Chapter 2

The Functional Approach

This chapter is devoted to studying optimal designs for a wide class of
nonlinear regression models on the basis of a functional approach. This
class includes exponential and rational models as well as many particular
models of the Chebyshev type used in microbiology and other fields of
experimental research.

We consider designs that are locally D-optimal or maximin efficient D-
optimal among designs with the number of points equal to the number of
parameters. In many cases, such designs prove to be optimal or maximin
efficient among all approximate designs.

Support points of such designs are considered here as implicit functions
on the initial value of the nonlinear parameters or on characteristics of sets
containing, by the assumption, the true parameter value. A corresponding
equation system is derived and is called the basic equation system or the
basic (vector) equation. Studying this system allows one to prove that the
functions are real analytic and therefore can be represented by a Taylor se-
ries under natural conditions. Recurrent formulas for computer-calculating
the Taylor coefficients are introduced.

2.1 Introduction

Most results in the modern regression design theory were obtained for linear
models with a fixed design region (see Fedorov, 1972; Silvey, 1980; Kiefer,
1985; Pukelsheim, 1993). However, many models of practical importance
are nonlinear models (see, e.g., Seber and Wild, 1989). The commonly
used approach for experimental design in such models consists of their lin-
earization in a vicinity of some initial values of the nonlinear parameters
and application of locally optimal designs, briefly discussed in the previ-
ous chapter. In spite of such designs are usually depending on the initial
values, they can be used if a reliable knowledge about the parameters is
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24 CHAPTER 2. THE FUNCTIONAL APPROACH

available. These designs are also used in studying more complicated ap-
proaches: maximin and Bayesian ones (see Section 1.7).

Even if linear models are implemented, the design region often cannot
be considered as fixed. For example, in many microbiological studies (see
Pirt, 1984; Dette, Melas, and Strigul, 2005), the design region is a time
interval and can be chosen by an experimentator in different ways. The
introduction of design intervals with variable bounds can be considered
also as an artificial method for investigations of the structure of optimal
designs.

In the present chapter, we will consider nonlinear models given at a de-
sign interval. Our basic method here is the functional approach introduced
in Melas (1978) for studying exponential nonlinear models and our aim is
to apply it to a wider class of models.

The main idea of this approach consists of studying optimal design
points and weights as implicitly given functions of the bound of the design
interval and/or nonlinear parameters of the model. These functions can be
investigated on the basis of the Implicit Functional Theorem formulated in
Section 1.8 (see also Gunning and Rossi (1965)). In particular, in many
cases these functions prove to be real analytic which enables one to present
them by segments of the Taylor series. We will introduce here general
recurrent formulas for constructing such series and discuss their applications
for studying properties of optimal designs.

The functional approach seems to be useful when an explicit analytical
form of optimal designs is not available. It can be considered as an alterna-
tive or useful addition to merely numerical methods. It is worth mentioning
that similar approaches are well known in many fields of mathematics and
its application. For example, representing indefinite integrals by a power
series is the recognized technique of their calculation, and coefficients of
such series are tabulated and given in textbooks. However, in the field of
experimental design the functional approach is relatively new. References
to existing literature will be given throughout the book.

In Section 2.2*, we will introduce the basic ideas of the functional ap-
proach using exponential models (nonlinear by parameters) as an example.
Section 2.3 contains a list of assumptions justifying the implementation of
the functional approach and formulates without proofs the main theoretical
results. Section 2.4 is devoted to studying the basic equation. It is also in-
troduces general recurrent formulas for calculating the Taylor coefficients.
The application of the theory to the three-parameter logistic model is given
in Section 2.5. All lengthy proofs are deferred to Section 2.6.

*Note that in Section 2.2 and in Sections 2.3-2.6 a part of materials are taken from
Melas, V.B. (2005). On the functional approach to optimal designs for nonlinear models.
J. Statist. Plan. and Inference, 132, 93-116. (©2004 Elsevier B.V. with permission of
Elsevier Publisher.
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2.2 Basic Ideas of the Functional Approach

In this section we will introduce some basic ideas of the approach. We
will consider regression models given by linear combinations of unknown
exponentials as a typical example of nonlinear models.

In order to make the explanation more apparent, all technically difficult
mathematical results will be only formulated and their proofs will be given
in further sections.

Let us restrict our attention by the D-criterion and study locally D-
optimal designs and maximin efficient D-optimal designs.

As it was discussed in Section 1.7, the first of the problems has some
independent interest. It is also a necessary step for investigating the second
problem.

2.2.1 Exponential regression models

Let us consider the models given by relations

k
szzaie_mz_j_i_gj’ j=1,...,N, (2.1)
i=1
where Y7, ..., Yy are experimental results, aq,...,a; and Ay, ..., Ax are the

parameters to be estimated; and

a; #0, A >0,i=1,...k A\ #X; (1 #7), (2.2)
€1,...,en are independent and identically distributed random values (ex-
perimental errors) with zero mean (Ee; = 0) and the variance Ee? = 02 >
0, and z1,...,zy € [0,00) are observation points.

Let us assume that & is known and the problem consists of an optimal
choice of observation points in order to estimate the parameters as accu-
rately as possible for a given number of possible observations at the interval
[0, 00).

The model (2.1) is of a great theoretical and practical interest. It is
often used in chemical and biological investigations (see, e.g., Becka and
Urfer (1996) and Han and Chaloner (2003)).

A discrete probability measure

£_<w1 wn)’ (2:3)

where 0 < z; < --- < =z, are support points and w; > 0, ¢ = 1,...,n,
and > w; = 1 are weight coefficients, will be called the (approximate)
experimental design.

Let we have an opportunity to realize IV experiments. We will say that
the experiments are performed in accordance with the design (2.3) if r;
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observations are performed in points z; (i = 1,...,n), where
ri = I_UJLNJ or I_szJ +1,

and |a| denotes the integer part of a, in such a way that Y r; = N.

Set 6 = (a1, \1,...,ax, A\x)?. Denote by é(N) the least squares estima-
tor for 6 obtained from the results of N experiments in accordance with a
design of the form (2.3); that is,

n T

0=0(N)= i Yij — (i, 0))°,
(N) argergégk;;[ i — (@i, 0)]

where
k
n(,0) =Y ae
i=1

and Y;; is the result of the j-th experiment in the point z;.

Let 6* denote the true value of # in the model (2.1). It can be shown
by verification of regularity conditions of the Jennrich theorem (Jenrich,
1969) that with n > 3 and N — oo, the covariance matrix of the vector

((N) — 6*)/+/N tends to the matrix

7| [ 16.0)17 @ 0)e(as)| o (2.4

where
0
f(xve) = %77(% 9)3
[ st =3 gl
i=1
0=06".
The matrix
2k
S 90, ) Ol 0)
00; 09; s
s=1 i,j=1

is usually called the Fisher information matrix.
By immediate application of Binet—Cauchy’s formula to the determinant
of this matrix, we obtain

det (f f(x,0)f7 (x,0)&(dx))
(2.5)

2% 2 2%k
=af...aj D1<ico<ige<n (Hs:1 WZ) det (1/’1(171';‘))&]‘:1 )
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where 9
—_ — 7}\112
wl (:C) - aal 77(1'7 9) € )
_ — 7)\11
Po(x) = —a)\ln(x, 0) ze ,

¢2k—1($) = %n(x’e) =e€ >

(z,0) = —ze M2,

Pop(x) = 87)%77

Let us restrict ourselves by the D-criterion of optimality (for other cri-
teria, we can proceed in a similar way). A design is called D-optimal if
it maximizes the determinant of the information matrix. The problem is
to find a design maximizing the determinant among all possible (approx-

imate) designs. Note that with a; # 0, ¢ = 1,...,k, values of aq,...,a;

do not influence the solution of this problem (since they involve only in

the multipliers a?,...,a?). Therefore, we can assume in the following that
2 2

ai =---=aj; = 1.

However, the design maximizing the value (2.5) depends, generally
speaking, on the value A = (Aq,...,Ax) = A* = (A],...,A}). Such a
dependence is the main feature of all nonlinear models.

There are several ways to overcome this difficulty. Let us begin with
the locally optimal approach (introduced by Chernoff (1953)). This ap-
proach consists of the replacement of the unknown value A* by a known
approximation for it (an initial guess).

A design will be called locally D-optimal if it maximizes the determinant
(2.5) withay = --- =ap = Land A = (Ay,..., A) = A© = (AP A0y,

Let us set

M(EA) = / F(,0)1 (2, 0) € (dx),

where 0 = (1,\1,...,1, ) and A = (A, ..., )T
Note that this matrix coincides with the information matrix for the
corresponding linear model

Y = f1e M 4 Boze MT 4 Bop1e M 4 Bore M L e (2.6)

where f1,..., 0, are parameters to be estimated and Ai,...,\; are as-
sumed to be known.

Now, we should make a very important remark. Note that we assumed
Ai # A;j © # j, when we formulated our model. In fact, if A; = A; for some
1 # j, then the model (2.1) contains no more than k& — 1 terms of the form

7)\1'1’

However, we restrict ourselves by the models with k terms.
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It should be noted that if A; = A; for some ¢ and j (¢ # j), then for each
of the determinants in the right-hand side of (2.5) the two corresponding
columns coincide. Thus, in this case, det M (£, A) = 0 for any design &.

However, from a mathematical point of view, it is useful to admit that
the value

min|A; — |
i#]

can be as small as we like. Moreover, it can be verified [see Melas (1978)]
that the function

V(& A) = (det M(E, )/ TTw = 1)° (2.7)
1<j
can be codefined with preserving continuity at the set of all positive values
ALy ey Ak
Now, we are prepared to introduce a more convenient definition.

Definition 2.2.1 A design, maximizing the value (2.7) among all (approx-
imate) designs for an arbitrary fixed vector A with positive coordinates will
be called a locally D-optimal design.

For arbitrary A such that \; # A; (i # j), this definition corresponds
to the usual definition of locally D-optimal designs.

Note that designs that maximize the limit of (2.7) with A — A, =
~v(1,...,1) that is locally D-optimal designs for points A = A, will play
an important role in the following consideration. Due to the continuity
arguments these designs will be nearly optimal for all vectors A whose
coordinates are close enough to each other.

We will construct and study locally D-optimal designs in the next sub-
section.

It should be noted that locally D-optimal (LD)designs depend on the
initial vector A = A(®) and could be not very efficient if this vector is far
from the vector of true parameter values A*. However, the design could
be implemented in a sequential manner. One can take A = A(©)| construct
an LD design for this vector, and realize N; experiments in accordance
with this design. Then one can construct the LS (least squares) estimator
6 = 6(N,) and take the parameter vector A(") = A(N}) in order to construct
the new LD design. By repeating this procedure several times, we will
obtain a design close to the LD design with A = A*.

The described procedure (see, e.g., Silvey (1980) for more accurate ex-
planation) cannot be appropriate if we need to have a design for all exper-
iments in advance. An alternative to such a sequential implementation of
LD design consists of using a minimax approach (see Section 1.7 for a more
detailed discussion).

Let us consider a reasonable version of the minimax approach.

Assume that for the vector A*, a set €2 of its possible values is given. In
particular, such a set can be obtained from preliminary experiments or by
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theoretical consideration of the underlying real problem. From a practical
point of view, the following type of set seems to be of a great interest:

Q:Q((S):{A,(l—&)xz <A< (1+(S)Ci,i=1,...,k}, (28)

where ¢; is an approximation to A, ¢ = 1,...,k, and the value § € (0,1)
can be interpreted as a relative error of this approximation.

Note that the intervals [(1 — d)c;, (1 + §)¢;] can be overlapped and even
can coincide with each other.

From a methodical point of view, it is very convenient that the set (2.8)

under fixed ¢y, ..., ¢k is determined by a single parameter §.
Let us call a design a maximin efficient D-optimal design if it maximizes
the value

o[ veEen 77
v ) o (29)
where £(A) is a LD design, Q = Q(0) is determined by (2.8).
Note that the minimum here is achieved at some values A € € since )
is a bounded and closed set.
The value (2.9) for a given design will be called the minimal efficiency.
Note that

if A satisfies the restriction A; # X\ (i # j).
If we perform N experiments in accordance with a design &, then the
volume of a confidence ellipsoid for LS estimates will be proportional to

1 m
( \/JV) det M (&, A)
(see, e.g., Pukelsheim (1993)).

Thus, the minimal efficiency of a given design is equal to the ratio
N/N*, where N is the number of experiments along the design £ needed
for obtaining estimates with a given accuracy and N* is the similar number
for a LD design.

In the following subsections we will demonstrate opportunities of the
functional approach to constructing and studying LD and maximin efficient
D-optimal designs.

2.2.2 Locally D-optimal designs

It is easy to check that if the number of support points of a design &
is less than the number of parameters to be estimated (n < 2k), then
det M (&£,A) = 0. By this reason, the designs with n = 2k is usually called
designs with minimal support. In the following we restrict our attention
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by such designs, and in Chapter 6, it will be shown that LD designs for
the exponential model (2.1) usually belong to this class of designs. Designs
that are LD in the class of designs with minimal support will be called, for
brevity, LDMS designs.

An immediate calculation shows that with n = 2k,

M(&A) = FTWF,

where W = diag{wy,...,war}, F = (wl(xj)lzf;:l, and vy (x) are defined in
(2.8). Therefore,

det M(&,A) = [T2F, widet® F

2k
< (%) det?F = (&)™) det’ F,

whereas the equality takes place if and only if w; = i, i=1,...,2k. Thus

LDMS designs have the form

m e m

that is, all weight coefficients in such designs are the same.
Let us prove that in each of LDMS designs x; = 0. Set

YA L a4 A .
= (LA R ) B e+ A

Consider the determinant

e*>\1(11+A) . e*>\1($m+A)

7(1,1 + A)ef)\1(x1+A) L (xm + A)67A1(xm+A)
det FA = det
e—Ak(IlJrA) . e—/\k(w'rn""A)
—(z1 + A)e—/\k(z1+A) oo (T + A)e_)\k(xm“"A)
Let us add the first line multiplied by A to the second line, ..., and
the (2k — 1)-st line multiplied by A to the (2k)-th line. Then let us extract
from each of the lines the multiplies of the form e~ %, i =1,..., k. In this

way, we obtain
k
det Fp = e 2(2i=1 XA et F,

and with A < 0,
detQFA > det?F.

Thus, with 21 > 0, a design £ cannot be LDMS since with A = —x,
mo2

det M(éa, A) = <;l> det Fa > det M (€, A).
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Therefore, for any LDMS design, we have z; = 0.
Let us introduce the following notation:

T=(T1,. s Tm-1) = (T2, ..., Tm),
0 a9 ...

fr:<1 Iy fn)’
e

p(r,A) = (V(&, A)Y™,
Ry ={u:ue R u=(ui,...,us);u; >0,1=1,... s}

Note that there exists a one-to-one correspondence between vectors 7 €
RT71 and designs of the form

c=e=( 07
m m m
The problem of LDMS designs is now reduced to the maximization of the
function ¢(7,A) by 7 € R:'f_l under a fixed A, where A = (Aq,..., \g),
Ai>0,andi=1,...,1.

Since

o(r, ) = C(A)(det F)?/™,

F = (4i(x5))'7- 1, where C(A) does not depend on 7 and each of elements of
F tends to zero with ,, — oo, then the maximum of ¢(7,A) by 7 € R}
is achieved in an inner point of R_T_l for which 0 < 7y < -+ < 7,. Due to
the known necessary conditions for extremum points in order for a design
& = &, to be an LDMS design, it is necessary that with 7 = 7%, the

following equalities be satisfied,

(r,A)=0,i=1,...,m—1. (2.10)

87}‘90

Consider the case k = 1. In this case,

1 1 e A2 2

det M (&7, A) = |:2 det( 0 —:L‘ge_)‘lmz >:|
1

_ L

4

672)\112 ,

o(m,A) = [det M(&,,A)]"/?

1 , 1
= 5.’13’26_/\112 = 57'16_/\17—1.
Equalities (2.10) assume the form of the single equation

0

aj(rle_A”l) =e M (1= A7) = 0.
1
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The unique solution of this equation under fixed \; is
T = 1/)\1.

Thus, in the case k = 1, there exists the unique LDMS design

5*257*:(192 %; )

It can be proved (see Chapter 6) that this design is a LD design among all
approximate designs.

In the case k > 1, it seems impossible to find such an explicit solution
of the problem for arbitrary vectors A. However, we can find an explicit
solution for points A of the form A = (v,...,7), where v > 0 is an arbitrary
given number.

In fact, in this case,

V(e Ay) = lim det M(&r, A)/ [T =2)%

i<j

In order to calculate this limit, use the expansion of the exponential into
the Taylor series and elementary properties of the determinant. In Melas
(1978) it was proved that this limit is equal to

(1>m e e [ (ay — ma)®. (2.11)

m -
1<j

It is easy to check that the value (2.11) coincides with the value of the
determinant of the information matrix for linear (by parameters) regression
model

E(Y|e)= e fat,
=1

where v > 0 is a given number and (1, ..., 3, are the parameters to be
estimated.
As it is known (see Karlin and Studden (1966, Chap. X)), (2.11) has

the unique extremal point

* * * 1
T = ({E27. .. 7:I:m) = 7(/}/17’ .. 7’7m71)7
Y
where 71,...,vYm_1 are the roots of the Laugerre’s polynomial of degree

m — 1 with the associated parameter 1. Thus, we know the unique solution
of the equation system (2.10) under A = A,. For the case of an arbitrary
A, it can be proved (see Melas (1978)) that the equation system (2.10) has
a unique solution. Denote this solution by 7* = 7*(A). With arbitrary k,
the unique LDMS design is

Ex =Ex (A) =& n)-
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Considering the determinant of the matrix F, it is easy to check that for
any scalar h # 0,

o(r,hA) = hp (%,A) .

Therefore, 7*(hA) = 7%(A)/h and we can restrict our attention to vectors
A with E?Zl A; = k. It allows one to reduce the number of parameters.
Let us introduce the new parameters

Z:(Zl,...,Zkfl)T, Zi:].—)\i,l':l,...,k—]..

Note that, for £ = 2, the number of new parameters is equal to 1. Note also
that with Zle A; = k, there exists the one-to-one correspondence between
the set of new parameters and the set of vectors A:

k—1 k—1
N=l-zi=1.. k—LA=k—) N=1+) 2
i=1 =1

Denote
95(7—7 Z) = @(7—7 A(Z)),

)
9i(1,2) = g@(T,z),izl,...,m—l, (2.12)

g(Ta Z) = (91(7', Z), s ’gm—l(T’ Z))T

Now the equation system (2.10) can be written as the vector equation
g(r,2z) =0. (2.13)
This equation determines the vector function
z = T%(2) = 77 (A(2))

implicitly, which allows to apply the Implicit Function Theorem (see Section
1.8).

We will now present an extended formulation of this theorem for the
vector function g(7, A) of a general form (not necessary connected with the
design problem considering here).

Let g(7,2), 7 € R™ ', 2 € RF=1, be an arbitrary vector function g =
(g1, 9m—1)T with the following properties:

(i) g(7,2) is a real analytic vector function in the point (7, 2(0)) (this

means that the component of this vector function can be expanded
into a convergent multivariate Taylor series in the point).

(i) g(7(0), 2(0)) = O.
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(iii) The Jacobi matrix

dgi(r, )\ !
o =(*57)

ij=1

T:T(o) ,Z:Z(o)
is invertible.

In order to formulate the theorem, let us introduce the following nota-
tions. Let Q(u) be an arbitrary (scalar or vector) function of one variable
that is infinitely many times differentiable in a point u ). Denote

Q) = Qu (),

Qe = L& Q(u)

~ sldus

,s=1,2,...

u=u(o)

If the function Q(u) is real analytic in a vicinity of the point u = u (), then

o0
Qu) = Qo)+ Y_ Qo) (u—u)*
s=1
in this vicinity.
In the multidimensional case u = (uq,...,ux—1), it is necessary to in-
terpret s as the multi-index s = (s1,..., sg—1) and denote

1 1 o7t g%

Q(u)

. —
Sgp—1! Ouit oug* | u=u )

Theorem 2.2.1 Let a vector function g(t,z), 7 € R¥~', 2 € RF=1, possess
the properties (i)-(iii). Then in a vicinity (say U) of the point (o), there
exists a vector function T = 7(z) such that the following hold:

(1) g(7(z),2) =0, z€ U.
(1) 7(z(0)) = T(0) and 7(z) is a real analytic vector function in U.

(III) The coefficients 7y of the expansion 7((z) into the Taylor series

F) =Y .. Y Fela —210)™ - (et — Ze1(0)

s1=0 Si—1=0

can be calculated by recurrent formula that in the case k = 2 has the
form

%(s—i-l) = - (?))lg(s-&-l) (7~_<S> (Z)v Z)a s=0,1,...,

where

Tess(2) = To) + D Ty (2 = 2(0))-
j=1
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Note that assertions (I) and (II) are simply a reformulation of Theo-
rem 1.8.1. Assertion (III) was established in Dette, Melas and Pepelyshev
(2004b) and will be proved for the case of arbitrary k in Section 2.6.

Let us now apply this theorem to the function g(7, z) given by relations
(2.12). As is well known, the exponentials are real analytic at R' since

(M2 (N

A1
e =1-Xt+ 51 .. ]

+...

and the series is convergent for any A and t.
Additionally, multiplications and sums of real analytic functions are real
analytic and, therefore,

det (v (24)) =1

is a real analytic function in A = (A,...,\;)T and (21, ...,7,,) in RF™.
Note that the function ¢(7,A) and the vector function g(7, z) are real
analytic in a vicinity of the points (7(g), A(p)), and (7(0),2(0)), respec-
tively, where Ay = (1,...,1), 70y = T™(A©)) = (71,---»Yn-1), and
Z(O) = (07 e 70),
In fact,
det M (€, A)

Hz’<j(>‘i - /\j)g

and it can be verified [see Melas (1978)] that this function, codefined with
preserving the continuity in points A such that A\; = A; for some i # j, is
real analytic for arbitrary 7 € R™~! and arbitrary A € RF.

Additionally, the function

V(f‘rv A) =

o(1,A) = (V(&, M)/

is real analytic as a rational degree of the real analytic function. It follows
from here by the standard arguments that the function @(7,z) and the
vector function g(7,z) are also real analytic for arbitrary 7 € R™~! and
z € RFL.

Let us now calculate the matrix

81' 7 m—1
Joy = < g (T‘ Z)>

Q=1
62 m—1

— (5]
(67387-]4 ij=1

Due to (2.11) and the definition of @(, z) given in (2.12), we have

T=T(0) ,Z=Z(0)

TiT(O) 7Z:Z(O)

m—1 m—1
m(p(, 2(0)™ = e~ = (H Tf) H (1 — 75)%.
=1 i<j
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A direct calculation shows that

1

op(T, Z 1
M: *1+;+Z @(T,z(o)),izl,...,mfl,

0T g T

-
s#j P

and the derivatives are equal to zero with 7 = 7(g) by the definition of the

point 7(g).
Therefore,
(7, 2(0)) @(T(0), 2(0))
Joy))ij = 5 =————5 (i #7),
SOl omory  |i—ry, (i —W)? 7
?@(T, 2(0)) 1 1
Jo)y = — 20N (S (), 20),
Vo) CR I N, 72 (=) o 2)

,j=1,...,m—1.
Thus, for the matrix J = Jiq), we have

(J)Zj>0717é]7 J’L]<Oa 27]:177m_1a

p T 7Z .
Z(J)ij = —SO(LQ(O)) <0,i=1,....m—1

Jj=1 J
Due to the Hadamard criterion (see, e.g., Gantmacher (1998)), for an (m —
1) x (m — 1) matrix A

det A # 0 if (A)ii > Y |Ayl, i=1,2,...,m—1.
i#]

The matrix (—J(g)) satisfies these conditions and, therefore, det .J(g) # 0.
Thus, we proved that the function g(7, z) determined by equalities (2.11)
satisfies the conditions of Theorem 2.2.1 with 2z = (0,...,0). 7)) =

("}/1. . ,")/m_l).
Consider now the case k = 2. In this case, the regression function is

n(w7 9) = ale_AiI + a2€—>\21‘, ay, az # 07 >\1 7é )\27

where A\; > 0 and Ay > 0. As will be shown in Chapter 6, LDMS designs
are in this case LD among all (approximate) designs. Support points of
these designs, as was already shown, do not depend on a; and as and if A\;
and Ay are multiplied by the same number A > 0, then the points should
be divided by this number. Therefore, it will do to consider A such that
A1 + A2 = 2 and to study the dependence of the support points of LDMS
design on the parameter

222121—)\1:(/\2—)\1)/2.
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Let 20y = 0 and 70y = (71, 72,73) = (0.467, 1.652, 3.879).
Note that the function ¢(7, z) is even,

90(7-’ Z) = @(7—7 _Z)'

By this reason 77(z) = 77(—2) and all odd coefficients 77, ;), j = 0,1,...
are equal to zero. Therefore

(2) = T(0) + Z T(*Qk)z%. (2.14)

t=1

The coefficients can be calculated by recurrent formulas of Theorem 2.2.1.
These calculations can be easily realized with the help of the software pack-
age Maple. Some details of the implementation of the package are given in
the Appendix of the present book.

First even coefficients calculated in this way are presented in Table 2.1.

Table 2.1: Coefficients 7<9;~, t =0,1,...,6

0 1 2 3 4 5 6
0.46791 | 0.02919 | 0.00305 | 0.00056 | 0.00022 | 0.00008 | —0.00005
1.65270 | 0.36419 | 0.21113 | 0.15971 | 0.13371 | 0.11650 0.10252
3.87938 | 2.00661 | 1.86581 | 1.92887 | 2.04481 | 2.16523 2.26335

The method allows one to calculate as many coefficients as we like. Since
the coefficients are already obtained, one can construct the corresponding
designs simply by several first coefficients in the expansion (2.14).

However, we have a few problems here. The first problem concerns the
radius of convergency of the series (2.14). Note that 0 < |z| <1 since

z = ()\1 — )\2)/2 and ()\1 +)\2)/2 =1.

Numerical studies show that the series are convergent for any |z| < 1.
However, a strong theoretical proof of this fact is not obtained up to now.
The next problem consists of the determination of how many coefficients
should be used in order to calculate support points of LDMS designs with
an appropriate precision.
Denote 7(z, s) = T(0) + d_1_; T2¢2>" and

1

s Ly ey

detM(fT 2,8) ) Hm
Iis) =I(5)(2) = (detM(f((z))zz)> o0

where £*(2) = {;+(;) is a LDMS design.

The value I(4)(2) is the efficiency of the design &, (. ) constructed by
s first even coefficients with respect to the LDMS for a given z. This
value can be evaluated with the help of Kiefer’s inequality (see Section 1.6)
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Figure 2.1: The dependence of support points of the LDMS designs on z
for the exponential model with & = 2

without calculating the LDMS design. Some numerical results are given in
Table 2.2. They represent an evaluation of [ (S)(z), obtained with the help
of Kiefer’s inequality. Note that with 0 < z < 0.5, I(g) = 1.00 and there is
no reason to calculate more coefficients.

Table 2.2: The efficiency of designs &;_,_ (»)

z\t 0 1 2 3 4 5 6 7 8 9

0.50 | 0.98 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00
0.70 1 0.90 | 0.98 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00
0.80 | 0.80 | 0.93 | 0.97 | 0.99 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00
0.85 ]| 0.72 | 0.88 | 094 | 0.97 | 0.98 | 0.99 | 1.00 | 1.00 | 1.00 | 1.00
0.90 | 0.61 | 0.79 | 0.87 | 0.92 | 0.95 | 0.97 | 0.98 | 0.99 | 0.99 | 1.00
0.95| 045 | 0.61 | 071 | 0.78 | 0.83 | 0.87 | 0.90 | 0.93 | 0.94 | 0.96
0.97 | 0.35 | 0.49 | 0.58 | 0.65 | 0.71 | 0.76 | 0.80 | 0.84 | 0.86 | 0.89

From Table 2.2 we can conclude that with |z] < 0.7, it will do to use
only one or two nonzero coefficients. However, for z = 0.9, we need 20
coefficients in order to obtain the efficiency greater than 0.995. Table 2.2
also shows that with |z| < 0.9, the expansions allow one to construct locally
optimal designs with a very high precision. For |z| > 0.9, we can use a
similar expansion with 2y = 0,9 as the initial point. The dependence of
support points of the LD designs on z is presented in Figure 2.1. Note that
we used 10 nonzero Taylor coefficients in order to construct this figure.

The next important question is: How efficient are LD designs with re-
spect to equidistant designs usually implemented in practice?
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Table 2.3: The efficiency of LD designs in respect to the best equidistant
design

A | 11 1.3 | 1.5 1.7 | 1.9 | 1.95
A | 09 | 07 | 05 ] 03 | 0.1 | 0.05
I | 213]206 192|170 | 1.80 | 2.20

Denote by

§N7T:<(1) T/(N=1) ... T(N-2)/(N-1) ?>

N N N N

the design located in N equidistant points at the interval [0,T]. For large
N, the quality of this design is not very sensitive to the value of N, but it
depends on T'.

Consider the efficiency of LD designs constructed above with respect
to equidistant design with an optimal choice of T'; that is, we will take
the value of T in such a way that the minimal efficiency of the equidistant
designs for z € [0.1,0.9] is the maximal one.

Our numerical results are given in Table 2.3. In this table, T = 10,
N = 20;

(e M AN
det M(§N,Ta A) ’ '

We see from Table 2.3 that in the most cases the efficiency of the LD
design with respect to the equidistant design is more than 2 or close to 2.
This means that the number of experiments in accordance with a LD design
needed in order to achieve a given accuracy is approximately twice less than
the same number for the best equidistant design if A(®) = A*. However,
since A* is unknown, these results describe the efficiency of LD designs
only in an asymptotical sense. The influence of the choice of A(®) on the
quality of LD designs can be studied numerically. However, in the following
subsection we will show that the application of the functional approach can
be used for such a study and allows one to compare LD designs with the
maximin efficient ones.

2.2.3 Maximin efficient designs

Assume that it is known that A* € Q, where Q is a given bounded and
closed set in Ri ={A=(\1,...\); \i>0,i=1,...,k}. Then a natural
criterion of the efficiency of a given design is the value

(VA N\
Té%(wgmm) ’ (2.15)
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where {(A) is a LD design, and for A such that A; # A; (¢ # j), the value
V(E,N)/V(E(A),A) is equal to det M (&, A)/ det M(£(A), A) [see the end of
Section 2.2.1 for a discussion on this matter]. The value (2.15) will be
called the minimal efficiency and the designs that maximize this value will
be called maximin efficient D-optimal designs or, briefly, MME designs.

We will study the MME desigus for the exponential model (2.1) and the
set Q = Q(0),

Q((S) = 9(5, C) = {A = ()\1, .. .,)\k) : (1—5)1’1 S )\7, S (1-’-(5)02, 1= 1, .. .,k},

where § € (0,1), ¢ = (¢1,...,¢k), ¢; >0,and i =1,... k.

Let us restrict our attention to designs with the minimal support. In
the following, it will be shown (see Theorems 2.2.2 and 2.2.3 and numerical
results) that MME designs have the minimal support for sufficiently small
0 and arbitrary c.

We have already proved that

det M(éa, A) < det M (&, A),

where

1

0 xo ... zp,
§=<1 i 1 >
prr

Therefore, MME designs with a minimal support have the from

fAZ(A xgi—A xmﬁA),A>0,

0 e T
gT<1 2 o ),T(ﬁ,...,fm_l)(xg,...,xm). (2.16)

e T
Let us introduce the function

. V(&L A) YT
B(r,A) = (V@T*(A% A)) ,

where £« (p) is a LDMS design.
Theoretical studies (see Theorems 2.2.2 and 2.2.3) show that for suffi-
ciently small § > 0,

minacqs,e) P(7, A) = min{@(7, (1 = d)c), p(7, (14 d)c}
= ming<a<1 a@(7, (1 — d)c) + (1 — a)p(7, (1 + 0)c).

Based on this, let us introduce the following class of designs. Let us
say that a design is a maximin efficient design with a minimal structure or,
briefly, MMEMS design, if this design is of the form (2.16), where 7 = 7
and 7 maximizes the value

min a@(7, (1 —0)c)+ (1 —a)@(r, (14 0)c)

0<a<l1
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at the set of all vectors 7 with positive coordinates.

In the case when intervals of possible values are the same for all para-
meters \;, i = 1,...,k (l.e., ¢4 = ¢ca = -+ = ¢;) the MMEMS designs can
be found explicitly.

In order to describe these designs, let us denote

u=(1,a) = (T1,. -, Tm—1,Q),
®(u,d) = ap(r, (1 —d)c) + (1 — a)p(7, (1 + 6)c),
£ =& - MMEMS design.

Let v1,...,7m—1 be, as above, the roots of Laugerre’s polynomial of
degree m — 1 with the associated parameter 1,

h=h(5) = 26/In (1+5) ,
1(3) = [n(@)et-H]mlm=1/2,

H = (det M(f,,.* (c)s C)) 1/m .

Remember that 7*(yc) = 7%(c)/7 for any v > 0. Also, it follows from
here that

G(7, (1 — 6)c) = (det M(&, (1 —6)e))™ /(H
G(7, (1+ 6)c) = (det M(&, (1+6)e))™ /(H(1 + )

This simplifies theoretical and numerical studies of the MMEMS designs.
An explicit solution of the problem in the case ¢; = ¢co = -+ = ¢ is
given by the following theorem.

Theorem 2.2.2 Consider model (2.1) and the set Q = Q(d,c) of the form
(2.4), where ¢y = --- = ci. In this case the following hold:

(I) There exists a unique MMEMS design for any fized c; > 0 and § < 1.
This design is

Ay
Il
I

T = (7217 e 77A—m71)a

i =7/(c1h(8)),i=1,....,m—1,

3>

and

O (a,6) = I(9).
(II) This design is a locally D-optimal design for A = ¢/h(9).

(III) For any sufficiently small positive 0, this design is MME among all
(approzimate) designs and its minimal efficiency is equal to 1(9).
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Proof. Note that for A = (c1,...,¢k), c1 = -+ = ¢, the value of V (&, A)
coincides with the value of determinant of the information matrix for the
linear (by parameters) regression function

e (B + Bo+ v+ Bra™ ),

where 8 = (f1,...,0m) is the vector of estimating parameters and ¢; is a
given number (as we already mentioned a detailed proof can be found in
Melas (1978)). For this reason assertions (I) and (II) follows immediately
from the results of Dette, Haines and Imhof (2003). Assertion (III) is a
special case of Theorem 2.2.3(II). n

Note that the set of § values for which assertion (IIT) holds can be found
numerically. In particular, we found in such a way that assertion (III) is
true for £k = 1 with § < 0.54, for &k = 2 it holds with § < 0.22, and for
k = 3 it holds with § < 0.18. Thus, under realistic values of § in the
case ¢; = -+ = ¢, MMEMS designs described in Theorem 2.2.2 are in fact
MME designs among all (approximate) designs. It is also worth mentioning
that in all of the cases, mentioned above, the minimal efficiency proves to
be grater than 0.9, which can be easily checked by the explicit formula for
1(9).

In the case of arbitrary values c1,...,ck, it seems does not possible to
find MMEMS designs explicitly. However, the dependence of such designs
on § with a given ¢ can be investigated with the help of constructing Taylor
series in a way very similar to that was already applied to LDMS designs.

As is well known, the function of minimum is continuous. Also, we
have already shown that the value V' (&;, A) tends to zero with 7, 1 — oo.
Therefore, the function

oin, D(u,0), u=(1,a) (2.17)
is bounded with 7 € R7! and there exists an MMEMS design (i.e., the
design that maximizes (2.17) by 7 € R7™1).

Consider the equation system

0
6ui

O(u,6)=0,i=1,...,m. (2.18)

Let J(8) be the Jacobi matrix of this system,

J(6) = ( au?;uj ®(u, 5))m

ij=1

)

u=u(d)

where u(9) is a solution of (2.18); the existence of this solution is provided
by the following theorem.
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Theorem 2.2.3 Consider the regression model (2.1) for the set Q =
Qe, d) defined in (2.4); the following assertions take place:

(I) There exists a unique MMEMS design. Moreover, there exists a
unique solution of the equation system (2.18), first m — 1 compo-
nents of this solution generate the vector 7, and the matriz J(5) is
invertible. The solution is a real analytic function of §.

(II) If in a vicinity of A = ¢ the unique LDSM design is locally D-optimal
among all (approximate) designs, then the MMEMS design is MME
among all (approzimate) designs for sufficiently small positive 0.

A proof of this theorem will be given in Section 2.6.3.

Note that as in the case of Theorem 2.2.2(III), the set of ¢ values for
which assertion (II) is valid can be found numerically. For example, with
k =2 and ¢ = (1,5), the MMEMS designs prove to be MME among all
designs for all § < 0.27.

Theorem 2.2.3 justifies studying MMEMS and MME designs along the
following steps:

1. Find numerically the MMEMS design for some value § = dy (in our
calculations, we took dg = 0.5).

2. With the help of the recurrent formulas, construct the Taylor expan-
sions for functions &(0) and 71(0), ..., Fm—1(9).

3. Check whether the designs constructed are MME designs among all
approximate designs for different values of § by the equivalence the-
orem from Dette, Haines and Imhof (2003).

Let us illustrate the approach by examples.
With k = 1, the MMEMS designs are given by Theorem 2.2.2:

é:5*:(1(/)2 1?2 )

where 71 = 1/(c1h(d)). A numerical calculation shows that this design is
MME among all approximate designs if § < 0.54.
Let £ = 2 and the set €2 be

Without loss of generality, assume that 1 = ¢; < ¢a. Set ¢co = 5 (for other
cases we obtain similar results).

Taylor coefficients for the functions ;(d), ¢ = 2,3,4 and &(¢) in a vicin-
ity of § = dg = 0.5 are given in Table 2.4. Note that the series are convergent
for 6 € [0,1), and with 6 < 0.8, we need only three first coefficients to cal-
culate MMEMS with a good precision. The values of the functions received
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by usage of the first 11 coefficients are depicted at Figure2.2. Note that
the minimum efficiency is always achieved at the two points (1 — é)c and
(14 0)c. The behavior of the function ¢(7, A) with 7 = 7(0.5), A € ©(0.5)
is shown in Figure 2.2. The dependence of the minimal efficiency on § is
presented in Figure 2.2.

Table 2.4: Coefficients in the Taylor expansion for the functions 2(9),
%3(0), 24(9), and «(0) by degrees of (§ —0.5).

j i’g i‘g £4 (6% ] Ii?g i‘g 1A74 «

01]0.17 | 0.69 | 2.06 0.44 6 | 0.49 9.33 | 13.56 | —0.54
11005034 116 | —0.14 7] 0.88 9.55 | 23.80 | —0.94
210.09 | 0.67 | 2.13 | —0.09 8 | 1.60 | 17.26 | 42.59 | —1.66
310111099 | 2.87 | —0.14 9| 295 | 31.35 77.19 | =297
41017 | 1.73 | 4.76 | —0.19 10| 5.50 | 57.22 | 141.40 | —5.37
510281299 | 785 | —0.32 11110.32 | 104.91 | 261.17 | —9.74

The verification by the equivalence theorem mentioned above shows
that the MMEMS designs are MME among all approximate designs with
0 < 0.28. Additionally, our calculations (not presented here) show that
MMEMS designs have the minimal efficiency at 40-50% more than the
best equidistant designs (such designs are often used in practice).

However, for § > 0.28, it is possible to construct even more efficient
designs. For example, with 6 = 0.5 we constructed numerically a design
that is MME among all approximate designs. This design has six support
points and is approximately equal to

0 0.140 0.440 1.048 1.75 3.25
0.24 0.18 019 0.16 0.13 0.10 /°

The minimal efficiency of this design is equal to 0.8431, whereas such effi-
ciency for the MMEMS design is 0.7045. Note that for the LD design at the
central point A = (1,5), this value is 0.6150, and for the best equidistant
design, it is 0.5904.

For model (2.1) with three exponentials, we obtained similar results.
However, the critical value of d, for which the MMEMS designs remains
MME among all designs, is smaller than that for the two exponential mod-
els.

2.3 Description of the Model

In this section we will introduce assumptions on the regression functions
providing the application of the functional approach. The corresponding
class of nonlinear regression models includes, in particular, the exponential
models, considered in Section 2.2, as well as rational models and the three
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04 032 z 05" 02 04

Figure 2.2: Functions Z5(4), £3(0), and 24(5); z = d(top) and the minimal of
efficiency of MMEMS design (bottom right) with § € (0,1). The efficiency
of MMEMS design with 6 = 0.5 over £(0.5) (bottom left).

parameters logistic model. One more example is the Monod model to be
studied in Chapter 8. For this class of models we introduce the basic
equation determining the support points of locally D-optimal designs as
implicit functions of values of the model parameters.

2.3.1 Assumptions and notation

Let us consider the general nonlinear regression model
y; =n(x;,0)+¢;, j=1,...,N, (2.19)

where y1,...,yn € R! are experimental results, © = (0y,...,0,,)7 is the
vector of unknown parameters, n(x, ©) is a function of known form contin-
uously differentiable along the parameters, z; € X, X is a given set, and
€1,...,en are independent and identically distributed random values with
zero expectation and a finite (unknown) variance o > 0.

Let us introduce the following notation (it was already given in Sections
1.7 and 2.2 but will be represented here for the sake of convenience of the
reader):

fi(x,©) = a%in(x, 0),i=1,...,m,
F(2,0) = (fi(x,0),..., fm(z,0)",
M(Sv@) = ff(a@@)fT(%@)f(dx),

the information matrix,

T R . .
E= ( o w: ),a:i#xj(z;éj),xie%,wi>0,2wi:1,
approximate experimental design.

Denote by ©* the proper vector of the parameters. Designs maximizing
the determinant of the information matrix for a fixed vector © will be
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called the LD designs. Usually, such designs depend only on a part of
parameters (see Section 2.2). Without loss of generality, assume that these
parameters are Oiy1,...,0, and call them nonlinear parameters. Denote
01 = (01,...,0;)T and Oy = (O 41,...,0,,)". Let us fix ©; and consider
the matrix M (§,02) = M (€, 0).

2.3.2 The basic equation

In many practical problems, X = [a, b], and we will restrict our attention
by this case.

The triple (n1, ng, ns), where nq(ng) is the number of support points of
design at the left (right) bound, ny,n3 =0 or 1, and ny = n —ny — ny will
be called a type of design.

Let us consider designs LD among designs with the minimal support
(i.e., with n = m). We call them LDMS designs. They often prove to be
LD among all approximate designs. As was shown in Section 2.2, for such
designs wy = -+ , = w,, = 1/m.

Let ©4 € Q, where 2 is a given open set of possible values of ©3.

Assume that LDMS designs under @5 € Q have a fixed type (ni,ns2,n3),
n1 +ng +ns = m. Consider the case ny = 1 and ng = 0 (for all other cases,
we can proceed in a very similar way). In this case, we will define the vector
7 and the design &, as follows

T= (22, Tm) = (T1,- -, Tm—1),
f . X i) Tm o
T\ 1/m 1/m ... 1/m T = a.

Assume that the set Q contains r linearly independent vectors and there
are no 7 + 1 linearly independent vectors belonging to 2. For example, for

Q={(O41,--,0m)" = 0:>0, Y 0;=m—k}
i=k+1

r=m-—=k—1
Let Q be a given real analytic vector function on €2 such that

O4 %Z:Q(@z) R

is a one-to-one correspondence and, therefore, the inverse function Q~1(2)
at the set Z = Q() is well defined. As an example, we can point out the
vector function

zi=1=0kr,i=1,....r; r=m—k—1, (2.20)

introduced in Section 2.2.
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Denote ©7(2) = (67,(Q7'(2))"). Let N be the set of all vectors
z € Z = Q(Q) such that

det M(&,,0(r)) =0

for any 7 € [a,b]™"!. For the case of exponential models described in
Section 2.2, we have A = Q(Q), where Q is the set of all vectors ©, € Q
such that two or more coordinates coincide with each other and @) is given
by (2.20).

Let us introduce the following definition.

Definition 2.3.1 A vector function
T(2) : Z =V,

where
V:{T:(Tla---ﬂ—m—l) : a<7'1<"'<7'm_1<b}

will be called the optimal design function if for any z € Z \ N, the design
&ru(») is a LDMS design for ©7 = (01,07 (2)), ©2(z) = Q~'(2) and for
any sequence z(qy, (), . .. such that z;) € Z\ N, z; = 2 € N, i — o0,

lim 7%(2;) = 7%(2).
1— 00

This definition is given for the case ny = 1 and n3 = 0. The modification
for other design types seems to be obvious.
Let us define the function

p(7,2) = [det M (&, ©(=))] /™ (2.21)

the degree 1/m is introduced in order to secure a local convexity in a vicinity
of the extreme points.

Due to the above assumption for any fixed z € Z \ N, the maximal
value of the function ¢(7,2) by 7 € [a,b]™ ! is achieved in V. Therefore,
a necessary condition for £, to be an LDMS design consists of vanishing of

the derivatives

aT_ga(T,z):O, i=1,...,m—1. (2.22)

Set 5
gi = gi(1,2) = a—ngp(T,z), t=1,....m—1,

g = (gla v agm—l)T'
The equation system (2.22) can be now written in the form

g(r,2z) =0. (2.23)

This equation will be called the basic equation of the functional approach. It
allows one to reduce the LDMS designs problem to the analysis of implicit
functions. Such an analysis will be performed in Section 2.4. Now we will
describe a class of regression functions for which this equation has a unique
solution.
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2.3.3 The uniqueness and the analytical properties

Let Z, N, and @ be as described above. Let us introduce the following
assumptions:

Al. The functions
fi(z,©(2)),i=1,...,m,
are real analytic by the variables {x1,21,...,2.} at (a,b) X Z.

A2. For ©5 € Q all LDMS designs have the same type (n1,no,ns). For
certainty, we will consider the case n; = 1 and ng = 0. Denote

H(t) =Il<i<jem(@i — )% 7= (z2,...,Tm), T1 = a.
A3. There exists an algebraic polynomial ¥(z) such that

m

sup sup

< 0.
seaw rev Y(2)H(T)

: UL
B A Ty e
pM(1,2)
)

Note that if the closure of Z does not intersect A, we can take ¥(z) = 1.
In this case, the assumption A3 means simply that the functions

fl(xa(a)ﬂ"'vfm(xﬂ @)

generate an extended Chebyshev system of order m on [a,b] (see Section
1.9 for the definition) for all ©, = (01,03), ©, € Q.

Note also that the exponential regression functions introduced in Section
2.2 possess this property and all other assumptions were justified in that
section.

Let us codefine the function

= 2) = (,O(T,Z) _ detM(ftam@(Z)) Hm
P2 = iy = w(z)

by continuity with z € /. This is possible due to assumption A3.

A4. There exists a vector z(g) € Z such that the equation system

o _ .
8—ﬁ¢(7,z(0)):0, 1=1,...,m—1,

has a unique solution with 7 € V.

In Section 2.2, we have shown that this assumption holds for the expo-
nential models with z(g) = (0,...,0).

Now, the basic theorem of the functional approach can be formulated
in the following way.
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Theorem 2.3.1 Let assumptions A1-A4 be fulfilled. Then the following
hold:

(I) There exists a unique optimal design function 7*(z) : Z — V. It is
a real analytic vector function in Z.

(II) Taylor coefficients of this vector function can be calculated by recur-
rent formulas given in Section 2.4.

A proof of this theorem will be given in Section 2.6.

2.4 The Study of the Basic Equation

In this section we will study (2.23) for a vector function g(7, z) of a general
form not necessarily connected with studying optimal experimental designs.
We will obtain results stronger than that of Theorem 2.2.1(I, II), namely
we will prove that under certain conditions, the function 7(z) determined
implicitly by this equation is unique.

2.4.1 Properties of implicit functions

Assume that m and r are arbitrary natural numbers, and m > r and m > z.
Let .
V={r=(n,....tm-1)" ta<n < - <7y B},

V={r=(,....,tm-1)T ta<mn < <7m_1 <b},
and Z be an open one-connected set in R".
Let o(1,2), 7 € V, z € Z, be a function of a general form real analytic
inV x Z, and ¢(1,z) > 0.
Consider the case when ¢(7,2) = 0 for some points z € Z. Let N be

the set of all such points. Assume that there exists an algebraic polynomial
U(z) such that ¥(z) = 0 for 2 € A/ and the function

p(1,2) = ¢(7,2)/¥(2)

can be codefined in points z € N by continuity.

Let ¢(7,2) be the function codefined in the points z € A in this way.
Assume that ¢(7,2) >0, 7€V, z€ Z, and
(@ 2)"

rev H(r

>0,
(@(r,2)™
)

sup ———— < 00
TEV H(T ’

for any z € Z, where

m—1

Hir)=[[r-a® [ m-m)?*

i=1 1<i<j<m—1
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Let us denote

9(7—7 Z) = (91(7—) Z)v s vgmfl(’rv Z)) )

0
gi(Ta Z) = o7 (p(T7 Z)’

82 m—1
G(r.2) = ( Gl Z)>i,j:1 ,

g(Tv Z) = g(T’ Z)/\I/(Z)a

2 m—1

G(1,2) = G(1,2)/¥(2) = (87’?87'3‘ SZ(T’Z))i,j—l.

Consider the equations
g(t,2) =0,
(2.24)
g(t,2) =0,

z€Z,7€V. For z € Z\ N, these equations are equivalent to each other.
Let us introduce the following assumptions:

(a) There exists a point zg) € Z such that (2.24) has a unique solution
belonging to V.

(b) For any point z and any solution z = 7(z) of (2.24),

det G(T, 2) # 0.

T=7(2)

Theorem 2.4.1 Let the assumptions formulated above be satisfied. Then
there exists a unique vector function 7*(2) : Z — V such that

g(t*(2),2) = 0.

This vector function is real analytic for z € Z and satisfies the equation

G(1*(2),2)7. (2) = (g(T,z));i ,i=1,...,m—1.

Zi
T=7%(2)

Proof. Due to assumptions (a) and (b) and the Implicit Function Theorem
(Theorem 1.8.1), there exists a vicinity of the point z() such that there
exists a unique vector function, say 7(z), satisfying (2.24). This vector
function is real analytic. Let U be a union of all such vicinities. Then 7(z)
can be extended to U in a unique way and this extended function is real
analytic in U.
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Suppose that U # Z. Denote the closure of U by U. Since U # Z, there
exists a point z € U\ U, z € Z. Then there exists a sequence z(y), 2(2), - - - ,
such that z(;) € U and lim;_, z(;y = Z. Denote by 7 the limit

Jim ().
Then we have
9(7,z) = 0.
Suppose that 7 € V. Then, due to assumption (b),
det G(7,2) # 0

and there exists a vicinity of point z, say W, and vector function 7(1)(z)
such that 7(;)(2) = 7 and this vector function is real analytic in this vicinity.
Moreover, for sufficiently large 4, z(;) belongs to this vicinity. It follows from
here that 7(1)(z) and 7(z) coincide in W N Z # (. Therefore, 7(1)(2) is a
real analytical extension of 7(z) to W and W CU. This is impossible by our
supposition and we obtained a contradiction.

Now, let 7 € V' \ V. Denote 7(;y = 7(2(;y), i = 1,2,.... Then

i 5 |25 _—

) 0 ,_ m
= Jim {{ o (@(7,201))) } o / Q7))
m 0Q(1)/0T;
) 9a)/on }oo.
T=T(3)

Q*(7)
However, due to our assumption, the function

(7, 2)
Q(7)
is real analytic in V' x Z, and the limit should be finite. The obtained

contradiction shows that U = Z. In a similar way, it can be proved that
for any z € Z, (2.24) has a unique solution. .

In order to apply Theorem 2.4.1 to the function ¢(7, z) defined in Section
2.3, we need only to verify property (b). To this end we will introduce a
representation for the Jacobi matrix of (2.24).

2.4.2 Jacobian of the basic equation

First, we analyze the Jacobian of the basic equation for functions (7, z)
of a general kind that can be represented as the minimum of some convex
function.
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Let m,r, and t be arbitrary natural numbers, T ¢ R™™ !, Z ¢ R", and
2 C R be arbitrary open sets, and 2 be convex.

Consider the function ¢(7,a,2),7 € T,a € A,z € Z, that satisfies the
following conditions: Function ¢(7,a, 2) is twice continuously differentiable
along 7 and a; function ¢(7,a, 2) is strictly convex along a.

Moreover, let function (7, z) have the form

— mi 2.2
©(T, 2) glelgcJ(T,a,Z), (2.25)

where the minimum is attained for any 7 € T and z € Z. Since the function
q(7,a, z) is strictly convex along a, this minimum is attained on the unique
vector a = a = a(r, z). Therefore, function ¢(7,z) is twice continuously
differentiable along 7.

For any fixed z, let there exist a point 7 = 7(z) satisfying the equation
8%@(7’, z) =0.

Consider the following matrices:

2 m—1
E= (#q(r,a,z)). o
! 1,7=1
52 t,m—1
b= (mq(ﬂa,Z))ij:1 : (2.26)

t
2
D= (ﬁq(ﬂa&))_

ij=1

at 7 =7 and a = a(7, z). It follows from the above conditions that matrix
D is positive definite and hence the inverse matrix D~! exists.

Theorem 2.4.2 Under the above conditions, the following formula is valid:
J(#(2),z) = E -~ BT"D'B.

Let us apply this theorem to the function ¢(7, z), defined by (2.21).

Denote the set of all positive definite m x m matrices A = (a;5), such
that apmm = 1 by A. Assign a number v = v(4,j) in alphabetical order to
each pair of indices (i,7), i < 4, 4,5 = 1,...,m, where (i,5) # (m, m). For
any vector a € R', t = m(m +1)/2 — 1, define a matrix A(a) that satisfies
the following relations:

Aji = Q35 = Au(i,5)) Amm = Lgj=1....,m, i <j

Define set 2 as
A={acR": Ala) € A}.

Evidently, 2 is open and convex in R'. Introduce the function

q(1,a,2) = (detA(a))fl/m tr (A(a)M (&, 2)) /m. (2.27)
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Consider the function (7, 2) = (det M (&, 2))*/™. Tt is known (Karlin and
Studden, 1966, Chap. 10.2) that (2.25) is valid for this function. It can
also be checked that the function (2.27) possesses the required properties.
Therefore, by Theorem 2.4.2,

J(#(2),z) = E—BTD™ !B, (2.28)

where 7(z) = 7%(2). Set 6(a) = (det A(a))~'/™. Tt is easy to verify by
direct differentiation that the following formulas are valid for matrices B
and F:

E = diag{E11,..., Em_1m-1},

B = 0(0°) g (T @A@H@)| L i= L

Aa*) = const (M (&-(:),2)) o (2.29)
B = (b))

b = 2006 )| v =lid)

k

Remark 2.4.1 Note that the matrix J = J(7*(z), 2) is negative definite
and hence nonsingular provided at least one of the following conditions is
satisfied:

(1) All diagonal elements of matrix E are negative;

(2) Matrix B is of full rank.

Indeed, matrix BT D~!'B has the form SST; hence, it is nonnegative
definite in the general case and positive definite if matrix B has full rank.
Since J = E — BTD™1B, J is negative definite if either of conditions (1)
and (2) is valid.

This remark will be applied in Section 2.6.2 in order to prove that the
matrix J is invertible under assumptions A1-A4.

2.4.3 On the representation of implicit functions

It is well known that derivatives of implicit functions can be calculated with
the help of indefinite coefficients techniques, as introduced by Euler. In this
subsection we offer recurrent formulas convenient for the implementation
in software packages such as Maple and Mathcad. These formulas are
a generalization for the multidimensional case of formulas introduced in
Dette, Melas and Pepelyshev (2004b).

Let us assume that s = (s1,...,8,), where s; > 0, i = 1,...,r, are
integers. For an arbitrary (scalar, vector, or matrix) function F, denote
1 o o°r
(]:(Z»(s) = }—(z)|2:Z(o)7

splo-e 8,1 0270 T Oz
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where z(g) is a given point.
Introduce also the notation

St{s(sl,...,sr); s; >0, Zsit},
i=1

t=20,1,..., and

(z = 20))° = (21 — 2100))" - - (20 — 200))""-

Let the function 1(z) be of the form

¥(2) = (2 = 2(0) "V (2),

where | = (Iy,...,1,),l; >0,i=1,...,r, are integers, and 1(z) is a homo-
geneous polynomial of degree p > 0,

P(z) = Z aes)(z = 2(0))°s

s€S),

such that a(p.o,...,0) # 0.
Let

It - U;:Osj,
T<r,>(2) = Yser, T)(2 = 2(0))°s  T(s) = (7(2))(s)
Ty = (J(10),2)) ) -

First, let p = 0. Note that under condition (a), the matrices Ji,), s; < l;,
i=1,...,7r, s # [, are zero matrices and det J;) # 0.

Theorem 2.4.3 Under conditions (a) and (b) for the function 7(z), de-
fined in Theorem 2.4.1, the following formulas hold:

(r(D) =~ 9(rers (), Do, (2.30)

where [ =1T;_1,s€ S, t=1,2,..., K —1.
If condition (c) is also fulfilled, then these formulas hold fort =1,2,....

Thus, if 7(g) is known, coefficients {7(4)} can be calculated in the follow-
ing way. At the step ¢t (¢ = 1,2,...), calculate all coeflicients with indices
from S; by (2.30). This calculation can be easily performed by a computer
with the help of packages such as Maple or Mathcad.

Consider now the case p > 0. Define the set

S, = {s—(317...,sr);sizo,i—l,...,r,sl+225i—t}.
i=2
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Let
I, =U!_yS;, u=(p,0,...,0),

Jgu) = (J(T(O)J))(Hu)-
It can be verified that, under condition (a), det Ji 1,y # 0.

Theorem 2.4.4 With p > 0, Theorem 2.4.3 remains true with (2.30) re-
placed by

(r()6) = =Gy 9(r<rs (2), Dot
where s € Sy, I =1,_1, and t =1,2,. ...

Note that u can be replaced by any vector of the form (0,...,p,0,...,0).

2.4.4 The monotony property

Let us obtain another representation for the Jacobi matrix. It is based
on the known formula for the derivative of the matrix determinant. This
representation is to help us to derive the monotony of coordinates of the
optimal design function for some forms of regression.

At first, let x € X and z € Z, where Z is some bounded set in R" and
fi(z,2),i = 1,...,m, are arbitrary twice differentiable with respect to x
functions.

Let the function (7, z) be defined by (2.21). Let assumptions A1-A4 be
satisfied. We will use the formula of differentiating the matrix determinant
(see, e.g., Fedorov (1972)).

% det M («) = det M («) (trM_l(a)aaaM(a)) ,

as well as the formula
15}

%M_l(a) =M Y(a)

and the explicit form of matrix M (¢, 2):

OM ()

90 M~ (a)

where f(z) = f(z,z) and

1T .. Tym;m—-1 Ty
&= 1 o1
m m m

Let us calculate the derivatives of the function

90(7—’ Z) = (det M(§T7 Z))l/m )
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( 1 cee Timm—1 b >
S 1)
m m m
‘We obtain

P ()t M 6 ) ()

= 2 o ) T ()M NE 2) (7).

T m?
1=1,...,m— 1. Let z be fixed and 7 be such that

m—1

g(1,2) = (aaﬁgp(n z)) =0. (2.31)

i=1
Moreover, let 7 be a local maximum of the function ¢(7,z). Set F =
(fj(2:))i%=1- Then the relation M = FFT /m is valid,

FrE)M N 2) f(5) = mf T () (F~)TF1 f (1)
—mel el :{ nit

Let us consider the matrix

(92 m—1
G= (67}'87’]' e Z))i,j_l » T=702)

where 7(z) is the unique solution of (2.31).
Using these relations and the formula of the inverse matrix differentia-
tion, derive

32
(G)ij = m@(

= —%%0(7'7 2) (FT(r)MNE2) (1) (FT ()M 2) f(7))

7, 2)

= (. 2) (T F (7)) (TP (7))

for i # j, 4,5 =1,...,m — 1. For calculating the diagonal elements of the
matrix, let us also use the following relation:

2
T -1 / m”  Op(r,2) ,
3 M ) i) — - O, = 1, ey — 1.
FrEM e S () = 5 S =0 m
The direct differentiation gives the following result

32
(G)ii = m@(ﬂ z)

= el A M (€ ) ()

2
= E(p(T, el P71 (1), i=1,...,m— 1.
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Now, assume the that functions f;(z) = fi(x,2),i =1,...,m, form an
ET-system (see Section 1.9 for the definition) of the first order under any
fixed z € Z.

Since the matrix F~! is formed by the cofactors of the elements of
matrix F', divided by its determinant, then, for j > ¢, ¢ > 2, we have

G?Filf/(’Tj)

det F'

(with the evident changes for ¢ < 2). Inserting a column f’(z;) between a
line f(x;) and the following one, derive

el P71 (1) = (—1)? "' det F/ det F,

F= <f<x1)zf<x2)s...zf(a;i_gsf(m)....sf@j)sff(xj)s...sf(xm)) |
By definition of the ET-system of the first order, det F' > 0. Thus,
sign [eiTF_lf’(Tj)] = (=1)77,
Similarly, for ¢ < j, we have
sign [e?JrlF_lf’(Ti)] = (—1)i_j.
Therefore, for i # j
sign (G);; = (—1)(=1)? 7" (=1)"7 =1.

It will be proved in Section 2.6.2 that the matrix G is negative definite. Let
us use the following statement (see Szegd, 1959): If matrix A is positive
definite and each of its off-diagonal elements is negative, then all of the
elements of the matrix A=! are positive. Since the matrix G is negative
definite and its off-diagonal elements are positive, then the matrix A = —G
possesses the required properties. Applying the above statement, we have
that all of the elements of the matrix G~! are negative.
Thus, we have derived the following result.

Lemma 2.4.1 If functions fi(x,z),i = 1,...,m,x € X,z € Z, are twice
continuously differentiable on X and form an ET-system of the first order
for any fized z € Z, the matriz G is invertible and all of the elements of
matriz G~1 are negative.

Let the conditions of Lemma 2.4.1 be satisfied. By Theorem 2.3.1, the
optimal design function 7(z) : Z — V is uniquely determined. Let L; stand
for the vector

0 0? e
_ = %) =1,2,...,7
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By the Implicit Function Theorem, we have

’

7, =—G 'L, (2.32)
Thus, if all of the elements of vector L; are positive, then
(ri(2))., <0,i=1,...,m—1;

that is, all of the coordinates of function 7(z) monotonously decrease with
respect to z;.

Let us introduce a class of regression functions for which all the unfixed
points of a locally D-optimal design monotonously depend on each parame-
ter. We will show further that this class contains the exponential models
considered in Section 2.2, as well as some rational models.

Consider a real function K(x,y), defined for (z,y) € X x X1, where X
and X; are intervals. Let function K (z,y) be an extended strictly positive
kernel of the m-th order (ESP(m)) along both variables. The corresponding
definition can be found in Karlin and Studden (1966, Chap. I).

Consider the regression function

k
n(x7®) = ZeiK(xaa’H-k)a 01 % OaZ = 17" '7ka m = 2k.
i=1
Let the functions f;(z,0) = %n(x, ©), i = 1,...,m, for Oy =
(Orsts-0m)T = (21,...,21)7 € Z C X¥ be real analytic.

By the definition of ESP(m) functions f;(x,z2),7 = 1,...,m (for fixed
©O1) at any fixed z € Z form an ET-system. Therefore, the optimal design
function 7(z) is uniquely determined at z € Z.

Assume that for some point z(y) for z = z(), 7 = 7(2(0)) the following
inequality is valid:

%p(7, 2)

>0,i=1,...,58— j=1,...,k. 2.33
aTzaz] 77’ ) 78 u)] ( )

Theorem 2.4.5 Under the above conditions, all of the components of the
vector function 7(z) decrease with respect to each of z1,. ..,z in a strictly
monotonous way.

Proof. By Lemma 2.4.1 and formula (2.32), it is sufficient to prove that

0%p(1, 2 ) )
67’1'(8,;]-)>0’21""’m1’]1""’k'
for any z € Z.
Let Z1 < Zp < -+ < Z. Set v = z; and consider the function

0p(7,2)/01, (v =1,...,m—1) as a function of v under fixed z;,7i = 1,..., k,



2.4. THE STUDY OF THE BASIC EQUATION 59

1# j,X1,...,Tm—1. Denote this function by h(v). Note that the function
h(v) has second-order zeros at points z;, i # j,i = 1,...,k, since the de-
terminants corresponding to h(v) and h'(v) have common lines. Moreover,
h(z;) = 0. Since ¢ (7, 2) equals

constdet (K (zj,21), K.(z;,21),- -,
(2.34)
K(xjvzk)’K;(xijk))Tzl )

then the function i(v) has no more than 2k — 1 zeros (counting with their
multiplicities). Therefore, h/(Z;) # 0. The case that some Z; coincide with
one another can be processed in a similar way (here determinant (2.34) is
to be modified as is stated in the definition of the ESP kernel). Thus, the
functions

82
m@(T , 2)
do not vanish. Since, by assumption, condition (2.33) is valid for z = z(g),
it is valid for any z € Z. "

Consider two examples.
Example 2.4.1 Algebraic sum of simplest fractions.

Let .
K({L‘7y) = M7 x - [0,00), %1 - [0700)

It is known that such a function is an ESP kernel of any order (Karlin and
Studden 1966, Chap. I). The corresponding regression function takes the

form
k

0;
n(z,0) = Z P x € [0, 00),
i—1

Oivr > 0, 0; # 0, ¢ = 1,...,k. For corresponding basis functions
fi(2,0),i = 1,...,k, condition (2.33) can be verified directly. It can be
demonstrated also that condition A4 is satisfied. These models will be
thoroughly investigated in Chapter 5.

Example 2.4.2 Algebraic sum of exponential functions.

Let
K(l’,y) = ea:y7 XcC (_00700)7 xl C (_00700)'

This function is an ESP kernel of any order [Karlin and Studden (1966,
Chap. I)]. The corresponding regression function takes the form

k
77(1:7 6) = Z aieigH—kIa
=1

0 #£0,i=1,....k k
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2.5 Three-Parameter Logistic Distribution

Consider the function
aettB8

n(t,a,B8,y) = Treotid

It is called a three-parameter logistic distribution. By the substitution
z=c¢', 0, = aand 0y =, f3 = e this function is reduced to

911‘92

n(z,0) = m»

(2.35)
which is called the Hill equation in microbiological studies (see Bezeau and
Endrenyi (1986)).

We will construct locally D-optimal designs for model (2.35) using the
functional approach described above.

Assume that x € [a,b], a > 0, 6; # 0, 3 > 0. By a direct calculation,
we obtain

det M (€, 0) = 6162 det M ((e, 03),

where
- 3 G = tq to t3
a 1/3 1/3 13 )7 s 13 13 )7
=202, i=1,23,
45703 Zf tuGS t1393)/
t t tint \7
f(t’9>:(0+t’(9+t)2’(6+t)2>
Set

z2=1/03,7=1,0Q=[0,00), ¥(z) = 2°, N = {0} (2.36)

Assumption A1l follows here from the properties of elementary functions,
A2 and A3 follows from the results of Dette, Melas, and Wong (2004b). It
was also proved there that a locally D-optimal design has the type (0,2,1)
and is unique. It can be also proved that A4 holds for the considered model.

Thus, due to Theorem 2.3.1, it follows that support points of locally
D-optimal designs are real analytic functions of z with z € [0,1).

Let us consider the case [a,b] = [0, 1], 2 = 1. For arbitrary 0 < a < b, 02
optimal designs can be calculated by a scale transformation. With 03 — oo
and z = é — 0, we obtain

2 2
1
d t2 ; ) 9 Il ./172
M — det2 xr1 T2 1 = Q(.’E171'2)

26
z1lnxr;y x9lnaxs 0
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and

T : — .
(77(2),75(2)) — arg oo max Q(x1,x2)

Thus, it is easy to calculate numerically that z7(0) = 0.15370 and z5(0) =
0.61680.

By the recurrent formulas (2.30) given in Section 2.4, we calculated the
Taylor coefficients with 2y = 0. The first coefficients are represented in
Table 2.5.

Table 2.5: Coefficients of the Taylor expansions for x; and x5 in a vicinity
of point z =0

0 1 2 3 4 5 6

r1 | 0.15370 | —0.09435 | 0.06747 | —0.05117 | 0.04089 | —0.03371 | 0.02845

z2 | 0.61680 | —0.20012 | 0.08251 | —0.03885 | 0.02085 | —0.01212 | 0.00754

Let £<p,~(2) be the design constructed by using n first coefficients and
let z,, be the maximal z such that

MaXge(o,1] |d(x, Ecns(2)) — 3] <1075,

(2.37)
(e, €) = [T @M E ) (),
where
) = PBEE) (e, )= M(EO(:)), O(:) = (1,1,1/2)".

Note that due to the Kiefer-Wolfowitz equivalence theorem (see Section
1.5), a design satisfying condition (2.37) will be very close to a locally D-
optimal design. Numerical calculations show that z19 =~ 0.705 and Z3y =~
0.865.

In a similar way we constructed expansions of the vector function
7*(2) = (#7(2),23(2))" in a vicinity of point z) = 1 by degrees of (z — 1)
and (1/z—1). The corresponding coefficients are presented in Tables 2.6 and
2.7, respectively. It proves that for the first expansion with 20 coefficients,
the inequality (2.37) holds with 0 < z < 2.7. For the second expansion
with the same number of the coefficients, it holds for 0.6 < z < 13.8.

The behavior of the design points for 0 < z < 10 is presented in Figure
2.3. We used the first expansion for z < 1 and the second for 1 < z < 10
to construct Figure 2.3.

Note also that the efficiency of the limiting design (at the point z(p) = 0)
measured by the quantity

det M Y
I(§,2) = <de:;4(§5€(;i)z)> ) 5:57'(0) = ¢(0),

proves to be very high with z < 1 (3 > 1). This efficiency is presented in
Table 2.8.
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Table 2.6: Coefficients of the Taylor expansions for x; and x5 in a vicinity
of point z = 1 by degrees of (z — 1)

0 1 2 3 4 5 6
z1 | 0.09723 | —0.03401 | 0.01308 | —0.00530 | 0.00222 | -0.00095 | 0.00041
x2 | 0.47233 | —0.10533 | 0.02743 | —0.00791 | 0.00245 | —0.00080 | 0.00027

Table 2.7: Coefficients of the Taylor expansions for x; and x5 in a vicinity
of point z = 1 by degrees of (1/z — 1)

0 1 2 3 4 5 6

z1 | 0.09723 | 0.03401 | —0.02093 | 0.01314 | —0.00844 | 0.00555 | —0.00375
zz | 0.47233 | 0.10533 | —0.07790 | 0.05838 | —0.04431 | 0.03404 | —0.02647

0.8

0.6

y

0.4 X

0.2

\L
0 2 4 5, 6 8 10

Figure 2.3: The dependence of the support points x; and x5 on z

Table 2.8: Efficiency of designs £(0) and £(1) and the points of locally
D-optimal designs

Z 0.2 0.4 0.6 0.8 1.0
T 0.13690 | 0.12387 | 0.11333 | 0.10460 | 0.09723
T2 0.57956 | 0.54751 | 0.51943 | 0.49456 | 0.47233
(w) Y 0.90343 | 0.07771 | 0.95681 | 0.93310 | 0.90801
det M (&-,2) : : . . .
1/3
(%ﬁé”?) 0.94919 | 0.97468 | 0.98995 | 0.99774 | 1

At the same time, the minimal efficiency of the design £(1) = &.«(1)
with 0 < 2z <1 is even more than that of {(0) = &;-(0) = &5,,; see Table
2.8. Moreover, numerical calculations show that the design {(2*) = &+ (.+)
with z* = 0.5 has a maximum of the minimal efficiency at the interval (0, 1]
among locally D-optimal designs at points z = 0.1,...,0.9,1. Its minimal
efficiency is equal to 0.981.
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Note that a maximin efficient D-optimal design that is the design max-
imizing the minimum by z € [0.1,1] of the efficiency among all (approx-
imate) designs, was constructed numerically in Dette, Melas, and Wong
(2004b). This design is very close to £(0.5) and has the minimal efficiency
0.982.

A similar calculation was performed for the interval [1,10] for z. It
showed that the design £(4), the best design among £(1), £(2),. ..,£(10), has
minimal efficiency 0.8407. The maximin efficient design calculated in Dette,
Melas and Wong (2004b) has four support points with unequal weights and
its minimal efficiency equals 0.885. However, for example, design £(1), the
locally optimal design for z=1, has the minimal efficiency 0.5430 on [1, 10].
This design is rather bad! It requires almost twice as many observations as
£(4) to achieve the same accuracy of the estimates of the parameters if the
true value of z equals 10.

Thus, we see that the approach allows very efficient calculation of locally
D-optimal designs and gives an opportunity to study their efficiency.

We conclude also that locally D-optimal designs could be very efficient
if the initial values are chosen in an optimal way inside given intervals of
possible values.

2.6 Appendix: Proofs

We begin with the proofs for the theorems of Section 2.4.

2.6.1 Proof of Theorems 2.4.2, 2.4.3, and 2.4.4

Proof of Theorem 2.4.2. Due to the necessary condition for an extremum
point, we have
%Q(T, a,z) =0
with an arbitrary fixed z € Z and with 7 = 7 = 7(2) and a = @ = a(z, 7(z)).
Consider this vector equality at fixed z and arbitrary a and 7 as an
equation system that implicitly defines a function a(7). The Jacobian of
this system at the points (7,a) equals det D # 0. Therefore, by the Im-
plicit Function Theorem, in a vicinity of 7 there exists a unique continuous
vector function a(7) such that a(7) = a. This function is continuously
differentiable and
da(T)
or

=-D'B.

T=T

An immediate calculation now gives

82 m—1
L A
< O7;07; r=#/ i j=1
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For any fixed z € Z, we have

(1, 2) = ming(r, a, 2) = ¢(7. a(7), 2),
ac

with 7 from a vicinity of 7 = 7(z).
Differentiating this equality twice by 7, we obtain

J(7(2),z) = J(7,2) = E - BTD™'B.

Proof of Theorem 2.4.3. Let 7(z) be an arbitrary K — 1 times continu-
ously differentiable vector function in a vicinity of a point z(y), 2y € R",
7(2) = (11(2),...,Tm-1(2)). Consider the following auxiliary result.

Lemma 2.6.1 Under condition (b) and withp =0 and | = 0 the following
equalities are valid:

at
m l9 (7<1>(2),2) = g (7(2), 2)] |2=2(, = O,

fork>1,s€ S, where [=1;,t=1,2,..., K — 1.
Proof of Lemma 2.6.1. At first, consider k = 1. Since

0 0 / 0
&g (T(Z)’ Z) - gg(T, Z)|7':7'(Z) X T (Z) + %g(/]—’ Z)‘T:T(z)7

we obtain fort =1,..., K — 1:

at
ﬁg(T(z)a z) ‘z:z(o)
t

=ty Tw + 5 79(T0), 20) + - (2.38)
m 6t
+4 Z_ mﬂﬂoy 2(0))Tiy (1) * " Tip (il - - de!,
where the right-hand side depends only on 7, . . . , 7(+) and does not depend

ON T(441),- - .- Therefore,

ot o
7.t (7(2),2) ls=20, = 5.t9 (T(t)(z)’ Z) |e=20)-
In the case k > 1, the proof is similar. "

Return to the proof of Theorem 2.4.3. Let K =1 and [ = 0. Note that
on the right-hand side of (2.38), only the first term depends on 7(4), as the
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other ones depend only on 7y, s < t—1. Since g(7*(z), 2) = 0 in a vicinity
of 2(p),

ot . *
—%9 (7<t71>(z)a Z) o=z = t!J(O)T(t)'
For k > 1, [ # 0, the proof is similar. "
Proof of Theorem 2.4.4. At first, consider [ = 0. Note that
(9(T<r>(2), Z))(s+u) = z a@w)9(T<1>(2), 2) (v) (2.39)

w+v=s+u

for any collection of indexes I,

T<]>(Z) = ZT(S)(Z — Z(O))S.

sel

For w = u, vector s is the only vector v such that w + v = s + u. Let
seS,, I =1I,. Note that for w = u, any vector v such that w+v=s+u
belongs to set S,, t <n— 1, from which it follows that the right-hand side
of (2.39) has the form

aw)g (Tzfn> (2), z) o

It can be verified by direct calculation that Ji,) = a,J(). Therefore,
Theorem 2.4.4 is valid at [ = 0. For arbitrary [, its validity can be verified
by direct calculation. "

2.6.2 Proof of Theorem 2.3.1

Consider a vector function 7(2) = (71(2), ..., Fm_1(2))7, 7(2) : Z — R™~1
such that & with 7 = 7(z) is a saturated locally D-optimal design at
the point ©°" = (@?T, (q_l(z))T>. This function should satisfy equation
(2.10) and due to the Implicit Function Theorem (Gunning and Rossi, 1965)
we need only to prove that the Jacobi matrix, J, is invertible. For this, it
will do to prove that matrix B is of full rank. Suppose, oppositely, that
it is not the case. Then there exists a vector d € R™™!, d # 0, such that
d"B = 0 and therefore

m

S A0 @D + £ @ ] do=o, (2.40)

s=2

Z.aj = 1a cee,Mm, (27.]) 7é (mam)7 Ty = %S—l(z)v .fl(x) = fi(xaz)v 1= 1; ..m,
s=1,...,m—1.
Note that (2.40) holds also for (4, j) = (m,m). In fact, since

_ s X b
&= 1/m ... 1/m 1/m
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is a saturated locally D-optimal design, we have

et M (6,2) = > (DS dy =0, (241

i,7=1

where d;; = (M~Y(&7,2))ij, s=1,...,m — 1.
Multiplying (2.40) by ds and summing the results, we obtain

> <Z (fil@Q) f5(x)) ds> dij = 0.
i,j=1 \s=2
Substituting (2.40) in the above equation, we obtain
s=2
Since (M (&5, z))f1 is a positive definite matrix,
Ay = €5 (M (&7,2)) L em #0, €, = (0,...,0,1)T,

and, thus, (2.40) holds for (,j) = (m,m).
Define a vector v by the equality

fi(@7) fm(23)
Torn | et
v’ f(z) = det Al ) )
fi(z) o fm(®)
Certainly, v f(z7) =0,i=1,...,m — 1, and we obtain from (2.40) that
SoVTF @) fEd =0, j=1,...m
s=2

Due to assumption A1, we have ¢7 f’ (%) #0,s=1,...,m—1. There-
fore,
Lipa=0,t=1,...,m, (2.42)
-1

’ m
where a = (dSI/Tf (:Ej)) . Ly is obtained from the matrix

(fl(m;‘))xrzn;l by rejecting the ¢-th line. It follows from (2.45) that
det Ly = 0,t = 1,...,m, and it implies det (fz(xj))uzl
the last equality is impossible. "

Note that if fi(x),..., fm—1(z) generate a Chebyshev system on [a,b],
then we need not use (2.41) and the points 2*i,7 = 2,...,m need not to be
support points of a locally D-optimal design in order for the matrix B be of
full rank. This remark will be needed in the following for the consideration
of MMEMS designs.

m
= 0. However,
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2.6.3 Proof of Theorem 2.2.3

Let us begin with the proof of part (I). A direct calculation shows that the
matrix J = J(§) is of the form

Al
7= (i 0)

82 m—1
A= <87—za7'] <I>(u, 5))

ij=1

I = (llv e '7lm—1)T7

Ri(7;)  Rao(7i) .
I = - =1, m—1,
1-6 1+06°" mn

where

)

u=1(3)

Rs(7:) (det M (&5, A(s)))l/m

- 87}‘
= (det M (&, A(y)))
T M) M7 (&, M) f (7 Aoy

s=1,2, A(l) = (1 — 5)0, A(Q) = (1 + (5)0

1/m

Let us prove that [ # (0,...,0)T. Suppose, oppositely, that [ = (0,...,0)%.
With u = 4, from the definition of %, we have

0 0 .
8*@@(11;,5)—0, %¢(u,5)—0,2—17...7m—1

for u = 4. From the first equality we obtain

det M (&, M) detM (&7, A2))
1-9 B 1446 '

Due to other m — 1 equalities, we have

1 A Ri(7i)  Ra(i) ,
i - —0,i=1,...,m—1.
1+5R2(7')+a{1_6 T4 0,1 m

Now, it follows from the supposition I = (0,...,0)7 that

0
%SO(T,A(S)) =0,i=1,...,m,s=1,2
A direct calculation shows that

T 1+6
SD(TvA(2)) =@ (M(l - 5)71\(1)) m
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Therefore,
0
%@(TaA(l))_Oaz: IRRRRR L 17
L) (h#, Ay) = 0, h = 210 5 4 1 249
37’1'@ T, \1)) =Y, 1_5aZ ’ , M

However, in Melas (1978) it was proved that the equation system (2.43)
has a unique solution in the set V. The contradiction obtained proves that
1#(0,...,0)T.

Let us now study the matrix A. Similar to the proof of Theorem 2.4.2,
it can be proved that the matrix A has the form

T —1 T —1

where F is a diagonal matrix, D(;y and D() are positive definite, and a = &.
Repeating the arguments from the proof of Theorem 2.3.1, obtain that
the matrices B(;) and Byy) have full rank and (E); <0,i=1,...,m — 1.
Therefore the matrix A is negative definite and invertible.
Now, we have

det J = —1TAl #0.

Now, assertion (I) of Theorem 2.2.3 follows from Theorem 2.4.1.

Let us prove part (IT). From the general equivalence theorem for max-
imin efficient designs (see Dette, Haines and Imhof (2003) or Miiller and
Pazman (1998)) it follows that the MMEMS design &; is MME design
among all approximate designs if and only if the two following conditions
are satisfied:

af (@, M) M~ (&, Aqy) fz, Ary)

(2.44)
+(1 = &) FT (2, A)) M (&, M) (2, M) <m

with # > 0, where A1y = (1 = d)c, Ay = (1 +6)c, and 7 = 7(0), and

AIenfizI(l(S)(T7 A) = Oén;gl OéQ(’ﬁ A(l)) + (1 - Q)Q(T, A(Z))a (245>

where
Q(T7 A) = 30(7—7 A)/@(T*(A)v A)

In a vicinity of A = ¢ let LDMS designs be locally D-optimal among all
approximate designs. Then, due to the standard continuity arguments,
inequality (2.44) holds for sufficiently small 0.

In order to prove (2.45), we will need the following auxiliary result.

Lemma 2.6.2 Consider a general function ¢ : V xQ — R, where V C R®
and 2 C RF are open sets.
Suppose that the following assumptions are satisfied:
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(al) The function ¢ is positive and twice continuously differentiable.
(a2) For any A € Q, the equation
g(’rv A) =0,
T

where g(T,A) = (an o(r,A),..., 5 34,0(7, A)) possess a unique solu-

tion 7" = 7*(A).
(a8) For all A € Q, the matriz

K =B"J(\)B

where
S

I = (556 0)

)
tau=7*(A)

sk
_ (o) - ,
B - ( 6)\, )i,jzl ’ A] - (A)]7
consists of negative elements.
Let Q = Q(6), where
= {A‘A: ()\1,...,)%),(176)61' §>\7 S (1+5)CZ,Z: 1,...,k},

0<d<1, and

i,j=1

Q7. A) = o(m,A) /(T
Then for T sufficiently close to 7 (A)

Jmin Q(rA) = min a(Q(rAw) + (1~ 0)Q(r Aw).

where Ay = (1 =0)c, Aigy = (14 d)c.

Proof of the lemma. The proof is similar to that of Proposition Al in
Dette, Melas and Pepelyshev (2003). A direct calculation shows that

0 0
P(T7(A), A) = S-¢(7, A)
N O T=7*(A)
s 5 : (2.46)
+Q e A) (5 (A))
j; 37'] *(A) 3)\Z J
i=1,2,... k.
Due to assumption (a2), we obtain that
0? 0?
—— (" (A),A) = ———
6)\18>\JS0(T ( )’ ) a)\la)\jgo()rﬂ)‘) tau T*(A)
- 2 d 9
A T(A)=—T5 (A
+ﬂ;1 87'“8 v(p( ) ) rau:tau*(Aa)\iTU( )6A] ( )v
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,7=1,... k.
Now, it is easy to calculate

82
OXiOA;

Q(1,A) = Quij (1, A) + Q245 (T, A),

A
Quy(r) = [ (5o ol HA) = olr M 5 T )] [,

and the above formulas it follows that the matrix

0? F
(55 o n)

ij=1

T=1*(A)

is equal to K.

Since all elements of this matrix are negative by assumption (a3), the
minimum of Q(7,A) by A € Q(J) is achieved at the set {A(1), A(g)} for
sufficiently small 6 and with 7 sufficiently close to 7*(A). This is equivalent
to the assertion of the lemma. "

Now, let

[Tic; (N = A5)

We can assume that the function in the points A with A\; = A; for some
i # j is codetermined with preserving the continuity (it can be done due
to the discussion in Section 2.2).

Condition (al) is evidently satisfied for this function and conditions (a2)
and (a3) are proved in Melas (1978).

Thus, due to Lemma 2.6.2 for the function ¢(7, A) determined by (2.48)
condition (2.45) takes place for sufficiently small 6. This completes the
proof of part (IT) of Theorem 2.2.3.

1/m
o(1,A) = (W) . (2.48)
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