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On Third Order Rotatability

By N.R. Draper! and F. Pukelsheim?

Abstract: Third order rotatability of experimental designs, moment matrices and information surfaces
is investigated, using a Kronecker power representation. This representation complicates the model
but greatly simplifies the theoretical development, and throws light on difficulties experienced in
some previous work. Third order rotatability is shown to be characterized by the finitely many
transformations consisting of permutations and a bi-axial 45 degree rotation, and the space of rotatable
third order symmetric matrices is shown to be 20, independent of the number of factors m. A
general Moore-Penrose inverse of a third order rotatable moment matrix is provided, leading to the
information surface, and the corresponding optimality results are discussed. After a brief literature
review, extensions to higher order models, the connections with tensor representations of classic matrix

groups, and the evaluation of a general dimension formula, are all explored.
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1 Introduction

In this paper we study third order rotatability of experimental designs, moment
matrices and information surfaces. The paper thus extends the second order
rotatability results of Draper, Gaffke, and Pukelsheim (1991), henceforth quoted as
DGP; see also Chapter 15 of Pukelsheim (1993). Third order rotatability is of less

practical relevance, but is very helpful in delineating the general underlying principles.

We again discuss the classical linear model of uncorrelated homoscedastic
observations for fitting a polynomial model, here taken to be of order three. For
instance, for three input factors ¢, ¢, t3 the true response surface 7 is given by a cubic

polynomial in ¢1,ts, 13,

n(t,0) = 6y + t101 + 202 + 305
+ 17011 + titabha + tits01s + 5020 + tatslas + t5033
+ 30111 + t1ta011 + titsbh13 + t1t30120 + titatsbiag
+ t1130133 + ta0a00 + tatzbaoz + totalazs + 150333 (1.1)

Generally we admit m > 3 factors ¢; so that (1.1) becomes a third order polynomial

in tq,...,t,, with coefficient vector 6 to be estimated.

We define the third order regression vector for an m factor input vector ¢t =
(tl, NN ,tm)/ by

f(t) = c RF, k=1+m+m?+m? (1.2)

The Kronecker powers t®? = t®t and t¥2 = t®t®t repeat the individual mixed second
order terms twice, and the third order terms either six or three times depending on the
number of different subscripts, ijk or iij. Thus (1.1) is augmented by additional terms
021,031,032, etc. The very same point is familiar from treating dispersion matrices
as matrices, and not as arrays of a minimal number of functionally independent
terms. Also, the overparametrization points towards interesting connections with

tensor representations and produces a simple calculus.

For instance, if t is rotated into Rt where R is a matrix in the group Orth(m) of

orthogonal m x m matrices, then the vector f(t) undergoes the transformation Qg f(t)
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where the k£ x k matrix Qg is given by

1 0 0 0
0O R 0 0

Qr = 0 0 R (1.3)
0 0 0 R®

As R varies over Orth(m) the matrices Qg form a subgroup Q of Orth(k). We let
the group Q act by congruence, M — QrMQ’,, and study invariance of symmetric

matrices (Section 2) and of moment matrices (Section 3).

The Kronecker power representation in (1.2) makes the induced matrix Qg in
(1.3) orthogonal. Hence the congruence transformation Q g M Q’, preserves eigenvalues,
quite similar to the Schléflian calculus of Box and Hunter (1957), Draper (1984), or
Arap Koske and Patil (1989). In contrast to (1.2), Kiefer and Galil (1977, page 30)
use a minimal system of squares and cross products for which the induced matrix (Cg
in their notation) need not be orthogonal. It is this lack of orthogonality that, in the
setting of Kiefer and Galil (1977, 1979), Heiligers and Schneider (1992), and Gaftke
and Heiligers (1992), makes it possible for non-rotatable moment matrices to be A-
or E-optimal. It is for the same reason that the rotatability measure of Khuri (1988,
1992) is not invariant under design rotation, as pointed out by Draper and Pukelsheim
(1990).

These difficulties do not appear with the Kronecker power representation (1.2).
Then a projection of an arbitrary moment matrix onto the rotatable moment matrices
improves any concave optimality criterion ¢ which depends on the moment matrix
only through its eigenvalues. Hence ¢-optimality among rotatable moment matrices
implies ¢-optimality among all moment matrices, and the above mentioned restriction
to rotatable designs ceases to be a true restriction. For second order models the ensuing
complete class theorem is given in Pukelsheim (1993, Theorem 15.19). For third order

models we establish an appropriate result in Section 4.

The paper is organized as follows. Our main result, in Section 2, is that third
order rotatability is characterized by the finitely many transformations consisting
of permutations and a bi-axial 45° rotation. We show that the space of rotatable
symmetric matrices has dimension 20, independent of m, and provide a basis for it.
In Section 3 we calculate the Moore—Penrose inverse of rotatable moment matrices.
Section 4 contains the corresponding optimality discussion. Section 5 reviews the
literature on third order rotatability. Section 6 concludes the paper with some general
remarks on extensions to higher order models, interrelations with tensor representations

of classical matrix groups, and a dimension formula.
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2 Third Order Rotatability of Symmetric Matrices

Before presenting Theorem 2.1 we make some preparatory comments. Part (iii) of
the theorem states that the space of invariant symmetric matrices has dimension 20,
irrespective of the value of m. The dimension formula for a general order d > 4 is
outlined in Section 6. We use k = 1 +m + m? + m3 from (1.2), with m > 3.

The result parallels Theorem 6.1 of DGP. There, in part (ii), we used sign change
matrices, permutation matrices, the orthodiagonal reflection and, for m = 2, a 45°
rotation. It transpires that the orthodiagonal reflection can be replaced by a bi-axial
45° rotation throughout; similarly the sign changes can be dispensed with since they
can be generated by permutations and any bi-axial 45° rotation. Part (ii) below is

presented in this more streamlined form.

For a concise parametrization of the invariant symmetric matrices in part (ii) we

define
2 3
€ij:€i®6j€]l:{m, eijk:el-@ej@eke]Rm,

where e; is the i th Euclidean unit vector of R™ and ¢,75,k=1,...,m.

Theorem 2.1: Let M be a symmetric k X k matrix, not necessarily a moment matrix

of a design. Then the following three statements are equivalent:
(i) M is third order rotatable, that is, M = QrMQ', for all R € Orth(m).

(ii) M is invariant under the finitely many matrices Qg where R is any permutation

matrix or a bi-axial 45° rotation.

(iii) There exist 20 scalars a, 3,7,01, 02,03, 71,12, M3, €1, - - ., €11 € IR such that M has

the form
« 0 Y Zz € 0
0 e;e 0 G(n)
M _ ﬂ ZZ € 67, (n) (2.1)
0 G(n) 0 S(e)
where

§) =01 Z eijei; + 02 Z eji;; + 03 Z €ii€)j, (2.2)
=M Z e’Lj’Le + 12 Z ej’L’Le + 13 Z €iij€ 37 (23)
=€ Z ewke”k + €9 Z €ikj€ Z]k‘ + €3 Z eﬂke”k + €4 Z ekﬂewk

1,9,k 1,9,k 1,9,k 1,9,k
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/ /
+ €5 § (ejki€ij + €kij€ijk)

i7j7k
! / /
+es E €iji€kjr + €7 E €jii€jkk 1 €8 E €iij Ch;
i7j7k 1:7j7k /L'7j7k
/ / / !
+eo Y (€iji€ipn + €jiiChn) + €10 Y (€iji€hn; + €iij€hsn)
i7j7k i7j7k.
/ !
e Y (€jiiChps + €iij€lnr)- (2.4)
gk

Proof: Part (i) implies (ii), since (ii) comprises fewer transformations than (i). Part
(iii) implies (i) by direct verification. To illustrate the type of calculations involved let
P = Z”k e;m'jegjk be the second matrix that appears with e5. For z,y,z € IR™ the

action of P is

P(x®y®z)zzxiyjzkek®ei®€j:Z®flf®y,
1,5,k
R®Pr®y®2)=R:z®Rr® Ry= P(Rr® Ry® Rz) = PR®}(r @y ® 2).

It follows that R®3 and P commute. Hence P is invariant, R®3PR®3 = P. This type
of argument covers the first six matrices in S(e), attached to the subscripts 1,2, 3,4,5,5
of €. A variation of the argument applies to the other nine terms. As a generic case

we consider the matrix Q =3, ; ; €iijepy; of es. For z,y,2 € R™ its action is

Qrey®z) = Z Trypziei Qe ®e; = 'y (vec ) ® z,
ijk
R®®Qr®y®z2) =a"y(vecl,,) ® Rz = Q(Rx ® Ry ® Rz) = QR®*(z @ y ® 2),

where we have used R®?(vecI,,) = vec(RR') = vecI,, from DGP, page 144. Again

R®3 and Q commute, that is, Q is invariant.

The major part of the proof shows that part (ii) implies (iii). Let M be a symmetric
matrix which satisfies (ii). By assumption, we are provided with all permutations and
a single bi-axial 45° rotation. Multiple combinations of these transformations yield all
other bi-axial 45° rotations, as well as all sign changes. Thus Theorem 6.1 of DGP
gives (2.1) except for G(n) and S(€) which arise from the introduction of third order

terms.

In order to investigate in M the m? x m submatrix G = Zij w1 Gijk,l €ijke], the

4 .. 3 2 2 3 — .. ol
m® numbers g;;,; are rearranged into the m< x m* matrix D = Zi’j’k’l Gijk,l €ij €l
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which is not necessarily symmetric. It is evident that third order rotatability may be

expressed in either terms,
G = R®3GR' — D = R®?DR®?. (2.5)

The latter entails D = F'(n) since the arguments of DGP, page 145f, carry over despite
the apparent initial lack of symmetry of D in (2.5). This forces G to attain the form
G(n) of (2.3).

Finally we turn to the m? x m3 bottom right block S in M,

§= (Z eijke;jk)‘s(Z eabce;bc) = Z Z Sijk,abc eijkeizbc' (26)

i,7,k a,b,c 1,9,k a,b,c

Invariance under any sign change matrix R = diag(eq,...,&m), with g; = +1, yields

an identity for the entries of .S,
/ / 3 3
Sijk,abc = eijkseabc - eiij(X) SR® €abe = Ei€jEKEGEVEC Sijk,abe- (27)

Hence these entries vanish when the number of distinct subscripts is 6, or 5, or 4, or 3

with at least one odd multiplicity, or 2 with at least one odd multiplicity.

This leaves 3 distinct subscripts of multiplicity two each, or 2 distinct subscripts
of multiplicities two and four, or 1 subscript of multiplicity six. This and the symmetry
of S entail

S = Z (sijk,ijk eijkeéjk + Sikj,ijk 6¢/cj€§jk + Sjik,ijk ejike;jk + Skji,ijk ekjiegjk
i#jAk#i
+ Sjkiijk (€jki€ijn + €ijk€)pi)
+ Siji,kjk eijie;cjk + Sjii,jkk ejiie;'kk + Siij kkj eiije;ckj
+ Sijijkk (€ijiCnn + €jkr€is;) + Sijikkj (€ijiChr; + rkjiCiji)

/ /
+ Sjii,kkj (ejiiekkj + ekkjejii)>

+ Z Sii, i Ciii ;- (2.8)

7
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There remain 11m(m — 1)(m — 2) + 9m(m — 1) + m = 11m3 — 24m? + 14m different

entries to be determined.

For a further reduction we take R to be any permutation matrix to obtain
Sijk,abe = Sr(i)r(j)m(k),m(a)w(b)n(c), LOT every permutation m of 1,...,m. Now, such
a permutation does not change the pattern of those of the six subscripts which were
previously equal. Hence the m(m — 1)(m — 2) coefficients s, i are equal, all S5k
are equal, and so on. We denote the first 11 coefficients by €1, ..., €11, the next 9 by

N1,-..,MN9, and the last one by 6,
Sijk,ijk = €1, ey Sijiiji = M, ces Siiiyiie = 0. (2.9)

This reduces the number of distinct entries to 11 +9 + 1 = 21, independent of m.

In order to express 71,...,m9 and 6 as functions of €;,...,€17 we apply the 45°

rotation Ry of the (¢1,t2) plane,

1 -1 0 -~ 0
0

\)

0 0 V2 --- 0 [, (2.10)

0 0 0 - V2

..., for ng = s;i5 55 we take x = e131 and y = eq13; for 6 we take x =y = e111:

m = €1 + €2 + €7, 2 = €1 + €4 + €6, N3 = €1 + €3 + €3,
Ny = €s + €10 + €11, N5 = €3 + €5 + €9, N6 = €6 + €9 + €10, (2.11)
N7 = €4 + €5 + €11, N8 = €7 + €9 + €11, Mg = €2 + €5 + €10;
0 =¢€; +e3+e3+eq+ 265 + €6+ €7 + €8 + 2€9 + 2€19 + 2611 (2.12)
Thus S in (2.8) involves the coefficients €;,...,e17 only. The three sums over

distinct subscripts reduce to a single sum over unrestricted subscripts. Applying the
unrestricted sum to the individual terms we find Z”k eijke;ki = Z”k ekije;jk, etc.
This establishes the pattern S(e) of (2.4). O

The matrices accompanying €q,...,€17 in (2.4) can be shown to be linearly
independent. Hence in general S(e) cannot be reduced to fewer terms. This is
in contrast to moment matrices which, due to their structure, permit a further

simplification, discussed next.
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3 Third Order Rotatability of Moment Matrices

A design 7 on an experimental domain 7 C IR"™ is a probability measure with finite
support. The points ¢t € T which receive a positive weight under 7 are the support
points of 7 and designate the experimental conditions under which the response is to
be observed. The weight 7(t) gives the proportion of observations to be drawn under ¢.
For our rotatability discussion we choose, as the rotatable experimental domain, the
ball of radius v/m,

Tym=1{t € R™:[t]| < vm},

so that the vertices of the unit cube {£1}™ lie on the bounding sphere.

The third order moment matrix of a design 7 on 7 is defined to be

M(T) = f@)f(t) dr, (3.1)
T
with regression function f given by (1.2). This is a symmetric and nonnegative definite
k x k matrix. Rotatability of M (7) entails the pattern (2.1): all odd moments vanish,
and the even moments can be expressed through three moment parameters of 7 defined
by

Xo(T) = / t2 dr, (1) = / 22 dr, Xe(T) = / t3t5t3 dr.
T T/ N
The following theorem describes the structure of M (7) more precisely, again using
k=1+m+m?+m? from (1.2), with m > 3.

Theorem 3.1: Let M be a symmetric k X k matrix. Then M is a third order rotatable
moment matrix on the experimental domain 7T s if and only if there exist scalars
A2, Ay and \g fulfilling either (3.2), or (3.3), or (3.4):

Ao =0= M\ = Ag; (3.2)
2
Az =1, Av= ml—i-Q’ Ao = (m + 277)1(m +4); (3:3)
A2 € (0,1), (3.4a)
= [m’iQAg, m’i2A2 : (3.4b)

; (3.4¢)

[m+2A_z m+2 (] (A1 = 525203) (52522 — Aa) ]
6 m—|—4)\2’m—|—4 )\2 )\2(1—)\2)
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such that M takes the form
1 0 A0, 0
0 oLy, 0 MG
AoV, 0 MFp, 0
0 MG, 0 A6Sm

where

Uy = Z eiis (3.6)
E, = Z eijel; + Z ejiel; + Z eii€);, (3.7)
G = Z eijie) + Z ejii€) + Zew e, (3.8)
S, = Z €1kl + Z Cikj€iin + D €ikehin + Y €xji€hn

1,3,k 1,5,k 1,5,k 1,5,k

/ /
+ § : €jki€ik + Ckij€ijy)

a.77

+ E ezﬂek]k—k E ejuejkk—l— E emekkj

’j’ 7]’ 7]’
/ / / /
+ ) (esi€i + €jicign) + O (€ijichng + €ijein)
ik ik
+ ) (€jiiCh; + €iig€ng)- (3.9)
1,9,k

Proof: It is convenient to work with the uniform distribution wu, on the sphere
{t € R™ : ||t|| = r} of radius r. For the lack of a finite support this is not a design
as defined at the beginning of this section; however, any proper design which has the
same moments up to order 6 as has wu, will do just as well. The moment parameters
of u, are known to be

2 4 6

)\2(Ur) = E’ )\4(Ur) = m, AG(UT) = m(m+;)(m —1—4)'

<

For the direct part of the proof, let M be a moment matrix that is attained by the
design 7. The rotatability pattern (2.1) entails (3.5), with A\; = X;(7) for j = 2,4, 6.
We need to verify the ranges (3.2-4). If Ao(7) = 0, then 7 = uy is the one-point design
in 0 and we get (3.2). If A\y(7) = 1, then 7 is supported by the sphere of radius v/m
and, because of rotatability, it behaves like the uniform distribution u, /-, whence we
get (3.3).
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Otherwise (3.4a) applies. For ¢ € T s we introduce the squared norm and scale

it to lie in the unit interval,
1
s(t) = —t't €0,1].

m

The moments of s under 7 are readily found to be

2
/ 2(t) dr = m;— A= b, (3.10)

/53(75) dr = (m +2)(m + 4)>\6 =c,

m2

say. Evaluation of the determinants of appropriately (see discussion of (3.20)) chosen

2 x 2 moment matrices of functions of s yields bounds for b and c:

Ogdet/(s(lt) ;;(?)) dT:det(; Z) —b—a?,

0< /(s(t) — s%(t)) dr = a—b,

0< det/ (382((% zzg;) dr = det (Z i) = ac — b, (3.11)
o<t f (sé)_—ss(?(t) i(fiﬁiz(ff)) ar=aer (0 07
—(1—a)—(a—b)?—(1—a)e.

That is, in the present case we obtain the following ranges for a, b, c,

a€ (0,1), (3.12a)

b la?a] = [a? a® + (a — 0)(1 — a)], (3.12b)
v v (b—a?)(a—0)

ce oo (a—O)(l—a)]’ (312c)

which translate back into (3.4a—c). This proves the direct part. Note that the upper
limit in (3.12b) depends on the position of @ in the interval (3.12a), similarly the upper

limit in (3.12c) involves the positions of both a and b within their respective intervals.

For the converse part, the matrix M of (3.5) evidently enjoys the rotatability
pattern (2.1). We face the task of finding a design 7 which has M for its moment

matrix. In case of (3.2) we choose 7 = ug. In case of (3.3) we use 7 = u /.

In case of (3.4) we conjecture that M is attained by the mixture of two spherical

uniform distributions,

Ta,r,R — QUR, /m + (1 — Oé)urm, (313)
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with @ € [0,1] and 0 < r < R < 1. Any design (3.13) is rotatable, with moment
parameters \;(7Ta.rr) = aXj(Up /m) + (1 — @)Aj(u, sm) for j = 2,4,6. We set these
equal to \; of (3.4a—c) to obtain the system of equations
aR? + (1 - a)r? = a,
aR* 4+ (1 —a)r* = b, (3.14)
aR® + (1 —a)r® =¢,
where a,b,c from (3.10) range through the intervals in (3.12). The system (3.14)
implies the identities
b—a?=a(l —a)(R* —1r?)?
c—ab=a(l —a)(R* —r*)?(R?* +r?), (3.15)
ac —b* = a(l — a)(R?* — r?)2R*r2.
If b — a? > 0 then R? and r? are the two zeros of the parabola

c—ab +ac—b2
T )
b— a? b— a?

(x — R (xz —r?) =2* — (R*+ )z + R*r* = 2% — (3.16)

It follows that, if the system (3.14) is solvable in 72, R? and «, then the solutions are
uniquely given by

c—ab+w 9 c—ab—w a—r

RP=—— = ——F = =7 3.17
°ob—a?) | T 20— T R % (3:17)

where w is the positive root of
w? = (¢ — ab)?® — 4(b — a®)(ac — b?). (3.18)

It remains to verify our conjecture.

If b = a? then the range for ¢ in (3.12¢) collapses and we get ¢ = b*/a = a®. Hence

we realize M through a single uniform distribution w,. s with r? =Xy € (0,1).

If b > a? then we use the lower bound ac > b2 in (3.12c) to obtain ¢ > ab. With
w? defined by (3.18) we find (c — ab)? > w?, and

w? = 4(b — a®)® + (2a® — 3ab + ¢)* > 0. (3.19)

Hence R? and r? are indeed well defined by (3.17) and satisfy 0 < r? < R? < 1, the
inequality R? < 1 following from the upper bound in (3.12c). Moreover (3.19) yields
w > +(2a% — 3ab + ¢), and this converts into r? < a < R?. Hence «, as defined by
(3.17), lies in the open interval (0,1). Straightforward but tedious calculation verifies
the alternative representations
b—rt c—1°
X Ra_, 4T R6_ 6
Therefore R?,7? and « from (3.17) solve (3.14), whence 7, g from (3.13) has M for

its moment matrix. O
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With a, b, ¢ from (3.10) conditions (3.2-4) hold if and only if both of the 2 x 2

matrices, which appear in (3.11),

a b l—a a-0»>
5 (3.20)

b ¢ a—b b—c
are nonnegative definite. That this is necessary and sufficient for (1,a,b,c) to be a
sequence of moments over the interval [0, 1] is Theorem IV.1.1 of Karlin and Studden
(1966). While the general moment theory thus provides the abstract existence of a

measure attaining the given moments, we have actually constructed such a measure

explicitly, for the third order model.

The construction of 7, , r together with the other cases also proves the following.

Corollary 3.2: Every third order rotatable moment matrix can be realized by a single
spherical uniform distribution, or by a nondegenerate mixture of two spherical uniform
distributions. A nondegenerate mixture, that is 7o, g from (3.13) with a € (0,1) and
0 <r < R <1, occurs if and only if the moments satisfy (m + 4)XAaXg > (m + 2)A\3. O

This corollary improves upon Theorem 3.2.1 of Kiefer (1960), and Theorem X.7.4
of Karlin and Studden (1966), for third order models. Their results say that the D-
optimal moment matrix is rotatable; using the Kiefer-Wolfowitz Equivalence Theorem
they then deduce that the D-optimal design is a unique mixture of two spherical
uniform distributions. Our result applies the rotatability properties directly, and says
that every third order rotatable moment matrix, optimal or not, may be obtained from
a mixture of two spherical uniform distributions (in the nondegenerate case; a single
uniform distribution applies in the degenerate case). We return to the discussion of

optimality properties in Section 4.

Since the Kronecker powers in (1.2) include a redundant repetition of higher order
terms, any moment matrix M (7) in (3.1) is necessarily rank deficient. Therefore we
replace regular matrix inversion by Moore—Penrose inversion. For a rotatable moment
matrix M from (3.5), we base the calculation of the Moore-Penrose inverse M ™ on

the eigenvalue decomposition of M.

To this end we introduce the set Sz of permutations p(ij) of the two symbols i, j,

and the set Sz of the permutations o(ijk) of the three symbols i, j, k,
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These permutations visibly appear in the first two terms of the fourth order block Fi,
in (3.7), and the first six terms of the sixth order block S, in (3.9). We define two
auxiliary matrices,
I, = %Z D epuneyy U= %Z > eoijn - (3.21)
1,j pESa i,j,k 0€S3
The matrices I14 and Il are understood best by their actions as linear transformations
on R™ and ]ng, just as the matrices P and () in the proof of Theorem 3.1, or the

vec permutation matrix I, ,, of (5.10) in DGP.

Given vectors x,y, z € IR, we find that I14(x®y) is the average of z®y and y®=x,
while I (z®@y®z) is the average of tQYRz, rRzQY, yRTR 2z, 2QYRX, YR2RT, ZzRQTRY.
In this sense I1; and Ilz act as symmetrizers of 2- and 3-fold Kronecker products. The
fact that they are averaging operators makes them symmetric and idempotent matrices,
as is readily verified from the definition (3.21). Their general usefulness in calculating

higher order moments becomes also evident in formula (2.3) of Pukelsheim (1980).
The matrices F,,, from (3.7) and S, from (3.9) now take a succinct form,
Fp, = 2104 + vl Sy = 61l + G, G1 . (3.22)

In view of v}, v, = m and G, G,,, = 3(m + 2)1,,,, we define the projection matrices
~ 1 ~ 1

F, =1y — —v,v, Sy =g — ———G,G! | 3.23
1T UmYm 0 3(m+2) m (3:23)
with associated degrees of freedom
~ 1 ~ 1
trace F,,, = §m(m +1) -1, trace Sy, = Em(m +1)(m+2) —m. (3.24)

From ﬁmvm =0 and §me =0 we get Fmﬁm = Qﬁm and Smgm = 6§m.

Hence the moment matrix M of (3.5) has eigenvalues 2A4 and 6, with associated

projection matrices

0 0 0 0 00 O
0 0 0 0 00 O
Py = - . Py= , (3.25)
0 0 F, O 00 0 O
00 0 0 00 0 Su
and with multiplicities given by (3.24). Upon introducing
1 0 0 O
0 O I, O
S = , U= :
0 v, 0 0
0 0 0 G (3.26)
1 )\2 )\2 >‘4
T = ; V= @ I,
< Ay 2, ) ( A4 ﬂ—i;% )
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we obtain the representation
M = 2)\4P, + STS' 4+ 6)¢ Ps + UVU'. (3.27)

It is now easy to discuss the rank and the Moore—Penrose inverse of M.

Theorem 3.3: The rank of a third order rotatable moment matrix M from (3.5) is

(1 for Ay = 0;

(") =m—1 for Ay = 1503 > 0;
—m

rank M = § - (m+3 for \/TE N = Ay > 2502 > 0; (3.28)

3

| ("57) for /™A > Ay > ;A3 > 0.

m—+3
3

The rank is maximal, ( ), if and only if the moments satisfy

m+4

m+ 2
and in this case the Moore—Penrose inverse is

1 1
Mt = KP4+5(5'5)*1?1(S’S)*ls’+ YL +UU'u)"tv-H Uy, (3.30)
4 6

where Py, Ps, S, T,U,V are given by (3.25+26).

Aodg > AI; (3.29)

Proof: Except for eigenvalues that vanish, the eigenvalues of ST'S’ and of S'ST are
the same, as are those of UVU’ and U'UV. The determinants are

1 A
det $'ST = det ( 2 )
m)\g (m —+ 2)/\4

m
= 2 — 2 31
(m+2)(M — —25X3). (3.31)
, A2 A4
detU'UV = det ® Iy,
= 3m ((m ) dode — (m + 2))\Z> . (3.32)
This implies (3.28). The formula (3.30) is verified directly using (3.27). a

The four cases for the rank in (3.28) correspond to the number of spheres that the
design 7, r from (3.13) uses to realize M, namely 1/2 when 0 = r = R, or 1 when
0<r=R,or3/2when0=7r< R, or 2when 0 <7 < R.

A moment matrix M is often depicted by its associated information surface i,
defined by

-1
b ing(t) = ( FYM* f(t)) (3.33)
for f(t) € range M, and O otherwise. If the moment matrix is rotatable then the

information surface becomes a function of the squared norm ¢'t. Our representation

keeps the two portions that arise from the two interlacing blocks in (3.5) separate.
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Theorem 3.4: If the moments satisfy (3.29), then the rotatable moment matrix M
of (3.5) induces the rotatable information surface which depends on t € IR™ through

p? = t't according to

- (m +2)As — 2Xop? + 3[(m + 1) — (m — 1)A3/\]p"
i () = (m + 2)A\y — mA3

(3.34)

—1
(m +4HAep® — 2Xap* + gl(m + A2 — (m — 1)AT/Ae]p°
(m + 4))\2)\6 — (m + 2))\2 ’

Proof: The rank of M is maximal, by Theorem 3.3, whence iy;(t) is given by (3.33).
Straightforward but lengthy evaluation of (3.30) yields (3.34). O

The information surface (3.34) does not depend on the specific coordinate
representation chosen to evaluate it. We find it much easier to calculate it via the
Kronecker representation (1.2). For the representation in terms of two spherical
uniform distributions, (3.34) reduces to (2.12) of Galil and Kiefer (1979).

We now discuss under what circumstances designs with rotatable moment matrices

can be considered optimal.
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4 Design Optimality

A broad optimality concept, not tied to a single scalar criterion, is the Kiefer ordering
> of Pukelsheim (1993, page 354). This is a two stage ordering, capturing an increase
in symmetry relative to the congruence action of the underlying group 9, as well as

an improvement in the usual Loewner ordering of symmetric matrices.

Given an arbitrary third order moment matrix A, an increase in symmetry is

achieved by averaging it over the orbit under the action of the group Q,
A= / QrAQR dR.
Orth(m)

The Haar probability measure dR on the orthogonal group Orth(m) is not easy
to handle. However, the average A coincides with the projection of A, onto the
4-dimensional subspace of symmetric matrices that have the pattern (3.5); see

Pukelsheim (1993, page 349). This opens up a way of calculating A.

If the projection A is represented as in (3.5) and has coefficient Ay € (0,1), a
maximization of Ag within its range (3.4c) gives a Loewner improvement which is best

for given values Ay and 4. Attainment of the upper bound

a_m+2 (M= e d) + R (G A — M)

A = 4.1
6 m—|—4 1—)\2 ( )

forces attainment of the upper bound in (3.12c¢), and a squared radius R?> = 1 in
(3.17). Accordingly we set R = 1 in (3.13-17), and introduce the two-parameter

family of boundary nucleus designs
Tar = QU /m + (1 — @)u, /m, a€0,1], r €0,1]. (4.2)
They allocate weight o on the boundary sphere of the experimental domain 7, while

placing the remaining weight 1 —« on a concentric inner sphere nucleus of radius r/m.

The different cases for the rank distinction (3.28) thus correspond to a = 0 and
r =0 (5 sphere), or & = 0 and 7 > 0 (1 sphere), or a € (0,1) and r = 0 (2 spheres),
or a € (0,1) and r € (0,1) (2 spheres).

The boundary nucleus designs form a complete class in the Kiefer ordering, as

follows.
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Theorem 4.1: Given any design 7 on the experimental domain 7T/, there always
exist some boundary weight « € [0, 1] and some nucleus radius r € [0, 1] such that the

boundary nucleus design 7, , improves upon 7 in the Kiefer ordering, M (1y,,) > M (7).

Proof: For the 4-dimensional space of symmetric matrices which contains the rotatable

moment matrices (3.5), we use the orthogonal basis

1 0 0 0 0O 0 v, 0
0 0 0 O o I, 0 O
WO = ; W2 = )
0 0 0 O Um 0 0 O
0 0 0 O 0O 0 0 0
(4.3)
0 O 0 0 0 0 0 O
0 O 0 G 0 0 0 O
W4 - ) W6 =
0O 0 F, O 0 0 0 O
0 Gnn O 0 0 0 0 S,

Let A be the moment matrix of 7. We calculate its projection onto the symmetric

matrices of pattern (3.5) through A = > iz0,2.4.6 N\iWi, with coefficients given by

N - trace AW;

. 4.4
trace W2 (4.4)

We have trace W@ = 1,trace W3 = 3m, trace W2 = 9m(m + 2), trace W = 15m(m +
2)(m+4).

_m_

m—+2
matrix of the degenerate boundary nucleus design 7p , with radius r = Vg € [0, 1].

In (4.4) we always get \g = 1. In case Ay = A2, the matrix A is the moment

The case Ay > ;15 \3 necessitates Az € (0,1). With AM from (4.1), we introduce
M =Wy + AaWo + AWy + )\g We. This is a Loewner improvement over A, M > A.
Furthermore M is attained by a boundary nucleus design 7, as shown in the proof
of Theorem 3.1. The nucleus radius r is found using a, b, ¢ from (3.10) which, in the
present case, satisfy b — a? > 0. Hence in (3.15), the first equation entails o # 0,1
and 72 # 1, while the last equation yields r? = (ac — b?)/(b — a?). Together with the
boundary weight « from (3.17) we obtain

m+4 M _ 2 2
s Mm+2 a5 A2Ag — AL Ay — 71
= €10,1), = € (0,1). O
" mo A S 0,1) R R (0.1)

It is an immediate consequence that the boundary nucleus designs contain an
overall ¢-optimal design, under every scalar criterion ¢ which is isotonic relative to the

Kiefer ordering. A sufficient set of conditions is the following.
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Corollary 4.2: Let the criterion ¢ : NND(k) — IR be Loewner isotonic, concave, and
Q-invariant. Then there is a boundary nucleus design 7, that is ¢-optimal, in the
set of all designs on the experimental domain T .. If; in addition, the criterion ¢ is

strictly concave then every ¢-optimal design must be a boundary nucleus design. O

Q-invariance means ¢(M) = ¢(QrMQ’), for all matrices Qg in (1.3). Since Q is a
subgroup of the orthogonal group Orth(k), orthogonal invariance implies Q-invariance.
An orthogonally invariant criterion depends on M only through the eigenvalues of M.
The most important criteria of this sort are the matrix means ¢, with p € [—o0, 1], see
Pukelsheim (1993, page 140). With p = 0, —1, —oc they comprise the classical D-, A-,
and FE-criteria. For rotatable moment matrices M, we have studied the eigenvalues in
the previous section. We shall use these results to investigate ¢,-optimal designs more

closely, in a companion paper.

Here we use Corollary 4.2 to show that the boundary nucleus designs generate
precisely those moment matrices that are admissible in the set of all moment matrices.
The admissibility discussion for the usual minimal set of regression functions is more
complicated, see Section 2 of Heiligers and Schneider (1992). A moment matrix M
is called admissible when every competing moment matrix A with A > M is actually
equal to M, see Pukelsheim (1993, page 247).

Theorem 4.3: In the third order model with regression function f given by (1.2), the

moment matrix of a boundary nucleus design is admissible.

Proof: The moment matrix M of a boundary nucleus design has pattern (3.5), with
A = MM from (4.1). Let A be an arbitrary moment matrix satisfying A > M.
From QrAQR > QrMQ% = M, for all R € Orth(m), we see that the projection
A= [QrAQ’R dR of A onto the rotatable moment matrices fulfills A > M. Theorem

3.1 provides scalars ps, fi4, ptg such that

1 0 Hav, 0
— 0 I, 0 G

0 G 0 16Sm

Premultiplication of A — M by (1,0,dv/,,0) and postmultiplication by the transposed

vector gives

0 < 25(pa — X2)m + 6% (g — M)m(m +2),  forall § € R.
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This necessitates po = Xo. Next, premultiplication of A — M by (0, I,,,,0,0G",,) and

postmultiplication by its transpose yields
0< (5(u4 — A1) + 6% (s — Xo)[6 + 3(m + 2)})3(m 4+ 2) 1, forallde R

This forces py = A\y. Finally ug > A\ = M\ entails ug = \g. This proves M = A.
Together with A > M we see that the difference A — Ais nonnegative definite. On
the other hand we have trace(4 — A) = trace A — forth(m) trace QRQrAdR = 0. Now
A = A= M, which shows that M is admissible. O

Conversely, a rotatable moment matrix that is admissible among all rotatable
moment matrices is attained by a boundary nucleus design. These admissibility results
and the arguments to establish them parallel those of Lemma 1 of Heiligers (1991)
and Lemma 2 of Heiligers and Schneider (1992), for the case of a minimal system of

components.
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5 Third Order Rotatability of Experimental Designs

As with second order rotatable designs, third order rotatable designs can always be
formed by combining symmetric sets of design points on concentric spheres. Many
such combinations are feasible, and the symmetric sets themselves can be arrived at in
various ways. It is often hard to select a design with a suitably small number of points
due to the several moment conditions that must be satisfied simultaneously. Specific
discussions are given by Adhikary and Panda (1984, 1985, 1986), Arap Koske and Patel
(1989), Bagchi (1986), Draper (1960a,b; 1961), Gardiner, Grandage and Hader (1959),
Herzberg (1964, 1967), Huda (1981, 1982a,b; 1983, 1984, 1985, 1987a,b; 1988, 1989,
1991), Mukerjee and Huda (1985), Narasimham and Rao (1980), Nigam (1967), Panda
(1982), Panda and Das Roy (1990b), Thaker and Das (1961), and Tyagi (1964).

Published practical applications are harder to find. It is unusual in practical work
to fit a third order surface. More often, the response data are transformed in order to
avoid such a fit, and to reduce the fitted model to second order. Practical applications
are described by Baker and Bargmann (1985), and Derringer (1969).
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6 Higher Order Rotatability

Theoretical interest in higher order rotatability has led to a number of papers. For
fourth order rotatability, see Arap Koske (1987, 1989), Arap Koske and Patel (1986,
1987, 1989), Draper and Herzberg (1985), Huda (1991), Huda and Mukerjee (1989),
Huda and Shafiq (1987), Mukerjee (1987), Mukerjee and Huda (1990), Panda and Das
Roy (1990a), Patel and Arap Koske (1985), Shafiq and Huda (1989). For fifth order
rotatability, see Njui and Patel (1988).

For the extension of our results to rotatability of arbitrary order, a key result is
part (iii) of Theorem 3.1, in that it extracts the pure matrix algebra aspects of the
problem. This result has close relationships to tensor product representations of the
orthogonal group, see Brauer (1937), Wales (1987). It is instructive to contemplate

these interrelations in some greater detail.

The group representation R — R®? is called the dth order tensor representation,
and takes values in the vectorspace R™* %" of real m?xmd matrices. Its commutating

algebra is defined by

B = (Be R™*™" : R®B = BR® for all R € Orth(m)}

demd oo ods (6.1)
={BeR™ ™™ :RY"BR¥" =B for all R € Orth(m)},

assembling those square matrices B which commute with R®¢, that is, which are
invariant under the action by conjugacy. Brauer (1937) was the first to investigate this

algebra more closely, and he proved that its dimension b, is given by the odd factorials,
bg = (2d — 1) bg—1

=(2d—1)-(2d—3)-...-5-3-1. (6.2)

This follows from a familiar combinatorial argument: The terms in the sum of (2.4)
generally take the form

Z €i1,...,id€;~1 ,,,,, jas (6.3)

TR TR TR ¥

subject to the restriction that the 2d subscripts 4, ..., 4, j1, - - -, Jq form what is called
a matching, that is, each of the numbers 1,...,d appears exactly twice, see Section
5 of Brauer (1937). Hence given any number, say d, there are 2d — 1 positions for
its partner, times by_1 matchings of the remaining numbers 1,...,d — 1. This proves
(6.2). For d =0,1,2,3,4 we get by = 1,1,3,15,105.

In our statistical problem all matrices are symmetric, whence the nonsymmetric

matrices in Bc(lm) are redundant. We intersect Bém) with the space of symmetric
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matrices, and define

S = (s e R™*™ . 5=98, R®S=S5R® forall R € Orth(m)}

(6.4)
—{SeR™> ™ . 5= R¥SR®Y =5 forall R € Orth(m)}.
We claim that its dimension s; obeys the recurrence relation
bg — sq—1 — (2d — 2)s4—
Sq=8d_1 + (2d — 2)s4_p + —4— 241 ( )sd-2 (6.5)

5 )
with starting values sg = s; = 1. To see this, we call a matching symmetric when
the associated matrix in (6.3) is symmetric. From the set of all matchings we extract
the symmetric ones, in two steps. First we pair off i; and j;, leaving sy_1 ways to
complete the whole matching symmetrically. Second we pair off ¢; with any one of
the 2d — 2 symbols io, ..., 14, Jo, ..., jq; this determines a countercrosswise pairing for
Jj1 to preserve symmetry, and then leaves s;_o possible completions. Thirdly, there
remain bg — sq—1 — (2d — 2)s4—2 matchings for which the matrix (6.3) is not symmetric.
Each of these must come together with its “transposed” counterpart, so that the two
associated matrices become symmetric as a sum. (For instance, in (2.4) the four
double sums originate in this way.) This proves (6.5). For d = 0,1,2,3,4 we have
sq=1,1,3,11,67.

The emphasis on the symmetric commutator algebra S ém) is one point where the
statistical problem appears to deviate from the group representation literature. A
second point is that the rotatable symmetric matrices in (2.1) also involve all lower
order representations. That is, we actually deal with the Cartesian product of all

tensor representations up to order d,
R~ (1,R,R®?,..., R®?).

This has subtle consequences. To fix ideas we consider d = 4. The matrix
corresponding to (2.1) then involves an m?* x m? off-diagonal block T'(9), say. When

this block is rearranged as a square m? 3

x m? matrix, it need not be symmetric. Hence
T'(0) contributes, not s3 = 11, but bs = 15 degrees of freedom. The following matrix
displays the number of parameters that are called for by each block of a fourth order

rotatable symmetric matrix,
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More generally, let p; be the dimension of the subspace of d th order rotatable matrices,
in the space of symmetric (1+m+m?+m? +m*) x (1+m+m? +m3 +m?*) matrices.
For d =0,1,2, 3,4 we then have p; = 1, 2,6, 20, 105.

The rapid increase in dimensionality is much dampened when it comes to
rotatability of moment matrices. Even the Moore-Penrose inverses do not exhaust all
pq degrees of freedom. For instance, the third order rotatable Moore—Penrose inverse

of (3.30) can be represented using, not p3 = 20, but just 8 scalars a, 3,7, 1, 02,7, €1, €2,

a 0 Yo, 0
0 I 0 G’
5 NG, (6.7)
YUm 0 01114 + d2vp, 00, 0
0 nGm 0 61H6 + GQGmG;n

The reason is that the matrices with this pattern form a quadratic subspace of
symmetric matrices, compare page 132 of DGP, or Lemma 13.10 of Pukelsheim (1993).
The dimension of this subspace is reduced by symmetrizing the d-fold Kronecker
products as in (3.21). Let g4 be the dimension of the smallest quadratic subspace
of symmetric matrices that contains the dth order rotatable moment matrices. For
d=0,1,2,3 our results show that ¢4 =1,2,5,8.
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