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Roelof Helmers!
Bing-Yi Jing?
Gengsheng Qin3
Wang Zhou?

1. CWI, P.O.Box 94079, Amsterdam, The Netherlands
2. Hong Kong University of Science and Technology, Department of Mathematics, Clear Water Bay, Kowloon, Hongkong
3. Georgia State University, 30 Pryor Street, Atlanta, GA 30303, U.S.A.

ABSTRACT

Saddlepoint approximations for the trimmed mean and the studentized trimmed mean are established. Some
numerical evidence on the quality of our saddlepoint approximations is also included. These approximations can
be applied to the bootstrap for the studentized trimmed mean, to provide very fast and accurate approximations
to the bootstrap without the need for extensive resampling.
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1. INTRODUCTION

The centre of a distribution is often estimated by the sample mean or the sample median. However,
it is well known that the sample mean is sensitive to outliers and thus not robust. On the other hand,
the sample median is robust against outliers but it is not very efficient if the underlying distribution
is, for instance, normal. An estimator providing intermediate behavior, and which includes both the
sample mean and sample median, is the trimmed (sample) mean. Compared with robust M-estimates
of maximum likelihood type, the trimmed mean not only has the same asymptotic variance but is also
easy to compute.

The asymptotic normality of the trimmed mean is derived by Stigler (1973) under minimal condi-
tions, while Bjerve (1974) and Helmers (1982) derive Edgeworth expansions under general conditions.
Easton and Ronchetti(1986) obtained approximations to the density of trimmed means. The validity
of the Edgeworth expansion for the studentized trimmed mean was established by Hall and Padman-
abhan (1992), while a simple explicit form of the Edgeworth expansion was obtained in Gribkova and
Helmers (2002). It is well known that Edgeworth expansions generally provide accurate approxima-
tion near the center of the distribution, but the relative error can become unacceptably large in the
far tail of the distribution. On the other hand, saddlepoint approximation will offer an approximation
whose relative error is controlled both near the center and in the far tail of the distribution. There-
fore, in this paper, we derive saddlepoint approximations to the densities and tail probabilities of the
trimmed mean and its studentized version. To do this, we shall exploit the special structure of the
trimmed mean and employ a simple conditioning argument in the same way as Bjerve (1974) does
in his derivation of an Edgeworth expansion for the trimmed mean. Conditionally given the values
of the two extreme order statistics appearing in the trimmed mean, the conditional distribution of a
trimmed mean reduces to a sum of i.i.d. r.v.’s, to which we an apply a saddlepoint approximation.
Finally we integrate out these two extreme order statistics by a Laplace approximation. The tail
probabilities of the Lugannani-Rice type are derived by another Laplace approximation of Temme



type (see Temme, 1982), as was done in Daniels and Young (1991) and Jing and Robinson (1994).
For a rigorous account of saddlepoint approximations, the reader is referred to a recent monograph
by Jensen (1995). A general approach dealing with saddlepoint approximations for L-estimators was
presented by Easton and Ronchetti (1986).

One important application of the saddlepoint approximations has been in the area of the bootstrap
analysis. Davison and Hinkley (1988) were the first to apply the idea to the bootstrap with the
sample mean. This was later extended to the studentized mean by Daniels and Young (1991). A
major advantage of using the saddlepoint approximation is that it can completely eliminate the need
for resampling and yet provides a very fast and accurate approximation to the distribution of interest.
In this paper, we shall discuss how to apply the idea to the trimmed sample mean.

The layout of the paper is as follows. Some basic notation will be introduced in Section 2. In Section
3, we shall derive saddlepoint approximations to the density and tail probabilities for the trimmed
mean. In Section 4, we shall carry out the same analysis for the studentized trimmed mean. Some
numerical evidence on the quality of our saddlepoint approximation is given in Section 5. Application
to the bootstrap with the trimmed mean is discussed in Section 6. Finally, most of the technical
details are given in the Appendix.

2. SOME PRELIMINARIES

Let Xi,...,X,, be a random sample from a population with distribution function F(-) and density
f(+), respectively. Let X;., < ... < X,.,, be the corresponding order statistics. Define the trimmed
mean by

— 1<
Xaﬁ = EZinv

where
r=[nal+1, s=n—[nf], m =mn— [na] — [nf],

and 0 < a < %, 0<pB< % and [z] is the largest integer less than or equal to z. That is, we throw
out the smallest [na] and the largest [nf3] observations and take the average of the rest of data in
the middle. (In particular, if we suspect that the underlying distribution is symmetric, we can take
a = f.) For any 0 < p < 1, we define

& = F~H(p) = inf{z : F(x) > p}.

It is well known that the asymptotic mean and variance of X, are given by, respectively, (e.g., see
Stigler (1973)).

1 §1-p
- dF
" 1_a_ﬁ/£a #dF(2),

Ry = g (- e - B -

—2af(8a — 1) (&1-p — 1) + a(l — a)(éa — 1)?)

where
2 1 Si-s 2 2
o :7(17/6’704)/ z*dF (z) — p*.

We shall need the joint distribution of two order statistics. Define ¢, s., (2, y) to be the joint density
function of order statistics (X;.,, X¢.n). From David (1981)

Gr,sin(2,Y) = Do F ()] 7 E(y) — F(a)]"™ 7 L = F(y)]" ™" f(2) f(y) H{z <y},



where Dyop = (rfl)!(sfj"l!fl)l(nfs)! and I{-} is the indicator function.

Finally, for fixed values « and y with « < y, let F, ,(t) denote the conditional df of X, given that
r < X <y, that is,

0, t<zx
_ ] Fo-rw
Foy(t) = Fo=r@y TSty
1, t>y.

Also, let Y7, ...,Y,, be a random sample from a distribution F, ,(t). Let Y1., < ... < Y., be the order
statistics of Y1, ..., Y,,. Write Y = m~1Y""|V;, and denote its density and distribution functions by
f5(-) and Fy(-), respectively.

3. SADDLEPOINT APPROXIMATION TO THE TRIMMED MEAN
In this section, we shall derive the saddlepoint approximation to the distribution and density function
of X g defined by o
G(t) = P(Xap < t), g9(t) = G'(1).
For any t, denote Q = {(z,y) € R? 1 < y} and Q(t) = {(z,y) € R? : 2 < t < y}. First we note that
G(t) = P(Xap<t)

[fp (o<
// ( _1ZYlm S t) Gr—1,541:m(x,y) drdy

// P(?St) Gr—1,5+1:n(2,y) dxdy
Q
// F?(t) qT*l,s+1:n(-r7y) dﬂ?dy7

g(t) = // ) @r—1,s+1:n(7,y) dzdy. (3.1)
Q(t)

The first step in obtaining saddlepoint approximation to g(t) is to replace fy-(t) in (3.1) by its sad-
dlepoint approximation. To do this, define the cumulant generating function of Y7 by

fy AzdF( ))

Xr 1in =X X9+1 m o y) qr—1 ,s+1: n(z y) dl’dy

an

Ky, (\) = log Fexp{\Y;} = log <m

It follows that
dKy,(\) [} ze**dF(z)

B = =07 = [T dF(2)
" Ky, (A Y 22eMdF (2 : 2
Ent) = d;( ) fffeAZdF( ) - (Fn) -

Therefore, the saddlepoint approximation to f5-(t) is (see Daniels (1954), for instance)

() = /m exp {—m[)\t Ky, (A } {1+m vy (z,y,t)}, (3.2)

where A = A(t) satisfies the saddlepoint equation
Ky, (A() =, (3:3)

and r,,(x,y,t) is an error term.



3.1 Saddlepoint approximation to the density of the trimmed mean
We shall now derive a saddlepoint approximation to the density of the trimmed mean. Substituting
(3.2) into (3.1), we get

//5\2(,5) \/%GXP{—m[)\t o KYI ()‘)]}qrfl,sflzn(x, y)

{1+ m ™y (2,y,t) Ydody

//Q(t) \/%f(x)f(y) exp[—mA(z,y, 1))

x{1+ m_lrm(x,y,t)}dacdy, (3.4)

g(t)

where X is the solution to K;/l (A) =t and

Ay(z,y,t) = M- Ky, (X) ,
Ao(w,y) = —m™ log (CraplF(2)] *[F(y) — F(2)]"[1 - F(y)]" "),
A({E,y7t) = Al(xvyat) +A2(x,y)

where Cqp = (T,Q)I(s,rfl)!(nfsil)! Define

’A(zy,t)  9PAz,y,t)
— 2 x
Az, y,t) = (f(z)f(y)) 1( PAra)  OAs ) )
Jyox Ox?

For each t, let 29 = 20(t), Yo = yo(t), Ao = Ao(t) be the solution to

OA(zo0,y0,t) 0
NG
KY1 (Ao) =t

If the density function is non-zero in the support of X, then equation (3.5) can be reduced to

m exp{Aozo} _ =2
I exp{Aoz}dF(z) F(z0)

mexPN{XOyO} — n—s—1 (36)
70 exp{roz}dF(z) 1 F(yo)
Kyl (>\0) =1.

That is, (zo(t),yo(t)) is a stationary point of A(x,y,t) for fixed ¢. For simplicity, we write Ag(t) =
A(x()v Yo, t)

Proposition 1: Let t belong to the support of X. Then, for any n satisfying [na] > 2, [n3] > 2 and
n—[na] — [nB] > 1, Alz,y,t) attains its global minimum at some finite point (xg,yo) which satisfies
equation (3.5).

Remark 3.1. Proposition 1 will ensure that the saddlepoint equation (3.5) always has a solution
under Condition (7) of Theorem 1. The conditions [na] > 2, [nf] > 2 and n — [na] — [nG] > 1 are
imposed to guarantee that the exponents in ¢,_1 s41.,(z,y) are greater than 0.

The following theorem gives the saddlepoint approximations to the density of the trimmed mean.

Theorem 1: Let t belong to the support of X. Suppose



(i) f(z) = F'(z) and f" (x) exists,

(i) for any n satisfying [na] > 2, [nB] > 2 and n — [na] — [nB] > 1, (zo,y0) is unique i.e.
Az, y,t) > Ao, yo, t) for each (x,y) # (xo,yo), and A(xg,yo,t) is positive definite,

(iii) |Eet"X| € LY(R) for some v > 0.
Then we have

9(t) = gp(®) (1 +m ™ Ra(t)), (3.7)

where

o \/ﬁ\/}(p — mA(zo(t), yo(t). 1)) | o

‘z zo(t),y=yo (t) |A0( )‘

the error term R, (t) in (3.7) is bounded when t is in some compact set and xo(t), yo(t) and Xo(t) are
solutions to (3.5).

Remark 3.2. Condition (¢) is a natural smoothness condition, which we need to validate Laplace
approximation. Also note that (3.8) involves f (x). Since A(z,y,t) attains its minimum at (o, o),
A(zo,yo,t) is nonnegative definite. The purpose of Condition (i) is to simplify the proof. Conditon
(#i1) ensures that we may apply the Fourier inversion theorem.

The proof of Proposition 1 and Theorem 1 is postponed to the appendix.

3.2 Saddlepoint approximation to the tail probability of trimmed mean

One way to obtain an approximation to the tail probability 1 — G(t) = P(X .5 > t) is to integrate the
saddlepoint approximation g,,(t) numerically. Since f gsp(t)dt may not be equal to one in general,
renormalization will usually improve the accuracy of the resulting saddlepoint approximation. The
resulting approximation to 1 — G(¢) will be denoted by 1 — Ggs(¢). However, it would be more
convenient to have a simple explicit approximation formula for the tail probability. Theorem 2 below
will give a saddlepoint approximation to the tail probability 1 — G(¢) of the trimmed mean. For ease

of notation, let
—1/2
18000

aft) = (2n/m)/? (Ky Golt)
RO = Ao(®)yold), ).

Then (3.8) can be rewritten as g.,(t) = a(t) exp{—mh(t)}. Let t be the solution to h'(¢) = 0. Also
define

z=z0(t),y=yo(?)

w = \/2(h(t) = h(t) sgn(t—1), (3.9)
Y(w) = (27r/m)1/2a(t(w))exp{mh(f)}‘iﬂ. (3.10)

Then we have

Theorem 2: Under the conditions of Theorem 1, we have

P(Xap > 1) = 1= D(wym) - ¢<%ﬁ> (w<0> —vw) | O(m_l)) |

where w and Y(w) are given in (3.9) and (3.10).

The proof of the theorem is similar to but simpler than that of Theorem 4 in Section 4, hence omitted
here.



4. SADDLEPOINT APPROXIMATION TO STUDENTIZED TRIMMED MEAN
4.1 Introduction
In Section 3, we have derived saddlepoint approximations to the density and tail probabilities of the
trimmed mean. In this section, we shall carry out the same derivations for the studentized trimmed
mean. This will have greater practical relevance if we are interested in constructing confidence intervals
or hypothesis testing concerning the center of the distribution.

To studentize the trimmed mean, we employ the plug-in estimate of the variance, which is given by

1

Bo = g ey (10— )5+ 0= H)(Es ~ Xas)

20880 — Xap) (€15 — Xap) + ol — )6 — Xap)?)

where «pr = inf{z : ﬁ(m) > p} for any 0 < p < 1 and 13(30) denotes the empirical distribution of the
X;’s (1 <i<mn), and

) 1 /ag 2P(a) - X
Oig=——">""— x ) — X 3,
F(1-p-a) e ’
(e.g., see Hall and Padmanabhan (1992)). Because of its complicated form, we shall restrict our
attention from now on to the special case where we assume that
(C1) f(z) is symmetric around the origin, i.e., f(z) = f(—=z),
(C2) the trimming proportions are the same, i.e., a = (.
Clearly, (C1) and (C2) imply that ;4 = 0. The case for the nonzero mean can be dealt with by a

simple mean shift.
Under the assumptions (C1) and (C2), 725 above reduces to

R 1 = — \2 — \2 — \2
Tga = m ( Z (Xi:n - onor) +r {(Xr:n - Xaa) + (Xs:n - Xaa) }) .
i=r+1

Therefore, we can define the studentized trimmed mean by

>

ao

— .
TQOC

T =

The purpose of this section is to derive saddlepoint approximations to the density and tail probability
for the studentized trimmed mean 7', denoted by

G(t)=P(T <), g(t) = G'(1).
As in Section 2, let Y7, -+ ,Y,,_5 be a random sample from the truncated distribution F ,(t). We
further define Z; = Y;* and
m—2 m—2
— 1 - 1
Y=—— Y; Z=—— Y32,
m—2 ¢ v m—2 Z '
=1 =1
Now, for fixed  and y, define
o — m-—2— x4+ ?
s(Y,Z2) = n Y2 (1-2a)"" [(m—?)Z—(m—2r+2) (—Y—i— y>
m m

R ] e ;y)]/



and

b=0b(Y,Z) = (2=2Y 4 =)
a=a(Y,2Z) D

Then conditional on X,., =z and X,.,, = y, we can show, after some simple algebra, that

XKoo = b(V.Z)

a = (V7).
Therefore, we have

G(t) = P(T<t)

= / P(T <t ‘ Xop =2, Xgp = y)QT,SZ’I’L(x) y)dxdy

// a(Y,Z) <t) qrsn(,y)dwdy

and

i = ¢o-[[ o0 G )y, (4.2)

where a(+,-) is defined in (4.1).
Similarly to Section 3, we shall obtain a saddlepoint approximation to g(t) and G(t) by first getting
a saddlepoint approximation to the density of a(Y,Z) and then substituting that into the above

to obtain saddlepoint approximations to g(t) and é(t) For that purpose, we shall need the joint
cumulant generating function of (Y;, Z;) = (V;, Y?),

[ exp(dz + uz?)dF(z)
F(y) - F(z)

K(d,u) = log E{exp(dY +uY?)} = log

Note that K(d, u) is also functions of 2 and y, and their derivatives with respect to x and y are given
by

OK(d,u) 5 f(z)
e (1 — exp(de + uz® — K(d,u))) Fy) - F@)’
OK(d,u) ) f(y)
oy (exp(dy + uy® — K(d,u)) — 1) F) - F@)
0?K(d,u) _ (d+2ux) f(z) . 0K (d,u)
9%z F(y) — F(x) Ox
f'(x) 2f(z) (0K (d,u)\?
: <‘”2““ @) " FQ —F(a:)) < O ) |
PR(du) _ (d+2u)f(y) | 0K (du)
9%y F(y) — F(x) dy
() 2f(y) \ _ (9K(du)\’
<‘” 2Ry T ) - F(a:)) ("% ) /
92K (d, u) F@) 550 = f) P55 oK (d,w) 9K (d, o)

Oz 0y N F(y) — F(x) ox Oy



4.2 Saddlepoint approximation to the density of the studentized trimmed mean
Note that the inverse transformation of (4.1) is

{

whose Jacobian is given by

N <]
If

Y(a,b) = (m—2)"t (mb—=z 2—2y)
Z(a,b) = (m —2)~1 (M +(m—=2r+2)b* —r(x+y)2 +2(r — 1)(x—|—y)b) ,

a2

J = J(a,b) |%—Y 6_5‘ 2n(1 = 20)mb?
=Ja0)=| 52 57 | o023
9z 97 (m —2)2%a
Define
As(a,b) = dY +uZ — K(d,u),
?K(dwu) 92K (d,u)
2
As (av b) = 8218((§:u) 82(2?(8;"“’) ’
Oudd 9?u
9?As(a,b)
G(a,b) = ‘As(aab”T

Similarly to Daniels and Young (1991) and Jing and Robinson (1994), a saddlepoint approximation
to the density of a(Y, Z) is given by

iz = J(t,bou))G-l/?(t,bo(t)) exp[~(m — 2)A, (1. bo(1))]
x{1+m™ Tz, y,t)},

where 7,,(x,y,t) is the error term that will not be given here explicitly. Substituting this into (4.2),
we get

50 = [T TG b)) expl-lm— 2t b(0)
Xqr,s:n (2, Y) {14+ m 7 (x,y,t)} drdy

//Q(t \/m Gl/2t fobo exp[—(m — 2)A(z,y, )]

(y) {1+ m™ Tp(x,y,t)} dedy, (4.3)

where dy = dy(t), ug = uo(t) and by = by(t) are solutions to the following three equations

ONs(a,bo(t

% =do(t)u=uo(t) =0
M =Y (t,bo(t))
OK (do(t),uo(t 7
W = Z(t,bo(t))

and further

Ai(z,y,t) = do(t)Y(t,bo(t)) +uo(t)Z(t,bo(t)) — K (do(t), uo(t)),
As(z,y,t) —(m —2)""1og (DnaglF ()] ' [F(y) — F(z)]™?[1 = F(y)]"~*)
K(x’yvt) Kl(xvya t) +/~\2(£E,y, t)v

n!

with Dpag = =D (m-2)I(n—s)!"



Note that Y (t,bo(t)), Z(t,bo(t)) and K (do(t),uo(t)) are also functions of x and y. So we can find
their partial derivatives with respect to x and y. Some simple algebra yields

W = (m-— 2)_1 (—do — 2rup(z +y) + 2(r — 1)ugbo)
exp(doz + upr? — K (do, up)) 3 r—1 .
" ( () F() (= 2>F<x>) fe).
%’;”t) = (m—2)"" (=do — 2rug(z +y) + 2(r — 1)uoho)
[ exp(doy + uoy? — K (do,up)) B n—s
( ()~ F(a) (m—2)(1 - F<y>>> fw).
O*A(z,y,1) 1 r—1 5
92 (<F<y> “F@)? TP ) fl
1 r—1 ,
+<F<y>—F<ac> RCEDNRC >)f(
2ru 02K (do, uo)
- (B )
92N (z,y, 1) B 1 n—s 9
o -\ _F@P (m—2><1—F<y>>2> @)
1 n—s ,
* (‘F@) I oo F(y») )
2ru 0? K (do,ug)
_(m02+ 32; O)’
PNz, y,t) @)1 () ( 2rug 32K(do,uo)>
Oxdy [F(y) — F(2))? -2 Oxdy
Define

%A (x,y,t) %A (w,y,t)
— x2 x
A(t) = Alz,y,t) = (f(2) f(y)) 1( PAont) %N nt) )
Oyox Ox2

For each t, let To = Zo(t), Yo = Yo(t), do = givo(t), Up = Uo(t) and 50 = Eo(t) be the solutions to

aAs(aTbo)| _ 0
6~b d do,u:’uo
9K (do, o) v
ad Y
OK (do,uo) 7
~ Ou_ =Z
IA(Z0,Y0,t) 0
_ ~6z~
9A(T0,Yo,t) 0
Oy

We now present the following proposition and theorem whose proofs are given in the Appendix.

Proposition 2: Let ¢ belong to the support of X. Suppose t # 0. and let the conditions (C1)-(C2) be
satisfied. Then, for any n satisfying [na] > 1 and n—2[na] > 3, A(t,d) attains its minimum at some
interior point by(t) and A(x,y,t) attains its global minimum at finite point (io,3o) which satisfies
equation (4.4).
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Remark 4.1. Proposition 2 ensures that the saddlepoint equation (4.4) always has a solution under
Conditions (C1)—(C2). The conditions [na] > 1, n—2[na] > 3 guarantee that ¢ 5., (z,y) is meaningful.

Theorem 3: Let t belong to the support of X. Suppose t # 0. In addition to the conditions (C1)-(C2),
we assume that

(i) f(z) = F'(z) and f" (z) exists.

(ii) For any n satisfying [na] > 1 and n—2[na] > 3,, (Zo,Go) is unique, i.e. A(x,y,t) > A(Zo, §o,t)
if (z,y) # (Zo, o), and A(:EO, Jo, 1) is positive definite. In addition, the minimum point by (t) is unique
as (z,y) varies in Ap p,-(cf also (7.4)).

(iii) |EmX+imX? v ¢ L(R2) for some vy > 0.

(iv) Jwy > 0,wy > 0 such that both |z|(F(x))" and y(1 — F(y))*? are bounded when x < 0 and
y > 0.

Then, we have

9(t) = Gop({1 +m ™ Ry (1)},
where

_ o J(t,bo) o
sp(t) = — exp | — (m —2)A(Zo, 9o, t) ),
T = Vw3 G Ao o (- DA T0)

where To(t), Go(t), do(t), Uo(t) and by(t) are the solutions to equations (4.4).

Note that conditions (i) — (i44) in Theorem 3 are similar to those in Theorem 1. The first three
conditions guarantee that fy 7 (y,z) has a uniform saddlepoint approximation as z and y vary
in some compact set Ag p,. Since (Y,Z) — (a(Y,Z),b(Y,Z)) is a one-to-one and differentiable
transformation, f,y z)(t) has a uniform saddlepoint approximation as = and y vary in Ap g, ie.,
Tm(2,y,t) is bounded as z and y vary. The fourth condition implies that the random variable X will
have finite moments of arbitrarily small order. It is used in the proof of Lemma 13. We conjecture
that it can be removed.

4.8 Saddlepoint approximation to the tail probability of the studentized trimmed mean
In this section, we shall derive a saddlepoint approximation to the tail probability of the studentized
trimmed mean by integrating the density approximation obtained in Theorem 3. To simplify notations,
let
{am = /7557 (£.50) G2 (1,50) | A Go, o, 1) /2
h(t) = A(Zo, Yo, t).
Then, we can rewrite gy, (¢) from Theorem 3 as

gsp(t) = a(t) exp{—(m — 2)h(t)}. (4.5)
From the proof of Theorem 3, we see that h(t) = A(Zo, Jo, t) achieves its minimum at ¢ = to. Let

v o= 2(h(t) — h(to)) sgn(t—to). (4.6)
B0 = ) espl-(n - 2 | | (4.7

Then, we have the following theorem whose proof is provided in the Appendix.

Theorem 4: Under the conditions of Theorem 3, we have

ooy —2) <J<o>; i), 0(m1>)
m =2 v3H(0) ’

PT>t) = 1-®wVm—2)— (4.8)

where v and ¥ (v) are given in (4.6) and (4.7).
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5. NUMERICAL RESULTS.

In this section, we present some numerical evidence of the quality of our saddlepoint approximations.
For simplicity, we shall do this only for ordinary trimmed means (cf. Theorems 1 and 2). Different
distributions F' and varying trimming percentages « and 3 are chosen in the simulations. The results
are presented in Figures 1 and 4 below. In these figures, the left-hand panels give the right-tail proba-
bilities 1 — G(z), 1 —Grr(x) and 1 —G4s(x). On the other hand, the right-hand panel display absolute

relative errors; i.e., we plot % (dashed) and W (dotted), where G denotes the

exact d.f., computed by Monte Carlo using N = 10° samples from F,while G, is the integrated sad-
dlepoint density (8), renormalized by dividing through its integral, which is computed by numerical
integration; G g denotes the Lugannani-Rice type approximation given in Theorem 2. We note that
in our simulations, ¥ (0) in Theorem 2 is calculated approximately by 1 (a) for some small value a very
close to zero.

Figure 1 deals with the case where F' is standard normal, the trimming percentages o« and (3 are
both equal to .10, and the sample size n = 20. The results are very satisfactory. In Figure 2, we choose
F to be a normal mixture, namely F(z) = .9®(z) 4+ .1®(x/5), the trimming percentages o and 3 are
both equal to .25, and the sample size is again n = 20. The results are again very satisfactory, though
not as good as in the first example. In this example, we find that, for |z| > 5.1206, the determinant
appearing in (8) becomes negative; the exact probability that the trimmed mean takes values outside
the interval (-5.1206,5.1206) is (estimated by Monte Carlo) 107%, so that the renormalization factor
is in fact a little bit too small. In the first example (F' is normal) these difficulties do not arise, as the
determinant in (8) is positive for all values of x.

Figures 3 and 4 depict two cases of interest for which we find that the resulting saddlepoint approx-
imations behave much less well as those described in Figures 1 and 2. Figure 3 deals with the normal
mixture F(z) = .7®(x) + .3®(x/5), trimming percentages a = f=.1 and sample size n = 20, while
in Figure 4 we present results for the case where F' is Cauchy, trimming percentages o = =.25, and
n = 80. The reason for taking a sample size as large as eighty in the Cauchy example is that, for
smaller sample sizes, the determinant appearing in (8) is positive only for a rather small interval of
a-values; the exact probability that the trimmed mean takes values outside this interval is (estimated
by Monte-Carlo) < 1075. One way to improve upon this would be the use of higher order saddlepoint
approximations to the trimmed mean.

right-tail probabilities abs(relative errors)
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Figure 1: {Standard Normal,a = 3 = .1,n = 20};
1 — G(z)(solid,N = 10%), Theorem2(dotted), 1 — Gs(z)(dashed);
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1 — G(x)(solid,N = 10°), Theorem2(dotted), 1 — Gs(z)(dashed);
relative errors w.r.t. exact (1-G(z))
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Figure 3: {Normal Mizture .7®(x) + .3®(z/5),a = f = .1,n = 20};

1 — G(x)(solid,N = 10°), Theorem2(dotted), 1 — Gs(z)(dashed);
relative errors w.r.t. exact (1-G(z))
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right-tail probabilities abs(relative errors)
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Figure 4: {Cauchy ,a = 8 = .25,n = 80};
1 — G(z)(solid,N = 10%), Theorem2(dotted), 1 — Gs(z)(dashed);
relative errors w.r.t. exact (1-G(z))

6. SADDLEPOINT APPROXIMATION TO THE BOOTSTRAP TRIMMED MEANS
Suppose that we are interested in constructing a (1—4) confidence interval for the population trimmed

mean g = (1 —2a)7! [ }1:,11((;)_ ) wdF (z). Let us assume that the underlying density function is
symmetric, so that we can take a = 3. For simplicity, let us consider a one-sided confidence interval
[U,00), where U = X 0 — n~ 2740215 and z,_; satisfies P(T,, < x1_5) = 1 — 8, where T, =
X aa/%aq, our studentized trimmed mean. The coverage probability for this interval is precisely 1 — 6,
since P(u € [U,00)) =1 —4§. However, the underlying distribution F' is unknown, so 1_s is unknown
as well, and we can not use the ”ideal” interval [U, c0). One way out of this problem is to employ
bootstrap resampling to obtain an empirical approximation to the unknown distribution of T, using
the data at hand. To be more specific, let { X7, -, X'} be a bootstrap resample from the observations

{X1,--+, X} Let

X*aa
T, = ——>
TO[
where X*,, is the trimmed mean of the bootstrap resample {X7,---, X} and
1 : — _
A% * 2 * 2
- - X: — X+, “D[(XE, — X7,
Ta TL(]_ _ 2@)2 (;( in ﬁ) + (T )[( rn ﬁ)

+(X§n - Faﬁ)ﬂ) .

Therefore, P(T,, < x) can be approximated by its bootstrap version P*(T < z), where P* denotes the
conditional distribution given the sample {X7,--- , X, }. Consequently, a bootstrap confidence interval
for u is given by [U*,00), where U* = X oo —n~ /27527 5 and 2% _; satisfies P*(T* < x%_;) = 1—4.

The accuracy of the above bootstrap confidence intervals for p of course depends very much on
how close our bootstrap approximation P*(T < z) is to P(T, < z). This has been studied by
Hall and Padmanabhan (1992). They show that bootstrap approximation performs better than the
normal approximation in the sense that the error term is of smaller order than n~'/2. They also derive
an Edgeworth expansion to the distribution of the studentized trimmed mean in the non-bootstrap
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case, and show that it depends on the population density at the quantiles where trimming occurs.
However, Hall and Padmanabhan (1992) remark that “the first term of the Edgeworth expansion is
very complex and so it will not be written down explicitly”. Recently, Gribkova and Helmers (2002)
gave a simple explicit formula for the (empirical) Edgeworth expansion of the studentized trimmed
mean. The empirical Edgeworth expansion can also be used to replace the bootstrap with absolute
error of size o(n~1/?).

In this section, we indicate briefly how to apply our saddlepoint approximations to the bootstrap in
constructing confidence intervals for the population trimmed mean u. The saddlepoint approximation
intends to provide a fast and accurate approximation to the bootstrap distribution of the (studentized
or otherwise) trimmed means in order to avoid the intensive Monte Carlo simulations, which would
be needed to compute bootstrap confidence intervals like [U*, 00). For related issues, see Davison
and Hinkley (1988), Daniels and Young (1991) and Jing and Robinson (1994) among others. As our
saddlepoint approximations for studentized trimmed means require a smoothness condition on the
underlying distribution some smoothing is necessary in order to be applicable to the bootstrap.

To be more specific, let us define fy, (t) to be the kernel density estimator of f(¢), i.e.,

Fult) = (ko) Sk (t ;X) ,

i=1

where h,, is the bandwidth satisfying h,, — 0 and n h,, — co as n — oo, and k : R — R is a kernel
function which is assumed to be a density function. A kernel type estimator of the d.f. F(t) is then

given by
Fyt)=n""Y K < ) ;
i=1

where K (-) is the distribution function of k(-). Note that the degree of smoothness of F},(t) depends
entirely on the smoothness of the kernel function & (-). For our purpose, it suffices for k(-) to be
differentiable and its derivative to be continuous. Now instead of drawing resamples from the empirical
distribution F},, we shall draw resamples from its smoothed version ﬁ‘h(t). This can be achieved as
follows. First draw a bootstrap sample { X7, -+, X} from E, and then independently draw another
sample {€1, - ,€,} from the kernel distribution K(-). Then, a random sample from Fh(t) can be
obtained by

t—a
b,

Xf*:X7*+hn€“ Zil,,n

Therefore, the smoothed bootstrap approximation to P(T, < z) is given by P*(T5* < ), where T<*
is similarly defined to T, *, except that the bootstrap resample is now replaced by the above smoothed
bootstrap resample. The probability P*(7T<* < z), in turn, can be approximated by saddlepoint ap-
proximations obtained from Theorem 4 simply by replacing F'(-), f(-), and f'(-) appearing (implicitly)
in (4.8) by their kernel estimates Fh(t), fn (t), and f,’l(t), respectively. The resulting saddlepoint ap-
proximation is referred to as the empirical (or bootstrap) saddlepoint approximation. See Feuerverger
(1989), Jing, Feuerverger and Robinson (1994), Ronchetti and Welsh (1994) and Wang (1992).

7. APPENDIX
Throughout the appendix, we suppose that ¢ is in the support of X, z < ¢t < y. We will use (z,y) to
denote the point or the open interval. They can be distinguished from the context.

We shall first present Lemmas 1-6, which will be used to prove Theorem 1.

Lemma 1: Under Condition (i) of Theorem 1, there exist some constant M and some even integer
u such that

/ |F(y) — F(2)|“|Ee™[“dn < 27 M.

— 00
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Proof: Let u be the smallest even integer which is greater than or equal to v. Since Ee?"X € L’(R)
and |Ee?X| < 1, we have

Ee"X ¢ L*(R). (7.1)

Suppose X1, Xo,- - X, are i.i.d. with the same distribution as X. So |Ee"’X|“ is the characteristic
function of (X1+-+-+Xu)—(Xuy1+---+Xy). (7.1) implies that |Ee™*[* € L'(R). Thus the density
function f,(z) of (X1 +---+ Xz) — (Xuy1 + -+ + X,) is bounded by some constant M. (See Feller
(1971), Chapter XV, Section 3). Now Parseval inequality (See Feller(1971), Chapter XV, Section 3)
gives

1 o0 ) C1g2p2
or | |Eepinl(Yit 4+ Yy) = (Ve + oo+ Yo)lle” 5 dy (7.2)

1 o0 22
= / eimfu(m,y) (Z)dZ,

2ma

where Y7,--- Y, are i.i.d. with the same distribution as Y7, and f,(4,,)(2) is the density function of
(Y1+---+Ys)—(Yuyq+---+Y,) and a is some positive constant. Noting the fact that fy(,,,)(2) <

mfu(z), we have, from (7.2),

_/ )| |E€mY1‘u —5a2n2dn (7.3)
22
27ra/ ¢ fulz)dz
<M.

n (7.3), letting a — 0, we can complete the proof.

Denote the root of K;,l()\) =t by X Let Y()\) be the random variable with density function
fyoy(z) = e f(2)I(x < 2z <y)/ [V e f(z)dz. For each pair of positive numbers B and By such that
B > By, B — By > [t], define

App, ={(z,y): —B<z<t—DBy, t+By<y<B} (7.4)

Lemma 2: Under Condition (iii) of Theorem 1, we have
oo ] 5
sup / |EeY N |udp < oo, (7.5)
(z,9)€EAB, By J —00

where u is the smallest even integer greater than or equal to v.
Proof: Since Ky, (A\) =t, we have

/y(z - t)ej‘zf(z)dz =0.

Let p(z,y,\) = [Y(z — t)e** f(z)dz. Since p(z,y,\) = 0 and 6p(l’y’)‘) = [J(z—t)? )‘Zf( )dz > 0,
follows from the Implicit Function Theorem that there exists some € > 0 such that A=Az, y) is a
continuous function on A.(z1,y1) = {(z,y) : [t —x1| <€, |y—y1| < €} for each point (z1,y1) € Ap B,-
Hence )\ is bounded on Ac(z1,11).



16

Define ¢(in; z,y) = m [ M= f(2)dz. Lemma 1 shows that o(in;z,y) € L*(R), where u is
the smallest even integer greater than or equal to v. By changing the integration path, we have,

/ " (in;z,y)dn = g/ ©"(n; z,y)dn

—o0 —100

1 e, y)+ioo
= - / ©"(n; x, y)dn
A

b SN (@,y)—ico

= / @"(in + Nz, y); z, y)dn.

By the definition of Lebesgue integrability, ¢%(in + A(z,y)) € L'(R). Hence
EemY X ¢ L*(R). (7.6)

Suppose Y1, Ys, - -, Y, are i.i.d. with the same distribution as Y'(\). So |Eef"y(:\) |* is the characteristic
function of (Y; +--- + YE) - (Y/%—H +---+Y,). (7.6) implies that |Ee™ M|* ¢ L(R). Now Parseval
inequality gives

1 oo

or | Eexpinl(Vi+ 4+ Vy) = (Vg -+ Vo)l 2 " dy (7.7)
1 <22
- 2ma J - e f“(:\;m,y)(z)dz’

where f, 5., (%) is the density function of (Y4 + }7%) - (}7%+1 +---+Y,). Note the following
two facts:
L. fo(5uy) (?) is the convolution of fy, (2), -, fy, (2), fﬁguﬂ(z), o [y (2), where fg (2) = =

Fiy ()= Fy (@ and fg, | () == f_3.(2) = Fyn)(2).
2. fu(2) is the convolution of fx,(2),-- ,fX% (z),f_x%ﬂ(z),'u , f-x,(2), where fx,(2) = --- =
fx% (2) = f(2), and f—X%Jr1 (2) == f-x.(2) = f(=2).

Since fy (5)(2) = ej‘zf(z)l(a: <z<uy/[f! ej‘zf(z)dz < Cf(2) for some absolute constant C' as
(z,y) varies in Ap g, by the boundedness of A, we have fu(iwy) (2) < C" fu(z). Hence by (7.7)

1 > . 5 1.2 2
L E inY (\)|u,—5a"n d 7.8
57 | NEe et ay (78)
1 > 22
< / O ()de
21a J - o
< C"M,

where M is the same as in Lemma 1. Letting a — 0 in (7.8) shows ffooo \Eemy(:\”"dn <27C"M. So

SUD (4 )€ A (21.91) J oo |Ee™Y N |udy < 0o. Since Ap p, can be covered by a finite number of A, (z1, 1),
we can complete the proof.

Lemma 3: Let f(z) = F' (). For arbitrary e, > 0, there exists 6 > 0 such that if |n| > 0,

Sup |EeinY1+>\Y1/E6)\Y1| S €.
(z,y)€EAB, By
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Proof: Define f(n) fy einze Azf( )dz. Then

i) = / 45 5 £(2)dz
z+% n
So
Qf(Tl) = /Oo [f(Z)@S\ZI(J? <z< y) — f(z — )e)‘(zfz)j(x <, - < y)]eznzdz

Jr/ {f(z)ek(z—ﬁ)f(x <z< y) — f(z _ I)e)‘(z_Tl)I(x <, < y) o1 ]
oo 0
Y ~ ~
N S - .
z+ = B y+z
+/ K f(z)ek(z T ez gy — / n Flz— ;)eA(zin)emzdz
b Yy

+/y {f(z) — flz— Z)} Az,

+3

From the proof of Lemma 2, we know that A is a continuous function on Ac(z1,y1). Hence A s
bounded on each A.(z1,y1). The compactness of Ag g, shows that A is also bounded on Ag p,. Thus

1 — e % — 0 uniformly on Ap g, as |n| — co. This implies that

/f 21— e )edz — 0 (7.10)

uniformly on Ap g, as || — oo. Since F(x) is absolutely continuous with respect to the Lebesgue
measure, it follows from Theorem 6.11 of Rudin (1987) that

/IH% F(2)dz — 0

uniformly in x as || — oco. Hence

w-i-"
\/ A=) einz gy | (7.11)

< / f(z)dz sup A=)
x (z,9)€EAB, By x<2<y
—0

uniformly on Ag g, as |n| — oco. Similarly,
y+3 < _
/ ! flz— E)e)‘(z_?)emzdz —0 (7.12)
y n
uniformly on Ag g, as |n| — co. Since

[ U@ s =T e s s A [ )~ - Ty

T+ Z n (z,y)€AB, By, x<2<y —00



18

and [%_[f(z) = f(z — )ldz — 0 as [n| — oo (Theorem 9.5 of Rudin(1987)), we have

[ U@ 1= D Dz — o (7.13)

+z n

uniformly on Ap g, as |n| — oo.
Combining (7.9)-(7.13), we see that

f(n) =0 wuniformly on App, as |y — .

Since Ee* is bounded away from 0 as (z,y) € Ap p,, we can complete the proof.

Lemma 4: Suppose Conditions (i) and (1) of Theorem 1 hold. Then fv (t) has a uniform saddlepoint
approzimation as (z,y) varies in Ap p,, i.e.

frt) = %KL()\) exp{—m[\ — Ky, N}(L+m ™ (2, y,1), (7.14)

where |rpy (v, y,t)| is bounded by some absolute constant C.
Proof: Denote the mean and variance of Y(A) by i and &%, respectively.

Define T'(\) = ﬁ Y1 (Yi(A) — @), where Yi(X), -+, Yin(X) are i.i.d. with the same distribution

as Y'(A). In order to prove (7.14), it suffices to prove that the Edgeworth expansion of the density
fT(;)(t) of T'(A\) has a uniform error as (z,y) varies in Ap p,, i.e.

_ 142

e 21 (t3 = 3)] + m ™ (t), (7.15)

1 3
(1) = __ 2
Jr)®) V2 * 655 ym
where i3 = E(Y(A\) — 1)3, |rm(t)| is bounded by some finite constant Cy as (x,y) varies in Ap p, .

Indeed, Lemma 1 guarantees that

- 1 > m ”7 —1,2 ﬂ3 . _ 1,2
0] € N = o [ eI — et (et (7.10)

where 1 (in) = Eein(Y(N)=h),
By Lemma 3,Ve; < 1,36 > 0such that if || > 6, sup, y)ea, 5, [91(i0)| < €1. Hence the contribution
of the interval (—oo, —6G+/m) U (65+/m, +00) to the integral in (7.16) is at most

LS . ~ 3
m—u m u —1in? k3
o [ e+ [ e P an,
0 ay/m [n|>86/m o

which decrease to 0 faster than any power of % if we note Lemma 2 and the fact that fig is uniformly
bounded and G2 is uniformly bounded away from 0 and oo as (z,y) varies in Ap p,.

Define t(n) = log ¢1(in) + 562n%. So we have

1

1
Nm:_/ e 3 exp(mip( =) — 1 — 5> —(in)?|dy + o(— 7.7
27 Jin| <55 vm | exp (J\/m> 603\/5( n)°|dn (m) (7.17)

uniformly on Ag g, as m — oo.
The integrand can be estimated by the following well-known inequality (cf. Feller (1971))

e —1-0] < |e“—eP+ef —1-5] (7.18)

(jo— Bl + 567",

IA



19

where v > max(|«/, |5]).

The function v (n) is four times continuously differentiable, and ¥ (0) = " (0) = 4" (0) = 0, "' (0) =
i%fi3. Since ¥ (n) is continuous, we can choose & such that if |5| < 8, | (n)| is uniformly bounded
by some finite constant as (x,y) € Ag p,. By the four term Taylor expansion we have

1_ . -
[(n) — gua(m)gl < Coatnl*, Il <6, (7.19)

for some finite constant Cs as (z,y) € Ap,B,-
Next we shall choose sufficiently small § so that

&n?, Inl <6, (7.20)

NGRS

1. 1.
()| < ;5%n, \éus(m)?’l <

uniformly as (z,y) € Ag B,
Thus if ¢ is so small that (7.19) and (7.20) hold, the integrand is at most

=2
—1in? @ 4 H3 6
e T (T o)
This shows that (7.15) holds. So does (7.14).

Lemma 5: If F(x) is continuous at x = t, where t is in the support of X, then for any n satisfying
[na] > 2, [nf] > 2 and n—[na]—[nB] > 1, A(x,y,t) attains its minimum at some finite point (xo,yo)-
Proof: Suppose (z,,y,) is an arbitrary sequence in Q(t). We will prove the following five assertions.
(D). If z,, — —00, Yyn — Yo, Where t < yg < 00, then A(z,, Yn,t) — 0.
(IT). If z,, — 20, Yn — +00, where —oo0 < zg < t, then A(zy, yn,t) — o0o.
(I1D). If z,, — t, yn — t, then A(zy, yn,t) — oo.
(IV). If &, — t, yn — Yo, where t < yo < 00, then A(xy,, yn,t) — oco.
(v). If &, — x0, Yy — t, where —oco < zg < t, then A(xy,, Yn,t) — 0.
Since A(z,y,t) = At — log [V erdF(z) — m™'log(ChaplF (x)]"2[1 — F(y)]"~*~'), noting that

Xy — —oo implies F(x,) — 0,

Yn — +oo  implies F(y,) — 1,

. y
T, —t and y, —t implies A—t and / eMdF (z) — 0,

we have the assertions of (I)-(IIT). Now we turn to the proof of (IV).
Since Ky, () = t, we have

/y(t - z)e:\ZdF(z) =0. (7.21)

For each (z,,y,), we have a solution An to (7.21). Hence we have a sequence {An,n > 1}. Now
consider a convergent subsequence {\,,,k =1,2,---,} of {A\,,n > 1}. Hence we suppose \,, — Ag.
From (7.21), we have

/ (t — 2)erdF(z) = /t e (z — t)e M 2dF (2). (7.22)

k

If Ao is finite, the left-hand side of (7.22) goes to 0 but the right-hand side of (7.22) goes to some
positive number as x,,, — t. If Ao is +00, we can consider the following formula

t ~ Yn -
/ (t — 2)eMe CTDAR (2) = / Yz — P EVaR(2),
T t

k
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which is obtained from (7.22). The left side of the above formula goes to 0 but the right side goes to
00. Therefore \j = —oo. And we can conclude that A,, — —oo as n — oco. Noting that e® < 1+ ae® if
a > 0, we have for z,, sufficiently close to t,

t t t -
/ AR (z) < dF (2) + [ Az —1)e*"dF(z) (7.23)

n Tn Tn

/w ARG - /t " 3 — A0 aR (),

where in the last equality we have used (7.22). Since Az — t)ei(zft) is bounded and goes to 0
for each z > t, we have [’ Az — t)e**=DdF(z) — 0 by dominated convergence theorem. Hence
fwt MDA (2) — 0 as © — t. Therefore,

y’ﬂ ~
/ AETVAR(2) -0 as x —t. (7.24)

~ Yn oAz .
Observe that A\t — log % = —log
of (V) is the same as that of (IV).

Now (I)-(V) implies that A(x,y,t) attains its minimum at some finite point (zg, yo) in Q(¢).

yn GA(z—t)
I e dF(z)

BT Fa Therefore we have proved (IV). The proof

Remark A.1. Since A(x,y,t) is differentiable in both = and y, Lemma 5 implies that (zq, yo) satisfies
the equation (3.5). So Lemma 5 is just our Proposition 1.

Lemma 6: Under the conditions of Theorem 1, for suitably chosen B and By which are independent
of n,
// 5 (00r 1 51100 (2, )y exp(~mA (o, o, 1)
Q(t)/AB,B,

goes to 0 faster than any power of %
Proof: From Lemma 1, |Ee?Y1|" is integrable. So we can apply Fourier inversion theorem to get

1 o -
fyt) = Py e” M Ee™MY dy
_ 2& efinmt(EeinYl)mdn.
u —00

Again, Lemma 1 shows that

Mm

Ol < [ ey < MM
r 1< 5 [Ny < e e

Hence

// fY(t>QT71,s+l:n(xay)dxdy
Q(t)/AB, B,

Mm
TN g dr—1,5+1:n T Y d.’Edy
S Loy, T = Tt -tnten

/ / Mimexp{—mAs(z,y)} f(z) f(y)dady, (7.25)
Q(t)/AB, 5,

IA
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where As(z,y) = —m ™" og(Crap[F(2)]" 2[F(y) — F(x)]™“[1 = F(y)]" ).

Since A(z,y,t) = At — log [V e dF (2 ) m~1 log(C'nag[F( 21— Fy))™ 1Y) < Nz, y,t) =
Mt — log [V erdF(z) — m™ log Crap — 22 Tarplog F(x) —1=5= B log(1 — F(y)) for sufficiently large m,
we have A(xo,yo,t) < A (xh, y),t) = infrcpey A'(x,y,t). The existence and finiteness of (z(),y,) can
be proved as that of (xg,yo). From the expression of A’(z,y,t), we see that x{,y( are independent of
n. Note the fact that lim,_,_ o, F(z) =0, lim,_ o F(y) =1, limgy_ . (F(y) — F(z)) =0. Ve’ > 0,
we can choose positive numbers B and By independent of n such that

waread 4, As(ey) > Nao, o, 1) + € = Mo, yo, 1) + ¢ (7.26)
’ »Bo

It follows from (7.26) that m 'fo(t)/AB,BO Mmexp{—mAsz(x,y)}f(z)f(y)dx dy goes to
0 faster than any power of m~!. By (7.25), we can complete the proof.

Proof of Theorem 1: Lemma 6 assures us of the exponential smallness of
/] 5 (o1 v 10n (2 9) iy exp(—mA (o v, 1),
(t)/AB, B,

To complete the proof of Theorem 1, we need to consider the asymptotic expansion of

// ) @r—1,s+1:n(2,y) dady.
AB, By
Lemma 4 gives

Q'r‘ 1,s+1:n SL’ y // PSRN eXp mA(x,y, t)]
//AB ,Bo AB,Bg 2w K

xdxdy{1+0( “H}

So we obtain a double integral of Laplace type. Conditions (¢) and (i7) guarantee that we can use the
formula (8.2.55) of Bleistein and Handelsman(1986) to get

//A \/QWT y) exp[~mA(z,y, t)]dzdy{1 + O(m™")}

\/? exp{—mA(zo(t),yo(t), 1)} (1—|—O(l)).
\/K" (Ao(8))la=ro(t),y=yo ()| Do (t)] "

This completes the proof.

The following Lemmas 7-14 will be used to prove Theorem 3. Since the proofs of these lemmas are
similar to those of Lemmas 1-4, we shall omit the details here.

Lemma 7: Under Condition (iii) of Theorem 3, there exist some constant My and some even integer
uy such that

| [P = F pem i g dn, < (25,
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Let dy, ug be the solutions to the equations W =Y(t,b), W = Z(t,b).

Lemma 8: Under Condition (iii) of Theorem 3, we have
sup // | exp(K (do + im1,uo + in2) — K (do, uo))|[“*dmdne < oo, (7.27)
(w,y)EAB,BO R2

where uy s the smallest even integer greater than or equal to vy.

Lemma 9: Let f(x) = F' (z). For arbitrary €] > 0, there exists &' > 0 such that if |m| + |n2| > &,
then

sup | exp(K(do + in1,uo +in2) — K(do,uo))| < €. (7.28)
(z,9)€EAB, B,

Lemma 10: Suppose Conditions (i) and (iii) of Theorem 3 hold. Then the density function
f({/’z)( (t,0),Z(t,b)) has a uniform saddlepoint approzimation as (x,y) varies in Ap g, i.e.

fir (T @0, 2(0) = TZATH (1b) expl—(m — DA (1,)

X(1+m™ 7 (2,y,1)), (7.29)

where [T (2, y,t)| is bounded by some absolute constant CY.

Lemma 11:

sup[dY + uZ — K(d,u)] - 00 as Y —x from the right. (7.30)
d,u
sup[dY + uZ — K(d,u)] - 00 as Y —y from the left. (7.31)
d,u

Proof: We only prove (7.30). (7.31) is similar. . } 3
Since sup, ,[dY +uZ — K (d,u)] > supy[dY — K (d,0)] = dY — K(d,0), where d satisfies the equation

/w ’ VeidF(z) = /w ’ zeTdF(2). (7.32)

It suffices to prove dY — K(cz 0) — oo as Y — x from the right.
Y eJZdF(z)

Let h(d,Y) = [/(z — Y)e?*dF(z). Since h(d,Y) = 0, we have g—é = et ar () Hence d is a

increasing function of Y. Then if Y — x from the right, we can suppose d — dy. From (7.32), we have

Y _ Yy ~
/ (V — 2)etdF(z) = / (= — V)etdr(2), (7.33)

Y

If dy is finite, the left side of (7.33) goes to 0 but the right side goes to some positive number as
Y — z.. Therefore dy = —oco. Noting that e® < 1+ ae® if a > 0, we have for Y sufficiently close to z,

/ T deape) < / " aRG) + / " (e - 7)) (7.34)

/ Y PG / Yz = 7Yl (),

Y
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where in the last equality we have used (7.33). Since ci(z — ?)e‘i(z_?) is bounded and goes to 0

for each z > Y, we have [J/ d(z — Y)eJ(Z_Y)dF(z) — 0 by dominated convergence theorem. Hence
fmy ed==Y)dF(z) — 0 as Y — x from the right. Therefore, d¥ — K (d,0) = — log I %dﬁ‘(z) —
oo as Y — x from the right.

Lemma 11 implies that the equation

(z,9).

Remark A.2. Since b= b(Y,Z) = (2=2Y + £ty

AN (t,b)

S5 ld=do (+),u=uo(t) = 0 has a solution b = bo(t) €

Lemma 12: If F(z) is contionuous at x = t, where t is in the support of X, then for any n satisfying
[na] > 1 and n — 2[na] > 3, A(z,y,t) attains its minimum at some finite point (Zo, o)
Proof: Suppose (z,,y,) is an arbitrary sequence in Q(t). We will prove the following five assertions.
(I'). If &, — —00, yn — Yo, where t < yo < oo, then i&(xn,yn,t) — 00.
(I1). If 2,, — g, yn — +00, where —oo < x < t, then A(mn,yn,t) — 00.
(II1I'). If &, — t, yn — t, then A(zy,,yn,t) — co.
(IV". If &, — t, yn — Yo, where t < yo < 00, then /~\~(zn,yn,t) — 00.
(

V. If z, — 20, yn — t, where —co < z¢ < t, then A(z,, yn,t) — 00.
The proof of (I') — (III') is similar to that of Lemma 5. Now we turn to the proof of (IV”’). Since

Ay(z,y,t) = do(t)Y (£, bo(t)) + uo(t) Z(t, bo(t)) — K(do(t), uo(t))
= sdup[dﬂ_/(t7 bo(t)) +uZ(t, bo(t)) — K(d,u)]

Z Sl(lip[d)?(tv bO(t)) - K(d7 O)L

it suffices to prove -
sup[dY (¢,bo(t)) — K(d,0)] — oo
d

as xn, — t and y, — yo. This can be proved similarly as that of Lemma 5. It remains to prove (V).

Since Aq(z,y,t) > sup, [uZ(t,by(t)) — K(0,u)]. This again follows similar lines of Lemma 5. (I')— (V")
give the assertion of Lemma 12.

Remark A.3. Lemma 12 implies that (Zo, 7o) satisfies equation (4.4). So equation (4.4) has at least
one solution Zg, §o, do, g, bg. Combining Lemmas 11 and 12 gives Proposition 2.

Lemma 13: Under the conditions of Theorem 3, for suitably chosen B and By which are independent
of n,

J] o fur s Wl pidedy exp(—(m ~ A0, 5o, 1)
Q(t)/AB, B,
goes to 0 faster than any power of %

Proof: Lemma 7 shows |EemY1Tm221|w g integrable. So we can apply Fourier inversion theorem
to get

1 e ) oo
f(Y,Z)(Zlv 29) = )2 / / e—im 21—mzzzEele-‘rmdenlan
(m—2

[T —i(m—2)n121 —i(m—2)n222 in1Y1+in2 Z1 ym—
i(m z1—i(m z El’!]l 14+itn2Z1\m Zd d .
CE A e e
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Hence using Lemma 7, we have

m—2)% [ [ . 7
f(Y,Z) (217 22) S ( (27(')2) / / |E6“71Y1+”72Z|m72d7’]1d7’]2

< Ml(m—2)2
T F@y) - Fa)l

So
furn® = [ (¥ D). 2ol
Mi(m—2)? 2n(1 —2a)*m [Y ,
) - F@ m—2e [, "
B Mi(m —2)? 2n(1 —2a)?my3 — 23
F@y) = F(x)[v (m—2)%3 3
Thus
// fa(Y,Z)(t)qhs,:n(xvy)dxdy
Q(t)/AB, By
Mi(m —2)? 2n(1 —2a)*’my3 — 23
< Loy, T - TG G5ttt
2M ( 1—2a
< — nm ex m — 2 T
< S oy, M0 = Do)
(v’ —ms)(F(x))?’““(l— F(y))*" f(2) f (y)dxdy, (7.35)
where

85, ) = —(m = 2) " log(DpaplF(2)] 731 [F(y) — F()™ 27 [1 = F(y)]">-"2).

Condition (iv) of Theorem 3 implies that (y* — 23)(F(z))*¥(1 — F(y))**2 is bounded. Hence from
(7.35)

// fa(Y,Z)(t)QT,s,:n(‘T?y)dxdy
Q(t)/Ap, 5,
< M, //Q . nmexp{—(m — 2)A5(x,y)} f(x)x(y)dzdy, (7.36)

where M5 is some absolute constant. As in the proof of Lemma 6, given €5 > 0, we can select B and
By which are independent of n such that for n sufficiently large,

inf  AL(z,y) > Ao, Jo, t) + €. 7.37
26 3(,y) > A(To, o, 1) + €2 (7.37)

Combining (7.35)-(7.37), we can complete the proof.

Lemma 14: Given t # 0. Under Conditions (C1) — (C2), (i) and (ii) of Theorem 3, f,v z)(t) has a
uniform saddlepoint approzimation as (x,y) varies in Ap p,, i.e.

fay.z)(t) = \/mQ—f J(t,bo(£)G ™2 (8, bo(t)) expl—(m — 2)As(t, bo(1))]
x{1+m™ 7, (z,y, 1)},
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where |y (z,y,t)| is bounded as (x,y) varies in Ap. g,
Proof: First, we will show that

2N (t,bo(t)) /0% > 0 (7.38)

as (z,y) varies in Ap p,. Lemma 11 and Remark A.2. imply 0A4(¢,by(t))/0b = 0. Simple calculations
show that

ON(t,bo(t))/0b

= dom —3 + ug(m — 2)_1(271(1%2205)2190(15) +2(m —2r 4+ 2)bo(t) + 2(r + 1)(x + v)),
82As(t7b0(t))/ab2
= uo(m—2)_1(2n(1—_2a)2+2(m—27“+2)).

12
Since (m—2)~1(22020" o2 42)) — %Jﬂ(mf?a) > 0, we sce that 92A4(t, bo(t)) /9% >
0 iff up > 0 for sufficiently large n. Now we suppose ug = 0. Then dA;(¢, bo(t))/Ib = 0 gives dy = 0.
Define xq,y0,b0,to by the following formula,

F(xo)=:;:;, 1—F(Z/0)=Z:;- (7.39)
(=) [P FE) g,
o= <m(F(y0) “F@o) T m ) (740

(m —2) ffg 22dF(z)
F(yo) — F(wo)

t() = \/ﬁ(l — 20&)[)0 (

m—2) [Y° 2dF (= T ?
—(m —2r+2) <(m(F(y)0)fI_0 F(ajo())) O;y()) + r(xo +y0)2
(m —2) nyOD 2dF(2) 2o+ yo

—-1/2
—2(r — 1) (2o + vo) ) . (7.41)

Calculation shows that fo(to) = Xy, go(to) = %Yo, Jo(to) = 0, ﬂo(to) = 0 and Bo(to) = bo are the
solutions to equations (4.4). Now from (7.39), we can easily see that zg—&, = O (nil) and yg—&1_ =
0] (nil). Furthermore, we have &, + &, = 0. Then, from these equations and the definition of tq,
we get [to] = O (n™!). Contradiction because ¢ is a fixed non-zero number.

It is also impossible that ug — 0 as n — oo. Otherwise 1y — 0 implies that dy — 0. Equation (7.41)
shows tg — 0.

Hence we can suppose 92A,(t,bg(t))/0b? is positive and bounded away from 0 as (z,y) varies in

AB,BU'
Next we will show 3 some fixed 6, such that for n sufficiently large,

m(F(yo) — F(z0)) m

92N, (¢,b) /062 > 0

if b e (bo(t) — d¢,bo(t) + df) as (x,y) varies in Ap p,. Otherwise there exists a sequence {d,} such
that &, — 0 as n — oo and 0%A4(¢,bo(t) + 8,,)/0b*> < 0. Since Ap p, is compact, we can suppose
limy, oo (bo(t) + 0) = bf. At the same time lim,, o bo(t) = b§. Note the uniform convergence of
0?A4(t,b)/0b? in any compact set as n — oo when 0%A,(t,b)/0b? is regarded as a function of x,y, b.
We have 92A4(t,b)/0b*> < 0. But we have already shown that 0%A4(t,bo(t))/0b is positive and
bounded away from 0 as (z,y) varies in Ag p, for sufficiently large n. Contradiction.
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So
faw,2)(t)

Yy
= /f(a(f/,Z),b(Y,Z))(tab)db

<2 (t,b)J (£, ) expl—(m — 2)A (£, B)](1 + Fm (2, , 1))

2r J,

m—2 bo(t)—dy Y
SR sy

2 Jp—vo)i<s;  Ja bo(t)+6;

A;% (t,b)J(t,b) exp[—(m — 2)A4(t,0)](1 + T (2, y, t))db.

Laplace approximation gives the result. The uniform error comes from the compactness of Ap p,.

Proof of Theorem 3: Lemma 13 ensures the exponential smallness of
/] o T2 O )y exp(~(m — 2R 1)
Q
To complete the proof of Theorem 3, we need to consider the asymptotic expansion of

//A a(Y,Z) ) QT,s:n(xyy) dl‘dy

Lemma 14 implies
// fa(Y7Z)(t>QT,s:n(‘r7y)dmdy
AB, By

//A E Gl/zt fobo exp[—(m — 2)A(z, y. 1)

f() {1+ m™ (2, y, 1) bdady,

So we obtain a double integral of Laplace type. Condition (i), (i¢) guarantee that we can use the
formula (8.2.55) of Bleistein and Handelsman(1986) to get

/ /ABB \/?G{/;f fobo exp[—(m — 2)A(x,y,1)]

xf(x)f(y ){1+m~ (2, y,t) Hady
o m27—r 261t BOjgt(?j T e P = 2)Aio, o, {1 +m ™ Ru (1)}

This completes the proof.

Proof of Theorem 4. Setting v =0 in (4.7), we get

$(0) =(to) exp{—(m —2) h(to)} ‘% o
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Note that A’ (t) = A\ 7 (t) + K;%(t) + A} = Aj. Using this and differentiating (4.6) result in

oo _ WO _K &,
a v v W
1 dAs(tbo(t) 7 Do ()0
= LRI o (0, 0,50 (0) + Al o085 (1)

,U—l A/ (t bO( )) (fl’;)) dAsa(thO(t))

(%)_1 (Asaa(t bo (1)) +Agab(t,50(t))bg’(t))_

Differentiating A;b(t,go(t)) = 0 with respect to ¢, we find

1"

ng(t) _ 7Asab(t7’50(t))

dt ALy (t,bo(t)
Therefore,

1/2
v _ (Aaap(t bo(1)*
ar (A”“(t R TR >>>

20) = o/ 21 J(to,bo) - (42) =0 - exp{—(m — 2)h(to)}
M= 2 |Ag(to, bo) /2 - [A gy (o, bo) /2 - [At) |71/
From (4.5)—(4.7) and using an integration by parts similarly to Theorem 3.2.1 of Jensen (1995), we
get

[wgsp(t)dt =7 B0 expl—(m — 2)0%/2}do,

(1= ®(vv/m —2)) $(0) + /oo (w(v) - w(o)) exp {—(m — 2)v?/2} dv.

v

9(vy/m —2) <J<o> — i), O<m_1)> |

(1~ @(ovm —2)) 9(0) -

m — 2
From this, we get f gsp(t)dt = 1}(0) Finally we have

P(T >t

/too Gop ({1 + m ™ Ry (1) }dt

/too gsp(t)dt //Oo gsp(t)dt

5 ~
S =3) (50 T o0
vm =2 vi(0)

where, going through from the first line to the second one above, we have used the relation between

the integration of the saddlepoint density approximations and renormalization outlined in Jing and
Robinson (1994). This completes our proof.

1—®(vvm—2) —
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