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1. Introduction

Multiple testing in general linear models is a long standing statistical prac-
tice. The subject has been given great impetus over the last two decades with
applications arising in fields where the numbers of hypotheses to be tested
can be extremely large (namely thousands). Such applications are needed in
microarrays, astronomy, mutual fund evaluations, proteomics, disclosure risk,
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cytometry, imaging and others. Traditional methods, usually classified as sin-
gle step methods, are deemed too conservative, particularly when the number
of hypotheses to be tested is very large. To compensate, stepwise procedures
were introduced, which enable more rejection of hypotheses. See, for exam-
ple, Dudoit and Van Der Laan (2008) and Lehmann and Romano (2005) for de-
scription and some properties of single step and stepwise procedures. Many step-
wise procedures are based on P-values derived from the marginal distributions
of relevant test statistics that test an individual hypothesis. Oftentimes, these
and other multiple testing procedures (MTPs) are focused on controlling some
type of error rate, namely, the familywise error rate (FWER), weak or strong, or
the false discovery rate (FDR). Oftentimes the error rate controlling procedures
seek to have good average power. While focusing on error rate control of the
overall procedure, sometimes the properties of the ensuing tests of each individ-
ual hypothesis is not given enough attention. It is true that the resulting test for
an individual hypothesis resulting from an MTP can be complicated. Neverthe-
less, examining the properties of the individual tests can be important. In fact,
a decision theory approach to multiple testing, focusing on individual tests, can
suggest procedures that do well when evaluated by the expected number of type
I errors and expected numbers of type II errors. This represents another way to
evaluate MTPs. See Dudoit and Van Der Laan (2008) where attention is given
to type I and type II errors as well as to error rate controlling procedures.

In a series of papers, Cohen and Sackrowitz (2005a,b, 2007, 2008) and
Cohen, Kolassa, and Sackrowitz (2007) have shown that many of the standard
stepwise procedures under a wide variety of assumptions, often turn out to be
inadmissible for a variety of risk functions that involve both expected type I
and expected type II errors. For exponential family models the inadmissibil-
ity is often shown to follow because in testing an individual hypothesis, rele-
vant acceptance sections are not intervals. This represents a disturbing practical
shortcoming of many of the usual procedures.

In response to the inadmissibility property and the fact that many stepwise
procedures are based on the marginal distributions of test statistics, even when
they are statistically dependent, Cohen, Sackrowitz, and Xu (2009) recommend
a new MTP method called maximum residual down (MRD). MRD takes corre-
lation into account and is admissible (in many exponential family models) for a
risk function that focuses on expected type I and type II errors.

For some models the MRD method is not consistent. See Section 2 for a formal
definition of consistency. Informally, consistency means that the probability of
correctly testing each hypothesis tends to 1 as the sample size tends to infinity
and as critical values tend to infinity at a certain rate.

In this paper we introduce a modification of MRD which offers a procedure
that is admissible and consistent. The modification, discussed in Section 3, adds
a screening stage following MRD, and a sign stage following the screening stage.
The screening stage, which is intuitively desirable, enables the overall procedure
to be consistent. Its addition however can alter the admissibility property of
MRD. The sign stage restores the admissibility and retains the consistency
property. Call the new procedure MRDSS.
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For the most part we assume a multivariate normal model with unknown
mean vector and a covariance matrix that is known or known up to a scalar
multiple. The tests of hypotheses concern the components of the mean vector.
The results also apply, with minor modifications, to many , but not all, expo-
nential family models. For example, the results apply to testing differences of
binomial parameters, Poisson parameters, or scale parameters of exponential
distributions. Furthermore the MRD, screening, and sign stages suggest an ap-
proach with the potential to yield an admissible and consistent MTP for more
complicated exponential family models. One such model entails testing whether
all local log odds ratios are zero in an R x C contingency table. This latter
problem is treated in the companion paper by Chen, Cohen, and Sackrowitz
(2009).

In that paper all three stages require the development of nontrivial analogues
of the MRD, screen, and sign stages that enable an admissible, consistent MTP
to ensue. Furthermore, as in the multivariate normal case and other straightfor-
ward exponential family cases, the resulting MTP has other desirable properties.
These include computational feasibility and as justified by simulation results,
they do considerably better than typical stepwise procedures in terms of type I
and type II errors over large portions of the parameter space.

We will apply the MRDSS method to selection of variable models in regres-
sion. For such models, the MRD method is shown to be equivalent to some
forward method of selecting variables. See Miller (2002) for a discussion of for-
ward methods. Both MRD and the forward method are stepwise methods based
on what we define as residuals. Forward methods and hence MRD are typically
not consistent. See, for example, An and Gu (1985). We show that MRDSS, and
thus a modification of a forward method, with a screen and sign stage added,
is admissible and consistent under modest and typical conditions on the critical
values and design matrix.

The results will be proved assuming a full rank multivariate normal model
with unknown mean vector and known covariance matrix while testing compo-
nents of the mean vector. However, extension to the following cases, sometimes
with modifications are possible: covariance equal to an unknown variance times
a known positive definite matrix; testing functions of natural parameters of
exponential family densities; regression models with suitable design matrices.

Through the first five sections the focus will be on the multivariate normal
model. Definitions and other preliminaries are given in Section 2. MRDSS is
described in Section 3. Section 4 is concerned with results on admissibility and
consistency. A small simulation is also reported in Section 4. The simulation
shows the improvement of MRDSS relative to the FDR, controlling step-up pro-
cedure over a large portion of the parameter space. In Section 5 we demonstrate
that MRD is equivalent to a forward method of variable selection in a linear
regression model. Some remarks about the backward method are also made in
Section 5. Section 6 contains extensions to some exponential family models. The
proof of admissibility of MRDSS is in the Appendix.
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2. Multivariate normal models

Let X, a =1,...,n, be a random sample of M x 1 vectors from a multivariate
normal distribution whose mean vector is g and whose covariance matrix is I'.
Sometimes I' is known and sometimes I' = ¢2% where ¥ is known and o2 is
unknown. In the later case, s2 = 3" (Xo — X) 21X, — X)/M(n—1) is an

unbiased estimator of 0%, which is independent of X = Y%, X,,/n. For this
model with I' known and nonsingular the density of X is

fx(&[p,T) = (n'/2/2m)M/2 |TV/2) exp {—n/2(x — p) T~ 1 (X — p)}
= B(p, T)h(%) expnX T~ p

We wish to test H; : p; =0 vs K; @y # 0,5 =1,2,..., M. Sometimes one
sided alternatives K; : p; > 0, are of interest.

The general linear model has Y = AB + € where Y is an n x 1 vector
which is multivariate normal with mean vector A3 and covariance matrix o21.
A= (ay,...,apy) is an n x M fixed design matrix and 8 is an M x 1 vector
of parameters. If A has rank M, then 8 = (A’A)"1A’Y ~ N(B,025~!) where
S~ = (A’A)~!. An unbiased estimator of 02 is s? = (y'y — B'A’y)/(n — M),
which is called mean squared error and which is independent of B Thus this
general linear model reduces to our multivariate normal model with I' = 6251,
We wish to test H; : ; =0vs K;: 3; 2#0,i=1,2,..., M.

For notational convenience we consider the model in (2.1) with n = 1 for all
matters not concerning consistency. This is done without loss of generality. An
MTP &(x) = (¢1(x), ..., ¢nm(x)) where ¢;(x) is a test function for testing H;
vs K;, i = 1,...,M. That is, ¢;(x) is the probability of rejecting H; for the
sample point x. A type I error is made if H; is rejected when p; = 0 and a type
IT error is made if H; is not rejected and p; # 0. The expected type I error is
E,¢;(x) when p; = 0. The expected type II error is E,, (1 — ¢;(x)) when p; # 0.
The risk function for ¢;(x) is

Ri(di(x, m)) = (1 = vi) Ep¢i(x) + vi Ep (1 — ¢i(x)) (2.2)

where v; = 1 if p; # 0 and v; = 0 if p; = 0.
The risk function for the procedure ®(x) is defined as the vector risk function

(R1(¢1, p), Ra(p2, ), - - -, Rar(dar, ) (2.3)

An MTP ®(x) is inadmissible if there exists another MTP, say ®*(x) such
that for all i = 1,..., M, R;(¢*, ) < R;(di, p) with strict inequality holding
for some ¢ and some p.

Now we return to the model in (2.1) for the case of n > 1. Consistency is
defined in An and Gu (1985) and in Bunea, Wegkamp, and Auguste (2006). Let
I={i:p;#0yand [ = {i : ®;(X) #£0,i=1,..., M}. We say ® is consistent
when P{I = I} tends to 1 when n tends to infinity.

(2.1)
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3. MRDSS: Multivariate normal model

We start with the multivariate normal model with I' = ¥ = (o;;) known and
nonsingular. Without loss of generality for now we let n = 1. (For n > 1, X
would replace X where X is given in the next line.)

Let X = (X1,...,Xy)", X01ir) be a subvector of X consisting of all
components except X, ,..., X, . X, ) is the (M —r) x (M —r) covariance
matrix of X1i) for any j # iy, ..., iy, 081)’”’“) is the (M —r —1) x 1 vector
of covariances between X; and all variables except X;,,.., X; and X;.

2 _ (i1,ir) ¢ —1 (i1,.-yr)
Oljin,in) = 03j — O E(il,..,ir,j)o'j (3.1)
is the conditional variance of X, given all variables except X; ,..., X; , Xj.

Now define the jth normalized residual at step m to be

Xj - o,(_il,..,im—l)/zfl X(ily»»yimfl,j)

J (31,-+sim—1,7)
2 (3.2)

2
[U(J"ilv»wim—l)]

m=1,...,M. At step m, we let Uy, be the (M —m + 1) x 1 vector of Uy,;’s.
We note that if D,, is the diagonal matrix of the terms in (3.1), then

U, = D71n/2271 X (i1 sesim—1)

(31, +58m—1)

Let Cy > Cy > -+ > Cpr > 0 be a given set of constants. Then the MTP,
called maximum residual down (MRD), is determined as follows:

At step 1, consider Ui;(X), j € 1,..., M. Let j1 = j1(X) be such that
|U1j, (X)| = max; |Ur;(X)|. If |Uh,(X)| < C1, stop and accept all H;. Other-
wise reject H;, and continue to step 2.

At step 2, consider the (M —1) functions Us;(XU1)), j € {1,..., M}\{j1}. Let
j2 = ]Q(X(Jl)) be such that |U2j2(X(jl))| = max{|U2j(X(j1))| : ] S 1, ceey M\{]l}}
If |Usj,| < Cs stop and accept all remaining null hypotheses. Otherwise reject
Hj, and continue to step 3.

In general, at step m, m = 1,...,M , consider M — m + 1 functions
Uy (X Uredm=1)y e {1, M\, -y Gime1}e Let G = G (X 00Im=1))
be such that |Uy,,;,.| = max{|Umj(X(j1""jm’l))| cjel, . M\{j,.. .,jm,l}}.
If |Usnj,.| < Ch, stop and accept all remaining null hypotheses. Otherwise reject
H;, and continue to step m + 1 (unless m = M, in which case, stop).

If and when H; is rejected, say at step r, record the sign of U,;.

To add a screening stage to MRD, let Cy > Cr > 0 be two additional
constants. Typically Cp < Cp; < Cy. After MRD is done, each hypothesis is
accepted or rejected.
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Let Hj,, ..., H;, be those hypotheses that are rejected. Should any

|X'i /\/ Tjiji < Cr, (33)
i=1,...,p, then reverse the reject decision to an accept decision.
For those hypotheses that MRD accepted, say, Hj,.,, ..., Hj,,, reject any for
which
|X'i /‘/Ujiji > Cy, (34)

i=p+1,...., M.

To add a sign stage first consider only those hypotheses rejected by MRD,
ie, Hj,...,Hj, , and such that Cr, < |X},[/\/75.5 < Cy,i=1,...,p. Then
sw1tch those to accept whenever the sign of X, is different from the sign of
U~ j; where m* is the step when H;, was rejected by MRD. The MRD proce-
dure followed by a screening stage and a sign stage is called MRDSS.

We will illustrate MRDSS in the following example:
Example. Let X = (X3, Xo, X3, X4)" be such that X ~ N(u,X) where

— = =N
— =N
e i
N = =

We wish to test H; : p; =0 vs K; iy 20,0 =1,...,4.

For the purpose of demonstrating the application of MRDSS we will let C; =
2.3,Cy = 2.0,C3 = 1.7,Cy = 1.4,C, = .6, and Cy = 3.6. Now suppose we
observe X1 =1,Xs =5, X3 =4.7Tand X, = 5.3.

First we apply MRD. At step 1 the residuals are:

—1

2 1 1
UH_[Xl (1,1,1)[1 2 1 (XQ,Xg,X4)]/
11 2
11 1
[2—(1,11 2 1) (1
1 2 1 (3.5)
=[X1— (X2+X3+X4)/4](§)1 —2.46
= [Xo — (X1 + X5+ Xy4)/4]($)/? =2.01
= [X3 — (X1 + X2 + X4)/4)($)"/% = 1.68
Us = [X4 — (X1 4+ Xo + X3)/4](3)Y/* =2.35

Since |Uy1] is the largest and |Uy1| > 2.3 = C1, MRD rejects Hy and goes to the
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next step. Now with X; eliminated,

o = o) ) e poon( ) ()

= [Xo— (Xs+X4)/3]/(3)/2=1.44
Uy = [X3—(Xo+4X4)/3]/(3)V/2=1.10
U = [Xy—(Xo+4X3)/3]/(3)V2=1.79

Since |Usz|, |Usas| and |Ua4| are all less than Cy = 2.0, MRD stops and accepts
HQ, Hg, and H4.

Next we do the screen stage by comparing each |X;/v/2| to Cr, = .6 and
Cy = 3.6. We see that O < |X;/V2| < Cp for i = 1,2,3 but |X4/V2| =
3.75 > 3.6 = Cy. Thus the MRD decision to accept Hy is reversed to reject Hy.

Lastly we perform the sign stage. This applies only to hypotheses H; that
were rejected by MRD and for which C7, < |X;/v/2| < Cp. In this example only
H; falls into this category. Upon examination we see that H; was rejected at
the first step of MRD stage with Uy, = —2.46 while Xl/\/§ = .707. Since these
signs are opposite we reverse the MRD decision to reject H;.

In conclusion MRDSS will accept Hy, Ho, Hs and reject Hy.

For the multivariate normal model where I' = 02% , 02 is unknown and n > 1,
a modification of U,,; is called for. The numerator would use the component
of X instead of X, and the denominator of Uymj would be multiplied by the
square root of an estimator of o2 divided by y/n. The estimator of o2 could
be s? defined in Section 2 or it could be V. = >"'_ & X 'x,/n, which is
an unbiased estimator of o2 when p = 0. Simular modifications would also
be made in the screen stage determined by (3.3) and (3.4). The advantage of
using V1/2 is that both admissibility and consistency of the overall procedure
are easily established. The advantage of using s is that the overall procedure is
both location and scale invariant.

4. Admissibility and consistency of MRDSS

Let ®prrpss(X) be the MRDSS MTP for the multivariate normal model with
o2 known. When studying admissibility, without loss of generality, n = 1.

Theorem 4.1. The MTP ®pyrpss(X) is admissible for the vector risk func-

tion.

Proof. See Appendix. O
Note that MRD has been proven to be admissible in Cohen, Sackrowitz, and Xu

(2009).

Let X be positive definite and let g; be the i-th column of . Then define the
class of MTPs with:
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Property N: Suppose ¥(X) is an MTP with individual test functions ¥;(X).
Suppose ¥;(X), for every i, is such that the acceptance section along the line
X + rg; is an interval. Then the MTP is said to have Property N. It is noted
in the Appendix that Property N is necessary and sufficient for an MTP to be
admissible.

Next we address the issue of consistency of MRDSS. We first note that
MRDSS is consistent if and only if for each 4, the individual test of hypoth-
esis H; : u; = 0 vs K; : p; # 0 is consistent.

In discussing consistency the sample size n > 1 and the random vector X is
replaced by X. The screen step of MRDSS becomes accept H; if

VilXil/oi{® < Cr(n)
and reject if

ValXil/oi{® > Cu(n) |
where now the critical values change with n.

Theorem 4.2. Assume Cr(n) < Cy(n), assume Cr(n) — oo asn — oo in such
a way that Cr(n) = o(y/n). Also Cy(n) — oo as n — oo and Cy(n) = o(y/n).
Then ®\rpss is consistent.

Proof. Note first that when p; =0
P(MRDSS accepts H;) > P{vn|X;| /o> < CL}

_ 4.1
= P{=Cr— vai/oll? < Va(Xi = pi) ol < CL— Vipi/o [} oy

Since Cf, — oo and p; =0, (4.1) — 1 as n tends to oco.
Next note that when p; # 0,

P, ( MRDSS rejects H;) > P (vn|Xi|/o)/* > Cy)

=1- P‘L{—CU —Vpifoil? < V(X — ) ol? < Oy~ \/ﬁﬂi/gili/2}
= 1= [®(Cu — Vapi/a)/*) = &(~Cu — Vi) 7)?) (4.2)

where @ is the CDF of a standard normal distribution. Since Cy = o(y/n) and

i £0, (4.2) — 1.
O

Remark 4.3. For the model where X, o = 1,...,n is multivariate normal
with mean p and covariance matrix o2% with o2 unknown the screen step
of MRDSS replaces \/ﬁ|)_(l-|/ai1i/2 by vn|X;|/(so)/?). Recall s? is defined in
Section 2.

The proof of Theorem 4.2, with appropriate modification would establish
consistency of MRDSS in this case. That is, the statistic for the screen step
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would be t; = \/ﬁ|)_(l-|/sai1i/2. In (4.1) we would replace /n(X; — ,ul-)/al-li/2 by
(t; — Et;)/+/var(t;). Using properties of the noncentral ¢ distribution as given
in Johnson and Kotz (1970), and analogues of (4.1) and (4.2) would establish
consistency. Consistency also follows if v/n|X;|/V1/20/?

517 is used in the screen
stage.

Remark 4.4. In the next section we will show that MRD is the same as a
forward method in selection of variables in a multiple linear regression model.
For this application the statistic used for the screening step is T; = | Bl| / s)\;-/ 2
where \;; is the i —th diagonal element of S~1. Then for consistency we require
that max A\;;(n) — 0 as n — oo in such a way that A\; = O(1/n). A different
requirement for A;; can be made if C; and Cy are chosen to tend to co at a

rate different from the one given in Theorem 4.2.

At this point we note that MRD alone is oftentimes not consistent. For a
simple example we need only consider the model of the illustrative example of
Section 3. We need only begin by thinking of the X; as sample means based on
n independent observations and change the covariance matrix to %Z. Next we
study the distribution of (Uy1, Ur2, U1, U14) when the parameter point is g =
(0,7, 7, 7). From (3.5) it is clear the covariance matrix is symmetric and the mean
vector is \/4/5(—3r/4,7/2,7/2,7/2). Therefore, regardless of n, P,(|Un] =
max(|Un1], |Ural, |Ursl, |Ur4])) > 1/4. Thus, with probability > 1/4, the decision
at the first step of MRD will be based on |Uy1|. If |Ur1| > C1, Hy is rejected
and a type I error is made. If |U1| < Ci, the process stops and all hypotheses,
including Hs, Hs and H, are accepted. In this case three type II errors are made.
Here for any n, the probability that some error will be made is > 1/4.

We conclude this section with the results of a simulation. As mentioned in
Cohen, Sackrowitz, and Xu (2009), the MRD procedure can be viewed as a fam-
ily of procedures that is parameterized by a set of constants C1, . .., Cpy. MRDSS
has two more parameters: Cr, and Cp.

The simulation concerns a multivariate normal model with a mean vector of
order 1000 x 1 and a covariance matrix which is intraclass with equal diagonal
elements and equal off-diagonal elements. The parameter points are such that
at most 25 percent are non-zero. This is not atypical for many practical models
when the number of hypotheses to be tested is very large. We perform MRDSS
and an FDR controlling step-up procedure at FDR level .05. Type I and type 11
errors are compared as well as total number of mistakes. For MRD and MRDSS,
we compute the percent decrease of total number of mistakes relative to the
step-up procedure. For all simulations, we used 2000 iterations.

The simulation results are listed in Table 4.1. The step-up procedure is
the Benjamini and Hochberg (1995) FDR controlling procedure where FDR
= 0.05. For MRD and MRDSS we use the same set of constants (Cy,...,Chs)
as in Cohen, Sackrowitz, and Xu (2009), i.e., for a = 0.05, M = 1000, C; =
o1 —a/2M), C; = 0.71107 Y1 — a/2(M —i+ 1)), i = 2,..., M. We set
Cr =% (1 -a/2), Cy = Cy. For MRD and MRDSS, there is (usually sub-
stantial) improvement in both the expected number of type I and II errors.



642

C. Chen et al./Admissible, consistent multiple testing

€L 98 £'6¢C 6L L€0°0 0100 0'0T L' €6 €T ove 0 0 0 094
cL 78 L'9¢ V. GeEO'0 0100 0°LT g 96 €T 09T 0 0 08 094
6¢ ov 908 6'99 €€0'0 €100 0L 9ve 99 €7C 09T 08 0 0 094
8¢ 6€ V6L QLS ¥€0°'0 ¢I10°0 8'TL ¢'qq 9L €T 08 08 0 08 094
61 8¢ Vvt TVIT L20°0  2c0'0 LGET  VITT L'¢  9¢ 08 09T O 0 094
8T 9¢ 6'LET  TEIT €€0°0 0200 9'0€T  L0TT €L 9T 0 09T O 08 094
aT 6T 8'L0C 0941 ce0’0  LL00 ¢'00C 6°CLT 9L 0¢ 0 ove 0 0 094
6¢ oV 0'81C ¥Vt €600 9200 LT1e T'C4t €9 €0C 0 09T 08 O 094
9. &3] 0've 8'¢ 6€0°0 G100 991 Ve gL 9C 09T O 0 0 08
€L 18 8'1¢ 8'¢ L€0°0  9T0°0 v Ve €L Ve 08 0 0 08 078
0€ 6€ 9'6L 6'99 T€0'0 €200 €'GL V'eg €V 9C 08 08 0 0 08
0€ 6€ C'6L L'GG L€0°0  2c0'0 0'€L (s €9 Ve 0 08 0 08 078
ve 0€ 0v¥T  TOIT T€0'0 8400 9'8ET  G'L0T Ve Le 0 09T 0 0 08
[4S €V T°0ST  8'T0T 0€0'0 L€00 6'GVT  G'66 ¢V €T 0 08 08 O 08
Gl 9. LT vy 9€0'0 T€00 T°eT 6'T 9% 97T 0 0 0 08  0C6
0€ 8¢ GQ'LL Ve ce0’0  ¢ero CEL 8'T¢ v 9%¢ 0 0 08 O 026
¥6 €6 6'€ 0 920’0 0.0°0 00 00 6€ TO0 0 0 0 0 000T
SSAYIN  dYIN NS SSAYIN _ NS SSAYIN _ NS SSAYIN NS SSAUYIN _¥ 4 (S V)
Juowosoxdur % SI01I19 €307, Madq s10110 TT odAq s10110 T 9dA) 07 renbo suweaw Jo IoqUINN

JO # pojoadxy

JO # poroadxy

1043100 “Sa SJUWIDALY LOf NG PUD SSTYIN fo uostwduio))
Ty a1avy,



C. Chen et al./Admissible, consistent multiple testing 643

5. Equivalence of MRD and a forward selection method

For this section we assume the general linear model described in Section 2 with
0% known. We test H; : 3; = 0vs K; : 3; #0,i=1,...,M. Let C; > Cy >
-+ > Chyr > 0 be a given set of constants.

Recall A = (a1,...,a,) and let A be partitioned as (A1, A2) where A; is
nx(m—1)and Az isn x (M —m +1). Let V = R(A) be the linear space
spanned by the columns of A and V3 = R(A;) be the linear space spanned by the
columns of A;. Furthermore, let Py be the projection matrix for space V' and
let P; be the projection matrix for space V;. Let Vo = VNVi- = R(Az.1), where
Asq = Ay — P1As = (agam,-.-,a2.10). Finally let P, denote the projection
matrix for V5 so that Py = Py + Ps.

Forward selection methods are studied in Miller (2002) and many other texts
studying linear regression. They are methods that select fixed variables to enter
a linear regression model in steps. In the first step one considers the random vari-
ables (aly)/o ||la;|l, i = 1,..., M. The forward method selects the fixed variable
a;, provided that

Uiy = s a1/ i) > €. (5.1)

If U1, < C4, no variables are chosen and the procedure stops. Now assume
(m — 1) variables have been selected. Without loss of generality say they are
(a1,...,am—1) = A1. Then at stage m, the method selects a;,, provided

Uiy, = mivx (I 1,1/ [z ) > o (5.2)

If Upi,, < Cp, the procedure stops. Thus at step m, the forward method is
tantamount to rejecting H;  : ;. = 0 by virtue of (5.2).

Note that the vector of components a5 1,y in (5.2) can be written as A5 ;y.

Now recall MRD applied to 3 ~ N (B,02S71). At step one the numerator of
the residual is proportional to SB = A’y, which is the vector of components in
the expression in the numerator in (5.1). At step m, assuming H; : 3; =0, i =
1,...,m—1 have been rejected, MRD deletes the first m —1 rows and first m—1
columns of S~ and considers By ~ N (B, Agz) where By = (B, ..., far) and

Sl = (AH Al?), with A1 (m—1)x (m—1) and Aoz (M —m+1)x (M —m+1).

Aoy Ao
The residuals U,, at this step are proportional to A;;Bz. That is,
U, x Ay B, (5.3)
However, note . . .
Alﬁl +A2,62 :AIB :P\/y. (54)
Multiply both sides of (5.4) by P» to get
As13, = PyPyy = Pay . (5.5)

Since AL} = ALbAy — ALP Ay = Al Ay, we find using (5.3) and (5.5) that
22 2 2 2.1 g
U, x A, Py = A, 1y . (5.6)
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Note that the components of (5.6) are (ab.,y), the unnormalized terms in the
expression (5.2). Thus we have proved

Theorem 5.1. For the assumption of the general linear regression model, the
forward selection method is equivalent to MRD.

Remark 5.2. Whereas the forward method and MRD are oftentimes not con-
sistent procedures, MRDSS and thus the forward method plus screening, plus
sign is consistent. It is interesting to note that Christensen (1987) p.288, claims
that the precise screening step we recommend is an improvement on the forward
method.

The backward method starts by assuming a linear regression model with A/
parameters. At step 1, one can decide that 3;, = 0 if T;, = minj<,<p T;(8) =
ming <;<(5il/ Uﬁ-) < C}y,. Otherwise the procedure stops and no variables are

eliminated.

At stage m, assuming without loss of generality that variables ai, ..., a1
have been eliminated, one considers residuals of the form

(B = X IA L B B DN ) (5.7)

where Agl""mfl) are the elements in the j'* row of S~! that represent the
covariance of Bj and (Bl, .. .,Bm,l)’ ; A1711(m71) represents the covariance ma-
trix of (Bl, ceey Bm,l)’ and Aj.(1,..m—1) is the conditional variance of Bj given

615 s 'aﬁmfl-

If ming,<;j<p of the terms in (5.7) < Cayr—m+1, and the index is i, then
decide f3;,, = 0 and continue. Otherwise stop.

Remark 5.3. The backward method is consistent under mild conditions (see
An and Gu, 1985). Nevertheless the backward method is akin in some sense
to the step-up method of multiple testing. They are identical at the first step.
As previously mentioned step-up methods are often inadmissible in normal and
exponential family models and it can be shown that the backward method would
sometimes be inadmissible for a risk function whose components are expected
number of type I errors and expected number of type II errors.

6. Exponential family models

There are many models involving distributions that belong to the exponen-
tial family. For example, hypothesis testing problems involving differences of
binomial parameters, Poisson parameters, and scale parameters of exponential
distributions. Such exponential family models lend themselves to a somewhat
straightforward extension of the MRDSS method and result in admissible and
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consistent MTPs. In this section we describe the extension. In other exponen-
tial family models it can be non-trivial to find (if such exist) functions with
the properties needed to play the roles of the analogues of MRD, screen and
sign stage. One such case is an R x C contingency table where the hypotheses
of interest concern all local log odds ratios. Such a case will be treated in the
companion paper by Chen, Cohen, and Sackrowitz (2009).

For exponential families, where the hypotheses of interest may be differences
or contrasts among natural parameters, we describe MRDSS.

Let Zo = (Zias-- s Z(m+1)a)’s @ = 1,...,n be independent (M + 1) x 1
random vectors representing independent one dimensional exponential family
distributions with natural parameter w;, 7 = 1,..., M +1. Thus the joint density
of the sufficient statistic Z = Y.""_, Z,/n is

f2(7 | w) = B(w)h(z)e"*

where w = (w1,...,wm+1))". Let G be a full rank M x (M + 1) matrix of

contrasts, let B = (g), where the row F is a 1 x (M + 1) vector of 1. Now let
0 = Bw and note

Zw=7(B'B "B '¢=72DB (BB )6
If we let X = nBZ, we find the density of X is

fx(x | 8) = F*(O)h* ()<= ® (6.1)

where ¥ = BB’. Further note that

X = (GOG M(l 1) and T = <(G%)l 1/(]\/([)4—1)) :

We wish to test H; : 6; = 0 vs K; : 0; # 0,4 = 1,..., M. Note that the
first M components of X are contrasts among the components of Z while

Xy = Zi\iirl Z;. Also note that the density in (6.1) is similar to the den-
sity (2.1). The MRD stage for this model will entail residuals W,,; defined as
follows: The numerator of W,,;, the analogue of U,,; of (3.2) , is defined ex-
actly as in (3.2). The denominator is defined as an estimator of the standard
deviation of the numerator assuming all w; are equal. The estimator will be a
function of Xps41/(M + 1) which is the (M + 1)st component of x’>~!. The
term Xpry1/(M 4 1) is the average of the Z;, i = 1,..., M. Such a definition of
W will ensure that MRD will be admissible in this case. The screen stage will
be determined by statistics whose numerators are the absolute values of |Xj],
i=1,..., M and whose denominator is also a function of Xp41/(M +1). Such
statistics along with a sign stage based on the signs of Wy, and X, will ensure
that the resulting procedure will be admissible and consistent under conditions
similar to those assumed in the normal case.



C. Chen et al./Admissible, consistent multiple testing 646
Appendix A: Proof of main theorem

Consider the setup where X, defined in Section 2, has density (2.1) with n =1
and we wish to test H; : §; = 0 vs K; : 0; # 0. Let ¢;(X) be a test function
for H; vs K;. Let W = ¥71X. A lemma concerning admissibility of any single
test, say ¥;(X), is as follows:

Lemma A.1. A necessary and sufficient condition for 1;(X) = (W) to
be admissible is that for almost every fived {W;, j = 1,...,M; j # i}, the
acceptance section of the test is convex in W;.

Proof. See Matthes and Truax (1967) O

Suppose, without loss of generality, we study the admissibility of ¥ (x). Ac-
cording to Lemma A.1 we will then regard Wa, ..., W) to be fixed while W3
varies. Note that one way to study ¢7(W) is to study 1 (x + rg), where g
is the first column of X, as r varies. This is true since W is a function of x,
and so W evaluated at x + rg is equal to X~ 1(x +rg) = W + (r,0,...,0) =
(W1 +r,Wa, ..., Wa)'.

Note that the components of W are constants times the numerators of the
components of U; defined in Section 3. Note further, assuming H; has not yet
been rejected, that |U,,1| as a function of r is decreasing and then increasing.
Here the function U,,; o< W7 4 r is strictly increasing in r. All this implies that
if |Upn1| is decreasing in r then U,,; is negative, while when |U,,1| is increasing
in r then U, is positive.

Next we define

Property L: A test is said to have Property L if there exists three points x, x* =
X+ 718, X = x4 1rog, with 0 < r1 < rg, such that x and x™* are accept points
and x* is a reject point when testing Hy vs Kj.

Note that if a procedure has Property L (for a set of positive measure) then
it is inadmissible by virtue of Lemma A.1.

Proof of Theorem 4.1: The proof is by contrapositive. That is, we will assume
that Uy of the MRDSS has Property L and then show that this impossible. That
is, we assume that for i); there exists 3 sample points x, x* and x** for which
we accept, reject, accept (ARA) in that order with x* = x4+ g, x™ = x+ 128,
0 < r1 < ro, we must show this leads to a contradiction.

We will consider every possible way that the three stages of 11 might yield an
ARA sequence for the points @, * and x** as defined before. Note that MRD
is admissible so that the sequence ARA is impossible at stage 1. The other 7
possible(first stage) test results for MRD are AAA, AAR, RAA, ARR, RAR,
RRA and RRR. Recall that screening(stage 2) can, potentially, reverse any stage
1 decision. However, the sign stage (stage 3) is applicable only when the stage
1 action was to Reject and no change was made at stage 2. As an example of
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the reasoning used to identify the possible paths suppose stage 1 results in the
sequence AAR. By definition stage 3 cannot impact the first two actions. Thus
the only two paths possible, begining with AAR, are AAR — ARR — ARA and
AAR — ARA — ARA. Following these rules we find that there are 18 paths
( listed in Table A.1 ) that must be studied. We will show that each of these
paths leads to contradiction.

Note that the fourth row in each cell of Table A.1 indicates how |X;| relates
to the screen stage. This will help in showing that each of the 18 cases cannot
happen.

TABLE A.1
Possible paths leading to ARA of MRDSS

case 1 case 2 case 3
MRD A A A A A R A A R
MRD+Sc A R A A R A A R R
MRDSS A R A A R A A R A
|X1| < Cy > Cy < Cy < Cy > Cy < Cp, < Cy > Cy >Cr
case 4 case b case 6
MRD A R A A R R A R R
MRD+Sc Cannot occur A R A A R R
MRDSS A R A A R A
| X1] < Cy > Cp, < Cp < Cy > Cp, > Cp,
case 7 case 8 case 9
MRD R A A R A A R A R
MRD+Sc A R A R R A A R A
MRDSS A R A A R A A R A
|X1| < Cp, > Cy < Cy > Cp, > Cy < Cy < Cp > Cy <Cr
case 10 case 11 case 12
MRD R A R R A R R A R
MRD+Sc R R A R R R A R R
MRDSS A R A A R A A R A
|X1| > Cp, > Cy <Cp > Cp, > Cy > Cp, < Cp > Cy > Cy
case 13 case 14 Type8, case 15
MRD R R A R R A R R R
MRD+Sc A R A R R A A R A
MRDSS A R A A R A A R A
|X1| < Cp > Cp, < Cy > Cp, > Cp, < Cy < Cp > Cp, < (L
< Cy
case 16 case 17 case 18
MRD R R R R R R R R R
MRD+Sc R R R R R A A R R
MRDSS A R A A R A A R A
|X1| > Cp, > Cp, > Cp, > Cp, > Cp, < Cp < Cp > Cp, > Cp,
< Cy < Cy < Cy < Cy < Cy < Cy < Cy < Cy < Cy

At this point we note a fact.

F1: Consider x,x* = x 4+ rg,x™™ = x 4 rog, with 0 < r; < r3. Then
|27] < max(|z:], [277]).
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Now for the 18 cases listed in Table A.1. Cases 1,2,7,9 and 15 violate F1 as
seen from the fourth row of the cells in Table A.1.

Case 3: From Table A.1 we see that a sign change occurred at x** when both
x1** and Up,«1(x**) were positive. This contradicts the sign stage rule.

Case 4: Cannot occur since MRD is admissible.

Case 5: From Table A.1 we see that at x** the screen stage took a reject to
an accept implying |z7*| < Cp. But |25 > C implying z] < 0. But MRD is
ARR implying U,,«1(x*) > 0. Hence MRDSS being ARA is contradicted at x*.

Case 6: From the first row in this cell we see that Up,«1(x**) > 0. From the
sign change at x**, we find 27" < 0 which implies 27 < 0. But this violates the
sign rule.

Case 8: From the fourth row we find 27 < 0 which implies 21 < 0. Since MRD
is RAA, U,,+1(x) < 0. However from row 3 we have a sign change, implying a
contradiction.

Case 10: Again both U,,+1(x) < 0 and x1 < 0 contradicting a sign change.
Case 11: Both z7* and Uy« (x**) are positive, contradicting a sign change.
Case 12: Same reasoning as Case 11.

Case 13: From the fourth row 7 > 0 and between Cyy and C',. From the first
row Up«1(x) < 0. This contradicts row 3 at x*.

Case 14: From the first row Up«1(x*) < 0, Up+1(x) < 0. Since there is
change at x; due to sign, that implies 1 > 0,27 > 0, and z7* > 0. From row 2,
7" < Cy. Hence O, < 1 < Cy and also Cp, < 7 < Cp. In particular 7 > 0.
This contradicts the sign change rule at x*.

Case 16: Note that a sign action took place at x and at x**. Applying F1,
we have Cp < |zj| < Cpy. Now if 21 < 0 that implies Up,«1(x) > 0 which in
turn implies Up,«1(x*) > 0 and U1 (x**) > 0. Since there is a sign change at
x** then we have 27* < 0 which means 27 < 0 and a sign change should have
occurred at x*. This is a contradiction. Now if 21 > 0, similar reasoning leads
to a contradiction at x*.

Case 17: From the first two rows we conclude Cp < |zf| and |zi*| < Cf
implying x7 < 0 and therefore x; < 0. The sign stage at x implies Uy;,«1(x) > 0
and therefore Up,«1(x*) > 0. But |z1| < Cpy and |z7*| < Cf, implies |z7| < Cy.
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Hence we have Cp, < |z}| < Cy and ] < 0 and Up,»1(x*) > 0. This contradicts
the sign stage at x*.

Case 18: From the first two rows we have |z1] < Cp and |zf| > CL so
i > 0 implying z7* > 0. Since there is a sign action at x**, |z7*| < Cy
and Up-1(x**) < 0 implying Up,«1(x*) < 0. Hence x > 0, 27* > 0, C <
x} < 27" < Cy, implies there should have been a sign action at x*. This is a
contradiction.

O
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