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Abstract: Likelihood-based methods of statistical inference provide a useful general methodology, which are
appealing as a straightforward asymptotic theory may be applied for their implementation. It is important
to assess the relationships between different likelihood-based inferential procedures, in terms of accuracy and
adherence to key principles of statistical inference, in particular those relating to conditioning on relevant
ancillary statistics. An analysis is given of the stability properties of a general class of likelihood-based statis-
tics, including those derived from forms of adjusted profile likelihood, and comparisons are made between
inferences derived from different statistics. In particular, we derive a set of sufficient conditions for agreement
to Op(n™'), in terms of the sample size n, of inferences, specifically p-values, derived from different asymptot-
ically standard normal pivots. Our analysis includes inference problems concerning a scalar or vector interest

parameter, in the presence of a nuisance parameter.
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1. Introduction

A highly useful statistical methodology for inference on a scalar or vector interest parameter in the
presence of a nuisance parameter is furnished by procedures based on the likelihood function, including
tests and confidence sets based on the likelihood ratio statistic. Though no explicit optimality criteria are
invoked, a quite general asymptotic theory allows straightforward implementation of such methodology
in a wide range of settings. However, accuracy and what may be termed inferential correctness are
(Young, 2009) key desiderata of any parametric inference. When constructing, say, a confidence set for a
parameter of interest in the presence of nuisance parameters, we desire high levels of coverage accuracy
from the confidence set. Further, it is important that procedures are inferentially correct, meaning
that they respect key principles of inference, in particular those relating to appropriate conditioning on
ancillary information when this is relevant. The crucial issue here is the stability of the statistic used for
inference, the extent to which the unconditional distribution of the statistic agrees with the conditional
distribution of the statistic, relevant for achieving inferential correctness. Henceforth, when speaking
of the stability of a pivot, we shall mean whether or not its marginal distribution inherently respects
ancillary information. Specifically, a statistic which is stable to second-order is one whose conditional
distribution given the observed value of an ancillary statistic agrees to second-order, O(n~!), in the
sample size n with its unconditional, i.e., marginal distribution. Our objective in this paper is to
both analyse and elucidate properties of likelihood-based methods of statistical inference against these
desiderata, and to provide new results, which shed light on what is achieved by alternative approaches
to implementation of likelihood-based methods of inference. We make two specific novel contributions.

We provide a general assessment of the stability properties of likelihood-based statistics commonly

used for parametric inference. Our analysis considers first the case of the signed root likelihood ratio



2 THOMAS J. DICICCIO, TODD A. KUFFNER, G. ALASTAIR YOUNG AND RUSSELL ZARETZKI

statistic for inference on a scalar interest parameter, in the presence of a nuisance parameter. In doing so,
we establish a generalization to the practically realistic context involving nuisance parameters of results
described by McCullagh (1984) and Severini (1990). We then discuss this issue for asymptotically
standard normal pivots more generally, in particular those constructed from adjusted forms of profile
likelihood, before considering inference for vector interest parameters. The results presented here allow
comparisons to be drawn between the inferential properties of parametric bootstrap procedures and
techniques of higher-order inference based on asymptotic, analytic approximation.

We also provide an explicit comparison of inferences, specifically p-values, obtained from differ-
ent asymptotically standard normal pivots, including those constructed from adjusted forms of profile
likelihood, establishing certain higher-order equivalences and differences. We derive a set of sufficient
conditions ensuring agreement of p-values derived from different asymptotically standard normal pivots,
to order Op(n™1).

2. Background

Suppose that Y = (Y1, ...,Y,) is a continuous random vector and that the distribution of Y depends
on an unknown d-dimensional parameter , partitioned as § = (1), ¢), where initially we suppose ¥ = 6;
is a scalar interest parameter and ¢ is a nuisance parameter of dimension d — 1. We later consider the
case of a vector interest parameter .

Let L(6) be the loglikelihood function for 6 based on Y and let 6 = (¢, ¢) be the global maximum
likelihood estimator of #. Further, let § = 0(¢)) = (¥,¢) = {¥, (1))} be the constrained maximum
likelihood estimator of # for given 1. Then the profile loglikelihood function for  is M () = L{0(¢))}
and the likelihood ratio statistic for 1 is W (1) = 2{ M (¢))— M (1)}, where M (¢)) = L(f), since 0(¢)) = 6.
The signed root likelihood ratio statistic is R(1)) = sgn(i) — ) {W () }1/2. Testing Hy : 1 = 1)y against
H, ¢ > g or Hy : ¢ < 1)y can be based on the test statistic R(1g). Asymptotically, as the sample
size n increases, the sampling distribution of R(1) tends to the standard normal distribution. Heading
the list of desiderata for refinement of the inference procedures furnished by such first-order asymptotic
theory is the achievement of higher-order accuracy in distributional approximation, while respecting
the need for inferential correctness.

Two main routes (Young, 2009) to higher-order accuracy emerge from contemporary statistical
theory. The most developed route is that which utilises analytic procedures, based on ‘small-sample
asymptotics’, such as saddlepoint approximation and related methods, to refine first-order distribution
theory. The second route involves simulation or bootstrap methods, which aim to obtain refined dis-
tributional approximations directly, without analytic approximation: see, for instance, DiCiccio et al.
(2001), Lee & Young (2005), DiCiccio & Young (2008).

A detailed account of analytic methods for distributional approximation which yield higher-order
accuracy is given by Barndorff-Nielsen & Cox (1994). Two particular highlights of an intricate theory
are especially important. These are Bartlett correction of the likelihood ratio statistic W (1), which
we discuss in Section 8, and the construction of analytically modified forms of the signed root likeli-
hood ratio statistic R(v)), designed to offer higher-order accuracy. These two procedures also provide
inferential correctness, specifically conditional validity, to high (asymptotic) order, in the two key set-
tings where conditional inference is crucial, namely multi-parameter exponential family and ancillary

statistic contexts. Particularly central to the analytic approach to higher-order accurate inference on
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a scalar interest parameter is Barndorff-Nielsen’s R* statistic (Barndorff-Nielsen, 1986). In both the
multi-parameter exponential family and ancillary statistic contexts, the R* statistic is conditionally, and
hence unconditionally, distributed as standard normal, to error of third-order O(n_3/ 2) in the sample
size. So, analytic standard normal approximation of the sampling distribution of the R* statistic yields
third-order accuracy under repeated sampling, while respecting the requirements of conditioning to that
same order.

Lawley (1956) showed that Eg{R(1))} = n~'/?m(0) + O(n=3/2) and varg{R(8)} = 1+ n~'v() +
O(n~2), where m(f) and v(#) are both of order O(1), while the third and higher-order cumulants are
of order O(n=3/2) or smaller; see also Bickel & Ghosh (1990). Therefore, {R(¢)) — n~'/?m()}/{1 +
n~1v(0)}/? has the standard normal distribution to error of order O(n=3/2). DiCiccio & Stern (1994a)
showed that {R(¥)) —n~2m(6)}/{1+n"'v(8)}'/? also has the standard normal distribution to error of
order O(n=%/2). This DiCiccio & Stern (1994a) result asserts that [R(1)) — Eé{R(@D)H/[V&I‘é{R(I/])}]1/2
is also distributed as standard normal to error of order O(n~3/2). In turn, this distributional result
immediately suggests the parametric bootstrap approaches to third-order accurate inference discussed
by DiCiccio et al. (2001) and Lee & Young (2005). For testing Hy : 1» = 1y against one-sided
alternatives, p—values distributed, under repeated sampling, as uniform to error of order O(n_3/ 3,
and hence yielding error rate O(n*?’/ 2), can be obtained by bootstrapping R(v) at the parameter
value 0 = (19, o), where ¢y = ¢(1hy). DiCiccio & Young (2008) show that this parametric bootstrap
procedure respects the requirements of conditioning in multi-parameter exponential family settings to
third-order.

From a repeated sampling perspective, such third-order accurate inference can be similarly obtained
(Lee & Young, 2005) by bootstrap approximation to the sampling distribution of other asymptotically
standard normal pivots, in particular, pivots constructed as standardized versions of the difference
1[1—1/10 or the score function OM (v))/01|y—y,, which avoid calculation of both the global and constrained
maximum likelihood estimators, and may therefore may be more appealing for use in a computationally-
intensive bootstrap inference. A fundamental question which arises concerns the inferential implications
of choice of a particular statistic: when do inferences based on different choices of statistic agree to high-
order? It is necessary also to ask whether such inference respects the requirements of conditioning on
relevant ancillary statistics, in models which admit the existence of such. Since a bootstrap calculation
involves unconditional sampling at parameter value 6 = (¢, ¢~50), the key question is the extent to which
the conditional and unconditional distributions of the statistic being used for the inference differ.

In this paper we provide an analysis directed at these questions, providing new results on the sta-
bility properties of likelihood-based statistics and agreement of p-values derived from different asymp-
totically normal pivots. The implications of the analysis for bootstrap methodology and detailed com-
parisons of the latter with analytic procedures of inference will be described elsewhere.

We consider first the stability properties of the signed root statistic R(¢); in doing so, we establish
a generalization to the nuisance parameter context of a result of McCullagh (1984): see also Severini
(2000, Section 6.4.4). We then discuss the stability issue in problems involving nuisance parameters for
asymptotically standard normal pivots more generally, before examining conditions which ensure that
p-values derived from two different pivots agree to second-order. Extension of the conclusions to test

statistics based on general adjusted forms of profile likelihood are described, before presenting results
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concerning inference for vector interest parameters.

It should be noted that our analysis here is concerned exclusively with inferential comparisons
‘under the null’, so, for instance we examine the unconditional and conditional distributions of the
signed root statistic R(¢)) under the model in question when the true parameter value is 0 = (1, ¢).
Similarly, the analysis concerns comparison of different p-values under assumed correctness of the null

hypothesis being tested.
3. Notation

In the calculations that follow, arrays and summation are denoted by using the standard conven-
tions, for which the indices 7, s,t,... are assumed to range over 1,...,d. Summation over the range
is implied for any index appearing in an expression both as a subscript and as a superscript. Dif-
ferentiation is indicated by subscripts, so L,(8) = OL(0)/00", L.s(0) = 0>L(0)/00706°, etc. Then
B{L(0)} = 0: let Ary = E{Lys(0)}, Aot = E{Lrst(6)}, cte., and put lp = L (0), ls = Lys(6) = Ave,
lrst = Lyst(0) — Arst, etc. The constants Ays, Apst, . . ., are assumed to be of order O(n). The variables
Iy, lys, lyst, etc., each of which have expectation 0, are assumed to be of order Op(nl/z). The joint
cumulants of I, s, etc. are assumed to be of order O(n). These assumptions are usually satisfied in
situations involving independent observations. The observed information matrix is J(0) = [—L,s(0)],
while the expected (Fisher) information matrix is I(6) = [—Ar5(0)]. It is useful to extend the A\-notation:
let A\, s = E(LyLg) = E(l,l5), Mst = E(LypsLt) = E(lyslt), etc. The Bartlett identities involving the \’s
can be derived by repeated differentiation of the identity [exp{L(6)}dy = 1; in particular,

Ars + )\r,s =0, Arst + >\rs,t + )\rt,s + )‘Stﬂ” + )\r,s,t =0.

Differentiation of the definition A5 = [ L,s(6) exp{L(#)}dy yields Arsjt = Arst + Arsity, Where Ay =
OArs /00, Further, let (A\"*) be the d x d matrix inverse of (\.s), and let n = —1/AM, 775 = pAlrALs,
and v = A" 4+ 775, Thus, \™*, 77%, and " are of order O(n~!), while 7 is of order O(n). For clarity,
we point out that a superscript or subscript of ‘1’ refers to the scalar interest parameter ¢, where 1 is
the first component of 6.

Suppose that A is an ancillary, i.e., distribution constant, statistic such that (é, A) is sufficient. To
distinguish conditional calculations from unconditional ones, the accent symbol ° is used to denote
quantities derived from the conditional distribution of Y given A. Since the conditional loglikelihood
L(9) differs from the unconditional loglikelihood L(#) by a quantity that depends on A but not on 6, it
follows that W (1)) = W () and that L, = Ly, Lys = Lys, etc. Let Aps = E{Lrs(0)}, Arst = E{Lrst(6)},
etc., and put I, = 1-(0), lps = L.s(0) — /O\TS, lhst = Lyst(0) — )Oxrst, etc. The quantities )O\TS, )O\mt, etc. are
random variables depending on A, assumed to be of order Op(n). The variables lor, lom, irst, etc. have
conditional expectation 0, so they also have unconditional expectation 0, and they are assumed to be
of order Op(nl/ 2). Further, the joint conditional cumulants of lor7 lors, etc. depend on A, and they are
assumed to be of order O,(n). It is useful to extend the A-notation by letting )O\T,S = E‘(LTLS) = E(lrls),
)D\Ts,t = E(LrsLt) = E‘(lTslt), etc. Also, let (5\’”5) be the d x d matrix inverse of (S\TS), and let n = —1/5\11,
7T = 79}5\17"5\15, and P = A5 4 775, so that 5\7’5, 775 and ©"* are of order O,(n~!), while 7 is of order
Op(n).

We note at this point, following Barndorff-Nielsen & Cox (1994, Section 7.2), that construction

of an ancillary statistic A such that (é, A) is sufficient is, except in rather special cases, only possible
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for transformation models and, in a degenerate sense, for full exponential family models, where 0
itself is sufficient. It is therefore in general necessary to consider conditioning on statistics A which
are approximately ancillary in a suitable sense. Results presented here continue to hold under the
assumption that A is locally ancillary (Cox, 1980). Let 6y be an arbitrary but specified parameter
value, and let A = A(Y, 6p) be a candidate ancillary statistic. If the density of A under parameter value
0o + n~1/2§ satisfies

fala; 00 +n~Y26) = fa(a;00){1 + O(n~v?)},

then (Cox, 1980; McCullagh, 1987, Section 8.3) A is said to be g-th order local ancillary in the vicinity
of Ay. Note that this definition applies only to parameter values in an O(nil/ 2) neighbourhood of f:
if 6y is the true parameter value, as n increases the likelihood function becomes negligible outside this
neighbourhood. The loglikelihood function based on A satisfies L (6p + n~/28) = La(6p) + O(n~9/2).
As is the case in the no nuisance parameter context considered by Severini (1990) and McCullagh (1987,
Section 8.4), results in Section 4 below relating to stability of asymptotically standard normal pivots will
continue to hold for any second-order local ancillary A, as will results in Section 8 concerning stability of
an adjusted profile likelihood ratio statistic. Essentially, the assumption of a second-order local ancillary
is sufficient to ensure the relationships detailed below between conditional and unconditional cumulants.

The technique of proof used here to compare the conditional and unconditional distributions of
asymptotically standard normal pivots to second order is a generalization of that described by Severini
(2000, Chapter 6) in the case of a scalar interest parameter without nuisance parameters. For this
technique, it is essential to compare the /o\—quantities with their A-counterparts.

We first investigate the difference between S\Ts and A,s; note that Ay = E(L,s) = E{E(LTS)} =
E()As). Furthermore, var(Ans) = var{E(Lys)} = var(Ly,s) — E{var(Lys)} = O(n) — E{Op(n)} = O(n),
and consequently, S\TS = A5 + Op(nl/ 2). An identical argument shows that j\rst = Aot + Op(nl/ 2), etc.

Assume that differentiation of the identity Ars = Aps + 0,(n'/?) yields /o\,,s/t = Apgjt + 0,(n'/?),
where )O\T,S Jt = s /00" and, as before, A, st = ONrs/ 0. We note that, as a rule, differentiation of
an asymptotic relation will preserve the asymptotic order, but that care is necessary; see Barndorff-
Nielsen & Cox (1994, Exercise 5.4) and Pace & Salvan (1994). The asymptotic order of the difference
between )o\rs /i and A,z indicated here, therefore, actually constitutes an additional assumption of
our calculations. The preceding results imply S\T&t = Mgt + Op(nl/ 2), since the Bartlett identities
)o‘rs/t = 5\rst + S\T.s,t and Ay = Arst + Arsy yield 5\rs,t = 5\rs/t - )Q‘rst = Aps/t — Apst + Op(nl/Q) =
Arsit + Op(n1/2). Define A, = \ps — Ars, S0 that A, is a function of 6 and A having order Op(nl/z).
Then lps = Lys — Ars = (Lrs — Ars) + (Ars = Ars) = Iy + Ay,

4. Stability result for R(¢)) and other pivots
We now consider the stability of R(¢) and other asymptotically standard normal pivots.

4.1 R(¢) is a stable pivot to second order

Theorem 1 The conditional and unconditional distributions of R(1) agree to error of order O(n™1),

given the ancillary statistic A.

Proof. To error of order O(n~!), the variance of R(3) is 1 and the third- and higher-order cumulants are

0; the mean is of order O(n~'/2). The conditional distribution given A has the same cumulant structure
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as the unconditional distribution. Thus, to show that the conditional and unconditional distributions
agree to second-order, it suffices to show that E{R(¢)} = E{R(¢)} + Op(n~1).

Standard calculations, such as those given by Lawley (1956) and detailed in the Appendix of
DiCiccio & Stern (1994b), show that W (1) has the expansion

W (@) = 750 ls — 2N T glily, — 777" gl + AT Nl

+ 37T N pgilulyl + Op(n™h).

DiCiccio & Stern (1994b) showed that R(1)) may be decomposed as R(v) = n'/2{R; + Ry +
0,(n=3/?)}, where Ry = —A'"l, and

Ry = NN gly + AN 7500l — AN N il Ly — SN Nl
Note that Ry is of order Op(n~/?) and Ry is of order Op(n~1). Since E(R;) = 0, it follows that
E{R()} = 2NNy + AN+ IATNTN g+ NN )+ O(n ).
Note also that R; = -\l = —A”lor and

Ry = AN by + SN 70,0 — SN N gl — AT T N giluly
_ )\”)\Stlorslot + )\erstArslot + %AlTTStlorslot + %AerstAmlot

— IO by — INTTT N gl
Thus, since E(Ry) = 0,

E{R(@Z))} _ 771/2{)\1r)\8t5\rs,t + %AlTTStS\rs,t + %)\lr)\sul/tv)\rstj\uv + %)\ITTSUTtUATSt)O\UU + Op(n_3/2)}
—_ nl/Q{)\lr)\StArs,t + %)\ITTSt)\rs,t + %)\lr)\suyw)\rstAuv + %)\ITTSUTtUAT‘St)\’U,U + Op(n_3/2)}
— nl/Q{)\lr)\St)\rs,t + %AlTTSt)\rs,t + %Alr)\St)\rst + %)\ITTSt)\rst + Op(n_3/2)}
= B{R(W)} + Oy(n™").

It follows that the conditional distribution of R(%)) differs from its marginal distribution by error of
order O(n~1), given A. O

McCullagh (1984) generalized the notion of the signed root statistic to the case of a vector interest
parameter and established this stability result in the case of no nuisance parameters; Severini (1990)
gave a further demonstration for the case of a scalar interest parameter with no nuisance parameters.
Therefore, the result shown here extends the work of McCullagh and Severini to situations where
nuisance parameters are present.

This second-order stability of R(1)) for the nuisance parameter context has been discussed, but not
demonstrated formally as we have here, by Pierce & Bellio (2006). The methodological consequence of
the result is immediate. Any approximation to the unconditional distribution of R(¢)) having error of
order O(n~!) also approximates the conditional distribution of R(3) to the same order of error. Such
an approximation may (DiCiccio et al., 2001) be derived, for instance, from the bootstrap distribution
of R(¢). If that approximation is then used, say, to construct confidence limits for ), then those limits

have coverage error of order O(n~!) conditionally as well as unconditionally.
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4.2 Stability of other asymptotically standard normal pivots

We now consider general asymptotically standard normal pivots of the form T'(¢) = nt/ Hn +
T + Op(n_3/2)}, where T = —A"l, and Tb is of the form Ty = €7, — €751,1,, with €75t and &"¢
assumed to be of order O(n~2), so that Ty is of order Op(n~'/2) and Ty is of order O,(n~1). We
demonstrate below that commonly used pivots may all be expressed in this form; for example, for R(v)),
the preceding expansions show that {’”“ = \rpst %/\1’"75lt and £ = %)\”)\“’"u“}\tuv + %)\MT“rTUSAtm).
Both conditionally and unconditionally, the fourth- and higher-order cumulants of such a pivot are
immediately seen to be of order O(n~!) or smaller. Consequently, if we are to show that the conditional
and unconditional distributions of these pivots agree to error of order O(n~!) given A, all we need to
show is that the first three conditional cumulants agree with the unconditional ones to error of order
Op(n~1). We show below that the first and third conditional cumulants agree with the unconditional
ones to the required order of error without further restrictions on £ and ¢!, We demonstrate that
for the second conditional cumulant to agree to with the unconditional one a sufficient condition is that

grsl = %/\1’")\15. It is easy to see that R(1)) satisfies this criterion, for, in this case,

57‘31 _ )\17’)\81 + %()\ITT])\ISAH) — )\17‘)\13 + %{)\lr(_l/)\ll))\IS)\ll} _ )\17")\13 o %)\17’)\15 — %)\17’)\15‘
Theorem 2 The unconditional and conditional distributions of T(1)) agree to error of order O(n™1)
given the ancillary statistic A.

The result follows immediately from the following three lemmas concerning the stability of the first

three cumulants of T'(¢)), beginning with the first cumulant, the mean.

Lemma 1 E{T(¢)} = E{T(¢)} + Op(n~").

Proof. Recall that Ty = —Al, = —A[, and that Ty = "5l — €751l = €75l + Apg)ly — €751,
Then, E{T(¥)} = n/2{&"* Ny + £ Ars + O(n~3/2)} and

E{T()} = 0"/ {€* Mg + €7 Avs + Op(n~/%)}

_ nl/g{’ert)\rs,t + € N\ + Op(n_?’/?)}.

Therefore, the conditional first cumulant agrees with the unconditional one to error of order O,(n™1),

as required. ]

Next, we consider the second cumulant of T'(¢), the variance.

Lemma 2 If &1 = IAALS | then var{T (¢} = var{T (1))} + Op(n=1).
Proof. See Appendix. O

Finally, we treat the third cumulant of T'(¢)), the skewness.

Lemma 3 skew{T(1))} = skew{T(¢))} + Op(n1).

Proof. See Appendix. O

Recall that a sufficient condition for var{T'(y))} = var{T(y))} + Op(n~1) is €1 = IAI"AIS; if this
condition holds, we have skew{T' ()} = p3/2(A" AN, — 6611) + O(n™1).
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5. Comparison of p-values

Our objective here is to utilize preceding calculations to examine conditions which ensure that p-
values based on two different asymptotically normal pivots agree to second-order. Note that here we
refer to the p-value calculated from the exact sampling distribution of the pivot, or any approximation
to the exact p-value accurate to Op(n_l). Such accuracy of approximation will be obtained, for instance,
quite generally for an asymptotically normal pivot by bootstrapping (Lee & Young, 2005), but would
not be obtained by the normal approximation.

Consider hypothesis testing for ¢ based on a test statistic expressible as T'(1)) = n'/2(T} + Tp) +
Op(n_l), where, as in the preceding section, T} = —Al,. and T is of the form Ty = £"5!,.4l; — €751,
with €75 and €% assumed to be of order O(n~2). We have shown that the first three cumulants of T'(v))

are
w1 = E{T(0)} = 1" 2(€" Mas + €7 Ars) + 0(n7Y),
ko = var{T(¢)} =1+ O(n 1Y),
kg = skew{T(¥)} = ¥ 2 (AT AN N + BATA AN — 67T Ny — 661) + O(n7 1),
while the fourth- and higher-order cumulants are of order O(n~!) or smaller.
Consider another test statistic T'(1)) = n'/2(T1 + T2) + Op(n~"), where T} = =\, = T} and T

is of the form Ty = g’"“lmlt — grslrls, with 57"“ and fv"s assumed to be of order O(n=2). Our goal is to

establish conditions on the two pivots T'(1) and T'(1) which ensure that p-values agree to second-order.

Theorem 3 If the conditions
57’575 _ grst + O(n_5/2), (5'1)

and
grs + gtu)\mﬂ_rs _ grs + gtuAtuTrs + O(’I’L_5/2), (5'2)

are satisfied, then the p-value derived from the pivot T'(¢) will agree with that derived from the pivot

T () to second-order, i.c., to error of order Op(n~").

Proof. The p-value for testing against alternatives greater than v is the right-hand tail probability for

T'(v). The normalizing Cornish-Fisher expansion shows that the p-value is
1— @21 + 02Ty — LrgnT? — k1 + r3) + Op(n™1),

where ®(-) denotes the standard normal cumulative distribution function.

Let the first three cumulants of T'(1) be denoted by 1, k2, &3; the p-value based on T'(1)) is
1— @07y + 02Ty — LignT? — Ry + L&3) + Op(n').

We now determine sufficient conditions on 5’” and §v’"8t to ensure that the p-value obtained from T(z/z)
agrees with that obtained from T'(3)) to error of order O,(n~1). Agreement of the p-values to this order
occurs when

02Ty — LianT? — ki + ks = 0Ty — LkanT? — k1 + Lhs

to error of order O,(n~1), that is when

("2 (Ty — Ta) — (fs — wa)nTE} — {(F1 — k1) — £ (Fs — k3)} = Op(n ).
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Note that the first term on the left-hand side of the preceding equation is random, as it involves terms
of the form [,.5l; and [,.l;, while the second term is a constant. Consequently, by separating the random

and non-random components, we see that the preceding equation actually stipulates two conditions:

02Ty — o) — (ks — ka)nTE = Op(nh),

(1561 — Kl) — %(I%g — Kg) = O(n_l).

The second of these equations gives (k1 — k1) = %(Fag —k3)+O(n1), so we can write the two equations

as:

n'/2(Ty — Ty) — (k1 — k)nTE = Op(n™1), (5.3)
(F1— k1) — §(ks — kg) = O(n™1). (5.4)

Since nTE = (—1/ AN = 7751,1,, equation (5.3) yields
(7 = €7 psly — (§7° = €7)ls — {(€" = € Ay + (€ = €\ }7"1 L) = Op(n1). (5.5)

The quantity 7'/2{(€5" — £ I,4l; — (£0 — €M) Ay} in (5.5) is reduced to order O,(n~') if (5.1)
holds.

Furthermore, the remaining term n'/2{(£7% — £7%) 4 (€% — €) A, 775}, 15 in (5.5) is reduced to order
Op(n~1) if (5.2) holds. We show that equation (5.4) is satisfied when conditions (5.1) and (5.2) hold.
Note that equation (5.4) yields

,,71/2{(57‘31‘/ _ §T8t)Ars,t + (grs o 57‘3))\%} + 77Z’»/Z{(grsl o STSI)AHArs,t + gll o gll} — O(nil).

Also, condition (5.1) yields grsl — grsl 4 O(n=5/2), so under this condition, equation (5.4) reduces to

' PLE = N + 0 PE =€) = o).

Since 711 = =\ = 51, condition (5.2) gives 11 — €M = 57 L(€75 — £75) Ay + O(n~5/2), and hence, it
follows that under conditions (5.1) and (5.2), equation (5.4) is satisfied. O

Note that conditions (5.3) and (5.4) together constitute necessary and sufficient conditions for the

p-values to agree to order O,(n~1). The quantity on the left side of (5.3) is of the form
7]1/2(ATStlrslt _ Brslrls)’

where
ATSt — 57‘st o grst B — (gtuv . gtuv))\t s 4 grs o grs + (5tu - ftu))\t TS
= ) = u,v uT

so a necessary condition for agreement in general of p-values to order Op(n_l) is that A" and B"® both
be of order O(n~%/2). The condition that A" is of order O(n~°/?) is the same as (5.1), and in light
of this condition, the condition that B"® is of order O(n~5/2) is equivalent to condition (5.2). Thus,
conditions (5.1) and (5.2) are necessary for agreement of p-values to order O,(n~1). Of course, it is
possible that the p-values from two test statistics 7'(¢)) and T(¢)) fail to agree to order O,(n~") generally,
i.e., for arbitrary models, yet they do agree for some specific model owing to particular features of the

model. This situation could be revealed by verifying conditions (5.1) and (5.2) for the specific model.
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6. Examples

To illustrate the results of the previous sections, we consider eight asymptotically standard normal
pivots, in addition to the signed root likelihood ratio statistic R(v)).

We begin by considering four pivots that involve observed information. Recall that for R(1)), we
have £t = AI"ASt 4+ %)\ITTSt and £’ = %)\“/\’"“V”)\tuv + %/\ltTT“TS”)\tuv, and hence, 5 + N, 7" =
%)\M}\ru SV puw + %Altyuv Ao TS

Example 1. Wald statistic with observed information. For the Wald statistic defined by Two(¢) =
(b — P =M1 }? = (b — ) {—L"} 712, we have €5, = €55t and &5 = AN 0V Ay, Therefore,
5{4“}10 = %Al”)\ls and &5 + oM™ = &5 + A, 7. We deduce that, to error of second order,
Two (1) is both stable in the sense discussed in Section 4 and produces the same p-values as R()).

Example 2. Score statistic with observed information. For the score statistic defined by Tso(¢)) =
My () {—Mi1} Y2 = Li{0() H{— L }1/2, we have €52 = €5 and €55, = LNIN 405 Ny + LANETTUT50 N,
Thus, fg‘g = %)\”)\13 and €55 + E55 M = &5 + €8N, 775, Tt follows that, to error of second order,
Two () is also stable and again produces the same p-values as R(v)).

The following two asymptotically standard normal pivots, though constructed using the observed
information, are somewhat unusual, in that they are not standard components of likelihood-based
inference. They involve pivots constructed by evaluating the observed information at the constrained
maximum likelihood, rather than the global maximum likelihood estimator as in Examples 1 and 2. In
practice, their use might be judged more cumbersome: they are included in our discussion primarily to
demonstrate the theoretical results.

Example 3. Wald statistic with observed information evaluated at the constrained maximum like-
lihood estimator. For the pivot Tiwoc(1) = (b — ) [~ M {0() )2 = (b — ¥)[-L'Y{O(¥)}]~V/?, we
have 5o = &5 and oo = AN N + SAITTUT N, = €55 Hence, &b = SAITALS
and oo + §%Ocktu7""s = &R —|—§ YA 7. So a novel fact that emerges here is that Tywoc(v) =
Tso(Y) + Op(nfl). In addition, to error of second order, Tyyoc (%) is stable and produces the same
p-values as use of R(v).

Example 4. Score statistic with observed information evaluated at the constrained mazimum likeli-
hood estimator. For Tsoc (V) = My (¢)[—My1{0(¥)} 2 = Li{0(¢)Y[-L' {A())}]*/2, the correspond-
ing score statistic, we have {65~ = &5t and €55 = %Altz\’"“usv)\tw = &yvo- Thus, fg‘%c = %/\1’”)\15
and €550 + 8o T = & + WA, so, similarly to the previous example, it emerges that
Tsoc(¥) = Two () + Op(n~1). Also, to error of second order, Ty oc(v) is stable and again produces
the same p-values as R(1)).

We now consider four pivots corresponding to Examples 1-4 above, but based on expected, rather
than observed, information.

Example 5. Wald statistic with expected information. For the version of the Wald statistic defined
by TWEW) _ (1& _ ¢ {_5\11}71/27 we have grst — A\"12st and é-rs _ lAltAru U\ b+ l)\lt rup\sv )\, tu-
Then, 3L = ATALS and €03, + €8 o A 778 = €75 + E8A, 77 + )\1t TUASY Ny 1)\11& W\ o™

Example 6. Wald statistic with expected mformatwn evaluated at the constrained maximum likeli-
hood estimator. For the pivot described as in Example 5, but with the expected information evaluated

at the constrained maximum likelihood estimator instead of the global maximum likelihood estima-
tor, Twec(®) = (b — )[-A{OW) 2, we have &k = &ty and €8, = ANV N +
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%)\“)\T“VS”)\WU + %)\“TT“TS”)\WW. Then, &0 = AMTAY and &5 po + 8 pe A ™™ = &5+ & p A",

We therefore see that neither Ty g (v) nor Ty gc () generally satisfy the above sufficient condition
for stability to error of order O(n~'), and, of course, they do not generally provide p-values that agree
with those from R(¢) to error of order O,(n~1). However, the p-values calculated from Ty g (1)) agree
with those from Ty gc(v) to error of order O,(n™1).

Example 7. Score statistic with expected information. For the version of the score statistic defined by
Tsp() = My (W) {112 = Li{0()H{=A11/2 ) we have €t = Ahust and €05 = SAVATUUU N, +
%)\ltTTUTSU)\tUU — %)\ltT”‘)\‘”)\tuw. Therefore, fgSEl = 0 and £G3 + fg%)\tuT” =B+ f%)\tuT” —
%AltTm)\sv/\tu’v _ %AMTW/\mﬂm.

Example 8. Score statistic with expected information evaluated at the constrained mazximum likeli-
hood estimator. Evaluating the expected information instead at the constrained maximum likelihood
estimator, for Tspo (1) = My () [~ A {0(1) Y2 = Li{0()} [~ A" {0()}]'/2, we have €55 = A1w5 and

Spo = %)\”)\mus”)\tw — %)\”TT“VS”)\WW. Thus, 8530 = 0 and €550 + 8 c A" = E65% + 8N "8,

So, neither Tsp(v) nor Tspc (1)) generally satisfy the above sufficient condition for stability to error
of order O(n~1). Again, they do not generally provide p-values that agree with those from R(¢) to
error of order Oy(n~1). However, we note that the p-values calculated from Tsg(¢)) agree with those
from Tspc(v) to error of order Oy(n™1), although they do not generally agree with those from Ty g ()
and Ty gc (1) to error of order Op(n™1).

Construction of the asymptotically normal pivot for inference on the interest parameter 1 in the
presence of a nuisance parameter using observed information is therefore key to ensuring that p-values
calculated from the marginal distribution of the pivot, as might be approximated in generality by
parametric bootstrapping, automatically respect to second-order the conditioning on ancillary statistics
required for inferential correctness. We remark that the importance of using observed information
instead of expected information for approximate conditional inference is, of course, well known, having
been argued by Efron & Hinkley (1978), who were partly inspired by the discussion given by Pierce
(1975) to the paper by Efron (1975) on the geometry of exponential families. Our analysis here, however,
gives a very direct operational interpretation, in terms of the p-values derived from the marginal sampling
distributions of commonly used pivots.

Further discrimination between pivots may be based on the requirement of parameterisation invari-
ance, that inferential conclusions should not depend on the parameterisation: see, for instance, Pace
& Salvan (1997, Section 2.11). Requirement of invariance of the inference under reparameterisations
which are (Barndorff-Nielsen & Cox, 1994, Section 1.5) interest-respecting would exclude use of Wald
statistics: see, for instance, McCullagh (1987, Section 7.4).

7. Extension to adjusted profile likelihood

The general form of the asymptotically normal test statistic that we have considered, where the
statistic is expressible as T(y) = n/2(Ty + Tz) + Op(n~"), where, Ty = —A7I,. and Ty is of the form
Ty = &5, 5l — €751, with €750 and €7 assumed to be of order O(n~2), covers, as we have shown
in the previous section, important special cases which are commonly applied in practice. It does not,
however, include asymptotically standard normal pivots based on adjusted forms of profile likelihood.
Fortunately, only a very simple change to the analysis is necessary is accommodate pivots based on

adjusted likelihoods. The criteria for second-order stability and equivalence of p-values are unchanged,
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since, to the order being considered, the version of the pivot based on the adjusted profile likelihood is
obtained by a constant, additive adjustment of that based on the unadjusted profile likelihood.

There have been many suggestions to replace the usual profile likelihood function M (¢) by an
adjusted version M (v)) = M (z)) + B(¢), where B(1) is an adjustment function which is a function of Y’
and v only, whose derivatives with respect to 1 are of order O,(1). The likelihood ratio statistic based
on the adjusted profile likelihood is W (1)) = 2{M(z)) — M (v))}, where ¢ is the point at which M (¢) is
maximized. The signed root of the likelihood ratio statistic based on the adjusted profile likelihood is
R(y) = sgn(ih — ){W () }/2,

Following our previous notation, we write By (v) = 0B(¢)/0¢, B11(v) = 0*B(¢y)/0y?, etc. Let
b1 = E{B1(¢¥)}, f11 = E(B11), etc.; these quantities are assumed to be of order O(1). Further, let
by = B1(¢) — B1, bi1 = B11(¥) — 11, etc., with these quantities assumed to be of order Op(n_l/Q).
Assume also that the joint cumulants of nby, nbi1, I, l,s, etc. are of order O(n).

In many instances, a specific adjustment function B(v)) has been proposed to take into account the
effect of nuisance parameters for inference about v, notably the modified profile likelihood of Barndorff-
Nielsen (1983) and the adjusted profile likelihood of Cox & Reid (1987). Other adjustments with
the same structure as described above are detailed by Skovgaard (1996), Severini (1998), DiCiccio &
Martin (1993) and Barndorff-Nielsen & Chamberlin (1994). These adjustment functions have the effect
of reducing the mean of the profile score from order O(1) to order O(n~!): see, for instance, DiCiccio
et al. (1996). The adjustment functions have 31 = p + O(n~!), where p = —nAlrySt(%)\TSt + Arsit)-
Since, in general, E{M;(¢)} = —p + O(n™1), it follows that E{M;j(¥))} = O(n~!): see McCullagh &
Tibshirani (1990), DiCiccio et al. (1996).

Another version of the adjustment function that derives from Bayesian inference based on a prior
density () is defined by

B(y) = -

1 log<det[—Lab{é<3¢>}]> Hog[w{é(gm}}
2 %\ det{—La(0)} ~(0)

where a,b=2,...,d, i.e.,, {Ls(0)} is the (d — 1) x (d — 1) submatrix of {L,s(f)} corresponding to the
nuisance parameters. This adjustment function arises from the Laplace approximation to myy (1), the
posterior marginal density function for ¢, developed by Tierney & Kadane (1986), who showed that
Ty (V) = eM (1) {140 (n=3/2)}, for values of 1 such that 1»—1) is of order O(n~1/2). In this case, W (1))
corresponds to the posterior ratio statistic to error of order O,(n=%/2), and ; = AT (S5t — T /)
see DiCiccio & Stern (1994a). Finally, we note also that Firth (1993) developed particular adjustment
functions motivated by the specific aim that 1 be unbiased to error of order O(n=3/2).

For a general adjustment function B(z), DiCiccio & Stern (1994a) showed that R(1)) = n'/2{R; +
R2+Op(n_3/2)}, where Ry = Ry = =\, and Ry = Ry — A''$1; in particular, R(z)) = R(Q/)H—n_l/?ﬂl—}—
Op(n~1).

Pierce & Bellio (2006), considering specifically the first two types of adjustment functions discussed
above, the adjustment functions related to modified profile likelihood and Bayesian inference, also
observed that, to error of order O,(n~!), R(¢) differs from R(3) by only a constant, although they did
not detail the associated formulae involving ;. Having made this observation, Pierce & Bellio (2006)
conclude that, to error of order Op(n~1), both R(¢) and R(¢)) induce the same orderings of datasets

for evidence against the null hypothesis, and they conclude that, to this order of error, ideal frequentist
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p-values can be based on the distribution of R(1)).

We now generalize our preceding results by considering hypothesis testing for ¢ based on a test
statistic T(v)) = n'/2(Ty + Ty) + Op(n~"), where, as before, T) = Ty = —A'"l,, and Ty is assumed to
be of the form Ty = &5, 41y — £"1,1s + ¢ = To + <, with £"5 and "% of order O(n~2) and the constant
¢ assumed to be of order O(n~1). Therefore, T(¢)) = T'(¥) + n*/%c + O(n~"). We provide illustrations
which demonstrate how statistics constructed from adjusted profile likelihood may be expressed in this
form below.

Since T'(v) only differs, to the second-order being considered, from T'(¢) by a constant, the condition
for T'(1)) to be stable to error of order O(n™1!) is the same as the condition for T'(¢), namely ™51 =
% AT Ls.

Note that the first three cumulants of T(1)) = T'(¥) +n/%c + O(n~1) are &y = k1 + 0% +O0(n~1),
Ro = ka +O(n71), k3 = k3 + O(n~1), where k1, k2, and k3 are as described before for T'(1)), and the
fourth- and higher-order cumulants of T'(¢) are of order O(n™!) or smaller.

Consider now two versions of T(¢), say T(¢) + n/2¢ + O(n™1) and T(¥) + n/2¢ + O(n~'). The
preceding Cornish-Fisher argument for comparing p-values shows that the p-values from the two test

statistics differ by order Op,(n~1) provided
("2 (Ty +< = Ty — <) — § (ks — ma)nTT} = {(F1 +0"/%¢ — k1 = 0'/%6) — § (B3 — k3)} = Op(n ™).

The crucial point is that the terms involving ¢ and ¢ cancel from the left side of this expression,
irrespective of their values, so the previous conditions (5.1) and (5.2) continue to specify necessary and
sufficient conditions for the two test statistics to yield p-values that differ by order O,(n™1).

We now provide three further examples which illustrate these results.

Example 9. Signed root likelihood ratio statistic constructed from adjusted profile likelihood. For the
signed root likelihood ratio statistic constructed from the adjusted profile likelihood, R(z)), standard
calculations show that {Ir—;t = &t £ =E&Rs Sk = n~1B1. It follows that, to error of order Oy(n~1),
R(v) and R() produce the same p-values, as noted by Pierce & Bellio (2006).

Example 10. Wald statistic with observed information constructed from adjusted profile likelihood.
For the pivot Tawo (V) = (¥ — ¥){—My1(1)}'/?, we have ko = &8 = &5 o = Elso, and
sawo = 1~ 'B1. Then, since, as we have shown, to error of order O,(n™!), Two() and R() produce
the same p-values, it follows that Tawo(v)) and R()) produce the same p-values to that order of error
as well.

Example 11. Score statistic with observed information constructed from adjusted profile likelihood.
For the statistic Taso () = My (¥){—My1(1)}'/?, we have &ty = €68 = &t &0 = €55, and
Saso =11 B1. Since, to error of order Oy(n™1), Tso (1) and R(1)) produce the same p-values, it follows
that Taso (1) and R(¢) produce the same p-values to that order of error as well.

The interesting feature here is that although R(3), Tawo(¢), and Taso(¢) differ from one another
by non-constant terms of order O/p(nfl/ 2) in general, they all produce the same p-values to error of
order Op(n~1).

8. Vector-valued interest parameter
Consider again the partition § = (¢, ¢), but now allow for the possibility that the interest pa-

rameter v is vector-valued, having dimension g. The likelihood ratio statistic W (%)) is routinely used
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for hypothesis testing about ¥. The asymptotic distribution of W () is chi-squared with ¢ degrees of
freedom. Indeed, for regular problems, the Xg—approximation to the distribution of W (1)) has error of
order O(n~1), and moreover, the mean of W () has the expansion E{W (¢)} = ¢(1 +n"'w) +O0(n2),
where w = w(h) is of order O(1). Lawley (1956), Barndorff-Nielsen & Cox (1984), and Bickel & Ghosh
(1990) showed that W (1) is distributed as (1+n~'w)x? to error of order O(n~?): the Bartlett-corrected
statistic W (¢)/(1 +n~'w) is distributed as x2 to error of order O(n~?). Further, W (1) is stable, as
described by the next Theorem.

Theorem 4 The unconditional and conditional distributions of W (1) agree to error of order O(n=%/2),

given the ancillary statistic A.

Proof. By applying identical arguments to the conditional distribution of Y given A, we have that
E{W ()} = q(1 + n~ ') + O(n~2), where & is of order O(1) given A, and that W (¢) is conditionally
distributed as (1 +n~'@)x2 to error of order O(n~?) given A. Barndorfi-Nielsen & Cox (1984) showed
that & = w-+O0,(n~'/2), and hence it follows that W (v)) is stable to error of order O(n~3/2). Extending
the arguments of McCullagh (1987, Section 8.4) to the nuisance parameter case, this result that w =
w+ Op(n_l/ 2) continues to hold provided the conditioning statistic A is a second-order local ancillary
statistic. O

Inference based on an approximation to the marginal distribution of W (1) accurate to error of
order O(n*?’/ 2) will therefore automatically respect conditioning on the ancillary statistic to that same
order.

Bickel & Ghosh (1990) explicitly recommended that the Bartlett adjustment factor (1 +n~'w) be
estimated by simulation, which may be done by either fixing 6 = 6 or § = 0, so that inference is based
on a x3 approximation to the sampling distribution of, say, W (v)/{1 + nilw(é)}. Alternatively, the
entire distribution of W (1)) may be approximated by simulation at either of these parameter values:
such an approximation is, however, likely to be computationally more expensive than estimation of just
the Bartlett adjustment factor. In view of the stability result above, these inference procedures not
only provide p-values that are uniformly distributed to error of order Op(n*‘g/ 2) (actually, the error is
of order Op(n~2) - see Barndorff-Nielsen & Hall, 1988), but these p-values are uniformly distributed
conditionally to the same order of error.

DiCiccio & Stern (1994b) demonstrated the efficacy of Bartlett correction for likelihood ratio statis-
tics based on adjusted profile likelihoods. They showed that E{W (¢)} = ¢(1 + n~'@) + O(n~2) and
that W (z) is distributed as (1 + n_lw)xg to error of order O(n~2). Moreover, their calculations can be
applied to the conditional distribution of Y given A to show that these results also hold conditionally,
as for W ().

Theorem 5 The unconditional and conditional distributions of W (1) agree to order O(n=53/?), given

the ancillary statistic A.

Proof. See Appendix. O

The operational consequences of this stability result are again straightforward. Similar stability

results hold for other test statistics that are asymptotically distributed as X3> such as (Y@ — @) (° —
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Y?)Sap and M, (v) My(1) S, where Sy, = —Myp(1p) and (S%) is the ¢ x ¢ matrix inverse of (Su3). The

marginal distribution function of such a statistic X typically has the expansion

where the «; are functions of the A’s and (’s and typically & = 3; see, for example, Harris (1985)
and Cordeiro & Ferrari (1991). The same manipulations of likelihood quantities that produce the
approximation to the marginal distribution of X can be applied to conditional likelihood quantities to

yield the expansion

k
Pr(X <a|A)=Pr(xi<z)+ Y &;Pr(xiie <)+ 0p(n*?),
§=0
where the &; are functions of the Ns and B’s. The preceding calculations that demonstrate the stability
of W (4) can also be used to show that &; = «; + Op(n*3/2), and it follows that X is stable to error of
order O(n=3/2).
9. Discussion

Focus here has been on inference on an interest parameter in the presence of a nuisance parameter
in ancillary statistic models. We have shown that commonly used, asymptotically standard normal,
likelihood-based pivots, including the signed root statistic R(v)), are second-order stable. When applied
with such a pivot, procedures such as the parametric bootstrap, which approximate the marginal distri-
bution of the pivot to second-order, will achieve the same order of accuracy, O(n~!), in approximation
of the relevant exact conditional inference. Our motivation for the analysis here is as a preliminary
to full evaluation of the properties of such parametric bootstrap procedures as an alternative to more
awkward analytic approaches to approximation of exact conditional inference. In this regard, of im-
portance for future investigation will be analysis of large deviation properties of procedures based on
marginal simulation of a likelihood-based pivot. Analytic procedures, such as normal approximation
to R*(¢), or the approximation of Skovgaard (1996), confer large deviation protection, typically pro-
viding accurate approximation of the conditional distribution of the associated pivot far into its tails.
The requirement of such large deviation behaviour may be judged an important discriminant between
competing methodologies. Discussion of this and related issues is currently in preparation in DiCiccio
et al. (2014).

Pivots stable to third-order do, of course, exist: R*(v) is distributed as standard normal to third-
order, conditionally on the ancillary statistic, and hence unconditionally as well. Second-order approx-
imation to an exact conditional inference through the bootstrap is seen (see, for example, DiCiccio &
Young, 2010; Young & Smith, 2005, Chapter 10) to give good results in practice in ancillary statistic
settings. Basing inference on a pivot stable to third-order seems unwarranted. In addition, ancillary
statistics are typically not unique and (see, for instance, McCullagh, 1992), different conditional infer-
ences will typically only agree to second-order, so it can be argued that third-order approximation to
an exact conditional inference is, in itself, unwarranted. By our analysis, inference based on second-
order (or higher-order) approximation of the marginal distribution of a pivot stable to second-order

approximates any conditional inference to O(n‘l).
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Our study of uniqueness of p-values yielded simple conditions under which p-values derived from
different asymptotically standard normal pivots will agree to order O,(n!). In cases we have considered
where the conditions fail to be satisfied, a more detailed analysis shows that p-values agree only to an

actual order O, (n~1/2).
A. Appendix
A.1 Proof of Lemma 2
The unconditional variance of T'(¢) is
var{T(¥)} = E{T(¥)}*] = [E{T()}]* = E{T(¥)}*] + O(n™")
=nE{T? + 21 To + Op(n?)} + O(n™ )
= nE{ANTANSL L — 20N 1L, + 201 1l + Op(n) )+ O(n )
= —p{A"A N + O(n™ D)} +0(n7Y)
=1+0(n™1).
Correspondingly, the conditional variance of T'(1)) is
var{T()} = E{T ()] = [E{T(¥)}]* = E{T(®)}?] + Op(n")
= nE{T} + 211T5 + Op(n™2)} + Op(n ™)
= BB — 2M7€ 1 (I + Ag)ly + 207l + Op(n™2)} + Op(n™h)
= A — 21N Ay + Oy ()} + Oy(n1)
= —p{ATAY (s + Aye) — 22X LAY + Op(n7Y)
=1 —nA"ABA,, — 265 AL) + O, (n7h)
=1 —p{(A\"A® = 2¢™DA} + Op(n7Y).

It follows that var{T(y)} = var{T(¢)} + Op(n~!) provided &' = IAI"ALs. O
A.2 Proof of Lemma 3
The unconditional skewness of T'(¢) is
skew{T(v)} = E([T(¢) — E{T()}*) = E{T(¥)}’] = BE{T () }|E{T(¥)} + O(n™")
=’ P[E{(Ty + To)*} = 3BE{(Ty + T2)*} E(T1 + T2)] + O(n™")
= P2 [B{TE + 3T2Ty + Op(n %)} = BE{T? + Op(n~*/?)} E(T2)] + O(n™?)
= P2 [B{= AT AN L0 4 3ATAIS (68900, 0, — €104, s + Op(n™%/2)}
~3E{AI AL+ Op(n—3/2)}{é-rst)\rs’t N Op(n_3/2)}] +om™Y
= P 2{B(= AT AN L 4 3N AL Ly — SATAYSERLLL L,
— A AL 1 N o — BATALE LT NL) Y+ O(nT Y.
To continue the calculation, we make use of the following identities:
—E(lLsl) = Aoyt + Artys + Astr + Arst
E(lrlslruly) = =Arshuw = Arodtus = Asodeur + O (%),
E(lplslily) = ArsAtu + Artdsu + Aradst + O(n/?).
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By using these identities, we obtain

SkGW{T('(ﬂ)} — 773/2 (3)\1TA18)\1t)\rs,t + Alr)\ls)\lt)\rst
_ 3)\11£tuv)\tu,v _ 3)\1$€tulAtu,s _ 3A1T§W1Atu,r
_ Mgy, — 3¢l — 3¢t
+ 3>\11§tuv)\tu,v + SAllftu)\tu) + O(nfl)
_ 773/2()\1T)\18)\1t)\r5t + 3)\1T>\18)\1t)\rs,t _ GETSI)\lt)\TS,t _ 6511) + O(TL_I).

Similar reasoning shows that the conditional skewness of T'(1)) is

skew{T' (1)} = * 2[E{=N" NNl 4 3N A €l by — BN AV L0141,
_ SAlr)\lsftuvlrls)\tu,v . 3A1T)\15£tulrls)\m + Op(n—5/2)}] + Op(n_l)
= P2 [E{= AT NN, 4 3NN E L (L + Al — 3N ASE L4,
o 3)\1T}\13£tuvl°rl°sAtu7U o 3)\1T}\13£tul°rl°s)\tuﬂ + Op(nfl)
= P2 {B(= AT ANl 4 3TN E Oyl — 3N NS LI,
— BB T Ny — BTSN LI A} 4+ Op(n7h).

Now we use the following identities:

—E(irloslot) = )O\rs,t + )O\rt,s + )O\st,r + )D\rst
= Arsit + Artys + Astr + Arst + Op(n'/?)
= Aot + Op(nt/?)
= —E(l1ly) + Op(n'/?),

E(irloslotulov) = _irsitu,v - )O\rvj\tu,s - )o‘svituﬂ" + Op(ng/Q)
= _)\rsAtu,v - )\rv)\tu,s - )\sv>\tu,r + Op(n3/2)
= E(lrlsltulv) + Op(n3/2)7

E(z)risitlou) = )O‘T‘S)O\tu + X?"tj\su + S\TUXSt + Op(n3/2)
= >\rs)\tu + Art)\su + >\ru>‘st + Op(n3/2)
= E(lrlsltlu) + Op(n3/2)'

By using these identities in the preceding expression for skew{T' (1)}, it is apparent that skew{T'(¢))} =
skew{T'(1))} + Op(n~1'), and hence, the conditional third cumulant agrees with the unconditional one

to error of order Op(n~1), as required. O

A.3 Proof of Theorem 5

To establish the stability of W (1)) to error of order O(n~3/2), we need only show that E{W (¢)} =
E{W ()} + Op(n_3/ 2). For full generality, the previous notation, which is applicable when v is a
scalar, must be extended. In the expressions that follow, it is assumed that subscripts and superscripts

a,b, ... have the range 1,...,q, while r,s,... range over 1,...,d. Let (n,) be the ¢ X ¢ matrix inverse
of (=A%), let 77 = A A%, and let v"* = A" + 775, In addition, let B,(¢)) = 0B(v)/0¢?, By (¢) =
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2 B() /00 I, By = E{Ba($)}, Bus = E{Bab()}: b = Ba(th) — Bas bus = Bap(th) — Bups and so forth.
The constants f,, B4p etc. are assumed to be of order O(1) and the variables b,, by, etc. are assumed to
be of order Op(n_l/ 2). Finally, it is assumed that the joint cumulants of nbg, nbay, I, lrs, and so forth
are of order O(n).

DiCiccio & Stern (1994b) showed that

W () = W(h) — 2X% Baly — 227 baly 4+ 22 N Balrsly — AN NN By Mrsiluly
+ AN Baplyls — A Bafy + Op(n=>7?),

and it follows that

E{W(@Z})} = E{WW)} - QAGTE(balr) + )‘ar)\StBa(Q/\rs,t + )\rst) - )\ab(ﬁab + ﬁaﬁb) + O(n_3/2)
= E{W(¢)} + /\ar)\StBa(QArs,t —+ )\'rst) - 2)\arﬁa/r + )‘ab(ﬁab - Baﬂb) + O(n_3/2)7

where 3,/ = 9f,/00". For calculating E {W ()}, we assume that B(1)) is a function of Y and 1 only,
so, in particular, it does not depend on ¢. Thus, differentiation of the identity 5, = E{By (1)} yields
Basp = E(baly) + Bap and B, /; = E(bal;) for i = g+1,...,d. It follows that \*" E(b,l,) = )\“T,Ba/r—)\“bﬁab.

To calculate E{W(w)}, some care is required about the conditional properties of B, (1)), Bay(1)),
and so forth. The quantities 3, = E{Bq(¥))}, Bap = E{Ba (1)}, etc. are assumed to be of order Op(1),
while b, = B, (v) — Boa, lo)ab = Bup(¥) — Boab, etc. are assumed to be of order Op(n_1/2). Finally, it is
assumed that the joint conditional cumulants of nga, nlo)ab, lor, lors, and so forth are of order O,(n).

Under the preceding assumptions, it is possible to determine the orders of the differences Boa — Ba
and fop — fap. Since E(Ba) = E[E{Ba(¥)}] = E{Ba(¥)} = Ba and var(B,) = var[E{Ba()}] =
var{Bo(¢)} — E[var{B,()}] = O(n~') — E{var(b,)} = O(n1) — E{O,(n™H} = O(n™1), it follows
that ﬂoa = B¢ + Op(nfl/z). A similar argument shows that ﬁoab = Buwp + Op(nfl/Q). We assume that
differentiation of the identity B, = B, + O, (n~1/?) yields Boa/,, = Basr + O, (n=1/2).

Now, define Sa = Ba — Bq, so that Sa is a function of § and A of order Op(n_l/Q). Furthermore,
ba = Ba(1)) — Ba = Ba(¥)) — Ba + 0a = bg + b,. To calculate E{W ()}, we observe that

W (1) = W (1) — 2A7 Baly — 2ATbaly + 2A7T N Balysly — AT AN By Arrluly
F AN Byl — A B, B + Op(n~3/?)
— W () — 207 Baly — 207 (by + 82l 4+ 22N Ba(lys + A )y — ANTNUNE BN, ol
+ XA Baplirls — A BBy + Op(n™7?),

and thus

E{W (1)} = E{W (1)} — 2A7 baly + 207 X Badrs.s + A AN By Aot Ao
= XA Baphrs = X BaBy + Op(n /7).

Barndorfi-Nielsen & Cox (1984) showed that E{W (1))} = E{W ()} + 0,(n~3/2) ; recall that S =
Ars + Op(n/2) and Avgt = Aps s + Op(n'/2). Then, XA A, = A" 4+ O,(n~3/2), and

E{W(¢)} = E{W(ﬂ))} + Aar}‘Stﬁa(QArs,t + >\rst) - 2)\aré(galor) - )\ab(ﬁab + ﬂa/@b) =+ Op(n_3/2)_
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Now, using the result that A E(bel,) = A B,/ — A% B = A B, — X% Bap + Op(n~3/2), which holds
since Ba/r = Ba/r + Op(n*1/2) and Bap = Bap + Op(nfl/Q), we have

E{W (1)} = E{W (1))} + A" X B0(2Ars¢ + Arst) — 2X7 Bayy + A (Bap — BafB) + Op(n*/?)
= E{W($)} + Op(n="?),
as required. I
References

Barndorff-Nielsen, O. E. (1983). On a formula for the conditional distribution of the maximum likeli-

hood estimator. Biometrika 70, 343—65.

Barndorff-Nielsen, O. E. (1986). Inference on full or partial parameters based on the standardized
signed log likelihood ratio. Biometrika 73, 307-22.

Barndorff-Nielsen, O. E. & Chamberlin, S. R. (1994). Stable and invariant adjusted directed likelihoods.
Biometrika 81, 485-99.

Barndorff-Nielsen, O. E. & Cox, D. R. (1984). Bartlett adjustments to the likelihood ratio statistic
and the distribution of the maximum likelihood estimator. J.R. Statist. Soc. B 46, 483-95.

Barndorff-Nielsen, O. E. & Cox, D. R. (1994). Inference and Asymptotics. London: Chapman & Hall.

Barndorff-Nielsen, O. E. & Hall, P. (1988). On the level-error after Bartlett adjustment of the likelihood
ratio statistic. Biometrika 75, 374-8.

Bickel, J. K. & Ghosh, J. K. (1990). A decomposition for the likelihood ratio statistic and the Bartlett

correction — a Bayesian argument. Ann. Statist. 18, 1070-90.

Cordeiro, G. & Ferrari, S. L. de P. (1991). A modified score test statistic having chi-squared distribution
to order n~!. Biometrika T8, 573-82.

Cox, D. R. (1980). Local ancillarity. Biometrika 67, 279-86.

Cox, D. R. & Reid, N. (1987). Parameter orthogonality and approximate conditional inference (with
discussion). J.R. Statist. Soc. B 53, 79-109.

DiCiccio, T. J., Kuffner, T. A. & Young, G. A. (2014). Inferential correctness and the parametric

bootstrap. In preparation.

DiCiccio, T. J. & Martin, M. A. (1993). Simple modifications for signed roots of likelihood ratio
statistics. J.R. Statist. Soc. B 55, 305-16.

DiCiccio, T. J. & Stern, S. E. (1994a). Constructing approximately standard normal pivots from signed
roots of adjusted likelihood ratio statistics. Scand. J. Statist., 21, 447-60.

DiCiccio, T. J. & Stern, S. E. (1994b). Frequentist and Bayesian Bartlett correction of test statistics
based on adjusted profile likelihoods. J.R. Statist. Soc. B 56, 397—408.



20 THOMAS J. DICICCIO, TODD A. KUFFNER, G. ALASTAIR YOUNG AND RUSSELL ZARETZKI

DiCiccio, T. J. & Young, G. A. (2008). Conditional properties of unconditional parametric bootstrap

procedures for inference in exponential families. Biometrika 95, 747-58.

DiCiccio, T. J. & Young, G. A. (2010). Computer-intensive conditional inference. In Complex Data
Modeling and Computationally Intensive Statistical Methods, P. Mantovan, P. Secchi (eds.), 137—
150. Springer-Verlag Italia, Milan (2010).

DiCiccio, T. J., Martin, M. A. & Stern, S. E. (2001). Simple and accurate one-sided inference from
signed roots of likelihood ratios. Can. J. Statist. 29, 67-76.

DiCiccio, T. J., Martin, M. A., Stern, S. E. & Young, G. A. (1996). Information bias and adjusted
profile likelihood. J.R. Statist. Soc. B 58, 189-203.

Efron, B. (1975). Defining the curvature of a statistical problem (with applications to second order
efficiency) (with discussion). Ann. Statist. 3, 1189-1242.

Efron, B. & Hinkley, D. V. (1978). Assessing the accuracy of the maximum likelihood estimator:

Observed versus expected Fisher information (with discussion). Biometrika 65, 457-87.
Firth, D. (1993). Bias reduction of maximum likelihood estimates. Biometrika 80, 27-38.

Harris, P. (1985). An asymptotic expansion for the null distribution of the efficient score statistic.
Biometrika 72, 653-9.

Lawley, D. N. (1956). A general method for approximating to the distribution of likelihood ratio
criteria. Biometrika 43, 295-303.

Lee, S. M. S. & Young, G. A. (2005). Parametric bootstrapping with nuisance parameters. Stat. Prob.
Letters 71, 143-53.

McCullagh, P. (1984). Local sufficiency. Biometrika 71, 233-44.
McCullagh, P. (1987). Tensor Methods in Statistics. London: Chapman & Hall.
McCullagh, P. (1992). Conditional inference and Cauchy models. Biometrika 79, 247-59.

McCullagh, P. & Tibshirani, R. (1990). A simple method for the adjustment of profile likelihoods. J.
Roy. Statist. Soc. B, 52, 325—44.

Pace, L. & Salvan, A. (1994). The geometric structure of the expected/observed likelihood expansions.
Ann. Inst. Stat. Math. 46, 649-66.

Pace, L. & Salvan, A. (1997). Principles of Statistical Inference: from a Neo-Fisherian Perspective.
Singapore: World Scientific.

Pierce, D. A. (1975). Discussion of paper by B. Efron. Ann. Statist. 3, 1219-21.

Pierce, D. A. & Bellio, R. (2006). Effects of the reference set on frequentist inferences. Biometrika 93,
425-38.



Stability and uniqueness for likelihood inference 21

Severini, T. A. (1990). Conditional properties of likelihood-based significance tests. Biometrika 77,
343-52.

Severini, T. A. (1998). An approximation to the modified profile likelihood function. Biometrika 85,
403-11.

Severini, T. A. (2000). Likelihood methods in Statistics. Oxford: Oxford University Press.

Skovgaard, I. M. (1996). An explicit large-deviation approximation to one-parameter tests. Bernoulli

2, 145-65.

Tierney, L. & Kadane, J. B. (1986). Accurate approximations for posterior moments and marginal

densities. J. Amer. Statist. Assoc. 81, 82—6.

Young, G. A. (2009). Routes to higher-order accuracy in parametric inference. Aust. N. Z. J. Stat.
51, 115-26.

Young, G. A. & Smith, R. L. (2005). Essentials of Statistical Inference. Cambridge: Cambridge Uni-

versity Press.

Department of Social Statistics, Cornell University, Ithaca, New York 14853, U.S.A.

E-mail: (tjd9@Qcornell.edu)

Department of Mathematics, Washington University in St. Louis, St. Louis, Missouri 63130, U.S.A.
E-mail: (kuffner@math.wustl.edu)

Department of Mathematics, Imperial College London, London SW7 2AZ, U.K.

E-mail: (alastair.young@imperial.ac.uk)

Department of Statistics, University of Tennessee, Knoxville, Knoxville, Tennessee 37996, U.S.A.

E-mail: (rzaretzki@Qutk.edu)



