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Abstract

The problem of testing mutually exclusive hypotheses with dependent
test statistics is considered. Bayesian and frequentist approaches to mul-
tiplicity control are studied and compared to help gain understanding as
to the effect of test statistic dependence on each approach. The Bayesian
approach is shown to have excellent frequentist properties and is argued
to be the most effective way of obtaining frequentist multiplicity con-
trol, without sacrificing power, when there is considerable test statistic
dependence.

1 Introduction

Modern scientific experiments often require considering a large number of
hypotheses simultaneously ([8], [10]) and has led to extensive interest in
controlling for multiple testing (henceforth, just termed controlling for mul-
tiplicity). Many multiplicity control methods have been proposed in the
frequentist literature, such as the Bonferroni procedure which controls the
family-wise error rates, and various versions of false discovery rates (cf. [3]
and [13]) which control for the fraction of false discoveries to stated discov-
eries. The asymptotic behavior of false discovery rate has been studied in
[2].

The Bayesian approach to controlling for multiplicity operates through
the prior probabilities assigned to hypotheses. For instance, in the scenario
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that is considered herein of testing mutually exclusive hypotheses (only one
of n considered hypotheses can be true), one can simply assign each hy-
pothesis prior probability equal to 1/n and carry out the Bayesian analysis;
this automatically controls for multiplicity. That multiplicity is controlled
through prior probabilities of hypotheses or models is extensively discussed
in [11], [12], [5] for a two-groups model, variable-selection in linear models,
and subset analysis, respectively.

One of the appeals of the Bayesian approach to multiplicity control is
that it does not depend on the dependence structure of the test statistics;
the Bayes procedure will automatically adapt to the dependence structure
through Bayes theorem, but the prior probability assignment that is con-
trolling for multiplicity is unaffected by dependence. In contrast, frequentist
approaches to multiplicity control are usually highly affected by test statistic
dependence. For instance, the Bonferroni correction is fine if the test statis-
tics for the hypotheses being tested are independent, but can be much too
conservative (losing detection power), if the test statistics are dependent.

An interesting possibility for frequentist multiplicity control in depen-
dence situations is thus to develop the procedure in a Bayesian fashion and
verify that the procedure has sufficient control from a frequentist perspective.
This has the potential of yielding optimally powered frequentist procedures
for multiplicity control. There have been other papers that study the fre-
quentist properties of Bayesian multiplicity control procedures ([6], [9], [1]),
but they have not focused on the situation of data dependence.

We investigate the potential for this program by an exhaustive analysis
of the simplest multiple testing problem which exhibits test statistic de-
pendence. The data X = (Xi,...X,,) arises from the multivariate normal
distribution

th L p - P
0 1 ...
X ~ multinorm .2 ) ,0 .. p ) (1.1)

where p is the correlation between the observations. Consider testing the
n hypotheses M{ : 6; = 0 versus Mj : 6; # 0, but under the assumption
that at most one alternative hypothesis could be true. (It is possible that no
alternative is true.) Although our study of this problem is pedagogical in na-
ture, such testing problems can arise in signal detection, when a signal could
arise in one and only one of n channels, and there is common background
noise in all channels, leading to the equal correlation structure. We will, for
convenience in exposition, use this language in referring to the situation.
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In Section 2 we introduce two natural frequentist procedures for mul-
tiplicity control in this problem and, in Section 3, we introduce a natural
Bayesian procedure. Section 4 explores a highly curious phenomenon that is
encountered when p is near 1; when n > 2, the Bayesian procedure finds the
true alternative hypothesis with near certainty, while an ad hoc frequentist
procedure fails to do so. Sections 5 and 6 study the frequentist properties of
the original Bayesian procedure and a Type-II MLE approach, showing that,
as n — 00, the Bayesian procedures have strong frequentist control of error.
Section 7 considers the situation in which there is a data sample of growing
size m for each 6,.

2  Frequentist Multiplicity Control

Two natural frequentist procedures are considered.

2.1 An Ad hoc Procedure
Declare channel 7 to have the signal if 1max |X;| > ¢, where ¢ is determined

to achieve overall family-wise error control
a:P<maX|X|>c|9—OVz>. (2.1)
1<5<n
Lemma 2.1. (2.1) can be expressed as

s () e

where the expectation is with respect to Z ~ N(0,1).

Proof. By Lemma 9.1 in the Appendix, under the null model, X; can be
written as X; = /pZ + /1 — pZ;, where the Z and the Z; are independent
standard normal random variables. Thus

P<max|Xj|>c|02-:O‘v’i)
1<j<n
zl—EZ{P(forallj, |\/ﬁZ+\/1—ij|<c|Z>}
n —c—\/_Z c—\/pZ )
—E? P( <—=—|Z
i s

() @(‘CI—ﬁ”ﬁz)]”}-
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Corollary 2.2.

o When p =0, &(c) =1+ bg(;—n*a) + O(1/n?), essentially calling for the
Bonferroni correction.

8]

o When p — 1, ®(c) — 1 — 5, so the critical region is the same as that
for a single test.

Proof. f p =0, a =1—(P(c) — P(—c))" =1 — 2P(c) — 1)", from which it
follow that

1+ (1 -/ 141+ 28001 O(1/n?)

¢ = 2 2

If p — 1, by Lemma 9.1,
lim P (max | X;|>c|6;=0 Vi)
p—1 1<j<n

:1—11Hl]EZ1 """ Zn {P<|\/EZ+\/1—pZJ’<C|Zl,,Zn>}

p—1

=1—(P(c) — P(—0))
= 2(1 — ®(c)).

]

The extreme effect of dependence on frequentist multiplicity correction is
clear here; the correction ranges from full Bonferroni correction to no correc-
tion, as the correlation ranges from 0 to 1.

2.2 Likelihood Ratio Test

A more principled frequentist procedure would be the likelihood ratio test
(LRT):

Theorem 2.3. The test statistic arising from the likelthood ratio test is

_ 2
T: — &
T = 7/1— ; J
mjax[ px]—i—np( —1—p)}

and the LRT would be to reject the null hypothesis if T > c, where ¢ satisfies
a=PT >c|0;,=0Vi).
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Proof. Denote

1 p - p
p 1 p
20 - . . .
pop -1
and its inverse
a b - b
e =q, = —tm=2p
261 - boa b where {a = n = GFm-Dp—p)
: ] . _ - P,
co .o TR T A4+ (n—Dp)1—p)
b b -+ a

The likelihood ratio is then, letting f(-) denote the density of X and X; =
(.Tl, ey i1, L5 — Gi, Tit1, ...(L’n)/,

flx | 0; =0,Y1) B (det S) "2 exp {Fa"s] x}

Hilgl_x f@®|0; #0,0_;=0) B max (det ZO)*% exp {’71 supy, iiTEalii} '
(2.2)

LR =

Computation yields, defining u; = ) x;,
i
b

A —1
0; = arg max 7x?20 % =@ + —uy,
0; a

from which it is immediate that

exp {71 ((a -0 sz) +00>° :cj)2> }

LR = min !
exp {_71 ((a - b)(g—iu? + > 2+ b(—Lu; + Y a:j)Q) }

JFi JF

—1 b? b

= min exp { — |(a — b)(@? — —u?) + b[ (u; + 25)* — ui(= — 1)

A 2 &2 a

(since Z Tj = u; + ;)
1

. —1 9 v,
= min exp § —- | a%; + 2bu;x; + —u;

7 a

-1
= min exp {Q—(axi + bui)Q} )
i a
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Noting that

1
—(ax; + bu;)?
a

1 2
= 1 N —
A+ = Dp)A+ (-2 —p) <( =2 = p ; ‘”’“)

1
C (I+(m=Dpd+(1n—2)p—p)
_ 1 — ' CIZJ’—CE 2
- <1+<n—1),o>(1+(n—2>p>{v ! pxﬁ”p(ﬂ—p)] |

it is immediate that LR is equivalent to the test statistic T
The rejection region is LR < k for some k, which is clearly equivalent to
T > c for appropriate critical value c. n

2
{(1 = p)zj +np(x; — i)}

When p = 0, T = maxz?, and the LRT reduces to the ad hoc test-

ing procedure in the previous section. On the other hand, as p — 1,
T ~ max nQ(\“/%)Q, which exhibits a quite different behavior that will be

discussed later.

3 A Bayesian Test

On the Bayesian side, it is convenient to view this as the model selection
problem of deciding between the n + 1 exclusive models

My : 0, = ... =0, = 0(null model)
Mi . 91 # 0, 9(71') =0 (31)
where 0,_;, is the vector of all 8; except 0;.
The simplest prior assumption computationally is that, for the nonzero

0; (if there is one),
0; ~ N(©0,7%);

initially we will assume 72 to be known, but later will consider it to be
unknown. Then under model M;, the marginal likelihood of model M; is

mo(x) ~ N(0, X0)

m;(x) = ff(a: | )m(6)d0 ~ N (0,%;) , (3.2)
where
1 p - p
. p 1 ... ,0
1+ 72

p p PR 1
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The posterior probability of M; (that the i'® channel has the signal) is then
m;(x) P(M;)

() P(M,)
=0

P(Mi‘w) =

where P(M;) is the prior probability of model M;.

Theorem 3.1. For any p € [0,1) and positive integer n > 1, the null poste-
rior probability is:

POMy | @)= 1+ (= ! i ~ U ) )
ol &)= nr \/mizle)(p 20+ T2a)\ 1 —p e ’

and the posterior probability of an alternative model M; is

-1

2
V14 at?({£) exp —2(11222@ (1%3 + na‘:b) }

P(M; | z) =
S 2 (xi-ad  =
+ > exp {m G pp T 1,(n@)(r; — xk)) }
k=1
(3.3)
Proof. The posterior probability of M; is
POV | 7) = nmi($)P(Mi)
m;(x)P(M;)
=0

1 _
1—;’"\21-]763@ {_7133’22- 1:1:}

-1 _ _ . =1 - -
ol Feap (Farvy e} + 3 Ferp {Fa e

(=)

n
+1+ > exp {%m/(zj—l _ Ei—l)w}
J#i

_1 -1

2
%g exp {Fa' (T — ;7 D)

The expression can be simplified by further computing X 1,(2; - E;l) and
det(%;). First notice that by the Cholesky decomposition

b a -+ b
261: . . . . :LLT7
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for some lower triangular matrix L. Then by the Woodbury identity, the difference
of two inverse matrices can be obtained:

St =Co+mirH)T = S5 =St Sy ) T s
_2
_ 25177251 b oo b Q b - b,
1+ 7%a O
where 7; = (0,--- ,7,---,0)" (the i*" element is 72). Therefore,
ry—1 1 7 ? 7 Li ?
X, X Dx = 1+T2a<:ﬂi(a—b)+bnw> = 1+T2a<1_p+bnw>
2
_ _ T _
S -2 he = m(m? — 23)(a — b)? + 2b(a — b)(nE)(x; — x1) -

Also the ratio of two determinants is
det(%;)/ det(Zo) = det(X1)/det(Xo) = det(I + Xy ry11i7)
=detd + LL" 77" = det(I + LT L™y)
=1+ 7°L}) =1 +7%a).

By plugging back these quantities into (3.4), the proof is complete. O

Remark 3.2. (9.4) gives the full expression for P(M; | ), without using a, b,
and is utilized in the subsequent proofs.

Corollary 3.3. In particular, when n = 2, the null posterior probability s:

P(M0|SU):

-1
1—r 1 —p? 2 T — pry )\’
1+ )3 exp{ (
_ 2 2 — 2 2 ’
2r 1—p*+7 e 21— p*+19) /1= p?
and the posterior probability of the alternative M;,i € {1,2} is:

-1
1—p?472 < 2r ) { 72 (@i—pr—p)®
2 ) exp
1—p2 1—r 2(1—p2+712) 1—p2

Z 2
+1 + exp {—2(1_p2+T2)(3§§ — :E(Q_D)}

4 The situation as the correlation goes to 1

The following theorem shows the surprising result that, when the dimension is
greater than 2, the Bayesian method can correctly select the true model when
the correlation goes to one. In two dimensions, however, there is nonzero
probability of choosing the wrong alternative model if a non-null model is
true.
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Theorem 4.1.
Ifn=2,ie{1,2} and p — 1, then:

P(My | X) — 1 under the null model,
-1 -1
P(M; | X) — <1+exp{7(Xi2—X(2_i))}> under My or My .

Ifn>2i,7€e€{0,1,...,n} and p — 1, under model M,:

POVLX) — 67 = { LT
0 else.

Proof. By Lemma 9.1, z; can be written as z; = 6; + /pz + /1 — pz;.
Case I: n=2:

zi = priy _ 0 = Op) + V1= plzi — pzei) + 2/p( — p)

V1=p? V1=p?

(4.1)
Oi —0iy | 2i — pai Pz

= + + /1 — :
NN P /Tt p

If My is true, since both 6;,6_; are zero, the dominant term of (4.1) is
O(1), so the null posterior probability (Corollary 3.3) becomes:

P(My | ) = (1+O0G/1—p?) =1+o(l).
If M; is true, the dominant term of (4.1) is O(1/4/1 — p?); hence as p — 1:

e B D S S
PM; | ) = 205\ T~ P T 7 A=
+1+ exp { F0:(60; + 22)}

1
- (1 + exp{%@i(ﬁi + 22)})(1 +oll)
1

L+exp {5 (2 — 2 ;)}

-1

(1 +o(1),

using the fact that e="/V1=° goes to zero faster than 1/1/T — p goes to infinity.

If M_;) is true: similar to the previous case, (4.1) is O(1/4/1 — p), so only
the last term in (3.3) remains.

Case II: n > 2: denote z = (21, ..., 2,), 2 = 1/n > | z;
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If My is true : take 8 =

(04, ...,

THE SITUATION AS THE CORRELATION GOES TO 1

0,) = 0in (9. 4) let ¢ = c(p) =

1+(n—1)p :
T 0D 25 and note that /1]1_13 c(p) = Tg(n T - Then
P(M; | o)
-1
1
\ cd—p) <1n—7;»> *
exp _2720<(zi2)+1+( (\/ﬁz+\/1pz)) + 14
- O(W1-p)
(zitzp— 2z)(31_zk)+
-
o d o) 20 PE(: — 2) + VAT — P2 — 20)
Z 2 L+ (n—1)p
\ OW1-p) )
-1
\/ TQ(T:;)/TL <1n7‘r> exp { 2(n— 1)(21 2)2} + 1+
= n _ 1+ o(1))
ZA exp { 2(7::11) (Zi"!‘zk;fi)(zz_zk) }
k#1

-1
2(n —1)/n —n .
= {ﬁ(l —r> eXp{2(n— 1)(21 —2) }} 1+ o(1))

_ T/ ?

If M; is true (j > 0): Take 6, =0V k # j in (9.4):

(1 +o0(1)) = 0.

P(M; | )

(

\
;

C(l p) (

+1+ Z exp
k#j

V(e

{2(1T ,c))( %)91'"‘\/1—/)(2@'—2)—1-

<(1 2/m)0; v/ T=p(z;+25—22) 0,V T—pzi— 1))
1—p

[ 1=2/n)%0?
(57 )

e
=
)

o — p)>2}
)

-1

(1 +o(1))

+(n —1)exp

\

“n (1— 2/n)9
{2(n—1)< 1-p . +O(

— 1 since hm\/l/(l— p)exp{—1/(1 —p)} =0.

\/7

)}
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Theorem 4.2. The likelihood ratio test (Theorem 2.3) is fully powered (i.e.,
rejects the null with probability 1 under an alternative hypothesis) when p — 1
and n > 2, but (as with the Bayesian test) is not fully powered when n = 2.

Proof. By Lemma 9.2:

f/g =2 —Z under the null model M,
_ 0;(5i—1 _ .
= J(]?#)/n) + 2, —Z under an alternative model M .

When n = 2, under M;, when p — 1:

_ 2 2
Tr; — & XTi; — Li—;
lim T = li 1 — o192 J — 921 B G )}
i pli’%j?%?%{ T p(m)} ;L%jg}ig}p<2m

For both j = 7 or j = (—1), the corresponding likelihood ratios go to in-
finity at the same asymptotic rate since [0;/(2v/T —p) + (z — 2—s)/2]" =
[—60;/2VTI—p) — (2 — z(_i))/2]2. When n > 2, under M;, when p — 1:

N 2
max {\/1—pxi+np(\x/l%) } :miaxn{%+zi—2} +o(1)
_ n{‘%(l —1/n)
VT

In this case, the true alternative model has largest likelihood ratio (=00),
hence, LRT is fully powered. [

2
+Zj—2:| +0(1)

From Theorem 4.1 and 4.2, when the correlation goes to 1 and the di-
mension is larger than 2, both the Bayesian procedure and the LRT are fully
powered. This surprising behavior as the correlation goes to one can be
explained by the following observations using (9.1).

When n =2, p — 1:

v —x; = 0; + /pz + /1 = pzl =10 + /pz + /1 = pz]l = {O under Mo

; or — 0 else.
Hence, one can correctly distinguish the null model if it is true, but can not
declare which non-null model is true when z; — z; is not 0.

When n > 2, p — 1: if all pairs z; — x; are zero, then the null model is
true. If there are pairs x; — x;, ; — x; that are nonzero, we can further check
whether x; — zj, (k # j) equals zero or not to see whether 6; or 6; is nonzero.

Note that the ad hoc frequentist test does not have this behavior. As
p — 1, the test
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e still has probability a of incorrectly rejecting a true My;
e still has positive probability of not detecting a signal when M; is true.

This highlights the danger (in terms of lack of power) of using ‘intuitive’
procedures for multiplicity control.

5 Asymptotic frequentist properties of Bayesian pro-
cedures

In this section, we will be studying the false positive probability (FPP) the-
oretically and numerically. We first need to obtain asymptotic posteriors.

5.1 Posterior probabilities

Lemma 5.1. As n — oo under the null model,

POM; @)= (14 n 1—p+712 —72 T; — & 2 71(1_'_ 1)
i®= 1—r 1—p P 20— p+7m)\VT—p ¢

(5.1)
almost surely.
Proof. Take @ =0 in (9.4):

P(M; | x) =

c(ll,p)(%)exp _272C<Zi z+ \/71) (\[Z + mz)> +1+

1+(n

> GXP{QTQC((% + 2 —22) (% — 21) + 2

(V/pz + V1= p2)(/1 = p(zi — 2x)) )}
ki

14+ (n—1)p

~~

II
(5.2)

Without loss of generality, assuming |z;| < n'/?7¢ for all 4, which holds almost

/
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surely by Lemma 9.4, asymptotic analysis of (5.2) yields:

I = ((]_ — 1/71)23@2 + 2(271-) —2(1 - 1/7’L) ziZ(_i)) ( where 2(_1‘) = ]./TZZ Zk)
~~ S~——

O(n~1) O(n™°) e
o) ( ) (v o Vi)
+2 — 1—-1/n)z; — Z_; z++/1—pz
<1+(n_1)p (1—1/n) i | | VP p
O(m—1) Om1/2¢) o)
V1I—0p 2 _\9
Y /11— pz
(1+(n—1>p ozt V12
N -~ o)
O(n—2)

= (1—1/n)*2} + O(™).

Therefore,

F nr —72 /

c=p\1-7)"P12°

- 1 nr —72 5 4 .
_Mc(l—p)(l—?”) eXp{TC(l—l/n) zi}<1+0(n )) (5.3)
. 1—,0“‘7'2 nr _ 72 9

Y (1_7~)e’<p{zu_—p+fzﬂ}“+0m)-

1= (22— 22 1—-2/n)—(2/n 2)(z; — 2

(2 ro ) /n) —(2/ E 1) ( k)

O(n1726) l¢{zvk} O(nl/Qfe)
—_——

O(n~1/2)

Vel —p) ziz  +(1 = p)zi/n(—z)
~— —_——

N J/

n ( 2 ) Omn'/?=9) O(m=1/2-¢)
L+(n—1p) | +1=p) zf/n +(/pz+ /1= pZCi)(=2)
v . 2

O(;Lr_l) O(n_2€) O(n;7276)
= —2)(1—2/n)+00n°).
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The summation term in (5.2) becomes:

n _7_2
Zexp{ZcII}

ki
- 7212210—6n 12/
=exp —c-(1=2/mz ¢ (1+ 0 ))kz_lexp o (1 =2/m)z;

2 2
-7 2 Z T 2
= - E — 7 1) )1 1
eXp{2(1—p+72)Z1}n< [eXp{2(1—p+7’2) }]—i—o( ))( + o(1))
by the Law of Large Numbers and since Z ~ N(0, 1)

= €X P IEE—— S — 1+()1 .

(5.4)
The proof is completed by adding (5.3) and (5.4). O
Remark 5.2. Note that, by Lemma 9.2,
=) = ST O(1/v/n) (5.5)
(2 7 \/m Y *

so that Lemma 5.1 can be written, with respect to z;:

B n [1l—p+7? —71222 -

Remark 5.3. Figure 1 shows the ratio of the estimated P(M; | ) (from
Lemma 5.1) and the true probability (from Theorem 3.1), as n grows. Each
plot contains 200 different ratio curves based on independent simulations
with fixed p, P(My) and 7. As can be seen, the ratio goes to 1 when n grows
and the convergence rate indeed depends on the correlation.
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Figure 1: Ratio of estimated and true posterior probability of M; as n grows
under the null model and fixed 7, r, different p. Each subplot is for different
correlations and contains 200 simulations.

Remark 5.4. Figure 2 gives the estimated and true posterior probability of M,
under the assumption that the null model is true, for fixed r = p = 0.5 and
n, but varied 7. Notice that, for fixed n, the estimated probability is closer
to the true probability when 7 is small but is worse for larger 7, indicating
that larger n is required for obtaining the same precision as 7 grows.
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0* p=0; PM0) =05 o® p=02; P(M0)=05 ot p=0.4; P(M0)=0.5
5 5

—— True P(M1X) —— True PMIX) —— True PMIX)
— Estimate P(M1|X) 45 — Estimate P(M1]X) 45 — Estimate P(M1]X)
4 4 \ 4
35 \ 235
g \ £
E] \
3 Z 3 \ c 3
\ = \ 2
25 \ 25
2 i 2 2
15 15
1 S~ 1 S~ 1 ~__
0. 05
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
10 p=0.; P(M0) =03 0* =08 P(M0)=0.5 o’ =09 P(M0)=0.5
5
—— True P(M1[X) —— True P(M1|X) —— True P(M1[X)
—— Estimate P(M1]X) —— Estimate P(M1[X) 45 —— Estimate P(M1X)

AN

Figure 2: Estimated (red line) and true posterior probability (blue line) of
M for different 7 under the null model, for fixed n = 2000,p = r = 0.5.

The following theorem shows the surprising result that, as n grows when
the null model is true, the posterior probability of the null model converges
to its prior probability. Thus one cannot learn that the null model is true.

Theorem 5.5. Asn — oo and p € [0, 1), under the null model,

P(My | X) — P(Mo).
Proof. First note that

_ 1 —p _ 1
an = =+ Tpmreny — = T O/,

- =14 1=p  _ =1
nbn = 1=, + apareony = 15 T OA/1).

(5.6)
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The summation term in the null posterior (Theorem 3.1) becomes

11— 1 n 72 v —x]?
< nr >¢1 72/(1—p)ZeXp{2(1+72/(1—p)){1_,0} }(”O(l))

2
( )1/ m/7 p+722 {2(1 Pt }(1+0(1))(byLemma92)

1—
(by the Strong Law of Large Numbers).
r

—

Therefore, P(My | X) — (1 4+ (1 — 7’)/7’)_1 =r=P(My).
]

Remark 5.6. Figure 3 shows simulations of the null posterior probability for
different numbers of hypotheses and different correlations. Interestingly, by
Theorem 4.1, the Bayes procedure identifies the correct model (here the null
model) when n is fixed and the correlation goes to 1, resulting in higher
initial posterior probability of the null model for highly correlated cases. On
the other hand, by Theorem 5.5, this posterior probability converges to its
prior probability regardless of the correlation. This convergence can be seen
in Figure 3.

0506

Z 0502

Figure 3: Convergence of P(My | @) to the prior probability (0.5) under
the null model. Each subplot has a different correlation and contains 50
simulations.
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5.2 False positive probability

Here we focus on the major goal, to find the frequentist false positive prob-
ability under the null model of the Bayesian procedure. To begin, we must
formally define the Bayesian procedure for detecting a signal.

Definition 5.7 (Bayesian detection criterion). Accept model M; if its pos-
terior probability P(M; | @), is greater than a specified threshold p € (0, 1).
If multiple models pass this threshold, choose the one with largest posterior
probability.

Definition 5.8 (False positive probability, FPP). Under the null model, the
FPP is the frequentist probability of accepting a non-null model.

Theorem 5.9 (False positive probability). Under the null model, as n — oo,
1-p
P(false positive | r,p,7%) = O(n~ = (log n)~*/?).

Proof. Under the null model, by (5.1), P(M; | ) > p is equivalent to

1—- 2 1— 2
2522( @+T)m( no_p p+7(1+dD0 (5.7)
T 1—r1-p 1—p

By Fact 9.2:

1— 2 1— 2
P12, > |2 =L g (P PET Lo
T2 1—rl—p 1—p

Tn
-1+
2 (1 p [1ptr? T
ViR <1—r1—p i, > (1+o(1)) < ] )

e o n (log n)?
2( 2, )m("”g fp>>+mn

P(any false positive | My) =1 — H P(Z:i| < vn)

=1-A=-P(4]z7m)"=1- (1—%) =1-(1-d,)+0(d)

< 1)( 7] )(u—ma—m)”?’
n' ) \yr — p+ 72\t p
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(logln —I—log( P “1—p+72>)2(1+0(1))
- 1—p 1—p

— O~ (log ) 7).

]

This is a surprising and unsettling result: a standard Bayesian procedure
yields a false positive probability that goes to zero at a polynomial rate. This
is much too strong error probability control from a frequentist perspective;
that it happens on the Bayesian side is surely indication that assuming we
know 72 is too strong an assumption. Hence we turn to a more flexible
approach in the next section.

6 Adaptive choice of 72

To increase the frequentist power of the Bayes test, we consider adaptive
choices of 72. First, we consider the choice that maximizes the false positive
probability. Then we consider a Type II maximum likelihood approach based
on estimating 72.

6.1 The adaptive 72> which maximizes FPP

Theorem 6.1. Given null model prior probability r, correlation p, and de-
cision threshold p, as n — oo, the choice of T2 that maximizes FPP is

72 = (1 — p)[2logn + loglogn + 21log + log 2]. (6.1)

___pr
1 -=pd—-r)
The resulting FPP s

P( false positive | null model , 72)
= (e_1/2 %) (w) (2 log n + loglog n + CT) 71(1 + o(1)),
g (6.2)
where ¢; = 2log 7 t—5 +log2 + 1.

Proof. Without loss of generality, assume max 2? = 27. By the model selec-

tion criteria (5.7), z; is a false positive if:

2 1—p np l—p+m;
22141 )1°g<<1—p>(1—r>\/ 58 ) o 69
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Lemma 9.5 establishes that (6.1) maximizes the FPP and, with this choice
of 72, the rejection region becomes

2 p
z1 > 2 logn +loglog n + 2log ———  + 1 + log 2 +0(1) .
' S A -pd - ) (6.4)
o)
Finally,
P( false positive | 72, p,7)
= exp{—§2(1+1ﬂ%") log (12”5@ 11"_+:%>+o(1)}
R R TR e =
1
+O<n(10g n)2> J
7(1+CE,17) "
5 ((1—;;?1—71) 1+ an) 1+ o(1))
—1-{1- \/>
™
\/(1 + cnt) 2log <(1_T7;f’1_p) 1+ an)
where ¢, » = 2log n + loglog n + ¢,
Apa-—n(__np o
1 Ve <<1—p><1—r> 1+ CW)
=1- l_ﬁ (I +o(1))
\/7r<1 + an) (210gn+ 2c¢ + loglog n 4 log 2 + 1>
dﬂ/
1
= dp(1+o(1)) + O
(L+o(L)+ ((log n + loglog n)2)
2\ /(1 —p)1 - !
= <e_1/2 > ((p)ér)) <2 log n + loglog n + CT> (14 0(1)).
T
O

So, with this adaptive choice of 72, the FPP only goes to zero at a
1/(logn + loglogn) rate, much slower than the polynomial rate achieved
for fixed 72.

Remark 6.2. Figure 4 provides the simulated (red curve) and theoretical (in
blue) false positive probability (FPP) with respect to the number of hypothe-
ses (denoted by n). As expected, the simulated results match the theoretical
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prediction, the rate of convergence being around 1/(2logn + loglogn). Note
that the FPP does not become extremely small even for very large n.

0024
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Q012

Q010
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a 50000 100000 150000 200000 20000 300000

n

Figure 4: Comparison of the simulated FPP and its asymptotic approximation
when p =7 = 0.5, p = 0 as n varies from 10! to 3¢®, 72 is the adaptive choice.

6.2 Type II maximum likelihood estimation of 72

The type II maximum likelihood approach to choice of the prior under the al-
ternative model replaces a pre-specified 72 with that prior variance, 72, which

maximizes the marginal likelihood over all possible 72; see [4] for discussion
of this approach.

Lemma 6.3. Let L,(72) be the marginal likelihood of T2 given (x4, ...,%y),
namely

Lo(7®) =Y P(Mpmi(x | 7).
1=0

Defining
T2 Z;

1 n
L) = ———x 3" bnz)?
) = it izleXp{z(HT?a)(l—ﬁ m>}’

the Type II mle, 72, can be found as

arg max f}n(7'2) = arg max L,(7%) .

T2 T2
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Proof.

- _ 1
Ln=T|Eo|71€XP{7 P

RS -1
|2 Zexp{T:c Y x}
i=1

_ -1 1— _ _
= il e {2""251‘”} + sl T+ )T

-1 n 2 2
* exp {2;1;/25133} ZZ: exp {M <a:i(a —b)+ bn:?:) }

1
P14 2a)

—1 -1
= |Xp| 2 exp {w’E_lx} * B 2
2o 2 0 * Z exp 2(1+7_2a) zi(a —b) + bnx

Noting that a, b, X and &' Lz are independent of 72, the result follows. ]

Theorem 6.4 (Type II MLE false positive probability). Given null prior
probability r, correlation p, and decision threshold p, as n — oo

1 1
P(false positive | null model ,72) = Toon oqn (E — 5) (1+o(1)),

where k* satisfies:

1 1 1

Proof. First, Lemma 9.5 shows that (6.4) provides the absolute lower bound
for 27 to be in the rejection region; namely 2logn +loglogn + c(p,r). So the
rejection region, denote it by €2, corresponding to the Type II MLE choice of
72 must be a subset of (2logn + loglogn + c(p,r),c0). Divide this interval

into

Q1 = (logn+loglogn + c(p,r),2logn + loglogn + c(p,r) + K)
Qs = (2logn + loglogn + c(p,r) + K, 00),

where K will be chosen large, but fixed. We first determine 2N €2;.
For any 27 = 2logn + loglogn + ¢ € Q, Lemma 9.10, shows that the
Type-II MLE estimate is

72 = (1 — p)k(c)logn(1 + o(1)) where k(c) = (1/2 + exp {—c/2} /\/%)_1

Thus, letting 2}? = 2log n+loglog n+c* denote the smallest value in QM€ (if
it ex1sts) and lettlng 72 = (1—p)k(c*) log n(1+0(1)) denote the corresponding
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Type-II MLE estimate, the smallest value must satisfy, by (6.3),

1—p n o p 1—p+ 732
*2 n
=211 l 1
2 <+ %;2>n<1_“_p - +o(1)

1
=2 <1 T @) logn(l + 0(1)))

* <logn + log—(1 — pil 5

= 2logn + loglogn + [log k(c*) + 2 loQ((l—p;il—?")) +2 (k(lc*)ﬂ —i—o(l)) .

l*

+ %log(l + k(c*)logn (1 + o(1)))> +o(1)

This is equivalent to

1
¢ = logk(c*) + 2109((1_;11_7,)) i 2(/<:(c>)

B 1 exp{—c*/2} D exp {—c"/2}
(6.6)

which, using Lemma 9.11 (which shows that [* > c(p,r)), can easily be
shown to have a unique solution in Q2 N €; (assuming K is larger than, say,
4log (m))' It also also then easy to show that

QN =Qlogn+loglogn + 1" 4+ o(1),2logn + loglogn + c(p,r) + K).
By 9.2,
P())

PN §y)

< exp (—[2logn + loglogn + c(p,r) + K1/2)/+/21logn + loglogn + c(p,r) + K

- v/2log n+log log n+1* exp (—[2 log n+log log n+1*]/2) __ exp(—[2log n+loglog n+c(p,r)+K1/2)
2 log n+log log n+c(p,r)+1* V2log n+loglog n+c(p,r)+K

= (exp([e(p,7) + K —1"1/2) — 1) (1 + o(1)).

c(p,r) and [* are fixed, we can clearly choose K large enough to make this
smaller than any specified e. Hence the region ), can be ignored in the
computation of the FPP. (It is almost certainly part of the rejection region,
but we do not know what 72 is for observations in that region and, hence
can’t say for sure.)

We can also use the same argument to say that

PQN Q) =P(2logn + loglogn + 1*,00))(1 +¢€) .
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Writing k* for k(c*), it follows that the FPP is

FPP—1 {1 \/% exp {’71(2 logn + loglogn + l*)} (1 4+ o(1)(1 +¢) }n

Vv2logn + loglogn + I*

{1 2 (1 - p)(1 — r)exp(~1/k")
pm\/(log n)(2logn + loglogn)

B 2

N 7rk*

- —-1/2
} <(1 p;fl 7“)) |:(10gn)(2 logn—i—loglogn)}

(1 +o)1 +e€)

(1 +o(1)A+ e)}

1 1 1
Since € can be made arbitrarily small, the result follows. O]

Note that (6.5) can be solved numerically. For instance, when p = r = 0.5,
~ 1.6142. The solution of ki —% with respect to m is, indeed, given
in Figure 6.

The Type II MLE FPP converges to 0 at a logarithmic rate in n, as did
the maximal Bayesian FPP. Thus both are far less conservative than the
Bayesian procedures with specified 72. Finally, it is interesting that neither
of the adaptive asymptotic FPP’s depend on p.

Remark 6.5. Figure 5 demonstrates how the threshold p (Definition 5.7) can
be chosen to achieve a fixed FPP of 0.05. Because, for a fixed p, the FPP
goes to zero as a function of n, smaller p are needed to achieve a fixed FPP
as n grows. Note that the variation in p is actually quite small over the very
large range of n considered in the figure.
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threshold p

Figure 5: For fixed prior probability of 0.5 for the null model, this gives, as
the number of hypotheses n increases, the Bayesian threshold probability p
that would achieve an FPP of = 0.05.

Remark 6.6. Figure 6 gives the value of ki — % for different m.

25

—N

x
—%

05 \

Y
TP

Figure 6: Solution of ;% — I (y-axis) with respect to different i (X

axis).

Remark 6.7. Figure 7 demonstrates the how the detection power varies when
the signal size increases.
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Figure 7: Power versus 6; for fixed p = r = 0.5, p = 0, and different n (see
the color legend on the top left). Each point is the average acceptance rate
of the true non-null model when 6; is as specified on the x-axis.

7 Analysis as the information grows

In this section, we generalize model (3.1) to the scenario where each channel
has m i.i.d observations. Then the sample mean satisfies

X ~ multinorm ,2 , — p p (7.1)
: m o .
en p p o« o o 1

Hence, m can be seen as the precision of X. More generally, we will replace
1/m by a function 2, where 2 decreases to zero as n grows.

The theorem below gives the rate of decrease of o2 which guarantees
consistency. For the i.i.d. case, consistency of all models is only guaranteed
if m grows faster than logn; consistency fails if m grows slower than logn;
and consistency depends on the parameter value if m is O(logn).

Theorem 7.1. Consider model (5.1), with the altered covariance matriz be-

01

1
)
X ~ multinorm ,2 o2 ,0

p o e [O
1 - p

n . . . b

(7.2)
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1. When o%log n — 0, consistency holds for both the null and alternative
models.

2. When o2log n — d € (0, 0),

o  Under My: P(My | X) — (1+ = [20(424) — 1)), failing to
be consistent.

e  Under an alternative model M;, if d € (0, 552 2(1
holds for M, whereas consistency does not hold otherwzse

) consistency

3. When %log n — oo and % log n = o(log n), consistency does not hold
for any model. In addition, when the null hypothesis is true,

P(My | X) — P(Mp).

Proof. Write 02 = d,/logn, X} = X;/0,, and 0; = 6;/0,. Then a nonzero
07 has prior N(0,72/0?2) and (7.2) becomes:

01 L p - p
* 1 .

X" ~ multinorm .2 , p p
05, pp 1

Under the null model: by Theorem 3.1,

P(My | )~ !

2 2 \/ﬁ
ZeXp{z(U +Tan)<\/7+1— +bnn\/1—pz+bnn\/ﬁz> }

1—r o2 - 72 22-2 1
:H( nr >\/02+72/<1— Zexp{%%ﬂ/(l—p))(l—m} (Ho(ﬁ))
MZexp{—z }(1+O(1/f))

= (

(7.3)
where
=1 >, 1
n = 1= p1+ =Py 1—p1+ O /n),
— ; _ t=p @ =1
nbn = 1=, + A=p(+m=Dp) — T=p +0d/n),

Cn = (1—p)o2+12 = (1—p)dn/logn+72 *
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Since d,, = o(log n), 1—c, = o(1), and 0 < ¢,, < 1, one can apply Theorem
9.7 to get the asymptotic analysis of (7.3):

21 — 1— p)o? 1 — p)o2 + 72
op [ X cn)log n g p)anlog n L= PO T
Cn 1—c¢, T2 (1 —p)o?

= A= p)dn {log (n logn) + 0(1)}

72log n d,
. L/ d l 00 if d,, = o0,
— Pl (N og () aroq)) = L e ifd, —d,
T2 2\ logn dy, T
0 if d, — 0.
Hence, under the null hypothesis,
P(My) if d, — oo,
P(My | X) = < (1+(EDee(Ed) 1) ifd, —d,
1 ifd, —0.

Under the alternative model M;: by Theorem 3.1,
P(M; | z)™
ant: [ nr —72 62 1
=./1 n - J O(—
Vo (1 - 7“) exp{z(ag +anr?) L—g(l R (an)]}

- —72 62 1
1 J — :
e o arm |z 1960}

The first term 1is

2/A=p)( nr — 72 0]2- logn
A (1—r>exp{zw%ﬂ/a—p))[(1—/))20%;] <1+O< d ))
AT ol )

j .
20— )

which — 0 if and only if li_}rn dn <
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And the last term,

- —72 9]2 logn

o sl (o)

pary {2(0n+ /A —=p) (L= p)ro dn,
92- logn logn

_ 7

_”exp{ 20— p) dn }<HO< dn >>

:nl‘m—gm<1+0<,/lodin>>,

2
J

20 —p)

— 0 when lim d, <
n—oo

8 Conclusions

The main purpose of this work was to gain understanding of the behavior of
Bayesian procedures that control for multiple testing, under a scenario of high
dependence among test statistics, where frequentist methods for multiplicity
control become more difficult to implement when trying to maintain high
power. In Section 4, the Bayesian procedure was shown to have unexpectedly
high power as the correlation gets large, providing an illustration of the
gains that can be had by approaching multiplicity control from the Bayesian
side. (Bayes theorem often produces things that we could not have produced
through our intuition alone.)

The other main issue concerning the behavior of the Bayesian procedure
is the extent to which it also exhibits desirable frequentist control. Surpris-
ing to us was that the Bayesian procedure exhibited too-strong frequentist
control, with the FPP (false positive probability under the null model) going
to zero at a polynomial rate, as the number n of tests grows. To a Bayesian
who believed in the prior distribution that was utilized this would not be
viewed as a problem, but we tend to prefer procedures that have a dual
Bayesian /frequentist interpretation. To this end, adaptive versions of the
Bayesian procedure were considered, and found to have FPP’s going to 0 at
the much slower 1/logn rate; indeed, unless n is huge, the resulting FPPs
were reasonably moderate.

A number of other surprises were also encountered, such as the fact that,
as the number of tests n grows, the posterior probability of the null model
converges to its prior probability. (This is actually a very general phe-
nomenon that will be reported elsewhere.) The situation of having i.i.d.
replicate observations m was also considered, and it was shown that one
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needs m to grow faster than logn to achieve consistency, under both the null
and alternative models.

Methodologically, if a frequentist were to encounter this particular multi-
ple testing problem and desired a procedure that is fully powered and achieves
an FPP of a, we would suggest using the adaptive Bayesian procedure in Sec-
tion 6.1. One solves (6.2) for the Bayesian rejection threshold p (with, say,
the default choice of r = 1/2 for the prior probability of the null model), and
then rejects the null and accepts M; if P(M; | ) > p, where P(M; | x) is
as in (3.1) with 72 chosen as in (6.1). This Bayesian procedure will have the
unusual power benefits outlined in Section 4 when the correlation is high,
while achieving the desired frequentist FPP (at least asymptotically) and
likely having the greatest power against alternatives, since the 72 in (6.1)
was chosen, in essence, to maximize the power.

9 Appendix

9.1 Normal Theory

Lemma 9.1.

6 L p - P
0 1 -

X ~ multinorm ,2 , ,0 p
gn p p PR 1

18 equivalent to

where Z, Zy, ..., Zy, ~ 1id N(0, 1). Furthermore, if0; = 0 Vj, then, asn — oo,
z _ 1
Ti—® _ . 1
= =z + O (\/ﬁ)
Proof. 1t is straightforward to show that the expectation and covariance of

(9.1) are as desired. (9.2) follows from the definitions and the central limit
theorem.

(9.2)

]

Fact 9.2 (Normal tail probability). Letting ®(t) denote the cumulative dis-
tribution function of the standard normal distribution,

tLe_t2/2 Le_tQ/Q
VemT < 1-d0B< Voo
?2+1 t
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1

—t2/2 —t2/2
Nor e e
1—q>(t)=%+o( 5 )

The proof can be found in [7].
By expanding a, b in Theorem 3.1, one obtains the following explicit form
for the posterior probabilities:

Corollary 9.3. The posterior of any non-null model M; is:

PM; | ) =
( y 1
(—p+72)(1+—Dp)—%p [ nr |,
(I+(n—Dp)(1—p) j
2
r2 1+(n—1)p = (1-p)z
eXp{ 2 [A—ptD+n—T)p)—r2pl(1—p) ((5‘71 L)+ Tro-np ) (T

1+(n—=1)p
Z eXp[ 2 [A—ptr2)(A+m—D)p)—72pl(1—p)

. — 2% — ZT(xi—z)A—p)
((xﬁxk 28)(@ = o) + 270550, )}

(9.3)
Alternatively, in terms of z(x), with z; = z;(x):
P(M; | ) =
-1
(—ptr2)(1+—bp—%p [ nr |, )
(I+(n—Dp)(1—p) 1-r
72 14+(n—1p

eXp[ 2 [A—ptr2)(1+mn—Dp)—2pl(1—p)

2
<ei =0+ VT = (2 — 2) + 5:55,0 + /o2 + /T —p pz)> }

1+(n—1)p
+kz eXp{ 2 [A—pt 721+ (n—Dp)—2p]

[0:+0x —20+/T—p(zi+21 —22)1[0; — Ok +/T—p(zi— Zk)]+
1-p

2[0—}—\/52—&—\/ —pZl[0; =0k +/1—p(z; —z1)]
THn—Dp

(9.4)

Lemma 9.4. If Z;, i € {1,2,...,n}, are i.i.d. standard normal random
variables, then

|Zi| < nl/?=c v holds almost surely.
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Proof. By Fact 9.2:
P( for all i,|Z;] < n'/?79)

- (1 - P(21] 2 n1/2—€>)

1 _ 1 .1-2¢ 1-9¢ n
- Vor exp{ an } —-n
= (1 —2 Yo + O\ exp 5

onl/2—€

exp{—1int=%} n
= (1— V2r - 2 —|—0(n_2)>

1
= 1-0 (2711/2+6 exp{—§n1_2€}>
= 14+o0(1).

9.2 Adaptive Choice of 72

Lemma 9.5.

1—p D l—p+712
argglax{(ljt 72 )log(n(l—p)(l—r)\/ 1—0p >+O(1)} (9.5)

+log2 + 0(1)) :

p
=(1- )(210 n + loglogn + 2log ————
P g g10g g(l—p)(l—r)

Proof. Letting x = % and ¢ = the expression in square brackets

in (9.5) can be written

f(x) =1+ x)(log(ncd) +1/2log(1 + 1/x)).

_p
1-p)d-r)’

Clearly
fl(x) = %(210g(nc’) + log(1+1/z) —1/2),
so that, f'(x) = 0 when 1/z = 2log n + loglogn + 2log ¢’ + log2 + o(1), or
™ = (1 - p)2log n +loglogn + 2logc +log2) + o(1).
0

Fact 9.6 (Weak law for triangular arrays (WLTA)). For each n, let X, ;,
1 < k < n be independent. Let B, > 0 with 3, — oo and let T, =

Xk lx, 01<gay- Suppose that as n — oo: Y P(|Xux| > 8,) — 0 and
k=1

1/82 5 EXZ, — 0. then
k=1
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(Sn - an)

3 — 0 in probability

where Sp, = Xp1+ oo + Xpp and o, = > EX .
k=1

See [7] for the proof.

Theorem 9.7. If ¢, € (0,1)Vn and 1 — ¢, = o(1), then

.1 = Cn , 21 — ¢,) n
lim —vT—c, Y {—.2}:1 20 1 1
Ao 70 ¢ -~ FPLRE S TN <\/ o B m)

in probability.

Proof. Take X,,; = exp{%2?}; B, = —= in Fact 9.6.

Checking the first assumption of the WLTA:

1 -12 n _1

B 2%€$p{7310g 1_Cn} o (Jlﬁicn cn
a 2 Jog —2 (log —2=)?

e 108 Vi, en 7 Ve

1
(1 +o(1))
v

1
T—co 1
¢ 1+ o(1)).
n

1
ﬁ nen Vliog

S
3
g

Therefore,

> P( Xkl > B2) = nP( X | > Br)
i=1

1

1—-L 1
<n e (l—cy)2en
logn

1

l—cn

_1
=n < (1—c,)2n

— 0.

Viogn
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Checking the second assumption of the WLTA:
Since lim ¢, — 1, without loss of generality, assume ¢, > 3/4. Then

n—oo
izn:E)p = 1_Cnn / exp{c 22}1exp{_1z2}dz
AT " s P
|z]< %log\/liicn
1-— 1 1 1
— nCn Wor / exp {(cn — 2)22} dz + / exp {(cn — 2)z2} dz
T
1<|z|< élog\/l’iicn lz|<1
1-— 1 1
< Cn - / zexp{(cn—)ZQ}dz—i-d
n 2 2
1<|z|< %loyﬁ

l—¢c, 1 1 1.2 n
= n n — —)(—) log —— d
n A2 {2(cn— %) exp{(c 2)(cn) ©8 1Cn} * }

1

1 ( 1 )1—cn< n >2‘cn+ W
V2 \2¢, -1 n V1-—cp, ©
- 1( L >n1_c1n(1—cn)2c1'n +o(1)

\ 27 2¢c, —1
<2
< 2R e 4 o) = o()
—n  en (1 —cp)2n +0(1) =0(1).

Noting that

Vv1—c 1—c, — —
Y- ay = 771 n X;EXn,i
1=

n

2 log -
(- en) / @2 1 =2 (@( g“‘“L) 1)
= —c e e z = —— | — = |,
" V2r Vi—ep ) 2
|z\<4/%log\/1i7n

the WLTA yields

n n

2 2
St —ay, 1 —cy Y e
Sp — oy, i=1 i=1

- - (8%
n n
n n
5" 1—cp

— 0.

in probability, and the result follows. O
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~2

Corollary 9.8. Letting ¢, = {—"=,
1 if l?# — 00,
1—anexp{—z }—> 2@(\/7) -1 zfl"g” = T
0 if l% -0

in probability.
Proof. By Theorem 9.7:

Case I: log" — 00. Clearly

1—c, 2(1 — 1— 72
Cozn:>2® ( p)ogn TPt —1—=1.
n 72 1—0p

n

Case II: log"

1
(1-p)k

v1—c¢, 2(1 — — 72
—Can:>2<1> (1A p)log n ﬂ —1—2 \/2 —1.
n 72 1—p k

Case III: log” — 0. Clearly

1—c, 2(1 — 1— 72
¢ an:>2<I>( ( mlog(n ﬂ)) —1—=0.

n 72 1—0p
O
Lemma 9.9.
lim ———— Z i ( i +b _)2
NI
n—oon, /]__|_7-2 2(1—1—72&) 1—
(9.6)
1 2 2
_ —” ¢ 1 .S.
1_p+722 {2(1 3)}( +o(l) as

Proof. Expanding the coefficients yields

1 —<1+ 72(1 + (n — 2)p) )‘1
1+72a 1+ (n— Dp)1 — p)
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1—p

1—
T l-prr2(l+ B 1+ 00/m),

1p—|—2

1+(n l)p)

and

(xi +bna‘3>2—1 <$.+—pna_: )2
1—p 1=p2\" 1+@m—1p
_1< '__(1_1—p)>2
Ta—p2\"T T T T e

1 1- 1- 2
= (1_[))2<mzi+ﬁz(1_p)+m\a(—1+p)>
—_————

+ pn 1—p+pn
Lre O1/+/n) pTe
O@1/n)

2

4 Olog m/vm).

1

Therefore,
1 T2 ZT; 2
—1 - bnx
V1t 72 /n;eXp{%Hﬂ%a)(l—ﬁ ") }
1—0p 72 22
= 1 el 1 .
\/1—,04—7’34—0(1) /”Xi:eXp{ 2 [1—p+rg ol )H

Lemma 9.10. Under the null model, suppose

N
max (f/JlTJ;) = 2log(n) + loglog(n) + c.

Then

1—p
L =1 \/1—p+7‘22 {2(1—p+7‘2)}

18 mazimized at
72 = (1 — p)k(c)(log n)(1 + o(1)),
where

k(c) = (1 +2//mexp {—c/2})*

Proof. Without loss of generality, let max|z;| = |z1].

1—p 7222
Ln ~2 — 1 n~1
(7) (\/1—p+@3 /”exp{2<1—p+ﬁ%>)}+

[\

-~

1
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ey T 1+ o(1
= /"Zexp 3 prny)d e

J/

-~

11
First, note that L,(72) — 0 when logn/72 — oo, since

—(1—p) (Tn) cA2
nl—p+‘f‘,r2l /logn1 p+rn€2(1 p+Tn)(1 + 0(1))

I =

1
/2
Tn
~0-p)

= ni-et77 \/log n/72e“2(1 + o(1)) = o(1),
11 — 0 by Corollary 9.8.

Similarly, one can show that L, (72) — 1 when logn/72 — 0, since

—(1—
= nioert /log n/72e*(1 + o(1)) = o(1)
I — 1 by Corollary 9.8.

For the case in which logn/72 — k, using Corollary 9.8, it follows that
La(72) = [vea ™) + 28(v/2v) — 11(1 + o(1),

where v = /(1 — p)/k. Differentiating f(v) = [vez™"") + 20(y/2v)] and

setting the derivative to O, yields the solution v = ,/% — \/Lge—c/?, which
translates into k(c) as in the statement of the lemma. It is straightforward

to show that this extrema of f(v) is the maximum, and
f(©) > max{lim f(v), lim f(v)} =1.
v—0 V—+00

As this maximum thus exceeds the maximum over the domains logn /72 — oo
and logn/72 — 0, the proof is complete. ]

Lemma 9.11. For the k(c) defined above,

log(k(c)/2) +2/k(c) —1>0Vec>0
Proof. Note that © = k/2 < 1, so that we want to show that f(z) = log(z)+
1/z — 1 > 0 over this region. Since f'(z) = 1/x —1/x? < 0 over this region,

f(x) is minimized at x = 1, proving the result.

[
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