (B.4) yields

:t+p2—|—c+(d1—d2)

tz*. B.5
h 5 s < ( )
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Similarly we can solve the (foc) for firm 2 given the prices of firm 1, p;

which would yield

_t+p1+c+(d3—d2)
N 2 ds

tz**. (B.6)

D2

It is evident from (B.5) and (B.6) that p; for i = 1,2, is inversely related
to ds. This implies that price is determined by the level of demand of the
marginal customer. However, if the agents were identical, that is, d; = dy =

ds, then prices are independent of the level of demand.
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6 List of Tables

6.1 Table 1: Estimation results, the weighting matrix
is based on measures of closeness by actual road
distance, for third week of August 1999

EQUATION (60) EQUATION (62)
VARIABLES OLS 2SLS OLS GS2SLS
DyPR99Y 811 ** 578 ** 900 ** 574 **
(.032) (.090) (.022) (.091)
CRPRY99 227 ** 501 ** 126 ** 513 **
(.066) (.121) (.047) (.125)
PADD, -.004 -2.232 * -.372 -2.20 *
(.885) (1.25) (.602) (1.30)
PADD, -.389 -2.546 ** .040 -2.54 **
(.701) (1.084) (.474) (1.12)
PADD; -.707 -.967 -.856 -.934
(1.20) (1.44) (.822) (1.51)
PADD, -.155 563 -.459 561
(71) (.816) (.490) (.85)
SPOT99 .064 134 ** .030 132 **
(.032) (.043) (.024) (.043)
PERST99 315%* 477 ** 222 ** A48T **
(.14) (.164) (.099) (.170)
Cc0o99 -.007 -.016 .004 -.017
(.021) (.023) (.017) (.023)
POPY9 - 281%* -.283 ** -.283 ** -.285 **
(.091) (.099) (.089) (.099)
DyPOPY99 .190 .160 233 152
(.091) (.100) (.089) (.100)
EA99 247%* 292 ** 175 * 302 **
(.113) (.126) (.090) (.126)
INC99 -.128 -.178 -.077 -.185 *
(.100) (.110) (.081) (.111)
DNINCY99 - 108** -.107 ** -.095%* -.108 **
(.033) (.036) (.033) (.036)
P99 -.31 .06
Moran 1 -4.67 .40
Observations 289 289 289 289
R’ .92 .97

Dependent variable PR99. The weighting matrix is based on measures of closeness by
actual road distance. Standard errors are in brackets.
Note: Column 4 and 5 are estimates after correcting for spatial correlation in the

disturbances.

(*) indicates significance at 10%. (**) indicates significance at 5%.
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6.2 Table 2: Estimation results, the weighting matrix
is based on measures of closeness by actual road
distance, for third week of January 2000

EQUATION (60) EQUATION (62)
VARIABLES OLS 2SLS OLS GS2SLS
DyPROO L691%* .689%* 875%* 835%*
(.046) (.127) (.032) (.093)
CRPROO 385%* .388%* 180%** 220%*
(.090) (.150) (.063) (.104)
PADD, -1.47%* -1.473%%* -.833 -.875
(.738) (.695) (.527) (.536)
PADD, -.505 -.505 -.246 -.255
(.454) (.626) (.304) (.307)
PADD; -1.928 -.930 -.538 -.555
(.627) (.782) (.455) (.460)
PADD, -2.43 -2.44%* -1.32%* -1.463%*
(.896) (.713) (.591) (.670)
SPOT00 .024 .024 .005 -.003
(.060) (.06) (.042) (.046)
PERSTO00 190%* 191%* .108* A17*
(.092) (.097) (.061) (.064)
CO00 015 015 011 .012
(.019) (.020) (.015) (.016)
0XY00 -.454 -.45 -.205 -.162
(.538) (.552) (.468) (.482)
POPOO -.153* -.152% -.137% -.124
(.081) (.087) (.077) (.083)
DyPOPOO 172%* 172%* 115 116
(.082) (.082) (.076) (.077)
EA00 -.009 .008 -.007 -.009
(.092) (.100) (.070) (.079)
INCO00 .008 -.010 .002 -.009
(.082) (.087) (.064) (.069)
DyINCO0 -.056%* -.055%* -.020 -.021
(.028) (.028) (.026) (.027)
Poo -.32 =31
Moran | -4.36 -2.15
Observations 289 289 289 289
R’ .60 81

Dependent variable PR00. The weighting matrix is based on measures of closeness by

actual road distance. Standard errors are in brackets.

Note: Column 4 and 5 are estimates after correcting for spatial correlation in the

disturbances.
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6.3 Table 3: Estimation results, the weighting matrix
is based on measures of closeness by a Euclidean

distance, for third week of August 1999

EQUATION (60) EQUATION (62)

VARIABLES OLS 2SLS OLS GS2SLS
DyPRY99 802 ** 526 ** 893 ** 517 **
(.031) (.092) (.022) (.092)

CRPRYY 218 ** 552 ** 14 ** 580 **
(.066) (.127) (.047) (.133)

PADD, =311 -2.86 ** -.112 -2.86 **
(.876) (1.26) (.594) (1.36)

PADD, -.556 -3.068 ** .096 -3.08 **
(.695) (1.10) (.469) (1.18)
PADD; 343 ** -1.54 -.587 -1.53
(1.19) (1.46) (.814) (1.61)
PADD, 37 815 -.298 .825
(.702) (.828) (.482) (.90)

SPOTY99 078 ** 156 ** .043* 150 **
(.032) (.043) (.024) (.043)

PERST99 269 * 481 ** 181 * 498 **
(.140) (171 (.098) (.183)
c099 -.010 -.019 .001 -.021
(.021) (.024) (.017) (.024)

POPY99 - 197 ** -.226 ** -.180* -.226 **
(.091) (.103) (.091) (.100)
DyPOP99 156 * 131 158 * 121
(.089) (.101) (.089) (.099)

EA99 209 * 275 ** 146 * 287 **
(.112) (.128) (.088) (.129)

INC99 -.119 -.178 -.080 -.190 *
(.099) (.113) (.080) (.113)

DyINC99 -.100 ** -.109 ** -.070 ** - 113 **
(.032) (.036) (.032) (.035)

P99 -.32 12
Moran 1 -4.67 .83
Observations 289 289 289 289
R’ .92 .96

Dependent variable PR99. The weighting matrix is based on measures of closeness by a
Euclidean distance. Standard errors are in brackets.
Note: Column 4 and 5 are estimates after correcting for spatial correlation in the

disturbances.

(*) indicates significance at 10%. (**) indicates significance at 5%.
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6.4 Table 4: Estimation results, the weighting matrix
is based on measures of closeness by a Euclidean

distance, for third week of January 2000

EQUATION (60) EQUATION (62)
VARIABLES OLS 2SLS OLS GS2SLS
DyPROO 669%* 602%* 860** 736%*
(.046) (.125) (.033) (.103)
CRPROO A400%* 466%* 180%* 308%*
(.092) (149) (.064) (.118)
PADD, -1.522%% -1.587%% -.766 -1.04*
(.750) (.761) (.540) (.607)
PADD, -.530 534 -.223 308
(.462) (.464) (311) (.353)
PADD; -.930 -973 -414 -.583
(.637) (.644) (.464) (.516)
PADD - 257%* -2.785%% -1.44%* -2.003%*
(914) (.994) (.610) (.769)
SPOTO00 037 .048 013 033
(.061) (.064) (.043) (.051)
PERSTO00 197%* 210%* 114%* 154%*
(.094) (.097) (.063) (.075)
Cc0o00 019 019 014 018
(.019) (.198) (.016) (.017)
o0XY00 -413 -.346 .005 -.028
(.546) (.56) (.476) (.517)
POPOO - 167%* -.147 - 133% =127
(.083) (.09) (.079) (.086)
DyPOPOO 208%* 207%* 130%* d61**
(.082) (.082) (.078) (.080)
EA00 .024 .0002 .023 -.009
(.094) (.103) (.071) (.088)
INCO00 -.002 015 -.017 015
(.083) (.089) (.066) (.077)
DyINCO00 -.068%* -.067%* -.028 -.043
(.028) (.028) (.026) (.027)
Loo -.30 -.28
Moran 1 -4.17 -1.48
Observations 289 289 289 289
R’ .58 .80

Dependent variable PR00. The weighting matrix is based on measures of closeness by
euclidean distance. Standard errors are in brackets.
Note: Column 4 and 5 are estimates after correcting for spatial correlation in the

disturbances.
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6.5 Table 5: Estimation results of the robustness test

EQUATION (63)
VARIABLES HIGH DEMAND LOW DEMAND
(t=99) (t=00)
D'NPR(1) 811 741
(.058) (.086)
D’\PR(t) .808 723
(.053) (.085)
D \PR(t) 819 750
(.045) (.084)
D*\PR(t) 791 720
(.075) (.096)
D NPR(1) 811 654
(.049) (.088)

Dependent variable PR(?). The weighting matrix is based on measures of
closeness by actual road distance. Standard errors are in brackets.
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6.6 Table 6: Estimation results, after including tax as
one of the explanatory variables, for third week of
August 1999

EQUATION (60) EQUATION (62)
VARIABLES 2SLS GS2SLS
DyPR99 0.516** 0.486%*
(0.097) (0.097)
CRPRY99 0.57** 0.622**
(0.13) (0.137)
PADD, -4.26%* -4 .577**
(1.644) (1.757)
PADD, -4.06** -4.336%*
(1.355) (1.44)
PADD; -3.93% -4.313%*
(2.08) (2.244)
PADD, 1.186 1.296
(0.903) (0.993)
SPOT99 0.15%* 0.148**
(0.045) (0.045)
PERST99 0.192 0.188
(0.212) (0.232)
c0o99 -0.02 -0.026
(0.024) (0.024)
POPY99 -0.27** -0.278%**
(0.104) (0.101)
DyPOP99 0.159 0.138
(0.104) (0.102)
EA99 0.299%** 0.322%*
(0.13) (0.132)
INC99 -0.2%* -0.217%*
(0.115) (0.116)
DyNINC99 -0.1%* -0.106**
(0.037) (0.037)
TAX 0.091** 0.106**
(0.043) (0.046)
) .14
Moran I 93
Observations 289 289
R .90 .87

Dependent variable PR99. The weighting matrix is based on measures of
closeness by actual road distance. Standard errors are in brackets.
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6.7 Table 7: Estimation results, after including tax as
one of the explanatory variables, for third week of
January 2000

EQUATION (60) EQUATION (62)
VARIABLES 2SLS GS2SLS
DyPROO 0.642%%* 0.796%**
(0.129) (0.101)
CRPROO 0.439%%* 0.267**
(0.15) 0.113)
PADD, -1.00 -0.593
(0.756) (0.571)
PADD, -0.31 -0.132
(0.456) (0.328)
PADD; -1.1* -0.711
(0.631) (0.482)
PADD, -2.03** -1.279%
(0.954) (0.688)
SPOT00 0.017 -0.002
(0.062) (0.048)
PERSTO00 0.106 0.066
(0.097) (0.07)
co00 0.013 0.01
(0.019) (0.016)
0XY00 -0.45 -0.166
(0.546) (0.492)
POPOO -0.15* -0.133
(0.086) (0.083)
DyPOPOO 0.168%* 0.118
(0.081) (0.077)
EA00 0.025 0.016
(0.098) (0.08)
INCO00 -0.01 -0.014
(0.085) (0.07)
DyINCOO -0.05* -0.023
(0.028) (0.027)
TAX 0.064** 0.044%**
(0.026) (0.019)
Poo -0.26
Moran I -1.77
Observations 289 289
R .60 .80

Dependent variable PR0O0O. The weighting matrix is based on measures of
closeness by actual road distance. Standard errors are in brackets.

118



7 List of Figures

Petroleum Allocation for Defense Dis-

tricts (PADDs)

7.1 Figure 1

Figure 1:

IR O] WED SR PUE ISR EBIN

3 & s3anposd paUYR
PUT J858pgy B3 03 ji6 B prud
sajiddns 3 “guE Nddns 5
sselue) g mee] gng

weeD Jng

SRR HIE- L) US
uspusdep lensnun

AL e D
uy SR LW Aypenk
snpesd anbjupy
(Bupmaep meu)
usasnpesd s Eyse)y
SpRR U MEmdes
Oavd nreg i

Y SRIUTIEE ERLRUGRS
Nddns ueponpeid

sssssoeid (2 QaYd) 1empiy :

uarBey wewnop Ayson

puewsaq pue Ajddng jeuoifay Buiouejeg

119



7.2 Figure 2: Network of Oil pipelines in the US

Figure 2:

Major Refined Product Pipelines
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