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Abstract

In the common polynomial regression of degree m we determine the design which max-
imizes the minimum of the D-efficiency in the model of degree m and the D;-efficiencies
in the models of degree m — j,...,m + k (j,k > 0 given). The resulting designs allow
an efficient estimation of the parameters in the chosen regression and have reasonable
efficiencies for checking the goodness-of-fit of the assumed model of degree m by testing
the highest coefficients in the polynomials of degree m — j,...,m + k.

Our approach is based on a combination of the theory of canonical moments and
general equivalence theory for minimax optimality criteria. The optimal designs can be
explicitly characterized by evaluating certain associated orthogonal polynomials.

AMS Subject Classification: 62 K05, 33 C45

Keywords and Phrases: Minimax optimal designs, robust design, D-optimality, D;-optimality,
t-test, associated orthogonal polynomials

1 Introduction

Consider the common polynomial regression model of degree m € N

(1.1) y = fr(x)0, +¢
where f,,(z) = (1,z,...,2™)" denotes the vector of monomials up to the order m,v,, =
(Um0 - -+, V)’ is the vector of unknown parameters, € is a random error with mean 0 and



constant variance and the explanatory variable varies in a compact interval, say X. An approx-
imate design is a probability measure ¢ with finite support in X’ [see Kiefer (1974)], where the
masses represent the relative proportion of total observations taken at the corresponding design
points. The Fisher information matrix of an approximate design in the polynomial regression
of degree m is proportional to

(1.2) M) = [ fule) fh@)de(e)

and an optimal (approximate) design maximizes an appropriate (concave) real valued function
of the matrix M,,(£), which is called optimality criterion. There are numeruous optimality
criteria proposed in the literatur [see e.g. Silvey (1980) or Pukelsheim (1993)], which can be
used to discriminate between different designs, and the solution of the optimal design problem
for the polynomial regression model has been found in many cases [see e.g. Hoel (1958), Guest
(1958), Kiefer and Wolfowitz (1959), Studden (1980, 1982a, 1982b, 1989), Pukelsheim and
Studden (1993)].

Nevertheless many authors point out that these designs are not robust with respect to the model
assumption and cannot be used for checking any departures from the assumed model [see for
example Box and Draper (1959), Lauter (1974), Huber (1975), Studden (1982b), Wiens (1992),
Wong (1994) among many others|. For example, an optimal design with respect to the classical
criteria advises the experimenter to take observations at m + 1 points and can therefore not
be used for checking higher degree polynomials. There are several proposals in the literature
to incorporate the problem of model adequacy in the construction of optimal designs. Stigler
(1971) proposed to use a model of higher degree, say m +k (k > 0), and to determine the
D-optimal design for the model of degreee m subject to a guaranteed efficiency for testing the
highest k coefficients in the model of degree m + k [see also Studden (1982b)]. Similary, Lauter
(1974) proposed the maximization of a weighted geometric mean of D-optimality criteria for
the models of degree 1,...,m + k, in order to obtain robustness against misspecification of the
degree [see also Dette (1990) for a complete solution of Lauter ‘s problem in the polynomial case
and Wong (1994) for a robustness study in this case]. A different approach was suggested by
Wiens (1992) who obtained (minimax) designs which are robust against “small” contaminations
of the polynomial regression of degree m. Spruill (1990) and Dette (1995) proposed optimal
designs for identifying the degree of the regression by maximizing the minimum of D;-criteria
in the models up to degree m + k. In the present paper we use a different criterion for the
determination of robust designs which are efficient for parameter estimation and for testing the
goodness-of-fit of the assumed regression model. We assume that the experimenter has some
preference for the model of degree m, but also wants an efficient design for checking higher
and lower degree models. We propose to maximize a weighted minimum of the D-efficiency
in the (assumed) model of degree m (in order to obtain an efficient design for estimating the
parameters in the assumed model) and of the D;-efficiencies in the polynomial regression models
of degree m—j, ..., m~+k (in order to obtain an efficient design for testing the highest coefficients
in the polynomials of degree m—j, ..., m-+k). Section 2 introduces the criterion and gives some
basic results on the theory of canonical moments which was introduced by Skibinsky (1967) and
used by Studden (1980, 1982a, 1982b, 1989) in the context of optimal design for polynomial
regression. In Section 3 we combine these results with some general equivalence theorems for
maximin criteria [see Pukelsheim (1993)] and obtain a characterization of the optimal design
by a system of nonlinear equations for its canonical moments. Section 4 discusses the most
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important case where all efficiencies are equally weighted. Here we are able to describe the
optimal design analytically by evaluating certain linear combinations of associated orthogonal
polynomials [see Grosjean (1986) or Lasser (1994)], which allows a simple calculation of the
support points and weights using standard software as Maple or Mathematica.

2 Maximizing the minimum of D- and D;-efficiencies

The D-efficiency of a design £ in the polynomial regression of degree m is defined by

o M)
21) ©ltn &) = Sap [, ()T
n

where | - | denotes the determinant and the sup in the denominator is taken over the set of
all designs such that |M,,(n)| # 0 [see Pukelsheim (1993)]. The D-optimal design &2 has D-
efficiency equal to one and minimizes the volume of the confidence ellipsoid for the parameter
Y. The D-optimal design for the polynomial regression model of degree m has been indepen-
dently found by Hoel (1958) and Guest (1958). Similary, the D;-efficiency in the model of
degree m is defined by

ey MO (M) |
o O = i o CP L (o)

A Dq-optimal design has Di-efficiency equal to 1 and maximizes the power of the t-test for the
significance of the highest coefficient in the polynomial of degree m. The D;-optimal design has
been found by Kiefer and Wolfowitz (1959) [see also Studden (1968, 1980)].

For the definition of our robust criterion let m > j > 0,k > 0, wy,—j, ..., Wmir, w;, denote
positive weights and define
(2.3) \II%Jk(f) = min{wm,jeﬁfll_j €),..., wm+keﬁ’ﬁﬂrk (€), w;‘nefffr)b(f)}

as a weighted minimum of D- and D;- efficiencies. The weights reflect the importance of the
different goals of the experiment, i.e. estimation of the parameters in the model of degree m
and discrimination between the models of degrees [ — 1 and [, where [ =m —j,..., m+ k. Note
that increasing the weight decreases the importance of the corresponding efficiency [because
we are forming the minimum in (2.3)] and that the efficiency eff”* (¢) for polynomial regression
of degree [ is excluded in the maximin criterion (2.3) by defining the corresponding weight
as w; = 00. A design maximizing the criterion W ., is expected to have good properties for
estimating the parameters in the assumed regression of degree m and for testing the adequacy
of polynomials of higher or lower degree.

Note that the criterion (2.3) is invariant with respect to affine transformations of the design
space X and we assume from now on without loss of generality X = [—1, 1]. Designs maximizing
the criterion (2.3) on different design spaces are obtained from the results of this paper by an
affine transformation onto the given design space. Moreover, strict concavity of the maximin
criterion W7, implies that the maximin optimal design must be symmetric. An important tool
for determining optimal designs for polynomial regression is the theory of canonical moments
which was introduced by Studden (1980, 1982a, 1982b) in this context [see also Lau (1983,



1988), Skibinsky (1986) and the recent monograph of Dette and Studden (1997)]. Roughly
speaking every probability measure on the interval [—1, 1] is uniquely determined by a sequence
(p1,Dp2,...) whose elements vary independently in the interval [0,1]. For a given probability
measure on the interval [—1,1] the element p; of the corresponding sequence is called the jth
canonical moment of the measure &. If j is the first index for which p; € {0,1}, then the
sequence of canonical moments terminates at p;, the measure is supported at a finite number
of points and can be determined by evaluating certain orthogonal polynomials [see Skibinsky
(1986) or Lau (1988)]. Moreover, a measure & is symmetric if and only if all canonical moments
of odd order are equal 1/2 and for a symmetric measure we obtain for the determinant of the
information matrix

m
(2.4) M (&) = [ [(g2i-2pi)™ "

i=1
where pa, p4, ..., pam denote the canonical moments of the symmetric design § and ¢o; = 1 —
p2; (7 =1,...,m). Observing this identity we can easily identify the canonical moments of

the D-optimal design for the polynomial regression of degree m, that is

m—101+1 1

2.5 = 1= =
( ) Par ( P2i—1 9

—_—; [=1,...,m;
2m—l)—|—1, ) Jm)

(note that the D-optimal design must be symmetric which determines the canonical moments
of odd order) which gives for the D-efficiency of a symmetric design &

1 5 .
(26) eﬂ.D == b_ H Q2g 2p2j m=j+1)/(m+1)

J=1
where the constant b,, is given by

(2.7) = (5 =7)" (a0 +_1)Z(;(1)— 0T :a))m+1 ) -

=2

Similary, the D;-efficiency of a symmetric design & in the polynomial regression of degree m is
given by

(2.8) eff )t (¢) = 2% H q2j—2D2;-
j=1
We finally note that the maximin optimal designs for the weights w’ := (wy—j, ..., Wyik, W)

with w? = oo (in other words we are maximizing the minimum of D;-efficiencies) have been
found by Dette (1995) who showed that the maximin optimal design has canonical moments

1
(2.9) P = 5 l=1,....m—j—1,
(210) DPom+2 = 1
w 1
(2.11) Po = max{1 - I , —},

22(m+kil)wm+k Hz I+1 p22(1 _pZi) 2

[l =m+k—1,...,m — j. It will be demonstrated in Section 3 and 4 that the constrained
optimal design (with respect to the maximin criterion (2.3) can be described explicitly by a
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system of (nonlinear) equations for its canonical moments. The measure corresponding to the
,,optimal “ canonical moments specified by this system can then be determined numerically by
standard methods [see Dette and Studden (1997), Section 3]. Moreover, in important special
cases the maximin optimal designs can be found analytically

3 Maximin optimal designs - the general case

A basic tool for determining the optimal design maximizing the criterion in (2.3) is the following
equivalence theorem, which characterizes the maximin optimal design by a simple inequality.

Theorem 3.1. A design £ mazximizes the minimum of efficiencies in the optimality criterion
(2.3) if and only if there exist nonnegative numbers cu,_j, ..., Qmik, 0, with sum equal to one
such that the following conditions are satisfied:

(3.1) apw eff (€7) = Wy, (€)  l=m—j,...,m+k
(3.2) Xy Wi effﬁ(f*) = a;zq’%,j,k(f*)

(3.3) zm: o (M (Eh@) + ”i al (el M7 (€) fil))? “1_ o

—~m+1 el M (€)e el M7 (E)ep m+1

for all v € [—1,1].

l=m—j

Proof. Using general equivalence theory [see e.g. Pukelsheim (1993)] we obtain that a design
maximizes the criterion (2.3) if and only if there exists nonnegative numbers a,,—;j, . . ., Gpir, @,
with sum equal to one such that (3.1), (3.2) are satisfied and the inequality

(3.4 M€l + Y ol LR <

holds for all z € [—1,1]. If ¢, = (0,...,0,1)" € R denotes the (I + 1)th unit vector it is easy
to see that for a design & with nonsingular information matrix M,,(£) the polynomials

e;[Ml_l (&) filx)
(e M, (€)en)

By(z,§) =

[=0,...,m

are orthonormal with respect to the design € and that the vector P(x) = (Py(z, &), ..., Pn(z, &))"
satisfies

P(x) = Afm(x)

for a nonsingular matrix A € R™*>™+1 This implies for any design such that |M,, (&) [# 0

T M ) fnlw) = 3PP, &) = 3 (6?2534(?(3(2))2



which gives in a combination with (3.4) the assertion of the theorem. O

Theorem 3.2.
(a) Let n* denote the design with canonical moments given by (2.9) - (2.11). If

(3.5) wr, effD (n*) > min{w; eff”* (n*)|l = m — j,...,m + k}

then the design n* also mazimizes the criterion Wy ., defined in (2.3)

(b) If the design n* defined by the canonical moments in (2.9) - (2.11) does not satisfy the
inequality (3.5), the canonical moments of even order of the optimal design n* mazimizing
(2.3) are uniquely determined and obtained as follows (all canonical moments of odd order are

equal %) : Pomgok = L.

b(i) In the case k > 1, there exists a positive integer n € {m — j — 1,...,m} such that

(P2 -+ -y Pomtok—2) € [%, 1)™ k=L 4s the unique solution of the system of nonlinear equations
wy 1
(3.6) Py = max{l — - , —},
22(mAk=D 4k H;njzll "pai(1— pay) 2

(l=m+k—-1m+k—-2,...,m+1)

2—2(m—|—k—l)
(37) P = 1-— s
Win+k H?Hl_fl ' P2z( p2¢)

(l=m,m-—1,...,n+1)

9—2(m+k—1),, Mo — 1 VT 1l
(3.8) pu = max{l mik—1 - =2+ L H pm] }’
Wik [Timppr P2i(1 — pa2i) bon 2y P2

l=n—-1n-2,....m—j—1)

2(m —j —1) = pom—j—1y —m+j+1+1

l=m-j—2m—7-3,...,1)

(39) P =

2(m+k—1) mr wy, 1 _\ Y/(m+1)
(3810) w220 T pull = pa) = (Hpm pa)" ™)
=1 b
such that the inequalities
m+k—1
(3.11) wy > 22y (L= po) [ pa(l = pa),
[=n+1
Mgy — 1 1 — Py 20 — 1
(3.12) P < (1] pzz) A= i —ni1,.. . m:
1 — pay, P2i D

t=n+1

are satisfied, where by, is defined by (2.7) and the convention wy,_;_1 = 00 is used.
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b(ii) If, in the case k = 0, the D-optimal design D for the polynomial regression model of
degree m satisfies
Ui () = wy effy (67) = wp,
then &8 is also mazimin optimal with respect to the criterion (2.8). Otherwise there
exist integers z € {m — j,...,m} and n =n(z) € {m —j—1,...,2 — 1} such that the
canonical moments (pa, ..., Pam—2) of even order of the mazimin optimal design are the
unique solution in the cube [%, )™= of the system of nonlinear equations: py, = 1,

m—1+1
3.13 - -
(3.13) bat 20m—1)+1’
l=m-—1m-2,...,z2+1;
2—2(z—l)wl

(3.14) py=1— — ,
W;P2, Hi:llﬂ P2i(1 — p2i)

l=2—-1,2—2,...,n+1;

m—1

Mgy — 1 1—
(315) P2 _ H D2
1 = pon Iong1 P2
(if z < m and n > 0)
272(,27!) 2 —1 n—l 1 — po:\ —1
(3.16) le:maX{l _ I 1- (2+p2”7 I] pm) }
z—1
WyP2, Hi:l+1 P2i(1 — pai) Pon 5y P2
l=n—-1,n-2,....m—j—1,;
2m —5 —1) —1 _iin—m+j+1+1
a1 pum (K0 ) = Upty b 4L
l=m-—73—-2m-—7-3,...,1
z—1 m
_ wr, . N\ MOt
(3.18) w, 22V, Hp2z(1—p2z) =3 (Hpgf L — py)™ l)
=1 ™=
such that the inequalities
z—1
(3.19) wy > 225w, (1= pan) [ pall = pa),
l=n+1
-1
(3.20) w, < 22w (1 - py,) H p2i (1 — pay), l=2+1,2+2,...,m,
1=z+1
-1
2pon — 1 L —poi\ 2py — 1
3.21) P o ( ) o l=n+1n+2....2
( ) 1 —pon H P2i P2

1=n-+1



are satisfied, where by, is defined by (2.7), wp—j—1 = oo and in the case n = 0 the
inequalities (3.21) have to be replaced by the system

m—1
%or — 1 1—
(3.22) e | = R

1 = pa i1 Pz

Remark 3.3. Note that we do not claim the uniqueness of the constants z and n in Theorem
3.2. However, the canonical moments of the maximin optimal design are unique, because the
optimization problem (2.3) has a unique solution. It is also worthwhile to mention that Theorem
3.2 guarantees the existenc of a z (and n = n(z)) such that the system of nonlinear equations
has a solution ps, ..., pami2e—2 in the cube [3,1)™ 1

Proof of Theorem 3.2. A standard arguments of optimal theory shows the existence of a
maximin optimal design. Because the maximin criterion (2.3) is strictly concave it follows from
the results of Section 2 that the optimal design is unique and all canonical moments of odd
order of the optimal design are equal 1/2.

(a) By the discussion in Section 2 the design n* with canonical moments given by (2.9) - (2.11)
maximizes

Oy = min{weff (Ol =m—j,...,m+k}
and it follows from (3.5)

mfax\II m.j, K& < mgax q)m]k(f) = ‘P%,j,k(n*) = ‘1’%”(77*)

which also proves optimality of * with respect to the maximin criterion Wi . .

(b) Assume that (3.5) is not satisfied and that & > 0. Observing Theorem 3.1 of this paper
and Theorem 6.3.2 in Dette and Studden (1997) (for p = 0) it follows that n* maximizes the

criterion (2.3) if and only if there exists a prior (fy,..., Bmik) for the class of polynomials of
degreee 1,...,m + k with [,,.x > 0 such that the equations

(3.23) b= P,

[=2,....m—j—1,

(3.24) (6 = min Bi)wieffP* (n*) = (6, — Jmin GV (),

l=m—j,....m,

(3.25) Brwett? (n°) = By (")

(. min  B)wp-effy)(n.) = (_min )W ;5 (n")

i=1,....,m i=1,....,m



[ =m+1,...,m+k, are satisfied and such that the design n* maximizes the weighted geometric

mean of Di-efficiencies
m—+k

(3.26) > Bilog eff (€)
=1

This follows directly by identifying the corresponding weights in the equivalence theorems for
both criteria. Additionally we obtain

iy = min G

i=1,....m

whenever j < m — 2. Now Theorem 6.2.6 in Dette and Studden (1997) expresses the weights
B, of the criterion (3.26) in terms of the canonical moments of the maximin optimal design n*,
Le.

-1
q2; qa1

3.27 = —=(1—- =+ l=1,...,m+k.

(3:27) B e

From f,,+r > 0 and (3.25) we have

(3.28) Wi, DL,

[note that (3.5) is not satisfied in case (b)] which implies (3.10) observing (2.6) and (2.8). A
further application of (3.25) and (2.8) for [ = m + k — 1 yields

( *) qﬁ%]k

(") = w;, eff;) (%)

_ effPt
(329) 4ﬂm+k 1 _ /BWL'HC lDl m+k* 1(77 ) _ ﬂm_'_kil Wm+k
G2m+2k—2 eff, ! . (7%) Wit k-1

This gives either po, 12r_2 = % (equivalently (,,1x_1 = 0) or

Wit ke—

Pomt2k—2=1— %kl
Win+k
Because
Wkl (07) > W (07) = wieff (07) = winreff))y (77)

and f,+x—1 > 0 we obtain from (2.8) and (3.27) the identity (3.6) for [ = m+k — 1. Repeating
these arguments yields the remaining equations in (3.6) for [ = m +k —2,...,m + 1. From

(3.23) and (3.27) we directly obtain (3.9), by induction. If we define
(3.30) n=max{l € {l,...,m} | B = mln Gi},

.....

then (3.7) follows directly observing (3.24) and (2.8), because for [ = n + 1,...,m the corre-
sponding factors f; — min;—; _n, 3 in (3.24) are all positive. Similary we derive from 3, <
(l=n+1,...,m) and (3.27) the inequalities (3.12). The system of equations in (3.8) is also
obtained from (3.24) as follows. If §, > 8, for l=n—1,n—2,...,m — j we have from (3.24)

wieff” () = woeffol , (%)
which gives by (2.8)

2—2Un+k—0

pu=1-— .
Wm+k Hz z+1 P2z — P2

9



Otherwise the equation (3, = (3 and (3.27) imply

n—1

pu=1—[2+
D2n P2

1=I+1

Because
weff? () > wogreff (07)

and (3, > 3, we obtain that the optimal value for po; is the corresponding maximum of these
expressions for [ =n —1,...,m — j. If j < m — 2 the remaining case [ = m — j — 1 in (3.8)
follows from 3, = (, = min®, §; and (3.23) using the convention wy,,_;_; = oo. Finally, the
inequality (3.11) is obtained from (2.8) and (3.28) which implies wy, 4 eff5% , (7*) < wyeffy ().
This shows that in the case k£ > 0 the canonical moments of the maximin optimal design with
respect to the criterion W} ., in (2.3) satisfy the conditions specified by part b(i) of Theorem

3.2.

Reversing these arguments shows that any design with canonical moments satisfying the system
of equations and inequalities in Theorem 3.2 b(i) also satisfies the conditions (3.1) — (3.3) of
Theorem 3.1, which proves its optimality with respect to the criterion W7 .. Thus the class of
maximin optimal designs (with respect to the criterion \II%J,C) is characterized by the system
of nonlinear equations for the corresponding canonical moments in part b(i) of Theorem 3.2
and the assertion follows because the optimization problem (2.3) has a unique solution. The
assertion for the case k = 0 in part b(ii) is proved similary [see Franke (2000)] and its proof
therefore omitted.

O

4 Two special cases

In this section we discuss a special but very important situation in the optimality criterion
(2.3), where all weights w;, w}, are equal. In this case the maximin optimality criterion reduces
to

(4.1) Wrj.5(€) = min{effy (), eff,* ;(€), ..., eff (6}

Similary, if w,, = oo and all other weights are equal the maximin criterion (2.3) yields

(4.2) Xm,jk(§) = min{effﬁ(f), eﬁ’fr)tl_j(f), cee eff,[r)bil(f), eﬁ’ﬁil(f), ce eﬁ’ﬁﬂrk(f)}.

Note that for the choice £ = 7 = 0 the criterion x,, 0,0 gives the D-optimality criterion for which
the optimal design was explicitly found by Hoel (1958). For the criterion (4.1) and (4.2) the
optimal designs can also be found analytically using the associated ultraspherical polynomials,
which are defined recursively by

C'(_)‘l)(x, v) = 0, C’é)‘)(x,y) =1,
(4.3)

(n+v+ 10 (@) = 2n+ v+ N2CP(x,v) = (n+v +2X = )CY, (2, v),

10



n > 0, (see Grosjean (1986) or Lasser (1994)). We will frequently make use of the monic form
of these polynomials defined by

(v+1),

(4.4) A,(f‘) (z,v) = m

C (w,v),

where (a)y == 1; (a), == a(a+1)...(a+n —1) if n > 1. These polynomials satisfy the
recursion

(n+v+22—-1)(n+v)
dn+rv+A—-1)(n+v+A)

Y (@,v) = 2CWV(,v) — W (x,v), n>1.

Theorem 4.1. If j = k = 0 and m > 2 the maximin optimal design n* with respect to the
criterion (4.1) has canonical moments pay, = 1;py_1 = %, I=1,...,m; and (p2,...,Dom_2) 1
the unique solution of the the system of equations

(20 + 1)pagm—1) —

4.6 me1-l) = , [=1,...,m—2,
( ) p2( -0 4lp2(m71) — 21 +1
‘ m—1
(47) 1 = b7£+122(m2—1) H pl2l(]- _ p2l)l+1-
=1
in the cube [%, )™=t The support points xq, ..., T, are given by the zeros of the polynomial

(v+m—1) 200" (@, v = 1) = 2505 (a1, +1)
n'(z) = e 7
(@ = 1O (v — 1)
T=T)
(1 =0,...,m) where the parameter v is defined by
o L — pom—2
V= —M
2pom-—o — 1
and Pom,—o s obtained from (4.6) and (4.7).
Otherwise the support points xg, ..., Tmir of the mazimin optimal design with respect to the
criterion (4.1) are given by the zeros of the polynomial
(4.8) Quik+1(®) = Unj 1(2) Tirjr2(x) + (K + ) Tirmir () — Upyr 1 ()

where T)(x) and Uy(x) denote the Chebyshev polynomial of the first and second kind, respectively.
The masses at the support points are obtained by
(k +J + D)Unsr(@1) — Un—j—a (@) Upj (1)

4.9 (@) =
(4.9) n(x) L Qumik+1(®) o=,

11



Proof. We start with an examination of the condition (3.5) in Theorem 3.2. Observing (2.9) -
(2.11) it follows by a straightforward induction (w; =1, 1 =m — j,...,m + k) that the design
n* specified in part (a) of Theorem 3.2 has canonical moments py_1 = 1/2, 1 =1,... ,m+ k;
and

1

(410) Dot =
m+k—1+2

2(m+k—1)+2

if m—j<l<m+k

Now a straightforward but tedious calculation shows that for equal weights the inequality (3.5)
in Theorem 3.2 can be rewritten as

—Lim ™ ( l_l)( §—l) m— m ; m—j
()T ey ()

Elementary but cumbersome calculus shows that this inequality is always satisfied except in
the case k =7 =0 and m > 2.

(i) Therefore the case k = j = 0 and m > 2 requires the application of part b(ii) of Theorem
3.2. More precisely, it is easy to see that the D-optimal design is not maximin optimal.
With z = m and n = m — 1 the system of equations (3.13) - (3.18) reduces to (4.6) —
(4.7) and the inequality (3.19) is satisfied (note that w,,_; = oo and that the inequality
(3.20) does not appear in this case). Moreover, it is easy to see that (4.6) - (4.7) define
a unique solution (ps,...,pam-2). Note that for ps, o = 2 the equation (4.6) gives the
canonical moments of the D-optimal design in (2.5), for which the left hand side of (4.7)
is cleary greater than the right hand side. Moreover a straightforward calculation shows
that (4.6) is increasing and the right hand side of (4.7) is decreasing with increasing pa,—o2,
which proves that the canonical moments of the maximin optimal design are less or equal
than the corresponding canonical moments of the D-optimal design. Especially we obtain
Dom-—2 < % which proves the remaining inequality (3.21).

By Theorem 3.4.1 in Dette and Studden (1997) the Stieltjes transform of the measure n*
is given by

' 1 {=}) _ Pm( q)
/133—2 Z r—x —1)Qm-1(z,p)

=0

where Q,,_1(z,p), P,,(x,q) are the supporting polynomials of the sequences

111 1
2>p2727"'72>p2m 2727 )
1 1 1 1 0
27(]27 27"'727q2m—27 27

12



(ii)

respectively [and the canonical moments are obtained from (4.6) and (4.7)]. Note that
Qm-1(z,p) is also the supporting polynomial of the sequence

1 1 1 1

— 9y ey = -1
27q2m 2727 727q2727

[see Studden (1982a)] and obtained recursively as @Q,, 1(z,p) = Qn 1(x) ,Q 1(x) = 0,
QO (.’L’) =1

Ql+1($) = $Ql($) _p2m72l72q2m72lQl71(1‘)

(l-l- P2m—2 )(l-l— 2*3p2m—2)

= Qilx) - 2’72”;‘2*1 217;7:2—17 Qv ()
0+ ) U7 )

(I =0,...,m—2) [see Dette and Studden (1997)]. Comparing this recursive relation with
(4.4) and (4.5) yields

(V)m—l

21O (g v —1) .
om—1(y + %)m—l (z )CRl (2, v — 1)

mel(l‘ap) =

A similar argument shows

(l/ + 1)m—1

2CO) (a,v) = 20 (2, + 1)

P =
—m(l‘7 q) v + 1 m—2

and the assertion follows by calculating the coefficients in the partial fraction expansion
of the Stieltjes transform.

If k+j > 1orm =1 part a) of Theorem 3.2 shows that the design with canonical
moments given by (4.10) is maximin optimal with respect to the criterion (4.1). The
assertion now follows from Theorem 4.4 and equation (4.2) in Dette (1995) [with k =
m — j;n =m+ k,p =1 = 2] observing the identities U;(1) =1+ 1 (I € N),

Uin(z) = Ui(@)Ui(z) = Ui (2)Us(2) (6,02 0)
(4.11)

Miw) = Uilw) — Uisle) (12 2)

Example 4.2. Consider a cubic regression model and assume that j = £ = 0. In other words
we are searching for the design maximizing

Us00(8) = min{eff??l(f), eﬂ'?’? €}

From part a) of Theorem 4.1 and (2.7) we obtain that the design maximizing ¥ ; o has canonical
moments p; = ps = ps = 1/2;pg = 1 and py, py are determined from the equations

(4ps — 1)°c = (3ps — D)py(1 — ps)?
3]94 —1
4p4 —1

P2 =

13



where ¢ = 5°/2%°. The numerical solution of this system yields

p2 = 0548724 p; = 0.56052

and the maximin optimal design * has masses 0.203, 0.297, 0.297, 0.203 at the point —1, —0.491, 0.491
and 1, respectively [see Dette and Studden (1997), p. 106]. This design produces equal effi-
ciencies, i.e.

effy (%) = eff* (n*) = 0.97599.

We finally note that the D-optimal design &2 for the cubic model has D;-efficiency eff: (€2) =
0.8533 while the D;-optimal design in this model has D-efficiency 0.9346.

If we assume that £ = 0,7 = 1, we are interested in a design which has reasonable D-efficiency
for estimating the parameters in the cubic regression model and reasonable efficiencies for
testing the highest coefficients in the quadratic and cubic model. In this case we are looking
for the design n* which maximizes

Ws1,0(n) = min{effy’(€), effy (£), effy (€)}
Observing that
Up(z) =23, Uy(z)=4a* -1, Ty(z)=42* -3z, Ty(v)=28x"—8z*+1
[see Szegd (1975)] we obtain for the polynomial Q4(z) in (4.8)
Qu(x) = 2(82% — 1)(2* — 1)
and the design n* maximizing W3, is supported at the points —1, —1/1/8,1/v/8,1. The cor-

responding masses are obtained from (4.9) observing that the polynomial in the numerator is
given by 2(82% — 5x), which yields

3
* 1:_ *
n*(F1) 7 0 (F

NN )

This design has efficiencies
eff ' (1) = 0.75 1=2,3 effy(n*) = 0.9625

in the quadratic and cubic model.

In the remaining part of this section we will concentrate on the maximin problem (4.2), where
for each model exactly one efficiency appears in the maximin criterion.

14



Theorem 4.3. The mazimin optimal design n* with respect to the criterion (4.2) can be
characterized as follows.

()

(b)

If Kk =0;7 =m—1>1 the mazimin optimal design n* is supported at the roots of the
polynomial
(4.12) (a? = 1)CL (x,v),

and the masses are given by

(4.13)
(o) = (v +m) [Um(xl) 25U o(x )]
1) — )
20+ 1) | (@2 = ) (w,0)]
T=T)
[=0,...,m, where
3 — 4Apopm—
(4.14) y = o “PAm-1)
2]92(m71) -1

and pag_o 1s the solution of the equation

2(m+1)(m,2)bm+1 _ (1 - pZ(mfl))(4(m - 2)p2(m71) - 2(’/72, B 3))

(4.15) 2(m — 1)pam-1) — (m — 2)

in the interval [, 1).

If k=0,7>1,m—j > 2 the maximin optimal design n* has canonical moments pg_1 =
1/2 (I=1,...,m),pom =1 and (pa, ..., pam—2) € [3,1)™ * is the unique solution of

2(l + 1)p2(m71) -1
4lp2(m—1) - 2(l - 1)7

(20 + 1)pam—j—1) — 1 .
iy = Cod=1,...m—j—2
P2(m—j-1-1) 4lp2(m_j_1) —2l+1 me

P2(m—1-1) = l=1,...,7—1,

(4.16)

1—p-
]‘+Hl m—j ple

20
P2(m—j-1) 2+H 1—py
l=m—j py

—Jj=
2 _
1 — Papm—1) = 22m —2mj+j%—j— 4bm+1 m ] H 1 —pz l—+—1.

The support points of the mazximin optimal design n* are given by the zeros of the poly-
nomial (12 — 1)Qp_1(z) where

Njt1+ 1
Qna(w) = | O, O (i = 1) = O 0, )OS i) |
j
and the weights are obtained by the formula
Pm(l‘l)
(12 = 1D)Qm 1 ()],

15
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(d)

(e)

v
v+

_ (77j+1+m—j—1)(1/+j+1){
2141 (v +1)

M Jtv+2

ni+1+1 j—v—=3

COP (i) [ U (@) = 25 Usa (@)
v

R/ sl s + 1) |Uy(@) = Uy ()| ],

v is defined in (4.14), nj+1 given by

L —pom-—2j2

et = 2D9m-—2j-2 — 1

and pom—2j—2, Dam—2 are obtained from the system (4.16).

If k = 1,7 =0 the mazimin optimal design n* is supported at the zeros of the polynomial
(4.17) (e = )OI (@, — 1),

and the weights are given by

(4.18)
wCh!® (s m0) — 25CL1) (wismo +1)
) = = (3/2)
mmar (@ = DO (@, mo — 1)”ml

1=0,...,m+1. Hereny = (1 — pam)/(2pam — 1) and pon, € [3,1) is determined from the
system

(20 4+ 1)pay, — 1
4lp2m —2[+1 7

P2(m—1) = :17"'7m_17

(4.19)

1 = bm+122m(m+l) le2l(1 _ pzl)lﬂ-
=1

If Kk = 2,m = 1 the mazimin optimal design n* puts masses 0.2395 and 0.2605 at the
points F1 and F0.3711, respectively.

If 1 =0,k>30rj=0k=2m > 2 the maximin optimal design is supported at the
zeros of the polynomial

(4.20) Hypipa(2) = (2% = D[Un(2)Uk(2) = Un1(2) g ()],
and the masses are given by

kUi (21) — Up—1(20) U1 (1)

(4.21) 0 (w1) = H ., () :

16



(f) If j > 1,k > 1 the mazimin optimal design n* is supported at the zeros of the polynomial

k ! ]' !
(4.22) Qumynsa(e) = (4* = 1) (Z;;j117k+1($) +‘zj;jiljk_1(x))
(U1 ()] (2, k = 1) = Uniya (@) C2 (2, k — 1))
k+2
— U @) (Unjs () (2, K) = Uneja(0)C52 (2, )
and the masses are obtained from
(4.23) n* () = (k + ) Pt () 1=0,...,m+k

% Qm—l—k—l—l (.’L’) |x::vl

where the polynomial Py, (x) is defined by

(424) Pasele) = [(Una(0) = Vs @) Unor (0) = —Unosa@)Ua(0)
@)U ale) = Uy @)U ().

E+1 J+k

Proof. In a first step we check if condition (3.5) in Theorem 3.2(a) is satisfied. It is easy to
see that for £ = 0 the inequality (3.5) cannot be true. For the case £ > 0 we note that for

Wy, = 00, wh =00, wy=1(l=m—j,....,m—1,m+1,...,m+ k) the canonical moments in
(2.9) - (2.11) are given by py_y =5 (I=1,...,m+k)
m+k—1+2
= [l = 1,... k
P = S+ k—1+1) mA L mAk,
1
(4.25) pa = 3, I=1,....m—j—1,m,
m+k—1+1 ] . 1
Dai 2(m—i—k—l) ) I )
which implies
i+ k+1
eﬁfl(ﬁ):‘g l=m-—j,....m—1,m+1,....m+k

2(5 + k)

for the design 7 with canonical moments given by (4.25). For this design the D-efficiency is
obtained as

o - £ (3)” (25 )

and a straightforward but tedious calculation shows that condition (3.5) in Theorem 3.2 is
satisfied whenever

() j=0;k>3 or j=0;k=2m>2
(f) j>Lk>1

Here the design 77 corresponding to the canonical moments in (4.25) is also maximin optimal
with respect to the criterion x,, ;, and we will discuss the identification of the support points
and weights for both cases separately.

17



(e)

(f)

If j=0;k>3o0rj=0k=2m>2it follows from (4.25) and Theorem 4.4 in Dette
(1995) (using ¥ = p =2,n = m+k,k = m+ 1 in his notation) that n* is supported at
the m + k + 1 zeros of the polynomial
Qmkt1(2) = Un(@){kUksr(2) = (k + 2)Us 1 (2)}
= Una(@){(k = DUi(z) = (k + 1)Uk ()}

= 2(2" = D[Un(2)Ui(2) = Un—1(2)Uy_(2)]

where the last identity is obtained from the trigonometric respresentation of the Cheby-
shev polynomials of the second kind [see e.g. Szegd (1975)]. The same result shows that
the weights are given by

I{IUk(JTZ)Um(JTZ) - (I{I + 1)Uk_1(.’L’[)Um_1(.’L’l)

%%Qm-&-k-&-l (.’L’) |x:wl

" ({}) =

and the representation (4.20) and (4.21) follow from (4.11) which proves the assertion of
Theorem 4.3 for case (e).

By Theorem 3.4.1 in Dette and Studden (1997) the Stieltjes transform of the measure n*
is given by

(4.26) /1 — mz: {z}) _ Bm—i—k(x,Q)

— T — 1)Qmyr—1(z,p)

where Quni-1(2,p), Ppyyr(, g) are the supporting polynomials of the sequences

1 1
(427) 9. ;2;p2m+2k 27 2717
1 1
4.28 m42k—2, = 0;
( ) ) ;2;Q2 +2k—2 5

respectively. The assertion in part (f) of Theorem 4.3 therefore follows by showing the
identities

(4.29) Qmik1(z,p) = W@mkl(@
1
(4-30) £m+k(%(]) = me+k(x)

where Qir—1(x) and P,k () are defined in (4.22) and (4.23), respectively. We will only
prove the statement (4.29) regarding the polynomial Q,,x_1(z,p); the equation (4.30) is
shown similary and left to the reader. From Theorem 4.4.2 in Dette and Studden (1997)
we obtain that

(4.31) Qutk—1(2,p) = Gr(w) Hypr () = 57— Gr1(2) Hyna(2)



where the polynomials Gy (z) and H,,—;(x) are the supporting polynomials of the se-
quences

1 1 1
§Jp2m§7 R §Jp2m+2k—27 57 1)
(4.32)
1 1 1 1
§7p27 57 HRI) §7p2m—27 57 17

respectively. By Lemma 2.10 in Studden (1982a) and Corollary 2.3.6 in Dette and Studden
(1997) the polynomial G(z) is obtained recursively as Gy(z) = 1, G (z) = =,

Gz’+1($) = sz(x) - q2m+2k72ip2m+2k72i72Gi71(1‘)

i(i+3) e
() — , <k _
zGi(x) S 2)Gl_1(aj) ifi<k—-2
kE—1 e
2Gp_1(z) — TGk_g(x) ifi=k—1.

Comparing this recursion with the monic version of the recursive relation for the associ-
ated ultraspherical polynomials in (4.3) yields

1 (9 1
Gri(z) = k2k,10k—1(x70) = @Uk(l’)
(4.33)
1
Grl(e) = 1 {2007, (2,0) = O (2,0))
_ 1 e 1 @

1 , 1,
= Gz U@ + 2l @)

where C’,?) (x,0) = C,(f) (x) denotes the classical ultraspherical polynomial [see e.g. Szegd

(1975)] and we used the recursion (4.3) and the identity Uj(z) = 26’91(:1:,0) [see e.g.
Abramowitz and Stegun (1964)].

For the determination of the polynomials H,, ;(x) corresponding to the second sequence
in (4.32) we apply again Theorem 4.4.2 in Dette and Studden (1997) and obtain

A34)  Hpea(o) = G s (0) = T Gya () o)

where G () and H,, ; 1(x) correspond to the sequences

1 11 .
27p2m72j7 27"'727p2m727 27 )
11 1

a0’ '7_717

2°2 2



respectively. From Corollary 4.3.3 in Dette and Studden (1997) we have
~ 1 . .
(4.35) Hl(x):§Ul(x) l=m—j—1,m—j—2

and Theorem 2.5.1 and Corollary 2.3.6 in the same reference show that the polynomials
G(x) can be obtained recursively from

Go(z) = 1,G1(x) ==

LT+l —1)(k+1+2) -
4 (k+0k+1+1) Gra(x)

Gl+1($) = xél(x) - q2m72lp2m72l72él71(1‘) = $él($) -

(l=1,...,7—1). Comparing this recurrence relation with (4.4) and (4.5) shows that

~ k

(4.36) G(z) = mq@’ (m,k—1) 1=j—1,j

[note that 2!(k+1)/k is the leading coefficient of the polynomial CZ(Q) (x,k—1)]. Observing
(4.34), (4.35) yields

k

. €T (2) €T — — _i_9olX (2) X -
W{UW—J—l( )CJ ( ’k 1) Um J 2( )C 71( ’k 1)}

Hpoo(2) = j

and similar arguments show

k+1
Tz Unmint @C (@) = Uneya(@)C 2w, ).

Hna(w) = (k+j

Finally a combination of these representations with (4.33), (4.34) and (4.31) yields the
assertion (4.29). The proof of the remaining statement (4.30) is similar and therefore
omitted. This completes the proof of part (f) of Theorem 4.3.

In the remaining cases

(a) k=0j=m—-1>1
(b) k=0;j>1Lm—j>2
() k=1j=0
(d) k=2,m=1
condition (3.5) of Theorem 3.2 is not satisfied and the other parts of this theorem apply. We will

only give a proof for (a) and (b). The proofs of the other cases are very similar and therefore
omitted.

(a), (b): If k =0;j > 1 it is easy to see that the D-optimal design &2 satisfies
eff,,! 1 (§n) < effy (&),

which shows that &2 is not maximin-optimal and that the maximin optimal design n*
is determined by the conditions (3.13) — (3.21) in Theorem 3.2 b(ii). In the case (a)
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(k=0,j=m—12>1) weuse z=m—1and n = 0 and obtain from (3.14) and induction
the recursion

2(1 + 1)pagm—1) — 1
4.37 m—1— - )
( ) DP2(m—1-1) Upsm 1) — 20— 1)

which implies

p2l+2q2l:1 l=1,...,m—2

Using this identity in (3.18) yields the equation (4.15) for pe,_s. For the calculation of
the support points we use Theorem 2.5.1 and Corollary 2.3.6 in Dette und Studden (1997)
and it follows that the support of the maximin optimal design is given by the zeros of the
polynomial (2% —1)Q,, 1(z), where Q,, 1(z) is the supporting polynomial of the sequence

1 1 1 1 1
27q2m—27 2;---;2;Q2; 27

and obtained recursively as

Qur1(z) = 2Qu(x) — Gem—2P2m—2—2Q1-1(7)

o 1 (2(l + 1)p2m—2 - l) (2(l _ 2)p2m—2 -1 + 3)
= 2@i@) =7 Clpam—s — 1+ 1)(2(1 — Dpam—s — [+ 2) @rr(x).

A straightforward calculation shows that this is the recurrence relation for the monic
version of the associated ultraspherical polynomials defined in (4.4) and (4.5) for A\ = 2
and v given in (4.14), i.e.

(1/ + 1) 0(2)

- 2m=1(y 4m) ™!

Qm—l(x)

(,v)

which proves the assertion regarding the support points. A similar argument shows for
the polynomial in the numerator of (4.26)

Py (2,0) = g [Un(z) + (4pas = 30 (a)]

and the assertion in the case k = 0;j =m — 1 > 1 follows as in case (f).
The remaining case k& = 0,m — j > 2 is essentially treated in the same way, where

z=m—1and n = m —j — 1 in Theorem 3.2 b(ii). From (3.14) we obtain the first
equation in (4.16) which yields

eff? () = eff2" | (") l=m—-2m-3,...,m—j.

This implies for the equation in (3.18)

m—1

(eff (7)™ = (effty (7)™ = (effp; ()™ 7 effnt (o) [ eff (1)

l=m—j+1

21



and a straightforward calculation shows [observing (2.6) and (2.8)] that this is equivalent
to the fourth equation in (4.16). The second and the third equation are obtained from
(3.17) and (3.15), respectively. Finally, the statement regarding the weights and support
points follows by similar arguments as given for the proof of case (a) and is left to the
reader. a

Example 4.4.

(a) Consider the case m = k = 2,j = 1, where part (f) of Theorem 4.3 applies. We obtain

that the support points of the maximin optimal design are given by the zeros of
Qs(7) = x(x* — 1)(4827 — 22)
where we have used Uy(z) = 1,U;(z) = 2z, Uy(x) = 42 — 1, Us(z) = 82° — 4z and

2 2(V+2)
Cf )(xa V) = Vi_'_]_xa

which follows from the recurrence relation (4.3) for the associated ultraspherical polyno-
mials. Consequently the design 7* maximizing the criterion x, ;9 in (4.2) is supported at

the points —1, —4/ %, 0, %, 1. A similar calculation shows

38 2
P4(.’L’) == 16374 — 31’2 + g

and we obtain from (4.23) for the weights
32

7 ({F1}) = % N ({(FVI/24)) = 5 n"({0}) = %

In the case m = 3,k = 0,j = 2 the maximin optimal design (with respect to the criterion
X3,20) is obtained from part (a) of Theorem 4.3. For the calculation of the support points
we use (4.3) which gives

4v+3) , v+4

0(2) — _
S
where v is defined in (4.14) for m = 3 and p, is the solution of the equation
oipd — A(1 — pa)pa
Sodp -1

in the interval [3,1) [note that b5 = 2%/5°, by (2.7) |, i.e. ps ~ 0.93987. This gives
v ~ —0.8633 and the maximin optimal design with respect to the criterion x3920 is the
supported at the points F1 and F0.2101. The corresponding masses are obtained from
(4.13) and a straightforward calculation, i.e.

n*(F1) ~ 0.36086 n*(F0.2101) ~ 0.13914.
Note that this design has equal efficiencies for all criteria appearing in x30 9, that is

effP1 () = eff?* (%) = eff2 (1*) = py &~ 0.73401.
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