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We propose confidence regions with asymptotically correct uniform cov-
erage probability of parameters whose Fisher information matrix can be sin-
gular at important points of the parameter set. Our work is motivated by the
need for reliable inference on scale parameters close or equal to zero in mixed
models, which is obtained as a special case. The confidence regions are con-
structed by inverting a continuous extension of the score test statistic stan-
dardized by expected information, which we show exists at points of singular
information under regularity conditions. Similar results have previously only
been obtained for scalar parameters, under conditions stronger than ours, and
applications to mixed models have not been considered. In simulations our
confidence regions have near-nominal coverage with as few as n = 20 obser-
vations, regardless of how close to the boundary the true parameter is. It is a
corollary of our main results that the proposed test statistic has an asymptotic
chi-square distribution with degrees of freedom equal to the number of tested
parameters, even if they are on the boundary of the parameter set.

1. Introduction. In mixed models, the importance of a random effect is often assessed
by inference on a variance or scale parameter. A parameter near zero typically indicates a
weak effect and many tests for whether a variance is equal to zero have been proposed (Stram
and Lee (1994, 1995), Baey, Cournede and Kuhn (2019), Chen, Xiao and Staicu (2019),
Crainiceanu and Ruppert (2004), Drikvandi et al. (2013), Fitzmaurice, Lipsitz and Ibrahim
(2007), Giampaoli and Singer (2009), Greven et al. (2008), Hall and Prastgaard (2001), Lin
(1997), Qu, Guennel and Marshall (2013), Saville and Herring (2009), Sinha (2009), Stern
and Welsh (2000), Verbeke and Molenberghs (2003), Wiencierz, Greven and Kiichenhoff
(2011), Wood (2013), Zhu and Zhang (2006)). In addition to being of practical interest, this
case is of theoretical interest because the parameter is a boundary point of the parameter set
and, consequently, asymptotic distributions of common test statistics are nonstandard. For ex-
ample, the asymptotic distribution of the likelihood ratio test statistic for a variance equal to
zero is a nontrivial mixture of chi-square distributions (Geyer (1994), Self and Liang (1987),
Stram and Lee (1994)), whereas for a strictly positive variance it is a chi-square distribution
with one degree of freedom. More generally, the asymptotic distributions of common test
statistics under a sequence of parameters tending to a boundary point as the sample size in-
creases, can be different depending on the rate of that convergence (Bottai (2003), Rotnitzky
et al. (2000)). While this need not be an issue when testing a point null hypothesis, it com-
plicates more ambitious inference: coverage probabilities of confidence regions obtained by
inverting such test statistics often depend substantially on how close to the boundary the true
parameter is, leading to unreliable inference. The coverage of boundary points is addressed
by existing methods, but the coverage of points near the boundary is not. We address both
using a connection between boundary points and points where the Fisher information matrix
is singular, which we call critical points. More specifically, we show many boundary points
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of interest are also critical points and use this to construct confidence regions that (i) have
asymptotically correct uniform coverage probability, (ii) have empirical coverage close to
nominal in simulations, and (iii) are straightforward to implement for many mixed models,
including the ubiquitous linear mixed model. We know of no other confidence regions with
properties (i) and (ii) in the settings we consider. Because not all critical points are boundary
points, the proposed regions are useful in many settings where methods for inference on the
boundary do not apply.

To be more precise about the connections between boundary points, critical points and
mixed models, suppose a parameter 6 € R scales a random effect with mean zero and unit
variance in a mixed model, implying 67 is a variance. For example, 6 can be the coefficient
of arandom effect in a generalized linear mixed model. If the random effect has a distribution
asymmetric around zero, inference on both the sign and magnitude of 6 may be possible, in
which case 6 = 0 is not a boundary point. In other settings, the sign is unidentifiable and
inference on 6 > 0 and #2 essentially equivalent; & = 0 is a boundary point. Either way, we
will show that in quite general mixed models & = 0 is a critical point. More generally, when
6 is a vector of parameters whose jth element 6; is a scale parameter, 6 is often a critical
point if 6; = 0. Whether in a mixed model or not, inference near critical points is known to be
difficult: the likelihood ratio test statistic and the maximum likelihood estimator behave quite
differently than under classical conditions (Rotnitzky et al. (2000)) and confidence regions
obtained by inverting common test statistics such as the Wald, likelihood ratio and score stan-
dardized by observed information have incorrect coverage probabilities (Bottai (2003)). By
contrast, we show that, under regularity conditions, (i) the score test statistic standardized by
expected Fisher information has a continuous extension at critical points and, when inverted,
(ii) that test statistic gives a confidence region with asymptotically correct uniform coverage
probability on compact sets. That is, the confidence region R, () based on n observations
with nominal level (1 — «) € (0, 1) satisfies, for any compact subset C of the parameter set,
(1) lim inf Py{0 € Ry()} =1—«,

n—->o0geC

where the subscript & on P indicates the data on which R, is based have the distribution
indexed by 6. Importantly, C can include neighborhoods of boundary and critical points. It is
an immediate corollary that the test rejecting a null hypothesis 8 = 6y when 6y ¢ R, () has
asymptotic size « for any y. These results apply to but are not restricted to mixed models.
Moreover, in contrast to many methods for testing variance parameters in mixed models,
ours in general does not require the implementation of simulation algorithms or computing
the maximum likelihood estimator, which can be complicated in nonlinear mixed models.

The connection between singular information and boundary settings has been noticed pre-
viously (Chesher (1984), Cox and Hinkley (2000), Lee and Chesher (1986)), but results simi-
lar to ours have only been obtained for settings with a single scalar parameter (Bottai (2003)).
We recover those results as special cases, and under weaker conditions. Asymptotic properties
of maximum likelihood estimators and likelihood ratio test statistics have been established
for the special case where the rank of the Fisher information matrix is one less than full
(Rotnitzky et al. (2000)), but confidence regions were not considered. Notably, our theory
does not require the Fisher information to have a particular rank and, indeed, we will see that
in mixed models the rank is often full minus the number of scale parameters equal to zero.

We end this section with a simple example that illustrates how critical points often appear
in mixed models. After the example, we give additional background and develop theory in
Section 2. In Section 3, we discuss the application to mixed models and verify the condi-
tions of the theory from Section 2 in two such models. Section 4 presents simulation results,
Section 5 contains a data example and Section 6 concludes.
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F1G. 1. Log-likelihoods for two independent samples of n = 100 independent observations each, generated with
6=1/v10andr = 1.

EXAMPLE 1. Suppose, fori=1,...,nand j=1,...,r,
Y j=0W:+E;,

where 6 € [0,00) and all W; and E; ; are independent standard normal random variables.
For example, r can be the number of observations in a cluster, n the number of clusters and
the random effect W; used to model heterogeneity between clusters or dependence between
observations in the same cluster. The Y; = [Y;1,..., Yi-]T,i =1, ..., n, are independent and
multivariate normally distributed with mean zero and common covariance matrix X (6) =
021,1} + I., where 1, is an r-vector of ones and I, the r x r identity matrix. With some
algebra (Supplementary Material, Ekvall and Bottai (2022)), one can show the log-likelihood
for one observation y; € R" is

1 1
log fy(yi) =~ log(1 +6%r) = —{ylyi = (5 1,)°6%/ (1 +r6%)}.
Differentiating with respect to 8 gives the score for one observation:
ré 0
- ).
T T ey

At 0 =0, this score is zero for any y; € R”, and hence the Fisher information is zero; that is,
6 = 0 1is a critical point. There are no other critical points because the second term of s(9; Y;),
Y; ~ fp, has positive variance when 6 # 0.

Figure 1 shows two (pseudo) randomly generated realizations of the log-likelihood in this
example. For one data set, the critical point is a global maximizer and for the other a local
minimizer. One can show that if the true 6 is small, both types of outcomes have probability
approximately 1/2. In particular, the score always vanishes at & = 0 and the maximum like-
lihood estimator for 6 is zero with probability approximately 1/2. The maximum likelihood
estimator’s mass at zero gives some intuition for why confidence regions that directly or in-
directly use asymptotic normality of that estimator can have poor coverage properties near
the critical point (see Rotnitzky et al., 2000 and Bottai, 2003, for details). In this example,
the critical point is at the boundary since we assumed 6 > 0 for identifiability, but 6 = 0
would still be a critical point if the W; had an asymmetric distribution and the sign of 8 were
identifiable.

s(0;yi) =

2. Inference near critical points.

2.1. Definitions and assumptions. Suppose, independently for i = 1,...,n, ¥; € R"i,
r; > 1, has density fé against a dominating measure y;, for 6 in a parameter set ©® C R¢. For
simplicity, we often write fy(y;) in place of fé (yi), where y; is an arbitrary realization of ;.
Let y* = (y1, ..., y») be arealization of Y = (Y1, ..., Y;) and V denote the derivative oper-
ator with respect to 0. Let also £ (0; y;) = log fa(yi), £, (6; y") = " 00; ), s (8; yi) =
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VEO; yi), sa(0; y") = VE,(O; y™), I'(0) = covgis' (0; Y;)} and Z,(0) = cova{s,(0; Y™},
where the subscript on cov indicates Y” = (Y1, ..., ¥;) has the distribution indexed by 6; we
may omit such subscripts when it has been explicitly stated which distribution the random
variables have. Focus will be on inference near points where the Fisher information 7, is
singular.

DEFINITION 1. We say a point 6 € © is critical if Z, (0) is singular and noncritical oth-
erwise.

Denote an arbitrary set of orthonormal eigenvectors of Z,(9) by {vy,, ..., vy,}. Then Def-
inition 1 says, equivalently, that 6 is a critical point if 5, (6; Y")Tvy ; 1s constant almost surely
P for at least one j. In our motivating examples, 9 is the parameter vector in a mixed model
but there are other potential applications for the theory in this section. For example, Azzalini
(2014), Section 3.1.3, consider a three-parameter multivariate skew-normal distribution with
singular Fisher information.

As mentioned in the Introduction, inverting common test statistics typically does not give
confidence regions satisfying (1) for subsets of the parameter set including critical points
(Bottai (2003)). To address this, we will consider the score test statistic standardized by ex-
pected Fisher information:

2) T (65 ¥") = 50 (6; y") ' Z(0) " L5, (6 y™).

The right-hand side of (2) is undefined at critical 6 since Z, (6) is not invertible there. When
0 is a scalar parameter, the following calculation can be formalized (proof of Theorem 2.1)
to define a continuous extension at critical 0:

lim 7, (6 + 85 y") = lim[{sn (6 + 5 ") /Y vargs{sn (0 +6:Y")/8} ']

= {Vs,(0; y"))? varg{ Vs, (6; Y")} ",

where the first line results from dividing and multiplying T}, (9 + 8; y") by 82, assuming 6 + &
is a noncritical point, and the second line uses the definition of derivative of 6 — s(0; -) at 6
together with regularity conditions, ensuring among other things that s, (6; y") = 0 at critical
6. That is, at critical points the continuous extension of the test statistic for one parameter
is based on the second derivative of the log-likelihood. Notably, if expected information is
replaced by observed, which is not in general zero at critical points, the limit is typically zero.
Now, our interest is twofold, namely conditions that ensure (i) 7,, has a continuous ex-
tension to critical points when d > 1 and (ii) confidence regions obtained by inverting that
extension satisfy (1). Both (i) and (ii) are substantially more complicated when d > 1 than
when d =1 since the eigenvectors and the rank of the Fisher information become important.
We will use the following assumptions.

ASSUMPTION 1. Foreveryi =1,2,...,the distribution f5(y;)y;(dy;) has the same null
sets for every 6 € ©.

In light of Assumption 1, we will often write “almost every y;” without specifying the
measure, implicitly referring to fy(y;)yi(dy;) for any 8 € ® or the corresponding product
measure when such statements are about y”. Notably, the null sets can be different for differ-
ent i. Indeed, the Y; need not even take values in the same space.

ASSUMPTION 2. Forevery 0’ € ©, there exists an open ball B = B(¢’) C R? centered at
0’ on which, for every i = 1,2, ... and almost every y;, partial derivatives of 6 +— £'(0; y;)
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of an order k = k(0’) > 2 exist and are jointly continuous in (6, y;). Moreover, there exists a
8 =68(0’) > 0 such that every partial derivative of order at most k satisfies

al ) 246
G) s sup [l i@l Atomn) <o,
i=1,2,..0¢BNO,0cB 891 aed
where /1, ..., [z are nonnegative integers summing to / < k.

The ball B in Assumption 2 can include points not in ®. Then the assumption should be
understood as saying there exist extensions of the partial derivatives in (3) to B x ), for some
set V; of full measure, satisfying the outlined conditions. We have sacrificed some generality
for clarity in that, as will be clear later, the moment condition (3) can be weakened to apply
to only certain partial derivatives of the order k. One consequence of Assumption 2 is that
Eo{sn(0; Y")} = 0 (Lemma 0.3 in the Supplementary Material, Ekvall and Bottai (2022)).
Hence, Z,, (9)11('9’]. = 0 is equivalent to s, (6; y”)Tvgj = 0 for almost every y".

For symmetric matrices A and B, we write A > B or B < A if A — B is positive semi-
definite.

ASSUMPTION 3. There exist continuous cy, ¢z : ® — (0, 0o) such that, for every i =
1,2,... and 6 € ®,

c1(0)I1O) < T'(0) < c2(0)T' (9).

Asspmption 3 holds with ¢; = ¢p = 1 if the Y; are identically distributed since in that
case 7' =Z'. More generally, it controls the null space of Z,,: if Z,,(0)v = 0 for some n and
v € R?, then Z! (0)v = 0 and, by Assumption 3, Z'(0)v = 0 for every i. Thus, the critical
points in Definition 1 do not depend on n. At noncritical points, Assumption 3 says, loosely
speaking, that information in individual observations does not grow without bound or tend to
zero. The choice of Z' is arbitrary in the sense that Assumption 3 holds as stated if and only
if it holds with Z! replaced by any other Z*.

The next assumption requires some more notation. Let V., j=1,...,d,1=0,1,...,
denote the /th order derivative operator with respect to 6;, with V; = le.. For example,
Vi, (0; y") = ', (65 y")/06) |y_s. Forevery 6 € ® and n=1,2,..., let kj =k;(6,n) €
{1,2,...}(j =1,...,d) be integers to be specified shortly and define, fori =1, ..., n,

550 ) =[{VE s 0 y0) o, (VS 05 30 o] T e RY

Let also
n
S(0:y") =D 500y Zu(0) = cova{,(0: Y")}.
i=1

We call 5,(6; ¥") a modified score because it can understood as a two-step modification of
sn(0; y"): First, s,(0; y") is rotated to [vy,, ..., v5,]Ts,(0; ¥"), in which the elements are
uncorrelated linear combinations of first-order derivatives of £,(6; y"). Second, if k; > 1
for some j, the linear combination in the jth element is replaced by a linear combina-
tion of higher-order partial derivatives. The idea to be formalized is to replace elements in
vy, ..., vy, 178, (0; y") that are zero for almost every y”" at a critical point by linear combi-
nations of higher-order derivatives that are not. Note also 5,(6; y;) and fn (6) depend on the
v’gj. In particular, the set {vp,, ..., vy,} is not uniquely determined in general and different
choices lead to different 5, (6; y"). Our next assumption says three technical conditions must
hold for at least one choice.
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ASSUMPTION 4. Forevery 0 € ® andn =1, 2,..., there exist integers k; =k;(0,n) €
{l,...,d} (j=1,...,d) and a set of orthonormal eigenvectors {vy,, ..., vy,} of Z,(0) such
that:

1) fn ) i§ positive definite; _ ~
) (i1) {Vﬁsn(e; y")}Tvg‘j =0,1=0,...,k; —2, for every 6 with §; = 6; and almost every
e
(iii) k;(0,n) is upper bounded by the k = k(0) in Assumption 2 for every j, 6 and n.

Condition (i) is essentially a more general, multidimensional version of the requirement
by Bottai (2003) that the second derivative of the log-likelihood has positive variance at
critical points. Indeed, at noncritical 6 (i) holds with k; =1 for all j since §,(0; Y") =
vy, ..., vy 178, (0; Y™") has diagonal covariance matrix with the eigenvalues of Z,,(6) on
the diagonal. Conversely, at critical 6 at least one of those eigenvalues is zero, and hence
it must be that k; > 1 for at least one j in order for (i) to hold. For example, we will see
mixed models where (i) holds at a critical 8 with v'gl =e;=[1,0,...,0]TeR? k; =2 and
kj =1, j=2,...,d. Then the first element of 5,(6, y") is VIZK(Q; y") while the remaining
elements are linear combinations of the elements of s, (6; y"*). While our theory only requires
existence, implementing our method in practice can, at least in some models, require specifi-
cation of a set of k; and numerical computation of a set of vy; satisfying (i); we discuss this
further in Section 3.

Condition (ii) is vacuously satisfied at noncritical points since it only applies to k; > 2.
Consequently, Assumption 4 is weaker than assuming 7, (6) is positive definite for every 6
as is common in classical theory. To understand condition (ii) more generally, suppose 6 is a
critical point, k| = 2 and vy, one of the eigenvectors of Z, (9) corresponding to the eigenvalue
zero. As noted following Assumption 2, this implies s, (6; y")Tvg, = 0 for almost every y";
condition (ii) says the same must hold if the score is evaluated at any other § with first element
61 = 6;. This motivates the following definition.

DEFINITION 2.  We say 6; is a critical element with corresponding critical (eigen)vector
v ifIn(é)v =0 at every 6 with éj =0;.

In general, an eigenvector of the Fisher information with vanishing eigenvalue need not
be a critical vector. For example, if v; and v; are critical vectors with corresponding critical
elements 6; and 6;, then any linear combination of v; and v; is also an eigenvector with van-
ishing eigenvalue at every 6 where both 6, = 6 and 6, = 6,; but there is not a corresponding
critical element.

The possibility that k; > 2 in condition (ii) means that, if condition (i) is not satisfied with
k;j € {1, 2} forall j, then one may pass to higher order derivatives as long as the corresponding
ones of lower order are zero for almost every y”.

Finally, we note Assumption 4 implies the rank of Z, (0) is d minus the number of critical
elements and that the assumption is sensitive to parameterization. For example, the model
considered by Azzalini (2014), Section 3.1, does not satisfy Assumption 4 in the first pa-
rameterization discussed by the authors, but can be made to by a simple reparameterization.
Because the test statistic in (2) is invariant under differentiable reparameterizations with full
rank Jacobian, it suffices to verify the conditions in one parameterization for the results to
apply more generally.

ASSUMPTION 5. The noncritical points are dense in ®; that is, for any 6 € ©, there
exists a sequence {6,,} € ® of noncritical points tending to 6.
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In many settings, the sets of critical elements are discrete subsets of R. Then, if 6 is a
critical point with only critical element 6}, it is often possible to verify Assumption 5 with,
for example, 6,, =6 + m_lej.

2.2. Continuous extension. Our purpose in this section is to prove the following theorem.

THEOREM 2.1. If Assumptions 1-2 and 4-5 hold, then for any n > 1 there is a set Y" of
full measure such that T, (-; -) has a continuous extension on ® x V", and that extension is

T,(6; y") = 5,(0; y")f,,(@)_lﬁ,,(Q; ).

Here and in what follows, we use the same notation for the test statistic in (2) and its
continuous extension given by Theorem 2.1. The expressions in Theorem 2.1 and (2) agree
at noncritical € since 5, (0; y") = [vg,, ..., vy,17s,(6; y") there, and the premulitplication of
any invertible matrix is canceled when standardizing by the covariance matrix. Observe the
continuity in Theorem 2.1 is jointly in the parameter and data. Before giving a proof, we state
and discuss some intermediate results used in that proof. The first is a lemma which, loosely
speaking, says that if the noncritical points are dense, then it is enough to establish continuity
along sequences of noncritical points for it to hold more generally. Proofs of formally stated
results are in the Supplementary Material (Ekvall and Bottai (2022)) if not given here.

LEMMA 2.2. Suppose Assumption 5 holds and that, for every 0 € ® and y" in some
V'SR x - x R, with n > 1 fixed, limy, o0 T,,(0m; y;,,) exists and is the same for all
sequences {0} € © of noncritical points tending to 0 and sequences {y,,} € JV" tending to
y"; then T, (-; ) has a continuous extension on ® x Y".

In order to use Lemma 2.2 to prove Theorem 2.1, one must show that 7, converges along
sequences of noncritical points tending to critical points. Evaluating the score at such se-
quences gives a sequence of score vectors whose covariance matrices are nonsingular but
tend to a singular limit. The following lemma says those score vectors can be scaled to tend
to a limit with positive definite covariance matrix.

LEMMA 2.3. Suppose Assumptions 1,2 and 4 hold and let {6,,} € © be a sequence of
noncritical points tending to some 6 € ©. Then there exist sequences of nonzero constants
lamj}, j=1,...,d, and a set Y" of full measure such that, for any {y,} € V" tending to a
YreY" as m — o0,

AmjSn (Qm; yZ)Tvgj - §nj (9; yn)’

where sy; is the jth element of §, in Assumption 4.

PROOF. Let V" be the intersection of the sets of full measure in Assumptions 2 and 4.
Since the limit point € and n are fixed, denote v; = vy, for simplicity. For an arbitrary ;j
and all large enough m, condition (ii) of Assumption 2 lets us apply Taylor’s theorem with
Lagrange-form remainder to the map 6,,j - v75,(6m; yy,) to get that v} s, (6; yy,) is equal
to

i— ' _ ki—1  ~(j
2 Oy — OV T(VEsa O YD) O — 05 WYY T sa @ i)

2 T + (kj —1)! ’

=0

where 9,5{ ) and 5,5{ ) are 0 with 6,,; replaced by, respectively, 6; and a point between 6y,
and 0;; and k; is selected in accordance with Assumption 4 at 6. By condition (ii) of that
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assumption, the first k; — 1 terms in the last display vanish. Now set a,,j = (kj — 1)!/(0pnj —
0 j)kf_l, which is always defined since 6,, is noncritical, and hence 6,,; # 6; by condition

(ii) of Assumption 4. Then a,; vl S Om; yy) = v;{ij _1sn (Q(J ), yi)}, which has the desired

limit by continuity of partial derivatives given by Assumption 2. [

The importance of controlling the behavior of the eigenvectors of the Fisher information
near critical points is highlighted by the proof of Lemma 2.3: the first k; — 1 terms in the Tay-
lor expansions need not vanish if the eigenvectors depend on 6 in a way violating condition
(i1) of Assumption 4. We are ready to prove Theorem 2.1.

PROOF OF THEOREM 2.1. Fix n, 8 € ® and y" € )", where )" is the intersection of
the sets of full measure given by Assumptions 2 and 4. Pick V,, = [vp,, ..., v5,] € RYxd
satisfying Assumption 4. By Lemma 2.2, it suffices to show

15 Oz y) TZOn) ™ 5 (O yp) = 5(05 ") L) ™'5(0: ¥")

for an arbitrary sequence of noncritical points {6,,} tending to 6 and {y),} tending to y".
We note it is enough to establish the limit for any one V,, satisfying Assumption 4 since
the sequence does not depend on the choice, and hence neither can the limit. Let A,, =
diag(as1, ..., anq) be defined by the sequences of constants given by Lemma 2.3. Then
AV, is invertible and consequently

T, (Qm; y,';ﬁ) = {Am VnTSn (0m§ yZ)}T{Am VnTIn (Om) Am Vn}ilAm VnTsn (9m§ y,',;)

Lemma 2.3 says, for the 5, in Assumption 4, A,, Vs, (6,, ym) = Sn(6,y"). Thus, we are
done if we can show A, Vi Z(Om)ViAm = cov{An Vil s(On, Y1)} — I,(6), where Y =
(Y1, --., Yimn) has the distribution indexed by 6,,. To that end, note 6,, — 6 implies
feim — fei pointwise in y; for every i by continuity implied by Assumption 2. Hence, the
joint density for Y! tends pointwise to that of a Y with distribution indexed by 6. Thus,
Y — Y" in total variation by Scheffe’s theorem (Billingsley (1995), Theorem 16.12),
and hence also in distribution. To show the desired convergence of covariance matrices,
we may thus assume, by Skorokhod’s representation theorem (Billingsley (1999), The-
orem 6.7), that Y) — Y" almost surely. But then A,, 7AW Y)) — 5(0,Y") almost
surely by Lemma 2.3. Now convergence of the covariance matrices follows if the elements
of the sequence {A,, V) s, (On; Y )$n (O Y )TV, Ay} are uniformly integrable (Billingsley
(1995) Theorem 25.12). To show they are, note the jth element of A, [JARN I Y)) is

{Vf n(Q(j) Y)}Tvgj, with 0(1) selected as in Lemma 2.3. Thus, the (j, /)th element of
Ay VnTsn Om; Y,Z)Sn Om; Y,Z)TVAm 18

kji—1 ~(i _ ~
(VY su @ Y)Y oo (97" s (05 Y) ) Tver,

which has uniformly bounded (1 4 §/2)th moment by the Cauchy—Schwarz inequality and
Assumption 2. From this the desired uniform integrability follows (Billingsley (1995), 25.13)
and that completes the proof. [J

2.3. Asymptotic uniform coverage probability. 'We now turn to confidence regions ob-
tained by inverting the continuous extension 7},. Specifically, for « € (0, 1), define
) Ru(@)={0 €0 :T,(0;Y") < qa,1-a}

where g4.1—¢ 1s the (1 — o)th quantile of the chi-square distribution with d degrees of free-
dom. We have the following main result of the section.
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THEOREM 2.4. Under Assumptions 1-5, the confidence region R, (o) in (4) has asymp-
totically correct uniform coverage probability on compact sets; that is, it satisfies (1).

We need some intermediate results before proving Theorem 2.4. Our strategy will be to
prove that, for any compact C € ® and o € (0, 1),

(5) lim sup|Pg{6 € Ry(e)} — (1 —a)| =0,
n—>009€C

which implies (1). The following two lemmas let us focus on convergence along sequence of
noncritical points as in the previous section, but now taking the stochastic properties of the
data into account.

LEMMA 2.5. Equation (5) holds for every compact C C © if and only if, for every con-
vergent sequence {0,} € ® as n — 00,

(6) T (60: Y1) ~ %3,

where Y = (Y1, ..., Yun) has the distribution indexed by 0),.

The proof of Lemma 2.5 essentially amounts to showing continuous convergence is equiv-
alent to uniform convergence on compact sets, the function of interest being 6 +— Pg{6 €
Rn(x)}. Lemma 2.5 suggests, roughly speaking, that to get reliable confidence regions the
distribution of the test statistic should be the same regardless of how close to the critical point
the true parameter is.

The next lemma says it suffices to consider sequences of noncritical points. Specifically,
we need not treat the asymptotic distribution at critical points separately.

LEMMA 2.6. If Assumptions 1-5 hold and (6) holds for every convergent sequence
{6,} € © of noncritical points, then (6) holds for any convergent sequence in ©.

PROOF. Let F, denote the cumulative distribution function of 7,(6,; Y,') and let F' de-
note that of Xc%- Assumption 5 says that, for every fixed n, we can pick a sequence of non-
critical points {6,"} tending to 6, as m — oo with n fixed. Assumptions 1-5 ensure The-
orem 2.1 holds and this implies, essentially by Slutsky and continuous mapping theorems
(Lemma 0.2 in the Supplementary Material, Ekvall and Bottai (2022)),

T(0; Yn) ~ Ty (60 Yy'), m— o0,

where Y,) = (Yu1, ..., Yimn) has the distribution indexed by 6,". Thus, the corresponding cu-
mulative distribution functions {F*} tend to F}, at every point of continuity of F, as m — 0o
with n fixed. Let D,, be the set of discontinuities of F,, and D = | J,, D,,. Since any cumulative
distribution function has at most countably many discontinuities, D is countable as a count-
able union of countable sets. Now for any # € R \ D, we can pick, for every n, an m = m(n)
large enough that [|6"™ — 6, < 1/n and |F/""™ (t) — F,(t)| < 1/n. We then have by the
triangle inequality,

|Fu(t) — F()| < 1/n+ |F™™ (1) — F(z)

’

which tends to zero as n — oo by the assumption that (6) holds along sequences of non-
critical points since F is continuous; in particular, # is a point of continuity of F. The proof is
completed by observing that, since D is countable, R \ D is dense in R, and hence the con-
vergence in fact holds at every ¢t € R (Fristedt and Gray (1997), Proposition 2, Chapter 14).

O
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We are ready to prove Theorem 2.4

PROOF OF THEOREM 2.4. By Lemma 2.6, it suffices to consider an arbitrary se-
quence {6,} of noncritical points tending to a 6 € ®. Let U, = A, [ARN (2 Y)"), where
Vi =1lvgy, .- vpl € R?*4 satisfies Assumption 4 at @ for every n, A, = diag(an1, . . ., dng)
is a scaling matrix defined by the {a,;} given by Lemma 2.3 (with the index m = n),
and Y = (Yu1,..., Ys,) has the distribution indexed by 6,. By reordering the elements
of 6 if necessary, we may partition V,, = [V, 1, V;;2] and have that the columns of V,;; are
the critical vectors at 6. As noted following Assumption 3, these actually do not depend
on n, but V,» may. With these definitions, 7,,(0,; Y;}) = U cov(U,)"'U,, and hence the
continuous mapping theorem (Billingsley (1999), Theorem 2.7) says it suffices to show
cov(Uy,)~V2U, ~ N(0, 1p).

Let U,; = tTU, for an arbitrary ¢ € R? with || = 1. We start by verifying Lyapunov’s
conditions (Billingsley (1995), Theorem 27.3) for U, /oy; ~» N(0, 1), where a,%, =var(U,;).
First, E(U,;) = 0 since E{s, (6,; Y;})} = 0. Thus, it suffices to show crnzt > en for some € > 0
and E(lUm,-lzJ“S) < M for some § > 0 and M < oo, where U,;; = tTA, V,/s'(0,; Yy,i) is the
ith summand of U,,. For the latter we have, since ||7|| = ||v,;|| = 1, using the triangle and
generalized mean inequalities, with 6/) as in the proof of Lemma 2.3,

d 2448
k_l e g
|Umi|2+8 < (Z‘v;jvjj SI(QI’EJ); Yni)‘) <41+8 Z Z‘v V g 9(]) Ynz)‘2+6
j=1 j=1l=1

whose expectation is less than some M < oo for all large enough n by Assumptions 2 and 4.
Next, by Assumption 3,

02, > nc1(@)tTAVIT 6) Vi At = nei(6n)e{AnVIT 6,) Vi An),

where e(-) is the smallest eigenvalue. Since ¢ is continuous and positive at 8, the right-hand
side is greater than en for some € > 0 if liminf,_, o e{A, 17AlA ) VaAn} > 0. We will prove
this by contradiction. To that end, suppose liminf,_, 5 e{A, Vi Z'(6,)V,A,) = 0 and extract
a subsequence tending to zero. Then, by compactness of the set of semiorthogonal matri-
ces and the Bolzano—Weierstrass property (Folland (2007), Theorem 0.25), there is a further
subsequence along which V;;» tends to a semiorthogonal V>. Along this subsequence, by ar-
guments almost identical to those in the proof of Theorem 2.1, A, V,Ts1(6,: Y1) tends in dis-
tribution to a random vector with positive definite covariance matrix, and A, VITY6,)V, A,
tends to that covariance matrix. Thus, along the subsequence, by Weyl’s inequalities (Bhatia
(1997), Section II1.2), e{A, Vil Z'(6,)V,,A,,} tends to a strictly positive number, which is the
desired contradiction.

We have proven Uy, /on: ~ N(0, 1), from which cov(U,)~/?U, ~ N(0, I;) follows
(Biscio, Poinas and Waagepetersen (2018), Lemma 2.1) if

0< liminfg{n_1 cov(Up)} < limsupé{n_1 cov(Uy)} < oo,
n—00 n— 00

where €(-) is the maximum eigenvalue. For the first inequality, Assumption 3 gives
n~lecov(Uy,) > c1(6,) A, Vid I (6,)V, Ay, and we have already shown the right-hand side has
smallest eigenvalue asymptotically bounded away from zero. A similar argument, using that
Assumption 3 implies e{n—cov(Uy,)} < c2(6,)8{A, VT (6,)V, A,), establishes the upper
bound and this completes the proof. [

Theorems 2.1 and 2.4 have the following corollary, which recovers a result of Bottai (2003)
but with several conditions weakened. The proof is a straightforward verification of Assump-
tions 2-5, and hence omitted.
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COROLLARY 2.7. Ifd =1; the Y; are identically distributed; Assumption 1 holds; for
every ' € © there exists an open ball B = B(0') C R centered at 0' such that (i) V2£'(8; y;)
exists on B for almost every y| and is continuous in (0, y1), and (ii) it holds that

A 2448
sup [V @5 y0 P foorman) < o0
0eBNO.0eB

for some § = 8(0") > 0; and varg{V2e1(0; Y1)} > 0 for every critical 0; then the conclusions
of Theorems 2.1 and 2.4 hold.

We end this section by illustrating the introduced ideas in the example from the Introduc-
tion. More complicated mixed models are considered in the next section.

EXAMPLE 1 (continued). Recall thatthe ¥; e R",i =1, ..., n, are independent and mul-
tivariate normally distributed with mean 0 and covariance matrix X (0) = 021,1] + I, and
that the score for one observation is

510 yi) =

r 0 (yTlr)2
B Tl i - (_ r )‘
e O e T e\ T e

Since Y; has positive variance for all 6, the score is equal to zero for almost every y; if and
only if 6 = 0, verifying Assumption 5. Assumption 1 holds since fy(y;) > O for all y; € R",
with y; = y being Lebesgue measure on R”. To verify Assumption 4, observe that at 9 =0
the second derivative of the log-likelihood is
T1,)2
(_r + (yz r) )] = —r 4+ (yl-Tlr)z,

1+r62

i 5103 yi) — s1(0; yi) [
1m = l1im
6—0 0 0—0 1+ ro2

which has variance bounded away from zero when evaluated at y; = ¥;. Thus, Assumption 4
holds at 8 = 0 with k; =2 and at 0 # 0 with k; = 1. It is straightforward to verify Assump-
tions 2 and 3, and hence conclude Theorems 2.1 and 2.4 apply. For additional insight, we
also provide a more direct argument for why the score test standardized by expected infor-
mation works in this example while other common test statistics do not. At 6 # 0 (see the
Supplementary Material, Ekvall and Bottai (2022) for details),

2 (—rn+ r)(,%)2

T,(0;Y") = ZL —rn+ Xn:(YiTlr)z/(l + r@z)} rm

rn Py
It is immediate from the middle expression that 7,(-;-) has a continuous extension on
[0, 00) x R™ . Essentially, standardizing by expected information cancels the leading fac-
tor 6/(1 + r6?) in the expression for s?(6; y;), which was the reason for the singularity at
6 = 0. Notably, this cancellation does not happen if one instead standardizes by observed
information. The last expression shows that, in this example, the distribution of the proposed
test statistic is in fact independent of the parameter, and hence it is almost immediate that (6),
and hence Theorem 2.4 hold; writing X,% as the sum of n independent X12 and an appeal to the
classical central limit theorem is all that is needed. To emphasize the fact that other common
test statistics do not enjoy the same asymptotic properties, we show in Theorem C.1 of the
Supplementary Material (Ekvall and Bottai (2022)) that the asymptotic distribution of the
score test statistic standardized by observed information evaluated at the true 6, is different
depending on how {6, } tends to O.
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3. Inference near critical points in mixed models.

3.1. Scale parameters at zero. Suppose momentarily the Y; are identically distributed;
that is, they are independent copies of some Y € R". Then Z,(0) = nZ;(6) and we write
Z(0) =7Z1(9). Similarly, we drop the observation index on y € R”, s(09; y) = Vlog fy(y) and
y. Suppose further Y has conditional density fs(y | w) against y given a vector of random
effects W € R? whose elements are independent with mean zero and unit variance. Denote
the distribution of W by v. We partition the parameter vector as § = (A, ¥/) € R% x R%
and assume, for some parameter matrix A = A (1) € R7*? and known & : R” x R x R? —
[0, 00),

foGyTw) =h(y, ¥, AMw).
We call A a scale parameter since it determines the matrix A(X) scaling W. The vector v in-
cludes any other parameters in the distribution of Y | W. With these assumptions, the marginal
distribution of Y has density against y given by

) foy) = / Foy | wyv(dw) = f h(y. ¥, Aw)v(dw).

For example, a generalized linear mixed model with linear predictor Xy + ZU, where U =
AW ~ N0, AAT), and X € R"*% and Z € R"*4 are design matrices, satisfies (7) for an
appropriate choice of 4.

In practice it is often possible to define ¥, A, A and & so that any critical points are so
because the leading d; x d; block of Z(6) is singular. That is, all critical points are due to lin-
ear combinations of the scores for the scale parameters being equal to zero almost surely. To
investigate when the latter can happen, let V(3)h(y, ¥, Aw) denote the gradient of A(y, ¥, -)
evaluated at Aw, the subscript (3) here indicating gradient with respect to the third argument
vector. Then, assuming the derivatives exist and can be moved inside the integral, the jth
elementof s(0;y), j=1,...,d; is

1 . 1 .

where V; acts elementwise on matrices. The following result gives a sufficient condition for
linear combinations of these scores to be equal to zero for almost every y.

PROPOSITION 3.1. If (8) holds at 0 € ©® and for a v =[vy,...,v4,,0,...,0]T € RY, it
holds that
d
D v ViAW and  AQ)W
j=1
are independent under 6; then Z(0)v = 0.

PROOF. It suffices to show that vTs(8; y) = 0 for almost every y. We have
1 &
vTs(0;y) = —— f{V(g)h(y, v, Aw)}T Y v VA fwv(dw).
Jo(y) i
By the assumptions, the integral is the expectation of the inner product of two independent
random vectors. Thus, since (measurable) functions of independent random variables are
independent, the integral in the last display is

d
/{Vgh(y, v, Aw)}Tv(dw)/ > v ViAW) Jwy(dw),
j=1

which is equal to zero since [ wv(dw) =0, and that completes the proof. [
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Proposition 3.1 can help identify critical points. In fact, even though the condition that
Z‘;‘:l vi{V;A(A)}W and AW are independent random variables is not necessary, we will
see that in practice it often identifies all critical points.

In what follows, to facilitate further analysis, we assume A is diagonal. Specifically, we
assume every diagonal element of A is one of the A ;. Then the A ; are scale parameters in the

usual sense and
) AL =diag(Aqy, ..., Ag)),

where A(;) means the A; (j =1,...,d;) in the /th diagonal element of A(A) (I =1,...,q).
For example, if ¢ = 3 one possibility is that A(A) = diag(A1, A2, A1) so that the first and third
element of W have the same scale parameter; thend; =2, A1) = A1, L) = A2 and A3y = A1.
Assuming (9) is common in practice and is less restrictive than it may first seem: it allows for
the possibility that w affects the conditional density fy(y | w) through H Aw for some H €
R?*4, which may depend on . Then U = HAW is a vector of dependent random effects
whose scales are determined by A and whose dependence is determined by H. In particular,
by letting H be an orthogonal matrix the A2 are the eigenvalues of cove(U) = HA(L)?HT.

With (9), Proposition 3.1 has the following corollary which says standard basis vectors are
critical vectors for scale parameters at zero.

COROLLARY 3.2. If (8) holds at 6 € ®, A()L) satisfies (9), and 0; = Aj = 0; then
Z(0)ej =0, where e is the jth standard basis vector in R4,

PrROOF. With (9), V;A(X), j =1,...,d, is a diagonal matrix whose /th diagonal ele-
ment (/ =1,...,q)is 1 if the /th diagonal element of A(A) is A, and zero otherwise. Thus, at
6 such that A ; =0, {V; A(A)} W is a function of the elements of W scaled by A ;, and A(A)W
is a function of the elements of W not scaled by A ;. Thus, Proposition 3.1 is satisfied with
v=e;. [

We illustrate the wide applicability of Corollary 3.2 using another example.

EXAMPLE 2 (Generalized linear mixed model). Let X € R"*% and Z € R"*4 be design
matrices and suppose

foylw)y=h(, ¥, Aw) =exp{yT(Xy + ZAw) — c(X¥ + ZAw)},

where ¢ : R” — R is the sum of the cumulant functions for the r responses (see, e.g.,
McCulloch, Searle and Neuhaus (2008), for definitions). For example, the jth element of
Ve(Xy + ZAw), the gradient of ¢ evaluated at the linear predictor, is the conditional mean
of the jth response given w. Assume (9) and, for j = 1,...,dy, let [j] denote the set of
ke{l,...,q} suchthat A = A ;. Then

ViZAWw =Y Z*uy,
kelj]

where Z* is the kth column of Z. Hence, assuming differentiation under the integral is per-
missible,

5;(0:y) = /fe<y |w){y — Ve(Xy + ZAw)}T Y Zouev(dw).

1
Jo(y) kel

Corollary 3.2 suggests 5;(0; y) is zero for almost every y at 6 such that A; = 0, which can
here be verified directly: the sum in the integral is a function of the wy scaled by A ;, while the
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remaining part of the integrand is a function of the wy not scaled by A ;. Hence, the integral
is

/fl/,(y | Aw)[y — Ve(Xy + ZAw)]Tv(dw)/ Z ZFwpv(dw),

kel/]

which is equal to zero for every y since the second integral is the expectation of a linear
combination of the W, which have mean zero.

It is clear from Example 2 that critical points occur in many mixed models and that stan-
dard basis vectors are often critical vectors. When all critical vectors are standard basis vec-
tors, the calculations required to verify Assumption 4 are simplified. The following result
illustrates this point and will be useful in examples.

PROPOSITION 3.3. [If Assumptions 1-2 hold, (1) Y1, ..., Y, are independent copies of
Y € R", (ii) for every 6 € © the null space of Z(0) is spanned by {e;, j : . j = 0} and (iii) the
random vector

50;Y)=[Vi'log fo(Y),..., Villog fo(M]T, ¥ ~ fa,

where kj = k;j(0) =2 if 0; = A; =0 and k; = 1 otherwise, has positive definite covariance
matrix with finite entries at every 0 € ©; then Assumption 4 holds.

PROOF OF PROPOSITION 3.3. Let {vgq,..., vgq} be orthonormal eigenvectors of Z(6)
and V = [vg1, ..., vgq]. Suppose the rank of Z(0) is d — dy, 0 < d, < d. By condition (i),
upon reordering 6 if necessary, we may assume vg; =e;, j = 1,...,dy. In the definition
of 5,(0;y"), set ky = --- =kgx =2 and kgsy1 = ---kg = 1. Then, since vy; has zeros in
the first d, entries for j > d, + 1 by orthogonality, 5,(0; Y") = VT ?_,5(0;Y;). Thus,
fn (0) =nVTcovg{s(8; Y)}V, which is positive definite if and only if covy{5(6; Y)} is; this
shows condition (i) of Assumption 4 holds.

Condition (i) of Assumption 4 holds because s, @; y")Te j =0 for almost every y" is
equivalent to Z,(6) = nZ(H)e j =0, and this holds at any 6 with 6 i = 0; =0 by the assump-
tion that {e;, j : A ; = 0} spans the null space of Z(0).

Condition (iii) of Assumption 4 holds because we have assumed k; < 2, which completes
the proof. [

In the following two sections, we verify the conditions of Theorems 2.1 and 2.4 in two
mixed models. The first is an exponential mixed model with independent and identically dis-
tributed observations of a vector of correlated, positive responses. It has one scale parameter,
one fixed effect parameter and a nonnormal random effect. This example illustrates our theory
in nonlinear mixed models with nonstandard random effect distributions. The second model is
a quite general version of the linear mixed model with normally distributed random effects. It
has general design matrices X; and Z;, possibly different for differenti =1, ...#n, and hence
nonidentically distributed observations; and several fixed and random effect parameters.

3.2. Exponential mixed model with uniform random effect. Supposethe Y;,i=1,...,n,
are independent copies of a ¥ € R? which has conditionally independent elements given
W € R with conditional densities

(10)  fo(yj | w) =W + rw)exp{—y; (¥ + Aw)}I(y; = 0); 6=(, ) €O CR?,

where y; is the jth element of y € R?; we omit observation indexes for the remainder of
the section and work only with the generic ¥ € R%. The density fg(y j | w) is that of an
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exponential random variable with mean 1/(y + Aw). We have selected r = 2 responses to
simplify calculations, but » > 2 presents no fundamental difficulties. The specification clearly
requires ¥ + AW be positive almost surely. There are many potentially useful specifications
satisfying this, but to be concrete suppose W is uniform on (—~/3, +/3), so that v(dw) =
f(w)dw with f(w) = 12_1/2]I(|w| < +/3); and the parameter set is ® = {(A, ) € [0, 00) x
R : ¢ > +/31}. The log-likelihood for one observation is, ignoring additive constants,

log fo () = log f oy | wyv(dw) = log / (W + 2a)? expl— (¥ + Aw)ye v (dw).

where y, = y1 + y2. The score for X is

530 y) = — f() Jo(y 1 w){ye = 2/(¥ + 2w) jwv(dw).

LEMMA 3.4. In the exponential mixed model (10), it holds for any 0 = (0, ) € ® that
varg{s;. (0, Y)} = 0 and varp{V€(0; Y)} > 0.

PROOF. Setting 6 = (0, ) in the expression for s,(6; y) and moving terms that do
not depend on w outside the integral gives s (0,V;y) = — fo(y) ™' exp(—¥ye) (Ve —
2/¢} [ wv(dw) = 0. Moreover, when s, (6; y) =0,

V2log fo(Y) = — /fe(Ylw)[{Y — 2/ + 2w — 2/ (¥ + Aw)?Jwv(dw),

fa(¥) (Y )
where log f3(Y) means fj evaluated at ¥ ~ f5. When A = 0, this simplifies to (Yo —2/v/)? —
2/v2, which has positive variance under 6 = (0, y). [

Lemma 3.4 shows 6 = (0, v) is a critical point for any v, agreeing with Corollary 3.2. It
also shows the corresponding second derivative of the log-likelihood has positive variance if
A =0, suggesting it may be possible to verify Assumption 4 with k; = 2 at 6 with A =0 and
k1 =1 elsewhere. The following lemma will be helpful to that end.

LEMMA 3.5. In the exponential mixed model (10), the information matrix Z(0) has rank
one if A =0 and rank two otherwise.

PROOF. The score for v is sy (0; y) = —f@(y)_1 [ foy | w){ye —2/(¢¥ + Aw)}v(dw).
Thus, when A =0, sy, (6;Y) = Yo — 2/4, which has positive variance. In conjunction with
Lemma 3.4, this shows the rank of Z(0) is one when A = 0. Suppose A > 0 and make the
change of variables ¢ = ({ 4+ Aw)y, in the integral in the definition of the log-likelihood.
Letting G(r) = e~ (t> + 2t 4 2), which is an antiderivative of g(r) = —t%e¢ ™", gives

log fo(y) = —log(A) +1log{G (¥ — v/3yeh) — G(¥ +V/3yad) ).

Differentiating with respect to A and v, taking an arbitrary linear combination given by v =
[vi, 12]T € R%, and observing the (Lebesgue) density for Y, is positive on (0, c0) shows
Z(@)v =0 only if

. viA T g (W — )+ g + )} —wfg(¥ —1) —g(¥ + 1)}
GW—1)—G+1)

is constant on (0, 0o), possibly except on a Lebesgue null set. Verifying this map is indeed
nonconstant on a set of positive Lebesgue measure is routine so we omit the details. [J

We are ready to verify Assumptions 1-5, giving the main result of the section.
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THEOREM 3.6. The conclusions of Theorems 2.1 and 2.4 hold in the exponential mixed
model (10).

PROOF. Assumption 1 holds with y being Lebesgue measure since fy(y) > O for all
y €(0,00)% and 0 € ©.

To verify the moment condition in Assumption 2, it suffices by Lemma 3.5 to find locally
uniform bounds of [ [s5(9; y)I fo(y)dy and [ |sy (8; y)|* fo(y) dy around an arbitrary 6 €
®, and of [ |V?log fé(y)|3f9 (y)dy around 6" with A’ = 0. For the former, observe that for
any k > 1, by Jensen’s inequality and using fy(y | w) f(w)/fo(y) = fo(w | y),

X k
W18 TS ey dy
fa()

sf/\{y. — 2/ + Fw)}wl* £ | y) dwfy (v) dy.

f!sx(é; N[ fa()dy = /‘/{y. —2/(§ + Aw))

Now for any 6 € ®, since ¥ > 23 > Alw|, we can find an M < oo and a ball B centered
at #' small enough that 1/(y + Aw) < M for all (¢, 1) € B and w € (—+/3, +/3). Then for
6 € B, by Jensen’s inequality (twice), the inner integral less than 3k/20k=1 y.|k +2MF <
3K/20k=100 =11y 1% 4 |y2|%) + |2M|K)}. Thus, the last line in the last display is bounded
uniformly for (4,0) € B x B if EQ(Y}) is, j = 1,2. But for € B, EQ(YJ’.‘) = Eg{Eg(Y]’? |
W)} = kIE{1/(¥ + AW)k} < k!M*. The other moment bounds can be handled similar to
show Assumption 2 holds; we omit the details.

Assumption 3 holds because the Y; are identically distributed.

We use Proposition 3.3 to verify Assumption 4. Condition (i) of that proposition is by
assumption and condition (ii) is established in Lemma 3.5. To verify condition (iii), it suffices
by Lemma 3.5 to show that, when A =0, v1V12 log fo(y) + vasy (65 y) is constant for almost
every y only if v; = vo = 0; this clearly holds since the linear combination is vi(ye —2/%)* —
201/% + v2(ye — 290).

Assumption 5 holds because the only critical points are those with A = 0, and this com-
pletes the proof. [

3.3. Linear mixed models. Consider a linear mixed model which assumes, for some ¥ €
R% and A satisfying (9), independently fori =1, ..., n,

(11) Yi | Xi, Wi ~ N (X% + ZiAW;, 02 1,), Wi | Xi ~N (O, I,),

where Z; € R’i*4 is a design matrix and X; € R"*% a matrix of predictors. The predictors
can be nonstochastic or, more generally, have a distribution not depending on 6, possibly
different for different ;. Assume also for simplicity that > > 0 is known. When > = 1 and
observations are identically distributed, this model is a special case of the generalized linear
mixed model in Example 2.

We will first obtain a reliable confidence region for 8 = (A, ) € ® = [0, 00)41 x R® by
verifying the conditions of Theorem 2.4. Then we show how that result can be modified to
give a reliable confidence region for A only, with ¥ a nuisance parameter. The model implies
the distribution of Y; | X; is multivariate normal with mean X; and covariance matrix

d
i =%i() =0l + Y AH],
j=1

where Hj’: = D kelj] Zf‘(Zf‘)T € R"*’i is the sum of outer products of columns of Z; cor-
responding to random effects scaled by A;, j =1,...,d;. The log-likelihood is, ignoring
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additive terms not depending on 6,

" 1 1
6(0;y", X") = Z{—Eloglzi(m = SO = X T )T i - Xﬂﬁ)},

i=l

where X" = (X1, ..., X,,). Differentiating with respect to A ; gives, for j =1, ...,d|,
$50; yi, Xy = A ST H — 27 00 — Xy (s — X)) TS HY),L

which is equal to zero for every i when A; = 0. Thus, scale parameters at zero are critical
points, agreeing with Corollary 3.2. We also have the following partial converse, essentially
saying that only scale parameters can be critical elements.

LEMMA 3.7. The Fisher information T' () for one observation in the linear mixed
model (11) is block-diagonal and, ifg{IE(XiTXi)} > 0, is singular if and only if its leading
block I;; 0) = COVg{si 0;Yi, Xi)} is, where e(-) is the smallest eigenvalue.

The lemma holds as stated with nonstochastic predictors, but notation can be simplified
since E(X] X;) = X[ X; in that case. The following lemma gives a lower bound on the (con-
ditional) variance of any linear combination of the score for the scale parameters. Together
with the previous lemma, it can be used to identify all critical points.

LEMMA 3.8. In the linear mixed model (11), for any v € R,

varg{vTsl (0; Vi, Xi) | X;} = 28(2:) 2e(Z] Z;)* max(Ajv;)>
J

and

varg {vTs](0: Yi. X) | X} < 2rie(S0) 28(2] Z;)? max(av))%,
J
where €(-) is the largest eigenvalue.

Together with Lemma 3.7, Lemma 3.8 ensures that, as long as Zl.T Z; and E(X ZT X;) are
invertible, {e;, j : A; = 0} spans the null space of T'(6). As observed following Proposi-
tion 3.3, this makes checking the assumptions in Section 2 easier. Similarly, an implication
is that, when implementing the proposed method, we can take k;(6) =2 when A; =0 and
k(@) =1 otherwise. We are ready for the first main result of the section.

Let || - || be the spectral norm when the argument is a matrix.

THEOREM 3.9. If limsup;_, . r; < 0o and there exists an M € (0, 00) such that, for
everyi=1,2..., M~ ' <e(Z] 2;) <&(Z[ Zi)) < M, M~" < e{E(X] X;)} and E(| X;||**?) <
M for some § > 0; then Assumptions 1-5, and hence the conclusions of Theorems 2.1 and
2.4, hold in the linear mixed model (11).

PROOF OF THEOREM 3.9. We prove the theorem with nonstochastic X;; the calculations
for stochastic X; are similar. Then, since E(||X; [|**%) = || X;|*T® we may assume é(Xl-TX,-) <
M, upon increasing M as needed. Assumption 1 is satisfied since fy(y;) is strictly positive
on R’ for every 6 € ®, with y; being Lebesgue measure. We verify Assumption 2 with § > 0
and k = 2 at critical 6'. Define £/ (0; y;, X;) € R4 by

ELO; v X =tw{ZT H = 27 G = Xi) i — Xip) TS HY Y, <y,
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and the remaining dp elements equal to sf/, @;yi, X;). When A; > 0, éji. @;yi, X;) =
s;'. (0;Y;, Xi)/A . Because éj. (0; yi, X) is continuous in € since o2 >0, when Aj =01t holds
that S;(Q; vi, Xi) = v}ef(e; vi, Xi). More generally, for j,[ <d,

ij-llfi(G; vi, Xi) =1(j 21)55-(9; Vi, Xi) — Aj tr{zi_lHliEi_]HJl:}
(S LS 0 - X G — Xop) TS HY)
+ 2, {57 = X)) i — Xow) TR HES T HEY

Since o2 > 0,we can pick for any #’ € ® a small enough open ball B € R? centered at 6’ and
large enough M < oo to have, on B, that o 2<M, ||Ei_1 | <M and A; < M forall j. Thus,
using submultiplicativity of the spectral norm and that the trace is upper bounded by r; times
the spectral norm, on B,

V3 ©: yi. Xo| < ri{ M| H} | + M| H} [ Ily: — Xiw|1P) +ri M3 | Hf || Hj |
+2r: M| y; — XiW||2||H} |1 H/]-

Now, | Hjll < 1Z] Zill < M and ||y; — X; Il < 1yl + 1Xi v [l < Iyill + M|y || for all G, j).
Thus, since ||¢| is bounded on B, the expectation in Assumption 2 to be bounded is, upon
increasing M as needed, less than

M{1+ sup Eo(|lY;*+*),
9eONB
which is bounded uniformly in i since Y; is a normal vector whose mean and covariance
matrix are bounded uniformly in i and 6 € B N ®. The calculations for k =1 and j > d; or
[ > d are very similar, and hence omitted.
To verify Assumption 3, it suffices to find ¢y, ¢ such that, for any v € R4,

c1OVTZHO)v < vTZHO)v < c2(OWTT O)v.

Letv = [vI, v;]T with v, € R4, By Lemmas 3.7 and 3.8, using that r; and the eigenvalues
of X/ X;, Z! Z;, and Ei_l are bounded, there exist M € (0, 00) and c3, ¢4 : © — (0, 00) not
depending on i such that

M Hilvall + e30) max.jv)%} < 07T O)v < M{ o2 + ca®) maxjv))?).
J=di J=di

Thus, the desired inequalities hold with ¢1(8) = M ~2{14+c4(8)} "' min{1, c3(8)} and ¢2(0) =
M2min{1, c3(0)} {1 + c4(6)).

To verify Assumption 4, we argue as in the proof of Proposition 3.3, with minor modifi-
cations to take the observation index into account. Thus, adding an observation index to the
vector § defined in Proposition 3.3, and making the dependence on the predictors explicit, we
get that & 1O Y, X;) is equal to 540; Y, X)) Wi_th each element corresponding to a A; > 0
scaled by 1/A ;. Thus, the covariance matrix of £ (0; ¥;, X;) is positive definite if and only if
that of §'(0; Y;, X;) is. With that, the verification of Assumption 4 follows as in the proof of
Proposition 3.3.

Assumption 5 holds because, for j =1, ...d;, A; = 01is the only critical element in [0, 00),
and that completes the proof. [J

Lastly, in this section we consider confidence regions for A only. To that end, let

T (v, Y™ X") = {Zs;'(e; Yi, X»T}I,i(e)—l {Zsiw; Yi, X»},
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where I,? 0) = cove{s,f (@; Y, X™)} is the leading d; x d; block of Z,(8). For such regions
to be practically useful, or feasible, ¢ has to be known or estimated. Our next result says
Y can estimated by any square root n-consistent estimator without affecting the asymptotic
coverage probability; this result assumes identically distributed observations for simplicity.
To be more specific, let

Ri@) = {1 T (v, Y™, X™) < quy 1—a )

and let 7%,)1‘ (ov) be that confidence region with an estimator 1& in place of i in T,.

THEOREM 3.10. Ifthe (Y;, Xi), i =1,2,..., are identically distributed and the condi-
tions of Theorem 3.9 hold, the confidence region T\’,ﬁ (o) satisfies, for any compact C € © and

a€(0,1),
. . A 1.
nli)rgoenelg PofreR,(@)}=1—q;
and if in addition \/ﬁ||1/A/n — Yn|l = Op(1) under any convergent {6,, = (A, ¥)} € O, then
the same holds for Rﬁ ().

In practice, the estimator xﬁn can be, for example, the least squares estimator

n —1 n
o= (L7x) XA
i=1 i=l
This estimator is square root-n consistent under convergent {6, } under weak conditions. More
specifically, it is multivariate normally distributed given (Xy,..., X,) with mean v, and
covariance matrix

(i X,.TX,~>_1 (i XiTEnX,-) (2”: XiTXl->_1,

i=1 i=1 i=1

which tends to a matrix of zeros under weak conditions.

3.4. Practical considerations. In many mixed models, the likelihood does not admit an
analytical expression, which complicates implementing likelihood-based methods in prac-
tice. In particular, evaluating the log-likelihood, or its derivatives and their expectations, may
require the numerical evaluation or approximation of integrals. A detailed treatment of nu-
merical integration is outside the scope of the present article, but we briefly discuss two
possible practical issues: (i) the critical points and their corresponding critical vectors are
known, but the proposed test statistic does not admit a convenient expression at those points;
and (ii) it is difficult to establish which points are critical by analytical means. For clarity, we
discuss identically distributed observations and assume k; < 2 suffices to satisfy Assump-
tion 4, which in our experience is often the case in practice; other settings can be handled
similarly.

Issue (i) can occur when, for example, Corollary 3.2 says a scale parameter A; =0 is a
critical point with critical vector e; in a generalized linear mixed model. To compute our test
statistic at such points, it is useful to note that, with the s defined in Proposition 3.3 and under
regularity conditions,

n

T,(6;Y") = n—lizg(e; Yi)} covg{5(0; Y1)}~ :ZH:E(G; Yi)}.

i=l i=1
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Thus, the user needs to compute first and second order partial derivatives of the log-likelihood
and their covariance matrix. A routine calculation shows, under regularity conditions, the jth
element of 5(0, y;) is

(12) [ ¥} i 1wyviaw),

Jo(yi)
where kj =2 for6; = A; =0and k; = 1 otherwise. The derivative inside the integral can typ-
ically be computed analytically for any & ;, and hence there are no fundamental computational
differences between k; = 1 and k; = 2. We illustrate these calculations in detail in an exam-
ple in the Supplementary Materlal (Ekvall and Bottai (2022)). Software packages for mixed
models typically approximate integrals like that in (12) with k; = 1 using Laplace approx-
imations, adaptive Gaussian quadrature or Monte Carlo (e.g., Bates et al. (2015), Knudson
et al. (2021)). The integrals with k; = 2 and those required to compute the covariance matrix
can be handled by similar methods. When the critical vectors are known but are not stan-
dard basis vectors, the computations are similar but with different linear combinations of the
derivatives.

By contrast, issue (ii) is not merely computational. If one cannot establish the existence or
lack of critical points, then one does not know whether the Fisher information is invertible,
and hence whether the theory motivating many other methods applies. This highlights a prac-
tical advantage of the proposed procedure: if the inversion of the Fisher information fails,
the user is effectively warned they are attempting inference at a previously unknown critical
point. Having identified a critical point, the critical vectors can be calculated numerically by
spectral decomposition of the Fisher information, and then one is essentially back to issue (i).

4. Numerical experiments. We examine finite sample properties of the proposed
method in a linear mixed model. The Supplementary Material (Ekvall and Bottai (2022))
contains similar simulations in a generalized linear mixed model for binary responses with
asymmetrically distributed random effects, and the results there are qualitatively similar.

Suppose that fori =1,...nand j=1,...,r,

13) Yij =v1+v2Xij + Uy + Ui Xij + Eij,

where [Uy;, Uy 1T ~ NH{0, diag(kz, k%)}, independently for i =1, ..., n and independent of
E=[Ei1,..., En,]T ~ N(O, 021,,). To conform with the previous section, we assume
02 =1 is known. Thus, the parameter set is ©® = {6 = (A, ¥) € [0, 00)? x R2}. We study
confidence regions for A with i estimated, that is, a nuisance parameter. The Supplementary
Material (Ekvall and Bottai (2022)) contains simulations where ¥ is known, and simulations
where o is unknown and confidence regions are created for (A, o) with i estimated. We
compare the proposed confidence region to those obtained by inverting the likelihood ratio
test statistic and the Wald test statistic standardized by expected information evaluated at the
(unconstrained) maximum likelihood estimates. Specifically,

T.r (A ") =2{€,(0, y") — € (12, V17, y")},
where § € argmaxgcq £, (0; y") and U=y e argmax, g2 £n ([2, ¥17, y"); and
T, (hy") = G. = ML @) (. — 1),

where I,’} (0) is the 2 x 2 block of Z,,(0) corresponding to A.

Our theory suggests the proposed confidence region may have good finite sample coverage
near critical points because the proposed test statistic has the same asymptotic distribution
under any sequence of parameters tending to a critical point as the sample size increases.
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FIG. 2. Monte Carlo estimates of coverage probabilities of confidence regions from inverting the modified score
(solid), likelihood ratio (dashed) and Wald (dotted) test statistics. The straight horizontal line indicates the nomi-
nal 0.95 coverage probability and vertical bars denote £2 times Monte Carlo standard errors.

Conversely, we expect the coverage of the other confidence regions may depend on how
close to a critical point the true parameter is. To examine this, we consider true A at different
distances from the origin:

A1 =2z €{1075,0.01,0.05,0.1,0.2,0.3,0.4,0.5}.

Because these A correspond to interior points of the parameter set, a level 1 — o confidence
region covers A if the test statistic at A is smaller than the (1 — «)th quantile of the chi-
square distribution with two degrees of freedom. The use of that distribution is motivated by
classical asymptotic theory for TnL (A; Y™y and TnW (X; Y'™), and by our theory for the proposed
test statistic. Different reference distributions should be used for the Wald and likelihood ratio
statistics at boundary points (Baey, Cournede and Kuhn (2019), Geyer (1994), Self and Liang
(1987)), while the proposed method uses the same reference distribution at every point of the
parameter set.

We performed a Monte Carlo experiment with 10,000 replications. We set ¥ = 1, and,
for every (X, ) considered, generated stochastic predictors as independent draws from a
uniform distribution on [—1, 2]. Responses were then generated according to (13). The sam-
ple sizes were n € {20, 80} and r = 10. Code for reproducing the results is available at
https://github.com/koekvall/conf-crit-suppl.

Figure 2 summarizes the results. Notably, the proposed confidence region has near-
nominal estimated coverage probability in all considered settings. By contrast, the estimated
coverage probabilities for the likelihood ratio and Wald confidence regions are substantially
different from nominal for many settings. Moreover, their coverage is sometimes lower and
sometimes higher than nominal. That is, for those methods, the quality of the chi-square
distribution as a reference distribution depends on how close to the critical point the true pa-
rameter is. Simulations in the Supplementary Material (Ekvall and Bottai (2022)) indicate the
proposed method give near-nominal coverage probabilities also of critical points, including
ones at the boundary.

Figure 3 examines the agreement between sample quantiles of the three considered test
statistics and the theoretical quantiles of a chi-square distribution with two degrees of free-
dom. The first plot, corresponding to small but nonzero scale parameters, shows the agree-
ment is poor near critical points for the likelihood ratio and Wald test statistics. For the larger
scale parameters, agreement between sample and theoretical quantiles is decent for all three
test statistics.
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FI1G. 3. Quantile-quantile plots for modified score (circles), likelihood ratio (triangles) and Wald (plus signs)
test statistics. The theoretical quantiles are from the chi-square distribution with 2 degrees of freedom and the
sample quantiles from 10,000 Monte Carlo replications with (n, r) = (80, 10).

For additional insight into test statistics’ behavior near critical points, Figure 4 shows
estimated rejection probabilities (size and power) for tests of the null hypothesis that A =
A2 = 1075, The data generating settings are the same as those used for Figure 2. The power
curves are not directly comparable because, as was also shown in Figure 2, the different tests
have different sizes. Nevertheless, the power curves behave similarly as the true A moves
away from the null hypothesis value. This indicates the differences in coverage observed in
Figure 2 is not in general due to how large the different confidence regions are.

We considered several configurations in addition to those reported, including both larger
and smaller values of n and A, and the results were remarkably consistent. To compute the
proposed test statistic, we used the lmmstest R package written by the first author. To fit the
model and compute the likelihood ratio and Wald test statistics, we used the 1me4 R package
(Bates et al. (2015)). The Supplementary Material (Ekvall and Bottai (2022)) includes times
for computing the test statistics in the simulations on which Figure 2 is based. The proposed
test statistic was about 3—4 times faster to evaluate than the likelihood ratio and Wald statistics
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FI1G. 4. Monte Carlo estimates of rejection probabilities for testing the null hypothesis A = 10~ 1> using the
modified score (solid), likelihood ratio (dashed) and Wald (dotted) test. The straight horizontal line indicates the
size of the tests (0.05) and vertical bars denote £2 times Monte Carlo standard errors.
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TABLE 1
Maximum likelihood estimates and 95% confidence intervals (CI) for scale parameters in the linear mixed model
(14)
Parameter Estimate Mod. Score CI Lik. Rat. CI Wald CI
A1 (intercept) 0 (0,0.0482) (0, 0.0604) (0,0.126)
Ay (age) 0.0201 (0.0188,0.0219) (0.0183,0.0222) (0.0181, 0.0222)
o (error) 0.156 (0.152,0.162) (0.151,0.162) (0.151,0.162)

on average, but we expect both relative and absolute computing times to vary substantially
between settings and implementations.

We also note there is a Stata routine for calculation of the proposed confidence region
for a single variance parameter in linear mixed models with a random intercept (Bottai and
Orsini (2004)), a special case which can also be treated using exact finite sample methods
(Crainiceanu and Ruppert (2004)).

5. Data example. We illustrate using a data set presented by Fitzmaurice, Laird and
Ware (2011), which contains a subset of the pulmonary function data collected in the Six
Cities Study (Dockery et al. (1983)). The data include a pulmonary measure called the forced
expiratory volume in the first second (FEV1), height (ht) and age obtained from a randomly
selected subset of the female participants living in Topeka, Kansas. The sample includes n =
300 girls and young women, with a minimum of one and a maximum of twelve observations
over time. Age and height are believed to be associated with the ability to take in and force
out air. To model these data, consider the linear mixed model

(14) FEV1;; =1 +voage;; + ¥3ht; + Yaage;| + Ysht; + Ui + Uppage;; + Eif,

where U;; ~ N (0, A%), Uir ~ N(O, A%), and E;; ~ N (0, o) are mutually independent for
all individuals indexed by i and time points indexed by ¢. This is a model considered by
Fitzmaurice, Laird and Ware (2011), modified slightly to fit our setting. The parameter set is
O={0= 1 0)eR x[0,00)2 x (0, 00)}.

The maximum likelihood estimate of v is 1@ =(-2.2,0.078,2.80, —0.040, —0.19), but
we focus on the scale parameters whose estimates are in Table 1. Notably, the maximum
likelihood estimate of A; is zero, indicating common confidence regions may be unreliable.
We present a confidence region for A (Figure 5) and three componentwise confidence regions
(Table 1). When creating a confidence region for a subvector or component of 6, say A, the
other components are effectively nuisance parameters. Then, at noncritical points we stan-
dardize the score for A1 by the Schur complement (efficient information) Z,,/Z,, M, where
Tn M s I, with rows and columns corresponding to A; removed and evaluate at estimates
of the nuisance parameters (see, e.g., Fewster and Jupp (2013) or Bickel et al. (1998), Chap-
ter 2, for motivation). Similarly, at critical points we standardize the modified score for A| by
fn /f,; M ; we comment further on nuisance parameters in Section 6.

For context, we also present likelihood ratio intervals based on the profile likelihood com-
puted using the confint function in 1me4, and Wald intervals based on maximum likeli-
hood estimates from 1me4 and the expected Fisher information evaluated at estimates. These
use the chi-square distribution with one degree of freedom as reference. To decide whether to
include the boundary points A1 =0 and A = 0 in the componentwise confidence intervals,
we note A; = 0 so 0 is in confidence intervals based on the profile likelihood or Wald statis-
tic for any reference distribution. Conversely, the test statistics for A are so large at O that
0 should not be in either region for any relevant reference distribution. To validate this, we
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FI1G. 5. Componentwise test statistics for Ay (first plot) and Ay (second plot), and joint 80-99% confidence
regions for A (third plot), based on the chi-square distribution with two degrees of freedom. The dashed lines in
the first two plots mark the 0.95th quantile of a chi-square distribution with one degree of freedom. The dashed
lines in the third plot mark maximum likelihood estimates.

used the varTestnlme R package (Baey and Kuhn (2019)) to test, separately, )»% =0 and
A3 =0, and got the p-values 0.5 and 4 x 10778, respectively.

The proposed interval for A; is substantially smaller than that based on the likelihood ratio
(Table 1). This is consistent with our simulations where the latter had greater than nominal
empirical coverage of small scale parameters. The Wald interval for A; is even wider than
the likelihood ratio-based interval. The proposed interval for A; is smaller than the other two,
and its left endpoint is further from zero. Thus, there are indications the proposed procedure
leads to not only reliable but more precise inference. The intervals for o only differ in the
third significance digit. This is consistent with both theory and simulations since the estimate
of o is further from zero than those of A; and A,, and hence the different test statistics are
expected to behave similarly.

Figure 5 shows plots of the componentwise test statistics based on the proposed method
for a range of A1 and A;. The values of A| and A; such that the graph of the corresponding
test statistic is below the critical value 3.84 (the 0.95th quantile of the chi-square distribution
with one degree of freedom), give the confidence regions in Table 1. The graphs indicate the
test statistics are convex in A1 and Ay, respectively. The proposed regions for A (Figure 5,
third plot), which use the chi-square distribution with two degrees of freedom as reference
distribution, can be used to assess which values of A are supported by the data. We may,
for example, reject the joint null hypothesis that A1 = A» = 0 at conventional levels of sig-
nificance. To create these graphs and the corresponding confidence regions in Table 1, we
evaluated the test statistics at a grid of 50 values each for A; and A, and included in the
confidence regions those points where the test statistics were less than the desired quantile
of the reference distributions. Thus, for the first and second plot we evaluated component-
wise test statistics 50 times each, and for the third plot we evaluated the test statistic for A
at 50 x 50 = 2500 points. The coarseness of the grid can be adjusted depending on desired
accuracy and computing times.

6. Final remarks. Linking the boundary problem to the singular information problem
allows a deeper understanding of the behavior of the likelihood function in shrinking neigh-
borhoods of the boundary of a parameter set. Perhaps more importantly, it permits the con-
struction of confidence regions that have asymptotically correct uniform coverage probability.

The advantages of using the proposed modified score test in constructing confidence re-
gions are many-fold: the proposed procedure does not in general require a consistent point
estimator, which can be troublesome when the parameter is at or near the boundary; it does
not in general rely on simulation algorithms, which typically need to be programmed for the
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specific problem at hand; it can be applied to a broad variety of models, including the lin-
ear mixed model; it allows inference on scale parameters when the random effects follow an
asymmetric distribution, which gives insight about the sign and the magnitude of the skew-
ness. In addition, to the best of our knowledge, the asymptotic behavior under a sequence of
parameters of the Wald and likelihood ratio test statistics for a scale parameter, has not been
described for settings in which the Fisher information has any rank less than full.

Our work suggests several avenues for future research: First, more theory is needed on
settings with nuisance parameters not orthogonal to the parameters of interest. Existing the-
ory suggests replacing the Fisher information by the efficient Fisher information as we did in
Section 5, but this has not been formalized for inference near critical points. Based on simu-
lations (Supplementary Material, Ekvall and Bottai (2022)) and intuition, we conjecture our
results may be adapted to settings where the block of the Fisher information corresponding
to the nuisance parameters is not nearly singular, but that there may be additional challenges
otherwise. Second, in some mixed models, for example, with crossed random effects, there
are few independent observations even as the total number of observations grows. Then a
different asymptotic theory may be of interest. There are results on the consistency of maxi-
mum likelihood estimators in such settings (Ekvall and Jones (2020), Jiang (2013)), but the
properties of test statistics are largely unknown. Third, efficient software implementations
of the proposed method for popular mixed models are needed: creating the proposed confi-
dence region in practice often requires inverting the test statistic numerically, which can be
computationally expensive. This is in contrast to the Wald statistic, which can be inverted
analytically, but similar to the likelihood ratio statistic, which in general requires numeri-
cal inversion. A natural starting point when implementing a numerical procedure would be
to consider a grid of parameter values centered at some reasonable estimates. For example,
even in nonlinear mixed models where maximum likelihood estimation can be computation-
ally expensive, fast approximate maximum likelihood estimates and Wald confidence regions
are often available through penalized quasi-likelihood or Laplace approximation of the like-
lihood. Some further remarks on computing are in the Supplementary Material (Ekvall and
Bottai (2022)).
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SUPPLEMENTARY MATERIAL

Supplement to “Confidence regions near singular information and boundary points
with applications to mixed models” (DOI: 10.1214/22-A0S2177SUPP; .pdf). The supple-
mental material contains proofs and additional details and results.
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