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Quantitative Models for Developmental
Processes

JOHN R. NESSELROADE AND
PETER C.M. MOLENAAR

Developmentalists can scarcely be satisfied with the
ways their arguably most central concept — ‘process’
— is represented in the current scientific literature.
To a developmentalist, the word ‘process’ sounds
appropriate, natural, and straightforward when it is
written or spoken in nontechnical discourse, but as
one tries to pin down just what a developmental
process is, how it is to be recognized, how
its progress is to.be measured, and what are its
concomitants, one quickly realizes just how elusive
the concept can be (see e.g. van Geert, 1991).
Consider a verbal definition of the concept of
process, taken from the Oxford English Dictionary:
‘A continuous and regular action or succession of
actions, taking place or carried on in a definite
manner, and leading to the accomplishment of some
result.” On the surface, it is easy to agree and
say, ‘Oh yes, that is what we want to study in
developmental research.” If sound and scientifically
productive developmental psychology theory and
research are to be fostered, however, the working
and operational definitions of process cannot be
purely verbal. In order for developmental science
reasonably to aspire to dealing in abstract gener-
alizations, rigorous mathematical definitions of
fundamentally important concepts such as process
that then, in turn, Jead to clear, testable specifications
must be developed and used to guide research efforts.
In general, such precision has rarely been the case in
the study of development.

OBJECTIVE

The objective of this chapter is to present and discuss
a set of rigorously defined quantitative models
of process that we believe can be valuably applied
to the concerns of developmental psychologists.
The chapter is very much a ‘work in progress’,
however, because the examples we will give are by
no means exhaustive or complete. Rather, our focus
is on presenting and discussing a selected set of
mathematical-statistical latent variable models that
permit one to describe temporally organized changes
and specify and test hypotheses concerning the
nature of those changes. Moreover, the models
we will present carry the potential for rapid
strengthening and improvement over the short run.
Thus, in some ways this chapter is written more in
the spirit of a progress report than as a ‘how to’
chapter on modeling developmental processes.

The first step in accomplishing our objective will
be to identify a working definition of process, more
or less as it is found in the literature. This definition
will then be rendered operational in mathematical-
statistical modeling terms with concern for building
as much developmental veridicality as possible into
the models. The models will be specified in terms
that make their parameters estimable via currently
available computer software such as AMOS, EQS,
LISREL, Mx, and a number of others.

To broaden our perspective at the outset, it
is useful to point out that one of the more method-
ologically sophisticated developmentalists (Wohlwill,
1973) fairly well avoided the concept process in his
classic book on studying behavioral development.




Instead, he emphasized the developmental function,
which he defined as ‘the form or mode of the
relationship between the chronological age of the
individual and the changes observed to occur in his
responses on some specified dimension of behavior
over the course of his development to maturity’ (1973,
- p. 32). Identifying the determinants of these devel-

' Z‘a l opmental functious is a task of the developmental
| researcher who may use both experimental and

nonexperimental methods as appropriate to the nature
of the variables. This working definition seems to
fit well with the modeling approach discussed sub-
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sequently as ‘growth curve analysis’ (McArdle, 1988;

McArdle & Nesselroade, 2002). The Preface by

Valsiner and Connolly in this volume deals explicitly

with the related process—outcome distinction and its

implications.

QUANTITATIVE MODELING OF PROCESSES

The purpose of the present section is to lay
groundwork for a subsequent examination of some
mathematico-statistical models that we believe
can be used to represent process in the way that
developmentalists intend to use the term. We focus
on some general modeling issues, introduce what is
meant by a multivariate representation, and provide
amore precise definition of process that can be used
to structure further discussion of the process concept.

Modeling Occasions versus Lags

Pertinent in the discussion will be an explicit
consideration of various foci of modeling efforts, e.g.
occasions versus lags. One important distinc-
tion among models is illustrated by contrasting
certain time-series representations with growth
curve modeling. In the former, one can speak of
relationships defined across £, ¢, 1,, etc. which allow
different strengths of relationship among variables
depending on the length of the time interval under
consideration. This seems an essential part of any
viable notion of ‘process’. Growth curve modeling,
by contrast, describes one or more idealized
trajectories realized across particular, explicit times,
e.g. age 2, age 3, age 4, or 1970, 1971, 1972 or trial
1, trial 2, trial 3, etc. Moreover, in some applications,
growth curve modeling assigns individuals scores
that remain fixed with respect to time (individual
differences information) and that describe the
similarities of their particular trajectories to the
idealized trajectories. An alternative way to concep-
tualize the distinction is in terms of differential (and
difference) equations on the one hand versus their
integrated forms on the other. The former gives a
much more general picture of the notion of process
and it is on such features that the chapter will be

focused. Indeed, we believe that the distinction
represents an important point of bifurcation in the
evolution of model applications in behavioral science
(see West, 1985) and that even though the field
may not fully be ready to make the transition to
more dynamic models, they represent an important
advance over the more static models that have
tended to be used for representing developmental
change. It is crucial that developmentalists under-
stand these general model differences and work
toward conducting their theorizing and research to
capitalize on the more powerful dynamic modeling
possibilities.

Multivariate Representations of Process

Cattell (1963; 1966b; 1979; 1980), probably more
than any other behavioral science researcher of the
past several decades, argued strongly for a multi-
variate orientation for the purpose of structuring and
measuring changes, including those changes captured
by the term ‘process’. Baltes and Nesselroade
(1973), Baltes, Reese, and Nesselroade (1977), and
Nesselroade and Ford (1987) further examined the
structuring and analysis of developmental change via
multivariate models. Bentler (1973) summarized
many of the multivariate approaches to representing
developmental change that were available at the
time of his review. Since then, the developmental
literature has witnessed a proliferation of studies that
have involved applying various structural equation
modeling (SEM) techniques to multivariate data. For
example, in 1987 a special issue of Child Develop-
ment was devoted to SEM applications for studying
developmental phenomena.

Among the earliest and perhaps the clearest
examples of attempts to follow a rigorous, quanti-
tative schedule in developmental process definition
via a multivariate orientation are the efforts to render
operational concepts of integration, differentiation,
and reintegration in the case of human abilities by
means of the factor analytic model (e.g. Burt, 1954;
Garrett, 1946). These early attempts to specify
processes of differentiation via the factor analysis
model, however, were fraught with the ambiguities
and uncertainties of the essentially exploratory
common factor model available at that time. More
recent work involving confirmatory factor modeling
approaches has helped greatly to clarify the issues
and strengthen the procedures (sec e.g. Olsson
& Bergman, 1977) in relation to the concept of
differentiation.

Salient Characteristics of a Process

In his classic chapter on representing change and
process, Cattell (1966b) argued that it is naive
to think that one can arbitrarily and subjectively
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recognize individual processes to be studied. He
argued that one might contrive a process by experi-
mental means such as teaching a rat to make a
sequence of responses, but even that learning
process, controlled by the experimenter, is likely to
have parts that are unsuspected by the experimenter
such as when rats learning to run a maze also ‘learn’
to react less shyly to the experimenter. Cattell
(1966b) defined the ‘natural, recurrent process’ as a
‘pattern over occasions’. We will take that notion as
a starting point but, in line with the effort to move
in the direction of dynamic models, we believe a
significant advantage will be gained by extending
Cattell’s definition to include a ‘pattern over lags’.
This distinction will be made clear below.

Cattell’s general notion of the nature of a process
is a useful one for further consideration. He identified
several characteristics that need to be taken into
account in defining the concept more rigorously.
These include: (1) the pattern over occasions
constituting a process is a configuration rather than
a mere profile because sequential ordering of events
1s important; (2) the variables on which the process
is defined can be all-or-nothing or continuous
and parametric; and (3) the variables on which
the process is defined can have their later values
predicted by their earlier ones. This latter idea is a
crucial one, because it is related to the key distinction
between ‘closed’ processes that unfold irrespective
of the context and ‘open’ processes in which the
sequence of the organism’s behavior is, at least in
part, dependent on the environment’s behavior
(Valsiner, 1984).

When one goes a step further and specifies that the
later values of the variables on which the process is
defined are dependent on the earlier values, the set
of variables can be said to exhibit insrinisic dynamics
which can be argued to represent a strong version of
the third of Cattell’s points above (dependent on; not
Jjust predicted by) and thus further exemplifies the
process concept.

In very clear ways, the features identified by
Cattell dovetail with the verbal definition of process
with which we began this section. Our task, then, is
to translate these quite consistent verbal definitions
into more mathematical-statistical terms. Before
doing that, however, we will examine some other
aspects that will bear directly on how we render the
process concept operational.

SALIENT HISTORICAL LINES OF THOUGHT

Multivariate Orientation

In the inaugural editorial of the journal Multivariate
Behavioral Research, launched in 1966, Raymond
B. Cattell argued that significant developments in
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understanding and modeling behavior would only
come from adopting a general approach to studying
behavioral phenomena that substantially augmented
(if not replaced) manipulative experiment with more
naturalistic observation of the behaving organism in
context, focusing on measuring many rather than a
few variables. Cattell’s stance was another example
of highlighting the tradeoffs between internal
and external research design validity (Campbell
& Stanley, 1963). The ‘cleaner’ results, those that
could be obtained by careful manipulation of a few
variables and recording of a few others, were less
interesting from the standpoint of building an
explanatory system than were the ‘messy’ results
obtained from recording both multiple outcomes and
multiple putative causes in their more-or-less natural
contextual variation and applying the powerful
methods of multivariate analyses to structure this
information. From this perspective, developmental
processes cannot be understood by attending to
manipulating a few variables and examining the
effects on a few others. Rather, the ‘messy’ results
involving the typically many variables involved are
more representative of the systemic organization of
processes.

In pursuing the ‘multivariate’ orientation mentioned
earlier, Cattell promoted a variety of ‘covariation’
designs or data definitions based on such research
design modes as persons, variables, and occasions of
measurement with the articulation of the general
heuristic known as ‘the data box’ (Cattell, 1952). His
aim was to systematize the various possible multi-
variate covariation designs and their characteristics
and interrelationships, thus making them more widely
known and accessible to substantively oriented
researchers. A representation of the heuristical ‘data
box’ is given in Figure 27.1.

Starting at a very broad conceptual level, highly
pertinent to developmentalists was the distinction
between intraindividual change and variability
(change within an individual over time) and
interindividual variability (usually referred to as
‘individual differences’) (see e.g. Buss, 1979).
The relative emphasis placed on these two kinds
of variability is closely linked to fundamentally
different orientations to the study of behavior (see
e.g. Nesselroade & Featherman, 1997; Valsiner,
1984). These distinctions can be extended an
important step further with terminology such as inter-
intraindividual variability which captures the notion
of interindividual differences and similarities in
intraindividual change patterns (Baltes, Reese, &
Nesselroade, 1977).

This distinction is directly embodied in the two
covariation techniques defined by Cattell (1952) in
the context of the ‘data box’ as R-technique and P-
technique factor analysis. These centrally important
covariation designs are represented explicitly in
Figure 27.1. R-technique involves an analysis of the
relationships among variables as they are defined
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Figure 27.1  R-technique and P-technique data in the data box context

across a sample of persons who have been measured
on each variable only one time. By contrast, P-
technique involves an analysis of the relationships
among variables as they are measured on only one
individual across a sample of occasions.

At the time of presenting the ‘data box’,
R-technique analysis was by far the most popular
kind of factor analysis, largely because many of
the questions being asked were simply not develop-
mental in nature. Rather, they tended to reflect a
strong belief in highly stable differences among the
various ‘endowments’ of individuals. In marked
contrast, P-technique was promoted by Cattell (e.g.
Cattell, Cattell, & Rhymer, 1947) for studying
‘individual traits’, as a promising tool by which
process could studied. Bereiter (1963) recognized P-
technique as ‘the logical way to study the inter-
dependencies of measures’ and explicitly pointed out
that the more common cross-sectional covariation
designs were approximations, for better or worse, to
the information obtainable from P-technique studies.
Indeed, Bereiter went on to say:

it will generally follow that at any given time relevant
antecedent conditions will vary for different individuals

who may be tested at that time. Thus correlations
between measures over individuals should bear some
correspondence to correlations between measures for the
same or randomly equivalent individuals over varying
occasions, and the study of individual differences may
be justified as an expedient substitute for the more
difficult P-technique. Viewed in this way, however, the
fact that measures on the same individuals may not
correlate the same way on different occasions must be
taken as evidence for the inadequacy of individual
differences analysis as a substitute for P-technique
analysis. (1963, p. 15)

Although they fly in the face of common practice,
Bereiter’s observations illustrate why some
researchers are not satisfied with the way group
designs and analyses are usually implemented and
their findings interpreted (see e.g. Lamiell, 1981;
Molenaar, Huizinga, & Nesselroade, in press).
Elsewhere, Nesselroade and Molenaar (1999)
discussed the general matter of uncritically
interchanging the information obtained from
interindividual variability at one time with that
obtained from intraindividual variability across time
and raised some cautions regarding its appropriate-
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ness. We used a concept from statistical mechanics
— ergodicity (see also Jones, 1991) ~ to identify
conditions under which such substitution was not
misleading and further explored the matter within the
context of identifying subsets of individuals on
whom relevant process information appears to be
consistent and separating them from others before
conducting more refined analysis on the process
aspects of their data. More recently, Molenaar,
Huizinga, & Nesselroade (in press) examined this
matter in the context of evaluating selected aspects
of developmental systems theory. Their results raised
grave concerns regarding the use of among-persons
differences to draw inferences about the course of
within-person developmental changes. More will be
said about this subsequently.

In the view of the writers, the strong case made for
P-technique analysis by Bereiter, Cattell, and others
(e.g. Zevon & Tellegen, 1982) signals an important
turning point in the rigorous representation of
behavioral process as well as other changes, in part
because of the explicit distinction between manifest
and latent variables. Fitting the factor analytic model
to P-technique data, despite acknowledged weak-
nesses of such application, was a promising way
to try to examine and represent psychological
processes. The procedure relied on multiple
measures: indeed, the factor analyses could include
both stimulus and response information (see e.g.
Cattell & Scheier, 1961). In the case of response
variables, the covariances reflected variation within
the individual over time. For stimulus variables, the
variance underlying covariances represented
changing stimulus values across time.

The straightforward application of the traditional
factor analysis model to P-technique data was
soon called into question,' (e.g. Anderson, 1963;
Holtzman, 1963) and for those who wanted to model
latent variables in terms of changes over time in the
single case, important modifications to the traditional
P-technique factor analysis model did not appear
until the 1980s (e.g. Engle & Watson, 1981; Geweke
& Singleton, 1981; McArdle, 1982; Molenaar,
1985). In various ways, these newer models took into
account explicitly the sequential information in the
repeated measurements, thereby offering not only
more rigor but also some variety in the modeling of
process and change.

Temporal Organization and Sequencing

Cattell (1966b) said: ‘By a process we mean that kind
of pattern which is a configuration rather than
a mere profile. That is to say, a sequential order is
an essential part of the signatures of the numbers
in the profile.” In our view, and in line with
Bereiter’s valuation of P-technique, the concept
of process is one of the most critical examples of
interdependencies among measures. The pattern

of interdependency involves both (a) covariation
over time and (b) sequential organization. Within
the context of the P-technique model, the former is
illustrated by the covariation over time of measured
variables and the resulting patterns of factor loadings
while the latter is illustrated by the nature of the
changes in factor scores across time, one example of
which would be auto- and cross-correlations of the
factors. It is these two features which lie at the heart
of the modeling efforts that we discuss in the next
sections.

With regard to multiple variables, covariation over
time and sequential organization in a set of observed
variables are each necessary but not sufficient
evidence of an underlying process. To illustrate this
point, consider the following example. For many of
us, as our automobile is driven more and more it gets
noisier and noisier while the amount we owe the
bank on it becomes less and less. Thus, there is a
temporal organization to both noise (increasing) and
principal remaining to be paid (decreasing) just as
there is a covariation between them over time.
When one is high, the other is low and vice versa.
But one is scarcely tempted to invoke the notion of
a single process to account for this covariation.
Both variables may be involved in processes (e.g.
deterioration of the car and repayment of the loan)
which are occurring at the same time but are not
integrally connected. Thus, to paraphrase an old
cliché, ‘coincidence does not mean causation’.

Idiographic/Nomothetic Relations

Another pertinent line of development that can
be traced, in large part, to the operational nature
of P-technique factor analysis, is the melding of
individual- and group-oriented approaches that were
not really feasible earlier. Various researchers (Lebo
& Nesselroade, 1978; Roberts & Nesselroade, 1986;
Shifrin et al., 1997; Wessman & Ricks, 1966) who
used the general P-technique methodology recognized
the importance of forestalling the strong criticisms
regarding the lack of generalizability in studies of
the individual, and applied the logic and power
of the intensively measured individual to groups of
individuals more or less simultaneously. Zevon and
Tellegen (1982; see also Nesselroade & Ford, 1985)
formalized the general ideas under the topic of putting
an idiographic approach to the service of establishing
nomothetic laws. Other authors (e.g. Lamiell, 1981;
1988; Valsiner, 1984) have argued compellingly for
the more systematic exploration of individual-level
information prior to naively aggregating across
individuals in the service of group-based analyses.
Nesselroade and Molenaar (1999) used such
arguments to develop the rationale for an evaluation
of homogeneity of individuals’ lagged covariance
matrices that fosters selective and informed aggre-
gation of individuals” data for group analysis.
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Valsiner and Connolly (Preface in this volume)
emphasize that what they call intrasystemic analysis,
which is cognate with analyzing individual cases
over time, is the core of developmental science. They
point out that the study of the single case can be done
nomothetically when it leads to a generalized formal
model that is then tested against other single case
data and the model parameters adjusted to reflect
mismatches. For Valsiner and Connolly, aggregation
of cases into samples becomes useful (and adequate)
if and only if the aggregate is the system one wants
to study. An alternative proposal aimed at reaching
the same conclusion — general lawfulness — was
expressed by Meredith (2001) as: ‘Growth and
development are lawful. All individuals obey
the same laws of development. Every individual
develops differently from every other. So we need
mathematical laws whose parameters can account for
individual differences.’

SoME CURRENT MODELS FOR PROCESS
AND CHANGE

Out of the milieu described above, although
admittedly only a few aspects can be recounted here,
which include the seminal contributions by earlier
P-technique factor analytic studies initiated by
Cattell and his colleagues (e.g. Cattell, Cattell, &
Rhymer, 1947), emerged some promising and
substantial improvements in the way researchers
began to conceptualize and model change, including
developmental change (e.g. Baltes, 1973; Cattell,
1966a; Collins & Horn, 1991; Collins & Sayer, 2000;
Harris, 1963; Wohlwill, 1973). Before describing
some of these models more specifically, however, we
will examine a distinction that bears integrally on the
matter of ‘choosing’ among alternative models for
representing processes.

Contrast of ‘Open’ and ‘Closed’ Models

Earlier, we briefly considered the distinction between
‘open’ and ‘closed’ models (see also Valsiner, 1984).
This distinction is critical to developmental science
because it denotes a central question of develop-
mental theory: what are the nature and relative
roles of ‘internal’ versus ‘external’ influences on
the developing individual? Models that allow for
differential openness of the developing system across
time sharply contrast with those that don’t, and the
differences between the two orientations clearly
stand with one leg in the methodological realm. In
an important sense, ‘closed’ models lead to the
elimination of developmental processes with their
unfolding, partially indeterministic nature, in favor
of a new classification system of development

outcomes — exemplified, for example, by growth
curves. ‘Open’ models allow for developmental
outcomes that are well represented not by trajectories
or pathways but rather by dynamical formulations in
which the outcomes are somewhat constrained, but
are not precisely determined. The often used example
of not being able to predict where on the ground a
particular leaf will land, but being able to predict the
probable distribution of fallen leaves around the tree,
exemplifies the ‘open’ model notion. In the “humans
as self-constructing, living systems’ theoretical
framework, Ford (1987) and Ford and Lerner (1992)
discussed developmental processes that integrate
both deterministic and probabilistic influences on the
developing organism.

Static to Dynamic Models

Natural scientists distinguish among (1) static, (2)
kinematic, and (3) dynamic representions. Static
models have to do with relations that reside in
equilibrium, kinematic models with aspects of
change (motion) apart from mass and force, and
dynamic models with forces and their relationship
primarily to change (motion) and sometimes
equilibrium. These distinctions have considerable
import for differences among mathematical and
statistical models that are invoked to represent
process. It may seem contradictory to say that static
models are used to represent process but this is very
much the case in psychology, including develop-
mental psychology. Unquestioned acceptance of
static models is, at least in part, why the measure-
ment of change has been such a problem for
behavioral and social sciences (see e.g. Nesselroade
& Ghisletta, 2002). West (1985) discussed how the
natural progression in evolving scientific disciplines
is from static to dynamic representations of their
phenomena of interest. Let us illustrate these
different levels of models with some examples
taken from the lifespan developmental psychology
literature.

Static Models

The integration—differentiation—reintegration descrip-
tion of the nature of human ability development
illustrates well the use of a static modeling approach
to representing developmental change. These
analyses can (and generally were) conducted on data
representing one-time measurements of individuals.
Yet, the implication drawn from these data had to do
with describing the course of developmental
progression from a less to a more differentiated set of
abilities that, in later life, tended again to be less
differentiated.
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Kinematic Models

Some of the cross-sequential analyses reported in the
1960s and 1970s (e.g. Nesselroade & Baltes, 1974;
Nesselroade, Schaie, & Baltes, 1972) illustrate
kinematic modeling applications. The descriptive
statements that arise (e.g. ability and personality
change from 1970 to 1971 to 1972 in the case of the
study by Nesselroade & Baltes, 1974) reflect changes
across a particular set of time intervals. Extrapolation
beyond those intervals is just that — extrapolation.
In open systems, especially, predictability much
beyond the range of actual observation becomes very
tenuous.

Dynamic Models

Time-series and differential equation models with
parameters explicating the actions (forces) of
previous events on subsequent events illustrate the
dynamic models that are receiving more and more
attention in the behavioral and social sciences.
Notably, interest in dynamical representations
has ebbed and flowed for the past several
decades. Primarily in the sociological literature,
earlier dynamical representations by, for example,
Arminger (1993), Coleman (1968), and Tuma and
Hannan (1984) looked very promising but seemed
to take a back seat to the surge of interest in linear
SEM analyses in the 1970s, 1980s, and 1990s. In
psychology, more recent examples by, for example,
Boker and Graham (1998), Browne (2001), McArdle
and Hamagami (2001), and Molenaar (1985)
illustrate the power and range of these kinds of
process models currently. Technical development
in estimation procedures continues also with the
stochastic differential equations representations (e.g.
Singer, 1993).

Example: Growth

Let us examine how one or the other modeling
decision either opens a view on development or
closes it. Consider growth, for example. One can fit
precisely specified mathematical forms or the more
‘free-formed’ descriptions generated by variations on
principal components or hierarchical linear modeling
procedures to describe the data (e.g. Rao, 1958;
Tucker, 1958; 1966). In either case, fixed represen-
tations of the variable with respect to some index
of time are generated, much as in Figure 27.2.
Alternatively, a dynamical representation in the form
of a differential equation can be used to model various
kinds of growth data. One familiar kind of ‘growth’
is epitomized by the compound interest problem
which applies to a variety of change phenomena:
principal and interest, radioactive decay, cooling of
physical bodies, electrical current reduction, etc. The
representation can be expressed as:

20
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Figure 27.2  Individual person curves over time
(P1, P2, etc.) and component curves (C1, C2, etc.)
derived from them (see Nesselroade & Ghisletta,
2002).

dr

where ¢ is the amount (principal, mass, difference
between the temperature of a body and the surround-
ing air, amount of electrical current), k is a constant
of proportionality, and ¢ is time. The differential
equation relates the rate of change to amount, that is,
the greater the principal the faster it grows for a given
rate of interest, the greater the radioactive mass
the longer it takes for it to decay, etc. One can
integrate the function and generate a specific curve
representing particular values of the variables. As
models of developmental processes, the implications
of these quantitative representations are remarkably
different.

Despite the lead-lag alterations of theory and
method over time described by Wohlwill (1973) it is
the case at this moment in the history of develop-
mental science that technology is not lagging behind
theoretical concerns. A number of computer soft-
ware packages are available that make the kinds of
analyses described here quite feasible for most
investigators.?

Growth Curve Models

Lest the point be missed, we believe that growth curve
modeling (McArdle, 1988; McArdle & Nesselroade,
2002; Meredith & Tisak, 1984; 1990; Rogosa, Brandt,
& Zimowski, 1982; Tucker, 1966) has been highly
instrumental in reinforcing for developmentalists
and other students of process the great strengths
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of longitudinal data. Cronbach (1957), for example,
offered the work of Tucker (1966) on modeling
growth and process via his ‘generalized learning
curves’ approach as a possible rapprochement
between ‘the two disciplines of scientific psychology”
because it explicitly represented both general and
individual differences information within one
formulation. McArdle (1988), Meredith and Tisak
(1984; 1990) and others advanced the methodology
considerably by casting it firmly within a latent
variable framework, the parameters of which models
could be estimated using readily available software.
McArdle (1988) systematized two general ways
of approaching the structuring of multivariate change
in distinguishing between factors of curves and
curves of factors. The essence of the distinction had
to do with decomposing a sample of manifest
variable curves plotted over time (occasions of
measurement) versus decomposing the data at each
occasion of measurement by the factor analytic
model, identifying invariant factors over occasions
of measurement and then examining the curves of
factor scores plotted across those occasions. On the
one hand, the curves of factors approach lends
highest integrity to the factors as they are defined to
be invariant at each occasion. The focus of a study
of change is shifted thereby from the manifest
variables to the latent factors, but the issues
and problems of measuring change remain to be
dealt with. The factors of curves approach, on the
other hand, lends highest integrity to the manifest
trajectories of variables across time and seeks to
identify a parsimonious set of basic components of
these manifest trajectories that in some sense are
‘idealized’ representions of the course of change.

Time-Series Models

For our purposes, we restrict our concerns here to a
certain kind of time-series model, namely that tied
to the parametric modeling of latent variables.
Certainly, the reader is well advised to consider other
kinds of modeling of process variables, including
multivariate time-series models and sequential
analysis of social interaction variables as have been
discussed by various writers (see e.g. Bakeman &
Gottman, 1997), but these are not the concern of this
chapter.

The key idea here is that processes are sequential
organizations of events that are related in some larger
scheme. As noted earlier, however, sequential events
need not necessarily be part of the same process.
Moreover, many different levels of process can occur
simultaneously and exert their effects on the same
variables. School children, for example, are growing
physically concurrently with learning to read, write,
and calculate as they are undergoing ‘socialization’
at home, school, etc. A child’s sense of self, for
instance, can be simultaneously influenced by all

these processes, some of which are individual, some
institutional.

To be able to move beyond static description of
what is going on (e.g. what the trajectory of the
child’s sense of self looks like plotted over age),
one needs to develop formulations that incorporate
dynamics into the representations. This is simply
illustrated. Suppose that at any time 7, the rate of
change (velocity) in the developing child’s sense of
self is inversely proportional to the child’s current
sense of self. This would be a dynamic representation
of sense of self and it says that the child with a strong
sense of self is changing less rapidly (approaching
equilibrium?) than a child with a weak sense of self.
Thus, the same general rule fits both the child with
a strong sense of self and the child with a weak
sense of self but the rate of change differs markedly
between the two of them. How to model this kind of
system?

As we have discussed elsewhere (Nesselroade &
Molenaar, 1999), a focus on modeling process at this
stage of evolution of developmental psychology
needs to rest on both (1) a multivariate orientation to
measurement and analysis (Baltes & Nesselroade,
1973; Cattell, 1966a), and (2) an idiographic
emphasis in pursuing nomothetic relationships
(Lamiell, 1981; Nesselroade & Ford, 1985; Zevon &
Tellegen, 1982). The models that we wish to present
are significant elaborations of the basic P-technique
approach (Browne, 2001; McArdle, 1982; Molenaat,
1985; Nesselroade & Molenaar, 1999; Nesselroade
et al., 2002; Wood & Brown, 1994). These newer
models were designed to take into account the lag
structure residing in the repeated measurements. For
example, suppose a string of measurements obtained
daily for 30 days contains the information that on
days following a high score the score tends to be low,
whereas on days following a low score the score
tends to be high. This information was not reflected
in regular P-technique factors. However, the newer
models directly represent this kind of information
in the factor outcomes. Elsewhere, the two general
approaches have been referred to as the white noise
factor score (WNFS)® and the direct autoregressive
factor score (DAFS) models (Nesselroade et al.,
2002). Browne (2001) has referred to the more
generic, parent model as the ‘shock’ model and to
what we are calling the DAFS model as the ‘process’
model. To tie these two models more directly to the
concept of process discussed earlier, consider
the following line of argument.

White Noise Factor Score (WNFS) Model

This model, which was presented by Molenaar (1985;
1994; see also Hershberger, Molenaar, & Corneal,
1996; Wood & Brown, 1994) is shown graphically in
Figure 27.3. Elsewhere, the details of the WNFS
model are presented in the traditional framework of




630 METHODOLOGY IN THE STUDY OF DEVELOPMENT

\ i F2,,0
1F2,4 . 2
A =~ e N

— S~
S&Es

T~
T~

.

N

N

t-3 -2

Figure 27.3  White noise factor score (WNFS) model (see Nesselroade et al., 2002)

common factor analysis (Nesselroade & Molenaar, in
press). The model allows the earlier factor scores to
influence directly the later values of the observed, or
manifest variables. Thus, the model fits very well with
a notion of process in which process is a latent
variable that drives the manifest variables but the
pattern of influence might be different for different
variables at different lags. Suppose, for example, that
the manifest variables are driven to extreme values
at a given time and then they tend to return toward
some homeostatic equilibrium point but they return
at different rates. Moreover, suppose the return is
impeded by different external influences for different
manifest variables. The WNFS model allows for such
contingencies because foday’s observed scores are
influenced by today’s factor scores, by yesterday’s
factor scores, and by specific factors acting on the
variables at particular times.
The WNFS model specification is as follows:

y(@O) = A0+ At - D + ..
+ A(s)n(t —s) + &)

where y(f) is a p-variate observed time-series
measured at time #(t=1,2,. .., T), (¢) is a k-variate
time-series of (unobserved) factor scores at time 7,
€(1) 1s a vector of uniquenesses (specificity plus
errors of measurement) at time ¢, and A(s) isap X k
matrix of factor loadings at lag s.

Note that A carries a lag identifier, e.g. A(1). Thus,
a central identifying characteristic of the WNFS
model is that the factor loadings differ according to
the lag. Other key features include allowing an
autocorrelational structure in the uniquenesses of the
variables and, as was noted above, the ‘white noise’
specification of the factor scores. To reiterate the
implications of the model specification: today’s
value of a manifest variable is jointly determined by
today’s factor scores, yesterday’s factor scores, etc.,
today’s uniquenesses, and, possibly, yesterday’s
specific factor score value for that variable. Thus, the
WNFS model is able to represent such temporally
defined influences as decay, latency, etc., in the lag-
defined patterns of factor loadings and these can be
different for different manifest variables. The DAFS
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mode! (see below), by contrast, cannot handle
differential refurn rates for different manifest
variables. Its strict metric invariance for all lags does
not permit such flexibility in the relationships
between latent and manifest variables.

Direct Autoregressive Factor Score
(DAFS) Model

The DAFS model specification proposed by
McArdle (1982) explicitly incorporates lagged
effects of factors on variables by allowing the factor
scores to manifest time-related dependencies in the
form of auto- and cross-correlations. Yesterday's
factor scores, for instance, can directly influence
today’s factor scores by which they have an impact
on today’s observed variable scores. Said another
way, earlier factor scores exert only indirect
influence on later variable scores through their
effect on later factor scores. This is a key point of

difference between the DAFS model and Molenaar’s E

(1985) WNFS model presented earlier. The DAFS

model is depicted graphically in Figure 27.4. The -

reader is referred to Nesselroade et al. (2002) for g

more detail. %
The DAFS model specification can be written as

the pair of equations: |

V() = A + e(1) , %
FO=Bfit— 1) +Bfi—-2)+ ..+ BAr—5)+u(0) .

Combining these, .
y(O =A[B ft— D+ .. +B ft—s)]+ Au(®) + e()

where y(¢) is a p-variate observed time-series
measured attime t (¢=1,2,..., 1), Ais ap X kmatrix
of factor loadings, t-w) (¢t=1,2,.. ., T;w=0,1,2,

., §) is a k-variate time-series of (unobserved)
factor scores w occasions prior to occasion ¢, and e(r)
is a p-variate time-series of errors or unique parts of
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Figure 27.4  Direct autoregressive factor score (DAFS) model (see Nesselroade et al., 2002)


































