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Abstract

For the Weibull- and Richards-regression model robust designs are determined by max-
imizing a minimum of D- or Dj-efficiencies, taken over a certain range of the non-linear
parameters. It is demonstrated that the derived designs yield a satisfactory solution of the
optimal design problem for this type of model in the sense that these designs are efficient and
robust with respect to misspecification of the unknown parameters. Moreover, the designs
can also be used for testing the postulated form of the regression model against a simplified
sub-model.
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1 Introduction

Sigmoidal growth curves are widespread tools for analyzing data from processes arising in various
fields. Such curves are increasing functions with an inflection point after which the growth rate
decreases to approach asymptotically a finite value. Numerous mathematical functions have been
proposed for modelling sigmoidal curves. Typical applications include subject areas such as biology
[see Landaw and DiStefano (1984)], chemistry, pharmacokinetics [see Liebig (1988), or Krug and
Liebig (1988)], toxicology [Becka and Urfer (1996), Becka, Bolt, Urfer (1993)] or microbiology [see
Coleman, Marks (1998)]. An appropriate choice of the experimental conditions can improve the
quality of statistical inference substantially. Although optimal designs for non-linear regression
models have been discussed by many authors, much less attention has been paid to the problem
of designing experiments for sigmoidal regression models.

In non-linear models the Fisher information matrix of the maximum likelihood estimator depends
on the unknown parameters and for this reason optimal designs, which maximize some function of



the Fisher information matrix are difficult to implement in practice. Many authors concentrate on
local optimal designs, where it is assumed that a preliminary guess for the unknown parameters is
available [see Chernoff (1953) or Silvey (1980)]. Most local optimal designs for non-linear regression
models have been criticized for two reasons. First these designs are not necessarily robust with
respect to a misspecification of the non-linear parameters in the model. Secondly they advice
the experimenter to take observations only at a few different points. The number of these points
usually coincides with the number of parameters in the regression model and as a consequence
these designs are not applicable for testing the goodness-of-fit of the assumed model.

Several proposals have been made to obtain robust designs with respect to misspecification of
the parameters [see Pronzato and Walter (1985), Chaloner and Verdinelli (1995), Miiller (1995),
Dette (1997), Imhof (2001) or Dette and Biedermann (2003)], but less literature is available to
address the possibility of model checking in the construction of optimal designs. In linear models
some suggestions can be found in Stigler (1971) or Studden (1982) in the context of a polynomial
regression model, who suggested to embed the postulated model in an extended model (usually a
polynomial of larger degree) and to construct an optimal design for testing the postulated against
the extended model. Discrimination designs for polynomial regression models in a more general
context have been discussed in Dette (1990, 1995), but not much literature seems to be available
in the context of non-linear models. Atkinson and Fedorov (1975) proposed the T-optimality
criterion, which adapts Stigler’s idea to the nonlinear setup. However, their criterion is local and
therefore not necessarily robust with respect to a misspecification of the unknown parameters.
Recently, Dette, Melas and Wong (2004) considered the Michaelis-Menten model and constructed
robust and efficient designs, which can on the one hand be used for testing this model against an
extension (called EMAX model) and are on the other hand robust with respect to misspecification
of the non-linear parameters.

It is the purpose of the present paper, to demonstrate that this approach is more broadly applicable
and useful for the construction of efficient and robust designs in nonlinear models for several
objects. For this we consider two commonly used sigmoidal regression models and its corresponding
extension. The first model under consideration is the exponential regression model

(1.1) n(t,0) = a— be ™

(with & = (a,b, \)), which is called von Bertalanffy growth curve or Mitscherlichs growth law.
Numerous authors studied optimal designs for this model from various points of view [see Dette
and Neugebauer (1997) and Han and Chaloner (2004) for example]. Most of these optimal designs
are three-point designs and can for this reason not be used for testing the goodness-of-fit of the
postulated model. For this purpose we consider the Weibull regression model

(1.2) n(t,0) =a— be "

(here 6 = (a,b, \, h)), which is an extension of the model (1.1). The Weibull model is also widely
used for describing sigmoidal growth [see e.g. Ratkowsky (1983), Zeide (1993) or Vanclay and
Skovsgaard (1997) among many others]. Our goal is to construct an optimal experimental design
for model (1.1) and (1.2) which fulfills at least three requirements.

(1) The design should allow to test the hypothesis

(1.3) Hy : h=1 wvs Hy:h#1



in the extended model (1.2).

(2) The design should be efficient for the estimation of the parameters in the regression models
(1.1) and (1.2).

(3) The design should be robust with respect to misspecification of the non-linear parameters in
the regression models.

The second pair of sigmoidal growth models, where a similar question is considered, is given by
the logistic regression model

a

(1.4) n(t,0) = Trbe N

(with @ = (a,b, \)), and the Richards-regression model

a

(1.5) n(t,6) = m

(here 0 = (a,b, A\, h)). The models (1.2) and (1.5) are serious competitors to the models (1.1) and
(1.4), respectively, and therefore it is desirable to incorporate in the construction of an experimental
design the flexibility to test the hypothesis (1.3) in the regression models (1.2) or (1.5).

Our first approach for the construction of efficient designs is based on the classical D-optimality cri-
terion and maximizes the determinant of the (asymptotic) covariance matrix of the least squares
estimator for the parameters in the extended model. The second method is based on the D;-
optimality criterion and determines the design such that the asymptotic variance of the least
squares estimator for the parameter h in the extended model is minimal. Because all models are
non-linear the optimal designs depend on the unknown parameters in the extended and corre-
sponding sub-model. In Section 2 we determine local optimal designs, which require an initial
guess of the unknown parameters [see Chernoff (1953)]. These designs are rather sensitive with
respect to the choice of the initial parameters and we construct in Section 3 standardized maximin
optimal designs [see Miiller (1995), Dette (1997), Imhof (2001) or Imhof and Wong (2000)], which
maximize the minimum D- or D;-efficiency over a certain range of parameters. It is demonstrated
that these designs are on the one hand quite efficient for discrimination between the basic model
and its extension and on the other hand efficient for the estimation of the parameters. We also
compare the performance of these designs with the uniform design, which is commonly used in
these models. For the sake of brevity we present a detailed discussion for the model (1.1) and (1.2)
and discuss the situation of the Richards-regression model (1.5) more briefly. Some conclusions
are given in Section 4, while the proofs of our results are technical and therefore deferred to the
Appendix.

2 Local optimal designs

2.1 Preliminaries

Let [0, 7] denote the experimental region and assume that for each ¢ € [0,7] an observation Y’
could be made, where different observations are assumed to be independent with the same variance,



say 02 > 0, and expectation
(2.1) EY|t] =n(t,0),

where 7(t, 0) is either the function in (1.2) or (1.5). Following Kiefer (1974) we call any probability
measure

e (o)

with finite support ¢1,...,t, € [0,T], ¢; # t; (i # j) and masses w; > 0, >, w; = 1 an
experimental design. We assume that the design £ has at least four support points, and denote by

T
23) M) = [ o (w0
the information matrix of the design £ for the model (2.1), where
0
(2.4) F(8.0) = SH(t0) = (A0, ., fu(t,0))"

is the vector of partial derivatives of the conditional expectation E[Y |t] with respect to the parame-
ter 6. If N is the total sample size, the experimenter takes approximately n; &~ Nw; observations
at the point ¢; (i = 1,...,n) such that >  n; = N. It is well known [see Jennrich (1969)] that
under regularity assumptions, the asymptotic covariance matrix of the least squares estimator 6
for the parameter 6 in the model (2.1) is given by the matrix

0.2

NMfl(g, 0).

A local optimal design maximizes an appropriate function of the information matrix M~1(¢,0)
and there are numerous optimality criteria which can be used to discriminate among competing
designs [see Silvey (1980) or Pukelsheim (1993)]. In the present paper we restrict ourselves to the
D- and D;-optimality criterion.

For a fixed 6 a local D-optimal design maximizes the determinant |M (&, 0)|, while the local D;-
optimal design maximizes

(25) (0 0pr) =

where eI = (0,0,0,1) € R* and the matrix M is obtained from M by deleting the last row and
column.

2.2 Local optimal designs for the Weibull regression model

Recall the definition of the Weibull and the exponential regression model in (1.2) and (1.1), re-
spectively. For the model (1.2) we have 6 = (a,b, A\, h) and a straightforward calculation yields for
the vector of partial derivatives in (2.4)

(2:6) F(t,0) = f(t,a,b, X\ h) = (1, —e ™ bt"e ™" bA" In(t)e")".
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With our first result we establish some basic properties of local D- and D;-optimal designs in the
Weibull regression model (1.2), which facilitate their numerical calculation.

Lemma 2.1. The local D- or Di-optimal design in the Weibull regression model (1.2) does not
depend on the parameters a and b. Moreover, let t;(\, h,T) denote a support point of a local D- or
Dy -optimal design on the interval [0,T), then

t(O R T = (t:(\1,T)",
1

ti(r\ 1L, T) = = t;(\, 1,77)
T

for any r > 0. The weights of the local D- or D;-optimal design do not depend on the parameter
h and the factor r.

Note that we are interested in efficient designs for discriminating between the models (1.2) and
(1.1). Because this is most difficult if the parameter h is close to 1 we assume h = 1 throughout
this paper. This choice is also partially motivated by Lemma 2.1 which relates local D- or D;-
optimal designs in the Weibull regression model (1.2) for different values of h. An important further
consequence of Lemma 2.1 is that it is sufficient to calculate local D- or Di-optimal designs on a
fixed design space for various values of A\, where the remaining parameters a, b, h have been fixed.
Local optimal designs on a different design space or with respect to a different specification of the
parameters can then easily be calculated by a non-linear transformation. Our next result is of
some theoretical interest and the main tool for the calculation of the D;-optimal design.

Lemma 2.2. For any T > 0 the functions 1, —e=* te= tIn(t)e ™ form a Chebyshev system on
the interval [0, T.

It is well known [see Karlin and Studden (1966), Theorem II, 10.2] that if the system of functions
{f1,--., fm} is a Chebyshev system on the interval [0, T], then there exists a unique function

(2.7) >_pifit) =p S,

with the following properties

7 (ii)  there exist m points ¢} < ... <t} such that pT f(t;) = (=1)" Y i=1,...,m.

The function p*T f(¢) is called Chebyshev polynomial, and the points t; are called Chebyshev
points. It turns out that in many cases the Chebyshev points are the support points of c-optimal
designs, i.e. designs minimizing ¢’ M~1(£, 0)c for a given vector ¢ € R™. In fact the following
result shows that the Chebyshev points of the system {1, —e=* te=* tIn(t)e=*'} are the support
points of the local Di-optimal design in the Weibull regression model.

Theorem 2.3. A D-optimal design in the Weibull regression model (1.2) is uniquely determined
and supported at 4 points, say t7 < t5 < t5 < t;. The support points are the Chebyshev points



corresponding to the system {1, —e = te™* tIn(t)e=}. Moreover, t =0, t; = T and the corre-

sponding weights wy, ..., w; can be obtained explicitly as

JF7164
2.9 w' = (wi,..., w)l = ——
( ) ( 1 ) 4) 14JF_164’

where the matrizes F' and J are defined by

F=(f(t1,0), f(t5,0), f(t3.0), f(t1,0)),
J = diag(1,—1,1,—1), respectively, and 1, = (1,1,1,1)T.

It follows from (2.8) and Theorem 2.3 that the Chebyshev points t5,t5 can be found as a solution
of the system of equations

PO0)=1 Pta)=-1 (t3)=1
Y(T)=—1 '(ty) =0 o'(t3) =0

with respect to the parameters to,t3,p = (p1, D2, 3, p4)%, where ¢(t) = pl f(t,0). Some D;-
optimal designs for the Weibull regression model (1.2) are given in Table 1 for the design space
[0,7] = [0,10]. We observe that the support points of these designs depend sensitively on the
parameter A while there are less changes in the weights.

The determination of local D-optimal designs is a little more complicated. We begin our discussion
with a result on minimally supported local D-optimal design. Throughout this paper a local
optimal design found in the subclass of k-point designs is called local optimal k-point design
(k € N).

Lemma 2.4.  The local D-optimal 4-point design for the Weibull regression model (1.2) with
h =1 on the interval [0, T] is uniquely determined and has equal masses at the points 0, t5, t5 and
T. The nontrivial support are the (uniquely determined) points maximizing the function

q)(tg, tg, )\) = (Ttg lIl(T/tg) — tgtg 1H(t3/t2) — Ttg lIl(T/tg,)) G_A(t2+t3+T)
(210) —Ttg lIl(T/tg)e_)\(t2+T) + tgtg 1H(t3/t2)€_>\(t2+t3) + Tt3 1H(T/t3)€_>\(t3+T).

Lemma 2.5. Any local D-optimal design in the Weibull regression model (1.2) on the interval
[0,T] contains the bounds of the design space in its support.

We were not able to prove that the local D-optimal design in the Weibull regression model (1.2)
is always supported at only four points. However, our numerical results strongly suggest that this
is indeed the case. We have calculated the best local D-optimal 4 point designs by maximizing
the function in (2.10) with respect to the points ¢ and t3. The optimality of the derived designs
within the class of all designs was verified by the equivalence theorem of Kiefer and Wolfowitz
(1960). We did not find any case where the best 4-point design is not local D-optimal. In Table 2
we show some representative local D-optimal designs. Optimal designs on different design spaces
can easily be obtained by the transformation given in Lemma 2.1. We observe again that the local
D-optimal designs are rather sensitive with respect to changes in the parameter .
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2.3 Local optimal designs in the Richards-regression model

We now briefly mention the corresponding results for the Richards-regression model defined by
(1.5). In this case we have 6 = (a,b, A\, h) and a straightforward calculation yields for the vector of
partial derivatives in (2.4)

1 —\t —\t In(1 -2\ T
@211)  f(t.0) = ] - @hef | ahbtf ’_a n( +E)e )
(1 +be M)n" (1 + be M)h17 (1 + be M)htl (1 + be M)h

Theorem 2.6.

(a) The local D- or Di-optimal design in the Richards-regression model (1.5) does not depend on
the parameters a. Moreover, let t;(b,\, h,T) denote a support point of a local D- or Di-optimal
design on the interval [0, T, then

1
ti(b,’l“)\,l,T) = — ti(b,)\,l,T’T)
r

for any r > 0. The weights of the local D- or Dy-optimal design do not depend on the factor r.

(b) For any T > 0 the system defined by (2.11) is a Chebyshev system on the interval [0,T]. The
Dy-optimal design in the Richards-regression model (1.5) is uniquely determined and supported at
4 points, say 1] < t5 < t§ < t;. The support points are the Chebyshev points corresponding to
the system (2.11). Moreover, t; = T and the corresponding weights w3, ..., w; can be obtained
explicitly by formula (2.9) where the vector (2.11) is used instead of (2.6).

(¢) The local D-optimal 4-point design in the Richards-regression model (1.5) on the interval [0, T
15 uniquely determined and has equal masses at four points ty, t5, t5 and T

In Table 3 and 4 we show some representative local D;- and D-optimal designs (where h = 1).
Note that for the Richards-regression models the local optimal designs depend on two parameters,
namely b and \. In all our numerical examples the local D-optimal designs are supported at four
points, but a rigorous proof seems to be difficult. We observe again that the local optimal designs
are rather sensitive with respect to changes in the parameters b and .

3 Standardized maximin D- and D;-optimal designs

Note that the local D- and Dy-optimal designs derived in the previous sections are not necessarily
robust with respect to the choice of initial values of the unknown parameters. In some cases the loss
of efficiency caused by a misspecification of the parameters in the local optimality criteria can be
substantial. A more robust approach to this problem is to, in some sense, quantify the uncertainty
in those parameters and to incorporate this additional information into the formulation of suitable
optimality criteria. This has been achieved in practice through the introduction of the concepts of
Bayesian and maximin optimality. In the present paper we will use the last named approach for
the construction of robust and efficient designs in the non-linear regression models (1.2) and (1.5),
which was proposed by Miiller (1995) and Dette (1997). Our decision for the maximin approach
is motivated for two reasons. First it is our experience that in many cases the experimenter has
difficulties to specify an appropriate prior distribution, which is necessary for the definition of the
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Bayesian optimality criterion. Secondly, if the experimenter uses a noninformative prior (as the
uniform distribution) in the Bayesian optimality criterion it is demonstrated in Braess and Dette
(2005) that the standardized maximin optimal designs usually have more different support points
than Bayesian optimal designs with respect to such priors. As a consequence these designs are
more useful for testing the regression model against any deviations from the model assumptions.

To be precise let €2 be a set of plausible values for the parameter §. We call a design ¢* standardized
maximin D-optimal with respect to the set € if it maximizes the worst D-efficiency,

(2.12) iz eff (&, 0),
where

] det M(&,0)
(2.13) effp(¢.0) = \/det M(&5(0),0)

£5(0) is the local D-optimal design and m = 4 is the number of parameters in the extended
regression model. Similarly, a design £* is called standardized maximin D;-optimal with respect
to Q if it maximizes the worst D;-efficiency

(2.14) min eff4(&,0)

where

e3 M1 (65(0), 0)ea
€4TM_1 (£7 0)64

(2.15) off4(¢,0) =

and &5 (0) is the local D;-optimal design. It is easy to see that the weights of a 4-point standardized
maximin D-optimal design have to be equal. The optimality of a given design with respect to one
of the introduced optimality criteria can easily be checked by the following equivalence theorem
[see Dette, Haines and Imhof (2004)].

Theorem 3.1. A design £ is standardized maximin D-optimal if and only if there exists a
distribution 7 on the set

Ny ={den ] eff p(¢",0) = minefip(€",60)}.
such that the inequality
(2.16) | o€ 050w ©0) < m
N(&)

holds for allt € [0,T]. Moreover, there is equality in (2.16) for all support points of the standardized
maximin D-optimal design.

A design £ is standardized maximin D1-optimal if and only if there exists a distribution 7™ on the
set

N(E) = {é e ‘ off, (€%, 0) = %qeigefh(g*,e)}.
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such that

ey M—HES ) () f() M (€, O)es .,
(2.17) /N . A g 7 (0) < 1

holds for allt € [0,T]. Moreover, there is equality in (2.17) for all support points of the standardized
mazimin Dy -optimal design.

In general the determination of standardized maximin D- and Di-optimal designs is a very hard
problem and can only be done numerically in all cases of practical interest. For our numerical
calculation we first looked at standardized maximin optimal 4-point designs. The optimality of
the best 4-point designs was checked by an application of Theorem 3.1. If the optimality of a
minimally supported design could be established, the procedure is terminated. Otherwise we
increase the number of support points and determine the standardized maximin optimal design
within the class of all 5-points designs. This procedure is repeated until it terminates (this usually
happens after a few steps). In the following we consider the Weibull and Richards-regression model
separately.

3.1 Efficient and robust designs for the Weibull regression model

Recall the definition of the exponential and Weibull regression model in (1.1) and (1.2). In the
following we are interested in a robust (with respect to misspecification of the parameters) design,
which is on the one hand efficient for discriminating between the models (1.1) and (1.2) and yields
on the other hand precise parameter estimates in both models. The proof of the next result follows
by the same arguments as given in the proof of Lemma 2.1 and is therefore omitted.

Lemma 3.2. The standardized mazimin D- or Di-optimal design in the Weibull regression model
(1.2) does not depend on the parameters a and b. Moreover, if tf(A1, A2, h,T) denote the support
points of the standardized maximin D- or Di-optimal design, where the minimum is taken with
respect to the interval A € [y, Xo], then

t;‘k()\la )‘27 h7 Th) = (t;k()\la )\27 17 T))h )

1
(AL T, L,T) = = (A1, Ao, 1,7T)
T

for anyr > 0. The weights of the the standardized maximin D- or Di-optimal design do not depend
on the parameter h and the factor r.

Similar arguments as presented in Section 2 show that the bounds of the design space [0,7] are
always support points of the standardized maximin D- and D;-optimal design.

Lemma 3.3. Any standardized mazimin D- or Di-optimal design in the Weibull regression model
(1.2) contains the bounds of the design space in its support.

Lemma 3.2 allows us to consider parameter spaces of the form
Q= {1} x {1} x [A\, Ao x {1}

9



in the standardized maximin optimality criteria (2.12) and (2.14) (note that we assume h = 1
addressing the most difficult case with respect to the problem of testing the hypotheses (1.3)).
Therefore we briefly call the designs standardized maximin optimal with respect to the interval
[A1, A2] in the following.

In Table 5 we present some standardized maximin D-optimal designs for the Weibull regres-
sion model on the interval [0,10] with respect to various intervals [A;, A], i.e. we choosed 6 =
(a,b, A\, )T € Q = {1} x {1} x [A1, Ag] x {1} in the optimality criterion (2.12). Optimal designs
with respect to other design spaces can be obtained by an application of Lemma 3.2. We observe
that the number of support points is increasing with the length of the interval [A;, \y]. For exam-
ple, if [A1, Ao] = [0.6,4], the standardized maximin D-optimal design for the Weibull model (1.2)
has 6 support points. The table also shows the minimum D-efficiency over the interval [Aj, A\o].
This minimal efficiency corresponds to the worst case calculated over the interval [\, As] and is at
least 90%. Consequently, standardized maximin D-optimal designs are rather robust (with respect
to misspecification of the initial parameter ) and efficient for the estimation of the parameters in
the Weibull regression model (1.2).

The corresponding results for the standardized maximin D;-optimal designs can be found in Table
6. In this case the minimum D;-efficiency of the standardized maximin D;-optimal designs is
approximately 65%. This indicates that the standardized maximin D;-optimal designs are more
sensitive with respect to the specification of the interval [A;, Xs] than the standardized maximin
D-optimal designs.

We continue our discussion with a comparison of the standardized maximin optimal designs with
respect to their performance for the estimation of the parameters in the non-linear regression
models (1.1) and (1.2). For this we introduce for two designs, say & and &, the quantity

el M1 Ae;

219 Cil6n&0,0) = Ciltss ) = Py,
where ¢; denotes the 7th unit vector in R* (i = 1,...,4) and M (£, \) = M(&,0) with 0 = (1,1, \, 1).
Note that the variance of the maximum likelihood estimate for the parameter e] 6 in the Weibull
regression model is (asymptotically) proportional to el M~1(£1,0)e;, if observations are taken ac-
cording to the design &;. Therefore the design & is more efficient than the design &; for the
estimation of the ith parameter if and only if C;(&1, &, \) > 1. In Table 7 we compare the stan-
dardized maximin D- and D;-optimal designs with respect to their performance of estimating the
individual parameters in the Weibull regression model (1.2) for some representative values of the
parameter A. The corresponding results for the exponential regression model (1.1) can be found in
Table 8. We can see from Table 7 that the standardized maximin D-optimal design &7, is substan-
tially more efficient for estimating the parameter a, b, A in the Weibull regression model than the
standardized maximin D;-optimal design &5, . The differences are substantial and at least 65%.
On the other hand the design &7, is more efficient for estimating parameters h than the design &7,
which is obvious by its construction. However, the improvement in the variance of the estimate for
the parameter i by choosing the standardized maximin D;-optimal design &7, is usually smaller
(approximately 10%) compared to the loss of efficiency for estimating the other parameters. From
Table 8 we see that the performance of the standardized maximin optimal designs in the reduced
model (1.1) is very similar. In the exponential regression model (1.1) the standardized maximin D-
optimal design &7, from the Weibull model is substantially more efficient for estimating parameters
a, b, A than the standardized maximin D;-optimal design.
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We finally investigate the performance of the standardized maximin D-optimal design from the
Weibull model (1.2) in the sub-model (1.1). For this purpose we show in Table 9 the values C; for
the standardized maximin D-optimal design &}, from the Weibull model (1.2) and the standardized
maximin D-optimal design £}, from the sub-model model (1.1). We observe that the optimal design
from the extended model yields sufficiently accurate estimates in the reduced model (1.1) (note
that we are comparing with respect to the best design in this model). Summarizing our results we
recommend to use standardized maximin D-optimal designs in the Weibull regression model (1.2)
for the following reasons:

(1) Standardized maximin D-optimal designs are very efficient for a rather broad range of the
non-linear parameters in the model.

(2) Standardized maximin D-optimal designs have approximately 90% efficiency for testing the
model (1.1) against (1.2).

(3) Standardized maximin D-optimal designs are also very efficient for the estimation of the pa-
rameters in the reduced model (1.1) (the efficiency with respect to the standardized maximin
D-optimal design for the reduced model is approximately 80%).

(4) Standardized maximin D-optimal designs often advice the experimenter to take observations
at a large number of different locations. For this reason these designs can also be used for
testing the postulated model (1.2) against models with more than four parameters by means
of a goodness-of-fit test.

Example 3.4. We briefly re-design an experiment in order to demonstrate the potential benefits of
using standardized maximin D-optimal designs for the analysis with the Weibull-regression model.
For this we reanalyze the data presented in Ratkowsky (1983), p. 88, which shows the water
content of bean root cells (Y) versus the distance from tip (¢). We fitted the Weibull regression
model (1.1) to this data and the results are depicted in Table 10.

The parameter estimates are given by @ = 21.104, b = 19.815, A = 0.0018 and h = 3.180, while
estimate of the variance is obtained as 6% = 0.364. The design used in the experiment is a uniform
design with 15 observations on the interval [0.5, 14.5] while the standardized maximin D-optimal
design with respect to the interval [A;, Ay] = [0.0003,0.0033] is supported at 6 points and given by

(2.19) (054&@7W7WW1mM1M)

0.2354 0.1618 0.1861 0.0956 0.1197 0.2014

and this design has a minimal D-efficiency of 89.9%. The performance of the two designs is
illustrated in Table 11, where we show the quantities

(2.20) Dy = e M7 (€, a,b, M\ h)e; i=1,...,4

which are proportional the asymptotic variances of the maximum likelihood estimates for the
parameters a,b, A\ and h, respectively. We observe a substantial improvement in the variance of
the estimates for the parameters a and b (between 25 - 35%), a moderate decrease in the variance of
the estimate (10%) and essentially no difference with respect to the estimation of the parameter
A
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Because the quantities D;; are based on the asymptotic theory we also performed a small simulation
study to investigate if these considerations can be transferred to a finite sample sizes. For this
we generated N = 15 observations according to the Weibull regression model with a = 21.1,b =
19.8, A = 0.0018,h = 3.18,0 = 0.603 and normally distributed errors using the design (2.19).
In other words we took 4,2,3,1,2 and 3 observations at the points given in (2.19). We used 600
simulation runs to estimate the variances of the least squares estimates for the parameters a, b, A
and h. The results (multiplied with the factor N/o?) are displayed in the second row of Table 11
and confirm the superiority of the standardized maximin D-optimal design in the finite sample
situation.

3.2 Efficient and robust design for the Richards-regression model

In this section we briefly investigate the performance of standardized maximin D;- and D-optimal
designs in the Richards-regression model (1.5). Note that the minimum in the optimality criterion
now has to be taken over a two dimensional space of the form

(2.21) Q= {1} x [br, ba] x [\, Ao] x {1}

and as a consequence the calculation of the optimal designs is substantially more difficult. We
present some representative results for the D;- and D-optimality criterion in Table 13 and 12, re-
spectively. Again we observe that the standardized maximin D-optimal designs are rather efficient
for a broad range of the parameters (the minimal D-efficiency in the set Q2 is at least 87%) while
the standardized maximin D;-optimal designs are more sensitive with respect to the choice of the
set (2.

A final comparison of the standardized maximin optimal designs with respect to their performance
for estimating the individual parameters in model (1.5) and (1.4) is given in Table 14 and 15,
respectively. The conclusions are very similar as for the Weibull model. In the Richards regression
model (1.5) both designs are comparable, where the D-optimal designs are substantially more
efficient for estimating the parameter a. The other parameters are usually better estimated by the
standardized D;-optimal design (but the differences are less than 10%). However, in the reduced
model (1.4) the standardized maximin D-optimal design yields substantially smaller variances of
all parameter estimates than the standardized maximin D;-optimal design. For these reasons we
also recommend the application of standardized maximin D-optimal designs for inference in the
Richards regression model.

4 Conclusions

In this paper we have investigated a strategy which takes two objectives in the construction of
optimal designs for nonlinear regression models into account. First, the designs should be robust
with respect to a misspecification of the unknown parameters in the sense that they yield reasonable
efficiencies for the estimation of the parameters in the assumed model. Secondly, the constructed
designs should give the experimenter the flexibility do check the postulated model assumptions
with reasonable efficiency.

For this purpose we propose to consider an extended model, which reduces for a special choice
of the parameters to the model under consideration. In this extended model we use a maximin
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approach to find optimal designs which are robust with respect to misspecification and study
the performance of the resulting designs in the extended and original model. We concentrate on
two models: the exponential model (where the extension is the Weibull model) and the logistic
regression model (where the extension is the Richards-regression model). The D-optimality and
Di-optimality criterion are considered, where the lastnamed criterion is particularly useful for
discriminating between the assumed model and its extension. It is demonstrated that standardized
maximin D-optimal designs yield a satisfactory solution to the problem. These designs are usually
very efficient for model discrimination. They also allow precise estimation of all coefficients in
the original model and in the extended model. The latter property is of particular importance if
the assumed model will be rejected by means of a goodness-of-fit test. The standardized maximin
D;-optimal designs are slightly more efficient for model discrimination but have substantially lower
efficiencies for estimating the remaining parameters in the extended model and all parameters in
the assumed model. For this reason the application of standardized maximin D-optimal designs
from the extended model are recommended. We also note that these designs usually have a large
number of support points which gives the experimenter the possibility to test the postulated form
of the regression model against several other alternatives.

5 Appendix: Proofs

Proof of Lemma 2.1. Note that |[M (£, a,b, A\, h)| = b*|M(£,1,1, A, h)| by elementary properties of
the determinant and consequently local D- or D;-optimal designs do not depend on the parameters
a and b. Let I(x,\,h) = f(z,1,1,\,h)fT(x,1,1,\, h). The remaining statement of the Lemma
follows from identities

Th Th T
det/o I(t, )\, h)dé(t) = %det/o I(t", N\ 1)dE(t) = %det/o I(t,\, 1)de(t /M)

and

T T rT
det / I(t A, 1)dE(t) = %det / I(rt, \ 1)dE(E) = = det / I(t N 1)dE(E /).
0 0 0

=3
O

Proof of Lemma 2.2. Let g(t) = p’ f(¢) be an arbitrary linear combination of the functions
1,—e M te= tIn(t)e~™, then it is easy to see that the function (¢'(t)eM)” = const (1 + \t)/t?
does not have any roots in the interval [0, T]. Consequently, the function g(¢) has at most 3 roots,
which proves the Chebyshev property for system of functions 1, —e=* te= tIn(t)e~*. 0

Proof of Theorem 2.3. The proof follows by a standard argument from Lemma 2.2 . To be
precise note that Lemma 2.2 shows that the functions 1,e™* te=* tIn(t)e~* form a Chebyshev
system on the interval [0, T']. By similar arguments as given in the proof of this lemma the functions
1,e=* te= form also a Chebyshev system on [0, 7]. Consequently,

1 1 1 0 1 1 ]
e—)xarl €—>\£E2 €—>\£E2 0
— 67}\931 67}\932 6*)\2?3 ;é O
T AT Toe T2 Tge AT 0
1 2 3 —\z1 —Az2 —Az3
)z e e xIie Io€ I3€
x1In(x)e ™ xoln(ag)e ™2 z3ln(xz)e 3 1
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for all 0 < z; < 29 < x3 < T, and we obtain from Theorem 7.7 (Chap X) in Karlin and Studden
(1966) that the local D-optimal design is supported at the Chebyshev points. Finally, the assertion
regarding the weights of the local Dj-optimal design follows from Pukelsheim and Torsney (1991).
O

Proof of Lemma 2.4. By standard arguments the weights of a local D-optimal 4-point design
are equal [see Silvey (1980)]. Note that the determinant of the information matrix in the Weibull
regression model (1.2) of a 4-point design with equal weights at the points 1, ..., ¢, is given by

M(E,0) = <i)4[¢~5(t1, ta, t3,t4)]%,

where the function

(2.22) O(t1, b2, b3, ta) = det(f(£1,0), f(t2,0), f(ts,0), f(La,0))

is positive for any t; < ty < t3 < t4 due to the Chebyshev property of the components of the vector
F(t,0) = (1, —e M te™ tIn(t)e )T, Fix ¢, ty, t3 and consider the function 1y (t) = ¢(t1, ta, ts, t).
Calculating the first derivative yields ¢}(¢) > 0 and consequently the function v, is strictly in-
creasing. Similarly the function () = ¢(t, ty, ts, t4) is decreasing with respect to t < t; (calculate
the first derivative and check ] (¢) < 0). Consequently the bounds of the design space are support
points of the local D-optimal design.

For a 4-point design containing 0 and 7T as support point it follows that

é(t27 t37 )\) - ¢(0, t2, tg, T)
= (TtyIn(T/ty) — tsty In(ts/ty) — Tty In(T/ts)) e MezFtatT)
—Tt, ln(T/t2)eiA(t2+T) + t3lo 1n(t3/t2)€7)‘(t2+t3) + T't5 ln(T/tS)ef)‘(tSJrT).

Note that the equation

0P
—(t2,t3) =0
3t2 ( 2 3)
has only one root in the interval ¢, € (0,¢3) and that the equation
0P
—(t2,t3) =0
at3( 2, 3)

has only one root in the interval t3 € (t3,T"). Consequently the system of these two equations has
only one solution and the local D-optimal 4-point design is unique. O

Proof of Lemma 2.5. Let £ be k-point design with weights wq, ..., w; at the support points
t) <ty <...<t. Due to the Cauchy-Binet formula

det M(£7 0) - Z Wiy Wiy Wiz Wiy [q;(tu ) t’iga t’ig? ti4)]27

1<i1 <i2<i3<ig <k

where the function é is defined in (2.22). It follows from the proof of Lemma 2.4 that det M (¢, 0)
is decreasing with respect to the smallest support point ¢; and increasing with respect the largest
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support t,. Consequently, the support of any D-optimal design contains the boundary points 0
and T of the experimental domain. O
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Table 1: Some local Di-optimal designs in the Weibull regression model (1.2) with design space
0, 10].

Al to ts t4 w1 Wo w3 Wy
0.1 10 ]1.129 | 5959 | 10 | 0.268 | 0.403 | 0.233 | 0.097
1 ]101]0.292|1.839 |10 | 0.229 | 0.364 | 0.271 | 0.136
5 10 10.058|0.368 | 10 | 0.229 | 0.364 | 0.272 | 0.136

Table 2: Some local D-optimal designs in the Weibull regression model (1.2) with design space
[0,10]. The optimal design has equal masses at the four support points.

Nt |t ts |ty
0.1 0 |1.320 | 5.560 | 10
0.5| 0 | 0.665 | 3.096 | 10
5 10 1]0.070 | 0.330 | 10

Table 3: Some local Dy-optimal designs in the Richards-regression model (1.5) on the interval
[0,10], (t; =0,t, =T = 10).

b A to t3 w1 Wo ws Wy
0.210.112.099 | 6.998 | 0.171 | 0.336 | 0.330 | 0.164
0.2 1 |0.496 | 2.171 | 0.173 | 0.323 | 0.327 | 0.177
0.2 5 [0.099 | 0.435 | 0.173 | 0.322 | 0.327 | 0.177

5 | 0.1]3.125 | 7.960 | 0.193 | 0.347 | 0.310 | 0.150

5 1 ] 1.491 | 3.634 | 0.291 | 0.275 | 0.274 | 0.161

5) 5 10.299 | 0.729 | 0.291 | 0.274 | 0.274 | 0.161

Table 4: Some local D-optimal designs in the Richards-regression model (1.5) on the interval [0, 10].
The optimal design has equal masses at the four support points (t; = 0,t, = 10).

b A 12 i3 b| A 12 i3
0.2]0.1]2334]6.708 5101|3425 | 7.725
0.2 1 |0.560 | 2.019 51 1 | 1.587 | 3.418
0.2 5 |0.112 | 0.404 51 5 |0.318 | 0.685
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Table 5: Some standardized mazimin D-optimal designs in the Weibull regression model (1.2) with
respect to the interval (A1, \a]. The design space is the interval [0, 10].

A | A |t to ts ta ts te | w1 Wo w3 N ws wg | mineff
06| 1 0 | 0.44 | 2.08 | 10 0.25 | 0.25 | 0.25 | 0.25 0.9710
06 |25| 0021082239 10 0.24 | 0.19 | 0.20 | 0.15 | 0.21 0.9149
0.6 4 0013|051 146 | 3.11 |10 0.23|0.16 | 0.20 | 0.12 | 0.11 | 0.19 | 0.8951
05] 1 0 | 048|223 10 0.25 | 0.25 | 0.25 | 0.25 0.9504
0.1 1 0 | 0.50 | 1.92 | 5.27 10 0.24 | 0.19 | 0.19 | 0.16 | 0.22 0.9153

Table 6: Some standardized mazximin Dy-optimal designs in the Weibull regression model (1.2)
with respect to the interval [A1, o). The design space is the interval [0, 10].

AL | Ao |ty to ts ta ts te | w1 wWa w3 N ws wg | mineff
06| 1 | 0]038]|222]| 10 0.24 | 0.37 | 0.26 | 0.13 0.8498
06 2 | 0[023]096]|265]| 10 0.23 | 0.31 | 0.19 | 0.17 | 0.10 0.6946
06| 4 0013|048 1.34 (297 |10 0.22 ] 0.24 | 0.21 | 0.13 | 0.11 | 0.09 | 0.6284
05 1 | 0040|2001 351]| 10 0.23 | 0.36 | 0.19 | 0.09 | 0.12 0.7689
01 1 | 0048 193|526 | 10 0.24 | 0.31 | 0.20 | 0.16 | 0.10 0.6816

Table 7: Comparison of standardized maximin D- and D1-optimal designs for the
sion model with respect to the interval [\, Ao]. The design space is [0,10] and the

Weibull regres-
table shows the

efficiencies C; = Ci(&p,, €D, A) defined by (2.18) in model (1.2) for various values of X € [A1, Ag].
A=\ A= (M +A2)/2 X = o
M A | C | Co | C3 | Cp | C1 | Co | C3 | Cp | Cp | Co | C3 | Cy
0.6 1 1.86 | 1.47 | 1.21 | 0.82 | 1.87 | 1.47 | 1.34 | 0.85 | 1.87 | 1.47 | 1.52 | 0.95
0.6 15199 (160 |1.25]091 171|142 | 135|088 | 1.47 | 1.26 | 1.27 | 0.87
0.6 2 201|161 124093 | 163|136 | 130 | 087|142 ] 1.22 | 1.18| 0.88

Table 8: Comparison of standardized maximin D- and Di-optimal designs for the
sion model with respect to the interval [\, Ao]. The design space is [0,10] and the

efficiencies C; = Ci(§h,,€p, A) defined by (2.18) in model (1.1) for various values
A=\ A= (A +A2)/2 X = Ao
Al A | Oy Co Cs Ch Co Co
0.6 1 1.83 | 1.35| 133 | 1.73 | 1.24 | 1.37 | 1.57 | 1.15 | 1.30
0615|190 | 142|134 | 153 | 1.16 | 1.24 | 1.35 | 1.10 | 1.08
0.6 2 1.94 | 148 | 1.32 | 1.49 | 1.15 | 1.17 | 1.33 | 1.10 | 1.00
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Table 9: Comparison of standardized mazximin D-optimal designs &}, for the Weibull model (1.2)
and standardized mazximin D-optimal designs &y, for the sub-model model (1.1). The design space
is [0,10] and the table shows the quantities C; = C;(£5),&5, A) in the model (1.1).

A=\ A= (A + A2)/2 A=\

Ml lalaloa|lalal|o|alaoldo
06| 1 [0.76] 090079079 093] 0.68]0.86] 096|069
0.6 | 1.5 | 0.69 | 0.88 | 0.82 | 0.86 | 0.96 | 0.68 | 1.03 | 0.99 | 0.89
06| 2 | 075|088 089|087 093] 092090091 | 0.96

Table 10: Statistical analysis of the data in Ratkowsky (1983), p. 88. The table shows the parameter
estimates, standard deviations, resulting t-statistic, p-value and the upper (Iy) and lower (1)
confidence bound.

estimate | st. dev. t p-value Iy, Iy
21.104 0.379 | 55.683 | 0.000 | 20.269 | 21.938
19.815 0.620 | 31.964 | 0.000 | 18.450 | 21.179
0.0018 0.0010 | 1.771 0.104 | -0.0004 | 0.0040
3.180 0.285 | 11.170 | 0.000 2.553 3.806

S > o Q[

Table 11: The quantities (2.20) in the Weibull regression model for the uniform design on the
interval [0.5,14.5] and the standardized maximin D-optimal design in (2.19). First row: asymptotic
theory; second row: simulated variances obtained from N = 15 observations.

D-maximin design uniform design
Dyy | Do D33 Dyy | Dii | Do D33 Dy,
asymptotic | 3.47 | 8.11 | 0.000028 | 2.27 | 4.27 | 11.56 | 0.000031 | 2.46
finite 3.58 | 8.43 | 0.000039 | 2.66 | 4.71 | 11.99 | 0.000038 | 2.91

Table 12: Some standardized mazimin D-optimal designs in the Richards-regression model (1.5)
on the interval [0, 10] with respect to the parameter space [by, ba] X [A1, Ag].

b1 bg )\1 )\2 tl t2 t3 t4 t5 t6 w1 w2 ws W4y Ws Weg min eff
08112]08|12] 0 |082]248 ]| 10 0.25 ] 0.25 | 0.25 | 0.25 0.940
061406 |14] 0069|1841 384 ]| 10 0.24 ] 0.19 | 0.20 | 0.15 | 0.22 0.901
0416|0416 ] 0 |052]150]|291]| 544 |10 |0.22|0.15|0.19|0.12 | 0.14 | 0.19 | 0.871
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Table 13: Some standardized mazimin Dy-optimal designs in the Richards-regression model (1.5)
on the interval [0, 10] with respect to the parameter space [by, ba] X [A1, Ag].

b1 bg )\1 )\2 tl t2 t3 t4 t5 t6 w1 w2 ws W4y Ws Weg min eff
081208 |12] 0071|197 3.02| 10 0.20 | 0.30 | 0.14 | 0.19 | 0.16 0.735
06 1406|140 ]066|119| 187 |3.7 | 10| 0.20| 0.25 | 0.01 | 0.22 | 0.18 | 0.14 | 0.631
0416|0416 ] 0 |055]|145| 284|522 |10|0.19|0.19 | 0.22 | 0.16 | 0.13 | 0.11 | 0.578

Table 14: Comparison of standardized maximin D- and Di-optimal designs in the Richards-
regression model on the interval [0,10] with respect to various sets [by,ba] X [A1, Xa]. The table
shows the efficiencies C; = Ci(&p,, €D, b, A) defined by (2.18) in model (1.5).

A=\, b=1 A= (A +X2)/2, b=1 A=), b=1
by | b [ M| |Gl o |a|oa | cl|lao|a|oa|cl|c]ca
081208 |12155089092]090]1.48 [ 1.00| 1.08 | 1.02 ] 1.38 ] 0.98 | 1.05 | 0.99
071307 |13]151]092|093]|093|1.43|091 097|093 128091098 |0.92
0.6 |1.4]06|14]1.50]|095|0.95]| 096 | 1.40 | 0.90 | 0.95 | 0.91 | 1.24 | 0.90 | 0.97 | 0.91

Table 15: Comparison of standardized maximin D- and D;-optimal designs in the Richards-
regression model on the interval [0,10] with respect to various sets [by,ba] X [\, A2]. The table
shows the efficiencies C; = Ci(&p,, €D, b, A) defined by (2.18) in model (1.4).

A=A, b=1 [A=(+X)/2, b=1] X=X, b=1
b | [ M |G| G| o | ] G Cs c | oy | s
08| 12]08 12145 [106]1.19]1.33]1.06| 119 [122]1.09]1.14
07]13]07|13|145|1.06|1.13|1.29|1.06 | 1.15 |1.17|1.10 | 1.09
06|14[06|14|148|1.10]1.09|1.281.08| 1.11 |1.15|1.12| 1.04
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