LM Tests for Functional Form and Spatial Correlation

Badi H. Baltagi and Dong Li
Texas A&M University
Department of Economics
College Station, TX 77843-4228
October 1999

Keywords: Box-Cox transformation, Spatial dependence, Lagrangian Multiplier, Local Misspecification

JEL Code: C12, C21, R15
Abstract

This paper derives Lagrangian Multiplier tests to jointly test for functional form and spatial error corre-
lation. In particular, this paper tests for linear and loglinear models with no spatial error dependence against
a more general Box-Cox model with spatial error correlation. Conditional LM tests and modified Rao-Score
tests that guard against local misspecification are also derived. These tests are easy to implement and are
illustrated using Anselin’s (1988) crime data. The performance of these tests are also compared using Monte

Carlo experiments.



1 Introduction

The choice of functional form is important especially when nonlinearity is suspected, see Lendent
(1986) for a model of urbanization with nonlinear migration flows; Craig, Kohlhase and Papell
(1991) who were concerned with the nonlinear structure of hedonic housing price regressions; Elad,
Clifton and Epperson (1994) for a nonlinear hedonic model of the price of farmland in Georgia.
Similar concerns over non-linearity in the spatial econometrics literature are evident in Upton and
Fingleton (1985), Bailly et al. (1992), Griffith et al. (1998), and Fik and Mulligan (1998), to mention
a few. The Box and Cox (1964) procedure has been used to choose among alternative functional
forms, see Savin and White (1978), Seaks and Layson (1983), and Davidson and MacKinnon (1985),
to mention a few. But the spatial correlation further complicates the estimation and testing of
these models. Attempts at dealing with this problem vary from estimating the Box-Cox model
by maximum likelihood methods ignoring the spatial correlation, see Upton and Fingleton (1985),
to linearizing the Box-Cox transformation, see Bailly et al. (1992), and Griffith et al. (1998).
However, linearization is an approximation that is only valid around specific values of the parameters.
Misspecifying the functional form and/or ignoring the spatial dependence can result in misleading
inference and raise questions about the reliability and precision of the resulting estimates.

This paper derives Lagrange Multiplier (LM) tests to jointly test for functional form and spatial
dependence. To our knowledge, this is the first extension of the LM test on functional form to
spatial econometrics. Testing for spatial dependence assuming a specific functional form, usually a
linear regression, is studied extensively in Anselin (1988), Anselin et al. (1996), and more recently
in Anselin and Bera (1998). The latter study surveys several tests for spatial dependence including
Wald, LR and LM type tests. However, none of these tests jointly test for spatial dependence
and functional form. The LM tests derived in this paper are computationally simple, requiring
least squares regressions on linear or loglinear models. It allows the researcher to test for a linear
or loglinear model with no spatial error dependence against a more general Box-Cox model with
spatial error dependence. Special cases of these tests include tests for functional form given spatial
dependence and tests for spatial dependence given functional form. In addition, conditional LM

tests as well as Bera and Yoon (1993) modified Rao Score tests are derived. The latter guard



against local misspecification.

Section 2 derives the joint, conditional and modified LM tests for the Box-Cox spatial error
dependence model, while Section 3 illustrates these tests using Anselin’s (1988) crime data. Section
4 compares the performance of these tests using Monte Carlo experiments, while Section 5 gives our

conclusion.

2 The Model and the LM Tests

Consider the following Box-Cox model

K S
yi(r) — Zﬂk xEZ) + Z’ys Zis + U, i=1,...,n (1)
k=1 s=1
where
2=l ifr#£0
L) — 7 (2)

log(xz) ifr=0
is the familiar Box-Cox transformation. Both y; and z;; are subject to the Box-Cox transformation
and are required to take positive values only, while the Z; variables are not subject to the Box-Cox
transformation. The Z;’s may include dummy variables and the intercept. Note that for r = 1,
equation (1) becomes a linear model whereas for » = 0 it becomes a loglinear model. Following

Anselin (1988) or Anselin and Bera (1998, p.248), we allow for spatial correlation in the error term

u=A\Wu+v (3)

where A is the spatial autoregressive coefficient, W is the matrix of known spatial weights and

v~ N(0,021) is independent of u. *

'Davidson and MacKinnon (1985, p. 500) point out that the normality assumption may be untenable. In fact,
except for certain values of r (including 0 and 1), y¢(r) cannot take on values less than —1/r, while with normal errors
there is always the possibility that the right-hand side of (1) may be less than —1/r. Davidson and MacKinnon (1985)
argue that it is reasonable to ignore the problem especially if E(y:) is very large relative to o, and the possibility that
uy may be so large and negative as to make the right-hand side of (1) unacceptably small can be safely ignored. We
check the sensitivity of departures from the normality assumption in our Monte Carlo experiments.



Substituting (3) into (1) rewritten in vector form yields
(I =2W) y™) = (T = AW) XU+ (I —AW) Zy+v (4)

where (" isnx1, X isn x K, Zisnx S and 8 and v are K x 1 and S x 1, respectively.

The loglikelihood function is given by

logL = —% log(27) — glog(JQ) +log |l — AW |+ (r—1) 7Z}log(yi)
5 (1= AW) 40 — (1= \W) X105 — (1= AW) 29
(T =2W) y™) = (I = 2W) XTI — (I = AW) Z7]. (5)

Note that log |[I — A\W| = >"1" ; log(1 — Aw;), where w;’s are the eigenvalues of W, see Ord (1975)
and Anselin (1988).

The first-order derivatives are given by

Olog L n 1,

780-2 = _ﬁ —+ @’U v (6)
Odlog L 1 r

55 = - AW)X ™)'y (7)
dlog L 1

5 = ST =)z (8)
810gL . " Wi 1 / (r) ()

o ‘Z}lfmﬁﬁvmy - X=2) ®)
Olog L " 1

af = Zlog(yi) - ;vl(I - AW)[C(:U:T) - C(X7 Y’)ﬂ] (10)

i=1

where C(y,r) = 8%(;) = r%(ry’" logy — y" + 1). The second-order derivatives of the loglikelihood

function are given in Appendix A.

Let 0 = (0,3 ,7',\,7)’, then the gradient is given by G = 81§§L7 and the information matrix is

given by Z = E(—a;;g%,L). The LM test statistic is given by

IM=G1"'@ (11)



where G and 7 denote the restricted gradient and information matrix evaluated under the null
hypothesis, respectively. Following Efron and Hinkley (1978), we estimate the information matrix
by the negative Hessian —H (é) This is recommended on the ground that is closer to the data than
the corresponding expected value. Davidson and MacKinnon (1993) demonstrated that it is better

to use Z rather than H using Monte Carlo experiments. However, the latter is difficult to compute

in this case.

2.1 Joint Tests

Under the null hypothesis Hj : A = 0 and r = 0, the model in (1) becomes a loglinear model with

no spatial error dependence
K S
logy; = ZﬂklogaziquZ’ys Zis + Ug, i=1,...,n (12)
k=1 s=1

with y(") = logy, C(y,0) = %(log y)? and lim, o BC(;;{,T) = %(log y)3. The restricted OLS residuals

from (12) are given by ¥ = logy — (log X)3 — Z4 with 6% = ¢/ /n.

The gradient becomes

dlogL n 1,
907~ 207 951" (13)
Olog L 1
86 = p[lOgX]/U (]_4)
log L 1
655 = g (15)
Olog L i 1
o = - Zwi + —=v'W(logy — (log X)8 — Zv) (16)
OA i=1 g
dlogL & ' 1,1 , 1 )
5 = ;log(yz) —v'[5(logy)* — 5 (log X)°4] (17)

and the second order derivatives of the loglikelihood function are given in Appendix B.1.
Under the null hypothesis HS : A = 0 and » = 1, the model in (1) becomes a linear model with

no spatial error dependence

K S
yi—1=> Bpli—1)+ > v zis +ui, i=1,..,n (18)
k=1 s=1



with ™ =y — 1, C(y,1) = ylogy —y + 1 and lim,_ % = y(logy)? — 2ylogy + 2y — 2. The

restricted OLS residuals from (18) are given by o = (y — t,) — (X — Jux )08 — Z7 with 6% = ¥/'0/n,
where ¢, and J,x are n x 1 and n X K matrix with all elements equal to 1, respectively.

The gradient becomes

dlog L n

_ _ o
do2 202 + 251" " (19)
dlog L 1
o5 = oKX (20)
81;5;[1 _ %Z’v (21)
Olog L - 1
52 = N it Wy i (X~ Juk)B — Z7) (22)
A i=1 g
Odlog L " 1
af = > log(y:) = —5v'lylogy — y + tn — (Xlog X = X + Jux) (23)

=1

and the second-order derivatives of the loglikelihood function are given in Appendix B.2.

2.2 Conditional Tests

Joint tests are often criticized because they do not point out the “right” model we should adopt
when the null hypothesis is rejected. In this section we will consider conditional LM tests. These
tests account for the possible presence of spatial correlation when testing for functional form, or the

possible misspecification of the functional form when testing for spatial correlation.

2.2.1 LM Tests for Spatial Dependence Conditional on a General Box-Cox Model

Under the null hypothesis HJ: A = 0 |unknown r, the model in (1) becomes a general Box-Cox

model with no spatial error dependence in the error term. The gradient becomes

Olog L n 1

902 202 T o v =0 (24
Olog L |

5 - E[X( Ny =0 (25)
dlogL 1 _,

5 = gZv=0 (26)
dlog L “

e = T > wi+ p W (27)



algfL = Xn:log(yi)—Ulzv’[C(y,r)—C(X,r)ﬁ] (28)
=1

The second order derivatives of the loglikelihood function are given in Appendix C.1.

2.2.2 LM Tests for Functional Form Conditional on Spatial Correlation

Next we consider tests for functional form, linear or loglinear against a general Box-Cox transfor-

mation, conditional on the presence of spatial dependence in the error term.

Loglinear with Spatial Correlation Under the null hypothesis H?: r = 0 |unknown ), the
model in (1) becomes a loglinear model with spatial error dependence. Note that u = logy —
(log X)B —Zvyand v = (I — A\W)u.

The gradient is

Olog L n 1

o2 —ﬁ—i—ﬁvlvzo (29)
mgéL - %[(I —AW)log X]'w = 0 (30)
81§§L - %[(I AW 2 =0 (31)
& _§;1f§w*ﬁ%uww (32)
Q8L _ 3 log(y) — 30/(1 ~ XW)[C(w.0) — C(X.0)8 (33)

The second order derivatives of the loglikelihood function are given in Appendix C.2.

Linear with Spatial Correlation Under the null hypothesis H¢: r = 1 [unknown A, the model in
(1) becomes a linear model with spatial error dependence. Note again that u = (y—1)—(X—1)3—Z~
and v = (I — AW )u.

The gradient is

Olog L n 1
9o = g2 TVt =0 (34)
Olog L 1



OdlogL 1 ;o

B = = (I = AW)Z]v=0 (36)
GlogL _ n Wi i ’

O\ N ; 1 — dw; + o2’ W (37)
dlogL & ‘ 1,

The second order derivatives of the loglikelihood function are given in Appendix C.3.

2.3 Local Misspecification Robust Tests

Conditional LM tests do not ignore the possibility that r is not known when testing for A = 0.
Whereas simple LM tests for A = 0 assume implicitly that » = 0 or 1 and this may lead to
misleading inference. However, conditional LM tests are computationally more involved than the
corresponding simple LM tests. The latter are usually based on least squares residuals.

Bera and Yoon (1993) showed that, under local misspecification, the simple LM test asymptoti-
cally converges to a noncentral chi-square distribution. They suggest a modified Rao-Score (RS) test
which is robust to local misspecification. This modified RS test retains the computational simplicity
of the simple LM test in that it is based on the same restricted MLE (usually OLS). However, it
is more robust than the simple LM test because it guards against local misspecification. The idea
is to adjust the one-directional score test by accounting for its non-centrality parameter. Bera and
Yoon (1993) and Bera et al. (1998) showed using Monte Carlo experiments that these modified RS
tests have good finite sample properties and are capable of detecting the right direction of departure

from the null hypothesis. For our purposes, we consider four hypotheses:
H§ : A =0 assuming r = 0 (no spatial correlation assuming loglinearity);
Hg : X = 0 assuming 7 = 1 (no spatial correlation assuming linearity);
H§ : r =0 assuming A = 0 (loglinearity assuming no spatial correlation);
Hg :r =1 assuming A = 0 (linearity assuming no spatial correlation).

Let ' = (0,8,7') so that 0 = (0,8 ,7',\,7) = (', \,r) and partition the gradient and the



information matrix such that

aL(0)
OL(0) o
_ _ OL(0
d() = =5~ = 8L() (39)
dL(6)
or
and
i /N S .
02L(6)
J(0) = - [W] =1 Jwm I I (40)
Jrn Jr/\ Jr

To be more specific, consider the null hypothesis H§. The general model is represented by the
loglikelihood function L(n, A,r). For the null hypothesis H§, the investigator sets » = 0 and tests
A = 0 using the loglikelihood function Li(n’,A\) = L(n’,\,0). The standard Rao-Score statistic
based on Li(n,\) is denoted by RS). Let 7 be the maximum likelihood estimator of n when A = 0
and 7 = 0. If Li(n’,\) were the true model, it is well known that when A = 0 the test statistic
RS, — X%(O) and the test will have the correct size and will be locally optimal. Now suppose
that the true loglikelihood function is Lao(n/,7) = L(n/,0,7) so that the alternative Li(n/,\) is
misspecified. Using a sequence of local values r = £/4/n, the asymptotic distribution of RSy under
La(n',7) is x3(c1) where c; is the non-centrality parameter, see Bera and Yoon (1993), Davidson
and MacKinnon (1987) and Saikkonen (1989) for details. Due to the presence of this non-centrality
parameter, RSy will over-reject the null hypothesis even when A = 0. Therefore, the test will
have an incorrect size. In light of this non-centrality parameter, Bera and Yoon (1993) suggested a
modification to RSy so that the resulting test statistic is robust to the presence of r. The new test
essentially adjusts the asymptotic mean and variance of the standard RSj.

Following equation (6) in Bera et al. (1998), we derive this modified RS test as follows

RS = ~[dr(B) ~ Jan(B)) (B)d (D))

[Tan(0) = Tngn(0) T () Tor (0)]

[A7(0) = Tarn(8) Ty (B (6)] (41)

n

where d,\(é) is the gradient for A evaluated at the restricted MLE, Jy., = JA.n(é) =Jy— JMJ,;lJn)\



and J,.,, is similarly defined. Also, Jy,., = Jy, — Ingdy ljnr and J;., is similarly defined. All the
above quantities are estimated under the null hypothesis H§ : A = 0 assuming » = 0. The null
hypothesis Hg : A = 0 assuming r = 1 can be handled similarly with » = 1 rather than 0.

For the null hypotheses H§ and Hg , the modified RS test statistic is given by

RS? = {dy(B) — Ty (B)I5 ) (B)AB)

[Jr~n(9) - Jr)\-n(é)‘];}]<é)‘])\r-n (é)]_l

[d,(8) = Jrxn(0)J5 1 (6)dA(0)]. (42)

where d,(0), Jm-n(é), and JA.n(é) are computed as described below (66) under the respective null
hypothesis.

In the Monte Carlo experiment in Section 4, we compute the simple LM test and the correspond-
ing Bera-Yoon modified LM test for each hypothesis considered. The simple RS tests for no spatial
correlation under linearity or loglinearity, i.e., H§ and H¢, are given in Anselin (1988) and Anselin
and Bera (1998), while the simple RS tests for functional form assuming no spatial correlation, i.e.,
H§ and Hg, are given in Davidson and MacKinnon (1985).

Note that it is not possible to robustify tests in the presence of global misspecification (i.e., A
and r taking values far from their values under the null), see Anselin and Bera (1998). Also, it is

important to note that the modified RS tests satisfy the following decomposition
RS\, = RSy + RS, = RS\ + RS (43)

i.e., the joint test can be decomposed into the sum of the modified RS test of one type of alternative

and the simple RS test for the other, see Bera and Yoon (1993).

3 Empirical Example

Anselin (1988) considered a simple relationship between crime and housing values and income in
1980 for 49 neighborhoods in Columbus, Ohio. The data are listed in Table 12.1, p. 189 of Anselin

(1988). Crime is measured as per capita residential burglaries and vehicle thefts, and housing values



and income are measured in thousands of dollars. The OLS regression gives

Crime = 68.619 — 1.597 Housing — 0.274 Income
(4.735) (0.334) (0.103)

where the standard errors are given in parentheses.

We apply the tests proposed in the last section to the crime data. The dependent and indepen-
dent variables Crime, Housing and Income are subject to the Box-Cox transformation while the
constant term is not. The results are reported in Table 1. The joint LM test statistic for Hj : A =0
and r = 0, is 54.06. This is distributed as x2 under H§ and is significant. The LM test statistic
for Hé’ : A =0and r = 1, is 13.53. This is distributed as x3 under HS and has a p-value of 0.001.
Both the linear and loglinear models without spatial autocorrelation are rejected in favor of a more
general Box-Cox model with spatial autocorrelation. Assuming a loglinear model, one does not
reject the absence of spatial correlation. However, assuming a linear model, one rejects the absence
of spatial correlation. These outcomes are not changed by allowing for local misspecification using
the corresponding Bera and Yoon (1993) adjusted LM statistics. In addition, if one assumes no
spatial correlation, one rejects loglinearity but not linearity of the model. Again, both outcomes
are not changed by allowing for local misspecification using the Bera and Yoon (1993) adjustment.
Conditional on a general Box-Cox model, the hypothesis of no spatial correlation is rejected with a
p-value of 0.006. Conditional on spatial correlation, the loglinear model is rejected with a p-value
of 0.000 and the linear model is not rejected with a p-value of 0.602.

For this empirical example, one does not know the true model. However, the evidence is against
a loglinear model and in favor of a linear model with spatial autocorrelation. In the next section,
Monte Carlo experiments are performed, where we know the true model and we can report the

empirical size and power performance of these tests.

4 Monte Carlo Results

The experimental design used in the Monte Carlo simulations follows those extensively used in other

spatial studies (e.g. Anselin and Rey, 1991; Florax and Folmer, 1992; Anselin et al., 1996). The
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model considered is given by

y™ = XU+ Zy 4+ u (44)

where u = A\Wu + v. We use the spatial weight matrix from the crime data in Anselin (1988). The
number of observations is n = 49. The explanatory variables X, an n x 2 matrix, are generated from
a uniform (0,10) distribution and the coefficients ’s are set to 1. The Z variable consists of constant
term and -y is set equal to 4. The error term v is generated from a standard normal distribution. In
addition to a normal error, a student ¢ error term is generated as well, with mean and variance equal
to that of the normal variates. The tests are evaluated at their asymptotic critical value for a = 0.05
and the power is reported. The three conditional tests in this paper involve numerical maximum
likelihood estimation. These are computationally more expensive compared to the unconditional or
Bera-Yoon type LM tests. For each combination of parameter values, 1000 replications were carried
out.

Figure 1 plots the frequency of rejections in 1000 replications using the joint LM statistic for
no spatial correlation and loglinearity, i.e., H§ : A = 0 and » = 0. This test tends to over-reject
with size equal to 18.5% rather than 5%. The power of the test increases as A or r depart from
zero. In fact, if the true model is linear, the frequency of rejections of loglinearity with no spatial
autocorrelation is 100%. Figure 2 gives the frequency of rejections in 1000 replications using the
joint LM statistic for no spatial correlation and linearity, i.e., Hg : A=0and r = 1. This test tends
to over-reject with size equal to 11.3% rather than 5%. The power of the test increases as A departs
from zero or r departs from 1. In fact, if the true model is loglinear, the frequency of rejections is
100%. Figure 3 gives the frequency of rejections in 1000 replications using the simple Rao-Score
statistic for no spatial correlation assuming a loglinear model, i.e., H§ : A = 0 assuming that r = 0.
This is the standard LM test statistic for no spatial correlation given by Anselin (1988) and Anselin
and Bera (1998). The size of the test is equal to 7.4% rather than 5%. For r = 0, the power of
this test increases as A departs from zero. However, this test is sensitive to departures of r from
0. In fact, if the true model is linear, we reject that A = 0 only 3.3% of the time when true X is
equal to 0.6. This rejection frequency is only 0.2% when true X is equal to -0.6. Figure 4 gives the

frequency of rejections in 1000 replications of the Bera and Yoon (1993) adjusted Rao-Score statistic
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for H§. This Bera-Yoon adjustment helps increase the power of the test as clear from comparing
Figure 3 to Figure 4. However, the size of this test is 11.7% and is sensitive to departures from local
misspecification. In fact, for r = 1, this test rejects the null when true in 83% of the cases. Figure
5 gives the frequency of rejections in 1000 replications using the simple Rao-Score statistic for no
spatial correlation assuming a linear model, i.e., H(‘)i : A = 0 assuming that » = 1. The size of the
test is equal to 8.5% rather than 5%. For r = 1, the power of this test increases as A departs from
zero. However, this test is sensitive to departures of r from 1. In fact, if the true model is loglinear,
we reject that A = 0 only 27.7% of the time when true X is equal to 0.6 and 15.2% of the time when
true A is equal to - 0.6. Figure 6 gives the frequency of rejections in 1000 replications of the Bera
and Yoon (1993) adjusted Rao-Score statistic for Hg. This adjustment helps increase the power of
the test as clear from comparing Figure 5 to Figure 6. However, the size of this test is 9.6% and is
sensitive to departures from local misspecification. In fact, for » = 0, this test rejects the null when
true in 38% of the cases. Figure 7 gives the frequency of rejections in 1000 replications using the
simple Rao-Score statistic for loglinearity assuming no spatial correlation, i.e., H§ : r = 0 assuming
that A = 0. The size of the test is equal to 16.6% rather than 5% and tends to over-reject the null
when in fact it is true. For A = 0, the power of this test increases as r departs from zero. This
test is not very sensitive to departures of A from 0. Figure 8 gives the frequency of rejections in
1000 replications of the Bera and Yoon (1993) adjusted Rao-Score statistic for H§. This adjustment
helps increase the power of the test as clear from comparing Figure 7 to Figure 8. However, the size
of this test is 17.5% and is sensitive to departures from local misspecification. In fact, for A = 0.6,
this test rejects the null when true in 32% of the cases. This rejection frequency is 22% when true
A is equal to -0.6. Figure 9 gives the frequency of rejections in 1000 replications using the simple
Rao-Score statistic for linearity assuming no spatial correlation, i.e., Hg : r = 1 assuming that
A = 0. The size of the test is equal to 8.2% rather than 5% and tends to over-reject the null when
in fact it is true. For A = 0, the power of this test increases as r departs from one. This test is
not very sensitive to departures of A from 0. Figure 10 gives the frequency of rejections in 1000
replications of the Bera and Yoon (1993) adjusted Rao-Score statistic for H(J; . This adjustment helps
increase the power of the test as clear from comparing Figure 9 to Figure 10. However, the size of

this test is 8.9% and is sensitive to departures from local misspecification. In fact, for A = 0.6, this
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test rejects the null when true in 26% of the cases. This rejection frequency is 13% when true A is
equal to -0.6. Figure 11 gives the conditional LM frequency of rejections for no spatial correlation
assuming a general Box-Cox model, i.e., Hj : A = 0 assuming an unknown r. This test tends to
over-reject the null when true. This over-rejection depends on the value of r. The power of this test
increases as A\ departs from zero. Figure 12 gives the conditional LM frequency of rejections for
loglinearity assuming the presence of spatial correlation, i.e., H(})Z : r = 0 assuming an unknown .
The size of the test varies between 7.9% and 9.3% depending on the value of A. The power of this
test increases as r departs from zero. Figure 13 gives the conditional LM frequency of rejections for
linearity assuming the presence of spatial correlation, i.e., H) : r = 1 assuming an unknown \. The
size of the test varies between 8.0% and 10.6% depending on the value of A\. The power of this test
increases as r departs from one.

We have also checked the sensitivity of our results to the normality assumption. A student ¢
distribution with 3 degree of freedom was also considered with mean and variance equal to that of
the normal variates. Except for differences in magnitudes of empirical size and power, the graphs
for the t-distribution look the same as those for the normal distribution. The results are available

upon request from the authors.

5 Conclusion

This paper derived joint, conditional and modified Rao-Score tests for functional form and spatial
error correlation. They are illustrated using an empirical example. In addition, the power per-
formance of these tests were compared using Monte Carlo experiments. Some of our findings are
as follows: (i) Choosing the wrong functional form could lead to misleading inference regarding
the presence or absence of spatial correlation. (ii) Ignoring spatial correlation when present could
also lead to the wrong choice of functional form. Our experiments show that the power was more
sensitive to functional form misspecification than misspecification of spatial error dependence. (iii)
Bera and Yoon (1993) modified Rao-Score tests guard against local misspecification but their power
deteriorate for large departures from the null hypothesis. (iv) Joint as well as conditional LM tests

perform well in Monte Carlo experiments and are recommended.
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Table 1. Results for Crime Data

Statistic p-value

Joint LM Tests

H¢:A=0andr=0 54.058  0.000
Hb:A=0andr =1 13.528  0.001

Rao Score Tests and Their Modified Forms

HE : RS\—o assuming r = 0 2.063 0.151
H§ : RSY_, assuming 7 = 0 0.304 0.581
Hg : RS\—¢ assuming r = 1 11.442  0.001
H¢ : RS;_, assuming r = 1 13.504  0.000
H§ : RS,—p assuming A = 0 53.754 0.000

H§ : RS}_ assuming A =0 51.995 0.000
H{ : RS,—; assuming \ = 0 0.024  0.878
H{ : RS’_, assuming A = 0 2.086  0.149

Conditional LM Tests

H§ : X = Olunknown r 7.600 0.006
Hl . r = Olunknown A 75.534  0.000
H{ :r = 1jlunknown A 0.272 0.602
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Appendix A: Hessain Matrix for the General Box-Cox Model with

Spatial Correlation

From (4), one can write
v=(I-IW)y" — X3 - Z~y) =T - AW)u

and the second-order derivatives of the loglikelihood function given in (5) yield the following results:

Clsl L (45)
T Tl
T
I
a;;‘;’g TL _ %uu _AW)(Cly, ) — C(X,7)8) (49)
T @
Phoel — L wnx Ot 51)
Tl = Ll - W)X - W) Z (52)
8;;()5; = WXy — (- AW)X O (W) (53)
azlﬂogf - %[(1 —AW)X OV = AW)(C(y,7) — C(X,7)B)]
+% (T — XW)C(X, )] [(I — AW ) (54)
Pt L .
a;?)%? = I = AW)Z)[(T - AW)X ) (56)
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0?log L
ONDo?
0%log L
oNoF
0?log L
OO
0?log L
ONON
0%log L
ONOr

0?log L
Ordo?
0?log L
oropf’
0?log L
oroy’
0% log L
oroA
0?log L
oror

0?log L 1

gor — ll- AW) Z)[(I — AW) Z] (57)
a;ioagf = —%[(I —AW)Z) (W) — %(WZ)’U (58)
DBl L - AWV~ AW (Clar) - X)) (59)
= W (60)
_ —év’wx(” - %(Wu)’[([ AW X)) (61)
- —%v'WZ - %[W(y(” — XU = Zy)|[(I - A\W)Z] (62)
_ ; ﬁ ~ %(Wu)’(Wu) (63)

Sl =N r) = COLRA Wt 5o W(Cly,r) ~ CXT)E) (64)

Lo =Wy r) - C(X, 1)) (65)

g

= AW)CLX, 1) + 5 (Cly.r) = CE I (1= WYL = AW)X ] (66)

ST =X (Clyr) — COERBI T~ X2 (67)
W) (1= AW)(Cy,7) — CX,1B) + o W(Cy 1)~ C(Xr)B)  (68)

1
o2

L AW yr) - (X r)B) (69)

g

(I = AW)(Cly,7) = C(X,m)B)'(I = AW)(C(y,r) — C(X,7)B)

where C’'(y,7) = 9C(y,r)/0r = [r?y"(logy)? — 2ry" logy + 2y" — 2]/r3 and C'(X,r) = C(X,r)/Or

is similarly defined.
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Appendix B: Joint Tests

B.1 Hessian Matrix for the Loglinear Model with No Spatial Error Dependence

Under the hull hypothesis H§ : A = 0 and r = 0, the second order derivatives of the loglikelihood

function are given by

0?%log L
0302
0?log L
0pops’
0?log L
B0y
0?%log L
OBOA
0?log L
opor

0?log L
Do20o?
0?log L
0020
0?log L
0020+
0?log L
020\

0?%log L
Oo20r

1
—;(IogX)’v

1
—;(logX)’(logX)

1
—ﬁ(logX)’Z

(W log X)'v — - (log X)'[W (logy — (log X)5 — 77)]

%(10%“ X)’[%(log y)* - %(log X)28] + ﬁ[

0%log L
Oy0o?
0%log L
oate)es
0%log L
Oyo!
0%log L
0vO
0%log L
oyor

1 1 9
EZ’[i(logy)

1
2
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| =

Z(W (logy — (108 X)8 — Z7)] — 5 (WZ)'v

(log X)?3]

(75)
(76)
(77)

(78)

(log X)*)'Nlog y — (log X)3 — Z~] (79)



9%log L 1
awi = —v'W(logy — (log X)5 — Z7) (85)
9% log L 1 1
o7 = gt WloeX = (W (logy — (1og X)5 ~ Z7)] (log X) (86)
9%log L 1 1
8)\8i P o= U WZ— W logy — (log X)B — 27)]'Z (87)
0% log L n 1
B2 = 3wl — 5 [W(logy — (log X)8 — Z7)'[W(logy — (log X)3 — Z7)]  (88)
OO p o
9%log L 1.1 1 1 1 1
o = oal5(logy)? = S1og X8 Wo+ o' W[ (logy)* — S(log X)°8]  (89)
O?logL 1 ,1 , 1 )
oer i [5(10253/) - Q(logX) f] (90)
OlogL 1 ,1 9 1.1 5 1 9
arog = o2! (§(IOgX) )+ ;[5(10&9) - 5(10gX) 3] (log X) (91)
OlogL 1.1 , 1 o
aroy g[g(logy) - 5(10gX) Bl'Z (92)
O?logL 1 ;1 5 1 9
N E[W(logy— (log X)3 — Zv)] [g(logy) - 5(10gX) ]
1 1 1
+§U/W[§(1Og y)? — i(log X)?B (93)
O?logL 1.1 5 1 | 5 1 5
5o — j2lplosy)” — 5 (log X)7AL5 (logy)” — 5 (log X)7F]
1,1 1
—— /[ (logy)® — = (log X)*B] (94)
o 3 3

B.2 Hessian Matrix for the Linear Model with No Spatial Error Dependence

Under the null hypothesis Hg : A =0 and r = 1, the second order derivatives of the loglikelihood

function are given by

2

3012% - %;4_%”/“ (95)
Fost 1 "
2

ey = gt (97)
a;;;)gf B _%”,W(y—bn—(X—JnK)ﬂ—Z’y) (98)
a;;;)gf = v (Cl1) - CX, 1)) (99)
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0%log L 1
8,687” = E(X - JnK) [(C(ya 1) - C(Xv 1)5)]
1
+F[C(X> 1)}/[3/ —ln — (X - JnK)ﬁ - Z'Y] (104)
9?log L 1.,
2 R (105)
0% log L 1.,
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0?log L 1.,
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0?log L 1., 1
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Appendix C: Conditional Tests

C.1 Hessian Matrix for the null hypothesis Hj: A\ = 0 lunknown r

(115)
(116)

(117)

(118)

(C'(y.1) - C"(X,1)B)(119)

Under the null hypothesis HJ: A = 0 |[unknown r, the second order derivatives of the loglikelihood

function are given by
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C.2 Hessian Matrix for the null hypothesis H}: r = 0 j[unknown )

Under the null hypothesis Hp: 7 = 0 [unknown A, the second order derivatives of the loglikelihood

function are given by
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C.3 Hessian Matrix for the null hypothesis H): r = 1 [unknown A
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Under the null hypothesis Hp: 7 = 1 |[unknown A, the second order derivatives of the loglikelihood

function are given by
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Figure 9. Simple RS Test Hi: r=1 assuming A=0
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Figure 10. Bera—Yoon RS* Test Hi:rzl assuming A=0
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Figure 11. Conditional Test Hg A=0 | unknown r
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Figure 12. Conditional Test H[Ef: r=0 | unknown A
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Figure 13.

Conditional Test Hg r=1 | unknown A
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