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ecause we don’t know when we will
Bdie, we get to think of life as an

inexhaustible well. Yet everything
happens only a certain number of times, and
a very small number, really. How many
more times will you remember a certain
afternoon of your childhood, some afternoon
that’s so deeply a part of your being that you
can’t even conceive of your life without it?
Perhaps four or five times more, perhaps not
even that. How many more times will you
watch the full moon rise? Perhaps twenty.
And yet it all seems limitless.

Paul Bowles — The Sheltering Sky
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Preface

The strong increase of the aging population in the Western world has long
ago passed the stage of novelty. As we know by now, a relatively small
population growth combined with a still increasing life expectancy due to
advanced medical care is expected to boost the top segment of what once
was a population pyramid for the next fifty years. This demographic trans-
formation is affecting both the working and the non-working population. A
typical European illustration in this respect is the Netherlands. According
to the Social and Cultural Planning Office! — a governmental organization
conducting scientific research in diverse social areas — the Dutch working
population incorporates a fast growing segment of people between 50 and
65 years of age (De Klerk, 2001). With professional environments develop-
ing at an accelerating pace, the need for retraining is increasing just as
well. Indeed, the percentage of older employees that participates in the
broad spectrum of professional training is growing steadily. However, the
greatest increase in the number of older students takes place in the non-
professional realm. Obviously, this is a matter of motivation. That is, the
drive of older people to take courses is not so much the acquirement of a
certificate, but rather a combination of leisure time and pure interest.
Whether elderly people participate in education from a professional or
from a non-professional background is not the issue here, however. The
starting-point of this thesis is the notion that the elderly show a growing
interest in all sorts of education. Although experience and wisdom accu-
mulate during the lifespan, it is commonly known that learning and mem-
ory show a substantial degree of decline with old age. This has profound
implications for the manner in which education should be extended. More
precisely, elderly learners have their own needs with respect to the subject
matter and — more importantly — the pace at, and the format in which
the information is presented to them. This is especially the case in the
more complex subject domains, such as information and communication
technology (ICT), mathematics, and science. In this thesis, we are particu-
larly interested in the acquisition of skills within such complex domains. It
1s assumed that learning complex skills puts high demands on the cogni-
tive system, specifically on working memory. Furthermore, it is believed
that working-memory capacity is limited, especially in elderly people.
Thus, acquiring complex skills is a delicate matter, the success of which

1 Sociaal en Cultureel Planbureau (SCP), Den Haag.
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Preface

largely depends on the level of cognitive load,? which is imposed on the
learner (Paas & Van Merriénboer, 1994a).

The studies described in the forthcoming chapters seek to apply cogni-
tive load theory (Sweller, Van Merriénboer, & Paas, 1998) to the domain of
educational gerontology. Cognitive load theory provides a theoretical basis
for the design of instructional formats that stimulate an optimal use of the
available cognitive resources while engaged in learning complex subject
matter. The central idea of this thesis is that cognitive load theory can be
particularly helpful for elderly learners, because their limited cognitive re-
sources should be handled with extra care. To explore this idea, cognitive
load theory will be linked with modern theories on cognitive aging (e.g.,
Hasher & Zacks, 1988; Salthouse, 1996). A sketch of a synthesizing
framework will be presented in Chapter 1. Subsequently, specific aspects
of this framework will be tested in Chapters 2, 3, and 5 (Chapter 4 is a di-
gression in this respect).

As we will see, the crucial part of an instructional format is the train-
ing phase. In the training phase the learner is confronted with a series of
practice problems. Practice problems lead to the kind of knowledge that
enables a person to solve test problems he or she has never encountered
before. In this respect, the learner’s proficiency is determined by the depth
at which the training problems are processed. In its turn, depth of process-
ing is determined by the quality, variability, and the format in which the
practice problems are presented. As will become clear, these training char-
acteristics can be manipulated to arrive at an optimal learning result.

In Chapter 2, the use of worked examples in training a complex prob-
lem-solving skill will be tested against practicing with conventional prob-
lems. Conventional problems, which require learners to solve a series of
training problems by themselves, are assumed to impose an excessive cog-
nitive load on the learner. A large part of this excessive load is caused by a
high-demanding problem-solving strategy, namely means-ends analysis.
Means-ends analysis entails a great deal of extraneous cognitive opera-
tions, which do not contribute to the learning process (Sweller, 1988). In
principle, means-ends analysis is a very effective strategy for solving novel
problems. This is only true, however, if sufficient cognitive resources are
available. This is the case in experts, who have already acquired a rich
knowledge base that helps them to process new information such that
their working memory does not get overloaded. Novices, on the other hand,
who do not yet possess such a rich knowledge base, are rather susceptible
to working-memory overload, especially when they have entered old age.
Worked examples, on the other hand, entail little extraneous processes
and focus the learner’s attention on problem states and operations that are

2 In the literature the term mental workload seems to prevail (for an overview, see Ny-
gren, 1991). For the sake of uniformity within this thesis, however, we will stick to the
term cognitive load.
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needed to proceed towards a solution. It is hypothesized that worked ex-
amples lead to better results than conventional problems, both in terms of
experienced cognitive load in the training phase and performance on a
test. Following the framework presented in Chapter 1, this effect is ex-
pected to be stronger for the elderly than for the young.

In Chapter 3, the quality of worked examples will be addressed. More
precisely, we will focus on the surplus value of presenting worked exam-
ples in a multimedia-based format. In such a format, part of the informa-
tion is presented in a visual and the other part in an auditory form. There
is a lot to say in favor of multimedia-based worked examples. One of the
greatest advantages is that they prevent unnecessary visual search, which
1s a cognitively high-demanding. In a purely visual format, visual search is
inevitable, because sources of information that refer to each other, such as
diagrams and associated texts, are physically separated. If, however, tex-
tual information is presented auditorily, learners can concentrate on the
diagrams and visual search is reduced to a minimum. An additional bene-
fit of multimedia-based worked examples is that they address both the
visual and the auditory component of working memory, which can prevent
one of these components to become overloaded (this idea is specifically ex-
plored in Chapter 5). It is hypothesized that multimedia-based worked
examples lead to better results than purely visual worked examples.
Again, this effect is expected to be stronger for elderly learners than for
their young counterparts.

Chapter 4 can be considered as an intermezzo, because it does not focus
on the application of cognitive load theory. It does relate to the other chap-
ters, however, in that it tests an alternative measure of cognitive load.
Where in Chapters 2, 3, and 5 cognitive load is measured by means of a 9-
point scale on which the participants rate their perceived cognitive load,
Chapter 4 explores the possibilities of measuring pupil size as a more ob-
jective correlate of cognitive load. As we will see, early research has shown
that the pupil does not only respond to variations in light intensity, but
also to the intensity of cognitive processes, albeit far more subtly. Al-
though pupil dilation has revealed its quality as one of the most sensitive
physiological measures of cognitive load (e.g., Ahern & Beatty, 1979), there
1s reason to suspect that it is less appropriate for measuring cognitive load
in elderly people. This 1s the central issue to be investigated in Chapter 4.
For this purpose, pupil size will be measured while participants are en-
gaged in a memory-search task (Sternberg, 1966).

In Chapter 5, the advantage of audiovisual worked examples, which in
the literature is referred to as the modality effect, will be further explored.
In addition, the role of germane cognitive load will be investigated. Ger-
mane cognitive load is the portion of instructional load that has a positive
effect on the learning process (Sweller et al., 1998). A type of germane load
concerns the depth of processing, which was mentioned earlier in this pref-
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preface. Depth of processing can be manipulated by altering the variability
of the training problems (e.g., Paas & Van Merriénboer, 1994b). A highly
variable sequence of training problems will prevent learners from develop-
ing routine in processing these problems. As a consequence, they have to
reanalyze every single problem in order to comprehend it. This stimulates
deep processing and thus enhances the learning process. It is hypothesized
that audiovisual worked examples that are presented in a high-variable
sequence lead to the best results. Yet again, this will be especially true for
elderly learners.

Finally, in Chapter 6, general conclusions will be drawn from the first
five chapters. In addition, an extensive set of possible future research di-
rections will be given. For a significant part, these will be based on a criti-
cal evaluation of cognitive load theory.

As may have become clear, the order of the chapters is a reflection of
the chronological order in which the reported studies were performed. In
fact, all chapters (except for Chapter 6) can be read in isolation, since they
are either published or submitted as separate papers. They all contain a
general introduction. Thus, there may be some overlap with respect to
their contents. The chapters refer to one another through common refer-
ences as well as chapter numbers.

As the author of this thesis, I do not pretend to have given a final an-
swer to the question whether cognitive load theory is an appropriate
guideline for the design of instructions that are aimed at elderly learners.
Yet, I do believe it is. As I will point out in the final chapter, however, care
should be taken concerning the experimental method that is used to infer
its underlying cognitive mechanism. I hope that this thesis, as well as the
papers it has yielded, will initiate a line of research, in which the potential
power of cognitive load theory for elderly learners will eventually show to
full advantage.

14



Cognitive Load Theory and
Aging: An Introduction!

The purpose of this introductory chapter is to explore the advantages of in-
structional formats based on cognitive load theory for elderly learners en-
gaged in the acquisition of complex cognitive skills. A great body of research
has demonstrated that cognitive aging is accompanied by a reduction of work-
Ing-memory capacity, a general slowing of mental processes, and a decline of
the ability to repress irrelevant information. The core idea of cognitive load
theory is that working-memory capacity is limited and should therefore be
managed with great care and discretion. Cognitive load theory claims that
this can be achieved by minimizing the level of extraneous cognitive load,
which is the portion of load that does not contribute to schema acquisition,
and maximizing the level of germane cognitive load, which directly contrib-
utes to the construction of cognitive schemata. Since instructions based on
cognitive load theory deal with cognitive limitations in that they lead to an
efficient use of the available resources, it was hypothesized that they are es-
pecially effective when elderly people are involved. This idea was analyzed by
means of a framework merging cognitive load theory with the aforementioned
research findings concerning cognitive aging. It was concluded that cognitive
load theory, enabling elderly people to acquire new complex skills, can be re-
garded as an essential guide for educational gerontology.

It has become a platitude to proclaim that our society is developing at an
incredible speed, that its complexity is becoming enormous, and that we
are daily overloaded with information. In the same light, it has become a
truism that old people are more affected by this immensity than young
people. Where, in the worst case, young people seem to be suffering from
growing information quantity and complexity, old people are likely to be
totally overwhelmed by it. Not surprisingly, a frequently uttered complaint
of elderly people being confronted with, for instance, computer-based work
(Morris, 1994), is that they are overburdened with numerous options, in-
adequately presented information, and jargon, which not only leads to poor
performance, but also leaves them with a negative attitude towards the
subject matter. Fortunately, this observation is broadly recognized as a
problem, not least because the elderly represent a relatively large and still
growing part of advanced industrial populations.

L A version of this chapter was published as: Van Gerven, P.W.M., Paas, F., Van Mer-
riénboer, J.J.G., & Schmidt, H.G. (2000). Cognitive load theory and the acquisition of
complex cognitive skills in the elderly: Towards an integrative framework. Educational
Gerontology, 26, 503-521.
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Chapter 1

Cognitive overload frequently plays a role in education. Research into
some aspects of cognitive processing and instructional design has provided
solutions to this problem. Much of this research seizes upon the issue of
what can be done to manage cognitive load in such a way that people
achieve optimal learning and performance. In this chapter we present a
framework that integrates research findings in the field of cognitive load
and cognitive aging. This framework is based on the assumption that us-
ing knowledge of factors determining cognitive load can lead to more effec-
tive instructions, and thus to enhanced performance of the learner. One of
the theories that focuses on cognitive load and provides important guide-
lines for improving instructional material is Sweller’s (1988, 1989, 1994)
cognitive load theory (CLT). The question raised in this chapter is whether
CLT-based modifications of conventional instructional material, having
been extensively tested on relatively young people, are also effective with
elderly people in a problem-solving context. In fact, we claim that the as-
sertions of CLT perfectly match the cognitive declines associated with ag-
ing. Therefore, we hypothesize that elderly people gain relatively more
from CLT-based instructions than young people (Van Gerven, Paas, & Van
Merriénboer, 1998). Such instructions should enable older people to ac-
quire skills that are otherwise far too intricate for them to grasp. Regard-
ing the growing interest in life-long learning, this can have a great impact
on educational gerontology.

In working towards a framework of cognitive load and cognitive aging,
we first shed some more light on the concept of cognitive load, its causal
factors, and its relation to learning. Subsequently, we discuss the cognitive
changes that are associated with aging. Next, we give a brief description of
cognitive load theory and its implications for instructional design. Guided
by the above-mentioned framework, we finally explain the implications of
cognitive load theory for elderly learners.

Cognitive Load and Learning

A comprehensive overview of factors determining the level of cognitive
load is offered by Paas and Van Merriénboer (1994a; see Figure 1.1). They
distinguish causal and assessment factors. Causal factors include charac-
teristics of the person (e.g., age and cognitive abilities), the task (e.g., task
complexity and time pressure), the environment (e.g., noise and tempera-
ture), and their mutual relations.

With respect to assessment factors, Paas and Van Merriénboer distin-
guish mental load, mental effort, and performance as the three measur-
able dimensions of cognitive load. Mental load is regarded as the portion of
cognitive load that is imposed exclusively by the task and environmental
demands. The mental effort dimension refers to the amount of cognitive
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Cognitive Load Theory and Aging: An Introduction

Causal Factors Assessment Factors
I | |
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Figure 1.1 Cognitive load: causal and assessment factors (Paas & Van Merrién-
boer, 1994a).

capacity that is actually allocated to the fulfillment of the task. It pertains
to the part of processing that is under mental control (as opposed to auto-
matic processing). A person’s performance, finally, is a reflection of mental
load, mental effort, and the aforementioned causal factors.

Learning, which is reflected by performance change, requires working-
memory capacity. That is, it imposes a germane cognitive load on the
learner (Sweller, Van Merriénboer, & Paas, 1998). Germane cognitive load
1s required for an essential aspect of learning, namely the construction and
storage of so-called schemata into long-term memory. Schemata evolve
when information elements and production rules are integrated and
chunked into wholes. This process saves storage capacity and optimizes
cognitive functioning. Sweller (1994, p. 296) defines a schema as a “cogni-
tive construct that organizes the elements of information according to the
manner with which they will be dealt.” Following this definition, several
types of schemata can be distinguished that relate to several types of
situations. Schemata dealing with solving problems play a major role in
this thesis. According to Sweller (1994), a ‘problem-solving schema’ is a
flexible instrument that captures a problem into a specific category and
provides the rules for solving it.

An important feature of schemata is that they enable transfer. Transfer
1s the application of existing schemata to new problems, which can be tack-
led similarly to related, earlier encountered problems. Transfer is essential
for the performance of complex tasks, in which the encountered problems
often deviate from the standard. Another essential feature of schemata is
automation. Schemata that are automated do not require controlled proc-
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essing anymore (see Figure 1.1). As a result, even more than the original
schemata, automated schemata reduce mental effort and thus cognitive
load (Van Merriénboer & Paas, 1990).

The construction of adequate and rich schemata is especially important
in complex learning tasks. Complex learning tasks require more effort, be-
cause the elements contained by the to-be-learned material are highly in-
terconnected (Sweller, 1994). In this respect, Sweller refers to intrinsic
cognitive load, which is the portion of load that is imposed by the intrinsic
characteristics of the task or subject matter. Tasks imposing a high intrin-
sic load often strain the cognitive system to its limits. In the next section,
we will see that this is especially the case when the cognitive system has
declined as a result of aging.

Characteristics of Cognitive Aging

Cognitive aging is accompanied by important cognitive changes. These
concern both crystallized and fluid abilities (e.g., Horn & Cattell, 1967).
Where crystallized abilities enhance and accumulate as a result of aging,
fluid abilities tend to decline. This decline is threefold: (1) working-
memory capacity decreases, (2) processing speed goes down, and (3) there
1s a reduced ability to distinguish relevant from irrelevant information. In
the following subsections we will elaborate on these declines.

Reduced Working-Memory Capacity
Decrease of working-memory capacity seems to be the most obvious cogni-
tive change associated with aging. The concept of working memory cate-
gorically differs from the somewhat obsolete expression “short-term mem-
ory.” That is, the term is not simply defined as the ability to temporarily
store a certain number of information elements, but rather as the capacity
“to preserve information while simultaneously processing the same or
other information” (Salthouse & Babcock, 1991, p. 763). Whereas simple
short-term storage capacity barely declines with aging, working memory
does. Wingfield, Stine, Lahar, and Aberdeen (1988), for instance, found no
difference between young and old people in a digit-span test and only a
small difference in a word-span test. In a loaded-word span test, however,
in which people had to make a false/true judgment about and recall the
last words of progressively longer sets of statements, the elderly were sub-
stantially affected. Salthouse and Babcock (1991) obtained similar results.
Where they found a relatively weak relation between age and digit/word-
span, they found a gradual age-related decline in listening and computa-
tion span.

Reduced working-memory capacity becomes critical when the task de-
mands are high and a relatively large working-memory capacity is needed.
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A considerable body of research illustrates the importance of working-
memory capacity for problem-solving skill. A study by Gilinsky and Judd
(1994), for instance, demonstrates the role of reduced working-memory ca-
pacity in solving syllogistic problems. The difficulty of solving syllogistic
problems depends on the number of ‘solution models’ that has to be evalu-
ated in working memory. Old participants were more affected than their
young counterparts when this number was high. Similar relations between
age and task complexity were found in dual-task performance (Lorsbach &
Simpson, 1988), computer-based work (Czaja & Sharit, 1993), and prospec-
tive tasks (Einstein, Smith, McDaniel, & Shaw, 1997; Kidder, Park, Hert-
zog, & Morrell, 1997).

Reduced Processing Speed
A second cognitive change associated with aging is a reduction of process-
ing speed. This can be considered as an additional decline, but it can also
serve as an alternative explanation for the age-related reduction of work-
ing-memory capacity. Salthouse and Babcock (1991), for instance, explain
the phenomenon as a decrease in the rate at which information is acti-
vated. The number of information elements that can be processed equals
the number of elements that can be activated before the activation of the
first element has decayed below a threshold. Hence, the lower the activa-
tion speed, the less elements can be processed. This view was the precur-
sor of Salthouse’s (1996) processing-speed theory. In this theory, Salthouse
postulates two mechanisms underlying an age-related decline of cognitive
performance. First, there is the limited-time mechanism, which is based on
the assumption that the time occupied by early processes puts restrictions
on the time available for later processes. Second, Salthouse posits the si-
multaneity mechanism, holding that products of early processes can be
lost by the time later processes are executed. That is, products of different
processing stages, which have to be combined at another stage of process-
ing, are not always available simultaneously. Most importantly, Salthouse
hypothesizes that general cognitive slowing, rather than a specific deficit,
such as a reduced working-memory capacity, underlies age-related de-
clines of cognitive functioning. The general nature of cognitive slowing im-
plies that there are high correlations between different speed measures.
Thus, a measure of perceptual speed, for instance, should be a reliable
predictor of motor speed and vice versa. Furthermore, speed measures
should highly correlate with measures of working memory. Finally, the
theory predicts that statistical control of cognitive speed will attenuate an
age-related difference of working-memory capacity. Such an attenuation
was found repeatedly (e.g., Fisk & Warr, 1996; Salthouse, 1993; Salthouse
& Babcock, 1991).

Myerson, Hale, Wagstaff, Poon, and Smith (1990) proposed a model
that is consistent with Salhouse’s simultaneity mechanism. In their infor-
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mation-loss model they state that information processing occurs in discrete
steps and that a person’s response latency equals the sum of the step la-
tencies. The duration of a step depends on the amount of information that
1s available at the onset of that step (cf. Salthouse, 1996). Unlike process-
ing-speed theory, the information-loss model explicitly incorporates task
complexity. That is, the more complex the task, the more processing steps
are supposed to be involved (though Myerson et al. admit that this is an
oversimplification). More processing steps will lead to proportionally more
information loss and thus to lower performance. The number of processing
steps required for a particular task does not depend on age. What in-
creases with age is the duration per step as well as the proportion of in-
formation lost per step. As a consequence, elderly learners display a larger
performance slide (i.e., longer latencies and a lower decision accuracy)
than young people, when confronted with complex tasks.

Reduced Ability to Distinguish Relevant from Irrelevant Information

A third cognitive change emerging from old age is a decline of the ability to
discriminate between relevant and irrelevant information. This phenome-
non is generally ascribed to increased neural noise (e.g., Welford, 1985).
This view 1s supported by studies showing that elderly people are poor per-
formers on visual search tasks in which targets are surrounded by non-
target objects (Allen, 1990; Allen, Madden, Groth, & Crozier, 1992; Mad-
den, Connelly, & Pierce, 1994).

A view that may be in line with the neural-noise approach is the idea of
reduced inhibition (Hartman & Hasher, 1991; Hasher & Zacks, 1988). In
this view, elderly people are assumed to have difficulty inhibiting irrele-
vant information in favor of relevant information. Again, this approach
can be seen as an alternative for the reduced-capacity view. That is, the
problem may not be that the potential of working memory has decreased,
but rather that working memory tends to get overloaded with irrelevant
information.

Cognitive Load Theory and Instructional Design

The above studies are all concerned with task performance. We are inter-
ested in a special task, namely the processing of instructions, which should
lead to the acquisition of new and complex problem-solving skills that re-
quire transfer. The extent to which new skills are learned is determined by
the effectiveness of the instructions. In the light of the aforementioned ag-
ing studies, this is particularly true when elderly learners are involved.
Instructions aimed at elderly learners should be designed in such a way
that their cognitive limitations are taken into account as much as possible.
For this purpose, cognitive load theory (Sweller, 1988, 1989, 1994) provides
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some important guidelines. In cognitive load theory human memory is as-
sumed to consist of a limited working memory connected to an unlimited
long-term memory. It i1s further assumed that working memory is not a
single entity, but that it embodies at least two mode-specific components:
the visuospatial sketchpad and the phonological loop. Furthermore, it in-
corporates a coordinative component: the central executive (e.g., Baddeley,
1992). As we will see, this architecture can play a crucial role in managing
cognitive load.

Basically, cognitive load theory is concerned with the limitations of
working-memory capacity. Sweller and others (e.g., Paas, 1992; Paas &
Van Merriénboer, 1994a, 1994b) state that, especially in conventional in-
structional design, the strict boundaries of working memory are rarely
taken into account. Conventional instructions tend to impose an extrane-
ous cognitive load on working memory and ignore the simple fact that to
actually learn something from the instructions an additional germane cog-
nitive load, and thus additional working-memory capacity is indispensa-
ble. Thus, the limitation of working memory should impel instructional de-
signers to develop training materials that impose a minimal extraneous
load on working memory in order to reserve capacity for processes that
have first priority, namely schema acquisition and automation. Therefore,
a second important goal of instructions should be to stimulate the learner
to actually dedicate the capacity gained to the schema-acquisition process.

The aim of conventional instructions is usually twofold. First, the
learner is confronted with general information about the subject matter
presented as text and, where applicable, figures or diagrams. Second, a
great deal of conventional instructions, especially those aimed at problem
solving (e.g., in mathematics and physics), incorporate a practice session,
the purpose of which is to improve performance and to provide feedback.
According to Sweller and collaborators, it is exactly this practice session,
which, at least in the initial phase of skill acquisition, is ineffective. Para-
doxically, this ineffectiveness is especially evident when clear goals are
specified. Goal-specific problems are usually solved by applying a so-called
means-ends strategy. Besides forward reasoning, a means-ends strategy
typically entails backward reasoning. That is, a goal state is set, which can
be attained by solving all underlying subgoals in a backward order. This
way, a student is constantly trying to find the means needed to attain a
subgoal, while keeping in mind the higher goals in the hierarchy, includ-
ing the main goal. The problem is that a means-ends strategy puts a rela-
tively heavy burden on working memory, while not contributing to the
construction of schemata (Sweller & Levine, 1982). The more complex the
practice problems, the more working-memory capacity is demanded by a
means-ends strategy, and the less capacity is available for schema-
acquisition. Apparently, practice does not make perfect in this context.
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But what alternatives do we have? The answer to this question lies in
the notion that instructions and training should be primarily aimed at the
acquisition of cognitive schemata (Sweller, 1989). Once schemata are ac-
quired and automation has taken place, problems are categorized and
solved more rapidly and with less effort. Several CLT-based alternatives
for conventional instructions have been proposed and evidence has been
provided that these alternatives are superior. What CLT-based instruc-
tions have in common is that they restrict the amount of extraneous cogni-
tive load to a minimum and, at the same time, stimulate the learner to de-
vote the available capacity to the construction of schemata. The most im-
portant CLT-based instructional formats are discussed in the following
section (for an exhaustive overview, see Sweller, Van Merriénboer, & Paas,
1998).

Important CLT-Based Instructional Formats

Goal-Free Problems

Contrary to conventional goal-specific problems, goal-free problems do not
allow learners to employ means-ends strategies (Sweller, 1989). The in-
struction “calculate the value of variable X,” for instance, can be reformu-
lated as “calculate the value of as many variables as you can.” The specific
goal is thus altered into a nonspecific goal. Instead of reasoning backward,
the learner is now likely to focus on forward reasoning, so that there is no
need to keep the main goal and its subgoals in mind. This saves valuable
working-memory capacity, which can be used for the acquisition of sche-
mata. Moreover, goal-free reasoning leads to a more exhaustive explora-
tion of the subject domain and, therefore, to the construction of extensive
schemata which integrate more interconnected elements. Such schemata
enable the solution of a broader range of problems and increase the prob-
ability of achieving transfer. Instructional formats containing goal-free
problems have been proved to result in better performance than instruc-
tions containing goal-specific problems (Owen & Sweller, 1985; Sweller &
Levine, 1982).

Worked Examples

Intuitively, practicing seems the ultimate means of getting insight into
complex material. After all, by solving practice problems, the student is ac-
tively processing the subject matter. Moreover, the satisfaction of working
towards and finding a solution can be an important motivational factor.
Nevertheless, a number of studies have shown that a more effective
alternative for problem solving is studying worked examples (Paas, 1992;
Paas & Van Merriénboer, 1994b; Sweller & Cooper, 1985; Ward & Sweller,
1990). Unlike conventional practice problems, worked examples, being
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problems accompanied by their worked-out solutions, do not compel stu-
dents to apply a capacity-demanding means-ends strategy. Instead, they
can use their whole cognitive capacity to achieve a full comprehension of
the subject matter.

Avoiding Split Attention

In general, instructions should be presented in such a way that the learner
1s not obliged to first convert them into a comprehensible form. One of the
weaknesses of conventional instructions is that they often comprise mutu-
ally referring sources of information, which force learners to split their at-
tention. An example is a diagram accompanied by a caption. Because, gen-
erally, neither of these two information sources can be understood on their
own, they have to be mentally integrated. According to Sweller (1989), this
integration process imposes a high extraneous load. Sweller argues that
one of the means to reduce this unnecessary mental load is to physically
merge the two information sources into a whole. The physical integration
of interdependent information sources has been extensively tested against
the traditional, non-integrated format and found to be superior (Bobis,
Sweller, & Cooper, 1993; Chandler & Sweller, 1992; Sweller & Chandler,
1994; Sweller, Chandler, Tierney, & Cooper, 1990).

Distributing Information over Different Modalities

As we have seen, cognitive load theory assumes that working memory
comprises at least two independent, modal channels: a visuospatial
sketchpad and a phonological loop (e.g., Baddeley, 1992). This view yields
another tool for avoiding split-attention. That is, if we assume that the
visuospatial sketchpad and the phonological loop operate independently
and in parallel, two sources of mutually referring information can be pre-
sented simultaneously via the visual and the auditory channel. In this
dual-coding approach (e.g., Clark & Paivio, 1992), mental working-memory
capacity 1s spared, so that more resources are available for schema acqui-
sition. Dual coding was found to lead to better comprehension in different
domains (Mayer & Moreno, 1998; Mousavi, Low, & Sweller, 1995; Tindall-
Ford, Chandler, & Sweller, 1997; see Penney, 1989, for an extensive over-
view of modality effects).

Leaving Out Redundant Information

It is not always necessary to mentally integrate mutually referring infor-
mation sources. In the case where two different sources of information can
be understood on their own, one of them is often redundant. The usual as-
sumption with respect to different instances of similar information in, for
Instance, computer manuals, 1s that in the worst case redundant informa-
tion is simply ignored by the learner. It has been demonstrated, however,
that discarding redundant information from instructional material has
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beneficial effects on comprehension and performance (Bobis et al., 1993,
Chandler & Sweller, 1992).

Towards an Integrative Framework

How can we now reformulate the above findings concerning cognitive ag-
ing and cognitive load theory into an explanatory and predictive frame-
work? We propose a framework, which on the one hand incorporates and
explains cognitive load theory, and on the other hand predicts the effects of
CLT-based instructions under conditions of high task complexity and re-
duced cognitive abilities. A schematic representation of the framework is
depicted in Figure 1.2. The left side of the figure contains three independ-
ent bipolar variables: instructions, age, and task complexity. These vari-
ables establish the basic task and learner characteristics. Instructions are
either “conventional” or “CLT-based,” age is either “young” or “old,” and
task complexity is either “low” or “high.” The boxes in the figure contain
dependent variables. The arrows represent causal relations. Minus signs
indicate negative connections; plus signs indicate positive connections.

The variable instructions, being either “conventional” or “CLT-based,”
in fact stands for the efficiency of the instructional format. How is this in-
structional efficiency reflected by other variables in the framework? An
approach 1s to view efficiency as the ratio between extraneous and ger-
mane cognitive load (CL) imposed on the learner. That is, the more effi-
cient the instructions, the lower the level of extraneous CL and the higher
the level of germane CL. Paas and Van Merriénboer (1993) determine in-
structional efficiency by representing an instructional format as a point in

Instructions —— | Extraneous CL

; :

. + + +
Age4>| Cognitive Capacity |—> Germane CL — ASch_er_Tt1_a
cquisition

+
Task Complexity—# Intrinsic CL |

%

Figure 1.2 An integrative framework of cognitive load theory and cognitive aging.
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a diagram (see, e.g., Figures 2.4 and 3.2 in the forthcoming chapters), the
position of which is determined by the z scores of the dimensions mental
effort (M, on the x-axis) and performance (P, on the y-axis). Efficiency (F)
1s now defined as the perpendicular distance from this point to the line P =
M, which can be expressed as:

P-M

F="5

If performance P equals mental effort M, then efficiency E equals zero,
which 1s to be interpreted as a neutral score. If P > M, then the instruc-
tions are efficient in that they apparently lead to a level of schema acquisi-
tion that minimizes the amount of mental effort needed for the task and at
the same time maximizes the performance on that task. If P < M, however,
then the performance is lower than can be expected on the basis of the in-
vested amount of mental effort. In this case, the instructions are not effi-
cient, because obviously they do not lead to a level of schema acquisition
that is at least sufficient for an average performance. Mental effort is not
incorporated in the present framework, but is reflected by the level of ger-
mane CL that is imposed on the available cognitive capacity.

Besides motivation (which is not included in the framework), the level
of germane CL depends on the quality of the instructions. The variable in-
structions has a positive connection with germane CL and a negative con-
nection with extraneous CL. If, in the case of conventional instructions,
the efficiency is low, then extraneous CL is high and germane CL has a
moderate level. If, however, in the case of CLT-based instructions, the effi-
ciency is high, then the level of extraneous CL is minimized, whereas the
level of germane CL is maximized. These are optimal conditions for the
construction of cognitive schemata.

The variable age determines cognitive capacity. Cognitive capacity in-
cludes working-memory capacity, processing speed, and the ability to in-
hibit irrelevant information. These are all aspects of working memory.
Thus, cognitive capacity can be defined as the maximum number of task-
relevant items that can be stored and processed in working memory within
a certain unit of time. In the light of this definition, it is important that,
especially in the case of reduced cognitive capacity, working memory is
only occupied with effective operations on relevant information elements.
After all, the amount of cognitive capacity that can be dedicated to schema
acquisition is reduced by extraneous CL and intrinsic CL, so that it is es-
sential to make maximal use of it. Thus, the cognitive capacity in the
framework is the maximal capacity that can actually be claimed by ger-
mane CL.

In the framework, age neither affects extraneous CL, nor intrinsic CL.
According to Paas and Van Merriénboer (1994a), however, age is a deter-
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mining factor of cognitive load (see Figure 1.1). In their view, the concept
can be interpreted as a sort of overall cognitive load, which can be assessed
by means of a subjective scale (e.g., Paas, Van Merriénboer, & Adam,
1993). This subjective or experienced cognitive load is high when the task
and instructional demands (i.e., intrinsic CL and extraneous CL) are high
and only little capacity is left for schema construction.

The level of intrinsic CL is determined by the complexity of the task. A
task 1s complex when it contains relatively many interconnected elements.
According to Sweller (1994), intrinsic CL has a fixed magnitude. That is, a
task has a stable structure that requires a fixed set of cognitive operations.
However, when schemata are constructed and become more refined and
automated, less mental effort is needed for the same task (see Figure 1.1).
In other words, intrinsic CL should gradually decrease. The system should
thus contain a loop that affects the level of intrinsic CL. To track this loop,
let us return to germane CL.

germane CL is not only determined by the instructions. Its maximum
value is confined by the available cognitive capacity. The instructions de-
termine the extent to which this cognitive capacity is used. The more cog-
nitive capacity, the more germane CL can be imposed on the learner. And
the more germane CL is imposed, the more efficient is the Schema-
Acquisition process. The loop is closed when the acquired schemata en-
hance the learner’s performance as a result of decreased intrinsic CL.
Thus, we have an iterative process, which accounts for the accumulation
(symbolized by the rolling snowball in Figure 1.2), refinement, and auto-
mation of schemata, and, as a result of that, for a reduction of mental ef-
fort necessary for solving problems in a particular domain.

Implications of Cognitive Load Theory for Elderly Learners

Since CLT-based instructions deal with cognitive limitations, they are
likely to accommodate the mental abilities of elderly learners. In fact,
CLT-based instructions optimally compensate for age-related cognitive de-
clines. First, since limited working-memory capacity is the basic constraint
CLT-based instructions deal with, more capacity becomes available for
learning. Second, CLT-based instructions compensate the loss of informa-
tion due to decreased processing speed. That is, if extraneous cognitive
load is minimized, more relevant information elements can be processed
within the same unit of time, so that less information will get lost. More-
over, the simultaneous activation of relevant information elements in-
creases the chance of integration, and thus schema acquisition. Third, the
problem of reduced inhibition can be by-passed, because redundant infor-
mation will be left out as much as possible. Finally, CLT-based instruc-
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tions present information such that the learner is directed to its essentials
(e.g., by applying worked examples).

What can we now predict following the framework in Figure 1.2? To
answer this question, let us perform a thought experiment with a group of
young and a group of old adults. One half of both groups is presented with
conventional instructions, the other half is presented with CLT-based in-
structions. Let us assume that the old adults have lost 20% of their origi-
nal cognitive capacity. Let us further assume that both age groups initially
experience equal levels of intrinsic CL in both conditions and that the level
of extraneous CL, being equal for the age groups,? is reduced to 50% in the
CLT condition. It thus follows that after deducting intrinsic CL and extra-
neous CL from the Total cognitive capacity, the elderly have less cognitive
capacity left than the young, especially in the conventional condition. As a
consequence, the elderly can devote less cognitive capacity to germane CL
and thus to schema acquisition. Imagine that in the CLT condition the
gain of cognitive capacity equals 50% of the initial extraneous-CL level for
both age groups. Since the elderly have only 80% of the cognitive capacity
of the young, their gain in cognitive capacity is proportionally more. The
real benefit, however, lies in the proportion of germane CL. Formally, this
can be expressed as:

AGCL _ AGCL
TCC,, ~TCC,..,

young

where AGCL symbolizes the absolute gain of germane CL and T'CC the to-
tal cognitive capacity, that is the cognitive capacity ‘before’ deducting in-
trinsic CL and extraneous CL. Given the assumption that AGCL propor-
tionally takes effect in the performance of the learner, we can predict that
the old group’s performance will improve relatively more than the young
group’s performance.

In the critical situation where the level of cognitive load imposed by
very complex tasks in combination with conventional instructions exceeds
the total cognitive capacity of elderly learners, CLT-based instructions can
reduce extraneous CL such that enough capacity becomes available for a

2 Tt 1s not inconceivable that the levels of extraneous CL and intrinsic CL are in fact un-
equal for the age groups. If we consider, for instance, the inequality in the ability to re-
duce irrelevant information and we are dealing with a task in which such a competence
1s required, combined with an instructional format which contains a lot of redundant
information, it becomes imaginable that the elderly experience higher levels of both in-
trinsic CL and extraneous CL. As a matter of fact, this would strengthen the effect of
CLT-based instructions relative to conventional instructions, because now there is even
more extraneous CL to reduce in the elderly, providing them an extra advantage rela-
tive to the young. For the sake of simplicity and due to a lack of empirical literature,
however, we have refrained from including a connection between Age and extraneous or
intrinsic CL in the framework.
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full comprehension of the subject matter. Moreover, enough resources may
come available for schema acquisition. In young learners it is more likely
that the level of cognitive load remains within the limits of the total cogni-
tive capacity. They also benefit from CLT-based instructions, but in their
case 1t is not a question of whether or not the material is grasped, but
rather to what extent it is grasped.

The construction of schemata will eventually reduce the effort needed
for a task, because a broader variety of problems can be tackled and the
required mental operations are chunked into wholes (Paas & Van Mer-
riénboer, 1994b). Although Sweller’s (1994) definition of intrinsic CL may
suggest invariability, it will eventually decrease, because its magnitude
depends on the extent to which schemata are acquired. For elderly learn-
ers, a decrease of intrinsic CL will yield a substantial increase of the avail-
able cognitive capacity, paving the way for higher levels of germane CL
and schema acquisition. Of course, both age groups will eventually exhibit
enhanced performance, but since this enhancement is proportionally lar-
ger for elderly learners, the performance level of this group will grow to-
wards the young group’s performance level.

Finally, it should be noted that we have to differentiate between the
acquisition of new knowledge and skills on the one hand, and the life-long
accumulation of knowledge and practicing of skills (i.e., crystallized abili-
ties) on the other hand (e.g., Rabbitt, 1993). Despite a decline in the ability
to acquire new schemata, the elderly have had many more years to acquire
and automate their schemata. These ‘old’ schemata can of course be used
to more than overcome their working-memory declines. After all, this is
why the world values experience.

Conclusion

With cognitive load theory we have an important set of tools at our dis-
posal, which can be of great help in developing instructional material suit-
ing the cognitive abilities of elderly learners. First, CLT is aimed at opti-
mizing schema acquisition by stimulating an efficient use of working-
memory. Second, CLT makes it possible for elderly people to learn complex
transfer-demanding skills, which are normally beyond their capabilities.
Third, since CLT especially benefits the cognitive abilities of the elderly, it
can lift their performance level towards the performance level of young
adults, and thus reduce the gap between the age groups. Finally, because
cognitive limitations especially play a role in the initial phase of acquisi-
tion, it 1s wise to present information with great care at least at this stage.
That is, especially when the cognitive demands are high, extraneous cogni-
tive load should be minimized and learners should be motivated to invest
mental effort for the acquisition of schemata. Once the instructions have
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persuaded the learner to take the plunge and rudimentary schemata have
been acquired, subsequent steps will require less effort, motivation will
grow, and knowledge will accumulate. For this reason, cognitive load the-
ory can be considered as an essential guide.

29






Worked Examples versus
Conventional Problems!

Cognitive load theory (CLT) is aimed at developing training material that ef-
ficiently makes use of the available cognitive processing capacity and stimu-
lates the learner’s ability to use acquired knowledge and skills in new situa-
tions. It is claimed that CLT-based training formats meet the cognitive abili-
ties of elderly learners particularly well. That is, cognitive aging brings about
several declines of working memory, which impede the acquisition of complex
cognitive skills. By making an optimal use of the ‘remaining’ cognitive re-
sources, learning can be enhanced. For that purpose, CLT provides a promis-
ing range of training formats that have proven their effectiveness relative to
conventional formats in young adults. This chapter presents an experimental
study (N = 54) aimed at the efficiency of worked examples as a substitute for
conventional practice problems in training both elderly and young adults. Ac-
cording to CLT, studying worked examples is a more efficient means of train-
ing complex skills than solving conventional problems. As predicted, the re-
sults show that — with respect to the elderly — the efficiency of studying
worked examples is higher than the efficiency of solving conventional prob-
lems in that less training time and cognitive load leads to a comparable level
of performance.

Cognitive aging entails both growth and decline. Growth concerns so-
called crystallized abilities (Horn & Cattell, 1967; Rabbitt, 1993), which
emerge from a lifelong accumulation of knowledge and experience. Decline,
on the other hand, refers to fluid abilities, which relate to diverse aspects
of working memory. The decline of working memory impedes the acquisi-
tion of complex skills in at least three ways. First, due to a reduction of
working-memory capacity (e.g., Salthouse & Babcock, 1991; Wingfield,
Stine, Lahar, & Aberdeen, 1988), less information elements can be proc-
essed, which undermines comprehension and learning of complex material.
Second, the overall processing speed decreases (Cerella, 1990; Fisk &
Warr, 1996; Myerson, Hale, Wagstaff, Poon, & Smith, 1990; Salthouse,
1993, 1996), which hinders the simultaneous activation of mutually refer-
ring information elements. A third decline concerns the ability to inhibit
irrelevant or distracting information (e.g., Allen, Madden, Groth, &
Crozier, 1992; Hasher & Zacks, 1988), which is likely to withhold older

1 A version of this chapter was published as: Van Gerven, P.W.M., Paas, F., Van Mer-
riénboer, J.J.G., & Schmidt, H.G. (2002a). Cognitive load theory and aging: Effects of
worked examples on training efficiency. Learning and Instruction, 12, 87-105.
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people from the proper processing of information that is relevant for the
task at hand.

If we consider the major role of working memory in learning new mate-
rial, it is obvious that the above three declines dramatically reduce the
ability of elderly people to acquire complex skills. It is true that, compared
to young people, the elderly have a much richer and more integrated body
of general and, dependent on their professional background, specific
knowledge at their disposal. It can be expected, however, that this knowl-
edge is likely to fail when it comes to learning entirely new material. In
that case, people are forced to fully rely on their working memory abilities,
rather than on prior knowledge and experience.

Regarding the aforementioned age-related working memory declines,
this brings us to the assumption that in order to optimize the acquisition
of complex material in elderly people information should be presented in a
highly efficient manner. We claim that Sweller’s (1988, 1994) cognitive
load theory offers important tools for this purpose. Cognitive load theory
(CLT) 1s directly concerned with the limits of working memory. In a nut-
shell, CLT claims that an optimal use of working memory requires a
maximum number of mental operations that directly contribute to the
learning process and a minimum number of operations that do not con-
tribute to the learning process. An essential role in this respect is allocated
to the training material. Training should be designed in such a way that
the learner is encouraged to spend as much as possible working-memory
capacity to relevant operations and is not forced to waste resources on op-
erations that are not relevant or even detrimental to the learning process.

Cognitive Load Theory and the Design of Training

Working memory plays an important role in the storage of information
into long-term memory and the acquisition of new skills. Since comprehen-
sion and learning are determined by the potential of working memory (e.g.,
Just & Carpenter, 1992), it can be argued that working memory should be
merely occupied by task-relevant operations, especially when dealing with
complex material. Cognitive load theory acknowledges this point in that it
pleads for a proper use of working memory by means of efficient training.
According to cognitive load theory, efficient training has two important
characteristics. First, it should impose an as low as possible extraneous
cognitive load. This is the portion of load that does not contribute to the
learning process. Second, it should optimize the level of germane cognitive
load (Sweller, Van Merriénboer, & Paas, 1998). This is the portion of load
that directly contributes to the learning process. Learning is here primar-
ily conceived as the construction of cognitive schemata. Schemata enable a
person to categorize and solve problems in a specific domain (Sweller,
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1994). Schemata reduce the amount of mental effort or working-memory
capacity needed for the performance of a particular task, especially when
they become automated (Paas & Van Merriénboer, 1994a; Van Merrién-
boer & Paas, 1990). Stimulating the acquisition of schemata through well-
designed training can lead to transfer (Paas, 1992), which is the applica-
tion of a schema to a problem that more or less deviates from problems
that were encountered during training. Furthermore, an efficient training
1s characterized by a favorable effort-performance ratio (Paas & Van Mer-
riénboer, 1993). That is, training is efficient when a relatively low mental
effort results in a relatively high performance.

Implications of CLT for Elderly Learners

In diverse experimental settings and problem domains a so-called complex-
ity effect has been demonstrated, indicating that relative to the young, the
performance of the elderly is especially impaired when the complexity of
the task is raised (e.g., Czaja & Sharit, 1993; Gilinsky & Judd, 1994; Lors-
bach & Simpson, 1988). In other words, the cognitive declines associated
with aging are particularly manifest when the demands of the task are
high and a relatively heavy burden is imposed on the cognitive system,
such as in transfer tasks. In this light, it is expected that the elderly per-
form relatively poorly if a transfer problem deviates considerably from
previously encountered problems (i.e., far transfer) than if a transfer prob-
lem closely resembles earlier problems (i.e., near transfer).

As we have seen, training based on CLT takes the limits of working
memory into account. Since these limits are especially evident in elderly
persons, it is assumed that CLT-based training accommodates the cogni-
tive abilities of this group particularly well. Basically, CLT-based training
keeps extraneous cognitive load as low as possible. This offers the oppor-
tunity to increase germane cognitive load, allowing elderly people to ac-
quire schemata at a relatively early stage and paving the way for a more
extensive schema construction. If this process recurs, the result is an ac-
cumulation of schemata and a lowering of the perceived task complexity
(Van Gerven, Paas, Van Merriénboer, & Schmidt, 2000, Chapter 1).

How do CLT-based training formats counterbalance the aforemen-
tioned three aspects of cognitive aging? The answer to this question dem-
onstrates the perfect match between CLT and cognitive aging. First, since
limited working-memory capacity is the basic constraint CLT deals with,
more capacity becomes available for learning. Second, CLT-based training
compensates the loss of information due to decreased processing speed.
That is, if extraneous cognitive load is minimized, more relevant informa-
tion elements can be processed within the same unit of time and less in-
formation will get lost. Moreover, the simultaneous activation of relevant
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information elements increases the chance of integration and chunking,
and thus the construction of schemata. Third, the problem of reduced inhi-
bition can be by-passed, because redundant (i.e., extraneous) information
will be left out as much as possible. In sum, CLT-based training formats
optimize learning by making an efficient use of the available cognitive ca-
pacity, thereby directing the learner to the essentials of the subject matter
and stimulating the construction of cognitive schemata.

Worked Examples versus Conventional Problems

We attempted to test the above claims with one of the most important
CLT-based training formats, namely the use of worked examples as a sub-
stitute for conventional problems. Unlike worked examples, conventional
problems force learners to apply a capacity-demanding means-ends analy-
sis, in which the goal state of the problem can only be attained by subdi-
viding it into a hierarchy of goals and subgoals, which have to be achieved
in a backward order by finding the appropriate operators. For novices, who
have not yet acquired extensive cognitive schemata, problem solving turns
out to be a rather ineffective means of learning, because it imposes an ex-
tremely high extraneous cognitive load (Sweller, 1988), whereas the level
of germane cognitive load remains relatively low. In other words, solving
conventional problems brings about high costs, while yielding a low pay-off
in terms of learning results. Worked examples, on the other hand, are
more likely to lead to an effective construction of cognitive schemata, be-
cause they focus the learner’s attention on problem states and operators,
rather than on goals and subgoals. Numerous studies have shown that, in
case of complex tasks, worked examples lead to superior performance and
transfer relative to conventional problems. These results were obtained
with young adults (e.g., Paas, 1992; Paas & Van Merriénboer, 1994b; Ward
& Sweller, 1990) as well as with children (e.g., Pillay, 1994).

The aim of the present study is to test whether the application of
worked examples leads to improved performance in elderly learners. Ac-
cording to Van Gerven et al.’s (2000) framework this should certainly be
the case. The framework assumes that the cognitive capacity of elderly
people 1s smaller than the cognitive capacity of young people, so that any
gain in cognitive capacity due to a lowering of extraneous load is propor-
tionally larger for the elderly than for the young. The same holds for any
increase of germane cognitive load. Therefore, the elderly should benefit
relatively more from worked examples in terms of training time, invested
mental effort, and performance than the young.

According to Paas and Van Merriénboer (1993), the ratio between in-
vested mental effort and test performance can be interpreted as the effi-
ciency of a training format. That is, a training format is considered effi-
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cient if a relatively low mental effort results in a relatively high perform-
ance, whereas a training format is considered inefficient if a relatively
high mental effort results in a relatively low performance. To quantify
training efficiency, Paas and Van Merriénboer developed a mathematical
procedure involving the standardized scores of mental effort and perform-
ance (see the Results section for details). This formal definition of training
efficiency, combined with Van Gerven et al.’s (2000) framework, brings us
to state two hypotheses.

The first hypothesis (Hypothesis 1) predicts an interaction between age
group and training format. We expect that training with worked examples
1s more efficient than training with conventional problems, especially for
the elderly. That is, for both age groups there is a more optimal relation-
ship between mental effort during training and transfer performance (i.e.,
lower mental effort combined with higher performance) for worked exam-
ples than for conventional problems. However, this relation is more opti-
mal for the elderly than for the young. With respect to training time, the
interaction effect should be reversed. That is, worked examples should re-
quire less training time than conventional problems, because they are
more efficient. Again, this difference should be larger for the elderly than
for the young.

The second hypothesis (Hypothesis 2) concerns transfer distance. As we
have seen, a distinction can be made between near- and far-transfer prob-
lems. Near-transfer problems can be considered relatively simple in that
they closely resemble the problems encountered during the training phase.
Far-transfer problems, on the other hand, are relatively complex in that
they considerably deviate from the training problems. It is expected that
the chances for attaining far transfer are greater in the worked-examples
than in the conventional-problems condition, because of a more extensive
schema construction. Since the achievement of transfer is an essential
characteristic of adequate schema construction (Paas, 1992), it is expected
that the interaction effect for training efficiency, as predicted by Hypothe-
sis 1, is stronger in the far- than in the near-transfer domain.

Method

Participants

A first group of participants consisted of 30 psychology students (18
women, 12 men) of Maastricht University, ranging in age from 18 to 30
years (M = 20.47, SD = 2.71). A second group consisted of 24 elderly par-
ticipants (12 women, 12 men) ranging in age from 61 to 76 years (M =
66.67, SD = 4.72). The elderly participants were selected from a partici-
pants pool provided by the Maastricht Aging Study (MAAS, Jolles, Houx,
Van Boxtel, & Ponds, 1995). Participants from both groups were randomly
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assigned to the experimental conditions (n = 15 for the young, n = 12 for
the elderly). All participants were in good health and had normal or cor-
rected-to-normal vision. They received 10 Dutch guilders (about €4.50)
payment per hour and a refund of their travel expenses.

Materials

Intelligence test. To check the intellectual comparability of the experimen-
tal groups, a shortened version of the Groningen Intelligence Test (GIT,
Luteijn & Van der Ploeg, 1983; Snijders & Verhage, 1962) was adminis-
tered. The test included four scales (out of nine): vocabulary (factor verbal
comprehension), spatial abilities (factor visualization), mental arithmetic
(factor number), and analogies (factor induction/deduction). The sum of the
standardized scale scores was multiplied by 9/4, yielding an estimate of
the complete test score. This estimate was converted into an I1Q score. The
95%-confidence interval of the shortened GIT is + 10 points, against + 6
points for the total test (Luteijn & Van der Ploeg, 1983).

Computation-span test. Working-memory abilities were assessed with
Salthouse and Babcock’s (1991) computation-span test, which is a variant
of the well-known reading-span test (Daneman & Carpenter, 1980). The
participants had to solve a range of simple arithmetic problems that were
verbally presented to them, for example: “7 plus 8,” “9 minus 4,” et cetera.
At the same time, they had to memorize the last digit of each problem,
which 1s 8 and 4 in this example. The number of problems per trial ranged
from 1 to 7, with three trials for each level. The participants had to select
the correct answer out of three alternatives, which were presented in a
booklet. Once all problems of a trial were presented and the corresponding
answers were selected, the participant had to turn to the next page of the
booklet and write down the recalled digits. The computation-span score
was determined by the highest number of digits recalled in at least two
trials.

Subjective cognitive-load scale. A 9-point symmetrical category scale
was used as a subjective cognitive-load (SCL) measure (after Paas, Van
Merriénboer, & Adam, 1994). The scale was presented on a touch screen
(see Apparatus and Interface for details) as a slide control and was accom-
panied by the phrase: I have experienced the foregoing as: ... The scale had
three labels, ranging from not difficult at all (1), via moderately difficult
(5), to very difficult (9). Intermediate points had no labels. Paas (1992)
found an internal consistency coefficient (Cronbach’s @) of .90 using a com-
parable scale. Paas and Van Merriénboer (1994b) evaluated the scale as a
highly reliable and sensitive instrument for the assessment of cognitive
load (a = .82).

Task domain. Some considerations preceded the selection of a suitable
task. For the old participants, whose educational background varied more
than that of the young participants, the task had to appeal to their com-
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mon sense rather than to their abstract abilities. To prevent a floor effect
in their performance, the task had to be straightforward enough to master
in a relatively short time. For the young participants, on the other hand,
the task had to be complex enough to prevent a ceiling effect. Luchins’
(1942) classical water-jug problem appeared to meet these requirements.
The water-jug problem is a Tower-of-Hanoi-like task, in which a certain
amount of water has to be acquired by pouring jugs of different sizes and
containing different amounts of water into each other. Water-jug problems
can be constructed such that they put a substantial burden on working
memory (Atwood, Masson, & Polson, 1980; Atwood & Polson, 1976). The
task has mainly been used for studying the effect of Einstellung (e.g.,
Lippman, 1994, 1996; Luchins & Luchins, 1991), which is the tendency to
persevere in applying a previously efficient solution strategy, even though
this strategy is not efficient in a given situation. Ransopher and Thompson
(1991) found that the strength of this solution rigidity depends on the
number of previous problems that induces its occurrence. This effect was
not influenced by age.

In the version of the water-jug task employed in this study, the goal
amount of water had to end up in a target jug. For that purpose, an infi-
nite amount of water was available. A limited set of operations could be
performed with the so-called working jugs. First, a working jug could be
filled, but only to the brim. Second, a working jug could be emptied (i.e.,
water could be wasted). A third operation was the most essential: pouring
water from one jug into another. Jugs receiving water could never overflow
during this operation. That is, pouring stopped as soon as the donating jug
was empty or the receiving jug was full. When a receiving jug was full, a
possible residual remained in the donating jug. This residual could be the
target amount of water or could be used for further operations. The target
jug could only be filled by pouring water in it from one of the working jugs.
Furthermore, the target jug could be emptied in case its current content
exceeded the target amount of water. No water could be poured from the
target jug into one of the working jugs.

A division was made between near-transfer problems and far-transfer
problems. The processing model depicted in Figure 2.1 clarifies this dis-
tinction. The model can be considered as an ‘ideal’ problem solver in the
sense that it subsequently checks whether a progressively more complex
solution strategy is applicable in a given situation. First, it checks whether
one of the jugs has a capacity that equals the target amount of water. If
this is the case, it directly fills that particular jug and pours its content
into the target jug. Subsequently, it checks whether the sum of two or
more jugs yields the target amount. If that is not the case, it checks
whether the difference between the capacities of two or more jugs yields
the desired amount. That is, if the contents of a jug are poured into a
smaller jug, a residual remains in the bigger jug as soon as the smaller one
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Figure 2.1 A general processing model for the water-jug problem. Note that
this is not a cognitive model, but merely a clarification of the distinction be-
tween near- and far-transfer problems.

1s full. This residual can be regarded as the outcome of subtracting the ca-
pacity of the small jug from the capacity of the larger one. If subtraction
does not lead to a solution, the model examines whether a repetition or
combination of one or more of the previous strategies does.

So far the solution strategies are rather straightforward, because they
are only appropriate to tackle near-transfer problems. Near-transfer prob-
lems closely resemble the problems that have been encountered during the
training phase. Far-transfer problems, on the other hand, require a more
sophisticated solution strategy, which we call ‘preparation by transfer.’
That 1s, the content of a jug or the residual of a subtraction is transferred
to a different jug to prepare for a further subtraction. Imagine, for exam-
ple, that we have one jug with a capacity of 5 units and one jug with a ca-
pacity of 7 units (like in Figure 2.2). Suppose we fill the jug of 5 and trans-
fer its content to the jug of 7. The jug of 7 can contain 2 more units. So, ac-
tually, we have created a jug with a capacity of 2 units. If we now refill the
jug of 5 and pour its content into the jug of 7 again, 3 units of water re-
main in the jug of 5. This residual can be transferred again and the whole
procedure can be repeated until a solution is achieved (see the loop in Fig-
ure 2.1).

Apparatus and interface. The experiment was run on an IBM-
compatible computer. The software controlling the experiment was
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Figure 2.2 The interface of the computerized version of Luchins’
(1942) water-jug problem. Depicted is the initial phase of the solution
of a far-transfer problem. The second working jug has just been filled.
(Originally, labels were in the Dutch language).

programmed in Authorware 3.5 (1996). The interaction with the computer
took place by means of a Philips 17-inch monitor with an integrated Elo
touch screen. The interface is depicted in Figure 2.2. There is a tap in the
upper left corner and a button labeled Empty in the upper right corner.
The three jugs in the bottom left corner are the working jugs. The jug in
the bottom right corner is the target jug. The current contents are dis-
played inside the jugs. The capacities are displayed beneath the jugs (indi-
cated as max.). The goal content is displayed beneath the target jug (indi-
cated as goal). There were three basic operations. First, a working jug
could be filled by first touching the tap and then the working jug to be
filled. Second, a jug could be emptied by first touching the Empty button
and then the jug to be emptied. And third, jugs could be poured into each
other by first touching the donating jug and then the receiving jug. The
software registered every legitimate step performed by the participant and
whether or not a problem was solved.

Training formats. There were two training conditions: a conventional
problems and a worked examples condition. In the conventional problems
condition, participants had to solve four conventional problems, requiring
basic strategies. In the worked examples condition, participants had to
study these same basic problems presented in a worked-out fashion (see
Figure 2.3). That 1is, for each solution step to appear, they had to push a

39



Chapter 2

1 . Goal: 1 liter. Solution: If the first 2 Thus, fill the first working jug and...
working jug is filled and poured into the
second working jug twice, 1 liter remains
in the first one.

W, S \./

max max goal: max max goal:
3 5 1 3 5 1

< Y pour its content into the second one. 4. Refil the first working jug...

Lo/ \L/-H \J

max max goal: B THax goal:
3 5 1 3 1 1

5. ... and again pour its content into the 6. Pour this residual into the target jug

second one. 1 Liter remains in the first and the problem is solved!
working jug.
Ty Lo/
max max goal; max max

oal:
3 5 1 3 5 ¢ 1 r»

Figure 2.3 A worked example. Individual images represent the subse-
quent solving steps and appear on the screen one at a time by pushing
the lower right button. (Originally, texts and labels were in the Dutch
language.)

button on the touch screen. In this way, maximal six steps were displayed
as a series of ‘mini-screens,” enabling the participants to keep track of the
strategy. The solution steps were accompanied by explanatory text.

Transfer test. A final test consisted of 23 water-jug problems, which
gradually increased in complexity. The first 11 problems of the test were
classified as near-transfer problems. These problems only slightly differed
from the problems presented in the training phase and required basic so-
lution strategies. Problems 12 to 23 were classified as far-transfer prob-
lems. The same basic rules applied to these problems. However, in order to
solve them, the participants were required to make an essential strategic
switch (problems 12 to 20; see Figure 2.1), or they had to obtain a certain
distribution of water over the jugs (problems 20 to 23; after Atwood & Pol-
son, 1976).

Design and Procedure

There were two independent between-groups variables: age group, with
levels young and old, and training format, with levels conventional prob-
lems and worked examples. Furthermore, there was one independent
within-groups variable: transfer distance, with levels near and far. 15
Young participants were randomly assigned to the conventional problems
condition and 15 other young participants were assigned to the worked ex-
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amples condition. Likewise, 12 elderly participants were randomly allo-
cated to the conventional problems condition and 12 other elderly partici-
pants were allocated to the worked examples condition. All participants
were confronted with both the near- and the far transfer test. This yields a
2 X 2 (between groups) X 2 (within groups) design. During the training
phase, the subjective cognitive load (SCL) and the time (in seconds) in-
vested per problem (training time) were registered by the software. In the
test phase, the proportion of solved problems was registered for the near-
and the far-transfer conditions.

The experiment was performed in individual sessions. After a short
verbal introduction by the experimenter, the intelligence and computation-
span test were administered. Subsequently, the participant was presented
with a general instruction explaining the basic rules of the water-jug prob-
lem as well as the interface. The use of the interface was practiced under
supervision of the experimenter. The participant also got acquainted with
the cognitive-load measure. After that, s/he was presented with the train-
ing problems. Finally, the participant was put to the test. Throughout the
experiment, the experimenter answered simple questions by the partici-
pant that did not concern the solution strategy. These questions were not
incorporated in the analysis. There was a time limit of ten minutes per
problem. If requested, a problem could be skipped (the participant was in-
formed about this possibility beforehand). The participant had two hours
at most for the instructions, the training, and the test. About half an hour
before the maximum time had passed, s’he was informed about the re-
maining time. After the maximum time had passed, the participant was
asked to stop with the test.

Results

A 2 x 2 ANOVA, with age group (levels young and old) and training format
(levels conventional problems and worked examples) as independent be-
tween-groups variables, was performed on the control variables 1Q and
Computation Span and the dependent variables training time, subjective
cognitive load (SCL), performance, and training efficiency. Furthermore, a
2 (age group) x 2 (training format) x 2 (transfer distance) ANOVA was per-
formed on the training efficiency scores with transfer distance (levels near
and far) as the independent within-groups variable. Data means and stan-
dard deviations can be found in Table 2.1. Outcomes of the analyses are
summarized in Table 2.2.

1Q and Computation Span

Within the age groups and between the training conditions, there were no
significant intelligence differences. It is remarkable, however, that the
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Table 2.1 Means and standard deviations of the dependent variables.

Conventional Worked
problems examples

M SD M SD
Young Training efficiency 0.86 0.46 0.55 0.61
(n=30) Near-transfer efficiency 0.74 0.35 0.32 0.99
Far-transfer efficiency 0.83 0.48 0.54 0.57
Training time 44.31 15.96 25.59 8.95
Subjective cognitive load 2.22 0.85 2.77 1.13
Near-transfer performance 1.00 .00 .99 .05
Far-transfer performance .89 A1 .86 .14
Old Training efficiency -1.34 1.41 -0.42 1.21
(n=24) Near-transfer efficiency -1.18 1.40 -0.15 1.13
Far-transfer efficiency -1.38 1.41 -0.24 1.00
Training time 206.58 97.14 81.24 32.95
Subjective cognitive load 4.79 2.16 3.19 1.71
Near-transfer performance .95 .05 .97 .04
Far-transfer performance .40 .28 .55 .33

mean IQ score of the elderly participants (M = 128.67, SD = 9.47) was al-
most 10 points higher than the mean IQ score of the young participants (M
=119.47, SD = 8.70), F(1, 50) = 13.66, MSE = 82.60, p = .001.

With respect to Computation Span, there were no differences within
the age groups and between the training conditions. However, computa-
tion spans differed significantly between the age groups, F(1, 50) = 28.40,
MSE = 1.45, p < .001. Where the young participants had a mean score of
4.97 (SD = 1.33), the elderly scored no more than 3.21 (SD = 0.98). These
results are in accordance with Salthouse and Babcock’s (1991) study, in
which a gradual age-related decrease of computation-span scores was
found.

Table 2.2 F values, significance levels, degrees of freedom, and mean square errors (AG =
age group, TF = training format, TD = transfer distance).

AG TF AGxTF AGxTF xTD df MSE
Training 36.27%%* 1.35 5.45%* 0.10a. b 1, 50 0.92
efficiency
Near-transfer 18.77%** 1.20 6.91* - 1,50 1.02
efficiency
Far-transfer 36.05%** 2.89 8.20%* - 1, 49b 0.81
efficiency
Training time 65.73%** 28 7o%%* 15.73%%* - 1,50  2408.00
Subjective 13.43** 1.66 6.94* - 1, 50 2.23
cognitive load
Near-transfer 10.98%* 0.24 2.63 - 1,50 .00
performance
Far-transfer 44.09%** 1.00 2.13 - 1, 49b .05
performance

Note: *p < .05, **p < .01, ***p < .001. adf =1, 49, MSE = 0.19. » Degrees of freedom differ be-
cause one of the elderly participants was not able to reach the far-transfer part of the test.
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Training Efficiency

Training efficiency was determined for each age group, training format,
and transfer distance, using the subjective cognitive load scores of the
training phase and the performance scores of the transfer test. With re-
gard to the elderly, subjective cognitive load is substantially lower in the
worked examples condition than in the conventional problems condition.
More than that, the interaction between age group and training format,
F(1, 50) = 6.94, MSE = 2.23, p < .05, suggests a disproportional ‘decrease’
in SCL for the elderly participants. Furthermore, there is an effect of age
group, F(1, 50) = 13.43, p = .001, but no effect of training format, F(1, 50) =
1.66, p > .05. Not surprisingly, there 1s a huge performance difference
between the age groups. This holds for both near-transfer performance,
F(1, 50) = 10.98, MSE = .00, p < .01, and far-transfer performance, F(1, 49)
= 44.09, MSE = .05, p < .001. However, there is neither an effect of train-
ing format nor an interaction (see Table 2.2).

Efficiency calculations were perform