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Abstract Inthis paper the extended growth curve model is considered. The literature
comprises two versions of the model. These models can be connected by one-to-one
reparameterizations but since estimators are non-linear it is not obvious how to trans-
mit properties of estimators from one model to another. Since it is only for one of the
models where detailed knowledge concerning estimators is available (Kollo and von
Rosen, Advanced multivariate statistics with matrices. Springer, Dordrecht, 2005) the
object in this paper is therefore to present uniqueness properties and moment relations
for the estimators of the second model. One aim of the paper is also to complete the
results for the model presented in Kollo and von Rosen (Advanced multivariate statis-
tics with matrices. Springer, Dordrecht, 2005). The presented proofs of uniqueness for
linear combinations of estimators are valid for both models and are simplifications of
proofs given in Kollo and von Rosen (Advanced multivariate statistics with matrices.
Springer, Dordrecht, 2005).

Keywords Extended growth curve model - Maximum likelihood estimators -
Moments - Estimability

1 Introduction

In experiments, in which more than one characteristic of every treatment is measured,
multivariate linear models may be applied. A well known and interesting multivariate
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linear model is the growth curve model (GCM) due to Potthof and Roy (1964) which
belongs to the curved exponential family. Many results and references can be found in
Kollo and von Rosen (2005) [Chapter 4]. Among others explicit maximum likelihood
estimators (MLE), estimability conditions, moments and approximative distributions
of the estimators are available.

Markiewicz and Szczepariska (2007) considered the GCM with additional nuisance
parameters. They determined estimators of the parameters of interest as well as pre-
sented the first and second order moments of this estimator. Kiefer optimal designs
and relations between optimality under univariate and multivariate models were given.
Moreover, the GCM with two nuisance parameters was considered in Filipiak et al.
(2009). The authors gave estimators of two matrices of parameters and obtained appro-
priate moment relations to determine Kiefer optimal designs.

Consider a linear model

Yy=Ai1B +AB, +A3B; + ¢, (1

where A; € R™™i | = 1,2,3, are known design matrices and y € R” is an
observable random vector, which depends linearly on several parameters. The model
in (1) represents measurements on a single response variable y. Here §; € R™, i =
1,2, 3, are vectors of parameters, and € € R” is a vector of normally distributed
random errors with expectation E[e] = 0, and dispersion matrix D[e] = 021,,, where
o2 is unknown constant and I, is the identity matrix of order 7.

If we are measuring p response variables on each sampling unit we can extend (1)

and consider the following multivariate linear model
Y =A;BC, +A;B,C, + A3B3C3 + E, )

where in addition to A; the matrices C; € R%*P, j = 1, 2, 3, are known. The matrix
Y € R"*P is an observations matrix and B; € R™*4% | = 1,2, 3, are matrices
of unknown parameters. The matrix E € R"*? is a matrix of random errors, nor-
mally distributed, with expectation E[E] = 0 and with dispersion matrix D[E] =
Dlvec(E)] = X ®I,, where X € R is an unknown positive definite matrix, vec(E)
denotes the vector in RP" formed by putting the columns of E € R"*? under each
other, starting from the left, and ® denotes the Kronecker product. The matrices A;
(between-individuals design matrices) are used to design the experiment, i.e., lay out
treatments in an appropriate way, whereas the C; matrices (within-individuals design
matrices) are used to describe the relation between the response variables.

The model in (2) will be called extended growth curve model (EGCM). As seen it
is a generalized version of the GCM, i.e., E[Y] = A|B|Cy, and is sometimes termed
sums of profiles model (see Verbyla and Venables 1988). The model may be viewed
as a multivariate seemingly unrelated regression (SUR) model. The maximum likeli-
hood equations can not be explicitly solved for such a model. However, if the nested
subspace condition R(C}) € R(C}) € R(C)) or R(A3) € R(Az) € R(Ay) hold,
than it is possible to solve maximum likelihood equations and find explicit maximum
likelihood estimators of unknown parameters. The above conditions lead to differ-
ent parameterizations. However, it is only for one of them where a lot of detailed
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knowledge such as uniqueness conditions for MLEs, moments and asymptotics has
been presented (e.g. Kollo and von Rosen 2005 [Chapter 4]: observe that the roles of
A; and C; in this work are interchanged). When discussing Kiefer optimality, unfortu-
nately, we need results for the estimators of parameters in the other parameterization.
If the nested condition is not fulfilled, special structures of X may be considered (see
e.g. Andersson and Perlman 1993, 1998).

In the subsequent we are going to refer to the two models as Model I and Model 11
(R (e) denotes the column space).

Definition 1 Let all matrices be the same as in (2).

Model I:

Y=AB;C+A2B,C: + A3B;C3 + E, R(C}) € R(Ch S R(C));
3

Model II:
Y =A1BiC| +A2BCr +A3B3C3 +E, R(A3) € R(A2) € R(AY).

It will now be shown that Model I and Model II indeed are equivalent, i.e., via
reparameterizations one can derive Model I from Model II or vice versa. From (3) it
follows that there exist matrices H; and H, such that

R(C)) = R(Cy) BRMH)), R(Cy) = R(C5) BRH,),

where H denotes the orthogonal sum of subspaces. Let @) = (@1 : @2 : ®13) and
O, = (O3] : O2). Then, Model I is equivalent to

Y = (A1 : Ay 1 A3) (O], : O : B)'Cs
+(A1 : A2)(@), : ©)H; + A1O3H; +E

which according to Definition 1 is of Model II type. The main problem is that because
of non-linearity of estimators it is not obvious how to transmit properties of estimators
from one model to the other, in particular moment relations. This will become clear
when explicit estimators are presented. Moreover, since the covariance between the
estimators of B; and B; has not been derived in Model Il it is obvious that we can not
obtain the dispersion for B; in Model I by using results from Model II.

In this paper we are mainly interested in the EGCM model with the range condition
on the within-individuals design matrices, i.e., Model 1. The reason for this is that in
models connected to experimental designs the column spaces of between-individuals
design matrices should be disjoint or, the intersection should be as small as possi-
ble (cf. regression models, interference models). For example, in block designs, only
designs for that the common space of design matrices is the space spanned by the
vector of ones are connected (for more details see e.g. Filipiak and Rézanski 2009).

@ Springer



K. Filipiak, D. von Rosen

The main goal of this paper is to present results for Model I and put them into
relation with results for Model II. For Model I we give estimators of the unknown
parameters as well as moments of these estimators. Conditions for uniqueness of the
estimators will also be given. It is worth noting, that the results are similar for both
models, although the methods of deriving them differ. For example, to calculate the
second order moments of estimators of unknown parameters in Model I, which are
useful in determining Kiefer optimal designs (see e.g. Filipiak et al. 2009), the prop-
erties of multivariate beta distribution and its inverse must be used, while in Model II
it was enough to apply the properties of Wishart distribution. Because the moments
are difficult to obtain rather many details will be given, which burden the presentation
but seem to be unavoidable.

Throughout the paper we use the following notation. Let Py = X(X'X)~X’ and
Qx = I, — Px denote the orthogonal projectors on the column space R(X) and its
orthocomplement, respectively. Moreover, X~ denotes an arbitrary generalized inverse
of the matrix X and X is any matrix spanning R(X)*. For a positive definite B we
denote Py.p = X(X'BX)"X'Band Qx.p = I—Px.p.Since Pz-1250 = Qpgi2x (cf.
Markiewicz 2001; Kollo and von Rosen 2005) it follows that I = Py.p + P;(O‘ p-1
which is equivalent to ’

B = BX(X'BX)"X'B + X°(X’ B~'X?)~ X’

a formula which often will be utilized in this paper. We use rankX and trX to denote
the rank and the trace of X, respectively. Moreover, sometimes it is written (A)()’
instead of (A)(A)'.

The Introduction is ended by presenting an example which illustrates Model 1.
Example of Model II may be found in Kollo and von Rosen (2005) [Example 4.1.2,
p- 374].

Example 1 Consider an agricultural experiment. Suppose it is desired to compare the
yield of v different varieties of grain (treatments). It is likely that there is an interaction
between the environment (type of soil, rainfall, drainage, etc.) and the variety of grain
which will alter the yields. So, b blocks [sets of experimental plots (units)] are chosen
in which the environment is fairly consistent throughout the block; R. A. Fisher and
F. Yates, early 1930’s.

Let n experimental units (plots) because of extraneous variability be divided into b
blocks each of size k where the blocks consist of homogeneous units. Let v treatments
be applied to the units so that each unit receives one treatment. The treatment which
is applied to unit j in block i is determined by the design d. In each block the effect
of the treatments applied to each unit is measured by a random variable y.

Assume, the response on a given plot may be affected by treatments on neighboring
plots as well as by the treatment applied to that plot. Consider experiments with a one-
dimensional arrangement of plots in each block, and for which the treatments have
different left and right neighbor interference effects. In the literature circular experi-
ments (Druilhet 1999) and experiments without border plots (Kunert and Martin 2000)
have been studied.
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Suppose that a linear model associated with a design d has the form
Y=A14B1 +A24B+A3p3 +€,

where ;, i = 1, 2, 3, are the unknown vectors of treatment effects, neighbor effects,
and block effects, respectively, and € is the vector of random errors. The matrix A 4 €
R™? depends on the design and it is a binary matrix which satisfies A 41, = 1,.
The matrix Ay 4 = (I, @ H)A; 4 : (I ® H)A; 4), is a known matrix of neighbor
effects, where either

0, 1 0 0
H=|( t! or H=|{ !
(Ik—l 0k—1) (Ik—l 01
for the circular designs and for the designs without border plots, respectively (0x_1 is
a k — 1 dimensional vector of zeros). The matrix A3 = I}, ® 1 is the design matrix of
block effects.

In the literature such a model is called an interference model with neighbor effects;
see e.g. Druilhet (1999); Kunert and Martin (2000).

Case 1 Assume, we are interested in measuring p characteristics of every treatment
from n experimental units. Then, we have the following extension of the interference
model:

Y =A;,4BiC; +A,B,Cy+ A3B3C3 +E,

where Y € R"*P is the matrix of observations, B;, i = 1,2, 3, are the unknown
matrices of treatment, neighbor and block effects, respectively, and C;, i = 1,2, 3,
are the restriction matrices, i.e., the between-individual design matrices.

Assume, that in the experiment there is no left- and right-neighbor effect for the
last characteristic and there is no block effect for the last two characteristics. Then,
Ci=1,, C;=(0,-1,0,_1) and C3 = (I,—2,0,_2,0,_>) and we obtain Model I.
Such a situation may occur for example in experiments with oil plants (sunflowers,
rape), where the neighbor effects are significant for morphological characteristics
(height, yield), but not for instance the oil content in plant. The block effects may be
significant for the yield, but not for some physiological characteristics (compounds
content in grain, genetic characteristics).

Case 2 Consider an experiment, that some individuals are observed repeatedly in p
time points. Then, we have the following extension of the interference model:

Y =A14Bi1Ci +A24B,C + A3B3C3 +E,

where Y € R"*? is the matrix of observations, B;, i = 1, 2, 3, are the unknown
matrices of treatment, neighbor and block effects, respectively, and C;, i = 1,2, 3,
are the restriction matrices.

Assume, that there is polynomial regression dependence between treatment effects
(polynomial of order g;) and polynomial regression dependence between neighbor
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effects (polynomial of order ¢», g2 < qi), while block effects are the same for
every time point. Then C;, i = 1,2, are Vandermonde matrices from R%*” and
C3 = J43% p- Again we obtain Model L.

It is also worth noting that the multivariate extension of the standard cross-over
model with carry-over effects (see e.g. Kunert 1983) may be formulated as Model I.

2 Maximum likelihood estimators

Throughout the paper we consider maximum likelihood estimators of unknown param-
eters in Model I as well as Model II. For Model I the results are given partially in
Filipiak et al. (2009).

Theorem 1 In Model I the maximum likelihood estimators of the parameters equal
B) = (A{A)"A[(Y — A;B,C; — A3B3C3)S5 ' (€185 C))
+ADZ11C} + A Z12CY
By = (A5Qu,A2) A5Qu, (Y — A3B3C3)S; ' C4 (€285 ' Ch) ™
+(A5Q4,)°Z,1C), + A5Qq, Zzzcgl,
B3 = (A5Qa,:4,)A3) "A5Q(4,:4,) YST ' C5(C387'Ch)
+(A5Q(4,:42)°Z31Ch + A5Q4,:4) Z32CF

where

Sl = Y/Q(AI;A2:A3)Y7 SZ - Sl + ch;sl—lY/PQ(AI:AZ)A3YQ/C§;S;1a
— / /
S3 =8, + QCé;Sle PQA] AZYQCE;SEI )

and Z;j, i = 1,2,3, j = 1,2, are arbitrary matrices. The ML-estimator of the
dispersion matrix can be written

nE = (Y — A|BiC| — A;B2Cy — A3B3C3)'() = S3+ Qg 1 YPAYQ, .
Y3 C1iS3

Theorem 2 (Kollo and von Rosen 2005) In Model II the maximum likelihood estima-
tors of the parameters equal

B = (AJA) A (Y — A2B2Cr — A3B3C3)S, ' C (€S C))™
+Z11C + APZ1,C,
o — A/ o —1 -1 _
B, = (A/2A2) A5(Y — A3B3C3)Sz QC;;S(' C/Z(CZQ/Ci;Sl_]Sz QCE;S;] C/Z)
+721(C2Q {;Sl—l)o +AZ0Qcr 51 G,

C
B3 = (A5A3)”ALYS; ' P3C4(C3P4S; 'P3C)) ™ + Z31 (C3P)” 4+ AYZ3P5Ch,
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where

Sl = Y/QAle S2 = Sl + Qci;SI*IY/PAlQAzPAlYQ/Ci;Sl—Is
S3 =8, + P3Y/PA1QA3PA1YP/3,

andZ;j, i =1,2,3, j =1, 2 are arbitrary matrices, and
nf =(Y - A1§1C1 — AzﬁzCz - A3§3C3)/() = S3+ P4Y/PA3YP£L,
withP; =U; 1 x---x U, i=3,4, U; = QP]-C/.'S_]’ j=1723
7’70

Both Theorems 1 and 2 can be obtained by solving the following likelihood equa-
tions:

0= A} (Y —AB;C| — A;B,C; — A3B3C3)Z ' C, 4)
0 =AY —AB;C; — AB,C; — A3B;C3)E71C), )
0 =AY — A1B|C; — A;B,Cy — A3B;C3)Z7!CS, (©6)

n¥ = (Y —ABiC; — A;B,C) — A3B3C3) ().

3 Uniqueness conditions for the MLEs
Consider the model
y=XB+Zy+e, E() =0, Cov(e)=0"%,
where X is known. It is known that the least squares estimator of a linear function

of the parameter vector 8, say p/ﬁ, is unique if and only if p’B is estimable. The
estimability condition may be expressed as

p € RX'Qz2);
see e.g. Baksalary (1984). Using the “vec” operator and then considering linear spaces
generated by Kronecker products, which indeed are tensor spaces it can be seen that
under the multivariate model with nuisance parameters and unknown X, i.e.,
Y=AEP; +A,0P, +E,
the estimability condition for KEL can be written

RIL®K) C R((P1 ® A)Qppa,):

for more details see e.g. Filipiak et al. (2009). These conditions are identical to the
uniqueness condition of the least squares estimator of .
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Let us consider Models I and II. We are interested in estimation of linear functions
of B;, i = 1,2, 3, which can be presented as KB;L. The cases i = 2, 3 have been
presented in Filipiak et al. (2009). Thus, we will prove only case (i) of the theorem
below.

The bearing idea of the proof is the following. If ¥ is known we have a usual
Gauss-Markov model. In this case all estimators satisfy, for given X, (4), (5) and (6).
However, it will appear that the uniqueness conditions depend only on the design
matrices A; and C; and are completely unrelated with X. Thus, for all values of X,
including the MLE, the same conditions for uniqueness are obtained. Hence, we have
the complete solution to uniqueness/estimation problems for the EGCM and it suffices
to consider models with known X. Moreover, it is noted that we immediately obtain
conditions for both Model I and Model II and ¥ in both models is always uniquely
estimated.

Theorem 3 The linear functions KB;L, i = 1, 2, 3, are estimable in Model I if and
only if

(i) RILOK)CR (C1Qcé ® Ai) +R (ClpcéQcé ® AQQAZ)

+R <C1Pc§ ® AllQ(AzzA3)) ; for i =1,
(i) R(LOK) SR (C2Qc; ®A5Qu,) +R (C2Pe, @ AL Quapiay) s for i =2,
(iii) R (LO®K') € R (C3 ® A5Q(4,:4,)) for i =3.

Proof Letconsider Model I and leti = 1. Using the “vec” operator and by elimination
of nuisance parameters (first B, and then B3) we obtain the estimability condition

R(L®K)CR ((Cl ® A/I)QC§®A2QQ%®A2(C§®A3)) :
Since R(C5) € R(C,) € R(C}) we have
(C1 ® ADQcyea, = C1Q¢, ® A} + C1P¢; ® A1Qu,
and
Qc§®A2 (C; ® Az) = C; ® Qa,As.
Thus

/
(C1 ®A] )QC£®A2QQC§®A2(C§®A3)

= (Cché ®A] +CiPg; ® A/1QA2) Q004,45
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Using the fact that PeyPe; = P we have Q¢;Pc; = 0, and from the idempotent
property of Q4, and the property PQA2 Ay = Pay.a,) — Pa, we get

(Cché ® A/l + Clpcé & A/1 QAz) Qc§®QA2A3
=CiQ¢; ® Al + CiPcQc; ® A1Qa, + CiPc ® A1Q4y:45)-
Since R(X) = R(XX') we obtain
R (L&K) € R (C1Qc,C) ® AjA| + C1P, QP Ci @ ATQuAl
+C1Pc§C/1 ® AllQ(Az:A3)A1)

and the nonnegative definiteness of the components in the sum implies (i). O

Theorem 4 The linear functions KB;L, i = 1,2, 3, are estimable in Model Il if and
only if

) R(LOK)CR(C®AQs)+R(CiQ ®A|PL,Q,)

+R (ClQ(cé;cg) ®A’1PA3) , for i =1,
(i) R(LOK)CR(CQc & A,Qu) + R (C:Qcpcy ® AP, ). for i =2,
(ii)) R (L®K) € R (C:Qcpcy) © A ) for i =3.

Proof Replacing R(C}) € R(C)) € R(C)) by R(A3) € R(Az) € R(Ay), the
proof follows similarly to the previous one. O

It is worth noting, that the column spaces in both theorems are not necessarily dis-
joint (see e.g. Case 2 in the Example 1). Thus, respective sums cannot be replaced by
orthogonal sums.

The next corollary is an immediate consequence of the theorems.

Corollary 1 Under Model I (Model II) with known X, the least squares estimator
of a linear function of B;, i = 1,2, 3, is unique if and only if the conditions of
Theorem 3 (Theorem 4) are satisfied.

In order to guarantee uniqueness of ﬁ,-, i = 1,2, 3, it is necessary to cancel in
Theorem 1 (Theorem 2) the expressions which involve Zy;, k,I = 1,2, 3. For Model I
the immediate consequence of this fact is the following corollary.

Corollary 2 In Model 1
1) ﬁl is unique if and only if
rank(A) = my, rank(Cp) =gqi1, R(A1) NR(A2) = {0},
R(A2)*" NR(A1 : A2) NR(A2 1 A3) = {0);
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(ii) ﬁz is unique if and only if

rank(An) = my, rank(Cy) =q2, R(A1) NR(A2) = {0},
RADENRAL: A) NRA] : Az) = {0};

(iii) ﬁg is unique if and only if
rank(A3) = m3, rank(C3) =g¢q3, R(A3) NR(A|: Az) = {0}

For Model II conditions for uniqueness of estimators are given in Kollo and von
Rosen (2005) [Theorem 4.1.12, p. 396].

4 Moments

Since the distributions of the MLEs are difficult to derive one has to focus on moments.
They can be used to validate the model as well as be used in density approximations,
e.g. Edgeworth expansions. Before considering dispersion matrices of the MLEs of
the mean parameters we note that they are unbiased.

Theoregl 5 Suppose that in Model I the MLEs Kﬁi L, i=1,2,3, are uniquely estimated.
Then KB;L, i=1,2,3, are unbiased estimators of KB;L, i=1,2,3.

Proof KB3L is unbiased since S is independent of A3Q( AiAn Y.

KB2L is unbiased since S; is independent of A5Q4, Y and R(C}) € R(C)).

KB, L is unbiased since S5 is independent of A’Y and R(C%) € R(C,) € R(C)).
O

For Model II the corresponding result is given in Kollo and von Rosen (2005)
[Theorem 4.2.6, p. 430].

Theorem 6 Suppose thatin Model I the MLEs KB,L, i=1,2,3, are uniquely estimated.
Let

n—rank(A; : Ay A3) — 1

Y rank(A, : Az : A3) — p +rank(C3) — 1

_ p —rank(C2)
V2 = T rank(A, : Aa) — p + rank(Cy) — 17

(n —rank(A| : Ay) — p +rank(C3) — 1)(p — rank(C>))
7= (n —rank(A| : A : A3) — p +rank(C3) — 1)(n — rank(A; : Ap) — p +rank(C>) — 1)’
p —rank(Cy) n —rank(Aj : A2) — p +rank(C3) — 1
Y T rank(A)) — p+rank(C1) — 17 T 7 —rank(A; : Az A3) — p +rank(C3) — 1
n —rank(Aj) — p +rank(Cy) — 1 n —rank(A; : Ap)

Yo T rank(A; - Ay) — p+rank(Ca) — 17 7T T n —rank(A))

. n— rank(A) — p + rank(Cy) — 1
V8 rank(A, : As) — p 4 rank(Cy) — 1
Then,
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() Ify1 >0
DIKB;L] = L' (C327'C) "L ® K(A;Q4,:4,)A3) K.
@) Ify1 >0, o >0and y3 >0

D[KB,L] = ylL/Zl/ZPE_l/zcgzl/zL ® K(A5Q(a,:45A2) K’
HLE2 [(1 4+ )P roiae, + (5 = 2 = )Pgng | 2L
® K(A5Q4,A2) K.

(i) ilfy; >0, i=1,...,8

DIKB,L] = ylL/El/ZPE_l/ZCéE]/ZL
® K(A|A]) ™A} (I — A2 (A5Q4,A2) " A5Q4,)A3(A5 QA .4, A3)” AS
x (1= Qa,A2(A5Q4,A2)” Ab)A | (A}A]) K/
+UE2[(1 4 y)Psoingy + (3 = v)Psogy | EVPL
® K(A|Q4,A1) K’

+L/'x!/2 [(1 TyPgipcr =+ y2 +ya)Prncy

+ aysve +v2 = v3)Pg-ipcy HvavePo z—l/zcé] z!L
- 3

® K(AJA]) K.

Proof The proofs of (i) and (ii) are given below whereas the proof of (iii), because of
lengthy calculations and similarities with (ii), is presented in the Appendix B.
Proof of (i): First observe that

K(B3 — B3)L = K(A5Q(4,:4,)A3) " A5Q(4,:4,) (Y — E[YDS] ' C5(C387 ' C4) L.
Since A5Q(4,:4,) Y is independent of S

DIKBsL] = E[L'(C387'C5)” C3S; ' Z87 ! C4(C38; ' Cy) L]
® K(A3Q(4,:4,)A3) K.

However, S| ~ W, (X, n — rank(A : Az :A3)) and via some calculations, see Kollo
and von Rosen (2005) [(4.2.18)—(4.2.23), p. 413], the statement follows.
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Proof of (ii): From Theorem 1 it follows that

DIKB,L] = D[K(A5Q4,A2)"A5Q4, (Y — E[Y]DS; ' C5(C285 ' €))L (7
+DIK(A5Q4,A2)A5Qa,A3(B3 — B3)C38; ' CH(C28,'Cy) Ll (8)
+Cov[K(A5Qa,A2) A5 Qq, (Y — E[YDS; ' C5(C2S5 ' CH) L,
K(A5Q4,A2)"A5Qu, A3(B3 — B3)C3S; ' C5(C,8; ' Ch) 7L
+Cov[K(A5Q4,A2)"A5Q4, A3 (B3 — B3)C3S, ' C4(Co8; ' CH) L,
K(A5Q4,A2)7A5Q4, (Y — E[Y]DS; 'CH(C2S, ' CH) LI

Because of independence between AZ\QAIY and S; and between AQ4,Y and
Q(4;:4,) Y, because of unbiasedness of B3, and since R(C5) € R(C}) implies

C5S; 1 C4(C28,1ChH)~Cr = €5
we obtain

Cov[K(A5Q4,A2)"A5Qq, (Y — E[Y]S; 'C5(C2S, ' €))L
K(A5Q4,A2)” AZQAlAs(B3—B%)C3SQ C2(C282 Cy)~ L]

= Cov[K(A5Q4,A2)"A5Q4, (Y — E[Y])C5(C,C5) L
K(A5Q4,A2)"A5Qa,A3(B3 — B3)C3C5(C2Ch)~ L] =0.

Thus, D[KﬁzL] equals the sum of (7) and (8) and we are going to consider these
terms separately. However, we immediately obtain from (i) that (8) equals

DIK(A5Qa,A2) " A5Qa,A3(B3 — B3)C3S; ' C5(C,8; ' Cy) L
= nL/Cy(C327'CH) ™ CL @ K(A5Q4,A2)”
xA3Qa,A3(A5Q(4,:4,)A3) " A5Q4,A2(A5Q4,A2) K.
Observe, that since Q4,:4,) and Q4, are nonnegative definite, using the formula

for the generalized inverse of a partitioned matrix from Kollo and von Rosen (2005)
[Proposition 1.3.7, p. 76], we obtain

(A5Q4,A2)"A5Q4,A3(A5Q(4,:4,)A3) "A5QA, A2(A5Q4,A2)”
= (A5Qqa,:45)A2) " — (A5Q4,A2)~

and

D[K(A5Q4,A2)~ AQQA1A3(B3_B3)C3S 1CH(C285'CH) L
= nL'Z?Proing BPL @ K[(A5Qua;:49A2) " — (A5Qa,A2) 7| K.
©)
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Now (7) is exploited. The independence between A’ 7Q4,Y and S, yields that (7)
equals

E[L/(C285'Cy) ™28, ' 28, 1CH (028, ' C5) "L1 ® K(A;Qa,A2) K. (10)

The expectation in (10) will be considered in detail and

Fi= B[P 2P an

is introduced since via L'(C2C,)~C,F{C,(C,C)) L the expectation in (10) is
obtained. Observe, that S, can be rewritten as

S2 =81 +81C5(CSS1C9)CEYPg, . 4, Y CHCESICHCYS,

and, following Kollo and von Rosen (2005) [p. 376], formula (11) can be expressed
as
Fi = E[(I, — S,C'5(CS8,C')CHEA, — C5(C5S,C5)~CY 8]
= ¥ - E[$:C5(C5 $:C75)"C's T - E[ZC5(C5 $:C'5)C5 8]
+ E[S,C5(CY 8,09~ C'S £C3(CY$,C') 'Y 801
=3 - 32E[E7128,C5(C S, )~ CY £ 312
— B2E[E2C(CY S, Cy S E A x! 2
+ Z2EE128,C(CY8,C)CY B AR 2SS, C8)
x €982 12512, (12)

Put

V] _ Z—l/ZS 2—1/2 DO _ Zl/ZC/U Z _ Yz—l/z’ D() _ 2:1/2(:/07
Vo=V, +ViD{D{ VD) DS ZPy,, . 4, ZDS(DS VD) DY V1.

Then, since R(D;)* € R(D3)* Eq. (12) can be written as

F, = X — 22E[V,D}(DS V,D9) DY 122 — /2 E[D(DS VaDg) DY Vo x /2
+ 2 E[V,D9(DS V2D3) DY DS(DS VoD3) DY Vo] x /2
=3 - 32E[T13"? - 22E[T, 122 + 2 2E[T T} 122, (13)

where T; = V,D9 (DO VaD9)™ D”
Firstly E[T] is obtained. Slnce I, =P pg + Pp,

E[T\] =Ppe E[T1] + Pp, E[T}]. (14)
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Using R(D2)+ € R(D3)7 it can be observed that
D 'V,D3 = D V(DS + D ViD3(D] VD) D ZPg,, .,  4,ZD5
x(D" ViD%)~ D” VD
=DS (Vi +ZPg, ,, 4,Z)D3 = D§ WoDS (15)
and similarly
DS V,D$ = D W,D3, (16)
where because of independence between Vi and Z/ Py, ApiAy) w4
Wo ~W,(,, n —rank(A; : Ap)).

Let us in (14) determine PDgE[Tl ]:

P E[T1] = D(DS D)~ E[DS VoD3 (DS V,D3) DY ]
(D” N E[D"W2D (D"Wz 9~ 2]
= P E[W,D$ (DS W,D3) DY |

= PDgPDg = PDS = PEI/ZCg)

(for the last taken expectation see Kollo and von Rosen 2005 [Problem 1, p. 275] with
D[Wz] =1,,). Since Px1250 = 1, — Px-12x (see e.g. Markiewicz 2001), we may
write

PDgE[Tl] =1, - PE—I/Zcé.

Moreover, in (14) consider Pp,E[T;]. Since V; is Wishart distributed we
can factorize it as Vi = XX/, where X ~ N p.n(0,1,,1,). Furthermore, since

D} (D : DS) = 0 we have that D;X is independent of Dg,X and D‘3’,X, and hence
Pp,E[T(] = D3(D3D3)” E[D}V,D) (DO VoDY)™ DO]
- D3(DgD3)—E[ LV1DS(DS WoD) DY
+D4VDIDS VDY) DS ZPg,, ., asZDS(DS VDY)
x D'V, D3(DS W,DS)~ D"]

= D3(D}D3)" E[D’X(I +X'DDI VDY) DL Py, ., 4L

Ay A3
X DO(DO VlD )~ D” X)X/DO(DU W2D )~ DO]
= D3(D3D3)_ E[D3X]
——

0
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On MLE:s in an extended multivariate linear growth curve model

XE (L, + X'D§D ViD$) D Z'Pg,, 4, ZD5

x (DY VD$)~D$ X)X'D4 (D} W,D3)~ D”] =0

Thus, E[T;] =1, — Px- 12¢5-
In the next we consider E[T T/ ]. Since again I, = PDn + Pp, and since D;X is

independent of D(Z’ X and Dg’ X, we will calculate
(Ppe +Ppy) E[T, /1](PD§’ +Pp,) = PDg’E[TlT/l]PDg +Pp, E[T T} 1Pp,,
because PDoE[T T, 1Pp, = 0. Using (15) and (16) we can write

Py ETi T} Py = D3(DIDY " E [D" V,DS(DJ V,D9)~ DY DYDY V2D3)~ DS VZD"]
x (DYDY "D
— Py E[W,D3(D W2D3) DS DS (DS W,D3) DS WalP .

Observe, that the expression in the expectation may be expressed as formula (4.2.45)
of Kollo and von Rosen (2005) [p. 419] and therefore, following Kollo and von Rosen
(2005) [(4.2.48), (4.2.50), (4.2.51), (4.2.56), and (4.2.58), p. 419—420], we obtain

PDg’E[TlT/]]PDg =(1- yz)Pz-l/zCéa + )/ZPEI/QCgo

with y, defined in the statement of the theorem. Moreover, since Px-12c0 = Q5120
(cf. Markiewicz 2001; Kollo and von Rosen 2005),

PDgE[TlT/l]PDg =I,-(1- VQ)PZ—I/ZCE — yzpzfl/zcé. a7
In order to verify (ii) it remains to calculate Pp, E [TlT/l]PD3. Using V| = XX’

Pp, E[T|T,|Pp, = D3(D;D3)~ E[D;VQDO(DO V,D9)~ DY D$(DY VoD3) "D V2D3]
x (DyD3)" D)
= D3(DyD3) " E [D3X(I + X' AX)X'D} (D W2D3) " DY

xD3(D§ W2D3) D5 X, + X'AX)X'Ds | (D3D3) "D}
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with A = D3(D§V\D)"DSZ'Py,, ., 4,ZDS(DS V,DS)~DY and using the inde-
pendence of D;X with D X and D§ X, we may calculate conditional expectation.
Hence, using Theorem 2.2.9 (i) of Kollo and von Rosen (2005) [p. 207], we may write

:A) A3

Pp,E[T|T}1Pp,
= E[tr{(, + X'AX)X'D} (D" WoD9)~ D" Dg(D" WoD9)~ D" XTI, + X' AX)}IPp,
= E[tr{(X'X) ' X'X(X' + X'AXX')DS (D” W,D9) ™ D” Dg(D" W,D9)~ D”
x (X + XX AX)X'XX'X)~" 1P Ds
= E[tr{VzD”(DO W,D§)~ 1)0 D”(DO W,D9)~ DO \AR Py,

Moreover, V7' = V{'D3D;V;'D3)" DV + DYDYViDg)D]. Since
Dgi]VzDg =0, we get

Py E[T|T|IPp, = E [tr{DO W,D3 (DS W,D3) DS DY

X (D" W,yD9)™ D" W,D5 (D" VD%~ }] Pp,. (18)

Without loss of generality from now on we identify D§ and D§ with matrices of
full rank, i.e., DS: p x (p — rank(D2)) and DS: p x (p — rank(D3)). We are going
to rewrite (18) in a canonical form and use that there exist a non-singular matrix
M: (p —rank(D3)) x (p — rank(D3)) and an orthogonal matrix I': p x p such that

3 =M, : 0T, r = p —rank(D3) = p — rank(C3)
and since R(D>)T € R(D3)' there exists a matrix Q such that
=TI’ : 0MQ.
Therefore the trace in (18) equals
r {WiMQQMW, MQ)~'QM
x MQQMW MQ) ™' QMW (Vin~'},

where Wi; = (I, : O)TW,LI'(I, : 0) and Vi1 = (I, : OTV IT'(I, : 0)'. We may
also express the above trace as

{M/Q(Q/MWUM’Q) QMW AW Vw2

WPMQQMWLM'Q~'QM]. (19)
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Put in (19)

N =W W

which by Lemma 1 (see Appendix A) follows an inverse multivariate beta type I
distribution with the important fact that the distribution is independent of Wy;. Then

n—rank(A;: Ay) —r —1

E[N] =
[N] n—rank(A; : Ay : A3) —r — 1

I

since Wi ~ W, (I,,n —rank(A; :Ay)) and Vi1 ~ W, (I, n —rank(A| : Ay :A3)).
Hence,

n—rank(Aq: Ay) —r—1
n—rank(Ay : Ay : A3) —r —
n—rank(Aq : Ay) —r —1 / o

= E[D5(D§ W,D3)™ DS 1Pp,.
w—rank(A] 1 Ay Ay —r — 1 L0203 WaD3) D3 1Pp,

Pp,E[T|T|Pp,

EIM'QQMW, IM'Q) "l Q'M]IPp,

Following Theorel/n 2.4.14 (iii)) of Kollo and von Rosen (2905) [p. 257] we
may write E[(D‘é WzDg)_] = n—rank(Alez)i +rank(C2)—l(Dg Dg)_ and, using
Theorem 2.4.13 (i) of Kollo and von Rosen (5005) [p. 255] and the fact that

tr(AA™) = rank(A) we obtain

Pp,E[TT}IPp; = y3Py-12¢;, (20)

since D3 = £~1/2 C} and yj; is defined in the formulation of the theorem. Thus, due
to (17) and (20)

E[T|T]]=(1—-y»)d, - Pyoincy) +v2(Ip = Px-i2c) + v3Ps-12¢y

=T, — (1 = )Pxing, + (5 = 1Py @1

and
Fi=2'2[(1 4+ )Proing, + (53 = v2)Prong | £V 22)
From (9) and (22) statement (ii) of the theorem is obtained. O

Next theorems present E (nf) for Model I and II, respectively.
Theorem 7 For Model I let 3. be given in Theorem 1. Then,
E[nE] = (n —rank(A; : As : A3)X
+(rank(A : Az : A3) —rank(A; : A2)) (E—(1 — y9)C5(C3EC3) ™~ C3)

+ (rank (A : Ap) — rank(A)Z/2E[T|T|]Z!/?
+rank(A)Z 2 E[T, T, 12,
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_rank(C .
where yg = n—rank(A1:zfzzgir;—(pi)rank(Cy)—l and E[T\T|] and E[T,T},] are given by

(21) and (B-19), respectively.

Proof The expression follows from the following calculations:

Eln%] = EISi]+ rank(Qea;:an A ElQcy, 571 ZQp, 1]
/ /
+rank(QA1A2)E[QC£;S;1 EQCQ;SQI] + rank(Al)E[QCI;Sgl EQC{;S;‘]
= E[Si]+ rank(Q(Al:Az)A3)E[QCé;S;1ZQ/Cé;Sl—l]
+rank(Qa,A2)Z2E[T| T} 122 + rank(A) /2 E[T, T, % !/?

and E[QC%,SI—I EQ/C/‘S_I] is obtained from Kollo and von Rosen (2005) [(4.2.45)—
3’ 3291

(4.2.58), p. 419-420]. o

Theorem 8 For Model Il let T be given in Theorem 2. Then,
E[nZ] = 2"?{(n — rank(A|)I, + (rank(A;) — rank(A2))(z11 K1 + Pgi/26,)

+(rank(Ap) — rank(A3)) (212K + 222Ka + Pxi2,)
+ rank (A3) (z13K1 + 221Ky + z33K3 + P21/2G3)} »1/2

where
vy = p —rank(Cy), v;=p —rank(C/1 e C;) —l—rank(C/l R C;_l), i=2,3,
K = n—rank(Ajy1) —v; —1 =12

n—rank(Aj) —vj — 1~
G =(C)°. G2=Gi(G]C2)’. G3=Ga(GyCH)".
K; = le/chI _PEI/ZG,‘7 i=1,2,3,

_ V] _ kivo _ v
Zl]_n—rank(A|)—v|—1’ le_n—rank(Az)—vz—l’ Zzz_n—rank(Az)—vz—l’
kikavs kavs v3
213 23 = 33 =

- rank(Az) —vz — 1’ n —rank(C3) —v3 — 1’ n —rank(A3) —v3 — 1’

Open Access This article is distributed under the terms of the Creative Commons Attribution Noncom-
mercial License which permits any noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.

Appendix A: Multivariate beta distribution
The following lemma is applied several times in the proof of Theorem 6 and the proof

can be found in Kollo and von Rosen (2005) [Theorem 2.4.8, p. 248-250, Theorem
2.4.15, p. 263].
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Lemmal LetV ~ W,(,,n), p<n,and W~ W,,,m), p <m. Then,
B=(V+W) 2v(v+wW) /2

is multivariate beta type I distributed and B is independent of V + W. Moreover,

n
EB]=——1,,
[B] m+np
—p—1
EB N ="F""P" . ,_1s0
n—p-—1 P P

Appendix B: Proof of Theorem 6 (iii)

The proof of the Theorem 6 (iii) is very similar to the proof of Theorem 6 (ii) and
therefore only a few details are given. From Theorem 1 it follows that

K(B; — B)L = K(A]A)~A| (Y — E[Y])S;'C] (Clsglc/ )"L (B-1)
—K(ATA1)TATA2(A5Q4,A2) " A5Q4, (Y — E[Y]S; Cz(CZS '¢hH)"L (B2
—KATA]) AT — A2(A5Q4,A2)” AzQA.)A3(B3 —B3)C3C}(C,C)) L. (B-3)

Since A’ Y is 1ndependent of S1, S2, S3, Q4,Y and B3, and A/ZQ A, Y is independent
of S, 82 and B3 the terms given by (B-1), (B-2), (B-3) are uncorrelated. Thus,

D[KB|L] = D[K(A]A)"A| (Y — E[Y])S;'C{(C1S;'C) LI (B-4)
+D[K(A]A1)"ATA2(A5Q4,A2) " A5Q4, (Y — E[Y])
x 85 1C4(C8;'CH) L] (B-5)
+D[K(A]A) ™A (I — Ax(A5Q4,A2)"AQu4,)A3(Bs — B3)
x C3C}(C,C})"L]. (B-6)

The dispersion in (B-6) is obtained from Theorem 6 (i) and (B-5) can be determined
from the treatment of (10) via (11) and equality

(ATA1D)TATA2(A5Q4,A2) " ASA 1 (AJAD) T = (A1Qa,A)” — (AJAD7,
i.e., (B-5) equals
L'(C2C)) ™ CoF 1 C5(C2C) L ® K[(A]Qa,A1) ™ — (AJA)DT]K

where F| is given by (22). Put

Fy=E|P. 5P,
= P2t
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and then (B-4) is determined through
L'(C;C))~CF,C|(C,C)) " L®K(AA) K.
We will copy the approach for obtaining F;. Similarly as in (13)
F, =% — 32E[T,)2'? — 22E[T5 22 + V2E[T, T, 1212,
where

T, = V3D{(D} V3D9) DY, (B-7)
D} =X'°CP, Vi3=V,+TiZPg, ,Z'T}.

Moreover
D] V3D{ = D{ W,D{ + D{ ZPg, 4,Z'D{ = D] WD,

where W3 ~ W, (I,,n — rank(A})). Because R(D1)* € R(D2)* € R(D3)* we
may write

DS'VsDS = D§ W3DS, D{'V3DS = DY W5DS.
In correspondence with (14) we will study
E[T2] = Ppg E[T2] + Pp, E[T2] + PPDg p, E[T2],
where
Ppy, = DD D)~ DY D2(D;DS(DS DY)~ DS D)~ D,DI(D D) DY

is the orthogonal projection on R(D3)l NR(Dy).
It follows that

PpgE[T2] = Ppg. Pp,E[T2] =0, Ppyp, E[T2] =0

which implies E[T7] = PD‘I’ =1, - PE—I/ZCi.
Finally we will consider E [T2T’2]. Now

Ppg EIToT3] (Poy : Proypy) =0 PoE[T2T51Pr, p, = 0
and therefore it is enough to separately consider

PpoE[ToT,1Ppg,  Pp, E[T2T,1Pp,, Prpg s E[TZT/z]PPDg D;-
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First we observe that

PDuE[TzT’Z]PDg = E[PD0W3D"(D” W3D9{)~™ D" D”(D” W3D{)™ D" W3P el

which because of Wishartness of W3 equals (see also (17))

(I =ya)Ppo +yaPpg =1, = (1 = y1)Ps-12¢; = vaPsincy, (B-8)

where y4 was presented in the statement of the theorem. Moreover, we will use that

Vil = Vi IDy D4V D) DLV 4 DYDY VaDS)
Vil = viID3 5V 'D3) D4V + DY(DS VDG~ Dg

and then
Pp,E[T,T51Pp,
= E[ur{V3D}(D$ V3D$)"D{ D} (DS V3D$) DS V3V 1P,
= E[tr{V2V;'V3D(DS V3D?) "D DD V3D) "D V3V5 ' Vavi 1P,
= E[tr{V,D}(D$ V2D$) " DS VDS (D] V3D$) D¢
x D{(D} V3D$) "D} V3D3(DS V2D3) DS Vo Vi P,
= E[tr{D W,D$(D§ W,D$)~D§ W3D¢ (D¢ W3D$)~ D¢ D (D¢ W3D9) ™

X D” W3D§ (D” W,yD9)™ D” W,D§ (DO ViD$) " }Pp;. (B-9)

By assumption R(Dl)L - R(Dz)L - R(Dg)L there exist matrices Uy and U, such
that

¢ =DJU;, DY =D3U,.

Hence, (B-9) equals

[tr{(D" W,D3) DS W3D?(D? W3D?)~ D! D¢ (D¢ W3D?) D¢ W3D3
x (D W,D3)~U,)DY W,D4(DJ VD) "D W2D0U2}] Pp,. (B-10)

Furthermore, according to Lemma 1, Nj = (Dg/WzDg’)_l/ 2D§’/V1D§ (D‘3’/W2D§)_1/ 2

is independent of Dg/WzD‘S’ and D¢ W3D¢ and

E[NI_I] = ¥51p—rank(C3)-

@ Springer



K. Filipiak, D. von Rosen

Similarly, N, = (D"W D9~ 1/2D0 W,Dj (D” W3D$)~!/2 is independent of
DS W3D3,

E[NEI] = )/6Ip—rank(C2)7
and N3 = (D¢ W3D9)~1/2D¢ W,D¢ (D¢ W3D9)~!/2 is independent of D W3DY,

E[N3] = WIp—rank(Cl)»
E[Ng_l] = VSIp—rank(Cl)-

Then, (B-10) equals

E[tr{(DS W,D$) D3 W3D? (D¢ W3D9) D¢ DS (D¢ W3D$) ™D W3D§
x (DS WaD$)~ U, (D] WoD$)/2N7 ! (DS WaD$) /2U, )P,
= 5 E[tr{D W3D¢ (D¢ W3D?) D¢ D} (D¢ W3D?) D¢ W3Dj
X(D” W2D3) " }Pp,
= ys E[tr{(D{ W3D$) "D D} (DS W3D9) ™
x U} (DS W3D$)'/2N; 1 (D W3D$) /2 U, } 1P,
= ysys E[tr{(D] W3D$) " D¢ DS (D¢ W5D)~ DS W3D$} [P,
= 56 E[tr{DS (D W3D$) "DS 1P p, = y4y5¥6Pp,
= vaysvePs-112¢;- (B-11)

The last expression which will be considered requires also some calculations:

PPDo D> E[TZTIQ]PPDO D>
= E[Pp,,,0,V3D{(D WD) "D D (Df W3D{) "D} V3Pp,, ,]
= E[PPDUDZVZD (D” W3D0) D” D‘I’(D” W3D )~ D" VZPPDoDz] (B-12)
+E[Pp, 0, VaD3 (DS WaD3) DS (W3 — W2)D{ (DY W3Df) "D
x DD W3D9)" DY VaPpyp,] (B-13)
+E[Pp,, 0, V2D] (D] W3D)) DY Df (D] W3D)) "D (W3 — W)
(D" W,D9)~ D" VZPPDoDz] (B-14)
+E[Pp,, p,V2D3(D3 WoD3)” D3 (W3 — Wo)D{ (D WD)) DY
X D(l’(D” WgD )~ D" (W3 — W2)D (D” W2D )~ D" V2PPD0D2] (B-15)
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Now (B-12) equals

E[tr{W,D} (D] W3D?) D] D{ (D] WD) D{ HPppe Dy = vav1Pry
= y4)/7PQ2_1/2C%E—1/2Cé.
(B-16)

Turning to (B-13) this expression equals

E[PPD0D2W2D (D" W,D5)~ 2/(W3 W1)DY (D" WiD{)™ D” D
X (D(l’ W3D‘1’)_D? WZPPDo D, ]
= E[tr{(W3 — W2)D{ (D" W3D{)™ D" D‘f(D” W3D9)~ {}]PPD?D2
= E[tr{Df (D" W3D9{)™ }
— tr{D§ (DO W3D9)~ D" W,DS (D" WiD{)™ D? }]PPDO D,
=ys(1 — V7)PPD§>D2 =ys(1 — V7)PQE,1/ZC§>;—1/2Q- (B-17)
By symmetry we obtain the same expression for (B-14). Finally it is observed that
(B-15) equals
[PPD{,DZWZD (Do WD)~ DZ (W3 — W)DY (Do W3D9)~ D" DY
x (DY WD) "D (W3 — W2)D3 (DS W,D3) "D WaPpyop,]

= E[tr{W,D3(DS W,D3) DS (W3 — W2)DS (D} W5D$) "D’
XDT(DT W3D{)™ D” (W3 — Wz)D”(D” W,D9)™ DZ}PPDODZ

= E[tr{W3D (DO W3D )~ DO D?(DO W3D") D” W3D0
x(D§ W2D$) DS )P, b,
—2E[tr{W5D (D W3D?) "D D?(D W3D%) "D }]P Py D>
+E[tr{W2D (D" W3D )~ D” D’f(D" W3D”) D‘l’ }]PPDO D>
= E[tr{(D{ W3D$) D¢ D} (D W3D9)~
x U} (DS W3D3) />N, ! (D W3D3 $)2U1HPe,, b,
—2E[tr{D?(D W3D) DY }]PpD(, D,
+E[r{(D W3D))~*D{ DY (DY W3DP) ™' N3} 1P, ,
= (6 — 2+ y E[tr{D{ (DY W3D) DY }IPp,,
=ya(ys — 2+ V7)PPD§;DZ =y4(ys — 2+ W)PQE,I/zcéxfl/zcé- (B-18)
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Thus, summing (B-8), (B-11), (B-16), (B-17) and (B-18) we obtain

E[T2Ty] = (1 = y) @, = Pso12¢) + vy = Pyoipey)
+ravsvePs-12c; +vavePo ,h, z-12¢; (B-19)
- 3

and then
F, =32 [I — (I +y)Ps1pcr + vaPs-12c) + vavsyvePs-12c;
+V4VGPQ2_1/2C32—1/2CQ} x!/2,

From this and (B-4)—(B-6) we obtain the theorem.
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