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Abstract

The selection of optimal designs for generalized linear mixed models is complicated by the fact
that the Fisher information matrix, on which most optimality criteria depend, is computationally
expensive to evaluate. Our focus is on the design of experiments for likelihood estimation of pa-
rameters in the conditional model. We provide two novel approximations that substantially reduce
the computational cost of evaluating the information matrix by complete enumeration of response
outcomes, or Monte Carlo approximations thereof: (i) an asymptotic approximation which is accu-
rate when there is strong dependence between observations in the same block; (ii) an approximation
via Kriging interpolators. For logistic random intercept models, we show how interpolation can be
especially effective for finding pseudo-Bayesian designs that incorporate uncertainty in the values of
the model parameters. The new results are used to provide the first evaluation of the efficiency, for
estimating conditional models, of optimal designs from closed-form approximations to the informa-
tion matrix derived from marginal models. It is found that correcting for the marginal attenuation
of parameters in binary-response models yields much improved designs, typically with very high ef-
ficiencies. However, in some experiments exhibiting strong dependence, designs for marginal models
may still be inefficient for conditional modelling. Our asymptotic results provide some theoretical
insights into why such inefficiencies occur.

Key words: Bayesian design; Binary response; Blocked experiment; Count response; Generalized
linear mixed model; Kriging; Outcome-enumeration; Quasi-likelihood.

1 Introduction

There is increasing recognition of the need to design experiments in situations where a linear model
with only fixed effects cannot adequately capture the essential features of the data. In particular, there
is a growing body of work on optimal design for generalized linear models (for example, |Chaloner &
Larntz1989, [Woods et al.[[2006, [Yang et al.[2011)) which can be used when the response variable follows a
non-normal distribution from the exponential family. An even more substantial literature addresses the
problem of optimal design when there is heterogeneity between blocks in an experiment, using a linear
mixed model for normally distributed responses with random block effects (for example, Cheng) ({1995
and |Goos & Vandebroek!/2001)). In many practical contexts, such as the industrial experiment described
by [Woods & Van de Ven| (2011)), both of these features (non-normality and heterogeneity) are present.
For such experiments, particularly where the response is discrete, for example binary or count data,
generalized linear mixed models may be an appropriate modelling choice. In this paper, we develop and
compare optimal design methodologies for this family of models.

We find D-optimal designs, that is, designs that minimize the volume of the asymptotic confidence
ellipsoid for the model parameters by maximizing the determinant of the Fisher information matrix.
Dependence of an optimal design on the unknown values of the parameters is addressed using a pseudo-
Bayesian approach. The key technical difficulty in the construction of D-optimal designs for generalized
linear mixed models is that the information matrix is computationally expensive to evaluate.

The adoption of a mixed model implies a marginal distribution for the response with intra-block
correlation: two responses from units within the same block are correlated and responses from units in
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different blocks are uncorrelated. Existing approaches to optimal design for correlated discrete responses
(see, for example, Moerbeek & Maas|[2005| [Niaparast| 2009 and [Woods & Van de Ven|2011)) are tailored
for inferential methods, such as quasi-likelihood and generalized estimating equations, that use only the
first and second order moments of the marginal distribution, and approximations thereof, for parameter
estimation. Our focus is on design for direct (likelihood) estimation of parameters in the conditional
model for which we present novel asymptotic and computational approximations to the information
matrix. For binary data, we also adapt and extend marginal approximations to provide more efficient
designs for the conditional model. We compare designs from the various approximations to those found
from computationally expensive “gold standard” approximations throughout our examples, using either
nalve outcome-enumeration or Monte Carlo methods (Section [2.2]).

2 Preliminaries

2.1 Generalized linear mixed models for blocked experiments

We denote the response for the jth unit in the ¢th block by ;;, and the corresponding treatment vector
of values taken by the ¢ controllable variables by z;; € X CR? (i =1,...,n, j =1,...,m;). Also let
G = (Ti1, ...y Tim,;) € X™ denote the m; treatment vectors in the ith block. Then, for a generalized
linear mixed model, there is a vector, u;, of r random effects associated with the ith block in the
experiment. Conditional on w;, the responses in block ¢ are independent and follow an exponential
family distribution, y;;|u; ~ m(2ij;w;, 8), with mean p;; = p(xi;; u;, 8) and variance pv(z;;; u;, 5). For
the models we consider, the dispersion parameter ¢ = 1. The mean function p(z;u, 3) is defined by

giw(z;u, B)y = v(z;u, B),  viz;u,B) = fH(x)B + 2" (2)u, (1)

where f: X = RP and z : X — R” are known vectors of regressor functions, with z typically a subvector
of f, and ( is a p-vector of fixed regression parameters. The link function g relates the linear predictor
v to the mean response. Denote by h the inverse link function, g~'. To fully determine the model,
assumptions about the distribution of w; are necessary; we specify independent u; ~ MVN(0,G), with
G an arbitrary covariance matrix. The presence of random effects in the linear predictor introduces a
correlation between observations from experimental units in the same block. In this paper, we focus
principally on random intercept models appropriate for blocked experiments, where r = 1, G = (0?),
02 >0, and z(z) = (1).

We assume for simplicity that m; = m, and say treatment blocks (1,(s € X™ are equivalent if one
can be obtained from the other by treatment permutation. Without loss of generality, we may assume
that the blocks are ordered so that the design is supported on (i,...,( (1 < b < n), and that no pair
from among the first b blocks is equivalent. Let wg, k = 1,...,b, be the proportion of blocks equivalent
to the kth support block (i, then we have the following concise notation for a design:

e={ o ol @)

where 0 < wg < 1 and 22:1 wg = 1. As defined above, nwy is a positive integer. We focus on
approximate block designs, which relax this constraint (see also |(Cheng{|1995)). Note that we do not
impose any restrictions on the form of (;, and that designs may differ in the wy, the {; and the value of
b. We restrict to designs with finite support, b < n < co.

2.2 Information matrix

Let 0 denote the complete vector of parameters for model . Thus @ includes the fixed effects parameters
B as well as any parameters specifying the distribution of u;. Denote by Mg the information matrix for
B, holding all other components of § fixed. The use of Mg is appropriate for assessing the precision of a
maximum likelihood estimator B assuming known variance components. In common with many papers
on design for both linear mixed models (Cheng]|1995, Goos & Vandebroek|[2001)) and specific examples of
their generalized counterparts (Moerbeek & Maas|[2005, |Tekle et al.|[2008, Niaparast & Schwabe |2013]),
we do not consider the additional variability in # introduced when the variance components also require
estimation.



For the approximate block design £ in 7 the information matrix Mg depends on 6 and, as obser-
vations in different blocks are independent, can be decomposed into a weighted sum of the information
matrices for each support block,

b
Mg(£,0) = > wpMg (G, 0). 3)
k=1
The information matrix for an arbitrary block ¢ = (z1,...,Z;,) € X™ is
L, (OP(Y]0,0)\ (9P(Y]0,0)\"
Mgs(¢,0) = FTEy { P(Y]6,¢) 2 ’ ’ F 4
(¢.0) = iy {POvin. g (220 " , 0
where Y = (y1,...,ym)" denotes the response vector or outcome corresponding to ¢, P(Y|0,() is the

marginal likelihood of the model parameters, n = (f*(x1)8, ..., [T (@m)8)*, and F = [f(x1),..., f(zm)]"
is the model matrix. The likelihood and its derivative are of the form

PG = [ PO, O, ZECIRE [ OGO g, )

where P(Y|u, 0, () is the (exponential family) conditional probability density of ¥ given v and f, is the
density function of an MVN(0, G) random variable. Typically a closed form for the partial derivative of
the conditional density is available. For random intercept models, the integrals in (5|) can be evaluated
numerically using Gauss-Hermite quadrature.

For models with binary response, the expectation in can be evaluated by enumeration of outcomes
Y € {0,1}™. Expanding the expectation, we obtain

Mooy =F7 Y prvieo (HERD) (ZEROY )

Ye{0,1}™

where the sum is over all possible response patterns in block (. An obvious approximation to information
matrix is via @ with numerical approximation of using quadrature. We call this approach
naive outcome-enumeration. Clearly, for even moderately sized blocks, such an approximation will be
computationally expensive.

For other response distributions, such as Poisson, the expectation in can be approximated, in
principle, by Monte Carlo sampling of response vectors Y. In practice, to obtain reasonable precision in
the approximation of the information matrix using this method, it is necessary to consider many more
than the 2™ possible distinct outcomes obtained from a binary model.

2.3 Optimality criteria

We study both locally D-optimal designs, i.e. {}, = argmax, [Mg(&,0)| for an assumed value of 6, and
(pseudo-)Bayesian designs. From and an application of Caratheodory’s theorem (e.g. [Silvey||1980,
p.16), it follows that there is always a locally D-optimal design supported on at most p(p +1)/2 + 1
distinct blocks. The pseudo-Bayesian approach may be used to construct a design that is more robust
to misspecification of the model parameters, and requires specification of a prior distribution, A, for 6.
Given A, ¢ is Bayesian D-optimal if it maximizes ¢(€) = Ep{log|Mp(&,0)|} (Chaloner & Larntz |[1989).
We do not assume that the resulting analysis will be Bayesian, or that it will use prior distribution A.
Care must be taken when the prior distribution has unbounded support; see [Waite| (2013)).

3 Approximations via marginal models

3.1 Marginal quasi-likelihood

Breslow & Clayton|(1993)) discussed marginal quasi-likelihood as a computationally inexpensive, approx-
imate method for estimating the parameters of a generalized linear mixed model. The method is indirect
in that it applies standard quasi-likelihood equations for dependent data (McCullagh & Nelder||1989)



Sec. 9-3) to a linearization of the model about the mean value of the random effects. An information
matrix approximation corresponding to this method is

b
MZ™e(£,0) = Zwk ErV, 1 Fy,
k=1
where F}, is the model matrix for (x, Vi = V((, 0) is determined from V(¢,6) = W (¢, 0) "+ Z(()GZ(¢)",
W (¢, 0) is the diagonal matrix with entries v(z1;0, 3),...,v(2m;0,8), and Z(¢) = [z(x1),. .., 2(xm)]".
For design using similar methods, see [Moerbeek & Maas| (2005).

There are several higher-order marginal quasi-likelihood approximations in the literature, for example
Goldstein & Rasbash| (1996). An approximation to the information matrix using a second order method
was derived in a 2012 University of Southampton PhD thesis by T. W. Waite. Use of this approximation
does not result in better designs, so we omit the results here. The marginal quasi-likelihood approxima-
tion is similar to the first-order approximations used in the design of pharmacokinetic studies (see, for
example, Retout & Mentré|2003]).

3.2 Generalized estimating equations

Generalized estimating equations (Liang & Zeger||1986|) may be used to estimate parameters when the
marginal distribution of the response follows a generalized linear model, making use of a ‘working correla-
tion’ matrix that need not be equal to the true correlation matrix. Typically, a standard structure is used
for the working correlation, such as exchangeable, autoregressive or nearest neighbour. However these
assumptions are incompatible with most known probability models for dependent discrete responses, in
which the correlation is a nontrivial function of the treatments and parameters. Indeed there may not
exist any probability model achieving these simple correlation structures with the required univariate
marginal distributions if, for example, the working correlation violates the bounds on correlation for
binary data (Joe||[1997, Ch.7). Nonetheless, the estimators retain consistency under misspecification of
the correlation structure and may still be highly efficient (Chaganty & Joe|[2004). Note that here we
use generalized estimating equations only to obtain an approximation to the mixed model information
matrix.

Woods & Van de Ven|(2011)) found designs for marginal generalized linear models that are D-optimal
for the generalized estimating equation method under the assumption that the true correlation structure
corresponds to a specified working correlation structure. They also found that the resulting designs were
robust to a general class of departures from this correlation assumption. Denote the parameters of the
assumed marginal model by *, the correlation parameter by p, and assume the marginal model has
the same link and variance functions as the conditional model. Then for exchangeable correlation, the
inverse asymptotic covariance matrix is

b
ME™(&, 8%, p) = Y wiFy Di{ (Vi) /2 R(p) (Vi) /?} ' Dy F
k=1
where Dy, is the diagonal matrix with entries 1/¢"(p151), - .-, 1/9 (1 )s pi; = R{f"(z1;)B"}, Vi is the
diagonal matrix with entries v(xg1;0, 8%),...,v(Tkm; 0, 8%), and R(p) = (1 —p)I,, + pl,, 1%, with I,,, the
m X m identity matrix and 1,, an m-vector of ones.

3.3 Binary response: adjustment for attenuation of parameters

Use of marginal quasi-likelihood for the logistic random effects model results in the assumption that
the marginal mean has the form FE(y;;) = g~ '{f"(xi;)3} (Breslow & Clayton|[1993)). |Zeger et al.
(1988) showed that a better approximation to the marginal mean is given by a logistic relationship with
attenuated coefficients,

E(yij) ~ g~ {fT(xij)ﬁ/\/l + sz(xij)TGz(xij)} : (7)
where ¢ = 164/3/(157). For random intercept models this reduces to
E(yij) = g " (@ij)Bar} s Bare = B(L+ o) 7/2. (8)



This suggests that for the logistic random intercept model, more efficient designs might be obtained by
adjusting the parameter values to better approximate the marginal mean using . Explicitly, we define
the adjusted marginal quasi-likelihood information matrix by

T

MIU(E,0) = MES(E,0uqy) . Oy = (Bhr0”)"

where M[;narg is the information matrix for 5 under marginal quasi-likelihood. In models other than the
random intercept the attenuation factor depends on x, so a constant adjustment cannot be applied for
every design point. However, one possibility for a similar approximation may be to apply quasi-likelihood
or generalized estimating equations using as the marginal mean.

To extend the methods of[Woods & Van de Ven| (2011)), we also take account of parameter attenuation
by forming the adjusted generalized estimating equation approximation,

MY 56,0, p) = ME™ (€, Baw ) - Y

Here we either choose a value of p following the guidelines laid out, for estimation, by [Chaganty &
Joe| (2004), or treat p as a tuning parameter, i.e. we choose the value of p such that the corresponding
D-optimal design using @ maximizes |Mg| approximated via naive outcome-enumeration.

4 Theoretical and computational direct approximations for the logistic
random intercept model

4.1 Asymptotic outcome-enumeration

For the logistic random intercept model, the important case of large o2 results in substantial block-to-
block variability and poses a more difficult design problem. In this case, responses in the same block
are strongly dependent, and the adjusted marginal quasi-likelihood and adjusted generalized estimating
equation designs may perform quite poorly (see Section . Moreover, for large o2 the naive outcome-
enumeration approximation becomes even more computationally expensive, as more quadrature points
are required to maintain accuracy in the approximation of the integrals in . In this section, we
develop asymptotic, 02 — oo, expressions for P(Y]0,() and its derivatives which are combined with (@
to provide a new, direct approximation to the information matrix for large finite o2. The additional
approximation enables selection of efficient designs for large o2 at low computational cost compared to
naive outcome-enumeration (Section . Our main results are in Theorems first we define some
necessary assumptions and notation.

For fixed values of the conditional parameters, the ‘marginal effects’ in [, attenuate to zero as
0?2 — oo. In order to approximate the more interesting and realistic case where both ¢2 is large and
there are non-zero marginal effects, we assume the following asymptotic conditions.

Assumption 1. S = 8/V1+ 20? is fived.

Assumption 2. For each j, either nj = f*(x;)Bau is fized or there exists | # j such that 1y is fized
and 1y —n; = o(c™1).

In order to meet these conditions, we allow the z; to vary with o2. A simple asymptotic approximation
to the information matrix could be derived by treating all n} as distinct and fixed as 02 — oo. However,
such an approximation would be very poor for designs with /" &~ n} for some [ # j. Our novel asymptotic
framework allows consideration of the case where there is near-replication of linear predictor values in a
block.

Assumptions 1 and 2 allow the partition of S = {1,...,m} as N (j)UZ(j)UP(j) foreach j = 1,...,m,
where N'(j) = {l:m —n; — —oo}, Z(j) ={l:m —n; — 0}, and P(j) = {l : ; — n; — oo}. Intuitively,
N(j), Z(4), P(j) are the respective sets of indices of linear predictors less than, similar to, and greater
than 7);. The limiting expressions we develop for P(Y'|0, () and OP(Y|0, )/dn; depend on which elements
of S belong to N, Z and P.

It will be useful to identify some particular classes of outcomes.

Definition 1. Outcome Y = (y1,...,ym)" is increasing (within the block) if there exists j' € S such
that y; = 0 when m; — n;r <0 and y; = 1 when n; —n; > 0.



Definition 2. Outcome Y is quasi-increasing if there exists j' € S such that N'(5') C Sy and P(j') C 81,
where Sop = {j :y; =0} and S1 = {j : y; = 1}, or, equivalently, if {So NP(j)} U{S1 NN (")} =0

Any outcome that is increasing (with the same j) for all 02 is clearly also quasi-increasing.
We now make a further assumption necessary for our theorems.

Assumption 3. There exists Aj, B; > 0 such that |g —n;| > cA; forl € {SoNN ()} U{S1 NP()}
and | —nj| > oBj for alll € {S1NN(j)} U{SoNP(j)}.

This condition holds for large o2 by Assumptions 1 and 2; it implies that pairs of predictors which
diverge asymptotically are at least min;—1 _n{A;, Bj}o apart.

Theorem 1 (Approximation of the likelihood). Suppose that the outcome is quasi-increasing. Then
there exists j' € S such that {So NP (")} U{S1 NN (j)} =0, and:
(i) If |So N Z(5")] = 0 or |S1 N Z(j')| = 0, the outcome is increasing and, as o — oo,

P(Y10,¢) = max {0, o (— max{m-/o}) - (— min{m/o}) } +0(c™h). (10)
J€ESo JES
(ii) If |So N Z(j')| > 1 and |S1 N Z(j')| > 1, then as 0? — oo,

PY16.0) = m /0) / {1 = h(£)}SN 2y (1) 1S:0 2601 g

+ > 0(Ay /o) +0(c7?), (11)

lez(j")
where Aj; = m — ;. The integral has value 1 when |Z(j")| = 2.

Theorem 2 (Approximation of derivatives). (i) Assume j € S is such that N(j) C Sy and P(j) C &
which implies that the outcome is quasi-increasing. Then, for arbitrary € > 0,

oP(Y|0,¢) 1 (
(2y; 1) o o'\ {CI(J)J(J)+ > MO )

ag
1€51NZ()\ {4}
(3) 1 (2)
- Z AIJC ) J () — 1} + ﬁ‘z)/ < > Cri.a6)
1€SoNZ (7)\ {5}
1
- Z O(A}; /o) + O(o —3)+0<Ue—°'AJ/[<1+E>m]> : (12)
leZ(j

where I(j) = |S1 N ZGN\{7}, JG) = [So N Z(G)\{j}| and, for integers I,J >0,
o) — /OO WK1 - b}, CF) = /OO OB {1 — h(t) dt
ot = [ wornw'a - nw)a.

(ii) If j is such that N'(j) € So or P(j) € S1, then the derivative satisfies

oP(Y|0,¢) _ 0 lefaBj/(H»e) (13)
877]' g )

Moreover, if the outcome is neither increasing nor quasi-increasing, then holds for all j.

Theorem 3 (Importance of quasi-increasing outcomes). Quasi-increasing outcomes contribute terms
of order O(c™') or O(c=2) to the information matriz in (6). Outcomes that are not quasi-increasing
contribute terms of order O (%efgmmf Bf/(lJre)) which are asymptotically negligible.



Proofs for Theorems 1-3 are in Appendix 2. From Theorem [3] an asymptotic approximation to
the information matrix in @ need only include contributions from increasing and quasi-increasing out-
comes. The importance of quasi-increasing outcomes seems difficult to capture using approximations,
such as those in Sections [3.IH3-3] that only incorporate the first and second order moments of the joint
distribution of the responses.

We combine the asymptotic approximations to P(Y'|6, () and 9P (Y'|6,¢)/9n;, from Theorems 1 and 2
respectively, with @ to provide an asymptotic outcome-enumeration approximation to the information
matrix. The only additional requirement is that for the jth treatment in the ith support block (i =
1,...,b;7 = 1,...,m), we must define a suitable partition of the indices {1,...,m} into sets N;(j),
Z;(j), and P;(j). This partition should be such that linear predictor 7;;/, relative to o, is close to, less
than, or greater than n;; for j' € Z;(j), j/ € N;(j) or j/ € P;(j) respectively. We propose to form these
partitions automatically using the heuristic algorithm given in Appendix 1. As presently implemented,
the objective function corresponding to the asymptotic approximation is discontinuous; nonetheless, the
resulting designs typically have high efficiencies relative to designs from the naive outcome-enumeration
approximation, competitive with those from the other methods. In certain circumstances, discussed in
Section this asymptotic approximation outperforms other methods.

When o2 is large, the recovery of inter-block information that occurs when using a mixed model for
analysis is important for parameter estimation. For large o2, separation of outcomes (Albert & Anderson
1984) occurs within all blocks with high probability, in which case the parameters of the corresponding
fixed block effects model are not estimable (see Propositions 1 and 2 in Appendix 2). Despite this,
efficient parameter estimation is still possible under the mixed model (see Appendix 3).

4.2 Interpolated outcome-enumeration

In this section, we discuss a more direct numerical approximation for Mz(&,0) under the logistic random
intercept model. Note that for this model, the likelihood depends on the regression parameters 8 only
through the vector 1. Let Py (n,0?) = P(Y|¢,0) and define

i T ()]

ve{o,1}m

so that, by @, Mpg(¢,0) = FTQF.

An interpolated outcome-enumeration approximation to Mg((, ) can be developed by surrogate mod-
elling of the matrix-valued function Q. The idea is to compute the values of the function Q at a collection
of training points, and interpolate these data to predict the value of Q at new sites (1, 02). Interpolating
Q as a function of 7 is particularly computationally efficient for finding Bayesian designs, as the same
interpolator can be used for any value of 3.

Surrogate modelling is widely applied in ‘computer experiments’ on expensive-to-evaluate computa-
tional models for complex phenomena (see [Santner et al.|2003). We believe that its use for accelerating
the computation of approximations necessary for the optimal design of physical experiments is new.
For computer experiments, Gaussian process modelling (Kriging) is well-established as a surrogate; it
can be used with training sets not arranged in a regular grid and can straightforwardly be applied to
multidimensional problems. For block size m = 2, it is faster to use bilinear or bicubic interpolation and
a regular grid.

5 Examples for binary response

5.1 Preliminaries for the examples

In Sections[5.2]and D-optimal designs are found, compared and assessed for blocks of size m = 4 and
a binary response logistic random intercept model with two variables and the following linear predictor

V(.’L’,U,ﬁ) = BO—’—ﬁlx(l) +52(E(2) +’LL, u ~ N(0702)7 (15)

where z = (z(1), )™ € [-1,1]2. In Section D-optimal designs are found for a logistic random
intercept model with four factors and eight fixed parameters.



In Sections and we find locally D-optimal designs for various parameter scenarios by approx-
imating the information matrix using adjusted generalized estimating equations and adjusted marginal
quasi-likelihood. In Section we also find locally optimal designs using unadjusted generalized estimat-
ing equations (assuming 3* = ) and, for large 02, asymptotic outcome-enumeration. In these sections we
find it advantageous to specify parameter scenarios on the scale of the marginal effects, Bat, to facilitate
performance comparisons across different values of o2. Intuitively, this setup mimics strong information
being available for the marginal effects, and uncertainty in the strength of dependence. In Section[5.3] we
find Bayesian D-optimal designs, with the prior information specified on the conditional parameters, as no
comparisons are made across different values of o2; we set Sy ~ U[—0.5,0.5], 81 ~ U[3,5], B2 ~ U[0,10],
and 02 = 5. Thus, there is substantial uncertainty in the value of 35, and moderate block-to-block
variability. Here, we approximate the information matrix using the adjusted marginal quasi-likelihood,
adjusted generalized estimating equations, and interpolated outcome-enumeration methods. For all of
our examples, efficiencies of optimal designs found using the different approximations are calculated
relative to D-optimal designs found using the naive outcome-enumeration approximation.

For all approximations, we use a quasi-Newton method (the Broyden—Fletcher—-Goldfarb—Shanno
algorithm;|Nocedal & Wright|[1999, pp. 136-143) to obtain optimal, or near-optimal, designs numerically;
that is optimal or highly efficient combinations of (x, wy and b. Multiple random starts of the algorithm
are used to attempt to identify a global optimum of the objective function. Convergence is assessed
via comparison of the optima obtained from the different starts, and was considered satisfactory for
the examples presented here. We assess performance of the obtained designs using local efficiency,

off(¢]0) = {|Mp (&, 0)| /supe: M5 (&', O)[}'/7.

5.2 Example 1: Locally optimal designs

The purpose of this example is twofold. Firstly, we wish to illustrate the performance of the methods
for different 02. Secondly, we demonstrate circumstances under which the resulting designs are robust
to a reasonable range of values assumed for o2.

Table [1] gives the efficiencies under this regime of optimal designs from the different approximations
relative to an optimal design found using the nalve outcome-enumeration approximation. It is clear that
the unadjusted generalized estimating equation approach is by far the worst method, with efficiencies
frequently less than 90%. In most cases, the remaining closed-form approximations are competitive with
naive outcome-enumeration. The performance of the adjusted generalized estimating equation approach
depends critically on the choice of p which is treated here as a tuning parameter.

We observed two cases for which the adjusted marginal and adjusted generalized estimating equation
methods performed poorly. For S = (1,2,3)T and (2, 1,3)7, with 0 = 50, the design efficiencies from
the former two methods were below 92%. These cases are unusual in that, for all o2 > 1, the two marginal
approximations selected designs that replicate treatments within at least one of their blocks. This appears
inefficient: the designs from both the naive and asymptotic outcome-enumeration approximations do not
feature within-block replication, and the latter design is at least 98% efficient. The only other case
where this replication occurred in the marginal approximation designs for large 02 was Bay; = (1,2,2)7,
where the efficiency was again relatively low. Our theoretical results (Section suggest that marginal
methods may poorly approximate the information matrix for designs featuring within-block replication
when o2 is large. Thus we would recommend some caution when o2 is large and use of the marginal
approximations yields designs featuring within-block replication of treatments. For such designs, the error
from these approximations may be large. Additionally, the small u Taylor approximations underlying
the covariance approximation in the adjusted marginal quasi-likelihood method cannot be expected to
be accurate when o2 is large and large random effects are anticipated.

Table 2] gives the average total processor time for each method, as recorded in a high performance
parallel computing environment with twelve 2-4GHz cores per node. The times given are per parameter
vector for 100 random starts of the optimization algorithm. Naive outcome-enumeration is the most
expensive method followed by asymptotic outcome-enumeration, adjusted generalized estimating equa-
tions and adjusted marginal quasi-likelihood. The computational expense of the adjusted generalized
estimating equations method depends on the structure of the problem. Here, there are many parameter
scenarios with the same values of 3,4y which allows re-use of adjusted generalized estimating equation
designs for a given Bay for various o2. If re-use were not possible, then the time per design would be
higher: an indicative figure is given in parentheses. The time to obtain a design for given p is comparable



T Design 1 2 5 10 20 50
(0,1,1) Unadj. gen. 96-3-100-0  94-5-100-1  82:9-99-6 78-8-94-3 71-8-87-1 59-9-76-6
Adj. marg. 100 100 100 100 100 100
Adj. gen. 99-7-100-0  99-7-100-1  99-2-100-0  98-8-100-0  98-5-100-0 98-1-100-0
Asymp. enum. 100-0 94-8
(0,3,2) Unadj. gen. 86-2-97-3 84-5-93-2 79-1-85-3 74-7-79-0 70-9-73-4 63-3-67-7
Adj. marg. 99.9 99.9 100-0 99-9 994 95-2
Adj. gen. 85-:3-99-8 85-6-99-6 86-3-99-5 87-2-99-7  87-7-100-0 83-9-98-5
Asymp. enum. 96-4 97-4
(0,5,10) Unadj. gen. 82:3-96-1 79-8-91-9 70-1-84-4 65-2-78-4 64-7-72-8 52-2-67-0
x(1+ 502)_% Adj. marg. 99.9 999 100-0 99-8 99.7 99-8
Adj. gen. 83-9-99-1 84-1-98-7 84-8-98-9 85-6-99-4 86-0-99-5 83-9-99-1
Asymp. enum. 94-8 96-1
(1,2,3)} Unadj. gen. 84-3-96-8 83-2-94-5 75-2-88-5 70-6-78-7 65-7-78-9 58-9-73-9
Adj. marg. 100-4 99-1 96-6 92-1 84-8 73:5(%)
Adj. gen. 84-1-99-5 85-0-99-0 86-6-99-2 87-6-98-9 86-7-97-2  T7-6-91-7(*)
Asymp. enum. 93-5 98-3
(1,4,4) Unadj. gen. 81-7-96-9 80-7-94-1 76-0-86-3 70-8-79-8 65-0-73-1 58-3-64-6
Adj. marg. 100-0 100-0 99.9 99-4 982 972
Adj. gen. 80-3-99-4 81-0-99-1 81:9-99-3 82-5-99-7 82-5-98-9 82-5-97-4
Asymp. enum. 97-1 98-2
(1,3,3) Unadj. gen. 82:2-97-1 80-6-93-5 76-4-86-4 71-0-79-7 65-0-72-7 57-1-63-1
Adj. marg. 99.7 99.5 100-0 99-3 979 95-1
Adj. gen. 79-6-99-3 80-5-98-6 83-1-99-4 84-9-99-7 85-9-98-8 84-6-95-6
Asymp. enum. 97-1 98-2
(1,2,2) Unadj. gen. 82:1-97-9 81-9-93-4 78-6-88-2 73-4-78-6 67-3-69-5 58-4-64-3
Adj. marg. 100-6 100-3 100-2 98-5 96-1 926
Adj. gen. 83-:3-100-1  84-6-99-3  87-4-99-8  89-3-99-6  90-1- 98-0 88-5— 95-4
Asymp. enum. 95-1 97-9
(2,1,3)t Unadj. gen. 84-3-96-8 83-2-94-5 78-5-89-2 73-4-85-9 62-8-76-7 56-4-64-1
Adj. marg. 99.9 99-1 96-6 92-1 84-8 78-0(*)
Adj. gen. 83:6-99-5 84-5-99-0 86-1-99-1 86-8-98-9 85:8-97-0 77-4-90-9(*)
Asymp. enum. 95-0 98-0

Table 1: Example 1: computed efficiencies of locally D-optimal designs from different methods. Un-
adj. gen. — Unadjusted generalized estimating equations; Adj. marg. — adjusted marginal quasi-
likelihood; Adj. gen. — adjusted generalized estimating equations; Asymp. enum. — asymptotic outcome-
enumeration. Reported efficiencies for generalized estimating equation methods are for p = 0-1, 0-15,
0-2, ..., 0-7. Symbols T and (*) indicate parameter values for which the adjusted marginal modelling
approximations give particularly inefficient designs.

Method Time per parameter vector (processor-seconds)
Naive outcome-enumeration (o2 = 50) 3 x 10°
Naive outcome-enumeration (o2 = 1) 5 x 10%
Asymptotic outcome-enumeration 7 x 103
Adjusted generalized estimating equations*® 1 x 103 (8 x 10%)
Adjusted marginal quasi-likelihood 4 x 102

Table 2: Example 1: computational expense for locally D-optimal designs. *Figure in brackets is
indicative of time when design re-use is impossible.
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Figure 1: Example 2: conditional mean efficiencies E[eff(&;80)|82] (left panel) and support blocks (right
panel) of Bayesian D-optimal designs from maximum likelihood via naive outcome-enumeration [black
line, (a)], maximum likelihood via interpolated outcome-enumeration [solid grey line, (b)], adjusted
marginal quasi-likelihood [dotted black line, (c)], and adjusted generalized estimating equations [dashed
and crossed black line, (d)]. Treatments with the same plotting character are in the same block.

with that from adjusted marginal quasi-likelihood.

For moderate dependence (o2 < 10) choosing a single value of o2 = 5 appears to be very robust; for
all Baiy considered, the naive outcome-enumeration design with 02 = 5 has a calculated efficiency of at
least 99-1% for 02 = 1,2,10. Assuming a single value of 02 = 1 is less robust, though still reasonable, the
worst case is when Bay = (1,2,2)" and the true o = 10; the efficiency of the resulting design is 97-1%.
However, if the dependence is actually strong then the above designs may perform comparatively poorly;
when B = (0,3,2)T, 0 = 50, the design obtained assuming o? = 5 has a calculated D-efficiency of
93-6%. This robustness of an optimal design to a wide range of assumed values of o2 is a consequence
of specifying the parameters on the marginal scale.

5.3 Example 2: Bayesian optimal designs

We choose the design ¢ to maximize () from Section and approximate the integral in the objective
function by averaging over a Latin hypercube sample of 50 values of 3 from [—0.5,0.5] x [3,5] x [0, 10].
As the value of 02 is assumed known, for the interpolated outcome-enumeration approximation we only
need build a surrogate model of Q as a function of 7.

Bayesian D-optimal designs were computed for each of the different approximations using 1000 ran-
dom starts; the support blocks of the designs are shown in Fig. with corresponding weights given
in Table 3l A single value p = 0-6, corresponding to fairly strong correlation, was used in the adjusted
generalized estimating equations approximation. For each method, from the 1000 designs generated the
best was selected with respect to naive outcome-enumeration.

All of the designs contain multiple support blocks due to the degree of uncertainty in the parameters
and the small block size. Locally D-optimal designs were also found for each of the 50 sampled parameter
vectors under the naive outcome-enumeration approximation, and the local efficiency of each Bayesian
design was calculated relative to each of these 50 designs. Then, Gaussian process emulators were
constructed for the efficiency profile of each Bayesian design. Figure shows the dependence of the
efficiency on (s, via approximations of El[eff(£;0)|82] obtained from the efficiency profile emulators.
The performance of all of the Bayesian designs varied little according to the value of By or By, with
Eleff(&;0)|80] and Eleff(&;0)|51] changing by fewer than 4 percentage points over the ranges of 5y and
(1 respectively. The conditional mean efficiency of the design from the adjusted generalized estimated
equations approach is clearly quite different, as a function of s, from the local efficiencies from the other
methods. The designs from all of the approximations appear similar to the naive outcome-enumeration

10



design (compare Figures a)—(d)).

To train the interpolated outcome-enumeration approximation of Q, a random Latin hypercube
sample of 10,000 1 vectors was drawn from [—20,20]*, and the matrix Q evaluated for each vector.
The second-order, compactly-supported Wendland covariance function was used, with range parameter
chosen manually as 15 to make the predictions appear reasonably smooth and accurate. Independent
Gaussian process models were fitted to the m? entries of Q. The use of a compactly-supported covariance
function is advantageous here due to the large number of training points; it enables inversion of the
covariance matrix in a reasonable time, and permits relatively fast predictions from the fitted model.
For finding Bayesian designs, the interpolation method required around 3-2 times less computational
effort than naive outcome-enumeration for this example (Table . If more quadrature points were used
to approximate the prior distribution, or if an adequate emulator could be found using fewer training
points, then the advantage of using interpolation to approximate the objective function would be greater
(for 200 quadrature points, with the same training set, objective function evaluation using interpolation
is approximately 6 times faster than naive outcome-enumeration). The advantage will also be more
pronounced for larger 2. The closed-form approximations (using a single p) are approximately two
orders of magnitude faster than naive outcome-enumeration.

Block weights

Design method . X Bayes efficiency Time (processor-seconds)
Likelihood, naive outcome-enumeration 0-744  0-256 100-00 1-65x107
Likelihood, interpolated outcome-enumeration 0-749  0-251 99-96 5-19x10°
Adjusted marginal quasi-likelihood 0-748  0-252 99-79 1-80x10°
Adjusted estimating equations 0-466 0-534 9794 2:20x10°

Table 3: Example 2: details of Bayesian designs . Above, @ and x correspond to symbols in Fig. [5.3|(a)—
(d). The Bayes efficiency of £ is exp[{(£) — sup, (&) }/p]-

5.4 Example 3: Locally optimal designs, four factors

We investigated locally optimal designs with z = (2", 2, 2®3) 2T ¢ [-1,1]*, and

v(x;u, B) =Fo + Bz + Baz® + Bsx® 4 fyz®
+ ﬂlgx(l)x@) + ﬂlgx(l)x(g) + ﬂ14x(1)x(4) +u, u~N(0 0%,

with Ba = (2,3,0,3,0,0,-2,0)7, (1,2,1,-3,-1,1,—-3,3)7, (0,1,1,1,1,1, 2, 1)" and 0? = 1,2,5. De-
signs were found using the naive outcome-enumeration, adjusted marginal quasi-likelihood and adjusted
generalized estimating equation (p = 0-3, 0-5, 0-6) approximations with 100, 1000 and 1000 random
starts respectively. In all cases, the marginal approximations required less computational effort despite
the more thorough search, yielding designs with at least 99.5% efficiency relative to the design from the
naive outcome-enumeration approximation.

6 Poisson response

6.1 Approach

In this section we demonstrate the use of the marginal quasi-likelihood approximation to find D-optimal
designs for a Poisson model with random intercept. We compare the designs to those of |Niaparast
(2009), who investigated design for this model using a direct quasi-likelihood approximation to the
information matrix, and also to the designs from the analytical results of [Russell et al| (2009)) for the
Poisson model with no random effects. The conditional distribution of the response is assumed to be
Poisson, with link function g(u) = log(). In the random intercept model, u ~ N(0,02) is a scalar, and
v(wiu, B) = [7(2)B +u.

Quasi-likelihood estimation requires a parametric specification of only the marginal mean and variance
of the response, and not a full probability model. |Niaparast| (2009) obtained a covariance matrix for
the resulting parameter estimators using the actual marginal mean and variance for the Poisson random
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Figure 2: Approximate efficiency of the design ((¢) obtained using Monte Carlo approximation and
nonparametric smoothing, for the following values of o%: (a) 0-01, (b) 0-025, (c) 0-05, (d) 0-1.

intercept model which are analytically tractable. We shall refer to this as the ‘direct’ approach. In
general, there are issues with the use of quasi-likelihood for dependent data (McCullagh & Nelder||1989|
Ch.9); however the above approach could be viewed as an application of generalized estimating equations
(Liang & Zeger||1986) with a working correlation structure calculated from the full probability model.

6.2 Comparison of designs, m =3

Locally D-optimal designs for the Poisson random intercept model were computed by numerically op-
timizing the determinant of the information matrix under the marginal quasi-likelihood and direct,
quasi-likelihood, approximations. The linear predictor structure was assumed, with conditional
parameter values (89, f1, 52) = (3,1,2), together with several values for o2.

For 0% = 0, the designs found numerically coincided with those anticipated by the theoretical results
of [Russell et al.| (2009)) for models with no random effects. For 2 = 0-01, 0-025, 0-05, 0-1, each of the
designs contains a single support block (b = 1, wy = 1) of the form ((¢) = ((1,1)", (=1, )", (1,¢)"), with
t = -0-083, -0-091, -0-095, -0-096 respectively. The designs from the two methods agree to three decimal
places.

We assess the efficiency, for maximum likelihood estimation, of designs resulting from the choice of
t € [~1,1] by using Monte Carlo integration to approximate Mz({(t);6) (Section[2.2) and nonparametric
smoothing to obtain a surrogate, W(t), for W(t) = |Ms(((t);0)| (see also Miiller & Parmigiani|1995). Let
t* = maxy (1 \i/(t’ ). Figure |2 shows the approximate efficiency in the neighbourhood of the optimal
t, obtained from eff(t) = {W¥(t)/P(t*)}'/?, together with estimates of {¥(t)/¥(t*)}'/? each using 10°
Monte Carlo samples. The total processor time for the Monte Carlo computations was approximately
1-5x10%s, using a sixteen-core 2-6 GHz node. The results indicate that, for all values of 0% considered
here, both the marginal and direct quasi-likelihood designs have an efficiency around 100%, and also any
choice of ¢ in [-0-15, 0] will be very highly efficient.

The direct, quasi-likelihood, approach for the Poisson response is similar to the adjusted marginal or
adjusted generalized estimating equations methods for a binary response, in the sense that it accounts
for the form of the marginal mean. Theoretically, it has the advantage of not relying on Taylor series
approximations. Unlike for binary data, where an unadjusted marginal method is poor, for a Poisson
response the unadjusted method has virtually identical performance to the direct method. This is perhaps
to be expected if we consider that the normal approximations to the response distribution used in the
marginal approximation are much more accurate for Poisson than binary responses. There is essentially
no computational advantage to the Taylor-series based approximation and so we would recommend the
direct approach as a default first choice.

Note the values of 02 used here are much smaller than those used for binary response models in
Section [5} for a Poisson response, o2 is chosen to give a plausible range of marginal overdispersion over
X (for example, approximately 1-10-45-6 when o2 = 0-1), and plausible correlation between responses
from units in the same block receiving the same treatment.
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7 Discussion

For the logistic random intercept model, use of a correction for the marginal attenuation of the parameters
yields much improved designs; in our examples, designs using this idea often performed on a par with
those from naive outcome-enumeration. Further investigations, including simulations to assess small
sample properties, are available in the first author’s Ph.D. thesis.

Tekle et al.| (2008) employed an information matrix approximation derived from penalized quasi-
likelihood (Breslow & Clayton|[1993). Their approach requires predictions of the random effects, which
they approximated at the design stage using Monte Carlo simulation. The resulting approximation is
computationally intensive and is not suitable for routine use on more complex problems. Hence, we chose
not to pursue this methodology here.

Avenues for future research include developing the necessary methodology to extend the adjusted
closed-form approximations to find designs for models with more complex random effects, and extension
of the asymptotic results in Section to other link functions for binary response.
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Appendix 1: An algorithm for determining membership of sets N (j), Z(j), P(5)

To obtain an asymptotic approximation that performs reasonably for a broad choice of designs, a decision
is required on which 7; should be considered ‘close’; that is, for given ¢ and j, which indices should we
treat as belonging to Z(j) in order to apply Theorems 1-37 Below we give the algorithm used in Example
1. The algorithm approximates exponentially decaying error terms as zero.

For calculation of the derivatives, the algorithm iteratively augments Z(j) with the index, I, of
the next closest predictor to n; if two conditions are satisfied. Condition (A) concerns the coefficient
of ¢(—n;/0)/o in the expression of Theorem [2| which is an approximation to an integral of the form
ffooo ' (t) f2(t, 0?)dt, see equation (A3) in Appendix 2. The value of this integral decreases as the set Z(5)
is augmented. Condition (B), concerning the same coefficient, is a heuristic that prevents the application
of a Taylor approximation when A;; is too large, see (A4) in Appendix 2.

For the probability calculation, we use the expression from part (i) of Theorem [If unless max;es, {7, }
and minjes, {7;} are close (less than 1 apart), in which case we take j' = argmaxg;csy{n;}, ' =
argming;es 1 {n;}, Z2(j') = {j', '} and use the expression in part (ii) of Theorem [} The cutoff distance
of v = 1 is chosen because at this point the probabilities in parts (i) and (ii) should be similar, since

O(—n;/0) — ©(—m/0) = * 1 G(—n; /o) = S¢(—n;/0).

» P(Y) | on
information matriz in (6) using Theorems 1-3 to approzimate P(Y) and OP(Y)/dn, and add it to the total.

To compute P(Y') :

T
Algorithm 1. For each possible outcome Y, approximate its contribution 1 BP(Y)}{B%(WY)} , to the

Compute Ao = maxjes,{n;} and A1 = minjes, {n;}
If M1 > Xo+7:
Set P(Y) <= ®(A\1/o) — ®(Xo/0o) [using Theorem 1(i)]
If [Ar = o < v
Set P(Y) « M [using Theorem 1(ii)]
If \i < Xo—7, set 1/P(Y) « 0, and do not compute OP(Y)/0n;
i.e. do mot include a contribution from this outcome in the information matriz approximation

To compute OP(Y)/0n;:

Declare Z(j) = {j}
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S’et 04 =1
Propose augmenting Z(j) to Z'(j) = {j,argmin,_; [n; —m|}
Iterate until STOP. Given current proposal Z'(j):
Calculate 1(5), J(j) for Z'(j), refer to as I', J' respectively
Set Cj + C;’l,)J’ + Cﬁ’gll,w Zlesmz’gjg\{j} Ay — CE?,)J’A EZGSOOZ/(]')\{]'} Ay
If (A) 0 < Cy < Cy and (B) |Cy — C’I}J/\ <|Cy — C}}?J,L accept proposal
Update Cy + Cy, Z(j) + Z'(j)
If did not accept proposal in previous step, then STOP
Otherwise make new proposal, Z'(j) + Z(j) U argmin;g z; {|m — n;|}
Set N(j) « {l:m < mp, for alll € Z(j)}
Set P(3) « {l:m >mny, forall € Z(j)}
If{S1nN(G)U{So NP ()} = 0:
Deem the outcome as quasi-increasing
Set %éjy) + (2y; — 1) max {O, ) (%“) Ca+ %¢' (—Tn]) Oﬁj)'),](j)} [using Theorem 2(i)]
Else set 81;(’;/) < 0 [using Theorem 2(ii)]

Appendix 2: Proofs and further asymptotic results

Recall that Z(j) = {l : m —n; — 0}, N(j) = {l : ; —n; = —oc}, P(4) = {l : ; —n; — oo}, and
So={j:y; =0}, St = {j : y; = 1}. For the asymptotic results, we require some assumptions repeated
here for clarity.

Assumption 4. B, = 3/V1+ 202 is fived as 0 — .

Assumption 5. For all j =1,...,m, either n; = f*(x;)Ba is fized or there exists | # j with 0} fized
and nf —n; = o(a™1).

Assumption 6. There exists Aj > 0 such that |y — ;| > 0A; forl € {So "N (j)}U{S1 NP(j)}, and
B; > 0 such that |y, — n;| > oBj for alll € {S1 NN (j)} U{SoNP(>)}.

Define
fite®y= JI hrow—ni+t) J] {1—hm—ni+1)}
1eS1NN(H) 1eSoNP(J)
fai(t,0%) = 11 h(m —mn; +1) II -rm—n+t}
lesinz()\{7} leSonZ(H)\{s}
faj(t,0”) = H h(m —mn; +1) H {1=h(m—mn;+1)}
leSINP(J) leSoNN(5)

We will mostly suppress the dependence of these functions on j and write f1, f2, f3 where the context is
clear. Fix t € R. If {S; NN (j)}U{SoNP(5)} # 0, then f(¢,0%) — 0 as 02 — oo, otherwise fi(t,02%) = 1.
We always have f3(t,0%) — 1. We make use of the following lemma.

Lemma 1. Suppose f3 is as defined above, and fi(t,0?) is measurable as a function of t for all fized
o2, with 0 < f4(t,0?) < K for all t,o?, for some K > 0. Then:
(i) For any e > 0, as 0> — 00,

oo

(oo}
| HORtoAf = [ K@) s+ 0o ),
—00 —00
i.e. replacing f3 by 1 in the integrand incurs only an exponentially decaying error.

(ii) Suppose that A1, Ao vary with o2, but |A1],|As| < Amax. Then, as 02 — oo, for any € > 0,

/OO R(t + A){1 — h(t + D)} f3(t, 0%) fa(t, o?)dt

= / h(t + A){1 = h(t + Do)} fa(t, 0%)dt + O(e~o A/ [0Fem])

i.e. the integrator, h'(t), in (i) can be replaced by h(t + A1){1 — h(t + Aq)}.
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The key idea in the proof of Lemma 1 is to approximate the logistic function by a step function.
Observe that if & is the logistic function and S(t) = I(t > 0), then there is L > 0 such that |h(t) — S(t)| <
Le~Itl. Moreover, we can reduce the rate constant for the exponential and still have an upper bound.
Thus, given € > 0, |h(t) — S(t)| < Le~ /04,

As a prelude to the proof of Lemma 1, we demonstrate exponential convergence of a relatively simple
integral to zero. The full proof is more intricate, but does not involve many more ideas. Observe

‘ / [h(t+a)S(t+0)}h’(t)dt' < / Le=o/QF)=t/ A+ p! (1) dt + / R (t)dt
—00 +0>0 t+o0<0

(oo}
< Le—0/<1+6>/ e+ () dt + h(—0)

= O(e™ /049y

Key to the conclusion is the observation that the integral in the second line is finite. This is true
since in the upper and lower tails the integrand is bounded, respectively, by e [tH1+1/(1+e)} anq
e~ [1H{1=1/0+6)} “where X > 1. The integral is not finite if € = 0.

of Lemma 1. Part (i): Observe that

fato) = JI w=u-nj+t) [ »onw—n+1)

1€SoNN(5) 1eS1NP(j)

Assume Ajo +t > 0. Then, for | € S NP(j), there is a constant L,, > 0 such that

A =y + 1) = 1| = |h(m = nj + 1) = S(m — 1 +1)| < Lype M-t/ (QFam)
< Le oA/ ((Arem)—t/((A+e)m) < 1 o=oA;/(1+e)m)+[t]/(1+e)m)

By a similar argument, L,, can also be chosen such that, in addition, for [ € Sy NN (j) and ¢t < Ajo,
|h(—(m —mn; +1) — 1] < L,e~ 437/ ((A+e)ym)+[t]/((1+e)m)
Thus, for —Ajo <t < Ajo,

1 Lme_aAj/((1+e>m>+\t|/<(1+e>m>} < f3(t,0?) < 1.
1e{SoNN () }U{S1NP ()}

Let K = [{So NN(H)} U {S1 NP(j)}, noting x < m. Binomial expansion of the product yields a
conservative bound,

o0
< Z( ) e loA;/(1+e)m) /_OO U/ (+em) pr () g

= O(e~ A/ ((Fam)y

M' ({1~ f(t,0%)}dt

as the integral on the right hand side is finite for [ < m. Moreover,

/oo R (#){1 - f3(t702)}dt <1—h(Ajo) = O(e—Ajg)7

Ajo

and similarly

< h(—Ajo) = O0(e %),

7A]>0'
[, W(O{L — fa(t,o®)}dt

oo

Overall,
’/ {1 - f3(t o )}dt’ ( *UAJ'/((IJre)m)).

When combined with the assumption 0 < f4(¢,02%) < K, this is adequate to prove the lemma.
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Part (ii): First note that there exists K’ > 0 such that, for all Ay, Ay with |Aq], |As] < Amaxs
h(t + A {1 —h(t+ A2)} < K'B/(t). (16)

Now consider the case fq; = 1, for which we have
/ Bt + A){L = h(t + Ao)H1 — fu(t, ) }de

S K// hl(t){l — f3(t7 0’2)}dt = O(e_UAJ/((1+E)m)) ,

as established in part (i). The result for general f4 holds via a similar argument to part (i).
It can be seen that a conservative choice in above is K’ = 4exp Anax. To show this, note

h(t+ A){1 — h(t + A2)} eAr(1 + et)? eBi(et +1)2

= b/ (t) T (L e tAN) (1t ettB) T (et edi)(et + b2

For ¢ > 0, use the final expression above to see that R < eB1 x 4/6A1+A2 = 4e B2 < 4ePmax For t < 0,
considering the penultimate expression above we see R < €21 x 4/1 < 4efmax, O

of Theorem 2 (Derivatives). Part (i): The derivative is given by

89(73/):(2%—1) [ o TT hoeow T (1= hin+onotuds

—oo 1eS5:1\{j} 1€So\{s}
— @/_ B () f1(t, 0%) folt, 02) f3(t, 0%) (:r - Zf) dt, (17)

since, from Assumption 5} N (j) U Z(j) UP(G) ={1,....,m}. ESSNN(j) =SoNP(j) =0, then f; =1
and, from Lemma 1(i), (17)) is equal to

2y 1) /Oo W (t) fa(t,0?)¢ (; - ?) dt+0 <1e—"AJ‘/[<1+€>m}) :

o oo o

Applying Taylor’s theorem (to the normal density), we find an approximation correct to O(c=3):

0PWY) _ @y —1) {¢<—nj/a> | wontona s CERD [ o p, o }

377;‘ g —o0 —o0

g

+0(03)+0 <1effAf/ [<1+6>ml> : (18)

We now expand f> in terms of Ay; = 1 — n; to find a computationally simpler expansion. Recall that
1) = 1510 2\, J(5) = 1So N Z2(5)\{j}], and note that

fao(t,0%) = h(®)' D1 = h®)} D+ 3" Ak () DL = h(t)} D)
leS1NZ(H\{5}
- Y AWM I - RO+ 3T 0AY). (19)

leSonZ(jH)\{s} le2(4)

Substituting into gives the result.
Part (ii). Applying a similar argument to that in the proof of Lemma 1, to the function f; in the

case {S1NN()}U{SoNP(j)} # 0, shows that
/oo h/(t>f1(t70'2)f4(t,0'2>dt _ O(e—aBj/(1+€)> .

Applying this to above gives the result. O
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Lemma 2. Let f5(n,u) be a function, measurable as a function of u for fizredn, satisfying 0 < f5(n,u) < K.
Then:

/ " Ja(m owh(n + ou)(u)du = / " fa(mou)S(n + ou)é(u)du + O,
where S(t) =1(t > 0).

of Lemma 2. Note that

\ | om0 o+ 000 — S+ ow)] oty

<K [ o) = 5l ot/r — /o

— 00

< K¢(—n/o)

2 [ Dilde+ 002,
where D(t) = h(t) — S(t), by application of Taylor’s theorem. O
of Theorem 1 (Probabilities). Part (i): Observe

V)= [ I bl + o) TT (1= bt + o) oo

X jes j€So

/ H I(n; + ou > 0) H I(n; + ou < 0)¢(u)du + O(c™ 1)

X jes JESo
= [ Mo} < —u < min{uyfo})o(u)du+ O
= max{0, ®(min{n;/0}) - S(max{n;/s})} + O(c™"),

where the second line follows by repeated application of Lemma [2}

Part (ii): By assumption, there exists j* € S such that {So NP ()} U{SiNN (")} =0, [SoNZ(j")| > 1
and |S1 N Z(j")| > 1. Thus, taking I; € S1 N Z(5), l2 € So N Z(5'),

PO =2 [ [y + 001 = iy + 1)

11 {1—h(Ay +1)} 1T h(Ayr +t)

1eSonZ(3")\{l2} leSinZ2(G)\{l}

fa.40(t,0%)(t)o — 77j//0'):| dt.

Since Ay, j7, Ay, j» — 0, we have that A, 7, Ay, - are bounded. Thus, from Lemma 1(ii),

/ {1 —hag 0t T My + 06(to — g o)t

o0 lesomz 1€SINZ(5")

+0 7670Aj//[(1+e)m} )
g

This can be approximated using a Taylor expansion in A;; as

/ f-nwy [[  r06@e —ny /o)t
o0 leSDOZ(] leS1n2(j")
* 3 0y +0 (Zemoantizom)
ZEZ

A formal argument using the mean value form of Taylor’s theorem can be made to verify that the
additional error incurred by the last step is indeed ;. 2(7) O(Ayj /o). Applying Taylor’s theorem to
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the normal density function yields

/ fa-nwy I w0y

o0 leSomZ(g 1€S1NZ(5")

/ a-nmy I hd (—ifoydt

o0 IGSOOZ(] 1€S1NZ(5")

1
+ O(Au'/ﬁ)+0<ae"Af’/[(l“)m]),

leZ(j5")

with 7, between n;; and n;; — ¢t. Since h'(t) = h(t){1 — h(t)}, the second integral has the form
J75 W (t) fa(t, 0?)dt, with f4 bounded, and so the overall remainder term is O(c~?2). O

of Theorem 8. We show that, for all outcomes,

PY
‘ on; ‘/

Observe that both h(t), 1 — h(t) > (1/2)e" 1"l and h'(t) < e ¥l For j € Sy,

/ h(n; + ou) H h(m + ou) H {1 = h(m + ou)}p(u)du

1e5:\{5} 1e€So\{7}

>q2) [ e T wmrow) [T 0 b+ ow)o(da

1es1\{s} 1€So\ {4}
and the same lower bound holds for j € §y. Compare with the derivative,

‘ oP(Y) ‘
on;

= /700 h'(n; + ou) H h(m + ou) H {1 = h(m + ou)}p(u)du

1e8:1\{s} 1eSo\ {5}

< /00 e~ Imitoul H h(m + ou) H {1 ="h(m + ou)}o(u)du

—0o0 1e5:1\{s5} 1eSo\{7}

Thus ‘6P(Y ’ /P(Y) <2 and, in conjunction with Theorems 1 and 2, the theorem is proved.
O

Propositions 1 and 2 below give additional details of the behaviour of the random intercept logistic

regression model for large o2.
Proposition 1. As 02 — oo (i) the probability that the outcome in any given block is increasing is

1+ O(c™Y); (i) the probability that the outcomes in all blocks are increasing is 1+ O(o~1).

Proof. Consider a single block. Without loss of generality, we may assume the units in the block are
ordered such that n; < ... <n,,. We define ng = —00, 9,41 = o0 for convenience. Then, the increasing
outcomes are (00...0), (00...01), (00...11), ..., (11...1). From Theorem 1, with Y = (y1,...,ym)T €
{0,1}™, a within block outcome vector,

P{Y is increasing and first 1 occurs at y;} = ®(—n;j_1/0) — ®(—n;/0) + O(c™1).
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Overall,

m+1
P{Y is increasing} = Z P{Y is increasing and first 1 occurs at jth position}
j=1

= ) _[@(=nj-1/0) = ®(=n;/0)] + O(e™")

= ®(=m/0) = ®(=m/0) + B(—=m /o) — ®(=1n2/0)

... = @(=nm/0) + ©(—nm/0) — D(—Nmt1/0) + 0(071)
= ®(00) — ®(—00) + O(0 ")
=1+0(c71).

By independence of blocks, the probability that the outcomes of all blocks are increasing is (1+0(a~1))".
This equals 1 +nO(c71) + O(c72) = 1 4+ O(c~!), by binomial expansion. O

Proposition 2. For any o > 0, if all blocks have increasing outcomes, then the parameters of the logistic
model with fized block effects and linear predictor

T]ijZfT(J)ij)B—f—’yi, t=1,....,n;5=1,...,m,
are not estimable by mazximum likelihood.

Proof. The argument is essentially the same as for separation in the standard logistic model case. From
the assumptions that the outcomes in each block are increasing, for each i there exists 7; such that

[N xi)B >0 = yij =1
[H(xij)B <7 <= yi; =0

For A > 0, consider 0y = (Bx,72) = (A3, —=\ij). Let &;; = fT(x;;)B8 — 7;, and note that d;; > 0 if y;; = 1
and 5ij < 0if Yij = 0. Then

Pryloy) = [ »6y) ] {1-n(Ad;)}

4,7 yig=1 4,5 :Yi;=0

As A — oo, Pr(y|é,\) — 1. Thus, given any set of finite parameter values (which must have likelihood
less than 1), there is a 6, that has higher likelihood. Thus there is no set of finite parameter values that
maximize the likelihood. O

Appendix 3: Estimation of parameters for large o

To assess the difficulty of estimating the fixed parameters for varying o, for parameters 8; # 0 we
examined the approximate relative error of estimation,

sd(8:)/18:| = M€ 0)1 ) (VnlBi),

with the optimal design for each of the parameter combinations in Section 5.2. For §; = 0, we compared
the standard deviation of §; to the magnitude of the smallest nonzero parameter,

sd(Bi)/ {1,:12111;10} |8i] -
These relative errors are plotted in Figure Al above, with each colour corresponding to a different
parameter scenario. We use relative errors as these are most appropriate when comparing estimation
quality for parameter values of potentially quite different sizes.
We see that, for comparable values of the marginal parameters, the relative errors for $; and fa
tend to decrease or remain approximately the same as ¢ increases. For these parameters, therefore, the
same level of estimation precision may be achieved for large ¢ with no additional experimental units
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Figure 3: Sample-size normalized approximate relative estimation error (for 8; # 0, [M 5 L 0)] ;/ 2 /B:),

for varying o2. Relative errors on the same coloured line correspond to parameter scenarios with the
same values of the marginal parameters. The first, second, and third panels correspond to (g, 1, and
(B2, respectively.

or, in some cases, up to 40% fewer units. The relative error for 8y increases with o by 18-30% in our
examples. Hence for the largest o, 39-69% more experimental units are needed to maintain the same
level of estimation precision in . However, By is often the parameter of least interest. These sample
size considerations make clear that useful experimentation remains possible for large ¢ though, of course,
detailed results for particular applications may vary.
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