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STABILITY ANALYSIS BASED ON A BI-SEGMENTED DISCONTINUOUS
MODEL WITH MEASUREMENT ERRORS IN THE VARIABLES*

Lindolfo Storck!and Roland Vencovsky2

ABSTRACT

A bi-segmented discontinuous model is proposed for stability analysis of genetic materials. The model is defined as: pj;; = p0; + pliTj +
B2iTjZ; + P3iZ; + bij, such that: Tj is the effect of environment j; Z; = 1 if 7; > 0 and Z;j = 0if 7 < 0; B1; and B1; + B2; are the slopes of the two segments;
P3; is the discontinuity parameter for cultivar i; and d;; is the deviation from the model. This model allowed the determination and measurement of

components of variance and covariance of the errors inherent to the independent and dependent variables. A correction was consequently derived

for estimation of parameters and tests of hypotheses.

INTRODUCTION

In agronomic experimentation, the make up of
- experimental groups where several cultivars are evaluated
over several years and/or locations, called environments,
is a common feature. In these experiments, the
cultivars-environments interaction study involves the
characterization of the phenotypic behaviour of cultivars
under a variety of environmental values, and has been more
adequately achieved by regression analyzes. This
procedure, called stability analysis is used to partition the
environmental component of variation for a cultivar into
regression and deviation from regression, using an
environmental index as an independent variable.
The procedure of linear regression, with a

logarithmic scale of data, was introduced by Finlay and ~

Wilkinson (1963). Eberhart and Russell (1966) improved
this method using the real scale of the data, and included
the variance of deviations from regression as a measure of
the response predictability, which is estimated by a linear
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regression coefficient for a given cultivar. Eberhart and
Russell (1966) also commented on a disadvantage of the
method, namely the use of an environmental index as an
independent variable calculated from the same set of data,
which would result in biased estimation and hypothesis
testing.

Verma et al. (1978), discarded the linear model,
and defined as the ideal cultivar one which presents both a
relatively high yield and a stable response in poor
environments as well as an ability to positively respond to
environmental improvements. They proposed an
alternative regression technique which consists in
separately adjusting two straight line segments, one for
below-mean environments and the other for above-mean
environments, using a common value as a linkage point.
The adjustment of just one equation consisting of two
straight line segments, with union at the zero
environmental index value, was proposed by Silva and
Batreto (1985). However, since in this model the estimated
slopes are not independent, a new approach was proposed
(Cruz et al., 1989) which resulted in independence of the
two straight line segments. In this case we generally have
a discontinuity which is estimable but was not included in
the model. Storck (1989) consequently incorporated an
additional discontinuity parameter in the bi-segmented
model, maintaining the zero cotrelation between estimates
of the two regression coefficients. This model, for the it
cultivar is characterizated as:
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uij = BOi + Plitj + P2iTiZj + P3iZ;j + djj (D
in which:
1,if15>0
Zj=
0,if <0

In this model, PO is a constant; f1 measures the slope of
the first regression segment; P2 is the difference in slope
between the second and the first regression segment; 3
measures the dlscontmulty between both linear regression
segments; and, for the i 1] combmatlon djj is a measure of
deviation from the model The independent variable is
estimated as TJ = Yj- Y... To evaluate the applicability

T

of this model a Gompertz growth curve [E(Y) = AB ] was
introduced to explain the performance of a given cultivar
over a wide range of environmental conditions.
Adjustments were made for segments of the curve and also
for its entire range. In all cases efficiency of adjustment
was very high (up to 99%). Proper agronomic
interpretations were given by Storck (1989) for all the
parameters of his extended model (1), under different types
of responses.

' The objective of this study were: a) to propose a
bi-segmented discontinuous regression model, with
measurement error structure, for stability analysis; b) to
derive corrections for the stability parameter estimates and
for hypothesis testing, to compensate for etrors in the
dependent and independent variables and for their
covariances.

METHODOLOGICAL DEVELOPMENT

For a joint analysis of J experiments
(environments) with I genotypes (cultivars) and K
replications (blocks), the adopted model was initially:

Yijk = B + oi + Tj +vij + bk() + eijk 2

Yijk is the observed response of the variable at replication
kk=1,2,...,K),of cultivari(i=1,2,...,1),in environment

iG=1,2,.0).
The following restrictions and postulations were
adopted:

E (W= E @ =p%

¥l 0i=0; E()=oi; E(@) =02 i=1,2,..,L
Ej]_ 17 #0; E(1j) = 0; E (sz) = o%, Vj.; (V = any)
Zil_ 1vij = 0, Vj and ZJ-J_ ij # 0, Vi

E(yi) = 0; E (f) = (A-D/D) o, Vij;

Tieibk() # 0, Vj; Il ibkG) # 0, Vk
E (bkg) = 0, E (bfm) - o, Vik;

E (eijx) =0,E (eﬁk) - 0%, Vijk
A solution for model (2) was obtained by the least
squares method, using the common restrictions, as follows:

Tho=0; TLT= 0 Iy = I v

)

=E E IYU
Zngllgk(j)=0, Vj.

Under the conditions above, the analysis of
variance table with the expected values of mean squares
(MS) and F statistics, under Ho hypotheses, is shown in
Table I. In this table, the FA * statistics were obtained by:
Fa** = (V2 + V5)/(V3 + V4) which, under Ho.or =0, has
an F distribution with g1 = (V2 + V5)?/{ V3/n2 + V&/ns} and

- (V3 + V9)%/{V3/n3 + Vi/na} degrees of freedom
according to Satterthwaite (1946).
The hypotheses tested in Table I were, respec-

tively, Ho(o): aj = 0, Vi; Ho(1): 0% = 0; Ho(y): 0% =0
Ho(b): ob = 0.

In cases in which the hypothesis Ho(y) is rejected,
the common procedure is the partitioning of interactions,

through analysis of the environmental effects within each
cultivar, through a new characterization of model (2):

Yijk + B+ ai + Tji) + bkg) + eijk (3

in which: TjGi) = Tj + vij is a random effect for environment
j within cultivar i, with the following conditions:

Z.{,lrj(i) #0, Vi, E(1j6)) =0; E (sz(i)) = o%(i), and the other

J
conditions of model (2).

Considering the common restrictions E ITJ(.)
fori=1,2,...,1, estimates %j(i) = ?ij. - —‘?i_,,were obtamed
according to model (3). The degrees of freedom, MS
expectations and F statistics (under Ho) are included in
Table I, in which the hypotheses of interest are that the
environmental variance within cultivar i is null, that is,

Ho(Tj): cg(i) = 0. These hypotheses were tested by F;(i) =
I Vo@iy/{n1Vs + Va} statistics with g1 =nz and g2 = {n1Vs
+ V4}2/ {nleglm + V%/n4} degrees of freedom.

For cultivars in which the hypothesis
HO(T(i)):O’%(i) = 0 is rejected the stability analysis is
proceeded through a regression analysis, using Tj, (j = 1, 2,

., J), as an independent variable. To make this study

possible, the maodel (1) proposed by Storck (1989) was
adopted.
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Table I - Analysis of variance table for a group of experiments, with partitioning of the interaction.

Variations DF MS EMS)" F (Under Ho)
Cultivars I-1 =nj Vi 0%+ Ko% +JKop (o) Vi/V3
Environments J-1 =m V2 o+ Ko% +Iof + IKo? Fa**
CxE @-1)(3-1) =n3 V3 o® + Ko? V3/Vs
Partition of interaction and environments
Env./Cult.1 1 =m Vaq o + ot + Ko Fa1)'
Env./Cult.2 1 =m Vae) o2+ op + Ko Fa)*
Env./Cult.I J-1 =n Vo ;2 + o + Ko%([) Foqy*
Blocks/Env. JK-1) =ng V4 o + Iot Va/Vs
Error J(K-1) (I-1)=ns Vs o’
+: (o) = (1/(I-1)) E},laiz; * and ** se in text.

A model with errors in the variables (A,g - (1/IK) {V4 + (I-1)Vs) (6)

Errors and model structure identification

In model (1) we observe that, for the stability
analysis in a practical situation, the variables are not
observable and as a consequence parameter estimators
cannot be obtained. However, considering model (2), a
solution was obtained in which the observable variables
?ij. = ﬁ + 0 +'Arj +vij = Hij is an estimator of pjj. We have
then:

Yij. = pij + €ij C)]
being &jj the associated error of estimator —Y—ij, .

Considering that there are fixed (i, &) and random

(1, ) effects in pjj, the variance of Yjj was derived
conditioned to pjj. Thus, from model (2), we have:

Var(?ijjpij) = Var(ejj) = o? = Ef{sjj - E(eij)}2 =
= E{(1/K)E4 bk + (I/K)ZE eijk}?, and
0% = (1/K) {o*+ of ) 5)

Errors ¢jj are considered jointly independent and

an estimator of 0% can be obtained from the analysis of
variance (Table I) equating MS = E {MS}, such that:

with ne = (V4 + n1Vs)%(V3/ng + n1V&ns) degrees of
freedom.

Substituting (1) in (4) we get:
?ij. = PO; + PLiTj + P2iTiZj + P3iZj + Bjj + &ij (7)

Model (7) is still without a solution, since the
independent variable Tj is not observable. However, from
model (2) an estimator for 7j was derived as
Tj=Yj. - Y.... Therefore:

%j =Tj + Vj ®)

in which vj is the estimator (1j ) associated error. If

variables vj are uncorrelated and also independent of Tj

then, o% = 0% + 0% .

The variance of 7j conditioned to pjj was derived
as being:

Var(%j | wij) = Var(vj) = 0% = E{vj- E(UJ’))Z. Considering
model (2)
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1 K 1 J K I oI (K
V) = e 1Pk() ~ e Zj T bkG) *+ e Tier Tac eijk ¥
1 I J K R
- ﬁ Zi-l Ej‘l Ek-l el_]k = b_] - b + e_] - e... ’
and thus,
2 _J-112
ot = o 107+ 1ot ©)

Equating MS = E {MS}, in the analysis of variance
(Table I), the following estimator can be obtained

vl §
op = UK V4 (10)

with ng4 degrees of freedom.

Using (7) and (8) one can write the functional and
structural relations (Fuller, 1987) of the model as being:

Yij. = POi + Plitj + P2itjZ; + B3iZj + Oij + eij (11a)

%j=1'j+ vj (11b)

%j Zj = 1jZj + vjZ; (11c)
1,if 15 >0

Zj= R (11d)
0,ifrj<o0

We assume that deviations djj are independent for
any pair ij and that they are homogeneous over j within i.

We admit that E (3i)) = 0 and E (3f) = o8i . Also 8 is
independent of &jj and vj, but &;j is not independent of v;
because:

Cov(gij; vj) = E{&jj vj} = 0cv = o% (12)
Cov(eij; vjZj) = E{&ij vjZj} = 0c,oz = p o’ (13)

in which: p = (1/DE}.,Z;. And also,

2

Cov(vj; viZj) = E[vj ijj] = Ov,vz = P OV (14)

Var(vjZj) =E {ijj}2 =03, - p o3 (15)

Estimation

In the functional and structural relations (11), we
may obtain estimators of parameters pO0i, pli, p2i, p3i and

o%i by the method of moments (Mood et al., 1974), if
parameters og, U%, Ocv, O¢,vz, Ov,vz and o%z, obtained,

respectively, through (6), (10), (12), (13), (14) and (15),
are previously known or estimated.

Let us consider Aj = j [zi ; i ; {_‘Z ; Z 14 as the
matrix of observable values and constants relative to the
proposed model (11) for cultivar i. The first sample
moment of Aj is the first moment of the vector contained
by the matrix, and is given by:

Ai=1[Yi;0; 125 pla (16)
in which:

Yi = (2L Vil o-3l -0 = {5, i

The first population moment of model (11) was
obtained as being:

E{Ai}=pai=[P0i + Plipr + P2iprz + P3iMz; U prz; 2], (17)
from the right hand side of the equations, with:
we=E 1l pr= I, 4ZiT ; and pg = I, Zy.

The unbiased sample variance-covariance matrix
is characterized by:

SYn  S(YuD  S(Yit2)  S(YiZ)
2 A A A A
SCAQ) = S4(1) SgT;TZ) S(I,Z) , (18)
S’(1Z)  S(t1Z.2)
(symmetrid s*%2)
where

s? (¥ = (£, Y2 -3x2. )/0-1);

S YD = L, iy 5/0-1); S2 (D = (2L, FH/0-1);

S (YitZ) = (5] Yij1Z; - IYi.72 }/3-1);

S (Yi,2) = {¥],Yij. Zj - pIYi.}/(-1);

S (t1Z) = {):j{l;fzj }(-1) 5 S(T,Z) = {Z14Z; }/3-1);

$? (1Z) - (.12 - T ;

S (1Z,2) = {T],1Zj - prz }/(-1) ; S*(Z) = Ip(1-p)/(J-1).
Here X(aj) is the first population variance-

covariance matrix obtained from the right hand side of
equalities of model (11), being characterized by:

[ 2

o-?i oyi,r OYI 1z o-?i,z
2
o1 011z Otz
X(Ai) = 2 N (19)
Tz O—;z,z
(symmetric) of
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with
0%, = p120? + p2Po?, + BliP2i 0r,rz + p(1-p) P37 + ofi + 02 ;

Oy = Pli of + p B2i Otz *+ p P3i Oz, + Ocv;
O%ixz = PBliOt,z + p Bio%, + pB3ioz1z * Oguz;
Oyi, = PBliot,z + pP2i0rz,z + p(1-p)P3i;

2 2

2
Or =071+t 0Op; Or1z=PpPOr1z+ Ovuz;

2 2
O1,z=PpP O1z; U%Z=PUTZ+0'UZ;

Otzz = P Orz,z; and ol - p(1-p).

The parameter estimators of model (11) are
obtained by equating Aj (16) with E{Aj} (17) and S(aj) (18)
with Z(ai) (19). We have then:

Bi = (B1i B2i B31) = Mxx - SoO)I" Mxyi- S(ev)]  (20)
Boi = Yi.. - p2itz - p B3i @1
o& = Swvi - Bi* S(vv) Pi +2 S(ve) Bi - o2 (22)

" where, from (20) and (22):

2 ~ A A A
§°(M S(t1Z) S(1,Z)
Mxx = S%(12) SgTZ,Z) ;
(symmetric) §°@)
0§ pgs 0
S(vv) = pG% pc% of ;
o o O
Myyi = [S(Yi,D) S(Yi2) S(YiZ));,
S _ 2 M
Sev) = Sve) = [ov p ov 0], and

j— A A A A_ A A 2
swi =L, [Yij. - Boi - BLity - P2i1izi - B3iZ) /(T - 4) (23)

The ‘‘Environments/Cultivar;’® sources of
variation, are partitioned on a plot level as shown in Table
II.

Table II - Analysis of variance with the environments within cultivar i
source of variation partitioned into regression and deviations

components.

Variations DF EMS)*

Env.’s/Cult; J-1 o+ o% + KU%(i)
Regression 3 o’ + ob +Kobi + KC; + K{B)i
Deviations J-4 o+ 012, + Kogi + KG;

* Ci = Bi E(S(vv)} Bi - 2 E{S(ve)} i ;

@(B}i = (1/3) {SS(po, 1, B2, p3 | cult.; mean)

The number of degrees of freedom of the variance
estimate o§; are given, according to Searle (1971), by

Foi = (1 - 17/ {Th/f1+ yf2 ) 24)
with:

1T = M1i/(M2i + M3; + Ma) ; f1 = J-4;

(M2 + M3; + M4)?
J2i = 2 2 204
M2¢/n4 + M32 Jng + Md?/f 4

f4 = (V4 +n1Vs)? :
Vi/ng + n1Viing

Ml = Swvj; M2j = fili o’ (61i tp 62i -2);

M4 = o%; M3i=p p2i oF (Bl;+ f2i-2).

Ignoring the correction due to error of the independent
variable will be equivalent to taking M2j = 0 and M3; = 0.

Tests of hypotheses

The same principles of partial regression apply to
testing of hypotheses with parameters 1, p2 and p3. The
stability of cultivars is used in general to investigate if data
fit a model chosen a priori, within a controlled margin of
error (Type I error). For the determination of alternative
hypotheses we consider two mutually exclusive situations,
namely: the identification of superior or ideal cultivars to
be selected or the identification of treatments to be
discarded based on their inferiority. Hence, alternative
hypotheses about these parameters should be bilateral with
o levels of error and will depend on the purpose of the
experiments.
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If observations ?ij. of model (11) are normal,
independent and identically distributed, then, according to
Fuller (1987), the variance-covariance matrix of the
approximated distribution of [31 = [[311 [321 [331] is

estimated by:

\Al(f_}‘i) = ﬁ Mxx! Svv; + J—_II- Mixx"! [S(vv)Svv; + guvi §vui] Ml +

+ ni Mxx! [S(vv) Stri + Suv; Svug] Mex ™! | 25)
5

in which: Mxx = Mxx - S(vv); Suvj = S(ev) - S(vv)fii, and

Stri = Gi SwwG{",Gi=[1 -pli -p2i -B3i1,

were obtained from (20) to (23); also Sww is composed of

"2
o
Sww=|: €

S(ve)
S(gv)

S(vv) .

The following hypotheses are pertinent. We give
the corresponding tests and interpretation for a given
cultivar i.

1) Ho:Blj = 1. In this case we assume that the
response is identical to that of the means of the whole set
of cultivars, for the first segment of the model. The statistic

ti=PLi-pl) /Y V(P , (26)

has a t distribution with (J-4) degrees of freedom under Ho.
The alternative hypotheses are H1:f1 < 1 and H1:f1 > 1,
to separate cultivars with low and high rate of response in
the first segment, respectively.

2) Ho:B2j = 0. Under this hypothesis the slope of
the second linear segment is identical to that of the first,
and corresponds to Ho:B1j + f2i = 1. The statistic

ti=(P2i-p20) / Y V(2 , @7)

under Ho, follows a t distribution with (J-4) degrees of
freedom. The alternative hypotheses are H1:p2 < 0 to
discard inferior cultivars and H1:p2 > 0O to select the
superior ones.

3) Ho:p3i = 0 is the hypothesis under which the
discontinuity between the two straight lines is null. Here

also
=(B3i-p3) /Y V(B3 , (28)

has a t distribution with (J-4) degrees of freedom under Ho.
As alternative hypotheses we take H1:$3 <0 or H1:p3 >0
to discard or select cultivars, respectively.

4) Ho:o%i = 0. Specifying that there are no
deviations from the model this hypothesis is tested through

F = (K o8 + Vs)/Vs 29)

which under Ho has an F distribution with
g1 = (K odi + Vs) ¥/ (K%(c§)*f 0 + V3ins) and g2 = ns

degrees of freedom. Confidence intervals for ogi, for
cultivar i, are given by

P(f0i ofi/ XI <ok, <fOi 0di/ X3) =1 - & (30)

in which X% and X% are the tabulated values of the X°
distribution with f 0i degrees of freedom for P[X2 <xt 1=
1-o/2and PX* < X3 1 - o2.

DISCUSSION

The error of the dependent variable &jj (equation
5) is not equivalent to the term given by Eberhart and
Russell (1966), which ignores the variance due to block

effects. In our deviations we considered these effects as

being random, and hence o% includes o% in addition to 02.

Equation (9) shows that the error variance ( 0%) of
the independent variable (environmental index) is a
function of the number of environments, replications/
environments and treatments. It also depends upon the
experimental error and the blocks/environments

component of variance. Derived expression of o3 indicates
how this variance can be kept at low levels. When 03 is
sizable but ignored, estimates of parameters of the model
become biased. In fact, if we replace expressions 11b and
11cin 11a the following relation is obtained:

Yij. = BO; + PLi(tj - vj) + B2i (1j - V)Zj + P3iZj + Bjj + &j
Yij. = p0; + ﬁli%j + ﬁzi‘Arj Z;j + B3iZj + yij, in which

yij = 8ij + &ij - P1ivj - P2ivjZ;

is the deviation from the model. Unbiased estimates of the

parameters are obtained only when 1j and vyij are
independent. And this is not generally the case because

Cov(j; wi) = E({T; - E()} {wii - E(wi)}} = (1-B1i - pp2i) 3.

There will be no bias only when p1j + pp2j =

The statistic F=MSD/MSError is commonly used
in stability analyses for testing the null hypothesis about
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deviations from the model for a given cultivar. This test is
not entirely adequate since the hypothesis actually being is

Ho:o%i + Cj =0, in which

Ci - {Bi E{S(vv)} i - 2E{S(ve)} Bi + of }.

Estimates of the latter quantity may not be negligible,
depending on the estimated values of B1, p2 and the
variance due to deviations from the model. As they are a

test for Ho:o; = 0, interpretations of results will be
misleading and not in complete agreement with the
estimated value of the corresponding coefficient of
determination (Rz). This occurs because R2, calculated as
SSRegri/(SSEnv./Cj), for cultivar i, is overestimated since,
as shown in Table II, E(SSRegr) contains the additional
component 3KCi. Hence, unless R? is corrected, the
appropriate way to evaluate the adjustment of data to the

model should be the corrected estimate of o§; and its
corresponding test criterion (equation 29).

In expressions (20) and (22) the corrections due to
errors of the variables are given by S(vv) and S(ev). We
observe that if these quantities are negligible or null,
estimators of parameters 0, 1, p2 and B3 correspond to
the least squares solution under the assumption of no error
in the independent variable. This fact is relevant to the
investigation of the importance of errors in this variable in
parameter estimation.

The Software developed for the analysis proposed
. here is available under request from the main author.
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RESUMO

Neste estudo foi proposto o modelo bi-segmentado desconti-
nuo para ser utilizado nas anélises de estabilidade de materiais genéti-

cos. Este modelo foi definido como sendo: pjj = p0; + p1itj + P2iTiZ; +
B3iZ; + dij, em que: Tj é o efeito do ambiente j; Zj=1se 1> 0e Zj =0
seT;<0; Blie p1; + P2 sao os coeficientes angulares dos dois segmentos
e B3; é o parametro de descontinuidade do cultivar i; e 5;j é o desvio do
modelo. Considerando este modelo, foram identificados e mensurados
os componentes de variancia e covariancia dos erros das variaveis
independentes e dependente e, por isto, foi deduzida uma corregao para
a estimagéo dos parametros e para os testes de hipSteses.
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