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Abstract: The paper studies spatial autoregressive models with group interaction struc-
ture, focussing on estimation and inference for the spatial autoregressive parameter A. The
quasi-maximum likelihood estimator for A usually cannot be written in closed form, but
using an exact result obtained earlier by the authors for its distribution function, we are
able to provide a complete analysis of the properties of the estimator, and exact inference
that can be based on it, in models that are balanced. This is presented first for the so-called
pure model, with no regression component, but is also extended to some special cases of
the more general model. We then study the much more difficult case of unbalanced models,
giving analogues of some, but by no means all, of the results obtained for the balanced
case earlier. In both balanced and unbalanced models, results obtained for the pure model
generalize immediately to the model with group-specific regression components.

1 Introduction

One important application of spatial autoregressive (SAR) models is to the analysis of
social networks, particularly for the case when an outcome variable is observed on a prede-
termined network; see, for instance Bramoullé, Djebbari and Fortin (2009), Lee, Liu and
Lin (2010), and de Paula (2016).! Consider a fixed network of n individuals, represented
by a n x n weights matrix W. The matrix W could be a (0, 1) adjacency matrix, a row-
standardized adjacency matrix, or could more generally be specified in such a way that the
general entry W ; is a measure of the strength of interaction between individuals 7 and j.
A popular specification of a SAR model for the determination of an n x 1 outcome vector
Yy, given the network and an n x k£ matrix X of covariates, is

y=\Wy+ X3+ WX+ oe, (1.1)

IFor extensions of SAR models that allow for endogenous network formation, see, e.g., Hsieh and Lee
(2016).



where A is a scalar autoregressive parameter, 5 and § are k x 1 parameters, o is a scale
parameter, and € an n X 1 error term. In the peer effects literature, A captures the
endogenous effect, and § the exogenous effect; see Manski (1993). In addition to social
networks, model (1.1) has been applied to several other cross-sectional contexts. Also,
when W is block-diagonal, model (1.1) can be seen as a panel data model with cross-
sectional dependence - see for instance the recent paper by Robinson and Rossi (2015),
and references therein.?

A fundamental, at least conceptually, specification for the matrix W in the social
network literature is given by the equal weights matrix By, := (n — 1)™* (1,¢/, — I,,), where
Ly, denotes the n x 1 vector of ones. In that case, model (1.1) postulates that the outcome
variable for individual i is explained by the “leave-own-out” mean (n —1)"* 3" 4 Y, the
regressors, and the leave-own-out means of the regressors; see, e.g., Moffitt (2001). The
weights matrix B, may be appropriate when all individuals are equally affected by all
other individuals, or when no information on how individuals interact is available.

A more general assumption is that individuals interact in groups, with each group
member being equally affected by all the other members in that group, and with no links
across groups. This results in W having a block diagonal structure, with equal weights
matrices as blocks. More precisely, letting m; be the distinct group sizes, for i = 1, ..., p,
and 7; the number of groups of size m;, for i = 1,...,p, the (row-standardized) group
interaction weights matrix is

W = diag(I,, ® B,,,i = 1,..,p). (1.2)

Such matrices were used, for example, in Case (1992), Kelejian, Prucha, and Yuzefovich
(2006), and Lee (2007), and is the structure we shall consider in this paper.

We focus on inference on A, which is often the key parameter in applications, and, for
simplicity (but without loss of generality), take 6 = 0 in (1.1). We call a model

y=\Wy+ Xp+ oe, (1.3)

with weights matrix (1.2) a Group Interaction model. If the group sizes are all equal (i.e.,
p = 1) the Group Interaction model is said to be balanced, otherwise, when p > 1, it is
unbalanced. We assume throughout that m; > 2 for all ¢. In the balanced case W consists
of r:= Zle r; copies of By, so, letting m be the common group size,

W =1, ® Bpn. (1.4)

The sample size is thus n = )., r;m;, in general, and n = rm in the balanced model. If
B =0 in equation (1.3) we call this a pure model.

The class of Group Interaction models was discussed briefly in Hillier and Martellosio
(2013) (hereafter H&M), and some exact results given for the pure balanced case. After

2A special case of the model in Robinson and Rossi (2015) is discussed in Section 3.6.1 below.



some preliminaries, given in the next section, in Section 3 we provide a complete analysis
of the properties of A, and of exact inference procedures based upon it, for the pure
balanced model. Results for the balanced model are of interest for their own sake, but also
because this model is often used to illustrate theoretical results in the literature (see Lee
(2004), (2007), and Lee, Liu, and Lin (2010), for instance). However, the balanced model is
certainly of limited practical importance, so in Section 4 we go on to discuss the unbalanced
model. For reasons to be explained, results for this model are much more complex than
those for the balanced model. Thus, although we do give some general results, we often
confine ourselves to the case of just two group sizes (p = 2) for simplicity. Proofs of the
main formal results are in Appendix A, and Appendix B contains some additional figures.

2 Preliminaries

For the present, let W be any matrix assumed to have at least one negative, and one
positive, eigenvalue, and normalized to have largest eigenvalue unity. The parameter
space for A is taken to be the largest interval containing the origin within which the matrix
Sy := I, — A\W remains non-singular. Letting wnyi, denote the smallest real eigenvalue of
W, the parameter space will thus be

A= (w 1)

min’

We assume that the parameters are estimated by (quasi-) maximum likelihood (QML),
where the likelihood adopted is that which would apply if, in equation (1.3), e ~ N(0, I,).
We define the QMLE of A\ (assuming it exists), A, by

AML i= arg max I(N),

where [,(A) is the profile (quasi) log-likelihood for A after maximization with respect to
(B,02). This estimator is, in general, a zero of a high degree polynomial in ), and thus
cannot be written in closed form. However, it is shown in H&M that, if W has real
eigenvalues - which will be the case in the present paper - the profile likelihood I,(\) is
single-peaked on A. This means that, for each z € A, the event that Ay, < z is identical
to the event that the profile score at z, ip(z), is negative. Thus, notwithstanding its
unavailability in closed form, an exact expression for the distribution function (cdf) of
;\ML can be written down immediately:

Pr(\r < 2 A) = Pr(i,(z) <0), (2.1)

where, here and throughout, Pr(j\ML < z;A) denotes the cdf of A, at the point z € A
when the true parameter value is A € A. This result is the basis for all of the results in
this paper.

In addition to this single-peaked property, it also easy to see that ip(z) — —ococasz — 1
(from the left), and I,(z) — +o0 as z — w_L (from the right). Thus, Pr(Ayy, < z;A) =

min



Pr(iy(z) <0) — 1 as z — 1, and Pr(iy(z) < 0) — 0 as z — w i In other words, the
inequality Pr(i,(z) < 0) does indeed define a distribution function supported on A, as one
would expect. Note that this argument holds whatever the distribution of y, provided only
that the random variable ip(z) is supported on the entire interval A.

In the analytical results to follow we take the distribution of € to be N(0, I,,) (that is,
the likelihood is correctly specified), but, as discussed in H&M, all results obtained under
this assumption continue to hold under scale mixtures of the N(0,I,,) distribution, the
family we denote by SMN(0, I,,). For symmetric pure SAR models, equation (2.1) provides

the following representation of the cdf of the MLE:?

T
Pr(w < z;A) = Pr (Z dtt(z,)\)xit < O) , (2.2)
t=1

where the X%t variates are independent. Here, n; is the algebraic multiplicity of the
eigenvalue w; of W, T denotes the number of distinct eigenvalues of W, and the coefficient
functions dy(z, \) are given by

2
u(3) =2 (12t} (ane) - 9(2). (2.3
Here,
9(2) = < _w;wt, (2.4)

for t = 1,..., T, are the distinct eigenvalues of G, := WS !, where S, := I,, — 2W, while
g(z) == (1/n) Yo7 ntge(z) = (1/n)tr(G,) is the average of all eigenvalues of G,. In what
follows we use the notation that, for any matrix A of full column rank, P4 := A(A’A)~1 A/,
and My := I — P4. Also, col(A) denotes the column space of a matrix A. All matrices are
assumed to be real.

3 The Balanced Model

In this section we first of all provide a complete analysis of the exact properties of XML,
and inference procedures based upon it, for the pure balanced model. Then, we consider
some generalizations of these results to balanced models with regressors: we show that,
for certain special choices of X, the results obtained for the pure model apply with only
minor modifications. We note that in the pure balanced Group Interaction model, because
the profile score is a quadratic in A, A, s in fact available in closed form. However, its
distribution theory is most easily obtained by using equation (2.2), and this also leads
naturally to generalizations to the unbalanced model, when the estimator is typically not
available in closed form.

3If normality is not assumed equation (2.2) involves T' quadratic forms in n:-dimensional vectors; see
H&M.



3.1 Distribution Function and Density

For the pure balanced model we have T'=2, ny =r(m —1), ng =r, A = (—(m —1),1),
and the coefficients in equation (2.2) are given by

z+m-—1 2 1
dyy = —2
1 <)\+m—1> (A+m—1)(1—)\)<0’

1—2)\? (m—1)
d22:2(1—)\> Crm-Da-n "

Eliminating irrelevant scalars in (2.2), we obtain

Pr(Aw < z;A) = Pr ((m —1)x% < ¢z, )\)xz(m_l)> ,

where

(=N E+m 1))
c(z, ) = ((l—z)()\—i—m—l)) . (3.1)

Thus, as stated in H&M, in the pure balanced Group Interaction model with ¢ ~
SMN(0, I,,), the cdf of Ay, is, for any z, A € A,

PI“(S‘ML <A = Pr(Fr,r(m—l) < c(2,A)), (3.2)

where F,, ,, denotes a random variable distributed as an F' distribution with v4 and 14
degrees of freedom. The corresponding density function is

7T (m—1) 1 — z)r(m=1)—1 1 r—1
pdfj\l\/[L (z7 )\) _ mTT(m_l) ( Z) (Z + m ) s (33)
B(§7 3 )<T2(1—z)2—|—(z—|—m—1)2>2

where 7 := 0(\)v/m — 1, with

Ad+m—1
b =0:= 53—

> 0, (3.4)

Note that ¢(z, A) = (0(z)/0()))?, and that ¢(z, A) is monotonic increasing in z. In fact,
c(z,A) = o0 as z — 1, while ¢(z,\) — 0 as z — —(m—1). Hence, as noted in the comments
following equation (2.1), equations (3.2) and (3.3) define a cdf and pdf supported on A.
In addition, Pr(;\ML < z;A) = 0 for all z € A as A — 1, because ¢(z,A\) — 0, and
Pr(Avn < 2;0) — 1 for all z € A as A — —(m — 1), because ¢(z,\) — oo. That is,
the distribution of S\ML becomes degenerate, i.e., var(j\ML) — 0, as A approaches either
endpoint of A.

Finally, observe that, since ¢(A,A\) = 1, the probability that A, underestimates \,
Pr(S\ML < A A), is given by Pr(F,.,.(;,—1) < 1), which does not depend on A. The fact that
Pr(Amr < A;A) does not converge to 1 as A — 1, as might have been anticipated, is a
consequence of the degeneracy of the distribution of ML just discussed.



Remark 3.1. Gaussian pure SAR models - equation (1.3) with the regression compo-
nent deleted - are members of the 2-parameter exponential family, with parameters (\,c2),
sufficient statistics the three quadratic forms

o =vy, @=yWWy, qg3:=y(W+W)y,

and canonical parameters

L 5 )

m:= 952’ 2 = T 952 n3 = 252"

Thus, pure SAR models are, in the notation of Barndorff-Nielsen (1980), at worst, (3,2)-
curved exponential models. In the balanced model with W = I, ® By, these three sufficient
statistics are not minimal, and can be written in terms of just two statistics,

S1 :— y,(Ir ® M[,m)y7 52 1= y,(‘['f' ® P’»m)y

Specifically, q1 = s1 + s2,q2 = s1/(m — 1)2 + 52, and g3 = 2(sy — s1/(m — 1)). Collecting
coefficients, the canonical parameters become

i 1 (A+m—-1\> , (1— )2
m = | 7N Y5

202 m—1 2= 202

The pure balanced model is thus a reqular exponential model, and it is this that makes it
amenable to exact inference. We will see later that the unbalanced model cannot be reduced
in this way, and so is genuinely curved. It can easily be checked that the two sufficient
statistics s1 and so are independent in the balanced model, and

siA+m—1)2 so(1—=N)?2
o?(m —1)2 ™ Xr(m—1), o2 ~ X

3.1.1 First Consequences

The function ¢(z, \), defined on A x A, is strictly decreasing in A and strictly increasing
in z. The first fact means that the distribution functions for different values of A do not
cross, so A1 < Ag implies that the cdf for A = Ay lies entirely above that for A = Ay. That

18!

Property 1. In a pure balanced Group Interaction model with € ~ SMN(0, I,), Pr(S\ML <
z; A1) > Pr(S\ML < z;A2), for any A1, Ao € A such that A1 < Ag, and for any z € A, that
18, S\ML when X\ = Ay stochastically dominates S\ML when A = A\q.

Since, in our present setup, the mean of AL s —(m — 1) plus the area above the cdf,
Property 1 implies:

Property 2. The mean of AML s @ monotonic increasing function of .



The second property of the function ¢(z, A) implies that Pr(Anr, < 23 A) = Pr(c(Awr, A) <
c(z,A)) = Pr(F, (1) < (2, A)), or that c(AML, A) ~ F, r(m—1)- Thus, for the MLE of 6,

g, = ML T 2 (3.5)

we have established:

Proposition 3.1. In the pure balanced Group Interaction model with € ~ SMN(0, I,,),

Ot = 04 /F, (m)-
L = 7/ frrm—1);

where the random variable f,.;.(,—1) := X2/ Xf(m_l) has density

Alternatively, we could write

_ et
pdffr',r'(mfl) (f) - B (T r(m—l)) ’

2 2

The parameter 6 defined in (3.4) is a 1-1 function of A, and it is clear from equation
(3.2) that the properties of AML depend on A only through 6. This key parameter can be
interpreted as just another way of locating the point A in the interval A, i.e., as a different
parameterization of the model.

Remark 3.2. The result in Proposition 3.1 provides a very efficient method of simulating
any properties of AML (or functions of S\ML) that are not available exactly, or are too
complicated, by simply drawing samples from the ¥, ., 1) distribution.

Remark 3.3. The parameter 0 is closely related to the canonical parameters in the expo-
nential family representation of the model, specifically, by 6% = (m — 1)*n;/n}.

3.1.2 Asymptotics Under Mixed-Normality

In the case r — oo with m fixed (fized-domain asymptotics), the asymptotic distribution of
AL is covered by the results in Lee (2004): A is consistent and asymptotically normal
as r — oo with large-r variance (based on the information matrix, assuming normality)

given by
)2 12
vy = (1= N7 A+m=1) . (3.6)

2rm(m — 1)

Note that, as A goes to either extreme of A, this exhibits the same degeneracy as does the
exact variance - see Section 3.1. Lee’s paper does not fully study the asymptotic properties
of Avr, when r is fixed and m — oo (infill asymptotics). Both the large r and the large



m asymptotics are easily deduced, under our present mixed-normal assumptions, from
Proposition 3.1, from the following two representations of the F, ,..,_1) random variable

(m—1) (; Xixd) _ Xi

rr(m—1) — 1 ) -1 1 )

T 2iet X1 T ie1 X
where all x? variates are independent. From the first of these expressions, together with
the fact that, from Proposition 3.1, Omr = 04/F,. (1), We see easily that F,. ., 1) 251
as r — oo with m fixed, which implies that N #, and hence that Ar —2 A, a simple

involved:

F

example of Lee’s (2004) much more general results. Application of the delta method also
produces, from the first of these expressions, the known asymptotic normality result under
fixed-domain asymptotics. However, the second expression shows that, as m — oo with
r fixed, F,. (1) 4, x2/r. Thus, in fact ML converges to a random variable under this
regime, so is inconsistent under infill asymptotics. We have:

Property 3. In a pure balanced Group Interaction model with e ~ SMN(0, I,,), the limiting
cdf of AL as m — oo with r fixzed is,

lim pdf Z;\) =

) § 3.7
m—oo AML( 257111(%)(1 o Z)fr-+1 ( )

The large-m asymptotic moments of A can be obtained easily from this asymptotic
density, and are given, for s < r, by

lim E(A\y) = Z <S) hej(A — 1),

m—0o0

where

= () 02

with h,g := 1. Thus, the large-m distribution has mean

lim EQwmL) =1+ b (A — 1),

m—o0

and variance

lim var(Aw) = (hyo — h2)(1 — M)2. (3.8)

m—0o0

The limiting bias is thus lim,,—soE(Amr, — A) = (1 — A)(1 — hy1), which is negative for
all » and A, but diminishes rapidly as r increases. The limiting variances under the two



asymptotic regimes can be very different, and we shall see later that neither approximates
the exact variance very well.

Figure 1 plots the exact density (3.3) and large-r approximation when r = m = 10,
for z € (=1,1), and A = —0.5,0,0.5. Here and elsewhere we focus on the interval (—1,1)
because it seems to be most relevant in applications. These plots and similar graphical
evidence suggest the tentative conclusion that the density of AML seems, in general, to
be well-centered on the true value of A. The large-r asymptotic approximation seems
unsatisfactory even for this sample size, which is essentially what motivates an exact
analysis based on the density (3.3).

A=0.5
I I
exact ;
N 3 [ e large-r approx ; —
| 2F -
11+ -
0 ‘ AN 0 L | 0 ! s
-1 =05 0 0.5 1 -1 =05 0 0.5 1 -1 -0.5 0 0.5 1

Figure 1: Density of Auir, for the pure balanced Group Interaction model with ¢ ~
SMN(0, I,,), when r = m = 10.

In Figure 2 we also plot the exact density and the large-m approximation (3.7) when
m = 5,50 and » = 10 (in this case we plot two different values of m, since the large-
m approximation (3.7) is the same for all values of m). Note that when A is positive
the density of A, is quite insensitive to m, and the large-m density gives an excellent
approximation when X is positive (despite the MLE not converging in probability to a
constant as m — o0). This is due to the fact that in this model information about \ grows
very slowly with m. The approximation is less accurate when A is negative.

3.2 A Median Unbiased Estimator

A second consequence of Proposition 3.1, along with the fact that 6 is a monotonic func-
tion of A, is that the median of Ay, is defined, in an obvious notation, by the identity
med(Oy,) = 04 /med(F,. ,.(;,—1)). Solving this equation yields:



exact, m = 5

i k 3 I ---- exact, m = 50 7
i
1.5 , i [ N ORI large-m approx
2L -
11 |
0.5 | j 1 |

0 0 0 2 :
1 -05 0 05 1 -1 —-05 0 05 1 -1 -05 0 05 1

Figure 2: Density of A for the pure balanced Group Interaction model with & ~
SMN(0, I,,), when r = 10.

Proposition 3.2. In the pure balanced Group Interaction model with € ~ SMN(0, I,,), the

median of A, 1S
“ m

med()\ML) =1- .
1+6 \/ med(Fr,r(m—l))

Thus, the median of A, is a simple function of the median of the F' distribution. The

(3.9)

median bias of Ay, is, for any A € A,

N m m

bmea(N) := med(Ayr) — A = - '
e 1+0 1.9 med(F,. . (m—1))

The properties of byeq(A) are summarized in the next result, proved in Appendix A.

(3.10)

Proposition 3.3. In a pure balanced Group Interaction model with e ~ SMN(0, I,,), A,
is median-unbiased for all A when m = 2. For m > 2,

(i) bmea(N) <0 for all A € A;
(i1) bmea(N) = 0 as A = —(m —1) and as A — 1, and also as r — oo with m fized;

(i3i) bmeda(N) is convex on A, and |bpeq(N)| is mazimized at

1 (= Do

A
L+ Gm

, (3.11)

where (o 1= (med(FM(m_l)))l/‘l, with corresponding mazimum m (1 — () /(1 +

Crm)-

Note that, since (., > 0, the point of maximum (3.11) is negative for any r and for
any m > 2.* The asymptotic median bias as m — oo can be derived from the fact noted

4Also, note that, in terms of 6, the point of maximum is 6 = 1/Crm.

10



above that I, ;1) 25 x2/r as m — oco. Thus, (3.9) gives

) r
i =1-(1- Ted (v2)
i med(hn) = 1= (1 =3 /oo

Figure 3 displays the exact median bias and the large-m median bias of AL in a Gaussian
pure balanced Group Interaction model, obtained from Proposition 3.3, for a range of
values of r and m, and plotted against A\. The absolute value of the median bias is large
when the number r of groups is small and the group size m is large, and it appears to be

decreasing in m and increasing in r.

0.00

-—=—=-m = 10

m = 20

large-m approx

1

Figure 3: Median bias of A, for the pure balanced Group Interaction model with ¢ ~
SMN(0, I,,).

Clearly, there can be circumstances in which the median bias of ;\ML is important,
but fortunately this median bias can be eliminated completely by exploiting the fact that
med(j\ML) is known to be a monotonically increasing function of A. In fact, recalling that
Onir, 22 0\/Frr(m-1), We have that med(Oyp,/ med(F,.,—1))) = 0, ie., the corrected

estimator Oy, = éML/ i /med(FT’r(m_l)) is exactly median-unbiased for #. Since 6 is a

monotonically increasing function of A, we can assert the following:

Proposition 3.4. In the pure balanced Group Interaction model with e ~ SMN(0, I,,), the
estimator

. Oy e — O, — (m — 1) med(F,. ;. (m—1))
Sy = L —m AL - (3.12)

éML + A/ med(Fr,r(m—l))

See Andrews (1993) for a closely related argument in the AR(1) model, but note that
here we have the advantage that the median function is known exactly, and is known to

is exactly median-unbiased for .

be strictly monotonic.

3.3 Exact Confidence Interval for )\

Another consequence of the fact that Onir, = 6, /Fy r(m—1) 18 that exact confidence sets for
A are immediate. For, from the result in Proposition 3.1, and denoting the a-quantile of

11



the F' distribution with (vq,v2) degrees of freedom by Fy, 4,:q, We have®

pr< o <e<9ML> “1a
\V Fr,r(m—l),l—a/Q Fr,r(m—l),a/2

Turning this into a confidence interval for A\, we obtain:

Proposition 3.5. In the pure balanced Group Interaction model with ¢ ~ SMN(0, 1), a
100 (1 — ) % exact confidence interval for X is

6 m/Frr(m—1),0/2
(—(m—1)+A ML 1 rim—1)a/2 ) (3.13)
oML + /Frrm-1),1-a/2 OnL + /Frr(m—1),0/2

Figure 4 plots some confidence bands (3.13), as a function of the observed A, for

ML € A, and for o = 0.05, m = 5, and a series of values of ». When r is small the exact
confidence intervals are very wide, but quickly shrink towards Ay, (dotted 45 degree line)
as r increases.

5\ML

Figure 4: Exact equal-tailed 95% confidence bands for A in the pure balanced Group
Interaction model with € ~ SMN(0, I,,), when m = 5.

A commonly used 100 (1 — «) % large-r confidence interval for A, based on the asymp-
totic normality of Anp, is

(XML — Cq /U;\ML, S\ML + ca /U;\ML) , (3.14)

where U5,y 38 the large-r variance (3.6) evaluated at the MLE, and ¢, is the appropriate
critical value from the standard normal distribution. Figures 5 compares the confidence
intervals (3.14) with the exact confidence intervals (3.13), when r = 5, for m = 5, 50, and
for Aumr, € (—1,1). The general conclusion from this plot, and from similar ones that we
do not report, is that, as long as r > 1, the asymptotic confidence intervals provide a good
approximation to the equal-tailed exact ones if Aur, € (—=1,1). The large-r approximation
may be inaccurate for smaller values of XML, but such values of Ay, are rare in applications.

5 . . . .
°As usual, there are many choices for such an interval at a given confidence level. Here we give an
interval with equal tail areas, which is not necessarily the shortest, of course.

12



Figure 5: Equal-tailed 95% exact (solid lines) and large-r (dashed lines) confidence bands
for A based on Ay, for Amr, € (—1,1), when r = 5.

3.4 Exact Moments

We first discuss the moments of the MLE for 6, 6y, and, since A is likely to remain
the main parameter of interest, then go on to discuss the moments of Ay, itself. From
Proposition 3.1 it is easily seen that 6y, has moments (subject to existence) given by

E(0{,) = T°E (fﬁ(m,l)) : (3.15)
Evaluating the expectation gives the following result.

Proposition 3.6. In the pure balanced Group Interaction model with € ~ SMN(0, I,,), the
s-th moment of O\1, exists only for s < r(m — 1), and in that case is given by

E(@AISWL) = ks(r,m)7%, s <r(m-—1),

with

Thus, although Onir, itself is biased, the bias, because it is linear in 0, is easily removed,
and the variance of the corrected estimator easily computed. Turning to ML itself, since
the sample space for A, is bounded (and the density is bounded), it is clear that the
moments of all orders of Ay, exist. However, it is difficult to express the integral defining
the moments in terms of the density (3.3) in a useful closed form. It is possible, though,
to use the integral expressions to plot the exact mean and variance as functions of A, and
we use these for comparison.

Before considering the moments of 5\ML itself, we note the following. The mean of éML
is a known, monotonically increasing, function of A, namely (k1v/m — 1)6. Inverting that
function gives a modified “indirect” estimator of the same form as the median-unbiased
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estimator XML defined above, namely®

5\ _éML—(m—l)k‘lvm—l
mean - éML—i—klm .

This correction might be expected to reduce the bias in 5\ML, and is exactly analogous to

the median correction given in equation (3.12) above, except that | /med(F,. ,,_1)) is here

replaced by k1v/m — 1.7 This suggests that we consider a family of estimators of the form

S 1= ML~ (m=1)¢ (3.16)

Omr + ¢

where ¢ is a constant (possibly dependent on (r,m)) to be chosen.® The MLE Ay, itself
corresponds to ¢ = 1, the median unbiased estimator to ¢ = med(Fr,r(m,l)), and the
indirect estimator to ¢ = k1v/m — 1. Note that for both Xmed and Xmean, ¢ — 1lasr — oo,
so all three estimators are equivalent under fixed-domain asymptotics. We shall consider

the moments of )\¢ generally, thereby covermg all three cases.
Taylor expansion of )\¢ as a function of HML about the mean of HML, k1T, gives:

3 me Onir, — k1 i
Sy =1— v — M7 )
¢ o+ k1T ¢+k172 (<Z>+/<:17'>

To simplify the notation, put

o _méo x,_éML—le = B
T o+ kit o+ kT Ll ’

so that p; = 0, and
oo
5\¢ =1l—-a-— aZ(f
i=1

Truncating the series at the third order term, and taking expectations using Proposition
3.6, gives’
E()\¢) ~1—a(l+ pus — us). (3.17)

Similarly, the expansion for Var(;\¢) up to terms of order 4, is

V&I‘(j\d)) ~ o? (12 — 23 + (3pa — ,u%)) . (3.18)

SKyriakou, Phillips, and Rossi (2014) consider a different indirect estimator for A based on the OLS
estimator.

"The two correction terms seem to be fairly close, except when r is very small, and it seems that
Vmed(F, - (m— 1)) < kivm —1.

8Note that /\¢ is supported on A for any ¢ .

9The approximation cannot be extended to the entire Taylor expansion, because the moments of Oz
exist only up to order r(m — 1) — 1. However, only the first few terms are needed to obtain an excellent
approximation, so this is unimportant.
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In these expressions the usual formulae for moments about the mean in terms of raw
moments give:

(kg — k%)’l‘2 (kg — 3k1ky + 2]€%)T3 (k‘4 — 4k ks + 6]{7%/{2 — 3]{%)7'4

G+ T Gtk M7 6+ Far)t

p2 =

Fucussing now on the MLE (the case ¢ = 1), including only the term pg in (3.17)
reproduces very accurately the exact mean, over the entire parameter space A, and for any
r and m. For the variance, using only the first two terms is inadequate, but the three term
approximation given in (3.18) reproduce the exact variance very well. Figure 6 plots the
exact variance of Ay, (obtained by numerical integration) for A € (—1,1), along with three
different approximations: the third order approximation (3.18), the large-r approximation
(3.6) and the large-m approximation (3.8). The third order approximation seems to be
vastly superior to the two asymptotic ones.

r=5m=2>5 r=>5m=10 r =5, m = 50
0.80 T T T = 0.80 T T T = 0.80 T T T =
. ., N .
0.60 |- . -| 0.60 |- . | 0.60 |- . -
. . O\
<\
0.40 — 0.40 | SN -
NN
. SO\
\\
- 0.20 [ RN -
> 0.00 \ | Bhs
-1 —0.5 0 0.5 1 -1 —0.5 0 0.5 1 -1 —0.5 0 0.5 1
r=10,m =5 r=10,m = 10 r =10, m = 50
T T T T T T - T T T
N
. . NG
0.20 |~ . -| 0.20 |- - <020 |- X —
. . AN
NG
NG
N
0.10 -{ o0.10 |- e N -
NG
0.00 | | - 0.00 | | :
—1 —0.5 0 0.5 1 -1 —0.5 0 0.5 1 —1 —0.5 0 0.5 1
r=50,m=5 r = 50,m = 10 r = 50, m = 50
T T T T T T T
A exact
0.03 |- - - 0.03 |- X, - - -~ third-order ||
. : N R large-r
0.02 |- .. — 0.02 . ... large-m [
0.01 = e | 0.01 = \\
0.00 | | I 0.00 | !
-1 —0.5 0 0.5 1 -1 —0.5 0 0.5 1

Figure 6: Exact variance of ;\ML, as a function of A\, along with three different approxima-
tions.
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3.4.1 Bias and Bias Correction

From equation (3.17), omitting the final term ug, the approximate bias of AML is, to this
order,
bmean()\> == (04 +A-1+ Oé(l + MQ)) ,

where o and po are evaluated with ¢ = 1. Evidently, the bias is negative for all X\ if
a+A—1>0,or k;v/m — 1 < 1, which is so if m > 4. Thus, based on this approximation,
A, is negatively biased for all A if m > 4. As might be expected, for moderate r the
estimator is almost unbiased for small m, but can be quite biased when m is larger: the
matrix W becomes more “dense” as m increases for fixed 7.

An alternative approach to bias-correcting S\ML is to simply subtract an estimate of
the approximate bias byean(A) from ML, replacing A by A in bmean (). Denoting the
estimates of a and py by & and fig, this means using

ABC =2\ — 1+ &(2 + f2). (3.19)

We call this a direct bias correction.!” The variance of the corrected estimator can also be
obtained by the same methods, but we omit the details. Instead, in Figure 9 in Appendix
B we plot the mean bias, for A € (—1,1), of S\ML, and of the three bias-reducing estimators
we have introduced, S\med, S\mean, S\Bc. This is obtained by straightforward simulation (cf.
Remark 3.2). Figures 10 and 11 in Appendix B do the same for the RMSE function and
the median bias function.

These figures show that A, can be significantly biased, but that direct bias correction
(;\Bc) essentially removes the entire mean bias. However, XBC performs poorly in terms
of the median bias. The estimator j\med does not perform as well as S\Bc in terms of mean
bias, but it does reduce a good portion of the mean bias of 5\ML, and is median unbiased
by construction. These differing effects reflect the fact that the distribution of ML can
be quite skewed. the estimator Xmean appears to be dominated by Xmed in terms of both
mean and median bias. The variances of the four estimators are all virtually identical, and
the three bias corrected estimators appear to have lower RMSE than S\ML, at least when
A € (—1,1). To conclude, then, bias correction does seem desirable, particularly when
r is small and/or m is large, and several methods are available to accomplish this, with
varying degrees of success. Which to choose obviously depends on one’s preferences.

3.5 Hypothesis Testing: Best Invariant Test

As we have seen, the pure balanced model is a two-parameter regular exponential model.
In the canonical parameterization of Remark 3.1 the two sufficient statistics are s; :=

107 greater detail, putting a := +/m — 1, the bias-corrected estimator is

< < 0 1—ak 2(ky — k3)0
e = A, 4 oL ?1_’_a(2 Al)ML .
1+ ak16mr, \ 1+ O, (1 + ak16m1)?
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y' (I, ® M,,,)y, and s9 :=y'(I, ® P, )y, with the distribution properties stated in Remark
3.1. The problem of testing Hg : A = 0 is invariant under the group of scale changes
s$1 — asi, So — asg, a > 0, applied to the sufficient statistics, and under this group the
statistic s3/s; is a (single) maximal invariant. The MLE Ay, is itself invariant, therefore
also maximal, since both are one-dimensional. The class of invariant tests in this model
therefore coincides with the class of tests based on S\ML.H Since we know the distribution
of AmL (under the SMN(0, I,,) assumption), we can apply the Neyman Pearson Lemma to
the distribution of Ay, to obtain the uniformly most powerful invariant (UMPI) test of
Hj against each one-sided alternative. The resulting test can be shown to coincide with
the Moran test (see King (1981), who gives an analogous result for the case r = 1).12

The Neyman-Pearson Lemma applied to the density of Ay, given in (3.3) gives a best
critical region consisting of large values of the likelihood ratio

rm

pdfs (2 ) <1+ml_1U(z)> 2

x
pdf; (2;0) 1+ 2510(2)

where U(z) := ((z +m —1)/((m — 1)(1 — 2)))?. This ratio is increasing or decreasing in
U(z) as 8/(m — 1) = 1, so the best invariant test rejects Hy against alternatives A > 0
when U (XML) = (éML /(m — 1))? is large, and rejects against alternatives A < 0 when
U(z) is small. The critical values for a two-sided test can be derived directly from the
F,. r(m—1) distribution, since, under Hy, U(z) ~ F}.,(,—1). Noting that, in the canonical
representation of the model, (m — 1)sy/s; is the MLE for the parameter (6/ (m — 1))2, we
can therefore state:

Proposition 3.7. In the pure balanced Group Interaction model with e ~ SMN(0, I,,), the
UMPI test of Hy : A\ = 0 against alternatives Hi : X > 0 (H; : A < 0) rejects Hy when
Uun) = (m — 1)sa/sy is large (small).’3 The test is ezact, and critical values can be
obtained from the fact that, under Hy, U(Au) ~ Frr(m-1)-

When Hj is false the test statistic U(S\ML) has the distribution

. A+m—1 2
U(Amw) ~ ((rnjl)(l—/\)> E oy m—1)5

so that, for any critical value t,,

Pr (U(XML) > ta) — Pr (Fm(m_l) >ty (Wy) , (3.20)

"The likelihood ratio test is also invariant, therefore also based on si/s2, or XML, as can be shown
directly. The same applies to a test based on a Studentized version of Az, using, say, the estimated
asymptotic variance as r — co.

12 A5 usual, of course, there is no uniformly best test against two-sided alternatives.

13The last equality here follows from the fact that, in the canonical representation of the model, (m —
1)s2/s1 is the MLE for the parameter (8/ (m — 1))
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with a similar expression for the other tail. For the one-sided test against Hfr A >0,
therefore, it is clear that the power — 1 as A — 1, and the analogous conclusion holds as
A — —(m — 1) for a one-sided test against H; : A < 0. Exact power curves for the test(s)
are easily obtained from equation (3.20).14

3.6 Balanced Models with Regressors

The exact results derived above for the pure model do not generalize easily to the case of
an arbitrary regressor matrix X. However, extensions are straightforward under certain
specific assumptions on X, and we give some examples of this next. These examples are
important in their own right, but also because they might suggest approximations for the
case of an arbitrary X. Before continuing, we note that some care is required in dealing
with the models with regressors, because there are choices for X that mean that the number
of sufficient statistics is less than the number of parameters, in which case inference (on
the full parameter) is impossible. See Arnold (1979), Lee (2007), and H&M for further
discussion of this issue. This problem arises in the present balanced model when col(X)
contains either of the two eigenspaces of W, which are col(I, ®ty,) and col(I, ® Ly, ), where
L,, is a matrix whose columns span the orthogonal complement of ¢,,.!> To rule this out
we need the following assumption.

Assumption A. Neither col(I, ® ) nor col(l, ® Ly,) is in col(X).

Note that I, ® iy, is the group fixed effect matrix. Hence, Assumption A requires, in
particular, that the model does not contain group fixed effects. In the general model (1.3)
with regressors the random part of the log-likelihood is, under Gaussian assumptions,

(Sxy — XB) (Say — XB) = (y = AWy)'(y = \Wy) + /X' X8 - 28'X'(y — A\Wy).

In general this cannot be written in terms of fewer than 2k + 3 sufficient statistics, but in
certain special cases reduction is possible. In the balanced Group Interaction model the
first component can, as we have seen, be written in terms of si, so. The last term is in
general a combination of both X’y and X'Wy, but it can be reduced to a single k-vector
if WX = X A for some k x k matrix A (including A = 0), that is, if col(X) is an invariant
subspace of W’. In this case the statistic X'y is sufficient. The case A = 0 requires that the
column space of X is orthogonal to the column space of W, which, assuming X is of full
column rank k, can only be so if rank(WW) < n — k. This possibility therefore does not
arise for the models studied in this paper, in which W has full rank. But, for the balanced
model, the column space of X can indeed be an invariant subspace of W'.

4 An alternative approach would be to apply the NPL to the distribution of the statistic so /s1 directly.
It is straightforward but tedious to show that this yields exactly the same test as A itself.

I151f, for instance, col(X) contains col(I, ® tym), the only terms in the profile log-likelihood that involve A
are —nlog(A +m — 1) + log(det(Sy)), so the profile score does not depend on the data.
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The simplest example of this is, as noted in H&M, the case of a constant mean, i.e.,
k=1and X =1y, =ty ® ty,. We then have

W/X:(IT®Bm)Ln:LT®BmLm:Lr®Lm:X,

because ¢, is an eigenvector of B,, corresponding to the eigenvalue 1. More generally, we
may have X = (I, ® v,,) R, for some r x k matrix R (k < r), in which case

WX = (I ® Bp) (Iy ® tm) R = (I © Bytm) R = (I; ® tm) R = X,

for the same reason. These cases entail that col(X) is spanned by eigenvectors of W
associated to the unit eigenvalue. Alternatively, col(X) may be spanned by eigenvectors
associated to the eigenvalue —1/(m — 1), or more generally, some combination of the
two. If so we will have X = (Xj, X2), say, with X; of dimension n x k; (k1 < 7),
col(X1) C col(I®ty,), and X of dimension nx ks (k2 < r(m—1)), col(X2) C col(I,®L,,).10

In this circumstance the term (y — A\Wy) Mx(y — AWy) that appears in the profile
likelihood, and yields all of the results discussed earlier for the pure model, can instead be
written as a linear combination of the two statistics

81 1= h Mg, 1, 32 := §sMg, 0o,
with the same coefficients as earlier. Here, § := H'y and X := H'X, where H := (I, ®
Ly, Iy ® ly,), with I, := t;,/y/m, is the orthogonal matrix of eigenvectors of W. Thus,

X, = (I ® Ly,)' X1 is 7(m — 1) X kq, and Xy = (I, ® 1) Xo is r X ko. It is easily checked

that
A +m—-12 5o(1 —N)?

2
1)2 ~ XT‘(’I’I’L*l)*kQ’ o2 ~ Xr—ky-

o2(m —
Thus, the only changes needed to all of the above results, for models of this structure, are
to the respective degrees of freedom of the F- variate involved in the expressions for the

cdf. Thus, we have established the following general result.!”

Proposition 3.8. Suppose Assumption A holds. In the balanced Group Interaction model
with € ~ SMN(0, I,), if col(X) C col(I} & ty,) U col(l, ® Ly,), with ki := dim(col(X) N
col(I, ® ) <1, and kg :=k — k1 < r(m — 1), then the cdf of AL @S, for any A, z € A,

. A
Pr(Aw < 2;A) = Pr (sz < el )> ,

“ovym-—1
with v1 =71 — k1 and vy :=r(m — 1) — ko, and the corresponding density is

2mT Y2 (1—2)2"t(z4+m— 1)”1_1

B(ﬂﬂ n—k *

pdf
2’ 2) (7'2(1—Z)Z—F(z:—i-m—l)Q)T

(z:7) =

(3.21)

5\ML

%The inequalities k1 < r and ko < r(m — 1) must be strict for Assumption A to be satisfied.

17 Alternatively Proposition 3.8 can be derived directly using results in H&M. Note that if v; = 1 the
limit of the density (3.21) as z { —(m — 1)! is not zero. This is because the case v1 = 1 is “close” to the
degenerate case v1 = 0, in which case I,()) is unbounded in a neighborhood of —(m — 1)~
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It is certainly true that the conditions needed in Proposition 3.8 are restrictive, but
they are met in some simple cases of practical interest, in addition to the constant mean
case X = ,. We briefly describe two of these next.

Remark 3.4. Another consequence of the condition that col(X) C col(I; ® ty,) U col(l, ®
Ly,), but Assumption A holds, is that the Cliff-Ord test for Hy : X = 0 is UMPI against
a one sided alternative in a mized-Gaussian Group Interaction model. Here invariance is

with respect to the group of transformations y — ky + X0 in the sample space, for any
k>0, any § € R¥; see King (1981).'8

3.6.1 Individual Fixed Effects

The model is
Yi=ABpyi+pte,i=1,..7 (3.22)

where y; € R™, for each for ¢ = 1,..,r, is the subvector of y corresponding to i-th group,
pis m x 1, so the groups (districts) have a common mean (I, — AB,,) 'y, and a common
autoregressive parameter A. This is model (1.3) with W = I, ® By, X = ¢, ® I, and
B = p. Proposition 3.8 applies with k&1 = 1 and ko = m — 1, and gives

Pr(Awn < 230) = Pr (F,_y v 1)m_1) < c(2,A)) . (3.23)

That is, as one might have expected, this case is analogous to a pure model having r — 1
rather than r copies of a complete graph on m vertices. The asymptotics are thus the same
as in Section 3.1.2: Ay, is consistent and asymptotically normal as » — oo, and converges
in distribution to a random variable as m — oo with r fixed.

The model (3.22) is a special case of the spatial/panel model studied in the recent
paper by Robinson and Rossi (2015), the difference being that in their paper By, in (3.22)
is replaced by a general weights matrix W, common to the blocks, our p is their ¢, and
our (r,m) are their (T,n). Under Robinson and Rossi’s assumptions, Ay, is consistent
and asymptotically normal as (their) n goes to infinity, and they are able to obtain an
Edgeworth expansion for the distribution of A These results do not conflict with those
just discussed, because, crucially, the matrix B,, does not satisfy the key assumption,
Assumption 3 (iv) in Robinson and Rossi (2015).

3.6.2 Group-Specific Regressions

Consider now consider a balanced Group Interaction model with group specific 5 coeffi-
cients:

18Tf Assumption A does not hold, the Cliff-Ord statistic is degenerate, in the same sense as the profile
score is. As a consequence, the final paragraph of King (1981) needs to be interpreted with great care.
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where the matrices X; are m X k;, with k; < m, for all 4. In this case X = @;_,; X; (6D
denoting matrix direct sum), k =Y., k;, and ' = (81, .., 8;.) in equation (1.3). For each
group one can check that the k; + 3 statistics s1; = y,M,, i, s2i = Y, P, vi, X]yi, and o, y;
are sufficient for the k;42 parameters. The sums s; = 22:1 s1; and so = 22:1 S2i, together
with the Xy;, ¢ = 1, ..,r, are therefore sufficient in the full model. If col(X;) contains ¢,, the
statistic ¢],y; is already accounted for in Xy;, so under this condition the model is regular
for a single group. However, the condition ¢, € col(X;) cannot be permitted for every i, for
this would mean that col(Z, ® t,,,) were a subspace of col(X), violating Assumption A. The
alternative that also produces a regular model is that for those i for which ¢, ¢ col(X;),
col(X;) C col(Ly,). In this case the term involving ¢/,y; does not appear, and Xy; is
sufficient, again giving a regular model for that group. Note that col(X;) C col(Ly,)
would hold, for instance, if the elements of X; were deviations of the raw data from their
respective within-group sample means. Assuming, therefore, that ¢, € col(X;) for r — s
groups, with s > 0, and that, for the remaining s groups, col(X;) C col(L,,), the conditions
of Proposition 3.8 are satisfied with k1 =7 — s, ko = kK — r 4+ s. The cdf is therefore

Pr(S\ML < z;A)=Pr <Fs7,«m_k_s < c(z,)\)> . (3.25)

The asymptotics are then easily established. As m — oo, AML converges in distribution
to a random variable (because F yp,——s 4, x2/s). When r — oo, consider first the case
when both s and rm — k — s diverge. Then Fy ;. 1—s L5 1. We distinguish two cases,
according to whether (rm — k — s) /s is bounded or not as r — co. In the former case, let
p = lim, o (rm — k — s) /(s(m — 1)), and define v := p~/20. Then, for any z, A € A,

i Prin < 200 = 7(1< pela ) = 1 (52 220D,
where I(-) is the indicator function, taking value 1 when its argument is true and 0
otherwise. Thus, if lim,_,s (rm — k — s) /s is bounded, Ay, —= (y —m 4 1) /(1+7) € A.
Thus, we have convergence in probability, but to an (in general) incorrect point in A.
If, on the other hand, (rm — k — s) /s — oo, then the representation (3.25) implies that
Pr(S\ML < z;\) — 1, for any A, z € A, that is, AL — — (m — 1). Finally note that the re-
sult Ay, —— — (m — 1) is also obtained if s is fixed as r — oo (because F ks 4, X2/s
and (r(m —1) —s)/(s(m —1))c(z,\) = o0).

We shall see below that in the unbalanced case there is no need to rule out the presence
of group specific fixed effects. This will enable us to obtain a general exact representation
of the cdf of Ay, in the case of group specific regressions.

3.7 Conclusion on the Balanced Model

The balanced Group Interaction model, the key property of which is that the spatial design
matrix W has just two distinct eigenvalues, is obviously a “toy” model, of the same status,
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perhaps, as the simple Gaussian regression model, and the AR(1) model in the time-series
literature. Indeed, within the class of models in which W is the adjacency matrix of a
graph, it is the only model with just two distinct eigenvalues. Its practical relevance is
obviously limited, but, as with the other examples mentioned, one hopes that study of its
properties will be informative more generally. It goes without saying that one can only
hope to obtain exact results under very restrictive assumptions, and we make no apology
for beginning the study of inference in this class of models with its simplest member.
However, in the interests of pragmatism, we now move on to the much more realistic, and
therefore more complicated, unbalanced case.

4 The Unbalanced Model

The unbalanced Group Interaction model - with groups of different sizes - presents a much
greater challenge, even for the pure model. In this section we present an exact result for
the distribution of ;\ML, and some approximations to it. But, so far, we are unable to
extend the detailed inference results obtained above for the balanced model to this more
difficult case. The key difficulty is that some of the coefficients dy(z, A) in the expression
for the cdf in equation (2.2) change sign as z varies in A. This means that there are points
in A at which the cdf is non-analytic, and that the distribution has a different functional
form in different sub-intervals of A. This makes analytical work with the exact distribution
extremely difficult, if not impossible. Nevertheless, it is possible to make some progress
by other means.

On the other hand, the presence of groups of different sizes has a favorable consequence:
contrary to the balanced case, inference about A remains possible if (all) group specific
fixed effects are included in the regression. We shall see that this immediately implies a
simple representation of the cdf of S\ML that holds for general regressors, provided only
that all 8 parameters are group specific and that group specific fixed effects are included.

In Sections 4.1-4.4 we restrict ourselves to the pure case, and often, for simplicity, we
focus on the case of two group sizes. As is clear in equation (1.3), the interest-parameter \
is still assumed constant across groups. The case of group specific regressions is discussed
briefly in Section 4.7.

Remark 4.1. As noted in Remark 3.1, the (Gaussian) unbalanced model is also a member
of the curved exponential family. Indeed the likelihood is the product of p versions of that
for the balanced model, with different group sizes, and different multiplicities. Each of these
has sufficient statistics and canonical parameters of the same type as those given earlier
for the balanced model. That is, the exponent of the exponential part of the likelihood is of
the form

p p p
S1; 514
m Y (s1i+s2) +m2 ) <S2z‘ + h1)2> + 25 ) <52i B (m-1i 1)> '
i=1 i=1 - i=1 !

(mi
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It is not possible to rewrite this as a linear combination of two statistics with constant
coefficients, so the model is a (3,2) curved model, as mentioned. In this representation of
the model the statistics si;, So; are all independent of each other, and are proportional to

x? wvariates. Note that the sum can be written as

with so = >_Y_, s9i, a linear combination of p + 1 independent multiples of x? wariates.

Remark 4.2. The estimating equation ip(A) = 0 is, in this case, a polynomial of degree
p+1in A, and has no explicit solution if p > 3. It must be solved numerically. However,
the fact that the equation is known to have a single zero in A makes this a much simpler

task than it would otherwise be.

4.1 Exact Representation

In the unbalanced Group Interaction model each different group size introduces an extra
distinct eigenvalue of W. If there are r; groups of distinct sizes my;, i = 1,...,p, with my
the smallest group size, the eigenvalues of W are: 1, with multiplicity » = >_F_,7;, and,
for each i = 1,..,p, —1/(m; — 1) with multiplicity n; = 7;(m; — 1).!9 The total sample size
isn =" r;m;, and the number of distinct eigenvalues of W is T = p + 1. Since, for
any group-interaction model, W is symmetric, the cdf of AL is, under mixed-Gaussian
assumptions on ¢, given by (2.2).

We will need the following property of the coefficient functions g¢(z) — g(z) in equation
(2.3), proved in H&M for any W having only real eigenvalues: for any z € A, the coefficients
gt(z) — g(z), t =1,..,T, are in increasing order (i.e., s > t implies gs(z) > g:(z)). For any
ze€ N g1(z)—g(z) <0, gr(z) —g(z) >0, and, for any t = 2,...,T — 1, g:(2) — g(z) changes
sign exactly once on A.

We can divide the left-hand term in the inequality in (2.2) by the (positive) coefficient
in the final term in the sum, giving the equivalent exact representation of the cdf,

T
Pr(\r, < 2;A) = Pr (Z (2, M) (ge(2) — G(2)) X2, < o) : (4.1)

t=1

where, for the Group Interaction model considered here,

— z me — 2
o ()

and cr(z,\) := 1, all reducing to ¢(z,A) in equation (3.1) when the model is balanced.

Since some of the g;(z) — g(z) are positive and some are negative, for any given z € A, it

""The corresponding eigenspaces are col(?_, (Ir, ® tm,)) associated to the eigenvalue 1 and col(I,, ®

L) associated to —1/(m; —1), i = 1,...,p. It is easily verified that when p = 1 the eigenstructure reduces
to the one given in Section 3.
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follows that, for any z € A, Zthl (2, M) (9:(2) —g(2))x2, reduces to the difference between
two positive linear combinations of independent x? variates.

Remark 4.3. Notice that, for all z € A, ¢i(z,\) — 0 as X — 1, for each t = 1,..,p,
while cp(z,\) = 1. Since gp(z) — g(z) > 0 for all z, PrOwr < z:0) = 0 as A — 1.
Likewise, as A — —(mq — 1), all coefficients in (4.1), other than the first, remain finite,
while ¢1(z,\) — oo for all z € A. Since g1(z) — g(z) < 0 for all z, Pr(dr < z;A) — 1 as
A — —(mq —1). Thus, as in the balanced case, the distribution of Aur becomes degenerate
as A approaches the endpoints of A.

The eigenvalues of G, are g;(2) = —1/(z+m;—1),t =1,..,p, and gp1+1(2) = 1/(1 —2),
so that

p
B z r3my;
9(z) = > —

and

0= 30 = = > (r (g i)

for t =1,..,p, while

gp+1(2) — g(2) =

Note that g(z) has the sign of z, and g(0) = 0. As noted earlier, g;(z) — g(z) < 0 for all
z €A, gp+1(2)—g(z) > 0 for all z € A, and the remaining terms all change sign exactly once
as z traverses A. Thus, the number of positive and negative terms in the representation
(4.1) varies with z. If the model is balanced (p = 1) the exact representation given here
reduces to the result for the balanced case discussed earlier.

For any p > 2, let z; denote the unique point in A at which g,(z) — g(z) = 0, for each
t = 2,...,p. The distribution of A, is non-analytic at the points z;, and has a different
functional form in each interval between successive points. The number of positive and
negative terms in (4.1) remains the same within an interval, but the numbers of each differ
in the different intervals.

Example 1 (Two Group Sizes). In the case p = 2 we have, after simplification,?”

_ v n(mg — 1)+ 2(n — romy (me — mq))
9(z) = 3(2) = n(l—2)(z+mp —1)(z +mg — 1)
o _n(m1 — 1)+ z(n 4+ rimy (mg —mq))
92(2) = 9(2) = n(l—2z)(z+m —1)(z+mg—1)
gg(z) B g(z) _ rlml(ml — 1)(2 + mo — 1) -+ Tgmg(mg — 1)(2’ +mq — 1) .

n(l—2)(z4+m1 —1)(z+mg — 1)

20The common denominators of the coefficients here could obviously be dropped, but to economize on
notation we do not do so.
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The first is always negative, the last always positive, for z € A, while the second changes

sign at
n(mp — 1)

<0, (4.4)

29 = —
2 n+ rimy (mg —my)

being negative for z > za, positive for z < zo.

After briefly discussing the asymptotic properties of A, that follow from the exact
representation, we next discuss (again briefly) the distribution properties of linear combi-
nations of independent y? variates with positive coefficients, a subject upon which there
is a large literature.

4.2 Asymptotics in the Unbalanced Group Interaction Model

The representation of the cdf of Ay, in equation (4.1) provides a useful starting point for
deriving asymptotic properties of A under the mixed Gaussian assumption. Different
asymptotic regimes are possible, depending on how the m;’s and the r;’s are assumed to
behave as the total sample size grows. To understand the issues we rewrite equation (4.1)
in the form

P
Pr(we < z;A) = Pr (XE + Zz/)t(z, )‘)ngt < O) . (4.5)
t=1
where
9:(2) — 9(2)

(2, A) = (2, \) (4.6)

gp+1(2) — 9(2)
for t = 1,...,p. Assuming p, the number of different group sizes, is fixed, one can again
consider two types of asymptotic regime. The first, infill asymptotics, holds the r; fixed
(hence also ), and assumes one or more of the m; produce the increased sample size. The
second, fixed-domain asymptotics, holds the m; fixed and assumes an increase in one or
more of the ;. This second case satisfies the assumptions in Lee (2004). Hence, it is already
known that, under regularity conditions, Amr, is consistent and asymptotically normal. In
the first case Lee’s (2004) results leave the properties of AML open.

In fact, the situation is very much as in the balanced case: it is clear from (4.5) that in
the first case, convergence will be to a random variable, because the term x?2 in (4.5) will
be unaffected. Precise details for this situation depend on exactly what is assumed about
the behaviour of the m;, but AL is clearly again inconsistent under infill asymptotics. In
the second case the known results are easily deduced from the representation (4.5) by a
characteristic function argument.

4.3 Exact distribution of a Positive Linear Combinations of y? Variates

As we have just seen, we need to deal with pairs of statistics of the form

s

Qs = Z aiX%ia

=1
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with all the a; > 0. In our case these coefficients are functions of z.
Define the n x n diagonal matrix (n = Y7 |n;)

A=A, nla1,..,as) = diag (a;l,,,i =1,..,s).
It is well known that the cumulants of () of all orders exist are given by
o ol-1 Iy _ ol—1/;
kp=2""(1—Dltr(A") =2"""(j — 1)lmy, (4.7)

where, m = >0 ,nial = tr(A!). These properties are quite simple, but, despite that,
exact distribution theory for Q)5 is not straightforward, and there is a very large literature
dealing with the subject. We briefly introduce some of this next. Let ¢ be a positive
number such that ¢a; > 1 for all 7. An expression for the exact density is

|¢A| = 1

df —= F I, — (A 4.
pdfq,(q) = 2irem P 3% 211222Q¢( (@A) ), (4.8)
(see James (1964), and Ruben (1962)). The hypergeometric function here is a confluent
hypergeometric function with matrix argument (Muirhead (1982), Chapter 7), and it is
this that make the distribution difficult. For ¢ such that ¢a; > 1 for all 4, the distribution
of pQ, can be expressed as a mizture of central x? distributions with weights

(1) L

NI

pj(pA) ==

Cj(In — (¢4)71), (4.9)

where (a); := a(a + 1)...(a + j — 1) is the Pochhammer symbol, and C;(-) denotes the
top-order zonal polynomial of order j in the indicated matrix. It is easy to confirm that
the pj(¢A) are non-negative and sum to unity. The choice of ¢ > 0 is arbitrary subject
to ¢min{a;,7 = 1,...,s} > 1. The weights p;(¢pA) are relatively complicated polynomials
in the a;, and are difficult to interpret.?! See Ruben (1962) and Johnson, Kotz, and
Balakrishnan (1994) for further details of these and related expansions. There is some
incentive, therefore, to seek approximations to the distribution, and we discuss some of
these briefly below.

In the case s = 2, however, the result is reasonably simple. Without loss of generality
we consider the distribution of a statistic of the form @) = alxgl —|—a2X12)2, with 0 < a1 < as.

Proposition 4.1. Let QQ := alxgl + agxgz, with 0 < a1 < ag. The density of Q is given by

o5 T exp (=) g5
pdfo(g) = 221“<(v) ) 17y (”22 ;’ ;qs (1—¢)>, (4.10)
2

where ¢ = 1/a1, v := vy +v2, and P := a1 /az < 1.

21Recall that the non-central x? distribution also has this form, but with a Poisson mixing distribution
with mean equal to the non-centrality parameter. This is obviously simpler than the present case.
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The distribution function follows at once. Note that the hypergeometric function in
(4.10) has scalar argument, and is a built-in function in most modern mathematical pack-
ages.

Equation (4.10) can be rewritten as

o) v _ k
pdigle) = 3 3 L= o) (111)

where g¢(-) denotes the density function of a Xz random variable. This representation
as a mixture of y? densities is useful for some calculations, and for interpretation, but is
perhaps less so for computation purposes.

4.3.1 Approximations for Positive Definite Forms

Because the exact distribution of a positive definite quadratic form is quite complicated,
there is a clear incentive to approximate. And, because such forms are ubiquitous through-
out statistics, there is a very large literature on the subject. The simplest approximation,
usually attributed to Fisher, is to treat Qs as a multiple of a x? variate, Qs = ax?, choos-

ing « and v so that the first two cumulants of the two distributions agree. This entails the
!

choices o = my/m and v = 7} /72, where, as above, m, = Y _;_; n;al.

A more sophisticated approximation due to Hall (1983) and Buckley and Eagleson
(1988), is to use three parameters, with Qs = ax? + 3, and choosing (a, 3,v) so that
the first three cumulants agree. This entails the choices a = 73/, 8 = m — 73 /73, and
v =/ 7T§. Buckley and Eagleson (1988) show that this representation can be formally
justified by an argument based on Edgeworth expansions of the two distributions involved,
and give explicit bounds on the error involved in approximating the distribution function
in this way. Hall (1983) calls this a “penultimate” approximation to the distribution of Qs,
which of course, when suitably standardised, converges to a standard normal variate. For
our purposes, the simpler two-cumulant approximation is more useful, and seems to work
quite well. A number of other, typically more complicated, approximations are extant -

for a comprehensive discussion, see Johnson, Kotz, and Balakrishnan (1994).

4.4 Exact Distribution of XML

From the exact results for a pair of independent positive linear combinations like those
given above, one can easily obtain an exact formula for the probability Pr(Qq; < Q9), with
Qi+ based on matrix A;, by simple transformation and integration. The result is given in
H&M, Section 5, and has the following form: for z € (z, z;41), between successive points
Zts

8 1
Pr(dve < z30) = Ejk <Pr <fv1t+2J,v2t+2K < ¢2>> : (4.12)
where vy 1= 22:1 n;, Vg i= Zf;lﬂ n;. The symbol E; g here denotes the operation of

applying two independent weightings of the form (4.9), with suitably defined matrices
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Ay, Agt, to the “conditional” probability involved. That is, in each interval we have a
different representation of the distribution that, conditionally, is analogous to the result
for the balanced model.

Obviously, the “conditional” formulae for each subinterval of A are simple enough,
but it remains true that the unconditional result, after averaging with respect to the
distributions of J, K, is forbiddingly complicated, and, worse, not particularly informative
about the properties of the estimator. Moreover, it is probably impossible to obtain the
density directly from equation (4.12), simply because of the complexity of the polynomials
involved. There is therefore considerable interest in obtaining valid approximations to the
exact results that are more easily interpreted, and more informative. Before considering
that further, in the next section we give the exact results for the case of just two group
sizes (i.e., p = 2), which are reasonably tractable.

4.4.1 Two Group Sizes (continued)

When there are p = 2 different group sizes the coefficients of the three y? variates in the
sum in (4.1) have the following signs:

2 2 2

Xrl(ml—l) Xrg(m2—1) Xr

2z < 29 — + +
zZ > 29 — — +

Using the coefficients in (4.6), we have, for z < zo, where ¥9(z, A) > 0,
Pr(AmL < 2 A) = Pr (¢a(2, A2, + X5 < (—¢1(2,M)X3,) , (4.13)
while for z > 29, where ¥2(z, ) < 0,
Pr(dus < 2 A) = Pr () < —t1(2, ADxi, + %22, A)xa,) - (4.14)

Each of these involves a linear combination of two x? random variables with positive
coefficients, and a third, independent x? variate. Expressions for the distribution functions
in the two intervals can be obtained by applying the results in the previous subsection, but
it is difficult to use those expressions to obtain information about the properties of XML,
in particular, its density.?? Here we pursue an alternative conditioning argument that is
more successful.

Remark 4.4. Noting that 1¥9(z2,\) = 0, and, as is easily verified, —ip1(z2, \) = r/ny, we
have, on setting z = zo in either of equations (4.13) or (4.14),

PI“(S\ML < 29; )\) = PI“(FTJH < C (22, )\))

22The difficulty is that both the conditional distribution, given J = j, and the mixing probabilities, are
functions of z.
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For values of r1, 12 that are not too small this function (of ) is near 1 for A < z3, and near
zero for A > zs, falling sharply from 1 to 0 in the neighborhood of zs. That is, for values
A< 29 XML 1s almost certainly below za, and for values A > zo it is almost certainly above
zo. If zo < —1, and X\ € (—1,1), this implies that the distribution of A will be almost
entirely confined to the interval z > z9. For A = z9, Pr(ijL < z9;29) = Pr(F,,, < 1),
which is near .5 as long as r/ny is near 1. Other evidence about the median will be discussed
shortly.

Let ¢, denote a x2 random variable. All such variables in the expressions to follow are
independent. For z < 22, we can condition on the variables ¢, and ¢, on the left in the
expression for Pr(S\ML < z; A), giving the conditional result

qr + %(Z, )\)Qng
_wl (Z7 )\)

where G, denotes the cdf of the x2 random variable. For z > 23, we can condition instead

on (Gny s Qn, ), giving

PI‘(S\ML < Z|qn17Q7l27)‘) = gT (_(1/}1(27 )‘)qn1 + ¢2(z7)‘)Q7’L2)); zg <2< 17

O 1 ). —m-n<s<a,

Expressions for the unconditional cdf’s can be obtained from these by averaging, but we
shall focus instead on the unconditional density in each interval. The reason that this
is straightforward is that expressions for the conditional density are easily obtained from
these conditional cdf’s, and these can then be converted into the (components of the)
unconditional density.

To state the results for this situation recall the notation introduced above: A, n,(a1,a2)
denotes the matrix diag (a;I,,,% = 1,2), and C;j(A) denotes the top-order zonal polynomial
of degree j of a matrix A. We need the following lemma.

Lemma 4.2. We have
1 - / 7\ /m n2 k i—k
<2>j €A ma(a1,02)) =) (k:) (3),(3),ctet™

We can then obtain the following result.

Proposition 4.3. Let a(z) and c(z) be strictly positive functions of z on some interval
Ag. Let g1 ~ X2, g2 ~ X% be independent, and let w be a random variable with conditional

cdf, given (q1,q2), given by
Pr(w < 2{q1,2) = Gy(a(z)q1 + ¢(2)g2)
for z € Ag. The conditional density of w, given (q1,q2), is therefore

exp (—% (a(z)q1 + C(Z)CD))

371 a(z c(z
TG (s + e(2)) ! (@) + (2)ae)

(4.15)

pdf,,(z]q1, q2) =
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where the dot denotes the derivative with respect to z. Then, denoting the unconditional
density of w at w = z when the parameters are («,3,7) by pdf,(z;«,B8,7), we have
(omitting the argument of a(-) and c(-) for simplicity):
(i) for v =2, ‘ .
a C
pdf,, (2, B,2) = — 14 jﬁm 75 (4.16)
21+a)z(1+c¢)2

(i) for v =2s + 2, with s = 1,2, ...,

1
pdf,(z;, 3,25 + 2) = (215 i
2s!(1+a)2(1+4c)2
aa Be
X (1 +aCs (Aat2,8(p1,92)) + 17+C(js (Aa,,8+2(301,cp2))> Can

where p1 :=a/(1+a), and g2 :=c/(1+ c).

Note that the two terms in (4.17) are finite polynomials, not infinite series. The
statement of Proposition 4.3 is restricted to even degrees of freedom v for simplicity; the
corresponding formulae for odd « are considerably more complicated, and are given in the
proof of Proposition 4.3 in Appendix A. Under a certain restriction on the parameters a
general expression for the density, valid for all «, can be obtained that is analogous to
equation (4.17), but in which the final term is a linear combination of two hypergeometric
functions. This result is given in Lemma A.3, reported after the proof of Proposition 4.3.

Applying Proposition 4.3 to the unbalanced model, we require two applications of the
result, as summarized in the following table:

Interval a a ©1 I5} c ©2 v

1 1 P2(2,\) YP2(z,A)
(-1 <z<z 1 gy S " TGy W(Z’;)WISZ’A) !
zg < z<1 ni —¢i(z,A) _#Z(’Z,)\) n2 a2 A) _% "

In Figure 7 we display the exact density for the case when r; =r9 =1 (so r = 2) and one
of the two groups has fixed size 2, varying the size of the other group, and hence varying
n. The density is plotted for three different values of A\. When the model is balanced
(r = m = 2, so that n = 4) the density is analytic on A = (—1,1). On the other hand,
when the model is unbalanced there is a clearly visible point of non-analyticity at z3. Using
expression (4.4), this point is —.4545 for n = 10, and it approaches —1/3 from the left as
n — oo.

The plots show clearly that the density has a single component only when the model is
balanced. As the difference between mq and mo increases, the difference between that two
components becomes more apparent, and the density becomes less smooth at the point 2s.
Incidentally, in this model, the point of non-analyticity is not an asymptote, but a point
of non-differentiablity. In other models the reverse can occur. Note that this phenomenon
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Figure 7: Density of A, for the Gaussian pure Group Interaction model with two groups,

one of which has size m; = 2.

could be regarded as a consequence of imposing the same parameter A on the two different

groups.
Additional figures for values of m; > 2 are given in Appendix B. All of these figures

show that the properties of AML are, in this model with just two groups, almost invariant
to the sample size, a property related to, but not implied by the asymptotic properties
for a fixed number of groups mentioned earlier. However, even though the estimator is
not consistent under some asymptotic regimes, there is certainly no evidence here that

suggests not using maximum likelihood in this model.

4.5 Probability of Underestimation: the median

We next consider the special case of equation (4.1) with z = A, so that the object of interest
becomes Pr(j\ML < A; A), the probability of underestimating A. This seems to be the only
available method for examining the median bias of XML in this unbalanced model. When

z = A, we have ¢;(A\, \) =1 for all ¢ and all A, so that

T

Pr(Awr, < A;A) = Pr (Z (9:(A) =g(N) X3, < 0) : (4.18)
t=1

If A > z,, which includes all values A > 0, all of the coefficients in this expression are

negative, except the last. Thus, for A > z, we have

p
Pr(Ave < A;A) = Pr (X% < ZM(MX&) ;
=1

where ~
gt(>‘) - 9()\



Using the exact expression for the density of the variate on the right given in equation
(4.8), it is straightforward to deduce a formula for the required probability. The expression

1S

oo 1y,
Prham < A0 = 10414 32 2505 (1,1, — (04)7)
=0

<

xPr(Beta(j+n1+n2 r) < 9

2 2) " 1+¢

> . (4.19)

Here, Beta(a, c) denotes a beta variate with parameters a, c. Regrettably, this formula is
just as complicated as the exact density itself in (4.8), and does not easily yield conclusions
about the median of the estimator. A simpler, more helpful approach, is to use the Fisher
approximation for the linear combination on the right, i.e., to assume

p
> hiNxg, = axs,
t=1

where a = m/m1, and v(A) := 72 /mg, and = denotes equality in distribution. In this case
things simplify greatly, because 7 = r, so a = ma/r,v(\) = r2/ma, which produces the
approximation, for A > z,,

av(A)

Pr(we < A A) ~ Pr <X% < axg(/\)> =Pr (Fr,v()\) < ) =Pr(F,,) <1), (4.20)
an analogue of the result given earlier for the balanced model. But, as we have noted
earlier, Pr(F,, < 1) > .5 if v > r, and vice versa. That is, up to the accuracy of this
approximation, med(Ayr) < A if v(A) > 7, and med(AyL) > A if v(A) < 7. There is
therefore a negative median-bias when A is in the set {A: A > z,,v(\) > r}, and a positive
median-bias when A € {A: A > z,,v(\) <r}.

For the interval at the lower end of A, i.e., —(m; — 1) < A < z2, the opposite situation
occurs: all coefficients in the linear combination are positive, except the first. In this case
we have an expression for Pr(S\ML < Ay A) of the form

p+1
Pr(Aur < A A) =1—Pr (xil <> wm)xit) :
t=2

with npy1 =r, and

~9t(A) —g(N)
91(A) —g(A)’

In this interval the appropriate parameters for the approximation are & = 72/n; and

9(\) = n? /7y, with

1[},5(/\) = t=2,..,p+ 1.

rtl p+1 ~1))2
S b2 () — >tz (gt(A) —g(A))
T2= 2 i) = = 00

(4.21)
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and we have the approximation, for —(m; — 1) < A < zq,
Pr(wmn < A A) ~ 1 —Pr (Fryo0y < 1),

For values of A between 2z and z, the expression for Pr(S\ML < A\;A) will involve the
difference between two positive linear combinations of x? variates. Each can separately
be approximated as above, and an approximation for the probability easily obtained. For
each interval the approximation takes the form, in obvious notation,

PrOwn < M A) > Pr(Fy, 0p < 1),

so the only things needed are the pairs (vy,vr) appropriate to each interval. The reason
for this is as follows: when the approximation is used for both sides of an inequality we
have, symbolically,

vpay
s
_pr(F <_1R>

UV, VR —

VROR
Pr(aszL < aRX%;R) =Pr <FUL7UR < )
Pr <

L
=Pr (FUL,UR < 1) )
since it is always the case that m1r + 711 = 0. For example, in the case p = 4 we have four

intervals to accommodate, and the following results for the approximation to Pr(;\ML <
A; A\) are typical of the general case:

2
—(m1—1)<A<z: Pr(Fy, ., <1), va= %

' — (mitnan)? — _(myitnatn)?
29 < A<z3: Pr (FvBR,vBL <1), vpr:= nlwarn%dJ% » UBL -= (n3w§2+n4¢3+7")
23 <A<zg: Pr(Fyopue, <1), ver:= %7 verL = %
zg<A<1l: Pr(F,,, <1), Up = #nwz
1=1"""4q

Evidence on the accuracy of the approximation is given in the following table, where
we compare exact results (obtained by simulating (4.18)) with those obtained by the
approximation, for the case p = 4, and three different combinations of the group sizes
(design 1: my; = 5,mg = 10,mg = 15,m4 = 20; design 2: m; = 10,my = 20,m3 =
30, m4 = 40; design 3: m; = 5, ma = 50, m3 = 100, my4 = 150).

A=-9 A=0 A=.9
Design Exact Approx. Exact Approx. Exact Approx.
1 561 561 .580 579 .582 .583
2 581 .580 587 587 .588 .589
3 .553 553 .585 .585 .592 .592

Note that for all cases considered in the table Pr(S\ML < A;A) > .5, i.e., the median bias
is negative. Based on our calculations using the approximation developed in this section,
this seems a general result for whenever A € (2p,1) (similarly, the median bias seems to be
always positive for A € (—(m; — 1), 22)).
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4.5.1 Probability of Underestimation: Two Group Sizes

Returning now to exact results, in the case of two distinct group sizes (p = 2) the two
intervals —(m1 — 1) < A < 2, and 20 < A < 1 make up all of A, and each of the
above expressions involves a positive linear combination of just two x? variates. We can
therefore use the result in equation (4.19), together with Lemma 4.2, twice, to obtain
expressions for the required probability in each of these intervals. For the first (upper)
interval, ¢ = 1/1¢1(\), and ¢ A = diag(I,,, (¥2(N)/11(N)) In,), and the expression reduces

to
pem <= () S (- 1)
x Pr (Beta <j + w ;) < Hzlm(k)> . (4.22)

For the lower interval, ¢ = 1/92(\) and ¢A = diag(In,, (¥3(X)/12(M\)1,), so that

' ot (B R () )
Pr(dvr < A 0) =1 (&2()\)) Z ?ﬂ (1 1[’30‘))
ng + 1 nl) <¥
2 72) T 144d(N)

x Pr (Beta (j + ) . (4.23)

These formulae can be used to plot the probability Pr(j\ML < A\;)\) as a function of
A. Figure 8 plots (a truncated version of) the formulae (4.22) and (4.23) in the case of
two group sizes, for A € (—1,1), and for a variety of values of r1, 73, m1, mo. The results
in Figure 8 were compared to simulation results, and also to the approximation based on
Fishers method discussed above. All three methods give virtually identical results. In
the left panel the two group sizes are m; = 10 and mo = 20, and the three lines are for
different values of the numbers r; and 7y of groups of sizes m; and mo. In the right panel,
there are two groups, and the four lines are for different combinations of m, and mqy such
that mq + mg = 30. Note that the solid line in the right panel corresponds to a balanced
case, in which case Pr(Ayr, < A;A) does not depend on A (see Section 3.1).22 The left
panel shows that as r1 and r9 increase the probability of underestimation converges to .5.
The right panel shows that the probability of underestimation can be very sensitive to A,
even for values of A in (—1,1).

4.6 Approximating the distribution

The approach used above to approximate Pr(j\ML < A\; A) can be applied to the expressions
for the cdf itself, in each interval of its domain. Considering just the case p = 2, we simply

23The values of 2o relevant for Figure 8 are -2.0769 when mi = 10 and m2 = 20, -0.9231 when m; =5
and mgy = 25, -0.3659 when mi1 = 2 and mo = 28 (note that zo does not depend on r1 if r1 = r2).
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Figure 8: The probability that A, underestimates A as a function of A, in the two-groups
case.

need to replace 1 and ¥ by ¥1(z,A) and ¥2(z, A) in the definitions of mp, ma, although,
in the case of the distribution function the results are not quite so simple as those given
above for Pr(Ayr, < A; A). The relevant expressions for the cdf are, in the case p = 2,

PI'(XML < 2 A) ~ Pr (Fv1(z,)\),n1 < U1(Z, )‘)) )

for A < 29, and
Pr(Aw < z;A) ~ Pr (Frvn(zn) < u2(z, ),

for A > 29, where

Mtz
ui(z, A) == aTale N T
_ (nata(z,A) + 1)
v1(z,\) = LTI Y
and
iz, A) + natba(z, A)
UZ(Za)\) = 7’L1’¢)1(Z7>\) T 7’L277Z12(Z, )\)7
vz, o= (VL) + nzn(z, N)*

my? (2, A) + n2t3(z, A)

Analytic differentiation to obtain the density is messy, but easily accomplished by a sym-
bolic mathematical package, and again can be extended to cases with p > 2 without
difficulty.

4.7 Group-Specific Regressions

We now consider generalizations to the pure unbalanced Group Interaction model with

regressors. Compared to the balanced case, unbalanceness has the favorable consequence
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that group fixed effects do not render inference on the full parameter impossible.?*

Similarly to Section 3.6.2, we focus on the case in which all S coefficients are group
specific. We show that in this case the cdf of A admits a very simple representation
when fixed effects are present, regardless of the values of the regressors. Within each group
the model is a Balanced group Interaction model, or, stacking groups of same size,

;
Yi = ALy, @ B, )yi + @Xijﬂij +ei, t=1,.,p, (4.24)
j=1

where y; is rym; x 1, X;; is an m; x k;; matrix containing a column of ones (with
kij < my), and f; is 251:1 kij x 1 (that is, for each of the p distinct group sizes, the
model is a balanced model with group specific regressors). This correspond to an unbal-
anced Group Interaction model with X = @i_; D)L, Xij, k = 227 DL, kij, and 8 =
(B11s s Blyys s Bpts -+ Bpr, ). By Lemma A.2 in Appendix A if the model contains group
fixed effects, then col(X) is spanned by k eigenvectors of W = diag(I,, ® Bm,,i =1, ..,p).
Then, provided only that col(X) does not contain all eigenvectors of W associated with
eigenvalues other than w (to avoid degeneracy of the score), by the same argument as
in Section 3.6.2 we obtain Pr(Ayp, < z;A) = Pr(30_, dtt(z,)\)xit_m(X) < 0), where the
szu—nt(X) variates are independent, ny(X) := dim(col(X) Ncol(Z, ® L,,,)), and we use the
convention that x2 = 0. Using the definition (2.3) of the coefficients dy (2, \), we have

p

Pr(AumL < 2;A) = Pr (Z(Qt(z) - 9(2)) <

Z+mt_1>2 )
t=1

A —|— mey — 1 X?’lt—nt(X) S O) 9 (425)

where the coefficients g;(z) — g(z) are given in equation (4.3). Representation (4.25) reveals
an unexpected property of Ayr,. Specifically, recalling from Section 4.1 that g(z)—g(z) < 0
for any z € (zp,1) and for any ¢ = 1,..., p, representation (4.25) implies that Pr(j\ML <
z;A) = 1 for any z > z, (recall also that z, denotes the point at which the coefficient
gp(2) — g(z) changes sign). That is, for this model the support of the distribution of AML
is not the entire A, but its subset (—(m; — 1), 2).

Similarly to what was done in Section 3.6.2, one can study the distribution of AML
under different asymptotic regimes, but we omit these calculations for the sake of brevity.

5 Concluding Remarks

In Hillier and Martellosio (2013) we presented a general result, equation (2.1) above, giving
an expression for the exact distribution function of the quasi-maximum likelihood estimator
for A in equation (1.3), valid for any distribution of €. Some examples of the application

24In the unbalanced case, the columns of the fixed effects matrix span an eigenspace of W (as in the
balanced case). However, when p > 1, the presence of fixed effects, i.e., col(@!_; (Ir; ® tm;)) C col(X),
does not imply the same degeneracy that occurs when p = 1. This is a consequence of the fact that W has
more than two eigenspaces when p > 1.
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of the result to particular cases were given in H&M, but the earlier paper concentrated
mainly on its more general consequences. In the present paper we have explored the
application of the result to a particular, important, class of models - those based on spatial
weights matrices that embody group-interaction. These models are important in various
areas of application to the study of networks, and to panels with a spatial autoregressive
component. Starting from equation (2.1) we have been able to present a very complete
set of results for likelihood-based inference in the pure balanced Group Interaction model
under mixed-Gaussian assumptions. We have also been able to generalize these simple
results to some special cases of models involving regressors, for example, models with a
common mean across all observations, and models with group-specific regressors satisfying
certain assumptions.

The pure balanced model is the simplest example of equation (1.3) one can imagine,
and the ability to carry out the above program is due to the fact that this model is a regular
exponential family. We have then discussed the much more realistic unbalanced model,
a model that is considerably more difficult. Again, that is no doubt because unbalanced
model is not a regular exponential family, but a curved exponential family in which the
dimension of the sufficient statistic is larger than that of the parameter space. Exact
results in this model are available in closed form, but are very complex. Thus, in addition
to reporting the exact results, we have given some approximations that appear to work
well, and which generalize nicely the simpler result for the balanced model. There is more
work to be done on the unbalanced model however.
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Appendix A Proofs and Auxiliary Results

Lemma A.1. med(F,,) =1 if and only if p=q and med(F,,) <1 ifp < q.
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Proof. The first part of the lemma is straightforward, because F, ; = 1/F,,, implies that
med(F), ,)med(F,,) = 1, and hence that med(F, ;) = 1if p = ¢. Moving to the second part,
med(F, ) < 1ifand only if Pr (F), ; < 1) > 1/2. Using the well-known relationship between
the cdf’s of the F and beta distributions, Pr (F,, < 1) = Pr (Beta(p/2,q/2) < p/(p+q)) .,
where Beta(p/2,q/2) is a beta random variable. But note that p/(p + ¢) is the mean of
Beta(p/2,q/2). Thus, med(F,,) < 1 if and only if
P q p g
Pr (Beta (5, 5) <E [Beta (5, 5)}) >1/2,

that is, if and only if med(Beta(p/2,¢/2)) < E[Beta(p/2,q/2)]. For the beta distribution
the median is smaller than the mean if and only the skewness is positive (e.g., Groeneveld
and Meeden, 1977). The desired result follows, because the skewness of Beta(p/2,q/2) is
positive if and only if p < ¢. O

Lemma A.2. Let A;, i =1,...,t, be m; X n; matrices. If iy, € col(A;) for eachi=1,...,1t,
then col(@_, A;) is spanned by S i_, n; eigenvectors of diag(tm, Uy, — Imyy i =1, .,1).

Proof. If i, € col(4;) for each i = 1,....t, then the t columns of @._; ¢y, and the
St (ni) —t columns of @!_, O;, where O; is an m; x (n; — 1) matrix with col(0;) C
col* (i, ), form an orthogonal basis for col('_; A;). But these > ', n; columns are
orthogonal eigenvectors of diag(tm,ty,. — Im,;, 7 = 1,..,t) (see footnote 19). O

Proof of Proposition 3.3. By Lemma A.1, med(F, ,,—1)) < 1, with equality if and
only if m = 2. Using (3.9), it follows that med(Ayr) < A, with equality if and only if
m = 2, thus establishing part (i). Part (ii) follows immediately from (3.10). To prove part
(iii), note that the function byeq(A) is continuous over A, with

dbmed(A) m (1 — A+ C’?,m()‘ +m— 1)) + m(l - )‘) (C;L,m - 1)

- —1,
dX (1= A+, (A +m—1))°
and
d2bmed()‘) _ 2m2<c1?,m - I)Cg,m
A2 (G +Fm—1)+1 - N3

Clearly, d?byeq(A)/dA\? > 0 for any A € A, because Grom < 1if m > 2 by Lemma A.1.
Solving dbmed(A)/dA = 0 gives two critical points, one inside A and one outside. The one
inside Ais A= (1 — (m —1)Gm) /(1 + Crm)- O

Proof of Proposition 3.6. From (3.15),

~ TS o0 r+s _rm TSF m F T(m_l)_s)
E(0r) = TT(m_l)/ FETN L+ )T df = ( QT ) (T(m_f) )7
B (5, ") Jo L))
provided s < r(m — 1). O
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Proof of Proposition 4.1. Let ¢; ~ X%m 1 = 1,2, assumed independent, and let ¢ =

a1q1 +azqe, with 0 < a1 < ag. In the joint density of (g1, ¢2), transform to x; := a1q1, x2 :=

asqa. The Jacobian is (ajaz)™!, so

19
exp {3 (3 +3)}o s
) Ul ”2 vy +vg

a’ay 272 F(71)F(72)

Now transform to ¢ = x1 + x2,b = 21 /(z1 + x2), 0 < b < 1, so that x; = bg, xz2 = (1 — b)q,
and the Jacobian is g. Then,

_ _ v1+v _ vy vy
b)_exp{—% (%—7(1 blg | (1=b) f)q>}q Ty (1 — b) F-1
v1 .
RGNy

v2
a’ ay 27
Integrating out b is straightforward, giving the sought-after density:

);
v Y2 |
a ap 22T(Y) j=0 J: (

);

q

_eXp (_ﬂ vy v 1 ap

- Ul vy lFl 575727(] 1-—— )
222F( ) ai az

v
2

pdf(zy, xo

pdf(q,

v2

1N

pdf(q) = ex‘i( 2) . > (& (-2)) ¢

NS | N

vl Nl

N——
K

where v := v] + v9. Putting ¢ = 1/ay, ¥ := a1 /az, we have

dﬁ@b% exp (_%) gx! va v 1
df == T F 72’ 77 — —
pdf(q) 23T(3) 17 (2 55 5% ( W)
O
Proof of Lemma 4.2. A generating function for C;(A) is
< 4 (1),
_1 2
I—tA72 =) chj(A).
§=0
But, when A has the form assumed, the left-hand side is
(), (3), |
_m _n 2 2k
(1—ta))" 2 (1 —tap) 2 = Z j!kf! alak
k=0
00 i J .
t’ < <]> ni N2 K j—k
=> (X () (5),(5), otdd
=0 ! o k 2 k 2 j—k
Equating coefficients of #7/;! gives the result. O
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Proof of Proposition 4.3. In addition to proving Proposition 4.3, here we also derive
the corresponding formulae for odd v (cases (iii) and (iv) below). The conditional density

of w given (q1,¢q2) is

exp {—%(alh + CQQ)}

23T(2) (aq1 + ¢q2)(aq +CQ2)%_1- (A1)
2

pdf, (2[q1, 42) =
Multiplying by the joint density of (qi1,q2), and transforming to z; := (1 + a)q1,z2 :=
(1+ ¢)qo gives

eXP{—%(CL"lﬂL@)} x%fl
a 1
rHrE)r(s)a+aia+o

y a . ¢ a i c 31
T T T T .
1—|—a1 1—|—C2 1+a1 1—1—02

(i) v = 2. In this case the last term is not present and, on integrating out x1,x2, we

obtain simply .
‘ b

atig + B

2(1+a)2 (14 b)

pdfw(z;awﬁaQ) = B
2

(ii) v = 2s 4+ 2. When v = 2s + 2 the final term has the binomial expansion

> () (i) () e

j=0

The term with coefficient ﬁ is then

i 20 () () (599, 6).

(1), 2O (A2 (st 152))
sl1+a)2(1+c) 2
on using Lemma 4.2. The other term is exactly analogous, and we find, for the case

v =25+2,

|
SisY

aaCs (Aarzs(ihs 150)) B0, (Anpralis. 1))
1+a + 1+c¢

pdf,(z) =

[

(2),
2511+ a)2 (1 +c)

(iii) v = 1. Starting from equation (A.1) with v = 1, and expressing the final term in the

form
exp{—= a;(aql +cqa) 2 dz,

[NIE

(agi + cq2) "2 =

7
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we have, on integrating out (g1, ¢2), for the first term

_at2

aa 1 ar 2 cr \
e 5 21+ 1+ dz.
2P(HD(L)(1+a) = (1475 Je0 L+a L+c
(A.2)

[Nlje

Transforming to b := x/(1 + x), the integral in (A.2) becomes

/ b%(l—b)°‘+5“1<1—1b )[@2 (1— b > db
0<b<1 +a 14c
Peg)r) & B (389,(5),
P Ao (57,
i+j
rEg e e @), oy (0,
) S, ) araasen
J
(=g e ),
() Jz:;ﬂ(“z
and hence (A.2) is
(=) $o (0, (), 20 (Aevas ()
P2 r@) araiarof So(=g) Ao

@

= | —~
=+ | nol=
Do SN—
~—|=
<

0
N

N

Q

Jr

Jl\')

=
7 N
—_

+ |~
S

—

+ | =
o
~
~__

1

The validity of the series expansions used for the Bessel functions (1 —b/(1+a))~®/?
and (1 — b/(1 4 ¢))~P/2, as well as of the term-by-term integration involved, are
readily confirmed (because 1/ (1 + a) and 1/(1 + ¢) are both between 0 and 1). The
second term is exactly analogous, and we find

P (=4) b, 0,
C(EE T () 1wl 0] 50 (252
(

e (Awﬁ (ﬁ ﬁ)) BeC; (Aaﬂ+2
2(1+a) * 2(1+c¢

pdf,(z;0a,8,1) =

X

(iv) v =2s+ 1. In this case we have

exp {—%(aqi + cq2) } (aq1 + ¢qo)(aqr + cqo)®
el T .
22T (3) (ag1 + bg2)?2

pdf, (z|q1,q2) =
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After expanding the term (aq; + cg2)® binomially we can proceed as for the case
~v = 1 above, replacing o by a + 2i, and § by 8+ 2(s — 7). The result is:

pdfw(z;aaﬁa 25+ 1) = 25(11) Z <j> aics_i (%)z <§>s—z

2)s i=0

pdf, (z;a + 2i, B+ 2(s —i); 1). (A.4)

O]

Lemma A.3. If, in the same context as Proposition 4.3, a(1+¢) < 2¢(1+a) for all z € A

then the results in Proposition 4.3 can be written more simply as

1 e
a
pdf,,(z; 0, 3,7) = -
’ (a+B)B(3,%42) *(1+a)" 5
e o at+B+y B atf+2
a2 1 2 727 9 )

¢B a+B+7 B+2 a+B+2
2 ) 2 b 2 777 )

where n:=1—a(l+c¢)/(c(1+a)).

Proof. Multiplying the conditional density (A.1) by the joint density of (qi,q2) and

transforming to (z1,z2) := ((1 4 a)q1, (1 + ¢)q2) gives

ex l T xT
pdfz(z, x1,22) = y+a+B p{ . 61 . 2)}g
= THI(ET(3)A+a)z(1+c)

2
: 11
a C a C
A5
><< I1+1+cx2> (1+afcl+1+cx2) (A.5)

1+4+a
Note that if v = 2 the last term is not present and, on integrating out x1,x2, we obtain
the result given in Proposition 4.3. For the general case, transforming to ¢ := x1 + 2 and

b := z1/q, and integrating out ¢ gives
+8+
L(*5) (ﬁ)

dfz(2,b) = o
pdly F(%)F(%)F(Q)(l—i_a)i(l—’_c)
><< ab C(lb)>b‘§1(1_b)§ 1(1—771?)%7 . (A6)

W2

-1

[]he

14+a 1+4+c¢

Provided |n| < 1, integrating out b in the second line of the last display gives two terms

(ignoring the first line for the moment):
. B8 4
a ( ) 2 a+pB+vy f a+p+2
o 2 F1 ; 31

l+a T( 2 72 2

N w‘+

A
o

/-\

_|_

)

(=
52)
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and
y+8

¢ T(Er(9) <a(1—|—c)>2 » (a+6+’y B+2 a+B+2 )
1+c¢ P(%fm) C(1+CL) 2471 2 T 2 -

Simplifying the entire expression gives the result stated.
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Appendix B Additional Figures

Bias, RMSE, and Median of Bias Corrected Estimators
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Figure 9: Bias function of the MLE (;\ML), the median unbiased estimator (;\med), the
indirect estimator obtained by inverting the mean function (Amean), and the direct bias

corrected MLE (Apc).
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Figure 10: RMSE function of the MLE (Ayr,), the median unbiased estimator (Ameq), the

indirect estimator obtained by inverting the mean function (Amean), and the direct bias
corrected MLE (Apc).
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Figure 11: Median function of the MLE (Ayr,), the median unbiased estimator (Amed), the

indirect estimator obtained by inverting the mean function (Amean), and the direct bias
corrected MLE (Apc).
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Densities in the Unbalanced Model with Two Groups Figures 12 and 13 comple-
ment Figure 7 in the paper. They were obtained using the results given in both Propo-
sition 4.3 in the text, and Lemma A.3 in Appendix A. Each of the three rows of Figure
12 displays pdf ;ML(Z; A) for a fixed value of my and varying n, while Figure 13 displays
pdf XML(Z; A) for fixed n and varying m;. For convenience, all densities are plotted on
(=2,1) € A = (—(m1—1),1). Recall that as long as the model is unbalanced, there
is a point z5 € A where the density of A, in nonanalytic, whatever the sample size n.
Graphically, nonanalyticity is clearly visible only for small mq; at m; = 6 it is already
difficult to detect.
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Figure 12: Density of A, for pure Group Interaction model with two groups, when
e ~ SMN(0, I,,).
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Figure 13: Density of A, for pure Group Interaction model with two groups and n = 25,
when € ~ SMN(0, I,,).
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