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Comparison of estimators of variance parameters
in the growth curve model with a special variance
structure

RASTISLAV RUSNAGKO AND IVAN ZEZULA

ABSTRACT. Three different estimators of the variance parameters in the
growth curve model with generalized uniform correlation structure are
compared on the basis of mean square error. Since the situation in
general depends on specific choice of the structure matrix, we investigate
two important special cases.

1. Introduction

The growth curve model, introduced by Potthoff and Roy in [6], is one of
fruitful models of multivariate analysis. It is of the form

Y=XBZ+e, E(6)=0, Var(vece)=X®]I,

where Y}, is the matrix of observations, X, «y, is an ANOVA matrix, By, x,
is a matrix of unknown parameters, Z,,, is a matrix of regression constants,
Enxp is a matrix of normally distributed random errors, I, is the identity
matrix, ¥y, is the variance matrix of rows of matrix Y, and vec operator
transforms a matrix into a vector by stacking the columns one underneath
the other. Usually, p is the number of time points, n is the number of
subjects studied, and m is the number of groups.

Since the number of variance parameters in ¥ grows quickly with p, the
idea of using some special variance structures appeared. The first one to
deal with such modification of the model was Khatri [3], who derived maxi-
mum likelihood estimators (MLE) of model parameters and likelihood ratio
tests for block independence, sphericity, and intraclass model (in this article
denoted by GUCS, see later). The next one was Lee [5], who considered the
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uniform correlation structure (UCS, see (1)) and the autoregressive corre-
lation structure. He derived the MLEs for the unknown parameters in the
UCS. Although MLEs in general have many optimal properties, these are
assured only asymptotically, and their small sample properties can be much
worse. That is why another principles of estimation of the UCS parame-
ters, more suitable to small sample situation, were later used by Zezula [10]
and Ye and Wang [8]. Both articles investigated also generalized uniform
correlation structure (GUCS), see (2).

Zezula in [10] compared his estimators with MLEs. Later, Klein and
Zezula [4] proved that Zezula’s estimators and Ye and Wang’s estimators
are equivalent in the UCS model. However, the situation remains unclear in
the GUCS model. In this article, we compare estimators of Khatri, Zezula,
and Ye and Wang on the basis of their variances and mean square errors in
the GUCS model.

2. The uniform correlation structure

If p, the dimension of observations made on a single subject, is not large,
and the number of observations n is substantially bigger, there are more
suitable estimators of X at our disposition. However, when the number of
unknown parameters in the variance matrix ¥ is close to or even bigger than
sample size, the situation gets complicated. One of the possible solutions
is to reduce the number of unknown parameters by considering a simpler
variance structure. Such a structure may also be naturally implied by the
nature of the data, e.g., when the observations are autoregressive time series
or a mixture of several populations. One of such simple models is the model
with the uniform correlation structure given as

S =0"[(1-0)I+011], (1)

where 02 > 0 is the common variance of all observations, p € (—1/(p—1);1)
correlation coefficient of any pair in a row, and 1 vector of ones.

Under normality, we know that the uniformly minimum variance unbiased
invariant estimator of unstructured X is

g_ 1

n—r(X)
where r(X) is the rank of X and Mx =1 — Px =1 — X(X'X)™ X, see [9].
We establish estimator of structured matrix 3 on the basis of estimator of
unstructured matrix X. Since E(S) = X holds regardless of the true value of
>, it can be reasonable to base estimators of the parameters of the simplified
model also on S.

Using the moment method, we easily get unbiased estimating equations

Tr(S) —p6> =0 and 1’S1—Tr(S)[1+ (p—1)3] =0

Y/ MyY,
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for the parameters o2 and p. Thus, natural simple estimators of the two
unknown variance structure parameters are

/
82:w and §:L<151 —1).
p p—1\Tx(5)
It holds that 52 > 0 and p € (—1/(p — 1); 1), which must hold also for their
true values. These estimators have been derived by Zezula in [10]. Later Ye
and Wang [8] derived seemingly different estimators by the decomposition of
the model into two parts, one parallel and the other perpendicular to vector
1, again using the moment method. Equivalence of these estimators with
the previous ones was proved by Klein and Zezula in [4].

3. The generalized uniform correlation structure

To keep the simplicity, but to allow for different variances and correlations,
if we know their ratios, the structure of ¥ can be considered in the form

Y =6,G + Ow/, (2)

called the generalized uniform correlation structure, where Gpx, > 0 is a
known symmetric matrix, w € RP is a known vector, and the variance-
covariance parameters 61 and 6y are unknown.

The GUCS is indeed a generalization of UCS. E.g., if we have design with

constant correlation p but different individual variances c?o?, ... ,012,02, then

G:diag{c%,...,cf,}, w=(c1,...,¢p) 01 = o2(1—p), 6 =0’p.

Thus, the GUCS allows inhomogeneity of variances and covariances, while
saving parameter parsimony.

Should ¥ be positive-semidefinite, one of the following conditions must
hold:

01 >0&60,>0,
or
01 > 0,0, <0,w e R(G) & 6, > \Hg\w’G+w, (3)
where G is the Moore-Penrose g-inverse (MP-inverse) of G.

Matrix G expresses our knowledge on ratios of variances of different row
elements, up to the the diagonal multiples of w? (all rows of Y have the
same variance matrix). Usually we take G diagonal, and our knowledge of
correlations ratios is expressed by vector w.

If we have general G > 0, we can use its spectral decomposition G = UAU’
and transform the original model into YU = XBZU + ¢U. Since matrix of
eigenvectors U is orthogonal, this model is equivalent to the original one (all
distances and vector angles are preserved), and the rows of the transformed
Y have variance matrix U'XU = 01A + 000’ with v = U'w. Thus, it is
sufficient to consider G diagonal.
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Notice that in (2) we can restrict both norm of G and w arbitrarily, since

601G = (a104) (%G) = 07G*, and Gyww' = (az6s) (éww') = ng*w*/.

We will make use of it later.
Similarly to the UCS model, from

E[Tr(S)] = 01 Tr(G) + fow'w and  E(1'S1) = 0;1'G1 + 65(1'w)?,
we get unbiased estimating equations, which lead to the estimators

~  (Tw)?Tr(S) - 1'S1uw'w 4 97— 1'S1Tr(G) — 1'G1Tx(S)
17 1w)?2Tre(G) — 1'Gluw'w o 27 (T'w)?Tr(G) — 1'Gluw'w

(see [10]). We will call them Z-estimators. Note that if G is diagonal, then
Tr(G) = 1’G1 and the second estimator gets free of G:

0=
(Tw)? — w'w
Using similar principle in an orthogonal decomposition of the model, as-
suming G > 0, Ye and Wang in [8] derived alternative estimators of the
form
YW _ W' GTlw Tr(G7LS) — w' G1SG~w
! (p— DG~ w) ’
~w _ pwW GG w — /' Gl Tr(GTLS)
2 (p — D(w'G~lw)?

We will call them YW-estimators.
Khatri in [3] derived ML estimators, which under condition that w €
R(Z') have the form

GuL _ "~ r(X) wGlwTr (G1S) —wG1SGw
- n (p— DwG 1w
T (G1MGT Y PyY)
n(p—1) ’

_|_

n—r(X) pwG'SGTw —wG lwTr (G7'S)
n (p—1) (wG~1w)?
T (GIMG Y PyY)
n(p — HwG~lw

DML _
0y =
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Unbiasedness of S implies that both Z- and YW-estimators are unbiased.
Using results of [2], we easily get that MLEs are biased, and both underes-
timate the true value:

A =0y <1 - D) ,

e 0,2 r) g 10— r(2)

That is not surprising. However, there is a bigger problem with @/1 L — the
mean depends also on 61, which can lead to severe bias especially in small
samples.

Quality of all these estimators can be compared by their mean square
errors (MSE), which for Z- and YW-estimators are equal to corresponding
variances. According to [4], it holds

2 [(1'w)4 Tr(2?) — 2(1w)?w'wl’S21 + (w’w)2(1’21)2]
Varfi = (n — (X)) [(Vw)? TH(G) — VGlw'w]? !

2 [[Tr(G)l’El]z —2TH(G)1'G11'S%1 + (1/G1)? Tr(22)]
(n —r(X)) [(1'w)? Tr(G) — 1'Glw'w]? '
Inserting the formula for X, we get alternative expressions
267 [(Vw)* Tr (G?) — 2(Vw)*(w'w)1'G?1 + (w'w)?(1'G1)?]
(n —r(X)) [(1w)? Tr(G) — 1'Glw'w]?
N 4616 [(1Tw)*w'Gw — 2(1'w)3 (w'w)1'Gw + (1'w)?(w'w)?1'G1]
(n — (X)) [(1w)? Tr(G) — 1'Glw'w]?

Var 522 =

Var 512 =

and
203
n—r(X)
N 207 [(1'G1)* Tr? (G) — 2(1'G1) Tr(G)1'G*1 + Tr(G?)(1'G1)?]
(n —r(X)) [(1w)? Tr(G) — 1'Glw'w]?
) [(1’w?2911?r2(G) BT [(1'G1)? Tv? (@) (1'w)?
—2(1'w)(1'Gw)(1'G1) Tr(G) + (1'G1)*w'Gw] .

Var §2Z =

+

Similarly,
2

a2wYW
Vel = T ) - PG Tw

E [(w/G—lw)2 TG 12Gy)
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+(w' GG w)? — 2(w'G_1w)(w'G_lEG_lEG_lw)]
o
C(n—r(X) (- 1)

YW 2
Vel = X)) - PG

+p2 (W' GTIEG w)? — 2p(w’G_1w)(w’G_IZG_IZG_lw)}

E [(w'G—lw)2 TG 126 1y)

2| ph? +2(p — 1) (WG~ 'w) 616> + (p — 1) (/G w)’ eg}
(n—r(X)) (p—1) (WG w)?

Since the last term in MLEs uses projector Py, the other two My, and
Mx Px = 0, one can quickly find that the last term is independent of the
previous ones. Thus, using results of [2], we get

T (G-Mg ' w6 Mgy
n?(p — 1)

_ 20 [(n— (X)) (p— 1) + r(X)(p — r(2))]
n?(p —1)2 ’

T (G-Mg ' me Mg 'y
n2(p— 12 (w/G—1w)?

QML n—r(X) ? Y
Var 07" = <7> Var 07 W + 2r(X)

n

QML n—r(X) ? DY W
Var 605 :<7> Var 6, " + 2r(X)

n

Then, their MSEs are

2
MSE@{WL = <7n 2(X)> Var@l/w

2r(X) Te (G MG SGTIME 'S + (X)X (r(2)) - 1)%6}

n?(p—1)? ’
2
MSEQME = (771 Q(X)> Var@/w
Tr (G7IMG T SGTIMETS) (xy (2 )2
+ 2r(X) — +— (92 + 791>
n?(p —1)? (W'G~1w) n p—1

Again, Tr (G_lMg,qEG_lMZG?E) depends on 6, which is a problem

for @/1 L. To get the MSEs, we need to add squared biases, which in case of
021E will strengthen the dependence on 6;. We see now that while 1/ can
be comparable with the YW-estimator (two more terms can be compensated

by (n—7r(X)/n)? coefficient at the first term), %V[ L is a dangerous estimator
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in small samples. That is why we will compare only Z- and YW-estimators
in the next.
For the comparison, we define the following two functions:

ry = Var §1Z—Var é}/W and 79 = Var §2Z—Var @/W.

We will consider them not as functions of the unknown variance components,
but — for fixed values of these components — as functions of the elements of
G and w.

There cannot be said much about these differences in general. That is
why we will look at some special cases in the following subsections. In order
to keep the structure as simple as possible, in accordance with our remarks
above, we choose G diagonal in all cases.

3.1. The GUCS model with G diagonal and w = 1. Choosing w =1
means that we suppose uniform correlation structure, but not necessarily
with equal variances in all components. Due to multiplication by an unknown
parameter, this model is equivalent with the one using w = c1 for some c.

Let us suppose that measurements in different times have all potentially
different precisions/variances x; > 0, i« = 1,...,p. Then we have G =
diag(x), where = (x4, ... ,:Ep)/ is the vector of variances. It is easy to get
the relations

Tr (X) = /161 + ph, Tr (3?) = 2'x6? + 22'10,0, + p*63,
11 = 2'16; + p?0y, 1'S%1 = 2'26? + 2px’16,6, + p363.
Denoting by z=! = (1/21,...,1/x,)" the vector of reciprocals of x, we
have G~! = diag(z~!), and
G711 =1z7! 1¢7'2G¢ 11 =127, + (1'z1)26s,
VG '2G'8G™ 11 = 127107 + 212 1)20,00 + (12~ 1)363,
Tr (GT'SGT'S) = pb7 + 212716105 + (V'™ 1)63.
Using the above formulas, after short calculation we get

29% [p(p —2)x'x + (1’a:)2]

Varglz = ; ,
(n—r(X))(p—1)2(1'z)?
Var 7 — 2[((Vx)? —x'x) 07 + 2 (p— 1)*(Vx) 6162 + p*(p — 1)%63]
? (n—r(X))p?(p — 1) ’
Var )W = 207
! (n—r(X)p-1)

Var YW 2 [ph7 +2(p — 1)V 10,6, + (p — 1)(V'x~1)263]

arfsy " = 5 .

(n—r(X)(p -1z
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Then, the differences r1 and r9 as functions of x are
- 29%(1) —2) (pac’a: — (1’a:)2)

)= ) - P W
. 292 {(1/33_1)2 (1z)* - a:’w) —pp— 1)}
T X - 12 (a1 (5)

46165(p — 1)* (V' 1z — p?)
(n—r(X))p*(p — 1)1z !

Lemma 3.1. Under the above assumptions, it is r1(x) > 0 for allx > 0.1

Proof. The denominator of r1(x) is positive for & > 0, so that we have only to
look at the numerator. It must be p > 2 for the model to have sense. The rest
immediately follows from Schwarz inequality (1’'z)? < 1'1-a'z = px’z. O

Thus, YW-estimator of #; is always at least as good as Z-estimator in this
model. Note that ri(x) =0 for p = 2.

Since equality occurs in Schwarz inequality if and only if @ = ¢1 for some
¢, r1(x) attains zero values on M = {x = c1;c¢ > 0} for arbitrary p.

Let us now denote Sy the arithmetic average of all possible products of
k elements out of z1,...,x, (k-th symmetric polynomial mean) for k =
1,2,...,p. We express the terms in r9(x) by means of them. Because & > 0,
Sk > 0 for all k. Then we have

P
1z = Zml =pS1,
i=1

R I e N B IR
Z 1% Jljz’l]l] Sp
J#i
PP
(1) —mm—<2x2> —Z:Ei:ZZ:Ei:Ej:p(p—l)Sg.
i=1 i=1 j=1

J#i
Lemma 3.2. Under the above assumptions, ro(x) > 0 for all > 0.

Proof. As before, the denominators of both fractions in (5) are positive for
x > 0, so that it is sufficient to look at the numerators.

a) Let us first consider the case 61,602 > 0. We will look at the two terms
separately. Since

2
(e ()" - fe) -2 0=y (T )

ITaken element-wise.
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we need to prove that Sg_lSQ — Sg > 0. It is known that Sg > Sk_1Sk41 for
1 <k <p—1(Theorem 1, p. 324 in [1]), and Sp, < Sy S, for 1 <k <p-—1
(Corollary 2(c), p. 326 in [1]). Using these inequalities, we get

S2 18y — 82> 8, 58,8 — S2 =S, (Sp—2S2 — ) > 0.

Similarly,
Ve 1z —p? =p° <LSP‘1 - 1> :p27515?"1 —5 5y,
Sp Sp
Thus, both terms are non-negative and the result holds.

b) Let us now consider the case #; > 0,02 < 0. According to (3), ¥ is
p.s.d. for 63 < 0 if and only if 6; > |6,| 1’ diag (~1) 1 = |6 1'@~". Since

— 29% ' 1)? ') — 2l
7‘2(113) = (n—T(X))p2(p— 1)2 (1/113_1)2 |:(1 ) ((1 ) )
-1 - B a1 (e e )
01

|62\1’w*1

and the fraction < 1 can be arbitrarily close to 1, it is clear that

ro(x) > 0 if and onlylif

(1':1:_1)2 ((1'&:)2 - w'w) —pPp—1)-2(p -1 1z "1z - p?) > 0.
Thus, we need to prove that
(1':3_1)2 ((1’3})2 — :B/a:> +p%(p—1)(p—2)—2(p— 1)1z "2 >0, = >0.

It is easy to verify that the left-hand side of the above inequality is equal to

0 for p = 2. That means that the non-negativity of ro(x) is equivalent to

the positive-semidefiniteness of 3. Thus, the inequality holds for p = 2.
Now take p > 2. The desired inequality is of the form

Sy_152 Sp—18
P01 L=+ (0~ Dp —2) — 2p(p — 1) 22
p p

which is equivalent to
p*S2 1Sy +p(p—2)S; —2(p — 1)Sp-1518, >0, x>0.

Since Corollary 2(a) on page 326 in [1] implies that S2.5,_1 > 51,5, for p > 2,
and the left-hand side of the previous inequality can be written in the form

P*Sp—1(Sp—152 — S15p) + p(p — 2)Sp + [(p — 1)* + 1] Sp—1515, ,

the non-negativity of all three terms for all p > 2 is now obvious. O

>0, >0,

As a consequence, the YW-estimator of 05 is always at least as good as
Z-estimator. It is easy to verify that also here ro(x) attains zero values only
on M ={x = cl;c > 0}.
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3.1.1. A special case. We can also be interested in the question, how big
can be the differences () and ro(x). Let us investigate it on a simple
special case of the above model. Let
x=(a,...,a,1,...,1), 1<k <np.
—— ——
k times p—k times

It means that the variance matrix 3 contains diagonal elements 61a+ 62 and
02, and all off-diagonal elements are f3. Formulas (4) and (5) give after some
algebra

=ri(a) = 2k‘(p—k:)(p—2)9% a—1)?
@ =Nl = G ) - P Ga+p -l Y

and

2k6, ) \
(n—r(X)) [p(p = 1) [(k — p)a — K]’ {(o= k70 =110
+2(p = k) [0 [(p — })” + k(k — )] +6a2(p — k) (p — 1)%] a”
+ [91 [p2(3 — 4p) + kp(10p — 12k — 3) + 6]{:3]
—205(p — 1)*(2p” — 5kp + 3k%)] o®
+2[00(p— k) [(p = k)* = (0 — k) + K] + 20— 1)* [0 — 2k)* = K]

+k(p—k) [01(p — k — 1) +202(p — 1)°] }

ro(x) =ro(a) =

We see that function r1(a) has one zero point a = 1. It is because in that
case the model turns into usual uniform correlation structure model with
61 = 0%(1 — o) and 6 = o2, so that Z-estimators and YW-estimators are
the same. We can see a typical behaviour of 71 (a) in Figure 1. Let us notice
that this difference is bounded from above, since

2(p — k)(p — 2)6}

lim ry(a) = .
B = G S XRG — 1
Figure 1: behaviour of function r1(a) Figure 2: behaviour of function rz(a).

(with detail of neighbourhood of 1).
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Also function rg(a) has one zero point @ = 1 on the interval (0,00). Its
typical shape is depicted on Figure 2. In this case lim 72(a) = oo, so that
a— 00

the difference is not bounded. Thus, the difference in precision can be much
bigger in the case of 5.
If 6 > 0 and 02 < 0, then condition (3) turns into 61 > |f2|(p — k), and

the range of a is restricted to a € <l<: (61/162] —p+ k)~ ,oo).

Some other special cases were investigated by Rusnacko in [7].

3.2. The GUCS model with G = I and non-constant w. Let us now
consider the GUCS model with G = I, and any w such that w'w = 1. Let
us denote wy = 1'w. Since Tr(G) = 1'G1 = 1’1 = p, it is easy to get the
relations

Tr (X) = pfy + 6o, Tr (%) = pbf + 20105 + 63,
121 = pb + wibs, 1321 = ph? + 2w26,05 + wi63.
Also, it holds
WG lw=vww=1, WGTI'EG 'w = w'Sw = 6; + 65,
Tr (G7'2G7'E) = Tr (¥7),
W GTISGTING T w = w'Sw = 62 + 20105 + 62 = (61 + 65)” .
Then, after some algebra we get
1 () = ra(w) = 2(p—wd) [p(p—2+wd) 07 +2(p —21)w(2)9192] ‘
(» = 1)(n —r(X)) (w§ - 1)

Lemma 3.3. Under the above assumptions, it holds ri(w) = ro(w) > 0
for all w and for all admissible values of 01, 05.

Proof. Since p > 2, the denominator is clearly positive if and only if n > r(X)
and wp # £1. Holder’s inequality gives w3 = (w'1)? < w'w-1'1 = p, so that
the first term of the numerator is also non-negative.

If both 61,65 > 0, then also the second term of the numerator is clearly
non-negative for any p > 2, and r1(w) = ro(w) > 0.

If 6, > 0 and 0y < 0, then (3) with w'w = 1 implies 6; > |63]. Thus we
get

P (p— 2 +w(2]) 9% —2(p— 1)w(2)91 |02 >
>[p(p—2+wg) —20p - Duwg] 67 = (p—2)(p — w3)b; >0, p>2.

It has to be noted that lim,»_,, 71(w) = +00, so that this possible compli-
cation does not threaten the non-negativity. O

We can conclude that also in this case YW-estimators are always better
than Z-estimators.
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3.2.1. A special case. Similarly to the previous subsection, let us consider
a special case given by

1
w=-———(b....b,1,....,1), 1< k < p.
N—_——

VE?Z +p — k ~——

k times p—Fk times

In this case the variance matrix ¥ contains two types of diagonal elements,
variances 61 + 620 and 0; + 6, and three types of off-diagonal elements,
covariances 02b2, Bob, and 6. We can call such structure block-wise uniform.
Note that b can be negative.

As stated in Section 3, for 61,65 > 0, matrix X is positive semi-definite
for any value of b. In the case 81 > 0 and 0, < 0, the condition for semi-
definiteness of matrix ¥ is 61 > |f3]. It is easy to verify that, for 1 < k <p
and b € R,

[b] . [b] 1
—— llm ——— .
Vi +p—k bt JERZ +p—k  Vk
Then
kb+p—k

VER +p—k

assumes values from (—v'k;+./p), and it holds w3(h) = 1 in one or two
points. This causes that Z-estimators are not defined at some points, having
zero in the denominator. It is another reason why we have to recommend
using Y W-estimators.

We show a typical behaviour of function r1(b) (= ra(b)) for some specific
values of parameters in the following figures.

wo(b) = 1w =

-5 5 71‘0 7‘5 0 5
Figure 3: function r1(b) with one Figure 4: function r1(b) with two

discontinuity. discontinuities.

We see that the difference can grow to infinity with increasing value of
|b], but also can asymptotically remain low. More typical is the second case,
when the difference is asymptotically constant.
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4. Conclusions

We have compared ML-, Z-, and YW-estimators in the growth curve
model with GUC structure. We have showed that MLEs and YW-estimators
are similar, but use of 9%‘/[ L is dangerous in small samples, since both mean
and MSE of it depend not only on 65 but also on 6.

We have proved that in the model with positive definite diagonal matrix G
and w = 1 or G = I and arbitrary w, Y W-estimators of variance parameters
are always better than Z-estimators. Y W-estimators typically have also
much smaller variance than Z-estimators.

Moreover, Z-estimators suffer of problem of not being defined in some
situations. As a result, we have to recommend using Y W-estimators as a
good small-sample alternative to MLEs. However, when matrix G is singular,
the YW-estimators are not defined and closed form of MLEs is not known.
Z-estimators, if they exist, can be considered as a reasonable alternative in
such a case.

It has to be noted that our results can also be applied to standard multi-
variate regression model (i.e., regression model with multivariate responses)
with the GUCS, since the Z matrix is not used for the variance components
estimation.
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