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Abstract

This paper considers the construction of optimal designs for nonlinear regres-
sion models when there are measurement errors in the predictor. Corresponding
(approximate) design theory is developed for maximum likelihood and least squares
estimation, where the latter leads to non-concave optimisation problems. For the
Michaelis-Menten, EMAX and exponential regression model D-optimal designs can
be found explicitly and compared with the corresponding designs derived under the

assumption of no measurement error in concrete applications.
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1 Introduction

Errors-in-variables models, also referred to as measurement error models, differ from the
classical regression models in that one or more of the independent variables involved are
subject to measurement error. It goes without saying that in applied work covariates are
often measured imprecisely with the source of error varying, for example, from simple
instrument or human error to systematic error in questionnaires or error in measuring
long-term quantities such as food intake [Carroll et al. (1995)]. Overlooking this error
will result in biased parameter estimates [Carroll et al. (1995)] and therefore in inaccurate

conclusions to be drawn from the experiment. In view of the importance of measurement



error models, mainly due to their wide range of applications, analysis strategies for errors-
in-variables models received much attention leading to a considerably large literature on
the subject.

For illustration purposes let us consider a nonlinear regression model involving only

one independent variable given by
Yi=m(x;,0)+mn;, i=1,...,n,
and assume that one cannot observe z; directly but instead observes
Xi=zi+¢, 1=1,...,n,

where @ is the vector of unknown model parameters and 7; and ¢; are the response and
covariate errors respectively. The observed variable X is called the manifest variable
whereas the true unobserved variable z is called the latent variable. Depending on the
error structure, measurement error models are classified accordingly and different analysis
methods are used. The model is said to be a structural or a functional model when the
true value of the x’s are assumed to be random variables or a sequence of unknown fixed
constants respectively. In both cases, the measurement error is independent of the latent
variable and is referred to as classical error. The third basic measurement error model
is the Berkson error model under which the observed variable X is fixed and controlled
by the experimenter. Measurement error now enters via the setting of the value of the
covariate and is independent of the manifest variable. The Berkson error model is used in
situations where the experimenter sets target values X;, ¢ = 1, ..., n, for the covariate but
the true values x;, « = 1,...,n, used in the experimenter differ from the ones originally
designed. For a detailed review of the characteristics and estimation results see, for
example, Bard (1974), Fuller (1987), Carroll et al. (1995) and Buonaccorsi (2010).
Based on the analysis methods readily available for measurement error models, the
issue of efficient planning of experiments involving such models follows naturally. Due to
the broad applicability of errors-in-variables models finding efficient experimental designs
is of great interest as these designs minimise both the cost and duration of experiments
while at the same time maximize the precision of their conclusions. Despite its impor-
tance, the literature on optimal designs for models with error-in-variables is rather scarce.
One of the first authors that examined the effects of measurement error on the planning
of experiments involving errors-in-variables models is Box (1963). He considers response
surface models with Berkson type errors and explores the robustness of factorial and frac-

tional factorial designs. Following Box (1963), Draper and Beggs (1971) and Vuchkov



and Boyadjieva (1983) propose the use of the sum of squared differences of the responses
and the maximum element of the information matrix respectively, as a measure of robust-
ness against Berkson type errors. Furthermore, Tang and Bacon-Shone (1992) study the
construction of Bayesian optimal designs for the Berkson type probit model.

More recent results on Berkson error models are given in Pronzato (2002) and Donev
(2004). Besides the initial assumption of errors in setting the independent variable values,
Pronzato (2002) further assumes that the true values, and therefore the actual design used,
is known at the end of the experiment. He uses the expected value of the determinant
of the information matrix as an extension to the D-optimality criterion. Donev (2004)
considers both the cases of unknown and known true values at the end of the study.
Under the former scenario he proposes the use of the sum of the variances of the estimated
responses as a measure of robustness whereas in the latter case he argues that minimising
the expected value of the inverse information matrix is a more appropriate criterion than
that proposed by Pronzato (2002).

In contrast to the above literature, little research has been done on how to plan exper-
iments involving a structural or a functional model. To the best of our knowledge there
are only two papers considering this type of design problem. Keeler and Reilly (1992) use
the classical D-optimality criterion to construct sequential designs for functional models.
The measurement errors of the independent variables enter via the maximum likelihood
estimation and hence via the information matrix. Structural models are considered in
Dovi et al. (1993). Measurement error is again accounted for in the estimation stage how-
ever, optimal designs are constructed using the expectation of the D-optimality criterion
with respect to the fluctuations of the design variables assumed to be random.

In the present paper we focus on the classical error structure for which measure-
ment error occurs due to recording devices error, administration error, etc. [Carroll et al.
(1995)]. We feel this is an assumption arising more frequently in applications compared
to the Berkson error structure which assumes, for example, zero measuring device error.
Furthermore, we focus on functional rather than structural models because the latter re-
quire further assumption to be made on the distribution of the latent variable and even
in this case the estimation procedures for functional modelling are robust to misspecifica-
tions of the distribution of the independent variable [Carroll et al. (1995)]. In Section 2
we introduce a nonlinear functional model involving a vector of covariates. The limiting
properties of both the maximum likelihood and least squares estimators for the vector
of unknown parameters are established and the approximate optimal design problem in
the context of nonlinear models subject to the functional error structure is introduced.

Then in Section 3 we focus on the construction of locally optimal designs with respect



to Kiefer’s ®,-optimality criteria for such functional models. We state the general equiv-
alence theorem for maximum likelihood estimation and find a necessary condition for
®-optimality under least squares estimation. In Section 4 we illustrate our approach
through an application to the D-optimality criterion for the case of only one explanatory
variable and uncorrelated measurement errors. Extensions of the well-known result on
the equality of the weights of locally D-optimal saturated designs are also given under
both estimation methods. We provide analytical characterisations of locally D-optimal
design for three widely used nonlinear models under the functional error structure consid-
ered with maximum likelihood and least squares estimation being considered separately.
Three real examples are considered in Section 5 for each of which we compare the lo-
cally D-optimal designs arising for maximum likelihood and least squares estimation in
the Michaelis-Menten error-in-variables model with the D-optimal design for the model
under the assumption of no measurement error. Finally, proofs of all results are presented
in an Appendix and an Online Supplement, which contains further details.

We conclude this introduction by mentioning once again that the focus of this paper
is on locally optimal designs for functional errors-in-variables models, since our goal is
to explore the differences which may appear in the optimal designs if the error in the
predictor is ignored. These designs require some preliminary information regarding the
unknown parameters and there are numerous situations where such information is avail-
able, for example, in Phase II dose-finding trials [see Dette et al. (2008)]. Moreover, if
such knowledge is not available the theory developed in this paper can be further extended
using similar arguments as in Chaloner and Verdinelli (1995) and Dette (1997) to obtain

optimal designs with respect to robust optimality criteria.

2 Estimation in functional models
Throughout this paper we consider nonlinear functional models of the form

Y;]:m(ml,e)—l—n”, izl,...,n, jzl,...,ri
TIZ] ~ N(070-5>a

(1)

where 6 = (6,01, ...,0,)T is the vector of unknown model parameters, n is the number of
distinct experimental conditions, r;, 2 = 1,...,n, is the number of repeated measurements
taken at the ith observation point and n;;, % =1,...,n, j = 1,...,r;, is the measurement

error in the response Y;;. The vector of unknown true values of the independent variables

x; = (zi1, Tig, . . ., Tig) ", with ¢ not necessarily equal to p, is also subject to measurement



error. In particular, we assume that we observe

Xz‘j:il?i—f—éij, ’L:]_,...ﬂ’L,j:l,...,?"i

2
€ij ~ N(0,02), @

with x; € X being fixed where X C RY denote the design space. We further suppose that
the vectors of measurement errors are independent and identically distributed, that is,
(m:5, €5)" ~ N(0, ¥,), where

2

0'77 0'77,61 . O’T]’eq
2
s _|Tan %4 o e
ne — . . . . )
g, o 0’2
€q,7 €q,€1 R €q

is a nonsingular matrix. For the sake of brevity we focus on the assumption of a normal
distribution for the errors in model (1) and (2). Under other distributional assumptions

similar results can be obtained using the methodology introduced in this paper.

2.1 Maximum likelihood estimation

We note that since the vector of measurement errors is normally distributed the maximum
likelihood estimator 6,7, coincides with the weighted least squares estimator with weight

matrix equal to 2;61 and is defined as the first component of (€, x) that minimises

DY Yy —m(@i, 0), Xy —a) B (Vi — m(x,0), Xy — @)

i=1 j=1

In the rest of the article we only referred to maximum likelihood estimation but never-
theless all our results for this estimation method are also valid for weighted least squares
estimation.

Following Fuller (1987), we impose the following assumptions:

(a) The function m(ax;, @) is continuous and has continuous first and second order deriva-

tives with respect to both x; and 6.

(b) For every ¢ > 0 there exists a constant d; > 0 such that

n oo

1
Qn<0) = ﬁ ZZ inf (Y;j — m(mi,H),Xij — CCZ) 27761 (Y; — m(a:i,e),Xij — .’.Ui)T > (54,

i=1 j=1 Yij=m(@:,0)



for all @ satisfying |0 — Oye| > (, where Oy, denotes the “true” vector of unknown

parameters.

The limiting properties of the estimator 0,1, as the sample sizes increase are derived

under the assumption

limﬁzwi>0, i=1,...,n, (3)

ri—o0 T

as r; — oo, where r = > | r;. Throughout this paper we collect the information provided

by the different experimental conditions and the limiting relation above in the matrix

fz{:m $n}, 0<w <1, zn:wzz]_ (4)

w1 ... Wy i—1

Note that & defines a probability measure on the design space X', and following Kiefer
(1974) we call any probability measure of the form (4) an approzimate design on X (C RY).
By a slight modification of Theorem 3.2.1 in Fuller (1987) we have that

V(s — Bire) 2 N(0, My (€, 6)),

where = denotes convergence in distribution and the inverse of the asymptotic covariance

matrix is given by

Vinleo) = [ Lo (M0 (Ime0)) e )
 f (20 ()

i=1

with

We conclude this section noting that Fuller (1987) examines a more general set-up

niw0) = (17570 ) 3, (1M)T 6)

where the model cannot be written as in (1). On the other hand, he fixes the sample sizes

ri,t=1,...,n, to 1 and considers homoscedastic error variances converging to zero.



2.2 Least squares estimation

The (ordinary) least squares estimator @, is defined as the first component of (6, )

minimizing the expression
Z Z (Yij — m(z;, 0), X5 — ;) (Yij — m(x;,0), X5 — sz‘)T-
i=1 j=1

Given assumptions (a) and

(bl) For every ¢ > 0 there exists d; > 0 such that

Z ZY mf m(wi,H), Xij — wz) (Y;J — m(mi,e),Xij — wi)T > (5(,

=m(xz,, 0)

for all @ satisfying |60 — Oye| > C.

and following the methodology in the proof of Theorem 3.2.1 in Fuller (1987) it can be

shown that
\/F(OLS - etrue) £> N<07 MESI (57 9))7

where the inverse of the asymptotic covariance matrix is now given by

MLS(£7 9) = DO(gae)Dfl(ga 9>D0<€7 0) (7>

Here the matrices Dy(&,0) and D;(, 0) are defined as

D6 0) = [ Lo (PO (O ©
Di60) = [ DO (IO (IO )

where the function oy (x, 0) is given in (6). and

oo(x;,0) = (1, améii’ 0)) (1, am((?Z, 0))T . (10)

In the literature on optimal design, the matrices My (€,0) and Mpg(€,0) are called
information matrices of the design ¢ [see Pukelsheim (2006)].



3 Optimal Designs

Following Kiefer (1974) we consider the construction of optimal approximate designs of
the form (4) that are defined as probability measures with finite support on the design
space X' (C R?). This means that the support points «;, ¢ = 1,...,n define the distinct
experimental points where observations are to be taken and the weights w; represent the
relative proportion of observations to be taken at the corresponding support point. If
an approximate design is given and r observations can be taken, a rounding procedure
is applied to obtain integers r; (¢ = 1,...,n) from the not necessarily integer valued
quantities w;r (i = 1,...,n) [see Pukelsheim and Rieder (1992)]. In this case the relation
(3) obviously holds and by the discussion in Section 2.1 and 2.2 the precision of the
maximum likelihood and least squares estimators can be measured by the inverses of the
information matrices My, (€,0) and Mpg(&,0), respectively. Therefore, optimal designs
are constructed by maximizing a function, say ®, of the information matrix with respect
to the design & which is called optimality criterion. This function differs according to the
combination of model parameters we are interested in estimating and there are numerous
criteria which can be used to discriminate between competing designs [see, for example,
Pukelsheim (2006) or Atkinson et al. (2007)]. In the following we concentrate on Kiefer’s
®, criteria, which are defined by

1 ¢
2M(E0)) = (r{ - M. 0)})"" . L€ [~o0,1) (1)
and contain the famous D-, A- and FE-criterion (¢ = 0, { = —1, { = —o00) as special

cases. A very useful tool for the characterisation of optimal designs and for checking the
optimality of a candidate design is the general equivalence theorem [see, for example,
Silvey (1980) or Atkinson et al. (2007)]. In the case of maximum likelihood estimation
in the functional models under consideration, the general equivalence theorem for ®,-

optimality is presented below.

Theorem 1. If { € (—o0,1), a design & is locally y-optimal for mazximum likelihood
estimation in any functional model of the form (1) and (2) if and only if the inequality

m(x, T (om(x,
("57) (*55")

o1(x,0)

dure (@, 65, 0) = tr{ M{71(.6) b < (M} (6,0},

holds for all x € X with equality at the support points x; of 5. The matriz My (&, 0)

and the function o1(x, @) are given in (5) and (6) respectively.



On the other hand, when the vector of unknown parameters 6 is estimated via least
squares the criterion function, ®,(Mps(&,0)) where Mpg(€,0) is given in (7), is not con-
cave and therefore the general equivalence theorem does not hold. The following theorem
provides a necessary (but not sufficient) condition for the ®,-optimality of a candidate
design, that is, a design that does not satisfy this condition cannot be ®,-optimal for

errors-in-variables models of the form (1) and (2).

Theorem 2. If { € (—o0,1), any locally ®,-optimal design & on X for least squares

estimation in any functional model of the form (1) and (2) satisfies the inequality
dLS('r‘lj? 5;7 0) = 2d0(.’£, 5;7 0) - Ul(m7 e)dl (CU, ggv 0)7

for all x € X, where

do(.65.8) — (8m(x,0)>TD0‘1(§3,0)M£S(5379)<6m(a¢, 9)>7

00 oo(x,0) 00
) _ (Om(z,0)\T Dy (&5, 0) M5 (€5,0) Dy ' (&5, 8) (Om(z, )
(@, &, 6) _( 90 ) — éf(x,(;) 09 ( 00 )

and oo(x, 0), o1(x,0) are given in (10), (6), respectively. Furthermore, the mazimum of

drs(x, &5, 0) is achieved at the support points x; of &.

Theorems 1 and 2 can also be extended to the case £ = —oo, but details are omitted
for the sake of brevity. We refer to Pukelsheim (2006), Section 7.22, for the analogue
of Theorem 1. The extension of Theorem 2 to the case £ = —oo can be derived using

the argument in Sections 11.10 - 11.13 of this reference. These results can be used to
find the exact number or an upper bound for the number of support points of the locally
®y-optimal design for models as in (1) and (2). This is illustrated in the following section
for the D-optimality criterion and three specific functional errors-in-variables models of

interest.

4 D-optimal designs for nonlinear error-in-variables

models

In this section we focus on D-optimal designs which maximize the determinant of the
information matrix M (&, 0) with respect to the design £ [see, for example, Atkinson
et al. (2007)]. This criterion corresponds to the case £ = 0 of Kiefer’s ®,-criterion (11)

and D-optimal designs minimise the volume of the confidence ellipsoid for the parameter

9



estimators. In this case the inequalities in Theorems 1 and 2 reduce to

(Bm(sc,e))T<8m(a:,9))
s (@, €5, 0) = tr{ My (65, 0) I b<p+t,
T
s,65.0)i= (P00 Ro(o.65,6) - on(w, 00,6500 (P ) <1
(12)
where D (e5.0)
* .k 0> _
dk(wafeﬂg) T O'()(CU, 0) ) k= 07 L.

When a design has as many support points as model parameters it is said to be a saturated
design. From Lemma 5.1.3 in Silvey (1980) it follows that when the parameters of any
functional model as in (1) and (2) are estimated via maximum likelihood, the locally

D-optimal saturated design is equally supported.

Lemma 1. The locally D-optimal saturated design on X for maximum likelihood estima-
tion in any functional model of the form (1) and (2), puts equal weights at its support

points.
The Lemma below shows that the same result also holds for least squares estimation.

Lemma 2. The locally D-optimal saturated design on X for least squares estimation in

any functional model of the form (1) and (2) puts equal weights at its support points.

In what follows we consider three well-known and widely used nonlinear models and
investigate the construction of locally D-optimal designs when the functional error struc-
ture described in (1) and (2) is assumed. Both maximum likelihood and least squares
estimation are examined separately. Our approach is illustrated through an application
to the case of one explanatory variable and we further assume for the sake of simplicity
that the measurement errors of the dependent and independent variables are uncorre-

lated. Therefore, the variance-covariance matrix of the vector of measurement errors is

a2 0
Y= |7 , 13
n ( O 062) ( )

and the functions og(x,0) and o1(x,0) in (10) and (6) become

oo(2,0) =1+ (W)z (14)

now given by

10



and )
o1(x,0) = o) + (W) ol (15)

Namely, we consider the Michaelis-Menten, the EMAX and the exponential regression
model, which are widely used in various areas of scientific research, such as pharmacology,
medicine and biochemistry among others and in particular, they are used for modelling
the dose-response relationship.

The Michaelis-Menten model is specified by

Qll'

m1<x70) = M7

reX =[0,z,] CR], (16)
where the function m; relates the velocity of a reaction to the concentration = of a
substrate, the parameter 6; > 0 corresponds to the maximum reaction velocity and 6 > 0
is the half-saturation constant, that is, the concentration-value x where the velocity is half-
maximal. Optimal designs for this model in the case of no measurement error have been
discussed by Duggleby (1979), Dunn (1988), Rasch (1990), Dette and Wong (1999) and
Dette et al. (2010b), among others.

An increasing dose-response relationship with maximum effect achieved asymptotically
at large dose levels is often modeled using the EMAX model given by

9113

mo(z, 0) = 6y + 6+ 2

reX=10z]CR{, (17)

[see, for example, Bretz et al. (2005)]. The explanatory variable x denotes the dose,
0o > 0 usually corresponds to the placebo effect, that is, at dose x = 0, #; > 0 is
the asymptotic maximum increase above the placebo and 65 > 0 is the dose producing
half of the asymptotic maximum effect. Optimal designs for the EMAX model with no
measurement error have been determined by Dette et al. (2008) and Dette et al. (2010a),
among others.

Finally, we consider the exponential regression model
ms(z,0) = 0o, x € X =[r,1,) CR, (18)

which is the simplest and one of the most widely used models for survival studies such as
clinical trials. As before x is the dose and the function mgs represents the time until the
occurrence of a particular event of interest, for example, the cure of patients. The param-
eter 6y > 0 denotes the placebo effect and 0;(# 0) describes the rate of the explanatory

effect. Because of its importance, numerous authors have worked on the construction

11



of optimal designs in the case of no measurement error [see, for example, Melas (1978),
Mukhopadhyaya and Haines (1995), Dette and Neugebauer (1997), Han and Chaloner
(2003) and Dette et al. (2006)].

4.1 Maximum likelihood estimation

When the model parameters are estimated via maximum likelihood the information matrix
of a given design ¢ is defined in (5). We also note that in this case classical optimal design
theory results, such as the general equivalence in Theorem 1 and Lemma 1, are applicable.
We begin with a discussion on locally D-optimal designs for the Michaelis-Menten model
when the explanatory variable is subject to measurement error. The following result shows
that the locally D-optimal design for the Michaelis-Menten model is uniquely determined

and supported at exactly two points and it is therefore a saturated design.

Theorem 3. The locally D-optimal design on X = [0,x,] for maximum likelihood esti-
mation in the Michaelis-Menten model (16) with measurement errors as in (1) and (2)
1s unique and puts equal masses at the points xi and x,, where x5 is the unique solution

of the equation
1 1 2(0 3
- . ( 2:‘%‘1)2 . :O, (19)
r1 Ty —x1 ()t + 91929377

in the interval (0,,) and o2, = oZ/o7.

We observe that the larger support point of the locally D-optimal design is always
fixed at the upper end-point z, of the design space regardless of the parameter vector
0. Therefore, using Theorem 3 the design problem reduces to an optimisation problem
in one variable. Note that in the case of no error in the predictor, that is an = 0, the
solution of equation (19) is given by =7 = Qg;_f;u, which is the result obtained by Rasch
(1990) for the D-optimal design in the Michaelis-Menten model with no measurement

Loy
PR
function theorem shows that ] is a strictly increasing function of the ratio o2, = oZ/07.

error. Moreover, if ggn — oo we obtain z7 — and an application of the implicit
This means that the “non-trivial” support point of the D-optimal design for a model with
no measurement error is always smaller than the corresponding point of the D-optimal

design for the Michaelis-Menten model with measurement error.

Remark 1. A careful inspection of the proof of Theorem 3 shows that for any ¢ € [—o0, 1)
the locally ®,-optimal design for maximum likelihood estimation in the Michaelis-Menten
model with measurement errors is always supported at the right boundary of the design
space and a further point zf € (0,x,). Similar conclusions can be drawn for all other

scenarios discussed in this section.

12



We now consider the D-optimal design problem for the EMAX model with measure-
ment errors of the form (1) and (2). Note that for any design £, the information matrix
for the EMAX model and therefore the resulting D-optimal design is independent of the

parameter 6y and thus it can be treated as a nuisance parameter.

Theorem 4. The locally D-optimal design on X = [0,x,] for maximum likelihood esti-
mation in the EMAX model (17) with measurement errors as in (1) and (2) is unique
and puts equal masses at exactly three points 0, x3, =, where the support point x7 is the

unique solution of the equation (19) in the interval (0,x,).

The above theorem shows that the locally D-optimal design for the EMAX model is
always supported at the two boundaries of the design space and its middle support point
is equal to the smaller support point of the locally D-optimal design for the corresponding
Michaelis-Menten model.

Finally we derive an analytical characterisation of the locally D-optimal design for the

exponential regression model.

Theorem 5. The locally D-optimal design on X = [x;, x,] for mazimum likelihood esti-
mation in the exponential regression model (18) with measurement errors as in (1) and

(2) is unique and has exactly two support points.

(a) If 61 > 0, this design is
R
S = {0.5 0.5}’

where x5 = min{z,, T1} with T, being the unique solution of the equation

2 200@1 | 202 2 2 20101 _
(oze + 030707) — (21 — 21)0107e =0,

* I’é Ty
S0 = {0.5 0.5}’

where xj = max{x;, o} with T being the unique solution of the equation

in the interval (x;,00).

(b) If 6, < 0, this design is

2 2012 202 2 2 2012
— (07*M70 + 030707) — (24 — 20)010,€*170 =0,

in the interval (—oo, ).

Theorem 5 provides a complete classification of the locally D-optimal design depending

on the sign of the parameter 0, that is, whether the dose has an increasing or a decreasing

13



effect on the response. One of the support points of the optimal design is always fixed at

one of the end-points of the design space thus simplifying the design problem. Moreover,

2

2 = 0, the design reduces to

in the “classical” case of no measurement error, that is o
the D-optimal design obtained by Han and Chaloner (2003), which puts equal masses at
the two points x; and min{xz,, ¥; + %} (in the #; > 0 case) and max{x;, x, + %} and
x, (in the 6; < 0 case). An application of the implicit function theorem shows that the
non-trivial support point of the optimal design in the model with no measurement error
is always smaller (larger) than the corresponding model with measurement error when

6, >0 (0, <0).

4.2 Least squares estimation

As mentioned in Section 3, the general equivalence theorem cannot be used for the
characterisation of optimal designs for least squares estimation because the mapping
& — Mps(£,0) is in general not concave under the measurement error structure we
consider. However, Theorem 2 (in the case ¢ = 0) gives a necessary condition for a
design to be D-optimal for least squares estimation (see (12)). In what follows we use
this necessary condition to obtain an upper bound for the number of support points of
the locally D-optimal designs for each of the nonlinear models under consideration. For
purposes of comparison with the optimal designs for maximum likelihood estimation, we
then investigate the construction of locally D-optimal saturated designs which according
to Lemma 2 assign equal weights to each of the support points.

We begin with an explicit result on the number of support points of the locally D-
optimal design for the Michaelis-Menten model when its parameters are estimated via

least squares.

Lemma 3. Under least squares estimation, the locally D-optimal design on X = [0, ]
for the Michaelis-Menten model model (16) with measurement errors as in (1) and (2)

has at most four support points.

We note that as in Section 4.1, when the Michaelis-Menten model is used, none of the
observations can be taken at point x = 0. An analytical characterisation of the two-point

locally D-optimal design is given below.

Theorem 6. The locally D-optimal saturated design on X = [0,z,] for least squares

estimation for the Michaelis-Menten model (16) with measurement errors as in (1) and

14



(2) puts equal masses at the points x§ and x,, where x5 is a solution of the equation

RIS SR RS 26262 o )
v1 o wy—x (G a1)t 070502, (624 a1) [(02+ x0)t +6705]

in the interval (0,z,) and o2, = oZ/o7.

At this point a comparison of the locally D-optimal (saturated) designs in the Michaelis-
Menten model with measurement errors for least squares and maximum likelihood esti-
mation might be of interest. Note that the D-optimal designs differ only in the defining
equations (19) and (20) of the interior support point ] by the term

20262 _
(92 + x1>[((92 + .1'1)4 + 9%9%} - (92[(93 + 9%] )

(21)

Consequently, if the term on the right-hand side of (21) is small, the designs for maximum
likelihood and least squares estimation do not differ very much (see Section 5 for some
numerical examples), while the differences become larger if this expression is increasing.

Next we consider corresponding results for the EMAX model.

Lemma 4. Under least squares estimation, the locally D-optimal design on X = [0, ]
for the EMAX model model (17) with measurement errors as in (1) and (2) has at most
five support points.

Theorem 7. The locally D-optimal saturated design on X = [0,z,] for least squares
estimation in the EMAX model (17) with measurement errors as in (1) and (2) puts
equal masses at the points 0, =7, x,, where x§ is a solution of the equation (20) in the

interval (0, ).

We conclude again with a brief discussion on the locally D-optimal design for the
exponential regression model. The following lemma provides an upper bound for the
number of support points of the optimal design. Its proof is presented in detail in the
online appendix and uses the properties of extended Chebyshev systems [see Karlin and
Studden (1966)].

Lemma 5. Under least squares estimation, the locally D-optimal design on X = [z, z,]
for the exponential regression model model (18) with measurement errors as in (1) and

(2) has at most four support points.

For the exponential regression model, an analytical characterisation of the locally D-

optimal saturated design such as the one presented in Theorem 5 can not be produced for
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the case of least squares estimation. The design is therefore constructed by maximising

0(2)(1.1 o 33'0>2 6—291$0€—2913}1

det Mg(¢,0) = ,
et Mes(¢,6) 4 [o2e21%0 + 620302] [02e2121 4 020302] [1 + 0507 ~2120] [1 + 0507 e—20101]

with respect to all two-point designs & equally supported at points xy and x;.

5 Data examples

To illustrate our results we use several examples from the literature for the choice of
parameter values and design space. In particular, we use a clinical dose finding study
considered in Dette et al. (2008), data from hormone receptor assays considered in Cressie
and Keightley (1981) and a study of Mihara et al. (2000), who investigated the behaviour
of CSD-plus pyrovate with L-cysteine sulfinate as substrate. We determine locally D-
optimal designs for maximum likelihood and saturated locally D-optimal designs for least
squares estimation in the Michaelis-Menten model with measurement error.

In the first example the response is an anxiety scale score used to determine the
efficacy of an anti-anxiety drug whose dose corresponds to the explanatory variable. The
dose-response relationship was modelled using a homoscedastic normal model although,
as mentioned in Dette et al. (2008), prior to the start of the study, various other models
were considered to be good alternatives. On of the models under consideration was the
EMAX model assuming that the average placebo effect is zero or in other words the
Michaelis-Menten model. By preliminary experiments prior information regarding the
parameter values is available, that is (61,60y) = (7/15,25), and the design space is given
by X = [0,z,] = [0,150]. Under maximum likelihood and least squares estimation we
find (saturated) locally D-optimal designs for the Michaelis-Menten model under the
functional error structure described in (1) and (2) which, according to Theorems 3 and
6, are equally supported with point z = x, always being one of their support points. The
left part of Table 1 presents the smaller support points of the saturated locally D-optimal
design for both maximum likelihood and least squares estimation for various values of the
2. 02.

It can be observed that in this first example the D-optimal designs for the two es-

measurement errors ratio an =0

timation methods are nearly identical. These small differences can be explained by the
discussion presented in the paragraph following Theorem 6. For the situation under con-
sideration the quantity on the right-hand side of inequality (21) is given by 2.78-107° and
there is practically no difference between equations (19) and (20). Consequently, whether

the model parameters will be estimated through maximum likelihood or least squares does

16



Table 1: Smaller support points x;; and x7} ¢ of the locally D-optimal (saturated) designs
for maximum likelihood and least squares estimation in the Michaelis-Menten model. Left
part: the clinical trial example considered in Dette et al. (2008); X = [0,150]. Middle
part: the hormone receptor assay data considered in Cressie and Keightley (1981); X =
[0,2000]. Right part: the example considered in Mihara et al. (2000); X = [0,80].

0, ="T7/15,0, =25 || 6 =0.69,0, = 0.6 || 6, = 16,0, = 3.5
an Ty Tl Thrr Tl Thr Thg
4:1 | 18.754 | 18.755 194.79 195.66 8.499 9.468
2:1 | 18.751 18.753 193.06 193.95 7.145 8.390
1:1 | 18.751 18.751 192.18 193.07 6.039 7.572
1:2 | 18.750 18.751 191.74 192.63 5.155 6.982
1:4 | 18.750 18.751 191.51 192.41 4.479 6.586

not affect the optimal choice of the D-optimal design. We finally note that the locally
D-optimal design for the Michaelis-Menten model with no measurement errors puts equal
masses at the points 18.75 and 150. Thus in this case there is no substantial difference
between the D-optimal designs for models with and without measurement errors.

Our second example discusses the application of the Michaelis-Menten model to the
hormone receptor assays discussed in Cressie and Keightley (1981). These authors pro-
vided several estimation methods for the parameters 61, 85 in the Michaelis-Menten model.
For the data set considered in Table 1 of this reference the design space is given by
X =[0,2000] and the parameter estimates are ¢, = 43.95 and 6y = 236.53 [see Dette and
Biedermann (2003), Section 4]. The locally D-optimal designs (more precisely, the corre-
sponding interior support point) are presented in the middle part of Table 1, whereas the
locally D-optimal design for the corresponding model with no measurement error puts
equal masses at the points 191.23 and 2000. Here we observe more substantial differ-
ences between the D-optimal design for models with and without measurement errors, in
particular, if the noise ratio an is large.

Our final example considers the investigation of the behaviour of CSD-plus pyrovate
with L-cysteine sulfinate as substrate [see Mihara et al. (2000) for details]. In this case the
parameter estimates (by maximum likelihood) in the Michaelis-Menten model are given
by 61 = 1, 6, = 3.5, the design space is X = [0,80] and the locally D-optimal design for
the model with no measurement errors puts equal masses at the points 3.218 and 80. The
D-optimal design corresponding to maximum likelihood and least squares estimation in
the Michaelis-Menten model with measurement errors can be found in the right part of

Table 1. We observe that all designs differ substantially and therefore, in this example it
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is of particular importance to take the measurement error into account for the planning
of the experiment.

In all examples under consideration we observe that for fixed ratio-value o7 : o7 the
smaller support point of the optimal design for least squares estimation is always greater
than the corresponding x7},; of the measurement errors ratio-values. Furthermore, in both

the cases of maximum likelihood and least squares estimation the value of the smaller

2
€

hand, an increase in the value of o7 has a decreasing effect on both 27}, and 27 .

support point increases as the covariate measurement error o? increases. On the other
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Appendix

Proof of the results in Section 3

Proof of Theorem 2: Let £, be a locally D-optimal design for least squares estimation
of the parameters involved in a functional model as in (1) and (2). For any other design
¢ and a € [0,1] also let &, = (1 — a)&} + a& and

[log(p + 1) 4+ log tr{ M} ¢ (¢, 0)}] )

|-

(&) =log ®y(Mps(&,0)) =
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The Frechet derivative of w(§) at & in the direction of £ — & is given by

d B 1 d .
%ﬂ-(ga) a=0 B ﬁ tr{MfS(ﬁ“ 0)} ‘a:[) %tT{MLS(gm 0)} a=0
1 1 d _
- tT{Mfs(ﬁé, 0)}tT {M£SI(§07 0) %DO(&Z? G)Dl l(gaa 0>D0<§a7 0) a:()}

1 — 1% * —1/¢x 0 *
= tr{MfS(ﬁg,O)}[Qtr{Dl (fg,H)Do(feye)Mis (£6,0)D0(&,0)} — tr{Mp (&, 0)}
— tr{Dy"(&,6)Do(&5,0) M1 5" (€5, 0) Do(5,0) Dy (€5, 0) Di (€, 0)}]

1 —1/¢x * *
= tr{MﬁS(gg, 0)} [2tr{Dy " (&, H>M£S(€07 0)Dy(&,0)} — tr{MiS(f@a 0)}

—tr{Dy" (&, 0)M 5 (&5,0) Dy (€5,0) D1 (€, 0)}].

Now using Dirac measures 0, with weight 1 at the support points & € X of the design &

we have that

om(x,0) )T ( om(x,0) )

ZfT'{DO_l<5;7 9)M£S<£;’ 9>D0(5w> 0)} - t’l”{Do_l(f;, O)Mf/S(S;a 0) ( 800.0(w 9)89

om(z,0)\T Dy (&5, 0) ML o (€5, 0) 1Om(x, 0
:< e()e )) (00():c,0)< >< ée >>

- dO(ma g;a 9)7

and similarly
tr{Dy" (&5, 0)M 15 (&,0) Dy ' (€5, 0)Di(€,0)} = o1(x,0)di(x, &5, ).

Since & is D-optimal d%w(faﬂa , 18 non-positive for all designs &, the inequality

dps(x,&5,0) < tr{M} (&5, 0)},

for all x € X follows.
For the proof of the equality part of Theorem 2 let us assume that

Iarzlea))(( dLS(wa 5;7 9) < tr{MiS(éZa 0)}

Then
[ dusto..00ig5(@) < [ tr{drisle 0))dcyla) = er {0165, 0))

X
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Now for any design &

om(z,0)\T ( Om(x,0)
[ st 0pae(@) = 20Dy g opnapste o) [ Lo L)
X

X Jo(il}, 9)

dg ()

om(x,0) )T ( Om(x,0) )
(x

— tr{ Dy (&, 0) ML (¢,0)D; (€, 6) /X o\(a 0) 00 (@)}
= 2tr{ Dy (¢, 0)M5(,0)Do (€. 0) |

— tr{ Dy (€. 0)MLE (€, 0) D5 (¢.0) Di (£, 0) }

= tr{Ms(&,9)},

o)

which contradicts our initial assumption. Hence max,cxy drs(x, &, 0) = tr{Mts(&5,0)}

and this is attained at each support point ; of the locally D-optimal design .

Proof of the results in Section 4

Proof of Lemma 2: Let

be any saturated design. Also let X be the (p+1) x (p+ 1) matrix with ¢th row given by

om(x;,0) T =0
50 , 1= U,.

for £ = 0,1. Under this notation the determinant of the information matrix Mys(&,0)

..,p, W = diag(wo, ...,w,) and Ly = diag(ox(xo,0),...,0r(x0,0))

given in (7) becomes

det {Ms(€,0)} = det { Do(&, 8) Dy (€,0) Do(&, 8)} = [det {Do(&,0)}]” [det { D1 (¢, 6)}]
= [{det X} {det W} {det Lo} *]” [{det X}* {det L, } {det W} {det Lo} '] "
= {det X}* {det Lo} " {det L, } " {det W} .

Maximising the above expression with respect to the weights gives w; = 1/(p + 1), for all

t=0,...,psince det W = wg wy ... wp, which proves the assertion.

Proof of the results in Section 4.1

Here we only present the proof of Theorem 3. Similar arguments are used for the proofs

of Theorems 4 and 5 which can be found in the online appendix.

Proof of Theorem 3: Let £, be a locally D-optimal design for maximum likelihood
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estimation in the Michaelis-Menten model given in (16) subject to measurement errors as

in (1) and (2). Also let
1 e my m
MM1L<5979) = ( 1 2) )

mg M3

where mqy, mo, mg € R. From Theorem 1 for ¢ = 0, we obtain that a locally D-optimal
design must satisfy the inequality
Py () := mi2?(0y + 1)* — 2ma0,2%(0y + 1) + mab?a® — 2 [02(92 +2)* + (616,)%07] <0,

forall z € X = [0, z,,] with equality at the support points of £;. Here P;(x) is a polynomial
of degree 4 and therefore, it can have at most 4 roots and at most 3 turning points.

Assuming that P;(x) has exactly 4 roots, that is, the locally D-optimal design has
exactly 4 support points, we have that at least the two middle roots must be turning
points since Pj(z) < 0, Vo € X. Hence Pi(x) has a total of at least 5 turning points
which contradicts the fact that the degree of P;(x) is 4. Now let P;(z) have 3 roots. Since
Pi(z) <0, Vz € X, the middle root must be a turning point and the end-points 0 and z,,
of the design space X’ are also roots. However, P;(0) = —2 < 0 and thus # = 0 cannot be
a support point which contradicts the assumption of a three-point design. We therefore
conclude that the locally D-optimal design for the Michaelis-Menten model is supported
at exactly two-points but no observations can be taken at point x = 0.

From Lemma 1 it follows that a locally D-optimal design for the Michaelis-Menten
model is equally supported at its two support points. It therefore remains to evaluate
these points by maximising the determinant of the information matrix with respect to all

designs with two support points and equal weights. Let

I )
S0 = {0.5 0.5}’

be an equally weighted two-point design. Using (5), the determinant of the information

matrix of the design &g is given by

0Frixs(ze — 1)

4 [0'727(02 + 561)4 + 9%6%0’?} [O’%(‘gg + $2)4 + 9%9%0’62} .

2

det {MML<€0; 9)} =

For fixed z1, maximising det { M1 (e, 0)} is equivalent to maximising

2log s + 2log(zy — x1) — log (072(02 + x2)* + 636307) .
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Taking the derivative of the above expression with respect to xo we have that for all
To € (T7, Ty
2 2 402 (02 4 x2)?
Ty wy— w1 02(0y + wp)t + 0703072
(21’2 — IL‘QQ%Q%O‘? + 0'72](02 + IL‘Q)g [(QIQ — 1'1)02 + 3711‘2]
2 4 092022 >0
zo(wy — x1) [02(02 + 22)* + 030302]

Hence, regardless of the value of x1, the determinant is increasing with z, and therefore
maximised for x5 = z,. It remains to determine the smaller support point x7 of the locally
D-optimal design. This is found by solving

1 1 202(02 4 21)°

To=Ty T Ly — X1 03(92 -+ $1)4 -+ 9%6%052

Ologdet {M1(&0,0)}
6(131

Y

for x; € (0,,). Solving the above equation is equivalent to solving
f(x1) == (zy — 221) [0727(92 + )t + 9%9303] — 20727(92 +11)%2 (2 — 71) =0,

for x; € (0,2,). Now f(0) >0, f(z,) <0 and it is easy to check that the function f has
exactly one turning point in (0, z,) which is a minimum. Hence f(z;) = 0 has a unique

solution in the interval z; € (0, z,), which completes the proof.

Proof of the results in Section 4.2

As in the previous section, for the sake of brevity only Lemma 3 and Theorem 6 are
proven here since the proofs of the remaining results of Section 4.2 use similar arguments.

These can be found in the online appendix.

Proof of Lemma 3: Let & be a locally D-optimal design for least squares estimation
in the Michaelis-Menten model given in (16) subject to measurement errors as in (1) and
(2). Also let

_ dy dy _ ds ds
Dy (&5.0) = d Di'(&.0)= :
o (£9,0) <d2 d3> an 1 (69, 0) <d6 dﬁ>

where dy,...,ds € R. For the Michaelis-Menten model, the necessary condition for D-
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optimality given in Theorem 2 for ¢/ = 0 becomes

( T —b,x ){QD_l(f* o) {02+ 0202 }D‘l(f* 0)}< T 0,z )T

(O +2) (03 + x)? 0 e T (0y + x)io2] T D (O + ) (02 + x)?
6203

(02 + x)*

§2{1+ }, Ve e X = [0, x,],

with equality at the support points of {;. Multiplying through the above expression with
(03 + )% we get Py(x) < 0 where Py(z) is a polynomial of degree 8. Therefore, Py(x) has
at most 8 roots and at most 7 turning points.

Assuming that Py(x) has 8,7, or 6 roots leads to a contradiction as these correspond
to a total number of at least 13,11 and 9 turning points respectively. Furthermore, if
Py(z) = 0 at exactly 5 points, then the 3 middle roots must be turning points and also
the end-points of the design space are roots of the polynomial. However, x = 0 cannot
be a root (P4(0) < 0) and therefore the assumption of 5 roots is also rejected. Hence the
locally D-optimal design for the Michaelis-Menten model has at most 4 support points

but no observations can be taken at point x = 0.

Proof of Theorem 6: From Lemma 2 we know that a locally D-optimal saturated

design for the Michaelis-Menten model puts equal weights at its support points. Let

I )
S0 = {0.5 0.5}’

be a two-point equally weighted design. The determinant of the information matrix

Mps(&e,0) given in (7) becomes

0?2223 (xy — 11)>
[03(92 + $1)4 + 6%9%0’3} [03](92 + $2)4 + 9%9%0’62]
(92 -+ %’1)4(92 + 1’2)4
[(92 + .’113'1)4 + 9%9%] [((92 + $2)4 + 9%9%] '

det {MLs(gg, 0)} :4

For fixed x1, maximising the above expression is equivalent to maximising
2log xo+2log(zy—x1)—log (02(92 + 22)" + 076307) +41og(ba+x2)—log (02 + x2)* + 6763) .

Differentiating this with respect to z, gives

2 2 40'727(02 + $2>3 4‘9%03

To To — Iq U%(HQ + $2)4 + 8%9%0’3 (02 + Ig) [(92 + .T2)4 + 9%6%] ’
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which is positive for all x5 € (0, z,] following the proof of Theorem 3. Hence for fixed z,
the determinant of the information matrix is increasing with x5 and therefore maximised

for x5 = x,. The smaller support point zj is found by solving

Ologdet {Mps(&e,0)}
81’1

=0, z1€(0,2,),

To=Tqy
which is equivalent to solving

1 1 20’72](92 + 1'1)3 29%9%

v1 wu—z 020+ 20)t + 070302 1 (0o + 21) (02 + 21)t + 0363

=0,

for z1 € (0, zy).
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Online Appendix: further technical details:

Proof of Theorem 4: Let &, be a locally D-optimal design for maximum likelihood
estimation in the EMAX model given in (17) subject to measurement errors as in (1) and
(2). Also let
my mo m3
MA_41L(5;:0) = M2 Mgy Ms |,
mz M5 Mg
where mq,...,mg € R. Using Theorem 1 in Section 3 for ¢/ = 0, a locally D-optimal

design must satisfy the inequality

Py(z) :=mq (0 + 2)* + 2max(0y + 2)° — 2msb2(0; + ) + myx® (0 + 2)? — 2ms0y2° (02 + )
+mgbia® — 3 [07(02 + x)* — 3076307] <0,

for all z € X = [0, z,] with equality at the support points of . Similar arguments as
given in the proof of Theorem 3 show that the locally D-optimal design must be supported
at exactly three points including the boundary points 0 and x, of the design space. Using
Lemma 1 the locally D-optimal design for the EMAX model is found by maximising the

determinant of the information matrix with respect to all three-point designs of the form

0 T1 Ty
&’:{1/3 1/3 1/3}'

Using (5), the determinant of the information matrix of any design &g is given by

0161wy (21 — 2.)°

7 [0203 + 030302] [02(02 + x1)* 4 070302] [02(02 + x,)* + 036302]

det {MML(fg, 0)} = 5

Taking the derivative of the logarithm of the above expression with respect to x; and
equating it to zero we get

1 1 2072 (02 + 21)?

T wy— a1 020+ x1)t + 030302

)

for x; € (0, ,) which has a unique solution (see proof of Theorem 3).

Proof of Theorem &5: Here we only present the proof of part (a). Part (b) can
be proven following along the same lines using symmetry arguments and is therefore

omitted. Let & be a locally D-optimal design for maximum likelihood estimation in the
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exponential regression model given in (18) subject to measurement errors as in (1) and

(2). Also denote by
1 e my m
MM1L<5979) = ( 1 2) )

mg M3

its corresponding information matrix, where my, ms, m3 € R. It follows from the general
equivalence theorem given in Theorem 1 that a locally D-optimal design must satisfy the
inequality

Ps(x) :=my — 2mabox + msfia® < 2 (0727629”’3 + 6056702) == g1 (=),
for all x € X = [z, x| with equality at its support points.

Equation Ps(x) = g;(x) has at most three solutions as these are the intersection points
of an increasing function (g;(z)) and a polynomial of degree 2 (P3(x)). Suppose that this
equation has exactly 3 solutions, that is, the locally D-optimal design has three support
points ; < x1 < g < x3 < x,,. Then P3(zy) = g1(xy), k = 1,2,3. By Cauchy’s mean

value theorem there exist points ., k = 1,2 such that
T1 < T < Ty < Ty < T3 and Pé(.fk) :gi(fk),kzl,Q

Since P3(x) < ¢g1(x) on X we also have that P;(x2) = ¢}(z2). By applying the mean value

theorem again, there exist 2%, k = 1,2 such that
T < Zfl < Tg < Zfl < X9 and Pél(fk) = glll(fl?k), k= 1, 2.

Now Py(x) is a constant and gf(z) = 80267¢*'* is an injective function. Therefore,
P! (z) = ¢¢(x) has at most one solution on X which contradicts the assumption of three
support points. Hence a locally D-optimal design for the exponential regression model
has exactly two support points and following Lemma 1, these must be equally weighted.

For the exponential regression model with measurement error, the determinant of the

information matrix of a design &g equally supported at points zy and z; becomes

93(1’1 — IL'0)2

4 [03]6291”50 + 936%03] [0'%62919“ + 989%02] '

det {MML(gg, 9)} =

By assumption #; > 0, it is easy to see that for fixed 1, det { My (€g, @)} is decreasing

with zy and therefore, it is maximised at zf = x;. The larger support point zj of the
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locally D-optimal design is then found by solving the equation

(‘3det {MML(ég, 0)}
81’1

=0,

To=x]

for x; € (2, 2z,). The equation above can be rewritten as
2 0202 2 —20z 2
o, + 0500 e = 010, (11 — 1),

and it has a unique solution in (;,00) since 6107 (z1 — ;) is strictly increasing for z; €
(x;,00), whereas the L.H.S. function is strictly decreasing with z;. If the solution is

attained outside the design space we then take z7 = z,.

Proof of Lemma 4: Let £ be alocally D-optimal design for least squares estimation
in the EMAX model given in (17) subject to measurement errors as in (1) and (2). Under

this model, the necessary condition for D-optimality given in Theorem 2 (¢ = 0) becomes

T —b,x s ) 6263 L T 1, -0z \"

(1’ 0:+2) (05 +x>2) {2D° (6.6) = ["” e +x>4oz} o “""’)} (<92 o) @ +x>2)
0262

@y

§3[1+ 1 Ve € X = [0, ],

with equality at the support points of &. Since both D' (&5, 80) and Dy (&}, 0) are real-
valued 3 x 3 matrices, multiplying through the above expression with (0 + )% gives
Ps(z) <0, where Ps(z) is a polynomial of degree 8.

Using the same arguments as in the proof of Lemma 3, the assumptions of 8,7 and 6
roots are rejected. Moreover, P5(0) < 0 and so the 5-roots assumption is valid. Therefore,

the locally D-optimal design for the EMAX model has at most 5 support points.

Proof of Theorem 7: Let

5 o Zo T i)
13 173 1/3(°

be a three-point equally weighted design. Using (7), the determinant of the information
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matrix of this design is

0305 (x2 — 1) (22 — 0)* (21 — 20)°
27 [02(02 4 m0)* 4 030302] [02(02 + 21)* + 070302 ] [02(02 + 22)* + 0303072]
(0 + 0)4 (0 + 21)* (0 + 22)*
(02 + wo)* + 0763] [(02 + 21)* + 6363] [(02 + x2)* + 67603]

det {MLs(fg, 0)} =

For fixed zy and 1, maximising the above expression is equivalent to maximising
2log(za—w1)+2log(za—x0)—log (02(92 +x9)" + 9%9303)4‘4 log(6a+z2)—log ((92 +19)" + 9%93) )
for zy € (x1,x,]. Differentiating this with respect to xs gives

2 N 2 4072 (02 + x2)° 40202
To — X1 To — X O'%((gg + .’132)4 + 9%9%062 (92 + 1'2) [(92 + 1'2)4 + (9%(9%] '

It is easy to show that the expression above is positive for all 0 < z¢ < 71 < x9 < x; and
therefore increasing with z5. Hence det {M5(&p, 0)} is maximised at x} = z,.
Similarly for fixed x; and x5, the smaller support point of the locally D-optimal

saturated design is found by maximising
2log(zz2—x0)+2log(z1—z0)—log (02(92 +x0)! + 9%9303)"‘4 log(02+x0)—log ((92 +20)! + 9%%) ,

for g € [0,21). It can be easily shown that the derivative of the above expression given
by

2 2 4 40’727(92 —+ 170)3 4(92 + 1'0)3

To — X Tr1 — X + 02 —|— Zo B 03(02 —|— 1'0)4 —I— 0%0%0’62 (92 + 1'0)4 —f- ‘9%0%7

is negative for all 0 < 2y < x; < 29 < 7; and as before we conclude that x§ = 0.

The interior point z7 of the saturated locally D-optimal design can be found by dif-
ferentiating the logarithm of det { M s(&e,0)} for o = 0 and z5 = x,, with respect to x;
and equating the resulting expression to zero. This gives ] as a solution of the equation

- — + = 0,
1wy —a1 (ot @)+ 070502, (024 31) [(02 + 21)" + 0703]

in the interval (0, z,), where g2, = oZ/07.

Proof of Lemma 5: Let & be a locally D-optimal design for least squares estimation

in the exponential regression model given in (18) subject to measurement errors as in (1)
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and (2). The necessary condition for D-optimality presented in Theorem 2 is given by

Pyle) = e % (1, ~0oa) {2D5(€5,0) — [02 + 020%2%02] Dy (€5, 0)} (1, —0ga)T
—2[1+6307e "] <0, VzeX =[x,

for the exponential regression model with equality at the support points of &j.
The function Ps(z) is a linear combination of the functions 1, e=201% e~401% ge=2012 pe—dhiz

26—2911‘ 2 —401x

T ,T’e which have Wronskian derivative equal to

W(l,e 2 | 22e7117) = 104857601°c 18" > 0, Vo e X CR.

Therefore, these functions form an extended Chebyshev system and so Ps(x) has at most
6 distinct zeros.
Taking the derivative of Ps(z) with respect to x we get a linear combination of the

functions 2017 =407 pe=2017 ge—dbir 1202017 420-4612 which again have

W(e 2 . a2e™41%) = 204809181 > 0, Vr e X CR,

and thus form an extended Chebyshev system. Hence Ps(z) has at most 5 turning points.
The assumptions of 6 and 5 roots can be immediately rejected as these correspond
to a total number of at least 9 and 7 turning points respectively. Therefore, the locally

D-optimal design for the exponential regression model has at most 4 support points.
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